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Status of 4top - theory
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Status of 4top - theory
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Status of 4top - theory
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Standard Model Total Production Cross Section Measurements
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Status of 4top - experiment

Status: February 2022
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Significance of > 50 obtained!
In two same-sign / > 3 lepton final-state channel

aggLAS = 22.5f§:1(stat)f§:2(sys) fb [2303.15061]

Ut(t_jtl;/ls _ 17,7J_r§:g(stat)f%g(sys) fb [2305.13439]

Both relatively high in comparison to
g;feory = 12.0 b [1711.02116]

Evidence also in other final states

In one/two opposite-sign lepton final-state channel
+10/8 jets...

ATLAS __ +15
O = 26 * 3(stat.)” 3(syst.) tb [2106.11683]

Gt(t—jtl;/ls — 361}% fb includes 0 lepton channel [2303.03864]



Why 4top?

e Sensitive to the Yukawa coupling
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CMS [1908.06463] 137 fb~' (13 TeV)
| «zz Observed upper limit ’l'

50-_ = Observed cross section H
| === Predicted cross section /
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Why 4top?
e Sensitive to the Yukawa coupling

e Constrain EFT coefficients

« Effective four-heavy-quark operators (OQOQ() and two-heavy-two-light four-quark operators (0Qqq)

e Dimension-6 operator H that modifies Higgs propagator

|
e |

Melissa van Beekveld

[2208.04962]
o (LO) = 6.46fb @ VS =13TeV 4-heavy 0), [fD]

cQQ8 cQQ1 cQtl cttl cQt8

Interference strength



Why 4top?
e Sensitive to the Yukawa coupling

e Constrain EFT coefficients
» Effective four-heavy-quark operators (QQQQ) and two-heavy-two-light four-quark operators (0(Qqq)

 Dimension-6 operator H that modifies Higgs propagator
1000

. 2302.08281
e Probe the presence of new particles [ |

* Simplified DM models
* Type Il two Higgs doublet models
 SUSY (both minimal and non-minimal models)
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Improving perturbation theory

Fixed-order description of the total cross section

— n _ 2
0 = chaS = Co t+ C10, + GO T+ ...

n
(cy normalised to a4) Far out of reach for 4top! \ /
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Improving perturbation theory

Fixed-order description of the total cross section

O — ZCHO{;Z:CO+610£S+626¥S2+... /(((-f‘/-'
: \/‘(:;

Corrections can be predicted accurately in the limit that
L* > oo for 0’ ~ s (soft/collinear gluon emissions)
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Resummation: A new series
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Resummation: A new series
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Leading-Log (LL)
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Resummation: A new series
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Resummation: A new series

o 1
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obeys perturbative expansion;
including O(a,) leads to NLL accuracy
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Resummation for 4top

Logarithmic corrections grow large when \/E — M = 4m, (the absolute-threshold limit)

1 Mz
077 (N) = ‘[ dr V- m(T) T = T = X{ X, p
0

Transformation to Mellin space helps to obtain closed forms for the phase-space integrals

Usual factorisation for the hadronic total production cross section:

1 1

T
d'x2]§'(x29 /’t}%) J dp 0 (,0 ) 1]—>tttt (,0)
0 X1X2

partonic cross section obeys refactorisation
when all radiation is soft and/or collinear

1
m(p) J dxlfi(xlﬂ /’t}%) J'

0 0
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Resummation for 4top

Mellin-space resummed cross section
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Resummation for 4top

Mellin-space resummed cross section
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Incoming jet functions
capture soft-collinear enhancements

U

|
Ai — EXP |:_g1(/1) + g2(/19 //tR/Ma //tF/M)
Needed at LL Needed at NLL

A=a;In (N) = a,(InN + yz)
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Resummation for 4top

Mellin-space resummed cross section

Soft function
captures wide-angle-soft enhancements

U
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o..> -(N)="Tr [ H; 77 UjomiS
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j— it ] Ai A]

Incoming jet functions
capture soft-collinear enhancements

ij—tttt

Result of RGE equation with evolution matrix

M/IN dq
27,,2 2
Ujjim (N, M7/ pg) = & exp [ —szﬁmf(%(g ))
3 HR q
And boundary condition at N = M/ uj
§ =50 4 BHRgn
Needed 4
18 at NLL Needed

at NLL



S MIN d , o N
Uiis (N, M? ) = P exp 7 Fl]—>tttt (as(q )) Lijsiii () = (7) Uit
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Colour structure 4top

iR . _ . Needed
Soft-anomalous dimension (SAD) matrix at NLL

< T \
~ S 7

Mixes colour structure — in general not diagonal in colour space
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Colour structure 4top

MIN dq ,
- aS aS
Ujis (N, M lug) = Pexp J 2 Ly (aS(q 2)) L iaer () = (7) e (_> Lyt

MR
Needed Needed

at NLL at NNLL

qq — titt
303=3R3R3R3 —» 198=002x1)P2x8) P8 D8, ®10D 10 P 27

leads to a 6-dimensional SAD

SRE8=3R3R3R3 —m» 00108,08,D10010027=002x1DHP2X8 D8 D8, 10D 10 27

leads to a 14-dimensional SAD
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{i-2 + L34 + L56 + NcA24T13 + NeA24T14 + NeA24T25 + NeA24T26)/(24Nc), (-L35 + L36 + L4S — LA6)/(2+NeoSqrt—1 + NeA2)), (-L3S5 + L36 + L4S — La6)e(-4 + NcA2))/(2+Sqrti2] «Ne+Sqrtfd — 5eNcA2 + NeAd]), (-L35 — L36 + LAS + L46 - 24T23 + 2.T24)/(2+Sqrt{2] «Sqre—1 +
((-L35 + 136 + L4S — L46)a(~4 + NcA2))/(245qrt[2)+NcoSqrt[d — S+NcA2 + NeAd]), —((L35 — L36 — L45 + LA6)a(-4 + NcA2))/(@sNeoSqrt—1 + NeA2]), —((~4 + NeA2)o(L3S + L36 — L4S — LA6 + 24T23 — 24T24))/(d+Sqrtld — 5+NcA2 + NeAd]), (L35 — L36 + L4S — L6 + 24T
((—4 + Nch2)o(L35 - L36 + LAS - 146 + 24TI1S - 24T16))/(4+Sqrt|d4 — S«Nc*2 + Nc’d)), (Nco(d + L35 + 136 + LAS + LA6 + 24TIS + 24T16 + 24T23 + 24T24))/(4+Sqrt|-1 + Nc2), 0, 0, 0, 0},
{(-L35 + L36 + LA4S - L46)/(2«Nc+Sqrti-1 + NeA2]), (2 + L34 + L56)a(~1 + NeA2))/2+Na), 0, (-T15 + T16 + T25 - T26)/Sqnti2), 0, (-L35 + L36 + L4S — L46)/(2+Nc), 0, (-T13 + T14 + T23 — T24)/Sqr2], 0, (-L35 + L36 + L4S — L46)/2+Ne), ((-L35 + L36 + L45 — Li6)+Sqn S AD fOr g g
((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2))/(4«Nc), ((-L35 + L36 + LAS - LA6)«Sqrt(3 + Noy/(1 + Na/4, ((-L35 + L36 + LAS - LA46)«Sqrtf(-3 + Noy/(—=1 + Nah/4).
(Full kinematics)

((-L35 + L36 + LAS - LA6)«(—-4 + Nc”2))/(2+Sqrt|2]«Nc+Sqrt|d — S«Nc” 2 + Nc2d)), 0, (4 + 24134 + 24156 — 24NcM2 - 24L344Nc*2 + Nc?24TI1S + Ncr24T16 + N 24T25 + Ncr24T26)/(4«Nc), (Sqrt]-4 + Ncr2)«(-T15 + T16 + T25 - T26))/4, (-1L35 + L36 + LAS - LA46)/(2«
(L35 + L36 + LAS - LA6)«(-12 + Nc"2))/(4+Sqrt|2)«Nc«Sqrt|-4 + Nc2)), (-135 - 136 + LAS + LA6 - 24T23 + 24T24)/(4+Sqr2)), 0, (L35 - 136 + LAS + LA46 — 44TI13 + 44TI14 + 24T23 - 24T24)/(4Sqrt|2]), ((-L35 + 136 + LAS - LA46)+Sqrt|-4 + Nc”2))/(4+Sqrt|2] «Nc),
(—24LAS + 24146 - L354(-2 + Nc) + LAS«eNc + LA64Nc - L364(2 + Nc) — 24NceT23 + 24NceT24)/(44Sqrtf2] «Nc), (—24LA45 + 24146 + [364(-2 + Nc) — LASeNc - LA64Nc + L354(2 + Nc) + 24NceT23 - 24NceT24)/(44Sqrt2]«Nc), ((-L35 + L36 + LAS - L46)«Sqrt|-12 - 164Nc
(L35 - 136 - LAS + LA46)+Sqrt|-12 + 164Nc = Nc”*2 - 44Nc*3 + Nct4))/(4+8Sqrf2]«(2 = 3«Nc + NeA2p), (=135 - 136 + LAS + LA6 - 24T23 + 24T24)/(2+Sqr2)«Sqrtf-1 + NeA2)), (-T1S + T16 + T25 - T26)/Sqm2), (Sqrt|-4 + NcA2]«(-T15 + T16 + T25 - T26))/4,
—(4 + 24134 + 24156 - 24Nc”2 — 24L344Nc*2 + NcM24TI1S + Nc224T16 + N 24T25 + Ncr24T26)/(4«Nc), 0, (<135 - L36 + LAS + LA6 - 24T23 + 24T24)/(4+Sqr2)), (L35 + L36 + LAS - LA6)«Sqrt|-4 + Nc 2])/(4+Sqr2)«Nco), (-L35 + 136 + LAS - L46)/(2+No),
((-L35 + L36 + LAS - LA6)«Sqrt|-4 + Nc”2))/(4+Sqrtf2)«Nc), (-135 - 136 + LAS + LA6 - 44TI13 + 44TI14 + 24T23 - 24T24)/(4+Sqm2)), (L35 - L36 — LAS + LA6)«Sqrt|-4 + Nc”2))/(4+Sqrt2)«No), ((-L35 + 136 + LAS - L46)«Sqrt|-4 + Nc”2))/(4+Sqrt2]«No),
(Sqrtf(3 + No)/(2 + 2N «(L35 + 136 - LAS - LA6 + 24T23 - 24T24))/4, (Sgrt|(=3 + No)/(=1 + No)j«(=L35 - 136 + LAS + LA6 - 2.T23 + 2.T24))/(4+Sqrt 2},

