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We extend the D4 — D8 holographic construction to include three chiral and one heavy flavors, to
describe heavy-light baryons with strangeness and their exotics. At strong coupling, the heavy meson
always binds to the bulk instanton in the form of a flavor zero mode in the fundamental representation. We
quantize the ensuing bound states using the collective quantization method, to obtain the spectra of heavy
and strange baryons with both an explicit and hidden charm and bottom. Our results confirm the existence

of two low-lying charmed pentaquark states with %‘,

charm and bottom. They also suggest a quartet of low-lying neutral Q0 with assignments

5~ assignments and predict many new ones with both a

1+ 3+

5.5 that are

heavier than the quintuplet of neutral Q0 recently reported by LHCb.
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I. INTRODUCTION

Recently, the Belle Collaboration [1] and the BESIII
Collaboration [2] have reported many multiquark exotics
uncommensurate with quarkonia, e.g. the neutral X (3872)
and the charged Z.(3900)* and Z,(10610)*. These exotics
have been also confirmed by the DO Collaboration at
Fermilab [3] and the LHCb Collaboration at CERN [4].
Also recently, the same LHCb Collaboration has reported
new pentaquark states P (4380) and P/ (4450) through
the decays AY) — J¥pK~,J¥px~ [5] and five narrow and
neutral excited Q¥ baryon states that decay primarily to
=K~ [6]. This flurry of experimental results supports new
physics involving heavy-light multiquark states, a priori
outside the canonical classification of the quark model.

Some of the tetrastates exotics may be understood as
molecular bound states mediated by one-pion exchange much
like deuterons or deusons [7-14]. Nonmolecular heavy
exotics were also discussed using constituent quark models
[15], heavy solitonic baryons [16,17], instantons [18] and
QCD sum rules [19]. A flurry of quark-based descriptions of
the reported neutrals Q¥ states have also been proposed [20]
following earlier descriptions [21], including sum rules
calculations [22] and a recent lattice simulation [23].

The pentastates exotics reported in Ref. [5] were foreseen
in Ref. [24] and have since been addressed by many using
both molecular and diquark constructions [25] as well as a
bound anticharm to a Skyrmion [26]. String-based pictures
using string junctions [27] have also been suggested for the
description of exotics, including a recent proposal in the
context of the holographic inspired string hadron model [28].

In QCD, the light-quark sector (u, d, s) is dominated by the
spontaneous breaking of chiral symmetry, while the heavy-
quark sector (c, b, t) exhibits heavy-quark symmetry [29].
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Both symmetries are at the origin of the chiral doubling in
heavy-light mesons [30,31], as measured by both the
BABAR Collaboration [32] and the CLEOII Collaboration
[33]. As most of the heavy hadrons and their exotics exhibit
radiative decays through light or heavy-light mesons, it is
important to formulate a nonperturbative model of QCD that
honors both chiral and heavy-quark symmetry.

The initial holographic construction offers a framework
for addressing chiral symmetry and confinement in the
double limit of large N, and large t’Hooft coupling
A= g*N,. A concrete model was proposed by Sakai and
Sugimoto [34] using a D4 — D8 brane construction. The
induced gravity on the probe N, D8 branes due to the large
stack of N D4 branes causes the probe branes to fuse in the
holographic direction, providing a geometrical mechanism
for the spontaneous breaking of chiral symmetry. The Dirac-
Born-Infeld (DBI) action on the probe branes yields a low-
energy effective action for the light pseudoscalars with full
global chiral symmetry, where the vectors and axial-vector
light mesons are dynamical gauge particles of a hidden
chiral symmetry [35]. This construction was recently
extended to accommodate heavy mesons with explicit
heavy-quark symmetry [36]. The construction makes use
of an additional heavy probe D8 brane in the bulk [36].

In the D4 — D8 brane construction, baryons are identified
with small-size instantons by wrapping D4 around S* and are
dual to Skyrmions on the boundary [37,38]. Remarkably, this
identification provides a geometrical description of the
baryonic core that is so elusive in most Skyrme models
[39]. A first principle description of the baryonic core is
paramount to the understanding of heavy hadrons and their
exotics since the heavy quarks bind over their small Compton
wavelength. In a recent analysis, we have shown how heavy
baryons and their exotics can be derived from the zero modes
of bulk instantons using two light flavors [40]. This paper
extends this analysis to the case of three light and one heavy
flavors with both chiral and heavy-quark symmetry.
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There are many new features and results following from

this construction:

(1) The three flavor case involves a new contribution
through the Chern-Simons (CS) term, which is
subtle in the present holographic setup [41,42];

(2) The Chern-Simons contribution fixes uniquely the
baryonic hypercharge in the presence of a heavy flavor.

(3) A finite strange-quark mass is introduced through
a bulk instanton holonomy and treated perturba-
tively [43].

(4) A large number of single- and double-heavy-baryon
states with an explicit and hidden charm and bottom
can be described by the present construction.

