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Introduction

» Recently, there have been renewed interest in the spectroscopy of the heavy flavoured
hadrons due to number of experimental facilities (CLEO, DELPHI, Belle, BaBar, LHCb
etc) which have been continuously providing and expected to provide more accurate and
new information about the hadrons from low flavour to heavy flavour sector.

» The heavy flavour mesons are those in which at least one of the quark or antiquark or
both the quark and antiquark belong to heavy flavour sector; particularly the charm
or beauty. They are represented by $Q \bar Q% mesonic systems which include the

quarkonia (¢t and bb) and B, (cb or bc) esons.

» The investigation of the properties of these mesons gives very important insight into
heavy quark dynamics. Heavy quarkonia have a rich spectroscopy with many narrow
States lying under the threshold of open flavour production.

» The success of theoretical model predictions with experiments can provide important
information about the quark-antiquark interactions.




Among many theoretical attempts or approaches to explain the hadron properties based

on its quark structure very few were successful in predicting the hadronic properties
starting from mass spectra to decay widths.

The new role of the heavy flavour studies as the testing ground for the non-
perturbative aspects of QCD, demands extension of earlier phenomenological
potential model studies on quarkonium masses to their predictions of decay widths

with the non-perturbative approaches like NRQCD.

Our attempt here would be then to study the heavy-heavy flavour mesons in the
charm and beauty sector in a general framework of the potential models. The model
parameters used for the predictions of the masses and their radial wave functions
would be used for the study of their decay properties using NRQCD formalism.




Non-relativistic Treatment for $Q \bar Q% systems

» In the center of mass frame of the heavy quark-antiquark system, the momenta of quark
and antiquark are dominated by their rest massmg s > Agep ~ | |
which constitutes the basis of the non-relativistic treatment.

> Hence, for the study of heavy-heavy bound state systems such as (ctand bb)and B, (cb or bt)
we consider a non-relativistic Hamiltonian given by A K Rai (2002-05-06)
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H= M+ r + Vir)
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M=mg+mg, and m=—"—""——
Mg + 1My

mg and mg are the mass parameters of quark and antiquark respectively, p is the
relative momentum of each quark and V(r) is the quark antiquark potential.




»we have considered a general power potential with colour coulomb term of the form

Sa o — Lk :
V (1) = -+ Ar?
r

as the static quark-antiquark interaction potential (PP,

for the study of mesons, “c = 3% s being the strong running coupling constant,
A is the potential parameter and v is a general power, such that the choice, v =1
corresponds to the coulomb plus linear potential.

» Hence for the present study of heavy-heavy flavour mesons, we employ the
exponential trial wave function of the hydrogenic type to generate the mass spectra.
Within the Ritz variational scheme using the trial radial wave function we obtain
the expectation values of the Hamiltonian as || H)y=FE(p,v))

» The experimental spin average masses are computed from the experimental masses
of the pseudoscalar and vector mesons using the relation,

_1ljr5"_1 = “rp + 13[‘”5 — “fpl




We account this correction to the value of R(0)-by considering

an[[]:l — R|:|:|] 1+ |: ,S'F:IJ{:- ':'“j.suD -'.'}RJ
M.

Where (SF); and < esp =1 is the spin factor and spin interaction energy of the meson
in the nJ state, while R(0) and My, correspond to the radial wave function at the zero

separation and spin average mass respectively of the $Q \bar O3 system.

The spin-spin and spin-orbit interactions are taken as
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» The results are compared with known experimental values as well as with other the
theoretical predictions. Mass predictions with v between 1.0 and 1.5 are found in

accordance with the experimental results Particle Data Group.

