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Conventional mesons

The simplest colorless configuration with zero baryon number is gg:

e SU(3):
Q7 -3Q3- 81
quark and antiquark in color singlet configuration (gg)o
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the good-old light quark nonets
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Meson quantum numbers

The quantum numbers are determined from the relative angular
momentum L and the quark spin relative orientation §; and 5:

o P= (1)1t
o |[L-S|<JL|L+S]
@ C only defined for flavor-less mesons

-
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Naive picture of quark binding force

3
No free quarks found ot
binding force should become large at large a —
distances Lo /
" perturbative regime” l 1 |

Linear term c ’Ii ; 1
At small distance: I ’ H I“ ]
one-gluon exchange+ asymptotic freedom " DD' K[ ot

Coulomb-like term s

The "meat” is in-between!

)
INFN

C. Patrignani - Genova Cabeo School, Ferrara May 21-26, 2012 4



Naive potential vs QCD
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Quarkonium: charmonium and bottomonium

Heavy quarks —> non relativistic
relativistic corrections in bb smaller than in c¢ (?)

@ Potential models: Cornell (Coulomb +linear term)
but also

o Lattice NRQCD, pNRQCD: as, mp/me, lattice spacing, ...

ct or bb bound states: spectroscopic notation: n?>>*1[;

fermion-antifermion: P = (—1)*  C = (-1)t*°
¥(nS),T(nS) = n®S; no(nS) = n'S,
xqs(nP) = n*P, hq(nP) = n'Py
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Quarkonium physics

Decay widths:
above open DD or BB threshold dominant decay to heavy mesons unless
forbidden by quantum numbers broad states
below open DD or BB threshold, QQ annihilate to gluons (or virtual
photon) OZl-rule — narrow states:
o (nS),Y(nS) — geg, veg [~ %] or v+ [(T~ ~ %]
@ other states decay to ggg or gg depending on J odd/even
1no(nS), xqo(nP), xq2(nP) — gg
ho(nP), xe1(nP) — geg or gqg
o very few exclusive hadronic modes observed especially in bb
Radiative and hadronic transitions:
@ photon or gluons radiation from QQ state
multipole expansion if radius < wavelength
Spectroscopy:
e fine and hyperfine splitting (spin-dependent terms)
mass splitting between n3S; and n'S, depend strongly on as

)
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Charmonium and Bottomonium decays

e+
E>\/\/yVV‘<

e
only J'=1
Experimentally clean

u
¢ d
Cs
d
s Ca
a

2 [3] gluons T odd[even]

a suppressed

Dominant above DD

For bottomonium just
replace

b+ c

B+ D

ol
|

Radiative transitions

ol

cla ac

Hadronic transitions
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Bottomonium spectrum
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Exotic mesons

QCD can allow other color-less states with 0 baryon number:
@ glueballs
@ ggq — g hybrids
@ a variety of 4-quark states:

o molecules
o diquark-anti-diquark
e hadro-quarkonium

)
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Glueballs

Glueballs are bound states of gluons without valence quarks

12 -
0" -
10
@ masses can be calculated in LQCD
8 @ difficult to identify glueballs with same
JPC as conventional mesons
EG 6 @ can mix with gg states with same J©¢
@ states with exotic
4 JPC = 0%7,17%,37F expected above
4 GeV
11
2 @ Signatures:
e flavor democracy in decay
0 0 iati
- " o~ — e no radiative or vy decay
PC
Morningstar and Peardon, PRD 60, 034509 (1999) J
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Hybrids
Normal mesons have radial and orbital excitations

Hybrids: excitation of gluonic degrees of freedom (or angular momentum
in flux-tube model)

. . 4 2+-
Potential and spectrum also from lattice g o
1600 - - - — S 4.8
3
1200 = 14-
S 47
S 800
2
= 400 4.6 7
£ o -1
) 459 1
> . S
-400 0
-800 X =0.1575 —— 4.4 1-+
-1200 DD**
05 1 15 4.3
Abstand zwischen Quarks  (fm)
4.2 -
Juge, Kuti, Morningstar hep/lat 9709131 ) 0-+
411 e

Lightest ccg predicted at ~ 4200 MeV/c?
Natural preference to decay to J/¢+ pions

INFN
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Hadronic molecules

Weakly bound states of mesons (or baryons)

Difficult to make predictions

@ short range interactions between mesons
L = 0O states

@ small binding energy 100 keV = 10 MeV for heavy mesons

1

R=1f E =
m 2uR?

D((:))D((:)) a_nd E((:))B((:)) molecules should have masses close to
corresponding thresholds

@ large B's to final states with constituent mesons

Not all pairs of mesons will be bound — no need to find a new state at
each threshold
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Diquark-antidiquark (tetraquark)

qq behave as a color 3 and bind tightly to a g (color 3) to form baryons

gq behave as a color 3
=11=11

gq’ and §”g"” can bind tightly to form color singlets

-------

@ masses not necessarily close to threshold
@ many states, charged and neutral, a nonet for each spin-parity
@ neutral states expected to appear in doublets

@ decays include both open and hidden charm channels and (if
kinematically allowed) baryonium

-
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Hadroquarkonium

Compact QQ bound state or heavy hadron
"embedded” into an extended light gg’ meson

Decay by "undressing” to constituent heavy hadron
+ light hadrons Naturally explain

@ why some states decay to J/v and not to
¥(25)

o why decays to open charm/bottom are
suppressed
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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 of conventional quarkonia

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

C. Patrignani - Genova Cabeo School, Ferrara May 21-26, 2012 17
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Puzzling charmonium-like states

X(3872)

PRL 91,262001 (2003)

X(3940)

PRL 98.082001 (2007)

gy

[T

Y(3940)

PRL 94 182002 (2005)

It}

X(3915)
PRI,- 104,092001 (2010)

®

Y(4260)

PRL 95,142001 (2005)

Y(4350)

Y(4008)

PRL 98,212001 (2007)

PRL 99,182004 (2007)

Y(4660)

PRL 99,142002 (2007)

o

o g
M(z'TES)) (GeVic)

Z(443mt))- “

PRL 100,142001 (2008)

Z1- & Z72-

PRD 78,072004 (2008)

Y(4140)

PRL 102,242002 (2009)

_ Condidatosio Movict

M (GeVich)

X(4350)

PRL 104,112004 (2010)

bt andpen
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BABAR and Belle

The BaBar Detector

1.5 T solenoid

(superconducting)

Cherenkov
Detector

144 quartz bagg
11,000 PMTs

&= (9 GeV)
/

i) [ 0 1 2 3m

Samples [ Y(1S) | Y(2S) | Y(3S) | Y(4S) Y(5S)

& Basar 14 fb1|30 fb-1|433 fb-!| 3.2 fb~!(scan)
=) Belle| 6 fb-1 |24 fb-1| 3 fb-! (711 fb-! 121 fb-!

