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Overview

® Rich spectrum: physics topics are very
diverse as are various experimental
observables and analysis techniques

Focus on a sample of recent highlights,
primarily:

® transitions between states

® properties (mass, branching fractions)
of states

® Notable omissions:

® onia as a source for light meson
spectroscopy (N’ mass: PRL 101,

182002; rare N’ decays: arXiv:
0809.2587 [hep-ex])

decays of onia as a probe for physics
beyond the standard model (LFV:
arXiv:0807.2695 [hep-ex]; light Higgs
search: PRLIOI,151802)
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1850508-001

- Y (25) >nY(S)

Y(nS)—(T1°,n) Y (mS)

Process sensitive to the chromomagnetic moment of
the b quark, rate scales like | /mp*

Events / MeV

Scaling from P(2S)—n J/VY predicts a rate for
Y (nS)—NnY(mS) of about 7x10-%; isospin violating TT° _
further suppressed > o

O -...I. T . " T | , , ) . =
Tag dilepton decay of Y; use YY, 3110, and TT*17T-11° 533 543 553 563

decays of the n Invariant mass of | candidate (MeV)

L ki |

1850508-002

Results about 1/4 of what is expected from predictions ISR N B BN
[ Y (25) > n°Y (15)

based on the quark mass :

Mode B.F.[107]
Y(25)-nY(15) 21407 4¢+0.3
Y(3S)—=nY(IS) <18

L Y (35) >0 Y (15)

S
il e Rl il el sl e T
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P

Y(2S) = TTOY(IS)

<138

Y(3S)—=TTOY(IS)

<0.7

Y(3S)—=TT0Y(25)

<51
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Events / 2 MeV

%r (3S) = T Y (2S)
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3S—1S Incl

Y(nS)—TrTTY (mMS)

® Proceeds by emission and hadronization of
soft gluons

100000 | 7% 1 200000}

{1 100000

A

Experimentally important since they provide R
4 3S—1S Excl |

rates for most likely transitions in

bottomonium (access to one Y state from
another)

i L(C) [ (d) | . 286I18 Excl |

Events / 0.001 GeV/c?

TT"TT: measure inclusively or reconstruct V
M R 0 0. . . & o ..
dilepton decay of Y; TT°Tt%: exclusive dilepton AN . T
decay only 9.45 950  9.55 9.40 945 950
n* 1~ Recoil Mass (GeV/c?)

9.55

Mode B.F [%] PDG B.F [%]

Y(3S)—= Tt TrY(1S)

4.46+0.01+0.13

4.48+0.21

Y(3S) = TTOTIOY (1)

2.2440.0940.1 |

2.06+0.28

Y(3S) = TTOTIOY (25)

1.82+0.09+0.12

2.00+0.32

Y(2S) =Tt TrY(1S)

18.02+0.02+0.6 |

18.8+0.6

Y(2S) = TOmtOY (1)

8.4310.16+0.42

9.0+0.8

Events / 0.001 GeV/c?

1160508-004

10.00

10.04

10.08 9.40

2S5—1S8

©

0

9.45 9.50

9.55

1° i° Recoil Mass (GeV/c?)

PRD(R) 78,091 103 (2008)

not experimentally accessible

in charged channel
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Exclusive Xp Decays

® Very little is known about hadronic decays of the Xp

® Theoretical interest in gluon hadronization
processes

5 { 3n1K1Kg2r®
I - X

An2r°

Experimentally interesting since modes may provide
hints for how to search for exclusive decays of
unobserved bottomonium states

Events/ 5 MeV/c?

(o))

42K

[}

An2K1 7

—_
o

Search 659 different exclusive modes; up to |2

particles, conserve strangness, < 5 n or 119, ... M t

Branching Fractions or 90% CL Limit [10-4]

