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In theframeworkof SU(2)x U(1) X U’(l) gaugemodelsweinvestigatethedecayK~—’~+

X, whereX is the light gauge bosoncorrespondingto the U’(l) group. Contributions of the
annihilation and spectatordiagramsare taken into account. We discuss possibilities of the
experimentalobservationof the X-bosonsin the decaysK~-.Tr~-l-X. It is shownthat if the X
boson is the carrierof a new long-rangeinteraction (“ the fifth force”), then the width of the
processK -. ~ + X is extremelysmall.

1. Introduction

At present,the standardSU(3)X SU(2) X U(1) model is in a good agreementwith
all the data. However, a number of theoretical drawbacksof the model (the
problems of hierarchy, the number of families, the unification of interactions)
require going beyond its framework (the grand unified theories, technicolour,
supersymmetry,superstrings,etc.). Quite often, the low-energy symmetry group

provesto be larger thanSU(3) X SU(2) X U(1). The simplestandat the sametime
most frequentcaseis the enlargementof the standardgroupwith an additional U(1)
factor.This possibilityis often realizedin grandunified theories[1], supersymn~etric
models[2], and superstringtheories [3]. Recently, the interest in such kinds of
models has been kindled by possible indications for the existence of a new
long-range interaction (the “fifth force”) [4]. So, the important problem is the
theoreticalstudyof the propertiesof new U(1) gaugebosonsandthe investigation
of thepossibilitiesof their experimentaldetection.

Since the massesof such bosonsin generalare not predictedby the theory, one
should extensivelyusethe experimentaldatain order to obtain information on the
possiblemassesof thesebosons.
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If thesebosonswere sufficiently light, their effectscould be searchedfor in the

e± e— annihilation,deep-inelasticscattering,the measuringof muon and electron
anomalousmagneticmoments,in the quarkoniadecays,etc. In ref. [5] it wasshown
that oneof the effective methodsof searchingfor new light gaugebosonsis to look
for the decay ~° —* y + “nothing” (by “nothing” we mean neutral unobservable
particles).A numberof limits on the massand the coupling constantof new U(1)
bosonswasobtainedin ref. [6].

In a numberof casesrather strongconstraintson the propertiesof such bosons
canbeobtainedfrom the existingdataon the decayK~—*i~+ “nothing”, which is
a usual placeto look for new light unobservableparticles. A detailedinvestigation
of this processis inspired also by the fact that a rather sensitiveexperimentin

searchof this decayis takingplace in the BrookhavenNationalLaboratory[7]. It is
expectedthat the decayK + + + “nothing” will be detectedwhenits branching
ratio exceeds 10—~o.It is worth noting that the width of this decay in the
frameworkof the standardmodel is [8]

BR(K~—*~+~)
10u. (1)

Therefore,the positiveresult of the BNL experimentwill mark the observationof
new light undetectableparticles.So it seemsto be very interestingto know whether
new U(1) bosonscanplay the role of “nothing” in this process.

In this paperwe investigatethe decayK~—*i~+ X, whereX is the gaugeboson
correspondingto the extra U’(l) group, possessingan arbitrarymass(mx< mK —

rn,,) and coupling to a quark current. The most generaltype of the interaction
lagrangianis discussedin sect.2. The effectivesdX vertexis calculatedin sect. 3. In

sect. 4 we obtain the contribution of the annihilation diagrams to the matrix
elementof the decayK~—*~ usingPCAC for theK meson.Conclusionsandan
outlook are presentedin sect.5.

2. Coupling of the X bosonto quarks

We considerthe gaugetheorybasedon the group SU(2) X U(1) X U’(l) (strong

interactionsare not taken into account).We assumethat the quark and lepton
sectorsof the theoryare identical to thoseof the standardmodel,andfor simplicity
we restrictourselvesto consideringoniy the first two quarkgenerations:

[ u c
L1=i~ ~ L2=i .~ucosuC+ss1nuC;L t, —dsinO+scosO L

UR, CR, SR. dR.

