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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:
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* 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)
Tk £0.18pb +0.56pb  +0.49pb  +£040pb  +£0.49 pb

fgg%ﬁ +0.37% +1.16% +1% +0.83% +1% < All sources O(1%)
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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%
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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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Computation



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 QCDL.oop 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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Real-virtual corrections

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
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Regulated amplitudes for real-virtual corrections

Regulate IR divergences of exact amplitudes:

ST g

A~
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» regulated amplitudes suitable for interpolation
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Interpolation to arbitrary quark masses

Repeat calculation of amplitudes for different fixed mass ratios:

Grid Mass Value [GeV] Ratio m? ,/m%

(M /4) 188.2 213/94 ~ 2.27

m(mu/2) 176.2 149/75 ~ 1.99

my 172.4 23/12 ~ 1.92

e (mp) 166.1 136/77 ~ 1.77
o me 4.78 1/684 ~ 1.46 x 1073
o iy (mpr/4) 3.170 1/1557 ~ 6.42 x 10~*
¢ mp(mp/2) 2.961 1/1782 ~ 5.61 x 1074
(M) 2.789 1/2011 ~ 4.97 x 1074

n 1.67 1/5602 ~ 1.79 x 1074




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
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Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark
amplitudes on Higgs production in gluon-fusion
at the LHC
* PDFset: 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] (0t — ougrr) [pPD] otxs [pb] oixb/ouprT (%)
Vs =17 TeV
O(as) +5.85 . —0.708
LO 5.85717% - —0.70879 1% —12
O(az) +7.14 —0.0604 —0.226
NLO 12.9915-%9 —0.0604100%7 —0.93470:0° —7.2%52
Ol 13.28 10.0386(2) 10.121(3)
NNLO 16.27" 1) —0.0218(2) 15 0d —0.813(3)*0:19 —5.0110
Vs =8 TeV
O(a3) +7.39 = —0.805
LO 7.3971 10 - —0.8951947 12
O(a?) 19.14 —0.0873 —0.268
NLO 165315 75 —0.087379:939 —1.16370:10 —7.0"50
O(ad) 14.19 10.0523(2) 10.167(3)
NNLO 20.7255 5 —0.0350(2) *0'613 —0.996(3) 512 —4.8709
/5 = 13 TeV
O(az) +16.30 = ~1.975
LO 16.3013%° — —1.9870%% —12
O(a?) 121.14 —0.303 —0.446(1)
NLO 37447550 —0.3037919 —2.427019 —6.5109
O(al) 19.72 10.147(1) 10.434(8)
NNLO A7.16 15 77 —0.156(1) "0 03 —1.99(1)+9:3 _4.2+09
/5 = 13.6 TeV
O(a?) +17.47 — —2.117
LO 1747155 - —2.124029 12
O(a2) 122.76 —0.338 —0.464(1)
NLO 402375 97 —0.338+011 —2.58+0:% _6.4109
O(as) +10.47 +0.162(1) +0.464(9)
NNLO 50.7074-53 —0.176(1) 1014 —2.12(1)19%3 —4.2109
Vs =14 TeV
O(as) +18.26 - —2.213
LO 18.26135% — —2.2170-22 —12
O(ad) +23.86 —0.362 —0.475(1)
NLO 42,1277 7 03624557 —2.601921 _6.4%99
O(ay) +10.98 +0.171(1) +0.488(9)
NNLO 53.1013 %> —0.191(1) 543 —2.20(1)15:32 —4.1792

