Lawrence Berkeley National Laboratory
Recent Work

Title
USE OF DIPOLE SUM RULES TO ESTIMATE UPPER AND LOWER BOUNDS FOR RADIATIVE AND TOTAL WIDTHS OF X(3414),

X(3508), AND X(3552)

Permalink

https://escholarship.org/uc/item/7j20k5hK

Author
Jackson, J.D.

Publication Date
1976-08-01

eScholarship.org Powered by the California Diqgital Library

University of California



https://escholarship.org/uc/item/7j20k5hk
https://escholarship.org
http://www.cdlib.org/

Submitted to Physical Review Letters ' LBL-5369 \ o
Preprint

TRy
‘ _ USE OF DIPOLE SUM RULES TO ESTIMATE UPPER AND
o G e T LOWER BOUNDS FOR RADIATIVE AND TOTAL WIDTHS OF
FNTS SECTIoN X(3414), X(3508), AND X(3552)

- J. D. Jackson
!
( B
& August 12, 1976

‘ﬁ | | For Reference

Not to be taken from this room
K — )

Prepared for the U. S. Energy Research and
Development Administration under Contract W-7405-ENG-48




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



s‘t.a‘l:esl’z’3 generically labelled as y have J'Pc =0

LBL-5369

USE OF DIPOLE SUM RULES TO ESTIMATE UPPER AND LOWER BOUNDS FOR
RADIATIVE AND TOTAL WIDTHS OF x(3414), x(3508) AND -x(3552)"
3. D. Jackson ' R

Department of Physics and Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

August 12, 1976
ABSTRACT

Upper and lower bounds on the wid_'t.hs for
X3 *Y ¥(3095) can be estiniated, assuming E1 trans-
itior:xs and approximate Russell~Sa1131ders coupling for
the ‘cE system. Expérimental widths for y(3684) Y Xy
" make the l'ower‘ bound more restrictive, giving radiative
© widths of 160 + 240, 230 + 400, 280 + 480 keV for 3414,
3508, 3552 MeV states, respectively. Cascade bfa.nching

ratio data permit estimating the total widths to be

> 1.6, 0.3-1.5, 0.6~4 MeV, respectively.

In the spectroscopy of new pérticle states uncovered in e+e-_

annihilation it is now rather clearly established that the three

+, 1'”; 2#+ for the

3414, 3508, and 3552 MeV atates,‘re_spec’c:l.ve];v.4 .The spin-parity val-
ues ‘a.nd'ord.ering of these states are Just what is exi)ected of thetriplet

5,6

p-states in any qq bound state model that paralleis po_sitronium.
The x states are formed by the radiative decay Y(3684) + yx. They
are observed to decay into hadrcns and also, for the J =1 and J =2

(and marginally for the J = 0) via the two-photbn cascade, Y( 3684)

09 Sae Y2V,£J( 3095). Recently, branching ratios have been reported for

the W(3684) + vy X3 transitions7’8 and also procucts of brarching

. ratios for the cascade -transitions.

-2-

8,9,10 These are summarized inHg. 1.

The view tl;at these st,ates' are describable to a good appi‘ox-
imation by a nonrelativistic potential model, with' v2/.<:2 correctioné_,
receives incfegsing support from the data.6 We adopf jt.vhisv picture her_e.
in the Russell-Saunders limit (J2, 3, L2, £ diagonal) the states
‘have the designations shown in Fig. 1. The details of the binding po-
tential need not concern us, but we“make the assumption from th}e outset
that tensér forces, relativistic effects, céupled channel effec't's, ete.
are unimportant enough that they do not vitiate our use of the second
sum rule.

The branching ratios shown in Fig. 1 for w(3684) » v X; can’
be converted intc radiative widths using I‘t g 228 keVJ-‘l: b w' +Y XJ)
= 17.5 + 6 keV, 20 + 7 keV, and 18 + 7 keV, for the J = 0"*,1**, ana
2** states, respectively.l® Values in the range from 10 "to 30 keV
emerge from béux;d state models, provided the quark charges are
eq ~ 12/3.13’6 Furﬁhermore, with the experimentally favored J assign-
ments, the experimental products I_'J/(ZJ + 1 = (_10»'_'.3) x 10-4,

(13 £ 5) x 1074, and (16 *+ 6) x 107 GeV 2, show constency within errors

This indicates that the E1 rate formuls,

(4/27)a e§(2J+l)k3| (apir|asH(?
' (1)

(' - Y’xi)

is approximately valid, with a common matrix element for all three
transitions. Though other multipoles are possible in principlé for

the J = 1, 2 states, we éssume' complete E1 dominance for the

transition rates of concern _here.ll'

