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ABSTRACT

STRONG DECAYS OF THE Dg; (2317) MESONS USING QCD SUM
RULES

Aydemir, Ufuk

M.S., Department of Physics
Supervisor : Assoc. Prof.Dr. Altug Ozpineci

July 2007, 28 pages

Unexpected properties of recently discovered mesons D;;(2317) and Ds;(2460)
have caused an excitement in the high energy community. These mesons are
under experimental study in BaBar, Belle and CLEO. The experimental data on
these mesons is quite limited at the moment, but it is expected to be improved in
the following years. The unexpected properties of these mesons, such as the low
mass, and small width, have caused speculations about their structure. Various
models have been proposed which go beyond the simple quark-antiquark picture
of the mesons, such as a meson molecule, or a four-quark state. Therefore,
understanding the underlying structure of these mesons can reveal a deeper
understanding of QCD. In this thesis, the strong decay of the D;;(2317) meson,
D,;(2317) — D,mY, is studied using three-point QCD Sum Rules method in the
conventional ¢s framework. D,;(2317) — Dy7° decay violates isospin symmetry.
Therefore, this decay is studied as a two stage process; an isospin conserving
D,;(2317) — D,n decay followed by the conversion of 1 into a 7° due to isospin

violation.

Keywords: QCD Sum Rules, D,; Mesons, Strong Decays of D,; Mesons.
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oY/

Dgy (2317) MEZONUNUN KUVVETLI BOZUNMASININ TOPLAM
KURALLARI KULLANARAK INCELENMESI

Aydemir, Ufuk

Yiiksek Lisans, Fizik Bolimu
Tez Yoneticisi : Assoc. Prof.Dr. Altug Ozpineci

Temmuz 2007, 28 sayfa

Yakin zamanda kesfedilen D, ;(2317) ve D;;(2460) mezonlarimin beklenmedik
ozellikleri yiiksek enerji diinyasinda biiyiik heyecan yaratti. Bu mezonlar BaBar,
Belle, ve CLEO da deneysel olarak incelenmektedir. Su anki deneysel veri
sinirh olmakla beraber ileriki yillarda bu durumun diizelmesi beklenmektedir.
Bu mezonlarin diigiik kiitle ve kiigiik genislige sahip olmalar1 gibi beklenmedik
ozellikleri bu mezonlarin yapilar1 hakkinda degisik spekiilasyonlara yol agmigtir.
Bu mezonlari, standart kuvark - anti-kuvark modelinin diginda, mezon molekiilii
ya da dort kuvarkli bir sistem olarak agiklamaya caligan modeller 6ne stiriilmistiir.
Bu mezonlarin yapilarinin anlagilmasi, su anda baz alinan modeller hakkinda
da bilgi verebilmesi agisindan da 6nemlidir. Bu tezde D;;(2317) mezonunun
kuvvetli bozunmasi (D,;(2317) — D7) {i¢ nokta QCD toplam kurallar kul-
lanilarak incelenmistir. Bu bozunma izospin simetrisini ihlal etmektedir. Bu ne-
denle bu bozunma iki agamali ¢aligilacaktir; izospini koruyan D, ;(2317) — Dgn

bozunmasi ve bunu takiben izospin nedeniyle n'nin 7%na doniismesi.

Anahtar Kelimeler: QCD Toplama Kurallar1, D,; Mezonlari, Dy; Mezonlarinin

Kuvvetli Bozunmalari.
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CHAPTER 1

INTRODUCTION

The recently observed narrow resonance D, ;(2317) was firstly reported by BaBar
Collaboration in the D 7® invariant mass distribution in e™ — ¢~ annihilation
process in April 2003 [1]. Afterwards, CLEO Collaboration confirmed the ob-
servation of the BaBar Collaboration and additionally reported a new second
narrow peak at a mass of 2460 MeV, named Dj;(2460) [2], which was also con-
firmed by BaBar Collaboration [3]. Later on, Belle Collaboration confirmed
both observations [4], and FOCUS Collaboration reported a narrow resonance
at 2323 MeV which is slightly different than the previous observations [5]. In

addition, these mesons were also observed in B decays by BaBar Collaboration

6].

When D,;(2317) was observed, it was thought that this new narrow reso-
nance (I' < 10 MeV) is a candidate for the missing scalar p wave state in the s
spectrum (the candidate for the missing axial vector p-wave state is Ds;(2460)),
which was studied long before the observations of the D;; mesons [7]. The rea-
son of this idea is that the possible quantum number of D,;(2317) is J& = 0T
which is the quantum number of the missing scalar meson in this spectrum.
Hence, it is tempting to identify D,;(2317) as the missing scalar meson, but
this identification is also problematic since expected mass of the missing bound
state, according to quark model prediction [8, 9, 10], is in the range 2450-2500
MeV which is nearly 150 MeV higher than the mass of the D,;(2317). If its
mass was in this range, than it would strongly decay to DK because its mass

would be above the DK decay channel threshold Mpx = mp+mg = 2.359 GeV.
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However, the observed mass of the D,;(2317) is below this threshold forbidding
this channel. Hence D,;(2317) has to decay by isospin-violating D,m" mode, or
it can make a radiative decay. Among the radiative decays, D,y has not been
observed yet. This is an accepted result (actually, it is also an expected result)
due to the fact that if the quantum number of D, ;(2317) is J¥ = 0%, this decay
is not possible because of the angular momentum and parity conservations. The
possible radiative decay for the Dy;(2317) is the D*vy decay ending up with the
Dy~ final state resulting from the decay chain D;;(2317) — Dy — Dgyy. Ob-
serving Dyyy final state becomes an evidence for D¥~ transition of Dy;(2317).
However, D,yv final state has not been observed yet.

