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HH production via gluon fusion

* NLO corrections are large (~66% at 14TeV), and with still sizeable uncertainties (~+13%)

* Beyond that: Higgs Effective Field Theory (HEFT) w

Effective tree-level

Top quark integrated out —» gluons-Higgs coupling

 Corrections computed in the HEFT and typically normalized by exact LO differentially in My,
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» To obtain accurate NNLO results, we need to combine the HEFT NNLO with the full NLO

 Moreover, we need to include finite M; effects in the NNLO corrections



HH at NNLO with M, effects
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Higgs boson pair production at NNLO with top quark mass effects
M. Grazzini, G. Heinrich, S. Jones, S. Kallweit, M. Kerner, J. Lindert, JM [arXiv:1803.02463]
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/Fully differential parton-level predictions for Higgs boson pair
production via gluon fusion

« Combination of full NLO with large-M; NNLO

« Estimation of remaining M, uncertainty at NNLO

\Most advanced perturbative prediction available to date

~

* NNLO piece improved with different reweighting techniques to account
for finite-M effects
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Tree-level and one-loop amplitudes (HEFT and full-M;) — OpenLoops

Full NLO (two-loop) virtual corrections — two dimensional grid + interpolation §

Analytical results for NNLO two-loop corrections in the HEFT

k
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NNLO subtraction formalism: gr-subtraction \ . ==

Implementation based on public code MATRIX
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* NLO-improved approximation — NNLOy.o.i

We worked with three

different approximations for « Born-projected approximation — NNLOg.pr,
the pure NNLO piece:

* Full-theory approximation — NNLO¢grapprox




NLO-improved approximation - NNLOnio.

Done originally in Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk and Zirke, arXiv:1608.04798 [hep-ph]
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Simplest approach: for each bin of each histogram we do

NNLO
NNLONLQ_i = NLO x ( )
NLO HEFT

\_ /

* Observable level reweighting, technically simple

 Finite M effects in the NNLO piece enter via the full NLO

» Has to be repeated for each observable and binning (bin size dependent!)

* We compute the total cross section based on the My, distribution



Born-projected approximation - NNLOg_ ;10

/ Reweight each NNLO event by the ratio of \
the full and HEFT Born squared amplitudes

Different multiplicities (double real and real-virtual corrections)

|

\ Projection to Born kinematics needed /

We make use of the gr-recoil procedure:
Catani, de Florian, Ferrera and Grazzini, arXiv:1507.06937 [hep-ph]

« Momenta of the Higgs bosons remain unchanged
« The new initial state partons momenta absorb the gr due to the additional radiation
* Initial state momenta remain massless, and their transverse component

goes to zero when gr goes to zero (and then gr-cancellation is not spoiled)

Finite M, effects entering only via the Born amplitude: no information about real radiation



Full-theory approximation - NNLO¥rrapprox

* Double real corrections can be computed in the full theory (one-loop amplitudes)

« |dea: construct an approximation in which they are treated in an exact way

mVe perform a subprocess-wise reweighting: for each n-loop squared amplitud()
A (i — HH + X)
we apply the reweighting

Born/; HH X
R(ij - HH + X) = 2wl (7 = HH 1 X)

\_ A (ij — HH + X) Y

« Same partonic subprocess used for reweighting: no need for a projection

« Amplitudes that are tree-level in the HEFT are treated exactly
* At NLO this agrees with the FTapprox in Maltoni, Vryonidou and Zaro, arXiv:1408.6542 [hep-ph]

» Great performance at NLO (4% difference with full NLO) + full M; dependence in double reals

Our best NNLO prediction J

6



Full-theory approximation - NNLO¥rrapprox

* Double real corrections can be computed in the full theory (one-loop amplitudes)

« |dea: construct an approximation in which they are treated in an exact way
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« Amplitudes that are tree-level in the HEFT are treated exactly
* At NLO this agrees with the FTapprox in Maltoni, Vryonidou and Zaro, arXiv:1408.6542 [hep-ph]

» Great performance at NLO (4% difference with full NLO) + full M; dependence in double reals

Our best NNLO prediction J
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Numerical results

Setup of the calculation:

/ M, = 125GeV = 173GeV \

« PDF4LHC15 sets at each corresponding order

» Central scale value po = Mn/2 (smaller resummation effects)
« Scale uncertainties: 7-point variation
* Results for 13, 14, 27 and 100TeV

