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DISCRETE SYMMETRIES: A BROKEN LOOK AT QCDl 

T. Goldman 

Theoretical Division 
Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

Abstract 

The alphabet soup of discrete symmetries is briefly surveyed with a view 
towards those which can be tested at LISS and two particularly interesting cases 
are called out. A LISS experiment may be able to distinguish CP violation that 
is not due to the QCD 6 term. The elements of a model of parity violation in 
proton-nucleon scattering, which is consistent with lower energy LAMPF and 
ANL results, are reviewed in the light of new information on diquarks and the 
proton spin fraction carried by quarks. The prediction that the parity violating 
total cross section asymmetry should be large at LISS energies is confirmed. 
The results of such an experiment can be used both to obtain new information 
about the diquark substructure of the nucleon and to provide bounds on new 
right-chiral weak interactions. 

Introduction 

There is a veritable alphabet soup of discrete symmetries that have grown up in 
nuclear and particle physics over the decades. The venerable P (parity or space 
reflection), T (time reversal) and C (charge conjugation) and their various combina- 
tions, CP, PT, CT and CPT are perhaps the deepest in some sense, but CS (charge 
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symmetry) and CI (charge independence) also have a long history in our field. In 
every case, however, what seems to interest us most is finding violations of these 
symmetries. What I will describe here are two cases where the symmetry breaking 
can be used to tell us things about QCD that are otherwise (even more) difficult to 
access with any certitude. 

As we are here to talk about what LISS can do, and though it could conceivably 
contribute to everything above, most tests must be done completely with p p  alone, 
It is obvious, however, that CS and CI need neutrons as well. Only isospin viola- 
tion offers an opportunity here, with both neutrons and protons in the target. The 
questions to  be answered are whether extraction of Coulomb and nuclear corrections 
(even for d targets) can be done sufficiently accurately to find small effects in QCD 
at higher energies. For example, there is an electromagnetic correction to the quark 
gluon vertex, termed an 'electromagnetic penguin of the second kind',['] which weak- 
ens the effective strength of the strong interaction for upquarks relative to  that for 
down-quarks and should be addressable by studying neutron us. proton amplitudes. 
Unfortunately, there are a host of other effects as well, and detailed work remains to 
be done to determine if these may be disentangled, and at what energies it is best 
to attempt to do so. For recent studies based on meson exchanges at low energies, 
see Ref.[2]. Also, as the possibility exists for an extracted polarized neutron beam 
from LISS (by stripping of polarized deuterons), Nefkins has pointed out here that 
one could use this to disentangle np + meson + X scattering identifying the mixing 
component for each meson in the symmetry breaking pairs: TTT~), pw, a&, etc. More 
detailed work remains to be done on this concept, but it could, in principle; address 
the question of the squared-four-momentum dependence of such mixings. 

Returning to space-time symmetries, two cases have been studied carefully, CT- 
conserving T-violation and CP-conserving P-violation, and it is on these that I will 
focus my discussion. That is not to say that not all other violations have been 
considered by theorists. Indeed, Indiana is a veritable hotbed of studies of even CPT- 

a possibility airily dismissed only a few years ago. Unfortunately, I know 
of no way that LISS can address this exciting new possibility. 

. 

2 Time Reversal Violation 

It has been proposed[4] that transmission experiments, similar to those more familiar 
for parity violation, can be done to search for T-violation, with all the advantages 
of measuring an amplitude by interference. Moreover, they may be designedl5I to 
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search for P-conserving T-violation. This is of exceptional importance as P-violating 
T-violation appears in the Standard Model through the so-called 8 term of QCD, 
coupling the gluonic stress tensor to its dual, 

as well as through the weak interaction. In electromagnetism, the corresponding term 
would be the dot product of the electric and magnetic field vectors. This term con- 
tributes to the electric dipole moment of the nucleon and so is stringently constrained 
to a value less than of the weak interaction (8 5 