(=135 + L36 + LAS - LA46)«(-4 + Nc”2))/(2+Sqrt|2]«Nc«Sqrtd — S«Ncr2 + Ne2rd)), 0, (-L35 + L36 + LAS - LA46)/(24Nc). 0, —(4 + 24134 + 24156 — 24NcH2 - 24L564Nch2 + Nc?24TI13 + Nc224T14 + Nct24T23 + Nehr24T24)/(4«No), ((-L35 + 136 + LAS - LA6)«(-12 + Nc'2))/(4+Sqrtj2) «Nc«Sart|-4 + Nch2)),

(L35 - 136 + LAS — LA6 — 24TIS + 24TI16 + 44T25 - 44T26)/(4+Sqry2)), (Sqrtj-4 + NcA2)«(-T13 + T14 + T23 - T24))/4, (L35 - 136 + LAS - LA6 + 24TIS —- 24T16)/(4+Sqr2)), ((-L.35 + L36 + LAS - L46)«Sqrt|-4 + NcA2))/(4+Sqrtj2] «Ne),
(24145 + 24146 + LAS«Nc - LA64Nc + L354(2 + No) = L364(2 + Nc) + 24NceTI1S — 24NceT16)/(4+Sqrtf2]«Nc), (—2+41A4A5 + 24146 — L354(-2 + Nc) + L364(-2 + Nc) — LAS«Nc + LA464Nc - 24NceTIS + 24NceT16)/(4+Sqrt|2]«Nc), ((-L35 + L36 + LAS - L46)«Sqrt|-12 — 164Nc = NcA2 + 4«Nc”3 + Nc2d))/(4+Sqrtf2]«(2 + 3«Nc + Ncr2)).
(L35 - 136 - LAS + LA46)+Sqrt|-12 + 164Nc - Nc”*2 — 44Nc*3 + Nct4))/(4+8Sqrf2])«(2 = 3«Nc + NeA2p), (L35 - 136 - LAS + LA6)«(-4 + Nc”2))/(4«NceSqrtf-1 + Nc”2)), (-L35 + L36 + LAS - LA46)/(2«Nc). ((-L35 + 136 + LAS - LA46)«(-12 + Nc"2))/(4+Sqr|2)«Nc«+Sqrt|-4 + Nc*2)).
(=135 - 136 + LAS + LA6 — 24T23 + 24T24)/(4+Sqr2)), ((-L35 + L36 + LAS - LA6)«(-12 + Nc*2))/(4+Sqrt|2] «Nc«Sqrt|-4 + Nc”2)),
(32 + 724136 + T241AS - 724146 + 164156 - 164Nc”2 — 144L364Nc” 2 — 144LASeNc 2 + 104LA464Nc 2 — 44L564Nc 2 + 24Nchd + L364Nc 4 + LASeNc ' - 4ol344(-4 + Nc'2) + 24L354(-36 + SeNc”2) + BaNc24TI3 — 24Nc 4aTI13 + BaNc 24T14 - 24Nc*44T14 + 44Nc*2.TIS -
Nc 44TIS + 4eNc 24T16 = Nc?44T16 + 4eNc?24T23 = Nc 4aT23 + AeNc 24T24 — NcM4aT24 + BaNC 24T25 — 24Nc 44T25 + BaNc?24T26 - 24Nc*44T26)/(BeNce(-4 + Nc'2)).
(44135 — BoLlAS - 44146 + LAS«Nc” 2 - L364(-8 + Nc'2) + 44TIS — NcMr24TI1S - 44T16 + N r24T16 + 124T23 = Nc?24T23 — 124T24 + NcM24T24 — BaT25 + 24N 24T25 + BaT26 — 24N 24T26)/(B«Sqrt|-4 + Nc/2)), (L35 - L36 + LAS - LA6 + 24TI1S - 24T16)/(4+Sqrt2)).
(—44L35 — BalAS + 44LA6 + LASeNc 2 - L364(-8 + Nc*2) + BaTI3 - 24N 24TI13 — BaT14 + 24Nc 24T14 — 124TIS + Nc 24TIS + 124T16 — Nc?24T16 - 44T23 + Nc?24T23 + 44T24 - Nc*24T24)/(8+Sqrt|-4 + Nch2)),
(24135 — 24145 + 24146 + 24NcH2 + LASeNC?2 + L364(=2 + NcM2) + Ncr24TI1S + Ncr24T16 + Ncr24T23 + NeMr2+4T24)/(8«No),
(44LAS — 44146 - 44LAS«Nc + 4eNc 2 + LASeNcH2 + LA64Nc” 2 + L3642 + NO)*2 + L354(-4 + Nc”2) — 4eNceTIS + 24Nc” 24TI1S5 + 4eNceT16 + 24N 24T16 + 4aNceT23 + 24Nc 24T23 — 44NceT24 + 24Nc*24T24)/(B«NcoSqrt]-4 + Nch2)),
(A4LAS - 44146 + L364(-2 + No)*2 + 44LAS«Nc + 4eNc 2 + LASeNcH2 + LA64Nc” 2 + L354(=4 + Nc'2) + 4eNceTIS + 24N 24TIS — 4eNceT16 + 24Nc 24T16 — 4eNceT23 + 24Nc?24T23 + 4eNceT24 + 24N 24T24)/(BeNc+Sqrt|-4 + Nc”2)), —((L35 - L36 - LAS + LA46)«(-6 + Nc + Nc*2))/(B«(2 + Nc)«Sqrt|3 + 4«Nc + Nc”2)),
~((L35 - L36 - LAS + LA6)«(-6 — Nc + Nc*2))/(Be(=2 + Nc)+Sqrt|3 — 4«Nc + Ne 2} {=((=4 + Nchr2)«(L35 + L36 — LAS - LA6 + 24T23 — 24T24))/(4+Sqrt|4 — S«Nc”2 + Nerd)), 0, (<135 - 136 + LAS + 146 — 24T23 + 24T24)/(4+Sqry2)), ((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc*2])/(4+Sqrtj2)«Nc),
(L35 - 136 + LAS — LA6 — 24TI1S + 24TI16 + 44T25 - 44T26)/(4+Sqrtf2]), (44135 - B4LAS - 44146 + LAS«NcH2 - L364(-8 + Nc”2) + 44TI15 = Nc*24TIS - 44T16 + Nch24T16 + 124T23 — N 24T23 - 124T24 + Nc 24T24 - BaT25 + 24Nc 24T25 + 84T26 — 24Nc*24T26)/(8+Sqrt|-4 + Nc2)),
—(8 + 44134 - 64135 + 64136 + 64145 — 64146 + 44156 — 24Nc”2 - L364Nc*2 — LASeNcH2 + 24Nc 24TI13 + 24Nc 24T14 + Nc?24TIS + Nct24T16 + Ncr24T23 + N 24T24 + 24Nc 24T25 + 24N 24T26)/(BeNc), ((-L35 + 136 + LAS - L46)+Sqrt|-4 + Nc”2))/(4+Sqrt|2] «Nc),
(24135 - 241AS + 24146 + 24Nc”2 + LASeNc 2 + L364(-2 + Nc”2) + Nc*24TI1S + Ncr24T16 + Nc?24T23 + Ncr24T24)/(BaNc), (Sqrt]-4 + Nc 2] (=136 + LAS - 24TI13 + 24T14 + TI1S - T16 + T23 - T24))/8, (24LAS - 24146 - LAS«Nc + LA64Nc - L354(2 + N¢) + L364(2 + Nc) = 24NceTI1S + 24Nc«T16)/(8+No),
(=24LAS5 + 24146 - L354(-2 + No) + L364(-2 + Nc) - LAS«Nc + LA464Nc — 24NceTIS + 24NceT16)/(B«Nc), (Sqrt]-12 - 164Nc — Nc*2 + 44Nch3 + Nerd)o(L35 + 136 - LAS - 146 + 24T23 - 24T24))/(B«(2 + 34Nc + Nc”2)), ((=6 — Nc + Nc 2)«(L35 + 136 - LAS - LA6 + 24T23 - 24T24))/(B+Sqrt]-12 + 164Nc - Nc*2 - 44Nc*3 + Nerd),

