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The charmonium system

Strong Force

® Why do we believe this is a spectrum
of charm anti-charm!?

0140406-002

® How can we study QCD through
properties of the states? @ eMp T gy(es) T T
'
2540610-s033
AQCD
g <
2 | — ?/ ~
Low-lying gl High-lying %
QQ g\ QQ B
< /? Nl
S 1 Y Yy Yyoooxrr 3
g [ v ©
= f| : S ¥
S P ol o PR
g || [E JAp(1S)  CHARMONIUM
i f—? | T r(fm) 1§/Y
g% 30 | M(1S)
e
A 22 JPC= O—+ 1=~ 1+— O++ 1++ 2++
AV
L=0 O 1 1 1 1
2.8
' DEPARTMENT OF PHYSICS M. R. Shepherd

INDIANA UNIVERSITY 3 NNPSS at MIT

College of Arts and Sciences JUIy 20 ]6
Bloomington




Producing Charmonium
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® Probes the ratio of quark to lepton couplings in QED: Q4 / Q,?

Expect:

e+>m<ﬁ
— o R=33Q¢ 2 — 10/3
>M< \q u,d,s u,d,s,c

three colors
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| BEPCII,
| THEP, . .
Beijing, An ideal machine

hi .
. for charmonium study:

ete  collisions measured
with BESIII at BEPCII

SC magnet

Muon Counter

Drift Chamber

A
9

CsI(T1) calorimeter
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Electromagnetic Transitions

J/P(13S+)

E1-Dominated Transitions

M1-Dominated Transitions
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X Decays

PRD 79,072007
PRD 78,031101
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® Homework: why does a third 0 k
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not TTTT? 0 F —
. 40 E PP
® |Pofa pion: 0 -
30
e |P ofa proton: |/2- .
20 £ T
10 ;_ { \ y [ ‘ | |

I | RO (o] [€.0]

330 335 340 345 350 355 3.60
Invariant Mass (GeV/c?)

‘ DEPARTMENT OF PHYSICS M. R. Shepherd
INDIANA UNIVERSITY 7 NNPSS at MIT
g;)itcrﬁ?“ogft(ﬁ]rts and Sciences July 20 ]6




X Decays to YY

[ww(Xe2) = 4(|V(0)]*0e/md) x [I - 1.70as + ...]

R =

=@4/15[1-1.76xs + ...]

[y(Xeo) = I5(|¥(0)20e2/mé) x [1 + 0.060Ks + ...]

Xc02) R VY

prediction:
s = 0.32—R=0.12

Expt: R = 0.27 + 0.04

Higher order corrections significant!
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JW = yyy

® Test of non-perturbative QCD corrections
to a QED process (at first order):

64(7r2 —9)
2437 T

B(J/Y —=3y) _
B(J/vy — ete™)
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® |eading order: R=5.3 x 10%
Using & = 0.19:R=3.0x 10

® Suppress EM bkg. by using J/Q from Y’ —=T1TTJ/Y
Measure: B(J/ — yyy) = (11.3£1.8+£2.0) x 10

e Combine w/CLEO-c [PRL 101, 101801 (2008)]
From experiment: R = (1.95+0.37) x 10-*
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Bottom Quarks ", e
2Mg
10.4 |-
Y(33S+)
o . (2012)
® Similar production — ho(2'P1) Sor(2Py) | Xe2(2P2)
S 102 Xeol2 )
® All state below 2 Mg with L < | 8 i Y(13D1)
experimentally established (recently) =
. % (2012) -
® Probe of QCD at different mass scale < 10.0 |- [my@isy |12
=T S (2012)
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Electromagnetic Transitions
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Discovery of N,
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Hyperfine Structure
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Emerging Message

® Heavy quarkonia systems provide an opportunity to study the
QCD interaction between two quarks

® There is little debate about the quark content and spin
configuration of the lowest lying heavy quarkonium states

® Puzzles:

® Strong decays of quarkonium to light quarks

® Excited spectrum of quarkonium
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Charmonium

