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1 Introduction

Flavour physics, both in the lepton and hadron sector, o↵ers an exciting avenue to possibly explore
scales even beyond the realm of the LHC. Processes like µ ! e�, ⌧ ! µ� in leptonic sector and in
hadronic sector: KL ! ⇡0⌫⌫, K+ ! ⇡+⌫⌫ (s ! d transitions) are characterised by small contributions
in the SM. This leaves a lot of scope for the manifestation of NP in terms of additional contributions to
these processes and more precise determination of them could o↵er an indirect candle for the existance
of these states. More recently, the LHCb has been involved in the measurement of the b ! sll flavour
observables through the measurement of B(B+ ! K+µ+µ�) and B(B+ ! K+e+e�) in form of the
following ratio [1]

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)

����
q2=1�6 GeV 2

= 0.745+0.090
�0.074 (stat)± 0.036 (syst)

(1.1)

while the SM expectation is RSM
K = 1.003 [2], implying a ⇠ 2.6 � deviation as a possible evidence of

lepton non-universality. This ratio, originally proposed in [3], are an especially clean test of the SM,
as hadronic uncertainties cancel. This was further corroborated by the measurement of the following
ratio

RK⇤ =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0e+e�)
=

(
0.660+0.110

�0.070(stat)± 0.024(syst), 0.045  q2  1.1 GeV2

0.685+0.113
�0.069(stat)± 0.047(syst), 1.1  q2  6.0 GeV2

(1.2)

The SM prediction in the corresponding q2 bins are: RSM
K⇤ ' 0.93 for low q2 while RSM

K⇤ = 1 elsewhere.
This corresponds to a 2.4� deviation for low q2 and ⇠ 2.5 � for medium q2. Further in the b ! s

sector, LHCb [4, 5] and the BELLE [6] collaboration have observed a deviation in the measurement
of the angular observable P 0

5 [7] in B ! K⇤µµ decays. This further stresses the possibility of lepton
non-universality, in particular in the µ sector [8–14]. These deviations can be parametrized by the
additional contributions to the following e↵ective operators [15]:

L � V ⇤
tbVtsGF↵p

2⇡

X

i

CiOi (1.3)

where Ci = CSM
i +�Ci.

O9 = (s̄L�
µbL)(µ̄�µµ) O90 = (s̄R�

µbR)(µ̄�µµ)

O10 = (s̄L�
µbL)(µ̄�µ�

5µ) O100 = (s̄R�
µbR)(µ̄�µ�

5µ) (1.4)

Here �Ci determines the NP contributions to the Wilson coe�cients. There has been several analysis
to determine the fest fit values to the �Ci: Historically and owing to the P 0

5 anomaly, most of the fits
assumed NP coupled to the muon sector: they involved parameterizing deviations in Cµ

i while Ce
i is

assumed to consistent with the SM. Several 1 �D fits were performed to fit to this e↵ect and fits to
the data can be obtained if the NP satisfies one of the following hypothesis with the corresponding
best fit points [16]: 1) �Cµ

9 = �1.1, 2) �Cµ
9 = ��Cµ

10 = �0.61 and 3) �Cµ
9 = ��C

0µ
9 = �1.01. In

the 1-D hypotheses, the �Ci for the other operators in the e↵ective theory are consistent with zero. In
parallel, fits in the 2-D plane were performed in [17] in the �Cµ

9 ��Cµ
10, �Ce

9��Cµ
9 and �C

0µ
9 ��Cµ

9 ,
while the other Wilson co-e�cients are assumed to be SM like. Further, it is also possible to obtain a
fit to the data in the 6-D parameter space and obtaining the following best fit points [16]:

�C7 = 0.017 �Cµ
9 = �1.12 �Cµ

10 = 0.33 �C70 = 0.59 �Cµ
90 = 0.59 �Cµ

100 = 0.07 (1.5)
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Flavour physics is one of the best probes of BSM physics

There are several indications pointing towards the possible existence of NP

Anomalies in the decay of the B meson were reported through the measurements 
of the                  transitions in the form of foll. ratio:b ! sll

LFU violations??

This was further corroborated by the measurement of the following ratio:
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2.6� 2.7�

Things are 
looking 
GOOD!!

Hiller,Kruger 
0310219

LHCB 
1406.6482

LHCB, BELLE 



Motivated by the       anomaly, it is not uncommon to consider NP purely in the 
muon sector

P 0
5

However, this will not necessarily constitute the holy grail for our analysis, leaving 
the door open for electrons as well

As a model building exercise, we focus on custodial models of RS and present 
example where electron and muons contribute

Electrons or muons or both? We try to address this question for the structure of 
solutions to the anomalies at the LHC.



Description of 
custodial RS models

R(k), R(K*) to 

From indirect to 
direct searches

Possible hint on the structure of the  
solutions

Muons and electrons 
both  

play a role

B ! K⌧⌧



ds

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!!

Provides insight on strongly coupled 
theories 

Solution to the Yukawa hierarchy problem 
#win

#win

Randall, Sundrum ‘99 



Elements of the framework 1.:

The bulk gauge symmetry is: SU(2)L ⇥ SU(2)R ⇥ U(1)X

KK excitations of the corresponding bulk gauge fields lead to a tower of states: 
We consider the lowest scale with mass                TeVMKK = 3

Z 0, ZX , A(1)

In the mass basis there are three neutral  states with similar mass contributing to 
the                      FCNC 

They have a similar wave function profile which is peaked near the IR brane: Origin 
of non-universal couplings

Higgs

Gauge KK

2.80 2.85 2.90 2.95 3.00 3.05 3.10
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12

y

f

Gauge bosons in RS



Elements of the framework 2.:

Fermions in RS

We consider fermion field with a bulk mass parametrised as: m = ck

Dimensionless 
O(1) parameters

These bulk masses control the  
localisation of the fermion zero mode  

(SM fermions) in the bulk

0 πR

f(y
)

y

Allanach, Iyer, Sridhar 2015

U
V 

br
an

e

IR
 b

ra
ne

c<0.5
c>0.5
Higgs

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)

The choices are governed by the proximity to the Higgs field and hence a 
relatively larger effective Yukawa coupling

Except for the third generation doublet and top singlet, other fields are away 
from the IR brane



Elements of the framework 3.:

Non-universal couplings

Since the fermions are at different points in 
the bulk: Non universality is in built

0 πR

f(y
)

y

Allanach, Iyer, Sridhar 2015

U
V 

br
an

e

IR
 b

ra
ne

c<0.5
c>0.5
Higgs

Gauge KK states here too!!

The third generation quarks are likely to be  
closer to the Higgs and hence the gauge  

KK states -> Larger coupling

The coupling of a pair of SM fermions  
to KK states can be expressed as 

Figure 10: Overlap integral I as a function of bulk mass parameter c

(SM) fermions from the flavour basis to the mass basis. I is the overlap of the profiles of two zero
mode fermions and first KK gauge boson and is given by

I(c) =
1

⇡R

Z ⇡R

0
dye�(y)(f (0)

i (y, c))2⇠(1)(y)Z(1),Z0 (A.13)

The o↵ diagonal elements of a(1)ij represent the flavour violating couplings. They are given as:

a12 = g̃ (D⇤
21D22(I(2)� I(1)) +D⇤

31D32(I(3)� I(1)))

a23 = g̃ (D⇤
12D13(I(1)� I(2)) +D⇤

32D33(I(3)� I(2)))

a13 = g̃ (D⇤
21D23(I(2)� I(1)) +D⇤

31D33(I(3)� I(1))) (A.14)

Fig. 10 gives the plot of I as a function of c. The integral is universal I ⇠ 0.2 for c � 0.5. Since
the Higgs is localized near the IR brane, c values for all the quark fields with the exception of the third
generation will be chosen to be c > 0.5. ⇠(1)(y) denotes the profile of the first KK gauge boson: Z(1)

correesponds to the first KK state of the SM Z with (+,+) boundary condition while Z 0 is the neutral
SU(2)R ⇥ U(1)B�L with (�,+) boundary condition. As discussed in Section A, the breaking of the
electroweak symmetry at the IR brane mixes the zero mode gauge boson with the higher modes. In
the mass basis, the flavour violating couplings is given as:

↵ij
L,R(ZSM ) =

M2
Z

M2
KK

⇣
�
p
2kR⇡aijL,R(Z(1)) +

p
2kR⇡ cos� cos aijL,R(Z

0
)
⌘

↵ij
L,R(ZH) = cos ⇣ aijL,R(Z(1)) + sin ⇣ aijL,R(Z

0
)

