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Current upper bounds on the neutron electric dipole moment constrain the physically observable
quantum chromodynamic (QCD) vacuum angle |6|<10"1. Since QCD explains a great deal of
experimental data from the 100 MeV to the TeV scale, it is desirable to explain this smallness of |6|
in the QCD framework; this is the strong CP problem. There now exist two plausible solutions to this
problem, one of which leads to the existence of a very light axion. The axion decay constant window,
10°<F,=10" GeV for an O(1) initial misalignment angle 6;, has been obtained from astrophysical
and cosmological data. For F,=10'2 GeV with §; <O(1), axions may constitute a significant fraction
of the dark matter of the universe. The supersymmetrized axion solution of the strong CP problem
introduces its superpartner the axino, which might have affected the evolution of the Universe
significantly. The very light axion (theory, supersymmetrization, and models) using recent particle,
astrophysical, and cosmological data, and present prospects for its discovery is reviewed here.
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Strong interaction phenomena have revealed that the
discrete symmetries of charge conjugation C, parity P,
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FIG. 1. (Color online) The determinental interaction of light
quarks. Chiral symmetry breaking introduces the anomalous
7' mass term from the quark condensations.

and time reversal T are separately good symmetries of
nature. Therefore, quantum chromodynamics (QCD)
based on the gauge group SU(3). (Han and Nambu,
1965; Bardeen, Fritszch, and Gell-Mann, 1972) must re-
spect any combinations of these discrete symmetries C,
P, and T to be accepted as the theory of strong interac-
tions. Among these discrete symmetries, the CP symme-
try is not necessarily respected in QCD due to the non-
zero QCD vacuum angle 6, an issue known as the
“strong CP problem.” Since QCD is so successful phe-
nomenologically, a possible solution to the strong CP
problem is expected to be realized in nature. Currently
the most attractive solution leads to the existence of a
very light axion (Kim, 1979; Shifman, Vainstein, and Za-
kharov, 1980; Dine, Fischler, and Srednicki, 1981b; Zhit-
nitskii, 1981). Searches for QCD axions generated from
the Sun (Andriamonje et al., 2007; Inoue et al., 2008) and
remnant axions from the early Universe (Rosenberg,
2004; Carosi, 2007) are presently ongoing.

The story of axions started with the QCD U(1) prob-
lem (Weinberg, 1975) which is now understood, having
been solved by the 't Hooft determinental interaction (’t
Hooft, 1976, 1986). The determinental interaction is
shown as the left diagram of Fig. 1 and the solution is
shown as the shaded right diagram. The strong interac-
tion causes the quark bilinears to condense with a
vacuum expectation value (VEV) of order v =260 MeV.

The phase of this interaction 6 originates from the QCD
vacuum angle, which is known to be physical (Callan,
Dashen, and Gross, 1976; Jackiw and Rebbi, 1976), and
contributes to the neutron electric dipole moment

(NEDM) with order 6 times the neutron size, a large
value. Peccei and Quinn (PQ) observed that there exists

a way to make 6 a phase by introducing a symmetry, now
called U(1)po; then physical amplitudes do not depend

on 6, as in the massless quark case (Peccei and Quinn,
1977a, 1977b). In the standard model (SM), this phase is
a pseudoscalar Goldstone boson called the “axion”
among the multitude of Higgs fields as noted by Wein-
berg (1978) and Wilczek (1978). If the PQ idea was com-
pleted with Fig. 1, this axion would be exactly massless

(but observable), and 6 would behave “unphysically” in
having to choose the freedom an appropriate axion
VEYV, which was the original PQ idea. However, there
exist subleading terms, proportional to one power of m,,
which close the quark lines with the current quark mass
instead of a condensation. Then an axion potential de-
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velops, and the axion becomes a pseudo-Goldstone bo-
son. The axion solution of the strong CP problem is

cosmological in that the axion VEV chooses =0 at the
minimum of this axion potential. The currently allowed
axion is very light and long lived.

The properties of the axion (denoted as a) are mainly
given by its decay constant F,, which sets the scale of
nonrenormalizable axion interactions through a/F,,. Ini-
tial axion searches placed F, far above the electroweak
scale and additional stringent bounds on F, were ob-
tained from studies of stellar evolution and cosmology
(Kim, 1987). Axion astrophysics, started by Dicus, Kolb,
Teplitz, and Wagoner (1978, 1980) using earlier ideas
from Sato and Sato (1975) and Sato (1978) now gives a
stringent lower bound on the decay constant, F,=0.5
%x10° GeV, from the study of SN1987A (Raffelt, 1990a;
Turner, 1990). With this large decay constant, the axion
flux from the Sun is a small fraction of the solar neutrino
flux, but may still be detectable by the CERN Axion
Solar Telescope (CAST) experiment and by the Tokyo
helioscope.

It is known that very light axions with F, in the
10" GeV region (axion mass in the ueV range) might
compose some part of cold dark matter (CDM) in the
Universe (Abbott and Sikivie, 1983; Dine and Fischler,
1983; Preskill, Wise, and Wilczek, 1983). The exact
amount of axion CDM depends on the initial axion mis-
alignment angle #; at the time of axion creation when
the universe temperature was around the axion decay
constant, 7'~ F,. This observation puts the very light ax-
ion on the list of leading CDM candidate particles. If
indeed these cosmic axions compose a significant frac-
tion of CDM in the universe, they may be detectable by
collection of axion-converted photons in cavity-type de-
tectors (Sikivie, 1983) as tried by DePanfilis et al. (1987)
and Hagmann et al. (1990) and now continuing at the
Axion Dark Matter experiment (ADMX).

Cosmology including CDM was the leading candidate
for the early Universe in the 1980s (Blumenthal, Faber,
Primack, and Rees, 1984; Kolb and Turner, 1990; Wein-
berg, 2008). Since then this view has given way to the
new cosmology with the discovery of dark energy (DE)
in 1998 (Riess et al., 1998; Perlmutter et al., 1999). The
current view of the dominant components of the Uni-
verse is Qcpy=0.23 and O, =0.73 with only a few per-
cent consisting of baryons (Spergel et al., 2007). The
most plausible dark matter candidates at present are the
lightest supersymmetric (SUSY) particle (LSP), the ax-
ion, the axino, and the gravitino. Here we review the
axion and its CDM-related possibilities.

The need for DM was suggested as early as the 1930s
(Zwicky, 1933; Smith, 1936). Since then, evidence of non-
luminous DM in the universe has been accumulating:
examples include flat galactic rotation curves, Chandra
satellite photos, and gravitational lensing effects. If the
galactic bulge is the dominant mass in the galaxy, the
rotational velocity v of a star located at r from the center
should be v ~r~2. But the observed flat rotation curve
[see, for example, McGaugh et al. (2007), and references
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therein] violates this expectation and implies an ex-
tended mass in the halo varying as p(r)~1/r% The
Chandra observation of x-ray and gravitational lensing
images also implies this matter profile around the bullet
cluster [Clowe et al. (2006)]. Circular gravitational lens-
ing images [Jee et al. (2007)] also support the existence
of DM. The DM density around the Solar system is
ppm=0.3-0.45 GeV/cm?.

Current CDM candidates are either incoherent par-
ticles or coherent oscillations of spin-0 fields. In this
view bosonic collective motions such as the axion can be
considered as CDM. The popular incoherent CDM par-
ticles are the weakly interacting massive particles
(WIMPs) or decay products of WIMPs. A more fre-
quently used independent distinction is between thermal
and nonthermal relics, but there is no strict relation of
correspondence between the incoherent and coherent
particles and the thermal and nonthermal relics. WIMPs
are massive particles with weak interaction cross sec-
tions, first discussed in terms of a heavy neutrino, corre-
sponding to the right-hand side (RHS) crossing point of
Fig. 2(a) (Lee and Weinberg, 1977b). The left-hand side
(LHS) crossing point corresponds to a 10 eV neutrino
(Cowsik and McClelland, 1972; Marx and Szalay, 1972).
WIMPs, such as the LSP, are thermal relics when their
number density is determined by the freezeout tempera-
ture and are nonthermal relics if their number density is
determined by another mechanism such as the decay of
heavier relics (Choi, Kim, Lee and Seto, 2008). In Fig.
2(b), we sketch the axion energy density in terms of the
axion mass. The shape is flipped from that of Fig. 2(a),
because in the axion case the low- and high-mass regions
contribute (, from different physics, one from the
vacuum misalignment and the other from the hot ther-
mal relics.

In addition to the heavy neutrino, SUSY with R-parity
conservation allows the LSP to be just such a WIMP
particle. The LSP interaction is “weak” since the inter-
action mediators (SUSY particles) are supposed to be in
the 100 GeV range. For a WIMP to be a successful
CDM candidate, usually the interaction cross section at
the time of decoupling needs to be (Kolb and Turner,
1990; Spergel et al., 2007)

~ —26 3 -1
<Uintv>|at decoupling 0.2Xx10 cm” s

with Q,,h* = 0.113 +0.009. (1)

This is roughly the cross section for the LSP from low-
energy SUSY, which is the reason why the DM commu-
nity is so interested in the WIMP LSP. Some super-
weakly interacting particles such as gravitinos, axinos,
and wimpzillas (Chung, Kolb, and Riotto, 1999) might
be CDM candidates as well, but their cross sections do
not fall in the range of Eq. (1). The CDM candidate
particles are shown in the o;,, versus mass plane in Fig. 3
taken with minor modification from Roszkowski (2004).
The incoherent fermions, such as the neutrino and the
left ends of the bars of the axino and gravitino, corre-
spond to the left crossing points of Fig. 2(a). The rest,
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FIG. 2. (Color online) The Lee-Weinberg-type plots for (a) the
neutrino Q4% (Kolb and Turner, 1990) and (b) the axion 42,
where h is the present Hubble constant in units of
100 km s~! Mpc~L. The dashed line in (a) is for Q,4?=0.113. In
(b), it corresponds to the hadronic axion. The dashed lines
correspond to the CDM and hot DM limits, respectively.

except for the axion, correspond more or less to the
right crossing points of Fig. 2(a), with reheating after
inflation considered if necessary. Currently, there are ex-
perimental efforts to discover the LSP as predicted by
SUSY models. Direct cosmological searches are also on-
going (Jungman, Kamionkowski, and Griest, 1996;
Bernabei et al., 2003, 2008; Bertone, Hooper, and Silk,
2005; Lee et al., 2007; Angle et al., 2008; Behnke et al.,
2008; Ahmed et al., 2009a). At the CERN Large Hadron
Collider (LHC), the probable LSP mass ranges for LSPs
produced by neutrolino decay will be looked for.

It is known that density perturbations must have be-
gun growing much earlier than recombination time in
order to become large enough to form galaxies in the
young universe. For galaxy formation, therefore, DM is
needed since proton density perturbations could not
grow before the recombination time, but DM perturba-
tions could. With DM, the equality point of radiation
and matter energy densities can occur much earlier than
the recombination time since DM is not prohibited from
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FIG. 3. (Color) Some proposed particles in the plane of the
interaction cross section vs the corresponding particle mass ;.
The skeleton is taken from Roszkowski (2004). The dashed
curves represent schematic shapes of ); vs the corresponding
particle mass m;. The small red square box corresponds to the
hot DM hadronic axion. Two small outside squares (cyan and
blue) in the axion region are marked to show the plausible
GUT and CDM axions, respectively. The abundances of the
heavy axino, gravitino, and wimpzilla depend on how inflation
ends.

collapsing by Silk damping (Silk, 1968). If the WIMP
mass and interaction cross section fall in the region al-
lowed by Eq. (1), the WIMP can be part of CDM. If the
LSP were the only CDM component, then the LSP mass
would give one number for the DM density, which may
not be accurate. Thus, even if the LSP is contributing to
the CDM density, we may need the axion to account for
the correct amount of CDM around us. This is possible
in the anthropic scenario of very light axions because it
is equally probable for the initial axion misalignment
angle 6; to take any value between 0 and 7 (Tegmark,
Aguirre, Rees, and Wilczek, 2006).

Here we review the axion, which is probably the most
interesting Nambu-Goldstone boson (Nambu, 1960;
Goldstone, 1961; Nambu and Jona-Lasinio, 1961), as
well as related issues. In Sec. II we discuss the strong CP
problem and its plausible solutions. In Sec. III we review
the most attractive solution giving the very light axion
and present the axion theory in terms of possible axion
couplings defined by ¢y, ¢,, and c¢3 used throughout this
review. In Sec. IV we present axion astrophysics and
cosmology. Here we present a new number for the cos-
mic axion abundance in view of recent accurate data on
light quark masses. In Sec. V we summarize the axion
detection ideas and the ongoing axion detection experi-
ments. In Sec. VI we summarize the proposed very light
axion models, including superstring axions. Finally in
Sec. VII we discuss cosmology with the axino, the ax-
ion’s superpartner.

If the axion was observed, it would mark one of the
most profound elementary particle discoveries because
it would confirm experimentally the instanton-based ar-
guments of QCD. In addition, if it were shown to be
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consistent with a cosmologically significant amount of
axions, the CDM idea of bosonic collective motion
would also be confirmed experimentally. If SUSY is cor-
rect and the axion is the solution to the strong CP prob-
lem, axino must have affected the evolution of the Uni-
verse as well.

II. THE STRONG CP PROBLEM AND SOLUTIONS

There are good reviews on the strong CP problem
(Kim, 1987; Cheng, 1988; Peccei, 1989); here we outline
a few key points. QCD with SU(3), gluons is a confining
gauge theory with three light quarks below 1 GeV and
Aocp=380+60 MeV (Groote, Korner, Schilcher, and
Nasrallah, 1998). The classical gluon field equations have
the instanton solution (Belavin, Polyakov, Schwartz, and
Tyupkin, 1975),

r2

G,=ifng ' (x)a,g(x), flr) = (2)

o+ p
where the gauge coupling is absorbed in the gauge field,
g(x) is a pure gauge form with G, 1/r* for a large r,
and p is the instanton size. The (anti-)instanton solution
satisfies the (anti-)self-duality condition G,,==+ G v
which carries the integer Pontryagin index

1 - 1 -
= d'xT GGz—fd“ G, G, (3
1 16712f T | e e

where G“’”’:% #pGe,. The classical solution with

qg=-,...,—1,0,+41,...,4%, introduces a new real num-
ber 6 which parametrizes the |6) vacuum,

o

0y= > e"n). (4)

n=—o
Since the n’s are integers, in view of Eq. (3), € is a peri-
odic variable with period 2. It is known that 6 is an
observable parameter (Callan, Dashen, and Gross, 1976;

Jackiw and Rebbi, 1976). In the # vacuum, we must con-
sider the P- and T- (or CP-) violating interaction param-

etrized by 6=+ Oyenr

L=60{GG}= 647T26MVPUGZVGZ0" (5)
where the curly bracket includes 1/3272, 6, is the angle
given above the electroweak scale, and 6, is the value

introduced by the electroweak CP violation. This ob-
servable 6 has led to the so-called strong CP problem
from the upper bound on the NEDM. For QCD to be-

come a correct theory, this CP violation by QCD must
be sufficiently suppressed.

'With the canonical normalization of the gauge field, the
RHS of Eq. (5) is multiplied by g2.
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FIG. 4. Loop corrections for 7n-meson coupling. Insertion of
the CP violation effect by VEVs of #” and 7’ in (a). They can
be transferred to one vertex shown as a bullet in (b). With this
bullet, CP violation is present because of a mismatch between
the CP-conserving RHS vertex and CP-violating LHS vertex.

A. Neutron electric dipole moment

The interaction (5) is the anomaly term (Adler, 1969;
Bell and Jackiw, 1969) which is the basis for solving
('t Hooft, 1986) the old U(1) problem of QCD (Wein-
berg, 1975). The important size of instantons for physics
is near the scale where QCD becomes strong. 't Hooft
(1976) showed that the determinental interaction of light
quarks carries the same global symmetry as that of Eq.
(5), and it is customary to use this light quark determi-
nental interaction rather than treating the gluon interac-
tion (5). The early estimates of the NEDM proportional

to 6 from the determinental interaction are 2.7

X107'%Ge cm (Baluni, 1979) and 3.6X107'%¢e cm
(Crewther, Di Vecchia, Veneziano, and Witten, 1979).
Other estimates from different methods are 11

%X 1070e cm (Cea and Nardulli, 1984), 1.2 107 e cm
(Schnitzer, 1984), 310 '°fe cm (Musakhanov and Is-

railov, 1984), and 5.5X107'%¢e cm (Kanaya and Koba-
yashi, 1981). Comprehensive reviews of the NEDM exist
(Dar, 2000; Pospelov and Ritz, 2005). Recently, the
NEDM has been estimated in the hard wall anti—-de Sit-
ter (AdS) QCD model with one extra dimension, 1.08

X 107°Ge cm (Hong, Kim, Siwach, and Yee, 2007).

The diagrams contributing to the NEDM are re-
stricted. The neutron magnetic dipole moment arises at
one loop in chiral perturbation theory. If we treat this
neutron  magnetic  dipole = moment  operator
uanomﬁo"’“"nﬁfjﬂ as a vertex, tree diagrams do not con-
tribute to the NEDM, because the magnetic moment
term has the same chiral transformation property as that
of the mass term and hence by redefining an external
neutron field one can remove the phases in the neutron
mass and in the dipole moment operator together.

Let the U(1) chiral transformation of quarks in the
broken phase be encoded in the neutron mass term as
m, gy el =m0y, L Hc. (60 instead of e3¢
because the baryon octet has spin %). The VEVs of #°
and %’ are calculated in Sec. III.B. The CP violation is
present by a mismatch between the CP-conserving RHS
vertex and the CP-violating LHS vertex as shown in Fig.
4(b). The mass term of Fig. 4(b) and the neutron mag-
netic dipole moment term of Fig. 5(b) have the same
chiral transformation property and the phases appearing
there can be simultaneously removed by redefining ng,
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FIG. 5. Diagrams contributing to the NEDM with the bullet
representing the CP violation effect. (a) is the physically ob-
servable contribution.

for example. However, the phase appearing in Fig. 5(a)
cannot be removed by this phase redefinition and this
contribution is physically observable. Since Fig. 5(a) is
the physically observable NEDM, for the proton a simi-
lar argument leads to the same magnitude and opposite
sign for the proton electric dipole moment, i.e., d,+d,
=0. Now we estimate the NEDM as

ﬂ:ngNm ln(m—N>, (6)
e dmy m,

where the CP-violating scalar coupling g,y [the bullet
of Fig. 5(a)] is estimated by Crewther, Di Vecchia, Ven-
eziano, and Witten (1979) as

2(mz — my)m,my

sl

~ —0.0236,

)

BmNN =T w(mu + md)(zms —my, - md)

where Z=m,/m;~048, my;~49 MeV, and m,/my
=20.1. From Eq. (48) of Sec. II1.B, we estimate the
CP-violating scalar coupling as

E—) Z

0
= (8)

Note that Egs. (7) and (8) give a factor of ~10 differ-
ence. Existing calculations vary within a factor of 10.
These old calculations depend on the various approxi-
mation methods used, but none of these estimated a
VEV of #". For example, for Eq. (7), Eq. (11) of
Crewther, Di Vecchia, Veneziano, and Witten (1979)
uses the SU(3) symmetric baryon octet coupling due to
the CP-violating interaction. On the other hand, for Eq.
(8) the ground state vacuum of the mesonic fields has
been used. After integrating out baryons, we look for
the vacuum below the chiral symmetry scale. Then, the
correct vacuum choice adds the value (8) to the value
(7). But here we choose the one-order-larger value from
the mesonic vacuum shift value (8) for an order of mag-
nitude estimate, not concerning ourselves about the
signs of the contributions. So we estimate the NEDM as

4.5X107%6e cm from Eq. (8).
Since the recent upper bound on the NEDM is |d,,|
<2.9X107%¢ cm (Baker et al., 2006), we must require
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|6 <0.7 x 107", 9)

This extremely small upper bound on 6 has led to the

so-called strong CP problem. |§|<10"!! is perfectly al-
lowed but its small value is not explained given that it
could have chosen a value anywhere between 0 and ~r.
The strong CP problem is the quest to understand more

satisfactorily why 6 is so unnaturally small.

B. Possible solutions

In the remainder of this paper, we simplify the nota-

tion replacing 6 by 6 since there will not be much con-
fusion. There are three explanations for the smallness of
0 in the naturalness framework: case 1, calculable 6; case
2, massless up quark; case 3, axion. Here we discuss
cases 1 and 2, and concentrate on case 3 in subsequent
sections.

1. Calculable 6

The naturalness of a theory with a parameter g is de-
fined by 't Hooft (1979): The theory is natural if the
symmetry of the theory increases in the limit of vanish-
ing B. A frequently quoted example is the Dirac fermion

mass m; ygr+H.c., where m—0 introduces a chiral
symmetry — e#¥5y in the theory.

Regarding the strong CP problem, the appropriate
symmetry is parity P or CP since the interaction (5) vio-
lates parity P, time reversal 7, and CP, but conserves
charge conjugation C. Requiring CP invariance in the
Lagrangian is equivalent to setting 6, at zero. However,
the observed weak interaction phenomena exhibit weak
CP symmetry violations in the neutral K meson system
and B— K*7~ decay (Amsler et al., 2008), and hence the
needed introduction of CP violation in weak interac-
tions with #,=0 must be achieved spontaneously. In this
process one necessarily introduces a 6., part in 6
which can be calculated and required to be sufficiently
small within the bound given in Eq. (9). Along this line,
many ideas have been proposed (Bég and Tsao, 1978;
Mohapatra and Senjanovic, 1978; Barr and Langacker,
1979; Segre and Weldon, 1979). This naturalness idea
may be extended so as to effect only renormalizable
couplings (Georgi, 1978). In any case, the introduction of
weak CP violation by spontaneous mechanisms (Lee,
1973) or by soft scalar masses (Georgi, 1978) must be
checked against various weak phenomena. The current
weak CP violation data fit nicely with Kobayashi-
Maskawa-type CP violation (Kobayashi and Maskawa,
1973), and these drastically different spontaneous weak
CP violation ideas are probably difficult to fit to the data
but are not considered ruled out yet (He, 2008), even
though the spontaneous CP violation scheme (Branco,
1980) in the Weinberg model (Weinberg, 1976) is ruled
out (Chang, He, and McKellar, 2001). It should be noted,
though, that the models proposed above have difficulty
in satisfying the bounds (9).
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The Nelson-Barr-type weak CP violation however,
mimics, the Kobayashi-Maskawa-type CP violation even
though the fundamental reason for CP violation is spon-
taneous (Barr, 1984; Nelson, 1984). The scheme is de-
signed such that the Yukawa couplings are real, i.e., 6
=0 from the CP invariance. Next, spontaneous CP vio-
lation is introduced through the singlet VEVs; this is the
key difference from the previous calculable models.
Thus, the spontaneous CP violation is required to occur
much above the weak scale through the singlet VEVs,
mediating it to light quarks through mixing with vector-
like heavy quarks. In modern terms, the heavy quarks
can be considered as the mediation sector. Then, inte-
grating out heavy fields we obtain the SM quarks with
the Kobayashi-Maskawa-type weak CP violation. To en-
sure Arg Det M,=0 at tree level, specific forms for the
Higgs couplings to the SM quarks and the superheavy
vectorlike quarks are needed. Beyond the tree level,
however, 6 is generated at one loop, typically with the
form (Goffin, Segre, and Welson, 1980; Bento, Branco,
and Parada, 1991),

Oyeak = ﬁAf 2y (loop integrals), (10)

where Af? is the product of couplings and the Feynman
loop integral is of O(1). To satisfy the bound (9), the
small coupling Af? is needed. Some mechanism such as
family symmetry may be needed to forbid 6., at one
loop (Nelson, 1984; Chang and Keung, 2004).

