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New opportunities in hadron
spectroscopy
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Hadron Physics is entering a new area with
precision in measurements and theory

* high statistics

* new beam-target combinations
 polarization measurements

* |lattice gauge simulations

 precision reaction amplitude analysis
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From the naive (perturbative)
QCD perspective it is hard to

understand the origin of the
quark model
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Hadrons beyond quark model

s Ud
U d S
dibaryon pentaquark glueball
diquark + di-antiquark dimeson molecule q q g hybrid
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t is difficult to “picture” what's going %
on inside hadrons when we are ~ #&
lacking Intuition about: Y .

small world (10->m) of fast (v~Cc) "~ _
particles exerting ~1T forces !!!

» Do hadrons beyond those predicted by the quark model exist ?
* How to “poke” gluons ?
* How does the inside of the proton look like ?

« Can we actually compute the hadron spectrum and determine their
structure from first principles ?
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Hadrons beyond quark model

s Ud
Uds

dibaryon pentaquark glueball

Oy

diquark + di-antiquark  dimeson molecule
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* Excited adiabatic potentials map out
distribution of exited gluons




JPC= 1+ \41
flux tube
R—0 “gluon chain”
glue-lump gluons behave as
ohysical particles with
JPC = {+-
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Hadrons beyond quark model

S u d u d
YdS 1@
dibaryon pentaquark glueball

Q.

diquark + di-antiquark
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X(3872) Mass Measurements in J/ynx Mode
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REMARK ON ENERGY PEAKS IN MESON SYSTEMS

M. Nauenberg A. Pais

If the width
of particle X is not very large we will stay close
to the physical region. This almost singular be-
havior of A(s) for certain physical s causes the

peaking effect to which we refer as an (X,Y, 2)
peak. -

“Pelerls mechanism”

Y X
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QUARK SOUP

Ressarchers at colkders in China and Japan have succeaded in making eotic matter comprising four
quarks, but are stil debating whether the flesting particles are mason pairs or true tetraquarks.

L3

Quark

Antiquark

Quark quartet opens
fresh vista on matter

First particle containing four quarksis confirmed.

-
e’ / e

X = (cc+ ud)

-I-l-+

\ JIP = (cc)
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Mainly from e+ e- collider data
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Mainly from e+ e- collider data
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Hadrons beyond quark model

dibaryon

Q.

diquark + di-antiquark  dimeson molecule q q g hybrid
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The pentaquark

Scientists at CERN’s LHCb lab have
discovered a new kind of particle

Two possible layouts of the quarks
in a pentaquark particle

3 (eg. aboall)
T~ atom

5 tightly bound

quarks

namre

The LHCD result
leaves little doubt
that pentaquarks
are real
bitly/pentaquarks

1 baryon + 1 meson

3 quarks
s electron

anti-quark

Forsaken Pentaguark Particle Spotted at CER



- !

' LHCb
'
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8
—
g

Events/(15 MeV)
g

3

3

g

g S : Pentaquark
T T L : A - resonances

I’y (MeV)

8 3 8 8 8 8 8
§

A - spectrum is very rich

C.Fernandez-Ramirez, et al. Phys Rev. D93, 034029 (2016)
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There may be hadrons that look like ...

Sud ud
Uds

dibaryon pentaquark glueball

e Y 4 @” c

diquark + di-antiquark  dimeson molecule q q g hybrid

...before we know these exist it is
necessary to identify resonances in
scattering amplitudes
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S-matrix principles: Crossing, Analyticity, Unitarity

A(s,t)

N i ’/_>s A(o,t) = 32 AP

\ Analyticity
Ai(s) = liII(l) Ai(s + i€)

scattering decay
Crossing
Resonances :
Aj(s +i€) # Ai(s — ie) bumps/peaks
on the real axis
s-plane — T (experiment)
M < come frpm_
singularities In
: o unphysical
e Unitarity slzahgets
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Joint Physics Analysis
Center

e Started in the Fall of 2013 to support the
extraction of physics results from analysis
of experimental data from JLab12 and
other accelerator laboratories.

