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Long time ago hadrons were made
from valence quarks
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before we can address the following
question...
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...we need to know how to
interpret “peaks”
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... but state of the art analyst
IS based on analogy with a
= ¥ “very simple world”
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Exploring the o pole

Possible evidence

for non-gqq nature of
light scalars

—
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FIG. 1: Modulus of amplitudes in different meson-meson
channels for N- = 3 (thick line) N. = 5 (thin continuous
line) and N, = 10 (thin dotted line), scaled at g = 770 MeV
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QCD on the Lattice : simulated
scattering experiment

(infinite volume

(known ) = i
Z(Ei) = T(Ei) amplitude )

kKinematical function)

Ei = discrete energy spectrum of states in the lattice
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in general “solution” of the Lusher condition requires an
analytical model for T



S-matrix principles: Crossing, Analyticity, Unitarity

s-channel M-decay channel

A(s,t)

Crossing

A(s t) =) Ai(s)P(zs)
[

Analyticity
A;(s) = lim A;(s + ie€)

e—0

s-plane

t Aj(s+1e) #= Aj(s — 1€)

® Unitarity

bumps/peaks on the
real axis (experiment)
come from
singularities in the
complex domain.




Origin of singularities (exchanges constrained by unitarity)
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Origin of singularities (exchanges constrained by unitarity)
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Origin of singularities (exchanges constrained by unitarity)
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u(k) ., Coleman-Norton theorem

B A (hyperon) t-channel resonance can
M1 (CC) s , produce s-channel “band” if:
M (Ap) Amin? =1 @ Streshold
and u A off-shell
M2 () mec N
s vimi) = v(mz) v(ms) = 0

all particles
on-shell 24

m2 and mi collinear =

induced

v(mz) > v(m+) band




The key to the YZ phenomena are the many nearby channels

Coleman-Norton requires
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Gluon excitations

Mesons with JPC = 0--,0+-,1-+,2+ : Exotic Quantum Numbers

b

Expected to have very similar properties to
ordinary QQ mesons



J. Dudek et al.
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gluon field

JPC glue Energy of the %

JPC =1 +- P x C = -1

Prediction of Coulomb gauge QCD



Hunting for Resonances in
fixed target experiments

particle exchange

COMPASS, JLAB 12 GeV P

Particle <~ Force
duality

exchangee
particle
“Force”

rapidity AN
gap ; ‘.
target

“slow” Resonance, “R” production

target = photon (JLab)
pion (COMPAS)

diffractive-dissociation



Evolution in statistics
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Forces (P) and Resonances (T)
are not independent

A'----'~~

..mathematically,
it is expressed
through Regge
theory

—

=

\ 4

Unitarity enforces Force-Resonance duality = Regge theory
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— — Resonance
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‘ COMPASS
> > > >
0 ; T az N
0,6 \./
O 0.2 Pomeron
= 0
% .0.2 T f T
C _0.4 \./
)6 __— \\D
-0.8 Pom eron
-1

1 1.5 2 25 3 3.5 4 4.5
m(nr ) [GQV/CQ]

duality —> the production channel is dominated by spin-
even partial waves. What is the exotic (P-wave) dual to !



JPAC: helping to repair the gap

Develop
theoretical,phenomenological/
computational tools for hadron

experiments

Experiment-theory
collaboration

GLOBAL EFFORT

Create a vibrant
community



JPAC : Specific Analyses

Light meson decays and light quark resonance
w/¢p — 3m, ny (Khuri-Treiman)
w — 3w (Veneziano, B4)
n—3m, n—n’nn(Khuri-Treiman)
J/W—-ynOn0

Photoproduction: (production models, FESR and duality)
yp — n0p
YP = pK+K- Launched in the Fall of 2014
Exotica and XYZ’s: ~20 papers published

n-p = m-np & -p—n-n’p (FESR)
BO— W - K+ u, W(4260) - J/W mi+11-
J/W — 3mn (Veneziano, B4)



Resonance-Regge physics in
meson-baryon scattering :
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Light meson decays

