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Outline
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● NNLO+PS (QCD):
- introduction, goals and available methods
- MiNNLOPS
- Geneva
- similarities / differences

● (selection of) current challenges:
- NLL showers vs. matching
- EW corrections
- F +1 jet @ NNLO+PS

- [UNNLOPS currently less developed, see backup]
- Focus on pp colliders



            Introduction
    (from NLO+PS to NNLO+PS)
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FO vs PS
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NLO+PS



Example: POWHEG
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NLO+PS: tools and accuracy

7

● Available NLO+PS tools: POWHEG-BOX, MG5_aMC@NLO, Sherpa (→MC@NLO), 
Herwig7 (MatchBox), Vincia, KrKNLO

- NLO for inclusive observables (ggH: Higgs rapidity)
- (N)LL/LO for 1st emission (ggH: pT,H at small/large values)
- LL for extra emissions (PS)

● Born process can contain jets
● NLO+PS merging (different multiplicities) well understood



NNLO+PS



NNLO+PS: recent progress [slide from M. Wiesemann]



NNLO+PS: main concepts and notation
● General idea: need to have (N)NLO accuracy across different jet multiplicities 

                            NNLO(F),NNLO>0      NLO(FJ),NLO>1               LO(F),LO>2

● (N)NLO calculation recast in MC language (radiation ordered in resolution variable)
- resolution variables to measure 1st, 2nd,... emission
- log dependence on resolution parameters → resummation (analytic / Sudakov FF)
- resummation needs to be accurate enough
- matching to NNLO ← resummation properties of resolution variable @ NNLL’ 

MiNNLOPS: multiplicative-like matching / Geneva: additive-like matching

● Further emissions: parton shower 



  MiNNLOPS
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The MiNLO’ method
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The MiNLO’ method
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The MiNLO’ method
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The MiNLO’ method

15

resol. variable: pT



The MiNLO’ method
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● MiNNLOPS: rather than upgrading the above method through reweighting, add analytic 
ingredients to get to NNLO



MiNNLO PS (I)
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[Monni,Nason,ER,Wiesemann,Zanderighi ‘19-’20]



MiNNLO PS (II)

2→ 1 resolution

1→ 0 resolution



Results (I): color singlet
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- diboson processes 
  [Lombardi,Wiesemann,Zanderighi+{Buonocore,Koole,Rottoli}
   +{Lindert,Zanoli} ‘20-’22]

- DY@NNLOPS:
   → NLO(FJ) accuracy retained



MiNNLO for tt̄
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Results (II): tt̄ 

- nice agreement with NNLO (and with data - both ATLAS and CMS). μcore = HT/4
- implemented top-quark decays @ tree level + approximated off-shell effects
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[tt̄: Mazzitelli,Monni,Nason,ER,Wiesemann,Zanderighi ‘20-’21]

semi-leptonic

[bb̄: Mazzitelli,Ratti,Wiesemann,Zanderighi ‘23]



Results (III): Zbb̄ (4FS) NNLO+PS
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[Mazzitelli,Sotnikov,Wiesemann ‘24]

      - 2-loop amplitude:

- 4FS/5FS: known at NLO+PS (also with combination)

- differences 4FS/5FS, tension 4FS and data

- 4FS: large pert. uncertainties

● NNLO  correction large (50%), no overlap with NLO, still 
large pert. uncertainty

● MiNNLOPS: tension with data lifted (+ good agreement with NLO+PS 5FS where expected)



    Geneva
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Geneva: main idea
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N-jet event where extra 
emissions are soft or 
collinear to resolved 
jets

1st papers:
0- and 1-jettiness as res. variable



Geneva: details
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- 2-jet inclusive: 2 resolved emissions. 
  (final) events must have integrated LO>2 accuracy
- event “weight”: full LO matrix element + resummation 
  (terms from “complement” to other jet bins) 

- 1-jet exclusive: 1 hard + 1 unresolved. 
  (final) events must have integrated NLO1 accuracy 

→ local subtraction (~ qT/jettiness subtraction)

- P0→1  needed (resummation not expressed in full Φ1 )

- 1 unresolved: τ1
cut must be resummed

→gets                        weight in final expression

- τ0
 preserved by maps close to singular region



Geneva: details
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0-jet exclusive: all emissions unresolved 

- contains: hard function + resummation below τ0
cut + NLO>1 below cut 

  (subtracted through expansion of τ0 NNLL’ resummation) 

- no shower emissions above τ0
cut  



Geneva: final partonic formula
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→ τ1 resummation

→ τ0 resummation



Geneva: final partonic formula

28

→ τ1 resummation

→ τ0 resummation



Results (I): colour singlet
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- diboson processes
   →  large pT → EW Sudakov effects (?)

