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We update the constraints on the right-hantiégd gauge boson mass, mixing andlevith the left-handed
W,_ gauge boson, and other parameters in general left-right symmetric models with different mechanisms of
CP violation. Constraints mostly independent of any assumption on the quark sector are obtained from a
reanalysis of muon decay data. The bg&fit of the data givegr /g, =0.94+0.09 for the ratio of right to left
gauge couplings, witiV, =485 GeV and ¢|=<0.0327. Fixingg, =gx (in particular for manifestly left-right
symmetric models we obtainMy, =549 GeV and ¢|=0.0333. Estimates of the left-right hadronic matrix
elements in the neutral kaon system and their uncertainties are revised usinblJaagd chiral perturbation
theory arguments. With explicitly given assumptions on the long-distad@=(1)? contributions to the
K. -Kg mass difference, lower bounds ohy, are obtained. With the same assumptions, one also gets strong
upper bounds from th€ P-violating parameteey , for most of the parameter space of left-right models where
the right-handed third family does not contributeGtP-violating quantities. For manifestly left-right symmet-
ric models the lower bound obtained NA;WRZ(1.6f(1):§) TeV. [S0556-282(97)01407-0

PACS numbds): 12.60.Cn, 11.30.Er, 14.70.Pw

[. INTRODUCTION ploited in these analyses. Because the number of
CP-violating phases,[(N—1)(N—2)+N(N+1)]/2 in a
While the standard modéSM) has been successful in its N-family LR model! the effects of CP violation can be
predictions over the past decades it is still not fully satisfacexpected to be more important than those in the SM. In par-
tory in many ways. The origin of the maximal parity viola- ticular, CP-violating phases can also modify
tion in the weak interactions, the origin afP violation and  CP-conserving observables. For example, the contributions
the smallness of the ratio of neutrino masses to the top-quatle Amy in LR models are proportional to cosines of differ-
mass are among the open questions which motivate searchesces ofC P-violating phases which, in the general case, can
for new physics beyond the electroweak scale. All thesébe arbitrary and, therefore, reduce the limits considerably.
puzzles find natural answers in extensions of the SM based Moreover, the experimental value ef, which in some
on the gauge group SB), X SUQ)g X UD)g_. [1.2]. particular case$e.g., manifestly LR models with spontane-
The most definite benchmark of this class of models woulcbus breaking o P) has been shown to be very constraining
be the discovery of the right-handed currents predicted by7], has not been used to constrain other left-right models.
them. We will show that indeed sets very constraining bounds
Manifestations of right-handed charged currents havén a large class of left-right models. Another point we would
been looked for, both in high- and low-energy experimentsiike to reanalyze is the reliability of the LR hadronic matrix
Direct searches at the Fermilab Tevatron set 652 Z\As  elements estimates in the literature. In particular, we would
the lower bound of the right-handed gauge boson mass. If thike to make a realistic estimate of its uncertainty at present.
right-handed neutrino is assumed to be much lighter than thghis is necessary in order to have a meaningful comparison
Wr boson then this bound is increased to 720 G4y The  between the constraints obtained from the neutral kaon sys-
contribution of virtual Wg excitations in low-energy pro- tem and other results, e.g., muon decay data or collider ex-
cesses can be used to constrain its mass, coupling, and othgiriments.
parameters too. In fact, so far, the most sensitive probe to the |n this paper we update bounds MWR and its mixing
additional right-handed int.eraction is provided by the systerrbng|e§ in general LR symmetric models with different dis-
of neutral kaong5]. The right-handed charged current can ;rete symmetries on the Lagrangian. Bounds independent of
give substantial contributions to strangeness changing in twg,, quark sector and hadronic physics uncertainties are set
units effective Lagrangian which governs #€-K° mixing.  sing updated electroweak data on the muon decay. Here, we
Thus, well-measured observables of the neutral kaon systegxsume that the right-handed neutrino is light enough to be
as theK,-Ks mass differenceAmy=my —my_ and the  produced in this decay. In the kaon system, we estimate the
CP-violating parametegy , are most suited for indirect lim- LR hadronic matrix elements and their present uncertainty
its on the right-handed gauge boson couplings. using largeN; and chiral symmetry arguments. We derive
Constraints on th&/g mass and its mixing angle with the bounds onv W from measurements of bothmy and ey in
left-handedW,_ gauge boson have been studied, in general
left-right (LR) models, extensively if6]. However, we think
that some additional analyses might be of interest. Namely, 'As is well known,C P violation can occur even in the two-family
the CP-breaking mechanism effects have not been fully ex-case.
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models with differentCP breaking mechanisms and com- N . . .
pare them with results from other sources. Loc= 2, | =WH(IRy, v+ dRy,uf)
As it has been pointed out by several authf8s8,9, a=1[\2
bounds on particulaWg parameters such as its mass, depend
strongly on theoretical assumptions about the size of the 9r 2. a2 +H.c. 2

