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We first calculate the binding energy and the pionic and electromagnetic coupling constants of the lowest-
lying p-wave heavy baryon doublét.;, A%, in the leading order of heavy quark expansion. Then we calculate
the two-body decay widths with these couplings and compare our results with other approaches. Our results are
T(Agq—2cm, ey, 28 v)=2.7,0.011,0.001 MeV anbl(A},—3.m,2.v,3% ¥,A¢1y) = 33,5,6,0.014 keV, re-
spectively. We find that ., , A%, — Ay is strictly forbidden in the leading order of heavy quark expansion. At
the order ofO(1/m;) their widths are 36 and 48 keV, respectively.

PACS numbegps): 14.20.Lq, 13.40.Hq, 13.75.Gx

I. INTRODUCTION 2 [12]. Within the same framework the electromagnetic de-
Most of the ground state charm baryons have now beegays of thep-wave baryons were calculated [ih3]. In [14]
found experimentally1]. Important progress has been madeboth strong and radiative decays were calculated using a
in the search for orbitally excited heavy baryons. The AR-relativistic three-quark model. After this paper was submit-

GUS[2], E687[3], and CLEO[4] Collaborations have ob- t€d tgere appﬁa{]ed an i”hefeStinghpaperbdiscussmgl Fhle radia-
. . L . tive decays of the ground state heavy baryon multiplets in
served a pair of states in the changl "« which were the framework of heavy baryon chiral perturbation theory. In

interpreted as the llowest-lying orbitally exci;[ed states'some cases the loop corrections yield sizable enhancement of
AC1(2593) Wlth\]P:§7 and A:l(2625) Wlth\]Pzii. The the decay W|dth$15]
total decay width of the\.;(2593) is 3.623 MeV while It will be helpful to extract these pionic and photonic
only an upper limit of<1.9 MeV has been set fox} (2625) coupling. constants at the quark gluon !evel using a QCD
up to now[1]. Recently there emerges evidence for Hijg" Lagrangian. We will treat this problem using QCD sum rules
with J=3", the strange partner of the};(2625). Its width (QSRs [16], which have been successful in extracting the
is less than 2.4 MeV. In the near future much more data wiIIIOW'Iy'rI[g Ea?_ron r?fas?es anq (ioudpllng;‘. In this _approacf:jthe
be expected. We will focus on the strong and electromagh©NPE" UL ative efiec Sh aT.e r']n ro uceC via varlo%s gon en-
netic decays of thé .; doublet since they are the only well- satesin t evacuum.'T €9 tconeQ D sum (u. Q R). .

. cl differs from conventional short-distance QSRs in that it is
established statdq].

. . . . . . based on an expansion over the twists of the operators. The
There exist many theoretical discussions on this topic. Ihain contribution comes from the lowest twist operators.

[5] the single-pion and two-pion strong decays and radiativg 1atrix elements of nonlocal operators sandwiched between a
decays of the\; doublet were discussed within the frame- aqronic state and the vacuum define the hadron wave func-
work of heavy baryon chiral perturbation theory. Because ofions. In the present case our sum rules involve the pion and
unknown coupling constants in the chiral Lagrangian, no acphoton wave functions. When the LCQSR is used to calcu-
tual decay widths were given. Within the same frameworklate the coupling constant, the double Borel transformation is
the pionic decay widths were calculated assuming that thalways invoked so that the excited states and the continuum
heavy quark effective theory is still valid for the strange contribution can be subtracted quite cleanly. We have calcu-
guark [6]. The coupling constants in the chiral Lagrangianlated the pionic and electromagnetic coupling constants and
were fixed using thg-wave strange baryon decay widths, decay widths of the ground state heavy hadidis-19 and
which were later used to predict the strong decays of thgossible hybrid heavy mesof20]. In this work we extend
p-wave charm baryong6]. The two-pion width ofA ., was the same framework to study the strong and radiative decays
estimated to be around 2.5 MeV, which was comparable t®f the lowestp-wave heavy baryons, i.eA.; doublet.
the total one-pion width of 3.0 MeV. And the decay &f; Our paper is organized as follows: Section | is an intro-
was suppressed by more than an of@r In [7] the p-wave QUcnon. In the next section we Qerl_ve the mass sum rule. The
doublet was treated as the bound state of the nucleon arﬁ?h.t cone sum rules for t.he pronic poypllng constants are
heavy meson. It was found that the decays A% — A .y erived in Sec. Ill. Numerical analysis is presented. In Sec.
. . el e IV we extend the same framework to analyze the electro-
were _sup_pressed due to the kinematic suppression of ﬂ]‘ﬁagnetic processes,— 3.y, etc. In Sec. V we discuss the
electric dipole momen{7]. In [8] the constituent quark

: , rocessesA ¢, Ag;— Ay and compare our results with
model was employed to stud_y the orbitally _exuted hea_ other theoretical approaches. The last section is a summary.
baryons. Sum rules were derived to constrain the coupling
constants. The light front quark model, together with under- || MASS SUM RULES FOR THE HEAVY HYBRID
lying SU(2N¢) X O(3) symmetry for the light diquark sys-  MESONS IN HEAVY QUARK EFFECTIVE THEORY
tem, was used to relate and analyze the pionic coupling
[9-12. However, the results have strong dependence on the
constituent quark mass,,. Varying m, from 220 MeV to The effective Lagrangian of heavy quark effective theory

340 MeV, the decay widths increase by more than a factor ofHQET), up to order Iihg, is

A. Heavy quark effective theory
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1 1 0 So=fs us , 14
Leg=h,iv-Dh, + 5K+ 5—S+0(1m), (1) (Olms o) =Tx us, (149
Mg 2mg
where h,(x) is the velocity-dependent field related to the (0] | S %)= f2§ o (15)
original heavy quark fiel@(x) by Tsxl&e 3 3
_gmg 11 h ul the Rarita-Schwi i in HQET
h,(x)=e'me TQ(X)’ (2 W ereuA* , 22 are the Rarita-Schwinger spinors in HQET.

