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A brief review on RS models

Modifications due to 
constraints from precision data

RS models at the GUT scale

Collider searches for heavy 
KK gluons

Custodial RSdeformed RS
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2 = e

�2ky
⌘µ⌫dx

µ
dx

⌫ + dy

2

Randall Sundrum Model
S1/Z2 compactified

Hierarchy 
problem Solved!!

Mew = e�kLMPl

effective 4D scale depends on the position in 
the bulk 

One Fundamental gravity scale!!

Solution to the Yukawa hierarchy problem 
#win

Randall, Sundrum ‘99
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Fermions in RS

Bulk femionic lagrangian in a warped background is written as 

where � = k|y|. Expanding the bulk field as 

Gherghetta, Pomarol

2 Bulk Fermion and Localization of Zero Mode

The five-dimensional Lagrangian for a free massless fermion Ψ(x, y) can be written

as

e−1Lfermion = Ψ iΓA eA
A
(
∂A +

1

8
ωA

B C
[
ΓB, ΓC

])
Ψ , (4)

where eA
A is the inverse of the fünfbein, and the gamma matrices in five-dimensions

are given by ΓM = (γµ, iγ5), satisfying {ΓM , ΓN} = 2ηM N = 2diag (+,−,−,−,−).

In the RS background (1), which respects the four-dimensional Poincaré invariance,

only non-vanishing component of the spin connection ωA
B C is given by

ωµ
ν 5 = − eµ

ν e5 5∂5σ = + e−σσ′ δµ
ν , (5)

where σ′ = ∂5σ. Therefore we obtain

Lfermion = e−3σΨ
[
iγµ∂µ − γ5 e−σ (∂5 − 2σ′)

]
Ψ (6)

= e−
3

2
σΨ

[
iγµ∂µ − γ5 e−σ

(
∂5 −

1

2
σ′
)]

e−
3

2
σΨ .

Interestingly, the mass operator γ5 e−σ (∂5 − 2σ′) for Ψ receives such a piece from

the spin connection that has a kink profile with a gap

∆σ′
i ≡ σ′(yi + 0) − σ′(yi − 0) =

2Vi

24M3
5d

, (7)

where Vi is a tension of the brane located at y = yi. To pursue an analogy with

domain wall fermion [17] is another motivation to consider the bulk fermions in the

RS background.

Before going into any details, let us first consider the fermion zero mode Ψ(x, y) =

Ψ0(x) e3σ(y)/2 ζ̂(y) with iγµ∂µΨ0(x) = 0, where a factor e3σ(y)/2 brings the kinetic term

in Eq. (6) into the canonical form. By solving the five-dimensional Dirac equation,

we find that the zero mode is localized near the brane with a negative tension V1 < 0 ;

ζ̂(y) = ζ̂(πrc) e−
k

2
|πrc−y| . (8)

We should remark that our mechanism for localizing fermion zero modes quite resem-

bles many earlier attempts [18, 2, 17, 19] which utilizes a kink background induced

3

 (x, y) =
1p
⇡R

X

n

h
 

(n)
L (x)f (n)

L (y) +  

(n)
R (x)f (n)

R (y)
i

5D theory is  non-chiral

But
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How do we reproduce 
 chiral SM ?

Z2

 =


 L(+)
 R(�)

�
even  -massless zero mode

odd -no zero mode

Zero mode for the Z2 even field say f
(0)
L satisfies

Introducing a bulk mass term m1/2 = c�0 = ck modifies the solution to

Split fermions in RS

Introduce bulk masses for fermions mi = cik

The zero mode solution now becomes

f
(0)
L = Ne(0.5�c)�(y) (1)

Thus c > 0.5 (c < 0.5) the zero modes are localized towards
y = ⇡R (y = 0)

The e↵ective 4D Yukawa coupling are then
Y (4)

= (Y 0
)ije

(1�cL�cE)kR⇡

The higher modes are independent of the value of c and are always
localized twoards the IR brane.

The KK states for any spin field 0, 12and2 are always localized
towards the IR brane

13 / 55

e�� (@y � 2�0) f (0)
L = 0

field re-definitions

Using orthonormality 

Localized profiles!!

f (0)
L = Nek0.5(y�⇡R)

40



Bulk Fields in RS

Two opposite tension branes are located at the two fixed points of the orbifold. The space between

the branes is endowed with a large negative bulk cosmological constant making it a slice of AdS. The

presence of brane localized sources of energy results in zero cosmological constant being induced

on the branes. In the original setup A(y) = ky where k is reduced Planck scale. Identifying the

scale of physics on the y = 0 brane as MIR, the e↵ective UV scale induced at the y = ⇡R brane

owing to geometry is given as

MIR = e�kR⇡k (16)

where R is the compactification radius. Choosing kR ⇠ 12, will result in MIR ⇠ 200 GeV owing

to large exponential warping. Any radiative instability to the masses of fundamental scalars in the

theory can be warped down to the electroweak scale thus solving the gauge hierarchy problem. In

the original setup, with the exception of gravity all the SM fields were localized on the brane at

y = y1 = ⇡R also referred to as the IR brane. Here we consider a generalization of the original

setup where particles of all types of spin are allowed to propagate in the bulk.

A bulk field  s(xµ, y) with spin s can be expanded in the KK basis as follows:

 s(xµ, y) =
1p
⇡R

1X

n=0

 (n)
s (xµ)f (n)

s (y) (17)

The zero modes for the fields are identified as the SM fields. While the zero mode for the gauge

bosons are flat at leading order, the ones for the scalars and the fermions are controlled by the

brane and bulk mass terms respectively. They are parametrized as ms
brane = bk and mf

bulk = ck

where b, c are dimensionless O(1) quantities. The normalized profiles for the fields are given as

f
(0)
0 (b, y) =

s
2(b� 1)kR⇡

e2(b�1)kR⇡ � 1
e(b�1)ky

f
(0)
1/2(c, y) =

s
(1� 2c)kR⇡

e(1�2c)kR⇡ � 1
e(0.5�c)ky

f
(0)
1 (y) = 1 (18)

where the normalization conditions are given as

1

⇡R

Z ⇡R

0
(f (0)

s (y))2dy = 1 (19)

c < 0.5 and b > 1 (c > 0.5 and b < 1 ) correspond to the fields being localized towards the IR(UV)

brane respectively. The KK modes of all fields are however localized near the IR brane. We note

here that while the profiles of the gauge boson fields are flat at leading order, it receives corrections

9

The normalised zero mode profiles are given as

SM 
fields!! 

Gherghetta, Pomarol  ‘00

Like the `c’ parameter, the `b’ parameter for the scalar field controls localisation 
of its zero mode in the bulk

limit b         is the TeV brane localised limit! 1
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c>0.5

Higgs

Gauge Boson

c<0.5

y

f(y
,c
)

UV IR

SM Couplings are 
given by the 

`overlap’ of these 
profiles: 

Y (4) = Y (5)

Z ⇡R

0
dy f (0)

0 (b, y)f (0)
1/2(cL, y)f

(0)
1/2(cR, y)

Yukawa 
hierarchy 
solved!!
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Massive KK modes spoil the party!!

KK modes of all fields are localised near the IR brane

Mixing of SM states (zero modes) with massive KK states 
can give rise to potentially large contributions to various 

observables  
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Higgs

Gauge KK
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y

f
Higgs (vev) and first gauge KK mode

Large 
overlap!! 

Not good.
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SM gauge states 
mix with their KK 

counterparts.

Mixing through Higgs  
vev.

Higgs and the KK 
modes localised  
near IR brane!!

The bads of the old RS: T parameter

Gauge KK modes are 
localized near the IR 

brane

Large mixing with the 
Z and W zero modes 
through the Higgs

Large T parameter

Large T parameter!!
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The fermion coupling 
to the gauge bosons 

also get modified

Also induced due to 
mixing of gauge boson 
with corresponding KK 

states

The bads of the old RS: S parameter

Light fermions are 
localized near the 

UV brane

Constant (non-zero) 
couplings to Gauge 
Boson KK modes

Can be reabsorbed 
into a (moderate)  

S parameter

light fermions

If all fermions near UV 
brane-universal 

corrections to the 
gauge couplings-S 

parameter 

FIG. 13: Coupling of two zero mode fermions to Z1 as a function of bulk mass parameter [? ].

depends on the values of DL,R and other parameters. We have not considered these graphs in the

present work. We note that for a fairly degenerate bulk doublet masses, (cLi), the combination of

the matrices which enter in these graphs are aligned with the zero mode mass matrix for charged

leptons. The best parameter space does contain such regions where all the cLi are degenerate.

We found several examples of that kind. Another potential problem with the highly localized

IR charged singlets, is the shift in the universal coupling constant gR. This could e↵ect Z ! ll

branching fractions. Models with custodial symmetries or very heavy KK gauge bosons could avoid

this problem. We have not addressed this issue here.

