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There are theoretical and phenomenological motivations that there may exist additionalZldaogons
with family nonuniversal couplings. Flavor mixing in the quark and lepton sectors will then lead to flavor
changing couplings of the hea®/, and also of the ordinarg whenZ-Z'" mixing is included. The general
formalism of such effects is described, and applications are made to a variety of flavor changi@g-and
violating tree and loop processes. Results are described for three specific cases motivated by a specific heterotic
string model and by phenomenological considerations, including cases in which all three families have differ-
ent couplings, and those in which the first two families, but not the third, have the same couplings. Even within
a specific theory the results are model dependent because of unknown quark and lepton mixing matrices.
However, assuming that typical mixings are comparable to the Cabibbo-Kobayashi-Maskawa matrix, processes
such as cohereni-e conversion in a muonic atonhﬁo-io andB-B mixing, €, and e’/ e lead to significant
constraints orZ’ bosons in the theoretically and phenomenologically motivated radhge-1 TeV.

PACS numbds): 12.15.Mm, 13.20-v, 13.35-r

I. INTRODUCTION to 1 TeV. If true, there should be a good chance to observe it
at Runll at the Fermilab Tevatron, and certainly at the CERN
Additional heavy neutraZ’ gauge bosons are amongst Large Hadron CollidefLHC). Also, in this mass range, it
the best motivated extensions of the standard m@id), or  should be possible to carry out significant diagnostic probes
its supersymmetric extensi¢gminimal supersymmetric stan- of the Z’' couplings at the LHC and at a future NL{@2],
dard model(MSSM)] [1]. In particular, they often occur in  which would complement those from the precision experi-
grand unified theoriedGUTS), superstring theories, and ments[10]. The existence of a hea& would also suggest
theories with large extra dimensiof. In traditional GUTs,  a spectrum of sparticles considerably different than most ver-
the scale of theZz’ mass is arbitrary. However, in perturba- sions of the MSSM 13].
tive heterotic string models with supergravity mediated su- Most studies have assumed that th'e gauge couplings
persymmetry breaking, the U(1pand electroweak breaking are family universaJ14], so that they remain diagonal even
are both driven by a radiative mechanism, with their scalesn the presence of fermion flavor mixing by the Glashow-
set by the soft supersymmetry breaking parameters, implyingiopoulos-Maiani (GIM) mechanism. However, in string
that theZ’ mass should be less than around a T8Y (The  models it is possible to have family-nonunivergl cou-
breaking can be at a larger intermediate scale if it is assocplings, because of different constructions of the different
ated with aD-flat direction[4].) Furthermore, the extra sym- families. For instance, the consequences of a model by
metry can forbid an elementany term, while allowing an Chaudhuri, Hockney, and Lykkdd5] have been extensively
effective w and By to be generated at the U('Lpreaking ~ analyzed in(16], where it was shown that moBtand D-flat
scale, providing a solution to the problem without intro- ~ directions involve an additional U(1)broken at the TeV
ducing cosmological problem,3]. An extra U(1) pro-  Scale. In this case, the third generation quark couplings are
vides an analogous solution to theproblem in models of d|ffgrent from the first two fam|lles, and all three lepton gen-
gauge-mediated supersymmetry breakigy7]. An extra  erations have different couplings. Other aspects of the model
U(1)’ gauge symmetry does not by itself spoil the successed'® not r_eallstlc, but_nevertheless_thls pro_vujes a motivation
of gauge coupling unification. to consider nonunlver_sal couplings. Similarly, possible
There are stringent limits on the mass of an exttdrom  anomalies in th&-polebb asymmetrie$17] suggest that the
the nonobservation of direct production followed by decaysdata are better fitted with a nonunivergal [10].
into e"e” or u*u~ by the Collider Detector at Fermilab Family-nonuniversalZ’ couplings necessarily lead to
(CDF) [8], while indirect constraints from precision data also flavor-changingnondiagonal Z" couplings, and possibly to
limit the Z' mass(weak neutral current processes and thenew CP-violating effects, when quark and lepton flavor mix-
CERN e*e™ collider LEP 1) and severely constrain the ing are taken into accountThis will also imply flavor vio-
Z-Z' mixing angle @ (Z pole) [9]. These limits are model
dependent, but are typically in the rangéM,,
>0(500) GeV and g| < fewx 1072 for standard GUT mod-  1y0qels with an extr’ often include additional exotic fermions
els. Recently, it has been argugtD,1]] that bothZ-pole  [je. with nonstandard S@) assignmentsas well. Mixing of ordi-
data and atomic parity violation are much better described i%ary and exotic fermions could lead to flavor chang#tigand Z
the SM or the MSSM is extended by an additional heZly  couplings even in the absence of family nonuniversal charges, and
There is thus both theoretical and experimental motivato nonuniversalW couplings[18]. We do not consider such effects
tion for an additionalZ’, most likely in the range 500 GeV in this paper.

