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Pushing the boundaries of threshold resummation

Part A Part B
Extension to a higher Understanding
number of particles subleading-power
that carry colour — contributions
4top production
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Improving perturbation theory

Fixed-order description of a differential cross section

d6= cha?=C0+ClaS+Cza3+... /(((-f‘/-'
n \/‘(:;

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

Based on the seminal papers by Parisi (1980); Curci and Greco (1980); Sterman (1987); Catani and Trentadue (1989, 1991)

o | 1
NLO | aSLz aSL aS
NNLO | o L* a’L’ aZL?
NLO 'L el a7
1, (2)
_ g (aL) (a L)
Orocum = N(a)esc 575 0
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Resummation: A new series

o | 1
NLO | @ L? oL a
NNLO | o L* a;l’ oL’
N'LO @2 oL oL
1, (2)
_ g (a,L) o'“(al)
Orocum = N(a)e%s® 575 0

Leading-Log (LL)
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Resummation: A new series

o | 1
NLO | aSLZ aSL aS
NNLO | @ L* a’L’ aZL?
N'LO | @2 /LT oL
1, (2)
_ g (al) o'“(al)
Orocum = N(a)e%s® 575 0
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Resummation: A new series

o 1
NLO | aL? a,L a
NNLO | o L* a’L’ aZL?
N'LO | a2 oL oL
1, (2)
_ g (al) o'“(al)
Orocum = N(a)es® 575 0

obeys perturbative expansion;
including O(a,) leads to NLL accuracy
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Threshold resummation for a coloured final state

e Colour can be factorised when up to three hard partons are present

Can be proven using conservation of colour charge Z T, =0
e Colour interferences are created with four or more partons

« Resummation has been understood for 2 — 2 processes...
See e.g. Contopanagos, Laenen, Sterman [1996]; Kidonakis, Sterman [1997]

e .22+ XwithX=hW,Zy

See e.g. [1409.1460], [1509.02780], [1510.01914], [1901.04243], [2001.03031], [2012.09170], [2212.00096]

e But what about 2 — 4, such as 4top production?
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Part A

Threshold resummation for the 4top production process

[2212.03259]
with Anna Kulezsa and Laura Moreno Valero
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Status of 4top - theory

> t g t
Y

< t g t

x 14 at LO t L x72atLO

Pure QCD (O(ah))
*NLO calculated some time ago [1206.3064]
*MadGraph@NLO matched with parton showers [1405.0301, 1507.05640]
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Status of 4top - theory
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] 1073
{
t g £ o)
m\< t S 104
| H 9
e
L
x 14 at LO t L x72atLO
Pure QCD (O(a*)) EW + QCD (i.e. O6(a2a?)) 107
*NLO calculated some time ago [1206.3064]
. 1.5
*MadGraph@NLO matched with parton showers [1405.0301, 1507.05640]
*Including EW corrections (1711.02116) 0.8
0.5

[1711.02116]
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Status of 4top - theory

x 14 at LO

t

Pure QCD (O(a)))
*NLO calculated some time ago [1206.3064]

*MadGraph@NLO matched with parton showers [1405.0301, 1507.05640]
* Including EW corrections [1711.02116]

t

x 72 at LO

EW + QCD (i.e. O(a?a?))

- POWHEG-BOX implementation with spin correlations [2110.15159]
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Status of 4top - experiment
First hints for its existence found by ATLAS and CMS!

Standard Model Total Production Cross Section Measurements Status: February 2022

ATLAS Preliminary

Theory ;

\s=7,8,13 TeV
LHC pp Vs =13 TeV
BEl  Data 321392
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In one/two opposite-sign lepton final-state channel
+10/8 jets...

ATLAS __ +15
o7 = 26 £ 8(stat.) " 3(syst.) fb 2106.11683]

o M5 — 38+13 {h cms-Pas-TOP-21-005]

[t —11

In two same-sign / > 3 lepton final-state channel

at‘%;fLAS =24 + S(Stat.)fi(syst.) fb [2007.14858]

CMS _ +5.8
o7 = 12.672 5 1b [1908.06463



Uncertainties 4top
Uncertainty dominated by systematics!

Uncertainty source

(it cross section
tttt modelling
sackground modelling

ttW+jets modelling +0.26 -0.27
it modelling +0.10 -0.07
Non-prompt leptons modelling +0.05 -0.04
1t H+jets modelling +0.04 -0.01
ttZ+jets modelling +0.02 -0.04
Other background modelling +0.03 -0.02
Charge misassignment +0.01 -0.02
Instrumental

Jet uncertainties +0.12 -0.08
Jet flavour tagging (light-flavour jets) +0.11 -0.06
Simulation sample size +0.06 -0.06
Luminosity +0.05 -0.03
Jet flavour tagging (b-jets) +0.04 -0.02
Jet flavour tagging (c-jets) +0.03 -0.01
Other experimental uncertainties +0.03 -0.01
Total systematic uncertainty +0.70 -0.44
Statistical +0.42 -0.39
Non-prompt leptons normalisation (HF, Mat. Conv,, Low m,+) +0.05 -0.04
rtW normalisation +0.04 -0.04
Total uncertainty +0.83 -0.60
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Pre-fit impact on u:

6= 6+A0 0 = 6-A0
Post-fitimpactonu:
6 = 6+A0 0= 6-A0

—e— Nuis. Param. Pull

titf cross section
titt PS choice
ttbb 5FS vs. 4FS

ti+21¢c normalisation
titt u_and M

b-tagging: light jets mis-tag rates EVO

ttbb generator choice shape
ti+23b normalisation

ti+jets reweighting: non-tf subtraction
ti+2 1c generator choice shape
tt+23b 5FS vs. 4FS

ttB normalisation

JES modelling EV1

JES pile-up p-topology

tiB 5FS vs. 4FS

ti+light generator choice migration
JES flavour composition titf

tiH + jets cross section

JES flavour response
single-top-quark generator choice

Besides 77, uncertainties in t7W, ttbb background modeling

and in jet energy scale / resolution contribute substantially

ATLAS [2106.11683]
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Why 4top?

