Multiple soft radiation at one-loop order
and the emission of a soft quark-antiquark pair

Leandro Cieri
Universitat de Valencia
Instituto de Fisica Corpuscular (IFIC)

aw B VNIVERSITAT
% GENERALITAT

¥ B VALENCIA IF C
 VALENCIANA

INSTITUT DE FISICA
en‘:l CORPUSCULAR

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS




Outline

® Motivation
® Introduction

® General features of multiple soft QCD radiation at one-loop level

e EXxplicit form of IR and UV divergent (¢-pole) terms of one-loop soft
current

e Explicit form of qgbar soft current by including finite terms ( ((¢9))

e Soft-qgbar radiation at the squared amplitude level

e Qutlook



Motivation

® The soft and collinear singularities have a process-independent
structure, and they are controlled by universal factorization formulae
and corresponding soft/collinear factors| These factorization properties are

relevant for both fixed-order and
resummed QCD calculations

e Soft/collinear factorization formulae can be used to organize and greatly
simplify the cancellation mechanism of the infrared (IR) divergences in
fixed-order calculations between phase space soft/collinear singularities
and virtual IR divergences

e Real and virtual radiative corrections in scattering amplitudes are
kinematically strongly unbalanced (close to the exclusive boundary of
the phase space). The cancellation of IR divergences among them
prOdUCQS large logs Soft/collinear factorization formulae

and the corresponding singular
factors are the basic ingredients for
the explicit computation and
resummation of these large logarithms




Motivation

e The singular factors at (as) and Xas?) for soft and collinear factorization of

scattering amplitudes are known since long time

e At (Aas) they have been essential to devise fully general methods to carry out next-

to-[eading order (NLO) QCD calculations Frixione, Kunszt, Signer (1995); Frixione (1997)
Catani, Seymour (1996)

o At Nas?) similar considerations to NNLO QCD methods Campbell, Glover (1997)

Soft/collinear factorization contributes to resummed calculations up to
next-to-next-to-leading logarithmic accuracy (NNLL)

Becher, Broggio, Ferroglia (2014)
Luisoni, Marzani (2015)

Catani, Grazzini (1998,1999,2000)
Bern, Del Duca, Schmidt (1998)
Kosower, Uwer (1999)

Bern, Del Duca, Kilgore, Schmidt (1999)
Czakon (2011)

Bierenbaum, Czakon, Mitov (2011); Czakon, Mitov (2018)
Catani, de Florian, Rodrigo (2011)
Sborlini, de Florian, Rodrigo (2013)

o At (Xas3) soft/collinear factorization can be used in the context of N3LO calculations

and resummed computations at N3LL accuracy

Process-independent singular factors for the various collinear limits

Del Duca, Frizzo, Maltoni (1999)
Birthwright, Glover, Khoze, Marquard (2005)

Del Duca, Duhr, Haindl, Lazopoulos, Michel (2019) (2007)
Catani, de Florian, Rodrigo (2003)

Sborlini, de Florian, Rodrigo (2014)  Badger, Buciuni, Peraro (2015)  Bern, Dixon, Kosower (2004) Badger, Glover (2004)

Duhr, Gehrmann, Jaquier (2014) Catani, de Florian, Rodrigo (2011)

Soft currents
- Triple soft gluon radiation at the tree level
« Double soft emission at one loop level (has been consider recently)
-+ Single soft-gluon radiation at two loop order

Catani, Colferai, Torrini (2019)

Zhu (2020) Catani, LC (2021)

Badger, Glover (2004)  Li, Zhu (2013)
Duhr, Gehrmann (2013) Dixon, Herrmann, Yan, Zhu (2019)



Introduction

Soft Factorization

e We consider the amplitude 77 of a generic scattering process whose

external particles are QCD partons and possibly, additional non-QCD
particles

Mgﬁg’m<p17p27 e ) = <<617627 - ‘ ® <Sl7827 e |> |M<p1’p2’ T )>

— 7 7 ——

Colour indices | |Spin (e. g. helicity) indices| | Outgoing momenta

e The amplitude 7 can be evaluated in QCD perturbation theory as a
power series expansion in the QCD coupling gs

M=MO 4+ MY+ M
/

7(1) includes an extra factor of gs?> | —> (e, MW/ MO o g3)

R

® We reqgularize ultraviolet (UV) and infrared (IR) divergences by performing
the analytic continuation of the loop momenta and phase -space in d=4-2¢

space-time dimensions
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Introduction

Soft Factorization

e et us assume that 7Z is in the kinematical configuration where one

or more the momenta of the external massless partons (gluons or
massless quarks or antiquarks) become soft

1

M()‘Q1a---7)‘Qmapl---7pn)NWmOd(lnT)‘)+"' , (A=0)
(- ﬁJ T
7 | AN
Soft rescaled momenta by 4 Dominant singular terms Subdominant terms o~ 1)

e |n the soft multiparton limit, the dominant singular behaviour of 7%

can be expressed by the following process-independent (universal)

factorization formula Bern, Chalmers (1995)
Bern, Del Duca, Kilgore, Schmidt (1995)

Catani, Grazzini (1999, 2000)
Feige, Schwartz (2014)

M(q1, - @y 1y - 0n)) = Qs @) (Mpr, o)) + -

T | =

Soft momenta Soft multiparton current Subdominant terms




Introduction

Soft Factorization

e |n the soft multiparton limit, the dominant singular behaviour of 7%
can be expressed by the following process-independent (universal)
factorization formula

M(qis - @y p1s- - 00)) = (s @) [M(prs- o)) +

T T

Soft momenta Soft multiparton current Subdominant terms

® |n the case of tree-level scattering amplitudes the factorization formula
can be simply derived by considering soft-parton radiation from the
hard-parton external legs of the amplitude and by directly applying the

eikonal approximation for emission vertices and propagators.
Bassetto, Ciafaloni, Marchesini (1983) Berends, Giele (1989) Catani, Grazzini (1999)

® At one-loop level the soft current can still be computed by using the eikonal
approximation for soft-parton radiation from the external hard partons, and

this discussion generalizes to two-loop and higher-loop orders.
Bern, Chalmers (1995) Bern, Del Duca, Kilgore, Schmidt (1995) Catani, Grazzini (2000)



Introduction

Soft Factorization

e As for the amplitude 7%, the soft current can be evaluated in QCD
perturbation theory

