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#1l-' QCD Multipole Expansion (QCDME)

e RBasic Idea

Analogous to the QED multipole expansion with gluons replacing photons.
Hcp = H(SO()?D + HS()JD + HC(22()JD Hblp = QaAG (X, 1)

zero for color singlet
HZp = —d, - E(X,t) — my - BA(X,t) + -

El M1
- color singlet physical states means lowest order terms involve two gluon emission. So lowest i
multipoles E1 E1, E1 M1, E1 EZ2, .... g
A
- factorize the heavy quark and light quark dynamics

(fld | EL) (| K L|djq i)

%
24 I FE;, — Exy,

(h|EEZ|0)  + higher order multipole terms.

- assume a model for the heavy quarkonium states ®i, ®f and a model for the intermediate
states [KL> hybrid states. Model: Kuang & Yan [PR D24, 2874 (1981)]

- use chiral effective lagrangians to parameterize the light hadronic system.
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#1l-' QCD Multipole Expansion (QCDME)

e Two pion transitions: (E1-E1), ... CaCg=+1 m;:r(zs) — Y(18) =

1 2 .
M = & < BIng'gric’|A > % < nmy| Tr(EE)|0 >

16 /

0o 2
0 [0151@61%2“ + Co(qkqa + quger — §5k1(Q1 : Q2))}
(2&)1)(2&)2)

Events per bin
8

S-wave D-wave s

03 0.4

- nS ->mS transitions
M(rtrr)

2
4m2

(M2 —2m2)*dM?>_

T T

=
Il

V(Ma+ Mpg)? — M2 \/(Ms— Mp)? — M2,

dl’ ~ K |1 —
\l Mgﬂ' QMA

I'=aG |Oé£% Cl|2
VA

Phase Space Overlap - Vibrating String Model

* Higher order transitions: (E1-M2), (M1-M1), ... CaCs = +1

- Combine chiral symmetry and SU(3) symmetry breaking to relate (% n,7n") transitions

e 3gluons CaCe=-1 (w,..)
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#1l-' QCD Multipole Expansion (QCDME)

e  When should the QCDME work well?

- Transitions between tightly bound quarkonium states

- Small radius (R <« Aqcp)

100 [
bottomium 1S, 1P, 2S, 1D, 2P, 35S, .. i o
charmonium 1S, 1P, ... %0.50: DD, BB
e [
g 0.00 i

-0.50

-1.00

1 l 11 1 l 11 1 l 11 1 l 11 1 I 11 1 l 11 1
02 04 06 08 1 12 14
R (fm)

- Small contributions from excitations involving QCD additional degrees of freedom.
This is essential to the factorization assumption !

- light quark pairs
D™ D™ thresholds in 1D to 3S region
B™) B™) thresholds in 4S region

- gluonic excitations ?
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#1l-' QCD Multipole Expansion (QCDME)

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

16 T T T T T

2
1 d?u(r) (Log) Mg + My+
—— Vos —F o+ My*.
ou arr { o oo(r) pulr) =E ulr) 1ol R RS
: 3,5 5
= u G0 @@% - _
- What about the gluon and light quark degrees ~ § ™ |
of freedom in QCD? :E |
- Two thresholds 0
_— = = _
Usual (Qq) + (qQ) decay thresholds >
Exciting the string - hybrids i ]
- Hybrid states will appear in the spectrum 0.8 | quennch_eg i
associated with the potentials II,, ... -
-1.2 1 1 1 1 1 1 ]
- In the static limit this occurs at separation 02 04 06 08 1 12 14

r=12fm.
Between the 3S and 4S in (cc) system
Just above the 5S in the (bB) system

® Should have expected trouble for QCDME
above the 35 (cT) and 45 (bb)

r/fm
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Two pion Transitions

-
.2

Table 1: Partial widths for observed two pion transitions.

