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The BaBoaw detector and datw soumple

% BaBar is a powerful b factory: 467 million of BB pairs in
the total data sample

BaBar is also a c factory: 1.3 million Charm events per fb

OffPeak (10.54GeV) + Scan
above Y(4S): 53.9 fb!

Instrumented Flux Return

Solenoid (1.5T)

Vo Y(45): 432 fb-!
i * Y(35): 30.2 fb!
o Y(25): 14.5 fb!

S
T

Silicon Vertex Tracker

Drift Chamb
Cherenkov Detector rif amber

Electromagnetic Calorimeter
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_ ¥(4660)?
4600 -
; 3"Dy
ool Y(:g?%g Charmonium properties are
- ' well understood up fo
. Y“;%‘i%’l 2'D,2°D;2°Dy P(3770) (i.e. about the DD
s000F __atp, 23P23P123£Z(3930) L L cc states above open charm
> L X39402 Tl e PD, P e threshold are expected to
C ss00f —Frp, xes;? have significant width values
# g o, T and to decay mainly to open
= s600F o pp o TP charm channels
: rP, But the X(3872) is narrow,
e and there are too many
Z JP¢=1- states, which don't
et » s, seem to decay via open
sooof. 18 — charm modes;
B =0 .
G TR (I R T Interpretation not clear
01 10717272 t2-§ 3 g4
g PC
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The X(3872)

LT

V. Santoro

PHENO 2009 Symposium




The Discovery
Discovered by Belle in B -> J/ymt*rt K; confirmed by CDF, DO and BaBar

Narrow ([<2.3MeV) particle with mass m(X)=3871.4+/-0.6 MeV/c?

Phys. Rev. D 71, 071103 (2005) Phys. Rev. Lett. 93, 072001 (2004)
Phys. Rev. D 73, 011101 (2006) Phys. Rev. Lett. 93, 162002 (2004)

o~

-3 3 N\: 40 o 1 o o 800 DO
o 30p= > 5000 2100 2 |
S § 30 . | 2000 © 600
w2 Saccol 1 1900 Lyt b | S :
g <20 7 " T B
e - 2a000f || "%%% 385 390 398 5 '
g’ ) § ! 2 |
— 5 | o |
21c 5 1071 82000] |y x| 2% }
w N | B | B 1000+ Jy x'x R e !
TTef MWL | 38 385 39 39 0 ag, 07 g8 03 .
.82 3.84 386 3.88 39 3¢ 2 . . T
M(J/ vy nirt) (GeV) m(‘]/\ymt) (GeV/c') 3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00
Jiyrx Mass (GeVic’
Phys. Rev. Lett. 91, 262001 (2003) v e (e
BELLE & BaBar - COF & DO -
peal my
X(3872)—D)
: | @ '
e ~~.
©
: “Exclusive “Inclusive
Production (B decay)” Production”
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Fealuwre: mwtn~ mass

hep-ex/0505038

X(3872) yield per 20 MeV/c’
- e NN
8 &8 8 8

g o &

0.50 0.60 0.70
M(n'n) (GeV)

CDF Il 360 pb"

- Jiy p (L=0)
[ - 'Jup,\(l_:”

Multipole Expansions for ¢Z:
'S

L 3P x5
i 4

- X(3872) — Jivx'% +

0?4 0.6 ,
mt Mass [GeV/c']

Phys. Rev. Lett. 96, 102002 (2006)

0.8

/Belle and CDF analyzed the m*m mass
distribution from X -> J/y mm~

/Both seem to favor a "p-like" shape, with
J/y-p in an S-wave

v Shape in BaBar is similar, no attempt to
fit

vDisfavor Charmonium interpretation; not
if itis 2~

106 fb1
e 15
J pro
> (a) X(3872) )
§ 10
~ 5 ’ ‘ ‘
L
::) | —— —r
O = S — | N P B R
0.3 04 0.5 0.6 0.7 0.8

m_m((}cV/c:)

Phys. Rev. D 71, 071103 (2005)
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Phys. Rev. Lett. 98, 132002 (2007) BT T
450 iy :
CDF analyzed angular > moﬁJcc’(sgf?)l [c08(0,. )1 eos(a )
distribution of daughters,and ~ Zsop | |
tested against various JP¢ coof I
assignmen‘rs S 260f- i """
Angular analysis compatible with 2 zof #
both 1** and 2+ R I e et
® | e
X2 prob.(1)=27.8%, (2-*)=25.8% & . =
Method tested using o a3
0—+— : — :
P(2S)->J/1pme decays 27" 9063 115 w2 0063 115 w2
i 0063 115 x/2
A @ -nf - 7/2]

lcos(8,, )| > 0.6

[cos(6, )|
>0.5

jPC'

\2 prob.

