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M(H)= 125 GeV =

Motivation

» Higgs production cross section central observable
in Higgs physics

* HL-LHC anticipates 0(2%) uncertainty
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LHC HIGGS XS WG 2016

pp — H (gluon fusion) pp - qgH (VBF)  pp » WH / ZH (Higgs Strahlung)
107 §_| | | | | | | | | |_§
L ___ Do 6 7 8 9 10 11 12 13 14 15
/s [TeV]
000D t—<—— LHCH(XS)WG YR4 16
pp — ttH/bbH pp — tH

—> Crucial to reduce theory uncertainty on gluon-fusion cross section as much as possible
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https://arxiv.org/abs/1610.07922

Gluon fusion

* Loop induced process, LO known for almost 50 years

m; — oo Heavy-top limit (HTL): one fewer loop,
————— one fewer scale
—> Effective field theory (EFT)

A 4

Georgi, Glashow, Machacek,
Nanopoulos 78

* NLO: Better agreement with rescaling: uerr = 7 0HTL
my = 125 GeV
m, — oo ﬂ> / m, = 173.055 GeV
r = ~ 1.065

Dawson ‘91 j‘%@

Djouadi, Spira, Zerwas 91

Graudenz, Spira, Zerwas 93

- rEFT, HEFT (Higgs effective field theory)
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https://doi.org/10.1016/0550-3213(91)90061-2
https://doi.org/10.1016/0370-2693(91)90375-Z
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.70.1372
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.692

V'S 13 TeV

- b m 125 GeV
Gluon fUSIon (YH{4 1 6) PD}% PDF4LHC15_nnlo_100
ag(my) 0.118
* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following my(my) 162.7 GeV (MS)
Anastasiou, Duhr, Dulat, et al. ‘16 m%gg/) 086 Cov o

—3.27pb (—6.72%

o = 48.58 pb 557y (750, (theory) & 1.56 pb (3.20%) (PDF+ay,).

pw=pr=pr 625GeV (=mpg/2)

48.58 pb = 16.00 pb (+32.9%)

+20.84pb  (+42.9%)
— 2.05pb  (—4.2%)
+ 9.56pb  (+19.7%)
+ 0.34pb  (+0.7%)

+ 240pb  (+4.9%)
+ 149pb  (+3.1%)

ICHEP 2024

(LO, rEFT)

(NLO, rEFT)
((t,b,c), exact NLO)
(NNLO, rEFT)
(NNLO, 1/m,)

(EW, QCD-EW)
(N®LO, rEFT)
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V'S

mp

PDF
Og (mZ)
my (1)
my(my,)

m.(3GeV)
H=HR = HF

Gluon fusion (YR4 16)

* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following
Anastasiou, Duhr, Dulat, et al. 16

13 TeV
125 GeV
PDF4LHC15_nnlo_100
0.118
162.7 GeV (MS)
4.18 GeV (MS)
0.986 GeV (MS)
62.5 GeV (= my/2)

.22 pb (+4.56%
o = 48.58 pb 557y (750, (theory) & 1.56 pb (3.20%) (PDF+ay,).

d(scale) d(trunc) O(PDF-TH) d(EW) o(t, b, c) o(1/my)
ek £0.18pb +0.56pb  +049pb  +040pb  +0.49 pb
AT 40.37% +1.16% +1%  +0.83% +1%
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https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1602.00695

Gluon fusion (YR4 16)

* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following
Anastasiou, Duhr, Dulat, et al. 16

+2.22 pb (+4.56%)

V'S 13 TeV

my, 125 GeV
PDF PDF4ALHC15_nnlo_100
ag(my) 0.118
my(my) 162.7 GeV (MS)
my(my) 4.18 GeV (MS)
m.(3GeV) 0.986 GeV (MS)
pw=pr=pr 625GeV (=mpg/2)

o = 48.58 pb_3.27pb(_6_72%) (theory) £ 1.56 pb (3.20%) (PDF+a) .
d(scale) d(trunc) O(PDF-TH) d(EW) o(t, b, c) o(1/my)
ek £0.18pb +0.56pb  +049pb  +040pb  +0.49 pb
AT \40.37% +1.16% +1%  +0.83%

« Exact N3LO HEFT calculation

ICHEP 2024

Mistlberger 18
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https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1602.00695
https://arxiv.org/abs/1802.00833

V'S 13 TeV

- N m 125 GeV
Gluon fUSIon (YP{4 1 6) PD}%' PDF4LHC15_nnlo_100
ag(my) 0.118
* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following mtgmt)) 2612; ge\\/’ ((1\1\44:55))
Anastasiou, Duhr, Dulat, et al. 16 mc(%Gebv) 0.936 GeV (MS)

pw=pr=pr 625GeV (=mpg/2)

2.22 pb (+4.56%
o = 48.58 pb 557y (750, (theory) & 1.56 pb (3.20%) (PDF+ay,).