In addition to the peculiarity of the mass of D,;(2317), one more peculiarity
comes from an observation of Belle Collaboration reporting a new non-strange
state D (2308) with quantum number 0 [11]. Identifying this state as the scalar
meson in ¢s mass spectrum causes another anomaly since the potential model
[10] predicts the mass splitting of these two states to be nearly 110 MeV.

While conventional ¢5 interpretation of Dg;(2317) keeps its popularity [13,
14, 15, 16, 17, 18, 19, 20, 21], the inconsistencies between mass values predicted
by the models and observed by the experiments led to the new speculations to
explain the structure of these mesons such as; four quark states [22, 23, 25, 26,
27, 24, 28], D atom [29] and DK molecules [30].

Understanding the D,; mesons is important since it might yield new infor-
mation about the workings of QCD. The strong decays of D,; mesons will open
more insights in understanding their structure.

The theory of the strong interactions within the framework of the Standard
Model (SM) is Quantum Chromodynamics (QCD). Although the exact mecha-
nism of the confinement is not known yet, we know that the quarks are confined
inside the hadrons and produce bound states since all attempts to observe free
quarks have been in vain. Confinement is the hypothesis which claims that there
is no way to observe free quarks.

In QCD, the Lagrangian is invariant under SU(3) color symmetry, and the
charges corresponding to SU(3) group are called color charges which are denoted
symbolically as red, green and blue. According to the confinement, all observed

particles have to be colorless. Therefore, the quarks are confined inside the
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hadrons such that the total charge of the hadrons (baryons (qqq) and mesons

(q)) become zero (or white).

In QCD, unlike Quantum Electrodynamics (QED), the running coupling con-
stant a(Q?)(where Q? is transferred momentum), which determines the strength
of the interaction, is small at high energies (short distances) and large at low
energies (long distances). Consequently, as the quarks get closer, the interaction
strength decreases and at the asymptote they become nearly free particles. This

phenomenon is called asymptotic freedom [31, 32, 33].

Since o is small at high energies (Q? is large), the calculations can be treated
perturbatively at that region. In the series expansion in ay, one can neglect
the higher order graphs since as the power of «; increases the contribution
of corresponding term to total amplitude decreases. However, as far as long
distance behavior is concerned, the perturbation method is not valid due to the
fact that o, approaches unity at long distances. Since a complete theory must
include both long distance and short distance behaviors, non-perturbative QCD

is a problem of strong interactions which should be dealt with separately.

One of the most important methods for non-perturbative QCD is the QCD
SUM RULES (QCDSR) method, which is introduced by Shifman, Vainshtein
and Zakharov (SVZ) [34]. Due to its advantages and its applicability to a large
variety of problems, it has become a very important tool in hadron physics. In
this method, a correlation function of the interpolating quark currents represent-
ing the hadrons is treated in two different ways. First, operator product expan-
sion (OPE) [35] is used to represent the correlation function in terms of Wilson
coefficients, which include information about short distances, and vacuum ex-
pectation values of local gauge invariant operators, which are solely related to
long distance behavior. The Wilson coefficients can be calculated perturbatively
since they include short distance behavior, and universal vacuum condensates
are accounted for phenomenologically. The other way of treating the correlation
function is to represent it phenomenologically in terms of hadronic parameters.
Once these two representations are matched, a sum rule is found from which
information about the observable characteristics of hadronic ground states can
be extracted in terms of QCD parameters such as quark masses, vacuum con-

densates, etc.



The main idea of QCDSR method is to deal with the bound state problem of
QCD by taking advantage of the simplicity of the theory in the ultraviolet region
due to the asymptotic freedom. The method is to start from short distances
where the perturbation theory can be used and the OPE is meaningful, and
enlarge the domain to larger distances where asymptotic freedom starts to break
down and perturbation theory cannot be used solely. Since the OPE is valid in
the framework of perturbation theory [36, 37, 38], it is broken down at a critical
distance.

In the standard perturbation theory, the vacuum expectation values of quark
and gluon condensate operators such as < 0 [ qq | 0 >, < 0] G§,G"* | 0 >
vanish by definition. On the other hand, these matrix elements do not vanish as
the asymptotic freedom is broken down, and they introduce power corrections,
which are non-perturbative effects in the QCD vacuum [34]. In addition, the non-
vanishing vacuum expectation value of gq signals the spontaneous breakdown
of the chiral symmetry since these vacuum condensates mix quarks with left
chirality with quarks with right chirality.

