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CHAPTER 1

INTRODUCTION

The modern theory of strong interactions is Quantum Chromodynamics
(QCD), the quantum field theory (QFT) of quarks and gluons based on the non-
abelian gauge group SU(3). Combined with the SU(2)xU(1) electroweak theory,
QCD is part of the Standard Model of particle physics. QCD is well tested at
high energies, where the strong coupling constant becomes small and perturbation
theory applies. But, in the low-energy regime, QCD is a strongly-coupled theory
with many aspects poorly understood. The thriving questions are: How can we
bring order into the rich phenomena of low energy QCD? Are there effective degrees
of freedom in terms of which we can understand the resonances and bound states
of QCD in an efficient and systematic way? Does QCD generate exotic structures
so far undiscovered?

FAIR at GSI with PANDA (AntiProton Annihilation at Darmstadt) will
be in a promising position to provide answers to such important questions about
non-perturbative QCD (Lutz et al., 2009). A major part of the physics program of
PANDA is designed to collect high-quality data that allow to scrutinize various
concepts and approaches to non-perturbative QCD.

The spectrum of open-charm baryons is so far poorly understood. Recently
the attention has turned towards studying resonances with charm degrees of free-
dom, motivated by the discovery of quite a few new and unexpected states, as

reported by the CLEO, Belle and BaBar Collaborations (Artuso et al., 2001).



The main objective of the present study is to pave the way for systematic
coupled-channel computations on open-charm baryon resonances. A first applica-
tion of the chiral Lagrangian to s-wave baryon resonances considered the coupled-
channel interaction of the Goldstone bosons with the ground-state baryons with
open charm (Lutz and Kolomeitsev, 2004). A rich spectrum of chiral excitations
was obtained. Such results are similar to findings on s-wave scattering of Gold-
stone bosons off the baryon octet and decuplet states [see e.g. (Kolomeitsev and
Lutz, 2004a; Kaiser, Siegel and Weise, 1995; Oller and Meissner, 2001)]. Here the
coupled-channel dynamics based on the leading order chiral Lagrangian generates
s- and d-wave baryon resonances. Also, the chiral SU(3) Lagrangian with pseu-
doscalar and vector D-meson has been applied extensively in the literature [see e.g.
(Georgi, 1990; Wise, 1992; Casalbuoni, Deandrea, Di Bartolomeo, Gatto, Feruglio
and Nardulli, 1997; Mehen and Springer, 2004)]. Most exciting are recent studies
on s-wave scattering of Goldstone boson off D-mesons (Hofmann and Lutz, 2004;
Lutz and Soyeur, 2008; Guo, Hanhart, Krewald, and Meissner, 2008; Kolomeitsev
and Lutz, 2004b). Theleading order coupled-channel interaction leads to the for-
mation of scalar and axial-vector D-mesons with properties compatible with the
known empirical constraints.

The challenge of the open-charm baryon sector is the possibility of charm-
exchange reactions, where the charm of the baryon is transferred to the meson.
Thus a complete description requires the consideration of the interaction of D-
mesons with the baryon octet and decuplet states. A first phenomenological case
study modeled the coupled-channel force by a t-channel exchange of vector mesons
in the static limit (Hofmann and Lutz, 2005; Hofmann and Lutz, 2006; Tolos,
Schaffner-Bielich and Mishra, 2004). Such a t-channel force recovers the leading

order predictions of chiral symmetry whenever Goldstone bosons are involved. It



was shown in (Hofmann and Lutz, 2005; Hofmann and Lutz, 2006; Jimenez-Tejero,
Ramos and Vidana, 2009) that a rich spectrum of s- and d-wave baryon resonances
is generated dynamically based on such a schematic ansatz. Two types of reso-
nances are generated. The first are formed predominantly by the interaction of
the Goldstone bosons with the open-charm baryon ground states, and the second
are a consequence of the coupled-channel interaction of the D-meson with baryon
octet and decuplet baryons (Tolos et al., 2004; Guo et al., 2008; Jimenez-Tejero
et al., 2009). For both type of resonances the exchange of the light vector mesons
constitute the driving forces that generate the hadronic molecules. The exchange
of charmed vector mesons lead to the typically small widths of the second type.
While the interaction of Goldstone bosons with any hadron is dictated by chiral
symmetry at the leading order, this is not true for the interaction of D-mesons. At
leading order D-mesons interact with baryons via local counter terms that are un-
determined by chiral symmetry. This resembles the situation encountered in chiral
studies of the nucleon-nucleon force [see e.g. (Epelbaum, Hammer and Meissner,
2008)]. Only the long-range part of the interaction is controlled by chiral interac-
tions, the short range part needs-to be parameterized in terms of a priori unknown
counter terms. Needless to state that a reliable coupled-channel computation re-
quires the consideration of both short-range and long-range forces. The purpose
of the present work is a systematic construction of the leading order counter terms
for the interaction of the D-mesons with the baryon octet and decuplet states.
Though chiral symmetry is not constraining such counter terms there are signifi-
cant correlations amongst the counter terms implied by the heavy-quark symmetry
and large- N, QCD. In the limit of a large charm-quark mass the pseudoscalar and
vector D-mesons form a spin multiplet, with degenerate properties (Georgi, 1990).

Thus a systematic coupled-channel computation requires the simultaneous con-



sideration of pseudo-scalar and vector D-mesons. This leads necessarily to the
presence of long-range t-channel forces. The transition of a vector D-meson to a
pseudo-scalar D-meson involves a Goldstone boson. A first attempt to consider
pseudo-scalar and vector D-mesons on equal footing, however, assuming zero range
forces only, can be found in (Gamermann et al., 2010). Similarly, in the limit of a
large number of colors in QCD the baryon octet and decuplet states form a super
multiplet (Gervais and Sakita, 1984). This asks for the simultaneous consideration
of the octet and decuplet baryons.

In a recent study the implications of large-N. QCD on the local counter
terms of the Goldstone boson interaction with the baryon octet and decuplet
states was worked out (Lutz and Semke, 2011). The technology developed in Luty
and March-Russell (1994); Dashen, Jenkins and Manohar (1995); Lutz and Semke
(2011) was applied. Matrix elements of current-current correlation functions were
evaluated in the baryon octet and decuplet states. The latter was expanded in
powers of 1/N, applying the operator reduction rules of (Luty and March-Russell,
1994). This technologyis well suited for an application to the open-charm sector.
The implications of heavy-quark symmetry-on the counter terms can be worked out
using a suitable multiplet representation of the pseudoscalar and vector D-mesons

(Wise, 1992; Casalbuoni et al., 1997; Mehen and Springer, 2004).



CHAPTER 11

SYMMETRIES OF QCD

Quantum Chromodynamics (QCD) is the gauge theory of strong interac-
tions, which is based on an exact SU(3) color symmetry. The fundamental matter
and gauge fields are so-called “Quarks” and “Gluons”, respectively. Quarks are
particles with spin % and gluons are massless gauge particles with spin 1. The full

QCD Lagrangian is given by

(s j j 1 a a), pv
Locp =y @ (i7" DIt = my ™) df — 1 Gl GO (2.1)
!

where ¢y are the quark fields with flavors f = u,d, s, ¢, b,t and my are the quark
masses. We use Greek indices (p,v, -+ =0,1,2,3) for Lorentz spacetime indices,
Latin indices (a,b,c,--- = 1,--+,8) for SU(3) color adjoint indices and Latin
indices (i, j, k,--- = 1,2, 3) for SU(3) color indices'in the fundamental representa-

tion. The quark fields form a.color triplet as

q' q"
q5 = q2 — qG . (2.2)
3 B
q q
f f

One may label the quarks by using the colors (red, green, blue) instead of numbers

as R =1, G — 2 and B — 3. The covariant derivative D, is defined by
D, =09,— ig AD T, (2.3)

where A,(f) are the eight gluon fields, g, is the strong interaction coupling constant

and 7@ = %)\(“) are the generators of SU(3) color group with A@ being the



Gell-Mann’s matrices. The strength of the gauge fields fo,l,) is defined as

G =D, A" — D, A =0, A" — 0, AW + g, fre A AL (2.4)
where 4% = — f%¢ are structure constants of the SU(3) color group.

The QCD Lagrangian is invariant under local SU(3) gauge symmetry trans-
formation, which we parameterize by the functions ©@(z). The dynamical vari-

ables are transformed as

i 6@ () 7@
gr — UlO(x)] qp = e @7 @ T,

D, qr — UO(2)] Dy gy
i

A, = UO@)] AYTO U 'O(x) — 0 (0, U[O(x)) U '[O(x)]

G — UO(@)]GYTU ' [O(x)]. (2.5)

In QCD not only quarks carry color charges but also gluons carry color
charges. This is typical for a theory based on a non-abelian gauge symmetry. We
can directly see from the QCD Lagrangian that there are vertices with three and
four gluon fields.

The QCD Lagrangian'is invatiant under a number of additional transfor-

mations
e Lorentz transformations
S(A) ZL(2)gep SN = L(Ax)gep , (2.6)
where ' = A x and A is a Lorentz transformation matrix.

e Parity and charge conjugation transformations

P L(x)gep P = L(F)gcep,

(gg(l')QCD ¢t = g(l‘)QCD, (27)



where Tz = (xo , —x)t with ¢ standing for the transpose, & is the parity
transformation operator and % is the charge conjugation transformation

operator.

Note that any local quantum field theory is invariant under successive applications
of charge conjugation, parity and time reversal transformations. Thus, there is no
need to discuss time-reversal transformations explicitly.

We have briefly surveyed general properties of the QCD Lagrangian in this
section. In the next section, we will discuss additional symmetries of the QCD

Lagrangian in the limit of massless quarks.

2.1 Chiral symmetry

Quarks can be grouped into light and heavy flavors according to their
masses: the u, d, s quarks are much lighter than the ¢, b, t quarks (Nakamura and

Group, 2010) as shown below

m, = 0.005 GeV me = (1715 — 1.35) GeV
mq = 0.009 GeV |/ 1LGeV < my = (4.0 —4.4)GeV | 5 (2.8)
me = 0.175 GeV my = 174 GeV

The masses of the three light quarks are smaller than the typical hadronic scale

as
May.d,s <1 GeV ~ Ahadronic . (29)

Therefore, it is reasonable to approximate QCD by its limit of massless light quarks
(i.e. my, = myg = ms = 0), the so-called chiral limit. Theoretical results may be
obtained by treating the light quark masses in perturbation theory. On the other
hand, the ¢, b, t quarks can be treated as infinitely heavy at low energies. The

only active degrees of freedom are those associated with the light u, d, s quarks.



