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Outline

¢ Radiative transitions of low-lying charmonium states

e Dominant (one-photon) radiative decays of states:
JW (L), Koo (07, Her (1), Do (7)) Ye2 (277)

¢ Approach (CCQM)
* Numerical results
¢ A Strong Decays of Charmonium-like state
e Four-quark content for Y(4230)
e Strong decays: Y—-a'nJ/¥ and Y-K'K-J/W
e Scalar resonance f,(980) decays into a*n and K*K-
e Improved Narrow-width Approximation
* Numerical results

¢ Summary and outlook
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Charmonium Radiative Transitions

in collaboration with T. Gutsche (Tuebingen University),
M. A. Ivanov (BLTP JINR),
V. Lyubovitskij (Tuebingen University)
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¢ These charmonium states are unusual:
- the c-quark mass is much larger than the confinement scale (~1.5GeV vs ~200MeV)
- they have low-lying excited states (L = 1, J°¢ = 0**, 1**, 1*, 2**).
¢ Low-lying cc™ mesons
- have narrow widths,
- their dominant radiative transitions are one-photon decay modes.
¢+ Charmonium states below the DD~ threshold have been intensively searched,
observed and measured fairly accurately (LHCb, BES-III, BELLE, ...).
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¢ Small binding energy -> an ideal testing ground to validate
model assumptions:

* Quark potential models e Lattice simulations QCD

* QCD sum rules e Effective Lagrangian approaches
* Nonrelativistic effective field theories of QCD

e Constituent quark models  « Bethe-Salpeter approaches

e Light-front quark model * Coulomb gauge approach

Discrepancies still exist between the theoretical predictions and world data:

* Nonrelativistic potential model [12] and in the Coulomb gauge approach [33] result in widths
MN(J/y — yn.(1S)) ~2.9 keV, a factor of 2 larger than the data [34].

* Quark models fail to reproduce the measured branching width I'(J/y — yn.)
and, instead, obtain a significantly larger value [10].

 Constituent quark models describe the radiative transitions of J/w, w(2S), X.;,
h. and @(3770) [16], but the numerical results differ from the worldwide data.

« Lattice QCD [19,20] carried out on the radiative transition properties of X.o, Xc1
however, good descriptions are still not obtained due to technical restrictions.

» Cornwell potential model [30] with a complete factorization of m_ provides
numerical results different from the worldwide data.
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CCQM approach (in short)

e Hadrons H(x) interact by quark exchanges, with hadron-quark coupling g,,.
Ly =9x H()J,, (X)
e [nterpolating quark current (for meson):
3y () = [dx, [ dx, S(x =@, —@,%,)- @y, (% =%,[)-T06) Ty A(%,)
I, =iy’; T, =p*
pzj w; =m; /[ (m +m,)
A

* Vertex function (trans. inv.)
D, (-p°) = exp(

Ay ~ hadron “size”

« Quark propagator (in the Schwinger representation):

Sn(P) =

m? — p? :(m—l—f)).zdalexp[_al(mz G pg):|

« The compositeness condition eliminates the bare fields from consideration.

2 ' p
ZH :<Hbare|thys> zl_grzenHH (Mli)ZO —

fa =

21
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« Hadronic matrix element containing m quark propagators, m vertices and
[ quark loops can be written in the general form

m n

N(p1y-ees pj) = ﬁd S (_Ki21+n) 1] si(ki + Bi)

I1—1 i3=1

e Convert the loop momenta in numerator into derivatives over external momenta:

k,uei!kr _ 1 0 2kr

§8ripe

» Move the derivatives outside of the loop integral and calculate

H / d*k; QkAk+2kr _
|ﬂ'2

i=1

4 E
k; o —kEAKE—2kgre _ 1 _a-1

A2

e Move the exponent to the left by using identity
10 —rA Ly _ —rA Ly 10 —1
P (5 a) e =e P (EE A r)
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e For any polynomial P (in numerator) make differentiation by using

10 1 o
P(ia_A ’) [5, > riv]l = i gu

ip

» The commutations of differential operations are done by a FORM program.
n= /d"aF(a1,...,an),
0

» The set of Schwinger parameters ; can be turned into a simplex by
introducing an additional t—integration by introducing the identity

oo n

1
n= [dtt"'_1 /d"aé(l — Z a;) F(taa,...,ta,).
0

'U i=1

e Threshold singularities disappear by introducing a cutoff parameter in t-integration
as follows: ( [0,0) — [0,1/A?] ). 4 — the infrared confinement scale parameter.

