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BaBar RUN 7 (Dec. 2007 — Apr. 2008)

PEP-II e*e- Asymmetric Collider Running at the Y(2S,3S)...

Y (nS) resonances
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BABAR DATASETS:

~ 120 x 10° Y(3S) events
=~ 20 x previous dataset (CLEO)

~ 100 x 10° Y(2S) events
= 11 x previous dataset (CLEO)

~ 8.54 fb-! above Y(4S)

=~ 30 x previous datasets (CLEO,
CUSB)
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(nL) where n is

. . /
the principal
quantum
number and L
indtcates the bb
angular
momentum in
spectroscopic
notation (L=S, P,
D,..

Current Picture of the Bottomonium Spectrum

A bb bound states, they are the
heaviest qq bound-states
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= Y(nS) resonances undergo: 10.50

N _ o —_— i
Hadronic transitions via ©t¥, n, 10.25

, 77T emission

A Electric dipole transitions
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A Magnetic dipole transitions
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Bottomonium Transitions

Bottomonium
family
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A Electromagnetic transitions between the levels can be calculated in
the quark model - important tool in understanding the bottomonium

internal structure




Mass Splittings 1in Heavy Quarkonia

Hyperfine splitting Fine splitting
Spin-orbit Tensor S=1
mass splitting Spin-spin nL |/ of triplet nP
of quarkonium J= :
states =L — cog | quarkonium
S-S, \ J=L states: Xeb
(n3Py),
Rra, (= = 1\ ., . (n3P )
) 2 F—— S, 5-— =) s Ke,b 1/
HE QQOa ( @77Q 4) ) Xc,b(n3P2)
i J=L-1
Non-relativistic .S [§1, S, )-S5,
approximation ] ‘

| | =0 for L#¥ 0 (v — 0 forr — 0), if long-range spin forces are negligible

32T AM . (nL) = <M(n3LJ)> - M(nlLJ=L) ~0
AEyr = ———1(0) 2 N
ng'm’(j 3, I4hM, /EJ(2J+1)
# 0 for L=0

— significant : M(Y(1S)) — M(n,)= 61=14 MeV/c®
A. Gray et al., Phys. Rev. D 72, 094507(2005) (L. QCD)

Y(1S)—,(1S) mass splitting meas'.—> key test of applicability of perturbative QCD to the bottomonium system




The Search for the n, at BaBar

* Decays of n, not known = Search for 1, signal in inclusive
photon spectrum

— Search for the radiative transition Y(3S)->yn,(1S)

2
 |Inc.m. frame: E. = ' { Vs = c.m. energy = m(Y(3S)) }
| m = m(ny)

— Forn, mass m = 9.4 GeV/c* =» monochromatic line in E,
spectrum at 915 MeV, i.e. look for a bump near 900 MeV in
inclusive photon energy spectrum from data taken at the Y(3S)




The Inclusive Photon Spectrum

e Use ~9% of the Full Y(3S) Data Sample
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Non-Peaking background components: S
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(next slide)




The Inclusive Photon Spectrum

Xps(2P) — v Y(13) (Peaking)
background parametrization:

PDF: 3 Crystal Ball functions
Peaking background components (1): —>relative peak positions and
yield ratios are taken from PDF

S~~~ T T 171 | T T T l | L l T 171 ] T 1T I T T T4
> _
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The Inclusive Photon Spectrum

. %220_ T %I‘:"‘I""I""l""—:
e'e” — yer Y(1S) (Peaking) background parametrization: s 2o = S5B00I600wents 3
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The Observation of the 1,

Phys.Rev.Lett.100;06200 (2008)
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The Search for the n, 1in Y(2S) = y1,(1S) Decay
)

2417) 2l 1P

Zw{lp)

Ey~600 MeV /7

Ey ~ 400 £ 80MeV

s —m? Vs = c.m. energy
In c.m. frame: E, = .m.

2\/5 m = m(n,)

— For n, mass m = 9.4 GeV/c? = monochromatic line in
E, spectrum at 604 MeV, i.e. look for a bump near 600 MeV
in inclusive photon energy spectrum from data taken at the
Y(2S)

Data Sample ~ 100 x 10° Y(2S) events

Similar analysis strategy in Y(2S)—y n, as for Y(3S)—y 1,




Comparison of Ey Spectra
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Comparison with Y(3S) - yn, Analysis:

= Better photon energy resolution at
lower energy

> better separation between peaks

# More random photon background at
lower energy
> less significance at similar BF




Summary of 1, Results

N, Mass:

Y(3S) analysis:  m(n,)=9388.9" 2.7 MeV/c’

Phys.Rev.Lett.100;06200 (2008)

Y(2S) analysis: m(n,)=9392.9"%+1.8 MeV /¢’

arXiv : 0903.1124 (submitted to PRL)

Hyperfine splitting:
Y(3S) analysis:  m(Y(1S))-m(n,)=71.4"7 2.7 MeV /¢’

Y(2S) analysis: m(Y(1S))-m(n,)=67.4"° +1.9 MeV/c’

<+ Combined mass is m(n,(1S)) = 9390.4+ 3.1 MeV/c?
resulting in a hyperfine splitting of 69.9 + 3.1 MeV/c?




