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“INCLUSIVE”

FRONTIER

“EXCLUSIVE”

FRONTIER

BSM: EFT/ 
MODELS

Intrinsic uncertainties:        missing higher-order calculations of observables

Parametric uncertainties:    imperfect knowledge or theoretic data extraction of SM input

LHC HXSWG / LHC EWWG / LHC EFTWG:       1101.0593,  1201.3084,  1307.1347,  1610.07922

LCGenG:     focus mostly on complete SM samples for reconstruction

FCC-ee theory effort:   CERN workshops ’18-’22:          1906.05379

US Snowmass CSS 2021 Reports:       2203.11110,  2209.08078,  2209.14872  etc.

ECFA HTEF WS:   

     Simulation/MCs 11/21       https://indico.cern.ch/event/1078675/

     Precision Calc.   05/22        https://indico.cern.ch/event/1140580/

Other talks at this workshop:  A. Freitas (overview precision), S. Heinemeyer 
  (direct vs. indirect),  A. Siodmok+A. Price (generators+QED), F. Krauss 
  (hadronization), M. Steinhauser (multi-loop), D. Reichelt+S. Plätzer (QCD:
  shower+jets etc.), T. Ohl (luminosity spectra)

https://indico.cern.ch/event/1078675/
https://indico.cern.ch/event/1140580
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/  165Theoretical Uncertainties
Strip loop amps. of group theory / mass ratios / multiplicities / couplings. ➝  𝓞(1) 

Extrapolate to higher orders from geometric series   (beware of renormalons)

Scale dependence for missing higher order corrections (QCD,        , less useful for EW)

Compare differences in renormalisation schemes (e.g. On-Shell vs.       )
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Parametric uncertainties 

<latexit sha1_base64="EAkoQ+flK4+ARrnM3pYfegUMf6M=">AAACCHicdVDJSgNBEO1xjXEb9ejBxkSIl2FmRExuQS/ejGAWSOJQ0+kkTXoWunuEMOToxV/x4kERr36CN//GziK4Pujm8V4VVfX8mDOpbPvdmJtfWFxazqxkV9fWNzbNre2ajBJBaJVEPBINHyTlLKRVxRSnjVhQCHxO6/7gbOzXb6iQLAqv1DCm7QB6IesyAkpLnrmXbwWg+gR4ejEqtIDHfZj+nrx2D/OembMtt1S0j0r4N3Ese4IcmqHimW+tTkSSgIaKcJCy6dixaqcgFCOcjrKtRNIYyAB6tKlpCAGV7XRyyAgfaKWDu5HQL1R4on7tSCGQchj4unK8tfzpjcW/vGaiusV2ysI4UTQk00HdhGMV4XEquMMEJYoPNQEimN4Vkz4IIEpnl9UhfF6K/yc113KOLfvSzZVPZ3Fk0C7aRwXkoBNURueogqqIoFt0jx7Rk3FnPBjPxsu0dM6Y9eygbzBePwA96Jl8</latexit>

O(↵↵2
s)

•  MH:   Higgsstrahlung at threshold,  10 MeV uncertainty,  leptonic recoil, minor th. uncertainties

•  MZ :  Z lineshape,  ~0.1 MeV exp.,   QED ISR+ISR/FSR,  EW box diagrams,                Jadach/Skrzypek/Pietrzik, 1999

•  𝛼s (MZ):  global fit of overconstrained EW pseudo-observables at Z pole, pert. uncertainties

•  mtMS (mt):   N3LO QCD/NNLO EW, resummed NNLL, 4-loop mass translation., off-shell corr. 
                           Beneke et al., 1506.06864/1711.10429,   Hoang et al. 1309.6323,   Marquard et al. 1502.01030,  Chokoufé et al. 1609.03390, Bach et al. 1712.02220

• mc/sMS (mc/s):  lattice QCD, sum rules,  NNLO jet ratios.                         1404.0319, 1401.7035, 0907.2110, 1411.3132, 1504.07638 

•  ∆𝛼:   extracted from e+e− ➝ hadrons , 𝜏 decays (BESIII,  VEPP-2000, Belle II),  radiative return   

   Proposal for direct measurement below/above Z pole:   subtract EW from QED corrections
   available @ 1-loop; needed fermionic 2-loop corr.,                       corr.  ⟹   
                      2-/3-loop box diagrams:  full                   , double-fermionic             corr. ⟹
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Parametric uncertainties 

A. Freitas,  1604.00406

↪︎  Talk by A. Freitas

↪︎  Talk by M. Steinhauser
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Intrinsic Higgs decay uncertainties, LHCHXSWG

Parametric Higgs decay uncertainties, Lepage/McKenzie/Peskin,  1404.0319

5-10% NLO 
corrections

 Full NLO EW exists for ee ➝ ZH,    Denner/Dittmaier/Roth/Weber, hep-ph/0311089

     ee ➝ 𝜈𝜈H   Belanger/Boudjema/Fujimoto/Ishikawa/Kaneki/Kato/Shimizu, hep-ph/0212261

from S.

