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* Introduction

» Motivation
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> Recent observations of
(unexpected) new states
have been performed.

» Several resonances do
not fit theoretical
predictions.

> Many subsequent
interpretations of these
new states and methods
were  suggested to
analyse their structure
(HQT, chiral symmetries, 4-

quark models, bag model,

Lattice...)
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Motivations

BaBar is a B-factory:

1999-2007 = ~ 433fb" @ Y(4S) (on-
end of Dec07- end of Feb08 = 30fb

end of Feb08-6" of April08 = 15tb™' @ Y(2S)
scan around Y(4S) (25pb™ every 5 MeV)

» The main goal of the BaBar Physics has been the measurement of the sides

and angles of the Unitarity Triangle, and rare decays.

e B-factories have been demonstrated to
be also a huge source of cC production.

[6(e*e— cc) = 1.30 nb]

» The spectrum of Heavy Quarkonium
states is an ideal place to provide

precision tests of QCD.

Very accurate calculations are possible

using Lattice techniques.

M~1.5 GeV/c' is high enough to try to
describe QCD in term of NRPM.

Integrated Luminosity [fb™]

BgE}ar

L

eak data)
@ Y(3S)

As of 2008/04/11 00:00°

Total int. luminosity: 531 fb™ -

red Luminasity: 553.48/fb
led Luminosity: 531.43/fb
orded Y(4s ) 432.89/tb

A




* Production in continuum: se'e”— J/y X (C =+)
se'e”— . X(only J°=17)

» Production B decays: * b—c (color suppressed decay)

* open-charm and charmonium
(cs and cc meson, cqq baryons; cC +...)

charm and charmonium spectroscopy

B R e

bottornonium speciroscopy

The main goal of the physics @ Y(3S) and @ Y(2S) is the search of bottomonium

states and light Higgs.
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Belle: PRL 91, 262001 (2003), cited 412

CDF: PRL 91, 262001 (2003) PRL 93, 072001
(2004)

DO0: PRL 93, 162002 (2004))

BABAR? PRD 72, 054026(2005)
PRD 73, 014014(2006)

@ Final result from BABAR
on the study:

B PRD77,111101(2008)
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I

B—>XK, X—>J/\|]n+7.c_ %‘::_ T T T WW|.||||,
gsnz— _ 12~
R(Bo/Bi) =0.41+£0.24+0.05 Esn;— % 10
fof L T I -
; | ml.lH*L; L j minin;

AM =(2.7£1.6£0.4) MeV/c? B:oXK: |

860 1 o

.........

B’— XK"S
T 280

T D T T T e T R N A (N A
9.8 382 384 386 388 39 392 39 396 398 4 9.8 3.82 384 386 388 39 392 394 396 3.98
m, (GeV/c?) m, (GeV.

[
(=]

10F

I' < 3.3 MeV @90%cL

BF(B*—XK*, X—=J/ymm) = (8.4+1.5+£0.7) x 10¢  Narrow resonance!
Molecular model predicts R(B%B*)< 0.1
BF(B-> XK’ X-J/ymmm) =(3.5£1.9+0.4) x 10 What is this state?

<6.0x10° @ 90% C.L. 7




Final result from BABAR
on the analysis:

' '318' 385 39 305
[424 fb'] m, (GeV/c?)

lvz a7 214

15__"|"'-|"-'|"'-|'-

3.50

++++%

BECEEECE
m, (GeV/c?)

