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It is discussed whether an axion-like excitation can be the source for the monoenergetic positrons observed at GSI. Although 
a direct extension of the original Peccei-Quinn model is experimentally ruled out, it is possible to construct an alternative 
model which avoids all previous axion bounds, involving quarkonia decays, K decays, nuclear decays and beam-dump 
experiments. The model predicts, at some level, the possibility of flavor-changing interactions involving charmed quarks and 
suggests an appealing regularity for the quark and lepton masses. The expectations of the model for resonant e+e - scattering 
are briefly discussed. 

The production of positrons in collisions of super- 
heavy ions is a phenomena predicted long ago [1], 
which has received rather recent experimental confir- 
mation at GSI in Darmstadt. Rather remarkably, 
these experiments have observed, besides a cont inuum 
distribution in positron energies, a sharp positron 
peak at E+ ~ 300 keV [2]. Such a sharp energy peak 
could result if an elementary excitation were produc- 
ed essentially at rest in the heavy ion collision, and 
then subsequently decayed into e+e - pairs. This in- 
terpretation has gained credence very recently with 
the report of  the observation of correlated e+e - pairs 
at GSI [3]. Taken at face value, these latest observa- 
tions are consistent with the production of a particle 
of mass M ~ 1.6-1.7 MeV which then decays into 
e+e - pairs. 

The existence of a particle of such low mass begs 
for an explanation. The most natural supposition is 
that the particle observed at GSI is an axion. As is 
well known, if one tries to avoid the appearance of 
CP violation in strong interactions via the imposition 
of an appropriate chiral symmetry [4], there must 
arise an almost massless pseudoscalar excitation, the 
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axion [5,6]. In the original model proposed by 
Peccei and Quinn [4], to avoid strong CP violation, 
all properties of the axion are fixed up to an overall 
parameter x. However, irrespective of the value of 
this parameter, this standard axion model is ruled out 
by experiment * t .  This is particularly true if one 
wants to identify the GSI excitation with the stan- 
dard axion. In this case, the parameter x must either 
be of 0(20)  or O ( ~  o ) and one runs immediately into 
trouble with previous axion searches. 

Even though the standard axion model cannot ac- 
count for the GSI excitation, it is reasonable to ask 
whether a simple extension of  the Peccei-Quinn 
model can produce a viable axion model. If one re- 
stricts oneself to models where flavor-changing Higgs- 
induced transitions are automatically excluded, the 
answer appears to be negative. However, rather re- 
markably, there exists a simple model which, al- 
though it has some flavor-changing Higgs transitions, 
appears to be perfectly viable phenomenologically. 
The main purpose of this note is to discuss this alter- 
native axion model. 

It is useful to recall a few properties of the stan- 
dard axion and the reasons why it can be ruled out. 

To implement the chiral U(1)pQ symmetry one in- 
cludes two distinct Higgs fields in the standard model: 

t~ 1 which couples to up-like quarks and ~b 2 which 

,1 For a review of axion bounds see ref. [7]. 

435 



Volume 172, number 3,4 PHYSICS LETTERS B 22 May 1986 

couples to down-like quarks. If QLi are the usual 
quark doublets o f  different generations i, then the 
Yukawa couplings 

PQ _ u - -  d - -  
.6?Yukawa - PijQLiOl URj + FijQLidP2dRi + h.c. (1) 

are invariant under the chiral U(1)po transforma- 
tion 

QLi ~ e- iaQLi,  

URi ~ eiC~uRi, dRi ~ eiadRi, (2) 

provided that 

q~l ~ e-2i~bl ,  ~b2 ~ e - 2 i ~ 2 -  (3) 

I f f  i is the vacuum expectation of  ¢i and x = f 2 / f l ,  
then one can show that the axion mass is given by 
[8] 

m a --~ 75 (x + I/x)  keV, (4) 

and that the axion couples to quarks as 

.12 = (mq/f)~i75qa . x,  

"~agg = (mq/f)qi75qa " x - l ,  (5) 

where the top line above applies to charge 2/3 quarks 
and the bot tom line above applies to charge - 1 / 3  
quarks. Here f =  ( f2  + f 2 ) 1 / 2 ~  250 GeV, is the scale 
parameter related to the SU(2) × U ( 1 ) ~  U(1)e m break- 
down: The coupling of  the standard axions to leptons 
depends on whether one decides to use q~2 or ~'1 
= i7"2~b ~ in the lepton Yukawa couplings. The former, 
more conventional choice, leads to an axion coupling 
proportional to x -1 . I f m  a > 2me, one readily com- 
putes the lifetime of  the axion, into the e+e - mode, 
as 

r(a -~ e+e - )  = 8rrf2x2/m 2 (m 2 - 4m2) I/2, (6) 

