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“.. this is not about making honey...”
Bill Clinton, announcing funding of the B(ee)-Factory Project at SLAC




The Discovery of 3

» 1974 Nov.Revolution: SLAC & BNL discovered independently thé& vy

particleprL 33 1406 (1974): PRL 33, 1404 (1974)

» This discovery was another potent@idencdor thecharmquark
» Strongconfirmationof thequark model
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» JAy can couple directly to virtual photons produced‘im collisions

e BurtonRichter(SLAC) & Samuelling (MIT) wereawardedheNobel Prize
in 1976 for the ¥/ discovery
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Th e d iscove ry Ow, PRL 33, 1453 (1974)
V' =yt

Discovery of a Second Narrow Resonance in e’e Annihilation*¥

G. S. Abrams, D, Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek,
J. A. Kadyk, A. Litke, B, Lulu, F. Pierre, B, Sadoulet, G. H. Trilling, J. S, Whitaker,
J. Wiss, and J. E. Zipse
Lawvence Bevkeley Labovatory and Depavtment of Physics, University of California, Bevkeley, California 9472
and

J.-E. Augustin,§ A. M. Boyarski, M. Breidenbach, F. Bulos, G. J. Feldman, G. E. Fischer,
D. Fryberger, G. Hanson, B. Jean-Marie,§ R. R. Larsen, V. Luth, H. L. Lynch, D. Lyon,
C. C. Morehouse, J. M. Paterson, M. L. Perl, B. Richter, P. Rapidis, R. F. Schwitters,

W. Tanenbaum, and F. Vannuecill

Stanford Linear Accelerator Centev, Stanford University, Stanford, California 94305
(Received 25 November 1974)

We have observed a second sharp peak in the cross section for e*e™ — hadrons at a
center-of-mass energy of 3.695+ 0,004 GeV, The upper limit of the full width at half-

maximum is 2,7 MeV,

| |
PRL 33, 1453 (197:

m=3.695-0.004 GeV/e
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MARK-I Experiment

'<2.7 MeV

Computer reconstruction of the decay
of ay', an excited state of thldy, as

measured in the Mark | detector at
SLAC in 1974
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Charmonium Basic Theoretical Description

» Charmonium potential models (phenomenological):
o non-relativistic (charm quark is “heavy” compared to binding energy)
o quark confinement (increases linearly with separation)
o simple QCD-inspired phenomenological potentiab(nell model) :

V(r)=-%+1, k=061m =184GeV,a=2.38GeV?
ra

Eichten et. al., PRD 17, 3090 (1978)
Godfrey & Isqur, PRD 32, 189 (1985)
Barnes et. al., PRD 72, 054026 (2005

o Potential is Coulomb-like for small radius and Harmonic Qestor like
for large radius.

o The model can be extended to inclusl@n-dependerterms,relativistic
corrections, etc.

o Lattice QCD predictsthe masses and widths of charmonium states
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The Quark Model

e Gell-Mann/Zweig Quark Model:  w.cel-vann pis, 214 (1962)

“Baryons can now be constructed from quarks using combinatns (qqq),
(0qqqq), etc., while mesons are made of @), (qqqq), etc.”

* Gell-Mann:qq for mesonsbutgqqq werenota prioriexcluded

* We have beereekingevidence for théigherconfiguration states
e Baryor secto: resonar structurcin KN systen=>» five-quarlk state

* Many searchegor pentaquark baryorsave been performed. Most
prominent candidate is6(1540). Today: the existence of
pentaquarks must be considered to béonbte. wiing, s phys. 6 33, 1019 (2006)

» Meson sector: attention has been focused over the yearg980a
and £,(980) as possibl®ur-quarkstates
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Charmonium States So Far

e Charmonium is a cc bound state; Analogous to hydrogemositronium

Quantum numbers Name Mass (MeV/@) width(MeV)
N L JPC N28+1LJ C. Amsler, et. al., PLB 667, 1 (2008)
ZNSOtﬂ: 1 0 0 s, n(1S)  2980.41.2 26.7%3
L
1, o Iy 3096.9160.011  93.20.02x10°
L=S,P,D(0,1,2)
(Nocand. with 1 1 0 I3 Yoo (IP)  3414.750.31 10.20.7
L>=3) T e 7(1P)  3510.68:0.07 0.89:0.05
J=L+S 1 1 2% 13p 1eo(1P)  3556.2(:0.0¢ 2.02£0.12
S(qg) =0orl S h(lP) 352593027 <1
e D = (_1)\L+1
Parity: P (_1) 1 2 1- 13D, w(3770) 3772.920.35 27.31.0
Charge conjugation
eigenvales: L e e 1.(2S) 36374 14+7
C=(-1)-*S 2 0 1 2 (2S)  3686.09:0.04 3179 x10°3
Sy v
N: Radial B F e o 1o(2P) 39295 2910
Quantum B 2
S ——— 3 0 1- 33 w(4040) 40391 80:10
2 e L ecp w(4160) 41533 103:8
4 0 1- 83 w(4415) 44214 62:20

()]
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Charmonium-like States

o Charmonium-likestates are particles that usually decayctostate
and others (e.g. X% Jiyn*n) but notyet clearif it is consistentvith a
conventionatc states

» Theirnaturehasnotyet been completelynderstood

» Some of their decagnodesare asxpectegothers areouzzling

e Theirspin-parityassignment arblOT yet established
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Production of @>-States

» Color-suppressed-bc decay b W<
o Predominantly froniB-mesondecays

" . i U
e e*e Initial State RadiationlER) ¢ c e c
o e*e collision below nominal c.m. energy >VYV‘< y
e" ¥

o Fe=1-

e E
» Double charmoniur productior >’V\f<<c
o T

o Typically one Jf or v, plus second

C
<
cc state ) )
c c
: 7 c
e Two-photon production y f c
o Access to C=+1 states e’ e’

