Precision Meson Spectroscopy
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* Predicting (exotic)meson resonances and their properties from
lattice QCD

* Reliably extracting meson resonance and their production and
decay properties from experimental data

* Interpreting both the experiment and theoretical results
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What’s ahead for hadron spectroscopy ?

Terra incognita e
Hidden-charm states

- Can we achieve the level of (o W
understanding of hadrons comparable \ lz.® L &
to that of other emergent phenomena ? " g B

_— 3P
(4260). _—
o5, 208 =

» What's the origin and range of validity ASE =R T
of the quark model. | T =
- How to investigate the fundamental - Stable TR
_ . ol s charmonia [fsmwesm
properties of QCD e.g. confinement e
( “observables” other than linear — e ue

trajectories ?)

“ 5y s D.Dean, Physics Today 60, 11, 48 (2007)
 Are there more “nuclei” in the

“hadronic landscape”

Stable nuclei

Known nuclei

Hadrons Nuclei

R O
©

incognita

Protons
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Exp and Theory are working together :
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E BaBar (2009) :
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i Similar spectra
expected from CLAS12
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Model independent analysis

10°
;C 0.45 (6a(1320) - w
S o, Nature: real axes oY S—
%0.37 E a,(1260),
5 2 03F
- 0.2+ ﬂ2(1670) % :
2 0.2F
0.1F _
0.1F
0.5 1 15 2 25

s, [GeVIC) QCD UCBI S, o
ms, [GeV/c?]

= ud u d
Yas (s
dibaryon pentaquark glueball

diquark + di-antiquark  dimeson molecule ¢ g hybrid MOdel |ndependent
(based on S-matrix
Models < " principles)
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Amplitude analysis 7

1. Amplitudes are analytical
functions of §¢, «+-7;, -

2. Partial wave amplitudes are
analytical functions angular momentum

Jils) = f(l, 5)

3. Physical sheet singularities are given by unitarity

4. Unphysical sheet singularities need to be
parametrized in order to test microscopic models

l..lj INDIANA UNIVERSITY efferson Lab




Holy Grail: Al as a tool for physics discovery

Learn (S-matrix)

exp (—i jdtH’,(t))]

§S=T

I

Tell the story




Importance of high quality data : split a2 :

The puzzle
of the A2 meson

The A2 may be two distinct but similar particles
or a single object of an entirely new type. Either way, it has

T +p—=>X +p

SQUARE OF EFFECTIVE MASS OF K,°, K* (GEV)?

Events / (5 MeV/c?)

o
b

o
w

experimentalists arguing and theorists confused.
< 100 - | |
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g J
M | )
g ' frontiers
— Of
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,(1670)

Proton-antiproton annihilation shows evidence for a split A2. The dip at the A2
(mass)”, shown by the colored arrow, in the K,"K' effective mass spectrum indicates
that the A2 splitting is independent of the production reaction. The data were taken [
by a CERN-College de France-Liverpool bubble-chamber group. Figure 5 e
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split Pc 10

LHCb, Run 1+Run 2, 2019
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LHCb, Run 1, 2015
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XYZP’s : real or not ? 1

Many XYZ's are unconfirmed 5 S
but some appear more “real” Sl L S
then other Ek e S
% % /'\ ” o TR,
. Tllfw o X(6900) : l/j] §) 28 7000 8000 9000

My, [MeVic?]
[LHCb, Sci.Bull. 65 (2020) 23, 1983-1993]

resonance (cccc) ?
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[ATLAS-CONF-2022-040] [ATLAS-CONF-2022-040]
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XYZP’s : real or not ?
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GlueX: PRL 123, 072001 (2019)

—
o

................................................................................................................

o(yp — Jhpp), nb

.| —e— GlueX
| —=— SLAC
-| —a— Cornell
5 S b mmmm Kharzeev et al. x 2.3

: . | —— JPAC P;(4440) UL
— — incoherent sum of:
------- 2g exch. Brodsky et al
--------------- 3g exch. Brodsky et al -
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“‘Dip” above 9 GeV has - Full GlueX-I data yields
2270 £ 58 JIP’s

2.60 (1.30) local (global)
significance

107 Eed .| —e— GlueX
o =1 —a— SLAC
:4 - : : o A Cornell
L] —— Brodsky et al. fit to GlueX
S L I — - ns=1 (2g exchange)

10—2 n .':é | : : : : : : : : i
§ 9 10 E,,Gev 20

Threshold effects ? Du et al, EPJC 80, 1053 (2020)




