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FN models and RS 

U(1) Charges  Bulk Masses 

Additional Conditions 

Green Schwarz conditions

Anomalies should be 
cancelled, which leads to 
very strong constraints

Unification of the gauge 
couplings leads to strong 

constraints on bulk masses
E. Dudas et.al, JHEP 1012  

(2010) 015

If one doesn’t consider unification, 
reasonably relaxed framework 

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

fitting both O(1) as well 
bulk masses
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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 

Buras, Neubert, 
Shafi, Huber, Agashe, 
Grossman, Soni, etc

LHLH : very large bulk masses, 10^6 M_Planck  
Dirac : strong flavour constraints 

Majorana  : strong flavour constraints 

Iyer & Vempati,  PRD 2012

MFV ideas 
Perez, Randall, M. C. Chen etc..
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Randall Sundrum at GUT scale

K. Choi et.al, Eur. Phys C 35 (2004) 267

F. Brummer et.al, JHEP 1112 (2011) 061
E. Dudas et.al, JHEP 1012  (2010) 015
Nomura et. al JHEP 0807 (2008) 055 ,

kR⇡ ⇠ O(1)

Planck GUT

fermions

Higgs
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•  RS as a theory of flavour at GUT scale

• Fit the fermion masses in SUSY and non-
SUSY models

• Two cases for Neutrino Masses : Dirac and 
Planck scale Lepton number violation

• An interesting SUSY scenario where fermion 
hierarchy  determines sfermion mass 
structure. 
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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 -

13

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
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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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Structure of Soft terms

flavourful SUSY
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Nomura et.al
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weak scale spectrum
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third generation

first two generations
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weak scale spectrum
(slepton mass squared) 

third generation

first two generations

focussing feature similar to other flavour models 
Perez, Ramond, Zhang, arxiv: 1209.6071
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flavour constraints

leptonic sector
is well within the

bounds
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hadronic flavour constraints
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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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Summary

Randall Sundrum is considered as a theory of
flavour only, between Planck and GUT scale.

The framework is good for lepton mass fitting,
and also for GUTs. 

Supersymmetry can be a solution of hierarchy 
problem at low scales. 

The nature of soft terms is like 
“Flavourful Supersymmetry”  if
SUSY broken on the GUT brane.
Viable spectrum at weak scale. 
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