* Infrared confinement is introduced to guarantee the absence
of all possible thresholds corresponding to quark production.
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Matrix elements

The invariant matrix element for the one-photon radiative transition X1 —> yX:

meﬁyxz =i(2m)**(p — q1 — q2) Ex,€x,Ey Tx,>yx, (491, 92)

In LO, transition amplitude Ty, , x»(d;, d,) is described by ‘triangle’+ ‘bubble’ diagrams

The contributions given by the bubble-type diagrams are small and
do not exceed the common errors (+10%) of our calculations.

Taking into account the uncertainty of the experimental data, we drop
the bubble-type diagrams without loss in accuracy of our estimates.



Transition amplitudes

1
TX1—>‘7X2 (QI7 QQ):gX1gX28C6NC///da1 da? dad
0

d*k
'/(27r)4z' exp {k*(a1+ aa+ az+ s1+ s2) + 2k"R” + Ry }

. tr [I‘Q(mc +k+3ip)Ti(me+k — 2p)y"(me.+k — 1p+ 62)]

__inu

_TX1,X2,7(q17 Q2) H- T;%S,XQ,'y(QIa q2)

o (inv) H .5 = v
qs - TX1—>’7X2(q1’q2) =, Flz{,y'u)[)f)/'uf)%) 61/7 7Z<f}/“al/ ‘I")/ a#>/2}

: 1

- gx, 9x, €c€ N. 2

T)((1—>)7X2(QI7 Q) = (2;)2 /dt(s 1 ///dal das das §(1 — ap — as — ag)
0 0

82

21+
s+t1 s+t

zg) i |

'frl,FQ(pa qi,42, M, S, taala a27a3) * €XPp (_t ZO+
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nv)po 2 .2 .2 o
Tcg/iﬂlp'mc = 9J/4 Ine Cp”,q1,q) ",

(inv)po

TXCO—+7J/¢(Q17 Q2) = 9xco 9J/4 d(p27 Q%a qg) ) (q(qug — Ypo (QI Q2))

Tﬁ?ﬂ%?w(ql, Q2) = Gxu iy [€77P(q1 - @2) W1 + 1 27Pq) W,
g 6(11Q2upqg W3 + ECI1(12M0q{’ W4 . eqlﬁwp(ql i Q2) W4] |

TA™ (g1, 2) = Ghe gne WD @3, 43) - (6505 — Gpo (a1 - 42))

T)ﬁi’;‘_’iﬁ'}’}fp(ql, G2) = Gxez 97/ {A : (9’“‘” [g””(ql “q2) — 41 G5 ] +ig? [g"“(ql “q2) — ¢7 @ D

+.B - (g"” [qi‘ g5 + a7 g5 ] -3¢ 65 — 9°qy QS) } , (40)
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Modified Vertex for Charmonium

CCQM: The non-local vertex function ®, (-p?) characterizes the quark distribution

inside the hadron. It is unique for the given hadron, each hadron has its
own adjustable parameter A\, related to the hadron ’size’.

/\X= {/\r)c, /\J/L[J, /\)(CO, /\)(cl, /\hc, /\)(CZ}

These charmonium members have the same quark content and possess physical
masses in a relative narrow interval ~ 3+3.5 GeV.

For this specific case we use the Ansatz: the charmonium ’size’ is proportional to
its physical mass, i.e., Ay = o-My with o > 0 - a common adjustable parameter:

QEA)(/MX

Subsequently, we further use the charmonium vertex function defined as

~ 1 p2
d —p2 = exp (— - —) Phys.Rev.D 104 (2021) 094048
X ( ) 0% M2
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Numerical results

For further numerical evaluation we keep the basic CCQM parameters:
¢ the universal infrared cutoff parameter A =0.181 GeV
¢ the constituent charm quark mass in the range of +10% around m, = 1.67 GeV.

¢+ We vary p > 0 to fit the latest data for the triplet { X.o , Xc1 » Xc2 } from PDG-2021.
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Then we calculate the partial widths of the dominant one-photon radiative decays
of the ground (J/w — y+n_) and orbital-excited (h, — y+J/y) states.

