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Mesons
The simplest colorless configuration with zero baryon number is gg:
SUB) ¢®3 =3®3=81 qandqin color singlet (q9g)o
Quantum numbers determined from relative angular momentum L and
quark spin relative orientation 5; and 5:

o P=(-1)tt
o|L-S|<J<|L+S|

@ C only defined for flavor-less mesons

S.
QCD can allow 2other color-less states with O baryon number:
@ glueballs
@ gg — g hybrids
@ a variety of 4-quark states:

e molecules
o diquark-anti-diquark
o hadro-quarkonium
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How to identify exotic mesons?

Smoking guns:
quark content and/or quantum numbers not allowed for (gg)o

@ manifestly exotic quantum numbers: JP¢ =0=—,0t—, 1=+ 2t— ...
@ charged charmonium or bottomonium states
not-so-smoking guns:
@ over-population of the spectrum
@ anomalous decay or production properties

But

@ threshold effects, mixing and coupled channels can significantly
affect masses and decay widths eg of conventional quarkonia

o Artifacts (cusps, virtual states, reflections) can be mistaken as
resonances

-
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Charmonium and bottomonium spectrum
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(nearly) all states below threshold observed at masses close to predictions
@ overpopulated spectrum

@ candidates with manifestly exotic quantum numbers
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The X(3915) — J /1w observed in ~~ reactions: xo(2P)?
Observed by Belle  PRL 104, 092001 (2010)
M = 3915 + 3 £ 2 MeV/c’

Events/10 MeV

=17 +10+3 MeV
M -B(Jpw) = 61£17+£8 eV (J = 0)

g of
Confirmed by BABAR PRD 86, 072002 (2012) j % 20;
M =3919.4 + 2.2 4+ 1.6 MeV/c’ i
& 10
F=13+6+3 MeV g
s
My B(JYw) = 5241043 eV (J =0) [ TR
T O i 0, B ML £, 4 it oo e~y

E 1 § L 1 L L L
38 385 39 395 4 405 41 415 4.2
mJ/yw) (GeVic?)

If I, = O(1 keV) (typical ct), then B(J/¢w) > (1 —6)%

JP = 0% strongly favoured by BABAR angular analysis
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The Z(3930) — DD observed in vy: xc2(2P) candldate

Observed by Belle in vy — DD
NOT in DD*

M = 3929 + 5 + 2 MeV/c?
=29+ 10+ 2MeV
Iy, X B(DD) = 0.18 + 0.05 = 0.03 keV/
Confirmed by BABAR
M = 3926.7 £ 2.7 + 1.1 MeV/c?

r=21.34+6.8+3.6MeV
Iy, xB(DD) = 0.241+0.054+0.043 keV

Entries / 10 MeV/c?

Events/10 MeV/c2

D°D° + D* D~
combined

Events/0.1

M(DD): 3.91 - 3.95 GeV/c?

J=2 J=0

TTEETE
M (DD) (GeV/c?)

»bﬂ

[ %HE[H

Entries /0.1

)] B

m(DD) [GeV/cZ]

T
02 04 06 08
[cos6]

Angular distribution strongly favors J = 2: generally identified as

Xc2(2P) candidate

Mass lower by a2 50 MeV/c? but I, T, and B(DD) consistent with

expectations

Could be interesting to search for J/v¢ry, ¥(25)y, xcntn™ or J/vw
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X(3872)

Narrow peak in J/ymT 7w~ invariant
mass observed by Belle in
Bt — (J/¢mntn~)K™T decays

Events / (0.005 GeV)

382 384 38 3.88 39 3.92

M(J/ vy nir) (GeV)

PRL 91 (2003) 262001 |

JPE€ =17 recently extablished by LHCb (see R. Cardinale’s talk)
mass within errors coinciding with D°D*° threshold

decays into J/yrtn™ (likely J/p°, 1=1), J/3y, J/9pw, D°D*°
large decays to ¥(2S5)~ reported by BABAR not confirmed by Belle

Observed in B decays and in prompt pp and pp collisions (Tevatron,LHC)

-
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X(3872) interpretation

e DYD*® molecule
natural explanation for mass
almost coincident with

@ charmonium x.1(2P) threshold
radiative decay should be two D°D*® decay
orders of magnitude larger JPE =17+ (D°D*? in S-wave)
mass off by 100 MeV/c? small J/1y can be

accomodated but

e too large ¥(2S)y (if
confirmed)

e small binding energy — large
radius, difficult to explain
production in high energy pp
or pp collisions

o Tetraquark:
No I-spin partners, no neutral
doublet

Mixture of D°D*® and x1(2P)??