* No bottom quark contributions (effect below 1% at LO)

\No top quark width effects (2% at LO for the total cross section)/




Total cross sections

NE 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T138% | 32.88 T3 | 127.7 LA | 1147 0T
NLOFTupprox [b] 28.91 71307 | 34.25 71300 | 134171370 | 1220+
5.3% 5.3% 4.8% 4.1%

32.69 T23% | 38.66 030 | 149.3 TA8% | 1337 FA1%

NNLOxi0-; [fb]
NNLOg_ pro; [f]

1.5%
33.42 f4_8%

4%
39.58 T 7%

0.7%
154.2 +3.8%

0.5%
1406 7550

NNLOgrapprox [fb] 31.05 7228 | 36.69 %1% | 139.9 T15% | 1224 0%
M; unc. NNLOprapprox | £2-6% +2.7% +3.4% +4.6%
1.118 1.116 1.096 1.067

NNLOprapprox/NLO




Total cross sections

NE 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T138% | 32.88 T3 | 127.7 LA | 1147 0T
NLOgapprox [fb] 28.91 H120% | 34.25 F10T | 134.1 12T | 1220 T 0%
NNLOnLo-; [fD] 32.69 T05% | 38.66 250 | 149.3 A5 | 1337 T2 L%

NNLOg_ proj [fb]
NNLOFTapprox [fb]
M, unc. NNLOpTapprox

1.5%
33.42 ”_“4_8%

2.2%
31.05 f5_0%

+2.6%

4%
39.58 T 7%

1%
36.69 " 500

+2.7%

0.7%
154.2 H0.7%

1.3%
139.9 fB_g%

I

0.5%
1406 7550

+0.9%
12247500

NNLOpapprox/NLO

1.118

1.116

L

r B-proj > NLO-i > FTapprox ]

Increase with respect to NLO at 14TeV.

\_

B-proj:
NLO-i:
FTapprox:

20%
18%

exact

12% ==

HEFT
"\ OYR4 = ONNLL, T 0¢ 0

HEFT(l 4+

ONLO — ONLO

HEFT
NLO

0t)

About 8% smaller than the
) current recommendation (YR4)



Total cross sections

NE 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T138% | 32.88 T3 | 127.7 LA | 1147 0T
NLOFTupprox [b] 28.91 71307 | 34.25 71300 | 134171370 | 1220+
5.3% 5.3% 4.8% 4.1%

32.69 T23% | 38.66 030 | 149.3 TA8% | 1337 FA1%

NNLOxro-; [fb]
NNLOB_ pro; [f]

1.5%
33.42 f4_8%

4%
39.58 T 7%

0.7%
154.2 1_3.8%

0.5%
1406 7550

NNLOgrapprox [fb] 31.05 7228 | 36.69 %1% | 139.9 T15% | 1224 0%
M; unc. NNLOprapprox | £2-6% +2.7% +3.4% +4.6%
1.118 1.116 1.096 1.067

NNLOprapprox/NLO
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* Size of perturbative corrections decreases with the energy for the FTapprox

 This doesn’t happen for the other two approximations

 Not fully surprising: similar behavior for NLO K-factor

/




Total cross sections

Vs 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T138% | 32.88 132 | 127.7 1A% | 1147 TI0.T%
NLOptupprox [fb] 28.91 71507 | 34.25 170 134.1 71370 | 1220 %1047
5.3% 5.3% 4.8%  +4.1%
32.69 T23% | 38.66 7030 | 149.3 TA8% | 1337 FA1%

NNLOxro-; [fb]
NNLOB_ pro; [f]

1.5%
33.42 ”_“4_8%

4%
39.58 T 75

0.7%
154.2 H0.7%

0.5%
1400 £33

NNLOgupprox [fH] 31.05 7228 | 36.69 %1% 11 139.9 T15% | 1224 0%
M; unc. NNLOgTapprox +2.6% 7% +3.4% +4.6
1.118 116 1.096 1.06

NNLOprapprox/NLO

at 14T7eV

\_

 Strong reduction of the scale
uncertainties at NNLO

» About a factor of 3 for the FTapprox

N

/

Even stronger reduction
at 100TeV




Total cross sections

NE 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T138% | 32.88 T3 | 127.7 LA | 1147 0T
NLOFT&pprox [fb] 28.91 23%2 34.25 i—iég% 134.1 tﬁi;: 1220 ti(llggz
5.3% 5.3% 4.8% 4.1%

