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s QCD special?

proton neutron

v" A single theory is responsible for
phenomena at distance scales of the
order of 10->m as well as of the
order 104m.

v" It builds from objects (quarks and
gluons) that do not exist in a common
sense. >90% mass comes from
interactions!

v" Predicts existence of exotic
matter, e.g. made from radiation
(glueballs,hybrids) or novel plasmas.

v" A possible template for physics
beyond the Standard Model

v" ltis challenging!
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This talk i1s about hadrons

1909/191 | Rutherford/Geiger/Marsden discover the nucleus

1919 Rutherford discovers the proton

1932 Chadwick discovers the neutron
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“Bare (free)” particles of QCD: quarks and gluons

e.g. as seen in high energy collisions

down

strange

a constituent of
the proton

recoil electron
(or neutrino)

analogous to 8 (color) x 6 (flavor)
copies of QED:
quark — electron
gluon = photon
(but non-abelian)

X8 combinations
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quarks bound
in hadrons

eacp ~ 10 eqep

the nature of physical
quarks and gluons
remains a mystery )

uarks

inverse distance between quarks
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Quark models

PHYSICS LETTERS 1 February 1964

M. GELL-MANN
California Institute of Technology, Pasadena, California

Raraived 4 Januarv 1964

AN 503 MODEL FOR STRONG INTERACTION SYWZ

.
IT )

**)
G. Zweig

CERN~=ceneva

physical quarks appear to move in
a kind of “mean, gluonic field”
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Plausible model?

‘physical quarks” — Haco = Heho. +

quasi particles mygluon mean field
finite energy, localized

solutions: solitons
(monopoles, vortices , ...)

The QCD
vacuum is not
empty. Rather
it contains
quantum
fluctuations in
the gluon field
at all scales.
(Image:
75 oS . University of
“physical gluons” — Adelaide)

mean field ANK{quasi particles
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Confinement in QCD

lllllllllllllllllllll'l

[ Adiabatic Q@ potential ]

Absence of isolated quarks

11 I Ll

I'D(\/'[]‘] - \/121‘0])

Properties of confinement:

¢ | inearly rising potential I P T S
® Regge trajectories ¢ 4 B
e String behavior

Action density
Rw=12m

W=t [GeV)®
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Spectroscopy of Hadrons can
teach us about “workings” of QCD

1. Hadrons with gluon
excitations (confinement)

2. Hadron molecules
(residual forces)

ICN-UNAM Seminar, March 18, 2015
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QCD: There are many other possible color singlets.

s Ud u d Sy
YdS v 4@ =8

dibaryon pentaquark glueball

C
U

diquark + di-antiquark ~ dimeson molecule

ICN-UNAM Seminar, March 18, 2015
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Lattice meson spectrum

[Dudek 2011]

: o 0~ 3
o 9 @
— (O

L:)*

1=t ot 2t

CJqq S
L ) "“lvy ‘l)
) qq D

) ~ e
,V"‘\,

ammX = o
I Y L7 [ ¢

\U-9: DEPARTMENISUE ICN-UNAM Seminar, March 18, 2015
j Jefferson Lab



3 %, U.S. DEPARTMENT OF

'ENERGY

Lattice meson spectrum

[/ .
.
. .

50
. ) * ) 0" 37°F
o 0O @

— (O

E*

1=t ot 2t

I=1/2

[Dudek 2011]

I=0

""'/,
.15.,

K=
J qqqg :

I=0

K

Ui

7

K*(982)

4(1020)

K, (1400)
K;(1430)
K, (1270)
K" (1430)

w(782)
hy(1170)

h1(1380)
ﬁ 1710

)
f5(1525

1770)

(1710)
£1(1420)
(1525)
(1870)

72(1870

1680

Ky
K*(1680)
K; (1820)
K;(1780)

¢3(1850)

K;(1980)
K3(2320)
K;*(2045)

£2(2010)

f1(2050)

ICN-UNAM Seminar, March 18, 2015

gefferson Lab




Lattice meson spectrum

[Dudek 2011]
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Strong, theoretical evidence (lattice) for gluon field
excitations in hadron spectrum

Phenomenologically, gluons behave as axial vector,
quasiparticles JPC=1+

Lowest multiplet of “hybrid mesons” has JPC = 0+, 1-+, 2+,
1-- states

What about other non-quark model possibilities?
Can these be detected and distinguished?

