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Effective T-odd P-even hadronic interactions from quark models
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Tests of time-reversal symmetry at low and medium energies may be analyzed in the framework of effective
hadronic interactions. Here, we consider the quark structure of hadrons to make a connection to the more
fundamental degrees of freedom. It turns out that Feeven T-odd interactions hadronic matrix elements
evaluated in terms of quark models give rise to factors of 2 to 5. Also, it is possible to relate the strength of the
anomalous part of the effectivep-type T-odd P-even tensor coupling to quark structure effects.
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I. INTRODUCTION have been utilized to improve the evaluation of hadronic
structure effects. In thé-even case, which is considered
First evidence of the violation of time-reversal symmetry here, this approach is not applicalileo Goldstone bosons

has been found in the Kaon systddj. Despite strong ef- involved her¢. However, it may be useful to utilize quark
forts, no other signal of violation of time-reversal symmetry models specifically designed for and quite successful in de-
has been found to date. However, by now, studying timescribing the low energy sector. . .
reversal symmetry has become a cornerstone of the search I fact, expenmenta} precision tests still continue to make
for physics beyond the standard model of elementary pafrogress and so theorists face a renewed challenge to trans-
ticles [2]. Some alternatives or extensions of the standard@te these experimental constrains to a more fundamental in-
model are due to dynamical symmetry breaking, multi-Higgsi€raction level. The purpose of the present paper is to give
models, spontaneous symmetry breaking, grand unified the@_snmates on hadronic matrix elements that arise when rglat-
ries [e.g., S@10)], extended gauge grougkeading, e.g., to N9 quark operators to the effec_nve hadronic parametriza-
right-handed bosond/ in left-right symmetric models su- tions of theP-evenT-odd mteracﬂqn. These are the charge
persymmetriqSUSY) theories, etc., each implying specific P-yPe exchange and the axial-vector-type exchange
ways ofC P violation. For a recent review of models relevant ucleon-nucleon interactiof8—10. They will shortly be

in the context ofCP violation, see, e.g]3], and reference outlined in the next section. The ansatz to calcubt¢ ma-
therein. trix elements from the quark structure is described in Sec. Ill.

These theories “beyond” the standard model are formu-The last section gives_the result for different types of quark
lated in terms of quarks and leptons whereas nuclear loyndels and a conclusion. _
energy tests ofCP involve hadronic degrees of freedom _ FOr completeness, note that, in general, alsodd and
(mesons and nucleongs,5]. To extract hadronic degrees of P-0dd interactions are possible, and in fact, most of the
freedom from observables one may introduce effectivesimple extensions of the standard model mentioned above
T-odd nucleon-nucleon potentialgs], or more specific 9ivVe rise to such type of violation. Param(_etrlze_d as one-
T-odd mesonic exchange potentififs-12]. As in the context boson.exchanges, they Iegd, e.g., to effective pion exchange
of P violation see, e.g.[13], these potentials have been Potentials that are essentially long range, ke Limits on
proven quite useful to treat the nuclear structure part in’-0ddT-odd interactions are rather strongly bound by elec-
volved and to extract effectivé-odd hadronic coupling con- tfi¢ dipole moment measurements, in particular, by that of
stants[14—19. In turn, they allow one to compare the sen- the neutron21-24. In contrast, bounds oR-evenT-odd
sitivity of different experiments, which has been donemteractpns are rather weak. Note, a}lso that de_splte theo_retl-
recently in Ref.[3]. However, in order to compare upper cal consideration§25,26, new experiments testing generic
bounds on a more fundamental levelfobdd interactions, it 1-0dd P-even observables have been suggested; for the
is necessary to relate hadronic degrees of freedom to quaf¥€sent status see, e.g., R¢#5].
degrees of freedom in some way. This step is hampered by
the absence of a complete solution of quantum chromody- |, ErcecTIVE T-ODD P-EVEN NUCLEON-NUCLEON
namics(QCD) at the energies considered here. In many cases INTERACTIONS
a rough estimate in the context of time-reversal violation
may be sufficient, and, in the simplest case, factors arising Due to the moderate energies involved in nuclear physics
from hadronic structure may be neglected. In the context ofests of time-reversal symmetry, hadronic degrees of freedom
P-odd time-reversal violation, e.g., concepts such as partiallare useful and may be reasonable to analyze and to compare
conserved axial currenfPCAC) and current algebr§20]  different types of experiments. For a recent discussion see

