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Motivation: why top quark?

ATLAS+CMS Preliminary My, SUMMary, Vs=7-13 TeV
LHCtopWG
- Heaviest observed particle L Word comb. (Mar 2014) 2 s T
total uncertainty m,,, * total (stat + syst) /s Ref.
i , LHC comb. (Sep 2013) LHctopwa 173.29 + 0.95 (0.35 + 0.88) 7 TeV [1]
- m, = (173.34 £0.76) GeV  World Combination 14, ATLAS, CDF, CMS, DOJ World comb. (Mar 2014) 733 107603 1067 1o07Tev 2
ATLAS, |+jets 172.33 £ 1.27 (0.75 £ 1.02) 7 TeV [3]
ATLAS, dilepton 173.79 £ 1.41 (0.54 + 1.30) 7 TeV [3]
- a ATLAS, all jets 1751+ 1.8 (1.4 £ 1.2) 7 TeV [4]
- Substantial Yukawa coupling ATLAS, single top 1722 524 (07 £50 oTov
ATLAS, dilepton 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6]
m ATLAS, all jets 173.72 + 1.15 (0.55 + 1.01) 8 TeV [7]
l‘ ATLAS, l+jets 172.08 + 0.91 (0.39 + 0.82) 8 TeV [8]
Y = D — ~ 1] ATLAS comb. (Oct 2018) 17269 +0.48 (0.25 + 0.41) 748 ToV (8]
- 4 ATLAS, leptonic invariant mass (*) 174.48 + 0.78 (0.40 + 0.67) 13 TeV [9]
V CMS, I+jets 173.49 + 1.06 (0.43 + 0.97) 7 TeV [10]
CMS, dilepton 172.50 + 1.52 (0.43 + 1.46) 7 TeV [11]
. i . . CMS, all jets 173.49 + 1.41 (0.69 £ 1.23) 7 TeV [12]
° CMS, I+jets 172.35 + 0.51 (0.16 + 0.48) 8 TeV [13]
SpeCIaI relatlon WIth SM nggs Boson CMS, dilepton 172.82 + 1.23 (0.19 + 1.22) 8 TeV [13]
CMS, all jets 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
= . CMS, single top 172.95 + 1.22 (0.77 + 0.95) 8 TeV [14]
- Short lifetime — decay before bound states can be formed CMS comb. (Sep 2015) 7244 £04B013£047) 7T (19
, [+jets 172.25 + 0.63 (0.08 + 0.62) 13 TeV [15]
CMS, dilepton 172.33 £ 0.70 (0.14 £ 0.69) 13 TeV [16]
CMS, all jets 172.34 + 0.73 (0.20 + 0.70) 13 TeV [17]
CMS, single top 172.13 £ 0.77 (0.32 + 0.70) 13 TeV [18]
CMS, boosted jet mass I 172.6 + 2.5 (0.4 + 2.4) 13 TeV [19]
epep 19 ATLAG GO 20re.04e o v oot e
* Preliminary I1EPIC 75 (2019 150 (1] Pac 72 2012 2202 b
(1PLS 761 Go18) 350 [PRD to ote crop0s. 191PPL- 126 2020 202001
7] JHEP 09 (2017) 118 [14] EPJC 77 (2017) 354
= = - T B |[||||||||||||
Precision top-quark Physics 165 170 175 180 185
my,, [GeV]

- Extracting SM parameters

Constraining PDFs

Examining (anomalous) couplings See Victor Miralles’s talk!

Better understanding of EW symmetry breaking

Hints for heavy New Physics
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Motivation: single-top production

I | | | I | | | I | | | I | | I I | | | I | I I
v Tevatron combined 1.96 TeV (L < 8.8 fb Y

m ATLAS dilepton* 5.02 TeV (L = 257 pb") ATLAS+CMS Prelimi

e CMS combined ey, l+jets* 5. 02 TeV (L = 27.4-304 pb™) LHCtop WG September 2021

m ATLASen7TeV (L= 46fb b)

| e CMSeun7TeV(L=51fb") _
m ATLASep8TeV (L=2021b")

3| © CMSeu8TeV(L=19.7 ")