P c P c
e pp /ppinteractions (evatror) )ﬁ?&( %
o All quantum numbers available P € p ¢
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Charmonium States

e Many states are predicted s+
7 ; . 1$0 3$1 3F’z 3I:’1 3F’o 1P1 3Ds 3Dz 3I:)1 1Dz "

above open charm threshold —~so00; -0 7' 2 0 2 22+
(5]
4750 -
* All_predicted states below £ | e i
the open charm threshold ¢ “vis20) 2'(a430)
have beembserved = 425040 Y L
4000, sy, R vosop,
. X(3940) Z(3930) = [ 1] .
T ixqen)
e During the last several 3750 = X(3872) _
- Open charm threshold y(3770)
years many state have s ves)
: 3500 e T .
been discoveredabove the S
open charm thresholdyot 3250 " Established ]
always  their properties 3000l—_ Jv . New States |
agree with the « 1S) —_—
. . — eo —
predictions 2750 v
2500 — I I I IR NI AN AT EEN NI N

o 1" 2" 1™ o™ 1" 37 27 17 27 27 JPe
* QCD allowsfor more ‘exotic’ possibilities
o hybrids, tetraquark states, four-quark molecules

* Are we seeing thérst evidenceof somethinghew or different?
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Proposed Alternative Models-|

Molecular

free

Looselybound stat®f a pair ofmesons
The dominant binding mechanism shou
bepion exchange Being weakly bound
the mesons tend to decay as if they weq

NA Tornqvist PLB 590, 209 (2004);
ES Swanson PLB 598, 197 (2004);
E Braaten & T Kusunoki PRD 69,
74005 (2004); CY Wong
RC 69, 055202 (2004); M. Voloshim
PLB 579, 316 (2004);
é: Close & P Page PLB 578, 119
(2004); X Liu arXiv:0708.4167

Tetraguark

Bound state ofour quarksi.e.qqqq in
which the quarks group into color triplet
scalar or vector clusters.

Strong decays proceed via rearrangemel

—

processes

Arafat G. Mokhtar (SLAC)

Charmonium-like States

L Maiani et al PRD 71, 014028 (2005);
T-W Chiu & TH Hsieh PRD 73,
111503 (2006); D Ebert et. al., PLB
634, 214 (2006)

Distinctive features of multi-quark picture with resped to charmonium:

- prediction of many new states
- possible existence of states with non-zero charge, strangenesk.or bot
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Proposed Alternative Models-l!

Charmonium hybrids P Lacock et al (UKQCD)
; ; ; . PLB 401, 308 (1997);
| States W|t_h excited gluonic degrees of freedom; || o7 55 625 212 200s).
| 0", 1'*, 2"...quantum numbers are not possible || F. Close, PR Page PLB 628,
; - : PP 215 (2005);
for cc s_tates, but are possible for hybrids; would || £ Sbene pLe 631
unambiguously signal an exotic state. 164 (2005)

Lattice and potential model predictions for the
lowest-mass hybrid: m ~ 4.2 GeV/c

OR

Conventional charmonium C. Meng & KT Chao, PRD 75, 114002 (2007);
O. Zhang, C Meng & HQ Zheng arXiv:0901.1553

OR

Thresholdcusp or coupled-channel effect giving a cros:
section enhancement which may not correspond to
resonance production at all

J)
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The Theme of the B Factories

 The B-factories were built to study charge and parity(CP) symmetry
violation

» Redundant measurements ©F violation in the B system, and to probe
possible physics beyond the SM

* With these mesons, wean studyat the same timehree element®f the
guark mixing matrix

2008 Physics Nobel Prize
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Yoichiro Nambu

BaBarand Belle's experimentalvidenceof CP violation in asymmetric BandB° decays
into CP eigenstates providedrification of the Kobayashi-Maskawa model predictions of a
3x3 quark mixing matrix with a complex phase.
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The BaBAr and Belle Detectors

BABAR Detector

SLAC PEP-II

Muon/Hadron Detector

Magnet Coil
. Electron/Photon Detector
. Cherenkov Detector
. Tracking Chamber
‘ Support Tube

. . Vertex Detector
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The BABAR Data-Taking

Hadronic cross section (nb)

Data Sample Integrated Lumi (flo't) ~Events(10)
Y(4S) 432.9 470
Y(39) 30.2 122
Y(2S) 14.5 100
Offpeak 53.8 NA
' et Ptipe———— . . ; . .
25| TUS) From CLEO
20} BF(Y(4S)—BB)>96%
PDG, PLB 667, 1 (2008)
st Y(4S) decays almost
} T(25) entirely to BB pairs
i I
0 T(33) BB threshold 1056 Gev
5 \‘ “—. \‘ lm*qsy We need B Factories!
* L 2 oo, NS
3.45 950 |000 loos 10351040 1045 1050 10,55 1080 1065 10?0

Arafat G. Mokhtar (SLAC)
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Highlights From the Y(3S) and Y(2S) Data

* Y(3S) & Y(2S) samples A% At A%invisible
» search fomew physicssuch adight- CETTTTTT FTTTTTY ]
higgs boson and lighdark matter & .« §F 1 L N\ f -
(PRL103, 081803 (2009); PRL 103, 181801 (2009); hep-? . | SR | s
ex/0808.001} > Loae 1P Ed
@F 3P 1 r 3F o
m _7:.+.|...§|? .|.‘..: i...[...s.'-l...;...l...:
h KO roignsinglgtsfr?;ctoi'zn (cosﬁ_:; w
e Study bottomonium physics, Iin s
particular search for the St BABAR ©
bottomonium ground statq,(1S) . | '
=
E 2000
¢ 2008:BABAR observedthe n,(1S) signal = |
In Y(3S)>yn, & Y(2S)—>yn, (PrL101. 071801 f
(2008) & PRL 103, 161801 (2009) e
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Outline

From B decays: Kinematics X(3872)
o X(3872) X(3940) Y(3940)
* Y(3940)

Z(4430) Y(3915) 7(4430)

Z,(4050)
Z,(4250) {\
Y(4140) R . 2,(4050)

e From ISR £,(4250
* Y(4260
e Y(4008) Y(4660) Y(4140
e Y(4350)
e Y(4660) Y(4350 V(4260
Fromyy production
. 7(3930) Y(4008
e Y(3915)
From double € production
e X(3940)

Arafat G. Mokhtar (SLAC) Charmonium-like States 16
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Kinematic variables for B-decays

B BB are not back-to-back in the lab frame

Vs is the cm energy

N2
- + §+P+ _ —

B AE = EJ - =

= 45000 7] %smm_l .
S ep Signal ER- ]
= | e | s:cms energy
2 ol E ;
5 15000 . u?jamm 7]
| DOoo— ] | cooo a
52 52| 522 523 520 525 576 527 525 529 53 Dz 015 o1 005 © ©0O5 01 015 02 E*BZZ E*I over the B-Candldate

Mes (GeV/e) AE (GeV) '

.l+.

