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ABSTRACT: The analytic study of differential cross sections in QCD has typically focused
on individual observables, such as mass or thrust, to great success. Here, we present a
first study of double differential jet cross sections considering two recoil-free angularities
measured on a single jet. By analyzing the phase space defined by the two angularities
and using methods from soft-collinear effective theory, we prove that the double differential
cross section factorizes at the boundaries of the phase space. We also show that the cross
section in the bulk of the phase space cannot be factorized using only soft and collinear
modes, excluding the possibility of a global factorization theorem in soft-collinear effective
theory. Nevertheless, we are able to define a simple interpolation procedure that smoothly
connects the factorization theorem at one boundary to the other. We present an explicit
example of this at next-to-leading logarithmic accuracy and show that the interpolation is
unique up to af order in the exponent of the cross section, under reasonable assumptions.
This is evidence that the interpolation is sufficiently robust to account for all logarithms in
the bulk of phase space to the accuracy of the boundary factorization theorem. We compare
our analytic calculation of the double differential cross section to Monte Carlo simulation
and find qualitative agreement. Because our arguments rely on general structures of the
phase space, we expect that much of our analysis would be relevant for the study of
phenomenologically well-motivated observables, such as N-subjettiness, energy correlation
functions, and planar flow.
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1 Introduction

Historically, there has been significant effort devoted to understanding and computing the
all-orders distributions of jet observables in QCD [1-20]. This has led to incredibly precise
predictions for the differential cross sections of these observables which have been used, for
example, to determine the strong coupling a; to high precision [9, 11, 21]. For all their
successes, though, this program can only answer questions about individual observables. In
this paper, we move beyond this paradigm of single differential cross sections, to exploring
the full phase space of multi-differential cross sections analyzed on a single jet.! Multi-
differential cross-sections have been studied before in an SCET context, but these are also
multi-jet cross-sections as well, where each jet sector receives at most one measurement [10,
23-25]. The closest in spirit to our current study was the construction of SCET, [26].
Using angularities as a case study, we find that factorization methods are confined to the
boundaries on the physical phase space regions, and we propose an interpolation method
to connect all the various forms of factorization possible.

There exist multiple motivations for why one might want to study such multi-
differential cross sections. Aside from purely formal interest in connecting different effective
field theory regimes, we focus on two motivations here: for studying the correlations be-
tween different observables and for understanding the properties of observables formed
from the ratio of two infrared and collinear (IRC) safe observables. Phenomenologically
one would want to know the correlations between different observables so as to determine
the extent to which they probe identical physics. However, this cannot be done by studying
the differential cross sections of individual observables alone. Correlations are encoded in
the multi-differential cross section of the observables and so to understand the correlations
between two observables we must study their double differential cross section.

Studying the correlations between two observables is not necessary to make highly
precise predictions for QCD. However, with the advent and boom of the jet substructure
program [27-29] increasingly detailed questions about the dynamics of QCD jets are being
asked and probed by experiment [30-56]. In particular, one of the goals of jet substructure
is to design highly efficient observables and procedures for discriminating QCD jets from
boosted heavy particle decays. Many of the proposed procedures for doing so involve the
measurement of several observables on the jet and making appropriate cuts. Thus, to deter-
mine if a QCD jet can fake looking like a boosted W, Z, H or top quark requires a thorough
analysis of the correlations of the observables that go into the discrimination procedure.

Several of the most powerful discrimination observables are formed from the ratio
of two IRC safe observables. This includes N-subjettiness [57, 58], energy correlation
functions [7, 59], planar flow [60, 61] and angular structure functions [62, 63]. While it might
seem like the ratio of two IRC safe observables is still IRC safe and so calculable order-
by-order in perturbation theory, it was shown in ref. [64] that ratio-type observables are
actually IRC unsafe, if the denominator observable can become arbitrarily small. Naively,
this is an insurmountable barrier to understanding these observables in perturbative QCD.

LA first example (to our knowledge) of joint resummation of any form was in ref. [22].



Indeed, this is true with the standard procedure of computing single differential cross
sections which require IRC safety to be well-defined in perturbation theory.

However, in ref. [65] it was shown that ratio observables can actually be made well-
defined, if all-orders effects are taken into account. There, the simple observable formed
from the ratio of two angularities [6, 10, 61] measured on a single jet was studied, where

the angularity e, is’
1 sin §; tan®~1 % 1 0; \¢
€a = F EZ - ? — 12%0 =~ Ef EZ <‘RZ> . (11)
J T sin Ry tan 3 J i 0

Ej is the jet energy, Ry is the jet radius, 6; is the angle between particle ¢ and an appropri-
ately defined jet axis, and o > 0 for IRC safety. The approximation is accurate for Ry < 1,
which we assume throughout this paper. In practice, we will take Ry ~ 0.4, which is not
strictly much smaller than 1; however, it has been shown that finite jet radius corrections
are small [17, 66].

The differential cross section of the ratio r of two angularities e, and eg can be found
by marginalizing the double differential cross section of the two angularities:

do Ao €q

Ref. [65] showed that, while the ratio observable is not IRC safe and so cannot be computed
order-by-order in «g, by resumming the large logarithms present in the double differential
cross section to all orders, the differential cross section for the ratio r is well-defined and
calculable. This property was called “Sudakov safety” because the calculability of the
cross section of r relied on the fact that small values of the angularities e, and eg are
exponentially suppressed by the Sudakov factor. The calculation of the double differential
cross section of angularities was done to leading logarithmic (LL) accuracy in ref. [65] with
no robust predictions about what happens at higher logarithmic orders. In particular,
Sudakov safety was only exhibited to LL accuracy, and some important and subtle physics
might arise at higher orders that could change the story.

Given these motivations, the double differential cross section of two angularities mea-
sured on a jet provides a laboratory for understanding multi-differential cross sections. To
have adequate control over large logarithmic corrections, we need to prove a factorization
theorem which would provide an order-by-order recipe for resumming to arbitrary accu-
racy. We will find that establishing such a factorization theorem for all of phase space in
the double differential cross section is not possible with identified soft and collinear modes.
In particular, a subtlety in the resummation of double differential cross sections is that
the two measured observables do not define a unique set of scales for soft and collinear
radiation in the jet.

Nevertheless, we will show that there do exist factorization theorems on the boundaries
of phase space for the double differential cross section of two angularities using soft-collinear
effective theory (SCET) [67-71]. Single differential cross sections factorize when the ob-
servable is sufficiently small, when one can say that soft and collinear dynamics dominate

2We normalize to the jet radius so that when comparing two angularities with different angular exponents,
the jet radius is not relevant.



the structure of the jet. For the case of the double differential cross section of angularities
eq and eg, small values of the angularities does mean that soft and collinear dynamics
dominate the jet. However, the physical phase space for the double differential cross sec-
tion is two dimensional, and the precise scaling of e, and eg with respect to one another
emphasizes soft over collinear physics, or vise-versa. Strictly speaking, only on the bound-
aries of the phase space are the soft and collinear modes on-shell, where the factorization
theorems hold.?

The boundaries of phase space are defined by the requirements of energy conservation
and clustering of emissions into the jet of radius Ry. Energy conservation corresponds to the
boundary* where eg = eg and the jet radius requirement is the boundary line e, = eg. The
physical phase space lies in between. We will show that, at these boundaries, the double
differential cross section of the angularities e, and eg reduces to the single differential cross
section for one of the angularities times a d-function for the other angularity, depending
on the boundary, plus terms that integrate to 0. For example, near the boundary e’g = €3,
the double differential cross section reduces to

d’c

m :O’OHX J(ea,€5)®5(€a)

eg Neg

do 1 .. es

where ~ denotes the relationship that follows from the factorization theorem and f¢ is a

function that integrates to zero on eg € [0, e'g/ “]. H represents the hard function, J(eq, €3)

is the double differential jet function and S(e, ) is the soft function for e, alone.

Importantly, this relationship captures the effect of canonical resummation on this
boundary as predicted by the factorization theorem and the only non-trivial dependence
on eg exists in the ratio eg/ eg/ “. The fact that the soft function is independent of eg
implies that the ultraviolet singular structure of the cross section exists on the line eg = 0,
as enforced by d(eg). This is a non-trivial statement of the factorization theorem on this
boundary that to all orders the RG evolution does not generate a non-zero value for eg.
On the other boundary of phase space, where e, = eg, we find a similar relationship for
the singular terms, with the single differential cross section of eg times d(eq):

d?
d%geﬁ e, ~ oo H x J(eg) ® S(ea,ep)
do 1 8 [
= —5(e,) + — =1. 1.4
deg (e )+e%f+ <65> (1.4)

Non-trivial dependence on e, only exists in the ratio e, /egs.

Because the factorization theorem only applies near the boundaries of the phase space,
we cannot formally claim any logarithmic accuracy of the double differential cross sec-
tion in the bulk of the phase space. However, we are able to determine a function that

3Chris Lee has humorously referred to this as a “holographic factorization theorem”.
4This is true to logarithmic accuracy in the double differential cross section. Power-suppressed correc-
tions deform this boundary, but for most of this paper we will ignore these effects.
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Figure 1. Summary of the results of the factorization theorem of the double differential cross
section of angularities. The factorization theorems exists near the boundaries of the allowed phase
space where the double differential cross section reduces to the appropriate single differential cross
section plus terms that integrate to 0. The bulk of the phase space is described by an interpola-
ting function.

interpolates into the bulk of the phase space between the boundaries; crucial to this is
the existence of factorization theorems at the boundaries. The interpolation between the
boundary factorization theorems can be determined most simply by appropriately setting
scales in the logarithms and by adding terms that are subleading at the boundaries. This
conjectured double differential cross section must satisfy several consistency conditions,
such as correctly reproducing the single differential cross section of one of the angulari-
ties. Thus, while we are unable to fully demonstrate formal logarithmic accuracy in all
of the phase space, we will present a conjecture for the double differential cross section
to next-to-leading-logarithmic accuracy (NLL) which satisfies all consistency conditions.®

The summary of this factorization theorem discussion is illustrated in figure 1.

The structure of the cross section as found from the interpolation procedure is fasci-
nating and manifests the barrier to proving a factorization theorem in the bulk of the phase
space. The interpolation procedure defines a double cumulative cross section containing
the following logarithms:

a—1

1=8
Y(eq,€ep) D logeq, loge}}/ﬁ, loge&“ﬁegfﬁ. (1.5)

/B

log e, and log eé can naturally be understood as arising from soft and collinear diver-

gences, respectively, and so correspond to the modes that are identified in SCET. The other

5In this paper, we will only consider the resummation of global logarithms. A study of non-global [72]
and clustering [73] logarithms from the jet algorithm restriction in the double differential cross section will
be left to future work.



logarithms, which we refer to as “kr”,% are novel, arising neither from soft nor collinear

modes over all of the phase space of e, and eg. Indeed, the fact that there are three
logarithmic structures in the bulk of the phase space suggests that there must be three
modes in a factorization theorem of the double differential cross section that would be
valid everywhere.” At the boundaries of phase space, the kp logarithms degenerate to
soft or collinear logarithms, which is why SCET factorization applies there. This situation
is very different than, for example, the recoil convolution in the broadening factorization
theorem [12, 74]. In that case, the relevant modes were still only soft and collinear. Any
factorization theorem of the double differential cross section must be super-SCET.

A possible complaint with the interpolation procedure® is that it is not unique and
therefore there is no control over the logarithms that appear in the bulk of the phase
space in the double differential cross section. This is an especially valid point because
there is no factorization theorem in the bulk of the phase space and therefore no formal
accuracy of the interpolation conjecture in this region is guaranteed. However, we will
show that (under reasonable assumptions on the double differential cross section) to NLL
accuracy, the boundary conditions are sufficiently robust to forbid all logarithms that are
not generated by our procedure for interpolation up to O(a?) in the exponent of the double
cumulative cross section. This is strong evidence that our interpolation procedure of setting
scales can capture all logarithms that exist in the double differential cross section of two
angularities to NLL accuracy over all of the phase space.