The inclusion of the strange-quark mass improves the
Ny =2 results in Ref. [40]. Our approach extends the
bound state approach developed in the context of the Skyrme
model with heavy mesons [26,44] to holography. We note
that alternative holographic models for the description of
heavy hadrons have been developed in Refs. [45,46] without
the dual strictures of chiral and heavy-quark symmetrty.

The organization of the paper is as follows. In Secs. IT and

I1I, we briefly recall the geometrical setup for the derivation
of the heavy-light effective action for three flavors in terms
of the bulk DBI and CS actions. We detail the heavy-meson
interactions to the flavor instanton and the ensuing heavy-
meson bound state to the instanton in bulk in the double limit
of large coupling and heavy-meson mass. In Secs. [Vand V,
we use the collective quantization approach to derive the
pertinent spectra for holographic heavy baryons and their
exotics with strangeness. Our conclusions are in Sec. VI. In
the Appendix, we briefly review the collective quantization
of the light baryons for N, = 2, 3.

II. HOLOGRAPHIC EFFECTIVE ACTION

A. DBI action

The holographic brane setup for heavy-light hadrons
with spontaneously broken chiral symmetry was recently
discussed by us in Ref. [36] for the case of two flavors with
N — f = 2. Here, we extend to three flavors with N, = 3.
Since the two constructions are very similar modulo the
Chern-Simons action, we will only recall the necessary
steps and refer the reader to Ref. [36] for the complemen-
tary details. In brief, the construction consists of N light
D8 — D8 (L) and one heavy (H) probe branes in the cigar-
shaped geometry that spontaneously breaks chiral sym-
metry as illustrated in Fig. 1. The L branes are embedded in
[0 — 3 + 5 — 9] dimensions and set at the antipodes of S'.
The warped [5 — 9]-space has a horizon at Ugg.

The effective action on the probe L branes consists of the
non-Abelian DBI and CS actions. In leading 1/4 order, it is
given by

Spp1 ¥ =k / dxdzTe(f(2)F T + g(o)F, F<) (1)
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FIG. 1. N; =3 antipodal 8, light branes and one 8 heavy
brane shown in the zU plane, with a bulk SU(3) instanton
embedded in 8; and a massive HL-string connecting them.

Our conventions are (—1,1,1,1) with AL = —A,;. The
warping factors are

R} 99Ul

f(2) =1 9(2) = 3TUnr

(2)

with U3 = Uyg + Uggz®, and k=alN. and a=1/
(2167°) [34]. The effective fields in the field strengths
are [M, N run over (u,z)]

Fyun= (
~Om (Djv] - (DFMAN] _q)Equ)N]

The matrix valued 1-form gauge field is

S

For N coincidental branes, the @ multiplet is massless.
However, for the setup of Fig. 1, the ® multiplet is massive
with a contribution to (1) of the form

%m%,Tr(tbLCDM). (5)
The mass my is related to the separation between the light
and heavy branes [47], which is about the length of the
heavy-light string. Below, my will be taken as the heavy-
meson mass for the heavy-light (07, 17), i.e. (D, D*) for
the charm and (B, B*) for the bottom. The introduction of a
finite nonzero strange-quark mass will be discussed sep-
arately at the end.

B. Chern-Simons action

For N > 2, the naive Chern-Simons 5-form

iN,

1 1
Scs = Tr( AF? —~A3F + —A> 6
CS 247[2 M r( 2 + ( )

10

fails to reproduce the correct transformation law under the
combined gauge and chiral transformations [41]. In par-
ticular, when addressing the N, = 3 baryon spectra, Eq. (6)
fails to reproduce the important hypercharge constraint [41]
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N,

Jg = .
82\/§

This issue was recently revisited in Ref. [42] where
boundary contributions were added to (6) to address these
shortcomings. Specifically, the new Chern-Simons (nCS)
contribution is [42]

(7)

1
Sucs = Scs +/ ETr(h“dk)f’ +/ as(dhh™ A).
Ns

M
(8)

Here, N5 is a five-dimensional manifold of which the
boundaries are ONs = OMs = My, o, — M4_, with the
asymptotic flavor gauge field

Al = A" = W (d + A%)H* )

The gauged 4-form a, is given in Ref. [42]. A* refer to the
external gauge fields, and /|y, = (A", h7). A is assumed
to be well defined throughout M5 and produces no-
boundary contributions. In other words, in this gauge, all
topological information is moved to the holographic
boundaries at z = +oco. We can actually work in the
A, = 0 gauge, and for the instanton profile (as discussed
below), we have

(= ht) = (1, e~ J oAy, (10)

Note that in our case A — A as defined in (4). As a result,
the contributions from (6) are similar to those in the Ny = 2
case discussed in Ref. [36]. The contributions from the new
terms in (8) will be detailed in the quantization ap-
proach below.

