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Higgs boson pair production at colliders: status and perspectives, LHCXSWG-2019-005

HH at hadron colliders
● Di-Higgs production mediated by same processes as hadronic single-Higgs production
● Gluon fusion is the main production mode, followed by vector boson fusion
● Cross sections are orders of magnitude smaller than those for single Higgs

[Disclaimer: not all the most up-to-date predictions are shown in this plot]
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Sub-leading channels
[Frederix et al., 1401.7340]

● HH associated production with top quarks known at NLO
● Negative corrections (about -20%), large reduction of scale uncertainties
● HH associated production with vector bosons known at NNLO
● QCD corrections increase total cross section by about 30%
● ZHH has sizeable gluon-initiated loop-induced component, +20-30% in NNLO correction

[Baglio et al., 1212.5581]; [Li et al., 1607.06382, 1710.02464]

(considerably larger than in ZH)

Current precision seems to be enough for these extremely rare signals
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Vector boson fusion
● Second-largest production mode
● QCD corrections typically computed in the structure-function (SF) approximation

No interferencebetween quark lines~ Double DIS
● Corrections known at N3LO for theinclusive cross section within SF approx
● NLO corrections around 10%, NNLO andN3LO at percent and sub-percent level
● Scale uncertainties at the per-mille level

[Dreyer and Karlberg, 1811.07906]
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http://arxiv.org/abs/1811.07906


  

● Structure-function approach is only exact at NLO
● Starting at O(αs2) non-factorizable (NF) corrections contribute to the cross section
● Leading NF corrections computed in the eikonal approximation for single Higgsand extended to double Higgs [Liu et al., 1906.10899]

[Dreyer et al., 2005.11334]

Delicate cancellationbetween LO contributions
Spoiled by NF corrections

● NF corrections are enhanced indi-Higgs compared to single Higgs

● NF corrections are of the same orderas the NNLO factorizable ones
● Can be dominant in certain PS regions [Dreyer et al., 2005.11334]
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https://arxiv.org/abs/1906.10899
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● NLO EW corrections have also been computed
● Similar size to NLO QCD, and larger than NNLO QCD

● NNLO QCD and NLO EW have beencombined via a multiplicative approach
● Combination applied as wellat the differential level
● Combined with N3LO for state-of-the-artpredictions for the total cross section
● Benchmark values for fiducial cross sections?Inclusion of coupling modifiers/EFT?

[Dreyer et al., 2005.13341]

Fiducial XS with generic VBF cuts:
[Dreyer et al., 2005.13341]

[Dreyer et al., 2005.13341]

5[see Jens Braun’s talk, slides]

 
[see Simon Reinhardt’s talk, slides]
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Loop induced process. At LO:
Triangle
Box

Largest sensitivity to λ from interferenceLarge box-triangle cancellation at threshold
● Loop-induced 2→2 process, top-mass in the loop, Higgs mass in final state:      
● First approach to computation of QCD corrections in heavy top limit (HTL)

But since mhh>2mt in the bulk of the XS, finite mt effects are needed for a reliable description

HH via gluon fusion

[S. Dawson et al., 9805244]

Born improved:
very complicated from the point of view of loop corrections
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https://arxiv.org/abs/hep-ph/9805244


  

1/mt expansion Valid below 2mt thresholdHigh-energy limit Valid above mhh~700-800GeVSmall Higgs pT Valid below mhh~750GeVLarge-mt and threshold expansions +conformal mapping and Pade approx.Small mh expansionTransverse momentum + High energy

[J. Davies et al., 1811.05489]

[R. Bonciani et al., 1806.11564]

[J. Davies et al., 1909.01361, 2110.03697, ...]

[R. Gröber et al., 1709.07799]

Valid below mhh~700GeV ‘Superseded’ by full NLO,but techniques can beuseful to go beyond NLO,also to improve NLOnumerical accuracy incertain PS regions orprovide more flexibleimplementations

● Full NLO computed numerically, about ~65% increase in total XS
[S. Borowka et al., 1604.06447, 1608.04798], [J. Baglio et al., 1811.05692, 2003.03227] Two different groups and approaches, good agreement

● Full NLO matched to parton showers and available in POWHEG implementation

[J. Davies et al., 1907.06408]

[G. Heinrich et al., 1703.09252], see also [E. Bagnaschi et al., 2309.10525] based on analytic results

Different approximations have been developed to compute the two-loop virtual corrections

[G. Wang et al., 2010.15649]

[L. Bellafronte et al., 2202.12157]

Entire phase spaceEntire phase space [E. Bagnaschi et al., 2309.10525]
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● Full NNLO is beyond current capabilities
● Working in the heavy top limit, higher order QCD corrections have been obtained:
● Threshold resummation has been included as well
● Most advanced inclusion of finite top mass effects: NNLOFTapprox

