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Single-top production: different modes See Laurids's talk!
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- Large production rate
Not comprehensive list of results!
- Advanced theoretical predictions:
NLO QCD [Nason, Dawson, Ellis ‘88][Beenakker et al. ’89][Denner et al.’11][Bevilagua et al. ’11][Cascioli et al.’14][Denner, Pellen ‘18]
and NLO EW corrections [Beenakker et al. *94][Bernreuther, Fuecker, Si '06][Kuhn, Scharf, Uwer ’06][Hollik, Kollar ’08][Denner, Pellen ‘16]

total and fully differential NNLO QCD corrections [Barnreuther, Czakon, Mitov ‘12][Czakon, Fiedler, Mitov ’13][Czakon et al.’16][Czakon, Heymes,
Mitov, Pagani, Tsinikos, Zaro ’17][Catani et al.’19][Behring, Czakon, Mitov et al. ’19][Czakon, Mitov, Poncelet '21][Gao, Papanastasiou '17][Czakon,
Mitov, Poncelet ‘12]

matching with parton-shower [Frixione, Nason, Webber '03][Frixione, Nason, Oleari ‘07][Campbell et al.’15][Mazzitelli et al.21]

and soft-gluon resummation [Frixione, Nason, Webber '03][Kidonakis ’10][Beneke et al. ’12][Kidonakis 20]
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Single-top production: different modes

» Single-top production also relevant

- Production rate of the same order of magnitude as 17 : 6, ~ 1/4 6,7

W s-channel: gg — W* — tb

associated production: gb — Wt

- Electroweak mediated
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t-channel: gb — g't

Determination of the CKM matrix Vbt

Indirect determination of width 1, and mass m,
Bottom-quark PDF
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Single-top production: theory status, s-channel and tW

 s-channel:

* NNLO QCD corrections in production and decay [Liu, Gao ’18]

- Inclusive corrections are O(5%) wrt NLO

inclusive LO NLO NNLO
e o(t)[pb]  |4.77512:95% 16,4471 39% 16.77810-T0%
“Ylo(B) [pb]  |2.9987289% |4,043+1-35% |4 249 +0-69%
o(t+1) [pb]|7.77212:59% 110.49+} 30% |11.0310-71%
o(t)/o(t) |1.59310-05% 11 59510.06% |1.595+0-07%

- In low p, , region, NNLO corrections can reach @(10 Yo ) wrt LO.
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* No overlap between NLO and NNLO bands in most region: NNLO corrections underestimated by scale variation at NLO.

* tW-channel:

* NNLO QCD corrections not known yet (analytic 2-loop
amplitudes, leading colour [Chen, Dong, Li, Li, Wang ’22]).

» Approximate approaches used to infer higher-order corrections
[Kidonakis, Yamanaka 21]

» Soft-gluon corrections to approximate N3LO for stable top

pp ->tW NLO and aNLO cross sections m=172.5 GeV
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Single-top production: theory status, t-channel (l)

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

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
- First calculated for a stable top-quark using nested soft-collinear subtraction [Brucherseifer, Caola, Melnikov ’14]
- Structure function approximation— crosstalk neglected invoking colour suppression

- Small effects on inclusive cross-section and on cross section with pi cuts

MSTW2008, lo, nlo, nnlo PDF, up = upr =m, = 173.2 GeV, /s = 8 TeV.

T . 4 1 @ﬁ\%q, T S0, ;q’ o oLo, Pb |onLO, PP| OnLO |ONNLO, PD|ONNLO
g § % 0 GaV | 53.8730 | 551708 | +2.4% | 542705 |—1.6%

; ; _ 20 GeV| 46.6737 | 48.9702 | +4.9% | 48.3103, |—1.2%

» G 0 @ o 40 GeV| 33.4717 | 36.5195, | +9.3% | 36.5791 |-0.1%
60 GeV| 22.0112 | 25.0003 |+13.6%| 25.4.05 |+1.6%
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Single-top production: theory status, t-channel (ll)

