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Abstract

The magnetic moments of the recently observed resonance X3(5568) by DO Col-
laboration and its partner with charm quark are calculated in the framework of the
light cone QCD sum rules, by assuming that these resonances are represented as
tetra—quark states with quantum numbers J©¢ = 17*. The magnetic moment can
play critical role in determination of the quantum numbers, as well as giving useful
information about the inner structure of these mesons.
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1 Introduction

Observation of the charmonium like X (3872) resonance by the Belle Collaboration [1] opens
new directions in particle physics. At present, more than 23 new exotic particles are discov-
ered experimentally (for a review, see [2]). The usual thing about these discoveries is that,
these states denoted as XY7Z family, cannot be described by the usual quark—antiquark pic-
ture, and these are indications that they have more complicated structures. Experiments
are usually focused on the measurement of their masses, identifications of their spins, par-
ities, as well as decay widths.

These experimental observations have stimulated theoretical studies in this direction.
In theoretical analysis for studying the properties of exotic states, usually two pictures,
tetra—quark or molecular picture (bound states of two mesons), are used (for a review see
[3,4] and [5]). Recently the DO collaboration has reported the observation of the X;(5568)
state [6], whose analysis assigned the quantum numbers J¢ = 07+, while did not exclude
the possibility J¢ = 17+, Later however, LHCb [6] and CMS [7] Collaborations did not
confirm the existence of this state. Therefore, the observed X;(5568) resonance by DO
Collaboration still needs solid experimental conformation. The analysis of the mass, decay
width X, — B%r has already been performed with the quantum number J7¢ = 0%+ in
many works (see [9]-[18]).

In the present work, we assume that X;(5568) state and its charm partner (hereafter
we will denote these states as X¢) has quantum numbers JF¢ = 17% and calculate the
magnetic moment of these exotic states. Obviously, the X state with the quantum numbers
JPC = 0+ has zero magnetic moment.

The paper is organized as follows. In section 2, we consider X,(5568) state, and its
partner with c-quark as a tetra—quark state with the quantum numbers J¢ = 1+, and
calculate the magnetic moment of these states in the framework of the light cone QCD sum
rules method. Section 3 is devoted to the numerical analysis of the sum rules obtained for
this exotic state.

2 The Xy meson magnetic moment in light cone QCD
sum rules

In calculating the magnetic moment of the Xy meson in the framework of the light cone
QCD sum rules, we start by considering the following correlation function,

Ma.0) = [ @iy (0T {321 (0) 510} 0) )

Here, the current JX@ with the quantum number JP¢ = 1** describes the corresponding

X meson, and has the form,
1 abc _ade c S Jje c S je
JXa = -5 be zad { (87 (2) CysuS) (QU(x) Cypd™) % (s () Cte®) (@7 (x)Crysd”™) }gz)
where a, b, c,d, e are the color indices, C' is the charge conjugation operator. The electro-
magnetic current J, is given as,

J, = 557,85 + ety u + eqdry,d + eQB%b,
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where e, is the corresponding electric charge.
From technical point of view, it is quite useful to rewrite the correlation function by
introducing the background electromagnetic plane wave field

Fu =1 (5ﬁqu - Ezq'/) )

where ¢, and ¢, are the polarization and four-momentum of the background electromagnetic
field. The correlator can then be written as,

,,,(p, q)e™V” = i/d4yeipx (0 }T {J,‘j(Q (I)jj{Q(O)H 0>F : (3)

The subscript in this expression means that the expectation value is evaluated in the back-
ground electromagnetic F),, field. The correlation function (1) can be obtained by expand-
ing Eq. (3) in powers of the background field, and keeping only terms linear in F),,, which
corresponds to the single photon emission (see [19] and [20] for more details about the

background field).

