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We recall how a new light gauge boson emerged in supersymmetric extensions of the standard model
with an extra singlet chiral superfield, and how it could often behave very much as a light pseudoscalar,
with the corresponding symmetry broken at a scale higher than electroweak. (I) The possible existence of
such a new gauge boson U, light and very weakly coupled, allows for light dark matter particles, which
could be at the origin of the 511 keV line from the galactic bulge. Could such a light gauge boson be found
directly in e�e� annihilations? Not so easily, in fact, due to various constraints limiting the size of its
couplings, especially the axial ones, leading to an axionlike behavior or extra parity-violation effects. In
particular, searches for the decay �! �� invisible U may be used to constrain severely the axial
coupling of the U to the electron, feA � fbA, to be less than about 10�6mU�MeV�, 50 times smaller than
the ’ 5 10�5mU�MeV� that could otherwise have been allowed from ge � 2. (II) The vector coupling of
the U to the electron may in principle be larger, but is also limited in size. Even under favorable
circumstances (no axial couplings to quarks and charged leptons, and very small couplings to neutrinos),
taking also into account possible Z-U mixing effects, we find from g� � 2, under reasonable assumptions
(no cancellation effect, lepton universality), that the vector coupling of the U to the electron can be at most
as large as ’ 1:3 10�3, for mU <m�. Such a coupling to the muon of the order of 10�3 could also be
responsible for the somewhat large value of the measured g� � 2, as compared to standard model
expectations, should this effect turn out to be real. (III) The U couplings to electrons are otherwise likely
to be smaller, e.g. & 3 10�6mU�MeV�, if the couplings to neutrinos and electrons are similar. This restricts
significantly the possibility of detecting a light U boson in e�e� ! �U, making this search quite
challenging. Despite the smallness of these couplings, U exchanges can provide annihilation cross
sections of light dark matter (LDM) particles of the appropriate size, even if this may require that light
dark matter be relatively strongly self-interacting.
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I. A LIGHT U BOSON

Theories beyond the standard model often involve ex-
tended gauge groups, necessitating new spin-1 gauge bo-
sons, in addition to the gluons, photon, W�, and Z. It is
usually believed that they should be heavy ( * several
hundred GeV’s at least) or even very heavy, as in grand-
unified theories, in which they could mediate proton decay.
Still some could be light, even very light, provided they
are, also, very weakly coupled, and therefore neutral.

We discussed, long ago, the possible existence of such a
new gauge boson called U, exploring, in particular, limits
on its production and decay (depending on its mass) into
e�e� or � �� pairs . . . [1]. Such a particle originated from
supersymmetric extensions of the standard model, which
require two electroweak doublet Higgs superfields, offer-
ing the possibility, in nonminimal versions of the super-
symmetric standard model with an extra chiral singlet
superfield [2,3] of ‘‘rotating’’ independently the two dou-
blets, i.e. of gauging an extra-U�1� symmetry. The standard
gauge group is then extended to SU�3� � SU�2� �U�1� �
extra-U�1�.

The fact that the effects of such a gauge boson did not
show up in neutrino-scattering experiments (and a possible
connection of this spin-1 particle with gravity through the
massive spin- 3

2 gravitino [4]) led us to consider that it could
be both light and very weakly coupled. Its mass is gener-

ated through the vacuum expectation values (VEV’s) of the
two Higgs doublets h1 and h2, plus a possible singlet, of the
supersymmetric extensions of the standard model. Or also,
in a similar way, in nonsupersymmetric extensions as well,
in which case a single Higgs doublet, plus an additional
singlet, may be sufficient.

The phenomenology of a light neutral spin-1 U boson,
independently of its possible origin, turns out to be quite
rich. It could be produced in q �q or e�e� annihilations
through processes like

  ! �U; �! �U; K� ! ��U; (1)

and

 e�e� ! �U; (2)

including even positronium decays, should the U be lighter
than 1 MeV (cf. Figs. 2 and 5 in Secs. VII and XII) [1,5]. It
could also lead to interesting effects in neutral-current
phenomenology, including neutrino scatterings, anomalous
magnetic moments of charged leptons, parity-violation in
atomic physics, . . . (cf. Figs. 3, 4, 7, and 8 in Secs. IX, X,
XII, and XIV) [1,6–8].

The U boson could also be extremely light (or maybe
even massless), with extremely small couplings (down to
� 10�19 and less). Its vector couplings are normally ex-
pected, for ordinary neutral matter, to be expressed as a
linear combination of the conserved (or almost conserved)
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B and L currents, or B� L in a grand-unified theory
(rather than to other quantities like strangeness or mass)
[9]. It could then lead to apparent violations of the equiva-
lence principle; and in the massive case to possible devia-
tions from the 1=r2 law of gravity, the new force induced
by U exchanges having a finite range @=�mUc� [10]. Both
effects have been searched for experimentally, and are
constrained by Ref. [11]. But this is not a situation we
shall be interested in here, as we shall consider much larger
values of the U mass—more than 1 MeV—and of the
gauge couplings of the U boson to quarks and leptons,
typically * 10�6.

We shall mainly be interested in the direct production of
a U boson in the process e�e� ! �U, discussing what
magnitude may be expected for its scattering cross section,
given thatU-induced annihilations, represented in Fig. 1 of
Sec. VI, may also be responsible for an appropriate relic
density of light dark matter (LDM) particles [12,13],
which could be at the origin of the 511 keV line from the
galactic bulge [14,15].

Estimating this cross section requires taking into ac-
count a variety of constraints, especially those involving
axial couplings of the U (from  and � decays, g� � 2,
and parity-violation in atomic physics), as well as the fact
that the U should in general couple to the electroweak
Higgs doublet(s) and therefore mix with the Z. We shall
also see that LDM annihilations do not really constrain
significantly the size of theU couplings to the electron. But
other processes severely limit them, and therefore the
detectability of the direct production of a U boson in
e�e� ! �U.

II. ENHANCED EFFECTS OF THE AXIAL
COUPLINGS OF A LIGHT U

A. ‘‘Axionlike’’ behavior of a light U [1]

If the gauge couplings fq;l of the new spin-1 boson U
with quarks and leptons are very small, it looks like the U
should be very weakly coupled to these particles, almost by
definition.

This is, however, not necessarily true. How is it pos-
sible? Even with such very small couplings, the rates for
producing a light U through its interactions with quarks
and leptons, although seemingly proportional to fq;l

2,
would not necessarily be small in the presence of axial
couplings.

Indeed a nonvanishing axial coupling (fq;l A) of the U to
a quark or lepton would generate, for a longitudinally-
polarized U (with ��L ’ k

�=mU), an effective pseudosca-
lar coupling

 fq;l p �
2mq;l

mU
fq;l A: (3)

This one may be sizeable, even if the axial gauge coupling
fq;l A is very small, if the mass of the U boson is small as

well. In fact, this axial coupling fq;l A simply regenerates
in a spontaneously broken gauge theory, through Eq. (3),
the pseudoscalar couplings to quarks and leptons of the
spin-0 Goldstone boson (denoted by a) that was eliminated
when the U acquired its mass. A light spin-1 U boson
would then be produced, through its interactions with
quarks and leptons, like this spin-0 pseudoscalar (i.e. also
very much like a spin-0 axion), proportionally to
fq;l

2
A=m

2
U, times mq;l

2, i.e. to fq;l
2
p.

B. Supersymmetry spontaneously broken ‘‘at a
high scale’’

In a similar way the � 1
2 polarization states of a massive

but very light spin- 3
2 gravitino, although coupled only with

extremely small gravitational strength (i.e. proportionally
to � �

����������������������
8�GNewton

p
’ 4 10�19 GeV�1), would undergo

enhanced gravitational interactions, owing to the large
factor

 

���
2

3

s
k�

m3=2
(4)

then present in the expression of the gravitino wave
function [4]. Although still coupled with
gravitational strength / �, these states would be produced
and interact much more strongly, proportionally to
(�2=m2

3=2). . ., with the gravitino mass m3=2 expressed as

 m3=2 � �d=
���
6
p
; or �F=

���
3
p
: (5)

These interaction or decay rates involving light gravitinos
are proportional to �2=m2

3=2 i.e. to 1=d2 or 1=F2,

where
���
d
p
=21=4 �

����
F
p
� �ss is usually called the

supersymmetry-breaking scale, so that

 �ss � �3=8��1=4 ����������������
m3=2mP
p

: (6)

The � 1
2 polarization states of a light gravitino would

behave, in fact, very much like a spin- 1
2 Goldstino [4]. The

strength of these enhanced gravitino interactions, fixed by
the gravitino mass m3=2 or equivalently the
supersymmetry-breaking scale, could be sizeable if super-
symmetry were broken ‘‘at a low scale,’’ comparable to the
electroweak scale, the gravitino mass being then very
small (e.g. typically / �electroweak scale�2=mPlanck �
10�5 eV=c2). But this strength would become very small,
or again extremely small—with the corresponding spin- 1

2
Goldstino state very weakly or extremely weakly
coupled—if supersymmetry gets broken ‘‘at a large
scale.’’ The gravitino then acquires a sizeable mass

 m3=2 �

�������
8�
3

s
�2
ss

mP
; (7)

possibly up to 	mW to TeV scale, supersymmetry being
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then said to be broken at the scale �ss 	 1010 to 1011 GeV
[16].

