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QCD : real particles are color singlet

. . green triplets

\_ NA=usd
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Other possible combinations of quarks and gluons :
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Covered by C.P. Shen on Monday

For exotic states in bottomonium, stay tune for Roman’s talk on Friday
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Charmonium
Spectroscopy

e Mass and width measurement of n_in yy 2n’nn Belle, PRD 86,052002 (2012)
e Observation of ¥Y(4040) and W(4160) in J/Wn via ISR Belle, PRD 87, 051101(R)(2013)
 First evidence of W,2XV arxiv:1304.3975



cc spectrum

1:’. 4600 Y(4660) Exotics discussed by C.P.Shen
g - on Monday
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Previously measured . parameters

Experiment Process Mass, MeV/c? Width, MeV/c2
E835 2001 pp Dyy 2984.1+ 2.1+ 1.0 20.4%7742.0 Largest
BES 2003 WSy, 29775+1.0+12 | 17.0+3.7 + 7.4 /st:rILe;t

CLEO 2004 vy 2K K 2981.8+1.3+1.5 248+ 3.4+ 3.5

Belle 2008 yy 2hadrons 2986.1 + 1.0 £ 2.5 28.1+3.2+2.2

BaBar 2008 B >KRmK(*) 2985.8 + 1.5 + 3.1 36.3737+4.4

Belle 2008 vy KK 29814+ 05+ 04 | 366+ 15+ 2.0

BaBar 2010 | yy 2K KT 29825+ 04+14 |322+11+13

BaBar 2011 | yy=2KK*mm'm® | 29845+ 08+ 3.1 | 362+28+3.0

Belle 2011 |B* > K*(K" K* i7)| 2985.4 + 1.5737 35.1+3.177%

PDG World average 2981.0+1.1 29.7+1.0

Some measurements are ~ 5MeV/c? (mass) or ~ 10 MeV/c? (width)
away from the PDG average

n.inyy=2n'm'm
% Measurement of mass and width in n_=2n’r*rc in yy can provide useful information.
% No direct measurement of l'yyx$ for the decay n.=2n’rn*rr is available so far.
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Belle, PRD 86,052002 (2012)

n.inyy=2nm'm

Q gof486t40 events ]
No interference between n_and non-resonant 2 _ | i
background is assumed. %
S
Parameters Belle PDG Bl
M, MeV/c? 2982.7+1.8+2.2 2981.0+1.1
r, MeV/c? 37.8723+2.8 29.7+1.0 |
r,,3, ev/c? 50.5742456 | 143.1:60.1° 02""""";'+*
.6 27 28 29 3 31 32 33 34
B, % 0.87+0.207 2.711.1 Invariant Mass of nn'n (GeV/c®)
n’2nmn
> Fit with interference is also tried. 44

» Results of mass and width of n_are almost same.
» Possible difference has been added as a systematic uncertainty.
» Improvement in the branching fraction is striking.

"Using indirect measurement, r,yand B(n.2n'm') measured separately.
T, is determined using I, Mg /Tiorar @Nd Mgy /Tioal



Belle, PRD 87, 051101(R)(2013)

e*e” 2y,p)/Wn process

= Many Y-particles have been found in J/Wnr*rmr and y

Wt modes. b
= J/Wn mode has not yet been visited. e .
T T e} y n
(4040)6.00 min. stat. significance
-1
- 98010 Parameters Solution | Solution Il
6.50 min. stat. significanke Mwa040) (MeV) 80 (fixed)
B.rv“010(eV) 48:0.9:1.4 11.241.3:1.9
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Entries/20 MeV/c?

W(4160)
Mya160) 4153 (fixed)
lw(a160) (MeV) 103 (fixed)
R = mie -
f STEE B 385 i n 2L Y(4160)feV/) 4.0£0.8+1.4 13.8+1.3+2.0
0 4 4.25 4.5 4.75 B.T™" ere-
M(nJhy) (GeV/c?) ¢ 33612114 2514447

e First time WY(4040) and W(4160) have been observed to decay into J/Wn

e Their dominant decay modes are known to be DD, D*D, D*D*, D°D*mt as seen at
BaBar. CLEO and Belle.

* No evidence for the Y(4260), Y (4360), ¥Y(4415) or Y(4660) in the J/Wn final states. °



Comparing with B2 J/WnK decay

e*e” Y xJ/W¥n B* 2J/WnkK*
O 2 120 ..
s [ |4628 events for W’ preliminary
o T 2100~ arXiv:1209.0886
= Belle, PRD 87, 051101(R){2013) “E 4040
ST - o | 3872 | 46O
2 10 k-
E -
20—
o liemlanee™, i D: fime
4 4.25 4.5 4.7 ; _ x
M(nJ/w) (GeV/c?) Mary o (GeVic?)

s No W(4040) or W(4160) in J/Wn seen in B=2J/WnK study

(
s Assuming that B(B 2W(4040 or 4160)K) = B(B 2W’K), expected signal yield is 5~20
events for Y(4040 or 4160) in my own estimation®.
¢ In B decay, peak(s) may not become apparent considering their natural width.