Large samples of Y(nS) and B mesons
also very large samples of charm mesons and charmonium:
* o(ete—ct)~ 1.3 nb

Charm meson and charmonium in b—c decays

* charmonium in ISR and yy processes

Low multiplicity, can reconstruct complete events

rimeter
6580 Csl(TI) crystals

e+ (3.1 GeV)

silicon Vertex
Tracker

5 double-sided
layers

Drift Chamber
40 layers

Instrumented Flux Return

18-19 layers

running at 7°(nS)
formation energy

""t
AN

PN
s .

o e,
Y(1S)  YQS)  YGS)

T(nS) resonances
T

" -.w.‘.ro-“"nxt‘,.

\ BB
threshold

. Yas)

944 946 10.00 1002

1034 1037 1054

08 108

Mass (GeV/c2)
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Charmonium at B-factories

B—cc K® ISR production
b_ - c
0 \% / f
W+
0, 1= or 1+ - —
u g 1 only \

two-photon fusion double ct
e’ e
T 1rst
U observed at > @) C=+ 1/2(p3)
Final B-factorie
state PPN

C=+,J=0,2 ¥y

(so far only J=0
observed)

et (pz)

ne(pa)or xe, (il

Experimentally clean environment

large cross section
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Common selection variables for charmonia in B decays

The B mesons are produced in pairs from 1'(4S):

5o E} should be equal to E},,,.(= Ecm/2)
Teron |- § = E
. Tilgg oan = D5 - T8 “BE| eFe —aq
. Mes AE=E,-E,
20 ~ B~ “beam M_’
goo T . ~300MeV/
0 MC.: }L AE Pz eV/iec
. Tt AL A 1. E . r 1 B e- R .
—7 ey BT SRR ]
s BEE R She S Ee N TG e R et ~NE e q_
J;=0 < P-wave I =1/2 > S-wave
@ mes: beam energy substituted
mass _
(also named mp. beam @ more spherical BB vs jet-like
constrained mass) cc or light quark pairs
o AE: difference between o different angular distribution of
expected and reconstructed the "thrust” axis
energy

-
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Common selection variables for charmonia in ISR or v

ISR: energetic photon radiated by
incoming e® lowers the CM energy
ISR cross section strongly forward
peaked, photon often undetected along
the beam pipe

@ low p: of reconstructed final state

@ missing mass M2 of
reconstructed final state
compatible with 0

06
(a)
0.

o

=

0

w

[

a0 W
W2, (GeV/e?P

77y reactions: virtual photons emitted
by beam particles, the outgoing e*
scattering angle depends on the
momentum tranfer

For quasi-real photons the scattering
angle is small and the scattered e*e™
escape along the beam pipe

@ low p; of reconstructed final state

@ large missing mass M2, of
reconstructed final state

03 (b)

025

0.2

0.15

NN ANRRNANANAANASRILNE

PR

P, (GeVie)
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LHC experiments

pp collisions at 7 TeV
(in 10-11)

High luminosity and pile-up

General purpose detectors
High p; regime

Low p; regime

! [ws] [Tor] L
s o

ALICE
Exclusive final states in high multiplicity environment

v
=
[=]
fra}
(]
[
e}
@
o
e
[
=
m
=
=]
[
(=]
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The discovery of the X(3872)

Narrow peak in J/1m 7~ invariant mass observed by Belle in
Bt — (J/ymtn™)KT decays

s | BELLE

30 [
s

20|

Events / (0.005 GeV)

0
3.82 384 386 388 3.9 3.92

M(J/ v ) (GeV)
PRL 91 (2003) 262001 |

-
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Confirmation of X(3872)

6000

coET—
_ Booo] || soom fgf\w L
Soon confirmed by CDF, DO & | ¢ reofhih ¥ m#’”@
in inclusive pp production oo
1000 :’

3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00
W Mass (Gev/a®)

Candidates / 10 MeV/c *

0.6 0.7 0.8

Cancldates 0 Mevic 2

M., (@evich)
8 08,1
-M_._ (GeV/c?)

e

&

BABAR in B decays

Events /(0.005 GeVrc?)

L
38 38 384 a8

i £}
388 39 392 381 396 398 4

my (GoVic)
b Eich z £
3wt o o
z ,., 3
§ o r -+ 2o
and later also seen by LHCb f ‘\ il M
.o . S Qi il i
and CMS in inclusive pp - | o
production o wk
3600 3700 u(-l?'vn‘ir) [ﬁ?w-:‘] , Se “ses 37 srs sa sfu.‘"‘“%:?” ‘\jlsll;e\‘/i’
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Mass and width of X(3872)

The mass difference between the X(3872) and the opening of the DD* is
crucial for the molecular interpretation

But also for other models since vicinity to the threshold affects
predictions for B's

)

CDF

BaBar B* H—em

BaBar B’

- Mass (average) = 3871.66 + 0.18 MeV/c?

Belle (arXiv:1107.0163)

T

LHCb (arXiv:1112.5310)

M(D°) + M(D%) = 3871.79 + 0.29 MeV/c?

New average 3871.66 =0.18

1213
I

MD?%)+M(D")

3867 3868 3869 3870 3871 3872 3873 3874
X(3872) mass [MeV/c?]

