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Present Status
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e Below threshold

Narrow states allow precise experimental probes of
the subtle nature of QCD.

Consistency between (bb) and (cc) systems
validates NRQCD approach. At LHCb the (bc)
system can also be studied.

NRQCD approach is a spectacular success
» masses and spin splittings (pot -> LQCD)
» direct decays (pQCD)
- EM transitions (ME)
- hadronic transitions (QCDME)

Lattice QCD can provide nonperturbative elements
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Present Status

- v(4S) or hybrid .
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[Rev. Mod. Phys. 80, 1161 (2008)]

w

QWGI11@GSI

October 5, 2011



I
.2

Present Status

Transition [partial (keV) [partial (keV)
(Experiment) (KY Model)
¥ (25)
— J/p+rta” 102.3+3.4 input (|C1])
— J/b+n 10.0 4+ 0.4 input (C3/Ch)
— J/p + 7 0.411 +0.030 [446]  0.64 [522]
— he(1P) + 7° 0.26 £0.05 [47]  0.12-0.40 [527]
Y (3770)
— J/p+aTwT 52.7+7.9 input (C2/Ch)
e — J/p+n 24+ 11
T(25)
— Y(1S) + 77~ 5.79 4 0.49 8.7 [528]
- — T(1S) +n (6.74+2.4) x 107 0.025 [521]
Y(1°D5)
— Y(1S)+7ntw~  0.188 £0.046 [63] 0.07 [529]
Xo1(2P)
— xp1(1P) +7tn~  0.83 4+ 0.33 [523] 0.54 [530]
— Y(1S) +w 1.56 & 0.46
Xv2(2P)
— xp2(1P) + 7t~ 0.8340.31 [523] 0.54 [530]
— Y(18) + w 1.52 4 0.49
T(35)
— Y(1S) + 77~ 0.894 =4 0.084 1.85 [528]
— Y(18) +n <3.7x107° 0.012 [521]
— Y(2S) + 77~ 0.498 4 0.065 0.86 [528]
T (45)
— Y(S) + 77~ 1.64 4+ 0.25 4.1 [528]
L — Y(18) +1n 4.02 £0.54
- — T(2S) + 77~ 1.76 £ 0.34 1.4 [528]
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Some Puzzles
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- 71 transitions

- Ratio of 1 to m  transitions: same initial and final quarkonium states at (M= = M)

D(n3S1 —»m?Si+m) 8n2 1 Cy, [(Mi+ My)® — MH)((M; — My)* — M7)]P?

RArna(n — m) = —
QQ( ) ['(n3S1 — m3S) +ntn—) 27 m% (C'l | G |

. , , , [kinematic factor]
is independent of the details of the intfermediate states.

- Comparing theory (KY) and experiment.

Ratio theory experiment

R(2—1) | 3.29 x 1073 | 9.78 x 10~ ~ 30> theory

RY%(2 —1) | 1.16 x 1073 | 1.16 x 103 sets C3/C1 = 0.143 + 0.024
RY™(3 —1) | 457 x 1073 | <4.13x 1073 |  suppressed?

RY®(4 — 1) | 2.23x 1073 | 2.45 ~ 1000 > theory

RY(4 — 2) | 5.28 x 104

- These transitions are very poorly understood.

on
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Some Puzzles
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1600507-015

- Y(3S) _>T(15) Tt Cde(4S) ->T(ZS) it Transitions 160- T(3S) = T(1S) i _ 300

140} | 250}
120f ] E
. . . . : 1 200F
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80 | ] -
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0 0-1 -OI.8 -016 -OI.4 -012 0I 0.I2 O.I4 0.I6 O.I8 1
- CLEO detailed study [arXiv:0706.2317] | es TS m ]
200¢ { 140f ]
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w E 1 100
CLEO results. g 1 sof
@ 10 o
- E { 60}
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L E 3 i i ]
. . 25F 1 20| .
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. . 03 035 04 045 05 055 -1 -0.8-06-04-02 0 0.2 04 06 08 1
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# Why it works so well

* Lattice calculation V(r), then SE LQCD calculation of static energy
1 d?u(r) <L2QQ> 1.6
_2,u o2 + {2117 —I-VQQ(r) u(r)=E u(r) ol
, = 0.8
- What about the gluon and light quark &
degrees of freedom in QCD? T 04t
- Two thresholds g 0L
* Usual (Qq) + (qQ) decay thresholds />: 04 |
- Exciting the string - hybrids =
08 | quenched —=— |
- Hybrid states will appear in the spectrum Ng=2 r—e—
associated with the potentials 11, ... 1.2 | | | | | | _

02 04 06 08 1 1.2 1.4

- In the static limit this occurs at separation -

rx12 fm.

