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ABSTRACT: We study the collinear fragmentation of highly energetic jets defined with a
small jet radius. In particular, we investigate how the corresponding fragmentation functions
differ from their hadronic counterpart defined in the common MS scheme. We find that
the anomalous dimensions governing the perturbative evolution of the two fragmentation
functions differ starting at the two loop order. We compute for the first time the new
anomalous dimensions at two loops and confirm our predictions by comparing the inclusive
small-R jet spectrum against a fixed order perturbative calculation at O(a?). To investigate
the dependence of the anomalous dimension on the kinematic cutoff variable, we study the
fragmentation functions of Cambridge jets defined with a transverse momentum cutoff as
opposed to an angular cutoff R. We further study the evolution of the small- R fragmentation
function with an alternative cutoff scale, proportional to zR, representing the maximum
possible transverse momentum of emissions within a jet. In these cases we find that the two-
loop anomalous dimensions coincide with the MS DGLAP ones, highlighting a correspondence
between the MS scheme and a transverse-momentum cutoff.
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1 Introduction

The increasing precision reached by the LHC experiments in the measurement of the properties
of QCD jets necessitates higher accuracy in perturbative calculations of jet observables. In
addition to higher-order fixed-order calculations, multi-scale observables commonly also
require the resummation of logarithmically enhanced radiative corrections of infrared origin.
In the latter context, we consider the problem of timelike collinear fragmentation of hard
partons produced in a high-energy scattering process. In this regime we are concerned with
observables sensitive solely to collinear logarithmic corrections, where the leading logarithms
(LL) are single logarithms aL™. Observables of this class are common in collider physics
and have been extensively studied in the literature (see e.g. [1-23]).

For such single-logarithmic observables, a next-to-leading-logarithmic (NLL) calculation
would capture the next-to-single logarithmic tower of corrections of order a?L"~!. Here the
general formulation of an algorithm to carry out NLL resummations requires the consistent
inclusion of 1 — 3 splitting functions at tree-level along with the one-loop corrections to the
1 — 2 splitting functions. A possible theoretical approach to such resummation algorithms
can be formulated using the language of generating functionals [24-26], tailored to this class
of fragmentation problems in refs. [10, 22]. Such a formulation is rather powerful when
trying to connect the field of QCD resummation with that of parton showers, with which
the generating functional method is intimately linked.

An important aspect of the development of novel resummation techniques is testing
them across observables sensitive to different aspects of fragmentation. For example, ref. [22]
considered the NLL calculation of a family of groomed angularities and fractional moments of



energy correlators. These observables are of a more inclusive kind in that they are defined by
integrating over the momentum fraction z of a given collinear splitting. As a next natural step,
we wish to consider observables that are differential in z, to probe more deeply the structure
of our formulation. Observables belonging to this class are the common NLO fragmentation
functions (FFs) measured either on final state hadrons [4, 5] or on final state jets clustered
with a small jet radius R < 1, which have been studied for instance in refs. [10, 12, 13].
These observables are sensitive to both the z dependence of the novel anomalous dimension
Bg (z) computed for quark and gluon jets respectively in refs. [16, 22], as well as to the full
triple-collinear 1 — 3 squared splitting amplitudes [27, 28].

In the process of testing our formulation on such observables we have uncovered an
important conceptual subtlety connected to FFs defined with an angular cutoff R. In
particular, we find that the anomalous dimensions of small-R FFs differ from the standard
DGLAP ones starting at the two loop order O(a?). To the best of our knowledge there
has been no previous calculation of the two loop anomalous dimensions for small- R jets, in
previous literature the answer at this order was conjectured from the form of the evolution
equation (see e.g. ref. [13]).

Interestingly, the two-loop difference between these anomalous dimensions takes a rather
simple analytic form with a universal structure across flavour channels. Moreover, the term
that breaks the correspondence between small-R jets and timelike DGLAP evolution is of
the same form and related analytic origin as the term identified first by Curci, Furmanski,
and Petronzio [5] responsible for breaking of the Gribov-Lipatov reciprocity relation [29-32]
between timelike and spacelike anomalous dimension in the non-singlet flavour channel. In
ref. [33] it was argued that terms of this type are linked to the choice of the evolution cutoff
(see also related discussions in ref. [34]). It is therefore also interesting to explore the link
with FFs defined by other types of kinematical cuts, e.g. a transverse momentum. In order to
investigate this observation, we compute the two-loop evolution kernels for Cambridge jets
defined with a transverse momentum y.,t cutoff. We further compute a variant of the small-R
FF, where the kinematic cut on the radiation is proportional to z R (with z being the energy
fraction of the jet), related to the maximum possible transverse momentum of emissions
within a small-R jet. Remarkably, in both of these cases we find that the two-loop anomalous
dimensions now coincide with DGLAP. This result is critical to understand how to reproduce
DGLAP evolution beyond LO in parton showers, which inevitably use a kinematical cutoff.!

In this article we present the new anomalous dimensions for small-R FFs at the two-loop
order and confirm our predictions by comparing to an exact numerical fixed order calculation
at O(a?). The paper is organised as follows. In section 2 we study the MS fragmentation
function and we analyse the effect of placing an angular cutoff R < 1. We then present
a simple recipe to derive the small-R anomalous dimensions at the two-loop order. In
section 3 we consider the inclusive small-R jet spectrum as a case study and test our findings
against a fixed-order calculation at O(a?) using the EVENT2 program [36]. To investigate
the dependence of the anomalous dimensions on the kinematic cutoff, we also report the
study of the FF at O(a?) with a transverse momentum cutoff in section 3.1, as well as the
study of the small-R jet FF with a modified transverse-momentum-like cutoff scale. In these

!See also ref. [35] and related work for investigations in a related direction.



cases the anomalous dimensions coincide with the DGLAP ones, highlighting an important
correspondence between the MS scheme and a transverse-momentum cutoff at the NLL order.
Finally, our conclusions are presented in section 4. We also include three appendices which
present: some relevant technical details in appendix A, our full set of modifications to the
DGLAP anomalous dimensions in appendix B, and a derivation of the anomalous dimensions
from the formalism of ref. [22] in appendix C.

2 The inclusive microjet spectrum and small-R fragmentation function

We consider the inclusive small-R jets (microjets) fragmentation function which, for illustrative
purposes, we define in the process eTe™ — jets. The cross section differential in the energy
fraction z carried by a microjet is given, up to power corrections, by

1 doiet LdE e o (2
; dz = Z é- J t(&v“a@) Dgt (é-’/J’vER) ) (21)
0 i=q,3,9"*

with o9 denoting the Born cross section for e*e™ — ¢¢. The matching coefficient CI° (¢, 1, Q)
admits a fixed order perturbative expansion in as(u). We take p to be of the order of the
centre-of-mass energy () and more precisely we will set u = E = Q)/2, i.e. the energy of each
hemisphere. For this scale, the fragmentation function DJet (%, u, E R ) resums the logarithms
of the small jet radius. Its evolution with the factorisation scale p is perturbative as long
as @ R > Aqcp and it is governed by the equation

dDI* (2, 1, E R) 1d§ A [z et
Pt Z/ i (50 ER) DI (6.0 BF). (2.2)

Here the index ¢ runs over all active quarks, antiquarks, and gluons. The main result of
this article is that, up to NLL the anomalous dimension P admits a perturbative expansion
of the form

as(E?R?)
2w

2 2
Py, (2,1, ER) = () (1%(;2))(2) L asln )P.“)’Ap(z) - 5PV 4+ O(NNLL))

- <aS(E2RQ) _ as(u2)> PR (2) + (’)(NNLL)> : (23)

27 2T

p(0)

As we will show below, while at one loop the anomalous dimension P~ agrees with the
Altarelli-Parisi one, which we denote with pi(k")’AP(z) here, this is not true any longer at
higher orders. In particular, we will show that pz(kl)(z) = pl-(kl)’AP(z) - 5152-(,3)(,2), where the
new term 5]%(,3)(2) is a consequence of clustering effects, which are absent in conventional
MS evolution of the FFs. Eq. (2.2) is solved as a path-ordered exponential describing the
evolution between a hard scale 4 = FE and a low scale u = E R, at which the solution is

convoluted with a boundary condition D}:’t (2, ER,E R). A LL resummation of the FF would



require the one-loop kernels, while the two-loop kernels as well as the one-loop correction
to the boundary condition are required at NLL.