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

FaPh | £018pb | £056pb | +£049pb | £040pb  +0.49 pb

AT \40.37% +1.16% 1% +0.83% +1%

« Exact N3LO HEFT calculation  Mistlberger "18

Bonetti, Melnikov, Tancredi "18; Anastasiou, del Duca, Furlan, et al. '19; Bonetti, Panzer, Smirnov, et
al. '20; Becchetti, Bonciani, del Duca, et al. 21, Bonetti, Panzer, Tancredi 22

* Improved QCD-EW predictions

ICHEP 2024 Felix Eschment 5
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Gluon fusion (YR4 16)

* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following
Anastasiou, Duhr, Dulat, et al. 16

V'S 13 TeV

my, 125 GeV
PDF PDF4ALHC15_nnlo_100
ag(my) 0.118
my(my) 162.7 GeV (MS)
my(my) 4.18 GeV (MS)
m.(3GeV) 0.986 GeV (MS)
pw=pr=pr 625GeV (=mpg/2)

o = 48.58 pb 557y (750, (theory) & 1.56 pb (3.20%) (PDF+ay,).

d(scale) d(trunc) O(PDF-TH) d(EW) o(t, b, c) o(1/my)
ek £0.18pb £056pb | +£0.49pb | £040pb | +£0.49pb |
AT \40.37% +1.16% +1% /  +0.83% +1%

« Exact N3LO HEFT calculation  Mistlberger "18

Bonetti, Melnikov, Tancredi "18; Anastasiou, del Duca, Furlan, et al. '19; Bonetti, Panzer, Smirnov, et

* Improved QCD-EW predictions al. '20; Becchetti, Bonciani, del Duca, et al. 21, Bonetti, Panzer, Tancredi 22

+ Exact top-mass dependence  Czakon. Harlander, Klappert, Niggetiedt 21
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Gluon fusion (YR4 16)

* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following
Anastasiou, Duhr, Dulat, et al. 16

V'S 13 TeV

my, 125 GeV
PDF PDF4ALHC15_nnlo_100
ag(my) 0.118
my(my) 162.7 GeV (MS)
my(my) 4.18 GeV (MS)
m.(3GeV) 0.986 GeV (MS)
pw=pr=pr 625GeV (=mpg/2)

—3.27pb (—6.72%

o = 48.58 pb 557y (750, (theory) & 1.56 pb (3.20%) (PDF+ay,).

d(scale) d(trunc) O(PDF-TH) d(EW) o(t, b, c) o(1/my)
e || 018 pb £056pb | +£0.49pb | £040pb | +£0.49pb |
A% ) \40.37% +1.16% +1% /  +0.83% +1%

Exact N3LO HEFT calculation  Mistlberger 18

Bonetti, Melnikov, Tancredi "18; Anastasiou, del Duca, Furlan, et al. '19; Bonetti, Panzer, Smirnov, et

Improved QCD-EW predictions

al. '20; Becchetti, Bonciani, del Duca, et al. 21, Bonetti, Panzer, Tancredi 22

Exact top-mass dependence  Czakon. Harlander. Klappert. Niggetiedt 21

First N4LO approximation Das. Moch, Vogt “20

ICHEP 2024 Felix Eschment
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Gluon fusion (YR4 16)

* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following
Anastasiou, Duhr, Dulat, et al. 16

V'S 13 TeV

my, 125 GeV
PDF PDF4LHC15_nnlo_100
ag(my) 0.118
my(my) 162.7 GeV (MS)
my, (my,) 4.18 GeV (MS)
m.(3GeV) 0.986 GeV (MS)

—3.27pb (—6.72%

o = 48.58 pb 557y (750, (theory) & 1.56 pb (3.20%) (PDF+ay,).