The outline of this paper is as follows. In section 2 we discuss the relevant phase
space for the double differential cross section in the two angularities e, and eg. This will
also necessitate a discussion of the definition of the axis about which the angularities are
measured. To remove sensitivity to recoil from soft wide angle emissions, we measure an-
gularities about the broadening axis of a jet [20, 59, 65]. In section 3 we compute the
double differential cross section at fixed-order. This will illustrate some of the subtleties of
resummation of the double differential cross section. In section 4 we present the factoriza-
tion theorem of the double differential cross section. We first discuss what can be learned
simply from the phase space, then turn to the relevant SCET modes that contribute to
the two angularities, and finally explicitly show that the double differential cross section
factorizes near the boundaries of the phase space. Because the factorization theorem con-
tains unfamiliar double differential jet and soft functions, we discuss the structure of these
objects in section 5 from constraints of power counting and consistency of the factoriza-
tion. In section 6 we suggest a simple procedure for interpolating the double differential
cross section from the boundaries into the bulk of the phase space. We will show that this
interpolating conjecture for the double differential cross section satisfies non-trivial consis-

SFor a single emission, this new logarithm reduces to the relative transverse momentum of the emit-
ted parton.

"It might seem that the case when a = 1 or 8 = 1 is special, where the logarithms degenerate, which
may suggest that the number of modes that contribute to these cases is reduced. However, as in the case
of traditional broadening, just because the contributions from different modes to the observable degener-
ate does not mean that the number of modes that contribute changes. As was observed with recoil-free
angularities in ref. [20], we expect that there is smooth behavior through o =1 and 8 = 1.

8We thank Jesse Thaler for extensive discussions of this point.



tency conditions and provide evidence that it captures all logarithms to NLL accuracy. In
section 7 we compare our expression for the double differential cross section to Monte Carlo
simulation and find good qualitative agreement. Finally we close in section 8 and suggest
several future directions and applications for studying double differential cross sections.

2 Angularities phase space

We begin with a discussion of the phase space of the differential cross section of two
angularities. From the introduction, we define the angularity e, measured on a narrow

! Y E % )" (2.1)
o = — =] . .
tE ied \R
where E; is the jet energy, Ry < 1 is the jet radius, and the sum runs over all constituents

jet as

in the jet. For IRC safety, a > 0. 6; is the angle between particle ¢ and an appropriately
chosen axis. Historically, this has been chosen to be the jet axis, defined as the sum of
three-momenta of all particles in the jet. However, recently [59] it has been emphasized
that this choice of axis is sensitive to recoil effects from the emission of soft, wide angle
particles. At small values of the angular exponent «, the effect of recoil dominates the value
of the angularity, significantly reducing its power for quark versus gluon jet discrimination,
for example.

Instead, one can define an axis that is insensitive to these recoil effects and one example
of this is the broadening axis [59, 65].” The broadening axis is defined as the axis in the jet
that minimizes the § = 1 measure of N-subjettiness [57, 58]; equivalently, the broadening
axis is defined as the axis that minimizes the jet broadening [3, 76, 77]. That is, the
broadening axis b corresponds to the axis that minimizes the scalar sum of momentum

Z Eiby
i€J
For a jet with two constituents, the broadening axis aligns with the hardest particle. In

transverse to it:

(2.2)

min
b

general, the broadening axis typically aligns with the direction of the hard core of energy
in the jet. We also define the broadening axis to be the center of the jet so that all particles
in the jet are closer than the jet radius Ry to the broadening axis.

With this set-up, now consider the allowed phase space of the double differential cross
section of two angularities e, and eg. We will assume that o > 3 and so, because all angles
between particles and the broadening axis are less than Ry, e, < eg. This implies that
as eg — 0, then e, — 0. Also, because the angularities e, and eg are first non-zero at
the same order in perturbation theory, then e, — 0 implies that eg — 0. Therefore, in
addition to the upper bound on the phase space, there must also be a lower bound on the
phase space for two angularities e, and eg. This lower bound of the phase space follows
from energy conservation.

Tt should be noted that the broadening axis is one definition that results in recoil-free observables.
Other recoil-free examples include energy correlation function observables [7, 59, 62] and the axis defined
by the winner-take-all jet algorithm recombination scheme [20, 75]. To the accuracy that we work in this
paper, all of the recoil-free choices are identical.



These properties can be seen explicitly in a jet with two constituents. The phase space
can be described by the splitting angle # and the energy fraction z of the emission. For
the emission to be in the jet, § < Ry and for energy to be conserved z < 1. The matrix
element then necessarily contains the restrictions

O(1 - 2)0(Ry — 0). (2.3)

In these phase space coordinates, in the soft emission limit, the recoil-free angularity e, is'”

e (L) »

which ranges from 0 to 1. The phase space coordinates z and 6 can be rewritten in terms
of the two angularities e, and eg as

B _a_ 0 LB 1
e, Rio:e“ai es " (2.5)

Z = eq
The phase space restrictions written in terms of e, and eg are then
01— 2)0(Ry—60) = © (eg . eg) O (e5— ea) , (2.6)

where the first ©-function follows from energy conservation and the second ©-function fol-
lows from demanding that the emission is in the jet. The allowed phase space in the (eq, €g)
plane is illustrated in figure 2, setting o = 2 and scanning over a range of values for 3.1

3 Fixed-order cross section

In this section, we will explicitly compute the double differential cross section of two jet
angularities at O(as). The process we will consider is gluon emission from a quark and
we will use the soft emission form of the angularities from eq. (2.4). For simplicity, we
will just use the QCD splitting function as representative of the matrix element, but this
only differs from the full QCD matrix element at O(as) by non-singular terms. To the

accuracy that we consider, the (normalized) cumulative distribution of two angularities

@<e —z9a>@ e —zﬁ -1 (3.1)
TR "R '

—1- 1‘109/161213,1(2) [0 (267 —e5) +0 (=" — ) © (5 — 26°)] |
0 0

can be computed from

Ro 1
Y(ea,ep) =1+ %s c(lg&/ dz Py(z)
0 0

™

10Strictly speaking, the recoil-free angularities to this order in s are

9@
€q = min|z,1 — z| —.
(21~ 2l
Throughout this paper, we will only consider logarithmically-enhanced contributions to the angularities.
Therefore, to the accuracy that we consider, the definition of the angularities in eq. (2.4) is sufficient.
1This phase space has been discussed previously in ref. [65].
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Figure 2. The allowed phase space of the double differential cross section of angularities e, and
es. The angular exponent « is fixed to be 2 and 3 is varied. For a given value of 3, the phase space
consists of the respective shaded region and all shaded regions above.

where P,(z) is the quark splitting function given by

1+ (1—2)?

Py(z) = Cp >

(3.2)
The —1 in the first line is the subtraction of the virtual contribution which, by unitarity,
we can assume is defined on the same phase space as the real contribution. On the physical
phase space defined by eg > e, and eg > eg, we find'?

3 2 B B
2e
2 &2 2a-P) L5 s a—p -2 2o logm
* aea 4o * af ¢ °s 4a3 Ca ‘s a—pf (3.3)

From the double cumulative cross section, the double differential cross section is found
by differentiating with respect to e, and eg. Away from the boundaries of the phase space,
we find

d’c 0o 0
_—= 3 3.4
deq deg — Oeq Deg (Cas €5) (3-4)
_a+g a+,([3'3
as Cp e B e legn 1
— 2_ _ ( 5 _ Oé) _ a—B _a—p
P ﬂG) (e —ea) O (e, — €5 ea ey " + 5 + cncs

12Note that we have ignored contributions to the cumulative cross section that affect the total cross
section at O(as).



The structures of the cumulative cross section and the differential cross section have
some surprising distinctions. In the cumulative distribution, there are several terms which
appear power-suppressed in the physical phase space region. For example, consider the term

2(a—P) ~a%5 %7
Tﬁea 66 .

Because eg < eg in the physical phase space, this term is suppressed by powers of the

angularities. Specifically, it is constant on the curve e’g = €3, but otherwise vanishes in the
physical phase space as eq,eg — 0. However, in the double differential cross section, this

term produces

__a_ _B_
Ca “‘ﬁeg_ﬁ
—2
a—p

Because e, < eg on the physical phase space, this term actually diverges as e,,eg —
0. Clearly, this term is integrable so one would not necessarily think that it needs to
be resummed.

This term, however, is actually vital to reproduce the single differential cross section of
one angularity to single logarithmic accuracy. By marginalizing over one of the angularities,
we have

do ! d*o ! o0 0

Lo oo = [ dear o S(ea,
deg /0 ¢ deq deg /0 ¢ Oeq Oeg (¢as )
0

— —X(ea,€p)

0
e 72(60“66) 86[8

5e; (3.5)

ea=¢eg ea:eg/ﬂ

Note that the first term is evaluated at the upper limit of the phase space. This means
that in this term, e, has been integrated over its entire physical range and so by itself, this
term must be the differential cross section of eg. That is,

do _ iE(eoé,eg)

25 = ey (3.6)

ea=¢eg

The second term on the second line of eq. (3.5) therefore must be zero to reproduce the
correct cross section.

This can be checked explicitly. The derivative of the cumulative distribution with
respect to eg is

0 Qs 31 2 logeg
—Y(eq, :—C(%(ﬁ—o‘)@ — - ==
86/@ (ea 6/8) T F e()z 6,3 (eﬁ ea) 26 65 B e[g’
_ 2B a+ﬂ .
9 _ B B ey Pel 2 log=2
= a=B a—B3 B o €a 3.7
+ ﬁea eg 23 o= B e . (3.7)

~10 -



For e, = eg, this produces

0 @ 31 2logeg 2 eg
—(eq, €p) =—"Cp <—— +--521 (3.8)
Oeg &8 cazes T 2B8es B ep 6 23
which is correct to this accuracy. For e, = eg/ p , it indeed vanishes. However, there is a

delicate cancelation of terms that is necessary for this term to vanish. Note that if the
naively power-suppressed terms in the double cumulative cross section are removed, the
derivative becomes

B as . 31 2logey 2 log2
5y Z(easea)og = 1 CrO (e~ 5) Oles — ca) ( Z==b .

28es B oes  a—f eg

(3.9)
At the boundary where e, = eg/ p , we find
0 « 31
2 S(en es) - %0 @(5—a)@ ) — 3.10
9es (€as€8)log e —Cr0O (ea — ¢ (eg—e )25 s (3.10)

which is clearly non-zero. Therefore, to guarantee that the double differential cross sec-
tion is accurate and consistent to single logarithmic accuracy requires that the cumulative
cross section contains terms that are naively power-suppressed with respect to logarithmic
terms. This is unfamiliar from the calculation of resummed single differential cross sections
because there is no analogous consistency condition and will be important in the following
sections. Note that the double logarithms are correct, even when all power-suppressed
terms are removed.

4 Factorization theorem

Having discussed the phase space and fixed-order calculation of the double differential cross
section, we now turn to studying its all-orders properties. We present the factorization
theorem for the double differential cross section of angularities measured on a single jet.
This section consists of three parts ordered in increasing technical detail, but only the first
part is necessary to understand the remainder of this paper. First, we return to discussing
the phase space of the double differential cross section. Nearly all of the conclusions from
this section follow from simple geometric arguments about the limiting behavior of the
double cumulative distribution at the boundaries of the phase space. We then discuss the
relevant on-shell SCET modes which contribute to the angularities. We will show that
there are two soft modes with different invariant mass which are relevant in the bulk of
the phase space of the angularities. This will be an obstacle to factorization on the full
phase space but, by an appropriate partition, we are able to prove factorization of the cross
section at the boundaries of the phase space. The form of the factorization theorem will
result in non-trivial identities between the cross sections at the two boundaries and we will
use this in the following section to interpolate the cross section from the two boundaries
into the bulk region.

- 11 -
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Figure 3. Illustration of the double cumulative distribution evaluated on the boundaries of phase
space. Left: evaluated on the boundary e = e which reduces the double cumulative distribution to
Y(eqs). Right: evaluated on the boundary e, = eg which reduces the double cumulative distribution
to X(eg).