* Between the 35S and 4S5 in (cc) system
- Just above the 5S in the (bb) system

~l
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# Crossing the Threshold

e Many new degrees of freedom influence ftransitions
- Normal strong decay channels - strong coupled channel effects

- New four quark states possible:

- molecules (QCD(QQ)
- diquark-antidiquark (Qq)(7Q)
- hadrocharmonium (QQ)(@Q)

- Hybrid states:
- exciting the gluon degrees of freedom
- valence gluons picture

» string picture
e Not hopeless. Two handles to understand systematics:
- lattice QCD

- known scaling from (cc) to (bb) systems

oo
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Transitions - States Above Threshold

Production Modes

mtmhp(nP) n=1,2

X(3872) [Belle, CDF,  |3871.67+0.17 + i(<3) 1** or |mmJI/W, wI/P, |B decays, ppbar

DO, BaBar -+ Yj/q)’ YLI)I, DOD*0
Xc(23P;) [Belle, BaBar 13927.2+2.6 + i(24+6) 2+ |DPDO, D*D-, wI/Y |YY, B decays
X(3940) [Belle 3942716 + i(37+%°_1518) JP+  |DD* e*e” (recoil against J/Y)
Y(4008) [Belle 4008+40%72 55 + i(226+448775)  [1-- I/ P e*e” (ISR)

BaBar (not seen)
Y(4140) |CDF 4143.0+2.941.2 + i(11.7*83.50%3.7) |JP+ b J/P ppbar

LHCb (not seen)

PP

P(4160) [CLEO 41533 + i(103+8) 1= |mrhe(1P) eter
X(4160) [Belle 4156*25_50+15+ i(139+11_;+21) JP+ D*D* ete” (recoil against J/ )
Y(4260) [BaBar, CLEO, (4263 *8.5 + i(95+14) 1-- mJ/ P, 1°n°JI/P, |ete (ISR), ete"

Bell

e K*K-J/P

Y(4360) [BaBar, Belle 43614949 + i(74+18+10) 1 T P(25) e*e” (ISR)
Y(4660) [Belle 466411118 + i(48+15+3) 1- T P(2S), Ad\cbar  |ete (ISR)
Y(55) Belle, 10,87611 + i(55+28) 1-- mmP(ns) n=1,2,3 ete

BaBar

Charged states:

X*(4250) -> * x 1(1P), X*(4430) -> m*¥ (2S), Zv*(10,610)-> *hp(nP) and Zp* (10650)-> r*hy,

:nﬂ ; Estia Eichten
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¥ (4160) Transitions
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e The % (4160) -> h¢(1P) + n+m- transition observed by CLEO (Ryan's talk)

~
o

QD
o O

Events / 3 MeV/c?
D N A OO @

B
o

N W
o o

3.50 3.52

-
o

X Recoil Mass (Gev/c?)

c.(e'e” — n* n~ (h_, JAy))(pb)

wo

Events / 1 MeV/c?

A BT |
3.52 3.53
n° Recoil Mass (GeV/c?)

e Find unexpectedly large transition rate.

e Spin flip transition: E1 M1

® o (e'e" - rn'n h) (scan data)
A o.(e’e - r* " h) (4170 data)

O ogle'e »n" n Jy)

=

O [T

e*e~ Energy (GeV)

Estia Eichten QWGI1@GSI

5 4.00 4.05 4.10 415 420 425 430

-]

October 5, 2011



I
.2

Y(4260) Transitions

e The Y(4260) -> J/ + m+m- transition observed by Belle, BaBar and CLEO

Events / 20 MeV/c®

Babar

Belle

M: 4259 + 8 2 MeV 4247 + 12 *13 MeV
[: 88+23* MeV 108 + 19 +10 MeV

=

&
3 U1

&

r 1]

