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Abstract

Possible small extensions of the standard model are considered, which are motivated -
by the strong CP problem and by the barycn asymmetry of the Universe. Phencmenolo-
gical arguments are given which suggest that imposing a PG symmetry to solve the
strong CP problem is only tenable if the scale of the PQ breakdown is much above

Mw. Furthermore, an attempt is made to connect the scale of the PQ breakdown to

that of the breakdown of lepton number. It is argued that in these theories the

same intermediate scale may be responsible for the baryon number of the Universe,

provided the Kuzmin Rubakov Shaposhnikov (B+L} erasing mechanism is operative.

1. Big and Little Excursions from the Standard Model

The standard SU(3} x SU(2) x U(1) model of the strong and electroweak interactions
works extremely well phenomenologically. Particle theorists, however, are unhappy
pecause they do not understand the deep reasons behind some of the structural

aspects of the standard model. Putting it succinctly 1/, theorists would like to

know:

i}  why these are the forces we see in nature?
ii) why the matter we see are quarks and leptons?
iii} what fixes the dynamics which generates masses for all the elementary excita-

tions?

flaborate theoretical constructs exist which try to address these deep structural
queries. Composite models, technicoler, supersymmetry, GUTs, supergravity and super-
strings are some of the key concepts employed to try to provide.an answer to the
above deep questions. However, it is not my intention here to speak of any of these
beautiful theoretical ideas (whose common link, alas, is that of having as yet no

evidence for their validity!) Rather than looking at these rather large extrapoala-
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tions beyond the standard model, I want to cancentrale on two points witich require
only modest excursions beyond the standard model and for which one can adduce some

experimental/thecretical evidence in their favor.

The first of these little excursions concerns the strong CP problem. Due te the
structure of the QCD vacuum /2/ and the presence of an ABJ anomaly for chiral rota-

tions 3/, one has an effective CP violating term in the standard medel Lagrangian:
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Here © is the QCO vacuum angle and M is the gusrk mass matrix. However, the para-
meter & is very strongly bounded by the absence of a neutron electric dipole mo-

ment /4/
@ £ 1w0®.1? )

It is totally ununderstandable thecretically why E; =~ (0, unless some new physics
forces a cancellation between the SU(3) and SU(2) x U(1) pieces in E;. Augmenting
the standard model by an extra global U{1) chiral symmetry lecks automatically the
phase of the quark mass matrix to the vacuum angle giving i§: 0 /5/. However,
such a global symmetry alsc implies the existence of a pseudo Goldstone boson, the

axion [B/.

The questiuﬁ of exions, as a price to pay to solve the strong CP problem, will
be discussed in the next two sections. In Sec. II I will review the most recent
bounds on visible axions, particularly those for the recently proposed variant
axions f/7/. The conclusion which will emwerge is that no window is left for axions
to exist, if the scale of the U(l)PQ breakdown is ceonnected to that of the weak
scale. In Sec. III, the astrophysical and cosmological bounds on invisible axions
will be discussed, narrowing the range for an alliowed scale of the U{l) breakdown
to a window from 108 to 1012 GeV. Physical arguments will be Pl presented
in this section which will connect the scale of the U(‘I)PQ breakdown to that of
lepton number. If this connection really obtsins then light neutrinos, such as
these needed to solve the solar neutrino puzzle, may indeed point to the same

dynamical scale as that needed to solve the strong CP puzzle! /8/

The second little excursion from the standard mcdel which I would like to dis-

cuss concerns the Universe baryon asymmetry. The observed ratio /9/
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could be a peculiar initial condition, However, if the Universe started in a symme-
tric way, to obtain (3) it is necesssry that there should be baryon number violat-
ing interactions at some level, Baryon number, classically, is a global symuetry of
the standard model and so it is natural to presume thst for the Universe's asymme-
try to obtain it is necessary to go beyond the standard model. However, at the quan-
tum level, baryon number is violated in the standard model /2/ because the baryon
number current has an ABJ anomaly /3/. Thus one must check first.that these effects
are irrelevanl, before invoking physics beyond the standard madel to explain the

ratio in (3).