X; J=0 J=1 J=2

n=2 n=23 n=2 n=23 n=2 n=23
22K 17" <16 <03 20+05+05 3.0+06+08 0.9+04+0.2 <11
3rlK1K? <05 <05 1.3+04+03 1.1+0440.3 <12 < 0.9
3m1K1K 927" <47 <23 <6.1 77+23+22 53+19+1.5 < 6.7
4m2m0 <21 <25 79+144+21 59412416 35+1.14+09 39+1.2+1.1
4m2K 1.24+0.5+0.3 <15 1.5+04+04 09403402 1.2+034+03 0.9+0.3+0.2
4m2K 170 <27 <22 34+08+09 55+1.0+15 21+0.7+05 2.4+08+0.7
42K 270 <54 <10.8 86+20+24 96+23+28 39+16+11 47+18+14
5r1K1K 317" <17 < 6.7 9.24+23+25 6.7+1.9+19 < 5.0 <4.5
67 <08 < 0.7 1.8404+04 12403403 0.7+£034+02 0.9+0.3+0.2
6m2m° <59 <123  172+£274+4811.9+24+34102+22+281214+25+36
6m2K 24+0.940.7 <15 2.6+06+0.7 2.0+06+0.5 <08 1.4+ 0.5+ 04
6m2K 17" <99 <73 75+16+21 61+144+18 3.7+1.24+1.0 42+1.24+1.2
8m < 0.7 <17 2.7+06+07 1.7£05+05 08+044+02 09+04+0.3
8m2m0 < 20.5 <65 140+35+431924+37+6.0185+44+5612.6+3.5+4.1

write this down instead: arXiv:0808.0933 [hep-ex] (PRD, accepted)
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Inclusive Xp Decays Y(35)—YDOX

| sz )I(bl XbO (2P) |

oy l

m. o

to Open Charm

All states except Xb1(nP) decay dominantly to gg;
Xb1(nP)—qqg

cc production suppressed in gg hadronization, but
not in qqg hadronization

o

N_

\ H}

Expect (and observed) enhanced Xi(nP)—D%X, B e
consistent with NRQCD predictions E, (MeV)

|

Number of Photons / 2% bin

Consistent with relative charm production of 25% Y(ZS) —’YDOX
in qqg hadronization

fraction of charm production [ Xb2 Xb1 Xbo (| P)
in hadronization ‘

R (%) 90% CL UL (%)
06+62+08+0.8 <17.9
248 +3.8+2.2+3.6
0.8 +3.540.94 0.9 < 14.6
8.7+6.4+0.9+0.7 < 17.7
25.3+4.3+25+24
0.4+35+0.4+0.1 < 6.1

PRD 78, 092007 (2008)

Number of Photons / 2% bin

\ DEPARTMENT OF PHYSICS M. R. Shepherd
PANICOS, Eilat
November 11, 2008




~N
L
>
()
=
™
~
2
c
o
>
L

P

g

g;

XcJ( | P) Two-body Decays

1A

P TR N I OO T T W O O A

o

] I’|1||~-|u--- ity |!J|.|||, i

® Variety of physics applications -- two body
decays are theoretically more clean

® role of the color octect mechanism in decay

® probe gluon content in final state mesons

® CLEO results for two-baryon final states have
also recently been published: PRD 78,
031101(R) (2008)

Branching Fractions or 90% CL UL [10-3]

substantial
improvement over
current world
averages

3.50 3.60

Invariant Mass (GeV/c?)
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Xc0

Xc2

This Work
PDG
This Work
PDG
This Work
PDG
This Work
PDG
This Work
PDG
This Work

PDG
This Work

PDG

6.37 = 0.08 £ 0.29 + 0.32
4.87 £+ 0.40
294+007+£0.32+0.15
2.43 + .20
6.47 = 0.08 £ 0.33 £+ 0.32
5.5+0.6
3.49 £ 0.08 £ 0.17 £ 0.17
277T+0.34
3.18 £0.13 +£0.31 £ 0.16
24104
< 0.25

1.59 £0.04 £ 0.07 £ 0.10
1.42 +0.16
0.68 £0.03 £ 0.07 = 0.04
0.71 £ 0.08
1.13 £0.03 £ 0.06 £ 0.07
0.78 £0.14
0.53 £0.03 £0.03 £ 0.03
0.68 £0.11
0.51 £0.05 £ 0.05 £ 0.03
< 0.5
< 0.06

(0.16 £0.06 £ 0.01 £ 0.01) (0.013 £ 0.031 + 0.001 + 0.001)

< 0.5
212+ 0.13 £ 0.18 £ 0.11

1.7+04

< 0.26
< 0.10

(0.056 £ 0.032 £ 0.005 £ 0.003)
<04

arXiv:0811.0586 [hep-ex]
(PRD, submitted)

