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Flavor changing neutral currents and a Z  ́

• We consider a Źthat prefers the third 

generation as an example of new physics affecting 
primarily the  top quark

• Constraints on mass and coupling strength of a 
non-universal Ź

• Constraints on FCNC and their implications
• Ansatz to understand the smallness of FCNC in 

terms of the CKM matrix
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and Sudhir Gupta
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Generic Z  ́bosons

•  A Ź is associated with an additional U(1)’ and it is present 

in many extensions of the SM such as
– grand unified theories
– left-right models
– many more: composite Higgs, extra dimensions...

• A Ź is one of the easiest and cleanest signals 

experimentally, so it is usually one of the first new physics 
searches in new experiments

• Many Ź models have been studied:

– `Canonical’ models- electroweak strength, universal
– leptophobic, fermiophobic, etc
– non-universal that prefers third family (this talk)
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Bounds on `canonicaĺ Z  ́bosons

renormalized parameters, e.g., by using the modified
minimal subtraction scheme rather than the on-shell
definition of sin2 !W, to ensure that they are not signifi-
cantly affected by Z! effects !Degrassi and Sirlin, 1989;
Chankowski et al., 2006".

3. Results

The results from precision electroweak and other data
are shown for some specific models in Table IV and Fig.
1. One sees that the precision data strongly constrain the
Z-Z! mixing angle !. They also give lower limits on M2,
but these are weaker than the Tevatron and LEP 2 lim-
its. The precision limit on the Z" mass is low due to its
weak coupling to the neutrino and its purely axial cou-
pling to the e−. There is no significant indication for a Z!
in the data #although the NuTeV anomaly could possibly
be explained by a Z! coupling to B-3L !Davidson et al.,
2002"$. The precision results are presented for two cases:
#0 free is for an arbitrary Higgs structure, while #0=1 is
for Higgs doublets and singlets with unrestricted charges
!i.e., C is left free". There is little difference between the
limits obtained. The precision electroweak constraints
are for the g2 value in Eq. !44" !except for the sequential
model, which uses g2=g1%0.74"; for other values the
limits on ! and M2 scale as g2

−1 and g2, respectively.
The stringent mixing limits from !mainly" the Z pole

data lead to strong indirect limits on the Z! mass for
specific theoretical values of C, as can be seen from the
theoretical curves labeled 0, 1, 5, $ in Fig. 1 !Langacker
and Luo, 1992". For the % and LR models the label re-
fers to the value of &x&2 / !&&u&2+ &&d&2", where x /'2 is the
VEV of an extra Higgs doublet that is sometimes con-
sidered !transforming like an L doublet for % or like the
'L

0 defined in Sec. III.A.2 for the LR". The most com-
monly studied cases are for x=0, which yield MZ%
(1368 GeV, MZLR

(1673 GeV at 95% C.L. For the "
and ) models, the label represents tan2 *(&&u&2 / &&d&2,
with x=0 assumed.

B. Constraints from colliders

1. Hadron colliders

The primary discovery mode for a Z! at a hadron col-
lider is the Drell-Yan production of a dilepton resonance

pp!p̄p"→Z!→!+!−, where !=e or + !Langacker et al.,
1984; Barger et al., 1987; del Aguila et al., 1989; Dittmar,
1997; Leike, 1999; Godfrey, 2002; Carena et al., 2004;
Dittmar et al., 2004; Kang and Langacker, 2005; Weiglein
et al., 2006; Yao et al., 2006, Aaltonen et al., 2007". Other
channels, such as Z!→ jj where j=jet !Weiglein et al.,
2006", t̄t !Han, Valencio, and Wung, 2004", e+ !Abulen-
cia et al., 2006", or ,+,−, are also possible. The forward-
backward asymmetry for pp!p̄p"→!+!− !as a function of
rapidity y for pp" due to - ,Z ,Z! interference below the
Z! peak is also important !Langacker et al., 1984; Ros-
ner, 1996a; Dittmar, 1997; Aaltonen et al., 2007".

The cross section for hadrons A and B at center of
mass energy 's to produce a Z. of mass M. at rapidity y
is, in the narrow width approximation !Langacker et al.,
1984",

d/

dy
=

402x1x2

3M.
3 )

i
#fqi

A!x1"fq̄i

B!x2" + fq̄i

A!x1"fqi

B!x2"$

12!Z. → qiq̄i" , !66"

where fqi,q̄i

A,B are the structure functions of quark !or anti-
quark" qi !q̄i" in hadrons A or B, and the momentum
fractions are

x1,2 = !M./'s"e±y. !67"

Neglecting mixing effects the decay width into fermion fi
is

2fi

. ( 2!Z. → fif̄i" =
g.

