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2003 X(3872) observed at Belle

2004

2005 X(3915) at Belle - Y(4260) at BaBar

2006

2007 X(3940), Y (4008), Y (4660) at Belle —

2008 Z+-(4050), X(4160), Z+-(4250), Z+-(4430), X(4630) at Belle
2009 Y (4140) at CDF

2010 X(3915), X(4350), Yb(10888) at Belle

2011 Y(4274) at CDF

2012 Zb+-(10610) and Zb+-(10650) at Belle

2013 X(3823) & Zb0(10610) at Belle — Zc+-(3900) & Zc+-(4020) at BESIII
2014 Zc0(4020) at BESIII — Z+-(4200) at Belle — Z+-(4240) at LHCb
2015 Zc+-(4055) at Belle — Y (4230) at BESIII



Outline
# a brief introduction of Y (4260)

*Y (4260) & its interpretation
* the selection rules

# our approach
* hyperspherical formalism
*auxiliary field technique

# the numerical results we obtained

# summary
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The measured dipion mass distribution agreed with
the theoretical Monte Carlo S-wave phase space model

B. Aubert et al, Phys. Rev. Lett 95 142001 (2005) \
Q. He et al, Phys. Rev. D 74 091104 (2006)
J. Beringer et al, Phys. Rev. D 86 010001 (2012) JPC — 1




Y(4260)

The 2013 measurement: M (Y426()) — 4958
Ftot — 134

The 2016 measurement:
(K. Olive et al) M (Y 4260) = 4251
[' =120 4
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A lattice calculation with a pion mass of about 400 MeV suggests

there exists J"{PC}=1-- around 4280 MeV

L. Liu et al, Journal of High Energy Physics, 122 (2012)
Access to this journal is limited ARXIV: https://arxiv.org/pdf/1204.5425.pdf

Decaysinto J/¢ +n 7"
J/ + m7°
Jp+ K K+

Z(3900) M (Z3900) = 3894.5 + 6.6 4.5

[ =63+24+26 MeV/c?
Z.Q. Liu et al, Phys. Rev

. Lett. 110, 252002 (2013)
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THE CHARMONIUM SYSTEM
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Y(4260)

Tetraquark ccss interpretation

needs the channel of D, + D, nta=J /4
— + 4
DD, molecule interpretation eret T he
Y4260 close to DD WXecO

The single-resonance assumption is naive to determine the mass & the

width of Y(4260). —» Average the mass and width determinations in the 3
channels - Y4260 label “retired”

(Olsen 2017)
DD; B.E. soars to 66 MeV M (Y 4220) = 4222+ 3
Hybrid meson I'iot =48 £ 7

Hp : cc+ P-wave gluon

Selection rule to restrict the decay of the hybrid
(The decay into two S-wave open charm mesons is prohibited)

Gui-Jun Ding, Phys. Rev. D79, 014001 (2009)
E. Kou & O Pene, Phys. Lett. B 631 (2005) 164



Cross section measurements
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Hybrid meson

A bound system which consists of a quark, antiquark and gluon
Quarks heavy and slow - NR O(m; )

q

Interaction between a quark and gluon is an attractive linear
potential

Quark-antiquark interaction weak & repulsive

If it is exotic (Beringer 2012), then
JPC =0F" 171 2t L

Gluon carries the adjoint representation 8 of SU(3) — it can be
linked to a quark & antiquark to form a colour singlet object.

D@E@_'

oHH o 9 '@ﬁ

D. Horn & J. Mandula, Phys. Rev. D 17 (1978) 898




Hybrid meson

Hybrid charmonium as a bound state of cc plus a gluon

For a magnetic (transverse electric) gluon: L, =J,

P = (_1)(Lq67‘|'<]g) : C = (_1)qu—|—5qq—|—1

The lowest state is: qu =0, JPC =1

For an electric (transverse magnetic) gluon: Ly=J,x=1

P = (_1)(qu+‘]9+1) : C = (_1)qu—|—5qq—|—l

A. Le Yaouanc et al, Z. Phys. C — Patrticle & Physics 28, 309 (1985)

Note:

Cf: electric,magnetic photon The parity of a meson is:
(radiation) carries parity of:(_ 1)1 (— 1>l+1 P=(- 1)L+1
9



From the selection rules that we abide by

Table 1: A hybrid meson’s states which are allowed to exist.