Estia Eichten

Initial State Ieotal Branching Fraction I partial
— Final State (MeV) (10-3) (keV)
e Comments:
W S Jp+ wta 0.304 + 0.009 336 + 4 102 +3.3
$(1D) = Jpb + mHa- 27.241.0 1.93 +0.28 52.5 £ 7.9 - Chosing [C1| =10.2£ 0.2, |C2/Ci] =
¥(38) = Jp + wta™ 80 + 10 52+0.73 416 + 78 1.25 + 0.14 from the (cc) system.
- Ratio of charged to neutral pion
¥(2D) = Jpp + 7t 103 + 8 1.92 +0.52 197 + 52 : : . .
(82 nb) pair production consistent with I=0
T(2S) =T(1S) + nta— (31.98 +2.63) x 103 179.2 + 2.6 5.73 +0.48 - For the 3D (b-B) state the
T(1D) =T (18) + 7o~ 28.5 x 1073 6.6+ 1.6 0.188 + 0.045 theoretical total width is used.
X6t (2P) = x51(1P) + 787~ 0.096 +0.016 9.1+13 0.87 + 0.19 - The Y(55) transitions are
x2(2P) = xe2(1P) + 7ta~  0.138 +0.019 5.1+0.9 0.70 + 0.16 strikingly large. Partial rates over
. —3 .
T(3S) (20.32 +1.85) x 10 100 times the rates of lower
ST(28)+ wtw 282+ 1.8 0.573 + 0.064 tat
—SY(1S) + wtr— 43.7+0.8 0.888 + 0.082 states.
T(4S) 20.5+25 - A number of quarkonium-like states
ST@S) + i (86+13) %102 1.76 +0.34 : : :
ST(S) 4+ 7t (81+06) x 1072 1.66+0.24 have been f'r'.ST discovered in
. hadron transitions. X(3872),
- — 4260), ... and charged
—T(38) + 7t 288 +041 [25] 158+ 84 Y( ), ... and charged states
ST(2S) + mtrm 7O7+£100 [25] 438+ 230 Zv*(10,610),  Z,*(10,650), ...
—T(1S) + 7¥x~ 445+035 [25] 245+ 126 Discussion these states postponed.
— hy(2P) + 7t~ 6.0 33070
— hy(1P) + 77~ 35114 192151
—=To(1D) + m¥m~ 0.10 + 0.028 [1] 5.5+ 3.2
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Unresolved Puzzles

® The experimental transitions rates (for states below
threshold) are in reasonable agreement with the simple
KY model.

e Y(3S)->Y(1S) tmandY (4S) ->Y (2S) nnt transitions

- Mg distributions NOT the expected S-wave behaviour.

- Transitions not expected to have any large violation of
QCDME assumptions due to light quark pairs.
[Unlike the Y (5S) ->Y (nS) nr]

- Possible explanation - same as overlap dynamically
suppressed in Y(3S)-> xu(1P) ¥ EM transitions.

[The KY model has such a dynamical suppression.]

- Further study at Belle 2 would be useful. Look at

polarization. )

% = 150} BaBagl™* =
- sl 7
2 - AT o
%,300‘ E- lw / \ d
2% - Jao D
+£200 -
WigokE ;I, S0L 1o
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Unresolved Puzzles
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e The ¥ (4160) -> h(1P) + r+n- transition.

42503110012

T.K. Pedlar et.al [CLEO Collaboration]

oot @ PRL 107, 041803 (2011) [arXiv:1104.2025]
40E. 42503110043
20;_1 r7+*ﬁ+++ +¢f+++ 4 + + 3 70 -
1_,8;5_.|...|...1...1...1,..1...1... 3 E
E’ 6 : (0) + § 60 E_ ® o (e'e’ - n'n" h,) (scan data)
2 af S =
L :: % 505 A o.(e’e - h,) (4170 data)
2 ok < 40F .
= (c) b E O oge’e s Jiy) |
4E —
i Yl
i Tl ! H * T 20F I
: o by Wby P e 1 -
07546 348 350 852 354 556 3.5 © JoE
X Recoil Mass (Gev/c?) Q2 - i —
% bw O:I lllllllll::lllllllllllll
s 3.95 4.00 405 4.10 4.15 420 425 4.30
P e*e~ Energy (GeV)

3.48 3.49 3.50 3.51 3.52 3.53 3.54
n° Recoil Mass (GeV/c?)

- ¥ (4160) is the 23D1 charmonium state.

- Spin flip transition (E1-M1) expected to be too small o observe but the transition is clearly seen.