In the chiral limit, the QCD Lagrangian takes the form

1

0 Y a a 17

L5 = EszDquGwﬂ*“, (2.10)
f=u,d,s

where ¢y represents the u, d and s quark fields. Now we are ready to explore
additional symmetries of the QCD Lagrangian. For this purpose it is useful to

introduce right- and left-handed quark fields

qr = Prq, q.=PLq, (2.11)

where the projection matrices Pr and Py, are defined by

1 1
Pr = 5(1—1—75), P = 5(1—75). (2.12)
The Pr and P;, matrices have the properties,
Pr+ Pr=1,

Ph=Pg,P; =Py,
PrP, =P Pp=0. (2.13)
In application of (2.13) the QCD Lagrangian (2.10) takes the following form

(1 o 1 a a), pv
ﬁ%f=E:Q%WDwamw”%%%@GQGW“, (2.14)
q=u,d,s
where we note the absence of terms involving right- and left-handed fields simul-

taneously. From this observation we deduce the presence a SU(3)r ® SU(3), ®
U(1)gr ® U(1), symmetry. The right- and left-handed quark fields transform sep-

arately as follows

UR UR
_(e@p()
1|05’ T\ v+ 0
dr = dr ? € (R R) dr ’
SR SR
Uur, ur,
_ —i (@(L“)T(G)Jr@L) 915
qrL = dL ? € dL ) ( . )

ST, SL



with the various group elements generated by flavor octet @Sg,)L and singlet Op 1,
parameters. Here T(® = 1 \@ are the generators of SU(3) flavor group with A\(®
being Gell-Mann’s matrices. In the limit of massless quarks QCD has a so-called
chiral symmetry.

According to Noether’s theorem, in the chiral limit we obtain 18 conserved

currents from the QCD Lagrangian, which are given by

RLG) = Z qR T T(a) qr, L/(La) = Z QL o’ T(a) qr ,
q=u,d,s q=u,d,s
R, = Z 4R V4R, L,= Z qr Yu qL - (2.16)
q=1u,d,s q=1u,d,s

For convenience, we may identify vector and axial-vector currents, V,, and A,,, with

conventional properties under parity transformations. We find

VO =L + Ry =9, T%q, AP =L - R = 75T,

Vi=L,+ R, =qv.4, Ay=L,— R, =qv.q. (2.17)
The conservation of the currents implies the identities
PV =AY = 0"V, =0, (2.18)

where we note the exceptional behavior of the singlet axial-vector current

2

3g8 a 174 a loa
Op A = 2575 Cupo G- gl e (2.19)

which is broken by the so-called Adler-Bell-Jackiw anomaly (Adler, 1969; Bell
and Jackiw, 1969; Itzykson and Zuber, 1980; Peskin and Schroeder, 1995). Each

conserved current implies a conserved charge as given by

v = / dx Vi (t,x),

/
Qv = / Px Vi(t,x). (2.20)
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The Noether’s charge operators commute with the massless QCD Hamiltonian

JQep, i.e. it holds

Q) Hoen] = QY Hacn] = [Qv, Hocn] = 0. (2.21)

The U(1)y symmetry in QCD is associated with the baryon-number conservation.
Mesons and baryons are assigned the baryon-quantum numbers B = 0 and B = 1,
respectively. This symmetry is analogous to the U(1) symmetry in QED, which
leads to the conservation of the electrical charge.
The group SU(3)y ® SU(3)4 is isomorph to the group SU(3)zr ® SU(3).,
that is,
SU3)r @ SU(3)r, =SUB)y ® SU(3)4. (2.22)
In principle, the conservation of the charge operators ng) and QEZ) implies the
existence of chiral doublets in the spectrum of QCD, that is, there should exist
two particles which have the same mass and spin but opposite parities. However,
such a pattern is not observed in the hadronic spectrum (Nakamura and Group,
2010). For instance, the observed ground states of baryons with positive parity
are classified by an approximate SU(3)y symmetry. A corresponding symmetry
pattern is not observed for baryons with negative parity. In other words, the
ground state of QCD is not invariant under SU(3)r x SU(3), transformations.

This implies

QY10) #0, (2.23)

where | 0) is the vacuum state. Thus the chiral symmetry is spontaneously broken

down to the SU(3)y subgroup as

According to Goldstone’s theorem (Nambu, 1960; Goldstone, 1961), there

exists one massless boson for each charge operator QEZ) which does not annihilate
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the vacuum ground state. The Goldstone boson carries the quantum numbers of
the charge operator fo). The pseudoscalar octet mesons 7+, 7°, K+, K° K% n
have small masses compared to the typical hadronic scale, and hence one identifies
them with the pseudo-Goldstone bosons of QCD. In the limit of massless quarks

we expect the masses of the pseudoscalar mesons 7+, 7%, K*, K° and 1 to vanish.

2.2 Green’s function of QCD at low energy

In any field theory, the crucial objects are the Green’s functions, which are
the vacuum expectation value of time-ordered products of field operators. From
the Green’s functions physical transition amplitudes can be extracted. In this
section, we will discuss a systematic method to extract such quantities from QCD.

We use the external source-field method following Gasser and Leutwyler
(1984; 1985). Auxiliary c-number fields are coupled to the quark currents of QCD.

This leads to an extended QCD Lagrangian of the from

XQCD(C?, q, G,uv Va Aa S: P) 5 "g/ﬂQ(OC)'D + qu/i qu

+ gt Aug—qSq+qivsPq, (2.25)

where Z(gg p was introduced already in (2.10). The external source fields transform
under parity transformations as a vector (V,), an axial vector (A), a scalar (S)
and a pseudo-scalar (P). The original QCD Lagrangian of the light quarks is
recovered by setting V, = A, =P =0 and § = M where M is light-quark mass
matrix. The flavor structure of the external source fields is given by

8 8
D S ) oIk
a=1

a=1

8 8
S = 814> SO p=pO14 Yy POTO®.  (2.26)
a=1

a=1
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where 1 is the 3-dimensional identity matrix and 7@ = 1 A\ are the SU(3) gener-
ators.
The generating functional of QCD is given by (Gasser and Leutwyler, 1984;

Gasser and Leutwyler, 1985)

eiZ[V,A,S,P] — /DGMDqueZ fd4z.>Z’QCD(q,q,GH; V,.A,S,P)

= (0| T ot [ d*2 (@7 Vi a+qys 7" Aua+3S ¢+37v5 P)a 10)

= (Oout | O ) v, 4,57 - (2.27)

In (2.27) we provide three equivalent representations of the generating functional.
The first one in terms of a path integral, the second one in terms of field operators
in the Heisenberg representation and third, in the interaction picture. While in
the second line, | 0), is the ground state in the presence of QCD’s interaction, the
state, | Oim ) v, 4 s, P, Is the free vacuum state in the presence of the external fields.

The generating functional (2.27) has the local chiral symmetry SU(3)r X
SU(3), (Gasser and Leutwyler, 1984; Gasser and Leutwyler, 1985; Krause, 1990;

Scherer, 2003). The simultaneous transformations;of the external fields
ru(x) = V(@) + Au(@), = Un(@) r,(2) Uk(z) + i Up(2) 0, Uk(2),

(@) = V(@) = Au(z) = Up(@)lu(2) Uj(2) +iUL(x) 8, U} (x),
(2.28)

S(x) +iP(x) — Uglx)(S(x) +iP(x) Ui (x),

S(x) —iP(z) — Uglz)(S(z) —iP(x)) Ui(z) ,
does not change the generating functional. In (2.28) the local transformations
are parameterized with Ug(z) = exp(—i©O%(z) T@W) € SU(3), and Ur(z) =
exp(—i0%(x)T@W) € SU(3),. The invariance follows since the quark fields in

the path-integral representation (2.27) may be transformed with

qr(z) —  Ur(z)qr(x),

qr(z) —  Up(w)qr(z). (2.29)
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In order to calculate matrix elements of the current operators one takes
functional derivatives of the generating functional with respect to the external
source fields (Gasser and Leutwyler, 1984; Gasser and Leutwyler, 1985; Leutwyler,

1994; Krause, 1990). Consider the four examples

5 ‘
01S@ 0) = % LiZ[V.ASP 2.30
(05 (z)]0) 108@ (z) ‘v:A=P=0,3=M’ (230)
5 .
0 V(a) 0 =_ 2 1Z|V,A,S,P]
(0] u (z)]0) 2’(5V(“a) (z) € ‘ V=A=P=0,6=M
8 g :
0 TP(a) P(b) 0) — 1 Z[V, A, S, P]
0] (x) (y)10) i6P@(z) i 6 PO (y) € ‘ V=A=P=0,8=M
) 0 :
u b o i1 Z[V,AS,P
(01T AW () AV () |0) = v 45 7|

6 Al () 16 Ap (y) V=A=P=0,8=M

with the vector and axial-vector currents already introduced in (2.17). The scalar

and pseudo-scalar densities are
S@(z) = g(z) T q(x), PY(z) = iq(x) v T q(z). (2.31)

The formulae in (2.30) are obtained from an expansion of the generating functional

(2.27) in powers of the-external fields, i.e.
eiZ[V,.A,S,'P} - 1

[t (V0@ OV @) + AP @) (0147 (2)10)
+ 8 () (0]S(a) ()]0) + i P (x) (0] Py (x)[0) }
- 5 [ ey VRO 0TV @) Vi)
AP (2) AD() (O A% () A% (1)]0)
+81(2) §9(y) OIT Sty () 5 (9)]0)
+ P () POy) O[T Proy () Pry (110
+ time ordered products of cross terms }

+oo (2.32)



CHAPTER III

CHIRAL LAGRANGIAN

In this chapter we briefly review some general properties of Chiral Pertur-
bation Theory (ChPT) which is a systematic method to study low-energy QCD.
More details of ChPT and its current progress may be found in Scherer (2010);
Bernard (2008); Scherer (2003); Pich (1998); Bernard (1995); Leutwyler (1994b);
Leutwyler (1994a). At the end of this chapter, we construct chiral Lagrangians
with D-meson and baryon fields and evaluate baryon-matrix elements of charm-

changing currents.

3.1 Generating functional with effective degrees of free-

dom

An effective field theory is a convenient and powerful tool to perform sys-
tematic calculations in terms of the relevant degrees of freedom. The basic idea is
to identify the lightest particles as the relevant and active degrees of freedom at
low energies. While the fundamental degrees of freedom in QCD are the quarks
and the gluons, at low energies the Goldstone bosons dominate the dynamics. An
effective field theory is based on an effective Lagrangian which is constructed in
terms of the relevant degrees of freedom incorporating all important symmetries
and symmetry-breaking patterns of the underlying fundamental theory (Weinberg,
1979; Donoghue, Golowich. and Holstein, 1995).