The new opportunity shows up in the fact that in the Standard Model P-conserving 
T-violation appears only in second order in the weak interaction. (Similarly, the 8 
must be combined with a weak interaction to re-achieve P-conservation, suppressing 
that contribution even more than what follows. For a review, see Ref.[6].) Since 
the weak interaction (at least at low energies) is of order of the strong, and 
the (P-violating) T-violating strength is of the weak, the expected size of the 
effect should be nine or ten orders of magnitude smaller than the weak interaction 
itself. In fact, there are strong arguments that P-conserving T-violation is generally 
suppressed below first order in the weak interactions in gauge theories.i7] Of course, 
‘there are more things in Heaven and Earth, Horatio, than are dreamt of in your’ 
gauge field theory. However, even the established upper bound leaves open an enor- 
mous ‘window’ for the discovery of new physics, as the current limits for P-conserving 
T-violation are lo5 to lo4 times larger than the weak depending upon 
how model dependent one is willing to be in the analysis. (The more stringent bounds 
of Khriplovi~h[~], are model dependent, and so require independent confirmation in 
any event.) Any effect between these current limits and the upper bound cannot be 
due to known dynamics. 

The idea is to  measure the correlation between the spin (Z) and momentum (i) 
of the projectile (here, proton, so spin-1/2) and the dyadic spin-tensor of the target 
H 

(TJ): 
(5 x i). * x  

The last, however, does not exist for spin-l/2 targets as the Pauli matrices span the 
outer product space of spin vectors for this small representation. Spin-1 or higher 
is required, and fortunately, the deuteron is readily available. The nullility of the 
coefficient of this operator is estirnated[lO] to be measureable at levels comparable to 
those of parity violation alone (see below) as it involves the same kind of experiment: 
Comparing the transmission of the LISS beam as a function of its polarization at fixed 
target polarizations. This should at least enable improving over the limit referred to 
above, and could conceivably increase the constraint by an order of magnitude. 
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Improving such constraints is exceptionally important to theory because we have 
no concept now of where such effects would arise, and so have no model structures 
for which the results may be turned into parameter bounds. This is as opposed to 
things like the 8 term, where we understand the structure and its implications. (We 
just don't know why it is so small.) 

In the last week, a paper[''] appeared on the hep-ph archive (http://xxx.lanl.gov/) 
which claims to improve significantly the constraints on CP-violation in N N  interac- 
tions by using electric dipole moment limits of atoms and the neutron to infer bounds 
on CP-violating four-fermion interaction of all types, including quark-quark. Al- 
though the limits derivable are even better than presented in this paper as it uses older 
bounds for the "'Hg experiments, the limits refer to parity violating T-violation, and 
so is irrelevant here. 

3 Parity Violation 

Parity violating total cross section asymmetries of the form 

a+ - 0- PVA = a++a- ' 
where a+(-) is the total cross section for positive (negative) helicity particles on an 
unpolarized target, have been unambiguously observed only at low energies.[12] There, 
elegant experiments have found effects at the 10'7.1evel. There is a long history 
of study of this question in nuclear physics and these low energy experiments are 
usually interpreted in classic terms of a sum of parity violating meson exchanges using 
parameters from Ref.[13] which are derived from analyses of weak decays of nuclei. 
Such calculations have been extended into the medium energy regime and generally 
find[14, l5, 16, 17] small parity violating asymmetries in the total cross section, which 
may remain negative or become positive as the energy increases. These models were 
not expected to be valid at higher energies, due to formfactors and a limited mass 
range of exchanged particles. 

Some time ago, Dean Preston and I a quark model applicable to 
this process at high energies. (For other quark models, see Refs.[19, 201.) The size of 
the effect depends upon the fraction of nucleon spin carried by the quark spins, and 
upon the diquark wavefunction in the nucleon. The former effect leads to  problems 
as one moves away from the simple constituent quark model applicable at medium 
energies, while the latter affords an opportunity to  study nucleon structure in a new 
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way. So my reason for dwelling on this at length is that there have also been a number 
of developments in nucleon structure, that is, the question of the significance of the 
diquark substructure of the nucleon, and the fraction of the spin of the nucleon that 
is due to the spins of the quarks of which it is composed, which demand revisiting 
our earlier calculations. I will try to emphasize these issues, and be as brief as I can 
about the model as it has been presented many times already. 