32.69 T05% | 38.66 250 | 149.3 A5 | 1337 T2 L%

NNLONLo-; [fb]
NNLOg_ proj [fb]
NNLO¥Tapprox [fP]

M; unc. NNLOgrapprox
NNLOprapprox/NLO

33.42 71 5%
31.05 1227
+2.6%
1.118

39.58 T14%
36.69 *2 1%
+2.7%
1.116

154.2 107
139.9 F1-5%
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Top quark mass uncertainties

NE 13 TeV 14 TeV 27 TeV 100 TeV

NLO [fb] 27.78 T138% | 32.88 T13:5% | 1977 FHLA% | 1147 IO
NLOF tapprox [D 28.91 71300 | 34251300 | 134171 | 1220 %4
NNLO~Lo-; [fb] 32.60 T03% | 38.66 123 | 149.3T48% | 1337 741%
NNLOg_pro; [fD] 33.42110% | 30.58 11 | 154.2F0T% | 1406 7937
NNLOgTapprox [fb] 31.05 T22% | 36.69 121% | 139.9 118% | 1224 1097

(. At NLO the FTapprox overestimates full NLO by 4% === 119% for the pure NLO contribution\

* Assuming a +11% uncertainty for the pure NNLO piece === +1.2% uncertainty at NNLO
(14TeV))

\_° Multiply by a factor of 2 to be more conservative




Top quark mass uncertainties
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Top quark mass uncertainties

NE 13 TeV 14 TeV 27 TeV 100 TeV
NLO [ 2778 T | 3288 TV | 1977 LT | 1147 10T
NLOFapprox [fb] 28.917 137 | 342571350 | 134171 | 1220 %550
NNLOxLo_; [fb] 32.69 T25% | 38.66 T03% | 149.3T48% | 1337 TH1Z
NNLOg_ proj [fD] 33.42115% | 39.58 1A% | 154270 7% | 1406 703
NNLOp Tappros [fb] 31.05 T22% | 36.69 121% | 139.9 118% | 1224 1097
M; unc. NNLOpTapprox +2.3% +2.4% +2.7% +3.1%

M; unc. NNLOg_ 0 +14% +15% +20% +36%

(. At NLO the FTapprox overestimates full NLO by 4% === 119% for the pure NLO contribution\

* Assuming a £11% uncertainty for the pure NNLO piece == +1.2% uncertainty at NNLO
(14TeV))

\_° Multiply by a factor of 2 to be more conservative

We can repeat the procedure for the Born-projected approximation
K» Compatible results even without the factor of 2




Top quark mass uncertainties

NE 13 TeV 14 TeV 27 TeV 100 TeV
NLO [ 2778 T | 3288 TV | 1977 LT | 1147 10T
NLOFapprox [fb] 28.917 137 | 342571350 | 134171 | 1220 %550
NNLOxLo_; [fb] 32.69 T25% | 38.66 T03% | 149.3T48% | 1337 TH1Z
NNLOg_ proj [fD] 33.42115% | 39.58 1A% | 154270 7% | 1406 703
NNLOp Tappros [fb] 31.05 T22% | 36.69 121% | 139.9 118% | 1224 1097
M; unc. NNLOpTapprox +2.3% +2.4% +2.7% +3.1%

M; unc. NNLOg_ 0 +14% +15% +20% +36%

 But the difference between FTapprox and NLO-i increases with the collider energy
faster than this uncertainty estimate

« To be more conservative, take half the difference between FTapprox and NLO-i

W,

\_




Top quark mass uncertainties

NE 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T138% | 32.88 T35% | 1277 HL% | 1147 F10T%
NLOpapprox [fb 289171500 | 34.25 1000 | 134.1 1T | 122080
NNLOxLo_i [fb] 32.60 T23% | 38.66 T23% | 149.3T25% | 1337 1%
e 1.5% 1.4% 0.7% 0.5%
NNLOg_ o5 [fD] 33.42110% | 30.58 11 | 154.2F0T% | 1406 7937
NNLOpTapprox [fD] 31.05 T22% | 36.69 121% | 139.9 118% | 1224 1097
M; unc. NNLOprapprox +2.6% +2.7% +3.4% +4.6%

 But the difference between FTapprox and NLO-i increases with the collider energy
faster than this uncertainty estimate

