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7-U flavor violation as a probe of the scale of new physics
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Motivated by the recent strong experimental evidence of large . neutrino mixing, we explore current
bounds on the analogous mixing in the charged lepton sector. We present a general formalism for dimension-6
fermionic effective operators involving-u mixing with a typical Lorentz structureRFr)(a“Fqﬁ), and
discuss their relationship to the standard model gauge symmetry and the underlying flavor dynamics. We derive
the low-energy constraints on the new physics scale associated with each operator, mostly from current
experimental bounds on rare decay processes bfdrons or heavy quarks. For operators involving at least
one light quark ¢,d,s), these constraints typically give a bound on the new physics scale of a few TeV or
higher. Those operators with two heavy quarks turn out to be more weakly constrained at the present, giving
bounds of a few hundred GeV. A few scalar and pseudoscalar operators are free from all current experimental
constraints.
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[. INTRODUCTION a way not explicitly invoking unknown dynamics at the high
scales. For instance, certadmsadze for fermion masses ma-
The mystery of “flavor” poses a major challenge in par- trices were advocatdd], and realizations of horizontal sym-
ticle physics. The unpredicted masses and mixings of thre@etries were proposg,6] to explain the fermion mass hi-
families of leptons and quarks in the flavor sector composérarchies and Cabibbo-Kobayashi-Maskd@&M) mixings
13 out of 19 free parameters in the whole standard moddi7] at relatively low scales. The FCNC fermionic Yukawa
(SM). Weak scale supersymmet(@USY) [1] as a leading couplings to th_e ngg_s sector can also be constructed in a
candidate for new physics beyond the SM provides no furPheénomenologically viable wg,9]. When the electroweak

ther understanding about the origin of flavor. In fact, it ex-Symmetry breaking sector is nonlinearly realiZed-13,

tends the mystery of flavor by necessarily adding three fami?€W FCNC gauge interactiqns of fermions can pe eco_nomi—
ystery y y g ally described by effective operators of dimension-4

lies of squarks and sleptons. Without additional assumption 13.14: while for the linearly realized Higgs sector, these
for flavor structure of the soft SUSY breaking, supersymmet:_""" = . : y 1199 ’
) . ; .~ . couplings arise from dimension-6 effective operafdrs].
ric theories often encounter phenomenolgical difficulties,

. The recent exciting evidence for neutrino oscillations
known as the SUSY flavor proble[ﬂ]. In dynamical models_ 16,17 strongly points to nonzero neutrino masses with large
of electroweak symmetry breaking, the phenomenologic

; . rather than smallmixings which further discriminate the
constraints on flavor-changing neutral curreff€NC) make  1gn0n sector from the quark sector and deepens the mystery

it hard for model building to accommodate the observedys «fiavor.” In fact, the atmospheric oscillation datfL6]
heavy top quark mass, unless new dynamics associated With,ors maximal mixing between the and = neutrinos[18]
the top quark is introduce]. Predicting the full mass spec- iz the Maki-Nakagawa-SakatMNS) matrix [19,20. This
trum and mixing pattern in the flavor sector may have togevelopment has led to a great amount of theoretical effort,
invoke new physics scales ranging from the weak scale up t@ith the hope of revealing the underlying new physics in the
very high scales in a single unified theory. Less ambitiougeptonic flavor sectof21].
and more practical approaches follow a “bottom-up” path, In this paper we systematically explore the low energy
which effectively parametrize the new physics with flavor in constraints on effective operators induced by large mix-
ing. This is strongly motivated by the neutrino oscillation
data, in particular, the favored maximal mixing between the

*Electronic address: dblack@jlab.org second and third generations via the MNS matrix. Note that
TElectronic address: than@pheno.physics.wisc.edu the large or maximal mixings in the MNS matrix may come
*Electronic address: hjhe@physics.utexas.edu from either neutrino mass diagonalization, lepton mass di-
SElectronic address: sher@physics.wm.edu agonalization, or from both of them. It is indeed tempting to
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search for charged lepton flavor violations, in addition to the Il. FORMALISM FOR EFFECTIVE OPERATORS WITH
existing neutrino oscillation experiments. There are two 7-§ FLAVOR VIOLATION

classes of structures that can lead to flavor mixing for
charged leptons. The first class is that there is no tree-level
flavor mixing for charged leptons after mass diagonalization. We consider an effective theory below the new physics
This is an analogue to the SM quark sector, where the flavogcaleA, which can be generally defined as

mixing effects appear at tree level only in the charged current
sector via the CKM mixing matrix. For instance, in a SM-
like framework with additional mass and mixing parameters

in the neutrino sectorr-p mixing is generated at the one- ) _ .
loop level and is generally suppressed by a factor ofVNereLsyisthe SMLagrangian density add” denotes the
mﬁ/MZ , which would be negligible. The second class yieldsnew physics contribution via effective operators. For the cur-

tree-level mixing effects after the mass diagonalization fronf €Nt study, we will focus on the dimension-6 operators in-
the flavor eigenbasis into the mass eigenbasis. Typical the(y—OIV'ngl third and second family leptons:(u),
ries in this class include extended models with exfaor
Higgs doublets, generic weak-scale SUSY models, and dy- c
namical models with compositeness, which often have rich _ 6) ap —
structures of flavor mixing, leading to testable new phenom- AE—AE&J—j%ﬁ A2 (uT7)(q FJqB)+ He, @
ena. By contemplating on the large lepton mass hierarchy,
dimensional analysis suggests the new physics scale associ-
ated with the mass and mixing of the third family leptons to
be the lowest one in the lepton sector.

Before experiments can directly access the new physic
scale associated with the lepton flavor sector, we use an

fective theory formulation, obtained by integrating out theare no two-body decays involving the tau with tensor struc-
heavy degrees of freedom from a more fundamental the°r¥ure and thus any bound would be extremely wek:the

'f? Sec_. Il we present our general fo_rmahs_m for thetensor matrix elements involving quark bilinears are either
d|men_3|_0n-6 _fermlo_mc effective operators involvimgu fla- unknown or known very poorly, and thus bounds would be
vor mixing with typical Lorentz structures not only very weak, but also rather uncertaioj the tensor

structure does not generically appear in most models that we

(;1“ T)(aarqﬁ), ) know. Here, we considdr; to be the same for both-u and

q®-g” bilinears, wherax and 8 run over all allowed combi-
wherel contains possible Diray matrices. This is beyond nations of quark flavors. Under these consideratiqns, we can
the simplest flavor-diagonal form of the effective four-FermiShOW that Eq(3) is the most general forrcontaining one

7-u bilinear and one quark bilineawhich respects the un-

contact interaction§22]. With the operators in Eql), we brokenU(1)e, gauge symmetry. As shown in Appendix A,

analyze their relationship to the realizations of the SM gauge, operator Eq(3) corresponds to a nonlinear realization of

symmetry and the underlying flavor dynamics. We further . .
. ) : o .~ the electroweak gauge symmetry under which all fields feel
estimate the expected size of their coefficients, for a giver . :
nly the unbrokenU(1)e,. For the linearly realized elec-

cutoff scale at which the effective theory breaks down an ) .
roweak gauge symmetry where the physical Higgs and

new physws sets in. We also comment on to what extent O4ould-be Goldstone bosons form the usual Higgs doublet,
formalism can be applicable to loop-induced processes. |

Sec. Il we systematically explore the constraints on the nevrihe dimension-6-, operators have 1o respect the full elec-