+ —=WE(18y,v&+dSy, u
right-handed gauge couplingg and/or the right-handed V2 RURY, Rt dRY,UR)

Cabibbo-Kobayashi-Maskawa(CKM) matrix elements.
Combining the bounds obtained from the two neutral kaonThe minimal set of fundamental scalars consists of a bidou-
observables we can eliminate one of the unknowns. blet ¢(x), and a left-handed and a right-handed multiplets of

In the standard model, all three families need to be in-Higgs boson fields. If one wants to realize the seesaw mecha-
volved in CP violation observables. In addition, there is no nism [2,12], the latter ones should be chosen to be triplets
CP violation if the up-type quarks or the down-type quarksA, andAg. In this case the model contains the following set
are degenerated in mafs0], so that one can neglect the of Higgs fields:
light-quark contributions owing to the large top-quark mass 0 N N iy
in observables such ag . Observables such asmy, only 1 91 A =( AT 2

¢ 3 TV Vaa0 —at ] LT g

sensitive to the real part of the Lagrangian can, however, get
contributions from each family separately. TKe-Kg mass
difference has been estimated in the SMid] by matching
short- and long-distance contributions in ad/expansion The field matrix ¢(x) transforms under S@), X SU2)g
(N¢ is the number of QCD coloysThe result indicates that gauge rotations a@,2), the field matrixA, as(3,1), and the
the long-distance contributions iamy in the SM are of the field matrix Ag as (1,3). The B—L charge is zero for the
order of 50%. One thus expects this same large long-distandsidoublet and two for the triplets. With this field content, the
QCD contribution to appear irfCP-violating observables most general form of the scalar potentd(#,A) can be
when only the two lightest families are involved, as happensfound in the literaturd13]. Sometimes, the full Lagrangian
in general, in LR models. More comments on this issue aref the theory is required to be invariant under the transfor-

in Sec. IV. mations
The outline of the paper is the following. In Sec. Il we
briefly present the general structure of the left-right models Y —Wg A —Ag, po ol 4

we are interested in. In Sec. Ill we carry out the analysis of _ ) )
constraints from the muon decay data and in Section IV we hese are the so-called manifestly LR symmetric models; in
discuss the effective Lagrangian witt5=2 in LR models, this case one also ha@g =gg. o _

obtaining constraints on th@&/r mass fromAmy and ex Spontaneous symmetry breaking is parametrized by the
measurements. In these two sections, we put some emphafdowing vacuum expectation valu¢¥EV's) of the scalar

in giving explicitly which have been, in each case, the asfields:
sumptions and/or the range of applicability of our results.

Our conclusions are given in Sec. V. <¢>:i(f<1 0) (A >:i< 0 O) ®
\/E 0 ) H L,R \/E UL’R O .

Il. LEFT-RIGHT SYMMETRIC MODELS

AND CP VIOLATION The VEV'’s of the bidoublet)(x) parametrize the spontane-

ous symmetry breaking of the SM gauge group SY(2)
Here, we present the basic structure of the(BU  XU(1l)y, and generate Dirac mass terms to fermions
X SU(2)gX U(1)g_ left-right symmetric model we use in through the Yukawa Lagrangian
our analyses. Since we are interested in the charged current

processes an@ P-violation effects, we concentrate on the Ly=Y f¢pVr+V¥ hop¥ir+H.c., (6)
gauge and Higgs sectors of the model. In left-right models,
each familiy of fermions where f and h are matrices in family space collecting the
Yukawa couplings for both quarks and leptons, and
v ou\d d=rT1,¢* 75, With 7, the second Pauli matrix. Summation
\II(X)E( ) (1) over families is understood. Diagonalization of the up- and
I d down-quark mass matrices in E() provides us with the

CKM matricesK, and Kg which, in general, are different.
is assigned to doublets of the gauge groups2$Uand Analogously, we get the CKM-like matrices for the leptons,
SU(2)r according to the chirality. The Latin index U, andUg. The VEV’'s k; and k, give also mass to the
a=1, --,N is for the family. Here and in the rest of the left-handedW, gauge boson. The left-handed triplet VEV
paper, ¥ gy=1{[1—(+)vys/2]}¥. The field V' (x) trans- v, does not play any dynamical role in the symmetry break-
forms under S(2), X SU(2) g gauge rotations a&,1) and ing and is forced to be small because of its contribution to
the field P g(x) as(1,2), where the representations are iden-the p parametef13,14. The right-handed tripleAr breaks
tified by their dimension. Quarks halg-L=1/3 and lep- the SU2)gx U(1)g_, gauge group to )y and its VEV
tonsB—L=—1. Their interactions with the corresponding vy gives mass t&Wg. In general, the charged gauge boson
charged gauge bosons are determined by the charged currenass eigenstates are mixings of the flavor eigenstates. The
Lagrangian mixing angle is
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2

