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Flavourful MSSM  

To begin with, lets consider MSSM Lagrangian, with only leptonic
flavour violating terms.
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Ratio of flavour violating terms with flavour conserving ones.

flavour violation in soft susy breaking terms. 

similar parameterisation can be done for squarks
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Figure 6.7: Some of the diagrams that contribute to K0 ↔ K
0
mixing in models with strangeness-

violating soft supersymmetry breaking parameters (indicated by ×). These diagrams contribute to
constraints on the off-diagonal elements of (a) m2

d
, (b) the combination of m2

d
and m2

Q, and (c) ad.

There are also important experimental constraints on the squark squared-mass matrices. The

strongest of these come from the neutral kaon system. The effective Hamiltonian for K0 ↔ K
0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to ∆mK ≡ mKL − mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5× 10−12 MeV, ref. [93] obtains:

|Re[(m2
s̃∗Rd̃R

)2]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×

⎧
⎪⎪⎨

⎪⎪⎩

0.04 for mg̃ = 0.5mq̃,

0.10 for mg̃ = mq̃,

0.22 for mg̃ = 2mq̃.

(6.4.2)

Here nearly degenerate squarks with mass mq̃ are assumed for simplicity, with m2
s̃∗Rd̃R

= (m2
d
)21 treated

as a perturbation. The same limit applies when m2
s̃∗Rd̃R

is replaced by m2
s̃∗Ld̃L

= (m2
Q)21, in a basis

corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including
fig. 6.7b. The numerical constraint is [93]:

|Re[m2
s̃∗Rd̃R

m2
s̃∗Ld̃L

]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×

⎧
⎪⎪⎨

⎪⎪⎩

0.0016 for mg̃ = 0.5mq̃,

0.0020 for mg̃ = mq̃,

0.0026 for mg̃ = 2mq̃.

(6.4.3)

An off-diagonal contribution from ad would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. 6.7c.
More generally, limits on ∆mK and ϵ and ϵ′/ϵ appearing in the neutral kaon effective Hamiltonian
severely restrict the amounts of d̃L,R, s̃L,R squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the D0,D
0
system, which limits the amounts

of ũ, c̃ mixings from m2
u, m

2
Q and au. The B0

d , B
0
d and B0

s , B
0
s systems similarly limit the amounts of

d̃, b̃ and s̃, b̃ squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare ∆F = 1 meson decays, notably those involving the parton-level processes b → sγ and b → sℓ+ℓ−

and c → uℓ+ℓ− and s → de+e− and s → dνν̄, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)3 soft couplings following from limits on the electric dipole moments of the neutron
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FIG. 8: Same as Fig. 1 for
(

δd
12

)

LL.

possibility that the two sectors may find correlated bounds in SUSY theories with an underlying

grand unified symmetry.

We have pursued such an analysis in the context of a broad class of theories which are based on

two appealing assumptions: i) local SUSY is broken in the observable sector through gravity medi-

ation with the corresponding soft breaking terms arising (as momentum-independent hard terms)

at an energy scale close to the Planck mass; ii) the fundamental gauge symmetry of the theory

includes a grand unification of quarks and leptons which is present down to the typical GUT scale

and hence constrains the form of the supergravity Lagrangian, in particular its Kähler potential.

Ciuchini et. al , hep-ph/0702144

for squark masses

 up to 500 GeV 
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Table 3
95% probability bounds on |(δd

ij )AB| obtained using the data set described in Section 4. See the text for details

ij\AB LL LR RL RR

12 1.4 × 10−2 9.0 × 10−5 9.0 × 10−5 9.0 × 10−3

13 9.0 × 10−2 1.7 × 10−2 1.7 × 10−2 7.0 × 10−2

23 1.6 × 10−1 4.5 × 10−3 6.0 × 10−3 2.2 × 10−1

that, here and in the other sectors, the bound on the RR MI is obtained in the presence of
the radiatively-induced LL MI given in Eq. (19). The product (δd

12)LL(δd
12)RR generates left–

right operators that are enhanced both by the QCD evolution and by the matrix element (for
kaons only). Therefore, the bounds on RR MIs are more stringent than the ones on LL MIs.

Sector 1–3. The measurements of "MBd and 2β respectively constrain the modulus and the
phase of the mixing amplitude bounding the products (δd

13)(δ
d
13). For the sake of simplicity,

in Table 3 we show the bounds on the modulus of (δd
13) only.

Sector 2–3. This sector enjoys the largest number of constraints. The recent measurement
of "MBs constrains the modulus of the mixing amplitude, thus bounding the products
|(δd

23)(δ
d
23)|. Additional strong constraints come from "B = 1 branching ratios, such as

b → sγ and b → sl+l−. Also for this sector, we present the bounds on the modulus of
(δd

23) in Table 3.

All the bounds in Table 3 have been obtained using the NLO expressions for SM contributions
and for SUSY where available. Hadronic matrix elements of "F = 2 operators are taken from
lattice calculations [41–44]. The values of the CKM parameters ρ̄ and η̄ are taken from the UT
fit analysis in the presence of arbitrary loop-mediated NP contributions [45]. This conservative
choice allows us to decouple the determination of SUSY parameters from the CKM matrix. For
b → sγ we use NLO expressions with the value of the charm quark mass suggested by the recent
NNLO calculation [25]. For the chromomagnetic contribution to ε′/ε we have used the matrix
element as estimated in Ref. [46]. The 95% probability bounds are computed using the statistical
method described in Refs. [7,47].

Concerning the dependence on the SUSY parameters, the bounds mainly depend on the gluino
mass and on the “average squark mass”. A mild dependence on tanβ is introduced by the pres-
ence of double MIs (δd

ij )LL(δd
jj )LR in chromomagnetic operators. This dependence however

becomes sizable only for very large values of tanβ .