There are five pieces of  evidence that have a bearing 
on a possible standard axion of  mass 1.7 MeV: (i) 
searches for the decay ~b ~ 7a; (ii) searches for the 
decay T ~ "ra; (iii) searches for the decay K + ~ n+a; 
(iv) searches Ior axions in beam-dump experiments; 
(v) searches for axions in nuclear deexcitations. Be- 
cause of  the axion mass formula (4), either x or x -1 
must be very large. Then some of  the above experi- 
ments definitely rule out the axion. Using m c = 1.4 
GeV, m b = 4.9 GeV in the Wilczek formula for 
quarkonia decays [6] one predicts 

B(qJ -+ 7a) = (4.9 + 0.8) × 10 -5 x 2, (7a) 

B ( T ~  3'a) = (2.7 + 0.7) X 10 -4  x -2 ,  (7b) 

while experimentally the present bounds are [9 ] 

B(~b ~ 7a) < 1.4 X 10 -5 , (8a) 

B(T ~ 3'a) < 3 X 10 - 4  . (8b)  

Obviously for x, or  X -1 , around 20 one o f  these ex- 
periments is way below the prediction of  the stan- 
dard axion *2. The decay K + ~ 7r+a is rather model 
dependent, since it involves a non leptonic weak de- 
cay. If, as it appears reasonable, one calculates it via 
the diagram of fig. 1 one has [10] 

B(K + ~ 7r+a) ~ 0.8 × 10 -6  x 2 A(mc,  mt) , (9a) 

where the function A(mc,  mr) , which is given in ref. 
[10], is o f  O(1). This branching ratio is also above the 
present KEK limit [11] 

B(K + ~ 7r+a) < 3.8 × 10 -8 ,  (9b) 

unless x is very small. In beam dump experiments, 
one can also rule out the existence of  the standard 
axion by about a factor o f  102, in rate [12]. These 
bounds can only be avoided if the axion decays suf- 
ficiently rapidly so as never to reach the dump. From 
eq. (6) one has 

r ( a ~  e+e - )  2 2 . 9  X 10 -9  x 2 s, (10) 

so fo rx  -1 ~ 20 one may avoid these bounds, provid- 
ed the 7 factor is not too large. Nuclear deexcitation 
can proceed via axion emission. However, most axion 
bounds obtained this way previously [7], are not rele- 
vant for axions as heavy as 1.6-1.7 MeV. A notable 
exception is the experiment o f  Calaprice et al. [ 13], 
which looked for axions originating in the 15.1 MeV 

:~2 These bounds assume that  the axion did not  decay in the 
apparatus. For a 1.6 MeV axion, there could be a relative- 
ly fast e+e - decay mode. However, because the ,), factor is 
so large essentially the stable axion bounds apply. 

W 

d x x s 

\ 
a 

Fig. 1. d - s  t ransi t ion with axion emission. 
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1 ÷, 1 ~ 0 +, 0 and in the 12.7 MeV 1 ÷, 0 ~ 0 ÷, 0 tran- 
sitions in 12C.This experiment was specifically set up 
to look for the a ~ e+e - mode and did not find it. 
However, this negative result can be avoided by 
having a very short e+e - lifetime (x -1 ~ 20 in eq. 
(10)). This same comment applies for the experiment 
of Faissner et al. [14], who also looked for a direct 
e+e - signal in a beam-dump experiment at SIN. 

