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We propose a variant of the D4-D8 construction to describe the low energy effective theory of
heavy-light mesons, interacting with the lowest lying pseudoscalar and vector mesons. The heavy
degrees of freedom are identified with the D87-D8p string low energy modes, and are approximated
near the world volume of Ny — 1 light D8y, branes, by fundamental vector field valued in U(Ny —1).
The effective action follows from the reduction of the bulk Dirac-Born-Infeld (DBI) and Chern-
Simons (CS) actions, and is shown to exhibit both chiral and heavy-quark symmetry. The action
interpolates continuously between the U(Ny) case with massless mesons, and the U(Ny — 1) case
with heavy-light mesons. The heavy-light meson radial spectrum is Regge-like. The one-pion and
two-pion couplings to the heavy-light multiplets are evaluated. The partial widths for the charged
decays G — H + m are shown to be comparable to the recently reported full widths for both the

charm and bottom mesons.

PACS numbers: 11.25.Tq, 11.15.Tk, 12.38.Lg, 12.39.Fe, 12.39.Hg, 13.25.Ft, 13.25.Hw

I. INTRODUCTION

In QCD the light quark sector (u, d, s) is dominated by
the spontaneous breaking of chiral symmetry. The heavy
quark sector (c, b, t) is characterized by heavy-quark
symmetry [5]. The combination of both symmetries led
to the conclusion that the heavy-light doublet (07,17) =
(D, D*) has a chiral partner (0%,1%) = (D, D*) that is
about one consituent mass heavier [3, 4]. This observa-
tion is supported by the BaBar collaboration [1] and the
CLEOII collaboration [2].

More recently, the Belle collaboration [6] and the BE-
SIII collaboration [7] have reported the observations of
multiquark exotics, with quantum numbers uncommen-
surate with the excited states of charmonia and bottomia,
such as the neutral X (3872) and the charged Z.(3900)*
and Z,(10610)* to cite afew. These sightings and more
have been supported by the DO collaboration at Fermi-
lab [8], and the LHCb collaboration at CERN [9]. They
provide a window to new phenomena involving heavy-
light multiquark states.

Theoretical arguments have predicted the occurence
of some of these exotics as molecular bound states medi-
ated by one-pion exchange much like deuterons or deu-
sons [10-17]. Non-molecular heavy exotics were also dis-
cussed using constituent quark models [19], heavy soli-
tonic baryons [20, 21], instantons [22] and QCD sum
rules [23]. The molecular mechanism favors the forma-
tion of shallow bound states near treshold, while the
non-molecular or quarkonium mechanism leads to deeply
bound states.

The holographic approach offers a useful framework for
discussing both the spontaneous breaking of chiral sym-
metry and confinement, in the double limit of large N,
and large t'Hooft coupling A = g2N.. An example is the
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D4-D8 model suggested by Sakai and Sugimoto [24]. In
short, the model consists of Ny probe D8 and D8 branes
in a background of N. D4 branes. The induced gravity
on the probe branes, cause them to fuse in the infrared
providing a geometrical mechanism for the spontaneous
breaking of chiral symmetry. The DBI action on the
probe branes, provides a low-energy effective action for
the light pseudoscalars with full global chiral symmetry,
where the vectors and axial-vector light mesons are dy-
namical gauge particles of a hidden chiral symmetry [25].

The purpose of this paper is to address the dual con-
cepts of chiral and heavy-quark symmetries by using the
holographic construction. We will show that a variant of
the D4-D8 construct, composed of (Ny—1) light and one
heavy probe branes allows a geometrical set up for the
derivation of the leading heavy-light (HL) effective ac-
tion in conformity with chiral and heavy-quark symme-
try. The heavy-light mesons are identified with the string
low energy modes, and approximated by bi-fundamental
and local vector fields in the vicinity of the light probe
branes. Their masses follow from the vev of the moduli
span by the dilaton fields in the DBI action. We note
that few approaches were proposed for the description of
heavy-light mesons using holography without the stric-
tures of chiral symmetry [26, 27].

The organization of the paper is as follows: In section
2 we briefly outline the geometrical set up for the deriva-
tion of the heavy-light effective action (HL). We iden-
tify the pertinent light and heavy fields and explicit their
contributions to the (expanded) DBI and CS actions. In
section 3, we detail the analysis of the HL meson spec-
trum. In section 4, we derive the chiral interactions to
the HL mesons and deduce their corresponding axial cou-
plings within and across the HL meson multiplets. We
use these couplings to estimate the HL. charm and bottom
one pion charged decays. Our conclusions are in section
5.



II. HOLOGRAPHIC EFFECTIVE ACTION
A. D-brane set up

The D4-D8 construction proposed by Sakai and Sugi-
moto [24] for the description of the spontaneous breaking
of chiral symmetry and the ensuing chiral effective action
is by now well-known, and will not be repeated here. In-
stead, consider the variant with Ny — 1 light D8-D8 (L)
and one heavy (H) probe branes in the cigar-shaped ge-
ometry that spontaneously breaks chiral symmetry. Also
and for simplicity, the light probe branes are always as-
sumed in the anti-podal configuration. A schematic de-
scription of the set up for Ny = 3 is shown in Fig. 1.
We assume that the L-brane world volume consists of
R* x 81 x §* with [0 — 9]-dimensions. The light 8-branes
are embedded in the [0 — 3+ 5 — 9]-dimensions and set at
the antipodes of S' which lies in the 4-dimension. The
warped [5 — 9]-space is characterized by a finite size R
and a horizon at Uk .
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FIG. 1: Ny —1 = 2 antipodal 8; light branes, and 1 8y
heavy brane shown in the 7U plane, with a massive H L-string
connecting them. When the latter is massless, the 8 brane
coincides with the 8; branes, transmuting to Ny 8 + 8 light
branes.

