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Flavour Physics

◦ In SM, force carriers

◦ Quark sector: Higgs mechanism responsible

for quark masses and quark flavour mixing

◦ Unitary CKM matrix⇒⇒⇒ no flavour changing

neutral current (FCNC) at tree-level

◦ Lepton sector: vanishing ννν-masses⇒⇒⇒
accidental lepton flavour conservation

◦ BUT: ν oscillate, thus have (tiny) masses

⇒⇒⇒ explaining ν oscillations opens the door

to lepton flavour violation (LFV)!
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Lepton flavour universality
Only difference between leptons is their masses:

me ∼ 511 keV, mµ ∼ 105 MeV, mτ ∼ 1.7 GeV

Accidental “symmetry” in the SM: couplings of electroweak gauge bosons are “blind”
to lepton flavour ⇒⇒⇒ Lepton Flavour Universality (LFU)

[PDG 2020]

⇒⇒⇒ BUT: current measurements in semi-leptonic BBB-meson decays and low energy precision

observables appear to tell a different story!
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Hadrons

QCD bound states of quarks: Baryons ∼ 3 quarks, Mesons ∼ 1 quark, 1 anti-quark

◦ Proton |p〉 ∼ |uud〉,
neutron |n〉 ∼ |udd〉,
pions |π0〉 ∼ |uū〉+|dd̄〉√

2
, |π+〉 ∼ |ud̄〉

⇒⇒⇒ KKKaons: |K0〉 ∼ |s̄d〉, |K+〉 ∼ |s̄u〉
⇒⇒⇒ BBB mesons: |B0〉 ∼ |b̄d〉, |B+〉 ∼ |b̄u〉
⇒⇒⇒ DDD mesons: |D0〉 ∼ |c̄u〉, |D−〉 ∼ |c̄d〉
◦ Heavy flavours: hadrons involving
bbb or ccc quarks

◦ (top quark does not hadronise, it decays

before a bound state can be formed)
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2
, |π+〉 ∼ |ud̄〉

⇒⇒⇒ KKKaons: |K0〉 ∼ |s̄d〉, |K+〉 ∼ |s̄u〉

⇒⇒⇒ BBB mesons: |B0〉 ∼ |b̄d〉, |B+〉 ∼ |b̄u〉
⇒⇒⇒ DDD mesons: |D0〉 ∼ |c̄u〉, |D−〉 ∼ |c̄d〉
◦ Heavy flavours: hadrons involving
bbb or ccc quarks

◦ (top quark does not hadronise, it decays

before a bound state can be formed)

Jonathan Kriewald LPC JRJC 2021 22 October 2021 4 / 20



JRJC 2021

Hadrons

QCD bound states of quarks: Baryons ∼ 3 quarks, Mesons ∼ 1 quark, 1 anti-quark

◦ Proton |p〉 ∼ |uud〉,
neutron |n〉 ∼ |udd〉,
pions |π0〉 ∼ |uū〉+|dd̄〉√
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BBB-meson decays
BBB-mesons offer powerful probes of the SM and hints of new physics:

◦ Theoretically “clean(ish)” - due to large mass of bbb-quark, certain theoretical
approximations apply and precise predictions are possible (thanks to non-pert. QCD

methods)

◦ Experimentally accessible - mostly produced in forward region (design of LHCb),
hundreds of decay channels to explore
◦ Exciting future programme (LHCb, Belle II, ...)
◦ Charged current BBB-decays used to measure CKM parameters (|Vcb|, |Vub|, γ, δCP )
◦ BBB and BsBsBs-meson oscillations offer insight on CPCPCP violation in the SM
◦ Due to extremely low SM background, rare FCNC BBB-meson decays are powerful

probes of new physics
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... and hundreds more, most
in excellent agreement with

SM!
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methods)

◦ Experimentally accessible - mostly produced in forward region (design of LHCb),
hundreds of decay channels to explore
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◦ Charged current BBB-decays used to measure CKM parameters (|Vcb|, |Vub|, γ, δCP )
◦ BBB and BsBsBs-meson oscillations offer insight on CPCPCP violation in the SM
◦ Due to extremely low SM background, rare FCNC BBB-meson decays are powerful

probes of new physics

BUT: Significant deviations from SM
observed in B → D(∗)`νB → D(∗)`νB → D(∗)`ν and B → K(∗)``B → K(∗)``B → K(∗)``

decays!
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Observables in b→ c`νb→ c`νb→ c`ν