↵ij
L,R(ZX) = � sin ⇣ aijL,R(Z(1)) + cos ⇣ aijL,R(Z

0
) (A.15)

where sin2  ' sin2 ✓W and cos = 1p
1+sin2 �

. ⇣ is the Z(1) � Z 0 mixing angle. For the computation

in neutral current transitions we choose: cos ⇣ = 0.54 and sin ⇣ = 0.84.
Similar to ZH,X the KK photon also contributes to the FCNC with structure similar to Eq. A.12

with the replacement that g ! eQ where Q is the electromagnetic charge and e = g sin ✓W
Along the same line, the coupling to the charged gauge bosons are given as:

WSM :
�igp
2

✓
1� m2

W

M2
KK

p
2⇡kRI(cf )

◆
; WH :

�igp
2
cos ⇣ 0I(cf ); WX :

igp
2
sin ⇣ 0I(cf ) (A.16)
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We assume universal coupling  
between the first two generations: U(2)
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32D33(I(3)� I(2)))

a13 = g̃ (D⇤
21D23(I(2)� I(1)) +D⇤

31D33(I(3)� I(1))) (A.14)

Fig. 10 gives the plot of I as a function of c. The integral is universal I ⇠ 0.2 for c � 0.5. Since
the Higgs is localized near the IR brane, c values for all the quark fields with the exception of the third
generation will be chosen to be c > 0.5. ⇠(1)(y) denotes the profile of the first KK gauge boson: Z(1)

correesponds to the first KK state of the SM Z with (+,+) boundary condition while Z 0 is the neutral
SU(2)R ⇥ U(1)B�L with (�,+) boundary condition. As discussed in Section A, the breaking of the
electroweak symmetry at the IR brane mixes the zero mode gauge boson with the higher modes. In
the mass basis, the flavour violating couplings is given as:

↵ij
L,R(ZSM ) =

M2
Z

M2
KK

⇣
�
p
2kR⇡aijL,R(Z(1)) +

p
2kR⇡ cos� cos aijL,R(Z

0
)
⌘

↵ij
L,R(ZH) = cos ⇣ aijL,R(Z(1)) + sin ⇣ aijL,R(Z

0
)

↵ij
L,R(ZX) = � sin ⇣ aijL,R(Z(1)) + cos ⇣ aijL,R(Z

0
) (A.15)

where sin2  ' sin2 ✓W and cos = 1p
1+sin2 �

. ⇣ is the Z(1) � Z 0 mixing angle. For the computation

in neutral current transitions we choose: cos ⇣ = 0.54 and sin ⇣ = 0.84.
Similar to ZH,X the KK photon also contributes to the FCNC with structure similar to Eq. A.12

with the replacement that g ! eQ where Q is the electromagnetic charge and e = g sin ✓W
Along the same line, the coupling to the charged gauge bosons are given as:

WSM :
�igp
2

✓
1� m2

W

M2
KK

p
2⇡kRI(cf )

◆
; WH :

�igp
2
cos ⇣ 0I(cf ); WX :

igp
2
sin ⇣ 0I(cf ) (A.16)
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1 Introduction

Flavour physics, both in the lepton and hadron sector, o↵ers an exciting avenue to possibly explore
scales even beyond the realm of the LHC. Processes like µ ! e�, ⌧ ! µ� in leptonic sector and in
hadronic sector: KL ! ⇡0⌫⌫, K+ ! ⇡+⌫⌫ (s ! d transitions) are characterised by small contributions
in the SM. This leaves a lot of scope for the manifestation of NP in terms of additional contributions to
these processes and more precise determination of them could o↵er an indirect candle for the existance
of these states. More recently, the LHCb has been involved in the measurement of the b ! sll flavour
observables through the measurement of B(B+ ! K+µ+µ�) and B(B+ ! K+e+e�) in form of the
following ratio [1]

RK =
B(B+ ! K+µ+µ�)

B(B+ ! K+e+e�)

����
q2=1�6 GeV 2

= 0.745+0.090
�0.074 (stat)± 0.036 (syst)

(1.1)

while the SM expectation is RSM
K = 1.003 [2], implying a ⇠ 2.6 � deviation as a possible evidence of

lepton non-universality. This ratio, originally proposed in [3], are an especially clean test of the SM,
as hadronic uncertainties cancel. This was further corroborated by the measurement of the following
ratio

RK⇤ =
B(B0 ! K⇤0µ+µ�)

B(B0 ! K⇤0e+e�)
=

(
0.660+0.110

�0.070(stat)± 0.024(syst), 0.045  q2  1.1 GeV2

0.685+0.113
�0.069(stat)± 0.047(syst), 1.1  q2  6.0 GeV2

(1.2)

The SM prediction in the corresponding q2 bins are: RSM
K⇤ ' 0.93 for low q2 while RSM

K⇤ = 1 elsewhere.
This corresponds to a 2.4� deviation for low q2 and ⇠ 2.5 � for medium q2. Further in the b ! s

sector, LHCb [4, 5] and the BELLE [6] collaboration have observed a deviation in the measurement
of the angular observable P 0

5 [7] in B ! K⇤µµ decays. This further stresses the possibility of lepton
non-universality, in particular in the µ sector [8–14]. These deviations can be parametrized by the
additional contributions to the following e↵ective operators [15]:

L � V ⇤
tbVtsGF↵p

2⇡

X

i

CiOi (1.3)

where Ci = CSM
i +�Ci.

O9 = (s̄L�
µbL)(µ̄�µµ) O90 = (s̄R�

µbR)(µ̄�µµ)

O10 = (s̄L�
µbL)(µ̄�µ�

5µ) O100 = (s̄R�
µbR)(µ̄�µ�

5µ) (1.4)

Here �Ci determines the NP contributions to the Wilson coe�cients. There has been several analysis
to determine the fest fit values to the �Ci: Historically and owing to the P 0

5 anomaly, most of the fits
assumed NP coupled to the muon sector: they involved parameterizing deviations in Cµ

i while Ce
i is

assumed to consistent with the SM. Several 1 �D fits were performed to fit to this e↵ect and fits to
the data can be obtained if the NP satisfies one of the following hypothesis with the corresponding
best fit points [16]: 1) �Cµ

9 = �1.1, 2) �Cµ
9 = ��Cµ

10 = �0.61 and 3) �Cµ
9 = ��C

0µ
9 = �1.01. In

the 1-D hypotheses, the �Ci for the other operators in the e↵ective theory are consistent with zero. In
parallel, fits in the 2-D plane were performed in [17] in the �Cµ

9 ��Cµ
10, �Ce

9��Cµ
9 and �C

0µ
9 ��Cµ

9 ,
while the other Wilson co-e�cients are assumed to be SM like. Further, it is also possible to obtain a
fit to the data in the 6-D parameter space and obtaining the following best fit points [16]:

�C7 = 0.017 �Cµ
9 = �1.12 �Cµ

10 = 0.33 �C70 = 0.59 �Cµ
90 = 0.59 �Cµ

100 = 0.07 (1.5)

– 2 –

Wilson-coe�cients in Eq.1.3: Ci = CSM
i + �Ci. In RS bulk custodial models , neutral currents at

treel level receive contribution from X 2 ZSM,ZX ,ZH ,�(1) . Using Eq.A.15, we write the expression for
the coupling of the SM fermions to the NP states as

LNP ⇢
X

X=ZSM ,ZH ,ZX ,�(1)

Xµ

⇥
↵bs
L (X)(s̄L�

µbL) + ↵bs
R (X)(s̄R�

µbR) + µ̄
�
↵l
V (X)�µ � ↵l

A(X)�µ�5
�
µ
⇤

(4.1)

where ↵l
V,A(X) = ↵l

L(X)±↵l
R(X)

2 and are defined in Appendix A. Using these expressions, the Wilson
co-e�cients for each gauge field X can now be written as:

�C9 = �
p
2⇡

M2
XGF↵

↵bs
L (X)↵l

V (X), �C 0
9 = �

p
2⇡

M2
XGF↵

↵bs
R (X)↵l

V (X)

�C10 =

p
2⇡

M2
XGF↵

↵bs
L (X)↵l

A(X), �C 0
10 =

p
2⇡

M2
XGF↵

↵bs
R (X)↵l

A(X) (4.2)

In deriving above we assumed that the up-sector quark are in the mass-diagonal basis and DL,R ⇠
VCKM . We now discuss two di↵erent possibilities for the fits to the data:

1) Scenario A: This scenario is characterized by the relatively larger contribution of the lepton
singlets to the NP than the doublets. We assume the doublets to have universal bulk wavefunction
with c > 0.5.