4.1 A study of the phase space

Consider again the allowed phase space for the two angularities e, and eg, with o > S.
The double cumulative distribution ¥(eq, eg) is the integral of the double differential cross
section over a rectangle that includes the origin of the phase space. In particular, the
double cumulative distribution can be evaluated at one of the boundaries of the phase space,
illustrated in figure 3. For example, if the double cumulative distribution is evaluated at

the boundary where eg = eg, note that eg has been integrated over its entire allowed range:

from eg = e to eg = eg/a

. Therefore, on this boundary, the cumulative distribution can
only depend on e,:

Y(ea, €5 = 2/%) = S(ea), (4.1)

where X(e,) is the cumulative distribution for e, alone. A similar relationship exists on
the other boundary, where
Y(ea =e€8,€e3) = X(eg). (4.2)
To determine the differential cross section, we differentiate the double cumulative dis-
tribution. The boundary behavior of the cumulative distribution implies that

0 0 do

e = Fea ) = Gy 3

Y(easep)

eﬁzeg/a

which is the single differential cross section for e,. This can be related to the double
differential cross section by integration:

/e

= de
_ /e / 7

do__ do
deades  deg’

(4.4)

0
8—6&2(6&, 85) .
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which holds for all values of eg/ “ > 0. For this relationship to be true at this boundary,

the double differential cross section should be expressable as!'?
d*c do
=94 o , 4.5
T, e 169) + Feleacs) (4.5)

where the f, function integrates to zero on eg € [0, e'g/ “]. A similar relationship holds for

the other boundary, where e, = eg.
Then, the statement of the boundary factorization theorem is: the double differential
cross section simplifies at the boundaries:

d’c do 1 .. es
a_aé(eﬂ)_'_ 1+§f+<€ﬁ/a)7
€a a

deqdeg
do 1 ,5(éa

e5~e§/
d?o

deqdeg

ea~eg
We have made use of the fact that the arguments of the non-trivial functions assume a very
specific form dictated by the factorization, as discussed in detail in section 5. Factorization
theorems for differential cross sections of individual angularities are well-known [6, 10,
12, 20]; therefore, the double differential cross section factorizes at the boundaries. In
the following sections, we argue for factorization by studying the on-shell modes of the
double differential cross section in detail. This relationship between the single and double
differential cross section is quite remarkable, and can be understood as a precise statement
of the UV structure of the effective theory. The e, = 0 and eg = 0 lines are where
all UV divergences are localized. This is consistent with the fact that these lines are
parametrically far away from the boundary where the factorization theorem is valid, since
this is a statement about the UV structure of the theory.

4.2 Modes of the double differential cross section

We now turn to studying the on-shell SCET modes that contribute to the double differential
cross section. For small values of a jet angularity e,, the dominant contributions to e,
come from collinear and soft radiation in the jet. In general, the contribution to e, from
collinear modes scales like 8¢, where 6 is the characteristic angular size of the collinear
splittings. Soft modes, by contrast, contribute an amount that scales like their energy.
Therefore, for the soft and collinear modes to be on-shell and contribute comparably to
the angularity e, their momenta must scale like

pe ~ Q(1,A%,))
bs ~ Q()\aa )\a’ )\oz) ) (47)

13 A1l that is necessary is that the function that multiplies the differential cross section of e, integrates to
1 and the remainder function integrates to 0. Using distributions, a function that integrates to 1 can always
be expressed as an appropriate d-function plus a distribution that integrates to 0. Therefore, the expression
in eq. (4.5) is not unique, but will be justisfied with the factorization theorem in the following sections.

14The literature is not in agreement whether to assign the a dependence to the soft or collinear mode,
since it is only their relative invariant mass that is physical. If we instead put the a dependence in the
collinear mode, we would find two jet modes (instead of two soft modes) in table 1. However, the form of
the factorization theorem would be identical.
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So | A | 1| A |\
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Table 1. Scaling of the on-shell collinear (C') and soft (S,,S3) modes of the double differential
cross section. z is the energy fraction of the mode and @ is the angle of the mode from the jet axis.

in the —, 4+ and L lightcone coordinates, respectively. A is a small parameter which sets
the size of the angularity; here A ~ eé “,

For the double differential cross section, this analysis can be extended to the two
angularities, e, and eg. We will only consider on-shell modes, which for small values of
eq and eg are only soft and collinear radiation. For on-shell collinear modes, the scaling
of their momenta must be the same as for a single observable, from eq. (4.7). Because the
angular scaling of the angularities e, and eg is different, the collinear modes contribute
an amount of order \* to e, and \? to eg. Soft modes are more subtle. Now, because
there are two angularities, there are two possible scalings of the soft modes. Either the
momenta of the soft modes scale like A* or they scale like \?. Any other scaling would
either be off-shell or would not be consistent with the collinear modes. Therefore, while
there is a single collinear mode that contributes to the double differential cross section of
eq and eg, there are two soft modes whose scalings are set by the angular exponents of
the angularities.

This is shown in table 1 where the scaling in the small parameter A of the collinear
and soft modes is given in terms of their energy fraction z and their splitting angle 6. Also,
we show the contribution to the two angularities from each mode. The collinear mode
contributes a different amount to each angularity, depending on the angular exponent. By
contrast, each soft mode contributes the same amount to the two angularities, because the
angularities are linear in the energy of the modes. Thus, in addition to having to deal with
two soft modes on a single jet, the scaling of the angularities will be unfamiliar from the
single differential cross section.

We will prove in the following section that with this scaling of the modes, the double
differential cross section does factorize. Here, we will give a heuristic argument for the
factorization of the cross section. If we assume that o > 3, we can determine the dominant
modes that contribute at leading power in A to the cross section. For now, we will assume
that the cross section can be written in the factorized form:

1 d’c
;0 deq deg

=H x J(eq,ep) @ S(ea,ep), (4.8)

where og is the Born-level cross section, H is the hard function, J(eq, eg) is the jet function
describing the collinear modes’ contribution and S(eq,eg) is the soft function describing
the soft modes’ contribution. The ® symbol denotes convolution. This form of the cross
section is suggestive, but must be expanded in powers of A to ensure that the divergences
in the hard, jet and soft functions cancel consistently at leading power in .
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This expansion can be done depending on the chosen scaling of the soft modes. By
choosing a particular scaling of the soft modes, we restrict ourselves to a small region of the
full angularities phase space, described in section 2, where those soft modes are on-shell. If
we first choose the S, soft modes, then the soft and collinear contributions to the angularity
eq both scale like \*. Therefore, they both will appear in the leading-power cross section.
However, for this choice of soft mode scaling, the contribution from soft modes to eg, which
scale like A%, is power-suppressed with respect to the contribution from collinear modes,
which scale like A?. Explicitly, this is the limit in which e, < eg, corresponding to a region
of phase space far from the boundary e, = eg. Therefore with this choice of scaling of the
soft modes, the leading-power factorized cross section has the form:

1 d*c”
g0 dea deg

=H x J(eq,e3) ® S(eq), (4.9)

where the superscript « denotes the scaling of the soft modes. Note that both angularities
appear in the jet function and so the angle of the splitting is dominating the double
differential cross section. Thus, this form of the cross section is valid in the region of
phase space controlled by collinear emissions, near the boundary where eg = ¢3. By
similar arguments, choosing the other scaling of the soft modes produces the factorized
cross section

L P0" i J(es) @ S(ew.e5) (4.10)
— = e €a, € .
(o) dea deg s @ ©B/

which corresponds to an expansion with eg < eg/ “ which is far from the boundary where

eg = el. Therefore, the factorization theorem of eq. (4.10) is valid near the boundary

dominated by soft emissions, where e, = eg.

Therefore, the double differential cross section factorizes near the boundaries of the
phase space. The form of the factorization is quite interesting. Near the « boundary,
consistency of the renormalization group implies that

i +v(easep) +7s(ea) =0, (4.11)

where vr denotes the anomalous dimensions of the appropriate function F. The hard
function has no dependence on the observable and the soft anomalous dimension only
depends on the angularity e,. Thus, near this boundary of phase space the anomalous
dimension of the jet function can only have non-trivial dependence on e,. Now we are in
a position to see that the analytic forms of the double differential factorization theorems
given in eq. (4.6) capture the UV structure of each factorization. The d-function term
(which multiplies the single differential cross-section) contains all of the divergences of the
factorization, and hence dictates its canonical resummation. It must be the case that the
UV-divergence structure is localized by these d-functions, since each factorization contains
a single differential function, and between all sectors divergences cancel. Put simply, on
a boundary the UV structure of the factorization reduces to that of the single differential
cross-section.
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4.3 Proof of boundary factorization theorem

We now present a proof in SCET that the double differential cross section factorizes near

the boundaries of the phase space. In this proof, we will implicitly use many results from

ref. [10] which discussed the factorization of jet observables for the first time, and so, here,

will only focus on the novel aspects of the factorization theorem of the double differential

cross section. Also, our analysis will focus on jets in eTe™ — g7 events, but using ref. [10],

this can be extended to jets in eTe™ collision events with any number of well-separated jets.
We begin with the double differential cross section in QCD for eTe™ — qg:

o / 0 (017 (2)5(6n — e0)3(65 — e5)0,T% (0)]0), (4.12)
deqdeg

where L, is the leptonic tensor and J#(x) is the QCD current at position xz. The two

d-functions enforce the measured values of the angularities and the operator O is the jet

algorithm restriction. Here, we will mostly be agnostic to the form of this operator. It is

defined to return a jet in the event on which the angularities are measured. To the order to

Te~ — ¢ events can be enforced by integrating over

which we work, the jet algorithm in e
one hemisphere of the event and boosting to constrain radiation of the other hemisphere
to exist in a cone of radius Rg. This setup will be sufficient for our discussion here, with
a more detailed discussion of jet algorithm factorization left to ref. [10]. As mentioned in
the introduction, we will only discuss the resummation of global logarithms. Factorization-
violating non-global and clustering logarithms will be left to future work.

To be able to factorize the cross section, we match the QCD current with the corre-

sponding current written in terms of fields in SCET as

JH(z) = Z CXn ST Snxn (), (4.13)

where 7 (n) is the (anti-)quark light-cone direction, x (x) is the collinear (anti-)quark
field, S (ST) is a light-like Wilson line, and C is the matching coefficient matrix. Spinor
indices have been suppressed for simplicity. However, matching SCET to QCD is more
subtle than for single differential cross sections. For the case of the double differential
cross section of two angularities, the form of the factorization depends not only on the fact
that the angularities are small, but also the way in which they scale with respect to one
another. This is important because the current matching does not set the virtuality of the
soft radiation. For a single differential cross section, the measurement of the observable
sets the virtuality of the soft emission, but for the double differential cross section, the soft
radiation does not have a unique, well-defined virtuality, as discussed in section 4.2. Only
once the relative scaling of the angularities e, and eg is specified does the soft radiation
have a well-defined virtuality.

To enforce a virtuality of the soft modes, we can restrict the measurement operator to
only have support in the region of phase space where the relative scaling of the angularities
eq and eg produce a unique soft mode. From section 4.2 we found two on-shell soft modes,
and so to do this, we can partition the phase space into two regions: one in which the soft
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Figure 4. Angularities phase space divided into boundary regions « and (§ in which different
factorization theorems live, defined by the soft modes’ virtuality. The virtuality of the soft modes
in region a () is A2* (A\*). The dividing line of the regions is e = efj, where € [1,a/4].

modes have virtuality A** and the other in which the soft modes have the virtuality \27.
That is, the measurement operator can be written as

5(Ea — €a)d(ég — e5) = 8(éa — €a)(é5 — 5)[O(ca — €5) + O(ef — ea)] (4.14)

where we have inserted the identity. s controls the relative scaling of e, with respect to eg.
On the physical phase space, k € [1,a/]. At this level, eq. (4.14) is an operator identity,
however, each ©-function constrains the angularities in a region of phase space with a
unique, on-shell soft mode. This partitioning is illustrated in figure 4 where boundary
region « corresponds to eg > e, and boundary region S corresponds to e, > eg.