B. DBI and CS actions

The lowest open string modes streched between the H-
and L-branes as shown in Fig. 1, when viewed near the L
brane world volume, consist of tranverse modes ®j; and
longitudinal modes ¥, both fundamental with respect to
the flavor group SU(Ny — 1). At non-zero brane sepa-
ration, these fields acquire a vev that makes the vector

field massive [28]. Strictly speaking these fields are bi-
local, but near the L-branes we will approximate them
by local vector fields that are described by the standard
DBI action. In this respect, our construction is distinct
from the approaches developed in [26].

With this in mind and to leading order in the 1/ ex-
pansion, the effective action on the probe L-branes con-
sists of the non-Abelian DBI (D-brane Born-Infeld) and
CS (Chern-Simons) action. After integrating over the S*,
the leading contribution to the DBI action is

SDBI ~ —Ii/d‘l.’EdZT‘r (f(Z)FNVFMV + g(z)FMZFVZ) (1)

The warping factors are

R? 9 UB

f(Z):Ey Q(Z)—éUKK

(2)

with U3 = U3 + Urg2?, and k = T(2wa’)? [24]. The
effective fields in the field strengths are (M, N run over

(1, 2))

Fun=
T
( FMNTf (I)[MT(I)N] 8[M(I)N] T+ A[MCI)N} > 3)
_a[Mq)N] - (I)[MAN} _(I)[M(I)N]

Specifically, using (3)) we can recast the trace contribu-
tion in (1) in the form fL; + gL, with

Ly =Te(Fu —a™)(F" —ak) = 2ff, [ + 0",
Ly =Tr(Fy. — au.)(F" —a"*) - QfJZsz + 0" by
(4)

and

aQp N = CI)[M(I);[V]
Jun = 0@y + A @
bun = Dy, (5)

The CS contribution to the effective action is (form no-
tation used)

T 2472
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where the normalization to IV, is fixed by integrating the
F, RR flux over the S*. The matrix valued 1-form gauge

field is
A @
A= ( ot 0 > (7)



For Ny coincidental branes, the ® multiplet is massless.
However, their brane world-volume supports an adjoint
and traceless scalar ¥ in addition to the adjoint gauge
field Aps both of which are hermitean and Ny x Ny val-
ued, which we have omitted from the DBI action in so far
for simplicity. Their leading contribution from the DBI
action is of the form (omitting the warping factors)

%TI‘|VM\I/|2_ %Tr ([w,9]%) (8)

with V¥ = 9y ¥ + i[Apr, U]. The extrema of the po-
tential contribution in (8) or [[¥, U], U] = 0 define a mod-
uli [28]. For Ny—1 light branes separated from one heavy
brane, we identify one of the moduli solution with a finite
vev v as,

—— - 0
fo:< Nf—lo Np—1 ) (9)

v

Since the upper block diagonal contribution commutes
with A, only the & multiplet acquires a Higgs-like mass
through the first contribution in (8)

ST (0hur) = T (#h) (0

The vev is related to the separation between the light
and heavy branes [28], which we take it to be the length
of of the HL string of mass M, i.e. v ~ M. Below, M is
also the degenerate (in practice mean) heavy meson mass
for the bi-fundamental field ® which will be identified
with the HL meson doublets, such as (D, D*) or (B, B*).
Throughout, we will refer to the large mass limit also as
the heavy quark limit.

III. HL MESON SPECTRUM

To investigate the holographic spectrum of the heavy-
light mesons, we first specialize to the case where the
simplified gauge potential 1-form (11)

A_>(_?I)T ((I))) (11)

is inserted in the unexpanded DBI action

fn/d‘lxdz\/fg
1
x (det (gmn + 2ma’ Fyrn + VM‘I/TVN\II)) 7 (12)

As we noted earlier, the warped mass term in (10) follows
by using (9) and expanding (12) in leading order

52 / d'zd=(U?) (=010, + g™ 0™,)  (13)

Here we have set 72 = Tw? with the HL mass parameter
v ~ v, and defined the warpings as

U2 2z __ 9 & % U? — ga(z Uj
29 TU\R ) Upr 4" Ukk
3 3
R\ 2 Uz 2 RS
UZg™ =U? (U> = (R) iR (14)

The corresponding field-strength 2-form (3) is
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P (00 ) m
“UYIMEN] TF[MEN]

Inserting (15) into (1) and combining it with (13) yield
to quadratic order

Se _
2%k
- / dzd*z f(2)(0, @), — 9,®1)(0"®" — 0" ")

— / dzd*zg(2)(0,®" — 0.9],)(0"® — 9* ")

—~2/dzd4ma(z)(2f(z)<1>m(1)u + g(2)®T®)  (16)

A. DMode analysis

To find the HL mass spectrum, we first make use of
the general decomposition

B, =€, (2)e?”, D = —ie(2)e?” (17)

into the equations of motion following from (16) to obtain
d det

2f(pPe —pte-p) + — (g (p'e— 5= ) ) +2a02fe =0

dz dz

d
g (ep2 —p- dZ) +ai’ge =0 (18)