U d
NNLO QCD
- Extension to top-quark decay in the NW approximation, including also NNLO in decay W et
(computed using SCET/jettiness + projection to Born) [Berger, Gao, Yuan, Zhu ’16, ‘17]
|
- Large corrections for some distributions t
b b
o " NNLOLO  — NLOLO - NNLOLO - NLOLO
5 12¢ 1 . L2 o
(a7 1.0 :A: B = 1.0b— s
= - ; =
0.8F o= 0.8F o o
04..*v=‘=_',""- .......... 5 o4-~\— . ..
T4 22 0 2 4 ' 50 100 150 7TeV pp 14 TeV pp
GeV
M prp [GeV] top anti-top top anti-top
. . . . . . . MU= +7.1% +7.3% +10.0% +10.4%
- Disagreement with earlier calculation of inclusive cross-section: O(1) oro | 3T-1lg5e | 1910970 | 134671509 | 7897 5%
difference in NNLO coefficient oDDIS | 39.5184% | 19.9770% | 140.9%94% | 80.7110-2%
- Independent calculation based on SCET approach [Campbell, Neunann, oIl | 41.4730% | 21573 1% | 154.3131% | 91.4731%
Sullivan 21 +3.3% +3.4% +3.7% +3.1%
/ ONLO 4187500 | 2101 g0 | 104.47% 4o 91271 ¢
PDF 'y | PDF 1154 | POFf10n | PDF Y5y
CT14, lo, nlo, nnlo PDF, up = ur=m, = 172.5 GeV. _
iy HrR = HF = T ol | 41.9%12% | 91 9+12% | 153 3(2)10% | g7 5(9)+]1%
sGNNLO _, _ ()7 ¢ sNLO ORNLo | 41970755 | 218757 | 153.4(2)% 7 | 91.2(2) g5
' +1.3% +1.4% +1.2% +1.0%
PDF 79 | PDF Zi'3% | PDF Z1%e PDF 0%
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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.

Factorisable contributions Non-factorisable contributions

NLO

NNLO

(N2 —1)? N? -1

o Tr(21) Tr (e 1%) = . o Tr(2 %) Tr(1*1%) = C4
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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 7% ~ 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

* Recent calculation of double-virtual contributions indicate a comparable size of non-factorisable and factorisable corrections
[Brannum-Hansen, Melnikov, Quarroz, Wang ’21]

NNPDF31 lo as 0118,4/s = 13 TeV

Upp—>dt _ 90 3 n 03 < s(/’tnf) >2 Uoe=m, : 56NNLO ~ 03 %GLO
I'pb 108 pe=40-60GeV : 66" ~ 0.5 % o

Even though non-factorisable contributions are suppressed by colour it is not guaranteed that they are actually negligible.

* Thanks to recent progress [Brannum-Hansen et al. ’21] tackling non-factorisable corrections is actually feasible:

— 2-loop virtual amplitudes computed analytically with full dependence on m.,.

— integrals computed numerically with sufficient precision to be exploited in phenomenological studies.
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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
U . :
The infrared structure iIs simplified: no collinear singularities Non-factorisable contributions are UV finite
| ‘ 1 U d U > > > d
> >—> | > > EE (1 —cosd,,)
I > ¢ b —» > t
! a A
: 5 5]{1 (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

u > d >, > - ),
~nf . 1 0
défy : AV @ oY) iw W
b —» > t
U —p——>» —d| »>—>» >— U > > d| »—» > >
~nf . 7(1) (1) (0) (2)
da%v.szi4 ®Q74 ,5274 ®Q74 E W E %Z §W E iwé
b —» > t| —» > b > t | —» >
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Extracting soft singularities from real corrections

. . . . AL g Al
1. Decompose the amplitude into colour-stripped, sub-amplitudes v 0
q —» qJ u—> > d
. - C L C H
(el do(1,2,,3,4:5,)) = g, [rcgcl(s% AL(S,) +15.5,, Al (sg)] W v
b > t b > t
2. Under soft limit, sub-amplitudes factorise into universal eikonal factors and
lower-multiplicity amplitudes
L/H A=Y TH(R - Ly pi Py
S5 AJT(5,) = e7(5) J#(3,155) Ag(1,,2,,3,+4,) TGy ji k) = ——— = —
Pi-Px Pj Pk