- Gross violation of QCDME for hadronic transitions |
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tas ey, = R=046+£008%37 (1)  R=0.77+0.08%5%  (n=2)
- Striking failure of the QCDME above threshold
e 9
Estia Eichten QWG2013@IHEP, Beijing, China April 25, 2013

The Y (5S) -> Y(25) + ' transitions

Unresolved Puzzles

BELLE [arXiv:1103.3419]

T (5S): m=10,876 + 11 MeV and I'= 55 + 23 MeV

“; Y2s) ! 2

2 40000 F i =
PRL100,112001(2008) I'(MeV) 2 %
Y(55) — Y(1S)rt7~ 0.59+0.04 +0.09 £ 30000 Yas) haP) |
T(55) — Y(28)ntn~ 0.85+0.07+0.16 ooool ; i 5 s ﬁms)
T(55) — Y(3S)xTa~  0.521030 £0.10 02 ; | 210 ny
Y(25) — Y(1S)7 7 0.0060 - i ! ey \WW H;ﬁ Ml} Mw

o i 4 e

T(35) = Y(1S)m™= 0-0009 "HRI, W’L‘M N A} .“ﬁl.*. M
T(-lb') . T(I .,‘)')TT+TT_ 00019 9.4 9.6 9.8 10 10.2 Mmiss(Gel\(;./‘zz)

' system I=0
total branching ratio for known hadronic transitions (3.9 +0.7)% => I' = 2.1+ 0.9 MeV

Clear violation of QCDME expectations. (E1-M1/E1-E1) shoud be small but
the transitions Y (5S) -> hp(1P,2P) + m'n™ requires a heavy quark spin flip (M1)(E1)

o(hy(nP)x 7 7)




Single Light Hadron Transitions

-
.2

e Eta transitions (E1-M2, M1-M1) (CaCg = +1) O(v?)

E1-M2 expected to dominate

Factorization

1 *
99 _ cacn ca gedM (€ X €a)k
if = 16 < BImEInIA > T R0 By(0) AT
EFE
dap /
Hadronize
-~ Chiral symmetry: :i(27r)3/203qk;

« E€ same factor of heavy quark dynamics as in two pion case. So cancels in ratio Ry /x: at g2 = mn?

® Relation to other single pseudoscalar transitions

Chiral symmetry breaking - Chiral effective lagrangian

7?0:7TO+677+6’77‘ ﬁ:n—ewo+9n’ 7 =n —0n—énY,
X B My, + My
(mg — my)V3 o A(mg — my) _ ]2 s 2
B A(my — W), a ﬁ(mg, —m2,)’ V3 m%, —m2 .

10
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Single light hadronTransitions

Table 2: Partial widths for observed single w0, 1, Or w transitions.

Initial State Iiotal Branching Fraction I partial
— Final State (MeV) (107%) (keV)
g 0.304 + 0.009
- JR+7 33.75 £ 0.88 [23]  10.26 + 0.40
- Jhy +7° 1.26 £0.04 [23]  0.383 +0.017
— h(1P) +° 0.86 +0.13 0.26 + 0.04
¥(1D) 27.2+1.0
- JAb+7 0.87 +0.4 23.7+ 10.8
— Jpp +m° < 0.28 <76
¥(3S) 80 + 10
— JRb+7 5.2+ 0.74 [22] 416 £ 79
5.6+2.0 [26] 450 + 170
— Jpo +m° < 0.28 [22] <22
¥(2D) 103 +3
- Jfo+1 48 +20 [26] 500 + 210
T(2S) (31.98 + 2.63) x 10~3
—=Y(1S) +7q 0.357 =0.033 [24] 0.114 £ 0.014
—T(1S) +=° < 0.041 [24] <0.013
Xp1(2P) 2 T(1S) +w  0.096 +0.016 1.63%030 156045
x22(2P) = Y(1S) +w  0.138+0.019 1.10793 1.52 105k
T(3S) (20.32 + 1.85) x 1073
—=T(1S) +7 < 0.1 <2
T(4S) 20.5+ 2.5
—=Y(1S) + 7 0.196 + 0.011 4.02 +0.54
T(58) 55 + 28
T(2S) +7 38+08 200 + 115
T(1S) + 7 0.73 +0.20 40.2 +23.2

Estia Eichten
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Single light hadronTransitions
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e Ratios of transitions:

- The ratio of eta to two pion fransitions at M. = My is independent of the details of the

intermediate octet (Qa) states: [kinematic factor]
R (n —m) = L(n®S; — m?S1+n)  8x% 1 (@)2[[(1\4 + My)? — M2)((M; — My)* — Mg)]i”/?]
n/mn T I'(n3S; —» m3Sy +atnm) 27 mz2 C1 G

- The ratio of eta to neutral pion transitions are given by chiral perturbation theory,

- The present experimenta status is shown in Table 3.

Table 3: Ratios of hadronic transitions. R, . is ratio of eta to two pion and R, . is

ration of neutral pion to eta. All other notation as in Table 2.