We can simplify (18) by redefining

dé,,  de,
dz ~ dz Pue
€y =€y er“/dze (19)

in terms of which (18) now reads



_a deu
dz \Vaz
+2f(p*€, — p"(p - €)) + 20%afé, + 2ai? fp, / dze =0

dé _
—gp - % —+ ay2g€ =0 (20)

1. Transverse modes

The transverse modes solution to (20) with € -p = 0,
yields € = 0 and € satisfying

(a5 ) st Pan=0 )

for ,a # 0. The heavy-light states correspond to the
normalizable bulk modes with p? = —m2. Let ¢,(2) de-
note these normalizable modes. They satisfy the warped
and massive eigenvalue equation

don _ _
(o) st e P, =0 @)

We note that for coincidental branes with zero vev or
7 = 0, (22) reduces to the equation for the pionic zero
mode in the massless limit with m, = 0. As a result,
the spontaneous breaking of chiral symmetry will be en-
larged from SU(Ny — 1) to SU(Ny), in the limit of Ny
coincidental branes in agreement with the original anal-
ysis in [24]. This point will be emphasized further below
in the ensuing chiral effective action.

In terms of the modes (22), the transverse mode de-
composition is

2= 6u()BL (@)
b, (z,2) = 07 (23)

Inserting (23) into the vector contribution in (16) we ob-
tain

26 / dzf bmdn / d*z (0, By)" (0" B

4203 [ 60+ g0i )z [ (B B
(24)
We now note that the coefficient of the second contri-

bution in (24) can be integrated by parts to satisfy the
identity

/dz (2a0* f b, — d( d¢7l

))(bm 2m /dzf¢m¢n 25)

thanks to (19). This suggests to normalize ¢,, as

4H/dzf¢m¢n = 5m,n (26)

which brings the quadratic HL vector contribution (24)
to the canonical form

Zn:/d% (;a[

2. Longitudinal modes

BB + m;iB;;TBW) (27)

The longitudinal modes correspond to € - p # 0. For
p?> = —m? nonzero, these modes are of the form & =
pter. In this case both €, €; are non-zero and satisfy the

coupled equations

d d
‘1 + 20%afe; + 2av f/e—O
Cdz d

2d61

=0 (28)
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from which we have

d61 d 1 d d61
S e 2
‘ dz T dz (2au2fdz < dz )) (29)

or equivalently

. d (1 d
m?e = ai’e — — (Qaf dz( e)> (30)

We note that (30) does not lead to the pionic zero mode in
bulk for 7, m — 0, in contrast to (22). This is consistent
with the counting of Golstone modes in the limit when
all the D-branes are coincidental.

In terms of the original fields ®,, and @, the expansion
now reads

_Z2afrln2 ; (agen)0,Dn(z)  (31)

after using the relation between € and € in (20). Inserting
(31) into the pertinent quadratic parts in (16) yields



~2
2% > / dz agZmn / d*20, D} 0" D™
m

+2/€Z/dz ﬂ2agemen/d4xDjnDn (32)
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which suggests the normalization

2
m2
2%;/(12 agemen = —5- Omm (33)

as a result, (32) takes the canonical form for the free HL
pseudoscalars

> / d*z (0,D}0" D,, + m2 D} D) (34)

B. Heavy quark limit

The heavy quark limit will be sought through the
rescaling z = Z/0# with # — co. With this in mind
(22) reads

ﬁQﬁidQ(bn
2f dz2

~3 g/ d¢n
[y
2f dz

+ 2ap, =mié,  (35)

with the limiting values

Qg 22 1
a—>ao+? @ ﬁ

9 9 9 9 1
2 2f T 2f2ge O (ﬂﬁ (36)
and ag = a(Uxk) = (Uxx/R)?. Notice that

d L d(ag)\ _ 1

This means that after the rescaling, (30) reduces to (37)
as v — o0o. A consistent 7 — oo limit is achieved by
setting 28 = 2 — 28 — B = % in (35). Matching the
leading poweres in U gives

_ 90 Bon a0 P _ o (38)
2fy d72 2 UZg nen
with the squared mass
m;, = v2ag + m;, = M? + o, (39)

We have identified the heavy quark mass as M = U,/ag.
More specifically, we can re-write the solutions to (38) as

1
m2 = M2+ﬂ\/%< 9o )2(n+1>
" Uk fo 2

S EL AN 1 40
= M 067 ) " g (40)

using the rho mass m, = V0.67TMgk [24]. (40) is Regge-
like with an intercept M? and a slope of about Mm,,.
Note that the mass splitting Am between the odd-parity
H-multiplet (say n = 0) and the even-parity G-multiplet
(say m = 1) is finite in this model, with

_ My
V2/0.67

in the large M limit. The splitting is about Am =~ 665
MeV, which is larger than the reported mean of 420 MeV
for charm and 396 MeV for bottom [2].

In the D3/D7 set up and its variants of heavy-light
mesons presented in [26], the heavy-light meson mass
spectrum was found to be of the form my;, = myg +
O(1/+/A) in the chiral limit. In contrast, our result (40)
shows a leading correction of order O(A°) when chiral
symmetry is spontaneously broken in the holographic
construct.

Am =mqg—mpy ~ (41)

IV. HL CORRELATION FUNCTIONS

The HL correlation functions from the current-current
correlator

AP () = i / dhzeit® (O[T (I4(2)T%(0)) [0)  (42)

with the even and odd parity multiplet assigments

IP.0)) = (@sQ.q1.Q)  (I°,1) = (7Q, @ivuysQ)

(43)
In the holographic approach, (42) can be obtained from
the boundary effective action Sp, by inserting sources

in the UV and integrating out the bulk fields using the
equations of motion [29-31].

