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Discovery and precision with Charmonium

ZES,

m B (looks like DD for D or charm physics)

m E (looks like cc for charmonium physics)

m S (for light hadron Spectroscopy)

m T (for tau physics, looks like a Roman number “lI1”)




From 1974 till today: charmonium factories...

July 2008: first hadronic event
March 2009: physics data taking

first hadronic event: July 2008
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BESIII@BEPCII - breaking all records
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~10-20x previous generation charmonium factories




Charmonium physics potentials

Open charm (D(s))
- fo decay constant

- quark mixing matrix

- Ds spectroscopy

Tau physics

Xc2(23P2)

Resopance parameters L fows]
- details confinement potential Va0
- line shape studies [Viazs0y] "' ] (@0
- exotic resonances/XYZ
- missing charmonium states
[0}
. e Xc0(2%Po)
Miscellaneous | .| L)
- e.m. formfactors T
- rare/forbidden decays
- beyond SM physics Xer (1P
34
3.2 |
J/W(18S1)

Light hadron spectroscopy
- light glueball&hybrid searches
- baryon&meson spectroscopy

- decays & mass

Transitions & decays

- test validity pQCD

- quark masses

- strong coupling constant
- constrain EFTs

J'JLI
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2++




Hadronic Decay Studies with Charmonium
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JIP(13S4)
/ E1-Dominated Transitions
B 0(11S0) M1-Dominated Transitions
O+ 1— 1+ O++ 1++ 2++

JPC

Physics aspects:

Resonance parameters

Rho-pi puzzle (12% rule)

Perturbative QCD tests

Hadronic loop effects

Color Octet Mechanism

Helicity Selection Rule

Search for new states




“"P-wave hyperfine splitting”
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P-wave hyperfine splitting:

m(h.) =

Barnes, Godfrey, Swanson
PRD72, 054026 (2005)

o< [1(0)]

N4
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AMys = my,, — M, deviation from zero?



singlet P-wave hc

MASS [GeV/c?]

PRL 104, 132002 (2010)
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singlet P-wave hc

MASS [GeV/c?]
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PRL 104, 132002 (2010)

Jp(13Sy)

isospin

Xc2(13P2)
Xe1(19P1)

Tag the E1 photon, yields:

B(y(2S) — nthe) x B(he — yn)

=(4.58 £0.40 = 0.50) x 10—

(consistent with CLEO-c)

Inclusive analysis provides:

N\

(first measurement)

=84+x13+x1.0)x 10+

Combining the two results:

—— B(he = y1ne) = (543 £ 6.7 £5.2)%

(first measurement)

Natural width of hc:

I'(he) = 0.73 4+ 0.45 + 0.28 MeV /¢

(first measurement)

Hyperfine splitting:
AMypr = —0.10 £ 0.13 + 0.18 MeV /¢”

(consistent with zero)

1++

2++




singlet P-wave hc
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two years later...



singlet P-wave h¢; exclusive decays of etac
PRD 86, 092009 (2012)
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Events /(2 MeV/c?)
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singlet P-wave h¢; exclusive decays of etac

PRD 86, 092009 (2012)

X; Bi x By x B3 (XlO_G) B3 (%) B3 in PDG (%)
D 0.65 + 0.19 + 0.10 | 0.1540.0440.024+0.01 0.141+0.017
atn nta~ 7.51 + 0.85 + 1.11 | 1.7240.1940.25+0.17 0.86+0.13
KtK-KtK— 0.94 + 0.37 + 0.14 | 0.22+0.0840.03+0.02 0.134+0.032
KtK—ntn~ 4.16 + 0.76 £+ 0.59 | 0.9540.1740.1340.09 0.61+0.12
pprt™ 2.30 £ 0.65 + 0.36 | 0.5340.15+0.08+0.05 |<1.2 (at 90% C.L.)
atn ntr ntr™ | 882+ 1.57 £1.59 |2.02+0.36+0.36+0.19 1.540.50
KtK—ntn n 7| 3.60 + 1.71 + 0.64 | 0.834+0.39+0.154+0.08 0.71+0.29
KtK—70 454 + 0.76 + 0.48 | 1.04+0.174+0.11+0.10 1.240.1