ICN-UNAM Seminar, March 18, 2015
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New opportunities

High statistics
new beam-target combinations
polarization measurements

ICN-UNAM Seminar, March 18, 2015
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What kind of experiments?

2— 2, 3 processes

ICN-UNAM Seminar, March 18, 2015
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Evolution in statistics

BNL (E852) ca 1995

CERN ca. 1970
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Resonance paradigm: A(1232

In 1952, Fermi and collaborators
measured the cross section ™ +p — +p

peak in intensity and found it steeply raising.

(cross section)

mass ~ 30% above proton

lifetime ~ 4.5 x 1024 s

Cross section (mb)

width ~ lifetime' = 150 MeV

\03\//0

3 4 5 6 789
111

| | |
T T 1T T 11
B 5 6§ 7 8 010
Canter of mass ancrgy (GeV)
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How do we catch resonances?

* Is every bump a resonance?
* Is every resonance a bump?

— The answer to both questions is NO

* Examples
— 0 meson in tmt scattering has a broad structure
— Threshold effects can appear as resonances

ICN-UNAM Seminar, March 18, 2015
gefferson Lab



Actually, what is a resonance?

* Aresonance is a pole of the scattering
amplitude in the unphysical Riemann sheets

ICN-UNAM Seminar, March 18, 2015
gefferson Lab



« 12 GeV upgrade at JLab: CLAS, GlueX, efc.
— Aim: = Complete understanding of the hadron spectrum

<> discover new resonances e.g, gluonic excitations (states
where glue builds their JFPC)

— Tools: Amplitude analysis of data
To find new resonances not bump-hunting, but search for poles
=) must build in S-Matrix constraints
+ state-of-the-art knowledge
of reaction dynamics

resonance pole

Dispersive analytic continuation

A .S DEPARTMENT OF — ICN-UNAM Seminar, March 18, 2015
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« 12 GeV upgrade at JLab: CLAS, GlueX, efc.
— Aim: = Complete understanding of the hadron spectrum

c» discover new resonances e.g, gluonic excitations (states
where glue builds their JFPC)

— Tools: Amplitude analysis of data

To find new resonances not bump-hunting, but search for poles
must build in S-Matrix constraints

+ state-of-the-art knowledge .
: . Hadron spectrum, exotics
of reaction dynamics

[ 1 T

ChPT + Analyticity + Unitarity Experimental Data FFs, resonance
Dispersion Relations CLAS, GlueX, JEF parameters: My,

COMPASS, BESS, :
Regge Theory, Models LHCb, PANDA. ... I, couplings

| iy

R U5 oAl ICN-UNAM Seminar, March 18, 2015
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Scattering theor

S matrix
S =1+ 21pT

S is unitary (probability conservation)
STS =1

DiscT =ImT =T7pT
T'is an analytical function (causality)

T has branch cuts at thresholds (several
Riemann sheets)

* T has no poles in the first Riemann sheet

ICN-UNAM Seminar, March 18, 2015
gefferson Lab



Dispersion theor

« Cauchy Theorem

tv + i€) = i/c W) g

| Riemann

271 v — v — e

Amplitude has no complex
poles in the 1st Riemann
sheet and has two branch
cuts

We can reconstruct the full
amplitude in the whole
complex plane

ICN-UNAM Seminar, March 18, 2015
gefferson Lab



Example: Breit-Wigner amplitude

3t Riemann sheet
AT

R U5 csranusglle) g ICN-UNAM Seminar, March 18, 2015

ENERGY <

NG

gefferson Lab



Example: Breit-Wigner amplitude

1st Riemann sheet 2nd R

£l

llemann sheet
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Riemann sheets

%{8}7

The amount of ¢ (s) |
Riemann sheets

S1 \ S \
depends on the ¢ \\ s e
number of open A :
t (s)
I

channels: 2N

(s

ICN-UNAM Seminar, March 18, 2015
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Amplitude analysis: rot scatterinc

Pelaez et al.