N
10

J—

.E‘." .\ " ".o'(. b 3]
"F Y e

1736 33 ¢ 42 44 46 43 5

aE- Uk B
m(r' e I y) (GeVie')

BABAR: PRL 95 142001

o

e MOEIY) GEVA)

80 PRL 99 Fi

’ 182004 550fb:
GO cecdle. Solution One -

e Solution Two

Y (#260)

Entries’20 MeVi/c
'
o

45 5.
M(x"x Jy) (GeV/cT)

e The Y(4260) not seen in D*D™) final states. At dip in R. Large rate.

2 —1 | 3 | L, I 2 1 |
38 q 42 44 4.6
Ecm (GeV)

Estia Eichten

PL B640, 182 (2006)
1Y gogp 2w J/y) >0.508 MeV @ 90%
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ne Y(4260) Transitions

o Belle and CLEO observe Y(4260) -> J/ ¥ + n°n® consistent with I=0

ik . A. Vinokurova EPS 2011
: N=8.6"" ’
w(ZS) -42
KX [ Y significance 2.4

Evenis/ (005)

I, BF(J/yn°®) =3.19 *1720% ev

PDG: I, BF(J/ux*n-) =(5.9 1 4) eV

- -

werre et It implies that the Y_(4260) has =0,
P— as expected for a cc state.

'C”rossvsection‘
o+ eeDysp(d/yn’nd)

........

a (pb)

CLEO: PRL 96 162003 (2006)

From e'e collision

BF(J/yn°n®) BF(Jlyn*n*) ~ 0.5

ol | I | I P Y | P -
4 42 44 45 48 S 852 54 §& 538 6 40
N(="='Jly) (GeV)
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e Y(4260) Transitions

e Additional 1 states: Y(4360), Y(4660) with transitions ¥ (2S) + n+m-

s ., PRL99142002: (" ;::;,9(4'250);5@ PRL 98 212001  « [¥. PRL 101 172001
% — 9 670 fb - ] }; 10 : < k 324 M2\9/8 fb-l _<' 30 V ’(4630f /
S i¥acp) Tisr?Y(2S)] § Gy feak 1924 Me { ee >7sr Ao
% A ea?yp®mY(RS) | w
& S F( { b M |T |
AT i ) D . :
. i . l L ‘ B . """‘H .r.':.-. " -L.- o'
N N =

r e 2 K 45 46 47 48 49 § 5] 52 53 54

M(:’t g w(23)) (GeV/C.') m20r T ) My) (GeV/icT) MAL AL GeV/ic

e Clear evidence for large transitions rates. But these Y states are not conventional
charmonium states. No available 1~ states.

13
Estia Eichten QWGI1@GSI October 5, 2011



# T (5S) Transitions

e lLarge rates

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

- BR(T 55) -> T(ZS) + T[+TE_) = (078 * 013) Yo ¥ [ | Y(25) Z
% 40000 | * :I
GY(1S)r*n~] = 0.638+£0.0657903,  Z¥f s ,'l bw
6[Y(3S)n*n~] = 0.517+0.082+0.070 ™} ﬂ VR h& e
s ! ! = ' Y(ID)
- T +0.043 N LAy
G [hp(1P)n* ] = 0.407+0.07+933 bt o b A I i Vo
i, . 10.22 4 'F" JuT A L 1L A O
lh(2P)r | = 0.78+0.09" 515 05 10 oz o
BELLE [arXiv:1103.3419]
- w'n system I=0
- total branching ratio for known hadronic transitions (3.9 +0.7)% => I' =2.1+0.9 MeV
e Clear violation of QCDME expectations:
- the transitions Y (5S) -> hp(1P,2P) + m'n requires a heavy quark spin flip (M1)(E1)
e The usual formulation of QCDME needs modification, Structure in the transition amplitudes
not found in the usual (KY) model.
R — 14
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e QCD multipole expansion (QCDME) in a nutshell

Revisiting the QCDME Assumptions

Analogous to the QED multipole expansion with gluons replacing photons.