M. R. Shepherd
PANICOS, Eilat
November 11, 2008




Observation of Xq(1P) = Y(p,w,®)

Look for:

P(2S) Y (low) X<l
XY (high) (P, W, P)

Significant signals seen for:

XcI ?YP
Xcl YW

Events /5 MeV

4250608-006

vp—g

Ico

—_ —_
N Oy
Tfrrryrgr rrjyrrrprrryprild

YW:

TUTERYR St

YO -

4250608-005

M(TT*T1T7)

‘ ‘ ‘ A gy 4
02 04 06 038 1.0 1.2

M(mtr) [GeV/c?]

s M
F wl ¢ 0

Jtes
14 16 18 2.

Events / (20 MeV/c?)

w M(TT*TT-TTY)

(o]

A " REA AR

Events/ (5 MeV/c?)

o b

065 0.70 0.75 0.80 0.85 0.90 095 1.00 1.05 1.10

x Mttt n®) [GeV/c?]

SCo = N W N~ O b o®
—— LILBLE LB L

o
o

\. cut on hadronic mass
2.look at Ey(low)

The form of the decay is similar to J/\—Yf,
an important reaction for glueball searches.

0.18 0.23 . 0.33

E(y,) [GeV]

0.13

pQCD [107°]
1.2
14
4.4
0.13
1.6
0.50
0.46

Mode B x 10°

Xc0 = VP

Xe1 — vp° 243 +19 + 22
Xe2 — vp° 2541073,
Xec0 — YW

YXel — Yw 83 +15+12
Xc2 — YW

Xco — Y

Yei — YP 12.8+7.6+1.5

Xc2 — VP

U.L. [107°]
< 9.6

< 20
< 8.8

pQCD, however, predicts rates an order of
magnitude below the observations!

(Gao,Zhang,Chao, Chin.Phys.Lett.23,2376 (2006)
[arXiv:hep-ph/0607278])

< 7.0
<64
< 26 3.6
<13 1.1

PRL 101, 151801 (2008)
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X¢j( | P) Two-Photon Widths

3850208-001
!

—

® Two-photon decays of X probe relativistic * W(2S) = YXds Xg = YY
and radiative corrections known to be
significant in the charmonium system

rW(XcO) - 2.53 + O.37stat + O.I Isyst + 0.24PDG keV

['vy(Xc2) = 0.60 £ 0.065t5c + 0.035ysc + 0.05ppG keV
Ratio = 0.237 £ 0.043seac £ 0.0155ysc £ 0.03ppG

Events / 5 MeV

Xc2 Xct
0 \ \
70 170

In pQCD quark mass and wave function uncertainties cancel, making
the ratio of widths R a key quantity -- at first order in Xs:

FA}"?’(L\TCQ) — 4(‘\11 ( )| aem/’72 X [J' — 1.70cx ]
Dy (xeo) = 15(0(0)a2, /mb) x [1+ 0.060q

1

= (4/15)[1 — 1.76a,]
& = 0.32—R=0.12

7zl‘.h —

o — +
arXiv:0803.2869 [hep-ex] nnew world avg.: .R 0.20 + Q.OZ
(PRD, accepted) higher order corrections very significant
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2540208-001

* This is the quarkonium analogue of
ortho-positronium.

« Tag J/P with P(2S) =TT/,

* 37 events are inconsistent with YTT%/n/n’/Ne.

* 24.2 events remain after subtracting
backgrounds (dominantly yT1to1T9).

*B(J/W—YYY)=(1.2+£03£0.2) x [0,

* Agrees with leading order QED prediction,
but NLO correction takes rate negative!
(Higher order corrections very significant.)

* A search for J/\Y—= YN N YY
leads to upper limits on B(N<—YY):
B(N—YY) < 3x107* at 90% C.L.

(PDG: B(Nc—YY) = (2.7+0.9)x 10~4) T s
M (rt* ©t ~ recoil) (GeV)

Events/2 MeV

PRL 101, 101801 (2008)
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JNPY YN

Eclusive , Three Measurements of M| Transitions:

JWp—=yne i A. B(Y(2S)—Ync) = (4.324£0.16+0.60)% 1073 from inclusive nc decays.
| B. B(J/W—ync) / B(YP(2S)—YynNc) using exclusive N¢ decays.

