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Quantum Chromodynamics

Quantum ChromoDynamics (QCD) is the theory of strong interactions that bind
guarks and gluons together to form hadrons.

QCD is a nonlinear theory that is not analytically solvable. masses of the
6 quark

flavours
gluon field

coupling constant

From F.A. Wilczek QCD Lecture

For the equivalent quantum field theory of weak force and electromagnetism,
approximations using perturbation expansions in the interaction strength give very
accurate results. However, since the QCD interaction is “so strong”, perturbative
approximations often fail.
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This discretization allows a non-perturbative approximation ._I—_I—l
to the theory that is successively improvable by increasing
the lattice size and decreasing the lattice spacing. | |

Lattice QCD

In order to solve QCD at long distances, Wilson [rrp 10:2445-2459, 1974] introduced lattice
gauge theory, in which the space-time continuum is discretized on a lattice keeping the

gauge symmetry intact.
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It also makes the gauge theory amenable to numerical simulation by computer.
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Science 322 (2008) 1224 [arXiv:0906.3599 [hep-lat]].

The simulation of the quark interactions requires
the computation of a large, highly non-local
matrix determinant, which is extremely time
consuming. This determinant arises from the
dynamics of the quarks. The simplest way to
proceed is thus to ignore the quark dynamics and
work in the so-called quenched approximation,
with only gluonic degrees of freedom.

Nowadays the agreement with the measured masses is
at the few% level.



Effective Field Theories

Effective Field Theories (EFT) are based on the assumption that scales much
smaller/bigger than those under study shouldn’t matter.

i.e. One can calculate the hydrogen atom spectrum very precisely without knowing
top quark mass!

Classical dynamics (mechanics) v << c(E-t>>h) can be seen as an EFT because it does
not consider the contribution of the terms that are related with c(h).

u € Vg u € U, O

\ J/ o
Weak interaction: / e | T

d d i m2n+K0 [GeV]?

K-z K
Within this framework ChPT is the EFT of 3 °2 7\ Dalitz plot and decay
QCD in the light quark sector and it has _ a2 R S
significantly contributed to our N K **—s 10*KOm0
understanding of strong interaction at ¢ _/ \
hadron scale. D05 o1 \——__o
M., [GeV’] EPJA39:205,2009

Paola Gianotti — INFN LNF 4 arXiv:0807.4686 [hep-ph]



Charmonium spectrum

The whole set of theoretical approaches rely on approximations and/or free
parameters that must be constrained. Furthermore, They all predict states with

explicit gluon content.

Mesons aq

Multiquarks (a6)(qq) (e
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Charmonium spectrum from JHEP 1207 (2012) 126

Black lines are experimental values, the red and green boxes are the calculates states.
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The experimental point of view

* Can we observe experimentally gluonic degrees

of freedom? Two body
thresholds
. . Multiquarks
* How would these manifest themselves in terms
of the excitation spectrum and also in the strong
decays of hadrons? L L
Excitations
Three are the main goals of hadron spectroscopy: Glueball
qq Mesons

* |dentify the physical states and their quantum
numbers, and measure their masses and widths.

* Determine their decay modes and branching ratios.

 Study the underlying dynamics of production and
decay.
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Partial Wave Analysis |

Partial Wave Analysis (PWA) techniques are used to describe complex,
overlapping, interfering states.

A multiparticle phase space is expanded into a (truncated) series of

angular momentum functions which describe the reaction matrix |y =5 cpl€)

14

element.
The matrix element M of some “decay operator” U is written as
M = (f|U|i) = (flUAUR - i)

The goal is to learn something about U parameterizing M, and determining the fitting
parameters from the data. These parameters are the coefficients of “partial waves”.

The elastic scattering of a non relativistic spinless particle from a static central potential
do

. 1
e |£(8)|* where £(6) = — X (2€ + 1)Py(cos 0)e' sin &,

k =0

is an example of a Partial Wave Analysis.

[B.S.Zou and D. V. Bugg, EPJA 16, 537 (2003)]



A practical example

e Consider reaction pp — ktk—n°
What really happened...

< -

pp > 40

pp

pp >

etc.
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A practical example

e Consider reaction pp — ktk—n°

What really happened...
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A practical example

e Consider reaction pp — ktk—n°

What really happened...
< L o
pp —/ 0

K*(8§3;?:::::::::;j

p—=== > T
RAT ———s

K;(1780)+
>

—
——
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etc.
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What we see is always
the same final state ...

PWA = technique helps to find
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out what happens in between



Partial Wave Analysis |

Usually, multiparticle final states are described in the so called “isobar model"
in which all decays are considered as two body chains.

< : > particle a has angular momentum quantum

numbers J and M, particles 1 and 2 have
helicitiesA;andA, h = S-p/|p|

The best fit values of the free parameters are determined using an extended
maximum likelihood technique or minimizing x? of a set of histograms



The low energy (< 2GeV) range

In the last 20 years many steps forward in the field were possible
thanks to the variety of facilities available all over the world.