Hadronic transitions between bottomonium states

Y(mS) = 11 + Y (nS), n=1, m-1

Hadronic transitions among heavy quarkonium states (low q° hadronization
processes) = excellent testing ground for non-perturbative QCD

OCDME

Gnon radiation from a heavy qq bound state calenlated in terms of chromo-
electric and chromo-magnetic fields in analogy to electromagnetism —
transitions between colorless hadrons require emission of at least two gluons

Factorization low momentum gluon emission
Jfollowed by hadronigation multipole picture :
2xE1 = h= 11T




Hadronic transitions between bottomonium states
Y(mS) =2 11T + Y (2, 1S)

BABAR

PRD 78, 112002(2008)

(383.214.2) x 105 Y(4S)

use YAS) 2 T Y (1S) (n=1,2) by reconstructing Y(nS) meson via leptonic decay u*y or e'e,
look at I'} invariant mass M, and invariant mass difference AM= M., — M), compatible with

M(Y{S) - M(Y(nS))
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Hadronic transitions between bottomonium states

Y(mS) 2 11T + Y(nS), n=1, m-1

Primary Observable dipion system invariant mass M(TTTT-recoil) = M(Y(nS))

QOCD multipole excpansion model QCDME explains

> Relative rates P(2S) 2 N J/P and P(2S)> Tt J/YP

» TUTT invariant mass distributions in P2S2>TITT J/P
Y(2S) > 11T Y(1S), Y(3S) > Tr1r Y(25) a

Y(4S) =2 11T Y(1S)

vents/0.1 GeV/c?

QCD multipole excpansion model QCDME does not explain

»Dipion invariant mass distributions in Y(3S) = Tr1T Y(1S)

CLEO PRD 49, 40(1994)

50F
and in -
0 1

Y(4S) > T Y(2S) BABAR PRLY6, 232001 (2006)
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Events/0.004 GeV/c? Events/0.004 GeV/c?

Events/0.008 GeV/c?

Hadronic transitions between bottomonium states

Y(mS) > T + Y(2, 1S)
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Hadronic transitions between bottomonium states

Y(mS) > n + Y2, 1S)
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B(r(4S) — 7Y (1S)) = (1.96 % 0.06454; £ 0.09.,4) x 1074

['(Y(4S) — 7T (18))/T(T(4S) — 777~ T (15)) = 2.41 % 0.405a¢ + 0.124y
D(T(2S) — nT(1S))/T(TV(2S) — a7~ 7(1S)) < 5.2 x 1072

(Y (3S) — nY(15))/I(T(35) — nta~7(15)) < 1.9 x 1072




Hadronic transitions between bottomonium states
Y(mS) > T + Y(2, 1S)

All 90% C.I.. upper limits BABAR | PRD 78, 112002(2008)
This work PDG [12] Prediction

[ee(25) x B(T(25) — at7~7(19)) (V) 105.441.044.2 11545
[(T(2S) — Y (18))/T(T(2S) — ntn=1(15)) (x1073) <52 <11 2.5 [2]
[ee(359) x B(T(35) — at7~7(19)) (V) 18.46+0.27+0.77 19.8+1.0
[(T(3S) — nt7n 1(25))/T(T(3S) — 7 7n~ T (1S)) 0.577+0.026+0.060  0.63=+0.14 0.3 [2]
[(T(3S) — Y (15))/T(T(3S) — nt7n~1(19)) (x1072) < 1.9 <5 1.7 [2]
B(Y(4S) — ntr~1(1S9)) (x107%) | 0.800£0.064+0.027  0.9040.15™) -
[(T(4S) — 7t~ 7 (29))/T(T(4S) — 7 7x~T1(19)) 1.16£0.16+0.14 -
[(T(4S) — Y (18))/T(T(4S) — nt7n~1(19)) 2.4140.4040.12 - -
B(Y(2S) — ntx~1(15)) (%) 17.2240.17+0.75 18.8+0.6 2742 [2]
B(Y(2S) — nY(15)) (x107%) <9 < 20 8.1+0.8 [14]
B(Y(35) — atx—7(15)) (%) 4.1740.0640.19 4.4840.21  3.3+0.3 [2]
B(Y(3S) — ntx~1(25)) (%) 2.40+0.10+0.26 2.8+0.6 1.0+0.1 [2]
B(Y(3S) — nY(15)) (x107%) <8 < 22 6.7+0.7 [14]
B(Y(4S) — ntr~7(29)) (x107%) 0.86+0.11£0.07  0.88+0.19)
B(Y(45) — nT(15)) (x107%) 1.960.06+0.09 - -




