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Abstract

High-energyparticle physicexperimentsllow for the possibleexistenceof anewlight, very weakly coupled neutralgauge
boson(theU boson).Thisone permitgor light (spin-% or spin-O)particlesto beacceptabl®ark Mattercandidates, binducing
sufficient (strongerthanweak) annihilation crossectionsinto eTe~. They could be responsible fothe bright 511keV y ray
line observed byNTEGRAL from thegalacticbulge.Sucha new interactionmay haveimportantconsequences, especially at
lower energiesParity-violationatomic-physicexperimentgprovide strong constraintsn sucha U boson,if its couplingsto
qguarksandelectrons violatearity. With the constraints comindrom an unobservedxionlike behaviourof this particle,they
favor a pure vector couplingof the U bosonto quarksandleptons,unlessthe corresponding symmetrg brokensufficiently

abovetheelectroweak scale.
0 2004 ElsevierB.V. Open access under CC BY license.

1. Introduction

TheSU(3) x J(2) x U(1) standardnodelgivesa
very good descriptiorof strongandelectroweakphe-
nomena,so that the possibleexistence next to the
gluons, photonW* and Z, of an additionalneutral
gauge boson, calldteretheU bosonjs severelycon-
strainedTheU contributiongo neutral-currenampli
tudesshouldbesufficiently small aswell asits mixing
with the Z. Accordingto the usualbelief, any such
new interactionmust be weakerthan ordinary weak
interactionspr it would have beerseenalready.
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This only appliesdirectly, in fact, to heavyneutral
gauge bosondg-or light gauge bosons havingmall
couplingsto Standardviodel particles,the discussion
is different[1]. Whenthe massmny of the exchanged
boson issmall (comparedo the momentumtransfer
V14?1), propagatoeffects ardmportant. U-induced
crosssectionghengenerallydecrease with energy, as
for electromagnetiones, asoonas |¢?| getslarger
than~ mfj (as for Z-exchanges, abowhe Z mass),
andmay be sufficiently small, if theU couplings are
small enough.In particular,the existenceof a new
light gauge bosoly having couplings to matterpar
ticlessuchthat

f2 g2+g/2
m_2 ~ T (or ~Gp), (1)
U Z


https://core.ac.uk/display/82049664?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.elsevier.com/locate/physletb
mailto:bouchiat@lpt.ens.fr
mailto:fayet@lpt.ens.fr
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

88

for example, is not necessarily excluded high-
energy scattering experiments. Experiments performed

at lower energies, such as those measuring parity-

violation effects in atomic physics (as we shall discuss
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U-induced Dark Matter annihilation cross section into
ete™ (oanvrel/c) also includes, naturally, 8, low-
energy suppression factor (as desirable to avoid exces-
sive y rays from residual light Dark Matter annihila-

here), or neutrino scattering cross sections at lower tions[9]). This requirementis satisfied, in the case of a

l¢?|, are particularly relevant to search for such a par-
ticle, and constrain its propertigs-3].

Let us recall, however, that even if itvery weakly
coupled, a light spin-Z/ boson could still have de-
tectable interactions. And this, even in the limit in
which its couplingsf to quarks and leptons would
almost vanish, a very surprizing result indeed (appar-
ently)!

In fact a very light spin-1I boson behaves in this
case (f — very small,my — very small) very much

as a quasimassless spin-0 axionlike particle, if the cur-

rent to which it is coupled includes a (non-conserved)
axial part! This axionlike behavior then restricts

rather strongly its possible existence and properties,

implying that the corresponding gauge symmetry be

spin—% Dark Matter particleaxially coupled to the/,
if this one isvectorially coupled to electron8].

A new interaction stronger than weak interactions
could seem, naively, to be ruled out experimentally.
In fact, however, thé/-mediated Dark-Matter/Matter
interactions should betronger than ordinary weak
interactions but onlyat lower energies, when weak in-
teractions are really very weak. Bweaker at higher
energies, at which they are damped liy propagator
effects (fors or |¢2| > m?), when weak-interaction
cross sections, still growing with energy like be-
come important. The smallness of thiecouplings to
ordinary matter (), as compared te, by several or-
ders of magnitude, and of the resultibgamplitudes
compared to electromagnetic ones, can then account

broken at a scale at least somewhat above the elec-for the fact that these particles have not been observed
troweak scale; or even at a very high scale, according yet. TheU boson, in addition, may well have dominant

to the “invisibleU-boson” mechanisifi,5].

