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σ(h1 + h2 → V + X) = ∑
ab

∫ dx1dx2 fa/h1
(x1, μF)fb/h2

(x2, μF) ̂σab→V+X( ̂s, μR) + …

Introduction
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• Rich program of precision measurements at LHC and HL-LHC (and future colliders)
• Requires theoretical predictions of SM observables at a similar level of precision 
• From SM to physical predictions for collider observables is not a easy path  

still a lot to learn
h1 h2H

V

Energy

Hard scale

Hadronic scale 
Λ ≲ 1 GeV

Collinear factorisation

parton branching evolution 

RESUMMATION/PARTON SHOWER

transition to hadrons

Hadronization 
Multiparticle interactions 
Underlying event

perturbative QFT

non-perturbative 
QFT

see talks by A. 
Huss, J. Mazzitelli
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• Rich program of precision measurements at LHC and HL-LHC (and future colliders)
• Requires theoretical predictions of SM observables at a similar level of precision 
• From SM to physical predictions for collider observables is not a easy path  

still a lot to learn
h1 h2H

V

Energy

Hard scale

Hadronic scale 
Λ ≲ 1 GeV

Collinear factorisation

parton branching evolution 

RESUMMATION/PARTON SHOWER

transition to hadrons

Hadronization 
Multiparton interactions 
Underlying event

perturbative QFT

non-perturbative 
QFT

• parton densities parametrise our understanding of the structure  of 
proton in term of its constituents

• dependence on the collinear factorisation scale  dictated by DGLAP 
(perturbative) 

• dependence on the momentum fraction  extracted by data  
(non perturbative)

μF

x

FOCUS on PDFs
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Lepton PDF: not so “Unorthodox” QCD …

2

• In a pure QCD model, protons are made of constituent/valence quarks and (soft and collinear) QCD 
radiation is copiously produced (sea of gluons and quarks)

• Order of quark and gluon PDFs:

 is a characteristic hadronic scale. 
Since , all the contributions becomes relevant! 

• Protons (and quarks) carry also an electric charge: photon and leptons can be radiated!

Λ
L ∼ 1/αs

(αsL)k αs(αsL)k L ≡ ln
Q2

Λ2

lepton probe
equivalent description in 
terms of a PDF
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• In a pure QCD model, protons are made of constituent/valence quarks and (soft and collinear) QCD 
radiation is copiously produced (sea of gluons and quarks)

• Order of quark and gluon PDFs:

 is a characteristic hadronic scale. 
Since , all the contributions becomes relevant! 

• Protons (and quarks) carry also an electric charge: photon and leptons can be radiated!

Λ
L ∼ 1/αs

(αsL)k αs(αsL)k L ≡ ln
Q2

Λ2

lepton probe
equivalent description in 
terms of a PDF

Lepton density very small (by naive power counting)

Are lepton-initiated processes relevant 
for LHC phenomenology? 

‣ in principle, all lepton-lepton combinations are 
available (and in a broad energy spectrum): 
potential to measure rare SM processes

‣ potential to look for exotic BSM physics 

fℓ ∼ α2fq
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Leptons PDF: quest for precision (pre-LUX)
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[Bertone,Carrazza,Pagani,Zaro, 2015]

A crucial aspect which prevented to fully explore the phenomenology offered by lepton initiated processes is 
the lack of a precise determination lepton densities

• Photon PDF affected by 
large errors (PRE-LUX)

• Large sensitivity to initial 
conditions 

• LO determination affected 
by large uncertainty bands 
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Leptons PDF: quest for precision (pre-LUX)
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LUX breakthrough in 2016-2017: new approach to precisely determine the photon content of the proton 
Main motivation: uncertainty on the photon induced processes started to dominate the production of high 
mass objects; sensitivity to photon initiated processes already at Run II-III

ATLAS boosted jets analysis (2015):
• 2 TeV excess in boson pair 

production 
• Not confirmed in 13 TeV run 
• The worry was that at very high 

scales gluon and quarks soften due 
to AP evolution. 