J/y photo production o07" G\ i

JIy-007 [Nature 615 (2023) 7954, 813-816] GlueX [arXiv:2304.03845]

e Two (distinct) approaches: l ,
<

max —

’
—t-channel partial waves < mass radius, gravitational ?554
form factors, etc. g

—s-channel partial waves
s-channel thresholds

Kharzeev et al. (1999), Brodsky et al

I , —— N — (2001) Ji et al.Guo et al. (2021) Z, Mamo,
JPAC 1 - l 3 JPAC 1 Zahed, (2020)
‘ L fmax = :
(-\Z 107 = E, =893 GeV — % 107 = E, =893 GeV — s
= - ~— Single channel (1C) ] = ~— Non-resonant (3C-NR) . .
E — Twi channel (2C) _g Resonant (3C-R) 1 / T
. : 4
| } N A \/g- b
B T ¢
107 |~ - 107 |~ -
! I ! I — I ! PR IS PR
- ' - s ' R Du et al [Eur. Phys. J. C 80 (2020) 1053]
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> > ]
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FIG. 1: Fit results for the integrated cross section compared to GlueX data from [37]. Bands correspond to 1o un-
certainties from bootstrap analysis.
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XYZP’s : real or not ? 14
— X(3872) (x,,(3872))

300 |

. % "% Heo | REMARK ON ENERGY PEAKS IN MESON SYSTEMS
8 L ] E 1400—\s =7 TeV
Z 200 - 1 & _F o0 Pl { v s
o = 12001~ . | Mﬁ%?_ﬁ,ﬁ{ If the width
3 I § 1000~ \ . i { of particle X is not very large we will stay close
W 100 1 1| sook- - =5 to the physical region. This almost singular be-
X(3872) my : \ havior of A(s) for certain physical s causes the
oLl S gl | °°°:‘ # A peaking effect to which we refer as an (X,Y,Z2)
0.40 0.80 1.20 400F- ; peak.
M 1) - M(T) (GeV) . [;
2 2 2 M 1 " 2 2 N 1 M 2 M M 1 M M
306(X) 3700 3800 3900 | X
| M(J/y =* ') [MeV/c?] z
QD . ReI | OPE
! ——
. l
. 7 | X
D* ' Y

-

Very close to DD* threshold

Even Virtual OPE
Is X(3872) a molecule ? Virtual] OPE exchange is tricky

MX(3872) — MDO — MD*O

52 ’u2
— —0.01 +0.14MeV ST =t
u+ g u+ g

Attractive = Attractive + Repulsive
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Pion exchange

ds . t 2 | -
—— — —H 7 4
D,b/ch[l p=—t p=—1t

* Pion exchnage in photo-production is

4 005 - (l
LG frame dependent

------- B.G Yu (Korea Aerospace U.), arxiv:1611.09629v5 (16 GeV)
J. Nys () PAC), arxiv: 1710.09394v1 (8.5 GeV)

+ 7% norm. [:
T GL% ll)lCC)'(ain(y —

* Interesting phenomena: eqg.

A o elementary vs Regge pole, role of

B S ) P, 3 absorption, cuts, conspiracy between
- L | pion and nucleon poles eftc.

Asymmetry

* Photo-production is the “cleanest’

: o g e probe of OPE. How does OPE at high
| Fod e e e m energy compares to OPE in at low
9 » fna | al xen ge lavcl)reA el.g. l7'l.' I - :
L N energies, or heavy quark EFT's ?
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Need to understand Production ! 16

DIRECT DETERMINATION OF A SHORT NUCLEAR LIFETIME (~107%s)
b BY THE PROXIMITY SCATTERING METHOD

c“'momc‘?
f —— " J. LANG, R. MULLER, W. WOLFLI, R. BOSCH and P. MARMIER
Ed' 539 MeV : Laboratorium flir Kernphysik, Eidg. Techn. Hochschule, Zirich*
| o e‘{o 5 Received 4 February 1966
207 gt ,
12 12
| | b4t 14243 [d4+"“C - n+p+'“C),
154 .
| L I
| |
104 te7.0%g !
l [ |

