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Gluon fusion

» Gluon fusion is the predominant Higgs boson production
mode at the LHC

» loop induced process

» Higgs boson plays unique role in the SM:

» Only scalar particle

» Only particle with Yukawa interactions to fermions
» Predictions for gluon fusion cross section directly impact

extraction of Higgs couplings from experimental
measurements

» Reducing theory uncertainty is crucial for facilitating high
precision measurements of Higgs couplings at the LHC

» High luminosity LHC projections anticipate uncertainty O(2%)
and theory uncertainty to be halved WG2 Report ‘19
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Inclusive gluon fusion cross section (YR4 16)

* Inclusive gluon fusion cross section according to LHCH(XS)WG YR4 "16 at the LHC at 13 TeV:

4858pb = 16.00pb  (+32.9%) (LO, rEFT)
+20.84pb  (+42.9%) (NLO, rEFT)
— 2.05pb (—4.2%) ((t,b, c), exact NLO)
+ 9.56pb  (+19.7%) (NNLO, rEFT)
+ 0.34pb (4-0.7%) (NNLO, 1/m;)
+ 2.40pb (+4.9%) (EW QCD-EW)
+ 1.49pb (+3.1%) (N®LO, rEFT)
LHCH(XS)WG YR4 16
* Sources of uncertainty: Anastasiou, Duhr, Dulat, et al. 16

d(scale) d(trunc) d(PDF-TH) d(EW) o(t, b, c) o(1/my)

ek £0.18pb  +056pb  +049pb  +0.40pb  +0.49 pb

J:g?z)%;? +0.37% +1.16% +1% +0.83% +1% < All sources 0(1%)




Inclusive gluon fusion cross section (YR4 16)
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Order by order in perturbation theory

* LO contribution exactly known for 48.58 pb = 16.00 pb (+32.9%
almost 50 years +20.84 pb (+42_9%
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* NLO contribution exactly known for arbitrary quark masses
running in the loop  Graudenz, Spira, Zerwas 93
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Inclusive cross section in (r)EFT

e LO contribution exactly known for
almost 50 years
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* NLO contribution exactly known for arbitrary quark masses
running in the loop  Graudenz, Spira, Zerwas 93
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Ingredients for the NNLO calculation
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Ingredients for the NNLO calculation

Analytic formulae available: Del Duca, Kilgore, Oleari, et al. ‘01
More compact expressions and implemented in MCFM.:

Budge, Campbell, De Laurentis, et al. 20
Evaluate scalar integrals with QCDLoop library: Carrazza, Ellis, Zanderighi "16

For one massive flavor:
» solve integrals numerically
» construct regular grids of IR-regulated amplitudes
» interpolate for efficient evaluation

For two massive flavors:
» all contributions factorize
into products of one-loop integrals

For one massive flavor: Czakon, MN 20
» asymptotic expansions in kinematic limits
» numerical samples in full parameter space
For two massive flavors: MIN, Usovitsch 23
» deep large/small mass expansions
» numerical sampling with AMFlow: Liu, Ma 22
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Ingredients for the NNLO calculation

Phase-space integration

> with sector-improved residue
subtraction scheme
(Stripper Czakon "10)




4-flavor scheme < 5-flavor scheme

log(m,z,)-divergences in virtual corrections must cancel against divergences due to massive b-quark splittings in real radiation

Y

A b Y t -—- - \ 4 t A
- OO0 b - - - -
Obtain double-real amplitudes with
Recola: Actis, Denner, Hofer, et al. '16
4-flavor scheme 5-flavor scheme
» Consistent treatment of massive t- and b-quarks » Treat b-quark as massless particle
» Exclude b-quark from initial state » Massive b-quark only present in loops directly attached

to the Higgs-boson
» Include massive b-quark splittings in final state &8

» Corresponds to theory with a replica b-quark carrying
the mass of the b-quark




Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark
amplitudes on Higgs production in gluon-fusion
at the LHC
* PDF set: NNPDF31 nnlo_as 0118
NNPDF Collaboration 17
* central scale: ugp = up =my/2
(7-point scale variation)
e my =125 GeV = m; = 173.055 GeV
and my, = 4.779 GeV (both in OS-scheme)

