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Introduction
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Why EFTs?

E

mW

Λ

mb
mc

SMEFT

LEFT

In the presence of a mass gap, ΛNP ≫ v,
parametrise effects with effective operators:

LSMEFT = LSM +
1

Λ2

∑

i

CiO(6)
i + · · ·

Model-independent approach

In general, use EFTs whenever there is a scale
separation
→ resum large logs

Given a UV model, need to match onto the EFT,
then take care of RG evolution and matching
between EFTs when a threshold is crossed
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Tools for EFTs

E

mW

Λ

mb
mc

SMEFT

LEFT

1308.2627

1310.4838

1312.2014

1709.04486

1908.05295

1711.05270

Matching

- Matchete [ 2212.04510 ]
- MatchMakerEFT [ 2212.10787 ]
- CoDEx [ 1808.04403 ]

SMEFT-LEFT RGE+matching

- DsixTools [ 2010.16341 ]
- Wilson [ 1804.05033 ]

Pheno codes with implementation of observables

- smelli/flavio [ 2012.12211 , 1810.08132 ]
- EOS [ 2111.15428 ]
- HighPT [ 2207.10756 ]
→ this talk!

Final goal: have a fully automatic pipeline
from the UV matching to the observables

https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2212.10787
https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2012.12211
https://arxiv.org/abs/1810.08132
https://arxiv.org/abs/2111.15428
https://arxiv.org/abs/2207.10756
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The flavour of New Physics

TeV-scale NP is motivated e.g. by the
hierarchy problem

Constraints from flavour and electroweak
observables can be very stringent

K-K̄ mixing probes scales up to 105 TeV

It’s clear that the flavour structure must be
non-trivial
→ NP coupled mainly to third generation

A good pheno code should include as many
observables as possible in order to constrain
the EFT

Our final goal: extract combined limits on BSM
with arbitrary flavour structure

[Barbieri 2103.15635 ]

https://arxiv.org/abs/2103.15635
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Towards a combined fit

Observables missing: H → ff̄ , LEP e+e− → ℓ+ℓ−, ...
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HighPT: probing flavour with Drell-Yan tails
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Semileptonic interactions

Have received a lot of attention due to B anomalies

Q: How can we study the flavour structure of possible NP affecting
semileptonic transitions?

In SMEFT at d = 6, ∼ 850 parameters come from 4-fermion
semileptonic operators alone!
→ Need all possible ingredients to constrain it

idea: exploit also high-energy data, complementary to
low-energy observables → Drell-Yan
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Searches at different energy scales

E

mW

TeV

mb
mc

pp→ ℓαℓβ

M → ℓαℓβ
ℓα → ℓβM
M →M ′ℓαℓβ

qi

qj

ℓα

ℓβ

p

p

ℓα

ℓβ

qi

qj

ℓα

ℓβ
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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Example: charm observables

Compare constraints on
semileptonic interactions involving

charm quarks:

D meson decays: c→ uℓℓ

Drell-Yan: cu→ ℓℓ

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 ]

A more general approach to high-pT Drell-Yan was missing so far

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 processes

Neutral current: pp→ ℓ−α ℓ
+
β

ττ , µµ, ee

τµ, τe, µe

p

p

`α

¯̀
β

uj

ūi

p

p

`α

¯̀
β

dj

d̄i

Charged current: pp→ ℓ−α ν̄β

τν, µν, eν

p

p

`α

ν̄β

dj

ūi
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Tails of pp→ ℓℓ as flavour probes

5 active flavours in the proton

Hadronic cross-section:

σ(pp→ ℓαℓβ) = Lij × σ̂αβij

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

σ̂αβij ∝
ŝ2

Λ4
|Cαβij |

2

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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Hadronic cross-section

A(q̄iq′j → ℓαℓ̄
′
β) =

1

v2

∑

XY

{ (
ℓ̄αγ

µPXℓ
′
β

) (
q̄iγµPY q

′
j

)
[FXY, qq

′

V (ŝ, t̂)]αβij

+
(
ℓ̄αPXℓ

′
β

) (
q̄iPY q

′
j

)
[FXY, qq

′

S (ŝ, t̂)]αβij

+
(
ℓ̄ασµνPXℓ

′
β

) (
q̄iσ

µνPY q
′
j

)
δXY [FXY, qq

′

T (ŝ, t̂)]αβij

+
(
ℓ̄αγµPXℓ

′
β

) (
q̄iσ

µνPY q
′
j

) ikν
v

[FXY, qq
′

Dq
(ŝ, t̂)]αβij

+
(
ℓ̄ασ

µνPXℓ
′
β

) (
q̄iγµPY q

′
j

) ikν
v

[FXY, qq
′

Dℓ
(ŝ, t̂)]αβij

}

e.g. for a bin B in neutral-current Drell-Yan:

σB(pp→ ℓ−α ℓ
+
β ) =

1

48πv2

∑

XY, IJ

∑

ij

∫ m2
ℓℓ1

m2
ℓℓ0

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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Local and non-local contributions

F(ŝ, t̂) =
∞∑

n,m=0

F(n,m)

(
ŝ

v2

)n(
t̂

v2

)m
+

∑

a

v2 S I (a)
ŝ− Ωa

+
∑

b

v2 T I (b)
t̂− Ωb

−
∑

c

v2 U I (c)
ŝ+ t̂+Ωc

SMEFT d ≥ 6

SMEFT d ≥ 4

new colourless
mediators

Leptoquarks

Discuss two NP scenarios:

SMEFT

TeV-scale mediators
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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.

]

Where to truncate the expansion?

SMEFT amplitude:

A = ASM +
∑

i

v2

Λ2
A(6)
i +

∑

i

v4

Λ4
A(8)
i + · · ·

Cross-section up to O(Λ−4):

σ̂ ∼
∫
[dΦ]

{
|ASM|2 +

v2

Λ2

∑

i

2Re
(
A(6)
i A

∗
SM

)

+
v4

Λ4

[∑

ij

2Re
(
A(6)
i A

(6) ∗
j

)
+
∑

i

2Re
(
A(8)
i A

∗
SM

)]
+ . . .

}



17

Drell-Yan in SMEFT: dimension 6

Both ASM-A(6) interference and |A(6)|2 terms
→ the latter open up to LFV effects

Use Warsaw basis 1008.4884

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

ψ4 ψ2XH ψ2H2D

ψ2H2D

Parameter counting and energy scaling:

Dimension d = 6

Operator classes ψ4 ψ2H2D ψ2XH
Amplitude scaling E2/Λ2 v2/Λ2 vE/Λ2

Parameters
# Re 456 45 48
# Im 399 25 48

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

https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/2207.10714


18

Drell-Yan in SMEFT: dimension 8

Include only operators interfering with the SM (vector currents)
q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

q

q̄′

`

`′, ν

ψ4H2 ψ2H4D

ψ4D2 ψ2H2D3

Parameter counting and energy scaling:

Dimension d = 8

Operator classes ψ4D2 ψ4H2 ψ2H4D ψ2H2D3

Amplitude scaling E4/Λ4 v2E2/Λ4 v4/Λ4 v2E2/Λ4

Parameters
# Re 168 171 44 52
# Im 54 63 12 12

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

https://arxiv.org/abs/2207.10714
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TeV-scale mediators in Drell-Yan

SM rep. Spin Lint

Z ′ (1,1, 0) 1 LZ′ =
∑
ψ [gψ1 ]ab ψ̄a /Z

′
ψb , ψ ∈ {u, d, e, q, l}

Z̃ (1,1, 1) 1 LZ̃ = [g̃q1]ij ūi
/̃Zdj + [g̃ℓ1]αβ ēα /̃ZNβ

Φ1,2 (1,2, 1/2) 0 LΦ =
∑

a=1,2

{
[y(a)u ]ij q̄iujH̃a + [y

(a)
d ]ij q̄idjHa + [y(a)e ]αβ l̄αeβHa

}
+ h.c.

W ′ (1,3, 0) 1 LW ′ = [gq3]ij q̄i(τ
I /W

′ I
)qj + [gl3]αβ l̄α(τ

I /W
′ I
)lβ

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.

dj

d̄i `+β

`−α

Z ′, W ′0, H, A

dj `−α

`+βd̄i

U1, U
(2/3)
3

R
(2/3)
2 , R̃

(2/3)
2

dj

`+β

`−α

d̄i

V
(4/3)
2

S̃1, S
(4/3)
3
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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: main functionalities

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

Large variety of NP scenarios:

SMEFT d = 6, d = 8
Bosonic mediators: leptoquarks, multiple non-interfering,
m = 1, 2, 3 TeV

Allows to compute:

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

Includes detector effects

Extract bounds on form-factors/Wilson coefficients/NP couplings

HighPT
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LHC searches

One search for each final state from Run-II

Process Experiment Luminosity Ref. xobs x

pp→ ττ ATLAS 139 fb−1 2002.12223 mtot
T (τ1h , 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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Extracting likelihoods with HighPT

Likelihood function of θ⃗ = C6, C8 (SMEFT) or θ⃗ = [x]iα, [y]iα for
Leptoquarks:

−2 logL(θ⃗) = χ2(θ⃗) =
∑

k∈bins

1

σ2
k

(Nk
sig(θ⃗) +Nk

bkg −Nk
obs)

2

Nk
sig(θ⃗) computed in HighPT at tree-level (NP effects only!)