6. Mass insertion bounds from leptonic processes

In this section, we study the constraints on slepton mass matrices in low energy SUSY im-
posed by several LFV transitions, namely li → ljγ , li → lj lklk and µ–e transitions in nuclei [48].
The present and projected bounds on these processes are summarized in Table 4. These processes
are mediated by chargino and neutralino loops and therefore they depend on all the parameters
entering chargino and neutralino mass matrices. In order to constrain the leptonic MIs δij , we
will first obtain the spectrum at the weak scale for our SU(5) GUT theory as has been mentioned
in detail in Section 4. Furthermore, we take all the flavor off-diagonal entries in the slepton mass
matrices equal to zero except for the entry corresponding to the MI we want to bound. To calcu-
late the branching ratios of the different processes, we work in the mass eigenstates basis through
a full diagonalization of the slepton mass matrix. So, imposing that the contribution of each fla-

bounds on mass insertions in supersymmetry 
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Fig. 2. Same as Fig. 1 for (δd
23)RL.

obtained from the hadronic and leptonic processes alone. This is due to the fact that the maxi-
mal allowed values for the hadronic and leptonic deltas in the upper row of Fig. 6 correspond to
different values of (m0,M1/2) in the two cases.10 So, the different m0 dependence of "MBd and
τ → eγ provide the explanation of their interplay in constraining (δd

13)RR (as it is clearly shown
in the lower plot on the left of Fig. 6). On the other hand, the above interesting interplay is not
effective in the "MBs case due to the better bound on the decay τ → µγ and the absence of
analog 2β constraints in the 23 sector.

Moreover, the leptonic bounds do not have a sizable impact in the RL and LL cases, as clearly
shown in Figs. 5 and 7, respectively. The LR case is identical to the RL one.

10 From Eq. (19) we see that the maximal value of the radiatively induced δd
LL corresponds to small M1/2 (small mq̃ )

and large m0. The largest allowed value for δd
RR is set by the minimum value of this radiatively induced δd

LL, i.e. large
M1/2 and small m0/M1/2. On the other hand the maximal allowed values from the leptonic delta correspond to large
M1/2 and large m0.

Ciuchini et. al , hep-ph/0702144

23 mass insertion 

have less stronger


 bounds
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Leptonic Mass Insertions in MSSM

Assuming that the diagonal elements of the sleptonic mass matrix are
equal :
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However, in realistic case, one considers only one � to be present at a
time and derive constraints on it from the existing limits.

µR eL

µ̃R ẽL
⌧̃R ⌧̃L
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�
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�
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�

FIG. 8: Example contributions to the µ ! e� amplitude. Left: flavor enhanced bino contribution.

Middle and right: wino-higgsino contributions.

In mini-split SUSY, the most important contributions to the µ ! e� amplitude arise

from bino and wino loops [77–79]. Higgs mediated contributions to µ ! e� can be very

important in TeV scale SUSY with large tan � [80], but are negligible in mini-split SUSY.

The dominant bino contribution arises at second order in mass insertions, O(�R�L), and

involves mixing into the third generation which leads to an enhancement factor of m
⌧

/m
µ

over the contributions linear in the mass insertions. The relevant Feynman diagram is shown

in Fig. 8 (left-most diagram) and gives

AL,B̃

µe

=
↵1

4⇡

✓

m
⌧

m
µ

◆

µm
B̃

m4
˜̀

t
�

1

2
(�R

µ⌧

�L
⌧e

) , (16)

AR,B̃

µe

=
↵1

4⇡

✓

m
⌧

m
µ

◆

µm
B̃

m4
˜̀

t
�

1

2
(�L

µ⌧

�R
⌧e

) . (17)

The expressions hold in the limit |m
B̃

| ⌧ m˜̀. The bino contributions (16), (17) grow

linearly with |µ| tan � and are thus important for large values of |µ| tan �. They are also

proportional to the bino mass |m
B̃

|, which in mini-split SUSY is much smaller than the

slepton mass, roughly by a loop factor. E↵ectively, the above contribution is thus of two

loop size, compared to the case where all mass parameters are at the same scale (as in TeV

scale SUSY).

Wino loops can only contribute to AL and are necessarily proportional to the muon mass.

Compared to the bino contributions (16), (17) they arise at linear order in mass insertion,

O(�L), are not suppressed by a small gaugino mass and are typically dominant for small

|µ|. The general form of the wino contributions to leading order in the mass insertion

approximation reads

AL,W̃

µe

=
↵2

4⇡

1

m2
˜̀

(�L
µe

)

"

�1

8
g1(xW

) + g2(xW

, x
µ

) +
µm

W̃

m2
˜̀

t
�

g3(xW

, x
µ

)

#

, (18)

19

mu to e gamma diagrams 
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Type of δl
12 µ → e γ µ → e e e µ → e conversion in T i

LL 6 × 10−4 2 × 10−3 2 × 10−3

RR - 0.09 -

LR/RL 1 × 10−5 3.5 × 10−5 3.5 × 10−5

TABLE V: Bounds on leptonic δl
12 from various µ → e processes. The bounds are obtained by making a scan

of m0 and M1/2 over the ranges m0 < 380GeV and M1/2 <160GeV and varying tanβ within 5 < tanβ < 15.

The bounds are rather insensitive to the sign of the µ mass term.

through a full diagonalization of the slepton mass matrix. So, imposing that the contribution of

each flavor off-diagonal entry to the rates of the above processes does not exceed (in absolute value)

the experimental bounds, we obtain the limits on the δij ’s, barring accidental cancellations.

The process that sets the most stringent bounds is the li → ljγ decay, whose amplitude has the

form

T = mliϵ
λuj(p − q)[iqνσλν(ALPL + ARPR)]ui(p) , (25)

where p and q are momenta of the leptons lk and of the photon respectively, PR,L = 1
2(1± γ5) and

AL,R are the two possible amplitudes entering the process. The lepton mass factor mli is associated

to the chirality flip present in this transition. In a supersymmetric framework, we can implement

the chirality flip in three ways: in the external fermion line (as in the SM with massive neutrinos),

at the vertex through a higgsino Yukawa coupling or in the internal gaugino line together with a

chirality change in the sfermion line. The branching ratio of li → ljγ can be written as

BR(li → ljγ)

BR(li → ljνiν̄j)
=

48π3α

G2
F

(|Aij
L |

2 + |Aij
R |

2) ,

with the SUSY contribution to each amplitude given by the sum of two terms AL,R = An
L,R +Ac

L,R.

Here An
L,R and Ac

L,R denote the contributions from the neutralino and chargino loops respectively.