A =0.181 MeV
mc=1.80 GeV
o =0.485

r, (MeV)
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Some theoretical predictions of the partial widths (in units of keV)

Radiative Cornwell  Cornwell

PC CCOM: "+ CCOM s potential  potential Lattice QCD  Constit.Q.M
J Decay A=0.181 a0 PDG-2021 " g [20] [16]
1-- MJ/w—y+n) 1.771 1.771 1.58*0.43 2.64(11) 1.25
O*%  TI(go— y+lw) 142.0 142.0 15114 118 128 128
1++
My, — p+Jly) 296.7 297.0 288 %22 315 266 275
1+- rch, —7y+n) 290.8 290.7 357 £270 720(50)(20) 587
24T (g, — y+i/y) 358.1 356.7 374 127 419 353 467

Phys.Rev.D 104 (2021) 094048

+ [ (e; — ¥ + J/w) results are close to the recent LHCb data.
+[(Jw —y+n.)=1.77 keV is in agreement with data.

+'(h, — ¥y +n.) =0.291 MeV leads to "theoretical full decay width”

[theor (h) ~ (570 + 120) keV.
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Strong decays of charmonium-like state Y(4230)

in collaboration with M. A. Ilvanov (BLTP JINR)

PDG-2021
- 4220 + 15 20 - 100 MeV [~55] /W seen
K*K J/W seen

¢ BES-III Collaboration (2017):  [Phys.Rev.Lett. 118 (2017) 092001]

M, =4222.0+3.1+1.4 MeV

Iy =44.1+4.3+2.0MeV

¢ BES-Ill Collaboration (April 2022):  [arXiv:2204.07800]

B(Y > K'KJ/Y¥)

0.02<
BY >z 7 JI¥)

<0.26
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e Interpolating quark current (for 4-quark):

34t (% X X5, %) = —={[0(%,)7°C0)]- [T (%) 7#a(%,)]+[E (%) 7 °a(x,)]-[A(%,) e (x,)]}
2

2

e |nteraction Vertice (Fourier): @, (—p°) = exp(%) Ay ~ “size” parameter
Y

- Self-energy operator:

d*k, f d*k, f d*k,
7)1 27)%i (2x)*]

X{ Tr[sms(lzs +a)3l5)7/58m1( 1—a)1[5)7/5]tr[8m2(l22 +a)2f));/”7/58m1( Al_wlﬁ)yvy5:|

+Tr[8m3(kA3 +a)3f))]/55m1(k1—Cf)lf))7/5:|'tr|:sm2(Kz +a)2ﬁ);/”]/58m1(|21—a)1f)

[ (p) = NZ | (@, k1)

>

N —
Q
<
&
(8]
Jo #s sad]
N——

« Renormalized Coupling for Y(4230):

14" (p) = g*'TI2 (p*) + p* p" 1P (p?) ===

93=%H3(p2)|p2w m, =m, =mg, m,=m,=m,, q={u,d}
p =1RK7




Decays Y — z*n’J/¥Y and Y — K'KJ/¥W

1/¥(3096)

Y(4230) o x
1 nt
%\
q
d, T
J/¥(3096)
Y(4230)
K+
K-
1

Mee (P?, D707, 05) ~ Mys(P%, P7,0%)- M- (9%, 07, 45)

q°-MZ+iT M,




Scalar Resonance f,(980) e oy

m ey L pen s e 0

990 + 20 10 - 100 MeV [~55] ' dominant

K*K seen

¢+ Albrecht 20 [BES-IIl] [Eur.Phys.J. C80 (2020) 453] Peak width: T'yy=55 MeV

¢ Ablikem 05Q [BES-II] [Phys.Rev. D72 (2005) 092002]

T(f, — K'K)
T(f, > 77 ) +T(f, > K'K)

=0.75+£0.13

¢ Aubert 060 [BaBar] [Phys.Rev. D74 (2006) 032003]

L(f, > K°K) ~0.52+0.12
T(f, > 77 )+ I(f, > K'K)

PDG-2021 I'(f, > K'K) ~0.52+0.84
T(f, > 77 )+ I(f, > K'K)
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Decay Y — V + S

M.s (%, pr,q%)

Y(4230)

Toas (P, P, 0)

N2°2 Tdajdaz]gda;j)d%
0 0 0 0

X'[ (gﬂ";il I (gﬂ'i;il Ly [_QZ],(DV [_uz]'q)s[_wz]'exp |:_Z4:ai (mi2 = kiz):|

x{ Tr[ys(mlJrlzl—a)lp)yV(mz+I22+a)2p)y”75(m4+l24—co4p)l (m3+|23+a)3pﬂ

+Tr[ 77 (m+k —@p)y (m,+K, +0,p) 7" (my+K —,p) 1 (my +K, + ) | |

T (P, P, 0) = p{'P” - A(P?, pr,9°)— 9" (p,P)-B(P*, pr.q°)



