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Motivation

large (but subdominant) cross sections

colourless exchange in the t-channel involving weak gauge bosons

study of electroweak parameters and vertex structures
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Motivation — theoretical developments (I)

large (but subdominant) cross sections

colourless exchange in the t-channel involving weak gauge bosons

study of electroweak parameters and vertex structures

gb — q't

or ~ 25% o5

constrain CKM + PDF
top quark properties

t

NLO QCD [Bordes, van Eijk 1995] [Campbell, Ellis, Tramontano 2004]

[Cao, Yuan 2005] [Cao, Schwienhorst, Benitez, Brock, Yuan 2005] [Harris,
Laenen, Phaf, Sullivan, Weinzierl 2002] [Schwienhorst, Yuan, Mueller, Cao

2011]

NLO QCD+EW [Frederix, Pagani, Tsinikos 2019]

NNLO QCD [Brucherseifer, Caola, Melnikov 2014] [Berger, Gao, Yuan,

Zhu 2016] [Berger, Gao, Zhu 2017] [Campbell, Neumann, Sullivan 2021]

!/ !/ !/
¢ _a Qﬁ_ma%q Q,M,q

b t b t

OVBF 10% UggH

clear signature
Higgs searches

NLO QCD |[Figy, Oleari, Zeppenfeld 2003] [Berger, Campbell 2004]
[Figy, Zeppenfeld 2004]

NLO EW I[Ciccolini, Denner, Dittmaier 2007 & 2008] [Figy, Palmer,
Weiglein 2012]

NNLO QCD [Bolzoni, Maltoni, Moch, Zaro 2010 & 2012] [Cacciari,

Dreyer, Karlberg, Salam, Zanderighi 2015] [Cruz-Martinez, Gehrmann,
Glover, Huss 2018] [Asteriadis, Caola, Melnikov, Rontsch 2022 & 2023]

NNNLO QCD [Dreyer, Karlberg 2016]

= é-— =%;+ — factorisable diagrams
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Motivation — theoretical developments (ll)

large (but subdominant) cross sections

NNLO (factorisable) corrections are at the level of a few %
gb —q't

MSTW2008, lo, nlo, nnlo PDF, ur=ur=m;=173 GeV @8 TeV

P oLo, pPb |onLo, Pb| dNLO |oNNLO, PP |ONNLO

0 GeV | 53.8T5% | 55.1%05 | +2.4% | 54.2105 |—1.6%
20 GeV| 46.6753 | 48.97,% | +4.9% | 48.3703, |—1.2%
40 GeV | 334751 | 36.57 05| +9.3% | 36.5057 |—0.1%
60 GeV| 22.0712 | 25.0003 |+13.6%| 25.4.03 |+1.6%

[Brucherseifer, Caola, Melnikov 2014]

Table 7. Fully inclusive results in pb for pp at 7TeV and 14 TeV (LHC), as well as pp at 1.96 TeV
(Tevatron) with scales ur = pr = m; and DDIS scales and using CT14 PDFs. Uncertainties next to
the cross section in super- and subscript are from a six-point scale variation, while PDF uncertainties

qQ —q¢ Q +H

O_(no cuts) [pb] O_(VBF cuts) [pb]
LO 4.032 19957 0.957 T5-09¢
NLO  3.92910-022  0.876 70 00%

NNLO 3.888 0015  0.844 10008

TABLE I: Cross sections at LO, NLO and NNLO for VBF
Higgs production, fully inclusively and with VBF cuts. The

quoted uncertainties correspond to scale dependence, while
statistical errors at NNLO are about 0.1% with VBF cuts

and much smaller without.