C. ‘‘Hiding’’ these enhanced effects of axial couplings,
with an extra-U�1� symmetry broken at a higher scale

Let us return to spin-1 particles, with very small gauge
couplings to quarks and leptons. The smallness of the
couplings of a massive gauge particle is not sufficient to
guarantee that its interactions will actually also be small
(as we saw above for a spin- 3

2 particle), if this spin-1
particle has nonvanishing axial couplings. This requires,
in fact, that the scale at which the correspond-
ing (extra-U�1�) symmetry is spontaneously broken be
sufficiently large (as for a massive gravitino and
supersymmetry-breaking scale, in supersymmetric
theories).

Searches for such light U bosons with nonvanishing
axial couplings, as in the hadronic decays (1) of the  ,
�, or K�, with the U decaying into unobserved � �� or light
dark matter particle pairs, then require, dealing with stan-
dard model particles, that the extra-U�1� symmetry be
broken at a scale higher than the electroweak scale. And
possibly even at a large scale if an extra singlet acquires a
large vacuum expectation value, possibly much higher than
the electroweak scale, according to a mechanism already
exhibited in Ref. [1] and which also applies to spin-0
axions as well, making them ‘‘invisible.’’

III. GAUGING AND BREAKING THE EXTRA-U�1�A
SYMMETRY

In the absence of such an extra singlet, a light spin-1 U
boson would behave very much like a light spin-0 pseudo-
scalar A described by a linear combination of the neutral
Higgs doublet components h1


 and h2

, reminiscent of a

standard axion, or of the A of the MSSM when this one is
light.

A. Two Higgs doublets and their VEV’s

Let us denote

 h1 �
h1



h�1

� �
; h2 �

h�2
h2



� �
; (8)

the two Englert-Brout-Higgs doublets whose VEV’s

 hh1

i �

v1���
2
p �

v���
2
p cos�; hh2


i �
v2���

2
p �

v���
2
p sin�;

(9)

are responsible for the masses of down quarks and charged
leptons, and up quarks, respectively, as in supersymmetric
extensions of the standard model—although one may also
choose not to work within supersymmetry, or disregard the
SUSY sector of R-odd superpartners. We denote

 

1

x
� tan� �

v2

v1
; (10)

which replaces the tan� � v0=v00 of Ref. [2,3], with

 ’00 �
’00


’00�

� �
! h1; ’0 �

’0


’0�

� �
with ’c ! h2:

(11)

B. Gauging an U�1�A
Of course in a supersymmetric theory there is here no

�H1H2 superpotential term as it would not be invariant
under the extra-U�1� symmetry that we intend to gauge, if
one is to rotate independently the two Higgs doublets h1

and h2, using as in Ref. [17] the invariance under

 h1 ! ei	h1; h2 ! ei	h2; (12)

and similarly for the two doublet Higgs superfields H1 and
H2.

The � parameter was in fact promoted to a full chiral
superfield in Ref. [3], the �H1H2 term being replaced by a
trilinear coupling with an extra singlet chiral superfield N
[18],

 �H1H2 ! 
H1H2N: (13)

This replacement of the � term by a trilinear 
H1H2N
coupling allowed, subsequently, for the gauging [2] of an
extra-U�1� symmetry acting as in Eq. (12), already identi-
fied in Ref. [3] under the name of U, under which

 H1;2 ! ei	H1;2; N ! e�2i	N; (14)

so that 
H1H2N is U-invariant, but not N itself [19].
The gauging of this extra-U�1� symmetry [20], in the

presence of the 
H1H2N trilinear superpotential coupling,
therefore requires not to include in the superpotential any
of theN,N2 andN3 terms [2]. (Of course we do not have to
gauge such an extra-U�1� symmetry, in which case we
remain with one version or the other—depending on which
of the N, N2 and N3 terms are selected in the N super-
potential [21]—of a nonminimal SU�3� � SU�2� �U�1�
supersymmetric extension of the standard model, often
called the NMSSM [2,3].)

In any case, this construction allows for the generation
of quark and charged-lepton masses, in a way compatible
with the gauging of the extra-U�1� symmetry, through the
usual trilinear superpotential

 
eH1L �E� 
dH1Q �D� 
uH2Q �U; (15)

leading from Eq. (9) to charged-lepton and quark masses

 me � 
e
v1���

2
p ; md � 
d

v1���
2
p ; mu � 
u

v2���
2
p ; (16)

SU�2� and family indices being omitted for simplicity.
This extra-U�1� symmetry acts in the simplest case on

the left-handed (anti)quark and (anti)lepton superfields as
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follows [2]:

 �Q; �U; �D;L; �E� ! e�i�	=2��Q; �U; �D;L; �E�; (17)

i.e. it acts axially on quark and lepton fields

 

�
doublets: �qL; lL� ! e�i�	=2��qL; lL�;

singlets: �uR; dR; eR� ! ei�	=2��uR; dR; eR�;
(18)

with family indices again omitted for simplicity, together
with

 h1 ! ei	h1; h2 ! ei	h2; (19)

as in Eqs. (12) and (14).

C. The Goldstone boson of U�1�A, and the axion

This extra-U�1�A symmetry acts on quarks, leptons and
the two Higgs doublets as the one considered in Ref. [22] in
connection with the strong CP problem. The correspond-
ing Goldstone boson a considered here is eaten away when
the extra U�1� is gauged so that the corresponding gauge
boson acquires a mass. Constructed from the two neutral
Higgs doublet components h1


 and h2

 (plus a possible

singlet contribution as we saw) [1,2], this would-be mas-
less Goldstone boson a is reminiscent of a spin-0 axion
[23,24].

The U�1� of Ref. [22], however, is intrinsically anoma-
lous and corresponds to a pseudosymmetry violated by
quantum effects, to ‘‘rotate away’’ the CP-violating pa-
rameter � of QCD, the corresponding pseudo-Goldstone
boson, called axion, acquiring a small mass. The
extra-U�1� symmetry should here, in principle, be made
anomaly-free if it is to be gauged, even if the cancellation
of anomalies may involve a new sector of the theory, not
necessarily closely connected to the one discussed here.
The spin-0 Goldstone boson a gets eliminated when the
spin-1 U boson acquires its mass.

D. Cancelling anomalies

The extra-U�1� symmetry discussed above would be
anomalous, if we limit ourselves to the quarks and leptons
of the standard model. Anomalies may be cancelled, e.g.
by extending the theory to include new mirror quarks and
leptons (qm and lm), transforming under the extra U�1� as
follows:

 

�
doublets: �qmR ; l

m
R � ! e�i�	=2��qmR ; l

m
R �;

singlets: �umL ; d
m
L ; e

m
L � ! ei�	=2��umL ; d

m
L ; e

m
L �;

(20)

the counterpart of Eq. (18), so that the whole theory be
vectorlike.

Since �dmLq
m
R transforms like �dRqL under SU�2� �

U�1� � extra-U�1�, etc., hh1

i and hh2


i may (just as for
ordinary quarks and leptons) be responsible for mirror
charged-lepton and down-quark masses, and mirror up-
quark masses, respectively (through Yukawa couplings
proportional to h1

�dmLq
m
R � H:c:, etc.), in a two-Higgs-

doublet theory, in a way compatible with the extra-U�1�
symmetry—but ignoring for the moment supersymmetry.

In a supersymmetric theory however, we have to take
into account the analyticity of the superpotential. H1 and
H2 may still be used to generate mirror quark and lepton
masses through superpotential terms proportional to
H2

�LmEm, H2
�QmDm and H1

�QmUm, in a SU�3� � SU�2� �
U�1� gauge theory, but this cannot be done in a way
compatible with the above extra-U�1� symmetry. Indeed,
as the mirror (anti)quark and (anti)lepton superfields (still
taken left-handed) transform as follows:

 � �Qm;Um;Dm; �Lm; Em� ! ei�	=2�� �Qm;Um;Dm; �Lm; Em�;

(21)

we need to introduce two more doublet Higgs superfields,
H3 and H4 (again taken as left-handed, with opposite weak
hypercharges Y � �1) transforming under the extra U�1�
according to

 H3;4 ! e�i	H3;4; (22)

so as to generate mirror quark and lepton masses in an
extra-U�1�-invariant way [25].

They appear in fact as the mirror counterparts of H1 and
H2, also required to avoid anomalies associated with the
extra-U�1� couplings of the two higgsino doublets ~h1 and
~h2 [cf. Eq. (14)], so that the whole theory be vectorlike.
This is also reminiscent of N � 2 extended supersymmet-
ric theories, which naturally involve (before N � 2
supersymmetry-breaking) four doublet Higgs superfields
rather than the usual two, then describing, in particular, 4
Dirac charginos, etc. [26].

Instead of gauging the extra U�1� as discussed here, one
may also consider a global (and possibly anomalous)
extra-U�1� symmetry spontaneously or explicitly broken
(e.g. by N, N2 or N3 superpotential terms, or soft
supersymmetry-breaking terms). It then generates a mass-
less Goldstone boson a, or a would-be (pseudo-)Goldstone
boson, which acquires a mass (small if the amount of
explicit breaking of the extra U�1� is small).