\*1* Thus both results seem to be not contradicting with each other. Yy
*Taking I',, ~ 0.8keV from PDG B(Y’'2J/Wn) = 3.6£0.1%°PC
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B(W(4040)21/Wn) ~ 0.6 % or 1.4 % and B(W(4160) >J/Wn) ~0.5% or 1.7 %



B2x.,vK and B2x_,y K

“* X,V and x_,y : suitable final state to look for either X(3872)’s C-odd
partner or unseen charmonium.

*** “B decay” is the proper process for such purpose.

“* Theory predicts 3D, ccC state to lie around ~3810-3840 MeV/c? mass
and be narrow.

Partial width, I'(W,=2X; ) = 260 keV.

% Along with this, there should be 3D, cC state lying around ~ 3830-

3880 MeV/c? mass and will decay into y_,y.

Partial width, ['(W;2x,,)) = 286 keV. ¢ Godfrey & N. Isgur, PRD 32, 189 (1985)

E. Eichten et al., PRL 89,162002 (2002),
PRD 69, 094019 (2004)

v" With current statistics, we expect to find some hint of ¥, and W..

J255 3.60 3.70 3.75 3.85 3193

Search for new exotic states in x_,)and x_,y
by scanning M (mass distribution) for

xcl,c2y
narrow peak.

wn‘lmluuluuluo
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arXiv:1304.3975 Measunng |tS prOpertles
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Simultaneous fit to B* 2X(3823)K* and B° 2X(3823)K°

[: 1.7 £ 5.5 (stat) MeV/c?
(Fr< 24 MeV @ 90% UL)*

Mean : 3823.1+ 1.8 (stat)+ 0.7(syst) MeV/c?

. .. . ] . . * Using frequentist method
Statistics not sufficient for width estimation and angular analysis.

Along with this B 2 (x_,y) K study is also performed
No significant peak is observed and we measured U.L. on B(B2X(3823)K).B(X(3823) 2x_,v))

[(X(3823)>x.,¥)
[(X(3823)-X.,y)

Let’s see if this state can be interpreted as one of the unseen charmonia.

<0.41 (@ 90% CL)
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arXiv:1304.3975

Interpretation of X(3823)as ¥,

TABLE III: Charmonium spectrum, mcluding the influence

of open-charm channels. All masses are in MeV. The penul-

timate column holds an estimate of the spin splitting due 3 1 3

Lo tensor and spin-orbit forces in a single-channel potential Th t t th I d t d D D D
o s N ewlipe el St g el e o o ree states with similar mass (predicted): 2 Uy "D
communication with open-charm states, for an initially un-

sl b i — = 1P, excluded due to C conservation in EM decays.
State Mass Centroid (Potential) (Induced) ..
LS 305ee.  soerer 1503 38 = 3D, doesn’t have E1 transition to x vy
g 42 fz 13 = 3D, seems to be appropriate
B " =7  » W, below DD threshold: expected to have narrow
e Lo ey decay width of 300-400 keV
2k 550en % —=t _ » W,>DD is forbidden due to parity
S. Godfrey & N. Isgur, PRD 32, 189 (1985) > Mostl deca ing into .
E. Eichten et al., PRL 89,162002 (2002), y y g XCly
PRD 69, 094019 (2004)

v" The observed peak (@3823) has not been seen in DD (3D, DD is expected). \

/-(X(3823)9XC2V) o rw 2 9X¢2V)~
FIX(3823)x.1) <0.41 (@ 90% CL) , Expected (@, >y 0.2 (model dependent)
Pﬁll. 89, 162002 (2002); PRD 67, 014027 (2003)

If we assume, B(W, 2y, ,y) = 0.64 pro 55, 4001 (1997), PLB 395, 107 (1997)

BR(B-¥K) Factorization penalty similarto  BR(B—x:K)
BR(B-Y'K) 0.02 the one observed in B 2y_,K BR(B-x1K)

= 0.022+0.007

Belle, PRL 107, 091803 (2011)

( Suppression w.r.t. to J/¢=1-, similar to the observed suppression of J/¢=2** w.r.t.
JPC=1++- /

X(3823) seems to be the missing ¥, from the charmonium spectrum .
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Search For
Doubly Charmed Baryon
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Doubly charmed Baryon (=_* )G

Doubly charmed states combine two extreme regimes inside them:

i)
ii) Fast motion of light quark.

Slow relative motion of two heavy quark, as in charmonium

Doubly charmed baryons provide a new window for understanding the
structure of all baryons

S & o

S b~ ©®

ccu, = or ced, = 7.

SELEX, PRL 89, 112001 (2002)
SELEX. PLB 628. 18 (2005)

I N K

I
LA

3.42 3.47 3.52 3.57 3.62
I+ ;
AJK'r (wrong sign)

32 33 34 35 36 37 38 39 40
M (AIKT) [GeVic?)

Models generally predict mass range of 3.52-3.66 for J’=1/2* ground
state and 3.636-3.66 GeV for JP=3/2* excited state.

Lightest doubly-charmed baryons can exist with either quark content =

1

0
2

SELEX observed statistically compelling high mass states

near 3.6 GeV/c?

