Charmonium II: Transitions

* QCD and the Multipole Expansion
Electromagnetic Transitions - E1, M1
- Overlaps and relativistic corrections
- New developments
Hadronic Transitions
- Two pion transitions

- 1, 1 and w transitions

- Issues and opportunities
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QCD and the Multipole Expansion

In QCD the effective interaction
for heavy quarks is

. D? C 1
Lxrqep = U1 (ZDO + 5 ) P + d Vo gBy + o(—5
mag ZmQ me,

)
+[p — iy, A, — —AZ;]
Again begin by considering EM multipole interactions:

Including EM interactions: Replace D -> D - ieq (eA)

. D-eA+eA-D
HI:Z€Q¢T< - - )¢+C21;§2¢T0"6B¢+---

Electric Magnetic
Theory of quarkonium transitions

relies on the multipole expansion

A(Rcm7 T, t) — A(RCHU t) T X VA(Rcm’ t) + - eXpGnSIOH kr‘/z

A
HQET ——
maq

NRQCD V

V=Q; i02x*=Qc

N
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- Electric

- CM expand in kr/2

1
(P, ARy t) + ..V = 1-E(Rup, 1) + ... , ,
mo P Al JFp = 1Bl )+ Siegert's theorem
2 G,
using iH,r] = P and  imA] = 52 =E
meg |
El P~ L mev kngvz
et - eEy + - - power counting k
2
- Magnetic
anomalous
Ml / magnetic moment
e cr =1+ kg
a QWO‘ -eBY
QmQ
. . k
spin flip power counting =~y
mqQ

w
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Higher order terms !

k
| A
Electric m—{p, A(Rem, 7, 1)} = 1 E(Rem, t) + -+
Q
Cpe B
Magnetic A QWO’ -eBy
ZmQ
ik 1 (ir-k)" El, E2, E3, .. Selection
Include € =200 9 M1, M2, M3, ... Rules

Resulting radial wavefunction overlap integrals

- — — | — — ) — —

Electric  S<-> r— | 5ol) =l
-~ kr kr)3

1

expansion coefficients are small: (2n + DI
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Photon Transitions

El transition rates

. El 40‘622 E ;3 9
D5 f ) = @, + 1)SERE

- CG factor

( )
J o1 J
SE = max (L;, Ly) 4 A

Ly S Li

A

bb spin triplets

- Wavefunction overlap

Eir = /r2d7° Ry, (r)r Ry 1, (1)

Mass (GeV)

Sensitive to detailed dynamics for transitions
involving radially excited states
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« S states -> P states
- Potential models with various phenomenologically
motivated relativistic correction term.
- Need better theoretical guidance.
E;
235;1->13P5 (cc) 235,->13P7 (bb)

3.0 —_——— 180 e m—
T; 281 J=2 R “; 175 b J=2 .
3 26 f=———— St it —— $ 170 -
T e 2
= <4 = pm——-— e e r————
Eg] 20t b£ 1.60 | R
T 18t . “ oSSt .
o I £ -
S 24T 701 S sfgel . . L, 2
+ 22} — xR
=Y ereere———— —— z_ 1) .
F s - F ol ‘.
Toale et B A
@ 221 J=0 A J:_O
o 20 b ] w* 1ef s TTeTtTeTTTTTTTTTTTTTTTT
R e r————- =1 = sE
216} . 8 ‘
T a4t A 7B P T
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335,->23P5 (bb)

C QR2 BTGRRKR F MB MRGOS GI

Stephen Godfrey, Hanna Mahlke, Jonathan L. Rosner and E.E. [Rev. Mod. Phys. 80, 1161 (2008)]
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- Ratios of overlaps test the importance of relativistic corrections

30 _, o3 Ratio | (J=2)/(J'=1) | (J=1)/(J"=0)
o, E(n 351 m 3P{) Ro1(cc) 1.18 1.06
E(n 381 — m 3P Ro1 (bD) 1.01 1.10
R3y(bb) 0.98 1.14

<v?>.~0.3

- Relativistic corrections 10%-20% effects in charmonium. ,
< >ng 01

- The 3351 -> 13P5(bb) El transitions highly suppressed

E(335) — 1°Py) Rad: . _

— 0.044 + 0.008 adial Wavefunctions — bb
5(33S1 — 23P0) I

» Cancellation in wavefunction overlap

- Nodes in 3S radial wavefunction leads to
large cancellations in overlap integrals

- Hence effects of relativistic corrections to
wavefunctions are magnified.

