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Hadron Spectroscopy at EIC
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We want to use it to study
«human-size» hadrons!




Building the EIC spectroscopy community
firs ECT* { 4 )

Goals

EUROPEAN CENTRE FOR THEORETICAL
STUDIES IN NUCLEAR PHYSICS AND RELATED AREAS

e TETOTLY ® Demonstrate a strong physics case for a
hadron spectroscopy program at EIC
(to be part of the next EIC physics book)
® Study the impact on EIC design (machine
and detectors) )

Castello di Trento (“Trint™), watercolor 19.8 x 27.7, painted by A Diirer on his way back from Venice (1495). British Museum,

The Spectroscopy Program at EIC and Future Accelerators ( H \
. . Trento, December 19-21, 2018 Workl ng grou pS

;““‘“‘:ﬁ“‘“‘“ ® Multiquark & Gluonic states

S conveners: F.K. Guo, R. Mitchell
LS S e ) it 0 S ® Diffractive production

Organizers conveners: W. Schafer, R. McNulty

M Baaglieri (INFN Genova), A. Pilloni (JLab & ECT®), A Szczepaniak (Indiana Univ. & JLab)

® Heavy flavor in media
Director of the ECT*: Professor Jochen Wambach (ECT*)
The ECT* is sponsored by the “Fondazione Bruno Kessler” in collaboration with the “Assessorato alla Culturs” (Provincia Autonoma di Trento), k Co nve N e rs : C . We i SS’ G . B ru N O j

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* Secretariat - Villa Tambosi - Strada delle Tabarelle 286 - 38123 Villazzano (Trento) - Italy
Tel :(+39-0461) 314722 Fax (+39-0461) 314750, E-mail: driessen@ectstar.en or visif hitp-//www._ectstar.en
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Quarkonium orthodoxy & exotic

Esposito, AP, Polosa, Phys.Rept. 668
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. - — Bottomonium exotic sector not
approximate heavy quark 3000} g/

: R equally well explored
spin symmetry (HQSS) o ——
Integrate out heavy DOF

J A host of unexpected resonances have appeared

spectrum, decay & production rates ; : .
P y Hardly reconciled with usual charmonium

interpretation
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New states to be confirmed/1

2(3872) as a new state%

A.GUSKOV o se72) = (3860.0+10.4) MeV/c?

I'x3872) <51 MeV/c? (CL=90%)
Significance (including systematics) is 4.1o

c=-1(?)

' At COMPASS conditions:
| OuN =OyN /300

E |C L=1034 cm-2 s-1
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l"r1‘fclusive prompf Cross séction |
Br[X — J/yrtn7]o(X(3872),Q° > 1 GeV) =~ 2.6 pb /5 =100 GeV

Luminosity: 1()34 Cm_28_1 0.026 Br*X(3872) per second X. Yao
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Weighted candidates/(2 MeV)
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New states to be confirmed/2
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Hybrid hunting o | Dudek
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Diffractive production: the odderon
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Events from proton dissociation or Odderon exchange?

R. McNulty

%,
faMc -

Proton tagging

EIC message: Perfect use-case. Comparison of ep and eA in high
luminosity environment should find these if they exist
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Diffractive production: double J /Y (Y)

R. McNulty
double pomeron exchange ‘mm;_i N —
Sensitivity to high mass states, ™ s

as tetraquarks or hybrids with 0+ _ ] g 5 g

2 dN/dMyy, [Events/GeV]
1 T T

12 + Ko = 2mp

o = 2 e | EIC may produce such states

through yy collisions
Shape agrees well |
(theory normalised to data). e m N 7 EIC N
High Ener Low Energy
_nien & o High Luminosity
Medium/High Luminosity
. Low Backgrounds
High Backgrounds :
\ (detector design) /
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Opportunities with open heavy flavor at EIC

Stopplng power of Cu for y- /

/ Bethe-Bloch Radiative / 3
Andersen- / ]

= Theory of nuclear modification as a
function of momentum transfer v,
virtuality Q - constrained kinematics