2r gL .
(= 1372) B (@) gLL:W(CO§§+IBS|r]2§)-
W
wherer=«,/k, and B=M3, /M, . Just for notation pur- g
i i L R _ L _ . i‘P

poses, we will continue to usé/, and Wk for the charged gLR_—ZM\ZN a(1-p)sinfcoge’?,
gauge boson eigenstates, assignMgto the eigenstate that L
reduces to the left-handed gauge boson wijen0 and o2
analogously folWg. =2t 2(sirfé+ Bco 11

There are two natural ways to obtain breaking of the IrR ZM\%VL (siF{+ Beos?) 1y

CP symmetry in left-right models. FirsCP is violated if

the Yukawa coupling matricesandh are complex. This is the anglep is the relative phase of the bidoublet VEV's, and
called hardCP violation and is the analogue of the CKM a=ggr/g_. FromW_ gauge boson an@ decays, we know
CP violation in the SM. Second, in LR models one canthat the leptonidV, vertices give the dominant contribution
naturally extend the idea of spontaneous breaking of parityo the muon and- meson leptonic decays. The SM predicts
[15] to the spontaneous violation @GP [16,17]. This is pa- that this is indeed the unique tree-level contribution, then in
rametrized by the VEV'S)| , vg and k4, k,, Which can, in  the SM, to a very good approximation,

principle, be complex and brea®P. In general left-right

2
models,CP violation can occur either due to just one of the _ g, (12)
mechanisms or to the combination of both. 9= oMz, 3
IIl. UPDATED CONSTRAINTS and g, r=0grr=0. In general LR models with the low-
FROM MUON DECAY DATA energy effective Lagrangian structure in E8), the mea-

sured muon decay width puts the following constraint:
Pure leptonic processes are free of both the assumptions

on the unknown quark mixings and the uncertainty induced 8G’,:‘=gEL+2|gLR|2+ gﬁR. (13

by our present limited knowledge on the low-energy QCD

dynamics. They are thus, in principle, better suited for ob+rom here we can find the relation between the Fermi con-
taining more model independent constraints. With such aim$tantGg, @, 8, and the mixingZ,

we use the updated electroweak dft&] to reanalyze the

muon decay data in the case of interest here. GE e’
As in any model in which light fermions have heavy E: 8sirtOy(1—Ar)M2, A, (14)
boson-mediated interactions, the low-energy effective action -
of LR symmetric models contains the usual standard modg};ip, le| the electron electric charge and
bilinear terms plus four-fermion interactions. The latter are
the result of integrating out the heavier LR degrees of free- A=(1+a*B?)cod ¢+ (a*+ B?)sintl
dom. Hence, precise low-energy tests of the light fermions )
constitute a window into the high-energy behavior of the +2[B(1-a?)?+a?(1+ B?)]sinP{cos{, (15

model underlying the SMin this case LR symmetric mod-
els). As was stated before, this procedure is cleaner in th
leptonic sector where hadronization does not obscure it.
The effective Lagrangian which describes the contac
four-fermion lepton-lepton interaction in LR models[&]

gvhere we applied the one-loop standard model radiative cor-
rection Ar to the fine structure constant. The radiative cor-
{ectionAr is evaluated numerically fom,=(175+6) GeV
pole top-quark mass valy&9] andm, =300 GeV, yielding
Ar=0.053+0.003. Since we assume that the SM provides

o b I I the dominant contribution, any additional non-SM higher or-
Ler=9u 0 I +9irIrIL T ORI IR+ OrRIR IR (8) der correction is a subleading effect. Therefore, only SM
radiative corrections are included.

with To determine constraints on the parameters of our LR
_ symmetric model, we have expressed the muon decay pa-
LR =NLRrR Y*ULRELR) 9 rameters in terms of, £, andB as

where Fhe three neutrino and chargeq lepton families are col- p= i[(1+ a*B2)cod {+ (a*+ BA)sirt¢
lected in theN andE vectors, respectively, and 4A

~ +2B(1+ a?)sirt{cogL,]

JE(%):(JL(/&))T- (10
1 402 4 2\ i

We assume that right-handed neutrinos are light enough to &=— K[(a BZ—1)cod'+ (a*~ B?)sinty
be produced in muon decays. With the present bounds on the
left-handed neutrino massgs], the left-handedJ, mixing +2B(a?—1)sir{cog!],

matrix can be chosen to be diagonal. The couplings in Eq.
(8) satisfyg;;=g}; with §&'=¢
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TABLE I. Constraints on the right-handed/y gauge boson

mass and mixing angl¢ for different values ofa=gg/g, . The s uct d s uct d

second and third columns are the corresponding lower limits on

My, and upper limits o[, respectively. W W, W Wi

. My, (GeV) Il d ucr s d uesr s

0.50 = 286 = 0.0324 FIG. 1. Diagrams showing the dominant box-diagram contribu-
0.75 = 379 =< 0.0321 tions to theAS=2 effective Lagrangian in left-right models.

