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QCD

The modern theory of the strong interactions

is Quantum Chromodynamics (QCD), the
guantum field theory of quarks and gluons

based on the non abelian gauge group SU(3). -3
It is part of the Standard Model.
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At high energies, where the strong coupling o

constant o, becomes small and perturbation - Yy

theory applies, QCD is well tested. sl | i
Asymptotic
freedom

In the low-energy regime, however, QCD 0 Ll el

becomes a strongly coupled theory, many 1 18 o 10

aspects of which are not understood.
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Theoretical Approaches to

non-perturbative QCD

« Potential models. Bound systems of heavy quarks can be treated in the
framework of non-relativistic potential models, with forms which reproduce the
asymptotic behaviour of QCD. Masses and widths are obtained by solving
Schrodinger’s equation.

« Lattice QCD (LQCD)

— The QCD equations of motions are discretized on a 4-dimensional space-
time lattice and solved by large-scale computer simulations.

— Enormous progress in recent years (e.g. gradual transition from quenched
to unquenched calculations).

— Ever increasing precision, thanks also to sinergies with EFT.
« Effective Field Theories (EFT)

They exploit the symmetries of QCD and the existence of hierarchies of scales
to provide effective lagrangians that are equivalent to QCD for the problem at
hand.

— With quark and gluon degrees of freedom (e.g. Non Relativistic QCD or
NRQCD)

— With hadronic degrees of freedom (e.g. Chiral Perturbation Theory).
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Experimental Measurements

« Spectroscopy of QCD bound states. Precision measurement of
particle spectra to be compared with theory calculations.
|[dentification of the relevant degrees of freedom.

— light quarks, c c,b b
— D meson
— baryon

« Search for new forms of hadronic matter: hybrids, glueballs,
multiquark states ...

« Hadrons in nuclear matter. Origin of mass.
« Hypernuclei.

« Study of nucleon structure.

— Form Factors

— GDAs

Spin physics.
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Experimental Techniques

e*e" collisions + low hadronic background
direct formation + high discovery potential
two-photon production - direct formation limited to vector states
initial state radiation (ISR) - limited mass and width resolution for
B meson decay non vector states
(BaBar, Belle, BES, CLEO(-c), LEP
SuperB, Belle Il ...)

- high hadronic background

pp annihiliation + high discovery potential
(LEAR, Fermilab E760/E835 I_:’ANDA) + direct formation for all (non-exotic) states

+ excellent mass and width resolution
for all states

Hadroproduction Electro- and Photo-production
(CDF, DO, LHC) (HERA,JLAB)
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Hadron Production in ete- Annihilation
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Ep Annihilation

In pp collisions the coherent
annihilation of the 3 quarks in
the p with the 3 antiquarks in
the p makes it possible to form

directly states with all non-exotic

quantum numbers.

CRYSTAL BALL (events / 2 MeV)
s
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) 2 gluons : 0~ 0+, 2++
5 c
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P ¢
3gluons: 177,17

5 c
p

J=1

The measurement of masses and
widths is very accurate because it
depends only on the beam parameters,
not on the experimental detector
resolution, which determines only the
sensitivity to a given final state.
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Experimental Method

The cross section for the process:
pp — R — final state
is given by the Breit-Wigner formula:

2J+1 7 B B, Ix

In —out

4 K*(E-ML)+T2/4

Opy =

The production rate v is a convolution of the A A N
BW cross section and the beam energy distribution function f(E AE)

v = L{¢[dEf (E,AE)oy, (E) + 0o, }
The resonance mass Mg, total width 7; and product of branching ratios

into the initial and final state B, B, can be extracted by measuring the
formation rate for that resonance as a function of the cm energy E.

Diego Bettoni Spettroscopia Adronica 9



Example: .4 and x., scans in

Fermilab E835
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Beam Energy and Width Measurement

In pp annihilation the precision in the measurement of mass and width
is determined by the precision in the measurement of the beam energy
and beam energy width, respectively.

E.p =V/2m, (1+7)" S L p=toL

Tm, L

2 3 - 2 The beam revolution frequency f can
ﬂEcm — ’B /4 o s (é]_j be measured to 1 part in 107 from the
E 2(1+ 7/)

om beam current Schottky noise. In order
to measure the orbit length L to the
required precision (better than 1 mm)
it is necessary to calibrate using the
known mass of a resonance, e.g. the
y' for which AM = 34 keV.

N is a machine
n parameter which can
be measured to ~ 10 %

17 machine slip factor
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Experimental Highlights

Light mesons
Search for exotics
Charmonium and Bottomonium
Open charm mesons
New states above open charm threshold (XYZ)



Meson Spectrum after LEAR
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Conventional and Exotic Hadrons

qq

(a g)(q a)

(a q)g

g9

Diego Bettoni
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+

+

=4
i Rl
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—

eQuarkmodels usually
account for q q states

eOther color neutral
configurations with same
guantum numbers can
(and will mix)

eDecoupling only possible for
— harrow states

— vanishing leading
qqg term
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Simplest Hybrids

S-Wave+Gluon (qq)sg with ()s=coloured
15 1 35, M

combined with a 1* or 1" gluon

150, 0-+ 1++ 1--
35, 1 |0+ -+
1+- 1-+
>+ >-+

Diego Bettoni Spettroscopia Adronica 15



n,(1400) — E852 and Crystal Barrel
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n,(1400) — Proof of Exotic Wave (CB)

Diego Bettoni
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7.(1600)