_0'5-....|....|....|....|....
0.0 0.2 04 0.6 0.8 1.0

- Sensitivity varies within multiplets. Ratios not immune. r (fm)

TABLE II: & by node regions for initial bb state.

- Example of accidental (dynamical) suppression of ~ Tramsition|< lst|lst — 2nd|2nd = 3rd| total

Iead|n9 beha\nor- 258 — 1P | 0.07 —1.68 —1.61
35 — 2P | 0.04 —0.12 —2.43 —2.51
3 — 1P | 0.04 —0.63 0.65 0.06

Cornell model wavefunctions

~
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« 1P states -> 1S state

- Potential models with various phenomenological

relativistic correction ferms. No clear improvement (ce) < *P |r| 38, >
2.8
- Alfernative approach needed 2.6 A
o 24 F ‘
A
+ Direct Lattice QCD calculation 5220 e e ® _____ S
= 96 -
T e [ e 7 e e
= )| M = © 18 F ]
(S(5s) 7OV (v, 1) ERCIIT R
§ O F " g
0 v 14} 1
Xe —7 7 + ‘]/w 12 F A A
-0.05 T T T T~ T 1 T 1 T 1.0 L L L . : L . ' L L
o spat.p,=(000) Ay, | | . C CCC QR QR BT GRR MB MR GOS GI GI DS R EFG
% spat. p, = (100) JAv
01p o spat p,=(000) %, | ] (CE) < 3P ‘7“‘ 35’1 >
ﬁ}— spat. p; = (100) %o g | 1 > v
i * PDG phys. mass 2.8 . : y . 4 . ) H . ) '
0.151- * PDG lat. mass 7] A A
- * CLEO phys. mass i -6 [
, . # CLEO lat. mass —
wr 02 ﬁ; = T 24 pemccccccccccccccccccccc e e —c———- <4
& i E 1 :“E g -
-0.25 - % E % T & } - i ;H ————————— ‘—‘.--‘_—---——A --------------
_ } I | 7, 20 F ° A
-0.3F L} _ = 18} ¢ ) =
: ] T 16} *
I , I , I , I , I , I , I — A
0 1 2 3 4 5 6 1_], Lo
@’ (GeV?) 12 e, A
Dudek, Edwards, Richards and Mathur “ ¢ -CC QR QR BT GRR MB MR GOS GI GI DS R EFG
[PR D73:074507(2006)} .
Timed ordered
» Models with
.. * NR models o :
- Promising start relativistic corrections

oo
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+ h(1P1) -> 1 (11S0) ete” = ¢(28)— 7h,,  he—ym., T =Yy

BES III: PRL 104, 132002 (2010)
- Observed at CLEO, BESTIII 4000

3500 g {a)
- The dependence on dynamics cancels in o
the ratio of singlet to triplet transitions % i %t ., L
S e s ... |BESI
I'(he = (k) + nc) kg S e — T
—_—= | —|" = 2. 0 - e —T {b)
Txa S AF) + 79 B~ 210 g \
ﬁ;i 40(][]0;— asoop
. . 30000 1o}
- Using the known x .1 properties 20000F kgt )
P(he — v+ 1c) = 638 £ 37 kel 0" T35 3sm 0 3s3 . 3s

7% recoil mass (GeV/c?)

(o0}
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¥ (3770) -> 13P5 transitions:

- Can study relativistic effects including
coupling to decay channels.

['(y(3770) — vyxey) in keV
- Effects of nearby open charmed CLEO [PR D74 (2006) 031106, P
thresholds contribute significant Our results <21 70+17 172430
. . 3 3
mixing between the 1°D1 and 2°S; Rosner (non-relativistic) [7] 24+4 73+9 52312
. Ding-Qin-Chao [6]
states: non-relativistic| 3.6 95 312
»(3770) = cos(¢)|1°D; > +sin(¢)|2°5; > relativistic| 3.0 72 199
, Eichten-Lane-Quigg [8]
['(¢(3770) — YXxey) —@ + x tan(¢) non-relativistic| 3.2 183 254
L($(3700) — 7xeo) h32 V3 + ztan(¢) with coupled-channels corrections| 3.9 59 225
/3 5 Barnes-Godfrey-Swanson [9]
L($(3770) = WXea) _ | 5y ( 1o + 7 tan(¢) non-relativistic| 4.9 125 403
I'(4(3700) — ¥Xco) V3 4 2 tan(¢ relativistic| 3.3 77 213
< 2S|r|1P >
= ~ 0.82
* ‘< 1D|r|1P >’
- ¢~ -10" = Small J=2 El rate
- BESIIT can measure the J=2 transition?
I 10
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» Higher Multipoles: ¥'(2S) -> x c3(1P) and x 7(1P) -> J/ ¥

