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An approach to the properties of the -7’ system developed to solve the famous
U(1) problem is used to calculate the partial widths ratios to n and 7/ in the B® —
J/¥n(n',7%) and Bs — J/¥n(n') decays. We obtain the results in agreement with the
experimental data.
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1. Introduction

Solution of the U(1) problem is an important achievement of QCD at low ener-
gies.1"7 It provides a successful description of the properties of 7'~ and 7-mesons.
The results obtained in solution of the U(1) problem will be used below to find the
ratios of the B® — J/WUn, B® — J/¥n and B® — J/Un? decay probabilities as
well as the ratio I'(Bs — J/Un)/T(Bs — J/U7').

ttCorresponding author.

2050111-1


https://dx.doi.org/10.1142/S0217751X20501110
mailto:andreichicov@mail.ru
mailto:meides@g.uky.edu
mailto:novikov@itep.ru
mailto:vysotsky@itep.ru

M. A. Andreichikov et al.

Relative probabilities of the B® — J/W¥n and B® — J/¥n’ decays were measured
in Refs. 8 and 9, while the relative probability of the B® — J/¥nY decay was
measured in Ref. 10. The partial widths of the By — J/¥n and B, — J/¥n/
decays were measured in Refs. 9, 11 and 12 while the probabilities of the decays
with ¢(25) in the final state were determined in Refs. 9 and 13. In what follows
we will use the values of the ratios of these probabilities presented in the Review
of Particle Physics.™

In the case of B%-meson the decays which we are studying occur due to the b —
céd quark transition. In the case of B, the quark transition b — ¢és is responsible
for the decays to the same final states. The c¢ pair forms J/¥- or 1(2S5)-meson,
while the remaining light quark combines with a spectator quark forming dd state
in the case of BY decays or s3 state in the case of B, decays.

We will investigate the consequences of the hypothesis that the probability am-
plitude of the 7-meson production is proportional to the matrix element (0|dysd|n)
in the case of B decay and the matrix element (0|5375s|n) in the case of B, decay.
Similar matrix elements with the substitution n — ' describe J/¥n’ production

and with substitution n — 70 they describe J/¥7° production. In Sec. 2 we neglect
the isospin symmetry violation. We will discuss possible consequences of the viola-
tion of isospin symmetry in Sec. 3.

2. Estimates of the Decay Probabilities

The naive wave functions of the isospin singlet pseudoscalar mesons in the frame-
work of the quark model should be 7 = %(ﬁ%u—&—cﬁg,d) and 7o = §7v5s. The mass
of 71 should not exceed that of m-meson in a stark contrast with the measured mass
of the n-meson. This is the essence of U(1) problem which in the framework of QCD
is resolved due to account for the contribution of the U(1) axial anomaly.™> The
anomaly contribution was deciphered in Refs. 6 and 7 as mixing of the massless in
the chiral limit m, = mg = 0 m1-meson with the massless ghost state made from
gluons (see below). The state o mixes with this ghost as well, while the SU(3) octet
superposition of m; and 7y effectively decouples from the ghost in the limit of light
s-quark my; = m,, = mq < Aqcp. In this way, light o = (tysu+ dysd — 25755) /6
and heavy 7} = (@ysu + dysd + 5755)/+/3 states are formed which mix due to the
heaviness of s-quark, mg > m,,, mg. This is the way how physical n- and r’-mesons
are formed and gluons are very important in this process.

