
Constraints on light dark matter and U bosons, from  , �, K�, ��, � and �0 decays

Pierre Fayet
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Following searches for photinos and very light gravitinos in invisible decays of  and �, we discuss
new limits on Light Dark Matter and U bosons, from  and � decays, as well as rare decays of K� and
invisible decays of ��, � and �0 . . . . The new limits involving the vector couplings of the U to quarks turn
out, not surprisingly, to be much less restrictive than existing ones on axial couplings, from an axionlike
behavior of a light U boson, tested in  ! �U, �! �U and K� ! ��U decays (or as compared to the
limit from parity-violation in atomic physics, in the presence of an axial coupling to the electron).
Altogether the hypothesis of light U bosons, and light dark matter particles, remains compatible with
particle physics constraints, while allowing for the appropriate annihilation cross sections required, both at
freeze-out (for the relic abundance) and nowadays (if e� from LDM annihilations are at the origin of the
511 keV line from the galactic bulge).
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Theories beyond the standard model generally include a
number of new particles, such as the neutralinos of the
supersymmetric standard model [1,2], the lightest of
which, stable by virtue of R-parity, is now a leading dark
matter candidate. Or new neutral bosons, such as the spin-0
axion [3], or a new neutral spin-1 gauge boson U which
could be light and very weakly coupled [4]. This one can
also play an essential role in the annihilations of light dark
matter particles into e�e� [5,6], that may be at the origin
of the 511 keV line from the galactic bulge [7,8].

A privileged way to search for such particles, especially
in the case of supersymmetry, is to look for a ‘‘missing
energy’’ signal, i.e. missing energy-momentum that would
be carried away, in particular, by unobserved photinos or
neutralinos, and gravitinos. Or also axions, U bosons,
cosmions, or light dark matter particles, . . .. We shall
discuss here some limits, in addition to those of [4–
6,9,10], that the decays of the  or the �, or of the K�,
��, � or �0 mesons, can impose on light dark matter
(LDM) particles and U bosons, and more specifically on
the U couplings to quarks and LDM particles.

I. LIMITS ON GRAVITINO AND PHOTINO
PRODUCTION FROM INVISIBLE DECAYS

OF  AND �

The decays of quarkonium states such as the  and the
�, and e�e� annihilations, were used very early to search
for ‘‘invisible’’ particles, and constrain their properties.
Limits on invisible decay modes of the  and the � have
been known in fact for a long time.

As discussed in [11], a search for the invisible decays of
the  , identified from the observation, in  0 decays, of a
�� and �� with a well-defined invariant mass, according
to
 

 0 ! ���� ;

,! invisible (1)

led to the upper limit [12]

 B� ! invisible�< 7 10�3; (2)

to be compared with B� ! e�e�� ’ 7� 1% (taken to be
>6%, in fact its present value). This can be used to con-
strain the associated production of (ultralight) spin- 3

2 grav-
itinos and (light) spin- 1

2 photinos from the expression of the
gravitational decay rate

 �� ! gravitino� photino� /
GNewton�

m2
3=2

; (3)

supersymmetry being then spontaneously broken ‘‘at a low
scale’’.

In such a situation, only the ‘‘longitudinal’’ � 1
2 polar-

ization states of the massive but very light gravitino are
actually taking part in the decay, bringing in a factor��������

2=3
p

k�=m3=2 from the gravitino wave function [2].
More precisely, a very light gravitino may be viewed has
having with the photon and its superpartner the photino a
nondiagonal q2-dependent chargelike effective coupling

 eeff�q2� �
�q2

m3=2

���
6
p �

q2

d
; (4)

where � � �8�GNewton�
1=2 ’ 4:1 10�19 GeV�1, and d is

the supersymmetry-breaking scale parameter [13]. This
q2 factor compensates the 1=q2 from the photon propaga-
tor, leading to an effective local 4-fermion interaction with
charged particles proportional to �e=�m3=2

���
6
p
� � e=d (see

[11] for details). The same amplitude can also be found,
equivalently, by considering the production of a massless
spin-1=2 goldstino in the corresponding spontaneously-
broken globally supersymmetric theory, in agreement
with the equivalence theorem of supersymmetry [2].
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Altogether one gets the simple relation [14]

 

B� ! gravitino� photino�
B� ! e�e��

’
e2

eff�m
2
 �

e2 ; (5)

which led to the first direct experimental lower limit on the
gravitino mass, m3=2 > 1:5 10�8 eV. Or equivalently on
the supersymmetry-breaking scale, supersymmetry being
broken ‘‘at a low scale’’. This analysis and the resulting
bounds, also reported in [15], although not really constrain-
ing yet, are at the starting point of the phenomenology of a
very light gravitino, its mass fixing the effective strength of
its interactions, and therefore the time at which it decou-
ples from equilibrium, in the evolution of the Universe.