3.1 Diquarks 

There is no question that, for two quarks in an overall antitriplet color state, QCD 
produces a net attractive interaction in both singlet and triplet spin states. The 
only difference between the two cases is in the color magnetic interaction, which is 
repulsive in the spin one state. However, the strength of this repulsion is only 1/3 
that of the attraction in the spin zero case, adding only about 50 MeV to the overall 
energy of a spin one pair of quarks. This is too small on the overall energy scale 
of confinement to significantly affect wavefunctions. Thus, there is also no question 
that there are diquark substructures within the nucleon, although the amplitude 
of spin zero diquarks in the nucleon may be somewhat favored (relative to those 
of spin one diquarks) over the naive expectation of elementary constituent quark 
model wavefunctions. Some recent papers cover Bethe-Salpeter[21] and Faddeev[221 
approaches to calculations as well as considering effects of diquarks on final states.[23] 
The first of these produces excellent nucleon form factor and magnetic moment results 
by adding (axia1)vector diquarks to a previous analysis, (see Figs. (4,5,7,8) of Ref.[21],) 
while the others make use of heavy quark approximations. (The next workshop is 
28-30 Oct. '96 in Torino.) 

Although Ref.[21] displays support for the existence of the diquark, one might 
well wish to measure its properties more accurately. All one has a present is a crude 
estimate of 650 MeV for the light diquark mass (for a constituent quark mass of 350 
MeV). The value of this effective mass can be important for our understanding of 

. nucleon structure functions[24] for example. More precise evaluations of properties 
are best achieved in heavy quark systems, but unfortunately, the strange quark is not 
heavy enough, and baryons with charm and more massive quarks are not produced 
copiously enough (at least at present). As we will see below, parity violation in higher 
energy nucleon-nucleon scattering comes dominantly from the spin-one diquark in the 
polarized nucleon, and depends linearly on the square of the diquark wavefunction at 
zero quark separation. Thus another window on QCD, and an independent measure- 
ment of this quantity, is afforded by such experiments. 

. 
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3.2 Quark Model for Parity Violation in N N  Scattering 

Only one high energy experiment, at 6 GeV/c, has been This found 
an effect at the level, which is difficult to comprehend in the context of the low 
energy, meson exchange pictures. From a high energy, quark point of view, however, 
this would seem natural since the strong amplitude A is schematically 

where as is the strong coupling, and q2 is the four-momentum transfer, and the weak 
parity-violating amplitude is similarly 

Then, since as 5 1 and < q2 >w 0.1 GeV2/c?-, 

Detailed calculations require studying the strong and weak amplitudes. QCD 
gluonic exchange amplitudes for quark-quark (A4) and quark-diquark scattering (Ad) 
are both needed. To leading logarithm order, to all orders in perturbation theory, we 
can drop wavefunction and vertex types of graphs by replacing the vertex strength in 
all of the others by the running coupling constant. For consistency, we must make the 
(QCD) leading log corrections to the weak parity-violating quark-quark interaction, 
B4. However, when considering strong corrections to weak amplitudes, there are also 
the quark-diquark amplitudes Bd, (which also include the running coupling constant .) 

We have found[l8I that all of the contributions of these graphs to the PVA are 
with the possible exception of those of the form 

where the sum in the denominator runs over QCD graphs. To the extent that 
QCD provides a correct representation of the strong interactions, the denominator 
can be replaced by the spin averaged total nucleon-nucleon cross section, provided 
only that QCD parameters fitted to experiment are used in the numerator of Eq.(5). 
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We use a renormalization scale of order 1GeV2 E p2 and set os N 1 there corre- 
sponding to A g c ~  N 400 MeV at the one-loop level. This is consistent with Afis II 
100-200 MeV at the two-loop level, and so represents well-accepted parameters. 

We should also note here that the use of diquarks and of gluons requires represen- 
tations of their confinement. We do this for the diquark by giving it a finite width I?, 
thus representing its confinement as a unitarity loss into other (also confined) chan- 
nels. Although this procedure may seem ad hoc, it precisely mirrors 
used to remove singular inconsistencies in unstable particle scattering, such as has 
been found in studies of p+p- annihilation into W'e-v,: The production cross sec- 
tion diverges due to onshell intermediate state neutrino (here quark) propagation 
until the fact that this is attenuated by its relation to the decay of the muon (here 
diquark) in the initial state is taken into account. 