We wish to find the mostgeneralform of the lagrangianof the interactionof the
X bosonandquarks. It turns out that the U’(l) chargesof the doubletsL1 and L2
andof the right-singletscannotbe independent.
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Becauseof the mixing betweendifferent generations,the Higgs sector of the

theory has to containtermsof the following type:

~‘H =fsLsHsR+f2L2HsR+f3L1HdR+f4L2HdR +..., (2)

whereH is the Higgsdoubletgiving massto down quarks(it doesnot matterwhich
Higgsbosongives massesto up quarksandleptons*.

In order that the first two terms in eq. (2) be U’(l) gaugeinvariant, the U’(l)

chargesof the left doubletsL1 and L2 haveto be equal. From thegaugeinvariance
of the first and third terms one can deducethat the U’(l) chargesof the right
singlets

5R and dR are equalas well. In thesamemanneronecanprovethe equality
of the chargesof the right singletsUR andCR. Thus the coupling of the X bosonto
quarks dependson three parameters:GL which is the U’(l) charge of the left
doubletsL

1,2, G~and G~which are the U’(l) chargesof the right up and down
quarksrespectively.So the mostgeneralform of the interactionlagrangianof theX
bosonandquarksreads

~iflt~x{GL ~ ~q~+ ~ G~~ ~RY~R}~. (3)
up,down up down

Note that the couplingsof the X bosonto the s and d quarksare the same.So it
provesimpossibleto build any model basedon the group SU(2) X U(1) x U’(l) in
which the X bosonwould coupleto the vector currentof the baryonhypercharge.

(Sucha model,in which sucha X bosonwascalleda hyperphoton,wasproposedin
ref. [9] in order to explaingravitationalanomaliesin geophysicaldata.)

Let us consideronce more the quark mass term LHq~.One can see that if
GL ‘�‘ GR, then the Higgs doublet H has nonzero U’(l) charge.In that case the
symmetriesSU(2) x U(1) andU’(l) are brokendownat the sametime. Thephysical
Z and X bosonswill be superpositionsof the fields X° and Z°entering the
interactionlagrangian.

If thereis only one Higgs doublet H in the theory then in order to make the X

bosonmassive,oneshouldintroducean extraHiggs field ~ which is a singletunder
SU(2) x U(1). It is its vacuumexpectationvaluethat determinesthe valueof the
physicalX-boson mass:

m~= ~g~G,~(ç1)
2, m~= ~(g2 + g~G~+g’2)(H)/. (4)

* Onecan see that onemusthave at least threenonzeroconstantsf, in eq. (2) in orderto getmixing.
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The fields of physicalbosonsare

2gXG~ 2g~G
11

z°+x° z=z°— X° (5)
~/g2+ g’

2

In deriving eqs.(4) and(5) it was assumedthat rn~~z rn~ and gx ~zg, g’.
The gaugeinvarianceof themasstermsof the up anddown quarksgives

Gff=GL—G~==G~—GL (6)

Hence,in the casewherethe sameHiggs doublet givesmassto bothup anddown
quarks,the coupling of the X bosonto quarksis determinedby the two parameters

G~and G~,while GL = ~(G~+ Ga).
We do not investigaterestrictions on the quark U’(l) chargeswhich can be

imposedby the requirementof the absenceof the triangle anomalies,becauseit
always can be respectedby adjusting U’(l) chargesin the lepton sector or by
introducingnew heavyfermions.

In the caseof the nonminimal Higgs sectorone is not obliged to introducean

extra Higgs singlet. For instance,in the case of two Higgsdoublets H
1 and H2

which give massesto up and down quarksrespectively(as is the casein supersym-
metric theories),the X bosonacquiresthe mass

2 1 2 2 (111)2(112)2m~= ~gx(G~, + GH2) (H5)
2+ (H

2)
2~ (7)

In the casewhen (H
5) (1-12) = 250 GeYwe obtain

g~ / rn~ \2
aX = 4~ 250 GeV) (8)

which is a ratherstronglimit on ~ in the caseof sufficiently light X bosons.
In many theoriesthe mixing betweenHiggs doublets, e1~H~’H~,plays a rather

importantrole. Whenit is absent,thereusuallyappearalmostmasslesspseudoscalar
(axion) andscalarbosonswhich are forbiddenby the experiment.If this mixing is
presentthen GH1 + GH2 = 0. From eq. (7) we concludethat in order to makethe X
bosonmassive,in this caseonehas to introduceagainan extraHiggs field, singlet
underSU(2) X U(1). As in the first caseherewe haveGL = ~(Gj~+ Ga).

