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Intro and motivation

TeV-scale New Physics (NP) is motivated e.g. by the hierarchy
problem

Such NP cannot have generic flavour structure
→ see e.g. K − K̄ mixing ⇒ ΛNP ≥ 105−6 TeV

For Λ� v, effects can be parametrised in SMEFT

Need to study the flavour structure of the SMEFT
(2499 parameters at d = 6)

B anomalies give some hints for NP in semileptonic interactions

Constrain the same operators also at high-pT (Drell-Yan tails)
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B anomalies

b→ s``

b s

`

`
Z, γ

W

u, c, t

LFU ratios:

RXs
=
B(B → Xsµµ)

B(B → Xsee)

Xs = K,K∗,KS , φ
Other observables:

B(Bs → µµ), B(Bs → φµµ), ...

Deficit in muons

b→ cτν
b c

`

ν

W

LFU ratios:

RD(∗) =
B(B → D(∗)τν)

B(B → D(∗)`ν)

` = µ, e

Excess of τ leptons

Many other ratios...

Combined explanations suggest
TeV-scale new physics coupled
mainly to the 3rd generation

New results this week!

(see talks by P. Hamilton, S. Klaver and C. Langenbruch)
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b→ c`ν

Leff = −4GF√
2
Vcb [(1 + CcLL)OcLL − 2CcLROcLL]

OcLL = (c̄LγµbL)(τ̄Lγ
µνL)

OcLR = (c̄LbR)(τ̄RνL)

Compatible with left-handed
scenario

Contribution of right-handed
currents also possible

[Aebischer, Isidori, Pesut, Stefanek, Wilsch, WIP]

Includes the new RD/RD∗ measurements

Prel
im

inar
y
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b→ s``

Leff = −4GF√
2
V ∗tsVtb

α

4π

∑
α,`

C`αO
`
α

O`9 = (s̄LγµbL)(¯̀γµ`)

O`10 = (s̄LγµbL)(¯̀γµγ5`)

SM

[Cornella et al. 2103.16558 ]

C`i = CSM
i + ∆C`i

Fit compatible with purely
left-handed solution (∆C9 = −∆C10)

LH NP preferred over SM at ∼ 5σ
with clean observables only

Including all b→ s`` observables:
� 5σ
[ 1903.09578 , 2011.01212 , 2103.12738 , 2103.13370 ]

Global significance of NP: ∼ 4σ
[Isidori et al. 2104.05631 ]

https://arxiv.org/abs/2103.16558
https://arxiv.org/abs/1903.09578
https://arxiv.org/abs/2011.01212
https://arxiv.org/abs/2103.12738
https://arxiv.org/abs/2103.13370
https://arxiv.org/abs/2104.05631
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b→ s``

Leff = −4GF√
2
V ∗tsVtb

α

4π

∑
α,`

C`αO
`
α

O`9 = (s̄LγµbL)(¯̀γµ`)

O`10 = (s̄LγµbL)(¯̀γµγ5`)

SM

[Cornella et al. 2103.16558 ]

C`i = CSM
i + ∆C`i

Separate LFU shift from LH new
physics contribution:

∆CUi = Cei − CSM
i

Cµ9 = CSM
9 + ∆CU9 + ∆CµL

Cµ10 = CSM
10 −∆CµL

Note: ∆CU10 = 0

https://arxiv.org/abs/2103.16558
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A combined EFT explanation

Left-handed charged current and neutral current operators
related by SU(2)L symmetry:

(ūiLγµd
j
L)(¯̀α

Lγ
µνβL)

SU(2)L←−−−−−→ (d̄iLγµd
j
L)(¯̀α

Lγ
µ`βL)

Minimal combined description in SMEFT, purely left-handed:

L = − 2

v2

∑
a

CijαβLL (q̄iLγµ`
α
L)(¯̀β

Lγ
µqjL)

RD sets the size of C23ττ
LL

→ RGE gives ∆CU9 at µ ∼ 5 GeV
[Crivellin et al. 1807.02068 ]

bL sL

τL τL

γ

` ` = e, µ, τ

What are the relative sizes of the Cijαβ?

https://arxiv.org/abs/1807.02068
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“Flavoured” SMEFT for the B-anomalies

bL cL

τL νL

∼ 10−2GF

bL sL

µL µL

∼ 4× 10−5GF

Suggests NP coupled stronger to third generation fermions
Compatible with the U(2) flavour symmetry scenario:
Couplings to 2nd generation suppressed by powers of εq,l

L = − 2

v2

∑
a

Cijαβa Oijαβa

OijαβLL = (q̄iLγµ`
α
L)(¯̀β

Lγ
µqjL)