To make a viable axion model, it is necessary to 
weaken the coupling of  the axion to both charm and 
bot tom quarks, to substantially decrease the K + 

7r+a decay rate and to have a sufficiently short- 
lived axion that the other experiments are rendered 
irrelevant. All these requirements cannot be met if 
one insists on having a model where no flavor-changing 
Higgs transitions appear. To avoid flavour-changing 
transitions one must couple only one kind of  Higgs to 
the charge 2/3 and charge - 1 / 3  quarks. Hence the on- 
ly extension of  the Peccei-Quinn model that is allow- 
ed is to introduce yet a different Higgs field ¢3, 
which couples to the leptons *a. This Higgs field 
must have a different UpQ(1) charge than the fields 
¢1 and ¢2 in eq. (1). To avoid accidental degeneracies, 
in fact, the PQ charge of¢3 either must vanish or it is three 
times the PQ charge of  ¢1 and ¢2. It is straightforward 
to check in these models that, even though the coup- 
ling o f  the axion to charm and bot tom quarks is dif- 
ferent than that o f  the standard axion, one still runs 
into trouble. Instead of  eq. (5) one finds now that the 
factors x,  x -1 are replaced by 

x ~ A ,  x - 1 - ~ B ,  (11) 

where A and B are functions of  ratios of  the three ex- 
pectation values in the theory: f l  ,f2 and f3" However, 
now instead of  by eq. (1), the axion mass is 

m a ~ 75(A + B) keV. ( t2)  

Therefore, it is impossible to have m a ~ 1.6-1.7 
MeV and not violate one o f  the bounds (8). 

To obtain a viable minimal extension of  the axion 
model, it is necessary to couple both the c R and b R 
quarks to the same Higgs field, so that the charmonium 
and bot tomonium bounds can be both simultaneous- 

,3 One can also, in principle, add other Higgs fields that do 
not couple to the fermions. These fields, however, do not 
help to make the axion heavier than the standard axion 
and so are not very useful. 

ly suppressed. Furthermore, since the limits on strange- 
ness-changing neutral processes are extremely tight, it 
behooves one to automatically forbid these processes, 
by coupling dR, s R and b R all to the same Higgs field. 
To be able to have the possibility o f  a Peccei-Quinn 
symmetry either u R or t R or both must couple to a 
second Higgs field. Three possible models ensue, typi- 
fied by the Yukawa interactions 

"~Yukawa = FO'(QLi¢2dRj) + I~/(QLi~'2CR) 

+ FU(0Li¢3UR) + P~(QLi¢4ta) + h.c., (13) 

with 

¢3 = ¢1, ¢4 = ¢2 (Model I), 

¢3 ='~2, ¢4 = ¢1 (Model II), 

¢3 = ¢1, ¢4 = ¢1 (Model III). (14) 

In both models I and II only one pair o f  quarks has a 
chiral UA(1 ) anomaly, while in model III two pairs o f  
quarks have this anomaly. Hence the axion mass in 
these models is 

mI,II ~__ 25 (x + l / x )  keV, a 

III .,~ 50 (X + 1/X) keV, (15) m a 

where x is again the ratio o f f 2 / f  1 - the ratio o f  the 
Higgs vacuum expectation values ,4 

Since we want to suppress both charmonium and 
bot tomonium decay we must choose x large, not 
x -1 large. (x ~ 70 for models I, I I ; x  ~ 35 for model 
III). At first sight, such large x values appear to be 
problematic for the K + -~ rr+a decay. However, the 
value quoted in eq. (9a) is due to the contribution of  
the charmed quark. The u-quark contribution in fig. I 
is suppressed by a factor (mu/mc)  4 and thus is totally 
negligible, even for a very large value ofx.  The charm- 
ed quark contribution in the new axion model, be- 
cause o f  the assignment (13), is now proportional to 
x -2 ,  not  x 2, and thus also negligible. The contribution 
of  the t-quark in fig. 1 should normally be small, since 
it involves both an s - t  and a d - t  transition. However, 

,4 The possibility of constructing axion models with asymme- 
trical quark couplings, as done here, was first pointed out 
long ago by Bardeen and Tye [8]. 
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i f x  ~ 70 and the t-quark contribution is enhanced by  
x 2 (model II and model  III) one might run into 
trouble. Hence model  I, where this contr ibution is al- 
so suppressed by  x - 2  , is safer *s.  

