Light hadron multi-quark states in
charmonium decays




Outline

1) Motivation and overview

2) Light hadron 0-0-0- system from
charmonium

3) What can we learn form ay(980) and nr
line-shapes?

4) Relevance to modern exotics?
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Charmonium: radiative transitions

PRL 45, 1150 (1980)
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Charmonium lab:

radiative transitions
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Current statistics based
on PDG rates and

~0.5B y(25) & 1.3B J/vy :

> .7~ 40M (each)
> 1. - 25M (all 'feeding’)
» also h, - 0.4M

Compare with CLEO:
> XCJ - 2.6M
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JF¢ — 0°00- (hhh = nnn)

Consider isobar model, two-body processes:

» 1=0: ¢y, — R, +n(L); R;— nn

» I=1: v, — R;+n(l); Ry—>nn

Yoy (1++)
o+t P fon; agm
1 S,D T, T
pAN P F fon; a,m

Only S-wave is exotic!

Yoz (2++)
o+ D NA
1+ D T T
2** P, F fon; a,m

Exotic has one
combination!



JF¢ — 0°00- (hhh = nnn)
Consider isobar model, two-body processes:

» 1I=0:n, — R; +n(L); Ry— nr
> I=1:n. — R+ n(L); Ry,— nm

n.(07)
One exotic configuration!
o+ S fon; agm
All this holds if n — 71’ 1= i -
2** S,D fon; a,m

Replace nn with KK and other interesting possibilities
emerge.



Exotic candidates: 1
Rev:C. A. Meyer and E. S. Swanson: hep-ph/1502.07276

7,(1400) reported in decays to n= final state, by
GAMS, VES, KEK, C. Barrel, E852
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Figure 12: The results of a partial-wave analysis of the g7~ final state from VES. (a) shows the
intensity in the 2% partial wave, (b) shows the intensity in the 177 partial wave and (c¢) shows
the relative phase between the waves. (Figure reproduced from reference [126].)

VES: Phys. Atom. Nucl. 68, 359 (2005)

pn mode questionable, seen by OBELIX
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Exotic candidates: 1
Rev:C. A. Meyer and E. S. Swanson: hep-ph/1502.07276

©,(1600) most promising candidate so far, seen in
f,m,n'n, by ; by VES, E852, COMPASS, CLEO-c
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Exotic candidates: 1
Rev:C. A. Meyer and E. S. Swanson: hep-ph/1502.07276

n,(2015) least promising so far, reported by E582 in

fim; by

CLEO: PRD 84 112009 (2011)

60_ (©) weeee @ (980)TC

Yo1— NTIT _ o 8,(1320)TC

suitable environment : """'i’”ﬂsﬂ ,
. 40L- - £ (1270° |

to look for' exoTics i — n,(1600)Tt

JPC = 1-+
plus ... 20l
TS oo

0.5 .0 152025 3.0 3.5
M(n'z) [GeV/c?]
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Multi-quark states

Concentrate on ay(980) facts:

Discovered four decades ago, its nature still not resolved,
consensus: it has a large KK-loop contribution

Couples to: yy, nm, KK, and n'n, mixing with f,(980)—nn

a,(980) — n'n observed only recently by CLEO-c coupling
g’ .. consistent with zero, based on ~2.5K events

8,(980) — n=: large variations in coupling value, reported by
different experiments: 0.15+0.02 < g2 [GeV/c]*< 0.36 + 0.04



450 ¢

a,(980) line-shape

KLOE: PLB 681 5 (2009)
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Experiments
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Experiments: ~ 94% of 4n
Excellent tracking & shower reconstruction!
% @ 1 GeV/c
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V(23)= ¥Xc1 5 X1 MM
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V(23)= ¥Xc1 5 X1 MM

. a,(1700)
combine all n modes o hypothesis
5000} oft | - a,980) [l
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V(23)= ¥Xc1 5 X1 MM

a,(1700)
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Recent a,(1700) reporting:

Belle: yy — K*K-; Eur.Phys.J. €32, 323 (2003)
C.Barrel: pp —3n°, 2n%, n°nn; Eur.Phys.J. €23, 29 (2002)
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Two-body structures

Threshold effects in both projections!
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Helicity formalism

Adopted from PRD84 112009 (2011)

