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Chiral extrapolation of lattice data for the hyperfine splittings of heavy mesons
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Department of Physics and Mathematical Physics and Special Research Center for the Subatomic Structure of Matter,
Adelaide University, Adelaide, SA 5005, Australia
(Received 4 December 2001; published 21 March 2002

Hyperfine splittings between the heavy vect®*(B*) and pseudoscalab(,B) mesons have been calcu-
lated numerically in lattice QCD, where the pion maskich is related to the light quark mass much larger
than its physical value. Naive linear chiral extrapolations of the lattice data to the physical mass of the pion
lead to hyperfine splittings which are smaller than experimental data. In order to extrapolate these lattice data
to the physical mass of the pion more reasonably, we apply the effective chiral perturbation theory for heavy
mesons, which is invariant under chiral symmetry when the light quark masses go to zero and heavy quark
symmetry when the heavy quark masses go to infinity. This leads to a phenomenological functional form with
three parameters to extrapolate the lattice data. It is found that the extrapolated hyperfine splittings are even
smaller than those obtained using linear extrapolation. We conclude that the source of the discrepancy between
lattice data for hyperfine splittings and experiment must lie in non-chiral physics.
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[. INTRODUCTION ant under SU(3) X SU(3)r. Another interesting quark
mass limit in QCD is the heavy quark limit where the masses
The past few years have seen much progress in latticef heavy quarks¢ andb, go to infinity. In this limit there are
gauge theory, which is the only quantitative tool currentlyheavy quark flavor symmetry and heavy quark spin symme-
available to calculate nonperturbative phenomena in QCRry SU(2);x SU(2),. Based on these symmetries which are
from first principles. These phenomena include the spectrumot manifest in the full theory of QCD, an effective theory
of light hadrond 1], the spectrum of heavy hadrof3], the  for heavy quark interactions which is called heavy quark
decay constants of heavy mes¢A$ nucleon structure func-  effective theory(HQET) was establishefi7]. With the aid of
tions[5], and the Isgur-Wise function f@—D(D*) transi- HQET, the physical processes involving heavy quarks are
tions[6]. greatly simplified. The interactions of heavy hadrons con-
In Ref. [3] the authors studied extensively the spectra oftaining one heavy quark with the light pseudoscalar mesons
the D and B mesons using non-relativistic QCINRQCD) 7, K, and 7 should be constrained by both chiral symmetry
on the lattice in the quenched approximation. For spin-and heavy quark symmetry. The combination of these two
independent splittings such as the splittings between stranggmmetries leads to an effective chiral Lagrangian for heavy
and non-strange mesons, good agreement with experimertigdrons which is invariant under boiJ(3), X SU(3)g and
was obtained. However, it was found that the hyperfine splitsu(2);x SU(2), transformations. There has been consider-
tings betweerD(B) andD* (B*) are much smaller than the able work in this direction in recent yea8,9].
experimental data. In fact, three lattice data for the mass of |n the past few years there has been a series of work
each of these mesons were obtained in the region where thfaling with extrapolations of lattice data for hadron proper-
mass of the pion is larger than about 680 MeV, which isties, such as mag40], magnetic momentgl1], parton dis-
much larger than the physical mass of the pion. With naivaribution functiong 12], and charge radjil3], to the physical
linear extrapolations from the unphysical region to the physirtegion. In these extrapolations the inclusion of pion loops
cal value of the pion mass, the extrapolated hyperfine splityields leading and next-to-leading non-analytic behavior.
ting betweerD andD* is about 110 MeV for38=5.7 com-  This leads to rapid variation at small pion masses while lat-
pared with the experimental value 140 MeV, whereasBor tice data are extrapolated to the physical pion mass. How-
andB* the extrapolated hyperfine splitting is about 29 MeV ever, when the pion mass is greater than some séale
compared with the experimental value 46 MeV. Obviouslywhich characterizes the physical size of the hadrons which
these large differences between the extrapolated and expegmit or absorb the pion, the hadron properties vary slowly
mental values merit careful investigation. and smoothly. It is obvious that extrapolations which ensure
It is well known that QCD possesses a chilU(3),  the correct non-analytic behavior of QCD in this way should
X SU(3)r symmetry in the limit where the masses of light be more reliable than a naive linear extrapolation.
quarksu,d, ands go to zero. This symmetry is spontane-  With these considerations in mind, the aim of the present
ously broken intoSU(3)y, leading to eight Goldstone work is to extrapolate the lattice data in REF] to the physi-
bosons. The interactions of these pseudoscalar mesons aa& region, while building in the constraints of chiral pertur-
described by an effective chiral Lagrangian which is invari-bation theory for heavy mesons, and to compare the extrapo-
lated hyperfine splittings with experiments.
The remainder of this paper is organized as follows. In
*Email address: xhguo@physics.adelaide.edu.au Sec. Il we give a brief review for chiral perturbation theory
"Email address: athomas@physics.adelaide.edu.au for heavy mesons. In Sec. Ill we apply this theory to calcu-
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late self-energy contributions to heavy mesons from piorwhereP;* and P, are field operators which destroy vector
loops. Based on this, we propose a phenomenological, funend pseudoscalar heavy mesons with fixed four velagjty
tional form for extrapolating the lattice data for heavy mesonrespectively.PX * satisfies the constraint
masses to the physical region. Then in Sec. IV we use this
form to fit the lattice data and give numerical results. Finally, v,P3#=0. 7
Sec. V contains a summary and discussion.