Finally, contribution to lj ! li� due to loop diagrams of the form in Fig.[20] are heavily

suppressed owing to the heavy KK mass scales corresponding to the charged singlets. The corre-

sponding masses are in shown in Table[II]. Additionally, the large e↵ective 4-D Yukawa couplings of

the charged singlets to the KK modes make it di�cult to apply techniques of perturbation theory

to calculate graphs like those in Fig.[12,19].

D. Constraints on Dirac Neutrinos

The Dirac case gives a good fit to the leptonic data for a reasonable choice of O(1) parameters.

However, the parameter space is strongly constrained from flavour considerations. In the parameter

space of interest the dominant contribution to tree-level decays comes from Fig.[11]. The parameter

space of the bulk doublets and charged singlets consistent with tree level contribution is shown

in Fig.[15]. The lightest MZ(1) mass required to satisfy all constraints from tree-level processes

⇠ 1.9 TeV. Fig.[15] shows the points within the best fit parameter space consistent with all

constraints from tree-level processes. As can be seen from the figure, very few points pass the

31
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But Wait!! What 
about top mass?

The top doublet and the 
singlet must be localised 

close to Higgs

Large overlap of the 
doublet with the KK  

states 

Contributions to Zbb!!

The bads of the old RS: Zbb coupling

Top (bottom) zero 
modes are localized 
near the IR brane

Large gauge and Yukawa 
couplings to GB and 
fermion KK modes

Large anomalous 
Zbb coupling
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Input observables

mZ 91.1876(21) GF 1.1663787(6)⇥ 10�5

↵(mZ) 7.81592(86)⇥ 10�3 mt(mt) 173.20(87)

↵s(mZ) 0.1185(6) mH 125.9(4)

Output observables

mW 80.385(15) �Z 2.4952(23)

�had 41.541(37) Re 20.804(50)

Rµ 20.785(33) Rtau 20.764(45)

Rb 0.21629(66) Rc 0.1721(30)

sin2✓e 0.23153(16) sin2✓b 0.281(16)

sin2✓c 0.2355(59) Ae
FB 0.0145(25)

Ab
FB 0.0992(16) Ac

FB 0.0707(35)

Ab 0.923(20) Ac 0.670(27)

TABLE I: Experimentally measured central values for the input and output observables along with the

Standard Deviation[41–43]

Input observables

mZ 91.1914 GF 1.1663784⇥ 10�5

↵(mZ) 7.816714⇥ 10�3 mt(mt) 173.34

↵s(mZ) 0.119073 mH 125.405

Output observables

mW 80.366 ±0.005 �Z 2.4957±0.0006

�had 41.472 ±0.04 Re 20.7427±0.03

Rµ 20.7428±0.03 Rtau 20.7897 ±0.03

Rb 0.215822 ±0.00005 Rc 0.17209±0.000007

sin2✓e 0.23161 ±0.000002 sin2✓b 0.2329±0.00001

sin2✓c 0.2315±0.000002 Ae
FB 0.0160±0.000004

Ab
FB 0.1025±0.00002 Ac

FB 0.0732±0.00001

Ab 0.9346±0.00005 Ac 0.6675±0.000008

TABLE II: Best fit values for the input and output observables for the SM fit with �2
min = 24.54

where ⇣i({Ôk0}, NP ) ⌘ �NP Ôth
i ({Ôk0},NP )

Ôref
i

parametrizes the relative contribution to the ith observable

due to higher dimension operators. Using Eq.(7), Eq.(10) can be written as

�NP Ôth
i ({Ôk0}, NP ) =

X

i0

cii0�Ô
SM
i0 + ⇣i

= =
X

i0

cii0�Ô
th
i0 + �̄NP Ôi (11)

6

Global fit

II. EXPANSION FORMALISM AND THE SM

In this section we briefly review the expansion formalism of [38] which we use for our analysis.

There are numerous observables in the Standard Model whose values have been very well measured.

These observables are in general a function of the following lagrangian parameters:

pk0 ⌘ {gi, yt, v,�} (1)

where gi are the gauge couplings, yt is top quark Yukawa coupling, v is vacuum expectation value

(vev) and � is the quartic coupling. These parameters are referred to as the ‘input parameters’.

An ith observable, ÔSM
i in the SM can expressed as a function of these parameters as

ÔSM
i ({pk0}) = Ôref

i +
X

k0

@ÔSM
i

@pk0
(pk0 � prefk0 ) + . . . (2)

where the . . . denote higher orders. {prefk0 } is the set of lagrangian parameters chosen at a reference

value prefk0 at which the evaluated expressions for the SM observables match closely with experiment

and Ôref
i = ÔSM

i ({prefk0 }). Thus the expansion in Eq.(2) is about the reference values prefk0 and pk0

is the allowed deviation about the reference values.

The Lagrangian parameters, however are not measured directly, but are extracted from the

measurements of certain observables. As a result it seems logical to re-express the SM observables

in terms of a few accurately measured observables which will now serve as the input. One such list

of input observables is1

Ôk0 ⌘ {mZ ,mH , GF ,↵(mZ),↵s(mZ),mt(mt)} (3)

In terms of the input observables, Eq.(2) can be re-expressed as follows:

ÔSM
i ({Ôk0}) = Ôref

i +
X

k0

@ÔSM
i

@Ôk0
(Ôk0 � Ôref

k0 ) + . . . (4)

where Ôref
k0 is the experimentally measured central value of the input observable and Ôk0 quantifies

the deviation from the central value. Thus the deviation in ÔSM
i can be expressed in terms of

experimental deviation of the input observables from their central values. The relative deviation

can be defined as

�̄SM Ôi({Ôk0}) =
ÔSM

i ({Ôk0})� Ôref
i ({Ôref

k0 })
Ôref

i

(5)

1 A subset of these observables can be used to ‘determine’ the input parameters.

4

{

{
Input

Output

Wells, Zhang ‘14
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where �̄NP Ôi = ⇣i �
P

i0 cii0⇣i0 . Here the superscript ’th’ denotes SM in addition to new physics.

Note that from Eq.(6), the matrix of co-e�cients cik0 is a unit matrix for the input observables

i.e. ci0k0 = �i0k0 . Thus any new physics e↵ects to the input observables are adjusted such that

the net shift is zero, which is apparent in Eq.(11). This adjustment is however propagated in the

evaluation of the output observables through Eq.(11).

In many scenarios, new physics is such that their dominant contribution to the various SM

observables is only through the self energy corrections to the various gauge boson propagators

given below:

⇡↵� ⌘ {⇡ZZ ,⇡
0
ZZ ,⇡�Z ,⇡

0
�� ,⇡WW ,⇡0

WW } (12)

The primed quantities denotes di↵erentiation with respect to q2, where q is the four momentum.

Note that the corrections to the fermion coupling to the gauge bosons are universal. In this case

the new physics contribution to the input observables in Eq.(11) can be re-expressed as

�NP Ôth
i =

X
bi,↵��

NP⇡↵� (13)

where it is understood that the sum extends over the list in Eq.(12) while the co-e�cients b↵� are

evaluated in [38].

In such models the corrections to the gauge boson propagators can be encoded in oblique

parameters S and T 3 [3, 47]. These oblique parameters are related to the new physics e↵ects to

the self energy correction as follows [48];

�NP⇡ZZ = �↵(mZ)T +
↵(mZ)

2
S

�NP⇡0
ZZ =

↵(mZ)

2
S

�NP⇡�Z = � ↵(mZ)

4sin2✓W
cos2✓W tan✓WS

�NP⇡0
�� = �↵(mZ)

2
S

We use Eq.(13) in Eq.(11) to construct the �2 for the output observables at the Z peak along with

the W mass. Using the results of the analysis in [38], the expression for the �2 statistic defined in

Eq.(9) is given as

�2 = 25.0898 + 1102.39 S2 + 28.746 S � 72.0085 T � 2256.69 ST + 1377.07 T 2 (14)

3 The contribution to U is suppressed as only dimension 8 operators contribute to it

7

The input observables were fixed to their experimentally measured central values while obtaining

the above expression. Using this we obtain the S-T plot in Fig.[1] in which the 68%,95% and 99%

confidence level allowed regions are depicted by red, blue and orange regions respectively.

FIG. 1: The red,blue and orange regions denote the 68%,95% and 99% confidence level allowed regions in

the ST parameter space.

For a particular model of new physics, the oblique parameters S,T depend on the model param-

eters. A given set of model parameters is valid only if the corresponding S,T observables computed

for that set lie at least within the orange ellipse in Fig.[1]. Thus a very small contribution, for

example to the S parameter would necessitate T to also be very small so as to lie within the bottom

left portion of the ellipse. However an increasing S can admit larger values of the T parameter

corresponding to moving towards the top right portion of the ellipse. Thus we can use Fig.[1]

to constrain the model parameters. We now use this analysis to obtain constraints on various

Randall-Sundrum models.