A similar search for
 

��nS� ! ������1S�

,! invisible (6)

was performed a few years later by CLEO [16], leading to

 B���1S� ! invisible�< 5%; (7)

from ��2S� (or 8% from ��3S�). This limit seems worse
than (2) by a factor ’ 7, further increased to ’ 18 as it
should be divided by the rate for �! e�e�, of only ’
2:4% (instead of 6% for  ). This is, however, more than
compensated by an increased sensitivity to gravitino pro-
duction, enhanced by �m�=m �

4 ’ 87, owing to Eqs. (4)
and (5). Altogether the effective sensitivity is increased by
almost 5, resulting in a lower limit m3=2 > 3 10�8 eV,
twice the one obtained from  .

This illustrates the interest of working both with preci-
sion and at high energies, to take advantage of the q2 factor
in eeff�q

2�, as we are effectively looking for an almost local
dimension-6 four-fermion interaction, whose effects in-
crease with energy.

This was further pursued by searches in e�e� annihila-
tions at higher energies (PEP and PETRA), for [17,18]

 

� e�e� ! gravitino� photino;

e�e� ! photino� photino:
(8)

These reactions may be signed by the associated emission
of a (soft) single photon, or of a photon produced in the
decay of a massive photino into photon� gravitino. This
raised the lower limit on m3=2 up to about 10�5 eV, corre-
sponding to a supersymmetry-breaking scale

���
d
p

>
240 GeV (for a not-too-heavy photino and under condi-
tions precised in [15,17]).

Reactions such as (8) now represent ‘‘searches for the
production of dark matter particles at accelerators’’. The
inverse reactions describe the annihilations of two dark
matter candidates, here neutralinos, into e�e� or other
particles, ultimately responsible for the relic abundance
of dark matter, in a way which depends on the mass
spectrum of the various particles involved in the
annihilation.

It is not our purpose to discuss more gravitinos or
neutralinos, but how experiments searching for missing
energy (or ��missing energy) in q �q or e�e� annihila-
tions may be used to constrain other invisible neutral
particles such as ‘‘cosmions’’ (neutral particles of a few
GeV’s, with rather strong couplings to hadrons), as dis-
cussed in [19], with interactions and properties prefigurat-
ing to some extent those of light dark matter particles. Or,
more interestingly for us, light dark matter (LDM) particles
[5,6]. They require new powerful annihilation mechanisms
responsible for large annihilation cross-sections at freeze-
out (typically h�annvrel=ci � a few pb), as necessary to get
the appropriate relic abundance corresponding to �dm ’
22%. The new neutral light spin-1 gauge boson U, very
weakly coupled at least to ordinary particles [4], may then
lead to the required annihilation cross sections, signifi-
cantly larger than weak-interaction cross sections, at these
energies. Conversely, the same mechanisms could also be
responsible for the pair-production of LDM particles at
accelerators, in particle interactions or decays involving
missing energy (or photon�missing energy) in the
final state. (Invisible quarkonium decays as already used
to look for supersymmetric particles and cosmions
[11,12,15,16,19] were reconsidered recently in [20].)

II. PRODUCTION OF U BOSONS AND LIGHT
DARK MATTER PARTICLES IN  AND � DECAYS

As the U boson we consider, mediating q �q and e�e�

annihilation processes, is supposed to be light, there is in
general no interest, when searching for the pair-production
of light dark matter particles, in trying to work systemati-
cally at higher energies, in contrast with searches for
gravitinos and photinos, or more generally neutralinos
[21]. These processes may be naturally compared with
electromagnetic ones, an upper bound on the production
of invisible neutrals in q �q or e�e� annihilations being
translated into a bound jc�fq;ej< . . . e2, c� and f denoting
the U couplings to dark matter particles, and quarks or
electrons, respectively.