(L35 - 136 + LAS - LA46 + 24TI1S5 - 24T16)/(2+Sqrt2)«Sqrtf-1 + NecA2)), (-T13 + T14 + T23 - T24)/Sqry2|, 0, (L35 + L36 + LAS - LA46)/(2«Nc), (Sqrt-4 + NcA2)«(-T13 + T4 + T23 - T24))/4, (L35 - 136 + LAS - 146 + 24TI1S - 24T16)/(4+Sqr2)), (L35 + L36 + LAS - LA6)«Sqrt|-4 + Nc”2))/(4+Sqrt2)«No),

~(4 + 24134 + 24156 - 24Nc”2 — 24L564Nc*2 + Nch24TI3 + Nc224T14 + Nc?24T23 + N 24T24)/(4«No), ((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2))/(4+Sqrt|2]«Nc), (L35 - 136 + LAS - LA6 - 24TI1S + 24T16 + 44T25 - 44T26)/(4+Sqr2)), (L35 - L36 - LAS + LA6)«Sqrt|-4 + Nc”2))/(4+Sqrt|2] «No),
((-L35 + L36 + LAS - LA6)«Sqrt|-4 + Nc”2])/(4+Sqrtf2)«Nco), (Sqrtf(3 + No)/(2 + 24Nc)«(-L35 + 136 — LAS + 146 - 24TIS + 2.T16))/4, (Sqrtl(=3 + Nc)/(=1 + N¢))«(L35 - L36 + LAS - LA46 + 24TIS - 24T16))/(4+Sqrt2)).
(=4 + Nchr2)o(L35 - L36 + LAS - LA6 + 24TIS - 24T16))/(4+Sqrtjd — S«Nc”2 + Ncrd)), 0, (<135 - L36 + LAS + 146 — 44TI3 + 44T14 + 24T23 - 24T24)/(4+Sqr2)), ((-L35 + L36 + LAS - LA6)«Sqrt|-4 + Nc”2])/(4+Sqrt|2]«Nc), (L35 - 136 + LAS - L46 + 24TIS - 24T16)/(4+Sqry2)),
(—44L35 — BaLAS + 44LA6 + LASeNc 2 - [364(-8 + Nc*2) + BaTI3 - 24Nc 24TI13 — BaT14 + 24Nc 24T14 — 124TIS + Nc 24TIS + 124T16 — Nc?24T16 — 44T23 + Nc?24T23 + 44T24 - Ncr24T24)/(8+Sqrt|-4 + Nc”2)),
(24135 — 24145 + 24146 + 24Nc”2 + LASeNc 2 + L364(-2 + Nc”2) + Nc 24TIS + Nch24T16 + Nc?24T23 + Nc*24T24)/(8«Nco), ((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2))/(4+Sqrt|2] «No),
—(8 + 44134 - 64135 + 64136 + 64145 — 64146 + 44156 — 24Nc”2 - L364Nc*2 — LASeNcH2 + 24Nc 24T13 + 24Nch24T14 + Nc224TIS + Nchr24T16 + Nc224T23 + N 24T24 + 24Nc 24T25 + 24Nch24T26)/(BaNc), (Sqrt]-4 + Ncr2]o(-136 + LAS - TI1S5 + T16 - T23 + T24 + 2.T25 - 2.T26))/8,
(24145 - 24146 + L354(-2 + Nc) = LAS«Nc - LA64Nc + L364(2 + Nc) + 24NceT23 — 24NceT24)/(BaNC), (-24LA5 + 24146 + L364(-2 + Nc¢) — LAS«eNc - LA464Nc + L354(2 + Nc) + 24NceT23 - 24NcoT24)/(BaNc), (Sqrt]-12 - 164Nc — Nc*2 + 4eNch3 + Nerd)o (=135 + L36 - LAS + LA6 - 24TI1S + 24T16))/(84(2 + 34Nc + Nc*2)),
—{(=6 — Nc + Nc 2)«(L35 - L36 + LAS - LA6 + 24TIS - 24T16))/(8+Sqrt]-12 + 164Nc - Nc*2 - 4«Nc*3 + Nerd),
{(Nce(d + L35 + 136 + LAS + LA6 + 24TIS + 24T16 + 24T23 + 24T24))/(4+Sqrf-1 + Nc 2]y, (-L35 + 136 + LAS - LA46)/(2«Nc), ((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc/2])/(4+Sqrtf2]«Nc), (<135 - L36 + LAS + LA6 - 44TI3 + 44T14 + 24T23 - 24T24)/(4+Sqm2)),
(<135 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2])/(4+Sqrtj2]«Nc), (24135 — 24145 + 24146 + 24Nc”2 + LASeNc 2 + L364(-2 + Nc”2) + Nc”24TIS + Ncr24T16 + Nc”24T23 + Nchr24T24)/(B«Nc), (Sqrtf-4 + Nc 2] «(-136 + LAS - 24T13 + 24T14 + TI1S - T16 + T23 - T24))/8,
(L35 - 136 + LAS - LA6 — 24TIS + 24TI16 + 44T25 - 44T26)/(4+Sqrt2)), (Sqrtj-4 + NcA2)«(-136 + LAS - T15 + T16 - T23 + T24 + 2.T25 - 2.T26))/8,
~(8 + 44134 - 24135 + 24136 + 24145 - 24146 + 44156 - 24Nch2 — L364Nc”2 — LASeNc*2 + 24N 24TI13 + 24Nc24T14 + Nc224TI1S + Nc224T16 + Nch24T23 + Neh24T24 + 24Nc 24T25 + 24Nc*24T26)/(8«Nc), ((-L35 + L36 + LAS - L46)«Sqrt|-4 + Nc*2))/(8«No),
((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2))/(8«Nc), (Sqrtl(3 + Noy/(l + NojJo(4 + L35 + 136 + LAS + LA46 + 24TIS + 24T16 + 24T23 + 24T24))/8, (Sgrt)(=3 + No)/(=1 + No)j«(4 + L35 + 136 + LAS + LA6 + 24TI1S + 2.4T16 + 2.T23 + 2.T24))/8},
{0, ((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2])/(4«Nc), (24145 + 24146 - L354(-2 + N¢) + LAS«Nc + LA464Nc - L364(2 + Nc) = 24NceT23 + 24NceT24)/(4+Sqrtj2]«Ne), (L35 - L36 — LAS + LA6)«Sqrt|-4 + Nc 2))/(4+Sqrt|2]«Nc), (-24LA5 + 24146 + LAS«Nc - LA464Nc + L354(2 + No) = L364(2 + Nc) + 24NceTI15 — 24Nc«T16)/(4+Sqrtj2] «No),
(A44LAS - 44146 - 44LASeNc + 44Nc 2 + LASeNcH2 + LA64Nc” 2 + L3642 + NO*2 + L354(-4 + Nc”2) — 4eNceTIS + 24Nc”?24TI1S5 + 4eNceT16 + 24N 24T16 + 4aNceT23 + 24Nc 24T23 — 44NceT24 + 24Nc*24T24)/(8«NcoSqrt]-4 + Nch2)),
(24145 - 24146 - LAS«Nc + LA64Nc - L354(2 + No) + L364(2 + Nc) — 24NceTIS + 24NceT16)/(8«Nc), ((L35 - L36 - LAS + LA6)«Sqrt|-4 + Nc 2))/(4+Sqrt|2]«Nc), (24145 - 24146 + L354(-2 + Nc) - LAS«Nc - LA464Nc + L364(2 + Nc) + 24NceT23 - 24Nc«T24)/(8«Nc).
(L35 + L36 + LAS - LA6)«Saqrt|-4 + Ncr2])/(BaNc), —(4 + 24134 - 44135 + 44136 + 441AS - 44146 + 24156 - L364Nc + LAS«eNc - 24Nch2 - L364Nc”*2 - LASeNcH2 - 24NceT13 + 24NceT14 = NcoTIS + Nc?24TI1S + NcoT16 + Nc224T16 + NceT23 + Ncr24T23 - NcoeT24 + N 24T24 + 24NceT25 - 24NceT26)/(44No),