It is also possible that the new current to which the
U couples ispurely vectorial, involving a linear com-
bination of the conserve®, L and electromagnetic
currents, as in a class of models discussed in R&fs.
6]. In this case there is no such axionlike behavior
of the U boson. No significant extra contribution to
parity-violation effects is then to be expected.

We now turn to the recent suggestion of Light Dark
Matter particles. Contrasting with the heavy WIMPSs,
such as the neutralinos of supersymmetiight (an-
nihilating) spin-% or spin-0 particles can also be ac-
ceptable Dark Matter candidates. This requires, how-
ever, that they annihilateery efficiently, necessitating
new interactions, as induced by a ligihtboson[7,8].
The required annihilation cross sections4—10 pb,
depending on whether Dark Matter particles are self-
conjugate or not), must be significantlsrger than
weak-interaction cross sections (for this energy), oth-
erwise the relic abundance would be too large! The

1 This is very similar to what happens in supersymme-
try/supergravity theories, in which a very light sp%@ravitino does
not decouple in th& — 0 limit, but interacts (proportionately to
Kk /m3;2 or 1/A§S) like the massless spié—goldstino of global su-
persymmetry (a feature largely used in “GMSB” modé#H)

invisible decay modes into unobserved Dark Matter
particles.

We indicated in may 2003 that a gamma ray sig-
nature from the galactic centre at low energy could
be due to the existence of a light new gauge boson,
inducing annihilations of Light Dark Matter particles
into ete™ [7]. The observation, a few months later, by
the satellite INTEGRAL of a bright 511 key ray
line from the galactic bulgg10], requiring a rather
large number of annihilating positrons, may then be
viewed as originating from Light Dark Matter anni-
hilations[11]. Indeed spin-0, or as well spi%nparti-
cles, could be responsible for this bright 511 keV line,
which does not seem to have an easy interpretation in
terms of known astrophysical procesg8sl2]. One
should, however, also keep in mind that Light Dark
Matter particles may still exist, even if they are not re-
sponsible for this line. (And that a liglif boson may
be present, even if Light Dark Matter particles do not
exist at all?)

2 In addition, aU that would be both extremely light and ex-
tremely weakly coupled would lead to a new long-range force,
and to the possibility of (apparent) violations of the Equivalence
Principe.
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Returning to Standard Model particles, a new inter-
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We now proceed with the phenomenological analy-

action that would be stronger than weak interactions sis, expressing the relevant couplings in the La-

at lower energies (at least when dealing with Light
Dark Matter particle annihilations) could have impor-
tant implications on ordinary physicespecially at
lower energies or momentum transfer, even if it has
no significant influence on high-energy neutral current
processes.

As we shall see, parity-violation atomic-physics ex-
perimentg13] provide new strong constraints on such
a gauge boson—whether light or heavy—if its cou-
plings to quarks and electrons violate parity, then re-
quiring that the corresponding symmetry be broken
significantly above the electroweak scale.

2. The effectiveweak charge of a nucleus

Such models, in which the standard gauge group

is extended to includeSU(3) x SU2) x U(1) x

extra{/ (1) at least, have been discussed in detail. They

involve an additional neutral gauge bosbn(which
may also be called’ or Z"”), initially associated, be-
fore gauge symmetry breaking, with the ext/al)
generator. Mixing effects with thg, however, in gen-
eral play an important role, as far as tblecouplings
are concernedl,5,6]. When the extrd*(1) gauge
coupling constantg”) is small compared tg¢ and
g’, the mixing angleéc g” /+/g2 + g’2) turns out to be
small also, and the modification to ttie weak neu-
tral current, still given by(J5' — sir?6 J&m) up to very
small corrections& g”?/(g% + g'?)), is in fact negli-
gible.