Evidence of =_* in A *K'rt* and pD*K
Mass of =_* : 3518.9+ 0.9 MeV/c?
T(measured) < t(theory)

: WRONG SIGN
*£~3.46 GeV

P
o.s | H
aJ 2 a

R —
A K T

cos(@*) > -.6

e EF] a5 25 355
= ++ + |-yt
Z M PAKR
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Doubly charmed Baryon (=_* )~

Doubly charmed states combine two extreme regimes inside them:
i)  Slow relative motion of two heavy quark, as in charmonium

ii) Fast motion of light quark.

Doubly charmed baryons provide a new window for understanding the

structure of all baryons

e Lightest doubly-charmed baryons can exist with either quark content =

ccu, = or ced, = 7.

* Models generally predict mass range of 3.52-3.66 for J’=1/2* ground
state and 3.636-3.66 GeV for JP=3/2* excited state.

SELEX, PRL 89, 112001 (2002)
SELEX. PLB 628. 18 (2005)
~

N K \

MeV/c
M ~N
I I 1

Events /2.5 [

O =2 N W A W
I
—
| —

I
LA

- 3.42 3.47 3.52 3.57 3.62
I+ ;
AJK'r (wrong sign)

-
S A~ 0N
T T T

Events /5 [MeV/c?]
)
I

LN

0
32 33 34 35 36 37 38 39 40
M ( A*KT") [GeVic’)

= SELEX observed statistically compelling high mass states
near 3.6 GeV/c?

= Evidence of Z_*in AK't* and pD*K

= Massof = * :3518.9+ 0.9 MeV/c?

= t(measured) < t(theory)

R —
A K T

WRONG-SIGN cos(O*) > .6
s b

- +
=, is reported
“1~3.46 GeV

P
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e EF] a5 25 355
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Doubly charmed Baryon (=_* ) -G

cC 5
Doubly charmed states combine two extreme regimes inside them:
i)  Slow relative motion of two heavy quark, as in charmonium i
ii) Fast motion of light quark. = AL wue

Doubly charmed baryons provide a new window for understanding the = =

structure of all baryons

P _
e Lightest doubly-charmed baryons can exist with either quark content ;=
cecu, = *or ced, = 7.

* Models generally predict mass range of 3.52-3.66 for J’=1/2* ground
state and 3.636-3.66 GeV for JP=3/2* excited state.

SELEX, PRL 89, 112001 (2002)
SELEX. PLB 628. 18 (2005)

: : A KTt = SELEX observed statistically compelling high mass states
6l near 3.6 GeV/c?
°r = Evidence of Z_*in AK't* and pD*K
3 | = Massof =7 :3518.9+ 0.9 MeV/c?
: I Jlu = t(measured) < t(theory)
0 1 -Ilnl_l.[l_
- 3.42 3.47 3.52 3.57 3.62
2r AJK*rr (wrong sign) ( N
8 «F
4 _ E WRONG-SIGN cos(8,.*) > -.6 -_— .
of M ) = *is reported
27 *~3.46 GeV
8 “F
4 F
0 : HH 19
32 33 34 35 36 37 38 39 4.0

= 4+ Iy —
M (AKT) [GeVic?] \-cc 2AKn'n )




Doubly charmed Baryon (=" )"t

Doubly charmed states combine two extreme regimes inside them:
i)  Slow relative motion of two heavy quark, as in charmonium
ii) Fast motion of light quark.

1

Doubly charmed baryons provide a new window for understanding the = =

structure of all baryons

e Lightest doubly-charmed baryons can exist with either quark content = (

cecu, = *or ced, = 7.

* Models generally predict mass range of 3.52-3.66 for J’=1/2* ground

state and 3.636-3.66 GeV for JP=3/2* excited state.

SELEX, PRL 89, 112001 (2002)
SELEX. PLB 628. 18 (2005)
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. : WRONG SIGN
*£~3.46 GeV
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near 3.6 GeV/c?

SELEX observed statistically compelling high mass states

Evidence of =_* in A *K'rt* and pD*K
= Massof = * :351
T(measured) < t(theory)

8.9+ 0.9 MeV/c?

Production cross-section for efe” 2= X

|

R —
A K T

cos(@*) > -.6

e EF] a5 25 355
= ++ + |-yt
Z M PAKR

t B factories : 3 fb to 230 fb

PLB 332, 411(1994);
Phys. Atom. Nucl, 65, 1537 (2002
PLB 568 568 (2003)

We should perform conﬁrmationZo
at B factories !



Searches in other experlments

In order to establish =, state, confirmation at other experiment

necessary.
FOCUS, NPB proc. 115, 33(2003)

450 [

FOCUS: Sum of all Z__ decay modes

400 |
LN
> 300 1
s

5250 |
200
-

S150
>

w10 |

i t +1 +:

I 462 fb-1

50 b Belle, PRL 97, 162001 (2006)

U L L L L L L L L L
34 3425 3.45 3475 3.5 3,525 3.55 3.575 3.6 3.625 3.65

U 2.
M(A K') (GeVic?)

Experiment Limit on R- ., s+ Kinematic cuts
BaBar 6.9x 10* @95% CL
BaBar 2.7x 10* @95% CL | p*> 2.3 GeV/c
Belle 1.5x 10* @90% CL | p*> 2.5 GeV/c
Focus 2.3x 103 @95% CL

» SELEX results have not been confirmed by FOCUS, Belle and BaBar.