IV. RANDALL-SUNDRUM MODELS

Randall-Sundrum model is a model of a single extra-dimension compactified on an S1/Z2 orb-

ifold [1]. The five dimensional gravity theory is defined by the following line element:

ds2 = e�2A(y)⌘µ⌫dx
µdx⌫ � dy2 (15)

8

New Physics

‘Universal’ effects can be captured by S and T parameters

Construct a chi-sq for all the SM observables including NP
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condition. They are given as

↵hh =

Z
e2A(y)

✓
⌦h � y

y1

◆2

↵hf =

Z
e2A(y)

✓
⌦h � y

y1

◆✓
⌦f � y

y1

◆

↵ff =

Z
e2A(y)

✓
⌦f � y

y1

◆2

(23)

where ⌦f,h(y) =
1
y1

R y
0 dyf2

f,h(y) and the profiles f 0s are given by Eq.(18) For the case where the

fermions are localized on the UV brane ⌦f = 1. These co-e�cients are a function of the localization

of the zero mode of the fermionic and the Higgs field. For a fixed KK scale, the co-e�cients increase

as the fields move closer to the IR brane due to larger overlap of the zero mode with the KK modes.

For the oblique T parameters, the co-e�cient ↵hh, also contributes in addition to ↵hf,ff . Owing

to the localization of the Higgs very close to the IR brane, ↵hh will be enhanced as compared to

↵hf,ff , which is smaller as the fermions are closer to the UV brane. As a result in this scenario the

contributions to the T parameter is large. In this case the oblique observables primarily depend

on two parameters:

a) The localization parameter b for the bulk Higgs field.

b) First KK scale of the gauge boson.

To extract the parameter space of these two parameters which are consistent with the constraints

on the S and T parameters, a scan is performed over the following ranges

b ⌘ [2, 5] ⇤IR ⌘ [1250, 10000] (24)

Fig.[3] shows the 3� region in the b� ⇤IR plane. The first KK mass of the gauge boson is related

FIG. 3: 3� allowed parameter space in the b� ⇤IR plane for regular bulk RS. ⇤IR is in GeV.

to the IR scale as m
(1)
KK ⇠ 2.44⇤IR. We see ⇤IR is lowered as b approaches 2 corresponding to

12

⇤IR ⇠ e�kR⇡MPl

condition. They are given as

↵hh =

Z
e2A(y)

✓
⌦h � y

y1

◆2

↵hf =

Z
e2A(y)

✓
⌦h � y

y1

◆✓
⌦f � y

y1

◆

↵ff =

Z
e2A(y)

✓
⌦f � y

y1

◆2

(23)

where ⌦f,h(y) =
1
y1

R y
0 dyf2

f,h(y) and the profiles f 0s are given by Eq.(18) For the case where the

fermions are localized on the UV brane ⌦f = 1. These co-e�cients are a function of the localization

of the zero mode of the fermionic and the Higgs field. For a fixed KK scale, the co-e�cients increase

as the fields move closer to the IR brane due to larger overlap of the zero mode with the KK modes.

For the oblique T parameters, the co-e�cient ↵hh, also contributes in addition to ↵hf,ff . Owing

to the localization of the Higgs very close to the IR brane, ↵hh will be enhanced as compared to

↵hf,ff , which is smaller as the fermions are closer to the UV brane. As a result in this scenario the

contributions to the T parameter is large. In this case the oblique observables primarily depend

on two parameters:

a) The localization parameter b for the bulk Higgs field.

b) First KK scale of the gauge boson.

To extract the parameter space of these two parameters which are consistent with the constraints

on the S and T parameters, a scan is performed over the following ranges

b ⌘ [2, 5] ⇤IR ⌘ [1250, 10000] (24)

Fig.[3] shows the 3� region in the b� ⇤IR plane. The first KK mass of the gauge boson is related

FIG. 3: 3� allowed parameter space in the b� ⇤IR plane for regular bulk RS. ⇤IR is in GeV.

to the IR scale as m
(1)
KK ⇠ 2.44⇤IR. We see ⇤IR is lowered as b approaches 2 corresponding to

12

Lowest KK modes are decoupled!! 

The culprit: T parameter due to large 
coupling of Higgs to gauge KK modes 

Is there a way to minimize/neutralize this effect? 

Iyer, Sridhar, Vempati ‘15
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Solution # 1

Is it possible to reduce the coupling of the KK modes to the 
Higgs?

The profiles are determined by the background geometry. 
Change the metric? 

29



V. DEFORMED RS MODEL

The expression for the S and T parameters in Eq.(22) can be re-expressed as [34, 35]

↵S = 8cos2✓W sin2✓W
m2

Z

⇤2
IR

1

Z
I

↵T = sin2✓W
m2

Z

⇤2
IR

ky1
Z2

I (27)

where y1 is the position of the IR brane and the dimensionless integral I and Z are defined as

I = k

Z y1

0

⇥
(k (y1 � y))2

⇤
e2A(y)�2A(y1)dy

Z = k

Z y1

0
dy

h2(y)

h2(y1)
e�2A(y)+2A(y1) (28)

h(y) is the profile of the vacuum expectation value and is given as

h(y) = h(y1)e
bk(y�y1) (29)

We find the T parameter is enhanced by the volume factor in addition to being suppressed by

two powers of Z. In RS models where A(y) = ky, Z = 0.5 for b = 2 and becomes smaller as the

Higgs field approaches the IR brane (b ! 1). This results in the enhancement of the T parameter

leading to stringent constraints in the KK scale. As a result, the authors in [34–36] considered an

alternative solution by considering modification of the line element in Eq.(15) where A(y) is now

given as

A(y) = ky � 1

⌫2
log(1� y

ys
) (30)

Note that ⌫ ! 1 results in RS limit. A consequence of this metric is that the singularity at the IR

brane is shifted outside the patch between IR and UV brane at ys = y1+�. � is the distance of the

singularity from the IR brane. For the case where the hierarchy problem is solved i.e. A(y1) ⇠ 36,

the position of the IR brane in the bulk y1 is a function of ⌫,�. Smaller ⌫ will in general result

in a smaller volume factor y1 and helps in ameliorating the constraints on the KK mass from the

T parameter. Additionally as noted in [34, 35] this setup results in large values of Z for certain

choices of parameters ⌫,�, b which help in reducing the KK scales so as to be within the reach of

LHC.

As before we perform an analysis to determine the parameter space of the b � ⇤IR plane. We

choose two sets of (⌫,�) as follows:

a) ⌫ = 0.8 and � = 1.This corresponds to y1 = 30.60/k so that A(y1) ⌘ 36

b) ⌫ = 1 and � = 0.1.This corresponds to y1 = 30.28/k so that A(y1) ⌘ 36

15

V. DEFORMED RS MODEL

The expression for the S and T parameters in Eq.(22) can be re-expressed as [34, 35]
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Z
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⇤
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bk(y�y1) (29)

We find the T parameter is enhanced by the volume factor in addition to being suppressed by

two powers of Z. In RS models where A(y) = ky, Z = 0.5 for b = 2 and becomes smaller as the

Higgs field approaches the IR brane (b ! 1). This results in the enhancement of the T parameter

leading to stringent constraints in the KK scale. As a result, the authors in [34–36] considered an

alternative solution by considering modification of the line element in Eq.(15) where A(y) is now

given as

A(y) = ky � 1

⌫2
log(1� y

ys
) (30)

Note that ⌫ ! 1 results in RS limit. A consequence of this metric is that the singularity at the IR

brane is shifted outside the patch between IR and UV brane at ys = y1+�. � is the distance of the

singularity from the IR brane. For the case where the hierarchy problem is solved i.e. A(y1) ⇠ 36,

the position of the IR brane in the bulk y1 is a function of ⌫,�. Smaller ⌫ will in general result

in a smaller volume factor y1 and helps in ameliorating the constraints on the KK mass from the

T parameter. Additionally as noted in [34, 35] this setup results in large values of Z for certain

choices of parameters ⌫,�, b which help in reducing the KK scales so as to be within the reach of

LHC.

As before we perform an analysis to determine the parameter space of the b � ⇤IR plane. We

choose two sets of (⌫,�) as follows:

a) ⌫ = 0.8 and � = 1.This corresponds to y1 = 30.60/k so that A(y1) ⌘ 36

b) ⌫ = 1 and � = 0.1.This corresponds to y1 = 30.28/k so that A(y1) ⌘ 36
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The position of the singularity is

outside the domain of integration!!

The background is AdS 
near the Planck brane.

moving away from the 
Planck brane results in 
departure from AdS 

Smaller bulk volume

y1 < ⇡R k ⌫ chosen such that A(y1) ' 36

Cabrer, Gersdorff, Quiros ‘ 10
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BenchMark kL1 ky1 (ky
s

) ⌫ a M
KK

[TeV]

1 0.3 25 (26.3) 0.55 2.8 2.4
2 0.4 28 (29.6) 0.64 2.5 4.0
3 0.5 30 (31.7) 0.73 2.4 5.2

Table 1: Values of di↵erent relevant model parameters and the corresponding KK mass
scale for the first KK mode of the gauge bosons, M

KK

.

the IR. This reduces the overlapping with the KK gauge boson profiles. In particular,
for the case of the W± and Z KK modes this helps to protect the contributions to the
T parameter without resorting to gauging custodial isospin.

fA1 RSfA1 RS

fA1 MAdS5fA1 MAdS5

wMAdS5wMAdS5

wRSwRS

0.75 0.80 0.85 0.90 0.95 1.00

0

2
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6

8

10

12

yêyIR
Figure 1: Comparison of the first photon KK modes in the RS and MAdS5 scenarios
near the IR (red-dashed and blue-solid lines, respectively). We also compare the Higgs
wavefunctions in both scenarios for a = 2.8 (green-dotted and black dot-dashed lines,
for the RS and MAdS5 profiles, respectively).