0556-2813/96/5¢8)/981(5)/$10.00 54 981 © 1996 The American Physical Society



982 MICHAEL BEYER 54

Ref.[3]. In the following onlyT-odd andP-eveninteractions 1. QUARK OPERATORS AND EFFECTIVE
will be considered. They may be parametrized in terms of NN INTERACTION
effective one-boson exchange potentials. Due to the behavior \we now turn to effectiver-odd P-even quark operators.

under C-, P-, and T-symmetry transformations, see, €.9., The simplest operator that leads to an effectiVeodd

[27], two basic contributions are then possible: a chargeg_gyen vector-type verteXqq analogous to the-type in-
p-type exchangd9,10] and an axial-vector exchand®].  teraction[Eq. (1)] is

The effectivep-type T-odd interaction isC odd due to the o o

phase appearing in the isospin sector and is only possible for LV0o=0vad(Ury,d10o 74U, —dy v, Uupy#d,).  (5)
chargedp exchange. It has been suggested by Simonius and vaaT Sved T TuTT2 e T TN

Wyler, who used the tensor part to parametrize the interadHere, u, d denote flavored quark fields. Again, the flavor

tion [10], dependence is responsible f8r viz. T violation due to the
phase dependence. A tensor term has not been introduced for

- + — (pr—p)" 1 e simplicity. On the basis of Eq5), such a term will arise in

ﬁpNNzgpNNN‘TWW E(P T —p “7)N. a natural way in the effective hadroni®NN T-odd Lagrang-

(1) ian through the quark structure effects as will be explained
below. The second generic quark operator utilizing axial-
There is some question whether to choose an “anomalousVector bilinear operators is given §hg1],
coupling[3,28), viz., g]yn= KT ' The numerical value of oy
p p (pf.l pl,l)

k is usually taken to be 3.7, close to the strong interaction quq=gf,qq q1Y50 4o q; 20 YsY g2+ (12)

case[10]. We shall see in the following that it is not unrea- 2m e et

sonable to introduce such a factor since it may be related to OF

“nucleonic structure effects,” which are not df-violating o7 2

origin (similar to nuclear structure effects that are also (6)

treated separatelyCombining theT-odd vertex with the ap- with the on-shell equivalent

propriate T-even vertex leads to the following effective

) i i ) : o . o

T-odd P-even one-boson exchan@EN interaction, OIC)S:qli ys(pf,lzmpl,l)#qlqzi Yoy . )
T gpnngoNN ‘
p=! 8m,2\‘(q2+m,2))(0'1_02)'qXp (11X 7)o, (2) In order to recover Eqg1) and (3), we utilize the con-

stituent quark model. This model has been rather successful

whereq=p;—p;, andp=(p;+p;)/2, andg,y is the strong and valuable in reproducing gross features of low energy
coupling constant, as, e.g., provided by the Bonn potentigbhenomena, such as mass spectra, form factors, coupling
[39]. constants, magnetic moments, etc., see, E3§],

The axial-vector-type interaction has been suggested by To relate quark operators to effective hadronic operators
[8]. Unlike the p-type interaction, the isospin dependence iswe utilize the Fock space representation of hadrons in terms
not restricted and may be isoscalar, vector-, and/or tensopf constituent quarks, viz.,
type. The effective Lagrangian for treNN coupling, for

example, is given by sq{NN|OTOFINN)gg— (NN V| NN). tS)
— (Ps—pi)” Since there is no low energy solution of QCD, the evaluation
Lann=0a x\uNY50 ., ———— TNak. (3)  of the matrix elements of the left-hand sideHS) of Eq. (8)
1 1 H 2my

needs further consideration. In general, the same problem
arises in the context of strong interactions. An extensive
overview of the different approaches to tackle the problem in
this case has been given by RE33]. Here, we follow the

