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L possible mechaniem of the strong suppression of the
axion~-fermion interaction is congidered. Two model realizing

thig mechanism ere described in detail.




L. It is well known that pseudoparticle solutions 4p
suantum chromodynamice leads to an additional term in the
Lwarahgian of the interaction ﬁiﬁwf-ﬁaigiaﬁkffiafwhich viola-
25 the P- and CP-invariance /1/. The solution was found in
the vaper /2/. Az 1% has been shown a global symmeiry remedies
thls situation and conserves the invariance. However, in this
ae, 2 iight pmeudoscelar particle, the axion, muat exist
/3,47« The axion coupling to aquark in the model/ 3,4/ is of order
S "i',ﬂf and the maazs ig about 100 keV,

Jany authers hove discussed possible methods for produ-
cing and detecting mxions /3-5/. However, the existing experi-
mental evidence indicnte that the axion possessing the above
properiles coes not exist /6/. In accordance with this, the
problem ariges tc explain the "negative"™ results of the expe-
riments. Not focusing on theoretical alternatives, which does
not require the existence of the axion at all let ug congi-
der a possible suppression mechanism of the axion-quark coup-
ling,

Ve will show that the axion-quark interaction in the
Weinberg-Salam model can be weakened, by extending the Higge
sector of a theory, or by extending e gauge group Stz & L/
Furthermore, the suppression mechanism of question can be
included into & wide enough class of models not involvying
additional MHiggs fieldsz and siso with no extension of the
gauge group if this group is larger in comparigon with the
minimal required one Sévssf &y (for example, S elid
x Safe W) or § ULl AL AEE

The plan of the.premeut paper is ag follows. Section 2
discusses the Weinbefgrsalam mocdel wherein suppression the
axion-quark interaction occurs due to extenciorn of %
sector. Section 3 congiders a model based on the mauge group

Sale), x SU(Lfe x ¥4, It iz ghowm that the axion-guark coup-
ling is order {;rfw, '4-.715 s Where.y, 4¢ -~ are the modules of
vacuum expectatim of the 1aftrﬁanﬁed end right-handed Higgs
doublets, respectively. Note that ¥ <« % , lleanwhile, all
of the remaining interactions associated with the left char-
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ged currents coincides with the standard model and neutral cur-
pents differ only by %“he terms of order .f’;,? /”. Appendix discus-
ses the constraints imposed on the Higgs potential.

2. As knuwn‘g’”, to realize a global Wrﬂ%@_ gymmetry in the
Weinberg-Selam model, at least two Higgs doublets 2,9 . For
my purposes, I has to introduce an additional scalar complex
field ¥ . This field is the singlet under the gauge transfor-
mations of the S8/, 7Z(4/ group, but it is transformed non-
trivially under &/¥%¢, So, let us demand invariance of the
Lagrangian under the following transformations 2L/ R o

i ! s ‘| '/
gl.a':gmﬁﬁ@ /. Eé;:f:ﬁ'g ;, JE,.. - & .r.éf_/‘gf

The quark fields under the traneformation &/Z/7¢ vary in the
seme wey &8s in the standard model involving the axion /3,47

Firset of all, let us focus on the Higgs sector of a theo=-
ry. The most general form of the potential energy satiefying
both the SZ(z/ X @/t %Lhpsymmetry and renormalizability can
be written as follows:

V@8 - p TR yuBR e dL i (BB

% {13
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In this expression all the parameters, except , are real

due %o hermiticity of the Lagrangian, However, can be made

a real parameter, redefining any of the fields °
g @y

.'rﬂ? ‘ 4
Indeed, as ﬁ//ff , the redistribution @ :e £ 1leads to di sap-

pearance of V. In what follows the dash gj: ﬂf ig omitted and .
keep in mind that /> . I will written / as instead of W

Without loss of generallty the vacuum expectation of the
fields may be written as follows:

P . 5“' .I"?,
p ¢ = B :

Here V>0 ,4>9 62>0 U> ¢ . This results from the gauge
invariance of V2% .,17". Actually, the S’-fr:(:f,f};ﬁx;atatiun parame-
ters (OF in the rotation matrix & - 2 T*“" ey al-

ways be chngen so that the upper component of 'l;hé field
<@, > becomes zero. Moreover, one cen eliminate independent
phases of both the upper and lower components in <& > by
013 7 ST
means of transformations &/ st , In this case,
the gauge rotations #°"® lead simply to redefining & in
< 2> with no variation in the siructure of <E> .