pw=pr=pr 625GeV (=mpg/2)

d(scale) d(trunc) o(PDF-TH) d(EW) o(t, b, c) o(1/my)
e || 018 pb £0.56pb | | +£049pb | £040pb | +£049pb |
A% ) \40.37% +1.16% +1% /  +0.83% +1%

« Exact N3LO HEFT calculation  Mistlberger "18

Bonetti, Melnikov, Tancredi "18; Anastasiou, del Duca, Furlan, et al. '19; Bonetti, Panzer, Smirnov, et

* Improved QCD-EW predictions

al. '20; Becchetti, Bonciani, del Duca, et al. 21, Bonetti, Panzer, Tancredi 22

+ Exact top-mass dependence  Czakon. Harlander, Klappert, Niggetiedt 21

 First N*LO approximation Das. Moch, Vogt “20

* Progress on N3LO PDFs - See Giacomo Magni's talk
ICHEP 2024
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V'S 13 TeV

Gluon fusion (YR4 16) m 125 Gev

PDF4LHC15_nnlo_100

ag(my) 0.118
* Yellow report from 2016 (LHCH(XS)WG YR4 "16), following mtgmt)) 26122.%7 geV ((ESS))
i * my(m . eV (M
Anastasiou, Duhr, Dulat, et al. 16 - (63 GebV) 0.986 GV (VS)

pw=pr=pr 625GeV (=mpg/2)

.22 pb (+4.56%
o = 48.58 pb 557y (750, (theory) & 1.56 pb (3.20%) (PDF+ay,).

S(scale) | /d(trunc) \  O(PDE-TH) /[ 6(EW) \ /a(t.b.c)\ /6(1/m,)

+ g;ggg || £0.18pb +0.56pb | | +0.49 pb ( +0.40 pb ) =049 pb | Our Goal
AL ) N\40.37% +1.16% 1% \iO.SS%/ +1%
N

Exact N3LO HEFT calculation  Mistlberger 18

. s Bonetti, Melnikov, Tancredi "18; Anastasiou, del Duca, Furlan, et al. '19; Bonetti, Panzer, Smirnov, et
Improved QCD-EW predictions al. '20; Becchetti, Bonciani, del Duca, et al. 21, Bonetti, Panzer, Tancredi 22

Exact top-mass dependence  Czakon. Harlander. Klappert. Niggetiedt 21

First N4LO approximation Das. Moch, Vogt “20

Progress on N3LO PDFs - See Giacomo Magni's talk
ICHEP 2024 Felix Eschment



https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1602.00695
Giacomo%20Magni's%20talk
https://arxiv.org/abs/1802.00833
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https://arxiv.org/abs/1811.11211
http://arxiv.org/abs/2007.09813
http://arxiv.org/abs/2007.09813
http://arxiv.org/abs/2010.09451
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Computation



Ingredients for NNLO

Calculated in Del Duca, Kilgore, Oleari, et al. ‘01

We use calculation from Budge, Campbell, De Laurentis, et al. 20
as implemented in MCFM (Campbell, Ellis '99), scalar integrals with
QCDLoop (Carrazza, Ellis, Zanderighi "16)

______ double-real

real-virtual

S double-virtual

ICHEP 2024 Felix Eschment
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Ingredients for NNLO

ICHEP 2024

double-real

real-virtual

double-virtual

Calculated in Del Duca, Kilgore, Oleari, et al. ‘01

We use calculation from Budge, Campbell, De Laurentis, et al. 20
as implemented in MCFM (Campbell, Ellis '99), scalar integrals with
QCDLoop (Carrazza, Ellis, Zanderighi "16)

Single massive flavor: Interpolation of numerical grid of regulated
amplitude; Analytical expression for IR counterterm

Two massive loops with different masses:
- Always factorized into one-loop
contributions

Felix Eschment
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Ingredients for NNLO

ICHEP 2024

double-real

real-virtual

double-virtual

Calculated in Del Duca, Kilgore, Oleari, et al. ‘01

We use calculation from Budge, Campbell, De Laurentis, et al. 20
as implemented in MCFM (Campbell, Ellis '99), scalar integrals with
QCDLoop (Carrazza, Ellis, Zanderighi "16)

Single massive flavor: Interpolation of numerical grid of regulated
amplitude; Analytical expression for IR counterterm