J=JO L gm L g@& o

S

® Therefore

|M(O)(Q17---7Qmap17-'-7pn)> J<0)(Q17~~~7Qm> MO (py, .. pa))

. . The loop label refers to the
The symbol = means we are neglecting subdominant terms unrenormalized current

N

MY (g1, D1y Pn) Olqr, .. qm) IMO(pe, ..o p))
(Q17-"7Qm) ‘M(l)(pla“'?pn»

R

+ J<°>




Introduction

Tree-level soft currents

e For the emission of a single soft gluon

q

T (q)e" (q)

€ pi - €(q)
TJOg) =gsp > Ty =—
icH Pi-q

T Pi Bassetto, Ciafaloni, Marchesini (1983)

e For the emission of a soft qgbar pair

q1

€ C sz] 172)
t /'/ T a1, 42) = = (gs)" p_ T, Di .((m

" 1€H
a2
Catani, Grazzini (1999)
q12

» _u(q) v v(ge)
Yz J (1’2) — 2
di2

di2 = q1 T G2
T;




Introduction

Tree-level soft currents

e For the emission of a single soft gluon

%

Ti is the colour charge of the hard parton |

! J(O)(q) = g /f E T, Pi - — J&O)(q)gV(q) «<— The spin polarisation
Di -+ q vector of the gluon
1€eH
N N
Ti pi Bassetto, Ciafaloni, Marchesini (1983) The sum extends over all hard partons

e For the emission of a soft qgbar pair

q1

(1.2
) / J<0)(Q1,Q2) _ (gSME)Q Z ¢ T;c p ]( )

>

ZEH\ Di - 412

q2

Catani, Grazzini (1999)
412

u(q1) v" v(ge)

Z, 77(1,2) =
T, P Q%Q

The sum extends over all hard partons

; di2 = q1 T G2

L —

S

Note 1: The soft factor radiation for two gluons from tree level
colour-ordered sub amplitudes with external gluons and with an
additional quark-antiquark pair was computed by Berends and

Giele (1989).

10

Note 2: The soft current for the emission of two soft gluons in a
generic scattering amplitude was given by Catani and Grazzini
(1999). The tree-level current for the emission of three soft gluons
was computed by Catani, Colferai, Torrini (2019).




One-loop current for muttiple soft emission

The one-loop soft current for single gluon emission

Bern, Del Duca, Schmidt (1999)

Catani, Grazzini (2000) From massless hard partons

Bierenbaum, Czakon, Mitov (2011); Czakon, Mitov (2018) From massive hard partons (heavy quarks)

11



One-loop current for muttiple soft emission

The one-loop soft current for single gluon emission

Bern, Del Duca, Schmidt (1999)
Catani, Grazzini (2000)

From massless hard partons

Bierenbaum, Czakon, Mitov (2011); Czakon, Mitov (2018) From massive hard partons (heavy quarks)
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One-loop current for muttiple soft emission

The one-loop soft current for single gluon emission Bern, Del Duca, Schmidt (1999

Catani, Grazzini (2000)

1 .
JWe = (g ) er S L= l(1+¢€) ifane

N —2pi-q—10) " (=2p;-¢—1i0)
« Somry (M- I e E ) C
o piq  Djq (—2p; - pj — i0)
i#
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One-loop current for muttiple soft emission

The one-loop soft current for single gluon emission Bern, Del Duca, Schmidt (1999

Catani, Grazzini (2000)

F(l 4+ €)F2(1 L 6) Purely non-abelian -> in accord with absence of
a is the colour index of the cr = one-loop corrections to the soft current for single
soft gluon (47r)2_'E (1 — 2e) soft photon emissions in massless QED
Yennie, Frauschi, Suura (1961);
Grammer, Yennie (1973)
(1)a a3 v 1 .
J = —(gs pu°) CFE—2F(1 — L1+ €) @ fape
. —€ . —€
ve (P D) (=2pi - g —140) " (=2p; - ¢ — i0)
x ) T'T, - e (q) =
o P4 Dpj-q (—2p; - p; — 10)
iF ]
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One-loop current for muttiple soft emission

The one-loop soft current for single gluon emission Bern, Del Duca, Schmidt (1999

Catani, Grazzini (2000)

F(l 4+ €)F2(1 L 6) Purely non-abelian -> in accord with absence of
a is the colour index of the cr = one-loop corrections to the soft current for single
soft gluon (47r)2_'E ['(1 — 2¢) soft photon emissions in massless QED
Yennie, Frauschi, Suura (1961);
Grammer, Yennie (1973)
1
1)a €\ 3 .
Jhae — _ (gs u°)” cr 6—2F(1 — L1+ €) @ fape
v Y —2p; - q —i0) " (=2p; - ¢ — i0)”
% Zﬂbtrjc( p’& . p] )51/(Q) ( Pi - q ) ( P]_g )
o P4 Dpj-q (—2p; - p; — 10)
'L#] A

It involves non-abelian

colour correlations with two
hard partons, at most

“x -1 0” denotes the Feynman prescription for analytic continuation in
different kinematical regions

15



One-loop current for muttiple soft emission

The one-loop soft current for

T

Bern, Del Duca, Schmidt (1999)
Catani, Grazzini (2000)

single gluon emission

Purely non-abelian -> in accord with absence of

(14 e)I%(1—e)

a is the colour index of the cr one-loop corrections to the soft current for single
soft gluon (47r)2_‘E I’(l — 25) soft photon emissions in massless QED
Yennie, Frauschi, Suura (1961);
Grammer, Yennie (1973)
1
a € 3 .
JWae — — (gs u°) Cp€—2F(1 — L1+ €) @ fape
v y —2p; - q —i0) " (=2p; - ¢ — i0)”
> Z TLbe ( D; . p] ) 51/(Q) ( Pi - g ) ( P] _g )
ij €H Pirq Pjd (—2pi - pj —10)
i F ] 1

/

It involves non-abelian

colour correlations with two
hard partons, at most

“x -1 0” denotes the Feynman prescription for analytic continuation in
different kinematical regions

Its kinematics structure has
a rational dependence
analogous to the tree-level
case

JO() = gspe 3 1, B2 g0y

pi-q
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One-loop current for muttiple soft emission

The one-loop soft current for single gluon emission Bern, Del Duca, Schmidt (1999

Catani, Grazzini (2000)

F(l 4+ €)F2(1 L 6) Purely non-abelian -> in accord with absence of
a is the colour index of the cr = 5 one-loop corrections to the soft current for single
soft gluon (4m) " T'(1 — 2¢) soft photon emissions in massless QED
Yennie, Frauschi, Suura (1961);
Grammer, Yennie (1973)
(1)a a3 v 1 .
J = —(gs pu°) CF6_2F<1 —e)'(1+¢€) ifupe

e D (B e
i,j €EH t J Di ]?:7 ()

A,

It involves non-abelian

colour correlations with two “x -1 0” denotes the Feynman prescription for analytic continuation in
hard partons, at most different kinematical regions

Its kinematics structure has hioh ed b
a rational dependence ICh IS moditied by 2(p; - q)(p; - q
analogous to the tree-level . through logarithmic : qiij = P:-9)(p; - 4)
case corrections by the loop Pi - Dy
interactions

17




Outline ®

Where we are?