Nk
bkg, N

k
obs from experimental collaborations

Minimize within Mathematica or export to python

e.g. switching on only [O(1)
lq ]2211 = (l̄1γµl1)(q̄2γ

µq2):

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10756 ]

https://arxiv.org/abs/2207.10756


24

Limits on four-fermion operators: C(1)lq

Switch on one operator at a time and compute σ up to O(Λ−4)

Λ = 1 TeV

HighPT HighPT HighPT

HighPT HighPT HighPT

Generally worse constraints for heavier quark flavours

[O(1)
ℓq ]αβij = (ℓ̄αLγ

µℓβL)(q̄
i
Lγ

µqjL)

ee µµ ττ

µe τe τµ

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

https://arxiv.org/abs/2207.10714
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Limits on Leptoquarks: single couplings

e.g. S1 ∼ (3̄,1, 1/3)

LS1
= [yL1 ]iα S1q̄

c
i ϵlα + [yR1 ]iα S1ū

c
ieα + h.c.

HighPT HighPT

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

https://arxiv.org/abs/2207.10714
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HighPT 2.0: adding low-energy observables
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The goal: fully anaytical likelihoods in terms of high-scale
(SMEFT) Wilson Coefficients, in Mathematica

w.r.t. v1.x need to add several new features:

- More SMEFT coefficients → full basis
- LEFT coefficients
- Running and matching (analytical)
- Need to specify the input scheme
- ...

Disclaimer: (almost) every piece of code shown from here is still
preliminary and therefore likely to change in the final version
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SMEFT/LEFT RGE: DsixTools interface

Two possible analytical solutions for RG evolution:

First Leading Log:

Ci(µEW) = Ci(Λ) +
1

16π2
log

µEW

Λ
Ċi(Λ)

- Anomalous dimensions from 1308.2627 , 1310.4838 , 1312.2014

(SMEFT), 1711.05270 (LEFT)
- SetRGEMode["SMEFT"->"LL"]

”Full” resummation using DsixTools’ Evolution Matrix Method:

C(6)i (µ) = U
(6)
ij (µ, µ0)C(6)j (µ0)

- SetRGEMode["SMEFT"->"DsixTools"]

HighPT tries to load DsixTools. If not available, Leading Log still
available

[DsixTools: 1704.04504 , 2010.16341 ]

https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1310.4838
https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1711.05270
https://arxiv.org/abs/1704.04504
https://arxiv.org/abs/2010.16341
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SMEFT-LEFT matching

Tree-level matching: [Jenkins, Manohar, Stoffer 1709.04486 ]

One-loop matching: [Dekens, Stoffer 1908.05295 ]

One-loop matching example: b→ sγ

LSMEFT ⊃ [CHud]ij(H†DµH)(ūiγ
µdj) ⊃

v2

2
ūi /Wdj + h.c.

→ finite contribution to dipole operators:

W

bR
tR tL

sL

γ

https://arxiv.org/abs/1709.04486
https://arxiv.org/abs/1908.05295
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Input scheme

Our choice for the SM inputs:

αem, mZ , GF

CKM:

- |Vus|: B(K+ → π0e+ν) and B(KL → π±e∓ν) (PDG)

- |Vcb|: B(B0 → D−l+ν) and B(B+ → D0l+ν) (HFLAV)

- |Vub|: d
dq2

Γ(B → πlν̄) at high q2

- γ: UTfit NP analysis

λ = 0.2217(9) A = 0.822(9) ρ̄+ iη̄ = 0.42(2)ei1.20(7)

What if NP is hiding in one of these observables?