Events / [ 0.002 GaV )
8
Events/ [ 0.016 GeV )
B
8

:AE sideband

40 E 1ol ]

a,=..|..|...|...|...|...|...|...|... E I

92 521 522 523 524 535 525 527 528 529 53 % ';,.'15' T '0_'0'5' 'c 0;5 ';1 s oz
Mes (GeV/e) AE (GeV)'

Cartoon illustration
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The X(3872): the Belle Discovery

 Discoveredn B—XK, X—>Jhr*r

,;3 - Belle - 12000 — — PRLO1, 262001 (2003)
_ B
D 50 Data _ MC cited ~500 times!
(D |
8000 ¢
= ool New state! Belle
g | | 35 138 b1
) : 4000 | ;
8 ® 30
S | | . (0]
& - o T wn 25
=> _ L nall J . : X
L p L1t firqetdl o LL S
0.40 0.80 1.20 0.40 0.80 1.20 = 20
Mt £0)-m(0* L) (GeV/d) =15 +
= H
S10
>
I 5
g 513_— G...I...I...I..i...
2 wk B0 XK O 5 0g 3.82 3.84 3.86 3.88 3.9 3.92
3 S S M(J/ v nn) (GeV)
s .§ 12;—
10c new resonance!
B
L I
2 fPIIIH ' l ll Ll HE I WHMH_ - . I“il l
RNV TV TPUIITTRNE ) | = S £ SEEE R SN a1
3.82 3.83 3.84 3.85 386 3.87 388 3890 39 391 M(J/\s ) (Ge\ﬂc’)

M(J/\y mn) (GeVic?)
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The X(3872): The Confirmation

6000 o
CDF 1l L
22001 2 800 DQ X(3872)
2100 % I
5000 1
N 20001 E -
Qo 600
% 4000_ 19001 + : | .
= 1800} } t $ f o o
SOUN 1700 1 2 f $ oung
93000 3.80 385 390 395 _g 4000 o
[] " — - ~
3 T g
{JC" 20001 | Uy n' Su . g™
;H;ﬂ\++”m++++++"++++‘”f”*m“ﬁ#ﬁw#m—m 2001 _,-': E
1000_-‘:*#“ J/w nini : ' 29 3 31 32 33
2
L M. (GeVic)
; . : : : : 0“||\|\\\\‘\|\||\!’Ll‘\l\|\\\|1
3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 0'6M 0.7 - I\ﬁ'a ((ggvlcz)
Jiymn Mass (GeV/ic®) TaTie s A T

CDF

DO
PRL 93, 072001 (2004) | PRL 93, 162002 (2004“)

BABAR

N
IQI

[216%7)

o
T IOI LI LELEL

Events / (5 MeV/c” )
< =

m(J/yrn) (GeV/cY)

38 385 39 395

BABAR
PRD 71, 071103 (2005

PRD 73, 011101 (2006

)

)

@ the Tevatron

Pp Inclusive Wr*n™ production

B-Jhnn K

Arafat G. Mokhtar (SLAC) Charmonium-like States
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The X(3872):B\BAR Full Dataset

oy BABAR413/fb]

% m:_ 413 iyt PRD 77.111101 (2008)
g 60— ]
=5 B* - X(3872)K* -
g ®E 8.60 ( ) '

Brpa el pupipn o e e Rl PRt Tei L il Ry e LN 5
Ea 3.82 3.84 386 388 39 392 394 396 3.98 4

mJ/\|/n+n (G eV/ CZ‘)

-k
F-Y

-
o

Events /( 0.005 GeV/c?)
n

wo N L *1] @
TT

413 fot

2.30

BO_, X(3872)K °

| ﬁ% H\ Hg

NV

8582 384 3.66 388 39 393 594 a.sé':'a..ss a

mJ/\|/n+n (G eV/ CZ)

Tetraquark modelgxm=|m(3872)K - m(3872)K{=8:3 MeV/c’
BABAR: Am=(2.7+1.6+ 0.4) MeV/e

['(X)<3.3 MeV @ 90% C.L.

BF(B*—XK*, X—>Jiyn*n’) = (8.4+ 1.5+ 0.7) x 10°
BF(B°—XKOX—Jhyntn )= (3.5+ 1.9+ 0.4) x 10° <6.0x10° @ 90% C.L.
R(X)= BF(BY)/BF(B*) = 0.41+ 0.24+ 0.05 (Molecular models predict R(X)<0.1

Arafat G. Mokhtar (SLAC) Charmonium-like States
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The Di-pion Mass Distribution

events/10 MeV

Events/ 50 MeV/c”

12

0.

15

10

40

E - hep-ex/0505034
- C+=> P-wave dipio } :

0.50 0.60 0.70 0.80

M(r*n) (GeV)

?I T ‘ T T T T | T ‘ T T
- (@) X(3872) ]
- BABAR .
" PRD 71, 071103 (2005) ]
] Jr+ ‘ ]
L —— i
—— IR M . ) ‘ ‘
0.3 0.4 0.5 0.6 0.7 0.8
m_(GeV/c’)

Belle and CDF analyzed thet'z mass distribution
both described in terms @flike shape

CDF Il 360 pb™

PRL 96, 102002 (2006)

200

100

50—

2501 X(3872) — Jiyn'T

— Jyp (L=0)
- -Jyp(L=1)

150 |- Multipole Expansions for cC:

3
r-A 181
l__J3P1x5

D

=

——

X(3872) yield per 20 MeV/c

-50

0—9—1+

CDF Il 360 pb™”

| L L L
0.6 R 0.8
7 Mass [GeV/c']

PRL 96, 102002 (2006)

250

X(3872) yield per 20 MeV/c”
o
o

L=1 L=D
W Total —

» Belle favors 3¢= 1**(S-wave); CDF either 1* or 2°*

(P-wave, witho-p interference)

» Shape IiNBABAR is similar, no attempt to fit the mass

spectrum
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The X(3872): Charged Partner?