® Motivation
® Introduction

® General features of multiple soft QCD radiation at one-loop level

e Explicit form of IR and UV divergent (¢-pole) terms of one-loop soft

current ||

e Explicit form of qgbar soft current by including finite terms ( ((¢9))

e Soft-qgbar radiation at the squared amplitude level

e Qutlook
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One-loop current for muttiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

In general at L-loop order the current J“ has poles of the type 1/¢x
with2L =k = 1.

The e-pole contributions to the one-loop soft current have a general

structure, whose explicit form can be directly derived from the
known universal structure of the IR and UV divergences of one-loop
Scatte I'i N g adm p lltu deS Giele, Glover (1992): Kunszt, Signer, Trocsanyi (1994)

Catani, Seymour (1996)
Catani (1998)

The procedure to derive the e-pole contributions is completely

analogous to that used for the study of the multiparton collinear limit

of scatterin gamp litudes catani, de Florian, Rodrigo (2003)
Catani, de Florian, Rodrigo (2011)

The general all-order representation of the £-pole contributions to J

IS
J(qr, o qm) = V(1o s D1y pn) JEOTPS () VT (pr, . o)

19



One-loop current for muttiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

® Using the known expression of the one-loop term V!V of the operator V we obtain

Giele, Glover (1992): Kunszt, Signer, Trocsanyi (1994)
Catani, Seymour (1996)

Catani (1998)
Valid for m > 1 soft partons

| 1
TV (g1, .. qm) = —g2 CF{ > LQCk + = (7 — bo)] Jgr, ... qm)

€

keS
1 —2q; - q; — 0 —2p; - qx — 10
o [ () T mer Dn(ZEE0) a7 DO
€t ries H i€ H H
1 —2p; - p; — 0
. Zln( S Z) [J(O)(ql,---,qm),Ti-Tj} }+0(€0) 7
€ 1,€eH H
17 ]
C, is the Casimir of the parton k (T2, = C) 3

1
50}7 , Wgzé(lch—llTRNf)

1

20



One-loop current for multiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

m > 1 soft partons

21



One-loop current for multiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

1
! m g cr - (v — bo)] JO g, ..., Gm)
ke
n - 2l ko4t i Ty [TV
€ " kles
k£l

m > 1 soft partons
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One-loop current for multiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

9

@

9

m > 1 soft partons
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One-loop current for multiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

<
\

9
X

9
\

1
J()(q ------ Gm) = —g {Z[Ck+ bo)] J(O)(q ...... Gm)
S

1 —2 — —2p; - Qi —
4= [ Zln( a4 O)T T, + ln( Pi 0) QTZ.-Tk}JU(q ...... )

€ kleS H i€H ®

kA1 kes
1 —2p; - p; 0 (0)
€ Z ln( /'l’2 ) |:J (q -an)7 TZ T]i| }+O( )
Ve

m > 1 soft partons
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One-loop current for multiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

<
\

9
X

VAR
Q

......

m > 1 soft partons
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One-loop current for multiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

m > 1 soft partons
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One-loop current for multiple soft emission

The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

1 1
J()(q ------ Gm) = —9 {ZL—QC -l——(%—bo)] J()(q ...... Im)
5
— 2, -
)T’f T*Zln( e 0) 27Ty | Tar, - )
I% H
S

m > 1 soft partons
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One-loop current for muttiple soft emission
The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

® We can apply our formula to specific cases

1
J(l)(QM . -an) — _gg CF{ Z lezck + = (711: — bO)] J(O)((ha . -;qu)

keS

—2 — 40 —2p; - q — 10
P n( P nen s Yo (P00 o1 ] )
k,leS 1€H H
k#£1 keS

—2p; - p; — 10

Ly (B [0 g, 7T 0

Z’L];]I_I Valid for m > 1 soft partons

® For m =1 it reproduces the poles in

1 .
A S L= l(1+€) i fane
> Tch( b B )6 () (Z2Pi1=10) T(=2p; g —i0) 7
i,j EH Pi-q Pj-q (_2pi'pj_i0)_€
1]

Soft current single gluon emission
28



One-loop current for muttiple soft emission
The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

® We can apply our formula to specific cases

1
J<1)(Q1a . -an) — _gg CF{ Z [62Ck + = (7]-@ — bO)] J(O)((ha . -;qu)

keS

—2 — 40 —2p; - q — 10
P n( P nen s Yo (P00 o1 ] )
k,leS 1€H H
[y keS

1 Z ( 2Di pﬂ‘”) TOg1, o gn), Tie T 4+ 0(E)

i,J eH :
i Valid for m = 1 soft partons

® For m = 2, emission of two soft partons (either two gluons or a qgbar pair)

e For two gluons the e-pole structure is known Zhu (2020)

e For a qqbar pair the e-pole structure is known  znu (2020) catani,Lc (2021)

29



One-loop current for muttiple soft emission
The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

® We can apply our formula to specific cases

1
J(l)(QM . -an) — _gg CF{ Z [62Ck + = (7]@ — bO)] J(O)((ha . -;qu)

keS

—2 — 40 —2p; - q — 10
P n( P nen s Yo (P00 o1 ] )
k,leS 1€H H
[y keS

1 Z ( 2Di pﬂ‘“) TOg1, o gn), Tie T 4+ 0(E)

i,J eH :
i Valid for m = 1 soft partons

® For m = 2, emission of two soft partons (either two gluons or a qgbar pair)

e For two gluons the e-pole structure is known Zhu (2020)

e For a qqbar pair the e-pole structure is known / zn (2020) catani,Lc (2021)

To be precise extra exp{-eye}
30



One-loop current for muttiple soft emission
The structure of one-loop current for multiple soft radiation c.c.. .c ¢o21

® An alternative expression is

J(l)( ) 2 (=Gt . — 10 B { 2 : 10 4 1 ( bo) J(o)( )
e o o m — - C N - —U)Y \Yly e m

2
a keS

1 —2qy - q — 10 (0)
+ — [ Z In S R Tk‘Tl‘l‘Zgik(QL..m)2Tz"Tk’:|J (q1,---, Gm)

€ kleS d1.m — ¢ icH

1
—'—Z Z Lij(Ql...m) [J(O)(Ch 77777 Qm) , L'y - TJ} } + O<€O) y <m 2 2)

b i
i F

—Pi ~ qx — 10 —Di - 1..m — 10 —2p: - q1...m — 0
fik(%...m) = ln( p el . ) Lij(Ql...m) :Lji(QL..m) Eln( DPi - g1 l )+ln< Pj - q1 ) )

_Q%...m — 10

31



Outline ®

Where we are?