eff 0 1 2
HQCD — H((g()jD + H((QC)JD + H(g()JD

Hg()?D = —-d, -E‘X,t) —m,  -B*X,t) +---

El M1

1 a
HggD = Q. A%(X, 1)

zero for color singlet

color singlet physical states means lowest order terms involve two gluon emission.
So lowest multipoles E1 E1, E1 M1, E1 EZ2, ...

g
A

factorize the heavy quark and light quark dynamics

M(P; — Py + h) =
ldi | KL){| K L|d}q i)

~ 3
24 s E;, — Exy

(h|E"E;|0)

+ higher order multipole terms.

assume a model for the heavy quarkonium states ®i, ®f and a model for the

intfermediate states |KL> hybrid states.

use chiral effective lagrangians to parameterize the light hadronic system.

Estia Eichten
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# Revisiting the QCDME Assumptions

e Four options exist for breakdown of the QCDME

1. Because states above threshold are not compact the expansion becomes unreliable.

2. The model of hybrid intermediate states is insufficient as hybrid thresholds are
crossed.

3. The coupling to decay channels adds new contributions. Transitions in the two
meson channels (breaks the factorization assumption)

4. There are new exotic states (that are not hybrids) which appear in the
intermediate state. (Again breaks the factorization assumpion)

e These options are ranked from least surprising (1) fo most extreme (4). T will
discuss (2) below. But Belle has observed new states that if confirmed will
show that at least in the Y (5S) transitions the breakdown is caused by option (4).

Estia Eichten QWGI1@GSI October 5, 2011



T Z+*(10,610) and Z »* (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) -> hp(nP) + ' (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)a*a™ hp(2P)a*x™ | Y(1S)a*a®  Y(2S)a*at Y(3S)a*a® Average
M; MeV/c?) | 10605122130 10596+7+3 | 10609+3+2  10616+23  10608+213 | 10608+2.0
I (MeV) 114153+ 16019113 | 22947342  211+477 12241744 | 156425
M, MeV/c?) | 10654.5+2.5710 10651+4+2 | 10660+6+2 10653+2+2 1-652+2+2 | 10653+1.5
> (MeV) 20.9t-‘{-i4,-t§;-}» 12:5,6‘ 3 1241043 164+ 3.6:‘?’; 109+ 2.§j§ 14.4+3.2
¢ () 188123313 255438+, | s3x61t3,  —20+18%) 6+24"3 -

e Y (5S)->Zp+ m-and Zp -> hp(nP) + "

e Explicitly violates the factorization assumption.

o
~l
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T Z+*(10,610) and Z »* (10,650)

e Y(5S)->Y(nS)+nn(n=1.2,3)

- n'
E & [
5 e s ®F N
$f 2 $=F
© o S0 © -
- ~ C "‘°:
S wof I St T
P C 3 ¢ oF & 30F
b i it §=f
S o 2 »E S F
C F 0F
901" 102 103 104 105 108 107 108 %305 a7 09 11 13 15 %595 97 98 99 10 101 102

. k, 1- lk M(X(1S)n)_, . (Gev/c’) W(x'xT). (Gev/ct) M(Y(1S)%) .- (GeV/c?)

80 [T 100 L
. C o ol
BELLE [arXiv:1105.4583] o wf - =F ~oF
i if §°
w C w OF w wF
T w0 s F FE
i - i
B ol ® _F LY
C . 2 ;
C 10F
Qo4 t0As 105 1055 10 085 107 075 %3 os 05 08 07 08 09 fois 02 103 103 1035 104 105 05
M(X(25)n),.. (GeV) N(x'xT). (Gev) M(Y(25)x),;,. (Gev/cT)
1 120
- - ~ 1of (%)
"o ) "o
~ ~ ~
2 2 ? =™
= = =
2 L T @
3 3 3
§ i e
& 3 L
58 10.6 1062 10.59 10.65 1068 107 10.72 10.74 fhas

