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Bottomoni ! :

) 2 M(B) 1

b bound state [ et e SRS e :
1050 — ’ 7

non-relativistic quark motion, R j (EDL -
in perturbative regime [ 1,(38) ]
ag 00.1 LT %(2P) :
10.25 — — JO1D) ]

i i Tt |

J,S,L are good quantum numbers g i - N T T
i B a

S=0 : parabottomonium 9’10,{}[] — Eh(ES)_ Jeen in
Not yet observed E I ﬂt <00%: |

= i —— (1RO -

S=1: ortobottomonium e _
Y decay to 3 gluons L _ ]
rIY(1,2,39)] = 53, 44, 26 keV : [ Tamily j
No 2S-2P Degeneration 860~ H
Hyperfine Splitting : unknown (002" (1237 1

Fine Splitting : 15-30 MeV (1P) 2
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YELLOW REPORT : CERN-2005-005, ArXiv: hep-ph/0412158

QWG Workshops on Heavy Quarkonium:

QWG1: CERN, November 8 to 10, 2002 Priority Number 1:
QWG2: Fermilab, September 20 to 22, 2003

FIND THE MISSING
QWG3: Beijing, October 12 to 15, 2004 BOTTOMONIA!

QWG4: Brookhaven, June 27 to 30 , 2006

QWG5: DESY Hamburg, October 17 to 20, 2007

QWG6: NARA, 2-5 December 2008
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Effective field the W//

_

* (Great progress in understanding EFT's during last 15 years
NRQED (Caswell, Lepage) --> NRQCD(Bodwin,Braaten, Lepage)

* NRQCD, pNRQCD, vNRQCD: progress in calculation of perturbative terms
* Rigorous factorization of non-perturbative terms to be computed on the lattice

 Applicable to all aspects of the dynamics of heavy quarkonia:
spectroscopy, decays, production T T T T _TAkmge T T T

; _Iiiadronic Jets

. 1 e*e rates
™ —

e.g.: Estraction of o (m_) from Y—ygg / Y—ggg | i Photo-production

. 1 Fragmentation
e —

o (m, )=0.184+0.014 — o (m ) = 0.119 +0.006 Lo Z width

Y1S ep event shapes |
(PDG: 0.118 £0.003 ) Polarized DIS
CLEO PRD74(2006),01 2003 Deep Inelastic Scatlell'ing':(DIS)
Brambilla et al: hep-ph/0702079 | ocYS

Spectroscopy (Lagcga)

Y decay o
—_— | |

1 I [ | 1 I: : | 1 | I | 1
0.1 0.12 0.14
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Roberto Mussa , Future searches of arabof'l'o af B faciories  Airarmi DN/ 7008



n//

* (Great progress in understanding EFT's during last 15 years
NRQED (Caswell, Lepage) --> NRQCD(Bodwin,Braaten, Lepage)

* NRQCD, pNRQCD, vNRQCD: progress in calculation of perturbative terms
* Rigorous factorization of non-perturbative terms to be computed on the lattice

 Applicable to all aspects of the dynamics of heavy quarkonia:
spectroscopy, decays, production T T T T _TAkmge T T T

. _Iiiadronic Jets

. 1 e‘erates
™ —

e.g.: Estraction of o (m_) from Y—ygg / Y—ggg | i Photo-production

. 1 Fragmentation
i ]

o (m, )=0.184+0.014 — o (m ) = 0.119 +0.006 _;_,;_zwm

ep event shapes |

(PDG: 0.118 +0.003 ) Polarized DIS_
CLEO: PRD74(2006),01 2003 Deep Inelastic Scane;ing:(mS)
Brambilla et al: hep-ph/0702079 | _pt decays

Speciroscopy (Laﬂc?)

