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Abstract

We discuss the recent experimental observation which suggested that the mass difference between the scalar and pseudoscal:
heavy-light mesons is larger for the non-strange states than for the strange ones. After computing the chiral corrections in the
heavy quark limit we show that, contrary to experiment, the mass difference in the non-strange case should be smaller.

00 2004 Elsevier B.VOpen access under CC BY license.

1. Conflict between theory and experiment mg,ﬂ = 24582(1.0) MeV. 1)
sl

High statisticsB-factory experiments at BaBar and These results were somewhat surprising because both
Belle, besides providing the substantial information the scalar and axial states are below the threshold
about the CP-violation in the processes involving ~ ©f their dominant—Zweig allowed—modes, namely

mesons, also allowed for a precision measurement of /0, < p +mk andm, < mp+ +mg. Therefore
the D-meson spectrum. Together with CLEO and FO- the newly observed states are very narrow, contrary

CUS, all four experiments reported the presence of the 0 What hazs been predicted by many potential quark
narrow scalar (¥ = 0t) and axial ¢ 7 = 1) states models[2].© This motivated many authors to either

[1], the average of which is found to be generalise the quark model potentials as to accommo-
’ date the narrowness of the mentioned stfd¢sem-

ot _ ploy the unitarised meson model to the charmed scalar
m . =23170(4) MeV, . .

D “) stateq5], or to revive the old ideas about the molecu-

E-mail address: damir.becirevic@th.u-psud.{D. Betirevic). 2 Note however that such a low scalar state mass was anticipated
1 Unité mixte de Recherche du CNRS-UMR 8627. in the model calculation of Ref3].
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lar structure of these excitatiof@]. Before attributing Am;(0), almost all of them share a common feature,
something exotic to the staték), one should carefully ~ namely this orbital splitting remains almost unchanged
check if the minimal “quark—antiquark” picture, which  after replacing the light- by u- or d-quark. The sur-
has been so successful in the history of hadron spec-prise (now for real) actually came from experiment
troscopy, indeed fails. Such a test cannot be made bywhen Belle reportefil1]

insisting on the accuracy of the quark models at a per-

cent level because of the questionable contact of any 2u(0) = mp; —mp = 444(36)MeV,

specific quark model parameter with QCD. A reliable A, (1) =mp; —mp+ = 420(36)MeV, 4)

test of compatibility between the “quark-antiquark” o4y jarger than the ones with the strange light quark
picture and the observed hadronic spectra could be (3), even though the error bars in the non-strange re-

made by means of the fully unquenched high statis- 5 are much larger which reflects the experimental

tics lattice studies, which are unfortunately not yet oty in identifying the broad states. The confir-

available. The two partially quenched lattice studies, | ation of this phenomenon came recently by FOCUS
that appeared after the announcement of the eXPer-[19] namely

imental numberg1), reached two different conclu-

sions: while Ref[7] suggests that the new states are mp; =2407(21)(35MeV

unlikely to be the scalar and axial quark—antiquark . Ay, (0) = 538(41)MeV. (5)

mesons, in Ref[8] the difference between the scalar ] o .

and pseudoscalar charm-strange mesons is shown tol NiS fruly surprising phenomenon requires an explana-

be consistent with the experimentally measured énes. {ion- Since, to a very good approximatiak,, s (0) =
When cataloging the heavy-light mesons it is cus- 27u,s(1), we shall concentrate onm, s(0) and ar-

tomary to use the heavy quark spin symmetry accord- 9U€ that the experimentally established inequality

ing to which the total an_gular momentum of the light [Amu(O) _ AmS(O)]EXp> 0. (6)

degrees of freedomjf) is a good quantum number ) ) ) )

so that the heavy-light mesons come in doublets of a IS In conflict with theory if the phenomenon is exam-

common;j?, e.q. ined by means of chiral perturbation theory (ChPT).
¢ A similar conclusion has been reached by the model
[D(07). D, (17)]. [P (07), Dy, (1)1, calculations of Ref[13].
if=%" =0 if=%"a=y
[D1s) (1), Dﬁ(s)(zﬂ], (2) ﬁ.];:or;]i;al Lagrangian for doublets of heavy-light
it=3 =1

where the index §” helps distinguishing the strange The lagrangian that is neiessari/_for studying the
from non-strange heavy-light mesons. mass (_j|fference between tf%e and; heavy-light
After comparing to the well known lowest states States ig14]

