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cc and bb bound states n?5t1L;

Produced at B-factories via virtual photons and
at hadron colliders via gluons

Excellent features for probing QCD:
A rich array of stable bound states

High masses; simple nonrelativistic positronium-
like potential models

Resolvable relativistic corrections

Spans transition region between confinement and
asymptotic freedom

Transitions are soft and test non-perturbative QCD
calculations

Below open-flavor thresholds, widths are narrow
and radiative decays are competitive

There’s a great value in precision .
measurements of production and decays in

heavy quarkonia [but you won’t see me write
“NP”]
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 [simplified view]

* Blue: producible in e*e”

annihilation.
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Bottomonium

* Open-flavor threshold is above
Y (3S) mass; more visible states

* Very high mass; nonrelativistic
descriptions and mass eigenstates
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* Blue: producible in e*e”
annihilation.
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* Dotted: not yet observed.

* Red: first observed 2008 or later
(Y(2,3S) data first available from
Belle and BaBar plus
commissioning of LHC)

= 0,12)" (1,2,3)
1 1 2
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Spectroscopy and
production




Radiative bottomonium
spectroscopy at BaBar

Y (3S) 10355

PRD 90
112010 (2014)

Comprehensive exclusive analysis of E1 radiative transitions
involving the triplet P states using (121£1)x10° Y(3S) and
(98+£1)x10° Y(2S) mesons

Final states: yyutu~
Two analysis techniques:
+ Calorimeter photons

* One calorimeter plus one converted photon
New beam background rejection using calorimeter timing

Fit to the energy spectrum of the soft photon (calorimeter
analysis) or hard photon (converted analysis) to obtain
branching fractions

Targeting particularly:
* %po(2P) =7 Y(25)
Xso(2P) =y Y(1S)
Xso(1P) =y Y(1S)
Y(3S) =y %p(1P)

Fine mass splittings of y,(1,2P) Y(1S) 5460
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Radiative bottomonium spectroscopy at BaBar
PRD 90
I\l RQCD 112010 (2014)

_ _ _ o Spin-orbit Tensor
Expectation value of effective Hamiltonian in %
nonrelativistic QCD [NRQCD] gives ;,, masses:

M,upy = Mnp +a (L -S) +b(S12) + ¢(S1 - S2)

MnP(2) = M,p+a— 2b/5a

MnP(l) = MnP —a+ 2b,

MnP(O) = an —2a — 4b,

The coefficients a, b and ¢ correspond to spin-orbit,
tensor, and spin-spin interactions (¢ drops out)

In the past, theorists have checked a and b against 5
absolute masses, such as from the PDG a= (60 — 552) ,

But mass splittings can determine the parameters ¢ and b
with much lower systematic error (bottom right) 5
b= 5(250+52).

As a “bonus,” this BaBar analysis provides high-
precision measurements of @ and b (also corresponding
lattice coefficients)

= MnP(l) - MnP(O)
= M,pa1) — Mnp(2)
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Radiative bottomonium spectroscopy at BaBar

PRD 90

Re SUltS 112010 (2014)
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* Best-yet observational significance for the transitions:
8.90 for y,,(1P) =y Y(1S)
5.90 for x,;,,(2P) =y Y(2S)
2.10 for x,,(2P) —v Y(1S) 600
+ BY(3S) =1 (1P)) = 1.3*0%, ;x10°

* Precision fine structure parameters for NRQCD:
a(MeV) 1P  13.34+0.18
2P 9.40+0.31
3.19+£0.13
2.39+0.25
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%,; production via converted ?gg}', 1133% };8?4) s
photons at LHCb
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Converted photon y,,spectroscopy using 3.0 fb-! at 7
and 8TeV, covering y,, rapidity range 2.0-4.5

X, (nP) =yY(mS); Y(mS) —uu, with y converted to e*e
pair in detector material

(=2}
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Candidates / (3.0 MeV/c?)
5 3

Excellent resolution; y,,mass splittings resolvable

(except for 3P) : .
Fit double Crystal Ball functions to J=1, 2 peaks 0 isncalcasznes L S

o 9750 9800 9850 9900 9950
Results (3.60 significance for y,,(3P) peak) m(uuy)-m(up)+m(Y(1S)) [MeVic?]

40
m(xs1(3P)) = 10515.7733(stat) ", | (syst) Mev/c” b © Z,GP)oYUS)y %
Amy5(1P) = 19.81 = 0.65(stat) = 0.20(syst) MeV/c?

