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Outline

• Motivation: Complementarity of low and high energy probes of flavor


• Drell-Yan production at hadron colliders


- Form-factor parametrization


- EFT & NP mediator contributions


- Cross-sections


• HighPT — A Mathematica code for high-  flavor physics


• Flavor fits for the SMEFT & explicit NP models


• EFT validity and SMEFT effects at  and 

pT

d = 6 d = 8

2



Introduction
Flavor physics at low and high energies
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B-anomalies
• Indication of LFUV in 

semileptonic B decays


• Preferred explanation: 
leptoquarks (LQ)


• Effects possibly 
measurable also in other 
semileptonic transitions


• In particular at high-  at 
hadron colliders 
[see Ulrich’s talk]


• Motivates analysis of 
high-  Drell-Yan tails as 
high-energy probes of 
these semileptonic 
transitions

pT

pT

4

RD(*) =
ℬ (B → D(*)τν)
ℬ (B → D(*)ℓν)

RK(*) =
ℬ (B → K(*)μμ)
ℬ (B → K(*)ee)

Angelescu, Bečirević, 

Faroughy, Sumensari 

[1808.08179]

see e.g.:

Crivellin, Muller, Ota 

[1703.09226]


Butazzo et al 

[1706.07808] 


Marzocca 

[1803.10972]


Becirevic et al 

[1808.08179] 

https://arxiv.org/abs/1808.08179
https://arxiv.org/abs/1703.09226
https://arxiv.org/abs/1706.07808
https://arxiv.org/abs/1803.10972
https://arxiv.org/abs/1808.08179
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Low- & high-energy constraints
High-pT searches (CMS and ATLAS) can probe the same operators constrained 
by flavor-physics experiments (NA62, KOTO, BES-III, LHCb, Belle-II...)

5

see e.g.:

Faroughy, Greljo, Kamenik [1609.07138]

Greljo, Marzocca [1704.09015]

Greljo, Camalich, Ruiz-Álvarez [1811.07920]

Angelescu, Faroughy, Sumensari [2002.05684]

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

Endo, Iguro, Kitahara, Takeuchi, Watanabe [2111.04748]

Energy

NP ?

https://arxiv.org/abs/1609.07138
https://arxiv.org/abs/1704.09015
https://arxiv.org/abs/1811.07920
https://arxiv.org/abs/2002.05684
https://arxiv.org/abs/2003.12421
https://arxiv.org/abs/2111.04748
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Di-tau tails as NP probes
If there is NP in semileptonic transitions:


• Expect deviations in high-  tails of 
invariant / transverse mass distributions


• For large 3rd generation couplings: 
in particular  tails are relevant

pT

τ

6

Faroughy, Greljo, Kamenik [1609.07138]

CMS [CMS-PAS-HIG-21-001]ATLAS [2002.12223]

https://arxiv.org/abs/1609.07138
http://cds.cern.ch/record/2803739
https://arxiv.org/abs/2002.12223
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 searches at LHCU1

• ATLAS and CMS exclusion limits on the  LQU1

7

Cornella, Faroughy, Fuentes-Martin, 

Isidori, Neubert [2103.16558]

ATLAS recast [2002.12223]

CMS [CMS-PAS-HIG-21-001]

CMS search

https://arxiv.org/abs/2103.16558
https://arxiv.org/abs/2002.12223
http://cds.cern.ch/record/2803739
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Flavor in Drell-Yan tails
• Drell-Yan production at LHC:


- NC:   


- CC:   


• Hadronic cross-section:





-  parton-parton luminosities / PDFs


‣ Heavy flavor suppressed


-   
partonic cross-section / hard-
scattering: energy enhancement in EFT





➡Can overcome PDF suppression

pp → ℓ+
α ℓ−

β

pp → ℓανβ

σhad(pp → ℓαℓβ) = Lij ⊗ [ ̂σ]αβ
ij

Lij

[ ̂σ]αβ
ij = ̂σ(qiq̄j → ℓαℓβ)

̂σ(bs̄ → μ+μ−) ∝
̂s

Λ4
[C]22

32
2

8

Angelescu, Faroughy, 

Sumensari [2002.05684]

ATLAS [2105.13847]

̂s ≪ Λ2

https://arxiv.org/abs/2002.05684
https://arxiv.org/pdf/2105.13847.pdf
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Complementarity of high-  datapT
• LFV: high-  tails vs low-energy flavor observables


• Recast of heavy LFV resonance search

pT

9

Angelescu, Faroughy, Sumensari [2002.05684]

 ATLAS [1807.06573] 

• Limits from quark flavor conserving transitions much better than Quarkonia limits 


