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Mesons with b qnarks: Spectroscopy and electromagnetic properties
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We treat the recently discovered T particle at 9.41 GeV as evidence for a fifth quark flavor, the b quark.
An SU(5) mass formula is then used to predict the masses of other bb states. The masses of the b-quark
analogs of the D and I' mesons (B&, B„B„etc.) are predicted, as are their production cross sections in
e+e annihilation. At best, the B~ B* combination will be seen at 12 GeV with a cross section of -0.3
nb. As with the charm domain, the BJ -B„mass difference is about one pion mass. The predicted
electromagnetic mass splitting is only about 2 MeV for B ~+-B &p, so that the strong-interaction decay widths
of the B*'s will be of the same order as the electromagnetic decay widths.

I. INTRODUCTION

Recent experiments' involving the reaction

p +(Cu, Pt)- p, '+ p +anything

show structures in the differential cross section
which have been interpreted as new particles
with mass 9.41 and 10.06 GeV. The width of these
states is less than the experimental resolution,
suggesting that they maybenewnarrowresonances
much like the P family. If we are to believe the
high-y anomaly'3 of neutrino physics. then a new
quark with charge ——', is required. Most analyses
put the effective mass of this quark at 4-5 GeV,
which means the Y particle is handily interpreted
as a (bb) state, where b represents the new quark.

In this paper, we will assume that this interpre-
tation of the T is correct. The SU(4) mass oper-
ator, which was used in calculating the masses of
charmed mesons, is extended to SU(5) in Sec. II.
The masses of the J =0, 1, and 2+ meson 24-
plets of SU(5) are calculated using a linear mass
formula. Assuming that the charge of the 5 quark
is ——'„ the electromagnetic mass splitting of the
pseudoscalar (bn) states (where n denotes the u

and d quarks) is calculated in Sec. III. In Sec. IV,
the cross sections for the production in e+e an-
nihilation of pairs of mesons with b quarks are
predicted. Our conclusions are summarized in
the last section.

II. MASSES

Following the approach taken in SU(4), we write
the SU(5) mass operator in the form"

I= Tp +0T8 + ~ T15 +cTgg p

where the T, 's (i =8, 15, and 24) are members of
the same 24 representation in SU(5), and To is an

SU(5) singlet. The parameters a, b, and c are
measures of the SU(3), SU(4), and SU(5) breaking,
respectively. This operator gives rise to the fol-

lowing mass matrix for the mesons of the 24@ 1
representations of SU(5):

M),. ™5„+A(dq„+xd)„y+Sd„4~),

Mo~ =II(ba» +»io& +y524~) ~

Mpp =Mp,

(2)

(3)

(4)

[(g& = iS&+ i15&+ [24&+ (-', )' '[0&, (5)

5
~24

itP& =- i15&+ i24&+ iO&,
M3 1 1

where I and I, are the average 24 and 1 masses,
respectively and i,j =1, . . .24. Here, A. and B are
the products of reduced matrix elements and the
SU(3)-symmetry-breaking parameter. Thus x and

y are the ratio of SU(4):SU(3) and SU(5):SU(3) sym-
metry breaking, respectively.

In our previous application' of this operator to
the SU(4) domain, we found that the observed
masses of the D and D* particles (and now, the
preliminary' results of the I' and I'* masses at
2.03+ 0.06 and 2.14+ 0.06 GeV, respectively) fa-
vored a linear mass formula. However, the mix-
ing angles determined from an SU(4) invariant
analysis' of the g decays favored the quadratic
formula. Since there now appears to be SU(4)
breaking in the coupling constants which determine
the mixing angles, ' it remains to be seen whether
they still favor the quadratic formula. To motivate
the choice adopted here, we look to the expressions
obtained for the masses in the ideal mixing case.

With ideal mixing of the 24@ 1 representations,
the &o, p, g, and T particles' (to use the vector
states as an example) have quark content (1/M2)-
(uu+dd), ss, cc, and bb. In terms of the SU(5)
basis states of the 24 1 representations, this
means
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124&+
2 1
5 5

When the 4&& 4 block of the mass matrix respon-
sible for 24 1 mixing is diagonalized by these
eigenvectors, we find M =Mo and A. = (—', )' 2B. The
masses are given in terms of the four remaining
parameters by (we denote the mass of the particle
simply by its name)

TABLE I. Masses of J =0, 1, and 2+ mesons. The
observed masses are indicated in parentheses. For the
vectors, M=3.144 GeV, MD=2. 504 GeV, A=-0.149 GeV,
B=—0.080 GeV, x=9.83, andy=35. 97. For the tensors,
M=3.484 GeV, MD=3.362 GeV, A=-0.128 GeV, B
=-0.080 GeV, x =10.47, and y =38.31. All masses are in
GeV. Data are from Particle Data Group, Rev. Mod.
Phys. 48, Sl (1976) and W. , Tanenbaum et al. , Phys. Rev.
D 17, 1731 (1978).