The current to which thé/ boson couples, how-
ever, is significantly affeetd by the mixing, acquiring,
in addition to the initial extra7 (1) term, a new contri-
bution proportional taJ}' —sir? 0 Jé&m). The resulting
U-current includes in generalctor part which ap-
pears as a linear combination of the conserged.
and electromagnetic currents, as well asagil part
(which may, however, not be present at all, depend-
ing on the models considered). In particular, in a class
of simple one-Higgs-doublet models the quark-and-
lepton contribution to thd/ current turns out to be
purely vectorial [5,6]—which also provides the desired
v, factor in the annihilation cross section of spjn-
light Dark Matter particle$3].

grangian density as follows:
L=—eA,Jén

—Zun8%+ g% (1 — Sinzefgm)

—Uu Y Fr"(fvs —vsfap .

f=lq

)

1y
2 H

(so that a left-handed -current would cor-

The left- and right-handed projectors dPg =

1+
R — 2)/5

respond tofy = f4), with y5 = (g ]cl)), and the metric
(+— — —). The relevant terms in th& weak neutral

current are given by
JL = I —sif ok,
1 1
= Zéy”yse + (_4_1 + sz)éy"e
1 1 2
— Zﬁy“)@u + (4_1 — :—gsz)ﬁy"u
1- 1 1 -
“dytysd + | == + Zs? )dytd, 3
+4VV5+<4+3S>)/ 3)
with 52 = sir?6 = ¢g’?/(g% + ¢'?), 6 being the elec-
troweak mixing anglé.The vector part of th& weak
neutral current is associated with the (vectorial)

weak charge, which reads, as far as the quark contri-
bution is concernett?

3 We disregard here, as explained earlier, the very small influence
of Z-U mixing effects on theZ current.

4 This may also be obtained from the quark vector couplings to
theZ as

_ 1 25 11>
Qz—(ZZ+N)<4 3S>+(Z+2N)( 4+3S)

1
[z(1-45s%) - N]= 29w (Z. Nsw.

Al

5 More generallyQ 7 = 175, 1 ) —sir? @ Q may be rewritten,
usingT3(.+p) = Q — %(B — L), as the conserved charge

1 1 .
0z7=-3(B-L)+ (E fsm20>Q,

leading to a Standard Model “weak charge(B — L) + (2 —
45sir?0)Q, identical to(5) in the case of a nucleus.
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Q7 = (Ta )y —sinfo 0 = Bt e Gieg 0)
_Z-N —sinzezz%lgweak(z,N). (4)

The quantity

Ow(Z,N)=Z(1—4sirfg) — N~ —N (5)

to which it is proportional, is usually referred to as
the “weak charge” of a nucleus ¢f protons andv
neutrons, and governs the parity-violation effects in
atomic physics we are interestedi#,15].

The corresponding effective Lagrangian density in-
volves the products of theZ(and U) axial currents
of the electron by thevector neutral currents of the

quarks (i.e., ultimately the vector currents associated

with protons and neutrons). It may be written, in the
local limit approximation (assuminngj somewhat
larger than the relevamg?|, cf. Sectiord) as:

—Eeff

g +g/2 1
=——F——eyuyse

2

5 4
_ 1.1
uy”u+ —Z+§s

1 2,
X[(Z_ﬁs
fAe- — J 1
—m—zemV56[fvuuy u+ fvady*d.
U

Y
(6)

The quark (or proton and neutron) contribution to
the chargeQy associated with the vector part of the
U current reads

Ou=Cfvu+ fva)Z+ (fvu+2fva)N
=3fM(Z+N)=3f5"A. 7)

This proportionality to the total number of nucleons
A holds only, strictly speaking, when tlié has equal
vector couplings to the andd quarks,fy, = fva. If
not, we can still use Eq7) as defining the average ef-
fective vector coupling“‘ffqf of theU boson to a quark,
within the nucleus considered.

The effective Lagrangian densii$) responsible
for atomic parity-violation effects leads to the parity-
violating Hamiltonian density for the electron field, in
the vicinity of the nucleus:

6 Finite-size effects of the nucleus may be taken into account
by replacings (+) by the nuclear density, (), normalized to unity
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Hett = ' (F)yse(F)

2 12
g +s8 a2\
x|: 16m% [Z(l 4s) N]
_ Jacty q3(z+N)]5(r)
U

®)

In the non-relativistic limit (with small components
expressed as- o-p/(2m.) acting on the electron
wave-function), this turns into the parity-violating
Hamiltonian for an atomic electron,

Gr o:p8(F)+8(F)a-p
Heff =

22
p being the electron momentum operator.