ppmY 1.53 £ 0.49 £+ 0.23 | 0.35+0.11+0.05+0.03 —~
KYK*n¥ 11.35 + 1.25 4+ 1.50 | 2.604+0.294+0.344+0.25 2.440.2
KOK*nFrEnT 12.01 + 2.22 4+ 2.04 | 2.75+0.514+0.47+0.27 -

Ttr Ty 7.22 + 1.47 + 1.11 | 1.66+0.344+0.264+0.16 4.9+1.8
KtKn 2.11 £+ 1.01 + 0.32 | 0.4840.23+0.07+0.05 |<1.5 (at 90% C.L.)
atrntnn 19.17 + 3.77 + 3.72 | 4.40£0.864+0.85+0.42 -

atr 7070 20.31 £ 2.20 &+ 3.33 | 4.6640.50+0.764+0.45 —~
rtr—ntr 7070 75.13 4+ 7.42 + 9.99 [17.23+1.704+2.294+1.66 —

Bl(¢(3686) — 7"-Ohc) X BQ(hc — '7770> X 83(770 — Xz)



singlet P-wave h¢; exclusive decays of etac

3.8
$’’(18D1)
2Mp [rmmrrrrrrm e 7TO -------------------------------------
_|vees)]
Nc'(2'So)
3.6
o
Q
>
()
S,
o 34
0p)
<C
=
3.2
Jp(13S:)
3.0

Xc2(13P2)

1-— 1+ O++ 1++

. JPC
16 exclusive channels

2++

PRD 86, 092009 (2012)

~ Sum of all

- exclusive channel

i

-
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3.52 3.56
7’ recoil mass (GeV/c?)

Precision!

M =3525.31+0.11 £0.14 MeV
['=0.70 £0.28 £0.22 MeV
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“"P-wave hyperfine splitting”

MASS [GeV/c?]

3.8

2Mp

3.6

3.4

3.2

3.0

"' (13D1)
@)
Ne (2180) \
JIP(13S4)
- [ne(1'S0)
O+ 1— 1+ O++ 1++ 2++
JPC

_Ath

PRD 86, 092009 (2012)
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exclusive channel
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“exploiting isospin breaking”

breaking of
Isospin symmetry: u <->d

probe the ratio mu/mg

mﬂ

m,

&R=

B(W'=x'J]y)

B(W'-nJ /)




“exploiting isospin breaking”

breaking of
Isospin symmetry: u <->d

probe the ratio mu/mg

m S
—“@R:B(qj ki J/w)JrloopS!
m, B(W'-nJ )

size of hadronic
loops in charmonium

(f)
Guo, Hanhart, Meissner PRL 103, 082003 (2009)




“exploiting isospin breaking”

breaking of
Isospin symmetry: u <->d

probe the ratio mu/mg

size of hadronic
loops in charmonium

Candidates / 0.0025 GeV

understand nature of
the X(3872) state

data-fit

1 03 2540610-s015
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“exploiting isospin breaking”

breaking of
Isospin symmetry: u <->d

probe the ratio mu/mg X (3872) — J/\I/7T+7T_

Experiment

size of hadronic CDF 2 3871.61 £ 0.16 £ 0.19 MeV
loops in charmonium BaBar (B*) 3871.4 + 0.6 + 0.1 MeV
BaBar (B°) 3868.7 + 1.5 + 0.4 MeV
DO 3871.8 + 3.1 + 3.0 MeV
Belle 3871.84 + 0.27 + 0.19 MeV
understand nature of LHCb 387 +0.10 MeV