= Candidates'(3.5 MeVid)

i Candidates{(3.0 MeVich)

=, Candidatesi(3.0 MeVi)

» Belle doubled the data statistics with improved reconstruction.
» We revisit this topic with an effort to have additional final states.

=, Candidates/(3.5 MeVic?)

%

o+ b
W

2 7
(=

_BaBar, PRD 74, 011103 (2006)

= =]
= L=~

=

fad
=

=

L4 1.5
-:._\.1{.:_“-,&:1 (GeVicy
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Search for =_*™)

980fb! data is used in this search.

Previous study uses pK'rt* to reconstruct A.* and only =_*2A K.

'NEW
= ++ 9AC+K-n+ t

=cc
= Opptqpt
>z n'n

A =2 pKs mode helps in increasing

i =0 - K-
statistics by 20%. Inclusion of =2 2> AK'n* and pK'K'n,

increase statistics by 80% for =_*

To reduce background X >0.5 is required , where X, = p.../Pmax ; Prmax = SArt(E.,2-M: ?)

= %r* is a strong decay mode of = *(2645) (J°=3/2*) as well as weak decay of =_*

Z.*(2645) - =" is used as calibration sample for =,

22



preliminary

Landmark state, = *(2645)

Signal PDF: Gaussian convoluted BW (o = 1.05 MeV from MC)

500}
400}

300[-

-0 =t
| =2 Inm
1 1298+51 events

=.*(2645)

Events / ( 0.00200533 GeV )

200

100

el

Feed down of
Z,(2790)*>y=n*

gy ¥

N TR 4 O, WORP ) (P, W] oM [T, S
2.6 262 264 266 268 27 272 274

M(Ein*) (GeV)

700
600
500

400

Events / ( 0.00200533 GeV )

300
200

100}~

=22 NAKm?

974147 events
= C+(2645)

Feed down of

Events / ( 0.00200533 GeV )

500
400

300

Z,(2790)*->y=n*

200—

100—

O PR Ll NP Y SN A VUL S PR R
g.B 262 264 266 268 27 272 274

M(Z2n*) (GeV)

[ il Pl el

= 02pKKmn*

1444 158 events
= c*(2645)

Feed down of
Z,(2790)*->y=n*

el TR R O N A W
266 268 27 272 274
M(Z2r*) (GeV)

Submode—> 02t | ZO92AKmt | Z92pK Kt | Simultaneous fit PDG
Mass(GeV/c?) | 2645.4+0.1 | 2645.3+0.1 | 2645.5+0.1 | 2645.4+0.1(statonly) | 2645.9+0.6
Width(GeV/c?) | 2.9+0.3 2.6%0.3 2.510.3 2.610.2+0.4 <3.1

e All sub modes give consistent Mass and width of =_*(2645).
e Systematics come from : BG shape, fitting region, ensemble study and difference of data
and MC resolution .

First precise measurement of the width of = *(2645)
Accuracy of the mass is also significantly improved.




preliminary

Search for =_*(*)

CcC .

S

Arrow shows
the mass
claimed by :
SELEX 200 |
Expected mass resolution: -

E 2.0-3.5 MeV/c? depending
oo
i \F upon the mass

Counts/‘lMeWc
£ 8

. . _ 33 33 34 33 36 37 38 38 a
32 33 34 35 36 37 38 39 M{ATK T ™) (GeV,/c?)
M{ATK™t™) (GeV/

95%C.L. upper limit of o(e*e 3_CCX)XB(_ * A Knt) <4.6-20.5 fb
95%C.L. upper limit of o(e*e 2= X)xB (= 2A Kn*n*) < 2.5-26.0 fb
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preliminary

Search for =_**

oo |

Vv

95%C.L. upper limit of o(e*e
95%C.L.

34

e

fin

36 3.7 38 30
M{ATK™t™) (GeV/

cC -,
X s00
Arrow shows %m
the mass €
claimed by S
SELEX

Expected mass resolution:
2.0-3.5 MeV/c? depending
upon the mass

200
10

[]3_2

53 36 37 38 39 4
M{ATK T ™) (GeV,/c?)

1 L
a3 34

3_CCX)XB(_ *IAKT) < 4.6-20.5 fb

upper limit of o(e*e” 2= X)xB (= 2N Kn'r*) < 2.5-26.0 fb

U‘-‘-:‘D__

o 400

N v/

350

ts

= 300 |

ou

S 2s0 b
200 |
150 —
100 |

so |

ok

+ = Oyt
Z 22

32

36 37 38 39 4
M{Z ™) (Gew /)

Counts/2MeV/c’
-

"
2

Expected mass resolution:
2.7-4.2 MeV/c? depending
upon the mass

100

P

3.6
— @ + +
ML=

1 1 L A i
3.3 34 3.8 39 ES

) (GeV/c?)

| -
3.7

L
35

95%C.L. upper limit of o(e*e" 2= X)xB(=_* 2= n*)xB(= L 2=n*) < 0.76-0.26 fb
95%C.L. upper limit of o(e*e" 2= X)xB(=_** 2= On*n*)xB(= ° 2= n*) < 0.094-0.36 fb