Regarding the fermion localizations we follow the results of [23], where the authors
randomly picked 5D quark Yukawa couplings and then fit to the corresponding 4D
Yukawa couplings varying the c-values for a model with ⌫ = 0.5 and k(y

s

� y1) = 1.
For the light families we take the central values obtained from their fit. For the third
family we use a slightly larger value for c(t,b)L , in order to remain consistent with the
Zbb constraints for our value of the KK scale. From Figure 4 right in [23], we choose
to increase its value to 0.39. This is still within 1 � of the best fit value. As can be
deduced from that figure, this also requires readjusting c

bR to reproduce the bottom

7



FIG. 4: Allowed parameter space in the b� ⇤IR plane for deformed metric. ⇤IR is in GeV. The left panel

corresponds to ⌫ = 0.8 and � = 1 while the right panel corresponds to ⌫ = 1 and � = 0.1

For the deformed metric, the ⇤IR is related to the first mkk scale from the following relation[34,

35]

m1
kk ⇠ j0,1

A0(y1)

k
⇤IR (31)

where j0,1 is the first zero of Bessel function J0(x). We scan the b parameter from 2 to 5 and ⇤IR

is scanned from 50 to 587 GeV for case a) while it is scanned from 50 to 120 GeV for case b). The

upper limit on ⇤IR corresponds to a KK mass of ⇠ 3 TeV. From Fig.(4), for the left panel, a lowest

value of ⇤IR = 472.6 GeV is obtained for b=2 which corresponds to a first KK mass of about

2.3 TeV. While for case b) depicted in the right panel of Fig.(4), a lowest value of ⇤IR = 71.10

GeV is obtained again for b = 2. This corresponds to a first KK mass of about 1.7 TeV for the

gauge boson. Thus we see that for certain choices of the metric depending on the values (⌫,�),

the first KK mass of the gauge boson can be below 2 TeV. The fit values for the input and output

observables are given in Table[V]. Case b) o↵ers an advantage over Case a) in terms of being a

less fine tuned model since the ⇤IR for the fit is small. The analysis can be repeated for di↵erent

values of ⌫ and �. For our analysis we fit the top quark mass by cQ3 ⇠ 0.475 and ct ⇠ �1 with a

choice of O(1) Yukawa ⇠ 4.

The localization of the top doublet relatively near the UV brane is to minimize the correction

to the Zbb vertex.

Fine Tuning: Due to the deformation in the metric, the Higgs mass in Eq.(26) can be generalized

to [34, 35, 55]:

m2
H =

2

Z
(mbrane �m0

brane)
⇤2
IR

k
where Z =

Z y1

0

h2(y)

h2(y1)
e�2A(y)+2A(y1) (32)
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values of ⌫ and �. For our analysis we fit the top quark mass by cQ3 ⇠ 0.475 and ct ⇠ �1 with a

choice of O(1) Yukawa ⇠ 4.

The localization of the top doublet relatively near the UV brane is to minimize the correction

to the Zbb vertex.

Fine Tuning: Due to the deformation in the metric, the Higgs mass in Eq.(26) can be generalized

to [34, 35, 55]:

m2
H =

2

Z
(mbrane �m0

brane)
⇤2
IR

k
where Z =

Z y1

0

h2(y)

h2(y1)
e�2A(y)+2A(y1) (32)
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b ⇠ 2 and mKK ⇠ 2.3 TeV
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Introduce a bulk gauge symmetry

New Ideas: custodial symmetry

The T parameter is protected in the SM (at tree level) by a 

global SU(2)R custodial symmetry

Custodial protection of Randall-Sundrum:

Bulk Gauge Symmetry:

Broken by boundary conditions (-,+) to the SM on  the UV 

brane 

Agashe, Delgado, May, 

Sundrum JHEP (03)

SU(2)L ⇥ SU(2)R ⇥ U(1)X

broken to SM

Input observables

mZ 91.1813 GF 1.1663785⇥ 10�5

↵(mZ) 7.81663⇥ 10�3 mt(mt) 173.12

↵s(mZ) 0.119118 mH 126.29

Output observables

mW 80.419 �Z 2.498

�had 41.486 Re 20.7381

Rµ 20.7382 Rtau 20.785

Rb 0.215 Rc 0.171

sin2✓e 0.2314 sin2✓b 0.2328

sin2✓c 0.2313 Ae
FB 0.0162

Ab
FB 0.1032 Ac

FB 0.0737

Ab 0.9346 Ac 0.6679

Model Parameters b 2.00 m1
kk 2.3 TeV

TABLE V: Fit values for the input and output observables for the deformed RS case. b = 2.0006 and

m1
kk = 2.3 TeV is obtained for the fit. ⌫ = 0.8 and � = 1

k are chosen for the fit

For the normal RS case A(y) = ky and Z = 1
2(a�1) , thus reducing to Eq.(26). In comparison to

RS where Z < 1, certain choices of ⌫ and � result in Z > 1 which not only lowers the contribution

to the T paramter in Eq.(27) but also helps in reducing the fine tuning to obtain the Higgs mass.

For instance for the parameters in Table.[V], Z = 2.6, the tuning reduces to 0.018.

VI. CUSTODIAL RS

The custodial Randall Sundrum set up [[30]] contains an enlarged bulk gauged symmetry given

by

SU(2)L ⇥ SU(2)R ⇥ U(1)X (33)

which restores the custodial symmetry in the RS setup for the Higgs potential. The corresponding

gauge bosons are denoted by W 1,2,3
Lµ ,W 1,2,3

Rµ , Xµ with g5L,5R,5X denoting the corresponding five

dimensional gauge couplings. In updating the electroweak constraints in this setup we follow the

notation of [31].

The bulk symmetry is broken down to the Standard Model by considering the following bound-

ary conditions for the gauge fields

W 1,2,3
Lµ (++) Bµ(++) W 1,2

Rµ (�+) Z 0
µ(�+) (34)

17S parameter unchanged but T parameter receives new 
contributions

Agashe, Delgado, May, Sundrum ‘00
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Input observables

mZ 91.1938 GF 1.1663787⇥ 10�5

↵(mZ) 7.81509⇥ 10�3 mt(mt) 173.3499

↵s(mZ) 0.119003 mH 125.40

Output observables

mW 80.347 �Z 2.495

�had 41.471 Re 20.736

Rµ 20.736 Rtau 20.783

Rb 0.215 Rc 0.171

sin2✓e 0.231 sin2✓b 0.233

sin2✓c 0.2317 Ae
FB 0.0155

Ab
FB 0.100 Ac

FB 0.072

Ab 0.934 Ac 0.666

Model Parameters b 2.00 m1
kk 2.88 TeV

TABLE VI: Fit values for the input and output observables. The corresponding RS parameters are b = 2.0004

and m1
kk = 2.9. TeV. ⇤IR is in GeV. The loop contribution to the T parameter ⇠ 0.06

FIG. 5: Left panel shows the b� ⇤IR parameter space when just the treel level computations of S � T are

taken into account. In the right panel, the loop contributions to the T parameter are also included. ⇤IR is

in GeV.

The first term involving to ↵0
hf will be significant in this case as the third generation doublet

is localized closer to the IR brane to fit the top quark mass. In the second term however the

presence of ↵0
hf and ↵hf with a relative minus sign softens the impact of localization of the third

generation on
�gbL
gbL

. The current constraints on the corrections to the ZbLbL coupling pushes the

limit obtained in the left panel of Fig.[5] to beyond 5 TeV. However it was observed in [60], that the

dominant contribution due to the first term in Eq.(38), can be removed by assuming T 3
L = T 3

R and

gL = gR thus significantly softening the constraints on the KK mass from corrections to the Zbb̄

19
Iyer, Sridhar, Vempati ‘15

25



Thus far- we looked at looked at simple modifications of 
the the RS setup to resolve the tension with EWPD

These modifications however do not address large 
contribution to FCNC especially in the lepton sector

Solutions have been proposed by the addition of flavour 
symmetries-MFV

Over Tea!!
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Question: Is it possible to have a scenario where the KK 
scales are naturally large?

A brief pause:

23



Features of GUT RS model

✏ = 0.01

R is reduced to 
 R/6

warp factor Scale of physics on IR  
brane is GUT scale

Lowest KK scale is  
GUT scale

RS is no longer solution  
to hierarchy problem

Supersymmetrize!!

