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Constraints on variant axion models
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A particular class of variant axion models with two Higgs doublets and a singlet is studied. In these models
the axion couples either to thequark ort quark or both, but not tb, c, s, ord. When the axion couples to
only one quark the models possess the desirable feature of having no domain wall problem, which makes them
viable candidates for a cosmological axion string scenario. We calculate the axion couplings to leptons,
photons, and nucleons, and the astrophysical constraints on the axion decay agpst@ninvestigated and
compared to the Dine-Fischler-Srednicki-ZhitnitskdFS2) axion model. We find that the most restrictive
lower bound orv,, that from SN 1987A, is lowered by up to a factor of about 35, depending on the model and
also the ratio of the vacuum expectation values of the Higgs doublets. For scenarios with axionic strings, the
allowed window forv, in the u quark model can be more than two orders of magnitude. For inflationary
scenarios, the cosmological upper bound wyIN, whereN is the QCD anomaly factor, is unaffected:
however, the variant models havé&\ either 3 or 6 times smaller than the DFSZ model.
[S0556-282(97)05924-9

PACS numbe(s): 14.80.Mz, 95.35t+d, 98.80.Cq

I. INTRODUCTION Despite being the_coupling constant of a total derivative
term, the parametef is observable, through its effect on the
The relevance of instantofi] to physics was first shown neutron electric dipole momef#]. The current experimental
by 't Hooft [2] in his resolution of theJ 5(1) problem[3]. It upper limit[7] on the electric dipole moment implies thét
was first pointed out by him that the topological structure ofis less than about 10.
the vacuum of any non-Abelian gauge theory, which in-  Such a small value of contradicts our expectation that a
cludes QCD, is nontrivial. There are gauge transformationsgimensionless free parameter should be of order 1. Many
characterized by different topological numbers (the ideas have emerged in trying to resolve the puzzle. One of
Pontryagin index which cannot be continuously deformed the most elegant solutions was proposed by Peccei and
to one another. This gives rise to distinct ground states, laQuinn (PQ) in 1977[8]. The authors postulated the invari-
beled by differenn and separated by finite energy barriers.ance of the Lagrangian under the transformations of a new
Instantons can be physically interpreted as quantum meextra global chiralU(1) symmetry, called PQ symmetry,
chanical tunneling events, in Euclidean spacetime, betweethus enlarging the symmetry group of the SM to
these different ground statps$,5]. One then has to construct SU(3)cXx SU(2), X U(1)y X U(1)pq. To accommodate the
the true, gauge-invariant, vacuum out of these degeneratgxira charges of the new symmetry one neg@ddeast one

n-vacua by taking a linear combination extra Higgs doublet. When this symmetry is spontaneously
broken, a pseudoscalar boson appd&kin the theory,
|9>:2 e i), 1) called theaxion_ Normally, one would think that the axion is
n massless, as it is the Nambu-Goldstone boson of the PQ

symmetry. However, theJ(1)pq Symmetry is an anomalous
In the path integral approach, the effect is to add the soone, spoiled by the effect of instantons in the QCD vacuum,
called 6 term, to the ordinary QCD Lagrangian, or and the axion picks up a small mass via the axion-gluon-
gluon triangle anomaly.

The assignment of appropriate PQ charges to the Higgs
fields and consequently to the quarks is responsible for the
presence of the anomaly in the PQ current, and also for the
Under the combined action of charge conjugation and parityariety of the axion models. In the original model, known as
transformation the term changes sign and hence it violatesthe PQWW/(Peccei-Quinn-Weinberg-Wilczgkaxion model
CP invariance. There is als@P violation communicated [9], all the quarks of the same chirality were assigned the
from the quark mass matrik: if we diagonalize it with a same PQ charge. Unfortunately, the model was ruled out
biunitary transformation, we find that the coupling const@&nt both by particle physics experiments and by astrophysical
is modified to observations. The former gave constraints which came from

