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• Lux method for lepton pdfs: compare two calculations for a cross section

                                                                              


1. pre QCD calculation: the proton interact via a virtual photon and the 
corresponding structure functions


2. the lepton and the photon are partons (with zero virtuality)


• Result:


with:


Lepton pdfs
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FL = FL(xbj, Q
2)

[Manohar, Nason, Salam, Zanderighi, PRL (2016)]

[Manohar, Nason, Salam, Zanderighi, JHEP (2017)]

(for leptons) [Buonocore, Nason, FT, Zanderighi, JHEP (2020)]



Luminosities

• PDF-Uncertainty under extremely good control  good start for pheno studies with leptons in the initial state

• In principle, all lepton-lepton combinations are available and in a broad energy spectrum

• We have to explore all the physics opportunities offered by the monumental data campaign ongoing at the LHC!

→

[Buonocore, Nason, FT, Zanderighi, JHEP (2020)]
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• A crucial aspect which prevented so far to fully explore the phenomenology offered by lepton 
initiated processes is the lack of a precise determination of the lepton densities

lepton-lepton scattering at the LHC

[Bertone, Carrazza, Pagani, Zaro, JHEP (2015)]

4



Plan


1. lepton-lepton scattering at the LHC

2. LeptoQuarks
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• Non-DY lepton pair production:


‣ opposite sign and different flavor 


‣ same sign and different flavor


‣ same sign and identical flavor


‣ Processes with small cross-section, but a typical signature (back-to-back leptons with no radiation) 


• On general ground: one could make the partonic computation starting with (on-shell) photons

‣ situation analogous as for b quarks (4Fvs5F modes)

‣ In this case the balance is among large logs (numerical instabilities) and higher multiplicity vs 

resummation, good numerical control and simpler calculations

lepton-lepton scattering at the LHC

• Main background: double DY


‣ we impose cuts to enhance S/B
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lepton-lepton scattering at the LHC

• Going at NLO: we consider only the leading contribution and apply cuts to reduce double DY bkg


‣ lepton pdf is suppressed by    (  )  w.r.t the photon pdf


‣ so, photon initiated real corrections (a), (b) and (c) are enhanced by 


‣ (d) is special, collinear region (Compton scattering) suppressed with isolation

(we use lepton mass as a natural regulator)


‣ virtual contribution ( ) are neglected

αL L = log (Q2/Λ) ∼ 1/αS

α/(αL) ∼ αS

α

• Non-DY lepton pair production:


‣ opposite sign and different flavor 


‣ same sign and different flavor


‣ same sign and identical flavor


‣ Processes with small cross-section, but a typical signature (back-to-back leptons with no radiation) 

7



• Scale dependence


           μ0 =
1
2 ∑

l

pT
l KF = μ/μ0

Cross over:                                                                                          KF ≳ 1 KF ≲ 1 KF ∼ 0.5

lepton-lepton scattering at the LHC
[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]
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• Scale dependence: vary by 2 and 1/2 around


                                            


               Cross sections @LHC13 (fb)

μF,max | σNLO(μF,max) = max
μ

σNLO(μ)

• strong reduction of (factorization) scale error


• good agreement with full Hadronic Tensor computation (at all orders in QCD)

‣ HT result slightly larger: in which kinematic region do they differ? can we improve the agreement?

lepton-lepton scattering at the LHC
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[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]

• HT: Hadronic Tenson computation, but also

       Highly non Trivial check!



• Where

lepton-lepton scattering at the LHC

• Why


‣ NNLO contribution not included in our partonic computation


‣ the effect is strongly reduced by requiring:


that also reduces double DY bkg

( cut T )
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[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]



lepton-lepton scattering at the LHC

• and by including shower effects we 
have excellent agreement thanks to 
backward evolution recovering 
effects already included in HT

• cut A improves agreement
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[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]

• Τhanks to Peter Richardson who 
provided us with a preliminary version 
of Herwig that handle incoming 
leptons and Silvia Ravasio who 
assisted us in the implementation 



• Signal and bkg (DDY) for the transverse momentum of the pair of leptons

lepton-lepton scattering at the LHC

( cut T )

12

[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]



• Let’s compare signal and bkg (DDY) for the transverse momentum of the pair of leptons

lepton-lepton scattering at the LHC

LHC13

• Excellent agreement among NLO+PS and HT computations
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[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]



• Let’s compare signal and bkg (DDY) for the transverse momentum of the pair of leptons

lepton-lepton scattering at the LHC

LHC13

• Lepton scattering at very high energy measurable at the LHC!