- Measure helicity amplitudes A

4I=1 I/ 7= Extract multipole coefficients: El for J=0,1,2
0 _ 1
(A{1> - ( L %) <a2Jl> ’ a1 = E1/|al| ; a2 = M2/|al; a3 = E3/|a] M2 for J=1,2
2 _ 12 2 2 _
al® = E1° + M2¢ + E3 E3 for J=2
A= L VL gy
AJ:Q — 3 1 /8 J=2 .
A;‘]:2 R 2222
5 3 15
Xeg = J/Y + 7
Th [Karl, Meshkov &Rosner PRL 45,215 (1980)]
- €0r'Y  [Sebastian, Grotch & Ridener PR D45, 3136 (1992)] J theory E835 PDG
. ~ 2
M2/E1 and E3/E1 O(V ) 2|az ~ —¥2 2K (1 4 k)| —0.093%3:03) + 0.006 | —0.140 £ 0.006
° Anomalous quar'k m(]gne'ﬁc moment: K . 9 as ~ 0 0.020+093% + 0,009 | 0.01170041
E
X = 81P,25 tan(o) 1| ag~ — g5 (1+ke) |0.002%0.032+0.004] —0.002790%
1P2D
[ 73drRip(r)[r< Rosdr — 2Ras(r)] J ' — Xes+7 theory
; E1pas
’ 2las & —53 K (14 ko) (1 + 2 X) — il X]/[1 - L= X]
* No S-D mixing => X=0:
g 2a3z_%%éﬁxu+gyyu—;%X]
- a3=0
, _ . 1ag ~ — 22 [(1 + ko) (1 + 22X) + i3 X]/[1 + L X]
- ratios of multipole coefficients are e i e v2

independent of K .

‘I‘I
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M. Artuso et al. [CLEO Collaboration|, Phys. Rev. D 80, 112003 (2009)
[arXiv:0910.0046 [hep-ex]]|.

|---Theory ® CLEO ¢ XBal AE835 " E760 CIBESI | 106100000

10° T T T T T
HH
104—(a) a;=" -
1 I v
103 ! 4 .
10° 6510 —005 000 005 010
+ CLEO has recent results ey T e bIH
104 F | 2— ]
) ,
- Assumes az, b3 =0 E 10°) — .
> 102 l l l : l l
T _ _
_ ’rheor'y: ke=0 me=15 GeV = .0'10 (.)'05 O'(.)O 0.95 o.1c|)
c (c) ""
: c% 10%F i a;=* 1
- Inexcellent agreement with theory. o, ]
104 -0z 00 02 04
10° _(d) T T p— T T =
104 F o b=
103— ] E ‘ ]
102 ! ! L ! !
~02 -01 00 0.1 0.2

Magnetic Quadrupole Amplitude

b2? = az (¥'(2S) -> x 3(1P))
a2y = a2 (xcg(1P) ->J/¥")

N

L 1
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« M1 transition rates

M1 16 E3
Di =7+ f) = graeg 375 (20 + 1) Sy [ Mg A
/{
B
- CG factor

NS
_ =
N
—

)
—N—
D=t
SP[\')I»—\
SCQl\le—\
—

)

SN =6(28; +1)(2Sf + 1) {

- Wavefunction overlap

oo ) . E
Mig = (14 kq) [~ dr wna(r) i) o ( 757
0

* To date the only M1 transitions observed are between states with L = O (S states)
AsE,->0 Mi-> Onw by wavefunction orthogonality. Transitions with n 2 n' are

greatly suppresses (hindered). Corrections to this behavior are O(v?)
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- J/Y -> n. M1 transition was a disaster

- Theoretically clean - no dependence on
potential model wavefunctions:

* Naive expectations "
M = /T2dT RniLi(T)jO(T—)Rnfo (r) =14+0@1*) (i=f=1L;=1L;=0)

