
5D and b ->s l l Flavor physics: recent 
theoretical developments in Kaon decays

Giancarlo D’Ambrosio

INFN Sezione di Napoli

 

arXiv:1703.05786

arXiv:1707.06999

 arXiv:1711.11030 

 


arXiv:1712.08122  

  


 arXiv:1712.10270 

Workshop on high-energy implications of flavor anomalies

CERN, 22-24 October 2018

Caserta




Outline


• 5D Randall Sundrum issues


• some flavor problems in 5D


• K->π𝞶𝞶


• K->πll 



I am a collaborator  of

5D 4D SM

Abhishek Iyer
David Greynat Marc Knecht

 

Flavour issues in warped custodial models: B


anomalies and rare K decays

GD, Abhishek M. Iyer. Dec 21, 2017. 22 pp.


arXiv:1712.08122  

Collaboration with M. Knecht ,  Greynat,D.

XIIIth Quark Confinement and the Hadron Spectrum


,        Maynooth Univ., 31 July - 6 August, 2018 


  



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
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Custodial SU(2) 

• Also protects large


• KK states , lowest state MKK<3TeV


• Mass basis: 3 extra neutral states 


• Peaked in IR, origin of non-universal breaking

Agashe Contino Pomarol

Z ! bb̄



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
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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
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Elements of the framework 3.:

Non-universal couplings

Since the fermions are at different points in 
the bulk: Non universality is in built
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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
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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⇤
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31D32(I(3)� I(1)))
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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:
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We assume universal coupling  
between the first two generations: U(2)

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)

– 20 –

The flavour violating 
 couplings are:

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)

– 20 –

Iyer’s talk



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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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

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)(l̄�µl) O90 = (s̄R�

µbR)(l̄�µl)

O10 = (s̄L�
µbL)(l̄�µ�

5l) O100 = (s̄R�
µbR)(l̄�µ�

5l) (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) + l̄
�
↵l
V (X)�µ � ↵l

A(X)�µ�5
�
l
⇤

(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

– 10 –
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We consider two scenarios as a solution to the observed anomalies in neutral current 
sector

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

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

Non-universality in 
muon doublets



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

– 11 –

Scenario A:

The following ranges were used in the scan:

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

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. 
1712.08122

Iyer’s talk



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.
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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



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:



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. 
1712.08122



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

cL3

G. D’Ambrosio, A. I. 
1712.08122Scenario B:

See also correlations by Fejfer et al and Gino et al



LFUV in Kaons
�(K+ ! ⇡+µ+µ�)

�(K+ ! ⇡+e+e�)

SD       <<      LD



K+-> π+ e+ e-      KS-> π0 e+ e-

• gauge+Lorentz inv. =>1 ff  

averaging flavour 

Recent lattice determinations Christ et al. 
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d

4
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iqxh⇡(p)|T {Jµ
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LFUV: Kaons

Cµµ
7V � Cee

7V = ↵
aµµ+ � aee+

2⇡
p
2VudV ⇤

us

aNP
+ =

2⇡
p
2

↵
VudV

⇤
us ⇤ CNP

7V

Channel a+ b+ Reference
ee �0.587± 0.010 �0.655± 0.044 E865
ee �0.578± 0.016 �0.779± 0.066 NA48/2
µµ �0.575± 0.039 �0.813± 0.145 NA48/2

MFV
=) CB,µµ

9V � CB,ee
9V = ↵

aµµ+ � aee+
2⇡

p
2VtdV ⇤

ts

= �19± 79

LHCB-NA62 PLEASE!!

High statistics: nominal # of decays  50 times greater than NA48/2 


Collaboration with  Crivellin, A  Hoferichter, M and Tunstall, L  
Phys.Rev. D 2016



Data analized with several parameterisations of W (z)

Concentrate on “beyond one loop” (BOL) model

WBOL(z) = GFM
2
K(a+ + b+z)

+
8π2

3

M2
K

M2
π

[

α+ + β+
M2

K

M2
π
(z − z0)

](

1 +
M2

K

M2
V

z

)
⎡

⎣

z − 4M2
π

M2
K

z
J̄ππ(zM

2
K) +

1

24π2

⎤

⎦

G. D’Ambrosio et al., JHEP 9808, 004 (1998)

• Similar representation for KS → π0ℓ+ℓ−

• α+,β+ from slope and curvature of K+ → π+π+π− amplitude (more on this later)

α+ = −20.84(74) · 10−8, β+ = −2.88(1.08) · 10−8

J. Bijnens et al. Nucl. Phys. B 648, 317 (2003)

• Only loops with pions, loops with kaons included in the polynomial part

• Still not a complete two-loop representation

• The term proportional to β+ × (M2
K/M2

V ) is actually NNLO (not important)