Main non-qq candidates
f,(980) 4q state - molecule
f,(1500) 0** glueball candidate
f,(1370) 0** glueball candidate
fo(1710) 0** glueball candidate
Nn(1410); n(1460) 07 glueball candidate
f,(1420) hybrid, 4q state
m,(1400) hybrid candidate 17+
74(1600) hybrid candidate 17+
7t (1800) hybrid candidate 07+
7,(1900) hybrid candidate 27+
74(2000) hybrid candidate 1+
a,’(2100) hybrid candidate 1**

Nowadays confirmation of predictions, together with unexpected results, are still coming out
mainly from e* e” colliders
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420.000 diffractive events m™+Pb—>X + (Pb)

Events / (5 MeV/c?)

m,(1600)

D> e
x10°
3.5 a,(1320) istributi
C = |:| event distribution
35_ background wave
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15F
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A Partial Wave Analysis (PWA) of this data set
was performed by using the isobar model in
which a multi-particle final state is described
by a sequence of two-body decays
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collected by COMPASS exp. @190 GeV/c

acceptance-corrected intensities of the three
most prominent waves and of the exotic one
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m,(1600)

All known isovector and isoscalar it resonances have been included: o(600) and f,(1370),
p(770), f,(980), f,(1270), and p,(1690)

o(600)rt” with L = 0 and J? = 0" is used to consider direct 3-body decay into mmm*
background wave = uniform 3-body phase space added incoherently

Resonance  Mass Width Intensity Channel Mass [26] Width [26]
(MeV /c?) (MeV /c?) (%) JPC M¢[isobar]. (MeV/c?) (MeV /c?)
ay (1260) 1255617 367+973%  67+£3F7 1++0+ pr S 1230 + 40 250 — 600
az(1320) 1321 +1*) 110+2%3,  192+06703 2t*t1tprD 131834+ 0.6 107+5
m1(1600) 1660+ 1079, 260+211g7 1.7+0270] 1 F1tpmP 1662° 13 234 + 50
T2(1670) 1658 £372F 271£075; 100X047 g7 2 70F fonrS 16724 +£3.2 250+0
m(1800) 1785+ 9112 208+22721 08+0.17)7 o0-*ot forS 1816 + 14 208 + 12
as(2040)  1885+1313° 204+25%10 1.0+0370] 4tt1tpnG 2001 + 10 313 + 31

A total of 42 partial waves are included in the first step of the fit. The x?fit of the spin-density
matrix elements obtained for each mass bin is performed in the mass range from 0.8 to 2.32
GeV/c?

p y s . p 7 1.2,
resonance decay mass(MeV/c®] width(MeV /c7)

a4(2040) (wp)f 1985+10+ 13 231430 + 46

comparison with BNL E852 results for adli0) - {wplg  lralxlsd4d o 2TOR49 = 60

. 00 2,{2000) (wp); 2008+£10+£19 249423+ 32

np->rrtnnnl(p/n) @ 18 GeV/c #1(1600) (biw)] 166448+ 10 185425 + 28
)

=1(2000) bm);  2014+20 + 16 230=32 + 73
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wX ""experiment

PERIMENT
Goal: map the spectrum of exotic hybrid mesons T’ r
Method: Photo-produce hybrids off proton target and detect v /\/\/1> — X
daughter particles from exotic hybrid meson decay _',

_ detectable 0 —_— 0

~ X final state
THp=pt X
A blﬂ' -

9GeV linearly hybrid |_> W o + 1p

polarized ~ Meson
v \ Lorrm _ (mixed charged
»‘}} +p—p+ X and neutral) L 2.2 Tesla
L fim N Solenoid
L 7 - om + 1p rSSet )
L rrr

* 2.2T superconducting solenoidal magnet
* Fixed target (LH,)

* 108 tagged vy/s (8.4-9.0GeV)

* hermetic

* exploiting polarization
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Exotic hadrons

The identification of exotic states is an important key to understand
hadron spectrum and the process of mass generation.

[N
1
o
4

Mesons aq (- 10° ]

Baryons  Qqq @

> Exotic light qq

Multiquarks (qq)(qq) ¢ == (==
Glueballs gg —

0 2000 4000
MeV/ ¢’

Paola Gianotti — INFN LNF 14



Exotic hadrons

The identification of exotic states is an important key to understand
hadron spectrum and the process of mass generation.

Mesons aqg
Baryons qqq

Multiquarks (qq)(qq)
HYbI"idS (q(_:l) g

Glueballs ag
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New Data

Hadron spectroscopy has made considerable progresses in the last
years by moving to higher energy regions.