In the Ieadmg order of HQET,s =fy+ andf, = Fax, due
andv , is the heavy hadron velocityC is the kinetic operator 5 heavy quark symmetry. ¢ ¢
defined as

K=h, (iDy?h,, 3) C. Aoy mass sum rules

In order to extract the binding energy of thevave heavy

where Df=D*—(v-D)v#, with D¥=d*—igA* the paryons in the leading order of HQET, we consider the cor-
gauge-covariant derivative, adtis the chromomagnetic op- relators

erator: )
g i f d*xe4(0[T{ 7, 71, (0)}]0) =TT () 2
8= 5 Cmag Mo/ 1) Fvo ,G*'h, (4) NA X)) Ay ®)—
2 : (16
where Cpag=[as(Mg)/as(n) 1P, and Bo=11-2n/3. with w=K-v.
Note that the heavy quark propogator has a simple form |n The dispersion relation fil (w) reads
coordinate space:
~ S
— (" 1+v w)= J' p(s) (17
(0] T{h,(x),h,(0)}|0)= dt5(x—vt)T. (5 s— w—le
0
wherep(s) is the spectral density in the limihg— c°.
B. Interpolating currents On the phenomenological side,
We introduce the interpolating currents for the relevant (2
h b . Ag .
cavy baryons 1'[(w)=A _1w+cont|nuum. (18
74, (%)= €and U?T(X) Cy5d°(x) 1 (%), (6) .
. . In order to suppress the continuum and higher excited state
75+ (X) = €apd U (X)Cy,d (X) ]y ysho(x),  (7)  contribution we make a Borel transformation with the vari-
able w to Eq.(17). We have
77§C++*(X)= €and UTT)Cy, PO ITE G (X),  (8) B N
f2 1e*(AAcl’T)=f p(s)e ¥Tds, (19
c 0

7, (X) = €and UT(X) Cys0°(X) 17 ¥sDLNS(x),  (9)

nﬁcl(x)=fabo[UaT(X)Cysdb(X)]F{”Dtyhﬁ(X), (10) wh(.areAACl is t'heAcl binding energy .in leading order and
Sp is the continuum threshold. Starting frosy we have

wherea, b, c are color indicesy(x), d(x), andh,(x) are the ~Modeled the phenomenological spectral density with the par-
up, down, and heavy quark fieldEdenotes the transposg, ton like one including both the perturbative term and various
is the charge conjugate matrik/*’= —g/*’+Lyty’, giv ~ condensates. _

—gHT =yt = YA~ puk, andv” is the velocity of the The spectral densitg(s) at the quark level reads

heavy hadron.

L : : 3 1 maa?
The overlap amplititudes of the interpolating currents p(s)= s/ — 92G?)s®+ 5(s),
with the heavy baryons are defined as 140m* 384 {66 128" 20
(0] 75 JAC)=TA U, 11 _
where a=—47%(qq)=0.55 GeV\}, (g2G?)=0.48 GeV,
(O 7a [Act)="Ta Un (120 (qgsor-Gqg)=mi(qq), and m3=0.8 Ge\?. An interesting
feature of EQ.(20) is that the gluon condensate is of the
f\x opposite sign as the leading perturbative term, in contrast
(0] "+ |A = _ﬂuM* , (13  With the ground state baryon mass sum rules. This may be
Ao ¢ J3 he interpreted as some kind of gluon excitation since we are
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consideringp-wave baryons. In the present case the gluon in

the covariant derivative also contributes to various condenM (Ag;—2¢ m)= Uz 940,303 a,,9,— gwqt) A* :

sates. (28)
Two common approaches exist to extract the masses. One

is the derivative method:

whereazqﬂy’ﬂ g, is the pion momentum. Only the first

So . two decay processes are kinematically allowed. Because of
B fo sp(s)e > ds heavy quark symmetng.=gs, gi=g3=gq in the limit of
Ay = . (21 mg—c. In other words there are two independent coupling
cl Sy .
f p(s)e”9Tds constants corresponding $ewave andd-wave decays. Note
we are unable to determine the signqfandgy. And we

are mainly interested in the decay widths of thavave
The other is the fitting method, which involves fitting the left heavy baryons. In the following our convention is to let both
hand side and right hand side of E9 with the most couplings be positive.

suitable parameterKAcl,fAcl,s0 in the working region of We consider the following correlators:
the Borel parameter. With both methods we get consistent
results

| dtx & XOITIny 007 (O] m(c)

A, =(1.150.2 GeV, X
el 1+v
=——G¢w,0'), (29
fo,,=(0.025£0.009 GeV/, 2

sgcl=(1.45¢0.2) GeV (22)

d*x €“X(0[T[ 7yx ()75 (0)]|7(q)

in the working region 0.5-1.3 GeV for the Borel parameter j < Aex G )

T. For later use we also need the mass and overlapping am- 1+v

plitude of theX, A heavy baryon double’r/,\;c, AAC’ fzc, 5 — 0,y ¥5G4(w,@"), (30)

f5_ in leading order ofag [21,22:

wherek’ =k—q, w=v-k, o'=v-k’, andg?= —O.
The functionGg 4(w,w’) has the followmg pole terms
from double-dispersion relation. F& we have