In what follows weshall restrictourselvesto the theory, the Higgs sectorof which

consistsof one doublet and one singlet. In this casewe are free from the rather
stringentconstraint(8).
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3. Calculation of the effective sdXvertex

In the calculation of the effective sdX vertex in general we shall follow the
method of ref. [10], wherethe effectivesdZ vertexwascalculatedin detail.

First, let us note the following circumstance.When the X bosonis massless,the

decayK + + X is forbidden kinematically by angularmomentumconservation.
Indeed,in the K-mesonrestframethe i~mesonandX bosonproducedin the decay

fly away in the oppositedirections along the same line. Since the X boson is
massless,the projection of its spin on this line equals±1. The projectionsof the

orbital angularmomentumof the ir mesonandtheX bosonon this line are equalto
zero.Sincein the initial statewe hadthe scalar(K meson),the processis forbidden.
Hence, the width of the decayK~—sir~Xshouldbe proportional to the X-boson
mass

rn~ 2
BR(K~—sir~X) . (9)

mK

So the bosonswith extremely small masses,which could be carriersof a new
long-rangeinteraction,give negligibly small contributionsto the width of the decay
K~—~ir~+“nothing”.

When calculating the effective sdX vertex one may assumethat the s and d

quarksare on their massshell andtheir massesareequalto zero.Accountingfor the
quarkmassesleadsto small correctionsBR —* BR [1 + O(m~/rn~)I

Weshallmakeall calculationsin the frameworkof the four-quarkmodel. Besides
we shall keeponly the leadingtermsin the powersof rn~/m~,m~/rn~.

Now let us cometo the detailedcalculation of the sdX° vertex. The process
S(k) —s d(p )X( q) is describedby two typesof diagramsdepictedin fig. 1. Diagram

(a) correspondsto the sum of six diagramspresentedin fig. 2. Self-energydiagrams
markedwith black circles in fig. lb are describedby the threediagramsof fig. 3. We
choosethe renormalizationschemein fig. 3 suchthat the counterterm(c) completely
cancels the contribution of the diagrams (a) and (b) in the non-diagonalsd
transition.This sd countertermgives rise to the countertermof the form SLy~dLX~
which is depictedin fig. 2f (for more details seeref. [10]). So the effective sdX0
vertexis describedby fig. la only.

Sd sd Sd

(a) (b)

Fig. 1.
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Fig. 2.

All calculationsin this section werecarriedout in the Rf gauge, in which the
propagatorof the W bosonreads

—l_________ 2 \~

= 2 ~
“ p2—rn~,

The expressionsfor eachdiagram2a—2f of fig. 2 are

m~
= ~F2~ A~{ m2 rn2

m~ rn~ m~,,

m~ q~ji m2—x(l—x)qfl
+ (2G~— ~G~j—~--ln ~+ 4G dxx(1 — x)ln

rn~ rn~ o m~—x(l_x)q2J’ (10)

rn2 31n~\
(11)

~ ~-lj

w

S d = S ~ d +
u,c
(a)

H

d S dS __________I I +

(b) (C)

Fig. 3.
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where

2 1

.ggx . Y
5

A~= i- —5s1nO~cos
9cYy’~L’ ‘~L = 2

The contributionsof the diagrams2d, 2e and the contributionof that part of the

diagram2f which correspondsto the countertermfor the diagramin fig. 3b, cancel
eachothercompletely,as is the casefor the Z° boson

F2’~+ + r’2~~= 0 (12)

The remaining part of the diagram2f, which correspondsto the counterterm
appearingdueto the W-bosonexchange(fig. 3a), reads

F2f(W)_AGd(l+3lnE) (13)

Let us note that in thespecific caseof theeffectivesdZ°vertextheseresultsagree
with thoseobtainedin ref. [10].

It wasstressedabovethat in the caseunderconsideration,the U’(l) chargesobey
the following equations:

~

GH+=GL—GR=—GH- (14)

Hencewe obtain the following expressionfor the effectivesdX°vertex:

g2g rn~ 7—~ rn2
Fx=i__2~sin9cosOYP{(Gu_G)(3_21n__+ (~)1n~)

2

q
2 1 m2—x(1—x)qfl

+4GL—~—f dxx(1 —x)ln ~ 2 ~ (15)
m~ o rn~—x(1—x)q

The effectivesdZ°vertexhasthe form

g2~/g2+gt2 rn2 rn~ 7—~
32~ ~ (16)
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x

a
K+ fl~

U U

Fig. 4.