420.000 diffractive events m +Pb—>X + (Pb)

eco COllected by COMPASS exp. @190 GeV/c

acceptance-corrected intensities of the three
most prominent waves and of the exotic one

l, et
_ x10°
2 35E 2,(1320) T
Z . e De\'em distribution
i 3_ backeround wave
S 25F a,(1260)
g
B n,(1670)

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

Lt s saaamads i aanat
15 2 25 3
Mass of wn* System (GeV/e?)

by a sequence of two-body decays
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7.(1600)

All known isovector and isoscalar rut resonances have been included: 6(600) and f,(1370),
p(770), f,(980), f,(1270), and p,(1690)

o(600)mt™ with L =0 and J? = 0" is used to consider direct 3-body decay into -t
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]L.  (Mé&V /c?) (MeV /c?)
a;(1260) 12554+-6+7, 36719+ 67L3F3, 1++0+ pn S 1230 + 40 250 — 600
a2(1320) 1321 + 112 110+2%2, 192406793 2t+1+pr D 13183+ 0.6 107+5
m1(1600) 1660+ 10%9, 269+21*32 17020 1 +1tpnP 1662+13 234 £ 50
72(1670) 1658 £3'5°  271X0'5; 100E04 9. 2 0 fon S 16724 £32 250+0
m(1800) 1785+ 912 208+22%31 o08+01%0% o-+ot for S 1816 + 14 208 + 12
a4(2040)  1885+1313° 2044258 1.0+037)] 4t+1tpnG 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?

resonance decay mass(MeV/c’) width(MeV/c?)
24(2040) (wp)? 1985+104+13 231430+ 46
comparison with BNL E852 results for B T e e
a;{2000) (wp); 200310 £ 1f 249423 + I
rp>rrennnl(p/n) @ 18 GeV/c 71(1600)  (bi7)] 1664+8+ 10 185425 + 28
71(2000) (him); 2014+20 £ 16 230+32 = 73

Diego Bettoni

Spettroscopia Adrorica

20




Glueballs

Detailed predictions of mass spectrum 12 &
from quenched LQCD. ol R :
— Width of ground state ~ 100 MeV == . :%—'— _
— Several states predicted below 5 8 - O ; ’fg
GeV/c?, some exotic (oddballs) o o | i 1° >
_ S 6 _O__* 07— ) (D}
— Exotic heavy glueballs: B [27== <
- m(0*) = 4140(50)(200) MeV o - ¢ &
« m(2+) = 4740(70)(230) MeV I i
* predicted narrow width 2L 71
Can be either formed directly or i
. — T 0 0
produced in pp annihilation. ++ +pCo T
Some prediCted decay mOdeS (I)(I)I (I)nl Morningstar und Peardon, PRD60 (1999) 034509
Morningstar und Peardon, PRD56 (1997) 4043
Iy, Iy ...

The detection of non-exotic glueballs is not trivial, as these states mix with
the nearby q g states with the same quantum numbers, thus modifying the

%@B%tt@rq decay pattern' Spettroscopia Adronica 21




—
D3
S

(b) J™

In 1995 through a simultaneous fit to
the channels n°nn, %% and 3x°
produced in pp annihilations Crystal Barrel

discovered three new resonances:
— isovector a,(1450) S ,
— isoscalar fy(1370) and f,(1500) | .

m(nm) IMeV/c)

Entries / 9.2 IMeV/c™
§ b
8
-
-
£
.‘)
> FF.S"
oy
—

b3
s

Confirmed by OBELIX in analysis of n*nn?, K*Kn?, KK in pp
annihilation at rest.

Confirmed by WA102 in central pp collisions at CERN.
ji==

See-Quark-Formation

Pomeron-Pomeron

Crystal Barrel and OBELIX data also confirm the broad f,(600) and

the narrow f,(980), neither of which are believed to be g g states.
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Scalar Mesons

The PDG classification of the 0** scalar mesons is tentative, because

the number of states is bigger than 9.
— a,(980) and a,(1450) isovectors
— f,(600), f,(980), f,(1370), f,(1500), f,(1710) isoscalars
— K'x(1430) and K',(1950) isodoublets.

BUT:

The a,(980), f,(600) and f,(980) are considered non-q q states, they
are considered exotic candidates (multiquark or K K states).

It is then natural to assume that the f,(1370), a,(1450) and the strange
K'o(1430) are in the same SU(3) nonet. A higher-mass isoscalar is
required as the ninth member, but we have two: f,(1500), f,(1710).

a,
o)

A

f: Mass

 — — —_—— X The answer is to include a glueball.

e e — — ()
e

2-quark model expt

lia Adronica 23




Meson-Glueball Mixing

LQCD calculations predict for the lightest glueball a scalar with a mass
in the range 1.45 — 1.75 GeV/c?. A combined analysis of the complete set

of two-body decays of the f,(1370), f,(1500) and f,(1710) into
pseudoscalar mesons determined the mixing angles and the mass m of

the bare glueball.

f0(1710)> :O.39‘ gg>+0.92u SS>+O.14‘ NW> _
f,(1500)) = —0.69/gg)+0.37/ss)—0.62 NN}  |[NN')= “U}dd )
f0(1370)> = 0.60‘ gg>—0.13‘ SS>—O.79\ NN> ’

m, =1440+16 MeV /¢’
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We have the following picture:
a,(1450), K';(1430), f,(1370), f,(1710) 0** scalar nonet

f,(600), £,(980), a,(980) multiquark or K K states
fo(1500) scalar glueball

In this scenario it is fair to say that the lightest glueball was discovered
at LEAR.