RD(∗)RD(∗)RD(∗) =
BR(B → D(∗)τττν)

BR(B → D(∗)`ν)

◦ Charged current tree-level decay

◦ Theoretically clean: hadronic

uncertainties cancel in the ratio

◦ SM: RDRDRD = 0.299± 0.003

RD∗RD∗RD∗ = 0.258± 0.005

◦ Exp.: RDRDRD = 0.340± 0.030

RD∗RD∗RD∗ = 0.295± 0.014

⇒⇒⇒ SM predictions are significantly smaller than experimental results,
(combined) deviation from SM ∼ 3.1σ∼ 3.1σ∼ 3.1σ!

⇒⇒⇒Violation of LFU? New physics coupled to τττ?
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Observables in b→ s``b→ s``b→ s``

RK(∗)RK(∗)RK(∗) =
BR(B → K(∗)µµµµµµ)

BR(B → K(∗)ee)

◦ FCNC penguin decay

◦ Theoretically clean: hadronic

uncertainties cancel in the ratio

◦ SM: RKRKRK = RK∗RK∗RK∗ ' 111

◦ Exp.: RKRKRK = 0.846+0.044
−0.041 (NEW!)

RK∗RK∗RK∗ = 0.69± 0.12

⇒⇒⇒ First evidence for

violation of LFU @ 3.1σ3.1σ3.1σ!

⇒⇒⇒ Strong hint on new physics coupled to µµµ!

(and/or to eee)

◦ (Recent measurements of R
K0
S

R
K0
S

R
K0
S

and RK∗+RK∗+RK∗+

corroborate the picture, but too low statistics)
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Observables in b→ sµµb→ sµµb→ sµµ

◦ Angular observables and BRs in
B+,0 → K∗µ+µ−B+,0 → K∗µ+µ−B+,0 → K∗µ+µ− and Bs → φµ+µ−Bs → φµ+µ−Bs → φµ+µ−,
(local) deviations 2− 3σ2− 3σ2− 3σ!

◦ ATLAS, CMS and LHCb
measurements of BR(B(s) → µ+µ−B(s) → µ+µ−B(s) → µ+µ−)
consistent with SM

How can we explain this?
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Electroweak penguins in b→ s``b→ s``b→ s``

FCNC transitions in the SM are “loop-suppressed”: (e.g. B0 → K0∗`+`−)

Heavy BSM contributions are “mass suppressed”⇒⇒⇒ If required to be large, must be
present at tree-level:
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Electroweak penguins in b→ s``b→ s``b→ s``
FCNC transitions in the SM are “loop-suppressed”: (e.g. B0 → K0∗`+`−)

Heavy BSM contributions are “mass suppressed”⇒⇒⇒ If required to be large, must be
present at tree-level:

Z′Z′Z′: BSM “cousin” of SM Z-boson
Leptoquarks: scalar or vector fields coupling

leptons to quarks

BUT:
which classes of new physics?

⇒⇒⇒EFT analysis to find requirements on BSM as a
first step!
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EFT intermezzo I
Effective Field Theory ' SM Lagrangian + non-renormalisable operators

Heavy fields are “integrated out”: only valid in certain energy regime

⇒⇒⇒

⇒⇒⇒Fermi constant GFGFGF is an effective coupling constant

EFT Lagrangian for b→ s``b→ s``b→ s``: Leff ∝ 4GF√
2

∑
kCkCkCk(µ)OkOkOk(µ)

◦ Effective operators OkOkOk are
accompanied by effective coupling
constants CkCkCk (Wilson coefficients)

◦ Couplings run! (depend on energy
scale µ)
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EFT intermezzo II

⇒⇒⇒

⇒⇒⇒All diagrams contribute to the Wilson coefficients!