0, ((-6 — S«Nc + 24Nc”2 + Nc*3)e(l + LAS + TIS + T24))/(4+Sqrt|-12 - 164Nc - Nc”*2 + 44Nc”*3 + Nc4)), ((6 — S«Nc - 24Nc”2 + Ner3)e(l + L36 + T16 + T23))/(4+Sqrt|-12 + 164Nc - Nc”*2 - 44Nc”*3 + Nerd)y,
10, ((-L35 + 136 + LAS - LA6)«Sqrt|-4 + Nc 2])/(4«Nc), (-24LAS5 + 24146 + L364(-2 + Nc) — LAS«Nc - LA464Nc + L354(2 + Nc) + 24NceT23 — 24NcoT24)/(4+Sqr2)«Nc), ((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2))/(4+Sqr2)«No),
(=241A5 + 24146 - L354(-2 + Nc) + L364(-2 + Nc¢) - LAS«Nc + LA64Nc - 24NceTI1S5 + 24NceT16)/(4+Sqrt|2]«No),
(A4LAS - 44146 + L364(-2 + No)*2 + 44LASeNc + 4eNc 2 + LASeNc? 2 + LA64Nc 2 + L354(=4 + Nc”2) + 44NceTIS + 24NcH24TIS — 4eNceT16 + 24Nc 24T16 — 44NceT23 + 24N 24T23 + 44NceT24 + 24Nc 24T24)/(B«NcoSqrt|-4 + Nc*2)),
(—24LAS5 + 24146 — L354(-2 + Nc) + L364(-2 + N¢) — LAS«Nc + LA64Nc — 24NceTIS + 24NceT16)/(8«Nc), ((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2))/(4+Sqrt2] «N¢), (—24LA5 + 24146 + [364(-2 + Nc¢) — LAS«Nc - LA464Nc + L354(2 + N¢) + 24NceT23 - 24NcT24)/(8«No),
(L35 + L36 + LAS - LA6)«Sqrt|-4 + Nc 2])/(B«Nc), 0, —(4 + 24134 — 44135 + 44136 + 44145 - 44146 + 24156 + L364Nc - LAS«Nc - 24Nc”2 — L364Nc*2 — LASeNc 2 + 24NceTI13 — 24NceT14 + NceTI1S + N 24TIS -~ NcoT16 + Nch24T16 — NcoT23 + Nc?24T23 + NcoT24 + Ncr24T24 — 24NceT25 + 24NceT26)/(44Nc),
((=6 — SeNc + 24Nc*2 + Nc”3)e(l + L36 + T16 + T23))/(4+Sqrt|-12 - 164Nc — Nc 2 + 4«Nc”3 + Nctd)), ((6 — SeNc = 24Nc”2 + Nc*3)e(l + LAS + TIS + T24))/(4+Sqrt-12 + 164Nc — Nc*2 - 44Nc*3 + Nerd),
10, ((-L35 + 136 + LAS - LA6)«Sqrt(3 + Noy/(l + Noy/4, ((-L35 + 136 + LAS - LA46)«Sqrt|-12 - 164Nc - Nc”*2 + 44Nc*3 + Net4))/(4+8qrf2]«(2 + 34Nc + Ncr2)), (Sart(3 + No/(2 + 24N «(L35 + L36 — LAS - LA6 + 24T23 - 2.T24))/4,
(=135 + L36 + LAS - LA46)«Sqr|-12 - 164Nc — NcAr2 + 44Nc”3 + Nc d4))/(4+Sqrtf2]«(2 + 3«Nc + Nc”2)), —((L35 - L36 - LAS + LA46)«(-6 + Nc + Nc'2))/(B«(2 + Nc)«Sqrt]3 + 44Nc + Nc 2)), (Sart]-12 - 164Nc — Nc”2 + 4eNc”*3 + Ne 4] «(L35 + 136 — LAS - LA6 + 24T23 - 24T24))/(B«(2 + 34Nc + Nch2)),
(Sqrt(3 + N)/(2 + 24N0)«(-L35 + L36 - LAS + LA6 - 24TIS + 2.T16))/4, (Sqrt]-12 - 164Nc - Nc*2 + 4«eNch3 + Nerd)o(-L35 + 136 - LAS + LA6 - 24TIS + 24T16))/(B«(2 + 34Nc + Ncr2)), (Sqrtf(3 + Noy/(1 + Nojjo(d + L35 + 136 + LAS + LA6 + 24TIS + 24T16 + 24T23 + 2.T24))/8,
((=6 — SeNc + 24Nch2 + Nchr3)e(l + LAS + TI1S + T24))/(4+Sqr|-12 - 164Nc - Nc*2 + 44Nch3 + Nerd)), ((-6 — S«Nc + 24Nc”2 + Ner3)e(l + L36 + T16 + T23))/(4+Sqrt|-12 - 164Nc - Nc”2 + 44Nc”*3 + Nerd)),
—(B + 44136 + A4LAS - 4146 + 44156 + 241364NC + 24LA5NC - 44LA64NC + 24L564Nc — 64Nc?2 — 34L364Nc” 2 — 34LASeNcH2 - 24Nc”3 - L364Nc”3 — LASeNCA3 — 4aLl354(1 +# N©) + 2L344(2 +# N©) — 4eNCeTI13 = 24Nc?24TI3 = 4aNceTI4 — 24N 24T14 + 24NceTIS + 34Nc*2.TIS +
Nc234TI1S + 24NceT16 + 34Nc 24T16 + NcA34TI16 + 24NceT23 + 3aNc?24T23 + Nc234T23 + 2eNceT24 + 34N 24T24 + N 34T24 — 4aNCeT25 — 24Nc 24T25 — 4eNceT26 — 24Nc”24T26)/(4«Nce(2 + Noj), 0},
10, ((-L35 + L36 + LAS - LA46)«Sqr(-3 + No)/(-1 + No/4, (L35 - L36 — LAS + LA6)«Sqrt-12 + 164Nc — Nc*2 - 44Nc*3 + Nc d))/(4+Sqrt2)«(2 = 3«Nc + Nc”2)), (Sqrtf(=3 + No)/(=1 + No)J«(-L35 - L36 + LAS + LA6 - 24T23 + 24T24))/(4+Sqr2)),
(L35 - 136 - LAS + LA6)+Sqrt|-12 + 164Nc = Nc”*2 — 44Nc*3 + Nc”d))/(4+8Sqrtf2)«(2 = 3«Nc + Ncr2)), (L35 - L36 — LAS + LA46)«(-6 — Nc + Nc”2))/(Be(=2 + Nc)Sqrt]3 — 4«Nc + NeA2)), ((=6 = Nc + Nc22)«(L35 + 136 - LAS - LA6 + 24T23 — 24T24))/(8+Sqrt|-12 + 164Nc = Nc”r2 - 44Nc”3 + Nerd)),
(Sqrtj(=3 + No)/(=1 + No)J«(L35 - L36 + LAS - 146 + 24TIS - 24T16))/(4+Sqrt2]), —((=6 — Nc + NcAr2)«(L35 - L36 + LAS - [A46 + 24TI1S - 24T16))/(B«Sqrt-12 + 164Nc = Nc*2 - 44Nch3 + Nerd)), (Sqrtf(=3 + Noy/(=1 + Nojj«(d + L35 + 136 + LAS + LA6 + 24TIS + 24T16 + 24T23 + 2.T24))/8,
((6 — SeNc = 24Nc*2 + Ne”3)e(l + L36 + T16 + T23))/(4+Sqrt|-12 + 164Nc = Nc”2 — 44Nc*3 + Ne2d)), ((6 — SeNc = 24Nc*2 + Ner3)e(l + LAS + TIS + T24))/(4+Sqrt|-12 + 164Nc = Nc*2 - 44Nc*3 + Nenrd), 0,
(=8 — 44136 - A.LAS + 4146 — 44156 + 241344(=2 +# NC) = 4el354(=1 + NC) + 24L36eNc + 24LA5NC — 44LA64NC + 24L564Nc + 6eNc*2 + 34L364Nc” 2 + 34LASeNcH2 - 24Nc”3 - L364Nc” 3 — LASeNCc”?3 — @aeNCeTI13 + 24Nc?24TI13 - 4aNceTI14 + 24NcM24T14 + 24NcoTIS -
3eNcA24TIS + Nc*34TIS + 24NceT16 — 34Nc*24T16 + Ncr34TI16 + 24NceT23 - 3aNc 24T23 + Nc?34T23 + 24NceT24 — 34N 24T24 + N 34T24 — AaNCeT25 + 24Nc 24T25 - 44NceT26 + 24N 24T26)/(44(-2 + No)«NOH)