A. Vector and Axial-Vector polarizations

We now define the bulk HL vector and scalar source
fields in momentum space as

V(p, 2)
V(p, za) Su(p)
®.(p,z) =0 (44)

Q,u(p, 2) —



with zp /Ui i > 1 setting the UV cutoff. The boundary-
to-bulk propagator V(p, z) satisfies the off-shell version of

(22),
d dV
Cdz d

subject to the axial and vector boundary conditions

) +2f(p* +7*a)V =0 (45)

V(p,0) = axial

0,
0.V(p,0) = 0, vector (46)

To construct Sp, we first make some general observa-
tions regarding the transverse eigenmode equation (45-
46). In general, the equation admits two independent
solutions. The first is f; which is square integrable in
the UV limit, and as p> — —m?2 , f; aproaches the nor-
malized eigenmodes ¢,, given in (22). The second is fo
which is another independent solution that is not square
integrable in the UV,. We normalize it using the Wron-

skian normalized Wronskian

drg <f2 fi—fi— f2> =- (47)
Also, we note that near the UV boundary with z — oo,
(45) simplifies to

Cdz <Z dz ) +elp)z5gn 0

with ¢(p) a p-dependent function. The two independent
solutions to (48) take the asymptotic forms in terms of
the modified Bessel functions

(48)

1
6_6 c(p)z©

K3(6y/c(p)z?)

fl(p7 Z) ~ \/g — le? = fl,asy(p7 Z)
/ é 6\/c(7)z%
f2(paz) ~ 13(6 \;;p)z ) - : lp = fZ,asy(pvz)
2z 12
(49)

The general solutions to (45) satisfying the boundary
conditions (46) are

V(p7 Z) = f2(p7
V(p,2) = fs(p,

O)fl(p7 Z) -
O)fl(pa Z) -

f1(p,0) f2(p, ), axial
f1(p,0) f2(p, 2), vector
(50)

We now insert (44) using (50) into the massive quadratic
action for ®. The result is the boundary action (zp — 00)

4 z
Sp = _/ d q4SL( ) <259(2A)m> §*(q) (51)

from which we read the axial polarization function at the
boundary

f2(4,0) fi(g, za) — f1(p,0)f3(g; 2)
f2(q,0) f1(q, z2a) — f1(q,0) fa(q, 2a)

I1a(q*) = 4rg(21)

(52)
In the vicinity of the poles, (52) is dominated by
f2 (Q7 O) fl (Q7 )
H4(q?) — — 4kg(zp 53
A2 Gy Y

To simplify (53), we now note that near the poles the
identity (47) simplifies

o1 1
kg = —— > ———
f2 13
where the last relation holds at the UV boundary z =
zA. (54) when used in (53) reduces the axial polarization
function to

f2,asy (54)

f2(p,0)
fl(pv )

A similar reasoning with the vector sources gives the vec-
tor polarization function

a(p?) =

f2 aay(p7 A) (55)

f3(g,0)

Iy (q2) = f{(q, 0) figsy (q7 ZA)

(56)

The poles in the axial-vector correlator (55) are given by
fi(my,0) = 0, while those of the vector correlator (56)
are given by fi(m,,0) = 0, in agreement with the mass
spectrum in (22). The residues are sensitive to the UV
cutoff z5. They are further discussed in the Appendix.

B. Scalar and Pseudo-Scalar polarizations

Similarly, for the scalar and pseudo-scalar mesons, we
refer to the square integrable solutions by f, and to the
non-square integrable function by f3, and require the nor-
malization through the Wronskian

m/ g < d f2

dfs _;dh)__,
p? f > dz
in comparison to the vector normalization in (47). A

repeat of the arguments for the vector polarizations lead
to the pseudo-scalar and scalar polarizations

(57)

- 2 f2(q70)

HS(q ) - *1(q70) f2 ayy(p7 A)

= o f3(q,0)

HP(q ) f{ (q, 0) f2 ayy((L A) (58)



respectively. It is readily checked that in the heavy quark
limit IT = II, and the JJ correlators exhibit heavy-quark
symmetry. This degeneracy follows from the rigid O(4)
symmetry of the vector fields in 5-dimensions.

V. HL CHIRAL INTERACTIONS
A. Chiral symmetry

To identify properly the nature of the chiral transfor-
mation on the holographic field decomposition, we will
recall in this section how this identification is made in
the constituent quark model. For that consider the HL
sources Hy in the effective action for bare constituent
quarks

~LHQr —YrH_QL + c.c (59)

with Hy HL sources for the (0%, 1%) multiplet with +
chiralities. Here 1 g refer to the bare light quarks and
Q1 r to the heavy quarks. Let U be a generic pion field.
Under rigid chiral symmetry, the pion field transforms
linearly as U — LUR', and the fundamental quarks
transform as ¢y — Ly, g — Rig, so that

(Hy,H_) — (LH,,RH_) (60)

Rigid chiral symmetry is better enforced through the de-
composition U = ELEL, with both & — Lépht(x) and
¢r — RERAT(2) transforming non-linearly. Consider now

the dressed constituent quarks xp r = 52 r¥r,r- It fol-
lows, that the corresponding dressed HL effective fields
with odd parity are

H = (y,D" 4+ ivsD) (61)

with the identification

Dt = ¢ HY +¢hH"
D= ¢ H, +&H" (62)
Under chiral symmetry (61) transforms as H — h(z)H.