• Photons mostly stay the same: 
importance of elastic contribution 
at low-Q2
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Leptons PDF: quest for precision (pre-LUX)
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1994 paper: very interesting, but 
almost forgotten…  

Lepton densities smaller than the one of the photon
Different motivations: look for rare and exotic processes! But also in this case, a precise determination of the 
lepton densities is required to make reliable estimates at the LHC

Based on a simplified leading logarithmic formula for the 
lepton densities 

fℓ ∼ α2 ln
Q2

m2
ℓ

ln
Q2

Λ2

which is not correct in the limit  due to screening 
effects of the proton finite size

mℓ < Λ
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Outline

• Extraction of the lepton densities

• Application I: lepton-lepton scattering at LHC

• Application II: hunting LeptoQuarks

• Summary
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The LUX method for the photon PDF

6

• Relate the photon PDF to the electro-production structure functions and form factors for electron-proton 
scattering

• Make use of the good quality data (already) available
electro-production structure functions measured in a wide range of energies 
allow to constrain the photon PDF from low- to high-   Q2

LUX breakthrough in 2016-2017
determination of the photon density within 
~5% uncertainty    

[Manohar, Nason, Salam, Zanderighi, Phys.Rev.Lett. 117 (2016) 24, 242002] 
[Manohar, Nason, Salam, Zanderighi, JHEP 12 (2017) 046 ]
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Wμν(p, q) = F1 (−gμν +
qμqν

q2 ) +
F2

p ⋅ q (pμ −
p ⋅ q qμ

q2 ) (pν −
p ⋅ q qν

q2 )

Extraction of lepton PDFs

1. Hadronic tensor calculation in terms of electron-production 
structure functions F2, FL

BSM leptophilic probe

 [LB, Nason, Tramontano, Zanderighi, 2020]
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σ =
1

4p ⋅ r ∫
d4q

(2π)4

1
Q4

Lμν(r, q)(4π)Wμν(p, q)

 are the proton structure functionsF1(xbj, Q2), F2(xbj, Q2)
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σ = ∫
dE2

cm

2π
1

4 p ⋅ r
1

16π2Ecm ∫
1− 2xmP

Ecm

x
dz∫

E2cm(1 − z)
z

m2
Px2

1 − z

dQ2

Q2
α2ℐ

Extraction of lepton PDFs

1. Hadronic tensor calculation in terms of electron-production 
structure functions F2, FL

BSM leptophilic probe

 [LB, Nason, Tramontano, Zanderighi, 2020]
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logarithmic integral 
dominated at low Q2

• Sketch of the structure of the integral function

explicit logarithm of Q2

• P and R complicated rational function but do not include logarithmic enhanced terms in Q2

Fi × P(Q2, m2
p , m2

ℓ, …) ln
M
Q2

+ Fi × R(Q2, m2
p , m2

ℓ, …)
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Extraction of lepton PDFs

2. Collinear factorisation approach in terms of the  lepton pdf 

BSM leptophilic probe

 [LB, Nason, Tramontano, Zanderighi, 2020]

8

σ
σB

= ∫ dxfℓ(x, μ2
F)δ(Sx − M2)

LO
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Extraction of lepton PDFs

2. Collinear factorisation approach in terms of the  lepton pdf 

BSM leptophilic probe

 [LB, Nason, Tramontano, Zanderighi, 2020]
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σ
σB

= ∫ dxfℓ(x, μ2
F)δ(Sx − M2)

+
α
2π

1
M2 ∫

1

M2
S

dxfγ(x, μ2
F){zℓPlγ(zℓ)[log

M2

μ2
F

+ log
(1 − zℓ)2

z2
ℓ ] + 4z2

ℓ(1 − zℓ)}
zℓ =

M2

xS
NLO

LO
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• large collinear logarithm  

