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m GENEVA framework

» Monte Carlo event generator

» Combines fixed order, resummation and Parton Shower (PS)
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» Multitude of colour neutral processes already implemented at NNLO+PS accuracy
= Our goal consists in extending GENEVA to processes with top quarks in final state



N -jettiness observable

[Stewart, Tackmann, Waalewijn; "10]

_ . Jr —
™N = Zmln {pk y P s M1 " Pky -y N 'pk}
k
small values of Ty indicate IV-jet-like event

> N-jettiness is used in GENEVA as a jet resolution parameter
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Motvaton Jf _ auvtomaton

P First automated calculation of dijet soft functions with SoftServe /,5( Eﬁvc
V

[Bell, Rahn, Talbert; 18]
P> Automated calculation of N-jettiness soft function  [Bell et al; 23]
» Automation of jet and beam functions at NNLO  [Bell et al; 24] [Brune; PhD thesis]

» So far only for massless final states

= Extension to massive final state



Framework J  Factoriton

d
ﬁ = Z /dtadtb B" (ta; za, ) B"(t, 20, 1)
$odTo m, ne{qq, 39, 99}

mn—>tt(¢0 ) mn—m? (MTO ta‘f'tb ¢0 )

» The O-jettiness cross section “factorizes” for small 75 [Alioli, Broggio, Lim; "21]

= hard function H'}} contains purely virtual extensions
of Born amplitude

= beam functions B' describe collinear emissions along beam
directionn, n

= soft function is still missing at NNLO



tt production in strictly back-to-back case
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B = Velocity of ¢ quarks
1 = Scattering angle of ¢ quarks



W Partonic dijet soft functions
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Soft Wilson lines

2¢e
(e (12 g Zaas\* (127 g

St ) = Y M (ki) [(X,
X



m Partonic dijet soft functions

S1(0)85(0)81(0)S5(0) !0>\2

Soft Wilson lines
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» For massive final-state partons so far only known at NLO  [alioli, Broggio, Lim; ‘21],
[Munker; M thesis]



m Partonic dijet soft functions

S, 1) = Y, Mk (1) [(X. | SE0)Sa(0)81(0):(0) [0)]”
Xs Soft Wilson lines
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» For massive final-state partons so far only known at NLO  [alioli, Broggio, Lim; ‘21],
[Munker; M thesis]

P> Automated calculation of NNLO soft function with massless partons
[Bell, Rahn, Talbert; "19]

» NNLO soft functions contain both real-virtual corrections and double-real emissions



W Measurement function

> Measurement function is exponential of soft emission momenta k;
T({ki})
M(#; {ki}) = exp [— =
P For one soft emission k, the measurement function can be described by the ansatz

My = exp [—’f (V" £y, 10001 = g0) + " Fr " t4)0 (s — 1))}

> We use the phase space parametrization

ki L 1 —cost
Yk = ]{?7_ kT = k+l€_ tp = #



NLO Soft function NLO soft function with massive partons
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NLO Soft function NLO soft function with massive partons

G _ e /1 dyj /1 dty
0 0 [4tk(
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soft divergence



NLO Soft function NLO soft function with massive partons
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NLO Soft function NLO soft function with massive partons

G _ e /1 dyj /1 dty
0 0 [4tk(

i - 1 _ 1y
VaT (5 -¢) g 1—t)]>"*

x{ Falwm 5 TP ) + [Fale )= T (y—lk,tk) }

soft divergence observable dependent



NLO Soft function NLO soft function with massive partons

1 _ pi-pj
g = __Pibi
/ (pi - k)(pj - k)

G _ e /1 dyj /1 dty
0 0 [4tk(

i - 1 _ 1y
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soft divergence observable dependent

matrix element



NLO Soft function NLO results
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NNLO Soft function Real-virtual corrections

S(2 RV) CA ZTZ Tj 2 Re)( )
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» Real-virtual matrix elements with massive partons are known
[Bierenbaum, Czakon, Mitov; ’12], [Czakon, Mitov; '18]

= suitable for numerical calculation

10



NNLO Soft function Tripole results

S(2,Im)
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» Pole prediction only possible for sum over all tripoles 1



NNLO Soft function Double-real emissions

OO

> Matrix elements already known  [Angeles-Martinez, Czakon, Sapeta; 18]

» Parametrizations of massless case can be carried over  [Bell, Rahn, Talbert; '19]
= factorization of phase space divergences more complicated

= beam-beam-parametrization simplifies calculation in transverse phase space

12



NNLO Soft function Full C 4 results
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» Both real-virtual and double-real contributions have to be added for C'4 pole
13

prediction



NNLO Soft function n 7 results for completion
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NNLO Renormalized soft function

» Sg is matrix in colour space and renormalizes as
Sp = ZTSbZ _ (ean)T oS 0 Z

2
InSg = (Z“—O‘) (So® + 20 + 2t M) (Z“—O‘) [m 5 +mz? +mzt®
4 4

L5 2] 4 (210, 30 ot

> Massive NNLO anomalous dimension already known [Becher, Neubert; ‘09][Ferroglia et al; ‘09
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Renormalization Tripole renormalization

» Tripole contributions originate from both the commutators of dipoles and genuine
tripole contribution to Z
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Renormalization Finite piece and dipole renormalization

» There is a finite contribution to the renormalized soft function of the form

L as ) * 2(1 +5%)
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» The Dipole structure at O(« ) originates only from the term

@Z®+mﬂ®]
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» Possible next steps include

= Calculate NNLO soft function for other SCET,, observables

= Generalized kinematics for non-back-to-back case

18



suoeay

> NNLO soft functions with massive particles in final state needed for
extension of GENEVA

» Numerical calculation of bare soft function finished with good agreement to pole
predictions

= easy implementation of new kinematics/observables

19



suoeay

> NNLO soft functions with massive particles in final state needed for
extension of GENEVA

» Numerical calculation of bare soft function finished with good agreement to pole
predictions

= easy implementation of new kinematics/observables

Fully automated NNLO soft functions with massive partons lie in the
near future!

= Extension of GENEVA to processes with top quarks in final state
19



Thank You
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Backup Slides
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Backup Slide

soft Wilson lines
0
Sy, (x) = Pexp [zg/ dswv; - As(x + svi)}
—o0
do , GENEVA
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diy Ly
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do . .
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0-jettiness 1y: Measure for how much the soft radiation is aligned to the beam directions

min(ky, k—) = min <kTyk, ]ZZ)

Energy scales:

Ahard = Q Acol. = \EQ Aot = TQ

24



Backup Slide Effective field theories

Leer = Zci(M)Oi(fU)

» Wilson coefficients C; depend on large energy scale Apjgn and matrix elements of
sperators O; depend on Ajgy

» Power counting of operators in expansion parameter \ = A|0W/Ahigh

» Soft Collineaer Effective Theory (SCET) allows resummation of Sudakov logarithms at
all orders of perturbation theory

25



Backup Slide
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Backup Slide Light-cone coordinates and energy scales

nt nt
Decomposition: ¢ =(n-q)— + (n-q)— +¢| = -, L
posi ¢ =0-q)o + {09 +d) (+,_,)
q+ q- g nq
Incoming partons (energetic, off-shell) with momenta p* and [*:
P2~ 12~ N2Q2
P~ (P LNQ, 1~ (1A% 0)Q
» There are four different modes in this process:
1. hard: 3. collineartop:  k* ~ (A2, 1, \)Q
k*~ (1,1, DH)Q
2. soft: kM~ (A2, A2, \%)Q 4. collineartol: k" ~ (1, A2, \)Q
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Backup Slide Light-cone coordinates and energy scales
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