III. HEAVY-LIGHT BARYONS

In the original Sakai and Sugimoto model [34], light
baryons are identified with small-size flavor instantons in
bulk [37]. This construction carries to our current setup as
we have recently shown for the N, =2 case in Ref. [36].
For the present N = 3 case shown in Fig. 1, a small-size
instanton translates to a flat space four-dimensional instan-
ton in the [1 — 4] directions. Specifically, the SU(3) flavor
instanton A,; and its time components are [41]

. _ XN
AM = d1ag<—0MNx2 +p2 ,O)
-1 2 P’
Ay =——51/=| 1 —————=]diag(1,1,0
07 8rlax? 3( (x2+pz)2> iag( )

1 p? (11 2
- diag(=,2,—=
+167r2ax2< (x2+p2)2> lag(s 3 3)

where the rescaling
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X0 = X0, = X/ VAN Ip = p
(A9, @g) — (A, Do),
(Ap, @) — ﬂ(AMv¢M) (12)

was used. From here on, M, N runs only over 1,2,3,z
unless specified otherwise.

A. Heavy-light effective action

To order A°, the rescaled contributions describing the
interactions between the light gauge fields A,; and the
heavy fields ®,, to quadratic order split to several
contributions,

L= CINC/1£0 + aNcﬁl + ‘CCS- (13)

The contributions L ; are similar to those given [36] and
will not be repeated here. The contribution Ly is new and
reads
iN,
247?
iN,
167°
5iN.
~ 2 QI AD + Sp(D, A). (14)
487w
The additional boundary contributions in (8) do not
generate any new heavy-meson contribution besides those
generated by the standard Chern-Simons contributions
quoted in (14).

Log = — (dDTAdD + dDTdAD + DTdAdD)

(dDTA’D + DTA2dD + O (AdA + dAA)D)

B. Zero mode bound state

We now consider the bound state solution of the heavy-
meson field ®,, in the (rescaled) instanton background
(11). We note that the field equation for ®,, is independent
of @ and is similar to the one derived in Ref. [40], so it will
not be repeated here. However, the (constraint) field
equation for @, depends on ®,, also through the Chern-
Simons term

EMNP
Dy (Dg®@yy — Dy ®g) — FM Dy — ML g =0
64n°a

(15)

with Kyypo defined as
KMNPQ — +8MAN8P(I)Q +AMAN8PCDQ
5
+ OuANAPPg + L AyAnAr@o. (16)

In the heavy-meson mass limit, it is best to redefine
@), = ¢ppe” ™% for particles (my — —my for antipar-
ticles). In the double limit of my, 4 — oo, the leading
contributions are of order AmY from the light effective
action and of order A°my; from the heavy-light interaction
term L,
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‘cl,m
aN,

= dimy¢nDody, — 2imy (poDydy —c.c.),  (17)

and the Chern-Simons term,

myN. m

N,
67 - 5 €MNPQ¢MFNP¢Q = Hz ¢MFMN¢N (18)

87
In this limit, Eq. (15) implies that ¢,, is transverse with
Dy = 0. This observation, when combined with the
classical field equations stemming from (13) as detailed in
Ref. [40], are equivalent to a first order equation for the
spinor combination y = 6y, 1.e. oy Dy = Dy =0
with

Wap = €aakp with a=1,2. (19)

TS o
(6 +p?)2
Here, y, is a constant spinor, with only the first two
components that are nonzero. In the presence of the
instanton, the spin-1 vector field binds and transmutes to
a spin-j spinor.

IV. QUANTIZATION

The classical bound instanton-zero mode breaks isorota-
tional, rotational, and translational symmetries. To quantize
it, we promote the solution to a slowly moving and rotating
solution. The leading contribution for large A is purely
instantonic, and its quantization is standard and can be
found in Ref. [38], so we will assume it here. The
quantization of the subleading A°m;, contribution involves
the zero mode and for N, = 2 was recently addressed in
Ref. [40]. Here, we will address the new elements of the
quantization for Ny = 3.

The collective quantization method proceeds by first
slowly rotating and translating the instanton configuration
in the bulk using

® = V(a;(1))®(Xo(2), Z(1). p(2). x (1)) (20)

with @, = 0. Here, X, is the center in the 123 directions,
and Z is the center in the z direction. a; is the SU(3) gauge
rotation moduli. The moduli space is composed of the
collective coordinates X, = (X, Z, p) and by the collective
SU(3) rotation a;. The time-dependent configuration is
then introduced in the heavy-light effective action
described earlier and expanded in leading order in the
time derivatives as we now detail.

A. New Chern-Simons contributions

The additional Chern-Simons contributions in (8) pick
up from the collectively quantized instanton by defining

h~ = diag(a; ()71, 1)
ht = hydiag(a;(1)~", 1). (21)
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We now note that the field A composed of the instanton
solution A plus the zero-mode solution @ carries the same
topological number as the field with the instanton solution
A but @ = 0. Therefore, Ay in (21) can be represented by
only the latter. With this in mind, we insert (21) in the new
contributions in (8) to obtain

iN,

— diT
4871'2 M4 r< (al

Swes = Ses — ~10,a;)(hy'dhy)?). (22)
The heavy-light contributions from Sy are those in (14),
while the new second contribution is identical to the one

obtained in the light sector [42],

N,
2\/§a8. (23)

When combined to terms emerging from the heavy sector,
it will give rise to the correct hypercharge constraint as we
will show next.

