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ABSTRACT: We present the analytic formula for the Energy-Energy Correlation (EEC)
in electron-positron annihilation computed in perturbative QCD to next-to-next-to-next-
to-leading order (N3LO) in the back-to-back limit. In particular, we consider the EEC
arising from the annihilation of an electron-positron pair into a virtual photon as well as
a Higgs boson and their subsequent inclusive decay into hadrons. Our computation is
based on a factorization theorem of the EEC formulated within Soft-Collinear Effective
Theory (SCET) for the back-to-back limit. We obtain the last missing ingredient for our
computation — the jet function — from a recent calculation of the transverse-momentum
dependent fragmentation function (TMDFF) at N3LO. We combine the newly obtained
N3LO jet function with the well known hard and soft function to predict the EEC in the
back-to-back limit. The leading transcendental contribution of our analytic formula agrees
with previously obtained results in A/ = 4 supersymmetric Yang-Mills theory. We obtain
the N = 2 Mellin moment of the bulk region of the EEC using momentum sum rules.
Finally, we obtain the first resummation of the EEC in the back-to-back limit at N3LL/
accuracy, resulting in a factor of ~ 4 reduction of uncertainties in the peak region compared
to N3LL predictions.
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1 Introduction

In the quest of understanding the nature of the strong interaction, the study of QCD
radiation produced in high-energy electron-positron collisions provides a powerful lens into
the behavior of Quantum Chromodynamics (QCD). Among the observables that one can
consider to perform precision studies of QCD radiation, the Energy-Energy Correlation
(EEC) [1] stands out for its simplicity, and has been an important benchmark observable
to test QCD and to extract the strong coupling constant a5, which has been explored both
at LEP and at SLAC [2-9].

The EEC is an ete™ event shape to measure the energy-weighted angular distance
between any pair of particles in an event [1], and as such is one of the earliest examples of
an infrared and collinear (IRC) safe observable. It is defined as

do ElE
EEC (x) = & = Z/daﬁe—ﬁiﬁx 723 d (cosb;j — cosx) . (1.1)
,J

Here, the sum runs over all pairs of particles {7,j} in the final state, with F;; denoting
their energies, Q2 is the invariant mass of the ete™ collision, and 0;; is the angle between
the particles. The differential cross section dog+.-_,;;4 x contains the phase-space measure
and squared matrix elements for the process eTe™ — ij + X.

An extensive effort has been devoted to the calculation of the EEC, both in QCD and in
maximally supersymmetric Yang-Mills theory (M =4 sYM). In QCD, results for the EEC
were obtained numerically in refs. [7, 10] at NNLO in the CoLoRFulNNLO framework [11—-
13]. The analytic form of the EEC is only known at NLO in QCD, thanks to the recent
calculation of ref. [14], see also ref. [15] for the EEC in gluon-initiated Higgs decays (some-
times referred to as the Higgs EEC). In N' =4 sYM, the EEC was calculated analytically
both at NLO [16-18] and at NNLO [19], and also at strong coupling using the AdS/CFT
correspondence [20, 21]. Moreover, much progress has been achieved in understanding the
EEC in N =4 SYM [16-19, 21, 22] and interesting efforts are being employed to shed light
on its relation to energy correlators in QCD [23-28]. Another observable closely related
to the EEC is the Transverse Energy Energy Correlator (TEEC) [29]. A factorization
theorem for the TEEC in the back-to-back limit has been presented in ref. [30] for hadron-
hadron colliders and extended in ref. [31] for DIS,! which shares various ingredients with
the factorization of the EEC.

The EEC is commonly expressed in the variable z,

%(1 —cosx) . (1.2)

The differential cross section is distribution-valued in the small-angle limit (sometimes also
referred to as collinear or forward limit) x — 0 and in the back-to-back limit y — . By
expressing the EEC in terms of z the singular points of the distributions are mapped onto
z — 0 and z — 1, respectively. The differential cross section at Born level is given by

do 2 do 1 1
_ . Z6(1 — 2)60 + s) 1.
& sinxdx 2005(2) + 25( 2)60 + O(as) (1.3)

'For a recent analysis of the TEEC at the electron-proton collider HERA see ref. [32].



where a; is the strong coupling constant. In this article we will direct attention towards
the singular limits of the EEC. Consequently, it is useful to split the cross section into
three different contributions.

do dog | dowg = doy

- T (1.4)

where % and dd% contain all terms that behave as 1/z and 1/(1 — z), respectively. More

precisely, they are expressed in terms of (plus) distributions to regulate these divergences,

dUreg.
dz
The EEC can also be expressed in the variable

while is a regular function of z that is holomorphic in the entire unit interval, z € [0, 1].

