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There are numerous examples of very nearly degenerate states of opposite parity in molecular p
The ammonia maser is based on one such doublet. Theory shows that these parity doublets ca
if the nuclear shape in the molecule is reflection asymmetric because the time scales of the
and the electronic cloud are well separated. Parity doublets occur in nuclear physics as well f
A , 219 229. We discuss the theoretical foundation of these doublets and on that basis sugge
parity doublets should occur in particle physics too. In particular they should occur among ba
composed ofcbu andcbd quarks. [S0031-9007(96)02062-5]

PACS numbers: 12.39.Mk, 11.30.Er
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In molecular physics, low energy excitations are ro
tional bands stacked on vibrational energiesEn (see, for
example, Ref. [1]). For a molecule with moment of i
ertia I , they have energiesEn 1 JsJ 1 1dy2I with the
angular momentumJ assuming successive values. T
separationEn0 2 En of vibrational excitations is much
larger than rotational energies. Now if the levelssn, Jd
for given n and J are nondegenerate (but for ang
lar momentum degeneracy), then one of the transiti
sn0, Jd ! sn, Jd or sn0, J 6 1d ! sn, Jd would be forbid-
den in the dipole approximation by parity conservatio
and the corresponding spectral line would be weak. T
is so because in this scenario, states of successiveJ and
the samen differ in parity. This is seen, for example
in the spectrum of C2H2 [2].

But there are molecules like C2HD and NH3 where
there is no such intensity alternation [2]. Chemis
interpret this result as an indication that there is a pair
approximately degenerate levels of opposite parity sitt
at eachn and J. These parity doublets have also be
directly observed for some molecules like NH3 [2], the
ammonia maser being based on just such a doublet [3

In nuclear physics, there is evidence for pear-sha
nuclei in the range oddA , 219 229 [4,5]. Parity
doublets have been found for these nuclei too [4–
although their level separation is not small [4,5].

Parity doublets occur if the shape is reflection asy
metric. It thus seems that reflection-asymmetric sha
can lead to approximately degenerate parity doublets
der favorable circumstances.

There is good reason to regard this physical pheno
non as truly remarkable. The effective theory of the
doublets would be (approximately) Us2d symmetric even
though there is no trace of such a symmetry in
microscopic Hamiltonian. This Us2d furthermore mixes
states of differing parity. So what we have here is t
striking emergence of spontaneous chiral symmetry. A
that is not all. Below we shall indicate the theory of the
doublets (and elsewhere [8] more thoroughly develop
and point out their significance for such an apparen
remote topic as topology change in quantum gravity. B
0031-9007y96y78(1)y13(4)$10.00
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our principal concern in this paper is with a differe
subject. The above phenomenon has specific implicati
for the phenomenology of particle and especially hea
quark physics, and it is the latter that we focus on in t
Letter.

Parity doublets occur typically in systems with two di
fering time scales. For molecules, the fast variables
electronic and the slow ones are nuclear. For nuclei, t
are the intrinsic and the rotational degrees of freedo
These systems are amenable to treatment in the B
Oppenheimer (B-O) approximation [1]. In this approx
mation, there is a simple and vivid manner to understa
the mechanism behind these doublets. Thus, consider
example, a molecule like C2HD [1,2]. It is a linear mole-
cule with D at one end, and can be approximated by
unit vector $n (parallel to the molecule with the tail atD)
when finding the rotational levels. The electronic Ham
tonian HF in the B-O approximation is diagonalized b
treating $n as fixed. Now the system as a whole is rot
tionally invariant, so for fixed$n, HF is invariant under
rotations about the axis$n. If $JF is the fast variable an-
gular momentum, an eigenstate ofHF can be associated
with a definite value of$n ? $JF . It need not be zero, in-
deed it will not be so for an odd number of electrons,
then no component of$JF has eigenvalue zero. But$n ? $JF

reverses under parityP , so there is another state with th
opposite value of$n ? $JF when the latter is nonvanishing
When we pass beyond the B-O approximation, the ex
HamiltonianH mixes these levels, thus creating mut
ally split even and odd energy eigenstates.

Now there are, of course, many shapes in nature.
configuration space of a shape is just an orbit of the rotat
group [9,10]. It is thus SUs2dyH for a subgroupH of
SUs2d. The molecule is an arrow only ifH  Us1d.
Elsewhere [10], the quantum theory of a generic sha
was treated in detail, and it was effectively shown th
parity doublets can occur if the shape lacks reflect
symmetry even ifH fi Us1d. (Cf. the section on heavy
mesons, Skyrmions, and monopoles. The content of
paper is best combined with [8] to reach this conclusi
rigorously.) Let us give an example. If the molecu
© 1996 The American Physical Society 13
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is a pyramid with the symmetryZ2N , SUs2d around an
axis $n, then the eigenstates ofHF can be associated with
definite values of expfs2pi $n ? $JFdyNg. It determines
helicity $n ? $JF only modN . Under parity, expfs2pi $n ?
$JFdyNg ! expfs22pi $n ? $JFdyNg, and hence there ar
parity doublets unless expfs2pi $n ? $JFdyNg  61. Thus
anN-fold axis, defining only helicity modN, can also lead
to parity doublets.