There are, however, alternative viewpoints:

a,(980), K',(1430), f,(980), f,(1500) n=1, 0** scalar nonet
a,(1450), K'4(1950), f,(1370), f,(1710) n=2, 0** scalar nonet

Diego Bettoni Spettroscopia Adronica 25



Tensor Glueball

If there is a scalar glueball with into KK
f 1.44 GeV/c? then
s
predicts a tensor f?p}% nto b

glueball with a mass around
2.0 GeV/c2.

First candidate observed in
1986 in radiative J/\y decays,
named §(2220).

ENTRIES/(0.025 GeVrc2)

Efficiency

Events/ (40 MeV)

! | L
20 22 24 26 28
m ¢4 (GeV)

0 |

mass  (Gevac?)
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Events/(25 MeV) Events /(20 MeV)

Events/(10 MeV)

£(2220) confirmed by BES

8 &

o

8 8o
T Ty
~~
o
~}
=
+
Jﬁ.

b
wm O

—
wmn o O

o

B Y S Y S—
MASS  (GeV)

£(2220) NOT confirmed by JETSET ...

1.39 1.405 1.42 1.435 J etset

= 4, : T T T
S 35¢ __)(I)(I)
2 : PP
= 3. F 4%
oy X
8 28E {% + + +
2 s
G S b7
.e. L
€ 15 ?
. F lcos VI S 1
05 F do/d0 = a * (1 + bxcos’™s)
0 :A...l“..! ......... l...‘l;...l ........ | EPEPEFETEE AN T
2.21 2.22 2,23 2.24 2,25 2.26

Schwerpunktsenergie [GeV]

... €(2220) NOT seen by
Crystal Barrel either

Tensor Glueball situation still confused
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Charmonium Spectroscopy

Charmonium is a powerful tool for the
understanding of the strong interaction.
The high mass of the ¢ quark (m, ~ 1.5
GeV/c?) makes it plausible to attempt a

description of the dynamical properties of
the (c c) system in terms of non relativistic
potential models, in which the functional
form of the potential is chosen to reproduce
the known asymptotic properties of the
strong interaction. The free parameters in

these models are determined from a

comparison with experimental data.

B2~ 0.2 o, ~0.3

Non-relativistic potential models +
Relativistic corrections + PQCD + LQCD

Hyperfine splitting of charmonium states
gives access to Vo5 component of quark
potential model

Dingn Bettoni

AMpg(1S)cz = M(J/¥) — M(5c) = 116.6 £ 1.0 MeV

Mass _ p momentum
[MeV/e] [GeVic]
4100 = - 8.0
' (4040] D'I¥
RIS 0 4] R —— b 0 g
1 =
a D2 ) Da2 ) =
M __________________ ;i Db J)”
3700 b= ,51(2 °S) / - 6.3
n.(2'S) 7
IRRNNNDR " :
3500 = ] 1doiee ip =1 5.5
-“' P.l
il I.i
3300 b= - 438
3100 - / - 4.1
M, (1'So)4
2000 b= I 0" - 012" 1" =34
28
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60

events' 10 Mc\-':'c:

0
3500

o E760 CLEO Il Data
« E835 80
s | e
o w
TS SR & s
bk “5
| :
5555555555555555555555 00 3620 3640 3660 3680 -

0 | | | |
Er ki 2900 3100 3300 3500 3700
My (MeV/c?)

PDG 2012

M(n,') = 3638.9 + 1.3 MeV/c?
r(m',) =10 4 MeV

14 3.6 38 K
M(K K 7) (GeVic?)

AM, (25). - =M((2S)) - M(77,(2S)) = 47.2 #1.3 MeV

Diego Bettoni Spettroscopia Adronica 29



The h ('P,)

e Quantum numbers JPC=1*,

« The mass is predicted to be within a few MeV of the center of gravity of the
%(°Po.12) states

M — M(x,) +3M( 1) +5M(1,)
cog 9

« The width is expected to be small I'(h.) < 1 MeV.

« The dominant decay mode is expected to be n_ +y, which should account
for ~ 50 % of the total width.

« It can also decay to J/v:
Jhy + nf violates isospin
Jhy + nt suppressed by phase space
and angular momentum barrier

Diego Bettoni Spettroscopia Adronica 30



Events/1 MeV

Events/1 MeV
S a8 R 88

wo O

The h ('P,)

e'e >y'— 7Z'Ohc —> (77)(¥17.) The v' decay mode is isospin violating

L208-0013

200 S - The CLEO experiment was able to find it with a significance
000 Lo, ;"'W(”"m'mt‘ . . H H
. e, of 13 o in ¢’ decay by means of an exclusive analysis.
600 “'.'.\qa
400 \
200 4 The width and the BF ¢’ ->n°h_ were not measured.
o ! A similar analysis, with higher statistic, was also done by BES
51 "
I r) \ 7t° recoil mass spectrum in E1-tagged analysis
ti 5 4000

, RN - BESIHII
3 § on T Significance = 18.6c
ool g sl M(h)=3525.40+0.13Me

n° recoil mass in GoV 20000 5o ¥
1250208 1s00f WL 4y bt N(h,)= 36791319
1000} -20p - L(h) = 0.73+0.45MeV
I A x*/d.o.f = 33.5/36
351 3.52 353 354
f 7® recoi mass (GeV/c?)

iy o . i't g, * Br(y'>nh, ) (8.4+1.3+1.0) X104
pg' " ,"’,i’{ﬁw £ 4 h?'w' BrihS> 54.3+6.7+5.2)%
48 349 35 351 352 353 354 355 r(hc2mmc) (54.3L6.7x5. )%

n°® recoil mass in GeV
— 1
AM;,+(1P) = - M('P) = -0.10+0.13£0. 18I\/IeV/c

Diego Bettoni
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The n,('S,) Bottomonium State

The Y(13S,) state of bottomonium was discovered in 1977.