This kind of Nelson-Barr-type calculable 6., can be
mimicked in many extra-dimensional models including
superstring theory. Recently, for example, 6., Was cal-
culated to be O(107'?) at a two-loop level in a seques-
tered flavor and CP model (Cheung, Fitzpatrick, and
Randall, 2008).

Strictly speaking, the axion model also belongs to the
class of calculable models but we separate it from the
models with spontaneous CP violation because there it
is not necessary to set 6,=0.

2. Massless up quark

Suppose that we chiral transform a quark as g¢
—€'7%5%. Then the QCD Lagrangian changes as

f d*x[- m,4q - #{g:GG}]

— f d*x[- queziVSO‘q —(6- 2a){g§GG}], (11)

where {GG}=(1/647%)e"*°GS G",. Tt m,=0, this is
equivalent to changing 6— 6-2«. Thus, there exists a
shift symmetry 6— 6—2a«. It is known that the tunneling
amplitude due to instanton solutions with a zero-mass
quark vanishes (’t Hooft, 1976), which implies that the
shift symmetry is an exact symmetry. In this case, 6 is not
physical, and hence there is no strong CP problem if the
lightest quark (i.e., the up quark) is massless. The mass-
less up quark solution must answer the question: Is the
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FIG. 6. (Color) The allowed m,-m,; region (Manohar and
Sachrajda, 2008). The two downward sloping lines are from the
bound on (m,+m,)/2 and the two rising lines are from the
bound on m,/m,, determined by the masses of the meson oc-
tet. The two vertical and horizontal boundaries are from the
Particle Data Book bounds on m,=[1.5,3.3] MeV and my
=[3.5,6.0] MeV (Amsler et al., 2008).

massless up quark phenomenologically viable? Wein-
berg’s famous up-down quark mass ratio Z=m,/m, gave
Z=5/9 (Weinberg, 1977). It is very similar to the recent
compilation of the light quark masses, mu:2.6f?:(f MeV,
my=4.9"11 Mev, and Z=0.48"1% shown in Fig. 6. This
compilation is convincing enough to rule out the mass-
less up quark possibility (Kaplan and Manohar, 1986). In
this review, we use Z=0.48 when a number is needed
though the appropriate bound may be 0.35<Z<0.60
(Buckley and Murayama, 2007; Manohar and Sachrajda,
2008).

For some time the massless up quark possibility was
taken seriously (Kaplan and Manohar, 1986). The reason
is that, even if the Lagrangian mass for the up quark is
zero, the 't Hooft determinental interaction may gener-
ate a useful up quark mass for chiral perturbation. There
was confusion on this issue for some time (Leutwyler,
1990; Choi, 1992). Now, it is clear that the massless up
quark possibility is ruled out, even without use of the
lattice calculation of the ratio m,,/m;=0.410+0.036 (Nel-
son, Fleming, and Kilcup, 2003).

III. AXIONS

The axion solution seems to be the most attractive
one among three possible strong CP solutions, in par-
ticular at present when the massless up-quark possibility
is excluded and calculable solutions need one-loop sup-
pression.

Peccei and Quinn tried to mimic the symmetry 6— @
—2a of the massless quark case of Eq. (11), by consider-
ing the full electroweak theory Lagrangian (Peccei and
Quinn, 1977a, 1977b). They found such a symmetry if H,,
is coupled only to up-type quarks and H, couples only to
down-type quarks,
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L=- qLuRHu — qLdRHd_ V(Hu’Hd) +H.c.
- %GG}. (12)

Certainly, if we assign the same global charge under
the s transformation to H, and H, q— "% H,
—ePH, ,H,—ePH, the flavor-independent part
changes to

L——gre%uge’PH, - qe "% ge’PH,
—V(e'®H,,ePH,) + H.c. - (0-2a){GG}.  (13)

Since the full Lagrangian must possess global symmetry,
the potential V should not allow the H,H, and (H,H ;)*
terms. The choice of B=« achieves the same kind of 6
shift as in the massless quark case, called PQ global sym-
metry U(1)po. Unlike an the massless up-quark case,

here 6 is physical. Even though the coefficient of {GG}
changes in the same way in Egs. (11) and (13), these two
cases differ in that the tunneling amplitude vanishes
with a massless quark (a detailed discussion will be pre-
sented in Sec. III.B) but not without a massless quark.
The reason is that the Higgs fields transform under
U(1)po, and one of the Higgs fields, called the axion a,
has the shift symmetry a —a+const and corresponds to
the Goldstone boson of the spontaneously broken
U(1)po (Weinberg, 1978; Wilczek, 1978). As a result we
call the resulting axion from Eq. (13) the Peccei-Quinn-
Weinberg-Wilczek (PQWW) axion. If the consequence
of the determinental interaction is only Fig. 1, then of
the two bosons 7' and a only %’ obtains mass by the
RHS diagram of Fig. 1 and a remains massless. If a re-
mains massless, the strong CP problem is solved as en-
visioned by Peccei and Quinn (1977a) since for any 6 we
can choose the VEV (a) such that the final @ is zero. This
was Peccei and Quinn’s idea: that (a) has a shift symme-
try mimicking that of the massless quark case. However,
a has interactions and it can be produced in the stars and
K meson decay, which differs from the massless quark
case.

At the classical Lagrangian level, there seems to be no

strong CP problem. But the axion coupling to {GG} is
generated at the one-loop level, which is the
U(1)po-QCD-QCD anomaly. The ’t Hooft determinen-
tal interaction mentioned above is exactly this anoma-
lous coupling. With this one-loop term, the Lagrangian
is not invariant under the phase shift symmetry B or a
—a+const. Since it is explicitly broken at the one-loop
level, the phase field B of the Higgs fields or axion a
does not have a flat potential, i.e., Fig. 1 is not complete.
Weinberg and Wilczek interpreted this phenomenon us-
ing the spontaneous symmetry breaking of the global
symmetry U(1)po. It is said that ¢ is made dynamical
where 6#=a/F,, but in the PQWW axion case the com-
ponent was there from the beginning in the phases of
the Higgs doublet fields. The free energy depending on
—cos 6 is the potential for the axion. Since it is propor-
tional to —cos 6, the minimum of the potential is at 6
=0 in CP-conserving theories (Vafa and Witten, 1984),
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and thus the vacuum chooses #=0. We discuss this effect
below the chiral symmetry breaking scale in Sec. I11.B.
Thus, the axion solution of the strong CP problem is a
kind of cosmological solution. Note, however, that the
weak CP violation shifts 6 a little bit, leading to 6
~0(107"7) (Georgi and Randall, 1986).

The PQWW axion was ruled out quickly (Donnely
et al., 1978; Peccei, 1979), which was the reason for the
popularity of calculable models in 1978 as discussed in
Sec. I1.B.1. Nowadays, cosmologically considered axions
are very light, because of the phase of the SU(2)
X U(1) singlet scalar field o. The simplest case is the
Kim-Shifman-Vainstein-Zakharov (KSVZ) axion model
(Kim, 1979; Shifman, Vainstein, and Zhakharov, 1980)
which incorporates a heavy quark Q with the following
coupling and the resulting chiral symmetry:

L=-0,;0ro+H.c.—V(dP) - 6{FF}, (14)

L— — QLei75”‘QReiﬁa'+ H.c. - V(|0'|2)

- (0-2a){GG}. (15)

Here Higgs doublets are neutral under U(1)pq. By cou-
pling o to H, and H, one can introduce a PQ symmetry
also, not introducing heavy quarks necessarily, and the
resulting axion is called the Dine-Fischler-Srednicki-
Zhitnitskii (DFSZ) axion (Zhitnitskii, 1980; Dine,
Fischler, and Srednicki, 1981a, 1981b). In string models,
most probably both heavy quarks and Higgs doublets
contribute to the o field couplings. The VEV of o is
much above the electroweak scale and the axion is a
very light axion” The SU(2) X U(1) singlet o field may
mix with the Higgs doublet component by a small
amount, when in practice we can consider the axion as
the phase of a singlet field o, o=[(v+p)/\2]e® s with a
=a+27NpwF, and the axion period 27NpwF, Note
that we use fg for the VEV of ¢ or the value relevant in
the field space and F, defined from the coefficient of the
anomaly term; namely, the coefficient of the anomaly

{GG} defines F, as 6=al/F, while the VEV(v) of 0,0
x el defines fg. The periodicity 27 of @ implies that F,
cannot be larger than v =fs, and we have F,=fs/ Npw. It
has been shown that models with Npw # 1 have an en-
ergy crisis problem in the standard big bang cosmology
(Sikivie, 1982). But models with Npw=1 do not have
such a problem due to the mechanism of conversion of
the two-dimensional axionic domain wall disks sur-
rounded by axionic strings into radiation (Barr, Choi,
and Kim, 1987).

A. Axion shift symmetry and reparametrization invariance

In the original POWW axion model, the Lagrangian
in the effective field theory language was extensively dis-

ZOnce it was called an invisible axion (Wise, Georgi, and
Glashow, 1981; Nilles and Raby, 1982) but it is better to call it
a very light axion due to the possibility of its detection.
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cussed (Donnelly ef al., 1978; Peccei, 1989). Here, due to
the simplicity in the formulas, we present the variant-
type axion models where the PQ charges are assigned
only to the right-handed quark fields (Bardeen, Pecceli,
and Yanagida, 1987). This discussion will make it easier
to introduce our general formulas below. The PQ cur-
rent is (Bardeen, Peccei, and Yanagida, 1987)

Ny N
JZQ = Faﬁ#a + xz dRindRi + (1/X)E L_LRi’)’,u,uRi
i=1 i=1
N,

8
+(-x) X URiYuURi> (16)
i=N+1

where N, is the number of families, N is the number of
up-type quarks coupled to H,, and x=(H,)/(H,). The
color anomaly is nonvanishing, i.e., the divergence of
Jzo is

1 1\ « ~ )
PQ _ - c v I /F,
HM = 2N(x + x>—4ﬂ_waG‘”‘ + myifiyse" V5T u

+ mgd[iyse s d]d, (17)

where we considered the one-family model of u and d
with N=1. If N is zero, there is no color anomaly. For a
nonvanishing N, we have to pick up the component or-
thogonal to the longitudinal Z,. Since the axial-vector
part of the Z, current is proportional to 123, any axial
U(1) current orthogonal to the longitudinal Z, is an
SU(2)jjavor Singlet current constructed in terms of right-
handed quark fields. These include the currents corre-
sponding to both %’ and the PQ phase. Since #’ is
known to be heavy, we integrate out »' to obtain light
fields below the chiral symmetry breaking scale. This
corresponds to picking up an anomaly-free piece, or-
thogonal to the longitudinal Z,,. It is

Je :J"Q—EN(Hl)L(ﬂy s+ Zdy,ysd),
LR ) x)1+z2 " K

(18)

where Z=m,,/m,. The divergence of Eq. (18) is propor-
tional to m,m,, which must be the case for a particle
orthogonal to 7'.

Below we use the typical axion model (14) because
it is simple to assign the PQ charges whenever an ex-
plicit example is needed. It has the following U(1)pg
charges I',

Field | (o QL QR
r o oL L

In this example, the axial-vector current for U(1)pq is
Ji:Qyﬂy5Q+vaﬂa, where a is the phase field of o

=(v/+\2)e’". The current corresponds to the charge flow
which satisfies the current conservation equation if the
symmetry is exact. But the axial-vector current is in gen-
eral violated at one loop by the anomaly (Adler, 1969;
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Bell and Jackiw, 1969) ﬂ“]sz(NQg§/32ﬂ2)GZV(;aw’ or

Pa=(Nogl/32m)G", G +(my/v)QiysQ with the Q
number N, which shows that the axion interaction with
the SM fields is only the anomaly term (plus the anoma-
lous coupling with the SM gauge fields). Here and in Eq.
(17) we explicitly write the QCD coupling g7, but in the
remainder of the paper we absorb the gauge coupling in
the gauge fields except in the experimental Sec. V. This
axion is the one setting 6 at zero; thus one needs the
axion-gluon-gluon anomalous coupling for which the
color anomaly of Ji should exist. This kind of symmetry
I" is the PQ symmetry.

The axion is introduced as the Goldstone boson de-
gree of a spontaneously, broken global U(1)pg symmetry
in renormalizable gauge models (Peccei and Quinn,
1977a; Kim, 1985) and/or as a pseudoscalar degree in a
more fundamental theory where the axion interaction
arises as a nonrenormalizable anomalous interaction in
the effective low energy theory. The most compelling
nonrenormalizable interaction was observed in the com-
pactification of ten-dimensional (10D) superstring mod-
els (Witten, 1984). Below we treat the axion as being
present as a dynamical degree at the electroweak scale,
whether it arises from spontaneously broken PQ sym-
metry or from a more fundamental theory with a non-
renormalizable anomalous coupling, and focus on QCD
interactions containing the axion degree, a=0F,. Then
we collectively write the most general form of its inter-
actions: the ¢ term is the derivative coupling respecting
the PQ shift symmetry, the ¢, term is the phase in the
quark mass matrix, and the c¢; term is the anomalous
coupling or the determinental interaction Ly,

1 - . - .
= _fsa 0(9 06— pGa G 4 (quDqL + qRZDqR)
+ C1(r7,ﬁ)q_ Y4y5q — (Grmqge 2’ + H.c.)

tC3 5 32772 ,u,vGaMV(Or ‘Cdet) + Cﬁyyszwz em ,LLVF

+ 'Cleptons,(% (19)

where 0=a/fs with the axion decay constant fg up to the
domain wall number (fg=NpwF,) and g is the fermion
matrix composed of SU(3),. charge-carrying fields. When
the singlet scalar fields are easier to discuss, we use fs,
and when the anomaly term is easier to discuss, we use
Fy. Licpions,o 18 the axion interaction with leptons. ¢y, ¢,
and c; are pregiven coupling constants below the axion
scale fg with the mass parameter m defined to be real
and positive below the electroweak scale. Then, the de-
terminental interaction can be used instead of the cj3
term,
4030

Liet=—2" lc39( N 1N —naDet(grg,) + He., (20)

where we multiplied the overall interaction by 6 in the
small-6 region and require the periodicity condition
c30=c30+2. The periodicity can be accommodated au-
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tomatically if we replace —27'ic;0 by 1, but then we must
add a constant so that it vanishes at 6=0. The sign is
chosen such that the potential is a minimum at 6=0
(Vafa and Witten, 1984). With the fixed phases, the c;
term is given from the QCD vacuum structure (4), which
does not have any dimensional coupling. But the instan-
ton physics necessarily introduces the instanton sizes
and hence a kind of QCD scale K for the interaction
respecting the chiral transformation property for a flavor
singlet operator L4... We use either the anomaly term or
Lger- The 6 dependence of the form (20) is —c36sin(c36),
which has the parity symmetry §— —6. The Fourier ex-
pansion satisfying these constraints is

— 27 ¢305in(c36) = — 271 — cos(c36)]

+ 2 a, cos(ncs ),
n=2

where the Fourier coefficients satisfy =_ n%a,, = 8. Ne-
glecting the n=2 terms, we use just the cos(c30) depen-
dence.

In the defining phase Eq. (19), the POWW axion is
given by ¢;=0, ¢, #0, and ¢3=0, the KSVZ axion by ¢
=0, ¢,=0, and ¢3 # 0, the model-independent axion (Wit-
ten, 1984) in superstring models by ¢;=0, ¢,=0, and c;
#0, and the DFSZ axion by ¢;=0, ¢, #0, and ¢3=0. In
general, axion models from high energy will have ¢, #0
and c¢3 # 0, and the shift symmetry allows ¢; #0 in a dif-
ferent basis. For simplicity, we discuss Eq. (19) for one-
flavor QCD first. For Ny flavors, both ¢; and 6 are de-
fined from N;X N, matrices in addition to the anomalous
coupling and hence the axion is included in Tr 6, which
also contains the 7" meson part of QCD. For Ny flavors,
c;6 must be replaced by Tr ¢;6. For the following discus-
sion, we refer to one-flavor QCD, but in Sec. III.B in the
axion mass estimation we present the full N, flavor QCD
result with the chiral symmetry breaking taken into ac-
count.

For the case of the axion mass, the ¢y, ¢5, and c5 terms
may be relevant, but only the combination c¢,+c5 ap-
pears. This Lagrangian has a shift symmetry a—a
+const, which reparametrizes the couplings between ¢y,
¢, and c3. Explicitly, the axion-field-dependent changes
of the quark fields g; —¢'*Wgq, and qg— e Mgy give
c1—ci—a, c—Ccy—2a, c3—c3+2a, and it must give the
same physics, i.e., (Georgi, Tomaras, and Pais, 1981;
Kim, 1987),

FlPl[a(x)’AZ(x);Cl9C27C37m7AQCD]

= FlPI[a(x)aAZ(x);Cl —a,c - 2a,c3

+2a,m,AQCD]. (21)

The reparametrization symmetry dictates the non-
derivative couplings satisfying c,+c3;=const, which is
one reason that we use 6=60gpp+ 60ocp=0p+ Oyeax aS 2
physical parameter in axion models. Usually, transfer of

all couplings of axions to the coefficient of GG, the ax-
ion decay constant F, and 6 are defined. Instead, if we
use fg (defined to be the VEV of the singlet Higgs field
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FIG. 7. The case with Npw=3 where three vacua are distin-
guished.

o), there exists the coefficient c; defined in Eq. (19). The
triangle diagrams may give an integer times 6 and the
instanton potential comes to the original value by a 6
shift of 27/(c,+¢3), with ¢+ c3= Npw not necessarily 1 in
the pseudoscalar field space. Thus, this integer is called
the domain wall number Npyw (Sikivie, 1982),

NDW = |C2 + C3| =Tr 1_‘(fc:olored)€(fcolored) > (22)

where the trace is taken over all heavy and light quarks
and ¢ is the index of the SU(3). representation of col-
ored fermions and the PQ charge is given for the left-
handed chiral representations. The height of the poten-
tial is O(A‘(‘)CD) of the non-Abelian gauge interaction,
which is shown in Fig. 7 with the domain wall number
Npw=3: the bullet, the square, and the triangle denote
different vacua. Two important properties of axions in
CP-conserving theories are (i) the periodic potential
with the period 27F, where F, is defined in (19) with
F,=fs/Npw, and (ii) the minima at a=0, 27F,, 47F,,....
This determines the cosine form of the potential. There
exists the axion mixing with quark condensates as dis-
cussed in more detail later.

The derivative coupling, i.e., the ¢; term, can never
contribute to the PQ symmetry breaking effect, espe-
cially to the axion mass. This axion gets its mass from
the # anomaly term which breaks the PQ symmetry. The
global symmetry is not broken by the derivative term,
which therefore cannot contribute to the axion mass.
From the reparametrization invariance (21), the combi-
nation c,+c5 is the correct combination for the axion
mass, as shown below. This derivation is included with a
more complicated expression in the SUSY extension,
but we show the c¢,+c3; dependence in this supergravity
framework because it is the underlying symmetry in
many axion models. Some of the following discussion is
derived from Choi, Kim, and Nilles (2007).

1. Supersymmetrization

We now discuss the reparametrization invariance with
the SUSY generalization. In the A'=1 SUSY models
with chiral fields z, there are the superpotential W(z)
and the gauge kinetic function f(z), both of which are
holomorphic functions of z. The superpotential gives the
¢, term and the gauge kinetic function gives the anomaly
term c3. The PQ-invariant Lagrangian, the c¢; part, has
shift symmetry under the shift of the axion supermultip-
let: A— A+iXconst. This derivative coupling must ap-
pear from the D terms in SUSY models, i.e., through the
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Kidhler potential. The real Kihler potential K(z,z*)
must respect the PQ symmetry in the form of A+A,

K=KJA+Al+{ZJA+Alg\q, +Hel}, (23)

where the 9° components of the fields are implied and
the ¢’s denote quark supermultiplets,

q=@q+i0Y,, (24)

with the anticommuting variable J. Here we used 9 for
the anticommuting Grassmann number since 6 in this
review is reserved for the axion 6=a/F,.

B. Axion mass

The axion mass arises from the anomaly coupling

6GG. In this section, first we show that only the ¢, and
c3 couplings are relevant for the axion mass, and then we
present the axion mass in the broken phase of the chiral
symmetry. With SUSY, the discussion is a bit tricky, be-
cause the axion remains massless due to the massless
gluino (as in the massless up-quark case with a sponta-
neously broken PQ symmetry). For the axion mass,
therefore SUSY must be broken and here one has to
look at how all supergravity terms contribute to the ax-
ion mass. Nevertheless, we have the master formula (21)
for the axion, which must be valid even when SUSY is
broken. In this regard, SUSY is not special for the axion
mass; the chief constraint is only the anomaly consider-
ation. Thus, the following discussion applies even with-
out SUSY, but we discuss the axion mass in detail with
the SUSY generalization to include the gluino effects
and hence the c¢i-type derivative couplings to matter
(quarks) and gauginos (gluinos).

We have noted that there exists an anomaly coupling
of the ' meson which is the mechanism solving the old
U(1) problem of QCD. In addition to %, the axion a is
introduced in the anomaly coupling and hence one must
consider the mixing of #' and the axion (Bardeen and
Tye, 1978; Baluni, 1979; Kim and Kim, 2006).

The c¢3 term is the anomaly coupling of the axion,
and we normalize the anomaly as the coefficient
of €%, 6,5k, kop. With this normalization, from
€apyd" APIYA? leading to —e*¥7k, 1 gk .55 the ¢ term
anomaly is defined with 4;=1.

It can be shown that, using the Kéhler potential (23),
the kinetic energy terms of fermions contain (Cremmer,
Ferrara, Girardello, and van Proyen, 1983; Nilles, 1984)

2 Z,(idp+ ¢B v ysp+ 5 Y, by vsd)
4
+ 2, (Nid\ = 5B, N¥"N), (25)
A

where B, and Y, , come from the auxiliary components
of real K, and Z,, respectively. In terms of the real parts
R and Y of K and Z [redefined from Z, of Eq. (23)], we
obtain
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FIG. 8. The Feynman diagrams for generating anomalous
6GG couplings from ¢; for a fermion with mass m. For ¢,, we
replace cyy,ys by comys.

| [ IK Ky - IR
B,==( 20,4~ 20,4 :—(—aﬂa), (26)
2\ JA JA 0A
| [ IK, oKy . - dln Z
You=o| S04 - T 4| i ol1g,4
’ 2\ dA JA 0A
dln Z - d1n)y
- T—49,A :2( )aﬂa, 27)
IA dA
where

-K
G=-3 ln(7> +In WP, K=-¢K03  Z =¢?,

(28)
K0:R+iK0[:R, Z(I:y+iZ:y.