Ai’-‘rf@..hﬁ, (X) = Z (,(fl‘{h )\'}": Ax) Z D%\F; ,— Ay (O"} 9"}": O) X
Ax=%£1,0 M/ =%1,0
> (UM |LMy, IMOYL™ (07, 675" (64, ¢1) PEa" Tu(s)
MY M,
Likelihood minimization Intensity
N N ;
e Hu +—~+ n(x)l(x) a
L = - Z ZVU Ay A, Any (x)
N! Efn(;r)f(:l:) My |«

Line-shapes: T (s) = BW, all structures except:
. S-wave & a,(980)
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Starting with: TCTT — TUTC

M. Kornicer

Tt S-wave

M () (GeV) talk last
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Tt S-wave

Starting with: Eur.Phys.J.C9,141 (1999)
= 1 PRD50,3145 (1994)
g 2:5 (K} k)
2 [ THK) mK)
E 1:: — Scatterin;g amplitude
of A. Szczepaniak:

transform nn—nn

g component: »
:§ use 1/D(s) as a basis to e
5 account for
) differences in ;
decay vs. scattering
m2, [GeV/c’f processes: PRD84 112009 (2011)
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Tt S-wave
1. Skk :for KK—nm *PRD84 112009 (2011)

2. S_.: for tm—nm, expanded using S° = D-(s)

* use additional terms in expansion and two
conformal transformations z,,(s,s;,):

( ) \/S—i—SU — \m . (‘;) o \.-"S‘|‘SU — /8l — s
ZKkK(8) = _, Zar(8) = J
) Vs +so+\/4m3 — s Vs + 50+ /sl —s

S(8)ar = c0S°(s) + Z [zrr(8)]'SY(5) + Zc;[z;;(sj]"’Sn S
=1

optimize ¢;and s



Tt S-wave
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a,(980) Flatte formulae

i —_— ‘2 - . 2
Daﬂ{ué@n)w(ﬁ) =My —S5S—1 E g.Pe
C

> p. = phase space for given channel
» g2, = coupling to given channel

» consider: n=x, KK, n'n channels



a,(980) dispersion integrals vs Flatte formulae

> similar denominator: D.(s) =mi —s — z L. (s)

ch

» same imaginary part: ImIly(s) = YonPur + 9k K PKEK + Yo nPrin

» Different analytical Relly(s) = 1P /i“f ImIL.p(s")ds’
. . ELLpl\S) = —
continuation: T Js (8" —5)

[(M? — (my +mg)?)(M? — (my — mz)i}]lﬂ‘

» False singularity no issue? 5| =5 = o

s < (m; - m,)? case, i.e. s < (m, - m.)?

treated by p = Jl — (myr + mn)z/m if Flatte is

used!
& EP.J. Al6, 229 (2003) D.Bug: PRD 78 74023 (2008)



a,(980) dispersion integrals

D,(s) =mg — s — Z Rell.p,(s) — Rell . (mg)| —i Z Imll,,

ch ch
ImIl.(s) Rell,
1
L — Imil,(s) 0.5
L imi Fr;f-"l ____________ i —Rell
s) e ul
0.8/ pen) 0.4f _Relly,
I 0.3F
0.6 -
[ 0.2
04 :_ ,-":r 0.1 E
0.2 :
: '0-1: e

s [GeV/c?P s [GeVIc?F

: _ —ag?,(s)
Form factor to remove divergence:  fan(s)=e™™
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a,(980) couplings

D,(s) =mg — s — Z Rell.p,(s) — Rell . (mg)| —i Z ImlIl,,,

ch ch

2 2 2
.(I;-'I;:rrp?’;ﬂ' —|_ (IKK.‘GI{I{ —I_ .eri"j'rf}i"f’?r

Expectation from SU(3) depends on angle ¢ = 54.7° - @pg

related to pseudo-scalar mixing angle ©,..
¢ = (41.3 +£ 1.2)"

92592 = 1/(2cos® §) = 0.886 + 0.034,
92/ 92, = tan® ¢ = 0.772 £ 0.068,
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Bundle all together: nn

BESII

N 600 E_ T ::E?ggf]"h preliminary
LS, - --o- a(1700)m

} 500 B r - SKK—A{.‘:T}

S 400f | i)

E 400 _— }p e ff{zﬂﬁ[}}::

< 300 :t )
e v Iy T
C 200 j ,,,,,,,,

= - A 'Y St g

© 100} 4

0:.2{ e S ey e e R
1 15 2 25 3
M(nr) [GeV/cY
also for the first-time:
a0(980): On'x *0
n'n threshold

