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Abstract

I present results for soft anomalous dimensions through three loops for many QCD pro-
cesses. In particular, I give detailed expressions for soft anomalous dimensions in various
processes with electroweak and Higgs bosons as well as single top quarks and top-antitop
pairs.
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1 Introduction

The calculation of higher-order soft-gluon corrections in perturbative QCD requires calcula-
tions of soft anomalous dimensions, Iy, for the corresponding processes [1]. The current


https://doi.org/10.21468/SciPostPhysProc.?

SciPost Physics

state-of-the-art for Tg for many processes is three loops. In this paper, I present results for Ty
for various processes at hadron colliders. These include processes with W, Z, y, and H bosons,
as well as single-top and top-pair production, and 2 — 3 processes involving top quarks pro-
duced in association with electroweak or Higgs bosons.

Soft-gluon corrections are very important because they are typically large and they dom-
inate the perturbative corrections for a multitude of processes, especially those involving top
quarks. We consider partonic processes p, + pp — p; + p + --- and define s = (p, + pp)?,
t =(po—p1)% u=(pp—p1)ands, =s+t+u— Zmlz At partonic threshold s, — 0, and
the soft corrections at order a; involve logarithmic terms of the form lnk(s4 /M?)/s,, with M
a hard scale and k < 2n—1. In order to resum these soft corrections in the (differential) cross
section at NLL, NNLL, and N°LL accuracy, we need to calculate soft anomalous dimensions at,
correspondingly, one loop, two loops, and three loops.

If we take transforms of the cross section, with transform variable N, then we can write a
factorized expression as

O_ab—>12~~~(N) —tr {Hab—>12-~- Sab—>12~~~ (]VL‘;F)} wa (Na’ ‘uF) wb (Nbuu’F) l_[.]i (N, ,UF)

where the v and J functions describe collinear emission from incoming and outgoing partons,
H®™12 s 3 short-distance hard function, and S$2°~12" is a soft function which describes
soft-gluon emission [1] and which satisfies the renormalization group equation

d 0 R b 5 312 12
(‘u’Ra_‘uR +ﬁ(8s)£) Sab 12-- l—ﬂ ab—12-- Sab 12:- Sab 12 F;b 12
s

The soft anomalous dimension F;b ~12 controls the evolution of the soft function which gives

the exponentiation of logarithms of N in the resummed cross section. For a recent review of
soft anomalous dimensions for many QCD processes, see Ref. [2].

2 Cusp anomalous dimension

The cusp anomalous dimension [3-9] is the simplest type of I'; and a basic ingredient of calcu-
lations for QCD processes. For eikonal lines with momenta p; and p; we define the cusp angle

6 = cosh™(p; “Pj/ 4 /pizp?). The perturbative series is Tys, = Zn (o /m)" C(Ss)p where at one
loop T') = C,(6 coth & — 1), at two loops

cusp

1 6°
r® = g,r +ECFCA{1+§2+92—coth9|:529+92+?+Li2(1—e_29)]

cusp cusp

+coth? 0 [ {5+(20 +9—+9le( 9)+Li3(e‘29)]},

and at three loops I‘C(Ss)p =K. FC(&S) + ZKZ(FC(i)p - Fc(&s) )+ C®), where K5 and C® have long

expressions (see Refs. [2,9] for exphc1t expressions) and Ky = Cy(67/36—(5/2)—(5/18)n;.
In the case of the production of heavy-quark pairs, with mass m, we can also write the
above expressions in terms of = tanh(6/2) = 4/1 —(4m2/s), and denote them by Fc(gs)pﬁ
If eikonal line i represents a massive quark and eikonal line j a massless quark, then we

have simpler expressions. At one loop Fé&s)pm‘ = Cp[In(2p; - pj/(m;+/s)) —1/2], at two loops

Fc(fs)pm K Fc(&s)pml + (1/4)CrC4(1 —{3), and at three loops

1 3 4 3 9
Fc(l?s)pml =K3 I‘c(&s)pml"'_KZCFCA(l C3)+CFC2( 4+SC 23 ——§2§3+—55) .
If both eikonal lines are massless, then I‘c““;‘;ﬂess CrIn(2p; - p;/s) Zn (/M) K,
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3 I for some simple processes

For processes with trivial color structure, the soft anomalous dimension is very simple. In fact
I vanishes for the following: Drell-Yan processes q@ — v*, q@ — Z; W-boson production
via ¢4’ — W%*; Higgs production via bb — H and gg — H; electroweak-boson pair pro-
duction qg — vy, q@ — ZZ, q§ — WTW™; production of two different electroweak bosons
q3 — vZ, q§’ — W*y, q@’ — W*Z; charged Higgs production via bb - H" W™, bb - H H™,
gg > HTH™.

