Track ID: 181
Relativistic effects

In radiative charmonium transitions:

A covariant quark model approach

Presenter:
Tomohito MAEDA (Nihon Univ.)

Collaborators:
Toshihiko KOMADA, Masuho ODA, Kenji YAMADA (Nihon Univ.)

August 21, 2019,
XVIII International Conference on Hadron Spectroscopy and Structure (HADRON 2019), Guilin, China



Introduction

General background

* In order to clarify the structure of hadrons, one of

the appropriate way is to study the response to 380, °p _

electromagnetic (EM) interactions, since the ;EV_E_J_),__T_______?_'Y'_(P_) ________ :

fundamental EM interaction is better known than : _“1’]; 1

strong one. 3-6: N -
* In this meaning, the radiative transitions has been < ;

an important problem for a long time. It is believed ~ >°4" koo ~

that most reliable calculations are those of the S [

cc/bb since non-relativistic treatment permissible. §3_2‘_ _

In this line of thought, thus far many authors have -y

applied non-relativistic quark models to study this ‘

problem. 30, -

L JPC_og~+ 17— 1+~ ott 1+t o+

« However, recent experiments clearly show that the , 83 L=0 0 1 1 1 1]

quark model with relativistic correction /couple-
channel effect reproduces the data better than the
simple non-relativistic quark model (even below DD

threshold).

CLEO Collaboration (M. Artuso et al.) PRD80 (2009)
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Introduction

Motivation and purpose of this work

« As a matter of fact, our collaboration have tackled this problem about 20 years
ago (S. Ishida, M. Morikawa, M. Oda, PTP99 (1988)). However, at that time, the

long wavelength approximation was used and the relativistic effect of the form
factor was not evaluated properly.

* Motivated by the recent experimental progress for the charmonium states, we
study the radiative transitions of the cc system in the covariant quark model.

In particular, we will focus on the relativistic effect in our approach and clarify
how it affects the calculated widths.
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2. The Model :Boosted LS coupling scheme
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Basic framework of the BLS scheme (1)

* In this study, we adopt a covariantly formulated quark-model, known as the "boos-LS

(bLS) coupling scheme™. S. Ishida, K. Yamada, M. Oda, PRD 40 (1989)
S. Ishida, M. Morikawa, M. Oda, PTP99 (1988))

* |n this scheme, cc mesons are described as a bi-local WF

BB ©o\B m Ty + Ty | m v u
W(zy, xy), = WX, 2H), (XH = 9 Tt =xy — Ty )

* The internal wave function is determined as a solution of the Klein-Gordon equation
which leads to the squared-mass spectrum, instead of the Schrodinger equation which
does the mass spectrum.

| 2M  .p xn
U(XH, 2M),P = 2P0V€:FZPMX @(v,x)aﬁ(i)

82
- OX,0XH

satisfies ( = MQ(:(;)) U(X,2)s” =0

1 9?

m (9.13,@“

1
here, M(x)? =4m ( —§Kxﬂa:“ + Uock

+ U(x)) Ulz)
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Basic framework of the BLS scheme (2)

« The internal wave functions of relevant mesons are described by a direct product
of space-time and spin part, separately extended to the covariant form.

(I)(U,CC)S:)B _ f(U,CU)(nL)'LW"' 2 (Wo(éi)ﬁ(v)) (PM — MoH )
Jip-es
- Space-time part: folv,z) = B? exp [6—2(:1;2 _2(v- x)z)]
Definite-type 4dim. SHO U 2 1
T. Takabayasi (1979) P“aLf(v,x) =0 frips.. (v, 2) = allaLQ - fa(v, x), a}: = (52;% + O0zp)

- Spin part: (=8 3
Bargmann Wigner spinors W B (v) ~ ug (v)0° (v), Wa 7 (v) ~ ve(v)u” (v)

Concrete form of WF

19

q’(vyx)%) = fa(v,z) ® (75 — €,(v)7”)

2v/2
1 (v, x)g;) = /2622  fa(v,2) @ (V5€, — eﬁp(v)vlp) 12\_/5
P (v, :E)gg) - % (3 +2p° (Grr 2 — Vky Uiy ) mmxm) fa(v,z) @ (75 — €5(v)7”) 2\;;
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Basic framework of the BLS scheme (3)

Following to the usual procedure, the photon coupling is obtained by minimal
substitution on the action which leads the basic Klein-Gordon equation.