-
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The Y(3940) — J/1w observed in B decays

Observed by Belle  PRL 94180002 (2005) | 0 _J’I) 1
M = 3943 + 11 + 13 MeV/c’ o { | ]
[=87+22+26 m;} \ HH

B(B — YK)-B(Y — wJy) = (7.3£1.343.1)-107> | + f | { ]
gEBU — 4080 — 4280 ‘

M(ewJiy) (MeV)

confirmed by BABAR  PRD-RC 82,011101(2010) |

M =3919.173% + 2.0 Mev/c?
=317 +5, MV
B(B" — YKT)-B(Y = wiy) = (3.07557%%)-107°
B(B® = YK°)-B(Y — wJi) = (2.140.940.3)-10 >

400

200

Exents/10 MeVic*

400

200

Events/10 MeV/c*

Not seen in B — DD*K (expected dominant for 1++)
B(B — YK) large for 27 in B decays. 07+, 077777
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The X(3940) — DD* observed in double cZ production

Unexpectedly large cross section for

double ¢
+ —_ -
o(ete™ — J/1(ct)) measured by Belle \)b\ﬁ/r:td/l% i
_~observed at =+
Observe known 0% states recoiling againts a J/v \z?;j‘j‘&r
+ another one

- PRL 96, 082003 (2006)

§150 = n,(28) X(3940) s
> -

= g a

%100 2 2

0

50 8

5

4

o i Pt I TR Lo S 2

02 25 3 3.5 4 4.5 0

338
Moo/ y) GeV/c* [Ua— Gev/ic?

. . PRL 100:202001,2008
+ observed in the recoil of the J/y (double c) ... M = 304277 + 6 MeV/c?

* The only other states clearly visible have J=0 C=+
> that suggest either y_(2P) or n (35)

» decay to DD* but not to DD suggest P=-1 thus hypothesis of 1) (35)

« the 3'S_ mass is predicted at ~4050 or above

=372 18 MeV

not seen in B — DD*K
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Y (4260) — J/ymtn™

Observed by BABAR in ISR process, confirmed by Belle and CLEO, which
observes also J/Q[)ﬂ' 70 compatible with I-spin expectations

Eooamw v(25) c
6 Mark1 3
F Mark-l + LGW
F Mark Il
rR°E ® PLUTO
F DASP
4= # Crystal Ball
F |« BES

Events / 20 MeVic?

.4 I a5 5
m(mJ/y) (GeVie?)

The hadronic cross section has a dip at
It has been searched (and not found) in this mass

@ many exclusive Ds) D(S) modes Comparing total and peak cross
sections estimate

B(Y — J/yatr™) > 8%

rY — J/yr n~) > 8 MeV

@ many exclusive light hadron
modes

® pp

-
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Y (4260) and study of 7'

Belle finds that the 77~ invariant mass
spectrum in the Y(4260) region peaks at
1(980)

PRL 99, 142002 (2007) |

K
>
°
=
S
8
@
2
2
&

20

)

Solution |

Solution Il

Entries/20 MeV/c?
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M(x'nJhy) (GeVic?)
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~ spectrum

BABAR finds non dominant f,(980)

contribution PRD 86, 051102 (2012) j

T T T T
«* x continuum  (c)

== Interference term

= f4(980) component

—— All components

30
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o
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| |
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Y (2175) strange partner of the Y(4260)?

observed by BABAR in ISR

also seen by BES in J/v decays

PRD 74, 091103 (2006)
E T T T T
i;u_ﬁ BaBar PRL 100, 102003 (2008)
=1 ete- — « | BES-signal Jv—
04 ¢f0(980) 3 ﬁ{ N(pfo(980))]
1 Pl
0.2f B oor :_\;# i 1
gt T
?95 2:)5 2115 2,‘26 2‘36 246
0 A T N M(0 1,(980)) (GeV/c?)
1.8 2 22 24 26 28 3

Eqy (GeV)
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Y (4350) and Y (4660) — ¢(2S)r

PRL 98, 212001 (2007)

PRL 99, 142002 (2007).

S

T T T T T T T[T

o
(4}
T

Events / 50MeV/c*

Entries/25 MeV/c’
o

Do T e

LTI

M T w(2S)) (GeVic?)

