Charmonium III: Above Threshold

Dynamics near threshold

- Threshold formalism

- Strong Decays

- Rc in the threshold region
The XYZ states

- Transitions

- New degrees of freedom?

Summary and outlook
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QCD Dynamics at Threshold

Lattice calculation V(r), then SE LQCD calculation of static energy

2u dr?

u(r) [ (B
1d ()+{<QQ2>+VQQ‘(I’)}M(I’):EM(I’)

What about the gluon and light quark
degrees of freedom of QCD?

Two thresholds:

- Usua(Qq) + (qQ) decay threshold
- Excite the string - hybrids

[V(r)-V(0.5 fm)]/GeV

Hybrid states will appear in the spectrum
associated with the potential I1, ...

In the static limit this occurs at separation: r
~ 1.2 fm. Between 35-4S in (ccC);
just above the 5S in (bb).

N
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Heavy-Light mesons

The low-lying spectrum for heavy-light mesons Hu = (Qq)(L,))

Hqa*'? = {Ha(2°), Ha(3")}
Hq*'2 = {Ha(1"), Ha(2°)}

H's2 = {H's(07), H™*s(1°)}

Hp*/2 = {H(1"), H(2")}
Hp’2 = {H(0"), H(1")}

Hs'2 = {Hs(0"), H*s(1)}
HL([T=j+1/27)

—

HL([T=j-1/27)
Transition branching ratios Hi -> Hz + (7, K, ...) predicted by HQET

M. Di Pierro and E. Eichten, Phys. Rev. D 64, 114004 (2001).

HL

The doublet degeneracy is split by 1/mq terms:

w
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Heavy-Light mesons

*  The low-lying charmed mesons

= D(,d) m(D")-m(D°) = 4.77 +0.10 MeV

jP (D%, D")
1/2 -
1/2 -
1/2 +
1/2+
3/2+
3/2+
1/2 -
1/2 -
3/2 -

T.P. Sun, J.S. Yu, X. Liu, T. Matsuki [arXiv:1008.3120]

J? (n>*1L;) Expt.[1,2] GI[3] MMS[4] PE[5] EFG[6] Width
0-(1'Sy) 1867 1880 1869 1868 1875 --
17(1°S)) 2008 2004 2011 2005 2009 (77, 96) keV
0*(1° Py) 2400 2400 2283 2377 2438 276 MeV
17(1°3Py™) 2427 2490 2421 2417 2501 380 MeV
1Y(1°1P,") 2420 2440 2425 2460 2414 31.0 MeV *
2*(1°P») 2460 2500 2468 2490 2459 50.5 MeV *
* 0-(2'So) 2533 2580 2483 2589 2579 128 MeV *
1-(2%S5) 2619 2640 2671 2692 2629 92.9 MeV *
* 1°(1°Dy) 2763 2820 2762 2795 83.9 MeV *

* J. Benitez et al. (BaBar Collaboration) (ICHEP2010)

N~
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Heavy-Light mesons (Charm)

- Decay patterns as expected for heavy light mesons

§

= D{27€0)
s DG o
s ool ] o TP. Sun, J.S. Yu, X. Liu, T. Matsuki
2 | [arXiv:1008.3120]
2 2200 '
= i o
2000 Dw
1o 0 1 0 1 1 2
- D¢
jP (Ds") Mass (MeV) Wid+th
1/2 - 1968 -
1/2 - 2112 0.44 keV
1/2 + 2317 23 keV *
1/2+ 2459 38 keV *
3/2+ 2535 290 keV
3/2+ 2573 20 MeV

* Theoretical expectations - Below threshold for Zweig allowed decays
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Threshold behavior of Rc

o(eTe™ — hadrons)

R —

oete” — ptu~)

Consider the contribution o R from heavy quark (Q = ¢, b or 1)
near pair production threshold:

j /d4x & (0] Tjt4 ()5 (0) |0) =

(6" ¢* — ¢"¢")q(q?)
hence Rq is given by:

Rg = 127Teélmﬂ(s + i€)
and the electromagnetic current can be expressed in nonrelativistic form:

]ég = s1plolx + S—QwTaiDQX s1, Sz, d2 calculable in
perturbative QCD

d 1 oy 1 ..
+—pTod [Z(D'DI + DIDY) — 259Dy + ..
mg 2 3
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Charmed Threshold Region

1S 2S 1D 3S 2D 4S
7 B | I A | I | | | N | | I | | | | | | | | |
C T/ ¥(25) e C -
6 — Mark-I —
- Mark-I + LGW " .
- Mark-II e =
R 5 - e PLUTO ' E
- O DASP -
4 :— % Crystal Ball | l } —:
- | * BES | | :
3 I | —
- - I | | -
o L .
2 ' - | —
C _
5

| | | | | I | | I
3 3.5 T T 4.5
P-wave thresholds: DD, DD*)\D*Df,

Dst DsDs* Ds*Ds™
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Charmed Meson Pair Thresholds

Narrow Thresholds Broad Thresholds

DD 3729.7(4+9.56) ]
DD* + D*D 3,871.8(+8.08)

D.D,  3,937.0 } P-wave
D*D*  4,013.9(+6.6)
D,D: + D,D*  4,080.8 J
D*D*  4,224.6 *

DD(1T)+D(1")D  4,287.1(+5.9) | D*D(0+) 4270 )

