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Introduction

* pp— HH offers direct access to the trilinear Higgs coupling
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* Loop-induced process with 4 mass scales = higher orders extremely complicated
* Full NLO result available since recently [lalk by Stephen Jones]

* Indicates breakdown of Higgs Effective Field Theory (HEFT)

* However: how to go beyond NLO? Full results beyond NLO out of scope.

* NLO corrections are huge (~907%) with sizeable uncertainties (~17%).
= NLO reliable! Convergence of the perturbative series!

* Inclusive NNLO: onerr /ongrr ~ 20%  — fully differential NNLO?
[de Florian, Mazzitelli,"| 3, "1 3]
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HH up to NNLO in HEFT

[Djouadi, Spira, Zerwas, ‘9 | ; Dawson, Dittmaier, Spira, '98]
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[Grigo, Melnikov, Steinhauser, ‘1 4]
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HH up to NNLO in HEFT

[Djouadi, Spira, Zerwas, ‘9 | ; Dawson, Dittmaier, Spira, '98]
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HH up to NNLO in HEFT

[Djouadi, Spira, Zerwas, ‘9 | ; Dawson, Dittmaier, Spira, '98]
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HH two-loop virtual

» easily fits on one slide (finite part):
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[de Florian, Mazzitelli, " | 3]
[Grigo, Melnikov, Stei nhauser ‘4]
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HH real-virtual and real-real

> 7
real-real - g + qgg, qq channels
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HH real-virtual and real-real
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+ qgg, qq channels
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HH real-virtual and real-real

o7 /
real-real -7 <
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real-virtual . ~=< + qg, qq channels
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» obtained from OpenlLoops

+ qgg, qq channels

» provides very fast and stable tree & one-loop amplitudes for
PP =M, pp =H+, pp HH),  pp 2 H*)

pp —HH, pp = HHA+), pp = HHA)
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[Catani, Grazzini, | 2]

[Talk by Marius Wiesemann] CIT S U b trac tl on - fézmmiirﬁbzg an ;e'r/ﬁ]m’ Grazzini,'14]
p D: //—l pTHH=0 Sgg | - @NLO
’ o p \ pTHH > O
doyno = Hanro ® doio’ {da Lo = do NNLO}
- N
hard-collinear coefficient real-virtual + real-real process-independent counterterm

includes two-loop virtual \ /

IR singular inthe limt g7 HH — 0, but sum is finite!

Differential Higgs Boson Pair Production at Next-to-Next-to-Leading Order in QCD Jonas M. Lindert 10



M AT R|>< Fr‘am ewo |"|< [ Talk by Marius Wiesemann|

Amplitudes

OprPeENLoOOPS Dedicated 2-loop codes
(CoLLER, CuTTOoOls, ...) | (VVamp, GINAC, TDHPL, ... )

MUuUNICH
MU N | | CH

yfh‘ subtraction < gt resummation %

MATRIX

Avallable processes in MATRIX @ NNLO(+NNLL) QCD:
pp—V, V=W/ and pp—Il, pp— v
pp—VV’, V=W//Y and pp—=4l, pp—=212v, pp = 2lY, pp— vy
pp—H
pp—HH
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Results: LHC [4 TeV

pp > HH+ X @ 14 TeV
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» NINLO corrections:
e almost flat in My
e at the level of 8%
* scale uncertainties at the level of 10%
* overlap with NLO uncertainty band

» perfect agreement with analytical result of
[de Florian-Mazzitelli, " 3]
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Results: LHC [4 TeV

pp - HH + X @ 14 TeV pp > HH + X @ 14 TeV
L L I IO BN L L L L L B I BN AL L

0.12 - LO
- NLO
= NNLO

Jrzzezze

0.12 - LO

— NLO
= NNLO

Jrzzezze

o
—h
o
—h

0.08

[aV]

= 0.06

0.08

[fb/GeV]
[fbo/GeV]

..........
— ]

~ 0.06

0 M pr PIE NI SRR

---------

0047 L

---------

0.04

do / dp
do / dp

------------------

..................

0025 e

0.02

-------------------------

IER

1.6
1.4
1.2F

((((((
ttttt

do/doy o

—h
I|III{I|I|II

do/doy o
o — -
® NP o

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Pr 4 [GeV] Pr 4 [GeV]

0.8

» mild increase of NNLO/NLO for large ptHi @ 10% — 25%
» flat NNLO/NLO for large prr:
» scale uncertainties 5-10%
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Results: LHC [4 TeV

pp = HH + X @ 14 TeV pp = HH+ X @ 14 TeV
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» almost flat NNLO/NLO
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Results: LHC [4 TeV

pp > HH + X @ 14 TeV pp = HH + X @ 14 TeV
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» NNLO/NLO increases to 40% for large yHH
» at LO HH back-to-back = NNLO AwnH effectively NLO: 60-80% corrections

Differential Higgs Boson Pair Production at Next-to-Next-to-Leading Order in QCD Jonas M. Lindert



Results: LHC [4 TeV

pp = HH + X @ 14 TeV
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» effectively NLO: 60-80% NNLO/NLO corrections
» inthe limit pr,ur — 0 large log terms log" (pr,gu/mur) — resum

Differential Higgs Boson Pair Production at Next-to-Next-to-Leading Order in QCD Jonas M. Lindert



Results: FCC 100 TeV

pp — HH + X @ 100 TeV pp — HH + X @ 100 TeV

6- 6- -

s 50 s 5F =
Q) - Q - = .
S a4t g  appiTwiE -
. E IN E B E
o 3 o 3r —]
O - T - .
=~ 2 — = =~ 2 — —]
3 8§ L ]
1k 18! i -

165 16

O C o) u ]
= 1.4 : = 1.4 E_ _E
5 1 2 B e v i B R B !? 1 2 : ij;_ijijjji
3 - 3 d-
0'8: R T R S .--.--I---.--.---.--I.--.--.---.---I--.---.--.---I--E 0'8 -__-l."."..--lu. N R N S S R S
O 200 400 600 800 1000 1200 1400 O 200 400 600 800 1000 1200 1400

P, , [GeV] P, [GeV]

» similar behaviour of NNLO/NLO for ptHiand ptH2 as at 14 TeV
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NLO-improved NNLO HEFT
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[S. Borowka et.al., arXiv:1608.04798]
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Conclusions

e

» HH @ NNLO in HEFT availlable in the MATRIX

» mild phase space dependence of NNLO corrections

» NNLO/NLO at the level of 10-25%
» scale uncertainties at NNLO at the level of 5-15%
» mostly overlapping uncertainty bands between NNLO and NLO

» Outlook:

* Higgs decays

 NNLO+NNLL

* Refine combination with full NLO
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Results: LHC [4 TeV

pp = HH + X @ 14 TeV

pp = HH+ X @ 14 TeV
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