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Free Parameters and problems in SM

There are 27(+2) free parameters in SM

Roughly speaking, one group of free parameters involves
gauge interaction and how the symmetries are broken.

4 : α1 , α2, α3, G

+2 : MW , mH

The second class ( will be referred as general flavor problem )
involes fermion masses and mixings.

+6 + 6 : me , mµ, mτ , 3mνs, mu, mc , mt , md , ms , mb

+1 + 4 + 4 : θQCD , UCKM , UPMNS

(+2) : Majorana phases
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We are arrogant!

The ultima dream of HEP theorist is to reduce the number of free
parameters as many as possible.

Prominent problems: gauge hierarchy? Electroweak symmetry
breaking?
For example, GUT makes three couplings to one

Prominent problems: Why 3 generations? Why
mt � mq,ml � mν? Why θ12

CKM � θ23
CKM � θ13

CKM?
For example, flavor symmetry to reduce the 21(+2) flavor
parameters to only few

... etc
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Mass and gravity
(Pictures stolen from Fritzsch’s talk)

Gravity and mass WV Quantum Physics

Planck Mass

Mp =

√
~c

G
= 1.2× 1019 GeV ∼ 0.02 mg

Our ultimate goal: All physical quantities be calculated in terms of
Planck units.
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RS Model is one of the promising candidates

Randall-Sundrum (PRL83, 3370 ) can explain the hierarchy
between EW and Mplanck

EW ∼ ke−krcπ, krc ∼ 11.7

where k is the 5D curvature ∼ Mplanck and rc is the radius of
the compactified fifth dimension.

Due to the same warping factor, the mass and mixing
hierarchy among fermions can be achieved without fine tuning
in Yukawa couplings.

And the number of free parameters ( in flavor sector ) is
smaller than in SM
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Introduction to the Randall-Sundrum Model

RS assumes a 1+4 dim with a warp or conformal metric, AdS.

5D interval (S1/Z2) is given by

ds2 = GABdxAdxB = e−2krc |φ|ηµνdxµdxν−r2
c dφ2, −π ≤ φ ≤ π

Two branes are localizes at φ = 0(UV) and φ = π(IR)

The metric is

GAB =

(
e−2σηµν 0

0 −r2
c

)
, σ ≡ krc |φ|
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Warped space

Due to the metric, matters tend to stay near the IR brane.
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From Planck to EW

A Higgs scalar on the IR brane.

∫
d4xdφ

√
G
δ(φ−π)

rc

[
Gµν(DµΦ(x))†DνΦ(x)+λ

(
|Φ(x)|2−v2

)2]

=

∫
d4xdφe−4σδ(φ−π)

[
e2σ(DµΦ(x))†DνΦ(x)+λ

(
|Φ(x)|2−v2

)2]

After SSB, Φ(x) acquires a VEV, 〈Φ〉 = v ∼ the Planck scale.
Re-scaling the Higgs field to H(x) = e−kLΦ(x) , the effective
4D action becomes

∫
d4x

[
(DµH(x))†DµH(x) + λ

(
|H(x)|2 − v2

W

)2]

vw = ve−kπrc = 174GeV .
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Bulk Fermion

5D action for fermions is
∫

d4xdφ
√

G
[
EA

a Ψ̄γaDAΨ− c k sgn(φ)Ψ̄Ψ
]

where EA
a is the veilbien, and a dimensionless bulk mass c .

ΨL,R(x , φ) =
e

3
2
σ

√
rc

∑

n

ΨL,R
n (x)φ̂L,R

n (φ) , 〈φ̂n|φ̂m〉 = δm,n

spectrum determined by B.C.’s (+: Neumann /-: Dirichlet ).

Desired chirality for zero mode set by orbifold parity.

The coefficients cL,R control the zero modes peak at either
UV or IR

SM chiral zero modes localized near UV brane ⇒ small
overlap after SSB. No need to fine tune Yukawa’s. Fermion
masses are naturally small. (except 3rd generation quarks)
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Fermion Masses in RS

The fermion masses are given by

〈
M f

ij

〉
=
λf

5,ijvW

krcπ
f 0
L (π, cL

fi
)f 0

R (π, cR
fj

)

where vW = 174 GeV, and

f 0
L,R(φ, cL,R) ∝ exp [krcφ(1/2∓ cL,R)]

The Yukawa couplings λij are arbitrary complex numbers with
|λ| ∼ O(1).