Heinemeyer
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 Full 2-loop for ee ➝ ZH available     Chen/Guan/He/Li/Liu/Ma, 2209.14953    
 Missing NNLO EW corrections [2➝2, 2➝3] : intrinsic uncertainty 1%
 Compared to experimental uncertainty of 0.5-1.0%

NNLO EW 
hard task for 

VBF !

Intrinsic Higgs decay uncertainties, LHCHXSWG

Parametric Higgs decay uncertainties, Lepage/McKenzie/Peskin,  1404.0319

5-10% NLO 
corrections

 Full NLO EW exists for ee ➝ ZH,    Denner/Dittmaier/Roth/Weber, hep-ph/0311089

     ee ➝ 𝜈𝜈H   Belanger/Boudjema/Fujimoto/Ishikawa/Kaneki/Kato/Shimizu, hep-ph/0212261

from S.

Heinemeyer
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ILC/FCC-ee projections

Needed theory effort • H → qq   ~ N4LO QCD,  ≲ 𝒪(𝛼2, 𝛼𝛼s)              ✅

• H → gg   ~ N3LO QCD scale, ≲ 𝒪(𝛼2)             ❌     [N4LO QCD: massless 4-loop]

• H → 𝛾𝛾    ≲ 𝒪(𝛼2) light-fermion dominate        ✅

• H → Z𝛾    ≲ 𝒪(𝛼) NLO EW smaller than exp.    ✅

• H → WW, ZZ   NLO QCD corr.,                     ❌     [non-factorizable NNLO QCD]

1906.05379
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<latexit sha1_base64="LQSDhgV+1QBXPkSw4kQS45LWqNw="></latexit>

O(↵↵2
s) complete

O(↵2↵s) fermionic
O(↵3) double-fermionic
O(↵t↵3

s) 4-loop

Theoretical uncertainties for WW threshold don’t match exp. precision:   3 GeV uncertainty
                    Beneke/Falgari/Schwinn/Signer/Zanderighi, 0707.0773;  Actis/Beneke/Falgari/Schwinn, 0807.0102; C. Schwinn, in 1905.05078

 needed:  full 2-loop corr.  e+e− → W+W−  and  W → ff , ISR & matching (later); 3-loop Coulomb-enhanced

New efforts in e+e− ➝ ff  (2-loop, logarithmic corr.)   
                                                         Blümlein/de Freitas/Raab/Schönwald, 1901.08018, 1910.05759, 2003.14283, 2004.04287

↪︎  Talk by A. Freitas
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/  1610The Top Threshold ↪︎  Talk by F. Simon + WG1 HTE

NRQCD NNNLO fixed order
      + αs logarithms

Kiyo et al., 2005; Beneke et al., 2008-2015

Resummation of
      velocity logarithms

Hoang/Stahlhofen, 2012
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Bach ea., 2017

N3LO NRQCD   &   NNLL resummation

Translation IR and MSbar mass under control

 Event selection needs differential predictions

     NLO⨁NLL    

    [NNLO⨁NNLL needed]

Marquard/Smirnov/Smirnov/Steinhauser, 1502.01030
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NRQCD NNNLO fixed order
      + αs logarithms

Kiyo et al., 2005; Beneke et al., 2008-2015

Resummation of
      velocity logarithms

Hoang/Stahlhofen, 2012
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N3LO NRQCD   &   NNLL resummation

Translation IR and MSbar mass under control

 Event selection needs differential predictions

     NLO⨁NLL    

    [NNLO⨁NNLL needed]

Marquard/Smirnov/Smirnov/Steinhauser, 1502.01030
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e+ e−  → tth  @ 1 TeV  in 

 [Beam spectra and overlays:  “non-perturbative”/classical part of event simulation]  

 Hard matrix elements @ NN(N)LO QCD  @ N(N)LO EW

 QED ISR:    correct normalization [inclusive part],  ISR photons [exclusive part]

 QED FSR:  interference w/ ISR 

 QED showers:  proper matching of exclusive and resummed prescriptions

 High-energy colliders (CLIC, Plasma, Muon):  EW PDFs, EW showers, event selection/definition!?
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/  1612The “Exclusive” Frontier — fN(N)LO, Automation and MCs

Fixed-order N(N)LO, resummation and matching in MCs

Determination of efficiencies and systematic uncertainties

Need  e+e− ➝ 2f,  3f, 4f,  5f, 6f,  [7-10f]  @ NLO QCD ⨁ EW

          (arbitrary cuts,  fully differential)

Virtual integrals with many mass scales / off-shell legs     Abreu ea., Badger ea., Baglio ea., Brønnum-Hansen ea.