Although the contr ibution of  fig. 1 is very small in 
model  I, one should worry about other possible con- 
tributions to the decay K + ~ rr+a. This mat ter  is 
rather subtle and there exists a variety o f  widely 
separated estimates in the literature for this decay 
rate. Essentially one tries to relate the K + ~ rr+a decay 
to that  o f K  + -+ 7r+lr 0 decay by  estimating the amount  
of  a - r r  0 "mixing".  Naively this gives 

B(K + - .  rr+a) ~ [(f~/f) Xmu/(mu +md)] 2B(K+ ~ 7r+Tr 0) 

~ 2  X10 -5  , 

which is much above the KEK bound o f  eq. (9b). 
However, a more careful t reatment  of  the problem 

[15] shows that  there is an almost total  cancellation 
and that  B(K + ~ lr+a) is essentially unrelated to the 
K + ~ rr+lr 0 decay. Hence, although a direct estimate 
of  the remaining contributions for K + ~ rr+a is diffi- 
cult, we expect this branching ratio to be much below 
1 0 - 6 - 1 0  - 7  . At any rate, it should be pointed out 
that the KEK bound of  eq. (9b) is not  relevant here. 
This bound is obtained assuming that  the axion did 
not  decay in the apparatus. In our case, the axion de- 
cays very rapidly into e+e - pairs (see below), so that 
the bound of  eq. (9b) is irrelevant. To our knowledge 
even a branching ratio B(K + ~ rr+a) ~ O(10-6) ,  with 
the axion decaying rrpidly  into e+e - pairs, is allowed 
experimentally.  The '  cry  low branching ratio for the 
process K + ~ 7r+e+e-, B(K + ~ lr+e+e - )  = (2.7 +- 0.5) 
X 10 - 7  [16] has a cut on Me. e- < 140 MeV, while 
the KEK bound on  K + -~ rr + anything [17],  
B(K + ~ 7r + anything) < 2 X 10 - 6  has a cut on 

Manything < 5 MeV. It remains to consider the other  
experiments.  Clearly, to avoid troubles one needs a 
fast decay o f a ~  e+e - .  I f e  R couples to ~b2, as as- 
sumed in the standard axion model, one is led to a 
lifetime proport ional  to x 2 (cf. eq. (10)) which is 
much too long to avoid the nuclear deexcitat ion and 
beam-dump bounds. Hence, it is necessary to assume 
that the electron couples to ~1,  so that  

*s Both models II and III, if they are able to survive the K + 
--* 7r+a bounds, are very amusing, since they predict that 
toponium primarily decays into a'y. 

r(a ~ e+e - )  ~ 2.9 X 10 - 9  x - 2  

"" 6 X 10 -13 s, (16) 

where the numerical value corresponds to the case of  
model  I. Even for ~, factors o f  104, the decay distance 
is of  order of  2 meters, so that  no axions get to the 
dump [12]. Such a lifetime would have also given no 
visible signal in the Calaprice et al. [13] experiment,  
which we hope can be repeated taking (16) into ac- 
count. 

We have succeeded in constructing an axion model,  
where for m a ~ 1 .6-1 .7  MeV, one does not  run into 
any trouble with previous axion searches. Two ques- 
tions need to be answered: (1) Does this model repro- 
duce the GSI data? and (2) Does the model  have 
other predictions or potential  troubles? We are present- 
ly studying the first issue and shall report  on it else- 
where [18]. The problem is not so much the rate, but  
trying to produce axions essentially at rest in the heavy 
ion collision. For  our model  one can readily compute 
the product ion cross section due to axion brems- 

strahlung at GSI. One finds a cross section which is 
qualitatively in agreement with the magnitude of  the 
observed effect, but  the produced axions have a con- 
siderable momentum distribution (a few MeV in 
width). With such a momentum spectrum, positrons 
produced from axion decay would never give a sharp 
energy peak. This difficulty, however, is not unique 
to our case but  is more generally true. The typical  
collision time for Rutherford scattering at GSI is far 
too short to "allow" the appearance of  such narrow 
positron peaks [19]. Thus, to reproduce the data, in 
all cases one must presume that some - yet  to be 
understood dynamics - somehow slows down the 
relevant production process. 

We conclude this note by  making some observa- 
tions on the second point. First we consider a predic- 
t ion of  the model. 