Czakon, Eschment, MN,
Poncelet, Schellenberger "23

Order OHEFT [pb] (o0t — ourrT) [Pb] aixb [pb] Oixp/ouErT (%]
Vs =7 TeV
O(a3) +5.85 — —0.708
LO 5.8517 17 - —0.70810:13 _12
O(as) 1714 —0.0604 —0.226
NLO 12.9959% —0.06041992L —0.93479.99 —7.2710
O(a%) +3.28 10.0386(2) 10.121(3)
NNLO 16.277 57 —0.0218(2) 005 —0.813(3)*0:19 _5.0710
Vs =8 TeV
O(a?) +7.39 — —0.895
LO 7.3971% —0.89510 47 —12
O(al) +9.14 —0.0873 —0.268
NLO 16.5315 75 008735929 ~1.16373:2% ~7.0748
O(ay) +4.19 +0.0523(2) 0.167(3)
NNLO 20.721 556 —0.0350(2) T0015 —0.996(3) 7003 —4.8109
Vs =13 TeV
O(a3) +16.30 - —1.975
LO 16305535 - —1.98+93% —12
O(a?) +21.14 —0.303 —0.446(1)
NLO 37,4455 56 ~0.3037912 —2.42+018 ~6.579:
0(as) 19.72 10.147(1) 10.434(8)
NNLO 4716755 —0.156(1) 505 ~1.99(1) %575 —4.2103
V5 = 13.6 TeV
O(a3) +17.47 — 9117
LO 1747555 - —2.12+0:40 12
O(a3) +22.76 —0.338 —0.464(1)
NLO 40237557 ~0.338+011 —2.5810.% 6,499
O(as) +10.47 10.162(1) 10.464(9)
NNLO 5070151 —0.176(1) 605 ~2.12(1)*5% ~4.2799
/s =14 TeV
O(a?) +18.26 _ —29213
LO 18267557 - —9.9110:42 12
O(as) +23.86 —0.362 —0.475(1)
NLO 4212775, —0.36210-12 —2.6910-2L _6.4109
O(as) +10.98 +0.171(1) +0.488(9)
NNLO 53101513 —0.191(1) 1563 ~2.20(1)*9 3 —4.1799




Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark
amplitudes on Higgs production in gluon-fusion
at the LHC
* PDF set: NNPDF31 nnlo_as 0118
NNPDF Collaboration 17
* central scale: ugp = up =my/2
(7-point scale variation)
e my =125 GeV = m; = 173.055 GeV
and my, = 4.779 GeV (both in OS-scheme)

Czakon, Eschment, MN,
Poncelet, Schellenberger "23

Order OHEFT [pb] (o0t — ourrT) [Pb] aixb [pb] Oixp/ouErT (%]
V5 =17 TeV
O(a3) +5.85 — —0.708
LO 5.8517 17 - —0.70810:13 _12
O(as) 1714 —0.0604 —0.226
NLO 12.9959% —0.06041992L —0.93410:99 —7.2710
O(a%) +3.28 10.0386(2) 10.121(3)
NNLO 16.27" 5] —0.0218(2) 75653 —0.813(3)+5:19 —5.01%9
Vs =8 TeV
O(a?) +7.39 — —0.895
LO 7.3971% —0.89510 47 —12
O(al) +9.14 —0.0873 —0.268
NLO 16.5315 75 008735929 ~1.16373:2% ~7.0748
O(ay) +4.19 +0.0523(2) 0.167(3)
NNLO 20.727 55 —0.0350(2) 0015 —0.996(3) 7003 —4.8109
Vs =13 TeV
O(a3) +16.30 - —1.975
LO 16305535 - —1.98+93% —12
O(a?) +21.14 —0.303 —0.446(1)
NLO 37,4455 56 ~0.3037912 —2.42+018 ~6.579:
0(as) 19.72 10.147(1) 10.434(8)
NNLO 4716755 —0.156(1) 505 —1.99(1) 535 —4.2103
Vs = 13.6 TeV
O(a3) +17.47 — 9117
LO 1747555 - —2.12+0:40 12
O(a3) +22.76 —0.338 —0.464(1)
NLO 40237557 ~0.338+011 —2.5810.% 6,499
O(as) +10.47 10.162(1) 10.464(9)
NNLO 5070151 —0.176(1) 605 ~2.12(1) 5% —4.2799
/s =14 TeV
O(a?) +18.26 _ —29213
LO 18267557 - —9.9110:42 12
O(as) +23.86 —0.362 —0.475(1)
NLO 4212775, —0.36210-12 —2.6910-2L _6.4109
O(as) +10.98 +0.171(1) +0.488(9)
NNLO 53101513 —0.191(1) 1563 ~2.20(1)*9 3 —4.1799




Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17
central scale: up = ur = my /2 (7-point scale variation)

my = 125 GeV = m; = 173.055 GeV and my, = 4.779 GeV (both in OS-scheme)