The task is find configurations that fit all the known fermion
masses and the CKM/PMNS matrices.
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Bulk Wave Function
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One More Look at the Bulk Wave Function Profiles
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Electroweak Precision Tests

The main problem is that the new KK modes will modify
EWPT

The S, T parameters will receive tree level corrections

It’s known that ρ = 1 is protected by a custodial SU(2)
symmetry

Promote that to a bulk gauge symmetry

Tree level KK gauge effects are suppressed

The gauge symmetry is now SU(2)L × SU(2)R × U(1)X

Take X = B − L
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Custodial RS model

Break SU(2)R → U(1)R by orbifold B.C.

UV IR

W̃ 1,2
µ − +

other Gauge Fields + +

U(1)R × U(1)X → U(1)Y by VEV on UV brane. We have a
Z ′ and Bµ

Z ′µ =
g5W̃

3
µ − g ′5B̃µ√
g2
5 + g ′25

and

Bµ =
g ′5W̃

3
µ + g5B̃µ√
g2
5 + g ′25

Bµ is the SM hypercharge gauge boson and broken with
SU(2)L on the IR brane by Higgs (a bi-doublet)
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Quark Representation

Zero modes have parity (++)

Usual assignment doesn’t work

SU(2)L SU(2)R(
tL

bL

) (
tR

bR

)

because tR is a zero mode and SU(2)R is broken on UV

dR and tR must have their own (−+) partners

SU(2)L SU(2)R SU(2)R(
tL

bL

) (
TR

bR

) (
tR

BR

)
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General Configurations

We have found several realistic configurations. For example,

νQ = {0.634, 0.556, 0.256}
νU = {−0.664,−0.536, 0.185}
νD = {−0.641,−0.572,−0.616}

The u and d quark mass matrices (at TeV scale)

〈|Mu|〉 =




0.000897 0.049 0.767
0.010 0.554 8.69
0.166 9.06 142.19


 ,

〈|Md |〉 =




0.0019 0.017 0.0044
0.022 0.196 0.050
0.352 3.209 0.813




(in GeV ), where we have used ke−krcπ = 1.5TeV
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RS Quark Masses

Statistic average: λ5 = ρe iθ,

ρ ∈
[
1/
√

2,
√

2
]
, θ ∈ [0, 2π]

The CKM matrix elements for the above

|V L
us | = 0.16(14) , |V L

ub| = 0.009(11) , |V L
cb| = 0.079(74)

|V R
us | = 0.42(24) , |V R

ub| = 0.12(10) , |V R
cb| = 0.89(13)

Note the RH rotations are larger than the LH ones

Appears to be true from the numerical searches we found

How to test it?
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FCNC in the minimal Constrained RS model

Besides the direct production of the KK Z ( ≥ 2.5 TeV ) is
tree level FCNC

FCNC Z − fKK and Z − Z ′KK mixing

Going to the mass basis the unitarity is broken → FCNC
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t → Z + jets

The BR is:

Br(t → Zc(u)) = 1.8677×
(
|QZ (tL)κ̂L

tc(u)|2 + |QZ (tR)κ̂R
tc(u)|2

)

LH and RH decays are different. κR > κL in the configs we
found.

But Br(tR → Z + c(u)R) < Br(tL → Z + c(u)L) by factor
∼ 2− 10 due to the destructive interference.

The BR is ∼ 10−5 c.f. SM ∼ 10−13

Compare the decays in tt̄ vs single tW channels.
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4F = 2 FCNC

Server constraint come from 4F = 2 FCNC mediated by
tree-level exchange of KK gluons.