B. Heavy contributions in leading order

There are four contributions to order A’my from the
heavy-meson sector, namely

N . 2v/6 + 1
= +16impy 0 f* - 16me'xf2LAo
aNn., 6
—myf*y 6, D6, +m ){U{fziL.
H H H. an? (x2 +/)2)2

(24)

The second contribution is from the Ay coupling, and the
third contribution simplifies for the zero mode,

8 81'%
V3
The last contribution originates from the heavy terms in the

naive CS term and also simplifies using the instanton field
strength and the zero mode,

10,D6,0=a (25)

l3mHN f2p?
2 (X*+1)

lmHN

¢M Fyndy = 2)(5(' (26)

In addition to the terms retained in (24), the ¥y coupling to
the U(1) flavor gauge field A, induces a Coulomb-like

correction of the form (y'y)?> as we have shown in
Ref. [40]. With this in mind and after using the rescaling

x = x/v/4aN_ my in (24), we obtain

i )2
. 'y 1ix'x)
L=+Lyla;. X, 0 —
Lolar Xo] + iy O + 327%ap®  24x*aN.p?
N. )(U()
+ad , 27
2V3 < N, @7)
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where the parameters 7, u are given by

2v/6+1
3

13
+1~2.966 and p=—. (28)

=2 1=
n=2x+ B

Here, Ly[a;, X,] refers to the effective action density on the
moduli stemming from the contribution of the light degrees
of freedom in the instanton background without the a®
term [37].

The term linear in a® in (27) couples to the hypercharge

Jg = 21\\/;5(1 —%) So, Eq. (27) can be seen as an action

density of light and heavy degrees of freedom supple-
mented by a hypercharge constraint, namely

i )2
nx'y wir'x)
L = Lolay, X, +x1i0 -
= Lolar Xa] + 1710 + 32n%ap?  24x*aN p?
N, )()()
J8 = 1— . 29
2\ﬁ< N, (29)

From (28), we note that =3 and u~ 1, which are
remarkably close to the same parameters derived in
Ref. [40] for the Ny =2 case. These terms are inertial
and not sensitive to the value of N.

C. Heavy-light spectra

The quantization of (29) follows the same arguments as
those presented in Refs. [37,41] for Ly[a;, X, ] as we briefly
recall in the Appendix. Let H, be the Hamiltonian
associated to Loy[a;,X,]; then, the full heavy-light
Hamiltonian for (29) is

o'y
327%ap?

1r'x)? (30)

H:HO[ﬂI’ﬂX’al’Xa] 24]‘[2(1N p2’
c

with the new quantization rule for the spinor and the
hypercharge constraint

N, )(T)(
i T, — _ c

We recall that the statistics and parity of y were fixed in
Ref. [40]. Specifically, y is a fermion in the spin—%
representation with positive parity. With this in mind,
the total spin J of the bound state is

-
-

= > o T
J=-Lspo +S, =TI + 1 XS (32)

Here, for a general SU(3) representation, fsu(z) means the
induced representation for the first three generators, J; ;3
as noted in the Appendix.

The spectrum of (30) follows from the one discussed in
Refs. [37,41] and recalled in the Appendix, with two key
modifications,
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N, N, (1_ 5n . SM(ZT)()2>’ (33)

0= 40ar  40ar? X+

4Nk 3N2

and the change of the hypercharge as obtained in (31). The
quantum states with a single bound state Ny = rr=1
and the general (p, g) representation for SU(3) and spin j
are labeled by

INg.p.q.j,n,,n,) with IJ” :% (é i;) . (34)
with n, =0, 1,2, ... counting the number of quanta asso-
ciated to the collective motion in the holographic direction
and n, =0,1,2, ... counting the number of quanta asso-
ciated to the radial breathing of the instanton core, a sort of
Roper-like excitations. Following Ref. [37], we identify the
parity of the heavy-baryon bound state as (—1)":. Using
(33), the mass spectrum for the bound heavy-light states is

MNQ =M0+NQmH

9 K |2
+ 24+3+\/3(nz+”p+1)MKK’ (35)

2N? | SI]NQ+5/4N2Q N2 | _No)?
5 4N. =~ 3N? 3 N,

(PP +a*+pg+3(p+q)-2iG+1). (36)

+

Wl &~

with M g the Kaluza-Klein mass and M/ M g = 87’k the
bulk instanton mass. The Kaluza-Klein scale is usually set
by the light-meson spectrum and is fit to reproduce the rho
mass with Mg ~m,/v/0.61 ~1 GeV [34].