The physics of baryon number viclation in the standard model is quite analogous
to that of the strong CP problem. For baryon number vialation what is relevant also
is the presence of a non trivial vecuum structure, connected with the appearance of
an electroweak vacuum angle faew.liowever, under normal circumstances, baryon vio-
lating processes are suppressed by a factor of exp(-d‘(sinzékg /&) and are to-
tally negligible. However, as pointed out by Kuzmin, Rubakov and Shaposhnikev /10/,
and as discussed in Sec. IV, in the early Universe the non trivial electroweak
vacuum structure may lead to significant baryon number violation. Indeed if the KRS
mechanism is operative it is quite possible that any previously produced baryon
number {more precisely B+L) could get srased st temperstures of order of Mw‘ Thus,
there exist the exciting possibility that a lepton asymmetry in the Universe, ge-
nerated at temperatures of the order of the U{1) symmetry breaking, may uvltimately
be responsible for the observed ratio (3). In Pa this way, the strong CP problem,

light neutrinos and the baryon asymmetry of the Universe are mutually interconnect-

ed phenomena,

2. The iLast Hyrrah for Visible Axions

Technically to solve the strong CP problem, by imposing an additional global U{1)
symmetry /5/, requires at least two doublets of Higgs in the theory. When thesePQ
doublets 431 get vacuum expectation value not anly does SU(2) x U(1) break down to
U(i)em' but alsoc U(éé is broken down. Fortunately, the resulting Goldstone boson -
the axion /6 - is not totally massless because the U(1} symmetry is anomalous.
However, the axion is still very light with a mass of Pa orger A $H /\f,
with V being the scale of the electroweak symmetry breaking ( Vo (45)) and

hence ought to be visible.

Twa classes of axion models have been invented: standard and variant. In the
standard axion model /5/ /6/ all quark flavors are treated in a symmetric Fashion

under U(1}, while in variant models /7/ /11/ the guarks are treated asymmetrically
PQ :
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under U(%) (For instance, only the first generation of quarks effectively have Pd
c:harges).i:.Q In terms of the couplings to the Higgs field ‘fi’ the distinction be-
tween standard and variant models is that in the standard axion case all charge 2/3
(all charge -1/3} right handed quark fields couple to ¢1 (* 2}:"while in the va-
riant case some charge 2/3 right handed quark fields couple to 4’2 rather than *1.

Standard axions have been ruled out experimentally alfeady a number of years ago
by a combination of experiments, including guarkonia radiative decays (qf-"gc.;
Yaxa ) , beam dump experiments and a variety of nuclear deexcitation ex-
periments /12/. Variant axion models were (re}invented this year to try to
explain the positron peaks and e'e” correlated signals seen at GSI /13/. Since these
phenomena require kinematically that the axion mass be near 1.7 - 1.8 MeV it follows
that one of the Higgs expectation values is much greater than the other (see below).
Because of this, unless one has asymmetric couplings to quarks of different families,
either the rate for Y-»¥ & or that for Y 9 a is very enhanced. Variant axion
models, very neatly avoid this problem /7/. Furthermore, these models also have a
very short lifetime for a - ete” and can avoid in this way the old beam dump and
nuclear deexcitation bounds. Hence the GSI signals raised the exciting possibility

that perhaps some kind of visible variant axion might really exist.

Unfortunatély variant axion models are now also ruled cut experimentally. First
of all, the appearance of a second correlated peak in the EPOS experiment /13/, plus
the failure of finding any convincing production mechanism /14/ have considerably
weakened the axion interpretation for the GSI phenomena. Mest importantly, however,
new experiment;.s contradict the expectatiens of the most general variant axion models
and thus, independently of the GSI observations, eliminate this remaining optien
far an ?xion model, where the scale of breaking of U(1) is the same as that of the

electroweak theory. fa

Variant axion madels have essentially two free parametérs: the ratio
X = <‘;7 /(#,‘) of Higgs vacuum expectation values and the number, NPG’ of
guark doublets which have a PQ symmetry. The axion mass fixes, however, one combi-

nation of these parameters. One has 11/

o Wgfe (mymd) Mg (x+L) = 25 Npg (x+1) Kev
Vo e md)