The contributions to �C 0
9,10 must be consistent with zero. One possible way to implement this is

by assuming that the right handed down quarks couple similarly to the NP. Numerically this implies
cdR,sR,bR > 0.55. The ranges chosen for c parameter scan is: cQ3 2 [0, 0.5], cµL

= cL 2 [0.51, 0.6] and
cµR

2 [0.45, 0.55]. Further we assume cQ1,2 > 0.55 ensuring a universality of the coupling of the first
two generations to the NP states. This ensures the presence of an accidental U(2) and is essential to
alleviate dangerous contributions to the �F = 2 processes for low MKK [97–100]. Further, we allow
mild tuning of the anarchic Yukawas which may further help in relaxing the constraints [80]. Thus
this is an explicit realization of a scenario where contribution to the B anomalies are mainly due to
coupling to the µR. However, it must be noted that this is not the only contribution and the doublets
also have a Fig. 4 gives the results of the scan: The plot gives the correlation between Cµ

9 �Ce
9 (left)

and Cµ
10 � Ce

10 (right). The 2-� regions for a 4D fit to the data is [18, 110]

Cµ
9 2 [�0.33, 0.06] Ce

9 2 [�2.23, 0.74] Cµ
10 2 [�0.29, 0.14] Ce

10 2 [�2.60, 0.60] (4.3)

Further the non-negligible values of the �Ce is due to left doublets having c ⇠ 0.5 thereby re-
sulting a mildly larger coupling to the NP states than would be expected of states having c � 0.55.
Fitting the muon mass for the choices of c shown in Fig.4 requires choosing the O(1) Yukawa ⇠ 0.03.
As will be seen in Section 7, though slightly fine tuned with regards to the fit to the muon mass, this
scenario is more favorable with regards to suppressing FCNC in the lepton sector.

2) Scenario B: This is roughly the mirror image of the first scenario where the non-universality is
now transferred to the lepton doublets while the singlets are closer to the UV brane and their coupling
to the NP is universal. A distinct feature of this scenario is the sign of the �Cµ

10, which is positive
as compared to the negative sign obtained earlier. This is mainly due to ↵l

L(X) > ↵l
R(X) for the

leptons. Thus only cµL,⌧L < 0.5 while ceL > 0.55. Further without loss of generality we can assume
that c⌧L < cµL

resulting in the left handed tau doublets being more composite than the first two
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We are now in a position to understand the contributions to b-sll transitions

The effective operator contributing to this process is given as

The tree level contributions to b-sll is simply

Using this the WC are simply

The  couplings     are 
related to the FV co-eff        

defined earlier    

↵ij

aij
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The SM prediction in the corresponding q2 bins are: RSM
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K⇤ = 1 elsewhere.
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2 and are defined in Appendix A. Using these expressions, the Wilson
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In deriving above we assumed that the up-sector quark are in the mass-diagonal basis and DL,R ⇠
VCKM . We now discuss two di↵erent possibilities for the fits to the data:

1) Scenario A: This scenario is characterized by the relatively larger contribution of the lepton
singlets to the NP than the doublets. We assume the doublets to have universal bulk wavefunction
with c > 0.5.

The contributions to �C 0
9,10 must be consistent with zero. One possible way to implement this is

by assuming that the right handed down quarks couple similarly to the NP. Numerically this implies
cdR,sR,bR > 0.55. The ranges chosen for c parameter scan is: cQ3 2 [0, 0.5], cµL

= cL 2 [0.51, 0.6] and
cµR

2 [0.45, 0.55]. Further we assume cQ1,2 > 0.55 ensuring a universality of the coupling of the first
two generations to the NP states. This ensures the presence of an accidental U(2) and is essential to
alleviate dangerous contributions to the �F = 2 processes for low MKK [97–100]. Further, we allow
mild tuning of the anarchic Yukawas which may further help in relaxing the constraints [80]. Thus
this is an explicit realization of a scenario where contribution to the B anomalies are mainly due to
coupling to the µR. However, it must be noted that this is not the only contribution and the doublets
also have a Fig. 4 gives the results of the scan: The plot gives the correlation between Cµ
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Further the non-negligible values of the �Ce is due to left doublets having c ⇠ 0.5 thereby re-
sulting a mildly larger coupling to the NP states than would be expected of states having c � 0.55.
Fitting the muon mass for the choices of c shown in Fig.4 requires choosing the O(1) Yukawa ⇠ 0.03.
As will be seen in Section 7, though slightly fine tuned with regards to the fit to the muon mass, this
scenario is more favorable with regards to suppressing FCNC in the lepton sector.

2) Scenario B: This is roughly the mirror image of the first scenario where the non-universality is
now transferred to the lepton doublets while the singlets are closer to the UV brane and their coupling
to the NP is universal. A distinct feature of this scenario is the sign of the �Cµ

10, which is positive
as compared to the negative sign obtained earlier. This is mainly due to ↵l

L(X) > ↵l
R(X) for the

leptons. Thus only cµL,⌧L < 0.5 while ceL > 0.55. Further without loss of generality we can assume
that c⌧L < cµL

resulting in the left handed tau doublets being more composite than the first two
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Two scenarios are possible

Scenario A: The muon singlets are closer to the gauge KK states (couple more). The lepton 
doublets are universal.

Scenario B: The lepton singlets now have near universal coupling and smaller coupling to the 
gauge KK states. The muon doublets are now closer to the KK states and hence larger coupling

Unorthodox scenario as there are contributions to the WC from the lepton doublets as well

These are largely due to ensure fits to the muon mass with O(1) Parameters.

The fit in this case is 4D scenario with C9, C10 for both electron and muon contributing

The fits to muon mass is better with O(1) Parameters.

Mainly C9 and C10 for the muon contribute with a possibility of C9=-C10

Non-universality in muon 
singlets. Lepton doublets universal 

but non-negligible

Will not be discussed 
here

Will de discussed 
here.



The following ranges were used in the scan:

The Z- mu mu coupling is not a problem as the singlets are also embedded in custodial 
representations!

The c values for the lepton doublets are chosen such that to ensure an extension into 5D 
leptonic MFV.

G. D’Ambrosio, A. I. 
Eur.Phys.J. C78 (2018) no.6, 448

cµR 2 [0.45, 0.55] cQ3 2 [0.4, 0.5] cL 2 [0.45, 0.55]

Figure 4: Scenario A: Plots gives the correlation in the C9 and C10 parameter plane for both the
electron and the muon. We use MKK = 3 TeV

Wilson co-e�cients for both the electron and muon. Lower row Fig. 4 gives the di↵erent correlations:
Cµ

9 � Ce
9 (left) and Cµ

10 � Ce
10 (right). The 2-� regions for a 4D fit to the data is [19, 113]

Cµ
9 2 [�0.33, 0.06] Ce

9 2 [�2.23, 0.74] Cµ
10 2 [�0.29, 0.14] Ce

10 2 [�2.60, 0.60] (4.3)

With a four dimensional case, it is relatively easier to find regions which satisfy the above regions.
Thus this is an explicit realization of a scenario where contribution to the B anomalies are due to
non-universal coupling of the µR. However, it must be noted that this is not the only contribution
and the doublets also have a non-negligible contribution.

Further the non-negligible values of the �Ce is due to left doublets having c ⇠ 0.5 thereby result-
ing a mildly larger coupling to the NP states than would be expected of states having c � 0.55. Fitting
the muon mass for the choices of c used to determine the values of the Wilson-coe�cients in Fig.4
requires choosing the O(1) Yukawa ⇠ 0.03. As will be seen in Section 7, though slightly fine tuned
with regards to the fit to the muon mass, this scenario is more favorable with regards to suppressing
FCNC in the lepton sector.

2) Scenario B: This is roughly the mirror image of the first scenario where the non-universality is
now transferred to the lepton doublets while the singlets are closer to the UV brane and their coupling
to the NP is universal. A distinct feature of this scenario is the sign of the �Cµ

10, which is positive
as compared to the negative sign obtained earlier. This is mainly due to ↵l

L(X) > ↵l
R(X) for the

leptons. Thus only cµL,⌧L < 0.5 while ceL > 0.55. Further, without loss of generality we can assume
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Figure 14: Global fit results using full form factors, with ��2 method. The (light) red contour
in the upper left plot corresponds to the (1) 2� allowed region when new physics is considered
in two operators only. The gray line corresponds to the lepton flavour universality condition.