From eqs. (15) and (16), taking into accountthe mixing (5) andeq. (14) for the
U’(l) charges,onegetsthe following expressionfor the sdX vertex:

gX GF
= i—~~rrsin8~cos O~~(G~+ G~)q2.~LyydL

2 2 I-i
1 m,—q X~i—x

X J dxx(1 — x)ln ~ 2 (17)
o m~—qx(1—x)

It is worth noting thatwhenthereis no mixing betweenthe X andZ bosons(i.e.
the X bosoncouples only to a vector quark current) the expression(17) for the
effectivesdX vertexdoesnot change.

Now we haveeverythingto computethe matrix elementof the decayK~(k)—s

7r~(p)X(q)correspondingto the spectatordiagramin fig. 4.

M = r~(K~F~i~)

= i~-~~sin0~cos O~~(G~+ G~)rnf~(rn~)

2 Ii \ 2
1 m — X~,i— xirn~

x(p + ~ I dxx(1 — x)ln 2 2 (18)
.10 — x(1 — x)rnx

where r.,~is the polarizationvectorof the X boson,fi~i(q2)is the form factor of the
K~—’~ transition:

(K~(k)~LYydLI1T~(p)) =f~(q2)(p + k)~+f~(q2)q~. (19)

Since eq = 0, the secondterm in eq. (19) does not contribute to the matrix
element.To agood accuracythe form factor ft(m~) equals[11]

f~(m~r(1+0.03~). (20)



TM. Alievetal. / K-’’r~X 319

Note that the matrix elementof the decayK~—s~ turns out to be propor-

tional to rn~ in agreementwith the qualitativeargumentspresentedin the beginning
of this section.

It is well known that in thelimit rn~—s 0 (wheng,~.—s 0) theX bosonbehaveslike
the correspondingGoldstoneboson0*. It is interestingto note that although the

decay K~—sir~G is not kinematically forbidden, its matrix elementnevertheless
vanishes(seeappendixB).

4. Contribution of the annihilation diagrams

In this sectionwe calculatethe contributionto the matrix elementcorresponding

to the annihilation diagrams.We assumethat the X bosoncouples to the quark
currentof the generalform

jjV +J~=g~q-y,~q+ gXqy5y~q.

As abovewe shall supposethat the X bosoninteractswith s and d quarks in the

sameway.
The matrix elementof the decayK~(k)—s ir~(p)X(q)may be written as

M =

where is the polarizationvector of the X bosonand

My= fd4xe~ (K~T~(x)~(0)j~). (21)

Here ~ is the effective lagrangian of the K—?r transition. Without strong
correctionsit has the following form:

GF
— —1=-sin9~cosO~.~y~(1— y5)ui~y~(1— y~)d. (22)

Let us begin with the calculationof the contribution (21) due to the s-quark
vectorcurrent.In this casethe matrix elementof the decayis

M~=~

x~y7(1— y5)u~ç(1— y~)d(0)~r~).

* See,e.g. thesecondentryof ref. [2].
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Using the standardvacuumdominanceassumptionone gets

M~= ~ sinO~cosO~p~~fd4x e~(K~ Ti~y~s(x)iy~y
5u(0)I0).

In the following calculationsof the matrix elementswe shall restrictourselvesto
the leading termsin the limit of vanishingsquaredmomentaof K and ir mesons;
K

2, p2 —s 0. (This meansthat we applythe PCAC hypothesisto the entiremesonic
SU(3) octet.The accuracyof our resultswill correspondto the accuracyof the
hadron SU(3) symmetry. So, the expectederror will be about 20%.) From the
kinematicsof the decayone deducesthat in this limit all momentaare tending to
zero.Henceoneobtains

GF f
M,~.—— _=sinOecosOc�~msp~7~,

where

= if d4x d4ye~ ~(OITSy~s(x)~y~y
5u(0)i~y5s(y)I0).

In the calculationof the matrix elementM~we shall usethe following method.
Using the Lorentz invarianceM~canbe written as

M~= ap~+ bq~.