The c; term is an anomaly term. In addition to the c;
term, the ¢; and ¢, couplings via loops of Fig. 8 will also
generate anomaly terms. The derivative coupling, if it
ever has to contribute to the axion mass, should do so
via the anomaly through loops. In Fig. 8, the couplings
for the triangle diagrams are represented in terms of c;
and c¢,. In supergravity models, we consider B, and Y, ,
couplings, which are nothing but ¢;. Consider a fermion
with mass m. The derivative coupling through Fig. 8 con-
tains the anomaly coupling through the coefficient of
eaﬁyﬁswszﬁkwkzﬁ [see, for example, Georgi, Tomaras,
and Pais (1981)],

= f i f 4 igkky)
1= 1 2 )
0 0 m? — flx1,%2:q.k1,k2)

(29)

where
f=00+x)(1—x1 = x)q° + 2x1(1 = x; = x2)q - Ky
+ X7k
Also, the quark mass term of Fig. 8 gives

1 1-x4 2m2
A :f dxf dx .
? 0 ! 0 zmz—f(xl,xz;q,kl,kz)

From Egs. (29) and (30), we construct

(30)
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1 1 1—x1
_./41 + A2 = f dx1f 2dx2 =1. (31)
2 0 0

When we calculate the axion mass in the real and
positive quark mass basis as usual, the anomaly

(al F,){GG} coupling (including the loop effect) is the
sole source of the axion mass. In this basis, and also in
any basis due to the reparametrization-invariant combi-
nation c,+c3, we do not have to discuss the contribu-
tions of the derivative couplings toward the axion mass.
Even though the derivative coupling generates the
anomaly, because it is derivative it does not contribute
to the axion mass.

For one-flavor QCD, we can check the above state-
ment explicitly using Eqgs. (29)-(31). In the following two
limiting cases, the integrals are easily computed as, using
Egs. (29) and (30): case (i), m<Agcp:

1 m?
FlP[: 167T26aﬂy§k1yk23_03+26'1+O<_>:|, (32)

k2

case (i), m>Agcp:

(33)

1 s [ K>
F1P1:167726 yklykzﬁ_(,'3+C2+O n? .

Consider the quark mass term and the one-flavor deter-
minental interaction with the quark condensation,

(G1aR)~ Adcpe'™ . Then the potential takes the form

V= m(c]LqR>ei62'9 +H.c. + (C3 + ClAl + CzAz){GG}
(34)

For the anomaly combination c3+ciA;+cyA,, the
reparametrization invariance Eq. (21) transforms c;
+C1.A1+C2.A2 to c3+2a+(cl—a)A1+((:2—2a)A2:C3
+c1 A+ Ay where (31) is used, i.e., it is reparametriza-
tion invariant.

For case (i), we consider the light quark below the
scale A¢cp. Thus, we have

V =mv? cos(% - c20>

+Adep cos((c3 +2¢))0+ %),

for which we choose ¢;=0. (If we keep ¢, we must con-
sider the kinetic mixing of a and #’.) Integrating out the
heavy %’ field as #'/f=—cs(a/fs) from the A‘(‘)CD term,
which is the larger one, we obtain

V =mv® cos((cz + c3)£>,

fs

from which

le2 + ¢4

m, ~ \NmAHep (35)

The quarks u, d, and s belong to this category.
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ms\? —v3
ei(02+03)9 ei039
myA? mgA? —3 —?
—3 —3
etlcz+es)f ei(cg+c3)€
myA? —3 —3 malA?
mgs/A

ei(c‘; +c3)0

+  O(m*A%?)

*?)3 *1)3

FIG. 9. (Color online) The 't Hooft determinental interaction.
@ denotes the quark condensation and X denotes the insertion
of the current quark mass. The diagram highlighted predomi-
nantly contributes to the 7’ mass, and O(m,m,) is neglected.

For case (ii), the heavy quark does not condense, and
integrating out the heavy quark gives

V= A‘(‘)CD cos{(c3 + cz)g}
fs

from which the axion mass is given by

lcp + ¢3
s

Again the axion mass depends only on the combination
¢,+c3. Heavy quarks above the chiral symmetry break-
ing scale c, b, and ¢ give the ¢, term and vectorlike heavy
quarks above the electroweak scale give the c; term
when we write Eq. (19) just below the electroweak scale.

2
mg, ~ AQCD

1. Axion mass with light quarks

In the real world, there exist three light quarks whose
masses are much smaller than the QCD scale Agcp, and
therefore the axion mass has the form anticipated in Eq.
(35). Even though there are two light quarks the axion
mass dependence has the form Vm as a result F,>f.
This is because of the way in which the leading term is
picked up from the anomalous determinental interaction
(Kim and Kim, 2006) as shown in Fig. 9.

In fact, this is obtained simply by noting that the in-
stanton interaction is a U(1) singlet (Kim, 1987). Sup-
pose we integrate out quark fields; then the quark mass
parameters appear in the effective interaction as shown
in the first diagram of Fig. 9. In this vacuum with a mass-
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less quark theory, the tunneling amplitude vanishes so
that the strength of the first diagram must be propor-
tional to m,. With three quarks, we can generalize it as
1/(m;'+m3' +m_'). Suppose that there are only gluons
and a very light axion a at low energy. Integrating out
heavy fields, we are left with the flavor-independent cou-

pling aGG. Here we are not considering 7' even below
the quark condensation scale. If quarks are added,

the flavor singlet coupling GG can be split into quark
mass terms with a,xx/m,, a;*x/my a;*<x/m, etc.,
as if the quarks are not integrated over, m,ii; uge' "’

+myd;dget®®+---, which shows that the flavor singlet
coupling is of order O(a/F,). Then, even below the
chiral symmetry breaking scale, we have the PQ
charges proportional to 1/m,. With this definition of
quark charges, the axion mass comes from integrating

out GG, and is proportional to a,+a;+a, which is
~m,mgmyl[mym,+my)+m,m,| first shown for the
PQWW axion (Baluni, 1979). This is true even in the
heavy quark KSVZ-type axion models. Even if the light
quarks do not have the same PQ charge as in some vari-
ant axion models (Krauss and Wilczek, 1986; Peccei, Wu,
and Yanagida, 1986; Bardeen, Peccei, and Yanagida,
1987; Kim and Lee, 1989; Hindmarsh and Moulatsiotis,
1997), the axion mass has the same final form due to the
reparametrization invariance, which will be shown be-
low. As a result the axion mass formula we write below
is quite general.

However, there was an assumption in this statement:
7' was integrated out. So it is necessary to include 7' to
obtain a more accurate axion mass. The light mesons
and axion interactions must appear from those of Fig. 9.
In this framework, however, the flavor singlet condition
must be invoked as a constraint. (This flavor singlet con-
dition is the anomaly matching without 7'.) Along the
way, we would like to see how the Vm dependence arises
below the chiral symmetry breaking scale in the KSVZ
model.

In the presence of vectorlike heavy quarks, the heavy
fields are integrated out; their sole effect is encoded in
the low-energy effective theory as nonrenormalizable
couplings suppressed by F,, e.g., in the anomalous
c3-type couplings with the SM gauge bosons. It is as-
sumed that the heavy quark does not condense, since
the QCD coupling is very small due to the asymptotic
freedom at the heavy-quark Compton wavelength scale
and there does not exist a strong force to attract heavy
quarks. Below the heavy quark scale, there are no mass-
less mesons composed of heavy quarks. Therefore, the
general form of the axion interaction, Eq. (19), is valid at
low energy. First, the determinental interaction has the
same chiral symmetry behavior as that of the anomaly
term, and the anomaly term is removed in favor of the
determinental interaction to include 7' explicitly. Sec-
ond, we choose the basis where the u# and d quark
masses are real. Since the strange quark mass is known
to be below the QCD scale, we must include the strange
quark with real and positive mass also in the instanton
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interaction. For simplicity, 7° and 7', arising from quark

condensations iu and dd with decay constants f, and
fy(=fz) (Gell-Mann, Oakes, and Renner, 1968), are
considered explicitly but with the » meson frozen. The
effects of heavy quarks are included in the c; term. If we
keep ¢y, the kinetic mixing of mesons and axion is
present, due to the PCAC relation (0|/%(x)|meson;(k))
=—iktf je~** 5;where J&~ Gy*ysT,q. This would modify
the axion mass, and hence it is easiest to calculate the
axion mass by choosing the reparametrization param-
eter « such that ¢;=0. In this basis, denoting #°, %', and
a in terms of dimensionless fields, 6,=="/f, 6,
=n'lf,, 0=alF,, we obtain the following effective inter-
action below the chiral symmetry breaking scale:

!

L=- mu<lZLuR>ei[(gv+‘9v’)+Cgo]

-myd, d Qel0m+ 00 | ey Lgets (36)
where L4 is given in Eq. (20),
Lot = (= DK ughd, dg)(Spsghe’ @O =30 4 -
+ flavor singlet constraint) + H.c., (37)

and K has the mass dimension arising from QCD instan-
ton physics. The above form is consistent with the
anomaly (32) with ¢;=0. Note that the log det form in
the effective Lagrangian was used by Veneziano (1979);
Witten (1979, 1980); Di Vecchia and Veneziano (1980);
and Di Vecchia et al. (1981) from the 1/N, expansion
consideration, but we use Eq. (37) because of its simplic-
ity in the diagrammatic expansion. The sign of the first
diagram inside the box in Fig. 9 is determined to be
negative without the weak CP violation (Vafa and Wit-
ten, 1984). The QCD vacuum with the flavor indepen-
dence of light quarks without the determinental interac-
tion chooses m,(Gq)=—|m,|v* and we choose the sign of

all quark masses to be positive so that {(Gq)={(iiu)=(dd)
=-v° (Dashen, 1971; Langacker and Pagels, 1973, 1979;
Gasser and Leutwyler, 1982). Equation (37) is the instan-
ton interaction of Fig. 9, which gives A*,m, A3 m A3, ...
by many ways of closing quark lines, shown in Fig. 9, but
here one must invoke the flavor singlet constraint. The
dominant term is the second diagram highlighted, which

AT, +2uA;

nst.

1/ F?

2

4 3
Mu,n’,rro =1 - 2C[A77' + I‘LAinSt ins

0 —m_vlff’

Vf'F [4AS, +2uA5 g + moo’Yif

is flavor singlet and is the main source for the 7’ mass.

Now we restrict ourselves to the two-flavor case. For
the axion, the key diagrams are those in the second line
of Fig. 9. If there is more than one QCD axion, then the
O(m,m,) diagram will be important at the next-level ax-
ion mass. Integration over the instanton size includes
large instantons, covering the chiral-symmetry-breaking
range where mesons appear as dynamical degrees,
where we invoke the flavor singlet constraint. The effec-
tive interaction Hamiltonian of 6,, 6,,, and 6=a/fs can
be written, using the reparametrization invariance (21)
with Ny=3 and 7 fixed, as [Huang (1993) and Kim and
Kim (2006)]

-V =myu*cos(6, + 0,7) + myv> cos(— 6, + 6,)

9
+ % cos[26,, — (c5 + ¢4 +c3)0]

2.6
+m, 125 cos[— 6, + 0, — (¢ + ¢4 +¢c3) 0]
A%p®
+my IéS cos[ 0, + 0,y — (c; + cg +c3)0], (38)

where A, and A, are parameters describing the result of
the Feynman and instanton size integrations. The (—1)"
term is canceled by the fermion loop or (-v) factors. If
m,=my,, A, and A, are equal. For m,#m, A, and A,
must be different. The instanton interaction is flavor in-
dependent, which should be respected in the interaction
(38). The m,, and m, linear terms from the determinental
interaction should be flavor independent, i.e., muAi
+mgA%=flavor independent. Since it vanishes if one
quark is massless, it must be a function of m,m,. Thus,
the instanton size integration with current quark masses
must give muA§+mdAfZ:2mumdl~,2/ (m,+my,), which
vanishes if any quark is massless. This is because the
original gluon anomaly term {GG} does not distinguish
flavors, and the smallness of the current quark masses
enables us to expand the 't Hooft determinental interac-
tion in terms of powers of the current quark masses.
Then, the 3 X3 mass matrix M? of a, %', and 7°, taking
into account the chiral symmetry breaking and the solu-
tion of the U(1) problem, is given as

= 2c[A}, + uASJf ' F 0

—m_vlff’ , (39)

(m.0® +2pA5, )/

. -
where c=c¥+cl+cy, F=Ffg, f=f, f'=f,, A*, =0/ K%, A3 =L%% K2 m,=m,+m,, m_=m,—m,, and
2 2 3 S T n 7 + u d d u

nst
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mny

= (40)

(mu + md) .

Certainly, Eq. (39) realizes the solution of the U(1) prob-
lem due to the Af?, term in the (22) component. In the
limit f/F, f'/ F<1, we obtain

2 m.,v +2,LLA

m’y = Tt (41)
4A +m,v +2ull
m2, = (42)
7 f2, >
7
2
2
1+A 43
ma F2 (1 Z)2-f271nlfn'0( + ) ( )
where
A — 2 Alnst(m+v + IU’Amst) (44)

m, mﬂ_of

In this form, the 7 mass has the standard m.v? plus the
instanton contribution to the light quark mass (Kaplan
and Manohar, 1986; Choi, Kim, and Sze, 1988). From
Egs. (41) and (42), we estimate the parameter Arz which
is the source of the solution of the U(1) problem: A4
—(f ,m —~f2m2)/4~ (202 MeV)* with f,, ~86 MeV and
fn= 93 MeV In any axion model, this form is valid with
|c|=Npw-. Using the standard definition on the axion de-
cay constant F,=F/c, we obtain

(1+A4). (45)

Even though the instanton diagrams of Fig. 9 contain
the summation of linear quark mass diagrams, the diago-
nalization process with mesons signals the predominant
contribution of the lightest quark. The flavor singlet con-
dition discussed before chooses the following linear
quark mass dependence:

1 1 =
w=—+—+ | . (46)
m, mgy

Neglecting instanton contribution to the current quark
masses, we obtain m,~0.60 eV (10’ GeV/F,), for the
mass ratio Z=0.48 as summarized by Manohar and
Sachrajda (2008). An earlier frequently cited Z is 5/9
(Weinberg, 1977; Gasser and Leutwyler, 1982). The cor-
rect axion mass has to include the current quark mass
change due to instantons. However, the resulting esti-
mate of A turns out to be small.

2. Comparison with old calculations

Now we comment on the old anomaly matching con-
dition. If any quark mass is zero, there exists an exact
symmetry a — a+const, i.e., the axion is massless, above
the chiral-symmetry-breaking scale. Below the chiral-
symmetry-breaking scale, it is likely that this condition is
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satisfied. We denote the original current as J5q. This cur-
rent is anomalous above the chiral-symmetry-breaking

scale, d,Jpo= (NQ/32772)G” G where N is the num-
ber of heavy quarks with I'=1/2. Below the chiral-
symmetry-breaking scale, we considered two pseudo-
scalar mesons which have anomalous couplings: %' and
a. The global anomaly matching condition will work if
there is no chiral symmetry breaking ('t Hooft, 1979).
For chiral symmetry breaking, there are no massless fer-
mions and we consider only color singlet mesons below
the chiral symmetry breaking scale. Thus, the bosonic
current must be anomaly-free after all heavy fields in-
cluding #' are integrated out, i.e., we consider an
anomaly-free current J instead of Jpg below the chiral-
symmetry-breaking scale (Kim, 1987),

(7 /S
Jd

N, .
=Jpq —9—2(1 +2) (y,ysu+ Zdy,ysd), (47)

where the divergence of the second current gives a sin-
glet pseudoscalar density so that the axion does not mix
with 7°. Equation (45) with A shows that the finite 7’
mass enters into the a-»’' mixing.

3. Mesons without axions

Even if there is no axion, we can diagonalize the mass
matrix. If m,,=0, one starts with an exact up-quark chiral
transformation, which leads to a Goldstone boson @ in
the vacuum, (@tu) # 0. This Goldstone boson couples to a
neutron through (c,d,0)iy*ysn. In reality, 7' obtains
mass by the anomaly, and the symmetry remains unbro-
ken: it is the phase symmetry of (iu). Therefore, any
violation of the shift symmetry must be such that it goes
away in the limit w—O0; this is Dashen’s theorem
(Dashen, 1971). Thus, from Eq. (38) we obtain the VEVs

of 7" and #° for a small 6,

(7) _ 6 wo’

f, __2(1+Z)A4:7”

. (48)
() a1+ 2)

+

The VEVs of 7' and #° are vanishing if 6=0 or any

quark mass is zero. In addition, we can estimate the #’
properties from the interaction (v?/K%)cos(29'/f,),
where f,, is the 7' decay constant and K has a mass
dimension. This comes from the diagram of Fig. 9. Com-
paring 7’ —2y and 7% —2vy decay widths, 7.74 eV and
4.3 keV, respectively (Amsler et al., 2008), we obtain
foy=@13)m, m )T (" —29) IT(y =29)1f7. o1 f
~86 MeV. Fitting to the # mass, we obtain K
=(°If2,m )15 =240 MeV.

4. The =0 vacuum with axions

We have shown above that the Lagrangian (38)
chooses =0 in CP-conserving theories if 6,=0 and
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FIG. 10. The Feynman diagrams of axion couplings. G and y
are the gluon and photon, respectively. ¢; and ¢, couplings
are anomalous.

ayy

6, =0, which is determined by QCD dynamics. How-
ever, if CP symmetry is broken, the vacuum value of 6
is shifted from the #=0 value by the presence of any
linear term of 6,,6,,, or/and 6. The meson potential is
invariant under CP symmetry with CP(m)=CP(7')
=CP(a)=-1. Such linear terms are generated by consid-
ertion of CP-violating phases and chirality-flipping
(L < R) insertions. As a result linear terms of a are gen-
erated by combining the 't Hooft determinental interac-
tion and CP-violating weak interactions. Linear terms of
7w and 7’ can also be generated by considering the weak
interactions alone without the determinental interaction,
but the conditions of the flavor singlet, chirality-flipping
(L+R), and CP-violating effects do not occur at the
one-loop level. In the SM with the Kobayashi-Maskawa
CP violation, Ellis and Gaillard (1979) showed that a
finite correction occurs at the fourth order, O(a?), lead-
ing to a small NEDM, but infinite corrections occur
from O(a’). These can give rise to a linear term of 7. In
the SM, the pioneering calculation with axions has been
performed in chiral perturbation theory to obtain 6
<107"7 (Georgi, Kaplan, and Randall, 1986; Georgi and
Randall, 1986). The estimated 6, however, is far below
the current experimental limit of 10711,

C. Axion couplings

The axion interactions are given in Eq. (19) which are
shown in Fig. 10 where we have not drawn the aWW and

aZZ7 diagrams which are orthogonal to the ayy. The dia-
grams of Fig. 10 are complete for the low-energy axion
phenomenology, where the suppression factor 1/F, by
the axion decay constant is explicitly shown.

1. Axion-hadron coupling

When we discuss axion-hadron interactions, which are
relevant low-energy laboratory experiments and physics
at the core of supernovae, we must integrate out gluon
fields. Technically, this is achieved using the reparametri-

zation invariance to remove the ¢;6GG coupling. If we
keep the c; coupling, we must consider the axion-gluon-

Rev. Mod. Phys., Vol. 82, No. 1, January—March 2010

gluon interactions also, which are hard to treat accu-
rately at face value but must be the same as in the c;
=0 basis. In this way, the quark interactions are changed
from the original values as follows:

1

1 —C1=C +§c3,

C2—>C_2:C2+C3, (49)

C3*>C_3=C3—C3=0.

In the notation with overbars, there exist only ¢; and ¢,.

We discuss one family without separating c;, into
c‘l‘:g first for an illustration, and then we discuss the
cases with cﬁ‘:zd and write down formulas for three fami-
lies. We define the initial parameters c;, ¢y, and c3 to-
gether with the definition of the vacuum angle 6,
= 0ocp- In principle, the initial vacuum angle can be
a free parameter. Here the vacuum angle 6Ogcp is
defined such that ¢;=0. Picking up the axion-depen-
dent chiral rotation charge defined below the chiral
symmetry breaking scale Eq. (47), the chiral quarks in
the chiral perturbation theory are transformed as ¢,

—exp(iQ40)qr,qr— exp(—iQ40)qr, where

1 M1

RAREETYVES

Mlzdiag<L,L>. (50)
m, mgy

The derivative interactions of the axion are obtained in
this way (Kaplan, 1985; Georgi, Kaplan, and Randall,
1986).

For the KSVZ axion, we have ¢;=¢,=0 and c3=1, and
the coefficient of the gluon anomaly term is a/F,
+0ocp. Hence, redefining the axion as a+F,6qcp, we
obtain’

KSVZ axion (¢; =0,c,=0):

(51)

[*]]
—
Il
8=
=

C3 =

62:C2+C3:1.

Here ¢, must be split according to the flavor singlet con-
dition into E;’+E§i, Eq. (47), or (50).

For the DFSZ and PQWW axions, ¢;=0,c,#0, and
¢;=0. If a nonvanishing 6ycp is introduced here, we
have, using the reparametrization invariance (21), c;
=-c,/2,¢5=0, and c¢j=c,. Then the coefficient of the
gluon anomaly term is c,(a/fs)+ 6ocp, and hence, rede-
fining the axion as a+(fs/c;)0ocp and going back to the
¢3=0 basis, we obtain for one family,

DFSZ and PQWW axions:

& =3(-c+ 6, (52)

The sign convention is stated below.
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629&0, 53:0.

Again, ¢; must be split according to the flavor singlet
condition to ¢4+¢§ according to the anomaly matching
condition, Eq. (47).

When the heavy o field and heavy quark fields are
integrated out, the massless (at this level) degree a
=F,0 which appears from the phase of the singlet field
o=((0)+p/\2)e'? appears in the effective low-energy La-
grangian. If there are multiple SM singlets S; carrying
PQ charges and VEVs, then the axion component is

Vv, = (E r?vf)”z, (53)

where a(S;) is the phase field of S;. The PQ charges are
defined such that the smallest nonzero absolute value(s)
of the PQ charges is 1 so that every scalar field returns
to its original value after a 27 shift of its phase. We now
discuss axion couplings after integrating out the heavy
fields.