• Possibility of probing charm transitions much better than low energy experiments

Fuentes-Martin, Greljo, Camalich, 

Ruiz-Alvarez [2003.12421]

• Charm physics with LHC tails


• Constraints on c → uℓℓ

https://arxiv.org/abs/2002.05684
http://arxiv.org/abs/1807.06573
https://arxiv.org/abs/2003.12421


Drell-Yan cross-section
General form-factor description
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Drell-Yan form-factors
• Drell-Yan processes:  




• Amplitude form-factor decomposition:

ūiuj → ℓ−
α ℓ+

β , d̄idj → ℓ−
α ℓ+

β , ūidj → ℓ−
α ν̄β , d̄iuj → ℓ+

α νβ

11

Scalar

Vector

Tensor

Dipole

Dipole

• General parametrization of tree-level effects invariant under 


• Captures local and non-local effects

SU(3)c × U(1)e

 



X, Y ∈ L, R
̂s = k2 = (pℓ + pℓ′￼)2

̂t = (pℓ − pq′￼)2
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EFT and mediator contributions
• Analytic continuation of form-factors to complex plane 


• Separate simple poles from analytic function

( ̂s, ̂t )

12

- Isolated simple poles in , 


- No branch-cuts at tree-level


- Describes non-local effects due to 
exchange of mediators


- SM contributes only to 


- Further contributions from heavy 
NP mediators 

̂s ̂t

FV,Poles

- Analytic function of , 


- Describes contact interactions


- No SM contribution


- EFT contributions


- Can be matched to the SMEFT

̂s ̂t

➡ Form-factor framework can incorporate both EFT and explicit NP models
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Singular form-factors FI, Poles( ̂s, ̂t)
• Pole form-factors: non-analytic functions with finite number of simple poles





‣  : sum over all -channel (colorless) mediators


‣  : sum over all -channel (colorful) mediators


‣  : sum over all -channel (colorful) mediators


- SM contribution   ( )


- NP contribution 


• Residues can be made independent of  by partial fraction decomposition:

FI,Poles( ̂s, ̂t ) = ∑
a

v2𝒮I (a)

̂s − Ωa
+ ∑

b

v2𝒯I (b)

̂t − Ωb
− ∑

c

v2𝒰I (c)

̂s + ̂t + Ωc

a s

b t

c u

→ 𝒮V (a) a ∈ {γ, Z, W}

→ 𝒮I (a) , 𝒯I (b) , 𝒰I (c)

̂s, ̂t

13

̂u = − ̂s − ̂t

Ωn = m2
n − imnΓn

 
 

𝒮I (a)( ̂s) → 𝒮I (a)
𝒯I (b)( ̂t ) → 𝒯I (b)
𝒰I (c)( ̂u) → 𝒰I (c)

f(z)
z − Ω

=
f(Ω)

z − Ω
+ g(z, Ω)

redefines FI,Reg
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Regular form-factors FI, Reg( ̂s, ̂t)

• Regular form-factors: analytic functions of 


• Describe unresolved d.o.f.    EFT


• Formal expansion in validity range of the EFT  :


- Derivative expansion:    


- EFT expansion:              


• Terms to consider at mass dimension 


-  :  


-  :   

̂s, ̂t

→

| ̂s | , | ̂t | < Λ2

FI,Reg( ̂s, ̂t ) =
∞

∑
n,m=0

FI,(n,m) ( ̂s
v2 )

n

( ̂t
v2 )

m

FI,(n,m) = ∑
k=n+m+1

𝒪 ((v2/Λ2)k)

d

d = 6 (n, m) = (0,0)

d = 8 (n, m) = (0,0), (1,0), (0,1)

14
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SMEFT




• Cross-section in the SMEFT to 





• Consistent description up to 


-  contribution can be energy enhanced


- LFV only through  (no SM interfence)


➡Requires inclusion of  operators


- Only  interference with SM relevant

ℒSMEFT = ℒSM + ∑
i

C(6)
i

Λ2
Q(6)

i + ∑
i

C(8)
i

Λ4
Q(8)

i + 𝒪(Λ−6)

𝒪(Λ−4)

σ ∼ ASM
2

+
1

Λ2
2 Re (A(6)A*SM) +

1
Λ4 ( A(6)

2
+ 2 Re (A(8)A*SM)) + 𝒪(Λ−6)