◦ Different kinematical bins are
sensitive on different Wilson
coefficients

⇒⇒⇒ Fit Wilson coefficients on data to
discriminate between new physics
scenarios!
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Constraints on (pseudo-) scalar operators
Weak effective theory fit @ 4.8 GeV4.8 GeV4.8 GeV for all b→ s``b→ s``b→ s`` data:

Cbsµµ9 Cbsµµ10 C′bsµµ9 C′bsµµ10 Cbs7
−1.17± 0.16 0.09± 0.14 0.41± 0.34 −0.19± 0.20 0.002± 0.014

C′bs7 CbsµµS = −CbsµµP C′bsµµS = C′bsµµP PullSM p-value
0.006± 0.017 −0.001± 0.025 −0.001± 0.025 5.8 49.7%

−0.05 −0.04 −0.03 −0.02 −0.01 0.00 0.01 0.02

∆Cbs``
S = −∆Cbs``

P

−0.05

−0.04

−0.03

−0.02

−0.01

0.00

0.01

0.02

∆
C
′bs
``

S
=

∆
C
′bs
``

P

Bs → µ+µ−

◦ Primed operators:
right-handed quark current,
vanishing in SM

◦ Scalar and pseudo-scalar
operators tightly constrained
by Bs → µ+µ−Bs → µ+µ−Bs → µ+µ− and effective
lifetime, consistent with 0
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Constraints on dipoles

Weak effective theory fit @ 4.8 GeV4.8 GeV4.8 GeV for all b→ s``b→ s``b→ s`` data:

C9 C10 C′9 C′10 C7 C′7 PullSM

1.18+0.17
−0.16 0.11+0.15

−0.14 0.34+0.33
−0.33 −0.25+0.18

−0.17 0.001+0.014
−0.014 0.005+0.014

−0.014 6.16.16.1

−0.100−0.075−0.050−0.025 0.000 0.025 0.050 0.075 0.100

Re ∆Cbs
7

−0.15

−0.10

−0.05

0.00

0.05

0.10

0.15

R
e

∆
C
′bs 7

B → K∗γ

B → Xsγ

Bs → φγ

b→ see

b→ sγ & b→ see ◦ Primed operators:
right-handed quark current,
vanishing in SM

◦ Dipole coefficients tightly
constrained by b→ sγb→ sγb→ sγ and
b→ seeb→ seeb→ see, consistent with 0

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...
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C9C9C9 vs C10C10C10

Add BSM to SM contribution in LH VVV and AAA currents (SM: C9C9C9 ≈ −C10C10C10  VVV −AAA)

⇒⇒⇒ best fit: ∆Cbsµµ9 =−0.86−0.86−0.86+0.18
−0.17, ∆Cbsµµ10 = 0.100.100.10+0.12

−0.12, PullSM = 5.85.85.8

−1.5 −1.0 −0.5 0.0 0.5 1.0

∆Cbsµµ
9

−0.5

0.0

0.5

1.0

1.5

2.0

∆
C
bs
µ
µ

1
0

∆C9 = −∆C10

RK(∗)

ang. obs. B → K∗µµ

global b→ s``

DDD: SM
FFF: best fit
small tension between
RKRKRK and RK∗RK∗RK∗ with ang.
obs.

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC JRJC 2021 22 October 2021 14 / 20



JRJC 2021

C9C9C9 vs C10C10C10

Add BSM to SM contribution in LH VVV and AAA currents (SM: C9C9C9 ≈ −C10C10C10  VVV −AAA)

⇒⇒⇒ best fit: ∆Cbsµµ9 =−0.86−0.86−0.86+0.18
−0.17, ∆Cbsµµ10 = 0.100.100.10+0.12

−0.12, PullSM = 5.85.85.8

−1.5 −1.0 −0.5 0.0 0.5 1.0

∆Cbsµµ
9

−0.5

0.0

0.5

1.0

1.5

2.0

∆
C
bs
µ
µ

1
0

∆C9 = −∆C10

RK

RK∗

ang. obs. B → K∗µµ

global b→ s``

DDD: SM
FFF: best fit
small tension between
RKRKRK and RK∗RK∗RK∗ with ang.
obs.

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...

Jonathan Kriewald LPC JRJC 2021 22 October 2021 14 / 20



JRJC 2021

C9 = −C10C9 = −C10C9 = −C10 vs Cuniv.
9C
univ.
9C
univ.
9

First considered in Alguéro et.al. [1809.08447]: Cbsee9 = ∆Cuniv.
9C
univ.
9C
univ.
9 , Cbsµµ9 = ∆Cbsµµ9 + ∆Cuniv.

9C
univ.
9C
univ.
9

⇒⇒⇒ best fit: ∆Cbsµµ9 = −∆Cbsµµ10 = −0.330.330.33+0.08
−0.08, ∆Cuniv.