In the KSVZ model c; is calculated using the triangle
diagram of heavy quarks for the global anomaly. The
domain wall number Npyw is Npw=Tr I'(Q;)I(Q;), with
F,=V,/Npw where I'(Q;) (defined as Q; —e@?Q,
under a—a+F,0) is the PQ charge and /(Q;) is the in-
dex of SU(3), representation. Every field is represented
in terms of left-handed fields, and the PQ charges are
defined such that the SM singlet o coupling to heavy
quarks carries one unit of the PQ charge. If the light
quarks also carry the PQ charge, then Eq. (22) gives
Npw, which belongs to the generic very light axion
model discussed below. The anomaly calculation gives

1
a= 72 I';Via(S)),

a i

the one-loop coupling (Npwa/V,){GG}, but since the
vacuum angle 6 or axion is given by the coefficient of
{GG}, F, is defined by dividing V, of Eq. (53) by Npw
and hence c;==+1 where the sign coincides with that of
TrI'(Q;)I(Q;). As a convention, choose it to be c3=+1,
which is choosing the effective PQ charges of heavy
quarks to be positive. Transferring c3 to c,, we split c3
=c%+cd using the PQ charges of Eq. (50),

KSVZ axion:

et =3¢, (54)
1 a__Z

2T+ P+ z

In the DFSZ model, ¢4 and ¢§ are calculated by
transferring the phase of o to H, and H, with the
PQ symmetry such that (H%=\2v,e™/Vo and (HY)
=\2v,el Vo if HZHZO'Z defines the PQ charge of o in
terms of PQ charges I', and I'; of H, and H,. Here a
=V,0 is not the mass eigenstate and instead of V the
mass eigenstate a uses the decay constant F,=[([,
+T ) V24202 + T3] 2= (T +T )V, for V,>v,,04
and the axion component a=[(I",+I,)Va
+Fquwa(Hu)+deEWa(Hd)]/Fu2a, and Fa: VU'/NDW'
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In the DFSZ model they are given by Carena and Peccei
(1989): cs=v /iy, 5= |vu| /vEW, and ¢=c;=0. Us-
ing the reparametrlzatlon invariance Eq. (21), we can
use cj“=—c4/2, cj*==ci/2, ¢;*=c}=0, and c}=c;"+c}?
=1. Removing cé accordlng to the flavor singlet condi-
tion, we obtain for one family,

DFSZ axion for one family:

2 _ |Ud|2 1_u =d _ |vu|2 l-d
Ty 27 T 2l 2
(55)
1 V4
—u ~d_
2T1iz Tz

where v,=|(\2 vd—|<\2H0)| VEW= (v ' +v3)!2. The
PQ charges 5= |vd| Jvgw and ¢§=|v,|*/vEy of H, and
H, are obtained by considering the orthogonal compo-
nent to the longitudinal mode of the Z boson. Remem-
ber that the signs of ¢4’ “ are chosen from the convention
that the PQ charges of H, 4 are positive. This result is
for one family.

If we have N, families, we can calculate the couplings
just below the electroweak scale where all quarks obtain
masses. Thus, we obtain for three families ¢5=c5=c}
=lvg?/viy and cd=c5=ch=|v,|*/vEy. Using the rep-
arametrization invariance, we can calculate cj, ¢, and ¢,
just above 1GeV: ¢5=0, c|'=—3c}, and ch=Ny(Zich)
=N,. Then we integrate out the heavy quarks ¢, b, and ¢
to obtain the effective couplings just above 1 GeV; this
does not introduce any new c, terms. Now there are
three light quarks u, d, and s for which we use the rep-
arametrization invariance to remove the c¢j term such
that the isosinglet condition is satisfied; ¢/, is anomaly-
free where J;’L:JZQ— v, iy, Ysu — adc;fy#ysd— a,8y,yss and
a“JZQ:Ng{GG}. Thus, a,+a,+a,=N, is satisfied and
the SU(3)gavor singlet condition of 9, determines

mao mao mao
a, = , Qg = , O = 5 (56)
u ny m

Nm,m m; _ Nm,+myZ

(1+2)?

mao= =
m,mg+ nm,ng+ Mg

Therefore, removing ¢} by the reparametrization invari-
ance, we obtain

DFSZ axion for N, families:

o 1 N, d--Z N (57)
¢y=——N,, ¢5=——N,,
2714728 2T 1yz08
2 2
—u _ v 1 v
&=, =l (58)
2 VEwW 2 UVEwW

If heavy quarks and also H, , carry PQ charges, we
must consider all these. If one SM singlet ¢ houses the
axion, then we obtain
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General very light axion:

U 1
czzm(l iNg), (59)
_ V4
¢ = ﬁ(l + No), (60)
_ |Ud|2
b +N,)* ——6 61
=N F o, (61)
ct ( in%aH, (62)
2(1 +Z) § ZUEW d

where the PQ charges (+ or —) of H, and H,; determine
the sign (— or +) in front of the DFSZ component and
6x=1 or 0 if the corresponding Higgs doublets carry the
PQ charges or not. For the MI axion from superstring
theory, which is a hadronic axion, in principle there can
exist an additional contribution to c¢; as pointed out in
Sec. VLF.1.

If there are no heavy degrees carrying the PQ charges
above the clectroweak scale, then ¢, in the so-called
PQWW model is given by the PQ charges of H, and H,,

PQWW axion: Same as Egs. (57) and (58).  (63)

All models have ¢; and ¢,. For the original ¢, term,
different models give different values; for example,
some variant axion models (Krauss and Wilczek, 1986;
Bardeen, Peccei, and Yanagida, 1987; Kim and Lee,
1989; Hindmarsh, and Monlatshotis, 1997) have different
¢,’s from those of the PQWW axion. For astrophysical
application, we must keep both ¢; and ¢,. The ¢; and ¢,
terms give the axial-vector and pseudoscalar couplings,
respectively. The axion operator in the flavor SU(3)
space can be written as
—u —d
Cipt C1,21

6 ’

—u ~d
Cir+C
- 121t Ci2
(C1,2_Cl,2)F3 + ’E Fg+
AY

(64)

where F3 and Fg/ V3 are the third component of the iso-
spin and the hypercharge operators, respectively, and 1
is the identity operator.

The derivative couplings with nucleons and mesons
below the chiral symmetry breaking are the defined as

5 ta _ _
Ly = _|:Cappp YuYsP + Cannl YuYsh

AV - Fa
. Tt T
+K%mw(zyn¢n—}:nnp>} (65)
Mta

g 0 — 0_—
EZ%JT’)T’)T: Caﬂﬂﬂ'm(w 7T+(7M7T + T {9#77+
-2t d,mY), (66)
where
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a2 e
Capp = CiF + 3 p S, (67)
(67)
~d ~U ~u , ~d
_ ci—2c¢ ci+¢
Cann:c‘fF+ ! 3 Ip+ 16 1S,
eu—¢l 2(¢4 - &
CaWNN: ! N 1’ Camﬂr: ( ! 1) . (68)
V2 3

Here the axial-vector coupling parameters of the
nucleon octet are given by F=047,D=0.81, and S
=0.13+£0.2 (Amsler et al., 2008). For example, for the
hadronic-axion couplings we obtain the results given by
Kaplan (1985) and Chang and Choi (1993),

c 1 1—ZZD 1S
= + +=
PP 21+2Z)  6(1+2) 6’

Z Z-2 1

Conn = F D+-=S, 69
m=o1+2) 6(1+2) 6 (69)
S -z
amNN — 2\5(1 +Z)’ amTmTT T 3(1 +Z)

For the DFSZ axion, there exist additional contributions
from the extra terms in Egs. (57) and (58).

Similar expressions might be attempted for the pseu-
doscalar couplings in terms of ¢4? and the pseudoscalar
coefficients F’', D', and S’. But for the axion current,
corresponding to ]fL, there does not exist an anomaly as
discussed in Eq. (47) and we do not write down the ax-
ion pseudoscalar couplings. The anomaly carried by ax-
ions above the chiral symmetry breaking scale is left
over to 7' below the chiral symmetry breaking scale and
hence these pseudoscalar couplings are for the %' me-
son. The axial vector current of #’ to the nucleon octet
N=g®q®q is

I7 =fpd.n +guNv,ysToN, (70)

where T, is properly normalized, Tr Tg:% or T
=1/ \s’TNf, and gfv is determined by strong interaction dy-
namics. The original global symmetry breaking term (20)

is transferred to N;Ngze'®” s which is actually the
nucleon mass term,

AL =—myN;Nge®"'fy + H.c. (71)
For example, the SU(6) wave function of a spin-up neu-
tron is

1
In'y = E|4dTuldT —2d'%u'd" = 2d'u'd* - 2utd*d!
\!

+autd'd - 2u'd'd' - 2d'd'u' - 2d'd"u!
+4d'd'uly, (72)

where the quarks are now interpreted as constituent
quarks below the chiral symmetry breaking. At low en-
ergy, this is the only relevant symmetry for consider-
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ation. The octet charge «; is determined by strong inter-
action dynamics. The ducaplet has a different U(1)
charge «f. Two anomaly matching conditions, PQ-B-B
and PQ-Q.,-Q.n, may be used but do not give useful
information because of many form factors. So, the PQ
charges of the current quarks being transferred to the
constituent quarks in the octet with a multiplcation fac-
tor gy, we obtain the PQ charge of the neutron as the

PQ charge of one constituent quark. Thus, N; Ny has
the phase o' :ngV\fTNf/ Ny. If we guess that gjsV is similar
to the octet form factor g, =0.75 (Georgi, 1984, p. 100),
ay is estimated as 1.22.

2. Axion-photon-photon coupling

As we calculated the ¢; coupling for the KSVZ axion,
we can calculate the axion-photon-photon coupling by
substituting the gluon lines by photon lines and the
quark triangles by charged fermion triangles. Since we
are interested in low-temperature experiments, we con-
sider the energy scale below the electron mass. There-
fore, considering V,=NpwF,, cgw calculated from the
PQ charges of charged fermions becomes

0 TrF(QL>Q§m_

ayy

73
N (73)

Below the QCD chiral-symmetry-breaking scale, we
chiral-transform light quarks to obtain

2

e T
Lyyy= 6”7732712F aFiTFé‘m, (74)
a
where
Cuyy = Cg'yy - C)(SB’ (75)

where the chiral-symmetry-breaking effect, including
the strange quark mass effect, is

2(4+1.052)

BT 1057 [1.762,2.260] (76)
for a 20% allowance from the tree level chiral perturba-
tion theory estimation (Kaplan and Manohar, 1986). For
illustration, we take c¢,qg=1.98 for Z=0.5 (Manohar
and Sachrajda, 2008).

In the KSVZ model, cgw is determined by the PQ
charge-carrying heavy fermions. If there were only one
neutral quark for this, then ng would be zero. If there is
only one PQ charge-carrying heavy quark with the elec-
tromagnetic charge Q.,, then cng Q2. But, in realistic
models from a fundamental theory it is more likely that
there exist many PQ charge-carrying quarks, and the
coupling given for one PQ charge-carrying heavy quark
is presented just as an illustration.

In the DFSZ model, we consider only light quarks and
leptons. The PQ charges of H, and H, determine the
PQ charges of u and d quarks. For the PQ charge of e,
we have two possibilities: H, gives mass to e and the PQ
charge of e is the same as that of d, or H, gives mass to

e and the PQ charge of e is opposite to that of u,

X
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TABLE L. ¢,,, in several field theoretic models. The left block
is for the KSVZ and the right block is for the DFSZ. (m,n) in
the KSVZ block denotes m copies of Qem:§ and n copies of
Oem= —% heavy quarks with the same PQ charge. In the DHSZ
block x=tan B=v,/v,.

Oem Cayy X one Higgs couples to Cayy
0 -1.95 any x (d,e) 0.72
+5 -1.28 | any x (u,e) -1.28
+5 0.72
+1 4.05
(m,m) -0.28
202<2)2 202{( 1)2 }
0 d u 2
=— =] X3-—="||-=] X3+(-1
Cayy 0125w 3 UIZEW 3 (-1
8
=3 electron mass by H,, (77)
20> (2)2 } 202( 1)2
0 d 2 u
=——==||=] X3-(-1)|-5=|-=] X3
Cary U%W{ 3 =D viw\ 3
2 i
=-3 electron mass by H,, (78)

where the PQ charges of H, ; were chosen to be positive
before. In applying Eq. (75), we must choose the PQ
charges of light quarks to be positive and hence the signs
of Egs. (77) and (78) must be reversed. For the PQWW
axion, the coupling is the same as those of Egs. (77) and
(78) with positive signs.

The KSVZ and DFSZ axion models arise in several
different ways, for which the axion-photon-photon cou-
pling has been tabulated by Kim (1998). In Table I, we
list axion-photon-photon couplings for several very light
axion models.

For a general light axion, the axion-photon-photon
coupling depends on the ultraviolet completion of the
theory. If the axion mass is lighter than 2m,, its lifetime
is

a2 287 F 3.65><1024<eV>5
a—2LY)="5 5 3= 2 — s
Ca 'y'yaem ma Ca Yy my,
0.8 X 107t [ eV’
e o 79
ayy a

where Z=0.5 and the age of the Universe ;=~4.35
%10 s. For ¢,,,=0(1), the axion with 24 eV mass has
the lifetime ¢;; (Moroi and Murayama, 1998; Hannestad,
Mirizzi, Raffelt, and Wong, 2008).

3. Axion-lepton couplings

The tree level axion-lepton (/) coupling arises in the
DFSZ and POWW axions where the lepton mass term
difines the c; of Fig. 10 through the PQ charges of H, or
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H,. The removal of the c; term does not change the
coupling ¢;, and hence we obtain the following tree-level
couplings of the axion and lepton:

DFSZ axion:
2
&Zi vsla, lepton mass by H, (80)
5, d»

NDWFaUIZEW

mlvé -
——— 5 liysla, lepton mass by HZ, (81)
NpwFvew

where the PQ charges of H, , are chosen to be positive.
For the PQWW axion, just F, is replaced by vgyw. For
the KSVZ axion, the axion-lepton coupling occurs at
higher order and is negligible in astrophysical applica-
tions. For the generic very light axion, the couplings
given in Egs. (80) and (81) are applicable.

Even though the tree level coupling of the axion with
an electron is absent in the KSVZ model, the axion-
electron coupling is present at one loop through the ¢
coupling (Srednicki, 1985)

24+7
ﬂ){co lnﬂ oor 1 A
eV

ayy

22 X 10‘15( , (82)

@ m, 31+Z nme
where A is the chiral symmetry breaking scale and Npky
must be multiplied in models with Npw# 1. On the
other hand, the DFSZ axion coupling to the electron is

3

14 1011Xd(—)<ﬂ>, (83)
Ng eV

where N,=Npw/2 is the number of families and X,
=sin? B=0v>/vLyy, for the case of Eq. (80).

D. Old laboratory bounds on F,

With the axion couplings discussed in Sec. III.C, one
can estimate the axion production rates in various ex-
periments. Null experimental results give the bounds on
the relevant axion couplings. These have been discussed
in earlier reviews (Kim, 1987; Cheng, 1988; Peccei,
1989). These old laboratory bounds, immediately stud-
ied after the proposal of the POWW axion, basically
rule out the PQWW axion, i.e., give an axion decay con-
stant F, greater than O(10 TeV),

F,=10* GeV (old laboratory bound). (84)

IV. AXIONS FROM OUTER SPACE

From Eq. (79), we note that the axion lifetime is
longer than ¢, for m,~?24 eV, and this kind of axion is
important in cosmology. For m,=<23 keV with c,,,=1,
the axion lifetime is longer than 10 min, allowing solar-
generated axions below this mass to reach Earth. These
examples illustrated the importance of studying low-
mass axion effects in astrophysics and cosmology.

The window for F, obtained from the astrophysical
and cosmological constraints is given by
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0.5%x10° < F,<2.5x%x 10" GeV, (85)

where the upper bound is understood with an initial mis-
alignment angle of order 1.

A. Axions from stars

In this section we present the key arguments leading
to axion constraints from astrophysical sources. Axions
have very small masses and therefore can be emitted
without important threshold effects from stars, in anal-
ogy to neutrinos. The method to constrain axion models
is basically the overall energy loss rate, whether using
the individual stars (e.g., Sun and SN1987A) or the sta-
tistical properties of stellar populations (e.g., the stars in
a globular cluster as a test population) (Kolb and Turner,
1990; Raffelt, 1996).

We may use the axion couplings to vy, p, n, and e to
study the core evolution of a star. Simple bounds are
obtained by comparing the energy loss rates by axion
and by neutrino emission. Study of the evolutionary his-
tory of a star by axion emission may give a stronger
bound than the one obtained from the energy loss rate
but may not be as reliable. Since there are good reviews
on axion astrophysics (Raffelt, 1990a, 2008a; Turner,
1990; Amsler et al., 2008), here we briefly comment on
axion physics in stars (Sun, low-mass red giants, super-
novae) to cite reliable F, bound.

With axion emission, the Sun consumes more fuel and
needs an increased core temperature. From the Prima-
koff process y+Ze—a+Ze in the hadronic axion mod-
els, Schlattl, Weiss, and Raffelt (1999) gave the axion
emission rate L,=3.7X1072L¢ with a 20% increase of
the ®B flux with the increased core temperature. The °B
neutrino flux gives the best bound on the solar axion
emission rate. The measured ®B neutrino flux 4.94
X 10° cm~2s~! (Aharmim et al., 2005) is consistent with
the axion emission if L,<0.04Ls (Bahcall, Serenelli,
and Basu, 2005). This translates to an F, bound of
F,/Cuy,=2.6X10° GeV for L,<0.04L, (Schlattl, Weiss,
and Raffelt, 1999).

For axion-electron coupling as in the DFSZ axion
models, the axion emission from globular clusters gives a
useful F, bound (Raffelt and Dearborn, 1987). Stars in a
globular cluster are assumed to have identical Y (helium
fraction) and metallicity fraction. The helium core be-
fore ignition is degenerate and the bremsstrahlung emis-
sion is very effective, whereas the Primakoff emission is
suppressed by the large plasma frequency and the he-
lium ignition does not give a useful F, bound for the
KSVZ axion. However, after helium ignition the core
degeneracy is lifted, the Primakoff effect becomes im-
portant, and the consumption of helium fuel is acceler-
ated by the axion energy loss, shortening the helium-
burning lifetimes. Horizontal branch stars in several
globular clusters confirm the expected helium-burning
lifetimes, which agrees with the standard prediction and
the axion losses should not exceed &,<10 ergg~'s7! in
the cores of horizontal branch stars (Raffelt, 1990b;



576 Jihn E. Kim and Gianpaolo Carosi: Axions and the strong CP problem

Catelan, de Freista Pacheco, and Horvath, 1996), which
leads to F,/c,y,=2X 107 GeV, a factor of 10 improve-
ment over the solar bound. Note that this globular clus-
ter bound is for models with an appreciable axion-
electron coupling.

In the study of the axion emission in the small-mass
red giants, the processes y+Z—a+Z,e+Z—a+e+7Z,
and y+e—a+e were considered. The early studies were
simple comparisons of the axion and neutrino emission
(Fukugita, Watamura, and Yoshimura, 1982a, 1982b;
Krauss, Moody, and Wilczek, 1984). In the study of
Dearborn, Schramm, and Steigman (1986), it is summa-
rized as F,=2.1X 107caW GeV if the Primakoff process
y+Z—a+Z dominates and F,=3.7x10%in? 8 GeV if
the Compton process dominates [for the DFSZ axion,
viz., Eq. (80)]. The Primakoff process is present in any
axion model, and hence the Primakoff process bound is
almost model independent except in the region m,
>200 keV where a is too heavy to be produced in the
core of a star. But this threshold effect is irrelevant since
the PQWW axion region is already excluded. Note,
however, that there is no confirmed observation of neu-
trinos from the small-mass red giants, unlike from the
Sun and SN1987A, and the possibility of dominant axion
emission from red giants is not excluded by observation
(Raffelt, 2008b). For the DFSZ axion, the region m,
>1072 eV is excluded due to the large axion-electron
coupling. For the hadronic axion, Raffelt and Dearborn
(1987) argued that an axion mass greater than about
2 eV)/[(E/N-1.95)/0.72] would reduce the helium-
burning time scale and is thus not allowed.

For supernovae explosion, the core temperature can
go much higher than the temperature in the ignition
phase of helium in the small-mass red giant cores. For
supernovae, therefore, nuclear reactions are more im-
portant and the F, bound can be very strong. As a result
we use the axion couplings to nucleons discussed in Sec.
II1.C.1 to study the core evolution of supernovae. In the
beginning, the bounds on the axion decay constant were
obtained by comparing the nuclear burning rates of pro-
duction of axions and neutrinos (Iwamoto, 1984; Pant-
ziris and Kang, 1986). The discovery of SN1987A was
important in that it propelled a much interest anew in
the calculation of the axion production rate (Hatsuda
and Yoshimura, 1988; Mayle, Ellis, Olive, Schramm, and
Steigman, 1988; Raffelt and Seckel, 1988; Turner, 1988).
In principle, the same kind of bound on F, could be
obtained from earlier supernovae studies. The studies
after the discovery of SN1987A were performed with
the derivative coupling and quartic terms of Sec. III.C.1
and obtained a bound F,=10° GeV. But as pointed out
by Carena and Peccei (1989), Choi, Kang, and Kim
(1989), Turner, Kang, and Steigman (1989), Kang and
Pantzisis (1991), and Sec. II1.C.1, a proper treatment of
nucleon states must be taken into account. For axion
emission from supernovae, one must constrain the en-
ergy output to €,<1x10" ergg's™! (Raffelt, 1990a).
The axion emission rate calculation of Raffelt (2008a) is
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€,=3.0x10"(ergg™! s‘l)Clz\,F;ZGCVY“aSO mevF,  (86)

where F,gev=F,/GeV, T,3 mev=T/(30MeV), and F
=0(1). In a supernovae explosion the axion emission
can be comparable to neutrino emission. Such remnant
axions from all past supernovae explosions may be
around us but will be difficult to detect because of the
small 1/F, (Raffelt, 2008b). For the smaller F, region
from supernovae explosions, axions can be trapped if
the axion-nucleon interaction is strong enough. For the
hadronic axion, this gives the bound on m,=1eV
(Raffelt, 1990a; Turner, 1990), and we have a hadronic
axion window in the eV range.

For the KSVZ axion and the MI superstring axion, ¢;
terms are present. For example, we can simply take ¢/
:% and E‘f:%, corresponding to Z=0.5, and hence obtain
capp:%F + 11—2S=O.17 for the KSVZ axion. Using c,,, as
Cy in Eq. (86), we obtain an F, bound from supernovae,

F,=0.5%10° GeV. (87)

The white dwarfs in the final evolutionary stage of
low-mass stars (M <10+2My), with the theoretical
model implemented in the DFSZ model, may give a
stronger bound on F, (Raffelt, 1986) for some region of
the DFSZ parameter tan 8=(H,)/{H ;). The recent study
of the bremsstrahlung process gives the bound F,=0.6
%x10'%sin?> 8 GeV, and even fits the cooling diagram
nicely with F,=1.2x10'"xsin? 8 GeV for H, giving
mass to the electron (Isern, Garcia-Berro, Torres, and
Catalan, 2008). Note that tan 8 is known to be large
(=30) in SUSY grant unified theory (GUT) models, and
the white dwarfs may give the strongest F, bound for
some DFSZ axion models.