e Sensitive to the Yukawa coupling

Melissa van Beekveld

CMS [1908.06463] 137 fb~' (13 TeV)
| «zz Observed upper limit ’l'

50-_ = Observed cross section H
| === Predicted cross section /

llllllllllllllllllllllll
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Why 4top?
e Sensitive to the Yukawa coupling

e Constrain EFT coefficients seee.g. [2208.04962]
o Effective four-heavy-quark operators (QQQ(Q) and two-heavy-two-light four-quark operators (0Qqq)

 Dimension-6 operator H that modifies Higgs propagator

t t
g [ q —» @&t
Y
g t q — \<\£
t t

Melissa van Beekveld
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Why 4top?

e Sensitive to the Yukawa coupling

e Constrain EFT coefficients

o Effective four-heavy-quark operators (QQQ(Q) and two-heavy-two-light four-quark operators (0Qqq)
 Dimension-6 operator H that modifies Higgs propagator

e Probe the presence of new particles

 Simplified DM models
e Jype Il two Higgs doublet models
e SUSY (both minimal and non-minimal models)

Melissa van Beekveld
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Threshold resummation for 4top

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

1 M2
077 (N) = J dr V- m(z') 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
dXZJ;(x29 /4]27) J dp 0 (,0 ) l]—>tttt (p)
0 X1X2

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

1
O7(T) = J' dxlfi(xla//t%)J'

0 0

Melissa van Beekveld



Resummation for 4top

Mellin-space resummed cross section

— ~y

U. --S.

j—tttt M ittt

)

U.. A A.

0, (N) = 1Ir [ H,; j—tttt ] 1 =

z]—>tttt ij—tttt

o
ST
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Resummation for 4top

Mellin-space resummed cross section

— ~y/

U. --S.. --U.. ] A; A,

l]—>tttt jjotitt “Zij—otitt Cijotitt Y ijo>titt

B N) = Tr | H,

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)

20 Melissa van Beekveld



Resummation for 4top

Mellin-space resummed cross section

Soft function
captures wide-angle-soft enhancements

— ~y/

AICS —
9 (N ) = Ir [ Hlj—)ﬁﬁ Uij—)ﬁﬁ Sij—)Iftf U

j—ttt

ij—tttt ] Ai A]

Incoming jet functions
capture soft-collinear enhancements

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
21 at NLL Needed

at NLL



l]—>tttt

22

Colour structure 4top

AN, M?*/u3) = Pexp [

~
I

HR
Soft-anomalous dimension (SAD) matrix

7

Melissa van Beekveld

A4LN7(1€Z .
J' 7 Fl]—>tttt (as(qz)) rij—>tftf (as) — (f) I’

N
~l 7

(1)

Needed
at NLL

ij—titt

2
2
5 (2)
T ( 71') Flj—>tftf

Needed
at NNLL

I

+ ...



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

23 Melissa van Beekveld



n I
(134 + 156 + 2} (N -1} VNE -1 (~T13+T14 +T23 - T24)

ril= r4l« —
oy 2N SAD for gq
o2 1 ~T15 + T16 + T25 - T26
(~1.35 + 136 + L45 - 1L46) ¥ N& -1 rd2e . .
ria- = Ine (Full kinematics)
P L35 + L36 + LA5 - 146
VN =1 (~T15+T16 + T25 - T26) r43= T
r3s :
ZN N . S N "
- -LS6NC* + TIANG + TN - N + 134 + 156 -2 TI3 + 2 TI4 +2T23 -2 T24 + 2 In colour basis of [1207.0609]
. -
VNG =1 (<T13+T14 + T23 - T24) e 2 Nc
rd=
2 Nc —
VNt =4 (L35 + 136 + L45 - 146 - T15 + T16 + T25 - T26)
150 rass«
160 SR

“J35+136-1A5+146 -TIS5+TI6-T25+T26

[, 2 [46«
(~1.35 + 136 + 145 - L46)  N&* - 1 -
21« 2vy2
2Nc 510
“L36NC -LASNE -2NAE + 134 -2135+2136 42145 -2 146 + 156 + 2 R
r22=- VN =4 (=TI13+T14 - T15 + T16 + T23 - T24 + T25 - T26)
2NC rsz-
“TI12+TI4 +T23 -T24 2v2 Nc
3=
2NC f 3
VN -4 (<135 +136 + 145 - 146 - T13 + T14 + T23 - T24)
~“TIS+T16+T25-T26 I'53«
M4« 2v2 Nc
2 Nc
S
- VN -4 (135 + 136+ 145 - 146 - T15 + T16 + T25 - T26)
JNr-a (~T13+ T14 - T15 + T16 + T23 - T24 + T25 - T26) 54«
25« 2V2 N
2 V3 Ne e
T ki e rss---uwc-usnc- +TIANG +TISNG + TN + T26NE ~2NE + 2134 613546136 +6145-6146 + 2156 -6 TIZ+6TI4-6TIS+6TI6+6 T2 -6TH+6T25-6T26+ 4
26« 4 Nc
=

2v2
1l —m

— . — \_ - — -
UNE -1 (TI5+TI6+T25 - T26) FS6<— VNe' -4 (L36 145+ TI3 - TIS - T24 + T26)