To define the small-R jets we work with the inclusive generalised-k; family of algo-
rithms [37], which cluster sequentially proto-jets according to the distance measure

E?2 B2\’
dij = 2 min <C2Z2, 62]2> (1 — COS 9”) y
E}P
diB — @ R2 5 (24)

where F; denotes the energy of proto-jet 7 and 60;; is the angle between proto-jets 7 and
j. The algorithm proceeds by finding the smallest between all d;; and d;p in the event
and recombining either 7 and j if d;; is the smallest distance or promoting ¢ to a jet if
d;p is the smallest distance. The proto-jets are recombined according to the E scheme,
in which the four momenta are added together. The parameter p identifies the algorithm,
with p = 1 corresponding to the k; algorithm [38], p = —1 to anti-k; [39] and p = 0 to the
Cambridge/Aachen (C/A) algorithm [40, 41]. Though we explicitly study the Cambridge-
Aachen algorithm, at NLL the considerations that follow will hold for all of the three
algorithms. This is because in the small-R limit, differences between these three algorithms
only arise in kinematic configurations that contribute starting at NNLL. In the case of
SISCone [42], the only difference at the NLL order is entirely encoded in the boundary
condition to the evolution equation (2.2), while the anomalous dimensions are identical to
those of the inclusive generalised-k; family of jet algorithms.

The all-order structure of eq. (2.2) is closely related to that of the standard fragmentation
function, governed by the DGLAP equation [1-3]. However, because of a subtlety we will
discuss in the following, the anomalous dimensions governing the evolution of Dg-et will differ
from the DGLAP anomalous dimension describing the evolution of the MS fragmentation
function starting at the two-loop order. This implies that while ]51%)) (2) = pi(/,i))’AP(z) in
eq. (2.3), this is not true at higher orders in «;. In the following section we will derive the
one-loop matching coefficients needed at NLL, while in section 2.2 we will compute the new
two-loop anomalous dimension. Finally, in section 2.3 we will discuss the running coupling
of the new term (5Pi(,€1)(z) along with the physical interpretation of this effect. Appendix C
reports a derivation of the final evolution equation (2.2) using the formalism of ref. [22].

2.1 One loop matching coefficients and boundary conditions

We start with a simple O(a;) calculation of eq. (2.1), which will allow us to extract the
one-loop matching coefficients Cget as well as the boundary condition to eq. (2.2), both of
which are needed for a NLL calculation.

At O(as), we start with the production of a ggg final state, and consider the action of
a clustering algorithm into small-R jets. Since we work in the limit R < 1 we only need
to consider kinematic configurations enhanced by a collinear singularity (hence producing
logarithms of R). This simply amounts to configurations in which the gluon is collinear to
either of the two quarks. The resulting calculation is thus identical to that of the standard
fragmentation function in the regions Hgg > R? and Hgg > R?, but it gets modified when



the gluon is recombined with one of the quarks. At the one-loop order, this modification
effectively replaces the O(e!) pole of the MS fragmentation function with In1/R and it will
produce a low-scale non-logarithmic term, which serves as a boundary condition at y = E R.
For the generalised-k; family of algorithms, we obtain

DI o ) = 30— )+ S5 DO (o B ) + 0(e2). (25)
™

where

DI (2, ER,ER) = —2Cp (1 + 2% (m(1—z)>
+

1—2z
+C (—1+2(2—2—)1(1—)+<6—4>1 )
F P & (1-2)2 e
1 2
+Cr (3—7r2) 51— =), (2.6)
2 3
D" (s ER,ER) = DJ*®) (2, ER ER) 27

o N . 1 1—,2—}-222 In(1 —z
DJgt<0>(z,ER,ER)=2(P9<3>(z)+2nqu(g>(z))1nz—4CA( ) ( ( ))+

z 1—-2
—4nf]3q(g)(z) In(l1—-2)—4Trnsz(1—2)
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Here we defined the regularised splitting kernels Pg(g)(z) and ]5(1(8)(2) as

PO =1y (z2+(1 —z)2) , P =20, <(1_ZZ)+ 42 ~ 20 —z)> +bod(1—2),
(2.9)
with bg = 11/6C4 — 2/3Trny, Crp = 4/3, Tr = 1/2 and C4 = 3, while ny is the number
of light-quark flavours, assumed to be 5 here.

The above expressions agree with the results of ref. [13].? Finally, the matching coefficients
Cget are simply obtained by matching the calculation of Dget to the full QCD calculation
at one loop [5], the result is also given in eq. (2.16) of [45]. At this order, they agree with
the sum of longitudinal and transverse coefficient functions entering the MS fragmentation
function which were first computed in ref. [5]. These read

CI (2,1, Q) = 6(1 — 2) + ag(:) CI O (2,1,Q) + 0(0?) (2.10)

*We find a different result for the SISCone algorithm already at O(a), which can be traced back to an
initial error in refs. [13, 43], later corrected in ref. [44]. Our results agree with the latter, and therefore we
refrain from reporting them here.



23 =T

Figure 1. Phase space parametrisation for the production of two identical quarks, labelled by particles
1 and 3.

2o = x(1 — zp)

01,23

23 = x2p

Figure 2. Phase space parametrisation for the radiation of two independent gluons off a quark line.

where, setting p = F,

CitO(z,B,Q) = Cr (1+ 2% (W) (2.11)
— ),

on (2-a0 ) ().

14 22 2
+% (5—32+4(+Z) lnz> - Cf <9—7r2—31n2>5(1—z),

2 1—=z2 2 3
jet (0) __ jet (0
_ 2
CgEt(O)(z,E, Q)=2Cp 22# (In(1—2)+2Inz+2In2). (2.13)

2.2 The two-loop anomalous dimensions

We can now proceed with the analysis at the two-loop order, by calculating the splitting
kernels ]31(,3) For ease of presentation, we use a simple method for the calculation of the
two-loop anomalous dimension in the non-singlet (NS) flavour channel, where we target the
C% colour structure and hence set for the time being C4 = n ¢ = 0. It will then be evident
how this argument can be generalised to the remaining colour and flavour channels, allowing
us to derive the full anomalous dimension at two loops.