2
- pPNRQCD Model independent - completely accessible by perturbation theory to o(v?)
16, K as(Mjy/2) 2 ) Brambilla, Jia & Vairo
PG =) = groe M2, 1+ =2 4 S (Cranlp)’ [PR D73:054005 (2006)]

No | lous ti t
I'(J/v — ney) = (1.5 £ 1.0) keV. o large anomalous maghetic momen

No scalar long range interaction

. -0.5—| ' ' ' ' ' ' * b
* Lattice QCD ot - ;ﬁ??§ ]
phase space -1 — 1 pu® ]
. r I 1
F(J / '(p — 1Y ) = (20 + 0.1 = 04) keV physical et 25 g BSII;):;;L. T o temp.p,=(100) n__. |

—~ i T o femp.p,=(100) JAp,
lattice -~ E":;"""'-I-'é-;: g o spaf;f:z(ooo) LS
i spat. p,=(100) ., ]

- Crystal Ball measurement (1986) o L= 000 o
seems many models 21| Ll &

struggle to get this - . C:Ba”ggn'?ass
ber ‘right’ 2.25 * "o¢" phys. mass -
1. 19 :I: 0.33 kev nm r I « "¢¢"lat. mass 1
[ = 2.0(1)(4)keV  g———f——p gy
half the expected theoretical result [(Crys.Ball) = 1.14(33)keV 2 a*@ev)

Dudek, Edwards, Richards and Mathur
[PR D73:074507(2006)}

L 14
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- CLEO measurement solves the issue

R. E. Mitchell et al. [CLEO Collaboration], Phys. Rev. Lett. 102, 011801 (2009)

[arXiv:0805.0252 [hep-ex]].

B((28) — vn.) = (4.32 £ 0.16 % 0.60) x
B(J /1) — vn.) = (1.98 £ 0.09 £ 0.30) X

- photon line shape has long tail.

Same effect well understood in
positronium transitions.

>
- experimental limit from CLEO
B((28) — y1.(28)) < 7.6 x 10~*

(3.94+1.1) x 1074,

I
Topical Seminars on Frontier of Particle Physics: Charm and Charmonium Physics
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1073
1073

Recently explained (Vairo QWG 2010).

Will resolve the lineshape uncertainity

expectation from scaling from J/ ¥

BESTIT ?

N, Candidates/10 MeV [x102]

N (0))

(0}

4250308-001

ol
L= =
-
P

e -l
- |
0 ,MI | '~-| ............ e . M.-.J-.n—l-—.-ﬁ-
0.04 0.14 0.24 0.34 0.44
E(y) [GeV]
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* Y(3S) -> np and Y(2S) -> nphindered M1 transition

- Leading order zero ->
order v2 corrections determine rate

- Relativistic corrections poorly understood

Phenomenological models made
widely varying predictions

- Za

ast
-
-

B(Y(3S) = ym,,(1S)) in 103

1 YGS) = my(18) |

-

| Godirey-lsgurgs A

| 90% CL UL CLEOHI  Epert Faustov,Gakin02 -]

"""" T 0. I ) | Lahde Nyfalt,Riskg99 B

e

Gocﬁrey lsgurds B -

‘”"_.J,.--‘

B(Y(2S) =y, (1S)) in 10°3

I
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pNRQCD

- New operators contribute :

- 161 5 cg” [ST,O'- [—iVX,eeQEemH S
m
1 em T - ) ) em
~ a2 ©S [S o [—iV,. X, 1" (V'eeqE )H S

- wavefunction corrections:
« induced by spin-spin potential
* recoil correction induced by
spin-orbit potential

» Can only calculate in weak coupling region.

- Recently observed by BABAR:

B(Y(35) — ym(15)) = (4.84+0.54+0.6) x 10~*
B(T(2S) — ymp(18)) = (4.2711 £0.9) x 1074,

* Far below theoretical expectations

N. Brambilla, Y. Jia and A. Vairo,
Phys. Rev. D 73, 054005 (2006)
[arXiv:hep- ph/0512369].

-75'FT(25)—>77b 8% (kev)

560 580 600 620

640

k~ (MeV)
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Multipole Expansion for Hadronic Transitions

For lowest order gluon emission:

S
Hr = Wwi'

: _
L+ g Y + Q- > Q-

for dressed fields ' = U1y, t*Al =Ut*AMU — ~U'0"U

g

But single emission takes color singlet
state (S) to unphysical octet state (O).