DD(2") + D(27)D 4,325.9(+3.8) D D’(1+) 4270 | S-wave
D*D(1*)+ D(17)D*  4,429.3(+4.4) t D-wave D*DY(1+) 4430
D*D@Y)+DEY)D*  4,468.1(+2.3)

D,D,(1") + Ds(1")D,  4,428.1 ]

D;D,(07) 4+ Dy(0%)D; 4,430.1 } S-wave
D:D,(1") + D,(17)D;  4,571.9 |

DsD,(17) + D,(1")D,  4,540.9 )

DDy(2%) +Dy(29)Ds 45411 1 o
D:D,(17) + D,(17)D:  4,647.7

DiDs(27) 4+ Ds(27)DE  4,684.9 J

I o
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Charm Threshold Region

Strong decays for charmonium states into charmed meson pairs. Need
model to:

- Extract the masses and widths of charmonium resonances

- Calculate the behavior of ARc both total and individual exclusive
channels

Significantly differs from expectations for light hadrons
- Kinematics - mq large => AE /Ap small
- Many Narrow Two Body Channels Opening
- Radially Excited Charmonium Resonances
Result:
- Complicated Threshold Behavior Expected

- Difficult region for direct lattice calculations
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Light quark loops

Light quarks effects

| | | | | |
- Corrections even below threshold + - jiK :
C. T. H. Davies et al. i - 3Mz — My J:*
[HPQCD, Fermilab Lattice, MILC, and UKQCD Collaborations], Lo 2Mp, — My Fo—
Phys. Rev. Lett. 92, 022001 (2004) [arXiv:hep-lat/0304004], ol W(1P — 18) 4
el Y(1D — 15) -
Above threshold: Zweig allowed strong decay . T(2P - 15) .
- | TBS-19) e
. | T(1P —15) +
[7—[0—|—H2—|—HI]¢:UJ¢ R I
09 1 1.1 09 1 1.1

Hp.
Hr

Cornell model (CCCM)
Hr =520 pa(r)

Vacuum Pair Creation model (QPC)

Ho

Estia Eichten

QQ NRQCD (without light quarks)

QQ =» Qq+qQ light quark pair creation

V(r—r1")p.(r)) : &®rdr

Energy Splitting (Gev)

Hy =~ / Jp(r)dPr

Qq+qQ Heavy-Light meson pair
interactions

1.2

1.1 F

09 |

0.8

0.7

0.6 |

05 F

04

f Y
1L 3518 1
* L
* ﬁ 2P-1S
AR e ® " PS
0 0.02 0.04 0.06 0.08 0.1 “OO

0.3

LQCD/Exp’t (ny = 0)

my,1,(GeV)

LQCD/Exp’t (ny = 3)
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Threshold Formalism

Two set of states near threshold in each J°¢ channel

Charmonium bound states Charmed meson pair states
¥ (4160)
¥ (4040)
D*D*

¥ (3770) DD*+B*D

»'(3686)

Ho Hr H: ,

J/¢
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Threshold Formalism

Coupled channel problem

<Ho H3>(¢1)=z<wl>
H; Ho b2 V2
Formally eliminate ¥ 2 defines Q(z)

(Ho +H HI) 1 = 21

< — Hg
Decay amplitude <DD|Hz| ¥ >
Simplifying assumptions

- Hz - free meson pairs no final state interactions

- Ho - charmonium states are a complete basis - no hybrids

1

& — Ho — Q(Z) ‘
Assuming vector meson dominance. Can compute R.

< n|G(z)|m >=< n| m >

Rg ~ — lim ¥ (r)ImG . (W 4+ i€) 1), (1)
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Decay Amplitudes

* Cornell Coupled Channel Model

+ Y n potential model wavefunction

. 1 4upa
. . - 2
Final mesons: ¢(x) ~ exp(—z?8s) [Bs = 5.3 3\/7T
(C,(BN)C,(PN,) | Hy |9, = =i(2m)%/ 25°(5 + )37/ ZAIZ(PA Ap3m), |
where v « j E. Eichten, K. Gottflled T. Kinoshita, K. Lane and T.M. Yan

PR D17,3090 (1978)

WUEL) 4 ws,50)02 (% - §, 5,504, Fs,5,)e7# 8

e » 1. ‘ : -
Am(mlxz;n)=—m—§: f a*x dy[x*(s )T 2x(=s])] 7%
, q s} :

- dV(x)/dx = 1/a® + k /x* =>no free parameters
setting «k =0 =>same form as the vacuum pair creation model (°Po)

(P |
Hence Qr, mL,(W)— Zj pP2dp = 4E (’?’)le; (;’)+ZO

where  Hiy ;. (P) -f2 . C(JLL"; DI (P) I\, (P

/ \\ Reduced decay

Statistical factor amplitudes I(p)
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C

TABLE II: Statistical recoupling coefficients C, defined by

H = (Qa) Eq. D19 of Ref. [10], that enter the calculation of charmonium
decays to pairs of charmed mesons. Paired entries correspond
tof=L—-1landf=1L +1.