. ! 3.8
° Dlrectly.p.roduce JJW or Y in T
e*e" collisions L
lwess)
® study spectrum and = \
transitions 3.6 -
— Xc2(13P2)
® spectrum of low-lying S e \ X (1°P1)
charmonium states and o
transitions between them w 34+ Xeo1°Fo)
0]
seem understandable <
® Surprises:
: 3.2 |
® decays to light quarks
® excited charmonium Jp(19S1)
spectrum / E1-Dominated Transitions
. ] 3.0 - ne(1So) M1-Dominated Transitions
® Handling light quark degrees of
freedom in QCD is challenging
O+ 1-—- 1+- O++ 1++ D++
JrPC
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Surprises in Strong Decays

® Naive picture of strong decay
® |/ and Y’ are very similar
® same |*C

® )’ is a radial excitation of
I

® How does the initial state
influence which light quark
hadrons are produced in the
final state?
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QP =yn, n)

® Measure: JAp — Y(2S) — v

| A T T T LA S ] Fr 7 | B

B(v(nS) — n) o Y L R T

Rn: 10 : : . - . . -
B((nS) — 1) - T -

L v
; |
I S L X TILR I
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® Existing measurements of R consistent £ I — V(2S) = v’
with expected mechanism and known 1/ 2 OF TN dwf i
N’ mixing o2l 1 | !
E | sof il
® R; expected to be equal to R, 10F 1 & il
TE t L1 I T g![, TP
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“Cut and count” analysis in region of meson mass

PRD 79, I 1 1101(R) (2009)

<
JJWW or Y’ Norn CLEO Collaboration
>

>
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Results:

BUY =1 _ 21.1+09)%
B(J/y —yn’)

Events/(8 MeV)

BW2S) > _ g
By (2S) — yn’)

TE, t L1 N gﬁ. L
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: )
Why is P(2S)—yn strongly suppressed:! CLEO Collaboration

PRD 79, 111101 (R) (2009)
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BESIIL, PLB 710,594 (2012)

31T Decays of J/P and Y’

v /P—=TTHTT-TTO
~
< Jp 600
v
S,
< g; 400
JIW or @y | ®
- S 200
0
® |n the naive picture both decays should be very
similar
® cc annihilation
® same parent J’¢ —
O
S~
® hadronization into 31T at about the same d
energy scale S
® The two Dalitz plots couldn’t look any more g{:
different! 5
S

® |/ is dominated by p

® )’ is strongly populated by higher mass
states absent in |/ decay

0 5 10
m(n*n’)? [GeV¥/c*]
M. R. Shepherd
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cut to remove
background
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Excited Charmonium Spectrum

State m (MeV) I MeV) JFC Process (mode) Experiment (#0) Year  Status
® Center of spectroscopy
X (3872) 3871524020 13+0.6 1tH/2=F B K@tn—J/¥) Belle [85, 86] (12.8), BABAR [87] (8.6) 2003 OK
actlv|ty IN the |ast (<2.2) pp— (wta~J/Y)+--- CDF [88-90] (np), D@ [91] (5.2)
B — K(wJ/Y) Belle [92] (4.3), BABAR [93] (4.0)
d e Cad e B — K(D*DY) Belle [94, 95] (6.4), BABAR [96] (4.9)
B— K(yJ/y) Belle [92] (4.0), BABAR [97, 98] (3.6)
. .. B — K(yy(29)) BABAR [98] (3.5), Belle [99] (0.4)
® Sl mPI |C|ty Of X (3915) 3915.6 £3.1 28410  0/2"F B — K(wJ/Y) Belle [100] (8.1), BABAR [101] (19) 2004 OK
. ete” = ete (wJ/V) Belle [102] (7.7)
C h armonium S)'Ste m X (3940) 394219 37+37 9 ete™ — J/¥(DD*) Belle [103] (6.0) 2007 NC!
. . ete™ > I/ (..) Belle [54] (5.0)
makes it easy to notice _
G(3900) 3943 +21 52411 17— ete™ > y(DD) BABAR [27] (np), Belle [21] (np) 2007 OK
unusu al states Y (4008) 4008113 226+97 17~ ete™ = y@tn=J/¥)  Belle [104] (7.4) 2007 NC!
Z1(4050)" 4051173 82731 ? B — K (T x01(1P)) Belle [105] (5.0) 2008 NC!
Y (4140) 41434 £3.0 1574 9 B— K(¢J/¥) CDF [106, 107] (5.0) 2009 NC!
X(4160) 4156732 13918 o ete™ — J/Yy(DD*) Belle [103] (5.5) 2007 NC!
Z,(4250)T 4248119 17773 2 B — Kt xc1(1P)) Belle [105] (5.0) 2008 NC!
Y (4260) 4263 +5 108+14 1 ete™ - y(@ta~J/¥)  BABAR[108, 109] (8.0) 2005 OK
CLEO [110] (5.4)
Belle [104] (15)
ete™ — (wta=J/y) CLEO [111] (11)
etem — (@707 /) CLEO [111] (5.1)
Y (4274) 4274.4787 3212 27+ B— K(@J/V) CDF [107] (3.1) 2010 NC!
X(4350)  4350.6%4¢ 1337535 02*F ete™ —ete (¢ /) Belle [112] (3.2) 2009 NC!
Y (4360) 4353 £ 11 96+42 17 ete™ > y(rtn~y¥(2S))  BABAR [113] (np), Belle [114] (8.0) 2007 OK
Z(4430)T 444313 107703 2 B — Kty (29)) Belle [115, 116] (6.4) 2007 NC!
X(4630) 46341 921+ 1— ete™ — y(ATAD) Belle [25] (8.2) 2007 NC!
Y (4660) 4664 £ 12 48+15 1 ete™ > y(ata~y(2S)) Belle [114] (5.8) 2007 NC!
Y5(10888)  10888.4+3.0 307755 17 ete™ > (xta~T®S))  Belle [37,117] (3.2) 2010 NC!
DEPARTMENT OF PHYSICS EPJ’ C71 1534 (20| I) M. R. Shepherd
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Vector (|-