OijαβLR = (q̄iLγµ`
α
L)(ēβRγ

µdjR)

OijαβRR = (d̄iRγµe
α
R)(ēβRγ

µdjR)

C33ττ
LL ∼ 0.01 (∼ 10−2GF )

U(2) scaling:

C23ττ
LL ∼ εqC33ττ

LL εq, εl ∼ 0.1

C23µµ
LL ∼ εqε2l C33ττ

LL

+ all couplings with RH
light fields set to zero

[ 1512.01560 ]

(see talk by N. Selimović)

https://arxiv.org/abs/1512.01560
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“Flavoured” SMEFT for the B-anomalies

L = − 2

v2

∑
a

Cijαβa Oijαβa

OijαβLL = (q̄iLγµ`
α
L)(¯̀β

Lγ
µqjL)

OijαβLR = (q̄iLγµ`
α
L)(ēβRγ

µdjR)

OijαβRR = (d̄iRγµe
α
R)(ēβRγ

µdjR)

C33ττ
LL ∼ 0.01 (∼ 10−2GF )

U(2) scaling:

C23ττ
LL ∼ εqC33ττ

LL εq, εl ∼ 0.1

C23µµ
LL ∼ εqε2l C33ττ

LL

+ all couplings with RH
light fields set to zero

Constraints from other low-energy observables:
∆F = 2 τ LFU tests

bL

sL

sL

bL

τL

τL

τL

νL

bL

tL

W

µL

νL
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“Flavoured” SMEFT for the B-anomalies

L = − 2

v2

∑
a

Cijαβa Oijαβa

OijαβLL = (q̄iLγµ`
α
L)(¯̀β

Lγ
µqjL)

OijαβLR = (q̄iLγµ`
α
L)(ēβRγ

µdjR)

OijαβRR = (d̄iRγµe
α
R)(ēβRγ

µdjR)

C33ττ
LL ∼ 0.01 (∼ 10−2GF )

U(2) scaling:

C23ττ
LL ∼ εqC33ττ

LL εq, εl ∼ 0.1

C23µµ
LL ∼ εqε2l C33ττ

LL

+ all couplings with RH
light fields set to zero

RD/RD∗ point to the TeV-scale
⇒ we can probe the same interactions

also at high-energies
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Searches at different energy scales
E

mW

TeV

mb
mc

pp→ `α`β

M → `α`β
`α → `βM
M →M ′`α`β

qi

qj

`α

`β

p

p

`α

`β

qi

qj

`α

`β
qi

qj

M ′

M

High-pT searches can probe the same operators
directly constrained by flavour-physics experiments

[see also 1609.07138 , 1704.09015 , 1811.07920 , 2003.12421 , ...]

https://arxiv.org/abs/1609.07138
https://arxiv.org/abs/1704.09015
https://arxiv.org/abs/1811.07920
https://arxiv.org/abs/2003.12421
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Flavour in Drell-Yan tails

5 active flavours in the proton

Drell-Yan at LHC:

pp→ `+α `
−
β

pp→ `+ανβ

Hadronic cross-section:

σ(pp→ `α`β) = Lij × σ̂αβij

σ̂αβij = σ̂(qiq̄j → `α`β) partonic cross-section
→ energy-enhanced in the EFT. With 4-fermion operators:

σ̂αβij ∝
ŝ2

Λ4

Heavy flavours suppressed by parton luminosities Lij
Energy enhancement can overcome PDF suppression

[Angelescu, Faroughy, Sumensari 2002.05684 ]

https://arxiv.org/abs/2002.05684
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Example: charm observables

Compare constraints on
semileptonic interactions involving

charm quarks:

D meson decays: c→ u``

Drell-Yan: cu→ ``

LHC already provides better
constraints!

Other examples:

de Blas, Chala, Santiago 1307.5068

Angelescu, Faroughy, Sumensari 2002.05684

Dawson, Giardino, Ismail 1811.12260

Marzocca, Min, Son 2008.07541

[Fuentes-Mart́ın, Greljo, Camalich, Ruiz-Alvarez 2003.12421 ]

https://arxiv.org/abs/1307.5068
https://arxiv.org/abs/2002.05684
https://arxiv.org/abs/1811.12260
https://arxiv.org/abs/2008.07541
https://arxiv.org/abs/2003.12421
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Drell-Yan cross-section

Parton-level amplitude:

A(q̄iq
′
j → `α ¯̀′

β) =
1

v2

∑
XY

{ (
¯̀
αγ

µPX`
′
β

) (
q̄iγµPY q

′
j

)
[FXY, qq

′

V (ŝ, t̂)]αβij

+
(
¯̀
αPX`

′
β

) (
q̄iPY q

′
j

)
[FXY, qq

′

S (ŝ, t̂)]αβij

+
(
¯̀
ασµνPX`

′
β

) (
q̄iσ

µνPY q
′
j

)
δXY [FXY, qq

′

T (ŝ, t̂)]αβij

+
(
¯̀
αγµPX`

′
β

) (
q̄iσ

µνPY q
′
j

) ikν
v

[FXY, qq
′

Dq
(ŝ, t̂)]αβij

+
(
¯̀
ασ

µνPX`
′
β

) (
q̄iγµPY q

′
j

) ikν
v

[FXY, qq
′

D`
(ŝ, t̂)]αβij

}

X,Y ∈ L,R, ŝ = k2 = (p` + p`′)
2, t̂ = (p` − pq′)2

General parametrisation of tree-level effects invariant
under SU(3)c × U(1)e

Captures both local and non-local effects

p

p

`α

¯̀
β

uj

ūi

p

p

`α

¯̀
β

dj

d̄i

p

p

`α

ν̄β

dj

ūi
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Local and non-local contributions

FI(ŝ, t̂) = FI,Reg(ŝ, t̂) + FI,Poles(ŝ, t̂)

Analytic function of ŝ, t̂

Describes contact interactions
→ SMEFT

Expansion for v2, |ŝ|, |t̂| < Λ2:

FI,Reg(ŝ, t̂) =

∞∑
n,m=0

FI (n,m)

(
ŝ

v2

)n(
t̂

v2

)m

Isolated simple poles in ŝ, t̂

Non-local effects due to
exchange of a mediator (SM
and NP)

FI,Poles(ŝ, t̂) =
∑
a

v2 S I (a)

ŝ− Ωa

+
∑
b

v2 T I (b)

t̂− Ωb
−
∑
c

v2 U I (c)

ŝ+ t̂+ Ωc

Ωi = m2
i − imiΓi û = −ŝ− t̂

This encapsulates all possible tree-level effects with purely leptonic
final states
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Hadronic cross-section

A(q̄iq
′
j → `α ¯̀′

β) =
1

v2

∑
XY

{ (
¯̀
αγ

µPX`
′
β

) (
q̄iγµPY q

′
j

)
[FXY, qq

′

V (ŝ, t̂)]αβij

+
(
¯̀
αPX`

′
β

) (
q̄iPY q

′
j

)
[FXY, qq

′

S (ŝ, t̂)]αβij

+
(
¯̀
ασµνPX`

′
β

) (
q̄iσ

µνPY q
′
j

)
δXY [FXY, qq

′

T (ŝ, t̂)]αβij

+
(
¯̀
αγµPX`

′
β

) (
q̄iσ

µνPY q
′
j

) ikν
v

[FXY, qq
′

Dq
(ŝ, t̂)]αβij

+
(
¯̀
ασ

µνPX`
′
β

) (
q̄iγµPY q

′
j

) ikν
v

[FXY, qq
′

D`
(ŝ, t̂)]αβij

}

σB(pp→ `−α `
+
β ) =

1

48πv2

∑
XY, IJ

∑
ij

∫ m2
``1

m2
``0

dŝ

s

∫ 0

−ŝ

dt̂

v2
MXY
IJ Lij

[
FXY,qqI

]
αβij

[
FXY,qqJ

]∗
αβij

MXY (ŝ, t̂) =


MXY
V V (t̂/ŝ) 0 0 0 0

0 MXY
SS (t̂/ŝ) MXY

ST (t̂/ŝ) 0 0

0 MXY
ST (t̂/ŝ) MXY

TT (t̂/ŝ) 0 0

0 0 0 ŝ
v2M

XY
DD (t̂/ŝ) 0

0 0 0 0 ŝ
v2M

XY
DD (t̂/ŝ)



Lij(ŝ) ≡
∫ 1

ŝ/s

dx

x

[
fq̄i (x, µ) fqj

(
ŝ

sx
, µ

)
+ (q̄i ↔ qj)

]

parton-level
amplitude

interference
matrix

parton
luminosities
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HighPT

High-pT Tails

A Mathematica package for flavour physics in Drell-Yan tails

with D. Faroughy, F. Jaffredo, O. Sumensari and F. Wilsch
arXiv: 2207.10714 , 2207.10756

https://highpt.github.io/

https://arxiv.org/abs/2207.10714
https://arxiv.org/abs/2207.10756
https://highpt.github.io/index.html
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HighPT: Generalities

Includes (some of) the latest LHC Drell-Yan searches

Large variety of NP scenarios:

SMEFT d = 6, d = 8 (σ computed up to O(Λ−4))
Bosonic mediators: leptoquarks (s-channel mediators will come in
the future) → propagation effects