In this thesis, we have investigated the strong decay of D,;(2317) meson,
D,;(2317) — Dyn°, by three-point QCDSR. This decay is an isospin violating
decay. Hence, it is treated as a two stage process (D,;(2317) — D,y — D,7°).
There is no isospin violation in Dy;(2317) — Dyn, and n and 7° mix due to the
isospin violation in Dyn — D,7°. Therefore, D,;(2317) — D,n° can be treated
in these two stages.

The strong decay of the Dy ;(2317) was discussed previously in the framework
of different approaches [14, 15, 18, 49]. It is also discussed in the framework of
QCDSR in [39] in which light-cone QCDSR (LCQCDSR) is used. In LCQCDSR
method, the wavefunction of the 77 meson is needed. The wavefunctions of n are
known for on-shell n mesons. In this transition, n meson is off-shell, and hence,
using its on-shell wavefunction in the calculations is not strictly correct but only
an approximation. To compare the calculations of this decay of D,;(2317), we
studied this transition using three-point QCDSR method.

The thesis is organized as follows. In chapter 2, QCDSR will be reviewed in
the framework of two-point correlation function case. First, OPE side of QCDSR

will be reviewed in detail and then the phenomenological part will be discussed.
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Then, the two representations will be matched using the spectral representation
of the correlation function. Afterwards, three-point QCDSR formalism, which
is used in this thesis to calculate gp,,p,,, Will be discussed by generalizing the
two-point case. In chapter 3, the sum rules for the gp_,p,, will be derived. The

final chapter is devoted to conclusions.



CHAPTER 2

QCD SUM RULES

2.1 OPE Side

The QCDSR method [34] is a method which relates the resonance parameters

to the correlation function which defined as;
() = z’/d% ¢t < 0| T{J(x), J(O)} | 0 > (2.1)

where T is the time ordering operator, J(x)’s are quark currents, | 0 > is the non-
perturbative (QCD) vacuum and ¢ is the external momentum. The correlation
function can be represented by Operator Product Expansion (OPE) if external
momentum ¢ or internal mass my, is large [34], since in this region, the main

contribution to Eq. (2.1) is from small distances where OPE is valid:

T{J(z), J(0)} = > Cp(z*)O, (2.2)

and hence
i/d4x e < 0| T{J(2), J(0)} | 0>=>Cunl(¢®) <0]O0,|0> (2.3)

where C),’s are the Wilson Coefficients and O,,’s are the local gauge invariant
operators with zero spin. Actually, O,’s do not all have to be spin-0 operators,
but only those with spin-0 contribute to the vacuum expectation values. When
non-perturbative effects are taken into account, the OPE is broken down at a
critical dimension which is generally assumed to be 6. The operators with zero

spin and dimension less than 6 are;



I(the unit operator) (d=0),
qq (d =3),
Ga, Gre (d=1),
10,5 G"q (d=5),
Umqqlng (d = 6),

fane G, G GoHe (d = 6) (2.4)

where (7, is the gluon field strength tensor, A* are the Gell-Mann SU(3) ma-
trices, Tr(A*A?) = 26, 0, = £[y,,7] and T, denotes the Dirac-tensor struc-
ture. The operators with d > 6 are assumed to give negligible contributions
since they give rise to 1/¢? power corrections, for most of the applications
[34, 40]. The lowest-dimension operator of the OPE is the unit operator (d=0),
and it corresponds to perturbative contribution since Cy(¢?) = TIP*"*(¢*) and
< 0| 0Oy |0>=1. In the other terms in the expansion, vacuum expectation
values of the higher dimensional operators appear due to the non-perturbative

effects.

One of the most impressive properties of the OPE is that in this representa-
tion, a scale p has to be introduced which separates the long and short distance
effects. In the region where ¢ > u? the interaction is included in Wilson Co-
efficients C'(¢*) and hence can be calculated perturbatively, where at ¢* < p?
it is included in vacuum condensates parameterizing the non-perturbative con-
tributions. There is no way to find an exact p value, but u should be large
enough such that the Wilson coefficients can be calculated by Feynman Pertur-
bation method. Since p cannot be determined exactly, it is unavoidable that
one does make double counting of soft part of perturbative diagrams and long
distance effects which are included in vacuum condensates. However, this does
not affect the calculations significantly since vacuum condensates contribution

is much larger than the soft part of perturbative diagram [41].
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2.2 Phenomenological Side and Analytic Continuation

In the previous section, OPE side of the correlation function is discussed. As
mentioned before, the correlation function can also be represented in terms of
phenomenological parameters. If a complete set of intermediate hadronic states
is inserted in Eq. (2.1), the phenomenological representation of the correlation
function is obtained in terms of hadronic states;

[Pen(g?) = 3 = 0| 7] (g) >< h(q)|J|0 >

2 2
h q= —my

(2.5)

where all the resonances are included. Since QCDSR deal with lowest lying
resonance, it is more useful to separate the lowest lying part from the excited

ones;

then (q2)

0|.J|h hai(p)|J|0 oo p(s)d
_ < |/ (p) >< ha(p)[/]0 > + /h p-(s)ds + polynomials (2.6)
SO -

¢* —mp, s — ¢
where p"(s) is the spectral density of higher states and continuum, and s} is
the threshold of the lowest continuum state. The polynomials in Eq. (2.6) are
the subtraction terms which will be discussed later. Once [1P"*"(¢?) is found,
physical information can be extracted by matching the two representations of
the correlation function.