Order OHEFT |pb] (0+ — ourrT) [Pb] Titxb [Pb] Otxb/OHEFT |70]
Vs =13 TeV

O(a?) +16.30 —~ —1.975

LO 16.30753° - —1.98103% —12
O(ay) +21.14 —0.303 —0.446(1)

NLO 37447572 ~0.3030-19 —2.427519 —6.5109
O(as) +9.72 +0.147(1) +0.434(8)
NNLO 47.167421 —0.156(1)+9:12 —1.99(1)19:30 —4.210-9

Czakon, Eschment, MN,
Poncelet, Schellenberger "23



Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
* PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17
* central scale: ug = ugr = my/2 (7-point scale variation)
e my =125 GeV = m; = 173.055 GeV and m;, = 4.779 GeV (both in OS-scheme)

Order OHEFT |pPb] (0+ — ourrT) [Pb] Texb [Pb] O¢xb/OHEFT |J0)]
Vs =13 TeV

O(a?) +16.30 —~ —1.975

LO 16.30753° - —1.98103% —12
O(ay) +21.14 —0.303 —0.446(1)

NLO 37447572 ~0.3030-19 —2.427519 —6.5109
O(as) +9.72 +0.147(1) +0.434(8)
NNLO 47.167421 —0.156(1) 1912 —1.99(1)19:30 —4.210-9

» Interference effects much larger than pure top mass effect

Czakon, Eschment, MN,
Poncelet, Schellenberger "23



Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
* PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17
* central scale: ug = ugr = my/2 (7-point scale variation)
e my =125 GeV = m; = 173.055 GeV and m;, = 4.779 GeV (both in OS-scheme)

Order OHEFT |pb] (0+ — ourrT) [Pb] Titxb [Pb] Otxb/OHEFT |70]
Vs =13 TeV

O(a?) +16.30 —~ —1.975

LO 16.30753° - —1.98103% —12
O(a3) +21.14 —0.303 —0.446(1)

NLO 37447572 ~0.3030-19 —2.427519 —6.5109
O(as) +9.72 +0.147(1) +0.434(8)
NNLO 47.167421 —0.156(1)+9:12 —1.99(1)19:30 —4.210-9

» Interference effects much larger than pure top mass effect
» Interference effect at NNLO cancels against NLO

Czakon, Eschment, MN,
Poncelet, Schellenberger "23



Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
* PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17

* central scale: ug = ugr = my/2 (7-point scale variation)
e my =125 GeV = m; = 173.055 GeV and m;, = 4.779 GeV (both in OS-scheme)

Order OHEFT |pb] (0+ — ourrT) [Pb] Titxb [Pb] Otxb/OHEFT |70]
Vs =13 TeV

O(a?) +16.30 —~ —1.975

LO 16.30753° - —1.98103% —12
O(ay) +21.14 —0.303 —0.446(1)

NLO 37447572 ~0.3030-19 —2.421619 —6.5109
O(as) +9.72 +0.147(1) +0.434(8)
NNLO 47.167421 —0.156(1)+9:12 —1.99(1)19:30 —4.210-9

» Interference effects much larger than pure top mass effect
» Interference effect at NNLO cancels against NLO
» Interference effect at NNLO larger than NLO scale variation (similar in HEFT but less severe)

Czakon, Eschment, MN,
Poncelet, Schellenberger "23



Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
* PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17

* central scale: ug = ugr = my/2 (7-point scale variation)
e my =125 GeV = m; = 173.055 GeV and m;, = 4.779 GeV (both in OS-scheme)

Order OHEFT |pb] (0+ — ourrT) [Pb] Titxb [Pb] Otxb/OHEFT |70]
Vs =13 TeV

O(a?) +16.30 —~ —1.975

LO 16.30753° - —1.98103% —12
O(ay) +21.14 —0.303 —0.446(1)

NLO 37447572 ~0.3030-19 —2.421619 —6.5109
O(as) +9.72 +0.147(1) +0.434(8)
NNLO 47.167421 —0.156(1)+9:12 —1.99(1)19:30 —4.210-9

» Interference effects much larger than pure top mass effect

» Interference effect at NNLO cancels against NLO

» Interference effect at NNLO larger than NLO scale variation (similar in HEFT but less severe)
» Interference NNLO scale variation increases compared to NLO