The fermions are in the weak eigenbasis. Go to the mass basis,

G (n)
µ


∑

a,b

(ĝn
f )L

ab f̄ ′aLγ
µf ′bL + (L↔ R)


 , f = u, d ,

Summing all KK Gluon contribution

S
ω,ξ
ab,cd =

∞∑

n=1

(ĝn
f )ωab(ĝn

f )ξcd

m2
n

, ω, ξ = L, R
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The effective ∆F = 2 Hamiltonian beyond SM

HNP
eff =

5∑

i=1

Ci (Λ)Qab
i +

3∑

i=1

C̃i (Λ)Q̃ab
i ,

Λ:the scale of new physics, and

Qab
1 = ψ̄αaLγµψ

α
bLψ̄

β
aLγ

µψβbL ,Q
ab
2 = ψ̄αaRψ

α
bLψ̄

β
aRψ

β
bL ,

Qab
3 = ψ̄αaRψ

β
bLψ̄

β
aRψ

α
bL ,Q

ab
4 = ψ̄αaRψ

α
bLψ̄

β
aLψ

β
bR ,

Qab
5 = ψ̄αaRψ

β
bLψ̄

β
aLψ

α
bR ,

α, β: colour indices, a, b: generation indices. The operator
Q̃ab

1,2,3 are obtained from Qab
1,2,3 by the L↔ R.

From KK Gluons,

C1(Λ) =
1

6
SLL

ab,ab , C̃1(Λ) =
1

6
SRR

ab,ab , C4(Λ) = −SLR
ab,ab , C5(Λ) = −1

3
C4 .
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confront with the UTFit

The 95% allowed range of the Wilson coefficients from UTfit
contributing in the ∆F = 2 tree-level gluon exchange
processes, and their typical values at Λ = 4 TeV in each
configuration. All values are given in units of GeV−2.
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1st KK Gluon at LHC

For the three configurations and for m1 = 4.0 TeV, the widths
into the t̄t pairs are: {769.3, 635.4, 747.4} GeV.

The decay branching ratios of G (1)

Branching ratios Config. I Config. II Config. III

Top quarks 0.83 0.83 0.84
Bottom quarks 0.16 0.16 0.15
All Light quarks 0.01 0.01 0.01

Top quark spin,

dΓs

d cos θ
=

m1

192π

√
1− 4x2

t

{
(|ĝL|2 + |ĝR |2)(1− x2

t )

+6 Re (ĝLĝ∗R) x2
t +2(|ĝR |2 − |ĝL|2) xt

√
1− 4x2

t s · p̂
}

with xt ≡ mt/m1 and s the measured top spin three-vector,
and p the three-momentum of the same top quark in the rest
frame of G (1).
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Summary for the quark sector

The RS model can accommodate good quark mass matrices
without fine tuning Yukawa

UR > UL

Tree level FCNC best probed in t → Z + jets. The BR is
∼ 10−5 makes it very interesting at the LHC

Predicts that LH decays are dominant.

4F = 2 is OK if with NP Λ = 4 TeV. And the discovery of
1st KK gluon at LHC is possible

G (1) decay branching ratios: ∼ 0.84 for top, ∼ 0.15 for bb̄.

Top spin is useful to probe into the flavor structure of the RS
scenario.
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Dirac Neutrino in (4+n)-dim

Neutrinos are massive. How about adding RH neutrinos to
SM to write down yν L̄νRH?

Hierarchy among the Yukawa yt ∼ 1⇔ yν . 10−12

Dim-4 operator is no good in 4D SM. But small yνeff can be
naturally made in models with extra spatial dimension(s).

Bulk RH neutrinos in ADD model can make yνeff small due to
the same volume dilution that brings MG ⇒ TeV.

yν ∼
∫

dy y5 δ(y)SM φ(y) , y5 ∼ O(1)
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Dirac Neutrino Masses in RS

The neutrino masses are given by

〈
Mν

ij

〉
=
λν5,ijvW

krcπ
f 0
L (π, cL

νi
)f 0

R (π, cR
νj

)

where vW = 174 GeV, and

f 0
L,R(φ, cL,R) ∝ exp [krcφ(1/2∓ cL,R)]

The Yukawa couplings λij are arbitrary complex numbers with
|λ| ∼ O(1).