Double transitions dominate: E1 E1, E1 M1, M1 M1

Factorization:

5ab
2
El El %E < Blrigt°Grigt’|A > < rr|ELEL|0 >
electric polarizability ~ chiral methods
model KL >< KL|

Estia Eichten

Brown & Cahn (1975), ...

G=(Ea—Hp) ' =D T (@Qoctet) YPKuang & TM.Yan

quark confining string

[PR D24,2874 (1981)]
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El El, E1l M1, M1 Ml

power 2 3
counting

leading EM and hadronic fransitions remain proportional as c->b
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Hadronic Transitions

- Two pion transitions

1 2
M = 6 < B|rié*Gri€| A > 22 < momp|Tr(E! E )]0 >

EE

eYy:
Model: Kuang & Yan Hadronize
S-wave D-wave

O
2 C101qy g2 + 02 Q1kQ2l + quqok — —5kz (q1

vV (2w1)(2w) [
S state -> S state

Clz)

— A2
M=

Amz o > _ OTy+ Mp)? = M2 /(Mo — Mp)?
dFNK\/l— M2 (Mﬂ'ﬂ'_Qm ) dM’iTT(' K= 2M 4
ER 2
Phase Space Overlap - Vibrating String Model

N

-]
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DSfdfe->SS1-a1-e % I I L B T |||||||||||2|5|4$)8|(-)|5|-(?1|-I

= g0k 0 1N 75f N -

Determines 3 60F s g~ :il+ T ﬁ% E

: 1 & 50F :

\40:_ E= N +3

£ 20F 5 H025F E

Co/Cr=15210%  CHEO ggprtle L i oF 0 C
W 04 05 0.6 0.7 0.2 06 1.0

M () (GeV) cos B (£7)

FIG. 4: Distributions in 777~ ¢*{~ events of the 7*7~ mass (left) and polar angle (right) of the
positively charged lepton from data (open circles) and MC (solid line line).

1600605-002

P state -> P state -
10400
Assume only S wave term => J = J°
<10200
é i
[ = (0.83 4 0.22 £ 0.08 & 0.19) keV CLEO §roo00y
9800
2P; -> 1Py + 21t - First observation[CLEO] 9600
Results agree with Kuang and Yan (1988) ou00| =20 — Signal (S-wave) _
R A Background .
9200 e
[ 22
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Known hadronic transitions

Transition Cpartial (keV) [partial (keV)
(Experiment) (KY Model)
P(25)
— Jp+rTrT 102.3 + 3.4 input (|C1])
— J/Y+n 10.0 +0.4 input (C3/C1)
— J/p + 7° 0.411 £ 0.030 [435]  0.64 [456]
— he(1P) 4 7° 0.26 +0.05 [43]  0.12-0.40 [376]
¥ (3770)
— Jlp+rTrT 52.7+ 7.9 input (C2/C))
— J/+n 24 4+ 11
P (35)
— J/p+7rtn” < 320 (90% CL)
T(25)
— T(S) +7tn™ 5.79 4 0.49 8.7 [461]
— T(1S) + 7 (6.7+£2.4) x 107> 0.025 [455]
Y(1°Dy)
— Y(18) +7t7~  0.188 £0.046 [59] 0.07 [462]
xo1(2P)
— xp1(1P) + 777~ 0.83 £ 0.33 [457] 0.54 [463]
— Y(19) + w 1.56 4 0.46
Xv2(2P)
— xp2(1P) + 777~ 0.83 £ 0.31 [457] 0.54 [463]
— Y(18) + w 1.52 4 0.49
T(35)
— Y1) + 77~ 0.894 4 0.084 1.85 [461]
— YT(18) +n <3.7x107* 0.012 [455]
— Y(28) +7tn~ 0.498 £ 0.065 0.86 [461]
T(45)
— Y(1S) +7ta~ 1.64 +0.25 4.1 [461]
— Y(18) + 7 4.02 £ 0.54
— Y(29) +7tn~ 1.76 £ 0.34 1.4 [461]

[
Estia Eichten

N

w
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Known hadronic transition

T (55)
— T(1S) +7tn™ 228 + 33
— T(1S)+ KTK~ 26.2 £ 8.1
— Y(2S) +7tn 335 =+ 64
— T(38) +mFa~ 206 + 80

- Will return to this at the end.