IS
Fd
o

o

mm)/y) (Gewcz)

* observed by BaBar in ISR y(2S)n*m

* confirmed by Belle, which finds a
significant excess also at 4660 MeV

*MB Voloshin
* no evidence for Y(4260)... @ 6 arXiv:0711.4556

*Dubynsky, & Voloshin

. PLB 671 (2009) 82
» why are there states decaying to 2°S, and not

to 138 hadro-charmonium?
1

Y (4350) and Y'(4660) confirmed by BABAR on final dataset arXiv:1211.6271 | —

INFN .
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Y (4140), Y (4274) — ¢J /1) decay?
Observed by CDF in Bt — J/1p¢pK™ PRL102 242002 (2009) | updated in  arxiv11016058 |

Not seen by LHCb
Allowed JP¢ =0+t 1t— 2+ 382422 BT

LHCb
3 8- B'S o K 4
1154+ 12 B* events E p seen at CMS?
A CMS Preliminary \'s=7 TeV, L=5.2 "
°’;ﬂ 3 "g % g T T Data
4 E tree-body PS
gso g 3 g ™ v e oty s
La 3 8 g
£ 2 3
§3% L &
Sxn g 3 2
o o 2
S0 1 S
ey * 8
52 83 s ] L ; ; ; :
mJApoK*) [GeV/c 3 1 1 13 14 15
8 m(u K K)-m(u) [GeV]
o 10, o 10, o
3 Q 1000 1100 1200 1300 1400
3 b) 3 M(J/yo)-M(J/y) [MeV] CMS-BPH-11-026 }
S8 2 MS Preliminary, {5=7 TeV, |=5.2 tb™
o o PRD 85, 091103 (2012) g ' ' ' '
- " —) & 200)
560 5 g
84 9 LHCb g
T T 3 B*— JIYK'KK* 8 1000
2 2 z
T 3 . < 500
q q i ]
0 5 hl\ Iy : e
m o
0 1112 13 14 15 12 13 14 1. 5 8
Ml KK)-miat) [GeVich mip i K'l() M) [Gevich

1000 1050 1100 1150 1200
M(K'K) [MeV]
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Search for vy — Y(4140) — ¢J /1)

Belle searched for vy — Y(4140) — ¢J /1) PRu104, 112004 (2010)

al
No evidence for Y(4140) W [
. = F
set upper limits 2 6
oy - B(J/1h¢) < 41 eV (J =0) 5 @ Il
oy - B(J/9p¢) <6 eV (J=2) F: .
o FY(4140)
w o 2r
Find 3.1 o evidence for a new :l —" ]]m S I |
0 PR 5 Y T 5 SO I I RS |
structure... 42 4.4 46 48 5

M(dJhy) (GeV/ic?)

_ +4.6 2
M = 4350.6*4+0.7 MeV/c o BUS) = 6752 £ 116V (J=0)

M= 13718 £ 4 MeV Ty - B(J/9g) = 15107 £0.3 eV (J=2)

-
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Charged charmonium? Z(4430)* — ¢(25)n™*

Observed by Belle in
NOT confirmed by BABAR

PRD 79, 112001 (2009) |
PRL 100, 142001 (2008) e

o
— y(2S)r K moments
== J/ynK moments

B - K*y(2S)r~

quark content at least ccud

Events/0.01 GeV

38 4 42 44 46 48
2
My o5y (GeV/c)

0
38

43
My (GeV)

finds that its data can be described by
confirmed by a Dalitz re-analisis by K reflections without need for new

resonance
Belle PRD 80, 031104 (2009) J
Z(4430)" — J/ib7" not seen by either experiment
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More charged states in B® — yaqm K~

Two new peaks in xc17y invariant mass
reported by Belle Z;(4050)" and
22(4-250)Jr 7

»
o
o

40

events/20 MeV/c?
N
Y
o

4 # 4 m(Xes ) GeV/c?
.

1 PRD 79, 112001 (2009) |

Gy 8 again BABAR finds that data can be
described by K7 substructures without
introducing new resonances

Events / 0.024 GeV/c®
s
N
o

)

L R SO,
3.8 4 42 44
M (xym"), GeVic?

N UL AR AR AN AR RN RN RRRRR AR O

PRD 79, 112001 (2009)
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T(5S) — ntw T (ns)

3 0.6 5 ‘
Belle searched for non—B((:)) B((:)) decaysof g .| Re .
the 7(5S) 5ol «““m\\/\
02f-
The resonance parameters measured in 01| N ‘ .
Y(nS)rtx~ final state differ from the T T W W e
parameters measured in the ratio = oon
N =§ 0.010[~ ¢ y(rs)x :
o(eTe” — b — hadrons T 100 :
Rb — ( ) g 0.006 A Y(@Skx + +
U(eJre_ — /,L+M_) Z oo0s|- i
0.002} ' :2 t ! i
interference with continuum? non trivial 0.000 —— —
d . . 10.75 10.8 10.85 10.9 10.95 1 11.05
escription of Ry Vs (GeV)
PRL 100, 112001 (2008) l
Bottomonium partner of the Y(4260)7
PRD-RC 82, 091106 (2010) |
e anomalously large partial widths [(Y'(nS)77™)
dipion transitions are large also at the 17'(4S)
o F(r(1S)rtn™) =2 x I'(r(2,38)ntn™)