[Cacciari, Dreyer, Karlberg, Salam, Zanderighi 2015]

TABLE 1. Inclusive cross sections at LO, NLO, NNLO, and

are below.
7TeV pp 14 TeV pp 1.96 TeV pp

top anti-top top anti-top t+t
ofo™ | 3TATTL% | 19.0F03% | 134671098 | 78.91104% | 2.007337
oLo™ | 395754 | 19.9709% | 140979, | 80.77193% | 2.31795%%
okro’ | 4147308 | 21.5750% | 154.3730% | 91473 0% | 1.9613 4%
oRES | AL8T35% | 215754 | 15447308 [ 91.2%34R | 2.007367

PDF "17% | PDF 720 | PDF 1T | PDFY30% | PDF 7137
ohnro | 41.9%575¢ | 2191078 | 153.3(2) 565 | 91.5(2) ggn | 2087755
oNNLo | 4197580 | 2187338 | 153.4(2) 55y | 91.2(2) ggs | 2.07H1 e

PDF *9% | PDFF13% | PDFF13% | PDF 0% | PDF *27%

[Campbell, Neumann, Sullivan 2021]

N°’LO for VBF Higgs production. The quoted uncertainties
correspond to scale variations Q/2 < up, ur < 2Q, while stat-

istical uncertainties are at the level of 0.2%e.

o13TeV) (pb) 14TeV) (pb) 6100TeV) (ph)
LO 4099901 4.64750 5% 7717455
NLO 3.970%5073 44971007 73.907133
NNLO | 3.9325i5 4452501, 7244203
N°LO 3.928 5001 4.448 001 7234250,

[Dreyer, Karlberg 2016]
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Motivation — Non-factorisable contribution ()

Factorisable contributions Non-factorisable contributions

NLO

NNLO

(N? — 1) N? -1

tr(e9 ) tr(t” %) = tr(e9¢°) tr(1¢%) =

4 4
Non-factorisable contributions vanish at NLO due to their colour structure, and are suppressed by a factor N> — 1 = 8 at NNLO.
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Motivation — Non-factorisable contribution (il)

Non-factorisable contributions vanish at NLO due to their colour structure, and are suppressed by a factor N2 — 1 = 8 at NNLO.
However:
Factorisable predictions are already small, a few %
The actual size of NNLO non-factorisable corrections cannot be inferred from NLO contributions
Non-factorisable corrections could be enhanced by a factor 11 = 10 related to a Glauber phase
> shown for Higgs production in weak boson fusion in the eikonal approximation [Liu, Melnikov, Penin 2019]

> a loop effect that, in principle, does not require a scattering to occur

2 J
real contribution § ool py ~ 100GeV Vs ~ 600 GeV
N —
g = 0q (\/§> o1+ ...

virtual contribution

>

; p ~ 40 GeV Vs ~ 300 GeV
> t

Focus on single top for now, arguments translate (almost) verbatim to VBF Higgs
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Non-factorisable contribution — ingredients of the calculation (I)

Three terms contribute to the non-factorisable single top cross section at NNLO

Anf Anf Anf Anf Anf
do, pp—>X+t Z dx; dx, f; (xp. pp) f; (g, ) A6y (X1, X)) doyng o = d6jg + déRy + d6yy,

Anf (0) (0) C e " | | |
dGRR : ﬂ6 ®%6 W W Each ingredient requires
g ; - . i
h— ; > Individual treatment with

different challenges:

g e Pole cancellation

U »— > - :
d8§fv %(1)@)%(0) %W . * Loop amplitudes
' 5 5
— >

U ———p d| »——» >
d&%fv %(1) R %(1) ﬂiO) R %22) E gw E gw
e — t] —»———>»

Christian Brannum-Hansen 7 Non-factorisable contributions to single top production and VBF Higgs




Non-factorisable contribution — ingredients of the calculation (il)

Non-factorisable contributions have to connect upper and lower quark lines and are effectively Abelian

Non-abelian Abelian

(3 5;’0’ ﬂbf

The infrared structure is simplified: no collinear singularities

| 1
> > E,E(1 - cos0,,)

E,E(1 —cosd,,)

All IR singularities are of soft origin.