•

L = log(Q2/Λ2
had) ∼ 1/αs

α ≈ α2
s

Extraction of lepton PDFs

1. Hadronic tensor calculation in terms 
of electron-production structure 
functions F2, FL

BSM leptophilic probe

2. Collinear factorisation 
approach in terms of the  
lepton pdf 

Power counting

 [LB, Nason, Tramontano, Zanderighi, 2020]

α2L2, α2L

fℓ : α2L2 α2L α3L3 …
LO NLO

α3L3

included via DGLAP evolution 
9
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-enhanced 
terms
L2

-enhanced 
terms
L

sub-leading 
terms

matching
neglecting 𝒪(E2

cm/μ2
F)

Extraction of lepton PDFs

1. Hadronic tensor calculation in terms 
of electron-production structure 
functions F2, FL

BSM leptophilic probe

2. Collinear factorisation 
approach in terms of the  
lepton pdf 

Counting scheme

Fi × P(Q2, m2
P, m2

ℓ, …)log
μ2

F

Q2
+ Fi × R(Q2, m2

P, m2
ℓ, …)

formally NNLO
m2

P

Q2
,

m2
ℓ

Q2

𝒪(1)

L

L2 L

P R

𝒪 (Q2) no log  no log 

no log 

no log  ≡ no log-enhanced

 [LB, Nason, Tramontano, Zanderighi, 2020]

10
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PDF set with leptons  [LB, Nason, Tramontano, Zanderighi, 2020]

11

• Lepton PDF formula provides the lepton densities at a given factorisation scale
can be computed numerically with high accuracy
experimental input: structure functions and form factors of the proton (fit + uncertainties) in both low- and 
high-  (from pdfs fit) regime. Recycle the same data as for photon PDF
be aware of power corrections (higher-twist) at low scales

• Inclusion of lepton densities has a negligible impact on proton momentum

• Non need for a new global fit to build a full grid: use DGLAP evolution starting from an already available pdf 
set. We start from NNPDF31_nlo_as_0118 luxqed and 

use the lepton PDF formula to extract an initial condition for the lepton densities at a suitable reference scale 
( our choice  ) 
solve the integro-differential DGLAP equations including all the relevant splitting kernels which contribute to 
the desired target accuracy: 

Q2

μref = 20 GeV

d
d ln μ2

F
fℓ =

α(μ2
F)

2π
Pℓγ ⊗ fγ + ( α(μ2

F)
2π )

2

∑
q

Pℓq ⊗ fq +
α(μ2

F)
2π

Pℓℓ ⊗ fℓ
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Uncertainties  [LB, Nason, Tramontano, Zanderighi, 2020]
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x

δ fe/p / fe/p [%] LUXlep, µ = 100 GeV
twist 4 correction to R in PDF (T)
matching PDF and fts (M)
error on resonance region (RES)
error on elastic ft (EFIT)
elastic unpolaroized ft (EUN)
pdf errors (PDF)
higher orders (HO)
uncertainties on R (R)
Sum in quadrature
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PDF
HO
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EFIT

RES

TM

EUN

Δ(m)
i (x, μF) =

7

∑
j=1

f (0)
i,( j)(x, μF) − f (0)

i (x, μF)

f (0)
i (x, μF)

f (m)
i (x, μF) × R(m, j)

7 variations of the central 
set 

Gaussian distributed 
random number with unit 

variance

We consider
• 6 variations on the fits used as input data for the proton 

structure functions and form factor  (as in the photon PDF 
papers) 

• a scale variation prescription to estimate the uncertainty due 
to missing higher orders (theory uncertainties)

• replicas to take into account PDF uncertainties 

Procedure: for each replica member  in the original NNPDF set 

1. we apply our method to add leptons
2. we compute the correction   

m
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Lepton Luminosities

13

• PDF uncertainty reduced to the  level
• PDF with lepton available for download as LHAPDF pdf

𝒪(5 − 10%)
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Lepton PDFs very 
small but … 
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More PDFs!