Energy Scan above the Y(45)

Motivation

— Search for bottomonium states that do not behave as two-quark states
(in analogy to Y(4260), Y(4350) and Y(4660) exotic states); such states
would have a mass above the Y(4S) and below 11.2 GeV.

Procedure

— Precision scan in Vs from 10.54 to 11.20 GeV
= 5 MeV steps collecting ~25 pb! at each step (3.3 fb! total)

= 600 pb! scan in energy range 10.96 to 11.10 GeV in 8 steps with unequal
energy spacing (investigation of Y(6S))

Measurement

— Inclusive hadronic cross section

. Obp(y)(8)
Ry(s) = 0( '.Q\
0uulS) .
Thb(~) - CroSs section for eTe” = bb(y)
0’0 = 47(02:,-"33 " 0" order cross section for e+e_ — ‘ﬁ' p,—

Hp




Energy Scan above the Y(45): Results

Inclusive hadronic cross section measurement (PRL 102,012001 (2009))

Rb ZJ :IPI |§ I Iél_l I Iél I LI I§ I I I I I I 1 I I I I I I I 1 I I L
b EpR i B¥B* | BiB* , ]
1.8 BAT | BT . p+f = ( threshold openings —
1.6_—5 [ 4 o N. Térnqvist
-t 1 = | PRL 53, 878 (1984)
A 1 T r(as) |
= E s '
0.8, T (45) =
0.6F T T I ) G = - -
TE e T B T (55) iy T(65) . P N TR C
0.4 0 q KU on‘.”"o%o*; 9”«%"’ “’ . N “.'.¢.”“""'¢’”+"°+H. ',’E S[ IGV]
02:_ W e PR AL LT YR, E
| OEI‘ Q'1 1 |§ 1 Iél 1 I 1 éI 1 iI l Ié 1 | 1 | 1 1 1 1 I | | 1 | I 1 1 | 1 ; ConSiStent With
10.6 10.7 10.8 10.9 11 111 112 T
JslG coupled channel predictions
S[ IG’V]

Clear structures corresponding to the bb opening thresholds




Y(SS) and Y(6S) Mass and Width Measurement

Fit with non-resonant amplitude & flat component added coherently
with two interfering relativistic Breit-Wigner functions

0 = |Ap.|> + |B, + A55€955 BW (Msg, ss) + Agse'®es BW (Mg, Tgs)|?

\_-5/-/ ~~
Ry "op T L 1 ™| PRL 102, 012001 (2009)

0.5 - 1(55) Y(65)
e = M[MeV]| 10876 +2 | 10960 = 2
- i [[MeV]| 43+4 37 +3
0.3 = é[rad]|2.11 +£0.12 | 0.12 +0.07
0‘25_ 1 [Mepc[MeV][ 10865 +8 | 11019+ 8
- 1 |Tppg[MeV]| 110+ 13 79 £+ 16
0. 1;* _; Incoherent superposition of Gaussians and bckgr.
00 07 los 1os Il 111 T2 |Comparedto CLEO & CUSB,

\/_s eV/| |BaBarhas:

Y(55) and Y(6S) candidates are affected
by threshold effects and interference

Plateau above Y(65)

* >30 x more data
* 4 x smaller energy steps
 Much more precise definition of shape




Summary

First observation and confirmation of the 1, (1S) bottomonium ground state was truly a tour
de force piece of physics and unique experience for all who were intimately involved in in
BaBar Run 7 and analyses of the data.

The mass is m(n,(1S)) =9390.4 £ 3.1 MeV/c?
and hyperfine splittingis AM,.. = 69.9 +3.1 MeV/c*:

Theoretical work on these numbers - especially lattice QCD computations- continues but
the dust has not settled.