2Cfi
M.

240
#3L

.!i"2 + 3R
.!i"2$ , !68"

where the fermion mass has been neglected. Cfi
is the

color factor !1 for color singlets, 3 for triplets". Formulas
including fermion mass effects, decays into bosons, Ma-
jorana fermions, etc., are given in Kang and Langacker
!2005".

To a good first approximation, Eq. !66" leads to the Z!
total production cross section !Leike, 1999"

/Z! =
1
s

cZ!CK exp*− A
MZ!
's

+ , !69"

where C=600 !300" and A=32 !20" for pp !pp̄" collisions,
and K%1.3 is from higher-order corrections. From Eq.

TABLE IV. 95% C.L. lower limits on various extra Z! gauge boson masses !GeV" and 90% C.L.
ranges for the mixing sin ! from precision electroweak data !columns 2–4", Tevatron searches !as-
suming decays into SM particles only", and LEP 2. The Tevatron numbers in parentheses are pre-
liminary CDF results from March, 2008 based on 2.5 fb−1 !CDF note CDF/PUB/EXOTIC/PUBLIC/
9160". From Erler and Langacker, 1999; Alcaraz et al., 2006; Yao et al., 2006; Aaltonen et al., 2007.

#0 free #0=1 sin !!#0=1" Tevatron LEP 2

% 551 545 !−0.0020"− !+0.0015" 822 !864" 673
" 151 146 !−0.0013"− !+0.0024" 822 !853" 481
) 379 365 !−0.0062"− !+0.0011" 891 !933" 434
LR 570 564 !−0.0009"− !+0.0017" 630 804
Sequential 822 809 !−0.0041"− !+0.0003" 923 !966" 1787
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LLH more quickly [6]. Sensitivity is much higher in the “shape analysis” approach, where each bin in a well known

invariant mass spectrum is treated as a separate search. Data in the shape analysis approach is matched to a

background only hypothesis (H0) and a signal plus background hypothesis (H1). Confidence levels (CL) are then

computed from the LLH ratio of the two models after many ensemble tests, and significance is given by the following

(in the “double tail convention”):

S =
√

2 × Erf−1

(

1 −
1

CLs

)

where CLs = CLH1/CLH0 in the “modified frequentist approach” [7]. The systematics included in these analyzes

are estimated from Monte Carlo studies, but are expected to be conservative. Discovery potential curves are shown

in Figures 2 and 3. Including systematics, a 5σ W ′ with mass of 1 TeV would be seen in tens of pb−1, or m(W ′) =

2 TeV in about 100 pb−1 [5]. In the Z ′ search, 20 to 40 pb−1 would be needed to see a m(Z ′) = 1 TeV resonance

with 5σ, or about 1 fb−1 for m(Z ′) = 2 TeV [5].

Initial searches are mainly focused on discovery, but it is still pertinent to discuss discrimination between the

various models. For example, angular distributions of the decay products can discriminate between spin-1 and

spin-2 resonances, the latter being expected in the case of graviton production. In addition, the lepton forward-

backward asymmetry provides discrimination between various models, which have different boson-fermion couplings.

Eventually, as the detector is tuned and resolution is optimized, the product of the natural width of the resonance

and its cross section can be used as another discriminant, although this is not expected to be possible in the first

year of data taking. Even so, early data will be used to gain an extensive understanding of the detector performance

and SM background. Within the first year of running, ATLAS will extend the reach for W ′ and Z ′ particles beyond

the current limits.
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Figure 2: Integrated luminosity needed for 5σ dis-

covery as a function of m(W ′
SSM) [5].
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Figure 3: Integrated luminosity needed for a 5σ

discovery potential as a function of m(Z′) in di-

electron channel, for various models [5].
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• many models studied so far

• masses ruled out below ~ 1 TeV

• LHC will increase limits to about 
3 TeV

• Z- Ź mixing tightly constrained

P. Langacker,
Rev.Mod.Phys. 81 (2009)
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renormalized parameters, e.g., by using the modified
minimal subtraction scheme rather than the on-shell
definition of sin2 !W, to ensure that they are not signifi-
cantly affected by Z! effects !Degrassi and Sirlin, 1989;
Chankowski et al., 2006".