3. Contract sub-amplitudes to connect different quark lines

i ' 1D D,
S5 2Re[AL(S,) All(5)] = —Eikyr (10253043 5.) 140(14:234) I Eikylk) = QL1 k) J, 82 k) = 3 —
ienay (Li P)p; - pr)
J € [24]

4. Integrate the eikonal factor over the radiation phase space

—2¢ —2¢€
2 . _ O 2Emax e 2Emax 1 P1 P4 Py P3 0
dp, | Eik (1 .2,.3 4.k ) = K:(1.,2..3 4:¢)=— — lo + Ofe
gs”’[[p"] o (o2 3 dik) 2ﬂ< ! orlg2p3gdic) =2, u e "\ p1-p2pspa (%

Double-real correction treated in the same fashion: independent emissions, factorised double-soft limit
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Extracting soft singularities from virtual corrections

Extract IR singularities from virtual radiation and compute finite contributions.

1. One-loop correction to the 4-point amplitude U ————5—d
A(1,.2,3.4)) = = @ 1@ B(1.2,3 .4 .
<C| 1( q°<b°>~q" t)> _2_71_ ..t C3C1 “C4Cy 1( q><b>~q" t) b —» > ;
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;)
11 : : |
1(6) = (1,234, €) = — 10g<p 1" Pa P P 3) +2ri
€ P1°P2 P3 P4
2. Two-loop correction to the 4-point amplitude U5 (]
A : 1 a +b 1 a +b g v
<c|@72(1q,2b,3q,,4t)>=<2—ﬂ> b ) U o, Ba(142,3,:4) L &% t
Ii(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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Pole cancellation

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

— (29 (1g) (0g)
Ont = an an an

Ggg) . fully resolved, implemented numerically

argg)’ 8) - finite due to cancellation of real and virtual singularities

Message:
- The abelian nature of non-factorisable corrections simplifies the structure of IR singularities.

- Once the soft singularities are extracted and regulated, the cross section is proportional to few building blocks, which combine in
remarkably compact expressions.

- The pole cancellation can be proven locally in the phase space and in full generality thanks to the interplay between universal real
and virtual IR functions K - (¢), [; (€).

- The procedure require to expand only one amplitude to higher order in €
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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_1o@LO, CT14_nnlo@NNLO, my, = 80.379GeV, m, = 173.0GeV, a(m,) = 0.108, ur = pup = u

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

226 . . .
2. Non-factorisable corrections are small and negative at low values of pi.

S 10°; They vanish at p’ ~ 50GeV [in agreement with results for virtual

& _ 1

= corrections]

o | =—— Lo

<. 102 3= =-LO+NNLO:non-fact; _ w0 2 [Breannum-Hansen,

S : =40 GeV S o '

Scale variation m:/2 to 2m; E 170 ! Melnlk?\/, QuarrOZ,

: S P Wang '21]
_i 3.00% - = : 2 0'8 | == tg+NNLOnon-fact,
g : ".__ = 3 — Lo/LO |
% Z M g 200% | —— NNLO non-fact. /LO
= 2.00% - RN T :
S 1 e S =z=t 51.00%-
= RN ) e %
E Loy ] _..L';,.,-J_—l 50.00% ,_.—

g A ..J'-i":.-.:_r‘d_ 2 - 5;0' w0 150 200
; 0.00% _;_______'____=-”'“' Puiep [ 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_1o@LO, CT14_nnlo@NNLO, my, = 80.379GeV, m, = 173.0GeV, a(m,) = 0.108, ur = pup = u

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 ;

% 826 1 =

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

—_
(a]
(@]
X
1
-
1
1
1
I

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

. 0.50% - i----'

i'. ity

I
o
S
X

NNLO non-fact. corrections to LO

40 60 80 100 120 140
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Results

Differential cross section:

pp collision: \/E = 100TeV, PDFs: CT14_lo@LO, CT14_nnlo@NNLO, my, = 80.379GeV, m, = 173.0GeV, a(m,) = 0.108, ur = m..

