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Higher-order QCD corrections in top processes

Advanced calculations at fixed order and with soft-gluon resummation

NNLO for tt production as well as for ¢t- and s-channel single-top production

NLO for tW production as well as for tqvy, tqZ, tqH production

Cross sections dominated by soft-gluon corrections at LHC energies
(and beyond)

Soft-gluon resummation at NNLL (or higher)

Generate higher-order predictions (prescription-independent, matched
to fixed-order) through approximate N3LO (aN3LO)
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Soft-gluon corrections

2 — n processes fo(pa) + fo (pp) — t(p1) + -
with momenta p, +pp, = p1 +p2+ -+ pn

We define s = (pa +pp)?, t = (pa —p1)*, u = (pp — p1)? and pa..n, =p2 +---pn
Then, if additional soft gluon with momentum p, is emitted,

threshold variable s4 = (pa.., +pg)2 —p2.., =s+t+u—p? —p2.

At partonic threshold s4 — 0

In®(s4/m?)
S4

Soft corrections { ] with £ < 2n — 1 for the order af corrections
_|_

Factorization and Resummation of these soft-gluon corrections
Finite-order expansions — no prescription needed

Approximate N3LO (aN3LO) predictions for total cross sections

and for (single and double) differential distributions
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Soft-gluon resummation

dopp—stX = E /dma dzp g /p(Ta BLF) Py /p(Ty, HF) dGgb 1t x (54, LF)
a,b

- s
take Laplace transforms 6, _,;x (N) = f (dsyq/s) e~ Nsa/s Gab—tX (s4) with N the transform variable
0

- 1
and ¢(N) = fO e_N(l_I)qb(oc) dx

Then

dap—t X (N) = &g/ (Nas np) ¢4 /p(Np, vF) d6gp 5t x (N nF)
Refactorization in terms of hard and soft functions

- - - - Vs
dGap—stx (N) =g /q(Na, wp) ¥y (Nps vp) ( | | J(N, MF)> tr {Hab—HtX <O‘8(“R)) Sab—tX (Nu ) }
F

f.s. q,g

Thus

A& gp—tx (N) = YasaNa> kE) ¥p/6 (Vo 1F) (Hf-s.q,g J(N’MF)> tr{H bt X (as(uR)) Sab—tX ( = )}
v @a/a(Na,MF)J)b/b(Nb,MF) “w e Npp
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Resummed cross section

Renormalization group evolution — resummation

x/Ed
d& G (N) = exp E E;(N;) | exp E 2/ —“%/i(z\ri) exp E E'(N)
w
HE

f.s. q,g

V5/N V5/N
H, Vs ar rl S Ve e r
Xtrd Hyp st X <a3( 8)) exp ~ Tsabotx (s () ab—tx | @s | exp " S ab—tx (as(w))

/s

i—=a,b t=a,b

The soft anomalous dimensions I'g ,;,_,;x control the evolution of
the soft function and are matrices in color space

At NLL accuracy we need one-loop results for I's ;¢ x3
at NNLL, two-loop; at N3LL, three-loop

two-loop I's .5+ x known for all the processes discussed here;
three loops known fully for tW production and partially for the other processes
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Top-antitop pair production

pp->tt a LHC energies aN’LO m=1725GeV

MSHT20 NNLO pdf
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soft-gluon corrections are dominant in total & differential cross sections

excellent agreement with collider data
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tt production cross sections

tt cross sections at LHC energies
oin pb |7 TeV |8 TeV |13 TeV [13.6 TeV| 14 TeV
LO 106 150 488 540 576
NLO 155 222 730 809 864
NNLO 174 249 814 902 963
aN°LO 181 258 839 928 990

aN3LO = NNLO + soft-gluon N3LO corrections

tt cross sections in high-energy pp collisions
o in pb 27 TeV 50 TeV 100 TeV
LO 2.23x10° | 6.72x10° 20.1x10°
NLO 3.39x10° | 10.4x103 31.8x10°
NNLO | 3.77x10° | 11.5x103 35.1x10°
aN°LO | 3.86x10° | 11.7x10° 35.8x10°
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alN3LO tt cross sections

pp -> tt crosssections  u=m=172.5 GeV

MSHT20 NNLO pdf
o I T — T ] 1 I T T T T . . |/
N =
10000 E_ aN3LO = _E
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aN3LO cross section at 13 TeV — 839‘_%2‘_%; pb
at 13.6 TeV — 928722115 pb

at 14 TeV — 990f§;i’£ pb
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K-factors at LHC and higher energies