SinceH, is composed of a heavy quark and a light anti-

Il. CHIRAL PERTURBATION THEORY FOR HEAVY quark, underSU(3) X SU(3)r

VIESOTE Ha—HyUga, ®)
When the heavy quark mass, (Q=b, or ¢) is much )
larger than the QCD scal&ocp, the light degrees of free- and under heavy quark spin symmetry
dom in a heavy hadron are blind to the flavor and spin ori-

entation of the heavy quai®. Therefore, dynamics inside a Ha—SH,, ©)
heavy hadron remains unchanged un@&i(2);x SU(2)
transformations. In the opposite mass limig— 0, the QCD Whgr:fiiig U(2)s.-
Lagrangian possesses 8kJ(3), X SU(3)g chiral symmetry.
The light pseudo Goldstone bosons associated with sponta- Ho=vH (10)
neous breaking of chiral symmetry are incorporated in a 3 a~ YoMa Yo,
X 3 matrix we have
2iM _ 1+9
E—EX*’( ol @ Ha(v)=(P3, ¥+ P ye) 5, (11)

wheref . is the pion decay constart,=132 MeV, and which transforms adi,—U,,H, and H,—H,S™! under

chiral symmetry and heavy quark symmetry, respectively.

%Wo+ % 7 — K+ It is convenient to introduce a vector field,,,
2 6
® 1 + g met
M= ﬂr —iﬁo'i‘in KO Vap=5 (87 0"E+E4E )an, (12
V2o e
5 and an axial-vector field\4,,,
- KO
) ‘ ) \/;77 i + +
@ Pliy=5 (76— E04E" ) . (13

UnderSU(3), X SU(3)g transformations UnderSU(3), X SU(3)g, VA—UVH*UT+Ud*U ", and A*

“yt ini i ivati
S L LSR*, 3 —UA#U™. Defining the covariant derivative

DAH),= 9*H,— HyVE,, 14
whereL e SU(3), andRe SU(3)k. (D*H)a a 'bTba (149

While discussing the interactions of Goldstone bosongye find thatD#H— (D*H)U* underSU(3), X SU(3).

with other matter fields it is convenient to introduce The Lagrangian for the strong interactions of heavy me-
sons with Goldstone pseudoscalar bosons should be invariant

£= VE. (4) under both chiral symmetry and heavy quark symmetry,
since we are working in the limit where light quarks have
zero mass and heavy quarks have infinite mass. It should also
be invariant under Lorentz and parity transformations as re-
quired in general. The most general form for the Lagrangian
satisfying these requirements[B]

UnderSU(3), X SU(3)g transformations
E—LEUT=UERT, 5

where the unitary matrixXJ is a complicated nonlinear func-
tion of L, R, and the Goldstone fields.

In order to discuss the interactions of Goldstone bosons
with heavy mesons, which consist of a heavy qu@rand a whereg is the coupling constant describing the interactions

light antiquarkg® (a=1,2,3 foru,d,s quarks, respectively  petween heavy mesons and Goldstone bosons. Obviaisly,

L£=—Ti{Haiv,(D*H),]1+gTr(HaHp v, Al,ys), (15

a 4x 4 Dirac matrixH, is introduced 8] as follows: is universal forD, B, D*, andB*. Sinceg contains informa-
tion about the interactions at the quark and gluon level, it
H (v)=ﬂ(P*"“ “P.ye) 6) cannot be fixed from chiral perturbation theory for heavy
a 2 a Yu~ Fa¥s) mesons, but should be determined by experiments.
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From Eq.(15), the propagator for the pseudoscalar meson n n
D (orB) is (‘*; Rt
———— —_—— )
i P P P P P
2v-p

(a) (b)
where p is the residual momentum of the meson. For the

. FIG. 1. Pion | ti to th t f h -
vector mesorD* (or B¥), the propagator is G ion loop corrections to the propagator of heavy pseu

doscalar mesof (P could beD or B).
_i(g,uv_v,uvl/) 1
2v- ' _ 4
v-p V=57 [M.3,MI+0(MY), (18)

In the limit mg—o0, there is no mass difference between "
pseudoscalar and vector mesons. 1

Since in this work we will study hyperfine splittings, we Ap=—79uM +0O(M?3). (19
need to take Iy corrections into account. At orderriy in ”
HQET, the term which is responsible_for hyperfine splittings Substituting Eq(18) and Eq.(19) into Eq. (15) we have
is the color-magnetic-moment operatoyo,,G*"h, (where  the following explicit form for the interactions of heavy me-
h, is the heavy quark field operator in HQET a@é#" is the  sons with Goldstone bosons:
gluon field strength tensprThis leads to the following cor-

rection term toZ in Eq. (15): Tr[ﬁaivﬂvg‘aH b]+gTr(ﬁaHbyﬂA{;ay5)