We first calculate the correlation function in Eq. (1) in terms of the hadronic degrees of
freedom. To do that, we saturate it with complete set of intermediate states having the same
quantum numbers as the interpolating current of X, and then isolate the contributions of
the ground state, from which we get,

o (0] Xo(r)

M) = = (Xo(v)|Xalp+0))

<XQ(p+q) beQ‘O>
Foo(ptq)?—mk,

+ ... (4)

where the dots represent the contributions coming from the higher states and continuum,

and ¢ is the momentum of the photon. The matrix element <0 }X ,‘i{ Q} XQ> is determined
as,

(0]X¥e| Xq) = Axqep- (5)

Using the time reversal and parity invariance, the electromagnetic vertex of the two
vector mesons in presence of the electromagnetic background field can be defined in terms
of the three form factors as [21]:

(Xop. M) Xolp+0.5)) = —aT(aA)%aA’)ﬁ{Gl<@2>ga5<2p + @) + G2(Q%) (Gars — ds0r0)

12 G3(Q)daqs(2p + q)T} , (6)

QXQ

where €7 is the photon, and (¢*)®, (¢V)? are the polarizations of X, mesons. The form
factors G;(Q?) can be written in terms of charge F(Q?), magnetic Fy/(Q?) and quadrapole
Fp(Q?) form factors in the following way.

Fo(@?) = Gi(@®) + 5nFo(Q?)
Fu(@?) = Ga(@?),
Fp(Q%) = G1(Q%) — Go(Q*) + (1 +1)G3(Q%), (7)
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where n = Q?/ 4m§(Q. At zero momentum-square transfer, the form factors Fe(Q? = 0),

Fu(Q? = 0), and Fp(Q? = 0) are related to the electric charge, magnetic moment p and
the quadrapole moment D in the following way:

€Fc(0) =e€,
€FM(0) = 2mXQ,u,
eFD = m?XQD (8)

Using Egs. (4), (5) and (6), and performing summation over polarization of the X meson,
and imposing the condition g-e = 0, at Q? = 0 the correlation function takes the form,

1 1 Puldp — Ppd
e, = A% " {2pTFC(O) {g S
e " mi, — (p+q)?mk, —p? " mi,

1 pr
+ Fu(0) | @ugpr — @oGur + —5—0r(Pudp — ppqu)} — [Fe(0) + Fp(0)]— quq/}} 9)
M, Mx,

In order to determine the magnetic moment of Xy meson from Eq. (9) we choose the
structure (pe)(pugy —Pvqu). The reason why we prefer this structure is that it contains more
powers of momentum, which exhibits good convergence of the operator product expansion
(OPE), and hence leads to more reliable determination of the magnetic moment p. In
result, for the coefficient of the structure (p-¢)(p.g, — pvq,) of the correlation function from
hadronic side we obtain,

_ X !

I
mk, (m%, — p*)[m%, — (p+q)’]

1, (10)

where p is the magnetic moment of X meson in natural units, i.e., in units of e/2mx,,.
In constructing the sum rule for the magnetic moment of Xy meson, we further need
to calculate the correlation function in terms of quark and gluon degrees of freedom.
Using the explicit form of the interpolating current given in Eq. (2) we get the following
expression for the correlation function in terms of the relevant propagators as,

1} = getent e et [ tnem (011,59 (005 (0T, 5 (~2)1,S5 (~a)

2
£ Tey S (@) (@) Tes S (=)L, 54 (—a)
+ Trys S (2),S5 () Try, S (—2) TS5 (—)
+ Te, S0 (@)1, 55 (2 Ty S (—a) TS5 (—)]0) (1)

where S = C'STC. It follows from this expression that in order to calculate the correlation
function from the QCD side, the expressions of the light and heavy quark propagators
are needed in presence of the external field. The light cone expansion of the light quark
propagator is calculated in [22] whose expression in z—space is,

5,0) = 5o ot~ I (1 i) = g (1 - iy

Coom2pt 4p2g2 12 192
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1 _ 2A2
- it ue) (1w = 206 ) | (12
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where A is the cut—of energy separating the perturbative and nonperturbative domains, g
is the Euler constant, m, is the light quark mass. The light cone expansion of the heavy
quark operator in the z—space is given as,

So(r) = m—é{Kl(mQ\/?) +i_i2K2(mQ\/——$2)}

ST v
e [ duutun) (04 + o) F )

1672
where K;(mgv—x?) are the modified Bessel functions. Substituting Eqs. (12) and (13) in
Eq. (11), one can calculate the correlation function from the QCD side. This correlation
function receives both perturbative, i.e., when photon interacts perturbatively with quark
propagators, and nonperturbative, i.e., photon interacts with light quarks at large distance,
contributions.
It should be noted here that, in calculating the perturbative contributions one of the
free quark operators, i.e., the first two terms in Eqgs. (12) and (13) are replaced by,