Similarly, for the (07,1%) multiplet we can define the
dressed HL effective fields with even parity as

G = (Do + 775 D1) (63)
which transforms as G — h(z)G under chiral symmetry

We now seek to enforce these symmetries on the bulk
fields in holography.

B. Hologaphic identification

In the axial gauge Ap(z,z2 — o0) — 0, the residual
gauge transformation g satisfies dp;g — 0 at infinity. Fol-
lowing the arguments in [24], we identify the rigid L, R
chiral transformations as L = g(z — +o00) = g4 and
R = g(z —» —o0) = g_. In the axial gauge (bare gauge),
the pion field m(z) is identified as

U(x) = eﬁﬂ.(z) = Pei ‘]j»;o Az(x,z/)dz' (64)

As expected, under rigid chiral transformations U —
LUR'. A useful gauge choice is the one where the pion
field is identified with the zero mode in the holographic
direction (dressed gauge)

7

Az, z) = 7

m(@)o(2),  Au(w,2) =0 (65)

The non-normalizable pion zero-mode running along the
(Ny — 1) coincidental D8, branes is [24]

1 z
= —arct —_— 66
Yo(2) —arctan (UKK) (66)
This dressed gauge is reached by noting that the pion

identification in (64) allows us to slice the holonomy along
the z-direction through

£x(z,2) = Pe” [ AL (x2)de! (67

and identify

fr(x) =
£rl(z) =

4 (2,2 - 00)
(2 = o0) (68)

The bare HL meson fields transform as fundamental
fields under rigid chiral transformations

O(z,z = 00) = g+ P(x, 2 = £00) (69)

This means that the bare ®(z — +00) are the analogue
of the bare Hy. In particular for charm, the low lying
(o, Po) modes contribute to the (D, D*) meson multiplet
H, and the first excited (q~51, ¢1) modes contribute to the
(Do, D1) meson multiplet G. The dressed HL meson fields
are readily identifiedas



C. Quadratic HL holographic action

The holographic effective action with all quadratic
terms in the HL fields can now be constructed without re-
course to the heavy quark limit. For that, we follow the
construction in [24] and supplement the A, field with
external flavor sources Ay, r by defining

Ay =V +200A, + > Aunthn (71)

with A, still given by (65). Here, the external sources
are defined as A p = (V £ A). For odd values of n
we identify A, ,, = vy, with the light 17~ flavor vector
excitations, and for even values of n we identify A, , =
a,.n, with the light 1t flavor axial excitations. Using
the additional definition

A (z,2) = e 70079, + A, )eTs V0T (72)

we have the identities

€ T fuw = Sn(0uDn) + ADn )

efﬁﬂfu,z = Z (é”(aan +AuDn) — %D“’”)

(73)

The DBI contributions which are quadratic in D, D*
and linear in A follows by inserting (71-73). The result-
ing action is of the form Sy = kK fS; + kgSo with

S, =

43" dn DI (ALA,, — b A2) DY,

m,n

T v
-2 Z qsmqﬁna[#DW]AWDni

mn

v auAp + [A,Lu AV])DTVL

~2) " ¢men DTAMO, D,y (74)

Se =

-2 Z ém(lgn(
m,n

+23" ), (DA, D, — D, A, DE)

+2 Z ngqsn(DInazA/LDﬁ - DﬁTazAqu)

m,n

+2)  dmn D}, AD, (75)

m,n

9,D} A"D,, — D} A*9,D,,)

where we have omitted the traces and the integrations for
notational simplicity. Here we have defined A% = ArA,.

The expansion of A, in terms of the pion and vector
mesons in leading orders, read

A, = fwo(r“)’]'r—‘y—&f2

z/J [, V] + 24,100 —

(7, O] + ...

3 fi Ualm Aul +

+ Z w2n—1vn,u + Z w2nan,u + .. (76)

+V, -

The unexpanded CS contribution involving the ® fields
receives several contributions from (6). They are

Scs = Se2 4 + Sp2 42 + Sp2 43 + Spa 4 + Sps (77)

with each of the contributions given in form-notations as
follows

Ne
Seza= —53 (d®'Ad® + dDTdAD + DTdAdD)
Sez2 = —1p5 — (dDTA%D + DT A%dD)
N,
T PT(AdA + dAA)D
5N,
— cHt 43
Swrar = —o50IA%
Ne
Spa g =
= T T
Sapa Gz @(0ldd + dote) (78)

The ® field is defined explicitly in (70) and the A field
is defined in (71). We have omitted the flavor trace and
the integration which is 5-dimensional here. The latter
will reduce to 4-dimensions after inserting (70) and inte-
grating over the HL meson holographic wavefunctions.

We note that when only the pion field is retained in
(71) (no vector mesons), (77-78) simplifies as

S‘Iﬂ,AQ + S‘P2,A3 — 0 (79)

Also, the first quadratic contribution Sg2 4 does not van-
ish and will be discussed in details below. In addition,
the quartic contributions in (78) do not vanish and con-
tribute

Spa A + Sp1 —

iNe iNe 15 D' D(D'AD + dD'D)(80)

DTDDTAD +1
Finally7 the DBI quadratlc holographic action (74) to-
gether with the CS parts (78) are the most general pion
and vector meson interactions with HL mesons with finite
masses. The HL mesons are characterized by a pionic-like
zero mode as noted in (22) in the massless limit. So (74)
and (78) interpolate continuously between massless and
massive HL. mesons with exact heavy quark symmetry
asymptotically as we further detail below.