Equation (35) is to be contrasted with the mass spectrum
for baryons with no heavy quarks or N, = 0, where the
nucleon state is identified as No =0,/ =1,n,=n, =0
and the Delta state is identified as Ny =0,/ =3,n, =
n, =0 [37]. The radial excitation with n, =1 can be
identified with the radial Roper excitation of the nucleon
and Delta, while the holographic excitation with n, = 1 can
be interpreted as the odd-parity excitation of the nucleon
and Delta.

D. Single-heavy baryons

Since the bound zero mode transmutes to spin %, the
lowest heavy baryons with one heavy quark are charac-
terized by n,, n, =0,1,Ny = 1, and (p,q,j) =1(0,1,0)
for 3 and (p.q. j) = (2,0, 1) for 6. The 3-plet states have
spin and parity 1*. We identify them with Ay, E(3). The
6-plet states have J = %% We identify them with
ZQ,EQ(ﬁ),QQ and Z*Q,EQ(6)*,Q*Q, respectively. In the
absence of symmetry breaking, the mass spectra are
degenerate,
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Mj = +MO + mpg + 175MKK
2(n,+n,)+2
(n+m) +2

\/6 KK (37)
M6 = +M0 + mpg + 21O3MKK
2 + +2
Ayt 2 (38)

\/6 KK>

or equivalently

M3 =M,y i ny—0,j-1/2 — My = —0.5T0M g
Mg —M 1 n,=0,j=1/2 — My = —0.236M kg, (39)

with the mass splitting Mg — M3 = 0.334M .

E. Double-heavy baryons: QQ

While the binding of a pair of heavy mesons with QQ or
QQ content is always Bogomolnyi-Prasad-Sommerfield-
like to leading order in 1/4, the Chern-Simons contribution
is twice more attractive with the QQ content than with the
QO content (see below), although the Coulomb induced
contribution penalizes the former and not the latter. With
this in mind, heavy baryons with two heavy quarks follow
the same construct with N, =2 or vy = 2 in (30) and
(31) and J® =1/2v/3. As a result, the lowest heavy
baryons with two bound heavy mesons are now charac-
terized by n,, n, =0, 1 and (p.q.j) = (1,0,0) for the
flavor 3-plet with assignment %*, which we identify as E,
with u, d light content and Q,, with s content. To this
order, their degenerate masses are given by

M3 - Mp:q:LNQ:O.,jZI/Z - 2mH = _0844MKK (40)

F. Double-heavy baryons: QQ

For heavy baryons containing also antiheavy quarks, we
note that a rerun of the preceding arguments using instead
the reduction ®,;, = ¢,,e"""#* amounts to binding an anti-
heavy-light meson to the bulk instanton also in the form of
a zero mode in the fundamental representation of spin,
much like the heavy-light-meson binding. Most of the
results are unchanged except for pertinent minus signs.
For instance, when binding one heavy-light and one anti-
heavy-light, Eq. (29) now reads

_ i n ¥
L= Lola, Xq| +xpi0x g +W)(Q)(Q

Q"0 327[2(1p2 Q)(Q

_Kloro —xpro)
247%aN p?

, (41)
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with the hypercharge constraint

i 1

N XHC

Jg = ¢ <1—XQ)(Q+ QXQ). (42)
2V3 N. N,

The mass spectrum for baryons with N, heavy quarks
and Ny anti-heavy quarks is the same as in (35) with the
substitution Ny — Ny — Nj to the present order of the
analysis or A°my. For Ny = Ng =1, the hypercharge
constraint is simply Jg = v/3/2. Therefore, the lowest
states carry (p,q,j) = (1,1,1/2) and are identified with
the baryonic states in the 8-plet representation with the J*
assignments 3~ and 3~ and (p. ¢, j) = (3,0,3/2) in the 10-
plet representation with J” assignments (one) 2~, (two) -,
and (one) %‘. Their masses are given by

2(n, +n,)
8 .+ )
MQQ—MN+2mH+ \/6 MKK
2(n, +n,
MlQOQ:MN+2mH+O'386MKK+%MKKa
(43)

: s 10 _ 8 _
with the mass splitting MQQ MQQ = 0.386M k.

V. STRANGE QUARK MASS CORRECTION

To compare the previous results for single-heavy and
double-heavy baryons to some of the reported physical
spectra, we need to address the role of a finite strange-quark
mass. Up to now, the light flavor branes DS — D8 only
connect at Uy because of the bulk gravity induced by D4,
thereby spontaneously breaking chiral symmetry. To
explicitly break chiral symmetry, say by introducing a
finite strange-quark mass, an additional bulk D6 brane can
be introduced to connect D8 to D8 [43,48]. For the N =3
case with m, = m,; =0 and finite m,, the world sheet
instanton in D6 interpolating D8 to D8 induces an explicit
light mass breaking term for the light baryons, which takes
the following form on the moduli [48],