1.00 = 549 =< 0.0333

1.50 = 825 =< 0.0330 short- and long-distance  contributions to the
2.00 = 1015 < 0.0327 CP-conserving observabldm, were computed in[11]

within the SM. The result was that both contributions are of
the same size when the scale separating both regions is

, 1 42 4 o4 around 1 GeV.
§=pl(1+a"s Jcos' ¢+ (a+ B?)sinty Therefore, there could be large cancellations in general
LR models between long- and short-distance contributions.
+2(B+3a’+3a?B2—5a?B)sirt{cog!], The precise analysis requires a careful study of the relative
phases and of the LR hadronic matrix elementsA&=1
3 transitions. This is outside the scope of this paper and will be
6= 4’ presented elsewhere.

However, with some more or less strong assumptions on

9 the long-distance contributions, which will be given explic-
n= Kaz(l—ﬁ)zsinzgcoszg, (16) itly in each case, one can still obtain relevant bounds from
the short-distanc& S=2 contributions.
where the overall normalizatioA is given in Eq.(15). There already exists an extensive literature on the box-

We have performed a begt fit of these parameters with didgram contributions in LR symmetric mod¢f16,17,24
the experimental data given by the Particle Data Gidi. (fo;\lthe ollomlr?ant cc;]ntrlbutlofns se:a, fFf?- E d o
This gives lower limits onMy,, and upper limits on the (LL gir:gerg’n; aengﬁ%eazgghgnévgoofeotr-lealgfte- ar?guc?r?e r?;r?':S
mixing angle for different values ofx as shown in Table I.

. ; handed gauge bosoiitR diagramsg. Contributions coming
These bounds are stronger than the ones obtained in prg. right-right gauge boson or physical Higgs boson ex-

Vi°“§ gnalyseg due to the improvement in .experi.mental datfi'hanges are suppressed by boson masses as well as by small
precision. Lettingr to vary freely, the best? is obtained for Yukawa couplings in the latter case

a=0.94+0.09, with For the CKM matrices(, andKr, we use the following
17 parametrizations. In the left-handed sector, we use a typical
SM parametrization of the CKM matrices, i.e., three angles
and one phasé. This can be done because of our convention
IV. BOUNDS ON My, IN CP-VIOLATING in which all additional phases are shifted to the right-handed
LEFT-RIGHT MODELS sector. For the right-handed CKM matrices, the most general
) ) _ matrix has six phases and three angles. As mentioned in
As in the SM, in left-right models there are two types of |ntroduction, in general, the right-handed third-family contri-
contributions to strangeness changing in two units processegytion is not needed fo€ P-conserving oiC P-violating ob-
namely,AS=2 transitions induced by box diagraif20,21]  servables: this leaves us with three observable phases; there-
or short-distance contributions, and $=1)? transitions or fore, we can take the following Wolfenstein-like
long-distance contribution22]. As noticed first in[22] for  parametrization for the lightest two right-handed families of
the real part and if23] for the imaginary one, the long- quark submatrix,
distance AS=1)? contributions can be large. Its possible

My, =485 GeV, [{|<0.0327.

importance in LR models was already pointed outli,17]. , 2 is

Their calculation involves a good mastering of the QCD e—|52(1_7) e AR

long-distance part and in particular of the so-called el 5 | (18)
A1=1/2 rule forK — 7w decays. As mentioned in Introduc- EPSERN i3] 1 — B

tion, its relative importance i€ P-violating observables in R €

general LR models can be larger than that in the SM and of

the same order as fo€ P-conserving quantities such as which violates unitarity by terms proportional lsajf, This is
Amg . This is because, in general LR models, the presence afaturally small in left-right models if the same hierarchy in
all the SM families is not anymore required in the angles as in the left-handed sector holds. The parameter
CP-violating observables and the top-quark contribution will A is the right sector analogous to the Cabibbo angle in the
not dominate in general. One thus expects long- and shoriVolfenstein parametrization of the left-handed CKM matrix
distance processes to contribute with the same weight in=|V 4=0.22.