0pp—>X+t

— 2367.0 + 3.8 (
1 pb

1. Non-factorisable corrections are 0.16 % LO for p, = m,.

as(//tR)

;

0.108

2. For u, = 40GeV non-factorisable corrections are 0.25 % LO. e
- 9.90 1
% 9.88 - :
3. p' peaked around 40GeV, changes sign around 70GeV 2 N o0 |
. LO 9.82 —T—
i i I l I [ ,CUt <l ] - non-fact. 140 140
4. Non-factorisable corrections increase by 0.04 — 0.07 % by increasing p’ < . OO o
o Scale variation m,/2 to 2m;
MR = My ur = 40 GeV é 2.00% __l,,_r
Pf[cm oLo (pb) | o II\I&LO (pb) onnLo [%] | o ﬁfNLo (pb) dnnLoO [Te] é 1.50% _,,—--....E-“
0GeV  2367.02 | 3.79963  0.1670%3 | 5.95 0.25 2 g
20GeV  2317.03 | 3.89°9%  0.17°9% | 6.11 0.26 ER et
40 GevV  2216.61 |4.1479C  0.197%% 1 6.50 0.29 T
60 GeV 2121.88 | 428 0LL 020700, | 6.71 0.32 - 50 100 "
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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. Non-factorisable corrections are smaller than, but quite comparable to, the factorisable ones.

3. 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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Motivation: why top quark?

- -
ATLAS+CMS Preliminary My, SUMMary, Vs=7-13 TeV
LHCtopWG

* Heaviest observed partice ot cam (ar 2014 2 LT

o stat

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, l+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) 17244 2048018 2047 7uaTev (13
, [+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 (1 ATLAB CONF-2019.040 i e
* Preliminary (41EPUC 75 (2019 158 (1] PG 72 (012) 2202 b
[5] ATLAS-CONF-2014-055 [12] EPJC 74 (2014) 2758 (18] PRL 124 (2020) 202001
1 942P 08 (2017 118 B EPIG 77 G017y 350
= = - T T R R T R R SR R R R
Precision top-quark Physics 165 170 175 180 185
my,, [GeV]

- Extracting SM parameters

Constraining PDFs

Examining (anomalous) couplings

Better understanding of EW symmetry breaking

Hints for heavy New Physics
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Single-top production: LHC status

- Measurements compared to theoretical calculations based on: NLO
QCD, NLO QCD complemented with NNLL resummation and NNLO

QCD (t-channel only)

 s-channel: very small and affected by large background

 Theoretical uncertainties smaller than experimental uncertainties for
s-channel and t-channel but comparable for tW.

* t-channel: large exp. uncertainties at 13TeV if compared with 8TeV

— improvements are expected from HL-LHC.

ATLAS+CMS Preliminary
LHCtopWG

Data 2012, {s =8 TeV, m = 172.5 GeV
NLO (MCFM),
PDF4LHC (MSTW2008, CT10, NNPDF2.3)
[ scale uncertainty
scale ® PDF @ a4 uncertainty

o

ATLAS, L_=20.2 fb
EPJC 77 (2017) 531

CMS, L =197 fb
JHEP 06 (2014) 090

LHC combined
JHEP 05 (2019) 088

September 2019

total stat

+ (stat.) = (syst.) = (lumi.)

t-channel ~—

89.6 +1.2=%8+17pb

83.6 +23+7.1+£22pb

877 +1.1+£55 £1.5pb

20 40 60 80 100
o-t-channel [pb]
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ATLAS+CMS Preliminary November 2020
LHCtopWG
—t
Run 2, Vs =13 TeV, m = 172.5 GeV total stat
i NLO (MCFM),

PDF4LHC (MSTW2008, CT10, NNPDF2.3)
I scale uncertainty
scale ® PDF & ag uncertainty

Ot.channel * (stat.) = (syst.) = (lumi.)

ATLAS, L =32 fio!