The operator product expansion part of IT(¢?) is treated at large negative ¢>
since, under this condition, I1(¢?) receives contributions from short distances due
to the large virtuality. Therefore, the calculations can be treated perturbatively
at large negative ¢2. The phenomenological part, however, is valid at positive ¢
domain since the masses of bound states are positive quantities. To match these
two representations one must enlarge the domain of I1(¢?) such that it includes
the positive ¢% as well. For this purpose, the analytic continuation can be used to
find a representation of IT(¢?) by a function which is analytic everywhere except
for the poles on the positive real axis representing the hadronic thresholds.

Using analytical properties of II(¢?), it can be represented as a contour in-
tegral around the point ¢? in the complex plane. If the contour is deformed
and extended such that it does not cross the singular points which are hadronic
threshold at ¢* > 0 (Fig. 2.1)[41];

1 I1(z2)
(3 = —]{
(¢") 2mi cdzz — ¢?




E
.
e
y ™
\
£
.\'.
I |
Ll i "l
%
q?
\ y
R &
. L

Figure 2.1: The contour in the plane of the complex variable ¢ = z. The open
point indicates the reference point of the QCD calculation and crosses indicate
the hadronic thresholds

_17{ " 7{ "’ II(z + i) — (2 — ie)
Co2mi =R 2 — @2 27rz z—q?

(2.7)

One can put R— oo so that the first term on RHS in Eq. (2.7) is zero if
limy 2|00 T1(g%) ~ ‘q%‘a with € > 0. The second integral can be dealt with by

using Schwartz reflection principle which states that;
I(q? + i) — (¢ — ie) = 2iIm(q?) (2.8)

at q? > ton if T1(¢?) is real at ¢* < t,,;, where t,,;, is hadronic threshold, and

finally one obtains;

(¢*) = ! /toO dSLH(S) (2.9)

T Jtmin 8 — q® — i€
2.3 Borel Transformation

The spectral density representation II(¢?) is ultraviolet divergent since ImlIl(s)
does not vanish as s — oco. This problem can be eliminated by subtracting a

few number of terms from II(¢?) [41];

II(¢*) = I(¢*) — subtraction terms (2.10)

9



and most generally;

() = (q2)”/ I'mll(s ds+ Zak (2.11)

T s"(s — q?)
where Y723 ay(g?)* are the subtraction terms [40]. The polynomials in (2.6)
exist due to the fact that, in genera, not all ap = 0.

Since Eq. (2.10) contains ‘subtraction terms’ and since p" can only be de-
termined by approximations, this form of II(¢?) is not useful. However, there
is a transformation, called Borel transformation, which removes the subtraction
terms and suppresses the contribution of p" exponentially. Borel transformation

is based on the differentiation of II(¢?) with respect to ¢* via the following limit;

: (_q )n+1 d n
[(M?) = Byell(¢?) = 7q£1771£00 T(qu) M(¢*) (2.12)
e

where M? is the borel mass.

The Borel transformations of polynomials vanish, i.e,
By (¢*)F =0, k>0 (2.13)

and,

1 1 e M2
B (oar) w4 240

then, Borel transformation of the correlation functions I1°7#(¢?) and ITP""(¢?)

becomes respectively;

HOPE(MQ) Jee OPE( )ez\%ds

and
2

IPen (M2) =< 0|l (p) >< hu(p)|T|0 > e 72" + [ ph(s)e? ds
(2.15)

Hence, after Borel transformation the polynomials are eliminated, and the
contributions of the continuum and higher states are suppressed by the factor
e™? in the integrand, so the possible errors in the estimation of the contribution
of the higher states and the continuum are reduced.

In order to extract the parameters of the lowest lying resonance, the con-

tribution of the higher states and the continuum has to be modeled. In this
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work, quark-hadron duality approximation has been used. Quark-hadron dual-
ity states that above a critical energy, the spectral function of the continuum
and higher states can be represented as the spectral function of the Operator

Product Expansion. That is;
P =2 pOPF (s — 50)0(s — s0) (2.16)

where sq is the effective threshold which does not need to coincide with sb.
Thanks to Borel transformation, the quark-hadron duality is more reliable.