0556-2821/2000/62)/01300610)/$15.00 62 013006-1 ©2000 The American Physical Society



PAUL LANGACKER AND MICHAEL PLUMACHER PHYSICAL REVIEW D 62 013006

lating Z couplings if there isZ-Z" mixing. Thus, flavor ~where the sum extends over all quarks and leptgnsand

changing neutral currentFCNC) and CP-violating effects  Pg | =(1+ ys5)/2. eff) denote the chiral couplings of the

should be considered an additional constraint, consequence, R . .
: ) . néw gauge boson, and the standard model chiral couplings

or possibly diagnostic probe of an ex#a, and conversely are

as another motivation to search for FCNC effects.

Even for a model in which th&’ couplings are specified
(prior to flavor mixing, the predictions for FCNC are still
model dependent, because they depend on the individual uni- i . . .
tary trans?‘ormations for the Ie%_) gnd right (R) chiral u wheret; andQ; are the third component of the weak isospin

quarks,d quarks, charged leptons, and neutrinos which diagf’md the elect_rlc charge of fermion respect_lvely. 91
onalize their respective mass matrices. However, only thé g/cosgy=elsin gy andg, are the gauge couplings of the
combination ofL matrices for theu andd occurring in the W0 U(D) factors. . _ .
Cabibbo-Kobayashi-Maskam&CKM) matrix is known ex- (Z;ZIavor cha_nglng effectél_:CNCS) |mmed|at(_ely arise |f_the
perimentally (with weak constraints on the leptonic analog €~ &ré nondiagonal matrices. If t@ couplings are diag-
from neutrino oscillations so one cannot make definitive ©nal but nonuniversal, flavor changing couplings are induced
predictions. We will present our results for arbitrary mixings, Py fermion mixing. The fermion Yukawa matricés, in the
and then illustrate assuming that all of the mixing matricesVeak eigenstate basis can be diagonalized by unitary matri-

er(i)=—siP 6uQ;, e (i)=th—siPouQi, (4

are comparable to the CKM matrix. cesVg
In the next section we discuss the general formalism and R
introduce our notation. In Sec. Il we discugs contribu- hwldiag=vghl,,vf , 5)

tions to flavor changing processes forbidden in the standard
model and to new contributions to SM processes, and we usghere the CKM matrix is given by the combination
experimental results to constrain tdé couplings. Specific

examples of aZ' with flavor changing couplings are dis- VCKM=VEVET. (6)
cussed in Sec. IV. Models in which all three families have

different Z' charges in the gauge eigenstate basis ar¢ience, the chiraZ couplings in the fermion mass eigen-
strongly constrained by experimental results, and even modstate basis read

els in which the first two families have the same couplings,

but.not the .thl_rd, can yield flavor changing rates above' ex- B;/;LE(VKE(;)VF)” and Bi‘fRE(Vﬁeg)VgT)ij L@
perimental limits unless they are suppressed by small mixing L R

elements. Finally, in Sec. V we summarize our results and

S
present our conclusions. Further,Z-Z' mixing is induced by electroweak symme-

try breaking, implying thal‘Z?‘2 are related to mass eigen-
states by an orthogonal transformation. Hence, the couplings
Il. FORMALISM of the massive gauge boson mass eigens@tésre

We will use the formalism developed in R4fL9] and

generalize it to the case of flavor violati@j couplings. In gﬁcz — 0| cosIDE 4 %sin 0J2n ZLD
the basis in which all the fields are gauge eigenstates the 1
neutral current Lagrangian is given by 9
-9, —lcoseJ(Z)"—sin ARSVASS 8)

Lnc=—eX A, — 913 P4Z],— 90?4273, (1)
where# is theZ-Z' mixing angle. The standard model weak
where 7 is the SU2)xU(1) neutral gauge bosorz) the ~ Neutral currend®* is given in Eq.(2), andJ®* has a form
new gauge boson associated with an additional Abelia@nalogous to Eq(3), with the f(wR),L replaced by the cou-
gauge symmetry, and the currents are plings BYrRL from Eq. (7).
We have neglected kinetic mixinf20], since it only
amounts to a redefinition of the unknovti couplings® At

Jﬁf)zz %m[eL(i)PLﬂL er(1)PRrl¥;i, (2)  low energies, the effective four-fermion interactions are then
: given by
(2) Dy [e? (2) __4GF2 (12 (1)3(2) 4y 322
II=2 hvile Put e Prlvy, 3 L= 2 (perd V2w 4y I (9)