14

μ
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g

γ

u
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High-energy
• EW bosons, polarized PDF  

[Fornal, Manohar, Waalewijn, 2018] [Bauer, Webber, 2018]

Applications to lepton colliders 
• Muon PDFs for future muon colliders  

[Garosi, Marzocca, Trifinopoulos, 2023] 
• Precise electron PDFs for future  machines 

[Bertone, Cacciari, Frixione, Stagnitto, (Zaro) 2019 (2022)]
e+e−

Dark Side of the proton!  [McCullough, Moore, Ubiali 2022]
• Content of Dark Photon inside the proton
• Competitive projected limits in the range ~[2-50] GeV 
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Outline

• Extraction of the lepton densities

• Application I: lepton-lepton scattering at LHC

• Application II: hunting LeptoQuarks

• Summary
e−

e−

μ−

μ−
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Lepton scattering
Lepton scattering processes as a laboratory framework

• direct measurement of lepton induced processes
• consider rare SM signatures at hadron colliders: back-to-back same sign and/or different flavour
• study selection cuts to increase signal-background ratio
• NLO corrections
• full event simulation via parton shower (so far only available with Herwig)

[LB, Nason, Tramontano, Zanderighi, 2021]

15

pT,ℓ > 20 GeV, |η | < 2.4, μF = pT,ℓ

e+µ� e+⌧� µ+⌧� e+e+ µ+µ+ ⌧+⌧+

�13TeV [fb] 0.29+0.13
�0.10 0.18+0.11

�0.08 0.16+0.10
�0.07 0.24+0.10

�0.08 0.19+0.09
�0.07 0.08+0.06

�0.04

�27TeV [fb] 0.53+0.25
�0.18 0.34+0.21

�0.15 0.30+0.19
�0.14 0.440+0.19

�0.14 0.34+0.16
�0.12 0.14+0.12

�0.07

<latexit sha1_base64="elaemaSuq4QUqoUvO9RvxuJ4zjQ="></latexit>

provided by P. Richardson 

LO predictions

1. Handful of events attainable already with the current integrated luminosity. The feasibility to 
measure them requires a dedicated and careful analysis of the signal and backgrounds 

2. Theoretical uncertainty dominated by factorisation scale variation
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Lepton scattering @NLO+PS
Lepton scattering processes as a laboratory framework

• direct measurement of lepton induced processes
• consider rare SM signatures at hadron colliders: back-to-back same sign and/or different flavour
• study selection cuts to increase signal-background ratio
• NLO corrections
• full event simulation via parton shower (so far only available with Herwig)

The NLO+PS computation can be compared and validated against the hadronic tensor (HT) computation 
which does not receive QCD corrections

[LB, Nason, Tramontano, Zanderighi, 2021]

Lepton pdf approach 
LO process

Main background 
Double Drell-Yan (DDY)

Hadronic tensor approach 
sample diagram 

detected 
leptons

provided by P. Richardson 

15
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• Excellent agreement after cut on invariant mass
• Tuning of Herwig (intrinsic  = 2.2 GeV to all initial state particles, 

global recoil)
kT

Minimal requirements (T)

Lepton scattering @NLO+PS [LB, Nason, Tramontano, Zanderighi, 2021]
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pT > pcut, pcut = 5, 10, 20 GeV |ηl | < 2.4

isolation : Δr > 0.3 for leptons pT > 0.9 GeV

LHE vs HT NLO+PS vs HT

mlℓ > |p(l)
T | + |p(ℓ)

T |

HT can be used as a reference for MCs tuning as it receives no strong corrections 

16
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Additional requirements

Lepton scattering @NLO+PS [LB, Nason, Tramontano, Zanderighi, 2021]

mlℓ > |p(l)
T | + |p(ℓ)

T |

|plℓ
T |

|p(l)
T | + |p(ℓ)

T |
< 0.2 |plℓ

T |

|p(l)
T | + |p(ℓ)

T |
< 0.1

cut A

cut B cut C

veto events with extra leptons in acceptance with pT > 3 GeV cut D

• Fixed order results less reliable when increasing the complexity of the applied cuts

17

μF = pT,l

factorisation scale
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Additional requirements