I3l«
2 Nc 610
“TIZ+TI4 +T23 -T24
M2« TIZ+TI4-TIS-TI6 -T23 -T24 + T25 + T26
2 Nc 62«
3 3 3 3 2vr2—
“I3ANC +TISNC + T2ENC “Nc* + 134 + 156 -2TIS+2TI6 +2T25 -2 T26 4
33« 1354136 -145-146+TI3-TI4 +T23 -T24
2 Nc 63
22
~1.35 + 136 + LA5 - 146
34« “J354+136-1A5+1A46-TI5S+TI6 -T25+T26
2 Nc
64«
22

N
VN -4 (1354136 + 145 - 146 - T13 + T14 + T23 - T24) 1

. 65— y N 4 (L36-145+T13 - T15 - T24 + T26)

2v2 Nc 4
T e S D T e 136N ~LASNE + TIANG + TISNG + THNE + T26N -2 NP +2134-2135+ 2136+ 21452146+ 2156 -2 TI3+ 2 TI4 -2 TIS+ 2 TI6+2 T23 -2 T24 + 2 T25 -2 T26 + 4
: — 166

2v~ ‘Nl’



{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

C,(1) =0
Cy8ars) =N, =3
_ . ~ 2Re(I';) ;
USU = Spexp * In(1 = 22) C,(10,10) = 2N, = 6
27tby Cy(27) =2(N,+ 1) =8

C,(N*(N.—3)(N.+ 1)/4=0)=2(N.— 1) =4

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:

27
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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)

H=H®OY + HD + ...,

JU

U

j— it ] Ai A]

Incoming jet functions
capture soft-collinear enhancements

Projection on

NLL colour space R

1 (! /
HY =o-| dppt|a0r 3 a0aO el
colour(K,L),spin R

Born phase- Colour—ﬁtrigped
space amplitude

integration Melissa van Beekveld

Ck)
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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)

H=HY + HO + ...,
/A
NLL
HY = v 4+ CcD (MG5@NLO
Virtual Collinear
one-loop end-point

contributions contributions

Melissa van Beekveld

U

j— it ] Ai A]

Incoming jet functions
capture soft-collinear enhancements

to extract H®) and V(1))
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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



[2212.03259]

16 : ! g

Xged plus_ _nnlo_ 100, = e
RGSUHS : LUXqed_plus_PDF4LHC15_nnlo_100, V'S = 13TeV
N-resummed, my=172.5 GeV, Ugr =iLF

14+

« LHC at 13 TeV

° I[,tR — I[,tF — 2mt
- m, = 172.5 GeV
* PDF4LHC with LUXged PDF set

(includes photon PDFs)

Ot (Tb)

Result is extremely stable under y variations

—— NLO + NLL
2 . N_O+NLL' ................................................................................................................... ........ -
—— NLO(QCD+EW)+NLL' ?

0.5 1.0 2.0
u/(2my)

32 Melissa van Beekveld



[2212.03259]

33

ol - - -
Results
o [ S E— o
12 F ........................................ SN 00 S ISR (S0 - i
10F T
NLO 11.00(2)+22% 3
NLO+NLL 11 46(2)"‘% 3% 1.04 t;g ) S S
®
NLO+NLL 127355 116 S YRR (N S S S
NLO(QCD+EW) || 1164355 P S S S S
NLO(QCD+EW)+NLL ||12.10Q2)* 5%  1.04

2 Y S eerererereseneresteresatnisenessanene e Eererereresatersasaeerentneresrererntnnes Fererererenes -

; . 7)+3.6% _ LUqud plus PDF4LHC15 nnlo_ 100 VS = 13TeV
NLO(QCD+EW)+NLL 1557 )_11'4% 115 N resummed my=172. 5 GeV, up = th 7-point scale uncertalnty

. 0 -
PDF error is 6.9 % \9 Y O Q\y > O
o N xg Xé

Vv Qx O N

Q N B2

(JQ
N
We find a huge reduction of scale uncertainty! 4




[2212.03259]

Results for 13.6 TeV
] 16 _________________________________________________ T I ..
14 I .................................................................................................... R é_ ............ -
O X
: X 5
677 (Ib) | K-factor b A S
NLO 13.14(2)+251% I '
+207; g 10_ ........................................................................................................................................................................... y 13 TeV
NLO+NLL 13.81(2)" 5011 1.05 I $ 13.6TeV
+4 3(7 b 8 oo I ...t e e e e e eeeeeeeeeaaaa——aaeeeeeeaaaaaaaneeee beetaaaaaaaateeaeeteeeeaaaaanneennaeeeeeeaaaannnnniee] :
NLO+NLL 15.16(2)777 g, 1.15 ®
6 L
NLO(QCD+EW) 13.80(2)125 02
_|_18 4% 4 - S SO SRR
NLO(QCD+EW)+NLL |[14.47(2)7 ¢< 1.05
A 2 .............. T R e
NLO(QCD+EW)+NLL ||15.81(2)*3°% | 1.14 LUqud plus PDF4LHC15 nnlo 100, VS = 13. 6TeV
SOF orror is 6.7 % 0 g resummed, mt— 172.5 GeV, /Jo =2My, 7- pomt sc\ale uncertamty \
v \
\ é\/ x@/ xé\/ x@/
S ™ W
Q Ay &
o
o
. S
Melissa van Beekveld @)
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Results for different top masses

ot (fb)

18

16

14+

12}

P70 171 172 173 174 175

_— LO(QCD+EW)
— —. NLO(QCD+EW) ]
—— NLO(QCD+EW)+NLL'

I T OO I TOOOOOOOOTTTTTCSFTODTPTPTEPERERERERETETETETETETTETETETTTTTTTTTTTTTTTTTTETTTETERETERETET

LUqud plus_ PDF4LHC15 nnlo : 100 \/_—13TeV

N-resummed, /Jo = 2my;, 7-point: scale uncertamty

myi¢ (GeV)

Melissa van Beekveld

[2212.03259]
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Part B

Next-to-leading power corrections

[2101.07270], [2109.09752]
with Eric Laenen, Jort Sinninghe Damste, Leonardo Vernazza, Chris White

Melissa van Beekveld
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Threshold expansion of cross sections

pp—>H+X ) Z J' ( ) Hz](Z)

00 n 2n—1
a, In"(1 — z
A=Y <_) ,g;;;LP( ( )) 81—+ .
m=0 I=z

_|_

Melissa van Beekveld

T

S XIX2Z



Threshold expansion of cross sections

Consider hadronic observable of colour-singlet production s,,_ ;.