In all these cases, the branching ratios for  �or �� !
light spin-1 U boson, or light spin-0 pseudoscalar a, will
be essentially the same. Let us now discuss the couplings to
quarks and leptons of the spin-1U boson, or of its ‘‘equiva-
lent’’ spin-0 pseudoscalar a.

IV. COUPLINGS OF THE EQUIVALENT SPIN-0
PSEUDOSCALAR a

The Yukawa couplings of the two Higgs doublets h1 and
h2 to quarks and leptons are

 
d;l �
md;l

v1=
���
2
p �

md;l
v��
2
p cos�

; 
u �
mu

v2=
���
2
p �

mu
v��
2
p sin�

;

(23)

and those of their real neutral components (
���
2
p
<h1


 and
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���
2
p
<h2


),

 

8<:
md;l

v1
� 21=4G1=2

F md;l= cos�;

mu
v2
� 21=4G1=2

F mu= sin�;
(24)

respectively [27]. As mt=mb � �
t=
b� � �v2=v1�, larger
values of 1=x � tan� (between � 1 up to � mt=mb ’ 40)
may be preferred.

The massless Goldstone boson field eliminated away by
the massive Z, previously denoted in [2,3] as���

2
p
=�cos�’00
 � sin�’0
�, reads in modern notations

 zg �
���
2
p
=�cos�h1


 � sin�h2

�: (25)

Its orthogonal combination

 A �
���
2
p
=�sin�h1


 � cos�h2

� (26)

(ignoring for the moment possible extra singlet VEV’s)
represents, in the presence of the new extra-U�1� symme-
try, the massless spin-0 Goldstone field to be eliminated by
the U, when the SU�3� � SU�2� �U�1�Y � extra-U�1�
symmetry gets spontaneously broken down to SU�3�QCD �

U�1�QED through hh1

i and hh2


i [28,29].
With h1 and h2 separately responsible for down-quark

and charged-lepton masses, and up-quark masses, respec-
tively, as in supersymmetric theories, we get from (24) and
(26) the usual expression of the pseudoscalar couplings of
A to quarks and charged leptons

 

8><>:
21=4G1=2

F mu cot� �or x�; for u-quarks;

21=4G1=2
F md;l tan�

�
or 1

x

�
; for d-quarks and ch. lept.;

(27)

which acquire their masses through hh2

i and hh1


i, re-
spectively [30].

In the presence of one or several extra singlets trans-
forming under the extra-U�1� symmetry and acquiring
nonvanishing VEV’s [1], expression (26) of the equivalent
spin-0 pseudoscalar gets modified, to

 a � cos� �“standard”A� � sin� �new singlet�; (28)

in which we define

 r � cos�: (29)

The spin-1 U boson, instead of behaving like the spin-0
pseudoscalar A given by (26), i.e. very much like a stan-
dard axion, now behaves (excepted for the �� coupling,
absent) like the above doublet-singlet combination a.

As the extra spin-0 singlets are not directly coupled to
quarks and leptons, the effective pseudoscalar couplings of
U to quarks and charged leptons read

 21=4G1=2
F murx ’ 4 10�6 mu �MeV� rx

’ 4 10�6 mu �MeV� cos� cot� (30)

for up quarks, and

 21=4G1=2
F md;l

r
x
’ 4 10�6 md;l �MeV�

r
x

’ 4 10�6 mu �MeV� cos� tan� (31)

for down quarks and charged leptons.
The  ! �U and �! �U decay rates, in particular, are

multiplied by the factor

 r2 � cos2� < 1; (32)

which may be small. This corresponds precisely to the
mechanism by which the standard axion may be replaced
by a new axion, called later ‘‘invisible.’’ As for such an
axion, all amplitudes for emitting or absorbing (respec-
tively exchanging) in this way a light U boson are multi-
plied by the parameter r � cos�  1 (respectively
r2  1), which becomes very small when the extra singlet
acquires a large VEV [1].

The corresponding axial couplings of the U, in general
obtained after taking into account Z-U mixing effects (cf.
the next section), are then given by

 fq;l A � 2�3=4G1=2
F mU|���������{z���������}

2 10�6 mU �MeV�

�

�
rx; for up quarks;
r
x ; for d-quarks and ch. lept. (33)

in agreement with Eq. (3).

V. IMPLICATIONS FOR e�e� ! �U: A FIRST
DISCUSSION

Altogether the axial couplings of a U boson fq;lA turn
out to be rather strongly constrained, especially for light
U, owing to the enhancement factor 2mq;l=mU appearing in
Eq. (3). We are going to discuss here, in particular, the
effects of this phenomenon on the possible size of the
couplings of the U boson to the electron.

A. Constraint on the axial couplings of the U from
g� � 2

Let us consider the contribution to the anomalous mag-
netic moment of the muon, induced by the exchange of a
virtual U boson (see Fig. 4 in Sec. X). If the U is signifi-
cantly lighter than the muon there is an enhancement of the
effects of its axial coupling, by a factor � �4�m2

�=m
2
U

originating from the expression of its propagator

 

�g�� � k�k�

mU
2

k2 �mU
2
: (34)

This enhancement factor,� �4�100 for a 10 MeVU boson,
could lead a too large negative contribution to g� � 2,
proportional to f�A

2=m2
U. More precisely
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 �aA� ’ �
f�A

2

4�2

m2
�

mU
2 � �

f�p2

16�2 (35)

is found [owing to Eq. (3)] to be essentially the same as for
the exchange of the equivalent pseudoscalar spin-0 particle
a. That is also the same as for a standard axion, times the
factor r2 � cos2�  1 associated with the fact that an extra
Higgs singlet may acquire a (possibly large) VEV, increas-
ing the scale at which the extra-U�1� symmetry gets spon-
taneously broken, as compared to the electroweak scale
[1,6].

In agreement with expression (3) of the equivalent pseu-
doscalar coupling

 f�p �
2m�

mU
f�A � 21=4G1=2

F m�
r
x
; (36)

we get for this axial contribution, ‘‘enhanced’’ by the effect
of the factor m2

�=m2
U but now also reduced by the extra

factor r2 � cos2� [6],

 �aA� ’ �
GFm

2
�

8�2
���
2
p

r2

x2 ’ �1:17 10�9 r
2

x2

’ �1:17 10�9cos2� tan2�: (37)

In the absence of approximate cancellations with other
(positive) contributions, such as those that would be in-
duced by the vector couplings of the U, �aV� ’ f2

�V=�8�
2�

for a sufficiently light U, this leads as in Ref. [13] to a
rather severe constraint on f�p, r=x < 1 (cf. Sec. X). It
corresponds, owing to (33), to

 jf�Aj & 2 10�6 mU�MeV�; (38)

approximately expressed as

 

f�A
2

m2
U

&
GF

3
: (39)

This constraint on f�A—only valid in the absence of
cancellations with other positive contributions to �a�—
may be applied to the axial coupling to the electron, under
the reasonable hypothesis of lepton universality, also in
agreement with Eq. (33) giving the axial couplings of theU
within the class of models considered. The resulting con-
straint, i.e. (38) and (39) now applied to feA, turns out to be
significantly more restrictive than the corresponding one

 jfeAj & 5 10�5 mU�MeV�; (40)

that follows directly from the ge � 2 of the electron
(cf. Sec. IX).

B. Constraints on axial couplings from quarkonium
decays

The axial couplings of the U to the c, b, and s quarks get
also constrained from the  ! �U, �! �U and K� !
��U decays, respectively (cf. Sec. XII). In simple situ-

ations ensuring the absence of unwanted flavor-changing
neutral-current effects [9,31] (cf. Sec. XI), the axial cou-
plings to the charge � 1

3 d, s, and b quarks are found from
gauge invariance to be equal to feA. This is, of course, also
in agreement with expression (33) of the axial couplings of
the U, related through (3) to expressions (30) and (31) of
the equivalent pseudoscalar couplings. As a result

 feA � fdA � fsA � fbA;

get constrained by K� and � decays:
(41)

We get, in particular, from � decays,

 

feA
2

m2
U

�
fbA

2

m2
U

&
GF

10
: (42)

When combined with the corresponding constraint from
 ! �U decays this implies, for a U boson having non-
vanishing axial couplings, that the SU�2� �U�1� �
extra-U�1� gauge symmetry cannot be broken down to
U�1�QED through the VEV’s of two electroweak Higgs
doublets only. An extra Higgs singlet should acquire a
(possibly large) VEV, in addition to the usual Higgs dou-
blet VEV’s, to make such effects of the longitudinal po-
larization state of the U boson sufficiently small, just as for
the axion.

C. Consequences on the size of the cross section

We are interested in the possibility of producing a real U
boson somewhat heavier than the electron, in e�e� ! �U.
Disregarding for simplicityme with respect to the energy E
of an incoming electron or positron, and to mU, we get a
cross section roughly proportional to

 �e�e� ! �U� / feV
2 � feA

2: (43)

Not surprisingly, vector couplings of the U are much less
constrained (see e.g. Ref. [32]) than axial ones
[cf. Eq. (42)]. Vector couplings may well turn out to be
larger, then providing the essential contribution to the light
dark matter (LDM) annihilation cross section into e�e�

pairs through the virtual production of an intermediate U
boson, also roughly proportional to feV

2 � feA
2 [12,13].