The value can be calculatedfrom the triangle diagramdepictedin fig. 5. The
coefficient b turns out to be finite. To renderthe coefficient a finite we use the
following Ward identity:

qyM~= iGFV~sinOCcosO~f.,,fK(pk). (23)

(The detailedderivation of this formula is containedin Appendix A.) Finally one

~ q

v~S p

.Yvv5

Fig. 5.
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gets

GF
M~’ i~rg~,sinO~cosO~

x ~ - ~—~pq- ~p2)j + q—~[~pq-~p2]} (24)

Reasoningin the samemannerin the caseof d quarkandchangingidentity (23) to

q~M~=—iGFV~JsinO~cosO~f,7f~(kp) (25)

oneobtains

d .GF dM~= —l-~=gvs1n8~cosO~

~ (26)

And now let us find out the contributionof the coupling of the X bosonto the
current fvy~u.Since the u quark is containedboth in K~and in ir~ mesons,the
correspondingmatrix elementcanbe representedas the sum

M~°=M
1~+M~,

where

M~= — ~ sin8~cos8~f~ — y5)u(0)I0)

x (0Ii~y7(1— 1’5) dIir~)

GF f
= — ~

T1~= if d
4x ~4yeI~~lkY (0~T~y~u(x)~y

5s(y)~y7y5u(0)j0)
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and

GF
M~= — — ~ —y5)uIO)

~ —y5)d(0)I~)

GF . fK
= ~ md)k~T2~P

T2~= if d
4x d4ye 1PY(0ITü~u(x)

5u(y)~y~y5d(0)I0).

When computingthe M~one cannotneglect the u-quarkmassas comparedto

the s-quark mass, becausein the PCAC limit this results in the appearanceof
divergentintegrals.

Let us show the explicit form of p~T1~and k~T2~~which will be useful for us
later:

d~i l~[21p+pq]+q~1p_p~ji2+1q]
p7T1~~= 12m5J (2~)~[(1+ q)

2— rn~][(i—p)2 — m~][/2 m~] (27)

d41 —21 kp+q k2+k [12_21q1
k
7T2~7= I2rnqf (2)~ [(1 + q)

2 - rn~][(1_k)2- m~I[i2_ m~]’ (28)

In the last equationwe assumed

m~ rnd rnq.

Following the sameprocedureas for s and d quarks andusing the identities (see
appendixA)

q~M~= ~

q~M~= iG FV~51fl~ cos9Cf,7fK ( kp) g~, (28a)
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we get

GF . f,~( 1 1 / m~ s\1
Iln———Il~ rn~ 6)]

fK

_p[2f~(kp)+~(~p2_pq( m~ 5\\1~ln— — — III,
rn~ 6))jJ

(29)

GF f4 1 ii

fK~ 2~ k[2f~(kp)_~(kp_~k2)J}.
M~= i—~-g~sinO~cosO~—~~ [kp — ~k2] +

(30)

Now let us proceedto the calculationof the contributionto the matrix element
due to the intersectionof the X bosonwith axial quarkcurrents.Note that in this
casewe cannotusethe Wardidentity as in the caseabove,becausein generalthe K
and ~r mesonshaveno definite axial charge.

We startwith the caseof thecouplingof the X bosonto the current i~y
5y~u.As in

the caseof the vectorcoupling we decomposethe matrix elementinto the sum:

M~= M1~+ M2~1,

where

GF

M5~ — ~rg~ sinOccoso~fd
4xe~(K~ITiiysy~u(x).ikf,,(l— y

5)u(0)I0)

x (O~iiy7(l— y5) d~~)

GF fir
= ~

fK

L1~= if d
4x d4ye’~’~~(01 Tuy

5y~u(x)Jy5u(y)~y~d(0)l0),

GF

M2y= — _ ~ —y5)u~0)

x (0jT~y5y~u(x)ü-y~(1— y5) dlir~)

GF fK
U

= — ~

L2~= if d
4x d4ye’~’~(0IT~y

5Yyu(x)Jy5u(y)uy~d(0)l0).
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Thevalue p~L1~is

d’~1 Try5(I—fl+m5)p(I+rn~)y~ys(I+t~+rn~)
p9L1~~~ (2~ [(i_p)2 — m~][12_ rn~][(1 + q)