10° v LHC combined ep 8 TeV (L = 5.3-20.3 fb™) LHCtopWwG
= ATLASep13TeV (L=36.11b")

— v CMSen13TeV (L=3591")

[+ CMS r+e/u 13 TeV (L=359 fb")

* At LHC top quarks are mainly produced in pairs via strong interactions

Inclusive tt cross section [pb]

: BN AL L '

- Large produchon rate - cAy OMS aljots* 1seTe§/(|_ 253f)b) 9005_ _
102 | relmlnary E * E__
. - 800 1 3
- Advanced theoretical predictions: - S | -
B S NNLO+NNLL (pp) 700:_ 17
] . B &=—— NNLO+NNLL (pp) [ A

NLO QCD [Nason, Dawson, Ellis ‘88] and NLO EW corrections [Kuhn, Scharf, Uwer ‘06] 10 Gaakon, Fedir, Mitov, PRL 110 (2013) 252004 13 Ts TeV]

NNPDF3.0,m, = 172.5 GeV, a,(M,) = 0.118  0.001

I 1 1 I 1 1 1 I 1 1 1 I | 1 1 I 1 | 1 I 1 1 1
2 4 6 8 10 12

. IlII|
N

total and fully differential NNLO QCD corrections in the NW approximation (5 oV
[Czakon, Fiedler, Mitov ’13, Behring, Czakon, Mitov et al. ’19, Czakon, Mitov, Poncelet '21] '
» Single-top production also relevant W
- Production rate of the same order of magnitude as 17 : 6, ~ 1/4 6,7
- Electroweak mediated \
b t

Determination of the CKM matrix V,

Indirect determination of width 1, and mass m,
Bottom-quark PDF
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Single-top production: different modes

\

[.t—channel: gb — q't

q t
y
W s-channel: gGg — W* — tb
5% — u —p > d

q b —70% é W

b —> w 25% — o :
associated production: gb — Wt

9 t

- Two main topologies contribute to the 7-channel, single-top production:

- Factorisable contributions y

Extensively investigated:

NLO QCD [Bordes, van Eijk *95][Campbell, Ellis, Tramontano ’04][Cao, Yuan ’05][Cao, Schwienhorst,
Benitez, Brock, Yuan '05][Harris, Laenen, Phaf, Sullivan, Weinzierl °02] [Schwienhorst, Yuan, Mueller, Cao '11]

NNLO QCD /Brucherseifer, Caola, Melnikov ’14] [Berger, Gao, Yuan, Zhu ’16] [Campbell, Neumann,
Sullivan 21]

- Non-factorisable contributions — cross talk between different quark lines b———> t
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[thanks to Jeremie and Christian

Factorisable vs non-factorisable corrections for the nice picture in the slides]

Factorisable contributions Non-factorisable contributions

NLO

NNLO

2 1\2 2 _
(e . D o Tr(s %) Tr (19 1%) = Nc4 :

o Tr(2 1) Tr (1 1%) =

Non-factorisable contributions vanish at NLO due to their colour structure, and are suppressed by a factor ch — ] = 8 at NNLO.
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Non-factorisable corrections: why?

Non-factorisable contributions vanish at NLO due to their colour structure, and are suppressed by a factor NC2 — | = 8 at NNLO.

However:
. Non-factorisable corrections could be enhanced by a factor 77 ~ 10 due to the Glauber phase

— proven for Higgs production in weak boson fusion in the eikonal approximation [Liu, Melnikov et al. *19]
* The actual size of NNLO non-factorisable corrections cannot be inferred from NLO contributions, since they vanish
Even though non-factorisable contributions are suppressed by colour it is not guaranteed that they are actually negligible.