𝒪(Λ−4)

|A(6) |2

|A(6) |2

d = 8

d = 8

15
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SMEFT operators d = 6

• Warsaw basis   


• Operator classes contributing to Drell-Yan: 

d = 6

ψ4, ψ2H2D, ψ2XH

16

4-fermion dipoles

 coupling modificationsZ/W

Grzadkowski, Iskrzynski, Misiak, Rosiek [1008.4884]

https://arxiv.org/abs/1008.4884


Semileptonic transitions at high-    —   MITPpTFelix Wilsch

SMEFT operators d = 8
• Extension of Warsaw basis by C. Murphy


• Operator classes contributing to Drell-Yan: ψ4D2, ψ4H2, ψ2H2D3, ψ2H4D

17

Murphy [2005.00059]
see also: Li, Ren, Shu, Xiao, Yu, Zheng [2005.00008]

https://arxiv.org/abs/2005.00059
https://arxiv.org/abs/2005.00008
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EFT contributions
• Feynman diagrams for Drell-Yan in the SMEFT to 𝒪(Λ−4)

18

549 + 472 parameters 355 + 66 parameters
(only flavor diagonal contributions,  
 except for quark flavor violation in CC)

ψ4, ψ4H2, ψ4D2SM ψ2XH, ψ2H2D, ψ2H4D, ψ2H2D3

• EFT operator counting and energy scaling

ψ2H2D
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Form-factors to SMEFT matching 
• Example: vector form-factors 




• Schematic form-factor matching to : 










FV = FV (0,0) + FV (1,0)
̂s

v2
+ FV (0,1)

̂t
v2

+ ∑
a

v2

̂s − M2
a + iMaΓA

(𝒮(a,SM) + δ𝒮(a))
𝓞(Λ−4)

FV (0,0) =
v2

Λ2
C(6)

ψ 4 +
v4

Λ4
C(8)

ψ 4H2 +
v2m2

a

Λ4
C(8)

ψ2H2D3 + ⋯

FV (1,0) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

FV (0,1) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

δ𝒮(a) =
m2

a

Λ2
C(6)

ψ2H2D +
v2m2

a

Λ4 ([C(6)
ψ2H2D]

2
+ C(8)

ψ2H4D) +
m4

a

Λ4
C(8)

ψ2H2D3 + ⋯

19

NC:  
CC: 

a ∈ {γ, Z}
a ∈ {W}
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Form-factors to SMEFT matching 
• Example: vector form-factors 




• Schematic form-factor matching to : 










FV = FV (0,0) + FV (1,0)
̂s

v2
+ FV (0,1)

̂t
v2

+ ∑
a

v2

̂s − M2
a + iMaΓA

(𝒮(a,SM) + δ𝒮(a))
𝓞(Λ−4)

FV (0,0) =
v2

Λ2
C(6)

ψ 4 +
v4

Λ4
C(8)

ψ 4H2 +
v2m2

a

Λ4
C(8)

ψ2H2D3 + ⋯

FV (1,0) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

FV (0,1) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

δ𝒮(a) =
m2

a

Λ2
C(6)

ψ2H2D +
v2m2

a

Λ4 ([C(6)
ψ2H2D]

2
+ C(8)

ψ2H4D) +
m4

a

Λ4
C(8)

ψ2H2D3 + ⋯

19

NC:  
CC: 

a ∈ {γ, Z}
a ∈ {W}




 

𝒮(γ,SM) = 4παemQlQq

𝒮(Z,SM) =
4παem

c2
Ws2

W
gX

l gY
q

𝒮(W,SM) =
1
2

g2
2
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Form-factors to SMEFT matching 
• Example: vector form-factors 




• Schematic form-factor matching to : 










FV = FV (0,0) + FV (1,0)
̂s

v2
+ FV (0,1)

̂t
v2

+ ∑
a

v2

̂s − M2
a + iMaΓA

(𝒮(a,SM) + δ𝒮(a))
𝓞(Λ−4)

FV (0,0) =
v2

Λ2
C(6)

ψ 4 +
v4

Λ4
C(8)

ψ 4H2 +
v2m2

a

Λ4
C(8)

ψ2H2D3 + ⋯

FV (1,0) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

FV (0,1) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

δ𝒮(a) =
m2

a

Λ2
C(6)

ψ2H2D +
v2m2

a

Λ4 ([C(6)
ψ2H2D]

2
+ C(8)

ψ2H4D) +
m4

a

Λ4
C(8)

ψ2H2D3 + ⋯

19

NC:  
CC: 

a ∈ {γ, Z}
a ∈ {W}


d = 6
d = 8




 

𝒮(γ,SM) = 4παemQlQq

𝒮(Z,SM) =
4παem

c2
Ws2

W
gX

l gY
q

𝒮(W,SM) =
1
2

g2
2
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Form-factors to SMEFT matching 
• Example: vector form-factors 