B'_X(3872)K:, X(3872) — JAy y

BF (B _X(3872)K*)x(X(3872) -J/yy)=
(2.8+0.8+0.2) x 10°

23.0+6.4 events measured '¢"‘
X 4
s’ x
PRD 74, 071101 (2006) e “\‘x\
PRL 102, 132001 (2009) .* APt
\‘ O’Q "l
First evidence for B'-X(3872)K:, s, e*"

X(3872) -y (2S) vy

BF (B -X(3872) K)x(X(3872) -y(2S)y)=
9.5+ 2.7+ 0.9) x 10°

BF(X(3872) — w(2S) y)/ BF(X(3872) —J/yy=
34+14




nr invariant mass study (X =J/wnr):

® it inv. mass compatible with p
=1=1; but:

forbidden J/yn®n®, JAyn®, J/ynm

@ Decay X(3872)J/yp against charmonium

hypothesis
 |=0 favored for X(3872)— J/ynn

2% =, BOoJhymnoKe "o, B~ JymnoK,
< itaftht 2 T
= 40H | . ! +
5 20} |1 B Voo
“10p PRD 71, 031501 (2005) |
035 385 30 305 38 385 39 3095

m(J/ym ) (GeVieT)
PRL 96, 052002 (2006)

| BO—K+X~(3872) |

m(J/ymn’) (GeV/ic)

No evidence
of charged partners

T
‘_—;i:
o
e,

..........................
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50

X(3872) yield per 20 MeV/c’

0

250 — X(3872) — J/yr'mw

200~ — - Jhy p (L=1)

r--|11
100 c-3'P,

-50 "

SR PRL96,102002(2006)

— Jhy p (L=0)

| Multipole Expansions for cc:

—e i ¢ 1

0.4

1 . . 1
0.6 0.8

rr Mass [GeV-/cz]

% JPC=1** (S-wave) or
% JPC=2 -+ (P-wave, p—wm interference)

12

events/10 MeV

hep-ex/0505038

256 b7

0.40

0.50 0.60
M(r') (GeV)

JP¢=1** (S-wave) favored

0.70

—_—
o

% 50 MeV/c”
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01’1

o]
S
e

- X—= Jhynrn

o%‘m
5,(6&

LT
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) 4 () 0.6 0.7
PRD71,07103(2005)

0.8
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BaBar studied additional 8 channels:
B*— D°D’K* + D*D°K*

BABAR:
PRD 77, 011102 (2008)

-1
B D'DK°+ D'D’k® D' DP°vand Dz 370
W (3770) X(3872)
|I|||||||| 7 'I| UL LR L AL L L e
NE” E_(c) ‘ q;(?:??ﬂ}_; Ng :iz_(e)# - X(3872)
|cé Eu 255 | B+—}EDK+ N g 125_ I Hllﬁ[]D[] modes _E
a8 2% i BABAR } S 10 BABAR j
< B9 f " 3 s |
9 910k |} il k M oe [ |
S s =i ] at AU ¥T[§fs:
O“LTSIE IR IS I IBAT A G2 5 39 392 59h 596 59 4
DD Invariant Mass (GeV/c?) D 1:’Dﬂ Invariant Mass (GeV/c?)
experiment mass (MeV/c?) Branching fraction
BABAR oy | 387511105 (1.67+0.36+0.47) X 10-B*
Only D°n 3875.2%7 0.8 (1.22+0.31+% ., ) X 10B"+
BELLE . p, 3872.6%,,£0.4 (0.73+0.17+0.08) x 10+

[arXiv:0810.0358]: Belle has recently reported a new mass value.

BABAR and Belle disagree on this analysis!
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o X(3872)-ypy = C=+1
@ No charged partner found for X(3872) = I=0

@ X(3872) quantum numbers

— Belle: J*=1+favored (W-p interference is not included)
— CDF: it mass distribution analysis and the angular

distribution study =» J*=1+ or 2+

@ What is the nature of X(3872)7?
— Hybrid?.... BUT m(ccg)>4.2GeV/c?
— Tetraquark?... BUT
No evidence for charged X(3872)
— Charmonium?... mass is OK for 2+ state
(n,, the 'D, cc ground state)
— Molecular?
« m(D" + m(D") = 3871.8 £ 0.4 MeV/c?
e Decays to X(3872) - J/wp, D'DY, J/yw
expected; but we observe X - @(2S)y
« Compatible with J* = 1+ assignment