2For a complete theory the U(1)charges would constrain the  *Kinetic mixing allows the redefineﬂg charges to have a com-
possible flavor mixings. However, such relations would be muchponent of weak hypercharge, which would otherwise not be al-
more specific than the general issues considered here. lowed. This is irrelevant for the purposes of this paper.
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4G, o o [17]) can then be used to constrain thé couplings.
=—2> > [ClQi+ClQ)+DJo)+Ddy ],
o (10) A. Z decays

X

Because of th&-Z' mixing, Z couples ta)?). The decay

with the local operatofs width for a flavor changing decay at tree level is given by

Q= (4 7*PLiy) v PLxa), GG M gy\2
. r(Zﬂ/fiwj):&(%) Sir? o(| B2+ [BR(2),
Q= (i v"Priy) (Xk¥.PrX1). 3v2m 1 9
OEF(%)’”PL%)(YW#PRXO,

whereC=1 (C=3) is the color factor for lepton&uarks.
i T _ Because of strong experimental constraints ornzii& mix-
Oxi= (i ¥*Prib) (Xk¥uPLX1)- (11 ing angle 6, see Refs[9,10], the B¥~RL cannot be strongly

¢ and y represent classes of fermions with the same S,vf:onstralned from flavor violating decays.

guantum numbers, i.eu, d, e, andv, whileij,k,I are fam-

ily indices. The coefficients are B. Lepton decays
i . In the SM each lepton generation has a separately con-
= - - VRXL
K= Perrdij SueL (i) e (k) +waije (1)Byg served lepton number, if one neglects small effects from

nonvanishing neutrino masses and nonperturbative effects.

The effective Lagrangiaril0) gives rise to lepton family

il ) R number violating processes, although the total lepton number
kI = Peii0ij Ok €r(i) €r(K) + Wi €r( ) By is still conserved.

Consider first the decay of a charged leptointo three

different charged leptonk, |, andl_,. At tree level, the
decay width is

+WoqeL(x)B] +yB B}, (12

+Wier(x1)B*+yBIBYF, (13)

D= perrdij SaeL (i) er(K) + W e (1) BLR

2.5
+Woy € (X)BWL+yB.‘4LBXR (14) —_C mlj lilj Wiz el o &y
KICRUAI i ij —kl? F(lj—>|i|k||)=—3(|C||+C|‘| | +|C||+C|'| |
487 K i Kl il
Dl = peitdij Ser(i) eL(K) + WS, (1) Byt +[D!l 2+ D2+ Bl |24 |BII|2), (20)
k'l il k'l il
+ WS e ( Xl)BﬁRerB;]?RBg,L. (15)
o _ where we have neglected the masses of the final state lep-
The coefficients are given by tons. If two leptons in the final state are equia+ ), taking
2 permutations of the external fermion lines into account
=p,C0 O+ p, Sir? 6 o Mw (16) yields[21]
Peff= P1 P2 v Pi MiZCOSZ O’
T G|2:m|5] lili12 =lili2
. L=l === (2|C/ |+ 2|C,!}
WZ%SIHHCOSG(pl—pZ), (17 (=Tl 487 (2| |i|I| | |i|I|
1
02 +D2+ D). (21)
y=(—2 (py Sir? 0+ p,cog 6), (18
91 Since such processes are free of hadronic uncertainties and
where M; are the masses of the neutral gauge boson magtell constrained experimentallf.7,21,23, they yield strong
eigenstates anél, is the electroweak mixing angle. constraints on the leptonic couplings oZa.
The strongest constraint on th&-u-e coupling, how-
IIl. ELAVOR CHANGING PROCESSES ever, comes from coherept-e conversion in a muonic atom

[24]. The branching fraction for this process, i.e., the ratio of
In this section we will discuss flavor violating processesthe coherenju-e conversion rate to thg capture rate for a
forbidden in the SM and new contributions to SM processesnucleus of atomic numbet and neutron numbeN is given
Experimental bounds or results on these proce&sas Ref. by [25,21]

4These operators are not all independent. For couplings of four 5|n Ref.[23] these processes were considered in the case of van-
fermions of the same typej=y, e.g., four charged leptons, one ishingZ-z' mixing, Z' couplings of thev-A form, and assuming
hasQ},=QK', Q)=Qf, and0}|=0}. that theZ’ has no diagonal couplings.
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G,:a m 4 TABLE I. Coefficients in the decay widths of pseudoscalar me-
B(u N—e N)= ZZF_ 7|Fp|2(|B |2+|B sonsP®. SinceK? is a linear combination ok® andK?, the Bg

for KE decays depend only on the real part of thed-s axial
vector coupling Re&‘lig— B‘i';).