G. T. Bodwin E. Braaten and G. P. Lepage, PRD 51 (1995)1125, Erratum 55(1997)5853




- Fitted potential parameter A against potential index 1




S-Wave and P-Wave Masses (in Gel') of eF meson

v 115, 138, 1P, 13P, 1 3P, 13P, 218, 235, 21p, 22P, 2%P, 23R, 315, 3 %5,

0.5 3.000 3.092 3.313 3.202 3.302 3.323 3.352 3.375 3.519 3.404 3.507 3.531 3.541 3.553
7022050 3,100 3.373 3.341 3.357 3.380 3,427 3,464 3.666 3.623 3.644 3.687 3.697 3.717
0.9 2960 3.100 3.420 3 383 3,406 3.451 3.495 3.547 3.808 3.742 3.775 3.842 3.840 3.878
1.0 2950 3.112 3.450 3.308 3.424 3477 3.522 3583 3.872 3.792 3.532 3.911 3.912 3.0950
2,942 3,116 3.473 3.414 3.444 3.503 3.540 3.619 3.930 3.543 3.580 3.953 3.970 4.024
2,062 3.123 3.513 3.414 3.477 3.550 3.507 3.653 4.055 3.4933 3.994 4116 4.102 4.161
2,012 3.129 3.547 3.461 3.504 3.500 3.636 3.730 4.162 4.009 4.085 4.239 4.212 4.255
2,809 3,134 3.576 3.477 3.526 3.625 3.6658 3.7858 4.257 4.073 4.165 4.304 4309 4.345
2,857 3.141 3.603 3.401 3.547 3.658 3.606 3.832 4.345 4.120 4.237 4.453 4.396 4.500
2,852 3.144 3.615 3.407 3.556 3.673 3.7058 3.552 43585 4.153 4.269 4.501 4.436 4.547

2,050 3.007 3.511 3.415 3.556 3.680 3.920 4.040

2,979 3.006 3.526 3.424 3.511 3.556 3.5858 3.686 3.945 3.854 3.020 3.0972 3.901 4.055

[47] 2.980 3.007 3.527 3.416 3.508 3.558 3.507 3.686 3.060 3.544 3.804 3.004 4.014 4.005

(1,2) PDG(2006)(2002). (12) D Ebert et al, PRD 67 (2003)014027.
(47) S F Redford et al. PRD 75(2007) 074031




S-Wave and P-Wave Masses (in GeV') of bb meson

— =

v 115, 138, 11P, 18P, 131, 18P, 215, 238,

211 p,

23,

23p, 23p, 315, 338

0.5 9.426 9.463 9.670 9.664 D.653 9.672 0.606 0.702 0508 G803 0806 9811 0.824 0H.527

0.7 9.419 9465 9.712 9.703 9.731 9.716 9.751 9.760
0.9 9414 9467 9.751 9.740 9.774 9757 9.803 9.516
L0 9411 9468 9.768 9.755 0.792 9.775 0.826 Y.541
1.1 9.408 9465 9.754 9.769 0.800 9.701 9.546 U.865
1.3 9.403 9470 0815 90.797 0.5840 9.824 9.8588 0.910
1.5 0.399 9.472 0.842 0520 9.866 9.852 0.924 0.051
L7 9.304 0.473 0.564 0.540 9,857 0877 0.055 0.935
L9 8.390 9.474 9.855 9.557 0.905 9.900 9.952 10.017
2.0 9350 9.475 9806 0866 9.013 9011 9.995 10.032

9.0905 0.805 0903 9913 9931 9.936

10.006
10.053
10.097
10.154
10.264
10.335
10.401
10.434

9.991

10.035
10.076
10.155
10.228
10.291
10.350
10.379

G000 10,014 10,035 10.045
10.044 10,062 10,088 10.097
10,086 10.10% 10,136 10.147
10,170 10.19= 10230 10.244
10.246 10,252 10.317 10.334
10.313 10.357 10.394 10.416
10.376 10,425 10.466 10,492
10.406 10,462 10.501 10.5249

[1, 2] 9.460 0.560 9.803 0.913 10.023

10.232

10.255 10.268 10.355

[12] 9.400 9.460 9.901 9.863 09.802 9.013 9.993 10.023

10.261

10.234

10.255 10.265 10,325 10.355

[47] 9.414 9.461 9.900 9.861 9.801 9.912 9.999 10.023

10.262

10.231

10.255 10.272 10.345 10.364

(1,2) PDG(2006)(2002). (12) D Ebert et al, PRD 67 (2003)014027.

(47) S F Redford et al. PRD 75(2007) 074031




Decay constants (fp,)-of-the heavy flavoured mesons.-

» The decay constants of mesons are important parameters in the study of leptonic or
non-leptonic weak decay processes.