o K, J/4, andY meson decays, reactor and beam dump ex-
0= 6+argdetM). 3 periments, and nuclear deexcitatidrd®)]. The latter are in
fact more restrictive and imply that,>10' GeV for most
axion models considered to ddtel]. A way out of this was
*Electronic address: m.b.hindmarsh@sussex.ac.uk first proposed by Kim in 1979 and subsequently by Shifman,
TElectronic address: p.moulatsiotis@sussex.ac.uk Vainstein, and Zakharo{12], who added a Higgs singlet,
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thus enabling the axion decay constant to be much highdrave not previously been considered, and we present an
than the electroweak scale. However, it cannot be too highanalysis in this paper of the bounds on the axion scale that
as it is also possible to restrip, from above through cos- can be inferred from their couplings to electrons, photons,
mological arguments. Coherent oscillations in axion field carand nucleons in astrophysical processes. We find, as for the
be produced after inflation or via the formation of axionic standard Dine-Fischler-Srednicki-ZhitnitskiDFS2) [18]
cosmic strings. The requirement that the energy density imnd Kim-Shifman-Vainstein-Zakharo(tKSVZ) [12] invis-
these oscillations is not large enough to overclose the unible axions, that the tightest constraint comes, via the
verse puts an upper limit an, . The current values on these nucleon coupling, from SN 1987A. However, in these vari-
limits for the axion decay constant atg less than about ant models, the coupling is generally weaker, and weakens
102 GeV [13,11] from inflationary scenarios and the lower bound on, by a factor of between 1.4 and 35,
v,=<2.6x10"' GeV [14] from axion strings (for  depending on which quarks the axion couples to, and on the
Ho=50 km s Mpc™%, and making the conservative as- ratio of the vacuum expectation values of the Higgs doublets.
sumption that radiation from infinite strings dominates thatThe cosmological upper bound on from the axion density
from loopg. As we can see there is only a very small win- is also reduced, by a factor of either 3 or 6, as a result of the

dow left for the axion. smaller QCD anomaly factor.
Cosmology also restricts on the valueMf the parameter
that characterizes the QCD anomaly, which is related to the Il. DESCRIPTION OF THE MODEL

number of quarks that couple to the axion. If there is no

inflation between the PQ symmetry-breaking transition and The models we are going to discuss were first proposed
the present day, a dense network of axion strings is formed?y Geng and Ng19] and have elements from both the pre-
At around a temperature of 1 GeV, each string becomes th@ously discussed one and that of DFSZ. There, an extra
junction of (in our normalization convention2N domain  Higgs singlet¢ is introduced, the phase of which is reserved
walls[15]. In order to avoid the domain walls dominating the for the axion. A direct coupling o to quarks and leptons is
energy density, R must be equal to unity, so that the string- impossible; but in the DFSZ model it couples to bath

wall system can annihilate. Models witti>$ must have a and ¢,. We, however, couplep only to one of the two
period of inflation at a low energy scale, or must reheat aftefloublets, namelyg,, which then couples to the “special”

inflation to less than the PQ symmetry-breaking temperaturejuarks according to the three models discussed above. The
to remain viable. other Higgs field couples to the rest of the quarks and the

In this paper we examine some variant axion mode|dept0ns. Therefore, we have the fOIIOWing Yukawa interac-

based on those proposed first by Peccei, Wu, and Yanagid#ns:

[16] and independently by Krauss and Wilczgl?]. Their

models were constructed with two Higgs doublets and as- » _¢u d o _ U T

signed different PQ charges to different quarks. The original ~ " fil(qL|¢1uR1)+fij(qL|¢2dRJ)+j:22,3 Fij(Auidztr)

reason for this is that in order to make an axion model which

avoided the particle physics constraints at the time it was +H.c., (model )

essential to decrease the axion couplings tand b quarks

on one hand, and on the other to sufficiently suppress the - - — ~

K*—m"a decay rate. One must also haveya sﬁ?ﬁciently EY:f‘u3(qL‘¢1uR3)+f%(q“(bzdeHj:El,zfﬁ(q“(ﬁzum)

short lived axion so it cannot be detected by the other ex-

periments. To accomplish that, one has to couple botitthe +H.c., (model I

andb quarks to the same Higgs field. However, as we know, . o o

the limits on the strangeness changing neutral currents are £Y=fiul(qLi¢1UR1)+fi”3(qLi¢1UR3)+fﬂ(QLiqbzde)

very tight and for that reason we have to couple the strange .

quark to the same Higgs doublet @aandb. Thus the only +1i2(QLidoUrz) +H.C., (model III)

way to realize the Peccei-Quinn symmetry is to couple either

the u or thet or both quarks to a second Higgs doublet. Sowhere g=io,¢*. Our nomenclature is the same as that of

we have three different models on our hands, two of whichPeccei, Wu, and Yanagida6]. In the first model it is thei

have the cosmologically desirable property that 3, and  quark that couples to the axion, whereas in the second it is

hence have no domain wall problem. the t. Finally, in the last model both quarks couple to the
Although the original models are also ruled out, alongaxion.