Also, for Deep Inelastic Scattering (DIS), [q — lq with subprocess qy* — g, we have at one
loop: F;qu*_)q = CpIn(—t/s); at two loops: Féz)qy*_’q = K, CrIn(—t/s); and at three loops:
r&" 79 = K, Cp In(—t /).

More generally, when all external lines in a process are massless, then FS(Z) is proportional

to Fél) [10], but this is not true for processes with massive lines. Furthermore, at three loops
for multi-leg scattering there are contributions from four-parton correlations [11].

4 T for large-p; W, Z, y, H production

Let V denote a W or Z boson or a photon or a Higgs boson. The soft anomalous dimension
for these processes is a simple function (not a matrix) [12-14] (see also [2]).

For the processes qg — W*q’, q¢ — Zq, qg — yq, and bg — Hb, we have at one loop:
Fs(l)qg_)Vq/ = CpIn(—u/s) + (C4/2)In(t/u); at two loops: Fs(z)qg_’vq/ =K, I‘S(l)qg_’vq/; and at
three loops: I‘S(S)qg ~Va g, Fs(l)qg =V’ The same T also describes the reverse processes such
asyq —4qg.

For the processes q§’ — W*g, q§ — Zg, q§ — vg, and bb — Hg, we have at one loop:
Fs(l)qqlﬁvg = (C4/2)In(tu/s?); at two loops: Féz)qqlqvg =K, stl)qq/_’vg; and at three loops:

Fg(B)qQ’—»Vg =K;3 Fél)qq/_’vg . The same I also describes the reverse processes such as yg — qq.

5 T for single-top production

We continue with results for single-top production [15-19] (see also [2,20].

For single-top t-channel production, Fsb 17 js 3 2% 2 matrix [15,18,19]. Using a t-channel
singlet-octet color basis, the matrix elements are at one loop

2 2

F(l)bq—>tq' =Culln t(t— mt) _ 1 F(l)bq—>tq/ _ & In u(u— mt)

su F m,s3/2 21’ S12 2N, —s(s—m%) >
2 2

[Wbg—eg _ o (U@ —m) [Wbgoeg’ _ Caf) (BU—m)Y 1

521 s(s—m?) )’ §22 2 m, s3/2 2

C t(t —m? u(u—m?
2 m, s3/2 2 s(s —m?)
at two loops

(2)bg—tq’ _ o (Dbg—tq | 1 (2)bg—tq’ _ o p(1)bg—tq’
1ﬂsn =K, l"511 +ZCFCA(1_§3)’ l_‘512 =Ky 1ﬂ512 >

r(@bg—tq" _ K, r(Vbg—tq’

521

@bg—tq’ _  (Dbg—tq | 1
521 > o0 =Ky Ig,, +ZCFCA(1—§3),
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and at three loops

3)bg—tq’ 1)bg—tq’ 1 1 3 Cg 3 9
TPt = g r{P SKeCrCu(1—Ca) + G G (_Z +3%— g g%l gl )
(3)bg—tq" _ 1 p(1)bg—tq" | 5,(3)bg—tq (3)bg—tq" _ (1)bg—tq" | - (3)bg—tq’
Is12 =K L1, +X5, > Igy =K3 L5 +X5 .
(3)bg—tq’ ()bg—otq |, 1 1 3 s 3 9
Lo =KaTgp ' "+ SKCrCA(1=G3) + CrCy (_Z tglam g Tglelat1ls

(3)bg—tq’
+ X22 R

where the X i(.g)bq_’tq/ denote unknown terms from four-parton correlations in the last three
matrix elements at three loops. It is important to note that due to the color structure of this
process, only the first three-loop matrix element, Féi)lbq_’tq/, contributes to the N°LO soft-gluon
corrections; therefore, the unknown terms in the other three-loop matrix elements do not pose

a problem in deriving N3LO results.