(belonging tojf = %7) [10], we see that the splittings , — Li-+ L+ + Loix + Lot,
2 2

Amg(0) = Mmpg —Mp; = 3484(9) MeV, Li-=i TI’[H},U - Dpq I:Ia] + gTI’[Hb)/M)/5AZaI:Ia],
2

Amy(1) =mp, —mp; =3459(1.2) MeV, (3) Lo = —TH[Sy(v- Dya+ A)5:]
are equal. In other wordbe hyperfinesplitting in the 2 . -
first orbitally excited doublet is indistinguishable from + & Tr[SbyiuysAy,Sal.

the one in the ground state doublet. Although various L = h Tr[Spy.ysA}, F]a] +h.c,
uark models give different numerical estimates for - -5
q 9 Lot= Tr[(AHqHp — 7545p) (EME +ETMET), ]

o . . . +Tr[ (W HoHa — 2'S4Sa)
Compatibility with observation was also claimed on the basis
of results obtained by using the QCD sum rJ@ks X (SMS + STMET)bb], @)
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where the fields of pseudoscalaP)( vector (P;),
scalar (Pg) and axial Q’fu) mesons are organised in
superfields

How) = T2 B @ - P ]

Hy(v) = yoH, (v)y0.

S0 = T2 [P} s — B )],

Sa(v) = y0S] ()0, €)

with “a” and “b” labelling the light quark flavour. In
add|t|on

D, H,=0"H, — HbV”

=0"H, — Hp> [s Ok +E0,8T],,0
A = S[eTau6 —£0,67],
E=VZ, E:exp(Zi?), (9)

with f ~ 130 MeV, M = diagm,, mq, my), and¢
the usual matrix of pseudo-Goldstone bosons,

_ - _1_0, 1 0
o= T ﬁ” + \/('5'7 K2
— 0 _ 2
K K &7

(10)

g andg are the couplings of the Goldstone bosontothe ,,, 4,0 =

andi’, v

pair of heavy-light mesons witfy” = 3 re-

3. Chiral correction to the mass of heavy-light
mesons

Since we work in the heavy quark limit, the heavy-
light meson propagator is a functionofk only. k, =
pru —mouy, is the momentum of the light degrees of
freedom in the heavy-light meson. The chiral dressing

of the %_-meson propagator,

i i
» k+2 k( iZ- k))

+...’

Gq%_(v k)= i

(11)

generates a shift to its binding energy, — £, +
2 2

8&7_, where
2

1
9 —Z .
55%, =3 lim X, k). (12)
Similarly,
Gl.(v-k)
2
i i
= +
2W-k—Ag) 2w -k— Ay)
- i
S k) ... 13
(120 R) Ay T (13)
leads to
1 -
9 —Z | .
35%+ =3 lim %, k). (14)
Therefore the mass splitting betwekh and1 ™ states
in the heavy quark limit is
As+8E7, —sg7_, (15)
2 2

spectively? &, instead, is the coupling of a Goldstone where the light valence quark in the heavy-light me-
boson and the heavy-light mesons belonging to dif- son,q € {u/d, s}. We will work in the isospin limit,
ferent heavy quark spin doublets, namely one mesonm, = mq = m,;q. We focus onto the scalar meson

I52

and the otheﬁ state. The meson masses are and compute the chiral loop corrections illustrated in

M = mo + &5, “Whereas the difference between Fig. 1

the bmdmg energles in the first orbital excitation and —; () (v - k)

in the lowest lying heavy meson states is denoted by

AS:(€1+ _51—-
2 2

4 The couplingg is proportional to the commonly used coupling
gp*pr» Whereasg is proportional t%DS Dy

_ d*p —2gp
ZZ/ (2].[)4

(t )qa
i=1la=1

—1(8up — VaVB) 2§pﬁ (ti) i
v-(k+p f “ p2 —m?

(16)
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T, Kn

0+ 1+ ot

o* 0~ 0*

Fig. 1. Graphs contributing to the chiraliffin the binding energy of the scalar mesdf = 0. By flipping all the parity signs, one gets the
graphs relevant to the case of pseudoscalar meson also discussed in the text.

