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The EIC physics (so far ...)

Accardi et al., Eur. Phys. J. A (2016) 52: 268  arXiv: 1212.1701.v3 Hadronization in

cold QCD matter

3D Imaging of Nucleon Structure
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Electron lon Collider:
The Next QCD Frontier
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EIC and the other facilities

* Luminosity 100-1000 times that of HERA

— Enable 3D tomography of gluons and sea quarks in protons

* Polarized protons and light nuclear beams

— Ciritical to all spin physics related studies, including precise knowledge of
gluon’s spin & angular momentum contributions from partons to the nucleon’s
spin
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* Nuclear beams of all A (p—U)

— To study gluon density at saturation scale and to search for coherent effects
like the color glass condensate and test universality
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* Centre of mass variability with minimal loss of

luminosity
— Critical to study onset of interesting QCD phenomena
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* Detector & IR designs mindful of “Lessons learned from
HERA”

— No bends in e-beam, maximal forward acceptance....
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COMPASS
HIAF-EIC

BCDMS

HERMES NMC

ep Facilities & Experiments:

LHeC/HE-LHC
FCC-he

LHeC/HL-LHC

LHeC/CDR

HERA (ZEUS/H1)
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EIC detectors
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Hadron spectroscopy at EIC

» Beams (intensity, polarization) EIC is the perfect place to study hadron
e Detectors spectroscopy addressing the remain ing
« Kinematic coverage open questions in hadron physics

We want to do better optimising the EIC design for the next HS generation
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Hadron spectroscopy at EIC

use a microscope
(nucleon structure)
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produce and study known and new states:
Hadron Spectroscopy
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Hadron spectroscopy at EIC

Baryon Glueball Hybrids Tetraquark Molecule Hadroquarkonium

— experiment

— width «The Electron lon Collider will act as an enormous
P aeb microscopey to study quarks inside hadrons

Observed mesons and baryons well We want to use it to study «enormous» hadrons!
described by Ist principles QCD
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The charmonium orthodoxy

Ce

Potential models
(when)

EEEEREE
Uhdy oY
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Effective theories
(HQET, NRQCD, pNRQCD..))

Integrate out heavy DOF
1
(spectrum), decay
& production rates
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XYZ exotics

Y (4660)

A host of new and ' ¥ (4415)
\

unexpected resonances 4260)y 453338
¥

have appeared A160) —— _ap(4160
| —— V(4008

1e(35) (4040) <—
Preferred decay: X (3940)45(3770)

charmonium + light

Difficult to reconcile with
charmonium-like
interpretation

The good old times suddenly ended disclosing a realm populated by new
and unknown states (multi-quarks? glue-rich? ...)

Light and heavy quark spectroscopy at EIC M.Battaglieri - INFN GE



XYZ exotics

—4- Data
— Total ft e Many new states in the charmonium sector

e Background e Convincing evidence of new exotic hadronic states
-~ PHSP MC
Z.(3900) e Probably, more to come

[ sideband :
\ e Bottomonium almost unexplored
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Events / 2 MeV/c?

A rich phenomenology that requires to be
understood and thoroughly studied in a high
statistics, high precision experiment covering

a wide kinematic range

- v
M(J/y =* ) [MeV/c?]

Electron lon Collider

800
600
400
200
3600

«@lop12 1 Light and heavy quark spectroscopy at EIC M.Battaglieri - INFN GE



Exotic charmonia at COMPASS

HN - P (/¥ mr+1m-) T N*

)7(3872) as a new state%

mg3872) = (3860.0x10.4) MeV/c?
FXN(3372) < 51 MeV/c? (CLf.90%)
Significance (including systematics) is 4.1o

Cc=-1(?)

At COMPASS conditions:
ouN =0oyn / 300

E IC L=1034 cm-2 s-1

e N — e~ X (387N’ —
— e Jlyntan n*N — e utu~ntn n*N’

~10 events per day
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counts/(0.02 GeV/c?)