Even though all our numerical results presented in Tables V–VII are obtained performing an

exact diagonalization of sfermion and gaugino mass matrices, it is more convenient for the discussion

to use the expressions for the li → ljγ amplitudes in the MI approximation. In particular, we treat

both the slepton mass matrix and the chargino and neutralino mass matrix off-diagonal elements

for slepton masses close to 400 GeV and tan beta = 10 
21

Type of δl
23 τ → µ γ τ → µ µ µ τ → µ e e

LL 0.12 - -

RR - - -

LR/RL 0.03 - 0.5

TABLE VII: Bounds on leptonic δl
23 from various τ → µ processes obtained using the same values of SUSY

parameters as in Table V.

bounds on
(

δl
ij

)

LL
depend on tan β to some extent, while those on

(

δl
ij

)

LR
do not. The bounds

on LL and RL MIs are expected to approximately fulfill the relation

(

δl
ij

)

LR
≃

mi

m̃
tan β

(

δl
ij

)

LL
.

This is confirmed by our numerical study.

The δd
RR sector requires some care because of the presence of cancellations among different

contributions to the amplitudes in regions of the parameter space. The origin of these cancellations

is the destructive interference between the dominant contributions coming from the B̃ (with internal

chirality flip and a flavor-conserving LR mass insertion) and B̃H̃0 exchange [46, 47]. We can see

this in the MI approximation if we compare the tan β enhanced terms in the second line of Eq. (26)

with the tan β enhanced terms in Eq. (27). Here the loop function f3(a1) corresponds to the pure

B̃ contribution while f2n(a1, b) represents the B̃H̃0 exchange. These contributions have different

relative signs in Eq. (26) and Eq. (27) due to the opposite sign in the hypercharge of SU(2) doublets

and singlets. Thus, the decay li → ljγ does not allow to put a bound on the RR sector. We can

still take into account other LFV processes such as li → lj lklk and µ–e in nuclei. These processes

get contributions not only from penguin diagrams (with both photon and Z-boson exchange) but

also from box diagrams. Still the contribution of dipole operators, being also tan β-enhanced, is

dominant. Disregarding other contributions, one finds the relations

Br(li→ lj lklk)

Br(li→ ljγ)
≃

αe

3π

(

log
m2

li

m2
lk

−3

)

,

Br(µ − e in Ti) ≃ αeBR(µ → eγ) , (29)

which clearly shows that li → ljγ is the strongest constraint and gives the more stringent bounds on

the different δij ’s. As we have mentioned above, however, in the case of δl
RR the dominant dipole

contributions interfere destructively in regions of parameters, so that Br(li → ljγ) is strongly

suppressed while Br(µ − e in nuclei) and Br(li → lj lklk) are dominated by monopole penguin

for third generation, bounds are weaker 

Ciuchini et. al , hep-ph/0702144
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FIG. 10: Example contributions to the amplitude of µ ! e transition in nuclei. Left: wino box

contribution. Middle: Z penguin contribution. Right: photon penguin contribution.

not contribute to Cq

RV

. For the contributions to Cq

LV

we find in the limit |m
W̃

| ⌧ m˜̀,m
q̃

and to first order in the mass insertions

5Cu,box
LV

= Cd,box
LV

=
↵2
2

m2
q̃

(�L
µe

)
5

4
f
�

m2
˜̀/m

2
q̃

�

, (24)

with the loop function

f(x) =
1

8(1� x)
+

x log x

8(1� x)2
, so that f(1) =

1

16
, f(0) =

1

8
. (25)

The wino boxes decouple if either the squark mass m
q̃

or slepton mass m˜̀ become large.

They do not contain large logs, are largely independent of the gaugino masses and also

independent of the µ parameter.

The photon penguins are also dominated by wino loops, see Fig. 10 (right), which generate

only the left-handed coe�cients Cq

LV

,

� 1

2
Cu,�

LV

= Cd,�

LV

=
↵em↵2

m2
˜̀

(�L
µe

)

"

1

4
+

1

9
log

 

|m
W̃

|2
m2

˜̀

!#

. (26)

The ratio between the photon penguin contributions to Cu

LV

and Cd

LV

is set by the quark

charges. Note that the photon penguin is enhanced by a large logarithm, log(|m
W̃

|2/m2
˜̀),

which arises from diagrams where the photon couples to the light charged wino (as in the

right diagram of Fig. 10).

Finally, Z penguins arise dominantly from diagrams that involve higgsino-wino mixing.

The general form of the Z penguin contributions to Cq

LV

reads

Cd,Z

LV

=
↵2
2

m2
˜̀

(�L
µe

)
1

16
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◆

"
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�

f1(xW

, x
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) +
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mu-e conversion diagrams 

The strongest limits on flavour violating entries of soft terms
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FIG. 11: Predicted µ ! e conversion rates in Al in the m˜̀ vs. |m
B̃

| = |m
W̃

| plane (top row) and

the m˜̀ vs. tan� plane (bottom row). The higgsino mass is set either equal to the slepton masses

(left column) or to the gaugino masses (right column). All relevant mass insertions are fixed to

|�L
ij

| = |�R
ij

| = 0.3. The dark (light) shaded regions show 95% (90%) C.L. exclusions by the current

limits on µ ! e conversion in Au, while the sensitivity of the planned Mu2e experiment is given

by the dashed lines.
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from Altmannhosfer,

Harnik, Zupan, 


1308.3653

Heavy SUSY 



Flavourful Supersymmetry has its advantages

(1)  As a signature of Grand Unified theories/Seesaw mechanisms


(2) Corrections to the Higgs mass and perhaps reduce the fine tuning


(3) Change the dark matter regions (flavoured co-annihiliations etc.)