)
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T(5S) — m"m~ X: observation of hy(1P) and hy(2P)

o T T -1
Q ! Y(2S) ] 121.4 fo
2 40000 : : 2
© | ﬂ ; %
: 1 : ™~
g 30000F s h(2P) |
i1} ] ]
' ) ! {
20000 - L U BN 5 Y(as)
: ! Yap)
10000 |- ; ;
1 il 1
' l |
o filhy -"“. n.,.l i i I { il l-i A -5,-;,|-v L :
RO T MWl L) ALl |
9.4 9.6 9.8 10 10.2 104
- - - 2
Yield, 10? Mass, MeV /c? Signif. MRA(re 23, GaVic
T(1S) | 1052 £58+3.0 9459.42£0.53 £ 1.02 1820 I ,
=) A +4.5 Q or ++1.03 ¥ 1gniricance w
3/;b( IPJ)S 50.4 + 7,8::,1 (1) ,)898,i;)i5 16(;6_1 o2 c;(z) o Systematics
35 — 1 55+ 19 9973. 290
T(2S) | 1434 +87+6.8 10022.25 +0.41 +1.01 16.60 h,(1P) 550
T(1D) 221+ 7.8 10166.2 4 2.4 240 h,(2P) 11.2¢
hy(2P) 84.4 46,872 10259.76 £ 0.6471 55 | 1240
28 — 18| 151.6 £ 9.775Y 1030457 £0.61+1.03 15.70
= PRL 108, 032001, (2012)
T(3S) | 449451451 10356.56 +0.87+£1.06 850 intsibsiisahundi

INFN
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hb(].P) and hb(2P)

Deviations from CoG of ), ; masses
hy(1P) 1.62+1.52 MeV/cZ}

hy(2P)  0.48 1% MeV/c?

consistent with zero, as expected
PRL 108, 032001, (2012) ;

Ratio of production rates

spin-flip forh (1P
T = T[Y(5S) — hy(nP)zta] _ {0.407i0.079f8'_8$‘2 1P)

_ wI[X(55) — T(29) mtn] 0.78 + 0.0973:22  forh,(2P)
nospinfip  S(N)=1 S(hy) =0

Process with spin-flip of heavy quark is not suppressed
* exotic ?
° rescattering? Simonov JETP Lett 87,147(2008), D. Bugg, arXiv:1101.1659

No h, signal at Y(4S)
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Substructures in 7°(5S) — 77 hp(nP)?

Plot of invariant mass recoiling against 7+

> >
] w
2 =
— 12000[ S 17s00F
< 1oooof 3 15000}
@ sooof o 12500f
= =
~. eooof ~ 10000 F
o. o
. 4o000f — 7500
= -l- {- = s000
2000 _{_ _P + = 3
ofl 1 .}. I.}.LJ T 2500F
T*T ] -l-‘]' 1- of
-2000 ) ) )

10.4 10.5 10.6 10.7, 10.4 10‘5 1(:;.5 10.7

2
M(h,T), GeV/c M(h,m), GeV/c?
(P n ha2P)n e Almost all of hb(n.P) seem to be

My | 10605 £277 105007570 produced through intermediate
Lz, | 1047500, 137" states
Mg, | 10654 +£37) 106517373
Iy 209 TR 19+ 7Y -t +r—

= ST os H0.670.4 T(SS) —Z 7" = hb(nP)ﬂ- ™

a | 1390377002 16705706

¢ 18775770, 181750

PRL 108, 122001 (2012) '
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Z,(10610) and Z,(10660) in 7(55) — mtx~1(nS)?

e 9:43 GeV <MM(*r) < 9.48GeV  10.03 GeV <MM(x*rr) < 10.10 GeV 10,33 GeV <MM(x*r) < 10.38 GeV
. Y(s)m'n | ™ Y2s)ww | o
. -— ) - (25) I . Y(3S)mT
o~ 2 414 2 118
: ¥ 5
_‘Ei :I‘" jl1l
g g a8
3 = =
'h '; 1 _;’ M3
W Vot 04 oz [x] s . 12
(R, Gev/e oty . GevP /et o exty eV /ct
M2(n*m)>0.20 GevZ/c* M3 (n*m)>0.14 GeVZ/c? M¥(n*n)>0.10 GeVZ/c*