We also give the gluon an effective mass X which nicely limits the range of its 
virtual propagation. We have found that, by setting X = p, (which gives a very 
short gluon range and so can be expected to underestimate the size of the following 
amplitudes), an analytic calculation can be made for the dominant (polarized) diquark 
contribution to the PVA. The entire result of this contribution is due to  one overlap 
alone, (with all other diquark overlaps vanishing generally due to tracelessness of the 
QCD coupling matrices). 

Before giving the specific form of the result, we comment on the physical interpre- 
tation of the relevant graph. On the Bd side of the intermediate state cut, the graph 
would represent solely wavefunction mixing of the polarized diquark component of 
the nucleon. However, the distorting strong interaction in the initial state, due to the 
gluon exchanged between the quark from one nucleon and the diquark from the other, 
injects a four-momentum which raises the intermediate state (final in the actual scat- 
tering) diquark to larger mass scales. As such, this calculation includes all relevant 

. parity violating mixing between the nucleon and higher mass baryonic states. It is 
constrained by (low energy) nuclear data on (diagonal) parity violating components 
of the nucleon itself. 

It may be useful to consider an analogy here: CSB has often been attributed to 
p - w mixing in t-channel exchange of these mesons between nucleons.[27] On the 
one hand, the size of this effect is 'natural' in the technical sense[28], when considered 
from the point of view of Chiral Perturbation Theory.[29] On the other hand, however, 
it i s  fairly straighforward to show[30, 311 that the mixing matrix element in the t- 
channel must be much smaller than the value normally used[27], namely the on- 
shell value as extracted from s-channel mixing seen in e+e- annihilation experiments. 
The resolution lies in the fact that the natural value need not be saturated by this 
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apparently leading p - w term, but must include an infinite tower of short-ranged, 
heavy meson exchanges, essentially all the relevant mixing parameters of which are 
experimentally unavailable, describing the totality of t-channel contributions. This 
totality is more easily accessed by a calculation directly interms of quarks. So too, we 

baryonic states versus a summation approach analogous to that of Ref.[13]. 
believe, for the mixing of the nucleon with all possible negative-parity I = 2, 1 J = - 1 

2 

Explicitly, we find[l8I 

where 1.6 5 q 5 6 represents the uncertainty in the short distance QCD (loop) 
enhancement of the weak vertex operator, o N 40 mb, and 

taking reasonable values for the diquark wavefunction at the origin $ d ( o ) ,  the current 
quark mass m for light quarks, and the diquark width I’ referred to above. As 
discussed in the previous section, the value of l$d(O)l2 is not well known, so the 
dependence of the PVA on the value of this quantity affords an opportunity to measure 
it more precisely. (Heretofore, the best opportunity for a precise measurement of 
the value of l $ d ( 0 ) I 2  had been afforded by the prediction of proton decay[32], but 
unfortunately, it doesn’t.) The parameter b comes from the one-loop QCD evolution of 
the strong coupling; we have used b = 1.4 for our central results below. This is quite 
consistent with a recent estimate of the infrared behavior of the strong 
Finally, S is the total squared energy in the center of momentum frame for the 
nucleon-nucleon collision. 

The limiting high energy behaviour, for z >> 1, is Zn(Zn(S))/Zn(S) for the calcu- 
lation as carried out. However, this assumed both that the weak boson propagators 
are pointlike, hence the energy dependence must fall even faster when momentum 
transfers comparable to the weak boson masses contibute*significantly. The calcula- 
tion also assumes that the quark spins provide an invariant contribution to  the spin 
of the nucleon. In view of the high energy deep inelastic scattering results referred 
to earlier, it seems likely this also reduces the PVA as the mean momentum transfer 
increases in the parity violating processes. Fortunately, as will be discussed in the 
next section, the spin effect is not marked at low momentum transfers and the mean 
momentum transfer grows slowly with increasing energy. We are therefore confident 
that at LISS, these corrections are not significant and that a large PVA should be 
observed. 
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3.3 Fraction of the Nucleon Spin Carried by Quarks 

If the gluons in the nucleon are highly polarized, then graphs for B which we have 
ignored (see Fig. (1)) could become important. The measured high energy PVA will 
be an important constraint for interpreting the results of such a theoretical study. In 
addition, evolution with four-momentum transfer scale will move polarization from 
valence constituent quarks to sea quarks. This is the origin of the so-called 'spin 
crisis' wherein at hi h scales, little or none of the spin of the nucleon seems to carried 
by the quark spins.[ 5 43 351 