1 x
M3 W6 410)'
2 x

M3 M6 410 )'

( M6 410 )'
4yA

&10

(10)

The remainder of the masses obey the following
sum rules:

gP 0-

9.15
Bc 6.44
B 5.33
BN 5.202
q, (2.83)

(2.03)
D (1.866)

JP

9.41 (9.41)
c+ 6.58

B,* 5.47
BN 5.340

3.10 (3.098)
2.14 (2.13)

D~ 2.006 (2.007)
1.017 (1.020)
0.899 (0.894)
0.784 (0.783)

P 0.770 (0.773)

=2+

9.65
B++ 6 64

BP* 5.503
3.551 (3.551)

55
D ++ 2.44

1.516 (1.516)
E** 1.421 (1.421)
Ap 1.310 (1.31)
f 1 271 (1 271)

~+4 D„~+0 p„4&+0
2

(d +T Q+T g +T
N 2 & s 2 & c

(13)

(2m)), + (2m;),
m) +my Jg (14)

while the quadratic is equivalent to

(2m)), '+ (2m, ).'
~m& +m& ~ (15)

where BN, denote mesons with one b quark and
, one n, s, or c quark, respectively. For a linear
mass formula, the results of Eq. (13) are the
same as those found for a simple quark model.
where the binding energy per quark flavor is con-
stant from meson to meson. That is, denoting
the effective mass of the ith quark by m„ the lin-
ear formula is equivalent to

in Table I. Table II shows the quark content of
the mixed states.

For the pseudoscalar mesons, our calculations
are not as straightforward. We know that the n

and q cannot be fitted properly when the simple
quark model is applied to the pseudoscalars, ' so
it comes as no surprise that the linear mass
formula also has difficulty. To complete the anal-
ysis, we would have to include symmetry breaking
from I= Y=C = = 0 members of higher represen-
tations in the 24g 24 decomposition ((8 refers to
the 5-quark quantum number). To avoid the prob-
lems associated with the low-mass pseudoscalars,
we make use of some sum rules involving mesons
with charm. For example, we can eliminate all
the parameters except the SU(5):SU(4) symmetry-
breaking ratio (which we assume is a constant) by
taking the following combination of vector mesons:

where the labels a, 5, and c refer to particular
meson states. With the exception of the pseudo-
scalar mesons (where relativistic effects are im
portant for the w), Eq. (14) applies quite well.
Thus we choose to work with the linear mass for-
mula.

The parameters are determined for the vectors
by fitting the p, K*, D*, I'*, &u, p, g, and T
masses. By assuming that the ratio of SU(5) to
SU(4) breaking is a constant (i.e. , y/x = constant),
the tensor parameters can be deter'mined from the
A„K*(1'420), f, f', and lt(3551) masses. We
should add that in these fits, all masses were
weighted equally (except the I'*, which was given
only,—,' as much weight). The results are given

Particle (uu+dd )
1

W2 ss CC

0.998
-0.011
-0.044
-0.043

0.008
0.999

-0.039
-0.032

0.042
0.037
0.997

-0.053

0.045
0.033
0.049
0.997

ff'
X

Xu

0.994
-0.107
-0.013
-0.005

0.107
0.994

-0.011
-0.004

0.014 0.006
0.009 0.003
1.000 0.005

-0.006 1.000

TABLE II. Quark content of the vector and tensor
mesons (rounded off at three decimal places).
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(16)

Since the g, appears to be ideally mixed, we can
assume this quantity isaconstantfor both J~ =1
and 0, and so determine the B„mass in terms of
the predic~ "d B„*mass. Similarly the combination

2+ a

)+
o+:

~ 1;, Xb

can be used to determine the q, mass. The re-
sults for the pseudoscalars are also given in Ta-
ble I.

