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Starting point
• BSM exists. Hopefully found in the next scale jump...
• Plausible scenario: new physics mainly couples to the top quark
• Assume that mostly top quark operators are induced at the TeV

Semi-leptonic Four quarks

O(1),αβ
lq (̄lαγµ lβ )(q̄3γµq3) O(1)

qq (q̄3γµq3)(q̄3γµq3)

O(3),αβ
lq (̄lαγµτa lβ )(q̄3γµτaq3) O(3)

qq (q̄3γµτaq3)(q̄3γµτaq3)

Oαβlu (̄lαγµ lβ )(ū3γµu3) Ouu (ū3γµu3)(ū3γµu3)

Oαβqe (q̄3γµq3)(ēαγµeβ ) O(1)
qu (q̄3γµq3)(ū3γµu3)

Oαβeu (ēαγµeβ )(ū3γµu3) O(8)
qu (q̄3γµTAq3)(ū3γµTAu3)

O(1),αβ
lequ (̄lαeβ )ϵ(q̄3u3) Higgs-Top

O(3),αβ
lequ (̄lασµν eβ )ϵ(q̄3σµν u3) O(1)

Hq (H† i
↔
DµH)(q̄3γµq3)

Dipoles O(3)
Hq (H† i

↔
Da
µH)(q̄3γµτaq3)

OuG (q̄3σµνTAu3)H̃GA
µν OHu (H† i

↔
DµH)(ū3γµu3)

OuW (q̄3σµν u3)τaH̃W a
µν OuH (H†H)(q̄3u3H̃)

OuB (q̄3σµν u3)H̃Bµν

• Otherwise (yet setting qi = (ui
L, Vijd j

L)) model independent
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Overview of low-energy sectors

• Quark flavor rotation induce some
low-energy processes even at tree level
(suppressed by CKM angles)

• Radiative corrections induced by tops
are leading in some cases. Use
DsixTools Eur.Phys.J.C 81 (2021) 2

Λ = 1 TeV Ci(1TeV)

SMEFT
RGE

LSMEFT

µEW = MZ Matching

µIR

LEFT
RGE

LLEFT

t

Cabibbo

LeptonscLFVEW/Higgs

∆F = 2 B, K
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B and K physics. Examples

• Rν
K (∗) , K → πνν̄

q3
L Vtb V ∗

ts

q3
L

q3
L

GIM!

q2
L

Vtb

V ∗
ts q2

Lq3
LC+

Hq

ν

ν

ν

ν
Vtb

V ∗
ts

ν

ν

q2
L

q3
L

q3
L

C
(1−3)
lq

• B → K (∗)ℓαℓβ , Bs,d → ℓαℓβ , K → πℓαℓβ , K → ℓαℓβ , RK (∗)

q3
L Vtb V ∗

ts

q3
L

q3
L

GIM!

q2
L

Vtb

V ∗
ts q2

Lq3
LC+

Hq

l

l

l

l
Vtb

V ∗
ts

l

l

q2
L

q3
L

q3
L

Cqe
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∆F = 2. Examples

q1
Lq2

L

q1
L q2

L

q3
L q3

LGIM!

q1
L

q2
L q1

L

q2
L

C+
qq

Observable Experimental value SM prediction

ϵK (2.228± 0.011)× 10−3 (2.14± 0.12)× 10−3

∆Ms (17.765± 0.006) ps−1 (17.35± 0.94) ps−1

∆Md (0.5065± 0.0019) ps−1 (0.502± 0.031) ps−1

Use JHEP 12 (2020) 187
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Charged Lepton Flavor-Violating decay modes

• µ→ e. A few modes, extremely stringent

• τ → ℓ. Many modes. Not so precise

• Top-philic + LFV? → ℓ̄ℓ′t̄t

C
(1),13[,31]
lequ

C
(3),13[,31]
lequ

C13
eu

C13
qe

C
(3),13
lq

C
(1),13
lq

C13
lu

τ → eγ

τ → eℓ̄′ℓ′

τ → eππ

τ → eπ0

µ

e

γ

C
(3)
lequ

q

q

e

τ

C
(3)
lq
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EW/Higgs

Include EWPOs, such as Z pole observable and H → γγ

W

W

W

γ

γ

γ

γ

〈H〉

h

h
CuB

Z

eL

eL

eL

eL

Z

C−
lq

Global likelihood from (updated) JHEP 04 (2020) 066
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Leptons

• Lepton Flavor Universality

τ

ντ

µ

ν̄µ τ

ντ

b
Clq

µ

ν̄µ

C
(3)
Hl

ντ

Clq
b

µ

ν̄µτ

Cll

• Magnetic moments

e

e

γ

C
(3)
lequ

Observable
Experimental value HFLAV

ℓ = e ℓ = µ

gτ/gℓ − 1 (2.7 ± 1.4) × 10−3 (0.9 ± 1.4) × 10−3

∆aℓ (2.8 ± 7.4) × 10−13 (20.0 ± 8.4) × 10−10
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Cabibbo angle

• π → ℓν, K → ℓν, K → πℓν, τ → νH, N → N ′eν, n→ peν

• Related by unitarity |Vud |2 + |Vus |2 = 1 Vub has a negligible effect.