4.6.3 Global fit results for four operators {C
9

, C
10

, C 0
9

, C 0
10

}

In Fig. 15, the projection of the {C
9

, C
10

, C 0
9

, C 0
10

} fit on di↵erent 2-dimensional planes are
demonstrated. This four operator fit has a best fit point with �2 = 121.6 which indicates that
the experimental measurements are better described assuming lepton non-universality as in the
two previous subsections. In this case the SM value of the Wilson coe�cients has a pull of
2.3� with the best fit point. Including the primed operators with respect to the two operator
fit for {C

9

, C
10

} (with �2 = 123.7) does not improve the fit5 (see also the upper left plot of
Fig. 15). The two-operator fits are overlaid again in the projection plot of the four-operator fit.
The comparison shows that the bounds based on the two-operator fits are always stronger by
construction.

4.7 Global fit results in MFV

In this section we show the impact of the b ! s data within the framework of minimal flavour
violation (MFV), see e.g. [95–99] and [100] for a recent review. There are di↵erent definitions
for the MFV framework. We follow the canonical one which is based on a symmetry principle
introduced in Ref. [97], which implies that in a MFV model all flavour-violating interactions

5In the four operator fit there are two less degrees of freedom with respect to the two operator fit.

18

This is a 4D fit to b-s ll data.

It was shown to relax the allowed ranges on the WC required to fit the data.

A model independent fit along these lines was performed in Hurth, Mahmoudi, Neshatpour 
1603.00865



From indirect searches to colliders

We found that solutions are possible in a consistent model with even electrons playing 
a role

These were associated with fits to data on 2D or 4D plane involving both electrons & 
muons

That brings us to the question: Is it possible to get a hint on the structure of WC 
from colliders

We present an explicit example with an effective Z’ model

Electrons or muons or both?



1 Introduction

2 Minimal model with Z 0
and W 0

Consider the following e↵ective lagrangian where NP couples only to the third generation [1]:

Leff = �↵T

⇤2

�
Q̄3�µ�

aQ3

� �
L̄3�µ�

aL3

�� ↵S

⇤2

�
Q̄3�µQ3

� �
L̄3�µL3

�
(2.1)

where ↵T,S are O(1) parameters. This can be simplified to the following e↵ective lagrangian:

Leff =
�bs�e

M2
[(s̄�µb)(ē�

µe)] +
�bs�µ

M2
[(s̄�µb)(µ̄�

µµ)] +
�bs�⌧

M2
[(s̄�µb)(⌧̄ �

µ⌧)]

+
�b�⌧

M2

⇥
2Vcb(c̄�µb)(⌧̄ �

µ⌫⌧ ) + (b̄�µb)(⌧̄ �
µ⌧)

⇤

+


�b�µ

M2
(b̄�µb)(µ̄�

µµ) +
�c�µ

M2
(c̄�µc)(µ̄�

µµ)

�
(2.2)

Let us begin with a discussion of the terms responsible for the R(K⇤) anomaliesi.e. the first line of

Eq. 2.2. We note that we have written a generic lagrangian which includes coupling to all the three

generation of leptons. The Wilson-coe�cients for the R(K⇤) anomalies is given as

Ce
9 = �

p
2⇡

GF↵

�bs�e

M2
Cµ

9 = �
p
2⇡

GF↵

�bs�µ

M2
(2.3)

and C10 = �C9.

We begin with a simple two dimensional fit for C9
e � C9

µ plane. For simplicity we assume that

the C10
e �C10

µ do not contribute and follow the two dimensional fit of [2]. Left plot of Fig.1 gives the

rough region in the �e � �µ plane which satisfy the constraints. The coloured regions gives the ratio

of WC C9
µ/C

9
e which is simply the ratio of couplings �µ/�e. In the case when the vector and axial

vector couplings �A = �AV = � the the decay width of of Z 0 ! ee, µµ is simply / �2
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e in the �e � �µ plane. If �Z0 is the production

cross-section for the Z 0 the ratio of di-electron and di-muons in the Z 0 mass bin at luminosity L is
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where ✏e, ✏µ are e�ciencies for the electrons and muons respectively. While the detection e�ciency

for muon is higher than that of electrons, it has been shown that by giving up electron isolation

and by using techniques of ‘jet’ substructure the acceptance e�ciency for the electrons can also be

increased substantially by keeping QCD in check [3]. Table 1 and 2 gives the comparison of di-muon

and di-electron final states for two masses of mZ0 = (1500, 3000) GeV. The second row gives the

corresponding number after a criteria is imposed on the di-lepton invariant mass mll > 800(1000)

GeV for mZ0 = 1500(3000) GeV. We find that expected the acceptance of di-muons is higher than

that of the di-electron. The third row gives the e�ciency of the corresponding electron jets.These

jets are formed out of calorimetric four vectors and following variables are used to identify it as the

electron:

1) Hadronic Energy fraction: Jets constituted out of high pT electrons will deposit most of their energy

in the electromagnetic calorimeter. In view of this we define the following substructure variable:

✓J =
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Ehad
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1 Introduction

2 Minimal model with Z 0
and W 0

Consider the following e↵ective lagrangian where NP couples only to the third generation [1]:
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⇤2

�
Q̄3�µ�

aQ3

� �
L̄3�µ�

aL3

�� ↵S

⇤2

�
Q̄3�µQ3

� �
L̄3�µL3

�
(2.1)

where ↵T,S are O(1) parameters. This can be simplified to the following e↵ective lagrangian:
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Let us begin with a discussion of the terms responsible for the R(K⇤) anomaliesi.e. the first line of

Eq. 2.2. We note that we have written a generic lagrangian which includes coupling to all the three
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where ✏e, ✏µ are e�ciencies for the electrons and muons respectively. While the detection e�ciency

for muon is higher than that of electrons, it has been shown that by giving up electron isolation

and by using techniques of ‘jet’ substructure the acceptance e�ciency for the electrons can also be

increased substantially by keeping QCD in check [3]. Table 1 and 2 gives the comparison of di-muon

and di-electron final states for two masses of mZ0 = (1500, 3000) GeV. The second row gives the

corresponding number after a criteria is imposed on the di-lepton invariant mass mll > 800(1000)

GeV for mZ0 = 1500(3000) GeV. We find that expected the acceptance of di-muons is higher than

that of the di-electron. The third row gives the e�ciency of the corresponding electron jets.These

jets are formed out of calorimetric four vectors and following variables are used to identify it as the

electron:

1) Hadronic Energy fraction: Jets constituted out of high pT electrons will deposit most of their energy

in the electromagnetic calorimeter. In view of this we define the following substructure variable:
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The Wilson co-efficients for the R(K) and R(K*) anomalies are given as

Consider a Z’ model with the following effective lagrangian

The ratio of WC is simply �e

�µ

A key part of this ratio is that the quark dependance cancels out as it is common 
for both
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2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

Re Cµ
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�0.5
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R
e
C

e 9

flavio v0.21

LFU observables

b ! sµµ global fit

all

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

Example of a fit to the anomalies with both electron and muon

The fit admits a wide parameter space of WC. Is there a way to explore the 
structure of these WC at colliders?

Altmanshoffer, Strangl, Straub 
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Consider the on-shell production of Z’ at colliders and consider  
the following ratio

� =
�Z0�2

µL✏µ
�Z0�2

eL✏e
=

Nµ

Ne

Now the electron and muon are in general associated with different acceptance 
efficiencies

Is there a way for the above ratio to roughly reflect the ratio of WC

Its clear that if ✏µ ' ✏e then

� '
�2
µ

�2
e

=

✓
Cµ

9

Ce
9

◆2



Typically muons have a larger acceptance that electrons

Figure 1: Contour Plot giving allowed regions of electron and muon coupling to Z 0 and the corre-

sponding ratio of the WC. Right plot gives the ratio of the Branching fractions of Z 0 ! µµ, ee

where where sum goes over all the four-vectors which deposit energy in the H � cal and EJ is the

total energy of the jet. For a jet initiated by an electron, the hadronic content inside the jet will be

very small. As a result, ✓J << 1 in stark comparison to a QCD jet, which has ✓J ⇠ 0.7.