L CDJ
1.5 [Mev)

b+t — 1+R, withQ-valueQ, [d+"C-n+"N* Q, = —3.82MeV],

R—2+3 withQ-valueQ, ["“N*—=p+'C, @Q,= 1.59MeV],
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Triangles are everywhere 17
COMPASS, 2021
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Kinematic reflections 18

Are the Z’s true resonances or kinematic effects

—4- Data — '
§ _ ;Z::all;rtound fit N% 1000
8 ==+ PHSP MC @)
= R Z(4430)
S Z
2 f s N % 500
o - "' <
0 - 3
=
0 5 N O o i s : <
3.7 3.8 3.9 4.0 O
Mmax (T20/) (GeV/c?) 0
ete” > Y > Jlyntn~
Kinematic effects from K* decays 7 R | | | |
%103 3 LHCb E
*0,,,/ — K+, S .t ]
/ K l/j — 7[ K l// d ] 02 Er > i o S _§'
B—y'n K" PRI o, A
\a k= 10 2 e g S
= - = R[S i, |
Z Kt - ywn K* T OB
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Q E E
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Understanding production cont. 19

XYZP spectroscopy at a charm photoproduction factory

M. Albaladejo,! M. Battaglieri,>?® A. Esposito,* C. Fernandez-Ramirez,’
A. N. Hiller Blin,! V. Mathieu,® W. Melnitchouk,! M. Mikhasenko,” V. I. Mokeev,2
A. Pilloni,® % * A. D. Polosa,” J.-W. Qiu,! A. P. Szczepaniak,'' %11 and D. Winney!'? !

arXiv:2203.08290

I_OI R F7_R Fo_l 20 Submitted to the Proceedings of the US Community Study

on the Future of Particle Physics (Snowmass 2021)

Hadron Spectroscopy in Photoproduction

. . . 2 o ’ s . ’ 5
Miguel Albaladejo', Lukasz Bibrzycki?, Sean Dobbs®, César Ferndndez-Ramirez'®,

a rX|V:2 1 12.00060 Astrid N. Hiller Blin®, Vincent Mathieu™®, Alessandro Pilloni*!?, Justin Stevens!!,
) . L Adam P. Szczepaniak'?!'*!* and Daniel Winney!3!4.15.16
Physics with CEBAF at 12 GeV and Future Opportunities

1020 E'ITI ' I I I I I [ I I I LI 1 E

1019 E Maing JLab6 ep facilities 1%‘;5..\».
~ 100 | [0 m mJLabl2
g 1017 :F 1 SLAC __]:
> 101 [ 5 EIC/JLab++ explore
o E =
~ 1018 | O = :
il /7 : the complementarity
o, 1014 E 5 . .
7 109F O N L of diffraction,
= - Bates(Int) E .
= 10%F " compass peripheral and/or
3 10 [— ——=— E665 0O H1/ZEUS | . .

10t k- HERMES ENC/NMC L direct production

109 Bl S

! 10 102 10°

CM energy [GeV]
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Spectroscopy at the future facilities 20

+ . M. Albaladejo et al. [JPAC], PRD (2020)
/", Production @JLab++, EIC D.Winney et al. (JPAC) .

2 17 GeV 24 GeV
i W\’_./_ Q produced detected|produced detected
Z:(3900)7] 2.2k 371 42k 588
Z‘\’ g ' X (3872) 1.1k 32 4.2 k 63
TABLE I. Estimates of yields for day of data taking at CLLAS24 assuming a zero-angle electron detector

TABLE II. Summary of results for production of some states of interest at the EIC electron and proton beam momentum
5 x 100(GeV/e) (for electron x proton). Columns show : the meson name; our estimate of the total cross section; production
rate per day, assuming a luminosity of 6.1 x 10** em™2s™'; the decay branch to a particular measurable final state; its ratio;
the rate per day of the meson decaying to the given final state.