 Work is on theoretical, phenomenological
and data analysis tools in close . I
collaboration with theorists and - f
experimentalists worldwide.

¥ oo

e Successful external 3y review (May 2016).

» Average 1paper/month, Over 100 invited
talks, ~10 ongoing experimental
analyses, novel communication and data
preservation tools, workshops, summer
schools.

m 4 e b .
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Singularities, is all that matters: poles and cuts

A ' V
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deuteron)

*3

|
.
LN
18 ) &’

~.-—'

(virtual state)
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Singularities, is all that matters: poles and cuts

i '
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(log. branch point)

aag =

(virtual state)
resonances (poles)
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Perfecting amplitude analysis
(llght meson decays)

» n — 3m: Isospin violating f ﬁ
decay sensitive to the quark " o

mass difference.

Our result

* Slow convergence of ChPT i —

NLO

(importance of all-order,ft.s.l, NNLO
==t Kambour et.al.

effects. e NREFT

GAMS-2000

Crystal Barel, LEAR
Crystal Ball, BNL
SND

* Slope parameter in neutral i RAGASKE-CRuSTOR

WASA-at-COSY

decay, a puzzle for ChPT. pi MAMI-B

MAMI-C
KLOE
b PDG average

I“,,_,x. Tl — 661() + 94[1\'[‘(): +...=296 = ]G(‘\r[p"xp]

|Ay sam0]® oc 14 202 + ...

-0.05 -0.025 6 0.025 0.05
P.Guo, et al. (JPAC), Phys. Rev. D. 92 (2015) 054016
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Future analyses for
meson spectroscopy

 Complete development of 2-
to-2 reactions, establish
factorization (and corrections
to) of beam-target
fragmentation

‘Ifast”

exchanged
particle
“Force”

target
“SIOW”
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Future analyses for
meson spectroscopy

(Exotic) resonance
production Regge

—>7< exchange

* Develop analytical constraints . N
to relate resonance production . '
with high energy (Regge)
dynamics

e Complete development of 2-
to-2 reactions, establish
factorization (and corrections
to) of beam-target
fragmentation

“fast”

exchanged
particle
“Force”
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Regge analysis of meson resonance production

12 hours of beam statlstlcal errors only

2 T JIE
o Key to determine separatiol 'W | | ! I
meson from baryon 3 - G E
: O J.St IUEX) [
resonance production s M E
- Simulation from JPAC Model
°4C V. Mattieu (JPAC) PRD 92, 074013 -
N X | | | | 0.2F A Donnachie PRC 93, 025203 -
#i‘ﬂ[ I‘[*’I‘L N 7
I(li)ﬂ-s-llzﬂl smvr(r:r)(t) gll#‘l( )9#4#2 (t) ( = c;qg ) 2 (1+C;S ‘95) 2 o 02 04 06 08 T2 41 ”1 6-11 EGBGV:)
e correction to leading pole (cut)” _ Wathieuetal PRD 92074013
‘é 8 l | Data at different
S oul beam energies |
0 | * 4GeV
X oo ¢ 8GV
Dat'a LUUIIG U LIUI . THGeV W T [) 2 - }I T b -
e yTKb p/w 2 = .- ‘
v,1,K beams . w + p|2 + |h + b|2
* 0, 1,2" peripheral meson production / p axial-vector exchanges strength
e Universal data format decreases with energy
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P.(4450) in J/P photo production

Hall C PAC 44 approved (A*)
LLZ% T YN T

400

/

K P.(4450) p\ , ;

LHCb Collaboration, PRL 115, 072001 (2015)
Fit to data! W from threshold
to ~ 300 GeV.