Belle: arXiv:0505038
BaBAr: PRD 74, 071101(2006)
PRL 102, 132001 (2009))

BABAR: PRD 73, 011101 (2006)

Belle: arXiv:0505038

CDEF: PRL 96, 102002 (2006)
PRL 98, 132002 (2007)

» R(BO/B+) = 0.50+0.30+0.05 in Jy n &
s R(BO/B+) = 1.33+0.69+0.52 in D°D*°

° Am =2.7%1.320.2 MeV/c®in Jly n n
» Am =0.7+1.9+0.3 MeV/ctiin D°D*°

oM, =3871.4+0.6 MeV/c®in Jy
s M= 3875.1%+1.1 MeV/c® in D°D*®




s Y(3940)

s Y(M_eQ
s Y@ss”?))
4

=
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S Jhywes)
C

e @ Discovered from BaBar in ISR events

T === U I B ]
> SO? E e'e’ = V. Y(4260)=>J/Qrrm
S 20E BABaR YiaY( PRL 95, 142001 (2006) ,
S 605— 454 fb-1 E PRD 73, 011101(2005)
= E | e m,=4259 + 82 MeV/c?
2 S0 JC=1"
N3 § E I, =88 + 23*, MeV
0 30;_ } .H arXiv 0808.1543 (2008) -
2084 } #} NI + &4udtl  ° Confirmed by CLEO-c (scan),
ERR A R bR ; CLEO Il (ISR), and Belle
T T (PRL 96, 162003 (2006), PRD 74, 091104 (2006),
m(t I/ y)(GeV/c?) PRL 99, 142002 (2007))
BABAR update onY (4260) (prellmlnarY) @ No evidence for
m = 4252 + 6(stat) *> , (syst) MeV/c? Y(4260)-Tm+1¢, DD, pp
T =105 2 18(stat) ** . (syst) MeV (PRD 74, 091103 (2006) , PRD 76, 111105 (2007),
¥ B B PRD 73, 012005 (2006) )
No evidence for enhancement at ~4050 MeV/c?
reported by Belle (rre 9, 182004 2007) )
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events /(20 Mev/c?)

Search for Y(4260)-~DD, DD, and DD’

W37

100

30

o

Lh
=

3
Lh

o

td
=

| —
=

7

G3942) &
404

Limits on Y (4260)

(n

Cross section
o

=

L

————
_Combined |
DD, DD, D"D" -
¥(4260) ]

45 5 55 6
v s (GeV/c?)

PRD 72, 054026(2005), PRD 73, 014014(2006), arXiv:0808.1543

B(DD)

B(J /)
B(D* D)

| BI/gmm) =

B(D* D*)

B(J /1 )

< 1.0

34

< 40

at 90% C.L.

@ |f Y(4260) is charmonium, it should decay

mainly to DD, D*D and D*D*.
No evidence found!

What
Hybrid?
Baryonium?
Tetraquark?
Molecular state?

Is Y(4260)7

14




Eviden r Y(4 —>W(2

PRL 98, 212001 (2007)
298 tb!

—_
=]

Events / 50MeV/c*
1 1
--"“"‘::‘-5 1

M=4324+24 MeV/c?
[=172+33 MeV

4 I l I 4.5 5 5.5
m2HO)I/y) (GeVic?)

It was natural to search for the decay Y (4260)-y(2S)mm

e‘e requires this state to be J* = 1" =» overpopulated

Seems impossible to assign both as charmonium; but, there are two cC 1 states

which might mix to yield the observed spectrum

Y(4350) has been confirmed by Belle (PRL 99, 142002 (2007))

Belle reports another state: m=4660+12 MeV/c?, =48+£15 MeV

15




Confirmed by BABAR in B=J/QywK (347 fo)
B+ and B'BF’s measured separately

BYB+ in the Y-resonant region:
> RY =O_ 27 +0.28 +0.04

-0.23  -0.01

30 below the isospin expectation
~ The ratio is consistent with isospin
expectation in the non-resonant region

