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Detector and Data Sample

CLEOQO Il (like CLEO-c, except B=1.5T and
Silicon Vertex Detector)

Data, taken 2001/2002
at CESR@Cornell:
E(cm) Ldt N(Y)
Y(1S) 1.1/fb 21 M
Y(2S) 1.2/fb 9 M
Y(3S) 1.1/fb 6M



Radiative Decay: Y(1S) = yN(')  hep-exi0704.3063

Motivation:

Simple process in theory (no hadronic FSI)

Extensively studied in J/y radiative decay -
good agreement with theory

Test scaling models (VDM, NRQCD, n, mixing)

Previous UL ~2x 10° (CLEO II) T mmewe g,
YY m{xnon?) (Gevic?) M3
T

Events / (10.0 MeVi/c?)
= n

Choose 3 main decay modes for n
4 modes forn' (3x(nwtn) and v p).

No signal claimed in any channel; 27signal’ (7) T _ i
B(Y(1S) > yn)<1.0x 10
B(Y(1S) > yn') <1.9x 10

- compatible with ext'd VDM (Intemann 1983)

- compatible with Higher Twist model (Ma 2002) :ﬂ]lu"u"”””[
- strongly disfavors mixing with 1, (Chao 1990)
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Radiative Decay: Y(1S) — yh°h™  hep-exios12003

PRD 75 (2007) 072001

Motivation: comparison with charmonium, glueball search
LQCD (Morningstar et al.) predicts lightest glueball: J°¢=0++, M~1.6 GeV, decay to PP’

Final states studied: y#°n’, ynm, y#’n
Signature: 1 photon of E, >4 GeV

+ 4 photons of E, ~ 0.5 - 2 GeV
Results:
Observe f,(1270) signal in yn’n°;
establish UL's on other modes.
B(Y — yf,(1270)) x B(f,(1270) - n°n0) =

Events/(20 MeV/c?)

09980706-001
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M, (GeV/c?)

B(Y — vf,(1270)) = (10.521.641.9)x10°5

B(Y — y1,(1500)) < 1.5x10°% (n%n® mode)

B(Y — y1,(1500) ,(1500) - 1) < 3.0x10°8
B(Y — vf,(1710) f,(1710) —» %) < 1.4x10°
B(Y — y1,(1710)) x B(f,(1710) - 1m) < 1.8x10°8
B(Y - yn®n) <2.4x10°

cf. (10.2+0.8+0.7)x10° from yr*m channel
CLEO Il PRD 73 (2006) 032001

Tests LQCD;
QCD factorization model
strongly disfavored.
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Radiative Decay: Y(nS) — y+ narrow resonance

Probes hadronization in
Y ->ygg—v+R

R = narrow resonance, assumed to decay to n = 4 tracks
M,=2E

beam beam

z,:=E,/E V(1-z,)
Select hadronic events with isolated photon.
Fit inclusive y spectra from Y (1,2,3,4S)

with bkgd(Chebyshev) + narrow Gaussian.

dN/dz

3000 =T

3031106-019
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— data+exaggerated MC simulation k .
L

0.20

3031106-024
LI m—

Find nosignal, . Y (25)
ol R k)
UL ~ 10 across most of spectrum for ~ * .

all Y(1,2,3,4S) (track multiplicity > 4)

Same analysis of continuum data:
UL on oc(ete = v+ R) vs. M,

10 I

T T T
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— Below 1 (18)
:=+=-~ Below T'(28)
- Below T (39)
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- Below T (4S5
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(anti)Deuterons in Y Decay: Y(nS) — d X

hep-ex/0612019

70606

PRD 75 (2007) 012009

First observed by ARGUS (1990): 19 events total (PID: ToF)
This experiment (CLEO Ill): > 300 events

Goal: measure yield in direct decay Y(nS) — ggg (ygg) — d X

Subtract contribution from re-annihilation via virtual photon

Theory: Coalescence/string model (Gustafson & Hakkinen 1994,
extending Gutbrod et al. 1976, Sato & Kazaki 1983) Y(18)-3(m"n)dd X candidate

)

4]
o n
T T T

Select antideuterons to avoid beam-gas, beam-wall bkgd

PID: dE/dx in momentum range 0.45 to 1.45 GeV/c
RICH to veto pions and (anti)protons