What if.. Choi et al., Dudas Gersdorff, Iyer Vempati..
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Next question: How does one break SUSY?

Contact interactions 
on the IR (GUT) brane

Scalar masses

L(4)
breaking = �(y � ⇡R)

h
d4✓e�2k⇡Rk�2X†X

⇣
��,ij�

†
i�j

⌘
+

d2✓k�1XWA↵W↵
A + d2✓e�3kyk�1X

⇣
˜Au
ijHuQiuj + . . .

⌘i

where � have dimensional carrying negative mass dimensions of -1
� = U,D,Hu,d.

Assume X = ✓2F

48 / 55

Brane localized  
Interaction 

SUSY Breaking spurion X = ✓2 F

F term of X develops a vev giving a gravitino mass 

m3/2 =
hF i
k

⇠ TeV

21



Soft masses

The sfermion mass matrix is generated when the X fields get a
vacuum expectation value.

In the canonical basis

m1/2 = fm3/2

(m2
f̃
)ij = m2

3/2
ˆ�ij e(1�ci�cj)kR⇡⇠(ci)⇠(cj)

Au,d
ij = m3/2A

0
ije

(1�ci�c0j)kR⇡⇠(ci)⇠(c
0
j)

where ˆ�ij , A
0 are dimensionless O(1) parameters.

gravitino mass is defined as m2
3/2 =

<F>2

k2 =

<F>2

M2
Pl
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k2 =
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M2
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Some features:
Structure of the soft masses is predicted by the fits to the fermion masses.

The trilinear coupling for the third generation is naturally large.

Soft masses are flavourful but FCNC under control!!
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Structure of soft mass matrix
Typical soft mass matrix for the up type squarks looks like

Generic features of the model

Since the top multiplet is nearly composite, At terms are
naturally large

A typical soft mass texture for up type hadrons looks like

˜M2
Q,U = m2

3/2(0.5� cQ3,U3)

0

B@
✏↵ ✏� ✏

↵
2

✏� ✏� ✏
�
2

✏
↵
2 ✏

�
2

1

1

CA

↵ = 2c1 � 1, � = 2c2 � 1 and � = c2 + c1 � 1. Here c1 and c2
in general represents the first two generation bulk mass
parameters for both the doublet and the up type singlets.

At least one of the soft masses is tachyonic

Significant amount of flavour violation present at the high
scale.
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, c1 c2and are bulk mass 
parameters for first two generation squarks.

Significant amount of flavour violation present at the high 
scale!!

19



Running of Diagonal terms

Figure: Running of diagonal terms of squark and slepton mass matrices.
The red lines in both panels represents the evolution of the (MQ)33 and
(MU )33 for the squarks and (ML)33 and (ME)33 for the sleptons.
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Figure: Running of diagonal terms of squark and slepton mass matrices.
The red lines in both panels represents the evolution of the (MQ)33 and
(MU )33 for the squarks and (ML)33 and (ME)33 for the sleptons.
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Running of masses

Soft masses at High scale

m2
Q3

m2
U3

m2
light

m2
stau

m2
light

Iyer Vempati



Running of �0s for the hadronic case
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Running of �0s for the hadronic case

53 / 55 17

�The value of    is only 
for illustration

Iyer Vempati



So far:
We have a model of flavourful supersymmetry, where soft terms are 
predicted by the same mechanism which explains the hierarchy of 
Yukawa couplings.

The structure of the soft masses were such that the contributions to 
the flavour processes were within control

The supersymmetric lagrangian, however was not the most general one 
could have started with.

Just like the soft masses, one can also have a prediction for the sizes 
of the L violating and B violating terms
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UVIR

N=1 SUSY

Higgs Doublets

Matter and Gauge fields

RPV terms generated 
at this scale

Global symmetries are not the  
holiest of symmetries!! 

Write down the 
most general RPV lagrangian-with B and L violating  

terms. 

But proton decay constraints are too strong- 
may play spoilsport! 

Let’s see how well we do 
without imposing any 

symmetries

15



(see Table 1.3 in subsection 1.4). R-transformations are defined so as not to act on ordinary par-
ticles, which all have R = 0 , their superpartners having, therefore, R = ±1 . This allows one
to distinguish between two separate sectors of R-even and R-odd particles. R-even particles
(having R-parity Rp = + 1 ) include the gluons, the photon, the W± and Z gauge bosons,
the quarks and leptons, the Higgs bosons originating from the two Higgs doublets (required in
supersymmetry to trigger the electroweak breaking and to generate quark and lepton masses)
– and the graviton. R-odd particles (having R-parity Rp = − 1 ) include their superpartners,
i.e. the gluinos and the various neutralinos and charginos, squarks and sleptons – and the grav-
itino. According to this first definition, R-parity simply corresponds to the parity of the additive
quantum number R associated with the above continuous U(1) R-invariance, as given by the
expression [4]:

R-parity Rp = (− 1 )R =

{
+ 1 for ordinary particles,
− 1 for their superpartners.

(1.1)

But should we limit ourselves to the discrete R-parity symmetry, rather than considering
its full continuous parent R-invariance ? This continuous U(1) R-invariance, from which
R-parity has emerged, is indeed a symmetry of all four necessary basic building blocks of the
Supersymmetric Standard Model [2]:

1) the Lagrangian density for the SU(3)×SU(2)×U(1) gauge superfields responsible for
strong and electroweak interactions;

2) the SU(3) × SU(2) × U(1) gauge interactions of the quark and lepton superfields;
3) the SU(2) × U(1) gauge interactions of the two chiral doublet Higgs superfields Hd

and Hu responsible for the electroweak breaking;
4) and the “super-Yukawa” interactions responsible for quark and lepton masses, through

the trilinear superpotential couplings of quark and lepton superfields with the Higgs superfields
Hd and Hu ,

W = λe
ij Hd LiE

c
j + λd

ij Hd QiD
c
j − λu

ij Hu QiU
c
j , (1.2)

in which chiral quark and lepton superfields are all taken as left-handed and denoted byQi, U c
i , D

c
i

and Li, Ec
i respectively (with i = 1, 2 or 3 being the generation index).

Since all the corresponding contributions to the Lagrangian density are invariant under this
continuous R-symmetry, why not simply keep it instead of abandoning it in favour of its dis-
crete version, R-parity ? But an unbroken continuous R-invariance, which acts chirally on
gluinos , would constrain them to remain massless, even after a spontaneous breaking of the su-
persymmetry. We would then expect the existence of relatively light “R-hadrons” [5, 6] made
of quarks, antiquarks and gluinos, which have not been observed. Once the continuous R-
invariance is abandoned, and supersymmetry is spontaneously broken, radiative corrections do
indeed allow for the generation of gluino masses [7], a point to which we shall return later. Fur-
thermore, the necessity of generating a mass for the Majorana spin-32 gravitino, once local su-
persymmetry is spontaneously broken, also forces us to abandon the continuous R-invariance in
favour of the discrete R-parity symmetry, thereby automatically allowing for gravitino, gluino,
and other gaugino masses [3].

Once we drop the continuous R-invariance in favour of its discrete R-parity version, it is
legitimate to look back and ask: how general is this notion of R-parity, and, correlatively, are we
forced to have this R-parity conserved ? As a matter of fact, there is from the beginning a close

connection between R-parity and baryon and lepton-number conservation laws, which has its
origin in our desire to get supersymmetric theories in which B and L could be conserved, and,
at the same time, to avoid unwanted exchanges of spin-0 particles.

Actually the superpotential of the supersymmetric extensions of the Standard Model dis-
cussed in Ref. [2] was constrained from the beginning, for that purpose, to be an even func-
tion of the quark and lepton superfields. In other terms, odd gauge-invariant superpotential
terms ( W ′, also denoted W̸Rp ), which would have violated the “matter-parity” symmetry
(−1)(3B+L), were then excluded from the beginning, to be able to recover B and L conserva-
tion laws, and avoid direct Yukawa exchanges of spin-0 squarks and sleptons between ordinary
quarks and leptons.

Tolerating unnecessary superpotential terms which are odd functions of the quark and lep-
ton superfields (i.e. R̸p terms, precisely those that we are going to discuss in this review), does
indeed create, in general, immediate problems with baryon- and lepton-number conservation
laws [8]. Most notably, a squark-induced proton instability with a much too fast decay rate, if
both B and L violations are simultaneously allowed; or neutrino masses (and other effects)
that could be too large, if L violations are allowed so that ordinary neutrinos can mix with neu-
tral higgsinos and gauginos. The aim of this review is to discuss in detail how much of these
R̸p contributions – parametrized by sets of coefficients λijk, λ′ijk, λ

′′
ijk (and possibly µi, etc.) –

may be tolerated in the superpotential and in the various supersymmetry-breaking terms.