Charmonia

2540610-s003

= 2 _
50 - X/d.o.f=1.05 e R
Resonance m (MeV) TI'iot MeV) 6 (°) Ref. - ,“ exp
¥(3770)  3769.9+£2.5  23.6+2.7 PDG04 [17] 40l | 5 ‘ the
3771.1£24  23.0+2.7 Seth [14] Tt i | ~ } % |
37720£1.9  304+85 0 BES [15] - & } A L T{____ ; T
3772.924+0.35 27.3+1.0 PDGO8 [18] 30L K % Slagrt 777 ff T >
) N ' ’’’’’’ ||:I [ —
¥ (4040) 4040+ 1 52410 PDGO4 [17] L N con
4039 £ 1.0 80+ 10 Seth [14] 20 - —————ee R
4039.6£4.3  845+123 130£46 BES[I5] Tl I\ int
[ \
¥ (4160) 4159 £20 78 £ 20 PDG04 [17] L, AN ~ Qres
4153+3 103 +8 Seth [14] 1.0 ,“-,‘ I “ =
4191.7+£6.5  71.8+£123 293+£57 BES[I5] _ Il \ AR ;’{ ..\ BW
B LS ,a:‘. ,"' ..:‘ :"-. . ‘\’ el L ¥ .
Y (4415)  4415+6 43+ 15 PDG04 [17] 0.0 |t csnandanssi e d 25 e e e
4421 +4 62420 Seth [14] - v
4415.1£79  71.5+19.0 234£88 BES][I5] I e
_1 O l - 1 » 1 - 1 o o 1 o, 1 o, 1 o 1 o v o 1 , 1 , | . |
3.8 4.0 4.2 4.4 4.6 4.8 5.0
Ecu(GeV)
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Quark Model Prediction:

C h a rm O n I u m Barnes et al., PRD 72,054026 (2005)

(approximate — not all XYZ candidates shown!)

P 4.4 Ne(41S0) P(43S4)
Xc2(33P2)
Y(4260) | Nc(3'P1) Xe1(3%P1)
. 4.2 Xc0(33Po)
® Key players: T
® Y(4260): ??? C\\'g' 4.0 L [1e(3'S0) P(3%S1) Z(4020)*
S =
O v ) | Xc2(23P2
® J/P: So=I L=0,Jc=1-- G, ho@1P1) |- — e [ X(3872) Z(3900)*
o he S,=0L=I,[PC=|* I B T
c. 9¢g—V L—1I, j — I )
P’(2351)
® Key transitions: 36 | (1
ho(11P X2(1PP2)
V- L e
3.4 |- Xco(1%Po)
® Y—TITTh.
o Study of Y(4260) led to 3.2 - predicted, discovered
discovery of charged Z(3900)* J9(1°8) predicted, undiscovered
and Z(4020)i structures 3-0 - avso) unpredicted, discovered
O+ 1-— 1+- O++ 1++ D++
JrPC
m | DEPARTMENT OF PHYSICS M. R. Shepherd
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The Y(4260)

® |-~ state produced in e'e

Y

o
ol

Y?