Combined with the appropriaf€-even vertex, this leads to
an effective axial-vector-type exchanfyeN potential[8],

g; unJa NN ideasf first formulated in Re_(.34], and extensively studied
T Zlflz for different quark models ih135,36. The resulting strong
1 8my(q +ma1) interaction potential is a generic hybrid model connecting
quark degrees of freedom with effective meson-nucleon de-
X7 7(01-p0R-q+ 02 poy-q— 07020 P). grees of freedom. The basic idea is summarized in the fol-
(4)  lowing.

Suppose the two nucleons overlap, and two quarks are
The bounds on th&-odd coupling strengths arising from sufficiently close together. This situation is depicted in Fig.
various experiments have been discussed in[B&fA more  1(a). Then, to begin with, the matrix elements may be evalu-
recent bound not included there is from an improved analysigted without introducing any mesonic fields. In terms of the
[29] of the 5’Fe y-decay experimer30]. Bounds are in the constituent quark modekjq excitations are neglectetbr
order of 10% if derived from generit-odd P-even observ- partially parametrized in the constituent quark magsly at
ables and slightly more than an order of magnitude smalledarger distances of the nucleons, mesons are essential and
if related to the electric dipole momen)]. To complete this may appear agq correlations on the nonperturbative QCD
section, note that although possible, two-boson exchangescuum([34] that might be the physical vacuum of the low
have not been considered up to now. energy regimg¢37,38. However, the appearance of mesons
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2\ 32 1
#(p,N)=Np ) _iVx'U's exd — ?(p®+\?)/2]

3m
9 ! (11)

where numerical values may be chosenaasmg=my/3,
and Ny ?=(1+a?/4m). The coordinates are normalized
Lovelace coordinates, vizp for the pair and\ for the odd
quark. Integration is done in the Breit system. The symbol
O denotes either one of the vertices in E@).

Evaluation for the different type of operators leads to the

() (b)

R

e

6q N N

FIG. 1. Pictorial demonstration of short-raneodd NN inter-
action: (&) NN system as six-valence quarkb) factorization ap-

proximation. expressiongusing the isospin formalism far,d quarks

is disconnected from the problem ©fodd force. Therefore, 5\' 2m

in the following we assume that the hadronization mecha- <i7,57l>3q_>(_) Ng—N<i'y57:\,)N, (12)
nism is thesame for both T-odd and the usual T-even strong 3 3m,

interaction and investigate the relative strength of the
T-odd matrix elements to thE-even matrix elements. This is
done in the framework of the Virginia potential that assumes
a quark pairing mechanism to generate effective meson-
nucleon coupling constanf84—34. To illustrate the quality

5)\! a?
<i'}’5'}’,u7|>3q_’(§) Ng(l—l—mﬁ)dﬁmfh)m 13

of this ansatz, Table | shows the resulting coupling constants (¥, P 3q—{ YN+ %Ng—l)
using different quark models compared to the values of a o . am,
recent version of the Bonn potent{&9]. (Pra—pi D"
In this framework we utilize the factorization approxima- % < o VMTN> ) (14)
tion to evaluate the matrix element of E®), see Fig. 1b) # 2my N