Czakon, Eschment, MN,
Poncelet, Schellenberger "23



Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
* PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17
* central scale: ug = ugr = my/2 (7-point scale variation)

e my=125GeV = m, ~ 173.055 GeV and m,, =~ 4.779 GeV (both in 0S-scheme) Very small scheme
dependence
Order OHEFT |pb] ( (0+ — ourrT) [Pb] \ Titxb [Pb] Otxb/OHEFT [0]
Vs =13 TeY
O(a?) +16.30 —~ —1.975
LO 16.30753° - —1.98103% —12
O(a3) +21.14 —0.303 —0.446(1)
NLO 37447572 —0.30379-19 —2.427519 —6.5109
O(as) +9.72 +0.147(1) +0.434(8)
NNLO 47.16757 | —0.156(1) %553 —1.99(1)19:30 —4.279-2

h w4

", —

» Interference effects much larger than pure top mass effect

» Interference effect at NNLO cancels against NLO

» Interference effect at NNLO larger than NLO scale variation (similar in HEFT but less severe)
» Interference NNLO scale variation increases compared to NLO
» Similar effects for different top quark mass (m; = 170.979 GeV)

Czakon, Eschment, MN,
Poncelet, Schellenberger "23



Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
* PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17
* central scale: ug = ugr = my/2 (7-point scale variation)
* my=125GeV => m; = 173.055 GeV and m, = 4.779 GeV
« 0S-scheme, but Y}, in MS with running from m, (M) ~ 4.18 GeV and scale variation around u = my /2

Order ouerT [pb] (0t — ourrT) [Pb] otxb [pb] aexb (Y, 31s) [Pb]
Vs =13 TeV

O(a?) +16.30 — —1.975 —1.223

LO 16.3012-3¢ - ~1.9870:28 ~1.2270-29
O(a?) +21.14 —0.303 —0.446(1) —0.623(1)
NLO 37.4415:52 —0.30375 1% —2.4210-19 —1.851929
O(a3) +9.72 10.147(1) 10.434(8) 4+0.019(5)
NNLO 47.1674-21 —0.156(1)+913 —1.99(1) 939 —1.83(1)12-%8

» Interference effects much larger than pure top mass effect

» Interference effect at NNLO cancels against NLO

» Interference effect at NNLO larger than NLO scale variation (similar in HEFT but less severe)

» Interference NNLO scale variation increases compared to NLO

» Similar effects for different top quark mass (m; = 170.979 GeV)

» Improved convergence in mixed renormalization scheme compared to OS-scheme Czakon, Eschment, MN,
Poncelet, Schellenberger "23



Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC

PDF set: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17

central scale: up = ur = my /2 (7-point scale variation)

my = 125 GeV = m; = 173.055 GeV (OS-scheme)

m,, in MS-scheme with running from m, (M, ) = 4.18 GeV and scale variation around u = my /2

Order oHEFT [Pb] (0t — ourrT) [pPb] Otxb [PD] oixb (Y, 715) [PD] oexb (M) [pb]
Vs =13 TeV
O(a?) +16.30 —~ —1.975 —1.223 —1.11
LO 16.307153° = —~1.98795-3% —1.2270% —1.1179-28
O(a?) +21.14 —0.303 —0.446(1) —0.623(1) —0.65
NLO 37.44718:42 —0.30375-19 —2.42+919 —1.8519:26 1761927
O(a3) +9.72 4+0.147(1) 1+0.434(8) +0.019(5) +0.02
NNLO 47.1674:2L —0.156(1)19:12 —~1.99(1)*9:30 —1.83(1)*2-%8 ~1.74(2)19:13
» Interference effects much larger than pure top mass effect
» Interference effect at NNLO cancels against NLO
» Interference effect at NNLO larger than NLO scale variation (similar in HEFT but less severe)
» Interference NNLO scale variation increases compared to NLO
» Similar effects for different top quark mass (m; = 170.979 GeV)
» Improved convergence in mixed renormalization scheme compared to OS-scheme Czakon, Eschment, M,
> Similar pattern of corrections for m,, in MS-scheme Poncelet, Schellenberger *24



What happens in 4-flavor scheme?

Validate the cancellation of logarithmic mass divergences in HEFT (rescaling as in 5FS)
Effects beyond missing b-quark PDF contribution appear for the first time at NNLO
PDF set: NNPDF31 nnlo _as 0118(_nf 4)

my, (M) : my, in MS-scheme with scale variation around u = my /2

Order OHEFT |Pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
mp = 0.01 GeV my = 0.1 GeV  mp = 4.78 GeV mb(mb) = 4.18 GeV

O(a?)  +16.30 +16.27 +16.27 +16.27 16.27

LO  16.3075%¢ 16.271353 16.27353 16.277353 16.277353
O(a3)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO 37447332 36.35(3)T%55  36.35(3)7535  36.35(3)7337 36.35(3) 7550
O(ad)  +9.72 +10.8(4) +11.1(4) 1+9.5(2) +9.6(2)
NNLO 47.167521  47.2(4)"21 47.5(4) 122 45.9(2) 11 46.0(2) 13

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



What happens in 4-flavor scheme?