3. Results

The results from precision electroweak and other data
are shown for some specific models in Table IV and Fig.
1. One sees that the precision data strongly constrain the
Z-Z! mixing angle !. They also give lower limits on M2,
but these are weaker than the Tevatron and LEP 2 lim-
its. The precision limit on the Z" mass is low due to its
weak coupling to the neutrino and its purely axial cou-
pling to the e−. There is no significant indication for a Z!
in the data #although the NuTeV anomaly could possibly
be explained by a Z! coupling to B-3L !Davidson et al.,
2002"$. The precision results are presented for two cases:
#0 free is for an arbitrary Higgs structure, while #0=1 is
for Higgs doublets and singlets with unrestricted charges
!i.e., C is left free". There is little difference between the
limits obtained. The precision electroweak constraints
are for the g2 value in Eq. !44" !except for the sequential
model, which uses g2=g1%0.74"; for other values the
limits on ! and M2 scale as g2

−1 and g2, respectively.
The stringent mixing limits from !mainly" the Z pole

data lead to strong indirect limits on the Z! mass for
specific theoretical values of C, as can be seen from the
theoretical curves labeled 0, 1, 5, $ in Fig. 1 !Langacker
and Luo, 1992". For the % and LR models the label re-
fers to the value of &x&2 / !&&u&2+ &&d&2", where x /'2 is the
VEV of an extra Higgs doublet that is sometimes con-
sidered !transforming like an L doublet for % or like the
'L

0 defined in Sec. III.A.2 for the LR". The most com-
monly studied cases are for x=0, which yield MZ%
(1368 GeV, MZLR

(1673 GeV at 95% C.L. For the "
and ) models, the label represents tan2 *(&&u&2 / &&d&2,
with x=0 assumed.

B. Constraints from colliders

1. Hadron colliders

The primary discovery mode for a Z! at a hadron col-
lider is the Drell-Yan production of a dilepton resonance

pp!p̄p"→Z!→!+!−, where !=e or + !Langacker et al.,
1984; Barger et al., 1987; del Aguila et al., 1989; Dittmar,
1997; Leike, 1999; Godfrey, 2002; Carena et al., 2004;
Dittmar et al., 2004; Kang and Langacker, 2005; Weiglein
et al., 2006; Yao et al., 2006, Aaltonen et al., 2007". Other
channels, such as Z!→ jj where j=jet !Weiglein et al.,
2006", t̄t !Han, Valencio, and Wung, 2004", e+ !Abulen-
cia et al., 2006", or ,+,−, are also possible. The forward-
backward asymmetry for pp!p̄p"→!+!− !as a function of
rapidity y for pp" due to - ,Z ,Z! interference below the
Z! peak is also important !Langacker et al., 1984; Ros-
ner, 1996a; Dittmar, 1997; Aaltonen et al., 2007".

The cross section for hadrons A and B at center of
mass energy 's to produce a Z. of mass M. at rapidity y
is, in the narrow width approximation !Langacker et al.,
1984",

d/
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=

402x1x2
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where fqi,q̄i

A,B are the structure functions of quark !or anti-
quark" qi !q̄i" in hadrons A or B, and the momentum
fractions are

x1,2 = !M./'s"e±y. !67"

Neglecting mixing effects the decay width into fermion fi
is

2fi

. ( 2!Z. → fif̄i" =
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M.

240
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.!i"2 + 3R
.!i"2$ , !68"

where the fermion mass has been neglected. Cfi
is the

color factor !1 for color singlets, 3 for triplets". Formulas
including fermion mass effects, decays into bosons, Ma-
jorana fermions, etc., are given in Kang and Langacker
!2005".

To a good first approximation, Eq. !66" leads to the Z!
total production cross section !Leike, 1999"

/Z! =
1
s

cZ!CK exp*− A
MZ!
's
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where C=600 !300" and A=32 !20" for pp !pp̄" collisions,
and K%1.3 is from higher-order corrections. From Eq.