[M. Grazzini, JM et al., 1803.02463]

[L. Chen et al., 1909.06808,1912.13001][de Florian, JM, 1309.6594]
[J. Grigo et al., 1408.2422]

[D. Shao et al., 1301.1245]
[de Florian, JM, 1505.07122]
including finite mt effects: [de Florian, JM, 1807.03704]

NNLO N3LO
Full NLO includedReweighting in NNLO pieceNNLOFTapprox subprocess-wise reweighting:n-loop squared amplitude:

[A. Ajjath, H. Shao, 2209.03914]
NNLL N3LL

● Scale uncertainties: NNLOFTapprox ~     , N3LO+N3LL ~±1%
● Approx. uncertainties estimated for NNLOFTapprox at 3% level
● Combination of NNLOFTapprox with N3LO+N3LL still missing

+2% -5%
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[1803.02463]

http://arxiv.org/abs/1803.02463
https://arxiv.org/abs/1909.06808
https://arxiv.org/abs/1912.13001
https://arxiv.org/abs/1309.6594
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http://arxiv.org/abs/1803.02463


  

Top mass scheme uncertainty
● NLO HH cross section has also been computed in the MS scheme [Baglio at al., 1811.05692,2003.03227]For total NLO cross section

As large as ‘usual’ NLO scale uncertainties,and larger than NNLOFTapprox ones

● Currently only an uncertainty at the total XS level is provided by the Higgs WG
● More granular description would be desirable, e.g. uncertainty vs mhh?
● Or they could be directly simulated with the POWHEG generator of → prescription needed + public code
● Uncertainty of total XS vs kλ available, but not for general EFT yet

[Baglio at al., 2008.11626][M. Grazzini, JM et al., 1803.02463]

[Baglio at al., 2003.03227]

● They represent the main source ofuncertainties in the state-of-the-art prediction
● Reduction of these uncertainties needhigher order calculations, as it happenedfor the H* case
● Probably will be based on approx. NNLO studies

[E. Bagnaschi et al., 2309.10525]
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[JM, 2206.14667]

http://arxiv.org/abs/1811.05692
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Electroweak corrections
● Significant progress in the last few years regarding electroweak corrections for gg→HH

● EW corrections from Higgs self-interactions
● Top-Yukawa-induced HTL + full for HHH vertex
● Analytic Yukawa corrections in the HE limit
● NLO EW in the HTL
● Top-Yukawa and self-coupling contributions
● Full NLO EW corrections

[Mühlleitner et al., 2207.02524]

[Davies et al., 2207.02587]

[Davies et al., 2308.01355]

[Heinrich et al., 2407.04653]

[Huan-Yu Bi et al., 2311.16963]

[Borowka et al., 1811.12366]

[Huan-Yu Bi et al., 2311.16963]

● Effect in total cross section about -4%
● Large dependence on kinematics: positiveand large at small mhh, negative in tail
● Some open question regarding recommendations:  How to combine with QCD corrections?  Do we need differential (mhh-dependent) K-factors?  What to do with self-coupling variations?
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[see Huai-Min Yu’s talk, slides]

https://arxiv.org/abs/2207.02524
https://arxiv.org/abs/2207.02587
https://arxiv.org/abs/2308.01355
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bbH as background to HH searches
● Higgs + bb production is an irreducible background to all H(→bb)H(→xx) searches
● Working in the 4FS (massive b’s) we have two different types of contributions:bbH

bbHt Strong coupling suppressionbut top-Yukawa enhancement
Also VBF and VH typeof contributions exist,but they are suppressed

● Analysis in HH signal region performed last year based in NLO+PS implementation in MG5
[Deutschmann et al., 1808.01660][Manzoni, JM et al., 2307.09992]

● Large corrections and uncertainties, especially for yt piece
● Simulation of yt contribution using inclusive H @NNLOPS 5FS (only LO accurate) overshoots NLO+PS 4FS
● Also, it is hugely influenced by g→bb splittings from the shower
● The yb is under much better control, andeven an NNLO+PS 4FS generator will be available soon

[Biello, JM et al., to appear, see slides by Christian]
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https://arxiv.org/abs/1808.01660
https://arxiv.org/abs/2307.09992
https://indico.cern.ch/event/1389221/contributions/6202727/attachments/2979735/5246358/bbh-WG3-biello.pdf


  

Summary

● Continuous advancements in theoretical calculations for HH production havesignificantly improved the precision and reliability of predictions over the years
● Major updates have been achieved since YR4 (2016) and the HH White Paper (2019)with refined calculations and more reliable uncertainty estimates
● Open issues and areas for improvement remain, with certainchallenges expected to persist beyond the YR5 timeline
● Ongoing theoretical progress provides robust foundation for experimental searches,and sustained efforts are essential to address remaining challenges

Thanks!
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