30

N
(=)

LT

Amy5(2P) = 12.3 + 2.6(stat) + 0.6(syst) MeV/c? 25

Splittings consistent with BaBar results (previous slides): 2 | ) l l
Amy,(1P)=19.01 + 0.24 MeV/c? ié.,,,' pl st gl uluh
: i e ' !
Amy,(2P)=13.04 + 0.26 MeV/c? ;'i“" I 1L Ll .J} ﬁw {

10400 10500 10600 10700 10800
m(upyym(uu)m(Y (1)) [MeV/c?]
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. . arXiv:1407.7734
Exclusive x;, production at LHCb | B Phys. 3 c 74 @014) 3092

Same dataset; calorimeter photons, not converted
Final state: uuy

A measurement of the fractio R’%(El’g;’ ) mesons originating from
radiative decays of y, mesons

Feed-down contribution from y,’s helps interpretation of S-wave
polarization

Corrected mass distributions for selected , candidates, below,
decaying into Y(1S)

1200 —

LHCb
Vs = TTeV ]

Candidates/(20 MeV/c?)
®x o
8 8 8

T 1T I TTT l TTT
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. . arXiv:1407.7734
% Exclusive x;, production at LHCb | B Phys. 3 c 74 @014) 3092

Same dataset; calorimeter photons, not converted

Final state: uuy

A measurement of the fractions of Y mesons originating from
1 1 X ( P) 70 v v v v Al T T T T

radiative decays of X, Mesons RYus) | | < o T P 5 TSy T

Feed-down contribution from y,’s helps interpretation of S-wave == 6of

polarization :

Corrected mass distributions for selected , candidates, right, 505 ﬂ%

decaying into Y(1S), top, Y(2S), middle and Y(3S), bottom o 40F
5@ F

Results: ﬁ_‘ 3L

* A first observation of the x, (3P) —Y(3S) transition 205

. R’%’(?s’;’ is large; feed-down may not be negligible, as is often :
assumed when comparing with theory

10F

of

8 RN RS FNEE RN N

3P mass comparable to conversions analysis:
© m(y,(3P)) = 10511.3 £ 1.7 £ 2.5 MeV/c?
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[Preliminary] Update on inclusive
charmonium production in B* decays

Not yet on arXiv

» Two-body decays B*—X_+K* * Inclusive approach
424 tb! (210 fb’! in original study) - Tagone B
X .. state has large available phase space; * Boost into COM frame of the second B

charmonia are produced with roughly equal rate - Look at kaon momentum in that frame
Direct measurement of branching fractions B(B « Continuous background

i—)XCC+Ki) .
_ _ . * Monochromatic peaks from decays to
Range increased from previous analysis charmonium

T/

X(3872)

Events/1Q.MeV/c

i LLUGS /2, admixed here

lllllllllllllllllll

MPRPIP EPUPIPEP EPUPEPEP IPEPRPIT PUPPIPIN IPUPEPE IPEPRPEP EPPRPIP EPUPEP B
1.12 1!3 1!4 1,|5 1.6 9.5 155 16 165 17 175 18 185 19 195 2
Kaon Momentum (GeV/c) Kaon momentum (GeV/c)
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[Preliminary] Update on inclusive
charmonium production in B* decays

Not yet on arXiv

* Results
* An improvement in B(B*—X_.+K*) for all
channels (right)

*  Null results for search of momentum

spectrum of K*recoiling against B°
X(3872) y"y'n " X2 X1 Yo Jly TN

Particle| Yield |Peak Position|Width BF(10~%)
Jhp  |516+67 9.6+1.2(sta)=+0.8(sys)
ne  |655477| 298245 | <43 [18.341.8(stat)-+0.4(sys)=0.3(ref)

~ 1
| A A A | Xeo |218+76 4.40.9
: Xc1  |192+£35 7.0+1.3(stat)£1.0(sys)

Xe2 | 0432 <1.2
ne (25) |283+94| 3632+0.007 6.042.1(stat)+0.4(sys)
’
4

P 293+90 6.242(stat)+0.6(sys)
»(3770)| 0+49 <2.0

’ X(3872) | 75481 1.4+1.5 or < 4.4
HMI ‘% T
sl

R S

Background subtracted [preliminary]
=1
Ll L 1 I Ll 1l I Ll 1l I Ll l Ll Ll l Ll 1l l L1l I Ll Ll I Ll L 1
11 12 13 14 15 16 17 18 19
Kaon Momentum (GeV/c) Peter M. Lewis | FPCP 2015
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Relative rates of strong
transitions from the “Y(5S)”
resonance at Belle

What is “Y(5S)”?
Previous Belle results: rates for Y(nS) —n*n~Y(mS) are two

Measurements of ofe*e
—>YnS)w'x) and olete
—bb) in the Y(10860) and
Y(11020) resonance region
arXiv:1501.01137

Sub. to PRL

*) B (")
BB, ()

orders of magnitude greater for n=5 than for n=2,3,4 %9
Rate to /,(mP) states is anomalously high
“Y(5S)” is not exactly Y(5S) 0.