2)Number of Tracks: A jet initiated by an electron, will have only one hard track in comparison to a

QCD jet which has several hard tracks.

To increase the e�ciency, we demand that the leading jet has one track while the subleading jet has

0 or 1 track. The criteria on the leas=ding jet is to make sure that the final state in question is the

electron and not due to photons. The criteria on the subleading jet helps to capture electron events

which may be lost in the tracker either due to tracking e�ciency or due to being more beamline. Both

these variables are extremely useful in the absence of isolation to keep QCD in check. An extensive

analysis of this can be found in [3].

Z ! µµ Z ! ee

Simple Isolation(> 1 leptons) 71.73 51.4

Mass cuts (> 800GeV ) 67.85 48.50

Electron jets – 64.70

Table 1: Comparison of e�ciencies of electron jets and muons for mZ0 = 1500 GeV
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Z ! µµ Z ! ee

Simple Isolation(> 1 leptons) 59.33 39.79

Mass cuts (> 1000GeV ) 58.79 39.61

Electron jets – 60.43

Table 2: Comparison of e�ciencies of electron jets and muons for mZ0 = 3000 GeV

mZ0 (GeV) Z ! µµ Z ! ee (Electron jets) Z ! ⌧⌧ (tau jets)

2000 71.45 64.75 31.25

2500 66.35 63.06 37.28

3000 58.79 60.37 40.88

3500 51.68 59.50 43.98

Table 3: Comparison of e�ciencies of electron jets and muons for di↵erent mZ0 masses. We impose

a criteria of the invariant mass of the two muon or two leading electron jets to be (> 1000) GeV.

For the electron jets the QCD fake rate is < 1 in 3⇥ 105 events. The QCD e�ciency is measured by

simulating hard QCD processes with pT > 500 GeV and m̂ > 800 GeV. For ⌧ jets the QCD fake rate

is 0.2%

[3] A. Chakraborty, A. M. Iyer, and T. S. Roy, A Universal Framework for Finding Anomalous Objects at

the LHC, arXiv:1707.07084.
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Is there a way to get them as close to each other as possible!! 
So the analysis is democratic?

Move from conventional electrons to electron jets!

Z ! µµ Z ! ee

Simple Isolation(> 1 leptons) 59.33 39.79
Mass cuts (> 1000GeV ) 58.79 39.61

Table 2: Comparison of e�ciencies of electron jets and muons for mZ0 = 3000 GeV

that in the limit ✏e ' ✏µ, then the ratio � is simply:

� =
Nµ

Ne
'

✓
�V
e

�V
µ

◆2

=

✓
Cµ

9

Ce
9

◆2

(3.2)

Solution: It is necessary to understand that the weak acceptance of the electron is due to the
stringent isolation criteria as well as mapping it to a single track in the Tracker. In order to increase
the acceptance for the electron we give up the standard electron isolation as employed in experiments
and advocate the analysis using ‘electron jets’. Before moving to ‘electron jets’ we first outline the
generic jet clustering algorithm below:

3.1 Jet Reconstruction:

The parton-level events for our signal topology are generated with MADGRAPH at 13 TeV centre of mass
energy using PDF NNLO1 [3] The events are showered and hadronized using PYTHIA [4]. The showered
events are then subsequently passed through the DELPHES detector simulator [5] using the CMS card.
We extract the calorimetric four vectors for each event using the following acceptance criteria:

Ee�cal > 0.1 GeV ; Eh�cal > 0.5 GeV (3.3)

These calorimetric outputs are clustered using FASTJET [6] with the anti-kt algorithm [7] to recon-
struct fat-jets. The top candidates in the event are identified using substructures of the reconstructed
fat-jets with the jet reconstruction parameter to be R = 0.4. On account of the large transverse-
momentum (pT ) associated with each event, we require the jet to have a minimum pT of 50 GeV.
The reconstructed jets are required to have rapidity in the range [�2.5, 2.5]. It is important to note
that the reconstructed jets can be initiated by a photon, electron or any meson. Now its necessary to
identify the ones initiated by the electron which is likely to have the following two properties:

• Low hadronic content (Hcal energy) inside electron jet: The electrons originating from the
interaction vertex are associated with very high pT . Consequently, most of the pT of the jets
initiated by these electrons are due to the electrons four vectors. Thus one can expect these jets
to deposit most of their energy in the E � cal. This is distinctly di↵erent from QCD jets which
deposit most of their energy in H � cal. In light of this we define the following variable:

✓J =
X

i

Ehad
i

EJ
(3.4)

Fig. 2 gives the distribution of Log[✓J ] for electron, photon jets and QCD jets. For electron
jets, if we compute Log[✓J ], it will be very small and negative while for QCD it peaks at
Log[2/3] ⇠ �0.4. A cut of Log[✓J ] < �0.5 will be used for the analysis.
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Figure 1: Contour Plot giving allowed regions of electron and muon coupling to Z 0 and the corre-
sponding ratio of the WC. Right plot gives the ratio of the Branching fractions of Z 0 ! µµ, ee

broad and hence would be useful to narrow this region further. Consider the direct production of Z 0 at
collider. Due to its couplings to both the electrons and muons, its branching fraction into the leptons
depends on corresponding couplings. We now discuss the direct production for each of the two cases
considered above:
Case A Let �Z0 denoted the production cross-section for the Z 0. The number of di-electron and
di-muon final states depends on the Z 0 � ee and Z 0µµ copulings. In this case the the decay width of
of Z 0 ! ee, µµ is simply / (�V

e )
2, (�V

µ )
2. The left plot of Fig.1 gives the ratio contours of the ratio

�2
µ/�

2
e in the �e � �µ plane.

Using this, the ratio of di-electron and di-muons in the Z 0 mass bin at luminosity L is simply:

� =
�Z0(�V

µ )
2L✏µ

�Z0(�V
e )

2L✏e =
Nµ

Ne
(3.1)

where ✏e(✏µ) is the acceptance e�ciency of electron(muon). An important observation at this point is
that they are di↵erent in general. This is evident from Table 1 and 2 which gives the cut flow chart
for the the process p p ! Z 0 ! ee, µµ for mZ0 = 1.5 and 3 TeV respectively. The first row gives
the acceptance e�ciency with atleast single isolated lepton while the second row gives the acceptance
e�ciency where the two leading leptons have a minimum invariant mass mll = 800 GeV.

Z ! µµ Z ! ee

Simple Isolation(> 1 leptons) 71.73 51.4
Mass cuts (> 800GeV ) 67.85 48.50

Table 1: Comparison of e�ciencies of electron jets and muons for mZ0 = 1500 GeV

Question:The question to ask at this stage is whether the ratio of Wilson coe�cients in Eq. 2.4
can reflect in the ratio of the number of muons and electrons at the collider. From Eq. 3.1, we find
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One way to pull up `electron’ efficiency is to use electron-jets

E-cal

H-cal

`jets’ -Calorimetric four-vectors 
-Track four-vectors 

-Cluster them using anti-kt 0.4, 
pT=100 GeV

Track four vectors are scaled by an arbitrary  
small number to avoid over counting

QCD,tau,e, photon 
all fall under jets  

nomenclature

Different samples can be distinguished by studying the properties of jets:-JET SUBSTRUCTURE

`jets’
Give up isolation



Hadronic Energy fraction

where EL, ENL and ENNL are the energies of the leading, subleading and next-to subleading
subjets respectively.