The axion-nucleon coupling gets enhanced in a strong
magnetic field. Magnetic fields as strong as B>10'"® G in
neutron stars have been assumed in the scalar virial
theorem (Woltjer, 1964). With B>10?" G at the surface,
the axion emission rate from neutron stars or white
dwarfs will be enhanced by O(1) compared to the B=0
case (Hong, 1998).

In summary, axions once produced in the hot plasma
of a star most probably escape the core, taking out en-
ergy. This contributes to the energy loss mechanism of a
star and is used to constrain axion models. From the
nucleon-nucleon-a coupling, SN1987A gives the stron-
gest astrophysical bound on the axion decay constant,
F,>0.5x10° GeV (Raffelt, 1990a, 2008a; Turner, 1990).

B. Axions in the universe

Axions with m,=24 eV have a lifetime shorter than
the age of the Universe. In this case, axion decay might
lead to photons that can be tested against the observed
electromagnetic background of the Universe, as in some
spontaneously broken flavor symmetric models, v;
—vja—v;yy (Berezhiani, Khlopov, and Khomeriki,
1990). However, in this case the needed decay constant,

10° GeV, is outside the current bound on F,.
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FIG. 11. (Color online) The almost flat axion potential. The
misalignment angle is expected to be of order 1 but can also be
very small as shown by the thick arrow.

The axion for m,=<24 eV has a longer lifetime than
the age of the Universe and can affect its evolution. The
heavy thermal axions around the eV mass range of Fig.
2(b) become the hot DM in the Universe. For the
3-8 eV mass range, they accumulate in galaxy clusters
where their slow decay produces a sharp line that, in
principle, can be observed by telescope searches as sug-
gested by Bershady, Ressell, and Turner (1991). In this
case, the neutrino and axion hot DM must be considered
together, which now constrains the axion mass to m,
<1.02 eV (Hannestad, Mirizzi, Raffelt, and Wong,
2008a, 2008b), almost closing the hadronic axion window
of 1-20 eV of Fig. 15.

But more attention is paid to axions behaving as the
CDM candidate. The axion potential is almost flat as
depicted in Fig. 11. Therefore, a chosen vacuum stays
there for a long time, and starts to oscillate when the
Hubble time H~! is comparable to the oscillation period
(the inverse axion mass), 3H =~m,. This occurs when the
temperature of the Universe is about 1 GeV (Abbott
and Sikivie, 1983; Dine and Fischler, 1983; Preskill,
Wise, and Wilczek, 1983). There exists the domain wall
problem in the standard big bang cosmology (Sikivie
1982). The axion strings and domain wall problem have
been summarized by Sikivie (2008). The axion cosmol-
ogy is correlated to the reheating temperature Tgry in
the inflationary models, where one must deal with both
the inflaton and the axion. The density perturbations
produced by perturbations of the inflaton field are adia-
batic, Spmatter/ Pmatter= (3/4) Oprad/ Prag- On the other hand,
the perturbations produced by fluctuations of the axion
field have isocurvature. If the reheating temperature
TRy is above the axion scale F,, the limit on the isocur-
vature of less than 30% from the large-scale structure
data can be used (Beltran, Garcia-Bellido, and Lesgour-
gues, 2007). This will be commented on more in Sec.
IV.C on the anthropic argument.

In supersymmetric models, the reheating temperature
is constrained to Try<10° or 107 GeV (if the gluino is
lighter than the gravitino) from nucleosynthesis require-
ments in models with a heavy gravitino (Ellis, Kim, and
Nanopoulos, 1984; Kawasaki, Kohri, and Moroi, 2005).
So with SUSY the domain wall is not so problematic.
In this case, the problem of string-radiated axions re-
quiring axion mass m,>1073 eV (Davis, 1985; Harari
and Sikivie, 1987; Dabholkar and Quashnock, 1990) is
no longer problematic.

Axions are created at 7=F,, but the axion vacuum
(a) does not begin to roll until the Hubble parameter
reaches the axion mass 3H=m,, which occurs at T
=1 GeV. From then on, the classical field (a) starts to
oscillate. For a small misalignment angle, the energy
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density behaves like that in the harmonic oscillator
m>F2, which is proportional to the axion mass times the
number density. Thus, its behavior is like that of CDM,
which is the reason that the axion DM is CDM even
though its mass is very small and its interaction strength
is much weaker than “weak.” Even for a large misalign-
ment angle, an adiabatic invariant / exists and one can
estimate the current axion energy density. The axion
field evolution with the adiabatic change of the axion
mass has been considered before (Chang, Hagmann, and
Sikivie, 1998, 1999).

The temperature-dependent axion mass (Gross, Pisar-
ski, and Yaffe, 1981) enters in the determination of the
cosmic temperature 7 where 3H(T;) =m,(T;). The new
estimate of T, for F,<10'° GeV is a bit below 1 GeV,
T,=0.92 GeV (Bae, Huh, and Kim, 2009). QCD has two
phases: the quark-gluon phase and the chiral symmetry
breaking hadronic phase. Near the critical temperature
T,, these two phases are separated above and below T..
The critical temperature is estimated as 148'3;
(172f§2) MeV for three (two) light quark flavors (Braun
and Gies, 2007). So cosmology near T, needs informa-
tion on the temperature-dependent axion mass. This re-
gion is in the boundary of the weak and strong coupling
regimes and it is very difficult to estimate the axion mass
accurately. Early attempts in this direction are given in
Steinhardt and Turner (1983); Seckel and Turner (1985);
Turner (1986).

The 't Hooft determinental interaction is shown
in Fig. 9. In the quark-gluon phase, we have the first
diagram in the box, which is parametrized as
~K>3(mmgmyl p%)cos[(c,+c3) 0] where p is the effective
instanton size in the instanton size integration. [Gross,
Pisarski, and Yaffe (1981); Eq. (6.15)] expressed the re-
sult as

n(p,0)exp{— %A2(2N+ Ny
~12AMN[1 + ¢(N-NpT}, (88)
where N=mpT, A\)=-15In(1+\%/3)+a(l+y\23)S

with «=0.012 897 64 and y=0.158 58, and the prefactor
n(p,0) is the zero-temperature density

L[ 4 \™N 50
n(p,0) = m,mm,Cn(§ )3—( ) e 8m/g"(lp)
g AN\ (1)

(89)

Here, the parameters are xy=1.3391 and Cy=0.160 073
for N=3 with the Pauli-Villars regularization (Gross,
Pisarski, and Yaffe, 1981). Faleev and Silvestrov (1996)
argue that the MS scheme is suitable for the study,
where £€=1.3391 and Cn=0.160073 are presented for
N=3. For the subsequent numerical illustration, we use
the MS scheme values. For the QCD coupling constant,
we use the three-loop result (Amsler et al., 2008; QCD
by Hinchliffe, 2008),
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where By=11-2N}, B=51-2N,, and B,=2857- 22N,
+%N/§. At T=Tg.y GeV (from 700 MeV to 1.3 GeV),
we parametrize the instanton size integration of Eq. (88)
as

V(6) = - C(T)cos(0), 91)
where 6=a/F, and C(T) is

C(1) = a’instGeV4(TGeV)7n- (92)
We obtain  a;=4.715x10"12  (1.515x107'1,1.185

x10712),  n=6878  (6.789,6.967)  for  Agcp
=380 (440,320) MeV (Bae, Huh, and Kim, 2008). Equat-
ing 3H(T) and m(T)=+ C(T)/Fz, we obtain the following
T, for Agcp=380 MeV (Bae, Huh, and Kim, 2008):

T Gev = 0.931(F, o) 184, (93)

For F,=10"? GeV, we obtain T7;=0.93 GeV. This num-
ber is smaller than those given in the 1980s because we
used a smaller number for the product of current quark
masses m,m m, based on the recent compilation of light
quark masses (Manohar and Sachrajda, 2008).

(1) No sudden change in m,(T): Since the potential
varies much more slowly than the field itself, we can use
the so-called adiabatic invariant theorem that if the po-
tential is adiabatically changed, the area in the phase
space swept by the periodic motion is unchanged in one
axion oscillation (Landau and Lifshitz, 1976). In this
case, for a small misalignment angle the adiabatic invari-
ant is p(#)/m(t), which can be interpreted as the conser-
vation of the total axion number. For a large 6, the
invariant is not the axion number density, but the CDM
energy density, which can be related to the axion num-
ber density by a correction factor (Bae, Huh, and Kim,
2008). If we apply this until now, we obtain

pu(T,=2.73 K) = m,(T )n, (T )f,(6,)
7 3 X 1.668,(T)T5 .
= _m'ﬁf’ﬂ' T
1+Z e (TyMp T

L Oh1(0) ( 7, )
Y T, '

(94)

where f;(6,) is the anharmonic correction and we used
Z=m,/my=0.5, m,=1355MeV, f.=93 MeV, and
g.s(present)=3.91. y is the entropy increase ratio from
extra particles beyond the SM. This becomes roughly
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where 6, is the initial misalignment angle at 7 and 6, is
the angle at somewhat lower temperature 7, where the
adiabatic invariant 7 is calculated. The total correction
factor F(6,;,n) takes into account the anharmonic effect
and the initial overshoot of the misalignment angle, pre-
sented by Bae, Huh, and Kim (2008). For the critical
density p,=3.9784 x10714(h/0.701)? (eV)* and Aocp
=380+ 60 MeV, the axion energy fraction, in terms of F,
only, is given by (Bae, Huh, and Kim, 2008)

0%F(01>><m)2

y B (95)

Q,= 0.3796ABC<

where A=(m,mym,/3X6x103 MeV?)"00%, B
=(F,/10'? GeV)!184+-0010x with x=(Aqcp/380 MeV) -1,
and CZ(AQCD/380 MeV)_0'733.

(2) Sudden change in m,(T): We now try to calculate
the misalignment angle below the critical temperature of
chiral symmetry breaking where a sudden phase change
is experienced near the critical temperature 7. The
QCD interaction for light quarks below 1 GeV can be
written as

L=- (muL_lLuR + mdaLdR + mstSR + HC)
- K_S(ﬁLMRaLdRELSRe_iE30 + HC) , (96)

where K has the mass dimension arising from QCD in-
stanton physics. The ’t Hooft determinental interaction
(’t Hooft, 1976) written above is equivalent to the
anomaly term and has the same chiral symmetry behav-
ior. For T,=<T=<F, quark bilinears are not developing
VEVs, and the relevant determinental interaction for
the axion is the first diagram inside the box of Fig. 9.
Now, the importance of the determination of 7 is how
much the misalignment angle 6, can be shrunk at 7.,.
In the hadronic phase below the critical temperature
T,, the axion potential is shown in Fig. 12. The value
0,(T.) is the boundary value at 7. we use in the effective
Lagrangian below T.. Below T, the quark bilinears de-
velop VEVs and we must consider the possibilities of
qrqr replaced with (G;qg). The effective Lagrangian
from the determinental interaction is shown in Fig. 9.
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FIG. 13. (Color) F, vs the misalignment angle 6,/ \@ as a func-
tion of (,. The overclosure portion is from the precision mea-
surement requiring Q,<0.23 (Komatsu et al., 2009). The green
region is the region excluded by the condition ,=0.23. The
yellow band is the error bar region of Agcp and the two red
lines are the limits from the light quark mass bounds.

In the limit F,>f’', the mass eigenstates in one-flavor
QCD are

1 _f,/Fa
7lr’nass= f,/Fa 5 Omass = 1+m/K" |. (97)
1+m/K’ 1

Equation (38) with v3=0 has minima at #=27n (n inte-
ger). For v3#0, minima are at 0,y =2mm (m integer) and
0=2mn (n integer). Therefore, the 6 direction can be
taken as the approximate axion direction even below T7,.
The minimum point in the direction of the axion is not
changed when one goes from 6,, #0 to 6,,=0, i.e., above
and below the critical temperature. [If the minimum of @
is shifted by = in going from 6,,=0 to 6, =, the
shrunker 6,(7T,) at T, is near 7, and we must start from
O(1) misalignment angle at 7..] In most regions of the
phase transition space, a time scale At is needed for the
sound wave of quark bilinears to propagate to a large
distance, which releases the latent heat to keep the tem-
perature constant during the first-order phase transition
(Mukhanov, 2005). Even if one considers supercooling
toward a sudden phase transition, the parameter space
for a sudden phase change is almost nil and the axion
energy density presented in Eq. (95) is reliable (Bae,
Huh, and Kim, 2008).

In Fig. 13, we present the exclusion plot for m,
=2.55 MeV, m;=5.04 MeV, and m,=104 MeV (Mano-
har and Sachrajda, 2008) in the F, vs 01/\/;/ space, in-
cluding the anharmonic effect and the WMAP value
(Dunkley et al., 2009) of the CDM density combined
with additional data (Komatsu et al., 2009) Qpuh®
=(0.1143+0.0034. Note that F, of order 10"* GeV is not
very unnatural; it results from the new smaller masses
for u and d (Manohar and Sachrajda, 2008).

If axions are the CDM component of the Universe,
then they can be detected even though it may be very
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FIG. 14. (Color) The bounds on cosmic axion searches with
some theoretical predictions. The coupling on the vertical axis
is the coefficient of E-B. The future CARRACK and ADMX
experiments are from Tegmark, Aguirre, Rees, and Wilczek,
2006; Imai, 2008; and van Bibber, 2008.

difficult. The feeble axion coupling can be compensated
by the huge number of axions, since the number density
is ~F> and the cross section is ~1/F~ So there is hope
of detecting cosmic axions, which has been realized by
Sikivie’s cavity detector (Sikivie, 1983). But the Sikivie
detector has technical limitations for the interesting
large and median regions of the F, window. For ex-
ample, the F, region F,>10"® GeV advocated in an-
thropic arguments needs a too large cavity size and the
supergravity —mediation preferred region F,~5
% 10" GeV requires O(1.6 mm) order cavities. For tech-
nically preferred axion masses in the region 107° eV,
one needs a low-temperature cavity with dimension
O(>10* cm®) and a magnetic field strength of O(10 T).
The current status of cosmic axion search is shown in
Fig. 14.

C. Axion cosmology beyond the window

If F,>10"” GeV, an O(1) misalignment angle 6, is
ruled out by the cosmic energy density argument. How-
ever, if <1, the axion energy density can be within the
closure density. Rather than fine tuning 6, to order 1073
for a Planck scale F, (Pi, 1984), the anthropic argument
of Weinberg (Weinberg, 1987; Linde, 1988), that life
forms can evolve in a universe with a sufficiently long
lifetime, can be used for an allowable 6.

The homogeneous axion field value (with a— —a sym-
metry) right after inflation can take any value between 0
and wF, or 6;=[0, 7] because the height of the axion
potential is negligible compared to the total energy den-
sity right after inflation. So in the axion context with
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FIG. 15. (Color) A schematic for the F, bounds.

only the misalignment production of axions, the CDM
density is chosen as a random number by the spontane-
ous symmetry breaking of the U(1l)po. Even in the
multicomponent CDM models including axions, the ax-
ion misalignment angle can act as the random number.
This singles out axion physics, as stressed in Tegmark,
Aguirre, Rees, and Wilczek (2006), from all other an-
thropic arguments without axions in that the selection of
an axion vacuum is an unavoidable random process that
fixes the key cosmological parameter. This also distin-
guishes axions from WIMPs, super-WIMPs, etc., where
the abundance is fixed by particle physics parameters
and not by a primordial random process. As a result (),
may be at the required value by an appropriate initial
misalignment angle in models with axions with F,
>10'> GeV. Tegmark et al. studied the landscape sce-
nario for 31 dimensionless parameters and some dimen-
sionful parameters with which habitable planets are con-
sidered for the assumed nuclear physics parameters
(Barr and Seckel, 1992). For example, Fig. 12 of Teg-
mark, Aguirre, Rees, and Wilczek (2006) presents the
scalar fluctuation Q= dp/p versus the matter density per
CMB photon £, in which the anthropically chosen point
is shown as the star. In models with axions, this point
results from a random number after inflation. If a WIMP
is the sole candidate for CDM, one obtains just one
number for Jp/p from particle physics parameters,
which may not fit the observed point of that figure. Then
we may need the CDM-favored WIMP and in addition
the axion with F,>10'> GeV, with the axion CDM frac-
tion R,=Q,/Qcpy. But this large F, anthropic region
has a potential conflict with the WMAP five-year data,
as presented in the F, vs E; (=the inflation energy scale)
plane of Fig. 2 of Hertzburg, Tegmark, and Wilczek
(2008). For R,=1, for example, F,=10'* GeV is incon-
sistent with the WMAP five-year data on the upper
bound on the isocurvature fluctuation «,<0.072 (Ko-
matsu et al., 2009).

From the study of outer space axions, we present a
cartoon for the F, bound in Fig. 15 where the future
CERN Axion Solar Telescope (CAST) and ADMX ex-
perimental regions are also marked.

D. Quintessential axion

In light of SUSY breaking in supergravity, it is gener-
ally believed that at least a hidden confining force is
needed at an intermediate scale. This hidden sector and
the observable sector couple weakly in most phenom-
enological models. This scheme fits very well in the het-
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erotic string framework and in heterotic M theory.
In cosmology, on the other hand, we have had the im-
portant dark energy problem already for a decade (Riess
et al., 1998; Perlmutter et al., 1999), which has led to
much interest in quintessence models since the late
1980s (Wetterich, 1988). The quintessence related to ax-
ion physics is called the “quintessential axion” (QA)
which was suggested in Kim and Nilles (2003, 2009).
There have been attempts to identify one of the MD
axions as the quintessential axion (Choi, 2000; Kim,
2000).

To explain the dark energy in terms of a QA, one
requires the VEV of the QA not to roll down until re-
cently. Of course, it is required for the current vacuum
energy density of the classical QA to be of order A\*
~(0.003eV)*. These two conditions restrict the QA de-
cay constant f, and the QA mass m,. We can param-
etrize the QA (¢) potential as

Vigl=nu@, £=L. 08)
fq
For w=p/p<-1+6, we require f,>\(2-8)/66Mp|U’|
where U'=dU/d¢ (Kim and Nilles, 2003). Generically,
one needs a Planckian scale quintessential axion decay
constant f,. So the QA mass is extremely small,
<1072 eV. As a result, there are two problems to be
resolved to achieve the QA idea: a large decay constant
and an extremely shallow QA potential.
It has long been believed that the MI axion has rather
a robust model-independent prediction of its decay con-
stant (Choi and Kim, 1985a; Svrcek and Witten, 2006).
Recently, however, it was shown that the MI axion may
not be model independent since the decay constant may
depend on the compactification scheme in warped inter-
nal space, d52=hfvr;ﬂ,,dx“dx”+gmn(y)dymdy” (Dasgupta,
Firouzjahi, and Gwyn, 2008),
2 m%
Fo=N\ 77"
BMp
where 8 depends on the warping in the compact space
yek,

(99)

J d%/y%e*‘bhf
B= . (100)
f Ay

Thus, the MI axion with a small 8 can be a QA if the
QCD axion decay constant can be in the intermediate
scale. This possibility may be realizable in some compos-
ite axion models, as recently suggested in Kim and Nilles
(2009).

V. AXION DETECTION EXPERIMENTS

There are currently a variety of experiments searching
for axions, whether they are left over from the big bang
or produced in stars or the laboratory. Though these ex-
periments search for axions at a variety of mass and
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coupling scales they all rely on the Primakoff process,
for which the following coupling, is given in Eq.
(75):

Cayy

a - _
L= Cany{FemFem}’ Cayy = Cqyy— 198, (101)
a

- 2
where ¢,,,=Tr Q¢ E>M,

A. Solar axion search

1. Axion helioscopes

Axions produced in the nuclear core of the Sun will
free-stream out and can possibly be detected on Earth
via an axion helioscope, first described in 1983 (Sikivie,
1983, 1985) and developed into a practical laboratory
detector in 1988 (van Bibber, Mclntyre, Morris, and
Raffelt, 1989). The technique relies on conversion of so-
lar axions into low-energy x rays as they pass through a
strong magnetic field. The flux of axions produced in the
Sun is expected to follow a thermal distribution with a
mean energy of (E)=4.2 keV. The integrated flux at the
Earth is expected to be ®,=g%,3.67 X 10" cm2s~! with
810= e/ 27F,)C4,,10'° GeV (Zioutas et al., 2005). The
probability of a solar axion converting into a photon as
it passes through a magnet with field strength B and
length L is given as

P ( QemCayyBL )22L21 -~ cos(;]L)
4F, (gL)

Here c,,, is defined as the coupling of the axion to two
photons as given in Eq. (101), while g is the momentum
difference between the axion and the photon, defined as
q:mﬁ/ZE, where E is the photon energy. To maintain
maximum conversion probability the axion and photon
fields need to remain in phase over the length of the
magnet, thus requiring gL <= (van Bibber, McIntyre,
Morris, and Raffelt, 1989). For low-mass axions g —0,
leading to a maximum conversion probability. More
massive axions will begin to move out of phase with the
photon waves though this can be compensated for by the
additon of a buffer gas to the magnet volume, thus im-
parting an effective mass to the conversion photon (van
Bibber, Mclntyre, Morris and Raffelt, 1989) and bring-
ing the conversion probability back to the maximum.
The gas pressure can be varied to tune to various axion
masses.

An initial axion helioscope was built at Brookhaven in
1992 and used a 2.2 ton iron core dipole magnet ori-
ented at the Sun with a proportional chamber for x-ray
detection (Lazarus et al., 1992). It was followed by a 4 T
superconducting helioscope, developed by the Univer-
sity of Tokyo, which ran for 1 week with an evacuated
bore in 1997 (Moriyama et al., 1998; Ootani et al., 1999)
and for 1 month with a helium-filled bore in 2000 (Inoue
et al., 2002). Though both managed to set limits over a
wide mass range their sensitivities were still well above
even the most optimistic KSVZ axion couplings. Re-
cently, though, the University of Tokyo group released

(102)
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data taken between December 2007 and April 2008,
which were able to set a limit of g,,,<(5.6-13.4)
%1071 GeV~! for the axion in the mass range 0.84
<m,<1.00 eV (Inoue et al., 2008).

In order to push into proposed axion model space,
third-generation axion helioscopes have been developed
at CERN (CAST) and at the University of Tokyo. Uti-
lizing a prototype LHC magnet with L=93 m and B
=9 T CAST began taking data in 2003. It utilizes a rail
system to track the Sun for 90 min a day at sunrise and
sunset, and its dual magnet bore allows it to employ up
to four different x-ray detectors (one on each end of
each magnet bore). Currently a time-projection cham-
ber, a micromegas (micromesh gaseous structure) detec-
tor and an x-ray reflective telescope with a charge-
coupled device detector are all used to detect converted
x rays. Results from the combined 2003 and 2004 runs
yield limits on axion-photon-photon couplings of
Cayy Fa<7.6 X107 GeV™' (Andriamonje et al., 2007).
The experiment’s second phase utilizing “He and *He
buffer gases is currently under way with the latter gas
allowing for axion searches in proposed model space up
to mass ~1 eV.