It turns out that, despite earlier confusions to the contrary, one can construct a 
gauge invariant separation of quark spin, quark angular momentum and total gluon 
(spin plus orbital) contributions to the spin of the nucleon. Ji has 

4l = J d 3 z  $'['J% + (2 x &)I$, 
+ 
Jg = J d 3 z  (2 x (2 x I?)), 

where the first term in the Eq.(8) is the interacting quark spin contribution, the 
second term is the corresponding orbital contribution and Eq.(9) describes the total 
gluonic contribution. 

As with generally everything in QCD, these quantities evolve with the scale of 
measurement, here four-momentum f2  in any particular scattering process. The 
leading-log Q2 dependence is simplyl3 1, 

2(16+3nf)/(33-2nf) 

2 16 + 3nf 
1 16 
2 16 + 3nf J g ( Q 2 )  = - 

where nf is the number of quark flavors and Jq + Jg = 1/2. 

This effect has been studied extensively[34], usually concerned with two facts: 
Asymptotically, Eqs.(lO,ll) produce a sharing of the nucleon spin that is different 
from constituent quark model concepts (that all the spin is carried by the quarks); and 
that experimental fits at high Q2 (=lo-15 GeV2) find very little of the net nucleon spin 
carried by the spin of the quarks, valence and sea. In Ref.[36], however, it is pointed 
out that the high energy results simply reflect the evolution in Q2. If one reverses 
the evolution from high energy data to low scales, the polarization reaccumulates on 
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the valence quarks. (See Figs. (1,3) of Ref.[36].) If one could choose Qi low enough 
and still use the perturbative evolution equations, Eqs.(lO,ll), one should be able to 
find a scale such that JJQ;) = 0, and reacquire the intuitions associated with the 
constituent quark model. (For another way to try to do the latter, using the light 
cone, see for example Ref.[38] and references therein.) Obviously, this scale must be of 
order 1 Gev2, and so outside the range of applicability of the leading order evolution 
equations. Nonetheless, it is not an unreasonable extrapolation to conclude that the 
trend continues to completion. Finally, I should also mention that Ma[37] avers that  
the effect should be interpreted as due to the Wigner rotation between the nucleon 
and infinite momentum frames, hence all of the spin consistent with a dynamic quark 
model at the constituent scale continues to reside on the quarks. 

Thus, the question of where the spin resides becomes one of the scale relevant 
for the process being studied. Despite the medium to high energies discussed in 
our model, and despite the ‘hard’ vertex from the weak interaction, the contributions 
from nucleon structure and the overlap required with the strong interaction amplitude, 
reduce the mean momentum transfers relevant. We estimate that the four-momentum 
transfer scale remains on order of ,u - lGeV or less throughout the energy range 
from ANL to LISS. Therefore, only small and weakly varying with energy corrections 
obtain. In fact, the more serious question remains whether the model is applicable at 
energies as low as ANL because the average four-momentum transfer scale is so small. 
Therefore, despite the fact that the increasing signal is related to the increasing Q2 

injected into the diquark system, we believe it is still reasonable to view the average 
value as small, and that the nucleon spin is carried predominantly by the quark spins. 

3.4 Results and Predictions 

We now turn to our numerical results[l8I shown in Fig. (2) as curve c). The experi- 
mental points are from Refs.[25, 391. (To extend our result down to the intermediate 
energy of the latter reference [Plab = 1.5 GeV/c], our basic calculation has simply 
been multiplied by the square root of the ratio of 40 mb divided by the cross sec- 
tion at each energy to correct for the size of the strong intereaction amplitude.) The 
a) and b) curves are a Regge wavefunction mixing calculation due to Nardulli and 
Preparata[401, which have been criticized elsewhere[41]. Our curve has been normal- 
ized to the ANL due to the difficulty in ascertaining a precise value for x. 
Conversely, confirmation of the energy dependence we predict by an experiment at 
LISS would imply that the value of x is,measured by this process; this would be 
new and independent information on the diquark substructure of nucleons in a higher 
momentum transfer (more ‘quark-like’) regime than that studied using spectra. 