After Borel transformation and using the quark-hadron duality approximation,

equating the two expressions in Eq. (2.15) we get a very useful sum rule which

enables us to extract information about the unknown resonance parameters:

< 0] (p) >< hi(P)[T]0 > 3 = / " pOPE (g)ei? ds (2.17)
0

2.4 Choice of the Borel Parameter

By matching the OPE and phenomenological representations of the correlation
function, a sum rule is obtained from Eq. (2.17) in terms of a new auxiliary
parameter M?2. Since the physical parameters should not depend on the Borel
parameter, a range for the Borel parameter should be found such that the pre-
dictions for the physical parameters are independent of M?2.

To get contribution from the lowest lying single resonance, M? should be
chosen as small as possible. Since the Borel transformation brings the expo-
nential suppression factor to the integral in Eq. (2.17) , the integral receives
the main contribution at s & M?.Therefore, lower M? means that the integral
receives the dominant contribution from lower s and therefore, decreases the
contribution from the region at which s > M?2. Consequently, quark-hadron du-
ality is reliable and the integral is dominated by the lowest single resonance. At
large M?, the case in which the asymptotic freedom exists (high energy case),the
quark-hadron duality is not reliable since the main contribution to the integral
does not come from the lowest lying resonance. On the other hand M? cannot
be too small since when M? is small, the corrections to the perturbative part
blow up and the convergence of the series cannot be guaranteed. Therefore,

truncation of the sum rules cannot be reliable. Consequently, one can conclude
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that M? should not be large but not be too small. A balance can be possible
between upper and lower values of M2, which provides both convergence of the
series and dominance of single resonance contribution. The interval of which M?
can take values can be extracted from the dependence of the physical parame-
ters to the M2. The optimum interval of M? is the one at which the unknown

parameter is nearly stable with respect to M? [34].

2.5 Three-Point QCD Sum Rules

Up to now QCD Sum Rules formalism was discussed in the two-point function
case. Two-point correlation functions are suitable to extract masses, residues,
leptonic decay constants of hadrons. If one is interested in studying transitions
involving more than one kind of hadron, other correlation functions would be
more useful. In this work, three-body coupling is necessary. For this calculation,
a three body correlation function is more suitable.

If one is trying to find the masses of a particle, Two-Point QCDSR might
be the choice since there is nothing with the Three Point case in that problem,
but for example if one wishes to investigate three particle coupling, Two-Point
QCDSR is not suitable but Light-Cone QCDSR and Three-Point QCDSR, are
suitable.

The area in which Three-Point QCDSR is used is very wide. Couplings of
two hadrons to an on-shell v (e.g. J/¢ — 1.y [42, 43]), form factors (e.g. pion
electromagnetic form factor [44, 45]) and D and B transitions [46, 47| are the
examples in which Three-Point QCDSR has been applied.

This formalism is similar to the Two-Point correlation function formalism.

In three-point case, the correlation function becomes,

(¢ 0% %) = [ dzd'y 6™ < 0| T{1(2), (0), H(y)} |0 >
(2.18)

and Wilson coefficients in operator product expansion of the correlation function

depend on ¢?, p? and p'?;
z'?/d% dty eV < () | T{J1(z), J2(0), J;[(y)} 0>

=3 Col@® 0", p%) < On > (2.19)

12



where p' = g+ p.

In Three-Point QCDSR case, since the correlation function (Eq. (2.19)) de-
pends on p?, p’? and ¢?, the spectral integration is a double integration and
spectral density function is a function of two variables in addition to ¢?, say,

and s; and s, corresponding to two momenta p and p';

< 0|J3|hg >< O] Ja|hy >< hohglhy >< hy|Jf]0 >
(q2 —mj, ) (p* — mj,)(p? — mj,)

dsid
+/ / ot 817327 q*)ds1dsy + polynomials(p® or p'*)
81 S

then (p27p/2’ q2)

2 — P )
and
OPE(
P 817827 )d81d82 .
o7 (p?, %, ¢%) / / (51— 1) (52 — 12) + polynomials(p® or p'*)

(2.20)

To eliminate the subtraction terms, the Borel transformation should be taken
with respect to p? and p?. After Borel transformation and invoking the quark-
hadron duality, which is the same procedure with that of two-point case, one
gets the final sum rule;

2 777,2
ho h3
< 0|<]3’h3 > 0|<]2|h2 > hghglhl >< h1|J1’0 >e M e Mg

> _mh1

91 —5’2
—/ / pPPE (51, 59,q 2)6 i e™M dsids, (2.21)

—m
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CHAPTER 3

CALCULATING gp,,p.y

In this section D,;(2317) — D,y — D,m° will be studied in the framework
of three-point QCDSR formalism. In order to analyze the first stage of the
transition, the three particle coupling constant gp_,p,, should be calculated.
In the first section the OPE side of the calculations will be treated, that is,
pPTE will be calculated. In the second section phenomenological part of the
correlation function will be treated and finally, in the ‘Numerical Analysis and

Discussion’ part, the gp_,p., and I'(Ds;(2317) — Dy7") will be found and the

results will be discussed.