u—> ~—d |
0 0 1L P 48 S . §

(r s (1*2%) (1%
); (1), N2 — 1
\‘ 0 \‘ _4
Non-factorisable contributions are UV finite
U d U —p—p d
b —» t b —»——>» t
(i ¢l
(3 5;’d (t ).fj (I )ki

bare

Renormalisation simply consists of ;™" = = asp”Se
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Double-real emission

Main issue of the double-real contribution: extract IR singularities while preserving the fully-differential nature of the calculation
—_— SiImplified nested soft-collinear subtraction scheme [Caola, Melnikov, Réntsch 2017]

> fully factorised emissions, due to Abelian nature

> abscence of collinear singularities

U > kd@Ld > >
g

|44 |44
g

b > t >

Integration over potentially
unresolved phase space

dd—lp
(27)4-12E,

§)
n . 2
FP (1,20, 39,4415, 69) = N/dL1p834 (27)4 5@ (p1 + po — qu;) X | Mo (1q,26, 34,445 54,64) |
1=3

1
25 - ORR = 91 / [dps] [dps] Fine (1g: 26, 3q7, 4¢; 9g,04) = <FI?1{/I (14,24, 3¢/, 4¢3 54, 64) > dp| = H(Emax ~ Ep)

Separate the soft-divergent part from the soft-finite contribution

e Double-soft counterterm
(Fins (1g, 26, 3¢/, 44554, 64) ) = (5556 Fir (14,25, 347,445 54,64) )

+2(Se (I — S5) M (14,25,34,44;54,6,) ) —— Single-soft counterterm

- (1 = 85) (I = S6) Fiag (1g: 25, 3¢, 445 5g, 64) ) —
Resolved contribution
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Extracting soft singularities from real corrections (l)

Consider single emission: simpler bookkeeping, clear procedure

Decompose the amplitude into colour-stripped, sub-amplitudes

MéO)(lqv 2p, 361’7 4¢3 59) — Gs,b to? 5(:4(:2145(551) T t2451025c3clA(I)_I(5g)

C3C1

In the soft limit, sub-amplitudes factorise into universal eikonal factors and lower-multiplicity amplitudes

K H
S5 A£(5g) — 5/(3‘) (5)JM(3, 1, 5) 14()(1(17 2b, Sq’74t) JM(Z,], k‘) — p@ pj
Pi Pk  DPj- Pk

Contract sub-amplitudes to connect different quark lines

S5 2Re [AL(5,) AL * (5 eM(5)es M (5)JH(3,1:5)7 (4, 2;5) |Ao(Lg, 25, 375 4e) |
0 q q

= —Elknf(lqa 25, 3¢5 4¢; kg)‘AO(lqv 2p, 36]’7475)’2

| Aij Di * Di

Biknt (14,25, 347, 465 ky) = JH(3, 1K), (4,2; k) = Z J J
gt (pi - Pr)(Pj - D)
j€[2,4]
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Extracting soft singularities from real corrections (ll)

Integrate the eikonal factor over the radiation phase space

a. (28 2 a. [(2F % P1 - P4 P2 - P3

9 : s max s max ' ' 0
dpr| Eikye(1,, 20, 307,43 k) = — Koe(1,,2p, 307,445 €) = — — 11 - O
gs’b/[pk] tknt (1, 20, 3y, 4¢5 k) 27T< % ) ((1g: 26, 3¢ 4s; € 277( f ) € {Og<p1'p2p3°p4) (e )}

Double-real correction treated in the same fashion:

Independent emissions u — < A >
Factorised double-soft limit o W
g
b > t >

N? —1

2 . *
Se | Mo(1q,26,3q,44;54,64)|., = —gss Eikne(6,) [Ag (54) Ay *(54) + c.c.]