• on going analysis in both ATLAS and CMS

S

B
∼ 2.5

S

B
∼ 1
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[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]



Precision vs New Physics

• The way in which BSM Physics is perceived in our community is changing, but still….
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LeptoQuarks
• LQ naturally emerge in unified theories that shed some light on the mystery of fractional charge 

• The existence of LQ is also invoked to justify some phenomenological anomalies

• So far LQ searches at the LHC proceed under the assumption of three production mechanisms


with signatures made of 2 final state hard leptons, or 1 lepton+MET, plus jet(s) for the resonant 
searches

• Double production: coupling is αS

• Single production: -coupling , wider phase spacelq λ

• DY production: non resonant
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LeptoQuarks
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First Full Run II analysis from ATLAS [2006.05872]

https://arxiv.org/pdf/2006.05872.pdf


LeptoQuarks
• ATLAS and CMS limits

[Schmaltz and Zhong, JHEP (2019)]
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LeptoQuarks
• ATLAS and CMS limits

• Let’s take for example:  and  and compute s-channel production rateM = 2 TeV λSμu
= yμu = 0.5

[Schmaltz and Zhong, JHEP (2019)]
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LeptoQuarks
• Let’s consider the resonant LQ production as a lepton-quark fusion!

• Main background is W(lν) + j

analysis cuts:






pl

T , pj
T > 500 GeV

|ηl | , |ηj | < 2.5
pmiss

T < 50 GeV
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[Buonocore, Nason, FT, Zanderighi, JHEP (2021)]



• The second thing we discovered is that: our idea was good, but not new…

1994 paper: very interesting, but almost forgotten…  

LeptoQuarks

• Reasons to forget:

‣ Results contain explicit logarithms of the electron and light quark masses

‣ No recipe to compute errors
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• Estimate for signal and bkg

LeptoQuarks

analysis cuts:









veto additional leptons and jets with:







pl
T , pj

T > 500 GeV
|ηl | , |ηj | < 2.5
pmiss

T < 50 GeV

|ηl | , |ηj | < 2.5
pl

T > 7 GeV
pj

T > 30 GeV
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[Buonocore, Haisch, Nason, FT, Zanderighi, PRL (2020)]



• 95% exclusion plots @LHC13


• s-channel resonant LQ production 
provides comparable better limits 
for large couplings 
(complementarity)


• But…


‣ signal is only LO accurate

‣ no shower MC for initial state 

leptons at the time

‣ we used PYTHIA exchanging an 

initial lepton with a photon

(mis-modelling of radiation)


• Similar exercise done for the third 
generation


[Haisch, Polesello, JHEP (2021)]


LeptoQuarks
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[Buonocore, Haisch, Nason, FT, Zanderighi, PRL (2020)]



• Relaxing the approximations:


1. compute NLO corrections in the production stage and let the shower describe all radiation 
from the decay product (including finite width effects).

LeptoQuarks

✓  contributions𝒪(αS)
✓  at the level of R/B


✓Enhanced by the 
photon flux

(as for lepton-lepton

scattering)

𝒪(α)

[Greljo, Selimović, JHEP (2020)]

[Buonocore, Greljo, Krack, Nason, Selimović, FT, Zanderighi, 2209.02599 (2020)]
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[Kunszt, Stirling, ZPC (1997)]
[Plehn, Spielberger, Spira, Zerwas, ZPC (1997)]



LeptoQuarks
• Inclusive NLO results

In general:


‣ both QCD and QED corrections are large


‣ they cancel in part


‣ strong reduction on the factorization scale dep.


[Greljo, Selimović, JHEP (2020)]
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LeptoQuarks

• Relaxing the approximations:


2. match fixed order computation to Herwig7 that now handle processes initiated by leptons


• Non trivial modification to the POWHEG-BOX


‣ possibility to set the color charge (‘3’, ‘3bar’, ‘adj’) of possible new (emitter) particles


‣ updated logic for the contribution of the collinear remnants


✓ from a constructions based on the LO existing subprocesses to one based on the radiation 
regions really present in the calculation, that in turn are determined by the analysis of the 
REAL subprocesses


‣ these modifications makes the implementation of new processes much simpler and are very 
useful for debugging purposes (split of the calculation in subparts)
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[Buonocore, Greljo, Krack, Nason, Selimović, FT, Zanderighi, 2209.02599 (2020)]



LeptoQuarks

• Impact on the projected LHC bounds


• photon-quark vs lepton-quark scattering: mis-modeling of the hadronic activity

First radiation generated by the shower is likely to be a colored parton most of the time while in 
a true lepton-quark scattering event, the photon splitting process  competes with QCD 
radiation in the backward evolution


• Benchmark point with   and 


• analysis cuts:

‣ cut A:   