+ 20" Ko(moV—22) | + -(13)

57— [ aty ST — ) Aly) 7).

and the remaining three propagators are taken as the free ones. In calculation of the
nonperturbative contributions it is necessary to replace one of the light quark propagators

by,

1
Sal — —21 (@"Tiq") (Ti)ys (14)
where I'; are the full set of Dirac matrices, and the remaining quark propagators are taken as
in Egs. (12) and (13). Once Eq. (14) is plugged in Eq. (11), there appear matrix elements
such as (v(q) |g(z)T;q(0)] 0) and (y(q) |g(x)I";Gapq(0)] 0), which are needed in calculating
the nonperturbative contributions. In addition to these matrix elements, in principle, non-
local operators such as §G2?q and qqgq are expected to appear. But it is known that the
contributions of such operators are small, which is justified by the conformal spin expansion
22, 23], and therefore we shall neglect them. The matrix elements (y(q) |g(x)I";¢(0)|0) and
(7(q) 1q(x)I';Gapq(0)] 0) are expressed in terms of the photon distribution amplitudes whose
expressions are given below.

a0 O)10) = ~iey (a0} Gy 2v0,) [ due™ (i 0) + Tl

, 1
i £x £x -

————e(qq) |z (ep—qu— | — 2 | €0 — @u— due™ ™ h.,(u

2(qx) 4(qq) l < I “qx) u( qfﬂ)}/o +(u)
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— €T ! uqx, /v
(@) () a(0)]0) = cufa, ( - quq—z) [ v
(@Ia)1500)0) = ~Jeafncase’a"s” [ duc™yr(a)

0

(1)) 95 G (v2)g(0)[0) = —ieg{dg) (et — €0) / DaeiCa+e0)e 5 (o)
H@)|2(2)9:C s (v2)g(0)]0) = —ieq(da) (Euts — 2081 / Daeilertese§(a,)
N D)|2(2)9:C (02)12150(0) 0) = €4 fodalEpts — 011 / Daeilervasee A(a,)
(V(@)7(2)gsG 1 (v2)i72q(0)|0) = €4 f3yGa(cndy — €0qy) /Daiei(aﬁmg)qxv(ai)

0I)0059.Gru 00 OI0) = eotaa) { | (2 = 052 ) (000 = et + ) ) 0

QI
1
Ep — qM 9y — q_l’(qBIV + QVxB) 4o

€ [} ( [ a)
v r, + x
g " q 7 qM qﬁ

1 o
+ (51/ ) (gﬁu N q—(%%ﬂ‘qﬂ%)) ch:| /Daie’(aq”ag)qxﬂ(ai)

1
(5«1 — Ga q:c) (guﬁ - q—x(qﬂﬁ + qﬁ%)) Qv

Q|)—*

(QchB QBza)(EMQV Eun /DO( ez(aq-i-vag qu(O‘z)} 3

where ¢, (u) is the leading twist-2, ¥"(u), ¥*(u), A and V are the twist-3, and h.(u), A,

i =1, 2, 3, 4) are the twist-4 photon distribution amplitudes (DAs), and x is the

magnetic susceptibility. The values of the input parameters in photon DAs are calculated
in [20]. The measure Dqy; is defined as

1 1 1
/Dai = / daq/ daq/ dago(l — a5 —a, —ay) .
0 0 0

In order to obtain the sum rules for the magnetic moment of the X¢, and its partner

with c—quark it is necessary to match the hadronic and QCD side representations of the
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correlation function. Performing double Borel transformation over the variables —p? and
—(p + q)%, which suppress the higher states and continuum contributions, we finally get
the sum rules for the magnetic moment of X state. Note that Borel transformations are
carried out with the help of the formulas,

1
B{<p2—m%>[<p+q

in the hadronic part, and

- 2]} Ly mi/ME-m/E (15)

1 —a —m2/M?2
5 G g |~ (16)
where we replace
M2 M? M?
M2=_—172  andug = 1
ME M T AR

in the theoretical part.

Since the mass of the final and initial X mesons are equal to each other, we set
M} = M3 = 2M?, which leads to ug = 1/2. Substituting these relations into the sum rules
obtained for the magnetic moment, we get

m2 /M2 2
e Q" m
o M ] a7)

Explicit expression of IIZ for the 1% state is given in the Appendix.