As =(1.0-0.1) GeV,

fs,=(0.04:0.004 GeV’,

f ng 4
0 =(1.25+0.15 GeV, (23) _ a2 L @
c (AAcl_wl)(AEC_w) AACl_w/ AZC_‘U

Ay =(0.8+0.1) GeV,
B. Pion light cone wave functions

f1,=(0.018-0.004 Ge\?, To go further we need the two- and three-particle pion
light cone wave functionf23]

s? =(1.2+0.15 GeV. (24) —
e (m(@)[d(x)y,¥5u(0)[0)
ll. LCQSR FOR THE PIONIC COUPLINGS _ —ifﬂqﬁfoldu U9 (1) + x2g4(U) + O(xY)]
A. Correlator for pionic couplings
2
We introduce the following amplitudes: n _ XA ldu duarg, (), (32
_ X ) Jo
M(Aclﬁzcﬂ'):gsuicuAclv (25
— (m(@)|d(x)iysu(0)[0)
M(Ag—Zcm) = V30qUs, Y50, AU}« (26)
M(Aci—3Em)=304u€ ysUqua,, (27 pre— f du €"%pp(u), (33
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(m(@)[d(x) 7, y5u(0)|0) (m(@)]d(X) ¥,95G ap(vX)u(0)[0)

f.m2 (1 . ( xaqﬂ> ( Xﬁqﬂ)

=i - T ugx =if U] _ 2Pk

I(q/.LXV qVX;.L)G(mu_’_md)fodu € gD(,(U), ™ qﬁ’ ga,u q-Xx du gﬁ’,u q-x

(34) % j Daizéj_(ai)eiqx(al-*—va:g)
_ +iqu_ﬂ(qQXﬁ_Qﬂxa)f Dai;u(ai)eiqx(aﬁv%)-
(m(q@)|d(X)0745¥59sG ., (UX)u(0)|0) q-X

:if3ﬂ[(quqagvﬁ_qvqag,uﬁ)_(quqﬁgva (37)

. The operatorG,,; is the dual ofG,s. G,p=3€ap5,G
—0,059,.0)] f Da; @3,(a;)eP(@1tves), Here Da; is defined asDa;=da;da,dazd(1—ai—a,
— a3). Because of the choice of the gaug®A ,(x) =0, the
(39 path-ordered gauge fact@rexigs/5 dux‘A,(ux)] has been
omitted.
The wave functiong (u) is associated with the leading
_ twist-2 operatorg,(u) andg,(u) correspond to twist-4 op-
(m(@)[d(X) 7, 759sGa5(vX)u(0)|0) erators, andpp(u) and ¢, (u) to twist-3 ones. The function
X, X0 @3, is of twist 3, while all the wave functions appearing in
:fﬁ[qﬁ( Qo™ ﬂ) _qa(gﬁﬂ_ M) Egs.(36), (37) are of twist 4. The wave functiong(x; , u)
q-x g-x (u is the renormalization poihtdescribe the distribution in
longitudinal momenta inside the pion, the parameters
Xf Dai¢l(ai)eiQX(al+vw3)+qu_“(qaxﬁ_qﬁxa) (2ix;=1) representing the fractions of the longitudinal mo-
g-X mentum carried by the quark, antiquark, and gluon.
The wave function normalizations immediately follow
y f Dty ) @ o), (36 from the definitions(32~(37): [§du ¢, (u)=f3du e(u)
=1, Jodu gi(u)=6%12, [Dai¢, (@)= Daie)(;) =0,
JDaje, (@)= — [Da;g|(e;)= 6°/3, with the parametes
defined by the matrix element<w(q)|dgséwy“u|0>
and =i6%f,q,.

C. Pionic sum rules
Now the expressions dbg, G4 at the quark level read

— t?
(9@) + 74(d9s0- Ga) |ga(u)

’ ; ” ! j(l1-u)otaiue’t 6’“’7 Mm ’ "
Gy(w,0")=if, . dt Odué e —2aep(U)+ 3 27{3¢,(U) +[Up.(U)]"} +

— 17 [ue, (U)]"+t[uGy(u)+ug(u)]” [ dt (1
+(<CICI>+1—6<QQSU'GCI>> Z el : ]+;zfgwj t7foolu(1—u)

X f Dyl @t~ (artuagllglotartuasdl (q.p)2—it(q-v)3( a1+ Uag) |z, (@)

2i dt (1 . o
2 f%f TZL duu f Dayel i~ (e vaalelo' s ues) (. )20, (), (39

2

. _ e
- (a0) + 760:0- G | { () + 2 Go(u) + g, (W)}

3722 Py

%) 1 . . ,
Gd(w,w’)=if7f dtf duug-Wetglue’t
0 0

1
(U)+§

i dt (1 . o
—;zfswf t—zfodu(l—u)f Dol (erruedlgletlarvea[ 1 —jt(q-v)(a; + Uas) Jega(@)

i dt (1 . .
_ ?fSﬂ'J’ t_fjo dUUJ Daielwt[l—(al+ua3)]elw t(al+ua3)g03ﬂ_( ai)! (39)

whereu,,=1.65 GeV,f_ =132 MeV,F’'(u)=dF(u)/du, andF"(u)=d?F(u)/du?. There are two three-particle terms in the
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form of @3, in EQs.(38), (39). The gluon arises from the light quark propagator in the first term and from the covariant
derivative in the second term. For large euclidean values @ihd '’ this integral is dominated by the region of small
therefore, it can be approximated by the first few terms with lowest twists.