247 + 6 =45 £ 5pb
JHEP 04 (2017) 086

CMS, L _=35.9fb"

207 +2+30+5pb
PLB 800 (2019) 135042

0
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Gt-channel [pb]
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Inclusive cross-section [pb]

Inclusive cross-section [pb]
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o
N
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—-
o
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| LHCtopWG

Py = production
November 2018

f

— A\ 4
A iif

- ATLAS+CMS Preliminary

t-channel

s-channel

B ATLAS t-channel 7]
PRD90(2014) 112006, EPJC 77 (2017)531,
JHEP 04 (2017)086

® CMS t-channel —
JHEP 12(2012) 035, JHEP 06 (2014) 090,
PLB 772(2017)752

O ATLAStW
PLB 716 (2012) 142, JHEP01(2016) 064, -
JHEP 01(2018)063

o CMStw
PRL 110(2013) 022003, PRL 112(2014)231802,
JHEP 10(2018)117

*  LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

A ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756 (2016) 228

Y CMS s-channel
JHEP 09 (2016) 027 95% CL
7+8 TeV combined fit 95% CL

= == NNLO rLp 736 (2014)58

scale uncertainty

——— === NLO+NNLL rrD83(2011)091503,

PRD82(2010)054018, PRD 81(2010) 054028
tW: tf contribution removed
scale ® PDF & o, uncertainty

—— NLO NPPs205 (2010) 10, CPC191(2015)74
W= 0= Mgy,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
tW: p: veto for tt removal =60 GeV and w= 65GeV

- scale uncertainty

scale ® PDF @ o, uncertainty

—0-+
|ejo} lejs
|

| Myyp=172.5 GeV

~ -
(0 0]

13 /s [TeV]

~ ATLAS+CMS Preliminary
LHCtopWG

ingle top-quark production
May 2022

t-channel

twW

t-channel -
B ATLAS PRD90(2014)112006, EPJC 77(2017)531, JHEP 04(2017) 086
® CMS JUHEP12(2012)035, JHEP 06 (2014)090, PLB80O (2019) 135042 |
¢ LHC comb.  uHEPos(2019)088

tw

B ATLAS PLB716(2012)142, JHEP01(2016)064, JHEP 01(2018) 063
® CMS PRL110(2013)022003, PRL 112 (2014) 231802, CMS-PAS-TOP-21-010 ——

¢ LHC comb. JHEP 05(2019) 088

s-channel
_ B ATLAS PLB756(2016)228 ATLAS-CONF-2022-030

® CMS JHEP09(2016)027
¢ LHC comb.  uHepos(2019)088 —

- - = NNLO PLB 736(2014) 58 -
scale uncertainty

[el0} jels

- == NLO+NNLL PRD83(2011)091503,
PRD 82 (2010) 054018, PRD 81(2010) 054028
tW: tf contribution removed
scale ® PDF @ o uncertainty

—— NLO NPPS205(2010) 10, CPC191(2015) 74

® U= U= My,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
tW: p: veto for tf removal=60GeV and = 65 GeV
R — scale uncertainty
scale ® PDF & a, uncertainty
| 1

Vs [TeV]
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Single-top production: theory status, t-channel (lll)

NNLO QCD

- Scale choice remains an open question:

— double-deep inelastic scattering (DDIS) scales allows to match PDF extraction,
but manifest larger scale uncertainties

DDIS mt

1.5-

o)

o
— 10-
—
2 1%
© LO NLO NNLO W €

0.0 '

-2 -1 0 1 2 -2 -1 0 1 2
>
DDIS mt b t

1.10 - 2 — 0?2 2
O pe=0%+m b
> 1.05~- | p— e ——
o 1.00-%— ﬁ
O 1|
-§ 0.95-

0.90 - .

-2 -1 0 1 2 -2 -1 0 1 2
n u —p > > »—
: e : : |44
- Non-factorisable contributions — cross talk between different quark lines
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

>

> >

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

) b > >

6
Fie (1,2,3,455,6,) = /deLipsM oY 8D(py+py— Y1) % |y (1023,435,6, )

i=3
Integration over pOtentia”y\.

unresolved phase space ) 1| o n
25 - oge = o7 | 1dps1dpe] Fin(14:25:3¢545 506,) = (Fi(15:26:34545 50:6,) )

nf

dd— 1p
(27)-12E, O(Eax = E,)

[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
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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, | [dp;] Elknf(lq,zb,3q,,4,, kg) = an(lq,Zb,3q,,4t,€) = — log + O ()

U K € P1°P2 P3° P4
Double-real correction treated in the same fashion: U —p < d—» >
g
- Independent emissions 4 ’ W
- Factorised double-soft limit h—» / >