State DD DD* D*D*

*So -:0 -2 2 1 2

Hs = {H, H*, Hs} ig _. 1 _. 4 P
1 3 3 * 3

*Py 1:0 0:0 313

P 0:0 3:2 0:2

1/2 _ * . ! -
Hp™/= = {H(0), H(1"), Py 0:0 3:3 3:3
Hs(O*), Hs(1+)} P, 0: é 0: -g ; : 11-2
3
HP3/2:{H(1+) H(2*) Dy 3:0 F:0 £ 8
HL), H@) o -
+ +

s , Fls . . )

‘D, 0: 0 $:8 i

3 .3 . 8 8. 2

Dy 0-77' 0: 3 5" 35
Fa %:0 %:0 %:1—:

Fs 0:0 g:; ;:%’-

o O 0:0 $: 5 $:%
3F. 0:% 0:‘—90 -‘73%3-
1Gs 2:0 2:0 z2: 2

G, 0:0 £:-2 2.3

1G. 0:0 ;:-150- ;:_1;1_
1Gs 0: & 0: 7 Fom
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Reduced decay amplitudes:

re)= [
LAP) f
Key points:

- The decay amplitudes I'y(p) have nodes 7
reflecting the nodes in the radially

excited ¢

- The only part of I(p) that depends on the
pair production model is the function ® o}

(1):
* For th

B(t)=te™+ (m /20 (1% - e -**/2erf(t/V2)

- Using HQET this function ©(t) is the

same for
multiplet.

- Apart from overlap light quark mass
factors ®(t) is essentially SU(3)

invariant.

Estia Eichten

Sample decay amplitudes I(p)

SR 08 WP ooy

1d_3S_1 (bb) =

0015 |-

0.005 |-

harmonium initial state.

0 05 1 15

e CCCM model:

all members of the same jf

-0.006

-0.008

151yas)(p) d,s

p(GeV)

0 0.5 1 1.5

2 25 3 35 4
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One universal function, ®(t), determines Rq in the threshold region. The
same D(t) for DD, DD*+D*D, and D*D* final states. This a general result
that does not depend on the details of the CCC Model.

Consider the static limit: <Di(x1) Da(x2) |Hz|0;x1,x2>

. D1(x1) ji1
Hr
Qulx2) <@ o)

H: should only depend on the spins (s1,52) and position (y) of the light
quark pair creation and the heavy quark positions x1, x2. [Hr = (s1+s2)-H].
Integrating over y and the final state heavy-light meson wavefunctions
defines @ (t). So it is independent of heavy quark spins.

Q(x1)

For jii = jiz = 1/27 (D, D*) there is a single invariant function: for all other
heavy-light systems two invariant functions ®i142,(1) and O (1),

Can probe these functions using Lattice QCD
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G.S. Bali, H.

[SESAM Collaboration], 0
Phys. Rev. D 71, 114513 (2005) [arXiv:hep-lat/0505012).
B 02 f
£
< 04
W

0.2
Neff, T. Dussel, T. Lippert and K. Schilling

Caa(t) )

[
, (1)
ny m+ : gjw

\ V7T

0.14

20 C 000 w00 o ,

-0.6

\

state 1>
state [12> ——o— 1

10 12 14 16 18
T/a

2 4 6 8

FIG. 13: The two energy levels, as a function of 7, normal-
ized with respect to 2mp (horizontal line). The curve cor-
responds to the three parameter fit to E1(7), Egs. (80)—(82),
for 0.2fm <7<0.9fm < r..

transition amplitude is difficult to o .:\-\-\
extract accurately L _
g= dCgs(t) ! %ZEZ -!"\
it t=0 \/CBB (O)CQQ (O) | 0.04 (."l';
0.02 + “1\‘.-1
This is exactly the function ©(r) we need! 2 4 6 8 10 12 14 16 18

Estia Eichten

FIG. 18: The transition rate g between |B) and |Q) states, as
a function of 7.
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Qg mpe (W)= 2 f P?dp
i o]

Sample mass shifts and decay widths (CCCM)

AM(W) +T(W)

H:;L, mL’ (P)

W-E.(P)~E,(P)+i0

State  Mass  Centroid (gztl::;:?fl) (813323)
1 a -
ss,  aoeer %7€ Ty o
l:po 3 415.3: -1 14.9: +5.9
v sams 9B JMn las
1°P; 3556.2° —31.9¢ -0.3
LT see
l:Dl 3769.9%% —40 —~39.9
D ssso  (ES g a2
1°Ds 3868.3 +20 +19.0
2*Py 3031.9 —90 +10
A T
2Py 3066.5 425 -33.1

Estia Eichten

AM

% s
B, .,
Wwr o4
<
2 e i
§ X 03
b § 6
g w0 Eﬁa - "4 gu:
s oo o1
0 4 ag
v av 3 im 1 N asm 38m 1o
Mass [GoV] Mass [Gal]
a 19
s L2
s
i 3
§ g
g § . o°oe
;7 [ 2] 3N 190 195 400 \:l’rx: AATI2 IAT14 anmie AR50 AT
Mass [Gol]
100
’PI
mb
3 Tetal £ 10
2 .l 2
g o™ D g N
&
80
=
095% | 0°D°
¢ T l p'a- o - -
190 a8 400 404 410 180 180 v wy .o
Mass [GaV] Maas [GoV)

r'(w)
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Mass m = 3772.92 + 0.35 MeV
Full width I' = 27.3 + 1.0 MeV

Decay width in good agreement with theory

Production in e*e™ due to relativistic terms:

The ¥ (3770) decays

(a) Expansion of EM current

jLo=

. S .
sivfolx + 2yl Dy
mc

Decay Width [MeV]

