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Introduction: Flavour Sector and Effective Theories

Phenomenology: K+ → π+ ῡ υ and μ → 3e

Renormalisation of Z-Penguin for  
Generic Perturbative Theories

Content



Flavour Symmetry
The standard model gauge sector  
is CP conserving and has a  
large global flavour symmetry  

Only Higgs Yukawa couplings 
break this symmetry in the SM

[Chivukula, Georgi `87]
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Neutral & Charged Current Interactions

Introduction GUTs and SUSY Probe High Energies with Flavour Physics Conclusions

The Flavour Sector of the Standard Model

Charged Current
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sL uL

Neutral current

Z0

�ij
fi fj

SM: Flavour violation is ⇤ Vij

Flavour violating neutral current are
suppressed in the SM

Fluctuations at short distances
Heisenberg (�x�p � h)
FV: Test of high energies

SUSY: New Flavour violation

At low energies (long distances) we
have e⇥ective FV ⇥ Precision tests.

Classify new Physics as minimal
flavour violating (MFV) if ⇤ Vij: [Buras,

Gambino, Gorbahn, Jäger, Silvestrini ’01]

SM: Neutral currents do not 
change the flavour (i=j) at tree-level

Introduction GUTs and SUSY Probe High Energies with Flavour Physics Conclusions

The Flavour Sector of the Standard Model

Charged Current
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�ij
fi fj

SM: Flavour violation is ⇤ Vij

Flavour violating neutral current are
suppressed in the SM

Fluctuations at short distances
Heisenberg (�x�p � h)
FV: Test of high energies

SUSY: New Flavour violation

At low energies (long distances) we
have e⇥ective FV ⇥ Precision tests.

Classify new Physics as minimal
flavour violating (MFV) if ⇤ Vij: [Buras,

Gambino, Gorbahn, Jäger, Silvestrini ’01]

SM: Only charged currents  
change the flavour  (           )/ Vus

Mass ≠ flavour eigenstates

CKM matrix parametrises CP and flavour violation in the SM

VCKM =
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�

Standard Model: Higgs sector is the source of flavour violation
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Flavour Problem
New physics like Supersymmetry, Extra Dimensions ... 
will have new sources of flavour violation,

while flavour observables agree well with in current 
precision.

If we will have new physics at a scale Λ we will generate

L = LSM +⇤2�†�+
1
⇤2 (s̄dL)(s̄dR) + . . .

From the Λ2  term we expect Λ = O(MZ) 

From the        term we expect Λ >> MZ 
1
⇤2
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New Physics sensitivity

Since we have no particle physics evidence of new physics

* Calculate the SM flavour violation as precisely as possible.

* Understand the origin and correlation of NP flavour 
violation to be able to interpret small deviations.

The New Physics (NP) and the Standard Model (SM) compete

�L =
CNP

⇤2
NP

(s̄dL)(s̄dR) +
CSM

v2
EW

(s̄dL)(s̄dR) . . .
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Symmetry Classification

Standard model: SU(3)C ⊗ SU(2)W ⊗ U(1)Y gauge symmetry

Above weak scale SU(2) ⊗ U(1) will be a good symmetry

Use the SU(2) ⊗ U(1) invariant fields (QL , dR, uR) to write 

 
for example – BL & SL denote 3rd & 2nd generation doublets. 

i(B̄L�
µSL)(�

†$Dµ�)

Of New Physics Contributions
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Symmetry Classification

 After electroweak symmetry breaking

Effective Z-penguin vertex ∝ v2   
 
→ sensitive to e.w. symmetry breaking

Similar for other fermions, e.g. in  
 i (e̅L γμ μL)(Φ⟊DμΦ) , i (e̅L γμ τa μL)(Φ⟊ τa DμΦ),  
i (s̅L γμ dL)(Φ⟊DμΦ) …

i(B̄L�
µSL)(�

†$Dµ�)

! -vMZZµ(b̄L�
µsL) + up-type quarks
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Penguins Contribute to Different Observables 

