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Doubly charmed baryon masses and quark wave functions in baryons
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We compute the masses of the ground state baryons and their spin excited states discussing quark wave
functions in baryons. Doubly charmed baryon masses are given in the expected accutddy MEV.

PACS numbeis): 14.20.Lq, 12.40.Yx, 13.40.Dk

For a decade, we have been waiting for the experimental 2
discoveries ofsu and sd flavor symmetric charmed states U|m=(aQ|Qm— §as)
Ef(c{su}) and E(c{sd}), which may decay to
I (c[su])y andE(c[sd]) y, respectively{1], where[ su] (
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and[ sd] represent flavor antisymmetric states. Recently, the
CLEO Collaboration[2] has reported the observation of
them. The measured masses Bf (c{su})=2573.4-3.3 -
MeV and E(c{sd})=2577.3-3.4 MeV are in wonderful - Eé(nm)
agreement with our computed valugs] of = (c{su})
=2579.6 MeV and=2(c{sd})=2579.3 MeV, respectively.
Also other charmed baryons have been observed in this d
cade. They areQ?(c{ss}), =*""({cuu}), 3*°({cdd}),
E**({csy), andEX°({csd}). All the measured massg3]
are in good agreement with our computed vallHs 1 <\If

Though the agreement is good enough, the measured R_ij:
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and « is a parameter which represents reductions of quark
Yistances. Th&;; is the quark distance betweéth andjth
quarks defined by
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masses [3] of X¥*"({cuu})=2519.4-1.5 MeV and

3%%({cddy)=2517.5-1.4 MeV are lower than the com- wherer; =r;—r;. The Gaussian wave functio, which is

puted value$1] by 12.5 and 12.7 MeV, respectively. These the exact solution of the three-body Scttirger equation of

differences are a little bit large compared with the accuracyhe harmonic-oscillator potential

of the computation. So it is a good time to compute again the

baryon masses including these new data. The results are 5 5 5

given in Table I. The experimental valud$(expt) in Table V= EK[(rl_rz) T (ra=rg) "+ (rg=ry)7l, )

| are those of the Particle Data GroUg] except for

ES(c{su}) and=E%(c{sd}) [2]. Now, the computed values whereK is the spring constant, is

agree within=8.5 MeV with experimental values for all

well-known ground state baryons and their spin excited 2

states. v= P
Our successful fit is due to the discussion about quark 5 5 5

distances. The stronger the attractive force is between — XXH —@1Ar1—rp)"—ax(ra—rs)"—as(rs—ry)J,

quarks, the closer the quarks may be. Representing this, we (5)

assume a relation for modified quark distancgs
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whereU,,, are the Fermi-Breit terms Ay
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TABLE |. Baryon masses, computed and experimental, in units of MeV. Quark$ and[ ] are flavor
symmetric and antisymmetric, respectively. The values of the parametermar@35.91 MeV, my
=441.55 MeV, m,=686.58 MeV, m,=1952.97 MeV, a,=0.445547, K=4.87722% 10" MeV3, «

=2.81091x 10 ° MeV 3, andE,=—1241.40 MeV.

p n A 3t 30 3 = =
Quarks d{uu} u{dd} s[du] s{uu} s{du} s{dd} u{ss} d{ss
M (comp) 944.8 946.0 1112.4 1188.5 1191.6 1197.3 1322.1  1329.8
M (expt) 938.27231 939.56563 1115.683 1189.37 1192.642 1197.449 13149 1321.32
+0.00028 =*=0.00028 =*=0.006 =*=0.06 *+0.024 *£0.030 =0.6 +0.13

AT At Ao A~ E*+ 2*0 Sk E*O
Quarks {uuu} {duu} {udd} {ddd} {suu} {sdut {sdd:  {uss
M (comp) 1232.2 1230.9 1232.4 1236.9 1385.8 1387.1 1391.3 15314
M (expt) 1230.9 1231.6 1233.3 1382.8 1383.7  1387.2 1531.80

+0.3 +0.4 +0.4 +1.0 +05 *0.32

B*~ Q- AL St sy 52 =N =
Quarks {dsg {ssg c[du] c{uu} c{du} c{dd} c[su] c[sd]
M (comp) 1535.2 1668.0 2276.4 2452.2 2449.4 24493 24731 2476.0
M (expt) 1535.0 1672.45 2284.9 2452.8 2453.6 2452.2 2465.6  2470.3