M. Kornicer

3.5

INT :: 11 Nov. 2015

-
-
L.~

Featuring for the first
time:

a,(1700) > 176

VS: a,, Ty, 4,

mass & width ~ PDG

-
-
-
-
-
-
-
-
-
-
-
-

Amplitude F [%] No
ap(980)m 72.47 + 0.59 + 2.33 > 1000
as(1320)m 3.84 £ 0.18 £ 0.74 320
az(1700)7 | 1.04 % 0.10 + 0.29 200
Skrn 242 + 0.18 + 0.36 220
Sppn 16.12 + 0.47 £+ 0.79 > 1000
£(1270)n | 778 + 0.26 + 1.142 | > 1000
£1(2050)n | 0.56 + 0.11 + 0.18 6.80
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a,(980) parameters

3 BESI < PRD84 112009 (2011)
600 - . (O preliminary
B soof o a1z > PRD 78 74023 (2008)
} B r o SKK—A':.'!T]
ﬂJ B - prameell
S 400F = BA1370m _
© F e Comparing:
T 300F t
%) C 2 ~ 2
S 2001 ' 0%x~ 0.5 9%s
> N
@ . . ]
100; ﬁ e } gzn,n =0: ~9o
0 e ‘1'-"?-""1' r-;"-'i: .'“1':?:7?‘;“:\' e e e
1 1.5 2 2.5 3 3.5
M(nr) [GeV/c?]
Data my [GeV/?]  go [GeV/c?] I/ Grr 2/ Girm
CLEO-c [2] 998 + 16 0.36 & 0.04 0.872 +0.148 0.00 +0.17
C.Bam « 14]| 98744 0.164 +0.011 1.05 + 0.09 0.772
BESIIl »  995.542.446.5 0.368+0.00340.013 0.93140.028-+0.090 0.489+0.046+0.103
Fix R%, 0.990+0.001 0.341+0.004 0.89240.022 0.0

note: we see n'n effect, can we see ' - « false singularity in data?

M. Kornicer
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it distribution

BESIL  Featuring for the first

E .. a(980) preliminary .
~ 600F a,(1320)n time:
o : -~ a,(1700)m ]
= 000 == S saall 2 I | 0
= - :.:T?ﬁa?é‘m $°(8) = Z5i4n)S nn
= f,(2050)n
N . U A s'th~1500 MeV /c?
~ 300 Mabois bt
"E 200 ‘_ M‘ h I m ,,,,, Decay mode B(xe — nrtn™) x 1072
% -y Yt T nrtae 4.819 £ 0.031 =+ 0.088 =+ 0.210
1000y . ‘i..l:'?-! ,’;l,-g e ag(980)* 3.506 =+ 0.034 = 0.182 % 0.153
0 Lt A s g g ag(132{))iﬁ 0.185 £ 0.009 + 0.038 % 0.008
0.5 1 15 2 2.5 ay(1700)* 7+ 0.048 £ 0.005 £ 0.014 £ 0.002
M(m*m) [GeV/c?] Sk 0.123 + 0.007 + 0.018 £ 0.005
. Sppll 0.791 + 0.019 + 0.037 + 0.035
Note: dip at KK threshold e 0.859 + 0.021 + 0.031 + 0.037
reproduced well© (f>(1270) — 7+7=)n 0.371 + 0.012 + 0.054 + 0.016
kink could be better® (£2(2050) — 77~y 0.027 £ 0.004 £+ 0.009 + 0.001

M. Kornicer

S(8)pr = (‘US + 12K {SM —I—qz,,.;S“ —I—(‘gz S“
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candidates ?

Exotic nn
600f- . 2,(980)r
® sool e
- - a,
3 50{] N r T SKK—A{.‘:T}
2 aoof | i
. : * - £,(2050)
T 300F t
% 200 -
= - 4
© 100} 4 v
0 i‘?‘l ‘"'"".:; g E ‘F"!‘;‘ﬁ ?*"r-"‘r?-'l': T :;l_:'-; :I;-:';:*

BESIT  Upper limits in the
T pegion 1.4 -2.0 GeV

Mass:
n,(1400): 1354 + 25;
n,(1600): 1662 + 10
n,(2010): 2015 + 20

1

M. Kornicer

1.5 2 2.5 3 3.5
M(nr) [GeV/c?]