• Schematic form-factor matching to : 










FV = FV (0,0) + FV (1,0)
̂s

v2
+ FV (0,1)

̂t
v2

+ ∑
a

v2

̂s − M2
a + iMaΓA

(𝒮(a,SM) + δ𝒮(a))
𝓞(Λ−4)

FV (0,0) =
v2

Λ2
C(6)

ψ 4 +
v4

Λ4
C(8)

ψ 4H2 +
v2m2

a

Λ4
C(8)

ψ2H2D3 + ⋯

FV (1,0) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

FV (0,1) =
v4

Λ4
C(8)

ψ 4D2 + ⋯

δ𝒮(a) =
m2

a

Λ2
C(6)

ψ2H2D +
v2m2

a

Λ4 ([C(6)
ψ2H2D]

2
+ C(8)

ψ2H4D) +
m4

a

Λ4
C(8)

ψ2H2D3 + ⋯

19

NC:  
CC: 

a ∈ {γ, Z}
a ∈ {W}


d = 6
d = 8




 

𝒮(γ,SM) = 4παemQlQq

𝒮(Z,SM) =
4παem

c2
Ws2

W
gX

l gY
q

𝒮(W,SM) =
1
2

g2
2

Partial fractioning: 
f(z)

z − Ω
=

f(Ω)
z − Ω

+ g(z, Ω)
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Explicit NP models
• Explicit NP models: colorless and colorful mediators

20

Colorless 
mediators

Leptoquarks
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Some NP contributions to FI, Poles( ̂s, ̂t)

➡ Straight forward matching to pole form-factors in  channels, t, u
21
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Cross-section

22

Amplitude parametrization

Scalar

Vector

Tensor

Dipole

Dipole
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Cross-section

22

Amplitude parametrization

Scalar

Vector

Tensor

Dipole

Dipole

Hadronic cross-section
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Cross-section

22

Amplitude parametrization

Scalar

Vector

Tensor

Dipole

Dipole

Hadronic cross-section

Interference matrix



Semileptonic transitions at high-    —   MITPpTFelix Wilsch

Cross-section

22

Amplitude parametrization

Scalar

Vector

Tensor

Dipole

Dipole

Hadronic cross-section

Interference matrix

Parton luminosity functions:



HighPT
High-  Tails 
A Mathematica code for high energy flavor physics

pT

HighPT
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HighPT - functionalities
HighPT: High-  Tails 
A Mathematica package for setting limits on generic NP  
in semileptonic transitions at high energies


• Any NP scenario


- Consider SMEFT  and/or UV mediators by including the 
appropriate form-factors


• Computes cross-section as function of Wilson coefficients / coupling 
constants for bins of invariant mass  or transverse momentum 


• Translates cross-sections in estimates of event yields for the bins of the 
available experimental searches


• Construct likelihood for the NP model


- Can be further analyzed within Mathematica or exported as a python file 
using WCxf format


➡ Extract bound on form-factors / Wilson coefficients / NP coupling constants

PT

(d = 6, 8)

(mℓℓ) (pT)

24

HighPT

Aebischer et al [1712.05298]

https://arxiv.org/abs/1712.05298
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From cross-sections to event yields
• High-  tail distributions: 

- Particle-level distribution  computed from final state particles 


- Detector-level distribution  measured by experiments from 

reconstructed objects (isolated leptons, tagged jets, missing energy, …)


• Both related by a kernel function encoding: 
object reconstruction efficiencies, detector response, phase-space mismatch


•  extracted using MC simulations (MadGraph + Pythia + Delphes)


• Each combination of form-factors has its own kernel function

pT

dσ
dx

e, μ, τ, ν

dσ
dxobs

Kpq

25

Unbinned Binnedmeasured computed


x ∈ {mℓℓ, pT}
xobs ∈ {mℓℓ, m tot

T , mT, …}
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LHC searches
Experimental searches available in 

HighPT (full LHC run-2 data sets):

26

[2002.12223]

[2103.02708]

[2103.02708]

[ATLAS-CONF-2021-025]

[1906.05609]

[1906.05609]

[CMS-PAS-EXO-19-014]

[CMS-PAS-EXO-19-014]

[CMS-PAS-EXO-19-014]

*more to be included
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Code and  plotsσ

Extracting likelihoods:

27

Event yields 

- Compute expected number of event in all bins of the 
ATLAS di-tau search


- Keeping terms up to  in the cross-section 
and considering EFT operators up to 


𝒪(Λ−4)
d = 8

Cross-section 
 with pp → ττ [C(1)

lq ]33
33

*code not  
 shown here



Flavor fits
SMEFT | NP models



Semileptonic transitions at high-    —   MITPpTFelix Wilsch

SMEFT fits C(3)
lq = (ℓ̄αγμτIℓβ)(q̄iγμτIqj)