Phenomenology of the Z-Penguin

The Z-Penguin plays an important role in:  
B(s) → μ+ μ-, B → K(*) l+ l-, B → K(*) π, K+ → π+ ῡ υ, ε’/ε,…  

μ → e, μ → 3e, μ → e γ

Consider two examples: K+ → π+ ῡ υ (SM) and μ → 3e (SMEFT)
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Rare Kaon Decays
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s d
W+

Z,     γ, g 

t, c, u
Using the GIM mechanism,  
we can eliminate either Vcs* Vcd  or
Vus* Vud → - Vcs* Vcd - Vts* Vtd

Z-Penguin and Boxes (high virtuality):
power expansion in: Ac - Au ∝ 0 + O(mc2/MW2)

γ/g-Penguin (momentum expansion + e.o.m.):
power expansion in: Ac - Au ∝ O(Log(mc2/mu2))

ImV ⇤
tsVtd = �ImV ⇤

csVcd = O(�5) ImV ⇤
usVud = 0

ReV ⇤
usVud = �ReV ⇤

csVcd = O(�1) ReV ⇤
tsVtd = O(�5)



K+ → π+ ῡ υ at MW
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Quadratic GIM:
Matching (NLO +EW): 
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Mixing (RGE)
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NNLO involves 3-loop massive tadpoles. Compare result with 
similar calculation of B → μ+ μ- [Cerda-Sevilla, Gorbahn, Leak]

Matrix element from Kl3 decays (Isospin symmetry: K+→π0 e+ υ)
[Mescia, Smith]

ChiPT & 
Lattice



Expressions for K → π ῡ υ 
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2 Basic formulae 4

• computation of complete NLO electroweak corrections to the top quark con-
tribution to K

+ ! ⇡

+

⌫⌫̄ and K

L

! ⇡

0

⌫⌫̄ in [8];

• reduction of uncertainties due to m

t

(m
t

), m

c

(m
c

) and ↵

s

(M
Z

), with the last
two relevant in particular for the charm contribution to K

+ ! ⇡

+

⌫⌫̄.

While incorporating these advances in our presentation we will also include

• NLO QCD corrections to the top quark contributions [1–3] and NNLO QCD
corrections to the charm contribution [4–6];

• isospin breaking e↵ects and non-perturbative e↵ects [10, 11].

2.1 K+ ! ⇡+⌫⌫̄

The branching ratio for K

+ ! ⇡

+

⌫⌫̄ in the SM is dominated by Z

0 penguin di-
agrams, with a significant contribution from box diagrams. Summing over three
neutrino flavours, it can be written as follows [3, 11]
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+
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◆
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#
, (2.1)

with



+

= (5.173 ± 0.025) · 10�11


�
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�
8

, �
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= �0.003. (2.2)
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, � = |V
us
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= V

⇤
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id

are the CKM factors discussed below,
and 

+

summarises the remaining factors, in particular the relevant hadronic matrix
elements that can be extracted from leading semi-leptonic decays of K

+, K

L

and K

S

mesons [11]. �
EM

describes the electromagnetic radiative correction from photon
exchanges. X(m

t

) and P

c

(X) are the loop functions for the top and charm quark
contributions, which are discussed below. An explicit derivation of (2.1) can be
found in [33]. The apparent large sensitivity of B(K+ ! ⇡

+

⌫⌫̄) to � is spurious as
P

c

(X) ⇠ �

�4 (see (2.6)) and the dependence on � in (2.2) cancels the one in (2.1)
to a large extent. Therefore when changing � it is essential to keep track of all the
� dependence.