% BaBAR searchedor thecharged partneof the X(3872) |rm

the decay modB—J/wran’K , using 234 million E
events

*» No evidencefor X(3872) was found:

> B(BO—XK*, X —Jhymn®) <5.4x10° @ 90% C.L.
> B(B—X KO, X'—Jnynnd) <22 x106 @ 90% C.L

Isovectorhypothesis excludee® 1=0

* Thissearch coultherepeateavith thefull datasets at th
B-factories (2 times@ BaBARand ~4 times@ Belle)

Arafat G. Mokhtar (SLAC) Charmonium-like States
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Events/10 MeV/c

,_
-

-

BABAR

PRD 71, 031501 (2005)
’ 1 l I ’ I

3 5

B-—JhymaaK O

38 3.8 39 395
m(J/ynw?) (GeV/c)

22



The X(3872): X—yw

e Evidence for
B* - K*X(3872),X(3872)- JApy (3.60)

e BF(B* - X(3872) K")x(X(3872)-JApy) =
(2.8+£0.8+0.2)x 10°
=» Establishes positive C-parity

e Evidence for
B* - K*X(3872)- (2S)y (~3.50)

Events / (5 MeV/c?)

« BF(B* - X(3872) KYx(X(3872-y(2Sy) = _
(9.5+2.7+0.9)x 10° S :

» Ratioof BFs: E 10;
(X(3872)- W(2S)y)/ (X(3872) — I Y) g
=34+14 =

=

=» inconsistent with the molecular interpretaticgw

3.8
QWG2010:; Belle doesn’t confirm the decay X(382¥2S)y

[a—
-]

=

-5

n
L] L T T

n
T T T

0-

BABAR
PRL 102, 132001 (2009)
S movea)-
- JL+/-6.4 -
K+ events 1

n

"

I I Tlll | T |
[ X(3872)~ Py ]
3 25.4+/-7.3] 1
- K+ events

+

' X(3872)- Y(2S) y

Rk
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The X(3872): X»>D0

Belle 414/fb
PRL 967,?62002 (2006) | 64)((3872) _ BaBAr 347/fh
. - ; LS, E(E)l' ! | PRD 77, 011102 (2008)
z30 X(3872) 2 45 50 mod E
% ‘ S b modes E
= S 105 :
1 20 = F
& 5 sk
4 A of
10 | g it .
= 4 4| 1] ! IRIIE
u S + iR ' .
DD """ """ 0~ | 3.2;" 392 394 396 398 4
M(D"D"n%)-2M (D°)-M(n?) GeV D "D’ Invariant Mass (GeV/c?)
* Belle measured X(3872D°D%? BaBar measured PD™
* m(BABAR) = 3875.11“%‘2:& 0.5 MeV/c PRD 77, 011102(R) (2008)
 m(Belle) =3875.2 O.7+_8-§MeV/02 PRL 97, 162002 (2006)

l.e.a mass shift (relative toydt™n) of 3.5 MeV/&

e RecentBelle paper: No shift on X(3872) mass. .zro s1. 031103 (2010)
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The X(3872): Largest Data Sample

CDF Il Preliminary

241"

4500

4000 [~

2500
2000 |
1500 |

1000 |

Candidates per 2.5 MeV/c*

500 |

i 1
] ) g2
Jowpmr Weass: (Gev )

3.75

Arafat G. Mokhtar (SLAC)

ﬂ (- 1

3.80 3.85 3.90 3.95

Jhymm Mass (GeVic?)

* This provides the most precise
mass measurement of the X(3872):

m=3871.610.16:0.19 MeV/&
m(D° + m(D%)=3871.8-0.4 MeV/¢&

e PDCG: m=3872.2+0.8 MeV/c?, but
includes DD measurements;
Jiyn*tn  alone gives 38714.6
MeV/c?

* D9D*0 mass shift could result from
one unit of orbital angular
momentum=>» JF=2

Dunwoodie and Ziegler
PRL 100, 062066 (2008)
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The X(3872): Questions

O Are the X(3872) and the X(3875) the same state?
If itis related to a mass shift, then they are one state...

A If they are thesame statehow can thenass shifbeexplaine®

DD mass shift could result from onait of orbital angularmomentum=>» JF=2
Dunwoodie and ZieglePRL 100, 062066 (2008)

O What are the quantum numbers of the X(3872)7?
CDF: 1" or 2+
Belle: 1**
BABAR: 777

O Could the X(3872) be a molecular bound state? Or just a cdiore
charmonium state?

Arafat G. Mokhtar (SLAC) Charmonium-like States 26




The Y(3940)
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The Y(3940): The Discovery & Confirmation

# The Y(3940) wasliscoveredy Belle in B-»YK, 0 D) Belle (253/fb)
Y —Jhyo (Significance = 8) :

: | PRL 94,182002 (2005)
20 f— I'IT\
E'ﬂ'lll . E
# BABAR confirmedthe Y(3940) existence but witha 1wy \i f%#i
lower massand anarrower width g Pﬂl 3
e e
3880 4080 4280
M(wJAy) (MeV)
N BABAR (347/fb) -
Be”e BABAR ém_ PRL 101, 0182001 (2008)j
Mass (MeV/c?) 3943t11+13 | 3914.638+2.0 | 2u
Width (MeV) 87422426 3gp+s |
BF: B*->YK*, Y=Jlyo (x10% | 7.1+ 1.3+3.1 4.9'550.5 -
BF: B°>YK?, Y=Jiye (x10% | (Combined) 1.3:130.2 Em:
BF: B*— JAyoK* (x10%) Not reported | 3.5:0.2:0.4 |3"
BF: B%— JyoK?O (x10%) Not reported 3.1+0.6+0.3 53-8
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The X(3872): X>J/yw