the X(3872) state 3871.67 + 0.17 MeV

World Averag

M(D9)+M(D*9)
PDG2010

3871.79 £ 0.30 MeV

I'<1.2 MeV




“exploiting isospin breaking”

breaking of
Isospin symmetry: u <->d

probe the ratio mu/mg X(3872) — J/\IJ,O

size of hadronic
loops in charmonium

Events/ 0.02 GeV
%]

understand nature of 5
the X(3872) state 0

1

1 1 11 II---I-I [ IIII|IIII|IIII|IIlJ|I
04 045 05 055 06 065 0.7 075 0.3

M(nn) (GeV)
Isospin breaking enhanced for X(3872)



“exploiting isospin breaking”
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ZES,

B(y(4010)— n®Jhp) < 2.8-10™

Phys. Rev. D 86, 071101(R) (2012)

B(y'— m°h)=(8.4 £ 1.3 + 1.0) - 10*

PRL 104, 132002 (2010)

B(y'—>m°J/p)/B(y'—ndly) =
(3.74 £0.06+ 0.04) - 10

PRD 86, 092008 (2012)

B(x,,,—~ ™n,) <?

(o

In Progress

W(2°D;) : l
esy)  transitions
|
1
1
______________________
w:(zaso
B Nc’(21So) 1 l~~
1t Xe2(13P2)
' | he(11P+4) ,
11 P
o 1l ’
11 P ’é
11 v
e ’
L 11 4 "
o
7 195)|
)3
" [ne(1"S0) |
0+ 1— 1+ 0+ 1 D++

valuable input to EFT approaches




“charmonium ground state”
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“charmonium ground state”
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250308-001

CLEO-c, PRL 102, 011801 (2009)
245Mpst ————
— ‘ Breit-Wigner modified with E3 [

i dependence + detector 1
 § response + damping function

(00

0.04 0.14 0.24 0.34 0.44
E(y) [GeV]

N

Precise resonance parameters

require a thorough theoretical
understanding of line shape!




“charmonium ground state”
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“charmonium ground state”

MASS [GeV/c?]
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“charmonium ground state”
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Interference with non-resonant
background small....



“charmonium ground state”

MASS [GeV/c?]
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light hadrons

M1 transition to ground state:

Significant larger statistics

(no pi0 isospin-forbidden
transition involved)

hindered M1 transition small

(large contribution of non-
< resonant background)




“charmonium ground state”

2

PDF: F(m) =0 |e(m) |’ El/*S(m) + aN(m)| | + B(m)
PRL108, 222002 (2012)
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“charmonium ground state”

Statistical significance of interference: 10

mode constructive destructive
KsKtn~ 2.94 4+ 0.27 3.75 + 0.26
KtK—7° 2.63 +0.21 3.96 + 0.19
nrtTT 2.41 £ 0.13 4.28 £ 0.09
KsK ntn~n~  2.1640.11 4.46 £+ 0.07
KtKntn n% 2.73+£0.19 4.00 +0.16
3(ntwT) 2.28 4 0.10 4.43 4 0.06

¢ |rad]

Bottom line: must take into account distorted line-shape

and interferences with “non-resonant” decays




“charmonium ground state”

MASS [GeV/c?]

PRL108, 222002 (2012)
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radial excitation of the g.s.
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confirmed by BaBar, Cleo
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radial excitation of the g.s.

MASS [GeV/c?]
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Discovery of n'. by Belle in B—Kn/(—=KKn)
confirmed by BaBar, Cleo

CB, PRL48,70(1982)

E% (2.5% bins) (x102)

| | 1 L
JIp(1381) 80 70 80 90 100 110

Ey (MeV)

Disagreement of experiments on the mass and with

early findings by Crystal Ball (3594). Only marginal

0" | consistency with most theoretical predictions.




radial excitation of the g.s.

MASS [GeV/c?]
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First observation of M1 transition to etac(2S):

significance ~10 sigma




radial excitation of the g.s.

MASS [GeV/c?]