In obtaining the numerical values in (2.2) [11], the MS scheme with

sin2

✓

w

(M
Z

) = 0.23116, ↵(M
Z

) =
1

127.925
, (2.3)

has been used. As their errors are below 0.1% these can currently be neglected.
Note, however, that although the prefactor of the e↵ective Hamiltonian, ↵/ sin2

✓

w

,
is precisely known in a particular renormalisation scheme (MS in this case) it re-
mains a scheme dependent quantity, with the scheme dependence only removed by
considering higher order electroweak e↵ects in K ! ⇡⌫⌫̄. An analysis of such ef-
fects in the large m

t

limit [9] demonstrated that in principle this scheme dependence
could introduce a ±5% correction in the K ! ⇡⌫⌫̄ branching ratios, and that with
the MS definition of sin2

✓

W

these higher order electroweak corrections are found
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where we have added the errors in quadratures. We will use this value in our
numerical analysis. In obtaining the error in (2.9) we kept � fixed at its central
value, as its error is very small and the strong dependence on � in P

SD

c

(X) is
canceled by other factors in the formula for the branching ratio as discussed above.

2.2 KL ! ⇡0⌫⌫̄

The branching ratio for K

L

! ⇡

0

⌫⌫̄ in the SM is fully dominated by the diagrams
with internal top exchanges, with the charm contribution well below 1%. It can be
written then as follows [39,40]

B(K
L
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0
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L

·
✓
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t

�

5

X(x
t

)

◆
2

, (2.10)

where [11]



L

= (2.231 ± 0.013) · 10�10


�

0.225

�
8

. (2.11)

We have summed over three neutrino flavours. An explicit derivation of (2.10) can
be found in [33]. Due to the absence of P

c

(X) in (2.10), the theoretical uncertainties
in B(K

L

! ⇡

0

⌫⌫̄) are due only to X(x
t

) and amount to about 1% at the level of
the branching ratio. The main uncertainty then comes from Im�

t

, which is by far
dominant with respect to the other parametric uncertainties due to 

L

and m

t

, with
the latter present in X(x

t

).

2.3 Experimental prospects

Experimentally we have [41]

B(K+ ! ⇡

+

⌫⌫̄)
exp

= (17.3+11.5

�10.5

) · 10�11

, (2.12)

and the 90% C.L. upper bound [42]

B(K
L

! ⇡

0

⌫⌫̄)
exp

 2.6 · 10�8

. (2.13)

The prospects for improved measurements of B(K+ ! ⇡

+

⌫⌫̄) are very good.
One should stress that already a measurement of this branching ratio with an accu-
racy of 10% will give us a very important insight into the physics at short distance
scales. Indeed the NA62 experiment at CERN [20, 21] is aiming to reach this pre-
cision, and it is expected to accumulate 100 SM events with a good signal over
background figure by 2018. In order to achieve a 5% measurement of the branching
ratio, which will be the next goal of NA62, more time is needed. The planned new
experiment at Fermilab (ORKA) could in principle reach the accuracy of 5% [43].4

Concerning K

L

! ⇡

0

⌫⌫̄, the KOTO experiment at J-PARC aims in the first
step in measuring B(K

L

! ⇡

0

⌫⌫̄) at SM sensitivity and should provide interesting
results around 2020 on this branching ratio [15,22]. There are also plans to measure
this decay at CERN and one should hope that Fermilab will contribute to these

4Unfortunately the US P5 committee did not recommend moving ahead with ORKA and it appears
that the precision on B(K+ ! ⇡

+
⌫⌫̄) will depend in the coming ten years entirely on the progress made

by NA62.

New Physics without extra light degrees of freedom  
can be absorbed into  
X(xt) -> X(xt) + XNP



K → π ῡ υ: Error Budget 
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Updating old analysis [Brod et.al. `11] using input from CKMfitter `16 



Dimension-5 Operator Generate Neutrino Masses

Lepton Sector

14

3. Third, we suppose there is no LFV in the renormalisable couplings of the 2HDM (in particular, in the
lepton Yukawas), so that when matching the 2HDM + dimension-five operators onto the SMEFT at the
intermediate scale m22, no additional LFV operators are generated.

Consider first the renormalisable Lagrangian. The Yukawa couplings can be written [30]:

δL2HDM = −(ν, eL)[Y
(1)]

(
H+

1

H0
1

)
e− e[Y (1)]†H†

1ℓ− (ν, eL)[Y
(2)]

(
H+

2

H0
2

)
e− e[Y (2)]†H†

2ℓ , (2.11)

where the flavour indices are implicit, and the basis in (H1, H2) space is taken to be the “Higgs basis” where
⟨H2⟩ = 0. We suppose that [Y (1)] and [Y (2)] are simultaneously diagonalisable on their lepton flavour indices.