Y decay
+

1 I [ | 1 I: : | 1 | I | 1
0.1 0.12 0.14

o (M)
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NRQCD predic

E, . (MeV)

NLL calculation of M(n ):
M(T]b) = 9421"_‘10(th)i9(8068) MeV/c? 25
Kniehl et al., PRL 92(2004),242001 5

FIG. 1:

TP TP TR SPEPEPEF BRI BT B MM B
.25 1.5 1.75 2 225 25 273 3 325 35
1 (GeV)

HFS of 15 bottomonium as a function of the renor-

malization scale g in the LO (dotted line), NLO (dashed
line), LL (dot-dashed line), and NLL (solid line) approxima-
tions. For the NLL result, the band reflects the errors due to
ay(Mz) = 0.118 £ 0.003.
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NRQCD predi

NLL calculation of M(nb):
M(n,) = 9421+10(th)£9(3cx ) MeV/c?
Kniehl et al., PRL 92(2004),242001

2-photon width at NNLL:

D(ny(1S) — 47) = 0.659 4+ 0.089(th. )11

Penin et al., NP B699 (2004),183

- 1/9ib:O.502i 0.068(th)+ 0.014(8068)

-------------------------------

F(nb(IS)ﬁw)/ ['(Y(1S)—e'e) =

]...

5 2 25 3 35 4 45

3
Vv (GeV)

(6as) £ 0.015(exp.) keV

Figure 3: The spin ratio as the function of the renormalization scale v in LO=LL (dotted
line), NLO (short-dashed line), NNLO (long-dashed line), NLL (dot-dashed line), and
NNLL (solid line) approximation for the bottomonium ground state with v, = m;. For
the NNLL result the band reflects the errors due to ay(Myz) = 0.118 £ 0.003.
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NLL calculation of M(nb):
M(n,) = 9421+10(th)£9(3cx ) MeV/c?
Kniehl et al., PRL 92(2004),242001

2-photon width at NNLL:
D(my(1S) — 97) = 0.659 4 0.089(th.) ) 15(a) £ 0.015(exp.) keV

Penin et al., NP B699 (2004),183

2-gluon width at NLO (for charmonium) :
' —99)/T'(M —YY) = 3.1i0.5(th)i0.3(60c8)*103 Exp=3.6+1.2%10°
Bodwin, Chen, PRD64(2001),114008; Bodwin, Petrelli, PRD66(2002),094011
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NRQCD predict v

NLL calculation of M(nb):
M(n,) = 9421£10(th)£9(ocr,) MeV/c?
Kniehl et al., PRL 92(2004),242001

['(n,)~30 MeV 2?
BR(M,—y) ~ 02107 ?2?

2-photon width at NNLL:
D(my(1S) — 97) = 0.659 4 0.089(th.) ) 15(a) £ 0.015(exp.) keV

Penin et al., NP B699 (2004),183

2-gluon width at NLO (for bottomonium) :

['(n,—99)/T'(n,—Yy) =(Z/Z )" T(n_—g9)/T(M —>y) ~ 5+10°
Bodwin, Chen, PRD64(2001),114008; Bodwin, Petrelli, PRD66(2002),09401 1
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Searches for 1 (1,2,35) at LEP and T

Aleph, Delphi, L3 @ LEP CDF @ Tevatron( = Ju J
(Yy =n,_ - 4,6 prongs) v (n,? Jydy)

i i 3
—
few events, compatible with background 3 | COF il Preliminary 1.1 -
T o, =y dhy
np Candidate Event 8 T
S 2l
i Search window
I b d
1
1 | | | . | | | | | | ,
3.5 9 9.5 10

Jiydly Mass (GeV)
... but theory predicts 10°1 /fb™ (=b) ....

[Braaten et al. , PRD 63, 094006 (2001)]
mass m = 9.30 £ 0.02 £ 0.02 GeV 10
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Inclusive searches in Y

CON's: ISR samples are unusable:

PRO's |
aDo not pay the penalty of small > w/ tagged ISR photon (~0.9 Min 1 ab”)
exclusive Branching Ratios. iimited statistics . y
oIf unbiased, allow to determine * w/ untagged ISR photon (~28 Min 1 ab™ ) :
absolute BR's smearing in resolution
s NEED RUNNING ON Y(nS) PEAK
= | 1S 25 38 E
i 20f # |oEe>Y(S)y,,) =19 17 29 pb :
i [oeesYms),) =20 7 331b 5
15p 41 .
0 :
N b | ’( :
L B ﬂ, S/N ratio x150 -
+u : = 'i 4 i. 'F‘ {\
L 5[ M P ¢ Y ]
D + bey oy ‘mi m.ﬁ-'mﬂi“‘.-l 1

s Tves Tyesy T tes)
1034 1047 10.54 10.58 10.82

(o]
DA4d 046 10.00 10.02
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Data Samples in B factories

Number of resonance decays (10°)

Y(1S)

CLEO-IIl (2003):

B CLEO III
] CLEO II
[ CB or cUsSB

1,06 fo'==> 21M Y(1S)
1.31 fb'==> 9.3M Y(25)
1.39 fb'==> 5.9M Y(3S)

BELLE (2006): BaBar (now!)
2.9fb" =>11 M Y(3S) goal: 30 fb' ==>100 M Y(3S)

12
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ta

e

«10%
Inclusive photon spectra at Y(nS) are (91:% ) 1631004097
| | rrri | D LA 1
populated by comparable amounts by i | CLEO-III i
photons from transitions to other charmonia, 675 Y(2S), M ) -
and annihilations to LH. £ off peak: 0.44fb ]
D450 .
On average about 7-8 photons per hadronic 51“‘,2256 ' -
. 5225k ]
event are observed, a large fraction from =S )
decays of ,n,® and other light hadrons. S o .
a [ i
- :
The visible peaks are from known single =480 -
- I 0 e B ]
photon transitions to y 's at 10% level or E 300 > 3
cascades at 1% level. wo——T——T——T— < F ]
[ (a) T(1S) | 160 o _
uTsM _: el ]
(see CLEO: T ; of 1L | i
ArXiv:0704.2766) m:— " : 50 100 500 1000
2 Ey(MeV)
| i |
u_ou_||\|||\\|?fwm
0.20 0.40 st: 0.80 1.00 1 3
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Inclusive searct Emin-Emax FWHM  Bkg/  Signal/
/ (MeV) (2%bins) sample  sqrt(Bkg)
35>3S 30 100 10 3M/BM  0.6k/1.7k
35525 330 426 3 1.1M6M  0.6k/1k
35->1S 856 947 1 160k/BM  0.6k/0.4k

w/ current Jor

Expected significances with

current CLEQ samples 25->25 30 100 10 4MAM 0.9k2k
(assuming BR=10-4 and Gamma=10MeV)  25.>1S 544 638 2  0.55M/9M 0.9k/0.75k

1S->1S 30 100 10 10M/20M  2k/3k
Photons above 400 MeV in 5.88 M T(3S) (Kwong + JLR, 1988, updated):

Log10(Egam) inclusive in 2 percent bins

Energy Transition Number of  Doppler broadening LR - ST - BN
(MeV) events (K) % Mev  =rCLEO I

422 xp — Y(1S) 323 4.7 20 :

433 T(3S) = xw 63.4 0 0 er

443 xp2 — Y(15) 243 4.5 20 i

453 Y(3S) = xm 43.2 0 0 0000 -

4384 YT(3S) = xw 17.6 0 0 :

741 X}y — T(1S) 2.1 1.2 8.9 s

765 X, — Y(19) 75.3 1.0 75 : ]

77 X — Y(15) 45.6 0.8 6.4 S

logo(E,/MeV)
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b

e

Ly &~ L) E;

7

* Hindered M1 transition:

)
+ But E, ~911 (604) MeV from Y(3S) (Y(2S)) — yn,(1S) with
M(n,)~9400 MeV/c2.

