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We investigate the mass spectra of open heavy flavor mesons in an external constant magnetic
field within QCD sum rules. Spectral Ansdtze on the phenomenological side are proposed in order
to properly take into account mixing effects between the pseudoscalar and vector channels, and the
Landau levels of charged mesons. The operator product expansion is implemented up to dimension-
5 operators. As a result, we find for neutral D mesons a significant positive mass shift that goes
beyond simple mixing effects. In contrast, charged D mesons are further subject to Landau level
effects, which together with the mixing effects almost completely saturate the mass shifts obtained

in our sum rule analysis.

I. INTRODUCTION

Strong electromagnetic fields created in ultrarelativis-
tic heavy-ion collisions [1] and neutron stars/magnetars
[2, 3] have motivated a number of phenomenological stud-
ies that lead to the discovery of novel phenomena such
as the chiral magnetic effect [1] and the (inverse) mag-
netic catalysis [5] (see Refs. [6—10] for recent reviews and
references therein). Recently, using an effective field the-
ory method, the p-meson condensation was also discussed
[11]. While the zero mode proposed to emerge in the p-
meson channel has not been supported by QCD-based
arguments, lattice QCD simulations or quark model cal-
culations [12-15], these studies have shown intriguing dy-
namics of the composite particles which are quite differ-
ent from the naive picture on the basis of the hadronic
degrees of freedom, and thus suggest the importance of
taking into account the elementary degrees of freedom,
i.e., quarks and gluons, when the strength of the mag-
netic field becomes larger than the QCD scale.

The QCD sum rule (QCDSR) is a semianalytic method
[16-20] which allows one to investigate the hadron mass
spectrum on the basis of QCD using the dispersion rela-
tion for a current correlator. With the help of the opera-
tor product expansion (OPE) [21], one can include non-
perturbative properties of the QCD vacuum, as well as
perturbative dynamics of quarks and gluons, into a power
series expansion of the current correlator. The informa-
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tion encoded in the OPE is then connected to the spec-
tral density on the other side of the dispersion relation
called the phenomenological side. After having been de-
veloped for the vacuum [16, 22, 23], QCDSR was applied
to hadron properties at finite temperature and density
[24]. Some of the present authors investigated light vec-
tor mesons [25-28] and quarkonium spectra [25, 29-33]
in media which are related to important issues in heavy-
ion collisions [34, 35]. Open heavy flavor systems have
also been investigated in vacuum [36] and finite density
[37-39].

Recently, we have extended the framework of QCDSR,
applying it to charmonium spectroscopy in magnetic
fields [40, 41], where the effects of magnetic fields were
implemented both on the OPE side and the phenomeno-
logical side. Investigating the roles of magnetically in-
duced terms on the phenomenological side, we have con-
structed a spectral Ansatz that takes into account the
mixing effects between 7. and J/¢ induced by a mag-
netic field. By using this Ansatz, we have obtained mass
spectra consistent with those from potential model cal-
culations [42, 43]. Therefore, it is now understood that
one should use the correctly modified spectral Ansatz not
only for the charmonia but also for general hadrons when
the mixing effects emerge.

In this work, we investigate mass spectra of pseu-
doscalar open heavy flavors in the presence of external
constant magnetic fields. Here again, we take into ac-
count the effects of magnetic fields both on the OPE side
and on the phenomenological side. In contrast to char-
monia, open heavy flavors include not only electrically
neutral but also charged mesons, whose masses will split
in magnetic fields. While the mixing effects occur to both
of them, charged mesons are subject to another effect,
namely the Landau level quantization in magnetic fields.
In this paper, we will discuss how to properly treat the
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Landau levels on the phenomenological side for the first
time. On the OPE side, we take into account operators
up to dimension 5 for the vacuum part and compute the
Wilson coefficients of operators up to dimension 4 and
second order in eB for terms depending on the magnetic
field. This expansion is valid when the magnitude of the
magnetic field is small compared to the separation scale
of the OPE!. New operator expectation values appear in
the presence of external magnetic fields as seen in the
tensor-type quark condensate (go*"q) [44, 45].

We should mention here a preceding work [46] in which
B-meson spectra in magnetic fields were investigated by
using QCDSR. While we follow their basic strategy for
the implementation of the OPE, we would like to point
out two important differences between their and our re-
sults. First, in Ref. [16], the mixing effects between B
and B* mesons were not taken into account on the phe-
nomenological side. This mixing effect could be strong,
when the mass difference between the mixing partners is
small, as is indeed the case for the B and B* mesons.
Second, the emergence and exact cancellation of infrared
(IR) divergences on the OPE side were not treated prop-
erly in Ref. [16]. In the chiral limit, infrared diver-
gences appear in quark loops with insertions of constant
magnetic fields, due to soft (zero) momentum transfers
from the external constant field. However, as shown in
Ref. [38] at finite density and in the present work for
magnetic fields, the IR divergences between the quark
loops and the quark condensates exactly cancel, leading
to an IR-finite OPE. To achieve this, it is necessary to
consistently include all types of quark condensates up to
the second order in the magnetic field. We show that a
dimension-4 condensate should be included as well as the
dimension-3 condensates considered in Ref. [16]. We will
come back to these points below.

This manuscript is organized as follows: We first
briefly describe the conventional QCDSR analysis in
Sec. II, and then examine the phenomenological side of
the D-meson channel in magnetic fields in Sec. III and
the corresponding OPE side in Sec. IV. The mass spectra
obtained from the QCDSR analysis are given in Sec. V.
Section VI is devoted to the summary of this work. Ap-
pendixes include estimates of the mixing strengths, the
treatment of the infrared divergences, estimates of the
condensates, and tables of the Borel-transformed OPE.

II. BRIEF DESCRIPTION OF QCD SUM RULES

We define a time-ordered current correlator by

Wig) =i [alec™OTI@IO)0) . ()

1 More precisely, the magnitude of magnetic fields should be com-
pared with the Borel mass since it works as a separation scale as
discussed below (see Appendix C).

where the superscript J specifies a channel. We investi-
gate neutral and charged open heavy flavors composed of
a light quark and a heavy antiquark and their antiparti-
cles:

Neutral : J© = iuin’c, JO = iey®u (2)
Charged : J) = id~y®c, J) = ieyd. (3)

While we will focus on charmed mesons throughout this
paper, extension to bottom mesons is straightforward.
The mass spectra of the two neutral and separately the
two charged mesons remain degenerate in an external
magnetic field. The QCD sum rule relates the hadronic
spectral function in the physical region (¢> = —Q? >
0) to the operator product expansion (OPE) performed
in the deep Euclidean region (Q? — o0o), through the
dispersion relation given as

1 (% ImII’Y
7 (Q?) = ;/0 r;1+7Q(25) ds + (subtractions). (4)
To extract the lowest-lying pole in the spectral function
p(s) = 7~ 1ImTI”/(s), one can use an Ansatz convention-
ally called “pole + continuum” given by

Pvac(8) = fod(s —m?) + %Im ngrt(s)ﬁ(s — $th). (5)

The parameters s, and fy are the threshold of the con-
tinuum and the coupling strength between the current
and the lowest-lying pole, respectively. To make the in-
tegral on the right-hand side of Eq. (4) dominated by
the pole contribution and improve the convergence of the
OPE, we use the Borel transform defined by

2\n+1 n
Br@ = tm E () @ ©
Qz/n:A42

Since the right-hand side of Eq. (4) is transformed to

Blrhs of Eq. (4)] = /p(s)(fs/l\/[2 ds, (7)

the contribution from the continuum in the high-energy
perturbative region is exponentially suppressed. By ap-
plying the Borel transform to both sides of Eq. (4), we
find the mass formula

9 0

m- = —W ID[MOPE - Mcont] (8)

with
Mopr = B[[T)pg], (9)
1 oo
Meont = —/ Imeert(s)e_S/M2ds. (10)
m Sth

Since the results should be independent of the unphysical
Borel parameter M2, we should find a window in which
the mass formula (8) is approximately independent of
M?. One can estimate the precision of the results by



the M? dependence of the mass within the Borel win-
dow. This is the conventional procedure in QCD sum
rule analyses.

We, however, need to reexamine the Ansatz (5) when
investigating effects of an externally applied magnetic
field. Its effects should be consistently taken into account
on both sides of Eq. (4) because effects of magnetic fields
appear at both hadronic and quark levels. In the next
section, we show how the Ansatz (5) should be modified
in the presence of an external magnetic field, and obtain
appropriate Ansdtze for neutral and charged D mesons,
respectively.

IIT. EFFECTS OF HADRONIC MIXING AND
LANDAU LEVELS ON THE
PHENOMENOLOGICAL SIDE

In this section, we discuss effects of external magnetic
fields on the meson spectrum by using effective field theo-
ries composed of mesonic degrees of freedom. This will be
helpful not only to understand the naive expectation of
the effects but also to construct the appropriate spectral
Ansatz (5) on the phenomenological side of QCDSR. In
the following, we discuss two important effects, which are
magnetically induced mixing effects and Landau levels.