CP-conserving andC P-violating observables. To have a  As pointed out in[17], the charm-charm contribution
hint, we can compare with what happens in the SM. Thedominates over the top-top and top-charm contributions in
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the right-handed sector, unless a fine-tuning of the paranthe one-loop value for consistency with the LR part and
eters is made. Assuming the same hierarchy in the rightfunctions of the heavy-quark masses, gauge boson masses,
handed CKM angles as the one in the left-handed dnes and ag(w).

tice that they are equal in some LR modedsd the same Matrix elements of the Lagrangian in E¢L9) are, of
order of magnitude for the contributing right-handed phasegourse, scale independent. The scalelependence of the

in each type of box diagram, this dominance can be quantiy;(u) factors cancels the one of the matrix elements of the
fied in terms of CKM matrix elements and quark masses byperators which are multiplying. The dependence of the had-
the factor)\s(mf/mg)|In(m/MWL)/In(m:/MWL)le.OZ for the  ronic matrix elements on the renormalization scalgust
top-top contributions over the charm-charm contributionsaPpears at next-to-leading order itN}Avhich can at present
and by *m./m,=10"° for the top-charm contributions over Pe only estimated using models. Below, we shall see that the
the charm-charm contributions. Diagrams with unphysicaleading order in M. estimate of the numerically dominant

is also true for the contributions of the left-handed sector tohas already a sizable uncertainty. We expect the matching

the real part of the effectivd S=2 Lagrangian. However, SC:SE“ t?nbetﬁ;ypf;;ehadc:?n|;:hzcalce): zrr(;ltj(;lrc{etfzi)rhoardeson
the contribution of the left-handed sector is dominated by th%1 (>£)+(2/N )O«(x), the present usF; o andsuncertainties
top quark instead; therefore, we keep the full contributionothRhe leadin ¢ JIXIS es:timatg(see beIoW?nake varving the
from the left-handed sector to theS=2 effective Lagrang- 9 e ying

ian (see, for instancg?25]). The effectiveA S=2 Lagrangian renormalization scalg in 7,5(x) between 0.7 GeV and 1.2

. . ; GeV good enough for our purposes.
in LR models is thus well approximated by Us?ng ﬁz(ngSto 05)pG£V [27] for the MS pole
c . .

a2 charm-quark massA &2p=(350+100) MeV [18], and the
Eﬁﬁs=2:— 4_':2M\2N|_ {()\:)Ewl(ﬂ)s(xc) three-flavor one-lqop running ofxg(x), we get from
™ [16] that 5,(u) varies between 3.5 and 6.5 amd(u) be-
2 tween 0.3 and 0.4. These values depend on the right-handed
+ AT 72(0)S(X0) scale very weakly: varyindly, from 1 to 10 TeV, they
F200N) LN L 73( 1) S(Xe %) JOLL(X) change a couple of percent only. For the LL short-distance
o/t tz L eI factors we take[26] 7;(u)=(1.0+0.2)as(u) 2%, 7,(x)
M, g3 =(0.6+0.1)ag(u) ~?° and 73(u)=(0.4+0.1)ag(u) 2>
+2Xc|n(Xc)M—z (N )LRONG )rL| 74( 1) Og(X) Let us now study the hadronic matrix elements needed.
e 9L For the LL operator we use the standard parametrization in
5 terms of theB, parameter
+75(p)) OLr(X) + N_OS(X)] ) ], 19
Cc N
(KOOLL(0IK®) =5 ag(u)Brfgmg. (22
where
1 9 1 3 1 3[ x 3 The kaon decay coupling constdnptis 113 MeV[18] in this
S(x)=x Z+ 2(1-x 2(1-x7 2|1-x Inx; normalization.  The hadronic matrix element
(K% O, (x)|K® has been subject of much more work and
and its present knowledge is summarized [28]. We use the
present-favored range of valuBg=0.70+0.10[28].
S(x.y)=x|In y| 3y 1 ylny (20) The vacuum insertion approximatiéwlA ) has been used
' X/ 4(l-y) 1-y/) | generally in the literature to estimate LR hadronic matrix

. - . B o elements. The same procedure gigs=1 at any scale.
with x;=mi/Myy for m; thei-flavor modified minimal sub-  Unfortunately, the VIA is not a systematic expansion in any

(\)ae=(Kn)ig(K%)is and tions and/or improving them is not possible. We use instead
the largeN. expansion 29], together with chiral perturbation
OLL ()= (dL¥*s) () (dL ¥, (X), theory(CHPT) (se€[30] for a recent introductory review and

referencef counting as organizative schemes. The combina-
tion of both techniques allows for a more systematic expan-
sion and estimate of the uncertainties as we see below. In the
o e @ (21) case of the LL operator, the leading\l/model-independent
s(X)=(dgsy)(X)(d Sg)(X). result givesBy = 3/4 with 0.25 as the estimated uncertainty.

Color indices are summed inside brackets. The factor’SiNg the same expansion for the LR hadronic matrix ele-

7 () include the short-distance QCD corrections from inte-MeNts, We get
grating out degrees of freedom between g scale until

OO0 =(d y*s)(X)(dr¥,SR)(X),

some scaleu lower than the charm quark mass. They were L <§+@>2 m2f2
calculated for the LR diagrams iri6] to one loop and in <K0|Os(X)|KO>= > o( K K), (23
[21,26 at two loops for the LL part; we, however, only keep 4ty N¢
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(e

where the quark condensat@fss+dd|0) can be obtained where we have included iey the long-distance contribu-
from tions to RéM 1, in the experimental value &my , and using
the effective Lagrangian in E¢19), we obtain

as (ag)?