Lepton scattering @NLO+PS [LB, Nason, Tramontano, Zanderighi, 2021]
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17

μF = pT,l

factorisation scale
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Additional requirements

Lepton scattering @NLO+PS [LB, Nason, Tramontano, Zanderighi, 2021]

mlℓ > |p(l)
T | + |p(ℓ)

T |

|plℓ
T |

|p(l)
T | + |p(ℓ)

T |
< 0.2 |plℓ

T |

|p(l)
T | + |p(ℓ)

T |
< 0.1

cut A

cut B cut C

veto events with extra leptons in acceptance with pT > 3 GeV cut D

• Fixed order results less reliable when increasing the complexity of the applied cuts
• Very good agreement between NLO+PS and HT 
• Very large DDY background. The additional cuts are effective to suppress it  

17

μF = pT,l

factorisation scale
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Outline

• Extraction of the lepton densities

• Application I: lepton-lepton scattering at LHC

• Application II: hunting LeptoQuarks

• Summary
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Looking for Exotic Particles: general remarks 

18

Proton can be seen as broad band beams of leptons. This

• gives access to single resonant production of new states which preferably couple to leptons

• provides sensitivity to the couplings to leptons  ( complementarity to pair production )  

Lepton densities are in fact small but handful events can be produced.  Ideal situations: 

• large enough couplings  

• rare SM events/signatures to be (almost) background free 

Compared to lepton-lepton processes 

• in lepton-quark collisions only one lepton PDF suppression!   

• ideal BSM candidate: LeptoQuark searches in single resonant channel  

ℓ+

ℓ+

ℓ+

ℓ+

H++

Pair Production 

Single resonant production 
Example: 
Doubly charged 
Higgs states
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Leptoquarks searches at the LHC

LQ

LQ

ℓq

LQ

ℓ

q

At LHC, the searches focus on three production mechanisms
• Pair Production (PP)
• Single Production (SP) associated with a lepton 
• Drell-Yan like Production (DY)

taken from [1801.07641]

19

https://arxiv.org/pdf/1801.07641.pdf
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Leptoquarks searches at the LHC

At LHC, the searches focus on three production mechanisms
• Pair Production (PP)
• Single Production (SP) associated with a lepton 
• Drell-Yan like Production (DY)

[LB, Haisch, Nason, Tramontano, Zanderighi, 2020]

19
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quark-lepton scattering: 
Single Resonant production 
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Leptoquarks searches at the LHC [LB, Haisch, Nason, Tramontano, Zanderighi, 2020]
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|ηℓ1( j1) | < 2.5, pT,ℓ1( j1) > 500 GeV

ET,miss < 50 GeV, |ηℓ2
| < 2.5 pT,ℓ2

> 7 GeV, |ηj2 | < 2.5, pT,j1 > 30 GeV

To target signal: hard cuts on the leading lemon and jet

LQ
q

e− e−

q
Minimal scalar LeptoQuark which couples to  and u quark
Benchmark point: 
Simulated at LO+PS

e−

MLQ = 3 TeV, λeu = 1

To suppress the backgrounds: cut on missing energy, veto 
on extra leptons and jets 

LQ signal exhibits a mass peak over a steeply falling 
background
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Leptoquarks searches at the LHC [LB, Haisch, Nason, Tramontano, Zanderighi, 2020]
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• Multijet backgrounds: background estimate extrapolated from the ATLAS  search 
[1311.2006].

• Lepton-jet mass resolution: estimated by combining the information on the dilepton & 
dijet mass resolutions given in [1903.06248] & [1910.08447]

• Inclusion of PDF uncertainties for the main background

ℓ + j
tot bkg syst 1 TeV 3 TeV 5 TeV

+j 4.3% 13% 70%

mass res 1 TeV 3 TeV 5 TeV

e+j 2.3% 1.7% 1.6%

µ+j 6.7% 12% 17%

ℓ

Inclusion of some experimental systematics

• Most stringent limits for 1&2 second 
generation LQ thanks to valence quarks

• For the electron case, stronger limits than 
the ones arising from atomic parity 
violation and parity-violating electron 
scattering experiments for LQ masses up 
to ~3 TeV (~5 TeV) with the full Run II 
(HL-LHC).