2.2.1 The C% contribution to the NS channel

Since for the time being we are interested in the C% contribution to the NS channel, we
must take into account the abelian collinear splittings depicted in figure 1 (¢ — gq¢ — with
identical quark flavours) and figure 2 (¢ — ggg), whose spin-averaged kernels (P) in the triple
collinear limit can be found in refs. [27, 28, 46, 47]. To extract the C% contribution to the
two loop splitting kernel ]511(,}), it is convenient to start from the identical-quark contribution



to the standard FF (i.e. not for small-R jets) depicted in figure 1. For z # 1 this reads

Ifi(e2) = 5 /d(I>3 8”:%2‘3‘) (P) oy (p—caj2) (02 — (1 —2)zp) +8(z — 2)) , (2.14)
where the identical-fermion contribution to the 1 — 3 splitting function (P)¢,. (c,—c,/2) 18
given in eq. (31) of ref. [28]. The coupling «; is renormalised in the MS scheme and we used
the short-hand notation as = S Lo, with S, = (4m)€ e~ 7. The phase space measure d@éA)
is defined in appendix A, s1o3 is the squared invariant mass of the collinear three-parton
system, and the two ¢ functions correspond to fixing the energy fraction of either of the two
final state quarks contributing to the NS FF. The two contributions are identical and exactly
cancel the 1/2! symmetry factor. The integration is straightforward and the result can be
found, for instance, in ref. [16] (and specifically by multiplying eq. (3.7) in this reference
by a factor —1/€). The single pole directly contributes to the NLO DGLAP anomalous
dimension in the non-singlet channel.

The next step is then to consider the same contribution to the small-R FF. An important
property of the integral (2.14) is that it contributes only a single pole to the FF, and it does
not receive a contribution from virtual corrections. This is reflected in the fact that there is
no collinear singularity when the final state particles are strongly ordered in angle. We then
consider applying the C/A clustering which, in the limit R < 1, will only modify eq. (2.14)
in configurations where the relative angles become small. Due to the absence of a collinear
enhancement in such configurations, the contribution of such regions is power suppressed in
R?. This immediately implies that the contribution from this channel to the small-R two
loop anomalous dimension I—é’q(;) will coincide with the corresponding DGLAP counterpart.

Next, we consider the abelian channel, namely the double-real contribution in figure 2,
and corresponding real-virtual corrections. As before we start by examining its contribution
to the hadronic FF. One can single out the two loop correction to the Altarelli-Parisi splitting

kernel by calculating the following combination

_ (B) SWasM (87 asp*)?
o= o / 4o e Pz~ az)

d¢92 2
+/ ~2 Vtggqg (2,0,€¢) 6(x — z)
(0) (0)

(87 o as,u )2 Py’ (w,€) Pyq’ (2, €)
2
/d@ qu%S qqeggp 3z —xzp), z#1, (2.15)

B)

where the phase space measure d@g
to the 1 — 3 splitting function <P>C% can be found in eq. (33) of ref. [28].> Finally, the

is given in appendix A, and the abelian contribution

one-loop correction to the 1 — 2 splitting function vq(ﬂ’qg% was calculated in ref. [46] and
in the convention of eq. (2.15) is given in the r.h.s. of eq. (3.42) of ref. [16] with a factor
of a?/(27)? removed. The term in the third line of eq. (2.15) has the role of subtracting
the LL terms from the first two lines, hence cancelling all contributions originating from
configurations strongly ordered in angle. The d®3 phase space measure is defined starting

3We note that the overall C% colour factor is included in <P>012r in our notation.



from the iteration of the 1 — 2 phase space and it is given by

E4—4e

dd2 =
27 (4m)A20(1 —¢)

- d034 O3, dx dzy 077057 (2(1 — ) 72 (2,(1 — 2)) 7%, (2.16)

We can recast eq. (2.15) as (for z # 1)

(0) (0)
a 1 B 2 1 T (@, 2p) Pyg'(z,€) Pyq’' (2p, €
80 = o [ a0l swa (8%23 (P)cy - Lge) To ) T >> 5z — 72)
d6? a? 1),C2
+ / ﬁdxwvéqu(az,e, €)d(x — z)
1 B 87 auspi%€)? P T, € PO , €
+5 (/dq>g ) T (2, 7) —/d@%) Eran™)” T 129 T 129 5. o) 2.07)
' 13 23
where the prefactor J(z,z,) is given by
1 1
T(x,2zp) = = : (2.18)

212023 (1 —x)a3(1— 2p)zp

To make contact with the small-R FF, we partition the three-body phase space according
to the Cambridge-Aachen algorithm, that is we trade the 1/2! in the double-real radiation
integrals by an angular-ordering condition ©(#3; — 63;). In considering the action of the
jet algorithm we are allowed to neglect two effects which are subleading for the present
analysis. The first is the contribution from configurations where the jet algorithm clusters
emissions in regions of phase space that are free of collinear singularities (e.g. when the
two gluons in figure 2 are first clustered together). These clustering corrections are power
suppressed in R? and therefore can be neglected in the small-R limit. The second effect
that we can neglect in the calculation performed below is the recoil of the jet axis due to
recombination kinematics following a clustering. We have checked by explicit computation
that this effect amounts to a contribution to the boundary condition at O(a?2), and therefore
is subleading w.r.t. the accuracy considered here.

We now discuss the effect of the clustering on each of the terms in eq. (2.17). Due to
the subtraction of the strongly-ordered regime, the first term in eq. (2.17) enjoys the same
properties as the identical-quark correction in eq. (2.14), in that it is free of soft and collinear
divergences. For this reason, any region of phase space where jet clustering is active gives
only a power suppressed contribution O(R?). This again implies that the corresponding
contribution to the splitting kernel Pq((}) is the same for the DGLAP and small-R cases.

We next consider the second and third line of eq. (2.17). It is convenient to split the
real phase space integrals by introducing the partition of unity

1=0(6; — R?) + O(R* — 6%,). (2.19)

2
Analogously, for the virtual corrections Vég’ng we insert 1 = O(0? — R?) + ©(R? — 0?).

Accordingly, we can write

Ig%'(z, €) = Iil}%g(z, €) + Ii%z (z,€). (2.20)



We now consider the calculation of each of the above two terms, starting with the
contribution [ 2%2 (z,€). In this case, every emission is contained inside the jet. Hence the sum
of the second and third line of eq. (2.17) only contributes a d(1 — z) to the small-R FF, which
does not have any In 1/R? enhancement and hence amounts to a subleading, NNLL boundary
condition. Secondly, we focus on the term Iilf}%g (z,€). The only source of difference between
the small-R and DGLAP anomalous dimensions is due to the third line in eq. (2.17) in a
region where 63; < R? while 75 > R?. In this case, we can directly calculate the difference

between the DGLAP and small-R anomalous dimensions by evaluating the integral

8 s 2€\2 P(O) , P(O) ,
(/d@gB) NICED —/d@%) (8 asp™)* Paq’ (z,€) Pyg' (2p, €) @(9%3 ~ R)O(R? _953)

Bt 0% 03
a? A 1
< (B2 —a3) = 6= 0) = 55 <5Pq<;>(z) I + 0(@) , (2.21)

where the two § functions encode the difference between the hadronic and small-R jet FF. In
obtaining the above equation we have made use of the fact that the contribution of the virtual
corrections Vég}gi is common to both FFs and thus it cancels. Eq. (2.21) reveals that the non-
singlet contribution to the two-loop anomalous dimension for the small-R FF can be obtained

from the corresponding DGLAP splitting kernel by subtracting the quantity 5]5(53)(,2), namely

A

3 (2) = P AT (2) = 6P (=), (2.22)
where we denote by Jf’q(ql)’AP (2) the standard DGLAP evolution kernels, and*

51f’q(q1)(z) = (2 lnzﬁq(g)> ® ]5(1(8)

32241 1+ 22 z(4+2)+1
— _ (2 . o _AaTe)rd
= C’Flnz< - In 2 41_zln(1 z) 12 , (2.23)
with
PO (z) = Cp(1+ 2% (11 ) —i—CFg(S(l—Z). (2.24)
—Z/+

The remarkably simple structure of the result can be understood by inspecting eq. (2.21).
Here, the difference between the two phase space measures d@gB) and d®3 is of O(e Inz),
arising from the extra z72¢ factor in the D-dimensional three-body phase space dQ)gB). This
multiplies a 1/€ pole of collinear origin arising from the f33 — 0 limit, giving a finite leftover.
Finally, the difference between the two § functions in eq. (2.21) is reflected in the regularised
splitting functions in eq. (2.23).

