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Spectrum: circa 2007
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Theoretical Predictions - n,

The bottomonium ground state: 1,

e The Y(1S) mass is well-known experimentally:

m, = 9460.30 £ 0.26 MeV/c? (average from PDG 2010)

« QCD calculations predict the mass splitting between the n,

and the Y (1S) using potential models, lattice QCD, etc.
* these predictions ranged between 36-100 MeV/c?

e Experimentally favored production and decay mode:

e Y(nS) — yn,, n, — hadrons (wheren=1, 2, 3)

* Branching fraction for this decay anticipated to be between
10-10-. . . this implies needing many millions of Y (nS)
mesons 1n order to see a signal on top of multi-hadronic
backgrounds.
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Theoretical Predictions — P-wave States

The P-wave spin-singlet: h

o The partner of the P-wave y, (1P) states (J=0, 1, 2)

e [ts mass is estimated from the spin-weighted center of
gravity of the y,_ (1P) states [Stubbe & Martin, PLB 271 208 (1991)

e m_ =9899.87 +£0.27 MeV/c* (predicted)

» Experimentally favored discovery modes (n=1,2,3):
« Y(nS) -»n"h,h — vn,BF~(0.001) X (0.5)

« Y(nS) —» a'n h , h — hadrons, BF ~ 10
The P-wave spin-triplet: y,_(nP)

e Experimental measurements of radiative transitions to and

from y, (nP) states effective potential models for heavy

quarks Stephen Sekula - SMU
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Y(4S) and Below
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Y (4S) and above
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KEKB at KEK,Japan
I

51 vertex detector

3/4 layers DSSD
Central Drift Chamber ks
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]

ElectroMagnetic Calorimete
6580 CsI(TI) crystals
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e (Q’G’eﬁ,_v

40 layers

Silicon Vertex Tracker
5 layers, double sided strips

Instrumented Flux Return
Iran / Resistive Plate Chambers
or Limited Streamer Tubes
{muen / neutral hadrons)

Trigger
L1 ~2KHz, L3 120Hz
Trigger eff. ~98%

of B factories

e Multi-purpose detectors with
large solid-angle coverage,
excellent momentum and
energy resolution and

>1ab™’
On resonance :
Y(5S8): 121 fb!
Y(4S): 711 fb!

Y(3S): 31b™" ; ) . i
rs:2sm*  particle identification
Y(1S): 6 fb?
Off reson./scan: SyStemS
~100 fb!
esome © Colliders operated routinely
on resonance:  above design specifications
Y (4S): 433 b~ .
Y(3S): 30 fb-! and ran at various center-of-
Y(2S):14 b ! .
Off resonance: mass (CM) energles
~54 fb!
e Data collected at both

facilities for nearly a decade 10
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n, — archetypal search strategy

Search for monochromatic photon
“recoiling” against

e fit energy spectrum for signal/background(s)

* this search is a good example of how all other
searches are conducted; what typically differs
is the particle(s) “tagging” the transition
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=

/4
Signal photon required
to be reconstructed with
high quality, be well
within the calorimeter
acceptance, and be

inconsistent with
originating from a n°

[
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e
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Discovery: Y(3S) — vy 1,

0.5 0.6 0.7 0.8 0.9 1
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Discovery: Y(3S) — yn,
: T Fitted signal yield:

. 7 19200 + 2000 (stat.)
s | /"b - + 2100 (syst.)
2000} N -

of : +ated  Branching Fraction:
wd 11 § (48205£12)x10°

E, (GeV)

| Fitted Mean:  E ,=921.27,,+2.4MeV

Most consistent

> %I/Iass: ] 0388.9" 7 +2.7MeV/c’ ;Vr‘;gll;ff,‘lff (?f(tjlﬂ
yperiine +23 2 1, properties
Spllttlng 71.4_3.1 +2.7 MCV/C
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Confirmation: Yi2S) — Y,
91.6M Y(ZS) Decays