* 
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To estimate the uncertainty in our prediction, which is really a prediction of 
the energy dependence of the PVA, we show Fig. (3). Here, curve b) represents all 
of the smaller effects not discussed explicitly in this presentation. Note that even 
if we were to ignore the diquark contribution (and the ANL result) entirely, the 
completely standard component of the weak interaction that this represents (with 
an unarguable size) predicts a PVA larger than for LISS. Curves a) represent 
the total effect, dominated by the diquark contributions of Eq.(6). As can be seen 
from that equation, once the overall normalization is fixed (at Plab = 6 GeV/c by the 
experimental all of the uncertainty can be absorbed into the parameter 
b, which effectively represents the strength of the QCD coupling at the p2-scale. 
Although this is rarely taken to vary by more than 50% from the value we have used, 
we have presented an extreme (roughly factor of three) variation to show that our 
prediction of a strong (but saturating at higher energies) increase of the PVA with 
S cannot be avoided in our diquark picture. A Fermilab experiment[42] designed for 
other purposes has been analyzed for this effect: the result is shown as an upper 
bound on the size of the PVA, confirming that the wildest growth associated with an 
extreme value of b is indeed ruled out. 

3.5 Conclusion on Parity Violation 

In summary, we have presented a high energy quark model which, as for deep inelastic 
structure functions, cannot supply an accurate prediction of the PVA at a given 
energy, but which should be valid for the (strong) energy dependence of the PVA 
at high energies. An upper bound of 1 TeV applies due to approximations made in 
evaluating the model. Amazingly, it is even consistent with data between 6 and 1.5 
GeV/c, when the variation of the total nucleon-nucleon cross section between those 
beam momenta is taken crudely into account. The predicted value in the LISS energy 
range is 

but even without a diquark contribution, quark effects predict 
PVA N lo-', (12) 

PVA 2 

at LISS energies. These results are not likely to be strongly affected by the evolution 
of spin from quark constituents to gluonic components of the nucleon within the LISS 
energy range. 

r' 

If the result of an experiment does fall into this range, the combination of the size 
and the confirmation of the energy dependence allows interpretation of the result in 
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terms of a measurement of the diquark wavefunction in the nucleon, in addition to 
the intrinisic value of observing the weak interaction in a purely hadronic system. As 
a lagniappe, we note that if the PVA could be measured to better than or on the 
order of l%, the differences in the diquark structure of bound nucleons in nuclear 
targets from that in free nucleons could also be discerned. 

4 Summary 

Of the many possibilities for LISS to study discrete symmetry violation, two stand 
out as being of particular interest: P-conserving T-violation, which could discern a 
new source of T-violation distinct from that which can arise in QCD from the 8-term, 
and P-violation, which can be used to provide new and independent information on 
the diquark structure of the nucleon. These are difficult experiments, but afford the 
opportunity for deep and important insights into QCD. 

Although I am here to  talk about theory, I cannot resist expressing m admiration 

can bring to these experiments. The combination of Siberian snakes and gas jet 
targets in the recirculating beam affords the stupendous opportunity of having what 
a theorist would call ‘natural’ cancellation of obfuscating systematics. Of course, it 
will take hard and careful work by many people to turn this scintillating concept into 
a viable reality. However, it’s always easier when you are pursuing a great goal. And 
when all other possible improvements in target and current sensing devices have been 
implemented, LISS, with a 100 day run, can set a standard in these areas of discrete 
symmetry physics for a long time. It will be well worth the cost. 

for the brilliant new experimental advance, as described by VigdorI 4J , that LISS 
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FIGURE CAPTIONS 

Fig. 1 Additional contributions to PVA amplitudes which arise if gluons contribute 
significantly to the nucleon polarization. Solid dot represents weak quark-quark 
inter act ion. 

Fig. 2 PVA in N-N scattering: Curve c)  'from Ref.[18]; curves a) - b) from Ref.[40]; 
experimental points from Refs.[25, 391. 

Fig. 3 a) Beam-momentum dependence of the PVA in this model for 3 values of 
the parameter, b. Curve b) shows the contribution to a) from quark-quark 
scattering terms not explicitly discussed here. Upper bound from Ref.[42]. 
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