with the PQWW axion, by the astrophysical constraints, they The most general renormalizable potential for the model,

also have extensions with a Higgs singlet. The astrophysicalonsistent with gauge, as well as PQ symmetry and renor-

constraints on these models, presented in the next sectiomalizability is[12,19

V=N1(@] 1= 02122+ Ny dhpo— 0322+ N($* p—0212)%+ (adldr+ b h)by) d* b+ c(pliordrp®+H.C)
+d|pli ooy ?+e| bl a2 (4)



8076 MARK HINDMARSH AND PHOTIS MOULATSIOTIS 56

The appropriate PQ transformations according to which th@he derivative of Eq(7) compared with Eq(8) gives the
guarks acquire a PQ charge, as well as leaving the Yukawexpression for the axion decay constant as well as the elec-
Lagrangians invariant, are troweak breaking scale,

qu_)eIQRjaqua

U1V
Va= 2 zi_ 22' 9
quj—e' gy, R
i(Qi—0r)a Vew="v0 =\/vz+vz=246 GeV,
¢nHeI(QL] Qrj) bn, (5) Ew— V11 17U 10
wherea is explained below. In the models under discussion, 2
we can choose an assignment of PQ charges such that U1 (11)

Q_;=0 and only some of th@g;# 0. Furthermore, we im-
pose the normalization condition th@i;=1 for the “spe-

cial” quarks, which areug and/ortg. That further fixes the
transformations for the Higgs fields, which are as follows:

Uloz—m.

The expression is the same for all three models and as we
can see, it iw that ultimately fixes the scale far, .

On the other hand if we apply the same normalization
convention to the DFSZ axion, that is, if we assi@g;=1
to every quark, then the transformations of the Higgs fields
are

1
(dr)= Evl exd —i(a+ay)],

1 .
<¢2>:‘Evz expliaz), <¢1>=%vl exg —i(a+az)],

1 . 1
<¢>=5v explia), (6) <¢2>:7202exp[i(—a+az)],

wherev,v,,v are the vacuum expectation values of the

Higgs fields andx,a; are the angles conjugate to the axion (d)= iv exp(i @), (12
and the longitudinal degree of freedom of tB& boson, re- \Z
spectively. where
Our following step is to find an expression for the axion
decay constant. Lea’ andZ be the two Goldstone bosons ) 4vivs
after the breaking of the Peccei-Quinn symmetry and before Va=\/V 2,2 (13
instanton effects are taken into consideration. The first one, AR
a’, is the massless axion and the secandthe Goldstone . _ [ 7
boson that is eventually eaten by tA8. One then has the Vew=Un= \Uitu;=246 GeV, (14
following equation: v2—p2
a’ (Ua 0 ) a o0 vitvs 15
AR R N B
Vio V11 \9z

Our choice of charges ensures that, which is essentially
The 2x 2 matrix on the right-hand side of E(f) is the most eq_ual to the PQ symmetry—bregking scale, is _also equal to the
general matrix compatible with the requirement not to mix@Xion decay constarfi, (as defined by SrednickP1]). We

the axion with thez® boson. On the other hand, if one takes have avoided using, because of its many definitions in the
the kinetic term for these massless scalar degrees of freedofffrature.

hen one h
then one has IIl. THE AXION COUPLINGS

1 12 29_ 1§72, .2 2 2, .2
2[(9,8")°+(9,2) 1= {(vi+v) (I, )"+ (vi+v3) Our next step is to determine the couplings of the axion to
different quarks and leptons. In the basis where quafkare

eigenstates of the weak interaction, the QCD part of the La-

grangian is

X(3,a2)%+ 03[ (3,a) (" az)
+(*)(9,a2)]} (8)

2
S

32,2 O Conr-

Py r T ’ T ’ 1 v
Laocp=aj(iy,D*)q; _QLiMijQRj_QRiM;rJQLj_ZGg Gpuyt 0 (16)

whereM is the quark mass matrix, and dependsecenda;, and henca’. If we diagonalize the quark mass matrix, we find
that in the mass eigenstate basis the Lagrangian is
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- 1 v 92 a’ v (of —
ﬁQCD:qj(I'y,u,D'u_mj)q Gb Gbuv+ ((9 a )2 2 (6 2N )Gb Gb,lLV zvlaaﬂa q]YM’VSq], (17)

where N is explained below. If there were no mixing be-

U2
tween the axion and th&°, the couplingy; would just be the tan f=-—~. (25)
difference of the PQ charges of the right- and left-handed !
quarksg; . The presence of the mixing modifies the relationSo for model I:
to
2
Uy tar? B X
V10 9u="7 =sir? B, (26)
0= (Qrj= Qu)) = (Yrj= Y1) . (18) “oirol Ittar B
2
. 1%
whereYg; andY; are the hypercharges of the right and left Od o= LI =co< B, (27)
chiral fields, respectively, of thith quark. Gee pito;  lttar B
The constaniN depends on the number and type of par- )
i i v
ticles with the gluon anomaly 1 —cog B, 29)