A. Constructing the dimension-6 =-|1 operators

Leg= Lyt AL 2

wherel'j € (1,ys,7,,7,Ys) denotes relevant Dirac matrices,
specifying scalar, pseudoscalar, vector, and axial vector, cou-
lings, respectively. We will not consider the possibility that
has tensor structure due to the following reasdasthere

physics scale associated with each operator, mostly from cu roweak gauge grougisy=SU(2) ®U(1)y and are thus
rent experimental bounds on rare decaysrpthadrons or
heavy quarks. For the operators involving at least one light
quark (u,d,s), the current low energy constraints typically

ound to have a more restricted form,

. . ] ix¢
push the new physics scale to a few TeV or higher. Thos linear_ x - linear _ Cug T\ eap B
operators with two heavy quarks are at the present subject %ﬁ _AEW(G)_%%“ A2 (mjmo(a Tig) +H.c.,
weaker constraints, only about a few hundred GeV. Some of (4)

the scalar and pseudo-scalar operators are free from any ex-

perimental constraint so far. We summarize our results in

Table | and conclude in Sec. IV. Appendix A analyzes theywhere the chirality indicesy,Z/=L,R. This restricts I
relationship between our operators introduced in Sec. Il andk (| y_y:), so that Eq.(4) only belongs to a subset of
those with explicit SM gauge symmetry in both linear andgperators in Eq(3) [23]. At first sight, this is somewhat
non'linear reali;ations. In AppendIXB we fur.thel’ extenq. thesurprising as the Sca|ar and pseudosca'ar Operators |€3Eq
above Eq(1) to include the forms with generic lepton bilin- are fully absent at dimension-6. However, it is interesting to
ear |°T'1#, and derive the corresponding constraints fromnote that such scalar and pseudoscalar structures reappear in
rare 7 decays. the dimension-8 effective operators,
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FIG. 1. The charged current interactions for lepton sector in-
(for ©=(D)), (5 volving MNS mixings (left plot), and for quark sector involving

CKM mixi ight plot).
wherel'je (1,y5), L¢(Lg) is the left-handed leptofquark mixings (right ploy
doublet, andD is the Higgs doublet with hyperchargeand

the vacuum expectation val(¢EV) (<I>>=v/\/§(0,1)T. We which corresponds to an underlying theory with a strong

also denote, in Eq.5), ®'=® for qg=dg and &’ gauge cquplin¢26] a§=g§/4ws§’)(4w). SO, in general, for
=ir,d* for gr=Ug. Note that when the Higgs doublet the nonlinearly realized effective theory, we expéﬁgﬁ

takes its VEV, the dimension-8 operators in B8 reduce to =44, and to be conservative we will choose the estimate

the generic dimension-6 form in E6) but with coefficients  E- (6) as the “default” value of our analysis. With E(®),
further suppressed by an extra factor «#f/(2A2). Thus all the phenomenological bounds derived in the next section

they can be neglected in comparison with the leadind@" be translated into bounds on the new physics stale
dimension-6 operators E¢d). This means that for the linear 'n€ bounds with a different counting 61, 5, such as Ec(7)
realization of the SM gauge symmetry, only vector and axial-80ove and Eq(8) below, can be directly obtained from our
vector operators with'; e (y,,y,ys) are relevant at the default results by simple rescaling.

dimension-6 level. For the phenomenological analysis in N the weakly coupled theories, we have

Sec. Ill, we will focus on analyzing the bounds for the most _

general form in Eq(3) since Eq.(3) contains the restricted ClLz=0(1) (weakly coupled scenarjo (8)
form in Eq. (4) as a special case.

Finally, we note 'Fhat in principle, we could also include Since the new physics scale of a weakly coupled scenario is
purely leptonic dimension-6 ~operators of the form o o be first determined by discovering the light new
(wT'7)(€3T'€F), which contains an additional lepton bilinear particles[such as light Higgs bos¢s and a few lower-lying
(€3T'¢P) instead of quark bilinearg®I’'q?). They may in-  states of superpartndrsve may mainly motivate the current
volve similar flavor dynamics as the effective operat@s  analysis by the strongly coupled theories where the estimate
but unlike (3) they are relevant to only a few low energy in Eq.(6) or (7) can sensibly apply. However, as will be clear
constraints. Most nontrivial bounds come from certain threefrom Secs. Ill and IV, even for the weakly coupled theories
body rarer decays and all appear similar. We will summa- with Eq. (8), significant bounds on the new physics scale

rize these separately in Appendix B. can still be derived for the operators with the quark-bilinear
q°T"g? containing na quarks, nac quarks and at most orie
B. Theoretical consideration for the size of coefficients quark.

The linear realization is more appropriate when there is a
Higgs boson with a mass well below the scalew4=3.1
TeV, such as in the typical models with supersymmgtiyor
composite Higgs models with top-col§8,27]. Finally, we
note that the above estimates for the coefficient are flavor
blind, i.e., we do not worry about the possible suppression
O{rom flavor-violation effects. Below we will analyze how the

arge leptonicr-u flavor mixing is naturally realized in typi-
cal scenarios without further suppression.

The precise value of the dimensionless coeffic@lg in

Eq. (3) should be derived from the corresponding underlying
theory in principle. In the current effective theory analysis,
we will invoke a power counting estimate. As shown in Ap-
pendix A, the operator Eq3) is formulated under the non-
linear realization of the SM gauge groujf,,, which pro-
vides a natural effective description of the strongly couple
electroweak symmetry breakirl§WSB) sector and/or com-
positeness. In this scenario the natural sizeCQf for an
effective dimension-6 four-Fermi operator such as Bj.
can be typically estimated 48] C. Neutrino oscillations, large lepton mixings andr-u flavor

violation operators

=
Cap=4mO(L)  (defauly, ® Neutrino oscillation experiments can measure the lepton

which corresponds to an underlying theory with a strongcharged current interactions involviritarge MNS mixings
gauge coupling as= g§/47-r=(’)(1). Naive dimensional _(cf. left plot in Flg._]) analogous to the_ quark ch_arged current
analysis (NDA) [24.25 provides another way to estimate interactions involvingsmall) CKM mixings (cf. right plot in
operators in the nonlinear realization. For the dimension-&19- - Thus we can generally write

operators in Eq(3), the NDA gives a=eu,r

Lic=- 93 v, W, +Hc. (9

E i=1,---,N

¢l NDA]=(4m)20(1), (7)
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FIG. 2. lllustration of typical generations of the effective four-Fermi interactjohsEq. (3)] in plot (c) from the exchange df) a heavy
new gauge bosof’ , or (b) a heavy new scalar or pseudoscadrin the underlying theories. Here thé-u' flavor-violation couplings
solely come from the charged lepton mass-diagonalization mamémd/orué.

whereV is the 3X N unitary MNS mixing matrix containing where x,{=L,R. The lepton mass diagonalization
a product of two left-handed rotation matrices, U{™™MUs=M"9 enables us to transform leptons from the
3 fIaV(Zr eigenbasiSL,(f() into the mass eigenbasig/() via ¢

_ tx (v =U| | andyr=URyg. Thus, Eq(11) can be rewritten as,
Ve ;1 YisUisi: 10, the mass eigenbasis,
where Uf (3%3) is from the lepton mass diagonalization 2 WF-(U”U‘;)W
UM U&=M%8 andU; (NxN) [28] is from diagonaliz- G T RTX TOTL
ing the neutrino mass matrifof Majorana or Dirac type — -, —

[29]. Hence, the large or maximal mixings in the MNS ma- #1'i¥= =07 Tip'+O(Du'Tir" (I'j=1ys),
trix V can originate from(i) eitherU; (neutrino mass diago- E V.0 (.=
nalization, (i) or U{ (left-handed lepton mass diagonaliza- = Sy (T5= Y6, 707s).