Decay mode B(xe1 — natn~) x 1073

et~ 4.819 + 0.031 &+ 0.088 &+ 0.210
U.L. [90% c.1]

ﬁl(ld{){))i'sﬁ 0.028 % 0.010 < 0.048

71 (1600)* 7 0.005 + 0.005 < 0.016

m(zma)iﬁ 0.003 £ 0.002 < 0.008
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Compare nin: CLEO vs BESIII

PRD84 112009 (2011)

Xc1 > NI CLEO-c
BESIT
. .- 3,980y preliminary ey e a,(980)n
o 600__ + aimgg}n I © a,(1320)n
k& : f 2{1?{10};: 1001 e (RR)T
o S W= A I N
= 400F ! Eznsniﬂ > g eosom
o : =
N 3 4 o
— 300F 4 MM LD
)] - b —
0 w e ! ;
0 .L,.q mooif P s i "?Wm-rw_uﬁ.: . " 05 10 15 20 25 8.0
0.5 1 1.5 2 2.5 3 M(nr) [GeV/c?]
M(m*) [GeV/c?]

Similar distributions at BESIIT and CLEO:
based on this, we can expect to see similar features in
n'nr data at BESIII!
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Compare nn: CLEO vs BES

PRD84 112009 (2011)
Xc1 ™ NI CLEO-c
B‘ES]]I 25[]; @ a,(980)x
600 _ preliminary T a,(1320)n
o u - ---- @ N 200 oo (nm)n
g ~§ I - £,(1270)
= % 150F — {,(2050)n
= Q i
— L L
P ~  100F
c w i
) = i
@ 2  s0F
L :
M(nr) [GeV/c?] 05 10 15 20 25 30 34
M(nn) [GeV/c?]
Similar distributions at BESIITI and CLEO:
based on this, we can expect to see similar features in
n'nr data at BESIII!
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Exotic n'n candidates ?

Ye— Nt - preliminary results

Six decay modes, 85% n’ decays:

" N = Nt noyy + wrn’ + nondnd
] nl N 'l']TCOTCO ; N—YY + PO L 1o

o Bt (AL

N

=]

=]

(=]
|

t

- V@S
1500
: vv  ~9K events

1000~ '

events / 2[MeV/c?]

500_—

M.I L ‘..-""f"'.J. L ettt
9.4 3.45 3.5 3.55 3.6
M(n'r'm) [GeVic?]




Exotic n'n candidates ?
PRD84 112009 (2011)

[
Xc1— NN Yo N T
600 ;‘ s e ,(980)n Egnényy o0 I ------ @,(980)T
b ook 700w - CLEO-c ... s 1320
> F r T gl : “ (rm)n’
S 400F - £,(1270) oL 0 f,(1270)" |
o - } .- f,(2050)n — m,(1600)m
T 300F {‘
n N : 1
€ 200} j
> e
@ 100F J . el \
0 :.A/-wf-m---;;’""“-w T T
1 15 2 25 3 R e o il
M(nr) [GeV/c?] 05 1.0 15 20 25 3.0 35
n'n) [GeV/c?]
a,(980) projected into n'n: Will exotic wave
Expect to see it at BESIIT dominate ~1.6-1.7 GeV

at BESIII?
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Compare ntm

PRD84 112009 (2011)
CLEO-c
]
Xc1— NN A1 N
....... a,(980)n 80

B a,(1320)n B 3,(980)
100 _ o o) - 39{132?}7;
_ e (1270 60| o Tz?mn

%— f,(2050)1

— 1,(1600)7T

50
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Differences: can we learn more (about fy/a,) with
more data?
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What'’s next
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One strategy: suppress nmn

Explore threshold effect(s) without nr resonances:
by suppressing both low-mass and high-mass =,

reduce the effect of heavier nr states:
10

Qo
T | T T
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0 2 4 6 8 10 12
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Another strategy: suppress nm

ST . PRD84 112009 (2011
» Analyze nrn distribution in the region N

without nr resonances: o
» Explore differences: nnn vs n'nr. 2 |
» Is it possible fo train nnt amplitudes 2 .|
recoiling against known flavor states § .
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Thresholds in XYZ

one example, continue to look for a third channel
elsewhere:
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w(2S)+7 = 3.83 GeV
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Use nn in XYZ region?

423 GeV vs 4.26 GeV

(]
L - T S-wave J'y + NU 180 R S-wave J/y
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> differences in tn spectra as a function of energy?
> can we use nnt as a filter to learn about Y(4260)?
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Sumimary

Entering precision phase in charmonium decays

Use it to improve on our knowledge about light muti-
quark states: f,, a,

Extend it intfo XYZ region?

Look for light exotics as welll