)\2 ) v I " *+tp*xv +

m—QTrHaa' Ha0 s (16 =f—2v [M,d,M]pa(P3, P5 "= P4 Pp)
where\, is a constant which also contains interaction infor- L f o ap
mation at the quark and gluon level, and which is same for N E(Pan Pbd*Mpat Pa Pp,d"Mpa
D,B,D*, andB* at the tree level(When QCD loop correc- _
tions are included), depends ormq, logarithmically) Fi- +ieP P} T Ph,v,0,Mpa), (20)

nally, we note that the inclusion of the other term at order

. T2 : ~ whereO(M?) terms are ignored.
;/e T\‘ééﬂg%‘ﬂr’lélgamgg ?;gnhsvté;fads to a slightng de Chiral symmetry can also be broken explicitly by nonzero

Adding the term(16) to the Lagrangian for HQET, Eq. light quark masses. UndeBU(3). X SU(3)r, light quark

(15), and using Eqs(6) and (11), we can easily see that the Mass terms transform asy(3g) +(3r,3.). Then, to leading
mass difference between vector and pseudoscalar heavy nfeder in the explicit chiral symmetry breaking from light

sons is quark masses, the following terms are added to the Lagrang-
ian in Eq.(15):
8\, _
A e 17 N TrHpH(émgé+ £ mge" ) ap
and consequently, the propagators for heavy pseudoscalar + N[ TrHHA(EMgé+ E Mg )y, (21)

and vector mesons become ) )
where\; and\; are parameters which are also independent

i of the heavy quark mass in the lintitg—c°.

IIl. FORMULAS FOR THE EXTRAPOLATION OF HEAVY
MESON MASSES

2 3A
U'D‘FZ

and In this section we use the Lagrangian for the interactions

—i(gu,—v.0)) of heavy mesons with light Goldstone bosons to calculate
L lSvies pion loop corrections to the masses of heavy vector and
2<v-p— EA) pseudoscalar mesons. This yields the dependence of heavy
4 meson masses on the pion mass. Then we propose a phenom-
enological functional form for extrapolating lattice data for
respectively. heavy meson masses to the physical pion mass.

In order to consider the interactions of heavy mesons with From Eq. (20) we can see that there are five possible
Goldstone bosons, we substituie=exp(M/f,) into Egs. diagrams for pion loop corrections to heavy meson masses.
(12), (13) and obtain the following expressions fof* and  These diagrams are shown in Fig. 1 BbandB mesons, and
A*: in Fig. 2 forD* andB* mesons. Figures(d) and Za) arise
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" x x 2~(g""—v*v")X,,. Consequently, only thX, term con-
{ ‘; PR PR tributes, since?=1. Multiplying both sides of Eq(27) with
> S S (g“"—v*v”) we have
P P P P P PP P P
(a) (b) © 1 dk k?— (v -k)?
173 oyt k !
FIG. 2. Pion loop corrections to the propagator of heavy vector (2m) 00 ko— V-K+ 6—ie (k2—W2+ie)
mesonP* (P could beD or B). 0 20 0 "k

29
from the first term in Eq(20). It can be easily seen that these 29
two diagrams do not contribute to the masses of heavy m%’vherew2z|k|2+m2
sons and we will not consider them from now on. K m
Figure Xb) represents the pion loop correction to the
heavy pseudoscalar meson propagaiicould beD or B).
In momentum space it can be expressed as

Next we carry out the integration ovkg by choosing the
appropriate contour. From E(6), when we calculate mass
corrections from pion loops, we need the value Xfat
v-p=mg. Sincev-p is a Lorentz scalar, we are free to
choose some special value offor this purpose. Withy°
, (22 =1 andv=0, and choosing the contour in the lower half
plane, in which there is only one pole f&p, W, —ie, we
arrive at the following expression:

(—2i%)

2(0p+zA Z(Up'i‘zA

wherep is the residual momentum of the pseudoscalar me-

son and—2i3 is given by the following integral: N f d*k k|2 30
76 3 W (W= 6)
22 392 d4k kz_(v.k)z (277) k( k )
— | [
2 7
f2 ) (2m* [v (p—k)— EA} (k2—m?) In chiral perturbation theory one usually develops a power
4 i expansion systematically. However, in the case of lattice

(23 QCD calculations of hadron masses the quark masses for
which calculations can be made at present are so large that,
gven if the series of such an expansion convergédch is
uncleaj one would have to introduce too many parameters
corresponding to the high order of the expansion needed.