The above result is the central observation of this article. It highlights a difference between
the anomalous dimension governing standard DGLAP evolution and that of a fragmentation
function defined with an angular cutoff. It is noteworthy that this term looks precisely like
the difference between the timelike and the spacelike two-loop splitting kernels [5] that breaks
the reciprocity relation [30-33] between timelike and spacelike anomalous dimensions. The

origin of this term was previously found to be related to the specific kinematic infrared cutoff

“The standard convolution operator is defined as f(z) ® g(z) = le dz/z f(z) g(z/z).



(e.g. angular vs. transverse momentum) in the collinear radiation [32]. To investigate the
correspondence of the anomalous dimensions with the kinematic cutoff, in section 3.1 we
will calculate and test the two-loop anomalous dimensions for the fragmentation functions
of Cambridge jets, defined with a transverse-momentum cutoff.

2.2.2 Generalisation to all colour and flavour channels

The arguments outlined above can be generalised to other flavour channels. In general,
starting at two loops, a given entry to the anomalous dimension matrix for the small-R
FF will take the form

P = PR — s By (2.25)

To calculate 5]31‘(13)? we observe that it originates from a sequence of two collinear splittings in
which an O(e) contribution to the first splitting (which amounts to the leading-order splitting
function multiplied by a In z factor coming from the expansion of the D dimensional phase
space measure) is convoluted with the O(e~!) pole term of the second splitting (amounting
to the corresponding leading-order splitting function). Concretely, we consider the sequence
of 1 — 2 splittings originating from the fragmentation of a parton A, i.e.

A— BC — (DE)C, A— BC — B(FG). (2.26)

The above sequences will then contribute to the following anomalous dimensions

Mf’gf)‘(z) = (2 lnngg) ® ]51(5%; (5]51()1121(2) = (2 lnzpl(gof)l) ® péol)%
5]36(11/)1(2) = (2 lnzﬁé@l) ® ]36(%; 5]3}121(2) = (2 1112]3((7(2) ® P}‘g, (2.27)

where the sum over the intermediate states, i.e. over the indices B and C, in each channel is

(1)

understood. The relevant corrections (SIE’Zk1 at the two loop order are reported in appendix B.
A crucial property of the extra terms in the small-R anomalous dimensions is that they must

satisfy the sum rules. Using the expressions given in appendix B we consistently find

! 5 ; 5(1
| dzz (SEW () + 6B (2) + 6B (2)) = 0,
0

1 A A A
/ dzz (5Pg(;)(z) + 5Pq(;)(z) + 5Pq(;)(z)) =0,
0
1 A A
|z (02P) ~ 5P (2)) = 0. (2.28)
0

2.3 Running coupling effects beyond two loops

In this section we will discuss the scale of the coupling multiplying If’z(,j)(z) in the evolution

equation of the small- R FFs shown in eq. (2.2). Here we will present a simple physical argument
to justify the expression given in eq. (2.3). A full derivation of this equation leading to the
explicit scale of the coupling for the term proportional to 51%(,3 )(z) is reported in appendix C.
As shown explicitly in the previous section, the two loop anomalous dimension Pz(kl)(z) can

be decomposed into the difference between the DGLAP kernel ]%%)’Ap(z) and 5152(,3)(2) given
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515(1(;)(2) ~ - X ((5(z —xzp) — 0(2 — :1:))

Figure 3. Clustering configuration giving rise to Mf’q(ql).

in eq. (2.27). The latter correction originates from the change in the longitudinal momentum
fraction of the final state jet in a configuration in which one of the radiated partons clusters
with the jet. This scenario is depicted in figure 3 for the 5Pq(;) case. In this configuration,
the emission outside the jet will have a coupling evaluated at a scale x? that runs between
E?R? and E?. Conversely, the scale of the coupling associated with the emission inside the
jet is bounded by E?R? due to the constraint imposed by the jet radius on the angle of the
emission. Therefore, the two terms defining ]Sz(kl)(z) in eq. (2.25) enter the NLL evolution
equation evaluated at two different scales, that is as

as(p?) (s () PR — a(B* RSP (2.29)

The above result is explicitly derived in appendix C using the formalism of ref. [22] and it
justifies the anomalous dimension given in eq. (2.3), where the term in the second line has
the role of changing the scale of the 5?1.(,3) term to E2R2.

3 Fixed order test through O(a?)

To test our prediction for the inclusive micro-jet spectrum, we compare the perturbative
expansion of eq. (2.1) to a fixed-order prediction obtained with the program EVENT2 [36].

We define the quantity
(4)
, (3.1)
Eq. (2.1)

jet | (V)
1 [ doi*t
Ai(z y R) = — (
where the super-script (i) indicates the perturbative order O(a?) of the expansion.

do.jet

dz

70 dz EVENT2

We start by considering the O(a;) expansion, and in figure 4 (left plot) we plot Aq(z, Ry)
for Ry = 0.01. The small value of R; allows us to neglect subleading power corrections in
Ry in the theoretical prediction. As expected, the result is consistent with zero within the
statistical fluctuations of EVENT2, in line with an NLL prediction for the inclusive micro-jet
spectrum. We then move to O(a?). At this order, an NLL prediction is expected to capture
correctly all logarithmic terms In R?, but not the R-independent constant terms. In this
case, it is convenient to define a second quantity as

AQ(Z,Rl, Rg) = AQ(Z, Rl) — AQ(Z, RQ) . (3.2)

Because of the difference between two jet radii, the quantity As(z, Ry, R2) does not contain
the O(a?) constant terms at leading power in the limit R? < 1, which are beyond our
accuracy (i.e. NNLL) in this study. In the following, we show As(z, Ry, R2) for Ry = 0.01 and

— 11 —
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Figure 5. Left: function As(z, Ry, Re) displaying the difference with the fixed-order prediction at
O(a?) for the Cr C4 colour channel. Right: function As(z, Ry, R2) displaying the difference with the
fixed-order prediction at O(a?) for the C% colour channel.