Stnt = —/d4£€1 /d4£l?2 j(l)“(azl,a’;g)Au(:Cl) —+ (1 e 2),

- (2 e 1%
]()“(331,562):%‘1’(961,562)@ (5“ nga“ (w+$>) 55‘1,3?2

* The lowest matrix element of the S matrix is given by

2M; \/ 2IM M
fi

2P[0 2PF0 26]0
wo_ (1) v () i %z,
b — g oy ) ®(vr, @) ) T ek (q) + (14 2)

qu; = 5fz —|-?:6(27T)4(54(P] — PF — q)\/

Myi = =i [ ata(@(vp, ) (

2m

L M2 . M2
=i [ da@(or ) (— L Fx“—gg?awqy) D(vr,2) el T 0er(g) + (14 2)

* This expression corresponds to the well-known expression of the non-relativistic quark
model.
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Features of the BLS scheme

* An important feature of this scheme is that the hadrons are described with covariant
way to deal with the relativistic retardation (recoil) effect of the form factor.

(1) Space-time WF Overlapping Integral (Ol)

e.g. 1Sto 1S
FbLS =— /d4513 f(;(UF,ZE)f(}(ULx)e%‘JM‘EM
e O ' (b+1)g? ] v
h—= —
R e T C R Ve M
() T @
Corresponding t0  FNon_Rel. = PRTCPRTE exp _—8 (52 1 577)
(2) Spin WF Overlapping
e.g. S=0to S=0 | 1y
— +vr - v Y5 1 —
tr (W (vp)W(vr)) = 21 "> | Ws—o(v) = 5
T 't
Correspondingto  tr (XI)()XOO) =1 xoo= X+X—ﬂx‘x+
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Meaning of relativistic effects” in this work

 The boost LS coupling scheme is reduced to a simple non-relativistic quark model if
we put the boost velocity zero and the relative time” degree of freedom is ignored

to replace 4d SHO with a 3d SHO.

 In this study, within the framework of our model, both decay widths of the non-relativistic
and relativistic versions are calculated, and we shall compere them to elucidate how the
relativistic contribution appears in each process of charmonium radiative transitions.

 Here, the differences between the non-relativistic and relativistic calculation are classified
iInto 3 categories.

1) due to space(-time) WF overlapping
2) due to spin WF overlapping

3) due to Phase Space Non-rel: Qi
s

¢ Lrp Mp _ g Mp
Rel. (bLS) 2T MI EF 27 MI
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Parameters

® The main purpose of this study is to examine how the relativistic correction affects,
so we will take a typical set of parameters without completely tuning them to
reproduce the experimental values.

® quark anomalous moment; (set to 0)

95\? =1+ = (/<;<C) =0).
® quark mass;

M
Me = ;/w = 1.55GeV.

® The SHO wave function scales;

In standard quark model, these values are set to reproduce the RMS radii of the
respective Hamiltonian eigen states. Resulting typical values (adopted here) are listed
in following Table. (See, e.qg. F. E. Close, E. S. Swanson, PRD72(2005).)

RMS-equivalent 3-values (in GeV).

11§, 138, 1P, 1°Py,1,2 21§, 2°S; 19D, 23

0.71 0.66 0.50 0.49 0.48 0.47 0.45
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3. Transitions
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138, to 1S, transition (1)

« J/v — n.(15)7 is the most typical M1 transition.

The obtained result shows a tiny relativistic effect reduce the width. This is a natural
result because the transition with a small mass difference cause almost no recoil.

Calculated partial width for J/¢¥ — n.(15)v (in keV).