As the  and � are spin-1 q �q states with C � �, their
direct decays through the virtual production of a single U
boson, such as

  �or �� ! invisible ��; . . . (9)

i.e. decays into invisible particles only, can only occur
through the vector coupling of the U to a c or b quark,
fqV . This will lead to upper limits on the products jc�fqV j,
to be discussed later.

In between, we note that possible axial couplings fqA
would contribute to the radiative decays of the  and the �,
e.g.

 

� �or �� ! �U;

 �or �� ! ���; . . . :
(10)
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We shall consider first the direct production of a real U
boson, through its axial couplings fqA, in these radiative
decays of  and �. This leads, as we already know, to very
strong constraints on the fqA’s, so that for the time being
we can postpone a discussion of ��� production, which
would constrain jc�fqAj.

A. Radiative production of U bosons
(through axial couplings)

Two mechanisms, already discussed in 1980, are here
essential to understand the rates at which a light U boson
could be produced in the radiative decays of the  or the �
[4].

(i) At first, the wave function of a longitudinally-
polarized light spin-1 gauge boson U includes a large
factor 	� ’ k�=mU. A light spin-1 U boson then behaves
very much as a spin-0 (quasi-Goldstone) boson [22], hav-
ing effective pseudoscalar couplings with quarks and lep-
tons

 fq;l p �
2mq;l

mU
fq;l A: (11)

As a result, if the SU�2� 	U�1� 	 extra-U�1� gauge sym-
metry is spontaneously broken to U�1�QED through the
v.e.v.’s of two electroweak Higgs doublets h1 and h2

only, as in the simplest supersymmetric theories, these
effective pseudoscalar couplings would be the same as
those of a standard axion [3]. A situation that became,
some time later, excluded by experimental results [23,24].

But (ii) in the presence of an extra Higgs singlet 

transforming under the extra-U�1�, that would acquire a
(possibly large) v.e.v., the additional U�1� symmetry may
be broken at a scale larger than the electroweak scale,
possibly even ‘‘at a large scale’’, for h
i (much) larger
than vF=

���
2
p
’ 174 GeV. The rates for directly producing a

light U, or its equivalent spin-0 particle, would then be
smaller (or possibly very small). The spin-1 U would
behave in that case like a doublet-singlet combination

 

�
cos� �old standard-axionlike pseudoscalar�

� sin� �new electroweak singlet 
; uncoupled to q; l�;

(12)

which corresponds precisely [4] to the mechanism by
which the standard axion could be replaced by a new axion,
called later invisible. Previous decay rates for producing a
U boson, instead of being the same as for a standard axion
(or light A in the MSSM language), were then multiplied
by a factor

 cos 2� � r2 
 1: (13)

The effective pseudoscalar couplings (11) to quarks and
leptons may be written as

 fq;l p � 21=4G1=2
F mq;l �x or 1

x� r; (14)

and identified with those of a (nonstandard) axion, with the
following expression of the axial couplings of the U to
quarks and leptons,
 

fq;l A � 2�3=4G1=2
F mU �x or 1

x� r;

’ 2 10�6mU �MeV� �x or 1
x� r: (15)

The resulting production rates of U bosons in radiative
decays of the  and �, computed as for an axion [3] from
the ratios  ! �U= ! e�e�, or �! �U=�! e�e�,
read [4,6,9]

 

�
B� ! �U� ’ 5 10�5r2x2C ;

B��! �U� ’ 2 10�4�r2=x2�C�;
(16)

C and C�, expected to be larger than 1=2, taking into
account QCD radiative and relativistic corrections. A U
boson decaying into LDM particles (or � �� pairs) would
remain undetected. From the experimental limits [23–25]

 

�
B� ! �� invisible� <1:4 10�5;

B��! �� invisible� <1:5 10�5;
(17)

we deduced rx < :75 and r=x < :4. This requires r & 1
2 ,

i.e. that the additional U�1� symmetry should in this case
be broken at a scale F at least of the order of twice the
electroweak scale. These limits may be turned into upper
limits on the axial couplings of a U to c and b quarks, i.e.

 fcA < 1:5 10�6mU �MeV�;

fbA < 0:8 10�6mU �MeV�;
(18)

respectively. These axial couplings are constrained to be
rather small, in a way which may be remembered approxi-
mately as

 

f2
qA

m2
U

&
GF

10
: (19)

This discussion should of course be adapted, as consid-
ered elsewhere, if the U decays preferentially into e�e�

instead of remaining invisible. This could happen for
mU < 2m�, with U couplings to neutrinos small as com-
pared to electrons.