* Validate the cancellation of logarithmic mass divergences in HEFT (rescaling as in 5FS)
» Effects beyond missing b-quark PDF contribution appear for the first time at NNLO
* PDF set: NNPDF31 nnlo_as 0118(_nf 4)

« m, (M) : my in MS-scheme with scale variation around p = my /2

Order OHEFT |Pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
mp = 0.01 GeV my = 0.1 GeV  mp = 4.78 GeV mb(mb) = 4.18 GeV

O(a?)  +16.30 +16.27 +16.27 +16.27 16.27

LO  16.3075%¢ 16.271353 16.27353 16.277353 16.277353
O(a3)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO 37447332 36.35(3)T%55  36.35(3)7535  36.35(3)7337 36.35(3) 7550
O(ad)  +9.72 1+10.8(4) +11.1(4) 1+9.5(2) +9.6(2)
NNLO 47.167521  47.2(4)"27 47.5(4) 122 45.9(2) 14 46.0(2) 137

» NNLO corrections approach constant value in the limit m,% -0
Central value seems to converge to 5FS

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



What happens in 4-flavor scheme?

* Validate the cancellation of logarithmic mass divergences in HEFT (rescaling as in 5FS)
» Effects beyond missing b-quark PDF contribution appear for the first time at NNLO
* PDF set: NNPDF31 nnlo_as 0118(_nf 4)

« m, (M) : my in MS-scheme with scale variation around p = my /2

Order OHEFT |Pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
mp = 0.01 GeV my = 0.1 GeV  mp = 4.78 GeV mb(mb) = 4.18 GeV

O(a?)  +16.30 +16.27 +16.27 +16.27 16.27

LO  16.3075%¢ 16.271353 16.27353 16.277353 16.277353
O(a3)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO 37447332 36.35(3)T%55  36.35(3)7535  36.35(3)7337 36.35(3) 7550
O(ad)  +9.72 +10.8(4) +11.1(4) +9.5(2) +9.6(2)
NNLO 4716757 47.2(4)"2] 47.5(4)*2 3 45.9(2) 8 46.0(2) 58

» NNLO corrections approach constant value in the limit m,% -0
Central value seems to converge to 5FS

» Total cross section insensitive with respect to renormalization scheme for m,,
< my only present in the loop

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



What happens in 4-flavor scheme?

* Validate the cancellation of logarithmic mass divergences in HEFT (rescaling as in 5FS)
» Effects beyond missing b-quark PDF contribution appear for the first time at NNLO
* PDF set: NNPDF31 nnlo_as 0118(_nf 4)

« m, (M) : my in MS-scheme with scale variation around p = my /2

Order OHEFT |Pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
mp = 0.01 GeV my = 0.1 GeV  mp = 4.78 GeV mb(mb) = 4.18 GeV

O(a?)  +16.30 +16.27 +16.27 +16.27 16.27

LO  16.3075%¢ 16.271353 16.27353 16.277353 16.277353
O(a3)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO 37447332 36.35(3)T%55  36.35(3)7535  36.35(3)7337 36.35(3) 7550
O(ad)  +9.72 +10.8(4) +11.1(4) +9.5(2) +9.6(2)
NNLO 4716757  47.2(4)"2] 47.5(4)*2 3 45.9(2) 8 46.0(2) 58

» NNLO corrections approach constant value in the limit m,% -0
Central value seems to converge to 5FS
» Total cross section insensitive with respect to renormalization scheme for m,,
< my only present in the loop
» 2% shift in agreement with previous estimate: Pietrulewicz, Stahlhofen "23 Czakon, Eschment, MN,

Poncelet, Schellenberger "24



Summary: top-bottom interference effects

Top-bottom interference contribution in different setups
PDF set: NNPDF31 nnlo _as 0118(_nf 4)

my, (My) : my, in MS-scheme with scale variation around u = my /2

previous estimate: —2.18%0:40 pb Anastasiou, Penin "20

Order Ttxb |PD]

Vs =13 TeV

5FS 5FS 5FS 4F'S
my = 173.06 GeV my = 173.06 GeV mt(mt) = 162.7 GeV my = 173.06 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 —1.15
LO 1114548 ~1.9815:33 ~1.12%543 ~1.151592
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7610-27 —2.4216:39 ~1.7615:3% ~1.8115:28
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO —1.74(2)* 503 —1.99(2) "5 —1.78(1) 503 —1.83(2) 7003