-
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The X(3872) lineshape

Proximity to the DD* threshold ' ' ' ' '

affects lineshape differently in Thpsse lineshape T T
! )
|

different final states if | i

@ cusp (no resonance) | il
molecule | ! DD lineshape
hadrocharmonium :

di-quark/anti-diquark -
| D"D’n"lineshape

Narrow — peak position shift

for J=2 e

Braaten, Stapleton arXiv:0907.3167 (2009) ) Dunwoodie, Ziegler PRL 100, 062006 (2008) )

Hanhart, Kalashikova, Nefediev PRD 81, 094028 (2010) )

%110
Lo [ i 5
" s =\ Ev = 03
P
* *
1o _ ~
20 |AE - EB Ebeam
o bt .
% 100 i
e sk -1 , AE
® MC: 2 'h =
C. Patrignani - Genova  Cabo School. Ferrara Mlng o 1 p

[¥]
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The X(3872) — D°D*0 decay

* Belle updated it's
first measurement
and find mass
compatible to J/yan

 Babar studies also
DD (finds no signal)
and finds a mass
~3MeV higher

* resolution |
* background modeling
* lineshape at threshold

PRD-RC 81, 031103 (2008)

605 fb' 48+11 ev

M,,5.27 GV
B2 oo o

M(D*D) (MeW/c) ] Il(hlk‘)
(P(3770) PRD77,011102 (2008) X(3872)
1 1 _
% F©) o “11(37|70)7 N;“ 1:_@)’ ‘ - ' & TxGsm) |
s Z 2 AllD D’ mode ]
S qm 10
% 15 E s )
g |l Boe T
- £ _
o u 2 | et
3}75 3.‘8 3:;35 v3f9 3:95 ;1 4.‘05 411 4A|15 42 '3.‘88

DD Invariant Mass (GeV/c?)

;9;0 593 504 396 598 4
D D° Invariant Mass (GeV/c?)

No X—DD°

347 tb! 33+7 ev
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Search for |-spin partner or neutral doublet

If the X(3872) is a tetraquark, it could be a member of a multiplet

(ca)(cq')
— search for ‘%‘0 B° % r %20 | i
states decaying to 540} H * *\I;* H . E | | | } H|
J/yprta® =30 + ** + * H 10 1 \ { {H
— search for mass 520_ 1 = + \ \ {
difference between = 1oL X(3872) i %ﬁ X(3872)
J/yprTrn~ from BT ol . . J ol L . ‘ ,
and B° 38 385 39 3.?5 3.8 385 39 3.95
M@y (GeV/c) M@ yTrT) ‘GeVicT)
PRD 71, 031501 (2005) |
No evidence, exclude I-vector hypotesis where
B(B® — X~ K")-B(X~ — J/ym %) _
B(B~— — X°K—)-B(X® — J/ym+n—)
INFN
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Belle: search for |-spin partner

E'M!/(UWZG'V]

Events / ( 0.002 GeV )

!809 (3872)°K],

521 522 523 524 525 5.26 527 528 5 B3

W, (Gev)

3

| B> X(3872)"K

s

=

o)

52 521 5.21 5.23 5.24 s.zs 5.25 5.27 5.28 3

M, TGev

Events / ( 0.002 GeV )

Events /(0.002 GeV )

o m W s wm @ N w

|

55735 5
WM(Jhy ) (GeV)

3

£

AP
88 3 81 3.
My ) (GeV)

PRD 85, 052003 (2012) ,

more stringent
limits

Rule out I-spin
triplet models?
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Radiative X(3872) decays: X(3872) — J /iy

Establish C=+ for the X(3872)

BABAR:  PRL 102, 132001 (2009) Belle:  PRL 107, 091803 (2011)
s R antand)
o T T o % 300
. 10 % C
o = 25—
2 o 20 i
E g 20f .
= LTI ] L ! L ,
sE ] 5;
3.‘8 3%5 3!9 3.&5 n:\ L L L
m, (GeV/c?) 375 3.8 395 4
. T BX = I/Y) 99 40,05
B(X = Jymtn~) BX = Jgmtn-)
Too large for charmonium?

)
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Radiative X(3872) decays: X(3872) — ¥(2S)y

BABAR:  PRL 102, 132001 (2009) |
Belle:  PRL 107, 091803 (2011)
15 ! T T T }
% (a) 0 Ea)
E 10 + * ;:3:;
E OWIHIT ?”n %ﬂi_%%_ fg 3
35 XS m, (GeV?f) %755
B(X — v1(25))
2.1(90%CL
BXX = 79(25)) _ 5,4 15 BIX 5 Jomin) © (90%CL)
B(X — Jyntn—)

BABAR result too large for molecular interpretation

C. Patrignani - Genova
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Quantum numbers: angular distribution

CDF: angular distribution of ff‘_' — ‘:“i”"“ ‘3"";1’
i p [ 3.2 ).
X(3872) — J1/J7T+7T7 PRL 98 (2007) 132002 | |:" Jlupg® 1112 13.6 0.26
1== Jfé(an)s 01 35.1 2.4x10~1
@ Allow for (7777 )s_wave and p 24 Ifptan)s 11 B9 55x10-5
contributions, with lowest e O s
P_Conserving L 3t Iff(an)s 31 08 38x107
3== JJi(am)s 21 41.0 2.4x10™3
@ Subthreshold 777~ = p I B T B RO
1=t Jiyp® 101112 5.4 4.1x10"°
favored 0=t T 1 §5x10717
_ R 0+= J/e(an)s 11 <1x10-™
o JP =27 or 1" similar X2 prob. Y A . <ix10-®
Belle's update: angular distribution
of X(3872) — Jyrtx~ from B 3
decays Possible assignment: g
z
o 1t PRD 85, 052003 (2012) i§
e JP =27 for a definite value of -y
0 04 045 05 055 06 065 07 075 08
a COmpIeX parameter M(xm) (GeV)
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The X(3872) — wJ/v decay
J/ymtr— 70 decay first reported by
Belle (unpublished) N

hep-ex/0505037 |
possibly sub-threshold w — large
[-spin violation

Events/25 MeV
©
T
|

B(X — WJ/w) o M:ﬁin”) (Mev) 70
=1.0+0.44+0.3
B(X — ntn=J/y)

confirmed by BABAR in both B° and
B*

Events/10 MeV/e*

PRD-RC 82,011101(2010) |
BX = wl/¥) 5103
B(X — ntm=J/v) 2
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Impact of angular momentum on w lineshape

e S-wave: P(x?) = 7% vs P-wave: P(x?) = 62%
o Negative parity favored: 2~ favored over 17
@ consistent with 1c2(1D)??

Events/7.4 MeV/c?

B, = ¢2/(1+R*p)

=== MC S-wave
— MC P-wave

078
m,, (GeV/c?)