+0.6 +0.29 + 0.6 +0.6 +0.9 +0.6 +1.4 +1.8

=N = 2 ST St 3x0 = =
Quarks c{su} c{sd} c{ss {cuu} {cdu} {cdd} {csu {csd
M (comp) 2579.1 2578.7 2696.8 2526.5 25243 2524.8 2650.1  2650.3
M (expt) 2573.4 2577.3 2704 25194 25175 2644.6  2643.8

*+33 +34 *4 *15 *14 *+21 *1.8

Qg E;C+ E;C Q;C E§C++ E:C+ Q;C Q;Ct
Quarks {css u{cc} d{cc} s{cc} {ucc} {dcc} {scc {ccc}
M (comp) 2764.3 3649.2 3644.5 3749.2 3734.6 3731.2 3825.7 4847.6
M (expt)

We can calculate the expectation values of the other terms in
Ui, as a function of the quark distancBg, using Eq.(3.4)
of Ref.[1] and get

No=MyMy+Moms+mamy,  Ag=(A§—3mymymsM)*?

M :ml+ m2+ ms,

1 Za|m
wherei,j,k are 1, 2, 3 and their cyclic permutations. (Uim)=| «Q|Qn— 3% R T mm-R
With the Gaussian wave function EG), the expectation im T mTm
value of a functionf(|r;;|) is given by - 1 1 16(s-5,)
- (—2 — ) : 9
(f(ri;D) . (Zw(a”aikJraJkaki‘Lakiaij) 3 16Ry |\ M M ST
Nijl))= —
™ AT i where we can writ@,,, in terms ofR;,,, Ry, andR,, from
% fwexr{ _ 2(aijajk+ajkaki+akiaij) r‘2:| Eq (8):
0 ajk+aki m (_RI2m+Rr?nn+ Rﬁl)
m=— .
Xf(r)rzdr. (7) " 4 Z(Rlszrznn+ ernnRﬁI_"RﬁlRlzm)_Rﬁm_ann_ Rﬁl

(10
Then from Eq.(3), we get
As for the spin part of the wave functions, we use(6U
112 symmetric one. So we g€§-sy,)=1/4 and(s-s,)=—3/4
(8) for spin triplet and singlet pair of quarks, respectively,

(s;-S) =(s;-85)=—1/2 for 3°(s{du}) type baryons in

2 2(ajjaj,+ajkayi + axiaij)
m(Qj+ay)
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TABLE Il. Wave-function parametera;; in units of Me\? in Eq. (5).

Exact solutions of HO’s Modified by Ed1)
Quarks g s az; ay s az;
p d{uu} 42271.7 42001.3 42271.7 63449.0 36093.9 63449.0
n u{dd} 42181.2 42453.4 42181.2 63189.1 36808.9 63189.1
A s[du] 48292.7 39110.5 48625.4 51295.3 69420.6 51678.7
30 s{du} 48292.7 39110.5 48625.4 69364.0 34148.9 69527.2
= d{ss 45132.2 56671.6 45132.2 62960.4 58375.7 62960.4
3*0 {sdu} 48292.7 39110.5 48625.4 52449.6 42554.4 52820.4
A c[du] 60523.7 32963.2 60984.2 56595.9 69859.2 57910.4
E:+ c{uu} 60619.0 32827.6 60619.0 70682.6 35159.9 70682.6
E: c[su] 74337.2 37727.2 57130.3 87200.8 71015.4 50138.0
E: c{su} 74337.2 37727.2 57130.3 100162.5 38337.0 67513.6
E;c d{cc} 49178.2 109050.3 49178.2 57591.9 159400.1 57591.9
AT {ddd} 42362.7 42362.7 42362.7 45636.3 45636.3 45636.3
Q- {ssg 52825.1 52825.1 52825.1 60139.6 60139.6 60139.6
Qgct {ccc} 89092.9 89092.9 89092.9 125725.8 125725.8 125725.8

which (s,-s3)=1/4 [4], and (s;-s;)=(s;-53)=0 for which is given in Ref[1]. In the case of mesons, we can