Hgp = TP3(1 — Dgs(ay)), (44)

with 7= |m,(5s)|. Aside from the dependence on the
moduli parameter through p?, the explicit symmetry break-
ing term (44) is standard. An estimate of z follows from
holography, but here we will use 7 as a free parameter to be
adjusted below through the baryonic spectrum.
Equation (44) will be treated in perturbation theory by
averaging p> using the radial baryonic wave functions bn, x
discussed in the Appendix. For n, = n, = 0, the averaged
result is
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) _i(ﬁ)%r(lﬂ/%JrzKJrg) 3)
VRN s fark)

The emergence of the pion decay constant f, = 93 MeV
follows from the holographic p wave function as discussed
in the Appendix. For the 3-plet and 6-plet representations,
we have specifically

3

1 62

() :% (g) % 16.70. (46)

The corresponding mass shifts induced by the explicit
symmetry breaking term (44) on the heavy-light baryonic
spectra are then

AM; = bi(1 - ai)f% Cfs) =bi(1—a)m.  (47)

with the representation-dependent parameters

D(14 /2 +2K; +3)
bi:
(14 /% +2K;)

a; = (pq. j|Dss|pq. j)- (48)

For the specific representations of relevance to our analysis,
we have

ay = %, by = 18.97
1 1
aA:Z, aE3:—§
1 1 1
4z =15 dze = =55 ag=-=-. (49)

A. Single-heavy baryon spectrum

Combining all the previous results for the heavy-light
masses, including the correction induced by the strange-
quark mass symmetry breaking term (44), yields the
following mass spectrum for the single-heavy baryons:

my = my +my —0.5TMgg — 3.04m,
Mz(3), = My +my = 0.57M g, + 2.08my
my, = my + mpy —0.236Mgx + 1.75my
Mz, = my + my —0.236M g + 4.25m
Mg, = my + my — 0.236M gx + 6.76my. (50)

In the original Sakai and Sugimoto analysis, the Kaluza-
Klein parameter is fixed by the light rho mass as indicated
earlier with Mg =~ 1 GeV. Although we will use this value

PHYSICAL REVIEW D 96, 056027 (2017)

for all the heavy-light-baryon masses to follow, we note
that this value of Mgy was noted to be large in
Refs. [37,41]. The nucleon mass my = 938 MeV is set
to its empirical value. The symmetry breaking parameter
mg will be fitted to reproduce the mass splitting between the
nucleon in the octet and the Q™ = sss in the decuplet as it is
the baryon with the largest strangeness. Specifically, we set

Mo — my = 0.386M g + 15.32my = 732 MeV,  (51)

which fixes my = 22.6 MeV.

So, for n, = n, = 0, the lowest heavy-light mass spectra
corrected in first order by the light strange-quark symmetry
breaking, with their J* assignments, are

M = mpy + mpg — 057MKK - 304m0

s M = mpy + mpg — 0236M]([( + 676m0

_ 1\t

= <§> . M =my+my —05TMgx +2.08m,
1\ +

XQ <§> s M = mpy + my —0.236M gx + 1.75m
1\t

= <§> . M =my + my —0236M gy +4.25m,
1\ +

Q, <§> . M=y + my —0.236M g + 6.76m,
3\ +

5 <2> . M= my + my —0236M g+ 1.75m,
3\ *+

= <§> . M= my+my —0.236Myy +4.25m,
3
2

(52)

The lowest excited states of these heavy-light baryons carry
finite n,, n,. For instance, for n, = 1, n, = 0, we have the
even-parity or Roper-like excitation corresponding to
Qpo(3)", and for n, =0 and n, = 1, we have the odd-
parity excitation corresponding to Q4 (3)~. Their masses are

1 —
Qp <§> M =my+ my +0.580M g + 6.76mq

1\ +
Qo <§> . M = my + my +0.580M gy + 10.74my.

(53)

The masses of the single-heavy-light baryons with charm
follow by setting the charm heavy-meson mass my to its
empirical value my = mp = 1870 MeV, and similarly for
the bottom heavy-meson mass my = mp = 5279 MeV. The
specific mass values are quoted below in MeV with the
measured masses from Ref. [49] indicated in bold numbers.
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1. Charm baryon masses (MeV)

M = 2117[2286]

+

M = 2320[2468]

+

M = 26412453, 2518]

M = 27402576, 2646)

W W N W
+

N—— — N~~~
+

M = 2840[2695, 2766]

M = 3656[3050, 3066]

| W
~——
I

o

N —

SN—— | =

TN

D |

m{? o

o o %
N

NS
~_
q+

M = 3813[3090, 3119]

(54)
2. Bottom baryon masses (MeV)

M = 5580[5619)]

—
+

M = 5696[5799)

[\

M = 6022[5813, 5834]

+

[1]
SN
N
N -
~__
. +
[1]
N
*

M = 6079[* * xx, 5955]

+

M = 6153[6048,  * *x]

™M
ol
VU
| =
~_
J+
™M
T
N N N N

W W N W

e
S
N
N —
~~_
.t
)
T
N~ N
+

M = 6951

Qo
T
N\
N W
~

I

l —
%(;)
I\ * 3\
af;) ;)