(4) Appears naturally in models reviving gauge mediated 

supersymmetry breaking


(5) Charge and colour breaking constraints can be comparable for flavour 
violating terms 


Blanke et.al
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Even if all the flavour violating terms are set to zero

supersymmetry can still contribute to flavour violation


through CKM vertices

The strongest constraint is from  
which is measured very accurately and computed 


in SM up to four loops in QCD

In MSSM, contributions from Standard Model diagrams, 

Charged Higgs, Chargino and  Neutralino diagrams 
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Weak radiative decays of the B mesons belong to the most important flavor changing processes
that provide constraints on physics at the TeV scale. In the derivation of such constraints, ac-
curate standard model predictions for the inclusive branching ratios play a crucial role. In the
current Letter we present an update of these predictions, incorporating all our results for the O(α2

s)
and lower-order perturbative corrections that have been calculated after 2006. New estimates of
nonperturbative effects are taken into account, too. For the CP - and isospin-averaged branching
ratios, we find Bsγ = (3.36 ± 0.23) × 10−4 and Bdγ =

(

1.73+0.12
−0.22

)

× 10−5, for Eγ > 1.6GeV. Both
results remain in agreement with the current experimental averages. Normalizing their sum to the
inclusive semileptonic branching ratio, we obtain Rγ ≡ (Bsγ + Bdγ) /Bcℓν = (3.31 ± 0.22) × 10−3.
A new bound from Bsγ on the charged Higgs boson mass in the two-Higgs-doublet model II reads
MH± > 480GeV at 95%C.L.

PACS numbers: 13.20.He, 12.38.Bx, 12.60Fr

I. INTRODUCTION

The inclusive decays B̄ → Xsγ and B̄ → Xdγ are con-
sidered among the most interesting flavor changing neu-
tral current processes. They contribute in a significant
manner to current bounds on masses and interactions of
possible additional Higgs bosons and/or supersymmetric
particles. The evaluation of such bounds depends in a
crucial manner on both the central values and uncertain-
ties of the branching ratio predictions within the stan-
dard model (SM). Updating the SM predictions is the
main purpose of the present Letter.
Measurements of the CP - and isospin-averaged B̄ →

Xsγ branching ratio by CLEO [1], Belle [2, 5], and
BABAR [6–9] lead to the combined result [4]

Bexp
sγ = (3.43± 0.21± 0.07)× 10−4, (1)

for the photon energy Eγ > E0 = 1.6GeV in the de-
caying meson rest frame. The combination involves an
extrapolation from measurements performed at E0 ∈
[1.7, 2.0]GeV. Applying the same extrapolation method
to the available B̄ → Xdγ measurement [10], one finds

Bexp
dγ = (1.41± 0.57)× 10−5 (2)

at E0 = 1.6GeV [11]. More precise determinations of
Bexp
qγ for q = s, d are expected from Belle II [12].
Theoretical calculations of Bqγ have a chance to match

the experimental precision only in a certain range of E0

where the nonperturbative contribution δΓnonp in the re-
lation

Γ(B̄ → Xqγ) = Γ(b → Xp
q γ) + δΓnonp (3)

remains under control. Here, Γ(b → Xp
q γ) denotes the

perturbatively calculable rate of the radiative b-quark de-
cay involving only charmless partons in the final state.
Their overall strangeness vanishes for Xp

d and equals −1
for Xp

s . The analysis of Ref. [13] implies that unknown
contributions to δΓnonp are potentially larger than the so-
far determined ones, and induce around±5% uncertainty
in Bsγ at E0 = 1.6GeV. Nonperturbative uncertainties in
Bdγ receive additional sizeable contributions [14] due to
collinear photon emission in the b → duūγ process whose
Cabibbo-Kobayashi-Maskawa (CKM) factor is only a few
times smaller than the one in the leading term.
Apart from possible future progress in analyzing non-

perturbative effects, one needs to determine Γ(b → Xp
q γ)

to a few percent accuracy. It requires evaluating next-
to-next-to-leading order (NNLO) QCD corrections that
involve Feynman diagrams up to four loops. The first
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DEGENERATE SUSY   COMPRESSED

SPECTRA

Escapes limits from LHC  

Indirect probes  play an important role in validating these models  

Models based on 

Scherck Schwarz 

SUSY breaking

Setting a common scale for all soft  supersymmetry 

breaking terms (in PMSSM) at weak scale 



Degenerate susy with MFV 

Chowdhury, Patel, 

Vempati, Tata,  to appear



Degenerate susy with MFV 

with all constraints

higgs higgs + bsgammaonly g-2

Chowdhury, Patel, 
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The Randall Sundrum Set up 

UV IR 

non-trivial metric

bulk cosmological constant 

Can the same set up work as theory of flavour (leptons) ?
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Fermion Localisation in RS
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Introducing bulk mass terms, wave functions 

can be modified. 

c is the bulk mass parameter

normalisation factor m = ck
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Family Symmetries (Froggatt-Nielsen Models)  

and Randall Sundrum

Heavy Fermions Extra Dimension 

Integrating Out 
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+Ē(i 6 D �mE)E + . . .

�

mF = cF k



FN models and RS 

U(1) Charges  Bulk Masses 

Additional Conditions 

Green Schwarz Anomaly 

cancellation conditions

Anomalies should be 
cancelled, which leads to 
very strong constraints

If one doesn’t consider

 unification of gauge couplings, 
reasonably relaxed framework 

fitting both O(1) as well 
U(1) charges

fitting both O(1) as well 
bulk masses



FN models and RS 

Scale  Warp Factor

Single flavon fields strongly constrained 
in  SUSY 

Ross, Lalak etc..

Typically at Planck 
scale

< S >⇠ �cMPl

SUSY models have 

D-terms

kR⇡ ⇠ O(11)

first KK scale around TeV

strong constraints from 

Hadronic and leptonic 

flavour violations

KK gauge bosons 

and fermions 



Hadronic and Leptonic Flavour constraints

Agashe, Perez, Soni,2004  

Agashe,Azatov, Zhu,2009  

Agashe,Blechman, Petriello,2006
Agashe, Perez, Soni,2005  

Grossman and Neubert,2000  

Cacciapaglia, Csaki, et.al 2007

 Fitzpatrick, Perez, Randall 2007

Bulk symmetries 

Casagrande et.al ,2008 

Little RS 
 Bauer et.al  2008

Bauer  et.al ,2010 

Casagrande et. al ,2010  

 Bauer et.al  2011

Malm et.al ,2015 

Blanke et. al ,2008  
Blanke et. al ,2009  

Blanke et. al ,2012

Huber Shafi,2001,2002,2004

Moreau et.al,2006
Iyer, Vempati,2012,2013

A combination of EWPT and flavour puts constraints on the lightest

KK states of around (4-10) TeV.  