D. Omne-pion interaction

Now we consider the sourceless case with Ay g = 0
and all @y, v, = 0. In this case, in leading order in
the pion field, the bare heavy meson fields in (70) reads

A
Q

) <L+;ww>%Du

oA
83
X

(1 + fir¢07T> ¢~51D
A, = ——7y)(2), A, =0 (81)

in terms of which the contributions (4-5) are

fuv =
(1 + 7 7//07T> $10, D, + fLde)la[;ﬂrDu]
0 ~
nz
G+;%Q&mD—;w&w
+ i D (2)
and
pp & (1 + 7. wow) D ’] (1 — fﬂwoﬂ> ng
Qpz R <1 + fﬂlboW) D 2] <1 - fﬂ1/107T> D161
(83)
with
F,=0(%), F,=~ %f%@w (84)

In developing the gauge and heavy meson fields in (70),
we have omitted the contributions from the tower of vec-
tor and axial fields, and the contribution of the excited
heavy mesons for simplicity. They will be recalled be-
low. Note that in the dressed gauge, the leading pion
contribution is the current algebra result

2
4
with f2/M% . = 4k /.

Tr(U'0,U)? (85)

1. (07,17) multiplet

The leading contribution to the interaction between
the heavy-light mesons to the pions follows only from
the first contribution in the CS term in (6) in the form

Scsg — — / dzd*zTr(d®TdAD + TdAdD) (86)
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Using the identification (61), we can re-write (86) as

s NC

SEs= g [ v
X /d4xTr (v-0H~vsy-0nH +c.c.) (87)
with H = ~°HT7%. We note that the bolded trace in
(87) is now both over flavor and spin. To obtain the
non-relativistic reduction of (87), we first decompose the

positive frequency part of H — H; + H_ as
e*iMI[)

VoM

].:l:")/o

Hy = 5

(Y Dy + ivsD) (88)

which gives

S&s = S&s + Scs
+ N,
CS ™ 3am2f,

X / d*z Tvd;m(+£(D; DT — DD]) + €7* D, D)(89)

dz(2) 5

Keeping only the contribution from H., which trans-
forms homogeneously as the (2, 2) representation under
heavy-light spin transformations, is equivalent to deform-
ing the CS contribution (87) to

T +
Sfg = S =

N, , 9
M/dz%(z)%
X /d4xTr ((y-0+iM)H~sy-0mH + c.c.)

Amusingly, this deformation can be viewed as a fermion
loop with a massive instead of a massless quark, with
~v-0 — v-0+iM acting as a massive projector. There-
fore, keeping positive energy naturally selects the H.
contribution. The modified term is actually a normal
term which requires a metric and may come from a miss-
ing piece of the low-energy effective field theory action
of our underlying brane configuration with large trans-
verse separation. Assuming this, the z-integration can be
performed exactly to give

(90)

1 1
dz1! 2 = =
/ 21 (2) 5 TUkK &fok
1 - 10877313 2Mkk 21672
FT(QTFQI)QR?’ B MKKNC 71-)\13 B Nc)\

(91)



which allows for (90) to take the standard leading one-
pion interaction form

9H i
Sk = T / d*a Tvd;m(D; D' — DD} + ¢7* D, D) (92)
with the pseudo-vector pion axial coupling gy to the
(07, 17) multiplet given by

27
9gH = 75\ (93)
In [24] a fit to the low lying meson spectrum led to A ~ 8.7
which implies that gy ~ 0.78 in our holographic model.
The holographic result is close to the reported value of
g ~ 0.65, as measured through the charged pion decay
D* — Dr [2].

2. (07, 17) multiplet

Using the analogue of the non-relativistic reduction
(88) for the G-multiplet with

—iMmo

V2M

a similar reasoning shows that the pseudo-vector pion
axial coupling gg to the (0%, 17) multiplet follows simi-
larly with the mode substitution ¢g — ¢1 in (87-91). As
a result, we have g = gy in our holographic construct.

The intra-multiplet one-pion interaction is now seen to
follow from the DBI contribution only,

1+
G— Gy = (Do + 745 DY) 5 (94)

She =
Ar 4 i i
+7 f¢0¢1¢0(2)d2’ d .’ETI’a()ﬂ'(DiDU + Dth)
2 -~ ~
+f—“ / gPoP1¢0(2)dz / d*zTrdym (DD + Do DY)
(95)
We note the following identity
Q/dz fodoop1 = /dZ godod (96)
which allows to rewrite (95) in standard form
g}H—G’I‘r (vsGHV"A,,) + c.c (97)
T

The pseudo-vector axial cross pion coupling is

25 (M H my\ 2
_ _ 2" [ EKK _ Tep ) 2
gHG = 4H/d2 fodod1 = - ( i ) 0.23 ( M)
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the last relation follows from the substitution of the rho
mass m, = V0.67TMg [24]. The axial coupling is seen
to vanish in the heavy quark limit M = ©,/ag — oo.

We observe that in the present holographic model
all one-pion couplings to the HL mesons are pseudo-
vectors. In particular, the Goldberger-Treiman combina-
tion gepAm/ fr does not support a pseudo-scalar cou-
pling as initially noted in the chiral symmetric constructs
without confinement in [3, 4]. Using the empirical value
of m, ~ 770 MeV and the charm mass with m¢ = 1275
MeV we find that ggg,c ~ 0.18, while for bottom with
mp ~ 4180 MeV we find gy g ~ 0.10.