Meson |[Cross Section (nb)|Production rate (per day) | Decay Branch|Branch Ratio (%) |Events (per day)
X<1(3872) 2.3 2.0M J/V 5 6.1 k
~ Zk ) Y (4260) 2.3 20M J/U ntn 1 1.2k
Z(3900) 0.3 0.26 M J/¥ T 10 1.6 k
X (6900) 0.015 0.013 M J/VJ/ 100 46
Z.+(4000) 0.23 0.20 M J/U KT 10 1.2 k
Z(10610) 0.04 0.034 M Y(2S) 7+ 3.6 24 m

Couplings from data as much as possible, not relying on the nature of XYZ

e The model is expected to hold in the highest x- bin _
. . . . L SPECTRO. -
e Model underestimates lower bins, conservative estimates e SaAl
: : https://github.com/dwinney/jpacPhoto
75 ——T 10° T T T T T T T T T T T T 10° T T T T T T T T T T T T
) ' JPAC - JPAC ] : ' JPAC
2 yp —> b+X ] E — total Z,(3900)" E E — total Z,(3900)" E ecce-note-phys-2021-12
1 ______ —— total Z,(10610)" — total Z,(10610)" 5000~" T " T T O T T IEdCIé SlimL‘JIatlior; —
' — tofal Z,;(10650) i J —— total Z,(10650) 1 C . 10fb", e +p 5x100
§ 1.5 10 | 10 H 3 b ] 4000; e+p — J/\F+T[++T['+p ]
= —+— 7 r n = C * elSpectro/JPAC .
5 Z 1 E : E ]
g F = ]l = 4 - 3000
i o i Y AT S N a C
0 R A 2000
5
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* Production at EIC

Artoisenet, Braaten, PRD83(2011)014019; FKG, MeilBner, W. Wang, Z. Yang, EPJC74(2014)3063

o(pp/p—X) [nb]Exp. A=0.5 GeV A=1.0 GeV
Tevatron 37-115 7 (5) 29 (20)
LHC-7 13-39 13 (4) 55 (15)

P

Albaladejo, FKG, Hanhart et al., CPC41(2017)121001

® Order-of-magnitude estimates of the semi-inclusive electro-production of hidden/double-
charm hadronic molecules (in units of pb)

I N N T

DD* 0,1+ 21(89) 216(904)
DD* 1,1% 0.4x103(1.3x103) 3.8x103(14x10%)
D*°D; 1/2,1* 19(69) 250(900)
) 1/2,1/2" 0.8(4.1) 15(73)
=D 0,1/2" 0.1(1.6) 1.8 (30)
AR, 0,0+ 0.3 (3.0) 10 (110)
AZ, 1,0- 0.01 (0.12) 0.5 (5.5)

T, DD* 0,1* 0.3x1073 (1.2x1073) 0.1 (0.5)

F-K Guo @ EIC Workshop
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Brief history of exotics (hybrids)

Nuclear Physics B152 (1979) 171188
© North-Holland Publishing Company

. y 35
INTIONAL STATES OF CONFINED QUARKS AND GLUONS™ [ ) - 3.25 F
COLOURED QUARK AND GLUON CONSTITUENTS IN THE MIT BAG ;‘ - =
MODEL: A MODEL OF MESONS R.L.JAFFE" and K. JOHNSON v 3 F
) Laboratory for Nuclear Science and Department of Physics, &) E
Ted BARNES Massachusetts Institute of Technology, Cambridge, Mass. 02139, USA - - = 275 | *
Department of Physics, University of Southampton, Southampton SO9 SNH, England L E i I Ce S l l I e S ~ 25 E *
+ S
Received 24 October 1977 - F UKQCD 96
(Revised 7 May 1979) : 225 | * MILC 97
) =
_ D VOLUME 17, NUMBER 3 | FEBRUARY 1978 & 2 s MILC 03
We generalize the bag model by treating transverse coloured vector gluons as constitu- E , CSSM 05
ents. The physical S-wave mesons are mixed states of pure quark and quark-plus-gluon 175 | v SESAM 99
type, and their masses are accounted for by the colour SU(3) quark-gluon Hamiltonian. . . E
Finally, we obtain the masses and some electromagnetic properties of the S-wave mesons Model of mesons with constituent gluons* S5 b = ukaco os
in this model for states constructed from u, d, s, ¢ and b quarks. T T 1 I T T 1 I T T 1 | P E A MiLCO03
-y D. Horn' L 1.25 | ® LATHAD 10
California Institute of Technology, Pasadena, California 91125 B d 1 Eeed bbby b b by b by by
10 — K.J. Juge, J. Kuti, 7 1 0 025 05075 1 125 15 1.75 2 225 25
Volume 132B, number 4,56 PHYSICS LETTERS J. Mandula* . , F GeV
Massachusetts Institute of Technology, Cambridge, M h 02139 B C.J. Mornlngstar mass (T) [ € ]
(Received 28 January 1977) (2003)
A model of mesons composed of a quark, an antiquark, and a gluon is proposed. The binding of the [~
constituents is provided by a confining linear potential between the gluon and the quarks. The lowest states of [ = 1
GLUEBALLS AND MEIKTONS WHICH DECAY TO MULTI the model are described, and their relative masses evaluated, for the case of heavy (charmed) quarks, i.e., ccg ~— [~ 1500 - || EEI Q == = _
states. —_
—~ =
Michael S. CHANOWITZ and Stephen R. SHARPE ! - ] - 7 ], = O = =
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA \L‘/ 5 L7 fIY/‘ [
re — w == =
3 PHYSICAL REVIEW LETTERS 1 NOVEMBER 1976 > AT
Received 19 August 1983 = = x | = = _— =
— 7/ —
l y < o 4 & 1000~ - D;
y | 7 F . ] — D;Ds
¥ Spectroscopy of a Charm String* o L) > F--——- ] > [
5 S S R} I =
J R. C. Giles and S.-H. H. Tye 55 11 - - 8 B
[ ] - Stanford Linear Accelevator Center, Stanford University, Stanford, California 94305 — L ] = [ —
(Received 13 August 1976) - = . BB | r =
~ > = - S 500 -
We report the results of the application of the quark-confining string to the ¢ spectrum. O — (R el ] L —
The model is defined by a relativisticallly invariant action of quarks and color gauge o L I 4
e I l O l I l e I I O O fields. In the Schridinger limit, where light quarks are neglected, this model (with two - 10 [ 1 r
parameters) reduced to the charmonium model (with a linearly rising potential) plus ad- N - i F Hadron Spectrum Collaboration (201 2))
ditional vibrational levels, Inthe e*e” channel, the first vibrational levels come at - r ] L —_—
- 4 0
= — —+ —_— —+ —+ ++ +— ++ ++ +— +— +-
perturbation L ] 0 1 2 1 0 1 1 2 3 0 2
theory -
S P I, I ot ‘] 14
I I T T T T TN N SN N B | 11 | -