LHC limits on Wilson coefficients computing the cross-section to  
keeping only a single coefficient at a time

𝒪(Λ−4)

29

HighPT

HighPTHighPT

HighPT

HighPT

HighPT

Example:  search by CMSμμ
* combine bins  

with low event count

*further  
 contribution  
 from μν
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SMEFT fits for Qledq = (ℓ̄αeβ)(d̄iqj)

30

HighPT

HighPTHighPT

HighPT

HighPT

HighPT

HighPTHighPT

HighPT
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Bounds on NP scenarios

Example:  
LQ models for 


• Consider flavor indices: 



• Relevant experimental 
searches:


- 


- 


• Perform fits for:


- Wilson coefficients


- NP couplings

RD(*)

αβij ∈ {3333, 3323}

pp → ττ

pp → τν

31

SMEFT matching @ tree-level
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 LeptoquarkU1

•  benchmark: U1 mU1
= 2 TeV

32

Wilson coefficient fit LQ coupling fit
still using the 

SMEFT matching
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 LeptoquarkR2

•  benchmark: R2 mR2
= 2 TeV

33

Wilson coefficient fit LQ coupling fit
still using the 

SMEFT matching

LHC 
flavor 
EW 
combined

*only pp → τν
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 LeptoquarkS1

•  benchmark: S1 mS1
= 2 TeV

34

Wilson coefficient fit LQ coupling fit
still using the 

SMEFT matching

LHC 
flavor 
EW 
combined



SMEFT expansion: 
 versus d = 6 d = 8

Validity of the EFT expansion
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EFT validity

• High-  tails: events with highest invariant mass are around 


➡ Validity of EFT approach for relatively light NP mediators (~few TeV) ???


- Option 1: drop highest bins of all searches


- Option 2: include higher dimensional operators


‣ How sizable is the effect of  operators compared to  ?


- Option 3: simulate with explicit NP mediator rather than EFT


‣ How does the explicit model compare to  EFT operators?

pT ̂s ≲ 4 TeV

d = 8 d = 6

d = 6, 8

36

see e.g.:

Boughezal, Mereghetti, Petriello [2106.05337]

Alioli, Boughezal, Mereghetti, Petriello [2003.11615]

Kim, Martin [2203.11976]

https://arxiv.org/abs/2106.05337
https://arxiv.org/abs/2003.11615
https://arxiv.org/abs/2203.11976
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Heavy resonance: Z′￼

37

• UV model: 




- Only couplings to ,  for simplicity:    



• SMEFT matching : 




• SMEFT matching : 




• Consider as example: 


• Analyze relevance of  at 

ℒZ′￼ = −
1
4

Z′￼μνZ′￼
μν +

1
2

M2
Z′￼

Z′￼μZ′￼
μ + JμZ′￼μ

ℓ q
Jμ = [gℓ]αβ (ℓ̄αγμℓβ) + [gq]ij (q̄iγμqj)

d = 6

[C(1)
lq ]αβ

ij = −
1

M2
Z′￼

[gℓ]αβ[gq]ij

d = 8

[C(1)
l2q2D2]

αβ
ij = −

1
M4

Z′￼

[gℓ]αβ[gq]ij

αβij = 3322 , 3311

d = 8 Λ = 1 TeV , 2 TeV



Conclusions & Outlook
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Future prospects 

• Extension of mediator mode in HighPT


- Version 1: only one mass/width possible


- Future: any mass/width


• Inclusion of further observables in HighPT: flavor, EW pole, Higgs


• Proper treatment of NP corrections to the input scheme ( , CKM, …)


• CLs likelihood for better treatment of bin with low event count


- For the  bins with only few events need to be combined


• Additional flavor structures (e.g.  quark flavor symmetry)


• Improved compatibility with other codes (for pheno and matching)

GF

χ2

U(2)3
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Conclusions

• Construction of full flavor likelihood for high-  Drell-Yan production at LHC


- Form-factor parametrization for SMEFT and NP models


- Consistent cross-section computation at 


- Inclusion of (energy-enhanced)  operators


• Automated in Mathematica package HighPT


• Bounds on all semileptonic SMEFT Wilson coefficients (one at a time)


• Complementarity of LHC with low-energy observables for  anomaly


• EFT validity:  vs.  operators

pT

𝒪(Λ−4)

d = 8

b → cτν

d = 6 d = 8
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