9et= " 2y 2T T 1ttt B
N:; (Qrj=Quj)Y;, (19 whered;=d,s,b ande,=e,u, 7. Using the same notation we
can work out the couplings for model I,
wheret; is the index of theSU(3)¢ representatlon to which

the fields belongfor the known quarks= 3). Hence in our _ v _ 1 2 29
normalization convention, for models | and N= %, and for Yue=" v2+v2 1t+taf B —cos B, (29
model 1ll, N=1. As advertized, the first two models have no
axionic domain wall problem. In the case of the DFSZ axion Ui 2
we haveN=3. dd, o= 2, 2= =cos B, (30
. . . o . , + 1+tarf
When calculating the axion-quark interactions in practice, J vitu2 B
the derivative interaction in Eq17) can prove troublesome, »2 tar?
and it is usual to leave the phases corresponding to the axion 0= 2 5= B =sir? B, (31)
degree of freedom in the quark mass matrix, so that the in- vitvs lttarr g
teraction term is
and for model IlI:
Laq=—m;q;e1s 4@t aYieg) (20 v2 tar? 8
U2 i
where AQ;=Qg;—Q; andAY;=Yg;—Y,;. To first order 9U~t‘v';‘+v§ - 1+tarf B sir? B, (32
in a’lvg, this gives
vf
o= = =co¢ B, 33
_Igj a qJ'YSqJ (21) gdl'e' vi-l—v% 1+tarf B B (33
2
The (pseudoscalarYukawa coupling of the interaction be- __ vt = —co2 34
tween the axion and thgh quark is then clearly 9= T 24 2T T 1vtarf 8 A 39

i Last, we write down the interaction between the axion and
haj=g; v_a (22) photons, which arises in the same way as for the axion-gluon
interaction, through thay+y triangle diagram,

The interactions with leptons can be calculated similarly. )

The term involving the axion and tHéh leptone, is _ e Tuv
d pton& Lay=Negzz,-a'F . F", (35)
ooy —
La=—ig, v_a €756, (23 where
a
from which we define the Yukawa coupling Ne=> (Qri—Qy)e? (36)
e j /%5
m :
hai=0y U_a (24) In this equationg; is the electric charge of thgth fermion

(with each color quark counted separajely
It is useful for later calculations to express the couplings in It is important to note that below the QCD scale
terms of tang, where (~200 MeV), free quarks do not exist, so one has to con-
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sider the effective couplings of axions to nucleons, which 1
arise from the axion mixing withr® and thes’. It is exactly go=g(Au+Ad—2As)
this mixing that allows us to calculate the axion mass and
also has an effect on the coupling to two photons. 1

Standard current algebra techniqUe®,21] tell us that +3(Aut+Ad+As)(9u+gatgs—2N), (42)
the physical axiora has masgincluding the strange quark

gut9a— ng_

1+z—2w
1+z+w

l —
m,f z vz g =—(Au—Ad)< - ——2N>
_Mats 3 Ju—Jd . 43
Ma=——NaTyarzrw| (37) 2 Lrztw
hat | lina to oh , wheres, Aq=(|qvy,vsd|#), with s, being the spin of the
and that its coupling to photons is nucleorﬁ We can finla values for thﬁq’s by combining the
1 _ measurement of the proton spin structure function by the
anzzhayaFF, (39 E143 collaboration [23], which gives Au+Ad+As
=0.27+0.10, with quark model and SB) flavor symmetry
predictions for nucleon and hyperon couplings. We find
where
N e’ [1 (Ne 2(4+z+w) } (39 AU=0813-0.072,
" 4n? v, \N o 3(1+ztw)/ [ Ad=—0.444+0.072,
and we defineg andw as[22] As= —0.10+0.04.
7= m=0.553t 0.043 Translating these results into the language of the effective
my ' Lagrangian approach we find
m, _ .my, —
w= —==0.029+0.0043. Layy=—1~a(9o+ga7s) vs¢- (44)
s a
For modes | & Il one has (N,N,) = (1/2,4/3) and for model It is now straightforward to find the Yukawa couplings for

I (N,Ng)=(1,8/3). As we can see the rati,/N=8/3 for the axion-proton and axion-neutron interactions. For model I,

all of them. This ratio holds both for the DFSZ and the
KSVZ axion, as well as for grand unified theof@UT) ax-
ion models based on §b) [21].