0.218 0.220 0.222 0.224 0.226 0.228

β Superallowed

β Neutron

K→μν

K→μν/π→μν

K→πlν

τ→Kν/τ→πν

τ→s inclusive

Vus JHEP 04 (2022) 152

• Most interesting effect in our set-up: modify apparent V β
ud

(paradoxically changing muon vertex)
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One parameter fits

• Useful to compare experimental reach, scale tested

• If Wilson is induced in a model, where to look at first?
Wilson Global fit [TeV−2] Dominant

C (+)
qq (−1.9 ± 2.3) × 10−3 ∆Ms

C (−)
qq (−2.0 ± 1.0) × 10−1 Bs → µµ

C (1)
qu (1.3 ± 1.0) × 10−1 ∆Ms

C (8)
qu (−1.7 ± 4.4) × 10−1 ∆Ms

Cuu (−3.0 ± 1.7) × 10−1 δgZe
L,11

C (+)
Hq (18.7 ± 8.8) × 10−3 Bs → µµ

C (−)
Hq (5.8 ± 4.5) × 10−2 δgZe

L,11

CHu (−4.3 ± 2.3) × 10−2 δgZe
L,11

CuB (−0.6 ± 2.0) × 10−2 cγγ
CuG (−0.1 ± 2.0) × 10−2 cgg

CuH (−0.3 ± 5.2) × 10−1 CuH,33

CuW (−0.1 ± 3.1) × 10−2 cγγ
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One parameter fits: comparison with direct bounds

• Use SMEFiT JHEP 11 (2021) 089

ctG ctW ctZ c3
HQ c

(−)
HQ

cHt ctH c1
QQ c8

QQ c1
Qt c8

Qt c1
tt

−102

−101

−100

−10−1

−10−2

−10−3

−10−4

0

10−4

10−3

10−2

10−1

100

101

102
[T

eV
−

2 ]
Individual Fits Compared

SMEFiT

This work

• Indirect bounds typically stronger or at least complementary
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One parameter fits

Wilson Global fit [TeV−2] Dominant

C (+),11
lq (2.4 ± 3.5) × 10−3 RK

C (+),22
lq (−4.0 ± 3.4) × 10−3 RK

C (+),33
lq (7.2 ± 4.4) × 10−1 gτ/gi

C (−),11
lq (10.9 ± 7.6) × 10−2 Rν

K(∗)

C (−),22
lq (−6.0 ± 7.0) × 10−2 Rν

K(∗)

C (−),33
lq (−1.8 ± 1.0) × 10−1 Rν

K(∗)

C11
lu (−1.7 ± 7.0) × 10−2 δgZe

L,11

C22
lu (−4.3 ± 1.8) × 10−1 δgZe

L,22, RK

C33
lu (0.5 ± 2.4) × 10−1 ∆gZe

L,33

C11
qe (−0.7 ± 3.9) × 10−2 RK∗

C22
qe (12.1 ± 9.2) × 10−3 Bs → µµ

C33
qe (2.2 ± 2.4) × 10−1 δgZe

R,33

Wilson Global fit [TeV−2] Dominant

C11
eu (5.0 ± 8.1) × 10−2 ∆gZe

R 11

C22
eu (4.8 ± 2.1) × 10−1 ∆gZe

R 22

C33
eu (−2.3 ± 2.5) × 10−1 ∆gZe

R 33

C (1),11
lequ (0.4 ± 1.0) × 10−2 (g − 2)e

C (1),22
lequ (1.8 ± 1.6) × 10−2 CeH 22

C (1),33
lequ (8.0 ± 9.1) × 10−2 CeH 33

C (3),11
lequ (−0.6 ± 1.5) × 10−5 (g − 2)e

C (3),22
lequ (−19.3 ± 8.1) × 10−5 (g − 2)µ

C (3),33
lequ (−7.0 ± 7.8) × 10−1 CeH 33

12/22



Two parameter fits
Some insight on the interplay between coefficients/sectors

■■

δgR
Ze

ΔF=2

B Phys

EW-Higgs

Total

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

CHq
(1)

+ CHq
(3)

[TeV-2]

C
H
q

(1
)
-
C
H
q

(3
)
[T
eV

-
2 ]

■■

K Phys

B Phys

EW-Higgs

Cabibbo angle

Total

-0.06 -0.04 -0.02 0.00 0.02

-0.5

0.0

0.5

1.0

Clq
(1),11

+ Clq
(3),11

[TeV-2]