There are a lot of new results in hadronic transitions between the bottomonium states, but
a lot more effort is needed - especially in manpower. Needless to say, theoretical
predictions which are at the 10% to 20% level need to be sharpened to a few percent level.
There are hints that some of the qualtitative expectations are not born out by experiment -
e.g. the di-pion mass spectra. Stay tuned for decays of Bottomonium to open charm etc.;
for exotics and beyond SM, see Yury’s talk.

Precision scan of R, in the energy range 10.54 < Vs < 11.20 GeV yields parameters for Y(5S)
and Y (6S), which differ from the PDG averages. Threshold effects remain to be understood
in detail.




BACK-UP SLIDES
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»s = M(Y(15))

)
Figure 1: The diagram for the e'e”™ — y,., Y(1S) process.




Summary of Results
Phys.Rev.Lett.100;06200 (2008)

* Signal Yield :

— Estimate of Branching Fraction (expected transition rate):

> BF (Y(3S)— v 1,) = (4.5 £ 0.5 [stat.] + 1.2 [syst.] ) x 104

* Mass of the 1, (1S):

— Peak in y energy spectrum at E., = 921.277 ¢ (stat) MeV
— Corresponds to m, mass 9388.97 31 (stat) MeV/c”
— The hyperfine (Y(1S)-1,(1S)) splitting is 71.4723 (stat) MeV /c?




QCD Calculations of the n, mass and branching fraction

*Recksiegel and Sumino, Phys. Lett. B 578, 369 (2004) [hep-ph/0305178]

«Kniehl et al., PRL 92 242001 (2004) [hep-ph/0312086)]

*Godfrey and Isgur, PRD 32, 189 (1985)

eFulcher, PRD 44, 2079 (1991)

*Eichten and Quigg, PRD 49, 5845 (1994) [hep-ph/9402210)]
*Gupta and Johnson, PRD 53, 312 (1996) [hep-ph/9511267]
*Ebert et al., PRD 67, 014027 (2003) [hep-ph/0210381]

eZeng et al., PRD 52, 5229 (19935) [hep-ph/9412269]

e'e” = v Y(1S) Calculations

Calculation or@s) (PP) | orwus) (pb) | Ratio | Asymmetric collider correction
Benayoun, et. al., 2nd order 25.4 19.8 1.283 Yes
Benayoun, et. al., 1st order 28.46 21.62 1.316 No
Benayoun, et. al., 2nd order 26.12 20.21 1.292 No
Bliimlein, et. al., 1st order 28.46 21.62 1.316 No
Bliimlein, et. al., 2nd order 27.02 20.46 1.320 No

127° T, ... Bliimlein, et. al., 3rd order 27.13 20.54 1.321 No

ov(s) = - W(s,zy)

my s

> Production cross section for efe™ — 4;srY(15) at /s = 10.3252GeV (07 (35)), produc-
Ty = QEA,./\/E. tion cross section for eTe™ — 475gY(1S) at /s = 10.55GeV (07(4s)), and their ratio for various

theoretical calculations. The assumed di-electron width of the 7(1S) is 1.340M\eV.




BF[Y(3S) — v n,]J(x10-3)

SUMMARY OF n, MEASUREMENTS from
Y(3S)

Mass : n, =9388.951 +2.7MeV/c’
HF Splitting: M(Y(1S) - M(n,) (MeV/c?) '
s PR AM = M(Y(18))-M(n,): 7147 2.7 MeV/c®

- Zambetakis,Byers83

) e Eo 1 A. Gray et al., Phys. Rev. D 72, 094507(2005) (L QCD)
" arXiv: hep-ph/0412158 | AM = 61 +/- 14 MeV/c?
5 _ -""'--.-&o;f-roy lsgures B ) * lattice spacing: +/- 4 MeV/c?
¢ QCD radiative corrections: +/- 12 MeV/c?
* relativistic corrections: +/- 6 MeV/c?

| COMRGEIER. o iisirest = 1 S. Godfrey and N. Isgur, Phys. Rev. D 32, 189(1985)
-------------------------- j AM = 60 MeV/c?
( Relativized Quark Model with Chromodynamics)

90% CL UL CLEO-IlII

*~ BaBar Measurement
- Lahde,Nyfalt,Riska'99 A

0 " | i | " | " | " |

S e B e e s EstimatedBF(Y(3S)eynb)=(4.810.5:1.2)x10'4
Ey (MeV)