Chiral Perturbation Theory (ChPT) is the effective field theory of QCD

at low energies. In this section, we will discuss and summarize the fundamental
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principles and building blocks of the chiral Lagrangian. A powerful method to
construct the chiral Lagrangian is the external field method. Let U be an effective

degree of freedom relevant for our effective field theory. Then we expect
G IV A S, P _ /DUei [dto (U V. A8,P) ’ (3.1)

to define a systematic approximation of QCD’s generating functional (2.27) at
low energies. Here Z.¢ is the effective Lagrangian constructed as to keep the in-
variance properties of QCD’s generating functional under local SU(3)r x SU(3),
transformations in the external sources (2.28). This constraint provides the con-
struction rules of the effective Lagrangian (Gasser and Leutwyler, 1984; Gasser
and Leutwyler, 1985; Krause, 1990; Donoghue et al., 1995; Scherer, 2003).

We start with the transformation properties of the effective field U(x). Un-
der the local chiral symmetry group SU(3)g x SU(3)y, the field U(z) transforms

as follows
U(z) = U'(x) = Up(2) U(x) U,  (z) = Ur(x) U(z) Ul (x), (3.2)

where the transformation fields Uy (z) and Ug(x) were introduced already in (2.28).
It is convenient to express the field U(z) € SU(3) in terms of the Goldstone boson

fields ®(z) via the exponential representation

Uz) = exp {% cp(x)} | (3.3)

where f is a constant and

%71’0—1-%77 nt K+
b = \/5 T —%WO‘F%T] KO ) (34)
_ -0 2

is given in terms of the physical pion, kaon and eta fields. We introduce a covariant

derivative of the effective field U as follows

8,U =D, U=08,U—il,U+iUr,, (3.5)
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such that under a local chiral transformation it transforms with

D, U — Ur (D, U) U} . (3.6)
It is convenient to identify combinations of the external fields, R, and L, , that
transform like the U field. We introduce
Ry, =0,r,—0yr, —ilr,, r)-
(3.7)
Ly=0,l,—0,1,—i[l,, ],
with
Ry (2) = Un(@) Ru(@) U(®) . Loy = Un() Lu(@) Ul(@).  (38)

In this section, we have discussed the basic idea behind an effective La-
grangian. We derived the construction rules for the chiral Lagrangian and identi-
fied the transformation properties of the effective chiral field U(z) and its covariant
derivative D, U. Given such transformation rules it is straightforward to identify

the infinite hierarchy of interaction terms in the chiral Lagrangian.

3.2 Heavy fields in'the chiral Lagrangian

We proceed with a discussion about heavy fields in the chiral Lagrangian.
How to generalize the construction rules of the previous section to the case where
a baryon or D-meson field is involved? We first investigate the flavor SU(3) de-
composition of the four fields of interest in our work. The flavor structure of the
fields will play a crucial role in the construction of the Lagrangian.

The baryon octet field with JZ = %Jr may be represented by a 3 x 3 matrix

0 A 4
B = - —% + % n ; (3.9)
—= g0 —24
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where the various elements give the eight baryon fields of the octet, i.e. the proton
(p), neutron (n), lambda (A), etc fields. The matrix structure is a consequence of
co- and contra-variant flavor SU(3) indices, i.e. B = BZJ Here 7,5---=1,2,3 are
indices in the fundamental representation of the flavor SU(3) group. The baryon
decuplet field with J¥ = %Jr has three upper flavor indices A = AY*  which are

symmetric under mutual exchanges. The ten fields are identified

Alll — A++ A112 — A+/\/§ A122 — AO/\/g A222 — Af
A113:_Z+/\/§’ A123:20/\/6’ A223227/\/§’
A _ =03 AP — =3,

A% = (3.10)

with the various physical fields. There remain the open-charm fields with J* = 0~
and J¥ = 17. Although the pseudo-scalar mesons composed of up, down and
strange quarks are a consequence of spontaneous chiral symmetry breaking, the
pseudo-scalar open-charm mesons are not to be identified with pseudo-Goldstone
bosons. The masses of the open-charm mesons do ‘ot vanish in the chiral SU(3)
limit since they involve a’charm- quark that remains heavy in that limit. For
our considerations the open-charm fields have to be treated like any other heavy
field. With respect to the flavor SU(3) group the open charm fields transform as

antitriplets, i.e. they are characterized by one lower flavor index. We write

D= <D°, —D+,Dj), D,, = (D%, —D* Dt ),  (3.11)

uv? pvr s, uv
where we recall the quark content of the open-charm fields with (zc, —dc, 5c¢).

The corresponding antiparticles are described by the fields

DO DY,
D=\ _p+ |, D,, = -Df, | (3.12)
Df DT

s S,
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where we use D = D' for notational convenience. In this work, we use anti-
symmetric tensor fields to interpolate the vector D mesons, i.e. it holds D,, =
—D,,, [see e.g. (Jones, 1962; Kyriakopoulos, 1969; Kyriakopoulos, 1972; Ecker,
Gasser, Pich and De Rafael, 1989; Nowakowski and Pilaftsis, 1993; Veltman, 1994;
Lutz and Soyeur, 2008)].

We return to the construction of the chiral Lagrangian. The starting point

is a generating functional
F(p'.p iV, A S, P)=e PP VASTI = (pl [ pu)vasre,  (313)

in the presence of | p;, ) and (p’,,, | states that describe an incoming and outgoing
heavy state with momentum p and p’ respectively (Gasser et al., 1988; Krause,
1990). Like before the generating functional (3.13) is invariant under the local
transformation of the external sources (2.28). We can calculate matrix elements
of various current operators from F in the same way as we have done it in the
vacuum case by taking functional derivatives.

We conclude that the effective Lagrangian:that includes any heavy field
must maintain the local SU@B)z x SU(3), symmetry. All what needs to be done
is to work out the transformation properties of the various heavy fields. This is
done in two steps. First we introduce a new field v with u?> = U. According to
(Georgi, 1984; Krause, 1990; Scherer, 2003; Scherer, 2010) the new field u field

transforms as

u — \JULUUL, = UpuK' Uy, Ug,U)

= K(Up, Ug, U)uU},, (3.14)

where K (Ur, Ug, U) € SU(3) is a so-called compensator field which is a non-linear
function of Uy, Ug, and U. For a SU(3)y transformations with Uy, = Ug it follows

K(UL, UR, U) = UL = UR from (314)
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The transformations K and KT will play a central role in the construction
of a chiral Lagrangian with heavy fields. It is useful to identify field combinations
that transform exclusively with K and/or KT. A first example is the chiral axial

vector, a so-called “vielbein”
U =i(uf (0" —ir*)yu — u(0" —il")ul), (3.15)
which transforms according to
g STORSIOL gt (3.16)
It remains to construct the covariant derivative

DU, = 8,U,+T,U,—U,T,, (3.17)

where I'* is the chiral connection. The request that D, U, transforms like the U,

field determines the chiral connection

= = (ul (" —ir")u+u (0" —il*)ul). (3.18)

| —

Our claim follows from the transformation property
M — KT'K! — (0" K) KT, (3.19)

To this end we remark that we may construct the chiral Lagrangian with either
UD, of (3.5) or U,,D, of (3.15, 3.17). The resulting two Lagrangians will be
equivalent.

Now we are well prepared to consider any heavy field in the chiral La-
grangian. The central result we use here that the transformation rules depend
on the number of co and contra variant flavor indices only (Georgi, 1984; Krause,

1990; Scherer, 2003; Scherer, 2010; Pich, 1998; Bernard, 2008). A simple example
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is the baryon octet field B = B?, which has one upper and one lower index. While

the upper index transforms with K, the lower index transforms with KT, i.e.

g SUORXSUGL gt (3.20)

The baryon octet field transform like the U, field, which implies that their covariant
derivatives are identical. The baryon decuplet field A, = Afjk has three upper

indices. As a consequence it transforms as

Aij SU(B)ﬁU(fi)L (K)% (K)J (K)Z Ag’m . (3‘21)

m

As we have seen from the covariant derivative acting on the octet fields any upper
or lower index comes with the chiral eonnection, however, with a sign and index
contraction depending on the case. For the baryon octet and decuplet fields it

follows

Dy, Bij = Oy Bé‘ + (Fu)ik Bl;‘ = B?e (Fu)k

70

Dy AYF =0, AJF + (M) A + (T A" + (D) A (3.22)

Analogous results hold for the,open-charm fields (Wise, 1992; Yan et al., 1992;
Burdman and Donoghue, 1992; Casalbuoni et al., 1997). Given the transformation
rules of U, and all the heavy fields it is straight forward to write down terms that
respect the local SU(3)g ® SU(3), symmetry. The chiral Lagrangian consists of
all terms one may write down. It is the task of so called power counting rules to
order the terms according to their relevance (Gasser and Leutwyler, 1984; Gasser
and Leutwyler, 1985; Gasser et al., 1988; Krause, 1990; Scherer, 2003; Fuchs et al.,

2003).
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3.3 Chiral Lagrangian with open-charm meson and baryon

fields

The main focus of this work is to study the interaction of the open-charm
mesons with the octet and decuplet baryons. We focus on the residual short-range
interactions described by local two-body counter terms. Since we are interested in
open-charm mesons and baryons with small 3-momentum we construct the two-
body terms with the minimal number of derivatives. We discriminate terms with
two baryon octet fields, £, two baryon decuplet fields, Z@, and the remaining

mixed terms, Z(). We write
ﬁounterterm = g(c) U Z(d) + g(e) . (323)
The chiral Lagrangian for the two octet-baryon fields is given by

4 i 1
RZC- D{C§S> (BB):+c” (BB)-+ 57t (BB

1 | 1
- §DW{”(S)(BB)++E(ZS)(BB)_ &t (BB)

}D
}—V

1

I DW{ V(Brsy" By + 5" (Bys " B)-
+ % M (Bys+" B) } (0"D) + h.c.
+ %]\40 e’ Dy {55A) (BY5% B)+ +&" (Bsva B)-
5 &Yt (Brsra B) } (7 Dug) + hc., (3:24)

where D = DT and M, is the charm quark mass. In (3.24) we used the notation

(BT B)+ with T' any Dirac matrix and

(BT B). Zb b AD N\,

1
B= 7 b @\ (3.25)

We note that all derivatives in (3.24) should be replaced by appropriate covariant

derivatives as to render the various interaction terms invariant under chiral rota-
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tions. Since such a replacement is unambiguous we keep the normal derivative for
notational clarity. All structures in (3.24) describe s-wave scattering and there-
fore we assign them the chiral power Q°. There are thre independent flavor SU(3)
structures which are parameterized by three coupling constants ch), céX) and ch).
It remains to understand the four spin structures in the chiral Lagrangians .£().
There is one term involving the pseudo-scalar D mesons with coupling constants
cgs) . This follows since a two-body system of a spin zero and a spin one-half par-
ticle allows to form one s-wave state only. In contrast two s-wave states involving
the vector D mesons are possible. The relevant coupling constants are introduced