The ground state spin-singlet partner, n,(11S,), has been found only recently by the BaBar
Collaboration by studing Y(3S) — v n,(1S) [PRL101,071801,2008]

Then confirmed in Y(2S) — y n,(1S) [PRL103, 161801,2009]

o0
=
=
=

2
=
(=] &
[Tt
—_—
le)
—
'

The observation of the n, is an important

validation of Lattice QCD predictions -mf_ E
3 BF (Y(38)—y7,) = (45 05 [stat ] £ 1.2[syst]) x 10 H I H | "

) |EAREh

J:]l | I T 1 'I :

Mass of the 1,(1S): - T E©ev)

020 GeV)

Entries/ (0

* Peak in y energy spectrum at E., = 921273 (stat) MeV

* Corresponds to m, mass |9391.1+3.1 MeV/c?

* The hyperfine (Y(1S)-1,(1S)) mass splitting is | 69.9 + 3.1 MeV/C?
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The h, ('P,) Bottomonium State

(bb) : S=0L=1 JPC=1+-

Expected mass
= (Mypo + 3 My + 5 Mypp) /9

AMyr = test of hyperfine interaction

For h, AMyp=-0.12+0.30 MeV,
expect smaller deviation for h,(nP)

Diego Bettoni

11.00

10.75

10.50

10.25

S
3

Mass (GeV/c?)

9.50 |-
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Y(11020)

Y(10860)

Bottomonium
family

—

_JPC =0-¢

1 (0,1,2)**
- L=0 0 1 1

(1.29)
2
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T(25)-T(1S)

Preliminary E i
40000 | ; l

30000

Events / 5 MeV/c?

20000 L hap T -
10000 2
;ﬁ”i ",HM |
| U .
! 104
M ec(GeV/c?)
Yield, 10°  Mass, MeV /¢ Significance
T(1S) [105.2+5.8+£3.0 9459.44+0.5+1.0 1820
hy(1P) 50.4 +7.873% 98983+ 1.1F} 620
35 =+ 18 56 £ 19 9973.01 290
Y(2S) |143.5+8.7+6.8 10022.3+ 0.4+ 1.0 16.6 0
T(1D) 220+7.8 101662 + 2.6 240
hy(2P) 84.4 +6.8790  10259.8 +£0.67 1240
25 — 15| 151.7+9.7737 10304.6 £0.6 £ 1.0 15.7¢0
T(3S) | 45.6+5.2+5.1 10356.7+£ 0.9+ 1.1 850

Deviations from CoG of %, , masses
h,(1P) (1.6 £ 1.5) MeV/c? l
Ad

consistent with zero, as expected
Diego Bettonihb(2p) (0S 5 6 ) Mesthq)scop p

ronica 34



Evidence for Y(3S)—n’h, (1P) 122 M Y65

Preliminary

m__.( 7% background subtracted
recoil =
I | I I I I | I I I I I I I I I I I I I I { I I I I

BaBar I
preliminary ﬁ

o, ]
2 3000F- ] arXiv:1102.4565
S L | .
Ne) Z ! -
~, 2000 aill -
Q | [} ]
s ? ! J 1 |7
(5 1000(~ | ! }-- : ]_l" +f I 9145+2804 signal events
| \‘.“ ULl L Lt Ll || »
e flell ol ldtel [T, | M(h, )= (9902+4(stat)=1(syst) ) MeV/c?
T sl . 1 I ! consistent with predictions
9 [ ]
-1000— | -
- I ’ Statistical significance
B 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 ] [ T, )
2000575 9.8 9.85 9.9 9.95 10 (from VAy?):3.2 0
m, (%) (GeV/c?) including systematic error: 3.0 ¢

B (3S)—70 hy(1P))* B(hy(1P)—ymp(1S))=( 3.7+1.1£0.7) x10-4

evaluated at the expected mass value
M(h,)=9900 MeV. c?

C. Phirign&sttcGenova SpettroQwwa al AdDugstadt Octobes 4-7, 2011 35 8



.y e . T .
s 70 ATLAS —
> o det =44’ 3
N - / =
~ - | ° Dot : Yy(3P) = Y(1S) +v
g S0E" Unconverted Photons }' \ = E
° 40; ) | Background -
© iy ! -
< = | | : p(3P) = Y(2S) +y
O 30 *‘ / \ L ) =
> o e \ =
02 20:_ ll \ :"% * {\ _.:
n 1|
: .' Iﬁ + S H y ! E
e R SN
0:|..._ﬁ4.-'1"v.1..,1.,.|.k1.,".
9.6 9.8 10.0 10.2 104 |06 10.8

Diego Bettoni

m(u'uy) - mu'w) +m. o [GeV]

%p(3P)

M(x,(3P)) = 10.539 £ 0.004 (stat) £ 0.008 (syst) GeV/c?

Spettroscopia Adronica
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Open Charm States

For the states c(u/d) theory and experiment were in agreement.