This Hamiltonian is expressed in terms of an “ef-
fective weak-charge” of the nucleus, which includes,
in addition to the standard contributi@y (Z, N)sm
(given by Eqgs.(4), (5), plus radiative correction
terms), an additional/ contribution, in the case of
a parity-violatingU current:

Ow(Z,N)sm
2\/— fAe

Gr m?,
This applies even if the vector coupling of thedif-
fers for theu andd quarks, the effective quark vector
couplmgf belng defined from Ed.7) by
fvu(ZZ +N) + fva(Z+2N)

eff __
fvg = 3Z LN : (11)

= P yse @) \/_Q (Z N)S(r).

OSN(Z. N), 9)

2m,

oz, N) =

q _93(Z+ N). (10)

3. Expression in terms of the symmetry-breaking
scale

Eqg. (10), namely,

2V2]a re

AQM(z Ny = 22 Jac ~93(Z + N), (12)
F mU

may be identified with the one given 8],

AQw =r?c,3(Z + N), (13)

(assuming here for simplicity that the andn densities have the
same radial behaviour).
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in a simple situation with a universal axial contribution
to the U current. The axial and vector couplings are
then parametrized, in terms of the extvgd) gauge
couplingg”,” as

—fa= gT” = 273/4(;]1}/21’)1(]7'
~2x 10~ mU(MeV)r,

14

fV = —C =2 3/4G1/2mUrC¢ ( )
~2x 10" 6mU(MeV)rc(p.

< 1 (here simply defined by— —r) is a

d|men3|onless parameter relatecfl to the exi(d)
symmetry-breaking scale, ang, (initially denoted
cosyp, although not necessarily smaller than 1 in mod-

ulus) measures the magnitude of the quark vector cou-

pling relatively to the axial one. The parity-violating
U-exchange amplitudes are proportional to the Fermi-
like constant

"2

_fafv _ g

2 2 Co =
mg 16mU

(15)

allowing the identification of expressio(s2)and(13)
of AQw.

The parameter < 1 represents more generally,
in such models, the scale at which the exirét)
symmetry gets spontaneously broken (to which it is,
roughly, inversely proportional)1,5]. In a class of
modelsr = 1 would correspond to an extta(1) bro-
ken “at the electroweak scale” by two Higgs doublets
only ({p9) = v1/+/2 and(gg) = v2/+/2); this, how-
ever, is excluded experimentally as the lightvould
then behave very much as a standard axion (with pre-

sumably, in the present case, invisible decay modes

into Light Dark Matter particles dominating over the
visible ones intaz*e™).

r is smaller than one, if an extra Higgs singlet pro-
vides an additional contribution to thé massy < 1
measuring the amount by which the ext/gl) sym-
metry gets broken “above the electroweak scale” or “at

7 The couplings to the left-handed and right-handed fermion
fields were expressed asgl(l —Cp)s 51(1 + cw) respectively,
which corresponds to a vector couplinfg =

coupling f4 =

¢y, and an axial

-
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a large scale” through this (large) extra singlet vi.v.
This can make the physical effects of theboson es-
sentially invisible in particle physics, very much as for
an axion, according to the “invisiblé boson” (or sim-
ilar “invisible axion”) mechanisnfil,5].
Reexpressing\ Qw as in(13) allows us to com-
pare directly the extra amount of parity-violation due
to theU boson to theZ contribution, in terms of < 1.
The U contribution (for parity-violating couplings to
quarks and electrons) would be roughly of the same
order as the standard one (and then excessively large),
if the extraU (1) were broken at a scale comparable to
the electroweak scale.

4. Propagator effectsfor avery light U boson

In addition, if theU is light enough (i.e., as com-
pared to the typical/|¢2| in the experiment consid-
ered), one can no longer use for its propagator the local
limit approximation. One writes instead,

ff ff
fAe ‘Eq . fAef\(/eq m%] (16)
2 _ 2 2 2 _ 2

mg—4q my my—4g
which leads to a corrective factor

2 2 ~2

v __ My {O fOI’mU < G2, 17)
m? —q2 m?+g2" |1 formf > g2,

as compared to a calculation that would have been per-
formed in the local limit approximation.