In all modes the two peaks have the same mass and width

Final state T(1S)m m T(25)n w T(3S)m n~  h(1P)r m hy(2P)w
M[Z,(10610)], MeV/c® 10611 +4+3 10609+2+3 10608 +2+3 10605 =277 10599757,
T[Z,(10610)], MeV 223+ 77750 242431720 17.6+£3.04£30 114750 ; 13 t;"’jg

M|Zy(10650)], MeV/c* 10657 +6+3 106514253 106524142 10654 +3%1 106517242
T[Z,(10650)], MV~ 163+£0.8%°° 133+33"10 g4+20+20 20013421 19+
Rel. normalization 0.57 0211529 0.86 £0.117503 0.96 £ 0.14750% 1.39 £0.37501% 1675 610

. 0.4-0.8
Rel. phase, degrees 58 +43°] —13+1357 941075 18?+§;+?2 181750

Large decay to both hy, (P singlet) and 7" (S-vector) R e )
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Z,(10610) and Z,(10660) quantum numbers?

Evonts /0.1
Evonts /0.1

Evorts | 0157

T wf 3 &
s S kb a
P P= t
b2 nf &
0% i 3
" o
403 0
30| 30|
20 20|
w0E 10F
— A b — o
1 45 a 05 1 0.5 a 05 1 F3 a
s 8, s, o
n arXiv:1105.4583 }

7w tn~ angular distribution favours J© = 1+

Since 7'(5S) has negative G-parity, the Z,'s would have positive G-parity

-
INFN .

C. Patrignani - Genova  PWA7 — Camogli, 23-27 September, 2013 24



Substructures in ete™ — wtn~J /1 at Y (4260) energy?

BES-III took a large amount of data at energies around the Y(4260)

The Dalitz plot of 777~ J/4 events at Soon confirmed by Belle in ISR
this energy shows a substructure 70
+ data
5 L 0 —r
% 50 — Background
4 9] - PHSP MC
8 40
T T 3 S 2 PRL 110, 252002 (2013) |
n
PRL 110, 252001 (2013) ’ g 20
G of
: . MRy
3.7 3.8 3.9 4 4.1 4.2
= . Mpax(m/y) (GeV/c?)
10 11 12 13 14 15 16 17 18 19 20 .
MFmJhy) (GeVicH)? and by an analysis of CLEO-c data by
M(J /™) peaks at 3900 MeV/ c? the Nortwestern group
100 ZC(3900)+? +om
— Total fit + Data M(Zi(asﬂo))ﬂe“ﬁt&ﬁ MeV
+-e+ Background fit 35( --- Phase Space
.- PHSP MC — Fit

Counts/10 MeV
8

+ [ Sideband

\

arXiv:1304.3036 }

|
]

Events / 0.01 GeV/c?

py %
3.7 38 3.9 4.0 : Yoo 5700
Mpae(m2/y) (GeV/c?)

14
L T

4000
Mpnax(J1y) (MeV)
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More: ete™ — mtm~h,,D*D*n* at Y(4260) energy
BES Il has clean h. — 7).

3= =
Z 3asf | ” _ 80 4-data - Zi(4025)
2 = - 0 & 70 —total fit - comb. BKG
%=3'1 - L -~ PHSP signal
S s > 60
s g ws
= & 50
= Lo
] 15 o 40
. 10 5%
. d $ 20
2 o o
2850 35 354 356 358 360 10

MY GeVie?)

402 404 406 4.08
RM() (GeV/c?)

|
z
Sw ”} m* | BES IIl also studied .
g MWM leﬁm ete™ — D*D*rt and finds a broad
o f L structure at threshold in the
ZZM invariant mass recoiling against the
VR e 7t at a mass 4025 MeV/c?
The 7t h. invariant mass shows a arXiv:1308.2760

: +2
clear peak: Zc(4020)" can be the same Z.(4020)"?
arXiv:1309.1896 |
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Conclusions

It's been fun to do spectroscopy in the past 10 years!

Every time people looked to an exclusive final state with quarkonia+light
hadrons in a different process found a new state

. and sometime two!

Some of these states might " disappear”, some will be recognized to be
the same state, but most of them are there to stay

If charged states will be recognized as resonances, they are manifestly
exotic

Interplay between experiment and theory to sort out what's going on

In the process we could learn how to handle QCD corrections a bit
further away from the easy limits

-
INFN .
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