tion), (iii) or both sources. In the cas@p and (iii), we see (12

that large mixings inU{ play important roles for neutrino o -
oscillation phenomena. Furthermore, the right-handed leptohere, forl'y=1,ys, the unsuppresied”—,u’ mixing bilinears
rotation U doesnot enter the MNS matrix and is thus free €an be induced by thellarggQT(lg 23 o ?}2 entries in
from the constraint of oscillation experiments. This meandhe lepton rotation matriced, ‘U andUg U, . We see that
that even in the cas@) large lepton mixings can originate Such large flavor-mixings betweeri and " occur only for
from U& thoughUY{ is constrained to have only small mix- I'=1,7s, implying that for clasga) the 7-u. operators arise
ings. Clearly, the neutrino oscillation data alone could nof’®m €xchanging a heavy scalgseudoscalarin the under-
identify the origin of the MNS mixings(involving only the ~ 1¥ing theory [cf. Figs. 2b) and Zc)]. For scalar(pseudo-
product of two left-handed rotatiops.e., whether the large SC@laJ type couplings to be flavor universal, there should be
or maximal mixings in MNS matrix really originate from the Certain flavor symmetry associated with these couplings in
neutrino mass matrix or charged lepton mass matrix or botithe underlying theory. The quark biline@1’;Q can join the
[30]. Therefore, to fully understand the flavor dynamics insame type of flavor universal interactions, wh€e U/, D

the lepton and neutrino sector, it is important to directly teswith /= (u,c,t)" andD=(d,s,b)". But, without fine tuning
lepton rotation matricesjf and U‘fR in other lepton flavor- the flavor violations in the quark bilinear would be relatively
violation processes. The large or maximal MNS mixings ob-small based on the experimental knowledge about the CKM
served in the neutrino oscillation experiments strongly moti-matrix, except that some right-handed mixings may be quite
vate searches for large lepton flavor-violating interactionssizable.

originating fromU{ andU¥. We then proceed to consider cla@® with flavor non-

The effective dimension-six-x operator Eq.(3) can universal dynamics vvhich is. strongly motivated by the ob-
arise from the exchange of certain heavy particles, such as$g"ved large mass hierarchies for leptons and quarks. For
heavier neutral gauge bosod’( or a heavier Higgs scalar mgtance,' the induced lepton blllnear'may contaln'only the
(S%). The underlying dynamics for such interactions fall into third family tau leptons as happened in the dynamical sym-
two distinct classesta) flavor universalor (b) flavor non- ~ Metry breaking modelg3,31,33 and lepton non-universality
universal For clasga) we can write a generic lepton-bilinear Models [33-35. Generically, we can write down a tau-
termZszp, wherey= (e, u, 7). We thus deduce lepton bilinear in the flavor eigenbasis,I';7,, where x

={ corresponds to gauge bos@h exchange ang # { cor-
responds to scale® exchange. Th&' exchange from the

x(zz) Ly (Uj=1s), strongly interacting theories such as top-color modaty
Zr Y= (1) is particularly interesting for studying the effective
- _ dimension-6 operator) as theZ’ induces strong couplings

; Ol (=70 %07s), for Eqg. (3) which naturally fit the counting in Eq6). Be-
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cause of the flavor non-unversality of such underlying dy-quadratic divergences. Unlike the logarithmic terms, such
namics, the generic tau-lepton bilinear takes the following®(A?) power corrections are not guaranteed to always rep-

form after the lepton mass diagonalization: resent the real contributions of the lowest heavy physical
o L state of a masM s, SO that to be conservative it is usually
TXFJ.Q:g;{arj(uf(*)sa(ug)gﬁeéﬂ suggested 37] that one only uses the logarithmic terms

(~InA) computed in the effective theory, for representing
the new physics contribution~(In M,,J from an underly-
ing full theory. We will take this approach for the loop analy-
where y# ¢ for T'j=1,ys and y={ for Fi:70'7g75' We  sis in Sec. Ill, though we keep in mind that retaining only
see that, due to the allowed large entd{js, or (Ug)s,, the leading logarithms may possibly underestimate the new
unsuppres_sed fl_avor-vio_lating,u bilinear can be generated physics loop contributions if th@(M[Z)hys) terms are not van-
for I'; being either (axialvector or (pseudojscalar [cf.  ighing in a given underlying theory. This exception occurs
Figs. 2a—0], unlike the situation in Eq(12). In most cases, only when the heavy mass effect in the underlying theory
such flavor non-universal d_ynamlcs @erlcally invokes theypes not obey the usual decoupling theoré@®,40. Thus,
third family quark bilinears, I';t, andb,I';b, at the same  extracting the possible nonze@(Mshys) terms is a highly
time, and some sizable right-handed mixings suchzasz  model-dependent issue and is hard to generally handle in an
mixing (or bg-sg mixing) can naturally aris¢36]. To be  effective theory formalism. The traditional “leading loga-
model independent, we will include all possible flavor com-rithm” approach provides a conservative estimate for the ef-
binations in the quark bilineaqal“jqﬁ [cf. Eq. (3)] for our  fective theory analysis and is justified for those underlying
phenomenological analysis in Sec. Ill. theories in which the effects of the heavy stafiesegrated

In summary, afull understanding of leptonic flavor dy- out from the low energy spectrynexhibit the decoupling
namics(for both masses and mixingeequires experimental behavior.
exploration not only via neutrino oscillations but also via

=0(1) 7' Tju' +O(LHu'Tjr, (13

other lepton-flavor-violating processes. The above classifica- I1l. PHENOMENOLOGICAL CONSTRAINTS
tion shows that, given the large lepton mixingspecially . .
for the tau and muon leptopsis motivated by the atmo- Ve consider the generatu operators in Eq(3) and take

spheric neutrino oscillation data, the effective dimension-si¥ j {0 be the same for both the lepton and quark pieces. There
flavor-violating - operators(3) can be naturally realized @€ four types of operators to be considere;
without additional suppressiafin contrast to the quark sec- = (S:P,V,A), and for each type there are 12 combinations of
tor). Furthermore, particular chirality structurésharacter- d.ds. (Uu,dd,sscc,bb,tt,ds,db,sb,uc,ut,ct). This gives
ized byT';) can be singled out, depending on whether the? total of 48 operators for our analysis. We first consider
underlying leptonic dynamics is universal or non-universal in0Perators involving two light quarksu@,dd,ssds), then

the flavor space. The systematic phenomenology constraint§e non-diagonal operators involving one or more heavy
analyzed in Sec. Ill will demonstrate how the various lowduarks @b,sb,uc,ut,ct), and finally the diagonal operators
energy precision data on lepton flavor violations can probdnvolving two heavy quarksdc,bb,tt). In our analysis, we
the new physics scale associated with the underlying flavoill consider one operator to be nonzero at a time and derive

dynamics,complementaryo the neutrino oscillation experi- the corresponding bound on the new physics sdalelhis

ments. should provide a sensible estimate of the scalender the

naturalness assumptiomentioned in Sec. Il, which states

D. Radiative corrections versus leading logarithmic term that there_ is no accidental cancellation among the contribu-
' tions of different operators.

In our analysis we will consider two classes of bounds,

from contributions at either the tree level or the loop level.

Many of these bounds arise from the tree-level operd®rs

directly and will be derived from various low energy decay For operators with two light quarks, the neutrinoless de-

channels. In some cases, the significant bounds can only Is@y of ther into a x and one or more light mesons will

obtained by relating the operators involving one set of heavyrovide the best bound. First, we establish our conventions:

quarks to those involving lighter quarks, through the ex-The PCAC(partial conservation of axial vector currgebn-

change of aw or charged Goldstone boson at the loop leveldition for the pseudoscalar octet gives

(cf. Fig. 3 in Sec. Il). How does one handle radiative loop -

effects in an effective theory? For such calculations, typi- . . ¢

cally, some loop integrals are divergent and must be cut off <O|J§E)b(o)|¢a(p)>:'5abﬁ Pu (14

at a scaleA. In the case oW or the Goldstone boson ex-

change, the divergence is logarithmic. We perform the loop ) .

integral by retaining the leading logarithmic terms in which Where F,, is the meson decay constant and the Cartesian

the ultraviolet(UV) cutoff A would reliably represent the COMPOnents of the axial vector current are

scale of new physicE37]. In doing the analysis, we assume

only one I';7)(q°T;q”) operator to be non-zer{38].