Large data sets have been collected by several experiments:

e e*e” interactions at the Y(4S) energy:
BaBar, BELLE, CLEO 2

e e*fe"=> charmonium energy:
CLEO-c, BES-II, BES-III

* pp Tevatron collider:
CDF, DO
* pp LHC collider:

) °°°

Paola Gianotti — INFN LNF 15



OpenCharm and Charmonium
spectroscopy

New charm spectroscopy data came from: _ B-meson decay D-
* B decays (lower spin favored b ~= u,d

u,d D¢
Cc

° . - . . . e =
e inclusive ete > cc (a” spins allowed) Direct formation ete™— cc

e- C
New charmonium spectroscopy data came from: e >V\YA/\<E

* Direct formation

* Associate chramonium production

C=+ B-meson decay c

- Xec
b ~— C
* B decays B wo T <
u,d K(*)
.. u,d
* two photon collisions
J£1 Initi\?I State Radiation gt

e initial state radiation

/J‘E
cC
e+
. %
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Mesons

Without entering into the details of each state some general consideration can be drawn.

24 | [y ey [ * masses are barely known;
L  often widths are just upper
| e=veny ] limits;
)
S +o EESEE  few final states have been
S, Xe2{23P2) .
B an studied;
< . .
= e statistics are poor;
36 .
M =:1:2) . guantgm number assignment
sal ) is possible for few states;
* some resonances need
32 | established cc states . .
. confirmation...
p—
3-0 B . . ope
s3] There are problems of compatibility
oo T T Theory - Experiment

IJMP- Conf. S.2014.29
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X(3872)

Discovered in 2003 by Belle (+ CDF, DO, BaBar, LHCb ...) in B*>X K* X=>J/mt*n is the big
brother of the new “charmonium like” states. The mass is currently known with < 1.0 MeV/c?
precision. For the width we have only an upper limit.

M(X(3872)) = 3871.95 + 0.48(stat) + 0.12(syst) MeV/c*

§35 LI CALICAT > XIU| — — - ‘ — _
é 211 fo 2 100F (L:Mis\]fi 7T
830 o - 10<p <50 GeV +data ]
g Iyl <12 —total fit
- -~ F ---background
325 8 80_— ) sign 7
_ € "(—‘; 3 15-‘
220 3 6o :
[} g 60j 5 14 7]
15 o I § i 1
40 E 10 7
: i : Pt | X(3872) has been
] i 20" 1
¢ : ; - observed in several decay
3| I B DU I
o ‘ ) 887385384386 3.8 3.9 3.923.94 3.053.98 4 3.6 87 38 39 4
3820 3840 M(:‘Sfrjlw) (Me\S//SCSK; 3900 m(J/\wU[) (GeVl'cz) m(J/‘lp P J‘:) [GeV] C h a n n e I S .
_ %1\ 0
J/prvme, DD, J/y, J/pw
’ ’ ’
30001CDF 11 1400 “o 800-D@ X(3872) % " THe | . . .
1200 ! 3 ol Py Interpretations oscillate:
2500 [} s
1200 s i ; o
1100 s sool R - charmonium state;
32000 1000 - - « § 1 *0
S g I i D*D® molecule;
21500 S 400 H
5 g0 ; - tetra-quark state.
%1000- § L %wm-
S 200~ s 3
5007 193 333233
[ M (GeVlc) i Samles1gnbackg.rou‘ndl I
o 0 ge o7 03 ‘ R R
. A ‘o
3.65 3.70 3.75 3.80 3.85 3.90, 3.95 4.00 Mo = M (GeV/c ) M(Jly 7 1) [MeV/c?]

Jiynn Mass (GeVic®)

X(3872) lays 0.42 MeV below D*°D° . Width is narrow < 1.2 MeV/c2 @ 90% C.L.
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The X(3872) at LHCb

1600 Hch
C Preliminary
14005 = 7 TeV Data

1200}

Events/2 MeV/c?

1000}

200k

LHCb using a sample of 313 * 26 candidates

performed a full five-dimensional amplitude analysis

of the angular correlations between the decay

products: B*-> K*X(3872); X(3872) -> J/W m'mt
J/W->utu.

The result of the multidimensional likelihood-ratio test

s
<

Number of experiments / bin
— —
L <

=y
o
w

3,

Same sign background favors JP¢ = 1** with more than 8o significance.
" ' " " | : " : | n s " ' | \ L . . .
3600 3700 3800 3900 This ruled out some interpretations. Nowadays, the
M(J/y ©* ) [MeV/c?] . .
most accredited ascriptions are a four-quark state
o p— ' ~—— JPC = 1 ++ (ccqq) or a D°D%" molecule.