K-factors for ¢t production at LHC energies

K-factor 7 TeV | 8 TeV | 13 TeV [13.6 TeV| 14 TeV
NLO/LO 1.47 | 1.48 1.50 1.50 1.50
NNLO/LO 1.65 | 1.66 1.67 1.67 1.67
aN°LO/LO 1.72 | 1.72 1.72 1.72 1.72
aNLO/NLO 1.01 | 1.00 0.99 0.99 0.99
aNNLO/NNLO | 1.01 | 1.01 1.00 1.00 1.00

aNLO = LO + soft-gluon NLO corrections
aNNLO = NLO + soft-gluon NNLO corrections

K-factors for tt production in pp collisions
K-factor 27 TeV | 50 TeV | 100 TeV
NLO/LO 1.52 1.55 1.58

NNLO/LO 1.69 1.71 1.75
aN°LO/LO 1.73 1.75 1.78
aNLO/NLO 0.97 0.95 0.92
aNNLO/NNLO 1.00 0.99 0.98

alNNLO is excellent approximation to NNLO throughout
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Top double-differential distributions in ¢¢ production

Normallzed doubledlfferentlal dlstrlbutl onat13TeV LHC

5GeV  0<|Y|<0 p=m, with scale+pdf variation
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o (pb)

Single-top production

Single-top cross sections  m=172.5 GeV
MMHT2014 NNLO pdf
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t-channel is numerically largest
tW second largest at LHC
s-channel is smallest

(older plot)
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comparison of various pp->tX cross sections

MSHT20 NNLO pdf
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tW production cross sections

are larger than for other top-quark

processes with final-state
electroweak and Higgs bosons
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tWW production

At one loop
= n — = — 1n
S d mi/s ) 2 2 t —m2

At two loops

1
I,k(92)bg—>1f;W — K Pk(gl)bg—HtW + ZCFCAG — (3)

At three loops

1 1 3 (3
Fg)’)bg_)tw = K3 ngl)bg_)tw‘f‘§K20F0A<1_C3)+CFC,24 (_Z + §C2 B
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o (pb)

tW production at high-energy colliders
(with N. Yamanaka, arXiv:2102.11300, in JHEP)

pp->tW NLO and aNLO cross sections m=172.5 GeV pp->tW  cross section p=m=172.5 GeV
MSHT20 NLO pdf MSHT20 NNLO pdf
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The aNLO cross section is a very good approximation to the complete NLO
result for all forseeable collider energies
— the soft-gluon corrections are dominant

The aNNLO and aN3LO corrections (at NNLL) are also significant
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- =gt 3 .
tW+tW aN LO cross section mt:172.5 GeV
MSHT20 NNLO pdf with scale+pdf uncertainties
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The aN3LO cross section with scale and pdf (MSHT20) uncertainty is
at 13 TeV — 79. 5+% g+1 1 Pb

at 13.6 TeV — 87.61770721 pb
at 14 TeV — 94.0757722 pb
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Top-quark and W-boson distributions in tWW production

do/dp;. (pb/GeV)
o
N
do/d|Y| (pb)
&

pp->tW  Top-quark p, distribution  vS=13 TeV pp->tW  Top-quark rapidity distribution VS=13 TeV
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tqy production
(with N. Yamanaka, arXiv:2201.12877)

observation of pp — tgy at 13 TeV collisions at the LHC

the cross section for tgv is sensitive to the top-quark charge and
any anomalous electric and magnetic dipole moments

also sensitive to any anomalous t-g-vy couplings with FCNC

QCD corrections are significant at NLO and they
are needed for good theoretical predictions

further improvement in theoretical accuracy by inclusion of
soft-gluon corrections

— approximate NNLO (aNNLO) predictions

improved agreement with recent LHC data
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Top-quark pr and rapidity distributions in t¢gy production

pp->tqy p,disribution VS=13.6TeV m=1725GeV
MSHT20NNLOpdf  p,;>10GeV |n|<26 AR>0.05

pp->tqy vy, distribution VS=13.6 TeV m=172.5GeV
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significant enhancements from aNNLO corrections
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tqZ production

measurements of tqZ production at the LHC
soft-gluon contributions are important and enhance the cross section at aNNLO
detailed study in progress

related process: tgWW production
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o (fb)

do/dp, (fbiGeV)

tqH production
(with M. Forslund, arXiv:2103.01228, in PRD)

pp->tgH+tgH  p=m=1725GeV  m =125GeV
MSHT20 pdf at each order
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Top BSM processes

Similar considerations apply to various BSM processes with top quarks

tH~ production in 2HDM
FCNC single-top processes: tv, tZ, tZ’, tg production

FCNC tt production

large QCD corrections which are dominated by soft-gluon contributions

significant contributions at aNNLO and beyond
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Summary

top-antitop and single-top production in high-energy pp collisions

higher-order QCD corrections are essential

for good theoretical predictions

quality of soft-gluon approximation at LHC energies is excellent

and it remains very good even at much higher energies

soft-gluon corrections are dominant and

they are significant through aN°LO
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