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Soft-gluon corrections

They are important for top-quark processes and they approximate
known exact results at NLO and NNLO very well

partonic processes a(ps) + b(pp) — t(pe) + X
define s = (pa + pp)?; t = (pa — pt)?, u = (pp — pt)*

For a 2 — n process with pq, +py, = pt +p2 + -+ pn
we define the threshold variable sy = s+t +u — m% — (p2 + -+ pn)?

Also s4 = (p2 + -+ +pn +pg)? — (p2 + -+ +pn)? where extra gluon with p, emitted
At partonic threshold p, — 0 and thus s4 — 0

In® (s4/m?)
S4

Soft corrections { ] with £ < 2n — 1 for the order o corrections
+

Resum these soft corrections for the double-differential cross section
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Soft-gluon corrections

Note that choice of formalism and threshold variable is important

two calculations may not be directly comparable even when at the

same formal logarithmic accuracy if different threshold logarithms are used

Here we use single-particle-inclusive (1PI) kinematics

and the threshold variable is s4
[another possibility of threshold variable is the invariant mass of the final state]

Finite-order expansions — no prescription needed or used
(this avoids underestimating the size of the corrections)

Approximate NNLO (aNNLO) and approximate N3LO (aN3LO) predictions

for cross sections and differential distributions
also add electroweak (EW) corrections at NLO

Thus, derive aN3LO QCD + NLO EW predictions
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Soft-gluon Resummation

dapp—)tX — Z /dxa dxp ¢a/p(xa7 NF) ¢b/p(xb7 MF) doab—stX (*547 NF)
a,b

take Laplace transforms dé,,_,;x(N) = f(d54/s) e Nsa/sd5 . 1 x (54)
and $(N) = fol e~ N(1=2) () dr with transform variable N

Then 3 3 3
doab—tx (N) = ¢a/a(Nas pbF) ép/(No, pr) doap—tx (N, pr)

Refactorization for the cross section

doap—tx (N) = ’(La/a(Naa pF) &b/b(Nba pF) j(N> pr) tr {Hab—>tx (as(1r)) Sab—tX (NHF ) }

B

Ya/as Yu/p — collinear emission from incoming partons
J — collinear emission from final-state gluons or massless quarks (if any)
H,y_+x is hard function — short distance

Sob—tx is soft function — noncollinear soft gluons

Thus

= &a/a(Nm/iF)sz/b(Nba/iF) ~ ~ NE
do ab—s N) == ~ J(N, Haps s Sab—s
Tav—tx () Paja(Na, i) Go/6(Nps i) WmE) tr{ borex (e li)) Sabopix (N,UF>}
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S.p—tx satisfies the renormalization group equation

0 0
(MR— + B(9gs) ) Sab—stx = —D8 o Sabix — Sabortx IS abstx

6MR 89 s

Soft anomalous dimension I's ,;,_,;x controls the evolution of the soft function

which gives the exponentiation of logarithms of N
Renormalization group evolution — resummation

\/Ed
EET = e | Y men | e | Y2 / sy | ex [B0)]
7
mE

i=a,b i=a,b

V's/N
H V3)) P ot 3
Xtr ab-—tX (Oés( S)) exp 7 Sab—)tX(aS(“)) ab—tX | s

Nz

2[§

NZ

The soft anomalous dimensions I's and the hard and soft functions are in gen-

eral matrices in the space of color exchanges in the hard scattering
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Top processes studied - total and differential cross sections

Top pair

tt aN3LO (total; top pr, y, and double-differential; also Arpg)
tt aN3LO 4+ NLO EW (total; top pr, v)

tt SMEFT aNNLO (total; top pr)

Top-pair+ X

ttry aNNLO + NLO EW (total; top pr, v)
ttw aN3LO 4+ NLO EW (total; top pr, v)
ttZ aN3LO 4+ NLO EW (total; top pr, v)

Single top
t- and s-channel alNNLO (total; top pr) and aN3LO (total)
tW aN3LO (total; pr, y for top and W)

