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Overview of production modes

* The cross sections for all the production modes have been updated to
the most accurate available predictions in the hh twiki page

* Results available for different collider energies and Higgs boson masses

V'S 13 TeV 14 TeV 27 TeV 100 TeV

ggF HH | 31.05722%° +3.0% | 36.697%t%+3.0% | 139.9713% 1+25% | 12247997 +2.4%
VBF HH | 1.7370%3% 121% | 2.05°003%121% | 8.407000%+2.1% | 82.8%003% +2.1%
ZHH 0.363754% +1.9% | 04157337 1+1.8% | 1.23721%+15% | 8.23"59%11.7%
WYHH | 0.329%032% + 229 | 0.369%033% +2.1% | 0.9417932% +1.8% | 4.7070-99% 1 1.8%
W HH | 01737120 +2.8% | 0.1987150 +2.7% | 0.568 g £2.1% | 3.30 530 +1.9%
ttHH 0.775 )30 +3.2% | 09497372 +31% | 5247500 +25% | 8211707 +1.6%
(jHH | 0.028973°7% +4.7% | 0.03677120 +4.6% | 0.254758% +36% | 4.44722% 12 4%

LHCXSWG-2019-005



https://cds.cern.ch/record/2690841
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGHH

Sub-leading channels

* HH associated production with top quarks known at NLO
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[Frederix et al., 1401.7340]

o LO(14 TeV): 1.245735%

o7 NLO(14 TeV): 0.981+2:37

9.0%

Negative corrections (about -20%), large reduction of scale uncertainties

HH associated production with vector bosons known at NNLO

[Baglio et al., 1212.5581]; [Li et al., 1607.06382, 1710.02464]
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QCD corrections increase total cross section by about 30%

ZHH has sizeable gluon-initiated loop-induced component, +20-30% in NNLO correction

(considerably larger than in ZH)
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https://arxiv.org/abs/arXiv:1401.7340
https://arxiv.org/pdf/1212.5581.pdf
http://arxiv.org/abs/1607.06382
http://arxiv.org/abs/1710.02464

Vector boson fusion
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Second-largest production mode

Corrections known at N3LO within the structure
function approach, fully differential at NNLO

[Dreyer and Karlberg, 1811.07906, 1811.07918]
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* Gluon fusion contribution to
HH+2jets is very large

* Crucial to simulate it with
full top-quark dependence

ratio

1/o do/max pry, [fb/50 GeV]

[Dolan et al., 1310.1084]
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Gluon fusion
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« Largest production mode }* zz}i\

* NLO corrections known with full top-quark mass dependence
[S. Borowka et al., 1604.06447, 1608.04798], [J. Baglio et al., 1811.05692]

e Current recommendation: NNLOFrmpprox — full NLO + partial m, dependence at NNLO

[M. Grazzini, JM et al., 1803.02463]
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ABor(ij — HH + X)

R(ij - HH + X) =

A0 (ij — HH + X)

[- NLO corrections: ~65% increase
Scale uncertainties ~+13%

 NNLO (FTapprox), additional 12%
Reduced scale uncertainty, +2%-5%

» Missing finite mt effects estimated
to be at the few percent level

* Obs: here we are always considering
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http://arxiv.org/abs/1604.06447
http://arxiv.org/abs/1608.04798
http://arxiv.org/abs/1811.05692
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]
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« Large variation also present in single Higgs for a heavy Higgs boson
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http://arxiv.org/abs/1811.05692
https://indico.cern.ch/event/804730/contributions/3423953/attachments/1843182/3022945/topuncert2.pdf
https://indico.cern.ch/event/804730/contributions/3423953/attachments/1843182/3022945/topuncert2.pdf
https://indico.cern.ch/event/804730/contributions/3423953/attachments/1843182/3022945/topuncert2.pdf

Top mass scheme uncertainty

 Reduction of these scheme and scale uncertainties is unclear
HH-meeting, 17/06/19, M. Spira [slides]

« Study of top mass scheme uncertainties in HH, HJ, ggHZ (vs ggZZ), H* started at LH

[LH twiki: mass scheme uncertainties, S. Jones, M. Spira, ...]

How are these various processes affected by the mass scheme uncertainty?

To what extent is this problem coming from “Triangle-type” topologies vs “Box-type”
topologies? (See for example expanded result of Steinhauser et al.)