» The Van-Royen-Weisskopf formula

2
12 e (0)] -,
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Where C*(«,) is the QCD correction factor given by E Braaten (1995)
Gershtein (1998)
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Here 87 = 2 and 6V = 8/3.




Decay constants( fp & fi-) (in MeV) of 1.5 and oF mesons states.

e —

Models R,(0) R,(0) fe fplecor.) fiv-  fi-lcor)
GeV3/2 GeV32 MeV MeV MeV MeV

ERHM 0.726 0.752 - 317 418
BT 0874 0.900 . 282 505
PL 0971 1.000

LOG 0877 0.914

Cornell 1.171 1.217

0.787

0.912

1.013

1.063

1.107

3 1.1=54

1.5 A 1.252

1.7 .20 1.311

1.9 .24F 1.366
2.0 .26 1.391 58L 76 a7

2354+ 4594+ 4164+
K W Edwards et al. (CLEO) PRL 86 (2001) 30 6




Decay constants( fp & fir) (in MeV) of 15 bb meson state.

_-_—_—-—-_
Models R,(0) R,(0) fer fpleor.) v fileor.)
GeV3/2 GeV3/2 MeV MeV MeV MeV

ERHMNM 2.23 23F 70O : 710
ET 2.52 5! =07 ok 10
PL s 1< : 56: G82

LOG .20¢ . : 59- TO6

Clornell  3.70C 3.7¢ ol 1194
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.Heavy-light Systems

»Hamiltonian for the heavy-light system

H=\/p*+mg+/p?+mi+ V(r)

»Quark-antiquark potential of the form

V(r) = e + Ar"

r

» The wave function

3(h_ [ _ 1)l 1/2 ,=
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Decay Rates of Quarkonia

The two photon decay width of the pseudoscalar meson is given by (A K Rai 2005)

F{D_+—'—2*,-} = rﬂ. + FDR

Here g is the conventional Van Royen-Weisskopf term for the 0= — ~+ decays [Van
Royen-Weisskopf 1967], where g is due to the radiative corrections for this decay
which is given by
1202 e
lo = — 5 Rp(0)

Mz

"
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T 3

Similarly, the leptonic decay width of the vector meson is computed as

F{l“—-Jﬂ‘) =lTwvw + IR

252
dage

QL p2
MNvw = Mf; Ry (0)

Ik, the radiative correction is given by




NROCD formalism
» The decay rates of the heavy-quarkonium states into photons and pairs of leptons are
among the earliest applications of perturbative quantum chromodynamics (QCD)
(T Appelquist and H D Politzer 1975, R Barbieri and Gatto 1976). In these analysis,
it was assumed that the decay rates of the meson factored into a short-distance part

that is related to the annihilation rate of the heavy quark and antiquark, and long-
distance factor containing all non perturbative effects of the QCD.

» The short-distance factor calculated in terms of the running coupling constant

as(mg) of OCD, evaluated at the scale of the heavy-quark mass m, while the long-
distance factor was expressed in terms of the meson's non relativistic wave function,
or its derivatives, evaluated at origin.

»In case of S-wave decays and in case of P-wave decays into Photons, the
factorization assumption was supported by explicit calculations at next-to-leading
order in a.




» An elegant-effort was provided by the NRQCD formalism (Bodwin and Lepage ]7;’-95-9 7).
1t consists of a non-relativistic Schrodinger field theory for the heavy quark and antiquark
that is coupled to the usual relativistic field theory for light quarks and gluons. NRQCD

not only organize calculation of all orders in «v, but also elaborate systematically the
relativistic corrections to the conventional formula.

» It also provides non-perturbative definitions of the long-distance factors in terms of

matrix elements of NRQCD, making it possible to evaluate them in the numerical
lattice calculations.

» Analyzing S-wave decays within this frame work, it recover, at leading order in v?,
standard factorization formulae, which contain a single non-perturbative parameter.
At next to leading order in v, the decay rates satisfy a more general factorization

formula, which contain two additional independent non-perturbative matrix elements
related to their radial wave functions.

