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Constraints on very light axions from cavity experiments
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In view of the ongoing galactic~or cosmic! axion detection experiments, we compare the axion-photon-
photon couplingcagg’s for various invisible~or very light! axion models.@S0556-2821~98!01215-6#

PACS number~s!: 14.80.Mz, 12.60.Fr, 95.351d
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The ū parameter of the standard model is naturally und
stood in axion models@1#. This axion interpretation has le
to the very light~or invisible! axion’s role in galaxy forma-
tion @2#. If the seed of our galaxy is indeed the density p
turbations due to invisible axions, cold dark matter might
these cold axions with;0.3 GeV/cm3 energy density in our
galaxy, which for anf m eV axion mass corresponds to;3
31014/ f axions per cm3 around us.

These ubiquitous axions can be detected using a ca
immersed in a strong magnetic field@3#. Two groups have
already reported on this type of experiment@4,5#. In addition,
the 139La M1 transition has been studied to get a clue
these galactic axions@6#. These previous experiments ha
given the upper bound on the detection rate, but have
reached the level of detecting the galactic axions~or cosmic
axions!.

Currently, there are two ongoing experiments: the Kyo
University experiment on Rydberg atoms@7# and the
Lawrence Livermore National Laboratory~LLNL ! experi-
ment @8#. In particular, the sensitivity of the LLNL experi
ment is at the level of distinguishing several invisible axi
models. So far, the theoretical invisible axion models co
pared with data are not given with proper distinction. Thu
is very important at this stage to clarify the prediction of t
axion-photon-photon coupling constantcagg in various invis-
ible ~very light! axion models.

It is known that the free energyV is minimum atū50 in
a world without weakCP violation @9#. If ūÞ0, the QCD
term

ū

32p2 Fmn
a F̃amn ~1!

violatesP andCP symmetry, implyinguūu,1029 from the
neutron electric dipole moment bound. This can be und
stood if we letū be a dynamical variable, i.e.,

ū5
a

Fa
, ~2!

wherea is a pseudoscalar field called axion andFa is the
axion decay constant. Models withFa@250 GeV give the
so-calledinvisible axions, but in view of the possible detec
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tion of the galactic axions, it is better for them to be call
very light axions. These axions settleū at ;0 in an evolving
universe even if one starts from any initial value ofū, due to
the potential ofa. But introduction of weakCP violation
shifts the minimum position ofū slightly @10# to ;10217

which is far below 1029.
The invisible axions come in three broad categories,

pending on how a arises: ~i! pseudo-Goldstone boso
@11,12#, ~ii ! fundamental field in string theory@13#, and~iii !
composite axions@14#. Among these, we will concentrate o
the first category, the so-called Kim-Shifman-Vainshte
Zakharov ~KSVZ! and Dine-Fischler-Srednicki-Zhitnitski
~DFSZ! models.

The calculation of the axion-photon-photon coupling
performed in two stage, above the chiral symmetry break
scale and below the chiral symmetry breaking scale, so
the coupling is written in the form@15#

cagg5 c̄agg2
2

3

41Z

11Z
, ~3!

whereZ5mu /md . In any model, the chiral symmetry break
ing correction is given as the second term of Eq.~3!. The
first term of Eq.~3! is given in terms of the Peccei-Quin
charges of fermions

c̄agg5
E

C
, E5TrQPQQem

2 , Cdab5TrlalbQPQ , ~4!

where Qem is the electric charge operator and Trlalb
5 1

2 dab for the triplet representation of SU(3)c . The invis-
ible axion resides mostly in the phase~s! of a complex stan-
dard model singlet field~s! s,

TABLE I. cagg for several KSVZ and DFSZ models.

KSVZ DFSZ
eR cagg x ~unif! cagg

eR50 21.92 any (dc,e) 0.75
e3521/3 21.25 1 (uc,e) 22.17
e352/3 0.75 1.5 (uc,e) 22.56
e351 4.08 60 (uc,e) 23.17
e851 0.75 1~non! 20.25
(m,m) 20.25 1.5~non! 20.64
(1,2) –0.59 60~non! 21.25
© 1998 The American Physical Society06-1



milab
f LLNL

JIHN E. KIM PHYSICAL REVIEW D 58 055006
FIG. 1. Comparison of severalcagg’s with high-q cavity experiments. The grey region is excluded from Rochester-Brookhaven-Fer
experiment and the black region is excluded from the University of Florida experiment. The present and future sensitivities o
experiments are also shown. The long column aroundma;1.006731025 eV is the one excluded from the CARRAK I experiment@24#. The
sensitivity of CARRAK II is also shown.
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eia/Fa, ~5!

wherev is the vacuum expectation value~VEV! of s. How
s couples to quark fields distinguishes different invisible a
ion models. The KSVZ axion couples as

L5 f Q̄LQRs1H.c., ~6!

whereQ is a heavy quark, while the DFSZ axion couples

L5lssH1H21(
i j

~ f d
i j q̄L

i dR
j H11 f u

i j q̄L
i uR

j H2!1H.c.,

~7!

whereH1 andH2 are the two Higgs doublets of the standa
model. These models have U(1)PQ symmetry. The corre-
sponding PQ current for the KSVZ axion is

Jm
KSVZ5v]ma2

1

2
Q̄gmg5Q ~8!

while the current for the DFSZ axion is
05500
-

s

Jm
DFSZ.v]ma1

x1x21(i
ūigmg5ui1

x1x21

3(
i

d̄igmg5di1~ leptonic terms!, ~9!

where x5^H2
0&/^H1

0&5tan b. In the DFSZ model, we ne
glected the small contribution from two Higgs doublets. T
QPQ is calculated from these currents. We simplified t
models by introducing only ones. In the original KSVZ
model, we introduced only one heavy quark for simplicity.
the DFSZ model, there is leptonic contribution in general
VEV of H1 (H2) gives masses to charged leptons, the co
ficient of the leptonic current is the same as that ofQem5
21/3 ~2/3! quark. On the other hand, if a third Higgs doubl
is used to give masses to charged leptons, the leptonic te
vanish.

