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Jet cross sections

- Quarks and gluons are not free.

- They fragment and hadronize into collinear sprays
of hadrons.

- o compare theory and experiments, one needs an
infrared (IR) safe definition of jets.
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The Durham algorithm tor /[ collisions

| | . R;;
Based on the two-particle distance d;j = min(E;, Ej) RJ  where R?j = 2(1 — cos¥;5).

Exclusive Durham algorithm for n jets: On a collection of particle

momenta {p; }
1. It only n momenta remain, stop the algorithm ‘

2. Caleulate all distances {d;;}and find the minimum.

3. If the minimum is dlj replace momenta p; ano p; with Repeat

he distance selected in the very last step of the algorithm is called y,, ;1.1




Calculating jet cross sections

. Jet cross sections can be calculated in pQCD:

0' _ z /d$1d$2fb1/h1 (.’I)l)sz/hz(.’l,'z)a'blbz(.’Bl 2172) -+ 0 [(AqQCStD) \

'f, bl b2 ~

The lowest scale introduced in
the measurement and process

. This formula is assumed to be correct to all orders in this talk, and we ignore power
corrections.

. The cross section can then be expanded as 6 = ¢ + ao'V + aga(z) + ...
O NLO  NNLO



T'he n-jet limit

- The n-jet limit of a jet process is approached when all partons are either collinear to one of n directions, or soft.

.« n-jet resolution variables are IR safe observables that are O in the n-jet limit and positive in any other phase space
configuration.

. Lepton collider examples: 2-jet: 1-Thrust,Broadening, ... n-jet: ¥, .41

- Hadron collider examples: O-jet: gy n-jet: n-jettiness (t,,), n-k; >

: : . D72 1 1 . qcut
. The cross section o, , behaves like 6, ., = 0p (1 + ag <Zg 'L? + Z(l 'L+ Eg )> + ) where L = log 0

. If agL ~ 1this converges badly, and the higher logs should be resummed.

- Only radiation that is collinear or soft can contribute to the vetoed cross section 6, .,



Part 1: The framework



Questions to adress:

1. How does the phase space factorize if all emissions are collinear or soft?
2. Which soft/collinear modes contribute?

3. How does the matrix element factorize?

4. How do you combine all of this into a factorization theorem?

5. How to deal with rapidity divergences?

All of these questions are addressed in my paper 2509.06612.



1. Phase space factorization

. Assume that final-state momentd {k } spht iNnto soft and collinear subsets as

} Ttz |
{kz} =11 UlLUS U F;}

- Then the \eadmg oower phose SDOCG fdctonzes as

nj+2 <. nJ+2 A o R Sy SO AN P PR

d331 d$2
2_3de dzy dlly ~ ];[3 [ dp;] 6° sz q Bom/HQrd Soft

d21 d22
X

k1, -Pz
£E1P1 . Pz

kr, - P
:EzPl . P2

ddk'jl dH11215 (21 ) ddk[2 dHI2ZQ5 (22 ) ddks dIlg

2122

d—1 _ | 592 . S :
§ H 2em 11 [ k] 9 (1 ZZ’) (Zk ’L) FS collinear | ) -

JEF J J j

- The radiation phase space has factorized. We can now assign power scaling to the variables o

ki k1i and %, and use the method of regions.




I )

2. Which sol

Tiou

t/collinear modes con

- Exactly how soft or collinear are our momenta?

» The theta function 0(q., — q(1%;})) selects the possible modes:

qcut

Q

- What are the possibl

~ Define 4 =

’...

Z"L 7 ~ Abj ({pz’zz}’{#’l}7{zza¢27
' k] ~J ch ({piazi},{#i},{zi,qﬁi,,”

~

e scalings?  What do we require?

>
Pk,
D, '

c eXadlC

|y

< 1, then the variables *t, k15 and ¥/ need to scale such that qik;}) ~ 4

1. IRsafety:a(...) =a(...) > 0,b(...) =b(...) >0,¢(...) =c(...) >0
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I )

2. Which sol

t/collinear modes contripute exactly?

- Exactly how soft or collinear are our momenta?

» The theta function 0(q., — q(1%;})) selects the possible modes:

qcut 7

Define 4 = < 1, then the variables *t, k15 and ¥/ need to scale such that qik;}) ~ 4

' 0

- What are the possible scalings?  What do we require?