2),



H=(2 + L34 + 156 + Nc"24TI13 + Nc 24T14 + Nc”24T25 + Ncr24T26)/(24Nc), (L35 + 136 + LAS - LA46)/(2«NceSqrt-1 + Nc”2)), (<135 + L36 + LAS — LA6)«(-4 + Nc”2))/(2+Sqrt|2)«Nc«Sqrtjd — S«Nc”2 + Nerd)), (<135 - 136 + LAS + LA6 — 24T23 + 24T24)/(2+Sqrt2)«Sqrt-1 +
(=135 + L36 + LAS - LA6)«(-4 + Nc"2))/(2+Sqrtj2]«Nc+Sqrtjd4 — 5«NcA2 + Nerd)), —((L35 - L36 - LAS + LA6)«(-4 + Nc”2))/(4«NceSgrt|-1 + NcA2]), =((-4 + Nc 2)«(L35 + 136 - LAS - LA46 + 24T23 - 24T24))/(4+Sqr4 — 5«Nc*2 + Ne2d)), (L35 - 136 + LAS - 146 + 2.TIS

((=4 + Nc*2)o(L35 - 136 + LAS - LA6 + 24TI1S - 24T16))/(4+Sqrtjd — S«Nc”*2 + Nc’d)), (Nco(d + L35 + 136 + LAS + LA6 + 24TIS + 24TI16 + 24T23 + 24T24))/(4«Sqrt|-1 + Nc22)), 0, 0, 0, 0},
{(-1L35 + L36 + LAS - LA46)/(2«Nc+Sqrt|-1 + Nc”2)), (2 + L34 + LS6)«(=1 + Nc”2))/(2«Nc), 0, (-T15 + T16 + T25 - T26)/Sqry2), 0, (-L35 + L36 + LAS - L46)/(2«Nc), 0, (-T13 + T14 + T23 - T24)/Sqr2], 0, (<135 + L36 + LAS - L46)/(2«Nc), ((-L35 + L36 + LAS - L46)«Sqn| SAD for gg

((-L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2))/(4«Nc), ((-L35 + L36 + LAS - L46)«Sqrt|(3 + Noy/(l + Nop/4, ((-L35 + L36 + LAS - L46)«Sqrt(-3 + No)/(=1 + Noh/4y.,

(=135 + L36 + LAS - LA6)«(-4 + Nc”2))/(2+Sqrt|2]«Nc+Sqrt]d — S«Nc”2 + Nc2d)), 0, —(4 + 24134 + 24156 - 24Nch2 - 24L344Nc”*2 + Nc?24TIS + Ncr24T16 + Nc”24T25 + Nehr24T26)/(4«Nc), (Sqrt|-4 + Nc 2] «(-T15 + T16 + T25 - T26))/4, (-1.35 + L36 + LAS - LA46)/(2«
(L35 + L36 + LAS - LA6)«(-12 + Nc"2))/(4+Sqrt|2)«Nc«Sqrt|-4 + Nc2)), (-135 - 136 + LAS + LA6 - 24T23 + 24T24)/(4+Sqr2)), 0, (L35 - 136 + LAS + LA46 — 44TI13 + 44TI14 + 24T23 - 24T24)/(4Sqrt|2]), ((-L35 + 136 + LAS - LA46)+Sqrt|-4 + Nc”2))/(4+Sqrt|2] «Nc),
(—24LAS + 24146 - L354(-2 + Nc) + LAS«eNc + LA64Nc - L364(2 + Nc) — 24NceT23 + 24NceT24)/(44Sqrtf2] «Nc), (—24LA45 + 24146 + [364(-2 + Nc) — LASeNc - LA64Nc + L354(2 + Nc) + 24NceT23 - 24NceT24)/(44Sqrt2]«Nc), ((-L35 + L36 + LAS - L46)«Sqrt|-12 - 164Nc
(L35 - 136 - LAS + LA46)+Sqrt|-12 + 164Nc = Nc”*2 - 44Nc*3 + Nct4))/(4+8Sqrf2]«(2 = 3«Nc + NeA2p), (=135 - 136 + LAS + LA6 - 24T23 + 24T24)/(2+Sqr2)«Sqrtf-1 + NeA2)), (-T1S + T16 + T25 - T26)/Sqm2), (Sqrt|-4 + NcA2]«(-T15 + T16 + T25 - T26))/4,
—(4 + 24134 + 24156 - 24Nch2 - 24L344Nc”2 + Nc”24TIS + Ncr24T16 + Nc”24T25 + Nchr24T26)/(4«Nc), 0, (<135 - 136 + LAS + L46 — 24T23 + 24T24)/(4+Sqr2]), ((-L35 + L36 + LAS - LA46)+Sqrt|-4 + Nc”2))/(4+Sqrt|2]«Nc), (L35 + L36 + LAS - LA46)/(2+No),
(<135 + L36 + LAS - LA6)«Sqrt|-4 + Nc 2])/(4+Sqr2)«Nc), (<135 - L36 + LAS + LA6 - 44TI3 + 4.T14 + 24T23 - 2.T24)/(4+Sqr2)), (L35 - 136 — LAS + LA46)«Sqrt|-4 + Nc”2))/(4+Sqrt2]«Nc), ((-L35 + L36 + LAS - L46)«Sqrt|-4 + Nc*2])/(4+Sqrtj2]«No),
(Sqrtf(3 + N)/(2 + 24N0))«(L35 + 136 — LAS — LA6 + 24T23 - 2.T24))/4, (Sqrf(=3 + No)/(=1 + No)«(-L35 - L36 + LAS + LA6 — 24T23 + 2.T24))/(4+Sqry2).

(-L35 + L36 + LAS - LA6)«(-4 + Nc"2))/(2+Sqrtj2]«Nc«Sqrtjd — S«Nch2 + Ncrd)), 0, (L35 + L36 + LAS - LA46)/(24Nc), 0, (4 + 24134 + 24156 — 24NcM2 — 24L564Nc*2 + NcM24TI3 + Nc”24T14 + Nc224T23 + NcMr24T24)/(4«Nc), ((-L35 + L36 + LAS - LA6)«(=12 + Nc”2))/(4+Sqrt|2]«Nc«Sqrt|-4 + Ncr2)),
(L35 - 136 + LAS — LA6 — 24TI1S + 24T16 + 44T25 - 44T26)/(4+Sqrt)2)). (Sqrt]-4 + Nc 2]«(-T13 + T14 + T23 - T24))/4, (L35 - 136 + LAS - LA46 + 24TI15 - 24T16)/(4+Sqrt2]). ((-L35 + 136 + LAS - LA46)+Sqrt|-4 + Nc”2))/(4+Sqrt|2] «Nc),
(—24LAS5 + 24146 + LAS«Nc - LA64Nc + L354(2 + Nc) = L364(2 + Nc) + 24NceTIS - 24NceT16)/(4+Sqrt|2]«Nc), (=24145 + 24146 - L354(-2 + N¢) + L364(-2 + Nc¢) — LAS«eNc + LA64Nc — 24NceTI1S + 24NceT16)/(4+Sqrt|2]«Nc), ((-L35 + 136 + LAS - L46)«Sqrt-12 - 164Nc - Nc”*2 + 44Nc”*3 + Nc*4))/(4+Sqrt2]«(2 + 3«4Nc + Ncr2)),
(L35 - 136 - LAS + LA46)+Sqrt|-12 + 164Nc - Nc”*2 - 44Nc*3 + Nct4))/(4+8Sqrf2])«(2 = 34Nc + NeA2p), (L35 - 136 - LAS + LA6)«(-4 + Nc”2))/(4«NceSqrt|-1 + Nc2)), (-L35 + L36 + LAS - LA6)/(24Nc), ((-L35 + 136 + LAS - LA46)«(—-12 + Nc”2))/(4+Sqrt|2]«Nc«+Sqrt|-4 + Ncr2)),
(=135 - 136 + LAS + LA6 - 24T23 + 24T24)/(4+Sqr2)), ((-L35 + L36 + LAS - LA46)«(-12 + Nc 2))/(4+Sqrt|2)«Nc«Sqrt|-4 + Nc*2)),
(32 + 724136 + T241AS - 724146 + 164156 - 164Nc”*2 - 144L364Nc”2 — 144LASeNc 2 + 104LA64Nc*2 — 44L564Nc*2 + 24Nchd + L364Nc 4 + LASeNc M - 4434 4(-4 + Nc'2) + 24L354(-36 + SeNc”2) + BaNcM24TI3 - 24NcM4aTI3 + BaNc 24T14 - 24Nc*44T14 + 44Nc*2.TIS -

Nc A 44TIS + 4eNc?24T16 — Nc 4aTI16 + AeNch24T23 — NcM4aT23 + AeNCc 24T24 — Nc?4aT24 + BaNCc 24T25 — 24N 4aT25 + BaeNc?24T26 — 24Nc 44T26)/(BaNce(-4 + Nc*2)),

(44135 — BolAS - 44146 + LASNc*2 - L364(-8 + Nc*2) + 44T15 - Nc"2.TI1S 4 - o - —- o — — o — — o — s e —e s — ' e - 16)/(4+Sqrt|2)).
(—44135 — BalAS + 44146 + LASeNc”2 - L36+4(-8 + Nc*2) + 84T13 - 24Nc¢
(2135 — 24145 + 2146 + 2eNcr2 + LASeNc?2 + L36«(-2 + Nc*2) + N¢
(AeLAS5 — 44146 — A4LASNC + 4uNc”2 + LASNcH2 + LA64Nch2 + 136
(A4LAS - 44146 + [364(-2 + NO)*2 + 44LASeNc + 44Nc”2 + LAS«Ncr2
—((L35 - 136 - LAS + LA46)«(-6 — Nc + Nc”2))/(Be(-2 + Nc)«Sqrt|3 - 4N U