2 . .
5596 |M0(1Q7 26, 3¢’ 413 9g, 69)|nf - gg,b (N —1) Eiknt(5g) Eikn(64) |Ao(1g; 20, 3q’v4t)’2

Double-real at cross-section level results in a remarkably simple object

053>2N2_1 2Emax
27 2N? [

—4
28 - ORp = ( ) <Kr21f(€) FLM(lqv 2p, 3(1’74t)>

as\ N2 =1 (2Emax\ ~ o
_(%) ; ( . ) (Kne(€) (I = S5) Fav(Lgs 26, 3,463 5¢)) + (I — S5)(L — Se) Fini(Lg, 26, 347,443 54, 64))
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Extracting soft singularities from virtual corrections

Extract IR singularities from virtual radiation and compute finite contributions.

One-loop correction to the 4-point amplitude

aS a a
Mi(14,20,3¢,4¢) = — (- + 2 . 12 . B1(14,25,34,4¢))

C3C1 "C4C2
2T

The amplitudes are UV-finite, but IR-divergent:
Bl(1q7 2b7 3(]’7 4t) — ]1 (6) AO(1Q7 2b7 3q’7 475) -+ Bl,ﬁn(1Q7 2b7 3q’7 475)

1 : :
(€)= - {log (pl P4 P2 p3) n 27?@}
€ P1 P2 P3 - P4

Two-loop correction, the Abelian nature of the correction leads to the simple pole structure

Qg 2 1. 1.
M2(1q7257SQ’74t) — (%) ( + §{t 7tb}C3C1 i{t 7tb}64c2 BQ(1q72b73q’74t)) uw > g >—d
%%
I{(e)
BQ(lqv257?’Q’v4t): A0(1q>2573q’74t) [1(6) Bl(1q72b73q’74t) BQ,ﬁn(1q72b73q’a4t) b —»—>» > t

Finite contributions to B, comes from both second and last term, we need to know B; to O(e)
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Double-virtual contributions () *E " %:‘”*’ Hw § "
b t-J b —>» >

Complete double-virtual cross section cast in a very compact expression

) 2
2s - ovy = (Fiy (14,20, 34, 44)) = (% ] — <(Re 1 (e)] ) FLM(1q>2b,3q/,4t)>

a\2 N> —11] 2
) w2

+ 2 <Re [11 (€>] ﬁﬁl\f/,ﬁn(lqa 2p, 3q’7 4t)> T <ﬁ\r}{/,ﬁn(1qv 2, 3(]’7 4t)>}

Finite contributions built of one- and two-loop colour-stripped amplitudes

~

Y a0 (Lg, 26,397, 41) = N/dLip834 (2m)4 5@ (py 4+ p2 — p3 — pa) 2Re {A{;(lq, %, 37, 4¢) B1 gin (g, 2p, 3q,,4t)}

~ . 2 .
F\/{/,ﬁn(lm 2b7 3(]’7 4t) — N/ dL1p834 (27T)d 5<d) (pl + P2 —P3 — p4){ |B17ﬁﬂ(1Q7 2b7 36]’7 475)‘ + 2Re {AO(LJ? 2b7 SQ’74t)BQ,ﬁH(1Q7 257 3(]’7 475)} }
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Pole cancellation

We combine RR, RV, and VV but split into contributions of different multiplicities

out = 039+ o84+ 20

and we introduce a finite combination of two the divergent functions

2E—2€
W(1,2,3,4) = ( ;nax> Kue(e) — Re[([1(e)] = O(eO)
no gluon emissions
25 o7 (ozs>2 N3_1<W2F (14526, 347, 41)) (%)2 N‘?_l(Wﬁ“f (14,206,347, 44)) + (O‘S)z N, 1
S - — S / —_ - / -
O ¢ o 2N§ LM\1tqgs «by2q"y *t 9 9 LV.fin\+qs <by 2q"H *t 9 A

one emitted gluon

ozs) N?—1

as\ N2 —1 —
25017 = — (52) T V(T — S5)FLi(1:20,3,405,) + (52 ) =25

27 2
two resolved gluons

25 - 017 = (I — S5)(I — S6) F'k1(1q. 26,347, 4454, 6,))

Achievement: local pole cancellation and simple form due to abelian nature of hon-factorisable contribution