® Motivation
® Introduction

® General features of multiple soft QCD radiation at one-loop level

e EXxplicit form of IR and UV divergent (¢-pole) terms of one-loop soft
current

e Explicit form of qgbar soft current by including finite terms ( (/(¢9)) |\

e Soft-qgbar radiation at the squared amplitude level

e Qutlook
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Soft ggbar emission: the one-loop current ... ...

Introduction

® |n order to derive the soft current at one-loop we use the general
(process-independent) method that was introduced for the single
gluon soft current at one loop  catani Grazzini (2000

® We have evaluated a set of one-loop Feynman diagrams in which the
external-leg hard partons are coupled to virtual gluons by using the
eikonal approximation (for both vertices and propagators). Other
vertices and propagators are computed using customary QCD
Feynman rules

® We perform the calculation by using both the Feynman gauge and
the axial gauge n.A =0, with and auxiliary light-like (n2= 0) gauge
vector n. This provide us with an explicit check of the gauge
Invariance of the procedure and the calculation

® We have performed and independent calculation of all the soft M|
Integrals that enter in our calculation, which are in agreement with

those encountered in literature catani, Grazzini (2000) — o)
Anastasiou, Duhr, Dulat, Furlan, Herzog, Mistlberger (2015) ---

33



Soft ggbar emission: the one-loop current ... ...

Results

® We define tree-level and one-loop rescaled current as follows

¢ ~(0)
J(O)(Q17QQ) — (gSILL )2 J (Q17q2) )

c LA\ —€ ~(1)
T (g1, q2) = (gs )" (—aiy — 10) “er I (a1, q2) .

(1)( ~(1, div)

~(1,fin
Q17QQ) =J ! )

j <Q17 qQ) T J (Q17 QQ) )

® The explicit expressions of the components are

~(1,div) 1 1 /3 1 ~(0)
(611,Q2) = _216_2CF+E<§C —6(11CA—4TRNf) J (917(12)
2 ? Py
— (12t Y J}“Tf( b _ & )(Lijwwéﬂ)
€ ij eH Pi - 412 Pj 412 Tar i = 2(pi - q12)(pj - qu2) 2

z;éj Pi - Pj

~(1, fin)
9 3

. ab a b pzy pV. 2 2
t L2 e Z g [(Z%'C]m N Dj ']Chz) <Lij+ S )

(q1,q2) = [(_8 — (0r — 1>)OF + (E — 7T_2 + %(51% - 1))0A — % TRNf] j(O)(Ql, q2)

1, €EH
i FJ
2 v v
i D;j
Q12145 \Pi- q12 Pj - 412

34




Soft ggbar emission: the one-loop current ... ...

Results

® The explicit expressions of the components are

~(1, div) ~(1, fin)

~(1)
J (q1,q2) =J (q1,2) +J 7 (@1, 42)
(1, div) 1 1 /3 1 ~(0)
(6]1,Q2) = —2 L—Q Cr + P <§ Cr — 6(110A — 4TRNf)>] J (611,%)
Not purely non- 2 . . o pY
abelian colour > - E]l/(la 2) tt’ Z 1; Tf ( T .‘7 (Lij + lix + 52)
correlations i <t pi~qi2 Pj- 1
i
l (1, fin 76 7w 1 20 (0
T ) = [ (=8 = On = 0)Cr (5= 5+ 50n =)0 = T 107|000

The soft current

antilepton in R Di Q12 Pi- G2
massless QED bicH Z ’
is non-vanishing 7 Y A
+ ( i b ) 2 Lij (0 — £j2>] + O(e)
Q12145 \DPi"q12  Pj- 412

35

The e-pole

structure agrees

with our general

result applied to
a gqgbar pair

These results
are valid in
arbitrary
kinematical
regions




Soft ggbar emission: the one-loop current ... ...

Results

® The explicit expressions of the components are

Not purely non-
abelian colour
correlations

~(1, fin)

(1)
(Q17 QQ) + J

J

~(1,div)

(Q1,Q2) =J (Q1,Q2)

~(1,div)
€

|

The soft current
for lepton-
antilepton in
massless QED
iS non-vanishing

1 1 /3 1 ~(0
(611,Q2) = —2 [?CF+— (50 _6(110‘4_4T] J<)(Q17Q2

The e-pole

structure agrees
with our general
result applied to
a gqgbar pair

2 S P P
- T _]1/(172) tatb j—;aczjjb< b - J )(LU‘I— i —I—gjg)
€ hy Di-qi2  DPj- 12
1, €H
1
+(1, fin) 76 w2 1 20 .
. . " pY Py 5 )
oi1,2) Z TI\pi- @2 pj- @2 (L + (= £52)')
1, €H
i
2 v v
+ 312 ( b b )QLZ-j (6 —@-2)] +0O(e)
12145 \Pi-qi2  DPj {412

The trascendentality is = 2. The dilogarithms which
appear in the Ml cancel in the complete result

There are no additional colour-correlations
structures at any higher order in the £ expansion

36

These terms are
due to vacuum
polarization of

Nf massless
quarks




Soft ggbar emission: the one-loop current ... ...