2

2 N .
So | 76(1,2,.3, I;Sg,6g)‘nf=— 4= Eik, (6, [A()L(sg)Agf (sg)+c.c.]

2
5.8 | 40012345 5, 6)‘ = g4, (N> = 1) Eik, (5,) Eiky (6,) | 49(1,,2,3,:4,)

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

Colour-stripped sub-amplitudes

z Nz_ 1 (ZEmaX

—4e
25 0w = (55) Sra(T) (KGO Fun(1p203,4)) \

) 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 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

U

25 - Oyy = <FE{/V(1q’2b’3q’94t)> — (2_][)

2N2—1l2

— | ((Re [1©@)])" Fi(14:2,3,4,) )

+2 (Re |I,(¢)| 'F‘gfvaﬁn( 1q,2b,3q,,4t) ) + ('F’@fv,ﬁn( 1q,2b,3q,,4t) )]

\ e

Finite contributions built on one- and two-loop color stripped amplitudes

FM(1,2,,3,.4,) = /VJdLips34 2m)? 5 (p, +p, — p3 —pa) 2Re [Ag (15:24:3 %) By gin( 1q,2b,3q,,4t)]

2

FY n(10203,4) = dLip834(27z)d5(d)<P1+P2—P3—P4){ Bun(1203,4) |+ 2Re| 43 (lqubﬁq”“t)Bz,ﬁn(161’219’361”49]}

Chiara Signorile-Signorile 28 t-channel single top production



L ] ] f
Real-virtual contribution d
Complete double-virtual cross section cast in a very compact expression w w
b —» > tJ

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

2 a >2N2_1<2Emax
2n N? U

—2€
> <an(€)Re[Il(€)] FLM<IQ’2b’3q’a4t)> _( s : :

—2e€ —
o ) <an (€) F g/,ﬁn(lwzb’3q”4t>>

(S5 P (1,253,4:50) ) == (

1 —
<(I o SS) Flllif,ﬁn(lq’zbﬁq’aélt; 5g)>

'

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

aS>N2—

s N2 -1 )
(U= 59 S (1,23,435,) ) = (5) “— (Relh@1 U = 59 Fihy(1,2,3,445,)) + (5=) —

27 2

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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Real-virtual contribution

Extract IR singularities both from real and virtual radiation W W

' 5
RV | dLips;, <p1 +py — Zpi> 2Re [sziak(lq,2b,3qf,4t; 5,) 1 (1,253,445 Sg)]

i=3 nf

1. First extract phase-space singularities

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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Pole cancellation

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

— (29 (1g) (0g)
Ont = an an an

Technicalities:

- finite combination

2Emax o 0
‘7/(1q,2b,3q,,4t)=( , ) K, (€) — Re[l; (e)] = O(€")

- Cross section with one emission

U N2_1 — oL N2—1 —~
2560 = (S ) XL (1,23, = 59 Flha(1,203,4:5,)) + (2 )2t (=59 Tl (1,283,455,

- Cross section with two emissions

F%fv,ﬁn(lq,2b,3q,,4t)>

a, \2N? -1 a4 \2N” -
2s - GIEOg) = < ) <W2<1q>2b’3q”4t) FLM(lQ’zb’gq"4’>> B (2_7z> 2

a >2N2 — 1 <
i 2r 2N?

1 —
<W(IQ’2[9’3Q,’4I) FE%,ﬁn<1Q’2b’3q’a4t)> ~+ (2—71-

- Building blocks

ol (1,2,3,,4,) JdLips34 2Re | A7(1,,2,3,%,) Bign(1,253,4) |

2

F(1,,2,,3,44,) o JdLips34 { ‘Bl,ﬁn(lq,zb,3q,,4t) + 2Re [A6k<1q92b33q’94t)B2,ﬁn<lq’zb’3Q"41)] }

We need to expand is B;(1 q,2b,3 q,,4t) to O(¢) as it is needed to extract the two-loop finite remainder B, (1 q,2b,3 q,,4t).
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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 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 — 8.978163333241640; | —301.1802988944764 — 264.17735965295051
IR poles | —229.0040408654665 — 8.978163333241973i | —301.1802088944791 — 264.1773596529535i
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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 % —OyVy- P - '
- Z if T T TG Fy (i vigs vir) + Z 2 if*c TOTY 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

o0 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; — i

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