Angular analysis from Belle favours 1** disfavours

O++, 0-+’ 1+
hep-ex/0505038
If charmonium:

Ne, (11D,) -> 27
X (23P) ->1*

0063 115 .

27.8%
25 8%
0.02%
5.510°°
3.8.10°°
3.8.107°
381075
2.4.10°°
1.1.10°%
4.1107°
351017
<1.10"20
<110 20
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o DD decays

- _ 605 fb!
Belle discovered X(3872) in B-> D°D°n°K = | -
Found mass 2.0o higher than W.A. for X(3872) i -

Phys. Rev. Lett. 97, 162002 (2006) i
Recent update confirms D°D°* decay , [
(8.80)Compute m(X)=3872.6 +0.5 +0.4 MeV/c? - . |
5!2; DO ., Noy0
i
arXiv:0810.0358 3
g |
BaBar search: Ay S S s S Sk ko
. . A M(D"D) (MeVie?)
c%nﬁrms*)é(3872) signal (4:90) —— ‘
D° and D"® masses constrained to the CLEO
values v ‘ X(3872) -
m(D%)+m(D™) =3871.80 + 0.37 MeV/c? S __
Fitted X mass: 3875.1+0.7 -0.5£ 0.5 MeV/c? SE? | ~
Ratio of D°D°n%/D°D% matches D®* expectation Z al Ll ol
Mass ~4.50 above X(3872) ! J,,:ww’lv::..k

Angular study inconclusive

L e | e .

o TP | YW ST § Tl S SV S,
39 392 394 396 398 A

Phys. Rev. D 77, 011102 (R) (2008)

D 'D° Invariant Mass (GeV/c”)

V. Santoro PHENO 2009 Symposium

8



e Radiative decovys

= Radiative decays may discriminate between n,, X.;(2P), and DOpO*

Electromagnetic transitions for charmonium:  Radiative decays of the DD molecule:

Ne; (11D,)-> w(nS)y forbidden (M2) Decay to J/yy is possible in vector meson
Y1 (23P1)-> [T/ww(2S)]y allowed (E1) dominance scenario
Predictions for relative rate varies, but are W(2S)y proceeds via annihilation, highly
of similar order disfavored
'Sl()”"”"""”"" o8 ,_'515' "f""'_:
2 23.0+/-6.4 RS 25.4+/-7.3 ;
% ev:nts ‘ % events | -
= 5 = I
o ) } 424 fb! o
g bl ot 102, 132001 (2009) £
- [y | <
M @0
| N TR TP IR B 1
3.8 3.85 3.9 3.95 ’5..1....1....1....1.
n]x (GCV/CZ) 38 3.85 3.9 3.95

m, (GeV/c?)
X(3872)-> P(2S)y (3.50)
Measure: BF(B*-> X(3872) K*, X(3872)-> J/y vy) Measure:
=(2.8+/-0.8+/-0.2) x 10°® BF(B*-> X(3872) K*, X(3872) -> {(2S) vy )
Consistent with previous BaBar measurement: =(9.5+/-2.7+/-0.9) x 10
(3.3+/-1.0+/-0.3) x 10®

X(3872) -> /¢y (3.6 0)

Ratio of BFs: (X(3872) -> {(2S) y)/ (X(3872)-> J/P y)=3.4 1.4
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e Summary of X(3872) Properties
Narrow with mass m(X)=3871.4+/-0.6 MeV/c?
Observed in X(3872) J/ynm, dipion mass is “p-like”
Also seen in decays X(3872) -> D°D°" and X(3872) -> J/y y, Y(2S)y
Spin-parity identified as either JP¢= 1** or 2+

Charmonium Hybrid Tetraquark State:
Lightest mass prediction m(ccg) > 4.2GeV/c>  No evidence for charged partners

Conventional Charmonium

Xe(23P1) (1) or n(11D,) (27

X(3872) is narrow and for unnatural spin-parity
cannot decay to->DD

Not expected to violate isospin, X-> J/{ p;
Near D*°D and J/yw threshold, -> isospin
violating decay could be significant

Mass is ok for n_, but would expect ->J/ y to
be suppressed

Mass inconsistent with predicted x_,(2P)

DOD%* Molecular interpretation:

m(D°) + m(D%") = 3871.8+/-0.4 MeV/c?
Decays to X(3872)-> J/y p, D°DY, J/Y w
expected

Compatible with JP¢ = 1** assignment;
Mass shift [which BaBar measures] not

expected
Expect X-> {(2S) y to be suppressed
Successful predictions vary by model
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2 Discovery of the Y(4260)