C
et

® mass greater than 2M(D) so
we expect OZ| favored

decay: 5
C u
!

o(z 7 Jy) (pb)

24

Belle Collaboration, PRL 110,252002 (2013)

0 ** __________________ + +++++ _++Hﬁﬂhﬂﬂfﬁﬁ#ﬁ#ﬁf#ﬁ.ﬁfw

38 4 42 44 46 48 5 52 54
E.. (GeV)

CLEO Collaboration, PRD 80,072001 (2009)
B(Y (4260) — DD)
B(Y (4260) — wwJ /1)

< 4

compare with =500 for Y(3770)
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Exercise: Y(4260)—1TtT1)/Y

What do the first two lines of this table
suggest about the isospin of Y(4260)! Could Y (4260) be the
neutral member of an isotriplet of tetraquarks?

TABLE I: For each mode ete™ — X, for three center-of-mass regions: the detection efficiency, ¢;
the number of signal [background] events in data, Ng [Np]; the cross-section o(ete”™ — X); and

the branching fraction of 1(4040) or 1(4160) to X, B. Upper limits are at 90% CL. - indicates
that the channel is kinematically or experimentally inaccessible.

from CLEO-c, PRL 96, 162003 (2003)

V5 = 3970 — 4060 MeV V5 = 4120 — 4200 MeV V5 = 4260 MeV
Channel e Ng N o B e Ny Ny o B e Ny Ny o
(7o) (pb)  (107°) | (%) (pb)  (1077%) | (%) (pb)
rta=J/p | 37 12 3.7 97342 <4 | 38 13 37 8'3+2 <4 | 38 37 24 58T12+4
%/ |20 1 19 <8 <2 |21 5 09 651 <3 |22 8 03 237741
KtK=J/ - 7 1 007 <20 <5 |21 3 007 97+1
J J
Notation: u 2 1
0 0 0
myp mj
Conffic 1/6 1/2 1/3
m m oefticients
R - 0 0[2/3 0-1/3
1/6 -1/2 1/3
| DEPARTMENT OF PHYSICS M. R. Shepherd
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Charmonium from Lattice QCD

L. Liu et al. [Hadron Spectrum Collab.], JHEPO7 126 (2012)

i quo, |-- h)’bl"ld - il
1500 |- ] ﬁ | == =
T — = [

_ C= _

Y(4260) —— Q= _ _
L == —il = E— _

S 1000 - - — = == D,D, -
QO u |
= - — - -
E:“ - = DD -

S 500 - T -
- Experiment ]
- Conventional Meson -
- Lightest Hybrids -
Excited Hybrids

0F 0Ot 1= 27t 1=t ottt 1t 1ttt o2*tt 3t (ot 2+—_
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e'e =TI )/ at Ec, = 4260 MeV

® |/ is cleanly identified in dilepton decay modes

P

No 160 + Data :\lo 120:_ -+ Data

S 140 — Fit S C — Fit

8 120 ---. Background 8 100 a ---. Background
% 100 % 801

o 80 o 60f

@ 60 RPN

= £ 40r

g < s

w 20 W 20p

0 lﬁ'.n""u.x.“"_."‘...aﬂt’ e N R 0 AR T T ) (__ " il e . ."A" Xl
3 3.05 3.1 3.15 3.2 3 3.05 3. 3.15 3.2
M(ur) (GeV/c?) M(e*e) (GeV/c?)

[

TTFTT" interactions

Events / 0.02 GeV/c?

Structure in TT*)/\P mass that does not arise from

120
100
80
60

nN A
o O

-+ data
--MC

— Z,(3900) MC
[[] sideband

|

L L

o0
\V)
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Events / 0.01 GeV/c?

Z(3900) — TP

BESIII Collaboration, PRL 110,252001 (2013)

Belle Collaboration, PRL 110,252002 (2013)

100 |- o
- — Total fit
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o 20F
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—+— data
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39 4
M. (tJw) (GeV/c?)