C
lq(1
),1
1
-
C
lq(3
),1
1
[T
eV

-
2 ]
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Applications to UV model I: tau-philic S1

• S1 ∼ (3̄, 1)+1/3

• L ⊃ λtτ q̄c
3 iσ2l3 S1 + h.c. ,

• C (1),33
lq = −C (3),33

lq = |λtτ |2

4M2
S1

, C (1)
qq = C (3)

qq = − |λtτ |4

256π2M2
S1

S1 LQ

pp
→
S 1
S 1
*

Globa
l

K
+ →

π
+ νν

τLF
U
(τ/
μ)

Z→
τL
τL

Bs-Bs

RK(*)
ν 2σ

RK(*)
ν 1σ

1 2 3 4 5
0

1

2

3

4

5

6

MS1 [TeV]

λtτ
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Applications to UV models II: Cabibbo anomalies

• Assume Cabibbo tensions were new physics hints. Can they (at least
partially) be accommodated in top-philic set-up?

• [C (3),22
lq ]Cabibbo = (0.19± 0.06) TeV−2. Dominated by ∆CKM

• Accommodate EW fit (cure Gµ vs GF and beware of δgZe
L )

[C (3),11
lq ] = [C (1),11

lq ] (∼ U1) , C (1),22
lq ≈ 3C (3),22

lq (∼ S3)

■■

Cabibbo
EW-Higgs

RK + Bs→μμ

KL→μμ

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

-0.2

0.0

0.2

0.4

0.6

-
λU1

2

2MU1
2

λ
S 3
2

4
M
S 32

95% CL
• Killed B/K physics unless top-philic condition in down-quark basis
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Baryon Number Violation in top operators?

• Direct searches can test potential BNV in the top-quark sector

• Impressive precision, significantly improving previous results

• Interesting test of SM symmetry

• Could we expect a nonzero result in a general BSM scenario?

16/22



Baryon Number Violation in top operators?

• Very stringent bounds on BNV from nucleon decay searches (SK)

Channel Limit [1030 years]

p → π0e+ 2.4× 104

p → π0µ+ 1.6× 104

p → π+ν̄ 3.9× 102

p → K 0e+ 1.0× 103

p → K 0µ+ 4.5× 103

p → K+ν̄ 5.9× 103

n→ π−e+ 5.3× 103

n→ π−µ+ 3.5× 103

n→ π0ν̄ 1.1× 103

n→ K 0ν̄ 1.3× 102

• Described by the LEFT, where there are no top-quarks

• However top-quark operators at a high scale, say 1 TeV, as any
other high-energy effects, do leave an imprint at low energies

17/22



Baryon Number Violation in top operators?

• Gauge invariance connects processes with and without tops, e.g.
εαβγ dα

R Cuβ
R (tγ

L CeL − bγ
L CνL)

• Operator basis
Qduqℓ

prst = εαβγ εij (dα
p C uβ

r ) (qiγ
s C ℓj

t) ,

Qqque
prst = εαβγ εij (qiα

p C qjβ
r ) (uγ

s C et) ,

Qqqqℓ
prst = εαβγ εil εjk (qiα

p C qjβ
r ) (qkγ

s C ℓl
t) ,

Qduue
prst = εαβγ (dα

p C uβ
r ) (uγ

s C et) .

• Nucleon decays mediated by light-quark operators in mass basis,
misaligned wrt flavor basis uL = Uu

L u′
L , dL = Ud

L d ′
L.

Qduqℓ
113ℓ ⊃ εαβγ Uu

R,11Ud
R,11 (d ′1α

R C u′1β
R )

· (Uu
L,31 u′1γ

L CeL,ℓ − Ud
L,31 d ′1γ

L CνL,ℓ)

• Cannot simultaneously take uL = u′
L and dL = d ′

L 18/22



Baryon Number Violation in top operators?

• One may still take tR = t ′
R , e.g. take Yu diagonal, and try to only

generate O(tR). Unstable under universal/IR radiative corrections
• Y diag

u (ΛUV)→ Y not diag
u (ΛEW). Take Y diag

u (ΛEW)
• Still pure SM interactions systematically convert tops into light

quarks, with not enough suppression
• If a top quark operator is generated at a UV scale, light-quark

operators are generated at the EW one via SMEFT β functions.