Similar to X(3872) from BABAR:
[PRD 77, 111101(2008)]

> R, =0.411+0.24 +0.05

X

To compare with...
cf. R,y=0.81+£0.05 £ 0.01;

PRL101,082001 (2008)

e
Vaoo B*— JApwK* _
?ﬂ: B
a B
> |
= 200—

‘l‘" -
1]
=
9
)
———
U B°—>J/l|le°
> 400—
()} B
E ! ‘
S
I A h
5 i BRER 1

38 R 4.'4"'4.'6"'2

1y, (GeV/c)
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BABAR

BELLE

Mass (MeV/c?)

3914.6*3%+ 2.0

3943 + 11 £ 13

Width (MeV) 342 + 5 87 + 22 + 26
BF: B*=>YK*, Y-J/yw (x107) 4.9*1° + 0.5 71 1.3 3.1
BF: B*->YK?, Y=J/yw (x107) 1.373 1.1 combined A

BF: B*— J/WwK* (x10+)

3.5+02+04

BF: B'= J/wwK° (x10)

3.1+0.6+0.3

e+\( e
¥ X 4""
* C.C el
S -
e’ e’

M:3914+ 3+ 2 MeV

I':23+ 10+ ;MeV
N.=55% 14+ , events

Signif. =7.70

S
T

=)
|

=]
T

Events/10 MeV

[a] (%] R on Do
T T

| N=552142 (7.70) [

D

BELLE
Preliminary

4,05 4.1 4,15 4.2 4,25 4.3

M{J 1y d
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Belle has reported a new charged
charmonium-like state in the decay:

B—Z K, Z/ =W (2S)IT (prL 100, 142001 (2008))

The reported mass and width are:
M=4433 + 4(stat) £ 2(syst) MeV/c?

I'=45+18  (stat)*3? ,(syst) MeV

)
Significance: 65/6@
N\

If this result is confirmed=2 first

observation of a genuine cCud
“tetraquark” state, since 1t 1s charged
and carries hidden charm

M = (4443715, 7 ) MeV/c?
M = (109+86_43 +57_52) Mev

PRD 80, 031104 (2009)

B 2 2/n4 ;
PRL 100, 142001 (2008) MVgg~ (GeV?/c?)

v K* veto

m,, - (Gev/ce:)




? BABAR search for Z(4430) 413 1o

® Search for the Z(4430) in the decay modes B"'—y11 K'* (*)

® Describe the KI1I' system 1n detail, since structure in the K1 mass
and angular distributions dominates each Dalitz plot

» Correct the data for efficiency event-by-event across the Dalitz plot,
and describe using only S-, P-, and D-wave intensity contributions

®* Project each K11 description onto the relevant WII' mass distributiony

to investigate the need for Z(4430) signal above this “Kir
background”

Mass resolution at m,: ~ 7 MeV/c* for J/WIr and ~4 MeV/c* for y(2S)11

=» no significant effect on any Z(4430) signal

~ ®) We use “y” to denote “J/\y or y(2S)” unless otherwise indicated

20
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s 1.5' iz ! s T e e !
my_. (GeV/c?) my_. (GeV/c?)

Clear backward-forward asymmetry 22




\ I K(1430)} 1D
Ll 1 X ] _1:...| /E_ﬁ.\n|

R

S ¥ 736, 48
m;, .- (GeV/c?) m,, g, (GeV/cY)
2 2
m,,, - (GeV/c?) m,, s~ (GeV/c?)