[Bresó-Pla, Falkowski, González-Alonso 2103.12074 ]

https://arxiv.org/abs/2103.12074
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Input redefinitions

Extract CKM elements from P → P ′ℓν decays:

B(P → P ′ℓν̄)
B(P → P ′ℓν̄)SM

=
∑

αβ

ρij ℓαβ (µ) g
ij ℓ
α (µ) gij ℓβ (µ)∗ =

|Vij |2

|V (0)
ij |2

gij ℓα (µ) ≡
[
Cνeduα

]
ijℓℓ

(µ) |Vij | = |V (0)
ij |+ δ|Vij |

Observables can be written as

O = OSM(V (0)) +ONP

= OSM(V )− ∂OSM

∂V
(0)
ij

∣∣∣∣∣
V

(0)
ij =Vij

δVij +ONP

≡ OSM(1 + δOInput + δONP)

NP in the observables used as inputs looks like a NP contribution
in other observables

[Descotes-Genon, Falkowski, Fedele González-Alonso, Virto 1812.08163 ]

https://arxiv.org/abs/1812.08163
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Observables: EWPOs, Higgs and Collider

Electroweak observables

- ΓZ , σhad, Re, ...
- mW , γW , B(W → eν), ...

- H2ψ2D operators

- ψ4 operators via RGE

H → ff̄ decays

- µff =
B(h → ff̄)

B(h → ff̄)SM
, f = b, c, τ, µ

- H3ψ2 (Yukawa)
operators

- ψ4 (scalar, tensor)
operators via RGE

LEP (above the Z pole)

- e+e− → e+e− (Bhabha)
- e+e− → µ+µ−, τ+τ−

- four-lepton operators

[See also Ben Stefanek’s talk]

[Bresó-Pla, Falkowski, González-Alonso 2103.12074 ]

[Allanach, Mullin 2306.08669 ]

https://arxiv.org/abs/2103.12074
https://arxiv.org/abs/2306.08669
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Observables: Flavour

Charged currents

- b → c: R
τ/ℓ

D(∗) , R
µ/e

D(∗) , Bc → τν, RΛc , ...

- c → d: B(D− → π0eν), B(D0 → π−eν), Bµ2 = B(D → µµ), ...
- s → u: ...
- ...

∆F = 1

- b → s: R
(∗)
K , B → K(∗)ττ , B → K(∗)νν, Bs → µµ, B → Xsγ, ...

- b → d: B(B0 → ℓℓ)
- ...

∆F = 2

- Bs-B̄s, D-D̄ mixing, ...

Leptonic

- τ → ℓνν, τ LFU tests
- τ → 3µ, τ → µee, ...

...
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Main routines: construct likelihoods

ChiSquareFlavor[] gives the likelihood as a function of SMEFT
coefficients, at the NP scale Λ

RG evolution and SMEFT-LEFT matching taken care of
automatically

Example: RD and RD∗

-2 -1 0 1 2
-2

-1

0

1

2

lq
(3)

3323


lq(3
) 
33
33

Similar routines ChiSquareEW[], ChiSquareHiggs[] and
ChiSquareLEP[]
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Example
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b→ sττ transitions

Related to RD, RD∗ explanations by SU(2)L rotation (LH case)
Hard to measure at low energies

Experimental bounds (90% C.L.) Standard model rates

[LHCb ’17] B(Bs → ττ) < 6.8× 10−3

[BaBar ’16] B(B+ → K+ττ) < 2.25× 10−3

[Belle ’21] B(B0 → K0∗ττ) < 3.1× 10−3

B ≈ 10−7

Study case: U1 ∼ (3,1, 2/3)

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

→ contribution to both vector and scalar operators

O(1)
lq = (l̄γµl)(q̄γ

µq) Oed = (ēγµe)(d̄γ
µd)

O(3)
lq = (l̄γµσ

I l)(q̄γµσIq) Oledq = (l̄e)(d̄q)
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Vector scenario: [C(1+3)
lq ]3323 and [Ced]3323

HighPT code for flavour likelihood(s)
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Vector scenario: [C(1+3)
lq ]3323 and [Ced]3323

HighPT code for pp→ ττ, τν likelihood(s)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
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-0.5
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HighPT

LHC provides
better constraints!

[LA, Faroughy, Jaffredo, Sumensari, Wilsch, to appear]
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Vector+scalar scenario: [C1+3
lq ]3323 and [Cledq]3332
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[LA, Faroughy, Jaffredo, Sumensari, Wilsch, to appear]
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Vector+scalar scenario: [C1+3
lq ]3323 and [Cledq]3332
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HighPT

Complementarity!