For single-top s-channel production, ng ~t s also a 2 x 2 matrix [15,16,19]. Using an
s-channel singlet-octet color basis, we have at one loop

_ 2 . 2
g =tb _ o [ (ST 1 rag'—eh _ Cr t(t—m?)
s11 =Cfp|in > S12 =——In{ ——/,
me/s ) 2 2N, \ u(u—m?)
2 2
rWed'—tb _ 1 t(t —m7) r(Dad'=eb _ Ca In t(t—m;) 1
521 u(u—m?) )’ 522 2 m, s3/2 2

Cx s —m? 1 t(t—mf))]
+(CF_?)|:IH(mtﬁ)_§+21n(—u(u—m%) N

5 sth st h 1 2ot F =t T
F(Z)qq tb — K2 F(l)qq tb + ZCFCA(l _ C?,): F(Z)qq th — KZ F(l)qq tb

at two loops

S11 S11 512 S12 ’

(2eq'—tb _ K, r(Dgg'—tb

S§21

(2)qq'—tb _ (qg'—>tb 1
521 > I55o =Ky Tgy +ZCFCA(1_§3)’

and at three loops

(P = 4 GG -+ G (5 + 20— 2 - 2 24,
Fs(z)zqq,—)tg =K; Félz)zqq/qti) + %K2CFCA(1 —{3)+ CFCj (_% + ggz - % - 35253 + %Cs)
_'_Xg?é)qQ’—MB ,
where the X i(f)qqlqti’ denote unknown terms in the last three matrix elements. Again, we note
that only the first three-loop matrix element, Fs(?i){lq/_)ti’, contributes to the N*LO soft-gluon

corrections.
For associated tW production the soft anomalous dimension is a simple function [15,17,

19]. At one loop
2 2
R ms—t 1 C u—m
1,él)bzg tW:CF In t 2+ ; ’
m;+/s 2 2 t —m;
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at two loops

2)bg—tW 1)bg—tw 1
F()gt_KF()gf CC(] :)’
and at three IOOpS

3)bg—tW Dbg—tw | 1 1 3 C3
et = g, e +§KZCFCA(1—CS)+CFC/§(—Z+—C

3 9
P 2—§—§§2§3+1—6§5)-

The same soft anomalous dimension applies for the process bg — tH ™, and for the FCNC
processes, via anomalous top-quark couplings, qg — tZ, qg — tZ’, and qg — ty.

6 I for top-antitop pair production

We continue with soft anomalous dimension matrices for tt production [1, 7,21, 22] (see
also [2,20]). i

For top-antitop pair production via the qg — tt channel, ngq—wt is a 2 x 2 matrix and we
use an s-channel singlet-octet color basis. At one loop for qG — tt

2 2
(Dgg—tt _ (1P Wqg—ti _ Cr (t _mt) (1)qg—tE _ (f _mt)
T, =T , T =—In , L =2In )

S11 cusp 12 CA u— m% 21 L m%
Gt C t—m?\ C sm?(t —m?)>
= (1) acn(2E) - (T

2Cp ) P u—m? 2 (u—m2)*

and at two loops

(2)qq—tt _ (2 (2)qq—tt _ B r(1)gg—tt (2)gg—tt _ B (1)qg—tt
1ﬂs 11 - Fc(us)pﬁ’ I05 - (KZ —CaN, )Fu > Iy - (KZ +CaN, )le ’

(2)qq—tt _ (1)qg—tt Ca 2 1 [P
T =Kyl + (1_E)(Fc(us)pﬂ _K2rc(us)pﬁ)+ ZCA(1_53):

I A )

At three loops for g — tt we can write the last matrix element as

where

(8)qg—tt  _ (1)qg—tt Ca 3 1 1 2
1—‘S 22 - K3 1—‘S 22 + (1 - ZCF ) (Fc(us)pﬁ _K3Fc(us)pﬁ) + §K2CA(1 - gB)
1 3 {3 3 9 ) (3)qG—ti
+C3(——+— == + =g |+ X970
A 4 8§2 ) 8§2§3 1645 22

where X g)qq_)“ denotes unknown three-loop contributions from four-parton correlations. The
other matrix elements are also not fully known at three loops, but they have an analogous
structure to that at two loops (essentially, replace (2)’s by (3)’s in the superscripts as well as
replace K,’s by K3’s, and add X terms for unknown contributions).