5
40:—
30:—
20:—

10

0

3p,
Total _
P
////in":
DOE/O//,./,/‘..v""‘
/// e
////.,.“"v‘ D*D
////,i‘ o
/,/ ...............
3.74 3.76 3.78 3.80
Mass [GeV]
CCC Model
S-wave

P N T
+—50T0! [5(D'D) + DIDY) - 26YDIx + ... D-wave

2

(b) S-D mixing terms - short range: ~5 MeV

(c) Induced mixing from D*-D mass difference - long range

w(3772) =

I
Topical Seminars on Frontier of Particle Physics: Charm and Charmonium Physics
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Induced 2S-1D tensor mixing term

40 F

shift (MeV)

_20 -

At ¥(3773): -23 MeV (total)

Cancellations between (DD, DD*, and D*D*)contributions

N
(=
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Decays into open charm

The ratio, R+, of D°D° to D*D-
production deviates from one due to
isospin violating terms:
(a) up-down mass difference
(b) EM interactions
-> m(D*)-m(D°) = 4.78 + 0.10 MeV
-> different final state
interactions RO/+

CLEO pdg07 p®>  CCCM
1.25 1.28+0.14 147 1.36

0.8

0.2

0.0 =

The shape of the resonance differs from

the usual Breit-Wigner:
(1) width T(p) not pure p wave
(2) interference with 2S, 3S state.

1.0

oA

exp (—
A=.18 A= .57 GeV
po = 283 MeV p, = 250 MeV

3.82
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Rc in the ¥ (3770) region

» Using the CCCM formalism one obtains:

H. L. Ma [BES Collaboration], arXiv:0810.3541 [hep-ex].

BES data

6
a-f Db ()
2.
Oo
— 6
S, 4F
2 2+
i 3
© 0= o e > o
65 4
DD t : (¢)
4z "
2?: ¥ J
OoE - L - - D : e
. Yoy 4 C L g 3. 3.8

Ecm [G(‘V]

N
N
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Non DD decays of the ¥ (3770)

X J/YP

Theory expectation for mm-J/y:

o~ JJ

0.34 £0.14 = 0.09
0.189 £ 0.020 £ 0.020 CLEO

BES

77b// _ 7T07T0J/?7/)

0.080 £ 0.025 £ 0.016 CLEO

P — nOJ/zp 0.087 +0.033 £0.022 CLEO
0.1-0.7%
(]
YXe3 Mode | B, (MeV) Predicted (koV) CLEO (keV)
; [55] (&) (b) (c¢) (d) (e) [136]
Good agreement with theory xa | 2088 |32 39 49 33 2444 <21
expectations including relativistic effects VX | 2514|183 59 125 77 739 | 7017
YXe0 339.5 254 225 403 213 523 +12 172 £ 30
elight hadrons
Decay Mode O+ (3770)— f 02?3770)~>f 82?3770)ﬂf
) ) [pb] [pb] | [x107°]
No evidence for direct decays o <357 <35 | <03
. & < 12.6™ < 12.6 <1.9
to llghf hadrons seen ye’r 2277T+7T_) 744150+28+0.8 <325 <438
KtK-ntn~ | -19.64+19.6 £33 +£2.17 | < 32.7 <48
. . pntn~ < 11.1*" <11.1 <16
Puzzle of missing decays wkoko) | carerisessos | cus | <17
GKTK™ —-0.5+10.0+£09+0.1* | <16.5 <24
041 ppr T —6.2+£6.64+0.6£0.7° < 11.0 <16
o = 6.38 £0.08 7755 nb pPKTK~ 14435401402 <72 <11
Y (3770) 4(—)6321 C LEO opp < 5.8t <5.8 <0.9
Oy (3770) — Oup(3770)—DD = —0.01 +0.08 —0:30nb 3(rta) 16.94+26.7+£55+24 | <617 <91
2orta )y 7274550473482 | <1647 | <243
2(n ) —35.44+246+6.6+4.0° | <423 <6.2
KTK ntn 7% -36.9 £43.8 £ 12.8 £ 4.2°| < 75.2 <111
O (3770) — 7.25£0.27+0.34 nb BES AKTK )r® | 181+£7.7+£07+20" | <312 | <46
ppr’ 1.5+39+05+0.1 <79 <1.2
ppr 260 +£13.9+26+£32 | <49.7 <173
NO eV|denC€ OF unexpec-l-ed ra-l-es For 3(ntr)mO 1274559487 +1.8° | <928 | <137
non DD decazs BES [hep-ex/0705.2276]
23
- EICNTeEg 4 e Topical SEMIN&'H PG ERTEE BAPHRIL PRIV -

QUREkANA - NarholARAPRJRS: 2-5. RARBY 27-31, 2010 BHjing)




Structure in R.: 3.8<J/s<4.3 GeV

. + D.D
. D;:D; o':n' D}, oo DD Lap > L) D%+D; _ ':J:D; DZ:SS*
o i s DO 0.9] * 4 " DsDs
U S . | -
- 5 0.8)
Tt/
sf- _o8fF '
o : : o
Sa Sosf
b i 04
< 5 -
S | 0.3F
2r- i =
C | 0.2r
o 1Y
T v oo I e s e
s 3 N T () M E.m (GeV)
J. Libby [CLEO Collaboration|, Nucl. Phys. Proc. Suppl. 181-182, 127 (2008)
[arXiv:0807.1220 [hep-ex]].
+  The CCC model results show the complicated behavior seen in the data, but does
not fully reproduce the details.
+  Search for a better @ using lattice.
*  The 3770 region needs a detailed theoretical study.
L 24
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M. Ablikim et al. [BES Collaboration] [arXiv:0705.4500]
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4.0
3.5
3.0
2.5
o 20
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-------

+'/d.0.f=1.05

—
po——

-
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e
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Comments

Detailed measrements of Rc in the threshold region provides a wealth of
information. Particularly useful are scans of exclusive charm meson pair
channels.