TABLE IV. 95% C.L. lower limits on various extra Z! gauge boson masses !GeV" and 90% C.L.
ranges for the mixing sin ! from precision electroweak data !columns 2–4", Tevatron searches !as-
suming decays into SM particles only", and LEP 2. The Tevatron numbers in parentheses are pre-
liminary CDF results from March, 2008 based on 2.5 fb−1 !CDF note CDF/PUB/EXOTIC/PUBLIC/
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LLH more quickly [6]. Sensitivity is much higher in the “shape analysis” approach, where each bin in a well known

invariant mass spectrum is treated as a separate search. Data in the shape analysis approach is matched to a

background only hypothesis (H0) and a signal plus background hypothesis (H1). Confidence levels (CL) are then

computed from the LLH ratio of the two models after many ensemble tests, and significance is given by the following

(in the “double tail convention”):

S =
√

2 × Erf−1

(

1 −
1

CLs

)

where CLs = CLH1/CLH0 in the “modified frequentist approach” [7]. The systematics included in these analyzes

are estimated from Monte Carlo studies, but are expected to be conservative. Discovery potential curves are shown

in Figures 2 and 3. Including systematics, a 5σ W ′ with mass of 1 TeV would be seen in tens of pb−1, or m(W ′) =

2 TeV in about 100 pb−1 [5]. In the Z ′ search, 20 to 40 pb−1 would be needed to see a m(Z ′) = 1 TeV resonance

with 5σ, or about 1 fb−1 for m(Z ′) = 2 TeV [5].

Initial searches are mainly focused on discovery, but it is still pertinent to discuss discrimination between the

various models. For example, angular distributions of the decay products can discriminate between spin-1 and

spin-2 resonances, the latter being expected in the case of graviton production. In addition, the lepton forward-

backward asymmetry provides discrimination between various models, which have different boson-fermion couplings.

Eventually, as the detector is tuned and resolution is optimized, the product of the natural width of the resonance

and its cross section can be used as another discriminant, although this is not expected to be possible in the first

year of data taking. Even so, early data will be used to gain an extensive understanding of the detector performance

and SM background. Within the first year of running, ATLAS will extend the reach for W ′ and Z ′ particles beyond

the current limits.
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Figure 2: Integrated luminosity needed for 5σ dis-

covery as a function of m(W ′
SSM) [5].
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Figure 3: Integrated luminosity needed for a 5σ

discovery potential as a function of m(Z′) in di-

electron channel, for various models [5].
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• many models studied so far

• masses ruled out below ~ 1 TeV

• 0.5 TeV is possible 

• LHC will increase limits to about 
3 TeV  maybe ...

• Z- Ź mixing tightly constrained

• this is still true

P. Langacker,
Rev.Mod.Phys. 81 (2009)
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For non-universal models preferring the third generation
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Non-universal Z  ́bosons

• We construct models based on SU(3)xSU(2)LxSU(2)RxU(1)B-L  

• Single out the third generation with QN assignments that keep 
the model anomaly free (may require extra heavy fermions, in 
particular if we want to exclude the tau from enhanced couplings)

• We need the W-Ẃ and Z-Ź mixing to be zero (or very small at 

tree level)  to satisfy b → s γ and Z →τ+τ- constraints

• generically this produces a pattern of couplings:

Z ′ Z ′
f3

f3

f1,2

f1,2

∼ g tan θR∼ g cot θR

ZR = cos θRW3R − sin θRB

Tuesday, June 19, 2012
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Constraints on mass and strength

– From LEP and LEPII using Rb, 
AbFB, and σ(e+e-→τ+τ-):

– For 
– Perturbative unitarity

– LHC might reach ~1.5 TeV  but 
due to large QCD background 
in tt or bb channels, would need 
channels with 4 tops (or 
bottom)  and ~300 fb-1 to get 
there

cot θR tan θW

(
MW

MZ′

)
≤ 1

cot θR ≤ 20

cot θR ∼ 10 =⇒ MZ′ > 450 GeV

LHC

LEPII cot θR = 15, ξZ = 0

Tuesday, June 19, 2012
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Flavor Changing Neutral Currents

• We start with couplings of the Źto quarks in the weak basis:

• which are diagonal but non-universal. For our models with 
enhanced couplings to the third generation

• Because these matrices are not proportional to the unit 
matrix, the rotation to the quark mass eigenstate basis (with 
the matrices VU,DL,R)  introduces FCNC:

LZ′ = − g

2 cos θW
(ŪLδU

L γµUL + ŪRδU
RγµUR + D̄LδD

L γµDL + D̄RδD
R γµDR)Z ′µ

LFCNC =
g

2 cos θW

(
Ūiγ

µ
(
κt

Lau
ijPL + κt

Rbu
ijPR

)
Uj + D̄iγ

µ
(
κb

Lad
ijPL + κb

Rbd
ijPR

)
Dj

)
Z ′µ

ad
ij = V D†

L ZκV D
L , au

ij = V U†
L ZκV U

L , bd
ij = V D†

R ZκV D
R , bu

ij = V U†
R ZκV U

R ,

δU,D
R = κt,b

R Zκ Zκ =




r 0 0
0 r 0
0 0 1



 , r << 1

Tuesday, June 19, 2012



G. Valencia SSP 2012, Groningen

 Z  ́ couplings and FCNC operators

dj

Z ′
dj , !