JPC

PRL 109, 042003 (2012)

M=3637.6+29+ 1.6 MeV
['=169+64+4.8 MeV

B(Y(2S) — ync(29)) =
68 +1.1+4.5)x104

Notes:
1) using Babar result:

B(n, (25)> K Krt) = (1.9 £ 0.4 + 1.1)%

2) consistent with
CLEO-c: < 7.6 X 10™*[PRD 81, 052002 (2010)]



radial excitation of the g.s.

MASS [GeV/c?]

PRDS87, 052005 (2013)

No 6 —&— data

38 S 10 = signal

I ® phse spce
2 @ (5 105 QED background
' o KsK3n
8_ 10* ===== n’KsK3n
e 3
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W 10§
1 ............................ ‘ ) "(,‘.;" \
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M. . (GeV/C )
KsK3
4.20 (57 +/- 17 cnts) =
e e M(n,) = 3646.9+1.6+3.6 MeV/c
sof ( « T(,) = 9.9+4.8+2.9 MeV

* Br(y'—yn. —yKKamnm)=(7.03£2.10+0.70) x10
0+ 1— 1+ O++ 1++ 2++



radial excitation of the g.s.

MASS [GeV/c?]

Suppressed by helicity selection rule PRDS84, 091102(R) (2011)
--> charmed meson loops (Liu, Zhao)? ’

Upper limits
(90% C.L.)

<31 % 1070

3.8

2Mp @\ -------------- T

T (6-29) %1078

"< 5.4%10°3

Events / 5 MeV/c*

Sl (8- 36) x 1077

"
30 Ne(11S0) % m%—ﬁﬁf H ; +++" + é < 2.0 X 10
A L
T oyt (2 -10) x 1077

Jp M Gevred) arXiv:1004.0496



Charmonium Hadron Decay Studies with BESIII

Quality data to study charmonium decays
with world’s best precision

charmonium g.s. + radial excitation:

new insights and discoveries! But thorough
theory input required!

P-wave singlet state (h¢):

mass and width measured, hadronic decay
properties in progress ....

BESIII and the near future:
more results at psi(2S) mass to be expected

_ ) “This could be the discovery of the century. Depending,
new data at >4 GeV: discovery potential! of course, on how far down it goes.”




VV decays in P-wave charmonium

MASS [GeV/c?]

O+ 1— 1+ O++ 1++ 2++

JPC

Huge statistics due to large E1
transition rate

Ideal testing ground for
(perturbative) QCD calculations:

Xel — (¢¢7 W, w¢)

HSR: highly suppressed?
long-distance effects?

XeJ — w¢

Doubly OZI suppressed
To be observed?
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VV decays in P-wave charmonium
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Mode Nnet e (%) B(x10~%)

Xco — QP 433 +£23 224 7.8+0.4+0.8
Xcl — 0@ 254 +17 264 4.1+03+04
Xc2 — ¢ 630 +26 26.1 10.7+04+1.1
—2(KTK™)

Xco — OO 179 +16 12.8 9.24+0.7+1.0
Xcl — ¢ 112 +£12 15.3 5.0£0.5+0.6
Xc2 — O 219 +16 14.9 10.7+0.7£1.2
S KK ntnn°

Combined:

Xco — O — — 8.0+ 0.3 +0.8
Xcl — Q@ — — 44+03+0.5
Xc2 — O — — 10.7 £0.3 1.2
Xc0 —> WW 991 +38 13.1 95+0.3+1.1
Xcl — Ww 597 +£29 13.2 6.0£0.3+£0.7
Xc2 — Ww 762 +£31 11.9 89+03=+x1.1
— 2(ntn70)

Xc0 —> WO 7611 14.7 1.2+0.1+0.2
Xcl — WO 15+4 16.2 0.22+0.06 £0.02
Xc2 — W <13 15.7 <0.2
S K"K ntn x°
Observation Evidence

Unique constraints for calculations!