In addition:

* |Inclusive factorisable corrections are very small [Brucherseifer et al. ’14] [Berger et al. *16] [Campbell, Neumann et al. ’21]

Son O~ (2=3%) 0"  Sop O~ (1-3%)c "0

Chiara Signorile-Signorile 6 Non-factorisable corrections to t-channel single top production



Non-factorisable corrections: main properties

Non-factorisable contributions have to connect upper an lower quark line, and are effectively Abelian

Non-abelian Abelian
U > > d T
b > t > >
5, Oy e (1° tb (1), (7 tb) (1)
] 4] ki Ng — 1
S . :
The infrared structure iIs simplified: no collinear singularities Non-factorisable contributions are UV finite
E.E (1 —cosd,,)
> / b —» > t
a A
5 5kl (t )ij (t >kl
E.E(1 —cosd,,)
o ¢ Renormalisation simply consists of &> yg o = agp>cS,

All IR singularities are of soft origin.
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Non-factorisable corrections: ingredients of the calculation

Three terms contribute to the non-factorisable cross section

f Anf anf  _ ganf Anf ~nf
doy, x4 = Z del dx, f; (xp, pp) f; (6, pp) A6y (X1, X)) doyng o = dogg + dopy + doyy
L
U > d > >
g
anf . 7(0) (0) g % §
dopp @ A p X o p W , W
b —» t > ' ™

Each ingredient requires

specific treatment and

encodes difficulties to
overcome

(7 »— > >
déRy : A @ A iw W
b —» > t

u ———>» —d| »>—>» >— U > > d| »>—» > >
datfy : AP @ ) A @ oD E ' E §_ § E § E
b —» > t| —» > b > t | —» >
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IR singularities

Higher-order corrections are affected by infrared singularities arising from unresolved radiation.

* Virtual corrections:
» Explicit IR singularities from loop integrations — polesin 1/¢

* Real corrections:
e Singularities after integration over full phase space of radiated parton

k
1 1 d?1k dE, de 1
. . ~ = y 00, P~ / 2~
P p—k O (p—k)? 2E,Ei(1—cosb) E 50 *© / (27T)d_12Ek |M({p} )l E o Ei+2€ g1-+2¢ X |M({p})| 4e2
eoro 0 —0

* Integrating implies losing kinematic information (needed for distributions, kinematic cuts, ...)
* For non-factorisable corrections only soft limits are relevant — only 1/¢ poles

—P  Subtraction scheme: extract singularities without integrating over full phase space of radiated partons

J >”666>6 dq)g:J'_ >f666>6 - »fﬁé,GEg_)o:dq)g'l'J' »égnggﬁ;(Dg

exposes the same 1/¢ poles as

Finite in d=4, integrable numerically the virtual correction
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Double-real emission

Main issue of the double-real contribution: extract and regularise IR singularities preserving the fully-differential nature of the

calculation
U > g >

—— Nested soft-collinear subtraction scheme [Caola, Melnikov, Réntsch 1702.01352]
W

>

) b

6
F™, <1q,2b,3qf,4t; Sg,6g> = WJdLiPS34 (2n)* 6V (Pl TPy~ ZPi) X ‘@[O <1q’2b’36]”4f; Sg’6g> »

i=3
Integration over pOtentia”y\.

unresolved phase space

dd—l

1
25 - 01151 - X [dps][dps] Fﬁlf\d(lq’zb’3q”4t; Sg’6g> = <F 31{4(1Q’2b’34”4f; 58’68)>

p
(27m)-12E,

<Emax - Ep)

[dp] =

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

<Fi‘1f\/[( 1 q,2b,3 q,,4t; 5 g,6g) > = <55 Se Fﬁfv[( 1 q,2b,3 q,,4t; 5 g,6g) > T Double-soft counterterm
+2 <S6 (I —3S5) F&fw( 1 6],2,9,3 q,,4t; 5 g,6g) > e Single-soft counterterm
+ (I = S5) (I = Sg) F{\ (1426345443 50,6, ) —> Resolved contribution

10 Non-factorisable corrections to t-channel single top production
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Dealing with soft limits

Consider single emission: simpler bookkeeping, clear procedure

1. Decompose the amplitude into colour-stripped, sub-amplitudes Aé g Ag’
q > g u—p > d
(| (1,253,455, = 8. [r§356156462A(§(5g) +t§j€25c3clA(§I(5g)] W W
b —» t b—» t

2. Under soft limit, sub-amplitudes factorise into universal eikonal factors and lower-multiplicity amplitudes

H p;’
. ) . — _ P; - J
S5 AO (Sg) — g,u (5) Jﬂ(3919 5) AO(lqﬂzb’Bq"4I) Jﬂ(l,], k) Pi* Pk p] " Pk