■

• For example

Cqqqℓ
131ℓ (ΛEW) ∝ Cduqℓ

131ℓ (ΛUV) ϵπ ln Λ2
UV

Λ2
EW

+ · · ·
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Baryon Number Violation in top operators?
• A more quantitative assessment using state-of-art SMEFT-LEFT

11
31

11
32

11
33

12
31

12
32

12
33

13
11

13
12

13
13

13
21

13
22

13
23

13
31

13
32

13
33

21
31

21
32

21
33

22
31

22
32

22
33

23
11

23
12

23
13

23
21

23
22

23
23

23
31

23
32

23
33

31
31

31
32

31
33

32
31

32
32

32
33

33
11

33
12

33
13

33
21

33
22

33
23

33
31

33
32

33
33

10−22

10−19

10−16

10−13

10−10

10−7

TeV−2
Cduql

Cduue
Cqqql

Cqque

• Very stringent bounds. Hierarchy of bars well understood
• Level of fine-tuning hard to conceive/impossible to compute

dΓp→···︸ ︷︷ ︸ ∼ |aClight(ΛUV) + b ln ΛUV

Λeff
Ctop(ΛUV)︸ ︷︷ ︸ |2

• Not a theorem. New ideas (e.g. kinematic suppression?) welcome
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Baryon Number Violation in top operators?

Check parametric suppression of dominant effect keeping instead only up
to leading log, L = ϵπ ln Λ2

UV
Λ2

EW
Cduqℓ Cqque

1 1 3 ℓ V32 p → K+ν̄ 1 3 1 1 V31 p → π0e+

2 1 3 ℓ V31 p → K+ν̄ 1 3 1 2 V31 p → π0µ+

i a 3 ℓ (Yd )1i (Yu )aa Va1 V32 L p → K+ν̄ i 3 1 3 (Ye )33 (Yd )32 Vi1 L p → K+ν̄

i 3 2 ℓ (Yd )1i (Yu )33 V31 V22 L p → K+ν̄ a 3 1 1 (Yd )13 (Yd )33 Va1 L p → π0e+

1 3 1 ℓ (Yd )11 (Yu )33 V11 V32 L p → K+ν̄ a 3 1 2 (Yd )13 (Yd )33 Va1 L p → π0µ+

a 3 1 ℓ (Yd )2a (Yu )33 V22 V31 L p → K+ν̄ 1 3 2 ℓ (Ye )ℓℓ (Yu )22 V22 V31 L p → K+ν̄

3 1 3 ℓ ∗ (Yd )23 (Yd )32 V21 L p → K+ν̄ 1 i 3 ℓ (Ye )ℓℓ (Yu )33 Vi1 V32 L p → K+ν̄

Cqqqℓ Cduue

i 1 3 ℓ Vi1 V32 p → K+ν̄ 1 1 3 1 (Yd )11 (Yu )33 V31 L p → π0e+

1 3 1 ℓ V11 V32 p → K+ν̄ 1 1 3 a (Ye )aa (Yu )33 V32 L p → K+ν̄

2 3 1 ℓ V22 V31 p → K+ν̄ 1 3 1 1 (Yd )11 (Yu )33 V31 L p → π0e+

1 2 3 ℓ V21 V32 p → K+ν̄ 1 3 1 a (Ye )aa (Yu )33 V32 L p → K+ν̄

1 3 2 ℓ V31 V22 p → K+ν̄ 2 1 3 1 (Yd )12 (Yu )33 V31 L p → π0e+

1 3 3 ℓ g2 V31 V32 L p → K+ν̄ 2 1 3 a (Ye )aa (Yu )33 V31 L p → K+ν̄

a 3 3 ℓ (Yd )13 (Yd )33 Va2 V31 L p → K+ν̄ 2 3 1 c (Yd )12 (Yu )33 V31 L p → π0ℓ+

2 2 3 ℓ (Yd )23 (Yd )13 V21 V32 L p → K+ν̄ 2 3 1 3 (Ye )33 (Yu )33 V31 L p → K+ν̄

3 2 3 ℓ (Yd )33 (Yd )13 V21 V32 L p → K+ν̄ 3 1 3 c (Yd )13 (Yu )33 V31 L p → π0ℓ+

2 3 2 ℓ (Yd )33 (Yd )13 V21 V22 L p → K+ν̄ 3 3 1 c (Yd )13 (Yu )33 V31 L p → π0ℓ+
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Conclusions
• Phenomenological study of top-philic scenarios
• Strong interplay between different sectors
• Typical (present) situation

• Direct searches of top interactions: a BSM signal most likely points
out to BSM in top operators. Weaker bounds

• Indirect searches of top operators: a BSM signal may be BSM in top
operators. Stronger bounds.

• Certain direct BSM searches may be better motivated depending on
• How much stronger bounds from indirect searches are?
• Can there be symmetries preventing bounds in low-energy

observables (without inducing others)?