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



Summary: top-bottom interference effects

* Top-bottom interference contribution in different setups
* PDF set: NNPDF31 nnlo_as 0118(_nf 4)

« M, (M) : my in MS-scheme with scale variation around p = my /2

* previous estimate: —2.187929 pb Anastasiou, Penin 20

Order Ttxb |PD]

Vs =13 TeV
5FS 5FS 5FS 4F'S
my = 173.06 GeV my = 173.06 GeV  my(my) = 162.7 GeV my = 173.06 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 —1.15
LO 1114548 ~1.9815:33 ~1.12%543 ~1.151592
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7610-27 —2.421539 ~1.7615:3% ~1.8115:28
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO —1.74(2)* 503 -1.99(2) 7537 —1.78(1) 503 —1.83(2) 7003

» Poor perturbative convergence for my in OS-scheme

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



Summary: top-bottom interference effects

* Top-bottom interference contribution in different setups
* PDF set: NNPDF31 nnlo_as 0118(_nf 4)

« M, (M) : my in MS-scheme with scale variation around p = my /2

* previous estimate: —2.187929 pb Anastasiou, Penin 20

Order Ttxb |PD]

Vs =13 TeV
5FS 5FS 5FS 4F'S
my = 173.06 GeV my = 173.06 GeV  my(my) = 162.7 GeV my = 173.06 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 ~1.15
LO 1114548 ~1.9815:33 —1.12+543 —1.1515:42
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7615-27 —2.4216:39 ~1.76102% ~1.8115:28
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO —1.74(2)* 503 —1.99(2) 515 —1.78(1) 563 —1.83(2) 7003

» Poor perturbative convergence for my in OS-scheme
» Much better pattern in MS-scheme

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



Summary: top-bottom interference effects

* Top-bottom interference contribution in different setups
* PDF set: NNPDF31 nnlo_as 0118(_nf 4)

« M, (M) : my in MS-scheme with scale variation around p = my /2

* previous estimate: —2.187929 pb Anastasiou, Penin 20

Order Ttxb |PD]

Vs =13 TeV
5FS 5FS 5FS 4F'S
my = 173.06 GeV my = 173.06 GeV  my(my) = 162.7 GeV my = 173.06 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 —1.15
LO 1114548 ~1.9815:33 —1.12+543 ~1.151592
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7615-27 —2.4216:39 ~1.76102% ~1.8115:28
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO —1.74(2)* 503 —1.99(2) "5 —1.78(1) 563 —1.83(2) 7003

» Poor perturbative convergence for my in OS-scheme
» Much better pattern in MS-scheme
» Interference insensitive with respect to choice of renormalization scheme for m;

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



Summary: top-bottom interference effects

* Top-bottom interference contribution in different setups
* PDF set: NNPDF31 nnlo_as 0118(_nf 4)

« M, (M) : my in MS-scheme with scale variation around p = my /2

* previous estimate: —2.187929 pb Anastasiou, Penin 20

Order Ttxb |PD]

Vs =13 TeV
5FS 5FS 5FS 4F'S
my = 173.06 GeV my = 173.06 GeV  my(my) = 162.7 GeV my = 173.06 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 —1.15
LO 1114548 ~1.9815:33 ~1.12%543 ~1.151592
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7610-27 —2.4216:39 ~1.7615:3% ~1.8115:28
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO —1.74(2)* 503 —1.99(2) "5 —1.78(1) 503 —1.83(2) 7003

» Poor perturbative convergence for my in OS-scheme
» Much better pattern in MS-scheme
» Interference insensitive with respect to choice of renormalization scheme for m;

» 5FS and 4FS agree within scale uncertainties
Czakon, Eschment, MN,

Poncelet, Schellenberger "24



Summary

» A thorough analysis of the impact of finite top- and bottom-quark masses on the total Higgs
production cross section has been performed

> different flavor schemes
> different mass renormalization schemes

» Cross checks at the differential level:
Jones, Kerner, Luisoni "18, Caola, Lindert, Melnikov, et al. '18, Bonciani, Del Duca, Frellesvig, et al. 22

» Top-quark and interference contribution not sensitive to small variations of the top-quark mass
» 5FS and 4FS agree within scale uncertainties

» Renormalization scheme dependence
» no scheme dependence for the top-quark mass
» interference shows signs of poor perturbative convergence
> better convergence in MS-scheme for the bottom-quark mass or Yukawa coupling only

» Recommendation: use 5FS / on-shell renormalized top-quark mass / MS-scheme for the bottom-quark mass

Oy = 48.81(1) 7505 (N*LO HEFT) — 0.1679 03 (NNLO ) — 1.74(2) 7503 (NNLO ¢ x b) pb