A. Mixing effects

Effects of magnetic fields give rise to mixing among
spin eigenstates [40-43, 47], such as between 7. and one
spin state of J/«. This mixing is caused by the break-
ing of a part of the spatial rotation symmetry: there
remains only the azimuthal component along the direc-
tion of the external magnetic field. This indicates that
only the spin state along the magnetic field can persist
as a good quantum number of the meson systems, and
thus that there is a mixing between the eigenstates of the
total spin, (Stotal, Sz) = (1,0) and (0,0). The vector me-
son state with this polarization is called the longitudinal
state below. Mixing effects will also arise in the spectra
of both charged and neutral D mesons.

In two recent papers [40, 41], the QCDSR has been
extended so that hadronic mixing effects are tractable
on the phenomenological side. An important observa-
tion in these works was that the mixing effect induces
two adjacent poles in the spectral function p(g?) corre-
sponding to the original lowest-lying pole and its mix-
ing partner. In the present pseudoscalar channel case,
these are the D-meson and the longitudinal D*-meson
poles, and wvice versa in the vector channel. To obtain
the precise mass spectrum from QCDSR, contributions
from these poles have to be treated separately, as other-
wise, one would obtain an average of the two pole masses
from a naive QCDSR, analysis with a single pole. How-
ever, it is difficult to separate them by using the Borel
transform unlike the separation between the lowest-lying

pole and the continuum, because these poles are close to
each other. Moreover, the mixing effect becomes stronger
as the poles approach each other, and the contamina-
tion thus becomes a serious problem. Hence, it is crucial
to have a sufficiently accurate knowledge of the mixing
strength between the two states.

This mixing strength can in our case be estimated by

using the effective interaction vertex (see Ref. [11])
Loy = e, (01 PYVY (11)
mo

where P and V* represent the pseudoscalar and vector
fields, and F*” and my are the field strength tensor of the
external magnetic field and the average mass mg = (mp+
my)/2. Diagonalizing these states, we find the physical
D and D* states To obtain the coupling constant g,
for the charged case, we fit the experimentally measured
radiative decay width T'[V — P + 4], as shown in the
first section of Appendix A. For the neutral D meson, the
same radiative decay width has so far not been directly
measured. The estimate for the mixing strength can thus
not be as precise as for the charged case. In Appendix A
we therefore use two independent methods to evaluate
g, and its systematic uncertainty.

Let us discuss the mass spectra obtained by diagonaliz-
ing the mass matrix in the presence of the effective vertex
(11). The physical mass eigenvalues are found to be

1 7 VMo
m%*yDzi Mi+m—%i\/M4+2 mg++m—3, (12)

where M? = mf) +m?2, M2 =m?2 — mf,, and v = g, eB.
Expanding the right-hand side of Eq. (12) up to the sec-
ond order in ~y, we find

mQD*)D = m3,7p + W (13)

Figure 1 shows the mass spectra of the physical D- and
D*- meson states. We see a level repulsion between
D and the longitudinal D* mesons for all considered
cases. In particular, in the neutral case, the second-
order perturbation breaks down above eB ~ 0.1 GeV?
for g,,, = 3.6736.

The mixing effect is shown diagrammatically in Fig. 2,
in which the D meson created by the pseudoscalar cur-
rent is mixed with a D* meson in the intermediate state
through the vertex (11). Note that we here ignore the
direct coupling of the current to the D* meson in the
presence of a magnetic field. At least in the heavy-
quark limit, this coupling was, however, shown to be
small [40, 41]. From the diagram in Fig. 2, we find the
spectral Ansatz up to the second order in the external
magnetic field as

pO(5) = pracls) + ~TmTI0(5) (14)

mix
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FIG. 1. Level repulsion due to a mixing between the D and the longitudinal D* mesons. The left panel shows masses of neutral

D and D™, while the right panel show those of charged ones.
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FIG. 2. Diagrammatic representation of mixing effects from
a three-point vertex (11).

with
2 72 1
Mix(¢?) = —for | 57— 15
(q ) fO Mﬁ q2 — m%/ ( )
1 M2
Fomd @ mP

The superscript of p(o)(s) denotes a neutral D meson.
The roles of the three terms in Eq. (15) have been elab-
orated in Refs. [40, 41], and will be briefly discussed in
Sec. V.

B. Summation of Landau levels

For the charged D mesons, we should examine effects
of the Landau levels in addition to the mixing effect. In
a magnetic field, the energy levels of spin-0 and spin-1
particles are discretized as

N
NCE:

E(O) (n,p-)
E(l) TL pza

(2n+1)eB + p?, (16)

(2n+1)eB + p2 + gS.eB,
(17)

specified by the integer n (> 0) for the Landau levels, the
continuous momentum p., and the spin quantum number
S, along the external magnetic field. In what follows, we
will for simplicity consider the case of zero momentum

in the z direction (p, = 0) and focus on the treatment
of the spin-0 particles. Generalizations to nonzero p,
and spin 1 are straightforward. Furthermore, we here
for the moment ignore possible mixing effects, that were
discussed in the previous subsection.

First, it is clear from Egs. (16) and (17) that in the
small-eB limit, higher Landau levels (n > 0) will be lo-
cated infinitesimally close to the ground state (n = 0).
As will be seen in the discussion below, some of their
poles, moreover, happen to have negative residues and
can therefore not be treated as part of the continuum.
Therefore, the simple “pole + continuum” Ansatz of
Eq. (5) w111 not be sufficient to describe the phenomeno-
logical side of the sum rules and some method has to be
devised to take all the Landau levels explicitly into ac-
count. We will therefore here generalize Eqs. (5)—(10) to
the case of an infinite number of Landau levels.

We start by observing that the propagator of a charged
spin-0 particle at rest in our conventions changes from

1
Pole(s) = — fo——— 18
()= ~hrr—mr (18)
in vacuum to
- 1
Py (s) = —2 —1)"
s (5) fonzzo( ) s—m2 — (2n+ 1)|eB| + ie

(19)

at finite |eB| [18]. Here, spatial momentum components
perpendicular to the magnetic field are taken to be zero.
Note especially the factor (—1)", which leads to negative
residues for odd n Landau levels. Therefore, we have

1
—TmlI*'(s) = fod(s —m?) (20)
for |eB| = 0, which is the first term of Eq. (5), and
1 ole = n
;Imng; (s) =2fo > _(=1)"6(s = m? — (2n + 1)|eB|)
n=0

(21)



for nonzero values of |eB|, which should replace the pole
term in Eq. (5). Let us now compute its contribution to
the right-hand side of Eq. (7). In the vacuum, this gives

foe_m%/ M2, which the Landau levels modify as

©° m12j+(2n+1)\eB\

& 1 s
/0 ds;ImHSge(s)e_W =2 Z(—l)”e a2

n=0
2
mp+leB| 1
— - M2
= 2foe M —oleBl
14+e “m2
2 2 1
—foe mp /M

Comparing this to the vacuum case, we see that, some-
what surprisingly, the effects of the fully resummed
Landau levels can be expressed as a simple factor
1/ cosh(|eB|/M?). The vacuum formula of Eq. (8) can
thus be easily generalized:

0 |eB]|
mh =~ i Lo (i) Mo = Moo
9 |eB|
8(1/M2) hl[MOPE - Mcont] - |GB| tanh ( M2 )

(23)

The quantity m?2 in this formula corresponds to the mass
of the charged particle, from which all Landau level ef-
fects have been subtracted. We emphasize that the above
formula is exact and its usage is not restricted to small
|eB| values. In the present work, we will, however, com-
pute the OPE side only up to terms of second order in
|eB| and therefore for reasons of consistency should re-
tain only terms of the same order in Eq. (23). We thus
expand the tanh term to leading order in |eB|, which
gives

eB|?
m12> = - W hl[MOPE - Mcont] - ‘]\?2‘ .

(24)

It is instructive to see that the same result can be de-
rived perturbatively from the scalar QED effective La-
grangian, as we shall briefly demonstrate here. We use

1
L = (D#¢)*(Du¢) - §m12>¢*¢7

where the covariant derivative is defined by D* = 9¥ —
ie Al with an external field A%, . The above Lagrangian
contains linear and quadratic couplings to an external
field which are proportional to ¢* A%, 8,¢ and ||>AZ,,
respectively. Inserting the linear-coupling vertex between
two free propagators D) (p) = i/(p? —m2), we find that
it vanishes identically, i.e., DAY 9,D©® = 0, when
using the Fock-Schwinger gauge for an external mag-
netic field A% (z) = —27'F*yg,. Therefore, only the
quadratic coupling shown in Fig. 3 provides a relevant
correction. Following a straightforward computation, we
obtain the second-order correction as

pole _ ; _ 2;}

g (s) = fo[s —m32 4+ ie leB] (s —m2 +i€)3 ]’
(26)

(25)

+ B &

D* D*
P P

J J

FIG. 3. A nonvanishing diagram associated with the Landau
level of a charged D meson.

1_ILa,nda,u (q2 ) -

where we have as before assumed the transverse momen-
tum to be zero. Taking the imaginary part and comput-
ing the same integral as in Eq. (22), we get

1|eB|2]
2 Mt
(27)

1 S
/ds;lmﬂggle(s)e_ﬁ = foe M/ M {1

which coincides with the expanded version of Eq. (22) up
to terms of second order in |eB].