M(X(3S)7),.- (GeV/c®) W(x'x"). (Gev/cY) M(Y(3S)x),;,. (GeV/cT)
e Zbin Y (2S), hs(1P) and hy(2P) pion transitions
w§’2°°°_' 2 2000 %‘5"175005—
2 i 2 : 2 g
£10000 ©10000 - ©15000F
] I 2 m:_ 912500;'
soof —_—ny st
i O:ITT | 2500
2000 C
v 2000 M]' I. H o;. £
o508 o7 S T T T E—T Y a5 e 107
MM(x), GeVic® MM(x), GeVic? MM(x), Gevic®
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Spectrum of Low-Lying Hybrid States

e Born-Opperheimer Approimation

Voo() = )y, 0,0
2u(r) [ L)
_;u ddr(z ) n { 25}% _|_VQQ(r)} u(r) =E u(r)

Spectroscopic notation of diatomic molecules

e Put the correct short (pPNRQCD) and long distance
(NG string) behaviour together using lattice QCD

can determine the hybrid potentials

e Toy model - minimal parameters

0.9

0.7

0.5

Va(R) = D —|—0R\/1 — f—;(n(R) — 2—14(d— 2))+ Vo (n>0)

6

dorg
Ve (R) = == +oR+ Vo (n=0)

Fixes Mc = 1.84 GeV, JO = .427 GeV, & = 0.39

n(R) = [n] (string level) if no level crossing

[n - 2 tanh(Ro/R)] for X ~u potential (n=3)

0.4

0.3

FIG. 2:

Qe B=2.5 N=4
ag~0.2 fm
Gluon excitations N=3|
| N=2
N=1
N=0
- Ay |
I
H as/at = 2*5
Ag ) i
9o+ 2=0.976(21)
zZy
I, |
short distance
degeneracies
1 1 | | A Rl/as |

0 2 4 6 8 10 12 14

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

[T, Spectrum

Spectrum of Low-Lying Hybrid States

4.6 S

Mass (GeV)

3.8

P
State

Only I, 2y, and Z g systems have sufficiently light states.

Estia Eichten

Mass (GeV)

461

441

3.8

¥, Spectrum

¥, Spectrum

P
State

Mass (GeV)

4.6

44+

42+

3.8

P
State

N

-]
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IT, (1S) m=4132 GeV
[T, (1P) m = 4.445 GeV

Spectrum of Low-Lying Hybrid States

I1,(2S) m = 4.465 GeV
1, (2P) m=4.773 GeV

JP¢= 0,0, 1,1
JPC= 17,107,077, 00, 10, 177, 2+-, 2

>,"(1S) m=4547 GeV JC=0",1-

The II, (1P), ITy (2P) and Z 4 7(1S) have 1~ states with spacing seen in the Y(4260) system

> "(1S) m=4.292 GeV

>4 "(I1P) m= 4537 GeV

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

Estia Eichten
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Spectrum of Low-Lying Hybrid States

e The spectrum of bottomonium hybrids is completely predicted as well

e For the Il, states

(cc) L

NNMNNNRFRPRPRPPRPRPRPPOOOOOO

Estia Eichten

n

WINRFRPOUOILDE WDNEOUOULE WDN R

mass(GeV)

.132580
.454556
. 752947
.032962
.298250
.551412
.293717
.604123
.893249
.165793
.424925
.454768
.753368
.033384

(2T S © 2 B © 2 B ~ ™ S S S 2 T 2 B © 5 Y~ ~ gt S

(bb) L

NMNNMNNMNNNNRFRPRFRPPRPRPRPRPRPRPRPPRPRPOOOOOOOO0Oo

n

ook WINPT WDNDNEFRPOONNOULE WDND R

mass(GeV)

10.
10.
11.
11.
11.
11.
11.

12

11
11

11
11

11
11

783900
982855
172408
353469
527274
694851
856977

.014256
10.
11.
11.

877928
073672
259766

.437735
.608810
11.
11.
10.
.167070
.349124
11.

773931
933823
976071

523652

.691737
.854216

N

N
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ybrid Decays and Hadronic Transitions

I
.2

e Information from hadronic transitions might be used to estimate
decay rates for a hybrid 1 state (H) to a (QQ) state + light

hadrons.
mixing 3
m>S
coefficient :
n351 p i"o,
sum over ‘@ - -
hybrids \\ light hadrons

e If one hybrid state dominates, branchingra’rios calculable.
e.qg. BRH->¥' + n'r")/BR(H->J/ ¥ + ww'm).

e Mixing between (QQ) states and hybrid (Q@g) states can be
calculated using Lattice QCD.