The task is find configurations that fit the PMNS matrix

4m2
21 = 7.67+0.67

−0.61 × 10−5 eV2, |4m31|2 = 2.46+0.47
−0.42 × 10−3 eV2

θ12 = 34.5+4.8
−4.0, θ23 = 42.3+11.3

−7.7 , θ13 = 0.0+12.9
−0.0 , δCP ∈ [0, 2π]
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Numerical solutions
Also, lepton flavor violation bounds
Br(µ→ 3e) < 10−12, Br(τ → l1l2 l̄3) < 10−7

configurations be such that Br(µ→ 3e) < 10−12 and Br(τ → l1l2l̄3) < 10−7 hold 3.

For neutrinos, we require not only the masses, but also the PMNS mixing matrix be

reproduced. Taking the usual parametrization [18], the PMNS matrix, VPMNS = (U e
L)†U ν

L,

can be written as

VPMNS =




1 0 0

0 c23 s23

0 −s23 c23


 ·




c13 0 s13e
−iδCP

0 1 0

−s13e
iδCP 0 c13


 ·




c12 s12 0

−s12 c12 0

0 0 1


 , (13)

where cij (sij) denotes cos θij (sin θij) with θij ∈ [0, π/2], and δCP ∈ [0, 2π). Note that for

Dirac neutrinos, the Majorana phases can and have been absorbed into the neutrino states.

When setting the range to search for the allowed neutrino parameters, we use the 3σ bound

on the values of neutrino oscillation parameters derived from a global 3ν analysis of the

current data [19]:

∆m2
21 = 7.67+0.67

−0.61 × 10−5 eV2 , ∆m2
31 = 2.46+0.47

−0.42 × 10−3 eV2 , (14)

θ12 = 34.5+4.8
−4.0 , θ23 = 42.3+11.3

−7.7 , θ13 = 0.0+12.9
−0.0 , δCP ∈ [0, 2π] , (15)

where the mixing angles are given in degrees. It turns out that only normal hierarchy is

viable in our search.

Config. cL cE cνR

1 {0.5876, 0.5476, 0.5001} {−0.7245, −0.5882, −0.5216} {−1.247, −1.223, −1.278}

2 {0.5880, 0.5456, 0.5014} {−0.7211, −0.5917, −0.5213} {−1.333, −1.246, −1.223}

3 {0.5865, 0.5454, 0.5006} {−0.7242, −0.5899, −0.5217} {−1.223, −1.355, −1.245}

4 {0.5877, 0.5377, 0.5006} {−0.7249, −0.5947, −0.5203} {−1.321, −1.250, −1.224}

5 {0.5830, 0.5328, 0.5018} {−0.7276, −0.6005, −0.5229} {−1.254, −1.224, −1.384}

TABLE I: Fermion localization parameters for the charged leptons and the RH neutrinos.

We record here five representative viable configurations found in our search. In Table I,

we display the lepton localization parameters for each of these configurations, and in Table II

3 We find that µ-e conversion do not place further constraints on the viable mass matrices once that from
µ → 3e are satisfied. We do not consider constraints from l → l′γ here as they are UV sensitive in
scenarios with Higgs localized on branes [17].

9

Config. Charged lepton masses (MeV) Neutrino masses (meV) δCP {θ12, θ23, θ13} (◦)

1 {0.4959, 104.7, 1780} {1.4, 8.9, 50} −0.47 {39, 36, 2.7}

2 {0.4959, 104.7, 1779} {0.22, 8.5, 47} 2.5 {32, 42, 6.6}

3 {0.4959, 104.7, 1779} {0.26, 9.0, 47} 1.3 {35, 38, 1.9}

4 {0.4959, 104.7, 1780} {0.13, 8.7, 47} 2.4 {35, 53, 9.7}

5 {0.4959, 104.7, 1780} {0.096, 9.1, 53} 1.5 {37, 49, 12}

TABLE II: Mass eigenvalues and mixing parameters of the viable configurations compatible with

current lepton flavour constraints and neutrino oscillation data assuming normal hierarchy.

the mass eigenvalues and the PMNS parameters obtained. The actual charged lepton and

neutrino mass matrices for each configuration are collected in Appendix B. Note that θ13 is

generically nonzero in all the viable configurations we found.