• One loop corresponds to b+ ∼ 0, β+ = 0, MV → ∞ (after expanding kaon loops)

• a+ = WBOL(0)/GFM2
K , b+ ∼ W ′

BOL
(0)/GFM2

K

GD Greynat Knecht

work in progress

M.Knecht  

XIIIth Quark Confinement and the Hadron Spectrum, Maynooth Univ., 31 July - 6 August, 2018 


  



Combined fit (e+e−)

β+ · 108 a+ b+ χ2/d.o.f

−3.96
+0.483

−0.598

+1.632

−0.678

86.7/39

48.8/39

−2.88
+0.489

−0.592

+1.630

−0.680

60.4/39

45.4/39

−1.80
+0.495

−0.585

+1.629

−0.682

74.8/39

42.8/39

0.1 0.2 0.3 0.4 0.5

2.!10"6

2.5!10"6

3.!10"6

3.5!10"6

−→ 0.1 0.2 0.3 0.4 0.5

2.!10"6

2.5!10"6

3.!10"6

3.5!10"6

NA48/2 + E865

Rescale error bar of one data point in each set

Quite reasonable χ2, negative solution clearly favoured

GD Greynat Knecht

work in progress



Fit to NA48/2 data (µ+
µ
−)

β+ · 108 a+ b+ χ2/d.o.f

−3.96
+0.372

−0.611

+2.102

−0.746

11.9/15

15.9/15

−2.88
+0.384

−0.598

+2.081

−0.768

12.1/15

15.2/15

−1.80
+0.397

−0.585

+2.060

−0.790

12.4/15

14.5/15

0.20 0.25 0.30 0.35 0.40 0.45 0.50

4.!10"12

6.!10"12

8.!10"12

1.!10"11

1.2!10"11

1.4!10"11

NA48/2

As in the NA48/2 data for the e+e− channel, the data show a slight preference for the positive solution

GD Greynat Knecht

work in progress



Robustness of determinations of a+ and b+
Impact of remaining two-loop contributions, not contained in W

BOL
(z)

Predictions for a+ and b+?



Comparing W2loop(z) and WBOL(z)

solid lines: |W2loop(z)|2 full two loops

dash-dotted lines |WBOL(z)|2

red curves: a+ = −0.585, b+ = −0.779, β+ = −2.88 · 10−8

blue curves: a+ = −0575, b+ = −0.779, β+ = −0.99 · 10−8

GD Greynat Knecht

work in progress



Predicting a+, b+? Going beyond the low-energy expansion

requires an unsubtracted dispersion relation

W (z)|ππ =
1

π

! ∞

0
dx

AbsW (x/M2
K)|ππ

x− zM2
K − i0

with

AbsW (s/M2
K)|ππ

16π2M2
K

= θ(s− 4M2
π)×

s− 4M2
π

s
λ−1/2
Kπ (s)× Fπ∗

V (s)× fπ+π−
→K+π−

1 (s)

Then a+ and b+ are given by spectral sum rules

GFM
2
Ka+|ππ = W (0)|ππ =

1

π

! ∞

0

dx

x
AbsW (x/M2

K)|ππ

and

GFM
2
Kb+|ππ = W ′(0)|ππ −

1

60

"
M2

K

M2
π

#2 "

α+ − β+
s0
M2

π
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=
M2

K

π

! ∞

0

dx

x2
AbsW (x/M2

K)|ππ −
1

60

"
M2

K

M2
π

#2 "

α+ − β+
s0
M2

π

#

requires F π∗
V (s) and fπ+π−→K+π−

1 (s) beyond low-energy expansion

GD Greynat Knecht

work in progress



Predicting a+, b+? Going beyond the low-energy expansion

Simple approach: unitarize both using the inverse amplitude method
T. N. Truong, Phys Rev Lett 61, 2526 (1988)

A. Dobado et al, Phys Lett B 235, 134 (1990)

T. Hannah, Phys Rev D 55, 5613 (1997)

A. Dobado, J. R. Pelaez, Phys Rev D 56, 3057 (1997)

J. Nieves et al., Phys Rev D 65, 036002 (2002)

a+|ππ = −(1.574+0.003
−0.020) b+|ππ = −(0.622+0.012

−0.017) for β+ = −0.85 · 19−8

note: position of the ρ resonance much too low for β+ = −2.88... (phase

goes through π/2 at s ∼ M 2
ρ/2!)



Thanks for your attention


