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| From Eichten et al., Rev.
. Mod. Phys. 80 (2008) 1161

Two D-wave states observed: y(3770) and w(4153)
- Above open-flavor threshold, decay to DD, broad widths
- QCD calculations above open threshold more difficult

- Test of the calculations lacks precision
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Expect two D-wave states below open-flavor threshold
- Narrow states, well-defined masses
- Opportunity for a precise test of theory based on

higher L states
Can access Y(13D;) through y transitions from the Y(3S)



Y(13D;) states

bb bound state: L=2, S=1 - Triplet: J=1,2,3
Predicted mass ~ 10160 + 10 MeV/c?

[Godfrey & Rosner, PR D64 (2001) 097501]
Predicted separation between triplet states ~ 5-12 MeV
Expected intrinsic widths ~30 KeV/c? << exptl. resolution

CLEO (prb70 (2004) 032001 Ssﬂ‘ .
= Xt 1
« Observation of Y(13D;) - yyY(1S) 1/
(radiative decay channel) .
* 4y fransition from the Y(3S) fo the Y(1S)

* Mass: 10161.1+ 0.6 + 1.6 MeV/c? 1s
* Single state seen, interpreted as J=2 Na

ete” 4




Babar: Y(13D;) > m*rY(1S)

- hadronic decay channel, with Y(1S) - e*e” or pu-

AR o ' l*l- invariant mass
N o , - provides best Y(13D;) mass
| g resolution (~ 3 MeV/c?)
- - Smallest systematic uncertainties
- e The L, J & parity P can be tested

15 from the n*n- invariant mass, and

I angular distributions of the tracks

[TagToy

e e L, J and P still need confirmation

CLEO upper limit on branching fraction product:
Y(3S) > 2yY(1D) = 2yn*nY(1S) - 2yn*n - < 6.6x10-6

or Y(ID)>n*nY(1S) < 4% @ 90% C.L.
Babar: 122x100 Y(3S) events (20x CLEO sample)
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Y(3S) = vxp7(2P) > 1,7, Y(13Dy)

6 transition paths
allowed by angular
momentum
conservation

Branching fractions of Y(3S) = v,x,7(2P) are known

Branching fractions of y,1.(2P) = v,Y(13D;)

- predictions by Kwong & Rosner, PRD38 (1988) 279
- partial verification from the CLEO measurement

Pure electric dipole transitions w. corresponding angular distributions




Y(3S)-> yyY(1D)-> yyn*nY(1S) = yyrtnI*l-

event selection

(1) Charged tracks:

* Require exactly 4 charged tracks
« 2 identified as a n*n” pair
« 2 identified as an e*e” or pu*u- pair

* Y(1S) candidate: require 15
|my(15) - mwu_ I <0.2 GeV , or u"'iu_
-0.35 < my¢sy - M,... <0.26eV (~30) o

and then constrain m,,. to the Y(1S) mass
* Y(1D) candidate: combine Y(1S) candidate with n*n-

Then add 2 photons to the Y(1D) candidate to form a Y(3S)
candidate ...



Y(3S)-> yyY(1D)-> yyn*nY(1S) = yyrtnI*l-

event selection

(2) Photons:

* Require > 1 photon consistent
with Y(3S)-> v,x0(2p)
> E,;>70 MeV in CM ; Resolution ~7 MeV
— Expect 86-122 MeV s

« > 1 photon consistent with y,(2p) = v,Y(13D;) uL_

> E,> 60 MeV in CM ete
- Expect 80-117 MeV

 Choose combination that minimizes y?2;

* try all 6 possible paths
* No cut is made on this y?2 |




Y(3S)-> yyY(1D)-> yyn*nY(1S) = yyrtnI*l-
event selection

(3) Y(3S) candidate: sanity checks
« Require Y(3S) CM momentum < 0.3 GeV/c

* Y(3S) energy (resolution 25 MeV) equals
sum of beam energies within 100 MeV

- very loose, ~100% efficient for signal; s

> Y(3S) selection doesn't bias results HL_
(verified through tests in which the o
Y(13D;) masses are varied) Myaoy~ 10.16 + 0.01 GeV/c?

Define a wide fit interval 10.11 < m_,_ ... < 10.28 GeV/c?
263 candidate Y(3S) > 2yY(1D) - 2yn*nY(1S) - 2yn*nl*I-

events fall within the fit interval; relative number of e*e
& pru events consistent with expected efficiencies 9




Backgrounds

4 categories of background events within the fit interval
In roughly decreasing order of importance, these are:

1.