In Table I, various values ofcagg are presented for the
KSVZ and DFSZ models.Z.0.6 is used.eR means the elec-
tromagnetic charge of the heavy quark color representatioR
in units of the positron charge. In the KSVZ model, a mod
with m heavy quarks ofe352/3 andn heavy quarks ofe3
521/3 is represented as an (m,n) model. The (m,m) model
with any value form gives the same result. The (1,2) mod
is also shown. In the DFSZ model, (dc,e) unification corre-
sponds to the case whereH1 gives mass to the electron
(uc,e) to the case whereH2 does, and nonunification to th
6-2
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CONSTRAINTS ON VERY LIGHT AXIONS FROM . . . PHYSICAL REVIEW D 58 055006
case of a third Higgs doublet. An example of the (dc,e)
unification is the familiar SU(5) unification@16#, and an ex-
ample of (uc,e) unification is the flipped SU(5)@17#. The
third case is denoted as nonunification. Nonunification sup
string models obtained considerable attention because
have no need for a grand unified theory~GUT! symmetry
breaking mechanism@18#. But these nonunification supe
string models can contain (dc,e) and (uc,e) models, depend-
ing on how the Higgs doublets couple. Note thatcagg is very
sensitive to the electromagnetic charge of the heavy quar
the KSVZ model and to the ratio of VEV’s of the Higg
doublets in the DFSZ model. Therefore, one can distingu
different models.

In Fig. 1, we compare the model predictions with t
existing data@4,5# and the present and future sensitivities
LLNL experiment@8#. The experimental data are present
with the axion number density given by Turner@19#. In the
standard big bang cosmology, the axionic string and dom
walls attached to it do not give the observed cosmolog
parameters if the domain wall number (NDW) is not 1 @20#.
In this case, the DFSZ model withNDW56 is not cosmo-
logically viable. Even forNDW51 models, the string-wal
system radiate axions in the evolving universe. The rec
estimate gives a stronger bound onFa , Fa<431010 GeV
@21# than the bound coming from cold axion density@2#.
~Note, however, that Harari and Sikivie@22# give roughly the
same bound as the one from cold axion density.! In the in-
flationary cosmology, this domain wall restriction is not a
plicable if the reheating temperatureTRH after inflation is
below the axion decay constantFa . In supergravity, if the
gravitino mass is around the electroweak scale, the const
coming from the disruption of nucleosynthesis from the d
cay products of regenerated gravitino restrictsTRH,109210

GeV @23#. In any case, we may need an inflation with a lo
reheating temperature. Then the energy density from c
axions is the dominant one. The vertical axis of Fig. 1
}cagg

2 3Fa
2 . It is obvious from the figure that some mode

will soon confront serious experimental data. If the very lig
axion is not detected with the present sensitivity of LLN
for example, the DFSZ model with (uc,e) unification and the
KSVZ model withe351 andeQ50 are ruled out.

Before closing, we recapitulate the viability of the supe
string axion as the solution of the strongCP problem. If
invisible axion is discovered, it cannot pinpoint which mod
is correct as is obvious from Fig. 1. We regard this unp
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dictability as a consequence of anad hoc introduction of
Peccei-Quinn~PQ! symmetry. Most probably, many heav
quarks carrying nonvanishing PQ charges would exist,
the light quarks may also carry PQ charges. If a fundame
theory exists, it should predict in that framework the inv
ible axion. In this regard, the discovery of the superstr
model-independent axion~MIa! is of the most fundamenta
importance@13#. However, the MIa decay constant is seve
orders larger than the cosmological upper bound@25#. In
string models, it is known that there is no global symme
except the one related to a constant shift of the mod
independent axion field@26#, aMI→aMI1(const). In other
words, there is a nonlinearly realized Peccei-Quinn symm
try in string models. We have to lower the axion decay co
stant to;1012 GeV, not to violate the cosmological energ
density bound. This lowering can be achieved@27# in four-
dimensional string models with an anomalous U(1) gau
symmetry@28#. This is because the anomalous U(1) gau
boson eats up the MIa as its longitudinal degree of freed
@27# through the Green-Schwarz term@29#, and leaves a glo-
bal symmetry below this gauge boson mass scale. Then,
global symmetry can be broken at the intermediate sc
;1012 GeV for example by a VEV~s! of the PQ charge car
rying singlet scalar field. This leads to the very light~invis-
ible! axion we discussed above. In general, this kind
model gives the contribution tocagg both from the heavy
quark sector and from the standard model quarks. If astan-
dard superstring model is known, then one can calculat
unique value forcagg . At this moment, we do not have
standard superstring model but can only point out that su
string models with anomalous U(1) have room for the inv
ible axion which is on the verge of confronting data.

In conclusion, in view of the progress of axion detecti
experiments, one will soon be able to distinguish several
models for the invisible axion. If detected, it would open
new road toward a fundamental theory, presumably in sup
string models.

Note added: After submission, we found that the LLNL
group actually excludes the left-hand side tip of the sensi
ity region ~LLNL now! up to ma53.3131026 eV @30#.
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