Initial State  Final State R,,..(in units 10 ) R.o,,(in units 10 2)

i Jpp 1.00 £0.02 3.74 £ 0.17(stat) + 0.04(syst) (23]
¥(1D) J b 45+22 < 32
¥(35) Jfp 10+2
T(2S) T(1S) 0.199 + 0.018(stat) + 0.11(syst) (24| < 13 [24]
T(3S) T(1S) < 0.023
T(4S) T(1S) 240122
T(5S) T(2S) 48+12
T(1S) 1.6 +0.5
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More puzzles
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- Within the KY model the ratio Ry, /= is fixed for all transitions (n->m) once one is fixed.

From theY (2S) -> Y (1S) transitions set the value of |C3/C1| = 0.143 + 0.024 0.143 + 0.024

Table 4: Comparison of theory (KY model) nd experiment for R,

[xx

Ry/xx(S1(n) —° Si(m))  theory experiment
(QQ)n —m
(c8) 12— 1 339 x107% 1.0x 107! ~ 30 x theory
(c):3— 1 6.35 x 103 1.0
(bb) : 2 — 1 1.99 x 102 1.99 x 102 input
(bB) : 3 — 1 457 x 107% <23 x 1072 suppressed ?
(bb): 4 — 1 2.23 x 1073 24 ~ 1000 theory
(bb) : 5 — 1 9.58 x 1074 4.8 ~ 2000 x theory
(bb) : 5 — 2 5.33 x 103 1.6

~ 300 x theory

- The eta fransitions are very poorly described by this model if initial state is near or above
threshold.

13
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Hadronic Transitions Above Threshold

® Quarkonium states above threshold have strong decays to pairs of heavy flavor
mesons H+ H’

The thresholds

L=0 b [i7=3"]
Meson Mass (MeV/c?) Width (eV)

B~ 5279.15+0.31 (4.02+0.03) x 10~*
B 5279.53+0.33 (4.30+£0.03) x 10~*

B? 5366.3 + 0.6
B } 5325.1+ 0.5 {

Btn

B 54128+13

(4.48 +0.08) x 104
780 [21]

240 [21]

150 [21]

L=1 bq -P — 1+
Meson (J¥) Mass (MeV/c ) Width (MeV)
B*~(0%) 5730 (a) 270 (a)
B*°(0") 5730 (a) 270(a)
Bz°(0*t) 5716 0.080 [21]
B~(1%) 5740 (a) 270 (a)
B°(1%) 5740 (a) 270 (a)
BX(1%) 5763 0.118 [21]

bg [Jt = 5 ]

Meson (J¥) Mass (MeV/c?) Width (MeV)
B~(1*) 57253 15 (a)
B°(1%) 5725.3 21 [22] 15 (a)
B2(1) 5820.4+0.7  0.002 (a)
B*~(2%)  5740.2 22.7
B*°(2+)  5740.2 £19 [22] 22.7 +59 [22]
B:°(2%)  5839.7+0.6 1.1(a)

Estia Eichten

Narrow Thresholds

BB 10,558

BB* +B'B 10, 606

B*B* 10,650

BsB, 10,733

BB + B;B: 10,779

B;B! 10,825

BB(1*)+ B(1")B 11,004
BB(2")+ B(2")B 11,019
B*B(1*)+B(1T)B* 11,050
B*B(2")+ B(2*)B* 11,065
ByB,(1%) + Bs(1") B, 11,129
B:B,(0%) + B,(0%)B2 11,129
B:B,(17) + B,(1")B: 11,176
B,B,(1") + B,(1%) B, 11,196
ByBs(27) + Bs(2")B, 11,206
B:B,(1")+ B,(1")BX 11,232
B:B,(27)+ B,(2")B: 11,253

wide B*B(O*) (*)B (1%),...

Narrow Thresholds

Broad Thresholds

DD 3729.7(+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
D:D*  4,2246
DD+ DOAND  4,2871(+59) ) g*g,(‘;") 1'22;% '
DD(2)+D@)D  4,525.9(+38) } D-wave D*D’((1:)) 4430 | Swave
D*D(1%) + D(AH)D*  4,429.3(+4.4) B ' J
D*D(2%) + D(2H)D*  4,468.1(+2.3)
D.D,(1*) + D,(1*)D,  4,428.1 |
D:D,(0%) + Dy(0M)D:  4,430.1 } S-wave
D;D,(1%)+ D,(1")D;  4,571.9 J
D,D,(1%) + Dy(1*) D, 4,540.9 \
D,D,(2%) + Ds(2Y)D,  4,541.1 | D-wave
D:D,(1%) + D,(1")D:  4,647.7
D:D,(2%) + D,(2V)D*  4,684.9 J
14
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Hadronic Transitions Above Threshold

® The physical states are mixtures of the naive quarkonium (QQ) and the four quark
states (QqqQ)

Above threshold the fraction of time the state is in the virtual four quark sector is large
and therefore hadronic transitions from these system must be considered.