Y(3S) - vx,(2P) - yoY(1S)
e o->nnnd
e o - 7n'n, combine with a random (noise) vy

Y(3S) > n'nY(1S) with FSR y's

Y(3S) > nY(1S) withn > nnnO(y)

Y(3S) > vvY(2S) or n%n0Y(2S)
with Y(2S) > n*'n"Y(1S)

The backgrounds are small and non-peaking in the

Y(13D;) signal region 10.14 < m_, ,,,.< 10.18 GeV/c?
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Maximum Likelihood fit

Probability Density Functions (PDFs):

« Define for each of the 3 Y(1D;) signal states
- double-Gaussian + Gaussian w. exponential tail
« Each of the 4 background categories

11 free parameters:

* 3 Y(1D;) signal yields & 3 Y(1D;) masses
® BC(Ckgl"OLlnd 1 & 2 YIeldS, Xbl(ZP) mass, Xbl,z(ZP)%(D(%TC‘“n’) YIeldS

Fix background 3 & 4 yields to expected values based on the
measured branching fractions

Fit validation:

« Ensemble of (MC with full detector) simulated experiments
* Small biases (1-2 events) evaluated for signal yields
* No biases in mass values, outputs follow inputs, etc. 11



Data Control Sample

Y(3S) = vx,(2P) = vyY(2S) = yyn*nY(1S)

with Y(2S) - I*I-

- Validate the signal PDFs
- Calibrate the mass value(s)

Compare the reconstructed Y(2S)
mass and resolution between
data & simulation

Y(2S) mass low by 0.70+0.15 MeV/c?
compared to PDG

phu
or
ete

- apply this shift as a correction to
the fitted Y(1D;) masses

- small difference in resolution results in small syst. error
12



Fit results
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Events / ( 0.0025 GeV/c?)
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* Data .-I .

_ Preliminary
---- Signal Y(I’D))
— = X, (2P)—=>yoY (1S)
o T (1S)
- MY (1S)

()Y (28)

.......

102 1025,
w1l mass (GeV/c)

J=1,2,3 combined: 53.8%3%

7.6 o (stat. only)

events
6.2 o (stat. + syst.)

- First observation of hadronic Y(13D;) decays
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T mass (GeV/c?)

Event yields Significance (w.syst.) Fitted mass value

10.6_, 557 2.0 (1.8)c
33.9,, .82 6.5 (5.8) c 10164.5+ 0.8+ 0.5
9.4 ,+62 1.7 (1.6) o

Uncertainty of J=2 mass reduced by ~45%

14



Fit results

o — — 1
o * Data . .
S 201~ - Preliminary
3 ---- Signal Y(I’D))
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= | T — oY (1S)
= A -=+ MI(LS)
30 || oY es) :
c
: | /) (G
LE N L ’ W ' [ #
0 T T 445.,4._‘ w R ALY AR
10.15 10.2 o 1025
w1l mass (GeV/c)
Fitted background yields (events) expected Fit
Y(3S) = vxp(2P) > yoY(1S) : o - n*nnd 51 50+9
Y(3S) > n'nY(1S) 94 94 + 13

- No evidence for background from unaccounted sources
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Fit results
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10.15 T 102 1025,
T 1’1 mass (GeV/c")

Fitted y,;(2P) mass  After correction from Y(2S) PDG
10255.040.7 (stat.) 10255.7%£0.7 10255.5£0.5

- Validation of mass calibration
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Systematic Uncertainties

Dominant systematic terms ...

For the signal yields:

- Vary yields of the 2 non-dominant backgrounds
(categories 3 & 4) by +100% & uncertainties

- systematic uncertainties of ~ 2 events

For the signal masses:

> The Y(2S) mass calibration

- Add half the mass shift of 0.70 MeV/c? and the
Y(2S) mass uncertainty (0.31 MeV/c?) in quadrature

- Systematic uncertainty of ~ 0.5 MeV/c?

Plus systematics from the number of Y(3S) events,
reconstruction efficiencies, particle ID efficiencies, & signal

PDF parametrizations [validate with Y(2S) control sample]




Branching Fractions

11

J=1
_ J=3
J=2
EREC 2 | 0. J=3 °
L=t 914% ] l RN . 2P) | 10, 1

J’=2 1.9% =2 11.7% l J’=2 100% I

— 6 unknown BFs with efficiencies that differ by up to ~7.5%
- Only 3 measured yields
- Determine the 3 dominant BFs only

—> Ratios relative to the minor BFs fixed according to theory
[Kwong & Rosner, PRD38 (1988) 279]
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Preliminary Branching Fractions

* BF = (yield - bias) / [efficiency x Ny:g]
« Efficiency # 26% averaged over Y(1S) - p'u- & ete”, for J=1,2,3
* Ny@zsy = 122 x 106 events
Branching fraction product for entire decay chain,
Y(3S) = yxp7(2P) = 2yY(13D;5) = 2yn*nY(1S) - 2yninl*l,
and for the dominant modes only:

Yur(2P) 13D, Product BF 90% C.L. upper limit
F=1 )21 (1.27.4¢"°8140.28) x 107 <2.50 x 107
r=1  J=2 (4.9, ;+1140.3) x 107
F=2 J=3  (1.34,,,,°0%99+0.24) x 10”7 <2.80 x 107

CLEO upper limit: < 6.6x10¢
19



Compare Branching Fractions to theory

Divide measured branching fraction products by

* the known Y(3S) - v1%,(2P) BF's

 the Kwong & Rosner predictions for the y,(2P) >v,Y(13D) BF's
from J. Rosner, PRD67 (2003) 097504

13D, BF[Y(1*D)->n*n"Y(1S)] 90%C.L. Kwang & Ko  Moxhay
upper limit Yan (1981) (1993) (1988)

J=1 (0.42,,,*027+0.10)% <0.82% 40% 1.6%  0.20%
J=2 (0.66_4 1,*°15+0.06)% 46% 20%  0.25%
J=3 (0.29 4 157022+0.06)% <0.62% 49% 22%  0.27%

Kwang & Yan don't account for centrifugal barrier [see Kwong &
Rosner, PRD38 (1988) 279]

CLEO limit < ~4% @ 90% C.L. already excludes Kwang & Yan
Multiply predictions by 2/3 to obtain n*n- contribution:

- data halfway between Ko ~ 1.3% & Moxhay ~ 0.16% 50




The nt*n~ invariant mass
[T.-M. Yan, PRD22 (1980) 1652; Y.-P. Kuang et al., PRD37 (1988) 1210]
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Corrected for Y(13D,) region:

5 |
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-
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s

x° probability for decay of a D, S, or 'P; bottomonium

state to n'nY(1S): 84.6, 3.1, or 0.3%
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Angle y between the n*n- & I'|- planes

Z60F dN/dy ~ 1+ Bcos(@x) 1 [l e
O [ | Y(13D;.,) rest
20~ .. - p
: Preliminary | ¢ | e
|B|: depends on unknown helicity amplitudes, ] ¥ -
etc. > determine from data Select events in Y(13D;.,)
Sign of f: sign(B)= (-1)'P] P=parity 10155 to 10.168 GeV/

[J.R. Dell'Aquila & C.A. Nelson, PRD33 (1986) 80]

Fit: p=-0.41+0.29 + 0.10 - consistent with J=2 & P=-1

[were J odd, dN/dy would decrease with increasing y for P=-1] .




n* helicity angle 6_,

# [ dN/dcosO_, ~1+¢&L(cosH,,) Angle of 7" in
ot ‘a1 rest frame
240— o —

! wrt boost from
20 B Y(13=2) frame
" " Preliminary 1 S

0 0.5 lcosOr+ 1

¢ - determine from data

Were The_observed Y(}D) an S state, Select events in Y(13D,.,)
the n*n- would be emitted in an S-wave region:

>¢=0 10.155 to 10.168 GeV/c?
For a D state with J=2, need L =2
dN/dcosO_, ~ 1 + € (3cos?0_,-1)/2

Fit: £=-10+0.4+0.1 > Disfavors S-wave hypothesis

Consistent with J=2




S um mar‘y arXiv:1004.0175 [hep-ex]

We have observed the Y(13D;) through hadronic decays

Y(3S) = vyp7(2P) = 2yY(13D;5) = 2yn*nY(1S)

54 events (6.2c stat.+syst.), 34 in the J=2 peak (5.80)
Myap,7-2) = 10164.5 + 0.8 + 0.5 MeV/c?

BF[Y(13D;.,)=> n*'n'Y(1S)] = (0.66_514*°1°+0.06)%

n*r- mass distribution of the Y(13D;) consistent with L=2

Charged particle angular distributions in decays of the
dominant Y(13D;.,) state
 Disfavor L=0
* Are consistent with L=2, J=2, P=-1

Preliminary .
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Branching Fraction Calculation

e.qg., for transitions through the Y(13D;.,) state

Nip, = Nsg {(6({’2 + €h5) Bag—ap B2p, —1D, B1D,—nrr18) Bras)—ee

+ (632 + EIQLQ) 835%2192BQPQHIDQBng—»WWT(lS)BT(lS)HEE} )

gy = efficiency for the transition path through
the XbJ' and Y(13DJ)

(€55 + €5) Bas—2p, Bap,—1D
— N B — B — B — T B — ]_ —|_ 2 £ 2
T 1'D2 Rl (€92 + €12) Bas—ap, Bap, 1D,
\ J
Quoted branching fraction product |
Kwong & Rosner
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