They thus represent, perhaps, the best hope for a significant
e�e� ! �U production cross section.

If however vector and axial couplings were related, as
e.g. if the U couplings were chiral so that jfeV j � jfeAj

 �e�e� ! �U� / feV
2 � feA

2 � 2feA
2; (44)

the strong constraints on axial couplings from Eqs. (38)–
(42) would also apply to vector couplings, reducing sig-
nificantly the hopes of detecting U bosons through
e�e� ! �U.

It is thus crucial to pay a special attention to these axial
couplings of the U. They are necessarily present if this one
couples differently to left-handed and right-handed fer-
mion fields, e.g. to eL and eR. The resulting axial coupling
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to the electron,

 feA �
feL � feR

2
; (45)

could also easily induce excessively large parity-violation
effects, most notably in atomic physics, proportional to the
product feAfqV [cf. Fig. 7 in Sec. XII]: an important
constraint which cannot be ignored [6–8]. This would be
the case, in particular, if one were to consider that the U
ought to couple to the singlet right-handed electron field
eR, but not to the electroweak doublet ��L; eL�, in which
case

 feA � �
1
2 feR: (46)

D. Z-U mixing effects

It is also crucial to pay attention to the mixing effects
between electroweak (SU�2� �U�1�) and extra-U�1� neu-
tral gauge bosons [1,9,31]. If theUwere to couple to eR but
not to ��L; eL�, or simply as soon as it couples differently to
eL and eR, it should also couple to the electroweak doublet
Higgs field responsible for the electron mass me. This
corresponds in general to a situation in which there is a
(small or very small) mixing between the neutral Z and U
bosons, induced by the VEV(s) of the doublet Higgs
field(s), with (small or very small) extra-U�1� gauge cou-
plings. The fields corresponding to the physical mass ei-
genstates are then expressed as

 

�Z� � cos� Z�
 � sin�Z00�;

U� � � sin� Z�
 � cos�Z00�;
(47)

in terms of the standard expression of the Z field

 Z�
 � cos�W�
3 � sin�B�; (48)

and of the original extra-U�1� gauge field, here denoted by
Z00�.

This small mixing does not in general affect significantly
the Z current. But the current to which theU boson couples
is no longer identical to the extra-U�1� current, but picks up
an extra part proportional to the usual Z current J�Z
 �
J�3 � sin2�J�em. The U couplings to eL and �L are then
no longer constrained to be the same.

As a result asking for a small or vanishing coupling to
�L, in view of not modifying excessively the low-energy
�-e scattering cross section (cf. Fig. 8 in Sec. XIV), does
not necessitate a small or vanishing coupling to eL. Such a
requirement would imply an approximately chiral coupling
to eR, more strongly constrained than a pure V coupling,
and therefore a comparatively smaller e�e� ! �U cross
section.

VI. U BOSONS AND LDM ANNIHILATIONS

Let us now come to dark matter, and more specifically to
the possibility of light dark matter particles, as theU boson
should play a crucial role in their annihilations.

Indeed, while weakly-interacting massive particles must
in general be rather heavy, one may now consider light
dark matter (LDM) particles, by using new efficient
mechanisms responsible for their annihilations, most nota-
bly into e�e�, as shown in Fig. 1. In the absence of such
new annihilation mechanisms, the relic abundance of LDM
particles would be far too large.

The U boson, although very weakly coupled at least to
quarks and leptons, can still lead to the relatively ‘‘large’’
annihilation cross sections required to get the right relic
abundance (�dm ’ 22%) for the nonbaryonic dark matter
of the Universe; exchanges of charged heavy (e.g. mirror)
fermions could play a role too, for spin-0 LDM particles
[12]. U-induced annihilations also allow for a P-wave (or
mostly P-wave) annihilation cross section of LDM parti-
cles into e�e�, hannvrel=cihalo now, for low-velocity halo
particles, being then significantly less than at freeze-out
time. (This feature may be useful to avoid a potential
danger of excessive �-ray production [33], depending,
however, on how this production occurs and is estimated.)
A gamma ray signature from the galactic center at low
energy could then be due to a light new gauge boson [12].

The subsequent observation by INTEGRAL/SPI of a
bright 511 keV �-ray line from the galactic bulge [14]
could then be viewed as a sign of the annihilations of such
positrons originating from light dark matter annihilations
[15]. The annihilation cross sections of LDM particles into
e�e� are such that these particles, that could explain both
the nonbaryonic dark matter and the 511 keV line, may
have spin 1

2 instead of spin 0 [13]. As of today, there is still
no easy conventional interpretation for the origin of so
many positrons, from supernovae or other astrophysical
objects or processes [34]. The new dark matter annihilation
processes mediated by U exchanges, that would produce
these positrons, appear as stronger than weak interactions,
at lower energies (when weak interactions are really very
weak), while becoming weaker than weak (and therefore
still difficult to detect) at higher energies.

The mass of theU boson and its couplings to leptons and
quarks are already strongly constrained, independently of
dark matter. Additional constraints from cosmology and
astrophysics involve the characteristics of the LDM parti-

 

e+

e−

χ

χ

U
or

e+

e−

ϕ

ϕ

U

FIG. 1. Dark matter annihilations into e�e� pairs [12,13]. The
first diagram corresponds to the pair annihilation of spin- 1

2 LDM
particles � (which may be self-conjugate, or not); and the second
one to the case of spin-0 particles ’.
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cles, that we shall generically call � (irrespectively of their
possible spin), should the U be responsible for their anni-
hilations. The main requirements are as follows:

(i) The total LDM annihilation cross section at freeze-
out should be ’ 4 or 5 pb, to get the right relic
abundance, or, more precisely [13]:

 

hannvrel=ciF ’ 4 to 5 pb

�

� 2 if LDM not self-conjugate;
1
2 if S instead of P-wave ann.

(49)

(ii) Constraints from the intensity of the 511 keV �-ray
line from the galactic bulge involve the partial an-
nihilation cross section for ��! e�e� at low halo
velocities, and depend on whether it is S-wave or P-
wave-dominated (with annvrel / 1 or v2, respec-
tively). They are also sensitive to the shape of the
dark matter profiles adopted within the bulge, a
P-wave cross section requiring a more peaked halo
density [35,36].

A S-wave cross section, such that
h��!e�e�vrel=cihalo�h��!e�e�vrel=ciF�1 to a few pb
(given that we are dealing here with the partial annihilation
cross section into e�e�, excluding neutrinos) [37], would
necessitate a (relatively) heavier LDM particle, say *

30 MeV (as the LDM number density scales as 1=m�

and the 511 keV emissivity as 1=m2
�), which is probably

excluded as we shall see.
A P-wave cross section, for which hvrelihalo would be

much smaller, would require, to get the observed 511 keV
signal, a much lighter LDM particle ( ’ 1

2 to typically a
few MeV), with a rather peaked halo profile [36] (cf. Fig. 7
in that paper) [38], or a more clumpy one, in which case the
mass of the LDM particle could be higher. Intermediate
situations are also possible for a wide range of LDM
masses, with a cross section (49) P-wave dominated at
freeze-out, later becoming smaller and ultimately S-wave
dominated (or S� P-wave) for low-velocity halo particles
[35,36,39].

Other constraints (iii) require that the LDM mass m� be
sufficiently small ( & 3 up to maybe 30 MeV depending on
the hypotheses made), to avoid excessive �-rays from
inner-bremsstrahlung, bremsstrahlung, and in-flight anni-
hilations [13,40]. Constraints (iv) from core-collapse
supernovae require LDM particles to be * 10 MeV at
least, if they have relatively ‘‘strong’’ interactions with
neutrinos, as they do with electrons [41,42]. No further
constraints are obtained from the evaluation of the soft
�-ray extragalactic background that may be generated by
the cumulated effects of LDM annihilations, once one
takes into account that positrons cannot annihilate in small
mass halos [36].

VII. e�e� ! �U CROSS SECTION

U bosons may be directly produced in an accelerator
experiment, through the process e�e� ! �U, as shown in
Fig. 2 [5,12,43]. This was first evaluated at threshold (

���
s
p
’

2me) long ago, assuming mU < 2me, to discuss the pro-
duction of a very light U (less than about 1 MeV) remain-
ing invisible, in positronium decays [5]. The relevant
parameters are the mass mU, and the vector and axial
couplings to the electron appearing in the Lagrangian
density

 L � �U� �e���feV � feA�5�e� . . . : (50)

These are expressed in terms of chiral couplings as

 feV �
feL � feR

2
; feA �

feL � feR
2

; (51)

P L �
1��5

2 and P R �
1��5

2 denoting the left-handed and
right-handed projectors, respectively.