A(s[du]) type baryons in whicKs, - s;)= —3/4. show under some conditions that E#4) holds for any per-
Then we can get modified quark distancgsby Eq. (1), turbatiqn U with the sprir)g constanK of the confining
and modified Gaussian wave functions by substituting harmonic-oscillator potentidb]. The new values of param-
eters are better than those of Rdf] in the following points.
o (_ri2j+rj2k+r§i) (1) The largest differences between the computed and the
A= 5 32 2.2, 2.2 7 (1) experimental values were9.0 MeV, but now they are-8.5
20t i+ i) = = e i MeV. (2) The fit was for 22 particles, but now it is for 30

particles.(3) The value ofxK was 0.095, but now it is 0.137
for a;; in Eq. (5), where we can get Eq11) from Eq.(10)  which is closer to the expected value f24.
replacing R, by ri; and so on. We compute the baryon  Most of singly charmed baryons being discovered, it is
masses as the eXpeCtation values of the Hamiltonian by theﬁ@ne to discuss doub|y charmed baryons_ The |Ow-|ying dou-
modified Gaussian wave functions. The Hamiltonian is giverply charmed baryons have masses smaller than the bottom

by baryon A,=5624+9 MeV, as can be seen in Table I.
L Among them /= (d{cc}) has the smallest mass, rather than
—t++ [ :
H= m2+p2)Y2+ > K2 4 U+ Hog, Ece (u{cc}). This is due to the repulsive Coulomb forces
2, (mp+pf) I;m 2 m I<2m im0 between 2/3 charged quarks i& . (u{cc}). The mass dif-

(12 ference ofZ¥, “({ucc)) — EX. ({dcc}) is smaller than that
. . of 24" (u{cc))—E(d{cc}) due to the larger quark dis-
whereH, represents everything else, but we approximate the,,.os  \we predicted in Ref[1] that 3. *(c{uu})

. . . c
expectation valu€Hy) by a constanE,. The expectation >39(c{dd}) andS. (c{du})>39(c{dd}). At that time, the
value of the Fermi-Breit terméU,,,) of the modified wave exp(CerimentaI Valu((:as were sugcggestiﬁg++<20 and ’2+
function is obtained by substituting,, for R, in Eq. (9). . ¢ &

m Im <32, But now, the experimental daf8] shows . *>3?

Our parameters am,,my,mg, M., as,K,k, andE,. We fit t e w0
these parameters to suit the experimental values of th@Nd>c>2c as we expect. Of course the recent values are

baryon masses in Table[5] more reliable than those of a decade ago, as can be seen from
N . . . 0
In Table II, we give some of the wave-function param- their experimental errors. Some models gide " <3¢

. 0 . .
etersa;; of baryons. One can use the wave functions of pro-and/Or 3. <3¢ as Genoveset al. [7]_have gl\fren in the
ton and neutron in discussions of nuclear structures. Frorigble. Also note that we predicted? " " ({cuu})

the values of parameters in Table |, we obtain >3*%{cdd}), but there were not any experimental data
about it. Now, the experimental data shai **({cuu})
kK=0.137. (13)  >3*°({cdd}), too.
Spin-3/2 doubly charmed baryor&?*;"*({ucc}) and
This value agrees with E*."({dcct) have smaller masses than spin-1/2 doubly

charmed baryon& . plus 7, so they may decay as

an
kK= 5,=0.131, (14) i ({uc3739—E " (u{cct3649 ,

c
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E*.({dcct3731)— E/(d{cc}3645 y. rameter dependence is stronger than that of doubly charmed
~cc =cc Y i . L

baryons. But we exped... to be discovered withint15

Also Q({csg) andQ/({scq) may decay as MeV of the computed value.
It was difficult to compare isomultiplet splittings of
02({cs92764—02(c{s52704y, charmed baryons with experiments a decade ago, because the

experimental errors were very large. But now we can do,

Q! ({scg3826 -0/ (s{cc}3749y, partly, as discussed above and can be seen in Table I, thanks

to experiments. It is difficult to compare the result of the

respectively, because€)?({csg) and Q. ({scd) have splittings of =} (c{su})—E%c{sd}) and E**({csu})
smaller masses thand(c{ss}) = and Q. (s{cc}) 7, respec- —E*°({csd) with experiments now, because the experi-
tively. mental errors of them are still large. We welcome the pros-

We expect all the doubly charmed baryons in Table | topect of an improved measurement®f mass by the KTeV
be discovered within-10 MeV of the computed values. As experimental program at Fermildi8], and expect that we
for the triply charmed baryof) .., the new result is 10.6 can compare our result with experiment more clearly in the
MeV higher than the value predicted in Rgl], so its pa- next millennium.
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