Allows to compute:

Hadronic cross-sections
Event yields
χ2 likelihood as function of Wilson coefficients/coupling constants

Includes a python output routine using WCxf to perform analyses
outside Mathematica

→ possible interface with other existing codes/tools
(e.g. smelli/flavio)

→ Extract bounds on form-factors/Wilson coefficients/NP couplings
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LHC searches

Process Experiment Luminosity Ref. xobs x

pp→ ττ ATLAS 139 fb−1 2002.12223 mtot
T (τ1

h , τ
2
h , /ET ) mττ

pp→ µµ CMS 140 fb−1 2103.02708 mµµ mµµ

pp→ ee CMS 137 fb−1 2103.02708 mee mee

pp→ τν ATLAS 139 fb−1 ATLAS-CONF-2021-025 mT (τh, /ET ) pT (τ)

pp→ µν ATLAS 139 fb−1 1906.05609 mT (µ, /ET ) pT (µ)

pp→ eν ATLAS 139 fb−1 1906.05609 mT (e, /ET ) pT (e)

pp→ τµ CMS 138 fb−1 2205.06709 mcol
τhµ

mτµ

pp→ τe CMS 138 fb−1 2205.06709 mcol
τhe

mτe

pp→ µe CMS 138 fb−1 2205.06709 mµe mµe

https://arxiv.org/abs/2002.12223
https://arxiv.org/abs/2103.02708
https://arxiv.org/abs/2103.02708
https://cds.cern.ch/record/2773301/
https://arxiv.org/abs/1906.05609
https://arxiv.org/abs/1906.05609
https://arxiv.org/abs/2205.06709
https://arxiv.org/abs/2205.06709
https://arxiv.org/abs/2205.06709
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Leptoquarks in HighPT

SM rep. Spin Lint

S1 (3̄, 1, 1/3) 0 LS1
= [yL1 ]iα S1q̄

c
i εlα + [yR1 ]iα S1ū

c
ieα + [ȳR1 ]iα S1d̄

c
iNα + h.c.

S̃1 (3̄, 1, 4/3) 0 LS̃1
= [ỹR1 ]iα S̃1d̄

c
ieα + h.c.

U1 (3, 1, 2/3) 1 LU1 = [xL1 ]iα q̄i /U1lα + [xR1 ]iα d̄i /U1eα + [x̄R1 ]iα ūi /U1Nα + h.c.

Ũ1 (3, 1, 5/3) 1 LŨ1
= [x̃R1 ]iα ūi /̃U1eα + h.c.

R2 (3, 2, 7/6) 0 LR2
= −[yL2 ]iα ūiR2εlα + [yR2 ]iα q̄ieαR2 + h.c.

R̃2 (3, 2, 1/6) 0 LR̃2
= −[ỹL2 ]iα d̄iR̃2εlα + [ỹR2 ]iα q̄iNαR̃2 + h.c.

V2 (3̄, 2, 5/6) 1 LV2 = [xL2 ]iα d̄
c
i
/V2εlα + [xR2 ]iα q̄

c
i ε /V2eα + h.c.

Ṽ2 (3̄, 2, −1/6) 1 LṼ2 = [x̃L2 ]iα ū
c
i
/̃V2εlα + [x̃R2 ]iα q̄

c
i ε /̃V2Nα + h.c.

S3 (3̄, 3, 1/3) 0 LS3 = [yL3 ]iα q̄
c
i ε(τ

I SI3 )lα + h.c.

U3 (3, 3, 2/3) 1 LU3
= [xL3 ]iα q̄i(τ

I /U
I
3 )lα + h.c.
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Digression on RGE effects: EW precision observables

lα

lβ

qi

qj

lα

lβ

H

H

Semileptonic operator at scale Λ:

[O(3)
lq ]αβij = (l̄αγµσ

I lβ)(q̄iγ
µσIqj)

RGE:

[Ċ(3)
Hl ]αβ ⊃ 2Nc[C(3)

lq ]αβkl[Y
†
d Yd+Y

†
uYu]lk

[O(3)
Hl ]αβ = (H†iDµσ

IH)(l̄αγ
µσI lβ)

→ Modification of W couplings to leptons:

LWeff = − g√
2

∑
α,β

[
gW αβ
`L

(
¯̀
Lαγ

µνLβ
) ]
Wµ + h.c.

gW αβ
`L

= δαβ +
v2

Λ2
[C(3)
Hl ]αβ

e.g. W → τν, ...