−, u

di, !
+, ū

di

di

dj

Z ′
t

t
dj

di

Z ′

g

2 cos θW
q̄iγ

µ (aijPL + bijPR) qjZ
′
µ

bij = sin θW cot θR cos ξZV D!
RbiV

D
Rbj aij =

α

2π sin θW
I(λt, λH) cot θRV !

tiVtj

5.5 ≤ I(λt, λH)
∣∣∣∣
V !

tbVts

0.04

∣∣∣∣ ≤ 6.5 (∆MBs)
ξZ = 0 ( no mixing)

buiuj = sin θW cot θR cos ξZV U!
RtiV

U
RtjFCNC in up-quark sector:

Couplings enhanced by cot θR

∆F = 1, 2 operators

∆F = 2, 1 ∝





− g2 tan2 θW cot2 θR

4M2
Z′

(
V D"

RbiV
D
Rbj

)2
d̄iγµPRdj d̄iγµPRdj ,

g2 tan2 θW cot2 θR

4M2
Z′

V D"
RbiV

D
Rbj d̄iγµPRdj

(
V U"

RtuV U
RtuūγµPRu− V D"

RbdV
D
Rbdd̄γµPRd

)
,
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Some constraints and predictions
Table 1: Summary of constraints for the right-handed mixing angles.

Process Constraint (down-quark sector)
(∆M)K Re

(
V D!

RbsV
D
Rbd

)2
< 2.4× 10−8 I

(∆M)Bd

∣∣V D!
RbbV

D
Rbd

∣∣ < 1.8× 10−4 II
(∆M)Bs

∣∣V D!
RbbV

D
Rbs

∣∣ < 3.5× 10−3 IIs
ε Re

(
V D!

RbsV
D
Rbd

)
Im

(
V D!

RbsV
D
Rbd

)
< 2× 10−11 III

ε′
(∣∣V D

Rbd

∣∣2 + |V u
Rtu|2

)
Im

(
V D!

RbsV
D
Rbd

)
≤ 1.3× 10−5 IV

B(K+ → π+νν̄)
∣∣V D!

RbsV
D
Rbd

∣∣ < 1.0× 10−5 V

Constraint (up-quark sector)
x (D-mixing)

∣∣V U!
RtcV

U
Rtu

∣∣ < 2.0× 10−4 Iu

&G. Buchalla, A J. Buras, M E. Lautenbacher Rev.Mod.Phys. 68 (1996) 1125-1144 
* G. Burdman, E Golowich, J L. Hewett, S. Pakvasa. Phys.Rev. D66 (2002) 014009 

Table 1: Summary of Predictions.
Process Prediction From SM&

B(KL → π0νν̄) < 1.4× 10−10 V (2.43+0.40
−0.37 ± 0.06)× 10−11

B(B → Xdνν̄) < 2.5× 10−6 II 1.6× 10−6

B(B → Xsνν̄) < 3.7× 10−4 IIs 4× 10−5

B(B → Xsτ+τ−) < 4.4× 10−5 IIs 3.2× 10−7 (short dis.)
B(Bd → τ+τ−) < 1.8× 10−7 II 3.3× 10−8

B(Bs → τ+τ−) < 6.3× 10−5 IIs 1.1× 10−6

B(D0 → Xuνν̄) < 3× 10−10 Iu 5.0× 10−16∗ (s.d.) 10−13∗ (l.d.)
B(D0 → µ+µ−) < 4× 10−15 Iu 3× 10−13∗

B(t→ cτ+τ−) < 4× 10−4 Iu
B(t→ cbb̄) < 1× 10−3 Iu

up to 2 orders of 
magnitude enhancement

up to 3 orders of 
magnitude enhancement 
but still too small

observable at LHC?

`how much room is there’ 
between the SM and 
experiment for meson mixing 
and rare decays?
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Flavor changing Z  ́couplings at LHC 

Black

t

c

Z ′

g

c

c

t

Z ′

- Single top production: is the 
lowest order process 

- overwhelmed by background 
(single top in SM)

- Ź produced in association with 

single top: non leading but can 
stand out above background. 
Integrated luminosities of a few 
hundred fb-1 at 14~TeV are 
needed

A.Arhrib, K.Cheung, C.-W.Chiang and T.-C.Yuan,
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Approximate Constraints

• We can summarize the constraints (approximately) 
as:

– for an overall strength  
– the constraints get weaker with weaker overall strength
– numerically similar for left-handed couplings (the aij)

(
MZ

MZ′
κb

)
bd
ij

<∼




− 10−4 10−4

10−4 − 10−3

10−4 10−3 −





(
MZ

MZ′
κt

)
bu
ij

<∼




− 10−4 ?