After Wick rotations and making a double Borel transformation with the variablesid w’ the single-pole terms in Eq.
(31) are eliminated. Subtracting the continuum contribution which is modeled by the dispersion integral in thesrggion
=s,, we arrive at

f (23— 14— 1) T, =

f
Gl 1 fs = 7oMa" )m(‘s“ #p(Uo) T, 3oy (ug) +ug (W] }T*”M( )

a ., mo\ .. (S| a 1 . mj So
+1—2[U%(U)]u0 1‘@ T fz(?)—z g2(up) + §[UGz(U)+U91(U)]u0 1‘@ Tfo(;) : (40)

where fn(x)=1—e"‘EE:0xk/k! is the factor used to subtract the continuum, agpdis the continuum thresholdu,
=T./(T,+T,), T=T,T,/(T,+T,), andT,, T, are the Borel parameters. The functidhgre defined below. In obtaining

Eq. (40) we have used the Borel transformation formiiae®“= 8(a—1/T) and integration by parts to absorb the factors
(g-v) and 1/@-v). In this way we arrive at the simple form after the double Borel transformation.
Similarly we have

so| a m3
? +1_2U0§077(U0) 16T2 Tfo

a m3
_ﬁuo[Gz(Uo)+91(Uo)] 1‘@ . (41)

f’lT A x4 As Mo So f377'
gdeérleC: PE(AM +A2c)/2T{?U0QDO.(U0)T3f2( ?) - f_(l l+ I 2+ I 5)T3f2

The functionsG,(ugp), |; are defined as

GalUg)=— f:"gz(u)du, 42
1- uO -
ll—f dalf 1<p3w(a.> (43)
1- uO -
= f dey f az%(a.) (44)

e3qrlar,l—a1—az,a3)
ag

U @3q(a;,1—Ug,Ug—ay)
dal >
az=Ug—ay 0 (Uo_al)

| _f”od d
3= 0 Clld—o[3

+f1*“0 ¢3q(Ug, 2,1 —Ug—ay)

da , 45
0 ? (1-Up—ay)? 49

des (a1, 1-a;—asz,a3)

| J’luoda3
4= —3
0 as

9037(“1,1 Ug,Up— ay) 1-uo ®3:(Ug,a2,1=Up—ay)
d aq - da2 y

da; o~ a)? 0 (1=Uo—ap)?
(46)
1—U0 d6¥3 1- u0 2U0_1+ an
ls=— fo ¢3w(Uo,1 Up— agz,a3)+ f dalf ZT(PSw(ai)r (47)
3
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=u _ 2
dlajezg(ag,l—a;—az,as)]|*17H0 1-u d a;
6= - das—| ¢a(a1,1—ay—az,az)—
day _ 0 da az|
a3—lfu0 1 a;=Uq
ag—aq|[*17° Ug Up—ag d az—aq
+| @3 (ag,1—a;—az,a3) 2 + das dal—d 31, 1—a;—az,a3) 2
a3 _ 0 0 aq asz
az=Ug
ag—al @1=Uo 17“0 d a3—a1
+ ¢3ﬁ(01:1_a1—a3'a3)—2—a s das—da 90377(“1,1_“1—“3'“3)—2—&
3 Jag=1-y, ' 8 Hlay=ug
-0 _
e3q(ap) | Uo Up~ag d |eaz(ar,1-ay—az,az)
-2|—- -2 | das dald—
a3 .-y 0 0 @ as
3 0

Uo Up—ag o, l—a—as,a3) 1-ug 1-up—ag ~(l—ar—az,a,,a3)
_ZJ dagf dalﬁos( 1 21 3, a3 +2J dagf daz%( 2 i 202,03 g
0

0 as 0 as

whereas and @, are the longitudinal momentum fraction of =1.2,1.3,1.4 GeV from bottom to top respectively. Stability
gluon and down quark inside the pion, respectively. develops for these sum rules in the region 0.5 GeV
<1.5 GeV,; we get

D. Determination of the parameters for pionic sum rules gszlezz (0.5+0.3) X 1073 GeV, (49)

The mass difference betweehn.; and 2 is only about
0.1 GeV in the leading order of HQET. And the values of the .
Borel parametefT;,T, are around 2 GeV in the working gafaxfs=(2.8£0.6 10 ° GeV’, (50)
region. So we choose to work at the symmetric pdipt
=T,=2T, i.e., Up=3, which diminishes the uncertainty
arising from the pion wave functions and enables a ratheFegion And the central value correspondsTte 1 GeV and
cleaﬂ suk_)traction o]f the_continu(ljjmhc_ontrifJution. A S 1 3 GeV

The pion wave functions and their values at the middle B
point are discussed ir23—25. At the scalew=1.0 GeV the Combining Eqs(22), (23) we get
values of the various functions appearing in E4€),(41) at
Up=3% are ¢_(Uup))=(15+0.2) [25], ¢p(up)=1.142, 0s=(0.5%£0.3), (52)
©,(Ug)=1.463, g;(up)=0.034 GeV, G,(uy)=0.02
GeV?  [24], ¢y (up)=0, gp(ug)=0, [ue(u)liy, gq=(2.8+0.6) GeV 2. (52)
= (U@, ()]j-y,=—6, [ugi(U) +uGy(u) ], = —0.29, 1
=1.17, 1,=1.17, 13=31.9, 1,=-31.9, Is=—-1.64, |4 0.002
=247.5,f,,=0.0035 GeV. We have used the forms j@4] T Soml4Gev

- 5=1.3 GeV
for @3, («;) to calculate integralk . The three-particle wave — ZE=1.2 Gev

functions have been known to next order in the conformal 0.0016 1
spin expansion up to now. The second derivatives need