R=3 GeV-!
Blatt-Weisskopf radius

0<R<5GeV! give
similar results

C. Patrignani - Genova

Cabeo School, Ferrara May 21-26, 2012
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X(3872) interpretation

o D°D*® molecule
natural explanation for mass
almost coincident with
threshold
D°D*0 decay
JPC = 1%+ (D°D*0 in S-wave)

@ Conventional charmonium
o xa(2P) (JF€ = 1)
radiative decay should be two

orders of magnitude larger
mass off by 100 MeV/c?

higher
o na(1D) (JP€ =271) small J/1~y can be
should have large partial accomodated
width to gg and small partial but
width to J/¢m ™ o too large ¥(25)y (if
mass off by 50 MeV/c? confirmed)
e Tetraquark: e small binding energy — large

radius, difficult to explain
production in high energy pp
or pp collisions

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 =39.193% + 2.0 MeV/c?

400

200

Exents/10 MeVic*

=317 +5, MV
B(B" — YKT)-B(Y = wiy) = (3.07557%%)-107°

400

200

Events/10 MeV/c*

B(B® = YK°)-B(Y — wJi) = (2.140.940.3)-10 >

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(3915) — J /1w observed in v~ reactions

Observed by Belle  PRL 104, 092001 (2010)
M = 3915 + 3 4+ 2 MeV/c?

=17 +10+ 3 MeV

Evenis/10 MeV

My -B(JYw) = 6141748 eV (J =0)
My B(JYw) =18+£5+2 eV (J=2)
% 25
Confirmed by BABAR Guttmann -MoriondQCD12 | E g
= 20
M =3919.4 + 2.2 + 1.6 MeV/c? S o
M=13+6+3 MeV [
[y B(JYw) = 5241043 &V (J = 0) £
M- B(JYpw) = 10.5+1.940.6 oV (J = 2) ot TR

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

If I,y = O(1 keV) (typical c€), then B(J/yw) > (1 —6)%
Limit for J = 2 hypothesis of X(3872): I',, - B(Jyw) < 1.7 eV

-
INFN
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X(3915) spin determination

Events / (0.314 rad)

* Define 0, : the angle between the two-photon collision axis and the positive
charged lepton in the two-photon rest frame.

Guttmann —MoriondQCD12 ’
3890 < m(Jyo) < 3950 MeV/c?

>, X<

]

v

18- efficiency
:i:‘ corrected = L dr 3 24

= o — = —(1 + cos
b _/ T Teosll 8( cos”8z) [1]
10 "

i R—— —

6 el =

‘ [ [ w0 [ = ]
2;

ok B4B4r preliminary x? 9.48 14.56

0 0.5 1 1.5 2 25 5 (r:d) P('X.Z) 14.8% 2.4%,

[]_] J: L. Rosner, PRD 70, 094023 (2004) |
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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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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

-
INFN .
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Y (4260) — J/ymm
BABAR searched for states decaying to J/¢mTn™ in ISR process

ISR production

\ f
L

1~ only \

did not find the X(3872) nor one of
its predicted partners but found an

Py e e Y P A |
38 4 4.2 4.4 46 48 E
unexpected broad state ) (Cevic?)

IIWLENT: By
L

A dEad iean 5]

Events / 20 MeV/c?

M = 4259 + 81% MeV/c? The hadronic cross section has a dip

B 16 at this mass
=88+237; MeV From the total cross section estimate

[ee - B(Jymtn™)=55+1.0198 v B(Y = J/yn7n™) > 8%
rY — J/yrntn=) > 8 MeV

)
INFN .

C. Patrignani - Genova Cabeo School, Ferrara May 21-26, 2012



Search for Y(4260) decay modes

The Y(4260) is not seen in the inclusive hadronic cross section
measurements

It has been searched (and not found) in
@ many exclusive D((:))D((:)) modes
@ many exclusive light hadron modes

® pp
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CLEO: Y(4260) — J/vyn*m~ and Y(4260) — J/¢pm07"

Confirmed Y(4260) in ISR

3850606-001

7
PRD-RC 74, 091104 (2006) | »F wl [ ves)
35k "
=
M = 4284757 + 4 MeV/c? gt :
=733 45 Mev gt
£
Fee - B(Jynn") = 8939 £1.8 6V . | I
3.8 4 42 44 46 48 5 5.2

M (n* n-Jiy) (GeV/icd)
Observed it also in the energy scan in both

J/pnta~ and J/¢mOr® o} @ | -
= . ﬂ:;n;J/w ofe*e’—nr Jiy)
40r o %% dy ]
B(J/¢rOx0 <
(/1/17_~__) ~1/2 © o }x ]
B(J/wﬂ- 0 ) - ; ""':*"“' e
3758 39 4 41 42 a3
as expected by I-spin 0 PRL 96, 162003 (2006) | Vs (GeV)

INFN .
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Belle: Y (4260) confirmed, plus new state at Y(4008)?

PRL 99, 142002 (2007) 80

Q
2
T

""" Solution | -1

----- Solution Il

Belle studied the Jim ™7~ final
state in ISR

Entries/20 MeV/c?
a
8

20

The Y(4260 is prominent

M(m’r;'J/w) (GeVic?)

width and e - B(J/¢mt ™)
depend on possible interference with
a new state at 4008 MeV/c?

n
S

-(c; 3

)

S
T
1

n [~3 B
8 8 &
T
p=3
=
Massalaasal

Entries/150 MeV/c?

Entries/60 MeV/c®
S
T
——
1
Entries/60 MeV/c?

o
e
C
o &
T
——
-
=
-

05 1 05 1 o 05 1 15
M(r*T) (GeV/c?) M(m*T) (GeV/c?) M(r*n) (GeVic?)