Rate of Experiment

Initial Final Non-rel. - Rel. B — (PDG2019) BGS2005" DLGZ20172
i) s 2.39 (LP)
J/ | n(18)]2.43>2.41] ~0.7% |1.58+0.37 | 29 R | 54 (sP)

Slightly reduced by 0.7% breakdown
« Spin WF booting (amplitude): +1.9%
« Space-time Ol (amplitude): —0.38 %
* Phase Space (width): —3.7 %
1) T. Barnes, S. Godfrey, E. S. Swanson, PRD72(2005)
2) W. Deng, H. Liu, L. Gui, X. Zhong, PRD95(2017)

* Note that the calculated value seems to deviate from the experimental value. Similar
results are obtained with other quark models.
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13§, to 11§, transition (2)

* Furthermore, the recent measurement at KEDR gets a large partial decay width.

Measurement of J /¥ — yn. decay rate and 7. parameters at KEDR
Physics Letters B 738 (2014) 391-396

ABSTRACT Fﬂnc,kev
Using the inclusive photon spectrum based on a data sample collected at the J/y peak with the KEDR KEDR (this result) —e-
detector at the VEPP-4M e*e™ collider, we measured the rate of the radiative decay J/y — yn. as Becirevic 13 o
well as 1. mass and width. Taking into account an asymmetric photon lineshape we obtained F;)m = Pineda 13 ——
2.98 £0.181013 keV, M, =2983.5+1.4"]8 MeV/c?, I}, =27.2+3.175% MeV. Donald 12 -
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license CLEO 09 ——
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3. Dudek 06 O
0.15 Brambilla 06 O
r? =298+0.18",: kev Beilin 87 —o-
¥ Nic . : —-0.33 ) Crystal Ball 86 ——
Khodjamirian 84 O
Shifman 80 e —
1 s 'S . l
310! 1 2 3

Fig. 3. Results of measurements (close circles) and theoretical predictions (open cir-
cles) on Iy, .

* Note that similar results are reported in several lattice calculations.
J. J. Dudek, et al., (2006, 2009)
Y. Chen et al., (2011)
D. Becirevic and F. Sanfilippo, (2012)
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Comment on 23S, to 1S, transition

« Here we make a brief comment about 23S, to 11S, transition. It is basically same M1
transition process. In this process, we expect the overlap integral to be quite small
since the 1S and 2S wavefunctions are orthogonal in dipole approximation. However,
it changes significantly with the variation of SHO parameters, hence the numerical
result is not stable. Therefore, we show only in the case that we choose moderate
beta values.

Calculated partial width for ¥(2S) — 1.(1S)v (in keV).

Rate of Experiment

Initial Final Non-rel. - Rel. ST (PDG2019) BGS2005") DLGZ20172
4.6 (NR) 8.08 (LP)

15) 1.60—-3.11 | +95% |1.00 £+ 0.15| 9.7 (NR(o)
(289) | Nel or ol 7.80 (SP)

= = 0.54GeV
Here we have supposed ©(3686) = ¢(25). (81 =Pr )

* The numerical value itself is highly parameter-dependent and will not be discussed
here. Note that the result including the recoil factor (Ol) increase. This trend is the

same as BGS2005.
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1P, to 1'S, transition

* The spin-current does not contribute to this transition since it does not cause spin-flip,
so that it is a typical E1 transition.

Calculated partial width for h.(1P) = n.(15) (in keV).

Rate of Experiment

Initial Final Non-rel. - Rel. B — (PDG2019) BGS2005" DLGZ20172
361 (LP
he(LP)| 1c(1S) | 445330 | —26% | 357+208 | 280N 373 (5P}

breakdown

« Spin WF booting (amplitude): —6.4%
« Space-time Ol (amplitude): —7.0 %

* Phase Space (width): —15%

1) T. Barnes, S. Godfrey, E. S. Swanson, PRD72(2005)
2) W. Deng, H. Liu, L. Gui, X. Zhong, PRD95(2017)
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13P, to 13S, (J=0,1,2) transitions

* In these processes, in addition to the dominant E1-contribution, the contribution of M2
Is also possible in the sense of multiple music expansion. In the quark model, the M2 is
suppressed relative to E1 by one power of V/c.