1. IRsafety:a(...) = a(...) > 0,b(...) =b(...) >0,¢(...) =c(...) >0

| K~ AR
£ 7 by,
ki~ Akl

] 2. Continuous globalness: Independence of {z;, @, ...}
F ki~ ATk

3. Independence of hard kinematics and PDFs: {p;, z;}
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2. Which soft/collinear modes contripute exactly?

- Exactly how soft or collinear are our momenta?

Ceasar scaling |

1 {a if £ is an initial-state leg _'

. The theta function 8(q., — q({k;})) selects the possible modes: b iftisofnalctatoles |

qcut 7

Define 4 = < 1, then the variables *t, k15 and ¥/ need to scale such that qik;}) ~ 4

' 0

- What are the possible scalings?  What do we require?

1. IRsafety:a(...) = a(...) > 0,b(...) =b(...) >0,¢(...) =c(...) >0

| Frg o~ Ak ]
SR LA |
~ kij~AkL; ) 2. Continuous globalness: Independence of {z;, @, ...}
bk~ Xk

3. Independence of hard kinematics and PDFs: {p;, z;}

11
4. Recursive IR safety: Independence of the number of emissions {#;}



3. Factorization of the squared matrix \,Lments

we assume that the squared matrix elements factorize as

All-order squared matrix element All-order amplitude in Colour/spinspoce on the hard configuration
™Sa 4
|Mb1 ,b2,2 ({k })‘ |MA (pla .o 7p2‘|’nj)> <MA (pla ‘e 7P2+nJ)‘
Incoming ﬂovours Outgomg flavours Hard ﬂovours n 42 i

}Palbl;mlv(éki}ll,zl) P bty (1 }IQ,zQ);‘ﬂQ[S {k;}) 1;[ 7;

Squard soft currents TL splitting function FSC flavours

(ke

SL splitting function ISC flavours

o Important! This formula is known to break down at N°LO loops due to Glauber exchanges!

| will neglect Glauber contributions.

12



3. Factorization of the squared matrix \,Lments

we assume that the squared matrix elements factorize as

All-order squared matrix element

A
‘Mbl 02,2 ({k })‘

Incoming ﬂovours Outgomg flavours

/;',Palbl;ﬁllv(\{ki}hvzl) a2b2,9l2({k }127z2)$915 {k }S H P J({ki}Fj)_

SL splitting function ISC flavours

e Important! This formula is

| will neglect Glauber contri

A({pz}) / Hard function

_I_ -

A

Squard SOft currents TL splitting function FSC flavours

outions.

«nown to break down at N°LO loops due to Glauber exchanges!

12



4. How do you combpine all of this into a factorization theorem®

We have identified all regions that contribute, and know how the matrix elements ano

phase space foctorize in these regions. Putting everything together, we find: Agy IR SCE)fle

A dz;dz dzr1dr i
dxldmzable(qcut)_ 1 2/ or H dpi] 34| Y pi—q| F({pi})

£1Z2

i
i funcUon
i X ZTT{ %A {pz}) Z Z /dBalbl Il,Zl dBGZbZ(IQ,ZQ)

HOF? IOOWEJWC {3 A f LN=NJ pnEPn "€~ Sum over possible regions | Resolution variable
contigurations Sym. Fact. e approximated in the

i X dS(S,n1,ng, {n;}) deaz F;)0 (qcut apn({k})) e

=l

region pn

With the itial, bare beam, jet and, soft functions

o S IR Y e S B el S e eSS et

: dBalbl (Il, 21) Z SQ[ zlddkjldH[15(21 I1 2 ) |
{ 1

avvvizs (I1,21).
2P, - Py P 161,2l1( 1 Zl)

Generalization of COtOﬂi, Dhoni 2208.05840



4. How do you combpine all of this into a factorization theorem®

We have identified all regions that contribute, and know how the matrix elements ano

phase space foctorlze N these regions. Putting everythmg together we fmd Agy IRscgle
- - | R — - —————r”  ODServaple
nJ+2 nJ+2 48

4 A dz;dzo dr1dxo of
dardmain,(aen) = 1822 [0 T 50 > pi—a|F((n}
" Hard 2122 Q 1=3 - :
i funcUon
| % ZTr{ 7{,4 {p;}) Z Z /d3a1b1 (11, 21)dBg,p, (12, 22) f
Hard partonic .--.L-_-&.A % N=NJ PpnEVn Sum over DOSSIb|e regions ; Resolution variable
configurations Sym. Fact. - approximated in the
" X dS(S ni,nz, {nz deaz ) (qcut qpn({k})) | region p,