@ m,,, peaks at high values because of the asymmetry in the cosO, distributions
@ The K" regions dominate, and affect different regions of cos@w for J/y and w(2S) 3

@ The K* veto removes approximately half of the angular distribution at the Z(4430)




m

Istri

All K11 mass values

T ] E R T

Eu : Jﬁ+ _ i i "; I“Fl! |i :

2] Y 1 M b "E’.“ ' i b ]

e ! ? o §:

%sz—B-’D—) J/WTC-K&JF %C) zm—B —)W(ZS)T{ZK % (d)—_

=yl 4 i | :

E "lj"':'-_-.-‘"i.u'-.'l.n"'".f.'l_"""..'-._'.i.!, i L IquIJr| .ml 1|[|| ' -‘u_ ; HJ.H +| %..Jf“ +HHH E{%ﬁr + ﬁHﬁ%T}% ﬁ”, H,u m # %

N gﬁ T AR

o - ma I e T T Ay
J/\pn (GeV/CZ) \|J(2S)1'[ (GeV/CZ)

The K1I reflections reproduce the data;

no need for additional structure 24




m=4476+8
Four free parameters m,, FZ, N, and NKH kg | T=32416

% % T T M 2.70
% - % 400:_ All K:Eventql | %» _:
% 500 1Ly & o % p_c.g‘“ﬂ % %; T% ‘%‘ HH } ik %} \% # _
ke L b 1 3 2 : ‘% % %} ‘% -
gt ]

0 m=4483+3
[=17+12

% _® i % 400;_&:] :

E B K'(892) + K (1430) f l i E 200F K'(892) + K (1430) % 2.50

E 500 — # ] E ; : T Ti ]

2 T EE LA S A j % o

i - b ++ , 1 d ?.00g %} H % H% % 1 %} u g

Il e =

S P g 1T | m=4439:8

R G — T -2 P : I'=41+33

< 20[):— K veto __.l-..'-..-.':._-.'lj-.l'-'-'-l-l_.l' " | ‘H’ '| _!‘ e < :_ .K veto -  | 1.90

% ool | b h _,._-,"'_.-.-..--"-:-""' i % i l-l'ﬁ'l_;-:.';-lf--,‘.' % 100E %l ﬁ Hil b hg :

5 T ) lhl] TRt T ¢ : ] 5 = L7 | Loy Lok ]

= o Il.l- ++% N Lz oF JTml! . %}In i ++ | L |§

J/\pn (GGV/CZ) (G@V/Cz)

My, gy~

No significant Z,(4430) signal on 413fb...
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E.Prencine. oarticles.at. BaBak

Summary

|

)((3377_) 1" Tor2 "t 3871.80£0.?;5 2,3

| » |
Y(4350) o | 4961:13 - )'741:18

Z(4430) 91" 4443"°_  1091%

12

What about Y (4143)? BaBar analysis is ongoing. . 2



Backup slides




Effective cross-section

(o)
v

o (ete” — Hadrons)(nb)

BABAR

LA

%)
[=]
T

Center of mass: 10.58 GeV

ete > Y(4S) (bb) > BB

Y(15)
BB threshold
Y(29)
“ Y(39)
;. i‘. :,‘\.’ ] T(4S)
toy I T T T Ll ok S

0
944 946 10.00 10.02 1034 1037 1054 10.58 10.62

Mass (GeWcz)

Low Energy Ring

(new)

i Particle Dpta:mr

El.um;.ung
Rings

" Linear
Accelarator

* Electrons

Electrons

High Ennrqn_.r RAing
(upgrade of existing ring)

SLAC Site

Peak luminosity:
L =121 10¥cm?s’
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The BaBar detector

Silicon Vertex Tracker
Precision vertex reconstruction, dE/dx

Drift Chamber
Momentum, dE/d

3.1 GeV et
| 4=~

ENP&I;Igrimeter
PID, K/

low energy yeach for 1T °,

e ID, neutral hadron detection Instrumented Flux Return

1.5 T Solenoid L ID, neutral hadron detection

29



Hadron spectroscopy at the B-Factor

e+ %% e+ e+ / J/LIJ
ki ° AAAAN
C
\@ \ i
e @ Two photons e g~ Double charmonium <
production production
~ y ISR o c C_
NN\VM\N Y [ b V\% C
VAVAVAVA B
o S
. Continuum . q Production q

production C in B decays



Beyond Charmonium
Hybrids

H States with excited gluonic degrees of freedom

M Lattice and model predictions for the lowest-mass hybrid
« M~ 4.2 GeV/c?