• Low-energy physics important to understand how heavy new physics
might be. Similar conclusion 5 years ago in the same workshop

Thanks!
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BACK-UP SLIDES



B and K physics

Tree level matching RG and 1-loop matching

Rν
K (∗) C (1,3)

Hq , C (1,3),αβ
lq

CHu, C (1,3)
qq , Cαβ

lu , Cαβ
qe

K → πνν̄ C (1,8)
qu , Cuu, CuW

B → K (∗)ℓαℓβ

C (1,3)
Hq , C (1,3),αβ

lq , Cαβ
qe C (1,3)

qq , Cαβ
lu , Cαβ

eu
Bs,d → ℓαℓβ

K → πℓαℓβ

K → ℓαℓβ

RK (∗) C (1,3),ℓℓ
lq , C ℓℓ

qe C ℓℓ
lu

B → Xsγ C (1,3)
Hq , CuB , CuW , CuG



B and K physics

Observable Experimental value
B → Xsγ (3.49 ± 0.19) × 10−4 PDG

RνK 2.93 ± 0.90 Belle-II
RνK∗ < 3.21 Belle-II

RK [1.1, 6] 0.949 ± 0.047 LHCb
RK∗ [1.1, 6] 1.027 ± 0.077 LHCb
B(B → Keµ) < 4.5 × 10−8 Belle
B(B → Keτ) < 3.6 × 10−5 BaBar
B(B → Kµτ) < 4.5 × 10−5 LHCb

Observable Experimental value
B(K+ → π+νν̄) (1.14+0.4

−0.33) × 10−10 NA62
B(KL → π0νν̄) < 3.6 × 10−9 KOTO
B(KS → µ+µ−) < 2.5 × 10−10 LHCb
B(KL → µ+µ−)SD < 2.5 × 10−9 Isidori:2003
B(KL → µ±e∓) < 5.6 × 10−12 BNL
B(KL → π0µ+µ−) < 4.5 × 10−10 KTeV
B(KL → π0e+e−) < 3.3 × 10−10 KTeV
B(KL → π0e+µ−) < 9.1 × 10−11 KTeV
B(K+ → π+e+µ−) < 7.9 × 10−11 NA62

Observable Experimental value
B(Bs → ee) < 11.2 × 10−9 LHCb
B(Bs → µµ) (3.01 ± 0.35) × 10−9 LHCb
B(Bs → ττ) < 6.8 × 10−3 LHCb
B(Bs → eµ) < 6.3 × 10−9 LHCb
B(Bs → µτ) < 4.2 × 10−5 LHCb
B(Bd → ee) < 3.0 × 10−9 LHCb
B(Bd → µµ) < 2.6 × 10−10 LHCb
B(Bd → ττ) < 2.1 × 10−3 LHCb
B(Bd → eµ) < 1.3 × 10−9 LHCb
B(Bd → µτ) < 1.4 × 10−5 LHCb



EW/Higgs

δgZℓ
L ←− CuB , CuW , CHu, C (1,3)

Hq , C (1,3),ℓℓ
lq , C ℓℓ

lu , . . .

δgW ℓ
L ←− CuB , CuW , CHu, C (1,3)

Hq , C (3),ℓℓ
lq , . . .

δgZℓ
R ←− CuB , CuW , CHu, C (1,3)

Hq , C ℓℓ
eu , C ℓℓ

qe , . . .

δgZb
L ←− C (1,3)

Hq , CHu, C (1,3)
qq , . . .

δgZb
R ←− C (1)

Hq , CHu, C (1,3)
qq , CuB , CuW , . . .

cγγ ←− CuB , CuW , CuG

cgg ←− CuG

[CeH ]αα ←− C (1),αα
lequ

[CuH ]33 ←− CuH , CuG , C (1,3)
Hq , C (1,8)

qu , . . .



δgWℓ
L = C(3)

Hl + f (1/2, 0) − f (−1/2,−1),

δgZℓ
L = −

1

2
C(3)

Hl −
1

2
C(1)

Hl + f (−1/2,−1),

δgZℓ
R = −

1

2
C(1)

He + f (0,−1),

δgZu
L =

1

2
C(3)

Hq −
1

2
C(1)

Hq + f (1/2, 2/3),

δgZd
L = −

1

2
C(3)

Hq −
1

2
C(1)

Hq + f (−1/2,−1/3),

δgZu
R = −

1

2
CHu + f (0, 2/3),

δgZd
R = −

1

2
CHd + f (0,−1/3),

δcz = CH□ −
1

4
CHD −

3

2
∆GF

, cz□ =
1

2g2
L

(
CHD + 2∆GF

)
,

cgg =
4

g2
s

CHG ,

cγγ = 4

(
1

g2
L

CHW +
1

g2
Y

CHB −
1

gLgY
CHWB

)
, czz = 4

(
g2
L CHW + g2

Y CHB + gLgY CHWB

(g2
L + g2

Y )2

)
,

czγ = 4

(
CHW − CHB −

g2
L−g2

Y
2gLgY

CHWB

g2
L + g2

Y

)
,

where

f (T3
, Q) ≡

{
− Q

gLgY
g2
L − g2

Y
CHWB − 1

( 1

4
CHD +

1

2
∆GF

)(
T3 + Q

g2
Y

g2
L − g2

Y

)}
1 , (1)

and ∆GF
= [C(3)

Hl ]11 + [C(3)
Hl ]22 −

1
2 [Cll ]1221.