The above intimate connection between R-parity and B and L conservation laws can be
made explicit by re–expressing the R-parity (1.1) in terms of the spin S and a matter-parity
(−1) 3B+L , as follows [5]:

R-parity = (−1) 2S (−1) 3B+L . (1.3)

To understand the origin of this formula we note that, for all ordinary particles, (−1) 2S coin-
cides with (−1) 3B+L, expressing that among Standard Model fundamental particles, leptons
and quarks, and only them, are fermions, i.e. that B and L normally appear as intrinsically-
fermionic numbers. The quantity (−1) 2S (−1) 3B+L is always, trivially, identical to unity for
all known particles (whether fundamental or composite) and for Higgs bosons as well, all of
them previously defined as having R-parity +1 . (Indeed expression (1.1) of R-parity comes
from the fact that the (additive) quantum number R was defined so as to vanish for ordinary
particles, which then have R-parity + 1 , their superpartners having, therefore, R-parity − 1 .)
This immediately translates into the equivalent expression (1.3) of R-parity.

R-parity may also be rewritten as (−1)2S (−1) 3 (B−L) , showing that this discrete symme-
try (now allowing for gravitino and gluino masses) may still be conserved even if baryon and
lepton numbers are separately violated, as long as their difference (B −L ) remains conserved,
even only modulo 2. Again, it should be emphasized that the conservation (or non-conservation)
of R-parity is closely related with the conservation (or non-conservation) of baryon and lepton
numbers, B and L . Abandoning R-parity by tolerating both B and L violations, simultane-
ously, would allow for the proton to decay, with a very short lifetime !

The R-parity operator plays an essential rôle in the construction of supersymmetric theories
of interactions, and the discussion of the experimental signatures of the new particles. R-
invariance, or simply its discrete version of R-parity, guarantees that the new spin-0 squarks
and sleptons cannot be directly exchanged between ordinary quarks and leptons. It ensures that

What is R parity- Z2 subgroup of continuous   U(1)R transformations

R symmetry or its subgroup R parity serve the purpose of preventing unwanted scalar 
exchange diagrams

R symmetry however forbids mass terms for the gaugino even in the presence of 
broken supersymmetry 

Thus the discrete subgroup was chosen and thus:
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t̃L t̃∗R

H0∗
d

(a)

b̃L b̃∗R

H0∗
u

(b)

τ̃L τ̃∗R

H0∗
u

(c)

Figure 6.4: Some of the supersymmetric (scalar)3 couplings proportional to µ∗yt, µ∗yb, and µ∗yτ . When
H0

u and H0
d get VEVs, these contribute to (a) t̃L, t̃R mixing, (b) b̃L, b̃R mixing, and (c) τ̃L, τ̃R mixing.

namely the supersymmetry-respecting mass µ and the supersymmetry-breaking soft mass terms. Yet
the observed value for the electroweak breaking scale suggests that without miraculous cancellations,
both of these apparently unrelated mass scales should be within an order of magnitude or so of 100
GeV. This puzzle is called “the µ problem”. Several different solutions to the µ problem have been
proposed, involving extensions of the MSSM of varying intricacy. They all work in roughly the same
way; the µ term is required or assumed to be absent at tree-level before symmetry breaking, and then
it arises from the VEV(s) of some new field(s). These VEVs are in turn determined by minimizing a
potential that depends on soft supersymmetry-breaking terms. In this way, the value of the effective
parameter µ is no longer conceptually distinct from the mechanism of supersymmetry breaking; if we
can explain why msoft ≪ MP, we will also be able to understand why µ is of the same order. In sections
11.2 and 11.3 we will study three such mechanisms: the Next-to-Minimal Supersymmetric Standard
Model, the Kim-Nilles mechanism [64], and the Giudice-Masiero mechanism [65]. Another solution
appropriate for GMSB models and based on loop effects was proposed in ref. [66]. From the point of
view of the MSSM, however, we can just treat µ as an independent parameter, without committing to
a specific mechanism.

The µ-term and the Yukawa couplings in the superpotential eq. (6.1.1) combine to yield (scalar)3

couplings [see the second and third terms on the right-hand side of eq. (3.2.18)] of the form

Lsupersymmetric (scalar)3 = µ∗(ũyuũH
0∗
d + d̃ydd̃H

0∗
u + ẽyeẽH

0∗
u

+ũyud̃H
−∗
d + d̃ydũH

+∗
u + ẽyeν̃H

+∗
u ) + c.c. (6.1.6)

Figure 6.4 shows some of these couplings, proportional to µ∗yt, µ∗yb, and µ∗yτ respectively. These play
an important role in determining the mixing of top squarks, bottom squarks, and tau sleptons, as we
will see in section 8.4.

6.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (6.1.1) is minimal in the sense that it is sufficient to produce a phenomenolog-
ically viable model. However, there are other terms that one can write that are gauge-invariant and
holomorphic in the chiral superfields, but are not included in the MSSM because they violate either
baryon number (B) or total lepton number (L). The most general gauge-invariant and renormalizable
superpotential would include not only eq. (6.1.1), but also the terms

W∆L=1 =
1

2
λijkLiLjek + λ′ijkLiQjdk + µ′iLiHu (6.2.1)

W∆B=1 =
1

2
λ′′ijkuidjdk (6.2.2)

where family indices i = 1, 2, 3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Qi; B = −1/3 for ui, di; and B = 0 for all others. The total lepton number

53

The RPV terms on the IR  brane correspond to

The terms are in general higher dimensional operators as 
the chiral super-fields are bulk fields. 

(5)

(5)
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UVIR

RPV terms generated 
at this scale

Higgs Doublets

It is important the RPV terms and the Higgs 
doublets are on the same boundary. 

Light fields 
 here

Like the soft mass terms, the magnitude of 
effective 4D magnitude also depends on the  

magnitude of the wavefunction at the boundary.

Top 
 here

If the RPV terms and Higgs doublets are at 
 different boundaries, the light fields are naturally close 

to source of RPV lagrangian.

Catastrophic due to 
strong flavour bounds!
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The trilinear couplings The bilinears 

�ijk = �̂ijkf(ci)f(cj)f(ck) µi = µ̂i µf(cLi)e
�kR⇡

Dimensionless 
O(1) parameters

µ is typically the EW scale.

-1 0 1 2 3 4
0.0

0.5

1.0

1.5

c

f(c
)

UVIR

RP
V 

Te
rm

s 
he

re

Thus one can see the most of the 
 RPV terms are suppressed naturally 

by wave function overlap

But again is it enough?
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LLE LQD UDDµi/GeV

FIG. 2: Pattern of /Rp couplings. The vertical bars give the range of couplings that result from good fits to

fermion masses and mixings for tan� = 5, and that respect experimental bounds on /Rp couplings (if either

only the baryon number violating or lepton-number violating couplings are allowed). The points correspond

to a pattern from one particular fit (see sections III B,III C for details).

instance, given a choice cL1 , there is less freedom in the choice of cL2,3 . The �0 couplings on the

other hand, depends on cL,Q,D. Thus, for a given choice of cQ,D, which are related from the quark

mass fits, there is freedom in the choice of cLi which are determined from the fits to leptonic

sector and are decoupled from the quark sector at tree level. We now proceed to discussing the

phenomenological implications of the presence of these /Rp parameters.

FIG. 3: Possible /Rp violating process (p ! ⇡0e+) yielding a non-zero decay rate for non-zero �0
11j�

00
11j .

10

Dominant constraints come from proton decay

� Superpotential of the MSSM

Both and Proton Decay

Proton Decay Problem

<5>

10
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Possibilities

In our analysis the RPV  O(1) couplings were chosen to be 1

In principle one can utilise some freedom in the choice of the O(1) 
 couplings ONLY making then as small as

�0
i31�

00
123 < 3⇥ 10�25

The most dominant constraints to proton decay come from couplings of the form

With this choice the best one can do is to have �0
i31�

00
123 ⇠ 10�18

⇠ 10�4

Smaller than fine 
tuning required in models to 

suppress flavour!! 
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Only lepton number violation

As a toy model we study a scenario where Baryon number is  
conserved-No proton decay

Contraints on this scenario include-FCNC and possibly large 
neutrino masses

In an RPV scenario it is more challenging to get neutrino 
oscillation data just right.

Luckily-we can generate it from wave function overlap from 
extra-dimension
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Figure 5.1: One-loop contributions to neutrino masses and mixings induced by the trilinear
R̸p couplings λijk (a) and λ′ijk (b). The cross on the sfermion line indicates the insertion of a
left-right mixing mass term. The arrows on external legs follow the flow of the lepton number.

The massive neutrino is mainly a superposition of the electroweak neutrino eigenstates, and
its flavour composition is given, in the basis we are considering, by the superpotential R̸p mass
parameters µi [181]:

ν3 ≃ 1√∑
i µ

2
i

(µ1νe + µ2νµ + µ3ντ ) . (5.7)

In terms of mixing angles, this gives the relations

sin θ13 =
µ1√∑

i µ
2
i

, sin θ23 =
µ2√

µ2
2 + µ2

3

, (5.8)

while sin θ12 is undetermined.