O Rr(X) + OS(X) £2
K

’ EK:_e

AmE®, 29
(24) V2 K @9

K°> —f2mz+0| —

<o|ss+o|o||o>_—2f2 Mk (1 5¢). (25)

gR

Amy=|(0.40+0.20 — (4.5+2.5) ZAR

The parameteby =0.35=0.10 has been calculated using fi-
nite energy QCD sum ruleg31]. Using the MS running

masses at 1 Ge\l+ my=(185+30) MeV [32], we obtain :

A 1TeV\?
s o[ 2] oo
R

(K% Og(x)|KO)(x)=(0.013-0.006GeV*  (26)

and and
Os(x) ‘—>
KOl OLr(X)+ KO = —(3+3)x 10 3GeV*, ‘ Z
< LR(X) N (w)=-(3x3) ex=e" (2.7 1.0)><10_3sin(5)—(1.6i0.9)g§
(27) oL
- A2 V|2
where the scaleu varies between 0.7 GeV and 1.2 GeV. el 1— 2Rs Sin(8,— 8,) 31)
Because of the chiral structure of these operators, we observe R 2 2 % MWR ’

that the 1N. corrections to the matrix element

(K°|Og(x)|K®) are suppressed bymaz fi/(qq)? factor. This

makes the main uncertainty in this matrix element operatowhere the first contribution inside the squared brackets is the
to be the one in the determination of the quark condensatesl contribution in each caseAmg®'=(3.491+0.014)

i.e., 8 . This translates into a 50% uncertainty in this matrix X 10~ % GeV[18], and| €] =(2.26+0.02)x 10 3 [18]. For
element, which can only be reduced with a more accuratéhe top-quark mass we have used #& pole top-quark
determination of the quark condensates. The matrix elemenhass valuen,=(167+6) GeV [19]. Notice that these two

of the operatoO, r(x) +204(x)/N¢ has even larger relative observables only constrain twa, and 8;—&,, out of the
uncertainties due again to its chiral structure. In this casesevenC P-violating phases we can have in the most general
there are nonfactorizable N/ corrections which are not |eft-right model. The left-handed long-distance contributions
chirally suppressed, instead there is an additiandlr sup-  to ¢ (in our parametrization o P phasesare expected to
pressing factor. Fortunately, its leading order iNd£ontri-  pe negligible since in this case the physics is dominated by
bution is chirally suppressed. In addition, as we saw beforehe large top-quark mass contributions. Therefore, for the
the short-distance coefficients(w) is very small. The dis- |eft-handed part, the box diagram is a good approximation in
cussion above makes clear that a laigestimate of the this case. There are though, in principle, right-handed long-
matrix elements of the operators in the Lagrangian in Eqdistance contributions tex which are expected to be, as said

(19) is enough at present for this case. before, of the same order as the right-handed short-distance
Let us study the imaginary part of theS=2 efffective  gnes.

Lagrangian. For the left-handed sector we need the concur- et us now apply our results to left-right models with
rence of the three families so that the dominance of thejifferent symmetries in the Lagrangian. First, we consider a
charm-charm box diagrams is not true anymore; in fact, thenanifestly LR symmetric model invariant under the transfor-
top-top box diagram contribution dominates the mation(4) and with spontaneous breakdown@®P. Remem-
CP-violating part of theAS=2 effective Lagrangian. The per thatgg=g, in these models. Diagonalization of the
dominance of the charm-charm contributions is still true forquark mass matrices for this case has been studigibia 7).

the imaginary part in the right-handed sector unlesgn this type of modelshg=\ and all the relevant phases in
512 52+ na. Therefore, we can take the same effective La-the quark sector, name|y)‘" 511 and 52 in our parametriza_
grangian in Eq.(19) unlessd;= &, +nm. In that case, the tion, are proportional to a single quantity= |« /«,|sing
right-handed sector behaves as the left-handed one in thjg 17]. Moreover, when solving for the quark masses one

respect, and no interesting bounds can be obtained. finds the requirement<|m,/m,| [7,17] which implies the
In the approximation$33], where suppression of the phasés &;, and &, by this factor. This
particular feature makes this type of models very predictive.
Amg=2ReMy,,  with My~ — (K% £2372|K)/2my The expressions of the phasésé;, and 6, in terms ofr,