We also recall that the vector couplings fqV cannot
contribute to the decays  ! �U, �! �U, and are not
directly constrained in this way.

B. Production of LDM particles in  and � decays

We now return to the production of LDM particles in
decays of the  and the �,

  �or �� ! invisible LDM particle pair: (20)

In addition to the U-exchange amplitudes considered
throughout this paper, spin-0 dark matter particles ’ could
also interact with quarks through an effective dimension-5
interaction [5,6] proportional to
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clcr
mFq

’�’ �qRqL � H:c:: (21)

mFq denotes the mass of the heavy (e.g. mirror) quark
whose exchanges may be responsible for the annihilation
q �q! spin-0 LDM particle pair—just as the similar ex-
change of a heavy electron Fe could induce (S-wave)
annihilations of spin-0 LDM particles into e�e�. Such
an interaction, if present at a significant level, could also
contribute to invisible (or �� invisible) decay modes of
� or other q �q states, in addition to the U-exchange
contributions.

We do not expect the (C-even) operators q �q or �q�5q in
(21) to contribute to the invisible decays of 1�� q �q states
such as  and �. Spin-0 ’ �’ pairs could however be
produced through (21) in their radiative decays. There is
here again an advantage in working at higher energies, as
the effects of the dimension-5 operator (21), as compared
to those induced by a light U boson, grow with energy. In
particular, from the limit [25]

 B��! �� invisible�< 3 10�5; (22)

in which invisible means here a ’ �’ (or �� or � ��) pair, we
can deduce a limit such as jclcrm�=mFq j< . . . , however
not expected to be very constraining, as the rate for �!
�����, for example, is only about 6 10�5. This means
also, especially in view of the dimension-5 character of the
spin-0 operator (21), returning to more sensitive higher-
energy reactions e�e� ! �� invisible, as considered in
[5,17–19] for supersymmetric particles, cosmions or LDM
particles; in view of constraining, this time, jclcr=mFe j.

We now return to U exchanges, the main object of our
interest, mediating through their vector couplings to quarks
the decay of a  or � into an invisible pair of LDM
particles. The virtual U from q �q annihilation may convert
into a pair of cosmions, or spin-1=2 (Majorana or Dirac,
say �� or � ��), or of spin-0 (’ �’) LDM particles. The
decay amplitude for

  �or �� ! ’ �’; (23)

proportional to fqV times the U-charge c’, is
C-conserving; the final state has C � ���L � � with L �
1. The decay

  �or �� ! �� �or � ���; (24)

proportional to fqV times the axial coupling c� of the U to
the fermion (Majorana or Dirac) �, is C-violating; the final
state has C � ���L�S � � with J � 1 and therefore L �
S � 1. In both cases of spin-0 and axially-coupled spin- 1

2
we have a P-wave production of light dark matter particles
in the final state. This reflects (exchanging the roles of
initial and final states) that such light dark matter particles
undergo P-wave (rather than S-wave) annihilations into
lighter f �f pairs through a vector coupling fqV of the U, as
discussed in [6].

On the other hand for vectorially-coupled dark matter,
decays  (or �) ! � ��, which would be proportional to
fqV times a vector coupling c�V of the U to a Dirac LDM
fermion �, would be C-conserving. The final state has then
C � ���L�S � � with J � 1, and therefore L � 0 (or 2)
with S � 1, or L � 1, S � 0, allowing for S-wave produc-
tion of LDM particles. Conversely such a vector coupling
of the U to spin- 1

2 Dirac LDM particles would allow for
S-wave dark matter annihilations, a situation that we
should normally avoid at least for LDM annihilations
into e�e� at freeze-out [5,6], unless this S-wave contribu-
tion is kept small enough, so that P-wave annihilation be
dominant at freeze-out. (S-wave contributions, however,
could still play a role in today’s annihilations of LDM
particles into e�e� within the galactic bulge [26], possibly
at the origin of the 511 keV �-ray line observed by
INTEGRAL [7].)