(s (4)

with ¢ ) and 6§A) . It remains the term parameterized with ¢;’ describing an

s-wave transition from the pseudo-scalar to the vector D mesons.
We continue with the leading order terms involving two baryon decuplet

fields. At the leading order we find the relevance of the following 10 terms

2@ = —p{a¥ B A+ dw (A7-4,) } D

+ % D, {&55) Al T % d tr (A7 A,) } D

+ % P /D, {d@ Ao-Dp+ % dS tr (Aq - Ap) } D+ he.
45 D {87 Ao A4 DA tr (B, - 8°) ) Do

1 ~B = 1 - _ _
~5 D {dff’ Bow & 4+ 5dP tr (B - ) } Dy, (3.26)
where we used the notation

(AF-A)p = Ak, AT (3.27)

ijb
suggested in Lutz and Kolomeitsev (2002). The decuplet fields satisfy the con-

straint equations
A, =0"A,=0. (3.28)

The spin structures of the chiral Lagrangian (3.26) are readily understood. Again
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there is one term involving two pseudo-scalar D-meson fields with coupling con-
stants d§5> . Since a two-body system of a spin three-half and a spin one particle
allows to form three s-wave states only, there are the three coupling constants only,
dﬁs’, JﬁE) and JgE) . There remains the term parameterized by dgE) describing the
s-wave transitions from a pseudo-scalar to a vector D meson.

We close the collection of our counter terms with structures involving a

baryon octet and decuplet field. At the leading order we find the following 4 terms

e [ vo, A A D 4 A D
2 = 2 e D (A, 35 3B) Dag + € Dag (8757 - B) D} + hie.
&

— 5= D™ (D757 B) DY + he.
54 ) [
- % D.” (A, -vsv, B) D™ + h.c., (3.29)

where we used the notation

(A% B)p = ™Al

i7b

B, (3.30)

introduced in Lutz and Kolomeitsev (2002).
Altogether we have 26 coupling constants which all carry dimension
[Mass]~!. In the following chapters, we will use the heavy-quark symmetry and

the large N, operator analysis to correlate the coupling constants introduced here.

3.4 Correlation functions of charm-changing currents

In the previous section we constructed a chiral Lagrangian with D mesons.
While from the construction it follows that the various terms are invariant under
chiral rotations the relation to QCD’s Greens function is less transparent. In order
to connect more closely to QCD it is useful to consider charm-changing axial-vector

and vector currents in the generating functional (2.25, 2.27). In turn the effective
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Lagrangian and generating functional (3.1) will then depend on such external and
charm-changing sources.

We introduce charm-changing axial-vector and vector currents

A,(@) = (@), d@), 5(@) ) y95(a).

Ayx)y=e@) v | dz) | Vi) =é@) v | d@) |, (3.31)

with the quark-field operators u(zx),d(x), s(x),c(z) of the up, down, strange and
charm quarks. We note that flu, Vu and A,, V, form triplets and anti-triplets in
SU(3) flavor space respectively. The A, and V,, operators create pseudo-scalar and

vector D mesons as

(0] 4,(0)|.D(q)) = fau-

(01 V) [ D@ X)) = fv My <,(a. ). (3.32)
where f4 and fy are some coupling constants. With €,(¢, A) the conventional
wave function of a spin-one particle is denoted. In (3.32) and in the following we
consider the flavor SU(3) limit for simplicity. The parameter My is the SU(3)

limit value of the vector D meson masses. The chiral Lagrangian will involve the

additional terms
Lioa(¥) = (1) A, () + Au(a) (@) + V() V() + Vylr) T() . (3.33)

In this work, we consider baryon matrix elements of the following products
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of quark currents:

cvA (q) =1 /d4x e~tar V,.(0) 2@ f_l,,(:p) , (3.34)

where the Gell-Mann matrices, A\, are supplemented with the singlet matrix
A0 = /2/313,3. Therefore in (3.34) the index is @ = 0,---,8. We are in-
terested in such matrix elements, since they receive contributions from the chiral
Lagrangian (3.23) and they define a rigorous basis for the derivation of large-N.
sum rules in the Chapter V.

In the following we derive and analyze the contributions of the chiral La-
grangian (3.23). Following Lutz and Semke (2011), the baryon octet and decuplet

states

Ip, X, @), Dy X 1jk) (3.35)

are specified by the momentum p and the flavor indices a = 1,--- ;8 and i, j, k =
1,2,3 in the flavor SU(3) limit: The spin-polarization label is y = 1,2 for the
octet and y = 1,--- ,4 for the decuplet states.

According to the LSZ reduction formalism (Itzykson and Zuber, 1980; Pe-
skin and Schroeder, 1995), baryon matrix elements of the correlation operators in
(3.34) have contributions from the on-shell D-meson baryon scattering amplitudes.
They are identified unambiguously by taking the residuum of poles generated by
the incoming and outgoing D meson. For the sake of a more compact notation in

what follows, it is convenient to introduce

~2 2 2 2
~ N qa—M q° — M.
CXY((LQ): XcXY Y

uv, a fX ,uz/,a(qa Q) T ) (336)
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with X,Y = V. A and M, and My the masses of the pseudo-scalar and vector
D mesons in the flavor SU(3) limit. In (3.36) we identify ¢, and g, with the
4-momenta of the incoming and outgoing D mesons.

The baryon matrix elements of C:34, (7, ) are

B, X, c|Ct (@, 0) | p, x. b) = Gu qv 0P, X) u(p, X)

<\/5 (5) +fc3 )5”0 ,a=0

QCgs)dabc_l_QCgS)Z’fabc 7@:1’...78

X

(D, X, mop | Cit(@q) | p, x, ) = 0,
<ﬁ7>_<7n0p | C/;Az/Aa(_ ) |p7 X klm> = - q_u Qv ﬂa(ﬁa >_<) ' Ua(p, X)

g i)z oo
3 2 ) kl (3.37)

d§®) ATt grep La=1,---,8

rst

X

where the upper row corresponds to the singlet component of the correlation func-
tion and the second row specifies the matrix elements for the octet components
with a = 1,...8. We refer to the Appendix for the definition of the baryon octet
and decuplet wave functions u(p) and wu,(p). Furthermore, we assume a flavor
summation over the indices 7, st =1,2,3." The symmetric and antisymmetric

structure constants d®¢ and f®¢ of the SU(3) flavor group are defined by
2
M@ \O) = 3 0% 4 @ N g fabe N (3.38)

The flavor SU(3) structures require additional notation

A = [a A A0 | 5 =[G 6100y | ,
ab Ik M Amy sym(kim) nop o T P sym(nop)

Aab _ |:51 )\(a )\( ) :| : A% JKlm |:)\(a)505m :| , 3.39
klm ik 2 Zgm sym(klm) nop fon 71 P sym(nop) ( )

which proved convenient in various derivations (Lutz and Semke, 2011). The
symbol 'sym(nop)’ in (3.39) asks for a symmetrization of the three indices nop,

i.e. take the six permutations and divide out a factor 6.
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We proceed with matrix elements of the vector currents. Here we will need
the propagator of a vector meson in the tensor field representation. For a generic
vector meson field V,, we recall the central result (Ecker et al., 1989; Lutz and

Soyeur, 2008)

01TV () Vsl | 0) =i [ K oy
(01 TVu@) Vo) 10) = i [ 5 e ™ ).
Saﬁ,/u/(k> -~ {(M2 . ]{]2) ga,u gﬁu _'_ga,u kﬁ K — gau kﬁ L+

—(n<v)}. (3.40)

where M is the mass of the vector meson. Some algebra leads to

(D%l CY o (@.q) | p, X, b) =

1
aff — _
- 2 M‘2/ S ,,u(q) Saﬁ,z/(Q) U(p, X) U(p’ X)
(2\@555’ + \/§5§5>> o a=0
X
26§S)dabc+25§3)’ifabc ,a:1,'--,8
i (0} o8 — — = =
TR i {SW(Q) Sas.#(q) WD, X) 75 7o u(p, X)
—Sasu(@) So,v(q) WD, X) 57, u(p, x)}
(228 +f3d) o a=0
X b)

25gs)dabc+26(25)ifabc 7a:1’...78

(D, X, nop| C/X/Ya(CL q)|p, x;b) =

1
_73 q Sﬁa ﬂoz 7a7 v )
2\/§M‘2/ pru(Q) ,V(Q) (p X)’YS’Y (P X)
0 ,a=0
X
égA)Ang ’a,:]_7...’8
1

Ba (7 i (DY
* 2v2 M2 8P @) Sppw (@) Ta(P; X) 57" w(p; X)
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0 ,a=>0
EVAmP g =1,.- .8

(0, X, mop | CyY (@, ) | p, X, klm) =

1 « _ o/~ —
gz 5" (@) Sep(0) W (0 X) o0 )

(V2d +\/5d) apm L a=0

L Vit ca=1,--.8

rst

X

1 o ~ -
QM‘Q/ S p,u(q) S,BP,V(q) Ua(p> X) uﬁ(pa X)

(V2d™ + \J2d?) o a=0
X

L N s La=1,---,8

_|_

1 N A
_Wsﬁpyﬂ(q)s p,u(q)ua(p7X)uﬁ(p7X)

(V225387 ) i a=0
X

, (3.41)
égE)AZixtéﬁgp ) azla"' 78
where we use the compact.notations of (Lutz-and Soyeur, 2008) with
SPY(K) = ko S (k) Ky P (k) = S (k) K,
S () = ko SO (K) (3.42)

where k, k* = M = M>.
There remain the matrix elements of the mixed correlation function, for

which we find

DX, O (@ q) | p, x, b) =

— m Saﬁ,p(@) Qv qﬁ a(ﬁa 5() Vs v* U(pa X)
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(2 §c§5’+ %c(gs)>5bc ,a=0
X

QCgs)d“bchchS)if“bc ,a=1,---,8

(B, X,mop| C (@, q) | p, x,b) =

l aBpo N (o
+——c Se L Ua (D, u(p,
NS 8,1(0) @ (P, X) 15 8 u(p, X)

0 , a=10

eY‘)A;‘gp ,a=1,---.,8

(P, X, nop| Cp (@ q) | p, X, klm) =

4 afpo - — Yy
—; € br Saﬁ,,u(q) qlluo(p7 X) Up(p’ X)