¢ No significant signal is seen
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Excited = " in A *Krt*

Along with confirming Belle’s = *(2980) and =_*(3080),
BaBar also found two excited states:

~

Z.*(3055) and = *(3123) 3
Still awaiting confirmation by other experiment R
~ =
z(2520)* |
Xp > 0.7 (similar to BaBar’s cut on p™>2.9 GeV/c)  5(2455)* |
“, 800 |- '.‘*:90
S SR % w
5 700 (D) z
}600 n % =
= 500 F 20
C 10

o C =
400 | Tuo
300 f— gmu
2 :_ ++ % Z
2 {3455) s WM'L% 5 (2520)* g
100 ‘_(JLJV"J 20
. e, :

O 42 544 246 248 2.5 252 254 2.56 258 2.6
M(AST) (GeV/c?)

|M(AJT)-Ms2045): | <5 MeV/c?

| M(AJT*)-My(5500): | < 18 MeV/c?

E 384 f BaBar,PRD77, 012002 (2008}

Sl o

IHIIIII'IIII|III]IIIII!IIII]III | : .:I 1L

L L W b L L L L s

ke 1 1 L
2.95 3.040 3.05 3. 10 315
M{ATK ) (GeVie)
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preliminary

=.*(3055) and =_*(3123); seen or unseen ?

3 (2455)* 3 (2520)*
= amp X*/ndf = 54.8/51 T 2200 0/ndf = 28.6/42
S 140f -+ 19946 events & 290 o 55 avents
S . ° § 1801
% 120E 6.80 S 1e0p £+(3123) ?
£ 100f : .g 1405—
= sof % =./(3080) @ 1200
B i 100—
60| 80
aof 60|~
E 40—
20} 20;_ /i
o 8% : 5.*.9?'):_—:‘ 3 — ?::)él I‘.h31.1L = 3I'I15I - I3.2
M(AIK %) (GeV/c?)
Belle results (MeV/c?) World Averages (MeV/c?)
Yield Mass Width Mass Width
=.(2980)* | 24439 | 2974.9+1.5+0.4 | 14.8+2.5+1.0 2971.4+3.3 2617
=.(3055)* | 19946 | 3058.1+1.0+0.5 | 9.7+3.4%1.0 3054.2+1.2+0.5 17+6+11
=.(3080)* | 18531 | 3077.9+0.4+0.1 | 3.2+1.3+0.3 3077.01+0.4 5.841.0

o x BN 2pKrt)of =.#(3123) < 0.17 fb@ 95% C.L. [ 1.6+0.6x0.2 fb by BaBar ]

Belle confirmed =_(3055)* but could not see =_(3123)*
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Summary

[ First observation of yy 2n’m*m ]
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Summary

[ First observation of yy =2n’n*rc ] ) Measure mass, width of n_and first
measurement of I

final states not involving charm meson pairs

* Most probably W, : the missing piece

Significant signal (3.8 o) is seen in ] — of &€ spectrum.

X1V at 3823 MeV e Consistent mass and decay mode

\___ With theory prediction. )

First time ¥(4040) and W(4160) have been observed to decay to - [
ete” 2y,r J/Wn

[Precise measurement of the mass and width ] — [Study of =.*(2645) ]

[ Search for =_** ] ‘ [ No significant signal is observed ]

{0 Confirmation of =_*(3055) with 6.8c significance ]

0 No evidence for = *(3123)
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Belle is still actively solving questions about heavy flavor hadrons
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+# Backup Wizard

Welcome to the Backup Wizard

_ ‘ D) ‘ This wizard helps in
[— keeping track of
BACK-UP slides

To continue press Next >

Next>%al Cancel
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Production of c€ (-like) essuctories

A few % of B mesons B-decays
decay into c¢ and K"

Easy to study.
Low background.
JPC using angular studies .

Annihilation at smaller energy. y

e+
Initial state
radiation @-

Double
Charmonium

e Reconstruct
J/W and look
at recoil mass

Iy

Two photon production g+
cC states +

produced Y,
Y

J even

without C=+1

additional
hadrons. @~

e
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605 fb! \Y

N’ m+m-

in low mass region

Belle, PRD 86,052002 (2012)

We also search for light hadrons : n(1760) and X(1835).
Both are not well known and two photon process can help in identifying their nature.

“o ~, 120 : ~§ T T
=> = i 100 .
> = 100 > ( )
2 T ='°1n(1760 _
[ o 80 d
« = 80 2 i T8 |
D B [ B -
] & e0 QL 60|
= _— B = [
k=] = = B
i o aof w 40|
20| 20}
of of
-20 _ -20 :
[ I a0l X(1835) aol EH X(1835)
o b | L . L 1 | L | | L 1 L 1 I L 1
1.4 1.6 1.8 2 2.2 2.4 2.6 1.4 1.6 1.8 2 2.2 2.4 2.6 1.4 1.6 1.8 2 22 24 2.6

M) [GeV/c?]
Only n(1760) is used for fitting

M(n't't) [GeV/ic?]
Constructive interference

M(n't't) [GeV/c?]