The quark model describes the

spectrum of heavy-light systems and
it was expected to be able to predict

unobserved excited D¢(cs) mesons
with good accuracy

Diego Bettoni

? 3 ’ I T T T
U I 4
> — ]
(Y
O i o
o 2.8 i
@ i =
O —
2 b= e i
26 i . + D, -
DQ1
2.4 |- N
v , -
i —o—Dy | — Godfrey/Isqur (1985) | ]
- Di Pierro/Eichten (2001) |
21 D ® Observed -
S= 0 1° o) - 2 3
37
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Open Charm States

The discovery of the new D, states has brought into question potential

Two new states D¢(2317) and D¢(2460)
were discovered in e*e” - cc events,

then observed in B decays by Babar, %
N
Belle and CLEO >
o
BaBar D((2317) S
wn
| |9 CLEO D((2460) g
3 e | A
"ubvp f 20
& LL'.' i, > ~ \
g 10 " ‘,_... L‘ Ll I
x B b T L e LAY T
b
e ,h; | @
|} ii ':"* 1“*};? N 10 ) ) . )
| IR T e NREIEN o

M(D_yx°%) - M(D.,y) (GeV)

The identification of these states as
the 0* and 1* cs states is difficult within

the potential model
Diego Bettoni

models

Spettroscopia Adronica

3 ] ] ] ] L]
2.8 |- -
2.6 N —— =Dy |
8D,
! eD.(2460) |
2.4 | .
i e D(2317)
22 | -
I —@— D¢ | — Godfrey/Isqur (1985)
5 Di Pierro/Eichten (2001) |
=r D ® Observed —
S= 0 1° 0 1* 2° 3
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Open Charm States

The discovery of the new D, states continued ...

events/20 MeV/c’

x 10° x 10° x
M. D(2860)
. 3.0 [~
o % |05 |y
10 200 )2} “ [
" [ " R " 0.3
& 2.7 29 [ |7 27 29
[| | F
5 | - l“" L ad l\ﬂ
iR n N ' S
H E }‘\\.‘\ F
Lo = [ . .
ol Tl ol v o Lo i
24 26 28 3

24 26 28 3
m(D° K") GeV/¢?

24 26 28 3

m(D* K*) Gev/c? m(D* K%) GeV/c?

BaBar Collab., PRL 97 (06) 222001

1nd
Ic
o
<

D,(2710)

o
=
Y

SignaL yleld / 50 MeV
<o

I

25 275

M(nD"
Belle Collab, PRL

<
e

P?‘ G ar'»:‘\;n-“
140768 0b2001

Diego Bettoni

:\ 3 L] L) L ] L]
O -
; i S ——
3 o D(2860)
g 20T
e [ e D,(2710)
26 0 D— o »DSZ
l 8D,
I == eD(2460)
2.4 |-
i e D(2317)
22 |
I —@— D¢ | — Godfrey/Isqur (1985)
5 Di Pierro/Eichten (2001)
=r D e Observed
S= 0 1° o) 1* 2° 3
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Open Charm States

The assignment of the q.n. to the D;(2710) was possible thanks to an analysis performed by
BaBar studying DK, D*K final states.

X o D ,(3040)
In the same analysis another broad § i S—
. T (Y e D.(2860) -
structure in the D*K distribution D,(3040) © sul S
w . - —
) - =
m(D? (2710)%) = 2710 = 24, (), MeV/c? 5 [— e Ds(2710) -
=149 + 7., (*¥),. MeV, . b
sat (T3 syst Me 2.6 ——Ds, “
m(D*,(2860)%) = 2862 * 2u(*5)eq MeV/2 =Dy oK
v sar(Ssys - _ *D(2460) -
[ =48 % 3., * 6,4 MeV, 24 =
) D.(2317) 1%
m(D(3040)) = 3044 = 8,.,(*), MeV/c? %S '
I =239 * 35.,,(*49),,, MeV. 2.2 |- ,
= * -
i —@— D¢ | — Godfrey/Isqur (1985) |
5 Di Pierro/Eichten (2001) |
There is a problem for the potential 2" —g=Dj ® Observed .
models in describing excited states ' : ' ' '
S= 0 1° 0 1* 2° 5
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The XYZ States

Over past few years a wealth of new states has been discovered, mostly at the B-factories,

in the region above open charm threshold. These states are usually associated to charmonium,
because they decay into charmonium, but their nature is not at all understood.

B-meson decay
XCC

b L

B w- A
u,d K(*)
u,d

X(3872) Belle, Babar, Cleo, CDF, DO
Y(3940) Belle, Babar

Y(4140)? CDF

Z(4430)

Z,(4050) Belle

Z,(4250)

Initi@ State Radiation g

1~ states

X(4008)? Belle

Y(4260) BaBar, Belle, Cleo
Y(4350) BaBar, Belle
Y(4660) Belle

Associate production
ete™—J/W X

X(3915) Belle
Z(3930) Belle
Y(4350) Belle

X(3940) Belle
0) Belle

OSSO

P T T oUSCopPTT l_\d Oﬂica

X(416

Diego Bettoni D(*)

vy-collisions
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The X(3872) Discovery

M/ yrtn-) New state discovered by Belle in the hadronic
decays of the B-meson:
B<:>K* (J/yn™n), Jhy—pP*u- or ete

&

'“I(;“‘.Vl

M =3872.0+ 0.6 + 0.5 MeV
I'<2.3MeV (90 % C.L.)

(X (3872) > 7x1) <0.89 (90%C.L.)
F (X (3872) > 77 I y)

0
d42 L4 8¢ 340 b X ) 392
M ) OV

& 8

-
L3

Ll
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10

Ind

The X(3872) Confirmation

BaBar

- (a)

T TTIT]

T T T T I T T ] L] I T T T T I T T U

— l | I — l L1 L

T

1 | ) I — [

[ T T T T '

i — lllllll

I ll]lll

4

4.25

4.5

4775

3.7

X(3

|IIIII—1

0 E o

T T LI L

T

872) ]

3.85

3.9

CDF

DO

30001

8
g

X
=
=
<

Candidates/ 5 MeV/c?
= o
Q (=]
S S

5001

CDF Il 14004

3.80

800
600
400

200

G‘.