 Belle reported anexcess of Nyg=12.4%4.1
' 18| Belle
events in my, above 75( " eele N
MeV/c> and interpreted aj .
evidence for X(3872»Jye0 _ T
480 605 730
M) (MeV)
. T semeem
* But.. why didnt BABAR = guf D Rl 101 obs00t (2008)~
observe such a signal when £ |1 *
searching for the Y(3940) in % |y
the  decays B-JoK, T,
o—nr T ? Lo |
s L ]
No X(3872)»J/yw signal observed when using §zmj: :
0.7695< m,<0.7965(B*) as obtained from | § | | /i i
optimization it i 1 R =R
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The Y(3940): Reanalyzing t

’IEAEBAR Data

» BABAR has reanalyzed the samgzoo-
final state: B—JhyyoK, o—rtrrd
using the fullBABAR dataset of 467+

Events/S M

million BB candidates Loor

BABARstudied the events in the region:

0.5<m, _<0.9 GeV/e

Clearn andw signals are observed!
0.

Criterion (GeV/ C2)

0.7695<m;<0.7965 (B") | o014
0.7605<m;;<0.8055 (B%) | Analysis

s B —}.]fxpr:n; ‘H:TZOK =

BABAR (347/fb)

5""bf6'"bf'}""08"

PRL 101, 082001 (2008)

0.7400<m,,<0.7965 (B*) |  New

S—

BABAR (426/fb)

0.7400<m3n<0,8055 (BO)_ Analysis

Arafat G. Mokhtar (SLAC) Charmonium-like States
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Fitting the Corrected Data

v'Correctthe yields for efficiency (4- 7% ) interval-by-interval
v’ Correct the Bsample folK% & K 9%c—nar"
v'Performsimultaneous fito B* and B samples

) T T T T T T T T T T T T

BABAR
PRD 82, 011101 (2010)

Events/10 MeV/ic®

Events/10 MeV/c
1 1 1 | 1 1 1 I 1 1

0 nnnnnnnnnnnnn

~ — i : : =]

) i b) + Data -
% a0k BO et .
=400~ 4 Y(3940) -
S i — - — Nonresonant .
:@ i _
=200 B
3 i _
2 i _
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The X(3872): ¥¢=1**+ Vs, 2*

BABAR

PRD 82, 011101 Q01p————7 ____—>| Events with: 3.8625<m,, ,<3.8825GeV/c?
2 oF —— Pit fnction ] = f B*—=JyoK* :  ®-Meson mass
= 20f X(3872) ﬁ 1o H
£ F e Y(3940) = B : 4 /

o=t 2 b
= [ " of n —
= o '
s s = 4ll B*—IwoKO% ]
z [ = “L _
N R = f ]

of : 2 L BABAR : -

385 386 38 388 389 = [ PRDI|82, 011101 (2010} ]

—— a—

my,,, (GeV/c?)

=
|
—
[

S-wave ¥?/NDF=10.17/5
P(y’/NDF)=7%

e 3 | e MC S-wave
Combined — MC P-wave

Events/7.4 MeV/c?
=
|||||||||||||||

5 b TS L4 G
P-wave y9/NDF=3.53/5 of— , =
P(y2/NDF)=62% 07 076 Oﬁ?:i (GeV/ic?)
< Shape is different from o lineshape!

=» Negative Parity favored (J°=2")

How dowe justify calling such a distributiom signaf?
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The X(3872): Remarks

e X(3872)—vyy (*)=> C=+1 Belle: arXiv:0505038

BABAR PRD 74, 071101(2006)
PRL 102, 132001 (2009))

e No X(3872) & |=0

BABAR:PRD 71, 031501 (2005)

e X(3872) quantum numbers:
o Belle: F¢= 1**favored(no o-p interference)

. . ) CDF:PRL 96, 102002 (2006)

o CDF:znr mass & angular distributio® JP= 1" or 2 PRL 98, 132002 (2007)

o BABAR F= 2 is favored BABAR PRD 82, 011101 (2010

Belle: arXiv:0505038 (2005)

e What is thenature of X(3872)7?
o Hybrid?.... BUT m(€g)>4.2GeV/é...
o TetraquarR... BUT No evidence for X(3872)

o Charmoniurf?... mass is OK for-2state {.,, the'D,
cc ground state)

o Molecular?
m(D°) + m(D%) = 3871.8= 0.4 MeV/e
Decays to X(3872) Jhyp, D°D%, Jiye» expected
Compatible with 3¢ = 1** assignment

" denotes Jhy or y(2S) unless otherwise indicated
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The Z(4430)

Arafat G. Mokhtar (SLAC)

X(3940)

X(3872)

Charmonium-like States

34




The Z(4430). The Belle Observation

“K* veto”
/

» Belle reported aharged charmonium-like S A B C D\‘E
statein B—»ZK, Z—wy(2S)t™(pr 100. 142001 (2008 g .
Ol /'\:"'.,:“'
* Mass and width: 9 X g A5
o m=4433+ 4(stat) + 2(syst) MeV/e B 00 ks
o I'=45'18(stat)*30(syst) MeV " 4 V'L
EUF DX P '
» 121+ 30 events; 6&significance | f’ |
* If confirmed this is the first observation of : _Imé,7(GeVeic)
genuine cdu “tetraquark state, since it is o[  Belle K* veto
charged and carries hidden charm [PRL 100, 142001 (zoosﬂ :
b > t‘_‘ > E [
W"‘<<< . @(2S) 1!
B | .
_O S — i
- e .
u n.l. a.B 4.086 4.3 4,65 48
_d < —d mw(zs)’r' (GEV/CZ)