For top-antitop pair production via the gg — tt channel, Ifg ~*" s a 3 x 3 matrix, and we
use a color basis ¢; = §%81,, ¢y = d°TE,, ¢y = ifabCsz. We have

12>

gg—tt gg—tt

I-‘S 11 0 1—‘S 13
tt —tt gg—tt

Fgg_’ — 0 I'gg r

S S22 523
gg—tt gg—tt gg—tt

I-‘5'31 FSSZ 1—‘S 22
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At one loop for gg — tt

2 2
Mgg—tt  _ p(1)B (Dgg—tt _ ( t—m ) (1)gg—tE ( t—my )
r =T T =In |y =2Iln
s11 > 1513 > 1831 >
cusp u—m? u—m?
2 2
(Wse=t (1 G \pws , Gy (EZmI@=m))
S22 - 2CF cusp 2 S m? >
2 2 2
1—1(1)8g—’fE — % In t— m; F(1)gg—>tf _ (Nc - 4) In t— m;
§23 2 \u-—m?)" 5% 2N, u—m¢ )’
and at two loops
(2)gg—tt  _ 2 (2)gg—tt _ B\ p(Dgg—tt n(2)gg—tt _ B r(1)gg—tt
1ﬂs 11 - Fc(us)f’ Fs 13 - (KZ - CANz )Fs 13 ’ FSB] - (KZ + CANz )Fs31 >
(2)gg—tt  _ (1)gg—tt Ca 2 1 1,
P = Kylsy +(1_E)(Fc(us)pﬁ _Kzrc(us)p/j)-i_ZCA(l_gi;)’
(2)gg—tt  _ (Dgg—tt (2)gg—tt _ (Dgg—tt
I P% Ky T3 > Igsg =Ky I35
At three loops for gg — tt, we can write the 22 matrix element as
r®eg=tt _ o pse—et (1 Ca (r@)F —k,r ) e c2a
S22 - 31522 + _ZCF cusp ~ -3 cusp +§ 2 A( —{3)

1 3 {3 3 9 (3)gg—ti

+C3(——+— — 22—+ — )+X st
A 4 ) CZ ) ) Cz CS 16 C 5 22

where X S)g = denotes unknown three-loop contributions from four-parton correlations. The

other matrix elements are, again, also not fully known at three loops, but they have an analo-

gous structure to that at two loops.

7 T for tqH, tqZ, tqy, tqW production

We consider processes bq — tq'H aswell as bq — tq’Z, bq — tq’y, bq = tqW—,qq — tq¢'W™.
We use a t-channel singlet-octet color basis, and we further define s’ = (p;+p,)?, t’ = (pp—p2)?,
u’ = (p, —p)?. All these processes have the same soft anomalous dimension matrix [23]. We
have at one loop

, t'(t—m?)\ 1
(1)bg—tq'H __ t
FSll _CF [ln(—)—a B

m, s3/2
2 2
1_.(1)bq—>tq/H _ Crp In u/(u_mt) 1_,(1)bq—>tq’H —In u/(u_mt)
S12 - / 2 ’ S21 - / 2 ?
2N, s(s’—m7) s(s’—m;3)

v t'(t —m?> 1 1 u'(u—m? N u'(u—m?
Félz)zbq “H = c.|In —( ) —=|——In —( Zt) +—=<In —( Zt) ,
m,s3/2 2| N, s(s’ —m?) 2 t'(t —m?)

at two loops

(2)bg—tq'H _ ;, (Dbg—tgH , 1 (2)bg—tq’'H _ 4 (1)bg—tq'H
F511 —K2F511 +ZCFCA(1_C3)’ F512 —K2F512 ’

(2)bg—tq’H _ o, o(Dbg—tqd'H  (2)bg—tq’H _ » (1)bg—tq’H | 1
Ioo =Ky Igy; > Ty =Ky Ty +ZCFCA(1_§3):



SciPost Physics

and at three loops

1 3 {3 3 9 )
—o 2l =200+ =05 ],
Z el 2 =Sl 1l

(3)bq—tq'H _ (1)bg—tq’H (3)bg—tq’'H

’ F521 =Kj F521 +X21
(3)bg—tq’'H (DbgotgH |, 1 1 3 {3 3 9

Ty 17 =K; Fsz)zq L EKZCFCA(l —{3)+ CpC? (_Z + ng —5 g(z(s + ECS

3)bq—tq’'H DbgotqH 1
1"5F1)1q i :K3F5(1)1q K +§K2CFCA(1_§3)+CFC£(

(3)bq—tq'H _ (1)bg—tq’H (3)bg—tq'H
Fsu =K; lﬂ512 +X12

5

(3)bg—tq’H
+X22

B

where the X i(f)bq_’tq H denote unknown terms in the last three matrix elements which, however,

do not contribute to the soft-gluon corrections at N3LO.