PHYSICAL REVIEW D 77, 054015 (2008)

A_NAANAAANAAAANA, A_NA_ANAANAAAAAA_ANAAA,
V VvV vV VvV VvV v vV

> — /] 2
- & Re(s)

p(770)

VIV VvV vV VvV vV

| ! | 3
600 800 1000 1200 1400
s$(MeV)

1. Parametrize the data

2. Check constrains (unitarity)

3. Continuation to extract the pole
Q 4. Interpretation (hybrid, glueball,
| tetraquark, ...)

0 200 400 600 800 1000 1200 1400
s~ (MeV)
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Amplitude depends on 5 Mandelstam variables:
* Oneisfixed: s

* Two are measured: sk+k- and Sk-p
* Two are integrated out: tyx. and typ

F ICN-UNAM Seminar, March 18, 2015

gefferson Lab



Interesting channels

GlueX (Hall D@JLab) invariant mass range 2-3 GeV
Glueballs?

7
X -
7

N
N

mm, KK X = P P39, P31 fo, f2, |
o X = agafml

ICN-UNAM Seminar, March 18, 2015
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K+K- Dalitz plot

Phi mesons

Double Regge

Disclaimer: not actual data
(actual data from g12 CLAS@JLab under analysis)

Hyperons

4735 U.S. DEPARTMENT OF o ICN-UNAM Seminar, March 18, 2015
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Things we expect/hope to stud

* Exotics

— new physics that will help us understand the role of
the gluon and confinement

» Strangeonia(ss)

— this spectrum is not well studied and looks pretty
empty. Also information on gluons and virtual quarks

* Hyperons

— Strange content of hadrons, impact in hypernuclei
physic and strangeness in neutron stars

ICN-UNAM Seminar, March 18, 2015
gefferson Lab



* Dual model (B5)
— Generalization of the Veneziano model
— In the double-Regge limit:
Shi et al., PRD91, 034007 (2015)

* Deck model
— More elaborated
— Resonance region: K-matrix, coupled channels
— High energy: Regge
— Connection through dispersion theory

@R U3 OPARTMENIORS g ICN-UNAM Seminar, March 18, 2015
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Veneziano model (B4

B4(8, t) =

lim B4(S,t) -

§— 00

1
By(s,t) = / do x=8) 71 (1 — g)7a®-1
0

* Advantages
— Analyticity
—Incorporates Regge-resonance duality
—Right behavior at high energy
—Generalization to N legs

» Caveats:

— Unitarity is violated ! ) / i 1
—Resonance details get lost

—Only for high energy \ \ \
— Spinless particles (spin factor) 2 4 2 3 3 P

ICN-UNAM Seminar, March 18, 2015
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Bs(saB,5A1, 512,523, 5B3) = / dt / do x0T (1 — )T T (1 — ) TB T (1 — ) T aBFaztas

/

NN

B3

A+B—1+2+3
Y+p—> KT+ K +p

Shi et al., PRD91, 034007 (2015)
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« Alot more complicated to compute
« We consider the double-Regge limit
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Double-Regge Limit: Van Hove Plots

2-dimensional plot of the longitudinal momenta

0= [Py + PR H
Pr+1 = V2/3qsinw
PKk-1 — 2/3QS1H(27T/3 _I_Cd)

Ppr, = \/2/3gsin(47 /3 + w)

[GeV]r2

6/

fixed transverse momentum
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Double-Regge Limit: Synthetic Data

A

-_l | | | _—||””|Il|-|'|'|-””-|-”'I-I-|l””|II -_|||||||||||||||||||||||||||||

1 2 3 4 5 & 12 3 4 5 6 1232:1_562
Mass*(K'K) (GeV?) Mass?(K'K) (GeV?) Mass™(K'K) (GeV)

1. We generate an uniform distribution (phase space)
2. We cut the large transverse momenta

3. We perform the Van Hove selection

4. We incorporate spin

NN SRRl INENl FERTE FERT) FRETE PR R
1.5 5 83 35 4 45 5

Mass?(K*K) (GeV?)