The necessity o f  having an enhanced electron 
coupling to axions 

"~a~-e = (me/f)x" ei75ea  (17) 

may make it possible to be abie to directly observe 
axion product ion in an e+e - storage ring, particular- 
ly constructed for these purposes [20]. At the reso- 
nance, the e+e - integrated cross section is given by  
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f = 2rr2pee/m2 

1 2 2 4 m 2 ) l / 2 / f 2 ] x 2  = aTr(me/ma) [(ma - 

"" 0.6x 2 mb eV ~ 3000 mb eV. 08) 

This cross section is isotropic, so that restricting one- 
self to the backward direction where the background 
is much smaller only reduces the signal by  50%. Since 
the Bhabha cross section in the backward direction 
at ~ = m a is roughly 80 mb, if  one could achieve an 
energy resolution in the eV range the axion signal 
would be well above background. Whether this is ac- 
tually technically feasible is at the moment  not  clear, 
although it is not  total ly  out  o f  the question [20]. 
How one would scan for such an effect is also not re- 
solved at present. 

This new axion model  does have a potential  particle- 
physics problem. Since one couples two distinct Higgs 
fields to the charge 2/3 quarks, one cannot automati-  
cally guarantee that there are no flavor-changing cou- 
plings involving the axion and charge 2/3 quarks. In 

particular, one expects an effective coupling 

~FC = (mc/ f )Vcuc- i75 ua + h.c., (19) 

where Vcu is an unknown mixing angle. Requiring that 
the transit ion c ~ ua be smaller than the normal c 
weak decays puts a bound on Vcu which is rather 
stringent *6 

Vet ' ~ 5 X 10 - 4 .  (20) 

It is easy, however, to construct " t o y "  mass matrices 
which lead to such a small value. Typically,  one finds 
Vcu ~ X ( m u / m c )  2, which is o f  the right order o f  mag- 
nitude. Our impression at the moment  is that this 
problem is probably not  serious. Because the up-quark 
mass-matrix has very large numerical ratios among its 
eigenvalues, one should perhaps not  be so bothered by 
a limit like (20). 

There is an analogous problem in the leptonic sector. 
One could i m ~ i n e  that  also the/~R and the r R fields 
couple to the ~1 Higgs field, so that  no intraleptonic 
transitions involving axions ensue. However, the 
coupling 

*6 A similar bound on Vcu__also follows from the present ex- 
perimental limit on D-D mixing [21 ], ~ < 1.5 X 10 -.4 
eg.  

"/~affta = ( m t a / f ) x "  ~ i 7 5 t a a ,  (21) 

for x large, leads to too large a (g - 2) contribution.  
From the limits on possible (g - 2) discrepancies [22] 

h ~ - - , 7  in fact one ffmds that ,  i f  (21) holds t e n  x ~ . /  . 
Hence, it is necessary that/~R couples to •2 not  ~1. 
Unless one imposes a discrete symmetry  or chooses 
specific PQ assignments for the leptons or more direct- 
ly requires separate e,/a and r lepton conservation, in 
general one would find unacceptable decays of  the 
type/~ -+ ea ~ eee, for which very stringent bounds 
exist [23]. 

The model  we have been led to suggests an amusing 
numerological exercise concerning quark and lepton 
masses. The most natural pat tern we have found is to 
couple all right-handed quarks to ~2 (or ~2) except u R 
and e R which must be coupled to ~1 and ~1,  respective- 
ly. F u r t h e r m o r e f  1 ~ f 2 "  This suggests that if  instead 
of  quark and lepton masses one looked at Yukawa 
couplings, one should naturally scale up the u and e 
masses by  a factor o f f 2 / f  1 ~ 70. This factor is in fact 
too big. If  one scales up m u and m e by  a factor of  8 
or so, then the ratios " m u "  : m d : "me"  to m c : m s : m u 
to m t : m b : m r all roughly agree, provided m t 

2 5 - 3 0  GeV. Also the ratio of  each family to the 
next is roughly 20. The significance of  this observation, 
if  it has any, is far from clear to us. 
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,7 A value ofx ~ 70 is allowed by the (g - 2) anomaly of the 
electron. 
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