3 Identification of Variables

In the previous section we gave a brief destription of the variables which can potentially constitute
the axes for the multi-dimensional space. The choice of these varibles would primarily depend on the
behaviour of the SM samples under them.
Tracks:In Fig. 1, we show the track distribution for each of the SM background as well signal samples
discussed above. From the figure it is evident that photon peaks at zero, while electron and ⌧ domi-
nantly peak around unity. The ⌧ samples also have a fair amount of three track events due to three
charged pions. QCD jets have large number of tracks with a peak around 6. On account of its discrete
nature, it o↵ers the best discrimination between di↵erent samples.The right panel of Fig 1 shows the
track distribution for the di↵erent SM samples.
Log(✓J): For QCD and ⌧ initiated jets, the corresponding Log(✓J) is closer to 1 as they deposit most
of their energy in the H � cal. On the other hand, electron and photon initiated jets deposit most of
their energy in the electromagnetic calorimeter leading to much smaller values of Log(✓J). The right
panel of Fig 1 shows the distribution of Log(✓J) for di↵erent signal samples. samples.
Both the variables put the electron and photon samples.
N-subjettinessIn the left panel of Fig. 2, we display the log(⌧1) estimated for the SM samples (left).
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Figure 1: Hadronic energy fraction Log(✓J) (left) and the number of tracks (right) for the SM samples

Predominantly single lobed samples like e� and �� jets peak at a much smaller values of log(⌧1)
since ⌧1 ⇠ 0. However, multilobed samples for which ⌧1 ⇠ O(1), it peaks near zero. From the left
panel one can see that there is a small but significant overlap between the ⌧� and e�/�� jets, the
reason being the leptonic decay of the ⌧ -leptons. In addition to ⌧N , it is also useful to study various
N-subjettiness ratios given by ⌧N,N�1 = ⌧N

⌧N�1
, which are also small for a N -lobe configuration. One

can define ⌧31 = ⌧2
⌧1

the ⌧ and other di-samples from the QCD jets as shown in right panel Fig. 2 .
For the samples with single photon, single electron and (large fraction) single tau, both the ⌧21 and
⌧32 peaks around smaller values. On the other hand, di-electron, di-photon and di-tau samples also
peaks at smaller values of ⌧31. For the QCD multijet events, we do not expect any specific pattern
in the energy distribution amoung the subjets, and thus ⌧1, ⌧2 and ⌧3 all are expected to be of same
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to compute the hadronic energy fraction inside a jet and is defined as

✓J =
1

EJ

X

i2Hcal2J

Ei (2.1)

where EJ is the total energy of the jet and Ei is the energy deposited in the ith cell in the Hcal which
is a constituent of the jet.

2.2 Substructure variables

The conventional variables are extremely useful to distinguish most of the SM samples from the QCD.
However, as mentioned earlier, signal events could also be due to a pair or more of collimated photons,
electrons or tau samples which can be easily misidentified with the conventional background using
the standard variables. The characteristic feature of collimated objects is that the reconstructed jets
from ‘signal’ samples have multiple lobes of energy inside. Thus we expect variables based on the jet
substructure technique, will provide better sensitivity compared to the traditional ones. In order to
perform a subjet analysis, we extract the calorimeteric constituents of the leading jet - reconstructed
using R = 0.4 with anti � kt algorithm - and recluster them using kt algorithm with an intent to
identify the subjet structure at each level of recombination. At this stage we classify the substructure
variables into two classes:

• N� subjettiness: This variable only concerns with the number of energetic subjets inside a jet
and they are determined using only the directions of the constituents of the jets in the ⌘ � �

plane.

• Second class of variables are explicity dependent on the subjet structure of the leading jet. For
this case the constituets of the leading jet are clustered exclusively into Npre�filter = 5 subjets
of which we retain only Nhard = 3 hardest subjets.

Below we describe both the above-mentioned classes of the substructure variables and their be-
haviour on the various samples under consideration.

• N-subjettiness:
It is a measure of the number of energetic subjets (or energy lobes) inside a jet and is defined as,

⌧N =

P
k pTk ⇥min (�R1k,�R2k . . .�RNk)P

pTk ⇥R
(2.2)

where k runs over the constituents of the jet and pTk is the transverse momentum for the k � th

constituent. In a jet with N candidate subjets, �Rlk is the distance in the rapidity-azimuth plane
between the k� th constituent and the l� th candidate subjet. A jet with precisely N� distinct lobes
of energy will have all its radiation aligned along one of the N-directions, which is the same as the
direction of the candidate subjets. As a result each constituent of the jet will be clustered with one
of the subjets and one can expect the min (�R1k,�R2k . . .�RNk) to be closer to zero. Thus, for N�
lobe configuration, ⌧N ! 0 while ⌧N�1 > ⌧N for N > 1.

In addition to ⌧N , it is also useful to study various N-subjettiness ratios given by ⌧N,N�1 = ⌧N
⌧N�1

,
which are also small for a N -lobe configuration. One can define two such ratios ⌧21 = ⌧2

⌧1
and ⌧32 = ⌧3

⌧2

to distinguish the ⌧ and other di-samples from the QCD jets. For the samples with single photon,
single electron and (large fraction) single tau, both the ⌧21 and ⌧32 peaks around smaller values. On
the other hand, di-electron, di-photon and di-tau samples also peaks at smaller values of ⌧21 and
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Select jets with very  
small hadron content 

Log[✓J ] < �0.5



To extract maximum information from the electron jet system we make the 
following selection

Use substructure variables to distinguish electron jets from QCD jets

  Leading jet has exactly one track: Takes care of photon fakes 
                                   Sub-Leading jet may have either one or zero track. This is to capture events lost by 

tracker.

We put a min invariant mass cut of 1000 GeV on leading jets to ensure a democratic analysis

QCD fake rate was found to be < 1 event in 300000

Capture Missing Tracks!!

Some Tracks getting  
lost? 

Z ! µµ Z ! ee

Simple Isolation(> 1 leptons) 59.33 39.79

Mass cuts (> 1000GeV ) 58.79 39.61

Electron jets – 60.43

Table 2: Comparison of e�ciencies of electron jets and muons for mZ0 = 3000 GeV

mZ0 (GeV) Z ! µµ Z ! ee (Electron jets) Z ! ⌧⌧ (tau jets)

2000 71.45 64.75 31.25

2500 66.35 63.06 37.28

3000 58.79 60.37 40.88

3500 51.68 59.50 43.98

Table 3: Comparison of e�ciencies of electron jets and muons for di↵erent mZ0 masses. We impose

a criteria of the invariant mass of the two muon or two leading electron jets to be (> 1000) GeV.

For the electron jets the QCD fake rate is < 1 in 3⇥ 105 events. The QCD e�ciency is measured by

simulating hard QCD processes with pT > 500 GeV and m̂ > 800 GeV. For ⌧ jets the QCD fake rate

is 0.2%

[3] A. Chakraborty, A. M. Iyer, and T. S. Roy, A Universal Framework for Finding Anomalous Objects at

the LHC, arXiv:1707.07084.
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A Brief comment on Z 0 ! ⌧⌧

We look at hadronic decay of tau.

One way to possibly distinguish it from qcd jets is to look at track multiplicity

For leading jets we look at jets with either 1 or 0 tracks but with large hadronic content. 
This distinguishes it from the electron jets. 

Z ! µµ Z ! ee

Simple Isolation(> 1 leptons) 59.33 39.79

Mass cuts (> 1000GeV ) 58.79 39.61

Electron jets – 60.43

Table 2: Comparison of e�ciencies of electron jets and muons for mZ0 = 3000 GeV

mZ0 (GeV) Z ! µµ Z ! ee (Electron jets) Z ! ⌧⌧ (tau jets)

2000 71.45 64.75 31.25

2500 66.35 63.06 37.28

3000 58.79 60.37 40.88

3500 51.68 59.50 43.98

Table 3: Comparison of e�ciencies of electron jets and muons for di↵erent mZ0 masses. We impose

a criteria of the invariant mass of the two muon or two leading electron jets to be (> 1000) GeV.

For the electron jets the QCD fake rate is < 1 in 3⇥ 105 events. The QCD e�ciency is measured by

simulating hard QCD processes with pT > 500 GeV and m̂ > 800 GeV. For ⌧ jets the QCD fake rate

is 0.2%

[3] A. Chakraborty, A. M. Iyer, and T. S. Roy, A Universal Framework for Finding Anomalous Objects at

the LHC, arXiv:1707.07084.
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QCD fake ~ 0.2%
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This technique is useful on many accounts:

For broad with resonances, observations of width is not easy. Measurement of the 
ratio enables us to get a signal for NP-Discovery

For narrow width resonances, this can help us extract the extent of NP 
contributions-CONFIRMATION

For narrow width resonances, but beyond the reach of LHC capturing events at the 
left end of the tail-TOWARDS DISCOVERY



What about leptoquarks!! Disclaimer: Preliminary

Figure 3: The distribution of tracks for electron jets (pink-dashed) and tau jets (solid-red). The a.u.
in y axis represents arbitary units and the plot is normalised to unity
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2000 71.45 64.75 31.25
2500 66.35 63.06 37.28
3000 58.79 60.37 40.88
3500 51.68 59.50 43.98