The 77~ invariant mass spectrum in the Y(4260) region has a peak
around 15(980)
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BABAR update: Y (4260) and study of mtm spectrum

BABAR update with the full dataset
Mass (Y(4260)) = 4244+5+4 MeV /c’
r(Y(4260))=114"12+7 MeV

[ xB(J/Um"n™)=9.2+0.840.7 eV

No evidence for Y (4008)

R B A B B e ]

x* n- continuum
H Interference
— — {,(980) companent
—— All components

Events / 20 MeVic?

il
PRELIMINARY

b 420807
. 04 0.5 0.6 07 08 09 1 1.1

min T HGeVie')

Non dominant £(980) contribution

B(Yipso—J/01p(980), fo(gao)—w+w )
B(Ypgp—J/ymta

=(17+13)"%

arxXivi1204. 2158

\ BABAR E
PRELIMINARY |

)
=

2
I

Events / (0.020 (ie\r’.’c’]

il | ks
33 4 42 44 4.6 4.8 5 52 54
m{T T GeV/ieh)

The 7" angle with respect to the J/v
direction in the 77~ rest frame is
consistent with S-wave — w7~
system has 1=0

fit the 777~ invariant mass distribution
as a coherent sum of NR + £(980)

mass dependence of £,(980) amplitude
and phase from D — ntn~ 7" DP
analysis
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Y (4350) and Y (4660) — ¢(2S)r

v [ .
2 i & PRL 98, 212001 (2007) r PRL 99, 142002 (2007).
s ~ C - 1
s f 215» H
1 3 =
2 [ : ] o10f

L oL

N g 8 [

e W

i . 5 5[

- ~Fk: wor |

C L L.""rv T 0 - S T R

4 4.5 5 5.5 4

mm)/y) (Gewcz) M (néﬁ5'\u(2 ) (G e5V/cz)
* 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
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BABAR update on Y'(4350) and Y(4660) — ¢(2S)nm

BABAR update using the full dataset, including 7°(25) and 7'(3S Use both

5: 3”% , —+ w2S) g
‘é 18E ; [ background =3
w16 =
£ 14 E
ERESS BABAR
= ooE PRELIMINARY:

= b1 3

o 3

£

SE

r)i—J.- LIRSt 5 8 ARRA 6 1 1 B

4 52 54 56 5.8

miyi28)m T W GeVicT)

Confirm Belle's Y'(4660)

Mass(Y(4350)) = 434041649 MeV/c®
T(Y(4350)) = 94432+13 MeV

Mass(Y(4660)) = 46692143 MeV/c?
[(Y(4660)) = 104+48+10 MeV

$(25) = J/prtn and $(25) — €0~

Prencipe — CHARM2012 |

—+ y(28) =11
[ ] background

©
T

Events /50 MgV,

L L

4 L 44 46 48 5 52 54 5.6 5.8
mOp (28 TN GeVieh)

- fa(Cl 0)

* Y(4660)

] Y(43‘60)

ABAR FRELIMINARY

statistics too low to draw conclusions

+

on w7~ invariant mass distribution
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Y (4140) — ¢J /1) decay?
CDF studied BT — J/4¢K™ decays and found an excess of events in the Ji¢
invariant mass at threshold PRL 102, 242002 (2009) |

Allowed JFC¢ = 0+ 1+~ 2F+

Updated in  arxiv:1101.6058

115412 B" events Y(4140) : 19+ 6+ 3evts (50)
i L M = 4143729 + 0.6 MeV/c>
0] M=11.7"%3 £ 3.7MeV

2 m(jllier‘)lee":I/c’l “"' ‘02 ‘lgssewc* 4 B(B+ — YK+) X B(Y — J¢¢‘)
BBT = J/poK")

= 0.149 £ 0.039 + 0.024

b)

o

@

X(4274) . 22+ 8evts (3.10)

-

M = 4274.47%% £ 1.9 MeV/?
r=323"3 £ 7.6 MeV

o

Candidates per 10 MeV/c?
=
Candidates per 10 Mev/c?

01213 14 15 01112 13
(KK )m(ut) Gevied mw o K*K) (i) [Gewc?]

)
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LHCb study of BT — ¢J/1¥K™ decays

LHCb searched for J/1)¢ resonances in BT — J/1)¢pK™T pro-RC 25 0003 (2012) |

Y(4140) : Expect: 359+ 6 evts

ol T _ -1
3 Iétfz/wk‘K‘K‘ £ =037 fb < 16evts (a)
3 1 382422 Bfevents < 13evts (b)
° B(B' = YK*) x B(Y = Jbd) _ -
itttetbdaach] G ¢ B(B* — J/uoK™) '
MK'K) [MeV] g 4
T 82 X(4274) : Expect: 53+ 19 evts
% Wl N LS ) ] < 24evts (a)
§ F < 20evts (b)
& »f g o M i
PN R (TR AP R ° 1000 1100 T200 200 1400 B(B+ - YK+) X B(X — J1/1¢) < 0.08
T o Hever ey B(B+ — J/¢YpK+)

-
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Search for vy — Y(4140) — ¢J/v

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

No evidence for Y(4140)
set upper limits

L

>

g N
Myy - B(J/Ypw) <41 eV (J=0) | l
My B(J/Yw) <66V (J=2) 2 .

'E 2 [Y(4140)

w C
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 BUjw) = 6722 £ 11 &V (J=0)

M= 13718 £ 4 MeV My - B(J/Ypw) = 15597 £03 eV (J=2)

-
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C. Patrignani - Genova Cabeo School, Ferrara May 21-26, 2012 51



Charged charmonium? Z(4430)* from Belle
“K‘ veto,!
e PRL 100, 142001 (2008) - SN
: % [ABIclIDIEl
o G S
S e St Horizontal @ @ s —~#&o .
> Aeins. CIIRFENE - By
QL ., 5 - eI band = 1 & A
% o é; BT
é " P Y = 5 § ,1-“3‘ :-/3. --,:: N {-
- "Ef-ZiMf‘?’?-*M4°\
g . “E 3 ‘jﬂ. - \Q/
" o5 s "
K*(892) K (1430) m2 o (GeV2/C4) § (Ge /c )
*
14306y 650 |M=4433EaE2MeV/d Kiveto

18 430
I'=43713 9 MeV

&

[
a8 408 a3 456 a8

my,q - (GeV/c?)