2

1
dz T My
dgpp—>H+X — ng J _QCZZJ (Z) AH,ZJ(Z) T = T — xlxzz

Threshold expansion of partonic coefficient function up to next-to-leading power (NLP):

00 a n 2n—1 O lnm(l _ Z) s anl NLP
A=Y (=) D @ +c30(1—2)+ Y NPl = 2) + ..
T+ m=0

n=0 \ 7% I-z /

NLP contributions - not generally understood, but lots of recent progress!

m=(

Diagrammatic - [0807.4412], [1905.08741], [1905.11771], [1905.13710], [2101.07270], [2109.09752] ...
SCET - [1809.10631], [1910.12685], [1910.14038], [1912.01585], [2008.04943], [2107.07353] ...

38 Melissa van Beekveld
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[1905.13710]

NLP LL resummation for colour-singlet processes

Considerp;+p, > Q+ ki +... +k,
Partonic invariant-mass distribution at NLP:

1

Melissa van Beekveld
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[1905.13710]

NLP LL resummation for colour-singlet processes

Considerp; +p, = Q+k; + ... + k,
Partonic invariant-mass distribution at NLP:

1

Factorises into hard phase space and n 1-body soft-gluon phase spaces

Melissa van Beekveld
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[1905.13710]

NLP LL resummation for colour-singlet processes

Considerp;+p, > Q+ ki +... +k,
Partonic invariant-mass distribution at NLP:

1

NLP NLL only!

Melissa van Beekveld
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[1905.13710]

NLP LL resummation for colour-singlet processes

Considerp; +p, = Q+k; + ... + k,
Partonic invariant-mass distribution at NLP:

1

Contains only next-to-soft corrections at LL [1410.6406, 1807.09246]

AN XN
\‘/’/Pm/\m = » >
Jpm w0 P

External next-to-soft-gluon emissions exponentiate
[0811.2067,1010.1860]

— Ohard CXPp J
0

1

BN
g

/

Non-factorisable (internal) emissions are linked
to external ones by kinematic shift of soft function
[1706.04018,1905.08741]

dzV 128 p(2)
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Universality of NLP logs

Consider the production of a colourless final state

P1

P2

Melissa van Beekveld

[1706.04018]
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[1706.04018]

NLO gluon-emission amplitude at NLP

P1
----- Py -—=-- D5
p2
LP diagrams At NLP, also one ‘internal’ emission contributes

Low (1958); Burnett and Kroll (1968)

Melissa van Beekveld
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NLO gluon-emission amplitude at NLP

ika ZO'OC o LO'OC

Melissa van Beekveld

[1706.04018]
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NLO gluon-emission amplitude at NLP

ika ZO'OC o LO'OC

Melissa van Beekveld

[1706.04018]
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NLO gluon-emission amplitude at NLP

ika ZO'OC o LO'OC

Melissa van Beekveld

[1706.04018]
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NLO gluon-emission amplitude at NLP

ika ZO'OC o LO'OC

Melissa van Beekveld

[1706.04018]
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NLO gluon-emission amplitude at NLP

ika ZO'OC o LO'OC

Melissa van Beekveld
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NLO gluon-emission amplitude at NLP

P1

Z [,},0'7 Ya] =\

Melissa van Beekveld :
l( po OV oV ap) EAlo'oc,pv

§ 8§ —8 &



51

NLO gluon-emission amplitude at NLP

] Laa _
Melissa van Beekveld —

[1706.04018]
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Towards the NLP cross section

2
el

Z |<Qfscal|2 +2Re

colors

K

2p1 - P2

p1-kps-k

Meli

issa van Beekveld

:(vQ{spin + Dorb ) Tv(Z{scal:

[1706.04018]

Mio(p1+8p1,pr+8p2)|°
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Towards the NLP cross section

2
el

Z |<Qfsca1|2 +2Re

colors

K

2p1 - P2

p1-kpa-k

Meli

issa van Beekveld

:(tgfspin + Dorb ) TJZ{scal:

[1706.04018]

Mio(p1+8p1,pr+8p2)|°
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Towards the NLP cross section

) - -
|‘Q{NLP| Z |<Qfscal |2 +2Re _(«Qfspin T %rb)Ttgfscal_

colors
VD1 -
K P1 - P2
p1-kpa-k

Mio(p1+8p1,p2+6p2)|°

1 pj -k pi - k
5pa — (ka | J p(.)‘ pa>
- 2 pi-pj " Di*DPj”

Melissa van Beekveld
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Towards the NLP cross section

dong p

dQ

=K KNLP GBorn(Q)

Melissa van Beekveld
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Towards the NLP cross section

dong p

dQ

Melissa van Beekveld

=K KNLP GBorn(Q)

[1706.04018]
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E

|
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Towards the NLP cross section

dong p

dQ

Melissa van Beekveld

=K KNLP GBorn(Q)

[1706.04018]
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Towards the NLP cross section

dong p

dQ

Integration over phase space:

= K KNLP GBorn(Q)

The gluonic NLP colour-singlet cross section is
directly obtainable from the LP one!

|
d Ures,NLP

— Ohard CXP [
0
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NLP resummation for colour-singlet processes

res,NLP

59

1

— Ohard CXP [
0

1 0*(1-2)* do?2
= Oy,,;q EXP 2[ dzN_1J qz
U 1

0

pye — %5 o

" 27 !