The widths for the radidtive transitions X3 Y W 3095) can

be calculated in bound-state models, but cax}nof_. be compared with the

1
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‘data on BR)2 without hxowledée of the total widths of the Xg states.
We show here that, ‘with. E1l dominance of the b‘l" +Y Xy and x5 >vy¥
transitions and the gpproximate validity of Russell-séunders coupling,
. ui.:rper and lower limits can be set on the widths for j(J + Yy, limits
that are stringent enbugh to provide estimates of the total widths of
the Xz states. Given the ex'perimental and theoretical uncertainties,
these latter qua.ntlties are rather rough, but they may well be the only
sem-experimental estimates available for some time.-
We use two- dipole sum rules. The f‘irst is the well-known

'I'homas-Reiche—Kuhn sum rule,

2 Z “’Ji'<jl;_li>‘2"= .3 . (2)
J
"where u 1is the reduced.mass of the two-particle system -(‘!f =ec=1
here). With the ground state (3095) as the initial state, Eq (2)
permits an upper limit to be set on the E1 widths of the tran31t10ns

X, + Yw in the well—]mown way: 15

Dxg YY) < 2aek/3u ' ()
‘With e = é/} and 2u=m = 1.65 GeV, thié gives‘the values shown
in Tﬁble I. These upper bounds are of -course dépendent on our assum-
ptions about quark charges and masses. The charge choice of 2/3
is strongly indlcated by the semi—quantltative agreement ‘of the radla-‘
tive widths for w - Y Xy already mentioned. -- a factor of 4
smallér calculated rates.seems unreasonable.  The effective quark mgés

is perhaps less certain, but the remarkable agreenment of the celculations

4=

of De Rﬁjul’a, Georgli and Glashow16 with the observed masses and mass

»splittings of the charmed baryons indicates that our choice cannot

be- appreciably 'wrong.

A lower bound can be obtained by use of a dipole sum ru_'l.e18

that involves only the_transitions n,L > n',!. = 2, - 1. We apply it

to the 2p + ns transitions shown in the bottom half of Flg -1. For

these the sum rule reads

) g <l = )
n - .

The beaﬁty of this sum rule is fwo-fold; The minus one on ti:e ri.ght
hand side shows that the dqwnward 2p + 1s .transition (Y2 in Fig. i)
dominates the sum since it is the only term with a negative energy
differenqe. 'This. means we can cbtain a.lower bound on thé Y, rate.
F\xrtheimre ; the 2p + 2s cdntribution_isﬂ-lmqwn from w' Y Xg This
will raise the léwer bound s_ign_'ificanth'. Expressing ‘?he lower bound
for the width of Xy > YY as much as possible in terms of exberimental

quantities, we write19

v 2"“‘2 2 A 3 [% '
T(xg=>Y9) 2 ——eq * ThT q,r(w * Y;Xg) (5)

Comparison with Eq. (3) shows that the f_irs"c term is 1/3 of the

upper bound. Note that the second term sets, within our assumpti_ons,
™~ .

an "absolute" lower bound, independent of quark charges and masses.

With the eicperimental widths for the upper transition we find .the lév'ver>

. bounds and "absolute" lower bounds shown in Table I. These ‘values have
- experimental uncertainties of 30%, at 1éas1*_. fdr the "absolute" lower

» bound.
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Table I shows that the radiative widths for Xz +yy  are

rather blosely delimited by -the upper and lower bounds of Egs. (3)

and (5). In particular, the experimental branching ratios7’8 for

. W' >y XJ' set relatively model-independent "absolute" lower limits

of the order of 100keV for all three transitions.

The branching rat1058 for the cascade transitions w' * Y9X5

-+ Yzw can be used, together with the bounds of Table I, to estimate the

fotal widfhs of the x; states. :With 0.087, 0.09, andv0<08- for the
oranching rations for w' * YiXg 7,8,12 for J = 0,1,2, the X3 +Y2w
branching ratios are estimated to be 0.025  0.025 (or 0.065 + Q.04'0),
0.27 + 0.09, and 0.125 + 0.075. The errors ‘here are only the errors in
the cascade (BR)2 values. lhere is an additional uncertainty of ~30%

from the branching ratios for the first transition. A series of esti-

mates for bounds on the total widths of the X3 ‘states are given in

Table IT. The "absolute" (A) lower bounds are computed by dividing the

eQ = 0 bound from Table I by-ﬁhe sum of the central value of the rad-
iative branching ratio and its estimated error. Similarly, an

" ‘"absolute" upper bound uses the radiative upper bound from Table I

_and the differehce of ﬁhe central value and its asscciated error for

{he oranching ratio. The plausible (P) upper and lower bounds come
from»the eQ = 2/3 colomhs'in Table I, dlvidedvby theAcentral valueé
of the branching ratios. .

The estimates in Table II for total widths are presently

uncertain by +50% or more because ofvexperimental uncertainties in the

.'various branching ratios, apart from theoretical uncertainties. Never-

théleés, they presumably'provide at least order of magnitude_estimates

.of the total widths of the X; states. The reletive values within

-6~

each column should be more reliable..