Two massive loops with different masses:
- Always factorized into one-loop
contributions

Deep asymptotic expansion in m%/m?, mz /m#:
» Single massive quark flavor: Czakon, Niggetiedt 20
« Two massive quark flavors: Niggetiedt, Usovitsch 23

Felix Eschment


https://arxiv.org/abs/hep-ph/0105129
https://arxiv.org/abs/2002.04018
https://arxiv.org/abs/hep-ph/9905386
https://arxiv.org/abs/1605.03181
https://arxiv.org/abs/2001.03008
https://arxiv.org/abs/2312.05297

Ingredients for NNLO
'\

______ double-real

Phase-space integration with sector-
Improved residue subtraction
(Czakon 10) as implemented in C++

code Stripper

real-virtual

double-virtual

_/

ICHEP 2024 Felix Eschment
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Results: Part |

 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

* ugp = up = my/2 (central scale), uncertainties with seven-point variation
c my=125GeV = m; = 173.055 GeV and m;, = 4.779 GeV (both in OS-scheme)

« HEFT values obtained with SusHi Harlander, Liebler, Mantler 16

Order ouerT [pb] (0t — ourrr) [Pb] Tixb [Pb] oixb/ouprr [%0]
Vs =13 TeV

O(az) +16.30 —~ —1.975

LO 16.30730 - —1.987¢03% —12
O(az) +21.14 —0.303 —0.446(1)

NLO 37.44715 52 —0.30370 1% —2.4219-19 —6.570%
O(ay) +9.72 +0.147(1) +0.434(8)
NNLO 47167321 —0.156(1)5 53 —1.99(1)5:59 —4.2709

Czakon, FE, Niggetiedt, Poncelet, Schellenberger 23
ICHEP 2024 Felix Eschment

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)


https://arxiv.org/abs/1706.00428
https://arxiv.org/abs/1605.03190
https://arxiv.org/abs/2312.09896

Mass renormalization



On-shell to MS mass renormalization

MS— _ 0S,_0S 0S _ — Qs (%)2 3
Zy"M = Z5°m — m m (1 TCO— 6 +0(a”) Gray, Broadhurst, Grafe, Schilcher "90

w

MMS = MO5 5 M
08,(0)
5M(1) = mcla—dM
s dm | _=
0S,(1) 2 dMOS,(O) 1 2 d2MOS,(O)
@) _ |, Qs dM s\ dM L as
oad® =i o B o (W) RO ()

Two possibilities:
1. Only Yukawa coupling in MS - Derivatives trivial since amplitude linear
2. Bottom mass always in MS = Requires some work (derivatives, different mass value in integrals)

ICHEP 2024 Felix Eschment


https://doi.org/10.1007/BF01614703

Results: Part 1l i, (M) = 4.18 GeV

Order otxb [pb] ixb (Yyars) [P otxb () [ph]
Vs =13 TeV

O(a3) —1.975 —1.223 —1.118
LO —1.9810-2% —1.227029 —1.118792%

O(a?) —0.446(1) —0.623(1) —0.647
NLO —2.4210-19 —1.8570 50 —1.76 155

O(as) +0.434(8) +0.019(5) +0.02(1)

NNLO —1.99(1)1049 —1.83(1) 1508 —1.74(2)F0 13

Czakon, FE, Niggetiedt, Poncelet, Schellenberger 23, 24

« Much better convergence behavior in MS
 Using MS only for coupling vs. everywhere leads to similar results
« At NNLO, values for the first time compatible between MS and OS

ICHEP 2024 Felix Eschment 9



Flavor scheme



5-flavor scheme vs. 4-flavor scheme

« So far: b-quarks not coupled to the Higgs assumed as massless (5FS)
- While gauge-invariant, testing the effect of the neglected mass desirable - 4FS

double-virtual real-virtual double-real

— _
—~—

Calculation of amplitudes equivalent to 5FS case

Amplitudes with Recola (Actis, Denner,
Hofer, et al. 16)

Phase-space integration as separate
calculation of LO Hbb production

« Exclude b-quark from initial state

* Infrared singularities regulated by finite m,, only sum of contributions free of log(m,) divergences