Inserting eq. (4.14) into the expression for the full QCD cross section, we have

Ao

deqdeg

L / 02 (017 (2)5(6q — ea)5(é5 — €5)0J*(0)[0)
= Lw/dda:@(ea — ) (0J*(2)6(éa — €a)d(és — 3)O01J"(0)]0)
+ Lm,/ddm (e — ea) (0] (2)d(éa — €a)d(és — e5)O0J7(0)[0) . (4.15)

Note that the ©-functions commute with all operators because they are functions of pure
numbers (i.e., the value of the angularities). Because each term after the second equal sign
in eq. (4.15) only has a single on-shell soft mode, each term separately can be factorized by
matching currents as defined in eq. (4.13). For single angularities measured with respect
to the jet thrust axis, this was done in ref. [10] and for angularities measured with respect
to the jet broadening axis this was done in ref. [20]. Because it is a relatively standard
and familiar procedure, we do not present the details of the factorization of the QCD cross
section into SCET operators.
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Performing the factorization and expanding to leading power, we find the following
form for the cross section for angularities e, and eg measured on a single jet

1 d?0

;odeadeﬁ = O(es—ea)H x J(€q, €8) ®a5(6a)+@(€a—€g)H x J(eg)®pS(easep), (4.16)

where the hard function H is the absolute square of the matching coefficient matrix C,
H = CTC. The subscript on the symbol ® denotes the appropriate convolution. For
example, in the first term, because the soft function is independent of eg, the jet and soft
functions are only convolved in e,. The single differential functions are

_em e ova(e. @pa
Tes) = B 0150000 P = Q)85 ~ ) 0207 (P1) & xa0),
S(ea) = Nitr (01 7{55 5, } 8(60 — ca) O, T{ 5] 5, } 10} (4.17)

where the jet’s — component of momentum is ) and we have assumed that the jet is in
the n direction. The double differential jet and soft functions are

_ @) s B Ovele. - 5. @p Pt
Teases) = B 080 P = Q)8(éa — ea)d(es — 5) O3 6 (PL) & xa ).

1 _
S(eases) = 2-tr (0 T{s; Sn} §(éo — €a)d(é5 — €5) OJT{S,TL sﬁ} 10) . (4.18)

The calculation of the double differential jet and soft functions will be discussed in section 5.
The definitions of the various operators appearing in these functions can be found ref. [12]
and references therein.

Thus, the double differential cross section factorizes in the boundary regions of phase
space. By the arguments of the previous section the double differential cross section re-
duces to a single differential cross section of the appropriate angularity, depending on the
boundary. Because the double differential cross section must be independent on the choice
of partitioning defined by &, this will provide powerful constraints on the double differential
cross section and will allow us to define an interpolating function from the boundaries into
the bulk of the phase space. This will be studied in detail in section 6.

4.4 Limit of soft-collinear factorization

We are now in a position to understand why only two factorization theorems can be written
down for the double differential cross section, and using the traditional ingredients of
soft-collinear factorization, no universal factorization formula could be presented.!® Two
separate arguments apply, leading to this conclusion. First, the fact that there exist two
distinct soft modes as defined in table 1 implies that there is no unique singular fixed-order
cross section. Rather, there are two different singular cross sections that depend on the
scaling of the soft mode. No one soft mode covers all of phase space.

Alternatively, one can be wholly ignorant of the power-counting and still come to
the same conclusion. Formally, the SCET Lagrangians for the soft and collinear sectors at

15We thank Daekyoung Kang, Iain Stewart, and Jesse Thaler for extensive discussions on this point.

~ 18 —



leading power are equivalent to full QCD [78]. Thus one can forget about the relative power
counting of the low-scale components of the momenta between the soft and jet modes, and
simply write down all possible jet and soft functions that could contribute. As long as
the number of jets in the process is fixed, and hence also both the hard function and the
number of eikonal lines in the soft function, the set of jet and soft functions is finite, and
is controlled only by how many angularity measurements are imposed on a sector. So for
a two-jet process, the only on-shell functions that can be written down are the single and
double differential jet and soft functions from eqs. (4.17) and (4.18). Fixing the phase
space fixes the form of the divergences, regardless of how one power-counts the modes in
the sector relative to each other.'® Given these functions, a simple one-loop calculation is
sufficient to show which combinations are RG consistent with each other.

As can be seen from the results of appendix A, the only RG consistent combinations
are those in eq. (4.16). In particular, using only soft or collinear modes, there is no sense
to the factorization theorem eq. (4.8), independent of any argument about power counting.
This constitutes a remarkable test of the consistency and power of the effective theory
approach: fixing the scaling of the soft modes and appropriately expanding the phase
space according to the power counting automatically generates RG-consistent combinations
of on-shell functions. The precise power counting must be taken seriously to have consistent
factorization. Of course one must eventually consider the power counting to know where
in the phase space a given factorization formula holds, and this then shows that there is no
universal factorization formula using traditional ingredients of soft-collinear factorization.

The non-uniqueness of the low-scale theory has an important consequence new to multi-
differential cross sections. Namely, there is no operator product expansion (OPE) from one
region to the other that allows a tower of effective theories that one could construct that
covers all of phase space. Thus no RG scheme can connect the different regions of phase
space. This is in distinction to the single differential cross section, where the singular
distribution is unique. Indeed, this uniqueness of the singular terms is what allows the
various regions of the differential cross section to be connected by controlling the RG
evolution of the sectors. Even when one is in the tail of the distribution, the factorization
theorem is correctly reproducing a unique set of terms in the fixed-order cross section, so
one only needs to add the non-singular terms in the cross section to achieve the full result.

5 Double differential jet and soft functions

The factorized form of the double differential cross section from eq. (4.16) contains single
as well as double differential jet and soft functions. Soft and jet functions for individ-
ual angularities measured on a jet have been computed in refs. [10, 20], but the double
differential objects are new. As discussed in the previous section, the divergences of the
double differential jet and soft functions can only have non-trivial dependence on one of
the angularities, for consistency of the factorization. However, the finite terms will have

16This is why the equivalence between the SCET and QCD Langrangians is important: to calculate the
function once the operators are fixed, one does not need to know the power counting.
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non-trivial dependence on both angularities and these contributions are necessary for im-
proved accuracy of the double differential cross section. Here, we use general arguments
to determine the form of the double differential jet and soft functions to all orders. The
explicit calculation of the jet and soft functions is presented in appendix A.

5.1 Jet function

Much of the structure of the double differential jet function can be determined by power
counting and the form of the factorization theorem. From the power counting of the
factorization theorem, the jet function must scale as

1
J(ea,ep) ~ No+B (5.1)
where the angularities scale as e, ~ A® and eg ~ M. In addition, for consistency of
the factorization theorem, the divergences in the double differential jet function can only
have non-trivial dependence on e, of exactly the same form as the single differential jet

function:
[J(eas €8)] gy = [ (€a)aiy 0(es) (5:2)

where div denotes the divergent parts of the jet functions. These two observations imply
that the jet function has the following general form to all orders:

2Le
J(eq,e5) = C(as) d(eq)d(ep) —i—e&lfi ZDL (as) <1> Fr, <6g> . (5.3)

eq Q es

The sum runs over all loop orders L with C'(as) = 1+O(as) and Dy, (as) = O(al). eis the

S
dimensional regularization parameter and the jet scale y must appear in the combination

1
e “Q

to be consistent with the anomalous dimension. F7, is a function that depends on the loop

order but scales like A\ to all orders. The only such combination of e, and eg with this
8
scaling is is e§ /eg.
This last quality is critical so that all of the divergences can be localized at eg = 0 (as

required by the factorization theorem) with the +-prescription [79]. For a function f with
support on [0, b], where b > 0, the function can be expressed as

@(:c)@(b—x)f(%)z&(x) /Obda:’f(i)%—[@(x)@(b—x)f(i)}b. (5.4)

+

The b superscript denotes that the +-distribution is defined on (0, b]. It has the property

that it integrates to zero:
b 2 b
/ da’ [@(x/)@(b— ) f <)] =0. (5.5)
0 b +
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For the jet function, eg is defined on [0, eb/ “], up to an O(1) factor for the upper bound.

Therefore, order-by-order, the function F7, can be regulated by the +-prescription:

O (e4) O(ch —¢5) Fi (7?) =d(es) /0 ey By <e§j> [0 (es)O(es —ep) (%’)] |

e& es es /1,
(5.6)
The power counting guarantees that all of the dependence of the jet function on eg can

of®

be regulated by the +-prescription as it only appears in jet function in the combination
8

eq /ep. This is a powerful test of the consistency of the factorization theorem, since the
power counting forced the particular form of the factorization in eq. (4.16). The explicit
calculation of the double differential jet function at one-loop is presented in appendix A.1.

5.2 Soft function

We apply similar arguments to the the double differential soft function, S(eq,eg). The
scaling of the soft function is different than the jet function, because it exists near the
boundary where e, = eg ~ M. Then, from the factorization theorem the soft function

scales like 1

S(ea,eg) ~ SVER (5.7)
For consistency of the factorization theorem, the divergences in the double differential soft
function can only have non-trivial dependence on eg and must be of the same form as the
single differential soft function:

[S(earep)lgiy = [S(€p)lgiy 0(€a) - (5.8)

As with the jet function, these observations imply that the soft function has the following

general form to all orders:!7

00 2Le
Seasea) = Clan) ea)i(es) + 52 Y Dutan) (L) 1 (2). 69)
L=1 B g
Again, the sum runs over all loop orders L with C(as) = 1+ O(as) and D () = O(ak).
The soft scale u must appear in the combination
P
egQ
to be consistent with the anomalous dimension. F7, is a function that depends on the loop
order but scales like A" to all orders. For the scaling of the double differential soft function,
the only such combination of e, and eg that scales like \° is e, /es.
The singularities of the soft function can be localized at e, = 0 by the +-prescription.
As discussed with the jet function, because e, is defined on [0, eg] in the soft function, the
function F7, can be written as a +-distribution:

O (ea) O(es — ea) Fi (Z;Y) — 5(ea) /066 de! F, <2£;> + [@ (ea) O(es — e0) Fy <Z;“)LB .
(5.10)

170f course, the functions C, Dy, and Fy, will be different for the double differential jet and soft functions.
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The calculation of the double differential soft function at one-loop is presented in
appendix A.2.

6 Interpolating between boundary regions

With the boundary factorization theorem, we would like to determine the double differential
cross section throughout the allowed phase space for the two angularities. Because the
factorization theorem only holds near the boundaries, we cannot claim any formal accuracy
in the bulk of the phase space. Nevertheless, because the double differential cross section
must satisfy several non-trivial constraints, these can be used to determine an interpolation
from one boundary of the phase space to the other. In this section, we will present the
interpolation to NLL accuracy in the boundary factorization theorem.

First, we will define what we mean by “NLL accuracy” for the double differential cross
section. Typically, for a single observable e, NLL is defined to capture the leading terms
in the exponent of the cumulative distribution with the scaling that agloge ~ 1. That is,
NLL accuracy is

log N (e) D allog" e, aloghe, (6.1)

for all n > 0. For the double cumulative distribution of angularities e, and eg, we define
NLL similarly, but include all possible logarithms of e, and eg:

ENLL ( n+l—m

log ea,€g) D ay log eqlog™eg, al log" ! eq log! eg, (6.2)

foralln >0,0<m <n+4+1and 0 <! <n. This definition assumes that the logarithms of
the double cumulative distribution exponentiates, which we believe is a reasonable expec-
tation.'® Also, as we measure the angularities on a jet, there will be non-global logarithms
that arise at NLL; however, we will ignore them here.

Now, we collect the constraints that were discussed in section 4 on the double dif-
ferential cross section of two angularities and its factorization theorem. With X(eq,eg)
the double cumulative distribution of the angularities e, and eg, it must reduce on the
boundaries to:

S(ea, €5 = €2/ = S(ea), Y(eq = ep,e5) = X(eg) . (6.3)
The derivatives of the cumulative distribution are also constrained:
0 do 0 do
72 s = T3> 72 s = T
Oeq (eases) epcl/e  deq Oeg (¢as €5) cames deg
0 0
—(eq, =0, —(eq, =0. 6.4
e 2| (6.4

The fact that these constraints are satisfied only for the total cross section implies that
the factorization into soft and collinear modes cannot occur throughout the allowed phase
space. The form of the boundary factorization theorem from eq. (4.16) is

1 d’c

o0 dewdes = 0O(ej—ea)H x J(ea,ep) @a S(ea) +O(ea —ef)H x J(ep) ®p S(ea,es) . (6.5)

18This subtlety will be discussed further in section 6.3.
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This must be independent of k for the factorization theorems at the two boundaries to be
consistent with one another.

To determine a conjecture for the double differential cross section that interpolates
between the boundaries of phase space subject to the above constraints, we will do the
simplest thing possible. We will set the scales in the logarithms that appear in the boundary
factorization theorem appropriately so that the total cross section constraints in egs. (6.3)
and (6.4) are satisfied and the two boundary factorization theorems match onto one another
continuously. However, because the RG evolution in the double differential cross section
can only ever generate a non-zero value for one of the two angularities at the boundaries,
this interpolation must be done at the level of the double cumulative cross section.