2 — rn~]

Using eq.(27) onegets

~. d41 Tr(I—ft+rn,)~y~(I+q~+m~)
p

9(L1~~— T1~~)= —6rn~j(2~)~[(I_p)2_ rn~][(1+ q)
2—m~][12_ m~]

m~
—0—-

m~

So, within our accuracywe obtain p~L
1~7— p~T1~.Therefore,

.GF . f~ 1 12 m~ 5

M©~=_1_ -g~s1nO~cos9~-1--q~—~~p —pq 1n—~—

1 q
2 rn2 5

—py— 2f~(kp)+—~ ~p2—pq ln—5—— . (31)
pq 4~r m~ 6

To compute M
2~we proceedin the sameway. The difference k~(L2~— T2~~)

turns out to befinite, and taking eq. (28) into accountonegets

k~(L2~7—T2~)=~i[_2q~kq+k~(k2+q2)].

Usingeqs.(28) and(30) we arriveat

GF
M2y= —i—~-g~sinO~cos9~

x ~{q~-~--
2 + k~- [2fkp - ~—~(kp - ~k2) - ~~~~(kq)(k2 + q2)j}.

(32)
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Now let the X boson couple to the current ~y
5~y~S. The matrix element to be

computedis

MM = — ~ sin~cosOCfd4xe’~(K~IT~y5yMS(x)

x ~(1 — y5)u(0)j0)(0j~ç(1— ys) d~ir~)

GF f
= ~

LM~= if d
4x d4ye’~~(01 Tiy

5~s(x)i~çu(0) i~y5sI0). (33)

As in the caseof the vectorcurrent iy~s,we representthematrix elementas the

sum:
MM = apM + bq,~.

The coefficient b may be extracted directly from the correspondingFeynman
diagram.It provesto be

[i 2 2

— 2 [2P 3pq
4ir rn~

The coefficient a is divergent.To obtain a one shouldusethe correspondingWard
identity.

Considerthe following field transformation:

u—se’~5u, S—~e°’
1’~S.

The corresponding current and the charge Qread

= 5~~S—

Q(K~)=0, QI0)=0. (34)

Note that conservesin the PCAC limit. Considerthe matrix element

~ (35)

It is shownin appendixA that

~
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Insertingeq.(34) into (35)we canseethat

MS= MU~ P. ~M P.’

where M and M~L” are definedby the formulae(31) and(33), respectively.Using
eq. (31) we concludethat the Ward identity which we needreads

q~M~=iGFv~sinOCcosOj,7fK(kp).

So the final expressionfor M~is

GF
MM i~zg~sin8~cosO~

~ (36)

Finally, let us considerthe interactionof the X bosonwith the current dy
5y~d.

The matrix elementwe are looking for is

M~=~

x (0ITdy5~d(x)i~y~(1—y~)d~r~)

GFd fK

= — ~~~As1nOccosOcf
2mqKPLP.I~,

~

Comparingthe contributionof the current dysyP.dwith that of the current dy~d,
onecan show that their differenceis finite and is equalto

k~(LP.~—~p)_~i[k~kq+q~(k2+q2)~.
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Finally we get

.GF. fK( 1 12 2
~ ~k —q —pq

~ (37)

Thus,we havecomputedall the annihilationdiagrams.Before we write down the
final answerit is worth making two remarks.

First, all calculationswere made in the approximationof the hadron SU(3)

symmetry,so we shouldput f~_~fK~if= 100 MeV. Moreover,we usedthe PCAC
limit. Thereforewe have to keepin the final expressiononly those termswhich are

proportional to the lowest powerof the momenta.
Thus,the answeris (we do not write down termsproportionalto q~since they do

not contributeto the matrix elementM)
(1) ~

M~=i~sinO cosO~2(g~— g~—g~+g~)pf2q2kP (38)

(2) g], = g~,(in this caseg~’= 0)

.GF. 21 m~ 3

~ —i ln—~-— — p~. (39)

Hence,for the physicalX bosonwe obtain
(1) G~~ G~(in this casethereis mixing betweenX and Z bosons).From eq.