1

PNz, a(q)) +J dzN-!

(

1

1 —z

) _1_|_...
_|_

0

+ O(a?)

Wide-angle coefficient
contributes at NNLL
(unchanged for NLP LL)

1
- D(a((1 = 2)°Q%))

Key is that the LL LP and NLP contributions come from a pole in ¢
that needs to be absorbed in parton distribution functions

— the NLP expansion of the splitting function generates this information

Melissa van Beekveld



NLP resummation for colour-singlet processes

1

1 Q*(1-z)7 dq2 1
0" = Ojpgrg €XP 2[ dzN‘lf b @ as<q2>>+[ dz" =Dl (1 = 2°0%)
0 . 0 o

U

2
= Ojurq €XP [—gy)(z) + ...+ thll)(/l,N)] 2101.07270)
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NLP resummation for colour-singlet processes

1

1 Q*(1-z)7 dqz 1
0" = Ojpgrg €XP 2[ dzN‘lI b @ as<q2>>+[ dz" =Dl (1 = 2°0%)
0 . 0 o

= El DA 2D, NY| 1210107270
Ohard AP o 8a ( )+ ...+ q ( ) [ ]

\)

Can be obtained from the LP with a derivative:

AV In(1-22) 1 0
o2nby N = 2a, ON

h{D(A, N) = gy(4)

61 Melissa van Beekveld



NLP resummation for colour-singlet processes

1

1 Q*(1-z)7 qu 1
0" = Ojpgrg €XP 2[ dzN‘lI b @ as<q2>>+[ dz" =Dl (1 = 2°0%)
0 . 0

Note that this only works at NLP LL for ‘LP-induced’ colour-singlet processes:
% Beyond LL the phase space needs to be modified (leading to 0%(1 — 2)? - Q1 — 2)%/z)

% Need to identify (and find a resummation pattern for) sources of logarithms beyond the NLP LLV3

_ _ See [2205.04479] for progress to achieve
% The gg-induced channels are not considered (yet) beyond-NLP-LL resummation in SCET

% The kinematic shift for channels with more than two coloured legs is not factorisable

62 Melissa van Beekveld
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What about the numerical size?

Consider single Higgs and DY production

Take both processes at LP NNLL' + NLP LL and match to NNLO

Use PDF4LHC NNLO PDF set with pip = i

Melissa van Beekveld

[2101.07270]



Consider single Higgs and DY

4.5t --=- 1O
-~~~ NLO
10k ---- NNLO
——— LP NNLL’ + NNLO
3.5 .— NLP LL + LP NNLL’ + NNLO { NNLO + NNLL’ + NLP LL
o) | It seems that the NLP
= 3.0 NNLO + NNLL contribution is indeed
- .
= NNLO subleading...
m ~~~~~~
2N | b L L L L L PP EEE PR R R 1NLO
L.or
| () LO
200 400 660 00 1000
Q) (GeV)
We vary 0 = m,

64 Melissa van Beekveld
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Consider single Higgs an

---- LO
-~~~ NLO

---- NNLO
~——— LP NNLL’ + NNLO
~ NLP LL + LP NNLL’ 4+ NNLO -

d DY

1.25

1.20

0.8D

NNLO + NNLL + NLP LL

NNLO
+ NNLL

NNLO
+ N3LL

---- NNLO

—— LP NNLL’ + NNLO
—-— NLP LL + LP NNLL’ + NNLO -
-------- LP N3LL + NNLO

NNLO

200 100 600 300 1000
Q) (GeV)

NLP has an 5 — 7 % enhancement of NLP on top of LP NNLL
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Consider single

Higgs and DY

1.04

The NLP effect is less than for Higgs,
1.03 but still dominates over N3LL

0.99

---- NNLO

~—— LP NNLL’ + NNLO

—-— NLP LL 4 LP NNLL’ + NNLO
-------- LP N3LL + NNLO

0.98

500 1000 1500 2000 2500
Q) (GeV)
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SCET vs dQCD at NLP

— DY and Higgs resummed in SCET at NLP LL as well [1809.10631,1910.12685]
— Numerical differences can become sizable between two approaches at LP

(0601048, 0809.4283, 1201.6364, 1301.4502, 1409.0864]
— Shown that these differences originate from power-suppressed contributions

Can we obtain analytical and

numerical agreement at NLP LL?

Melissa van Beekveld
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SCET vs dQCD at NLP

DY

—-== SCETLP

S (I
Q (GeV)

Melissa van Beekveld
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SCET vs dQCD at NLP

DY

_—

-== SCET LP
SCET NLP with H
SCET NLP 11910.12685]

i0?

i
Q (GeV)

pd
pd

)

[—
-

Ratio w.r.t. dQCD (LP/
-
o

©
=

0.5

&
00

&
\]

—_
—_———
— ——
——_
—

-== SCET LP
SCET NLP with H
SCET NLP r1910.12685]

103

TP
Q (GeV)

Remaining differences originate from:
* Truncations of higher-logarithmic terms
* Truncations of higher-power terms

Melissa van Beekveld



NLP resummation for colour-singlet processes

1

1 Q*(1-z)7 dqz 1
0" = Ojpgrg €XP 2[ dzN‘lf b @ as<q2>>+[ dz" =Dl (1 = 2°0%)
0 . 0

Note that this only works at NLP LL forjLP-inducedfcolour-singlet processes:

% Beyond LL the phase space needs to be modified (leading to 0%(1 — 2)? - Q1 — 2)%/z)
% Need to identify (and find a resummation pattern for) sources of logarithms beyond the NLP LL

% The qg-induced channels are not considered (yet)

% The kinematic shift for channels with more than two coloured legs is not factorisable

Can we resum soft-quark emissions

70 in DY and Higgs production?
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What about quark emissions?