Parity doublets are also time-reversal (T ) doublets
[10]. That is becauseT reverses $JF and hence$n ? $JF ,
just as P does. But we recall that there could beT
doublets both with trivial parity11, as it happens with
staggered conformations [10].

Baryon physics.—All this could be of concern also
to a particle physicist. Thus tentatively regardingu
and d as light and the remaining quarks as heavy,
following potential parity-doubled baryon states come
mind: (1) scu, scd, (2) cbu, cbd, and (3)btu, btd. But
there are two important issues to be addressed be
we can entertain the conjecture of parity doublets amo
these combinations, namely, (1) the existence of two w
separated time scales,Tslow andTfast associated with the
heavy and the light quarks, and (2) the relative magnitu
of Tslow and quark lifetimest. Item (1) is, of course, the
basis of canonical B-O approximation while (2) is ne
It is just that the entire approximation scheme can bre
down if a quark decays too fast. It is thus necessary
check that the lifetimes of quarks are much longer than
dynamical timeTslow in the problem. Below we outline
how we treat (1) and (2) and then summarize the pertin
numbers in tables.

Item (1): Assuming that the distance between t
two heavy quarks is of the order of 1 fm, we wi
estimateTslow as follows. If I is the moment of inertia
of the heavy quark pair, andJ its angular momentum
then Tslow ø 2pIyJ ø 2pI  2pmR2, wherem is the
reduced mass andR ø 1 fm is the relative separation o
the heavy quarks. We will estimatem and Tslow using
constituent quark masses, as it is more appropriate t
using current quark masses.

As for Tfast, by the uncertainty principle, the momentu
p of a fast quark isø1yR. It is alsomyy

p
1 2 y2 for a

quark of massm. In this way, we can findTfast ø 2Ryy.
Item (2): Quark lifetime scales as the fifth power of th

mass. Crude estimates fort good enough for us can b
obtained by scaling muon lifetime.

Constituent quark masses and their lifetimes are sho
in Table I, while numbers forTslow and TslowyTfast are
shown in Table II.

From the tables, one sees thatcbu andcbd baryons are
the best candidates to search for parity doublets. Si
JF , the total angular momentum of the light quark,
necessarily half-integral, we expect that parity doubl
will occur. In addition to parity doublets, the model, o
course, predicts normal rotational excitations. Their sp
ting would be of the order of1y2I . 100 MeV and can
14
e
o

ore
ng
ll-

e

.
ak
to
he

nt

e

an

e

n

ce
s
ts

t-

TABLE I. Constituent quark masses and their estimated lif
times.

Constituent Constituent
Quark quark mass quark lifetime

(GeV) (sec)

u ,0.3 $1026

d ,0.3 $1026

s ,0.51 1026 1029

c 1.1 1.6 10211 10212

b 4.1 4.5 10214

t 170 10222

be looked for experimentally. It is difficult to estimate th
energy difference between the parity doublets. It could
of the order of 100 MeV (that is, of the order of rotationa
excitation energies as in nuclear physics) or smaller.
these levels are split by more than the pion mass, they
be detected bys-wave pion decay (or some other stron
decay) of the higher state. If the mass difference is n
so much, and the spin is 1y2, then the dominant decay
will involve the emission of photons via a pseudotens
coupling. However, these observations may not give t
best signals for the detection of parity doublets. In fa
we can find none, comparable in elegance to the study
intensity alternation patterns in molecular physics allud
to previously, for the detection of such doublets in par
cle physics.

In the B-O approximation, the heavy quarks are not
a definite orbital angular momentum state, in contrast
what is found in quark models. For this and for othe
reasons, the relation of the B-O and quark model state
intricate and will be elaborated in [8].

Heavy mesons, Skyrmions, and monopoles.—Baryons
are not the only favorable systems for parity double
Literature abounds in speculation [11,12] suggesting t
existence of heavy meson bound states. They can invo
distinct heavy mesons too. These can be the sl
variables and suitable excitations (like ther or the v

meson) can be the fast ones, and we may have pa
doublets again.

These doublets may also appear in the physics
Skyrmions and monopoles. For the former, there no
exist elaborate simulations of static configurations f
differing baryon numbers [13,14]. They are found t
occur as regular solids with discrete symmetry group

TABLE II. Tslow andTslow yTfast for baryons of interest.

Baryon Tslow Tslow yTfast

(sec)

scuyscd ,10223 2.9 3.5
sbuysbd ,10223 4.1 4.3
stuystd $10222 4.5

cbuycbd ,10223 8.8 11
ctuyctd $10222 8.8 17.6
btuybtd $10222 44
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We can also imagine that further calculations will sho
static configurations such as a pear, with Us1d symmetry
group. Excitations with spin, like ar or an v, or even
a nucleon, which can have nonzero helicity$n ? $JF , could
then lead to parity doublets.

Of equal interest to the above Skyrmion configuratio
are the static monopole configurations with symmetr
under rotation subgroups [15–17]. They can occur
grand unified models. By attaching fast constituents s
as a spin 1y2 quark, we can hope to create parity double
in these systems, just as in molecular physics.