States which are allowed to exist for a hybrid meson ggg

Gluon Lys L, Lot Sa S, Stot Jo J, Jre
type
E 1 0 1 1 1 0,1,2 0,1,2 1 1=
E 0 1 1 0 1 1 0 0| 17 for-
bidden
E 2 1 1,2 2 1 1,23 1 0 1=~
M 0 1 1 0 1 1 0 1 1~
M 2 1 1,23 2 1 12,3 0,1,2 1 1--
E 1 2 1,23 1 1 0,1,2 0,1,2 1 17~
E 3 0 3 3 1 2,3,4 0,1,2 1 1=~




Hyperspherical formalism

Vi (Q5) € N (K, Ly, Ly) ALebv () [Yr, () @ Yz, ()]

ALeLy () = (cos o)L= (sin o) by PLvH1/2:La41/2 (co5 201)

+n+3/2) (L +n+3/2)

LMy,

I'z
\IJJMJ (X7y) 5/2 ZXK,’Y TJMJ (95)
K,y
r, T @) = (Vg e 1s)]

2
Ps Py (Y w=Fu
2mg  2my,

B2 [0 _(K+3_/2)(K+5/2)+(m) N

A. Novoselsky et al. Phys. Rev. A 49, 833 (1994)

- 2my, | 0p? p



The Hamiltonian for the Y4260
H(p,pg) = Ho+V
2 2 2
Hg | T Px , Py
Hoy=pu+—/+ - |
2 p poo 20

V=0 ’qu’ TO ‘T(ig‘ + Vi

300, 300, Qg

Ve =

o : energy density

a : the strong coupling constant

Mg = Mg =M

fg = Mg =
V. Mathieu, Phys. Rev. D 80, 014016 (2009)



The einbein field formalism crucial to the QCD string model

2 2
_I_
VDR +m2 4+ V() —= BT LBy

\ (: einbein field

Its form is non-relativistic, while its
dynamics is relativistic. (In addition,
Its quantisation becomes easier in a
path integral framework. In a string
language, the Nambu-Goto action's
form is too awkward to quantise.)

More complicated numerical
calculation. Another disadvantage
of this form is that the action
cannot be used to describe
massless particles.

Thus need to re-parametrise this

with auxiliary fields We have an additional degree of

freedom.

— By EoM 1 XHXYn,,
o= _mZ/dT\/X“XV"W ) 525/d7< M% _Mm2>

cf.
K. Becker et al. String theory and M-theory: A modern introduction (CUP) 2007

Yu. S. Kalashnikova & A. V. Nefediev, Physics of Atomic Nuclei, Vol. 68, No. 4, 2005,
pp 650-660



Parameters

Fitted to the lowest two states of the charmonium

o = 0.16 GeV?
1SO 351 ‘ as = 0.59
m. = 1.48 GeV

Auxiliary field technique

OH
= (

5,uc He=Hco

5Mg Hg=Igo0




Y (4260) spectrum
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O-th EXCITED STATE 1-th EXCITED STATE
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Quark-antiquark effective potential

Characterised by:

A\ Projection of the total angular momentum of a gluon onto
the qq axis

(+/-) Retlection in the plane which contains the axis

(g/u) charge conjugation & the spatial inversion of qq

The static quark potential cannot be directly measured in an experiment

The hadronic scale parameter defined by the interaction between static quarks

fr2 dV(I‘) — 1.65 Phenomenological potential models
dT "=To L
V(r) : The static quark potential