8. One-pion radiative widths

The strong intra-multiplets decay G — H + 7 follow
from (97). Both the chargeless and charged pion decay
of charmed and bottom mesons with final momentum p,
read

1 2
NG — H+71" = e (gh}ic) (ma —mm)?[paol
2 (gucc\’
T H - 2 > _ 2
(G— H+7%) 47r( a > (mg —mpy)?|pret]

(99)

Our holographic result for the HL. charm meson gives

['(DY(2420) — D*T(2010)7~) =

1 /0.18\2
— [ === (411)?(354) = 36 M 1
%(93) (411)%(354) = 36 MeV  (100)

wich is comparable to the measured full width of =

(27.4 £ 2.5) MeV at p,- = 354 MeV [32]. The partial
width for the charged decay of the HL bottom meson is

['(BY(5721) — B*T(5325)7~) =

% (%‘;)2 (400)*(362) = 11MeV  (101)

which is to be compared to a full width of 23 + 5 MeV

at p,— = 362 MeV [32]. Also, we have the partial decay
width

[(B; (5721) — B*°(5325)7™) =

% (%';)2 (402)*(409) = 12MeV  (102)

which is to be compared to the measured full width of

(98)49712 MeV at p,r+ = 409 MeV [32].



E. Two pion interaction

The two pion interaction terms can be derived using
similar arguments. All terms quadratic in D, D* and
linear in A following from the DBI action (74) follow
from the two contributions

~4i ) fomdn Tr(Ao D}, D)

m,n

~2i Y " gbmdn Tr(AgDp, D) (103)

Inserting (76) in (103) and performing the z-integrations
give

fé > T ([, 0om)(Dn, DT+ D, DY) (104)

which is of order M°. For instance, (104) describes the
parity conserving two pion radiative decays within the
same multiplets (0F,1%), ie. H — H + 27 and G —
G+ 2m.

In addition, there are also parity non-conserving two
pion interactions from the Chern-Simons term, leading
to radiative decays of the type G — H + 27. To leading
order in the heavy-quark limit, we have

1 -
SfTMZ/dZ mg¢m¢;/d4x

Tt ([w, 0;7)(Dy D}, — D, ;DI + eikamkDILj))

nt

(105)
with
) 1/2
/dz Kgpod) = <£J]”2> /dz Kfod] =
V2 (g0 POM 2 _ 21 3
e (fo) <UKK> =7 (Mg M) (106)

(106) yields the two-pion cross coupling Ggr/f2 in (105)
as

N

2 MKK % mp %
G 32 ( M ) 006(M) (107)

which is relatively small. The couplings Ggy in (107)
and gepm in (98) are both of order 1/v/M and vanish in
the heavy quark limit.
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VI. CONCLUSIONS

We have presented a top-down holographic approach to
the HL mesons interacting with the lightest pseudoscalar
mesons. The geometrical set up consists of Ny — 1 light
D8-DS8 probe branes plus one heavy brane in the back-
ground of N, D4 branes. We have identified the HL
degrees of freedom with the string low energy degrees of
freedom near the world volume of the light branes. They
are represented by bi-fundamental vector fields that are
approximately local in the vicinity of the light branes.

We have shown how the holographic effective action
emerges from the bulk DBI and Chern-simons actions,
and explicitly verified that it enjoys both chiral and heavy
quark symmetry in the limit of a heavy quark mass, mod-
ulo a suitable deformation of the CS contribution. The
HL holographic effective action reduces continuously to
the chiral effective action for SU(Ny) when the heavy
quark mass is removed in the limit of coincidental Ny
light branes. This construction can be made more real-
istic through the use of improved holographic QCD [33].

The HL effective action allows for a description of the
HL meson internal structure in the strong coupling A =
¢>N, limit. In particular, the squared mass spectrum
is shown to be Regge-like with fixed intercept M? and
a slope of about Mm,. In leading order, the splitting
between the even and odd parity multiplets is fixed by
the rho mass m,. However, it is found to be larger than
the reported empirical splitting for charm and bottom.

We have made explicit use of the HL effective ac-
tion to extract the pertinent axial charges for the low
lying HL multiplets H = (07,17) and G = (0",1%)
both of which are degenerate in the heavy quark limit.
Holography shows that the axial couplings are equal with
gy = go = 27/4), and close to the experimentally re-
ported value of gy = 0.65, for A ~ 8.7 which is the
value selected in [24]. The inter-multiplet coupling is
fixed by the ratio of the rho to heavy quark mass as
gcu = 0.23 (mp/M)%. Estimates of the one-pion partial
decay widths are overall in qualitative agreement with
the data.