Expression(16) is associated with a Yukawa-
like (or Coulomb-like, if theU is massless) parity-
violating potential, i.e.,

Ae ‘?g

m%/—q2
—my|7| f f 2 ,—mylF|
effe Y Aelyg my,
= 18

(—)fAequ 47T|r| mZU 4 | | ( )
where
m g—mulﬂ Lo\ mMy—00
e (=70, ®) "5 0 19)

8 In particular, if we definevp/v; = 1/x = tang, the axial
coupling fa. is given, afterZ-U mixing effects, by —f4, =

273/4G};/2myr/x.
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in the case of a sufficiently “heavy’ (typicallymy =
100 MeV/c? as we shall see), leading to the parity-
violating Hamiltonian(9) (with §(r) replaced by the
normalized nuclear densiky, (¥), if the nucleus is not
taken as pointlike).

For a too lightU boson, however, the local limit
approximation is not valid, and the new contribution
AQ‘aﬁf as given by(12) should be multiplied by a cor-
rection factork (m ) obtained by replacing(7) in (8)
or (9) by the appropriate Yukawa distributidp, , ()
of Eq(19), which extends over a range ii/(myc).
The normalized nuclear densigy, (7,) (which may
be approximated by a(#,) distribution although it
extends over a radiu®, ~ rgAY/3 ~ 6 Fermi for
Cs) gets replaced by its camhation product with the
Smy (F —Ty) Yukawa distribution, corresponding to the
exchange of a very lighV between an electron at
and the nucleus a,.

This can be expressed through a corrective factor

(Heff(mU)>
(Heff(mU—>oo))

e @ yse) pu(Fo)dmy F = 7o) d3F 3,
B [(et(F)yse 7)) pu(F) d3F

K(my) =

(20)
evaluated ir{3], and given numerically ifable 1
The massny ~ 2.4 MeV/c2, for which K (my) =

1/2, defines the typical momentum transfer associated

with cesium parity-violation experiments. The corre-
spondingz/(myc) is ~ 80 Fermi: the electron in-
volved in the parity-violating transition of the cesium
atom “feels” in fact the new/-mediated interaction,
even if it is relatively long-ranged, essentially in the
vicinity of the nucleus, where the screening of the
Coulomb potential of the nucleus by the core electrons
can be neglected. One has therefore, ultimately,

eff
AQG(Z.N) = 22 fAerq 3(Z+ N)K (my).
Gr my; (21)

Formy < 100 MeV/c? the presence of the factdf
weakens the expressions of the limits that would other-
wise be obtained fror(iL2), especially in the case of a
very light gauge bosof Still they remain of the same

9 Furthermore, in the limit of avery light U (i.e., for my <
mea =~ 4 keV/c? sothath /(myc) > h/(meca) ~ 0.5x 108 cm),
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order as obtained from a local limit approximation, for
my 2 afew MeV/c?, as can be seen froffable 1

5. Experimental limitson fa. fvq

From the present comparison between experimen-
tal results onQw (Z, N) for cesium[13], which rely
on atomic physics calculatior[45], and theoretical
predictions from standard model estimaje§],

QWexp= —7274 (29)exp(36)theor, (22)
Owsm=—7319+0.13,

one gets

AQw = OQwexp— Owsm=0.45+0.48, (23)

which corresponds to an uncertainty of less than 1%,
i.e. (working conservatively at a pseudar*2level)

—051< AQw <1.41. (24)

For cesium A = 133), usingG r/(2+/234) ~ 1.03 x
10714 MeV~—2 and expression(12) of AQy (for
my > 100 MeV/c?), we get the constraint

_fAerq
2
my

<1.46x 1074 MeV—2,

—0.53x 10 ¥ Mev—2<

(25)
or, approximately,

—05x 103Gy < L4V

<13x10°3Gp. (26)
my

For a lighterU the limits get divided by the corrective

factor K (my) of Table 1(i.e., approximately doubled,

for my ~ a few MeV/c?’s).