(29 CKM matrix elements, and quark masses can be found in
[7]. The numerical analysis ifi7] shows that the phase%
and 64, and s, are actually very small and ca®(- 6;)=1, so that
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there is no suppression iAmy because ofCP-violating  we have the constraintAMy) pox< AMS®'. This case is ac-

phases. In this case and when the long-distance contributiofgally the one treated ifil7]. Using this inequality and Eq.
are smaller thammZ®" we have that £my)p.¢ has to be (30), we get

positive. Using this positivity, one gets from E@O0) the
following lower bound

)\2
MWRz(z.i§;§)$ \/—)\R< 1- 7R> cog 8,— 5;)TeV.
Mw,=(1.6°57)TeV. (32) (34)

This is quite general since it only requires the natural expecpytting the worse case, c@s¢d)=—1, and \g=\ (as
tation that long-distance contributions tomy are smaller  gone in[17]), we get My, =(1.3'}9 TeVv. This lower
R — U,

Ejhatn the expte.rg)mtgntal (;/alue.'sThe gss_lum![:)tlon Onb”:ethlongbound updates the one ji7]. Notice again that a realistic
istance contributions done [3] is similar to ours but the .estimate of the present uncertainties allows, in this case,

input values and the hadronic matrix elements used are qui - . : :
different. The fact that the bound they get coincides with th;i‘?)wer boundsMy, =0.7 TeV, just slightly larger than direct

central value in Eq(32) is a numerical accidentNotice that | €vairon searches. , o

the left-handed part alone [15] gives a 90% contribution to L&t us turn to the analysis of th@P-violating parameter
AmE®) The bound obtained ifL.7] is not valid for models ~ €K- Fzrom. Eq. (3D one notices that unless
with cos@,—8,)=0 as, for instance, manifestly left-right (9=/90) )‘Rs!n(él_éz) is close to zero, the experimental
models we are considering here. Another important differ-v".’“ue. for €k IS saturated al'mo'st completel'y by the LL con-
ence of our analysis respect to the oneE5ii17] is the error tr|but|on,_ i.e., the LR contribution tey for Ilghfc Wg gauge
bars. They reflect the uncertainties in the hadronic matripP0SONs is naturally larger than the LL one in general left-
elements, and some input parameters, maifibygp as dis- right models. The reason was already given in Introduction,

cussed above. Taking into account realistic uncertainties, \Mé Is the need to have the three fam|!|es involved with non-
still get a lower boundyl,, =0.9 TeV) from Amy (together egeneracy of the up-quark masses in the left-handed sector,
R

. . ) o while only the two lightest are needed, in general, in the
W'th the assumption on the long-distance contributions ex'right-handed sector. This combined with the observed hier-
plained abovk which is larger than the muon decay €on- 5.cpy of the left-handed CKM angfesuppresses, in general,
straint we got in Sec. lllMy, =549 GeV, and the Tevatron o |’y contribution toC P-violating parameters with respect
direct limits MWRZ 652 GeV|[3], MWRZ720 GeV[4]. This to the LR one(in our parametrization
shows the powerfulness of this low-energy observable. Again, assuming long-distance contributionseip to be

For manifesty LR models with no spontaneo@P  smaller thare*™ as noticed irf7], allows one to get relevant
breaking, whereCP violation is parametrized by the com- upper bounds oMy, for most of the parameter space in
plex Yukawa couplings, the transformatiod) requires  general left-right models. For instance, if si€0.6 in Eq.

K =Kg. Therefore, only one independe@P-violating  (31), we need a contribution larger or of the order of
phase remains, the one analogous to the SM CKM phiase +10-5 from the right-handed part. We can, from this obser-
The lower bound32) holds in these models since we have yatjon, get a natural upper bound on g mass in general

there 5, = 5,=0. . left-right symmetric models, so that we obtain the following
Finally, we analyze more general left-right models whereypper bound:

we do not impose any discrete symmetry in the Lagrangian.

As said before, in this case there are seven independent Ir kﬁ

CP-violating phasegone in the left-handed and six in the MWRSO{%O—\/)\R(l— 7)|sin(52—51)|}TeV.

right-handed in our parametrization seg¢tofhey can have 9 (35

both complex Yukawa(hard origin and/or spontaneous

symmetry-breaking origin and, in generak# \. In the case  This bound will be violated unless SR &) is close to

where cos§ —&,)=0 and again Igng—distgnce contributions zerq_ | that case, the observeg value has to be saturated

are smaller than the measuradni; there is a lower bound  py the |eft-handed contribution. How close to zero depends

on theWg mass analogous to E(2), which takes the form  on the lower bound values fdvl,, . Combining the lower
bound in Eq.(33) and the upper bound in E¢35), we get
that they are self-consistent unless

2

MWR2(3.4t§;§)g—f )\R( 1- %) cog 8,— 8;) TeV. |sin(8;,— 6,)[<107%, (36)
(33 i.e.,|6,— &, very close to Ogr, or 2. The upper bound in

Eq. (35 can be reduced by reducing the upper bound to

sin(5), of course.