This integral is standard and the result is expressed
in terms of functions/y > (explicit expressions can be
found in, for example, Appendix A of Reff15]) lead-

ing to

—i Z\Y (v - k)
8

— I|m Eq<“>(u k)

3i
)o@ i, —v )

——ﬂl

qq 3 a7)

- (47rf)2 Z )

In a completely analogous way, after exchanging “
“—"in the graph (a), we have

<>
6g 8 i
a2 2

As for the diagram (b) we obtain

2n 3
qu;nl (18)

lim @@ k)=—
vk—0 4 -k

—iZP -k

S|

i=la=1

d*p —2hva
(2m)%

[lT)qa

Zhvﬁ
f

ip"‘pﬁ i

* 20 (k+p) — (—A9)]
2ih2 N,

e 2

x [Ja(mi, —Ag — v k) + Ja(mi, —As — v - k)],

(19)

(1)ag =

p 2

—ﬂ”

) g (—As —vk)

and therefore

lim ® @k
vk—0 4 (w-k)

/’lZAS

()2 Z )

x [J1(mi, —AS) + Jo(mi, —Ag)).

Similarly,

(20)

Iim zgw(v k)
vk
ZhZAS

 @nf)? Z )

X [Jl(miv As) + Ja2(mj, Ag)]. (21)

Notice that compared to Eq20) the sign in front
of Ag in the argument of the functiong » is now
changed. This reflects thadt that the intermediate
heavy-light meson, with respect to the mass of the me-
son in the external leg, is now heavier.

After collecting the above expressions into ELp),
we arrive at

5(1

X Z[Jl(mh 2As) + J2(mi, zAs)]
=%
g’ &
8mf2
+2()

where in the last line we also included the countert-
erms, thus completing the NLO chiral corrections to
the mass splitting we consider. The integréls also
carry an implicit dependence on the scalewhich
cancels against the one i — ’. Finally, in evalu-
ating the integralg; », we setA = 0 (see Eq. (44) of
Ref.[15]).

Note that in our loop calculations we include the
light pseudogoldstone bosons only. The inclusion of

2

Amgy(0)=A = f)Z( lu)

)

(22)

(1'1") g + 200 = 2ymy

A/)(mu +ma +ms),
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light resonances, such as K*, ¢, would involve

higher orders in chiral expansion which is beyond the

scope of the approach adopted in this Lefid].

4. Chiral enhancement or suppression?

To examine whether or not the apparent chiral en-
hancement observed experimentally can be explained
by the approach adopted in this Letter we need to con-

sider

Amyq(0) — Amy(0)

thS 1
= Z Ji(mg,zAs) + EJl(mn, zAy)
z=%

(4 f)?
3
- Ejl(mru 2As) + Jo(mk, zAs)

1 3
+ Elz(mn, zAs) — Elz(mn, zAs)]

g’ - 3 3 3
_ 16712 (mn +2my — 3mn)
— 20 = W) (muya —my). (23)
By using the Gell-Mann formulae,
1
m% = 2Bomyr, mi = 2Bom %,
2
m2 = 2Bom, "=, (24)

where r = m,jq/ms; and 2Bomg; = Zm% - m% =

0.468 Ge\#, we can simply plot the Eq23) against
the variation ofr, the light quark mass with respect

to the strange quark which is kept fixed to its phys-
ical value. Before doing so we discuss our choice of

values for the couplings, ¢ andg, and for the low
energy constarit — A:

e g-coupling has been determined experimentally

from the width of the charged*-meson,g =
0.61(1)(6) [17];®

e There is no experimental determination of the ax-

ial coupling in the orbitally excited doubleg.
While the non-relativistic quark model predicts

5 A short review of lattice and QCD sum rule estimates of this
quantity can be found in Ref18].

|g/g| = 1/3, a relativistic model which correctly
predictedg before it was measurdd9], one gets

g =0.03. The QCD sum rule based estimates are
£ =0.10(2 [20]. To cover the whole range of val-
ues we will takeg = 0.2(2);

e The experimental situation with, the pionic cou-
pling between mesons belonging to different dou-
blets, is less clear. If we take the mass and width
of the scalar meson as measured by BEllg],
we geth = 0.78(9(8), while those measured
by FOCUSJ[12] give h = 0.56(8)(6), in a very
good agreement with the QCD sum rule estimates
h = 0.60(13)[20]. From the recent lattice com-
putation of the width of the scalar heavy-light
state[21], we deducé: = 0.62(6)(4), where we
used the scalar meson mass measured by Belle
[ng = 2308(36)MeV], which is more reliable
than the one measured by FOCUS in that Belle
properly separate’0and 1" signals® The model
of Ref. [19] predictsh ~ 0.54. To take the full
spread of the mentioned values we will use=
0.6(2).