M, . .s (P, P, a) =i(27)* 6% (P—p,—)- 9y Oy Os - & & Twe (P, P, Q)

[ Muys (P, Py 0)[°

=0y O Os (—g‘““z +%)(—gm +%}-Tﬁ?(p, P, 0) Tz ? (P, P., Q)

293 g\i 982 (CAAA2 +2C,sAB +CBBBZ)
CAA:(ppl)Z(g_z-i_l/é)’ éz(ppl)zl(pzplz)’ CAA:OO7996GeV4,

2 1 2 2 2 4
Cus =(p- p)° (=€ +1), (p-p1)=§(p + pr —4°%), C,s =—3.775GeV*,
CBB 1d (p p1)2 (é;_i_z) 5 =10216 CBB =527ZGEV
LY ->V+3)= - | |§;k2|'|N\Ns(p’ p1’Q)|2
87 (25 +1) M/
B! | == A2(M2, M2, q?)
2M

i



Decay S— P +P

Mqo- (02,02, 02) P

f,(990) ===

0 o0

s o, f e

0 0

j((Zjﬂl; lj(gzrl;ii 2 [_QZ]’q’v[—uz]'q)s[—wz]-exp{_iai(mf—kf)}

x{ Tr :7/ (m1+IZl—a)1p)7,V(m2+I22+a)2p)7/ﬂ7/5(m4+lz4—a)4p)l (m3+I23+a)3p)_

Tos (P, pl,Q)—

+Tr :y”yS(mlJrIZl—a)lp)yv(mz +k, +a)2p)7/5(m4 +K, —a)4p)l (m3 +k, +a)3p)

Tos (P, P a) = PP - A(P%, pr,9%)—9*" (p,p)- B(p*, P, Q%)




Decay Y — V+P+P

M,ee (P%, Pr,G; . 05)

Y(4230)

J/¥(3096)

T K*
f(,(9'.=)0)=Q /
T K-
Omax qu ; :
~ [ 5[990 Mas (@) [dog, M.... @)
Qr%qin

(42 -M2) +T2M?

ax

YVKK I

Idﬂws My (@) -

(g2 ~M2)" +TZM?

'deSKK ‘MSKK (qz)‘z




Narrow-width Approximation

2
Omax

2
Ly ~ I %jdgws ‘M{vs (qz)‘z'

2
Omin

2

(a*—=MZ) +T2M;

'JdQSKK ‘MSKK (qz)‘2

lim
550 £% 4 X°

=71 0(X)

350

300

250

200 -

I'r =55 MeV

M, = 990 MeV

150

100

50

20

2
Omax

| dg?[de, M (@) - D(a?)- [de, M, (0®)] ~ [de [M ()] *[de, M, (a®)] -

2
Omin

M

T
RFR

error ~ O[

i

R

)

N.Kauer, Phys.Lett. B649 (2007) 413

C.F.Uhlemann, N.Kauer, Nucl.Phys. B814 (2009) 195
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2
Omax

|

min

~ [ dQps |Mas (@) *

d

T
1_‘RI\/IR

[0 s @D 00 M )

N Iy
deSKK ‘MSKK (9 )‘ "‘O(M_R]

BYY > KK J/¥) B(S—KK)
BY >z JIV¥) BS—ozn)

PROBLEMS:

+ NWA conventional error ~ (1/3 — 3) times I''M

+ NWA error increases for g?= M?

+ NWA underestimates when phase state is small

G.Ganbold @MQFT2022 (10.10.2022) S.Petersburg

[ =55 MeV
M, = 990 MeV
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Improved Narrow-width Approximation

Phase space for S —p wt 1

-

hase space for Y == V/+S

Breit-Wigner at M= 990MeV

f,z’hase space for S =% K*K

0.5

1.0
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Decay Y —V + K* + K-

f(0°) = dQys(a*)-

(o - M

Qg (@°) | versus

00005
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u.nnuaf—
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0.0001 F

0.0010
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u.nnuai— Mg = 1030 MeV/ !
0.0006