RS Model purely as a theory of Flavour
no longer a solution to the hierarchy problem 

Iyer and Vempati 
PRD 2013

SM or MSSM

Very heavy KK modes

small warp factor
sufficient to fit fermion masses 



Fermion masses at GUT scale 
TABLE I: GUT scale masses of fermions for the SM case

Mass Mass Mass Mass squared Di↵erences

(MeV ) (GeV) MeV eV 2

mu = 0.48+0.20
�0.17 mc = 0.235+0.035

�0.034 me = 0.4696+0.00000004
�0.00000004 �m2

12 = 1.5+0.20
�0.21 ⇥ 10�4

md = 1.14+0.51
�0.48 mb = 1.0+0.04

�0.04 mµ = 99.14+0.000008
�0.0000089 �m2

23 = 4.6+0.13
�0.13 ⇥ 10�3

ms = 22+7
�6 mt = 74.0+4.0

�3.7 m⌧ = 1685.58+0.19
�0.19 -

TABLE II: Mixing angles for the hadronic and the leptonic sector for the SM case

mixing angles(CKM) Mixing angles (PMNS)

✓12 = 0.226+0.00087
�0.00087 ✓12 = 0.59+0.02

�0.015

✓23 = 0.0415+0.00019
�0.00019 ✓23 = 0.79+0.12

�0.12

✓13 = 0.0035+0.001
�0.001 ✓13 = 0.154+0.016

�0.016

would be localised close to the UV brane ( c > 1/2 ) and the heavy quarks close to the IR brane

(c < 1/2). However, for this particular range of O(1) Yukawa parameters, it is di�cult to fit the

data for |c| within unity. We thus enlarged the range for the c parameters.

The range chosen for the scan of the c parameters chosen is: �2 < cQ1,Q2 < 4, �3 < cQ3 < 1 for

the doublets. �2 < cd1,d2,d3 < 3.5, for the down type singlets and �2 < cu1,u2 < 4, �4 < cu3 < 1

for the up type singlets. We fit the quark masses and the CKM mixing angles at the GUT scale.

The top quark is definitely lighter at the GUT scale, but still we see that most of the points that

fit the data lie outside of |c|  1. This is evident from the the negative values of the cQ3 and cU3

that fit the data.

The regions of c parameter space which satisfy the constraint of 0 < �2 < 10 for the chosen

scanning range are shown in Fig.(1) in Appendix A and the ranges are outlined in Table[III]. We

see that the first two generation bulk mass parameters are concentrated on the positive c values

where as the third generation, the doublet and more so the right handed top is localised close to

the GUT scale brane. Comparing these results with that of the normal RS, we find that the masses

for the light quark fields can be fit with c ⇠ 0.6� 0.7. This can be attributed to the large warping

where 0.5 < c < 1 is su�cient to reproduce the masses for light quarks [46].
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Results for SM 

plots for the c parameters are presented case in Fig[3] in Appendix A.

TABLE V: Ranges for the scanned regions of the bulk leptonic parameters for the Dirac case which satisfy

0 < �2 < 10 for the SM case.

parameter range parameter range parameter range

cL1 [ -1,2.9] cE1 [0.39,3.62] cN1 [5.29,8.97]

cL2 [-0.99,2.7] cE2 [-1.0,2.63] cN2 [5.31,8.99]

cL3 [-0.99,1.98] cE3 [-0.99,1.93] cN3 [5.12,8.97]

B. Supersymmetric Case

The analysis for the case with bulk supersymmetry is similar to the SM case. The GUT scale

values are derived using the supersymmetric RGE at the two loop instead of the SM ones. For

the neutrinos however, one loop RGE were used with experimental inputs at the weak scale. The

running of the masses are not dependent on the mixing angles for a low tan�. Supersymmetry

threshold corrections can play an important role while deriving the running masses. Running

masses in the supersymmetric framework were obtained using the relevant matching conditions.

As is well known, these e↵ects are significant at large tan� and the corrections to the neutrino

running through YD and YE were considered [51].

The GUT scale masses and mixings chosen for the scan corresponded to tan� = 10 and are

given in Table[VI] and [VII]. The results of the the scan i.e, the ranges for the c parameters are

weakly dependent on tan� and can be applied for studying phenomenology for up to tan� ⇠ 25.

TABLE VI: GUT scale Masses with supersymmetry for tan� = 10

Mass Mass Mass Mass squared Di↵erences

(MeV ) (GeV) MeV eV 2

mu = 0.49+0.20
�0.17 mc = 0.236+0.037

�0.036 me = 0.28+0.0000007
�0.0000007 �m2

12 = 1.6+0.20
�0.21 ⇥ 10�4

md = 0.70+0.31
�0.31 mb = 0.79+0.04

�0.04 mµ = 59.9+0.000005
�0.000005 �m2

23 = 3.2+0.13
�0.13 ⇥ 10�3

ms = 13+4
�0.4 mt = 92.2+9.6

�7.8 m⌧ = 1021+0.1
�0.1 -
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TABLE III: Allowed range of c parameters in the SM case. These parameters satisfy 0 < �2 < 10 for the

SM case. The corresponding figure is 1 in Appendix A.

parameter range parameter range parameter range

cQ1 [0,3.0] cD1 [0.78,4] cU1 [-0.97,3.98]

cQ2 [-1.95,2.36] cD2 [0.39,3.02] cU2 [-1.99,2.43]

cQ3 [-3,1] cD3 [0.39,2.21] cU3 [-4,1.0]

2. SM Leptonic Mass fits

Unlike the quark case, the fits in the leptonic sector are far more di�cult and more constraining

due to the small mass di↵erences and the large mixing in the neutrino sector. As mentioned, we

will consider two di↵erent cases of neutrino masses while fitting the leptonic data.