2. Bragg diffraction scattering

An alternative to axion helioscopes was proposed in
1994: use of crystal detectors which meet the Bragg con-
ditions to search for x rays generated by coherent axion-
to-photon conversion (Paschos and Zioutas, 1994). Vari-
ous dark matter WIMP search collaborations were able
to look through their data sets and set limits on possible
interactions from solar axions. These included germa-
nium experiments such as COSME (Morales et al., 2002)
and SOLAX (Avignone et al., 1998), CDMS (Ahmed et
al., 2009b), and the reactor germanium experiment
TEXONO (Chang et al., 2007), as well as the DAMA
experiment (Bernabei et al., 2001, 2003) which utilized
Nal crystals. The limits from these searches can be seen
in Fig. 16. One advantage of this technique is that its
sensitivity is independent of axion mass, as long as one
can neglect any nuclear recoils (Carosi and van Bibber,
2008).

3. Geomagnetic conversion

It has recently been pointed out (Davoudiasl and Hu-
ber, 2006) that solar axions might pass through the Earth
and convert to x rays on the other side as they pass
through the Earth’s magnetic field. They could then be
detected by x-ray telescopes and the solar x-ray back-
ground could be effectively shielded by the Earth.

B. Search for cosmic axions

Cosmic axions left over from the big bang may be
detected utilizing microwave cavity haloscopes (Sikivie,
1983, 1985). The strategy relies on primordial axions
drifting through a microwave cavity immersed in a
strong static magnetic field in which they can resonantly
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FIG. 16. (Color) Exclusion plot of axion-photon coupling vs
axion mass (Carosi et al., 2008). The black bold line limit is for
phase 1 of the CAST experiment and results with inclusion of
buffer gas are expected to increase the mass and reach plau-
sible axion models. The field theoretic expectations are shown
together with the string theory Z;,_; model of Choi, Kim, and
Kim (2007). In the lower left apricot box, Fig. 14 is located.

convert to microwave photons, see Fig. 17. The cosmic
axions’ feeble interactions can be in part compensated
by their large numbers; since the number density varies
as ~F> while their cross section varies as ~1/F>. If the
axion makes up the majority of CDM in the Universe,
its local density is expected to be roughly 0.45 GeV/cm?
(Gates, Gyuk, and Turner, 1995), which yields a number
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FIG. 17. (Color online) Outline of the general configuration of
a resonant microwave cavity detector along with the associated
singal expected from axion-photon conversions. This includes
both the virial component and possible lines from coherent
axions.
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density of ~10'* axions/cm? if one assumes a 4.5 ueV
axion. The expected microwave signal will be a quasimo-
nochromatic line beginning at the microwave frequency
corresponding to the axion mass and slightly broadened
upward due to the axion virial distribution, with ex-
pected velocities of order 1073c, implying a spread in
energies of 6E/E~107°.

There could also be an additional signal from nonther-
malized axions falling into the galaxy’s gravitational well
which would yield very sharp signals due to their low
predicted velocity dispersion (<107 7¢) (Sikivie, 2003).

1. General detector properties

Since the Lagrangian for axions coupling to a mag-
netic field goes as
AemC
L — M)aE -B,
“r ( 2mF,
the only resonant modes which can couple to axions are
those that provide an axial electric field component (TM
modes). The expected power generated from axion-to-
photon conversions in the cavity is given by (Sikivie,
1985)

(103)

2

XemCay, 1 .

Pa = ( — ) VB(Z)paC[mn mln(QL’ Qu)
27F, m,

V \(By\? Can \
=05x 1026 W[ — (—0) C (—ﬂ>
(500€) 7T) "\ 0.72

" ( Pa )
0.5x 107 g cm™

)mm@L,Qa), (104)

X ( i

27(GHz)
where V is the cavity volume, B, is the magnetic field
strength, p is the local axion mass density, m, is the ax-
ion mass, C;,,, is a form factor which describes the over-
lap of the axial electric and magnetic fields of a particu-
lar TM,,,,,, mode, Q; is the microwave cavity’s loaded
quality factor (defined as center frequency over band-
width), and Q, is the axion quality factor defined as the
axion mass over the axion’s kinetic energy spread. The
mode-dependent cavity form factor is defined as

2

f PrE. - By
174

Crom = (105)

B%VJ d’x€eE,|?
v

where E (%)e is the oscillating electric field of the

TM,,,, mode, B, (%) is the static magnetic field, and e is
the dielectric constant of the cavity space. For a cylindri-

cal cavity with a homogeneous longitudinal B field the
Tyo mode yields the largest form factor with Cy
~0.69 (Bradley, 2003).

The mass range of cosmological axions is currently
constrained between ueV and meV scales, correspond-
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ing to converted photon frequencies between several
hundred MHz and several hundred GHz. Since larger
microwave cavities correspond to lower resonant fre-
quencies and lighter axions are more likely to contribute
to the dark matter density, experiments have been de-
signed to start searching at the low end of the frequency
range. At these frequencies cavities can scan only a few
kilohertz at a time in order to maintain the maximum
quality factor. Axial metallic and dielectric tuning rods
are utilized to tune the cavity’s resonant frequency as it
scans over the possible axion mass range. The scan rate
is determined by the amount of time it takes for a pos-
sible axion signal to be detected over the microwave
cavity’s intrinsic noise, and is governed by the Dicke ra-
diometer equation (Dicke, 1946),

P p, [t
SNR = —%\Br= —4%/—.
PN kBTS B

Here P, is the power generated by axion-photon conver-
sions [Eq. (104)], Py=kzBTj is the cavity noise power, B
is the signal bandwidth, ¢ is the integration time, kp is
Boltzmann’s constant and T is the system temperature
(electronic plus physical temperature). The scan rate for
a given signal-to-noise ratio is given by

d_f_lZGHz( 4 )2< V)
dt  yr \SNR/ \5001

7a) elim) ()
7T 0.72) \0.45 GeV/cm?

<) (e &
Ts) \GHz/) Q,

One can see from Eq. (106) that even a small expected
signal power can be made detectable by increasing the
signal power (P,=VBY), increasing the integration time
t, or minimizing the system noise temperature 7'5. Tech-
nology and costs limit the size and strength of the exter-
nal magnets and cavities and integration times are usu-
ally 1~100 s in order to scan an appreciable bandwidth
in a reasonable amount of time. As a result the majority
of development has focused on lowering the intrinsic
noise of the first-stage cyrogenic amplifiers.

(106)

(107)

2. Microwave receiver detectors

Initial experiments were undertaken at Brookhaven
National Laboratory (DePanfilis et al., 1987) and the
University of Florida (Hagmann et al., 1990), but their
modest-sized cavities and magnet fields meant they were
still factors of 10-100 times away from plausible axion
model space. There are currenly two active second-
generation experiments under way, the Axion Dark
Matter Experiment (ADMX) at Lawrence Livermore
National Laboratory (LLNL) and the Cosmic Axion Re-
search with Rydberg Atoms in Cavities at Kyoto (CAR-
RACK) experiment in Japan. Both experiments utilize
large microwave cavities immersed in a strong static
magnetic field to resonantly convert axions to photons
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but they go about detecting these photons in two differ-
ent ways. ADMX uses ultrasensitive microwave receiv-
ers while CARRACK uses Rydberg atoms to detect
single photons.

The ADMX experiment is a collaboration of LLNL,
MIT, the University of Florida, Lawrence Berkeley Na-
tional Laboratory (LBNL), U.C. Berkeley, University of
Chicago, and Fermilab, and has been operating in vari-
ous modes since February 1996. A diagram of the ex-
periment is shown in Fig. 18. ADMX consists of an 8.5 T
superconducting magnet, 110 cm in length with a 60 cm
clear bore. A 200 liter stainless steel microwave cavity
plated in ultrapure copper is suspended below a cryo-
genic stage in the center of the B field. Power generated
in the cavity is coupled to an adjustable antenna verti-
cally input through the top cavity plate. Any signal is
then boosted by extremely low-noise cryogenic amplifi-
ers before being sent through a double-heterodyne mix-
ing stage. Here the gigahertz range signal is mixed down
to an intermediate 10.7 MHz, sent through a crystal
bandpass filter, and then mixed down to audio frequen-
cies at 35 kHz. This audio signal is then analyzed by
fast-Fourier-transform electronics which measure over a
50 kHz bandwidth centered at 35 kHz. There is also a
“high-resolution” channel in which the signal is mixed
down to 5 kHz and sent through a 6-kHz-wide bandpass
filter. Time traces of the voltage output, consisting of 2%
data points with a sampling frequency of 20 kHz, are
then taken, resulting in a 52.4 s sample with 0.019 Hz
resolution (Duffy et al., 2006).

Since the system noise is dominated by the first stage
of amplification, great care was taken in choosing the
cryogenic amplifiers. The initial ADMX data runs uti-
lized heterojunction field effect transistor (HFET) am-
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FIG. 19. (Color online) Medium-resolution limits from the ADMX experiment. The left plot shows limits to axion coupling
assuming a dark matter halo density of p=0.45 GeV/cm® (upper region excluded). The right plot shows limits on the axion

contribution to the dark matter halo density assuming the axion has either the KSVZ or DFSZ couplings (Bradley, 2003).

plifiers developed by the National Radio Astronomy
Observatory (Daw and Bradley, 1997). Even though they
had noise temperatures of only 2 K, the quantum noise
limit at 1 GHz (defined as T,,=hv/kp) is only 50 mK. As
a result a much development went into replacing the
HFETs with more sensitive superconducting quantum
interference devices (SQUIDs) which had noise tem-
peratures of only 15% of the quantum limit (Bradley,
2003). Currently data are being taken using the SQUIDs
for the first stage of amplification 1920.

Results from the initial run using HFET amplifiers
have already probed plausible axion model space in the
axion mass range between 2.3 and 3.4 ueV (Bradley,
2003). Results from a high-resolution search have
probed further into coupling space over a smaller mass
range, 1.98-2.17 ueV (Duffy et al., 2006). As of this re-
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FIG. 20. (Color online) High-resolution limits from the
ADMX experiment. Limits given in terms of axion contribu-
tion to the dark matter halo density assuming the axion has
either the KSVZ or DFSZ coupling strength. The medium-
resolution plot for that mass range for the DFSZ coupling is
also given (Duffy et al., 2006). The KSVZ axion with ey=0
shown above gives p, at Earth less than 0.16 GeV/cm?, which
corresponds to ,=<0.36. So the ADMX line of Fig. 14 using
Eq. (95) crosses the ep=0 KSVZ line and goes down to the
DFSZ line.
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view ADMX is scanning over the mass range corre-
sponding to 800—900 MHz using SQUID amplifiers.

3. Rydberg atom detectors

The CARRACK experiment has published proof of
concept papers for their detection technique using Ryd-
berg atoms as opposed to low-noise amplifiers (Tada et
al., 2006). The experimental setup is shown in Fig. 21. In
it rubidium atoms are excited into a Rydberg state (|0)
—|n)), and move through a detection cavity coupled to
an axion conversion cavity. The spacing between energy
levels is tuned to the appropriate frequency utilizing the
Stark effect, and the Rydberg atoms’ large dipole tran-
sition moment ensures efficient photon detection (one
photon per atom, |ns)— |np)). The atoms are then sub-
jected to a selective field ionization allowing the atoms

Selective field
ionization detector

X

sio Conversu)n cavity I I Detection cavity I

le) > l-on
e M
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I——_‘_>Rydberg Ng
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Laser Free from Electron
Strong magnetic field g field d
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~

Atomic
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FIG. 21. (Color online) General schematic of CARRACK ex-
periment utilizing Rydberg atoms to recover single photons
generated in the microwave cavity (Tada er al., 2006; Carosi
and van Bibber, 2008).
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FIG. 22. Possible processes leading to a vacuum dichroism.

with the higher-energy state (|np)) to be detected
(Carosi and van Bibber, 2008). The advantage of this
system is that Rydberg atoms act as single-photon detec-
tors and thus do not suffer from quantum noise limita-
tions.

Though still in the development phase CARRACK
has already gone through two iterations, CARRACK 1
and CARRACK 2, and it has measured cavity emission
at 2527 MHz down to a temperature of 67 mK, which is
a factor of 2 below the quantum noise floor for that
frequency. The eventual goal is 10 mK (Tada et al.,
2006). One disadvantage of this technique is that one
cannot detect signals finer than the bandpass of the cav-
ity, of order ~107>, which negates searches for late-infall
coherent axions.

C. Laser searches

In addition to cosmological and solar axion searches
there is also a class of laboratory axion searches that
utilize laser photons (y,e,) traversing a magnetic field.
Here the polarized laser photons can scatter off virtual
photons (y,) provided by the magnetic field and convert
into axions 7Y+ ¥, — a. Currently, laser axion searches
fall into two general categories. The first technique looks
for magneto-optical effects of the vacuum due to polar-
ized laser photons disappearing from the beam as they
are converted into axions. The second looks for photons
converting into axions in the presence of a magnetic
field, which are then transmitted through a wall and con-
verted back into photons by a magnetic field on the
other side, so-called light shining through walls experi-
ments.

1. Polarization shift of laser beams

There can be axion-photon-photon anomalous cou-
pling of the form aE-B. A laser-induced axionlike par-
ticle search employing this coupling has been performed
since the early 1990s by the Rochester-Brookhaven-
Fermilab-Trieste (RBFT) group (Cameron et al., 1991).
A few years ago, the same type of experiment by the
PVLAS Collaboration was performed with an initial
positive signal with F,~10° GeV (Zavattini et al., 2006)
as discussed earlier. This has led to some exotic models
where a vacuum dichroism is achieved by producing ax-
ionlike particles as shown in Fig. 22(a). Because of the
nonrenormalizable interaction implied in Fig. 22(a), one
may reconcile this model with the astrophysical bound
(Mohapatra and Nasri, 2007), or if light millicharged par-
ticles are produced in a strong magnetic field as shown
in Fig. 22(b), a vacuum dichroism is achieved as dis-

Rev. Mod. Phys., Vol. 82, No. 1, January—March 2010

Axion Detector

N i Detector

= ;@

FIG. 23. (Color) Schemtic of “light shining through walls” ex-
periment (Battesti er al., 2008).
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cussed in Gies, Jaeckel, and Ringwald (2006), Masso and
Redondo (2006), and Kim (2007¢). Here the polarization
of the laser beam is looked for. With more data accumu-
lation, there is no convincing evidence for an axionlike
particle with F,~10° GeV at present, contrary to an ear-
lier confusion (Dupays et al, 2005; Chen et al., 2007,
Yoo, 2007; Zavattini et al., 2007; Chou et al., 2008). But
this incident led to the current search for axionlike par-
ticles at DESY (Ringwald, 2008).

2. Light shining through walls

The “light shinging through walls” technique for
searching for axions was first proposed in 1987 by van
Bibber et al. (1987) and recently a model study has been
presented (Adler, Gamboa, Mendéz, and Lopez-Sarrion,
2008). The general experimental layout can be seen in
Fig. 23 where polarized laser photons pass through the
magnetic field with ElIB and any converted axions (or
other psuedoscalar particles) can continue through an
absorber to be reconverted to photons on the other side.

The probability for a photon to convert into an axion
as it traverses the “axion source” region is given by

P« l( aemcawBL>21 —cos(qL)
Y74 4\ 27F, (gL)?

This is the same probability for an axion to convert back
into a detectable photon in the “axion detector” region
on the other side of an absorber, which leaves the total
probability for detecting a photon-axion-photon conver-
sion as PYHaH7=P§Ha (ignoring photon detection effi-
ciencies of course) (Battesti ef al., 2008). There is a maxi-
mum detectable axion mass for these laser experiments
because the oscillation length becomes shorter than the
magnetic field length, causing a degradation of the form
factor F(q)=1-cos(qL)/(qL)? but this can be compen-
sated for using multiple discrete dipoles.

The first experiment using this technique was per-
formed by the RBFT Collaboration in the early 1990s
(Cameron et al., 1993). Using two superconducting di-
pole magnets (L=44 m and B=3.7T) and a laser (A
=514 nm and P=3 W) with an optical cavity providing
~200 reflections in the axion-generating region, they
were able to set upper limits on axion couplings of
8ayy<6.7%1077 GeV (95% C.L.) for pseudoscalars with
a maximum mass of m, <1073 eV (Cameron et al., 1993).

(108)
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FIG. 24. (Color) Current limits on axion coupling from the
GammeV Collaboration (Chou et al., 2008; Yoo, 2008).

Recent photon regeneration experiments include the
BMV Collaboration at LULI (Robilliard et al., 2007)
which uses a short pulsed-field magnet and the Gam-
meV Collaboration at Fermilab (Chou et al., 2008) which
uses a Tevatron dipole magnet (L=6 m and B=5T)
with an optical barrier in the middle. Both of these have
ruled out the signal reported by the PVLAS (see next
section). Figure 24 shows the current bounds from these
latest regeneration experiments. Recently it has been
shown that photon regeneration experiments can be
resonantly enhanced by encompassing both the produc-
tion and reconversion magnets in matched Fabry-Perot
optical resonators (Sikivie, Tanner, and van Bibber,
2007).

3. Magneto-optical vacuum effects

An alternative to the shining light through walls tech-
nique is to look for the indirect effect of photons in
polarized laser light converting into axions as the beam
traverses a magnetic field. Figure 25 shows two different
ways in which axion interactions can modify a polarized
laser beam, induced dichroism and vacuum birefrin-
gence. Vacuum dichroism occurs when a polarized laser
beam passes through a dipole magnet with the electric
field component E at a nonzero angle ¢ relative to B.
The photon component parallel to B will have a small
probability to convert into axions, causing the polariza-
tion vector to rotate by an angle e. Vacuum birefrin-
gence is due to the induced ellipticity of the beam (V) as
a result of virtual axions. It should be noted that higher-
order QED diagrams, or “light-by-light scattering” dia-
grams, are expected to contribute to vacuum birefrin-
gence as well. Each of these effects can be estimated as

B2L3m? ( c )2
T =N——2 ) sin(246 109
384w \ F, sin(26), (109)
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FIG. 25. The dichroism and birefringence effects. The upper
plot shows the effect of dichroism as photons converting into
axions cause a rotation of the linear beams polarization vector
by an amount €. The lower plot shows virtual axions inducing
birefringence in which the linear beam acquires ellipticity ¥
(Battesti et al., 2008).

BZLZ 2
ezN7<C—;jY> sin(26), (110)

in the limit that m2L/4w<1. Here L is the effective path
length, N is the number of paths the light travels in the
magnetic field, m, is the axion mass, w is the photon
energy, and 6 is the photon polarization relative to the
magnetic field (Battesti et al., 2008).

The initial experiment looking for magneto-optical
vacuum effects was carried out by the RBFT Collabora-
tion in the early 1990s (Semertzidis et al., 1990). This
experiment used a single-pass 8.8-m-long magnet with a
magnetic field of B~2.1 T and N=500. It set a limit on
the polarization rotation of €<3.5Xx 107'? which was still
three orders of magnitude higher than that expected by
light-by-light scattering and almost 15 orders of magni-
tude greater than an m,~ 107> eV axion.

Recently the early PVLAS Collaboration reported
the positive detection of vacuum dichroism. This experi-
ment consists of a I-m-long 5 T superconducting magnet
with a angular frequency (),, of the magnet rotation
and a 6.4-m-long Fabry-Pérot cavity giving the pass
number N=2Q,,,/7m~44000. It registered a polariza-
tion shift of

€=(3.9+0.5) X 107" rad pass™! (111)

which translates to an allowed mass range of a neutral
pseudoscalar boson of 1=<m;=<1.5 meV and a coupling
strength ~ of  1.5%X107%<c,,,/F,<8.6x107 GeV™!
(Zavattini et al., 2006). Though the report of this positive
signal has been retracted (Zavattini et al., 2007, 2008),
the interest it raised led to a number of more advanced
experimental searches such as some of the new laser
regeneration experiments mentioned previously.
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TABLE II. Natural scales of F,. For n large extra dimensions, the Planck mass is Mp

=Mp(R/Mp)">.

Axions from

Order of F,

String theory
M theory
Large extra (n) dimension

Composite models
Renormalizable theories

String scale or Planck scale
String or the scale of the 11th dimension

Combination of the fundamental mass Mp and
extra dimension radius R

Compositeness scale
U(1) pp-global-symmetry-breaking scale

VI. THEORIES FOR VERY LIGHT AXIONS

Axion couplings come in three types: the PQ-
symmetry-preserving derivative coupling c; term, the
PQ-symmetric ¢, term, and the anomalous c3 term. The
PQ symmetry gives a gluon anomaly and ¢, +c3; must be
nonzero. Generally, we can therefore define a as a pseu-
doscalar field without potential terms except the one
arising from the gluon anomaly under a particular basis
(for example in the ¢,=0 basis),

iLGa Ga,uV_

112
F, 327 * (112)

Then we note that this kind of nonrenormalizable
anomalous term can arise in several ways. The natural
scales of F, are shown in Table II. In any case, the es-
sence of the axion solution (wherever it originates in
Table II) is that the axion VEV {(a) seeks =0, whatever
happened before. In this sense it is a cosmological solu-
tion. The potential arising from the anomaly term after
integrating out the gluon field is the axion potential
(with ¢, +c¢3) shown in Fig. 7.

A. SM singlets without SUSY

A complex SM singlet carrying the PQ charge can
appear in many extensions of the SM: in grand unified
theories (GUTs) (Wise, Georgi, and Glashow, 1981), in
composite models (Choi and Kim, 1985¢c; Kim, 1985;
Babu, Choi, Pati, and Zhang, 1994), and in models with
extra dimensions (Di Lella, Pilaftsis, Raffelt, and Ziou-
tas, 2000).