w E(Z—N)—ZZ sir? 0W}

PO Il lilj
L R
+ + L+BR PR AT 1 = =
N2 EL B mD-Cl-DeCy  Ci-Bl-Cyi+ Bl
K? D' |J+D IJ C'd'J_C'i'j DDl el @l
+(Z+2N)(BT: 22 P ds “sd S Tds sd
(zr2m @ o Tl Va(-Bly+Cl
B° v2(Dpi—cyl v2(-DByl+Til
where "¢,y is the u capture rateZqs an effective atomic  g? ‘/_(D .IJ) va(-Dlli+ ¢l
charge obtained by averaging the muon wave function over e bs bs
the nucleon, and; is a nuclear matrix element.
y
C. Radiative decays :—E Mg, Sﬁ: (BdRmdBdL)23+W€L(b)Bz3.
Neutral current penguins give rise to radiative lepton de- (29
cays. Neglecting the mass of the final state lepton, the decay
width is y
d b
«G2m® =—E M Bty = (BB )25+ We(D)BYS,
i1 el Iili
Li=lin=—g-a (& 1*+&'D. @3 (30

dvhered, stands for thekth generation down-type quark and

where the dipole moment couplings of an on-shell photon tad"" ™ ‘ ;
my is the diagonal mass matrix of down quarks.

the chiral u-e currents are

D. Leptonic meson decays

Il__E m| ||J:_(BIRmIBL)|]+WEL(I ) L.
I Meson decays can be used to place limits onZheou-
(24) plings to quarks. Consider the lepton family number violat-
ing decay of a neutral pseudoscalar meddh into two
B | charged leptonk andl;, with i#j. Due to the hierarchy of
' = _2 M Ikli_ T(BILm'BlR)ii +WER(II‘)BHL’ lepton masses, we caJn neglect the mass of the lighter lepton.
. (25) Assuming thaIm,J<m|i (the casem,i<m,j can be obtained
by exchanging the lepton indicéandj in the following the
wherem; is the charged lepton mass matrix. decay width is
A similar result holds for the decalp—sy. Since the TP
b-quark mass is much larger than the QCD scalelong- 0 17T\ — i12 lilj)2
range strong interaction effects are not expected to be impor- F(P=lilj=2 [V |2 (“8 ! +|ﬁRJ ), (8D

tant in the inclusive decaB— Xsy [26]. Hence, the rate for
this process is usually approximated by considering the ratiynere we have used isospin symmetry to relate the ampli-

tude for P°—>Iil_j to the amplitude for the SM decay™

_ I'(B=Xsy) ~ T(b—sy) 260  — 1, andVy is the element of the CKM matrix appearing

- T(B—Xeevy) T(b—ceve)’ in this SM process. The coefficieng , for the decays we
. o o have considered are given in Table I.
Neglecting SM contributions, the contribution Rofrom the In the SM the decay of a pseudoscakft into a lepton
one-loop neutral current penguin diagrams is and its antilepton is suppressed by the GIM mechanism and
) can only occur at one-loop levésee, e.g., Ref27] for a
R= 8_“|Vcb|—zf—1 E; (|§ib|2+|§st 2y, 27) discussion oKL—>I,I| in the SM), whereas th&’ couplings
mp allow tree-level contributions to such processes. Neglecting

SM contributions, which are formally of higher order in the
wheref is the phase-space factor in the semileptdnilecay:  couplings, the decay width reads

f(x)=1—8x+8x3—x*—12?Inx. 28
(X) X+8x3—x X (28) T 4F(P Y V)mpw/mp 4m? i g
— | . =
In analogy to Eqs(24) and(25) the flavor violating effective v Vil (mp
couplings&y’, are given by (32
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where the mass-dependent factor corrects for the different TABLE II. Coefficients for semileptonic meson decays. The
phase spaces in the decaysRS‘fand P~, and the couplings g for K? decays are proportional to the imaginary part of the

Br,L can again be found in Table I. Z'-d-s vector coupling ImB{&+ BXL).
Similar formulas hold for semileptonie decays. For the " N
processr— |; 7% we have P sl sp)
_ 0 Il Il Il Il =<1l =l =l =l
I'r—v.7m) KL DiJ—D{+Cy—C Dii—-Dii1+Cli—Clli
o\ T lim2 lit 2 s sd - s s sd ds “sd ds
C(r—lim )_2—|Vud|2 (18 1°+1Bg 19, (B3  po fz(D:c':uJ+C:c':uJ) v2(Blli+ Tl
0 il] il] S
B ‘/Q(Dbsj+cbsj \fZ(DbSJ‘i‘CbSJ)

where we have neglected the mass of the final state lepton
and thegBg | are given in the first line of Table I, whereas for