With this approach, we can then set scales in the logarithms of the double cumulative
distribution on the boundary where eg = eg/ ® (where it reduces to the cumulative distri-
bution for e, alone) so that when continued to the boundary where e, = eg, it reduces to
the cumulative distribution for eg and satisfies the other constraints. As we observed in
the fixed-order calculation of section 3, to satisfy the derivative constraints on the double
cumulative distribution to single logarithmic accuracy required including naively power-
suppressed terms in the cumulative distribution. Similar power-suppressed terms will need
to be included in the resummed double cumulative distribution, in addition to setting
scales, to satisfy all constraints. Because these power-suppressed terms are not exponenti-
ated in the boundary factorization theorem, they are otherwise arbitrary and correspond
to an uncertainty in the calculation.

To illustrate our procedure for interpolation, we will study in detail the double cu-
mulative distribution to NLL accuracy. This will allow us to use known results for the
cumulative distributions for individual recoil-free angularities at NLL.!? Higher accuracy
can be achieved by matching to fixed-order double differential cross sections, profiling the
jet and soft scales in the factorization theorem [11] or resumming the individual angular-
ities to higher logarithmic order. Here, we will only consider NLL order and will address
improved accuracy in future work.

6.1 NLL interpolation

At the boundaries of the phase space, the double cumulative distribution of two angularities
eq and eg must reduce to the cumulative distribution of a single angularity, so we start by
considering the form of the cumulative distribution for a single recoil-free angularity. To
NLL accuracy,?’ the normalized cumulative distribution of a single recoil-free angularity
eg measured on a jet can be expressed as [7, 10]
e_’YER,(e,B)

Yea) = — o~ Rlep)—iT(ep) 6.6

( 5) F(l +R’(eﬂ)) ( )

R(eg) is often referred to as the radiator and consists of the cusp pieces of the anomalous
dimensions of the jet and soft function and to NLL accuracy, is evaluated at two-loop

9 At NLL, recoil-free angularities are identical to two-point energy correlation functions for the same
value of the angular exponent f.
200f course, we are ignoring non-global logarithms that first arise at NLL.
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order. The second term in this exponent, v;T(eg), is the non-cusp piece of the anomalous
dimensions which result from hard collinear splittings. For NLL accuracy, it is evaluated
at one-loop order. The prefactor accounts for the effects of multiple emissions adding
together to produce a given value of the angularity eg. R'(eg) is the logarithmic derivative
of the radiator:

Res) = ——2— R(es). (6.7)

~vg is the Euler-Mascheroni constant. The explicit expression for the cumulative distribu-
tion at NLL is given in appendix B.

Because our strategy for achieving the interpolation is to only change the scale of the
logarithms appearing in the single cumulative distribution, the normalized double cumu-
lative distribution must be of the same functional form:

ef’YER(ea ,63)

_ e—R(ea,eg)—%T(emeﬁ) , (6.8)
I'(1+ R(ea,es))

Y(ea,e8) =

for some functions R(eq,es), T(ea,es) and R(eq,es). This then enforces the boundary
conditions on the double cumulative distribution onto its constituent functions:

R(ea,ep = €)/*) = R(ea) R(eq = es,e5) = R(ep)
T(eq,ep = e2/*) = T(eq) T(ea = eg,ep) =T(eg),
R(easep = €5/*) = R'(ea),  Rlea =ep,ep) = R'(ep),

)
)

up to terms suppressed by positive powers of e,,eg. In addition, the derivatives of each
constituent function must satisfy the boundary conditions so as to correctly reproduce the
differential cross sections of individual angularities at the boundaries. For example, for the
derivative with respect to e,, we have the following derivative boundary conditions:

0 0 0
—R s = —R(eq ’ R a = 07
aea (e 6/8) 65:eg/a 8ea (e ) aea (e 6/8) eg=eq
0 0 0
—7T (e3) =—T ) —T s =Y,
8606 (e 66) eg—eﬁ/“ 860‘ (e ) 860‘ (e 65) eg=eq ’
0 = o _, o -
Oeq R(ea’ 6/8) eﬂ*eg/a - aeaR (ea) ’ Oeq R(ea’ eﬁ) eg=eaq -

Similar constraints exist for derivatives with respect to eg. With these results, we can
consider each function separately and determine how it can be defined so as to interpolate
between the boundary regions. As illustration of the interpolation, we will analyze the
one-loop cusp component of the radiator R(en,eg) and the non-cusp function 7'(eq,eg).
The complete expression for the double cumulative distribution that satisfies all constraints
is given in appendix C.

An important point to note is that, because they are defined by one-gluon emission,
R(eq,ep) and T'(eq, eg) can be directly computed in QCD. Here, we choose to compute
them via the interpolation to illustrate the procedure. Also, we expect that the logarithmic
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structures generated by the interpolation are generic, and could be tested by computing
anomalous dimensions at higher orders directly. On the other hand, the multiple emis-
sions factor R(eq, eg) can not be interpreted as the logarithmic derivative of the radiator
R(eq,eg) and so the method for computing it directly is not clear. However, its loga-
rithmic structure can be determined by matching to the boundary conditions. This is an
illustration of the power of the interpolation.

6.1.1 One-loop cusp/radiator interpolation

Consider first the one-loop radiator function for the angularity e,:

C; 1
(1) — ! 14+2 1 log(1 4+ 2 1
R <6a) 27"04353 [Oz— 1 ( + 20580 Ogea) Og( + 20530 Ogea)
log e, log e,
> (1 + 2053 oge >log (1 + 2a5 3 oge )] , (6.9)
a—1 « Q

where fy is the coeflicient of the one-loop S-function. Equivalently, this can be written as

an integral over the jet and soft function cusp anomalous dimensions:

as(p) do/ o’ da as(p) do/ o do’
RO =2 [ g [ 0 [T e [ 20
as(py) B[a] as(py) /B[Oé ] as(ps) 5[0[} as(ps) ﬁ[a ]
(6.10)
where (]a;] is the S-function and the cusp anomalous dimensions of the jet and soft function

to one-loop are

o o « 1
FJ[as]:?sCiﬁ; Fs[as}:—f ia_l-

(6.11)

1 is the renormalization scale and py and pg are the jet and soft scales, which we take to
be their canonical values:

ni=el'Q,  ps=eaQ, (6.12)
where @ is the energy of the jet. Making this identification, we will refer to the terms
1/

in eq. (6.9) with loge, as soft logarithms and those with logey/® as collinear.?! In this
section, we will use the expression for the radiator in eq. (6.9) because we are only working
to one-loop order. However, the expression eq. (6.10) is true to all orders, and so the
interpolation obtained in this section could be tested at higher orders, given the cusp
anomalous dimensions of the jet and soft functions at higher orders.

This expression in eq. (6.9) is the one-loop component of the radiator R(eq,eg) on the
boundary eg = eg/ ®. To this accuracy, we are free to change the argument of the soft and
collinear logarithms by an order-1 number near this boundary of the phase space. The
natural such number is e / eg, which will enable the radiator to be continued into the bulk
of the phase space, away from the boundary eg = eg/ “,

When e, = eg, the radiator must be a function of eg alone. For example, starting

from the soft logarithms at the eg = e'g/ “ boundary, this means that we must choose an

*1Note that the anomalous dimensions are singular at o = 1. However, as shown explicitly in ref. [20], the
cross section is continuous through @ = 1 and at a = 1 the relevant divergences transform into ultraviolet
and rapidity divergences.
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exponent ¢ such that

1
= logeg, ogﬁelg. (6.13)

ea C
B
loge ()
a eg

Note that soft logarithms on one boundary can mix and become soft or collinear logarithms

ea=¢eg

on the other boundary of phase space (and similarly for collinear logarithms). Therefore,
there are four possible terms that we must consider:

1
loge, — logeg, log e, — ogﬁeg ,
1 1 1
B, loges, 8%, Ogﬁeﬁ : (6.14)
o

where the arrow indicates the interpolation from boundary eg = eg/ “ to the boundary
eq = eg. For example, consider the interpolation log e, — log eg. We multiply the argument
of the soft logarithm on the eg = eg/ “ boundary by 1 on that boundary and then continue

to the other boundary:
e (3)
ogeqg | =
a eg

The exponent ¢ that satisfies this equation is ¢ = 0. The three other logarithmic interpo-

=logegs. (6.15)

ea=¢eg

lations can be determined similarly.
With this prescription for scale setting, the one-loop radiator is

a(]_
1) i 1 logeg~'e; Y
R (ea,eﬁ):m z U (2a500 logea)+<oé_1—x> U | 20500 e
1-8 _a—1
1 loge, "e
(2 ) U (2008082 ) 4y U (2080 ) |
a—1 I5; a—pf
(6.16)
for some constants x,y. We have used the short-hand
U(z) = (14 z)log(1 + z2). (6.17)

When eg = eg/a, this reduces correctly to R(l)(ea), and when e, = eg, only soft and
collinear logarithms of eg are produced.

We now enforce the boundary conditions on R (e, eg) to determine the constants x
and y. When e, = eg, eq. (6.16) becomes

C.
1 )
RW(eq, ep) s = Sras? (z +y) U(2a5 80 log e)
1

+(-1—z—y)U <2asﬁo ogﬁeg)] . (6.18)

For this to reproduce R (eg), we must have
Ty = —— (6.19)
y = 51 .
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To fix the remaining coefficient, we consider the derivative boundary conditions. Taking
the derivative of the radiator with respect to e, and evaluating it on the boundary eg = e,
it must vanish:

0
1) -
3€aR (eoneﬁ) — 0
Cz’ 11— B !
= — 20501
(o 222 syt
1 y logeg
+ <a 1 :U) U <2asﬁo 3 , (6.20)
which then requires
+158 Lo a0 (6.21)
T a—ﬁy_ , -—1 *=0. .

The other derivative boundary conditions produce the same constraints on = and y. It

then follows that
1 a—p

_ = - = .22
and so the radiator function at one-loop is
C; 1 I5; loge
() I 20560 | ~ U (20822
R (eoue,é’) 271—04353 o IU( asfBo 0og ea) = lU < oo 3
1-8 _a—1
a—p log eq €5

4+ —— U | 2080 ———+— ) 6.23
CERIEESY < " a—d )] (623)

which satisfies all boundary conditions.

The form of this expression is interesting and we will discuss it in more detail in sec-
tion 6.2. For the radiator of a single angularity, there were only two logarithmic structures
corresponding to soft or collinear logarithms. However, the interpolating radiator for two
angularities has three logarithmic structures: soft (loge, ), collinear (log e;/ B ) and what we
will call “k7” logarithms:

1— a—1

kr logarithms = loge§ ™" egi:ﬁ . (6.24)

=

We use the term k7 because this combination of e, and eg reduces to kr = 26/Ry for one

emission:
a—1

1-8 o—1

1-8 a-1 ge\a=5 [ 98\ " 0

edPes™? = z) Z— =z—. 6.25
g ( Ry Ry Ry (6:25)

Near the boundaries of the phase space the kr logarithms appropriately reduce to either
soft or collinear logarithms. This would seem to suggest that to fully describe the bulk of
the phase space requires introducing an additional mode into the effective theory. However,
because there are only two types of singularities in QCD, we do not know how this would
be done. The existence of a possible meta-effective theory that is well-defined over the
entire phase space would be intriguing and deserves further study.

—97 —



6.1.2 Non-cusp interpolation

As a second example of interpolation from the boundary into the bulk of the phase space,
we will study the non-cusp piece, T'(eq,eg). To NLL accuracy, the non-cusp piece for a
single angularity eg is

1 log eg >

T(eg) = —log | 1 + 2« . 6.26

(e5) = = Tog 1+ 20.50% (6.26)

This expression itself satisfies the non-derivative boundary conditions on T'(eq,eg) when

continued to the boundary where eg = eg/ ®. Then, we have

1 logeg

T =—1 142 . 6.27

(eaa 6,6’) 71'50 og < + C“550 ,8 ) ( )

Nevertheless, this expression does not satisfy the derivative boundary conditions. For
example, the derivative with respect to e, vanishes, which satisfies the boundary condition
when eg = e,. However, it clearly does not reproduce the correct term when eg = eg/ “ s0
as to reproduce the differential cross section of e,. Other terms will need to be added to
T(eq,eg) to accomplish this.