N

w

Estia Eichten QWGI1@GSI October 5, 2011



Summary

I
.2

e The wealth of precision data brings the QCDME approach for hadronic
transitions into sharp focus.

e Below threshold many successes but some puzzles:
Y(nS) -> Y( mS) + it (3:1), (4:2) and 7 transitions

e We see new states and possibly a nhew spectroscopy:
X(3872), Y(4140), Y(4350), Y(4260), Y(4360), Y(4660),
Z:(4430), Zv(10610), Z+*(10650), ...

e Above threshold QCDME is inadequate as formulated. Incorporation of
strong thresholds and possible new degrees of freedom required.

e Systematic inclusion of hybrid spectrum is possible.

e Future prospects bright:

- NRQCD and HQET allows scaling from c to b systems. This will eventually provide
critical tests of our understanding of hadronic transitions.

- Lattice QCD will provide needed insight into theoretical issues.

- Answers will require require the new generation of heavy flavor experiments -
BES IIT, LHCb and Super-B factories.
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ne Wish List

e Study all the above threshold resonances for all allowed hadronic transitions
- ¥ (4040), ¥ (4160), ¥ (4260), ¥ (4350), ¥ (4415) (BESIII, LHCb)

- Y(5S) and Y(65S)
e Further studies of the Y(3S) -> Y(1S) + it including polarization

e Theory of ntransitions.

e Observation of 3D, and/or 3Ds in transitions to J/¥ + it at LHCb

N
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Events per bin

Y(3S)-> Y(15) + i
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Jt Detailed study

L. 2

PHPY

M:S(61'62)+D1€w/

(€1-€)+ Daq,q € + Dsl,, e .

P2 Voloshin [PR D74:054022(2006)]
S-wave
5(% — mtmTy) = (25)
4 2m?> P2 1
0l = @) = o (14 25) (50 - J) | v P, = M
and three D-waves T = (klu - k2u)
A7 3k U, P*P" o
Di(py — ") = " al'? (14 xu) > & B3 (Y1 - 1) spin independent
472 3 2m

DQ(QpQ — 7T+7T_?7D1) — T Oé(()12) <X2 + 5 XM) 5 (1 + q—> q/ﬂ]zﬂvbuy

spin dependent

_ 4 3 3K .
Ds(thy — mrn7h) = — o' (X2 5 XM) — b "

P = Py 4+ yy — (2/3) (Y1 - o) (PHPY/PZ — ™)

magnetic S-D mixing
Ly _ Qu _ &
Z,uu — TuTy + g 1 — C]— (q uv — Q/qu) XM — o ) X2 = g
2
If <M1-M1> term significant, O(v®) O(v?)

expect noticeable presence of D2 and D3 in Y(3S) ->Y +mm

N
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Estia Eichten QWGI1@GSI October 5, 2011



o

L. 2

M=AG"€)(g" -2m ) +BE"¢) BE, +C[(e" ¢} ¢) +(E " ¢,)e"q,).

0 Hindered M1-Ml term => C=O. CLEO
Consistent with CLEO results.

Fit, No C stat. effcy. (%) effcy.(7%) bg. sub.
O Small D-wave contributions T(38) - T(S)rn FB/A) —2528 £0031  £0.010 001l £0.001
S(B/A) +1.189 +0.051 4+0.026  +0.018 +0.015
o . : . . (99 s P(1 R(B/A) —0.753 +£0.064 +0.059 +0.035 +0.112
Useful to look at polarization info 29) = TS)wr (00 00 toa0s £00%6 L0012 0001
Dubynskiy & Voloshin [hep-ph/0707.1272] T(38) — T(28)rn R(B/A) —0.395 =£0.295 +0.025  +0.120
S(B/A) +0.001 =+1.053 +0.180 +0.001
Fit, float C stat. effcy. (%) effcy.(n°) bg. sub.
1B/ A 289  +0.11  +0.19  +0.11 +0.027
T T(1
BS) = TASTT o)Al 045 1018 4028 £020  +0.093
35->1S
2 LILILIL) rrri LILILIL) LILILIL) LILILIL) LILILIL) 1 3?909??-??6
1600906-002 ! ! ! ! ! ! !
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Some Puzzles

I
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e Reducing model dependence

- transitions well below the first string excitation (EtH), so expand

1
G(E) = ) |KL)z——F—(KL|

I Exr,
1 Exr — ETH 1
= + KL KL
E — Ery %( E — Ery ) >E—EKL< |

E«E
model dependence @ h

for E1-E1l transitions suppressed (b) small overlap of low-lying QQ states

with high |KL> states.