3

g

:g
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Upper bound for partial . e um 0. 428
decay width! e = e
: :
2 s
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Jr — 5/2 :> 8 L 17% 9 95 E,:)SGV] 105 1 15 9 9.5 E,1|?iov1 05 1 15
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Also angular distribu- . *| .
. . § ef 3
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studied. ol B ‘

1" 15 9 9.5 10 05 1 115
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Asird Blin, et al. (JPAC), Phys.Rev. D94 (2016), 034002
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Particle

 Interactive portal for analysis of
hadron reaction data.

* Collects both new and old
theoretical reaction models.

* Includes description of individual
reactions, formalism, references,
theory, etc.

« Contains source codes and analysis

tools. Codes run on/off-line, with

variable parameters, display results

on-line.

» Ready for MC and data analysis.

e List of reactions constantly updated.

Physics on the Cloud
Example : 9 photo production (eg. for GlueX/CLAS)

TME GEORGE
WASHINGTON
UNIVERSITY

Je f.e20n Lab

2Thomas Jefferson National Accelerator Faciity

INDIANA UNIVERSITY

BLOOMINGTON

Joint Physics Analysis Center

¢ Run

HOME PROJECTS PUBLICATIONS LINKS

National Science
Foundation

This project is supported by NSF

1P = T p

We present the model published m [Matl5a] . ~ 0
The differential cross section for 4p —+ #'p is computed with Regge amplitudes in the domam
E, > 4GeVand 0.01 < |t| < 3 (m GeV?)

The formulas can be extrapolated outside these mtervals

We use the CGLN mvanant amphtudes 4; defined in [Chew57a)

See the section Formalism for the defimtion of the vanables

The fiting procedure 1s detaled m [Matl5a] . We report here only the main features of the model

Resources

o Publication: [Matl5a) .
o Fortran: Fortran file, Input file, Output :::: N
o C/C++: AmpTools class, C/C++ file, A1 . . 3
o Mathematica: notebook , convertedm| > .

o Data: Anderson_ All data G 015

e 6GeV
« 9GeV
¢ 12GeV
e 15GeV

) o

Run the code rent Mathieu :?“ -

ber 2015
Choose the beam energy 1n the lab frame F | the other vanable (¢ or cos #) and 1ts munimal, maximal, and increment values =
If you choose t (cos) only the mun, max and step values of ¢ (cos §) are read ode: [show/hide]

de: [show/hude]
E, mGeV 9 ' ‘

ot cos 0o 02 04 0k 03 o 12 14

t 1n GeV? (nun max step) -2 D01 S0 t (GeV')
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Education of the future generations

e Postdocs:

* (past) L.Dai (Bonn), I.Danilkin (Mainz), P.Guo (Cal. State U.),
C.Fernandez-Ramires (UNAM), D.Schott (Med. Coll. of Wis.)

* (current) V.Mathieu (IU), |.Lorentz (IU), A.Pilloni, (JLab)
V.Pauk (JLab), D.Ronchen (Bonn U.)

e Students:
e (past) M.Shi (Pekin U.)

« (current) E.Alexeev (IU), A.Blin (Valencia),
B. Hu (GWU), A.Jackura (1U),
M.Mikhasenko (Bonn), J.Nis (U. Gent)

e Faculty: M.Doering (GWU), G.Fox (IU), J.T.Londer®a
(IU),1.Mokeev (JLab), M.Pennington (JLab),
E.Passemar (IU), A.Szczepaniak (IU/JLab), R.Workman
(GWU)

w INDIANA UNIVERSITY



Summary

 |dentification of the nature of the recently discovered exotic hadrons requires close
collaboration on many fronts: lattice, reaction dynamics, phenomenology, data

science.

«  With a number of new experiments coming on line the prospects for finding the
answer to the question “How does the Glue bind us all ?” are better then ever.

w INDIANA UNIVERSITY



Hadrons can teach us able the interworking of QCD

* Do hadrons beyond those predicted
by the quark model exist ?

* How to “poke” gluons ?

* How does the inside of the proton
look like ?

» Can we actually compute the hadron
spectrum and determine their
structure from first principles ?

w INDIANA UNIVERSITY