Ry = 0.005, separately for each of the colour structures, that is C%, CrTrnyg, CpCy. These
are displayed in figure 4 (right plot) and figure 5. In these figures, the red, dot-dashed line
represents the prediction obtained by using the standard NLO DGLAP anomalous dimensions
in the MS scheme in eq. (2.2). On the other hand, the blue, solid line represents our prediction,
obtained by using the Py kernels in the anomalous dimension matrix. From the plots, we
clearly observe that the DGLAP-like prediction for Ay(z, Ry, R2) is incompatible with zero.
Instead, the new anomalous dimensions obtained in this article lead to an excellent agreement
with the fixed order expectation within the statistical fluctuations of EVENT2 over a very
wide range of z. At the edges of the z range we noticed a deviation between our prediction
from eq. (2.1) and EVENT2. This is related to subleading-power terms in R present in the
latter fixed-order prediction, which exhibit a divergent behaviour near the endpoints z = 0
and z = 1. These are particularly pronounced in the C% and Cr C4 channels, where the
splitting kernels are divergent either at one of or both of the endpoints. Eliminating this
feature would require evaluating As(z, Ry, R2) at very small values of Ry and Ro, which due
to numerical stability (as well as to the presence of technical cutoffs) in EVENT2 is very
challenging. For this reason we cut the region near the extremities of the z range in the plots.
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3.1 Anomalous dimensions for alternative jet algorithms: small-y.,t¢ jets

It is instructive to investigate the dependence of the FF’s anomalous dimension on the
kinematic cut applied on jets. Specifically, in addition to the case of inclusive Cambridge-
Aachen jets considered so far, we also study Cambridge jets [40] with a small ycu. The
FF in the latter case is defined by ordering proto-jets according to their angular distance
and then cluster them according to the k; measure. This means that two proto-jets ¢ and
j are recombined into a single jet if

min{E}, E?}
Yij = 2 QT (1 —cosbij) < Yeut » (3.3)

or else the less energetic of the two defines a jet and it is removed from the proto-jets list. This
procedure amounts to setting a transverse momentum cut on the final state jets, as opposed to
an angular cut as in the small-R case. We repeated the calculation of section 2 for this variant
of the FF and found that in this case the NLL result differs from the small- R one both at the
level of the boundary conditions to the evolution equation (2.2) as well as at the level of the
anomalous dimensions. Remarkably, we find that the anomalous dimensions now coincide with
the standard DGLAP ones in the MS scheme, while the boundary conditions are given by:

DJet ) (2, E\/Yeut, Ex/Yeut) = (3.4)

_Cr 2 min{l—z,z})( 1 )
5 <3 4z+22+4(14 2% 1In T =),

Cr

__Yr _ 2
32— 2) (4(2 32z+32°)In 2

+(1-2) ((5—z)z—4(2—2z+22) 1nmin{11__;’z}>>
CGF (272 - (7—61n2)) 5(1— z) = 2(Pyy(z) + Pyy(2)) In2,

DI (2, B feut, Bfyeu) = DIt (2, Efieus, Ey/yeu) (3.5)
DJet (Z EM7E\/ycut)_—4TRnfz(1—z)

4CA(1—z+z2)2—|—TRnfz(1—32+4z2—223) n (1-2)z
(1-2)z min{l — z,z}

1 2

%( (131 =127 =132 In2) = 2Ty (17 - 24 n2)) §(1 ~ 2)

— (2Pyg(2) +4np Pyy(2)) In2. (3.6)

In figure 6 we show the small-y.,; counterpart to the difference (3.2) between the fixed-
order calculation at O(a?) obtained with EVENT2 and our analytic prediction. We use
Yeut,1 = 0.0052 and Yeut,2 = 0.0012 in our test, and find perfect agreement between the two
predictions. These findings suggest that the DGLAP anomalous dimension in the MS scheme
is in one-to-one correspondence with a transverse momentum cut on final-state jets. This
observation is important in the context of reproducing DGLAP evolution beyond LL in
parton showers, which inevitably use a kinematic cutoff on the generated radiation.
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Figure 6. Function As(2, Yous,1, Yeut,2) for different colour factors.

3.1.1 A simple recipe to encode the small-R evolution kernels into the DGLAP
equation

We can exploit the calculation performed in the previous section to explore an idea similar
in spirit to the one suggested in ref. [33] to absorb the new terms in the two-loop evolution
kernels of the small-R FF into a redefinition of the evolution cutoff. In particular, we consider
modifying the collinear cutoff in the small- R resummation with a transverse-momentum scale
u =z ER, with z being the longitudinal momentum fraction carried by the jet. Specifically,
the latter scale represents the maximum transverse momentum carried by emissions within
the jet. We then evaluate the evolution equation (2.2) starting from a low scale p = z ER
up to a high scale y = E. As a consequence of this change of initial scale, the small-R
coefficient functions (2.6) are modified accordingly and the In z terms in these equations
get absorbed into the running of the coupling. In this case, we verified that the anomalous
dimensions match the DGLAP /small-yc,; ones, hence leading to a evolution equation for
these fragmentation functions at the NLL order that coincides with the DGLAP equation.
It is important to stress that, in this prescription for the collinear cut-off, the fraction z is
that of the final jet, and not that of an intermediate state in the branching history implying
that this fraction does not enter the convolutions. We have explicitly verified that the
prescription of using standard DGLAP evolution with the zR dependent cut-off, agrees with
our small-R evolution equation at NLL order.” The above finding is a further confirmation

5A crucial identity needed for the verification is the following simple result for a chain of convolutions of
identical splitting functions: (1—:’;,?)(21) ® P;]S)(Zg) ® ... ®(In znﬁl(,?)(zn)))(z) =1z (15;,?)(21) ® ﬁi(lco)(zz) ®
o ® PR (20)) (2)-
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of the observation made in the previous section, of an intimate correspondence between the
MS scheme and a transverse momentum cutoff. While the zR cut-off prescription restores a
standard DGLAP form for the evolution equation, it involves resumming logarithms of zR
rather than purely those in R. Hence while it works at NLL to capture the logarithms of R,
it also introduces potentially uncontrolled logarithms of z into the final result.

The prescription of starting the evolution at a scale proportional to z R concurs with the
result of the formalism of ref. [13], provided one also resums the logarithms of z consistently
in the evolution equations. Specifically, in addition to evolving the jet function between the
scales z RE and z E, as done in ref. [13], it is crucial to evolve the hard function between
FE and z E in order to get a full NLL resummation of small-R logarithms. We note that
this peculiar additional resummation of logarithms of z necessary to bring the evolution
equation into a DGLAP form would not be necessary in the case of small-y.,t jets treated
in the previous section.

Furthermore, our result provides a crucial insight in the context of reproducing DGLAP
within a parton shower beyond LL. In this case, the shower algorithm would operate with a
cutoff related to the kinematics of the intermediate state and to the evolution variable. The
simple recipe discussed in this section of stopping the evolution at a scale proportional to
z R would then not be viable, in that one does not have access to the final jet’s z fraction
during the showering process. We will present an in-depth discussion of this point within
a concrete shower algorithm in a forthcoming publication.

4 Conclusions

With the eventual goal of testing a recent formulation of collinear evolution using a generating
functional method [22] in mind, in this paper we have analysed the fragmentation function of
small-R jets at NLL order, via a fixed-order calculation at two loop order. Here we performed
for the first time a two loop calculation of the FF in the presence of the angular cutoff set
by the jet radius, and found a difference in the two-loop anomalous dimension for small- R
FFs relative to the standard DGLAP ones in the MS scheme.