[B(B® - Z"KNB(Z~ — %(28)n~) = (41+£1.0+1.4) x 107°

first genuine ccdu “tetraquark” candidate:
charged and carries hidden charm

INFN .
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Search for Z(4430)~ in BABAR

Search in four B decay modes:
B_IUHJ.f";W Ko+
B70—y(2S) T K"

By2SmK',

[in the following v denotes J/y and y(2S) ]

« subtract background (sidebands)

« correct for efficiency event by even

B
* describe in detail the Kn~system 5 2
s structures in the K mass and ¥

angular distributions dominate
each Dalitz plot

L
1 2

Project each Kn~ description onto
the relevant yn~ mass distribution
to investigate the need for 7(4430)
signal above this “ Kn~ background”

2 3 {3
> 12y
my. (GeV/c™)

B'—JynK*

0 1 2

3
ml. (GeViich)

Bloy(S)mK-

PRD 79, 112001 (2009)
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"Square” Dalitz plot

'*&l T T o I o o T I BTN
[ =T
I [72]
[ a)f,p S D)
St . 0.5
0;:..' o+
g 10 10
g
el
-0.5P 0.5 - i
iy :
_1 [ Iy Y . 1 ] _1 L [ ' 1 L (] ]
! 1 15 2, 08 T 12 T4 T6
my . (GeV/c?) my .. (GeV/c?)
More backward than forward
)
INFN .
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K reflections and the Z(4430)~

B PO A | b d ARE L
my,,.- (GeV/c?) m, 6, (GeV/c?)

» m,, peaks at high values because of the asymmetry in the cosfy distributions
« The K" regions dominate, and affect different regions of cos, for J/y and y(2S)
* The K" veto removes approximately half of the angular distribution at the Z(4430)

-
INFN .
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K7 description: S, P and D wave intensities

Fit with S- (LASS), P-, and D-wave intensity

m(K*(892)) (K'(892))
(MeV/c2) (MeV)

Mode Events S-wave (%) | P-wave (%) | D-wave (%)

with being
equal

B-J/YmK: | 57231561 | 895.5:0.4 | 489410 | 15.7:0.8 | 73.5:0.7 | 108+0.5 }°°ml’aﬁble

B-JAm K’y 20985+393 | 892.9+0.8 49.0+1.9 17.0+1.6 72.5+1.3 10.5+1.0

ompatible
ith being
equal

B-y(2S)mK* | 13237+377 | 895.8+1.0 43.8+3.0 25.4+2.2 68.2+2.0 6.4+1.2 o
B-Y2S)mK’ | 5016+292 891.6+2.1 44.8+6.0 23.4+4.5 71.3+4.4 5.3+2.7

It is justified to combine the K’ and K* modes ‘

©10* ©10* - - E|
2 10 2 10 B s STk
L2 k2] " U]
=10} =10} 3
=1 =1
= =
2 10° 2 10°
B 7
g g
5 10§ 510
I ° Data 413 fb"!
— Fit resuilt
LY I - S-wave 1
o --- P-wave il
| L D-wave Al N
10 1 1.5 2 10 0.8 1 12 14 _ 16
2
my,- (GeV/c?) m - (GeV/c?)

PRD 79, 112001 (2009) )
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B — ¢¥(K~) S, P and D wave moments

The expression of the angular distribution for B—ynK is complicated
(see e.g. S. T'Jampens, Ph.D. Thesis, Universite Paris XI (2002), SLAC-R-838)

Integrating over the y decay angles: 5 observables, 7 amplitudes,
N = §%4 P4 DL+ PL + P2 +DY 4D, 6 relative phases

Complete Km amplitude
analysis of DP not possible
without making assumptions

+J§:[P+1D+1cos( 6P+1 —51>H)+P_1D_1 cos(é,,_l—éb_l)l

(PY) (PO \/7D0+\/_S0Dﬂcos(6 -5, -

(P))=5, POCOS(5SO—5PO)+2\/z:PODocos(épo—ébo)

JO(P+1+P )+ (D+1+D )]

(P;J)=3JgP0Docos(6P0—ébo) - SJ%’PHD cos( )+P D_lcos(é _50_1)]
(Pf) 37£D | —(D+1+D_1) For KT scattering

-
INFN .
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Legendre polynomial moments description of K7~ angular
structure

K assume only S,P and D wave

Ve %, > —NZ <P;>P;(cosB) ——+z N<P;>)P,(cosBy)

| Unnormalized moment <P,"> |

deos B

w] W [ves w] & [ves
S ol B IyrK" A 1 S I B gk ] 2 B> y(28)7K*"
= { 2 = 100 2 100p ]
3 P S oy s 2 Ht {}HH o
= i T 4 o £ i
v -so0f- 15 v v }
200
ook w <P1U> ] - 100) <P3U> ]
' | -400| . . .
E <P2U> E 500 E 200 E <P 4U>
1000~ 1 = Eh | ‘
x X = 100; =
;%‘ H’ :%. H‘ DQA;’ JAC:' o Lot *l,) i
i o H‘ ! 0 i n"}”ww it
‘ M) <P';‘> ‘ () <P‘ -100) ®<P>1 o (J) <% |
1 lei (Gev/ZCZ) 0.8 1 mK" (Gev/cz) 1.2 14 I.GmKl,;H(GeZ\//CZ)Z.Z 1.2 1.3 rln‘:(" (ctves\,/cz)lv(v
<P,%> and <P,"> dominant

PRD 79, 112001 (2009) .
INFN I
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Kn~™

Events/10 MeV/c’

Residual/10 MeV/c?

reflection onto the 17~ projection

10M events generated flat in cos6, according to the m, - fit function

» Weight each event using Legendre moments:

i normalized moment, obtained
from data by linear interpolation

wj=1+z <PiN>Pi(coseKj)

7

i=1

‘

2
i N i

[ Fiateosh, ' N . o [ . ' i Compare yr~
Imo:_.—Js‘Wn‘Kmnmcnts ; ++ ii St"m? TYV:EE;:&T‘T % ¥% dlStI'lbllthl’l ln
ST A b z N | data after
so0f W4 Fw Ty, 1 background
- 5 [ %!] subtraction and
. ‘ . = ‘ ‘ . W efficiency
P A s PV ' ' "] correction to what
B> JyrK (©] 2wl B> yS)K @] expected from
[ - W? z | %, ! | % @Hﬂ % | §? K~ reflections
Pt S ok { % % 'i‘% %%' : %‘% ‘}%\I Tl“ |
AR LRI L
i Lol + 1 | Km- reflections
£} i 75 38 768
my GV 1) w(ZS p Gev &) reproduce data
RO IELE® ] )
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Belle update on the Z(4430)"
Belle re-analyzed their dataperforming an isobar fit to the Dalitz plot

confirm large significance PRD 80, 031104 (2009)
23

width somewhat different LA
but compatible(large errors) 2
M = (4443H5+11) MeV /&,

el -
T = (109+8+50) MeV, [

80 207—

2
T
©
T

8
T

Events /0.18 GeVic"
8
T
—,
&
T

3 + -
°F +-+_ H+ 18 _

R TR T AR I T
WM e e 2 s

Wi'y), Gevie* 5 -
B(B® = ZTEF) x B(Z* = t(28)m hia [ et 1ttt ettt s
o 3.5 1 1.5 2 25 3
= (3275577 8)107°
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Direct data comparison