Bl Dominant decay into DD*

Tetraquarks

H Bound states of 4 quarks

H Large number of states expected
Bl Small widths above threshold

Molecular states

H Loosely bound states of a pair of mesons
B Small number of states

B Small widths above threshold

Other possibilities

B Threshold, cusp, or coupled-channel effect

H Give a cross section enhancement which may
not correspond to resonance production at all




Discovered by Belle:

Ewents ¢ | 0068 Ga¥ |
(T R |

Candidatess 3 Mevic
—_ (%1 ]

B0 1'-

M,=(3871.2+0.5) MeV/c

NYITE

a0 : "
CDF Il l-io-l:-i i
1300] 2
] J-i §
q 1100 o il
1000/ [ el :
T L ¢
5L | RTINS R =1 _'E 40
b‘: L E
<
| ..--"‘ 200
M me'-r'c]
ol
365 570 175 3c355353 2,95 4.20 06 07 M 09
M -M . (Gevie® ;

Confirmed by: old
s BABAR yalue
» CDF
* DO

Belle: PRL 91 (2003) 262003
BaBar: PRD71 (2005) 071103
BaBar: PRD73 (2006) 011101

BaBar: PRD74 (2006) 071101
CDF: PRL93 (2004) 072001
DO: PRL93 (2004) 162002

39
m(J/ymn) (GeVic)

3.953.8

385 39 3.5
m(J/ ) (GeV/ic’)
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? X(3872)

Measured in X—DD:

Fvenis [ 0.25

AM(BY/B*) =

(0.2 +1.6) MeV/c?

*1"": DD* in a S-wave «< Q*
@ 2**:DDz in a D-wave o« g*°

o++

unfavored |

hep-ex /0606055

]

iy

Belle

is the momentum of D in the X(3872) frame
q'''_''''|"'I'_''I'"I"'-l"'l'("ll')'l"' JP len"d'f
10F M(ARTZ) 3
E:Er DATA 2_- 1” 9.8/7 S-wave
. 7
|:.:— _'.--'..- | / \ i r _: 1+ 39/7 S-wave
- . : -___ ~ .-r"f:"" -
O R = 1+ 2.5/6 S+D-wave
el AT — = [~
P P ~J o 5.9/7
|:| - D+ —]
] 2" 2.7/6
E Lo s | slanl s nll o 0, L 1
NS D6 D402 0 02 04 0B 0B 1
COS Dxiserz) — > Poo,
000 X
R RB872) =DDM 4574056
X(3872) -D°D% - o
Expected: 1.30 for a state proceeding only via D°D** 33



? Y(4260): Discovery .

PRL 95, 142001 (2005)
e Observed in ISR events

» Confirmed by Cleo-c (scan)
and Cleo Ill (ISR)

Study of J/ 1t *11 - production in ISR
* Yisg NOt necessarily detected

« Small mass recoiling against final
state

» Low missing transverse momentum
» Good benchmark channel ISR

b (2s)

M, =4259+8" MeV/c’

,=88+23"° MeV

.+ N=125#23  JPC_q--

BABAR

Events / 20 MeV/c?

 ere o YepJymime
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« Both Belle and BaBar data are re-binned (to calculate x ?) and sideband subtracted
« The BaBar data are normalized (x1.18) to the Belle sample (luminosity ratio is 1.46)
« The data distributions are statistically consistent (x *=54.7/58)

O Main difference is treatement of background

BaBar: PRD 79, 112001 (2009)
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