Consider DIS-like configurations with one soft quark emission

l I

q | q - |
A : Y |
k. ke |
p : p :
g(p) +v*(q) = q(py) + q(k,) q(p) + h(q) — g(py) + q(k,)

These are power-suppressed due to spinor sum
Multiple quark emissions would put it beyond NLP!

Melissa van Beekveld

[2109.09752]
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What about quark emissions?

Consider DIS-like configurations with one soft quark emission
[ l

| | |
| 1, |
| I
PH | “. PH

»

E

g(p) +v*(q) = q(py) + q(k,) q(p) + h(q) — g(py) + q(k,)

]
l |
] |
kq l k'q |
) ]
| |
| |
| l
| l
l

B Y

D

These are power-suppressed due to spinor sum
Multiple quark emissions would put it beyond NLP!

8(p) +75(q) — q(py) + qk,) + ) 8(k) q(p) + h(g) — g(py) + q(k) + ) g(k)

72 Melissa van Beekveld
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[2109.09752]

What about quark emissions?
8(p) +7(q) — qlpy) + tk,) + ) (k)

1000000

l

T

l

I

l

l
1. Phase-space can be treated in LP approximation _—— —As may befound in many
2. LLs originate from strongly-ordered emissions «— textbooks, e.g. Dokshitzer

' g gly Diakonov, Troian (1980)

3. By picking a suitable gauge crossed ladder diagrams may be neglsﬂ/

Melissa van Beekveld
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[2109.09752]

What about quark emissions?
8(p) +7(q) — qlpy) + tk,) + ) (k)

il YA

T O
A
D000

-

|
I
|
I
-
|

I I
I I
I I
I I
1. Phase-space can be treated in LP approximation

2. LLs originate from strongly-ordered emissions

3. By picking a suitable gauge crossed ladder diagrams may be neglected

kn +kn —a?
Pr C n=gq+xp x=—J
n-k 2q-p

D efbe, k) = - g,

pol
Melissa van Beekveld
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[2109.09752]

DIS structure function at NLP LL

8(p) +7(q) — qlpy) + tk,) + ) (k)

1. Phase-space can be treated in LP approximation
2. LLs originate from strongly-ordered emissions
3. By picking a suitable gauge crossed ladder diagrams may be neglected

1 1 0
real _ N—1 2
W},Zg (N) = —J dx x Z qu)i | ﬂgy*équglmgi‘
=1

2ane N¢ ] da N* - 4a,C,N* da CpN* )
— cXp — CXP
e NC,—Cp \ €2 €2 €?

Notice pattern of colour charges!

Also seen for the off-diagonal splitting function [1005.1606],
and gluon thrust [1910.14038], [2205.04479]

Melissa van Beekveld
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DIS structure function at NLP LL

8(p) +7(q) — qlpy) + tk,) + ) (k)

1. Phase-space can be treated in LP approximation
2. LLs originate from strongly-ordered emissions
3. By picking a suitable gauge crossed ladder diagrams may be neglected

1 (! -
ol N—1 2
W ca (N) GO JO dxx Z jd®l ‘ ﬂg}ﬁk—)qggl...gi ‘

2ane N¢ ] da N* - 4a,C,N* ( da CpN* )
— cXp — CXP
e NC,—Cp \ €2 €2 €?

Vlrtuals can be added |mpI|C|tIy through requmng soft pole Cancellatlon

2a, JMrNE 1 <4a (V€ — 1)) (4a (CA(N® — 1)) (4a CF(NG— 1))
g > exp > — exp
11 € N CA — CF € €

— R,

=
1

» . — . = — — - - _ — — - = — — e— — — e ———— —_—
= — - _——— = = = = = — e ———— e — e — — ————————— —_— —_— — —
—_— = — _ == _ —
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1

|

[2109.09752]

DIS structure function at NLP LL

LP LP
Coefficient function extracted after mass factorisation: Wy*g — C},*g X Zgg - C},*q X qu
NLP NLP

— = e - - — e —— e T
1 nF [ ] 'l

C . = Bo(4a(C, — CoIn* Nexp (2a.C-1n* N) — exp (2a.C,In* N) | |

_ , — __|

e

— i = —— B — — e — — ——— ————————— —_— — S DE— —
— — E - _ — e — —_ — = ——— =

e Higgs-quark process may be obtained by setting ne — Crand Cr < C, elsewhere

* Result proves conjectures of [1005.1606], [1407.1553]

 Result is consistent with SCET results of [2008.0494 3]

Melissa van Beekveld
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[2109.09752]

Extending to DY/single Higgs

Approach may straightforwardly be extended to DY/single Higgs production

1
| 2a,ToN** 1 [ 4a N 1 4a,CpN* 4a,C,N*¢
Wit = exp - exp
S Y e N €2 Cp— Cy €2 €2

Notice the factor of 2 (stems directly from the phase space)

Melissa van Beekveld
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Extending to DY/single Higgs

Approach may straightforwardly be extended to DY/single Higgs production

1
| 2a,ToN** 1 [ 4a N 1 4a,CpN* 4a,C,N*¢
Wit = exp - exp
54 - € N €2 Cr—Cy €2 €2

Notice the factor of 2 (stems directly from the phase space)