Results

® The explicit expressions of the components are

~(1, fin)

(1)
(Q17 QQ) + J

J

~(1,div)

(Q1,Q2) =J (C]1,Q2)

R

(1, div) 1 1 /3 1 (0
J (q17q2) = —9 [6_2 CF—|— - (50 — 6(110A —4T] J( )(ql,QQ) The 5—pole

€
structure agrees

Not purely non- 2 ) ) pY Py with our
: A a a i N . _ general
abelian colour ” . Ju(1,2) T Z 17T <p. Qs Di i (Lij + .t L2) result applied to
correlations b ’ ’ a ggbar pair
1# ]
l ~(1, fin) 76 7 1 20 ~(0)
J g, q2) = [(-8 —(6r—1))Cr + (5 -5t §(5R - 1)) Ca— 9 J (q1,92) | These terms are
The soft current Py due to vacuum
for lepton- apb a b e ] 2 polarization of
antilepton in 2) ¢t Z LT [(pz Q12 Dy Qi (Liyt (b = i2)") Nf massless
massless QED W quarks
iS non-vanishing 9 y o
+ ( by o ) 2 Lij (b — @2)] +0(e)
Q12145 \DPi"q12  Pj- 412

The trascendentality is = 2. The dilogarithms which
appear in the MI cancel in the complete result

Regularization Regularization
scheme parameter There are no additional colour-correlations scheme parameter

structures at any higher order in the £ expansion

dp =1 (CDR, HV) , 6r =0 (4DH, DR) 37




Soft ggbar emission: the one-loop current ... ...

Results

® The explicit expression of the finite component is

(1, fin) 76 7w 1 20 ~(0)
(q1,q2) = [(‘8 — (0r —1))Cr + <§ —5 T 5(51-2 — 1)) Cy — 9 TRNf] J(q1, q2)
: agb a b i Pj 2 2 Collinear singularity
AR ZZEHTZ K @pz‘ "2 Dj - Q12 >)Lij (= b)) if 9?12 -> 0 (if the
iy momenta of the

soft quark and anti

2 v v
X 26.712 ( Pi P; ) 2 Lij (01 — €j2>] +O(e) quark are parallel)
Q12145 \Pi- {q12 Pj - 412

Behaviour which is
present in

~(1,div)

J

J©)

"
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Soft ggbar emission: the one-loop current ... ...

Results

® The explicit expression of the finite component is

~(1, fin)

+ gu(1,2) £ Y TTY

ijeH
£

76

(41, q2) = [(—8 —(0r —1))CF + (5 -5t %(53 — 1))

(pé’ i
Pi-qi2  Pj-qi2

))L?j + (b = £32)*)

20 A
Cam T TRNf] Jv

Collinear singularity
(91, ¢2) if q212 -> 0 (if the
momenta of the
soft quark and anti
quark are parallel)

v

Dj

(pz-” N
Pi-qi2  Pj-qi2

<

)JZLU (6 — @-2)] +0O(e)

l

Behaviour which is

present in

2
X 26.712
/ Q12J_ij

This rational factor has no collinear singularity
at g2 -> 0, but potentially leads to a

singularity in the limit Giziyy = 0

1
L

2
121 45 =

2(pi - q12)(Pj - q12)

Pi - Py

1

2 J e
T2 2150 Q1o 45

5 [277@' sign(qs,) @(

Pi - Pj

—Di - q12

2

di2

)o(

It is the transverse component of
the momentum qq12 of the soft
gqbar pair with respect to the

momenta pi and pj of the colour-

correlated hard partons in a
reference frame in which pi and
pj are back-to-back

9 12) —I—O( 122J_2j>]
DPi - Pj 412

S Te—

The current has a one-loop singularity of

absorptive origin

39
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Soft ggbar emission: the one-loop current ... ...

Results

® Few comments about the singularity

1 1 o —p; - .. @yl The singularity is
——Lij 5 [27% sign(qi,) G)(M) @(M) + O<LL‘7>] partly screened by

i = 2
Gorij — G200 iy 4 Pi-Dj Pi Py 12 the logarithmic
function Lij
The current has a one-loop singularity of
absorptive origin
1 1 Considering the
. 0 0 0 0 ;
TLij S T 2mi O(—p;) O(—p;) , (g1 >0, g5 >0) physically most
D214 12070 Q12145 relevant region
L. 7 O(—p?) O(—p? The singularity hgs a
" T 10— (b)) — — [P TETY ( p2> (=7)) (bin—L2) » (d).q5 > 0) purely non-abelian
Q1a1ij q12Lij =0 Q121ij character

As we have just discussed, the singularity of
the soft-qqgbar current in the limit g12_Lij = O
originates from one-loop interactions of the
two soft partons. Therefore, we expect the
presence of the transverse-momentum
singularity also in the case of double soft-
gluon emission at one-loop level.

We have checked

> Zhu (2020)
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Outline ®

Where we are?

® Motivation
® Introduction

® General features of multiple soft QCD radiation at one-loop level

e EXxplicit form of IR and UV divergent (¢-pole) terms of one-loop soft
current

e Explicit form of qgbar soft current by including finite terms ( ((¢9))

e Soft-ggbar radiation at the squared amplitude level ||

e Qutlook
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Introduction

Summed over colours and spins over its external legs

IM[P = (M| M)

The square of the soft-emission factorization formula gives

|M(Q17 ceyQmyP1y - ,]%)‘2 = <M<p17 SR 7pn)| ‘J(QM SR 7Qm> |2 ‘M(pla SR 7pn)>

The all-loop squared current summed over the colours and
spins of the soft partons

Cl,-esCm T 7e1,., Cm
‘J((h?"'?an)‘Q — [‘]311 ....... sm((hv"'vqﬂb)} Jsll ..... sm(Q17"'7an>
(T(q1, - a)] T(qis - am) -
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Introduction

Summed over colours and spins over its external legs

IM[P = (M| M)

The square of the soft-emission factorization formula gives

)P (M) [T (s am) P IM(py -

|/b1(Q17"' y @my P15y - -

The all-loop squared current summed over the colours and
spins of the soft partons

eesCrm. T 1e1,..., m
‘J(QM"'?Qm)’Q — [‘]scll ....... Em(QM"'vqﬂ%)} Jscll ..... scm(Q17"'7an>
= [J(qu, - q)) T(q, - qm) -
We define

The colour charges
produce colour
correlations and,
therefore, this part is
not proportional to
7 in the general

case

,Pn))

A

The squared current
is a colour operator
that depends on the
colour charges (and
momenta) of the hard
partons in 7

T (g1, a2)* = (95 1)" [T (a1, 02)[Fony + (95 1)° (lata]) " e | (a1, @2)[fre) + Og8)

B—

Tree-level One-loop
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Introduction