Predicted Exclusion Limits

https://arxiv.org/abs/1311.2006
https://arxiv.org/abs/1903.06248
https://arxiv.org/abs/1910.08447


34th Rencontres de Blois - 18th May 2023, Luca Buonocore

Leptoquarks searches at the LHC [LB, Greljo, Krack, Nason, Selimovic, 
Tramontano, Zanderighi, 2022]

22

• PYTHIA does not handle lepton initiated processes. For the signal, 
we trade leptons with photons before showering.

• Estimate of the mismodelling 𝒪(10%)

Remarks: signal events simulated with LO + PYTHIA8
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• Only mild differences at LO+PS accuracy if one use a parton shower 
that handles leptons (HERWIG) compared to PYTHIA

• NLO (production) corrections lead to a further reduction of the 
acceptance of about 30% which translates into a relaxation of 15% on 
the exclusion limits 

Main results

NLO+PS implementation matched to HERWIG 

available on https://powhegbox.mib.infn.it/#NLOps

https://powhegbox.mib.infn.it/#NLOps
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Summary

• Precise determination of lepton PDFs allows to explore the phenomenology of “exotic" lepton initiated 
processes and to qualitatively assess their relevance 

• NLO+PS accuracy for lepton initiated processes 
• Possibility to measure lepton-lepton scattering at LHC  (HL-LHC)
• Stringent limits on minimal Leptoquark models already at Run II-III

Prospects 

The LHC is a photon/lepton collider too; have fun with it!
• Exploit reduced hadronic activity
• Compton scattering? Quark-lepton scattering (muon/tau DIS)? 

see talk by K. Krizka
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Backup
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Luminosities for different leptons species 
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yµµ
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BSM searches: doubly charged Higgs 
• We performed a simple bump search analysis, assuming background free and minimal coupling to one lepton 

species

• For sufficiently large Yukawa  coupling s-channel production for a doubly charged Higgs may have a mass 
reach comparable to analyses relying upon pair production 

yμμ

Pair Production projection taken from de Melo et al [1909.07429]

https://arxiv.org/abs/1909.07429
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BSM searches:     boson Lμ − Lτ Z′ 

• One of the simplest idea is to look for new “hadro-phobic” gauge forces 
• A minimal extension of the SM is provided by gauging anomaly-free combinations of family leptons numbers  

[He, Joshi, Lew, Volkas, PRD 44 (1991 2118)]: 

Le − Lμ Le − Lτ

• Analysis: bump search in the di-muon invariant mass spectrum

•  Background: di-muon Drell-Yan production  

lepton-lepton resonant 
s-channel production 

μ−, τ−

μ+, τ+

μ−

μ+

Z′ 

bw = Γ2
Z′ 

+ r2M2
Z′ 

, ΓZ′ =
g

4π
MZ′ 

reconstruction efficiency from [1812.10529]
: µ energy resolution from [1804.04528]r

Lμ − Lτ g
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• Direct LHC limits weaker than indirect constraints from neutrino trident (low energy 
physics constraint). Need HE-LHC upgrade to make them comparable in strength   

• Hadronic activity may play a role to reduce the Drell-Yan background 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.44.2118
https://arxiv.org/abs/1812.10529
https://arxiv.org/abs/1804.04528
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Leptoquarks limits 

24



34th Rencontres de Blois - 18th May 2023, Luca Buonocore

Third generation Leptoquarks
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Nevents = 100
FCC-hh @ 100 TeV

QCD pair
production

u+μc+μt+μ

ΓLQ/mLQ > 0.15
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ℒ ⊃ λ U cS1/3 μ + h.c.

[Haisch, Polesello, 2021] [LB, Greljo, Krack, Nason, Selimovic, Tramontano, 
Zanderighi, 2022]