A remark and a reminder.—Effects of heavy particle
(slow core) spins are neglected in the B-O approximati
They could lead to additional degeneracies and m
require future consideration.

It is crucial in these considerations that the slo
configuration is reflection asymmetric for parity double
to occur. They would not occur inccu, as c 2 c is
described as a headless arrow. They would also
occur for staggered conformations which are reflect
symmetric even though they can have a doublet struc
mixed by T . It would be most striking to encounte
these T doublets, predicted naturally theoretically,
chemistry, and nuclear and particle physics.

Final remarks.—It is appropriate to conclude by out
lining certain more formal considerations which we sh
study elsewhere in greater depth [8].

The quantum theory of three-dimensional shapes,
is, quantization on configuration spacesQ  SUs2dyH
was studied in [10]. As is well known [9,10], it is no
unique, there being a distinct quantization for each unit
irreducible representation (UIR)r of H. For a particular
r, the domain of the shape HamiltonianHS consists of
sections of a vector bundle associated withr. These
domains and hence the corresponding quantum theo
are different for differentr. Now, it so happens for
reflection-asymmetric shapes thatP can mapr to an
inequivalent UIRrP and so the quantum theory to a
inequivalent one. Quantum theory thereby spoils class
P invariance, in precisely the same manner that
presence of the topologicalu term in QCD (foru fi 0, p)
breaks it [18,19]. AlsorP  rp [10], so T is violated
by quantization, but notP T . But the strange behavio
of staggered conformations noted earlier is unlike anyth
we know of in conventional particle theory.

These results on shapes are paradoxical. There is nP
or T violation in molecular physics while shapes (slo
cores) withP or T violating r do occur in nature. How
then is this paradox resolved?

The resolution is as follows. Let us at the start assu
that the domainV s r0d of the total HamiltonianH 
HS 1 HF is associated with the trivial representatio
r0 that harms neitherP nor T . The domain ofHS is
then also the domain associated withr0. An eigenstate
c

s rd
F of the fast HamiltonianHF is the section of a

vector bundle overQ in the B-O approximation (the Berry
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phase shows this result) [20,21] (the superscripts on w
functions will indicate the UIR), and it can happen th
this bundle is twisted and is associated with a UIRr.
The B-O slow Hamiltonian is notHS , it must be obtained
from averagingH over c

s rd
F , and when that is done

the emergent slow Hamiltonian̂HS contains a connection
and has a domain associated with the UIRr, which is the
complex conjugate ofr. (A result along these lines is in
[20,21].) So an eigenstatec

s rd
S of ĤS corresponds tor

and the product wave functionc  c
s rd
S c

srd
F corresponds

to r ≠ r. But H andHS act on the total wave function
and their domain can only correspond tor0. That is now
easily arranged asr0 occurs in the reduction ofr ≠ r.
The correct total wave function in the B-O approximatio
is thus the projectionx s r0d  Pfc s rd

S c
s rd
F g of c to V s r0d.

If rP  r, the parity transformP x s r0d of x s r0d is of the
form Pfcs rd

S c
s rd
F g [ V s r0d. It is still in the domain of

H andHS, so there is no question ofP violation. The
same goes forT . The doublets with definiteP in the
leading approximation are linear combinations ofx s r0d

andP x s r0d.
A remarkable feature of the B-O approximation, o

casionally appreciated before, is that eigenstates ofĤS

may be states with helicity [21], even spinorial state
even though those ofHS are tensorial zero-helicity ones
This happens if, for example, the configuration spaceQ
is the two-dimensional sphereS2  h $nj. If the helic-
ity $n ? $JF  2K of the HF eigenstate is nonvanishing
then the slow wave function is a section of the monop
bundle with helicity (Chern number)K . The slow wave
function is then spinoral ifK [ s2Z 1 1dy2. A spinorial
slow eigenfunction can get converted to a tensorial o
too under suitable conditions.

Now suppose that the fast variables (with UIRr) cannot
be seen by current experiments, perhaps because
excitations are too energetic. They can still leave a tr
in the slow system by twisting its bundle fromr0 to
r or changing its prior twist, and perhaps even alteri
its tensorial or spinorial character. If, without our bein
aware, the fast variable for UIRr is replaced by anothe
for UIR r0, the slow bundle is thereby also changed. Th
is an effective topology change, but at a quantum level,
the HamiltonianHS. The topology change of classica
configuration space, frantically sought in gravity, cann
be achieved in this manner. That would require anot
mechanism like cobordism in functional integrals [22]
domain changes (of a new sort) of the Hamiltonian [23

M. V. N. Murthy has been exceptionally helpful to us
the course of this work, while Charlie Nash pointed out
us that the ammonia maser is based on a parity doub
We are sincerely grateful to them, and also to Brian Do
and Carl Rosenzweig for important comments. Charila
Anezeris, Kumar Gupta, and Al Stern participated
the early stages of this work. We have benefited fro
this collaboration and also from conversations with o
15
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