IV. OPERATOR PRODUCT EXPANSION FOR
OPEN HEAVY FLAVORS

In this section, we will discuss the OPE for open heavy
flavors in an external magnetic field up to dimension-4
operators, which can be divided into three classes

1_IOPE = Hvac + H(eB)2 + Hcond,eB . (28)

The terms commonly included in Il,. are the pertur-
bative terms at leading and next-to-leading orders in
a5, the scalar gluon condensate (G*“G,,), the light-
quark condensate (gq), and the mixed light-quark con-
densate (ggoGq). We use the Wilson coefficients shown
in Ref. [38] for these terms. The other terms induced by
the external magnetic field, B2 and Ilcong, e B, are dia-
grammatically depicted in Figs. 4 and 5, respectively, and
are computed in the subsequent sections. We also include
effects of the modification of the usual quark condensate
(@q) due to the external magnetic field [5, 44, 45, 49—
53]. While the gluon condensate is also modified in a
magnetic field, we do not take this into account as the
modification is estimated to be less than 10 % in the
range eB < 0.3 GeV? [54, 55].

A. External magnetic field insertions

First, we compute the Wilson coefficients shown in
Fig. 4. As explained in Appendix B, we perform the
loop integrals using the standard Feynman parameters,
and then take the chiral limit for the light-quark mass.
The computation in the chiral limit is not only helpful
for analytically performing the Borel transform but is
also necessary for treating infrared singularities and cor-
rectly defining the condensates. Since there is no mo-
mentum transfer from a constant external magnetic field
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FIG. 4. Two insertions of external magnetic fields. Dotted and solid lines show light and heavy quarks, respectively.
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FIG. 5. Current correlator with quark condensates.

to the quarks, the insertions of soft external lines induce
an infrared divergence in the soft momentum region of
the loop integral when the chiral limit is taken. This
infrared singularity is similar to that of the Wilson co-
efficients for the gluon condensates, which is known to
be infrared safe due to the cancellation with infrared sin-
gularities emerging from quark condensates [38, 56]. We
show the explicit form of the infrared singularities in this
section, and find that the OPE in an external constant
magnetic field is indeed infrared safe in the next section.

For comparing our results with the corresponding Wil-
son coeflicients of the gluon condensates at finite density
[38], we decompose the product of the field strength ten-

ingly, one can decompose the correlator as

Hiep)2(q)= Z [HEZ§§2

w=a,b,c

(w2)

(Q)+H(53)2(Q) > (31)

where the superscripts, a, b, and ¢, represent the cor-
responding graphs with the same index shown in Fig.
4. The first and second terms correspond to the scalar
and the tensor parts proportional to Fjy and Fs, respec-
tively. Following the computation briefly discussed in
Appendix B, we obtain the scalar part as

sor into a scalar part, and a traceless and symmetric ten- HEZ]O;V (q) = — QiQn kFo— ! 5 (32)
sor part as 2 8 q° —mp
(b0) Qj 1
Qem v 11 = 20 F , 33
TF” F, = Fo, (29) (en)2 (@) DY R p— (33)
2 2 2
Qem o v 1 178 nle) v v (c0) — Q_l _ % L 9 — th
S (Fu Flo— Zgu F ﬂFaB) = Fa(g)” — 91", Miep)2(9) = 24 ok ( 2mz @ —mp? (2 —mp?)? )’
(30) (34)
with Fy = 222B? and F, = 2= (—1B?). Correspond-  and the tensor part as
J
2 (0) = ~QQunF - 3(6f — ) [ — = 1 M () (35)
= =ik - - T T 5 5 5 5 & - ,
(eB)? 387 13¢% 7 6g2 2 — mZ 340 @ —m?
1 1 1 1 m? m?
(b2 — _O%2kF - 3(d% —?) |- — R R h 36
(eB)2 (Q) thﬁ 2 (QH QL) 9(]4 18(]2 q2 — m;QL + 9(]4 9(]6 n q2 — m;QL ) ( )
2 1 1 1 m3 1 2m3 m3
H(Cz) — _ 2F3 2 _ 2 o~ - - h o h 1 _ h
(eBy2(9) QisFy - 3(g) — q1) 9¢ + B2 —m2 64 (2 —m3)2 + 941 + PR Rl m2

2 It is useful to introduce metric tensors in the longitudinal
and transverse subspaces gﬂw diag(1,0,0,—1) and ¢""
diag(0, —1, —1,0), respectively. With these metrics, we define
the longitudinal momentum ql‘r = gﬂ“’qy = (¢°,0,0,¢%) and the

transverse momentum ¢/ = ¢g”q, = (0,q¢',¢%,0), so that the

inner products are given by p| - q = p°¢° — p3¢3, p1 - L

—plqt — p2¢?, and so on.
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In the above, electric charges and masses of light and
heavy quarks are denoted as Q;, Qp, m; and my,, respec-
tively. Note that Q;Qn = +4/9 for neutral D mesons
and @Q;Qp, —2/9 for charged D mesons. The con-
stant k is given by traces of the color matrices k =
Tr[1.]/Tr[t*t*] = 2N, without summation over a, which
is introduced to compare the above expressions with the
results for the gluon condensates (see Appendix B).

A few comments are in order. (i) The Wilson coeffi-
cients (32)—(37) contain logarithmic and linear infrared
divergences in the chiral limit, m; — 0. They are the
terms proportional to 1/m; in Eq. (34) and to log(m7)
in Eq. (37), respectively. We will show in the next sec-
tion that they are exactly canceled by divergent terms
emerging from quark condensates. (ii) We find a sim-
ple correspondence between the above expressions and
those in Egs. (C.16)—(C.21) in Ref. [38] computed for
the gluon condensates at finite density. This correspon-
dence discussed in Appendix B indicates consistency be-
tween their and our computations. However, the results
in Ref. [46] do not agree with ours and those given in
Ref. [38]. (iii) Based on the unique tensor decomposition
shown in Egs. (29) and (30), we find that the Wilson
coefficients obtained above are valid for a general con-
figuration of a constant external field F* although we
have performed the computation for a magnetic field ori-
ented in the third spatial direction assumed in Eqgs. (B2)
and (B3).

B. Quark condensates

Next, we compute the Wilson coefficients correspond-
ing to the graphs shown in Fig. 5 which include light-

Sab

= (- 44(0)a5(0) =) + 2*(: D,q2(0)

where the covariant derivatives contain both QED and
QCD gauge fields. In the above expansion, we find three
types of condensates in the second line. The spinor in-
dices of these condensates can be decomposed by the
complete set 1, v°, 4#, ¥54#, and o = i/2 - [y*, 4]
as usual. Within this decomposition, to extract con-
tributions proportional to external fields, Lorentz in-
dices of nonvanishing components must be represented
by combinations of the field strength tensors F'*”, FH*”
27tervorf,, and FrFY — g™ F°PF,,/4. Picking up

Ju (i) -5
ln — Y
my, 9q

1
(@) = (: [42(0) + 2" Dpuga(0) + ga*a" DDy 5 (0) + -

a5

( m3 N 1
(> —m})®  ¢®—mj

quark condensates. Since quark condensates themselves
are perturbatively IR divergent, we need to compute not
only the Wilson coefficients but also perturbative pieces
of the quark condensates to extract these divergences at
one-loop accuracy as shown in Appendix D.

The key technique involved in the perturbative com-
putation of the time-ordered current correlator is the
contraction of fields which are subsequently replaced
by Feynman propagators. While the residual normal-
ordered fields vanish when sandwiched between pertur-
bative vacuum states, they take finite expectation val-
ues in the nonperturbative QCD vacuum. Therefore, the
time-ordered two-point function contains not only a per-
turbative propagator S(x) but also normal-ordered ex-
pectation values of bilinear fields as (T[qg(:v)(jg(O)D =
§%S,5(x) + (: qg(x)q_g(()) :), where superscripts a and
b are the color indices and subscripts a and g the
spinor indices. Substituting the nonperturbative piece
Sg% (z) = (: ¢4(x)75(0) :) into the definition of the cur-
rent correlator (1), we compute the contributions of the
condensate terms as

d*p
Jawr
where Sp,(p) denotes the heavy-quark propagator with
possible insertions of external magnetic fields. With the
first three terms of the propagator, given in Eqgs. (B1)-
(B3), which are ordered in powers of e B, we have S, (p) =
S (0) + 53 (0) + 5,7 () + -

To perform the computation, we first classify the con-
densates. By employing the Fock-Schwinger gauge, spec-
ified by #A,(x) = 0, the nonperturbative piece in the
light-quark propagator Sg% (x) can be expanded as

(q%) =i Tr [S(P)YSulp —a)7°] . (38)

SAOE!

(0):) + 5a” (- DuDugh(0)g5(0) )+ (39)

those satisfying discrete symmetries, not vanishing in the
chiral limit, and being of second order in eB, we find the
condensates up to dimension 5 appearing in Eq. (39) as

g2 (0)25(0) ) = —}Ncaa% 2(0)g(0) :) (40)
—8LNcaab<: 7(0)0,9(0) (0™ )asp,

2 (: Duga(0)g5(0) 2)
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%xw: D,.Dygs(0)g5(0) 2)
= _%‘[\/’c(gabx2eFuv<: q(O)UHVq(O) :>5065' (42)

Figure. 5 shows nonvanishing combinations of the light-
quark condensates and external magnetic fields emanat-
ing from the heavy-quark propagator.