Candidates | 10 MeVic

i

2% 3 M X2 )

M. (GeVic’)

0607 08 09 A

| M(T/y mt+m-)

M(p-+p— =)= M( ptp-)
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The X(3872) at LHC

400

> 5000 S
g C
04500 (29)
~ E
4000~ #
§ =
53500
g o
O 3000 "§'82 3.84 3.86 3.88 3.9 3.92
- Jhp 2 invariant mass [GeV/c?]
2500F X(3872)
E '
- L]
20001
1500E- Nyaerz = 548 104 (stat) | © 16001 Heb
E N, (2s) = 7346 £ 155(stat.) > C Preliminary
10005 : g 1400 —5 = 7 TeV Data
: Js=7TeV e :
500 cMS Preliminary Lt =40 pb" 8 1200~
= - p c o
’_]lllllll]lllllIl]lllllll[llllllllllllll g 10w-_
3.6 365 3.7 375 38 385 39 395 4 w C
J/y ot invariant mass [GeV] 8005
600
E (25)

Diego Bettoni

200

LHCb-CONF-2011-021

§ 8 8 § 8

}

3850

Same sign background

0 1 1
3600 3700

Spettroscopia Adronica

'3800 l3900
M(J/y ©* ) [MeV/c?]



X(3872) Quantum Numbers

« Non observation in ISR (BaBar, CLEO) rules out JP¢=1-.

« vJ/y decay implies C = +1.

* From nnd/y decay:
— Angular correlations (Belle and CDF) rule out 0** and 0-*.
— Mass distribution rules out 1-* and 2.

« DO D% decay mode rules out 2**.

Most likely assignment is JPC=1**,

Diego Bettoni Spettroscopia Adronica 45



What is the X(3872) ?

« If X(3872) is a charmonium state, the most natural hypotheses are
the 1°D, and 13D, (1-) states. In this case the non-observation of the
expected radiative transitions is a potential problem, but the present
experimental limits are still compatible with these hypotheses. Ruled
out by quantum number assignments.

« The charmonium hybrid (c cg) interpretation has been proposed by
Close and Godfrey. However present calculations indicate higher
mass values (around 4100 MeV/c?) for the ground state. Absence of
J/yn mode a potential problem.

« Atetraquark.
« Aglueball.

« Due to its closeness to the D° D*0 threshold the X(3872) could be a
DY D*9 molecule. In this case decay modes such as DY D% might be
enhanced. Most likely interpretation ?

Further experimental evidence needed: search for charged partners,
search for further decay modes, in particular the radiative decay modes.
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Y (4260) Discovery

Events / 20 MeVic?

r BABAR: 233 fb!
PRL 95, 142001 (2005)

g

|:] Jhy sidebands

g

N=125+23
(>80)

‘ '”l'i'm‘ |

N
=

—TrrrTrrT T

New state discovered by BaBar
in ISR events:
ete— v,/ W

Assuming single resonance:

I::._Illllllllllllli

g-a.;.4.. .4:5...4'4..

Diego Bettoni

o ¥ v —
m(nwJ/y) (GeV/c?)

olete” 5Y.Y 5> a7 Jly)=(51+12)pb

TLxB(Y > 27773 /y) = (5.5i1.0f8j§)ev
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Properties of Y(4260)

Confirmed by CLEO, CLEOQ lll, Belle
Local minimum in e*e- — hadrons cross section.

Dip at 4.26GeV
7 = L r ‘J> LE . ) ' L ]f L4 R ) ' L] ) L 4 . ' L4
— “\v 2
s . Mark | Vs) }%m' -
n Mark | = LGW ;l | :
- « Mark |
Q s b . PLUTO
= o DASP
" + Crystal Ball
= . BES
4 -
3 F L1 o
IR UNENIN
2 ' |
\ L

No available vector state slot in charmonium spectrum
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B Observation of Z(4430y -y  PACLXION

Belle, PRL100,142001

23

B0+ — K-0 1m* @’ Dalitz plot
e 0 Z(4430)" |
22

projection
with K* veto
applied

—

21

20

Evonts0.01 GoV

19

18

M%(y(2S)x"), GeVZic*

-
~J

M(Tr* ') 7

-t
(o]

IIIIlIIlI[I|||I|||!iI|iIl]llli‘llllillll

-l
(4]

& ot M = (4433 £ 4 £ 2) MeV/c?
| - -+ Ve O - P Y.
.| LIREdaaedl 1 1 1 1 1 1 SRERLUEEEEY 1 1 LA Ll I r+18+'50
05 i 5 3 25 3 I'= ( 0—13—13) MeV
M*(Kn"), GeVic*

-
E N
o TTT

x B(Z(4430)" — nty’)

B(B° — K~7(4430)")
=(41+1.0+1.4) x10°

_ Significance 6.5c.
Interference of L=0,1,2 waves in Km* system

can not produce such a narrow structure.
R. Mizuk, La Thuile
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FIT TO yn DISTRIBUTION

Four free parameters; mz, I'z, Nz, and Nkz-pkg

-

: 1000 1—(2) B = yyr K™ : L{
- } :
NO OR ; L All Kx' Events
NEGATIVE | = b
SIGNAL £
&
"
2
v
NO OR =
NEGATIVE | 2
SIGNAL g
o
i}
"
NO OR ;:
NEGATIVE | =
SIGNAL 2
5
-
&

G. CIBINETTO QWG 2008

((nc\ c%)

My, .- (GcV/c—)

Events/10 MeV'e®

Events/10 MeV.e®

Events/10 MeV/¢©

400

200}

(a)

M

|
<

B’ —"H sk

All Kx" Events

MVW*F

A

Mw

mqf{ZS)n-

m=4476+8
I'=32+16
2.70

m=4483+3
I'=17£12
2.50

m=4439=+8
I'=41+33
1.9¢

h 48
m, .. (GeVieT)

(GeV/c?)