We shall be interested here in the production of a U
heavier than 1 MeV, in e�e� annihilations. For a vector
coupling of the U and at high energy 2E large compared to
2me and mU so that both me and mU may be disregarded,
the cross section is equal to 2feV

2=e2 times the e�e� !
�� cross section. If there is an axial coupling feA as well,
this ratio is to be replaced (again disregarding the electron
mass me as compared to E) by

 2
feV

2 � feA
2

e2 �
feL

2 � feR
2

e2 ; (52)

also denoted 2 f2
e

e2 . The detectability of this process depends
essentially on the values of the U couplings to the electron,
as compared to the positron charge e �

����������
4�	
p

’ :3.
At energy 2E large compared to both mU and 2me, one

has [44]

 d�e�e� ! �U� ’
feL

2 � feR
2

e2 d�e�e� ! ���: (53)

As d
d cos� �e

�e� ! ��� ’ 4�	2

s �
1

sin2�
� 1

2�, and � (the polar
angle of the photon produced with respect to the direction
of the incoming electron) being here in the �0; �� instead of
�0; �=2� interval, one has

 

γ

U

e+

e−

γ

U

e+

e−

FIG. 2. Direct production of a U boson in e�e� annihilation.
The U should decay preferentially into LDM particles if mU >
2m�, and otherwise into e�e� or possibly � �� pairs.

PIERRE FAYET PHYSICAL REVIEW D 75, 115017 (2007)

115017-8



 

d
d cos�

�e�e� ! �U� ’
	�feL

2 � feR
2�

2s

�
1

sin2�
�

1

2

�
:

(54)

If the U mass cannot be neglected as compared to the
total energy 2E of the scattering electrons and positrons,
the cross section may be obtained from the corresponding
expression for e�e� ! �Z [43,45]. This gives, neglecting
again me for simplicity [46],

 

d
d cos�

’
	�feL

2 � feR
2�

2s2�s�m2
U�

�
s2 �m4

U

sin2�
�
�s�m2

U�
2

2

�
; (55)

which reduces to (54), for s � 4E2 � m2
U.

The U boson can then decay into e�e�, or an invisible
� �� or LDM particle pair (the latter being favored formU >
2m�) [47]. The crucial quantity, to discuss if a light U
boson could be detectable in this way, is the size of its
vector and axial couplings, feV and feA, to the electron.
The possibility of detectingU bosons at current B-factories
or at the � factory DA�NE, which could be sensitive to
couplings feR larger than 10�4–10�3 (DA�NE) down to
3 10�5–3 10�4 (B-factories), has been considered recently
(the first numbers correspond to 100% invisible decay
modes, the last to 100% decays into e�e�) [43], using,
however, specific hypothesis whose validity may be ques-
tioned—such as a chiral coupling of the U of eR only,
without mixing between the Z and U bosons—and dis-
regarding a number of relevant constraints, most notably
the strong ones involving the axial coupling of the U to the
electron. This has the effect of being overly optimistic as to
the detectability of the U boson in e�e� scatterings, by
suggesting that most of the relevant parameter space could
be probed soon in this way.

VIII. CAN U PRODUCTION CROSS SECTION BE
CONSTRAINED FROM LDM ANNIHILATIONS?

Is it possible to relate the expected size of the production
cross section for e�e� ! �U with the characteristics of
the LDM particle, as the exchange of a virtual U should be
responsible for the LDM annihilation cross section, con-
strained both from the relic abundance of LDM particles
and intensity of the 511 keV �-ray line (cf. Fig. 1 in
Sec. VI)? Not so easily, in fact, as the former is propor-
tional to e2f2

e, and the latter to c2
�f2

e (cf. Fig. 2 in Sec. VII),
c� denoting the magnitude of the U coupling to the LDM
particle, denoted by � independently of its spin, 1

2 or 0.
Some relations were presented in Ref. [43], which however
follow mostly from specific assumptions on the size of the
U coupling to LDM particles. It is thus necessary to discuss
again the possible size of the U couplings to electrons,
taking also into account a number of aspects disregarded
previously.

Annihilation cross sections of LDM particles into e�e�

depend on the product c�fe, as well as on mU and m�, and

more precisely on

 

c�fe
jm2

U � 4m2
�j
m�: (56)

To obtain the correct relic density we need a total annihi-
lation cross section of the order of 4 to 5 pb, as follows
from (49), i.e. an annihilation cross section into e�e� of
the order of 4 to 5 pb, times the branching fraction Beeann.
This requires (cf. Eq. (16) in the first paper of Ref. [13]):

 jc�j�feV
2 � feA

2�1=2 ’ 10�6
jm2

U � 4m2
�j

m��1:8 MeV�
�Beeann�

1=2:

(57)

For mU ’ 10 MeV and m� ’ 4 MeV as considered in
Ref. [12], or 6 MeV, this would give

 jc�fej ’ 5 10�6 (58)

or ’ 3 10�6 only if 40% of annihilations led to e�e�, the
rest of the required LDM annihilations being provided by
the � �� channels. For a heavier U we could get larger
couplings, e.g.

 up to jc�fej ’
10�2

2m� �MeV�
; for a 100 MeV U:

(59)

Discussing, however, limitations on the product c�fe
does not help so much as we are primarily interested in
the size of the coupling to the electron, represented by fe.
Dividing fe (and f�) by 10 while multiplying c� by the
same factor 10 leaves unchanged the annihilation cross
sections at freeze-out, and nowadays in the halo. But it
has a crucial effect on the detectability of the U boson by
dividing its production cross section by 100.

This illustrates that dark matter considerations only play
a secondary role in the determination of the size of the
couplings to the electron, feA and feV , once we have
checked that suitable LDM annihilation cross sections
can indeed be obtained, with an appropriate coupling to
the LDM particle c� & 1, or in any case

�������
4�
p

if we would
like the theory to remain perturbative [48]. Still mU should
in general better not be excessively large as compared to
2m�, otherwise the U couplings to ordinary particles
would tend to be too large if c� is to remain perturbative.

To quantify this, demanding c� <
�������
4�
p

would imply
from Eq. (57)

 fe � �feV
2 � feA

2�1=2 * 3 10�7
jm2

U � 4m2
�j

m��2 MeV�
�Beeann�

1=2:

(60)

For mU ’ 10 MeV and m� ’ 4 �or 6� MeV, the cou-
plings to electrons should then verify roughly, from
Eq. (58),
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 fe * 10�6; (61)

with an annihilation ratio into e�e�, Beeann, taken to be of
almost unity. That is, they could be quite small, but may
well also be significantly larger, fe ’ 5 10�4 correspond-
ing in the above example to c� ’ 10�2.

For larger values of mU, e.g. 100 MeV with m� �

5 �resp: 15� MeV, the couplings to electrons should verify

 fe * 3 10�4 �resp: 10�4�; (62)

so as to have c� <
�������
4�
p

. For mU � 300 MeV with m� �

15 MeV, fe * 10�3. In such cases the U couplings to
electrons have to be relatively large, provided of course
such values are still also compatible with all other con-
straints, most notably from ge � 2, g� � 2,  , �, and K�

decays, parity-violation effects in atomic physics, �-e
scattering, as we shall discuss more precisely now.

IX. ge � 2 CONSTRAINTS ON U COUPLINGS TO e

Let us consider the contributions induced by the ex-
changes of a light U boson to the anomalous magnetic
moments of the charged leptons, electron and muon (see
Fig. 3) [1,6,8,12,13].

A. Vector coupling

For a vector coupling to the electron, the additional
contribution to ae � �ge � 2�=2 is given by

 �aVe ’
feV

2

4�2

Z 1

0

m2
ex2�1� x�dx

m2
ex2 �m2

U�1� x�
’
feV

2

12�2

m2
e

m2
U

F
�
mU

me

�
:

(63)

It would reduce to a QED-like expression feV
2

8�2 if the U were

much lighter than me, and to feV
2

12�2
m2
e

m2
U

if much heavier. For a

U at least as heavy as me we tabulate F�mU
me
� as follows:

 

U e 2 e 5 e 10 e Large

(m

m m m m m

F U
m e

)
π
√3

−
3
2

.31 .54 .81 .92 ∼−1

(64)

∼−

Taking into account the latest experimental measure-
ment of the anomalous magnetic moment of the electron
[49],

 ae � �1 159 652 180:85� :76� 10�12; (65)

as well as improved QED calculations [50], implies, given
the other uncertainties in the determination of 	, that any
extra contribution �ae should satisfy [51]

 j�aej & 2 10�11: (66)

This requires

 jfeV j &
10�4�����������������������

F�mU=me�
p mU�MeV�; (67)

that we can simply remember as

 jfeV j & 10�4mU�MeV�; (68)

or

 

feV
2

mU
2

& 103GF; (69)

as soon as mU is larger than a few MeV’s [52]. We
immediately see that this constraint is relatively weak,
compared to those involving axial couplings as deduced
from g� � 2, � decays and parity-violation effects in
atomic physics....