6)e(-6 + Nc + Nc'2))/(B«(2 + No)«Sqrt|3 + 44Nc + Ner2)),
-4 + Nc”2))/(4+8qrt|2] «No),

(L35 - 136 + LAS - LA6 - 24TI1S + 24T16 + 44T25 - 44T26)/(4+Sqm2)), 26)/(8«Sqrt|-4 + Ncr2)),

(N, M*/uz) = Pexp

(8 + 44134 — 64135 + 64136 + 64145 — 62146 + 44156 — 24NcA2 — L3 l]—)tttt 1t(2] «No).
(24135 — 241AS5 + 24146 + 24Nc”2 + LAS«Nc 2 + L364(-2 + Nc”2) + N¢ he(2 + N¢) — 24NceT15 + 24Nc«T16)/(8 «Nc).
(~24L45 + 24146 — L354(-2 + No) + L36+(-2 + Ne) — L45+Ne + Li6aNe Up 24T23 - 24T24))/(8+Sqrti-12 + 164N — NcA2 — 4NeA3 + Nerd]),

L35 - 136 + LAS - LA6 + 24T15 - 24T16)/(2+Sqr|2]«Sqrt|-1 + NcA2)), (-
—(4 + 24134 + 24156 — 24Nc”2 — 241564Nc”*2 + Nc”24TI13 + Nchr2.Tl4
((-L35 + L36 + LAS - LA46)«Sqrt]-4 + Nc*2))/(4+Sart2]«Nc). (Sart|(3 + No)

(=4 + Ncr2)o(L35 - L36 + LAS - 146 + 24TI1S - 24T16))/(4+Sqrtj4 - S«N¢
(44135 - 84145 + 44146 + LASeNc?2 - L364(-8 + Nc*2) + 8.T13 - 2
(24135 — 24145 + 24146 + 24Nc”2 + LASNc”*2 + L364(-2 + Nc”2) + N{

LA6)+Sqrt{-4 + NeA2])/(4+Sqrt[2) «No),
o Sqrt[-4 + NcA2))/(4+Sqrt2]«Ne),

To solve this: go to colour space (R) where SAD is diagonal  frsee

—(8 + 44134 - 64135 + 64136 + 64145 - 64146 + 44156 - 24Nc*2 - L3 + T24 + 24T25 - 2.T26))/8,
(24LAS - 24146 + L354(-2 + Nc) — LAS«Nc - LA464Nc + L3642 + No) + 2Re(r ) 6 — LAS + 146 — 24TIS + 24T16))/(8«(2 + 3+4Nc + Nc*2)).
={(=6 — Nc + Nch2)«(L35 - L36 + LAS - 146 + 24TIS - 2.T16))/(8+Sqn| R
IINCe(d + 135 + 136 + LAS + LA6 + 24TIS + 24TI16 + 24T23 + 2.T24) /(4 S ln( 1 — 2&)
(<135 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2])/(4+Sqrtj2]«Nc), (24135 - 2.

(L35 - L36 + LAS - LA6 — 24TI1S + 24T16 + 44T25 - 44T26)/(4+Sqr2)).

~(8 + 44134 - 240135 + 24136 + 241A5 - 24146 + 44156 - 24Neh2 -~ L3S

((-L35 + L36 + LAS - LA6)«Sqrt-4 + Nc”2])/(8«No), (Sqrt(3 + Noy/(l + No)
10, (L35 + L36 + LAS - LA46)«Sqrt|-4 + Nc 2])/(4«Nc), (-2+1A45 + 24146 — L33

\Ch.

271'[7()

NC + L3542 # No) = L3642 +# Nc) + 24NceTI1S - 24NceT16)/(4+Sqrt|2] «Ne),

N v N

(44145 — 44146 — A4LASeNC + 4eNc”2 + LTASNc”*2 + [A64Nc 2 + L3642 + NO2 + L354(=4 + Nc”2) = 4aNCeTIS + 2aNCA2ZaTIS + GaeNCeT16 + 2oaNCh24TI0 + AaNCoT23 + 2oNCA24T23 = GaNCoT24 + 24N 24T24)/(B«NcoSartj-4 + Nch2)),