No significant Z(4430) signal is observed

13



60
b LaThate 5 Z(4430)"
kT | =
2 40@ .1\
§ | { I
= 30k 4 4
S i 'lf il
§ sl |i | % " | {
P L T Ty
of WU TN
J‘ B
T 18 20

e i Preliminary

Dalitz analysis results
M= (4443?1:;3;?) MeV/c?
T = (109755127) MeV

B(B° — K~7Z(4430)") x B(Z(4430)" — wta’)
= (3.2%591776) x 1077

Significance 6.4c Belle confirms Z(4430) signal

Belle and BaBar data are not incosistent, but due to a different understanding
of the background the significance of the Z(4430) changes dramatically.
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Outlook and Conclusions

The future
The PANDA Experiment at FAIR



The Future

 BES lll at BEPC

* SuperB, Belle 2

« LHC

 JLAB 12 GeV upgrade
«  PANDA at FAIR

Diego Bettoni Spettroscopia Adronica
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BEPCII/BESIII

BEPCII s‘ror'age rings

BESIIII detector: all new !
Csl calormmeter

BESIII Detector

recision tracking

P N Beam energy: : : >
“ a 1.0-2.3 GeV Magnet: 1T Super conducting Time-of flight + dE/dx PID
/,/, \\\\ Design Luminosity:

7 W 1 X 10™ cms DC: small cell & Gas:
!'! ‘I‘.. Optimum energy: Hel( J'J: (:f’:'i#"h:d layers
A — . # 1.89 GeV o?p = 0.5% @1GeV
h ~—— e \ ve Energy spread: dF/dx=6%

" e SRR " 5.16 X 10+ %1%
oe o~ .o . |4
4 - - ! No. n‘fhum‘hrs: e
il PP T~ L 93 TOF:
W ) B ;y  Bunch length: : o= 100 ps Barrel
W i 1.5 cm { I 0bs Endes
“\ Zoom into the IP I” Total current: 110 ps Endcap
"\ P 0.91 A : '
\\{\\ T ’/,/, Circumference:: e "':ﬁ )lal;\.i::“fllnf‘lv(rld( ap
\§§§_: s 5”1 237m EMC: Csl crystal, 28 cm Data Acquisition:
o AE/E - 2.5% @1 GeV Event rate = 4 kHz
. So far, B SIII has collec.red . oz = 0.6 cm~#F. Total data volume — £0 MB/s
- 2009: 225 Million J/w _—
N ) iy , 288
2009: 106 Million 287 Shy
2010-11: 2.9 fb! W(3770) 1
(3.5 x CLEO-c 0.818fb-1) %
- May 2011: 0.5fb! @4010 1
MeV one monfh) for Ds 80
and Z spectroscopy =
+ BESIII will also collect: 20
- more J/v, v', w(3770) 0
. . MKIll CBAL BESI BESH CLEO BESHI
data at higher energies
(for XYZ searches, R scan M. Bracko — Erice 2011

and Ds physics)



Campus of Tor Vergata

about 30000 m2available
D.Bettoni




Detector Design (with fewer options)

REV02.7
19=AFR=2010

s m“‘:’:"\ \.‘PEHCO\'DL'C’I‘T\' 1= d
~~— ] v | e
Backward " p— *\\ REL CALORDIENE [N =~
Task Force ™ SERNNN T Wz =4l i 8
- n Wi
BASELINE DES P N '.?'..‘."Té:‘.:'.‘.'.?.‘.?‘.?: i Forwa rd
"ﬁ' T ee— 7 Task Force
T ORWARD END P
0 -
U T S

STATIONARY = —
DESIGN OPTIONS WEDGE ~ 0
00 BIUC

"

Consider that the iR l
boost is 3y=0.24

(instead of 0.56 [BaBar])

Detector becomes more symmetric: 56




Mt. Tsukuba

KEKB rmg (HER+LER)
o

e

s ]
- Y
A;

- il

\

D.Bettoni Super Flavour Factories




Belle Il: design concept

Csl(Tl) EM calorimeter: 74m RPC m &K, counter:
waveform sampling scintillator + Si-PM
e ol

\_

4 layers DS Si Vertex
Detector —

2 layers PXD (DEPFET)
4 layers DSSD

50m

ime-of-Flight, Aerogel
Cherenkov Counter —

Central Drift Chamber: Time-of-Propagation counter

smaller cell size, (barrel),
Iozrggl}leo\;zelr arm —... 4 prox. focusing Aerogel RICH
(forward) 8

D.Bettoni Super Flavour Factories 58



The JLAB 12 GeV Upgrade

Add new hall <
L
__ﬂ__\

Upgrade magnets
and power supplies

20 cryomodules

Add 5
cryomodules

: Enhance equipment
U in existing halls

Diego Bettoni

Spettroscopia Adronica
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The 12 GeV Equipment

Hall A - High Resolution Spectrometers and 7 ~ Hall C - Super
new multipurpose large acceptance detector s & = High Momentum

| % short range [T 2% ‘_ ‘I/\" '
correlations, ] . :
form factors, 2 gy * precise determination