PHYSICS LETTERS § January 1976

C.A.Meyer, E.S. Swanson (2015)

2 3000f " 2000 (Exotic) resonance
5000
oo | ++|H| COMPASS (2015) 2000;(3) ‘LJF P, (d) R production  Regge
oo | +I| I -t 1000 pretene
2 1000 +
oo £ T Yo BNL(20_51+
o0 | A I* . — - e————
L ¢t " { . n
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Evidence” for Constituent Quarks:Light Quark Hadrons 2
Spectrum of mesons containing u,d,s quarks from numerical QCD simulations
(lattice) resembles spectrum of quark models.
negative parity . positive parity exotics
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r](')ﬂ resonances from COMPASS data

7,(1400) vs 7,(1600)

=)
%

nr P-wave

120F ™
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a;(1320) 1306.0 £ 0.8 + 1.3 114.4 £ 1.6 £ 0.0
a;(1700) 1722 + 15 + 67 247 + 17 + 63 N )T I
71 1564 + 24 + 86 4924544102 77 TR L e

[C.Adolph, et all COMPASS, Phys.Lett.B 740 (2015) 303]
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To Resonance or not to Resonate
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Finite Energy Sum Rules
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Production of a2(1320)_’0 and a0(980)_’0 at low ¢

M. R. Shepherd
INT Workshop

O.1< —t < 03 GeV2 March 23, 2023
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Double-regge exchange

4 n n
p (as/m w( p
7 T
P ) az p Yaz/m
P A++ P A-}--I-

» Dispersion relations (FESR'’s) for 2-to-3 more versatile then in 2-to-2
processes (multiple variables to consider)

« Can the middle vertex be tested : (how does QCD affect helicity
dependence) ?

* Theory and applications are sparse

De Tarr et al. (), Hoyer, Schimada et al, Bibrzycki at al (JPAC) (..

l..lj INDIANA UNIVERSITY efferson Lab




What's in the future for JPAC/ExoHaD

* Next 5y : Complete development of the tools
and techniques necessary to extract physics
results from the GlueX and CLAS experiments.

» Beyond 5y Develop a broad program of XYZP
studies relevant to the current measurements
at accelerators and the future electron-hadron
facilities, including the EIC and the upgraded
Jefferson Lab.

» All along Support the growth of the QCD
spectroscopy community by investing in the
education of next generations.

IIJ INDIANA UNIVERSITY efferson Lab