3. Contract sub-amplitudes to connect different quark lines

S5 2Re[AL(5,) AL (5,)] = Y 7(5) e(S) JH(3,155) J44,2: 5) | Ag(1,:25,3 4 |
A

— _[Eiknf (14:2p:3 54 Sg} | Ag(14:2:34:%,) I

| j i ]
Eik,¢(1,,2,.3 .4 k) = J*(3,1;k) J (4,2; k) = Z G oo 2
ie113) \Pi " PI)P; P
j € 2.4]
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Dealing with soft limits

4. Integrate the eikonal factor over the radiation phase space

2 - ) _ O 2Emax e ) o 2Emax o 1 P1°P4 P2 P3 0
g2, | ldp;] Elknf(lq,zb,3q/,4t, kg) = an(lq,zb,3q,,4t,€) — — log + O ()

27 U 2r H € P1°D2 P3 " D4
Double-real correction treated in the same fashion: U —p < d—» >
g
- Independent emissions 4 ’ W
- Factorised double-soft limit h—» / >

2

2 N .
o | 26(1,2,3,:4; Sg,6g)‘nf = — gy —— ik (6 [A()L(sg)Agf (5,) +c.c.]

2 2
S5 S, ‘ A (1,234 5,6,) Lf = g%, (N? = 1) Eik,; (5,) Bik,; (6,) ‘AO( ,2,,3,4)

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

Colour-stripped sub-amplitudes

ep >2 Nz_ 1 (ZEmaX

28 -0 =<—
e Nog /) on2 Uy

—4e
) (KE© Fim(1423,4)) ‘

) N2 — 1 2Emax —2¢ — n
<§n> 2 ( U > <an (€)= 55) Fﬁ\4(16]’2b’36]’45 5g>> T <(I — 35)(I = 5¢) FLlf\/[<16]’219’36]"4f; 58’6g>>
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Double-virtual contribution

Extract IR singularities from virtual radiation and compute finite contributions.

1. One-loop correction to the 4-point amplitude U ——r——5—d
Ay a4 .a W
(el 1(1,2,3,4)) = = ( T Bl(lq,zb,3q,,4t)> B8

B is UV-finite, but IR-divergent: the abelian nature of the correction leads to the simple pole structure

By(1,,.2,,3,54,) = I,(€) Ag(1,,24,344,)+B in(1,:25.3,+4;)

1T . . '
L(e) = 1(1425.3,4:€) = — log<]]j 1 ’; ‘ i : i 3) i
1 "2 P34

2. Two-loop correction to the 4-point amplitude U (]
Ay ’ 1 a +b 1 a +b g v
(] (1,234 = (27) b ) U o, Ba(142,3,:4) L &% t
I (e)
By(1,.2,,3,+:4,) = — Ao(1,.2.3,:4,)+1(€) By(1,,2,,3,44,)+By in(1,,2,3,4,)

2
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Double-virtual contribution f )

U d U > > d
Complete double-virtual cross section cast in a very compact expression % %w g %w %w E}E
b t b t

/ J

a,\° N2=1[2
25 - oy = (F{\y(1,25:3,:4:)) = (2_ﬂ> 1 lNz <(Re 1,0 )2FLM(IQ’2b’3q”4t)>

2 (Re [160)] Flan(12034)) + (P nl1,203,4))

\ e

Finite contributions built on one- and two-loop color stripped amplitudes
FM(1,2,,3,.4,) = /VJdLips34 2m)* 6(py + Py — p3 — Py) 2Re [Ag(lq,zb,3q,,4t) Bl,ﬁn(lq,zb,3q,,4t)]

2

F%fv ﬁn<1q,2b,3q/,4t) — dLipS34 (Zﬂ)d 5@ <p1 +py— Py — p4) { ‘Bl,ﬁn(lq,zb,3q,,4t) + 2Re [Ag(lq,zbﬁqf,él't)BZ,ﬁn( lq’2b33q’a4t>] }
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Real-virtual contribution

Extract IR singularities both from real and virtual radiation W W

b —» > t

. 5
FI5(1,23,4:5,) = A |dLipsy, Qo 6 py +py = D py)2Re | (1,2,3,:455,) 41 (1,2,3,455,) |
o =3

nf

1. First extract phase-space singularities

2 oRv = J[dp5] Fﬁg(lq’zbﬁq”élt; Sg) = <SS FE{/(lq’zb’3q”4t; 5g)> T <(1 — 95) Fﬁg(lq’zbﬁq”é‘t; 5g)>
Soft-divergent Soft-regulated