X4 = normalized deviation from dE/dx value expected for

] N
o [4]]

Events/0.16
I\a\\\l\\ll\\l

measured track momentum, cos0, number of hits

10}

Extract yield for each of 5 momentum bins ol
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(anti)Deuterons in Y Decay: Y(nS) — d X

hep-ex/0612019
Results PRD 75 (2007) 012009

B(Y(1S) —» d X) = (2.86+0.19+0.21)x10° (total)
Br(Y(1S) — d X) = (3.36+0.23+0.25)x10® (direct)
baryon number compensated via pp, pn, np, pp
(only ~1% via d)
B(Y(2S) — d X) = (3.37+0.50+0.25)x10° (total),
after subtraction of mn/yy cascades to Y(1S))

2170606-005

14f & ARGUS
[ e: CLEO

—_
ro
LI

=
L L

dB9"/dp (10° c/GeV)
AL 2

5 Ao | Maxwell
B(Y(4S) — d X) < 1.3x107° (total) : T distribution
' (“fireball”)
- /
Continuum production of (anti)deuterons: T m ./

1 I Tt egregeny

o(ete” — d X) < 0.031 pb, at Vs=10.5 GeV, R B T
Momentum (GeV/c)

compared to o(e*e  — hadrons) > 3000 pb

Fewer than 1 in 10° gqg hadronizations produce (anti)deuterons

BUT more than 3 in 10° ggg, ggy hadronizations do!
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Baryon & Meson Yields from ggg, qqg, ygg, and yqg

hep-ex/0704.2766
Study yields of particle types: A, p, P, ¢, f,(1270) in
-> Y(nS) — hadrons (ggg fragmentation)
-> off-resonance e*e — hadrons ( gg fragmentation)
-> Y(nS) - y + hadrons (ygg fragmentation
-> off-resonance efe— y + hadrons (yqQ fragmentation

)
)

Measure momentum dependence of production and p-integrated yield ratios
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Baryon & Meson Yields from ggg, qqg, ygg, and yqq

hep-ex/

Main Results (MANY more in the paper, with detailed figures & tables!) : 0704.2766

- Study of particle yields extended from Y(1S) to Y(2S) and Y(3S)
- Baryon production on Y(2S) (Y(3S)) is 5% (10%) lower than on Y(1S)
- Baryon production per event on any Y(nS) is > 2x higher than in continuum at similar Vs
— A yield is strongly (~2x) enhanced in gluon over quark fragmentation;
by contrast, proton yield is only slightly enhanced
- The JETSET generator, while successful w.r.t. gross features of particle production
is in need of tuning at the single-particle yield level

4 3031106-003a s Integrated ggy Enhancement  3p31106-014a
[ [ [ [ [ | | [ |
i B 1S Data 7 B 1S Data i
~ | A 2S Data A 2S Data 4 / —_—
999/9q | * 35Data : ¢ 35 Deta 1799y qq
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o - A 2SMC A 2SMC .
& O 3SMC = o 3SMC
2 4 ® CLEO'84 2 l
S, ¢ - 8o —
< S
LL' * _E >
o
o r w & %+
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0
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Xpy — Open charm

Hadronic decays of Xb.J probe

-- gg fragmentation (J =0, 2)
- 979 (qqg) fragmentation (J = 1)

MNumber of Photons /2% bin

Select Y(2S), Y(3S) — y + hadrons
Find inclusive D° among the hadrons L
Plot photon energy spectrum for events 50 ¢ 100.., 200 E, (MeV)

containing a reconstructed DY

Result: clear signals for X, ; and x'bJ

Paper with quantitative results is forthcoming

Number of Photons / 2% bin

Most recent theory paper on this subject:
Bodwin, Braaten, & Lee, hep-ex/0704.2599
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Decay Matrix Elements in Y(nS) — ©® Y(mS)

Motivation: Understanding the puzzling behavior of hep-ex/0706.2317
n 1 cascade transitions between quarkonium states. P Te00a06.01
M__ spectra differ drastically from phase space et @/ ¢ rey @/M o— @.Y."f
AND from each other for different transitions n—m : ] \R Mr\ R /
high mass peak in 2—1, double peak in 3—1 ;