9C
univ.
9C
univ.
9 = −0.860.860.86+0.19

−0.17, PullSM = 6.46.46.4

−1.0 −0.8 −0.6 −0.4 −0.2 0.0 0.2

∆Cbsµµ
9 = −∆Cbsµµ
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−1.25

−1.00

−0.75

−0.50

−0.25

0.00

0.25

∆
C

u
n
iv

.
9

RK(∗)

ang. obs. B → K∗µµ

global b→ s``

DDD: SM

FFF: best fit

µ

Cuniv.
9C
univ.
9C
univ.
9 can be RG

running induced
(e.g. from large Cbsττ9C

bsττ
9C
bsττ
9 )

 RD(∗)RD(∗)RD(∗)?

Unknown cc̄cc̄cc̄ corr. can mimic Cuniv.
9C
univ.
9C
univ.
9 ⇒⇒⇒ Lancierini et. al. [2104.05631]: 4.3σ4.3σ4.3σ significance (with LEE)

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...
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RG tales from the SMEFT

Consider Standard Model EFT (SMEFT) at ΛNP ∼ O(TeV)� ΛEW

Semileptonic operators:

SU(2)L-singlet: (C1)ijmn`q(C1)ijmn`q(C1)ijmn`q (L̄iγµLj)(Q̄mγ
µQn)

SU(2)L-triplet: (C3)ijmn`q(C3)ijmn`q(C3)ijmn`q (L̄iγµτaτaτaLj)(Q̄mγ
µτaτaτaQn)

Tree-level matching SMEFT → WET:

◦ Cbsµµ9 = −Cbsµµ10 ∝ (C1)2223
`q(C1)2223
`q(C1)2223
`q + (C3)2223

`q(C3)2223
`q(C3)2223
`q

◦ RD(∗)RD(∗)RD(∗) ∝ (C3)3323
`q(C3)3323
`q(C3)3323
`q ; also leads to Cbsττ9C

bsττ
9C
bsττ
9 = −Cbsττ10Cbsττ10Cbsττ10

and under RG running to Cuniv.
9

◦ Require (C1)``23
`q(C1)``23
`q(C1)``23
`q = (C3)``23

`q(C3)``23
`q(C3)``23
`q to evade constraints

from B → K(∗)νν̄B → K(∗)νν̄B → K(∗)νν̄!
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SMEFT @ 2 TeV: (C1)
2223
`q = (C3)

2223
`q(C1)

2223
`q = (C3)

2223
`q(C1)

2223
`q = (C3)

2223
`q vs (C1)

3323
`q = (C3)

3323
`q(C1)

3323
`q = (C3)

3323
`q(C1)

3323
`q = (C3)

3323
`q

(C1)3323
`q = (C3)3323

`q(C1)3323
`q = (C3)3323

`q(C1)3323
`q = (C3)3323

`q ⇒⇒⇒ large Cbsττ9C
bsττ
9C
bsττ
9 via SU(2)L invariance⇒⇒⇒ RGE induced Cuniv.

9C
univ.
9C
univ.
9

best fit: (C1,3)2223
`q = (3.03.03.0+0.7

−0.6)× 10−4 TeV−2, (C1,3)3323
`q = −0.0590.0590.059+0.01

−0.01 TeV−2, PullSM = 7.47.47.4

−0.0002 0.0000 0.0002 0.0004 0.0006 0.0008

(C1)2223
`q = (C3)2223

`q / TeV−2

−0.14

−0.12

−0.10

−0.08

−0.06

−0.04

−0.02

0.00

(C
1
)3

3
2
3

`q
=

(C
3
)3

3
2
3

`q
/

T
eV
−

2

RK(∗)

RD(∗)

global b→ s``

global

DDD: SM
FFF: best fit

Massive enhancement of
b→ sττb→ sττb→ sττ processes; for example:
BR(Bs → τ+τ−Bs → τ+τ−Bs → τ+τ−)SMEFT ' 103 × SM

Capdevila et. al. [1712.01919]

Candidate model: V1 ∼ (3,1, 2/3) vector leptoquark (e.g. Buttazzo et. al. [1706.07808])

Global likelihood now also contains R
D(∗)R
D(∗)R
D(∗) and binned data for BR(B → D(∗)`ν)!
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Requirements on (minimal) single-particle BSM explanations

◦ b→ s`` requires FCNC at tree-level (competing with SM at 1-loop)

◦ b→ c`ν requires charged current at tree-level (competing with SM at tree-level)

⇒⇒⇒ Single particle explanations need very different couplings,
for b→ c`ν a low mass is required OOO(TeV)