The expectation values of the normal-ordered fields can
be related to the quark condensates defined with non-
normal-ordered fields. This computation is carried out
in Appendix D at the perturbative level so that we can
extract the infrared divergences of the quark condensates.
By using the “redefined” condensates shown in Eqgs. (D5),
(D8), and (D13), we obtain the quark condensate contri-
butions to the OPE as

M () ~{a0) 2y + P L (43)
070 () (e o1 s [0+ Q| (44)

I P79 (%) =—(g9iD"q) [ g F-ml P q_#z;i)z}
@ NC(;B ! T @+ 20 log (;—;) ﬁ] . (45)

One should observe that the IR-divergent pieces above
[the terms proportional to 1/m; in Eq. (43) and to
log(m?) in Eq. (45)] have exactly the same forms as those
in the Wilson coefficients (34) and (37). After the can-
cellation of these divergent pieces, we find an IR-finite
OPE of the current correlator. Note that to obtain a
finite result it is necessary to include the quark conden-
sate (gy"iD"q), which has not been done in Ref. [40].
Note also that the quark condensate (go'2¢) has nonva-
nishing Wilson coefficients as shown in Eq. (44). These
come from the second and third diagrams in Fig. 5, which
contain both an external field line as well as a quark con-
densate. Whereas the Wilson coefficient vanishes with-
out external field lines as mentioned in Ref. [16], one
should include these diagrams as well to consistently per-
form the OPE up to O ((eB)?), since this condensate is
proportional to eB in the weak-field limit. Finally, one
should not explicitly include the heavy-quark condensate
(QrQp) because this contribution is infrared finite and
implicitly included as part of the Wilson coefficients for
the gluon condensate term in the heavy-quark limit [17].

In the next section, we show the mass spectra from
QCDSR analyses using the OPE obtained above up to
dimension-4 operators and second order in eB.

V. RESULTS AND DISCUSSIONS

In this section, we first show the mass formulas, and
then discuss results of the QCD sum rule analyses sepa-
rately for neutral and charged D mesons.

A. DMass formulas

We compute the mass spectra of the neutral and
charged D mesons by combining the spectral Ansdtze and
the OPE obtained in Secs. IIT and IV, respectively. With
these pieces, we derive the mass formula for the neutral
D mesons as

2 ___9 [Mopre — Mcont — Mmix] , (46)

Mpo = 8(1/M2) n OPE cont mix| »

where Mopg, Mecont, and My are the Borel-
transformed forms of the OPE, the continuum term, and
the mixing term, respectively. The last two terms are
from the phenomenological side. For the Mopg, the
Borel-transformed Wilson coefficients are summarized in
Appendix. F. The mixing term (15) on the phenomeno-
logical side is transformed to be

g% my w2 M2 md

(47)

where the terms in the above are shown in the same order
as in Eq. (15).

Due to the effects of the Landau levels for the charged
D mesons, the mass formula is changed according to
Eq. (27) as

9 0
m,+ :_W 1Il[./\/lO]?E - Mcont - Mmix - MLL]u

(48)

where My, is the Borel-transformed form of the Landau



level term:

1 m2 2 |leB 2

Mur = =3 foe /M % (49)
We have ignored the effects of the Landau levels on the
mixing terms as they are of higher order in |eB|. While
this term was also included in Ref. [16], our interpretation
for the role of this term, which we will propose below,
is different from what has been discussed there. The
summation of Landau levels was discussed in Sec. 111 B.
To be consistent with the second-order mixing terms of
Eq. (47), we have in Eq. (48) above retained only terms
up to second order in |eB).

As input parameters, we use the charm-quark pole
mass m. = 1.6GeV, the strong coupling constant
as = 0.3 and condensates up to dimension-5 in vacuum,
(@q)vac = (—0.27)3GeV? [37], (2G?)vac = 0.33 GeV* [10]
and (GgoGq)vac = 0.63 - (Gq)vac GeV® 3. Here, m,, as,
(@q)vac and (GgoGq)vac are renormalized at u = 2 GeV
to match the renormalization points with those of the
lattice QCD observables. Furthermore, we employ the
following values of the condensates in a magnetic field:
For the B—dependence of (7q), we use a combination of
chiral perturbation theory [19] and lattice QCD results
[51]. For eB < 0.1GeV?, the average value of (wu) and
(dd) obtained in Ref. [10] agrees with that of Ref. [51]
so that we can utilize the analytic representation of Ref.
[49]. On the other hand, for eB > 0.1GeV?, we make
use of the lattice QCD results [51], for which the mod-
ifications of (@u) and (dd) in a magnetic field turn out
to be different. Furthermore, when the magnetic field is
weak enough, the (Goi2¢) condensate increases linearly
with the magnetic field so that we can write

(Go12q) B = Qu(eB){(qiq)x1 = Qi(eB)(—m). (50)

Thus, the tensor quark condensate (go12¢)p depends on
the light-quark flavor. x; is called magnetic suscepti-
bility of the light-quark condensate and 7; is the ten-
sor coeflicient of the magnetic susceptibility. Here, we
use 7, = —0.0407GeV and 74 = —0.0394 GeV calcu-
lated by lattice QCD [414] 4. Finally, (gy*iD"q)p is esti-
mated using a simple constituent quark model in Ap-
pendix. E. On the phenomenological side, we employ
fo = fimp/m? = 0.2060GeV*, fp = 0.2046 GeV,
mp = 1.884GeV, my = 2.026 GeV, where mp is the
value obtained from our sum rule and my is rescaled by
mp and the ratio of the experimental values mp-/mp.
The value of gpy is estimated in Appendix. A.

3 The charm-quark pole mass is me = 1.67GeV at u = m. [53].
The conventional value of the mixed condensate is (§goGq)vac =
0.8 - (Gq)vac GeV® at = 1 GeV as estimated in Ref. [59]. These
values are run to p = 2 GeV by using the renormalization group
equation. The anomalous dimension of (GgoGq)vac at one-loop
level is given by Ref. [60]

4 In the work of Ref. [44], o = (1/28)[yu, Y] was used instead
of our o, = (4/2) [V, Yv]. Therefore, we have changed the sign
of 7; obtained in [14] to be consistent with our conventions.

In general, hadron masses extracted from sum rules
have a Borel mass dependence. In order to obtain accu-
rate results, we determine an effective range of the Borel
mass, the so-called Borel window. The lower limit of the
Borel window can be chosen such that the absolute value
of the highest-order (§goGgq) term is less than 30% that
of (gq) term, which happens at about My, &~ 0.87 GeV.

The OPE above M, can then be assumed to be
sufficiently convergent because the contribution of the
dimension-5 condensate is reasonably smaller than that
of the dimension-3 condensate, which gives the largest
contribution to the OPE. On the other hand, the upper
limit is determined by requiring the lowest pole contribu-
tion to be more than 50% of the total OPE. This value
is estimated as Mp.x &~ 1.19GeV, and turns out to be
almost B independent. Once the Borel window is de-
termined, we fix the threshold parameter such that the
Borel mass dependence of Egs. (46) and (48) becomes
minimal. A few typical Borel curves are shown in Fig. 6
for the vacuum and nonzero magnetic field.

It is seen in these figures that the Borel window is
wide and that the Borel mass dependence of the physical
masses is reasonably small. Finally, we take the average
values of the mass formulas within this Borel window.
These are plotted as a function of eB in Figs. 7 and 9,
together with the systematic errors. The error bars cor-
respond to the standard deviations estimated from aver-
aging the Borel curve within the Borel window.

B. Neutral D meson

We first discuss the results for the neutral D-meson
spectrum shown in Fig. 7. At the hadronic level, we antic-
ipate only mixing effects without Landau levels, because,
while quarks appearing on the OPE side are charged,
the total charge in the neutral D-meson system is zero.
Other effects, that cannot be described by hadronic de-
grees of freedom, if present, will be observed as deviations
from the spectrum with the mixing effect. For charmonia
[10, 41], effects of a weak magnetic field were found to be
almost saturated by mixing.

The final result for the neutral D meson is shown by
the green line in Fig. 7, which is compared to two different
analyses below. To get the green line, two poles should be
taken into account on the phenomenological side since an
additional D*-meson pole is induced by the mixing effect
as sketched in Fig. 8. As shown in this figure, mixing
causes not only the appearance of the D*-meson pole,
but also the reduction of the residue of the original D
meson and its shift due to level repulsion.