4 My
E E no.
<\/§d(1)+\/§dé)>5kl£ ,a=0
X .(3.43)
dgE)AE;ft(S:Lsotp ,a=1,---,8

We close this chapter with a derivation of the non-relativistic limit of our
results (3.37, 3.41, 3.43), which will be needed in Chapter V when deriving the
large- N, sum rules. For technical convenience we.choose the center-of-momentum
frame with ¢; = —p; and ¢; = —p;. We focus on the space components of the
correlation functions. The leading terms in the low-momentum expansion of the
matrix elements of the product of the two currents are

<2\/§c(15)—|— %c@) & a=0

<]§7>_<76‘ c@?ﬁ |p7X7b> = DiDj 5>ZXX g g !
26\%) qabe 42 pabe g =18

(D, X, mop| C4 p, x,b) =0,

_ 2d(s) + \/gd(s)> 5nop
(p, X, nop| C52 |p, x, klm) = P; p; 0y X <\/; 1 2 @2 " | Opim

a d(S) Aa,rst snop
1 klm “rst
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~(S ~
<2 \/gc(1 )+ \/gcf’) gbe

2 6§S)dabc + 2 5§S)Z'fabc

2\/§~(A) \/§~(A)> be
—1€jk o™ x ( B RGT)0

XX A
2 55 )dabc + 2 6(2A) 7 fabc

<ﬁ> X C| é;;,‘g |pa X5 b) = 5ij 5)2)( X

_ = 1 0
<p7X7n0p‘ sz‘g |p7X7b> = T = Sia' - X
J» 2\/5 ( J)XX ~(A)An0p
€1 ab
1 0

P Ay

_ — QJ(S) \/E ~(5)) nop
(B, X, nop| Cijy |p, X, klm) = 65 9y X <\£ R ) O

ij,a
3(S) A a,rst cnop
dl Aklm 5rst

2 F(E) 3 J(E) no

+1 (S:51) (\/;dl L \/;dQ ) Oktm
2 Y37 xx 0

(E) pa,rst cno,

dl Aklmt 51"31‘?

?

g TG

XX
7(E) A a,rst cnop
d3 Ak‘lm 57‘51?

A
<2 \/gcg )+ \/gcg/“) ghe

9 CgA) dabc + 92 CgA) i fabc

_ ~V A 7
<p>X,C| Cz'j,a |an>b> =Dj O->(Z>)< x

Y A 1 . 0
(B, X, nop| CYd |p, x,b) = ——=p; SY) %

7, 9 \/5 JPxx e(A)ATLOp
1 ab

(P, X, nop| C % |p, X, klm) =

1 o gd(E)_|_ §d(E) nop
—5 P (So® SN x <\/; ! \/g 2 )5’“’” . (3.44)

XX
(E) A a,rst cnop
dl Aklm 51"31‘,

The flavor transiti AP ep i
transition tensors d,,. , A" and A}, used above, were already intro-



duced in (3.39). The spin matrices @ and S are given in the Appendix B.
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CHAPTER IV

HEAVY-QUARK SYMMETRY

In this chapter, we will explore another symmetry of QCD that arises in

the limit of a large quark mass. We are primarily interested in properties of the D

mesons, which were introduced already in the previous chapter. At the end of this

chapter we will correlate the coupling constants of the chiral Lagrangians (3.23).

4.1 Heavy-quark expansion in QCD

The mass of a heavy-quark field is denoted by Mg. In QCD a heavy-quark

field may be decomposed with

Q(l‘) _ efiMQ v hz(}Jr)(x) ™ €+iMQ VT hz(;)(l'),

(4.1)

into a rapidly varying phase function and slowly.varying residual fields K and

K [see e.g. (Georgi, 1990)]-" The latter are called upper and lower components

and can be obtained from the original field by

h+) (x) — eTiMqua

(1+9)Q(x),
(1-9)Qx),

N~ N~

hq()_)(l') — e—i Mg vz
with the projection matrices
1
—(1+9).
S (1)
The momentum p,, associated with the quark-field operator is given by

P~ Mgu,, vt =1,

(4.2)

(4.3)

(4.4)
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in terms of the 4-velocity v, in the limit where the slow fields At (x) are constants.

The projection matrices (4.3) have the properties (Manohar and Wise,

2000)
Gaxp)’=1, La+pH+ia-H=1, Laxpiasy=o,
PR(D = 4 Lt =L (1) + o,
PO = —n0), L= =t L (14— vr (4.5)

From the definitions of the residual fields in (4.2) it follows that hiH destroys a
heavy-quark with velocity v and K creates an anti-heavy quark with velocity v .
Applying the decomposition of the heavy-quark fields to the QCD La-

grangian and considering only the ‘quark in the infinite quark-mass limit, one

obtains

gcggD = Q{iVMDu_MQ}Q

_ , 1 , . 1 v
= thL) {z’u - D+ m ((ZD)2 4 (ZU'D)2> + mgsau GW}hS)H

(. 1 , : 1 v -
+ Al ){ZU~D+M ((ZD)Q—('W‘D)2> —mgsU“ Guy}hf, )
1

+ O (W) : (4.6)
Q
where D, = 0, + i gs A, is the covariant derivative and A, are the gluon fields.
To get the expression in (4.6), one needs to apply the identities in (4.5) together
with the set of equations of motion of the K fields (Riazuddin and Fayyazuddin,
1993). We derive

e_iMQy.zZ-,yu DM hq()+)(l') + e+iMQv~a: {Z’}/M DM — QMQ}hS)_)({E) = 07
W) it B es W) {int B 2o et ¥evs 0,

— (4.7)

e~ iMgux

T 2Mg+ iv- D

et iMg U'xhq(;)($) {Z ~H Du — - D} h1(}+)(x> )
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_ ) _ 1 .
AP (z) et iMave — _ () (g) {i’y” %u + Qv - %} e~ 2iMaue
2 Mg+ iv- D

1

after appropriate projections. We have kept terms only to the first order in g -

In the infinite heavy-quark mass limit it holds (Georgi, 1990; Neubert, 1994)

- - 1
Lopr = h$Piv-DY + 2 iv- DA + 0 (M—Q) . (4.8)

This Lagrangian is the so-call heavy-quark effective theory (HQET). There are a
number of reviews on the heavy-quark symmetry, for example, (Georgi, 1991; Wise,
1991; Wise, 1993; Riazuddin and Fayyazuddin, 1993; Neubert, 1994; Casalbuoni
et al., 1997; Manohar and Wise, 2000) and works referred to therein.

The Lagrangian (4.8) shows that the ht" and hl™) fields are decoupled to
leading order in the large quark-mass expansion. This means that the quark field
h£,+) does not interact with the anti-quark field hﬁ,‘). In particular there is no pair
creation of heavy quarks possible at this leading order. This leads to the so-called
heavy-quark spin symmetry. Formally the effective Lagrangian is invariant under

a spin rotation of the heavy-quark fields (Georgi, 1990; Neubert, 1994)

1
S“:——6“"0‘5?1,/%52175[?5,7”]—’ (4.9)

where 6, are infinitesimal parameters of the SU,(2) spin group. The vector S, is

a Pauli-Lubanski vector. For the particular case with ' = 0 it follows
(i) 0 i 1 ‘
S o= —x[y Y =smr Y =g e (4.10)

where 0! are Pauli’s 2 x 2 spin matrices.
Heavy quarks moving with different velocities correspond to different strong
interaction processes. Therefore, the four velocity of a heavy quark is a good

quantum number in the infinite quark-mass limit of QCD. This is the velocity
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superselection rule discussed in (Georgi, 1990). The effective Lagrangian must be

a sum over all different velocities

d4U (v)

where 1° is the time-component of the four velocity of the heavy quark v*.

4.2 Open-charm mesons and the heavy-quark spin sym-

metry

In the last section we have derived the heavy-quark spin symmetry. What
are the consequences of that symmetry for the open-charm spectrum and the
interaction of D mesons with the baryons?

In a first step consider a 0~ meson with one heavy quark. In a quark-model
picture the state is a bound state of one anti-light and one heavy quark, where
the spins of the two quarks add up to zero. Given the heavy-quark spin symmetry
we should be able to change the spin of the heavy quark without changing the
energy of the system. Obviously under a flip of the heavy-quark spin the quantum
number of the state must change into a 17. Thus we expect a spin multiplet with
degenerate 0~ and 1~ mesons in the heavy-quark mass limit (Isgur and Wise,
1989; Isgur and Wise, 1990; Riazuddin and Fayyazuddin, 1993). This expectation
is confirmed by the empirical open-charm spectrum. The mass differences of the
0~ and 1~ mesons are of the order of the pion mass and therewith much smaller
than the masses of the D mesons (Nakamura and Group, 2010).

We limit our attention to the pseudo-scalar and vector D mesons, which
both contain one charm quark. The states were introduced already in the
previous chapter. We recall the two flavor antitriplets (D°, —D*, D}) and

(D0, —D*+ | D*F).
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In order to work out the consequences of the heavy-quark spin symmetry
for the D mesons we have to identify an appropriate field combination of the
pseudo-scalar and vector D meson fields, that reflects the spin symmetry of the
charm quark. Here we use the conventions of (Manohar and Wise, 2000; Lutz and

Soyeur, 2008). We introduce a super multiplet field

Hy=5(0+¢)(wP{+ivP), v Py =0, (4.12)

N | —

where P, and P destroy a pseudo-scalar and vector D meson with four velocity
v#, respectively. The condition v, P! = 0 excludes the presence of longitudinal
vector meson modes. Note that here the H, field is a 4x4 valued matrix field.

The conjugation of the H, field is given by

(1+9), (4.13)

N | —

H,=vHl = (P, +iP.v)

where P! = (P*)t and P, = P!

Under a spin rotation the H, field transform like the heavy-quark fields )
of the previous section'(see 4.9). According to (Georgi, 1990; Manohar and Wise,

2000; Lutz and Soyeur, 2008)-it holds

Hy(x) 29 e-itwstpp (4.14)
H,() %) Yo (e_w“su HU)T Yo = H, e'05" (4.15)

where 6, characterizes the spin rotation in SU,(2) and S, is the Pauli-Lubansky
vector introduced in (4.9). We note S|~y = 70 S, -
The H, field transforms under a Lorentz transformation as a bispinor

(Manohar and Wise, 2000; Lutz and Soyeur, 2008)

H,(r) — D(A)H,(A z)D(A)™!