(4}

If m, = 1.7 MeV, NPQ(X + -i—) must be lsrge. Further, to avoid the quarkonia bounds,

% not x—l must be large. Hence the GSI identification implies N?Qx ~, 70. Since one can

measure experimentally three characteristics of variant axions, as a function of

5
the remaining free parameter: the axion coupling to electrnhs, the ispovector con-

tent of the axion and the isoscalar content of the axicn, these models are testable.

Electron beam dump experiments, recently performed at KEK 15/ and Orsay /[16/,
rule out any coupling of variant axiens to ete” which are consistent with the g-2
bound on this coupling. In particular, values of x £70 are clearly excluded. Ex-
periments measuring axion deexcitation in hadronic transiticns also rule out variant
axians f1/. Isovector transitions like np -# da /17/, 11"'._) G ¥ ve /18] or the
decay of the 2%1 9.17 MeV state in 14N to its 1*o ground state /19/ measure the
mixing parameter

(m-m }
A~ X - ~d u X -
PR & N"”("‘d*“‘u’ Jeg@-wp (5)
The most stringent bound comes from the n+ decay experiment where one predicts /20/
21y
Blu'saetvey » 3x107%()° (6)

to be compared to the SIN bound /18/

Btaef vy £ (1-2) x 10710 (7)

yielding Ydg1 £ 0.25. Such a velue is only compatible with (5) and xNyaw70 if
NPQ = 4. However, such a value is in conflict with the recent result of an isoscalar,
axion induced, nuclear deexcitation experiment in 108. The axion to photon rate for

the 3.59 MeV 270 370 transition is predicted to be f1/ /20/

fa . ;041074 22 (8)
Ty
while experimentally /22/ one observes
fo < 7.2x107° ‘ (9)
LV

implying a bound for the isoscalar mixing: l)l,\ £ 3 | nsowever, in variant axion

models one has a8 constraint
Xs_\’ -~ %KNPQ ~ 1 - (10}

which is clearly violated by the above bounds.

These results have dashed all hopes to prove experimentally that the solution of

the strong CP problem is due to having an extra U(1) in the theory, which then



begets a visible axion. That is not to say, however, that this may not be still

the solution to the strong CP problem. If the scale of the breakdown of U(l)PQ'

VPQ' is much greater than the weak interaction scale Va~2530 GeV, then the con-
comitant axion is superlight (ma.l } and very weakly coupled @~-1 ) and hence
' Vg Veq

essentially invisible.

3. Invisible Axions and Elusive Neutrinos = is there a Connection?

Invisible axion models /23/ make use of an additional SUH(2) x U(1) singlet Higgs
field o which cafriésU(l)pu charge and which has a very large vacuum expectation

value

Lorr=V, .9V (11)

PQ
Becaqse of thg_qxtra U(i)PQ symmetry, the strong CP problem is solved (3:=O). How -
ever, now there are no experimental problems (or tests!) for the resulting axion
because it is very light, very weakly coupled and extremely long lived. The real
question theﬁ becomés how caﬁ one teil that this.is right? Remarkably, invisible
axions have some astrophysical and cosmological constraints and, under certain cir-

cumstances, can even be searched for experimentally.

Astrophysics gives a lower bound on the symmetry breaking scale VPQ‘ This bound
follows because invisible axions can efficiently cool sters by a Compton-like pro-
cess Y+ e -pe + @, with the resulting axions escaping from the star because they
are so weakly coupled. The energy loss due to axions is proportional to the cross
section for the above process and thus is inversely ﬁrcportional to Vpua. Only if
VPQ is sufficiently big, axions would not have affected the known life cycle of

stars, Detailed investigations /24/ give a bound for VPQ

8

Vo 2, 10 GeV ’ {12}

b~
Cosmology gives actually an upper bound for VPQ‘ This comes about because in the
early Universe, at temperatures below those of the scale of the U(l)pQ breakdown
but much above the scale of GCD, the locking mechanism which fixed the phase of the
quark mass matrix is not operstive. In-this temperature regime this phase is arbi-
trary and not fixed to be - €. This unrestricted Yukews phase corresponds td &

coherent axion field of magnitude of order VPQ {(i.e. a phase of 0{1)}:
awry ~ VPO : {13}