Use 121.4 fb'! from Y(5S) mass plus 77 other scan points between
10.63 and 11.05 GeV (“Y(6S)”)

LA I B

;

Compare cross sections to muon-pair Born cross section:
Open decays: R, = o(e*e—bb)/ OOW

= o(e*e—=Y(nS)m'n)/o’,, (n=1,2,3)

Fit resonances, coherent and incoherent continuum

Results

Transitions: Ry,

R, results are paradoxical, likely due to poorly modeled bb
background; this method is suspect

Illlllllllllll

(also no sign of 10.91 GeV tetraquark candidate) i

(s (GeV)




. Measurements of ofe*e
Relative rates of strong 425"5)7_{/% ;gevd
. —0b) in the an,
transitions from the “Y(S S)” Y(11020) resonance region
Xiv:1501.01137
resonance at Belle Sub. to PRL.

What is “Y(5S)”? \

Previous Belle results: rates for Y(nS) —n*n"Y(mS) are two
orders of magnitude greater for n=5 than for n=2,3,4

Rate to 4,(mP) states is anomalously high
“Y(5S)” 1s not exactly Y(5S) 0

Use 121.4 fb'! from Y(5S) mass plus 77 other scan points between
10.63 and 11.05 GeV (“Y(6S)”)

Open decays: R, = o(e*e—bb)/ 00,

Transitions: Ry,

= o(e*e—=Y(nS)m'n)/o’,, (n=1,2,3)

Fit resonances, coherent and incoherent continuum

Results
R, results are paradoxical, likely due to poorly modeled b6
background; this method is suspect ; 2
(also no sign of 10.91 GeV tetraquark candidate) 5

Ry, 1s nearly free from bb continuum but lower statistics; ;
Y (59S) is “essentially saturated” by bottomonium(-like) 0.5

modes 0

1

4
5
3
5
2
5
1
5
0
7
Compare cross sections to muon-pair Born cross section: 6
5
4
3
2
1
0
1
5
2
5
1

0.5
First measurements of My, and I'yg, and relative phase 106 70.65 10.7 10.75 10.8 10.85 0.0 10.95 11 11.05

Dy e Py(ssy using Ry s (GeV)




. . cgl Observation of e+e- — T+T-
Exclusive hadronic transitions from the 70 1 b andl seanch for Xb —

« ” w Y(1S) at s~ 10.867 GeV
Y(S S) resonance PRL 113, 142001 (2014)

H
o

A different approach to probing Y(5S)

Look at *z 2%, in Y(5S) run (118 fb! at Vs=
10.867 GeV)

Select y,,from y/*I (u or e)

[ +-Data

[ — Total .
- Background ..  region
r | |n° sidebands

MeV/c?)
8

o
10
S

Look for w resonance in #*7 7 invariant mass
spectrum

M(g*n‘n°) (GeV/c?)

Events/(
T -81 TTT

* Results and implications:

By ST E—r 5 85 99 9095 10
M(yY(1S)) (GeV/cz) M(yY(1S)) (GeV/cz)

Clear y;,, peaks for J/=1,2 from both w resonance
and non-resonance signals

Results also show an accumulation of non-m
events (red arrows)

[¢2]
o

+ 4+ Data 1 [ 4~ Data
- — Total ] [ — Total
Background Background
~ | |n° sidebands

)

MeV/c?
eVic?)
S

S
o
—
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Since preliminary results were released last
summer there has been a lot of theoretical
interest; the “Y(5S)” remains weird

%

(20
S e ( %
Events/(10

-
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Events/
S

. 9.55 99 9.95 10
M(r*r ) (GeV/c?) M(yY(1S)) (GeV/c?)







[Preliminary] Dalitz plot analysis of 17, — KK 7 in two- [ yet on arXiv
photon interactions —

2
o

A model-independent measurement of mass-
dependent K amplitude and phase

Dalitz plot analysis

events/(5 MeV/c?)