7—1;K° one finds this process is several orders of magnitude below the experi-
mental bounds. Similarly, for semileptoriX® andB° decays
0 F(r—=v,K™) 1 o =lr =l one has
I(r—liK )=4w(|CJS—DJ5| +[Chg=Dyel?)-
(34) + 0. 0
. . . . o 7.0 LD —ljym) lilij2 o §lilj)2
Replacing the indicesl and s yields the decay width for (D =lilj7") = W(WL 12+ 18271%),
— C
—1;KO. (38)
E. Semileptonic meson decays
T =0 2,02
All the processes discussed in the last section constrain P(BO— 1 T KO) = F(B+_)Ii2ViD ) f(mzK/mE)
only couplings of the foleqiqul - C'q"k'qI i.e., the axial vector 'J Vel f(mp/mg)
couplings in the quark current. Limits on the corresponding X(|5ILiI,-|2+ | 5:;']'2)’ (39)

vector couplings can be obtained by considering decays of
PY into another pseudoscalar meson and two leptons.

Particularly interesting are lepton flavor conservi@p ~ Where the phase-space functibis given in Eq.(28).
violating contributions to decaysKE-» w0ll, since the
branching ratios are expected to be small in the [2¥]2§ F. Mass splittings and CP violation
and new limits from KTe\[29] allow the imaginary part of
theZ’-d-s vector coupling to be constrained. Neglecting the
electron mass but taking themass into account, the decay
widths for the semileptoniKE decays considered are

The effective Lagrangiafl0) also contributes to the mass
splitting in a neutral pseudoscalar meson system. Again de-

noting the flavor eigenstates of a mesonFEﬂ/andEO, the
mass splittingAmg is given by
I'(K*—etvem®)

rK’—ete 7%=2
( L ) |Vus|2

(16097416812, Amp=—2 REPO| Loq| PY). (40)
(35
The relevant hadronic matrix elements of the operatbis

(K" —p* v, 70 ha_ve been determined in the vacuum iqsertion approximation
il using PCAJ30]. Hence, for a meson with the quark content

F(KE—),uf,ufﬂ'o):Z

2
Vs P°=qui we obtain the following contribution to the mass
X[0.57| 8|2+ | 8£-|2) splitting:
—0.48 Ré 51# 81%)], (36)
1
_ 2 q q
where the numerical coefficients in the last decay width arise Amp_4‘/QGFmPFPy{§Rd:(BijL)2+ (Bin)Z]
due to the different phase spaces for the proce$s(_és
+ -0 + + 0 ; 2
—pu pu 7 andK”™—u" v, 7, and the couplingsg | for 1 1 mp
these processes are given in Table Il. We also considered the 1273 my - mg, Re(B{'B[?) |, (4D
i i

lepton flavor violating decay

(K" —utv, 0 wheremp and Fp are the mass and decay constant of the
MK —ute 7%=2 AL B (188 12+]| 621?), meson, respectively.
us 37) Further, phases in the’ couplingstj’R’L will contribute

to CP violating processes. Limits on the imaginary parts of
although experimental bounds on tB& n-e coupling from  the s-d-Z’ couplings can be placed by considering indirect
coherentu-e conversion imply that the branching ratio for CP violation g in the neutral kaon system
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1 Im(K%C |E°> tiqns yielq a multitude_ of bounds on products of cou-
ley|= — —e“_ (42)  Pplings which are less illuminating. In the examples that we
2v2 Re(KO| Leq|KO) discuss in the next section, these contributions are of the
same order as the mixing contributions.
5 As already mentioned, the strongest bound onzhes-e
:ZGFmKFKy‘E [(BdL)2+(BdR)2] coupling comes from the non-observation of cohergre

Amg conversion by the Sindrum-II Collaborati$¢@4]

11 mp \ g w(|BIL|2+ |Bi|2)<4x 1074 49)
J — L R ’

5+ 3 ( o) MBI (43)

while the decaysr—3e and 7—3u Yyield the strongest
Direct CP violation &’ in the decaysK— 77 can be ex- pounds on flavor violating couplings

pressed in terms of the decay amplitudég=A[K

— ()] andA,=A[K— (77),], where the indices 0 and 2(|B |2+|B )<2x10°°, 2(|B |2+|B 2)<10°°,
2 denote the isospin of the final two pion stédee Ref[26] (49)
for a review:

It is interesting to note that these constraints alone ensure

, l o 1 " that branching ratios for lepton flavor violating meson de-
= 5 Reh, ImAg——ImA, |7, (44 cays are below the experimental bounds, provided that the
parametersv andy, given in Eqs.(17) and (18), are of the
where same order(This holds in the most interesting case of a TeV
scalez’ with small mixing, /<10 3.) For example, upper
ReA, limits on the branching ratios for the procesﬂa(a_s—m e’