This analysis applies to heavy as well as to light
U’s. In the first case it can constraina (unmixed
with the Z, with couplings~ g, g’ or ¢) to be heavier
than several hundred Ge¥? or even more, depend-
ing on its couplings. As a toy-model illustration, an
extra Z or U boson that would have the same cou-
plings as theZ would lead directly to a negative contri-
bution AQw >~ Owsm (mz/mextraz)2 [17]. Assum-
ing for simplicity that no other contribution has to

K(my) o m%/ (as one can see frofl7)), and the limits may then
be expressed as‘Aef‘?‘;f\ < ..., instead oﬂfAef‘?nglzj <.
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Table 1
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Atomic factor K (M) giving the correction to the weak chargeQ yw (m ) for the cesium atom

myy 0.1 0.37 05 1
(MeV/c?)
Corr. factor

K(my)

0.025 015 020 033

24

05

5 10 20 50 100

0.63 074 083 093 098

be considered, it would have to verify, approximately,
|[AQw| < 0.55. The new gauge boson should then be
at least 115 times heavier than thg, i.e.:

Mextraz > 1.05 TeV/c?, (27)

which is above present direct collider bourj#i8].

For a lightU on the other hand, the constraint (cf.
(26)) adds to those already obtained from low-energy
v—e Scattering cross sections, e.g., fog larger than
a few MeV/c¢?’s,

| fvv fvel

2
my

SGr (28)

and anomalous magnetic moments of charged lep-

tons[1,2,7,8]. The latter constraints, however, should

be considered with appropriate care, especially in the

case of parity-violating couplings, due to the possibil-
ity of cancellations between (positive) vector contribu-
tions and (negative) axial oné$11

More significant in fact are the limits from the non-
observation of an axionlike particle, which severely
constrain an axial contribution in the quarkcurrent,

10 Wwhile the g — 2 constraints on the vector and axial couplings
to the electron, and vector coupling to the muon, are in general
not so restrictive (e.g., for & somewhat heavier thanbut lighter
thanu, fye <2 x 10 %my (MeV), fa, < 0.6 x 10~%my (MeV),
fvu $6x 1(?4), the one for an axial coupling to the muons
(fap $3x 10 8my (Mev), i.e.,ffﬂ/m%/ < G ) is more severe,
in connection with an axionlike behavior of theboson in this case.

11 A light U could also be detected through a bremsstrahlung
from an electron, in electron beam dump experiments, as for an ax-
ion decaying intete™ (but with a production cross section behav-
ing differently, for aU having vector or pseudovector couplings);
this may constrain thé& to be heavier than- a few to 10 MeV, de-
pending on the size of its couplin§k9]. However, a relatively light
U responsible for Light Dark Matteannihilations at the appropri-
ate rate tends to be much more strongly coupled to Dark Maiger (
than to ordinary matterf(), possibly by several orders of magnitude.
Invisible U decays into Dark Matter particles would both decrease
significantly theU lifetime and make its visible decays inéd e~
very rare, or even practically negligible; no such limits may then be
obtained in this way.

requiring typically
2
JAq

< —GrF,
2
m2 = 10

(29)
from or T — y 4+ U decays, or even

fi o L
m2, ~ 300

Gr, (30)
from K+ — n+U decayd1,5,8,20] If such an axial
contribution is actually present, the exttgl) sym-
metry should then be broken sufficiently above the
electroweak scale—a conclusion reenforced here, in
the case of &/ boson inducing atomic physics parity-
violation effects, constrained to be very small. This il-
lustrates, also, how parity-violation atomic physics ex-
periments can give very valuable informations, com-
plementing those obtained from particle physics.

6. Conclusion

This analysis of parity-violation effects in atomic
physics (which also applies to heavy bosons), com-
bined, in the case of a liglit, with earlier constraints
on a possible axionlike behavior of this particle, favors
a situation in which the quark and lepton contribu-
tion to theU current ispurely vectorial, as in a class
of models discussed ifb,6]. Otherwise the scale at
which the extral/ (1) symmetry is broken should be
larger than the electroweak scale, by about one or-
der of magnitude at least; the coupling of theto a
Light Dark Matter particle would then have to be fur-
ther increased, to compensate for its smaller couplings
to ordinary particles.
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