Can we say anything about what is a sensible (or not sensible) choice of scheme?

Should we be treating masses running in the loops differently from those entering the Yukawa

couplings?

How much of this behaviour is due to the mass dependence of the Yukawa vs. top quarks in

loop?

How large is this uncertainty in the context of the onshell/ofshell Higgs measurements?
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https://indico.cern.ch/event/825291/contributions/3462740/attachments/1863614/3063803/spira.pdf
https://phystev.cnrs.fr/wiki/2019:groups:higgs:massuncert

Cross section vs A,

 NLO generator including A variations now available:
[G. Heinrich et al., 1903.08137]

 Fully differential predictions can be obtained:
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* These results still need to be matched to the higher SM precision (NNLOFTapprox)


https://arxiv.org/abs/1903.08137
http://powhegbox.mib.infn.it/

Cross section vs A,
« Simplest approach: multiply NLO prediction by SM ratio: NNLOFTapprox/NLO

‘ Not optimal: what about scale uncertainties? And differential distributions?

* More advanced combination of full NLO and (improved-)HTL NNLO started at Les Houches

[G. Heinrich et al., 1903.08137] [D. de Florian, JM, |. Fabre, 1704.05700]
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* Rescaling by the SM inclusive K-factor seems to be a good approximation in many cases
* In some cases we can have non-uniform K-factors, different to the SM one

« This combination will allow to have a proper evaluation of NNLO scale uncertainties for c,,,z1


https://arxiv.org/abs/1903.08137
https://arxiv.org/abs/1704.05700

* The previous combination can also be extended to include EFT dimension 6 operators
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[Benchmarks from 1806.05162]
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https://arxiv.org/abs/1806.05162

Gluon fusion: N°LO in the HTL

[L. Chen et al., 1909.06808]

« One can profit from single-H results, analogously to what was done at previous orders

{Increase of about 3%\

NNLO prediction
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* The phenomenological application of these results remains to be seen,
since finite top mass effects need to be taken into account


https://arxiv.org/abs/1909.06808

More on finite m, effects

« Full NLO known numerically, but other approaches based on analytical expansions
have been developed in the last years

fllmt expansion » Valid below 2m, threshold A
[J. Davies et al., 1909.01361, ...]
High-energy limit » Valid above ~700-800GeV
[J. Davies et al., 1811.05489]
Small Higgs pT » Valid below ~750GeV
[R. Bonciani et al., 1806.11564]
Large-mt and threshold expansions + :
conformal mapping and Pade approx. > Valid below ~700GeV

k [R. Grober et al., 1709.07799] )

« They might provide a way to improve the knowledge of finite m, effects beyond NLO
) Recent application to top mass dependence of Higgs form factor at three loops [J. Davies et al., 1906.00982]

« They could also help to understand the m, scheme uncertainties in different m,, regions

« Also some practical applications, for instance: improved grid for NLO virtual corrections
[J. Davies et al., 1907.06408]
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https://arxiv.org/abs/1907.06408
https://arxiv.org/abs/1709.07799
https://arxiv.org/abs/1906.00982

Self-coupling from single-H measurements

-

R = Ratio between k,- 1 = 10 and SM

Large m, expansion converges well
in the region of validity, p,<m,

These results will allow to study the
A effect in low and moderate p;,

~N

J

Relevant amplitudes recently computed in large m, expansion 4
[M. Gorbahn and U. Haisch, 1902.05480] u
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Higgs self-coupling can also be constrained via loop effects in single-H production

[See sec. 2.3.2 of LHCXSWG-2019-005 for a review]

Differential information very important to improve the limits

1

Effect of A on Higgs transverse momentum spectrum limited by complexity of calculation
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https://arxiv.org/abs/1902.05480
https://cds.cern.ch/record/2690841
https://cds.cern.ch/record/2690841

Summary and outlook

The precision of the theory predictions for HH production
has improved significantly in the last years

Also subleading channels known to a very high accuracy

There is still more work to do: top scheme uncertainties,
lambda variations at NNLO, further improvements of finite m, effects beyond NLO...

Stay tuned! Mailing list: Inc-higgs-hh@cern.ch

HH-review, Higgs boson pair production at colliders: status and perspectives,
now available in CDS: LHCXSWG-2019-005

Please send your comments!


https://cds.cern.ch/record/2690841
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