Suppose that the potential V¥  parameters are such
that v, ¥, 6«  &rve not equal to zero. '

Then, as shown in Appendix, at /55.’: v, <2/ % the sponta-
neous charge violation does not occur, i.e. 5=¢ . A minimum
for I/ is fulfilled by a choice of & and 7 such
that & #7 = 7 o+ As one should expect, minimization of
the potential does not determine & and 7
independent , what is associated with the additional Z/Z/z2e
symmetry available. Nevertheless, the minimum of the effective
potential /2/ with teking into account the instantons will,
ag ugual, define the phases & and 7 geparately and
the corresponding chiral rotation results in cancelling the
CP-nonvariasnt term in the Lagrangian.

Proceed now to the coupling of the axion to fermions. It
ig known /7/ that after diesgonalization of quark massive terms,
the Yukawa interaction between Higgs fields and quarks is
written as follows '

' [z my 5 fz e — -~ .
Ly = LB * G LD uC (3)

Here £ = f/”x ";/é/ 2 ="5@*, e, *,5431-3 the vacuum values of
the corresponding fields, taking account of these phases. In
order to choose the axion-guark coupling from (3) one needs
to find linear combination of the neutral componente of the
fields ®©, @B , X of definite masses. For this purpose,
represent the scalar fields after chiral transformations in

the following form: -
' 74

L0 /Q ;
:-“-g“fr:?’/ / D=2
=8 @/‘/“xé// L M’*ﬂf/ (4)
/:Ef/’//*f%gu’y




(4)
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Here ‘};é; é,é,":l §- are the Hermitian fields, 7 - are the
usual Pauli matrices.

Using th auge transformation with the rotation matrix
;s T . . :
o e f/;,},:4+fp:£f-? s o}pe can pasg to the unitary
gauge. The transformed field £, are written as follows:

,,?"F& ! TP
- -fe ”""’% ,«,-.4/%’ W8 Gee T 415)
: ..f/r_ ﬂ?f/ ﬁ/f’;“,;_;j

—= ==
e ST SRS ) . Lol :
Here J = mart ' 27 vizimss . 1t 1s ready to see
that in the case of the fields £/, , non-diagonal terms

the <ﬂ;;> HE:,;%F{; - type in the Lagrangian are cancelled and,
hence,- the description the fields in the form (5) are actual-
ly expressed in terms of the unitary gauge. The fields f
and 2 each taken meparately, do not become massive because
of the additionsl Zfa(f/;:e = gymmetry; only the combination
#O = pead 7Drnd acquires a mass and the combination

Q° = Deasd - F°#28 , which ig orthogonal to ~° , . remaing
magsless in a itree approximation and is the axion. Indeed, the
part of interest of the potential V . whiek could give
masses to the ? - and «) - fields is written as fol-
lows:

- flrafere) - feayaes  ©

Substituying (5)into (6) and remaining only the p -, -

- quadratic terms, we obtain to the. following expression for
"4 =

L 1‘-‘{:?;’_‘.:" £ 2
O F L funeis FFA;E FE( 05T -

. 7%
ﬁcﬂg = i

Vi Wl

(7

Here and below by Ve o Wiy e the modules of corresponding

i

quantities are meant,

As Jﬁf >/é*ifﬁ’.?; s the charged fields £ = become massive,
the neutral combination ﬁ’a=f‘::w5*ﬂ»&f?$ get a mass

- d/r:”z“_};.:ﬁ-“.pja.t ;
T S e whereas the axion remains masslesse

&

Express p° and «) via physical fields _. AN :

. & L ATy
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It is seen from (8) that, if a spontaneous break-down of sym-
metry takes place so that &>>; 4, the axion-quark interac-
tion will be proportional to Lo & ~ gﬁzﬁf « Thig is just the

result we are striving for.

Let us express this fact more clearly. To this end, let
us substitute eq. (8) .into eq. (5) and then into (3). Inter-
action of quarks with the axion is written as follows:

eut Ko 7 047

As compared to the standard model /3,4/, we have two additio-
nal magsive neutral particles © and 7° and also the
factor #~»0 in expression (9).

Turn our attention to the following circumstance: the
fact that the axion interacts weakly both with +the upper and
lower components of the quark doublet is a direct consequence
of the invariance of a field. f under the 'gauge trang=-
formations of S2(&. ¥¥/4/ | Just this circumstance results

"in the absence of the contribution -:'}'f:r‘f‘ to the W - bo=

sons masses and congequently to &r « Thus, the only requi-
rement to the additional scalar field is that the quantity

£ X >* ghould be larger in comparison with ('Qfﬂ{?"', that
ig XY 6224, :

If an additional scalar field be introduced which is
trensformed non-trivially under S /2, Y2/ (a doublet, for
example), of course, an additional parameter in a theory will
appear., But weakening of the coupling of the axion to the
lower component of the gquark doublet thanks to this parametexn
would neceggsardily lead fto amplification of the interaction

el




with the upper component of the double (as in the standard
model involving the axion /3,4/ ).