Table 3: Comparison of e�ciencies of electron jets and muons for di↵erent mZ0 masses. We impose
a criteria of the invariant mass of the two muon or two leading electron jets to be (> 1000) GeV.
For the electron jets the QCD fake rate is < 1 in 3⇥ 105 events. The QCD e�ciency is measured by
simulating hard QCD processes with pT > 500 GeV and m̂ > 800 GeV. For ⌧ jets the QCD fake rate
is 0.2%

4 Discussion with Leptoquarks

For simplicity we stick to scalar leptoquarks. The e↵ective lagrangian describing b ! s transitions is
given as:

L = �1
↵kQ̄

c
↵i⌧2Lk(�1)

† + �3
↵kQ̄

c
↵i⌧2(⌧.�3)

†Lk + h.c. (4.1)

For the neutral currents only the triplet operator contributes. For the couplings �↵k, we assume the
following hierarchy of couplings (Gudrun Hiller’s talk in QCD Moriond ’18 ):

�3
sl =

ms

mb
�3
bl �3

cl =
mc

mt
�3
tl (4.2)

where we assume �3
bl,tl ⇠ O(1). For simplicity, we now replace �3 ! �. The Wilson co-e�cients for

the electron and muon can now be given as:

Ce
9 / �be�se

M2
LQ

=
ms�

2
be

mbM2
LQ

; Cµ
9 / �bµ�sµ

M2
LQ

=
ms�

2
bµ

mbM2
LQ

(4.3)
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Using this the WC are simply With the ratioThe ratio of Wilson co-e�cients is simply;

Ce
9

Cµ
9

=
�2
be

�2
bµ

(4.4)

We are interested in the T-channel Drell-Yan process with leptoquarks leading to two leptons in the
final state. Under the hierarchy pattern in Eq. 4.2, the production due to bb Drell-Yan process
dominates over ss and cc over the PDF’s. In this case the cross section and hence the number of
di-leptons must simply scale as �4

bl. In this case too the ratio in Eq. 3.1 follows the pattern

� =
Nµ

Ne
=

✓
Cµ

9

Ce
9

◆2

(4.5)

Advantages of this technique:

• Gives a hint on the structure of the Wilson co-e�cients for the R(K) and R(K⇤) anomalies.

• The third columns of Fig. 3 gives the corresponding ratio for the ⌧⌧ final state. These numbers
are highly promising and can also throw hints for the b ! ⌧⌧ processes i.e. (B ! K⇤⌧⌧)

To be checked: Whether in the ratio of Wilson co-e�cients in the fits is unique. For instance for
a given value of Ce

9 , C
µ
9 , whether the ratio Ce

9/C
µ
9 corresponds to a single point in the plane or is a

locus of several points.To be checked with Flavio or some fitter.
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With this hierarchy, b quark fusion dominates over the charm contribution

We are interested in the T channel production: The cross-section goes as �4

Implying a pattern

� '
✓
Cµ

9

Ce
9

◆2 Similar to Z’



To Conclude…

We considered a scenario in a warped framework where both Muon and electron 
couple to NP

Extent of muon and Electron contribution can be extracted at LHC 

The techniques can also be extended to di-tau final states with some hints on 
other flavour experiments.



Fermions in RS

Bulk fermionic 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 'ζ(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 ;

'ζ(y) = 'ζ(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

Elements of the framework 2.:



Figure 4: Scenario A: Plots gives the correlation in the C9 and C10 parameter plane for both the
electron and the muon. We use MKK = 3 TeV

Figure 5: Scenario B: Left plot gives the distribution for �C9 and �C10. The corresponding c

parameters ranges are given in the right plot.

generations. The singlets for all there generations in the lepton sector satisfy c > 0.55. These choices
result in the contribution to �Ce

9,10 much smaller than �Cµ
9,10, with its magnitude being at most

⇠ 0.2. For most of the region, where the value of Ce
9,10 is an order of magnitude less, it e↵ectively

reduces this to a 2-D fit.

Top left plot of Fig.5 gives the correlation in the �Cµ
9 -�Cµ

10 plane. We accept points which satisfy
0.36 < |�Cµ

9,10| < 0.87 It can be clearly seen that there exist solutions for which �Cµ
9 = ��Cµ

10

thereby reducing it to a 1-D fit as discussed in [16, 17]. The only two relevant parameters for the fits
to the B-anomalies are cQ3�cµL

and the correlation is shown in right plot of Fig. 5. This demonstrates
that a fairly high degree of compositeness in one of the parameters is su�cient to explain the anomalies
to the data.

5 Kaon decays

In the last section we presented two scenarios wherein we demonstrated two di↵erent possibilities to
explain the B anomalies in the same framework. In the event of its confirmation it is essential to pin
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cµR 2 [0.5, 0.6] cQ3 2 [0.4, 0.5] cL2 2 [0, 0.5]

Scenario B:

The Z- mu mu coupling is not a problem as the doublets are also embedded in custodial 
representations!

G. D’Ambrosio, A. I. 
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From B anomalies to rare Kaon decays
This setup is characterized by additional heavy gauge bosons in addition to the KK states of the
SM W,Z and consequently leads to a distinct phenomenology, in the flavour sector in particular. A
detailed analysis of di↵erent flavour transitions in this setup was considered in [80–83] and will form
the basis of this analysis. We revisit this setup exploring the parameter space admitted by the current
anomalies and o↵er predictions for the K ! ⇡⌫⌫ decays, in the s ! d sector. The SM expectation for
the K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄ is [84–86]:

B(K+ ! ⇡+⌫⌫̄) = 8.3± 0.3± 0.3⇥ 10�11 B(KL ! ⇡0⌫⌫̄) = 2.9± 0.2± 0.0⇥ 10�11 (1.9)

where the first error is due to the uncertainty in the parameters of VCKM while the second one
corresponds to the remaining theoretical uncertainties. while the current experimental bound is [87]

B(K+ ! ⇡+⌫⌫̄) = 17.3+11.5
�10.5 ⇥ 10�11 B(KL ! ⇡0⌫⌫̄)  2.6⇥ 10�8 (90% C.L.) (1.10)

In the future, these measurements will be significantly improved. The NA62 experiment at CERN
[88, 89] is aiming to reach a precision of 15% compared to the SM in 2018. while 5% accuracy will
be achieved with more time. Regarding KL ! ⇡0⌫⌫, the KOTO experiment at J-PARC aims at
measuring B(KL ! ⇡0⌫⌫) around the SM sensitivity in the first instance [90, 91]. Moreover, the
KOTO-step2 experiment will aim at 100 events for the SM branching ratio. This implies a precision
of 10% of this measurement [92]. Some NP scenarios where these processes were considered include
leptoquarks [93, 94], MSSM [95], additional gauge bosons [96] etc.

Similar to [55–57], the anomalies in the b ! s transitions can be achieved by reasonably composite
third generation quark doublet. The custodial protection prevents large contribution to Z ! bLb̄L.
We demonstrate fits with two scenarios:
Scenario A. Right handed leptons are more composite than the left handed leptons, in particular for
the muon and tau. In this case non-universality exists in the right-sector while the coupling of the
doublets to the NP is universal. A similar case was considered in [58],
Scenario B. Left handed lepton sector is more composite than the right handed leptons.
For the former case, the NP contribution to �Cµ

9,10 is dominant with a smaller contribution to �Ce
9,10,

thereby demonstrating a 4-D fit along the lines of [18]. It is to be noted that even though the first
generation leptons are completely elementary, the new physics contribution to �Ce

9,10 is non-zero.
This can be attributed to the choice of wave function of the lepton doublets that characterizes a given
scenario. The primed operators do not contribute as we assume universality in the bulk wave-functions
of the right handed quarks.

Both these scenarios are characterized by di↵erent predictions for the theK decays thereby making
it a useful discriminant. One of the interesting features of this setup is that for the parameter space
which fits the ⌧ mass, the net contribution to R(D), R(D⇤) is consistent with the SM and reduces
as the compositeness of the ⌧ increases. This is mainly due to the large W (0)-W (1) mixing which is
proportional to the volume factor

p
2kR⇡. This makes it a predictive framework and a more accurate

determination of R(D), R(D⇤) will help to shed more light on the underlying geometry involved. For
both the scenarios we choose parameters resulting universal coupling of the first two generation quarks
to the NP gauge bosons. This results in a accidental U(2) symmetry which are essential to alleviate
constraints from �F = 2 FCNC processes [97–100].