=l

With the itial, bare beam, jet and, soft functions

djaz Z 2(2vr )¢ H k161 - Zzy )5t 2( "

36I7
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4. How do you combpine all of this into a factorization theorem®
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phase space foctorlze N these regions. Putting everythmg together we fmd Agy IRscgle
- T " 0Servable

) dzydzy [ didis d | P
| cu d C 0 L i3]
deil(i.’ijza'blbz (q t) 2125 / H [ p] Z p q_ f({p }) |

| funct|on\1\\‘
P& ZTI{SA%A({Z?’L}) Z Z /dBalbl Ilazl)dBazbz(I%ZQ)

HOF? partqmc — — ? N=NJ pnEPn G Sum over possible regions ; Resolution variable
configurations | Sym. Fact. ~1" approximated in the

i X dS(S ni, n2, {n@ H djaz ) (qcut Elpn({k})) e

=1

region pn

O ST N O ST I Vel A A D NI LR IS

R i

With the mummally dlerentlal, bare beam, jet and, soft functions

dS(S, ni,ng,{ni}) = Z Sgd kgdl’[gﬂgls(S nl,nz,{nz})

13



Special

Cases: Cumul

ant

T the region expandead reso\utlon variaple smphﬁes to

Clpn({k})

then, the @-function S|m|o||f|es ofs

(ut Qpn({k})) = 9 (qcut CIC1 (I 1)) 9 (q;ut — qCMut

S o o

We can defme the cumu\ant beam jet, omd soft functions

Buutn (deutr21) = 3 [ Bt (11,20)8 e — s (1)

and the factorization theorem takes product form:

factorization

- max (dc, (1), o, (12), 8oy (F), -, 85(9)]

qcut Z/dja qcut Cz(FZ))

S (Geuts oy i) = 3 [ AS(S,m,m2, {13})60deus — s (5))
n=0

nj+2

Lo |l = Balbl (qcuta Zl)Bazbz (qCUt7 22) H jai (qCUt)S(qCUt) '
! i=3 |

— . -

- SR N ;




5. How to deal with rapidity divergences”

- The bare factorization theorem is derived with the MoR and thus is free of double counting!

AT B B e e S e S

dxldwgﬁ(qcut) — dii(ziZZZ Tr{/ dH [dB RAB R dAS ® dj]}

T — P B P & s D o e o S e G oo e e S w54 S R et o= ANt R R PR RS T R R A e SN S VS o ORI S NS SN S S S 2 -

- However, for some observables, the beam, jet, and soft functions can become ill-defined.
This happens if a = ¢ and/or b = ¢. (SCETII scenario).

- This is due to rapidity divergences.

. This framework can be used with any rapidity regulator.

15



‘he zy-prescription

We regularize rapidity divergences by replacing some

momentum fractions in the splitting

Ni and Dhani 2208.05840)

function with energy fractions (first suggested by Cata

]{: N k . m Similar to using timelike
| & — — —2 ZN = | Wilson lines in the operator
f D-N D - N 7* matrix elements

N can be any timelike linear combination of n, and z:

The simplest and most convenient choice for fixed order calculationsis N = g.

The introduction of the scale N? in the collinear functions leads to non-vanishing zero bins.

16



['he zy-prescription

- We group the zero bins with the soft function to form a subtracted soft function that only
contains wide-angle radiation:

- E.g., a cumulant factorization theorem would become

B :Naalbl (qCU.t7 ZI)BN,GQI)Q (qult7 22) H jN,a,i (qcut)ssub (qcut)

Beam function with | i b .
i L Jet function with Soft function minus
modified splitting kernel L L |
modified splitting kernel Zero bins

. The zy -prescription can be used even if there are no rapidity divergences. This leads to

universal e-poles/anomalous dimensions in collinear and soft functions. (See also 2012.09213)

17



Part 2: The jet function



['he quark jet tunction for kt-like observaples

- We are interested in observables that, in the two-particle collinear limit, simplify to g = k1

- The cumulant quark jet function is defined as

Fraldow) = g + 32 Y200y / H[dkglé(

n=2 A,

X Py, (L/;;,nkzkn) 9(qCut — El)a J

- We can expand the result in powers or the strong coupling:

.

