Spectroscopy:
overview and theory

Alessandrdlilloni

Temple University, March $92020

* *

Mol
» ECT*) INFN

—_— * * Istituto Nazionale di Fisica Nucleare
* %




4500

4000

Mass (MeV)

w
()]
=)
(=)

3000

QCD spectrum

Y (4660) X (4700)
X (4500)
1(4415)
(4360 —— ygmo X (4274)
b (4260) ——*3{4220 —
X (4160) ,w(4160) Xﬂ)) T
_ L ——r 2D
Ne(3S) o SR
1c(35) 4)(4040) ,<— Xeol
X (3940) (5T3770) ¥ (3570)%2(2P) 2D
(2S) — 11Dy
$(25)
T ol Xe2
Xc0
Iy
e Esposito, AP, Polosa, Phys.R
01 1 1 0 i 2 2 2

<
5

SECEREE
Sboy

=
o

ept.

The spectrum of hadron excitations

IS Incredibly rich

Several new observations

beyond the minimal quark content

HadSpec, PRD
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Hadron Spectroscopy at EIC Mtk

Meson Baryon Glueball

o ° 5 Yy
¢ Yt

Molecule

Colorconfinement ~
Manifestationof gluonic degrees of freedom
Norrperturbatwedressgg eff@cis \

Lightr) vs.heavyn -

Hybrids

‘ iy _
Hadroguarkonium

«The Electron lon Collider will
act like an enormous
microscope»

We want to use it to study
«humansize» hadrons!




Building the EIC spectroscopy community
firs ECT* { 4 )

Goals

EUROPEAN CENTRE FOR THEORETICAL
STUDIES IN NUCLEAR PHYSICS AND RELATED AREAS

 mevomiy A Demonstrate astrong physics cader a
: hadron spectroscopy program at EIC
(to be part of the next EIC physics book]
A Study the impact oiIC desigfmachine

and detector$
\_ /

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 ( I \
. . Trento, December 19-21, 2018 Workl ng g rou pS

Main Topics

. A Multiquark & Gluonicstates
T conveners: F.KGuq R. Mitchell
e A Diffractive production
e g O conveners: W. Schafer, R. McNult
D A Heavy flavor in media
RS0 B A \ conveners: C. Weiss, G. Bruno

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. €
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Effective theories oo
(HQET, NRQCD, pNRQCD...) _ . :
approximate heavy quark ol 770 Bottomonium exotic sector nat
: L e equally well explorec{i
spin symmetry (HQSS) o
Integrate out heavy DOF : : 1 : : : : :
© A host ofunexpected resonancdwave appeared
ZHEEUMIRBECA) S Produclan dies Hardly reconcileavith usual charmonium
interpretation
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Sizeablgprompt productionat

A Discovered in

0° L®WO vul
A Quantum number
A Very closdo OO threshold

A Toonarrowfor an above
treshold charmonium
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Chargeddstates: @ (0 wTId T T C T

Charged gquarkoniurike resonances have been fount needed

Two statesO p appear
slightly above’O * ‘O thresholds

Ow(Ownft O ur - and© (00O") “

oy Py o8 MeV,3a o UL xMeV
O mgi1it ©Q“ “ ando O O
TTM@o ¢& MeV,3 p 1t @MeV

4500 Z(4430)
—~ Z5(4250) DD | | O
% Z,(4200) — p: D Q Q
Y 0
& 7.(1020) Z,(4050) D.D;
= D*D* e e
4000 @)
Z:(3900) D.D. Q Q
DD* [\)
DD
JF 1
'<‘-\
—4- Dat =
B ata
NO 100 C BESM — Total fit %
S r -=-= Background fit i
o 80p -:=+ PHSP MC =
© S
— DS\debaﬂd =)
o 60 + =
S 2
— L
«w 401 + A, g
e N . ‘F =L
5 I, R =
LI>J 20 F s ; ‘.£‘I
O 1 PR I i S R S L h ‘
3.7 3.8 3.9 4.0

Mo (R50/) (GeV/c?)

A.Pillonic Spectroscopy: overview and theory

I\c‘
s
W
=]

100

80

60

'—O—Q—r—'llll\ll‘

4.0

400y it M., (GeV/c)
20
WMpEF T w TS ST S
:?.95 400 405 410 4.15 420 4.25
M,., (GeVic) =




Pentaquarks!
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LHCDb, PRL 113/2001
LHCDb, PRL 117, 0820

Two states seenim © (Uff v ,
evidence iny © (U n)*“
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Quantum numbers
, 0 N -0 0O
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LHCb, PR122, 222001
Higher statistics analysis revealed a twc
peak structure of the narrow state,
plus a new lighter one
Quantum numbers still unknown
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Models

Compact
Hybrlds MUltiquark
® % Containing gluonic Several (cluster) .
degrees of freedom of valence °
guarks
Hadroquarkonium
‘ lbri- Heavy core interacting with a light
cloud via Van der Waals forces
Rescattering effects
Structures generated by
crosschannel rescattering,
. Molecule : very processiependent
° Bound or virtual state
generated by longange
Extended exchange forces

A.Pillonic Spectroscopy: overview and theory 9



What at the EIC?