STherefore, in the present work we choose to follow the ap-
proach explained in Refs[10-13. It has been argued

1 [10- 13 that when the Compton wavelength of the pion is

(29 smaller than the source of the pion, pion loop contributions
are suppressed as powers\din,. whereA characterizes the

finite size of the source of the pion. We follow this argument
and introduce a cutoff\ in the integral(30) to evaluate the
pion-baryon loops which vyield the leading and next-to-
leading non-analytic behavior. Since the leading non-analytic

wherek is the momentum of the pion in the loop, ang. is
the pion mass which is not necessarily its physical mass.
can be seen that is a function ofv - p, m2, andA. After the
correction from2, is added, the heavy meson propagator i
proportional to

v-p—my—(v-p)’

where my is the mass term without correction (for the
propagator of the pseudoscalar heavy mesops; — 2A).
The physical mass of the heavy mesaom,is defined by

[v-p—mg—2(v-pP)1l,.p-m=0. (25)  contribution of these loops is associated with the infrared
behavior of the integral, it does not depend on the details of
Therefore, to ordeD(g?) we have the cutoff. This approach has the advantage that whetis

not far away from the chiral limit, i.e., whem_ is smaller
than the cutoffA, the expression agrees with chiral pertur-
bation theory for heavy mesons which is constrained by both
heavy quark and chiral symmetry, and consequently has the
correct chiral limit behaviofsee Eq.(34)]. On the other

f d*k KMK? hand, whemm_. is bigger the masses are effectively fit using
MY =

(

m=my+2(v-p=mg). (26

In order to calculate the integral in ER3), we need to
deal with the following integral:

(27)  the form which is linear irm? as indicated by lattice simu-
lations. This will be discussed in more detail later. Although
the cutoff A is not Lorentz invariant our formalism for
evaluating the heavy meson mass is Lorentz invariant and we
choose to work in a simple frame=0 in the present work
XHY=X 9P+ X0 0, (2g)  for the numerical evaluation. In the following, we will treat
A as a parameter to be fixed by lattice data.
whereX,; andX, are Lorentz scalars, which are functions of  With the cutoff A, we obtain the following result for the
v-p, mf,, andA. It can be easily seen from E@3J) that integral (30):

2m)* [v-k—8](kK*—m2)’

whered=v-p— ;A for Eq.(23). On the grounds of Lorentz
invariance, in general we have

074019-4
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A+ A%+ me— S m,— A+ A2+m§r
Xi= 12(m2— 6%)%4 arctan > —arctan —s—— | +38(28°— 3m2)In v
72’ i~ & mz =& .
+38A A%+ me+ 6(52—mi)A+2A3 ’ 31
whenm?2= §%;

—6—/6°—m

A+ AT

w

i
7272

X, +36(282—3m2)In

2
6(5%—m>)¥4n -
[ ( m 2|m,— 86—/ 8%—m?

+38A A2+ M2 +6(82—m2)A+2A°8 (32

when mig 82. It is noted that whemnis &% (for 5>0) there is a pole in E¢:30). In this case, we have kept the principal
value of the integral which is real. The difference between the integral and its principal value is imaginary and contributes only
to the widths of heavy mesons.

In the case wheré=0, we have

X,= | ( 3m3 arctani —3m2A+A3 (33
1= T T .
362 m,

If we take the chiral limitm,,—0 in Eqg.(32), we can see that the leading non-analytic term is
i m
Xl|mﬂ_ﬂo:__|n mﬂ.. (34)

It can be easily checked that the same chiral limit behavior is obtained if we work with the dimensional regularization method
in evaluatingX#”. This is because the leading non-analytic contribution of the pion loops is only associated with their infrared
behavior.

In Eq. (26), m, for a pseudoscalar heavy meson-igA, and hence’ in Eq. (27) equals— A. Therefore, for pion loop
contributions to the mass of a pseudoscalar heavy mBsare have

2

A+ VAZ+mi+A m,+ A+ A%+ m?
op=— > 1 12(m2— A?)%¥2 arctan ——— —arctar——— | — 3A(2A?-3m2)In————
1672f2 N Ym2 — A2 m,

—3AAVAZ+m2+6(A%— me)A+2A3} : (35
whenm2=A2;
g2 ) A+ VAZ+mE+A - JAZ—mZ | m + A+ JAZ—m2
op= T 2 6(A%—m7)*In Y] 72 2 2
16722 A+ VAZ+m2+ A+ JAZ—mZ |m,+A—JAZ—mZ
A+ A2 +m?
—3A(2A%-3m2)In———— " —3AAJA?+m2+6(A%— mE,)A+2A3] , (36)
whenm2<A?2,

Now we turn to the pion loop corrections to heavy vector meson masses. First we discugb)Figh2reP could beD or
B. This diagram is caused by theP* 7+ vertices in Eq(20). In momentum space, Fig(l® can be expressed as

_i(g,u,p_vy,vp) (ZinU)_i(go’v_v(rvv)
1
Z(U-p—ZA) 2(v~p—ZA)

074019-5
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wherep is the residual momentum of the heavy vector meson aht’?2 is given by the following integral:

_ 3g2 [ d%k kPk”
20177 ="
2) 2m*

(39

3 2 2 ,
v-(p—k)+ZA (k“=m2)
with k the momentum of the pion in the loop. While we evaluate B8), & in Eq. (27) is equal tov - p+ 3A. Because of the
factorg,,—v,v, in EQ.(37), only theX; term contributes. We define the coefficientgsf” in 117 to bell,