If cos(6,— 8,)=<0, there is no cancellation in E30) and to

get lower bounds we need a stronger assumption on the long=—

distance contributions, namely, that they are smaller than the?Left-handed CKM angles are measured in tree-level processes, so

experimental value oéx and add positively, so in this case we expect non-SM physics effects there to be negligible.
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Let us now see how this bound applies to the case oflistance contributions to a given observable are smaller than
manifestly left-right symmetric models with spontaneousits experimental valu¢see Sec. 1Y, we get updated lower
CP violation. As was shown 7], in this type of models bounds onMyy, from the CP-conservingAmy for general
sin()| with 6=, &;, or &, is typically of the order of |eft-right symmetric models and strong upper bounds from

1072, Therefore, the value of the phases in this type of modthe CP-violating e, parameter for most of the parameter
els satisfies the requirements for the bound in 8% t0  space(36) in general left-right models. The bounds obtained

h0|_dz in most of the parameter space. Using &iR(%,)=  favor quite lightWg gauge bosons, namely, masses below a
10" < as a typical value of this region of parameter space, Weew hundreds of TeV'stens in the case of manifestly left-
get right models with spontaneouSP violation). This upper

bound does not hold for the class of left-right symmetric
models where one needs the third family in the right-handed
My, =20 TeV. (37 sector. This can give a hint, in model building, of the
CP-violating sector of the left-right symmetric models
where a very large left-right symmetric scale is required, as

A counter example of the upper bound in E85) happens, for instance models with a seesaw mechanism for the neu-
for instance, in manifestly symmetric left-right models with trino masseg¢2]. Upper bounds on th&/x mass were ob-
only complex Yukawa coupling P violation or in models ~tained previously i{17,35. The hypothesis made in these
with 8,= &, +nr. references was, however, very strong, namely, #atis
The bound in Eq(35) is indicating that left-right symmet- Saturated completely by the right-handed contribution. The
ric models prefer(in general “light” Wg gauge bosons. Parameter space scenario where our upper bound holds is
Only very particular models, those whe@P violation re- ~ much broader, only a small deviation from the saturation of
quires also the third family in the right-handed sector, carek by the left-handed contribution is enough. Our study also
naturally accommodate very heavWg gauges boson clarifies which type ofCP violation do these upper bounds
masses. This is a nontrivial bound which, for instance, concorrespond to. Namely, the experimental value on the
strains which type o P violation can have a model with a CP-violating parameteky likes to have a quite light inter--
left-right symmetric scale of the order of (201(%) Tevy, Mediate left-right scale when the right-handed third family is
such as some left-right symmetric models with a seesa/tOt required to contribute. _
mechanism for neutrino masses favored by neutrino physics N particular, we have obtained the lower bound,
[2]. MWRz(l.Gf(l)ﬁ) TeV, in manifestly left-right symmetric
models with either spontaneous and/or h&€® violation.
This bound complements the one we got from the muon
V. CONCLUSIONS decay data in Sec. Il and the direct Tevatron bourj4].
In this work we have studied and updated the bounds offor more general LR modelsee Sec. IV for details the
the Wi gauge boson mass and its mixing anglevith its  lower bound we get is in Eq33).
left-handed partner in general LR model. This work shows the large potential and complementarity
Results independent of the quark sector assumptions araf low-energy physics to the direct searches in high-energy
low-energy QCD uncertainties have been obtained by reanaxperiments; in particular, in constraining new physics
lyzing muon decay data from the CERNe™ collider LEP.  and/or in giving hints on model building: P-violating quan-
In the case the left-handed gauge coupling is equal to thsties are very interesting in that respect because of its large
right-handed onéfor instance, in manifestly left-right sym- suppression in the SM. We have seen that only two
metric modely we getMy, =549 GeV and|£|=<0.0333. CP-violating phases, out of the seven in the most general

Without that constraint, the beg? fit to the muon decay left-right model, are constrained fromy ; probably, other

data is obtained forgr/g, =0.94+0.09 with M, =485 low-energy CP-violating observables give complementary
GeV and|¢|=0.0327 R information. One should also keep in mind that large

We have also considered bounds on\Wgmass imposed KZAP-wolatlkn_g phajeg ﬁre welcqmt(; f(l)r baryogene[?;].
by the neutral kaon observables, namely, the' or¢ WOrKIS needed, however,in the ow-energy QCD mas-

CP-conservingAmy and the CP-violating e¢. This has tering in order to improve the constraints we can get. The

been done in left-right models with different mechanisms ofPresent hadronic uncertainties dominate by far the error bars

CP violation. We have estimated the LR hadronic matrix '™ the constrains we have obtained. In particular, the inclu-

elements and their present uncertainty using a combine jon of (.Asz.l)z Iong—distanpe contr!butions, especially to

large N. expansion and CHPT analysis. The uncertainty o my, will refine the constraints obtained here.
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