5.1.3 One-Loop Contributions Generated by Trilinear ̸Rp Couplings

At the one-loop level, a variety of diagrams involving the trilinear R̸p couplings λ and λ′ and/or
insertions of bilinear R̸p masses contribute to the neutralino-neutrino mass matrix, thus correct-
ing Eq. (5.5). In this subsection, we concentrate on the diagrams involving trilinear R̸p cou-
plings only. These diagrams represent the dominant one-loop contribution to neutrino masses
and mixings when bilinear R-parity violation is strongly suppressed (i.e. when sin ξ ≃ 0 and
sin ζ ≃ 0 in the language of subsection 2.3.1, where the angle ζ formed by the 4-vectors
Bα ≡ (B0, Bi) and vα ≡ (v0, vi) controls the Higgs-slepton mixing ). The one-loop diagrams
involving bilinear̸Rp masses will be discussed in the next subsection.

The trilinear R̸p couplings λijk and λ′ijk contribute to each entry of the neutrino mass matrix
through the lepton-slepton and quark-squark loops of Fig. 5.1, yielding [24, 182]

Mν
ij |λ =

1

16π2

∑

k,l,m

λiklλjmk mek

(m̃e 2
LR)ml

m2
ẽRl

− m2
ẽLm

ln

(
m2

ẽRl

m2
ẽLm

)
+ (i ↔ j) , (5.9)

Mν
ij |λ′ =

3

16π2

∑

k,l,m

λ′iklλ
′
jmk mdk

(m̃d 2
LR

)ml

m2
d̃Rl

− m2
d̃Lm

ln

(
m2

d̃Rl

m2
d̃Lm

)

+ (i ↔ j) , (5.10)

Here the couplings λijk (resp. λ′ijk) and the left-right slepton mixing matrix m̃e 2
LR = (Ae

ij −
µ tanβ λe

ij) vd/
√

2 (resp. the left-right squark mixing matrix m̃d 2
LR

= (Ad
ij −µ tan β λd

ij) vd/
√

2)
are expressed in the basis in which the charged lepton masses (resp. the down quark masses) as

well as the mass matrices for the associated doublet and singlet scalars are diagonal. The above
expressions simplify if, as is customary, one assumes that the sfermion masses are approxi-
mately degenerate, and that the A-terms are proportional to the Yukawa couplings,Ae

ij = Aeλe
ij

and Ad
ij = Adλd

ij. Then Eqs. (5.9) and (5.10) reduce to:

Mν
ij |λ ≃ 1

8π2

Ae − µ tanβ

m2
ẽ

∑

k,l

λiklλjlk mek
mel

, (5.11)

Mν
ij |λ′ ≃ 3

8π2

Ad − µ tanβ

m2
d̃

∑

k,l

λ′iklλ
′
jlk mdk

mdl
, (5.12)

where mẽ (resp. md̃) is an averaged scalar mass parameter, and the couplings λijk (resp. λ′ijk)
are now expressed in the superfield basis corresponding to the charged lepton (resp. down
quark) mass eigenstate basis. Even after those approximations, the neutrino mass matrix still
depends on a large number of trilinear R̸p couplings (9 λijk and 27 λ′ijk). To obtain a more
predictive scheme, one has to make assumptions on the generational structure of the trilinear R̸p

couplings.

One may for instance assume that, for a given generation index i, there is no strong hierarchy
among the couplings λijk and λ′ijk, or that their flavour structure in the indices j and k is linked
to the fermion mass hierarchy [35, 71, 37]. The second assumption is natural in models where
the fermion mass hierarchy is explained by flavour symmetries (see section 2.5). In both cases
the contributions with k, l = 2 or 3 dominate in Eqs. (5.11) and (5.12), and one obtains

Mν
ij|λ ≃ 1

8π2

{
λi33λj33

m2
τ

m̃
+ (λi23λj32 + λi32λj23)

mµmτ

m̃
+ λi22λj22

m2
µ

m̃

}
, (5.13)

Mν
ij |λ′ ≃ 3

8π2

{
λ′i33λ

′
j33

m2
b

m̃
+ (λ′i23λ

′
j32 + λ′i32λ

′
j23)

msmb

m̃
+ λ′i22λ

′
j22

m2
s

m̃

}
, (5.14)

where we have set all sfermion mass parameters equal to m̃. The term proportional tom2
τ in Eq.

(5.13) comes from the tau-stau loop and gives Mν
ij|λ ∼ λi33λj33 (4 × 105 eV) (100 GeV/m̃);

similarly, the term proportional to m2
b in Eq. (5.14) comes from the bottom-sbottom loop and

givesMν
ij |λ′ ∼ λ′i33λ

′
j33 (7.7 × 106 eV) (mb/4.5 GeV)2 (100 GeV/m̃).

This shows that trilinear R̸p couplings of order 1 would lead to large entries in the neutrino
mass matrix, grossly conflicting with experimental data. This in turn puts strong constraints on
the trilinear R̸p couplings. The most stringent upper bound comes from the non-observation of
neutrinoless double beta decay, whose rate is directly related to the (i, j) = (11) element ofMν

[183]:

|λ133| ≤ 9.4 × 10−4
(<mν >

0.35 eV

) 1
2

(
m̃

100 GeV

) 1
2

, (5.15)

|λ′133| ≤ 2.1 × 10−4
(<mν >

0.35 eV

) 1
2

(
4.5 GeV

mb

) (
m̃

100 GeV

) 1
2

, (5.16)

where <mν > is the effective neutrino mass, bounded by neutrinoless double beta decay exper-
iments. From the other terms in Eqs. (5.13) and (5.14) one can also extract (weaker) bounds
on the couplings λ1kl and λ′1kl, (k, l) ̸= (3, 3). From a different perspective it is quite remark-
able that a small amount of R-parity violation through trilinear couplings, with λijk and λ′ijk
comparable in strength with the charged lepton and down quark Yukawa couplings, can induce
neutrino masses in the phenomenologically interesting range, namely 10−3 eV ! mν ! 1 eV.

Generated at loop level due to trilinear



We can have a scenario where the lepton number 
contributions to the neutrino masses are suppressed

Neutrino Masses = RS (Dirac like) RPV+

The couplings involving third  
generation fermions are large

-1 0 1 2 3 4
0.0

0.5

1.0

1.5

c

f(c
)

⌫3 is likely to have a fairly heavier mass

07

Allanach,Iyer, Sridhar, ‘16



Some Numbers

Neutrino mass eigenstates due to RS (in eV)

Neutrino mass eigenstates due RPV (in eV) with all order one parameters set to 
one except 

�̂i,3,3 = 0.1 µ̂3 = 0.1

m⌫3 ⇠ 0.005 m⌫2 ⇠ 10�6 m⌫1 ⇠ 0

Thus with a slight modification of the order one parameters, we can adjust the 
masses due to wave function overlap to be dominant 
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m⌫3 ⇠ 0.05 m⌫2 ⇠ 0.008 m⌫1 ⇠ 0



What about other lepton number violating operators

In order to suppress the /Rp contribution to the neutrino masses, we make the following choices:

�̂0
133

= 0.1; �̂0
233

= 0.1; �̂0
333

= 0.2; µ̂
3

= 0.1 (22)

With this choice, the /Rp violating contributions to the neutrino masses are then

m⌫1 = 1.0⇥ 10�8 eV, m⌫2 = 4.0⇥ 10�6 eV, m⌫3 = 0.008 eV, (23)

smaller than the values required to satisfy oscillation data. (We could also have suppressed the /Rp

contribution by further raising the gaugino masses M
1

,M
2

from the values in Eq. 20 at the expense

of making the supersymmetric spectrum heavy, thus worsening the supersymmetric solution to the

hierarchy problem).

In addition to the operators in Eq. 7, operators of the form (LiHu)(LjHu) can also contribute

to neutrino masses. This operator violates lepton number by 2 units. The superpotential term is

given by

W
�L=2

=
ij
MP l

(LiHu) · (LjHu), (24)

where ij are 5D Yukawa couplings with mass dimension M�1. The neutrino mass matrix entry

generated from this operator is given by

(m⌫)ij = ̂ij
v2u

2MP l
f(cLi)f(cLj ) (25)

where ̂ij = kij is a dimensionless O(1) parameter and the function f is defined in Eq. 10. For

cLi > 0.5, this expression can be simplified to

(m⌫)ij ⇠ v2u
2MP l

e(1�2cL)kR⇡, (26)

which for cLi = cLj = 1.6 comes out to be around 10�9 eV, much smaller than the Dirac mass

contribution from Eq. 9. The (LiHu)(LjHu) contribution is generally negligible in our model.

We are now free, after the addition of right-handed neutrino superfields, to arrange for dominant

Dirac contributions to the neutrino masses. The oscillation parameters are determined from

the fits to the leptonic data as outlined in Section II. The cN parameters (for the

right handed neutrinos) which pass the filtering criteria give rise to specific forms of

neutrino mass textures leading to a determination of the neutrino parameters. The

mixing angles and the mass eigenvalues can be determined by using the cN in Eq.(9).