~ v
©= ReAy’ ¢=75+35 . (459 from the BNL E871 Collaboratiofidl] and K, — 7%u*e*

from KTeV [32] yield
The 6, are the final state interaction phases. When using Eg. 2 1alL12 w12 d a2 -
(44) to constrain physics beyond the standard model, it is (|B A +|B )|ReB5—ReB5|°<10"*, (50

common practice to take, ReA,, and ¢ from experiment, g
y (|B |2+|B )[Im B33 R+ImB b2<2x1071% (51)

®=0.045, ReA;=3.33x10 'GeV, ¢~_’ (46) Hence, the experimental bounds on these processes would
have to be improved by several orders of magnitude to yield
and consider new contributions to the imaginary parts of thenterestmg constraints on the real and imaginary parts of
amplitudesA, andA,. This is due to the fact that theP B, RL From Eqgs.(48), (50), and(51) it is clear that lepton
violating imaginary parts are dominated by ShOFt-diStanCEfIavor violating meson decays cannot compete in constrain-
effects and can be reliably determined by considering matrixng flavor nondiagonaZ’ couplings, except in the limitw|
elements of the effective Lagrangigh0). The hadronic ma- <y.
trix elements can be computed in the lafgelimit of chiral However, lepton flavor conserving meson decays can be
perturbation theorysee the Appendix and one finds the used to constrain th&' couplings to quarks, e.g., limits on
following neutral current contribution to the real part of the K, — "~ [17] andK | — 7%u "~ [29] give
ratioe’/eg : . )
2 2 —11
o 3 w?|ReB 5—ReB }[°<3Xx 10",
Re( ) 2><103W(IdeL+—ImB .
ek 2 w?[Im B{&+ImB5|2<5x 1071, (52)
+1.5% U Bl ot I :
1.5 103y[(B By (IMBy +21mByy) The most stringent bounds on the absolute values of the
—(B""-B )(2 Im BdL+|m B R)]. (47) remaining nondiggonaz(; _couplings Eo qyarks then come
from decays oD"” andB” into au™ ™ pair[17] and from
the proces®8°—K°u* u~ [33]:
G. Experimental constraints

. L. 2|RUR,L|2 -y
Experimental limits or results on these processes can be |51§L| <6x10°7,
used to constrain the flavor violating' couplings® In the
following we briefly discuss bounds coming frafaZ’ mix- w2|B‘j§’L|2< 10°°,

ing contributions to these processes. The pirecontribu-
w?|BSRH2<3% 107, (53)

SFlavor diagonalz’ couplings can be constrained from fits to The top-quark couplings to 2" cannot be constrained from
electroweak observablg8,10]. these tree-level processes. In the future, studies of rare top
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decayd34] and associated top-charm product[@5] at the TABLE lIl. Fermion charges in th&' models motivated from
Tevatron, LHC, and a future™e™ linear collider will yield  string theory and from precision electroweak data.
very useful constraints.

Further, experimental results on meson mass splittings ~ String model ~ EW it model
allow constraints on the real parts of the squaPédcou-  Multiplet 100Q’ Multiplet 100Q’
plings to quarks, . ;

—-71 ( ) +132

yIRd (B{5H)?)|<10°%, y|Re[(B{51)%]|<6x 107", (b) bj,
(54) tr +133 tr +100
i1 o e e - br —-136 bg +848

y|Re[(BZ§,L) 1]<2x10°°, y|RQ(Blng) Jj<1077, (u) (C) e (u (C 6

©9 dj "\s/, dj "\s/,
and CP violation in the Kaon system yields constraints onUug,Cg -6 Ug,Cr +38
the imaginary part of th&’-d-s coupling dr.Sr +3 dr .Sk +172
v, v,
y[Im[(B{3H)?]|<8x 1071,  w|ImB{R+{<107°. (T) +74 (T) —24
(56) L L
- —-130 TR +3
IV. MODELS (”#) —65 (”#) —32
~ L ~ L
In the following we shall study concrete examples of ex- +9 _31
. . . MR
tended Abelian gauge structures with flavor nonuniversal
couplings, in order to see where such effects are most likel Ve) —204 (Ve) -32
to be seen. Although we only discussed bounds coming from~ /'t &L
Z-Z' mixing contributions to FCNC processes in Sec. Il G, er +9 er -31

we will also take purez’ contributions into account here,
since they are of the same order as mixing contributions in