HP0'|gp0_:H' (39)

so that after Fig. @) is included, the propagator of a heavy vector meson becomes proportional (@4Eqwvith 2 being
replaced byl andm, being equal td: A. While calculating the pion loop corrections to a heavy vector meson, we have to fix
v-p=31A, as required in Eq(26). Consequentlys in Eq. (27) is equal toA. Then with the aid of Eqs31), (32) we have

2 A+JAP+mi—A m,—A A+A?+m?
me— 9 > 1 12(m? — A?)%¥2 arctan ——— —arctar——— | +3A(2A2-3m?)In————
4822 N N m,

+3AAVAZ+ M2+ 6(A%— mi)A+2A3] : (40)
whenm2=A2;
g2 ) A+ VAZ+m2—A—JA2—mZ |m,— A+ JAZ—m?
I=- 51 6(A%—mZ)%2In > 2 ’
48722 A+ A2+ mi—A+JA?—mZ |m,—A—JA2-m?
A+ JA%2+m?
+3A(2A2—3m§)|nm—” +3AAVAP+m2+6(A%— mi)A+2A3] , (41)

whenm2<A?2,
Now we discuss Fig.(2), which arises from th®* P* 7 vertices in the Lagrangiaf20). In momentum space, Fig(& can
be expressed in the following explicit form:

—(Gpup, ~vulp,) | 3g?
: 1 : f_2ealvlplalfazvzngz(grrlpz_U"lvﬂz)v"lv v
2lv-p— ZA 77

d4k ka ka _i(gvo' —U,Us )
f _ 1 2_ 2 2 (42)
(2m)* 1 2_ 2 1
v-(p—k)— -A|(k“"—m) 2lv-p—=A
I 4| 4
After some algebra, this expression can be written in the form
—i(gu,—v,0,) i 6g°
v-p— Z v-p— Z
where inX,,8=v-p—A.
Because of Fig. ), the propagator for a heavy vector meson becomes proportional to
! 44
— (44
v-p— ZA—H’

where

074019-6
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, .3¢g°
11 =If—2X1, (45)

m

and againd=v-p— A in X;. When we calculate corrections to a heavy vector meson mass from(Eigv 2p should be
taken to be; A, as required by Eq26). Henced=0. Using Eq.(33) we have

g’ A
' = (Smiarctanm——SmeA+A3

— : 46
1272f2 40

™

Adding IT in Egs.(40) and(41) andIl’ in Eq. (46) together, we have the following expression for pion loop contributions
to the mass of a heavy vector meden:

2 A+A%+mi—A m,— A A
Tpx=— 51 4(m2—A?)% arctan 5 —arctan-—; +4m3arctan—
16722 JmZ — A2 Jym2 —A? m,
A+ A2+ m?
+A(2A2—3mi)lnm—”+AA\/A2+m2ﬁ+2(A2—3mi)A+2A3 , (47)
whenm2=A2;
9? oy | AT VAZEMI—A—JAZ—mI m — A+ VAT m] . A
Opr=————12(A -m2)¥2In 5 5 ——| | +4mjarctan—
16m2f2 A+ JAZ+mi—A+JA2—mZ |m,—A—A2—m? m,
A+AZ+m;
+A(2A2—3mi)lnm—” +AAJAZ+ M2+ 2(A2—3mi)A+2A3} , (48)

when mis A2 and where again we keeps the principal valuefor heavy vector mesons., andop« are given in Eqs(35),

of the integral. (36) and Egs.(47), (48), respectively. The advantage of fit-
Equations(35), (36), (47), (48) are valid providedn_ is  ting in this way is that we can guarantee that our formalism

not far away from the chiral limit, i.e., whem_<A. It can  has the correct chiral limit behavigas shown in Eq(34)]

be seen from Eq(29) that pion loop contributions vanish in and appropriate behavior when, is big with only three

the limit m_—oc. In order to extrapolate lattice data from parameterga, b, andA) to be determined in the fit rather

large pion mass to the physical mass of the pion we need tdan the excess of parameters in the usual power expansion.

know the behavior of heavy meson masses at lange As  In the next section we will use this form of fit to extrapolate

we know, a heavy meson is composed of a heavy quark anlattice data for heavy mesons.

a light quark. In HQET, the heavy quark massy, is re- Before turning to the lattice data we comment briefly on

moved. Therefore, as the light quark mass,, becomes the explicit chiral symmetry breaking by the terms in Eq.

large, the heavy meson mass should be proportionaiyto  (21). Substituting Eqs(1), (4), (6), and(11) into Eq.(21) we