3.1 OPE Side

The correlation function chosen for the purpose of calculating gp,;p,, is;
1, = i2 / / dad yeP™ Y < O\ T{Jp, ,(x)Jo(y) ], (0)}]0 > (3.1)

where p and ¢ are the momenta of D, and 7 respectively, Jp, ,, = ¢7,755,

Iy = %(U%u + dysd — 287ss) and Jp,, = ¢s. The operator product expansion
of Eq. (3.1) which is truncated after dimension 5 (since the contribution of the
dimension 6 operators give negligible contribution in heavy-light quark systems)

is;
— 1710 1) = @ _ % VA B = A vé,a
[, =10, + I, <3s >+ < 7TG,,AG > +1I; <301,52G s> (3.2)

where a; is the coupling constant of the strong interactions. Since the c-quark
is too heavy to form a condensate, it is not written in Eq. (3.2). In Fig. 3.1

the Feynman diagrams contributing to the correlation function are shown. The

14



Figure 3.1: Contributions to the three point correlator: a) Perturbative con-
tribution, b) Quark condensates, ¢) Gluon condensates d) Mixed quark-gluon
condensates

first term of the Eq. (3.2) is perturbative part of the expansion correspond-
ing to operator with dimension one (Fig. 3.1a). The second term is the one
corresponding to quark condensates (Fig. 3.1b), the third one to gluon con-
densate (Fig. 3.1c¢) and finally the last term corresponds to mixed quark-gluon
condensates (Fig. 3.1d). The quark condensates terms do not contribute to the
correlation function after Borel transformation since they depend only on either
p? or p? and are eliminated by the Borel transformation.

Invoking the Wick’s theorem, Eq. (3.1) becomes;

I, = —i//d%d%eimﬂqy < 0| Tr(S¥(0,2)7,7557 (x,y)7557 (y,0)) | 0 >

(3.3)
where S,(z,y)’s are quark propagators in gluon fields, ¢ and s represent charm
and strange quarks respectively, and (i,j,k) are color indices, and sum over re-
peated indices is implied. If a quark is propagating in a gluon field (Fig 3.1
b,c,d) then the propagator is;

SE(w,0) = SN (2, 0) + g, SE (,0) + 9255 (2, 0) (3.4)
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where Sg’"eevki(x,O), gsSqG’ki(x,O) and SfQ’ki(x,O) are given in Appendix A. Fi-
nally, the total correlation function becomes;
1, = _; / / A wdyerriav

[Tr(SI7M(0, ) 15517 (, y) 155177 (y, 0))

+g3(< 0 [ Tr(SIee*(0,2)7,75.55 (2, y)715.55 7 (y,0)) | 0 >

+ <0 | Tr(SEr (0, 2) 1,755 (, ) 1557 (y, 0)) | 0 >

+ < 0 Tr(SFM(0,2)9,7585 (w, y)s8L 7 (y,0)) 1 0 >)

+g2(< 0 [ Tr(SIeR (0, 2)7,755L7 (2, 4)75.5 7 (y,0)) | 0 >

+ <0 | Tr(SEH(0,2)7,055] (2, )75 (4,0)) | 0 >

+ <O Tr(SIeeR (0, 2)3ns85 9 (2, 9)158* (3, 0)) | 0 >)]

(3.5)

where we have neglected contributions which will vanish after Borel transforma-
tion.

After putting the propagator in Eq. (3.5) and taking traces, there appears

two types of integrals;
k
[nml — /d4k, 4
! ((k = q)* =mZ)"(k* — mZ)™((k + p)> —m2)’

and
1

I = [ G g e T P

(3.6)

Using Wick’s rotation and Feynman Parametrization [48] these integrals can be
computed. The results of these integrals and their Borel transforms with respect
to p? and p’? are given in Appendix B.

In this thesis, only the perturbative part will be calculated. The calculation of
the gluon condensate contribution is beyond the scope of this thesis. It has been
shown in [52] that in the similar processes D — 7(p)ev and B — m(p)ev the
contribution of the gluon condensate is ~10%. This uncertainty will be included

in the uncertainty of our prediction. For this purpose, we need only the integrals

OPE

et (51,52) can be found

I}LH and 7!, Once these integrals are computed, then p

after two successive double Borel transformations first with respect to (p?, p’?)

1 1

and then with respect to (57,37z). In these calculations ¢*> will be neglected
1 2
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since ¢ is the momentum of the 7° and the mass of the 7° is negligible in our

calculations. The spectral density function of perturbative part of OPE side is;

PgefE(Shsz)
= ié(s — 59)[(ms +me)? — s ]/1 dr (s — s(:}c))(l + f)
- 4\/67{'2 1 2 S c 1 0 1 T T
(3.7)
where;
z=1—2x
and
m2  m?
=24 =< 3.8
sty =22 4 (33)

3.2 Phenomenological Side

In the phenomenological part, inserting a complete set of hadronic states into

Eq. (3.1) the correlation function becomes:

sJ _mDs
< 0lJp,,|Dss >< Dyl J5 |0 >< | Jy|0 > gB" e M e M2
¢ —m;
0 (% opp e
(/ / P~ " (81, 89)e M M2 dsydsy)g” (3.9)
o Jo
where