+ Using 519 fb'! at and around Y(2,3,4S)
resonances

+ Select . produced in two-photon
Interactions, with e*e™ unrecovered:

yy = KoK*m*
vy — KK’ €

* Model-Independent Partial
Wave Analysis

events/(6 MeV/c?)

« Use Kz S-wave as reference
(amplitude 1, phase 0)

* Kmmass spectrum divided
into 30 60 MeV intervals

1 N 2 L 1 .
3.2
m(K* K %) (GeV/c?)
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> [Preliminary] Dalitz plot analysis of 7}, — KK 7 in two-
._ AR photon interactions

Not yet on arXiv

2
o

(o]
o
o

* A model-independent measurement of mass-
dependent K amplitude and phase

* Dalitz plot analysis

+ Using 519 fb'! at and around Y(2,3,4S)
resonances

events/(5 MeV/c?)

2

+ Select . produced in two-photon
Interactions, with e*e™ unrecovered:

yy = KoK*m*

vy — KK’

>

* Model-Independent Partial
Wave Analysis

>

« Use Kz S-wave as reference
(amplitude 1, phase 0)

* Kmmass spectrum divided ;
into 30 60 MeV intervals K* (89‘2)'

L

0

m?(K% n”) (GeV?/c*)

N

" .
m?*(K* ) (GeV?/c*)
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[Preliminary] Dalitz plot analysis of 7}, — KK 7 in two-
photon interactions

Not yet on arXiv

Results:
* Phase and amplitude for 7, agree for both modes (right)...

...but amplitude strongly disagrees with E791 and LASS results

Amplitude/60 (MeV/c?)

The K,*(1430) resonance dominates the K S-wave

The broad structure around 1.95 GeV/c? indicates K,*(1950)
resonance

A new a,(1950) resonance is needed to fit the data in both modes: ' ' m(Kr) GeV/c?
m(ay(1950)) = 1931 £ 14 + 22 MeV/c2 -
['(a,(1950)) = 271 + 22 £ 29 MeV
Statistical significance of 2.50 and 4.00, including systematics
MIPWA results, below, with new a,(1950) resonance included

Ne—KgK* T ne—K K-
Amplitude Fraction (%) Phase Fraction (%) Phase
(K S-wave) K 107.3 £ 2.6 £ 17.9 0. 1255 £ 24 £ 4.2 0.
ao(980) 0.83 & 0.46 + 0.80 1.08 & 0.18 +0.18 0.00 =+ 0.03 & 1.7
ao(1450) 07+02+14 263+0134017 1.2+04+0.7 290+ 012+ 0.25
ao(1950)w 31+04+12 —1.04+008 +0.77 4.4+ 0.8+0.7 —1.45 + 0.08 + 0.27
a2(1320) 0.15 & 0.06 & 0.08 1.85 & 0.20 & 0.23 0.61 & 0.23 & 0.3 1.75 + 0.23 + 0.42
K3 (1430)°K 474+09+14 4924005+01 30+08+44 507 +0.09+ 0.3 s ]
Total 1168 + 2.8 1348 £ 2.7 - el 2‘ — '2'
—2log £ —4314.2 —2339 . . -3
Xa/Nooite 301/254=1.17 283.2/233—1.22 m(Kr) GeV/c?




[Preliminary] Dalitz plot analysis of 17, — KK 7 in two- [ Yt on arXiv
photon interactions

New g,(1950) resonance

« KK mass projections with MIPWA fit projections, below
« Fit quality is improved with (red) extra a,(1950) —KK resonance
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[Preliminary] Dalitz plot analysis of J/y—m*nn" and

Not yet on arXiv

J/Y— K"K produced via e*e” annihilation with ISR

ISR production of charmonium in e*e” annihilations (y;5; not
reconstructed):
Jp—atm
J/y— KK x’
e 519 fb'! at and near Y(2,3,4S) resonances
* Measure branching fraction ratio:
_B(JWp - KTK~n°)

m?(n~ n°) (GeV?/c*)

R

- B(Jhp — mtnn0)
+ Dalitz plots:

o J/y—mtna (right top) is dominated by p(770)r amplitudes

« J/Pp—K*K 7’ (bottom) dominated by K*(892)K amplitude, with
0(1450)n° contributions on diagonal

m*(K™ n°) (GeV?/c*)

m?(K* n°) (GeV?/c*)
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[Preliminary] Dalitz plot gnalysis of J/ w.—mﬂ“njn" and Nist vigi o0 a0
J/Y— K"K produced via e*e” annihilation with ISR