Other diagrams involving closed fermion loops may have

A. Operators with two light quarks

s
j1OP=ayty’5q. (15
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Here ¢=$\?/\2 with a=1---8 is the 3x3 matrix of 27 (m2—m2)? F2
pseudoscalar meson fields and are the Gell-Mann matri- D(r—pn)=—7 — —<2179%10° " GeV,
ces normalized according to W{\P)=26%°. For current m; A
quark masses, we choose (22)
m,=my=5 MeV and m=120 Mev, (16 'MPlying
A>9.5 TeV. (23)

and the results are not particularly sensitive to these choices.

For simplicity, the muon mas¢and the pion mass, when Note that, for the isospin-invariant effective operator
applicable will be neglected relative to the tau mass When(47T/Az)(;AT)(UAUJFEAd) with A=y#5 the same

calculatlng Kinematics. . . bound of A>9.5 TeV can be derived from the above pro-
Knowing the vacuum transition matrix element, we can oo

readily evaluate the particle dece}y width. Fpr _mstance, for a For the sd operator, the bound comes from-s uKC.
two-body decayr— uM whereM is a generic light meson,

; . . Thus, we have
we have the spin-summed and averaged partial width

(0[sy*°d|K®) =iF cp*, (24)
r M 2 1 . .
(7= pM)= 2m (8 E | MI% 17 where experimentallfF =160 MeV. This leads to
where the transition amplitudeM=(uM|iH|7) can be o (m2—m2)? F2 e
evaluated by vacuum insertion. F(r—uK®)=m o — <2.27x10 7 GeV,
1. Axial vector operators (29
Bounds on theiu anddd axial operators can be obtained and thus,
. 0 .
by looking at7— u7r-. Using A>3.6 TeV. (26)
(0|luy™y®u| 70(p))= < ‘qy“ ‘¢>3(p)> 2. Pseudoscalar operators

Here, the Dirac equation is used to reduce the axial vector
F. matrix elements to pseudoscalar matrix elements, and then
ZIEPM (18) we use the same processes as above. We find that

A5 0 — q.5 0
with F =131 MeV, and noting that fon—d the right-hand (Oluy>ul(p))=—(0ldy>d[=(p))

side is the same except with an opposite sign, we find i mi - ,
. —Em - 27
F(T_>;m°)=——F m2< 0.908<10° Y7 GeV, (19 , _
A* 2 which then yields
where the inequality comes from the 90% confidence level o T Fi me g
(C.L.) experimental bound on this decay mode listed in Ref. F(r—pm)= 8 Am2 < 0.908<10 ™" GeV,
[41]. This then implies that, for both thery*y°u and d (28)
dy*y°d operators,
so that
A>11.3 TeV. (20 A>117 TeV. (29)
For the ss axial operator, a bound is obtained from For the strange quark operator, we find
— un. We have
2
—2F, (Olsy°s| 7g(p))=—i V6F} L (30)
Y’s|mg(p))=— T A
O|s s|p(p))=i—= —=pH, (21) my,+mgy+4msg
(0[sy*y°s| n(p)) ﬁ\/—p

which gives(taking 7= 7g)
where  F,=F°—(1//2)F% is  defined  using

6  myFS?2  (mi-m?)?
(O[qy* 75(A8°/2)q|n(p)>—l(F8°/J_)p,L Here, \°= /%1 T(r—un)=— T
and at the next-to-leading ordéXLO) of the chiral pertur- A" (my+my+4mg) mZ
. 8_ 0_ .
bation theory{42], ;=154 MeV andF, =25 MeV. Using <2.18¢10° Y GeV, (31)

these values we find th&t,~F ., the value from th&&U(3)
limit. This gives implying
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A>9.9 TeV. (32 T(r—up)<159x10 Y GeV=A>14.3 TeV (s9),
(40)
For the isospin-invariant effective operator -
(4m/A?)(uP7)(UPu+dPd) with P=9°, the same bound I'(7—uK*)<1.7x<10°"" GeV=A>12.8 TeV (ds).
of A>9.9 TeV can be derived from the above process.
Finally, we have 4. Scalar operators

) Scalar operators will lead to three-body decays of the

— Myo into a u and two mesons. Using the leading order chiral
54|k 0\ — i K M 9 g
(Olsy~d[K®) =i Mg+ mSFK' (33 | agrangian, we obtain the matrix elements of scalar densities
at the origin
which gives _ _
(0|ss|K*K™)=(0|uu|K*K~)=B,,
e _m ML (momi o
(r—p )_P (Mg-+m)2 m? (Oluu| wm)=(0|dd| ) =By,
s (41)
<2.27X10°15 GeV. (34) _ 3
3(0Juul7g7g) = ; (Olss| 7575) =Bo,
Thus, we deduce
Hal -+t K=\ —
A>37 TeV. (35) (Olds|mK™) =By,

where m2=2mB, and m..=(m,+my)B, with m=m,

. . +my. We take my=my=5 MeV, which gives B,
We take a simpl&SU(3) relation =1.96 GeV andn,=120 MeV. Thus, the differential decay
widths are computed as

3. Vector operators

I c
Olar“=>d VP =ie”5""bﬁ, (36)

0.0 1 + =
di'(r—um )ZEdF(TH,UJT T )
Wherevﬂzvi()\a/ \J2) is the vector meson octet. Using vec- B2
tor meson dominancgt3], we determine the dimensionless _ 0

. ’ =———(E;+ dE,dE,,
ratio g=m?/c from V—e*e~ for each vectoV=p,w,d, 64mSA% dd( v+ m,)dE,dE,
which yieldsg,=5.1,9,=17 andg,=12.9. These phenom- '

enological values indicate som8U(3) breaking, as ex- By 2
pected. Assuming ideal mixing, we get dF(T—>,u,7]77)=(?) W(El+ m,)dE,dE,,
o o T uu,dd
(OJuy*u|p®)=—(0[dy*d[p%)=ie"K,, )
(480) ! (Ey+m,)dE,dE
_ =l = 3.2 (B2t 10E,
(0[sy"s| ) =i€"K,, (37) 3 ) e4m3AY, "
_ (42
(0[sy*d|K* ) =i e"Kx,
where dl(7—puK*K™)=B§ ————(E; +m,)dE,dE,,
) 5 T Add,ss
m 3m
Ko=gh Koy (39) 1
p ¢ dF(r—>MK+7T_)=BSW(E1+m#)dE1dE2.
and in theSU(3) limit, one hasKg+ =K. Then, we find ds
) 2\ 2 The best bounds on theu anddd operators come from
Ky m |, m
F(r=pV) == 5| me| 1=~ [(r—pmtm )<0.186x107 16 GeV= Ay, gq>2.6 TeV,
\% T (43)
mg| _m,mg —
X|1+2— | =3——|, (39 the bound on thas operator from
m? m?
[(7—puK"K™)<0.341x 10 GeV=A,se>1.5 TeV,
which gives bounds as follows: (44)

[(7—up)<1.43<10° Y GeV=A>12.4 TeV (uu,dd), and the bound on thed or ds operator from
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I'(7—uK'77)<0.168<10 ¢ GeV=A4>2.3 TeV. With a 10% bound, the above results scale as the fourth
(45) root of the branching ratio, giving a bound on the axial vec-
tor operator ofA >2.5 TeV and on the pseudoscalar operator