The terms that must be added cannot spoil the logarithmic accuracy of T'(eq, eg) and
must produce the correct single logarithmic expressions when differentiated. Therefore, we
must add a term to T'(eq, eg) that is power suppressed, but when differentiated produces
singular terms. This was anticipated in section 3 where it was observed that naively power-
suppressed terms in the cumulative cross section were necessary to reproduce the correct
single logarithms of the differential cross section. Motivated by the expressions there, we
add to T'(eq,es) a term that is suppressed by powers of e, and eg:

b

1 logeg Qs €acs
- _ 1, 149 logep 9&s 6.28
(ea, 65) s og ( + 20500 3 > + T C/@ + 2a 89 log eg ’ ( )

for exponents a, b and coefficient ¢. For the added term to be truly power suppressed in the

small e, eg limit, we require a + b > 0. The derivative boundary conditions will constrain
a, b, ¢ further.
Taking the derivative with respect to e, we find

a—1
«

deq B+ 2asfologes

When e, = eg this must vanish. Clearly, this is only possible if either a or c is zero;

b
(& €B

T(eq,ep) = 22 e (6.29)
T

therefore, we only require this term to be power suppressed or beyond NLL accuracy.
For it to be power suppressed when eg = e, requires a + b — 1 > —1, which is the same
constraint as being power-suppressed in T'(eq, eg) itself. When eg = eg/ ¢, it must reproduce

the derivative of T'(eq):

P o 2 g 1
g =—T =——
Oeq (€0 eﬁ) eg=eb/™ Oeq (¢a) €a T a+2a5fplogeq
as @ eIt
_ s ca , (6.30)

T B a+ 2a.6plogeq
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This then requires
%ac =1, a—1+ g

There are no constraints beyond these from taking the derivative with respect to eg.

b=—1. (6.31)

The constraints on T'(eq, es) do not fully specify the parameters a,b,c so we must
impose an additional, arbitrary condition. This should be interpreted as an uncertainty in
the calculation that can be formally corrected by matching to the fixed-order cross section.
Note that in the cumulative distribution these power-suppressed terms are beyond NLL
accuracy anyway, so are only required to satisfy the boundary conditions and not to obtain
formal NLL accuracy. Here, we will fix the parameters by considering

a+b=1, (6.32)

but any positive value for the sum of a and b would work. One could also consider adding
several power-suppressed terms to satisfy the boundary conditions. With our choice on the
sum of a and b, the non-cusp piece becomes
__ B _a
a—p

log 65> asa—fB € €E_ﬁ
-9 6.33

T a [+2a6ploges’
which satisfies all of the boundary conditions to leading power at NLL accuracy. Using

1
T(eoca 66) = TBO log <1 + 20550

the procedures developed here, all other pieces of the double cumulative cross section can
be determined that satisfy the boundary conditions. We present the full expression in
appendix C.

6.2 Mixing structure of collinear and soft logarithms

We now discuss in more detail the mixing of the collinear and soft logarithms found in the
radiator interpolation. When performing the interpolation we allowed for the mixing of the
soft and collinear logarithms on one boundary into either of the soft or collinear logarithms
on the other boundary. This allows for the presence of four possible logarithmic structures
in the radiator for the double cumulative distribution. However, the consistency conditions
at the phase space boundaries enforced that only three appear: the soft, collinear and kp
logarithms, discussed in the previous sections. The fourth possible logarithmic structure
arising from the interpolation between a soft logarithm on the eg = eg/ “ boundary and a
collinear logarithm on the e, = eg boundary, which has the form

a=1 afl1=p
log eﬁeg (Q_B) , (6.34)

does not appear. For a single emission, this combination of e, and eg corresponds to

e 5(3=) _ (oo Neo [ o 355 g
e&”fﬁeg =Pl = (z) <z> =28 — (6.35)

0

which combines collinear energy scaling and soft angle scaling. The form of the factorization
theorems on the boundary guarantees that such a structure does not appear in the bulk of
the phase space.
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The non-appearance of this logarithmic structure implies that as we transition from
one boundary to the other, either the collinear or soft logarithms (but not both) split
to become a sum of collinear and soft logarithms on the other boundary. In particular,
consider the transition from the eg = e'g/ “ boundary through the bulk to the e, = es
boundary. From eq. (6.23) for the one loop radiator, we see that the logarithms which

reduce to soft logarithms near the eg = eg/ “ boundary remain as soft logarithms in the

bulk, and on the e, = eg boundary. However, the collinear logarithms near the eg = eg/ “
boundary split into a sum of collinear and kr logarithms in the bulk, and the kr logarithms
then reduce to soft logarithms near the e, = eg boundary.

This can also be phrased in terms of the mixing of the anomalous dimensions of the
jet and soft functions appearing in the factorization theorems on the different boundaries.
Recall from eq. (6.10) that the one loop radiator for a single angularity can be written in

terms of integrals of the jet and soft function cusp anomalous dimensions:

RO(eq) = —2K(ps) — 2K (us) (6.36)
with W ,
as(p do! « da”
Kjs(pss) = / FJ,S[O/]/ : (6.37)
as(ps,s) /8[0/] as(,s) 5[0//]

The mixing of the logarithms described in the previous paragraph is equivalent to the
following mixing of the jet and soft function anomalous dimensions:

K2 (usg) = 2KS(1y—s) + K&(115-8)lea es (6.38)
K (11g8) = (1= 2)KG(11757)lea e - (6.39)

In this expression, K g (nsp), K f (g p) are the integrals of the cusp anomalous dimensions
for the factorization theorem near the e, = eg boundary, evaluated at their canonical scales,
and the K“ are the similar integrals of the anomalous dimensions for the factorization
theorem near the eg = eg/ % boundary, but evaluated at the appropriately modified scales,
and z = % From this expression, we can see that as we move from the region where

eg ~ eg/ 10 eq ~ eg, the anomalous dimension of the jet function near the eg = ef/ @

boundary splits into two pieces, one of which contributes to the anomalous dimension of
the soft function near the e, = eg boundary and the other to the anomalous dimension
of the jet function. This mixing structure is illustrated in figure 5. Figure 5 also makes
it transparent how the form of the factorization theorems on the two boundaries dictates
that there can only be mixing between the jet functions near the eg = eg/ “ boundary and
the soft functions near the e, = eg boundary, as only these depend on both angularities.
This clarifies why the only new logarithms in the bulk are the kr logarithms, and not the
logarithms of eq. (6.35).

To summarize, the structure of the radiator logarithms found via the interpolation

procedure gives rise to a single new logarithmic structure in the bulk of the phase space,
1

the k7 logarithms. Unlike the soft (loge,) and collinear (loge g ) logarithms, which reduce
to, respectively, the soft and collinear logarithms of the two different factorization theorems
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S(eq) «

Figure 5. Illustration of the interpolation of the logarithmic structure between the boundaries of
the phase space. Collinear logarithms (log e}g/ f )

on the boundaries and soft logarithms (loge,) always interpolate between the soft functions. kr
1—53 a—1

logarithms (loges “e g’ﬂ ) interpolate between the double differential jet and soft functions.

always interpolate between the jet functions defined

near the boundaries, the kr logarithms reduce to the soft logarithms near the e, = eg
boundary and the collinear logarithms near the eg = eg/ “ boundary. This further clarifies
the impediment to writing down a factorization theorem valid in the entire bulk region.

6.3 Evidence for uniqueness of interpolation

While the interpolation between the boundary regions presented above satisfies all con-
straints on the cross section from eqs. (6.3) and (6.4), there is no guarantee that this
interpolation is in any way unique. If this is the case, then there is no sense in which
the interpolation captures the logarithms to any formal accuracy in the bulk of the phase
space and so matching the resummed double differential cross section to the fixed-order
cross section would be meaningless. However, making some reasonable assumptions about
the structure of the logarithms in the bulk of the phase space, we will argue that the
boundary conditions on the cumulative cross section are sufficiently strong to enforce the
uniqueness of the interpolation up to O(a?).

To prove this, we assume that the logarithms in the bulk of the phase space expo-
nentiate. Then, the true double cumulative cross section to logarithmic accuracy can be

written as
o) n—2 e e
log X(eq, €g) = log Eint (€, €8) + Z fn (logeq,logeg) Z cnilog’ i log" ™" —g ,  (6.40)
n=4 i=2 Ca

where Yyt (eq,eg) is the interpolation cross section that satisfies all of the boundary con-
ditions. To NLL accuracy, the function f,, is

oo m
fn (logeq,logeg) = Z Z (d},’fja?rm_l + dz,’fja?rm) log? e, log™ 7 ez, (6.41)
m=0 j=0

where d#fj and df,;"”j are coeflicients, independent of a;. We assume that the logarithms in
fn cannot be rewritten in such a way that factors of

e e3
log =, log —g
€g Ca

exist. That is, all dependence on these logarithms has been explicitly factored out in
eq. (6.40).
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Because we assume that the interpolation cross section iy (eq, eg) satisfies all bound-
ary conditions, the second term, corresponding to interpolation-violating contributions,
must vanish when either e, = eg or eg = eg so that the double cumulative cross section
reduces appropriately at the boundaries. In addition, the derivatives of this term must also
vanish when evaluated at the boundaries of the phase space to correctly reproduce the sin-
gle differential cross sections. These boundary conditions are automatically satisfied for the
the sum over n in eq. (6.40) to start at n = 4 and for the sum over ¢ to range from i = 2 to
i =n—2. From eq. (6.41), this shows that the lowest order at which interpolation-violating
terms can arise is a2 in the exponent. However, the only possible interpolation-violating
(IV) contribution at O(a?) is leading logarithmic, which has the form

(63

e
log Zﬁ},) (€a,€8) ~ o3 log? fa log? =

: (6.42)
€s eg

which should be fully captured by one-loop running of «,. If this expectation is true, then
the lowest order at which interpolation-violating terms can arise is a? in the exponent of
the cumulative distribution.

If exponentiation of the logarithms in the double cumulative cross section does not oc-
cur, then the lowest order at which interpolation-violating logarithms could arise is O(a?),
with a term of the form

ea
Zg,) (eas ) ~ a2log? Ca log? —Z . (6.43)
€s €a

The existence of these logarithms in the double cumulative cross section could be checked
explicitly. However, it seems very unlikely that such a term could exist because it is
double logarithmic and so should be totally captured by the resummation of the double
cumulative cross section presented in ref. [65]. While the lack of existence of this term
would not necessarily prove exponentiation, it would demonstrate that the interpolation
for the double differential cross section is significantly robust.

Therefore, assuming exponentiation of logarithms in the double cumulative cross sec-
tion and one-loop running capturing all leading logarithms, the lowest order at which the
interpolation-violating contributions can exist is O(a?) in the exponent. If exponentiation
of the logarithms of the double cumulative cross section does not occur, then the bulk of
the phase space would only be described at fixed-order. Thus, this is strong evidence that,
at least to NLL accuracy, the interpolation captures the dominant logarithmic structure of
the double cumulative cross section. We further conjecture that the interpolation presented
in section 6.1 correctly resums all logarithms to the accuracy of the single cumulative cross
sections at the boundaries. Testing this requires at least an O(a2) calculation, which is
well beyond the state-of-the-art for fixed-order distributions of jet observables.

7 Comparison to Monte Carlo

With analytic results for the double differential cross section to NLL accuracy as defined
by interpolation between the boundaries of phase space, we present a numerical analysis
and compare to Monte Carlo simulation. Because we are interested in comparing the
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logarithmic structure of the analytic and Monte Carlo double differential cross section of
angularities e, and eg, we will plot it in the plane (logeg,loge,), with a > 3. In this
plane, the upper and lower boundaries of phase space are straight lines with slopes equal
to 1 and «/f, respectively. We will plot the double differential cross section weighted by
the two angularities: , ,

eaeﬂcécje[g = eaeﬁaefaeﬁE(ea, eg) . (7.1)
The Sudakov double logarithms manifest themselves as a concave down paraboloid in the
(logeg,loge,) plane.