~10000 [T T T T | e
PRL 103 | PRL 103, 161801 (2009) |

Mg = 128003500500 (3.00)
BR(Y(2S)—ym,)=(4.820.5+0.6)x10"

Entries / ( 0.005 GeV
2
S

%,(1P) > YY(AS) T gr T g AT

i

| Fitted Mean:  E =609.37,"Y+1.9MeV

Consistent with

 Mass: 0394275 +2.0MeV/c® | the Y(3S)-based
Hyperfine G 5 measurement!
Splittil’lg: 66.1_4.8 +2.0 MCV/C‘
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Discovered
Taze - SRR Predicted, but
undiscovered
T (108860)
T (4S)

Discovered and

confirmed:
2008-2009
15
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Discovered
Taze - SRR Predicted, but
undiscovered
T (108860)
T (4S)

Discovered and

confirmed:
2008-2009 o
— Map out these transitions
{ Ld [ o
e with better precision?
JPC 0+ 1= 1+= (++ 1++ o+
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Further Study of Radiative Transitions

e Bottomonium has a rich radiative transition structure

- energy resolution limited by calorimeter
- difficult to resolve nearby transitions,
e.g. %, (2P) — vy Y(IS)
* Transition rates a generally well-predicted

- test the predictions with direct measurements

- 1mprove on existing measurements where possible

- look for n, (1S) and 1 (2S) using an independent
technique

e Method: use converted photons (y — €" ¢€)
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 BABAR

preliminary

 BABAR -

preliminary 3

40000

Events / (4 MeV)
Events / (4 MeV)

300001
20000~

10000

0 0.2 04 0.6 0.8 1 12 o 02 04 0.6 08 1 ‘ —1,
E, (GeV) E, (GeV)
Events are selected where . . .
e the reconstructed particle multiplicity and distribution is
consistent with a multi-hadronic event
e there is a good photon conversion candidate, based on fit %, mass,
and the conversion vertex radius

The data 1s subdivided according to CM photon energy (E*)

 regions defined based on expected transition content
e Y(3S) events: E*Y = [180,300], [300,600], and [600,1100] MeV

« Y(2S) events: E* =[300,800] MeV
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arXiv 11045254 2011)
Y (3S): E*y = 1180, 300] MeV

This region contains expected transitions from y, (2P)—yY(2S) and six
transitions from D-wave bottomonium states, Y(1D ) — vy . (1P)

:I T T I T T T l’_‘\1200_| T T | T T T T T T T T T T |_

5 oo BABAR %~ [BABAR :

= 4000F preliminary > L ooor Preliminary %,,(2P) E
Z 3500F 5 < B

P » 800F .
£ 3000F 4 2
) - ) C
5 2500¢ 4 5 000
2000f = 4000
1500: — 200:_
10001 ] i
- 0
500F- - t

:III|III|III|III|IIl||||_ _200__|||||||||||||||||||||||_

(918 0.2 0.22 0.24 0.26 0.28 0.3 0.18 0.2 0.22 0.24 0.26 0.28 0.3

E, (GeV) E, (GeV)

Transition E7 Yield 3 Derived Branching Fraction (%)
( MeV) (%) BABAR CUSB CLEO

x10(2P) — 47 (25) 205.0 —347 £209 0.105 —4.9£2.9702 £0.5(<2.9) 36L£16 < 5.2
Xp1(2P) = 47(25) 220.7 42044+251 0.152 195+ 117114119  136+24 21.14+45
X12(2P) — 47 (25) 242.3 2462 £ 243 0.190 86700 L054+1.1 109+£22 99+27
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arXiv 1104.5254 2011)
Y(3S): E* =[300,600] MeV

Complicated region with many possible transitions. Some of the
highlights are: Y(3S) — v y,,(1P) overlap with subsequent