—0.8




Total cross section: 5-flavor scheme

. Order ouerT [pPb] (0v — ouerT) [pb] oixb [pb] oixv/ouerT [%]
Effects of interference of top- and bottom-quark T =7 Tov
N N . . . 2 _ _
amplitudes on Higgs production in gluon-fusion OL(OC‘;) 5;;;81556 - 0 7%;2%_13 s
091,11 V% _0.19
at the LHC O(a?) +7.14 —0.0604 —0.226
NLO 12.9912%9 —0.060419921 —0.93410-09 —7.2159
* PDF set: NNPDFBl_ﬂﬂlO_&S_OllB O(ah) +3_2§14 +O.0386(()20)37 +0.121(03())7 =
NNPDE Collaboration ‘17 NNLO 16.2775 65 —0.0218(2)79-0%° —0.813(3) 7989 —5.0729
Vs =8 TeV
* central scale: ugp = up =my/2 0(a?) +7.39 = ~0.895
. ... LO 7.3911% — —0.895%0 37 —12
(7-point scale variation) 0 19.14 —0.0873 —0.268
o — ~ NLO 16.5375:53 —0.0873 1553 —1.16370-38 —7.0759
my =125 GeV = m, 1732055 GeV O(ah) T4.19 70.0523(2) 10.167(3)
and my, = 4.779 GeV (both in OS-scheme) NNLO 20.72"5 58 —0.0350(2) Y9015 —0.996(3) *002 —4.810%
/s = 13 TeV
O 116.30 = —1.975
LO 16.301339 — —1.9879-28 12
o) 2114 —0.303 —0.446(1)
NLO 37.441822 —0.30379-19 —2.427019 —6.570%
O(ay) +9.72 +0.147(1) +0.434(8)
NNLO 47161721 —0.156(1) 543 —1.99(1)15-39 —4.275-9
s=13.6 TeV
O(a?) +17.47 - —2.117
L(od) 17.471597 - —2.12t%;‘;)$ —12
O(a? 122.76 —0.338 —0.464(1
NLO 40231997 —0.3381011 —2.587020 —6.4799
O(as) +10.47 +0.162(1) +0.464(9)
NNLO 50.7017 254 —0.176(1) -4 —2.12(1)7032 —4.270-9
Vs =14 TeV
O(a3) +18.26 - —2.213
LOd 18.2615%8 — —2.2170-22 —12
Olay) +23-i—%§51 _ _0'3?-%.12 __0‘47-%.12)1 @ 4109
Czakon’ Eschment’ MN’ NLO 42.12_7_10 0.362_020 2.69_0_13 6'4—0.8
O(ah) 110.98 T0.171(1) 10.488(9)

Poncelet, Schellenberger "23 NNLO 53.107473 —0.191(1)*9:33 —2.20(1)+0:34 —4.1%53




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)

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

Order OHEFT |Pb] (0t — ouerT) [Pb] otxb [Pb] Otxb/OHEFT |70]
VS =13 TeV

O(as) +16.30 ~ —1.975

LO 16.307570 ~ —1.98702% —12
O(ay) +21.14 —0.303 —0.446(1)

NLO 37.447555 —0.3037 017 —2.4270 1 —6.5702
O(ay) +9.72 +0.147(1) +0.434(8)
NNLO 47161521 —0.156(1) "5 o5 —1.99(1) 932 —4.2799

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 and my, = 4.779 GeV (both in OS-scheme)

+0.20
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» Interference effects much larger than pure top mass effect
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Total cross section: 5-flavor scheme

Effects of interference of top- and bottom-quark amplitudes on Higgs production in gluon-fusion at the LHC
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central scale: up = ur = my /2 (7-point scale variation)
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» Interference effect at NNLO cancels against NLO
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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)

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

Order OHEFT |Pb] (0t — ouerT) [Pb] otxb [Pb] Otxb/OHEFT |70]
VS =13 TeV

O(as) +16.30 ~ —1.975

LO 16.307570 ~ —1.98702% —12
O(ay) +21.14 —0.303 —0.446(1)

NLO 37.447555 —0.3037 017 —2.4270 15 —6.5702
O(ay) +9.72 +0.147(1) +0.434(8)
NNLO 47161521 —0.156(1) "5 o5 —1.99(1) 532 —4.2799

» 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)
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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
* PDFset: 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)

* previous estimate: —2.181949 pb Anastasiou, Penin 20
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O(as) +16.30 ~ —1.975

LO 16.307570 ~ —1.98702% —12
O(ay) +21.14 —0.303 —0.446(1)

NLO 37.447555 —0.3037 017 —2.4270 15 —6.5702
O(ay) +9.72 +0.147(1) +0.434(8)
NNLO 47161521 —0.156(1) "5 o5 —1.99(1) 1932 —4.2799

» 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
* PDFset: 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)

* previous estimate: —2.181949 pb Anastasiou, Penin 20

Order OHEFT |Pb] (o0t — ouerT) [Pb] Texb [P O¢xb/OHEFT | /0]
/s = 13 TeV

O(a3) +16.30 ~ —1.975

LO 16.307570 ~ —1.98702% —12
O(as3) 121.14 —0.303 —0.446(1)