In summary of this section we see that the bounds o®f A>2.8 TeV.
operators involving two light quarks range from 1.5 to  Note that here is a place where an experimental bound on
14.5 TeV. Improvement in the experimental limits on theBs—u7 would be very useful. This decay is particularly
branching ratios, of course, will increase these bounds viédmportant becausell of the quarks involved are second and
the fourth root of the branching ratio. Much better improve-third generation, and new physics effects might be substan-

ment can be obtained from processes involving decays dfal (especially if related to symmetry breakjnghis decay
heavy quarks, which we consider below. also conserves “generation” number, and is thus particularly

interesting.
We now turn to the scalar and vector operators. Here the
_ ~ matrix elementgK|sy*b|B) and(w|dy*b|B) are needed,
Now, we analyze the operators involving along with their scalar counterparts. The vector matrix ele-
(uc,ut,ct,db,sb) quarks. The bounds involving an up quark ments have been calculated in a quark model by Isgur, Scora,

and a charm quark are problematic since D& cannot  Grinstein and Wisé45]. They note that for a light pseudo-
(barely decay intou 7 because of kinematics. The bounds ongcalar mesoix,

these operators will be discussed at the end of this section. -
We first turn to theB meson decays. (X(px)|ay*b|B(pg))=f (42 (Pg+ Px)*

B. Non-diagonal operators involving one or more heavy quark

1. B meson decays +f_(g®)(ps—px)*, (49

Using the techniques described in Sec. IIIA one can,

bound the pseudoscalar and axial vector operatorshéor
quarks by looking aB°— w 7. For the axial vector operator
we find that, using the experimental limit of &30 * on
the branching ratio

nd present expressiofia their Appendix B for f , andf_ .

Hereq?=(pg— px)? andB andX are on shell withX~qd.

The masses in these expressions are constituent quark
masses, which we take to ma,=300 MeV, and we also
take their variational parameterg, to be 300 MeV. For
instance, these values give

—~A>82 TeV, N F{mx—Ex
— eX

f.(g?)~—f_(gP)~—
(46) (9% (99)~—5 m, 2,

2 2 2
afgmgm?

I'(B—ur)= IC

. (49

where we takd z=200 MeV. For the pseudoscalar operator Where xk~0.7 is a relativistic compensation and wherg

we find ~2m,. As a result of these approximations, the matrix ele-
ments should be takecum grano saliswith an error that
8m2 g3 m2 2 could be a factor of 24 (which translates into a factor of
I'(B—pur)= ePe |, _; —=A>9.3TeV. (470 1.2-1.4 uncertainty in the final results fox). The uncer-
JrA? mg tainty might be somewhat larger for the matrix elements in-

volving the pion, since the relativistic compensation factors

In this latter case, we have used the result from Sher anareTzuspect.l or th i e aiveil _
Yuan [44] [(O[dy®b|B)P=4meBdn2 where Bq e result for the vector couplings is givéitlustrating

~300 MeV is a variational parameter. theB—Kpr casg by
In a moment, we will consider the scalar and vector op-
erators, but let us first look at the pseudoscalar and axial = '
vector cases fobs quarks. Here, precisely the same analysis dE.dE; 327 *mg
as forB— w7 can be done foBg— w7, with the same result
for the width, in the approximation where the masses of th
constituents andd quarks are equal. Alas, there are no pub-

dar M7

(50

é(vhere

lished experimental bounds f@&,— 7. Note that the life- IM?| = 18W2mB(A1A2—A3)ex;{ ~ Mg~ E—E,—mk
time of theBg is given by 1.46-0.06 ps, compared with the A*my My ’
B lifetime of 1.54+0.02 ps. These are consistent, as ex- (51
pected. But, if the rate foBs— w7 were too large, then the

lifetime would be substantially shorter. A 10% branching ra-With Ap=mg—mg—mZ—2mgE,, ,Ay=mj—mg+m’

tio would shorten the lifetime by about 0.14 ps, which would —2mgE,, andAz=mg[ —mi—m2+mg+2(E,+E,)].

lead to a significant discrepancy. Without a detailed analysis, What are the experimental bounds B—Ku7 and B
one can just conclude that there is a bound of 5% to 10% or-7wu7? None are listed. If the decays semi-hadronically
the branching ratio foB;— u7; we will give bounds assum- (which occurs 65% of the timehenB— K w7 will look like
ing it is 10%. B—X.uv [46]. Then measurements &— X ur would
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give a higher rate than fd— X.ev. These have been mea- could distinguish betweeWq andux7), and thus one ap-
sured separately, with accuracies better than 0.5%, and thpsoximately has Bi(—uu7)<1—0.72=0.28 at one stan-
an excess of:-like events has not been seen with a sensitiv-dard deviation. This leads to a constraint

ity of 1.5% at 90% confidence level. If one assumes that the

probability of classifyingB— K w7 decays aB— X uv is 190 GeV for scalar and pseudoscalar couplings,
smaller by a factor of two, then, folding in the 65% branch- A> 270 GeV for vector and axial vector couplings.
ing fraction into hadrons, one would get a limit of 1.5% (55)

divided by 0.5 for acceptance and 0.65 for the branching
fraction, which is about 5%. A very similar argument would It should be kept in mind that the above bounds/oare
apply toB— 7 7. Obviously, a more detailed analysis could so close to the top quark mass that the use of the effective
yield a substantially better bound. However, our result onlyfield theory is not reliable. As discussed in Sec. 1B, for
scales as the fourth root of the branching ratio bound andnodels obeying the naive dimensional analy§i®A), the
with the relatively large uncertainty in the matrix elements,corresponding bounds become stronger than the above by
one probably cannot do much better. With a 5% branchingbout a factor ofy47=3.5, and thus in this case the appli-
ratio, we find that the bound on thé&g) vector operator is cation of effective theory formalism will be more reasonable.
2.6 TeV, and the bound on thdd) vector operator is 2.2 One could improve on the above bounds significantly from
TeV. non-observation of—jet+ w7 decay, but this has yet to be
For the scalar operator, one must differentiate the vectodone.(We also recall that our final limits oA only vary as
matrix elements in Eq48), taking care to properly include the fourth root of the branching ratjo.

the exp—i(pg—pk)-X] factors. We find that, for instance,
3. Loop contributions

<K(PK)|§b|§(ps)>“i[f+(qz)(m§—mﬁ) Operators involving heavy quarks are harder to constrain
M, with meson decays. However, one-loop contributionswia
+ f,(qz)(m§+ mﬁ_ 2mgE)], exchange may mediate the transition from a heavy quark to a

lighter one. This leads to processes with external light quarks
(52 and thus results in possibly significant constraints from light
mesons. For the vector and axial vector couplings, strong
: . bounds can be obtained by considering the loop contribu-
_Te\?t’ Wg ﬂ_nd'lthle kt)r? utn? o?htheb d$) scallar operattor IS gg tions with W= exchange. Such contributions will also give
eV, and similarly that for thel{d) scalar operator is 2. good bounds on thec(i),(cc),(tt) operators, as will be dis-

TeV. One should keep in mind the relatively large unc:ertain-Cusseol below.

ties in these bounds due to the hadronic uncertainties dis- Consider the loops in Figs.(® and 3b), where 7~

cussed above. is the charged Goldstone boson. These loops will relate,

for instance, a heavy-quark operator of the form
k 2077 U i

Because of the very short lifetime of a top quark, bound '1‘2/A€ (MFkT)_(UjlrﬁJJZ) toa I|9ht quark operator of the

state top mesons do not exist. Bounds on operators involvinfprm Ci i /A?(uI';7)(d; T'cd;,). Since we have very strong

a top quark can be readily obtained by looking for dedays bounds on operators with ligk quarks, this gives a method

—cu7 andt—uu7. Neglecting the final state masses, oneof deriving bounds on heaw; quarks, and in many cases

finds that the width is will provide the only bounds.