« To be more conservative, take half the difference between FTapprox and NLO-i

J

\_

Small difference for LHC, more conservative for larger energies
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* B-proj and NLO-i have similar behaviors

\

» FTapprox presents larger corrections at threshold,
minimum corrections at My, ~ 400GeV, slow
increase towards the talil

» Scale uncertainties are substantially reduced

 Overlap with the NLO band

fferential distributions
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* NNLOs.proj has wrong scaling in the tail
No information about lowest order for prm

* NNLOgtapprox agrees with NNLOg.pro; fOr low prn,
and with NNLOyo. in the talil

* Distribution trivial at LO: NNLO is effectively NLO
Large corrections and sizeable scale uncertainties
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Differential distributions
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Conclusions

 We combined the full NLO with the NNLO corrections computed in the HEFT
 Fully differential results, using gr-subtraction

* NNLO piece improved via different reweightings to account for finite M, effects
» Our best prediction includes the full double-real loop-induced amplitudes

* Increase with respect to NLO from 12% at 13TeV to 7% at 100TeV

 Remaining M; uncertainty: few percent level

* Most advanced perturbative prediction for HH available to date

» Our proposal is to update the current total XS and M; uncertainties
recommendation (YR4) to the NNLOkgrpprox Presented here

* For the moment, for distributions rescale NLO+PS by NNLO¢gr.ppr0x total XS

« Comments and suggestions are very welcome!

Thanks!
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Numerical stability

 Loop-induced double real amplitudes can became unstable close to dipole singularities

Pi-P

J . : :
Small & = T , I and | emitters

» Quadruple precision rescue non viable (~10 minutes per PS point for gg - HHgQ)

» Using a too large cut on a spoils the gT-cancellation

5
Dipole cut: (0;.0;/8)min
ar
| — 107
3:_ 1075
| -6
A 10
[ — 1072

0/0ret—1 [%]

00 05 10 15 20 25
cut qT/Q [%]



Numerical stability

Solution: we introduced a new parameter, OfL—i,cut , below which we approximate

the loop-induced amplitudes by the Born reweighted HEFT

-

&

\
* We avoid evaluating the double real loop induced amplitudes in the unstable regions
* We can use a lower overall dipole cut —» we don’t spoil the gT-cancellation
_/
N /
e

Results independent in this range



Numerical stability

1.0

FTapprox, 14TeV
0.5+

"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" Extrapolation uncertainty

o0 g gt | SRR L

| — ]
-0.5) \‘

Variations below 0.2%

alonno = 1 [%]

|
1.0 15 2.0 25 3.0 3.5

leut = CthTfO[%]

4 N
« Extrapolation to re,; — O via linear least ¥ fit (vs quadratic in default MATRIX)

« Upper bound of the interval varied to get the best fit and uncertainty estimation
g V.




Differential distributions
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[- Previous features enhanced at 100TeV

» Slower decrease in the tail of the distribution

 Larger separation between the different NNLO predicitons, smaller corrections for the FTapprox

\- FTapprox different behavior at threshold even stronger: due to contributions from events with hard radiationj




Differential distributions - prum
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« Different behaviors are more pronounced at 100TeV

 Larger separation between FTapprox and NLO-i (almost full agreement in the tail)

» FTapprox agrees with B-proj for low prpmn
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Differential distributions - yu,
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» Not very different behaviors between the different approximations (besides normalization)

« Largest shape difference in the central region for NLO-i

\ W,




Differential distributions - pj:

Vs =14 Tev /s =100 TeV
i . .
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» Huge unphysical corrections in the tail for the B-proj approximation

» More pronounced differences between FTapprox and NLO-i compared to prnn

» FTapprox predicts a softer spectrum, corrections contained in the NLO uncertainty band

W,




Differential distributions - pru: and prun:
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» Hardest Higgs pT spectrum:

Large corrections in the tail of the B-proj approximation

Good agreement between FTapprox and NLO-i
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 Softer Higgs pT spectrum:
Similar shape for all approximations

Larger NNLO scale uncertainties in the tail




Differential distributions - AQun
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[ * Trivial at LO: back-to-back. NNLO effectively NLO
* Large corrections above 50%, sizable scale uncertainties

 B-proj approximations predicts larger corrections in the region dominated by hard radiation

\ » Good general agreement between FTapprox and NLO-i, larger differences close to 1

~N
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