Requiring soft-pole cancellation + a finite coefficient function after mass factorisation:

e = — — e — —_— P—

— = I ——— — _— _ — T — _— - _—_— —— e e——— \
—_ P ——————— = — __ —= —— —— — —_— =

| Chv .- = Bo(4a(Cy — CHIn? Nexp (8a.C-1n* N) — exp (2a.(Cr + 3C)HIn* N
& DY.gg T Ci—Cp2NIN | o(4ay(Cy — Cp) Jexp (8a,Cr ) p (2a,(Cp A) ) ‘

—

e ——— e — — — ——— ————————— —— — _—
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Adding to the NLP soft-gluon resummation

1.15

1.015

Higgs

—— LP NNLL’ + NNLO

+ qg resummation —— LP NNLL’ + NNLO

—— NLP LL + LP NNLL' + NNLO 0.995 —— NLP LL + LP NNLL’ + NNLO
0.95} ~~—~ NLP LL + LP NNLL' + NNLO + qg - ~~—~ NLP LL + LP NNLL' + NNLO + qg
........ LLP N3LL + NNLO - [P N3LL + NNLO
200 100 600 300 1000 0.990 500 1000 1500 2000 2500
Q (GeV) Q) (GeV)
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Conclusions part A

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

e Find a significant reduction of the total scale uncertainty

e Next: tfbl_z Invariant-mass resummation, extension to NNLL

Conclusions part B

e NLP LL soft-gluon contributions for colour-singlet processes are linked to the LP LL
ones, this allows their resummation

e Quark channels may be resummed like LP ones, but with more complicated
combinatorics

e Numerical contribution of LL NLP terms varies for different processes, but in
general it is not ‘negligible’

Melissa van Beekveld



82

Back-up
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N resummed result

ot (fb)

N resummed my=172. 5 GeV, Uupg = 2mt 7-point scale uncertalnty

| S E— E E— -
14+ ....................................... _E_ ...................................... . ........... i
12 b R ........... _

] L — -

LUqud plus PDF4LHC15 nnlo_ 1OO VS = 13TeV
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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
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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
oY = ; o ot ; ot 213 5

2v/7 5vV14 ° 0 V14 10 V70 10V 7
ca? b cz? ! cd?
R = > 9

V2 V2
-
799 _ l(,qg . 99 9 ‘)(,qq ﬂpqq . 3\/—(,99
13 = g1 T 6 10 11 T ‘12 T ‘13 1
2v/2 2\/‘

g9 g9 g9 99 g9 g9 g9 99 g9
€4 = Clqgy, Cg = Cg (’10—"r » (‘11—(’4, Plz—pzw Clg = Co -
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Colour basis gg

With
A = o et 47 = e busabercadene
1 Co 1 Cg * ‘2 T Ay — 1a2%Yc2cq4VCgCy 3
Tr N2 — 1 €204 6Cs Ney/ N2 =
1 1 1 1
99 by 99 __ : by
Caw = Aayas by tot e s cy = Ococsl fayasbybot e
3 = = (‘>Fl aiaz 01 %cges 4 . - c2cq4%Jai1a201%cgeg ?
I'r \/2(NX —5N2 + 4) o I'r Noy/2(N2 —1) .
1 1 1 N..
99 __ b1 S 99 __ b1 3
C t db 0 e Cq t db b: db- 2 b: t
5 - : CoC. 1ajaz2vcges 0 6 ) - CcaC. 1102020203 %cge
Tr \/2(NI —5NZ2 + 4) T7 2(N2 —4),/N2 —1 e
1 1 1 1
g9 b1 : 3 99 __ b1
Cy = t Ay, a, bt fo,amb. b Ca” = t L fp Oen e
7 T2 1 FNTD T C2C4 1@102 20203%cgeg ? 8 T . ) C2C4q 1@1a2¥CgCxR
& 2y/ N2 —5N2+4 r N,\/2(N2 =)
1 1 1 1
99 3 99 __ br ; b3
Ca” = — ) d tos Cin = — t’ 9 o anbat :
0 Té 2\/1\’%1 — 5]\"(? 4 (',cl fb101b> boasbs CgCR ! 10) Té 2j\},c\/j\r(? — 1 CoCy fbla.lbg fbgcwb; CgCx !
(,gg . ]' 2 Pl() b> pgg . 1 2 Pl()b b b>
‘11 — T > = ATO mm albla>b> ‘C6C8 ? “12 — T 1 _ 5 mm ai1byasbsVegeg 2
R\/N}—5N2+4 R/ N} —5N2+4
g9 _ 1 e b P2 by 99 _ 1 2 b1 po by
‘13 TR N \/A 5 n 2f\r 3 coca ar1brasbsecgeg ! “14 TR N \/A',,z IN. — 3 cacqa arbrasbs“ecges
- C T C c C
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Colour basis gg

With
PO L (50 16,0 Sy Oy & g T [10302104 102 1
arbrazby = ] (0016506164 — 0a1b40b,1b3) | ObsasObsb, T T2 [ataat sl INT, faibibs fosasbs -
y 1 - = C ]' - 53104 pao
P§3b102b2 — (Aalb:s dbl by + (sa,lb,.l (sbl b:s) ((Sb:;a‘z Ab-lb‘z | T2 I [tb.itb-tb‘lt d])
1 2
1 1 . )
(la . d 2509 - (50_1 ()(1.‘) 2
ATR(2 + N,) rbrbsfbsazbe = o NN ) Denbr Cazba s
| L . 1 bs ba 1ba sas
Po basb, = 7 (9016306164 + Oa1b40b10s) (5b;,a25b,lbz T2 Tr [ttt "ta“]>
1 1 .
| ITr(2 — N )dalblb:;dbzza‘zbz | O2N.(1— N )oa'lbl Oasb;
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SCET vs dQCD at NLP