In the SU(5) GUT, the axion can be embedded in a
complex 24=3, (Wise, Georgi, and Glashow, 1981), in
which case the VEV (3) breaking SU(5) down to the SM
and hence the axion decay constant is the GUT scale
and is outside the axion window. On the other hand, a
complex GUT singlet, whose VEV is not related to the
GUT scale, can house the axion within the axion win-
dow. A SUSY generalization of the SU(5) GUT axion
has been shown to be possible (Nilles and Raby, 1982).
Recently, in view of the white dwarf evolution (Isern,
Garcia-Berro, Torres, and Cataldn, 2008) with the two-
dark-matter scenario (Huh, Kim, and Kyae, 2009) an
electrophilic axion has been suggested in a SUSY
flipped SU(5) (Bae, Huh, Kim, Kyae, and Viollier, 2009).
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B. Composite axions

A SM singlet for the very light axion can arise as a
composite meson with an extra confining force whose
scale is much larger than the electroweak scale. This
confining force can be the hidden sector gauge group in
supergravity or just an extra gauge group. We call this
extra confining gauge group “axicolor” SU(N). To create
the QCD axion below the axicolor scale, there must be
two classically conserved axial global symmetries (Choi
and Kim, 1985c; Kim, 1985). With only one axial symme-
try, a massless meson would not result, as in the case of
one-flavor QCD there is no massless meson since the
only meson 7’ becomes heavy by the instanton solution
of the so-called U(1) problem ('t Hooft, 1986). For two
axial symmetries, we can consider two kinds of axiquark,

04% 0O 4., q*, and G4, where A is the SU(N) index and «
is the SU(3).. index. For these vectorlike representations,
(N,3)+(N,3)+(N,1)+(N,1) under SU(N)XxSU(@3),,
mass terms are not introduced. The axicolor vacuum
angle problem is solved basically by the massless axi-
quarks Q and ¢g. Even though Q looks like a massless
QCD quark, it cannot be considered as the massless
quark solution of the QCD 6 problem. After integrating
out the axicolor degrees, we obtain an effective La-
grangian resulting from Q and ¢q. The axibaryons are
expected to be removed at the axicolor scale. Of two
kinds of meson, one (the axicolor #’) is removed at the
axicolor scale and the other remains exactly massless.
However, this massless axicolor meson couples to the
QCD anomaly and becomes a QCD axion through the
c; term, becoming the so-called hadronic axion. Of the
two currents

D= 07,750 +4v,¥54.
(113)

1= 07,70 - 337,74,

the divergence of JfL corresponds to the massless meson
a below the axicolor scale,

P = =G Gew

SV Z

and hence we obtain the effective interaction (112). In
this minimal model, the domain wall number is N (Choi
and Kim, 1985c, 1985d). In a supergravity model of pre-

(114)
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ons, a similar mechanism was used to realize a compos-
ite axion (Babu, Choi, Pati, and Zhang, 1994), where the
role of g-type matter is replaced by the metacolor gluino
N\’, metacolor is the binding force of preons. Even if the
metacolor gluino obtains a mass of O(100 GeV), the
QCD 6 can be made to be within the experimental
bound if F, is greater than 10" GeV.

The composite axion of Chun, Kim, and Nilles (1992b)
is a composite made of hidden-color scalars whose bilin-
ears develop VEVs and break the PQ symmetry. This
idea has been made more concrete by Kim and Nilles
(2009).

In the gauge-mediated SUSY-breaking scenario of In-
trilligator, Seiberg, and Shih (ISS) (2006), for example,
an SU(N,) confining group with Ny flavors satisfying N,
+1<N;< %NC allows a SUSY-breaking local minimum.
If Ny~N,=3 (for example, N.=7 and N;=10) with one

type of Q4*+Q 4, and Ny—3 flavors of the type g +q 4,
then there can exist a suitable local minimum where the
composite axion envisioned in Eq. (113) can be realized.
In this case, the SUSY-breaking scale and the composite
axion scale are related, as first tried by Kim (1984).

C. Axions with extra dimensions

With large extra dimensions, the axion identification
involves a few parameters: the fundamental scale mass
M, the Kaluza-Klein (KK) radius R, and the number of
extra dimensions #. In addition, there are several ways
to allocate the field(s) containing the axion in the bulk
and/or branes.

The possibility of large extra dimensions has been
considered for the flat and warped extra dimensions.
The TeV scale for My was the main motivation to look
for the next level of the current experimental limit on
millimeter-scale gravity (Antoniadis et al., 1998; Arkani-
Hamed, Dimopoulos, and Dvali, 1998). Because the ax-
ion scale is considered to be at the intermediate scale, a
string theory at the intermediate scale M has also been
considered (Burgess, Ibanez, and Quevedo, 1999). With
the Randall-Sundrum-type warp factor (Randall and
Sundrum, 1999a, 1999b), it is possible to introduce the
intermediate scale with a Planck scale M via the
Giddings-Kachru-Polchinski stabilization mechanism
(Giddings, Kachru, and Polchinski, 2002).

Here we look only at the possibility of a TeV scale
Mp. Since the Planck mass is given by Mp
~MRMp)"?, we obtain n=2 for My=10 TeV (Han-
nestad and Raffelt, 2002; Kanti, 2009). The Lagrangian
in 4+n dimensions [(4+n)D] with a bulk field axion can
be written as (Chang, Tazawa, and Yamaguchi, 2000),

1
Lefr= f dny{EMﬁ[ﬁﬂaﬁ“a +d,ada]

i fa’emLan:ﬁvem,p,v} (115)

where vUpq is the PQ-symmetry-breaking scale at the fun-
damental scale order M, and
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©

a(x*y) = > an(x")cos< %) .

n=0

(116)

The four-dimensional (4D) PQ symmetry-breaking scale
is F,~(Mp/Mp)*""5p, where A=|n|=y\ni+:--+n’><n
and F, falls between vpg and Mp. The very light axion is
the n=0 component in Eq. (116), and the rest are the
KK axions. The mass splitting of the KK axions is of
order 1/R, and the phenomenology of these KK axions
for agx—27y has been studied by Di Lella, Pilaftsis,
Raffelt, and Zioutas (2000), from which we have 1/R
~1(10) eV for n=2(3) for Mp=1 TeV.

The possibility of a Z, odd 5D gauge field in a warped
fiftth dimension has been suggested for a QCD axion
under the assumption that all unwanted PQ-symmetry-
breaking effects are suppressed (Choi, 2004). One such
constraint is that the bulk fields carry the vanishing PQ
charge.

D. SUSY-breaking scale, axion and axino

The 4D supergravity interactions with the vanishing
cosmological constant were obtained in 1983 (Cremmer,
Ferrara, Girardello, and van Proyen, 1983). The PQ
symmetry can be embedded in the supergravity frame-
work (Kim, 1984),

Wpo = (fsA1A5 — FDZ + (fAL A~ F)Z'

+fQA1QlQ2» (117)

where Z, Z', A, and A, are gauge singlet chiral fields,

0, and Q, are chiral quark superfields, and f;, ., F%, and
F; are parameters. The superpotential (117) leads to
F-term SUSY breaking and PQ symmetry breaking
at a common scale at order O(F,F3) if fs/f.# Fi/F3.
The f, term defines the PQ charge of the heavy
quark and the resulting axion is of the KSVZ type.
The PQ-symmetry-breaking scale is given by non-
zero (A1A,)=(F?/\)cos(B—a) and the SUSY-breaking
scale is given by nonzero Zp=-F?sin asin(8-a) and
Zp=F’sin asin(B—a), where \=\f2+f2,F2=\Fi+F3,
tan a=f./fs and tan ,B:F%/F%. The axino does not ob-
tain mass at this level, but obtains a mass at order of the
soft SUSY-breaking scale (Chun, Kim, and Nilles, 1992a;
Chun and Lukas, 1995). Note that (Z'/Z)=—cot a with
(Z,Z'y=O(F*/M). Early discussions of the axino can be
found in Frére and Gérard (1983).

E. The u problem

If Higgs doublets H, ,; carry vanishing U(1) charges
beyond the MSSM gauge charges, then the superpoten-
tial can contain a W, =-uH, H, term where u can be of
the order of the fundamental scale since it is a supersym-
metric term. This is problematic for the TeV scale elec-
troweak symmetry breaking; this is the so-called u
problem (Kim and Nilles, 1984). This ux term is a super-
symmetric Higgsino mass term and can be forbidden in
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W by introducing some symmetry, continuous or dis-
crete. The widely discussed ones are the PQ and R sym-
metries. In the supergravity framework, if the Higgs
doublets carry one unit of PQ charge then nonrenormal-
izable interactions of the form S?H,H,/Mp can be
present in W if $? and H, H , carry opposite PQ charges.
Then the resulting u is of order Fﬁ/ M p, which can be of
order of the TeV scale (Kim and Nilles, 1984). With an
intermediate hidden sector with hidden-sector squarks

0, and Q,, one may have a nonrenormalizable interac-

tion of the form Q0,H,H, / Mp. In this case the hidden-
sector squark condensation at the intermediate mass
scale can also generate a TeV scale u (Chun, Kim, and
Nilles, 1992b). [For the B, term, one may consider
010,/ M%)HL,H 4 in the Kihler potential.] Tt is better for
the superpotential to possess this kind of PQ symmetry
and/or R symmetry (Hall and Randall, 1991; Dine and
Maclntire, 1992; Casas and Muioz, 1993; Kim and
Nilles, 1994; Kim, 1999a). If so, even if the nonrenormal-
izable interactions are not considered, the gravity me-
diation scenario can generate a TeV scale w via the
Giudice-Masiero mechanism (Giudice and Masiero,
1988). In supergravity, the Higgsino mass term is present
in the chiral fermion mass matrix given by Cremmer,
Ferrara, Girardello, and van Proyen (1983) and Nilles
(1984):

¢ 167 - G'G' - GG N[ Gxuxuys (118)
where G=K(¢,¢*)—In|W[>. The term e G gives u
~myp, if K contains H,H,; (Giudice and Masiero, 1988)
and u~S%/Mp if W contains S?H,H,/Mp (Kim and
Nilles, 1984).

In the next-to-MSSM (NMMSM) models with W
=SH,H,, the u term can be generated by the singlet
VEV (S) at the electroweak scale (Cerdeiio, Hugonie,
Lopez-Fogliani, Mufioz, and Teixeira, 2004; Lopez-
Fogliani and Muifioz, 2006). In a Z’-added MSSM
(Z'MSSM), the u term can also be successfully gener-
ated (Langacker, Paz, Wang, and Yavin, 2008).

Extending the MSSM gauge group which can be bro-
ken down to the MSSM at a high energy scale, one can
generate a reasonable u. For example, there exists an
interesting solution to the problem of why there is only
one pair of Higgsino doublets at low energy in the ex-
tended SUR3)y X U(1) electroweak model (Lee and
Weinberg, 1977a). This is dictated by the extended gauge
symmetry. This one-pair problem is elegantly solved in
the SUSY Lee-Weinberg-type model due to the anti-
symmetric [under SU(3)y,] Higgsino mass matrix (Kim,
2007b), reminiscent of the “color” introduction used to
put low-lying baryons in the completely symmetric rep-
resentation 56 in the old flavor-spin SU(6) (Han and
Nambu, 1965).

Thus, explicit steps toward a successful x in the grav-
ity mediation scenario can be constructed in extra-
singlet models, in SUSY-GUT models, through the
superpotential, through the Ké&hler potential, and in
composite models.
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The loop effects are important sources of SUSY
breaking in the gauge-mediated SUSY-breaking
(GMSB) scenario (Dimopoulos and Raby, 1981; Dine,
Fischler, and Srednicki, 1981a; Dine and Fischler, 1983;
Dine and Nelson, 1993; Dine, Nelson, and Shirman,
1995), in anomaly mediation SUSY breaking (AMSB)
(Giudice et al., 1998; Randall and Sundrum, 1999a), and
even in the mirage mediation scenario (Choi, Jeong, and
Okumura, 2005; Loaiza-Brito, Martin, Nilles, and Ratz,
2005). GMSB has been suggested to solve the flavor
problem (Gabbiani, Gabrielli, Masiero, and Silvestrini,
1996) present in the gravity mediation scenario. In this
GMSB or any other loop-generated SUSY-breaking sce-
nario, the soft terms generated by the supergravity effect
are required to be subdominant compared to those aris-
ing from the loops, or at best comparable to them. If the
loop terms are subdominant as in the GMSB or AMSB,
then there are some problems.

First, the generation of w is difficult because w term
generation via the Giudice-Masiero mechanism is sub-
dominant at the TeV scale. One has to generate u by
employing the PQ and/or R symmetries; this method,
however, does not belong to generating all TeV scale
parameters dynamically. In this regard, another confin-
ing group around TeV scale has been proposed (Choi
and Kim, 2000), and the model presented there is the
type of composite SU(2)y, axion discussed in Sec. VI.B,
which was saved by introducing singlets and relevant
couplings (Luty, Terning, and Grant, 2001). Then again it
does not succeed in generating all TeV scale parameters
dynamically.

Second, in the loop SUSY-breaking scenarios for gen-
erating all TeV scale electroweak parameters by loops
there exists the B,/u problem (Dvali, Giudice, and
Pomarol, 1996). Since it occurs at loop orders, we con-
sider [d*6¢ H,H X" for w and [d*60 H,H,XX' for B,
where the auxiliary component of X develops a VEV.
From this observation, one generically obtains B, ~ uA
where A~ u/f? can be greater than u; this was remedied
by making B, appear at two-loop order (Dvali, Giudice,
and Pomarol, 1996). This B,/u problem occurs essen-
tially because of the difference of the engineering di-
mensions of the B, and u terms. Both generically ap-
pear at one-loop order with the coefficient g?/1672, and
hence in describing the electroweak scale the B, term
lacks one power of g?/1672. Recently, a better solution
employing a Kihler potential H,H,(In X+In X") has
been suggested (Giudice, Kim, and Rattazzi, 2008),
which can be compared to the original Giudice-Masiero
Kihler potential H,H ;X +---. There exist several more
ideas about the B,/u problem (Cohen, Roy, and
Schmaltz, 2007; Cho, 2008; Murayama, Nomura, and Po-
land, 2008; Roy and Schmaltz, 2008).

Perhaps nonrenormalizable interactions are the easy
solution of the u and B,/ u problems even in the GMSB.
Here, however, one introduces another scale. Without a
detailed knowledge of the ultraviolet completion of the
MSSM, the nonrenormalizable interactions are usually
assumed to be suppressed by the Planck mass Mp. But,



590 Jihn E. Kim and Gianpaolo Carosi: Axions and the strong CP problem

\ N
FIG. 26. The generation of the u term by a seesaw mechanism.

there might be some heavy mass scale M, which can be
somewhat smaller than the Planck mass M p, for the see-
saw mass of the required nonrenormalizable interac-
tions. In string compactifications, it is known explicitly
that M can be different from Mp (Choi and Kim, 2006;
Kim, Kim, and Kyae, 2007; Choi and Kobayashi, 2008).
A simple diagram giving an M dependence is shown in
Fig. 26 where the SU(2) doublets H; and H, form a
vectorlike superheavy pair. This is a kind of seesaw
mechanism of Higgsino doublet pairs. For this scenario,
a superpotential possessing the PQ symmetry can be
constructed:

W= 3mX? + fxX°+38°T + XH{H, - {,SH,H,
CASH,H, + -+, (119)

where (X)=M and the H, H, term is forbidden by the
PQ symmetry. Then the u term for H, and H,; (which
give mass to up- and down-type quarks, respectively) is
given by w={(f,/>5>/M) (Kim and Nilles, 1984). If (S) is
lowered to the hidden-sector confining scale of order
~10'%-12 GeV in the GMSB, the Higgsino mass can be
made to be around the TeV scale by adjusting fif,/ M.
One may construct models with appropriate F terms
such that B, and m?, are of the same order in the
GMSB, e.g., through the PQ-symmetry-preserving term
in the Kéhler potential

T*
f aol2 H,H,+H.c.,
X

(120)

which also gives a u term.

In the so-called mixed mediation (M-mediation) sce-
nario, with comparable moduli, anomaly, and gauge me-
diations, which includes in its parameter space the
GMSB, the AMSB, the mirage mediation, and the de-
flected mirage mediation (Everett, Kim, Ouyang, and
Zurek, 2008), the loop-generated u term in general has a
severe B,/ u problem. It seems that the model presented
in an AMSB scenario (Pomarol and Rattazzi, 1999; Rat-
tazzi, Strumia, and Wells, 2000) has the basic ingredient
for the solution of B,/u problem according to a PQ
symmetry as stressed by Giudice, Kim, and Rattazzi
(2008). This can also be gleaned from the axion shift
symmetry in the mirage mediation scenario (Nakamura,
Okumura, and Yamaguchi, 2008).

F. Axions from superstrings

The most interesting theory housing axions is super-
string theory. Axions from strings are described by effec-
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tive field theory below the compactification scale. If the
axion arises from the spontaneous symmetry breaking of
a tree-level global symmetry as discussed, the answer is
simple: There is no such axion since string theory would
not allow any global symmetry. If the compactification
process leads to the SM, the renormalizable terms in this
effective theory respect the gauge symmetry SU(3),
X SU((2) X U(1)y and the global symmetries of the bary-
ion number U(1)z and the separate lepton numbers
U(1);;. On the other hand, if the nonrenormalizable
terms are allowed, one can write, for example, q;[; ugdp,
breaking both the baryon number and the lepton num-
ber symmetries. If the nonrenormalizable terms are in-
cluded, the SM does not respect the baryon and lepton
numbers symmetries. Similarly, there is no PQ global
symmetry if we are allowed to write all nonrenormaliz-
able terms. For the PQ symmetry, the situation is more
severe. Suppose the singlet carrying the PQ charge is o.
Then oo respects the PQ symmetry but ¢ and % do
not, which has led to a discussion of gravitational effects
on the axion (Barr and Seckel, 1992; Ghigna, Lusignoli,
and Roncadelli, 1992; Holman, Hsu, Kephart, Kolb,
Watkins, and Widrow, 1992; Kamionkowski and March-
Russell, 1992; Dobrescu, 1997). Therefore, the PQ sym-
metry cannot be discussed in general in terms of matter
fields only, when we include gravity in the discussion as
in string theory.

Thus, in string compactification one must consider the
gravity multiplet also. Here the gauge singlet bosonic
degrees in the gravity multiplet are the graviton gy
(M,N=0,1,...,9), the antisymmetric tensor By, and
the dilaton ®. In ten dimensions, gyy and B,y are
gauge fields. A 4D action on Minkowski space x* (u
=0,1,2,3) is obtained by compactifying six internal
spaces y' (i=4,...,9) with the compact volume V. Some
bosonic degrees from the ten-dimensional (10D) anti-
symmetric tensor field behave like pseudoscalars in the
4D effective theory. Thus, the axion candidates, if they
do not arise from the matter multiplets, must be in By
The pseudoscalar fields in B,y are like phase fields in
axion models in field theory. Because there is no global
symmetry in string theory, there must be no massless
B, otherwise the shift symmetry of B,y would have
worked as a global symmetry. From the tree-level equa-
tions of motion all pseudoscalar B,y fields are not mass-
less. For example, if a shift symmetry of By is related
to an anomaly as in the PQ current case, we consider
that the shift symmetry is already broken. In other
words, there is no shift symmetry of pseudoscalar By
unless it is anomalous.

One must deal with these bosonic degrees in string
compactification to see whether these components lead
to terms in the potential (or the superpotential in SUSY
models), which is a technical and model-dependent pro-
cedure. Here we discuss axions from strings and com-
ment on their phenomenological viability. Some relevant
recent reviews describing details can be found in Conlon
(2006) and Svrcek and Witten (2006). The M-theory dis-



Jihn E. Kim and Gianpaolo Carosi: Axions and the strong CP problem 591

cussion was presented in Choi (1997) and Svrcek and
Witten (2006).

The pseudoscalar fields in By;y come in two catego-
ries, one the tangential component B, and the other
Bj;. B,,, can be discussed in any string compactification
and hence is called “model independent” (MI) while B;;
depends on the compactification scheme as its internal
coordinates i and j imply and is called “model depen-
dent” (MD). After presenting the string formulas con-
taining By, we discuss the MI axion in Sec. VI.F.1 and
then the MD axions present in much more speculative
models in Sec. VI.F.2.

Now, there exists a standard formula for the string
action [Polchinski (1988), Eq. (13.3.22)], which was lack-
ing in the early days of string axions (Choi and Kim,
1985a; Witten, 1985a). The type-II dilaton ¢y and cou-
pling gy=e?1 are related to the 10D gravitational cou-
pling ;g by M =1/1ly=4m/ght®, where o' =€2/(2m)?
(Polchinski, 1988). For the type-II string, there are
NS-NS and R-R fluxes which can give anomalous cou-
plings. These complicated systems housing pseudosca-
lars are reviewed in Conlon (2006) with the tentative
that it is difficult to realize a QCD axion in string models
with a workable moduli stabilization (Kachru, Kallosh,
Linde, and Trivedi, 2003). In heterotic string models,
there does not exist a reasonable moduli stabilization
mechanism, even though an ambitious attempt has been
proposed (Becker, Becker, Fu, Tseng, and Yau, 2006).
However, we discuss heterotic string axions below be-
cause string axions were found first in heterotic string
models and key couplings in axion phenomenology
might be similarly discussed also for the type-II string.
As in the type-II string, the heterotic string coupling is
related to the dilaton ® as g,=e®. The kinetic energy
terms of gy, Byn, and Ay, are [Polchinski (1988), Egs.
(12.1.39) and (12.3.36)],

8 8 2
— _ My, My, w3
Lxe=\—ge?® —/R-—|dB,- ——
KE =V~ 810 { 5 4 2 M%ogi
M8 ’
- Ty | Ry
887
—| 27 T w3 2
=V- ——<R-—5=<|dB, -
' glo{giff gl Mg,
-——Tr,|F* ¢, 121
4(27T)g%,€f v| 2|} ( )

where Tr, is the trace over vector representation and the
Chern-Simons three-form is

w3=TrU(A1/\dA1 +§A]/\A1/\A1). (122)

For Eg X Eg, there is the adjoint representation and we
use ;—oTra in place of Tr,. For the compact internal vol-
ume V, the Planck mass is Mp=47V ,/g>¢? and the 4D
gauge coupling constant is g%,M:47Tgf€f/ V; or ayy
= gf€?/ V5. In most compactifications, the SM gauge
fields arise from the level k=1 embedding and the cou-
pling ay,, is the coupling strength at the compactifica-
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tion scale. If the SM gauge fields are embedded in the
level k, the SM gauge coupling at the compactification
scale will be smaller by the factor k. For interactions of
By, we consider the Bianchi identity, the gauge-
invariant couplings of the gaugino y (Derendinger,
Ibanez, and Nilles, 1985; Dine, Rohm, Seiberg, and Wit-
ten, 1985), and the Green-Schwarz terms (Green and
Schwarz, 1984),

1 _
dH = @(trR AR-trtFAF), HynpxIMNx,

BAtrtFAFAFAF+ -+, (123)

where Hyp is the field strength of By, F is the field
strength of the gauge field A, the gauge-invariant fer-
mion coupling is the SUSY counterpart of the relevant
terms of Eq. (121), and the ellipsis denotes more Green-
Schwarz terms. It was argued that the H,;yp coupling to
the gaugino must be a perfect square (Dine, Rohm,
Seiberg, and Witten, 1985), which gives a vanishing cos-
mological constant even for a nonvanishing gaugino con-
densation with nonzero (H,;yp) (Derendinger, Ibanez,
and Nilles, 1985; Dine, Rohm, Seiberg, and Witten,
1985).