Let us discuss the roles of the terms implemented on
the phenomenological side of Eq. (46). Including the
D*-meson pole shown in the first term in Eq. (47), we
subtract the corresponding information from the OPE
in Eq. (46). One should also include the second term in
Eq. (47) which takes care of the decrease of the residue of
the D-meson pole. Note that this is the reason why this
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Eqgs. (46) and (48) in the vacuum and for a nonzero magnetic field. Black arrows indicate the location of the Borel window
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FIG. 7. Mass shifts of neutral D mesons in a weak magnetic
field from QCD sum rules. The dashed line is estimated from
Eq. (13) and gpv = 3.6736.

term has a minus sign. After the subtraction of the D*-
meson pole and the modification of the D-meson residue,
the D-meson spectrum is properly extracted without con-
tamination of the D* pole. The green line is obtained by
including these two terms, without the last term which
will be discussed shortly. To illustrate the importance of
this subtraction and to estimate a magnitude of the con-
tamination, we compare the green line with the analysis
performed without including any term in Eq. (47). The
result of this analysis is shown by a red line. In this case,
we find a larger mass because this mass is, roughly speak-
ing, an average of the D- and D*-meson masses. We find
that the deviation from the green line is significant.

~

°S

Sth

FIG. 8. Sketch of the spectral function in the neutral pseu-
doscalar channel in the presence of the mixing effect. The
vacuum D-meson pole is denoted as a dotted line and marked
with P (see also Sec. IIT A). Mixing effects lead not only to
the appearance of the D*-meson pole, but also to a reduction
of the D-meson pole residue and to its shift due to level re-
pulsion. These effects are indicated as gray and blue arrows,
respectively.

Finally, we discuss the last term in Eq. (47). The
physical consequence of the double-pole structure of this
term, shown in Eq. (15), is the mass shift caused by the
level repulsion, which can be diagrammatically under-
stood as follows. In Fig. 2, the current excites an on-
shell D-meson state, which is then virtually excited to
an off-shell D*-meson state by an interaction with the
magnetic field and comes back again to an on-shell D-
meson state. Therefore, these two on-shell states cor-
respond to the double pole, and the mixing with the
off-shell state gives rise to a mass shift. Including the
last term in Eq. (47), the level repulsion effect, which is
implicitly encoded in the OPE at the quark level, is can-



celed by the corresponding term explicitly implemented
at the hadronic level. This is clearly seen as a subtraction
in Eq. (46). Thus, including all terms in Eq. (47), one
would expect to obtain the D-meson vacuum mass if ef-
fects of the magnetic field would be saturated by mixing
effects. The analysis result taking into account all three
terms is shown by the blue line. A significant and in-
creasing deviation from the vacuum mass is observed for
eB values larger than about 0.1 GeV?. We can therefore
conclude that some other effect that cannot be expressed
by hadronic degrees of freedom, which leads to a pos-
itive mass shift, must exist. This is not surprising, as
at eB = 0.1 GeV?, we are already at scales comparable
to Aqcp, which means that the magnetic field is strong
enough to probe and modify the internal structure of
hadrons, governed by QCD. Our OPE should still work
in this regime since the Borel mass, serving as the sepa-
ration scale, is roughly 1 GeV or larger as seen in Fig. 6.
The detailed mechanisms of the above-mentioned non-
hadronic effect will have to be clarified in the future.

C. Charged D meson

Next, we show results for the spectrum of the charged
D meson in Fig. 9. As for D° the charged D-meson
spectrum is also modified by the mixing effect in mag-
netic fields. Therefore, we include the mixing terms in
Eq. (47) whose roles have been already discussed above.
The mixing strength for the charged D meson is esti-
mated in Appendix A.

In Fig. 9, a green line shows the mass spectrum ob-
tained with the subtraction of the charged D*-meson pole
as in the previous subsection. Again, the difference be-
tween the green and blue lines shows the magnitude of
the mixing effect. The magnitude is found to be smaller
than that for the neutral D meson. This can be under-
stood from the fact that the electric charge of the d quark
is 2 times smaller than that of the u quark, so that we
naively expect the mixing effect to be reduced by a fac-
tor of 4 at second order in eB. It should be mentioned
here that the uncertainty of the mixing strength for the
charged D meson is smaller than that for its neutral coun-
terpart, because the experimental data for the radiative
decay width of charged D mesons is available.

While the green line shows the mass in the presence
of the Landau levels, one should note that this mass can
not be interpreted as the spectrum of the ground state,
i.e., the lowest Landau level. The reason is that an infi-
nite number of Landau levels appear in the spectral den-
sity of the charged pseudoscalar channel as discussed in
Sec. III B, and the intervals between the adjacent Lan-
dau levels are too narrow to be resolved in the weak-field
limit [cf. the dispersion relation (16)]. Therefore, while
it would be possible to extract the ground state in the
strong-field limit where the lowest Landau level is isolated
from all the higher ones, the same strategy does not work
in the weak-field limit. This fact has been overlooked in
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FIG. 9. Mass shifts of charged D mesons in a weak magnetic
field from QCD sum rules.

Ref. [61].

As we work here in the weak-field limit, we do not
try to extract the lowest Landau level, but instead sum
up all of them on the phenomenological side as given in
Eq. (49). This term subtracts the effects of the Landau
levels from the OPE, so that the result with this subtrac-
tion will not include them. We will hence interpret our
results as follows. If the mass spectrum with the above
subtraction agrees with the vacuum mass, one concludes
that effects of the magnetic field are saturated by the
mixing effect and the Landau levels. Otherwise, i.e., if
it does not agree with the vacuum mass, one would ob-
serve residual effects not described by hadronic degrees
of freedom. On this point, we differ fundamentally from
the interpretation put forward in Ref. [16], where Lan-
dau levels were claimed to be observed even though the
same term as ours was subtracted on the phenomenolog-
ical side.

The gray line in Fig. 9 shows the result with the sub-
tractions of both Landau levels and mixing effects, so
that this line is expected to be flat if there is no residual
effect. As can be seen in the figure, we find that the gray
line is flat within the error bars, and conclude that, in
contrast to the neutral case, effects of the magnetic field
are consistent with the hadronic picture—that is, mixing
and Landau levels—in the weak-field limit.

VI. SUMMARY

We investigated neutral and charged D-meson spec-
tra in the presence of external magnetic fields by using
QCD sum rules, and have established a basic framework
for investigating hadrons containing light quarks. On
the phenomenological side, we carefully examined the
spectral Ansatz so that the magnetically induced mix-
ing effects and Landau levels, expected at the hadronic
level, are properly taken into account. Summation of
the Landau levels for the spectral function of charged D
mesons was performed with the help of the Borel trans-



form. These treatments are crucial for consistent QCD
sum rule analyses in magnetic fields, since magnetic fields
act on charged mesons on the phenomenological side as
well as quarks on the OPE side. On the OPE side, we
implemented magnetic field effects up to the dimension-4
operators and terms up to |eB|?. We also compared our
result with those in Refs. [38, 46] and explicitly demon-
strated the cancellation of infrared singularities. Val-
ues of the condensates in magnetic fields were estimated
by means of lattice QCD results where available ((gq),
(Go*¥q)), and otherwise by a simple model on the basis
of constituent quarks ({(gy*iD"q)).

By using the framework constructed in this work, we
discussed the mass spectra of neutral and charged D
mesons. For neutral D mesons, we found that besides
mixing, there must be an additional effect of nonhadronic
origin, which leads to a positive mass shift for sufficiently
strong, yet perturbative, magnetic fields. On the other
hand, the mass spectra of charged D mesons turned out
to be saturated by mixing and Landau level effects within
the precision of the present calculation. The uncertain-
ties of our approach mainly come from the estimate of
the mixing strengths, and the not-well-constrained con-
densates of dimension 5 and higher.

To look for more pronounced effects originating from,
e.g., modification of the vacuum structure in the pres-
ence of magnetic fields, we need more precise calculations
and/or should proceed to the strong-field limit, where
the vacuum structure and the internal structure inside
mesons are more strongly modified. Also, the coupling
strengths in the heavy-light systems are known to be en-
hanced by the Kondo effect emerging under certain envi-
ronments. Indeed in QCD, recent renormalization group
studies have shown the strong coupling nature of the mu-
tual heavy-light interactions at high density [62] and in
strong magnetic fields [63]. Whether and how effects of
the enhanced coupling strengths reveal themselves in the
form of D-meson properties needs future investigations.
We plan to consider these topics in the future.
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Appendix A: Estimates of mixing strengths

1. Mixing strengths extracted from measured
radiative decay widths

a. Mizing between charged mesons

By using the effective Lagrangian of Eq. (11), we ob-
tain an expression for the radiative decay width given by

[41]

1 6292 ]53
F[V—>P+’Y]:E#, (Al)
0

where mg = (mp + my)/2 and p = (m2 — m2)/(2my).