The second Yukawa coupling changes the Equations of Motion for the leptons, so the 2HDM version of
the equation-of-motion vanishing operators (given in eqn (2.9) for the single Higgs model) should be modified.
As a result, the operators OHDℓ(1) and OHDℓ(3) should not be replaced only by the SMEFT operator OeH , as
given in eqns (2.10), but also by an operator with an external H2 leg. However, since we neglect dimension-six
operators with external H2, we use the relations (2.9) and (2.10) also in the 2HDM case.

In this “Higgs” basis, the most general Higgs potential is

V = m2
11H

†
1H1 +m2

22H
†
2H2 − [m2

12H
†
1H2 + h.c.]

+
1

2
λ1(H

†
1H1)

2 +
1

2
λ2(H

†
2H2)

2 + λ3(H
†
1H1)(H

†
2H2) + λ4(H

†
1H2)(H

†
2H1)

+

{
1

2
λ5(H

†
1H2)

2 +
[
λ6 (H

†
1H1) + λ7(H

†
2H2)

]
H†

1H2 + h.c.

}
. (2.12)

In order to decouple the additional Higgses, we can, for instance, set m2
12 = 0 and assume m2

22 ≫ m2
W , or leave

m2
22 free, and impose m2

12 = λ6 = λ7 = [Y (2)] = 0.
At dimension-five in the 2HDM, there are four operators [16]:

δL = +
Cαβ5

2Λ
(ℓαεH

∗
1 )(ℓ

c
βεH

∗
1 ) +

Cαβ∗5

2Λ
(ℓcβεH1)(ℓαεH1)

+
Cαβ21

2Λ

(
(ℓαεH

∗
2 )(ℓ

c
βεH

∗
1 ) + (ℓβεH

∗
1 )(ℓ

c
αεH

∗
2 )
)
+

Cαβ∗21

2Λ

(
(ℓcβεH2)(ℓαεH1) + (ℓcαεH1)(ℓβεH2)

)

+
Cαβ22

2Λ
(ℓαεH

∗
2 )(ℓ

c
βεH

∗
2 ) +

Cαβ∗22

2Λ
(ℓcβεH2)(ℓαεH2)

−
CαβA

2Λ
(ℓαεℓ

c
β)(H

†
1εH

∗
2 )−

Cαβ∗A

2Λ
(ℓcβεℓα)(H2εH1) , (2.13)

where {C5, C22, C21} are symmetric on flavour indices (so can contribute to neutrino masses). In the O21

operator, (ℓαεH∗
2 )(ℓ

c
βεH

∗
1 ) = (ℓβεH∗

1 )(ℓ
c
αεH

∗
2 ), but both terms are retained here because they are convenient

in our Feynman rule conventions3.
Tree-level LFV is often avoided in the 2HDM by imposing a Z2 symmetry on the renormalisable La-

grangian: if under the Z2 transformation, H1 → H1 and H2 → −H2, then [Y2], λ6 and λ7 are forbidden. We
will later discuss this case, but do not impose the Z2 symmetry from the beginning, because it also forbids the
C21, C12 and CA coefficients at dimension-five.

3 The EFT Calculation

3.1 Diagrams and Divergences

Diagrams with two insertions of the dimension-five operators are illustrated in figures 1 and 2. We focus on
the lepton flavour violating diagrams of figure 1, and discuss the four-Higgs operators generated by figure 2 in
Appendix G, because four-Higgs interactions are flavour conserving and arise in the SM.

3The operator O21 can also be written as 2(ℓβϵH
∗
1
)(ℓcαϵH

∗
2
) +(ℓβϵℓ

c
α)(H

∗
1
ϵH∗

2
) using the identity (A.9), as done in the first

reference of [16].

4

h.c.

These operators mix into the Z-Penguin and  
other dimension 6-Operators.  