We can also apply the ideal-mixing mass form-
ulas to calculate the masses of the (bb) analogs of
the y states (with J =0+ and 1') as well as the
radial excitations of the g~ and Y. However, since
there are fewer known masses to use as inputs,
the estimates of the masses will probably not be
as accurate. First, we will deal with the g, (0')
and X,(1') states. Since the isoscalar states
of these multiplets are incomplete, and hence
their mixing undetermined, we will not make use
of sum rules involving them. Similarly, because
of the A, controversy, "we will not make use of
the isovector states. This leaves us with the
strange mesons. For ideal mixing, we find (using
the vectors as an example)

We assume the ratio y/x is a constant, and since
the J"=0", 1+, and 2+ states are linked together in
the quark model, we will assign x a common value
of 10.5 (from J» =2+). It remains only to input the
»(1250) and Q(1350) (the average of the Q, Q, pair
is taken to eliminate mixing effects") to predict
that y, (0+} has a mass of 9.56 GeV and g, (1') has
a mass of 9.62 GeV (see Fig. 1).

Several points should be noted regarding the
above masses. Firstly, the B~-B„mass differ-
ence is approximately one pion mass, so that the
electromagnetic mass differences will be impor-
tant in determining the decay rates. Secondly,
the 2'-0+ mass splitting continues to decrease
with quark mass. For the (1/M2)(uu —dd), (cc),
and (bb) states we find that this difference is &&4,

137, and 90 MeV, respectively. This general
trend is also what one expects from the quark
model, although the simple quark model' gives
only about 20 MeV for the splitting of the (cc)
states and 2 MeV for the (bb) states. However,
since this quark-model result is an underestimate
for the X states, it is also likely an underestimate
for the y, states. Lastly, if we assign the B„*and
B~~* particles to the same Regge trajectory, then
the slope of that trajectory will be about 0.5V GeV '

Qb

9.0

FIG. 1. Predicted mass spectrum of some of the
@5) states in the region 9-11 GeV.

and it will have o. (0) = —15. With such a large
negative intercept, the cross section for a reac-
tion of the sort »p B»B, [B, is a (bnn) state] will
be very small.

Up until this point, the calculations have only
assumed that a new quantum number does exist;
no assumptions have been made about the charge
of the new quark which carries it. As we have
pointed out above, the electromagnetic mass dif-
ferences of the B„and B„*mesons will critically
determine the strong decays of the B„*. In order
to predict these rates, we will assume that the 5
quark has a charge of ——', .

In previous work, "we used the Cottingham for-
mula with broken SU(4) symmetry to estimate the
D+-D mass splitting. The prediction of 5.8 MeV
is in good agreement with the recent experimental
measurement" of 5.1+2.8 MeV. The approach was
also used for the D* mass splitting, '~ yielding a
prediction of = 5 MeV, compared to the experi-
mental result of 2.6+ 1.8 MeV. In view of the suc-
cess of this approach, we will extend it to SU(5).

We break up the electromagnetic corrections to
the meson propagator in three parts: a Born term
[representing the process B»- B„+y(virtual)- B„],
a contribution from the vector meson intermediate
state [B»- gB+(vyirt lu)a- B»], and finally, a tad-
pole term. We deal with the last term first.

In the E',-K' mass splitting case, the Born and

intermediate state contributions yield a positive
Am» (we define Am~= P+ -Po), and a su—bstantial
negative tadpole term is required to produce the
observed 6m~ = —3.99 MeV. To within a Clebsch-
Gordan coefficient, the contribution of the tadpole
to the propagator (that is, the mass squared dif-
ference) will be constant, so that its contribution
to 6m~ for higher mass P will decrease in mag-
nitude. For Ama v".'e found a contribution of + 1.71
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MeV, while for Am~ we find —0.61 MeV.
The Born-term contribution to the self-mass,

dm has the form"
(

+~ Q ~ Q 2)
Alp BlQJ

2 1, 2

2~2 3 6 3
p Q) q

dPlI, =
3 d q

ZA 3q2 —4q p -4ma
8v'm~ q q'(q' —2q p)

X [F(PP, q')]', (19)

2 1 2

3 Spy
—q 3 Skied q

mhere p and m~ are the pseudoscalar meson's
momentum and mass, respectively. In the ideal
mixing case, the pseudoscalar electromagnetic
form factors have the pole-dominated form

1 -=' 1 m '
F(B&~OB4~ 0 q2) y m +

2 ~~ —q2 6 m

1 tep~

3 SET

2 - 1 Al@ 1 Sip
F(B,B., q') =-—,, +—,q, ,

m& —q ~ —q-

(20)

(21)

2 my' 1 mT
F(BC CPq ) 3 3 2 3 2 2

m& —q m~ —q
(22)

where we have given the complete set for use in
Sec. IV [the F(B*B*,q') have the same form].
When the expression is integrated out, "we find
(b,me„)e =+2.31 MeV. Hence, the Born term
dominates the tadpole and is of the opposite sign.