N—3m W—3m ¢—3m

- Constrained phase space,

- Effective (chiral) dynamics,
- Small number of partial waves,

- Amendable to dispersive

methods

A(s,t,u) =—

2 2 2
1 M2 M.-M

= M(s,t.u
0’ M: 3\3F? (610
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TABLE III: Dalitz plot parameters for n— 37°. Set _ 7
1 and Set 2 correspond to (I,L)=(0,0), (1,1) and | g — '( = + + 4 + ...
(I,L) =(0,0), (2,0), (1,1) cases respectively (see Table I). | [
a 8 \__._ / L0 T T
GAMS-2000 [49] —0.022 +0.023 -
Crystal Barrel, LEAR [50] —0.052 + 0.020 -
Crystal Ball, BNL [14]  —0.031 £ 0.004 -
SND [51) —0.010 + 0.023 -
CELSIUS-WASA [12] —0.026 £+ 0.014 -
WASA-at-COSY [52] —0.027  0.009 -
MAMI-B [53] —0.032 + 0.004 -
y _ N TABLE II: Dalitz plot parameters for p— vtz =" Set 1 and Set 2 correspond to (I,L)=(0,0), (1,1) and
MAMI-C [4¢] 0.032:£0.003 (I,L) = (0,0), (2,0), (1,1) cases respectively (see Table I).
KLOE [16] —0.0301 £+ 0.0050 -
a b d f
PDG average [1] —0.0317 + 0.0016 -
WASA-at-COSY [11] —1.144 £ 0.018 0.219 £ 0.019 £ 0.037 0.086 &+ 0.018 £ 0.018 0.115 % 0.037
Theory
[ ———————————— KLOE [15] —1.090 + 00%‘_‘83‘1’3 0.124 + 0.006 £+ 0.010 0.057 + OOOGtgg?: 0.14 £0.01 £0.02
Set 1 —0023+£0.004 —0.000%0.002
CBarrel [13] —-1.2240.07 0.224+0.11 0.06 £ 0.04 (fixed) -
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= g | 0150 o000 0027
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We present the model published in [Mat15a] . 0 a0
The differential cross section for yp — 7°p is computed with Regge amplitudes in the domain —

E, > 4GeV and 0.01 < |t| < 3(in GeV?).

The formulas can be extrapolated outside these intervals.
We use the CGLN invariant amplitudes A; defined in [Chew57a]. w, p, b, h
See the section Formalism for the definition of the variables.

The fitting procedure is detailed in [Mat15a] . We report here only the main feature of the model.

P2 P4
Formalism

The differential cross section is a function of 2 variables. The first is the beam energy in the laboratory frame E., (in GeV) or the
total energy squared s (in GeV2). The second is the cosine of the scattering angle in the rest frame cos @ or the momentum
transfered squared ¢ (in GeV?).

The momenta of the particles are k (photon), g (pion), p> (target) and p4 (recoil). The pion mass is p and the proton mass is M.
The Mandelstam variables, s = (k + p2 )%t = (k — )%, u = (k — ps)? are related through s + t + u = 2M? + u?.

The differential cross section is expressed in term of the parity conserving helicity invariant amplitudes in the ¢ —channel F;

do _ 3804 K} ) 2 2 2 2 2 2
& = ot DO [2sm 0 (t|F1| + 42| R ) + (1 — cos6.)?|Fs + 2v/ipe Faf* + (1 + cos 6,)* | Fs — 2y/pe Fi| ]
The differential cross section is expressed in ub/GeV2. We used (fic)? = 0.3894 mb.GeV?.
The ¢ —channel is the rest frame of the process yr° — pp.

In the £ —channel, the momenta of the nucleon p; and the pion k; and the cosine of the scattering angle are

_t—u

1 s—u
= =/t —4M?, =—, 0= ~—-. Al
ke= 3 2 cosle= 4k (A.1)

The invariant amplitudes F; are related through the CGLN A; amplitudes [Chew57a] by

F,=—-A +2MA,, n=+, CP=+ (A.2)
Fy, = Ay +tAz, n= -, CP =— (A.3)
F3; =2MA; — tA4, n=+, CP=+ (A.4)
Fy= A3 n=-, CP =+ (A.5)

The F: amplitudes have good quantum numbers of the £ —channel. the naturality n = P(—1)7 and the product CP.

http://cgl.soic.indiana.edu/jpac

Run the code

Choose the beam energy in the lab frame E,, the other variable (t or cos 6) and its minimal, maximal, and increment values.
If you choose t (cos) only the min, max and step values of ¢ (cos 6) are read.

E,inGeV o

<t cos
t in GeV?2 (min max step) 3 IR 2| [0
cos @ (min max step) 0.5 2| lo.05 2] lo.01

Download the output file, the plot with Ox=t , the plot with Ox=cos .
In the file, the columns are: t (GeV?), cos, Dsig/Dt (micro barn/GeV?), Dsig/DOmega (micro barn)

gammap —> pi0 p gammap —>pdp
1 T T T 1
- . 01 |
"~ -
@ °
g g
s e £ o001l
i s
£ <
- - £
% g.001 o 0.001 |
[a)
2 I=)
[~] L] : H :
0.0001 o : : : : :
. ‘Ms Madel i -
1e-05 y . i , M5 Model
-3 2.5 -z -15 -1 0.5 0 1s.05
t {Ge¥ %} 08 0.65 Q.7 0735 0B 0.85 09 0.85 1

Cos theia’

special thanks to Vincent Mathieu

supported by NSF “Physics at the Information
Frontier: Extensible Computational Services
for Discovery of New Particles”


http://cgl.soic.indiana.edu/jpac/Pi0Phot_Belgium.php