We consider the diagrams of FiggaBand 3b), and de-

wheref . (q?) are given in Eq(49). Using this matrix ele-

2. Top quark decays

m . o
! ; forscalar and pseudo scalar couplings, rive the quark bilinear,
967 A o
r= m 8C(aiTa;), (56)
t for vector and axial vector couplings. i .
24w A4 where 6C}! is the loop-induced form factor computed from

(53)  the diagrams. It is easy to show that there will be no contri-
bution to the scalar and pseudoscalar operators from the
The Collider Detector Facility at Fermilal€DF) [47] mea-  |oop, and thus only vector and axial-vector operators are rel-
sures the ratio evant.
For I',=y*, labelling the two external quarks with indi-
— Br(t—~Wb) (54) ces (,,i») and the two internal quarks with indicep;(j,),
Br(t—Wa) we find that the vector and axial-vector couplings are gener-

_ ated with corresponding induced form factors,
by countingb-tagged top events and all top Wq events.

The result isR=1.23"33! which translates int®R>0.72 at 2k 2312

0.31 . k o gV M7, Mj A
90% C.L. For thee—uu7 channel, one considers this to be gpi1ia— _ gpiia— 2l 22—,
similar toWg, in that the signature is an isolated muon with " A 3272 2MZ, Mw
some jet activity(clearly, a detailed analysis by CDF or DO (57
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whereV;; is the relevant CKM matrix element. We note that 4. Charm quark off-diagonal operators
if a mass-inqependent renormalization procedure'is Usfed The relevant charm quark operator is thal operator.
the footnote in Refl38]), we would extract the leading loga- one can obtain bounds from the loop corrections discussed
rithmic term as Inf/ug) with uo set as the energy scale of 4pqve for the vector and axial-vector operators. There are
the relevant low energy proce@sg.,uo=m, for b decay$.  seyeral possible choices for the external lifaad corre-
But, for deriving the final bound on, this does not make spondingss vector, dd-vector or sd-axial-vector bounds
much difference as it only goes likén(A/my) [cf. EQ.(59)  the best comes from the vect@s-bound, i.e., fromr
below]. Such a difference would not be a main concern forﬂmﬁ_ We find that the bound on both the vector and axial-
leading logarithmic estimates since in the leading logarithm,ector operators is 550 GeV.
approximation, all unknown non-logarithmic terms are  Tne |oop corrections will not give a significant bound on
dropped by assuming the absence of accidental cancellationge scalar or pseudoscalar operators due to the chirality struc-
~ ForI'y=9"v, we find the analogue of the above equa-tyre of the couplings. We do get contributions from the finite
tion, parts of the loop integrals, but the bounds are well below the
W mass and thus not useful. For the pseudoscalar operator,

. . gV, i\VE | sz sz one would get a strong bound froB°— w7, if it were ki-
SCiti2— _ sciiie— _ 1L 2v 2 nematically accessible, but it falls 20 MeV short. We have
v A 3272 2M3, also considered virtuat decays inD— u7*— v_+hadron,

but this width is proportional td", so that the realistically
X |ni_ (59  obtainable experimental bound @ v+ hadron will not
Mw give anything more than a few GeV bound for The scalar

operator would require an additional pion in the final state,

We will ignore small masses of light quarks and the overalwhich makes it even more inaccessible. We know of no
signs are also irrelevant. So, the above leading logarithmi®ounds on the scalar and pseudoscalar operators.
contribution is universal except when the internal loop fields
are both top quarks. It is useful that a single veétoraxial-
vecton coupling induces both vector and axial-vector verti-
ces. This allows us to use either the vector- or axial-vector 1. c-c operators
type of light-quark bounds to constrain both the vector- and 1pe c-c-u- vector and axial vector operators can be
axial-vector type of heavy-quark operatolfiote also thatin - ,5ynded by the loop contributiortsf. Fig. 3 as discussed in
the limit where the muon mass is neglected, Y& andAA  he preceding section, in which the internal quarks are both
bounds fromr decays give identical bounds ®A andAV.) charm quarks. The bound derived from- ¢ decays is

In particular, the scales associated with heavy and light A 1 1 TeV for both the vector and axial vector operators.

operators, respectively, can then be related. Lettig’} be e note that there is no experimental bound available yet for
the two internal quarks anc(y) be the two external quarks, ihe decayd/ W — pr.

C. Diagonal operators

we derive, in a transparent notation, One could bound the scalar and pseudoscalar operators by
looking at w7 final state ofy. and 7. decays, respectively.
2 However, no experimental bounds on these decays are avail-
A=A \/g—|V Vi 1+MXNIY InA able yet.
nTXY HTXY 327T2 XxVyyi - ZM\ZN MW,
(59

2. b-b operators

where the+ (—) sign is for the axial-vectofvectop cou- The obvious systems to look at are thb bound states.

pling. Since, as discussed in Sec. II, the loop cutofih the ~ NO experimental bound olf — 7 has been published. The
leading logarithmic terms can reliably represent the physicafatio of the decay'(1s)— w7 through the vector operator to
cutoff of the effective theonf37], we may set the above the decayY(1s)—u*u" is independent of the matrix ele-

logarithmic cutoffA equal to the light-quark bound ;. Ment(if the mass difference betweqn and 7 is neglected
The light-quark boundA?,,, varies in the range around and is given by 14#4°My/(e"A%). The Y(1s)—u"u
1.5-15 TeV, and we may typically set it as 10 TeV. branching ratio is 2.5%448]. The upper bound o/ (1s)

Now, we examine the vector- and axial-vector couplings— 7 can be estimated by using R¢48] which measured
for the t-c andt-u quark bilinears. With the internal quarks Y — 77, and by comparing with the measurementic(fls)
being thet andc (or u), the best bound comes from setting —# & - If one assumes universality, these will be equal.
the external quarks to bie (which attaches to the internal  One can see that the excessrofevents must be less than
line) andd (which attaches to the internalor u line). We  about 0.40% at 95% C.L. One then asks what fractiop of
then use the strong axial-vector bound 8.2 TeVifat quark ~ €vents would pass the cuts of the analysis. Therr analy-
bilinear, to obtain the bounds 310 GeV for the operator sis selects events with onedecaying toevy and the other
and 650 GeV for theé-u operator which hold for both axial- decaying to one-prong non-electron final states; this would
vector and vector type of couplings. This bound is muchbe satisfied bywr events depending on the cut on the mo-
stronger than that from the top decays. mentum of the nore track. A conservative estimatel6]
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(a) (b)

FIG. 3. Diagrams which relate couplings involvingtype quark bilinears ta-type quark bilinears. Ther~ is the charged Goldstone
boson.

gives an upper bound of 4% on the branching ratio, so that IV. SUMMARY
we arrive atA>180 GeV. We know of no bound on the
scalar, pseudoscalar, or axial vector couplings, since there iz‘?\t

. S ion motivates us to explore the allowed mixings between
very “ttlef Qata on these bounq states. The loop contrlbutlon§ne second and third generations in the charged lepton sector
are negligible in this case, primarily because the CKM ma- '

. s We have systematically analyzed bounds on the generic
trix elements forb to c,u transitions are small. . . C
dimension-6 flavor-violatiorr-u operators of the form