NLO 37.447555 —0.30370:77 —2.4270 15 —6.5702
O(ay) +9.72 +0.147(1) +0.434(8)
NNLO 47161521 —0.156(1) "5 o5 —1.99(1) 932 —4.2799

» 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
* PDFset: 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 (OS-scheme, but Y}, in MS with m, (m,) ~ 4.18 GeV)

* previous estimate: —2.181949 pb Anastasiou, Penin 20

Order OHEFT [pb] (Ut — UHEFT) [pb] Otxb [pb] Otxb (YbM_S) [pb]
VS =13 TeV

O(a?) 116.30 - —1.975 —1.223

LO 16.307598 - —1.9810-%% —1.2219-29
O(a3) +21.14 —0.303 —0.446(1) —0.623(1)
NLO 37.4478:39 —0.30319 19 —2.427019 —1.8570 3¢
O(a?) 19.72 10.147(1) 10.434(8) 10.019(5)
NNLO 47.167521 —0.156(1)19:13 —1.99(1)"J:39 —1.83(1)158

» 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
* PDFset: NNPDF31 nnlo_as 0118 NNPDF Collaboration 17
* central scale: ug = ugr = my/2 (7-point scale variation)

* my =125 GeV = m, ~ 173.055 GeV (0S-scheme) and m,, in MS-scheme with m,, (m;) ~ 4.18 GeV

* previous estimate: —2.181949 pb Anastasiou, Penin 20

Order oHEFT [pb] (0t — ouert) [pb] otxb [pb] orxb (Vs 7135) [PD] otxb (M) [pb]
/s = 13 TeV
O(2) +16.30 - —1.975 —1.223 111
LO 16.307355 - —1.9810-3% —1.2210-%) —1.11+9-3%
O(ay) +21.14 —0.303 —0.446(1) —0.623(1) —0.65
NLO 37.4415-52 —0.30379 19 —2.42+019 —1.8570 3¢ —1.7670 58
(’)(o/sl) +9.72 +0.147(1) +0.434(8) +0.019(5) +0.02
NNLO 47.16752% —0.156(1)*0-13 —1.99(1)*9-3¢ —1.83(1)19:%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
* PDFset: NNPDF31 nnlo_as 0118 nf 4

Order OHEFT [pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
my = 0.01 GeV my = 0.1 GeV my = 4.78 GeV mb(mb) = 4.18 GeV

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

LO  16.3013%0 16.271353 16.271353 16.271353 16.271353
O(ad)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO  37.447332  36.35(3)"357  36.35(3)7537  36.35(3)1537 36.35(3) 7557
O(ad) +9.72 +10.8(4) +11.1(4) +9.5(2) +9.6(2)
NNLO 47.16752  47.2(4)*2 47.5(4)*2 % 45.9(2)* 8 46.0(2) 55

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
* PDFset: NNPDF31 nnlo_as 0118 nf 4

Order OHEFT [pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
my = 0.01 GeV my = 0.1 GeV my = 4.78 GeV mb(mb) = 4.18 GeV

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

LO  16.3013%0 16.271353 16.271353 16.271353 16.271353
O(ad)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO  37.447332  36.35(3)"357  36.35(3)7537  36.35(3)1537 36.35(3) 7557
O(ad) +9.72 +10.8(4) +11.1(4) +9.5(2) +9.6(2)
NNLO 47.167527  47.2(4)"2% 47.5(4)"2 % 45.9(2)* 58 46.0(2) 55

» NNLO corrections approach constant value in the limit m,zj -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
* PDFset: NNPDF31 nnlo_as 0118 nf 4

Order OHEFT [pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
my = 0.01 GeV my = 0.1 GeV my = 4.78 GeV mb(mb) = 4.18 GeV

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

LO  16.3013%0 16.271353 16.271353 16.271353 16.271353
O(ad)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO  37.447332  36.35(3)"357  36.35(3)7537  36.35(3)1537 36.35(3) 7557
O(ad) +9.72 +10.8(4) +11.1(4) +9.5(2) +9.6(2)
NNLO 47.16%72  47.2(4)%24 47.5(4)122 45.9(2) 58 46.0(2) 43