From the measured radiative decay widths, we can esti-
mate the mixing strength g,, between the pseudoscalar
and vector states as

Goy = 121253 m3 TV P 7] . (A2)

By inserting the measured decay width for the charged
D mesons I'[D** — D* + 4] = 1.536 keV, we obtain the
mixing strength between the charged D* and D mesons
to be

Goy [D™E — D* 4+ 4] = 0.9366. (A3)

b. Mizing between neutral mesons

For the neutral D mesons, the total decay width has
not been measured. Nevertheless, the branching ratios
in the radiative and hadronic decay modes are known to
be T'[D*® — D% + 4] : T[D*® — DY + 7] = 38.1 : 61.9
[58]. Therefore, we can obtain the coupling constant in-
volved in the radiative decay mode if we know the cou-
pling constant of the hadronic decay D*® — D + 70,
From the isospin symmetry, this coupling constant may
be related to the corresponding hadronic decay modes of
the charged D**:

g[D*® = D° + 7% = g[D** — D* + 7Y, (A4)
g[D*® — D° 4 7°] = %Q[D*i — D +7%] . (A5)

By using the hadronic effective Lagrangian
£ =gm(0"D)Dy, (A6)



we next compute the imaginary part of the D—m loop,
and obtain the expression of the hadronic decay width

2

* _ g 2 2 2 2 13
D" = D+ = m{(mm — ) (mp- — p2)}2,
(A7)

where p+ = mp + m,. Inserting the measured data

I'[D** — D* + 7% = 0.307 x 83.4 x 1073 MeV, m, o =
134.9766 MeV, mp.x = 2010.26MeV, and mp: =
1869.61 MeV into Eq. (A7), we find

g|[D** — D* 4 7% = 11.8592, (A8)
and, by substituting another decay channel T'[D** —
D° + 7%] = 0.677 x 83.4 x 1073 MeV, and m,+ =
139.57018 MeV, we obtain

g[D™* — D° + 7] = 16.8172. (A9)

Therefore, by utilizing the measured branching ratio
mentioned in the paragraph above Eq. (A4), we obtain
the coupling constant of the decay mode D** — DO + 70
consistently from the first and second decay mode, as

[[D* — D° + +] = 22.4878 keV,
I'[D* — DY + 4] = 22.6108 keV,

(A10)
(A11)
respectively. By using the formula for the radiative decay

width, given in Eq. (A2), we finally obtain the mixing
strength of the neutral D meson as

g[D* — DY + 4] = 3.66855,
g[D* — DY ++] = 3.67857.

(A12)
(A13)

While the above mixing strengths are obtained on the ba-
sis of the effective Lagrangian (A6) in the leading deriva-
tive expansion, the higher-derivative terms could con-
tribute to the coupling among w, D, and D*. To check
the uncertainty involved in the estimate of the mixing
strength of neutral mesons, we examine another method
below.

2. Mixing strength from the Bethe-Salpeter
amplitude

The mixing strength between 7. and J/v was cal-
culated by using the Bethe-Salpeter amplitude in the
heavy-quark limit in an earlier work by some of the
present authors [41]. Here, we apply the same method
to the estimate of the mixing strength between charged
D and D* mesons, assuming a constituent quark model
picture, in which the u and d quark can be considered to
be nonrelativistic, and the heavy-quark limit can be ap-
plied. Below, we follow the steps explained in Appendix
B1 of Ref. [11] and generalize them to the case of D and
D* mesons.

To study the mixing strength in this framework, we
need to consider the two diagrams depicted in Fig. 10.

13

FIG. 10. The diagrams needed for computing the mixing
strength between charged D and D* mesons from the Bethe-
Salpeter amplitude.

The shaded areas in this figure correspond to form factors
given by the Bethe-Salpeter amplitudes [64]:

2
Ts(pp—a) = (co+ B )/ =52 01s(p) Py P

(A14)
2
(p.p— ) = (0 + 52 ) /252205 (p) Py P
(A15)
where P, are the projection operators
1 0
Py = —(1£4"). (A16)

2

We take ¢ = (qo,0,0,0), ¥15(p) is the S-wave ground-
state wave function, €¢p stands for the binding energy of
the system (¢o = m; + mp — €) and p represents the
reduced mass of the two quarks: 1/u = 1/my + 1/my.
Also note that m; here should be interpreted as the con-
stituent rather than the current quark mass. The two
diagrams of Fig. 10 can be given as

4
Ml =i [ R [ 0~ 0Sulp— )
xTH(p — q,p — k)So(p — k)1 So(p) | A(ALT)

and

4

) d
iMi, =—€Qh/ﬁﬁ[ﬂ(ﬁk,wq)%(w@

xT*(p +¢,p)So(p) v So(p + k)| A", (A18)
Here, we shall shortly discuss the essential steps for eval-
uating i/\/l?a). It is convenient to compute first the inte-
gral over pyp. Completing the contour on either the upper
or lower part of the complex py plane, one picks up two
poles. By looking at the respective residues, one finds
that one pole gives the dominant contribution, while the
other is suppressed in the heavy-quark mass limit. The
dominant pole is found at

2

pozml—(EQ-f—p—).

o (A19)

Retaining the contribution of this pole while keeping only



terms up to first order in k, we get

mh—i—ml

z./\/l“ Ql/( 2m) | P1s(p VPP, A,

mp + my ~0 dgp 2
- eQi / @) |W1s(p)|
M o, (A20)
my

The last line is derived from the normalization of the
wave function. The second diagram of Fig. 10 can be
computed in a similar way. The final result reads

mp + my

M, = eQnF. (A21)

mp,
Adding both terms, we obtain the full amplitude as
. o A
IME =My + MG,
+
= (mh o Q1+
my

mp + my

Qh)eFO#. (A22)

Note that for m; = m; this agrees with the results for
charmonium of Ref. [41]. From the above result, we can
read off the mixing strength between pseudoscalar and
vector D mesons:

mp + my mp + my

Ipv = Ql + Qh-

my mp

(A23)

Examining this expression, it becomes clear that g, will
be dominated by its ligth-quark component, because of
the large factor (myp + my)/m;. Using Eq. (A23), we
can compute the ratio of g,, for neutral and charged
D mesons. From the above consideration, we expect the
absolute value of this ratio to be close to 2, corresponding
to the ratio of the absolute charge values of u and d
quarks. For realistic quark masses, the subleading term
can, however, not be ignored. Specifically, we get

gpv DO
oy (DF)

with m; = 0.3 GeV and m;, = 1.8 GeV.

We will now use the above ratio to get an indepen-
dent estimate for the mixing strength of the neutral D
meson, which at present cannot be quantified directly
as the T'[D** — D° + 4] decay width has not yet been
measured. Using Eqs. (A3) and (A24), we obtain

] — 3.5, (A24)

gy (D°)] = 3.278, (A25)

which agrees quite well with the estimates of Eqgs. (A12)
and (A13), given in the previous subsection. We will
employ these previous estimates in our computations de-
scribed in the main text of the paper.

1
H(a) —

(eB)? %Ql@h(eB)Q /O drx(l —x) [Afl i (qﬁx(l )+ )A’Q} |
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Appendix B: Dimension—4 (¢B)? terms

In this appendix, we briefly summarize the computa-
tion of the Wilson coefficients for the dimension-4 (eB)?
terms. Omne of the most important observations here is
the emergence of the infrared divergences when taking
the chiral limit for the light quarks. This is naturally ex-
pected due to the insertions of constant magnetic fields
as soft external lines.

To compute the Wilson coefficients corresponding to
the graphs shown in Fig. 4, we employ the Fock-
Schwinger gauge for the external magnetic field. In
this gauge, quark propagators with insertions of exter-
nal magnetic fields are found to be

SO (p) = o m? (p+m), (B1)
SW(p) = - (p?c_m;jf;)z @H +m)via?, (B2)
5@ (p) = %{m (p+m) — (0 — m2)p, }.(B3)

(p

where Qe denotes the electric charge of a quark in units
of “e”. We have furthermore assumed the magnetic field
to be oriented in the third spatial direction. The above
expressions can be obtained either by inserting external-
field lines between the free propagator of Eq. (B1) [17]
or expanding the full propagator given in the proper-
time representation with respect to eB [65-67]. With
Egs. (B1) - (B3), the Wilson coefficients of the dimension-
4 (eB)? terms represented in Fig. 4 are given by

a d4p
e (@) = iNe [ 578 00075, (g = ) 1 (BY)
d*p
{02 (0) = iNe [ s Tr0*S1 (01”1 a = ) 1(B)
c d4p
(e (@) = iNe | o7 TS (017537 (g = ) 1(BO)

where the subscripts h and [ on the propagators stand
for heavy and light quarks, respectively, and the number
of the color degrees of freedom N, comes from the trace
of the unit color matrix Tr[1.] = N..

As in a standard diagram computation, one can per-
form the loop integrals in Eqs. (B4)—(B6) with the help of
the Feynman parameters. Carrying out the momentum
integrals, we find



1
® _ _4Ne 2 2 -1
H(BB)2 WQh(eB) AdI [-3:17 (1—I)A
~2¢1 g%z (1~

1
() _ 2 _ — 2ZA-
i) = 3(n 7(eB) /Odac [—3z(1 —2)’A

—2q1 ¢*2* (1 —

where we define A = xm;? + (1 — 2)m;? — z(1 — x)¢%

Equations (B8) and (B9) are related to each other
through simultaneous interchanges of the charges @ +
@ and masses my, <+ m;, which can easily be understood
from the diagrammatic representations in Fig. 4. Note,
however, that the masses in A are also interchanged.
This has not been taken into account in the calcula-
tion of Eq. (B7) in Ref. [16]. By taking the chiral limit
in the above expressions and carrying out the Feynman
integrals, we obtain the Wilson coefficients (32)—(37).
These results can be compared with the Wilson coeffi-
cients for the gluon condensates at finite density given in
Egs. (C.16)—(C.21) of Ref. [38]. We find that the Wil-
son coefficients agree with each other with appropriate
replacements of the operators and color matrices:

Tr[]lc]achFQ & Tr[te)(Q) - %ng Q).