= M H (AT ) e PO (4.16)
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where the Lorentz transformation A is characterized by the anti-symmetric Lorentz
tensor w"”. The spinor part of the Lorentz transformation D(A) is implied by

i

Spy - Z [7#7 /YI/] . (417)

The Lorentz transformation of the conjugate H, field is given by

H, — el [ e iSmwet (4.18)

As the application of the heavy-quark spin symmetry in our work we con-
struct spin symmetric interaction terms involving two H, fields and two baryon

fields. We find the following eleven terms

1 | _ _
Ly = —3T H{ S (BB + £ (BB + - f35> tr (B B)
S)(AQ'AQ)—% A Aa}
1

B ETI"HU{ (U (Brsy By + 15 (Bys v B)-

I 5 ) (B B)} s Y Ho
. Y .
+ T, VB A) 45 1D B, A)

+ f?ET) tr (Au VsV B — Bysy, - Au)} o' H, (4.19)

where Tr is the trace in Dirac space of the H,-field and tr is the trace in flavor
space. The notation (BT B)1 was introduced already in (3.25). Note that only
combinations where a Dirac matrix is right to the field H, or left to the field H,
are invariant under the spin group SU,(2).

The QCD action depends linearly on the charm-quark mass. The effective
Lagrangian (4.19) should therefore be proportional to M.. All of the coupling
constants above must then scale with the charm-quark mass.

We close the section by an illustration of the predictive power of the spin

symmetry. Substituting the definition of the H, field into the Lagrangians (4.19),



38

we obtain

£ = P BB A BB+ 0 (B }
P {O BB+ £ (BB + ¢ [

_p+{ 4<S>Aa.m+§f§5>tr (Aa.m)}z

H,—/W

F P {9 Be A0 4L 19t (B a) ) P
+i Py {1 (Brsy B, + £ (Bsy B)-
+3 00 (Basy B) L P,
—i Py {ffA) (Bysv" B)s + 5 (Bys" B)-
+ 2 I (Basy B) L Py
+iv, e’ Py, {ffA) (Bs57a B)+ + Y (Bs 7o B)-
+ % fg(,A) tr (Bw,ya B) }15+5
L was () A Loy, (A 5
— e P+,,{f1 Bi-Ag+5 it (Aa.Aﬁ)}p+
e PO RS Ay [P (B-00) } P
b P D B AP L (B %) ) Py
- % pe {fl(T) R + % P ad(A, - A%) }115
+ % P v, Py {(f?ET) A7 B) — f:s(T) Bys 7 - Au} Pyg
+ % ¢ vy Py {(fng) Bysv D) — A7V A 5B } Py
S HD P (B 5 B) Py — 5 7 P (B, - A, P

1 - _ 1 _ _
5 5P B 5w B) DY+ S BT PE (B A) P, (420)
where we used the convention

Tr (V5 Y Yo Ya¥8) = — 4% €uvas - (4.21)

With (4.20) we obtain 26 distinct interaction terms that are parameterized by

the eleven coupling constants of (4.19). It remains to match the terms in (4.20)
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with the effective chiral Lagrangian introduced in (3.23). Note that the number

of independent terms in (3.23) and (4.20) coincide.

4.3 Sum rules from the heavy-quark spin symmetry

Now we are ready to work out the implications of the heavy-quark symmetry
for the chiral Lagrangian (3.23) that we have already constructed before. In this
section, we will perform a matching of (3.23) with the results of the previous
section (4.19, 4.20).

The first task is to relate the velocity dependent D meson fields in (4.19)
with the relativistic fields used in (3:23). In analogy to the decomposition (4.1)
of a heavy-quark field we decompose the relativistic D meson fields into rapidly
varying phase factors and slow varying residual fields (Lutz and Soyeur, 2008).

We write

D(z) =e oM P (g) 4 et @DMe p (), (4.22)
(aﬂpg(x) _ a”Pﬁ(x)) }

= (8”Pi’(:c) - 8”Pi‘(x)>},

C

D (@) = i e DM Lo p(a) = o Pl(r) +4-

+jetive) Me {U” P(z) & 0f PE(7) —

where the four velocity v# is normalized as v?> = 1. The charm-quark mass pa-
rameter M, was already introduced in (3.24). The time and spatial derivatives of
the fields, Py and P{, in (4.22) are small compared to M. Py and M, P} since the
charm-quark mass is close to the mass of the D mesons. In the limit M, — oo
such terms can be neglected. We identify the fields P, and P} with the fields

introduced in (4.12).
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It is useful to illustrate some properties of the slowly varying fields. We

begin with the pseudo-scalar fields. The equation of motion is

O" 0" D(z) + M? D(x) =0

— {0,0" F2 M. 0" 9,} Pi(z) =0, (4.23)

where we approximated the D-meson mass by M,.. The second line in (4.23) follows
since the phase factors et (#) Me are significantly more rapidly varying than any
of the residual fields Py (x). The two fields P, (x) and P_(x) decouple in the limit
of M., — oo. Similarly, the equation of motion for the vector field is given by

(Ecker et al., 1989; Lutz and Soyeur, 2008)
O" 0™ D — 9 9* D** + M?* D" = ( (4.24)

where we approximated the D-meson mass by M, again. Together with the de-

composition of the D-meson field in (4.22), we get

{0,8" F2 M. 0" 8} P = 0,

TiMv, Pl+8,Pl = 0. (4.25)

From the above results we conclude that v, P{ vanishes in the heavy-quark masses
limit.
Substituting the expansions of the D and D,, fields into the chiral La-

grangians in (3.24), (3.26) and (3.29), we obtain

c = 1 _
ngggs = Py {0(15) (BB); + ¢ (BB)- + 3 c;(gs) tr (B B) } P,

_ _ 1 _ _
—P,, {5§S> (BB).+&” (BB)-+ ;& tx (BB) } g

_ _ 1 _ _
+iP., {CEA) (Bys~* B)y + ch) (Bys~* B)_ + 3 c:(gA) tr (Bvs7" B) } P,
: ; . 1 . =
—i Py {CY‘) (Bys" B)s + 5" (Bysy" B)- + 3 &V tr (B57" B) }P+u

+1ivy, ¢’ Py, {EgA) (Bvsva B)+ + 6(214) (Bv57a B)-
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1 _ _
+§5§A)tr (3’75’YQB)}P+ﬁ +

_ 1 _ _
Liys =~ P {dV A7 A+ S d w (A A,) | Py

o 1 - ~ _
+ P {dV A7 A+ S d (A7 A,) | PE

1 7 1 ] )
— S e Py, {d@ Bo- D +5d 0 (Ba-A) } P,

1 _ 1 _ _
) Up ever Py {dgE) Ag- Ay + 3 déE) tr (Aﬁ . Aa) }PJH,
1 <) ~ 1 - _ _
5 Pra{d? Ba- A+ S dF e (Ba- A7) | P
1 <) ~ 1 - _ _
= g{dgE>Aa-Aﬂ+§d§E>tr (AQ-AB)}P+B+...’
€ 1 vao A) A A) = —
.213225256” %O‘&{eg)Au'%%B—eé)B%%-Au}ﬂﬁ

1 = _ _
+ 3 P vy Py g {egA) Bys v HA, — egA) Ay s fy,,B} P,

L _ N rw PRA G ]
_QegA)Pf(Au'%'VVB)P-F—§€§A)P+(BV5'VV'AM)PJI:
1 _ =\ | [} 3 _
+§é§A)Pi(AM-75%B)D”+§é§A)Pﬁ(By5%-AM)Pi+---. (4.26)

In the above equations‘we show only terms with P, and P/. Corresponding terms
with P_ and P" are redundant and do not lead to additional sum rules. Note that
our H, field contains the P, and P! fields only. To match the P_ and P” fields
an additional H, field had to be introduced. In (4.26) the ellipses stand also for
additional terms involving derivatives on the slow fields. The latter are suppressed
in the heavy-quark mass expansion.

Finally, matching the coupling constants of (4.26) and (4.20), we derive the

following 15 sum rules

S ~(S S S ~(S S S ~(S S
C(l)_c(l)_ 1()7 0(2)_0(2)_ 2()7 C:(S)_C:(S)_ §)7
S (S S S (S S
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E 7(E 7(E T E 7(E 7(E T
dg)zdg)zdé)zf), d(z):dé):dz(l):fz(),

o — o ) — e — 4P (a.27)

Having implemented the heavy-quark symmetry, out of the independent 26 pa-
rameters from chiral Lagrangian in (3.24,3.26,3.29) there remain 11 independent

parameters only.



CHAPTER V

LARGE-N- QCD

In this chapter, we discuss QCD in the limit of large numbers of colors (N..).
We give a short introduction to the large-N. expansion in QCD, where we follow
the works (Manohar, 1998; Lebed, 1999; Jenkins, 1998; Matagne, 2006; Semke,
2010). The final goal of this chapter will be the derivation of sum rules for the

parameters of the chiral Lagrangian introduced in (3.23).

5.1 Large-N,. counting in QCD

QCD is a non-abelian gauge field theory of the SU(3) color group that we
discussed already in Chapter II. Large- N, QCD is a generalization of QCD from
the color group SU(3) to SU(N,) where N, is considered to be a parameter of the
theory ('t Hooft, 1974a):

Consider the gluon polarization at leading order in perturbation theory with

an arbitrary number of colors. The corresponding diagram is depicted in Figure

ﬁ@@% 2 /”“—\\
: 2 / /'\ \
aloTalaleaTole[aloTsTaTela) g 8’5’7550@3?‘75&50@

Vs \ —)

Figure 5.1 One-loop gluon self energy (a) quark-gluon representation (b) double-

line representation.
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—

3 AW (A@)); = (A

Figure 5.2 From the quark-gluon to the double-line representation.

5.1(a). Collecting all factors of N, the diagram scales with ~ g2 N.. In order to

have a finite limit as N. — oo 't Hooft suggested to assume

= 5.1
gSN\/—N_c' (5.1)

In turn the gluon polarization approaches a finite value at N. — oo.

To facilitate the derivation of the scaling power of a given diagram it is useful
to represent Feynman diagrams in QCD by a double-line notation. As illustrated
in Figure 5.2 a gluon-propagator line is replaced by a pair of effective quark-
propagator lines. In such a diagram, the fundamental rather than the adjoint
representation for the gluon fields is used. The color octet index a is replaced by
the matric indices 5. A first example is given in-Figure 5.1(b). Given the diagram
in its double-line notation, the large- N, scaling is determined by the number of
closed lines and the number of gauge-coupling constants occurring in the original

diagram. While each closed line gives a factor N., each coupling constant the

(a) ()

Figure 5.3 Quark-loop diagram for the gluon self energy. (a) quark-gluon repre-

sentation (b) double-line representation.
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Figure 5.4 Two-loop contribution to the gluon-self energy. This planar diagram

scales with N?.

factor 1/4/N.,.