19




‘he quark jet tunction at NLO

The NLO coefficient of the jet function is defined as

1 e €7F c R’\, (Zl)
‘71&7,21(%“'5) — 4q<2:ut T(1—¢) /d(I)g ) gq. 0(geut — k1)



‘he quark jet tunction at NLO

The NLO coefficient of the jet function is defined as

e€VE c P (Z]_)
j(l) (qcut) /dq)g ) 1,09 H(qcut — kJ_)
2k1 - ko

N R e N T
qCUtF(l—E)/ Z/ N ,gq(z)

Homd\ing ZN:

| ZN p . N >y (2[) : j\'r>22 |
o 1. N2? 1 IRAEAY
= — = ——0( Z ] , . — O

i ZN 2 (\)II(QP'A\T)‘)+(Z>++ (2p°N Q

The zy-prescription reintroduces the
hard | 2p- N 0T
ard scale - 5 = 2E




‘he quark jet tunction at NLO

The NLO coefficient of the jet function is defined as

; P (21)
() g2, (g9 e g g
j (qCU ) qcut F(]. . 6) zkl k2 (qCUt -L)
Geut Homd\ing 4N
. —1—2¢ $(0) N
qmr(1 — / do [ drik PO, () -
N2 e - , N = N = Z A f).A ‘\TJ__) |
e€VE o hl( 29N ) 3 1 D- (2p-N)*z \/_
= F |5 | - — 1 1 N2k? 1 kiVN2\
S ) ¢4 : —_— = 4 | By e —
['(1—¢€) __( ¢ de 4_ §=> - 50(2) 2 N)? + (Z>+ +0O ( 2w N )
| | VN2qu1 The zy-prescription reintroduces the
The collinear anomaly logarithm In{— Hont <N QPR |
2p- N hard scale /5 = 25

vanishes, if we choose N very forward, such that

qcut

Ey="




Uncorrelated emission of two gluons

Here, the triple-collinear region lives at the same scale as the double-soft and collinear-
soft region. Thus, the structure of r0p|o||ty d|vergences s more involved.

0)(ab 8123 (0 0 22 . o |
We regularize the splitting kernel as | P( ,)g(lgz)% = o “12 p{ ,)gq R( qu(zﬁ 3) +R§‘f)g(2q§) + (1 ©2)]

i s, SO NS ) A e e T R S IR S gt ": ST e S VN S RN

Not so easy! easy!
To integrate the strongly ordered piece, we introduce the variables

Now just do the NLO trick of writing both zy-denominators as distributions!



Uncorrelated emission of two gluons

Here, the triple-collinear region lives at the same scale as the double-soft and collinear-
soft region. Thus, the structure of r0p|o||ty d|vergences s more mvo\ved

(0) 22 0\(ah e e
( )Pr\r,gq(z2 n Zg) -+ Rs(h?q(zqg) 4 (1 o 2)

O ab 5123 »(0
We regularize the splitting kernel as | P( ,)g(lgz)qg I P’(V,)gq

Not so easy! easy!
To integrate the strongly ordered piece, we introduce the variables

The zy-regularization is then encapsulated in the identities

~ N k23,J_ |

| ZN1 = <1 N2 = %2 - o]
(219 ’ N>221 (2]) : N)2 (1 — Z1)2 29 ]

N7kT | 3

NO!
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Uncorrelated emission of two gluons

To see what goes wrong, we split the integral into the regions k; | S k,4 |, and we use

-
il o

the porrizin

,' 3 . kl, 1 k23,_L —
Zl) 22, y — 111111 ) Y
k3’ - kl’

Then, the integral takes the form
Problem 1: Overlapping singularity in (y, Z,) = (0,0)

1 ) l ~
1’\"Qki - i'\'r2y2k_21_ e(qgut T k_zl_F(Zl, <2, 1Y, COS QO)) + ...

(2p-N)%z1 “2 7" (2p-N)2(1-21)% T

S.0.