» NNLO corrections approach constant value in the limit m,zj -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
* PDFset: NNPDF31 nnlo_as 0118 nf 4

Order OHEFT [pb]
Vs =13 TeV
5FS 4FS 4FS 4FS 4FS
my = 0.01 GeV my = 0.1 GeV my = 4.78 GeV mb(mb) = 4.18 GeV

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

LO  16.3013%0 16.271353 16.271353 16.271353 16.271353
O(ad)  +21.14 +20.08(3) +20.08(3) +20.08(3) +20.08(3)
NLO  37.447332  36.35(3)"357  36.35(3)7537  36.35(3)1537 36.35(3) 7557
O(ad) +9.72 +10.8(4) +11.1(4) +9.5(2) +9.6(2)
NNLO 47.161922  47.2(4)%24 47.5(4)122 45.9(2) 58 46.0(2) 43

» NNLO corrections approach constant value in the limit m,zj -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



What about top quark mass effects?

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

Order OHEFT [pb] Order (O‘t — O'HEFT) [pb]
V5 =13 TeV V5 =13 TeV
5FS 4FS 5FS 4FS
my(Ty) = 4.18 GeV my = 173.06 GeV ~ m; = 173.06 GeV
O(a2)  +16.30 16.27 (T ) = 4.18 GeV
LO  16.3013%0 16.271353 LO - -
O(ad)  +21.14 +20.08(3) O(a?) —0.30 —0.27
NLO  37.44%532 36.35(3) 7557 NLO —0.307019 —0.2719:9%
O(ad) +9.72 +9.6(2) O(ad) +0.14 +0.12
NNLO 47.16%52 46.0(2) 755 NNLO —0.1615:43 —0.1515°09

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]
V5 =13 TeV V5 =13 TeV
5FS 4FS 5FS 4FS
my(Ty) = 4.18 GeV my = 173.06 GeV ~ m; = 173.06 GeV
O(a2)  +16.30 16.27 (T ) = 4.18 GeV
LO  16.3013%0 16.271353 LO - -
O(ad)  +21.14 +20.08(3) O(a?) —0.30 —0.27
NLO  37.44%532 36.35(3) 7557 NLO —0.307019 —0.2719:9%
O(ad) +9.72 +9.6(2) O(ad) +0.14 +0.12
NNLO 47.16%52 46.0(2) 755 NNLO —0.1615:33 —0.1515°09

» 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]
V5 =13 TeV V5 =13 TeV _
5FS AFS 5FS AFS Order (0" — o) [pb]
(7)) = 4.18 GeV my = 173.06 GeV ~ my = 173.06 GeV V5 =13 TeV
O(a?)  +16.30 16.27 mp(Tp) = 4.18 GeV O(a?) —0.04
LO  16.3013%0 16.271353 LO - - LO —0.040 12
O(a3)  +21.14 +20.08(3) O(a?) —0.30 —0.27 O(a?) +0.02
NLO  37.44*%32 36.35(3) 7557 NLO —0.3070 19 —0.271099 NLO —0.0270 37
O(a?) +9.72 +9.6(2) O(ad) +0.14 +0.12 O(ad) +0.01
NNLO 47.16721 46.0(2) 50 NNLO —0.161052 —0.1579-59 NNLO —0.017957

» 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]
V5 =13 TeV V5 =13 TeV _
5FS AFS 5FS AFS Order (0" — o) [pb]
(7)) = 4.18 GeV my = 173.06 GeV ~ my = 173.06 GeV V5 =13 TeV
O(a?)  +16.30 16.27 mp(Tp) = 4.18 GeV O(a?) —0.04
LO  16.3013%0 16.271353 LO - - LO —0.040 12
O(a3)  +21.14 +20.08(3) O(a?) —0.30 —0.27 O(a?) +0.02
NLO  37.44*%32 36.35(3) 7557 NLO —0.3070 19 —0.271099 NLO —0.0270 37
O(a?) +9.72 +9.6(2) O(ad) +0.14 +0.12 O(ad) +0.01
NNLO 47.16721 46.0(2) 50 NNLO —0.161052 —0.1579-59 NNLO —0.017957