Not conventional charmonium: tetraquark?

Evidence of neutral partner

[T. Xiao et al, PLB 727,366 (2013)]
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hc(2'P
el Xco0(23Po)

Xe2(13P2)

Xe1(13P1)

predicted, discovered

JAP(1384) predicted, undiscovered
| ne(17So) unpredicted, discovered
0—+ 1-— 1+- 0++ 1++ 2++
JPC

M. R. Shepherd
NNPSS at MIT
July 2016



e'e = Tr*(DD*)¥ at Ecn = 4260 MeV

BESIII Collaboration, PRL 112,022001 (2013)
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What is Z(3900)?

D>¥<

L=0

Ol

f=1

P— [+
J = | JP =0
How is it connected to Y(4260)?
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What is 2 Resonance!

pole : /s =M —il'/2

Expt.: s = [M(TTTT)]? (real)
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Y(4260) hybrid test?

® |attice QCD predicts the hybrid /-~ state to have spin $ =0

Using LQCD Dudek et al. predict [PRD 79,094504 (2009)]

Yhybrid — Y71c Yhybrid — Y Xc0

rate is comparable
VO QO WV OO

or larger than
Potential “hybrid test” for Y(4260), but no experimental sensitivity...yet

Two decays that we can attempt to compare instead:

Y (4260) — wrh, Y (4260) — 7] /4
OO OO OO 0|
7 7
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Z(4020)* — Trth

BESIII Collaboration, PRL 11 1,242001 (2013)
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® No Y(4260)-like peaking structure in TT"TT"h. cross section,
which is comparable to peak in G(TT"TT//)

® Very narrow charged TT*h. structure near DD* threshold

® Not conventional charmonium
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Questions

® Have we discovered some
new bound state of QCD?

® What does it tell us about

the state we set out to
study: Y(4260)?

® (Can we observe similar
physics in other systems?
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Y(10890)
b-quark system  ..|
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What about b quarks!?

Belle Collaboration, arXiv:1501.01 137

S I
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| =
: © =
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Production of TTTTY(nS) and TTTThy(mP)

Belle Collaboration, PRL 108, 032001 (2012)

[ | Y(25) 2]
40000 - l A =
[ | 1
RS i | : %
> 30000 N Y(1S) E E hb(ZP)
= i f ' A !
% 20000 | | h,(1P) i
i _ | | @
10000 |- ; r apy
OW“ | "'| il Wl
AT R VAL U L 1L L 1 L
9.4 9.6 9.8 10 10.2 10.4
M._...(GeV/c?)
Why are production of hy (5=0) and Y (S=1) of the same scale!?
Seems impossible starting from vector bottomonium (S=1).
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Observation of Z,(1061 O)i and Zb(I0650)i

+ :

® Belle observes two charged TT*hp(mP) -

states in the bottomonium o
SPeCtrum : 12222 ) ‘?0.1 10.2 10.3 104 10.5 10.6 107 1(-).8

6000 MIY(1S)7l, .., (GeV/c?)

Events / 10 MeV/c
S
o
o
o

® couple to TT*hp and TT*Y o 1
O_II1+H'}TI{'TT ‘E 80 ¢
® consistent masses and widths in -zoogolfﬂ“ WTT ﬁ.m ] fel
five different decay modes Vs, GV §or
® masses at or just above BB* and e o T ————
15000 m= MIY(28)nl__. ., (GeV/c?
B*B* thresholds om0 A (O
_ %10000 &_\100; n=3 :
® decays to BB*: 5 S
[Belle Collaboration o ooy e
arXiv:1209.6450] e O Ea
10.58 M:;((S:Zis)n]l:f? (Gello/.7c02) 10.74
' DEPARTMENT OF PHYSICS Belle Collaboration, PRL 108, 122001 (2012)
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Summary

® Similar unconventional spectroscopy (?) in both bottom and
charm systems

® Signs of new states bound of QCD!?

® Meson meson interactions! Complications from light quark
degrees of freedom?

® (Many more results from more experiments than shown here,
including candidates for unconventional baryons.)

® Need tools to try to probe the complete scattering amplitude:
magnitude and phase

® more about this tomorrow
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