Calculation in SMEFT completes ADMs up to dimension 6



QHL(1) = i (e̅L γμ μL)(Φ⟊DμΦ) , QHL(3) = i (e̅L γμ τa μL)(Φ⟊ τa DμΦ)

Anomalous Dimensions

RGE govern mixing into the Z-Penguin:
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dimension-six operator space. These anomalous dimensions parametrise the mixing of figure 1 in the 2HDM
(recall that a factor 1/16π2 is scaled out of our anomalous dimensions):

(C⃗[γ̃]C⃗†)βαHℓ(1) = −Cβρ5
3δρσ
2

C∗σα
5

−Cβρ21
3δρσ
2

C∗σα
21 + CβρA

δρσ
2

C∗σα
A (3.17)

(C⃗[γ̃]C⃗†)βαHℓ(3) = Cβρ5 δρσC
∗σα
5

+Cβρ21 δρσC
∗σα
21 + CβρA

δρσ
2

C∗σα
21 − Cβρ21

δρσ
2

C∗σα
A (3.18)

(C⃗[γ̃]C⃗†)βαeH = Cβρ5
3[Y1]ηαδρσ

2
C∗ση

5

+2[(C21 − CA)C
∗
5Y2]

βα +
1

2
[(CAC

∗
A + CAC

∗
21 − C21C

∗
A − C21C

∗
21)Y1]

βα (3.19)

(C⃗[γ̃]C⃗†)ρσβαℓℓ = −Cβρ5
1

2
C∗σα

5

−Cβρ22
1

2
C∗σα

22 − Cβρ21 C
∗σα
21 + CβρA C∗σα

A (3.20)

where the operator label and flavour indices on the left-hand-side refer to the dimension-six operator (the
dimension-five indices are summed).

In the next section, we will need the RGEs for dimension-five operators. Recall that in the single Higgs
model, [γ] is in principle a 9×9 matrix (or 6×6, if one uses the symmetry of Cαβ5 ), mixing the elements of
C5 among themselves. However, in the basis where the charged leptons are diagonal, [γ] is diagonal, and the
anomalous dimension for the coefficient Cαβ5 of the Weinberg operator is [16]:

16π2γ = −
3

2
([Ye]

2
αα + [Ye]

2
ββ) + (λ− 3g2 + 2Tr(3[Yu]

†[Yu] + 3[Yd]
†[Yd] + [Ye]

†[Ye])) (3.21)

where the Higgs self-interaction in the SM Lagrangian is λ
4 (H

†H)2, and [Yf ] are the fermion Yukawa matrices.

4 Phenomenology

In order to solve the RGEs, it is convenient to define t = 1
16π2 ln

µ
mW

, in which case the one-loop RGEs for
dimension-five and -six operator coefficients can be written as

d

dt
C̃ = C̃ · γ̂ + C⃗ · [γ̃] · C⃗†

d

dt
C⃗ = C⃗ · [γ] . (4.1)

These are among the most familiar of differential equations, whose solutions have the form

C⃗(tf ) = C⃗(0) exp{γtf} ≃ C⃗(0)
[
1 + γ

1

16π2
ln

(
Λ

mW

)
+ ...

]
(4.2)

C̃(tf ) =
[ ∫ tf

0
dτC⃗(0)eγτ [γ̃][eγτ ]T C⃗†(0)e−γ̂τ + C̃(0)

]
eγ̂tf (4.3)

where 16π2tf = ln
(

Λ
mW

)
. In these solutions, the anomalous dimension matrices were approximated as con-

stant; this is not a good approximation, because the anomalous dimensions depend on running coupling con-
stants, in particular the Yukawa couplings can evolve significantly above mW .