%,,(1P) — Y(1S) transitions; h (lP) — v M, (1S) could appear here.
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Observations and precision measurements:

Transitions rates

Transition EZ Yield ¢ Derived Branching Fraction (x1077) t (IP)
(MeV) (%) BABAR CLEO 0 %oy are
T(35) = X (1P) 4331 9699 £315 0.791 106 £03£06 T7L13 unusual for
T(35) — yye (1P) 452.2 483£315 0.818 0.5+03702 (< 1.1) 1.6£0.5 Kkoni
T(35) — yxso(1P) 483.5 22734307 0.730 2.7+04+0.2 3.0+1.1 quarkonium
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arXiv 11045254 2011)
Y(2S): E* =[300,800] MeV

Measure XbJ(lP) — Y Y(lS) and search for Y(ZS) — ynb(IS)

)
[
=
O

35009377 Ly 7 < ' =
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= 3000 preliminary J 4 = preliminary T 2 -
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Due to high background and low efficiency, no evidence for n (1S).
Transition EY Yield € Derived Branching Fraction (%)
( MeV) (%) BABAR CB CUSB CLEO
) 3015 301 =267 0.496 23+ 15709+02(<46) <5 <12 1.7+04

xpo(1P) — 4T (15

o1 (1P) —~T(1S) 4230 12604 £285 0.548 3624+0.8+1.7+21 34+£740+10 33.0+26

Yo2(1P) — AT (18) 442.0 76657310 0576 202+07F10+1.0 2546 1948 185+1.4
T(25) — ym(15) 613.775050 1 1109 £348 1.050 0.11 £0.04F0070 (< 0.22) - - -
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arXiv 11045254 2011)
Y(38): E* =[600,1100] MeV

Measure be(2P) — y Y(l S) and search for Y(3S) — ynb(l S)
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Photon energy for n, (1S) production is lower than expected, but the result is

also only ~2.7c significant — more data needed to fully utilize this
conversion-based approach.

Transition E7 Yield € Derived Branching Fraction (%)
( Mev} (%) BABAR CUSB CLEO
xio(2P) — 4T (15) 742.7 4697300 1.025 0.7T+04707+01(<1.2) <1.9 < 2.2
o1 (2P) — ~4Y(18) 764.1 149651351 1.039  994+03£04£09 7.5+£1.3 104424
x2(2P) — ~4Y(15) 776.4 112837352 1.056 7.14+£02+03+09 61+£1.2 7.7+£20

T(35) — ym(15) 907.9+£2.8+£0.9 933+253 1388  0.059 +0.016+2.014 - -
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Search for the h (1P)

 Finding the n,_and h_were primary goals of the B-
factories' bottomonium efforts

« BaBar and BELLE both set out to find the hb

- BaBar Approach:

* Use the Y(3S) sample and look for n° or dipion (t"7)
transitions down to the h,

- BELLE Approach:

* Y(5S) has observed dipion transitions with rates larger
than expected (e.g. to Y(nS) states with n=1,2,3)

e Use the Y(5S) sample and look for a dipion transition

down to the h,
Stephen Sekula - SMU 26




Y(3S) — n’h,

Event Selection Lt

S 190 N pRen ]
» Reconstruct n°(y,y,) + v 2 w0 BaBaR
. . < 120¢
* 3" photon required to be consistent 3 F
with h —yn, E sof
 Assume BR(h, —yn )~41% 0
[PRD 66, 014012 (2002)] zz_ E
0(:](‘)6‘ | I0.1)8I | IOl.lI | IO.|12I | IO.|14I | I0.|16I | I0.|18I | ‘0:.2
Signal Selection G (Gevie)
. own above 1s the fit to m n
* Detine “7.[0 recoil I*IlngS”* full range of m.m.(no)FW)
mz -1<T[O)E( Eb _E = p 02 Background model taken from
recoi eam T T