The self-mass contribution 'of the first inter-
mediate state has the form

fe' [(q 0)'-q'~ '][F(PV, q')]'
(2e)'m~ q'(q' —2q P+m '-m ') '

(23)

where the subscript V refers to the intermediate
vector meson. In our previous work, "we found

that the use of an SU(4)-invariant coupling for g~„
(which was determined by the radiative decay rates
of V- Py and P- Vy to be 2.59 GeV ') led to cross
sections in e+e annihilation which mere far. too

high, and also to a value for AmD which, in retro-
spect, was also too high. Since g~~ has dimen-
sions of inverse mass, we can introduce SU(5)
breaking by writing g~v =fz„/m„, where f~„ is a
dimensionless SU(5) invariant coupling constant,
and m„ is the mass of the intermediate vector
meson, as in Eq. (23). Of course, there are sev-
eral other possibilities open to us for the intro-
duction of SU(5) breaking. One could use m~ or
(m„m~)'A in place of mv, but because m~ = m~ ~ to
within 3%, the results will not change substan-
tially. Other authors' have considered introducing
symmetry breaking in the form factors, but such
a possibility will not be pursued here. We norma-
lize f~v to the co mass, '7 so that f~„=2.03. Again,
we dominate the form factors by poles,

m' 1 m'
F(B B )=— -q (28)

IV. PRODUCTION CROSS SECTIONS

Armed with these predictions for masses and

coupling constants, the obvious question to ask is,
"Where mill we find visible 5 quarks'P" As we
indicated before, it is unlikely that we will find

them in hadronic collisions, so we must turn to
the electromagnetic domain. The pole-dominated
form factors which mere used in calculating the

electromagnetic mass differences can be used
here to predict o(e+e -PP, PV, and VV). In

terms of these form factors, the cross sections
can be expressed as

When Eq. (23) is integrated, we find the first in-
termediate-state contribution to Am~ =+0.30 MeV.
Thus Am~ =+2.00 MeV in total. If Am + decreases

&or N
in the same proportion to Am~~ as Am does to
6m~, then we mould predict km~*= 1.7 MeV if
Ampq= 5 MeV.

The mass splitting should therefore be consid-
erably less than that observed for the D-D* me-
sons, and the midths for strong decays corres-
pondingly narrower. For the sake of argument,
let us put the B„and B„' mesons at 5.201 and
5.203 GeV, and the B„*' and B„*' mesons at 5.339
and 5.341 GeV, respectively. We see immediately
that the reaction BN*'- B„n' is just at threshold,
while B„*'-B~+m is forbidden. The other two de-
cays involving neutral pions are allomed. If we
use a vpp coupling constant' such that g~j j ' j4m
=3.27, then a width of -

~ keV is predicted for the
decays Bg+' -Bwana. The PVy 'coupling with SU(5)
breaking introduced here can be used to calculate
the radiative decay Bg B„y. One finds F(Be+- B~+y) = 0.10 keV while F(Bg'- B„'y) = 0.39 keV.
Since these decay modes will be the dominantones
for B„*, me see that the electromagnetic midth
mill be of the same order as the strong width. For
comparison, I"(B,*-B,y) = 0.39 keV while F(B,*
—B,y) =0.07 keV in the broken-SU(5) scheme. [In
an SU(5)-symmetric scheme, the rates would be
F(Bg' Bzy) = 4.59 keV, 1 (B»*'-Bey) =18.4 keV,
F(B,*-B,y) =19.2 keV, and F(B,*-B,y) =4.83 keV. ]
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2( 4~2 3/a
&(e+e--PP) = -l 1 — ' IF(PP, s)l',

ss ) s

o(e+e -PV) =g(e'e -P V)

(27)

go.' (m~+mv)s s~' (ms -mv)' '~',
l ( )l,

6 s s

71'Ol m ' '~'
o(e+e —VV) =

~ (s +20sm„+12m~ 1 — lF(VV, s)l
12Wy S s

(28)

The predicted cross sections are shown in Figs.
2-4 for the individual reactions with 10 & Ms ~ 17
GeV. For the e'e - (PV +P V) reaction, the same
symmetry breaking is used as was introduced in
Sec. III. To convert the broken-symmetry results
to the SU(5)-invariant results, simply multiply by
m~'/m '.