On the other hand, explicit lattice calculations show that ovehave the following explicit expression for E(R1):

the range of masses of interest to m%, is proportional to

m, [10]. Consequently, as, becomes large, the heavy me- 3

son mass becomes proportionalnid . Based on these con- 4Ny, Mga( P;,f PX#“—P P,

siderations, in order to extrapolate lattice data at langeto ast

the physical value of the pion mass, we propose the follow-

ing phenomenological functional form for the dependence of 3 3

heavy meson masses on the mass of the pion over the mass +4N D Mga Y, (PLIPEH—PIP,), (52)

range of interest to us: azl asl

Mp=ap+bpm2+op, (49) Where2 we have made a Taylor expansion foand omitted
O(1/f7) terms. It can be seen clearly that E§1) contrib-

utes equally to the mass of a heavy pseudoscalar meson and
that of a heavy vector meson. Therefore, it does not contrib-
ute to their mass difference. Corrections to E§1) may
modify the propagators of heavy mesons to order

for heavy pseudoscalar mesons, and
Mpx =ap* + bp* m121_+ Opx, (50)
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TABLE |. Fitted parameters, masses@fandD* and their difference am‘,’,hys [numbers withoutwith) brackets are fob (D*)].

Ap,=—0.02 GeV

Np,=—0.02 GeV

Np,=—0.03 GeV

A,=—0.03 GeV

g°=0.3 9°=05 g°=0.3 g°=05
A (GeV) 0.43[0.65] 0.38[0.55] 0.45[0.63] 0.39[0.55|
app+ (GeV) 0.54390.6849 0.5436[0.6794 0.5444[0.6821 0.5438[0.6807
bpip*; (GeV 1) 0.2082[0.1783 0.2083[0.1809 0.2078[0.1799 0.2082[0.180Q
me"[D*] (GeV) 0.5374[0.6282 0.5364[0.6233 0.5375[0.6254 0.5369[0.6164
mp,—m (GeV) 0.0908 0.0869 0.0879 0.0796

qu(llffT), with extra suppression fromn, with respect to  tor meson and a heavy pseudoscalar meson. From experi-
the pion loop effects in Eqg35), (36) and Egs.(47), (48) mental data for the case & mesons, where Mé correc-

and we will ignore them. tions can be safely neglected, the valuegf should be
around—0.03 Ge\f. To see the dependence ag of our

fits, we allow A, to vary between—0.03 GeV¥ and
—-0.02 GeV.

. . . . .
The spectra of théd and B mesons were calculated in . Using the three simulation masses foy D, B, andB

Ref. [3], where NRQCD was used to treat the heavy quarksl Ref-[3]. we fix the three paramete@pp+) , bp(er) , and

In fact, when the mass of a heavy quarlg,, is much larger A in Egs.(49) and(50) wjth the least squares fittizng me_thod.
than A ocp, it becomes an irrelevant scale for the dynamics!” Tables | and II, for different values of, andg®, we list
inside a heavy hadron. Consequently, heavy meson states cHif Parameter&ppx), bp(p+), andA obtained by fitting the
be simulated on lattices with the aid of NRQGBherem,,  lattice data. Furthermore, we give the masse®pD*, B,
is removed from the Hamiltoniarwhen the lattice spacing is and B*, and hyperfine splittings at the physical pion mass,
larger than the Compton wavelength of the heavy quark. Twen?™s, after extrapolation. With these parametexs;p+) ,
values for the bare gauge couplifgy 5.7 and 6.2, were bpp«), andA, we obtain the masses Bf D*, B, andB* as
used. We choose to use the datg8at5.7, since in this case a function of the pion mass, for different valuesiaf andg.
the inverse lattice spacirg * is about 1.116 GeV, which is These results are shown in Figs. 3 and 4. The mass differ-
smaller than the masses of either ther c quarks. The box ences betweeB(B) andD* (B*) as a function of the pion
size is 2.1 fm, corresponding to the volume£24. In their  mass are shown in Figs. 5 and 6. From these figures we can
simulations, three different values for the hopping parametegsee that when the pion mass is smaller than about 600 MeV
x, 0.1380, 0.1390, and 0.1400, were used. The light quarkhe extrapolations deviate significantly from linear behavior.
mass is related toc as my=(1/2a)(1/k—1/k;), with k. This is because the pion loop corrections begin to affect the
=0.1434. extrapolations around this point. As the pion mass becomes
In our model there are three parameters to be fixedsmaller and smaller pion loop corrections become more and
ap(pr), bppxy, andA in Egs.(49) and(50). These param- more important. Consequently, the dependence of these plots
eters are related tg and \, which represent interactions at on A, andg? is stronger when the pion mass is smaller.
the quark and gluon level and cannot be determined from As discussed in Sec. Ill, the paramefecharacterizes the
chiral perturbation theory for heavy mesons. As discussed igize of the source of the pion. Since the size®ofD*, B,
Sec. Il, they may depend slightly ang . In our fitting pro-  and B* are different, we expech for them are different.
cedure, we treat them as effective parameters and assurigis is consistent with what is shown in Tables | and II.
that theirmg dependence has been considered effectivelyFurthermore, we can see that the difference betweerD
From the upper limit for the experimental decay width of andD* is much bigger than that betwe@andB*. This is
D* — D [14] we have the upper lim@g?<0.5[8,15]. Inour  because the size difference between a heavy pseudoscalar
numerical work we leig? vary from 0.3 to 0.5. From Eq. meson and a heavy vector meson is caused iny, Bffects.
(17) N\, is related to the mass splitting between a heavy vec- In the naive linear extrapolations pion loop corrections are

IV. EXTRAPOLATION OF LATTICE DATA FOR HEAVY
MESON MASSES

TABLE |l. Fitted parameters, masses BfandB* and their difference an®™°[numbers withoutwith) brackets are foB (B*)].