A High energy in the CoM, possibility to study heavy flavors
charm sector well explored, little is known for the bottom sector

A Mesonglike) spectroscopy®d i, & f
A Baryon(like) spectroscopyd

A Coupling to (virtual) photons can provide
more information about their nature

A Interaction ofexotic withnuclearmedia
can complement the study in AA and pA

@
Need for cross sectioestimates &_‘qﬁ
of signal + irreducible background

WORK IN PROGRESS
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Reactions to be studied for the YR

A Exclusive photoproduction:C.Fanelli, A. Hiller Blin, D. Winney,
A Exclusiveditphotoproduction:M. Albaladejo
A Diffractive seminclusive ph.production¥. Mathieu,A. Szczepaniak

A Semiinclusive® productiort AP, XYao

A (study of the scalar exotics[inffusion)
A (production of hybrids and doubly heavy) MC

A all to be extended to theéxysector

A Partial overlap with Exclusive and Diffractive WG

A. Pillonic Spectroscopy: overview and theory 11



Exclusived photoproductio
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At Jlab12 measurements of dirast
production are being performed

o(yp — Jhyp), nb

Using VMD! 20 © OFf N Dp b
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Exclusived photoproduction

% ZH - J [

At EIC energies the direct Main bkg is due to ordinany “° exchanges

production is negligible, OZI suppressed
backward region

dominated by uchannel All couplings are known or
0 exchange related to the GlueX BR estimate

A.Pillonic Spectroscopy: overview and theory 13



Polarized 0 photoproduction
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1.0 \:\\ /,
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- Sensitivity of Polarization observable
3" T T to 5q parameters at SBS
& oo Vi Easily extended for the EIC
: Ki, JP=5/2*
0.2 1l Ay, JP=5/2*
n iy | .
o D. Winney, C. Fanelli,
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Exclusivehy photoproduction

’7* J/w ’Y*
Zi

7w @ production has been

studied in the literature
Lin, Liu, Xu PRD88, 1140

A

VMD + saturation of the
width by measured
decay modes provide
rigid prediction

ot S/ J/Y
X / Vector meson exchange
\ - Is well known, and leads
o’ - P to rigid prediction
for the @
p p p

A.Pillonic Spectroscopy: overview and theory 15
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Another ©?

f(3872) as a new state )

[%2]
mgzs72) = (3860.0+10.4) MeV/c2 S 7 {
T¥s872 <51 MeV/e? (CL=90%) ° F ATLAS
Significance (including systematics) is 4.1o - W COMPASS
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COMPASS claimed the existence of a state
degenerate with theo o P x,but witho p

Large photoproduction cross section

A.Pillonic Spectroscopy: overview and theory
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Another (?
oy J /1

At COMPASS conditions:
ouN =0oyn / 300

E I C L=1034 cm-2 s-1

¢"N — e~ X(3872)7*N' —
— e Jlyntn at*N' = e putuy ntan ntN'

~10 events per day

A. Guskov

COMPASS claimed the existence of a state
degenerate with theo o P x,but witho p

Large photoproduction cross section

A.Pillonic Spectroscopy: overview and theory 17



Diffractive semiinclusive @ ph.

Large rapidity gap

any

If the target fragments are
separated from the beam ones,
one can invoke Regge
factorization

A.Pillonic Spectroscopy: overview and theory
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Diffractive semiinclusive @ ph.

2 J/Y

5
= /

any <} IP

p p p

QuarkRegge duality allows to
replace the intermediate hadrons
with a Pomeron exchange

Triple Pomeron vertex well known
Model needed foZ ~IP  coupling

If the target fragments are
separated from the beam ones,
one can invoke Regge
factorization

A.Pillonic Spectroscopy: overview and theory 19



Semtinclusive w production

For larged one can invoke NRQCD factorization
to describe quarkoniumlfke) production

do(e” +p— H+X) =) do(e” +p— QQ(n) + X)(0"(n))

o Perturbative partonic

o z
0 matrix element, calculable
>

H

<

¢ Nonperturbative transition
matrix elementvv © O

fitted from data

X

A.Pillonic Spectroscopy: overview and theory
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Semtinclusive w production

One ca_n as_sume the same NR_’Q_CD factorizationa[X(3872)] = Z &[(,'E,L] (Q?)
for exotics, independent of their internal structure

n

Br[X — J/¢mtn7] ((O5 (*S1)) + 0.159 (Og (*So)) + 0.085 (OF' (*So))

+0.00024 (O (°S1))) = (2.7 £0.6) x 10~* GeV?®
Artoisenet and Braaten, PRD81, 114018 from Tevatron d

If one consider the first term only, it leads to

Br[X — J/yrTn7]o(X(3872),Q° > 1 GeV) =~ 2.6 pb 5 =100GeV

A.Pillonic Spectroscopy: overview and theory 21



Production of other exotics
Guo et al. EPJC74, 9, 306

Other cross sections have been estimated, generally quite large Guo et alCTP, 61, 354

Estimates can be given using M
generators, using coalescence modk
and assuming a molecular nature fo

the exotics

A. Pillonig¢ Spectroscopy: overview and theory 22