[ 1310.4838 ]

https://arxiv.org/abs/1310.4838
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Example: leptoquark solutions for RD, RD∗

Three possible scenarios:

U1: [
C(1)
lq

]
3323

=
[
C(3)
lq

]
3323

,
[
C(1)
lq

]
3333

=
[
C(3)
lq

]
3333

+ possibility of RH currents

S1: [
C(1)
lq

]
3333

= −
[
C(3)
lq

]
3333

,
[
C(1)
lequ

]
3332

= −4
[
C(3)
lequ

]
3332

R2: [
C(1)
lequ

]
3332

= 4
[
C(3)
lequ

]
3332

Compare the combined constraints from low-energy, EW and high-pT
between the EFT approach and the explicit mediators

→ Choosing two LQ couplings at a time corresponds to more than two
SMEFT operators, get more correlations between different observables

[ 2103.12504 ]

(see talks by B. Allanach, U.

Haisch, F. Jaffredo, N. Selimović)

https://arxiv.org/abs/2103.12504
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Tree-level LQ matching

Field S1 R2 U1

Quantum Numbers (3̄,1, 1/3) (3,2, 7/6) (3,1, 2/3)

[Cledq]αβij – – 2[xL1 ]∗iα[xR1 ]jβ[
C(1)
lequ

]
αβij

1
2 [yL1 ]∗iα[yR1 ]jβ − 1

2 [yR2 ]iβ [yL2 ]∗jα –[
C(3)
lequ

]
αβij

− 1
8 [yL1 ]∗iα[yR1 ]jβ − 1

8 [yR2 ]iβ [yL2 ]∗jα –

[Ceu]αβij
1
2 [yR1 ]jβ [yR1 ]∗iα – –

[Ced]αβij – – −[xR1 ]iβ [xR1 ]∗jα

[C`u]αβij – − 1
2 [yL2 ]iβ [yL2 ]∗jα –

[Cqe]ijαβ – − 1
2 [yR2 ]iβ [yR2 ]∗jα –[

C(1)
lq

]
αβij

1
4 [yL1 ]∗iα[yL1 ]jβ – − 1

2 [xL1 ]iβ [xL1 ]∗jα[
C(3)
lq

]
αβij

− 1
4 [yL1 ]∗iα[yL1 ]jβ – − 1

2 [xL1 ]iβ [xL1 ]∗jα
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U1 LQ-inspired EFT: HighPT example[
C(1)
lq

]
3323

=
[
C(3)
lq

]
3323

,
[
C(1)
lq

]
3333

=
[
C(3)
lq

]
3333

Computing the LHC likelihood for pp→ ττ, τν:
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U1 LQ-inspired EFT: HighPT example

[
C(1)
lq

]
3323

=
[
C(3)
lq

]
3323

,
[
C(1)
lq

]
3333

=
[
C(3)
lq

]
3333

Flavour + EW likelihood:

HighPT takes care of RGE in SMEFT,
match it to LEFT,

and evolve the LEFT coefficients
to the low-energy scale

Prel
im

inar
y
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Results: U1 - LH couplings only

LU1
= [xL1 ]iα q̄i /U1lα + [xR1 ]iα d̄i /U1eα + [x̄R1 ]iα ūi /U1Nα + h.c.

EFT LQ model

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714 ]

https://arxiv.org/abs/2207.10714
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Results: U1 - Including RH currents

Leff = −4GF√
2
Vcb
[
(1 + CcLL)OcLL

−2CcLROcLL
]

OcLL = (c̄LγµbL)(τ̄Lγ
µνL)

OcLR = (c̄LbR)(τ̄RνL)

[Aebischer, Isidori, Pesut, Stefanek, Wilsch, WIP]

Preliminary
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Results: S1

LS1
= [yL1 ]iα S1q̄

c
i εlα + [yR1 ]iα S1ū

c
ieα + [ȳR1 ]iα S1d̄

c
iNα + h.c.

EFT LQ model

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714 ]

https://arxiv.org/abs/2207.10714
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Results: R2

LR2
= −[yL2 ]iα ūiR2εlα + [yR2 ]iα q̄ieαR2 + h.c.

EFT LQ model

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10714 ]

https://arxiv.org/abs/2207.10714
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Summary and outlook

Drell-Yan tails can provide a useful complementary probe of NP
to low-energy observables

Also EW precision tests can play a role through RGE effects

HighPT provides an easy-to-use framework to obtain the high-pT
likelihood from the LHC with the latest Run-2 data

Can constrain both SMEFT and LQ scenarios (mLQ = 1, 2, 3
TeV, more coming soon)

low-energy + EW observables will be included in a future release
→ get likelihood as an analytic function of the Wilson
Coefficients/LQ couplings

Stay tuned!

Thank you!
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Backup
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SMEFT

LSMEFT = LSM +
∑
d,k

C(d)
k

Λd−4
O(d)
k +

∑
d,k

[
C̃(d)
k

Λd−4
Õ(d)
k + h.c.