Much of the rich structure in Rc in the threshold region arises simply from
the behavior (i.e. nodes) of decay amplitudes for radially excited states.

The peaks in R for individual final states do not coincide.

Determining the number and properties of resonances in the threshold
region is difficult without a detailed decay model.

Simple phenomenological models work reasonably well but a sounder
theoretical footing is needed.

Above the opening of the Ds Dr decay channels the structure of individual
resonances disappears. Many new channels with excited charm mesons
become available. A dual picture from perturbative QCD is more
appropriate.

N
(0p
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New XYZ States

State M (MeV) TI'(MeV) I Process (mode) Experiment (#o) Year Status
X(3872) 3871.52+0.20 13406 177/2~Y B = K(z =" J/¥) Belle [74, 75] (12.8), BABAR [76] (8.6) 2003 OK
(<2.2) pp— ("=~ J/Y) + ... CDF [77-79] (np), DO [80] (5.2)
B — K(wJ/v) Belle [81] (4.3), BABAR [82] (4.0)
B — K(D*°D®) Belle 83, 84] (6.4), BABAR [85] (4.9)
B — K(vJ/¥) Belle [81] (4.0), BABAR [86, 87] (3.6)
B — K(y¢(25)) BARAR [87] (3.5), Belle [88] (0.4)
X(3915) 39156 +3.1 28+10 0/2"% B — K(wJ/¥) Belle [89] (8.1), BARBAR [90] (19) 2004 OK
ete” = ete (wl/Y) Belle [91] (7.7)
X (3940) 3042*2 37+37 7t etem — J/W(DD*) Belle [92] (6.0) 2007 NC!
ete” = J/(...) Belle [50] (5.0)
G(3900) 3043+ 21  52+11 17—  eYe” —=~(DD) BABAR [25] (np), Belle [22] (np) 2007 OK
Y (4008) 4008%121 226497 177 efem —y(zxTmxJI/Y) Belle [93] (7.4) 2007 NC!
Z,(4050)* 405172 82+31 ? B — K(ztxa(1P)) Belle [94] (5.0) 2008 NC!
Y (4140) 4143031 117721 ™ B K(6J/Y) CDF [95] (3.8) 2009 NC!
X (4160) 415637 139%}P° 7" e*e” — J/WDD* Belle [92] (5.5) 2007 NC!
Z2(4250)Y 42487152 177HE ? B — K(z*xa(1P)) Belle [94] (5.0) 2008 NC!

e
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Y (4260) 4263+5  108+14 17 ete” = (ataJ/) BABAR [96, 97] (8.0) 2005 OK
CLEO [98] (5.4)
Belle [93] (15)
ete” — (nta—J/Y) CLEO [99] (11)
ete” — (7°7°J /) CLEO [99] (5.1)
X(4350)  4350.6+36 133+184 o+ etem s ete (¢ J/1) Belle [100] (3.2) 2000 NC!
Y (4360) 4353+ 11  06+42 17~ efe” = y(xtn¥(25)) BABAR [101] (np), Belle [102] (8.0) 2007 OK
Z(4430)* 444372 107+13 ? B — K(n+4(29)) Belle [103, 104] (6.4) 2007 NC!
X (4630) 4634+ 9 gotil 17~ ete” — y(ATAD) Belle [23] (8.2) 2007 NC!
Y (4660) 4664+12  48+15 1= etem — y(rtm0(29)) Belle [102] (5.8) 2007 NC!
Ys 10888.4+3.0 307152 17—  ete” — (xtm T(nS)) Belle [33, 105] (3.2) 2010 NC!
"Heavy quarkonium: progress, puzzles and opportunities”
N. Brambilla, et.al. (in preparation)
| 28
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Understanding the New XYZ States

 Is it a new state ?
- What are its properties?: Mass, width, J*¢, decay modes
- Charmonium state or not?

- If not what? New spectroscopy

N.A. Tornqvist PLB 590, 209 (2004)

. . E Braaten and T Kusunoki PRD 69 074005 (2004)
Four quark state: C.Y. Wong PRC 69, 055202 (2004)
- molecule E.S. Swanson PLB 598,197 (2004)
_ = M.B. Voloshin PLB 579, 316 (2004)
(QQ) (QQ) F. Close and P. Page PLB 578,119 (2004)

X. Liu [arXiv:0708..4167]

- diquark-antidiquark L Maiani et.al. PRD 71,014028 (2005)

_~ T-W Chiu and T.H. Hsiech PRD 73, 111503 (2006)
(Qq ) (q Q) D. Ebert et.al. PLB 634, 214 (2006)