Charged Lepton Flavor-Violating decay modes

• Use JHEP 05 (2017) 117 and JHEP 03 (2021) 256 and use DsixTools to run to
1 TeV

Observable Experimental limit
B(µ → eγ) 5.0 × 10−13 MEG
B(µ → 3e) 1.2 × 10−12 SINDRUM

B(µ Au → e Au) 8.3 × 10−13 SINDRUM
B(τ → eγ) 3.9 × 10−8 BaBar
B(τ → 3e) 3.2 × 10−8 Belle

B(τ → e µ̄µ) 3.2 × 10−8 Belle
B(τ → eπ0) 9.5 × 10−8 Belle
B(τ → eη) 1.1 × 10−7 Belle
B(τ → eη′) 1.9 × 10−7 Belle

Observable Experimental limit
B(τ → eπ+π−) 2.7 × 10−8 Belle
B(τ → eK+K−) 4.1 × 10−8 Belle

B(τ → µγ) 5.0 × 10−8 Belle
B(τ → 3µ) 2.5 × 10−8 Belle

B(τ → µ ēe) 2.1 × 10−8 Belle
B(τ → µπ0) 1.3 × 10−7 Belle
B(τ → µη) 7.7 × 10−8 Belle
B(τ → µη′) 1.5 × 10−7 Belle

B(τ → µπ+π−) 2.5 × 10−8 Belle
B(τ → µK+K−) 5.2 × 10−8 Belle



Leptons

τ

ντ

µ

ν̄µ τ

ντ

b
Clq

µ

ν̄µ

C
(3)
Hl

ντ

Clq
b

µ

ν̄µτ

Cll

Tests of LFU comparing with µ→ e

gτ

ge
− 1 = 0.0038 (C (3),33

lq − C (3),11
lq )

gτ

gµ
− 1 = 0.0038 (C (3),33

lq − C (3),22
lq )

Observable
Experimental value HFLAV

ℓ = e ℓ = µ

gτ /gℓ − 1 (2.7± 1.4) × 10−3 (0.9± 1.4) × 10−3



Leptons: magnetic moments

α−1(ae) = 137.035999166(15) PhysRevLett.130.071801

α−1(Cs) = 137.035999046(27) Science 360, 191

α−1(Rb) = 137.035999206(11) Nature 588

e

e

γ

C
(3)
lequ

Use JHEP 07 (2021) 107

Rydberg frequency codata
α2mec2

2h = 3.2898419602508(64) Hz
h/me?
(me/mC ) (mC /mCs) mCs

h



Leptons: magnetic moments

Similar for the muon

∆ae = −4.8× 10−8 C (3),11
lequ + 7.1× 10−11 C (1),11

lequ ,

∆aµ = −1.0× 10−5 C (3),22
lequ + 1.5× 10−8 C (1),22

lequ .

Considering SM tensions. . .

Observable
Experimental value

ℓ = e ℓ = µ

∆aℓ (2.8± 7.4) × 10−13 (20.0± 8.4) × 10−10



Cabibbo angle
• π → ℓν K → ℓν τ → Kν, πν

• No phase space. Goldstone parity: (ϵL−R , ϵP)
• fπ,K from the lattice. Ratios better known (dependence on lattice

scale)
• Other uncertainties: radiative corrections, experimental

• K → πℓν

• Probing ϵs
L+R , ϵs

T , ϵs
S

• Energy-dependent form factors, but smooth
• Uncertainties: f+(0), experiment, Radiative corrections

• τ → ππν. Resonance jungle. But same form factor as e+e− →
hadrons Phys.Rev.Lett. 122 (2019) 22, 221801 Main uncertainty: radiative
corrections. Some progress...Bruno et al.

Izubuchi, TAU23



Cabibbo angle

• τ → inclusive. Total decay width. OPE prediction for Vus
independently confirmed by lattice, ETMC. Experiments could
improve BR precision (potential Vus closer to K , enough to test
realistic BSM?)