* CLEO has already set ULs (90%CL) on these BR’s (PR1.94,032001)

»— Y(3S) = yn,(15) ¢ Y(2S) = ym,(1S) -
3S 1, (1S) = 25 v, (1S
- Zal — — - . = .
Hlj r-_‘,af' _-___.-"' ‘u? ‘I 5 | ‘__r". . -
E et : = E s Zambetzkis Bysrsea "‘_',.-*" ol B
= : | 5 - . 10400
—_ ohe""" Godfrey-lsquras B 41 = N e Cocrey-lsgures B i 10300 i
< @ 10200
v 1 3 [ |
Eﬂ i ‘h-_'; - Grntd‘l_Dﬂel'I,SEbaslian'ijﬂ: - : 10100 i
.................. E 0a I ::-'”ﬂ - 10000
F E— BEA e [T T L
L e rE‘;gf“|:S-g.LI-F-F:‘:_5_f,_ ............ . T : et ™ Codfreysgures A R 9900
1 paner - e Y AR e - B
F‘: & I -l 9800
S B - Id_, ' ---------- 4 i
b " o0G CL UL CLED-I Ebert Faustov.GalkinG3 - b v apes CL UL CLEDAII N g7oor
R S Q 9600
Lahde Nyfalt Riska'39 A o tess e rassessassssyasassesoars o0t I
[ N A0 B R B A rgSebestanGrochot A 4 9500
880 900 920 940 960 980 1000 550 575 600 625 650 00

E (MeV) E (MeV)
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10600 —
'|'D'4DD—315 3351
—_T0o
10200 |
<
£ | o1
S 2's,
& 10000
=
9800 |—
9600 | 4
- & 13s
1 1
1§,
9400

Search for of h (1P) in Bottomonium

Discovery of h (1P) in Charmonium :

CLEO Preliminary

INCLUSIVE

Mk )=3525.3540.2410.21 MeV
Nih )=1075+111
sig=l0c

. BR(y'—7 h )*BR( hﬁytlc) =
(3.95+0.41)*10"

15 51 352 153 154 155
(L] . .
T recoll mass in GeV

Theory Predictions:
Voloshin: Sov.JNP43 (1986) , 1011
Godfrey, Rosner, PRD 66 (2002) , 014012

BR(y'—7 h )*BR(h —n,) = 4*10"

16
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Expected significances with
future BaBar Y(3S) sample and with
comparable ones on Y(1,2S)
(assuming BR=10-4 and Gamma=10MeV)

3S->3S
3S->2S
3S->1S

25->2S
2S5->1S

1S->1S

Emin-Emax
(MeV)

30 100
330 426
856 947

30 100
544 638

30 100

FWHM
(2%bins)
10
3
1

10
2

10

Bkg Signal/
sqrt(Bkg)
50M  10k/7k
17M  10k/4k
2.5M  10k/1.6k

44M  10k/6.5k
6M 10k/2.5k

50M  10k/7k

Photons above 400 MeV in 5.88 M T(3S) (Kwong + JLR, 1988, updated):

160000

120000

Energy Transition Number of  Doppler broadening
(MeV) events (K) % MeV

422 xp — Y(1S) 323 4.7 20

433 T(3S) = xw 63.4 0 0

443 xp2 — Y(15) 24.3 4.5 20

453 T(3S) — xun 43.2 0 0

434 T(3S) = xw 17.6 0 0

741 X}y — T(1S) 2.1 1.2 8.9

765 X, — Y(19) 75.3 1.0 7.5

77T Xy — Y(18) 45.6 0.8 6.4

Log10(Egam) inclusive in 2 percent bins

CLEO 1 A

1 1 1 1 1 1 1 1 1
1.5 1.9 2.1 a7 3.1

logo(E,/MeV)
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Semi-inclusive sig ,/7//,'//

Enhanced production of low P protons, antiprotons,

A's |5n Y(1,2,3 S) decays if compared to continyym
L | LI I L | LI L | L I L | L
. 35 Gonmratr | 5 ¥ W
g p ;18Ddechr 4 - O 18 Datector ]
Ezs- ¥ 38 Detocier | i ¥ 98 Detattor _-
£
g |8
Ef 0 8
[ ¥ v
[ 4
& 1} ]
. 1&g m Lag 2 %
ol by | L1 Ll 1
0.00 0.25 0.50 0.75 1.00 0.00 Q.25 .50 0.75
Xp Xp

... but BR(p+) at few percent level : too low with
current samples, but may help with 100M Y's.