We next consider the processes q3’ — tbH as well as qg’ — tbZ, q@’ — tby, q§ — tbW~,
qq’ — t@”W™, which all have the same soft anomalous dimension matrix [23], and we use an
s-channel singlet-octet color basis. We have at one loop

/ 2

(1)qq’ —tbH s —my; 1
T =Cr|In ——,

st F[ ( me+/s ) 2

2 2
(1)qg'—tbH _ Cr t'(t —mg) (1)qq’—tbH _ t'(t —my)
L EP) = In |’ 1S} =In YE
2N, u'(u—my;) u'(u—m?)

r(Dad~tbH _ - |4 sS-mi) 1] 1 | t'(t—=m?)\ N, (t'(t—m?)
522 =C(p(In 5|l ——% +—1In — ],
me/s 2 N, u (u—mt) 2 s(s’—mg)

at two loops

L = K I %CFCAU —8), T =K I,
T = T g r 4 2660 - 0),
and at three loops
Fs(?i)fq/_)tBH =K3 Féll)flq/_)tBH + %KZCFCA(l —{3)+CpC} (—% + 252 - % - 252(3 + %Cs) ,
Fs(?é)zqq,_)tBH =K3 Fs(lz)zqq/_)t_bH + %KZCFCA(l —{3)+ CFCj (_% + ZCZ - % - ggzgs + %Cs)
+X£?;)qq/—>tBH ,
where the X i(f)qq/_’t_bH denote unknown terms in the last three matrix elements which, however,

do not contribute to the soft-gluon corrections at N3LO.

8 Conclusion

Soft anomalous dimensions are fundamental in describing soft-gluon emission in QCD pro-
cesses. In this contribution, I presented results for soft anomalous dimensions for many pro-
cesses through three loops. These results are needed in calculations of high-order corrections.

Funding information This material is based upon work supported by the National Science
Foundation under Grant No. PHY 2112025.



SciPost Physics

References

[1] N. Kidonakis and G. Sterman, Resummation for QCD hard scattering, Nucl. Phys. B 505,
321 (1997), doi:10.1016/S0550-3213(97)00506-3 [hep-ph/9705234].

[2] N. Kidonakis, Soft anomalous dimensions and resummation in QCD, Universe 6, 165
(2020), do0i:10.3390/universe6100165 [arXiv:2008.09914].

[3] AM. Polyakov, Gauge fields as rings of glue, Nucl. Phys. B 164, 171 (1980),
doi:10.1016/0550-3213(80)90507-6.

[4] R.A. Brandt, E Neri, and M. Sato, Renormalization of loop functions for all loops, Phys.
Rev. D 24, 879 (1981), doi:10.1103/PhysRevD.24.879.

[5] S.V. Ivanov, G.P Korchemsky, and A.V. Radyushkin, The infrared asymptotic behavior of
perturbative QCD. Contour gauges, Yad. Fiz. 44, 230 (1986) [Sov. J. Nucl. Phys. 44, 145
(1986)].

[6] G.P Korchemsky and A.V. Radyushkin, Loop-space formalism and renormalization group
for the infrared asymptotics of QCD, Phys. Lett. B 171, 459 (1986), doi:10.1016/0370-
2693(86)91439-5.

[7] N. Kidonakis, Two-loop soft anomalous dimensions and next-to-next-to-leading-logarithm
resummation for heavy quark production, Phys. Rev. Lett. 102, 232003 (2009),
doi:10.1103/PhysRevLett.102.232003 [arXiv:0903.2561].

[8] A. Grozin, JM. Henn, G.P Korchemsky, and P Marquard, Three loop
cusp anomalous dimension in QCD, Phys. Rev. Lett. 114, 062006 (2015),
doi:10.1103/PhysRevLett.114.062006 [arXiv:1409.0023].

[9] N. Kidonakis, Three-loop cusp anomalous dimension and a conjecture for n loops,
Int. J. Mod. Phys. A 31, 1650076 (2016), do0i:10.1142/S0217751X16500767
[arXiv:1601.01666].

[10] S.M. Aybat, L.J. Dixon, and G. Sterman, Two-loop anomalous-dimension
matrix for soft-gluon exchange, Phys. Rev. Lett. 97, 072001 (2006),
doi:10.1103/PhysRevLett.97.072001 [hep-ph/0606254].

[11] O. Almelid, C. Duhr, and E. Gardi, Three-loop corrections to the soft anoma-
lous dimension in multileg scattering, Phys. Rev. Lett. 117, 172002 (2016),
doi:10.1103/PhysRevLett.117.172002 [arXiv:1507.00047].

[12] E. Laenen, G. Oderda, and G. Sterman, Resummation of threshold corrections for single-
particle inclusive cross sections, Phys. Lett. B 438, 173 (1998), doi:10.1016/S0370-
2693(98)00960-5 [hep-ph/9806467].