⇒⇒⇒ Expect stringent constraints from cLFV observables (e.g. B → Kτµ)

◦ Heavy Z′Z′Z′ can explain only b→ s``, most models ruled out by Bs − B̄s mixing

◦ Scalar SU(2)L-singlet leptoquark S1S1S1: only b→ c`ν

◦ Scalar SU(2)L-triplet leptoquark S3S3S3: only b→ s``

◦ Vector SU(2)L-triplet leptoquark V3V3V3: ruled out by B → Kνν̄

⇒⇒⇒ Vector SU(2)LSU(2)LSU(2)L-singlet leptoquark V1V1V1: explains both anomalies,
but heavily constrained from cLFV!

Extensive list of dedicated analyses, O(1023) relevant contributions...

Other approaches rely on more non-minimal field content (e.g. “4321”-models [EPJC 79(2019)4, 334],
PS3 [PLB 779(2018)317], RPV SUSY [PRD 102(2020)1, 015031] ...)
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Conclusions and outlook

First evidence for LFUV in RKRKRK !

◦ Waiting for RK∗RK∗RK∗ updates...

◦ Patterns of deviations in several b→ sµµb→ sµµb→ sµµ draw
a more and more clear (and consistent) picture

◦ Slight tension between RK∗RK∗RK∗ < RKRKRK and
b→ sµµb→ sµµb→ sµµ can be reduced by considering Cuniv.

9

⇒⇒⇒ Cuniv.
9 can be RG running induced; connection

to RD(∗)RD(∗)RD(∗)?

⇒⇒⇒ “Combined explanation” implies large b→ sττb→ sττb→ sττ

◦ SM extensions via V1V1V1-leptoquark offer viable
explanations for both BBB-decay anomalies

◦ Large region of the parameter space to be
probed in the near future!

µ
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Thank you!!!

µ
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Bonus slides

µ
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Angular observables
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Statistical setup
Likelihoods: −2∆ logL ≈ OT (Cexp + Ctheo)−1O (see e.g. smelli [arXiv:1810.07698])

all observables (and their uncertainties) calculated with flavio

◦ New/updated measurements:

◦ RK , q2 ∈ [1.1, 6.0] GeV2

◦ BR(B+ → K+e+e−), q2 ∈ [1.1, 6.0] GeV2

◦ Updated measurement of BR(B(s) → µ+µ−)

◦ Angular data and binned BRs in Bs → φµ+µ−

◦ Other observables included:
◦ RK(∗) measurements by LHCb, BaBar and Belle
◦ Angular LFU Q4, Q5 measured by Belle
◦ Angular data in B+,0 → K∗µ+µ−

◦ Angular data in B0 → K∗e+e−

◦ (Binned) BR’s of B → K(∗)µ+µ−

◦ BR(B → K∗γ), BR(Bs → φγ), BR(B → Xsγ)

DISCLAIMER: take absolute values of pulls with a grain of salt, only a taste of how
things are moving qualitatively...
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C9 = −C10C9 = −C10C9 = −C10 vs C ′9C
′
9C
′
9

Add RH (quark) VVV current C′9C
′
9C
′
9 to C9 = −C10

⇒⇒⇒ best fit: ∆Cbsµµ9 = −∆Cbsµµ10 = −0.540.540.54+0.10
−0.10, ∆C′bsµµ9C

′bsµµ
9C
′bsµµ
9 = 0.530.530.53+0.18

−0.18, PullSM = 6.06.06.0

−1.5 −1.0 −0.5 0.0 0.5 1.0

∆Cbsµµ
9 = −∆Cbsµµ

10

−0.5

0.0

0.5

1.0

1.5

2.0

∆
C
′ b
sµ
µ

9

∆C9 = −∆C ′9
RK(∗)

ang. obs. B → K∗µµ

global b→ s``

DDD: SM
FFF: best fit

Better, but ang. obs. vs.

RK(∗)RK(∗)RK(∗) still not fully

reconciled...

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...
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C9 = −C10C9 = −C10C9 = −C10 vs C ′9C
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RK(∗)RK(∗)RK(∗) still not fully

reconciled...