We have shown a calculation for the inclusive microjet spectrum at NLO in the limit
R <« 1, focusing on the 012; colour channel, which is sufficient to infer the general form of the
deviation from the standard DGLAP anomalous dimensions in all colour channels. This in
turn allowed us to determine the anomalous dimensions for small-R jets at the two loop order.
We confirmed our conclusions by comparing to a numerical calculation from the fixed-order
program EVENT2 at O(a?). An important first remark is that these findings are not just
specific to the Cambridge-Aachen algorithm but apply to all members of the generalised k;
family of algorithms, widely used at hadron colliders. For the SISCone algorithm, the only
difference at this logarithmic order is encoded in the one-loop boundary condition of the
evolution equation (2.2) for the small-R FF. Finally, the result reported here agrees with the
second-order expansion of the generating functional given in ref. [22], thereby validating this
method for the fragmentation of small-R jets. The derivation is outlined in appendix C.

Moving forward, it is interesting to observe that the simple form of the difference between
the small-R and timelike DGLAP anomalous dimensions amounts to terms of the same form
as that responsible for the violation of the Gribov-Lipatov reciprocity relation, which has
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also been previously linked to a change of the kinematic cutoff [33]. To investigate what this
implies in the case of the FF we also performed a two loop calculation for an alternative FF
measured on Cambridge jets with a transverse momentum cut (yeut), as well as for the small-R
FF with a cutoff that represents the maximum possible transverse momentum of emissions in
the jet, proportional to z R. Remarkably, in these cases we find that, besides a difference in
the one-loop boundary conditions, the two loop anomalous dimensions now coincide with
the DGLAP ones in the MS scheme. This highlights a correspondence between MS and a
transverse momentum cut, which is critical to reproduce DGLAP evolution at higher orders
with parton showers. Ultimately, it will also be important to assess the effect of our finding
in the context of the phenomenology of small-R jets at the LHC and future colliders, in view
of the high precision that will be reached in the study of the structure of hadronic jets.
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A Phase space parametrisation

In this appendix we provide the parametrisation of the three body phase space used throughout
the calculations in the article. In D = 4 — 2¢ dimensions, the phase space d®3 reads

1 E4—4e
7 (4m)4=2T(1 — 2¢)

dds = dzodz3d0?4d02,d0% (21 2023) "2 A2 O(A) | (A1)

where the Gram determinant is given by

2
A=4030% — (0 — 03— 0%) , i#j#k, (A-2)

and
3

doa=1. (A.3)

=1
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We can now introduce the parametrisation of figure 2, for which the phase space measure

becomes

E474e

(2T~ 20) drdzydf,d02,d6%, (1 — 2)z*(1 — 2,)2,) "XATV/2€0(A).

(A4)

do?)

x
™

Similarly, for the parametrisation of figure 1 we obtain

A) 1—1 E4—4e

4% T2 dadzyd025d03,d0% (1 — z)%z(1 — 2,)2y) "2 AT/2 < Q(A).

(A.5)

B Two loop anomalous dimensions for small- R fragmentation

In this appendix we report the explicit anomalous dimensions governing the fragmentation of
small-R jets. Starting from the equation (2.25), for quark fragmentation we obtain:

IT+z(4+2)+4(1+2)In(1—2)— (1+32%) Inz

515(1(;)(2) =C%Inz

1—2z
!
L 2CE Trn, 13(1—= )+3lnz(4+392'z(2+z)+32(1+z) lnz)’ (B.1)
A 13(1—=23)4+3lnz443224+2)+32(1+2)1Inz

0P (2) = C%giz (3 (5o2)(1—2)—2m2 (2—(2—2)2) +12(2— (2—2)2)Lis(z)  (B.3)

+3nz(4(2-2-2)2)In(l—2)+2 (6—22z+(2—2) lnz))>

2—(2—-2)z)Inz
3z

+C'FC'A912(67r2(2—(2—z)z)—(1—2) (71 + 2 (17 + 26 2))

74CFTRnf(

+3Inz (-22-52(2—2)—12(1+2+2%) Inz) =36 (2— (2 - 2)2) Lig(Z)).
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Similarly, for gluon fragmentation we obtain:

N 21Inz
SPV () = -C3 3

(12)Z<11—182+322—1823+1lz4—12(1—z+z2)2 In(1 — 2)

(1—2+2%)2Inz
3(1—2)z

+6(1+322—-4234 2% lnz) —8CaTrny

521 —2% 4

(3+62+4z2) Inz+4(1+2) ln2z> , (B4
N . 2
5Pq(gl)(z) = 5Pq(gl)(z) =CrpTrny <1—6Z—|—5Z2—|—37T2(1—22—|—222)—|—(1 —22)Inz
—(1-22z+42*)In?2— (4—82+822)Lig(z))

1 26
+CATRnf9(—9—67r2—|—Z+54z—|—127r22—71z2—127r222

61
202 (4462+1822-92°+62(1—-22+22%) In(1 - 2))
z
+18(1+42) 22436 (1-22+227) Lig(z)). (B.5)

C Derivation of two loop anomalous dimensions from Bj(z)

In this appendix we discuss the derivation of the two loop FF for small-R jets from the
generating functionals formalism [10, 24-26, 48] extended to NLL in ref. [22]. This derivation
summarises the original calculation of the small-R anomalous dimension, which led us to
uncover the discrepancy with the timelike DGLAP case. It also serves as an important
test of the method of ref. [22].

We work in the non-singlet (NS) case to simplify the notation, but analogous consid-
erations hold for the other flavour channels. Our starting point is the definition of the NS
FF in terms of the quark generating functional Gy(z,t), where ¢t is the evolution time (cf.
eq. (2.1) of ref. [22]). This is related to a resolution scale (angle) u = E 6 by

‘o E? d,u,2as(ﬂl2) (C 1)
S pw? 2w '

where E = (/2 is the energy of the initial fragmenting parton (quark in the NS case). The
FF can be obtained by taking the derivatives of the quark generating functional Gy w.r.t. the
probing function [24-26] (source) u which has the function of tagging a final state parton.

We start with LL for the sake of simplicity, and then discuss the NLL case. The evolution
of G4 with the evolution time ¢ is driven by the integral equation

t 1—=z
Gyl 1) :qu(t)+/0 dt’/ "z Py(2) Gyl 2, 8') Gyl (1 — 2), 1)
t 20
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where Py(2) = Cr(1+ 22)/(1 — z) denotes the unregularised ¢ — gg LO splitting function
and A4(t) is the Sudakov form factor defined as®

to , 1—=z9
A (f) = — /t di / dz Py () . (C.3)
20

We now proceed to calculate the NS FF. A first simplification comes from observing that
the gluons produced in the branching of the quark do not fragment further if one considers
the NS channel. For this reason we can approximate G, with its first order expansion

Gy =u+O(as), (C.4)

hence neglecting any radiative corrections. This implies that the evolution of G, in the NS
channel simply amounts to a sequence of angular-ordered primary gluon emissions off the
fragmenting quark. The small-R NS FF at LL is then given by

n—1 n—1
DE&(z, 1, ER) = Z/dpné (z - 11 zi> [Te®;-Rr*)=>" L™ (2, 0, ER) . (C.5)
n i=1 =1 n