0
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Deck Model: one step at a time

Reggeon

QRN .3 PEPARTHENZOR —JA ICN-UNAM Seminar, March 18, 2015
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KN scatterinc

Resonance region High energy region

ICN-UNAM Seminar, March 18, 2015
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KN In resonance reqgion: Hyperons

Partial-wave analysis
t! (s, cos ) fo )Py (cos0)

Coupled channels *

KN — KN,r3, A

Unitarity
Analyticity
Right threshold behavior (angular momentum barrier)

Resonances are incorporated “by-hand” through
Breit-Wigner amplitudes

ICN-UNAM Seminar, March 18, 2015
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Single channel
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Coupled channels: 2 amplitudes

(K)kj = x,l_C x; K+ xi(s) x?(s) K5

2
j

c11 = T1(s)/C(s)
coo = Ta(s)/C(s)

1 1 1 2 2 a 2
(T)kj = C11 T} T; + C12 Ty, T; + €21 T) 5 (8) + C22 TR X

| D @k wklpa(s)]k
k=1 i

Ti(s)

B M;? —s —iZZ§1[Pa( )]le[xllcP

> zi ailpa(9)i| Ti(s)T2(s)
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KN In resonance region

Fit single-energy partial waves from
Kent State University analysis of:

3
n
<

e ~8000 exp. data for KN — KN
e ~4500 exp. data for KN — 7wA
e ~5000 exp. data for KN — 7%

Model can be readjusted once we extend
to the two kaon photoproduction process,
getting more insight on hyperons

%

@ 1
'
O OO« ONPCwWwORrC
N (&)}
esszzzzEEmss= S
W
- - H‘u\
PSS
L .
o 3 H
g H
OU
@ 1 1

(¢)]
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Dis

» Closest poles to the physical axis

* Errors computed through
Bootstrap technique
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Hyvperons from KN scatterinc

physical axis

17 1.8
Re [s:)/z] (GeV)

ICN-UNAM Seminar, March 18, 2015
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—50 GeV x10°

——70 GeV x10%
100 GeV x10*
—— 140 GeV x10°
175Gevxio® | ‘

0.1 0.2 0.3 0.4
-t (GeV?)
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Im vB* (v, t=0)

Connecting high and low eneraqgies

Let’s use 1N scattering as a
playground

Dispersion theory (Finite _
energy sum rules) ~— Resae Node

] —  New Amplitude
We use high-energy to
constrain low-energy

Construct Im A from 0 to
infinity via FESR

Reconstruct amplitude from
dispersion relations

— t=—0.0 GeV?

— t=-0.3 GeV? RevB™()

2V2P /C>o Im B (v, t) o

Re vBF) (v, t) =

T . V2 — 12
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Connecting high and low eneraqgies

 This is as far as | can go... we are working on finalizing
both the high-energy and the low-energy models as well
as the the pion-nucleon case

Next steps will be to connect high and low energy in KN,
build the full two kaon photoproduction amplitude and
compare to data

For B5 the next step is to compute the single Regge limit
(associated to hyperon excitations)

ICN-UNAM Seminar, March 18, 2015
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Summar

« Many interesting questions remain open regarding hadrons,
QCD and confinement
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Summar

Many interesting questions remain open regarding hadrons,
QCD and confinement

Hadron spectroscopy has been and remains as a prime tool
Lattice is making big steps forward
A lot of experimental data are going to come during the next

years: JLAB, COMPASS, LHC, MAMI, ELSA, PANDA, KLOE,
BES, J-PARC
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Many interesting questions remain open regarding hadrons,
QCD and confinement

Hadron spectroscopy has been and remains as a prime tool
Lattice is making big steps forward
A lot of experimental data are going to come during the next

years: JLAB, COMPASS, LHC, MAMI, ELSA, PANDA, KLOE,
BES, J-PARC

Amplitude analysis is a critical part of all this effort
v No solid amplitude analysis = No reliable data

Interpretation
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Summar

Many interesting questions remain open regarding hadrons,
QCD and confinement

Hadron spectroscopy has been and remains as a prime tool
Lattice is making big steps forward
A lot of experimental data are going to come during the next

years: JLAB, COMPASS, LHC, MAMI, ELSA, PANDA, KLOE,
BES, J-PARC

Amplitude analysis is a critical part of all this effort
v No solid amplitude analysis = No reliable data

Interpretation

v At JPAC we are doing as much as we can in close
collaboration with experimentalists
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