< 0|JDSJ D

s7 >= [p,,mp,,

< D,|Jp |0 >= fp,p*

g (3.10)

< 1| Jp|0 >=

and quark-hadron duality has been used to subtract the contribution of higher
states and continuum.
Finally, after setting ¢* = m2, = 0, Q%Z;Dsn can be written in terms of

phenomenological parameters and borel masses as:

—S51 —s2
2 2
E(sy,50)e™ e dsydsy)

pert _2ms

gt M2
> Sn stJmDstnfD

(3.11)
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All the masses and leptonic decay constants in Eq. (3.11) are known, and will be
discussed in the next section. However, as mentioned in Section 2.3, we should

. . pert pert
determine an interval for the borel mass. To find the g p_,, the gp ., versus

borel masses should be plotted, and g%e:f D,y 18 found in the borel mass range at

which the g%e:jDs,,] is most stable.

3.3 Numerical Analysis and Discussion

The numeric values of the quark masses and leptonic decay constants are

mp,, = 2.317 GeV, mp, = 1.968 GeV, m, = 1.25 GeV and m, = 0.125,
fp,, = 0.225 GeV, fp, = 0.266 GeV, and f, = 0.137 GeV. The continuum
threshold values are chosen as sy = s{, = 6.50 £ 0.25 [51].

To simplify the calculations, it is reasonable to set M? = M2 = 2M? since
mp,, ~ mp,. In order to obtain a prediction for the coupling constant g%e:j Doy &
range of M? values should be found such that within this range ng)e:f D,y 18 almost
independent of M?2. From Fig. 3.2, it is seen that for 3 GeV? < M? < 5 GeV?,

pert pert

9p., .y 18 stable with respect to variations of both sy and M 2. Hence, 9D.;Dun

is:
5.9 GeV < ghy ., < 1.0 GeV (3.12)

The errors in this prediction include only the variations with respect to so and
M?. Considering a contribution of ~10 % from the double gluon condensates

[52], the error bars need to be increased:
5.3 GeV < gp,,p.n < 7.7 GeV (3.13)

Once gp,,p., is calculated, the decay rate I'(D;;(2317) — Dy7°) can be

calculated through 7% mixing. This brings a suppression factor (%) as

in the D — D,r" decay [50]. With this suppression factor the decay width

becomes;
2
g 1 1 o Jn ova, Ma—Mu o,
['(D4;(2317) — D) = =— -
( J( )_> 7T) Sﬂm%sj(m%—(f) (2msmn) (ms_md+mu) ‘p 0‘
(3.14)
and numeric value of the decay width becomes;
['(D,;(2317) — Dyn%) = 6.5 — 14.0 KeV (3.15)
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Table 3.1: Decay Width (KeV) of the Strong Decay D,;(2317) — D,r° from
various theoretical approaches.

114] | [18] | [15] | [39] | This Thesis
D,;(2317) — D% [ 215 | 7+1 ] ~ 10 | 34-44 6.5-14.0

Table 3.2: Comparison between the ratio of radiative decay width (which is
calculated in [51] in the framework of LCQCDSR) and strong decay width (cal-
culated in this thesis) of D;,;(2317).

Belle [12] | CLEO[2] | LCQCDSR [39] | This Thesis

T'(D,,(2317)= D7)
HpEe=Dal | <08 | < 0.059 0.13 0.29-0.92

Our prediction is compatible with the predictions of chiral theory [14], heavy-
quark symmetry [18], and the phenomenological approach of [15] (Table 3.1).
There is an inconsistency of a factor of about three between our prediction
and the prediction of LCQCDSR [39] (Table 3.2). This inconsistency can be
explained by an underdetermination of the errors in LCQCDSR approach and
our prediction. If the uncertainties are increased to 30%, which is typical in
QCDSR calculations, the inconsistency is removed.

I'(Ds;(2317)—D%~)

To compare these predictions with experiment, the ratio (D (0317) = Den0) has

to be calculated. Using the result of [51] for the radiative decay width, we obtain
for this ratio:

F(DSJ(2317) — DZ”)/)

0.29 <
['(Ds;(2317) — Dgn)

<0.92 (3.16)

which is above experimental limits. In order to definitely conclude that this
result disproves the s interpretation of Dy;(2317), both the radiative and strong

decay width have to be calculated more precisely.
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ous lines correspond to sp=6.25,6.50,6.75 GeV'?, respectively)
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CHAPTER 4

CONCLUSIONS

In this thesis, the strong decay of D,;(2317) — D,n — D,m" has been studied.
The three particle coupling constant gp_,p,, has been found in the framework
of three-point QCD SUM RULES. This coupling is used to calculate the decay
width of the decay D,;(2317) — Dyr°. This decay is studied previously by
using Light-Cone QCDSR and the result is consistent with the limits obtained
by Belle [12].