2. Notice that both contributions contain explicit poles in €

IR divergencies of one-loop amplitudes do not depend on the real radiation — same /,(¢) as VV

Real radiation in the soft limit exposes the usual eikonal factor — same Eik_ (kg) as RR
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Real-virtual contribution ’

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

b —> > t)

2S . GRV — [dp5] Fﬁg(lq,zb,3q/,4t; Sg) — <SS FE{](lqazban’aéLt; 58)> + <(I o SS) FE{I(lq’zb’3q”4l‘; 5g)>

J

en )2 N2_1 (ZEmax

o >2N2 — 1 <2Ernax
2 N2

—2e€ .y
) <an (6) Fiif,ﬁn( IQ’zb’3q”4t> >

—2e
(S5 P (1,253,4:50) ) == ( ) (Kur (@ Relly(e)] Fu(14:2,3,4,)) — (

U 2n 2 7
a,\ N*—1 — a,\ N*—1 —
(I = Ss) F3(1,,2,,3,4455,)) = (2][ ) . (Re[L,(e)]( = Ss) FIu(1,2,3,+455,)) + (2ﬂ ) . (I=S5) F1 an(15:253,4455,))

'

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

ol (1,2,3,,4,) = /VJdLips34 CrY 8D (py + py = ps = 1) 2Re| A% (1,2,3,:4,) By (1,234, |

5
P (1,23,4:5,) = /VJdLips34 QoY 8D (py+py— Y 1), (AF(5,) Bita(5,) +A3"(5,) Btk (5,) +c.c. )
=3
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Pole cancellation

Manifestly finite result: combination of RR, VV and RV — split into contributions of different multiplicities

— (29 (1g) (0g)
Ont = an an an

aﬁg) . fully resolved, implemented numerically

agg)’ V8) - finite due to cancellation of real and virtual singularities

2Emax o 0
W(lq,Zb,Bq,At):( , ) K, (€) —Re[, (€)] = O(€°)

N? -1
4

2 —~
oo (18 — _ ( % ) N (1,23, = S9) Tty (1,2,3,.4:5.)) + ( B )

nf ol ) Vo <(I o S5) Fgf,ﬁn( 16]’2b’36]"4f; 58) >

aS >2N2_

ay a, \2N* — 1
2n 2 ) <

25000 (LN -1 o0
SO0 — < > <% <1q92b’3q”4t) FLM<1q’2b’3q"4t>> N < 2_71' 4

1 _
o = \2,) v (71,2340 Fily n(1023,4) ) + (

F %fV,ﬁn( 1 q’zb’gq”4t) >

In the entire procedure the only amplitude which must be expanded to O(¢) is B;(1 q,2b,3 q,,4t) as it is needed to extract the two-loop

finite remainder B, ,(1,,2,,3 4.

Chiara Signorile-Signorile 17 Non-factorisable corrections to t-channel single top production



Amplitude evaluation
Diagrams generated with QGRAPH and processed with FORM.

W boson forces light quark to be left-handed and we decompose the massive momentum into 2 massless momenta

2

p , M
P4 = Py n . .
2n - py The auxiliary momentum n can be appropriately
chosen to simplify the result
() = @1+ ——[n] , ig(py = (4] + —(n|
o nav] (ndb)

RV: one-loop five-point amplitude
- 24 diagrams: 8 pentagons and 16 boxes

- 7 Kinematic scales

VV: two-loop four-point amplitude /Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

- 18 diagrams: all topologies maximal

. . _ 2 2
- 4 kinematic scales: s, 7, m;", my;,

- 428 master integrals evaluated numerically using the auxiliary mass flow method to 20digits in ~ 30min on a single core

-10 sets of 10* points extracted from a grid prepared on the Born squared amplitude
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Amplitude evaluation
Diagrams generated with QGRAPH and processed with FORM.