_ . . Use M__, cos6
(Babar, Belle: h.m.p. in 4—1, double peak in 4—2) nm X

as kinematic variables

Theory: multipole expansion of the E1 gluon field
(Brown & Kahn 1975, Gottfried 1978, Yan 1980,
Voloshin & Zakharov 1980)

(@2-2M2E, E, (E,E,2 1600507014

We perform 2-D analysis of CLEO data
Y(nS) -t Y(MS) - nw (ete, urw)

Fit complex constant form factors A, B, (C)
of the general M.E.,

M = A(e'.€)(g?-2MF ) + B(e'€) E, E, + C(chromo-magn.)

EPS 2007 H. Vogel 11
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Decay Matrix Elements in Y(nS) — ©® Y(mS)

Results (data/fit) hep-ex/0706.2317

Fit, no C. total error

1e0f. T(3S) > T(1S) 7m 1 00f T(@8) = T(19) 77 . —
140 7 2502 (R(L‘)/A) _2.52 jl: 0.04
351 T(38) — T(1§)mn > SB/A) £119 + 0.06
é S 1B/ Al 2.79 + 0.05
[ | 1 1501
o ER: —  Opa 155(205) + 2
R(B/A) —0.75 + 0.15
2° , , —> 3(B/A) 0.00 + 0.11
00554 05 o6 07 06 08 T(29) — T(1S)7w ‘B/.A‘ 075 + 0.15
”Eé'rl(zs)#ru'smr' b SBA 180 + 9
2_)1 o e N R(B/A) —0.40 £ 0.32
-_§ 1502- 100; T(;)S) — T(.ZS)H .q_» \\5([‘_)’/_,4_) 000 j: ll
@ 125fF -
E:f 100 ZZ Fit, float C, total error
c 75k 3 S -5 p
g °f (35 — T(1SV s 1B/ A 2.80 + 0.25
ol (35) (15) IC/A| 0.45 =+ 0.40
0 ' T ! 0 b bl
03 035 04 045 05 0.55 -1 08-06-04-02 0 02040608 1
149 [T ™ |C/A| < 1.09 at 90% C.L. (not very stringent)
20 g T(38) = T(2S) ] 1405_ T(3S) — T(2S) nn j . .
| b { - Good fits with C=0 and constant A, B
i (but different for different (n,m)) “H
- |B/A| large in 3—1,
E S—— -
o e I T L S with significant phase! %t IR
N/l = V&7 (Gevic) G}@S@X ??(Voloshin, arXiv:0707.1272) N
= b o]

-15 -1 -0.5
Re (B/A)
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Search for Invisible Decays of Y(1S) =o'

In SM, B(Y(1 S) — ZO — VTI) ~ 10'5 4000 3911206-002

- (a) Y(2S) - wtw X
Motivation: (1) Confirm that I, . (Y(1S)) is negligible ~ *°*°F A
2000 |—
(which we assumed in earlier measurements of I ;) = 1000
(2) Test recent BSM predictions (e.g., Fayet 2006; E
McElrath 2005: B(Y(1S) — xx — invisible) = 0.41% ) £
T
Analysis method:
-tag via Y(2S) - n*n Y(1S) — n*n + “nothing” ° '944' To.45  9.46 '0'924?' “o.4s
- subtract sidebands in recoil mass spectrum Mreo (GEVIET) I
- suppress background from two-photon events i i | data f
- simulate irreducible backgrounds from Y(1S) — Ff J i = +++
b | e |
Result: B[Y(1S) — invisible] = (0.16+0.13+0.05) % 2 Mm@ T leevidy
B[Y(1S) — invisible] < 0.39 % (90% CL) s i 33 _W
O N - AT
(cf. Belle: < 0.25%, PRL 98 (2007) 132001) 1 ol + H |
I . (Y(1S)) is indeed negligible comparedto I, ;;Mﬁ: ++++.+‘+‘ SE |

.4 9.6 -1 -0.5 o]
2 cos 6 .,
M, (GeV/cF) ”
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EPS 2007

Summary

Using the CLEQ Ill bottomonium data sample
we have studied particle yields and hadronization mechanisms
in great detail and in many different environments --

Radiative Decays: Y(1S) = yn()
Y(1S) —» yh%h"
Y(nS) — 7y + narrow resonance
Hadronic Decays: (anti)Deuterons in Y(1S) decay
Particle yields in gluon & quark fragmentation
X, — open charm

Decay M.E. in Y(nS) - nt Y(MS)

We also set an upper limit on Y(1S) decay into invisible final states.