Destructive interference

Parameter One resonance Two interfering resonances Reference
. Solution 1 Solution 11
Assumption that both n(1760) and X (1835)
X(1835) has JPCof O+ ];I,Ii\ile\\]f//f 1836.5(ﬁ(ﬁx§)d) 1836.5 13;%%;’] 6]
, MeV /e 190 (fixe 190+ 9736 [6
¥ a2t s =73 Bt £139 "
. Yoo < 650 < 1490
No interference between resonant and 1.5, ev/e w2t a0 32 4 g
non-resonant is taken into account. ol ¢ T . W
1760
M, MeV/c® 1768122 £ 10 2 170;215 T 1.8 1756 £ 9 [1]
T, MeV/c? 224152 4 25 42%38 1 15 96 =70 [1
It has also been suggested that data can also }ef & | 4657131 1 60 52+35 4 15 315%332 + 88 -
be well described by using broad J*=0"* Lr) eV/c? 28-2fi::‘3]7i 3.7 30775+ 0B 18755 £ 5
. . » O . :
peaking in mass 2250-2300 and X(1835), & (287+42)° (139+2%)°
43

without N(1760) pygugg, Phys. Rev. D86 114006(2012)



Belle, PRD 86,052002 (2012)

Interference with Non-resonant
component

Non-resonant into two component :

a) Interfere with resonant (NR1)

b) Don’t interfere with resonant part (NR2)

Two solutions for interference
Mass = 2982.7 MeV/c? for o,z = 0.01%
= 2983.0 MeV/c? for oy = 100%

[=36.4 MeV/c?
If for ayz = 100%,

g = N1/(n1+n2)

with destructive interference , Yield = 854+59 events with ¢, =(-92+15)°
with constructive interference, Yield = 264+22events with ¢, = (91+8)°

With no interference :
Mass =2982.7+1.8+2.2 MeV/c?

r =37.872842.8 MeV/c?
Yield =486%40 events

Experiment Mass, MeV/c? I, MeV/c?
Belle 29854+ 15797  [351+3.177¢
PLB 706,139(2011)

BES 2984.3+0.610.6 32.0+1.2+1.0

PRL 108,222002(2012)
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Charmonium

Bound state of cand T
Spin:%and % =0,1

Orbital angular momentum: L =0,1,2,...

Parity (P) = (-1)**!
Charge Conjugation (C) = (-1)**°
Total Spin :f= L+ S

L=0, S=0:J=0 JPe=0+
L=0,S=1:J)=1 JPC=1-
L=1,S=0:J=1 JPC=1+
L=1,S=1:J=0,1,2 JPC=0* 1* 2+
L=2,S=0:J=1 JPC= 2+

=2,5=1:J)=1,2,3 JPC=1-2"3~
and soon

Exotic quantum numbers
0+,0-, 1% 2* and so on..

Charmonium

Vir) =—

4a[s+k
3r "

(Cornell potential)

-

.

Spectrum based on this, with
spin-orbital, spin-spin and

tensor term.

\

J

\_

States not easily

accommodated, candidates for

exotic nature.

N

—




TABLE I: Thresholds for decay into open charm.

Lo Ehivesheld Hniargy (MY TAELE IIl: Charmonium spectrum, including the influence
DD 37294 of open-charm channels. All masses are in MeV. The penul-
D™D~ 3738.8 timate column holds an estimate of the spin splitting due
P 0 DR 3871.5 to tensor and spin-orbit forces in a single-channel potential

DEp*¥ 3879.5 model. The last column gives the spin splitting induced by

D;; -'Qs_ﬂ 3936.2 communication with open-charm states, for an initially un-
D*+ D 4013.6 split multiplet.
DTRe 4020.2
DID:~ or D:TD; 4080.0 s M Clantreitd Splitting Splitting
Drtpr- 42938 e Fre EILIOIE (potential)  (Induced)
TABLE V: Calculated and observed rates for El1 radiative i;gﬂ égggg: EBETE& _333 +§S
Fransif:ions among charmonium levels. I{al—ue& fl_n italics result ! ; e =
if the influence of open-charm channels is not included. 13 = 2415.3° _114.0¢ 4590
Tran:‘sitic:rn- ] Partial width {kf,.-‘v'} ]3]3‘l 351052 3595 3¢ —11.6° —a20
(y Ienerg}r in MeV) Computed Measured ]]_Pl 9595 9 . +1.5¢ +0.5
13[)1[3?'}'[1} — Xea27(208) 4.2 — 3.9 %Py 3556.27 —31.9° —0.3
1D (3770) — x.17(251) 183 — 59 \ " _ i
1°D1(3770) — x.07(338) 95} — 225 333” ggggg 3673.0° jg‘gl +1E-'5.2:
]_ B & — Fa
1°D1(3815) — x.27(250) 55— 68 55 i
1D, (3815) — Y1 7(203) 128 — 120 gl 3 Pa B
1°D1(3815 07y(379 208 871 2 i 5)¢ o
“D1{H815) = x 0 F(370) 44 1'D, 38380 (3815) 0 4.2
1JD9[3815} — Xe27Y(251) 50 — 40 13D3 3868.3 +20 +19.0
3 29
13]]2[3813} — X1 7(293) 230 181 E?PD 2031.9 _90 410
I Da(3831) — xes7(266) 59 — 45 2P, 4007.5 " —8 +28.4
1°D2(3831) — xe17(308) 264 — 212 2'p, 3068.0 0 ~11.9
IJDEEESTE} — Xe27(303) 85 — 45 2P, 3966.5 +25 —33.1
IEDE[ 72) — xe1y(344) 262 — 207
1°D3(3815) — x.27(251) 199 — 179 S. Godfrey & N. Isgur, PRD 32, 189 (1985)
1°D3(3868) — x.27(303) 329 — 286 E. Eichten et al., PRL 89,162002 (2002), ,;
1°D3(3872) — xe27(304) 241 — 299 PRD 69, 094019 (2004)