We generate ete™ — ¢q events simulated with PyTHIA 8.165 [80, 81] at a center-of-
mass energy of 1 TeV with hadronization turned off, two-loop running of a, and as(myz) =
0.118.22 To analyze the jets, we cluster jets with the ete™ anti-kp algorithm [82] with
FAasTJET 3.0.3 [83] with a fat jet radius Ry = 1.5. We analyze only the hardest jet in
the event, requiring that the cosine of the angle between the jet momentum axis and the
initial hard parton be greater than 0.9. We only include particles that lie within an angle
Ry = 0.4 from the broadening axis of the hardest jet. The energy of the jets is required
to be in the range of @ € [450,550] GeV. We then measure the recoil-free angularities for
various values of the angular exponents o and S of the jets in the sample.

In figures 6 and 7 we plot the distributions, fixing one angularity to be thrust, es,
and scanning over the other angularity: § = 1.5,1,0.5,0.2. In the NLL interpolation
plots, figure 6, the double differential distribution has been set to zero at very small values
corresponding to scales near the Landau pole of as. While the scale of the contours
in the corresponding NLL interpolation and PyTHIA Plots differ by up to a factor of 2,
there is good qualitative agreement between the distributions. Both exhibit a peak in
the distribution in the bulk of phase space at approximately the same location. This
suggests that the correlations between angularities with different angular exponents are
well-modeled in Monte Carlo.

The comparison between the analytic and Monte Carlo results can be made more
quantitative by comparing the location and height of the peak of the distribution. In table 2,
we list the location and height (“Peak”) of the peak in (logeq,logeg) space for a =2, =
1.5,1,0.5,0.2. There are several features that illustrate qualitative agreement including:

e The location of the peak in loges generally becomes more negative as 3 decreases.
e The location of the peak in log eg moves to less negative values as 3 decreases.

e The height of the peak is relatively large for S near @ = 2 and g near 0 and smaller
for intermediate values of .

While this qualitative agreement is encouraging, an honest quantitative comparison be-
tween Monte Carlo and analytic results would require going to at least NLL' accuracy.
That is, we would include the contributions from low scale matrix elements convolved with
the NLL resummation kernel.

22The quarks that are produced are only u, d, or s, so mass effects should be minimal.
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Figure 6. Plots of the double differential cross section defined from the analytic NLL interpolation
of section 6 measured on quark jets with one angularity fixed to be thrust (o = 2) and scanning
over the other angularity: 8 = 1.5,1,0.5,0.2. The energy of the jets is @ = 500 GeV and the jet
radius is Ry = 0.4. The dashed lines on the plot correspond to the expected phase space boundary.
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Figure 7. Plots of the double differential cross section from PyYTHIA with one angularity fixed to
be thrust (o = 2) and scanning over the other angularity: g = 1.5,1,0.5,0.2. The energy of the
jets is @ € [450,550] GeV and the jet radius is Ry = 0.4. Hadronization has been turned off. The
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dashed lines on the plot correspond to the expected phase space boundary.

One apparent distinction between the analytic result and PyTHIA Is that the double
differential cross section in PYTHIA Vanishes in the region near the line e, = eg, while it
does not in the NLL cross section. We attribute this difference to angular ordering/veto
imposed in the Monte Carlo. The line e, = eg requires that all emissions contributing
there are located at 8 = Ry, the edge of the jet. Such a configuration is exponentially
suppressed in a Monte Carlo, but is allowed in our NLL expression for the double differential

cross section.
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loges logeys Peak | loges loge; Peak
NLL Int. | —1.36 —-1.36 0.27 | —1.84 —1.40 0.14
PytHia | —1.20 —-1.08 0.53 | —1.24 —-0.92 0.28

loges logegs Peak | loges logegs Peak
NLL Int. | —2.24 —-1.12 0.16 | —2.04 —-0.56 0.46
PyrHiA | —148 —0.68 0.22 | —1.56 —0.36 0.32

Table 2. Table comparing location and height of peaks of the double differential cross sections
from the analytic NLL interpolation and PYTHIA.

However, one can show that at NLL/ in each individual factorization, the double dif-
ferential cross section vanishes at the boundaries of the phase space. The argument is as
follows. As noted above eq. (4.5), the general form of the fixed order singular cross section

for the ey ~ eg factorization boundary is:

dQJ% dor, % 1 N es
deadeﬁ = dea 5(eﬁ)+® <€a_C€ﬁ> eé+ﬁ/af+ eg/a ) (72)

where we have explicitly indicated we are taking the cross sections at fixed order (fo).

Note that f¢ encodes all non-trivial eg dependence, and is solely fixed by the jet function
matrix element for this factorization, and we have made explicit the boundary ©-function
enforced by the phase space of the jet function.?® If we canonically resum this distribution,
the resulting cross section is:

d2o™ Car ’ ’ dos, / % 1 «a €s
dewdes :/0 de,, U(eq — €,,) { der d(eg) + O <ea —ceﬁ> ngrB/afJr B

o dOresum Co / / / % 1 a €s
= e d(ep) +/0 de, U(eq — €,)0 (ea —ceg e§+5/“f+ ol | (7.3)

where U(eq) is the resummation kernel for e,. For non-zero eg, only the second term

contributes, thus as e, approaches the boundary of phase space ceg the cross section

vanishes, since the limits of integration become squeezed to zero. Note that this argument
does not depend on the particular order to which one has calculated the cross section, and
thus is a robust prediction of the factorization theorem for the double-differential cross
section. We leave a detailed analysis at NLL/, including interpolation into the bulk of the
phase space, to future work.

8 Conclusions

In this paper, we have used the double differential cross section of two angularities measured
on a single jet as a case study for understanding the factorization properties of double

ZIn this ©-function, ¢ is fixed number that depends on the precise definition of the angularity. For
a given recoil-free observable, this boundary condition can become more complicated, but our argument
remains unchanged.
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differential cross sections. We have explicitly shown that the double differential cross
section for two angularities factorizes near the boundaries of the phase space, where it
reduces to the single differential cross section of one of the angularities. Indeed, we have
also shown the impossibility of a factorization theorem valid in the entire phase space region
using only soft and collinear modes.

We presented a conjecture for the NLL double differential cross section using an inter-
polation procedure, based on scale setting and the addition of subleading terms, between
the two factorization theorems defined on the boundaries of phase space. This interpolation
procedure has the interesting property of introducing what we termed k7 logarithms in the
bulk region of phase space. These logarithms reduce to soft or collinear logarithms on the
boundaries of the phase space where the factorization theorem applies, but are required
in the bulk to interpolate between the soft logarithms on one boundary and the collinear
logarithms on the other. The conjectured double differential cross section is subject to
numerous consistency constraints from the boundary factorization theorems, which guar-
antee that it is unique to logarithmic accuracy up to at least O(a?). The interpolation
scale choices that we found at NLL could be tested at higher accuracy by computing the
anomalous dimensions of the jet and soft functions to higher loop order. We compared
our calculation for the double differential cross section of angularities with a parton shower
Monte Carlo, and found qualitative agreement, evidence that Monte Carlos model the
correlations between angularities well.

While we have only discussed the perturbative aspects of the double differential cross
section, the effect of non-perturbative physics is also important. Because the recoil-free
angularities are additive and there exists a factorization theorem, this suggests that non-
perturbative corrections can be incorporated by some kind of shape function [84, 85]. In
ref. [65], a shape function was assumed to exist for the double differential cross section
of angularities and it qualitatively agreed with the hadronization corrections in PYTHIA
Monte Carlo. Nevertheless, a rigorous definition of the non-perturbative corrections to the
double differential cross section is vital for determining the effect of low energy physics
on the correlations of angularities. Angularities are additive observables and so the shape
function for the double differential cross section should be similar in form to the shape
function for a single differential cross section. However, the phase space constraints can be
deformed by the non-perturbative corrections, which could result in subtle, but important,
effects on the differential cross section.

8.1 Future directions

This paper presents the first step in a wider program with the goal of understanding
the factorization and resummation properties of double differential cross sections of IRC
safe observables. We therefore conclude with a number of future directions and possible
applications of these techniques.

Extension to other observables. Although this paper has focused specifically on the
example of angularities, the conclusions and techniques should be applicable to the double
differential cross sections of more phenomenologically relevant observables. In particular,
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the argument for the reduction of the double cumulative distribution to a single cumulative
distribution on the boundary of phase space presented in section 4.1 is geometric in nature
and does not rely on the detailed form of the boundaries. The only requirement is that
the boundary is described by a monotonically increasing function. We therefore believe
this reduction to be generic. This simplifies the problem of proving factorization theorems
for double differential cross sections to that of proving factorization theorems for single
differential cross sections, several of which are already known.

Armed with factorization theorems near the boundaries of phase space one can at-
tempt an interpolation procedure by shifting scales and adding subleading terms in the
cumulative distribution, as was done explicitly for the case of angularities in section 6. For
the relevant case when the two observables define boundary factorization theorems with
different scalings for the soft modes, this interpolation procedure necessarily introduces a
new logarithmic structure in the bulk of the phase space, which reduces appropriately on
the boundaries to either a soft or collinear logarithm. For the case of two angularities, this
was the kr logarithm discussed in section 6.1.1. Furthermore, with certain assumptions
on the logarithmic structure, a proof similar to that given in section 6.3 could be used to
argue for the uniqueness of the interpolation procedure. We believe that if this procedure
is indeed possible for a particular pair of observables, then it gives a strong conjecture for
the NLL resummed double differential cross section. This further allows for the computa-
tion of the ratio observable through marginalization. It is also interesting to speculate on
the existence of a super-SCET formalism allowing for the incorporation of the additional
modes required in the bulk, however, we leave this to future study.

One observable of particular phenomenological interest is N-subjettiness, which merits
a more detailed discussion due to the interesting structure of its phase space. The N-
subjettiness observable T](\}B ) is defined as [57, 58]

1 .
TJ(\,ﬁ) == 5 Ppr; Min {R’f,iaRg,w T »R?v,i} ) (8.1)
>ics PriRy iy

where Ry is the jet radius and the sums run over all particles in the jet. R, ; is the angle
between axis n and particle ¢ and 8 > 0 for IRC safety. The axes in the jet can be chosen in
several ways; the most elegant being to choose the axes so as to minimize the value of T](\}B ),
The ratio of 72 /71 has proven very powerful for discriminating boosted W jets from massive
QCD jets [28, 46, 56].2* Progress has been made in computing the distribution of 75/
for signal jets by relating it to the event-wide thrust distribution in eTe™ collisions [13].
Understanding the background distribution is a formidable challenge that has not been
studied for arbitrary values of the ratio of jet mass to jet energy.

Nevertheless, we suspect that a boundary factorization theorem exists for the double
differential cross section of N-subjettiness observables 7 and 7. Because 7y is defined
about two axes in the jet while 7 is only defined about one axis, 79 < 71, with no non-
trivial lower bound on the phase space. That is, 7o can be zero and 7 be non-zero, which is
different from the angularities considered in this paper. However, as we illustrate in figure 8,

24When clear from context, we will drop the superscript 8 for brevity.
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Figure 8. Illustration of the double cumulative distribution of 1- and 2-subjettiness evaluated on
the boundaries of phase space. The physical region of the phase space is indicated. Left: evaluated
on the boundary 7; = 1 which reduces the double cumulative distribution to X(73). Right: evaluated
on the boundary 7o = 71 which reduces the double cumulative distribution to X(7).

the double cumulative distribution should still reduce to a single cumulative distribution
on the appropriate boundaries. For example, evaluating the double cumulative distribution
on the boundary 7 = 71 should reduce to the cumulative distribution for 7 alone as 7 has
been integrated over its entire range. From the arguments in section 4.1 this then implies
that the double differential cross section reduces near this boundary:

~ 75(7‘2)—1—... , (8.2)

up to terms that integrate to zero on 7 € [0,71]. A similar relationship holds near the
boundary 7, = 1 where the cross section reduces as
d’o

dT1 dTQ

do

T1~1

again, up to terms that integrate to zero on 7 € [0, 1].2°

Therefore, to prove that the double differential cross section of 7 and 7 factorizes on
the boundaries of phase space only requires proving that the single differential cross sections
factorize. 71 is just the jet angularities, for which there exists a factorization theorem and so
the double differential cross section should factorize on the 7o = 7 boundary. While there
is up to now no factorization theorem for the differential cross section of 7 for QCD jets,
we expect that there is a factorization theorem for 75 when 7 = 1. On this boundary, when

25We have assumed that the maximum value of 71 is 1. More generally, for 7 near its maximum value,
the double differential cross section should reduce to the single differential cross section for 2.
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71 = 1, the structure that dominates 77 is a hard, perturbative emission. This essentially
defines the jet to have two, well-separated subjets. In this configuration, 7o is dominated
by soft and collinear radiation about those subjets, suggesting that its differential cross
section is factorizable.?6 A proof of the factorization of 7 and subsequently the calculation
of the double differential cross section of 7 and 7 would provide deep insights into the
power of N-subjettiness as a discrimination observable as well as substantial information
about the structure of QCD jets.