]

Cross-section up to O(Λ−4):

σ̂ ∼
∫

[dΦ]

{
|ASM|2 +

v2

Λ2

∑
i

2 Re
(
A(6)
i A

∗
SM

)
+
v4

Λ4

[∑
ij

2 Re
(
A(6)
i A

(6) ∗
j

)
+
∑
i

2 Re
(
A(8)
i A

∗
SM

)]
+ . . .

}

Include |A(6)|2 contributions: LFV

Only d = 8 terms interfering with the SM are relevant

Basis:

d = 6: Warsaw [ 1008.4884 ]
d = 8: Murphy [ 2005.00059 ]

https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/2005.00059
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SMEFT

Relevant Feynman diagrams:

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

SM ψ4 ψ2XH ψ2H2D

ψ4H2 ψ2H2D

ψ4D2 ψ2H4D

ψ2H2D3

Parameter counting and energy scaling:

Dimension d = 6 d = 8

Operator classes ψ4 ψ2H2D ψ2XH ψ4D2 ψ4H2 ψ2H4D ψ2H2D3

Amplitude scaling E2/Λ2 v2/Λ2 vE/Λ2 E4/Λ4 v2E2/Λ4 v4/Λ4 v2E2/Λ4

Parameters
# Re 456 45 48 168 171 44 52

# Im 399 25 48 54 63 12 12
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SMEFT: Schematic form-factor matching

Vector form factor:

FV = FV (0,0) + FV (1,0)
ŝ

v2
+ FV (0,1)

t̂

v2
+
∑
a

v2
[
S(a, SM) + δS(a)

]
ŝ−m2

a + imaΓa

Matching:

FV (0,0) =
v2

Λ2
C (6)
ψ4 +

v4

Λ4
C (8)
ψ4H2 +

v2m2
a

Λ4
C (8)
ψ2H2D3 + · · · ,

FV (1,0) =
v4

Λ4
C (8)
ψ4D2 + · · · ,

FV (0,1) =
v4

Λ4
C (8)
ψ4D2 + · · · ,

δS(a) =
m2
a

Λ2
C (6)
ψ2H2D +

v2m2
a

Λ4

([
C (6)
ψ2H2D

]2
+ C (8)

ψ2H4D

)
+

m4
a

Λ4
C (8)
ψ2H2D3 + · · · ,

s
s−Ω = 1 + Ω

s−Ω
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Cross section → event yield

dσ
dx computed analytically (x = m``, pT )

Need to compare with measured quantity
dσ

dxobs
(xobs = m``, m

tot
T , mT , ...)

For binned distributions, introduce Kernel matrix K

σq(xobs) =

M∑
p=1

Kpqσp(x)

K extracted with MC simulations using Madgraph + Pythia +
Delphes

One matrix K for any combination of interfering form-factors
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The U(2) paradigm

SM Yukawas respect approximate U(2)5 symmetry:
[Barbieri et al. 1105.3396]

Y ' y3

 0 0 0
0 0 0
0 0 1

 U(2)5 = U(2)q × U(2)` × U(2)u × U(2)d × U(2)e

Minimal breaking:

Y = y3

(
∆ V
0 1

)
|Vq| = εq = O(ytVts) |∆| ∼ yc,s,µ

Does TeV-scale NP follow the same pattern?

NP coupled mainly to 3rd generation

Couplings to 2nd generation suppressed by powers of εq,l ∼ 0.1

[Barbieri et al. 1512.01560]
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Example: LFU tests in charged current B decays

Low-energy effective description:

Lb→cτνeff =− 2
√

2GFVcb

[
(1 + CVL

)
(
c̄LγµbL

)(
τ̄LγµνL

)
+ CVR

(
c̄RγµbR

)(
τ̄LγµνL

)
+ CSL

(
c̄RbL

)(
τ̄RνL

)
+ CSR

(
c̄LbR

)(
τ̄RνL

)
+ CT

(
c̄RσµνbL

)(
τ̄Rσ

µννL
)]

+ h.c. ,

SMEFT matching:

CVL
= − v

2

Λ2

∑
i

V2i

V23

([
C(3)
lq

]
33i3

+
[
C(3)
Hq

]
33
− δi3

[
C(3)
Hl

]
33

)
,

CVR
=

v2

2Λ2

1

V23

[
C(3)
Hud

]
23
,

CSL
= − v2

2Λ2

1

V23

[
C(1)
lequ

]∗
3332

,

CSR
= − v2

2Λ2

3∑
i=1

V ∗2i
V23

[
Cledq

]∗
333i

,

CT = − v2

2Λ2

1

V23

[
C(3)
lequ

]∗
3332

,

[O(1)
lq ]ijαβ = (l̄αγµlβ)(q̄iγ

µqj)