A.Guskov (JINR)
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* Tetraquarks

Y“Cp * (light) hybrids
X Glueballs
*QOdderon

Double }/Y production

Exotica at LHCDb

A

¢ Double pomeron exchange
e Sensitivity to high mass states (tetraq)

dN/dMyy [Events/GeV]

la = Ty
s = 2my
Mo = ”‘-'_f'_l'rg

Shape agrees well
(theory normalised to data).

EIC may produce such states trough gamma-gamma
collisions

LHC EIC

High Energy _ sray
Medium/High Luminosity High Luminosity

: Low Backgrounds
High Backgrounds
< 9 (detector design)

Low Energy

R.McNulty (UCD)
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The light quark meson spectrum

Constituent Quark Model
Consider light
quarks:
u,d,s

» Quark-antiquark pairs with total spin S=0, |

: gMesons
and orbital angular momentum L a9

SHnpaania

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

51
évl'\‘$ ST *S,
S

P=(-1)L*I C= (-]) L*s

Not all the JPC combinations are allowed:
O++ 0+ O-* O | ++ |+ |-+ |- 24+ 24 24 - 34+ 3+ 3+ 3 .

n
&

g
o

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

mass (GeV/c?)

akff

=0+ = (TLKn,n)

- = (p,K¥w,P)
Threshold positions &

+- ’ shown for the I
I = (bI’KI’hI’hI ) molecular states

p,K*, 0,0
——— akan

e Great success in describing the lower mass states (qq angular momentum)

* A number of predicted states is not experimentally observed and assignments are uncertain

«@lop12 14 Light and heavy quark spectroscopy at EIC M.Battaglieri - INFN GE




a,(1320)

—
~

Hybrids at COMPASS

'
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Events / (5 MeV/c?)

7,(1670)
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* Possible evidence of exotic meson TT/(1600) in TT-p —
p Ti-TT-T1* (E852-Brookhaven)

* Simple final state with low bg

<10° I~*1* p(770) & P (1717 p(770) 7 P] — [1**0" p(770) 7 S] . 1.5 2 2.5
I 0.724 < ' < 1.000 (GeV/c)’ 0,724 < 1' < 1.000 (GeV/c)’ m,, [GeV/c?]

Model curve
Resonances
Nonres. comp.

-
TR

Bad description of data without
resonance component

7 1(1600) needed to describe
data

M, = 1600%3;° MeV/c?

Intensity / (20 MeV/c?)

I, = 5807190 MeV/c?

PR T N T T
1.5
m,, |GeV/ie?]

B.Ketzer (UBonn)
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Hybrids at COMPASS

N1 final state

X Tr-p—pNTT-and TI-p—pN’TT- at 191 GeV

*171(1400) exotic state (I-+ wave) B.Ketzer (UBonn)
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Hybrids at COMPASS

N1 final state

X TT-p—pNTT-and TT-p—pNTT- at 191 GeV

*171(1400) exotic state (I-* wave) B.Ketzer (UBonn)
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Hybrid baryons at CLAS |2

cam CQM+flux tubes Quark—diquark Baryon-meson
@ clustering system
(o]

Hybrid Baryons in LQCD

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

regular states
clustered

in mass

hybrid states

The nucleon
mass is shifted
_ ~300 MeV to
é‘_/ 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.
A/, (As,) and S/, show different Q? evolution. Can we do it? A.D'Angelo (URome-TV)

10F
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Hybrid baryons at CLAS |2

Electro-production can be used to explore the hadron structure at different wavelengths (Q2)

Electro-couplings of “Roper” N(1440)1/2*

A suppressed
longitudinal amplitude
S12(Q2) in comparison

with transverse
electro-excitation
amplitude Q3G
Q3G

A drop of the
transverse helicity
amplitudes A12(Q2)

faster than for ordinary
three quark states,
because of extra glue-
component in valence
structure