One can show that all leading order diagrams in the large-N,. expansion
all planar. A planar diagram is a Feynman diagram that can be drawn in a 2-
dimensional plane such that no lines are crossed. The large-N, expansion is a
non-perturbative method since there is an infinite class of quark-gluon diagrams
contributing to a given order. In Figure 5.3 and Figure 5.4 we give two further
examples of planar diagrams. The first figure shows the quark-loop contribution to
the gluon propagator. From the coupling constant we obtain the suppression factor
1/N.. This is the final scaling power of the diagram since there is no closed loop in
its double-line notation. The second figure shows a two-loop diagram contributing

to the gluon propagator. The diagram in Figure (5.4) has four vertices with three

Figure 5.5 Two-loop contribution to the gluon-self energy. This non-planar dia-

gram scales with N 2.
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gluons lines and two closed quark lines. Altogether it scales with (1 / \/Vc)4 N2 =
N?. This diagram survives the limit N. — oco. An example for a non-planar
diagram is given in Figure 5.5. The diagram is a two-loop contribution to the gluon
propagator, where two gluon lines cross each other. It has six vertices with three
gluon lines and one closed quark line. Thus it scales with (1/ \/VC)G N, = N2
and therefore is suppressed in the limit N, — oo

We close this section with a summary of the N .-counting rules for diagram

in large-N. QCD:

1
Three gluons vertices and quark-gluon vertices scale with N, .

Four gluons vertices scale with N 1.

Any closed quark line of a Feynman diagram in its double-line representation

implies the factor N, .

Non-planar diagrams are suppressed at least by the factor N 2.

5.2 Mesons in Large-N,. in QCD

As a first simple application of the large-N,. counting rules presented in
the previous section we consider mesonic systems as studied in ('t Hooft, 1974b)
and (Witten, 1979). According to Witten and 't Hooft mesons are stable and
non-interacting particles in large-N. QCD (’t Hooft, 1974b; Witten, 1979). Meson
masses take a smooth and finite value in the large- N, limit. For a given quantum
number there is an infinite tower of states.

Consider a quark bilinear operator J with

J(x) = q(x) T q(z), (5.2)
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= O(N,) = O(N.)

(a) (b)

Figure 5.6 Typical planar diagrams for n-point functions. (a) two-point function,

(b) three-point function, (¢) four-point function, (d) n-point function.

where I' is a Dirac and flavor matrix diagonal in color space. For an appropriate
matrix I the operator J is ‘an interpolating field for a meson state |n) of a given

quantum number, i.e. it holds

(0]J(0) |n) = fn # 0. (5.3)
How does the parameter f, scale with N.? In order to find out we study the
two-point function

(O J(x) J(y)[0) =D e =0 J(0) [n)]?, (5.4)

n

where we insert a complete set of states. Due to the color confinement in QCD
only mesonic states will contribute in (5.4). The time-ordered version of (5.4) may

be represented by quark-gluon diagrams of QCD, for which we know their large- N,
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scaling. At leading order only planar diagrams contribute. An example is drawn in
Figure 5.6(a). Applying the large- N, counting rules we find the two-point function

to scale with N, at leading order. Analogous results hold for the n-point functions

OITJ(z)J(y) J(2)[0) = O(Ne), (0| T J(x) J(y) J(2) J(w) | 0) = O(Ne),

(O[T J(x1) J(22) -+ J(2n) | 0) = O(Ne). (5.5)

This is illustrated in Figures 5.6(b)-5.6(d).

Taking the Fourier transform of the two-point function it follows

| fnl®

_ m?2
my

/d4x e (0| T () J(0)]0) = 3

n

7 = O(N,), (5.6)

where f,, was introduced in (5.3) and m,, is the mass of the meson state |n). The
result (5.6) is illustrated by the cut line in Figure 5.6(a). Right and left to the
cut there can only be states in a color singlet. The sum of all diagrams must lead
to intermediate mesonic states as claimed in (5.6). Since the meson masses scale

with m,, ~ N? it follows

Ji= (01(0)[n) = O(/Ne). (5.7)

The scaling result (5.7) is easily generalized for vertices with n number
of meson fields. According to the LSZ reduction scheme (Itzykson and Zuber,
1980; Peskin and Schroeder, 1995) an n-body scattering amplitude, or a 2 n-body
mesonic vertex, can be extracted from the vacuum expectation value of the time-
ordered product of 2 n interpolating fields as studied in (5.5) and in Figures 5.6(b)—
5.6(d). The scattering amplitude follows by dividing out the 2n wave-function
renormalization factors, which all scale with /N, [see (5.7)]. Therefore a vertex

with n meson fields scales with
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5.3 Baryons in large-N, in QCD

In last section, we have studied the N -scaling of mesons in large-N. QCD.
The first study of baryons in large- N, has been by Witten (Witten, 1979). In the
large- N, picture, baryons are bound states of V. valence quarks with a completely
anti-symmetric color wave function. The baryon masses grow linear with N.. A
striking prediction of large- N, QCD is the approximate degeneracy of the baryon
octet and decuplet states (Witten, 1979). The octet and decuplet states with
JP = %Jr and J¥ = %Jr form a super multiplet in the large-N, limit. The spin

flip of a valence quark inside the baryon does not cost any energy. According to

Witten a vertex with two baryon fields and n meson field scales with

1 n
- (Tﬁ) Ne = N2 (5.9)

In this section, we follow the works of Luty and March-Russell (1994);
Dashen et al. (1995); Lutz and Semke (2011), where a formalism how to system-
atically expand baryon-matrix elements of QCD quark currents in powers of 1/N,
was developed. Here we will use the main results and basic ideas.

The large- N, operator analysis-of Luty and March-Russell (1994); Dashen
et al. (1995); Lutz and Semke (2011) rewrites matrix elements in the physical
baryon states |p, x) in terms of auxiliary states |y) that reflect the spin and flavor
structure of the baryons only. Here we use |p, x) as a synonym for the octet,
Ip, x, a), and decuplet states, |p, x, ijk), introduced already in (3.35). All dy-
namical information is moved into effective operators. The 1/N. expansion takes

the generic form

P, X1 Craa(@.0) P, X) =D cald:2)(XI O IX) (5.10)

n

where we assume all 4-momenta to be on-shell. The correlation operator C,,, , (q,q)

was introduced already in (3.34, 3.36). In the the center-of-momentum frame the
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two three vectors p and p characterize the kinematics. The effective operators
O,([f,?a are composed out of spin, flavor and spin-flavor operators, J;, 7® and G¢,
which act on the auxiliary states |x). For N, = 3 we recall the results of Lutz and

Kolomeitsev (2002); Lutz and Semke (2011). It holds

Jila,x) = 4o |a, X)
T b, x) =i foea | X)
G2 [b,x) = o) (% dyea + 4 ﬁm) e, %) + 2vZ S ABm [k, x)
(5.11)
Ji |klm, x) = % (gai §T> i |klm, X),
XX
3
2

AP [nopsx),

Ge ktm,x) = 4 (S §1) AP nop, ) + V2 (ST) A, 16,%).
XX XX
with the Pauli matrices o; and the transition matrices S; characterized by

SJS]':(SZ‘]‘—%O'Z‘O']', SiO'j—SjO'Z‘:—Z'é?iijk, §'§T:1(4><4),

—, —

ST'S:21(2X2), §~5:0, 6iijiS;I’i§Uk§T. (5.12)

In (5.11) we apply the notation introduced in(3.39).

We return to the expansion (5.10). There are infinitely many terms one
may write down. At a given order in the 1/N,. expansion a finite number of
terms is relevant only. The counting is intricate since there is a subtle balance
of suppression and enhancement effects. An r-body operator consisting of the r
products of any of the spin and flavor operators receives the suppression factor
N_". On the other hand baryon matrix elements taken at N, # 3 are enhanced
by factors of N, for the flavor and spin-flavor operators. The counting advocated

in (Dashen et al., 1995) may be summarized by the effective scaling laws

J; ~ T@ ~ NY Go ~ N?. (5.13)

1
N.’
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The counting rules (5.13) by themselves are insufficient to arrive at significant
results. At a given order in the 1/N, expansion there still is an infinite number
of terms contributing. Taking higher products of flavor and spin-flavor operators
does not reduce the N, scaling power. The systematic 1/N, expansion is implied
by a set of operator identities (Dashen et al., 1995; Lutz and Semke, 2011) which

leads to the two reduction rules:

e All operator products in which two flavor indices are contracted using §%,
£ or d®¢ or two spin indices on G’s are contracted using d;j or €;;, can be

eliminated.

e All operator products in which two flavor indices are contracted using sym-
metric or antisymmetric combinations of two different d and/or f symbols

can be eliminated. The only exception to this rule is the antisymmetric

combination f9 qbch — fbeg gach,

As a consequence the infinite tower of spin-flavor operators truncates at any given
order in the 1/N, expansion.

We turn to the 1/N,. expansion of the baryon matrix elements of the op-
erators in (3.36). We focus on the space components of the correlation functions.
In application of the operator reduction rules, the baryon matrix elements of the
product of two quark currents are expanded in powers of the effective one-body
operators according to (5.10). The ansatz for the momentum dependence of the
expansion coefficients in (5.10) is provided by the structure of the leading order
terms in the corresponding low-energy expansion stated in (3.44). In the course of
the construction of the various structures, parity and time-reversal transformation

properties are taken into account. To the subleading order in the 1/N.expansion
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we find the relevance of the following 11 effective operators

B, X1 Cha o x) = Dipy (X gt T + 3 g8 [Tr, Gi] L1 s (5.14)
B, xXI i 1o x) = i (Xl gtV T + 5 63 [, G IX)

+iegn(xlgy Gi+ 500" [ T],IX)

+(Xlg95Y [ G5, + 398" [J5 GELIX)
BXICE A X) =0 (XU G+ 593 [, T, + 598 iea [, GF LX) -

In contrast to (5.11), where the flavor index a takes the values 1, ..., 8, the

flavor index a in (5.14) runs from 0 to 8 with the identification*

TO) = \/gﬂ , a0 = éj (5.15)

The matrix elements of the operators in (5.14) are obtained from the identities
(5.11). For the one-body operators.our.results follow from (5.11) directly. For the
symmetric combinations of two one-body effective operators consecutive applica-

tions of (5.11) yield

(d, x| [, Jj}+|07 X) = 3 0ij Oxx Ocd » (5.16)
(@ X117 T e X) £ foanf
(d, x| [ i G§] le, x) = 6y 0y { deda + 5 fcda}a
nop,x|[J } le, x) = 1\/§<3i€z‘jk5k+sz‘0j+5j0i>x AP

(nop, %1 [Jis i), Ik, x) = {$ 61 6 — 3 (i ST + 5, Sj)xx}ag;;g,

(nop, \[JZ, T } |klm, x) = <§ai §T)7 opoF Azl’;jt,

(nop, x|[Ji, G ] |klm, x) = {% 0ij Ogx — 5 (SZ- SJT + 5] SJ) }5?8?’ A
We are now well prepared to evaluate the matrix elements in (5.14), where we

present results for the singlet with a = 0 and octet case with a # 0 separately.