BaBar discovered in 2005 in J/ynn events after ISR (233 fb1)

PC — - - o] 40' L |

J 1 g B N} - e C T T T T 1

> i

S [ 0 1]

Phys. Rev. Lett. 95 (2005) 142001 o 30— . 3
E--q-.. B ?_u: ' e

,,E B m?' +|rmiﬂ1rt11+ﬂ+ HH fiy Hflﬂ”i”ﬁ i

Broad structure Y(4260) Ezo__ I ‘ R T s

m, = (4259 = 872) MeV/c’ 10

T, = (88 +23"°) MeV

‘“‘__ E —

i &

—=
]

=5

=1

[

=

‘o1

[—

m(n*rr]f W) (Gercz)

Confirmations from CLEO-c, CLEO-III and Belle with some spread in
the resonance parameters.

All the 1~ slots in the charmonium spectrum are already filled
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preliminary
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Events / (20 MeV/c%)

— )
Yl

| | .l...l..AI...l‘.“.l..AI.
9S4 42 312 46 48 5 52 54

m( ) (GeVie)

soF T S T
o 60 I~
S | BaBar result
[0) =1 =1 = Solution ||
s
& 40
5
(0]
=
€
L
20
0

M(r " Jy) (GeV/c?)

arXiv:0808.1543 Phys. Rev. Lett. 99, 182004 (2007)
00 CLEO-c J/‘lp.Tl:"'Jt' = 1o State M. MeV/c? Ciot, MeV
5 . 0.0 — -

= o 'y ofe’e —nn Jy) ] Jpa'a® =510 Y(4008) 4008 + 40+111|226 + 44 + 87
2 40t 0_0 .
a "o Jy ‘ 2 e
= F Q Y(4260)| 4259 +8'2 | 88+ 23*9

20+ * 1 (wta)/(af70)=2 — =0 '

0 : * Sl Q Y (4260)| 4252 +6"3 105 + 1814

37 38 39 4 41 42 a3 Y (4260)| 42847 f+4 | 7355 +5

Vs (GeV) ¥ v (4260)| 4247 = 12737 [108 £ 19 + 10
: T
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Seawvchfor the ISR Y(4260)—any (2S)

Y(4260) discovered in ISR x*wJ/p. How about wrmy(2S) in ISR?
Search for Y(4260)-> st'my(2S)

v T T v v T v T v T v T T
I I | 1
=

* Data
wune Y4260 + BKG

w— New resonance + BKG
[ ] BKG (non-y{28))

S
L] I 1 L]

Events / 5S0MeV/c?

298 fb!

4 45 ; 55
m(2(xOINY) (GeVieh)

Single resonance fit => mass=(4324+24) MeV/c?, T1'=(172+33) MeV
Incompatible with 1(4415) (Prob=2.0x10"°); Poorly described by Y(4260)

Prob=4.5 x10-3 that the two structures are the same

Phys. Rev. Lett. 98 (2007) 212001
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Belle’' s resudt

Belle confirmed the
observation of the
Y(4360). In addition
BELLE reported a
state around 4660
MeV.

-1
on

Entries/25 MeV/c?
o (-

8 4.5 S 9.5

ISR "y (2S) 548 fb-!

: Confirms the
-BaBar result

: ,, . enhancement in BaBar
- | spectrum

|-|n=ﬁn

M(r* T w(2S)) (GeV/c?)

State | M, MeV/c?

Y(4325)] 4324 + 24

g

Y (4325)| 4361 +9+9

Y (4660)/4664 + 11 =5

... MeV
Phys. Rev. Lett. 99 (2007) 142002
172 + 33
74 + 15 4+ 10 Analysis ongoing at BaBar to
confirm the Y(4660)
48 + 15+ 3
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&Y Possible interpretation of the Y (4260)
There are several theoretical interpretations
that have been proposed:

* ccg hybrid state. Shi-Lin Zhu, Phys. Lett. B 625 212 (2005)

e the first or
antidiquar

— Expected

— J/prnd, I/, 0+% g o1 2

oital excitation of a diquark-
< state [cs,CS]

— Dominant decay Y(4260)->D D,

Y(4260)->J/UYFO [ maiani et al. ,Phys.Rev.072 031502,2005.

* Baryonium state

— Predict 2
(neutral)

new resonances (4330)(charged) (4560)

C. F. Qiao , J. Phys. 6 35 075008 (2008)

V. Santoro
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7 The 2(#430)
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The Z(4430)-

V. Santoro

PRL 100, 142001 (2008)

Belle claimed a new charged charmonium-like
state in the decay:

B>ZK, Z>y(2S)

The reported mass and width are:

m=4433 + 4(stat) + 2(syst) MeV/c?

r=45+18 (stat)*3° 5(syst) MeV

-
-
T

m?, ).~ (GeV?/c?)