- hadro-charmonium S. Dubynski et al PLB 666,344 (2008)
(QQ)(qq)
. F. E. Close and P.R. Page PLB 628, 215 (2005)
* Hybf‘ld E. Kou and O. Pene PLB 631, 164 (2005)
- valence gluons, string S.L. Zhu PLB 625, 212 (2005)
o S'rriong Thrieshold effecTS Y. S. Kalashnikova PR D72, 034010 (2005)

E.van Beveren G. Rupp [arXiv:0811.1755v1]
- strong decay channel effects

S. Godfrey and S. L. Olsen, Ann. Rev. Nucl. Part. Sci. 58, 51 (2008) [arXiv:0801.3867 [hep-ph]].

N
«©
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If confirmed Z*(4430), Z1*(4050) and Z>*(4250) must be four quark
states -> new spectroscopy

G(3900) is not a new resonance. It is just the coupling channel effects in
the 35S region.

The 3940 and 4160 have C=+1 states in regions with charmonium P states
expected.

X(3872) at D° D%* threshold: m(X) - m(DO) - m(DO*) = -0.42 +0.39 MeV
-> DO D%* threshold bound state or strong threshold effect.

Y(4260), Y(4350), Y(4660) are seen in (nn J/¥), (nt ¥"), (nn ¥') decays

respectively -> candidates for hybrid states.

w
(o>
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MASS

X(3872)

X(3872) right at threshold -> molecular bound state

Belle
3871.46 + 0.37 + 0.07 MeV/c*

BaBar (B")
3871.30 £ 0.60 £ 0.10 MeV/c®

X(3872) Mass Measurements in J/'yar Mode

—e— ~— new Belle meas.

—6—

3868.60 + 1.20 + 0.20 MeV/c®

BaBar (B°) t . 4 i

DO
3871.80 + 3.10 + 3.00 MeV/ic?

CDF old

3871.30 £ 0.70 + 0.40 MeV/c*
CDF new (preliminary)
3871.61+0.16 + 0.19 MeV./c?
average w/o new CDF result
3871.24 + 0.29 MeV/c?

average with new CDF result
3871.46 + 0.19 MeV/ic*

3871.81+0.36 MeVic
] |

—— ) MDO + MD"O
@

‘m@%«m(D¥) PDG) TN EEOAs

| |

3871.8+0.4 MeV

3866 3867 3868

X(3872) Mass ( MeV/c®)

|
3869 3870 3871 \7_3572 3873

Sm

= -0.35 £ 0.41 MeV
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DECAYS

X(3872) 3871.52+0.20 1.3206 1*+/2-+ B — K(xtn—J/¥) Belle [74, 75] (12.8), BABAR [76] (8.6)
(<2.2 pp— (x*x=Jj) +..  CDF [77-79] (np), DO [80] (5.2)
B — K (wJ/v) Belle [81] (4.3), BABAR [82] (4.0)

B — K (D" Dv) Belle [83, 84] (6.4), BABAR [85] (4.9)

B — K(vJ/¥) Belle [81] (4.0), BABAR [86, 87] (3.6)
B — K (y¥(25)) BABAR [87] (3.5), Belle [88] (0.4)

nit J/ ¥ decay mode -> isospin z O
JP¢ 1++ favored but 2+- still possible

large v ¥’ decay mode -> disfavors molecular interpertation

w
N
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J=2 23P, state

Agreement is good

Estia Eichten

Where are the charmonium 23P; states?

2+£26 24.1£61 2t ete —ete (DD)

Belle [51] (5.3), BABAR [52] (5.8)

40

Total

=

@

-

S

n

o=

.

g

g

> :

)

L BNk AL Bkl P,

0 14_.1 L s e S LS i) S SR
3.875 3.900 3.925 3.950 3.975 4.000
W (GeV)

(S8
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J=0 23Pg state

X(3015) 30156431 28+10 0/2™ B — K(wJ/v) Belle [89] (8.1), BABAR [90] (19)
ete” — ete (wJfY) Belle [91] (7.7)

Issue is small decay rate CCCM
into DD channel - ok

Still issue of large
w J/ ¥ decay mode

decay widths (MeV)

Plausible candidate

1 RS 1 e 1 AL 1

St

3925 5950 3.
W (GeV)

4.000

w
]
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J=1 23P; state

Missing

But this is not surprising 1

width would be 140 MeV

for M = 3.940 £

-
Rules out the X(3940) as ¢
the 23P;. =~
The status of the X(3872) is

hot resolved and the 23P; state
not yet observed.

00

80 -

60 -

40

20

o PR TSP TR, T RNARINEN~, 4 A 1 " "
3.8700 3.8725 3.8750 3.8775 3.8800 3.8825
W (GeV)

w
(&)

Estia Eichten  Topical Seminars on Frontier of Particle Physics: Charm and Charmonium Physics August 27-31, 2010 (Beijing)



Estia Eichten

Y(4260) and the 1~ states beyond

- Y(4260)
Seen by BaBar in ISR production
confirmed by CLEO and Belle

= :]'PC= 1--

Mass = 4264 + 10 MeV; Width = 83 + ZMev

- Decays
- Y(4260) -> ' + J/ P

(BaBar, CLEO, Belle)

- Y(4260) -> i°n° + J/ ¢ (CLEO)

- Y(4260) -> K’K"+J/9 (CLEO)

consistent with I =0

- Not a charmonium state

- Small AR - 435 state at 4.26 would have

AR=2.5
- 13D; state ¥ (4160)