IV. PHENOMENOLOGY

In general, KK excitations of gauge bosons and fermions have masses of the order of a

few TeV. Along with the suppressed coupling to SM fields, this makes them hard to produce

and detect at the LHC (at least initially). However, as was pointed out in [10], KK fermions

with (−+) BCs can be very light in comparison. In particular, this means that the SU(2)R

doublet partner of the RH electron, ν̃R, can be much lighter than all the other KK excitations

in the spectrum.

The masses of the (−+) KK ν̃R, mn, are determined by their BCs:

JcE+1/2(mn/k)

YcE+1/2(mn/k)
=
JcE−1/2(mne

krcπ/k)

YcE−1/2(mnekrcπ/k)
. (16)

As was shown in [20], when cE < −0.5, the first (−+) KK fermion becomes much lighter than

the first (++) KK fermion. We display its mass as a function of cE in Fig. 1. We see that for

the five representative configurations listed in Table I, we have an electron-like neutrino (ν̃1)

with mass 175 - 222 MeV, a muon-like neutrino (ν̃2) with mass 16 - 24 GeV, and a tau-like

neutrino (ν̃3) with mass 168 - 180 GeV. On the other hand, the KK excitations of νL,R are

all heavier than 3 TeV as noted above. We note that the appearance of these relative light

10

Only normal hierarchy is viable in our search.
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Some subtleties

Bulk leptons are in the representation

Li =

(
νiL[+,+]
eiL[+,+]

)
, Ei =

(
ν̃iR [−,+]
eiR [+,+]

)
, νiR [+,+]

Only [+,+] fields have zero modes.

Gauged discrete Z3 symmetry forbids proton decay and lepton
number violation.

dcuQcL, QcQuce, QcQQcL, dcuuce, ucudce, uddn,

MnνC
R νR ,

1

Λν
(LH)2, · · ·

The bulk EW symmetry is now extended to

SU(2)L × SU(2)R × U(1)B−L × U(1)x

and the U(1)x is SSB to Z3 by a UV Higgs.
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KK fermion masses

In general, KK excitations of gauge boson and fermions ∼ few
TeVs.

The couplings to SM fields are suppressed.

Very hard to test at LHC.

However, [-+] KK fermion ( ν̃R ) can be relatively light.

JcE +1/2(mn/k)

YcE +1/2(mn/k)
=

JcE−1/2(mne
krcπ/k)

YcE−1/2(mnekrcπ/k)

Its mass is determined by the bulk mass parameter.
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Light KK [-+] Neutrinos

For the five representative configurations, we have an e−like
neutrino ν̃1 ∼ (175− 222) MeV, a µ−like neutrino ν̃2 ∼ (16− 24)
GeV, and a τ−like neutrino ν̃3 ∼ (168− 180) GeV.

m
1

(G
eV

)

103

102

101

100

10−1

10−2

cE

−0.8 −0.7 −0.6 −0.5

ν̃1

ν̃2

ν̃3

Bottom up: 3, 5, 10 TeV 1st [++]KK gauge boson.
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Effective coupling

e
(0)
R

ν̃
(1)
R

W
(1)
R

W
(0)
SM

H1

H1

(a)

ν̃
(1)
R

ν̃
(1)
R

Z
(1)
R

Z
(0)
SM

H1

H1

(b)
Light KK neutrinos couple to SM W

W ν̃iReiR : ri gL/
√

2

{r1, r2, r3} ∼ {2.0× 10−3, 0.15, 1.0} × 10−3 ×
(

3 TeV

M−+

)2

Light KK neutrinos couple to SM Z (Z ν̃RνR is suppressed)

Z ¯̃νiR ν̃iR :
gL

cos θW
γµ
[
zLi L̂ + zRi R̂

]

{z1, z2, z3}L/R ∼ {0.97, 0.93, 0.91} × 10−2 ×
(

3 TeV

M−+

)2
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Life time

ν̃3 decays predominantly into τ W .