(a) LLHH higher dimensional operator

Planck scale lepton number violation is an interesting idea which manifests itself with higher

dimensional operator suppressed by the Planck scale. In four dimensions such an operator generates

too small neutrino mases. It is typically used as a perturbation over an existing neutrino mass

model [47]. If not, it needs an enhancement of O(103 � 104) to be consistent with the data. In

the standard RS framework close to the weak scale with bulk fermions, this higher dimensional

operator is still constrained however for di↵erent reasons. While the neutrino masses can be fit by

placing the doublet fields L close to the UV brane, the charged lepton masses become very tiny

unless the singlet fields (E) are placed deep in the IR[30]. This leads to inconsistencies in the theory

with large non-perturbative Yukawa couplings. The question arises whether the situation repeats

itself when we consider the modified RS setup. This can be checked as follows. The neutrino

masses are generated by the higher dimensional operator as given in Eq.(3). The corresponding

neutrino mass matrix is given by Eq.(5) while the mass matrix for the charged leptons is given by

Eq.(4).

For simplicity assume cLi = cL8 i. For cL < 0.5 the mass matrix in Eq.(5) becomes

m⌫ = 0
v2sin2(�)

2✏⇤
(1� 2cL) (14)

It is clear that cL ⇠ �4 is required to get neutrino masses O(0.04) eV for a warp factor for ✏ ⇠ 10�2.

As cL increases, beyond 0.5, this formula is no longer valid, the neutrino masses become smaller

and hence do not fit the neutrino mass data with O(1) Yukawa couplings. Thus a mildly negative

cL should be able to fit the data without large inconsistencies.
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A second enhancement can also come from the 0, which is the corresponding O(1) Yukawa.

With this in mind, we enhance the range of the scanning of the Yukawa couplings from 0.08 to 4

to 0.08 to 10. This would help us to accommodate cL values close to ⇠ �1. The final scanning

ranges we have chosen are: the doublets (cLi) are varied between -1.5 and 0.5, while the charged

singlets were scanned between 0 and 4. The region of c values which give a good fit to leptonic

masses, i.e, satisfying the constraint 0 < �2 < 10, is presented in Table[IV]. The plots for these

ranges of c values are presented in Figs.(2) in Appendix A.

TABLE IV: Ranges for scanned regions of the bulk leptonic parameters for the LLHH in the SM case which

satisfy 0 < �2 < 10.

parameter range parameter range

cL1 [ -1.5,-1.15] cE1 [2.8,4.0]

cL2 [-1.5,-0.97] cE2 [1.8,2.4]

cL3 [-1.5,-1.22] cE3 [1.2,1.69]

(b)Dirac type Neutrinos

The case of Dirac neutrinos is interesting possibility though it requires imposition of a global lepton

number conservation7. The running of the neutrino masses from the weak scale to high scale is

di↵erent in this case. However with a normal hierarchy of neutrinos and low tan� the di↵erences

are insignificant[49, 50].

Assuming that there is not much of a di↵erence for normal hierarchy, we choose the following

scanning range for the c parameters. The doublets (cLi) and charged lepton singlets (cEi) are

scanned within the range -1 to 4.5, while the neutrino singlets were scanned in the range 3.5

to 9. Such a large value of the bulk mass parameters for the singlets is needed to suppress the

corresponding neutrino masses su�ciently. The O(1) Yukawa parameters were varied between

0.08 and 4. Comparing the results of Dirac neutrino mass fits with that of the weak scale RS

models,[30], we find that the cN are roughly a factor 7� 8 larger compared to the cN at the weak

scale. This is purely because of the weaker warp factor we are considering in the present case.

Increasing the range of the O(1) Yukawa parameters would only make things worse. The ranges

for the c values corresponding to SM fits with Dirac neutrinos case are presented Table[V]. The

7 In fact, it is possible to hide lepton number violation in this case through a careful location of the right handed
fermion fields [48]. We will not consider this case here.
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Results for MSSM 

TABLE VII: Mixing angles for the quarks and leptons at GUT scale with supersymmetry for tan� = 10

mixing angles(CKM) Mixing angles (PMNS)

✓12 = 0.226+0.00087
�0.00087 ✓12 = 0.59+0.02

�0.015

✓23 = 0.0415+0.00019
�0.00019 ✓23 = 0.79+0.12

�0.12

✓13 = 0.0035+0.001
�0.001 ✓13 = 0.154+0.016

�0.016

1. Quark Case

The range chosen for the scan are the same as that for the SM case i.e. �2 < cQ1,Q2 < 4,

�3 < cQ3 < 1 for the doublets. �2 < cd1,d2,d3 < 3.5, for the down type singlets and �2 < cu1,u2 < 4,

�4 < cu3 < 1 for the up type singlets. The regions of c parameter space which satisfy the constraint

of 0 < �2 < 10 for the chosen scanning range are shown in Fig.(4) in Appendix B and the ranges

are outlined in Table[VIII].

TABLE VIII: Ranges for the scanned regions of bulk hadronic parameters which satisfy 0 < �2 < 10 for the

supersymmetric case.

parameter range parameter range parameter range

cQ1 [-0.16,3.12] cD1 [-0.5,4] cU1 [-1.6,4.0]

cQ2 [-1.32,2.34] cD2 [-1.9,2.5] cU2 [-2,2.4]

cQ3 [-3,1] cD3 [-2,1.7] cU3 [-4,1.0]

2. Leptonic case

Similar to the SM scenario two cases of neutrino mass generation are considered. The GUT

scale input values for the �2 is given in Table[VI] and [VII].

(a)LLHH case

The results of the scan of the LLHH case is very similar for both the SM case and the supersym-

metric case. The expression for the neutrino mass matrix is given in Eq.(12). For the neutrino

sector we allow the O(1) Yukawa coupling to vary between -10 and 10 with a minimum of 0.08

while that for the charged leptons are varied between -4 and 4 with a minimum of 0.08. The

14

doublets were scanned between -1.5 and 0.5 while the charged singlets were scanned between 0 and

4. The ranges for the c parameters for the LLHH case for the chosen scanning range satisfying the

constraint 0 < �2 < 10, is presented in Table[IX] and the plots for the c values are presented in

Figs.(5) in Appendix B.