We can now express the rates for ’ �’, �� or � �� pro-
duction in  decays as follows [27]:

 

8>>>>>>>>><
>>>>>>>>>:

spin-0: B� !’ �’�
B� !e�e�� ’

f2
cVc

2
’

�23e
2�2

1
4 ��

3;

Maj:; axial: B� !���
B� !e�e�� ’

f2
cVc

2
�

�23e
2�2

1
2 ��

3;

Dirac; axial: B� !� ���
B� !e�e�� ’

f2
cVc

2
�A

�23e
2�2
��3;

Dirac; vector: B� !� ���
B� !e�e�� ’

f2
cVc

2
�V

�23e
2�2
�3���

3

2 ;

(25)

with � � vf=c � �1� 4m2
�’ or ��=m

2
 �

1=2 ’ 1, as the dark
matter particles considered are light compared to m .
Having this ratio smaller than 7 10�3=6 10�2 ’ :12
[11,12] requires

 jc�fcV j &

8<
:

4 10�2 �spin-0�;
3 10�2 �Majorana�;
2 10�2 �Dirac�

(26)

(the latter limit being 2
3 e

2 	
�������
:12
p

).
The corresponding limits from �, now governed by

1
3 e

2 	 �5%=2:4%�1=2 ’ 4:5 10�2, are weaker than those
from the  , by a factor slightly larger than 2:

 jc�fbV j &

8<
:

9 10�2 �spin-0�;
6 10�2 �Majorana�;
4:5 10�2 �Dirac�:

(27)

This in contrast with the gravitino limit which was im-
proved by a factor ’ 2:2 by going from  to �, as it
benefited from the m2

�=m
2
 ’ 9:3 enhancement factor in

the amplitude, a factor no longer present for the amplitudes
induced by the exchanges of a light U.

We shall in general also demand that c� <
�������
4�
p

, so that
the theory remains perturbative. In the rather extreme case
for which c� would be taken as large as

�������
4�
p

, the above
limit (26) would imply, for a Majorana �,
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 jfcV j< :9 10�2; i:e:
f2
cV

4�
< 6 10�6: (28)

Even in this case, is this really very constraining? To get
a feeling we recall the constraint from parity-violation
effects in atomic physics [10]

 jfeAfqV j< �1:5 to 3� 10�14mU �MeV�2; (29)

which expresses that

 

jfeAfqV j

m2
U

<
GF

300
: (30)

In the presence of an axial coupling to the electron, even as
small as ’ 10�7mU �MeV�, this implies a very strict upper
limit on the quark vectorial coupling,

 jfqV j & 3 10�7mU �MeV�; (31)

corresponding to

 

f2
qV

4�
& 10�14mU �MeV�2: (32)

In view of this, and of the other constraining limits (18)
on the axial couplings to the c and b quarks, we may be
tempted to stick to theories in which the U has only vector
couplings to quarks and leptons, no axial ones at all, as in a
class of models discussed in [28].

We can then compare the above limits (26)–(28) to the
one on a vectorial coupling to the muon, derived from
g� � 2 (assuming no special cancellation effect), namely,
for mU <m� [6],

 jf�V j< �:7 to 1:5� 10�3;

i:e:
f2
�V

4�
< �:4 to 1:8�10�7;

(33)

The limits (26)–(28) appear less constraining than (33)—
although they concern different quantities—and are a
fortiori not significantly restrictive, when we confront
them to the constraint

 jc�fej ’ 10�6
jm2

U � 4m2
�j

m��1:8 MeV�
�Beeann�

1=2; (34)

on c�fe necessary to get the large annihilation cross-
sections ��! e�e� required at freeze-out time [6].
This is even more easily realised for a relatively light U
boson. To give just an example, for mU � 10 MeV and
m� ’ 4 (or 6) MeV, fe would have to be * 10�6, depend-
ing on c� assumed to be <

�������
4�
p

. In other terms we can
obtain the right annihilation cross sections with an fe as
small as � 10�6, i.e. f2

e=�4�� as small as about � 10�13,
much smaller than the * 10�5 we are dealing with in (26)–
(28).