The same current algebra techniques enable us to compute (45
the axion-nucleon couplin§21]. First we write down the
anomaly-free axion current, including the strange quark,

m
hapzv—:[ —(0.678+0.038cos B— (0.226+0.058],

m
hanzv—n[(0.578t 0.038cos 28+ (0.136+0.058 ],
a

" 1 2 _ (46)
jM—vaé?Ma-f— E Ou— mN uy,ysu
for model 11,
+ ! 2z N|dy,ysd
S 9™ 7o YuYs m
2 1+z+w g hap=—[ —(0.678+0.038cos 28— (1.039+0.058 ],
1 2w — 2 (47
+§ gs—mN)SyM’y5S. (40)
mn
To find the couplings with the nucleons, we take the axionic hanzv_a[(0-578t0-03ac°5 $+(0.579:0.058],
current in the effective theory of nucleons, (48)
i5=30(9do+ 9373 Yu st (4D and model Iil,

where 73 is the usual Pauli matrix, angr is the nucleon

m
__Pr_ _
doublet hap——va[ (0.678+0.038 cos 28— (0.587+=0.096 ],

(49

m
hanzv—n[(0.578t 0.038cos 28+ (0.137+0.096 ].
a

sandwich it between nucleon states, and compare with the (50)
expression obtained by using E40). We find that the isos-
calar and isovector couplings are given by Finally the Yukawa couplings for the DFSZ axion are
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m, TABLE |. Table of values of coefficients in E459), with ex-
hap=—"[—(1.3570.077cos 28— (1.896+0.279 ], perimental uncertainties, for the three variant axion models consid-
Va ered, compared with the values for the canonical DFSZ model.

(51)
m Model A B C
n
han—v—a[(1.157:0.077)cos 2+(0.276:0.275]. : 1132014 0.6 0.18 0.080.06
(52 Il 1.13+0.14 2.75:0.31 1.75-0.26
I 1.13+0.14 1.1#0.31 0.38:0.17
IV. ASTROPHYSICAL CONSTRAINTS DFSZ 4.52:0.14 6.42-1.76 3.75:1.35

We are now interested in seeing how the astrophysical
limits serve to constrain the couplings and hence the P@omes from the supernova SN 1987A neutrino sid24l.
scalev,. In our case these constraints come exclusivelyThe general argument underlying these kinds of measure-
from the application of energy loss arguments to sfadd.  ments is as follows. We assume that we have some new light
According to it, if there are low mass particles such as neuparticles, produced in the interior of a neutron star, more
trinos or novel particles interacting weakly with matter andweakly interacting than neutrinos, e.g., axions, and their
radiation such as axions, they can be produced in large num¥ukawa coupling is noted as,,, where is the nucleon
bers in stellar interiors and can afterwards escape freely. Idoublet. There are two possibilities.Hif,, is too small, then
this way the stars are drained of energy and so alter the@xions cannot be trapped in the interior of the star. Their
standard evolutionary course. mean-free path is bigger than the radius of the star and so

We can now proceed to the following step, which isthey can escape freely. In this case axions are produced in-
checking how these three models behave under constraingéde the whole volume of the star and so the axion flux
coming from astrophysics. It would also be useful to com-would bel ;= hfw. The reason for this is that axion produc-
pare the results with the DFSZ model, mainly for two rea-tion would be dominated by processes like axion bremsstrah-
sons. First of all, it has significant similarities with our mod- lung from nucleons, i.e.n+p—n+p+a. Hence,L, in-
els, especially in the way that fermions acquire their PQcreases with increasinlg,, and eventually the axion flux
charges. Second, it is a well studied and established axiogquals the neutrino fluk, . Let this value of the coupling be
model and all existing constraints refer mostly to it. himin- ON the other hand, for largér,,, then axions can be