Outlook

» Implement MiNNLOps H generator with all amplitudes for top-/bottom-/charm-quark mass effects
in POWHEG-BOX framework as done previously for exact top-quark mass effects in OS-scheme

do/bin [pb] pp—~H@LHC 13 TeV do/bin [pb] pp—»H@LHC 13 TeV
2t ' L[ — p— MINNLOps HTL (PY8) 1
: ] § — MiNNLOpg FT (PY8)
[ 100 |
1.5 . 3
[ 107 |
1 ] ;
[ 102 |
0.5 F ] S ]
e MIiNNLOpg HTL (PY8) L. ] 10° £ 1
_ — MiNNLOps FT (PY8) ; : :
0 I L T R 10-4 P B B S B
dO/doMlNNLOpS HTL (PY8) do/dOMINNLOps HTL (PY8)
1.1¢ T~ T T T ] 16— ———— 77171 ]
n——— ] 1.4 .
; ; 121 ]
1 _ ......................................................................................................................... _ 1 -
[ 0.8
0.95 . -
: ] 0.6 _
I T B R ET BT I R R B B M B R T RS R R S S S
0'9-4 -3 -2 -1 0 1 2 3 4 0.40 100 200 300 400 500
YH pry [GeV]
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Main obstacle: real-virtual corrections

A

A
A

A,B,C,D: Bonciani, Del Duca, Frellesvig, et al. 16

/ \ F: Bonciani, Del Duca, Frellesvig, et al. ‘19
- - G: Frellesvig, Hidding, Maestri, et al. "19
A B C D

Contributions with two closed fermion chains

; i g X : : are always factorizable:
E F G

K ya . _ /

vanishing color factor Elliptic sector

Also see H+jet calculation: Bonciani, Del Duca, Frellesvig, et al. 22



Main obstacle: real-virtual corrections

* Variables: §, t, @1, mf;, mZ

» Initial condition given in
the limit mg — oo

) o » Transport boundary from
» z parametrizes soft limit mczl - oo to physical plane

* |ntroduce dimensionless variables
and fix ratio mg /mg

I
L

» A parametrizes collinear limit

t/3=22 z=1-m%/§

—

/5 =z (1-1) A = £/(t+2)

Collect numerical samples
for Mls along straight contours
in A for different values of z

Construct (reg) amplitude from
numerical solutions and repeat
for different fixed mass ratios

z




Regulated amplitudes for real-virtual corrections

Regulate IR divergences of exact amplitudes:

1 2
<j\/fe(xe)xct ‘]\/fe()u)%ct> o

(M) )

eX&Ct) |regulated =

> 0(10°) numerical samples on regular grids
» regulated amplitudes suitable for interpolation

-100000

00 =

r(1) r(2)
(Mygpr|Mygpr

570 o (8

~10000 /|
0.0

2 2
YL )]

z=1-m%/$
A =t/(t+1)

2 12
mg/mpy = const

r = 1.065 (top quarks)
r = -0.129 (tXb interference)




Interpolation to arbitrary quark masses

Repeat calculation of amplitudes for different fixed mass ratios:

Grid Mass Value [GeV] Ratio mat Jm?,

s (mr /4) 188.2 213/94 ~ 2.27

my(mz/2) 176.2 149/75 ~ 1.99

my 172.4 23/12 ~ 1.92

g (mr) 166.1 136/77 ~ 1.77
o mp 4.78 1/684 ~ 1.46 x 1073
o iy (mr/4) 3.170 1/1557 ~ 6.42 x 10~*
° iy (mp /2) 2.961 1/1782 ~ 5.61 x 10~*
(M) 2.789 1/2011 ~ 4.97 x 10~*

min 1.67 1/5602 ~ 1.79 x 1074




What about top quark mass effects?

Finite top quark mass effects beyond HEFT: 5FS < 4FS

Order OHEFT [pb] Order (O‘t — O'HEFT) [pb]
Vs =13 TeV Vs =13 TeV
5FS 4FS 5FS 4F'S
(M) = 4.18 GeV my = 173.06 GeV ~ my = 173.06 GeV
O(a?)  +16.30 16.27 my(my) = 4.18 GeV
LO  16.3075%¢ 16.271353 LO - -
O(ad)  +21.14 +20.08(3) O(a?) —0.30 —0.27
NLO  37.441322 36.35(3) 1857 NLO —0.301012 —0.27097
O(a?) +9.72 1+9.6(2) O(a?) +0.14 +0.12
NNLO 47.16%321 46.0(2) 725 NNLO —0.1610-52 —0.1579-9

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



What about top quark mass effects?