The above mechanism suppression of the guark-axion inter-
action seems to be somewhat artificial since massive neutral
fields = A% and & have no any additional leading except
suppression. More attractive are the models with a larger
group of symmetry (for example, S&/e/ « Szl ¥ ¢/ (£) Y which
already include the Higgs fields with the »roperties required,
namely: < %eS'<< fﬂ‘;;ﬁi. In this case, a natural suppression of
the right currents, in comparison with the left ones results
in that the axion interacts more weakly with the left sectors
than usually in the ratio < Gadl A

LG Xe
For these models there is no necegsity in additional

Higgs fields., Let us now discuss in detril one of such possi-
bilities.

3, A model is based on the gauge group Sesta) x Sul2 r&:ﬁ?
The Higgs sector containg four fields: @, % = (%, ¢ </
Do Pre = (0,5 , 2/ . By the notation in the
brackets is meant the following: (%,7%,//, 7., 7% - is the
multipiicity of a field under the group S&(2/ , S&(i/e

respectively, and [  is the hypercharge of this field.

The left sector's quarks zf,@" are transformed under a
gauge group as follows: ;

JEI;J/.: 7 /’i P ‘j?/ }é/

The transformation of the right sector's quarks 4,7 is
analogous:

/f%’/p k, 5,

That ig, the model is constructed in such a way that the
left~hand part coincides with the standard model and the
right-hand part is constructed in the seme way as the left
one, Let us now impose an additional ey T gymmetry on the

te =0 o 555?/'} a2 ke 0 -%/.

o syl ol “'/3/} 73’5_/.:? e~ %/

Lagrangisn at which the scalar fields are transformed as fol-
lowas

L -

g ote /5‘0 s o P
2 - o o = P b19)
Lot i =

The quarks are transformed under Z&///#p - rotations so that
Yukaya interaction remains invariant under transformations
(10).

Let us consider, first of all, the model's Higgs sector.
The most general form of the poteuntial corresponding to re-

‘normalizability and Carfal, vSerdle XAL UT),  gymmetry is the

following:
el i £ ,.-':’ 3 o
V' (2, @y, Be | Bl el s Wyt
1/'{ T/’Ma @;ffazz ?L‘/M.zg ca..-!'l:' 5‘:'??.{ '*/?//.:- /"%:@{/**f":u /ﬁ:& g'?‘d/ 2

S / ‘ {E;: 2% // ﬁf‘,: @z/ = /éz / 5"‘}: Jas /‘7 !?3": @ﬁ/
ki 'E'r'"ﬁ?: Q‘% e B2, 'gxfﬂr@; Cre/ * /@'xf@/ 2 2o/ ?
8 (81857 ) # 0] P P 5] (RGN )

(11)

V'F has the same form as e
variation £-= € . Just as in eq. (1), all the parameters are
real and, without loss of generality, we shall assume that

doded, &

As it is shown in Appendix, the condition for the absen-
ce of the spontaneous charge violation may be written as

with the corresponding

followg:

where V%2 , &1  are the absolute values of the vacuum

expacZ2Zion of left and right fields, respectively. These
requirements are fulfilled automatically if 4 <o, foo <O

Then, if one acts in a similar manner, it is ready to
derive the following expression for the Lagrengien of the
axion-quark interaction:

T i Y o hd -
Yot 0.8 g 20+ MY 2 f..’/,z.
Lanit ffﬁ@f‘?”‘“i’”"e&"‘”ﬁ ‘7

:[/ ,45..{.(.- il ﬁ‘_d _.}e- 25 ‘Fé‘[ ,_fy,f.* {12)
= ?ﬁr ﬁﬁfﬂaﬂ/ﬂ;;ﬁf“f?* g%f T,

e




interaction of the axion with left quarks is strongly sup-
pregsed.