The strong experimental evidence for langg— v oscil-

3. t-t operators

The only possible way to bound thet-x-7 operators is (I 7)(q°Ta?),
through the loop discussed above, turning the top quarks into

b, s or d. The best bound comes from the case in which th%here the Dirac matriceE e (S,P,V,A) are the same for
external quarks arb andd, leading toB°— 7. Due to the both ther-x and theq®-q” bilin('aa,rs.' Such effective opera-

small CKM matrix eIeme_nts such a&q, the bound_s are Not s are interesting as they can naturally arise from various
very strong. For the axial vector operator, we find that o, physics scenarios and reflect the underlying flavor-
>115 GeV, and for the vector operatdr;>75 GeV. These mixing dynamics which may directly link to the large,-»,
bpunds are be'O.W Fhe mass of top qgark anq thus the eﬁe(ﬁ'eutrino oscillation. Since the neutrino oscillations measure
tive theory description is no longer valid. As discussed belowy . "\ins mixing matrix which is only a product of two ro-
Eq. (55_) for the_ constraints from top quark decays, the NDA 400 matrices from the lepton and neutrino mass diagonal-
analysis does increase the bounds by about a factdﬁf. izations[cf. Eq.(10)], it is thus important to fully understand
=3.5, but even in this case the effective theory formalismy,e fayor dynamics and the origin of the neutrino oscillation
may not be so reliable. Nevertheless, these weak bolihds phenomena by directly testing possible large lepton mixings
they might be meaningful at alére the best ones which we fom additional flavor-violation processes. Given such ge-
could obtain at the present. For the scalar and pseudoscalggic dimension-6r-x effective operators, we have consid-

operators, we know of no reasonable bounds at all. ered all possible flavor combinations in the quark-bilinear
o q°TI'g? and analyzed existing experimental data for a variety
4. Radiativer decays of processes to establish the best available bounds on the

One might expect that strong bounds on diagonal Operd'nvoked new physics scale. Our results are summarized in
tors could be obtained from— wy, where the two quarks Table I. _ _ . .
come together to form a loop. If the photon is attached to the [N Sec. lil Awe studied the operators in E) involving
quark loop, the result for an on-shell photon vanishes. But, ifwo light quarks. We found quite strong bounds in this case
the photon is attached to the tau or muon line, the quark loogince there are QOOd experimental limits on decays tof .
is quadratically divergent and independent of external mo&nd one or two light mesons. FB; V andA the bounds on
mentum. As discussed in Sec. Il D, however, quadraticallyA are of order 10 TeMexcept forsd where theP and A
divergent corrections are not guaranteed to represent the rdabunds are weaker since the experimental constraint is
contributions of a heavy physical state, and may be absorbedeakey. Since three-body decays are used for$fvase, the
via renormalization, and thus will not be considered furtherbounds obtained are slightly smaller, of order 1.5-2.5 TeV.
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In Secs. IlIB and 11l C we studied operators involving at  TABLE I. Bounds at 90% C.L. on four-Fermi flavor-violation
least one heavy quark. For the case of a charm quark in E@perators of the formEF,—r)(E“quﬁ), whereT'; e (S, P, V, A.
(3), one might think of usind decays to final states involv- Combinations for which no bound has been found are marked with
ing w7 but these are ruled out by kinematics. However, jtan asterisk, otherwise we list the process which gives the strongest
turns out that we obtained good bounds on operators invol20und(cf. text for details.
ing the cu and cc combinations for the/ and A cases by
considering loop contributiongshown in Fig. 3 to 7
—u¢. Loop contributions involving: quarks are enhanced |, 2.6 TeV 12 TeVv 12 Tev 11 TeV
by the fact thatv,~1. For theSandP cases we could not
find a bound omA since the loop diagrams shown in Fig. 3
have a vanishing leading logarithmic term and the remaining
finite loop terms are numerically negligible. Alsq there is no— 2.6 TeV 12 Tev 12 Tev 11 Tev
bound from pseudoscalar and scalar charmonium decays—
these states are rather broad with several MeV uncertainties
in their widths at the present, so there is no significant ex-
perimental constraint on their branching fractionsute. _
For operators involving onb quark, we used the experi- SS 1.5Tev 99Tev.  l4aTev  9.5Tev
mental limits onB— w7, B¢— w7 and estimated bounds on (T—=pK'K=) (1=un) (1—wp¢) (7—pn)
B— u7M [49] to obtain bounds or in the 3—9 TeV range.
There is some uncertainty in our approximate HQEU0]
hadronic matrix elements which could be improved, bufsqg 2.3 TeV 3.7 TeV 13 TeV 3.6 TeV
since it is a fourth root which appears in our extraction\of (r—pK* 7)) (r—=uK®  (r—upK*)  (7—uKO)
the final error is not so large. For ti case, we considered
the contribution of loop diagrams in Fig. 3 with internal
quarks to processes involving externauarks. However, 14 2.2 TeV 9.3 TeV 2.2 TeV 8.2 TeV
these are suppressed by a CKM fadidy,|2 and thus do not
lead to a useful bound. The only significant bound I
which we could obtain is for thé/-type operator and it
comes fromY decay. _ bs 2.6 TeV 28TeV  26TeV  25TeV
For operators involving one top quafka tu andtc), the
best bounds for th& andP cases come directly from the top (B=Kur)  (Bsopr)  (B=Kur)  (Bepr)
quark decayst—cur,unr. Their decay widths scale as
m?/A* so that the bounds are actually non-trivial. For the _
andA types of operators with quark bilineans, tc and also  tc

tt, the strongest bound comes from the associated contribu- (t—cun)  (t—cur) (Bour)  (B—pu7)
tion to B— w7 due to internat quarks in Fig. 3. We have not

found a way to bound th8andP operators for the case with
1t quark bilinear. tu 190 GeV 190 GeV 650 GeV 650 GeV

It is important to note that under the linear realization of (t—uu7) (t—upr)  (B—our) (B—u7)
the standard model gauge group, the allowed operators are
restricted toV and A types, as discussed in Sec. Il A and
Appendix A. In this case, we obtain bounds for all but one of, * * 550 GeV 550 GeV
the allowed operatorgi.e., exceptl’=A for the quark- (roud) (17— pd)
bilinear bI'b). We should mention that if the coefficients
C!,p of our dimension-6 operators follow the estimate of the
NDA analysis in Eq.(7) for a certain class of strongly . * * 1.1 TeV 1.1 TeV
coupled theorieginstead of the “default” estimate in Eq.
(7)], the final bounds in Table | would be stronger by a factor (r=pd)  (r=ud)
of =<\4m7=3.5. On the other hand, if the underlying theory
is weakly coupledsuch as SUSY-type modg)she coeffi-

Bound 1 s Yo YoVs

(ropmta) (r—pm®)  (r—pp)  (1—wpm)

(ropmta) (r—wpr®)  (r—pp)  (1—wpm)

(B—mur)  (B—u7) (B—mu7) (B—u7)

190 GeV 190 GeV 310 GeV 310 GeV

cientsC!,;~O(1) [cf. Eq.(8)] and thus the final bounds in PP * * 180 Gev *
Table | would be weaker by about a factor ¢4. Impres- (Y—pu7)

sively, even in this weakly coupled scenario, Table | shows

that significant bounds oA >0.6—4 TeV still hold for all

those quark bilinears with nbor ¢ quark and at most one ~ tt * * 75 GeV 120 GeV
quark. Also, it will be interesting to further investigate how (B—u1) (B—u7)

the present bounds in Table | can explicitly constrain the
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relevant models classified in Sec. I C, which will induce U—>U’=gLUg$, HoH'=H,
specific forms of ouru-7 flavor violation operators in the (A2)
low energy theory. gL=exd —i6;7%2], gy=exd —ioy732].