C. B(J/Jw—ync) = (1.98+0.09+0.30)% taking AxB.

4250308-001
T T T T

N, Candidates/10 MeV [x102]

Inclusive

P(25)=yNe

014 o2 :
Photon Energy (GeV)

Exclusive

P(25) = yNe

Photons / 2 MeV

0
0.40 0.60 0.80 1.00

Photon Energy (GeV)

One “surprise” was the non-trivial line-shape of the n..

e Recent Lattice QCD Results (Dudek et al, PRD73,07450(2006)) predict
040 060 080 100 rYI”IC - (ZOiO | 104) keV
Photon Energy (GeV) = B(J/W—=yno) = (2.120.1£0.4)%

n. Candidates / 10 MeV

I'IJ ' DEPARTMENT OF PHYSICS arXiv:0805.0252 [hep-ex] M. R. Shepherd
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The N(1S) Mass

PDG 2006 Mass

WEIGHTED AVERAGE
2980.4+1.2 (Error scaled by 1.5)

¢

- - ASNER
' AUBERT
- - AMBROGIANI
-+ - FANG
- BAI
- BAI
- - GAISER

2960 2970 2980 2990 3000 3010

Nc(1S) mass (MeV)
From P (1S,2S)—ync:

04 CLEO
04D BABR
03 EB835
03 BES

03 BELL
OOF BES

90B MRK3

86 CBAL _ 0.6

average = 2977.3 £ 1.3 MeV/c?
From YY or p*p~ production:
average = 2982.6 + 1.0 MeV/c?

= >30 difference!
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2
X
0.5
2.2
2.5
3.4
0.1
25
4.1

15.9

(Confidence Level = 0.026)

From CLEOQ fits to ]/ YNc (previous slide):
M(N<) = 2976.7 £ 0.6 MeV/c? (unmodified BW)
M(Nn<) = 2982.2 + 0.6 MeV/c? (BW modified by

energy dependence in the matrix element).
(statistical errors only!)

Recent Belle YY measurements:
N<—4-body (EP},C53:1-14(2008)):
M(Nnc) =2986.1 £ 1.0 £ 2.5 MeV/c?

N~ KsKT1T (photon 2007):
M(Nn.) =2981.4 £ 0.5 £ 0.4 MeV/c?

Understanding the energy dependence of the
P(1S,2S) YN matrix element is crucial for an
accurate mass measurement from radiative decays.

Nc mass uncertainty drives experimental
error on |S hyperfine splitting.

M. R. Shepherd
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The he(1P) Mass

P(2S) = T%h(1P); h(IP) = yne
(factor of 9 more data than previous measurement)

Inclusive Analysis 3850208-003 - Exclusive Analysis 3850208-004

Tag the - Mass = 3525.21£0.27+0.14 MeV/c?

30
he—yNc % 136114 h. events (13/0)
photon 25

+

Use I5
Nc decay

[

| 146X 118 h. events (100)
Mass = 3525.35+0.2310.15 MeV/c?
T L L R B

— — N
or O
‘HH‘HH‘HH‘HH‘\

o

|

| | +\ #++++ | +‘ | | | | | \;\\ | | |
349 35 351 352 353 354 3.55
n° recoil mass in GeV

Events/1 M

N ==
Q0 |—e—

wo O

>
)
=
—
~
2
-
()
>
L

Combined Mass = 3525.28+0.19+0.12 MeV/c?

Compare to:

AR R <M(Xq(1P))>=(3525.3040.1 |) MeV/c? (PDG)
3.51 3.52 3.53 3.54 3.55

1 recoil mass in GeV

= Hyperfine splitting of |P states is small (or 0).

PRL 101, 182003 (2008)
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Summary

® Diverse range of QCD physics is accessible by studying the heavy
quarkonia systems -- only a small sample presented here:

® gluon hadronization
® quark and wave function structure

® (qq interactions: hyperfine splitting, radiative and relativistic
effects

® Experimental outlook is promising

® CLEO-c data collection is complete, final analysis underway

® BaBar and Belle are exploring the bottomonia states

BES 1l will acquire an enormous data sample in the charmonium
region
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