[O(3)
lq ]ijαβ = (l̄αγµσ

I lβ)(q̄iγ
µσIqj)

[O(1)
lequ]ijαβ = (l̄αeβ)ε(q̄iuj)

[O(3)
lequ]ijαβ = (l̄ασ

µνeβ)ε(q̄iσµνuj)

[Oledq]ijαβ = (l̄αeβ)(d̄iqj)

[O(3)
Hq]ij = (H†iDµσ

IH)(q̄iγ
µσIqj)

[O(3)
Hl ]αβ = (H†iDµσ

IH)(l̄αγ
µσI lβ)
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SMEFT operators

d = 6 ψ4 pp→ `` pp→ `ν

O(1)
lq (l̄αγ

µlβ)(q̄iγµqj) X –

O(3)
lq (l̄αγ

µτ I lβ)(q̄iγµτ
Iqj) X X

Olu (l̄αγ
µlβ)(ūiγµuj) X –

Old (l̄αγ
µlβ)(d̄iγµdj) X –

Oeq (ēαγ
µeβ)(q̄iγµqj) X –

Oeu (ēαγ
µeβ)(ūiγµuj) X –

Oed (ēαγ
µeβ)(d̄iγµdj) X –

Oledq + h.c. (l̄αeβ)(d̄iqj) X X

O(1)
lequ + h.c. (l̄αeβ)ε(q̄iuj) X X

O(3)
lequ + h.c. (l̄ασ

µνeβ)ε(q̄iσµνuj) X X
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SMEFT operators

d = 6 ψ2H2D pp→ `` pp→ `ν

O(1)
Hl (l̄αγ

µlβ)(H†i
←→
D µH) X –

O(3)
Hl (l̄αγ

µτ I lβ)(H†i
←→
D I
µH) X X

O(1)
Hq (q̄iγ

µqj)(H
†i
←→
D µH) X –

O(3)
Hq (q̄iγ

µτ Iqj)(H
†i
←→
D I
µH) X X

OHe (ēαγ
µeβ)(H†i

←→
D µH) X –

OHu (ūiγ
µuj)(H

†i
←→
D µH) X –

OHd (d̄iγ
µdj)(H

†i
←→
D µH) X –

OHud + h.c. (ūiγ
µdj)(H̃

†iDνH) – X
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SMEFT operators

d = 6 ψ2XH + h.c. pp→ `` pp→ `ν

OeW (l̄ασ
µνeβ) τ IHW I

µν X X
OeB (l̄ασ

µνeβ)HBµν X –

OuW (q̄iσ
µνuj) τ

IH̃W I
µν X X

OuB (q̄iσ
µνuj) H̃Bµν X –

OdW (q̄iσ
µνdj) τ

IHW I
µν X X

OdB (q̄iσ
µν dj)HBµν X –
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SMEFT operators

d = 8 ψ4H2 pp→ `` pp→ `ν

O(1)
l2q2H2 (l̄αγ

µlβ)(q̄iγµqj)(H
†H) X –

O(2)
l2q2H2 (l̄αγ

µτ I lβ)(q̄iγµqj)(H
†τ IH) X –

O(3)
l2q2H2 (l̄αγ

µτ I lβ)(q̄iγµτ
Iqj)(H

†H) X X

O(4)
l2q2H2 (l̄αγ

µlβ)(q̄iγµτ
Iqj)(H

†τ IH) X –

O(5)
l2q2H2 εIJK(l̄αγ

µτ I lβ)(q̄iγµτ
Jqj)(H

†τKH) – X

O(1)
l2u2H2 (l̄αγ

µlβ)(ūiγµuj)(H
†H) X –

O(2)
l2u2H2 (l̄αγ

µτ I lβ)(ūiγµuj)(H
†τ IH) X –

O(1)
l2d2H2 (l̄αγ

µlβ)(d̄iγµdj)(H
†H) X –

O(2)
l2d2H2 (l̄αγ

µτ I lβ)(d̄iγµdj)(H
†τ IH) X –

O(1)
e2q2H2 (ēαγµeβ)(q̄iγ

µqj)(H
†H) X –

O(2)
e2q2H2 (ēαγµeβ)(q̄iγ

µτ Iqj)(H
†τ IH) X –

Oe2u2H2 (ēαγ
µeβ)(ūiγµuj)(H

†H) X –
Oe2d2H2 (ēαγ

µeβ)(d̄iγµdj)(H
†H) X –
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SMEFT operators