γ → ll̄

M = 3 TeV yeu = 1

|ηl | , |ηj | < 2.5 ‣ cut B:   

            veto additional leptons and jets with:


         ,    ,  

pl
T , pj

T > 500 GeV

|ηl | , |ηj | < 2.5 pl
T > 7 GeV pj

T > 30 GeV

• Inclusion of FSR reduces acceptance by 50%


• NLO+PS is 30% lower then LO+PS: ~15% relax on the limits reported in the previous slides)
27

[Buonocore, Greljo, Krack, Nason, Selimović, FT, Zanderighi, 2209.02599 (2020)]



LeptoQuarks
Differential results: -mass systemlj

• Radiation from the decay further 
reduces the acceptance. Since the 
NLOP computation does not contain 
such effects, it fails to describe the total 
result.


• LO+PS predictions and the more 
accurate NLOP +PS one includes 
radiative effects from the decay as 
modeled by FSR of the parton shower 


• PS’s usually provide a good description 
of FSR and one may expect that the 
NLOP +PS description captures the main 
radiative effects (ME corrections)


• Nonetheless, given the impact of FSR 
on the acceptance, a natural extension 
of the this work would be to match the 
NLO computation for the 2 → 2 quark-
lepton processes to the parton shower, 
thus including radiation from all legs and 
(or) resonant intermediate states. 
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[Buonocore, Greljo, Krack, Nason, Selimović, 
FT, Zanderighi, 2209.02599 (2020)]



• Lepton pdfs allow for new searches at the LHC and the HL phase


• lepton scattering in proton collisions at very high energy is measurable!


• New BSM searches are possible


• Resonant production relevant in the case of LQ with relatively large coupling


• Simulation for NLO(prod)+PS is done and available on the POWHEG-BOX page


Conclusion
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• Lepton pdfs allow for new searches at the LHC and the HL phase


• lepton scattering in proton collisions at very high energy is measurable!


• New BSM searches are possible


• Resonant production relevant in the case of LQ with relatively large coupling


• Simulation for NLO(prod)+PS is done and available on the POWHEG-BOX page


                                                     Stay tuned!

Conclusion
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Backup slides



LeptoQuarks
Differential results: -mass systemlj

• with no FSR, all predictions are close-by 
among each other except LO+PS (HW7) 


• Due to the different shower mechanisms 
and recoil prescriptions in Pythia8 and 
Herwig7, whose impact becomes less 
prominent after performing the matching 
to the NLOP computation
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[Buonocore, Greljo, Krack, Nason, Selimović, 
FT, Zanderighi, 2209.02599 (2020)]



LeptoQuarks
Differential results: -mass systemlj

• radiative tail is entirely due to QCD FSR, 
which forms a separate second jet 
softening the leading jet, originated by 
the quark in the leptoquark decay 

[Buonocore, Greljo, Krack, Nason, Selimović, 
FT, Zanderighi, 2209.02599 (2020)]
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LeptoQuarks
Differential results: -mass systemlj

• When FSR is excluded the NLOP +PS 
(HW7) generator only mildly differs from 
the NLOP one.


• Only the first few emissions are relevant 
for the computation of the acceptance

34

[Buonocore, Greljo, Krack, Nason, Selimović, 
FT, Zanderighi, 2209.02599 (2020)]



LeptoQuarks
Differential results: -mass systemlj

• With full simulation including FSR and 
vetoes there is a reduction for the 
predictions that contains effects 
beyond LO


• The radiative tail is effectively cut out
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[Buonocore, Greljo, Krack, Nason, Selimović, 
FT, Zanderighi, 2209.02599 (2020)]



LeptoQuarks
• Fully inclusive results at FCC-hh

‣ hierarchical for heavy quarks


‣ comparable for diff. leptons


‣ similar behavior for larger LQ 
masses

‣ no set with both top and lepton pdfs. top from the NNPDF31_nlo_as_0118_nf_6 set “added” to the 
LUXlep-NNPDF31_nlo_as_0118_luxqed 

‣ xs involving top quarks are sizable


‣ promising prospects at the FCC-hh

given the luminosity target is up to

30 ab−1 
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[Buonocore, Greljo, Krack, Nason, Selimović, 
FT, Zanderighi, 2209.02599 (2020)]



LeptoQuarks

• Example:  model. Scalar leptoquark that is in a  of color and in a  of  with S3 3̄ 3 SU(2)L Y = 1/3

Simplified analisys:


‣ relatively narrow resonance


‣ fully inclusive


‣ 100 events
37

[Buonocore, Greljo, Krack, Nason, Selimović, FT, Zanderighi, 2209.02599 (2020)]