—3TY[1,] O‘;m - (Fm o %FQBFQB )

& Tr[tt?] (q — 4M>

02

<22 L Ga )

(B10)

v
where Tr[t*t"] = 6°0/2, G2, = G** G, and (vG)2, =
v, G GY v, The correspondence becomes clearer, if

one notes the following decomposition of the twist-2
gluon condensate,

(B11)
|

% a ba_gﬂ a bafS \ .
(€22 (GpaGhe - 2Ga,6hr )10

15

+ 23 { ?a(1 - x) — 243 (1 — 2)(3 — 20) }JA 2

) A7 mympa® {A? — 247 (1 — 2)? Af?’}} , (BY)
(-2 (1 - 2)z - 2¢T2(1 + 22) JAT?
)P A7+ mymp e {AT? = 2¢7 (1 — 2)° A7} ], (B9)

1 as [ (vG)?, G2 N Vi
L (UG ).y (i),

s v

where v* is the flow vector of the medium.

Appendix C: Nature of IR divergences of
perturbative terms

In this appendix, we will study some of the properties
of the IR-divergent terms (terms behaving as 1/m; or
logmy in the chiral limit) and give arguments why they
are “soft” contributions and should therefore be consid-
ered to be part of the condensates and not the Wilson
coefficients.

For this purpose we will follow the method discussed
in Sec. 2.5 of Ref. [20] for studying the properties of
the loop integrals. Before considering the IR-divergent
terms, let us first work out the leading-order perturbative
diagram with no external magnetic field attached, which
will serve as a reference, with which the IR-divergent
terms will later be compared. It can easily be obtained by
replacing, for instance, the first-order propagators S (p)
in Eq. (B4) with the free propagator S (p), given in
Eq. (B1). After taking the traces and expressing the
integrand using a Feynman parameter x, we get

p — (1 —2)¢®> — mymy,

‘“N/ d"’”/ PEwNE

Next, we carry out the Borel transform with respect to ¢?
before computing the actual loop integral. Furthermore,
integrating over the angles of the four-dimensional inte-
gral and switching to Euclidean momenta p?, we obtain,

- (C1)

N, 1 & ! 3 1 rmymy, + 2p?
—_— d, dr——— (
27T2M2/0 p/o xa:(l—:z:) M2\ z(1—2x) +

Let us examine the above integrand f(p), of which the
ultraviolet divergence is regularized by the Borel trans-
form, for two different values of the Borel mass M. The
normalized forms, such that the integrated values give 1,
are shown in Fig. 11. Here and in what follows, we have

2 2
m m __1 h
h 4 l) e M2(z(l - T1-st
1—=z T

) 2 /OOO dpf(p).
(C2)

used my = 1.67GeV and m; = 4.7MeV for the quark
masses. The curves of this figure clearly demonstrate
that the loop integral receives its most prominent contri-
bution from momenta of the order of p ~ M. Therefore,
if M is chosen to be large enough, the momenta run-
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f(p)f; dp f(p")

p [GeV]

FIG. 11. The function f(p) defined in Eq. (C2) for two values
of the Borel mass M. The curves are normalized such that
their integrals over p give 1.

ning though the perturbative loop will be dominated by
a “hard” scale, which allows us to treat them as Wilson
coefficients.

Let us now turn to the IR-divergent terms, which, as
we will see, have a rather different behavior. To keep the
discussion short, we will here focus on the term behaving
as 1/my in the chiral limit. This term can be extracted
from Eq. (B6) and corresponds to the second-to-last term
in Eq. (B9). Restoring the momentum integral of this

127T2

As before, we show the integrand g(p) for two different
values of M in Fig. C4. The difference between Figs. 11
and 12 is apparent. While in Fig. 11, the integrand re-
ceived its largest contribution at a scale of the order of
M, it is in Fig. 12 determined by the light-quark mass
and does not much depend on M. This shows that the
momentum in the loop integral of the IR-divergent term
is “soft” and that it should therefore be considered to be
part of the condensates and not of the Wilson coefficients.

Appendix D: IR divergences from quark condensates

As discussed in Ref. [38] and the references cited
therein, it is more suitable to express the final OPE re-
sults in terms of quark condensates, which are defined as
expectation values of the non-normal-ordered operators
instead of the normal-ordered ones. The latter one ap-
pears naturally in computations based on Wick’s theorem
and Feynman diagrams. Intuitively, the above redefini-
tion can be understood as subtracting the perturbative

NC 2 7712’ m_2 o0
thml / dp/ de 1 7 3¢ ~wz (Jv(fﬂv)JrlfhzjL ’”l) E/ dpg(p).
- x) 0
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120

100

M =3.0 GeV
M =10.0 GeV

a(P); dp 9(p)

0.04

0.03
p [GeV]

0 0.01 0.02 0.05

FIG. 12. The function g(p) defined in Eq. (C4) for two values
of the Borel mass M. The curves are normalized such that
their integrals over p give 1.

term we have the following expression:

2

p
— 16iN.(eB) mhml/ dx/ 15501 —x) P2 — Ay
(C3)

The Borel transform of this term with respect to ¢® leads
to

parts of the condensates, which in principle should be in-
cluded in the Wilson coefficients of the OPE and which
can contain IR-divergent terms. Specifically, we can re-
late the non-normal-ordered condensates to the normal-
ordered ones by the following prescription [38, 68]:

¢ q0[iD,a2) = (@0 |iD]a)

+/(§; (: T&“CD(O{I?H—FAM}S@)) ). (D)

Here, A, is defined in analogy to Eqs. (B.11) and (B.12)
in Ref. [38] and can at leading order (which is sufficient
for our purposes) be given as fl“ =~ i/2eF,,0,, in which
the partial derivative is understood to be operating with
respect to the momentum p and acts only on the propa-
gator S(p).

Below, we will discuss the redefinition for each of the
(light) quark condensates that appear in the OPE of
this work. Linearly and logarithmically divergent terms
shown below cancel the corresponding divergent terms
in the dimension (eB)? terms computed in Appendix B.



Throughout this appendix, we will use the MS scheme to
regularize infinite momentum integrals.

1. (qq)

For this case, we can simply set O =1 and hence get

4

b Tre,p [S(p)]-

<1§q5>—<QQ>+/W

(D2)

For the second term, we next substitute the propaga-
tor of Egs. (B1)-(B3). Taking the trace, it is under-
stood that only the leading-order term [S(O) (p)] and the
second-order term in the magnetic field [S ) (p)] survive.
Firstly, we consider the leading-order term, which gives

d*p (0) d*p 1
L Trep[S9p)] = 4iN.my / £ -
/ gyt oo 15 () @2m)1 p? —m]
2

=N [log(ﬂ—2) +1]

472 m;

(D3)

As this term is of higher order in m;, it can be ignored
in the present discussion. Next, we calculate the term of
second order in the magnetic field:

/ ﬂTTC,D [51(2) (»)]

(2m)*
d4p p2
— 8iN.mQ2(eB 2/ i
81 lel (e ) (27T)4 (pg — ml2)4
1 N.Q?(eB)* 1
" 2 m (D4)

This means that the quark condensate should be rede-
fined as

(tag:) = (q9) + 1 NQHeB” 1

D
12 7T2 mp ( 5)

In the above expression, we find the linearly divergent
term 1/my.

1

4
/ (§WI;4P”TYC,D[W“SZ(2)(29)] = —%Q?(GB)Q

1 5 Ne(eB)?
= 5=

T2

()2

— +log(dr) — 75 — 1og(m?)] (9" = 9d1"),
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2. (qoi12q)

Using again Eq. (D1) and setting O = 012, we have
(o120 ) = @oraa) + [ 3T Trenfons(p)
1qoi12q : 12 2n) C,D 012 .
(D6)
Here, it is noted that, due to the Dirac trace, only the

term linear in eB gives a nonzero contribution to the
second term above. This second term is evaluated as

4
/ (ZT};TFC,D [Sl(l)(p)ffu]

= 4Z'Nclel (eB) /

(2m)* (p? —m})?
1 N, B 2
= Z%ml log (%), (D7)

which means that the condensate should be redefined as
1N, B 2
7621(6 )ml log (m—é)

(1 qo12q :) = (qo129) + 1 2

d*p 1

(D8)

It is, however, seen that the second term contains a factor
my log(m?), so that it vanishes in the chiral limit and we
can ignore it in the present calculation. If one needs to
consider terms that go beyond the chiral limit, this term
should of course be taken into account.