TABLE IX: Ranges for scanned regions of the bulk leptonic parameters for the LLHH scenario in the

supersymmetric case which satisfy 0 < �2 < 10.

parameter range parameter range

cL1 [ -1.5,-0.22] cE1 [2.6,3.7]

cL2 [-1.5,0.08] cE2 [2.0,2.57]

cL3 [-1.5,0.04] cE3 [1.1,1.8]

(b)Dirac Neutrinos

The expression for the mass matrix for the all the leptons is given by Eq.(10) The scanning

range for the c values of all the doublets and charged lepton singlets was in the range -1 to

4.5, while the neutrino singlets were scanned in the range 3.5 to 9. The magnitude of O(1)

Yukawa parameters were varied between 0.08 and 4. The regions of the c parameters satisfying the

constraint 0 < �2 < 10 for the scanned ranges are presented in Table[X]. The ranges are presented

in Fig.(6) in Appendix B.

TABLE X: Ranges for the scanned regions of the bulk leptonic parameters for the Dirac case with super-

symmetry which satisfy 0 < �2 < 10 for the supersymmetric case.

parameter range parameter range parameter range

cL1 [ -1,2.6] cE1 [-0.86,3.46] cN1 [5.68,8.9]

cL2 [-0.99,2.21] cE2 [-1,2.24] cN2 [5.67,8.99]

cL3 [-1,1.54] cE3 [-1,1.49] cN3 [5.64,8.99]

To summarize, on comparing the SM and the SUSY fits, we find that within a given generation,

the fields have a tendency to be localized slightly towards the IR for the SUSY case than for the

SM case. This e↵ect is more pronounced in the down sector and increases with tan�. A comparison

between the fits for the SM case and the SUSY case for tan� = 10 and 50 are presented in Figs.[7]

in Appendix C. The underlying features of the fit in which the first two generations including the

neutrinos are elementary from the ADS/CFT point of view while the third generation fermions
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Example Point TABLE XIV: Soft spectrum for Dirac case: msusy = 1.05 TeV, mg̃ = 2.65 TeV, µ = 4.32TeV, tan� = 25

Parameter Mass(TeV) Parameter Mass(TeV) Parameter Mass(TeV) Parameter Mass(Tev) Parameter Mass(TeV)

t̃1 0.702 b̃1 2.06 ⌧̃1 0.480 ⌫̃⌧ 0.570 N1 0.465

t̃2 2.31 b̃2 2.32 ⌧̃2 0.802 ⌫̃µ 0.624 N2 0.928

c̃R 2.25 s̃R 2.36 µ̃R 0.608 ⌫̃e 0.625 N3 4.26

c̃L 2.45 s̃L 2.45 µ̃L 0.902 - - N4 4.26

ũR 2.25 d̃R 2.36 ẽR 0.610 - - C1 0.894

ũL 2.45 d̃L 2.45 ẽL 0.903 - - C2 4.32

mA0 4.18 m±
H 4.18 mh 0.1235 mH 3.96 - -

TABLE XV: Low energy �0s for the Dirac Case corresponding to the point in Eq.(25) for Dirac case evaluated

for m̃q = 2.1TeV and m̃l = 0.7 TeV

(ij) |�QLL| |�LLL| |�DLR| |�ULR| |�DRL| |�URL| |�DRR| |�ERR| |�URR|
12 0.0003 10�6 10�10 10�8 10�8 10�5 10�7 10�7 0.00005

13 0.01 0.007 10�8 10�8 10�5 0.002 10�6 10�4 0.06

23 0.06 10�4 10�6 10�5 10�5 0.01 10�4 0.0006 0.001

V. OUTLOOK

The Randall-Sundrum framework is typically considered to be the geometric avatar of the

Froggatt-Nielsen models. In the present work, we have considered a warped extra dimension close

to the GUT scale. We fit the quark masses and the CKM mixing angles and determined the range

of the c parameters which give a reasonable �2 fit. The O(1) parameters associated with the

Yukawa couplings have also been varied accordingly. Though the top quark Yukawa is smaller at

the high scale compared to the weak scale, it is still large enough that one requires a large negative

bulk mass parameter for the right handed top quark. For the leptons, we considered two particular

models for neutrino masses (a) with Planck scale lepton number violating operator and (b) Dirac

neutrino masses.

The results show that there is a significant di↵erence in the RS models at the weak scale and

the RS models at the GUT scale especially if one focuses on the neutrino sector. In the weak scale

models, the Planck scale lepton number violating higher dimensional operator was very hard to
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Dirac case m3/2 = 800 GeV;M1/2 = 1200 GeV
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to appear Higgs fields localisation has now choices
Bulk Higges and Unification  

1) Both at UV 

2) Both at IR 

3) H_up at UV and H_down at IR


4) H_down at UV and H_up at IR  

wave functions of fermion fields

wave functions of Higgs fieldslot of freedom ? …but 



Unification conditions on RS 

Unification of the gauge couplings leads to strong 
constraints on bulk mass parameters

E. Dudas et.al, JHEP 1012  
(2010) 015

Higgs fields and spurion fields in the bulk. 

are related to 



only the overlap region is valid

Table[IV] we give a representative example of c values which satisfy both the fermion mass fits as

well as the unification conditions upto the second decimal place. Fig.[4] represents the plot of
P

i li

and
P

ei evaluated from both the leptonic fits as well as the hadronic fits using Eq.(6)

Hadron Lepton

parameter Value parameter Value parameter Value parameter Value parameter Value

cQ1 -2.3225 cD1 3.2696 cU1 3.0093 cL1 0.5000 cE1 3.4333

cQ2 -1.0980 cD2 2.8534 cU2 1.8657 cL2 0.4990 cE2 2.2879

cQ3 -0.0422 cD3 1.7136 cU3 1.2515 cL3 -1.5000 cE3 1.0803

TABLE IV: Example point of the bulk mass parameters which satisfy both fermion mass fits and unification

condition for Configuration 3.

FIG. 4: The plot represents the regions corresponding to Configuration 4. Black region represents the
P

li,
P

ei evaluated from the leptonic fits. Green region represents the same region evaluated from hadronic

fits using Eq.(6) hu = hd = 3 is chosen for the plot.

4)bu = 4and bd = 0 corresponding to Hu localized near the IR brane and Hd localized near

the UV brane. This configuration is similar to Configuration 3 as the requirement of localizing

the doublets and the singlets away from each other applies to this as well. In Table[V] we give a

representative example of c values which satisfy both the fermion mass fits as well as the unification

conditions upto the second decimal place.