® The tree-level squared current is

- 5(0) T 5(0)
IJ(ql,Qz)\?og)z[J (%7‘]2)} J (q1, )

T 2 _ . ) .
|J (a1, qQ)‘(Oﬁ) = Ir Z T;-T; 1 (a1, g2) Catani, Grazzini (1999)

1,0€H
T () = (Pi - 1) (pj - @2) + (0 - q1) (pi - @2) — (pi - ;) (¢ - G2) e e
o <¢11 ' QQ)2 (pz' . C]12> (pj ‘ Q12> interchange q1 <-> g2
and i <-> |
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Introduction

® The tree-level squared current is

- 5(0) T 5(0)
|J(Q1aQ2)|%og):[J (%7‘]2)} J (q1, )

T 2 _ . ) .
|J (a1, qQ)‘(Oﬁ) = Ir Z T;-T; 1 (a1, g2) Catani, Grazzini (1999)

1,0€H
T () = (Pi - 1) (pj - @2) + (0 - q1) (pi - @2) — (pi - ;) (¢ - G2) e e
o <91 ' C]2)2 (pz' . C_I12> (pj ‘ Q12> interchange q1 <-> g2
and i <-> |

Using colour charge conservation, the tree-level current can be recast
in the following form

. 1
[T (g1, 92)[{0r) = _§TR Z T;-T; wi(q,q)
b
i #

wi;(q1, q2) = Lis(qr, 02) + Lj5(q1, 42) — 2 Zi5(qu, q2)
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Introduction

® The tree-level squared current is

=(0)

A 9 ~(0) T
|J(Q1,Qz)|(og)=[J (Q17QQ)} J (q1, )

R

|J(Q1 42 |(og 1R Z T:-T; Zij(q1, q2)

Catani, Grazzini (1999)

w,jeH
. . . . —(n. . p. . Symmetric with
T (g1, 42) (pi - 1) (pj - g2) + (pj2 q1) (pi - g2) — (pi - pj) (1 - o) et o the
((11 ' (12) (pz' . 6112) (pj ' 912) interchange q1 <-> g2
and i <-> j
These two expressions are not Using colour charge Con§ervation, thg tree-level current can be recast
identical at the algebraic level, in the following form
but they are fully equivalent by
arr?glﬂrll%eog’zgrsggﬁcgrr;gglly |j( )‘2 1 - T T ( ) Two-particle correlations
N ’ d1,92) 00y = — = 1R E i 4y Wi\41, g2 between the hard partons.
colour-single states) (06 ¢cs 2 i el Their colour structure has the
’g# - form of dipole contributions
J . .
Ti. T
Symmetric with respect to
wij(Qla QQ) — Izz (Qb QQ) + Ijj(Qb QQ) - 21.1] (Q17 QQ) the interchange gl <-> g2
and i <->j
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Results
® The one-loop squared current
N —%, —i0\ T - T4
’J<Q1aQZ)‘%1£) = ( q122 : ) [J(O)(QMCD)} J(l)(Q1,qQ) + h.c. dobe — Ly ({t, 1"} t9)
‘C]12| Tg

With indices {a,b,c} in the
We define the d-conjugated (quadratic) charge D® = abe b e adjoint representation of
operator Di of the parton i ' fY SU(Nc). It is odd under
charge conjugation
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021

Results
® The one-loop squared current
2 -\ €
. —q3, — 10 ~(0) fa(1) 1
’J<Q17 QZ> ‘%16) — 122 |:J (Q17 QZ)i| J (Q17 Qz) + h.c. 4 = — Tr ({ta, tb} tc)
|47, | Ir
With indices {a,b,c} in the
We define the d-conjugated (quadratic) charge D% = Jobe b e adjoint representation of
operator Di of the parton i ' fY SU(Nc). It is odd under

charge conjugation

R 1 ~
2 S A
|J(Q1,(12)|(113) = 5 TR E {Ti - T wz[j](Q17Q2) + D; - T wz[j]<Q1aq2)]
i.j €H
=]
1 1
a b e abe S abe A A A
~Trp >  TT)T; [f Figk](ql,qQ) +d (Figlj(qm) - in-[jz-](ql,qa) — §Fi5j}(ql,q2))]
1,J,k €H
dist.{7,5,k}

Valid to arbitrary orders in the £ expansion
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Soft ggbar radiation: squared amplitude and current

Results

® The one-loop squared current

—Q%2 — 10

’ﬂ@hﬂz)\%w) — (

) |

Catani, LC (2021)

=(1)

i
(%@ﬂJ (¢1,42) + h.c. W=%HWWW)
R

We define the d-conjugated (quadratic) charge
operator Di of the parton i

A Two hard-part
Far )y =570 D | T Ty v @e) + Do Ty wil (o) o

1
1, €H
i
Three hard- . a b e | pabe 1lS]
parton Ik | Z L 15 T [f Fiik
correlations i,J,k €H
dist.{i,7,k}

N(l
Dt =

(1, ¢ )+wf“(F D, q2) —

With indices {a,b,c} in the

d* TP T¢ adjoint representation of

SU(Nc). It is odd under
charge conjugation

1
2

1

SE 0 — 37 )|

|

Sum over distinct hard-parton indices

S S S S
wl[J](Qb q2> - u}?E?](q27 Q1) ’ Fz[]k] (Q17 qQ) — F;B]j (Q% ql)

W

Valid to arbitrary orders in the £ expansion

A

A A A
wij](QM Q2) — _wij](Q27 Q1) ) Fz[]k:] <Q17 Q2> — _F;glj <QQ7 QI)

Therefore these contributions produce a qgbar charge
asymmetry in the one-loop squared current




Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Results

|j(Q1aQ2)|%1E):_%TR Z [T - Ty wy ]((h,C_Iz)‘I‘D T; w[ a1, %)}
® The one-loop squared current

a c abc abc 1 A 1 A
~Tp Y TITT; lf ’ Flg,j(ql,qQ)er b ( D, ) — 2F[~i]((I1aQ2) - §Fi[jj](ql,qQ)>]

Explicit results of the £ expansion of the functions e« and F ker
2 3 4 I 5
wi (1, q2) = {wij(Q1aQ2) [_CF<_2 + P ™ + 8+ (0g — 1)) —3 r Ny (E + g)
1 11 76 1 2 ) ) It controls the size of the tree-level
T 3 CA( 3 — 7+ (0r — 1)> T 9 CA( c (Lijr + b+ Ej2) = Lijp — (b = Lj2) )} colour dipole correlations Ti . Tj. It is
7, symmetric under the exchange i <-> |
~ Ca [ Talar @) = Tig(a1,@2) ] 52 L (= 02) + OO } + (@ 9 @) -
f2.is (@), 42 > 0)