2
jjﬁ/,; (qcut)

— /dkldzldézdy o

ab

21
Problem 2: Limits z; — 0, and Z, = 0 do not commute

Our solution: Split the calculation into two pieces as

P(O),(ab)S.O. P}(\;)),(ab)S.O. P](Vf)),(ab)S.O.
[ def oz g, —5) = [ def N g — k) + [ a0 BED (g — ) - 6(den — b))

5123 $123 $123

Endpoint term Subtracted term



T'he endpoint term

he endpoint term

d<I>:(f) N, 21292% O(gcut — k_]_)

s the same for all k-like observables, and we can calculate it once and for all (e.g., with the MoR).
We find:

. HEP _ 1 2 EP _ EP _ T 2 EP _ 1 ~2 EP _ 9 ~2
D> QCF D 0, Do 12 Cr, 43 QCF A 4CF ’ { - The poles are the ones predicted by the

AT = Cf ( ) . AG" =-1.6343868(8) C%., BJ" = _Cp, By = _Cf,

quark form factor

4 12 8 8
-  The single log cannot be written with

.’ 23 52 -
B2EP — 012? (32 4?; ) , BFP — 006315(3) C%, B(];L‘P — 04688(1) 012? ; MZV and rational numlbers only

< = <

23



T'he subtracted term

he subtracted term .

(0).(ab)S.0.

= C/d‘b( ) ?292(13 (O(deut — q) — 0(qeut — k1)) ]
s °123 ]

57(2)(qcu )

is now free of overlapping singularities. The non-commuting limits (z1 - 0,7, = ())
are hcmol\ed vv|th the d|str|but|ono| exponsmn

/ dzq / dzo > o y2/\2 z2 n 2 (zl, z2) — ;,)_ psl (22) zllli)n p(Zh 22) p32 (zl) m p(zla 22)
_ - N

22—)

z)2

' ps( ) = lim p()‘ta ’\) Psi,s0 = lim lim p(Zl, Z2) mpS(t) |
: <1 ] A—0 z20—0 z1—0
dzl/ dzz— ( p(21,22) — Ps (Z_z) — Ps;(22) — Ps,(21) + Psy s, +p82,81) i g

, 1
| | Dsys; = lim lim p(zl,zg) %mps(t)

]' — 21 dZ ' 3 zl—)O 22—>0
/ o log ( ) (p52 (Z]_) T p32751) o log(Ay) A (psl (22) psl,,gz) ' R AT W e : RPN SRS

<2

, ].O g S - S1.8 10 l - 2 2 10 S l - 89,81 . A c
+/ t('y 80 00 ~pus) | L8 (y) = P08 (pe (o) “Pees) | Thg golution is free of e-poles but contains

1 (A)( (1) o ) L1, ) : logs and even for variables
— 108 s| 7] TPs t — DPsq,s0 _pSQ,Sl) + —Li ( _ _) Psi,s0 — Pso,s1 " . .
t 170 | that break cumulant factorization (NLL
1

1 : :
| — 5 102000) (108(Y) (Psg.n = Poy,s2) = 108(0) (Pays0 + Paon)) = 5P + 0N CONtribution)!
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Jet function results

We calculated the cumulant quark jet function with the zy-prescription for y,5 with E-

scheme and WTA sche:

The quark form foctor determines the po\es omd the f|n|te piecesare

| In? ( ) 2
Dy = ( 2 6 ) Cr»

F-scheme: [ AF = —0.17976(1) C% — 2.20169(6) CrCa — 0.12794(2) CrnpTr
BO = 4.514(1) CF 0.2997(5) CrCa —0.2210(1) CpnrTr }

i'f m . .
DWTA EC%’ +—— Determined by EP contribution |
WTA scheme: | AWT4A = 201322(9) C2 — 2.64831(2) CpCa — 0.0766(1) CpnpTg,|

| By = 8.3346(8) C} — 1.7774(3) CpCa — 0.0735(1) CrnrTh. |
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Part 3: Application to slicing



Application in slicing at NNLO

- We used the framework and jet function to use y,5 as a slicing variable for dijet production at

lepton colliders (eTe™ = jjand u u™ - H — bb)

with MATRIX and o (Up to power corrections) with our framework

)723<qcut

. We calculate oy, .,

1
1

qcut qcut

. The factorization theorems read

=0, forwiaf”



Subtracted soft contripution: Apelian emisions

The subtracted soft function for Abelian emissions takes the form

Honest

; x{ (p1 - p2)? ( — 00, 0y P L ofthe double- ;

pr-kpy-kp-lpy-l collinear region |

P1 - k q - k P1 - lq [ &
of the Z

r — ( (p1 pz) — @(1102, ) + (k — l)) + (1 <~ 2)- orescribed X

\p1-kq-kpy-lp2-1 _ | |
e S e 2 2 cOllinear zero bin of

| | the triple collinear
of the triple- of the X region

collinear region collinear region

’ _ ) 52 60,05,5) 1o 92)