C. Morningstar & M. Peardon, Phys. Rev. D 56 4043 (1997) ro ~ 0.5 fm
R. Sommer, Nucl. Phys. B411, 839 (1994)



Quark-antiquark effective potential

Modification to the Cornel potential — the Luscher term

T 1
V.. — T {wn_—
1 ar+r< 12)

V.o =V a2r? + 2raN + %
”

\
TN
»  Atlarge distances

~ ar -

N: The excitation number of string
F. Buisseret at al, Eur. Phys. J. A 29, 343-351 (2006)






From the selection rules that we abide by

+p, :momentum of the final mesons

Pc + Pz = —Pg — Pg = —Pg
Pz + Pg = —Pg — Pc = Py

I: odd function with regard to k
The hybrid WF is odd for k as [, =1

S-wave mesons’ WFEs identical

Only S-wave-gluon hybrid charmonium can decay into DD



Decay widths of a hybrid meson psi4160

FD*OD*O
¢¢ Tpopo I'p+p-Tpoplpip- §=0 §=1 §=2

0.1328 0.1366 | 0.3702 0.1039  0.0586 1.1727 -

0.3986 0.4099 | 0.2777 03117 0.1759 0.8795 .

I' =0.103 &= 0.008

Beringer 2012

¥(4160) : J¥C =177

ms = 0.5 GeV
kmax=pmax=2.6 (p,-, Pg, Ps, 08, 05) = (55, 10, 10, 10, 10)



Summary

i. Y(4260), discovered more than a decade ago, is a
hybrid meson candidate

ii. We have carried out an indepth analysis of the particle
by adopting hyperspherical formalism & auxiliary field
technique

iii. —» Spectrum above the experimental data, but some
additional factors (channel coupling etc) may make our
theory more consistent with the experimental data

iv.Quark-antiquark effective potentials extracted — it was
below the lattice calculation. Suggesting the single
gluon assumption was naive.

v.Decay width of psi4160 (1--) too large — likewise that
of Y (4260) may be



The modification of the selection rule

- Mixing with states close to Y4260, eg psi(4160). But small effects
due to small overlap stemming from many nodes of the wave
functions (second order mechanism)

- Lorentz covariant effect on the light quarks (difficult to estimate)
- Channel coupling effects

Other modes
Not forbidden y'(4260) — D**D* — D*D*r’s

Y (4260) — D*D** — D*D*r’s

Y (4260) sits below the D**D* thresholds.
Resonance not narrow.
Possibility of dominant Y (4260) — D*D*7’s



Probability densities Integrated with regard to the angular variables
y +ofxandy: the resulting function is a function of

gc(X Y) :/’\P‘Qdﬂxdﬂy radial components of them.

KL L.,
5 Z XK’»’Y XK’Y( )fKL L., (Oé)
K~,K’

ff[f(LLLL (@) = N (K, Ly, L) Py /2512 (cos 201)
X N(K, Ly, Lx)PT%y+l/2’Lw+1/2(COS 2x0)

X (cos oz)QLfB (sin a)2Ly

dQ... df)
M (K, ky) /‘(I)JMJ|2 u 2 2 k)y

! ' KL, L,
23" S Uk Uscyser (=) S8 151 ()
K~vK' K K/




»(X), ¢(Y) | Single-variable wave functions

u(X,Y)
XY

1
= 575 2 XN AL (0) [Yi. (0x) © Vi, ()],
K,y

\Ijtot —

Vi, (2x) @Y, (Qv)],



RMS hyper-radius & radius

/\\PJMJIP dxdy = > / X2 p dp

7fY7

<T2> 3 < -+ 7“ + T > Regarding the 3 particles as point particles

If the mass of particle 1 and that of particle 2 are the same, the RMS radius are
more easily calculated:

(sina)? + — (cos )

m3 + m3 + mj3 1 2\ o 9
h
Mm1m3 mi ) P ( C)