Topical Seminars on Frontier of Particle Physics: Charm and Charmonium Physics

o, 40 L e e B L A
> Fit result LT
é" R Background 10 y(2S) ]
< 30f Jhy sidebandf ot yazso) _
% | IT{ e
L‘E 20__ ‘ ‘ ‘ ‘ ‘ 3.638 4 42 44 46 48 5_
i eI AR
|| ] | i ! Sl ||
| | ! ‘I.‘T | ! 'lm 7Tl ?lT
T Sy R S R
m(rwrJAp) (GeV/c?)
+
%10_ L T Jiy
= W ¢ }
< 0 0.0
5 T Jy
SRR SN
¢00|.._..-I—'J. 1 1
-IE | L B B L LN A L LA L
2l i‘i K'K Jy
Ll
%.15" 04 005 0 005 0.1 01

Missing Momentum (GeV)

T. E. Coan, et al. PRL 96:162003 (2006)
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Hybrid States and Lattice QCD

° Heavy quark limit: Born-Oppenheimer approximation

1 du(r) | [ (L)
2u dr? * Z,ur

Ly )}u<r> = E u(r) W (F) = “”;(T)Ylmw, o)

Spectroscopic notation of diatomic molecules

J=L+S, S=so+s5 L=Lys+J,

(Lidor) = (J2.) = A (L) = LIL+1) =28+ (J3). < J7>=0,2,6,...
A=0,1, 2, ..denoted =, I, A, ... naively O, 1, 2, ... valence gluons
PZS(—I)L+A+1, C:ng(_l)L+S+A

N= 1 (symmetry under combined charge conjugation and spatial inversion) denoted

g(+1) or u(-1)
|LSIM;An) + €|LSIM; —An)

with € =+1 for 2* and € =-1 for 2~ both signs for A>0.
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Vaa(r) determined by direct lattice calculations

« Operators for excited gluon states

TABLE I: Operators to create excited gluon states for small
qq separation R are listed. EE and B denote the electric and
magnetic operators, respectively. The covariant derivative D
is defined in the adjoint representation [10].

gluon state J  operator

I 1 R-E, R-(DxB)

I1, 1 RxE, Rx(DxB)

3 1 R-B, R:-(DxE)

IT, 1 RxB, Rx(DxE)

Xy 2 (R-D)(R-B)

IT;, 2 Rx((R-DB+D(R-B))

Ay 2 (RxD)R xB) + (R xD) (R x B)"
pIAS 2 (R-D)(R-E)

I, 2 Rx((R-DE+D(R-E))

Ay 2 (RxD)(RxE) + (RxD)/(Rx E)’

K.J. Juge, J. Kuti and C. Morningstar
[PRL 90, 161601 (2003)]

Er

u short distance

degeneracies

 Gluon excitations

B=2.5

ag~0.2 fm

agla; =2z"5 |
z=0.976(21)

0.9
0.8
0.7 +
0.6 r Ay
>
ILj
0.5 F lgey
Ag
2y
04 r 11
0.3 L
0
FIG. 2:

2 4

6

Short-distance degeneracies and crossover in the

8 10 12 14

spectrum. The solid curves are only shown for visualization.
The dashed line marks a lower bound for the onset of mixing
effects with glueball states which requires careful interpreta-

tion.

- Mainly interested in non-exotics: J*¢ = 0, 0", 1, 1", 1+, ..
- Need Hybrid potentials for: %4, X7, Il4, 27y, Iy, A4

Estia Eichten
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Determining the Hybrid Potentials

Long distance: String
or+ N/r  Nambu-Goto string behavior

Short distance: Perturbative QCD, pNRQCD
singlet: -4/3 as/r

octet :  1/6 Qs/r gluelumps

For cc and bb systems neither is adequate.
Need to combine behavior with lattice calculations
in the region [0.25 fm < R < 2 fm]

w
©
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Determining the Hybrid Potentials

- Short distance (R < 0.25 fm)

The short distance behavior of pNRQCD is confirmed by lattice studies of
hybrid potentials and the relation to gluelumps is computed.

G. S. Bali and A. Pineda, Phys. Rev. D 69, 094001 (2004) A. Pineda [hep-lat/0702019]
54 (Vins — Vens ARS) 21 1
\ 7'0(( o,RS S,RS)(T) + B >

4 o 1.5 §
37 uIJE 1L 4
= [ |

2 ¢ i } } } }
¢ — L i

’ § 0.5 o
0 0.25 0.5 0.75 1 1.25 1.5 p/p e

0 -

Figure 12: Splitting between the 11, and the E;r potentials and the comparison with Eq. (65)
for v =, [see Eq. (16)] at vy = 2.515". 1o[(Vors — Vars)(r) + AES] is plotted at tree level 0O 02 04 06 08 1 1.2 14
(dashed line), one-loop (dashed-dotted line), two loops (dotted line) and three loops (estimate) r/r

plus the leading single ultrasoft log (solid line). 0

The corrections of order R? split the gluelump degeneracies:
Roughly speaking V(R) = 1/6 a(R)/R + Co(gluelump state) + C2 (R)R? + ...