Uncorrected data in the K* veto region

3 %30; Belle (a) é

£ DB “ ; % t HH% E

E " | il | o, 3 ol TR ik A

gm || HWH { Hmm WHWMA “‘;‘gmé BiBiR (*l‘.18) \ ‘(b) E

- E(b) IIII b 22% MMH WM *{

" gm H % £ TN T

T YR
Bo it HIRI Wt e 2 :

38 | H miqjﬁiﬁjﬁﬂjgﬂmﬁlh Mﬁjs S E I
. ' m,, 6, (GeV/c?) 72;,;'4 . / 12 74 4.'67(0 ;/ K

* Both Belle and BABAR data are re-binned (to calculate ¥?) and side-band subtracted
* The BABAR data are normalized (*1.18) to the Belle sample; Luminosity ratio is 1.46

The data distributions are statistically consistent (y>=54.7/58)
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More charged states in B® — yaqm K~

Dalitz plot fit including all known K*:
K, K*(892), K*(1410), K* (1430),K* (1430),K*(1680),K*,(1780)

M(y,x), GeViic*

1 1 |
13 \D.slwwl Hutsmuuzuu

M (Kx"), Gevie!
K*(892)

I I
25 3

K*(1430)

Events / 0.2 GeV?

Events / 0.2 GeV?

V]

f
0 8L rrrrrr-.ﬁ'qﬂﬁr
14 16 18 20 22
50
455 (C)
2:D
35 =
305
25 =
20
15 £
10F
5E :
1416 18 20 22 °141a 16 20 23
M(x 7). GeV2 My "), GeV?

CL of the fit ~101°
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Zl (4050)+ and Zz(4250)+

40 —
35—
o =
'% 30 E = (4051 * 1473)) MeV /e?,
g 25 = (8221) MeV,
8 _nF = (4248747 19) MeV/c,
o 20
e 8 = (1771331315 MeV,
Jg 15 — ) .
o - with the product branching fractions of
w 10—
B BB — K- Z7) X BZ =7 y ) = (30417 x 1075,
5 B = K~ Z5) X B(Z5 = 1" ye) = (40723 197) < 102,
6

Y I Ry S v Ry Y

PRD 78, 072004 (2008)
M (x . m"), GeVic?
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BABAR search for Z;(4050)" and Z,(4250)% in
BY — Xc17T+K7 and BT — Xc17T+K5

Select samples with relatively large

and study DP for sign
background sidebands

al region and

24 24
purities 22 (@) (®)
)
..: 201
%
(@ b 80 (b) 218
o { £
> 2001 # 60 { Zef
2 3
= b € 1
W
ry 3 © }
100~ 1 1 1 1 1 L 1 1 1 1 1
E { ‘ } * | Jl 12 05 1 15 2 25 3 35 ! 05 1 15 2 25 3 35
H W&www § % *}m J'H% ﬁ mi(K™ 1) Gevi/c* mi(K™ 1) Gevi/c*
't
L ot ey a "
92 35 376 3.25 35 375
m(J/y y) Gev/c m(J/y 7) Gev/c? (o) W 2F (b)
= — ~
Channel 0seMeV) 0, (MeV/c)  Evens  Purity % '>3 20r
B — xaK mt (utpT)  696%034 2.60 % 0.10 980 793%13 ~ 18l
E“"}{,yK 7t (eteT) 7.81 £043 2.77x0.12 883 77114 :_
B — xaKdm* (ut ) 6.65+ 055 299 81722 % 16
B* — x K§m* (ete”) 7.52£0.70 329 71523 :E/
14F
ST I S T TII,
PRD 85, 052003 (2012) 05 1 15 2 25 3 35 05 1 15 2 25 3 35
' ). mA(K” ) Gev'/c* m(K™ ") Gev’/c*
INFN
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K description in B® = yam K~ and BY = yar ™ Ks

and weight each event by Legendre
YL0 polynomials
h <>

Lo dug M
W T
[ H?WMI+H+H f
b Lo | o e

1

)

Fit the K7 invariant mass
distribution to a sum of S-P-D wave

L
0.5 1.2 1.9 0.5

moo;— % (a)| 4oof \ (b)

RN
\ 5 h“{

~
&
<)

T

9

<YS>

L

events/20 MeV/c*
2
=]
T

5
: f% f i
o 2 oF t }} th i {
2s0f | tof ) | & T 1 MJHNMF 7“}“
o MW“( IthW&‘ﬁg& P }IHH f myh || wa s
05 1.2 e 05 1.2 1.9 c o f + il
m(K™n*) Gev/c¢* m(K%n*) Gev/c? F u <> F *
= = 2 B TR w‘.z‘ T he a2 1.9
;:a_n.“i,lrfp o:fawzv; ;gw::z 1?;:,;0 X;S:F fi: o8 o> o <r0>
Bt — y, Kdmt 424 %35 w:i;; 10.1 3.1 55/54 L Hl M H * J | |‘H { * {N‘
10.4£2.5 L L
ot i 0 iy
i “}WW{W A wm [
PRD 85, 052003 (2012) o } R PO P B
—— 05 1.2 1.9 06 1.2 19
m(Km) GeV/c”
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No evidence from BABAR for Z;(4050)" and Z,(4250)*

Use MC to predict reflections of K7 mass and angular structures in
+
Xc1T

No Z's with Z’s

I Mass and moments F

- Mass only ~
H\”_“OO ;
P [13]
= =
o
N o
W ~N
€ 200 ~
k4 [))]
@ -
[wt
L]
>
L)
OI 1 1 ‘ 1 1 1 L | 1 1 0 = el
4 . N T T
m(xe ™) GeV/c? 4 4.5

PRD 85, 052003 (2012)

-
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C. Patrignani - Genova Cabeo School, Ferrara May 21-26, 2012