0,2 '
20,21,6 from & SU(4) 8 SU(3) .color- gluon gauge

. .Predictions
theory can be. compared with the ranges in Table II. .The annihilation
rate for x - gluons and/or qq is supposed‘fo represent'the aﬁni—
hilatiop into oidinary hadrons. . A typical rate is F(xo +> gg)
='96a2[R'(0)|°Af , with I(x, »gg) = (4/15)(x, ~ eg). For the
T=1" ana 1* states, the formula involves an additlonal faotor
of afn [Amz/(4m? - M?)] and is less reliable.zl_’Iheoe rates gre
proportional to the square of the radial derivative of the p-state wave
fﬁnctibn at the origin, a quantity that varleo.as the fifth power of>

the scale parameter of the bound state wave functions. Estimates range

5.20-

o _
from |R'(0)|% = 0.04 GevY %3/1;0009Gev 207 4 central value of

£ 0.06 GeV° and a_ = 0.19 gives T(x, * €8) = 1.5 eV, I(x, + gg) °

= 0.4 MeV, and less reliably,. F(x +g(qq)) = 0.13 MeV. Including

the radiative decays, we estimate the "theoretlcal" total widths to

-be "1.5 MeV, 0.2 MeV, 0. 45 MeV for J = 0,1,2. These correspond

roughly to the "absolute" lower bounds of Table IT (unless the cascade
branching ratio of ref. 10 is used ). No very compelling conclusion
follows from this comparison Because of sonsitivity to IR (0)[ |
it may be more reasonable to use the ranges in Table 11 to restrict
the parameters in one's model of charmonium.

The upper and lower bounds in Table I are exact statements ln

" the 1imit of E1 transitions only and RussellQSaunders coupling with -

small splittings'énd novconfiguraiion.mixing; The reality is that
the triplet-singlef splitting of the s-siates is apparently large,
‘the p-states are relatively widely éplit and ‘their sucoessive'spacingo~;

do not satisfy the Landé interval rule.. To understand the p-state
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_‘splittings it is necessary to include a tensor force'contribution as

weiljas-the spin-orbit coupling.23’6

complications from relativistic effects and poupled channels above the

cﬁarmvthreshold. For a relatively low-lying transition such as -

xi + Yy, the mixing of d-stateé into the s- and f-states into the
‘ p- by the tensor force maj not be a serious problem.. Certainly we can

say that the.bounds_in Table I are not strict bounds. We can only hope'

that they provide reasonable limits on the expected radiative widths

from which the rough ranges of Table II for total widths follow.

‘As a final, very speculative, remark, we note .that there is a

24

sum rule for E1 transition probabilities* that reads

2&2 mgiK’jl?]i)]? -_-..(iIVZVIi'). (8)

J

In some models of charmonium6’23 the expectation value on the right is

(3m§/2) times the singlet-triplet s-state mass splitting AM 'due to

‘the Fermi interaction. We can thus get a lower bound on AM' from the

ounds . X+ Y rom Table I, namely, > AF(x.+ Y 08
> F(xy* YY) from Table I &M > 3T(x; > Y9V hos

= 35-65 MeV. This suggests that the. pseudoscalar partrer (nc) of the

¥(3095) dces not lle very close in mass to the . It may indeed be

' the X(2800).

There are, in addition, potential

10.

11,

12.
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TABLE I. Upper and lower bounds on
radiative widths for Xj Yéw. ..
(Masses and photon enérgies in»MeV,

widths in keV. eQ = 0 column is.sec-
ond term only from Eq. (5)).
- Upper Lower bounds
Mk k  bowd T 60

314 260 304 240 160 80
3508 172. 389 400 230 100"

3552 130 428 480 280 - 120

ol
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TABLE II. Estimated upper and lower

bounds on the total widths of the

Xj. States. (A1l masses and widths

are in MeV. The estimates in paren-
theses’ for' J=0 ‘are basé& on the
(B.R.)? of ref. 10. A means "abso-

lute", P plausible.) o

Lower Bounds Upper Bounds

M oooA P B A
3414 1.6 6.4 9.6 =
(0.8) (2.5) (3.7) (9.6)
1 358 0.3 0.9 1.5 2.2
2

3552 0.6 2.2 3.8 9.6
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. Figure 'Captipn _ 7
Fig 1. (‘fbp)-. Observed radiétive transitions through fhe X . states,
For the first transitioné the numbers are branchihg r'atios (ref. 7;
’ for the _>J = 0 . final state the second number is from ref. 8). For the
second step the numbers are the products of the branching ratios (ref.
é, 10). (Bottom). Schematic diagrazﬁ showing the transitions involved .

in the second sum rule, used to set lower limits on the radiative widths,

ey
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