We can easily see from this expression that, in order to calculate magnetic moment
residue Ay, is also needed. This residue can be determined by considering the two-—point
correlation function,

I, =i / d*ze™ (0 |T{J} e ()] 2 (0)}] 0) . (18)

Saturating this correlation function with Xy mesons, the phenomenological part of (18)
can be written as,

)\2
hys __ Xq PuDv

R ‘ma@—p?(‘g“"* ) 4o 1)
Choosing the coefficient of the structure g, which describes the contribution of the pure 1+

state, and performing Borel transformation over —p?, the physical part of the correlation
function can be written as

2 M2
mXQ/ .

IR = 32 (20)

To be able to construct sum rules for Ax,, the correlation function (18) must be calculated
from the QCD side. The expansion of the correlation function in terms of the heavy and
light quark propagators is given by Eq. (11) in the absence of background field F.
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Substituting Eq. (12) and (13) into Eq. (18), and choosing the coefficient of the
structure g,,, and performing Fourier and Borel transformations, for the residue of Xg
we get

m2 2 eor
A, = e Mt ) (21)

where subscript 2 stands for the two—point correlation function. The expression for them B)
is quite lengthy and not illuminating, and therefore we do not present it here explicitly. It
should be noted here that, from the numerical analysis of the sum rules for the masses of
the 17" and 17~ X, states, we get

mx, ~ (2.55+0.15) GeV .

3 Numerical analysis

The key ingredient of the light cone QCD sum rules for the magnetic moment is the photon
distribution amplitudes (DAs). The values of DAs are determined in [20], which we will
use in our numerical calculations.

Sum rules for the magnetic moment contain, in addition to DAs, also many input
parameters, such as the masses of the strange, charm and bottom quarks, values of the quark
condensates. In our numerical analysis we use, m,(my) = (4.18 £ 0.03) GeV, m.(m.) =
(1.275 £ 0.025) GeV (in MS scheme), m,(2GeV) = (95 £ 5) MeV, (4q)|1cev = (—0.24 &
0.01)3 GeV® [24,25], and we use x(1GeV) = —2.85GeV 2 for the value of the magnetic
susceptibility which is obtained in [26].

The sum rules for the magnetic moment of X contain also two auxiliary parameters,
i.e., Borel mass parameter M? and the continuum threshold sy. So in determination of the
magnetic moment of Xy meson we should find such regions of these auxiliary parameters
so that the dependence of magnetic moment on them would be minimal.

The working region of the Borel parameter is determined from the convergence of the op-
erator product expansion series and suppression of the contributions of the higher states and
the continuum. The upper bound of the Borel parameter is fixed by requiring that the con-
tribution of higher states and the continuum constitutes less than 40% of the contribution
coming from the perturbative part. The lower bound is fixed from the condition that higher
twist contributions are less than the leading twist contributions. Having these restrictions
imposed we obtain 5 GeV? < M? < 8 GeV? for the X;(5568); and 2 GeV? < M? < 4 GeV/?
for the X, mesons, respectively, for the working regions of Borel mass—square parameter.

The working region of the continuum threshold sq is determined in the following way.
The difference \/so—mground, Where mg,oung is the ground state mass, is the energy necessary
to excite this particle to its first excited state. The analysis in various sum rules predicts
that this difference varies in the domain from 0.3 GeV to 0.8 GeV. In further analysis we
shall use \/sg — Mground = 0.5 GeV.

As an example in Figs. 1 and 2 we present the dependence of the magnetic moment p of
the 17+ and 17 X;,(5568) states on M?, at several fixed values of the continuum threshold
sg. We observe from the figures that the magnetic moment exhibits indeed good stability
in the working region of M?.



The dependence of the magnetic moment p on sg, at various fixed values of M? is also
studied, and it is observed that the magnetic moment p is almost stable under variation of
So in its working region. Our final results for the magnetic moments of these states are,

(0.22 4 0.07)py, for X, 17+
(0.24 £0.08)uy, for X; 17~
(0.075 £ 0.015)uy, for X, 17+

(0.10 £0.02)uy, for X, 1%~

where the error in the result can be attributed to the variations in M? and s, as well as to
the uncertainties in the values of input parameters. It follows from these results that the
magnetic moment of X;(5568) meson is large enough to be measured in future experiments.