d = 8 ψ4D2 pp→ `` pp→ `ν

O(1)
l2q2D2 Dν(l̄αγ

µlβ)Dν(q̄iγµqj) X –

O(2)
l2q2D2 (l̄αγ

µ←→D ν lβ)(q̄iγµ
←→
D νqj) X –

O(3)
l2q2D2 Dν(l̄αγ

µτ I lβ)Dν(q̄iγµτ
Iqj) X X

O(4)
l2q2D2 (l̄αγ

µ←→D Iν lβ)(q̄iγµ
←→
D I
νqj) X X

O(1)
l2u2D2 Dν(l̄αγ

µlβ)Dν(ūiγµuj) X –

O(2)
l2u2D2 (l̄αγ

µ←→D ν lβ)(ūiγµ
←→
D νuj) X –

O(1)
l2d2D2 Dν(l̄αγ

µlβ)Dν(d̄iγµdj) X –

O(2)
l2d2D2 (l̄αγ

µ←→D ν lβ)(d̄iγµ
←→
D νdj) X –

O(1)
e2q2D2 Dν(ēαγµeβ)Dν(q̄iγ

µqj) X –

O(2)
e2q2D2 (ēαγµ

←→
D νeβ)(q̄iγ

µ←→D νqj) X –

O(1)
e2u2D2 Dν(ēαγ

µeβ)Dν(ūiγµuj) X –

O(2)
e2u2D2 (ēαγ

µ←→D νeβ)(ūiγµ
←→
D νuj) X –

O(1)
e2d2D2 Dν(ēαγ

µeβ)Dν(d̄iγµdj) X –

O(2)
e2d2D2 (ēαγ

µ←→D νeβ)(d̄iγµ
←→
D νdj) X –
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SMEFT operators

d = 8 ψ2H4D pp→ `` pp→ `ν

O(1)
l2H4D i(l̄αγ

µlβ)(H†
←→
D µH)(H†H) X –

O(2)
l2H4D i(l̄αγ

µτ I lβ)[(H†
←→
D I
µH)(H†H) + (H†

←→
D µH)(H†τ IH)] X X

O(3)
l2H4D εIJK(l̄αγ

µτ I lβ)(H†
←→
D J
µH)(H†τKH) – X

O(4)
l2H4D εIJK(l̄αγ

µτ I lβ)(H†τJH)(DµH)†τKH – X

O(1)
q2H4D i(q̄iγ

µqj)(H
†←→D µH)(H†H) X –

O(2)
q2H4D i(q̄iγ

µτ Iqj)[(H
†←→D I

µH)(H†H) + (H†
←→
D µH)(H†τ IH)] X X

O(3)
q2H4D iεIJK(q̄iγ

µτ Iqj)(H
†←→D J

µH)(H†τKH) – X

O(4)
q2H4D εIJK(q̄iγ

µτ Iqj)(H
†τJH)(DµH)†τKH – X

Oe2H4D i(ēαγ
µeβ)(H†

←→
D µH)(H†H) X –

Ou2H4D i(ūiγ
µuj)(H

†←→D µH)(H†H) X –

Od2H4D i(d̄iγ
µdj)(H

†←→D µH)(H†H) X –
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SMEFT operators

d = 8 ψ2H2D3 pp→ `` pp→ `ν

O(1)
l2H2D3 i(l̄αγ

µDν lβ) (D(µDν)H)†H X –

O(2)
l2H2D3 i(l̄αγ

µDν lβ)H†(D(µDν)H) X –

O(3)
l2H2D3 i(l̄αγ

µτ IDν lβ) (D(µDν)H)†τ IH) X X

O(4)
l2H2D3 i(l̄αγ

µτ IDν lβ)H†τ I(D(µDν)H) X X

O(1)
e2H2D3 i(ēαγ

µDνeβ) (D(µDν)H)†H) X –

O(2)
e2H2D3 i(ēαγ

µDνeβ)H†(D(µDν)H) X –

O(1)
q2H2D3 i(q̄iγ

µDνqj) (D(µDν)H)†H X –

O(2)
q2H2D3 i(q̄iγ

µDνqj)H
†(D(µDν)H) X –

O(3)
q2H2D3 i(q̄iγ

µτ IDνqj) (D(µDν)H)†τ IH X X

O(4)
q2H2D3 i(q̄iγ

µτ IDνqj)H
†τ I(D(µDν)H) X X

O(1)
u2H2D3 i(ūiγ

µDνuj) (D(µDν)H)†H X –

O(2)
u2H2D3 i(ūiγ

µDνuj)H
†(D(µDν)H) X –

O(1)
d2H2D3 i(d̄iγ

µDνdj) (D(µDν)H)†H X –

O(2)
d2H2D3 i(d̄iγ

µDνdj)H
†(D(µDν)H) X –
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