For hadronic transitions this is a critical difference.

The four quark system dominated by the H+H' configuration at least for large QQ
separation. For smaller QQ separation dynamics more complicated.

Need a model of the detailed contributions of various H+H' states. (Cornell model for me).

e Effect on the QCDME expansion

In the heavy quark symmetry limit, the H + H' states would not violate the expectation
that (E1-M1) and (E1-M2) transitions are suppressed. (general theorem)

BUT the spin splitting within a HQS multiplet induces a large heavy quark spin flip
contribution. Invalidates the QCDME. No suppression.

The general conclusion is not model dependent: For H (1/2)- ground states (D,D*) and
(B,B*). In HQS limit HH, HH*+H*H, H*H* decay ratios are 1:4:7 (0.083: 0.33: 0.58)

measured ratio at the Y (5S): 0.096:0:24.66 (B) 0.0:0.08;0.92 (Bs)

measured ratios in the charm threshold region studied in detail (see figure)

® Eta ftransitions not suppressed relative to fwo pion transitions above threshold.

I
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e Hadronic Transitions Above Threshold

® Charm threshold region has very large induced HQS breaking effects

0970707007
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Structure in two pion transitions

e What happened to decays into heavy-light P state H(1P) jf=(1/2, 3/2)* and a ground

state H(18) j=(1/2) ?

- For the bottomium region the narrow B(1P) states have thresholds in the Y (6S) while the

influence of the wide states entend into the Y (5S) region and above.

i o:; -~ Belle
- - Babar
"3 u“m
T i
0.45— - f*(l H+.i }: 'IMI »
= H ||}I) H|||||] +++“' i | ! : H {{ | “I
0.3 5* | i} | ‘HJH I IT'nfutﬂj‘t
0.255} * | ”W * iH"|

<

Estia Eichten

10.95 1"
\s(GeV)
» BsBsp(narrow)
BBp(wide)
«—> BBp(narrow)
17
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Structure in two pion transitions

For the charm threshold region the narrow D(1P) states have thresholds around 4260 MeV to
the 1 (4S) region, while influence of the wide states extends down to the ¥ (3S)

1S

2S 1D 3S

2D 4S

lllllllllllllllllllllll

T/

A | | |

A Mark-I
B Mark-II
® PLUTO
O DASP
)+
~

BES

Crystal Ball

I | N | I |

¥(25)

Mark-1 + LGW ‘

llllIllllIllllIllll

—
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P-wave thresholds: DD DD

Dst

DDp(wide) <

Dst* D.* Ds
® B.Bs,p(narrow)

(-—; DDr(narrow)
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Structure in two pion transitions
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- S-wave decays should be very strong near threshold. D-wave decays weaker.

TABLE VI. Systematics for decays containing charmed

P states. Here j is the total angular momentum of the E,;ng?rj'3eg§a(;'(1978)
light-quark constituent of Dp as seen in the rest frame
of c.
Final state Threshold behavior Statistical factor
DDp, Forbidden .
Dﬁp1 (=% S-wave ‘ z
D*D P, S-wave 4
D *ﬁpl (=1 ~ S-wave é—
. DDp, D-wave z
DDp, (§p=%) D-wave Z
D*Dp, (i =%) - D-wave £
D*D P, - D-wave £
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Structure in two pion transitions

For example, the Y (5S) has a B(1/2") + Bp(1/2*) component. The Bp(1/2*) state decays

rapidly into a B meson and pion, leaving a B(1/2°) + B(1/2°) nearly at rest. They then
recombine into the final (Y or hy) and pion.

-
-
-
-
-
-
-”
-

Bp(0+)"
Y(5S) -> Bp(O+) B* -> n B B*

BO
Y (5S -
and  Bp(1)B >nBB* ) Q e
and Bp(1+) B* -> © B*B* B :

Both the Y(5S) -> Bp(0+) B* and Bp(0+) -> B decays are S-wave Torh

The analogy in the charmonium system is the structure seen in the ¥ (4160) -> t n J/ ¥ fransition.