B. Double-heavy baryon spectrum

M = 7041 (55)

The double-heavy baryons with hidden charm or bottom
are currently referred to as pentaquarks. Their masses in the
8-plet of the flavor representation (43) corrected by the
strange-quark mass are

13y-
Ng’é) , M = my +2my
13y-
A‘ng . M =my +2my +3.80m,
S5 M = my o+ 2my + 7.59m
13)-
5‘5’3 . M=my+2my+948my.  (56)
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The pentaquark masses in the 10-plet representation cor-
rected by the strange-quark mass are

M = my + 2mH + 0386MKK + 674m0

*(135)-
ZQ%“) s M =my + ZmH + 0386MKK + 960m0
*(135)-
EQ%Z,Z) s M = my +2my + 0'386MKK + 12.46m0
135
Qe M= my o+ 2my + 0.386M i + 15.32m,

(57)

The double-heavy baryons consisting of two heavy
bound mesons with an explicit charm or bottom will be
referred to by Eyp and ¢ in the flavor 3-plet repre-
sentation as we noted earlier. Their strangeness corrected
masses are

N
T

[1]

M = mN + 2mH - 0844MKK - 267m0

Q

N
T

()
Qon Qe

Q

It is clear that the holographic construct also describes
their excited Roper-like states with even parity as well as
their odd-parity partners, which can be retrieved from our
formula.

1. Charm pentaquark masses (MeV)

N., G , %) . M = 4680[4380, 4450]
1 3\-
AEC(5,§> . M= 4766
1 3\-
zac<§,§> . M =4852
e (l,§> . M =489
22
13 5\-
AEC<§,§,§> . M=5218
G%§>_ M = 5283
13 5\-
Egc<5,§,§> . M =5348
QG%g)_ M = 5412 (59)
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2. Mixed pentaquark masses (MeV)

N;, (%9_ M = 8089
Aj, G§>_ M = 8175
S5, (%9_ M = 8261
g;, G%>_ M = 8303
AZ,C(%,%%)_, M = 8627
”GZZ)_ M = 8692
EbG%%)_ M = 8757
Qb(;;§>_ M = 8821

3. Bottom pentaquark masses (MeV)

N,—,be,%) . M =11498
Ay <ég>_ M = 11583
5, (%%>_ M = 11670
E;,be,%)_, M= 11712
Az G%%)_ M = 12036
5 G;D_ M = 12101
= G%%)_ M = 12166
Q;, C;;)_ M = 12230

PHYSICAL REVIEW D 96, 056027 (2017)
4. Charm and bottom 3-plet masses (MeV)

1\ *+
E.. (§> . M =3776[3519]
1\ *
Q.. (—) , M =3848
2
aN 184
Sz ) o M=17
ch (2>
1\ *+
Q. (2) . M=7257
1\ +
E‘bb <§> 5 M - 10584
1\ *+
Q) (2> . M =10657 (62)

VI. CONCLUSIONS

We have presented a top-down holographic approach to
the single- and double-heavy baryons in the variant of D4 —
D8 we proposed recently [36] (first reference). To order
AmY,, the heavy baryons emerge from the zero mode after
binding a heavy meson in the multiplet (07, 17) to the
instanton. Remarkably, in the bulk instanton field, the spin-
1 and odd-parity heavy meson transmutes equally to a spin-
% and even-parity massless fermion and antifermion. At
subleading order, the Chern-Simons term is attractive for
the bound meson with a heavy-quark content and repulsive
for the bound meson with heavy-anti-quark content.

One of the key differences between the Ny =2 and
N = 3 cases is the role played by the amended form of the
Chern-Simons term, which results in a good hypercharge
quantization rule [41,42]. We have shown that the rule gets
modified by the presence of the bound zero-mode states,
leading to a rich heavy-light spectra for single-heavy and
double-heavy baryons with a hidden charm and bottom. In
particular, the former follow from the 3 and 6 flavor
representations, while the latter follow from the 8 and
10 representations for the lowest states. The holographic
setup allows for a simple description of the low-lying odd-
parity and Roper-like excitations of the heavy baryons. Our
results for Ny = 3 with massive strangeness confirm and
extend our previous findings for massless N, = 2.

To compare our results with currently known heavy-light
charm and meson spectra, it is necessary to account for the
light strange-quark mass. In holography, this is induced by
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a world sheet instanton that connects D8 and D8 [43]. By
accounting for this correction in leading order perturbation
theory, we have found reasonable agreement for the lowest
single-heavy baryons with a single adjustable parameter,
namely the overall strength of the symmetry breaking term.
The holographic model describes two neutral Q°, Q0 states
with i*, ;*' assignments as the odd-parity partners of the
lowest QY, Q0 states and two Roper-like neutral states with
é*, ;* assignments as the even parity partners also of the
lowest Q2, Q0 states. The 173~

than the excited 5 ”3* states; however, both pairs are found

are predicted to be lighter

to be heavier than the five neutral Q0 states reported
recently by the LHCb Collaboration.