NTT and NTTTT give consistent results

Ai2 changes sign and has large magnitude at high Q2

QM fails to reproduce low Q2 behavior, LFQM better at large Q2
Both A12(Q?2) and Si2(Q?2) inconsistent with hybrid model prediction

A.D’Angelo (URome-TV)
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All beam energies
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Jhy

r 31.53/35
601 24.61+ 1596
F ry ¢ -7.307 + 5.112
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5-quark
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* ]/ photoproduction at threshold & Mee) Gev

* Observation of charm at GLUEX
* Projections with CLASI2 shows a significant sensitivity

or cusp, triangle singularity, etc...
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EIC kinematics and yield estimates

EIC meson production kinematics studied in a simple
diffractive ansatz (t-slope)

Virtual photon flux + dipole form factor

|0 GeV electron + 100 GeV proton

Final state compatible with current detectors design: M—e+e-

e’/p’ kinematics

e Scattered electron: E¢ ~10 GeV within
AB®~20 forward cone around the beam line

* Scattered proton: high p (~90-100 GeV)
AO<<|° cone in the opposite direction

D.Glazier (UGlasgow)
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EIC kinematics and yield estimates

EIC meson production kinematics studied in a simple
diffractive ansatz (t-slope)

Virtual photon flux + dipole form factor

|0 GeV electron + |00 GeV proton

Final state compatible with current detectors design: M—e+e-

Meson{e+e-) 0 Meson(e+e-) Momentum

M—e+e-
kinematics

e+ Momentum

D.GIaZier' (UGIasgow) ‘ ¢ | 81 100 120 140 160 180
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EIC kinematics and yield estimates

* EIC meson production kinematics studied in a simple
diffractive ansatz (t-slope)

* Virtual photon flux + dipole form factor

* |0 GeV electron + 100 GeV proton

* Final state compatible with current detectors design: M—e+e-

* Use production cross section and slope (0jy¥~20nb and b~4)
as measured in ZEUS

o
tn

w—Jyp » ZEUS 96-97 J/y — w'w
= ZEUS 96-97 J/y — W' e ZEUS 99-00 J/y — e'¢

o ZEUS 99-00 Jy > e'e ° HI
« E401

o ES16

b(W) (GeV?)

]

J/V¥ rate = 0.8Hz
(~70k events/day)

" WA fit to ZEUS data
§=0.69 + 0.02 (stat.) + 0.03 (syst.)

150 200 250 300
W (GeV)

D.Glazier (UGlasgow)
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EIC kinematics and yield estimates
e N = e (J/¥ r*1r-) 11t N*

~ ‘ Meson(J/psit+r-) & Meson(J/psit+x-) Momentum
X(3872) as a new state% :

m%3872 = (3860.0%110.4) MeV/c?
I'%i38729 <51 MeV/c? (CL=90%)

Significance (including systematics) is 4.1o
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Impact on EIC detectors

e+ § Cut on e- Momentum #events V upper detected e- momentum

Blectron Mamenius ¥ Prolon Mementum

Requirements

* Scattered electron and proton
detection at O degrees!

Po\sibly only
detect proton
COR|electron

gggi

 Far-forward detectors

o

TRy F""_'r:f::f::H:::-m—._rm_l"ﬂ—L
Bl

IIII|]IIIIIIIIIII[I|IIII|IIII||IIIIII|||

* Tag scattered particle

- 35838%

[=]

] e 2 SN Bl
100 120 140 160

e Determine momentum

#events V upper detected p momentum

Results

* Exclusive measurements for
excellent bg rejection

* With good resolution (<0.1%)
MissingMass technique would help

White paper
=>p>0.995p0
@50GeV...

IIII|IIII|I]II|IIIIIIII[IIIIIlIIllIIlII

Far-forward electrons

Low-Q? Tagger Final states detection

sarrel

Far-forward ion or Roman Pots?