[13] N. Kidonakis, A unified approach to NNLO soft and virtual corrections in elec-
troweak, Higgs, QCD, and SUSY processes, Int. J. Mod. Phys. A 19, 1793 (2004),
doi:10.1142/S0217751X04018294 [hep-ph/0303186].

[14] N. Kidonakis and R.J. Gonsalves, Higher-order QCD corrections for the W-
boson transverse momentum distribution, Phys. Rev. D 87, 014001 (2013),
doi:10.1103/PhysRevD.87.014001 [arXiv:1201.5265].


https://doi.org/10.1016/S0550-3213(97)00506-3
https://doi.org/10.3390/universe6100165
https://doi.org/10.1016/0550-3213(80)90507-6
https://doi.org/10.1103/PhysRevD.24.879
https://doi.org/10.1016/0370-2693(86)91439-5
https://doi.org/10.1016/0370-2693(86)91439-5
https://doi.org/10.1103/PhysRevLett.102.232003
https://doi.org/10.1103/PhysRevLett.114.062006
https://doi.org/10.1142/S0217751X16500767
https://doi.org/10.1103/PhysRevLett.97.072001
https://doi.org/10.1103/PhysRevLett.117.172002
https://doi.org/10.1016/S0370-2693(98)00960-5
https://doi.org/10.1016/S0370-2693(98)00960-5
https://doi.org/10.1142/S0217751X04018294
https://doi.org/10.1103/PhysRevD.87.014001

SciPost Physics

[15] N. Kidonakis, Single top quark production at the Fermilab Tevatron: Threshold re-
summation and finite-order soft gluon corrections, Phys. Rev. D 74, 114012 (2006),
doi:10.1103/PhysRevD.74.114012 [hep-ph/0609287].

[16] N. Kidonakis, Next-to-next-to-leading logarithm resummation for s-channel single top
quark production, Phys. Rev. D 81, 054028 (2010), doi:10.1103/PhysRevD.81.054028
[arXiv:1001.5034].

[17] N. Kidonakis, Two-loop soft anomalous dimensions for single top quark as-
sociated production with a W~ or H, Phys. Rev. D 82, 054018 (2010),
doi:10.1103/PhysRevD.82.054018 [arXiv:1005.4451].

[18] N. Kidonakis, Next-to-next-to-leading-order collinear and soft gluon corrections
for t-channel single top quark production, Phys. Rev. D 83, 091503 (2011),
doi:10.1103/PhysRevD.83.091503 [arXiv:1103.2792].

[19] N. Kidonakis, Soft anomalous dimensions for single-top production at three loops, Phys.
Rev. D 99, 074024 (2019), do0i:10.1103/PhysRevD.99.074024 [arXiv:1901.09928].

[20] N. Kidonakis, Three-loop soft anomalous dimensions for top-quark processes, contribution
to DIS 2021, arXiv:2105.14375.

[21] A. Ferroglia, M. Neubert, B.D. Pecjak, and L.L. Yang, Two-loop divergences of mas-
sive scattering amplitudes in non-abelian gauge theories, JHEP 0911, 062 (2009),
doi:10.1088/1126-6708/2009/11/062 [arXiv:0908.3676].

[22] N. Kidonakis, Next-to-next-to-leading soft-gluon corrections for the top quark cross
section and transverse momentum distribution, Phys. Rev. D 82, 114030 (2010),
doi:10.1103/PhysRevD.82.114030 [arXiv:1009.4935].

[23] M. Forslund and N. Kidonakis, Resummation for 2 — n processes in single-particle-inclusive
kinematics, Phys. Rev. D 102, 034006 (2020), doi:10.1103/PhysRevD.102.034006
[arXiv:2003.09021].


https://doi.org/10.1103/PhysRevD.74.114012
https://doi.org/10.1103/PhysRevD.81.054028
https://doi.org/10.1103/PhysRevD.82.054018
https://doi.org/10.1103/PhysRevD.83.091503
https://doi.org/10.1103/PhysRevD.99.074024
https://doi.org/10.1088/1126-6708/2009/11/062
https://doi.org/10.1103/PhysRevD.82.114030
https://doi.org/10.1103/PhysRevD.102.034006

	Introduction
	Cusp anomalous dimension
	S for some simple processes
	S for large-pT W, Z, , H production
	S for single-top production
	S for top-antitop pair production
	S for tqH, tqZ, tq, tqW production
	Conclusion
	References