the models considered. _ _ ~ magnitude above the experimental limits for cohergrg
First we consider a perturbative heterotic superstringonyersion, five orders of magnitude above the limit for the
model, based on the frge fgrmionic constrgct[dtﬁ]. Such decayu—3e, and of the same order as the recent experi-
models have been studied in detflib] and it was shown mental bound from the MEGA Collaboratidi37] for the
that they generically contain extended Abelian gauge strucadiative decayx—ey. On the other hand, predictions for
tures and additional matter at the string scale. The rl_mning Afavor violating 7 decays are well below the experimental
a scalar mass square due to large Yukawa couplings theinits. This is due in part to the fact that these bounds are
triggers the radiative breaking of the U(1)naturally giving  mych less restrictive than for the muon, and in part to the
aZ' in the TeV mass range. ~assumed CKM mixing, where the 13 and 23 elements are
The Z' couplings can be calculated and the fermionrather small. Assuming larger mixing of third generation lep-
qhargesQ’ can bg found in Table Ill. In the quar_k seqtor, the tons, as suggested by the atmospheric neutrino [&8h
first two generations have the same charges, i.e., in the fe{gould give flavor changing rates close to the experimental
mion mass eigenstate basis only mixings of the third generayounds, particularly forr decays into three charged leptons.
tion quarks induce flavor changing quark-couplings in Eq. For processes involving quarks, we obtain contributions
(7). Nevertheless, all th®} are nonzero in general. The ,¢ o same order as SM contributions for BB andB.-B
same holds true for right-handed leptons, but all three left;, o differences, and, assuming maxirGa violatiosn, sa
handed lepton generations have differitcharges, which  continution toe, which is of the same order as the mea-

could give rise to strong flavor violating effe(,:ts. sured value. Predictions for lepton flavor violating meson
To study the,se FCNCs we haveighoseﬁ amass of 1 gecays are well below the experimental bounds.
TeV and aZ-Z' mixing angle =10 °. The Z" coupling As we have seen, one obtains flavor violating rates above
strength, predicted from the string modelgis=0.105[16].  {he experimental limits in the lepton sector if the first two
Further, we have to specify the unknown fermion MiXing generations have differe@’ charges. As an example of a
matricesV, . As an example, we will assume that they aremogdel in which the first two quark families also have differ-
equal to the CKM matrix. ent charges, we again consider the string motivated model;
In the charged lepton sector these couplings then predi¢{owever, we set the charges to zero by hand for all of the
rates for flavor violating processes which are six orders ofjrst generation fermions. Then the rates for coherere
conversion andu— 3e are still too large by four and two
orders of magnitude, respectively, and we find the same con-
"The Bs— B mass difference has not been measured yet. We retributions as before to thB-B andB-Bs mass differences.
quired that new contributions be smaller than the lower limit on theln addition, however, we obtain contributions to the mass
mass splittingAmgo>14.3 pstat 95% C.L.[36]. splitting in theK and D systems, which are larger than the
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measured values by two orders of magnitude, and the predue to fermion mixing. In the examples we assumed that
dicted rates for lepton flavor violating and conservidg  these unknown mixing matrices are comparable to the CKM
decays are well above experimental limits or results. Furthemnatrix. If all three families have different couplings we find
again assuming maximaCP violation, we have contribu- contributions to flavor changing processes involving the first
tions toex and Reé'/ey) which are too large by factors 6 two generations which are above experimental bounds by
X 10° and 20, respectively. several orders of magnitude. We obtain particularly large
From these examples, we conclude that any TeV s¢ale contributions to coherenfu-e conversion, the decay
would almost certainly have to have equal couplings to the—3e, meson mass splittingk,, decays, an€P violation in
first two families. However, there is still the possibility of the neutralK system.
different couplings for the third family. Since couplings of third generation fermions are much
As a final example we consider a flavor nonuniveigal less constrained and we assumed that the fermion mixing
that was recently shown to improve the fit to precision elecmatrices have a structure similar to the CKM matrix, these
troweak datd10]. Assuming that the first two fermion gen- problems can be alleviated by assuming that the first two
erations are flavor universibpne can determine th2’ cou-  families, but not the third, have the same U(Igharges.
plings from the fit. The central values found in REfO] are  Mixing with the third family still induces flavor changing
reproduced in Table Ill. Since th&’ coupling of right- effects involving the first two families, but they are sup-
handed top quarks was not determined we hav@r?t 1 pressed since i|_"| the CKM matrix tho;e mixings are small. In
for definiteness, although this coupling has only very little the mo_del consEered, the new contributions are too large for
influence on the processes we discussed. theB-B andB¢-B mass differences, ar@P violation in the
Since in this model the first two lepton generations haveneutralK system. The experimental bounds for all other pro-
the same&’ couplings, the predicted rates for flavor violating cesses are respected.
u decays are well below the experimental limits. Only for  All of the constraints are model dependent. In addition to
coherentu-e conversion do we find a predicted rate of the theZ' mass, mixing with the, and charges, they are depen-
same order as the experimental limit. However, we obtairflent on the mixing matrices for the left and right chiral
contributions to theB-B and Bs_gs mass differences which duarks and leptons. In the standard model, the right chiral