The calculations in this work are done assuming ¢35 quark content for the
D,;(2317) meson. The predictions of these calculations are not consistent with
experimental limits and the light-cone QCD Sum Rules predictions.

In this work, the contributions of the double gluon condensate have been
neglected since their calculation is beyond the scope of this thesis, and later
on, these are added in estimating the errors. This might be the reason of the
inconsistency with the experimental results. These neglected contributions of
the double gluon condensate have to be calculated for a more reliable estimation
of the D,;(2317) — D,n® decay width and hence make a more conclusive remark
on the ¢3 interpretation of the Dg;(2317)meson.

Once the neglected contributions are calculated in detail in the framework
of three-point QCDSR, it will be possible to state whether the QCD Sum Rules

method is consistent with ¢s interpretation or not.
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APPENDIX A

PROPAGATORS

The full quark propagator for a quark in an external gluon field can be written

as:
i ree,ki G,ki G2 ki
Se'(w) = SN (@) + 9,55 () + 2S5 () (A1)

where the free quark propagator is;

ree,ij i d4k —ikz T + k
Slreeti(z) = 5]/ (2#)46 m;_ 12 (A.2)
q
and the corrections are;
-~ T | met+ k.
G, _ 7 —ikx 7 v
Sq ](:E)— _5]/(27{‘)46 ‘/0 dv[(nﬂbgq_ik;?)?GPJl’(vm)gp +
R va:pGZjV'y”]
q
(A.3)
2 4
iy <G> 2/ d*k . Mgt K
Sy (@) 12 M (2ﬂ)4€ (mg—k2)4+
2 Mg L 1
<G >3 ) @ (m2 — k2)?
(A.4)

where g denotes the quark flavor, 4*’s are the Dirac matrices, < G? > are the

gluon condensates, and o = £[y*,"].
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APPENDIX B

FEYNMAN PARAMETRIZATION

In calculating loop integrals, one encounters products of factors in the denom-
inator of the integrands. To evaluate the integrals, these factors can be united
into a single factor using Feynman parametrization. During the calculations in

this work, the necessary Feynman parameterizations are

L _ Lhtm [ P
arbm  T(n)[(m)Jo  [ax + bz]tm
and
1 P(n+m+1) /1 ntm—1—1—1 /1 dyy" gt
= T T [ gl v
armd I'(n)L(m)L(1) Jo 0 laxy + bxy + cx|rtmH

(B.1)

where T =1—zandyg=1—y
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APPENDIX C

SOME INTEGRAL FORMULAE

In the evaluation of p9FF

i, one needs I, and I''". In this Appendix, the results

of the general integrals ]ﬁml and ™™ are presented. I i“ can be written as:

Inml — /d4k k.“
g ((k = q)* =m3)*(k* —m3)™((k + p)* — m2)’
— Anmlpu + Bnmlqu

(C.1)

where;
i(—1)ntmt
I'(n)I'(m)

0o
/ dttn+m+l—3€—p2t(§a@) —p"?t(zTy) —mZt—axt(m2—m2)
0

Anml —

l+17T2 1 1
/ dv@m_l’l}n_l / duun—i—m—lﬂl
') Jo 0

Y

(=1 n+m+l7r2 1 B 1 B
Bnml — ( ) ) / dvt™ 1vn/ duun—i—mﬂl 1
0 0

T(n)T(m)T(i

/0 dinTmt=3 o —pPt(Tay) —p 2t (aTy) —mit—at(mi—m?) (C.2)

This form of A" and B™™ are suitable for Borel transformations. Using the
Borel transformation Byz(M?)e~*""=§(1 — M?), the Borel transforms of A"

and B™ can be obtained:

um%«%ﬂm%

e T MZum (M2)2*l
(T

Z’(_l)n+m+l+
['(n)l'(m)l

B B Anml - 17T2 /1 duulflU%"*m
p2 D2 = (l) ;

and
7 um%«kﬂmg

Bp2 Bp/2 Bnml = Z( ) T / dUu2—la1*nfm € ]Z ( 2)
C(n)I'(m)I(1) Jo (MZ)m=1(M2)

(C.3)

27



The other integral is;

. 1

/d k((k‘ —q)* —mZ)"(k* = m3)((k + p)* — mg)
. i(—l)n+m+l7r2 ! -—m—1, n—1 ! n+m—1-1—1
= F(n)F(m)I’(l)/o dvt™ v /0 duu ™1y

/0 At =3 PP (@) —p Pt (aTy) —mt—wt(mI—my) (C.4)

Inml —

and the Borel Transform of this integral with respect to p? and p'? is;

. _1)n+m+l772 1 _umZ4um?2 (M2>2—z
BB /2Inml = Z</ d 1-l—-1—-n—m 5=
o ['(n)T'(m)I(1) Jo e © (M2)m=1(MZ)n—1
(C.5)

where u =1—u, 7 =1—v and ﬁ = Milg + ﬁ%, and the Borel parameters of p?

and p? are M? and M2 respectively.
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