Subtracted soft contripution: Apelian emisions

The subtracted soft function for Abelian emissions takes the form
While this was a mess to ¢
finitein 4D ond trivial to |
numerically!

efine, it is

Honest

‘ 3 (p1 - p2)°

p1-kq-kpi-lqg-l 4

(©c,,s —Oc,,501,5 — Oc,,0,5,5 + Oc, 0,

| ~ ( (p1 pz)

S E s e

of the triple- of the X

collinear region collinear region

( — @C’ C *___.________ of the double- !
1%-2, . ) .»

Pl k po - kpl l pa -1 collinear regio

ntegrate

i ;

J+a el

of the zy

—Oc,0,.5) + (k < l)) + (1 < 2) } orescripbed X

~~—collinear zero bin of
the triple collinear
region



Cumulant

N the E-sc
soft partic

factorization brea

Assume /o clusters first with k, to form k4

INg

n the WTA scheme, y,4 factorizes as a3 ~ max (4, (F1), 4, (F2), 45(5))

neme, this is not true. Consider a situation where we have two collinear and one
k3
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Cumulant

soft particle:

Assume /o clusters first with k, to form k4

distance between the co

factorization preaking

n the WTA scheme, y,4 factorizes as a3 ~ max (4, (F1), 4, (F2), 45(5))

N the E-scheme, this is not true. Consider a situation where we have two collinear and one
k3

is not the same as d;,! The recoil from the soft particle changed the

inear particles!
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Cumulant factorization breaking

soft partic

Assume /o clusters first with k, to form k4

n the WTA scheme, y,4 factorizes as a3 ~ max (4, (F1), 4, (F2), 45(5))

N the E-scheme, this is not true. Consider a situation where we have two collinear and one
k3

Then, y,3 = dj 3y which is not the same as d,,! The recoil from the soft particle changed the

distance b

To make thi

etween the collinear particles!

ngs worse, it matters whether kj clusters with k; or k, (d},3) # dy(13)). However, to decide

on the clustering history, one needs to compare d;; to d,3. They are the same at leading power, and

one needs:

0 expand them to subleading power!
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Cumulant factorization breaking

These effects can be captured in the integral

— ~ (0 ‘
B — Cl4e e 2 /1 dz dd_le,l Pf(\f,)qg(z) / dk3 0
N,’I, cut F(l . 6) .

g k2 ()g_-
Honest ) - Ll o ]
collinear X 1—px {.w ()| 0eus — G, ({1 Kz, (41) = O(eus — max(kr, 1,95 (k4))) L-Mistake made by
soft L | cumulant factorization
contribution — 20 1]961 ' P2 - 0(qeut — 90,0, ({k1, kot {531)) — 0(qeus — max(ky 1, ks 1 ))| pge—COllinear X soft zero
(Pi - k3)(q - k3) | . bin of triple collinear

region

- AL+ B,

S N

NNLL effect also Novel NNLL

captured by contribution
treatment in ARES calculated here for

framework (1607.03111)  the first time
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All 2.-coefficients are analytical, except the single-log coef

2(1) Z »LE) Lk n@) = Z Y2E) Tk 3

| below-the-cut contripution

icients and the finite piece.
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slicing results
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I[CINg results
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We compared y,3 with E-
scheme and WTA scheme

witht =1 — T which can be
viewed as a version of
jettiness

We achieve 1-2% precision on
the NNLO correction (roughly
0.003% on the total cross
section)

Jettiness and y,; perform

similarly with same
computational resources of
~105 CPU hours per color
structure.

Excellent test of framework
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QOutlook

We can use the framework to generalize y,s-slicing to k;****-slicing for general processes at hadron colliders at NNLO.
To achieve this, we need the

Gluon jet function

Subtracted soft functions for any number of legs

Beam functions (if we use the WTA scheme)

Cumulant factorization breaking contributions (it we use the E-scheme)

- Rapidity evolution for fully differential jet and subtracted soft functions

- Semi-numerical NNLL resummation for general resolution variables

- Subleading power corrections
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