*The factor 1/v/6 in (5.15) follows from the normalization of A(*) and from the definition of

the effective operators 7(® and G¢.



Using (5.11) and (5.16) we obtain for the singlet case

(. x1Calpx) = pzpj\[{(i%g + 3 gy ate o

(B 2 g 07 B )
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(B, x| Ciilo [P x) = & %{(391W 195 =195 —398") 0" 0y

+Ba "+ P e —TaY - ZQXV)5Zf£5>zx}

. c k
ey E{3 @)Y + 3001070}

§\/I(SiST)>ZX Trgl e oy }52732

- {
ta f”*xx{ A }62?5,
(0, x|C jolp, = \/%{ +39VA)5bc

)

+(30V 1+ 3 gi )8R (S0 m}.

For the octet case we find

B xXI1Chapx) = ﬁipj{(gf‘AJr%gé“A)if“”c(ngjLigg‘f“dab%sm

+ (3 g A 18 GRAY AR BT 0y |
<ﬁ,x|052|p,x>=5¢j{(3g¥v 1950195 ") d gy
0 59 =598 — G0V f U g
+<3gYV+15g¥V _gvv_%g6 )Azlxt(slftp(s }
+Z’€z’jk{%g¥vd“bca§z]§3+(§g¥v+%9Xv)if“”ca§{;’}

+5v3 (Si07)xx {ggw AR YV

VV 3 VvV Vv a,rst cnop
t3591 195 }Aklm Orst

X
+ % (S SJ»X {g Vo dalV - glV - gV} Ao

+ (g g — s AL S

% YA dabco, i) )+ (3gYA_'_ 2gVA),Lfabc o)

(5.17)
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(gl + S aY ) At 01t (S0 Sy } (5.18)

We now match the large-N. results (5.17, 5.18) with the results from the chiral
Lagrangian (3.44). As a consequence, the parameters of the chiral Lagrangian
(3.23) are expressed in terms of the large-NN. coupling constants introduced in
(5.14). There are three type of matching schemes possible. The following results

are obtained by matching either the expressions for the CVV or CA4 or CV4

ij,a ij,a ij,a
correlation functions. We obtain the three matching results
g
o =Smt =gt pat &V =g - e
g 3 15 g
and
~(S) 3 vy 1 vy ~(5) _ vy 1 yy 1y
C —gfb "‘Zng ) Co —591 "‘192 +ég+ )
~(S) ve Loy o1y
C3 " =0 192 69+ )
&4 Loy ~(A) 1oy Loy ~(A) lgvv _ lgvv
1 4 3 9 2 6 3 4 4 9 3 6 3 2 4 )
~«(S 3 15 (g
& =gV B gV g, 4 =0
2 8 4
~E 3 9 ~«B 3
dg)za :‘z./erZgXV—?’gKV, A= 2 gYv,
~«E 3 9 ~«E 3
dg):§g¥V+ZgXV+3gJ‘:V, di)zég}f",
~(A 3 1 ~(A 3 1
& =g+ 59" =gl B =gV +5a 5, (5.20)
2 2 2 2
with gV =3 (g5 £ g¢"), and
A 1 A 1 1 A 1 1
CE)ZZQYAa Cg)IBQYAJFZg;/Aa C:(s):—gg}/AﬂLag;/A,
A 3
e =~/ + S,
d ):—591”—192”, dy )=—592VA' (5.21)

(4)

Note that the parameter e; ' does not occur in the presented results here. The

large- N, operator expansion for this parameter is based on the analysis of the
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matrix elements of C4V, which may be decomposed in terms of additional param-

eters g{'y 5 in analogy to the decomposition of the matrix elements of CV# in (5.14).

(4) (4)

The corresponding results follow from (5.21) by the replacements e;”’ — e’ and

913's — 9i'%s. As a consequence it follows that g'3' = g{'}, but not necessarily

95" = g5
Altogether we find 12 large- N, parameters relevant at leading order. Com-
pared with the 26 chiral parameters we expect a set of 14 sum rules. We group

the sum rules into three parts

=2 -y, dV =3+ V), &Y =0,

SV =2(Y =), A= oY, dP =227 —3dY),
&V =2 &%y, d=3 @ + &) + (&P &),

&) =0, &V=2@"-d"), &P =-9&Y -3 &),
A =dP =2 (28Y - 3&M), dP = —9&Y +3 (e — &), (5.22)

where the first and the third parts correlate the coupling constants describing the
interactions of pseudoscalar and vector D ‘mesons, respectively. The second part
provides the analogous relations for the transition interactions, i.e. terms with one
pseudoscalar and one vector D meson field.

We observe that given the third set of the sum rules in (5.22), the first two
parts are recovered by applying the results of the heavy-quark mass expansion as
summarized in (4.27). This is a remarkable result demonstrating the consistency

of a combined heavy-quark and large- N, expansion.



CHAPTER VI

DISCUSSIONS AND CONCLUSIONS

We derived sum rules for the leading order two-body counter terms of the
chiral Lagrangian as implied by a combined heavy-quark and large-NN,. analysis.
There are altogether 26 independent terms in the chiral Lagrangian with baryon
octet and decuplet fields that contribute to the D and D* meson baryon scattering
process at chiral order Q°.

At leading order in the heavy-quark expansion we find the relevance of
11 operators only. Additional sum rules were derived from the 1/N. expansion.
Combining both expansions, the number of unknown parameters is further reduced
to 5. At present such sum rules can not be confronted directly with empirical
information. They are useful constraints in establishing a systematic coupled-
channel effective field theory for D meson baryon scattering beyond the threshold

region.
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APPENDIX A

CHIRAL POWER COUNTING

In this appendix, we summarize about the chiral power counting scheme
for heavy fields in Chiral Lagrangian. Such scheme is very useful to identify a low-
energy expansion. The parameter () plays an important role in this framework.
The ) parameter has meaning as small external momenta or the quarks masses
(Krause, 1990; Lutz and Semke, 2011; Semke, 2010). The field operators in this
thesis are characterized by

e D-meson fields:

D, D; Dy, Dy, ~0(Q°) (A.1)
e Baryon fields:

B, B, A, A, ~0(QY) (A.2)
e The elements of Clifford’s algebra:

L Yo Y5V O ~O@Q), 5 ~O(Q). (A.3)

One can use above counting rule to check chiral power of the chiral La-
grangians (3.24,3.26,3.29) which introduced in Chapter III. According to the
Chapter III, we found that D-mesons and baryons are not massless particles in
the chiral limit. From this reason, the four momenta p,, of such fields have dimen-
sionless in the chiral power counting scheme. So, the chiral power counting of the

four-partial derivative is assigned by i 9, ~ O(Q").



APPENDIX B

NON-RELATIVISTIC EXPANSION

In this appendix, we derive the non-relativistic expansion of the expressions
u(p’,s)Lulp,s), w8 )Lu(pis),  w(p’,s) Tu(ps), (B.1)

with a Dirac matrix
I' € Lo, 5. 7% 10", 0, 5017 (B.2)

The non-relativistic expansion is an expansion in powers of p/M and p’/M where
we assume a degenerate mass, M, for the spin 1/2 and 3/2 particles. We use the

convention and notation of (Itzykson and Zuber, 1980) with

0 1oxo 0 i 0 o' 5 0 1oyo
v = ' YV B y =0 = )
0 —1loxo -’ 0 1oy 0
i | 0 o /| a0
ol =1 . 07 =€ : (B.3)
gl 0 0 o

where 1,,., is the identity matrix in n dimension, ¢’ the Pauli matrices and €ijk
the antisymmetric tensor with €103 = 1.

We recall the wave function of a Spin—% particle with

4 X1/2(5) i
u(p,s) = N, ) ,alps) =ul(p,s)7°,
2B 1y2(5)
E,+ M S
N, = gTa E,=p?+ M2, (B.4)

where M is the baryon mass and x;/2(s) is the two-component spin wave function.
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Table B.1 Non-relativistic reduction and expansion as defined in (B.7).

T Feff fgigf
1 Ny Ny (1= 5725570 ) 1
35 G 1 = (> =

V5 Np N <Ep+pM - Ep/f-M> a9 (' —p")

70 Np Ny (1 + ng—M EZJfM) 1

: Ny N, (0?22 4 2P i 517 (p+ D) +i(p—p) ok eik)
v »4Vp E,+M T E_ M om \\P TP p—p
1Y —NyNy (52 + 2% ) —am 0 D+ P
Y —NpNp <0i+ EU/f—M ZEU—f—pM) —0"

Y NyNyi(07 55 — i o i (0= p) +i(p+p)t ot ¥)
o P\ T B T Ey4m 9 o \\P — P t\prp)oe
o NyN,e* <‘7k - Eg/.ngk E:}pM) ekat

. . . > 2/ N EX . .
c% N, N ilol — L2 _gi_9P 107
5 p'4Vp

50 NN, ek (UkEfE\J A E;?/i’M 0.k:> ﬁ ¢iik ((p i) o™ Eklm)

For a spin—% particle the spinor wave function is

S,TA(P) XB/Q(S)

) , tu(p,s) =uj(p,s)7°, (B.5)
i ShP) Xs/2(5)

where xs3/2(s) is the four-component spin wave function and

R 2
P[0 5 0 0 -

= 0 5= 0

) = sy =| ve ,
0 0 /20 0 —% 0 &

(B.6)
SQT(ﬁ) _ _% O _\/Lé O ’ S3T(ﬁ):% 0 % 0 O
0 & 0 & 0 0 20

The non-relativistic expansion of the expressions in (B.1) goes in two steps.
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First we provide the exact rewrite

a(@’, s ) T u(p, s) = x};5(s') Terr x172(5) ,

(7,5 T (,8) = xXb(s) (8(7) Do 71(F) ) ().

(5,8 T, 5) = xb(s) (S(5) Tt ) x12(5). (B.7)
in terms of effective 2 x 2 dimensional matrices I'og. In a second step we compute

the leading term in the non-relativistic expansion I'yg. The results are displayed

in Table B.1.
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