A simple solution to eqn (4.3) can be obtained by expanding the exponentials under the integral, as in
eqn (4.2):

C̃(mW ) = C̃(Λ)− C̃(Λ)γ̂
1

16π2
ln

Λ

mW
− C⃗(Λ)[γ̃]C⃗†(Λ)

1

16π2
ln

Λ

mW
+ ... (4.4)
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can be cancelled by the counterterms (16π2ϵ)−1[C21C∗
5Y2]βα and −[CAC∗

5Y2]βα/(16π2ϵ). Including also the
additional counterterms for Oβα

HDℓ(1) and Oβα
HDℓ(3) in the 2HDM gives

∆(C⃗[Z̃]C⃗†)βαeH =
1

4

1

16π2ϵ

(
4[(C21 − CA)C

∗
5Y2]

βα + [(CAC
∗
A + CAC

∗
21 − C21C

∗
A − C21C

∗
21)Y1]

βα
)
. (3.12)

Finally, for the four-lepton operator, there are additional counterterms in the 2HDM to cancel the diver-
gences induced by double-insertions of O22, of O21, and of OA. (The possible diagrams with an insertion of
both O21 and OA vanish due to anti-symmetry.) We obtain:

∆(C⃗[Z̃]C⃗†)ρσβαℓℓ = −
1

4

1

16π2ϵ
Cρβ22 C

∗ασ
22 −

1

2

1

16π2ϵ
Cρβ21 C

∗ασ
21 +

1

2

1

16π2ϵ
CρβA C∗ασ

A . (3.13)

3.3 The Renormalisation Group Equations

The contribution of dimension-five operators to the Renormalisation Group Equations of dimension-six op-
erators, due to double insertions, can be obtained following the discussion of Herrlich and Nierste [31]. The
derivation is presented in Appendix C. Here we schematically outline the result.

The bare Lagrangian coefficients are defined at one loop as in eqn (3.1), where the counterterm for one
operator can depend on the coefficients of other operators. Recall that the bare coefficients are independent
of the dimensionful parameter µ, and that the renormalised Cs are dimensionless. Using C⃗ = µ−2ϵC⃗bare[Z−1]
allows one to obtain, in 4− 2ϵ dimensions:

(16π2)µ
d

dµ
C⃗ = −C⃗

{
2ϵ(16π2) + (16π2)

[
µ

d

dµ
Z

]
[Z−1]

}
≡ C⃗[γ]− 2ϵ(16π2)C⃗ (3.14)

where [γ] denotes the 4-dimensional anomalous dimension matrix, and we (unconventionally)4 factor the 16π2

out of the anomalous dimension matrices. While the −2ϵ term does not contribute in d = 4 dimensions to the
mixing of the dimension-five operators, it plays an essential role in the renormalisation group equations of the
dimension-six operators.

For the dimension-six coefficients, it is straightforward to obtain from eqn (3.1):

µ
d

dµ
C̃ =− C̃ ·

{
µ

d

dµ
Ẑ

}
Ẑ−1 + 2ϵ C⃗ · Z̃ · C⃗†Ẑ−1

− C⃗ ·
[
µ

d

dµ
Z̃

]
· C⃗†Ẑ−1 − C⃗ · [Z]

[
µ

d

dµ
Z−1

]
· [Z̃] · C⃗†Ẑ−1 − C⃗ · [Z̃] ·

[
µ

d

dµ
Z−1

]†
[Z]†C⃗†Ẑ−1 ,

(3.15)

where terms of O(ϵ) that vanish in 4 dimensions are neglected, and the summation over flavour and operator
indices is indicated with a dot. The second line can be dropped, because the first term vanishes at one loop,
and the remaining terms are of two-loop order because both [Z̃] and d[Z−1]/dµ arise at one-loop. So the
renormalisation group equations for the dimension-six coefficients can be written

(16π2)µ
d

dµ
C̃ = C̃γ̂ + C⃗[γ̃]C⃗† , (3.16)

where γ̂ is the one-loop anomalous dimension matrix for dimension-six operators [19] and [γ̃] = 2(16π2)ϵ[Z̃] is
the anomalous dimension tensor.