(24145 - 24146 - LAS«Nc + LA64Nc - L354(2 + No) + L364(2 + Nc) — 24NceTIS + 24NceT16)/(8«Nc), ((L35 - L36 - LAS + LA6)«Sqrt|-4 + Nc 2))/(4+Sqrt|2]«Nc), (24145 - 24146 + L354(-2 + Nc) - LAS«Nc - LA464Nc + L364(2 + Nc) + 24NceT23 - 24Nc«T24)/(8«Nc).
(L35 + L36 + LAS - LA6)«Saqrt|-4 + Ncr2])/(BaNc), —(4 + 24134 - 44135 + 44136 + 441AS - 44146 + 24156 - L364Nc + LAS«eNc - 24Nch2 - L364Nc”*2 - LASeNcH2 - 24NceT13 + 24NceT14 = NcoTIS + Nc?24TI1S + NcoT16 + Nc224T16 + NceT23 + Ncr24T23 - NcoeT24 + N 24T24 + 24NceT25 - 24NceT26)/(44No),
0, ((-6 — S«Nc + 24Nc”2 + Nc”*3)e(l + LAS + TIS + T24))/(4+Sqr|-12 - 164Nc = Nc”*2 + 44Nc”*3 + Nc”d)), ((6 — SeNc - 24Nc”2 + Ne*3)o(l + L36 + T16 + T23))/(4+Sqrt|-12 + 164Nc = Nc”*2 - 44Nc”3 + Nerd)).,
10, ((-L35 + 136 + LAS - LA46)«Sqrt|-4 + Nc 2])/(4«Nc), (=2+1LA45 + 24146 + L364(-2 + Nc) - LAS«Nc - LA64Nc + L354(2 + Nc) + 24NceT23 — 24NceT24)/(4+8Sqr2]«Nc), ((-L35 + 136 + LAS - LA46)+Sqrt|-4 + Nc”2))/(4+Sqrt|2)«Nc),
(=241A5 + 24146 - L354(-2 + No) + L364(-2 + Nc) = LAS«Nc + [A64Nc - 24NceTI1S + 24NceT16)/(4+Sqrtj2)«Ne),
(A+LAS — 44LA6 + L364(-2 + No)*2 + 44LAS«Nc + 44Nc”2 + LAS«Nc” 2 + LA64NcH2 + L354(=4 + Nc”2) + 4eNceTI1S + 24Nc”?24TIS — 44NceT16 + 24Nc 24T16 — 4aNceT23 + 24Nc?24T23 + 44NceT24 + 24Nc”*24T24)/(B«NcoSqrt|-4 + Nc”2)),
(=24LAS + 24146 - L354(-2 + N¢) + L364(-2 + Nc) = LAS«Nc + LA64Nc = 24NceTIS + 24NceT16)/(B«Nc), ((-135 + 136 + LAS - LA6)«Sqrt|-4 + Nc 2))/(4+Sqrt2]«Nc), (—241LA5 + 24146 + 1364(-2 + Nc¢) — LAS«Nc - LA464Nc + L3542 + N¢) + 24NceT23 ~ 24NceT24)/(8+N¢),
(=135 + L36 + LAS - LA6)«Sqrt-4 + Nc 2] /(BeNc), 0, —(4 + 24134 — 44135 + 44136 + 44LAS - 44146 + 24156 + L364Nc - LAS«Nc - 24Nch2 — L36eNc*2 — LASeNc” 2 + 24NceTI3 — 24NceT14 + NceTI1S + Nc?24T1S = NceT16 + Nch24T16 — NcoT23 + NcMr24T23 + NcoT24 + Nc”24T24 - 24NceT25 + 24NceT26)/(44No),
((=6 — SeNc + 24Nc*2 + Nc”3)e(l + L36 + T16 + T23))/(4+Sqrt|-12 - 164Nc — Nc 2 + 4«Nc”3 + Nctd)), ((6 — SeNc = 24Nc”2 + Nc*3)e(l + LAS + TIS + T24))/(4+Sqrt-12 + 164Nc — Nc*2 - 44Nc*3 + Nerd),
10, ((-L35 + L36 + LAS - LA46)«Sart|(3 + Noy/(l + No/4, ((-L35 + L36 + LAS - L46)«Sar|-12 - 164Nc = Nc”*2 + 44Nc”3 + Nc d4))/(4+Sqrtf2]«(2 + 3«Nc + Nc2)), (Sartl(3 + No)/(2 + 24N0))«(L35 + 136 - LAS - 146 + 2.T23 - 2.T24))/4,
(<135 + L36 + LAS - LA46)«Saqr|-12 - 164Nc — Nc”2 + 44Nc”3 + Nc d4))/(4+Sqrtf2]«(2 + 3«Nc + Nc”2)), —((L35 - 136 - LAS + LA46)«(-6 + Nc + Nc”2))/(B«(2 + Nc)«Sart]3 + 4«Nc + Nc”2)), (Sqrtf-12 - 164Nc - Nc”*2 + 44Nc*3 + Nc 4] «(L35 + 136 - LAS - LA6 + 24T23 - 24T24))/(8B«(2 + 34Nc + Ncr2)),
(Sqrtf(3 + N)/(2 + 24N «(-L35 + 136 - LAS + 146 - 24TIS + 2.T16))/4, (Sqrj-12 - 164Nc — Nc*2 + 4eNch3 + Nerd)«o(-L35 + 136 — LAS + 146 — 24TIS + 24T16))/(B«(2 + 3«Nc + Ncr2)), (Sqrtf(3 + No)/(1 + Nojj«(4 + L35 + 136 + LAS + 146 + 24TIS + 24T16 + 24T23 + 2.T24))/8,
((=6 — SeNc + 24Nch2 + Nchr3)e(l + LAS + TI1S + T24))/(4+Sqr|-12 - 164Nc - Nc*2 + 44Nch3 + Nerd)), ((-6 — S«Nc + 24Nc”2 + Ner3)e(l + L36 + T16 + T23))/(4+Sqrt|-12 - 164Nc - Nc”2 + 44Nc”*3 + Nerd)),
—(8 + 4L36 + A4LAS — 44146 + 44156 + 241364NC + 24LA5NC — AaLA64NC + 24L564Nc — 64NcH2 — 34136 eNcH2 — FaLASeNc?2 — 24Nc”3 = L36eNch3 — LASeNC3 — 4ol354(1 + N©) + 241344(2 + N©) — 4aNcaTI13 = 24Nc?24T13 — AuNCeTI14 = 24N 24T14 + 24NceTIS + 34N 2.TIS +
NcA34TIS + 24NceTI16 + 34Nc 24T16 + Nch34T16 + 24NCeT23 + 34Nc?24T23 + Nc?34T23 + 24NceT24 + 34N 24T24 + NcM34T24 — AaNCeT25 — 24N 24T25 — 4aNceT26 - 24Nch24T26)/(4«Nco(2 + Noj)., 04,
00, ((-L35 + L36 + LAS - L46)«Sqrt(-3 + No)/(-=1 + No/4, (L35 - L36 — LAS + LA6)«Sqrt-12 + 164Nc — Nc”*2 - 4«Nc*3 + Nc d))/(4+Sqrt2])«(2 = 3«Nc + Nc”2)), (Sqrtl(=3 + No)/(=1 + No)J«(-L35 - L36 + LAS + LA6 - 24T23 + 24T24))/(4+Sqr2)).
(L35 - L36 - LAS + LA46)«Sqrt|-12 + 164Nc = Nc*2 - 44Nc”3 + Ne2d))/(4+Sqrf2)«(2 = 3«Nc + Ner2)), (L35 - 136 — LAS + LA6)«(=6 — Nc + Nc'2))/(Be(=2 + Nc)«Sqrt|3 — 4«Nc + Nc”2)), ((=6 = Nc + Nc22)o(L35 + 136 - LAS - LA6 + 24T23 - 24T24))/(8+Sqrt|-12 + 164Nc — NcA2 - 44Nc*3 + Nerd)),
(Sqrtf(=3 + No)/(=1 + No)J«(L35 - 136 + LAS - LA46 + 24TI15 - 24T16))/(4+8Saqrt2]), —((-6 — Nc + Nch2)«(L35 - 136 + LAS - LA46 + 24TI15 - 24T16))/(8+8Sqrt|-12 + 164Nc — Ncr2 — 44Nch3 + Nerd)), (Sartf(-3 + Noy/(=1 + No)j«(4 + L35 + L36 + LAS + LA6 + 24TIS + 24T16 + 24T23 + 2.T24))/8,
((6 — SeNc — 24Nc”2 + Nc’3)e(l + L36 + T16 + T23))/(4+Saqr|-12 + 164Nc — Ncr2 — 44Nc”3 + Nc’d)), ((6 — SeNc — 24Nc”2 + Nc”3)e(l + LAS + TIS + T24))/(4+8Sqr|-12 + 164Nc = Nc”r2 - 44Nc”3 + Nend)), 0,
~(=8 — 44L36 - AuLAS + 44146 - 44156 + 241344(-2 +# NC©) = 4eL354(=1 + N¢) + 24L364Nc + 24LA54NC — 44LA6NC + 24L564Nc + 64Nc*2 + 34L364Nc 2 + 34LA5eNcH2 — 24Nch3 — L364NcH 3 — LASeNC?3 — 4aNCeTI3 + 24Nc 24T13 - 4eNceTI14 + 24NcH24T14 + 24NceTIS -
3eNc?24TIS + Nc”34TIS + 24NceT16 — 34NcH24T16 + N r34T16 + 2eNceT23 — 34N 24T23 + Nc234T23 + 24NceT24 — 3aNCH24T24 + Nc?34T24 — AaNCeT25 + 24N 24T25 — AaNCeT26 + 24Nc?24T26)/(44(-2 + Nc)« N



Colour structure 4top

Cy(1) =0
C(8(ars) = N, =3
. ~ 2Re(I'y) ;
USU =S, exp ~ In(1 — 24) C,(10,10) = 2N, = 6
27tby Cy(27) =2(N,+ 1) =8

C,(N*(N.—3)(N.+ 1)/4=0)=2(N.— 1) =4

qq — tttt
303=3R3R3R3 —» 198=002x1)P2x8) P8 D8, ®10D 10 P 27

Absolute threshold limit: 2Re[I’g)q_] — diag(O, 0,—3,—3,—3, — 3)

q

SRE8=3R3R3R3 —m» 00108,08,D10010027=002x1DHP2X8 D8 D8, 10D 10 27

Absolute threshold limit:

24 In agreement with [0907.1443]
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Resummation for 4top

Mellin-space resummed cross section

Soft function

captures wide-angle-soft enhancements

— ~J/

1j—> 1ttt >ttt Ulj—n‘ftf Sij—>tftf

5 (N = Tr [ H

Hard function
captures constant contributions as N — oo

Melissa van Beekveld

Ulj—>tftf ] Ai A]

Incoming jet functions
capture soft-collinear enhancements
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Resummation for 4top

Mellin-space resummed cross section
Soft function

captures wide-angle-soft enhancements

— ~J/

1j—> 1ttt >ttt Ulj—n‘ftf Sij—>tftf

5 (N = Tr [ H

Hard function
captures constant contributions as N — oo

a(Ug)

HD + ...,

T Projection on

H=H®Y +

U

j— it ] Ai A]

Incoming jet functions
capture soft-collinear enhancements

Needed at NLL colour space R

L (! d
HY =o-| dpp a0 3 a0aO el
colour(K,L),spin AN

Colour-stripped

Born phase- _
amplitude

space integration

Melissa van Beekveld

Ck)



27

Resummation for 4top

Mellin-space resummed cross section
Soft function

captures wide-angle-soft enhancements

— ~J/

1j—> 1ttt >ttt Ulj—n‘ftf Sij—>tftf

5 (N = Tr [ H

Hard function
captures constant contributions as N — oo

as(/’tR) H(l) 1
- c oo

Needed at NLL’

HD = v 4 ¢

H=H +

Virtual Collinear
one-loop end-point
contributions contributions
(Extracted from
MC@NLO)

Melissa van Beekveld

U

j— it ] Ai A]

Incoming jet functions
capture soft-collinear enhancements
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Matching to fixed order

Go back to physical space by an inverse Mellin transform

tttt 2 1i

Match to fixed-order predictions through

dN '
NLO+NLL(") — NLO —N 2 2 A
szzf (T) — Oz (T) T J:gz_m v fz(N T I,MF)];(N T 19/4]?) X _Ug?iﬁﬁ

Melissa van Beekveld

, dN
o~ 0(7) = J — VAN + Lup) fN + Lug) X 655 - (N)
€

ij—tttt

(N) — 6

ij—tttt

M)lxto



Results

. LUXged_plus_PDF4LHC15_nnlo_100, VS = 13TeV

17 5 I \\ ......................... ............................................................. ...... I\_I wresummed’mi_=1725GeV’uR=IJF_

LHC at 13 TeV N

Hr = Mg = 2m,
m, = 172.5 GeV
NNLO PDF4LHC with LUXqged

(includes photon PDFs)

0.0

025 05 1.0 2.0

Melissa van Beekveld



Results

. LUXged_plus_PDF4LHC15_nnlo_100, VS = 13TeV
17 5 I \ ........................... ............................................................. ...... I\_I wresummed’ml_=1725GeV’uR=lJF_

LHC at 13 TeV R\

Hr = Mg = 2m,
m, = 172.5 GeV
NNLO PDF4LHC with LUXqged

(includes photon PDFs)

2.51 — .- NLO+NLL
—— NLO

0.0%855 05 1.0 5.0

u/(2my)

Melissa van Beekveld
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Results

LHC at 13 TeV

Hr —

m, =

Hp = 2m,

172.5 GeV

NNLO PDF4LHC with LUXqed

(includes photon PDFs)

®
N

ot (fb)

2.5

— NLO

LUXqed_plus_PDF4LHC15 nnlo_100, VS = 13TeV

17.5 I \ ........................... ............................................................. ...... ,\_I wresummed’mt=l72SGeV’uR=lJF_

1500 R — o .
T R S .
00r N B i
7.5 ............................... ........................................ N B — -

sof T e -

-—- LO
—-= NLO+NLL
—— NLO+NLL!