~

<F\r/l'£/,ﬁn(1qv 2p, 36]’7 4t)>

(I = S5) 1 gn (14,20, 347,443 5,))
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Double-virtual contributions (ll)

u —p > > »— (] u —p > > »—
W E W --H -
b —» > t b —» > »g—t

/ / /
qb—q't qQ —q Q +H
4 kinematic scales: s, t, mw, m /7 kinematic scales: sis, S23, S34, Sus, S51, M, Myt
18 diagrams: all topologies maximal elkonal approximation®* [Liu, Melnikov, Penin 2019] [Gates 2023]
analytic reduction with KIRA [Kiappert, Lange, Maierhofer, validity ensured by kinematic signature and VBF cuts
Usovitsch 2021]
anti-k; 2 jets, R=10.4

428 masters evaluated numerically using the auxiliary jet transverse momentum p, ; > 25 GeV
mass flow [Liu, Ma, Wang 2018] * jet rapidity \yjl < 4.5

_ _ jet separation Vi, — Ui, | > 4.5
10 sets of 10k points extracted from a VEGAS grid invariant mass of jets M;; > 600 GeV
prepared for the LO process separate hemispheres Yi, Y, <0

detalls Iin [Brannum-Hansen, Melnikov, Quarroz, Wang 2021]

* recent progress with analytic results for master integrals [Syrrakos 2023] & [Wu, Long, 2303.08814]

** double-virtual in eikonal approximation here, recent result for sub-eikonal correction [Long, Melnikov, Quarroz 2305.12937]
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Single top production: Results at 13 TeV ()

pp collision:y/s = 13 TeV, PDFs: CT14 lo@LO, CT14 nnlo@NNLO  mw = 80.379GeV, m; = 173.0 GeV, ag(m;) = 0.108, pr = my

0pp—>X+t

1 pb

oy(Ug) )2

— 117.96 + 0.26 (
0.108

Non-factorisable corrections are 0.227 0= % LO for juz=m..

Theoretical uncertainties are estimated through scale variation: iz € [m,/2, 2m,].
Unclear optimal scale choice: non-factorisable corrections appear for the first time at NNLO - no indication from lower orders.
For uz=40 GeV (typical momentum transfer scale of top quark) non-factorisable corrections are 0.35 % LO.

In comparison, NNLO factorisable corrections to NLO cross section are around 0.7 %.

Christian Brannum-Hansen 16 Non-factorisable contributions to single top production and VBF Higgs
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Single top production: Results at 13 TeV (ll)

pp collision:\/s = 13TeV, PDFs: CT14 lo@LO, CT14 nnlo@NNLO

103 .

| =— Lo
102 4 === LO-+NNLO non-fact.
; = =40 GeV

Scale variation m:/2 to 2m;

do/dpt, [ b / GeV |

226 -

3.00% A

2.00% A

1.00% -

0.00% H

NNLO non-fact. corrections to LO

50 100

150
P [ GeV ]

200

[Brannum-Hansen, Melnikov, Quarroz, Signorile-Signorile,Wang 2022]

myw = 80.379 GeV, m; = 173.0 GeV, ag(m;) = 0.108, pup = my

- Non-factorisable corrections are p'i dependent.

- Non-factorisable corrections are small and negative at low values of "

- They vanish at p, ~ 50 GeV (in agreement with results for virtual corrections)
- Factorisable corrections vanish around p’, ~ 30GeV.

- Factorisable and non-factorisable corrections are comparable in the region

around the maximum of the pﬂ distribution.

173

—
=]
[}

172

171 1 1

L70 1

169

dﬂ'fdpt,gap [fb ,f GCV]
=
g_
5

] = LO
{ === LO4+NNLO non-fact.