Central Had
Detector I _ aaron-
e~ Beam Electron emkap

\\ll endcap
Ea HJJQ_- m CENTRAL DETECTOR
"l Far-forward — Far-forwar

electron { . ]' Hadron
- S f :

AN
Figure 11: Dipoles used in the IR design in Far-Forward .

far-forward hadron direction. lon Detection p e
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Building the EIC Hadron Spectroscopy community

* Goals:

2% * 2% *
*5""‘* ECT* *5""‘* e Demonstrate a strong physics case for a hadron spectroscopy
EUROPEAN CENTRE FOR THEORETICAL program at EIC (to be part of the next EIC physics book)

STUDIES IN NUCLEAR PHYSICS AND RELATED AREAS

TRENTO, ITALY e Study the impact on EIC design (machine and detectors)

| 1 Institutional Member of the European Expert Committee NUPECC

% Working groups:
e [) Quarks & Gluons
* [I) HF in media
« |Il) Diffraction

| g ) * Kick-off meeting at ECT* Trento in Dec 2018
e SRS S ii * Will meet again in Paris at EICUG2019

The Spectroscopy Program at EIC and Future Accelerators

Trento, December 19-21, 2018 E: I c U ‘: . n1 gghYlsﬂQ&

Main Topics Electron-Ton Collider User Group Meeting Ecole Nationale Supérieure de Chimie
- Multiquark Spectroscopy
- Glnonic States
- Diffractive production A 5 . . -
- Interaction of Heavy Flavor with media o D . . The Msl:mpomd mlg‘:awpeﬁ)r
. blocks of visible malter
Tnternational fidvisory Commiltee
Conveners Daniél BOER: Groningen
Feng-Fum Guo (C4 5-ITF), Ryan Mitchell (fadiana Univ.), Mora Brambilla (TT), Uniberto Tamponi (INFIV Toring), Sitvia DALLATORRE: INFNITrieste
Wolfzanz Schifer (INP Krakow), Ronan McNulty (UCD), Christian Weiss (Lab), Giuseppe Bmo (Universitidi Bari & INFN) e (@) 3D STRUCTURE OF PROTON AND NUCLEI
Yujl GOTO: RIKEN e
Tanja HORN: CUA S %% GLUON SATURATION AND THE COLOR GLASS CONDENS!
. Charles HYDE: ODU
Organizers Richard MILNER: MIT _ S& SOLVING THE MYSTERY OF THE PROTON SPIN
M. Battaglieri (INFIV Genova), A. Pillond (JLab & ECT*), A Szceepaniak (fdiana Univ. & JLab) Carlos MUNOZ CAMACHO: CNRS/IN2P3 O
Marco RADICE: INFN/Pavia FINEMEN
et o QUARK AND GLUON CONFINEMENT
Andrel SERYI: JLAB
Ermst SICHTERMANN: LBNL °
Director of the ECT*: Professor Jochen Wambach (ECT*) Bemd SURROW: Temple Y *
‘Thomas ULLRICH: BNL ®
- e 5 - - — S - - Ferdinand WILLEKE: BNL
The ECT* is sponsored by the “Fondazione Brumo Kessler™ in collsboration with the “Assessorato alla Cultora™ (Provincia Antonoms di Trento)), Rikutaro YOSHIDA: JLAB .
funding agencies of EU Member and Associated States and has the support of the Department of Physics of the University of Trento. . .
For local organization please contact: Susan Driessen - ECT* Sacretariat - Villa Tambosi - Strada dells Tabarelle 286 - 38123 Villazzano (Trento) - Italy »
Tel o(+30-0461) 314722 Fax-(+39-0461) 314750, E-mail: driessen@ectstaren or visit hitp-('www.ectstaren
focal Organizing Committee hitps://indico.in2p3.fr/event/EICUG2019