A complete set of anomalous and nonanomalous Ward identities for flavor axial
current correlation functions was derived in Refs. 6 and 7. Topological suscepti-
bility (QQ) (Q = (s /87)GG) that naturally arises in the Ward identities was con-
sidered as a zero-momentum limit of the correlation function ¢*¢” (K, K, ), where
K,, is the gauge noninvariant gluon axial current. Then nonzero topological sus-
ceptibility means that there is a massless ghost pole a, in the correlator (K, K,)
(for more details see Refs. 6 and 7). The correlators in the Ward identities were
approximated by the low-lying pseudoscalar pseudo-Goldstone bosons. As a result
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The physics of the n—n' system
the relationships for the parameters of the pseudoscalar nonet were obtained. The

matrix elements we are looking for are expressed through the following parameters:

fi=[fr=130 MeV, [k =156 MeV, fo=2fx — fr=182MeV,
2 M1 V2fa

my=myg, mi=2m%i —m?, o T =1.98, (1)

mi+m3+pf+p3 =md+md,  pl=057GeV?, pu3=0.16 GeV?,

where p; parametrize transition amplitudes of the ghost to m;, (a,|m1,2) = —igu i1 2
and the numerical values of f; and fx are taken from Ref. 15.
Numerical values of pu; and ps are determined by the masses of ' and 7

mesons:%7

1 2
ma = §[m?+m§+u? s \/(m?ﬂt? —m3 — p3) +4u?ué} )

According to Refs. 6 and 7 matrix elements of the divergence of the strange
quarks axial current P, = 2im457y5s are:

2m4 m2+ 2 7m2 .
(0| P2|n) = \/fQ 2(mE 5 M) 4 o5 GeV3,

2 _ 2
mn, mn

3)

24 (m2, — m2 — 12
(0| P2]1y'y = \/f2 ] Tz “) _ 0062 Gev®.
My — My

Matrix elements of the isoscalar axial current divergence P} = i\/i[muﬂ%u +
madysd] are:%7

2,,4 2+ 2 _ 2
<0|P1"]7> _ \/fl my (m22 2% m"]) =19. 10—3 GeVS,

_m?2
mn/ mn

(4)

2 2
mn, mn

2mi(m2, —m2 — 12
0Py = ¢ iy~ 1) g 100 v
Let us assume exact isospin symmetry and neglect u- and d-quark mass dif-
ferences. Then, according to PCAC, the divergence of the isotriplet neutral axial
current is proportional to 70 field and its matrix element between the 7-meson and

vacuum is zero:
(Oaysu — dysd|n) = 0. (5)

Exactly the same relationship holds for 7’. All matrix elements we are looking for
in the case of B decays can be extracted from (4).

We are considering p-wave decays and their probabilities are proportional to the
third power of the momentum of the produced particles:

b G
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Table 1. The numeri-
cal values of the right-
hand part of Eq. (6).

B — J/ynm 0.25
BY — J/yn’ 0.20
BO — J/o¢pm 0.28
Bs — J/vm 0.27
Bs — J/yn’ 0.23
Bs — J/n° 0.30
Bs — 9(28)n 0.12
B — 9(28)1 0.08

Here M is the mass of the decaying particle (Bg or Bs) and p and m are the
masses of decay products. The numerical values of this factor for the decays under
consideration are given in Table 1.

For the ratios of the decay probabilities in case of 1 and i’ production we obtain:

Br(B® = J/ym) _ (g \"( (O[P1[n)

Br(B° — J/in) <pnf> <<0|P177’)> = 139 [L1L£0.47, .
Br(B, = J/vn) Py (O[P2]n)

Be(B. = J /) (Pw) <<0|P277 >> = 0.96 [1.15 % 0.08] ,

where p, and p,y here and in the formulae below are the momenta of the final 7 and
7’ in each of the respective decays. In the brackets here and in the similar equations
below are the results of measurements averaged according to Ref. 14.

We use the relationship (2mg/(m,, +mgq) = 27.3 £0.7, see Ref. 14)

(0[5yssm) _ (0] P2|n)/(2m.)
(Oldysdln) (0| Py|n)/(V2(my + ma))

= —1.5340.03 (8)

to determine the ratios of the probabilities of B, and B° decays:
Br(B, — J/ym)  (027\ 1 [ {0l5vssln)\”
Br(BY — J/yn)  \0.25 ) tan? 6. \ (0|dysd|n)

(4.04£0.7)-1074
(10.8 +2) - 106

- 50.6[ =37+ 9] : (9)

The factor tan? . takes into account the suppression of éd charged current by the
tangent of the Cabibbo angle.