In summary, in the present work we calculate the magnetic moment of exotic X, (5568)
state and its partner with c-quark state with the quantum numbers J©¢ = 17+ in frame-
work of the QCD sum rules method. Measurement of the magnetic of X;(5568) meson
in future experiments can be very useful in determining the quantum numbers, as well as
understanding the internal structure of these exotic states.



Appendix: Expression of the invariant function I1? for
the 17" X state

Coefficient of % (Puqy — Puvyqy) €-p structure.

_m2 /M2
e @ _ ) ) )
M = e fun (G2 mima [4T(d) (e + ) — 2e(5s) + 2. () |7 (1 = o)
_ oMo/ M? f3, (g2 G*Ym? [47(Jd>(e + ey) — 2e,(5s) + 2e (ﬂu>] D1 = up)
165888m2mg M2 "> s 170 s T Cu u . 0
1 ,
* Gragm oM [2<dd>€b + (e — 2eq)((35) — <7?LU>)] (T1 — 2m3 T, + myTs)
1 | _
+ Saaei i (GG MM (T — miTa) 202 (V1) + (en + e)ia(V,1)]
1 1. ~
= 115z ddN9:G Y@M (3T, — 4mQT) [65 +ew— 2€d](h'y>}
1
+ meMQ{Gjm% [(eu(§s> —eg{uu))(Z; — 4m2212 + Sm%Ig,)

— (dd)(es + €,)(24Ty — 95m{T, + 71m§213)} — 2(dd)eq(g2G?)(3Ty — 4mQT5)ir (S, 1)

— (g2G?)(es(3s) — e (@u))(3Tz — 4mdT3)is(S, 1)

+ 8f3ymq(Zo — mpTs)(es + e) ((92G?) + 96{dd)mam®) ¥ (1 — uo) — e <g§G2>w“(uO)}
1

30726 N
— 21 (e4(8s) — ey (uu))(Ty — 6myLy + ImyTs — 4myL,)ia(S, 1)

— mg(Ts — 2m3Ts + mbTy) [ed<gga2> — (es + €a) ((g2G2) + 96(dd)ymor?)

mQM4{12(ch>edm%7r2(Ig - Qm%Ig + méI4)i1(S, 1)

+ 192(c2d>ede7r23(h»y)} }

ngvm%MG{%dmé (Zs — 2m2214 + méIg,)ig(V, 1)

+ (&5 + €u)(Zo — 3myTy + 2mETs)iz(V, 1)
+ 483 (Ts — 2mA T, + mbTs) [(es + e ) (1 — ug) — ed¢a(u0)] }

1
mméMg [4(661 — €5 — el)mp(Is — 3mHLy + 3myTs — mLs)
+ (T — AmYTy + 6mlyT, — AmTs + miyTs)|
e—m%/M2

- _ _ m2 2
. m{<g§c:2>mg [47<dd)(es +ey) — 2e4(3s) + zes<uu>} (1 — 3mBe™a/M T,

+ 16 f3,72 [6m3mgemé/w(eu<gs> — e(au))(Ty — 2m3T)

— 3{dd)(es + eu)mgméemé/MQ (48Z; — 95mHTs)



+ 8(dd) e, + e (G261 - Bt L] (1 — o))
+ medf3'ym(2)mQ(<§S> — <ﬂu>)(1-1 — szI2)wa(U0) .

The functions i, (n=1,2), i, (n = 1,2), and j(f(u)) are defined as:
(0. £0) = [ D / dvo(ag. g, ag) F(0)3(k = o).
(¢, f( / Da; / dvg(ag, ag, ag) f(V)6(k — uq)
ial0 £(0)) = [ Do / dvo(ag, g, ) ()8 (k — o).
(6. 10) = [ Do / dv(ag. g, ag) f ()3 (F = o)
) = [ dulu — o) f(u)
o

In = ds

2
mQ

Sn

(22)
where

k=a,+a,l—0v), k= az+ ag.
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Figure captions

Fig. (1) The dependence of the magnetic moment of X,(5568) 11" state on the Borel
parameter M2, at several fixed values of the continuum threshold s,.

Fig. (2) The same as Fig. (1), but for the X;,(5568) 17~ state.
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