_ _ g P _ 0.0012
at the middle point. Various sources indicate tlgiu) is
very close to the asymptotic forfR25], which is exactly \
asymptotic forms to extract the second derivativesgpfu) S
and ¢ .(u). AN

knowledge of the detailed shape of the pion wave functions
known. Based on these considerations we have employed the 0.0008
0.0004 | S~

where the errors refer to the variations wittands in this

s fAcl fEC

e~

E. Numerical analysis of pionic sum rules

_Note that the spectral density of the sum r(#6),(41) is 0% 08 2 6 20
either proptional tas? or s*; the continuum has to be sub- T
tracted carefully. We usg,=(1.3+0.15) GeV, which is the
average of the thresholds of thie; and>. mass sum rules. FIG. 1. Dependence ajsf, fx_on the Borel parameteF for
The variation ofgg 4 with the Borel parametef andsy is  different values of the continuum threshalgl From top to bottom
presented in Fig. 1 and Fig. 2. The curves correspors} to the curves correspond &=1.4,1.3,1.2 GeV.
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0.006 TABLE I. Pionic coupling constants.
— =14 GeV
----- sg=1.3 GeV .
0.005 —— =12 GeV Coupling Our results Refl14] Ref.[10]
Os 0.5+0.3 0.52 0.6650.135
304 (8.4+1.8)GeV'? 21.5GeV? 50.85+14.25 GeV?

o From Table Il we see that our results are numerically
=2 close to those from fixing the unknown coupling constants
o0 0.002 .

from the p-wave strange baryon strong decay widths assum-
ing heavy quark effective theory could be extended to the
0.001 r strange quark cadés]. The values ofd-wave decay widths

from the above approach and ours are much smaller than

0.0 ‘ ‘ ‘ those from the quark mode[44,10,13. As for the swave

04 08 1.2 1.6 20 decays various approaches yield consistent results.
T
FIG. 2. Dependence af «fs onT, s. IV. RADIATIVE DECAYS OF p-WAVE HEAVY BARYONS
1 [

_— . . A. Correlator
We collect the values of the pionic couplings from various

approaches in Table I. Note that in our notatiogy 3orre- The light cone photon wave functions have been used to
sponds to that ifi14]. discuss radiative decay processef26—30,19 in the frame-
We use the following formulas to calculate the pionic Work of QCD sum rules. We extend the same formalism to
decay widths of p-wave heavy baryons: extract the electromagnetic coupling constants for Akg
doublet decays.
g My The radiative coupling constants are defined through the
F(Ag—3cm)=5— al, (53)  following amplitudes:
27T mACl
M (AClHEC’Y) = ee,BVpp,q'BeV* UEC[ngfa
* gg mEC 5 a t . u
F(AG—2em)= o m_| °, (59 a0 ]y ¥t Ua (55
A*
cl
_ vk & 1 pa
where|q| is the pion decay momentum. We use the values M(Aet—32% y)=3eeg,,,.d% "usHLfsor
m, ,=2.593 GeVm,* =2.625 GeV,my_=2.452 GeV[1].
| “ <0sDin olati +13a°v lysviuy . (56)
In the A, decays, as a result of isospin symmetry violations cl
of the pion and . multiplet masses, the pion decay momen- -
tum is . 17,2%,35 MeV . for the final  states M(A¥—3cy)= Jﬁeeﬁypﬂqﬁev* ugc[fgg{m
S tw Xemt 2 w0, respectively. This effect causes a
significant difference in the decay widths, which are col- +f§q“up]75ytauﬁcl, (57)

lected in Table Il. Summing all the three isospin channels we

getl'(Ag—2cm)=2.7 MeV andl' (A%, —3 . m) =33 keV. . . o Bk (€3 pa s £3a
The latter is nearly suppressed by two oders of magnitudé\/'(Acl_’zc y)=3e€g,,, 07 *Ug:[fsgf +149 Up]u//{cl’
due tod-wave decays. (58

TABLE Il. Single-pion decay widths.

Our results Ref[6] Ref.[14] Ref.[10] Experiment
s-wave transitions
Ac1.5(2593) 307" 0.86 MeV  0.8%-0.86 MeV 0.83-0.09 MeV 1.775 0.695 MeV 0.86" 323 MeV
Agy.5(2593) -3 F a° 1.2 MeV 1.7+0.49 MeV 0.98-0.12 MeV 1.18-0.46 MeV ['(Ag.9)=3.6"23 MeV
Ac1:5(2593) 38 m 0.64 MeV  0.55+53 MeV 0.79+0.09 MeV 1.47-0.57 MeV 0.86" 323 MeV
d-wave transitions
A% .o(2625)-307" 0.011 MeV 0.013 MeV 0.0880.009 MeV  0.4650.245 MeV <0.13 MeV
A} .(2625) -3 ¢ 7° 0.011 MeV 0.013 MeV 0.0950.012 MeV 0.42-0.22 MeV I'(A%)<1.9MeV
A} .o(2625) -3 T 0.011MeV 0.013 MeV 0.0760.009 MeV 0.44-0.23 MeV <0.15 MeV
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wheree,(\) andq, are the photon polarization vector and 1 _
momentum, respectively, areds the charge unit. Because of ~ Fs(w,®") =2(& eq)(ad)
heavy quark symmetry, we havid=f2=f3=f,, fi=f3