This provides a dynamical mechanism for the Meson Loop and ISPE models.

Y (4260)

Meson Loop Models:

.- L (4040)
(a) b) :
[1303.6355), [1304.4458] and (®) 1SPE Model

[1303.6842] and

T +-
. .7 .7 references therein
references therein Do %y Dy %

Y(4260) _ Y(4260) _
»- 7 > T )
ey P J/
J/e(h,) I/
(c) (d)
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Structure in two pion transitions

- Chen, Lui and Matsuki applied the ISPE model to the ¥(4260) -> n n Y tfransition.

: o D.Y. Chen, X, Lui and T. Matsuki
- They were able to reproduce the structure observed in those transitions.

[1304.5845]
o 100 o 100 ——r - —
O O w120} 4
< = b)| — | c
= Sl RO © ]
() o | |
S 60 Kool S wf
< < | — eol
S a0} Sl !
2 Z 1 Z a0}
=20l S0l = -
: 2l : x|
N K S C2 A SRR A <= P I 2t S
32 3.4 36 3.8 4.0 42 3.2 3.4 36 3.8 4.0 42 0.2 0.4 0.6 0.8 1.0 1.2
2 2 2
my,ypx+(GeV/c?) mypx—(GeV/c?) Myto—(GeV/cY)

- Thus the nature (cusp or molecule) of the Z*(10610), Z+(10650)* and newly observed Z*(3900)
state is open.

- There is an extraordinary rich structure of decays into a heavy-light P state Hq(1P) j*=(1/2, 3/2)
and a ground state Hq(1S) j°=(1/2) (q=u,d,s) at and above the ¥ (4S) in the charm sstem and Y (6S)

in the bottom system.

- The study of these channels will provide detailed information about the decay strengths and the
associated hadronic transitions.
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Summary

The hadronic transitions for states below strong decay threshold are well
described by the usual QCD Multipole Expansion except for:
- The Y(3S) ->Y(1S) ntmtandY (4S) ->Y (2S) nt transitions. Here It is not understood why

the My, distributions not the expected S-wave behaviour.

Above heavy flavor production threshold the QCDME fails.

- The factorization assumption fails. Heavy quark and light hadronic dynamics interact
strongly due to heavy flavor meson pair (four quark) contributions to the quarkonium
wavefunctions. Magnetic transitions not surpressed.

- A new mechanism for hadronic transitions is required.to explain the large rates

For 1~ quarkonium states above threshold the opening of strong S-wave decays
into a ground state 3~ (07, 1) and a excited P-wave 3* (0", 1*) heavy-light mesons
needs to be taken into account to understand the structure of hadronic
transitions. This occurs around the

- ¥ (2D) in the (cc) system.

- Y(5S) in the (bb) system

With BES IIT and LHCb and soon BELLE 2. I expect much progress in
understanding hadronic transitions in the near future.
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BACKUP SLIDES
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Z+*(10,610) and Z v* (10,650)

e BELLE has observed two new charged states in the Y (5S) -> Y(nS) + n'n(n=1,2,3) and the

Y (5S) -> ho(nP) + m (n=1,2) transitions [arXiv:1105.4583]

TABLE 1. Masses, widths, and relative phases of peaks observed in /i3t and Y channels, from fits described in text.

hy(1P)x*a™ hp(2P)atx™ | Y(1S)a"a®  Y(2S)atat Y(3S)x*x® | Average
M; MeV/c?) | 10605.1+2.2+30  10596+7+3 | 10609+3+2  10616+23  10608+2+3 | 10608+2.0
I (MeV) 11.4733+21 1671813 | 22947342 21.1+4%F  122+17+4 | 156+25
M, MeV/c?) | 10654525710 10651+4+2 | 10660+6+2 10653+2+2 1-652+2+2 | 10653+1.5
I; (MeV) 20.9+33+21 12:5’1’; 12 12+10+3 164+ 3.6:% 1094263 | 144432
¢ () 188315 25548+, | s3x61t3,  —20+18*) 6+24"3 -

e 7Y(5S)->Zp+ n-and Zp -> hp(nP) + 1"

e Explicitly violates the factorization assumption of the QCDME.

® (Clear evidence for four quark molecular states if confirmed

® The Z,* (10610) is a harrow state ("= 15.6 + 2.5 MeV) at the BB* threshold (10605).

® The Z,* (10650) is a narrow state (I'= 14.4 + 3.2 MeV) at the B*B* threshold (10650).
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