B. Vector and axial couplings

If there is also an axial coupling one gets �ae � �aVe �
�aAe , with [53]

 �aAe ’ �
feA

2

4�2

m2
e

m2
U

H
�
mU

me

�
: (70)

The quantity

 H �
Z 1

0

2x3 � �x� x2��4� x�m2
U=m

2
e

x2 � �1� x�m2
U=m

2
e

dx; (71)

varies between ’ 1 for mU much smaller than me, and ’
1:31 formU � me, up to 5

3 formU much larger thanme. One
can write:

 �ae ’
feV

2F�mU
me
� � 5feA

2 3
5H�

mU
me
�

12�2

m2
e

m2
U

: (72)

 

γ

e−e− U

FIG. 3. U-exchange contribution to ge � 2.
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As soon asmU is larger than a few MeV’s ( cf. Eq. (64) and
Eq. (91) in Sec. X), one can use the simplified expression
[53]
 

�ae ’
feV

2 � 5feA
2

12�2

m2
e

m2
U

; (73)

 ’
3feLfeR � feL

2 � feR
2

12�2

m2
e

m2
U

: (74)

This implies, roughly, for mU * a few MeV,

 jfeV
2 � 5feA

2j & 10�8mU �MeV�2; (75)

or

 

jfeV
2 � 5feA

2j

mU
2

& 103GF: (76)

In general no limit can be obtained on feV and feA
separately, due the possibility of cancellations between
positive and negative contributions to �ae. More specifi-
cally, one gets as in Ref. [8] for a purely axial coupling

 jfeAj & 5 10�5mU �MeV�: (77)

Practically the same limit on jfeAj as in Eq. (77) also apply
in the case of a chiral coupling, e.g., right-handed, for
which one has

 jfeRj & 10�4mU �MeV�: (78)

These limits scale with the U mass, roughly like mU [54].

X. g� � 2 CONSTRAINTS ON U COUPLINGS TO e

Additional constraints on the couplings of the U to the
electron may be obtained from the consideration of the
muon g� 2, under the hypothesis of lepton universality for
the U couplings. The vector coupling of the U might also
be responsible for the somewhat large value of the muon
g� 2, as compared to standard model expectations, should
this effect turn out to be real.

A. Vector coupling

For a U with a vector coupling to the muon, one has, as
in (63),

 �a� ’
f�V

2

4�2

Z 1

0

m2
�x

2�1� x�dx

m2
�x2 �m2

U�1� x�
’
f�V

2

8�2 G
�
mU

m�

�
;

(79)

which reduces to
f�V

2

8�2 , in the limit of a light U as compared
to m�. If the U is not sufficiently light, we tabulate the
function

 G
�
mU

ml

�
�

2

3

m2
l

m2
U

F
�
mU

ml

�
; (80)

as follows:

 

U Small µ /10 µ /4 µ /2 µ

( m

mmmmm

G U
mµ ) 1 .77 .57 .38

2π
3 √3

− 1 .21

(81)

∼− ∼−

The latest experimental measurement of the anomalous
magnetic moment of the muon [55],

 aexp
� � �11 659 208:0� 6:3� 10�10; (82)

compared to improved standard model expectations [56],

 aSM
� � �11 659 180:4� 5:1� 10�10; (83)

3.4 ‘‘’’ below the experimental value, implies that an
extra contribution to a� should satisfy

 �a� � aexp
� � aSM

� � �27:6� 8:1� 10�10; (84)

or �27:5� 8:4� 10�10 according to Ref. [57].
If this is considered as the sign of a real discrepancy with

the standard model, it could be taken as an indication for
the existence of a new spin-1 U boson, with a vector
coupling to the muon

 jf�V j �
5 10�4�������������
G�mU

m�
�

q ; (85)

i.e. � �:5 to 1� 10�3, for a U mass of up to m�.
Otherwise, we may conservatively interpret this result as

indicating that

 � 10�9 & �a� & 5 10�9; (86)

which would only imply, for a pure vector coupling of the
U to the muon

 jf�V j &
6 10�4�������������
G�mU

m�
�

q ; (87)

i.e.

 jf�V j & �:6 to 1:3� 10�3; (88)

formU <m�. In the natural case of a universal coupling to
charged leptons, this limit is more constraining than
Eq. (68), for mU * 7 MeV.

B. Vector and axial couplings

If the coupling has also an axial part, we can write, as for
the electron

 �a� ’
f�V

2

8�2 G
�
mU

m�

�
�
f�A

2

4�2

m2
�

m2
U

H
�
mU

m�

�
; (89)

with
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 H �
Z 1

0

2x3 � �x� x2��4� x�m2
U=m

2
�

x2 � �1� x�m2
U=m

2
�

dx; (90)

tabulated as follows:

 

U

H

m m mSmall µ /2 µ Large

1 1.18
π

√3
−

1
2

1.31 → 5
3

(91)

∼−∼−

Axionlike behavior of a light U, for mU <m�—The
axial contribution to the anomalous magnetic moment is
superficially singular in the limit of smallmU (compared to
m�), which originates from expression (34) of the propa-
gator of the massive spin-1 U boson, when its couplings
involve (apparently nonconserved) axial currents. The re-
sulting expression of the axial current contribution gets
enhanced by a factor m2

�=m2
U.

The singularity is only apparent, as one can consider the
limit in which both the mass and the couplings are small,
their ratios being fixed by the extra-U�1� symmetry break-
ing scale, as discussed in Secs. II and V [1,6]. In this limit
of small mU as compared to m�; H ! 1, and the axial
contribution is neither singular (even if mU ! 0), nor does
it disappear (even in the limit of small axial gauge coupling
f�A). It has, instead, a finite limit.

The axial current contribution to a� may then be written
as in Eqs. (35)–(37), in which f�p, given by Eq. (3),
denotes the effective pseudoscalar coupling of the
Goldstone boson a eaten away by the light U [1,6]. With
f�p � 21=4G1=2

F m�1=x, one recovers the contribution of a
standard axion (A) to g� � 2 (see Fig. 4).

However, the spontaneous breaking of the SU�2� �
U�1� � extra-U�1� symmetry may well be due to the
VEV’s of the two Higgs doublets h1 and h2 together with
an extra singlet, which may acquire a large VEV so that the
extra-U�1� symmetry will then be broken at a high scale
proportional to this large singlet VEV. One then gets as in
(31), taking into account Z-U mixing effects [1,9,31],
f�p � 21=4G1=2

F m�r=x, and the contribution has the same
expression as for an ‘‘invisible’’ axion (see again Fig. 4).

More precisely one has

 �aA� � �
GFm

2
�

8�2
���
2
p|��{z��}

’1:17 10�9

H
�
mU

m�

�
r2

x2 ; (92)

with r2=x2 � cos2� tan2�, so that expression (37) of �aA�
remains approximately valid as long as mU is smaller than
m� (so that H�mU

m�
� & 1:3). It also applies, approximately,

when a is a massive spin-0 pseudoscalar associated with an
approximate, but explicitly broken, extra-U�1� symmetry.

Owing to (86), a purely axial coupling would have to
verify r=x � cos� tan� & 1 (slightly more constraining
than the & 1:5 of Ref. [13]), and therefore

 jf�Aj & 2 10�6mU �MeV�; (93)

also expressed as

 

f2
�A

mU
2

&
GF

3
: (94)

Similarly we would get for a chiral coupling, e.g. right-
handed,

 jf�Rj & 4 10�6mU�MeV�; (95)

approximately.
These limits on axial couplings from g� � 2 are more

restrictive than the corresponding ones (77) and (78) from
ge � 2, by a factor of � 25.

C. Summary of constraints from g� 2

Altogether taking both ge � 2 and g� � 2 into consid-
eration and assuming lepton universality, we get the fol-
lowing upper limits on the vector or axial lepton couplings
of a U boson

 jflV j&
�

10�4mU�MeV� �2 MeV<mU & 7 MeV�;
710�4 up to 1:310�3 �mU<m��;

(96)

or

 jflAj & 2 10�6mU�MeV�; (97)

assuming for simplicity that only one of the two couplings
is present. We also get

 jflRj & 4 10�6mU�MeV� (98)

in the case of a chiral U coupling to eR and �R, for
example. This in general decreases, especially for axial
or chiral couplings (decrease factor � 600), the maximum
production cross section for e�e� ! �U, compared to
what could be inferred from ge � 2 only.

 

γ

µ−µ−
U

m U < mµ

γ

µ−µ−
pseudoscalar

FIG. 4. For a light U as compared to m�, the axial U-current
contribution to g� � 2 becomes equivalent to the one due to the
exchange of a quasimassless pseudoscalar a, with axionlike
couplings (cf. Secs. II and V).
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XI. RELATING AXIAL COUPLINGS OF U TO e
AND q

We first assume here, as usual, that the same Higgs
doublet (say ’ � �’�; ’
� as in the standard model, or
h1 � �h1


; h�1 � as in its supersymmetric extensions) gen-
erates through h’
i or hh1


i the down-quark and charged-
lepton masses. The corresponding trilinear Yukawa cou-
plings are proportional to (’y �eReL � H:c:), and
(’y �dRdL � H:c:); or to (h1 �eReL � H:c:), and (h1

�dRdL �
H:c:), SU�2� gauge indices being omitted for simplicity.