Add-hoc background?
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The Z(4430). The BABAR Searcheo s ue cos)

e Searchfor the Z(4430) in four decay modesB O—yn K%*
(Four decay modes), using 413%b

e Describe theKn™ system in detail, since structure in ther
massandangular distributiongominates each Dalitz plot

e Subtrac backgroun, efficiency-correc even-by-even acros
the Dalitz plot; describe using onlign™ S-, P-, and D-wave
Intensity contributions

e Project eachKn™ description onto the relevanyn™ mass
distribution to investigate the need far4430) signal above
this “Kn~ background
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The Z(4430). The BABAR Search (I1)

_.B-_)‘]/\Iln-KOS 24, B__AV(ZS)‘:_KOS . L L B B B o L L L L
= B (a) j E 3 S5 (o) 8 Q10
£ : gof E > = 10°;
. o E Lo 2 E
P A 10%
L L g E
ks 3 104
° Data 413 || :
— Fit result
L0 10> 1 K
0 0 10 T T
my . (GeV/c)
o 1L 2z 3 4 st 0 L 23 ! BABAR
m2. _ (GeV3/et) 0% (GEVZrEt) PRD 79, 112001 (2009)
BO— J/ymK* BO—y(2S) K *
Mod Events m(K*(892)) | Ir(K*(892)| S-wave P-wave D-wave
ode corrected (MeV/c2) ) (MeV) (%) (%) (%)
BO—J/yrn K+ 57231561 895.50.4 48.%*1.0 | 15.40.8| 73.%0.7 | 10.80.5
B —Jhyr KO 20985:393 | 892.90.8 | 49.¢1.9| 17.¢1.6| 72.531.3 | 10.51.0
BO—wy(2SK* | 1323&377 | 895.81.0 | 43.83.0 | 25.42.2| 68.22.0 | 6.41.2
A'I B —w(2Sh 'K % 5016292 891.62.1 44.86.0 | 23.445| 71.34.4 5.32.7




The Z(4430). Fits to the m, - Distributions

Four free parameters Az, Nz, and N, - kg |- 4476:8

N 6 T I'=32+16
> 1000—(1 B~ Jyr K™ 5 14 —_ > ool @ B~ ys)rK"" . 2 76
§ All K7 Events il § - | AuKeEvens % } %} ]
E 500: L E 200*} m %} % n %» ;H % % % %H
BABAR 0 % % %} :
o, [ PRD79,112001 (2009)+H—+——— .,  f+———t————t————h———— M=4483t3
> [o > P r=17+12
; i K*(892]+K;(1430) i Jr i ; 3002 K*(392)+K;(1430) } % _2.56
§ 5001~ " 4 A i ] § 200:} % % H H _f
9] ) : 5 = 1005 % H % ; %} u _E
. | | | s n: M :H» | ‘H | | =
ﬁ; ; (;) T : T ; ﬁ; 200:_I(f)= AR m:_4439‘:8
% 200;_ K e o7 'I.-..’...".:"'i.j":l'ﬂi.-l""-h'lll-‘-f'."r.r..n Bl -.'I'- ; % 100:— !K - # # % % %) % i %’ % F_f :33
S n""."'"""'ll"' g i ¥ 2 °F ﬁﬁ T L IR R
35 4 T Tas E T e ¥ 46 438
My~ (GeV/c) M, o5 (GeV/c)
No evidence for the Z(44363J/yn < 3o for the Z(4430)>y(2S)
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The Z(4430). The Belle Dalitz-Plot Analysis

* In response to th8aABAR analysis Belle performed dalitz-Plot
analysis
* In the new Belle analysis, a @m4&ignal significance was reported

20

Belle (605/fb)
PRD 80, 031104 (2009)

S0

j‘% m H
;- Hfﬂ‘m{ﬁm*“
LT T

m2(y’' ) GeV?/c?
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The Z(4430). BABAR & Belle Results

Jhy: 4455+ 8
Mass (MeV/é) 4433+ 4+ 2 4443415 +19
y(2S): 4476+ 8
: Jhy: 42+ 27
Width (MeV) 45, .18  +30 107,586 ;74
y(2S): 32+ 16
B(B°—ZK*) xB( Z—y(2S)r) 8, 53
B(B-—Z K% xB(Z—y(2S)t)
(x109) 2.0+ 1.7
B(B°—Z K*) xB(Z—Jhy) )
(x109) Not reported Not reported 0.1+0.8
B(B-—Z K% x B(Z—Jhyn) )
(x105) 1.2+0.4
Significance 6.6 6.40 v(2S): 2-3
Belle Belle BABAR

PRL 100, 142001 (2008) PRD 80, 031104 (2009) PRD 79, 112001 (2009)
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The Z,(4050) and Z,(4250)
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The Z,(4050) & Z,(4250): The Belle Report

Belle

 Belle: Two more new signals, 4(4050) and PRD 78. 072004 (2008)

Z,(4250) in B—ZK, Z—ya, x.—YyIN

« The Kr mass region extends beyond tl‘@ 30
F;"(1780) F-wave=> S-, P-, D-, and F- WaVGS(D
are kinematically allowed and used in the fit

« Data favor two signals hypothesis over o
signa by 5.7¢

M, = (4051 * 14*7) MeV/c?,
I, = (82+21147) MeV,

M, = (4248731 180) MeV/ (7,
[, = (177733316) MeV,

Evels / 0.024 2
l—\
a
o)} ||||||||||IIII|IIII|IIII|IIII|IIII|IIII|I

Z,(4050) Q5 38 a4 a2 42 Tas Tas
M (X.,TT), GeV/c?

Z,(4250)

with the product branching fractions of
BB =K Z )X B(Z} =7 x,)=(3.01 237y 1073,

- Similar tottimseefor X, Y, amdl Z(433)0
BB =K Z; )X B(Zf = 7" y.) = (40733 197) x 107
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The Y(4140)
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The Y(4140): The CDF Report

1. Reconstruct Bas:

B*— J/yp K

Jp—
p—K' K

1. Search for structure in yp mass
spectrum inside B+ mass window

7%

ur
I7a

primary secondary
vertex vertex

..Lax

I

Vertex separation

B-l—

Arafat G. Mokhtar (SLAC)

Search?

Particle Identification

Candidates/5 MeV/c?

Candidates/2 MeV/c?