We now proceed towards determining the low energy supersymmetric spectrum for each of the

four configurations.
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non tachyonic sources

SUSY breaking 

Bulk parameter 

all flavour dependent 



FIG. 7: Running of absolute � for the leptonic case

while the gaugino mass and the the trilinear couplings are given as

Aijh = m3/2r
1.5�0

ijk⇠UV (ci)⇠UV (cj)⇠UV (ch)

M1,2,3 = m3/2r�
00
1,2,3 (24)

Field Q
1

Q
2

Q
3

D
1

D
2

D
3

U
1

U
2

U
3

c -2.23 -0.15 0.28 -7.43 -1.40 -0.3 -0.99 -0.89 1.51

m2

non-tach

50.7 1017.91 3.24⇥ 103 0 0.11 501.1 -0.01 -58.42 578.81

m2

tach

�10�4 -5367.44 �1.06⇥ 105 0 -0.19 �1670.3 -6.2 -14.27 �2.93⇥ 106

TABLE XII: The tachyonic and the non-tachyonic contributions for the hadronic sector with UV localized

SUSY breaking field with r = 0.3. All O(1) parameters are assumed to be 1 and m
3/2 = 1200 GeV. All

masses are in GeV 2.

The boundary conditions in Tables [XII],[XIII] and [XIV], which correspond to all the O(1)

parameters equal to 1 leads to a spectrum which is tachyonic. Arguments similar to the case

with a bulk wherein non-universal Higgsinos are necessary apply to this case too. In order to get

a acceptable low energy spectrum for these choice of c parameters, O(1) parameters which are

chosen to be di↵erent from 1 are given below:

M̂1 = 3 ; M̂2 = 4 ; M̂3 = 4 ; Âu
3,3 = 0.5 ; m̂Hu = 0.5 ; m̂Hd = 2.5 (25)
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to appear 

lightest supersymmetric particle (LSP). The one loop beta function for the slepton is dominated

by the M1 contribution in addition to the hypercharge D term contribution which is proportional

to S given as

S = m2
Hu

�m2
Hd

+ Tr
�
m2

Q � 2m2
U �m2

L +m2
D +m2

E

�
(21)

If S is positive, the contributions due to M1 and S go in opposite directions which has a tendency

to decrease the slepton mass further. S can be made negative by choosing the Higgsino mass to be

non-universal at the high scale. The choice for the O(1) parameters for the Higgsino mass is given

in Table.[20]. Note that M1 is less than M2,3 so as to keep the neutralino, which is predominantly

Bino like in this case, to be the LSP. Corresponding to the c parameters in Tables[VI] and VII, the

low energy spectrum is given in Table[IX]. We find that the squark spectrum and the gluinos are

very heavy while the sleptons are light. The heaviness in the hadronic sector can be attributed to

a large M3 at the high scale.

TABLE IX: Soft spectrum corresponding where the SUSY breaking field is in the bulk: msusy = 2.55 TeV,

mg̃ = 3.56 TeV, µ = 2.36TeV, tan� = 25

Parameter Mass(TeV) Parameter Mass(TeV) Parameter Mass(TeV) Parameter Mass(Tev) Parameter Mass(TeV)

t̃
1

2.24 b̃
1

2.94 ⌧̃
1

0.35 ⌫̃⌧ 0.56 N
1

0.171

t̃
2

3.01 b̃
2

3.01 ⌧̃
2

0.65 ⌫̃µ 0.82 N
2

1.37

c̃R 2.90 s̃R 3.12 µ̃R 0.82 ⌫̃e 0.89 N
3

2.37

c̃L 3.24 s̃L 3.24 µ̃L 0.95 - - N
4

2.37

ũR 2.90 d̃R 3.12 ẽR 0.82 - - C
1

1.33

ũL 3.24 d̃L 3.24 ẽL 0.95 - - C
2

2.36

mA0 4.79 m±
H 4.79 mh 0.119 mH 4.83 - -

TABLE X: High scale (MGUT ) �0s for squark and slepton sector corresponding to the spectrum in Eq.(??)

(i,j) |�QLL| |�LLL| |�DLR| |�ULR| |�DRL| |�URL| |�DRR| |�URR| |�ERR|
12 .41 0.0005 10�9 10�8 10�8 10�4 0.01 0.02 0.07

13 .75 0.0005 10�9 10�8 10�5 10�4 0.03 0.006 0.009

23 .29 0.27 10�6 10�3 10�4 0.001 0.13 0.18 0.20

The presence of flavourful soft masses can potentially lead to large flavour violation. Constraint

on the model due to upper bounds on various rare processes can be parametrised in terms of the

flavour violating parameter � defined as

�ij =
m̃2

ijq
m̃2

i m̃
2
j

i 6= j (22)
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GUT scale flavour violation 

TABLE XI: Weak scale �0s for squark and slepton sector corresponding to the spectrum in Eq.(??)

(i,j) |�QLL| |�LLL| |�DLR| |�ULR| |�DRL| |�URL| |�DRR| |�URR| |�ERR|
12 10�5 10�7 10�14 10�15 10�13 10�9 10�9 10�6 10�5

13 0.0004 10�5 10�13 10�10 10�9 10�6 10�6 10�5 10�4

23 0.004 10�2 10�11 10�7 10�9 10�5 10�5 0.08 10�2

where the soft mass matrix m̃ is evaluated in the basis in which the down sector is diagonal.

Figure[6] and [7] shows the running of the hadronic and the leptonic � computed for the spectrum

in Table[IX]. Due to the smallness of the diagonal elements, � are O(1) at the high scale. The RG

runnning of the diagonal elements however, suppresses these parameters to much smaller values.

FIG. 6: Running of absolute value of � for the hadronic case

B. UV brane localized SUSY breaking field

The non-tachyonic soft masses in this case are given as

m2
ij = m2

3/2r�ij⇠UV (ci)⇠UV (cj)⇠ch

(23)
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weak scale flavour violation 
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Outlook 

Flavour puts strong constraints on New Physics models.  

At the same time, it is also very useful in “solving”

 various problems in new Physics models.    

Flavour violation remains the strongest “indicator”

of new physics probing scales sometimes higher 


than that of LHC 