Corresponding to the set in Eq.(19), the set of cN parameters is:

cN1 = 6.26 cN2 = 5.99 cN3 = 8.72 (27)
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Parameter Mass/TeV Parameter Mass/TeV Parameter Mass/TeV Parameter Mass/TeV

t̃1 1.8 b̃1 2.2 ⌧̃1 1.1 ⌫̃⌧ 1.6

t̃2 2.3 b̃2 2.3 ⌧̃2 1.6 ⌫̃µ 1.6

c̃1 2.2 s̃1 2.2 µ̃R 1.2 ⌫̃e 1.6

c̃2 2.7 s̃2 2.7 µ̃L 1.6 g̃ 2.6

ũ1 2.2 d̃1 2.2 ẽR 1.1 �±
1 2.0

ũ2 2.7 d̃2 2.7 ẽL 1.6 �±
2 2.3

mA0 3.1 m±
H 3.1 mh 0.121 mH 3.1

�0
1 1.1 �0

2 2.0 �0
3 2.3 �0

4 2.4

TABLE I: Example supersymmetric spectrum for the lepton number violating case and tan� = 5.

dimensionless couplings such as gauge couplings and third family Yukawa couplings are larger than

the /Rp ones that are shown in Fig. 2. This particle then decays via /Rp: the predominant decay in

this case is via �0
133

into a bottom quark and an anti-top. Thus, SUSY events are b-rich (predicting

4 b quarks) and may produce leptons from top decays, or be susceptible to top taggers. There is a

non-zero branching ratio for ẽR ! µ⌫⌧ via a similar sized coupling �
132

, and the additional muons

may also aid detection strategies in multi-lepton channels.

C. Baryon-number violation only

We now consider a scenario where only baryon-number violating terms are included in the

lagrangian. Since lepton number is perturbatively conserved in this case, the superpotential terms

proportional to �ijk, �0
ijk or µi are absent. Proton decay is forbidden as it requires the presence

of both baryon- and lepton-number violating terms in the Lagrangian. The neutrinos in this case

must be purely Dirac type and their masses are determined using Eq. 9, just as for the other

charged fermions. The results of the fit to the neutrino oscillation data is given in Fig. 4.
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A final pause:

After discussing this radical RS solution, we go back to 
scenario where the KK modes are light.

We discuss them both in the context of custodial RS model 
and deformed RS model.
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Search for KK-gluons 

Ordinarily a KK-gluon can not couple to a pair of gluons-orthonormality

A simple s-channel production will have diagrams only due to quark annihilation

We consider a case where the KK-gluons can be produced in association with a hard 
patron-number of contributing diagrams increases from 12 to 36!!

FIG. 1: The subprocesses contributing to g

KK

production in association with partons. Top row is the g

KK

production in association with a single parton and the bottom row is the production in association with two

partons.

the g
KK

decays into the tt̄ pair, the t and t̄ are produced almost back-to-back. But the t and the t̄

so produced will be highly boosted and give rise to very collimated hadronic decay products. The

small magnitude of the g
KK

p

T

also implies that the recoiling parton carries small net p
T

which also

poses a challenge in trying to distinguish it from the other hadronic environment. The resultant

final state has a g

KK

+ several jets which could arise from partonic sub-processes with more than

one associated parton. We therefore also take into account the cross section due to processes with

additional partons. The process with two additional partons arises also from gg initial states (in

addition to the qq̄ and qg channels) which contribute at the lower orders. The bottom row in

Fig 1 shows the production of g
KK

in association with two partons. The cross-section is again

not very suppressed. Processes with larger number of partons in association will follow the usual

perturbation theory pattern and are expected to be suppressed. Further processes with more than

two partons will have a tendency to produce softer jets which may not pass the cuts. We have

checked the cross-section for g
KK

with one, two and three additional partons in MADGRAPH and find

the above expectation to be borne out. We therefore include the contribution of one parton and

two parton sub-processes to the signal cross section.
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FIG. 4: p
T

distribution for the leading jet for the signal (red) and background (blue) for m
gKK = 3 TeV.

Sr.No Cuts BG events Signal events

1 Given number of Events 1000000 10000

2 Cross-section 958⇥ 103 fb 94.2 fb

3 n

lepton

= 0 574366 2996

4 p

j0

T

>900 GeV 214 1701

5 |m
gKK � 3000| < 100 GeV 27 633

6 p

gKK

T

> 30 Gev 27 568

TABLE I: Cut flow table for m
gKK = 3 TeV

out results for both normal and deformed RS model. For the normal RS model we assume 92 %

branching fraction into tt̄ pair, while for the deformed model we assume 83% branching fraction

[29]. Left plot in Fig. 5 presents the minimum luminosity required for a 5� signal sensitivity

for the di↵erent masses for both normal RS and deformed RS model. Owing to constraints from

precision electroweak data we do not consider masses below 2.5 TeV for normal RS model. Due to

their larger production cross-section, the lower masses (indicated by blue points in the figure) have

better sensitivity in terms of early discovery prospects. We find that even masses as heavy as 4 TeV

can be accessed with an integrated luminosity of ⇠ 1000 fb�1 in normal RS. This is particularly

useful, as the constraints from indirect measurements become tighter, pushing the masses to higher

values.

Lower masses can be admitted in a deformed RS model. For the deformed model we choose

⌫ = 0.4 while the curvature radius is chosen to be L1 = 0.2/k [29, 30]. This scenario however
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FIG. 3: p
T

distribution for the reconstructed g

KK

to be highly boosted owing to large g

KK

mass. As a result the leading jet (j0) is likely to have

a very large p

T

in comparison to that of the background. Fig. 4 shows the p

T

distribution for

the leading jet for the background (blue) and the signal (red). The background is very small in

the regime p

T

> 900 GeV. We use this cut on the transverse momentum of the leading jet to

eliminate the background to a large extent. In addition, the 50 GeV cuts on the associated parton

as described earlier also helps in reducing the tt̄+ jets background cross-section.

Signal selection: A minimum p

T

of 30 GeV is imposed on the reconstructed objects satisfying

|mrecon

gKK
� 3000| < 100 GeV. This is required to select the g

KK

produced in association with a hard

parton. The right plot shows the p

T

distribution of the reconstructed g

KK

which has a tendency

to have a higher p
T

owing to the recoiling jet.

Results:

Table I gives the summary of the number of events passing various cuts at each level for both

the signal and background. These results correspond to m

gKK = 3 TeV. As explained earlier events

with zero leptons are accepted to facilitate hadronic decay of the top. A hard cut on the transverse

momentum of the leading jet (j0) drastically reduces the tt̄ background without a↵ecting the signal

significantly. With this set of cuts, ⇠ 5� sensitivity can be obtained for a minimum luminosity of

27 fb�1 for m
gKK = 3 TeV.

We repeat the analysis above for di↵erent masses of the g

KK

and we follow exactly the same

pattern of cuts as in Table I. The background events are simulated di↵erently for di↵erent masses

of g
KK

since the fifth line in Table I uses the cut around the mass of the KK-gluon and present

9



su↵ers from reduced production cross-section owing to the smaller coupling of the g

KK

to the

lighter quarks which is roughly 0.13g
s

.

For both scenarios, we use a very hard cut on the transverse momentum of the leading jet,

p

j0
T

> 900 GeV in Table I. Since the p
T

of the leading jet is ⇠ m

gKK/2, this cut is more e↵ective for

the heavier masses as compared to the lighter masses. While this depletes majority of the signal

points for 1.5 TeV KK gluon, this is helpful in depleting the tt̄+ jets background to a great extent.

This is evident in the promising reaches for the various KK states in near future run of the LHC.
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FIG. 5: Minimum luminosity required for a 5� sensitivity for normal RS (blue) and deformed RS (orange).

The right plot shows the production cross-section for the di↵erent masses.

V. CONCLUSION:

Search for KK excitations of the gluons in warped framework is interesting due to their relatively

large production cross-section in comparison to other KK states. Their masses are, however,

strongly constrained due to limits from electroweak precision data. This necessitates the need for

an e↵ective strategy to probe relatively heavy states in the Run II of LHC. We consider a process

where the g
KK

is produced in association with jets. We consider a simple set of cuts to extract the

signal from the background. The signal is characterised by highly collimated leading jets owing to

the massive nature of g
KK

. Cuts as strong as 900 GeV is imposed on the p

T

of the leading jet

without adversely a↵ecting the number of signal sensitivity. We present results for both the normal

RS model and the deformed RS model. In normal RS, g
KK

as heavy as 3 TeV can be probed in the

Run II of the LHC with luminosities ⇠ 27 fb�1 while masses as heavy as 4.5 TeV can be accessed

in the HL-LHC. For the deformed case masses ⇠ 2.5 TeV are accessible in the current run of LHC.

The sensitivity to 3.5 TeV masses can be probed in the HL-LHC.
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To Summarise..

RS is an interesting model, but needs to be supplemented 
by additional features

The geometry of RS can be put to good effects-predicting 
several unknown parameters in SUSY extensions

Finis