Non-universality in the lepton sector may also be a harbinger for dangerous LFV e↵ects. Mixing
of leptons with the KK states is known to give rise to large contributions to FCNC like µ ! e� [101].
However it was shown that imposition of bulk MFV ansatz can alleviate these constraints [102, 103].
We demonstrate that the first scenario can easily accommodate the MFV ansatz albeit with a mild
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The current experimental bound is 

The NA62 aims to achieve 15% precision wrt SM in 2018 

The KOTO experiment is focussed at measuring the KL decays



The effective lagrangian for           transitions is given ass ! d⌫⌫

down the exact parameter space of the model. This may be possible by the considering K decays and
will be the focus of attention in this section. K+ ! ⇡+⌫⌫ and KL ! ⇡0⌫⌫ are likely to constitute the
next probe towards the possible existence of NP. They correspond to s ! d⌫⌫ form of transitions and
are likely to be correlated to b ! sll transitions in most NP scenarios; They will be explored in this
section.

Consider the following e↵ective Lagrangian parameterizing for s ! d⌫⌫ transitions:

L =
4GF↵

2
p
2⇡

V ⇤
tsVtdCds,l (s̄L�µdL) (⌫̄l�

µ⌫l) (5.1)

The Wilson co-e�cient Cds,l in the SM is given as:

CSM
ds,l = � 1

s2✓w

✓
Xt +

V ⇤
csVcd

V ⇤
tsVtd

X l
c

◆
(5.2)

where Xt and X l
c are the loop functions for the top and charm contribution respectively and given as:

Xt = 1.481±0.009 and 1
3

P
l
Xl

c

�4 = 0.365±0.012 [111] the branching ratio for K+ ! ⇡+⌫⌫ is given as:

B(K+ ! ⇡+⌫⌫) =
+(1 +�em)

3

X

l=e,µ,⌧

���
V ⇤
tsVtd

�5
Xt +

V ⇤
csVcd

�

✓
X l

c

�4
+ �P l

c

◆ ���
2

B(KL ! ⇡0⌫⌫) =
L

3

X

l=e,µ,⌧

✓
Im(V ⇤

tsVtd)

�5
Xt

◆2

(5.3)

where L = 2.231 ± 0.013 ⇥ 10�10(�/0.225), + = 5.173 ± 0.025 ⇥ 10�11(�/0.225), �em = �0.003
[112] and �P l

c,u = 0.04± 0.02 [113]. The individual values of X l were obtained from Table 1 of [114]:
Xe,µ = 11.18⇥ 10�4, X⌧ = 7.63⇥ 10�4.

We now consider the NP contributions to the process s ! dll given in Eq. 5.1. In the bulk
custodial model under consideration, the e↵ective lagrangian for the process is given as

Ls!d⌫⌫ ⌘
⇥
↵sd
L (s̄L�

µdL) + ↵sd
R (s̄R�

µdR)
⇤
( ¯⌫L�µ⌫)↵

l
L (5.4)

In general this includes both the left handed and the right handed current in the quark sector signaling
a possible deviation from the (V � A)(V � A) structure given in Eq. 5.1. This aspect was explored
in great detail in [81]. We discuss this process in the context of the two scenarios discussed in Section
4. It is worth stressing at this point that the s ! d⌫⌫ transitions only depend on the left handed cL
parameters for the leptons, while both cQ3 and cbR play a role. However, since we assumed only the
third generation doublets to have cQ3 < 0.5, there are no tree-level FCNC in the right handed sector.
The contribution can be quantified by making the following change to the Xt in Eq. 5.2:

Xt ! Xt +
X

X=ZX,H�(1)

p
22⇡

4Gf↵

↵sd(X)↵l
L(X)

M2
KK

(5.5)

where as earlier the contribution due to ZX is suppressed. The SM limit is computed in the limit
MKK ! 1.

We consider the following ratio for both the decays Bi
total/Bi

SM for i = KL,K
+ and evaluate it

for the two scenarios discussed earlier:
1) Scenario A: This case is characterized by the universality in the left handed lepton sector. Since
neutrinos in the final state are left handed, only cL (parameter for the lepton doublets) will play a
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Figure 6: Scenario A: Plots depicting the excess over the SM expectation for the K decays modes.
The c parameters for the doublets is universal and chosen to be cL = 0.51.

Figure 7: Scenario B: Plots depicting the excess over the SM expectation for the K decays modes.
c⌧L = 0.4 and ceL = 0.6 are fixed for the computation while cµL

is varied.

role its computation. To stress the fact that B anomalies are explained purely due to non-universality
in the right handed sector for leptons we choose : cµR

⇠ 0.48 for the muon singlet while cL ⇠ 0.51 for
all three generations. Fig. 6 gives plot of Bi

total/Bi
SM computed as a function of cQ3 and evaluated

for cL = 0.51. This corresponds to the parameter space of the hypothesis under consideration. It can
be seen that for both the decays, the ratio is very close to the SM prediction thereby predicting no
net enhancement. In principle one can choose to reduce cQ3 lesser than 0 at the cost of increasing its
compositeness and possible tension with Z ! bb̄ constraints.

2) Scenario B: This case is characterized by non-universality in the left handed lepton sector while
the NP coupling to the right handed singlets are universal. Fig. 7 gives the ratio Bi

total/Bi
SM for both

– 13 –

G. D’Ambrosio, A. I. 
1712.08122

Due to universality of lepton doublets, the contributions cannot be enhanced beyond a 
point! 

Neutrino couplings are 
determined by the lepton doublet 

parameters!

Scenario A:
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The larger contributions in this case are primarily due       is free compared to 
Scenario A.

cL3
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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)



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!!

Gherghetta, Pomarol



How to get rid of QCD

tracks

where EL, ENL and ENNL are the energies of the leading, subleading and next-to subleading
subjets respectively.

3 Identification of Variables

In the previous section we gave a brief destription of the variables which can potentially constitute
the axes for the multi-dimensional space. The choice of these varibles would primarily depend on the
behaviour of the SM samples under them.
Tracks:In Fig. 1, we show the track distribution for each of the SM background as well signal samples
discussed above. From the figure it is evident that photon peaks at zero, while electron and ⌧ domi-
nantly peak around unity. The ⌧ samples also have a fair amount of three track events due to three
charged pions. QCD jets have large number of tracks with a peak around 6. On account of its discrete
nature, it o↵ers the best discrimination between di↵erent samples.The right panel of Fig 1 shows the
track distribution for the di↵erent SM samples.
Log(✓J): For QCD and ⌧ initiated jets, the corresponding Log(✓J) is closer to 1 as they deposit most
of their energy in the H � cal. On the other hand, electron and photon initiated jets deposit most of
their energy in the electromagnetic calorimeter leading to much smaller values of Log(✓J). The right
panel of Fig 1 shows the distribution of Log(✓J) for di↵erent signal samples. samples.
Both the variables put the electron and photon samples.
N-subjettinessIn the left panel of Fig. 2, we display the log(⌧1) estimated for the SM samples (left).

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

�3 �2.5 �2 �1.5 �1 �0.5 0

a
.
u

logqJ

Photon

Electron

tau

QCD

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 5 10 15 20

a
.
u

NT

Photon

Electron

tau

QCD

Figure 1: Hadronic energy fraction Log(✓J) (left) and the number of tracks (right) for the SM samples

Predominantly single lobed samples like e� and �� jets peak at a much smaller values of log(⌧1)
since ⌧1 ⇠ 0. However, multilobed samples for which ⌧1 ⇠ O(1), it peaks near zero. From the left
panel one can see that there is a small but significant overlap between the ⌧� and e�/�� jets, the
reason being the leptonic decay of the ⌧ -leptons. In addition to ⌧N , it is also useful to study various
N-subjettiness ratios given by ⌧N,N�1 = ⌧N

⌧N�1
, which are also small for a N -lobe configuration. One

can define ⌧31 = ⌧2
⌧1

the ⌧ and other di-samples from the QCD jets as shown in right panel Fig. 2 .
For the samples with single photon, single electron and (large fraction) single tau, both the ⌧21 and
⌧32 peaks around smaller values. On the other hand, di-electron, di-photon and di-tau samples also
peaks at smaller values of ⌧31. For the QCD multijet events, we do not expect any specific pattern
in the energy distribution amoung the subjets, and thus ⌧1, ⌧2 and ⌧3 all are expected to be of same
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Select jets with zero tracks 



tracks 

Some Tracks getting  
lost? 