66



New: Belle's search for Z(4430)*

M2(Jhy,m), GeV2ic*

AT T ST AT

05 1 15 2 25 3 35 4
M2(K.m), GeVZ/c*

I

K*(892

45

(1430)

M2(Jhym), GeViic?

in B— J/yKn

22

20

18

16

14

12

K.Chilikin — Charm 2012 }
4-D fit: M?(y), MUKT), 0y, by

C. Patrignani - Genova

Cabeo School, Ferrara May 21-26, 2012
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Signal model for B — J/¢Kn

S(si, Sys Pappres 0/0) = Z Z Ard) ¢(0,4)
¢=1,-1[A=—1.0.1

where
Sx — MQ{K:"'T]': Sy — MQ{J/TJ;-: ?T)a
€ - sum of lepton helicities, A - helicity of J/1,

* & Zt
Ay = A e s 4 2

K*® — K—a" amplitude:
* i a K * JK*
A = 3 oA (5,508 0,
KC
ZF — J/umt amplitude:

K.Chilikin — Charm 2012 J

z: 7 g% azt J(ZF) _iNg 1
Ay = E ay €00 A% (5,5, )dy N (0z+)e™" Farenrdy, | (Okceat),
AM=—1,0,1

Search for Z+ with quantum numbers J© = 0~,1%,2Pm
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Fit result: K7 projections

Wiy x) < 16 GeVic*
preliminary

16 Gevie* < M) < 18 Geic

preliminary

Events / 0.09 GeVic!
Events / 0.09 GeVic!

§|

E 5 aaiada A
05 115 225 3 35 4 45
WK x), GV ic®

05 115 2 25 3 35 4 45
M{K.x), GeViic*

Wiy x) = 10 GeVic*
preliminary

(3)

3
T

Events / 009 Gev !
3

good description of K7 projection

e K.Chilikin = Charm 2012 }
115 225 3 35 4 45
WK x), GV ic®
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Fit result: 1 projections

MK ) < 1.0 GeVic*
preliminary

(1)

]

1.0 GeVie <MK E) < 1.8 GeVic*

Slices
0
0

;

preliminary

Events /0.254 Ge\iic!
Events /0,254 GeViic!

ML ), G

12 14

18 18 20 22 0% 12 14 16 18 20 22
ME{hy,x), GeViic® My, GeViic®
1.8 GeVie < MK < 25 Gavie’ MR(K 3) = 2.5 GaVic®
1}1&0 — b 0y ——
<, prelimina 2 u preliminary _ :tM‘rK.m.Go\-"
S - (3) S o (4) No evidence for Z
=+ 1 <+
& & a0
St s
@ = 50
8 B« Belle:
0

K.Chilikin — Charm 2012 |

B(B® = z7kt)B(Zz™ — JypnT) < 81070

14

6 18 20 22 T T T BABAR : PRD 79, 112001 (2009) j
Wy, GeVeic® M by ), GeVeic

BB® - z7KkT)B(zT - JprT) < 41070
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T(5S) — n"m 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™)

)
INFN .
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T(5S) > nrnm X

Belle studied the inclusive dipion transitions at the 7°(55)

study of the distribution of the invariant mass recoiling against 77—

MMﬂ-*ﬂ-* = \/(Ebeam -

E7r+7'r* )2 - (5beam - 571'*77* )2

x10°2

2 1400f
. :é: 1200
Fit the large smooth background 2 1000
and subtract e
600
PRL 108, 032001, (2012) 400
200

Q S'E bTs 3 1'(; 10?25: 0.5

MM ), GeV/c®

C. Patrignani - Genova
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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
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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

arXiv:1110.2251
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More substructures in ' (5S5) — nt7~1(nS)?
Dalitz plot of 7(55) — 1 (nS)7 "7~ show horizontal bands

Plot of invariant mass recoiling against 7% (squared) vs invariant mass
recoiling against 77~ (squared)

11 243 GeV <MM(rw) < 9,48 GeV  10.05 GeV <MM(wr'r) < 10.10 GeV 10.33 GeV <MM(x*) < 10.38 GeV

Y(1S)n*m Y(25)nt o
T . Y(3S)n*w
- g - - L

$ m2 . " us l_;. 114 iv 18

2 ol s 8

A i fina

i E E

N g E)

?:. bl 7& E1I E M3

L i ™

102 u:nf n 71 "a-'a‘ z 108 o - o 4 e - . 3
(FR), GeV/d W ix'n ). Gev'/c Minny. cev /et
M2(n*7)>0.20 GeV?/c? M2(w*m)>0.14 GeV/c? M2(n*1)>0.10 GeVZ/c?

Exclude regions contaminated by photon conversions and fit assuming
contributions from

® Zu1,Zp2 (BW)

o NR 77~ (S-wave)

o 1(980) (Flatté) arXiv:1110.2251
o £(1275) (BW) -
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Z,(10610) and Z,(10660)?

Final state T(1S)n 7~ T(2S)r 7~ T(BS)ﬂ+7r_ h;,(lP)?r"'rr_ h;,(QP)?r*'fr“
M[Z,(10610)], MeV/c? 10611 +£4+3 10609 +£2+3 10608 +2+3 10605 +27] 10509777
[[Z,(10610)], MeV 223+ 7758 242431720 176+3.0+30 11473543 1371049

M([Z,(10650)], MeV/c> 10657+6+3 10651+2+3 106524+1+2 10654 £3+F1  10651+2+3
[[Z,(10650)], MeV 16.3+9.8%500  1334+33%50 84420420 209333l 947t

Rel. normalization 0.57 £ 0214513 0.86 £0.1173% 0.96 £ 0147005 1.39 £ 0.37709%  1.6+55+04
Rel. phase, degrees 584370 —13+13717 o+ 10tll 187HES, s

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

Large decay to both hy, (P singlet) and 7" (S-vector)

arXiv:1110.2251
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Z,(10610) and Z,(10660) quantum numbers?

Evonts /0.1
Evonts /0.1

Evorts | 0157

Evonts /0.1
Evonts /01

B8 ELB Y EE
o SR
Evonts {0157

BE&EB8BdE SR
T H S

£l
S

C Xiv:1105.4583
7atr~ angular distribution favours JP = 1+ AT

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

)
INFN .
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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

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

XYZ samples at B-factories have size of at most hundreds

For some of these states in some of these modes LHC(b) will have x 10
or 100!

-
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