While interesting, these limits (26)–(28) on the quark
vector couplings fqV , and subsequent ones to be discussed

soon from K�, ��, � or �0 decays, are, not surprisingly,
much less restrictive than those constraining the axial
quark couplings [4,6], or from parity-violation effects, in
the presence of an axial coupling to the electron [10].

III. PRODUCTION OF U BOSONS
AND LIGHT DARK MATTER PARTICLES

IN K� ! ��� INVISIBLE DECAYS

A. Production ofU bosons through their axial couplings

Let us now consider the possible production of ‘‘invis-
ible particles’’ in K� decays, namely

 K� ! ��U; (35)

in which the U could stay invisible as decaying into two
LDM particles if mU > 2m�, or decay into e�e� or � ��
pairs (a U decaying into e�e� would lead to a new source
of K� ! ��e�e� events) [4,6]. The contribution of an
axial coupling of theU is here essential, especially as in the
small mass regime a longitudinally-polarized spin-1 U
boson behaves very much as a spin-0 pseudoscalar having
effective couplings with quarks and leptons as given by
(11).

The strong experimental limit on the branching ratio
[29]

 B�K� ! �� � invisible U�< �:73 to � 1� 10�10;

(36)

for mU < 100 MeV, may then imply (depending on how
this branching ratio is evaluated) the quite restrictive upper
limit

 fsA & 2 10�7mU �MeV�: (37)

This corresponds to demanding that the effective pseudo-
scalar coupling to the s quark (11),

 fsp �
2ms

mU
fsA; (38)

verify

 fsp & 6 10�5; or
f2
sp

4�
& 3 10�10: (39)

Even if one can discuss more what the precise value of the
limit should be, this quark axial coupling is in any case
quite strongly constrained.

B. Production of U bosons through their vector
couplings

Let us now come to the vector couplings, much less
constrained especially for the smaller values of mU. The
decay amplitude for K� ! ��� massless spin-1 particle
vanishes exactly. The amplitude for K� ! ��U through a
vector coupling of a light U is expected to vanish propor-
tionally to mU. For larger values of mU (typically * m�),
we can compare the decay rate to the 3-body one,
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 B�K� ! ��e�e�� � �2:88� 0:13�10�7; (40)

under the simplifying assumption that the latter proceeds
mainly through the virtual production of a photon convert-
ing into e�e�. Replacing this virtual photon (coupled to a
u or c quark of charge 2e=3, as we consider mainly
penguin graphs), by a virtual U vectorially coupled to
this quark (with coupling fuV � fcV), we expect

 

B�K� ! ��U�
B�K� ! ��e�e��

�
f2
uV=�4��
1
� �

2
3��

2
�

9f2
uV

16�2 : (41)

i.e B�K� ! ��U� � 3 10�3f2
qV . (For smaller values of

mU this decay rate should vanish proportionally to m2
U.)

This should be compared with an experimental upper
limit of the order of (1 to a few) 10�9, for mU between
about 170 and 240 MeV, leading in this mass interval to an
upper bound jfqV j & 10�3, or f2

qV=�4�� & 10�7. For
mU ’ m�� , the limit on K� ! ��� invisible U would
be the same as for K� ! ��� invisible �� [30], namely,
about 21%	 2:7 10�7 ’ 6 10�8, leading to jfqV j<
5 10�3, or f2

qV=�4��< 1:5 10�6.

C. Production of light dark matter particles

We now consider

 K� ! ���� �or ’ �’; or � ���; (42)

induced by the virtual production of a U boson converting
into e�e�. We compare again to K� ! ��e�e� (remem-
bering that the amplitude for producing a real photon in
K� ! ��� vanishes). Replacing this virtual photon by a
virtual U vectorially coupled to a u or c quark, we can
write, at least for the lighter LDM (and U) masses,

 

B�K� ! �����
B�K� ! ��e�e��

�
1

2

c2
�f

2
uV=�4��

2

�23��
2

�
1

2

9c2
�f

2
uV

4e4 :

(43)

The factor 1
2 , here associated with the pair-production of

Majorana particles, would be replaced by 1 for Dirac
particles (� ��), and 1

4 for spin-0 particles (’ �’).
K� ! ��� �� has been measured with a branching ratio