W boson forces light quark to be left-handed and we decompose the massive momentum into 2 massless momenta

2

p , M
P4 = Py n . .
2n - py The auxiliary momentum n can be appropriately
chosen to simplify the result
() = @1+ ——[n] , ig(py = (4] + —(n|
o ndvp (nd")

RV: one-loop five-point amplitude
- 24 diagrams: 8 pentagons and 16 boxes

- 7 Kinematic scales

VV: two-loop four-point amplitude /Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

- 18 diagrams: all topologies maximal

= =1
2
(A A | _220.0040408654660 — 8.978163333241640i | —301.1802988944764 — 264.17735965295051
IR poles | —229.0040408654665 — 8.978163333241973i | —301.1802088944791 — 264.1773596529535i
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Results

Differential cross section:

pp collision: \/E = 13TeV, PDFs: CT14_lo@LO, CT14_nnlo@NNLO, my, = 80.379GeV, m, = 173.0GeV, a(m,) = 0.108, ur = m.,.

6pp—>X+t

1 pb

oy(Hg) >2

— 117.96 + 0.26 (
0.108

1. Non-factorisable corrections are 0.22;8:8‘5L % LO for pp = m,.

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

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

Differential cross section:

pp collision: \/E = 13TeV, PDFs: CT14_lo@LO, CT14_nnlo@NNLO, my, = 80.379GeV, m, = 173.0GeV, a(m,) = 0.108.

1. Non-factorisable corrections are p| -dependent.

226 . . .
2. Non-factorisable corrections are small and negative at low values of pi.
T 10 They vanish at p| ~ 50GeV [in agreement with results for virtual
2 corrections]
o | =—— 10O
P% 102 { == LO-+NNLO non-fact. 10 . i:’; [Br@nnum_l_lansen’
S : =40 GeV S o '
Scale variation m:/2 to 2m; e 1701 l MelnlkOV, QuarrOZ,
8 §10 it 130 140 Wang ’2 1]
> 3.00% - w7 Y EEasE
= . I 3 ‘
9 ZA %% 2 — LO/LO |
+ V7 % 2.00% | === NNLO non-fact. /LO |
S 2.00% - SR Y |
§ ..... . ;"' =z 51.00%-
= e T Z 77 %
E Loy ) _..L'r.,--l_—l 50.00% ,_.—
g I .-;:___._.;_'l--—" 2 ——————————————————
; 0.00% _;_._‘___.__'_____,=-”'“""J Pesep | GeV |
S -
2 - o o 0 3. Factorisable corrections vanish around p| ~ 30GeV.
p' [ GeV ]

4. Factorisable and non-factorisable corrections are comparable in the
region around the maximum of the pi distribution.
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Results

Differential cross section:

pp collision: \/E = 13TeV, PDFs: CT14_lo@LO, CT14_nnlo@NNLO, my, = 80.379GeV, m, = 173.0GeV, a(m,) = 0.108.

T ey — e 1. Relative non-factorisable correction to top-quark rapidity fairly flat for
£ 30000 A 240401 potrtots -
520000- zigzg i _|_|__L_|_r ‘yt‘ < 2”55 @(O°25%)

—— ‘
! L

N

Sign change around |y, | ~ 3

e
p B T et '_-'"-"";::i:-4.... _ | |

oo e 3. Factorisable corrections change sign around |y,| ~ 1.2
< i
"; -0.20% A ;‘.-.-.-.-__-"'
3 -t 4. For some top-quark rapidity values, factorisable and non-factorisable
& 5 1. 15 2. 25 f 5 4. : g

v M oo correction become quite comparable.
8281 frevens ;

% 8261 =

3 824 1 :

= 822 1

= — 1w

Scale variation m;/2 to 2m;

5. k~-algorithm to define jets p]ft > 30GeV, R=0.4.

1.50% A

—_
(an]
(@]
X
1
-
1
1
1
I

. L ) 6. Non-factorisable corrections reach 1.2 % at p]ft ~ 140GeV.

. 0.50% - i----'

i'. ity

e
o
S
X

NNLO non-fact. corrections to LO
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Conclusions

1. We complete the calculation of NNLO corrections to the t-channel single-top production: the non-factorisable
corrections.

2. The auxiliary mass flow method was used for integral evaluation in VV. It is sufficiently robust to produce results relevant
for phenomenology.