Topical Seminars on Frontier of Particle Physics: Charm and Charmonium Physics
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Narrow States Below Threshold

. y(4S) or hybrid .

y(2D) il

Xa(2P) 1,(2P) 5

—X(387% oy T
(p,o,Y)I Iy

Charmonium
family -

1+ o++ 1
1

Stephen Godfrey, Hanna Mahlke, Jonathan L. Rosner and E.E. [Rev. Mod. Phys. 80, 1161 (2008)]

N
on
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Mrm: distributions

Y(3S) = Y(1S) nr

Events per bin

E Y(2S) - Y(1S)

oEY@S) s YE@S) A (e) 1 . F T(3S)—>\(2$)mt (f)
100 :— : :
o | :
o ;
wf s
2 |
Bz oz es e o g oj‘_*\f‘ﬁ“‘“‘“:'
M., (GeV) cos 0y

Estia Eichten

CLEO

3§->1S87?
3§ ->2S v/
2S >1s v

N

~
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Puzzles

T3S) — YT +7m

don't show leading (S-wave) two pion

T(4S) — T(QS) T invariant mass distribution

Many proposals for explaining the Y(3S)->Y transition
but most don't survive new results for Y(45S):

O Final State Interactions

>

Problem: Compare Y(4S)->Y(2S), Y(2S)->Y(1S) and ¥ (2S) -> J/ ¥

essentially the same phase space but different distributions.

¢ coupling to decay channels

Problem: Compare Y(3S)->Y(1S) to ¥ (2S)->J/ ¥ ,Y(4S)->Y(1S)

Coupled channel effects should be larger in second set.

O exotic intermediate state

Problem: Compare Y(4S)->Y(25), Y(35)->Y(1S)
similiar distributions but shifted masses

¢ dynamical accident - suppress the leading E1E1 term

Worth a closer look.

N
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¢ dynamical accident - suppress the leading E1E1 term

Like the E1 case ? Predicted for Y
An =2 overlaps suppressed. (35)->Y(15)

Toy model
Below lowest threshold

Z ’\Ifnl > \Ifnl| 1
— E;— Eu £, — pIH L

string

Transition G( GeV?) |< f|r?li > ( GeV™?)|G(< f|r?]i >)? x 1072
V(28) — J /1 2.3 x 1072 —3.0 20
T(25) — Y 2.1 x 1072 —1.19 3.0
T(39) — T 3.3 x 1071 —2.4x 1071 1.9
T(35) — Y(29)| 9.1 x 1074 —3.7 1.2
T(4S) — T 1.2 —9.8 x 1072 1.2
YT(45) — Y(29)| 2.0 x 1072 —4.6 x 1071 0.21

3. The rate for ©Y” — Y77 is surprisingly small.
If we compare the phase-space integrals (2.4) for
the two transitions v —T77 and ¥’ — Y7, their
ratio is large,

G — Tnm)
oAl = 17T .33 . 2.24
G(Y’'—Yum) 3. (2.24)

The matrix element for T” — Y77 is tremendously
suppressed:

1 " _, T 2
i .

The large suppression is due to two effects.
First, there is a great deal of cancellation among
different terms in the series for f},(*” —Tnn).
Second, many high vibrational levels contribute,
so the mean distance from these levels to T” is
large. Because of the delicate cancellations, we
cannot expect our results to be very reliable.

Kuang &Yan (1981)

w
-]
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If leading <E1 E1> suppressed, can <M1 M1> be significant

Detailed study: S-wave Voloshin hep-ph/606258
Sy — 7T Y) = (25)

4 2 9 - P 2 1
=S ol (1= ) (2 + m?) = (L4 xan) (1 + ;”) ((qu) - 2q2>] (61 - )

and three D-waves

4 3k ,,P“P” .
Di(thy — mwhaahy) = —% a6 (14 xar) 5 57— (1 -¢) . Spin independent
A7 3 2
D2(¢2 — 7T+7T_¢1) = % Oé(()m) (X2 + 5 XM) 5 (1 + %) quqyw“’”
spin dependent
47?2 3 3K
D3(1py — mhma)y) = e oy <X2 + 5 XM) — L™
Y = LY+ Yl — (2/3) (P - ) (PRPY /P2 — g) By = Mad,
1 4
by =TTy + 3 (1 - ﬁ) (q G — 4ulv) T = (k= kap)
3 q° o0f 0o
: : XM = — X2 =
Expect noticeable presence of D2 and D3 in Y Qg a
(3S) ->Y +nrr decay maghetic S-D mixing
e 3t
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BUT - In addition to the suppression of the M1-M1 term
by <v4> relative to the dominate E1-El term:

Radial Overlap amplifude: with the hybrld states

< W) >< Uyl > n
Z E; — Ex(un W = 1L, (TLP)

n,l

Again below lowest infermediate state threshold

‘\Ijnl > < \Ifnl’ 1
nl

E—Ey B — B3

string

In this limit the overlap vanishes since <fli>=0 (i#f)

The M1-M1 term is highly suppressed !

w

N
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1600507-015
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00 F ¥ H- 4 50| ot ! '. o
0 0 0870604020 02040608 1 - s X
225:' 7 RN RN LA AR IR RN IR RN RS
3 1 "°F 1es) - 1(18) 1n ’ o
200} 1 1ao :
c | 120f 1 + ; T
_c: 150¢ 1 100 I__ —— : /W 8
QO 125f ] s K
o ¢t 1 8of ! ‘i_l_ ‘tfu{:'m X
100f ] E ] d | (T E—— SR
..@ C 1 60 _+_ _+_ ] T L 1
C 75E i g "'+' 1 1 o
q) N 40'_ ITEO _' ‘-‘
> 50 A g ] Mot
LLl : [ : ] T ~~e___.*" it
25 f 20 g . - T
0- b T X X 0'...|...|...|...|...i...|...|...|...|...'
03 035 04 045 05 055 1 -0.8-06-0.4-02 0 0.2 0.4 0.6 0.8 1
o T 160_"'|"'|"'|"'|"'|"'|"'|'"|"'|"'
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QA(N’S1) -> QQA(M3Sy) + -

M=A(e"e)(qg* -2m ) +BE &) EE, +C[(e" ¢,)& - q) + (&’

@,)&"q)]

0.1 L

O Hindered M1-Ml term => C=0. CLEO
Consistent with CLEO results.
Fit, No C stat. effcy. (%) effcy.(7%) bg. sub.
: : R(B/A) —2.523 +0.031 +0.019 £0.011 +0.001
© Small D-wave contributions T@S) = YANTT S (B/A) £1180 40051 40.026 40018 +0.015
, , , R(B/A) —0.753 +0.064 +0.059 £0.035 +0.112
O Useful to look at polarization info. TES) = YA Sg/4)  0.000 £0108 +0.036  +0.012 +0.001
, , R(B/A) —0.395 +0.295 £0.025  +0.120
Dubynskiy & Voloshin [hep-ph/0707.1272] T(35) — Y (28)7m S(B/A) L0001 +1053 0180 <0.001
Fit, float C stat. effcy. (%) effcy.(n°) bg. sub.
B/ A] 289  +0.11  £0.19  £0.11 £0.027
TES) = YANT 0 al 045 +008  £028 4020  +0.093
35->1S
1600906-006
S AARAE RALAE RARRE LALES LARRS LARRN RRRRN RRRRS
1600906-002 ' ]
:.(é) 0.8E T T T T T s B 3%1 E ]
5 ©7 F 'l 32 1 -
S 06 1 E =
© - : .
-_'5 0.5 @0.5 :_ E _:
<C 04 C !
X I
0.3 8 ofeees - ~
o2f E i
2t 05 | 2—1 ! E
O P . -
..I....I....i....l....

D fa

Re (B/A)
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Single light hadron transitions

* Need higher order: E1-M1 O(v) CP = -- couples to w; E1-M1 and E1-E2
O(v) amd M1-M1, E1-M2 in O(v2) CP = +- couples to , n; MI1-M1, E1-
E3, E2-E2 CP=++; ...