We begin by estimating the bounds on the axion coutrapped and thermalized, in which case they are emitted from
plings to electrons. The most restrictive bound comes fromy sphere of radiuR,. The stronger the coupling, the larger
the so-callechelium ignition argumenin red giantg11,24, R, is. With blackbody surface emission,,=R3T4(R,),
which states that if a red giant produces a large number AfyhereT(R,) is the temperature at radif®, . For a nascent
nv_au_trin_os or other weakly interacting particles, then heliumyeyiron starR?T4(R) is a rapidly decreasing function &
will ignite in a muqh_later time beca_luse larger density will beyg require thal,<L,, and thusR,>R,: thus there is a
required. For sufficiently I|ght particles th_e energy loss rate,5jue of hag» S8y hpax, above which the axion flux drops
would be so large that helium would not ignite at all, so thepglow  the neutrino  flux again. Hence the range
stars would directly become white dwarfs. The limif 2] himin<Pay<hmax is €xcluded because the axion flux would

_ dominate the one coming from the neutrinos. If one is to
<2.5x10 : : :
Nae=2.5x10 (53 remain conservative, many-body effects should be taken into

So according to Eq424), (27), (30), (33), and(53) we get  account, in which case the limit from this constrain{2§]
the following lower limit for the axion decay constant: (h§p+2h§n)1’2<2.85>< 10-1° (58)

va>2%10° cos' B GeV, (54) This constraint puts bounds er, which we write as

which holds for all models. Another important interaction
axions have is the one with photons. For the models under va>(0.33<10°)(A cos’ 28+B cos +C) GeV.(Sg)
discussion it was first examined by Cheng, Geng, and Ni

[25] The limit set on the constraint for the axion-photon The values ofA, B, andC, and their uncertaintieej\/hich

coupling is[26] arise from the uncertainties inq, z, andw) are displayed in
Table I.
-11
hay<1X10"" (59 For completeness, we also give the bounds on the DFSZ

From this and Eq(24) it is straightforward to conclude that model originating from the electron and photon couplings:

0,>8.5x107 GeV (models I, 1), (56) va>4x10° cos B GeV, (60)
and v.>5.1x10° GeV, (62)
v,>1.7X10° GeV (model I1I). (57)  Itis clear that the lower bound on the axion scale from the

red giant constrainfwhich operates on the axion-electron
The strictest bound, though, arises from the axion couplingoupling is relaxed by a factor of about 2. The axion-photon
to nucleons. The most restrictive value for this constraintcoupling depends on, /N as does the mass of the axion and
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1.4 . . \ \ . . w V. CONCLUSIONS

Although the axion solution to the stror@P problem is

one of the most physically appealing, axions themselves face
a great problem. Despite the fact that they interact very
weakly with matter and so are very difficult to track, particle

physics experiments together with astrophysical consider-
ations and cosmology have managed to constrain axion mod-
els significantly. In this paper we have found the constraints
for axion models with nonstandard couplings to quarks and
leptons, using data from E143 to determine the values of the
nucleon couplings, which provide the strongest constraint.
We find that the bounds are generally weakened, as the
nucleon couplings in our variant axion models are smaller.

The most spectacular effect is for model | ngar 7/4: the
bound dips to about,>2x 10° GeV, about a factor 35 less
FIG. 1. The lower bound on the Peccei-Quinn symmetry-than the DFSZ value. Models | and Il have the desirable

breaking scale , for variant axion models described in the text and feature that the QCD anomaly coefficiet=2%, which
the DFSZ model, plotted as a function gf Here, tan8=v,/v,,

wher n re the v m ex ion val f the tw . . : .
erev,; andv, are the vacuum expectation values of the t O are viable models for an axion string scenario. For model |,

Higgs fields giving masses to the fermions. The dashed and dotf; .
dashed lines indicate the uncertainties arising from the nucleon COL&he lower bound om, can dip to 2« 10° GeV for values of

plings B near /4. Recalling the upper bound ary in the axion
' string scenario, v,<2.6x 10" GeV for Hy=50 kms*?

-1 T ] H H H
the cosmological constraint in inflationary scenarissthe ~ MPC™ ~ [14], we see that the “window” for this axion string

axion string scenarioN = 1/2). These particular constraints SC€nario is actually quite large. _
on the ratiov, /N, are therefore the same for our variant, " @n inflationary scenario, the cosmological upper bound
axion models as for DESZ. is onv,/N, and so the upper bound en itself is reduced

On the other hand, it is not so straightforward to compare?y @ factor of 6 for models I and I, and a factor 3 for model

the nucleon constraints. For one to see how these bound¥:

affectv,, we plot graphs ob, againstg for every model

including the DFSZ. One can easily check from Fig. 1 that

the lower bound is shifted downwards by a factor of 1.4—35 ACKNOWLEDGMENTS
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