[LA, Faroughy, Jaffredo, Sumensari, Wilsch, to appear]
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Summary and Outlook

In this talk:

Presented HighPT, a Mathematica package for pheno analyses in
the SMEFT

v1 contains:

- a general description of Drell-Yan processes
- both SMEFT (up to dimension-8) and explicit mediators
(leptoquarks)

v2 W.I.P.:

- Inclusion of Electroweak, Higgs, LEP-2, and flavour observables
- RGE and SMEFT-LEFT matching taken care of, partially
integrating DsixTools

Showed the interplay between high-pT and flavour in the case of
b→ sττ transitions

In the future:

progressive inclusion of more and more observables

possible interface with Matchete for a fully automated pipeline
from UV model to observables at all energies

Stay tuned!
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Thank you!
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Backup
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Form-factor decomposition

Need a way to parametrise the Drell-Yan amplitude in general
→ introduce dimensionless form factors F for 2→ 2 scattering:

A(q̄iq′j → ℓαℓ̄
′
β) =

1

v2

∑

XY

{ (
ℓ̄αγ

µPXℓ
′
β

) (
q̄iγµPY q

′
j

)
[FXY, qq

′

V (ŝ, t̂)]αβij

+
(
ℓ̄αPXℓ

′
β

) (
q̄iPY q

′
j

)
[FXY, qq

′

S (ŝ, t̂)]αβij

+
(
ℓ̄ασµνPXℓ

′
β

) (
q̄iσ

µνPY q
′
j

)
δXY [FXY, qq

′

T (ŝ, t̂)]αβij

+
(
ℓ̄αγµPXℓ

′
β

) (
q̄iσ

µνPY q
′
j

) ikν
v

[FXY, qq
′

Dq
(ŝ, t̂)]αβij

+
(
ℓ̄ασ

µνPXℓ
′
β

) (
q̄iγµPY q

′
j

) ikν
v

[FXY, qq
′

Dℓ
(ŝ, t̂)]αβij

}

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

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

Captures both local and non-local effects
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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

Contains the energy-growing
part

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

S, T , U can be reduced using
partial fractioning:

S(ŝ)
ŝ− Ω

=
S(Ω)
ŝ− Ω

+ f(ŝ,Ω)

put into FReg
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d = 8 basis: energy enhanced operators

From Murphy 2005.00059

d = 8 ψ4D2 pp→ ℓℓ pp→ ℓν

O(1)
l2q2D2 Dν(l̄αγ

µlβ)Dν(q̄iγµqj) ✓ –

O(2)
l2q2D2 (l̄αγ

µ←→D ν lβ)(q̄iγµ
←→
D νqj) ✓ –

O(3)
l2q2D2 Dν(l̄αγ

µτ I lβ)Dν(q̄iγµτ
Iqj) ✓ ✓

O(4)
l2q2D2 (l̄αγ

µ←→D Iν lβ)(q̄iγµ
←→
D I
νqj) ✓ ✓

O(1)
l2u2D2 Dν(l̄αγ

µlβ)Dν(ūiγµuj) ✓ –

O(2)
l2u2D2 (l̄αγ

µ←→D ν lβ)(ūiγµ
←→
D νuj) ✓ –

O(1)
l2d2D2 Dν(l̄αγ

µlβ)Dν(d̄iγµdj) ✓ –

O(2)
l2d2D2 (l̄αγ

µ←→D ν lβ)(d̄iγµ
←→
D νdj) ✓ –

O(1)
e2q2D2 Dν(ēαγµeβ)D

ν(q̄iγ
µqj) ✓ –

O(2)
e2q2D2 (ēαγµ

←→
D νeβ)(q̄iγ

µ←→D νqj) ✓ –

O(1)
e2u2D2 Dν(ēαγ

µeβ)Dν(ūiγµuj) ✓ –

O(2)
e2u2D2 (ēαγ

µ←→D νeβ)(ūiγµ
←→
D νuj) ✓ –

O(1)
e2d2D2 Dν(ēαγ

µeβ)Dν(d̄iγµdj) ✓ –

O(2)
e2d2D2 (ēαγ

µ←→D νeβ)(d̄iγµ
←→
D νdj) ✓ –

https://arxiv.org/abs/2005.00059


46

Example: vector FF matching to SMEFT

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

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

https://arxiv.org/abs/2207.10714
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Accounting for detector effects

dσ
dx computed analytically (x = mℓℓ, pT )

Need to compare with measured quantity
dσ

dxobs
(xobs = mℓℓ, m

tot
T , mT , ...)

For binned distributions, introduce Kernel
matrix K

σq(xobs) =

M∑

p=1

Kpq(xobs|x)σp(x)

K extracted with MC simulations using
Madgraph + Pythia + Delphes

One matrix K for any combination of
interfering form-factors
→ a lot of simulations!