0.0004 -

0.0002 -

0.8 1.0

2 2 DR AN
) +T2M 2 (q —MR) +T2M 2
M, = 4220 MeV
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U.UI}{JS;—
U_Ul}ﬁdi—
0.0003;—
U_UI}{)2;—
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G.Ganbol&)MQFTZOZZ (10.10.2022) S.Petersburg 26




Decay Y — V+ra*+m

1 1
f(0%)=dQ,s(a%)- -dQ_(9%) | versus
L Gl S e (q2-M2) +T2M¢

R

0.010}

0.008| MR =400 MeV MY =4220 VeV

0.006 |- MJ‘I’ = 3097 MeV

0.004 - Mn = 140 MeV

0.002f

005 o010 015 8 020
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oot} | M, =530 MeV | M, =990 MeVv
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0.006 - 0.002 -

0.004
0.001 |

0.002

Tuz 03 04 05 06 07 04 06 08 10 12

2
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Numerical results

« Central values 4=0.181
of the quark masses and m,y =0.241,
size parameters (in GeV) m, =1.67,

m, = 0.428,

m, =5.07

A1T AK AJ A d AY

O/ 18150275 TR0 0 3560

B(Y > KK J/¥) Ides\N\Ns(MZ

) -B(s > KK~ M2, ) | | A, =020-028Gev

BY - 'z~ J V) _[dQsz ‘M«vs(M;,,— ‘ )| -B(S —>7z+7r',|\/|§+ﬂf) AK+K_ =0.20+0.28 GeV

0.28
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I'r =55 MeV
M= 530 MeV
M= 1030 MeV

Our estimate (preliminary):

B{Y = K'KTI/¥) _ 5 0010053

BYY >7z'nJIV¥)

BES-III Collaboration (April 2022):
[arXiv:2204.07800]

B(Y > KK J/¥)

0.02 <
BYY >z JIVP)

<0.26
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0.4
= Our estimate (preliminary):

B(S > K'K,M2, )
W iR (932 039
BS—>7z'7",M, )

0.2 "
'3-
0.2

A =0.20+0.28 GeV

2
A1'r1'r 0.2

A,.. =0.40+1.20 GeV

0.28
PDG-2021 1, > K'K) 519092
I'(f,on"n")
'[Apuh?/:.r;gfgnE?2)%2{1032003] 11: (( :j : ::ﬂK_)) =0.15+1.49
'[Al;kr)ulj/ls(;rg/?g(?gz (Egcl)zs?;sla]zooz] 11: (( :z : ::ﬂK_)) =0.16+0.61
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Discussion (short)

+ We study the strong decay modes (into 7+~ J/ and K*K~J/p) of the exotic
charmonium-like vector state Y(4230) by treating it as a four-quark structure within
a relativistic covariant confining quark model (CCQM).

¢+ We consider the four-quark interpolating current as the molecular-type which
effectively corresponds to the combination of D and \bar{D,} quark currents.

¢ Our preliminary estimate within the Phase-space Improved Narrow-width
Approximation for the ratio of branching decay widths

BY - K*K~J /%)
BYY »>x'n J['P)

=0.021+0.253

Is in full agreement with the recent data reported by the BES-III Collaboration.

¢ As a by-product, we have also estimated the ratio

B(f, > K'K")

—~ =0.23+0.39
B(f,>n"n")

which does not contradict the existing data.



Summary and Outlook

¢ The dominant radiative transitions of the charmonium states n(1S,), J/W(3S,),
Xo0(3Po), X1(3Py), h(*P,) and x,,(3P,) have been studied within the CCOM.

¢ We keep the basic model parameters and introduce one common adjustable
parameter (o = 0.485) to describe the quark distribution in these charmoniums.

¢ Estimated fractional widths for J/(3S,) and h(*P,) are in good agreement with the
data. We predict the "theoretical full width’ "¢ (h )~ (0.57 + 0.12) MeV compared
with latest data '® (h,)~ (0.7+0.4) MeV.

¢ We study the strong decays of the exotic charmonium-like vector state Y(4230) by
treating it as a four-quark structure of molecular type.

¢ Our estimate within the Phase-space Improved Narrow-width Approximation for the
ratio of branching decay widths is in full agreement with the recent data reported by
the BES-III Collaboration (in April 2022).

¢ This approach may be extended to other sections of hadron physics:
e light mesons (scalar, isoscalar, ...)
e radial excitations (charmoniums and bottomoniums)
e heavy meson and baryon decays
o exotics (tetraquark, X-Y-Z meson-like objects, ...)