• n→ peν, N → N ′eν. p ≪ Mn ∼ Mp. Non-relativistic EFT

L(0) = −(ψ†
pψn)

[
C+

V ēLγ
0νL+C+

S ēRνL

]
+(ψ†

pσ
kψn)

[
C+

A ēLγ
kνL+C+

T ēRγ
0γkνL

]
,

L(1) =
1

2mN

{
iC+

P (ψ†p σ
k
ψn)∇k

(
ēRνL
)
− C+

Mϵ
ijk (ψ†p σ

j
ψn)∇i

(
ēLγ

k
νL
)

− iC+
E (ψ†p σ

k
ψn)∇k

(
ēLγ

0
νL
)
− iC+

E′
(ψ†p σ

k
ψn)∂t

(
ēLγ

k
νL
)

− iC+
T1(ψ†pψn)∇k

(
ēRγ

0
γ

k
νL
)

+ iC+
T2(ψ†pψn)(ēR

←→
∂t νL) + 2iC+

T3(ψ†p σ
k
ψn)(ēR

←→
∇ kνL)

− iC+
FV (ψ†p

←→
∇ kψn)(ēLγ

k
νL) + iC+

FA(ψ†p σ
k←→∇ kψn)(ēLγ

0
νL) + C+

FT ϵ
ijk (ψ†p σ

i←→∇ jψn)(ēRγ
0
γ

k
νL)
}
,

JHEP 02 (2024) 091

What about CPV? See for example Eur.Phys.J.C 82 (2022) 12, 1134



Cabibbo angle
Leff ≈ −

GµVuD
√

2

[(
1 + ϵDℓ

L

)
ℓ̄γµ(1 − γ5)νℓ · ūγµ(1 − γ5)D + ϵDℓ

R ℓ̄γµ(1 − γ5)νℓ · ūγµ(1 + γ5)D

+ ℓ̄(1 − γ5)νℓ · ū
[
ϵ

Dℓ
S − ϵDℓ

P γ5
]

D +
1

4
ϵ̂

Dℓ
T ℓ̄σµν (1 − γ5)νℓ · ūσµν (1 − γ5)D

]
+ h.c.



V̂us ≡ Vus
(
1 + ϵse

L + ϵs
R
)

ϵdse
L ≡ ϵde

L + V̂ 2
us

1−V̂ 2
us

ϵse
L

ϵd
R

ϵde
S

ϵde
P

ϵ̂de
T

ϵ
sµ/e
L

ϵs
R

ϵse
P

ϵ
dµ/e
L − ϵdµ

P
m2
π±

mµ(mu+md )

ϵsµ
S

ϵsµ
P

ϵ̂sµ
T

ϵ
dτ/e
L

ϵdτ
P

ϵ̂dτ
T

ϵ
sτ/e
L − ϵsτ

P
m2

K±
mτ (mu+ms )

ϵ
sτ/e
L + 0.08(1)ϵsτ

S − 0.38ϵsτ
P + 0.40(13)ϵ̂sτ

T



=



0.22306(56)

2.2(8.6)

− 3.3(8.2)

3.0(9.9)

1.3(3.4)

− 0.4(1.1)

0.8(2.2)

0.2(5.0)

− 0.3(2.0)

− 0.5(1.8)

− 2.6(4.4)

− 0.6(4.1)

0.2(2.2)

0.1(1.9)

9.2(8.6)

1.9(4.5)

0.0(1.0)

− 0.7(5.2)



× 10∧



0

− 3

− 3

− 4

− 6

− 3

− 3

− 2

− 5

− 2

− 4

− 3

− 2

− 2

− 3

− 2

− 1

−2



,

JHEP 04 (2022) 152

• Simplified scenario: LFU and forget
about contact terms, ϵP,T ,S = 0

• θKl3
12 < θKl2

12 < θβ
12

• ϵs
R needed for first (opposite

interference with SM). Possible
explanation: VLQ doublet. E.g.
Phys.Rev.D 108 (2023) 3, 035022

ϵs
R ∼ C12

Hud ∼
h∗

uhs

M2
Q

• But beware of K → ππ! e.g.2311.00021



One parameter fits

SMEFiT, JHEP 11 (2021) 089
Class Coefficients Warsaw basis 95% CL Individual 95% CL Marginalised

Dipoles
ctG CuG [0.01,0.11] [0.01,0.23]
ctW CuW [-0.085,0.030] [-0.28,0.13]
ctZ −sθ CuB + cθ CuW [-0.038,0.090] [-0.50,0.14]

Higgs-Top

c3
HQ C (3)

Hq [-0.39,0.34] [-0.42,0.31]
c(−)

HQ C (1)
Hq − C (3)

Hq [-1.1,1.5] [-2.7,2.7]
cHt CHu [-2.8,2.2] [-15,4]
ctH CuH [-1.3,0.4] [-0.5,2.9]

4 quarks

c1
QQ 2C (1)

qq − 2
3 C (3)

qq [-2.3,2.0] [-3.7,4.4]
c8

QQ 8C (3)
qq [-6.8,5.9] [-13,10]

c1
Qt C (1)

qu [-1.8,1.9] [-1.5,1.4]
c8

Qt C (8)
qu [-4.3,3.3] [-3.4,2.5]

c1
tt Cuu [-1.1,1.0] [-0.88,0.81]