Γν̃3 ∼ 1.5× 10−6 GeV

For ν̃1, the dominant decay channel is ν̃1 → ee+νe :

τν̃1 ∼ 2.3× 104 ×
(

MKK

3 TeV

)4

×
(

200 MeV

Mν̃1

)5

sec

ν̃2 → µl̄νl , µd̄u, µs̄c. τν̃2 ∼ 1.2× 10−15 sec. for Mν̃2 = 20
GeV and MKK = 3TeV,
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Evade the low energy tests

Our r1 is well within |r1|2 < 10−6 set by no extra peaks in the
e+ spectrum of K+ → e+ν̃1 decay for a (160-220) MeV ν.

By kinematics, ν̃1 does not modify GF , best determined by
the muon decay, at tree level.

At the Z pole. LEP measured

Nν =
Γinv

ΓSM
ν

= 2.9840± 0.0082 .

ν̃2 decays into charged final states immediately. Only ν̃1 can
escape the detector.

z2
L1 + z2

R1 ≤ 0.096 (95% CL)

much larger than our estimates above.
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Production of ν̃ at LHC

Convolute the parton level σ̂ with PDF(MSTW2008) to get the
production cross-section at LHC

σ(pp → ν̃ie
+
i ) =

∫
dx1dx2 2fu(x1)fd (x2)σ̂(x1x2s)θ(1− xNi

)

The total ν̃R production cross section ∼ 0.3fb and ∼ 0.001fb for
ν̃2 and ν̃3 respectively at

√
s = 14 TeV ( both ν̃l± are included ).

pp → W±
SM → ν̃il

±
i

σ
×
|r ν̃

i|−
2

(f
b
)

108

107

106

105

104

103

Mν̃R
(GeV)

50 100 150 200 250

ν̃2

ν̃3
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Searching for the ν̃ at LHC

ν̃1 is much lighter than a GeV. Too large background for ν̃1 at
LHC.

ν̃2 can be detected via ud̄ → ν̃2µ
+ → µ+µ−e(τ)ν̄.

Apparent lepton flavor violation plus missing energy, with the
µ+µ− pair not in resonance.

These are characteristic heavy neutrino signatures.

Similarly, ν̃3 can be detected via ud̄ → τ+ν̃3 → τ+τ−W .

Where a W jet plus τ jets are expected and the τ jets are not
in resonance.
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Summary of the lepton sector

RS model can accommodate good fermion mass matrices
without fine tuning Yukawa.

Small Dirac neutrino masses are natural in RS model.

A gauged discrete symmetry to forbid the gravity induced
Majorana neutrino masses and proton decays.

This model predicts normal hierarchy and a nonzero
θ13 (1o − 13o).

Predicts three light KK neutrinos at 170 MeV, 20 GeV, and
180 GeV.

20 GeV ν̃2 may be probed at LHC.

RS provides a framework to explain two hierarchies in the
same time.
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Conclusion

RS provides a framework to explain two hierarchies in the
same time.

And it can be tested.
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Extra -1

As of today, there are roughly 6,882,000,000 people in the world....

..... and every single one is UNIQUE!
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Extra -2

And we have no idea why there are aliens among us??

Although any two persons have 99.9% of their DNA in common.
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Extra -3

However, it’s easy to tell the differences between two species.

We share 98.5% of DNA sequences with chimps.

We-Fu Chang Flavor in Warped Space



Extra -4: B0
q − B̄0

q Mixing

One very sensitive probe to NP in the meson sector comes
from the B0

q -B̄0
q mixing (q = d , s)

The contribution of NP to ∆B = 2 transitions can be
parametrized in a model-independent way as the ratio of the
full (SM + NP) amplitude to the SM one

〈B0
q |Hfull

eff |B̄0
q〉

〈B0
q |HSM

eff |B̄0
q〉

= 1+
〈B0

q |HNP
eff |B̄0

q〉
〈B0

q |HSM
eff |B̄0

q〉
≡ Cq e2iφq , q = d , s ,

For the configurations of solutions we found, KK gluons are
not manifest in the B0

q -B̄0
q mixing, and the SM effects are

expected to be dominant.
Parameter Config. I Config. II Config. III

Cd 1.13 1.02 1.08
φd [◦] -2.48 -0.24 -3.02
Cs 1.68 1.36 1.29
φs [◦] 0.61 0.12 0.04
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