* Simulated J=2" s+ Simulated J“=1" Scatte”ng Iength st
/-\ for the = 4f
J Y DODY*>X->DCD%* %
: A process as a § A
N - function of theX &

w0 e o w20 total width. A

[JMP 4 (2013) 1569] 00—
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Antiproton power

p-beams can be cooled — Excellent resonance resolution

before cooling —
after cooling —

ion intensity

0.97 1 1.03

rel. ion velocity v/v,
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Antiproton power

p-beams can be cooled — Excellent resonance resolution

The production rate of a certain final state v
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Antiproton power

p-beams can be cooled — Excellent resonance resolution

The production rate of a certain final state v is a convolution of the
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Antiproton power

p-beams can be cooled — Excellent resonance resolution

Resonance
Cross
section

The production rate of a certain final state v is a convolution of the BW cross section
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Antiproton power

p-beams can be cooled — Excellent resonance resolution

Resonance
Cross
section

The production rate of a certain final state v is a convolution of the BW cross section
and the beam energy distribution function (£, AE):
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Antiproton power

p-beams can be cooled — Excellent resonance resolution

Resonance
Cross
section

Measured
rate

Beam

The production rate of a certain final state v is a convolution of the BW cross section
and the beam energy distribution function f(E, AE):

v = L \efdEf (E,AE)0,, (E)+0, |
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Antiproton power

Resonance
Cross
section

Measured
rate

Beam

The production rate of a certain final state v is a convolution of the BW cross section

and the beam energy distribution function f(E, AE):

v = L,\e/dEf (E,AE)0,, (E)+ 0, }

The resonance mass M,, total width I}, and product of branching ratios into the
initial and final state B. B_ . can be extracted by measuring the formation rate for

n—" out

that resonance as a function of the cm energy E.
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Antiproton power

Resonance
Cross = e*e: typical mass res.~ 10 MeV
section
= Fermilab: 240 keV
Measured
rate
= HESR: ~60 keV
Beam

The production rate of a certain final state v is a convolution of the BW cross section

and the beam energy distribution function f(E, AE):

v = L \efdEf (E,AE)0,, (E)+0, |

The resonance mass M,, total width I}, and product of branching ratios into the
initial and final state B. B_ . can be extracted by measuring the formation rate for

n—" out

that resonance as a function of the cm energy E.
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X(3872) @(

panda

The narrow width of X(3872) can be precisely determined with an energy scan

Input parameters:
m = 3.872 GeV/c?
[ = 1MeV/c?

— Unfolding beam profile
(Ap/p=3-107)

Mass resolution™ 5 keV/c?
Width precision™ 10-20%

| X(3872) Resonance Scan MC Data | Fit with Constant Plus Convolution
of Breit-Wigner and Gaussian
"~ [—4— MC Data v2/ndf 30.91/15
I Global Fit If_nx(3872) 3.872 GeV + 5.263 tex
— n - X (3872 86.9 + 16.8 ke
gl S _ Bal(ckgzound Level 24.51 +1.80
"""" Background fit A(VS)  fixed @ 33.568 keV

120

100

80

60

40

20

lllllllllllllllllll

L * * P4 \ ﬁ

— " N

C oo b= L e 0
3.8716 3.8718 3.872 3.8722 3.8724 3.8726

Vs/ GeV

for each data point only statistical errors are included

Many decay channels will be studied at the same time

Paola Gianotti — INFN LNF
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Antiproton power

* e*e interactions:

* pp reactions:
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Antiproton power

* e*e interactions:

- Only 17~ states are formed

- Other states only by secondary
decays (moderate mass resolution
related to the detector 5+10 MeV)

* pp reactions:
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Antiproton power

* e*e interactions:

- Only 17~ states are formed

- Other states only by secondary
decays (moderate mass resolution
related to the detector 5+10 MeV)

* pp reactions:

- Most states directly formed

(very good mass resolution; p-beam can
be efficiently cooled Ap/p ~ 10%)



Antiproton power

ete” - P(29)
2[YX1,2

= WA
- yye'e”

* e*e interactions:

- Only 17~ states are formed

- Other states only by secondary
decays (moderate mass resolution
related to the detector 5+10 MeV)

* pp reactions:

- Most states directly formed

(very good mass resolution; p-beam can
be efficiently cooled Ap/p ~ 10%)

E P2 %12

J
%y/ﬂg

vete”



ete” > Y(

Antiproton power

E P2 %12

S)

2
S

YX1,2

* e*e interactions:

= WA
- yye'e”

- Only 17~ states are formed

- Other states only by secondary
decays (moderate mass resolution
related to the detector 5+10 MeV)

* pp reactions:

- Most states directly formed

(very good mass resolution; p-beam can
be efficiently cooled Ap/p ~ 10%)
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Antiproton power

(2S)

ete” > Y(2
(V%12

= WA
- yye'e”

* e*e interactions:

- Only 17~ states are formed

- Other states only by secondary
decays (moderate mass resolution
related to the detector 5+10 MeV)

* pp reactions:

- Most states directly formed

(very good mass resolution; p-beam can
be efficiently cooled Ap/p ~ 10%)
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7(4430)

In 2008, Belle studying B - Kn*y’ observed in the m*’ invariant mass distribution a
structure near 4.43 GeV

- e
o MmN
o — = 49 13.16 ]
ol [ A re-analysis cutting K* region
% ol 3 confirmed the evidence, but with
2 1 5 different mass (4443) and larger
= é width (~110).
16:
i _ These findings have been
Mo os 1M(K‘)2 V/? BECHEE s e recently confirmed by LHCb
PRD80(2009)031104 M=4475i7f'2155 MeV/c?
If this peak has to be interpreted as a meson state, it M =17221350 MeV/c
must have an exotic structure: its minimal quark content 50 me
should be |ccud>. S mw -
There are also hints of an other state at mass ~4240 MeV/c? ig o ]
Red histogram: fit with 0" and 1* states ° o '
Green histogram: fit with only 1* state e e ]
In blue 0" and 1* contribution Yiv1404.1903 [hep_‘ZX]_ 2w eev
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Charged multi-quark states