We note that most bounds listed in Table | are from rare
decays ofr andB. Tighter experimental bounds andecays  We introduce the following useful notations:
would lead to stronger bounds on almost one-half of the
operators considered here. Searches derfrom charmo-
nium decaysJ/V, x., n.) would be an important addition to
study this class of operators. Also, as emphasized in Sec. lll,

a 3

. T . T
D,U=3,U+igW 5 U~ig'UB,~,

it would be particularly significant to have an experimental — (.Ut Y =utd u)=uv U
bound onBs— u7 and alsoB decays tou7M. Since we Ve=(DUUL Y, (DY) Vil
have not found any way to bound three of the four operators Ta—y AUt

with bb bilinears, it would be helpful to have experimental
bounds on scalar and pseudoscalardecay tou 7. It is also

. i . i —
very interesting to search for the decty u7+jet at the Wy=- gTr[T_UTDMU]: - ETV[T_V;L]
top-quark factories such as the Tevatron Run-ll and the
CERN LHC. i .
Finally, in Appendix B, we also considered an extension - aTr[T—VM], (A3)

of our formalism in Sec. Il A to include purely leptonicu

operators at dimension-6 with a lepton-biline&fI(1#) [cf. 0 iCy - iCy =
Eg. (B1)]. Among the available constraints, we found that Zu== FTr[T UD,UJ=- ETr[T Vel
the three-body rare decays—3u,uue,uee give the best

bounds at the order of 10 TeV or so._FcW“rIB) being a __ iC—WTr[T3VM],

neutrino pair, the bounds from— wvv decay are much
weaker, around 23 TeV. No significant bound is obtained

— - where c,,= cosé, and s,= sinfy. It can be proven that
for (1°T'1%) containing one or two heavy leptons. — W B Sw oy b

V=)W, m + W, " +c,'2%7%]. Then, we can

write the following transformation laws, undégy,:
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APPENDIX A: NONLINEAR VERSUS LINEAR W
REALIZATION OF THE ELECTROWEAK GAUGE ig
+_\nEO
SYMMETRY im[(cWZM+SWA#)7T W, 7]
We note that in principle the exact form of E(B) de-
ends on how the electroweak gauge symmetry is realized in + +
b gauge sy y + [770&#77*— 17*19#770]—# -+, (AB)

Lsy- The general forng3) can be derived by using the non- _2M\2N
linear realization of the SM gauge symmetry. Under the non-
linear realization, the SM Higgs-Goldstone fields are param-

. 1 [
etrized as 32:ZO+ — 9 7o+ 9

+ _— -+
rM, MZ(W;HT —W, )

d=—@w+H)U, U=exdin?r/v], (A1) + (mro,m m dmt)+- -,
N7 2QN|\/|§ Iz Iz
which transforms, undefgy=SU(2), ®U(1)y, as so that in the unitary gaugey\,, ,Zg)=(WfL ,Zg), and

053002-13



DEIRDRE BLACK, TAO HAN, HONG-JIAN HE, AND MARC SHER PHYSICAL REVIEW D66, 053002 (2002

. -1 + a
— ig{Cw Z,u \/Ew,u linear__ T A /YjL linear
V=) =— i A7 D,Fi~"=|d,+ig-W,+ig'——B,|F. ",
w2 2w~z (A7) o BTz 2 )
Now, we can rewrite the SM Lagrangian in terms of fields ‘ v _
which feel only the unbroket’ (1)gm, DMf}'geaf: aﬂ+ig’7'RBﬂ)f}'gear. (A11)

Lsw=L Gt L&t L Eu
. This further restricts the form of the dimension-6 operator in
£8=— “[Wa Wauri B Be] Eq. (3) because of the_reqwrement of bofth the isospin and
4= " wy w hypercharge conservations. Thus, we arrive at E¢jsand
(5) for the linearly realized effective-u operators in Sec.

y 1 ITA.
‘CSMzza[LHaMH_VSM(H)

1 APPENDIX B: BOUNDS ON THE PURELY LEPTONIC
il [V*V,J[v?+2vH+H?] (A8) OPERATORS

In principle, we can extend the formalism in Sec. Il to

—— o= include the purely leptonic operators of the form,
LE=— SELY OV, +c, P20 F)

s : 0 _ iy 07¢. C‘?a _ _
+ iy o, +ieQqA,—i9"s.,Qs 2 ,]f ALED= #f(ﬂrjr)(wrjfﬁ)m.c., (B1)
_ je.p

whereM' is the general fermion mass matrix and after di-which contains an additional lepton bilinea{ ¢#) instead
agonalization,ML.,=mfj5jj,. The electric charge of the of quark bilinear ¢°I'q?) in Eq. (3).

fermion f; is ‘defined by ij:|31+ij/2' and F_ For both ¢2 and ¢° being light leptons(electrons or
=(fyj,.f5)" is the left-handedsU(2), fermion doublet. muong, the three-body rarer decay, T —p 195,
For the electroweak interactions in this non-linear realizaprovides the best bounds. There are in total four
tion, Egs.(A8) and (A4) show that the fermions have the allowed combinations from Eq. (B1), (£%,¢7)

U(1)em covariant derivative =(u ", u") (n",eM),(nt,e),(e",e"), giving the decay
_ channels 7 —u u u ,u pn e, u u'e ,uee’.
D,fj=(9,+ieQALf;. (A9)  Their partial decay widths are computed as

Since the fermion fields only feel an unbroken electromag- (i s

neticU (1), gauge symmetry, we see that under this formal- C(Cupem; [1 (I'j=S,P),
ism the dimension-G-u operator contained it £ indeed 3 683N 4 (I'j=V,A),
takes the most general form as in E§) that involves one

7-u bilinear and one quark bilinear. This nonlinear formal-

ism is particularly motivated when the Higgs sectoref,is Wheree=1 for 7 —u " pu " u",u"pu"e", andg=1/2 for
strongly coupled or the Higgs boson does not efdst2]. In 7 —u u'e ,u e e’

this case, the electroweak symmetry breaking scale is The experimental bounds on the decay branching ratios

(B2)

bounded from the above, i.e\gy<4mv [11,24,23. (BR) of these channels are given, at 90% (A1],
If the Higgs bosorH? is relatively light, we may choose
the linear realization for th&€gy, [15], in which we consider BRI 7 —pu pu u']<1.9x10°°,

A= Agy so that at the new physics scalg the effective
LagrangianL.s should be invariant under SM gauge group

Gsm=SU(2) . ®U(1)y. The SM fermion fields in these two BR[7~—u u e"]<1.5x10
formalisms are relateflL3], (B3)

Fj =UTFIear,  f = finear, BR7 —u n'e ]<1.8x107°,

fi—fj=exdiovQylf;  (underGsy), A0 BRI7 —u e e*]<1.7x10°5,

where the linearly realized fermions have the usual covarianvhich are all at 10° level. From these we derive the fol-
derivatives as in the SM, lowing bounds on the scalg,
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(12.8,13.5,11.9,11)0TeV (I';=S,P), C.L. Similar to Eq.(B4), we derive the following bound

A= 1(18.019.1,15.4,15)6Tev (T;=V,A), (B4 from the 7— v»” channel:

2.2 TeV (T;=SP),
for the four rare decay channels, 7~ A> 3.1 TeV (I''=V,A),
—u u ut i uet,uute ,u e et,  respectively. _ :

We see that these are quite similar, around 11-14 TeV fowhich are weaker than EqB4) by about a factor of
I';=S,P and 15-19 TeV fol’;=V,A. (10(?0)1 ~5-6 due to thead|f£erent branching ratio.
For the case wheré® and ¢# are neutrinos, (*,¢¥) Finally, one or both of {*,£”) can be ther lepton. In this
— (% 18) then the decav rate for— uve will be in- case, we may use the tnang{éloop to relate 'th('e heavy_
(v*.5), y myy W lepton operators to the neutrino operators, similar to Fig. 3
creased. Given the current ddtd], BR{7— uvv]=(17.37  and Eq.(59). The resulting bounds are around 150 GeV for
*+0.07)%, we see that an increase of this branching ratio byhe S and P operators, and around 200 GeV for tiand A
an amount of 0.115% 1.15x 102 can be tolerated at 90% operators, which are rather weak and less useful.
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