=f3=fd. As in the case of pionic couplings there are only o 1. Nt
(1-vothiue't] | —
two independent coupling constants associated #withand X fo dtfo dugt™ oee" t4X¢(u)
M2 decays. )
We consider the correlator 1 T
+lhi(u)—hy(W ]|+ 7 fg(uty +---,
ik — 62
f d* e ™" X(y(a)|T[7a,(0) 75 ()]]0) (62
~ i _
1+v o Folw,0")=—(e,—€eg){qq
—e Y ey e (F w0 o0 =(8ealad
o0 1 . o, 1
+Fyq(w,0")q%"}, (59 xf dtJ dud{-vetgiue tu‘ BXsW)
0 0
where Fg4(w,0’') has the same pole structures as 1 ?
Gealw, o). +t[h1(u) ho(u)]|+ 24fz//(u)t +e
The light-cone two-particle photon wave functions are
[26] (63)

o The final sum rules are
(v(@)la(x)0,,a(0)|0)

a - - S
_ _ =2 e —eetha, AT s¢ S0
= |eqe<qq> fo duéUqX{(quv_evq‘u) foAcleC 4774(eu ed)e 1 [ng(uO)T f4( T)

2 3¢ | S0
X[xé(u)+xhy(u)] —[h1(ug) =ha(up)JT fz(?)
+(ax)(e,X,—e,X,)+(ex)(x,q,~X,d,) 2 s
—x%(e,q,~e,0,)Thy(w)}, (60) + ﬂflﬁ(uo)-rlfo(?) } (64)
{(y(a)|a(x) ¥,.¥59(0)|0) fafa, fs =— %(eu_ed)e(XAd+K2C)/2Tuo

f

1
:Zeqeewp,,e”qpx"J'Odue'“qxz/z(u). (61) So

X X¢(U0)T4f3(?

—[hy(up)

The ¢(u),(u) are associated with the leading twist-2 pho-
ton wave functioPWH, while g;(u) andg,(u) are twist-4
PWFs. All these PWFs are normalized to unif%du f(u)
=1.

We want to emphasize that the photon light cone wave
functions include the complete perturbative and nonperturba- The leading photon wave functions receive only small
tive electromagnetic interactions for the light quarks in prin-corrections from the higher conformal spi2s], so they do
ciple. Yet the interaction of the photon with the heavy quarknot deviate much from the asymptotic form. We shall use
is not parametrized and constrained by the photon light conB27]
wave functions. It seems possible that the photon couples

So

2
—hy(ug)T?f; ?)‘F%f@b(uo)]- (65)

B. Numerical analysis of the photonic sum rules

directly to the heavy quark line. This is different from the $(u)=6u(1-u), (66)
QCD sum rules for the pionic couplings since pions cannot
couple directly to the heavy quark. However, the real photon H(u)=1, (67)

coupling to heavy quarks involves a spin-flip transition,

which is suppressed by a factor ofrd4 [9]. So it vanishs in 1

the leading order of I expansion. Since we are interested hy(u)=—g(1-w(3-u), (68)

in the leading order coupling 4, it is enough to keep the

photon light cone wave functions for the light quarks only.
Expressing Eq(59) with the photon wave functions, we hy(U)=— 1(1_u)2 (69)

arrive at 2 4 :
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FIG. 4. Dependence dfyf, fs onT, so.

I'(Ag—3cy)=16a|q|°

presented in Fig. 3 and Fig. 4. Stability develops for the sum

rules(64), (65) in the region 0.5 Ge\K T<1.5 GeV; we get:

fofa fx=(2.00.8)% 104 Gels, (70

fafa , fx=(4.8% 1.2xX10 % Ge\P, (72
where the errors refer to the variations withand s, in this
region. And the central value correspondsTie1.0 GeV
andsy=1.3 GeV. Our final result is

fs=(0.20-0.08 GeV ?, (72

f4=(0.48-0.12 GeV 2. (73

I'(Ag—3%y)=8alql®

T(A%—3cy)=4alq®

I'(A}—3%y)=20alq|?

mzc

mAcl

1.,
2+ 318

My * [ 1 . 1
e Tk

cl

my

my [ 1 ]
Clf2 21312

fs+§fd|q|
mA* L J
cl

mE*

1. .
f+ §f§|QI2},
Max,

(74

where |q|=134,72,164,103 MeV is the photon decay mo-
mentum for the above four processes. The d-wave decay
The decay width formulas in the leading order of HQET width is negligible. The decay width values are collected in

are Table Ill. The uncertainty is typically about 50%.
TABLE lll. Radiative decay widths.
Our results Ref[13] Ref.[14] Others Experimen{l]

Ag1.5(2593) Al y 0.036 MeV 0 0.1150.001 MeV 0.19%3 MeV [5] <2.36" 33t MeVv
0.016 MeV[7]

Ac1.5(2593) -3y 0.011 MeV 0.071 MeV 0.07%0.001 MeV 0.12%35[5]

Ag1.5(2593) 3% Fy 0.001 MeV 0.011 MeV 0.0060.0001 MeV 0.006&:35[5]

A% 526250 A7y 0.048 MeV 0 0.15%0.002 MeV 0.25%3: MeV [5] <1 MeV
0.021 MeV[7]

A} (26253 y 0.005 MeV 0.13 MeV 0.03%0.0005 MeV 0.0583 [5]

A% o(2625) 3% Ty 0.006 MeV 0.032 MeV 0.0460.0006 MeV 0.0543[5]
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The decays\ q;— 2oy do not occur in the leading order Now let us move to the part involved with the heavy
in the bound state pictul@]. Because of the unknown cou- quark. At first sight there are two types of terms in the lead-
pling constantcgg in the chiral Lagrangian for the heavy ing order of heavy quark expansion. The first one comes
quark electromagnetic interactions, no numerical values argom insertion of the operatdrfh,(y)iv-Dh,(y)d% in Eq.
available[5]. However, the decay width ratios of the four (77) which contributes a factas - e* (\) to the decay am-
final states are exactly the same as ours if we ignore thgjitude. For the real photon-e*(\)=0, so it drops out.
isospin violations of the heavy multiplet masses in the heavyrhe other possible term arises from the covariant derivative

quark limit. Our results are much smaller than those fromin 5, which leads to a nonzero correlator. For the tensor
various versions of quark model$3,14], which may indi- ct