- final states m, n,n " proceed from two gluon component of n'

» SU(3) and chiral symmetry breaking - chiral effective theory

0

7 =a" 4 en+én

n=mn—er’ +0n

7 =n—0n—én’,
- Y My, 4+ My
e — (mq — mu)\/§ o A(mg — My, 2 A (ms - 2 >
S 2 ) 77’ 70 77/ mn

* Many puzzles in relative strengths for 7 in the charmonium and

bottomium systems. Opportunites for new theoretical insights.

w

On
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Transitions for states above threshold

* Rare processes

¥ (3770) El transitions and nit transitions already

¥ (4040): T' ~ 80 MeV
- Rate for ¥ (4040) -> J/ ¢+ nt expected to be about 25 keV [scaling from

the Y(3S) -> Y(1S5) + nir] (<340 KeV at present). Compare M, distributions
with ¥ (4040) -> J/ ¥ + it with Y(3S) -> Y(1S) + ). Others? n and n°

- El rates (naive):

1(4040) X' (28 P3)(Z(3927)?) + v = 46keV
Xe1(2°P1)(X(3872)?) + 7 = 85keV
X'o(2°Pp)(3820) + v = 58keV
Yo(13P2) + v = 5.9keV
Xa(1°P;) + 7 = 6.6keV

Xo(1°P) + 7 = 6.5keV

I Ll 44l

w
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¥ (4160): T ~ 100 MeV

- Hadronic transitions: nmt, 1T, n
- El rates:

¥(4160) X (22 P3)(Z(3927)?) + v = 7.TkeV
X5 (28 P)(X(3872)7) + v = 193keV
X'o(2® Pp)(3820) + v = 372keV
Xea(1°P2) + v = 2.8keV

Xa(1°Py) + v = 57.2keV

Xio(1°Pp) + v = 134keV

A

-> 13F, + vy if this transition is kinematically allow

w

~
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Issues and Outlook

Multipole expansion approach for EM and hadronic transitions works well
with some initially puzzling exceptions:

- E1 transitions rate for Y(3S) -> x» (1P5) +y
- M1 transition rates for Y(3S) ->n (1P)+y and Y(2S) ->n, (1P)+y

- The two pion invariant mass distributions for the Y(3S) -> Y(1S)+nn and
Y(4S) -> Y(2S)+nmt transitions do not show the expected strong S-wave
leading order E1-E1 behavior.

* Inall these cases the leading order MPE coefficient is dynamically
suppressed [as predicted]

- El rates - Cancellations in overlap for states with nodes in radial
wavefunctions. Here nearly complete. [Moxhay & Rosner PR D28, 1132
(1983); McClary and Byers PR D28, 1692 (1983)]

- M1 rates - Hindered M1 transitions. Zero in leading order.

- Two pion: - Again suppressed overlap. [Kuang and Yan PR D24, 2874
(1981)]

w
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* Theoretical control of the non leading terms in the MPE is still poor. Modern
tools (effective field theories and nonperturbative LQCD) combined with more
detailed high statistics experimental data (BESIII, LHCb, super B factories, ...)
with be needed to pin down these terms.

Studying the EM and hadronic transitions for states well above threshold will
add to our understanding of these issues (3S and 2D states in charmonium)

w
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One more thing

+ The Y(BS) -> Y(1S)+nmt, Y(BS) -> Y(2S)+nm transitions

- Verv larae rates and nonstandard M- Belle
T(5S) b 0F — % so o =
— Y(1S) 4 7t A 298 + 33 3 7 e P A
—T(1S)+ KK~ 26.2 + 8.1 S s0 g 30 i
— T(28) 4 wta 335 + 64 gﬁ §2F L
— T(3S) + nta 206 + 80 » E 10 g
054 06 T 12 14 0"%3 04 05 06 07 08
“n) (GeVich) M(xx) (GeV/c®)
S sof (@) HT
* Failure of usual multipole expansion é :j—b_t_+ +r+ é 50 _[_"]’
20 H
- <r®> too large? 10 's ++++
07— =5 o o5 1 0 — =5 o o5 1

- too relativistic?

- nearby hybrid state v
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L(Y(58) = mfr™ + T (nS)) oc G(n)|f(n)[* phase space (GeV’)
< Y(BI)|r|S (1P) >< S (IP)|r| T (nS) >

with f(n) = zl: Mr(ss) — Ei(D) + i0y(3)

‘ 2

G(n) = 28.7, 0.729, 1.33 x 10~*
forn=1,2,3

theory - hadronic transition rates

O TIf lowest hybrid mass near Y (5S) a few states dominate sum. Results
sensitive to mass value.

O Overall scale of transitions more than an order of magnitude larger
than theory expects.

Will discuss Above Threshold in the last lecture

L 41
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