The gauge invariance of these trilinear Yukawa cou-
plings requires, for the gauge quantum numbers f associ-
ated with U boson exchanges (cf. the general analysis in
Ref. [31])

 feR � feL � fh1
; fdR � fdL � fh1

; (99)

and therefore, with feA �
feL�feR

2 , fqA �
fqL�fqR

2 ,

 feA � fdA � �
1
2fh1

(100)

(or 1
2 f’). The axial coupling of the U to the charge� 1

3 d, s
or b quarks, fixed by the U coupling to h1, should then be
the same as for the e, �, or � leptons:

 feA � f�A � f�A � fdA � fsA � fbA: (101)

We also get, in a similar way,

 fuA � fcA � ftA � �
1
2fh2

(102)

(or� 1
2 f’), but this will not be of direct interest to us here.

This takes into account possible mixings between Z and
U gauge bosons, as we wrote Eqs. (99) directly in terms of
the U gauge couplings, rather than considering the
extra-U�1� gauge quantum numbers F in an intermediate
step, then mixing the corresponding extra-U�1� current
with the standard Z current J�3 � sin2�J�em to get the U
current.

Indeed Eqs. (99)–(101) may be applied as well, both to
the extra-U�1� gauge quantum number F, and to the cou-
plings of the standard electroweak neutral gauge field
Z�
 � cos�W�

3 � sin�B� to the usual weak neutral cur-
rent J�Z
 � J�3 � sin2�J�em. The axial part of this cur-
rent, J�Z
 ax � J�3 ax, satisfies Eqs. (100) and (101), as
well as Eq. (102).

The conclusions (101) on the universality of the axial
couplings of the down quarks and charged leptons—and
similarly, (102) for up quarks—remain valid even if sev-
eral Higgs doublets are responsible for the charged-lepton
and down-quark masses, on one hand, and up-quark
masses, on the other hand, as long as they all have the
same gauge quantum numbers as h1 and h2, respectively.

Therefore as soon as we get interested in a situation
involving axial couplings to the electron, or muon, it is
necessary to consider axial couplings to the quarks as well.
Strong constraints on fqA from  , � or kaon decays
(cf. Sec. XII) may then be turned into strong constraints

on feA. All this goes in the direction of a more restrictive
parameter space, leaving less room open for an easy de-
tection of a light U boson in e�e� scattering experiments.

Further implications in case of a chiral coupling to
electrons—If in addition we were to decide that the U is
coupled to eR only, not to eL, these very strong constraints
on fqA and therefore on feA would apply to the vector
coupling to the electron feV � �feA as well. These con-
straints—as compared to those coming from ge � 2—
tend to diminish significantly the maximum possible size
of the U coupling to the electron by a factor � 50. That is,
typically from the jfeRj & 10�4mU �MeV� of Eq. (78)
corresponding to jfeAj & 5 10�5mU �MeV� of Eq. (77),
down to jfeAj & 10�6mU �MeV�. Given that in this case
feV

2 � feA
2 � 1

2 fe
2 � 1

4 feR
2, this corresponds roughly to

 maximum
f2
e

m2
U

decreased from

� 500 GF from ge � 2 down to

�
GF

5
from � decays:

(103)

The resulting possible U production cross section in
e�e� annihilations would then be decreased by more
than 3 orders of magnitude, as compared to what an
optimistic but excessively crude analysis could have indi-
cated in such as case. This could ruin, or in any case
severely impede, the chances of finding the U boson di-
rectly in this way, in the near future.

XII. RESTRICTIONS ON AXIAL COUPLING TO e
FROM QUARK COUPLINGS

The easiest way through which a U boson could mani-
fest, and in general be quickly excluded, would be through
flavor-changing neutral-current processes. Fortunately in
the simplest cases its couplings to quarks are found to be
flavor-conserving, as a consequence of the extra-U�1�
gauge symmetry of the (trilinear) Yukawa interactions
responsible for quark and lepton masses, which naturally
avoids prohibitive flavor-changing neutral-current interac-
tions (FCNC) processes [9,31].

A. Constraints from searches for axionlike particles

Searches for unobserved axionlike particles in the de-
cays  ! �U, �! �U, as shown in Fig. 5, with the U
decaying into unobserved LDM or � �� pairs, strongly con-
strains possible axial couplings to heavy quarks. These
radiative decays of the  and the �, which are C � �
states like the photon, proceed only through the axial
coupling of the U boson to quarks, which has C � �.

Let us also indicate that the vector coupling of the U to
quarks, which has C � �, can contribute, very much as in
Ref. [58], to the invisible decays of the  and the �
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  �or �� !
fqVc�

��; (104)

producing a pair of two invisible LDM particles. From the
new Belle upper limit [59]

 B��! invisible�< 2:5 10�3; (105)

we can deduce as in [32] the upper limit

 jc�fbV j< 1:4 10�2 (106)

for the pair-production of self-conjugate Majorana parti-
cles (respectively 2 10�2 for spin-0 LDM particles, or 10�2

for Dirac particles), improved by a factor
������
20
p

as compared
to the earlier ones obtained from the CLEO limit of 5%.

Let us now return to the radiative decays of the  and �.
According to the analysis and evaluations of Ref. [1] the
production rates of U bosons in these radiative decays are
the same as for the equivalent (‘‘eaten away’’) pseudosca-
lar Goldstone boson, a; see Fig. 6. (The same applies if this
a is a massive but light pseudoscalar, associated with a
small explicit breaking of the global extra-U�1� symmetry.)
If we were working with two Higgs doublets only without
introducing an extra singlet, the decay rates would be
essentially the same as for a standard axion, evaluated in
[23]. As we also introduced an extra Higgs singlet which
can acquire a (possibly large) VEV, the spin-1 U boson
behaves like a doublet-singlet combination a expressed as
in Eq. (28), the  and � decays rates being multiplied by a
factor r2 � cos2� < 1.

The effective pseudoscalar couplings of this equivalent
pseudoscalar a to the c and b quarks are given by

 

8<:fcp�fcA
2mc
mU
�21=4G1=2

F mcrx�21=4G1=2
F mccos� cot�;

fbp�fbA
2mb
mU
�21=4G1=2

F mbr=x�21=4G1=2
F mbcos� tan�;

(107)

corresponding to

 

8<: fcA � 2�3=4G1=2
F mUrx ’ 2 10�6mU�MeV�rx;

fbA � 2�3=4G1=2
F mUr=x ’ 2 10�6mU�MeV�r=x:

(108)

The resulting decay rates, obtained from

 

B� ! �U=a�
B� ! �����

�
GFm

2
c���

2
p
�	

r2x2C ’ 8 10�4r2x2C ;

(109)

and

 

B��! �U=a�
B��! �����

�
GFm2

b���
2
p
�	

r2

x2 C� ’ 8 10�3 r
2

x2 C�; (110)

are

 

8<:B� ! �U=a� ’ 5 10�5r2x2C ;

B��! �U=a� ’ 2 10�4�r2=x2�C�:
(111)

C and C�, expected to be larger than 1=2, take into
account QCD radiative and relativistic corrections. A U
boson decaying into LDM particles (or � �� pairs) would
remain undetected.

From the experimental limits [60,61]

 

�
B� ! �� invisible�< 1:4 10�5;

B��! �� invisible�< 1:5 10�5;
(112)

we deduced rx < :75 and r=x < :4 [1,10,13,32], and there-
fore

 r2 � cos2� < :3; (113)

which already implies that a must be mostly singlet
(sin2� > 70%), rather than doublet (cos2� < 30%).

This immediately implies, for the  , an expected
branching ratio that is rather small, for example

 B� ! �U=a� & 10�7; (114)

if one is to consider also relatively large values of 1=x �
tan� � v2=v1 * 10. Such large values of tan� could
comparatively enhance the branching ratio for �!
�U=a, which is proportional to cos2� tan2�.

These limits may be turned from Eq. (108) into upper
limits on the axial coupling of the U to the c and b quarks

 

�
jfcAj & 1:5 10�6mU �MeV�;

jfbAj & :8 10�6mU �MeV�:
(115)

This corresponds, approximately, to

 {

γ

U

b e

b̄ f bA

{

γ

U

b f bA

b̄ e

FIG. 5. Upsilon decay �! �U, induced by the axial coupling
fbA of the U boson to the b quark. See also Fig. 6.

 {

γ

a

b e

b̄ fb p

{

γ

a

b fb p

b̄ e

FIG. 6. When the U is light as compared to the �, the sum of
the decay amplitudes for �! �U (Fig. 5) is essentially the
same as for the production of a spin-0 pseudoscalar a in �!
�a, with a pseudoscalar a coupling to the b quark fbp �

fb A
2mb
mU
� 21=4G1=2

F mb
r
x � 21=4G1=2

F mb cos� tan� [1,5,10].
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fbA
2

m2
U

&
GF

10
: (116)

By searching for the decay K� ! ��� invisible U
(constrained to have a branching ratio smaller than �
10�10 [62], for mU < 100 MeV), which could be induced
at a too large rate even in the absence of s! dU decays at
tree level, with theU directly attached to e.g. a s quark line,
one may also get (see Ref. [32] for details),

 fsA & 2 10�7mU �MeV�: (117)

Of course these limits should be somewhat relaxed for a
rather light U having a mass smaller than 2m�, and a
smaller coupling to neutrinos than to electrons. The U
would then decay mainly into e�e� pairs, and the size of
its axial couplings to quarks would be less strongly con-
strained, as e.g. from Ref. [63], from the production of
�e�e� in the final state. This could make it desirable to get
improved limits on the decays  ! �U, �! �U, K� !
��U, with U ! e�e�.