» 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]
V5 =13 TeV V5 =13 TeV _
5FS AFS 5FS AFS Order (0" — o) [pb]
(7)) = 4.18 GeV my = 173.06 GeV ~ my = 173.06 GeV V5 =13 TeV
O(a?)  +16.30 16.27 mp(Tp) = 4.18 GeV O(a?) —0.04
LO  16.3013%0 16.271353 LO - - LO —0.040 12
O(a3)  +21.14 +20.08(3) O(a?) —0.30 —0.27 O(a?) +0.02
NLO  37.44*%32 36.35(3) 7557 NLO —0.3070 19 —0.271099 NLO —0.0270 37
O(a?) +9.72 +9.6(2) O(ad) +0.14 +0.12 O(ad) +0.01
NNLO 47.16721 46.0(2) 50 NNLO —0.161052 —0.1579-59 NNLO —0.017957

» 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



Overview: top-bottom interference effects

* Top-bottom interference contribution in different setups

* PDFset: NNPDF31 nnlo_as 0118

* previous estimate: —2.18949 pb Anastasiou, Penin 20

Order Ttxp [PD]
Vs =13 TeV
SFS 5FS SF'S 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 —~1.11748 —1.98%028 ~1.127998 ~1.1579%
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7615:37 —2.421619 ~1.7615:37 ~1.8115:38
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO  —174(2"08  —1.99(2)"0% L7808 ~183(2) 100

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



Overview: top-bottom interference effects

* Top-bottom interference contribution in different setups

* PDFset: NNPDF31 nnlo_as 0118

* previous estimate: —2.18949 pb Anastasiou, Penin 20

Order Ttxp [PD]
Vs =13 TeV

SFS 5FS S5FS

my = 173.06 GeV my = 173.06 GeV mt(mt) = 162.7 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV

4F'S

my = 173.06 GeV
mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 —1.15
LO —~1.11748 —1.98703% ~1.127998 ~1.1579%
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7615:37 —2.421519 ~1.7615:37 ~1.8115:38
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO  —174(2)"08  —1.99(2)"0% L7808 ~183(2) 100

» Poor perturbative convergence for m; in OS-scheme

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



Overview: top-bottom interference effects

* Top-bottom interference contribution in different setups

* PDFset: NNPDF31 nnlo_as 0118

* previous estimate: —2.18949 pb Anastasiou, Penin 20

Order Ttxp [PD]
Vs =13 TeV

SFS 5FS S5FS

my = 173.06 GeV my = 173.06 GeV mt(mt) = 162.7 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV

4F'S

my = 173.06 GeV
mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 —1.15
LO 1117948 —1.98%028 —1.127998 —1.15%94
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7615:3% —2.421619 ~1.7615:37 ~1.8115:38
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO 1742708 —1.99(2)"0% 178108 —1.83(2) 048

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

Czakon, Eschment, MN,
Poncelet, Schellenberger "24



Overview: top-bottom interference effects

Top-bottom interference contribution in different setups

PDF set: NNPDF31 nnlo_as 0118

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

Order Ttxp [PD]
Vs =13 TeV

S5FS S5F'S 5F'S
my = 173.06 GeV my = 173.06 GeV mt(mt) = 162.7 GeV
mb(mb) = 4.18 GeV my = 4.78 GeV mb(mb) = 4.18 GeV

4F'S

my = 173.06 GeV
mb(mb) = 4.18 GeV

O(a?) —1.11 —1.98 —1.12 —1.15
LO 1117948 —1.98%028 —1.127998 ~1.1579%
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7615:3% —2.421619 ~1.7615:37 ~1.8115:38
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO 1742708 —1.99(2)"0% 178108 ~183(2) 100

» Poor perturbative convergence for m; 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



Overview: top-bottom interference effects

* Top-bottom interference contribution in different setups

* PDFset: NNPDF31 nnlo_as 0118

* previous estimate: —2.18949 pb Anastasiou, Penin 20

Order Ttxp [PD]
Vs =13 TeV
SFS 5FS SF'S 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 —~1.11748 —1.98%028 ~1.127998 ~1.1579%
O(a?) —0.65 —0.44 —0.64 —0.66
NLO ~1.7615:37 —2.421619 ~1.7615:37 ~1.8115:38
O(a?) +0.02 +0.43 —0.02 —0.02
NNLO 1742708 —1.99(2)"0% L7808 —1.83(2) 048

» Poor perturbative convergence for m; 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

» 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

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