2 2 2

Then we calculate 4/ <p2>, \/ <?“2>

cf. D.V. Fedorov et al, Phys.Lett. B 389 (1996), 631-636
B.V. Danilin et al, Phys. Rev. C 71, 057301 (2005)



Charmonium spectrum calculated within the QCD string framework
Hig = HG® 4 Vifurcoun + Vair + Vis + V& + Vir

_ _ or 4 aghc
H§® + Viicon = 2VP2 +m? + — —
2

he 3 r

m p? or 4aghc
> L F A L | he 3 7
Vit =~ 2 (he
5= 5 Lo S)() + S 5L S)(h)’ o =016 GeV?
Vi = Sy (sq - s)3(r) ) e
Vs = an [3(sy - 1)(sq 1) — 12(s, - 5)] (e’

3M2T5

Yu. S. Kalashnikova et al., Phys. Rev. D 64, 014037 (2001)
Yu. S. Kalashnikova & A. V. Nefediev, Phys. Rev. D 77, 054025 (2008)



The spin-spin interaction

Smearing technique to deal with the
delta function issue

2
o(r \ A —Ar
i) = ) ) = g
A=35 1/fm

The three-dimensional delta function
In the spherical coordinates Smearing

The spin-spin operator is dealt with by the following identity:

1 3 3
SlS2:§<S(S—|—1)—Z—Z)

T. Yoshida et al., Phys. Rev. D 92, 114029 (2015)



The tensor-type interaction

. dovg
VST — 3M2T5 [S(Sq ' I')(Sq ' I') o T2(Sq ' S(j)]
S
3u 7“3 - ——
(1 e_A’”)Q modification
as -
> 3u’rs3 512

Si2 = 12(sq - n)(sg - n) — 4(sq - sg)
= 6(S -n)? — 28°

Spin singlet states are not affected by the tensor-type force

Yu. S. Kalashnikova et al., Phys. Rev. D 64, 014037 (2001)
T. Yoshida et al., Phys. Rev. D 92, 114029 (2015)



The tensor-type interaction

Eigenstate denoted by:  RISBIY/EY,

Sia|J + 01JM ;) = 2|J1JM,)
—2(J — 1)

S1alJ = 1LIMy) = —————|J = 1LIM,)
:“é?ii”ﬂﬁ+uJMﬂ
SmLI+11Jm@>::_§§{:fDLI+11JALﬁ
61/ J(J +1
:’é}+1)u—LUMﬂ

N. F. Mott & H. S. Massey, The Theory of Atomic Collisions, Oxford
University Press, third ed. (1965)



The tensor-type interaction

S12|110M ;) = —4[110M ;)
S12|111M ;) = 2|111M )

No mixing of the S and D states w — ws + %
S12|011M ) = 0

No mixing of the P and F states | 1)’ = QMD _|_:¢’%

2
S12|112My) = —Z[112My)



The calculated spectrum of charmonium

EXp

Generalised Laguerre expansion method was used

'Sy 881 tp 3P SRy 3P,

2.981 3.104 3.528 3.514 3.449 3.552

This work
GS

EXp

First
excited

State

3.036 3.072 3.537 3.509 3.424 3.578
3.638 3.686 3.927
etac psi(2S) chic2(2P)

3.702 3.719 3.992 3.958 3.901 4.039

Mu=1.720 GeV, Lambda=3.5 1/fm
GL-alpha=2




EXp

Generalised Laguerre expansion method was used

'Sy 881 tp 3P SRy 3P,

2.981 3.104 3.528 3.514 3.449 3.552

This work
GS

EXp

First
excited

state

3.005 3.079 3.536 3.509 3.408 3.580
3.638 3.686 3.927
etac psi(2S) chic2(2P)

3.686 3.720 3.996 3.967 3.909 4.046

Mu=1.720 GeV, Lambda=6.0 1/fm
GL-alpha=2, 30 basis functions
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