Francesco BOSSU: CEA-Saclay

Valérlo FROIS: CNRS/IN2P3, Secretary — P
Carlos MUROZ CAMACHO: CNRS/INZP3 e=) B Y
Franck SABATIE: CEA-Saclay |
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Building the EIC Hadron Spectroscopy community
* Goals:

e Demonstrate a strong physics case for a hadron spectroscopy
program at EIC (to be part of the next EIC physics book)

*** ecre* ECT* **;:f*

EUROPEAN CENTRE FOR THEORETICAL
STUDIES IN NUCLEAR PHYSICS AND RELATED AREAS

TRENTO, ITALY e Study the impact on EIC design (machine and detectors)

Institutional Member of the European Expert Committee NUPECC

7 2 % Working groups:

e [) Quarks & Gluons
* [I) HF in media

mewes Build the future HS program at EIC
joining the effort!

Main 1opics Electron-Ton Collicler User Group Meeting
- Multiquark Spectroscopy

- Glnonic States

- Diffractive production & ® s :

- Interaction of Heavy Flavor with madia . e - The uﬂz: moat pO!Wlfld 'm:";’wpeﬁ’r

e T

Ecole Nationale Supérieure de

Conveners
Fengz-Kun Guo (C.4 5-ITF), Byan Mitchell (fdiang Uhniv.), Mora Brambilla (TT0), Umberto Tamponi (INFIV Toring),
Wolfzang Schifer (INP Eratow), Ronan McMulty (DCD), Christian Weiss (JLab), Giuseppe Brnmo (LUniversita di Bari & INFN)

Organizers
M. Battaglieri (INFIV Genova), A. Pilloni (JLab & ECT#), A Saczepaniak (fdiana Univ. & JLab)

Director of the ECT*: Professor Jochen Wambach (ECT*)

The ECT* is sponsored by the “Fondazione Brumo Kessler™ in collsboration with the “Assessorato alla Cultora™ (Provincia Antonoms di Trento)),
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Heavy Flavours in media

open D, B, A p, ... cold _ _ high-energy = 1 GeV
HF matter interaction

hidden J /1, 1., T, ... ot low-energy < 1 GeV

Schematic

Initial state <7 Production mechanism <%  Final state

Partonic structure, Color propagation, jets
nuclear modifications Fragmentation, hadronization
Hadronic interactions

A) HF as probe of initial-state gluons
 [EIC: Nuclear PDFs from inclusive DIS eA] < global analysis/PDFs

* EIC: Nuclear gluon densities from open HF production in eA
* EIC: Nuclear gluons from coherent HQium prodn:Transverse distns, shadowing <> exclusive procs/GPDs

B) Propagation and hadronization of HF in cold matter
 EIC: Single-inclusive D/B/b,c production in epteA < light-quark fragmentation

* EIC: HF jets in epteA, including substructure, correlations < light-quark jet physics

 EIC: Exclusive HQium production in ep+eA, color transparency

C) Hadronic interactions of HF mesons and baryons
* EIC: Nuclear transparency in heavy meson-baryon production
 EIC: Exclusive HQium production in nuclei, final-state interactions
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Diffraction

 Diffractive DIS (DDIS): diffractive dissociation « elastic scattering of a g g-dipole
* Large DDIS is the hallmark of a strongly absorptive target - “saturation physics”
* clean environment (only few particles in the final state)

* EIC ideal to measure exclusive channels

The physics case

* Production of light vector & higher spin mesons: radial & orbital excitations of (say) mesons show
distinctive systematics of s-channel helicity violation.

* Color dipole approach + light-front wave-functions: can be formulated also at low Q2
* Hard pQCD regime (large Q2): chiral odd vs chiral even meson distribution amplitudes

* Diffractive photoproduction of tetraquarks/hybrids: unexplored (!) Larger transverse sizes:
stronger nuclear absorption ! nuclei as another tool?

* Odd C-parity three gluon exchange: the Odderon.
* Photo/electroproduction of C-even mesons in diffractive kinematics

* Charge asymmetries in +—-production
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