H. Vogel
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Backup Slides
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hep-ex/0607019
PRL 98 (2007) 052002

B.. of Y(nS) and Lepton Universality

First Measurement of B_(Y(3S)) i sl T(zs')é,m
Updated B_(Y(1S, 2S)) results i ﬁ o §

12000

Completes the series of precision *m ‘“

measurements of ', , B , and B, " N °

of all bound Y(nS) states at CLEO Il E(ﬁ WS
e o)

Tau pair selection: 2 tracks of opp. charge
and 0.1 <|p|/E < 0.9 each.

Analyze and simulate all combinations -
(ee, uu, ey, ex, uX, XX), ol

events

beam

L L 1 § 1
04 08 08 10 1.2
P/Ebeam

c)
Data

} ‘ ..... Y(38)-11

1500

events

1000}

Use Y(nS) —» utu~ data as reference

so0f-

EPS 2007 H. Vogel



B__of Y(nS) and Lepton Universality hep-ex/0607019
i PRL 98 (2007) 052002

RY‘C‘C B‘C‘C <%>
Y(1S) 1.02+0.02+0.05 2.54+0.04+0.12 (most precise)
Y(2S) 1.04%£0.04+0.05 2.11%+0.07+0.13 (much improved precision)

Y(3S) 1.05+0.08+0.05 2.52+0.19+0.15 (first time measurement)

RO RO oy gy =ws Theratio RY = (B./B,,) (=1 in SM)
s sensitive to CP-odd Higgs, Ay, via Y
¢ N (ee e
j{ B () e —o— Y(1S) > vym,, Ny~ Ay T T
' r‘ (e) — (Sanchis-Lozano 2004)
. ¢ o (ep) e B
¢yt (eX) H
I {ﬂ) T Our result: product BF < 0.27% for
06 1 1406 1 14086 1.4{ | )ILE 1 1406 1 1406 1 14 M(Y(1 S)) — M(nb) + G(nb) < 0(100 MeV)
Off T(15) Off T(28) O T(38) T8  TEs)  T(39)
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Non-direct sources of D%s in T(25)/Y(3S) decays:

r v +qq (c€ +D%X)
T(25) + 1,(1P) +¥I(15)

“gig, ggy ~DX

r* y+ +qg (cC »DOX)

— L [(xtr, 20, 79, 1) (1(15)]
— Lggg, gy +DX
v+ +qq (cc +DX)
—1(25)
ggg, ggy +D™X
= ¢ =g (cT +DX)
. T(15)
Leggg, g2y +DX
T(35) -+ Yy, (2P)
~ e =+qq (& +DX]

* E [(y 0)[T(15)]
ggd, ggy +D°X

1+ =+gq (cc +DX

| ggg, g2y ~DX
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Decay Matrix Elements in Y(nS) —» . Y(MS)
hep-ex/0706.2317

1600107-004

(\(j) 300 LI I LU I LI I LI I LI I L I LI ‘ LR lE
N np 250 ee 3
(] =
//. - a —
g 200 Z % 1 ®><
o~ = 150 = =
] / /4 ]
a j/ = - 0
£ 100 = = : o
(] % > /% = O
o E Z 50 Z E
0 0
925 95 975 10 10.25 925 95 975 10 10.25
M, (GeVic?) Mee (GeV/c?)
T P A | S
-1
03 04 05 06 07 08 09
M,
1600107-005
250 T T | —
o
,Q 0.8
% 0.7
2 0.6
Q P
N anf = []0-5
0 1750F
T 1500 8 104
O 1250F o
> 1000 — 0.3
750F 8
500F = 0.2
250 s
0 ! 8 -
94 96 01 F 0.1
o Bl 1y LR ||
03 04 05 06 07 08 09 0
°n°

EPS 2007 H. Vogel 19