- pp → HH



Subtraction in Geneva
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- Formulated in full generality → 0-jettiness can be changed with {qT, pT
j}          [Geneva DY ‘21, Geneva WW ‘23]  

- Jettiness subtraction is non local
→ missing power corrections below  τ0

cut (and τ1
cut ) 

→ small a-posteriori reweighting
→ can be ameliorated using other resolution parameters 
               (+ smart subtraction in 0-jet bin, using only LO1)

- MiNNLOPS: Sudakov form factor suppresses pT → 0 limit

different resol. parameters 

change shower interface  



Results (II): different showers
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[adapted from slide by S. Alioli]

- 2-jet bin: avoid spoiling resummation accuracy of τ     (0/1 jet bin: start at resol. cut)
- shower accuracy for other observables more subtle



Results (II): different showers
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Pythia8 vs. Dire vs. Sherpa



Results (III): ptj as resolution variables
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r1
cut : ptj2 @ NLL’

- better physical behaviour (if ptj2 << ptj1)

ro
cut : ptj1 @ NNLL’

- easier shower matching than with τ0  

[Gavardi,Lim,Alioli,Tackmann ‘23]



what’s next
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Matching vs. shower accuracy
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Resol. parameter: choice not crucial for NNLO
    accuracy



Matching vs. shower accuracy
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Resol. parameter: interplay with shower crucial
    for log. accuracy

→ shaded area: correct veto



Matching vs. shower accuracy
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Resol. parameter: interplay with shower crucial
    for log. accuracy

→ generator vetoes red area

scaling of gen. resolution



Matching vs. shower accuracy
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Resol. parameter: interplay with shower crucial
    for log. accuracy

→ PS: vetoes green area (here βPS=0)

scaling of PS resolution



Matching vs. shower accuracy
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Resol. parameter: interplay with shower crucial
    for log. accuracy

mismatch of ordering → double counting
→ breaking of LL accuracy



Matching vs. shower accuracy
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Resol. parameter: interplay with shower crucial
    for log. accuracy

NLL accuracy: no contour mismatch in 
single-log region.

  e.g. hard-collinear region

main points: formal accuracy + assessment of PS uncertainty



Matching vs. shower accuracy
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● Interplay with shower already delicate at NLO+PS (if aiming at NLL)

● At NNLO+PS: more complex → 1st and 2nd emission from generator

- MiNNLO-qT / Geneva-pT
j1: LL matching to kt-ordered showers straightforward 

- Geneva-τ0 / Geneva-qT: truncated-vetoed showers to match with kt-ordered showers
- MiNNLO-τ0 requires changing POWHEG mappings…

- thrust in e+e-: NLO+PS multiplicative matching +
  NLL shower [Hamilton et al. 2301.09645]

- dots: modified splitting function in hard region
- dashes: μR scale variation (also in hard matrix 
elements)
- if wrong matching, shower breaks

- here matching fulfils NNDL accuracy  
  (i.e. the same accuracy of NLL+NLO) 



MiNNLO(τ0) / Geneva(qT)

42

[Ebert,Rottoli,Wiesemann,Zanderighi,Zanoli ‘24]

● MiNNLOPS (0-jettiness):

     →                       / Sudakov fact. changed accordingly 

- matching with parton shower not fully accurate here
     (mappings not suited yet → j1-region spoiled)

● Geneva (qT):

        → delicate interplay with shower 

- some differences in DY pT spectrum when using τ0

[Geneva DY ‘21: Alioli,Bauer,Broggio, 
Gavardi,Kallweit,Lim,Nagar,Napoletano,Rottoli ‘21]
,



NLOQCD + NLOEW + PS
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● NLOEW+PS not conceptually solved in full generality
- bottleneck: processes with “QCD/EW interference” at LO
- possible for some processes, e.g. DY, dibosons

POWHEG: exact matching of EW corrections for n- and n+1-body contributions

 

Other approaches exist (e.g. Sherpa)



NLOQCD + NLOEW + PS: diboson production
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NNLOQCD+NLOEW, various approx.



F+jet @ NNLO+PS
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- Geneva with 1-jettiness [Alioli,Bell,Billis,Broggio,Dehnadi,Lim,Marinelli,Nagar,Napoletano,Rahn ‘23]



F+jet
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- Geneva with 1-jettiness [Alioli,Bell,Billis,Broggio,Dehnadi,Lim,Marinelli,Nagar,Napoletano,Rahn ‘23]



F+jet
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- MiNNLOPS with 1-jettiness formulated [Ebert,Rottoli,Wiesemann,Zanderighi,Zanoli ‘24]

- Geneva with 1-jettiness [Alioli,Bell,Billis,Broggio,Dehnadi,Lim,Marinelli,Nagar,Napoletano,Rahn ‘23]

→ mappings, shower interface,...



Conclusions

- NNLO+PS matching with MiNNLOPS and Geneva:
- many results, for color singlet and heavy-quarks (+color singlet)

- F+1 jet @ NNLO+PS is work in progress

- NLL showers → details of matching matter if one wants to keep NLL shower accuracy
[talk by D. Reichelt]

- QCD+EW corrections: still room for improvement
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Backup slides
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  UNNLOPS
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UNNLOPS
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top pair-production @ NNLO+PS: MiNNLO for tt̄
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- LL+NNLO accuracy: azimuthally averaged distribution becomes

- diagonalization of VNLL → recast as sum of “colour-singlet-like” terms 



Geneva(qT) vs. resummation+FO

- using pT as resolution parameter
   → large pT NNLO effects missing 
        (as in all NNLOPS generators so far)



Diboson production in POWHEG-BOX: EW+QCD
[Chiesa,ER,Oleari ‘20]



Diboson production in POWHEG-BOX: NNLO QCD

 Zγ   [Lombardi et al. ‘20]

WW [Lombardi et al. ‘20]

ZZ   [Buonocore et al. ‘21]

WZ  [Lindert et al. ‘22]

γγ   [Gavardi et al. ‘22]



WW QCD+EW: plots
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NLOEW+PS: bottlenecks
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[slide from M. Chiesa]



MiNNLO PS (details)



MiNNLO PS (details)



MiNNLO PS (details)



Matching and NLL showers [Hamilton et al. 2301.09645]