1. Model-independent axion

B, with p and v tangent to the 4D Minkowski space-
time is the MI axion present in all string compactifica-
tions (Witten, 1984). Because it is a 4D gauge boson, one
cannot write potential terms in terms of B, and it is
massless if one neglects the anomaly term. The number
of transverse degrees in B ,, is 1, and it can be expressed
as a pseudoscalar a by dualizing it, H,,,*F,€,,,,0°a.
Even though it is massless at this level, the Bianchi iden-
tity of Eq. (123) gives an equation of motion of a as

Fa=(1/ 32ﬂ'2Fa)GZV(~?""V, which hints that a might be an
axion. For it to be really a QCD axion, ¢,+c3 should be
nonzero as discussed in Sec. IIL.B. It is known that c3
=1 (Witten, 1985b) with c; defined in Eq. (19). The other
possible couplings are given by the second term of Eq.
(123),

r,

_ F, _
—  €uped XU X = — 5 X Yo Vs X Ay

vpo (124)
M7y **" M,

which is the ¢; term defined in Eq. (19). There is no ¢,
term and ¢, +c¢3=1, and hence H ,,, is really an axion and
is model independent.” This is a hadronic axion. This MI
hadronic axion can have a nonvanishing c¢; and hence its
phenomenology might be different from that of the
KSVZ hadronic axion. In Egs. (61) and (62) for the MI
hadronic axion, one has to add the relevant ¢; term from
Eq. (124). The domain wall number of the MI axion has
been shown to be Npw=1 by considering the coupling of

the MI axion to a string X™(o,7) on the world sheet

“Nevertheless, its properties may depend on models in
warped space (Dasgupta, Firouzjahi, and Gwyn, 2008).
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Jd*o €PB,,,d,X*35X" (Witten, 1985a). F, is about 107
times the Planck mass (Choi and Kim, 1985a), and the
correct relation, obtained from Eq. (121), is F,/k
=a Mp/23?7~10'° GeV, where k is the level of the SM
embedding and «, is the QCD coupling constant (Svrcek
and Witten, 2006). But the value F,~10'® GeV most
probably overcloses the universe.

An idea for lowering the MI axion decay constant
may be the following. In some compactification schemes,
an anomalous U(1),, gauge symmetry results, where the
U(1),, gauge boson eats the MI axion so that the U(1),,
gauge boson becomes heavy. This applies to the MI ax-
ion since the coupling d*a MIAZH is present by the Green-
Schwarz term (Witten, 1984; Chun, Kim, and Nilles,
1992b). In fact, even before considering this anomalous
U(1),, gauge boson, the possibility was pointed out by
Barr (1986); the theory became consistent after the
anomalous U(1),, from string compactification was dis-
covered (Atick, Dixon, and Sen, 1987; Dine, Seiberg,
and Witten, 1987; Dine, Ichinose, and Seiberg, 1987).
Then a global symmetry survives down the anomalous
U(1),, gauge boson scale. A detailed scenario is the fol-
lowing. The anomalous U(1),, with the gauge transfor-
mation, #6,,— 6,,+const is obtained by calculating
U(1),, charges of fermions. Thus, we have a nonvanish-
ing ¢, in Eq. (19) as m; gk explic,6,,) and c; of the MI
axion as c360y,{FF}. For all gauge group factors, the
anomaly units are calculated and they are shown to be
identical (Casas, Katehou, and Muifioz, 1988; Kim, 1988).
For the MI axion to be part of a gauge boson, it must be
a true Goldstone boson without an anomaly, ie., it
should be exactly massless; so we transform away the c;
term by a phase redefinition of fermions such that ¢,
=cy—c3(Oup)/ 0,, and ¢3=0 can occur for all gauge fields,
i.e., ayp coupling to the anomalies vanishes for all gauge
groups. Because the longitudinal gauge boson ayg
is removed, we are left with the ¢, term only,

m g exp(ic,6,,)+H.c., without the need to consider
the gauge symmetry U(1),,. At low energy, however, the

term muy g exp(ic,0,,) has a global symmetry, 6,,
— O, +const, with 6,, not depending on x*. Thus, the

interaction m; ik exp(i¢,0,,)+H.c. explicitly shows a
global U(1) axial symmetry or PQ symmetry below the
U(1),, gauge boson mass scale: ¢; — ;e %> and i
— yge!’’2 This global PQ symmetry can be broken in
the axion window as in the field theoretic axion models.
However, this idea about the decay constant does not
work necessarily, because most fields, including those re-
moved at the GUT scale, carry the U(1),, charge.

2. Model-dependent axion

In 4D, B,y contains more pseudoscalars B;; with i and
J tangent to the compact space V. If they are axions,
these are MD axions. The number of massless B;; modes
at the KK mass level is the second Betti number of the
compact space [Green, Schwarz, and Witten (1987), Eq.

(14.3.10)], which was discussed in the early days in Wit-
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ten (1984, 1985a) and Choi and Kim (1985b). The string
propagation on M, XV, can be described by a suitable
nonlinear ¢ model. In this o model description, when a
closed string topologically wraps V, nontrivially then
there are world-sheet instantons due to the map §;
— U(1). It is known that the world-sheet instantons are
present precisely if the second Betti number is nonzero
(Green, Schwarz, and Witten, 1987), and hence the MD
axions are expected to receive non-negligible masses
nonperturbatively (Dine, Seiberg, Wen, and Witten,
1986, 1987; Wen and Witten, 1986), but this may be a
model-dependent statement (Polchinski, 2006). If a MD
axion is known to have no potential term except the
anomaly terms, then one should check the ¢, and ¢3 cou-
plings to confirm that it is really an axion. There has
been no example presented yet in this way for a MD
axion. If a MD axion is present, its decay constant is
expected to be near the string scale as explicitly given by
Fyp=apMp/232 k' 3g?? from the anomaly term alone
in Svrcek and Witten (2006). The Green-Schwarz term
integrated over V, leads to this kind of decay constant
for the MD axion (Choi and Kim, 1985b). However, as
discussed, one has to calculate the corresponding ¢, term
also to pinpoint the MD axion decay constant Fyp.

3. Toward a plausible QCD axion from string theory

A key problem in string axion models is to find a
method obtaining a QCD axion at the axion window
(10°<F,=<10'> GeV) but an attractive model in this di-
rection is still lacking. Thus, the most pressing issue is
the problem of introducing a detectable QCD axion
from superstring theory. It includes the search for an
approximate PQ symmetry and a detectable QCD ax-
ion.

The conditions for compactified manifolds in warped
space needed to lower the MI axion decay constant have
been discussed by Dasgupta, Firouzjahi, and Gwyn
(2008), but its realization seems nontrivial.

The idea of localizing MD axions at fixed points in
order to lower the decay constant has been proposed by
I. W. Kim and J. E. Kim (2006). It uses the warp factor
idea and one needs a so-called Giddings-Kachru-
Polchinski throat (Giddings, Kachru and Polchinski,
2002) in the type-II string, but in the heterotic string a
non-Kihler V, is needed (Becker, Becker, Fu, Tseng,
and Yau, 2006). Indeed, a warp factor is obtained in this
way, but it has power law behavior.

Intermediate scale string models can introduce the ax-
ion window as the ultraviolet completion scale (Burgess,
Ibafiez, and Quevedo, 1999). On the other hand, in this
case the large radius used to generate the Planck mass is
the scale needing explanation.

We note that a method of obtaining F, in the axion
window is through the composite axion from super-
strings as discussed in Sec. VI.B. However, the compos-
ite axion has not been obtained so far from string con-
struction.
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FIG. 27. (Color online) The hidden-sector squark condensa-
tion breaks chiral symmetry and generates hidden-sector
quark masses.

Even if F, is lowered, we must consider the hidden
sector also in estimating the axion masses and decay
constants as discussed below.

4. Hidden-sector confining forces, axion mixing, and
approximate PQ symmetry

With the hidden-sector confining forces, we need at
least two (QCD and one hidden-sector) &’s which have
to be settled to zero, and hence we need at least two
axions. For definiteness, consider only one more confin-
ing force at an intermediate scale, which may be the
source of gravity mediation or GMSB. In this case, at
least one MD axion is assumed to be present, and axion
mixing must be considered. We assume that one decay
constant is in the intermediate scale. Here there is an
important (almost) theorem: the cross theorem on decay
constants and condensation scales. Suppose that there
are two axions a; with F; and a, with F, (F;<F,) which
couple to axion potentials with scales A; and A, (A
<A,). The theorem states the following (Kim, 1999b,
2000; Kim and Kim, 2006): according to the diagonaliza-
tion process in most cases with generic couplings, the
larger potential scale A, chooses the smaller decay con-
stant F|, and the smaller potential scale A; chooses the
larger decay constant F,. So it is not enough just to ob-
tain a small decay constant. The hidden sector may steal
the smaller decay constant; the QCD axion is probably
left with the larger decay constant. We can turn this
around such that the hidden sector instanton potential is
shallower than the QCD instanton potential since the
instanton potential is proportional to the light quark
mass as discussed in Sec. IIL.B. If the hidden-sector
quark mass is extremely small, then the QCD axion can
obtain the smaller decay constant, and the other axion is
an extremely light axion which can be used to fit the
observed dark energy (Riess et al., 1998; Perlmutter
et al., 1999; Komatsu et al., 2009). This is named the
quintessential axion (Kim and Nilles, 2003, 2009). It can
be easily realized if some hidden-sector squark conden-
sations are very small, as Fig. 27 can generate hidden-
sector quark masses (Kim and Kim, 2006).

Since it is difficult to obtain a reasonable light MD
axion, attempts have been made to find an approximate
PQ symmetry from string compactification. Only one
reference exists using a realistic string compactification
because of the difficulty of calculating all approximate
PQ charges of quarks (Choi, Kim, and Kim, 2007). After
all, the topologically attractive B;; may not be the QCD
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axion we want. In this regard, we note that there already
exists a field theoretic work regarding an approximate
PQ symmetry, starting with a discrete Z, symmetry (Laz-
arides, Panagiotakopoulos, and Shafi, 1986). Later,
gravitational nonperturbative effects such as wormholes
and black holes were phenomenologically studied in
view of any global symmetries (Giddings and
Strominger, 1988; Lee, 1988; Gilbert, 1989). It is known
that the PQ-symmetry-breaking operators in the super-
potential must be forbidden up to dimension 8 (Barr and
Seckel, 1992; Ghigna, Lusignoli, and Roncadelli, 1992;
Holman, Hsu, Kephart, Kolb, Watkins, and Widrow,
1992; Kamionkowski and March-Russell, 1992; Do-
brescu, 1997). If we introduce an approximate PQ sym-
metry, it is better to forbid the PQ-symmetry-breaking
operators up to dimension 8 in the superpotential; pos-
sibly up to dimension 7 with reasonably small couplings
somewhere.

In this spirit, it is worthwhile to check approximate
PQ symmetries in string-derived models. The MSSMs
presented in Kim (2007a, 2007b), Kim, Kim, and Kyae
(2007), and Kim and Kyae (2007), satisfty most phenom-
enological constraints and one can check approximate
global symmetries. But it is tedious work, and so far an
approximate PQ symmetry has been checked out only
for the flipped SU(5) model of Kim and Kyae (2007). In
searching for an approximate global symmetry in a
string-derived model, there are so many Yukawa cou-
plings to be considered that a complete study up to all
orders is almost impossible. For example (Choi, Kim,
and Kim, 2007) presented O(10*) d=7 superpotential
terms, and it is not a trivial task to find an approximate
PQ symmetry direction, considering all these terms. Up
to dimension-7 terms, there exists an approximate PQ
symmetry which is spontaneously broken. The resulting
axion coupling with photons has been calculated by
Choi, Kim, and Kim (2007) and is shown in Fig. 16 to-
gether with the CAST and Tokyo axion search bounds
(Andriamonje et al., 2007; Inoue et al., 2008). But the
axion decay constant is not lowered. This is because the
needed singlet VEVs, leading to the low energy MSSM,
carry PQ charges. This is a generic problem for observ-
able axions from superstrings. In comparison to the MI
axion case with the anomalous U(1),,, it may be easier
to realize the observable axion with an approximate PQ
symmetry.

VII. AXINO COSMOLOGY

Supersymmetrization of axion models includes the
fermionic superpartner axino a and the scalar superpart-
ner saxion as discussed in Sec. VI.D. Both saxion and
axino masses are split from the almost vanishing axion
mass if SUSY is broken. The precise value of the axino
mass depends on the model, specified by the SUSY-
breaking sector and the mediation sector to the axion
supermultiplet (Nilles, 1984). Most probably the saxion
mass is around the soft mass scale Mgygy. The axino
mass should also be near this scale as well. But the axino
mass can also be much smaller (Frere and Gerard, 1983;
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Kim, Masiero, and Nanopoulos, 1984; Chun, Kim, and
Nilles, 1992a) or much larger than Mgygy (Chun and
Lukas, 1995). Therefore, we take the axino mass as a
free parameter here.

The decoupling temperature of the axino supermul-
tiplet is of order (Rajagopal, Turner, and Wilczek, 1991)

T, —(10“GeV)<L)2<%>3
@ dep = 102 GeV) \ a,

where «,. is the QCD coupling constant.

Saxion cosmology is a simple extension of the stan-
dard cosmology with saxion mass around the SUSY-
breaking scale (Kim, 1991; Chang and Kim, 1996; Asaka
and Yamaguchi, 1999), but its effect is not so dramatic as
the effect of the axino. Therefore, here we focus on the
axino cosmology (Rajagopal, Turner, and Wilczek, 1991;
Covi, Kim, and Roszkowski, 1999; Covi, Kim, Kim, and
Roszkowski, 2001; Choi, Kim, Lee, and Seto, 2008). In
the moduli stabilization scenario of Kachru et al. (2003),
the saxion VEV has been estimated by Choi and Jeong
(2007).

The axino cosmology depends crucially on the nature
of R parity. If R parity is conserved and the axino is
lighter than the neutralino, then most probably the
axino or gravitino (in the case of GMSB) is the LSP. If R
parity is not conserved, the neutralino can decay to or-
dinary SM particles, as discussed by Allanach, Dedes,
and Dreiner (2004).

Now we focus on R-parity conservation. The neu-
tralino, if it is the LSP, is a natural candidate for dark
matter. Due to TeV scale sparticle interactions, the ther-
mal history of neutralinos allows them to be dark matter.
But if a solution of the strong CP problem via the axion
is imposed, the thermal history involves contributions
from the axion sector, notably by the axino. Since axino
cosmology depends on neutralino and gravitino number
densities, we comment on the neutralino and gravitino
cosmologies before discussing the effect of the axino.
The neutralino cosmology depends on the neutralino
freezeout temperature (Lee and Weinberg, 1977b; Drees
and Nojiri, 1993) and the gravitino cosmology depends
on the reheating temperature after inflation (Weinberg,
1982). Here we list several relevant temperatures in the
axino cosmology,

(125)

T; 4p»  axino decoupling temperature;

Tg, reheating temperature after inflation;
T, neutralino freezeout temperature;
T;.rad> axino-radiation equality temperature;

Tp, radiation temperature right after @ decay.
(126)
Here we are interested in the axino domination of the
dark matter density. In the evolution history of cold

axino dark matter, either a heavy axino has decayed al-
ready or it has not decayed yet. If the axino has not
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decayed yet, the current axino CDM can be estimated
using 77 q¢p OF Tg. If it has decayed already, the past cold
axino dark matter requires the existence of T at some
earlier time,

smaYi(TR"™) = Tp (127)
so that Y;(Tg)=nz/s= Yd(rf,;“i“) at the time of reheating
after inflation, where TR" is the temperature above
which axinos dominate the universe before they decay.

A. Neutralino and gravitino

The neutralino LSP seems the most attractive candi-
date for CDM simply because the TeV order SUSY-
breaking scale introduces the LSP as a WIMP (Gold-
berg, 1983; Ellis, Hagelin, Nanopoulos, Olive, and
Srednicki, 1984). The neutralino, which was in thermal
equilibrium in the early universe, decouples and freezes
out when the annihilation rate becomes smaller than the
Hubble parameter. The freezeout temperature 7T}, is nor-
mally given by m,/25 (Lee and Weinberg, 1977b; Kolb
and Turner, 1990), e.g., 4 GeV for a 100 GeV neutralino.
Obviously, the neutralino relic density is not affected by
the axino: Tp> T}, since neutralinos were in thermal
equilibrium after the axino decay. This is the standard
neutralino dark matter. With the introduction of the
axino, therefore, we study the case Tp < Ty,

Gravitinos in the universe are important if they domi-
nate the dark matter fraction now or affected the result
of nucleosynthesis. Thermal gravitinos produced at the
Planckian time are important if ms, ~1 keV (Pagels and
Primack, 1982). However, in the inflationary scenario
these Planckian-time gravitinos are not important now.
It was observed that heavy gravitino decay affects nu-
cleosynthesis (Weinberg, 1982); this problem was sug-
gested to be solved by inflation (Krauss, 1983; Khlopov
and Linde, 1984). Then the gravitino number density is
roughly estimated in terms of the reheating temperature
after inflation, ns,xTy. To estimate the cosmological
bound on Ty rather accurately, a full supergravity inter-
action (Cremmer, Ferrara, Girardello, and van Proyen,
1983) has been used and applied to the dissociation
problem of rare light elements such as deuterium, etc.,
resulting in Tx<10° GeV (Ellis, Kim, and Nanopoulos,
1984). A recent calculation of Ty has been performed
using the nucleosynthesis code to look for ’Li destruc-
tion and/or °Li overproduction (Kawasaki, Kohri, and
Moroi, 2005; Kawasaki, Kohri, Moroi, and Yotsuyanagi,
2008), following the earlier work of Cyburt, Ellis, Fields,
and Olive (2003), which led to a stronger bound, T
<10® GeV if the gravitino is lighter than the gluino and
Tr<107 GeV if the gravitino is heavier than the gluino.
This gravitino problem is absent if the gravitino is the
next LSP (NLSP), m; <mj3,<m,, since a thermally pro-
duced gravitino would decay into an axino and an axion,
which would not affect the BBN-produced light ele-
ments (Asaka and Yanagida, 2000).

If the gravitino is the LSP with the stau or neutralino
as the NLSP, the gravitino can be the CDM even in the
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constrained MSSM (or mSUGRA) for some parameter
space, avoiding the BBN and b — sy constraints (Boehm,
Djouadi, and Drees, 2000; Ellis, Olive, Santoso, and
Spanos, 2004; Roszkowski, Ruiz de Austri, and Choi,
2005; Cerdeiio, Choi, Jedamzik, Roszkowski, and Ruiz
de Austri, 2006).

B. Axino

Thus, in SUSY theories we must consider a relatively
small reheating temperature 10’8 GeV. Axino cosmol-
ogy must also be considered with this low reheating tem-
perature.

In principle, the axion supermultiplet is independent
of the observable sector, in which case we may take the
axino mass as a free parameter from the keV scale to a
value much larger than the gravitino mass (Chun, Kim,
and Nilles, 1992a; Chun and Lukas, 1995). Light axinos
(m;=100 GeV) can be a dark matter candidate and
have been studied extensively as a warm dark matter
candidate (Rajagopal, Turner, and Wilczek, 1991) with
the reheating temperature given by Brandenburg and
Steffen (2004), or a CDM candidate (Covi, Kim, and
Roszkowski, 1999; Asaka and Yanagida, 2000; Covi,
Kim, Kim, and Roszkowski, 2001; Roszkowski and Seto,
2007; Seto and Yamaguchi, 2007). Heavy axinos, how-
ever, cannot be the LSP; they can decay to the LSP plus
light particles. This heavy axino decay to neutralinos has
already been considered (Chun and Lukas, 1995). The
heavy axino possibility was considered in studying cos-
mological effects of the saxion by Kawasaki and Na-
kayama (2008) and Kawasaki, Nakayama, and Senami
(2008). A more complete cosmological analysis of the
heavy axino has been discussed by Choi, Kim, Lee, and
Seto (2008).

Since the CDM fraction of the universe is roughly 0.23
(Komatsu et al., 2009), we focus on the possibility of the
axino or axino-related neutralino being the CDM. For
the axino to be the LSP, it must be lighter than the light-
est neutralino and gravitino. In this case, we do not have
Tp of Eq. (126). If the lightest neutralino is the NLSP,
m;<m,<ms, the thermal production (TP) mechanism
gives the aforementioned bound on the reheating tem-
perature after inflation. At a high reheating tempera-
ture, TP is dominant in axino production (Covi, Kim,
and Roszkowski, 1999). If the reheating temperature is
below the critical energy density line, there exists an-
other axino CDM possibility from nonthermally pro-
duced (NTP) axinos which result from neutralino decay
(Covi, Kim, Kim, and Roszkowski, 2001). This situation
is shown in Fig. 28. We note that with R-parity conser-
vation the double production of low-mass axinos is neg-
ligible in supernovae, and hence there is no useful exclu-
sion region from SN1987A in the low-mass region.

Since the final axino energy fraction is reduced by the
mass ratio Ozh%=(mz/m,)Qh* for mz<m,<ms,, the
stringent cosmologically constrained MSSM parameter
space for m, can be expanded. As shown in Fig. 28, the
NTP axinos can be CDM for a relatively low reheating
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FIG. 28. (Color) Constraints of the reheating temperature as a
function of the axino mass. The solid line is the upper bound
from TP. The yellow region is the region where NTP can give
cosmologically interesting results (QgTthzl). The freezeout
temperature is Tg=~m,/20.

temperature (<10 TeV) for 10 MeV <m;<m,. In Fig.
28 the thin dashed yellow corner on the RHS corre-
sponds to MSSM models with Qxh2<104, and a small
axino mass gives the possibility of the axino forming
23% of the closure density. If all SUSY mass parameters
are below 1 TeV, then probably Qxh2<100 (the thick
solid corner on the RHS) but a sufficient axino energy
density requires m;>1 GeV. Thus, if the LHC does not
detect the neutralino needed for closing of the universe,
axino closing is a possibility (Covi, Roszkowski, and
Small, 2002; Covi, Roszkowski, Ruiz de Austri, and
Small 2004; Choi and Roszkowski, 2006; Choi, Rosz-
kowski, and Ruiz de Austri, 2008). If the NLSP is a stau
with axino or gravitino LSP, the previously forbidden
stau LSP region is erased. In this case, the CDM axino is
similar to the bino LSP case, but because of the charge
on the stau it is easier to detect the stau signal at the
LHC (Brandenburg, Covi, Hamaguchi, Roszkowski, and
Steffen, 2005). However, it may be difficult to detect axi-
nos (Kim and Kim, 2002).

In the GMSB scenario, the gravitino mass is generally
smaller than the neutralino mass and possibly smaller
than the axino mass. The cosmological effect for this
case has been studied by Chun, Kim, and Kim (1994)
and Kim and Kim (1995).

For a heavy axino decaying to a neutralino, we
present a Ty vs m; plot for F,=10'" GeV in Fig. 29. The
region Tgr>Tj; 4 is above the dashed blue line. An
axino lifetime greater than 0.1 s is denoted by the red
shaded region on the LHS. The blue shaded region on
the RHS is where the axino decays before the neutralino
decouples (Tp > Ty). The magenta lines (horizontal) are
the contours of the entropy increase due to the axino
decay, r==S§/S,. Above the r=1 line axinos dominate the
universe before they decay. The green lines (vertical) de-
note (G unlrer), Where oy, is the neutralino annihilation
cross section, in units of GeV~2, which are used to give
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FIG. 29. (Color) The Ty vs m; plot for m,=100 GeV and F,
=10" GeV.

the right amount of neutralino relic density. In Fig. 29
we use the neutralino and gluino masses m,=100 GeV
and mg=2 TeV, respectively. For a larger F, and a
heavier neutralino mass, the green lines move to the

right (Choi, Kim, Lee, and Seto, 2008).
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