As the temperature decreases locking takes placé and the phése oscillates about its

final vaiue - @, These phase oscillations (axion oscillations) centribute to the

Universe energy density and one finds /253/ that if Vp0 is too big, the energy den-
sity taday in the oscillating axion field exceeds the criticel density needed to

close the Universe. This gives an upper bound for VPQ of order /25/:

v, £ 10" Gev (14)

PQ

We see that the strong CP problem can be solved by having an extra U(l) symmetry
in the theory only if the scale of the breskdown lies between: Fa

108 gev < Vg £ 1012 gev (15)

In particular, if VPQ is near the vpper end of the above range thegzthe Universe's
energy density is dominated by axions! The axion mass, if VPQ'“ 107" GeV, is

ma" 1Uv5 ev which corresponds to a gigahertz frequency. Such axions, because they
would permeate our galaxy, may be amenable to direct detection /26/. Since an axion
has a coupling to two photons, axions in the Milky Way halo would give a tiny, but

perhaps measurable, Q shift in an appropriate electromagnetic cavity.

Irrespective of whether invisible axions will ever be seen experimentally, there
remains the theoretical questions of why VPQ should lie in the range {15). With
Langacker and Yanagida /27/, I have recently put forward the suggesticn that this
scale could be the same as the scale at which lepton number breaks. If a Majorana
mass for right handed neutrinos indeed has a scale VPQ’ then the numeralogy of neu-

trino masses is quite nice. Using the standard see-saw mechanism /28/, one expects

z A
Mo~ oy ~ e {16}
¢ My, Vea

which for pg ™ 1010 gev gives m o~ 0.1ev, m, ~ 1073 ev, my, ~ 1077 ev. One
1 - .

sees therefore that the mass difference § (nuﬁq_-t-,b ) is of the right order

of magnitude to appeal to the Mikheyev Smirnov Wolfenstein /29/ ¥ —» ¥y conversion

mechanism in the sun to understand the solar neutrino puzzle.

Can one argue for this connection between VPQ and the scale of hreakdown of lep-
ton number theoretically? The answer is yes, if one demands that the breskdown of
the U(l}PQ augmenﬁed standard model leads to axions as the only approximate Gold-
stone bosans f27), With ¢1, ¢ 2 and O~ one can write down 5 possible Yukawa coupl-
ings {(per family)

a - - n T
Qb ve ; 84 dp ; L bV 4L % oy

7 L' an



These preserve 9 - § = 4 U{1) symmetries, corresponding to weak hypercharge, baryon
number, lepton number and U(l)PQ. When o~ and f 1 acquire vacuum expectation value,
B remains unbroken but the other U(1) quantum numbers break down. Hypercharge is
gauged, so its Goldstone bosan is eaten, but there remain twe other Goldstone ex-
citations. One is the axion and the other, corresponding to the breakdown of L, is
a Majoron f30/. To avaid this extra Goldstone boson cne must break ane of the above
four U(1)'s explicitly in the Higgs potential via, for example, & term like

V=K ¢ ¢ o a8y

In this case the Majoran acquires a mass proportionél to K €erp and one is left with
an invisible axicn model where the scale of the U(l)PQ breaking Je» is precisely
the same as that which gives the right handed neutrino a large Majorapa mass. Of
course, one myst yltimately argue for the reason for the appearance of (18) and the
necessary fine tuning needed to keep <o » £ $:» , which requires X to be

very small.