Ap,=—0.02 GeV Np,=—0.02 GeV A,=—0.03 GeV Ap,=—0.03 GeV
9°=0.3 g9°=05 9°=0.3 9°=05
A (GeV) 0.62[0.65] 0.53[0.56] 0.62[0.65] 0.54[0.56]
age+ (GeV) 0.7540[0.7919 0.7507[0.7884 0.7535[0.7919 0.7519[0.7887
bgge (GeV 1) 0.1657[0.1581] 0.1673[0.1593 0.1661[0.1579 0.1665[0.1591]
me”[B*] (GeV) 0.7138[0.7394 0.7107[0.7342 0.7146[0.7389 0.7107[0.733§
mp, —mfl (GeV) 0.0256 0.0236 0.0242 0.0229
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FIG. 3. Phenomenological fits to the lattice data for the masses FIG. 5. Phenomenological fits to the lattice data for the hyper-
of D* (the upper linesandD (the lower lineg as a function of the fine splitting betwee®* andD as a function of the pion mass. The
pion mass. The solid(dashed lines correspond to\,= solid (dashedl lines correspond ta,=—0.02 GeV andg?®=0.3

—0.02 GeV andg?>=0.3 (@°=0.5). The dot(dot-dashellines  (g?=0.5). The dot (dot-dashejl lines correspond to\,=
correspond tov,=—0.03 Ge\ andg?=0.3 (g°=0.5). —0.03 GeV andg®=0.3 (g®>=0.5).

. . .
ignored. Hence the results do not dependignand g2. In betweenfB andB* in Ttable Il is 0.0ngO._R]ZG'{hGeV In _the tal
Table 1ll we list the results of the linear extrapolations for range of our parameters, compared wit € experimenta
comparison value 0.046 GeV and the result from the linear extrapolation,
It can be seen clearly that the mass differences betwee(?'f031 Ge\(, In Table I.“.' L

D(B) andD* (B*) in our model are even smaller than those In our fits, in addition to the uncertainties in the three
obtained in the naive linear extrapolations. Since in the ”neaparan:e.tetr.sapwg\) ' bPéP*) {handA, whlcflharel (f[?useéj E[)y the
extrapolations, the hyperfine splittings at the physical mas necertainties o, andg, the errors in the fatlice data can
of the pion forD and B mesons are already smaller than al_so lead to some uncertainties in these three parameters.
experimental data, the inclusion of pion loop effects makess_Ince al! the t-hree lattice data are at large pion Masses, and
the situation even worse. As shown in Table I, the hyperfines'nceA IS mainly relat(_ad to the Qata at small pion masses,
splitting betweenD and D* is 0.080~0.091 GeV in the the error in our determination of is very large. In addition
range of our parameters, compared with the experimentéP A, "’_IP(FI’*) anld bfP(P*) alsobhave Som((;.‘AEI’_I’OI’S.leI’l fact, the
value 0.14 GeV, while the result from the linear extrapolationtUmerical results f0ap(px) , bp(ps), andA in Tables |, I,
is 0.114 GeV in Table III. Similarly, the hyperfine splitting and lll correspond to the central values of the lattice data. As

’ a consequence of heavy quark symmetry, the dynamics in-

0.95 T T T T T T 0.032 T T T T T T T
09 0.03
E 0.85 %
c o g 0028
[:3]
s ]
: :
£ 08 4 0026
o
X S
0.75 0.024 1!
0.7 0.022 1 | 1 | 1 | 1
0 02 04 0.6 0.8
m? (GeV?) m? (GeV’)

FIG. 4. Phenomenological fits to the lattice data for the masses FIG. 6. Phenomenological fits to the lattice data for the hyper-
of B* (the upper linesandB (the lower line$ as a function of the fine splitting betweeB* andB as a function of the pion mass. The
pion mass. The solid(dashed lines correspond to\,= solid (dashedl lines correspond td,=—0.02 GeV\f andg?=0.3

—0.02 GeV andg?=0.3 (g?=0.5). The dot(dot-dashejilines  (g?=0.5). The dot (dot-dashejl lines correspond to\,=
correspond tov,=—0.03 GeV andg?=0.3 (g°=0.5). —0.03 GeV andg®=0.3 (g°>=0.5).
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TABLE IlII. Fitted parameters, masses Bfand P* and their difference amP™* for linear
extrapolation numbers withoutfwith) brackets are foP (P*)].