— LO/LO 5
U7 == NNLO non-fact. / LO

mrections to LO
b
=
=
5

€ 1.00% -

n-fact

D i
= 0.00% ™

NNLO

[Brannum-Hansen, Melnikov, Quarroz, Wang 2021]
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VBF Higgs production: Results at 13 TeV (l)

pp collision: /s=13TeV, PDFs: NNPDF31-nnlo-as-118

2
e —— %\/WZH 02 mpg = 125.0 GeV, my, = 80.398 GeV, myz = 91.1876 GeV, ag(mz) = 0.118

O-nf — _3.]_ fb l
x107° x107°
! | | | | 02 - | .......... | ......... ; ......... | ..... =
LOp o o NNPDF31:nnlo_as 118 - | ~ NNPDF31_nnlo_as_118
_ _ | LHC, 13 TeV, fiducial cuts LHC, 13 TeV, fiducial cuts
Non-factorisable corrections are 05k L o S o o1l o - - o
0.5 % of factorisable through NNLO < | | | | | ~ | | |
& 0.0 3 | | | |
. ~ O OOk - F  t—1 ~ —
Double-virtual accounts for 99.99 % e | | . R — ; |
a =05p ke . = I ey | |
L 5 | = - FG15.6)
For .z =u» scale variation is O(40) 7% NN D = - - S —oafb [ sy
= ' | : | | | o | | e Aol
k<] ) ) ) ) ) © ) ) Fim(...) - 10"
B _15)  FlC15.6) o RS ookl S A O
5 - FEII:/I(IS) — FE{/f'n() — FE{/,fin(---)
; —2.0F — Flul) 1070 By () - 1075 - f -~ — Fllvn(-) 107
= % % % % % —03k_ .. e e e R i
! ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ' ﬁ ﬁ
& — 005F - - S 1 ... ... o o _ Fim(...) - 1071 j j
E § : : : : : § 001F - - IR o L s CIE
S - | | | | | |
ﬁ?g 0 ; 0.00 f———— [} — : ; ' ﬁ ' I
= [ 8 . ' ' _I_ll [ . 8 _— I_'_IL '
s 05t o | | o 000 1
< E , T I ) ) ) —
S N S T T S TP SR o —0.05F - S S A o o o _ _ _
50 100 150 200 250 - - - Fim(...) - 1071 | . | _
piL [GeV] l l l :-M( ) l —0.01F - l .......... l ......... l ......... l ..... -
50 100 150 200 250 1000 1500 2000 2500
pJ_,jl [GeV] ij [GeV]

[Liu, Melnikov, Penin 2019]
[Asteriadis, Brannum-Hansen, Melnikov 2305.08016]
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VBF Higgs production: Results at 13 TeV (ll)

To estimate the real emission contributions to the cross section, we consider the quantity

L(1,2,3,4) —1n (pl " P4 P3 'p2>
P1 P2 P3 P4

VBF kinematics Is characterised by two hard jets that are nearly collinear to the beam axis

p3s = azp1 + B3 p2 + P31 P2 pA
g, Ba ~ 1 By~ = <1, oy~ L1

P4 = g p1 + Bapa + P4, 1 S S

With this approximation, we get

D3 1 - . typical values
2 .
L(1.2,3,4)=—1In (1 - P3 s _ 4Ps, L p4,¢>
D5 1| ~ 60GeV

a3 B4 s ag By
Vs | - P
o B3 LT PALL g2 Vs ~ 600 GeV

S

and we estimate the contribution from two soft gluons and compare to the Glauber phase enhanced double-virtual

orr ~ NZ(L7(1.2.3. ) Fia (1, 24,3, 4¢)) ovy ~ NZ( xur(1,2,3,4) Fiy(1,2,3,4))

~ 10 010 ~ 10010 \
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Summary

gb — q't
t
NNLO complete YES YES*
dominant double-virtual YES YES (by 10°)
size of inclusive correction +0.22 % of LO -0.39 % of LO
size of differential corrections O(17%) O(17%)

* double-virtual In eikonal approximation here, recent result for sub-eikonal correction In [Long, Melnikov, Quarroz 2305.12937]
reductions to leading eikonal of O(20%)

* In certain regions of phase space, the non-factorisable contributions are comparable to the factorisable ones.