4. The KRS catastrophe and the great L €%B switch

I would like to discuss finally another, quite speculative, reason for having an
intermediate scale of lepton number violation of the order of VPQ' connected to
baryon number violation in the standard model. Although baryom number is a c¢lassical

global symmetry of the standsrd model, the baryon number current has an ABJ ancmaly:

t - v oo
VE o= e X W wo“w (19)
w6,
T suld,,

Here wak',is the 5li(2) field strength and ne is the number of families. Eq. (19)
implies that there exist baryon number violsting Green's functions in the theory
/2/. The real vacuum state for the electroweak theory |95w> is a superposi-

tion of distinct gauge variant vacua la¥
iMG&,
1€ew ¥ = E ¢ I»> (20)

As a result of this the vacuum amplitude, from which all Green's functions are ge-

nerated, contains a superposition of terms involving transitiens which change tn}

‘vé
{6, 16,0 =2 ¢ " Cew { z f“"*"‘f“’_l 1)
+ T oor

Une2 can show that terms of ngn zero v involve a change in B /2/. However, ¥ { 0

auplitudes are ridiculously small, of order exp - T ’“}dvq v , whare the ex-
o

ponential factor is essentially the provability for tunnelling between different
Iny vacua. Although there exists bsryen number viclation in the standard model,

it appears to be of ao practical importance.

fiecently, however, Kuzmin, Rubakov and Shaposhnikov (KRS) /10/ pcinted out that
the electroweak vacuum structure may in fact be-important in the early Universe.
Their idee is very simple. If T # 0 one can imegine going over from anin% vacuum
to an {n+1% vacuum by thermal fluctuations instead of tunnelling, thereby bypass-
ing perhaps the exponential suppression factor discussed above. KRS specifically
made use of a saddle point solution for the free energy, found by Klinkhamer and
Manton f31/, which allows one te connect an Ytny to an 1n+1Y» vacuum. The rate for
this transition, near the temperature TC where the electroweak phase transiticn
takes place, computed by KRS is not exponentially damped and can in fact exceed the
Universe expansion rate. As a resylt, it may be possible for this phenomena to
erase sll previoysly accumulated {B+l) asymmetry in the Universe at a very low tem-
perature (since (B-L) has no anomaly in the standard model only (B+l) really gets
affected). Furthermore, when these 8+L viclating processes finally go out of equi-

librium, it is too late to reestablish any significant baryon asymmetry /10/.

The KRS result is scmewhat of a catastrophe, if true. If it is effective, it
means that the baryon number asymmetry after KRS is just

1
8 =5 (B-Ugarly univ. (22)

Thus for any GUTs where (B-L) is conserved, like SU(S), one is left with no final
asymmetry! It is of course possible that the KRS estimate for the baryon violating
transition rate is a gress overestimata, This could be because the Klinkhamer
Manton path is only a very particular path 32/ or, more likely, because near TC
the whole vacuum structure itself begins to lose meaning altegether, In this case
there would be no low temperature erasure of any baryon number established at high
temperature. More interesting, however, is to suppose that the KRS mechanism does
work and that the final baryon asymmetry is a reflection of an earlier established
(B-L) asymmetry. An chvious candidate for this latter asymmetry would be @ lepton
number asymmetry established at some intermediate scale /33/. Clearly having the
possibility of breaking lepton number at a scale UPQ would be very interesting in
this connection /27/. Out of equilibrium decays of vh at 1-“'VPQ would create an
initial lepton number asymmetry which, by the KRS mechanism, would then at 1ﬂvT6v v
be Lurned into & baryon number asymmetry /27/ /33/. So a simple extension of the
standard model which 1lncorporates a U(l)Pu symmetry plus a singlet Higgs field
could interrelate invisible axions with light neutrinos and, at the same time, be

the trigger fer Lhe baryen asymmetry of the Universe!
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5. Conclusions

I hope to have given you an impression that small excursions from the standard
model are well worth exploring. Although certainly not compelling, it is possible
to envisage medels where apparently disconnected phenomena, like small neutrino
masses, invisible axions and the Universe's baryecn asymmetry, in fact have a common
origin. These theoretical musing suggests, if nothing else, that besides exploring
the high energy frontier experimentally it is very worthwhile to look for subtle

effects in low energy experiments.
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