« We found that the spin-current term cause destructive / constructive interference with
the convection-current term for the chi,, / chigq o transitions, respectively. Effects of
spin-current to widths are about 10 ~ 20 %.

Calculated partial width for x.s(1S)! I/ ¥(1S)y (in keV).

Initial ~ Final  Non-rel. > Rel. oo or (BES20170, e ; DL?.EZE&;7[2]
PDG2019)

| ca(15) 3735252 | —32% | 363141 | J20W 202 (SP)

xel(15) | JIW(S)] 274 > 254 | —7% | 306+23 | 200N S f;,';;

Xal18) 113132 | +16% | 151£10 | (D | (70

[0] M. Ablikim et al. (BESIII Collaboration), PRD96(2017)
[1] T. Barnes, S. Godfrey, E. S. Swanson, PRD72(2005)
[2] W. Deng, H. Liu, L. Gui, X. Zhong, PRD95(2017)
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23S, to 13P, (J=0,1,2) transitions

 These process are basically the same as the previous process. In the single photon
emission by respective quark, only E1 + M2 is possible
(If there is a state-mixing with the 1D-state in the initial 2S-state, E3 is also possible. )
 In this case the spin-current term cause constructive / destructive interference with the
convection-current term for the chi,, / chig, o transitions, respectively, so that their width
increase / decrease. Effects of spin-current to widths are about 3 ~ 15 %.

Calculated partial width for ¥(2S) — xcs(15)y  (in keV).

Initial  Final ~ Non-rel. > Rel. oot ZXRECHET BGS{E?;E . D"?Ezf,?,ﬂ)?[zl
\2(19)] 2435249 [+2.5% | 27.5£1.7 | B0 2 (SP)

$(25)] xa(15)| 3425318 | —7% | 28.3+19 | S0 45 (5P,
\wo(15)| 40.7530.3 | —25% | 26.9+1.8 | SN 22 (SP)

[0] M. Ablikim et al. (BESIII Collaboration), PRD96(2017)
[1] T. Barnes, S. Godfrey, E. S. Swanson, PRD72(2005)
[2] W. Deng, H. Liu, L. Gui, X. Zhong, PRD95(2017)
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Multipole amplitudes for 2S to 1P/ 1P to 1S

« Experimentally, it has been found that the contribution of M2 to these processes is
evidently not zero. The ratios of M2 contributions of chi_c1 to chi_c2 are independent

of the quark mass and the anomalous magnetic moment at leading order in g/m.
In latest experiment [1], they are determined to be

by/bs =1.35+0.72, (2P to 1S)
az/a3 = 0.617+0.083. (1P to 1S)

The corresponding results in our calculation are
bl /b2 = 1.05 (2P to 1S)
ay /a3 = 0.475 (1P1015)

the agreement is not bad, implicating that the order of our relativistic effect is
appropriate.

[1] M. Ablikim et al. (BESIII Collaboration), PRD95(2017)
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4. Summary
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Summary

Summary and remarks

« Stimulated by the recent precise measurements for the charmonium, we study their
radiative transitions in a covariant quark-model (based on bLS scheme).

* Results show, in most cases, the over/under-estimated widths of the non-relativistic
quark model can be reduced to the desired width by relativistic effects.

* On the other hand, there are many reports[1] that experimental values are reproduced
well as a result of incorporating the effects of couple channels (unquenched quark
model). It is interesting that both contributions (relativistic correction and the coupled
channel effect) play an effective role to reproduce the experiment.

Future subjects

* |n Ref.[2], the radiative transitions of the psi(3770) (~13D,) has already been reported.
Calculating this process by our model is an urgent task for us.

[1] e.g. E. Eichten, K. Lane, C. Quigg, PRD69 (2004),
G. Li, Q. Zhao, PLB670(2008).

[2] M. Ablikim et al. (BES lll collaboration), PLB753 (2016),
M. Ablikim et al. (BES lll collaboration), PRD91 (2015).
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