3. Non-factorisable corrections are smaller than, but quite comparable to, the factorisable ones.

4. |If percent precision in single-top studies 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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Backup
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Double-virtual contribution

The pole structure of the two-loop amplitude is well studied, and can be easily cross-checked against literature
[Catani 98] [Aybat, Dixon, Sterman °06][Becher, Neubert '09][Czakon, Mitov, Sterman ’09][Mitov, Sterman, Sung °09, '10][Ferroglia, Neubert, Pecjak, Yang '09]

d
| ) =Z|F) , p—4724=-14L
dy
Tl ¢ T 2 m .
L({p}mu) = ) 5  Yeusp(@) log<”—s> + )0 T T (@) log< _’f) Collinear
(i.)) Yy (L)) l
n 2 ?’cusp(Vu» a) + 2 yi(a,) + Z v(a) n>1 massive
(1J) i I
- rabc a C - rabc a % —OyuVy P - '
- Z if T T TG Fy (vig vigs vir) + Z 2 if e TeTY kaz(vy, 10g< S k)) +0(a;) . Non-abelian
(IJ,K) (L)) k —OnVi* Pk

Several simplifications occur when only non-factorisable corrections are considered [Breannum-Hansen, Melnikov, Quarroz, Wang '21]

rt 0 b A

Ay A H H H My Hmy
rnf=(—>r0nf=<—>4 Tl-T210g< , >+T2-T310g< , >+T1-T4log< , )+T3-T4log( , )
A1 ’ A7 —s — i€ 2

—u — i€ m? —u — ie m? — s — ie

N _

(SO HD) = = = (AOIT ] 7O 4 <=Qf<0>|r0nf|szf“>>+<szf<0>|w<2>>

(A1 H) = =~ (SO | Ty P10) = (D[ Ty 0) 4 5= (O] | D) + (50| F)
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DOUble'VirtuaI ContribUtion: amplitUde evaluation [Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

Process: u(p,) + b(p,) = d(p;) + t(p,) U o> > d U >
Kinematic scales: pl.2 =0,i=1,2,3, pf — mt2 S, 1, m%, |4% W
Dimensions: d = 4 — 2¢ G G 4 h—pL p "

Planar and non-planar amplitudes appear at 2-loop order. However, only a particular combination of them do actually contribute

1
2) —_ ~ fga b a b (2),pl (2), npl (2) — A@),pl (2), npl
Qinf o 4 {T i } {T i }c3c1 <Anf T Anf > T Anf Anf T Anf

C3Cq

Upon interference with tree-level amplitude the colour distinction
between planar and non-planar diagrams disappears

(Abelian nature of non-factorisable corrections)

3 A0 ) = (= 1) A0 AT

color
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DOUble'VirtuaI ContribUtion: amplitUde evaluation [Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

Process: u(p,) + b(p,) — d(p;) + t(p,) U — U~ (]
Kinematic scales: pl.2 =0,i=1,2,3, pf — mt2 S, 1, m%, |4% W
Dimensions: d = 4 — 2¢ G G 4 h—pL p "
[ diagrams ] - 18 diagrams: generated with QGRAPH [Nogueira *93] and processed with FORM [Vermaseren
l '00] [Kuipers et al. *15] [Ruijl et al. ’17]. All topologies maximal.
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DOUble'VirtuaI ContribUtion: amplitUde evaluation [Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

Process: u(p,) + b(p,) = d(p;) + t(py) U > d U d
Kinematic scales: pl.2 =0,i1=1,2,3, pf — mt2 S, 1, m‘%, |44 W
Dimensions: d = 4 — 2¢ b t b —»———» t
_ - One- and two-loop amplitudes are written in terms of invariant form factors and
[ diagrams ] independent Lorentz structure

[ projection ]
!l - Use anti-commuting prescription for ys; and move left-handed projectors to act on
external massless fermions.