are too large by factors 7 and 40, respectively. Further, thgiXing matrices are unobservable, and only the combina-
predicted value foey is larger than the measured value by a;uons ‘.Jf left Ich|ral matrices in the CKM matrif) and its
factor 20 and there is a contribution 83 which is of the €Ptonic analogue are observable. However, all of these ma-

same order as the measured one. Finally, the branching ratifiés are in principle observable in the presence of nonuni-
predicted for lepton flavor conserving decagg— 70l 1~ yersaIZ couplings. For example, the flayor cha.nglng effects
and B°—K° "1~ are only two orders of magnitude below m_t_he B and K syste_ms could be eliminated 'f the CKM
the experimental bounds, i.e., further experimental progresdXing were due entirely to the quark sector, i.e.¥ciw
on these processes could help to constrain this model. Thug, VL. With Vi =Vg=1. Similarly, x-e conversion and the
even with universal couplings for the first two families, mix- décay n—3e would be absent at tree level if all leptonic
ing with the third family induces significant effects in the Mixing observable in neutrino oscillations originated in neu-
first two families, at least if the fermion mixing matrices for trino (rather than charged leptomixing, i.e., Vi =Vg=1.
the Charged |eptons and tuaype quarks are Comparab|e to For models in which the first two families have the same
the CKM matrix. couplings, these conditions could be relaxed so‘ﬁﬁ';ﬁ mix
the first two families only.
Much stricter bounds on these and similar models, includ-
V. CONCLUSIONS ing models with alternative assumptions concerning the fer-

We conclude that additional’ bosons with a TeV scale mion m‘X‘f‘gsv will be available once rare top decays have
been studied at the Tevatron, LHC, and a futafe™ col-

mass and family nonuniversal couplings are severely con:

strained by experimental results on flavor changing pro_Ilder, and more stringent bounds on bottom and tau decays

cesses. The most stringent bounds come from muon deca);zﬁcome available from existin@-factorigs anq planned

coherentu-e conversion in muonic atoms, and from lepton ¢ arm*r_factorles. _Th_e rare top deca}y_s n partlc_ular would

flavor conserving processes in the neutkalsystem, i.e., constrain the possibility that_quark mixing is restricted to the
u-c-t sector. Improvements in the sensitivity of searches for

from processes involving the coupling ofZ to first and K dud . 5o highl
second generation fermions. Couplings to the third generegagseiral;l:n w decays andu-e conversion are also highly

tion are less constrained, but future studies of rare top, bo
tom andr decays will help to further constrain these models.
If the Z" couplings are diagonal but family nonuniversal

in the gauge eigenstate basis, flavor changing couplings arise ACKNOWLEDGMENTS
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APPENDIX: MATRIX ELEMENTS FOR K—-ow 1 V2 1

2
sdy _ "y sdy Ty T
The evaluation of the hadronic matrix elements in the <OUU>°_3X 3NCY’ (Ouwz 3 X BVZNCY’

decay amplitudesA, and A, is clearly a nonperturbative (A4)
problem. Several methods have been advocated, and it turns
out that chiral perturbation theory in the larfje limit, N

being the number of colors, offers the best descriptiok of (058 =~ }X (SE—2> %
— 7 amplitudes40,41. dd 37 3N¢\ Fi '
We will denote the hadronic matrix elements of the op-
erators by <OSd> :Qx+ 1 y 5
Qe =((2m|Q3gK), (A1) W23 3N,
wherel =0,2 denotes the isospin of the two-pion state. Since
only the pseudoscalar part of the effective Lagrangian Con\_/vhere
tributes to theK— 77 amplitudes, the matrix elements of )
Qjq are given by those oQgf, with an additional minus X = \ﬁFw(mﬁ—mz) 1+ m_g ,
sign. Analogous formulas hold for the matrix elements of 2 m A%
055 andO5g. In the limit corresponding to the vacuum in-
sertion approximation, chiral perturbation theory yields the 3 m2\ 2 2
following matrix elements: Y=— \[Fw<—K 1+ —|, (AB)
2 mg AY
sdy 1 ( 2 sd _\/2 ( 1
(Quuo=3 N X (Quua=7| 1+ N % and A , is a parameter in the Lagrangian of chiral perturba-
(A2)  tion theory related to the ratio of theandK decay constants
1 1 V2 1
<Q§‘é>o=§( 1+ N—C)x, (Qid2=— 3(1+ N—C)x, (me—mm) _Fe | A7)
(A3) Ay Fa
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