40
35
30
25
20
15
10

Charmonium-like States

N%II

CDF Il Preliminary, 2.7 fb™

PRL 102, 242002 (20d9)

CDE

| HWMW

.22 524 526 5.28

532 534
thpclJK (GeVic”)

DF Il Preliminary, 2.7 fb™

Cc

CDF

PRL 102, 242002 (2009)

1.00

103 1,04
My (GeV/c?)
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The Y(4140): The CDF Report

.. 1
CDF Il Preliminary, 2.7 fb CDF

~—~ 5.0
‘ro - % 9 CDF Il Preliminary, 2.7 fb™ PRL 102, 242002 (2009)
< 450 PRL 102, 242002 (2009) o Vf
? - > 8- Yield =145
O 4.0~ s 7 Am = 1046.3 2.9 (stat) MeV/c2
- © 6 § Width = 11.7'83; (stat) MeV
p—— - .
+ - B 5C I
\¢ 3.5: ‘g 3
T 3.0 5%
N L S 30
S - \ % 2F
2.5:— S
04

2046 48 20 22 24
m2(Jhyo) (GeVZc?)
Convolved with a mass resolution of 1.7 Me¥/
Mass=143.0+ 2.9 (statk 1.2 (syst) MeV/e
Width = 11.7+83 . j(stat)+ 3.7(syst) MeV
B[B*—Y(4140)K*, Y(4140)—Jhyo]= (9+3.4(stat:2.9(syst)} 106

CDF will update this analysis using the full data set (factor of ~4 by
the end of 2011)

Belle doesNOT confirmthe CDFY(4140)state!(PrL 104, 112004 (2010)
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ISR Production of Charmonium-like states

e VISR  BABAR) has produced-6<10°
cc pairsat center of mass (c.m.)
Jhy energy ~10.58 GeV
c V(2S)
_ y(3770) * ISR can lead to the
v C etc production of charmonium

states alower c.m. energy

» They i Often escapedetectionalong the beamaxis, and is
treated as a missing particle

» They,s; energy rangehangeshe center of massnergy

e Severalcharmonium states werkscoveredin ISR events
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The Y(4260)
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The Y(4260): The BABAR Observation

» Discovered by BABARIn ISR events: m;=j§§ii2§2.e M'\c:(\a/\//cz
ete — vgrY (4260t (PR 95 T T

IIg

l‘i{e T T
%

142001 (2006) = BABAR ‘ ‘ .
(o] F .
- | 10 q*" "HH'P"H‘*"*-#H‘N‘"* oy
5 [ LT
LE 20 ] A6 38 4 42 44 46 48 5

14—F|IIIIIIIII|IIII

e Confirmed by CLEO-c (scan)=p : i f Ui
1=0] , CLEC Il (ISR), anc Belle ( 98— '41' B ¥ B ¥ SR S

2
PRL 96, 162003 (2006). PRD 74. 091104 (2006). PRL 99, m(mliy) (GeVic)

142002 (2007)) Jhy background
NE E rrrT Tt TTTTT I.I T " T '§
> 80F BABAR preliminary 3
= T0F 1 3
2 b (4541 E
7wl hep-ex/08081543 3
5 F s
. - - C __
« No evidence for Y(4260pn*n ¢, N E
DD, pp ( PRrD 74. 091103 (2006) . PRD 76, 111105 obdly Mt Ny s
(2007), PRD 73, 012005 (2006) T T R
9.8I I I4I I I4-.2I I I4.4-I I I4-.6I I I4.8I I I5I I I5.2I I I5.4-I
m(rn Jap)(GeV/e)
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The Y(4260): Y(4260»DD?

events/(20 MeV/c?)

<

~~
w
~

G(3942)[
4040)1=
$E4160{
w(4415)
o
)
|

 If Y(4260) is I charmonium
state = should decay
predominantly to DD (ero 72

054026(2005), PRD 73, 014014(200))

100

30

0
50 |
25 |
 No evidence for Y(4260)>DD
0
50 _ oD | * If Y(4260) is hybrid state®»decayrates to

DD aresmall(Ref 10,24 inPRD 79, 092001 (2009)
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The Y(4260): The Confirmation

3B850606-001
r an - | T | ]
sl CLEO ol || ves : Belle 1
L I I
E > 1oF ;h_ Eﬂ_— 1w mm Sajution | g
o 4 3
:r“ : | 1 i |PI|_| M. g : w o o m Eajution i :
.g 3 :_ 36 38 4 42 44 46 48 & 52 % 40 - |
E of PRD 74, 091104 (2006) 2 T PRL 99, 182004 (2007)]
- =
1 - . Yl -
Y o T O 3 B i e £ i i
38 4 42 44 46 48 5 52 AT =0 7 2 TR TP T F ]t
M (n+ 7 Jhy) (GeV/ic?) e r'..'.--r-u:-r‘l". ﬂ"."-.-'ll"l'-u" i
- = u
A + - , 3
PRL 96, 162003 (2006) - o Min i) (GevicT)
<10 1 The Y(4260) was confirmed by CLEO & Belle
()]
=, Y(4260) BABAR Belle CLEO
<
ol ) Mass (MeV/®) 425982 42471217 4284, 41744
o0
=~ Width (MeV) 88423 ,6 108:19+10 73,5345
20
o re-
o 2t ’ Ll KK Jny | Also, Belle reported a new resonance at 4008
o * Jﬂi ..... . MeV/e: mass=400840,,"1* & width=226 +44

%.15 -0 005 0 005 01 0.15 4187
Missing Momentum (GeV)
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The Y(4350)
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The Y(4350): The BBAR Observation

® |t wasnatural to searcfor the decay t&r(4260)—y(2Sy*r
® BaBarfound a new peathat did not match the Y (4260)!

® Seems to be different structure:
— M=4324+:24 MeV/&
— ' =17233 MeV

1t

PRL 98, 212001 (2007) |

298 fly! _

Nt L “

- -|- ----- r T 1. CLE L] b
) s 5 5.5
mQ@TINY) (GeVicd)

10

Events / 50MeV/c?