If Eqs. (101) relating the axial coupling of the electron to
the axial couplings of the �d; s; b� quarks hold, we should
have, from Eqs. (101) and (115)

 feA & 10�6mU �MeV�: (118)

This upper limit on the axial coupling of the U to the
electron is more severe than the ones (77) and (93) that
may be derived from the consideration of the anomalous
magnetic moment of the electron, and of the muon assum-
ing lepton universality.

B. Constraints from parity-violation in atomic physics

Experiments looking for parity-violation effects in
atomic physics constrain the product of the axial coupling
of the U to the electron feA, times its (average) vector
coupling to a quark (cf. Fig. 7) [6,7] to be very small,
typically

 

jfeAfqV j

m2
U

& 10�3GF; (119)

or more precisely [8]:

 � 1:5 10�14mU �MeV�2 & feAfqV

& :6 10�14mU �MeV�2: (120)

These limits, valid in the local limit approximation for
mU � 100 MeV, should be multiplied by a corrective
factor K�1�mU� � 1, which is about 2 for mU of a
few MeV’s.

Axial couplings to the electron that would approach a
few times 10�5mU (MeV), as considered previously [only
from ge � 2, cf. Eq. (68)], would require the effective
vector coupling to quarks to be extremely small, jfqV j &

10�9mU �MeV�.

Even if we were deciding to ignore the strong constraint
(118) from � decays, having

 jfeAj * 10�6mU �MeV� (121)

would require

 jfqV j & a few 10�8mU �MeV�; (122)

still very restrictive.
A U coupled only to leptons (and dark matter), not to

quarks?—But maybe the U does not couple to quarks at
all? As quarks and leptons usually acquire their masses
through trilinear Yukawa couplings to the same Higgs
doublet (or doublet pair h1 and h2, in a supersymmetric
theory), demanding that the extra U�1� does not act on
quarks implies that it does not act on Higgs doublets either.
This leads to an extra-U�1� current proportional to the
leptonic current (or to Le, or Le � L�, or Le � L�; . . . ),
plus an additional dark matter contribution. The U current
is here identical to this extra-U�1� current as the extra-U�1�
gauge boson does not mix with the standard electroweak Z
boson. But, although we would no longer have to worry
about the strong constraints from hadronic decays, or
parity-violation effects in atomic physics, we still have to
take into account another constraint in the leptonic sector,
coming from the fact that U exchanges should not modify
excessively the neutrino-electron scattering cross section,
which has been measured at low jq2j (cf. Sec. XIV).

XIII. SATISFYING CONSTRAINTS ON AXIAL
COUPLINGS, WITH A VECTORIAL U CURRENT

A simple way to satisfy automatically such stringent
limits involving axial couplings would be to consider
situations, natural in a number of models, in which the U
couples to leptons and quarks in a purely vectorial (or
almost purely vectorial) way [9,31]. This is the case if
there is only one Higgs doublet (� at least one extra singlet
so that the U gets its mass). Or several Higgs doublets (of
h1-type and h2-type as in supersymmetric theories) taken
to have the same value of the extra-U�1� quantum number
F once they have the same value Y � � 1

2 , or � 1
2 , of the

weak hypercharge; plus again at least one extra singlet.
Mixing effects between the neutral Z and U bosons, as

described by Eq. (48), in general affect the couplings of the

 

e−

q

e−

q

U

f e A

fq V

FIG. 7. U-exchange amplitude contributing to parity-violation
effects in atomic physics [6–8].
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U. The vector part in the quark and lepton contribution to
the U current then normally appears as a combination of
the B, L (or B� L in a grand-unified theory), and electro-
magnetic currents. The axial part may well be absent,
depending on the theory considered (i.e. depending on
the extra-U�1� gauge quantum numbers chosen for the
electroweak Higgs doublets). There is also of course, in
addition, an extra LDM part.

A vectorial U current—The possible absence of an axial
part in the U current provides a favorable situation, in view
of having large (vectorial) couplings to electrons. This is
also in agreement with Eqs. (101), which imply that in the
absence of axial couplings to quarks there should be no
axial coupling to leptons either. In that case the U current,
purely vectorial as far as quarks and leptons are concerned,
is expressed as a linear combination of the (conserved or
almost conserved) B and L currents with the electromag-
netic one. With, in particular, feL � feR, bounded by
Eq. (96) from the anomalous magnetic moments of
charged leptons.

XIV. CONSEQUENCES OF A CONSTRAINT
FROM � � e SCATTERING

Even in such a ‘‘favorable case’’ of a vectorial coupling
to quarks and leptons, allowing for the possibility of a
larger coupling fe, we still have to take into account
another stringent constraint in the purely leptonic sector,
namely, from low-jq2j �-e scattering [64]

 

jf�fej

m2
U

& GF; (123)

for mU larger than a few MeV’s [12]. If we could say that
the U is not (or very little) coupled to neutrinos, this
constraint would be trivially satisfied, and we would only
have to take into account the constraints from the electron
and muon g� 2.

If we were to assume no couplings to quarks, which
results in a coupling to the leptonic currents only (plus a
dark matter contribution), the U couplings to e’s and �’s,
fe, and f�, should then be equal, and thus cannot be too
large:

 if f� � fe ) fe & 3 10�6mU �MeV�; (124)

which is about 3 10�5 at 10 MeV, reducing further [com-
pared to the � 10�4mU �MeV� of Eq. (68) or � 10�3 of
Eq. (96)] the hopes of detecting a light U in e�e� annihi-
lations); up to � 10�3 at 300 MeV.

This upper limit (124) is still larger than the lower one
(60) from the annihilation cross section, using the require-
ment that the coupling to the dark matter particle � remains
perturbative (unless mU is taken too large as compared to
2m�). The same conclusions are reached as long as we
consider fe and f� to be of the same order.

If the U couplings to electrons and neutrinos turn out to
be similar, they should verify as in Eq. (124) jfej &

3 10�6mU �MeV�, much more constraining than the �
10�4mU �MeV� of Eq. (68) from ge � 2.

Even in this case, a 100 MeV (300 MeV)U would allow
for a coupling to the electron of up to � 3 10�4 (respec-
tively 10�3), that could be detectable, especially if the U
decays invisibly into �� pairs.

Otherwise, one may also satisfy the above leptonic con-
straint (123) while allowing for couplings to electrons
larger than in Eq. (124), by having very small or even
vanishing couplings to neutrinos. This requires taking into
account mixing effects between the Z and U bosons, if we
want the coupling to the electron to be purely vectorial.

XV. CONCLUSIONS

In summary, constraints which do not involve dark
matter directly, as from an axionlike behavior of aU boson
(tested in  , �, and K� decays, . . .) or atomic-physics
parity-violation, as well as Z-U mixing effects, cannot be
ignored.

Constraints involving dark matter particles do not in
general provide useful bounds on the expected size of the
U couplings to electrons. In particular, these couplings
may well be rather small, provided the U coupling to
LDM particles be large enough, still providing annihilation
cross sections for light dark matter particles into e�e� of
the appropriate size.

A way to satisfy systematically all strong constraints
involving axial couplings of the U boson would be to
consider a U coupled to a purely-vectorial neutral current,
as far as quarks and charged leptons are concerned. An
even more favorable situation, to allow for relatively large
couplings to electrons, is obtained when the U is much less
coupled to neutrinos than to electrons, thanks to Z-U
mixing effects [31], as also useful to obey the supernovae
constraint on lighter dark matter particles [41].

The g� 2 constraints (88) and (96) allow for a vectorial
coupling to charged leptons of up to� �:6 to 1:3� 10�3 for
mU <m� (from g� � 2 assuming lepton universality, in
the absence of any special cancellation effect). The con-
straints from g� � 2 are then stronger than those from
ge � 2, as soon as the U is heavier than about 7 MeV. In

 

νL

e−

νL

e−

U

fν

f e

FIG. 8. U-exchange amplitude, contributing to low-energy
�-electron scattering.
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such a case, a vectorial U coupling to charged leptons (flV)
of the order of 10�3 could also be responsible for the rather
large value of the muon g� � 2, as compared to standard
model predictions, without affecting excessively the ge �
2 of the electron.

Having

 f2
e & 10�6; (125)

i.e. & 10�5e2, or f2
e=�4�� & 10�7, makes in any case the

detection of U production in e�e� colliders difficult. It is
even more so if the U current has vector and axial parts of
comparable magnitudes, axial couplings being very
strongly constrained. The prospects for actually producing

and detecting such very weakly coupled U bosons in
e�e� ! �U appear as challenging, and efforts should be
pursued in this direction.

It may also be worth considering situations in which a
light spin-1 U boson is produced, for example, in e�e�

scatterings, through an axial coupling to the muon, �, or a
heavy quark (as we saw for  and � decays), especially the
b (owing also to the tan� in its effective coupling). The
corresponding effective pseudoscalar couplings, enhanced
by factors 2mq;l=mU, are given by (30)–(33), as for a
relatively light neutral pseudoscalar Higgs boson, in super-
symmetric extensions of the standard model.
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