IR pole treatment / subtraction               CS, FKS, NS, Stripper, qT/sub-jettiness etc.

Two major bottlenecks

NLO QCD ⨁ EW automated:  Sherpa, MG5, Whizard
Caveats and fine-prints

 FKS soft/eikonal subtraction sufficient for low-energy machines

 NNLO QED (massive, virtuals pending):    McMule          [Whizard]

 for NNLO EW need for full-fledged soft+collinear NNLO subtraction

from 2104.11141 & 2208.09438
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/  1613Virtual corrections — (N)NNLO master integrals
G. Heinrich, DESY Theory Workshop talk, 09/22

Status:  massless 5-point functions 

4-point functions  w/ massive propagator(s)


massless 5-point functions, 1 off-shell line


No analytic 2-loop with massive propagators yet:
        unknown generalized functions (beyond HPLs)

Cross talk between numerical and analytical methods needed

Ongoing work on automated 2-loop virtuals,  Openloops2loop
Local unitarity/loop-tree duality: NLO/NNLO at integrand level (𝛼Loop)

Tensor & IntegrationByParts reduction to master integrals

Important tools:  Fire6, FireFly, LiteRed, FiniteFlow, Caravel


Solution analytical via differential equations (DE)

(Semi-)Numerical solution of DE:   DiffExp, AMFlow 

Using pp → Vjj towards ee → jjjj @ NNLO QCD 

For NNLO EW:  𝛾5  scheme 

S. Abreu, C. Duhr, J. Gluza, J. Henn,  V. Hirschi, D. Kossower, A. von Manteuffel, 

E. Panzer, T. Pezaro, V. Sotnikov, S. Weinzierl, M. Zoller amm.
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/  1614QED: ePDFs, Resummation …
Soft-collinear resummation to all orders          Gribov/Lipatov, 1972;   Kuraev/Fadin, 1985  

Hard collinear radiation 𝒪(𝛼2)   Kuraev/Fadin, 1985 ,     𝒪(𝛼3)   Skrzypek/Jadach,  1992   

LO boundary conditions, collinear evolution @ LL    
                             Skrzypek/Jadach,  1992; Cacciari/Deandrea/Montagna/Nicrosini, 1992 

NLO boundary conditions for QED PDFs             Frixione,  1909.03886

NLO QED PDFs, collinear evolution @ NLL   Bertone/Cacciari/Frixione/Stagnitto, 1911.12040 + 2207.03265

Crucial:   numerical stability at kinematically peaked limit  z ➝ 1
 

QED ISR, inclusive part

QED ISR [+FSR], exclusive part
Exclusive (“coherent”) resummation          Yennie/Frautschi/Suura, 1961

Explicitly matches ME photons      Jadach/Ward/Yost,  hep-ph/0103163+0104049+0211132+0602197,  Piccinini ea. 

 Coherent exponentiated EW corrections (CEEX)   Jadach/Ward/Wąs,  hep-ph/0006359; 1409.4173 ; 

                                                                           Krauss/Price/Schönherr, 2203.10948                               

QED Full Factorization Fully factorized QED amplitudes for small/vanishing me           Laenen et al. 2008.01736

important: fast interpolation grids

ePDFs for polarized leptons !?
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/  1615Conclusions & Outlook

  Spectacular experimental Higgs + EW precision program in e+e− collisions

  Most measurements allow per-cent down to (sub-) per-mil level precision

  Hard theoretical work needed to match this precision!

   Z / WW threshold:    massive 2- and 3-loop 4-point functions needed, leading 4-loop

  Top threshold:  N4LO NRQCD maybe not necessary,  more differentially:  NNLO+NNLL matched possible

  Massive 2- & 3-loop diagrams:   PDE, sector decomposition,  Mellin methods etc.

  Higgs precision program:  production processes NNLO,  decays @ 3-loop

  “Exclusive frontier” (I):    2 ➝ 4, 6, (8)  NLO SM corrections,  NLO e± PDFs

  “Exclusive frontier” (II):  Exclusive exponentiation, QED showers & matching

  Tools, tools, tools:  community must value and support codes (loops, MC, fits)

  More precise precision goals:  maybe Les Houches 2023 !?
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