® ¢&te requires this state to Be°= 1" =» overpopulated

® Seemsmpossibleto assign both as charmonium; however, there are
two ¢ 1 - states, whicmight mixto yield theobserved spectrum
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The Y(4350): The Belle Confirmation

v Belle studied the reaction mu15:_ : Belle :

ee_)’YISR\V(ZS)TE-Fn- %‘ E . PRL 99, 142002 (2007))_:
o10f
% L
v' Belle confirmed the existence of thg 5|
Y(4350) and report a new state Y(4660)! & |

Da g JrEy 4. AR Bl - 5 . LE = .5

M(zc  y(2S)) (GeV/c?)

Y(4350)  Y(4660) - B

Mass (MeV/®) 43610+ 46641555  _o00 Belle :

Width (MeV)  74+15:10  48:15+3 ! } S—

& f :

> 501 * :

B i ;

s ol H || f -5

0 _ . IL _— 1+ ‘o +L+ t* +J$ 4, +,i et N

-+ 4.5 5 5.5

E_ (GeV)
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The Z(3930)
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Two-Photon Production: T

ne Z(3930)

BJH

Clean environment to
study radial excitation
of y.states

D

D

B_I

* Belle observed the Z(3930) state fiwe>eteDD

» BABAR confirmed the existence of the Z(3930)

=

Belle BABAR é

Mass (MeV/c2) 39205+2 3926.A2.7+1.1 g
Width (MeV) 20:10t2  21.3:6.8£3.6 &

L = 2 is favored by Belle andBABAR data® Confirm
interpretationZ(3930) is they ,(2P)
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o~
o
e

Events/10 MeV.

o

0
3.

—_— = NN W W
© W S Wk O W O W

o

Belle
PRL 96, 082003 (2006)

j

—

4.3

4.1 4.2

bt

BABAR
PRD 81, 092003 (2010)

}

Ll

ety
4.2

m(DD) [GeV/c?]




The Y(3915)
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e X(3915

Two-Photon Production: Th

. . I .BU”B. . uE
* Belle observeda charmonium-like enhancement.s|, . - pri104.002001 (26%0) %7
in e'e—e'eyy, yy—-Ihyo ) AP I %
S ey Hdlf iy
. Q . R HIBED 0™ 3.1 3.2
» The final stateslectronsarenot detected O e e
. . S SRR v SO [ Y
» ClearJ\y andw signalsare obtained E L e T W
oobebngt T i L i
The X(3915)! m(ll) GeV/c? T wewy
Belle
PRL 104, 092001 (2010)
15
Mass: 3914 3+ 2 MeV/c2 E
Width: 17+ 10+ 3 MeV ©10
N_reS:_ _55J_r 14+ ., £
Significance = 7.@ D -
New state or new decay mode
385 39 395 4 405 41 415 42 425 43
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The 4 states near 3940

Range=x(o(stat.)+o(sys.))

3970

Figure from S. Olsen

3960

Mass(GeV)

395
Y(3940)

ollv

394

3930 |

3920

Good overlap with
The Belle X(3915) BaBar “Y(3940)” values

3910 |

3900
0 50 100 150

Width(GeV)
How many states have we found?
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The X(3940)
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Double Charmonium Production

» Belle discovered X(3940) in double charmonium production:
ete—Jhy X(3940)

o Are X(3940) and Y(3940) theamestate

» Thisdiscoveryneedsconfirmation..

q, ]
= Belle 350/fb n. Yo X/ + *
§100 " PRL 98, 082001 (2007) N &/ r s | ; + +
| Py
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Summary-|
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Summary-I|

At the B Factories many charmonium-liketatesverediscovered

Thenatureof these states isot yetcompletelyunderstood
Among them, the charged states reported by Belle are ma=sting..
More dataareneededo understand the nature of these states

The LHC experiment have the potentia to improve our understandin of thest
states

Super-B (Belle-1l) with 50-100times morestatistics many properties of these
charmonium-like states will benderstood

With ~1/ab of data, many charmonium-like states have been discoverned,;
reasorto believe that thisvon't continuein the many-al3 territory
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The PEP-II Storage Rings at SLAC
Positron —Electron Project  (original idea)

Positron — Electron Project  Symmetric-energy collider-

Pre LCLS!

single ring
Positron — Electron Project II Asymmetric-energy collider-
HER: old PEP ring

End Station A LER: new ring built on top }
# ~4 DIS/ partons of HER /
,
SPEAR/SSRL /

f’ J/Ww, charm mesons, T lepton

/LBL/LLNL
Based B Factory:
EP-1l and BABAR
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PEP-Il & B ABAR Detector

Electromagnetic Calorimeter Instrumented Flux Return
6580 CsI(TI) crystals 19 layers of RPC’s (upgrade to LSTIs)
e* ID, n° & y reco, K detection o ut ID & K, detection

Cherenkov Detector
(DIRC) :

144 synthetic fused silica bs
w, K, p separation g

Solenoidal Coil
1.5 T B-field

e* [3.1 GeV]

-

Drift Chamber
40 layers
Tracking + dE/dx

Silicon Vertex

" [9 GeV] N Tracker
5 layers of double
sided silicon strips

PEP I
R~ Peak Luminosity
Positrons 3
Low Energy Rin 13 -2 -1
BiaDeector A 12.069x10™ cm™sec August 16, 2006
Edmns 1722 bunches 2900 mA LER 1875 mA HER
- High Energy Ring . .
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Publication Factories
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B Factories are also publication factories!
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BABAR Publications & Ph.D.’s as ofune/2010
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What a performance!
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The Z(4430). Legendre Poly. Moments

Only S-, P-, and D-waves
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The Z(4430)-: The k& Reflections

BABAR

PRD 79, 112001 (2009)
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v' m,, peaksathigh valuedbecause of thesymmetryin the co8, distributions

v' TheK" regions dominate, and affedifferentregions of co, for JAy andy/(2S)
{r;l;aftlg ,[}; kytgrt&r&@ovesapproximatelyc]qalf of the angular distribution at thg4430
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Dalitz-Plot Weighting Technigue
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