e In the recent unquenched lattice sty@g], it has
been shown that the splitting that we discuss in
this Letter changes very weakly when the light
quark is varied between= 0.65 andr >~ 1. We
will then fix the value ofK in 2(x — 1) (my/q —
mg) — K(m2 —m?%), by imposing the limit that
Eq. (23) allows for a variation smaller than or
equal to—50 MeV, forr € (0.65,1]. Limiting val-
ues arek (1 GeV) ~ 0.7 GeV 1, for the variation
to —50 MeV, andk (1 Ge\) ~ 1.3 GeV1, for no
variation at all’

In Fig. 2we plot the result of Eq(23) by using the
central values for the couplings listed above. In addi-
tion we takeAg = 0.35 GeV. We see that when the
pion becomes lighter thar s, the self energies de-
velop the imaginary partihich reflects the fact that
the real pion can be emitted vigy — Px. Most im-
portantly, we see that the real part remains always neg-

6 We thank the referee for dravgrour attention to this point.

7 These values are obtained by choosjng= 1 GeV. Had we
chosen any other, the correspondingS () would be different
but the resultingAm,, /4 (0) — Am(0) would obviously remain the
same.
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0.00 — T T T .
;' 5. Conclusion

In this Letter we discuss the mass difference of the
=005 ] scalar and pseudoscalar heavy-light mesons. Recent

experimental observation by Belle and FOCUS sug-
gests that such a difference in the charmed mesons
is larger for the non-strange light quark than for the
strange one, i.e.

—0.10 F [N .

[onps —mp) — (mpy, —mp)]">0. (26)

Such a phenomenon cannot be explained by means of
a oz o is = 1 potential quark models in which this difference is al-
/ /3 most independent of the valence light quark mass. We
ru=0.04 instead used the chiral perturbation theory to examine
Fig. 2. Eq(23)against the variation of = m, g mPYS The phys- if th(_—: chiral enhancement suggested_by experi_ments
ical situations correspond to= 1 andr, /y = 0.04 [23]. We used can indeed be reproduced. Aftcalculating the chiral

Ag = 0.35 GeV, the central values for the chiral couplings, as dis- corrections, we obtain that

cussed in the text, ankl (1 GeV) = 0.7 GeV~1. The imaginary part

is depicted by the dotted line which reflects the opening of the real [(m pr —mp) — (mp+ — mD:)]theo <0. 27)
pion emission channety — Pr. 0 50

Am ,—Am_[GeV]

-0.15 J

This apparent problem remains as such for any rea-
sonable choice of the chiral couplings. It should, how-
ever, be stressed that our calculation refers to the sta-
tic heavy quark itp — oo) which might be ques-
tionable when discussing the charm quark sector. It
Amyq(0) — Amg(0) <0, (25) is nevertheless unlikely that th@(1/m") corrections

) ) ) . could change the clear qualitative result summarised
contrary to what_ls experimentally estapllshed. This q Eqgs.(26), (27)
conclusion remains as such when varying the para- o, ghservations show that the scalar states are in-
meters in the ranges indicated above. The absoluteyeeq peculiar. Itis probable that the “quark—antiquark”
value of the difference of splitting@3) depends most et re is not adequate in case of which the unitarised
st_rongly on the value of thb—couplmg and it is N€g-  meson model of Ref[5] or the 4-quark picture for
ative Vi # 0. The term proportional te? - g S the scalar mesor{@5], which enjoyed success in ex-
negative too. It would change the sign 0n|3gﬁ‘> 8 plaining the spectrum of light mesons, may be useful
which is beyond reasonable doubt. Notice, however, remedy in explaining the scalar states containing one

thft it has been argued recently that the doublet of o4y “quark. Further experimental tests, that might
5 states could be the chiral partner of the dou- prove useful in getting a more definite answer con-

blet, which would imply thag = g [24]. Evenifthat  cerning the nature of the observed scalar states, were
assumption was indeed verified in nature, our conclu- aready proposed in Rel26].

sion that Eq.(23) is always negative, remains true.

However, as we explained above, from the present

theoretical understanding the equality between the Acknowledgements

two8couplings,§ = g, does not appear to be plausi-
ble:
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