The emission probabilities dP,, are calculated with the formula

/dPnE L9 Gq

n! dun

(C.6)

u=0

We define the functional derivative by the above equation to effectively act as an ordinary
derivative, whereas kinematic phase-space constraints (e.g. the observable’s measurement
function) are explicitly added for each dP, (see eq. (C.5) for the FF case).” The delta function
in eq. (C.5) fixes the longitudinal momentum of the final state quark to be z. This is easily
obtained by noticing that each gluon carries a relative fraction 1 — z; of the momentum of
the parent, which sets the energy of the final state quark to E times the product of all z;
fractions. Finally, the theta function in eq. (C.5), with §; being the angle of gluon i w.r.t. the
final state quark,® implements the Cambridge clustering condition. This ensures that we
consider only gluons which are not recombined with the quark jet, and hence change the jet’s
momentum fraction. In terms of the evolution time ¢, this constraint simply translates to

E? dﬂl2 Qs (M/2)

t; <tp = e @2 2r

(C.7)

This effectively replaces the collinear cutoff ¢y in eq. (C.2), including in the Sudakov form
factor. Similarly, we also take the limit of the IR cutoff zg — 0 given the IR safety of the

5Cf. eq. (2.5) of ref. [22]. The limits of the collinear (to — 0o) and IR (20 — 0) cutoffs are meant to be
taken at the level of physical observables. The dependence on the cutoffs for IRC safe observables will cancel
against that in the real corrections up to power corrections, made negligible by taking a small numerical cutoff.
The latter vanish in the calculation reported here since the limits are taken analytically.

"An alternative definition, albeit practically equivalent, of the functional derivative is given in ref. [49].

8Due to strong angular ordering, this coincides with the angle w.r.t. the emitter.
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FF that we are computing. From eq. (C.5) we obtain
D™ (2, 1, ER) = A (1) 6(= — 1), (C.8)

. tr 1
DIEP o BR) = 8,0 [t [ 1Py 8z = ).

. tr tr 1
DEY®) (2, 4, ER) = Ay(t) /t dty /t dts /0 dz1 dzaPyy(1) Pag(22) 6(2 — 2120)
1

D™ (2, 1, ER)

t tn—2

tr tr 1 /n—1 n—1
Aq(t) dtl “. / dtn_l/o (H dzquq(zl-)) ) (Z — H Z,‘) .
=1 i=1

The scale ¢ in the above equations is related by eq. (C.1) to the upper bound on the angle at
which the evolution is stopped. In order for all logarithmic terms to be resummed in the FF we
set the final scale to p = E corresponding to the final ¢ = 0. We further introduce the quantity

tRr tr 1 ¢ ¢
Y(z,t) = dty ... dt dz;iPyy(zi) | 0| 2 — zi |, C.9
()@/1/K/O<HI ())(Hl) (C.9)

which allows us to write the NS FF at LL as

DI (2,1, ER) = Ay () (3(z — 1) + 2(z,1)) . (C.10)

What we are interested in here is the evolution of D{%(z, i, ER) w.r.t. the resolution

scale p. This is related to the evolution in ¢ by

d _O‘S(/ﬂ) d
dlnp? 2 dt’

(C.11)

We can then obtain the evolution equation for the FF by acting with the above derivative
on DX§(z, 1, ER). We arrive at

jet p o 2
dDNiz(hfﬁéER) - 2(g ) /Oldyp a4(y) [Az(t) (8(2/y—1)+2(2/y.1)) (C.12)
tdy

Y

. 2
—A(t) (6(z—1)+2(z7t))} - 82(:: )/z

(Pul)) D8 (2. BR)
The first term in the above equation arises from the derivative of ¥, while the second from the
derivative of the Sudakov A,. The LL evolution equation in eq. (C.12) agrees with the DGLAP
equation, upon noticing that the plus prescription acting on the whole unregularised splitting
function Py,(y) is fully equivalent to the standard regularised splitting function pqq(y).

As a next step, we now derive the corresponding equation at NLL. The starting point
is the NLL evolution equation which reads [22]

t 1—=z
Gylz,t) = uy(t,2) + / ’ dt’/ " ds Gyl t) Gyla (1— 2), ) 2B p oy oy
t 20

+ ]Kgnite[qu7 Gg] , (013)
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where

Py(z,t',x) = Py(z,t') — Py (2) b Ina?. (C.14)

A (N/Q)
2

Here z is the longitudinal momentum fraction of the quark branching at the angular scale t'.
The term proportional to Inz? in the r.h.s. of eq. (C.14) has the role of ensuring that the
effective scale of the strong coupling is the energy of the parton that is branching multiplied
by the angular scale of the branching.” The quantities Py(z,t) and Kf;nite are defined in
eq. (2.10) and appendix C of ref. [22], respectively, and they are derived from the exact 1 — 3
splitting functions and corresponding virtual corrections. Accordingly, the LL Sudakov form
factor Ag4(t) is also upgraded to NLL and defined as

t 1—=z
InAy(t,z) = —/Odt’/ Ao Pyt 7). (C.15)
t 20

A few remarks are in order. The quantity P,(z,t), referred to as the inclusive emission
probability, encodes the next-to-leading order cross section for the radiation of a gluon of
momentum 1 — z differentially both in z and in the angle between the gluon and the emitting
quark. This is encoded in the anomalous dimension Bi(z) obtained in ref. [16]. The additional
term Kg‘mte encodes the fully-differential structure of the 1 — 3 splitting functions, which
corrects the inclusive approximation made in P,(z,t). This guarantees a full coverage of the
1 — 3 splitting phase space and corresponding splitting functions.

An important comment concerns the clustering condition as implemented in eq. (C.5).
As discussed in the main text, in the small-R limit one can neglect any clustering of two or
more emissions, in that they would result in a power-suppressed term, as well as the recoil of
the jet axis. For this reason, the clustering condition in eq. (C.5) (with 6; denoting the angle
w.r.t. the final state quark) remains valid at NLL. From here we essentially follow the same
procedure used in the LL case, with more tedious calculations due to the presence of the
extra term Kgnite. An important difference w.r.t. eq. (C.10) is that, at NLL, the FF receives
a contribution from O(a;) non-logarithmic terms that are obtained by matching the GFs
prediction at O(as) to the calculation of the small-R FF at the same order. This leads to
the following expression for the NLL FF in the NS channel

as(E?)

DI (2, 1, ER) = (1 + = D (= ER, ER)) ® Ag(t) (5(z— 1) + (2,1)) , (C.16)

where Ay(t) = Ay(t,1) and Df:tl\;g) (z, ER, ER) is the non-singlet part of the quantity defined
in eq. (2.6). It reads

: _ 2
ngﬁég) (2,ER,ER) = —2Cp (1 + 2% (W) —Cp ((l—z)+211+z lnz)
k] —z + —

+Cp (—77)5(1—2). (C.17)

9In the case of Pq, we have replaced the argument 6 with ¢ to ease the notation. The two quantities are
related by eq. (C.1). Moreover, we have explicitly expanded out the term proportional to In 22 from the
definition of the evolution time w.r.t. the notation of ref. [22] (cf. eq. (2.1) there), as this plays a central role
in the derivation shown here.
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The second term to the right of the convolution sign in eq. (C.16) is the result of the functional
derivatives of the quark GF, where the quantity (z,¢) at NLL is now given by

Z t Z/thtl/ d21 Zl,tl, )"‘X(zlytl))i ((t;l’il)) .. (0.18)

A (tg,zlzg..
X dtg/ ng Zg,tg,z 2o...20—1)+x(2e,tp g Zi |-
/e ) 122 ) ))Aq(te,Z1Z2 20-1) H '

t

The new kernel x arises from the functional derivatives of Kg‘nite and, using the notation
of the main text, it is given by!'?