* If percent precision for these processes can be reached, the non-factorisable effects will have to be taken into account.
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Thank you for your attention
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Results at 13 TeV (III)

Differential cross section:

op collision: /s = 13 TeV, PDFs: CT14 lo@LO, CT14_nnlo@NNLO ~ ™mw = 80.379GeV, m; = 173.0 GeV, as(my) = 0.108, pp = m;

E 30000 -~ zigzg [ s ne e - R e

- 24030 1 I . . . . . .

Swwo{ wn| | | ~ - Relative non-factorisable correction to top-quark rapidity fairly:| < 2.5, 0(0.25%)
S — LS * Sign change around Y| ~ 3
I ="
oo - Factorisable corrections change sign around [y¢] ~ 1.2
< a0 | I
gowiy * For some top-quark rapidity values, factorisable and non-factorisable correction

0.5 1.0 1.5 2|.?(J)t| 2.5 3.0 3.5 4.0 become quite comparable.
. . . jet

) = - k~algorithm to define jets p|" >30GeV, R=0.4.

S s I

E i B . : - 0 jet

LT IEES s L Non-factorisable corrections reach 1.2 % at p’|" ~ 140 GeV

B e o,

g 1.50% -

i e

2 0.50% - ........":::_*:::::i""r"—

qg:o.oo% W

Lo s
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Results at 100 TeV

Differential cross section:

op collision: /s =100 TeV, PDFs: CT14_lo@LO, CT14_nnlo@NNLO ™w = 80.379GeV, m; = 173.0 GeV, as(my) = 0.108, pup = m;

O o ( ) 2
pp— X+t Hp
— 2367.0 + 3.8 ( ; )
1 pb 0.108
Non-factorisable corrections are 0.16 % LO for pur=m..
t ) 9.921 L
P1 peaks around 40 GeV, changes sign around 70 GeV. S 20 E
] ' .86 |
For ur=40 GeV non-factorisable corrections are 0.25 % LO. Ll + oml |
% == == LO+NNLO non-fact. 0 140
5 c+ p=40 GeV
o Scale variation m;/2 to 2m,
HR = My ur = 40 GeV 3 oo .
Ptcut OLO (Pb) U-I'I};LD (pb) 5NNL{} [G?ﬂ] ﬂ-;fNLD (pb) '5NNL{} [0}'{;1] é . r_“_l__i.....
B ? |
0GeV  2367.02 | 3.79°06 016729 | 595 0.25 = 1 o0%- R it
0 —— o T
20 GeV  2317.03 | 3.89 E“E%‘ o.ih? E“E”} 6.11 0.26 % os0% N
40GeV  2216.61 | 4.14799  0.197003 | 6.50 0.29 £ oot o B
60 GeV 2121.88 | 4.280LL 020700, | 6.71 0.32 Z L i S U —
' ' “ 50 100 150 200

P’ [ GeV]
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Non-factorisable corrections: why? (III)

Eikonal approximation of virtual contribution to VBF Higgs [Liu, Melnikov, Penin '19] \/} > 600 GeV
p;i1 ~ 100 GeV
i <kﬂ +pﬁ2> o WPla T i (kﬂ _p{lﬁ) o TPl T kg ~my < \/;;*’2
(k +p1’2)2 + je 2k °p1’2 + i€ 2kF + i€ (k _p1,2>2 + 1€ —2k °p1’2 + i€ 2k¥ — e
1 1
— — — — — 170 (k_)
2k—+ie 2k —ie
P1 P3 p3 P1
[ dk —imd(k™)
e - k1 - = Qm)? k*2kt — ie)[(k + py — p3)* — mjll(k — pr + ps — miy)]
p p
: ' P2 P4 [ dk +ind(k")
Qm)? k*2kt + ie)[(k + py — p3)* — myll(k — pr + ps — miy)]
p3 pl pl p3 1 1 .
— — — — — i) (k+)
2kt +ie 2kt —ie
—_— T L — = T k
[ dk 5(k—)5(k+)
2n)4 k2[(k + py — p3)? — mll(k — py + py — m)]
P2 D4 b2 P4
Could single top show similar

enhancement?
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Real-virtual contribution dt
U d
W W
b —» > t