Let us now show that the Lagrangian of fermion-heavy
u;rr, Z - bosomdinteraction coincides with the standard model
to the terms /g:f/fﬁ'f « It i8 clear that the expressions for
charged current entirely coincides with the standard model
because no mixing of W with we” occurg, Meanwhile,
neutral components of vector fields are mixed and get the fol-

lowing masses: Sl
mi=g mi - b (et e 27 E)7

m3 = Y (Ui (g ) >> 473 (13)
where (7974 =9, :C;? is the ﬁonstmt associated with S«/2/,
Serfdje y and 5}’ is the constant associated with
the group %4/ . ; the angle & is introduced, as usual,

y
by the relation: 5”_{/? With the above notation the quark-Z,-
~boson coupling “/’ffi'f tekes the form:

stk L dah 0 o A ;%;?aﬁmhéi/f
7y 2 VrginT® e (fo L i 7.,7K14)
S : ?;%M/éﬁéﬁhb/*éﬁf%ﬁ##kﬂ%

It is easy to see from egs. (13) and (14) that the replacement
2.2°8 = Y76w , where @, -is the standard value of Wein-
berg angle, leads in the standard model's Lagrengian up to the
terms /z% «/+ A similar gtatement is of course, valid for
leptons too.

In conclusion, note that from the experiments on a search
for fthe axion it followg the restriction on a suppression pa-
rameter 5‘”;}"5#5 .e_.r’f?")a In this case, the mass of the axion

g ~ 1008  keV.

The author is indebted to A.I.Vainghtein and I.B.Khriplo-
vich for usefull discusgions and remarks.
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In this appendix we discuss some conditions which should
be imposed on ¢ - numerical potentials V@*ﬁ)fﬁnﬂ V&2, % 2
the latter determining by expressions (1) and (11), respecti-
vely.

Let us begin with the Higgs potential determined by
eq. (1). As it is previously explained, the vacuum expecta-
tion fields £ £ ¥ can be always written in the form:

[

’6- . —:?J
b ol =
C 2> 2 e DR baf,; 4% “5}

where W »>¢, vi>o, @22 230 , substituting eq. (15)
into eq. (1), one gets the following expression for potential
energy:

" $ £ o <
Vit 5 24,87) =Emu’r 2 le=sT P 7Y *§du157+67

&

o~

23 £ Z g'iﬁ':l

o) e fot 6 Bt 1 cOr (G474 U 4 (26

-4

as f5 0 the minimm of energy is satisfied by the condition
o = « That's why the following holds:

L N ' | |
Sot < age *Z G114 2/ (17)

i
As 7 in the minimum point of the requirement :
{W-Jfgsiﬁ.@ > ¢  regults in the absence of spontaneous charge
?iﬂlatiﬂn, iié! F = Lg .
In ordexr to set a lower limit for the potential energy
it is sufficient to require the fulfilment of the following

conditions:

POl gy, Aa o

Ay > (< BN (18)

A Az > :'.‘lj -

Ay da > Af _
Proceed now to the potential which is determined by expresgim
(11). Without logs of generality the vacuum expectation of
fields can be written as follows:

11
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J.r "I-G V,l!'r’ﬂ

¢
Ji & / P fms-’/ (19)
<@(.¢-".} o /f,‘r_",,p?'ﬁ-:'::-': f"‘/z/ ;“.5){-‘-/
Here V}'-J( l-_"{_i'-J &}u - ..ze'?‘-ef pq’&ﬁ-;‘b

Substituting (19) into (11), one gets the fnllaw1ng expression
for

g Filles 2 Ly g
V/<¢}5—3*} (’Qe;’f/ = 3 b ‘“‘; e Vi 1"‘-{*"’;“1 b +§""":f£ o (20)

n.c”
#z;f -»_'/g‘ e "f:ﬂgﬁ 7;(4,..;-,3; i«}rtﬂvaf s ) A

% {_:. 5}&,3‘4.& f‘;.&g ; éZzV"af ?‘ Jﬁf&ﬁ‘ﬂ(ﬂ*ﬁwr# S P
The condition under which the chntanaaus charge violation
doesg not occur, i.e. the minimum V corresponds to

¥=a ¥ =¢ , can be writien in the form:
- fati /58020, ~feiter v (21)
Inequalities (21) are fulfilled automatically for}ffwagigra
In order to find the low limits for the potential,
let us use of the inequality: -{@%tﬁ’
Then, one rearranges the terms of expression (20) in such a
way that the combinations of the fields of the type
Ay Vg Are 454 A 1 4 be included, Then the conditim
of a lower limit for potential energy V can be written in

the form:
Ay >0 ,Awe>2, 4029 , As e > 2

e dor > Bl 4/ Aﬁr459492?g?1ﬁ5'£?4
Ay 2082 Jf{’;af‘f}%éf
A Aze -'r‘“?/‘:r_::ﬁ /{#{’ A }%fa?:;f

(22).
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