/ oY ) p),, (Cr-Ca/2) (G.19)
5123 e=0
X (5(t—t1273) 5(Z_Zp(1 ))6(9123 RQ)
| J(2,2) Pl (z,€) P (2, €)
+/d<I>(B) 87 s (E2 025))? ( P)c2 — £ :
3 ( ( 13)) 8%23 < >CF E4 9%3 9%3 e=0

x Ot = t13) (6(2 = 2p7) — 8(2 — 7)) O(0%; — R*)O(075 — 033)

with J(z,2,) given in eq. (2.18). To evaluate the derivative w.r.t. Inu?, we make use of
the following equation

D o [ Y by x5 (2-1) +5 (20)) (C:20

wdp? a(p?) [tdy Ldy / z z
w2 [L S e LRt [ S Rt (3 -1) = (51))

In eq. (C.20) we have exploited the fact that, at NLL, one only needs to retain a single

insertion of the In 2 term in eq. (C.14), while one can neglect subleading terms stemming
from multiple insertions of this contribution to P,(z,t, x). Taking the derivative of eq. (C.16)
using eq. (C.11) and (C.20) we obtain the following evolution equation

dDXs(z, . BR) _ as(p?) (1 dy et (2
dln ;2 - 27T /Z Y [(Pq(y’t)).;_ + X(y,t)] Dys <y”u’ER) (C.21)
e d'u 1 dy / o .
—bo /EQRQ MI2 271' / //y ?21 quq( ) (qu(y ))+DNS (yy”M7ER>
O‘S(MQ)

® D§(2, 1, ER)

u? dﬂ 042(//2) ~
_ S (1)
(Py(z:1)); +x(2,1) —bo /E e i (amy2 O Lid )

2

with 6]5(1(;)(2) as defined in eq. (2.23). We now comment on the evolution kernel of r.h.s. of
eq. (C.21), and its relationship to the small-R anomalous dimension derived in the main
text. A first comment concerns the absence of the colour channels CrCy and CrTgny in
eq. (C.19). Let us examine the contribution of the corresponding 1 — 3 splitting functions
to the NS channel. We start by reminding the reader that these channels contribute to the

'%Eq. (C.19) can be evaluated using the relation [ 4 W =/ %9,,; i" 0%5(0% — 0"2).
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inclusive emission probability P,(z,t) via the integral of the corresponding 1 — 3 splitting
functions with the longitudinal momentum of the quark after the first splitting fixed. For
the CrCy and CrTgrny channels, this corresponds to fixing the longitudinal momentum
fraction of the final quark with the same flavour as the one that initiated the fragmentation.
This can be intuitively understood by looking at figure 1 for the CrTrny channel, where
the momentum fraction z3 is kept fixed (and analogously for the CrC4 term). On the other
hand, the function x(z,t) arises from the functional derivatives of Kgnite, which is sensitive
to the differential structure to the 1 — 3 splitting. This acts as a correction to the inclusive
approximation made in the definition of P,(z,t). Since in the NS channel we tag the final
state quark, no correction from Kgnite survives if the final state quark coincides with the
quark after the first splitting, as it is the case for the CrCy and CrTgn; contributions. As
a consequence, the only contribution from these colour factors is encoded in Py(z,t).

A second important comment about eq. (C.21) is the resummation scheme [50] used in
the evolution of the generating functionals. As discussed in ref. [22], eq. (C.21) is defined
in a resummation scheme in which all non-logarithmic terms, captured in the matching
coefficient are evaluated at the hard scale p ~ E. This is reflected in eq. (C.16), where the
non-logarithmic terms Dfﬁég) (z, ER, ER) are evaluated at the hard scale. This implies that
the logarithmic terms that would be otherwise generated by the running of the low-energy
boundary conditions to the evolution equation (2.2) are already encoded in the kernel of
eq. (C.21) rather than in the boundary conditions. Specifically, this means that the for the
solutions to eq. (C.21) and eq. (2.2) (in the NS channel) to be equivalent, we must verify that

s (41” P as(1?)
2<7/: ! {( q(z’t))++X(Zat)} - 2<7/: )Pq(g) (2)
- Og%? (Aq(;),NS (2) + b DY (2, ER, ER)) 2

where by = 11/6 C4 —2/3Tg nf.n Since we are working with the NS channel, now P;;)’NS

only contains the NS contributions, i.e.

PN (z) = PV (2) = 6P (=), (C.23)

T aq

where Pq% ) v(z) denotes the standard regularised time-like splitting function in the NS channel

(see e.g. in Chapter 6 of ref. [48]). While this correspondence is trivially true at O(as), in
order to establish it at O(a?) we have verified eq. (C.22) numerically for z # 1, finding
perfect agreement. To analyse the case z = 1, we can simply check that eq. (C.22) holds at
the integral level (i.e. integrating over z € [0,1]). The integral over z of the Lh.s. amounts to
the integral of the first term in eq. (C.19) as everything else vanishes upon integration either
because of the plus prescription (for what concerns (Py(z,t)) ) or due to the difference of
d functions (for the second term in eq. (C.19)). This gives

Lo as(p?) az(p) Ca\ 13—27%+8(s
/O 425 v (et) = T Cr (CF—2) s , (C.24)

"Note that the terms of eq. (C.21) and eq. (2.2) proportional to (5}5‘;;)(,2) are trivially in agreement at NLL
after integrating over u’ (cf. eq. (C.25)).

— 23 —



in agreement with the integral of the NS regularised splitting function, as predicted by
eq. (C.22). We can now simplify further the structure of eq. (C.21) by writing, at NLL,
the integral over u' as

-} /”2 dp”* aZ (1) ~ as(4?) _ as(E*R?)

~ . C.25
0 E2R2 ,u’2 (271')2 27 2T ( )

It is now straightforward to see that the last term in the r.h.s. of eq. (C.21) has the role
of changing the scale of &f’q(;)(z) in eq. (C.22) from p? to E2R%. For consistency with
the notation in the main text we also change the scale of the coupling multiplying the
boundary condition Dg;tl\g(s)) (2, ER,ER) from E? to E?R?, and thus obtain the final form
of the evolution equation for the NS channel

dDYy(z . ER) _ as(yr?) ( () oy v,y _ Qa(E2RY)

S = 5Pq<q1>> @ DEL (2, 1, ER) .
(C.26)
Analogous considerations apply to the other flavour channels.

We conclude with a final remark. In egs. (C.1), (C.14) we have expanded out, compared
to the notation in eq. (2.1) of ref. [22], the dependence on the momentum fraction x from
the coupling constant. One could avoid this expansion and instead directly embed this
dependence into the structure of the evolution equation. In this case it is convenient to
write an evolution equation in the lower bound of the angular evolution range rather than
in the upper one, leading to

dDI (2, E ; s(ZH2) e
dDys(z, B p) ~PO () ® (W D&é(%ﬂu))

dln p2 aq (2r
R a2(22u2) i
_ Pq%)’NS(Z) ® (5(271_)[;) D%\IE(Z,E,,LL)> ’ (C.27)

where Pq(ql)’NS(z) is defined in eq. (C.23). This equation can be solved, with the same

boundary condition given in eq. (C.8) evaluated at u = E R, by integrating between = E R
and u = E. We notice that, in this case, the jet radius R does not appear in the running
coupling, but it is encoded in the structure of the differential equation. We have compared
the NLL solutions to egs. (C.26), (C.27), finding complete agreement.
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