The first has been the Z(4430) observed in the invariant

> 40
: 2 f oM MCLEO’s data
mass W't by Belle, followed by other states in the o % Phase Space @
' £ *F arXiv: 1304.3036 | , | 4.17 GeV
bottomomium energy range. -
BESIII collaboration discovered a charged charmonium- - ‘
like axial meson Z*_->J/Wn* (M= 389916 MeV, I = 46122 3 1{ ’ I
. . - | I i
MeV), confirmed by Belle and CLEO. The simplest 1o;—+ ,LI * { f{* +
quantum numbers assignment is JP¢ = 1**, G being the G- 53;# ’ 4
. %‘.l PP B BRI S
parity. T aIy) (MeV)
70
o -+ data
% 60F — R PRL-110, 252001 (2013)
% — Background 100 - + Data
@Pﬁgﬂo 252002/(2P13) ... puspuc .t BESI — Toal ft
Ql 40F § 80 o -«. Background fit
g E 8 i - - PHSP MC
o 30F = oL [ Sideband
5 20f 3 +
o F 2 a0F TR T
10 s Y ﬁ
0. P R T S peles Al v . o | Lﬁzok ) +
3.7 3.8 3.9 4 41 4.2 F it
My (i) (GeV/c?) 0 B TN r—
3.7 3.8 3.9 4.0
Mpax(m*Jiyr) (GeV/c?)
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Spectroscopy with antiprotons

Two are the mechanisms to access particular final states:

Production

All Quantuw
possible

Production G\ e @
/

¢
all J°C available T e
. Formation
Formation Quantumnum bers

only selected JPC
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Spectroscopy with antiprotons

Two are the mechanisms to access particular final states:
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Spectroscopy with antiprotons

Two are the mechanisms to access particular final states:
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Spectroscopy with antiprotons

Two are the mechanisms to access particular final states:

.?Twm@‘f“m@‘fw\@
P m @ m @ ™

Even exotic quantum numbers
can be reached o ~100 pb

Exotic states can be studied exploiting the two

complementary production mechanisms

All ordinary quantum numbers
can be reached o ~1 ub
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7t states @ panda

PANDA can study the Z* states in both production and formation experiments.

In the production experiment, the Z* would be produced, e.g., in the reaction
— +
pp — Z=7T
The subsequent decay chain could then be: Z*(4430) - Y(2S)nt* = J/Yt* it > ete” - t*

The reconstruction efficiency for the Z*(4430) channel g T T
has been studied in Monte Carlo calculations and is ~ 24%. :

20000} Efficiency: 24% {

Entries / 10 MeV/c

15000

=§ 28} 10000; T
. w [ L
In formation mode Z* states can be produced by S g6 o N R .
using a deUterIum target. 8 24; O iT e a4 45 aa AT s :“5““;5
— — < r m(y (2S)r) [GeV/c?]
pd — Z Pspectator £ 2 .
20 .
The reconstruction efficiency for this i ;
channel studied in Monte Carlo f
. 7 16— N
reactions is ~ 35%. C

1 L 1 1 1 ‘ L1 | ‘ L1 1 ‘ L1 | ‘ L1 | ‘ L1 | ‘ L1 1 ‘ | i
4 16 18 20 22 24 26 28
m(y (2S)r)? [GeVZ/c?]



Baryon sector

The investigation of the baryon-baryon interactions is

= q‘."

crucial for a deeper understanding of nuclei, structure of "
neutron matter and astrophysics aspects, etc... : ’ ‘

0:" : Yo .4 ’ 155800

| "".. ‘,".'. e.(_,\‘\c‘a
Chiral effective field theories have tried since long time to Pt
describe baryon-baryon interaction and recently also lattice N
QCD calculations allowed to approach nuclear physics in terms S
of fundamental theory of the strong interaction. : Baryon Octet

a A \ A \

The experimental investigation of the nature
of baryon bound states has gone in parallel
with meson spectroscopy, nevertheless there
are still many open problems and there is
lack of high quality data.

Baryon Decuplet 1



Strange Baryon Spectroscopy

In the quark picture hyperon pair production either involves the creation of a
quark-antiquark pair or the knock out of such pairs out of the nucleon sea.