One parameter fits

µ → e τ → µ τ → e
Wilson

Limit Dominant Limit Dominant Limit Dominant

C (3)
lequ 3.9 × 10−9 µ → eγ 5.0 × 10−5 τ → µγ 4.4 × 10−5 τ → eγ

C (1)
lequ 3.6 × 10−5 µ → 3e, eγ 2.7 × 10−2 τ → µγ 2.4 × 10−2 τ → eγ

C (3)
lq 6.7 × 10−5 µAu → eAu 7.1 × 10−2 τ → µππ 7.4 × 10−2 τ → eππ

C (1)
lq 4.0 × 10−5 µAu → eAu 1.1 × 10−1 τ → µππ 1.1 × 10−1 τ → eππ

Clu 4.0 × 10−5 µAu → eAu 1.0 × 10−1 τ → µππ 1.1 × 10−1 τ → eππ

Ceu 3.6 × 10−5 µAu → eAu 1.0 × 10−1 τ → µππ 1.1 × 10−1 τ → eππ

Cqe 3.6 × 10−5 µAu → eAu 1.0 × 10−1 τ → µππ 1.0 × 10−1 τ → eππ



Gaussian fits

Limited attempt to overcome previous limitations

• Take C⃗ =
(C (+)

qq , C (−)
qq , Cuu, C (1)

qu , C (8)
qu , C (+)

Hq , C (−)
Hq , CHu, CuH , CuG , CuW , CuB) .

• χ2 = χ2
best−fit + (Ci − µCi )(σ2)−1

ij (Cj − µCj ) = χ2
best−fit + (Ki −µKi )

2

σ2
Ki

Coefficient Gaussian fit [TeV−2] Coefficient Gaussian fit [TeV−2]

K1 0.0019± 0.0023 K7 0.54± 0.79

K2 0.0179± 0.0083 K8 0.74± 0.88

K3 −0.002± 0.015 K9 −0.8± 1.3

K4 −0.016± 0.021 K10 −0.7± 1.8

K5 0.044± 0.029 K11 12± 13

K6 −0.30± 0.38 K12 −11± 16

UKC =



−1.00 0.000 0.000 −0.016 −0.004 −0.004 0.021 −0.001 0.000 0.000 0.000 0.000

−0.005 −0.089 −0.015 0.058 0.000 0.984 −0.004 −0.117 0.000 −0.009 0.044 0.063

0.004 0.011 −0.039 0.018 −0.001 −0.1 0.145 −0.28 0.015 −0.494 0.447 0.667

−0.007 −0.013 0.09 −0.053 −0.003 0.081 −0.316 0.64 0.024 −0.673 −0.126 −0.059

0.005 0.007 −0.074 0.042 −0.002 −0.025 0.259 −0.525 0.025 −0.548 −0.213 −0.55

−0.004 −0.041 0.025 0.067 0.006 −0.004 −0.128 0.084 0.006 0.022 0.853 −0.492

−0.006 −0.137 0.078 0.196 0.96 −0.017 0.09 0.047 −0.065 −0.007 −0.017 0.008

0.002 −0.349 −0.006 0.646 −0.248 −0.029 0.545 0.318 0.014 0.001 −0.012 0.006

0.005 0.007 0.028 −0.138 0.077 0.017 0.145 0.06 0.973 0.037 0.017 −0.003

0.023 0.221 0.074 −0.569 0.053 0.092 0.684 0.292 −0.212 −0.002 0.095 −0.057

0.006 −0.798 0.451 −0.364 −0.071 −0.059 −0.038 −0.122 −0.039 0.000 −0.012 0.007

−0.004 0.404 0.876 0.235 −0.058 0.025 0.017 −0.093 0.013 0.000 −0.01 0.006



• Assume ΛBSM ∼ 1 TeV. Very loosely, using Phys.Lett.B 726 (2013) 697-702

VEFT ∼ π6

720

(
(4π)
TeV2

)3 ( (4π)2

TeV2

)8 ( (4π)3

TeV2

)
• Experimental constraints reduce it to a tiny fraction (∼ 10−31)



Applications to UV models

• S1 ∼ (3̄, 1)+1/3

L ⊃ λtτ q̄c
3 iσ2l3 S1 + h.c. ,

S1 LQ

pp
→
S 1
S 1
*

Globa
l

K
+ →

π
+ νν

τLF
U
(τ/
μ)

Z→
τL
τL

Bs-Bs

RK(*)
ν 2σ

RK(*)
ν 1σ

1 2 3 4 5
0

1

2

3

4

5

6

MS1 [TeV]

λtτ

• Top-philic LQ for the Cabibbo
tension

■■

Cabibbo
EW-Higgs

RK + Bs→μμ

KL→μμ

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

-0.2

0.0

0.2

0.4

0.6

-
λU1

2

2MU1
2

λ
S 3
2

4
M
S 32

• Killed by B/K physics (unless
top-philic condition is imposed
in down-quark basis)
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