(4, q5 > 0)

i (@2, 1) kildns @2) \ Ligr + b + G2 It is associated with non-abelian

in 1 2 _ . .
i @l(j ) [2<_ _ Lin> _9 2%2 (i — @2)} n O(e)} g & ) three-particle correlations
¢ d12.14j
2 q:
Fi(g.q) = {Im(ql, q2) [_E (Lix + Ly2) + (b — £j2)* +2 2 = Lijr (la — 53'2)} The charge-asymmetry
12 < contributions to the one-loop soft
+ 0(6)} — (@1 < @) - (0.0 > 0) current
4] _ 2
wij (q1:42) = {wﬁj(gb ¢) {_g< i+ 2) + ( il ™ gﬂ'?)z} It is antisymmetric under the
2q exchange i <-> |
+ | Zilg, ) — Tij(q1, 2) | 5 szR (€ — £j2) + (’)(e)} — (1 < ¢2) 9

12145

0o .0
(q17q2 > O) [ ](q q2 ) [F;B'L}(QMQ ) +ij[11}(QI7q2)i| - (Z H])

50 | —
‘ Valid to arbitrary orders in the £ expansion




Soft qgbar radiation: squared amplitude an

Results

- 1
|J(Q1,Q2)|%16) = _§TR E
ij €H
i#]

® The one-loop squared current

A few comments about the charge-asymmetry

1,5,k €H

_TR Z ﬂajﬂijkc lfabCF[ ]

ijk

d current

Catani, LC (2021)

[T T w[](Q1,CI2)+D T, w[ }(Q1 %)}

dist.{7,5,k}

1 5
Ny (7 +3)
5 RN\ c Ty

(Lijr + i + Cj2) — L, — (i — 5;'2)2)}

wz[f](qh%) = {wij(Ch,QQ) [_CF<%+§—7T2+8+(5R_1)) 4
+é0A(11 ?w +(5R—1))+%CA<§
2

q
—Cu | Tis(q1, q2) — —2— Lijr (la
1214

Zii(q1, q2) | —lj2) + 0(6)} + (1 < @) .

(49, g5 > 0)

0 0
G193 >0
Fi[ﬁc]((h,%) = 21 Lpi(q1, ¢2) {Lin+€i1 + 5 (1,62 > 0)

in 1 2
+ o [2<— - Lz’jR) — 212 (0 - gj?)} + 0(6)} + (@1 ¢ @)
€ d1214;
2 2
F;[ﬁ;] (CI27 Q1) - {Iki(Q17 Q2) |:__ (gzl + €j2) + (&1 - €j2)2 + 2 312 Lin (611 — ng)}
€ q1214

+ (’)(e)} — (1 & q2) - (¢}, 63 > 0)

( i1 — fﬂﬂ

—lj2) + 0(6)} — (1 > )

2
[ wz[j‘](%» Q2)] = {wij(%, Q2) [_E ( i1 T Eﬂ

7 (a1, q?)}

szR (51’1

2 14j

) +

2q
+ [In'(Qb q2) — —
1

(¢}, q5 > 0)

51

The charge-asymmetry
contributions are not vanishing only
for specific classes of scattering
amplitudes and quantities that are
not invariant under charge
conjugation

The charge-asymmetry
contributions give a vanishing effect
after phase-space symmetric
integration over g1 and g2

1 1
(01, q2) + dabc( @) — 2F[13](Q1,Q2) - Eﬂgg](@h,%))}




Soft ggbar radiation: squared amplitude and current

Results

|J(Q1,Q2)|%16) - _§TR Z

® The one-loop squared current

1 S mrm

Catani, LC (2021)

[T -T'; w[](Q1,Q2)+D T, w[ }(Q1 %)}

abc 1 A 1 A
FZ[J,C](Q1>Q2) +d b ( ](Ch,fh) 2F[i](Q1,Q2) - 55&'}(@11&2))]

A few comments about the charge-asymmetry T
5] B 2 3 4 1 5
Wi (q1,q2) = {wij(Q1aQ2) [_CF<_2 + p +8+ (0r — 1)) 3 RNy (E + g)
1 1176 1 2
+3 CA( + 3 =7+ (Or - 1)) +3 CA( — (Ligr+ b + ) = Lijp — (b — 5;'2)2)}

2
~ Ca [ Talar @) = Tig(a1,@2) ] 52 L (= 02) + OO } + (@ 9 @) -
T1214; (41592 > 0)

0 0
G193 >0
Fi[ﬁc]((h,%) = 21 Lpi(q1, ¢2) {Lin+€i1 + 5 (1,62 > 0)

+ @gn) [2<% - Lin) — 2 ZQ%Q (i — ng)} + O(E)} + (01 ¢ ¢2)

d12.14j

2 2
[E[fzt](q%ql)] {I’ﬂ'(ql,qﬂ [_E (Lir + i) + (L — £2)* + 2 quz Lijr (Cin — gﬂ)}

q121ij

+ (’)(e)} — (1 & q2) - (¢}, 63 > 0)

( i1 — fﬂﬂ

szR (51’1 — sz) + O(€>} — (1 ¢ ¢2)

2
[ wl[j‘](%, Q2)] = {wij(%, Q2) [_E ( i1 T Eﬂ

+ [Im(qh%) Z;i(q1, QQ)]

) +
2q
fu

ij
(¢}, q5 > 0)

52

The charge-asymmetry
contributions give non-vanishing
effects to quantities in which the

soft quark (or antiquark) is triggered
either directly (bottom or charm
quark) or indirectly (e.g., through its
fragmentation function), in the final
state

The Altarelli-Parisi splitting
functions for collinear evolution of
parton densities and fragmentation

functions have a qgbar charge

asymmetry which starts at ¢/a3s/

Catani, de Florian, Rodrigo (2003)
Catani, de Florian Rodrigo, Vogelsang (2004)
Moch, Vermaseren, Vogt (2004)

Mitov, Moch, Vogt (2004)



Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Results

. 1
[T (q1, @2)[(1) = =5 T > [T T; wi (g, ) + Di- T wi(q, Cb)}
ijeH
i#j
a c | pabe abe 1 [a 1 _a
—Tg Z T; TJka [f ’ Fz[jk](ql>Q2>+d ’ ( ](Q1,CI2) 2F[i](Q1,CI2) - 55&'}(@176]2))]