________________________________________________




M(PDG) " E*(v) " E*(v) E*(v)
(GeV/c?) Transition BF (GeV) Transition BF (GeV) BF (GeV)
»
Y(3S) 10.3552 Y(3S)->Y(2S) 10.60%
\\\
Y(2S) 10.0233| |ee(@Y3S) — y Y(2S)] 0.001% | 0.3266 ﬁ
Y(1S) 9.4603| |ee(@Y3S) — v Y(1S) 0.8562
A
%2(2P) | 10.2687] |Y(3S) = v %40(2P) 13.1%]0.0862 %2(2P) = 1Y(28)] 0.0212% | 0.2425) 5 |Y(2S) = vx,5(1P) | 0.758% 0.1104
%1(2P) | 10.2555] |Y(3S) = yxu:(2P) 12.6% | 0.0993 71(2P) = 7 Y(28)] 0.0204% | 0.2296| 5 |Y(28) = v, (1P) [0.731%| 0.1296
%o(2P) | 10.2325] | Y(3S) = v %40(2P) 5.9%]0.1220 %o0(2P) = v Y(2S) | 0.0096% 0.2071) 5 | Y(2S) = v xe(1P) (| 0-403%)| 0.1625
Yo2(1P) 9.9122] |Y(3S) = v %p0(1P) <o.433 %o(1P) = v Y(1S) | 0.0005%| 0.4416
N
Yp1(1P) 9.8928| | Y(3S) = y %,4(1P) <'(fzf571\ %p1(1TP) = v Y(1S) | 0.0005% /072235
Yo(1P) 9.8594| | Y(3S) = v xuo(1P) 0.003%< 0.483 Yo(1P) = ¥ Y(1S) | 0.0004% | 0.391
N
Mp(1S) 9.3889| |Y(3S) = yn,(1S) 0.9212
m(28) | 9.9633] |Y(35) = yny(295) @Lnb@swvv(w) @
* * A - * *




Hadronic transitions between bottomonium states

“...for the first 22 years after the observation of hadronic transitions among bottomonium states only 6
TTTT transitions among the vector Y (nS) bottomonia were known...”

CLEO PRD79, 011103(R) (2009)

10.8 —
oo BBThreshold
10.5
38 TS x o) hyeP)
102 DOD).
p@8) TES X y(1P) b (1P)
99" =
9.6 |— ¥ — ', 7l
as) [ | “
M,(19) B2 -=== M)
DI g == oq2tt 1t 123

Recently...

CLEO observed

Xb12 (2P) =2 W Y(1S) PRI.92,222002(2004)
X, (2P) = 11X, (1P) PRD73, 012003(2006)
Y (2S) = n Y(1S) PRL101, 192001(2008)

BABAR reported extensive
measurements of hadronic transitions
between Y states using, in particular,
bottomonium states Y(3S) and Y (2S)
produced via ISR from Y (4S) on-peak

recorded data PRD78, 112002(2008) &
PRL96, 232001(2006)




Hadronic transitions between bottomonium states
Y(mS) > T + Y(2, 1S)

BABAR PRI.96, 232001(20006)

T S . _
look at p*w invariant mass M, and invariant mass difference AM= M., ,

9.8

o0
=)

et
2
c:; |||||||||||

230 x 106 Y (4S)
use YAS) =2 T Y (1S) (n=1,2) by reconstructing Y(nS) meson via its leptonic decay to u*u and

-M

. Compatible with

M(Y(45)) - M(Y(nS))

I'I'TTTIT'I"I"|I"I_:I—

|

BABA

T_me Obsermz‘z'qm

%04 05 06 0.7 08 09

T
AM (GeV/c))

B(Y(4S) > T*rY(1S)) x B(Y(1S) > p*p) =

(2.23+0.25+0.27) x 106
F(Y(4S) > T*mY(1S)) = (1.820.4) keV

B(Y(4S) > T*1-Y(2S)) x B(Y(2S) > p*yw)

= (1.69%0.2610.20) x 106
F(Y(dS) > 1Y (2S)) = (2.7+0.8) keV




Hadronic transitions between bottomonium states
Y(mS) =2 11r/n/m’ + Y(nS)

Branching Fractions BaBar CLEO
’ o s eyt
PRLY6, 232001(2006) ’
Y(2S) D Y (1S) 17.2240.17£0.75 18.02+0.02+0.61
Y(2S) > TOTY (1S) 8.43+0.1610.42
Y(2S) 2 n Y(1S) <9 x 102 21707 +0.3
Y(28) > T Y(1S) <1.8 x 102
4.17+0.06£0.19 4.4610.01%0.13
2.24%0.09+0.11
<8 x 10 <1.8 x 102
<0.7 x 102
2.40%0.10+0.26
1.82+0.09+0.12
<5.1x 1072
(0.90%0.15) x 102
(1.96%0.06%0.09) x 10-

(0.8620.1120.07) x 102