Spectrometer

<>
"9 (SHMS)

of valence q properties
in nucleons and nuclei

and future new
experiments:
SOLID, :

MOELLER, SBS Hall D — GLUEx detector for

photoproduction experiments

Hall B - Large

acceptance detector

CLASI2 for high

luminosity

measurements * explore

(10%%cm?s) il
by studying

#* Understanding nucleo L |
structure via GPDs w :Z::g =

M. Battaglieri — Erice 2011
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* Determination of |PC of meson states requires PWA
» Decay and production of exclusive reactions

» Good acceptance, energy resolution, particle identification

* Good hermeticity
Hall-D - GlueX Detector * Uniform acceptance Hall-B - CLASI?2 Detector
* Limited resolution
* Limited plD

leod- glass detector
(FCAL

GlueX Detector

barrey

time-of
calarimetar

~fWght
targee  BCAD ”gn ~—

LH2)
upsiream

wlo
WPV

Cerenkov
counter

wire trockng
chambdeévs — )
* Good resolution
supercanducting

magnet L) Good plD
* Reasonable hermeticity
* Un-uniform acceptance

M. Battaglieri — Erice 2011
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The FAIR Complex

[ Primary Beams }

Key Technologies
e All elements up to Uranium

o Bea_m cooIing _ e Factor 100-1000 over
¢ Rapidly cycling superconducting magnets present intensity
¢ Narrow bunching of beams e 50ns bunching

N SIS100/300

3 p-LINAC [ Secondary Beams ]
rJ
v ‘\v SIS18 - e Rare isotope beams up to a
g INAC o aultf \\ factor of 10 00O in intensity
Vs f\,.: < / SO over present
/0\\/‘\ "‘“\‘;/ . ‘. CBA = oot e Low and high energy
y B~ are Isotope . :
L\N@ ,’a Production N antiprotons
: / Target
Syt Soerrs
-
Storage and Cooler
4 Rings
Plasma Physics Antiproton
. ‘ Production
Atomic Physics Target * Rare isotope beams
FLAIR e & - Rare Isotope collider

e 1011 stored and cooled
antiprotons for Antimatter
creation
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High-Energy Storage Ring

e Production rate 2x107/sec T

‘q‘
a W “\‘\

shem e Ay ™

° =1- / &
Pbeam 1 15 GeV C &5 [l Dipole magnet
= ® Quadrupole magnet (from SIS18)
S B Sextupole magnet
[S] Solenoid
= spacer for skew quad
3 spacer for snake solenoid

injection equipment

e N =5x10°p

stored

e Internal Target N3 HESR

- * = Version 9.1.1
[ High resolution mode ] . .
ecool ().\\QQ
* 5p/p ~ 1075 (electron cooling) P :
= &° S RF2
e Lumin. =103 cm=2s! : :
B ) 0_ - _50m
[ High luminosity mode } = o s
4 direction of
2 : S from RESR
. antiprotons ‘\,s
e Lumin. =2 x 1032 cm—2 s “u, &

PR\
i ﬂ""'l““ \\U‘

e dp/p ~ 10~* (stochastic cooling)
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PANDA Detector

Target Spectrometer Forward Spectrometer

Detector Requirements

*(Nearly) 4n solid angle coverage
(partial wave analysis)
*High-rate capability
(2%107 annihilations/s)
*Good PID (y, e, u, @, K, p)
*Momentum resolution (~ 1 %)
*Vertex reconstruction for D, K%, A
Efficient trigger
“2_ *Modular design
~ePointlike interaction region
_ sLepton identification
SmcExcellent calorimetry
*Energy resolution
*Sensitivity to low-energy
photons
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PANDA Physics Program

HADRON SPECTROSCOPY
— CHARMONIUM Physics Performance Report for:
— GLUONIC EXCITATIONS Mimf::’:fmm)
— HEAVY-LIGHT SYSTEMS o

— STRANGE AND CHARMED
BARYONS

NON PERTURBATIVE QCD
DYNAMICS

HADRONS IN THE NUCLEAR
MEDIUM

NUCLEON STRUCTURE
— GDA
— DRELL-YAN

— PROTON
ELECTROMAGNETIC FORM
FACTORS

Strong Interaction Studies with Antiprotons

PANDA Collaboration

ArXiVv:0903.3905
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Excitation Function Scan of the D_,*(2317)

« |nb, ay=1nb]

Method

pp — DsiD:()(QSl?)T_

Sensitivity to width

Effect of the beam
resolution Ap/p ~ 104

M. Mertens, Juelich

JmR
Diego Bettoni

4

L

4

1 MeV

500 keV
200 keV
100 keV

10 keV

\ﬁflxle\w

4284 4286 4288 4290
U UV, U= 1V
2.0}
1.5¢
1.0t
A
]
Spettroscopia Adfafed 4286.5 4287.0

200 keV (a)
100 keV (a)
10 keV (a)

200 keV (b)
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Excitation Function Scan of the D_,*(2317)
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Conclusions

« Hadron spectroscopy is an invaluable tool for a deeper
understanding of the strong interaction and QCD.

« Considerable advancement in our knowledge of hadron
spectroscopy has been achieved over the past two decades thanks
to many experiments at hadron machines and e*e- colliders.

* For the near and medium term future first rate results are expected
from

— LHC
— e*e colliders (BES lll, B-factories, Super B-factories).
— JLAB 12 GeV (CLAS12 and GlueX)
— PANDA at FAIR
« Complementary approaches
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