We give below the anomalous dimensions describing the one-loop mixing of double-insertions of dimension-
five operators into LFV dimension-six operators, in the 2HDM. The single Higgs model can be easily retrieved
by setting C21 = CA = C22 = 0 in the equations below. The anomalous dimension tensor mixing a pair of
dimension-five operators into a dimension-six operator is neccessarily a three-index object; below we sum over
the two dimension-five indices, and give these summed components of the tensor as elements of a vector in the

4The usual definition [15] is µ d
dµ

C = Cγ, then γ is expanded in loops: γ = αs
4π

γ0 + .... However, here we only work at one

loop, have other subscripts on our γs and the one loop mixing of dimension-five-squared into dimension-six is not induced by a
renormalisable coupling. So we factor out the 16π2.
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And then e.g. constrained by Br(μ → 3e) < 10-10



Sensitivity

From the left-handed contribution to Br(μ → 3e) < 10-10

This results in a sensitivity to the dimension 5-operator 
Wilson coefficients:
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Generic Lagrangian for the Z-Penguin
We only need cubic interactions of scalars h, fermions f
and vectors V.

L3 =
X

f1f2s1L/R

yL/R
s1 f̄1f2

hs1 ̄f1PL/R f2 +
X

f1f2v1L/R

gL/R
v1 f̄1f2

Vv1,µ ̄f1�
µPL/R f2

+ i
6

X

v1v2v3

gv1v2v3

⇣
Vv1,µVv2,⌫ @

[µV⌫]
v3 + . . .

⌘

- i
2

X

v1s1s2

gv1s1s2 Vµ
v1

⇣
hs1 @µhs2 -

�
@µhs1

�
hs2

⌘
.

I We can add SU(3)⇥ U(1) ! higher orders
I Perturbative Unitary ! massive vectors from SSB
I Add R⇠ gauge-fixing

2 / 9
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Finite Z-Penguin?

I Can we derive a general finite one-loop result for
FCNC Z penguin?

I In the loops we need the correct high-energy
behaviour
I Gauge-structure of Greens functions determined by

Slavnov-Taylor identities
I Traditionally used in high-energy scattering

(“Goldstone-boson Equivalence Theorem”)
I At the same time, UV behaviour controls

renormalization properties

3 / 9
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Remnants of Gauge Symmetry
I We assume that the massive vector bosons originate

from a spontaneously broken gauge symmetry
I Fix the gauge for massive vector (�V± = ±i, �V = 1)

Lfix = -
X

v

(2⇠v)
-1Fv̄Fv , Fv = @µVµ

v - �v⇠vMv�v ,

I From sūv = -Fv/⇠v obtain 3-point STIs:

gv1�2�3 = �v2�v3

M2
v2
+M2

v3
-M2

v1
2 Mv2 Mv3

gv1v2v3 , gv1�2s1 = -i�v2
1

2 Mv2
gv1v2s1 ,

gv1v2�3 = -i�v3

M2
v1
-M2

v2
Mv3

gv1v2v3 , g�1s1s2 = i�v1

M2
s1
-M2

s2
Mv1

gv1s1s2 ,

g�1�2s1 = -�v1�v2

M2
s1

2 Mv1 Mv2
gv1v2s1 , g�1�2�3 = 0 ,

y�
�1 f̄1f2

= -i�v1
1

Mv1

�
mf1g

�
v1 f̄1f2

- g�̄
v1 f̄1f2

mf2

�
.

I Allows us to eliminate all Goldstone couplings
4 / 9
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Results in terms of physical parameters

V1- V2+

V+f

f1 f2

Z0 Z0

dj djdi di

V2+

didj dj f1

Z0X

f1f2v1


k̃L

f1f2v1

⇣
C̃0

�
mf1 , mf2 , Mv1

�
- 1

2

⌘
+ kL

f1f2v1
C0

�
mf1 , mf2 , Mv1

�
+ k 0L

f1f2v1

�

+
X

f1v1v2


k̃L

f1v1v2

⇣
C̃0

�
mf1 , Mv1 , Mv2

�
+ 1

2

⌘
+ kL

f1v1v2
C0

�
mf1 , Mv1 , Mv2

�
+ k 0L

f1v1v2

�

The divergent loop functions C̃0 are multiplied with:

k̃L
f1f2v1

=

✓
gL

Zf̄2f1
+

mf1mf2

2M2
v1

gR
Zf̄2f1

◆
gL

v̄1d̄if2
gL

v1 f̄1dj
,

k̃L
f1v1v2

= -

✓
3 +

m2
f1(M

2
v1
+ M2

v2
- M2

Z)