aD[D*] (GeV) bD[D*] (GE\Fl) m:i;[D*] (GeV) mf'Dt*—me (GeV)
0.5397[0.654( 0.2112[0.1995 0.5438[0.6579 0.1141
ap[p*] (GeV) bB[B*] (GeVl) mgt[B*] (GeV) mgt*imeit (GeV)
0.7311[0.7621 0.1812[0.1780 0.7346[0.7654 0.0310

side a heavy meson does not depend on the mass of thegg80 MeV). It is found that the hyperfine splittings ex-
heavy quark, so we expect that the values\ofor D andB  trapolated in this way are even smaller than those obtained in
mesons are not very different from those of light mesonghe linear extrapolations, in which the extrapolated hyperfine
[10]. Consequently, we expect that the values\oih Tables  splittings for bothD andB mesons are already smaller than

| and Il are quite reasonable. In our fits, we find that thethe experimental data.

errors of the lattice data cause 1%—2% relative uncertainties There are some uncertainties in our model. We have two
for appxy (P=D or B), 6% forbp, 9% forbpx, 8% for parame'ters,)\z and g, which are relgted to the color-
bg, and 9% forbg«. These lead to about 1.3% uncertaintiesmagnetic-moment operator at ordemg/ in HQET and the
for mp, 1.5% formy, 1.2% formg, and 1.2% fomgs. As interactions between heavy mesons and Goldstone bosons in

a result, the relative uncertainties of the hyperfine splittingEhiral perturbation theory, respectively. In the ranges we
are about 13% and 54% in the casesDoind B mesons choose for these two parameters, we have about 13% and

0 S ) L
respectively. In spite of all these errors, our conclusion thaf:.; s/(e)z sur;gg[r:)tgcl:rt]it\llﬁyfolzrl}rt:ﬁeWnp()erglntisglrligrr]gilr? tLZe?;t?iEe data
th‘? hyperfme_ splitting obtained after a carefpl treatment %Liso lead to some uncertainties when we fix the three param-
chiral corrections are smaller than those obtained using nai

" ¢ lati . h 4 V&ersap(P*), bppxy, and A in our model. Since all the
Inear extrapolation, remains unchanged. lattice data are at high pion masses, the erroAims very

large. However, we believe that the range/ofve obtained
V. SUMMARY AND DISCUSSION is appropriate because of considerations based on heavy

. . uark symmetry. The errors fap@p+) and bpp«) lead to
QCD possesses chiral symmetry when light quark masseg, 1304 and 54% uncertainties for hyperfine splittings in

go to zero and heavy quark symmetry when heavy quarkhe cases ob andB mesons, respectively. Despite all these
masses go to infinity. Combining these two symmetries leadgncertainties, the hyperfine splittings obtained in our model
to chiral perturbation theory for heavy mesons which aréyre smaller than those in the naive linear extrapolations. Our
invariant under both chiral symmetry and heavy quark symanalysis shows that the current lattice data for hyperfine
metry. We have evaluated pion loop corrections to heavyplittings at large pion masses are probably too small to give
meson propagators with the aid of chiral perturbation theonhyperfine splittings at the physical pion mass which are con-
for heavy mesons as the Compton wavelength of the piosistent with experiments.

becomes larger than the size of the heavy mesons. This leads Some approximations made in current lattice simulations
to the dependence of heavy meson masses on the pion massy be the cause of these small hyperfine splittings. The
In order to study hyperfine splittings, we took the color- quenched approximation might be one reason. In fact, in
magnetic-moment operator at ordemg/ in HQET into ac- Iattice simulations for light spectroscopy the hy_perfine split—
count. This operator breaks heavy quark spin symmetry antings are also too smajlL6]. Furthermore, as pointed out in
is primarily responsible for the mass difference between &Xef.[3], the lattice results for hyperfine splittings are sensi-
heavy pseudoscalar meson and a heavy vector meson. TH¥e to the coefficient of the - B term in NRQCD which is at
small masses of the light quarks break chiral symmetry ex@rder 1mq and which is the leading term to cause hyperfine
plicitly. We showed that contributions to the mass differenceSPlittings. The inclusion of radiative corrections beyond tad-
between a heavy pseudoscalar meson and a heavy veci&ﬁ"? .|mprovement for this cogfﬁuent may increase hyperfine
meson from these terms are suppressed by light quarﬁphttmgs. Another reason m|g_h'§ be t.he light quark mass de-
masses with respect to the pion loop contributions we conPendence of the clover coefficient in the clover action for
sidered in chiral perturbation theory. When_ becomes light ql_Jarks. In ad_dmon,_ f|n|t_e S|ze_effects and higher order
large, lattice data show that heavy meson masses are propd®ms in NRQCD in lattice simulations may lead to an un-
tional tom2 . Based on these considerations, we proposed §erestimate of hyperfine splittings at large light quark mass

phenomenological functional form with three parameters tS Well- More careful lattice simulations with more data and
extrapolate the lattice data. Because it guarantees the mod&fter accuracy are urgently needed to resolve this important
independent chiral behavior of QCD, our model is more apProelem.
propriate than a naive linear extrapolation. The parameters in

our model are fixed by the least squares fitting method, while

fitting the lattice data for the masses of heavy mesons This work was supported by the Australian Research
D, D*, B, and B* in the large pion mass regionm(,  Council.
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