1:47�1:30
�0:89 	 10�10 [29]. One gets, at the 90% c.l., the upper

bound

 B�K� ! �� � �� �or other invisible��< 3:84 10�10;

(44)

to be compared with

 B�K� ! ��e�e�� � �2:88� 0:13�10�7: (45)

This leads to a ratio invisible/e�e� typically smaller than
about 1:3 10�3. Provided m� remains relatively small as
compared to m� (as expected), and mU & m� (or in any
case is not too heavy), we can deduce the upper limit on the
product c�fuV ,

 jc�fuV j & 3:5 10�2e2 ’ 3 10�3; (46)

implying, in the extreme case for which jc�j would be
taken as large as

�������
4�
p

,

 jfuV j< 10�3; or
f2
uV

4�
< 10�7: (47)

The very strict upper limit of a few 10�10 on K� !
��� �� only implies limits which are not very restrictive, in
comparison with (18), (34), and (37). This is thus perfectly
compatible with the values of the coupling product jc�fej
necessary to provide sufficiently large annihilation cross
sections for light dark matter particles.

IV. PRODUCTION OF U BOSONS
AND LDM PARTICLES IN ��, � OR �0 DECAYS

A. �� ! UU

Let us now give briefly here a few other results from ��,
� and�0 decays. The�� is an isospin-1 state which may be
described as �u �u� d �d�=

���
2
p

. The decay rate for �� ! UU
may be related to �� ! ��, taking into account both
vector and axial couplings of the U to u and d quarks.
As vector currents have C � � and axial ones C � �,
there are no VA interference terms in the amplitude, while
AA contributions are expressed similarly to the VV ones.
Adding VV and AA contributions in the amplitude we
have, in the limit of small mU compared to m��=2,

 

B��� ! UU�
B��� ! ���

’

�
f2
u � f2

d

�2e=3�2 � ��e=3�2

�
2
’

9�f2
u � f2

d�
2

e4 ;

(48)

denoting for simplicity f2
u � f2

uV � f
2
uA; f

2
d � f2

dV � f
2
dA.

This may be compared with the experimental limit [30]

 B��� ! invisible�< 2:7 10�7; (49)

at the 90% c.l., from the decay K� ! ��� invisible ��.
U bosons that would be pair-produced in �� decays, and
remain undetected (as decaying into unobserved LDM or
� �� pairs), would have to verify

 �f2
u � f

2
d�

2 < 2:7 10�7 e
4

9
’ 2:5 10�10; (50)

i.e.

 

��������������������
jf2
u � f2

dj
q

& 4 10�3: (51)

If the U couples in the same way to the u and d quarks
the expected branching ratio for �� ! UU is very small,
as follows from the isospin 1 of the �� meson (disregard-
ing small isospin violations associated with �� mixing
with � or �0). Except in the situations for which the U
couplings are close to isoscalar so that fu ’ fd, then al-
lowed to be significantly larger, we find the typical con-
straint on the U coupling to a quark
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 jfqj & 4 10�3 �up to � 10�2�; (52)

which applies to both vector and axial couplings—pro-
vided of course the U mass remains somewhat lighter than
m��=2.

B. �� ! �U

We now turn to the mixed decay �� ! �U [31]. As ��

and � have C � � and �, respectively, only the vectorial
couplings of U to quarks can now contribute to the ampli-
tude. We get, in a similar way,

 

B��� ! �U�
B��� ! ���

’ 2
� 2e

3 fuV �
�e
3 fdV

�2e=3�2 � ��e=3�2

�
2

’
18

e2

�
2fuV � fdV

3

�
2
: (53)

If the U stays invisible, this decay rate should satisfy [32],

 B��� ! �� �invisible U��< 5 10�4 (54)

for a light mU, the limit decreasing down to about 2 10�4

for mU ’ 100 MeV. We then obtain, for the lighter U
masses, ��2fuV � fdV�=32 < 2:5 10�6, and therefore

 

j2fuV � fdV j
3

< 1:6 10�3; (55)

valid as long as mU & m��=2. This is one of the most
restrictive bounds we get on vectorial quark couplings, that
we can remember (in a simplified way) as

 jfqV j< 2 10�3; or
f2
qV

4�
< 2 10�7: (56)

If the U were to decay into e�e�, these events would
resemble to some extent (at least for the lighterU’s), events
in which �� ! �e�e� (which has a branching ratio of
�1:25� :04� :01�10�2 [33], in agreement with QED ex-
pectations). This requires, for such light U bosons,

 

j2fuV � fdV j
3

& 5 10�3; (57)

the limit being presumably more constraining for heavier
U’s, as a significant production of e�e� pairs with a larger
invariant mass would probably have not stayed unnoticed.