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10756 ]

https://arxiv.org/abs/2207.10756
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Limits on Leptoquarks: two couplings

Two non-interfering LQs

U1 ∼ (3, 1, 2/3),
R2 ∼ (3, 2, 7/6)

L ⊃ [xL1 ]iα q̄i /U1lα −
[yL2 ]iα ūiR2ϵlα + h.c.

Same LQ, two couplings

get e.g. LFV effects

S3 ∼ (3̄, 3, 1/3)

LS3 = [yL3 ]iα q̄
c
i ϵ(τ

I SI3 )lα+h.c.

[LA, Faroughy, Jaffredo, Sumensari, Wilsch 2207.10756 ]

https://arxiv.org/abs/2207.10756
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Basis alignment

down: qL =

(
V †uL
dL

)
, up: qL =

(
uL
V dL

)

final state: µµ, µν

ij = 11 ij = 12 ij = 13

ij = 22 ij = 23 ij = 33

[O(1)
ℓq ]αβij = (ℓ̄αLγ

µℓβL)(q̄
i
Lγ

µqjL)

[O(3)
ℓq ]αβij = (ℓ̄αLγ

µσIℓβL)(q̄
i
Lγ

µσIqjL)
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Jackknife analysis

Study the impact of
1

Λ4
terms for dimension-6 operators

Which bins are relevant for |A(6)|2 terms?

RJack =
Limits without one bin

Limits with all bins

Find that at ∼ 1 TeV NP2 terms become relevant

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

https://arxiv.org/abs/2207.10714
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Cutting the data (clipping)

Neglect events above a threshold Mcut to ensure the validity of
the EFT expansion

Easily implemented in HighPT: the χ2 is given bin-by-bin
→ the user can choose how to combine/throw away bins

Worse constraints removing the highest bins

[Contino et al. 1604.06444 , Brivio et al. 2201.04974 ]

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

https://arxiv.org/abs/1604.06444
https://arxiv.org/abs/2201.04974
https://arxiv.org/abs/2207.10714
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Impact of dimension-8: form-factor fits

Focus on LL vector form-factor

FLLV = FLLV (0,0) +
ŝ2

v2
FLLV (1,0) +

t̂2

v2
FLLV (0,1)

FLLV (1,0) and F
LL
V (0,1) come from dimension-8

impose perturbativity:

|FLLV (0,0)| ≤ 4π v
2

Λ2 |FLLV (1,0)|, |F
LL
V (0,1)| ≤ 4π v

4

Λ4

d = 6 only marginalized over d = 8 FLL
V (1,0)

= v2/Λ2FLL
V (0,0)

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

https://arxiv.org/abs/2207.10714
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Constraints from LFV searches

Need at least two couplings switched on to get LFV effects

LFV searches give complementary information to the flavour
conserving ones

U1 vector leptoquark
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Results: U1 - Including RH currents

-0.10 -0.05 0.00 0.05 0.10 0.15 0.20
-0.15

-0.10

-0.05

0.00

0.05

0.10

Leff = −4GF√
2
Vcb

[
(1 + CcLL)OcLL

−2CcLROcLL
]

OcLL = (c̄LγµbL)(τ̄Lγ
µνL)

OcLR = (c̄LbR)(τ̄RνL)

[Aebischer, Isidori, Pesut, Stefanek, Wilsch, 2210.13422 ]

https://arxiv.org/abs/2210.13422
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Results: U1

EFT LQ model
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Results: S1

EFT LQ model
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Results: R2

EFT LQ model
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Validity of the EFT approach at the LHC

Have all the ingedients to study the convergence of the EFT:

SMEFT d = 6, d = 8
full model

Compare these scenarios from the constraints

Requires some more MC simulations
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P → P ′ℓν̄ ρij ℓV V (mZ) ρij ℓSS (mZ) ρij ℓTT (mZ) ρij ℓSV (mZ) ρij ℓTV (mZ) ρij ℓST (mZ)

K+ → π0eν̄ 1 7.4 1.7× 10−1 2× 10−2 5× 10−3 3.4× 10−1

B+ → π0eν̄ 1 1.7 6.7 3.9× 10−5 1.3× 10−3 7.7× 10−2

B+ → π0µν̄ 1 1.1 5.8 1.2 2.9 5× 10−2

B+ → D0eν̄ 1 5.3× 10−1 8.7× 10−1 5× 10−4 10−3 2.4× 10−2

B+ → D0µν̄ 1 5.3× 10−1 8.7× 10−1 10−1 2.2× 10−1 2.4× 10−2
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