4M2
v1

M2
v2

◆
gZv1v̄2g

L
v̄1d̄if1

gL
v2 f̄1dj

-
1
2

✓
1 +

m2
f1

2M2
v1

◆�
g�

Zd̄idi
g�

v1d̄if1
g�

v̄1 f̄1dj
+ g�

v1d̄if1
g�

v̄1 f̄1dj
g�

Zd̄jdj

�
�v1v2 ,

5 / 9
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Consider SM fermions and extra W±

Derive STIs for f - f - V - V function:
I Relations between products of trilinear couplings

X

v3

gL/R
v3 f̄1f2

gv1v2v̄3 =
X

f3

�
gL/R

v1 f̄1f3
gL/R

v2 f̄3f2
- gL/R

v2 f̄1f3
gL/R

v1 f̄3f2

�

I For v1 ! W+
1 , v2 ! W-

2 , f1 ! di, f2 ! dj and using
gZd̄idj

= 0 implies CKM unitarity for SM fermions:

0 =
X

f3

gL
W-

2 s̄f3
gL

W+
1 f̄3d

I We still obtain a divergence proportional to

X

v1,v2

✓
1

2M2
v1

(gR
Zt̄t-gL

Zd̄d)�v1v2-
(M2

v1
+ M2

v2
- M2

Z)

4M2
v1

M2
v2

gZv1v̄2

◆
gL

v̄1d̄it
gL

v2 t̄dj

6 / 9
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Two additional STIs:

t t ttdj djdj

Z Z v1v1 Zv1

v2

dj

Setting v3 = Z, f2 = dj there are two additional STIs:

gL
Zt̄tg

L
v+1 t̄dj

= gL
v+1 t̄dj

gL
Zd̄jdj

+
X

v2

gZv+1 v-2
gL

v+2 t̄dj

gR
Zt̄tg

L
v+1 t̄dj

= 1
2gL

v+1 t̄dj

⇣
gL

Zt̄t + gL
Zd̄jdj

⌘
+
X

v2

M2
v1
- M2

Z

2M2
v2

gZv+1 v-2
gL

v+2 t̄dj

Which can be used to eliminate gL/R
Zt̄t from the expression

7 / 9
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Results for extra W±

The resulting expression comprises less parameters

ĈL
djdiZ =

X

v1v2

fV(mt, Mv1 , Mv2)gZv+2 v-1
gL

v+1 t̄dj
gL

v-2 d̄it

and a finite loop function

fV(mi, mj, mk) = m2
i C0 (mi, mk, mk)-

m2
i

⇣
m2

j + m2
k - M2

Z

⌘

4m2
j m2

k

+
m2

i

⇣
-3m2

j + m2
k - M2

Z

⌘
+ 4m2

k

⇣
m2

j - m2
k + M2

Z

⌘

4m2
j m2

k
m2

i C0 (mi, mi, mk)

+
-M2

Z

⇣
3m2

j + 4m2
k

⌘
- 13m2

j m2
k + 3m4

j + 4m4
k

4m2
j m2

k
m2

i C0
�
mi, mj, mk

�
.

8 / 9
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Outlook

I Can be applied to models with extra gauge bosons
I Can be extended to models with arbitrary scalars and

fermions
I Agrees with explict calculations in the SM, MSSM,

LR-Model, multi Higgs models \ vector-like quarks
I For heavy new physics reproduces the logs of an EFT

calculation

9 / 9



Conclusions
Flavour Physics provide precision probes of new 
effective interactions

Requires higher order calculations in the SM

SMEFT parameterises heavy new physics

Can also consider generic new physics  
- Use STIs/unitarity to renormanlise  
- and to reduce number of input paramter
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