100

E o Ziegler ‘
2 [ /
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properties. In QED X, (min) ~mm, in IMeVic] L iGevid [Tevid
/A0 momentumn .[)
nuclei 10 orders of magnitude
S PDG (2008)

smaller! Transport properties of CNM

= Determination of the production

mechanisms for open heavy flavor in
SIDIS. Global analysis

A whole class of new observables to
be added —jets and jet substructure

= Testunique predictions of QCD
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Determine the cross sections for
heavy jet suppression

Pinpoint the heavy quark mass

effect in parton showers )
l. Vitev
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Opportunities with quarkonia at EIC

» Historically J/ used to determine gluon densities at HERA. Suitable for
studies of shadowing and gluon saturation physics at the the EIC

® Variety of presumed production mechanisms:
Diffractive/elastic ——
Gluon-gluon-fusion, photon-gluon-fusion

"Resolved photon"-gluon/quark-fusion
+ decays

¢
¢
¢ Gluon fragmentation
¢
=

A. Mayer (2002) : P

= Using J/Y to study the saturation limit and determine T. Rogers (2003)
the proximity to black body limit in DIS

" |t could be interesting to add a program that focuses on the ground and
excited charmonim and bottomonium states and their dissociation in

nuclear matter to the EIC program.
l. Vitev
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. Ecole Nationale Supérieure de Chimic

The world’s most powerful .
microacope for studying the .
"glue” that binds the building £ % o °
blocks of visible malter

New proposal: light and heavy
quark spectroscopy at EIC
1l Experimental

M.Battaglieri - A.Pilloni
INFN -GE

Italy
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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

* 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

* Centre of mass variability with minimal loss of

luminosity
— Critical to study onset of interesting QCD phenomena

* Detector & IR designs mindful of “Lessons learned from
HERA”

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

Luminosity (
o o o o o o
Q 8 ? ® 3 S

—

o
w
-4

COMPASS
HIAF-EIC

BCDMS

HERMES NMC
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ep Facilities & Experiments:

LHeC/HE-LHC
FCC-he

LHeC/HL-LHC

LHeC/CDR

HERA (ZEUS/H1)
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* Resolve partons in nucleons EIC dEtECtOI‘S

S:Iit:t::’nd = high beam energies and luminosities
N\, = Q2 up to ~1000 GeV2

-

Large acceptance
Frwrd/Bckw angles
Precise vertexing
HRes Tracking
Excellent PID

* Resolve (k, bt) of the order a few

hundred MeV in the proton
= High Granularity, wide dynamic range

¢

Eelectron

—ectron // l \E‘ . * Detect all types of remnants to seek
o
3

for correlations:

h ‘\ Pa’*":l” ) ~ scattered electron
O associated wit N ; P A e ARy
Partecle struck parton = part!cles assoc!ated w!th initial ion
associated with = particles associated with struck parton

initial ion

sPHENIX — EIC Argonne concept: TOPSIDE

@lao12 3 A triggerless DAQ for EIC M.Battaglieri INFN-GE



Hadron spectroscopy at EIC

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

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

— == —_—— == ——— R - —

— - L = —_— — —— —_— — —
— = — — = —

N P s 3 l

: I) Light and heavy quarks (+ gluons) spectroscopy
Build the studying exotic configurations |
physics case Il) Diffractive physics |
!

|
|
|
lIl) Heavy flavours (open and hidden) to prove |
|
!

nuclear medium
‘ ~ i
|
l

\

e
=
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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 + 100 GeV proton

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

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

M—)IJ+ u =
o would simplif
M_)e+e- o -Han.h;:l B BD 100 120 140 _;uu 180 p. y
i i the detection
kinematics o :
— dedicated
detector
D.GIaZier (UGIangW) ' ) ‘ q 20 40 GO &3 100 120 140 160 1E0
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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/¥ 1r*11-) Tt N*

~ Meson(J/psit+n-) & Meson{J/psint+x-) Momentum
X(3872) as a new state @ :

mx;z872) = (3860.0%£10.4) MeV/c?
Ixi3872 <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 L