* Finite top quark mass effects beyond HEFT: 5FS < 4FS

Order OHEFT [pb] Order (O‘t — O'HEFT) [pb]
Vs =13 TeV Vs =13 TeV
5FS 4FS 5FS 4F'S
(M) = 4.18 GeV my = 173.06 GeV ~ my = 173.06 GeV
O(a?)  +16.30 16.27 my(my) = 4.18 GeV
LO  16.3075%¢ 16.271353 LO - -
O(ad)  +21.14 +20.08(3) O(a?) —0.30 —0.27
NLO  37.441322 36.35(3) 1857 NLO —0.301012 —0.27097
O(a?) +9.72 1+9.6(2) O(a?) +0.14 +0.12
NNLO 47.16+12L 46.0(2) 4 NNLO —0.167343 ~0.1513.49

» Small power-suppressed effect: —0.01 pb
» 2% shift in HEFT

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



What about top quark mass effects?

* Finite top quark mass effects beyond HEFT: 5FS < 4FS

* Mass renormalization scheme difference

Order OHEFT [pb] Order (O‘t — O'HEFT) [pb]
Vs =13 TeV Vs =13 TeV
5FS 4TS 5FS AFS Order (0} — o) [pb]
() = 4.18 GeV ms = 173.06 GeV  my = 173.06 GeV V5 =13 TeV
O(a?)  +16.30 16.27 () = 4.18 GeV O(a?) —0.04
. . 0.12
LO  16.3075%¢ 16.271353 LO - - LO —0.047012
O(ad)  +21.14 +20.08(3) O(a?) —0.30 —0.27 O(a?) +0.02
NLO  37.441322 36.35(3) 1857 NLO —0.30751% —0.2719:%% NLO —0.027037
O(a?)  +9.72 +9.6(2) O(a?) +0.14 +0.12 O(a) +0.01
NNLO 47.16772 46.0(2) 35 NNLO —0.1619:55 —0.1577 59 NNLO —0.017953

» Small power-suppressed effect: —0.01 pb
» 2% shift in HEFT

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



What about top quark mass effects?

* Finite top quark mass effects beyond HEFT: 5FS < 4FS
 Mass renormalization scheme difference

Order OHEFT [pb] Order (O‘t — O'HEFT) [pb]
Vs =13 TeV Vs =13 TeV
5FS 4TS 5FS AFS Order (0" — ) [pb]
() = 4.18 GeV m = 173.06 GeV ~ m; = 173.06 GeV V5 =13 TeV
O(a?)  +16.30 16.27 () = 4.18 GeV O(a?) —0.04
. . 0.12
LO  16.30%5%0 16.277553 LO : - LO —0.04%013
O(ad)  +21.14 +20.08(3) O(a?) —0.30 —0.27 O(a?) +0.02
NLO  37.441322 36.35(3) 1857 NLO —0.30751% —0.2719:%% NLO —0.027037
O(a?)  +9.72 +9.6(2) O(a?) +0.14 +0.12 O(a) +0.01
NNLO 47.16772 46.0(2) 35 NNLO —0.1619:55 —0.1577 59 NNLO —0.017953

» Small power-suppressed effect: —0.01 pb
» 2% shift in HEFT
» No scheme dependence at the central scale

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



What about top quark mass effects?

* Finite top quark mass effects beyond HEFT: 5FS < 4FS
 Mass renormalization scheme difference

Order OHEFT [pb] Order (O‘t — O'HEFT) [pb]
Vs =13 TeV Vs =13 TeV
5FS 4TS 5FS AFS Order (0} — o) [pb]
() = 4.18 GeV ms = 173.06 GeV  my = 173.06 GeV V5 =13 TeV
O(a?)  +16.30 16.27 () = 4.18 GeV O(a?) —0.04
LO  16.3075%¢ 16.271353 LO - - LO —0.047012
O(ad)  +21.14 +20.08(3) O(a?) —0.30 —0.27 O(a?) +0.02
NLO  37.441322 36.35(3) 1857 NLO —0.30751% —0.2719:%% NLO —0.027037
O(a?)  +9.72 +9.6(2) O(a?) +0.14 +0.12 O(a) +0.01
NNLO 47.16772 46.0(2) 35 NNLO —0.1619:55 —0.1579:59 NNLO —0.017953

» Small power-suppressed effect: —0.01 pb

» 2% shift in HEFT

» No scheme dependence at the central scale

» Use of 5FS and OS-scheme for finite top quark mass effects justified

Czakon, Eschment, MN,
Poncelet, Schellenberger "24
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