® The one-loop squared current

A few comments about the charge-asymmetry kel
. 5 3 , 4 1 5 Tge phargg—asymmetry .
wl (@,02) = {wilan @) [-Cr(5+5 -7 +8+ (0 —1)) = 3 TaNy (< +3) contributions give non-vanishing
effects to quantities in which the
1 11 1 2 . L
T CA( P (6r — 1)) 4z CA( S (Lijr + by + £jn) — L2 — (L — gﬂ)?ﬂ soft quark (or antiquark) is triggered
3 3 / 2 € either directly (bottom or charm
di2 } quark) or indirectly (e.g., through its
— ii Zji(q, ——— Lijr (L — ¢; : . S .
Ca [Tl @2) = Zis(an @) | — R (b = Li2) + O(e)  + (1 ¢ @) 0 0 fragmentation function), in the final
12.Lj (61,02 > 0)
state
0 0 . T
5] B (q1,q95 > 0) The Altarelli-Parisi splitting
Fij(@,q) = 21 (a1, g2) {LMR + L+ G2 functions for collinear evolution of
0 1 ¢ parton densities and fragmentation
+ ) [2(2 - Lin) - Qq%;j,(gil - @'2)} T 0(6)} (@ @) functions have a qgbar charge
Y asymmetry which starts at ¢/a3s/
2 2 . . .
FL% (@2, 1) |= {Ik:i(QIa q2) {__ (Ui + €j2) + (Ui — €j2)2 + 2 312 Lijr (&'1 — ng):| (.:atam’ de FIorlan., Rodrlgo (2003)
€ T1214; Catani, de Florian Rodrigo, Vogelsang (2004)
+ O(e)} — (1 & @) - (0.0 > 0) Moch, Vermaseren, Vogt (2004)
R Mitov, Moch, Vogt (2004)
The charge-asymmetry
[ wl[?](ql, q2)] = {wij(ql, q2) [—% (Cir + L) + ( i — Ejg)z} contributions vanish if 7 is a pure
multi gluon scattering amplitude
2q : .
+ [ Zila @) — Lij(a1, @2) | 5 LZjR (b — £j2) + O(e)} — (g1 < q2) (only gluon external lines), with no
(0,40 > 0) 12Lij additional external ggbar pairs or
— colourless particles
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Catani, LC (2021)

Results

. 1

[T (q1, @2)[(1) = =5 T > [T T; wh(q, @) + D T wif }(qhqz)}
ij€H
5

® The one-loop squared current Y [ - e (e )

A few comments about the singularity i el

dist.{7,5,k}

wi(QhQ) {wij(Q1,Q2) [_OF(%+§_W2+8+<5R_ 1)) _g r Ny <%+g)
P R CORTR RS UR)
2

— 04 [ Tii(qr, q2) — Ijj(Ch,CD)][zq;2 Lz‘jR]fil — £j2) + 0(6)} + (¢1 < q2) .

1215

(49, g5 > 0)

0 0
G592 >0
Fi[ﬁc](%,%) = 27 Li(q1, g2) {Lin+€¢1 + {2 (-2 > 0)

+ @g}n) [2(% — Lin> —% 3%2 (i — €j2)] + O(E)} + (01 ¢ ¢2)

1214

(p : Q1)(pj - q2)

( *q1 )(p] Q12)
Y a2) - a) o=t =1

(pi - q12)(Pj * @2)

, Lij = Lyjp+2ir 00"

9 2
sz[jli;] (QQa Q1) - {Ik;z(QI7 Q2) |:_E (67,1 + 632) + (611 — €j2)2 + 312 L'LJR (Kll — 692):|

q12.14;

+ O(e)} — (1 & q2) - (¢}, 63 > 0)

, e =o(—p) e

)

2
Lin —In (pz QIZ)(pj Q12) —In (1 + Q122J_1j)
(i - i) - @2) 0

2
wz[?](QM @) = {wij(qh q2) [_E (01 + fjg) (01 — €j2)2}

2q;
+ [Im'(Ch,(h) Zij(aq, %)}511 - sz) + 0(6>} — (1 < ¢2)
0 0 12J_zj
(41,92 > 0)
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Results

. 1

[T (q1, @2)[(1) = =5 T > [T Ty wi (g, ) + Di - Ty wi(qr, qz)}
ij€H
5

® The one-loop squared current e S T [ R s e (5 - S - L)

A few comments about the singularity i el

dist.{7,5,k}

5] 2 3 5 4 1 5
w] (QbC] ) = {wij(ChaQQ) |:_CF<—2 + - — 7"+ 8+ (6 — 1)) —3 r Ny (E +§)
1 11 76 1 2
*3 OA( T3 7 + (0 — 1)) T3 CA( - (Lijr + lin + £jo) — Lizg — (€ — 5;’2)2”
2
—Ca | Zilar, ¢2) - @NM%H%QJ%R%—@Q+O©}+@¢Wﬁ' o o ‘ (af2147) " Lijr = (q72) "
121j (6%, q% > 0)

0 0
G592 >0
Fi[ﬁc](%,%) = 27 Li(q1, g2) {Lin+€¢1 + {2 (-2 > 0)

2 . . .
(in) [ o (1 ) Gz, | . It is the only contribution to present
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Soft ggbar radiation: squared amplitude and current

Catani, LC (2021)

Results
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Outlook

e We have derived the explicit form of the e-pole (divergent) contributions of the
multi parton soft current.

® We have presented the one-loop soft current for the emission of a soft qgbar
pair, considering arbitrary kinematical regions of the soft-parton and the hard-
parton momenta. We have included all the finite terms at ((«9).

® The one-loop qqbar soft current includes powers of logarithmic functions but no
dilog functions.

® The one-loop soft current produces a new type of singularity if the soft-qqbar
pair is radiated with a vanishing transverse momentum with respect to the
directions of two colliding hard partons in the initial state <- pure non-abelian
character. It can appear also in the double soft-gluon emission.

® At the squared amplitude level, the transverse momentum singularity
contributes to the cross section of processes with two initial-state colliding
partons and two (or more) hard partons in the final state.

® At variance with the case of multi-gluon radiation, the emission of soft fermions
and anti fermions lead to charge asymmetry effects.
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Thank you!!!
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The sketchy form of the factorization formula -.........

i, Grazzini (2000)
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