Single-top+ X
tqH alNNLO (total; top pr, y)

tqy aNNLO (total; top pr, v)
tqZ aNNLO (total; top y)

Single-top BSM

ty, tZ, tZ’ alNNLO (total; top pr, y)
tg alNNLO (total)
tH— aNNLO (total; top pr, y) and aN3LO (total)
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ttW production

in collaboration with Chris Foster
Phys. Lett. B 854, 138708 (2024) [arXiv:2312.00861]

observation of ttWW events at 7, 8, 13 TeV collisions at the LHC
measurements are significantly higher than theoretical predictions
QCD corrections at NLO are large, ~ 47% at 13.6 TeV
electroweak corrections are smaller but significant

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

NLO expansions closely approximate exact NLO results
for total cross sections and top-quark p7r and rapidity distributions

NNLO expansions (alNNNLO) are consistent with (partial) NNLO results
for total cross sections

aN3LO QCD + NLO EW is state of the art
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improved agreement with data at aN3LO QCD + NLO EW
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ttW cross sections

ttW cross sections in pp collisions at the LHC

o in fb 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

Lo acp B 0 R A T R

LO QCD+4EW 135100 | 182700 [ aer 119 | s05T 00 | 5317 07

NLO QCD 164—_i_1'?7’ 226‘_"32 6461_2;2 708‘_"23 750fé21

NLO QCD+EW 175J_F£ 2394:;3 6771_2;2 741fzg 785J_FZZ;
T 0 o N G A W
aNNLO QCD + NLO EwW | 19079 | 2507 | 751727 824177 s727 31
aN3LO QCD 18570 | 2537 | 748720 s22 120 8707 5%
150 qop + w6 ww | it |, | s | st | wnh

At 13.6 TeV

NLO QCD corrections — 47%

aNNLO QCD corrections — 17%

aN°LO QCD corrections — 6%

electroweak NLO corrections — 7%

Total aN?LO QCD+NLO EW cross section is 78% bigger than LO QCD
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ttW T and ttW ~ cross sections

ttW T and tIW — cross sections in pp collisions at the LHC

o in fb ttWT 13 TeV | tiWT 18.6 TeV | W~ 13 TeV | W~ 13.6 TeV
LO QCD 209717 322752 146757 159120
LO QCD+EW 313750 3377570 154757 168777
NLO QCD 431757 470" o) 215727 238707
NLO QCD+EW 450412; 490f2§ 227412’*; 2511“2’2
aNNLO QCD 4807 7 525721 24077 2667
aNNLO QCD + NLO EW 4997 1 5457 Y 25277 2797 0
aN3LO QCD 987" 10 5457 L 25077 27777
aN3LO QCD + NLO EW 517J_F1‘§ 5651_1:5)) 262J_F§ 290f§

the ttW ™ cross sections are larger than for ttW ™~

but the corrections are slightly bigger for ttW ™~
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Comparison with 8 and 13 TeV CMS and ATLAS data
NLO and even aNNLO results are not sufficient

we need alN3LO corrections to describe the data

At 8 TeV, measurements from
. +117

CMS: 38277, fb

and from

ATLAS: 3691,%° fb

Theoretical prediction is

aN®LO QCD + NLO EW: 2667 ,1% fb

At 13 TeV, CMS finds 868 + 65 fb with ttW ' 553 + 42 fb and ttW~ 343+ 36 fb
while ATLAS finds 880 4+ 80 fb with ¢tW* 583 + 58 fb and ttW ~ 296 + 40 fb