(OTOFY=(0T) 34X (OF)3q. (9)  The factors arising are related to the quark structure of nucle-
ons. Note, that in Eq(13) one recognizes the well-known
To demonstrate the calculation, we use the simple constitieoupling of the axial-vector currentfor 1=1), viz.,
ent quark model. This model is supplemented by an explicity,=5/3 of the nonrelativistic constituent quark model, in
lower component, which already occurs implicitly in the addition to the factors arising from relativistic corrections
Dirac magnetic momen{stO] and in the two-body pair cur- due to the lower Dirac component. The latter reduce the
rent through electromagnetic gauge invariafg®,42. This  value ofg, close to the experimental ofé3]. In Eq.(14) a
way, a treatment of relativistic effects has been introducedtensor coupling appears, which belongs to phype T-odd
see, e.g.[43] and references therein. The integration of theexchange. Indeed, due to the quark structure factors its rela-
internal degrees of freedom reads tive strength is larger than the first term of the right-hand
side(RMS) of Eq. (14), and therefore, preferable in an ansatz
— . of a p-type T-odd force as done by Simonius and Wy{l20].
<O>3q:f d3)\d3p1//(p,)\)(91/l(p,)\)exq_|\/73(:]')\] The factor in front the tensor term may be interpreted as
(10 “anomalous” coupling. It appears in analogy to the electro-
magnetic interaction, where the Pauli term of the electromag-
with #(p,\) the three-quark wave internal function. In the netic photon-nucleon interaction can be recovered from a
rest system the space part of the wave function is given byure Dirac coupling on quark level. This has been explained
[35,42,43 and shown in Ref{35].

TABLE I. Effective MNN coupling constantgf,lNN(qZZO)Mw calculated from quark-pairing mecha-
nism[36]. Only one overall quark-meson coupling constant needs to be fitted. For comparison, values of the
Bonn potential have also been included. In brack&tg is shown.

Meson @Pc1%) MIT Lin. conf. CcQM Bonn
fo(1200)  (0"*,07) 4.1 4.5 7.09

ao(960) (0"*.1°) 05 05 0.79 1.62
7(550) (00" 51 5.32 5.04

(138) (0°*17)  14.0 14.8 14.0 14.08
w(782) (-0) 63 [-04 38 [-05 985 [-049 106 [0.0]
p(763) (r-1) 07 [22] 042 [32 110 [1.53 041 [6.]
f,(1285  (1'*,0) 05 [-15 0.22 059  [0]

a,(119) (r'+17) 10 [-15 06 164  [0]
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IV. RESULTS AND CONCLUSION TABLE Il. Factors arising from the quark structure of theN

. . . system, for the constituent quark modé®) m,=0.33 GeV, (b
The resulting relation between quark and hadronlcng/ —0.22 GeV. a @ my ®)

T-odd coupling strength on the basis of the constituent quark d

model is, forp-type exchange, MIT Lin. CcCQM
bag conf. (a (b)
"= 2 | g 15 g7 g7
9NN | g, Mo~ 1| 9vaa: (15 92,0/ Ga,a0 35 5.0 2.9 4.9
9o/ 9)aq 2.2 3.2 15 2.0
and for axial-type of exchange,
. 2 my a? \ 71 . Equation(17) shows that the factor appearing in theype
gann=T3 m_< - W) Yaqq- (16)  exchange may be related to the anomalous coupling
a q

k=1/g. So, inclusion ofx might give a bound closer to the

Here, the expression for isoscalar and isovector are the samgore basic qgark degr.ees of freedom.. .
In conclusion, provided the hadronization process does

Similar results may be obtained using different types of ; . . )
guark models. In the context of the Virginia potential thosenOt substanﬂgll_y differ forT-odd andT-even interactions,
studied are the MIT bag model and a relativistic model Withthfa .factors arising reflect theucleonsiructure effeqts. .The .
linear confining potential, see R¢B6]. These are used here origin of the structure factors are due_to the spin, isospin
in the same way as demonstrated for the constituent qua y:lécg”ﬁ}iagdarhg gffnregt rgﬁ,?zl 5.%3{32}'. T}q th(;nNr)e.lat' o
model in the previous section. The values for the quark struc- S v S ssential | ving th v
ture effects evaluated using typical quark model parameter%trength of the strong coupling constants as given in Table I.
of low energy phenomenology are given in Table II.
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