» It is expected that the NRQCD formalism has all the corrective contributions for the
right predictions of the decay rates. NRQCD factorization expressions for the decay
rates of quarkonium and decay are given by (Bodwin and Petrelli PRD 2002).
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The short distance coefficients F's and G's of the order of o? and a? are given by _—
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Results

= Decay rates of 071t — ~ ~ and the relevant correction terms of . IS0

state v = 0.5 0.7 0.9 1.0 1.5 2.0 Expt.[13]  [14]

1S Fo(0) 8.173  10.018  13.465 14.640 10.071  24.207
For(0) 5.538  7.307 0.123 0.025  13.531  16.462
NrRQep  6.078  7.810 0.301  10.077 13.142  15.506
Fo(0) 1.642  2.534 3.488 3.062 6.285 8.346
For(0) 1.112  1.717 2.363 2.685 4.258 5.655
rNRQcD 2721 4.633 6.070 8.223  15.102  22.238
Mo(0) 0.735  1.014 1.727 1.003 3.323 4.540
For(0) 0.408  0.687 1.170 1.350 2.251 3.076
rNrRQcp  1.144  1.817 3.542 4.330 9527  16.019
Fo(0) 0.446  0.727 0.843 1.236 2.131 2.000
For(0) 0.302  0.493 0.838 1.248 1.440 1.971
rNrRQcp  0.695  1.330 1.905 2.800 7.170  13.158
Fo(0) 0.286  0.493 0.728 0.850 1.456 1.000
Mor(0) 0.194  0.334 0.403 0.576 0.087 1.354
NRQep  0.454  0.046 1.687 2.153 5.650  11.157
o(0) 0.205  0.350 0.534 0.624 1.065 1.440
For(0) 0.139  0.243 0.362 0.423 0.721 0.082

lnroco 0.335 0.722 1.323 1.709 4,721 9.806

Expt.(C. Msler et al (PDG) Phy.Lett B 667, 1 (2008)), 14(Bai Qing Li et al hep-ph/0903-5506, hep-ph/0909-1369)




‘Quarkonia decay into Light Hadrons

The a11111111]at1011 rate of the heavy quarkonium state (7., n, J/¢> and T) into light hadrons
(G. T. Bodwin et al 1995)
ANOT 1 ‘ N Tom ce (19,
r.(]_Sﬂ . LH) _ 4 , o . 4\'5: I”’l .gl( SU) Rff (RSVZRS) + ()(1]41—-.)

T m?

N.Im £,1(351) 7 2 N.Im g1(*Sy)
T -n% g T mA

IS, — LH)

Re (R.V?R.) + O(v'T)

The short distance coefficients
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G.T. Bodwin et al PRD, 66 (2002)




The short distance coefficients

m Cp w2 199
1 o 2 —5\C
Fi(08) = — o |1+ (- = 5)Cr + (g

Where Ne¢ = 3 is the no. of colour, Cp =4/3
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N. — Light Hadrons(in MeV)

2

Expansion up tov® FExpansion up to v’

I'nrocp [er I'Nnrocp [er Lothers
11.34 5.82 77.01 41.93
15.61 6.71 99.60 45.65 14.38
19.91 0.15 120.48 5&.20 +
21.96 9.89 129.78 61.33 1.07
23.95 10.06 138.94 64.46 +
27.79 11.91 155.90 69.77 1.43
31.40 13.09 171.33 74.43 N. Faboano
34.76 14.07 185.22 78.48 (2002)
37.97 15.16 198.16 82.09
39.47 15.61 204.31 83.77




Conclusions

»we have made a comprehensive study of the heavy-heavy flavour mesonic systems in
the general frame work of potential models.

» The potential model parameters and the masses of the charmed and beauty quark obtained
from the respective quarkonia mass predictions have been employed to study their decay
properties in the frame work of NRQCD formalism as well as using the conventional

Van-Royen-Weisskopf non-relativistic formula.

> It is interesting to note that the predictions of the di-gamma decay widths of n, and
leptonic decay widths of J/w and Upsilon are in good agreement with the respective
experimental resullts.

» The present study of the decay rates of quarkonia clearly indicates the relative
importance of QCD related corrections on the phenomenological potential models.

» We are also studying the heavy-light flavour mesons masses, decay constants,
branching ratios and electromagnetic transitions in the same scheme.
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