The decay B® — J/Ur can be considered similarly. Using the PCAC relation-
ship

i(0|2m ysu — 2mg dysd|m°) = V2 frm?2 (10)
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and taking into account that (0|@ysu + dvysd|7°) = 0 we obtain

. fam
i{0|dvs d|7°) = - —"——T . 11
(Oldbs i) = == (1)
Then the ratio of the decay probabilities is
Br(B® — J/yn°) < Py >3< frm? )2
Py /) \ (0| P1[n)

18 (1.7+£0.1)- 1075
- [ (1.084+0.23) - 10-°

Br(B% — J/yn)

=16+ 0.4] : (12)

Comparison of the theoretical and experimental (in square brackets) results in
Egs. (7), (9) and (12) shows a satisfactory agreement.

These decays were analyzed in Ref. 9 with the help of the wave functions of
n- and 7’-mesons. Exploiting the observation'®:'7 that the gluon admixture in 7 is
negligible the authors of Ref. 9 come to the conclusion that gluon admixture in 7’ is
small (see also Ref. 18). These conclusions are confirmed in Refs. 19-21. In all these
works the experimental results for the decay branching ratios and cross sections as
well as Fock space quark and glueball states are used to obtain the mixing angles.

In this work we follow Refs. 6 and 7, and rely only on the model-independent
QCD results and the phenomenological values of the decay constants fr, fx,
etc. and obtain a satisfactory description of the experimental decay ratios.* Our
considerations show that one cannot neglect the importance of gluons for the de-
scription of both 1 and 7’. To clarify this point let us remind that the large mass
of i is explained by its mixture with the ghost state made from gluons. In the
SU(3) limit m, = mgq = ms < p; decoupling of n-meson from the ghost state
really occurs. In this limit instead of Eqs. (1) and (2) we obtain®

fk=fr=fi=f2, Mmg=mz=mi=ma, p=\2us,
o (mi+2my) (13)

2 2 2 2
My = S =M, Mgy = g+ = 34

We see that in the case of exact SU(3) symmetry and tiny quark masses all mass
of the n’-meson is due to coupling with the ghost state.

In the real world the SU(3) flavor symmetry is violated and even n-meson does
not decouple from the gluons. The decays J/v — n(n’)y were considered in Ref. 23.
The authors calculated the ratio (0|Q|n)/{0|Q|n’) ~ 0.46. This result is close to
0.36 obtained in Refs. 6 and 7. Using this ratio the ratio of the J/¥-meson decay

aFor the pseudoscalar mixing angle in the quark-flavor basis from (3) we obtain tanypp =
0.056/0.062, op = 42.1° in perfect agreement with the values obtained in Refs. 9, 19-21. For
a detailed discussion of n—n’ mixing see review paper of Ref. 22.

bPWe correct some misprints in Refs. 6 and 7 in the expressions for the  and 1’ masses in the
SU(3) limit.
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probabilities was obtained:
L —my) ’ Q1) || n
L —ny)  [0QI) | |py

to be compared with the experimental result [1.10(3)-1073] /[5.2(2)-1073] = 0.21.
This result confirms large admixture of gluons in the n-meson. It is wrong to rely

2 3

= 0.16 +0.25, (14)

here on the 7-1' mixing model, see the arguments in the appendix of Ref. 23.
In the same way as above, we calculate the ratio of By — ¥(2S)n(n’) decay
probabilities

Br(B, — $(25)n) (pn ) ( (01Py|m) )

Py

(0| Py
(3.3+£0.9) 1074
(1.29+0.35) - 104

We also calculate the ratio of the decay probabilities for the decays Bs —
¥(2S)n and Bs — J/v¢n'. The probabilities of the charmonium states production
in the weak b — ccq decays are proportional to the c¢ wave function squared at

Br(Bs — (25)7)