Complete real-virtual cross section cast in a very compact expression

28+ ORy = / dps] FI][J1 (1g52,3¢,4¢554) = <S5 (1617257361’7415;59» T <(I o S5)Fil\f/(1q’zb’3q"4t;59)>

a\2 N2 -1 [(2FE,...\ a\2 N2 -1 (2F, ..
<S5 FIIJI\{; (g5 25, 3q5 4 5g)> — ~ \o_ 2 <an(€) Re[l1(€)] FLm(1q, 2b73q’74t)> — |\ 5=
2T N 27 2 L4

—2€
9/ ) <an(€) Fﬂl\f},ﬁn(1Q7 267 Sq’a 4t)>

as Oés N - ]_

27

N2 -1 ~
<(] o S5)F€\5(1Q72b73q’74t35g)> — ( ) 9 <Re[[1(€)] <(] o S5)F£11£/I(1Q72b73q’74t55g)> + I S5 Fﬁl\ff fin 16]72573(1 747575 )>

Finite contributions built on one-loop, 4-point and 5-point colour-stripped amplitudes

3 in (14520, 3q7,44) = N/dLip834 (2m)4 6 (py 4+ p2 — p3 — pa) 2Re [A;;(lq, %, 3, 4¢) B1 sin (14, 26, 347, 4t)]

FLV ﬁn(le 2p, 3(] 74757 N/dLlpSZSéL (27T) 6(d) (pl T P2 — ZpZ)gs b (AL*(S )Bl ﬁn(5g) + A(I)LI*(E) )Bl ﬁn(5g) + C°C')
1=3
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Real-virtual contribution: increasing numerical stability

déRy = M @ M)

9

UPMCZ
W

b —» > t

MP(,.2,,3,4.5,)

The real-virtual amplitude is written in terms of 109 box, triangle, and bubble integrals

We switch to a basis of finite box integrals, e.g.

L I d’k I
Y @uyd K2k — p)2(k — py — pa)*(k — py — ps + ps)?

This integral is IR divergent when one of the propagators go on-shell. We can requlate
these divergences by insertion of a numerator [Badger, Mogull, Peraro '16]
tr (py(k — p(k = py = p2)ps) =s12(512+ 515 = 530) = (512 + S35 — $39) &7
+(512 = 839) (k = p)>= (515 + 515) (k = p; — py)°
+515 (k= py = py + ps)°

In finite box coefficients we can set e — 0 and triangle coefficients become ¢ - independent

Further stability achieved by switching to variables

_ _ 2 _
Sins  Sp3, O] =833 — Sy, Op =S5— M, 03= 55

Christian Brannum-Hansen
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Double-virtual contribution: amplitude calculation 210s.0922

Expand integrals I around the boundary in variable y=2"1=0 AN !

M . N 1
I:Zejx:cjklyklnly—l—... !
i k [

Evaluate and expand around regular points z:

M N
1 = E GJE Cjk$k+... ,
7 k

Repeat previous step until reaching the physical mass /\

Path fixed by singularities and desired precision *:‘\/

Expected relative erroris (A / R)" '\
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Double-virtual contribution: amplitude calculation 210s.0922

Add imaginary part to internal top quark mass m
/2 S G ]

9 .
mt % mt - 7/77 \\ /
y n — o0
Boundary condition at and physical mass at n=0
Due to separation of internal and external mass, the physical 4' ‘l'
point is singi'~* -

N
I:ZEj JS:Cjklnklnln—l—...
' k [

j // \\

Separate into branches and pick the relevant one
1 :?70 (bl()(E) -+ bll(E) + .. )

01 (bzo(€) + bar () + ...
L 7,]3—46 ( N )
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