Results:
e R=0.0929 £ 0.002 £+ 0.002

* p(1450) visible in both channels, with R(p(1450)) = B(p(1450) =K
*K)/B(p(1450) —m*n) = 0.190 + 0.042 + 0.049
* Measured fractions for resonances contributing to the decays
below:
J/p—mnl
Final state Isobar fraction % Phase (radians) Veneziano fraction %

p(770)r 1190+ 1.1+ 3.3 0. 120.0 + 1.9
—p p(1460)r 169+ 2.0+ 3.1 3.92+ 005+ 0.11 1.53 + 0.13
p(1700)r 01+ 01+ 0.2 101+ 0.35+ 0.79 0.84 £ 0.08
p(2150)r  0.04 £ 0.05 £ 0.02 1.89 + 0.30 + 0.48 2.03 £ 0.17
p3(1690)T 0.09 £ 0.02
Sum 136.0 + 23+ 4.3 124.5 + 2.3
X2 /v 764/552 780/554

J/Yy—K* K :
Final state fraction % phase

K" (892)K  87.8 £ 2.0 £ 1.7 0.
ey p(1450)07° 115 + 2.1 £ 2.1 -2.81 & 0.25 £ 0.36
K*(1410)K  1.74+0.7+ 1.1 2.89 £+ 0.35 + 0.08
K3(1430)K 38+ 1.4+ 0.5 -2.42 4 0.22 + 0.07
p(1700)°7° 094+ 1.0+ 0.6 1.06 &+ 0.20 + 0.7
Total 105.6 £ 3.4 £ 3.0
X2 /v = 94/92 m(K* %) (GeV/c*)

Peter M. Lewis | FPCP 2015

m?(n™ n°) (GeV?/c*)
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Double charmonium
production




Exclusive double-charmonium production in PRD 90
Y(1S) and Y(2S) decays at Belle 112008 (2014)

Double-charmonium production in e*e
annihilation exceeds leading-order NRQCD by an
order of magnitude

What about in bottomonium decay?

Use Belle’s Y(1,2S) datasets (102x10°, 158x109),
look for:

© Y(1,2S) =J/y (w(2S)) + X 30
© X =1, xp 1L25), X(3940), X(4160) —— Y(1S) Data
Look at spectrum of mass recoiling against J/ v 25 —— Fit curve
(—utw) or Y (25) (—uw or —wtnJ/y) Background
Results: 20 Continuum
Evidence for Y(1S) =J/y x,

BCY(1S) —J/ v x.)=(3.90+1.21(stat.)
+0.23(syst.))x10

Significance of 4.60
All other signals <30 S , |||
Ll o ol

All results consistent with NRQCD vt Sda m T
factorization approach 0% 2.5 3 3.5

M..i(JV/W) (GeV/c?)

Peter M. Lewis | FPCP 2015
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Central exclusive .productlon of double e ——
charmonium at LHCDb J. Phys. G 41 (2014) 115002

* A search for central exclusive production of Results:
charmonia: pp—pXp, where X=J/vy J/y, J/ y First observation of central exclusive production
Y (2S), Y2S)Y(2S), KcoXcos Xe1Xel> XexXea of pairs of charmonia

* CEP production principally from double /R
pomeron exchange (below)

= 58 £ 10(stat) = 6(syst) pb,

J$28) = 63121 (stat) & 10(syst) pb
 Sensitive to presence of additional particles 01/?(25)1/,(25) _is(stat) oyt b,

< 237 pb,
ogXc0Xc0 < 69 Ilb,
g XclXel < 45 pb,
gXe2Xe2 < 141 pb,

(glueballs, tetraquarks, etc.)
* Exclusive reconstruction, 4u+(0,1,2)y:
J/ypand y (2S) —utu”

XCJ_)Y J/lli
p




BABAR Outlook

R Tr——r——

It’s still the “golden age” of heavy quarkonium physics
» BaBar’s Y(2,3S) and Belle’s Y(1,2,3,5S) datasets remain fruitful
« BESIII continues to be very active in quarkonium and especially exotics

The golden age will continue in the near future:

* Belle IT will generate huge luminosity that will benefit quarkonium physics

© At Y(4S):
* ISR production
* B—charmonium+X decays
* Radiative decays with n-tagging: %, (3P), Y(2D)...

* Y(1,2,3,5S) (please?):
+ Just 1 week at each would yield ~order of magnitude increased datasets
* Y(1D) J=0,2 states, “Y(5S)” transitions, spin-flip transitions, etc. etc.

* Major upgrades at the LHC experiments for Run 2 and beyond

Peter M. Lewis | FPCP 2015