Exclusive PDFs. Our results may also have consequences for the recent program of fully
unintegrated or fully exclusive parton distribution functions (PDFs) [86-94] that depend
on all components of colliding parton momentum, not only the longitudinal component.
As we have shown in the context of angularities, the measurement of multiple observables
on a single parton defines a region of the allowed phase space that is determined by the
scaling of the observables with respect to one another. Typically, analyses that resum the
logarithms of the unintegrated PDFs are constrained to a particular region of phase space;
in ref. [94], they essentially take the beam broadening comparable to the square-root of the
beam thrust.?” Though the PDF is more exclusive and should contain more information
about the colliding parton, much of that information is lost because one is forced into a
small region of the phase space. By studying the boundaries of the PDF phase space, it
may be possible to interpolate between the boundary regions, producing a description of
the unintegrated PDF's throughout the phase space.

Monte Carlos. Beyond its purely theoretic applications, the double differential cross
section of two angularities can be used to tune Monte Carlos. Typically, tuning involves
adjusting the arbitrary parameters in a Monte Carlo so as to match the measured differen-
tial cross section of several observables that are sensitive to the parameters. Tuning is not a
precise science and involves significant art to choose parameters consistently so as to match
many different distributions. However, if instead Monte Carlos were tuned to joint differ-
ential cross sections of observables, correlations would be naturally incorporated. With
theoretical input for the double differential cross sections of angularities, parameters in the
Monte Carlo could be adjusted appropriately to correctly model the higher order pertur-
bative effects and separately, non-perturbative physics. This tuning program would also
require the measurement of the double differential cross sections from the experiments,
something that has not yet been published in studies at the Large Hadron Collider.?®
Because of theoretical progress, its potential application for Monte Carlo tuning, and the
information it contains regarding correlations of observables, we strongly advise the ATLAS
and CMS experiments to provide the measurements of double differential cross sections of
jet observables.

26Because the jet has two hard subjets, the factorization theorem would probably follow from SCET. of
ref. [26].

2TThis is analogous to the lower bound resulting from energy conservation in the phase space of thrust,
e2, and broadening, e;, where ez ~ e%.

Z®However, ref. [46] does contain plots of double differential cross sections from simulation comparing
Qjet volitility [95] and N-subjettiness ratio 72 /71 for QCD jets and boosted W bosons.
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A The double differential jet and soft functions

In this appendix we provide explicit calculations of the double differential jet and soft

functions that appear in the factorization theorem for the double differential cross section

of broadening-axis jet angularities, eq. (4.16).

A.1 Jet function

At one-loop, the jet consists of two particles whose momentum can be written as
(qianrvq_;J_)a (Q_qivlJr_qua_q_’J_)? (Al)

for a total jet momentum of (Q,IT,0) in light-cone coordinates. In this frame, the double

differential jet function of a quark jet is

it 1 de I It —q
(1) _ 2 2% T (4 _9 7 1 9 +— 2
J M (easep) g“Cb/2waﬂ%/@ﬂd(q—+@i )Q_q_ m0(q¢Tq” —q7)

< O(¢")0()O(Q — ¢)OUF — q*)2md <z+ it )

Q—q
y {@ (g - q—> 5 (ea— Q Q- q7) " (q7)q?)
X 0 <e/5 — Qﬁ_l(Q - q_)_ﬁ<q_)1_BQJB_)

+0 (q - Cj) (e — QN Q-¢)' (q7) D)

<o (- @M@ Pl ) | (4.2)

We have assumed that the jet radius Ry is O(1) and so the jet algorithm constraint is
trivial to leading power in A < 1. Evaluating this in d = 4 — 2¢ dimensions, we find

—1+42e8=L _1_gea-l

as (4mp®\© Cp  €a e or _
=2 () g o
_ B _a \ Tl-2 __ B _a_ _ 28  _2a_
X <1—ea “Begﬁ) <2—(3+e)ea O‘fﬁeg’ﬁ+(3+e) ea"eg” > ,
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The boundary condition enforced by the ©-functions is
eg € 0,2—%%@/“ ,

and so, by the general arguments of section 5.1, all eg dependence in the jet function must
appear in the combination

With this substitution in eq. (A.3), we find

€ _1-8 a—1
s 4 2 o e —1—260(7& o
J(l)(ea,eg) - ( e ) F(CF ¢ ° © (Z_TB - :17) O(z)

T\ 22 1—¢) a—f
_a \—1-2e _a 2o
X (1—:Ua—5) (2—(3+e)$a—5 —|—(3+e)wa—5> , (A.4)
where
_ ‘s
xr = B (A.5)

All z dependence (or equivalently eg) can be treated with the +-prescription as defined
in eq. (5.4). To the lowest orders in the dimensional regularization parameter €, all eg
dependence can be expressed as?’

_1—9ea=1 _a \ —1-2¢ _a 20 _a—=pf
x a=p (l—xa—5> (2—(3—|—e)aza—ﬁ +3xa—5>®(2 o —:E) O(z)
~ 81 3a-— _
= [_z _fz — ia - b_ eagaf (-9+ 72 + 18 — 2anw? — 9log 2 + 3a10g2)} eg/ad(eg)
_a=B g/a
8 _ga—peay [ /o s =N “
N O(ep)O(ea — 27 "ef) gl o[ co “ Y ¢
-5 2% es f/a Ble
1— o a Bea B (A Eq
B +
(A.6)

The remaining e dependence in eq. (A.4) after this expansion can be regularized by familiar
+-distributions in e,. With the MS prescription the double differential jet function is

T (ea, ) = TV (ea, eg)ai + TV (€as e8)tin (A7)
where the divergent term is

a 1 a1, p?* 31

«
J(l)(ea,eﬁ)di\,:§0p5(65) { |:04—1€2 EE IOg C22—|-26:| 5(ea)— I

29This expansion has been performed with the Mathematica package HypExp (96, 97].
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and the finite term is

2 2 2

W =2 Blog H @ Ly @ T
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€s
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(%) )

These expressions are consistent with the general arguments of section 5.1.

A.2 Soft function

At one-loop, the double differential soft function of a jet in the process ete™ — ¢ has the
following form:

k2 kTt

(1) — 9,2,,2€ v s +1.— _ 1.2 _ v
S (easep) =201 CF/(Qw)dk:+k:27r6(k k™~ —k%)O <1 k‘)
8

) <ea - Q—l(kﬂ%(k;—)l—%) 5 <eﬂ - Q‘l(l#)g(k_)l_?) . (A.10)
The O-function is the constraint of the jet algorithm for the definition of the angularities
from eq. (1.1). In d = 4 — 2¢ dimensions, the result is

—142¢2=L —1-2e2=1
47‘1’,[1,2 ¢ Cr é€a ﬁeﬁ 7
Q% ) T(1—e¢ a—p3

From the arguments of section 5.2, we expect that the expansion in € produces appropriate

SW(eq, e) = 2% ( O(es — €a)O(ea).  (A11)

+-distributions. To show this explicitly, focus on the factor containing e, and eg first.
This can be rewritten as

—142e8=L _12e2-d 5 o €q ~1+2e 555
ea 77 €g " O(eg—eq)O(eq) = eg X <€5> O(eg—eq)O(eq), (A.12)

which is very similar in form to the expected result of eq. (5.9). The second factor can be

expanded with the +-prescription as
—14-2¢ 5:;13 1 B o
(2) Oles ~ €a)Olea) = %; - f% 3(ea) + [Zi@(@b’ ~ca)8lea)] +0(0).

(A.13)
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With this expansion of e,, we can now expand the remaining ¢ dependence in +-
distributions of eg. With the MS prescription, the soft function is

SW(eq,e5) = SM (e, ep)aiv + S (eq, €s)in » (A.14)

where the divergent term is

50 (ca sl = 22T 6<ea>{[f2110g £ st >+f[@(eﬂ)k} (219

2r B —1 Q?

and the finite term is

SW(ea, es)in ;srﬁcié(ea) {{_110 QZQ 2] Hep)+2 [@(66)} +_ ! [9(65)105ﬁ65]+}

{Z@(ea)e(eﬁ - ea)rj : (A.16)

Qg CF _2
a—f s

where higher-order terms in € have been ignored. This form of the soft function is in

-1-2

agreement with the general arguments made in section 5.2.

B The cumulative distribution of a single angularity

To NLL order, the cumulative distribution of a recoil-free angularity eg can be expressed as

e~ VER (ep)
Yea) = — o~ Rlep)=iT(ep) B.1
( ﬂ) F(l —l—R/(eg)) ( )
R(ep) is the radiator and consists of the cusp pieces of the jet and soft function anomalous
dimensions. To NLL accuracy, the cusp anomalous dimensions are evaluated at two loop
order and the radiator is

Res) = 5o a5y {(1 + ) log(1+ ) — (8 + \) log (1 N B)]
Ci 1 F%USP B1 A
A5 6 - (rgusp o 5o> (108 (1) st )
walt (logae ) - 1o (143) ) | (B2)
Bo 3

Here, C; is the color of the jet, A = 2as6ploges, Bp and (1 are the one- and two-loop
B-functions:

11 ny 17, Cpnf
=~ (C4— = ——Cyns — B.3
bo= 19700 = 6n> I = i 24 2VAN T T (B-3)
and the ratio of the two- to the one-loop cusp anomalous dimensions is
Ftltusp 67 7T2 5
=|——-——]Ca—=nr. B4
T0uen (18 6 ) AT g (B-4)
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For the non-cusp term in the exponent, the function 7'(eg) is

1 logeg
T =—1 1+2 B.5
(e5) = = Tor (14 20,8572 ) (B5)
and ~; is the non-cusp anomalous dimension to one loop. For quarks and gluons, it is
3 11C4 — 2ny
_° -4 “ B.
Vq 4CF7 Vg 12 ( 6)

Finally, R'(eg) is just the logarithmic derivative of the radiator:

0
R =— R . B.7
(es) Tloges (es) (B.7)
For NLL accuracy, this only needs to be evaluated at one-loop:
c; 1 loge
R/(eﬂ)NLL ﬁ B T |:10g <1 + 2&850 gﬁ ﬂ) — log (1 + 2asﬁo log 65) . (BS)

C The double cumulative distribution for two angularities

From section 6.1, the ansatz of the form of the double cumulative cross section for angu-
larities e, and eg to NLL is
ef’YER(eO“eB)

N(ew. e5) = _ ¢~ Fleaes)—riT(ears) c1
(€08) = B0 T Fleasen) (C1)

The functions R(ea,es), T(ea,ep) and R(eq,es) can be found by setting scales in the
logarithms so as to satisfy the boundary conditions. We find, for the radiator R(eq,eg)

Ci 1 ﬁ log €p
Iras |:a_1U(204860 10g8a)—ﬂU (2%50 3 )
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4232 B3

1
1 log? (142050 log eq ) —

B
(a=1)(8 a—pf

where U(z) = (1 + z)log(1 + z). For the non-cusp piece T'(eq, eg) we find.

__B a
6 €a a—p eg—ﬁ

1 logeg g o —
T(eq,e5) = — log ( 1+ 20, _ % . :
(Cares) = 2 Og< + 20560 ) T o B+ 2a.Bloges (C3)
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Finally, for the multiple emissions piece R(ea, eg) we find

5 C; 1 log e 1
o, €5) = log ( 1+ 20, - log (1 4 20480 log eq
R(ea; €3) s ﬁ_10g<+aﬁo e ) o1 log (1 +2asflogea)
1-8 _a-1
a—f log eq €5
2P og (142058 —— B
(a=1)(5-1) ( " a-p )
,Lﬁ LB
a—pB e ez
2a C.4
+ 20sf a [+2a6logeg (C4)

The power suppressed terms have been chosen so that the sum of the exponents of e, and
eg is 1. Explicitly evaluating these functions on the appropriate boundaries reproduces
eq. (B.1) with the appropriate values for (B.2), (B.5), and (B.8).
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