(38) the contributionsof the X andZ bosonsare

M~= igx(G~— G~)~sin9~cosOj2q2(pq~kq)~~’

M~= ~

Taking eq. (5) into account we get the final result for the contribution of the

annihilationdiagrams:

~ (40)
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(2) G~= G~(in this casethemixing betweenX andZ bosonsis absent).Directly
from eq. (39) we get

GF 1 m2 3
~ ln—4—~ P~. (41)

Summingup the contributionsof the spectatorandannihilationdiagramswe can
write down the completeanswerfor the matrix elementof the decayK~—s7T~X:

(1) G~*G~

M= i~x~sin8ccos9c{~(G~+G~)m f~(m~)(p+ k)j’dxx(l — x)

m~—rn~(1—x)x kp 1
Xlflm2m2(l ~ +p~(G~—G~)f2m~(pq)(kq)(i + cos2Ow)Jep.

(42)

f~\ c’u — r’d —

‘.‘-) ‘—‘R’-’R’-’R

M = ~ + k) j1dxx(l — x)

rn~—m~x(1—x) 1 m~ 3
Xln +p— in——— Yr

rn~—m~x(1—x) P
4~2 m~ 2 ) ~

(43)

The width of the decayis

2 l~~IMI
2, (44)8 lTrnK

where

I~~l= ~
rnK

and M is definedby eq.(42) if G~* G~,andby eq.(43) if G~= G~.

5. Conclusionsand outlook

Let us consider the numericalresults.Usingeqs. (42), (43) and(44) we can find
the width of the decay K —s vrX which proves to dependrather strongly on the
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BR(K—’-irX).a~
1

(1)

0 100 200 300 400
M

5 (MeV)

Fig. 6. The dependenceof the branchingratio of the decayK~—.ir~Xon the X-boson mass with
various choicesof U’(l) chargesof right-handedquarks:(1) G~= 1, G~= —1, (2) G~= 1, G~ 1, (3)

0, G~=1, (4) G]~=1, G~=0.

choice of the U’(l) charges of right quarks (G~and Ga). Fig. 6 presentsthe
behaviourof the branchingratio BR(K —s irX) assumingvarious X-boson masses
andvarious choicesof G~and G~.Onecanseethat in all four casesthe maximal
value of the branchingratio lies in the regionabout rn~ 200 MeV.

WhenG~= G~= 1, one may takeBR(K —* 1TX)m~— a~in order to get a rough

estimate.So if ax ~ i0~—iO’°it is possible to observeX bosonsin the BNL
experimentby looking for the decayK + —s ~ + + “nothing”. But due to the strong
dependenceof BR(K~—sir~X)on the valuesof the U’(l) chargesof quarksandon
the X-boson mass,it seemsto be impossibleto extracta model-independentupper
bound on a~from the existingdataon the decayK~—*ir~+ “nothing”.

As an examplelet us considerthe supersymmetricFayetmodel [2] andtry to get
limits on the massof the correspondingX boson(it is usuallycalled the U boson).
In this model the coupling constantof the U bosonis

m
a ~3X10

7U 1GeV

It is reasonableto supposethat the presenceof two Higgsdoubletsin this model
will insignificantlyalter the obtainedresults.Thenif rn~~ 300 MeV weget

BR(K —s irU) ~ 3 X 10-8.
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So whatever the mass of the U boson, its existence does not contradict the
experimentaldataon K-mesondecays.(Obviously, other experimentscan impose
independentlimits on rn~.Forinstance,from the beam-dumpexperimentsonecan

concludethat the massregion 1 MeV < m~< 7 MeV is forbidden[2].)
It is worth noting as well that if the X boson is a superlight gauge boson

correspondingto a new long-rangeinteraction(“ the fifth force”), then the rateof
the decayK ....~ irX is extremelysmall.

The authors are thankful to A.A. Belkov, V.1. Zakharov,V.A. Kuzmin, V.A.
Matveevand M.E. Shaposhnikovfor their interestin the work andfruitful discus-
sions.One of us(A.I.) would like to thank R.D. Pecceiandmembersof the DESY
Theory Division for hospitalityat DESY wherethis work wascompleted.