DISCLAIMER: take pulls with a grain of salt, only a taste of how things are moving qualitatively...
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V1V1V1 vector leptoquark
Leptoquarks: scalar or vector fields coupling leptons to quarks (typically arise in GUTs)

Leptoquark Lagrangian: L ⊃ V µ1
(
d̄iLγµK

ik
LK
ik
LK
ik
L `

k
L + ūjLV

†
jiγµK

ik
LK
ik
LK
ik
L U

P
kjν

j
L

)
Both b→ c`ν and b→ s`` at tree-level:

◦ K23
L K33

L
K23
L K33

LK23
L K33

L contributes to b→ cτν and

b→ sττ

◦ (Large) Cbsττ9 feeds universally into
Cbsµµ9 and Cbsee9 (RG running)
⇒⇒⇒∆Cuniv.

9

−0.005 −0.004 −0.003 −0.002 −0.001 0.000

K32
L K

22
L

−0.2

−0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

K
3
3
L
K

2
3
L

RK / RK∗

b→ sµµ

RD / RD∗

global

JHEP12(2019)006
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LFV Prospects
What does the future hold?

⇒⇒⇒ Fit of 9 LQ couplings⇒⇒⇒ MCMC posterior distributions:
〈d

B
R

d
q2
〉 [1

5
,2

2
](B
→

K
τ

+
τ
−

)

B
R

(B
s
→

τ
+
τ
−

)

B
R

(B
0
→

τ
+
τ
−

)

B
R

(B
+
→

K
+
τ

+
µ
−

)

B
R

(B
s
→

φ
µ

+
τ
−

)

B
R

(B
s
→

φ
τ

+
µ
−

)

B
R

(B
s
→

µ
±
τ
∓

)

B
R

(τ
→

φ
µ

)

B
R

(τ
→

µ
γ

)

C
R

(µ
−
e,

A
l)

B
R

(µ
→

ee
e)

B
R

(K
L
→

e±
µ
∓

)

B
R

(µ
→

eγ
)

10−21

10−17

10−13

10−9

10−5

Au
m = 1.5 TeV

m = 2.5 TeV

m = 3.5 TeV

Current bound

Future Sensitivity

SM prediction
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Prospects for RD(∗)RD(∗)RD(∗)

Belle II will improve sensitivities in several bbb and τττ decay channels!
Fit of 9 LQ couplings:

0.20 0.25 0.30 0.35 0.40 0.45

RD

0.20

0.22

0.24

0.26

0.28

0.30

0.32

0.34

0.36

R
D
∗

Exp. Combination

Belle II 50 ab−1

All + Belle II 50 ab−1

SM

current LFV bounds

no LFV at Belle II

⇒⇒⇒Data evolution of RD(∗)RD(∗)RD(∗) is crucial!

[HKOT arXiv:2012.05883]
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Non-universality from universal gauge interactions

Gauge couplings are strictly universal; how to explain LFU Violation?

⇒⇒⇒ Only unitary q`q`q` mass missalignment is ruled out by LFV

I Add nnn vector-like (VL) leptons mixing with (left-handed) SM leptons

effective LQ-q-` couplings Kq`
LK
q`
LK
q`
L parametrised via non-unitary matrix

(from mixing with heavy states)

⇒⇒⇒ Induce LFUV structure in Cij;``
′

9,10 Wilson coefficients (tree-level)�



�
	Cij;``

′
9,10 = ∓ π√

2GF αV3j V
∗
3i

1
m2
V1

Ki`′
L Kj`∗

LCij;``
′

9,10 = ∓ π√
2GF αV3j V

∗
3i

1
m2
V1

Ki`′
L Kj`∗

LCij;``
′

9,10 = ∓ π√
2GF αV3j V

∗
3i

1
m2
V1

Ki`′
L Kj`∗

L

⇒⇒⇒ Required mixing pattern: induce non-universal Z → ``(′)Z → ``(′)Z → ``(′) (at tree-level)

   VL leptons have to be SU(2)LSU(2)LSU(2)L-doublets!!

⇒⇒⇒ RK(∗)RK(∗)RK(∗) and RD(∗)RD(∗)RD(∗) can be explained, tight constraints from cLFV, EWPO, colliders...
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Non-unitary parametrisation

In analogy to neutrino physics, the mixing matrices get enlargened:

U `L =

(
A R
B S

)(
V0 0
0 1

)
In case of n = 3n = 3n = 3 generations:(

A R
B S

)
= R56R46R36R26R16R45R35R25R15R34R24R14

(
V0 0
0 1

)
= R23R13R12

Defining semi-unitary rectangular matrix:

Kq`
LK
q`
LK
q`
L = (K1,K2) =

κL√
2

(AV0, R)
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