0 MC simulation.

e Fit for the number of &t

candidates in each bin of
Signal: use Crystal Ball Function

recoil mass (Gaussian with low-side power-

* Perform y” fit to recoil mass —» law tail)
Background: 6th-order

spectrum polynomial
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% :BABAR ] O 40005 | g T T T T L T
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© 1601 i § 2000 Preliminary J -
- - 1 e B y
E ol | oo i
5 1501 1 BT k I
B 1 & F . . E
140~ ] |zl ‘Jr L
1301, . T I IEi
12057598 985 99 995 10 903 10
mrecoil(no) (GeV/ Cz) Mhrecoi ’J'[O) GeVic
+ Measured mass agrees with spin-
Yield 10814£2813+1652 evts. weighted center-of-gravity of
Significance AP %, (1P) ftates. ~9.900 Me.V
, * Branching fraction consistent
M [h,(1P)] 99024442 MeV/c with theoretical expectation.
BF(Y(3S) - Th,) (4.3+1.140.9) x 10 [Voloshin, Sov J Nucl Phys 43 1011 (1986)]
b N . .
x BF(h, - yn.) * First evidence for the existence of
b Ylb

this state
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arXiv 11033419 2011)
Y (5S) Dipion Recoil Search

Event Selection

>
YA
OELLE

* Reconstruct T “ xm?
e Goal: observe > 10T
Y(5S) »n'mwh, § 1200 |

S 10001

Signal Selection o
* Define “Missing Mass” i
(see below) 600 p

e Fit the missing mass 200 |

spectrum for evidence

: ) 200
of “recoil” against a '

resonance 05 ™ o7 0 7025 703

M miss (GeV/Cz)

MmissE\/(EY(SS)_Ejtn)z_przm
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Background-subtracted fit to the data:

N
o
o
o
o

w
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Events / 5 MeV/c?

20000

10000

| N
\%W Wl'”i* ihuhﬁ i

I|’1| | ullhh |Il lu!’lil!ll I |l |
il

Y (5S) Recoil Search (cont.)

9.4

9.6 9.8

Yield, 10°

Mass, MeV /c? Signif.

T(1S) | 105.2 + 5.8 + 3.0

9459.42 £0.53 £1.02 1820

hy (1P) 504 £ 7.8%07 989825 + 1.06F, 72 6.20
39 — 18 55419 9973.01 290
T(25) | 1434 +8.7+6.8 1002225 0414+ 1.01 1660
T(1D) 22,1+ 7.8 10166.2 + 2.4 240
hy(2P) 84.44+6.8T23  10259.76 £ 0.64T103 1240
28 I8 TR 6 £ 0.7y, 1030457 F006T £ 103 1570

T(35) 449+ 5.1 =5.1 1035656 £ 087 £ 1.06 850
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N |
10.4
MM(z*r), GeV/c®

First observations of BOTH the
h (1P) and the h, (2P) states! Masses

consistent with prediction. Rate
much larger from Y(5S) than is
expected from n=1,2,3 states.




Discovered
e Predicted, but
undiscovered
T (10880)
T (45)
T T T T BB threshold
........... ==—— Discovered: 2011 5
1G9 T (58) T _ —2p) —— %;,(2P) Apa(2P)
hadrons hy(2P) ‘-;" ;
hadrons =
i) Discovered and
___________ T :
S (28) cpnﬁrmed ZOLI_
Discovered and
confirmed:
2008-2009
15
%) T (18)
JPC _ o—* 1- 1+= o++ 1+* 2+t
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h (nP) spinotf

BELLE has gone on to look for resonant substructure in the
transition Y(5S) — n” 7 h (nP)

o

S12000F Y(8S) — @ h (1P) =17500F Y(8S) — " = h (2P)
;10000? 121.4 fb! ;150002' 121.4 fb"!
2 8000 F £12500¢
T 000 | 10000 F
4000} 7500 F

I A

i T A SR ML

10.4 05 106 107 104 105 106 107
MM(r), GeV/c? MM(r), GeV/c?