) ~
cate that the . correction is important. structureie” ys(1+v)/2 we have

e (= .,
V. PROCESSA . —AcY, etc. H(w,0')=— ?fo dte® t{t_6 7~ 96| (79
As can be seen later the radiative decay processes of the
p-wave A, doublet toA . is quite different from those in the
previous section. We present more details here. The possib

E1 decay amplitudes are

6 (92G? az]

here the photon field has contributed a faaot? . It is
ﬁ']portant to note that only the variable’ appears in Eq.
(79. It is a single-pole term which must vanish after we
_ KT v make a double Borel transformation to the variablgs’
M(Acr—Acy)=eRpe,uy [9770 - q—v" A"y, vsUs simultaneously. We have shown that there is no leading or-
(75)  der E1 transition in Eq.(75) arising from the photon cou-
_ plings to the heavy quark line in the leading order of heavy
M(AG—Acy)= ﬁehQGZUAC[g{”v “q—v*g"Jup . quark expansion. Based on the same spin and flavor consid-
(76) eration we know that radiative decay processes kg
—Ao1Y, Agi—Ag1y, 21—y are also forbidden in
As a result of heavy quark symmetﬂyp=h,’3. the leading order of i, expansion, where we have used
We consider the correlator notations in[9].
We may rewrite the decay amplitudes as

=i f d'% €< (7(q)| T 74, (X) 74 (0)]]0)

s M(Ae—Acy)=efgF Uy o* ysuy . (80)
5 eulof"v-a-v*a"]y,ysHp(w,0"). (7D

M(AS—Acy)=2v3efF 0 u ur, (8D
We first calculate the part solely involved with the light

uark, which can be expressed with the photon wave func- —
N P P M(A%—Acy)=2V3eR2F Uy Yiysusr. (82

tions. We get
® o 1+ As a result of heavy quark symmetry, we have
H=2if dtJ d* € XD 8(x—uvt)ys 5
0
— _fl__ (2
X{Tr ysCiSH(X) Cys( M) d(x)d(0)] 0)]+(ud)}, fp=Tp="T- ®3
(78)

1
. Note thatf,=7h,.
where a summation over color has been performed. There are
two types of terms with every matrices in the trace. The
first one is connected withy(u) and the trace looks like

Tr ySC%TCySyﬂyg,]. The second is involved with
¢(u),hy(u),hy(u) and the trace looks like
Tl ysC1Cys0,,]. In bothAq,,Aq states the up and down
quarks are in the 0 state, which leads to the presence of
v5C andCys in both traces. Clearly both traces vanish. This
property results from the underlying flavor and spin structure
of the light quark sector. In other words the light quark con-

In these decays we know that the light quarks do not
contribute. However, the@® of the light diquark changes
from 1™ to 0" which ensures that the decAy,; — A .y is an
E1 transition. The angular momentum and padf= 3" of
the heavy quark do not change, so the coupling consfaist
the same as that for the heavy qudHi. transition, which is
induced by the magnetic moment operator

€c

tribution is zero to all orders of the heavy quark expansion in f _He_ ] (84)

the framework of the LCQSR with the commonly used in- P2 4m,

terpolating currentg6) and (9) for Aq and Aq,, respec- _ _ _

tively. The decays\ o, — Aqy andAg; — Aqy happen only Another approach is to consider the three-point correla-

when the photon couples directly to the heavy quark line. tion function for the tensor structué;ys(1+z§)/2,
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if d*xd*ze**k'zo|T

K(0)+S8(0) —
X4 (X ’2—mc’77Ac1(Z) |0)
14
=1l3(w,0") 5 (85)
with w=k-v,0’' =k’ -v:
’ zec 1 * jot;+io't 18
30,0 )—E?fo dt,dt,e'“"1 2 m
2~2
G
<gs—>4 , (86)
64(t,+15)

After the double Borel transformation and continuum sub-

traction we get the sum rule fdr,,:

e e —(Ay _+Ap )T
hp(Ay,—An)fa fa e Paaiad

1l e ge | S0 (93G?) 2: | S0
—?E[‘?)GT f7(?)+ 30 T4 T/

87

Dividing Eqg. (87) by Eq.(19) we get

ec fAcl

hp:_ef(XAC;KAC)/ZT G
Me B(Apx,—Ar)fa,

So (9§GZ>
8 -
T f7< T)+ =

So| _(9sG%) 4 (o), moa®
T 6912 3 T

So

T4,

(88)
T8f,

Numerically we haven,~e./m., which is consistent with
Eq. (84). The decay width formulas are

Ac
2,
Acr''c

I(Ag—Acy)=€la|q®

mAC
21
* M

Acl c

T(AY—Acy)=€lalq)®

Acl
>

* M

AC1 c

T(AY—Aay)=€alq)® (89)
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stateA .y is 3 times larger. For th&1 decay there appears
an enhancement factor of 27.

These widths in Eqs(89) are proportional toe?/m?.
Therefore the corresponding radiative decays;— Apy,
Af1—Apy, Af— Apry are further suppressed by a factor
[(e,/e.)/(Mm./my)]?~40. The widths of the first two decays
are around 1 keV.