B*—2>x,yK*

M, ,, distribution

711 fbt

47

rrrrprereprrrryrrreprrerprrrep e e e
RN R L LN R R AR L RN

Combinatorial backgroun

X(3872)

No strong evidence for any narrow peak
W, /X(3823)

between data/MC at current statistics.
B> W' (-»),,v) K*

3.8

[

_ & | 21%."
BESNEE e S ﬁ&%ﬁ..40###00##&1#0#&#
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arXiv:1304.3975 g %
- ‘;é'm' Eiu
Table summarized the results g |, Tt |
E ¥as a7 38, 35 - 4 5o 528 :
Decay Yield (Y) S(o) €(%) Branching fraction i Dbl Mo (GGaViE)
BT o ' (= xca7) K™ B(10™) {” te ,E'L-
Xe1  1932+192 148 8.6 7T7+£08+09 AL: } : |
Xez  59.1+84 T8 6.0 6.3+0.940.6 25 ‘l I[ 5
B” = ¥’ (= xeay) K" 2 e 1L Z 1 "‘J I
N JLALE a2l =, A N L [ e RE N L
xett H03+73 72 5.1 68+1.0+0.7 B s oS ST TR
X2 1294+44 29 3.5 47+1.6+0.8
T g0’ T e
BT — X(3823)(— xc37)K B(1077) BO y_yk°
Xel 332497 3.8 109 9.7+28+1.1
Ye2 03+39 0.1 8.8 < 3.6 3
B" = X(3823)(= xc17)K"° il
Y1 3.9+34 1.2 6.0 <99 i
Xc2 53+29 24 5.0 < 22.8 )
BE — X(3872)(> xcs7)K*
Yel —0.9+5.1 11.1 <19
Xe2 474+44 1.3 9.3 < 6.7
BY — X(3872)(— xe17)K" ) o
Xel 46+3.0 1.6 6.2 < 9.6 ) )
W [ 1)
ez 23+22 11 52 <122 S
s 4 | s
¢ TR AN ¢ “”f*“il‘“ﬁl,w HI TN

526
M, (GeViE)



E705 Collaboration Belle Mass

2
Looking at Y, here 3.836 peaks looks 3.823 GeV/c
prominent ???

A search has been made in 300 GeV/c n*- and proton-Li interactions for production of states
that decay into J/vy or ¢ plus one or two pions. A 2.50 enhancement in the J/¥ #° spectrum,
possibly the recently reported ' P; state of charmonium, is observed at a mass of 3.527 GeV/c?. In
the J/4 plus two pion mass spectrum, we report, together with the expected ¢’ — J/¢¥ ¥t x~, the
tentative observation of a structure at a mass of 3.836 GeV/c?. No enhancements are seen in the
J/pata® J/patal, J/pn*, or ¢’ 7t mass spectra.

PhysRevD.50.4258

:n.-q_-‘.
=120 §
= £
r
% 101100 E
——
ﬁ 80 &
i
: ]
400
20
| I T
- i Fit A
I--'

4 4.42
M4 ) (GeV/c)
FIG. 6. J/¥="x~ mass spectra from 300 GeV/oex®Li in-

teractions; (b) J/ 0 =" 7 mass spectrum from 300 GeV /e BEg-
ton Li interactions.



3800 3900
M(J/y t* v) [MeV/c?

Interestingly W, is not
seen in J/Wnm in other
experiments.

15~
14.5'

14
13.5

13
12.5

Candidates/ 4 MeV

12 .|.-|-
1L

1104

$

-

.

0
)
4

-

v

378 3.8 382 3.84 366 3,88 3.9 3.92 3.94 396

m{JM + ') [GeV]

2.4 fo

Candidates per 2.5 MeV/c?

Candidates par 1.25 MeVic®

1 L
a7 3ga

L
ass 3.88 EY 388
Sy Mass (GaVic®)

v

=] [TTTT
[

3.80 3.85 3.90 3.95 4.00

JAyne Mass (GeV/c?)