Appendix A

In this appendixwe presentthe detailedderivationof the Ward identitiesusedin
the text (eqs. (23), (25) and(28a)) [11]. Let us startwith eq. (21):

M~= f d4xe~(K~IT~(x)~(0)I~), (Al)

where .~‘ is the effective lagrangian of the K —~ ir transition. Without gluon

correctionsit hasthe form

~= ~sin9~cosO~y~(1 —y
5)u~y~(1—y5)d. (A.2)

Let the X boson interact with a vectorcurrent j,~.In the lowest order of the weak
interaction = 0. Therefore,from eq.(A.1) we obtain

q~M~=~

= if d
3xe~(K~I [Jo(x)~(0)]I~). (A.3)

Since q~M~is the Lorentz scalar,it maybe calculatedin the framewhere q = 0. We

define the chargein the standardway as

Q = fd3xJo(x,o).
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So from eq. (A.3) onegets

q~M~= i(K~I [Q,-~‘(0)]I~)= i(Q(K4) — Q(~r~))(K~I-~(0)I~r~).

Assumingthe vacuumdominancewe obtain

q~M~=—i(Q(K~)— Q(7r~))GFV5fKf~sinO~cosO~(kp). (A.5)

Formula(A.5) is the basicpoint for all further reasoning.Let the X bosoncouple
to the current .iYP.S. Sincethechargecorrespondingto this currentis the strangeness,
we have Q(K~)= 1, Q(ir~)= 0. So

~ = iGFV~fKf~(kp)sin9Ccos O~. (A.6)

This is just the Ward identity used in sect. 4 (eq. (23)).

If the X-bosoncouplesto the current dy~dthen Qd(K~)= 0, Qd(~) = —1 and

q~M= — iGF~fKf~sinO~cosO~(kp). (A.7)

This is just eq. (25).
Let the X bosoninteractwith the U-quark vectorcurrent. Sincethe U quarkis

containedboth in K~and ~ mesons,the matrix elementcanbe decomposedinto
the sum

M~’= M~+ M~.

For the Uy~Ucurrent the chargesare Q~(K~)= Q~(ir~)= 1. When the X boson
couplesto the U quarkcontainedin the K~meson,onegetsfrom eq. (A.5)

q~M
1~= — iG~V~sinO~cos0Cf,7fK(kp).

When the X bosoncouplesto the U quark containedin the irk-meson, then eq.
(A.5) gives

q~M2~=iGFV~sinOCcos9C(kp). (A.8)

Eqs. (A.6)—(A.8) are the Ward identities(23), (25) and(28a) of sect.4.

Appendix B

It is well known that in local gaugetheoriesvectorbosonsacquiremasseatingup
correspondingGoldstonebosons.So onemay think that if the massesof the vector
bosonstend to zero, then thesebosonsshouldbehave like Goldstonebosons.The
transversepolarizationof the vectorbosonsis decoupledand the behaviourof the
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gaugebosonsin this limit (mx—~ 0, gx —s o, m~/g~= const.) is determinedby
their longitudinalpolarizations.

Now when the X bosonsbehave like the Goldstone boson, it is worthwhile
confirming the correctnessof eq. (17) with the help of independentcalculations.
That meansto show that if m~—* 0 then = 0.

Let usdefinethe conservedcurrent in the Goldstonecase(for moredetailssee,
e.g. ref. [2]):

~P.= Vl~/~5
9P.U + .L;(leptons+ quarks). (B.1)

Since = 0 we obtain

1
uu/.aP.J~. (B.2)

vy2

The interactionof the X°and Z°bosonswith quarkcurrentsis (for up quarks)

~{~qy~[G~ + G~+ (- GL + G~)y
5]q}xpo

+~/g2+g~2 ~ (B.3)

where GL, G~are the U’(l) chargesof the left doubletandright singlet, g~and ~
are the vectorandaxial couplingconstantsof the Z°bosonin thestandardmodel.

Using eq. (5) we obtain that the interactionof the physical X bosonwith up
quarkhasthe form:

1______ 2{~~~[GL+ G~+(—GL+ G~)y5]q

i + (2g~Gj,/~g72) up

+2gxGH~~y~(gv+~AY5)~}xP.. (B.4)

Henceone gets

~ (B.5)
1 + (2g~G~/~g2+ g~2) up

So the matrix elementof the decayK + —s ~ + + Goldstoneequalszero.Therefore,
if the X boson is masslessthe decay K~—* ~~)( is forbidden and weobtain eq. (17).
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