C. � �or �0� ! UU

We can perform the same calculation for the isospin-0
state � � cos� u �u�d �d��

2
p � sin�s�s (� including in particular

�-�0 mixing effects). We can also extend it to�0, written as
�0 � cos�0�sin� u �u�d �d��

2
p � cos�s�s� � sin�0�. . .�. We get

 

B��!UU�
B��!���

’

� cos���
2
p �f2

u�f
2
d�� sin�f2

s

cos���
2
p ��2e=3�2���e=3�2� sin���e=3�2

�
2
;

(58)

and similarly for �0. We shall suppose for simplicity that
we are close to a situation of ideal mixing, with � small,
and � not too far from u �u�d �d��

2
p . Corrections may be taken

into account immediately from (58), replacing �f2
u � f2

d�
by the appropriate linear combination with f2

s . And simi-
larly for �0. This leads to the approximate expressions

 

B��! UU�
B��! ���

’
�f2
u � f2

d�
2

��2e=3�2 � ��e=3�22
’

81�f2
u � f2

d�
2

25e4 ;

(59)

and

 

B��0 ! UU�
B��0 ! ���

’
81f4

s

e4 : (60)

The recent experimental limits [34]

 

8><
>:
B��!invisible�

B��!��� <1:65 10�3

B��0!invisible�
B��0!��� <6:7 10�2

(61)

imply directly, assuming that theU boson remains invisible
(as decaying, for example, into light dark matter particles):

 

8><
>:

�����������������
f2
u � f2

d

q
<4:5 10�2;

jfsj <5 10�2:
(62)

These expressions have to be slightly adapted, as indicated
earlier, so that the first formula constrains in fact the
combination jf2

u � f
2
d �

���
2
p

tan�f2
s j. Again these limits

apply to both vector and axial couplings. They may look
less constraining than the previous ones, but they also
apply to larger values of mU.

D. ��; . . .! LDM particles (� �)

We finally note that decays such as �� (or �, or �0) into
a pair of LDM particles (��, � ��, or ’ �’), without emitted
photon, e.g.

 �� ! ��; (63)

can only proceed (owing to C) through an axial coupling of
the U to quarks, not a vector coupling. These decays will
lead to limits for the products jc�fqAj, already strongly
constrained as we have seen. On the other hand decays
such as

 �� ! ���; . . . ; (64)

can proceed through the vector coupling fqV ( just as for
�� ! �U), leading this time to limits on jc�fqV j.

V. CONCLUSION

Altogether the new limits (26)–(28), (46), (47), (51),
(52), (55), (57), and (62) involving the vector couplings of
a U to quarks are at best of the order of a few 10�3, e.g.
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1:6 10�3 in (55) from �� ! �� invisible U[31,32], for a
U sufficiently light compared to the ��.

Rare decays of quarkonia and mesons into invisible
particles or �� invisible particles have provided, and
will continue to provide, promising ways to search for
new neutral ‘‘weakly’’-interacting light particles, espe-
cially if the U boson is not too light so that its couplings
can more easily be larger, particularly the vectorial ones.
For the time being, the new constraints obtained on the
vector couplings of quarks are considerably less restrictive
than existing ones on axial couplings, from an axionlike

behavior of a light U boson, tested in  ! �U, �! �U
and K� ! ��U decays; or as compared to the limit from
parity-violation in atomic physics, in the presence of an
axial coupling to the electron. The new limits do not
restrict significantly the properties of Light Dark Matter
particles and U bosons that would be responsible for their
annihilations, or production; especially as electron cou-
plings (rather than quark couplings) play a crucial role
for LDM annihilations into e�e�. Altogether the hypothe-
sis of a light neutral gauge boson U, and light dark matter
particles, remains a fascinating possibility.
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