ICHEP 2024 Felix Eschment 10


https://arxiv.org/abs/1605.01090
https://arxiv.org/abs/1605.01090

HEFT In the 4-flavor scheme

- Effects of 4FS concern b-quark not coupled to Higgs - also studiable within HEFT
* More stable calculation > can numerically test pole cancellation for small m,,

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

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

LO  16.30+436 +16.27+463 +16.27+4:63 +16.27+463
O(a?)  +21.14 +20.08(3) +20.08(3) +20.08(3)
NLO  37.447512 +36.35(3) 1837 +36.35(3) 857 +36.35(3) 857
O(a?) +9.72 +10.8(4) +11.2(4 ) +9.5(2)
NNLO 47.16742L 47.2(4)+34 +47.5(4) 13 +45.9(2)143

Czakon, FE, Niggetiedt, Poncelet, Schellenberger " 24 4FS PDF set: NNPDF31_nnlo_as_0118_nf 4

« Convergence for small m,, seems like numbers approach 5FS value
- Effect of finite m;, is ~3%, order of magnitude as estimated in Pietrulewicz, Stahlhofen 23

ICHEP 2024 Felix Eschment 11


https://arxiv.org/abs/2302.06623

Results: Part Il

 Top-bottom interference in the 5FS vs. 4FS

Order Ttxp [PD]
Vs =13 TeV
5F'S 4F'S
my = 173.06 GeV my = 173.06 GeV
mb(mb) = 4.18 GeV mb(mb) = 4.18 GeV

O(a?) —1.11 —1.15

LO ~1.117548 ~1.15%543
O(a?) —0.65 —0.66

NLO ~1.7670-21 ~1.8170-28
O(a?) +0.02 —0.02
NNLO ~1.74(2) 70 53 ~1.83(2) 1003

Czakon, FE, Niggetiedt, Poncelet, Schellenberger * 24 4FS PDF set: NNPDF31_nnlo_as_0118_nf_4

« Difference between schemes below scale uncertainties
« Small effect on already small contribution - Use of (simpler) 5FS justified

ICHEP 2024 Felix Eschment 12



Results Part IV: Distributions



Top-Bottom Interference Effects

0.00 4 :I-
Z 0.02 tmm
S | LHC@13 TeV
2 —0.04 ! PDF: NNPDF31
. Scale: Hr /2
S —0.06 1
3
< —0.08 1
© 0.10 - —— NNLO (MS)

‘ — NNLO (OS)

;
=~ 0004
—"_ |
o -1
= —0.05 1}
Z.
S
2 -0.10
<
~
—0.15 I T T T T T
0 25 50 75 100 125
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Czakon, FE, Niggetiedt, Poncelet,
Schellenberger " 24

Ur = tp = Hr/2 = (Yym§ + p% + X; Ipir|)/2 (central

scale), seven-point variation

my = 125 GeV, m9S ~ 173.055 GeV, and m,,(m,,) =
4.18 GeV

pr distribution: Except for first bin (only
there three-loop is needed), known from
previous calculations of quark-mass
effects on Higgs+jet at NLO

Lindert, Melnikov, Tancredi, Wever "17
Caola, Lindert, Melnikov, et al. ‘18
Bonciani, Del Duca, Frellesvig, et al. 22

Find agreement with known results

Rapidity: New result, all bins contain
genuine three-loop corrections

Mass-effects barely affect shape of
distribution, but shift it downwards
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Czakon, FE, Niggetiedt, Poncelet,
Schellenberger "~ 24

Hr = pp = Hr/2 = (ymf + pf + X; Ipir])/2 (central
scale), seven-point variation

my = 125 GeV, m?5 = 173.055 GeV, and m;,(my) =
4.18 GeV

Full theory: At very high pr, only scale is
pr > da/dpf ~ 1/pt

Effective theory: dimensionful coupling
> do/dpf ~ 1/(v*p?)
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Conclusions

« Complete analysis of top-bottom-interference effects
on the Higgs production cross section at NNLO

« Addresses one of the leading theory uncertainties

- MS scheme shows better perturbative convergence
than OS scheme

« Good agreement between 4- and 5-flavor scheme

- Differential distributions, including novel rapidity
spectra

ICHEP 2024 Felix Eschment
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Conclusions
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« Complete analysis of top-bottom-interference effects
on the Higgs production cross section at NNLO Z ~1.00 -
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 MS scheme shows better perturbative convergence l
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- Differential distributions, including novel rapidity
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Real-virtual corrections