Theoretical prediction is
aN®LO QCD + NLO EW: 779122712 fb with t#W+ 51771573 fb and t#W— 2627317 fb
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Top-quark pr and rapidity distributions in W production at 13 TeV

pp->ttW  topp, VS=13TeV pp->ttW  toprapidity  VS=13 TeV
MSHT20 NNLO pdf W=m=172.5 GeV MSHT20 NNLO pdf H=m=172.5 GeV
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Top-quark pr and rapidity distributions in W at 13.6 TeV

pp->ttW  topp, VS=13.6TeV pp->ttW  toprapidity  VS=13.6 TeV
MSHT20 NNLO pdf W=m=172.5 GeV MSHT20 NNLO pdf H=m=172.5 GeV
LI NN B B B B R B B B B NN B B B B BN BN N B B EN B B B B EE R R R 250 (= L L L L L e e e
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i —- aN'LO QCD b — aNNLO QCD + NLO EW //, < N ]
[ — aNNLO QCD + NLOEW 1 200F —- ;r\ih(I)LgC?)cgw l' \\\\ ]
N J —_ + 4 -~ N
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ttZ production
in collaboration with Chris Foster, arXiv:2410.01214

observation of ttZ events at 7, 8, 13 TeV collisions at the LHC
important for measuring coupling of the top quark to the Z boson
QCD corrections at NLO are large, ~ 32% at 13.6 TeV
electroweak corrections are smaller but significant

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

NLO expansions closely approximate exact NLO results
for total cross sections and top-quark pr and rapidity distributions

aN3LO QCD + NLO electroweak is state of the art
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Cross sections for ttZ production

pp->ttZ cross section
MSHT20 NNLO pdf p=m =172.5 GeV
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ttZ cross sections

ttZ cross sections in pp collisions at the LHC

o in fb 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV

o qon k0 T Tl A

LO QCD+EW 123757 | 18Ty | es4T oy | 7eoTioy | 8247 og

NLo qon P e e s PO

NLO QCD+EW 1557% | 233707 | ssoTOl 99910 I ZS b
aNNLO QCD 163t§0 2454:1(; 9524:12 1074J_F§i 1157J_F§Z
aNNLO QCD + NLO Ew | 16879 [ 25377 | o6sT 1091127 117429
aN?LO QCD 1682 | 25375 | 982720 110825 1194727
aN3LO QCD + NLO EW 173f2 261f§2 9981_3% 1125f§‘é 12111%2

At 13.6 TeV

NLO QCD corrections — 32%

aNNLO QCD corrections — 12%

aN°LO QCD corrections — 5%

electroweak NLO corrections — 2%

Total aN?LO QCD+NLO EW cross section is 52% bigger than LO QCD
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Comparison with 7, 8, and 13 TeV LHC data

At 7 TeV, measurement from

) +0.14+40.06
CMS: 0.287571179-9¢ pb

At 8 TeV, measurements from
ATLAS: 176725 fb

and from

CMS: 24272 fb

At 13 TeV, measurements from

CMS: 0.95 4 0.05 4+ 0.06 pb

and from

ATLAS: 0.99 4+ 0.05 £ 0.08 pb and 0.86 & 0.04 &= 0.04 pb

aN°LO QCD 4+ NLO EW ttZ cross section in pp collisions at the LHC

o in fb 7 TeV 8 TeV 13 TeV 13.6 TeV 14 TeV
MSHT20 NNLO pdf 173210 | 261 TG | 998 To I TIN | anasT 2o TES T 12 T
R0 a0 par_| Tt | T | A oot B it

ST N W T W
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Top-quark pr and rapidity distributions in ¢¢Z production at 13 TeV

pp->ttZ top p,
MSHT20 NNLO pdf
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Top-quark pr and rapidity distributions in 7 at 13.6 TeV

pp->ttZ  topp, VS=13.6TeV

MSHT20 NNLO pdf p=m=172.5 GeV
6 T
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pp->ttZ

top rapidity ~ VS=13.6 TeV

MSHT20 NNLO pdf H=m=172.5 GeV
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Summary

higher-order corrections for top-quark production processes
soft-gluon resummation and aNNLO, aN’LO expansions
ttW production

ttZ production

aN°LO QCD + NLO EW predictions

results for total cross sections and
top-quark pr and rapidity distributions

higher-order corrections further enhance
and improve the theoretical predictions

good agreement with LHC data
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