Anti-deuteron production observed in Y(1S) and

Y(2S) decays (BR=3.3+0.5 10°) and not in

continuum (BR< 10°) [Cleo: PRD 75,12009(2007)]
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Ennancement

N

Integrated ggy Enhancement  aga31106014

ArXiv:0704.2766

- E 1S Data

|~ & 3sDala
T O1sme

:_ oss Mc#
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Parabottomonia: otherpatt

/4

Y(3S) » arnh (1P)» wm (15)

Old CLEO-II limit at 0.18% with 0.46 M Y(3S) sample
Expect limits down to 0.05 % with the current sample.

Need 20 times more statistics to get to theory predictions :
Voloshin (Sov.J.Nucl.Phys. 43,1011) < 10"
Kuang (hep-ph/0601044) ~ 10"

Y(3S) & v, (2P) > v mn_ (19

Voloshin (Mod.Phys.Lett.:A19,2985(2004)):
Prediction for , (2P) » mn_(1S) : ~10°

Recent observation (50) of Y(2S) = n Y(1S):
preliminary CLEQ result : 2.5*10°

19
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Summary

Study of narrow Y decays is an
extremely active field of research, both for
our understanding of QCD on bound states
and for searches of new physics.

The 5 states of parabottomonium
expected from theory below open beauty
threshold are still unfound. With less than

4 " taken in 2003, CLEO is still leading

the research on these states, and will
hopetully give us first hints of their
existence, But a systematic program of
studies on the 'dark side of
parabottomonium’ will need at least 100x
more statistics

Even only 1% of the 50 ab’ expected from
super DB factories, if taken at the peak of
Y(nS) states, will allow to study the holy
grail of heavy quarkonium spectroscopy

20
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Further studies with ~100 M

Studies on y_ (1,2P) states : exclusive decays to light hadrons, yy widths

Y(3S) »7x, (2P): 13M,12M,6M x,_ (2P) with J=2,1,0

Y(2S) =7x, (1P): 7M,7M4My,  (1P) with J=2,1,0

Studies on hindered radiative transitions allow to quantify the (small)
relativistic effects in bottomonium

Y(3S) vy, (2P)= yyY(15)-> yyuu: 25k,28k,7k via x, (2P)with J=2,1,0

Y(3S) >y, (1P)= yyY(1S)=> yyup: 4k,6k, ~0.9k via x_ (1P)with J=2,1,0

21
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Dark matter searches in

Belle: Y(3S) » nn + NOTHING

| Nq = 38 O 39(stat) < 0 consistent I 10'25_ E
- W Prediction is § e o _
T . disfavored | E " OYstematics limits: with current detector -
g = 3L T -
3400 fir - 10 = 3
éatm iFi?q _E E '-'h'"""‘""--f-----......E
it 778G recoil - 0 - with extreme forward calorimeter .
00 &= e Prediction J.'fﬂ'_ —f @ 2.9fb_1 a = .
09.4; | I‘.’l.:l2I I L9."14I l l_;‘).llGI J I9.|43‘ I l935‘ I ‘9.52 .4 | —
il syst. included E-' 1 0 E E
Br(Y(1S) = invisible) < 2.5 x 10-3 (@90%C.L.) ‘ - i ]
m - -
" SEPEETE R R B B
8o |- PRD75(2OO7)’03110T With cut;ton ) 0 20 40 60 g0 100
- ener racks . .
so |- i T giy ¥ Integrated Luminosity on Y(3S) (/fb)
0 ] LELLL L L ! HiEE I

9.44 9.45 9.46 9.47 9.48

22
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Ln

New Physics search%

photon spectrum

Preliminary

Y .Mwhm.;

100 1000 3000
Evy (MeV)

Search for NMSSM light Higgs

Mass (a;) (GeV)

— '-'Jl'l . .E I ?I . .6 |5 . |4
E/\‘ Preliminary
\ — CUSB
e T ARGUS
_\_‘_‘_\_\_‘_‘_\_'_‘_‘—-—._

—

Recent limits by CLEO-III , from the Y(1S) sample

23
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