= 1.22{ =26+ 1} . (15)

zero charm quarks separation. The probabilities of charmonium decay to eTe™ pair
are also proportional to the wave function squared at zero and we obtain:

Br(B, — (25)1) (W@S))SFW(?S) —eter)

Br(Bs — J/yn') D/ Ly —eter)
1.294+0.35
=017|—— =04+0.1 1
0 7{ 53104 _ OAEOL (16)

where py 25y and p;/,, are the momenta of the final ¢(25) and J/v, respectively.
Naive factorization could be the reason for considerable deviation of the theoretical
result from the experimental number.

Consider finally radiative decays of the ¢-meson with 7 and n’ in the final state.
The ratio of the partial widths Ry = BR(¢ — n'v)/BR(¢ — 1y) was measured in
Refs. 19 and 20. Again using the matrix elements from (3) to describe these p-wave
decays we obtain:

<O|P2|77’>)2p§7, L
Ry = (22117 —54-1073, 17
¢ (<0|P2|77> 7 (17)

to be compared with the experimentally measured ratio (4.8 +0.2) - 1073.19:20

3. The Deviations from Isospin Symmetry

We used isospin symmetry calculating the matrix elements and now we would
like to address corrections due to violation of the isospin symmetry. There are
two sources of isospin symmetry violation, QED corrections and u- and d-quark
mass differences. The QED corrections are very small numerically and we will not
consider them here. The situation with the quark mass differences is more involved.
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The corrections of the order of (mqg—m,,)/ms or (mg—m,,)/Aqcp are also well below
the level of accuracy to which we may pretend. The question is if the corrections of
the order of (mg —my)/(mg~+ m,) do exist. They would be important numerically
and are interesting from the theoretical point of view.

The difference of the masses of u- and d-quarks leads to n°-7" mixing (in this
section the superscript “0” mean the isospin symmetric case). The SU(2) violating
potential in the QCD Hamiltonian is

V= @(ﬂu —dd). (18)

We use nonrelativistic perturbation theory to obtain the first-order correction
to the -meson wave function:

(ol V) V3rma—m
) = In°) + — G2 ) ) + T ), (19)
70 70 s

where we used the soft-pion theorem to calculate ((wu)=(dd)=(55)~(—250 MeV)?3
is the SU(3) symmetric quark condensate)

L ma—m,
YERVE]

for more details see Refs. 6, 7 and 24.

- 1 8my
<1_1,U =+ dd> s m,,270 — m?ro ~ —E 3

(molVIn®) = (ss),  (20)

Then the correction to the matrix element under discussion is

_ _ \/,?; Mg — My, _
(Oldvysdln) = (Oldrysdln®) + == ———"(0|dsd|r°)
Q)1+ 0( ™41 . (21)
First-order correction to the m-meson wave function is
0 <7TO‘V\770> 0 0 V3ma —my 0
= - = - 22
= ) = St T = ) SR, (22)

and similarly to (21) we obtain a very small correction to the matrix element

(0] dvsd|m) = (0|dysd|7°) [1 + 0(’”‘1_7”“)} . (23)

ms

Now we can also estimate the relative probability of the By — J/Un decay

o 3 B 2
Br(B, = J/Wr) _ (px)"3 (ma=mu )" oy (24)
Br(Bs; — J/¥n) Py /) 16 Mg
where we used (22) to calculate
_ \/g Mg — My —
(OfFssim) = — Y2 T g5l (25)

S

and substitute (mqg — my,)/ms ~ 0.027 (Ref. 14) (according to Ref. 25 this ratio
equals 0.022).
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4. Conclusions

We considered above the B°(B;) — J/¥ (n,7/,7°) decays and described the
qualitative pattern of these decays using the methods developed in the late 1970s
and in early 1980s for solution of the U(1) problem.¢ Moreover, these methods al-
lowed us to obtain quantitative description of the ratios of the partial widths that
is in a satisfactory agreement with the experimental data.
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