121 £ 30 events; significance 6.50

If this result is confirmed first
observation of a genuine ccdu
“tetraquark” state, since it is
charged and carries hidden charm
Maiani: 0708.3997 (hep-ph) ,
Karliner & Lipkin arxiv: 0802.0649

m, ), (Ge
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| Search for the Z(4430) with 413 fb! in the decay modes

B—>J/YrrKO,
BO>J/PrrK?
B> (2S)mrKC,
BO>(2S)mrK*

*Describe the Kt system in detail, since structure in the Kt mass
and angular distributions dominates each Dalitz plot

*Correct the data for efficiency event-by-event across the Dalitz

plot, and describe using only Krt S-, P-, and D-wave intensity
contributions

*Project each Kt description onto the relevant - mass
distribution to investigate the need for Z(4430) signal above this
“Kmt background”

We will use “” to denote “J/ or Y(2S)” unless otherwise indicated

V. Santoro PHENO 2009 Symposium




All K mass values

T T I T T T T I T T T I: l T T T T T I T T T I T T T I :l T T

o - ---- Flatcos, : 1 o« L e Fl?‘ cost b
L1000~ _ : (a) 1 20 — W(2S)1 K moments

> L — J/ym’K moments > =mw JAYTK moments ) }

0 + 0 - L l| 1

2 il | gy -
= . = L5t 10 T 3R

- SOO : % — M' ’1'-““"--._1 " ‘-"

e W - Y - = 200 E I‘ o oI, |} —
vl | ' 7o | .

= = I aim '"1 29 l" T : '% \ |
o [ v * : \ %
') e ' N

i i # : g

0 1 1 I 1 1 1 1 I 1 1 1 I: ' 1 1 b 0 1 1 1 I 1 1 1 I 1 1 1 I:I 1 1 ] 1 1 1

B Iy K" i

- (0):
4] ﬂ i g i ||l'|.mh % l

'% '% - 0’+E%

2 |
;; 0 l” i i r"'"'!""""" _J,.,_. e |,]||||]1 " % 0’% '-.".-."...!..".l H %
=T AUERE R E I

3.5 4 45 38 4 42 44 46 48
my, - (GeV/c?) m,5),~ (GeV/c?)

The Kn~ reflections reproduce the data; no evidence for additional structure
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. g it to-thevyn distribution
| Four free parameters; my, I';, N5, and Ny~ ..

No or 2 tooo[-@ B k" 1 2 o ssvesm® 1l
negative g : All Kn™ Events é : : g 400___ All K=" Events { I } ; n;_‘==434216:;8
signal |Z£ _F : 1 2 G }{ { { H A1 2.76

(&7] B . = L :
= R Y A [ #
! :
0 0 :
% ) ) § ‘“";_(c) -
Noor |2 | K'(892) + K (1430) 1 2 F K'(892) + K (1430) } | “11_‘=“117831"f
- B - . — = L A - ), =17+
negative [Z soo— 1 2 Ej} 1 }{ 2.50¢
| P RE Ty
\ 100 =
: i ]
N - N 200 M ' ) —
Noor |3 z  F ]

. = = C 1 m=4439+8
negative o =) n 1 I'=41+£33
signal |z R 1 1.9

15 45 . 3.; 3 a2 vy a6 ,.;.s
- 2 - 2
my, .- (GeV/c?) m, s~ (GeV/c?)
We conclude that our analyses provide no significant
evidence for the existence of the Z(4430)
V. Santoro PHENO 2009 Symposium (21
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- ¢ Suwmumaowy of BaBow Z restdity

e B->J/PYmK (mass & width free) no BW signal is
obtained
* B>y (2S)rrK (mass and width free):
— Shifted mass enhancement for all Krt mass values
— m=447618 MeV/c?; =32+16 MeV, signal size: 2.70

— Shifted mass enhancement in the K*(892) and
K*,(1430) regions: m=4483+3 MeV/c?; [=17+12
MeV; signal size 2.50

— mass enhancement with the K* veto (BELLE
SELECTION)

— m=4439+8 MeV/c?; [=41+33 MeV; signal size 1.90

arXiv:0811.0564
Accepted by PRD
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v' Charmonium spectroscopy has been revitalized by the

discovery of many new states above the open charm
threshold.

v A review of some of these new states has been
presented.

v' Many experimental results have been shown, with just
enough data to whet the appetite, but at a statistical
level which does not permit a clear understanding of
the observed signals

v As always, more data are required, possibly from LHCB,
but more reliably from the proposed SuperB projects,
should they materialize in the future
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