The shortcomings of the holographic limit are rooted in
the double limit of large N, and strong 't Hooft coupling
A = g?N,.. The corrections are notoriously hard to calcu-
late. Also, our near-coincidental brane approximation for
the Chern-Simons contribution shows the need for an ad-
ditional mass deformation in the heavy mass limit, which
combines to form a massive projector, that requires a
better first principle undertanding. Overall, the leading
order results we have established are in fair agreement
with data. The holographic HL chiral effective action
provides valuable results for the few pion decays without
and with vector mesons that could be compared with the
upcoming experiments involving especially HL bottom
mesons. It also provides a framework for discussing elec-
tromagnetic decays, as well as single and double heavy
baryons. Some of these issues will be addressed next.
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VIII. APPENDIX: HL DECAY CONSTANTS

The axial and vector polarization functions (55-56) ex-
hibit poles, with the squared axial decay constants as
residues

((¢® +m2) Mav(q®) (108)

2 .

fA”’V" - quil;nm?Z
In the heavy mass limit, the residues at the poles of the
scalar and pseudoscalar polarization functions (55-56) are
related by heavy quark symmetry which holds in our case.
In the standard definitions, the pseudoscalar constant is
mpfp = fa and vector decay constant is mp« fp+ = fv,
with

(0lgiv. s QP (p)) =

(0177, QIP*(p)) =

for P= D, B, ... and P* = D*, B*, ... respectively. (109)

are measurable through the weak leptonic decays D —
ly; and B — ;.

pr/,L

fpep (109)

1. Generalities

To explicit the decay constants as residues at the poles
of polarization functions derived above, we first reorga-
nize the equation for the bulk-to-boundary propagator
V(p, z) in the heavy quark limit using (38),

d*V 2 2(p® + M?) fo
— T (Jmep)y = T e 110
wodz? (V)Y Wo?go v (o)
with wg = foag/goU% . We can set
_pewn 1 wn 1
wol go 2 wo go 2

where the last identity holds for p> = —m?2. Using the

parametrization r = \/2wpzZ = v/2wolz, we can re-write
(110) in the compact harmonic form

2
dV—f—(a—i—l—lxz)V:O

da? 2 4 (112)

The normalized square integrable solutions to (112) are
parabolic cylinder functions D, (x) (solutions to the har-
monic problem)

12

(2woi) /2

(4forT (o + 1)v/2m) 3 Do) (113)

fila,x) =

In the heavy quark limit with ¥ — 0, the spectrum in
(112) is harmonic for p> = —m?2, and identical to the
harmonic spectrum in (39-40).

2. Auxzial decay constants: fari1

For the odd harmonic states with o = 2k + 1, we have

dfy Qo) IV2@k+ 1),
<d2) 0= (4for(2k +1)! 27r)%( Y

(114)

which gives through the Wronskian

1 (4for(2k + 1)1V27)
fale0) = 2690 V/2(2k + 1)1 (2woi7)

1

(-1 (115)
3

Also, in the vicinity of @ = 2k + 1 we note that,

7192 +m3yg fo

a—2%k—-1= A, (116)
as well as
B (2woi) 5 v/2(2k)!!
fil,0) = (4for(2k +1)1V/27) 2
x@(—l)“l x (a—2k—1) (117)

Combining the above results, we finally find that

f22,asy(2k +1, ZA)f22k+1 =
1 4f0l€(2]{7 + 1)!\/ 2 go(o.)()ﬁ)
2k90 (2k + 1)!(2woi)V2r  fo

=1 (118)

8. Vector decay constants: fax

A rerun of the previous steps for the even harmonic
states with a = 2k gives

V2(2k — 1)
(4for(2k)1V/2m) =

fi(a,0) = (2w

which combined with the Wronskian gives



<df2) (@,0) = L _(4for(2R)!v2m)*
dz ) " 290 /2(2k — 1)11(2wo i) T

Also near oo = 2k we have

(—1)* (120)

d _ . s V22RN(-1)*V2r
- f1(a,0) = (2wo?) (L fom(2h)] 27r)% (a — 2k —1)
(121)
and therefore
fg,asy(zkﬁzf\)f%k =1 (122)

4. FEstimate

The dependence on the cutoff z, reflects on the depen-
dence on the heavy quark mass which is M in the large
mass limit. In our D-brane set up in section II we have
made the assumption that the stringy HL modes are ap-
proximated by local bi-fundamental vector fields in the
world-volume of the light branes. This approximation
precludes us from a rigorous evaluation of the depen-
dence of zx. Qualitatively, we may estimate zp (M) by
identifying M with the mass of a straight Nambu-Goto
string pending from the heavy 8 y-brane to the light 8-
branes as shown in Fig. 1. In the Einstein frame and for
large zp, we have

1 ZAd 1
m/(; Z(_gttgzz)

1 1
I Uk \? _ 1 (2 5\ 2
— | 4 ~ M
2wzg/0 Z< 9, > 0 <9 KKZp

(123)

Q
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which shows that zy ~ M2 in our estimate. Using (123)
and the explicit form of f; where the overall constant is
fixed by the Wronskian, we can make an estimate of the
decay constants in (118) and (122). The vector (n-even)
and axial-vector (n-odd) decay constants are

Here C), is the dimensionless combination

5 (%) ()
V2 A 2M ki
with Mxx = m,/v0.67 = 1.22m, = 941 MeV. The
constant f(n) is related to the expansion of the parabolic
cylinder functions. Note that (124) is of order v/N..

The holographic result (124-125) holds in the heavy
quark limit. In particular, we note that the ratio of
the pseudo-scalar D to B meson decay constants follow-

ing from (124-125) using the canonical definition fg, =
fn/my and to leading order in 1/, is

2n+7

o) (o))

fp., mp A3
For n = 0, (126) is to be compared to fp/fp =
(mp/mp)? from general arguments [5]. While the two
ratios reduce to 1 in the heavy mass limit, they differ
sharply at finite masses owing to our crude estimate in
(123), and more generally our use of local bi-fundamental
fields to describe non-local string modes. This last con-

cern can be altogether bypassed in the bottom-up ap-
proach [34].

Cy =

(125)

(126)
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