10−4 − ?
? ? −



 .

(
MZ

MZ′
κ

)
∼ 1

κ ∼ sin θW cot θR cos ξZ
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Mass matrices

• The quark mass matrices are diagonalized in general by a bi-
unitary transformation with the quark mixing matrices   

•  These matrices are related to the CKM matrix:
– but it is not possible to extract them from experiment

• in certain models the left and right rotation  matrices are 
related and one can then predict the Ź FCNC couplings:

– Hermitian mass matrix:                                  (up to phases)
• LR models

– Symmetric mass matrix:
• SO(10) 

• In these cases a simple ansatz can fix all the matrices

VCKM = V U†
L V D

L

MD,U = V D,U
L M̂D,UV D,U†

R

M = VLM̂V †
L =⇒ VR = VL

M = VLM̂V T
L =⇒ VR = V !

L
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 Georgi-Jarlskog example

• One example that works for us is the Georgi-
Jarlskog ansatz where a down-quark mass matrix 
of the form

• is diagonalized by a matrix like

• which would leave us with

• or no FCNC in down quark sector

MD ∼




0 B 0
B A 0
0 0 C





V D
L ∼




1 λ 0
−λ 1 0
0 0 1





bD = V D†
R ZκV D

R =




r (1 + λ2) 0 0

0 r (1 + λ2) 0
0 0 1




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the up-quark sector

• Requiring  that
• One finds FCNC for the up quark sector:

• predicting the largest FCNC in the up-quark 
sector in the t to c transition with strength 
comparable to 

• c to u is at the upper level allowed by D mixing

V U†
L V D

L = VCKM

V U
L ∼




1 −bλ2 −Aλ3(ρ− iη)

bλ2 1 −Aλ2

Aλ3(ρ + iη) Aλ2 1





=⇒ bu
ij ∼




r O(λ5) (1− r)Aλ3(ρ− iη)

O(λ5) r (1− r)Aλ2

(1− r)Aλ3(ρ + iη) (1− r)Aλ2 1





Vts

∼ 10−4
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Other very simple scenarios

• An obvious possibility is that one of the rotation matrices is 
the unit matrix, for a hermitian M then:

• similar expressions for symmetric case with

• Since:

• In general (a) is compatible, (b) is not with FCNC 
phenomenology

V †
CKMZκVCKM =




r O(λ5) A(1− r)λ3(1− ρ + iη)

O(λ5) r −A(1− r)λ2

A(1− r)λ3(1− ρ− iη) −A(1− r)λ2 1





VCKMZκV †
CKM =




r O(λ5) A(1− r)λ3(ρ− iη)

O(λ5) r A(1− r)λ2

A(1− r)λ3(ρ + iη) A(1− r)λ2 1



 .

bd,u
ij → ad,u!

ij

(
MZ

MZ′
κb

)
bd
ij

<∼




− 10−4 10−4

10−4 − 10−3

10−4 10−3 −





(
MZ

MZ′
κt

)
bu
ij

<∼




− 10−4 ?

10−4 − ?
? ? −



 .

(a)V D
L = I =⇒ V U†

L = VCKM so au
ij(b

u
ij) = VCKMZκV †

CKM , ad
ij(b

d
ij) = Zκ

(b)V U
L = I =⇒ V D

L = VCKM so ad
ij(b

d
ij) = V †

CKMZκVCKM , au
ij(b

u
ij) = Zκ
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Conclusions

• We constructed explicit anomaly-free toy models for non-universal Ź 
bosons that prefer the third generation as examples of new physics for top.

• We have revisited the phenomenology of Ź bosons for this case

– We constrain the mass and interaction strength, mostly from the non-
observation of Ź at LEP 

• We consider in detail the FCNC associated with a non-universal Ź including 

operators at tree-level and those enhanced at one-loop.

–  we obtain constraints on the mass mixing matrices from meson mixing 
and rare decays

– we find large enhancements over SM are still possible in other rare 
decays

• We construct an ansatz to show how the smallness of FCNC can occur from 
the same physics behind the CKM matrix due to the simple form of the 
additional flavor structure present in the models.
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