5 5
Ea— Etn
- compare results with known fransitions

(BIr'x*G(E)r! xp|A) = (BJr*|A) +

ES% = 4.5 GeV and EYy = 11.25 GeV assumed

Transition G (GeV)" | (f|r?i) >(GeV)~2 | I'(exp) (keV) | I'(overlap) (keV)
Y(2S)— J/p+7mrr™ | 3.56 x 1072 | 3.36 102.3+3.4 | input(|C1])

T(28)— Y(1S)4+nt7~ | 2.87 x 1072 | 1.19 5.79+049 | 5.9
T(3S)— T(18)+7r+ ~ | 1.09 2.37 x 107! 0.894 4 0.084 | 12.9 : ..
T(35)— T(28)+ 9.09 % 1075 | 3.70 0.498 + 0.065 | 0.26 OK only if overlap is sizable
T (48)— Y(18)+7 5.58 9.74 x 1072 1.64+0.25 | 19.9
Y(4S)— Y(2S)+7 2.61 x 1072 | 4.64 x 107! 1.76 £0.34 | 2.1

w
-]
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Transition Ratio Belle R( ) F(T(5S) — Tt + T(nS))
R(2,1) 1.47 +£0.15 4+ 0.20 n,m)= _
R(3,1) 0.91 + 0.35 + 0.15 L(T(55) — mrm™ 4+ T(mS))

phase space (GeV~’)

L(Y(559) — ata™ + T (nS)) o< G(n)|f(n)|?
< YBI)r|EF (IP) >< S (IP)|r]T(nS) >

with f(n) = zl: Mrss) — Ei(%) +i0,(3)

G(n) = 28.7, 0.729, 1.33 x 102
? forn=1,2,3

theory - hadronic fransition rates

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

O If hybrid mass 10.75 + i(0.1) (GeV),
obtain R(2,1)=1.1 and R(3,1)=0.08.

O Overall scale of transitions nearly two orders of
magnitude larger than low-lying transitions.

L — 31
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e Hybrid States and Lattice QCD

® Heavy quark limit: Born-Oppenheimer approximation

“u(r L U (T
) L) g =pu) ) = 0.0

Spectroscopic notation of diatomic molecules

J=L—+S, S:SQ—|—SQ—, L:LQQ_—|—Jé

(L) = (J2) = A2 (Ljp) = LIL+1) =20+ (J3). < J; >=0,2,6,...
A=0,1 2 .. denoted S, I, A, .. naively O, 1, 2, ... valence gluons
Pzg(_l)L—i—A—l—l’ CZT’)S(-I)L+S+A.

N= *1 (symmetry under combined charge conjugation and spatial inversion)
denoted g(+1) or u(-1)

ILSIM;An) + €|LSIM;—An)

with € =+1 for 2* and € =-1 for 2~ both signs for A>O0.

w

N

Estia Eichten QWGI1@GSI October 5, 2011



I
.2

Determining the Hybrid Potentials

e 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)

0 0.25 0.5 0.75 1 1.25 1.5 4 /p

Figure 12: Splitting between the 11, and the E; potentials and the comparison with Eq. (65)
for v =u; [see Eq. (16)] at vy = 2.575". ro[(Vors — Vars) (1) + ARS] is plotted at tree level
(dashed line), one-loop (dashed-dotted line), two loops (dotted line) and three loops (estimate)
plus the leading single ultrasoft log (solid line).

A. Pineda [hep-lat/0702019]

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

Estia Eichten QWGI1@GSI
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Fitting the Hybrid Potential II,,

0.5

035 10 i 2.0 25
R (fm)

0.5

Comparing Toy Model to Lattice Results

Fitling the Hybrid Potential 7

03 10 i 20
R (fm)

2.5

1.0

0.5

Fitting the Hybrid Potential I1,

035 10 i 20 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 )
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