As a general rule, we observe that the (bn) me-
sons are the most likely to be produced, followed
by (bs), and then (be). Within a given set of quan-
tum numbers, the order is B*B*&BB*&BB. The
maximum production of the mesons with a single
5 quark will be at Ms= 12 GeV, with B„*BN having
a cross section of about 0.3 nb and B„B„*+B~B„*

having a cross section of about 0.3 nb. In Fig. 5,
we show the total cross section for the B and B*
particles. For comparison, the cross section for
the reaction 8+8 p,

+
p. is also shown. Since the

ratio of o (e+ e -B,B*) to v(e'e - p+ p, ) is com-
parable to that found for the D, D* mesons, there
should be no difficulty in seeing these new mesons.

V. CONCLUSIONS

We have treated the recently observed T particle
as a bound state of a new 5 quark and its antiquark.
The mass spectrum of the (bb) family is then pre-
dicted. Since the masses of the Y family are so

1,0

0.1

0.0)—

0.001
10

I

12

V s(GeV)

I

14

I

lb
0.001

10

I

12 14

~s(GeV)
lb

FIG. 2. Predicted cross sections for the production
of (bg) meson pairs in e e annihilation shown for
10 &Ds& 17 GeV.

FIG. 3. Predicted cross sections for the production
of (bs) meson pairs in e'e annihilation shown for
10 & v s & 17 GeV.
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FIG. 4. Predicted cross sections for the production
of (bc) meson pairs in e e annihilation shown for
10 ~ v g a 17.GeV.

vs {GeV)
FIG. 5. Predicted cross section for (e'e PP,

PV, VV rvith b quarks) for 10 &~z & 17 GeV (solid curve).
For comparison, 0 (e'e pp) is also given for the
same energy range (dashed curve).

large, a 1% error in the mass formulas represent
a 100 MeV change in the masses. As much as
possible, then, we have tried to make use of mass
formulas which involve few independent parameters
and many input masses. Hence, our results (par-
ticularly for the 2+, 1+, and 0" states) may be in
error by up to 100 MeV, although the relative or-
der of the states should stay the same. The overall
splitting is roughly comparable to that predicted
by Eichten and Gottfried" or Quigg and Rosner"
using various quark-model potentials.

The same general conclusions hold for the B„,,
states, although here the error should be less.
We expect the B**particles will be higher in mass
than predicted, from our experience with the D
mesons. There, the linear mass formula predicts
masses which were low by about 70 MeV, if only
the g and q, masses are used as input. In the pre-
dictions made here of the B and B*masses, this
is taken into account by actually using the D and D*
masses as input. However, the D**has yet to be
observed. If our experience with the I' and V
multiplets is applied to the Y multiplet, then the
D**, E**, and B**masses quoted here are prob-
ably too low by - 70 MeV.

The differences in the masses of the B,*-B, me-

sons (i =N, s, c) are all approximately one pion
mass. The calculated electromagnetic mass
splitting for B„is only 2.0 MeV, about a third of
the size of the D splitting, so that the radiative
decay mode of the B~ should be a substantial frac-
tion of its decay width. " The pole-dominated form
factors for the (PP, PV, and VV) coupling to the
photon were used not only in the calculation of the
electromagnetic mass differences, but also in the
prediction of the production cross sections in 8+8
annihilation. For large s, the cross sections go
like s ' (PP), s ' (P V), and s ' (VV) ~ Thus we
expect B„*B„*production to dominate at large s.

In the pole-dominated form factors, we only in-
cluded contributions from the lowest-lying 24 1
representations of the vector mesons. It has been
argued" that the coupling of higher mass 24 1-
plets is small, perhaps of the order of 10%. Since
we expect the Y"' to have a mass of about 11 GeV,
our estimates for the cross sections are probably
only to be trusted from about v s = 12 GeV.
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