If we use naive dimensional analysis to g [5] in
Table 1l be of the order of unity or simply assume that the
E1 transition coupling constafit, in Eq. (75) is of the same
order as theM 1 transition ong9], we would get a width
O(100) keV. Our result is in strong contrast with those from
the bound state picturd7], where T'(A¢, A% —Acy)
=16,21 keV andl'(Ap1,Af;—Apy)=90,119 keV. Future
experiments should be able to judge which mechanism is
correct.

It was noted that the radiative decayy;— Aq was for-
bidden in the leading order of heavy quark symmetry assum-
ing one-body transition operators, which arises from a com-
plete cancellation due to the specific spins of light
constituent quarks in the antisymmetric initial and final states
[13]. The point is consistent with our observation of the van-
ishing contribution of the light quark sector to this radiative
process.

From our calculation we know that th&wave single-
pion width of A%, is 33 keV and the estimate [16] yielded
35 keV for the two-pion decay width. It is interesting to note
that the radiative decay widths are 48,5,6,0.014 keV for the
final statesA.y,2cy,2% v,Ac1y, respectively. The width of
the decay channe\.y is bigger than either of that of the
strong decay modes. The%; should be a narrow state with
a total width about 130 keV.

The two-pion width ofA,; is about 2.5 MeV[6]. From
Tables Il and Il the one-pion and electromagnetic widths are
F(Eem Ay, 2y, 2% y)=2.7,0.048,0.011,0.001 MeV. Its
total width is about 5.4 MeV.

It is believed thatA ,; lies below theX 7, A7 thresh-
old. If so, its dominant decays are electromagnetic. From our
calculation we see thal'(Ap—Apy,2py,25y)=1,11,1
keV if we assume the same decay momentum as imthe
decays. Its total width is about 13 keV. It will be a very
narrow state. Clearly the radiative chann®|gy will be very
useful to find them experimentally.

The major decay modes &}, might bed-wave one-pion
decay and electromagnetic decays ®adoublet if the two-
pion mode is not allowed. Their widths ar& (A,
=3 Ay, 2y, 28 ¥)=33,1,5,6 keV if we assume the
same decay momentum as in thé, case. It is also a very
narrow state with a width of 45 keV.

Before ending this section we want to improve our previ-
ous calculation of radiative decays of excited heavy mesons

The decay momentum is 290,320,32 MeV, respectively. Wé19]. (1) First thes:wave terms involved witlg, should not
take m.=1.4 GeV. The numerical values are collected ina@ppear in (1,2")—(0",17)y processes. All decays are

Table Ill. These widths come solely from tid&(1/mg) cor-

M2 transitions. Theg? in the decay width formulas should

rection. But their numerical values are greater than thosée replaced bys g§|ﬁ|4. The last eight widths in Eq(94)

leading order widths for the channdlgy,>¢ y. The reason

should read 2,8,3,11,6,23,7,27 keV, respectively, which is

is purely kinematical. The decay momentum for the finalmuch smaller than original wrong oné&) The E1 transition
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(07,1%)—(07,17) y decay was identified aswave decay. radiative correction, which is not small in both the mass sum
This was misleading. The factog (v) should be in the ten- Tulé and LCQSRs for the pionic coupling constants of the
sor structure to ensure tHil transition structure in Eq47) ground state heavy hadrons in HQET. But their ratio depends

in [19]. We present the correct sum rules tpr below: only weakly on these corrections because of a large cancel-
lation [35]. Numerically the radiative corrections are around

& o So 10% of the tree level result.
glf,vl,zfﬂ,z:—me( a2t A1) [X¢(U0)Tfo(?) Another possible source is thendd correction for the
charmedp-wave baryons. The leading order coupling con-
1 stantsgs 4, etc., will be corrected by terms such@s,/mg,
_gl(UO)T ' (90 which will affect the decay widths. For the charmed hadrons
1/mq corrections are sizable and may reach 30% while such
wheresy=w./2=(1.5=0.2) GeV. Numerically we havg;  corrections are generally less than 10% of the leading order
=(1.6+0.2) GeV .. term for the bottom systefii7]. Especially for theE1 tran-
sition coupling constantg, the correction is of the order
VI. DISCUSSIONS e/4m;, which may be comparable with the leading order
. - one for the charm system. One is justified in using these
In our calculation only the errors due to the variations of ., jing constants to calculate the decay widths of the
T ands, are included in the final results f@ 4, fsa- The 1 \yave hottom baryons. Unfortunately data are still not
various input parameters such as quark condensate, glugQsijapie for thep-wave bottom baryons. So we have calcu-
condensatey, f, etc., also have some uncertainty. AMong,taq thep-wave A, doublet decay widths with some reser-
these the values of the pion and photon wave functions ingion.
trodpce Iarggst uncertai.nty. Although their values are con- In summary we have calculated the pionic and electro-
strained by either experimental data or other QCD sum rulg,,ynetic coupling constants and decay widths of the lowest
analyses, they may still lead t0-a25% uncertainty. Keep- , \ave heavy baryon doublet. We compared our calculation
ing the light cone wave functions up to twist 4 also leads o gifferent approaches in the literature. We hope these

some errors. However, the light cone sum rules are domigegits will be useful in future experimental searches for
nated by the lowest twist wave functions. Take the sum rule

*
(65) for f4 for an example. AT=1 GeV, the twist-4 term Ap1,Apy baryons.
involved with hq,h, is only 9% of the leading twist term
after th_e continuum subtr_actlon. In other words the I|gh_t cone ACKNOWLEDGMENTS
expansion converges quickly. So we expect the contribution
of higher twist terms to be small. There are other sources of The author is grateful to Professor C.-S. Huang for bring-
uncertainty which are difficult to estimate. One is the QCDing the topic of excited heavy baryons to his attention.
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