PDG2012

n{:“ 5} WIDTH References History since 1990
VALUE (MeV) CL% EVTS DOCUMENT ID TECN COMMENT
29.7+1.0 OUR HIT
29.7+21 OUR AVERAGE Error includes scale factor of 2.0. See the ideogram.
36.2+2.8+3.0 1k DEL-AMO-SAN.. 11M  BABR V=K K mmm

1 -
35 1+3.17 ]g 920 VINOKUROVA 11 BELL B* — K(KR I 17)
317+£124038 14k 2 LEES 10 BABR 106e* e —ete KL ™
36.37 3144 921+32 AUBERT 08AB BABR B — nJ18) KU — KK m K
281+32+272 7.5k UEHARA 08 BELL ¥ ¥ — ne — hadrons
4aj§i5 195 WU 06 BELL B —pp kK
40£19+5 20 Wwu 06  BELL B* L AAK
248+34+35 592 ASMNER 04 CLEO Vy— ne— KLKE 7™
2047 [ T420 190 AMBROGIANI 03  E835 Pp—fc—VV
17.0£3.7+7 4 * BA 03 BES S — vy ne
11.0+8.1+4.1 4 BAl 00F BES JAp — y ne and p(28) — y g
2397128 ARMSTRONG 95F  ET60 DDy
70tls 12 BAGLIN 878 SPEC Bp—yy
1017330 23~ BALTRUSAII. . 86 MRK3 Jg—ypp
115445 GAISER 86  CBAL Jg — v X, p(28) — y X
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U.L. on o(e*e” 2 =_** X)

Assuming BR(Z "> A_KtH(mY)), BR(Z 2= O () and BR(Z > =) to be 5% *

—CcC —cCcC

ofe*e" D= *X) <92.0-410.0 fb

= +(+) - (11
olete D=, +X) <50.0-5200fp T T PATKT ()

o(e*e 2= *X) <30.4-104.0 fb for =+ 2= Ot (m*)
ole*e 2= **X ) <37.6-144.0 b

Theory predicts production cross-section for e*e- 2=, X at B factories :3-230 fb

PLB 332, 411(1994);
Phys. Atom. Nucl, 65, 1537 (2002)
PLB 568 568 (2003)

Result is comparable with some of the theoretical model.

L. 52
* Similar to B(A_*>pKm*) decay



Taken from Y. Kato (Belle), JPS talk
March 2013

IReconstruction of Ecﬂ 10

M(="1t")

- 1888808

=
b
I

24 341 144 346 241 25 180 154 15
M{AK ™) (GeV/c?)

*Previous study by BaBar use =t* only.

Yield is comparable for 3 modes.

S/N largely depends on the decay mode.

—>Simultaneous fitting with fixing signal yield
gives better sensitivity.

However, no measurement on branching ratio.
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Taken from Y. Kato (Belle), JPS talk
March 2013

Signal MC

=.. momentum is expected to be lower than A_*f momentum

=

because 4 charm, anti-charm quarks are produced and
kinetic energy available is small.

Use measured momentum of A*

rTTT T T T T
® BaBar -

o CLED
& Delle

. N XDl D
{ - Prmax = SC[I”t( Ecmz-thz)
L T P__ is~4.7 GeV/c

T oa
([ 1MNG&) ghi 37 iy -

|..'¥ Assume the same do/dXp and

4] 0.2 04 . 0.6 ne 1 h
hep-ex/0609004 change Mj.2>M:

do/dX measurment Poax ™ 3-9 GeV/c (M =3.52 GeV/c?)

for inclusive A_* production
by Belle/Babar/CLEO
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Taken from Y. Kato (Belle), JPS talk

March 2013

| B

o(J/y+cc)=0.87

e*e” = J/P+ccP?r by Belle

4 &5
i a) |
- 1E
1 -
- = > 4
q_? = » "
s [ L & L 1
8= 7201 202 203 Y
Mpe+ Gevics
J - o n 2 :'. - f} ﬁi‘&gff}
[ -, AR TR S -~ g
5 il Y i - m *
3 _‘l' p -... - .#'“‘:“- . o - E 0
r - » - - " ¥
o R T4 S 4
.-‘1" L & - " .‘_: . -_o .
-\“’. "3 1
' il -'.1 :' i E::-." 3 -;""r'-
-§ 81 1.86 1.91

MKt kK" GeVE

+0.21
=0.19 *

2 b)
= A
= [
4
= i -.\ . T |
2.01 2.02 2.03
Mpe,+ GeVic

I-II|III|IIIIII-I

751

1.86
MK (KK GeV/ie

d)

1.91

0.17 pb < 0.006—-0.012 pb

Prediction of cross section for =__ 100-200 fb
—>might be much larger.



cC (-like) states at Belle

-1
1zoofb ...... . >1ab
Belle Detector | On-resonance:
o - Aerogel Cherenkov ent. 1000 45:711f6> |
SC solenoid = Sl Seq  N=1-015~1.020 { 5S : 121 fb!
167 ll = & | 35:3 fbt

800 25: 25 fb?!

| 15: 6 b r/—'/
600 | Off-resonarice/scan

Csl(T) 16, =

TOF counter

8GeV e 23
- "-___ ,—u-" -
= 400 | _
.-— < #E(.IE |l A
I L
sivid det, QI w/ K, detection 200
4/3yr.DSSD 14/15 lyr. RPC+Fe -

ol
1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/

General purpose detector, build to test Standard Model mechanism
for CP violation in B decays to charmonium (B%=2>J/W, W’ x , K)o 2
Contribution to charmonium (-like) states:

n.(2S), X(3872), Y(3940), 2(3930), X(3940),X(3915), Y(4260),

Y(4660), Z(4430)*, Z,(4050)*, Z,(4250)* ... o