Hence, the importance of quark degrees of freedom with respect to the
hadronic ones can be studied by measuring the reactions of the type

PP 9YY
1000:|||I IIII|IIII|IIII|IIII|IIII|IIII§ III|III T III|III|III|I§
" E ® pp— AA
100 o4 % o %o . o LA +cc
# vl ‘:° °° +$ SF
10 * ’ ’ — X%’

o

| I IIIIIII| I IIII_Il_I IT

=
|
o
—
s =mE o o o
\
™M
[\l
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| LLLL

AT IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| T TTTH

1 —E'E
| —SE'E
0.1 — A’ Py EEE AA,
AA =S
001 K ||||||||¢\|||||||¢|||||||||||| _|||||||||¢||||TL|||||||||
1 1.5 1.6 1.7 1.8 19 20 21 2 12 14
Momentum [GeV/c] Momentum [GeV/c]

Paola Gianotti — INFN LNF 28



QCD Dynamics

The experimental data set available is far from being complete. All strange hyperons
and single charmed hyperons are energetically accessible in pp collisions at PANDA.

In PANDA pp — AA A, AS, 22,35, QQ, AN, 2.2, Q0.
can be produced allowing the study of the dependences on spin observables.

By comparing several reactions involving different
quark flavors the OZI rule and its possible
violation, can be tested.

Channel 1.64 GeV/c Rec. eff. o [ub] Signal
Pp — AA 0.11 64 1

Pp — ppriwT 1.2-107° ~ 10 4.2-107°
Channel 4 GeV/c

Pp — AA 0.23 ~ 50 1

Pp — ppr AT <3-100% 35.-10°3 <22-1073
pp — A 51-100%  ~50 2.2-10-3
Pp — AX(1385) <3-100  ~50 <1.3-107°
Pp — %0 <3.10% ~50 <13-10°°
Channel 15 GeV/c

pp — AA 0.14 ~ 10 1

Pp — ppriwT <1-10°° 1-103 <2-1073
pp — AXO 2.3-1073 ~ 10 1.6-1072
pp — AX(1385) 3.3-107° 60 1.4-1073
Pp — 520 30-1004  ~10  2.1-10°3
DPM <1-107% 5.10% < .09
Channel 4 GeV/e Rec. eff. o (ub) Signal
Pp— = = 0.19 ~2 1

Pp — =7 (1385)2-(1385) <1-107%  ~60 <2-1074




B - T ~
3D — ':‘ and=a
pp—AA @ (I
Different theoretical predictions estimated the pp > A_+A_ cross section at the PANDA
energies: the value ranges between some tens of nb to 200 nb.

We considered the following decay chain: pp — A (2286)A (2286)
at the maximum beam momentum (15 GeV/c; Vs = 5.474 GeV )

For the background we assumed o(y/s = 5.474 Ge\")ﬁp_}pK_ﬁﬁKﬁLn_ = (0.020 mb
extrapolating from measurements at Vs = 7.862 GeV

«10°

700 700 400 case
Mean = 2284 s 380 . Hon res-
Mean = 2.285
600
+0.001 GeVic? 2 +0.001 GeVic?
. _ 500
Sigma = 14.2 - Sigma = 15.1

+ 1.0 MeVic?

400 +1.0 MeV/c?

21 215 22 225 23 235 24 245 25

21 215 22 225 23 235 24 245 25
c? RecoA_ invariant mass / GeVi/c?

Reco A invariant mass / GeV/

22 23 24 25
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Di-Baryons

In 2003, the BESII experiment reported the observation of a near-threshold
enhancement in the pp invariant mass spectrum in the radiative J/@D — Ypp decay.
BESIII with a high statistics sample performed a full PWA.

The final result is a spin parity
assignment 0~* for the X(pp) state

with mass 183271 (stat.) T3 (syst.) Mev/c?
andT' < 76MeV/c?

There is no experimental evidence in

J/p — 7Opp Y (2S) — vpp

J /Y — wpp

while for 1)(2S') — ~ypp the production
rate R respect to the J/psi is ~ 5%.

It was proposed to associate this state with a
broad (190 MeV) enhancement observed in
B meson decay or to X(1835) seenin

J/p = yr o

Paola Gianotti — INFN LNF
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Status of the art:

AN\ Hypernuclei

Nucleus | B,,(,,*Z) [MeV] | AB,,(,,*Z) [MeV] Reference Reaction
AA1OBe 17.7+ 0.4 4.3+0.4 M.Danysz et al., PRL.11(1963) 29 K+A> K +&
wEHe 10.9+0.5 4.6+0.5 D.J.Prowse, PRL.17(1966) 782 K+A> K+ 2
. 1%Be 8.5+0.7 -4.9+0.7 ) KEK-E176 K+p > K +2(qf)
1B 27.620.7 9% 4.9+0.7 0 f S.Aoki et al., PTP.85(1991) 1287 K +p > K* + 2 (q.f)

w12B 4.5+0.5 ”| PKhaustov et al., PRC.61(2000)027601 (12C)iomE" > 2B, + N
wHe 6.91+0.16 0.67+0.17 KEK-E373,NAGARA J.H.Ahnetal., K+p > K +Z(qf)
PRC.88(2013) 014003
2B o (0<8") = 6-10nb K.Yamamoto et al., PLB.478(2000) 401 K-+ 12C > K* + 12B, ,
Features:.