- Y5 enters through charged weak currents (left-handed projectors)

- 11 structures & (/1) and corresponding form factor (FF)

0= Y S A, i=1..1]
A

- FF do not depend on helicities of external particles — vector current part

- Polarisation sum returns independent traces — scalar products of loop and external
momenta (no external spinor)
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DOUble'VirtuaI ContribUtion: amplitUde evaluation [Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

Process: u(p,) + b(p,) — d(p;) + t(p,) U — U~ (]
Kinematic scales: pl.2 =0,i=1,2,3, pf — mt2 S, 1, m%, |4% W
Dimensions: d = 4 — 2¢ b CpC ¢ h—pt ¢
[ diagrams ]
l - Reduction performed analytically with KIRAZ.0 [Klappert, Lange et al. ’20] and FireFly

[ ot [Klappert, Lange '20] [Klappert, Klein et al. 21]
projection ]

l
[I BP red uction]

y

1 428
O] o7\ — _ (N2 _
CAIEE T (N2 =D ; cAd, s, t,m,m )1

- Most complicated took 4 days on 20 cores.
- 428 master integrals /., .

- Exact dependence on the top-quark mass and the W mass (very first reduction to master
integral performed for the fixed numerical relation mt2 = 14/3 m‘%, [Assadsolimani et al. ’14])
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DOUble'VirtuaI ContribUtion: amplitUde evaluation [Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

Process: u(p,) + b(p,) — d(p;) + t(p,) U — U~ (]
Kinematic scales: pl.2 =0,i=1,2,3, pf — mt2 S, T, My, |4% W
Dimensions: d = 4 — 2¢ b —p——p"p t b —»———» t
- Compute master integrals using the auxiliary mass flow method [Liu, Ma, Wang ’18] [Liu, Ma,
[ diagrams ] Tao, Zhang ’21]

| : ’ 1
- d
[ projection ] [ec lim [Hd ki H

gm0t J A LTS AN pga 2 — iy e

I} > 2

- Add imagina art to the W boson mass m;;, — m:, — i
[IBP reduction] Jnary e w > M =

1 - Solve system of DE at each phase space point: 0 . = M], m%, —in = m%,(l + X)

[master integral evaluation]

d

- Boundary condition x — — ioco, physical point x = 0.

- Some of the boundary integrals are hard to compute: add imaginary part to the top

2 2 _
mass m; — m; — i1

- DE in m,. Boundary 7 — o0. Physical point 7 — 0.

Chiara Signorile-Signorile 31 Non-factorisable corrections to t-channel single top production



DOUble'Virtual ContribUtion: amplitUde evaluation [Bronnum-Hansen, Melnikov, Quarroz, Wang ’21]

Process: u(p,) + b(p,) — d(p;) + t(p,) U — U~ (]
Kinematic scales: pl.2 =0,i=1,2,3, pf — mt2 S, T, My, |4% W
Dimensions: d = 4 — 2¢ A G G ¢ h—pt 4

[ diagrams ]

( projection J

4

- t’Hooft-Veltman scheme: external momenta in d = 4 and internal momentaind = 4 — 2¢

[||3p reduction] - To be non-vanishing a matrix events in d = 4 — 2¢ between two d = 4 spinors requires an
J« even number of matrices with support in —2¢ space
[master integral evaluation] - € dependence can be explicitly and unambiguously extracted

4

[helicity amplitudes]
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Fully inclusive cross section for pp collision @7TeV and @14TeV (LHC), as well as pp collision @1.96TeV (Tevatron) with scales

7TeV pp 14 TeV pp 1.96 TeV pp

top anti-top | top anti-top t+1
ofo™ | 37T1%g5g [ 1917575 | 134671090 | 789706 | 2097577
oro” | 39.57 55y | 199755y | 140970 | 80.77 1050 | 2.317V5%
okio | 4147504 [ 215750, | 15435550 | 9147350 | 1967557
onto | 418750, | 21556y | 15441 | 91275 | 2005307
PDF '}l | PDF X330 | PDFT 10 | PDF Zggp | PDF 550
ohnro | 4197025 | 2097520 | 153.3(2) 5 g% | 91.5(2) g g0 | 2087755
oRREG | 41.97 5% | 21.8703% | 153.4(2) 7 1% | 91.2(2) e | 2.07H1 T
| PDF 1175 | PDF X150 | PDF S0 | PDFZ G0 | PDF 2500

Ur = U = m, and DDIS scales using CT14 PDFs. [Campbell, Neumann, Sullivan ’21]
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