The holographic setup for the heavy baryons is remark-
able for the limited number of parameters it carries. Once
the initial parameter « is traded for the pion decay constant
fr and the Kaluza-Klein scale Mg is fixed by the rho
meson mass, only the symmetry breaking parameter m is
left to be fixed in either the light or heavy sector. We choose
the latter to fix it. Clearly, the model can and should be
made more realistic through the use of improved holo-
graphic QCD [50].

The shortcomings of the heavy-light holographic
approach stem from the triple limits of large N, strong
't Hooft coupling 1 = ¢’ N, and heavy-meson mass. The
corrections in 1/my are straightforward but laborious and
should be studied as they shed important light on the
hyperfine type splittings. Also, it should be useful to
explore the sensitivity of our results by relaxing the value
of Mg as fixed in the light-meson sector and addressing
the strangeness mass correction beyond leading order
perturbation theory. The one-meson radiative decays of
the heavy baryons and their exotics can be addressed in this
model for further comparison with the experimentally
reported partial widths.
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APPENDIX: COLLECTIVE QUANTIZATION

In this Appendix, we briefly recall the key steps in the
collective quantization of the holographic light baryons for
both N, =2, 3 [37,41,48]. For Ny =2 and no heavy
meson, Eq. (1) describes the light-meson sector. In the
large A limit and under the rescaling (12), the classical
field equations yield a zero-size instanton. The latter is
characterized by the moduli (a;, X,,). Here, a; refers to the
moduli of the global SU(2) gauge transformation. The
quantum spectrum follows by promoting the moduli to be
time dependent (a;, X,) — (a;(1),X,(t)). The ensuing
Hamiltonian for the collective coordinates is [37]

PHYSICAL REVIEW D 96, 056027 (2017)
Hy=My+H;+H,

22 mw?
Hy=-—*2 42277
27 2m, 2
2 2
Ho—— Y Mm%, 0
r 2m,, 2 p?

a1:a4+ic7-f
2

m
Ty:&'zaNC, w? =3 w; =—. (A1)

y :P(al,az,a3,a4)’

mZ:

So for Ny, =2, the eigenstates of H, are given by
T'(a)R;, (p), where T' are the spherical harmonics on
§3. Under SO(4) = SU(2) x SU(2)/Z,, they are in the
(4.4) representations, where the two SU(2) factors are
defined by the isometry a; — V;a;Vg. The left factor is the
isospin rotation, and the right factor is the space rotation.
This quantization describes I = J = £ states. The nucleon
is realized as the lowest state with / = 1 and n, = n, = 0.
For the SU(3) case, most of the analysis remains the
same except for two differences:
(1) The Chern-Simons term needs amendment as
explained in main text.
(2) Both Ay and f\o need to be solved to a nonzero value
at the static level as also explained in the main text.
With this in mind, a general time-dependent SU(3) rotation
a; generates the new collective Hamiltonian H,, as [41]

1 1 0
H :———a d) +=m,wp* +=
p 2m, p (P! )+2m,\wp/’ +p2
2 2 ATT L)
2a- + Z“*‘; ) (A2)
myp? myp

We note that in holography the inertia in the 1,2,3
directions is twice larger than the inertia in the 4,5,6,7
directions reflecting on the inherent SU(2) character of the
flavor instanton in the bulk. The J, are the generators of the
right representation on the group manifold associated to a;.
Given a representation (p, ¢) and right-spin j, we have

Zﬂ (P + @+ pg+3(p+q))

ZJ% = j(i+1)
a=1

The radial wave functions and energies associated to the
full Hamiltonian

L»)

(A3)

11
Ho = =5 ——0,(0',)

(A4)
2my ,0" g vp

are found in the form
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_mop? s gi

¢n/,,p,K =e 2 2 F<_np’ﬁv mywppz)
—1)2 1

(n—1)> + 8K
f) (A5)

The combination myw, = 167%k/+/6 if we remember to

P

E, :a)p<2np+1—|—

unwind the rescaling v/4p — p from (12). The value of « is
fixed by the pion decay constant f2/M%; = k/(54x*)
[34]. The explicit wave functions for the SU(3) represen-
tation with assignment u = (p, ¢) are given by

w, Y113, YrJ M) (_1)J“_M“DI;/H,YRJJMS(al)v (A6)

PHYSICAL REVIEW D 96, 056027 (2017)

and the total state with one spinor attached (for a single-
heavy baryon) follows by recoupling,

3o
Cz,M.‘,JJh w, Y113, YrJ M),

Dy v, = Y

h=+.M+h=J;
(A7)

A similar recoupling holds for the double-heavy baryons.
When evaluating the symmetry breaking contribution
through (Dgg), we note that the Clebsch-Gordon coeffi-
cients play no role since they depend only on y, Y1, YpJ,
and not on M,.
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