— VAA = ABAA(A;;IZ) = BAA(AXIZ) - 2BA (AZ\IZ)

= Binding energy = parameters in potential models
= Core of the AA interaction (V,,) : needs of several A-hypernuclei

= AA interaction: only I=0 non-strange mesons contributes (only w,n)

= Weak Decay presents some peculiarities

Paola Gianotti — INFN LNF
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H-Dibarion

The measurement of the , ,°He binding energy has triggered new speculations on the
H-dibarion existence [PRL106 (2011)162001]. The original prediction of a 6-quark state
with a binding = 81 MeV has been ruled out.

1200

LR Nowadays, the only possibility is for a baryon-
S Pb-Pb |5, = 2.76 TeV
2 1000} % 13.8 m;llitonevents (0-80% central) baryon molecule with MszmA -7 MeV
[V —— data
E’ - ALICE [ ] syst. error
§ 800 — PRELIMINARY —— injected signal (m =2.21 GeV/c?)
- t. (m =2.21 GeV/c?) . . . .
° b " injected signdi (mH=2.;3GeV/c2) HI collision experiments searched in the
B syst. error (m =2.23 GeV/c?) . . .
- Ap invariant mass system for a possible
400— .
B signal.
200:— "§ F
- ‘ " . %BOOOF o los - P S &
R T R 7 s 3 2 [ _ Mixed Event Bkg
Invariant mass Apr (GeV/c?) §6000F --- rotational Bkg
A deeper knowledge of S=-2 sector would help 2000 STAR Preliiminary
to extend models that have been successful in I
2000—
describing the S=0 and -1 sectors to account |
for SU(3) symmetry. olplpumreed bl ]

PN i ik Y 2
2.22 2.23 224 2.25 2.26
Mass, , (GeV/c?)



H-Dibarion

Decays of narrow Y(nS)(n =1, 2, 3) resonances seems well suited for strange multiquark
search. The Y(nS) states are flavor-SU(3) singlets that primarily decay via annihilation into
three gluons. The gluons materialize into uu, dd and ss pairs creating final states with a high
density of quarks and antiquarks in a limited volume.

For masses below threshold, the H would decay via AS= +1 weak transitions to An, 2™p, 2°n
or Aprt. For masses above 2m,, but below m_o+m_ (= 2m,+ 23.1 MeV), the H would decay

via strong interactions to AA. PRL 110, 222002 (2013)
HH#H g
e ey e
+ £ ;+ SR
g ++m++l+ bt ﬂL H rr% s Ty + 11_]_1 T 1—1—1{_.]. 1 A search has then been made by
S 4 ° “wendien  Belle in the Aprt”, AA and
) ] invariant mass distributions.
¥ Wl T a ﬁﬂﬂﬁ T
= 1 }JET.%;% %ﬁﬁﬁﬁ'}ﬁ If#l[ . c_ Lt f
% E S 1 EE Bl _r_+ ._L+ ~I~++ ~]~1 + Ll L
;:_23 £ -L"Pr,}b}_}_}{‘%uv{«{'{:ﬁ#ﬁ_};} -‘PH-H:LL 125 | | 'LI -LL + "I“{ t : T

L
L n n L i - o S 10 15 20 25

-40 -35 -30 -25 -20 -15 -10 -5 o M. m

M ﬁ)-ZmA(M=V) [eawyy o= L (MeV)
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Doubly strange systems @ pamd =

K P+N—>E+E': 0=2pb;
'I' @Py.- =3GeV/c: o= max
a @Py.- =3GeV/c: below x production threshold
r -
g E* +N — Kpart Kpar +p + ... [ E production tag]
e
t
S N Elastic scattering in nucleus:
— \ strong slowing down (a challenge)

T X" capture into atomic levels and

a | hyperatomic cascade E N 2AA

r conversion +

g AA sticking

e

t Capture into nucleus: Strong AA decay
and Coulomb forces (MWD,NMWD... )
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Doubly strange systems

(S=+2) hyperon —antihyperon systems are fully accessible at PANDA

Exoti .
xotic hyperatom Double A Hypernucleus:

- occupies an atomic level ‘ AA strong interaction
e - 2 A\ sreplace 2 nucleonsinanucle , |, hossible in double hypernuclei
h * YY potential: attractive/repulsive?
* hyperfragments probability
a dependence on YY potential
*0 One Boson Exchange features

° AN =2 AA: only non strange, | =0 meson
exchange (w,n...)
AN weak interaction: hyperon induced
decay:

*A\ DAnN:T,, <<l;. (expected)

* A\ > Zpily, <<Tg,. (expected)

e Doubly Strange Hypernucleus:

=" -nucleus interaction =" occupies a nuclear level
* Atomic orbits overlap nucleus
* Strong interaction and Coulomb
force interplay
* Lowest atomic levels are shifted
and broadened
* Potential: Coulomb + optical

= -N interaction:
* short range interaction
* long range interaction
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Afterword

The Phaistos Disc is a disk of fired clay from the Minoan palace of Phaistos of Crete (2 millenium
B.C.).
It is covered on both sides with a spiral of stamped symbols. Its purpose and meaning, and even

its original geographical place of manufacture, remain disputed, making it one of the most
famous mysteries of archaeology.
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The Phaistos Disc is a disk of fired clay from the Minoan palace of Phaistos of Crete (2 millenium
B.C.).