0.0 55

Melissa van Beekveld

0.5

1.0 2.0
U/ (2my)



Results

LUXged_plus_PDF4LHC15_nnlo_100, VS = 13TeV
17.5 I ............................... ............................................................. I\_I_resummed’m =1725G€V,H =u -
« LHC at 13 TeV f we

= = 2m, sop S R
. m, = 172.5 GeV
* NNLO PDF4LHC with LUXqged

(includes photon PDFs)

Expanded NLL’ result up to NLO shows that 50k ............................................................. .......................................................................................................................... ........ ]
the dominant part of the NLO corrections are
captured by soft-gluon radiation 5 &

NI O OO TTTOOOOOOOOOOCCCTTTTETETETERERTETRETETETETETETETETTETETTTTTTTTTTTTTTTTTTTTTTTT OhhhhhhTTESTTMETmEIETEThEIOeh=

000955 05 1.0 5.0

Melissa van Beekveld
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Results

LHC at 13 TeV

Hr —

m, =

Hp = 2m,

172.5 GeV

NNLO PDF4LHC with LUXqed

(includes photon PDFs)

17.5

5.07

2.5

0.0

1 LUXqged plus PDF4LHC15 nnlo 100, Vs = 13TeV
I \ ........................... ............................................................. ...... 1_,_.r'eSL”rT]rT}ed mi‘_’ — 172 5 GeV HR —HF

NLO (no qg) ——— NLO+NLL"
—— NLO — NLO(QCD+EW)+NLL'

025 05 1.0 2.0
U/ (2my)

Melissa van Beekveld




16—
Results wl A [ S
4 1 1 1 I

® |

z O z z

077 (Ib) | K-factor
10 I RS S SO SRRSO o ............................................ ............ i

NLO 11.00(2)+23% 5
NLO_l_NLL 11 46(2)"'%% 3% 104 :E 8 ..............................................................................................................................................................................................................

o}
NLO+NLL 12735 1.16 SLIEY S S S S S
NLOQCD+EW) | 11642253 AT S R N N—
NLO(QCD+EW)+NLL [[12.10Q2)* ;5%  1.04
2 IR ............................................. T TR RS SRR -
NLO(QCD+EW)+NLL |[13.37(2)F30% | 1.15 LUqud plus_ PDF4LHC15 nnlo 100, \/_—13TeV
PDF error is 6.9 % 0 N- resummed mt— 172.5 GeV, ,uo =2My, /- pomt scale uncertalnty
. N\
&S
N O\Qxé\/
$V

34 We find a huge reduction of scale uncertainty!



Comparison with experiment

------- NLO(QCD+EW)+NLL' [2212.03259]

I scale uncertainty

scale ® PDF uncertainty

CMS
[2305.13439]

ATLAS
[2303.15061]

10 15 20 25

Ot (fD)

35 Melissa van Beekveld
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Results for 13.6 TeV
16 I - NN EESONS SO L.
¢
14 I .................................................................................................... R é_ ............
: X 5
677 (Ib) | K-factor D1 S U o (AR I e
X
X 1 :
NLO 13.142)1 50 S Y I ¥ R S
077 = 13 TeV
NLO+NLL 13. 81(2) —70.1% 105 :g 13.6 TeV
+4 3(7 b 8 oo I ...t e e e e e eeeeeeeeeaaaa——aaeeeeeeaaaaaaaneeee beetaaaaaaaateeaeeteeeeaaaaanneennaeeeeeeaaaannnnniee] §
NLO+NLL’ 15.16(2)7 75,  1.15 ¢
6 L T e e
NLO(QCD+EW) 13.80(2)125 02
_|_18 4% 4 - S SO SRR
NLOQCD+EW)+NLL |/14.47(2)" 35 1.05
: 6% 2 e, Dttt eteeteeeeteeteeeateeseeeeeueeeeeteeees beeeeteeteeteeueeue et eat et eteeteateeeeeteete et e et et et et eeeeeteeaeeee et et et eneaneneeareaes T _.
NLO(QCD+EW)+NLL' |[15.81(2)F} 7, | 1.14 LUqud plus_PDF4LHC15_nnlo_100, VS = 13.6TeV
, N resummed, mt— 172.5 GeV, /Jo =2My, 7- pomt scale uncertamty
PDF erroris 6.7 % 0

36

O
v/ S\/ XQ\’ é\/
N4 N

Melissa van Beekveld




Variation of

18

16

14+

12}

ot (fb)

37

the top mass

— LO(QCD-:I-EW)
— =+ NLO(QCD+EW)

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

N ey g :
—l—l—l—.—
- L]

N O OO I OTOOOOOTOOTTOOOTTOTOTTTTTTTTTIOTTTETTTRTOTTOOTTThTTETETETET

LUXged_plus_PDF4LHC15_nnlo_100, Vs = 13TeV.

N-resummed, ,uo = 2my¢, 7-point fscale uncertaintf{

—— NLO(QCD+EW)+NLL' |

.—._. . g
—l—:l—.—. .:
H — I oy e g
—

P70 171 172 173 174

my¢ (GeV)

Melissa van Beekveld

175



Conclusions

e Performed first resummation of a process with 6 coloured particles at
Born level

* Find a significant reduction of the total scale uncertainty
e Next steps: 170D, invariant-mass resummation, extension to NNLL

30 | | |
| LO ----- NLO+NLL --—--

NLO —— NLO+NLL ———

Oyip DD

o e e .
N—resummed, m; = 172.5 GeV, my, = 4.75 GeV, ug = my :

LUXqed_plus PDFALHC15 nnlo_100, v/S = 13 TeV

O | | I
0.5 1 2

14/ o
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Back-up

Melissa van Beekveld



40

Building H'

Using standard formula for construction of NLO cross section catani-seymour [9605323]

NLO __ R. Vv C
C, = J d(fabc —- J d%b - J d%b
m+1

m m

Real gluon emission off
the initial-state legs

contributing to C'! after Virtual correction (double

removing /N-dependent pole and single pole

terms (double pole and obtained via FKS
single poles) [0908.4272], finite part

contributes to V1)

Melissa van Beekveld



41

Building SV

Consider the soft eikonal diagrams

P; ° DP;
CS) = — 47zpt2€asz /
Iy pi'kpj'

Integrating over the 1-gluon phase space gives the kinematic contribution

p (AV] T, - Tj | of 7Y

Pi " P;

Si' X [dZZN—l(l o Z)—l—ZG[dl—ZGQi I
/ "pi-kp;-k

Needs to be computed for the Il, IF, Fl and FF dipoles
(results consistent with [2102.08943])

Melissa van Beekveld
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N versus N resummation

Ot (Tb)

16

14

12

10

fms s i s s s s s s st r s s s s s r s s s

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

x  N-resummed
¢ N-resummed

IVIEIISSd vVdIil DEEKVEIU
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Colour basis gg

)
cdd

qq
(‘()

a1 aq
5(‘-1(";{; . t .

1
Try/Nc.(N2—1) = 70 5%
: 1 ai
Try/No(NZ — 1) 2 20t
1 ay a1 §
TR \/lr\'rc(i r(:z — 1) ‘c1czc2cq TC6C8
AV a3 dala
T2./2(N4 —5N2 1) e
1 tar, i ferazbage

Melissa van Beekveld

)bita) fb;

(')(‘1 (‘()(“;

C2C4 (‘()(‘,.s
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Colour basis gg

=99 __ 3\/3 94

- 3V3e - 3y et - et

C C —|—
1 8 1 2 ()

>

t) 2
g9 g9 99 g9 g
CH” = ———C —Cg 1] — 15 + —\/7
2 1 ( 11 12 €13

4 5 2\/5 2\/§ 4V 5

1 1
g9 g9 99
Cy” = ———Co + ——C
3 7 9

V2 V2
799 — 1 99 _ l(,qq l(,qg 4 1\/3qu
5 2\/§ 1 9 6 9 10 9 9 13

= - = - °

—g.q__l 9 g9 3 qg_l Y 99 2 99_3 3 g9
% = 735 €1 % — 5\ 7¢10 €12 = 5\/ 7n“13 >

2V 14 2/ 35 2V 7 N&i 2V 70
B = — el b el = el ol — o=l — 5
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