3. (¢"iD"q)

Using once more Eq. (D1) with O now defined as O =
~y*iDY, we can rewrite the condensate as shown below:

(tqy"iD"q:) = (qy"iD"q) (D9)

A
(27‘()4 c,p VP 26 a p)|-
We will now consider the second term in more detail.
The part proportional to p” receives nonzero contribu-
tions from both S (p) and S@ (p), while the term with
S (p) vanishes due to the Dirac trace. Moreover, the
contribution involving S(¥) (p) only leads to a term of or-
der mi similar to Eq. (D3) and can therefore be safely

neglected. The remaining term gives,

1
~ +log(47) — yp — log(my)

< [g1ap(g" 9" + 9" """ + g"Pg"*) — 691"

(D10)
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where we have used g g g®? = 2 in the last line. Note that this follows from our implementation of the MS scheme,
which uses Dy = D — 2 and D, = 2 with D = 4 — 2¢. Furthermore, we have for later purposes not carried through
the whole regularization procedure at this stage and have hence kept the expression with the explicit 1/¢ pole.
Next, we need to compute the term proportional to F** in Eq. (D9). An explicit calculation, however, shows that
this term exactly vanishes, partly because of the Dirac trace and partly as a result of the final integration over the
momentum p. We are thus left with Eq. (D10), which leads to the following redefinition of the condensate,

N.(eB
Q2 (62 r (9" — 1) %+10g(47f)—”m—log(m%) : (D11)

(y"iD%q ) = (v"iD"q) —
This is, however, not our final result, as we still need to decompose it into its scalar and symmetric-traceless parts. To
do this, let us define the second term on the right-hand side of this equation as C'*” and extract from it the relevant
Lorentz structures. First, the scalar part of C*" (denoted as C%§") can be obtained as,
ng 1 Qv o (GB) nv
Cs" =p9"Ca = Ql ——9", (D12)
where we have taken the limit D — 4 after performing the contraction above. Making use of the Dirac equation, it
is easily recognized that this expression is equivalent to Eq. (D5). Next, the symmetric and traceless part of C*¥ can
be obtained by subtracting from it the scalar part above as C§7, = C* — C§”. Therefore, we obtain

(eB) 1 (eB)

O = 5@ P (g~ g1y | L tog(am) — 9 — tog(m) | — @i M g, (D13)

which is regularized to
1 5 Ne(eB)? my o Ne(eB)* |,
Ot = 5@t~ ot Now () - @t~ e (D14)
In the above expression, we find the logarithmically divergent term logm;2.
[
0.14 : : : : : Appendix E: A simple model for the quark
our mog_?_' condensates in a magnetic field
L ) Ul
© 0.12
= 01l In this appendix, we will discuss a simple model that
’\VB can qualitatively describe the behavior of the various
A 0.08f quark condensates in a constant magnetic field. For
v 0.06 - (@q) B and (Go12q) B, we compare our model results with
,Ifn ' the findings of chiral perturbation theory and lattice
S 004f QCD.
N
0.02 -
0 1. Method

0 0.05 0.1 0.15 0.2 0.25 0.3

eB [GeV/] We consider a model with quarks that have a con-
stituent quark mass of m = 300 MeV. To study the mod-
ification of any quark condensate, we need to compute
the traced propagator in a background magnetic field.
For treating the possibly divergent loop diagrams, we in-
troduce a (Euclidean) cutoff: A =1 GeV. Schematically,
our prescription can be summarized as

FIG. 13. The behavior of the chiral condensate (Gg)r as a
function of the magnetic field eB. The red line stands for
Eq. (E3), while the green line shows the result obtained by
chiral perturbation theory [49].

A 4
@0q)5 — (@0d)o = — / (jT’;Trc,Dmp)B], (E1)

where S(p)p stands for the quark propagator with one
or more magnetic field insertions. Furthermore, O rep-
resents a general operator, that can contain gamma ma-
trices or covariant derivatives.



2. (q9)B (E2)

For this most simple case, we can set O = 1 and hence
get the following expression for the leading nonzero term Here, Eqs. (B2) and (B3) together with the fact that

in eB, the term linear in eB vanishes were used. Evaluating
A gty 2 the above integral with the Euclidean cutoff A, the final
@q) s — (Gq)o = —4iNch2(eB)2/ o) (7 — ) result reads
J
_ _ Nc 2 2 1 m2 m2 m4
— =— B)*— 1——(3 3— —) . E3
(79)B — (7q)0 1272 mQ*=(eB) m2 A2(1 + m2/A2)3 + A2 + A4 (E3)

In Fig. 13, we compare our result in Eq. (E3) with the finding of chiral perturbation theory [49], for which we have
taken the averaged condensate of u and d quarks. It is seen in this figure that even though the detailed behavior of
our model differs somewhat from that obtained with chiral perturbation theory, the overall trend of the two results is
in good agreement, as long as one stays below eB = 0.3 GeVZ.

3. (go2q)B

Next, we study the condensate (Go12¢) 5, which vanishes at eB = 0. Setting O = o012, we get at leading order in
eB,

_ . Mdp 1
(Go129) B :42Nch(eB)/ @2n)d (p2 — m2)?
N. A2 m? m’
=1 mQ(eB) | log (W) — 1+ log (1 + F) + —A2(1 /Ay | (E4)

It is noted that the term of (eB)? in fact vanishes, so that corrections to this can at most be of oder (eB)3. Translated
to the parameter 7 [deﬁned as (go12q)B = Q(eB)T}, the above result gives

2 2 2
T :—ijr;m log (%) —1+log (1 + %) + m
=—0.0359 GeV. (E5)
Let us now compare this result with the findings of lattice QCD [44]:
Tu= —0.0407 £ 0.0013 GeV, (E6)
Ta= —0.0394 £ 0.0014 GeV. (E7)

It is seen that our model reproduces the lattice results surprisingly well.

4. (v'iD"q)s
For this condensate, there are no results available from either chiral perturbation theory or lattice QCD. Therefore,

our model will provide a prediction for this case. Following the same method as above, we get

A 4
(@"iD"q)p =— / (;lwl)t; Triv*(p” + A)S(p) 5]

N 2/ v " A2 11 m?
g @eBP ol — o) [lox (57) - 5 +1o8 (1+ 55)
g™ -3 m 41 m°
A2(1+m2/A2)  2A%(1+m2/A2)2 | 3A6(1 + m2/A2%)3

Nc 1 2 4 1 6
. x ot )

2 2 pv | = -3
87T2Q (eB) [ <3 A2(1+ m2/A2) + AY(1+m2/A2)2 3 AS(1+m?2/A2)3
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This expression is, however, not traceless and therefore contains scalar contributions. We hence have to subtract the
trace part. Doing this, we obtain the final result:

- Nc v v
(@"iD"q)p = 55 Q%(eB)* (g — 91") A, (E9)
where
A2 4 m? 3 m? 1 mb
A= tog (55) — 5 +log (14 5) + 2A2(1 + m?/A2) 6 AS(L+ m? /A2 |- (E10)
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Appendix F: Summary of the Borel transformation

In Tables I-I1I, we summarize the Borel transform of the Wilson coefficients computed in Sec. IV. Useful formulas

are available in Ref. [69].

Mpcrt( 2) = % dseis/]MzImecrt(S)
LO+NLO 3 4as 2
Im Mpert(s) = — 1+ =—Ro(my/s)
871' 3w
3 T 1—=x T
Ro(mj /s =) = Z+ L12()+lnmln(1—m)——l T—ln(l—:c)—i—mln . —l_xlnm

il _ —m2 /M2
<qq>vac M(@Z)vac (M2) — _mh<qq>vac€ n3 /M

(M?) = & (2G?)vace /M

vac

(2G)vac | M(ag2

Mh

q — 2 2
(290 Ga)vac| MiagoGayvae (M?) = 3 (2M4 - W) (790G q)vace” ™0/ M

TABLE I. Borel-transformed OPE for D mesons in vacuum [38]. The NLO term contains the Spence function Lis(z) =
— Jot  In(1 —t)dt .

2\ _ 77n2/]\{2 eB mz—
Mgy 5 (M?) = —=mi(qq)vace” ™ 6 T2 —— Iy <eB

(Gq)B(eB < 0.1GeV?)
e IH(y)Iln(27r)+yln(g)—y 21n F<1;y>

M(o),DO (M2) _ i &(63)267111,%/]%2

(eB)2 2
LO 27 w
(eB)? 2),D° 3N, 22 4 pw2m? m2 9m2
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TABLE II. Magnetic-field dependent parts of the Borel-transformed OPE for neutral D mesons. (gq)s(eB < 0.1GeV?) is given
by Ref. [19]. Formulas or numerical values for the parameters 7, and A are given in Egs. (E6) and (E10), respectively.
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(Gq)B(eB < 0.1GeV?)

Common to the OPE for neutral D mesons (see Table II).

MORET (M?) = —1(5;—8%(@3)2@%%/”’2
LO(en)2 Mgggi(MQ) - iﬁ (eB)*e /A {2_17 (1 * i\ﬁ) o (_%)
I )
(Go124) 5 AA@ZMANF):(—nQ@Bf<—%E%__%Zé)eﬂﬁ/M2
(qy"iD" q) B M@wau@(M?) = e (eB)*A (_1 + mTé) o—mi /M2

TABLE III. Magnetic-field dependent parts of the Borel-transformed OPE for charged D mesons. Formulas or numerical values
for the parameters 74 and A are given in Egs. (E7) and (E10), respectively.
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