It is covered on both sides with a spiral of stamped symbols. Its purpose and meaning, and even

its original geographical place of manufacture, remain disputed, making it one of the most
famous mysteries of archaeology.
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Summary

1. LQCD, EFT and QCD-motivated quark potential models describe the properties of the
hadron spectrum quite well for the ground states.

2. In the last few years many expected states have been found and their measured properties
are in good agreement with the model’s predictions.

3. There is an accumulation of mesons with mass in the region between 3800 MeV/c? and
4700 MeV/c? that are not easily explained.

4. These states are relatively narrow although many of them are well above open-charm
thresholds. Many of them have partial widths for decays to charmonium + light hadrons that
are at the “MeV scale, which is much larger than typical cC charmonium meson states.

5. There are strong exotic candidates: X(3872), Y(4260), Z=.
6. There are some problems with the theory when dealing with highly excited states.

7. New, high quality data will certainly come form the new experiment like GlueX and
PANDA.

Paola Gianotti — INFN LNF 38



Backup

Paola Gianotti — INFN LNF 51



e

-

N,
N

® Meson spectroscopy

- light mesons

- charmonium

- exotic states
v'glueballs
v hybrids
v'molecules/multiquarks

- open charm

e Baryon/antibaryon production
e Charm in nuclei

e Hypernuclei

® Em. form factors of the proton

® Generalized Parton Distributions

Paola Gianotti — INFN LNF
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|3 Momentum [GeV/c]

0 2 4 6 8 10 12 15
| : | | | | | | E
AN QQ oD AN Q9.
22 pD, ZZ.
.EZ —c—c
q9qq ccqq
hybrids > nﬁfg,sgg ccg
hybrids + [ = _ exoftic
L T2 nng, i
recoil : 8,558 cee : charmonuim
888,88 <——-— glugballs
glueballs +
£88 recoil
light qq < : conventional
n,p,w,f, KK U, No Xy : charmopuim
| | | | | |
1 2 3 4 5 6

Mass [GeV/c?]



Hybrids

In the simplest scenario, an hybrid is a meson with an explicit glue content. Adding a gluon

(JP=1*;1") to a qq pair corresponds to create two possible hybrid states. Some of these
combinations can even have exotic quantum numbers.

(a):l I | l L l\yI || l— (b)
< 1 s
1 L —
2!l 15
ot 1U4
i o~ 1Pn, ]
0 L™ T \“.\r_:.—\—-
- 1 3
_1 —l 11 1 I 11 1 1 I 1 1 1 l_‘
0 0.5 1 1.5
r (fm)

Theoretical models agree to expect 8 exotic charmonia in the 3-5 GeV/c? mass region. The
lighter should be a 1-* state with a mass of about 4.3 GeV/c?. Quantum numbers and mass

KJuge, J.Kuti and C.Morningstar,

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

S P D I %

PRL 90, 161601 (2003)

‘O+— DCO O—+ T:ICO
1+- hcl 1—+ ncl
2+- hc2 B ”Icz

splitting are also predicted = the observation of the whole pattern would be an
unambiguous signature
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Estimation of cross-sections

Unknown cross section for charmonium production in pp can be evaluated from
the corresponding measured Branching Ratios (taking s = M,?):

Am(2J + 1)
o(pp) = X = — Br(X — pp)
_ 2
M5 4mp
State X \s Br(X—pp) o—pp
GeV [10] [nb]
3.686  2.75%+0.12  402+18
n'c 0+ 3.639  1.85%1.26 93 + 63
he 1+ 3525  895%521 1470 860

we can expect between 100 and several thousand
1 charmonia per day in production. The formation cross
Ldt = Spb /day section is then usually 2-3 orders of magnitude bigger
for narrow states.
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FAIR artistic view
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" W Production




Facility for Antiproton and lon Research F4|R

Antiproton production
Proton Linac 70 MeV

4 ®
ol e Accelerate p in SIS18/ 100
v, AN e Produce p on Cu target
P =, }/ A X e Collection in CR, fast cooling
UNIAG X /o /1 A N\ . .
S /5 N> " e Accumulation in RESR
e /4 e Storage and usage in HESR
- \Q 7" a Super - FRS
- \@& 7{7",
4
HESR
50 m

1010 — 10" antiprotons stored

> HESR

e Slow synchrotron (1.5 — 15 GeV/c Circumference 575 m

e Tick Internal target 4-10"° cm-2

e Ap/p <4-10°

e Luminosity up to 2-1032 cm-2s-" = e

e Beam cooling (stochastic & electron) N "P::”“ =
e Beam life time > 30 min o D8 | | e T
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