N
(>
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Determining the Hybrid Potentials

0.9 T T T T T T T
»  Putting the ends together aE B=2.5 ,N=4
a~02fm _/
+  Toy model - minimal parameters . | Gluon excitations ~_* zN=3|
S N
Qg 2T 1 string ordering /' / o/ /
Va(R) = 22 4 oR\/1+ —= (n(R) — o= (d—2)) + Vo (>0 dering |/ of
(B) =2 4 o1t 2T o)~ L(d-2) + Vo (00 7 .
0.7 | S :
4 N=0
s
Vear (R) = — +ocR+Vy (n=0
g ( ) 3R 0 ( ) 06 [ A, .
3
Fixes Mc = 1.84 GeV, /O = .427 GeV, &s = 0.39
05 Hgi\\ -+ agla; =25 |
g N\ \ 2=0.976(21)
n(R) = [n] (string level) if no level crossing =
[n - 2 tanh(Ro/R)] for Z -y potential (n=3) 0.4 1 HuShort Tetance i
degeneracies
R/ag
0.3 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14

FIG. 2: Short-distance degeneracies and crossover in the
spectrum. The solid curves are only shown for visualization.
The dashed line marks a lower bound for the onset of mixing
effects with glueball states which requires careful interpreta-
tion.
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Comparing Toy Model o Lattice Results

Fitting the Hybrid Potential I1,,

Q.5F

05 10 15 20 23
R (fm)

0.5

Fitting the Hybrid Potential =

s 10 15 20 25
R (fm)

1af

0.5

Fitting the Hybrid Potential T1,

s 10 15 2.0 25
R (fm)

Comparing this model (dashed lines) to the parameterization of The fits to Juge, Kuti and
Morningstar lattice results (thanks to Juge) (solid lines) one finds fairly good agreement in the

region (0.25 fm <R < 2 fm)

L
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Spectrum of Low-Lying Hybrid States

Only interested in states below 4.8 GeV for cc system.
Unlikely higher states will be narrow (DD, glueball+J/y, etc)

[
I 5+ Sq
u u
I1, Spectrum X, Spectrum E; " Spectrum
EEE—— e
—— ] ——
4 6 i - - m m mm e pu pn SN RN RN R RN BN BN B N mijE B B BN BN BN BN BN BN BN BN I I = W = = - » EGE BN BN BN BN BN BN BN BN BN BN BN BN B N = = = .
’ ————
]
—— e
4 4 944i E BN BN BN BN BN BN BN BN BN BN BN BN BN B B B mm = >z-4'dl - B B B B BN B B B B B O . - g ‘e o Em B O O W O O O O O N O I O O
8 8 8
@ e - .
] 1] 17}
g © I
= > =
4 2 m'gm EN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B | m ik B O O O O . = Gl O O O O N N N N O O O O O O N O
: e
1.0 101 4.0
5 : 5 5
State

P P
State State

Only I1,, 2, and Z 4" systems have sufficiently light states.
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M, (1S) m = 4.132 GeV
T, (1P) m = 4.445 GeV

0.6

Spectrum of Low-Lying Hybrid States

05

04

03

02

0.1

0

' "ccg,‘1/cc,1 Pdat" +

L
0 0.2

L
0.4

L L L L L L
0.6 0.8 1 1.2 1.4 1.6

1.8

S,"(1S) m=45476eV J¢=0", 1

I, (25) m = 4.465 GeV
I, (2P) m=4.773 GeV

0.5

-0.6

J‘PC - O++, O- —, 1+— ) 1—+

J-Pc - 1": 1++: O- +, O+ -' 1+ -, 1- +: 2+ -, 2-+

"oolce_2P.dat’  +

25

The II, (1P), I1y (2P) and X4 *(1S) have 1~ states with spacing seen in the Y(4260) system

2, (1S) m=4.292 GeV

Numerous states with C=+ in the 4.2 GeV region.

2, (1P) m= 4537 GeV

2,(2S) m=4772 GeV

» Approach looks promising but more work is required.
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Summary

« The wealth of precision data has solidified our confidence in the NRQCD
approach below threshold [Spectrum, transitions and decays]

« The situation above threshold is not yet clear:

Need measurements of transition rates for established resonances.

Detailed measurements of R in each exclusive channel useful for
probing strong decay amplitudes.

Need J” determination for many of the new states.

New states and possibly a new spectroscopy: X(3872), X(4008),
Y(4140), Y(4160), Y(4350), Y(4260), Y(4360), Y(4660), Z'(4430), ...

« The hybrid potential approach looks promising:

X(3872) and Z*(4430) states not hybrid candidates.
The states in the 4160 region with C=+ may contain hybrid states.
The Y(4260) and related 1 new states. Hybrid states?
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Outlook

« Improvements for hybrid spectrum

Can include spin dependent corrections using results from lattice
and pNRQCD.

Understand the level crossover behavior in QCD.

New states with exotic quantum numbers are expected.
Masses determined relative to non exotic hybrid spectrum..

Directly apply results to the bottomium system. No new parameters.

Any relation to unexpectedly large hadronic transition rates:
Y (5S) >Y(nS)+2n (n=1,2,3)?

« Future prospects

NRQCD and HQET allows scaling from ¢ to b systems. This will eventually
provide critical tests of our understanding of new charmonium states.

Lattice calculations will provide insight into theoretical issues.

Answers in many cases will require the next generation of heavy flavor
experiments - BES ITI, LHCb and Super-B factories.

P
(0)
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Thank You
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