Resummation at LP: [0710.0680, 0809.4283]

7 o ~2VEN

(, 0* o
ASTELEY = H(Q, i) U(Q, gy )5 | In = + —,
py o on

Resummation at NLP;  ASCELLPANLE — ASCELLP | ASCET.NLP

Melissa van Beekveld

(I =2)!==1 I'(2n)

[1809.10631,1910.12685]
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SCET vs dQCD at NLP

Resummation at LP: [0710.0680, 0809.4283]
0> 0 7 o~ 2VEN
w2 o’ ) = T n)

ASCELLEY = HO, i)U(Q, p,, )5 | 1In

Resummathn at NLF) ASCET,LP-FNLP — ASCET,LP + ASCET,NLP [1809.10631,1910.12685]

ASCETNLY = — far (u2)

U1 (Q, p,) [2101.07270]
Oary(i) S

As in the dQCD case, NLP contributions can be obtained directly from the LP ones
with a derivative. In N-space, these forms are identical!

Melissa van Beekveld
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SCET vs dQCD at NLP

| Important to include for analytical agreement at NLP
Resummation at LP:

ASCET,LP_H(Q )U(Q )E - Q2 | i Z—ﬂ 6—2}’12’7
FERS B FEN T2 T A= o T2y

Resummation at NLP;  ASCELLPANLE — ASCELLP | ASCET.NLP

ASCET,NLP — ﬁ(as( /’tsz)) ULL(Q’ /’ts)

doy(12)

Melissa van Beekveld
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SCET vs dQCD at NLP

| Important to include for analytical agreement at NLP
Resummation at LP:

ASCET,LP_H(Q )U(Q )S; - Q2 | i 77 6—2}’12’7
FIPRS BN T2 T o™ ) (= o T2y

Resummation at NLP;  ASCELLPANLE — ASCELLP | ASCET.NLP

ASSELREE = — H(Q, w)pa(u)) ULL(Q, i)

doy(12)

Important for numerical agreement

Melissa van Beekveld
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Explicit forms - dQCD

A1)
gD, N) = > abz 22+ (1 = 2)In(1 — 22)]
U
” — g N) + BV, N) = —
| A In(1 = 22) X Ay
hP(A,N) =
271'[70 N

Melissa van Beekveld
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Explicit forms - SCET

Uvic Qs iy s 1) = XD [Sa(ﬂ;?aﬂf) = ay,, (Wi 15) + 2a, (U5, 1°) — a

ASCET,NLP( Z,

O, i, 1) =

Sa,LL(ﬂza 4 2) =

cusp,a

2A0 (4
ln ) €XP [Sa,LL(Qza /’tz) o Sa,LL(IuSz’ qu)]
ﬂbO as(/’ts )

(ufs u;

2

2)In =—

3

h

)
bOJZ'

0
ASTELRL(Z, O, i, ) = = Blay(u®)) UnaL(Qs by = Qs 5 1)

doy(1?)

_ Pla(u?)) ALV 055(/42)

In
aszbg T as(//tsz) ClCl LL(Q //th Q //t IMS)

Melissa van Beekveld

AD 1 1 1 1 a,(v°)
n
a(pu?) o ?) o pw?)  a(u?)



Ratio w.r.t. SCET LP Ratio w.r.t. dQCD LP

Ratio w.r.t. SCET LP
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Example of a non-colour-singlet production

Prompt photon production

Here we do not know the NLP resummation, but can we use what we have
learned from the DY and Higgs cases to estimate the class of NLP contributions
that arise due to next-to-soft collinear momentum configurations?

Option 1: use diagonal splitting functions at NLP
Option 2b: use the DGLAP equations with off-diagonal dependence up to LL NLP
Option 2c: use the DGLAP equations with off-diagonal dependence without approximating
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Example of a non-colour-singlet production

Prompt photon production

Here we do not know the NLP resummation, but can we use what we have
learned from the DY and Higgs cases to estimate the class of NLP contributions
that arise due to next-to-soft collinear momentum configurations?

Option 1: use diagonal splitting functions at NLP
Option 2b: use the DGLAP equations with off-diagonal dependence up to LL NLP
Option 2c: use the DGLAP equations with off-diagonal dependence without approximating

But remember: no interference effects are taken into account in this way!
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What about prompt photon?

Option 1: use diagonal splitting functions at NLP
Option 2b: use the DGLAP equations with off-diagonal dependence up to LL NLP

Option 2c: use the DGLAP equations with off-diagonal dependence without approximating
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What about prompt photon?

Option 1: use diagonal splitting functions at NLP
Option 2b: use the DGLAP equations with off-diagonal dependence up to LL NLP
Option 2c: use the DGLAP equations with off-diagonal dependence without approximating
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What about prompt photon?

Option 1: use diagonal splitting functions at NLP
Option 2b: use the DGLAP equations with off-diagonal dependence up to LL NLP
Option 2c: use the DGLAP equations with off-diagonal dependence without approximating
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What about prompt photon?

Option 1: use diagonal splitting functions at NLP
Option 2b: use the DGLAP equations with off-diagonal dependence up to LL NLP
Option 2c: use the DGLAP equations with off-diagonal dependence without approximating
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What about prompt photon?

Option 1: use diagonal splitting functions at NLP
Option 2b: use the DGLAP equations with off-diagonal dependence up to LL NLP
Option 2c: use the DGLAP equations with off-diagonal dependence without approximating
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