BELLE Interpretation of the data:

Using Energy/Momentum conservation, construct the mass of the h, 7" system — this is

also the missing mass recoiling against the 7. Model using sum of non-resonant

component and two resonant components (P-wave Breit-Wigner Functions).
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Interpretation

Results of the fit to the data, done separately in h (1P) and h, (2P)
events:

hy(1P)7nEnT ho(2P)nEnT
M; (MeV/c?) | 10605.1 £2.2730 10596 + 775
MF1 I&\f{ffV)o 11-4f§i3ffi% o 16~ }g+i§t ) Consistent results are
evV/c* 10654.5 £ 2.5 10651 £4 £ 2 .
o | T it e
“Mev-1.7-5. .""—. -2 an
o | gl e WP dh
¢ (°) 188 155 g 255 79 183
b ~ 0 A

The mass of the Z__ is just around the threshold for BB* production and
the mass of the Z  is just around the threshold for B*B* production.

Properties of the Z_states, M, =10608.4+2.0 MeV

averaged over all observations I'; =15.6£2.5 MeV
(includes dipion transitions to M, =10653.2+1.5 MeV
Y(nS), n=1,2,3) I, =144+32 MeV
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arXiv 1054583 2o11) [y
Properties of the Z

BB* B*B* b
_Zb1(10610) | _ Zb2(10650).
Y(1S)r' —— — \5 —— | ——
Y(2S)n'n | . —— -~ ——
Y(3S)r'n -~ —— . -
h (1P)r' 1 . —— e ——
h@P)r'm  |e— | . —+ ‘.
Average + + * +
||||||E.'....I ...... S B PSSO | IS Sl | S I...E.'....I ...... [ I P | I
10 0 10 -0 O 10 10 0 10 -0 @ 10
AM, MeV Al', MeV AM, MeV A", MeV

An angular analysis favors the interpretation that J* =1*

— Independent interpretations agree on their apparent correlation with the
noted thresholds but disagree on their true nature (e.g. cusp/coupled channel
effect ala. arXiv:1105.5492; molecular states ala arXiv:1105.5829 or
arXiv:1105.5935; tetraquark states ala arXiv:1108.2197)
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Discovered

................. Predicted, but
undiscovered
T (11020) Substructure in transitions:
T (10860)
Z._(10650)
b2 2011
—Tus B _ B B Zb1(10610) [ |

i Discovered and

e [T confirmed: 2011 Understanding these

ki, (1P) states is an active and

ongoing effort. Different
interpretations do offer

hadrons Xpo(12)

Discovered and

;8323333: I different predictions about
—— TS the properties of these
states as well as possible
JPC_ g - 14 o+ 14+ gt unobserved related states
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An Exciting Time for Spectroscopy

e An era of discoveries in the bottomonium sector
- Then(1S) in 2008 and the h (nP) [n=1,2] and Z in 2011
- Measured properties so far consistent with theory
e Experimental observations call for more theoretical understanding

- decay rates to lower-mass bottomonium states from Y (5S) are
higher than would be expected from Y (nS), n=1,2,3,4

- The pattern of transition rates from Y(3S) — y, (1P) system are not
as expected between the J=0,1,2 states

* Too many topics to cover in one talk

- more dipion transition studies; searches for D-wave bottomonium;
The Y, state; searches for physics beyond the Standard Model

(e.g. low-mass Higgs bosons, low-mass dark matter, tests of

lepton universality and lepton flavor violation)
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Outlook

e More measurements

- even years after closing out their data sets, BaBar
and BELLE are both producing excellent results

- expect this to continue as more measurements come
to completion

 Discoveries and Puzzles?

— The charmonium and bottomonium sectors continue
to deliver discoveries . . .

- ... and puzzles!

- Makes for an exciting interplay of theory and

experiment
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