» Variables: 3, £, @, mf;, m

* Introduce dimensionless variables

and fix ratio mZ / m§
e z parametrizes limit
« A parametrizes collinear limit

—h

Z
A

>

-m% /3§

/(E+10)

ICHEP 2024

generate
Feynman diagrams

!

map to topologies
and prototypes

!

generate
FORM-Code

!

project onto
form factors

!

reduce to
master integrals

DiaGen
Czakon (private)

FORM
Vermaseren 00

Kira@©FireFly
Klappert, Lange, et al. 20

- Solve master integrals with differential equations in
mZ/mg, z,and 1

2

- Boundary conditions: m—;’ — oo with large-mass expansion

Felix Eschment

H


https://arxiv.org/abs/math-ph/0010025
https://arxiv.org/abs/2008.06494

Real-virtual corrections

» Create grid with numerical values of squared amplitude
« Subtract IR singularities:

1 2 1 2 1 2 8T g S 9 5
< e(xe)act ‘MGEX;C'C> ‘regulated < e(xchct ‘Megxe)act> [<M}(H%FT‘MI({F)JFT>+ 1{ <Pg§2) ( )><F(1) ‘ ( e(Xict FI({E%FT)>

LO

Otxb ~
= <5~ ~ —0.129

OHTL

20000

50000

10000 1.0

-50000
-100000
-> Interpolate to any phase-

space point with cubic
splines

- Add back subtracted terms
using analytical expression

-10000 .

0.0 0.0

1090

ICHEP 2024 Felix Eschment



Real-virtual corrections

A

A
A

A 4
4

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

/ \ F: Bonciani, Del Duca, Frellesvig, etal. 19
o o G: Frellesvig, Hidding, Maestri, etal. 19
C D

Contributions with two closed fermion chains
are always factorizable:

00000 3

vanishing color factor Elliptic sector



Parametrization

* Variables: §, ¢, @l, mg, m
* Introduce dimensionless variables
and fix ratio m2 /mg;
» 7z parametrizes soft limit
» A parametrizes collinear limit

t/5=22

/5 =z (1-) 1

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

Range of parameters:
- 1€(0,1)
- z€(0,1)




Evolution of differential equations

Range of parameters:
- 1€(0,1)
- z€(0,1)

Form?/mé =
23/12:
Zinr = 20/23 % 0.87

mZ
C[l




Evolution in the (z,4)-plane

A
A

1

Range of parameters:
- 1€(0,1)
- z€(0,1)
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Evolution in the (z,4)-plane

B

1

\\

>

‘\\

it

¥ ¥ X®\W/® 9 X X

\

IR

DO [ —

A
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Range of parameters:
- 1€(0,1)
- z€(0,1)

[Collect numerical )
samples for Ml

along straight

o

integration contour

Boundaries
from
numerical
integration in
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Evolution in the (z,4)-plane

A
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Range of parameters:
- A1€(0,1)
- z€ (0,1)

DO [ —

OO||||| ! — .

Region below
threshold
covered by

EME

LME
0((1/mg)*?)




Evolution of differential equations

Range of parameters:
- 1€(0,1)
- z€(0,1)

2
mpy
Zthr =1-—5<0
[thr 4m5 }




Evolution in the (z,4)-plane
A

Range of parameters:
- 1€(0,1)
- z€(0,1)

/Poles of )
differentia

l
equations

: o)
.
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Evolution in the (z,4)-plane

1

A

Z =
A=

m

1-m% /3§
t/(t+1)
2 /m? =1/684

Range of parameters:
- A1€(0,1)
- z€(0,1)

‘\f

Collect numerical
samples for Ml
along straight

integration contours

NG J

Boundaries
from
numerical
integration in
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Evolution in the (z,4)-plane
A

1 ms /m?% = 1/684

Range of parameters:
- A1€(0,1)
- z€ (0,1)

-

Exploit
symmetry of
the problem
at the

amplitude /
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Construction of amplitudes

* Collected 2x10° numerical samples for Mls at m? /m# by )
evaluation of the LME and numerical evolution above threshold Insert into form factors and

* Collected 1x10° numerical samples for Mls at m% /m% via construct helicity amplitudes
numerical evolution in the entire phase space D

v
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