TRy F""_'r:f::f::H:::-m—._rm_l"ﬂ—L
ey L

* Tag scattered particle

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

- 35838%

[=]

] e 2 SN Bl NI TSN IPETEATS AFTEETIS BFETATATE STUATArE BT ATAArArE AT W
100 120 140 160 6.5 T 7a 8 a5 9

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 . 1 Far-forwar

electron { I ]' Hadron
- S | —

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

far-forward hadron direction. lon Detection p
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Summary

* Goals:

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

Building the EIC e Study the impact on EIC design (machine and detectors)
Hadron * Working groups:
Spectrosc?py e l) Quarks & Gluons
community «1l) HF in media

e lll) Diffraction
* Kick-off meeting at ECT* Trento in Dec 2018

* White-paper in preparation

Build the future HS program at EIC

joining the effort!
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BACKUP




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

e EICideal to measure exclusive channels

The physics case

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

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

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

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

e Charge asymmetries in +—-production

|:| EIC - The Electron lon Collider project



Heavy Flavours in media

open D B A, p, ... cold ] ] high-energy >3 1 GeV
H matter Interaction

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

Schematic

Initial state Production mechanism <%  Final state

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

* High energy in the COM, possibility to study heavy flavors
* Meson(-like) spectroscopy: X, Zp, (7 )p
* Baryon(-like) spectroscopy: Py, (?)
* Doubly heavy: E.., Zpc; Tpp, Tec
® Gluon-rich (small-x): heavy hybrids production?
* Diffractive production (photon-pomeron fusion, Primakoff)

* |nteraction of heavy flavor with nuclear media

Need for cross section estimates
(NRQCD? Regge models?)
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, , Justin Stevens,
XY/ states in photoproduction aps 2015

M2

ks % Ly, = - Yy a
oL = g e
L
| Lzyn = g]\Z;Zn (auw W Zy — 0" anvﬂzﬂ)
Q1+ at
P1 P2
p > | " Lovy = —2 Nysy, (7 BN

2mN
PRD 88 (2013) 114009

* Several proposals to study XYZ states in photoproduction
* vp — ZT(3900)n, ZF — J/yrt pross (2013) 114000
* Yp — Zj (4430)n, Zj — w/ﬂ'_'_ PRD 77 (2008) 094005, PRC 83 (2011) 065203 @
* yp — Z1(4200)n, ZF — J/9mT amiv:1503:02125 (inol. Regge trajectories in model
* vp — Y (3940)p, Y (3940) — J /1w pro 80 (2009) 114007

* Use an Effective Lagrangian approach with Vector Meson Dominance

APS April Meeting: 4.13.15 Justin Stevens, Jrg_f,fégon Lab 6



Hybrid production

Phase diagram of a proton as seen in DIS

Qs is typical transverse size. @ L) Eailer diass
1 Q<2(x) ~ 1/x" increases (x > 0) ®eo N g
P 2 : . . -~ condensate
aos(Qg?) << 1 weak coupling y .
w : Y . .
- O high
g p
i — (=
o2l 09
To| D Gluon
- density
Recombination
of gluons kQQ
Ng <1 unitarity low
Parton gas

1/x in
log scale

Multiple DGLAP

»

gluon id‘&’ >
emissions Yy Q2 Transverse
: Parton number increases,}

AT In 1/ i
J\-'g e, but density decreases resolution—>

Suprisingly, no calculation
for heavy hybrid production
has been carried out so far

The only example for B decays
is Petrov et al. PRD58, 034013

Room for improvement and
inclusion of the large number
of gluons at small x

17



Doubly heavy

Lots of attention recently on tetraquark and baryons
with two heavy quarks, driven by LHCb and lattice
results

Quigg and Eicthen, PRL119, 202002
Esposito, AP et al. PRD88, 054029
Karliner and Rosner, PRD90, 094007
Karliner and Rosner, PRL119, 202001
Francis et al. PRL118, 142001

MC code available, GENXICC2.0, which implements the heavy diquark in Pythia
NRQCD approach in ete™ collisions in Chen et al. JHEP1412, 018
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