do do
=2z

T =2, © = /7 = sin (g) z € 0,1]. (1.5)
The gluon and photon-induced EEC was computed through order o2 in refs. [14, 15] in
terms of classical polylogarithms as a function of z. Here, we note that expressing the
differential cross section in terms of the variable x allows us to represent it in terms of
harmonic polylogarithms [33] with argument x and indices {—1,0, 1}. We provide analytic
formulae for the EEC expressed in z including all distribution valued terms through a; as
supplementary material whith this article. The recent computation of the EEC at O(a?)
in N =4 sYM in ref. [19] finds evidence that at this order the analytic formula contains
elliptic functions and is no longer expressible in terms of HPLs.

At Born level the EEC vanishes for z # 0,1. Consequently, in the context of the
fixed-order calculations reported above it is customary not to include the distributional
behavior as z — 0,1 and count O(ay) as the leading order (LO). Accordingly O(a?*!)
contributions are counted as N"LO. Such fixed-order calculations become unreliable in the
singular limits z — 0 and z — 1, where large logarithms In(z) and In(1 — z) can spoil
perturbative convergence. In these limits the EEC needs to be resummed to all orders in
perturbation theory to retain predictive power.

In the forward limit, this resummation was performed at leading logarithmic (LL)
accuracy a long time ago [34]. Recently, a factorization theorem was derived in this limit
and the resummation was improved in ref. [24]. In the back-to-back limit, the resummation
was carried out at next-to-next-to-leading logarithmic (NNLL) accuracy [7, 35] based on
transverse-momentum dependent (TMD) factorization in eTe™ [36-39]. Recently, ref. [40]
proofed that the all-order factorization for the EEC in the back-to-back limit indeed follows
from TMD factorization, and presented first results at N3LL acurracy. In N' = 4 sYM, the
factorization of the EEC in both its forward and back-to-back limit has also been explored
up to four loops by using the operator product expansion for light-ray operators [41], and
by relating the EEC to four-point correlation functions of conserved currents [23]. Note
that these factorization theorems contain the full distributional structures, and thus their
fixed-order expansions start at O(a?). Hence, in the context of factorization theorems one
counts O(a¥) as N"LO accuracy.

In this paper we calculate the full singular structure of the EEC in QCD in the back-to-
back limit at N3LO, i.e. O(a2). This is achieved by calculating the EEC jet function at the



same order, which is the only unknown ingredient of the factorization theorem derived in
ref. [40]. As an application, we resum the EEC in the back-to-back limit at N3LL' accuracy,
i.e. N3LL resummation combined with the full N3LO fixed-order boundary condition. This
constitutes the highest level of accuracy obtained for an event shape sensitive to QCD
radiation to date. We show that thanks to the resummation of large logarithms up to
N3LL and the inclusion of fixed-order boundary terms at N3LO, we achieve a ~ 4-fold
reduction of uncertainty compared to previous results obtained at lower accuracy. We
thoroughly discuss different schemes to estimate the uncertainties due to missing higher
order corrections both in the boundary terms as well as in the anomalous dimensions
and compare them with the ones used in the literature for this observable. Adopting a
scheme in line with the ones previously used in the literature we obtain a 0.5% uncertainty
at the peak. Using a more conservative scheme, which also estimates uncertainties from
soft physics, we obtain a 4% uncertainty for our result at N3LL/. Furthermore, using a
momentum sum rule we also analytically calculate the N = 2 Mellin moment of the regular
part at N3LO, which will be an important check of the full result once it becomes available.
The jet functions calculated in this work are necessary ingredients to describe the singular
behavior of the TEEC in the large angle limit at O(a2) as well as to the resummation of
large logs at N3LL/ and N“LL accuracy for this observable.

This paper is organized as follows. In section 2 we briefly review the factorization
theorem for the EEC in the back-to-back and show how to extend it to gluon-induced
Higgs decays, clarifying its nontrivial helicity structure. We also obtain the three-loop jet
functions from our results for the transverse-momentum dependent fragmentation functions
(TMDFFs) calculated in the companion paper [42],2 and present the full singular structure
of the EEC at N3LO in QCD in the back-to-back limit. In addition, we validate the
conjecture that in the back-to-back limit, the leading transcendental terms in QCD match
those in N' = 4 supersymmetric Yang-Mills ref. [23]. In section 3, we exploit the fact that
the EEC obeys a set of sum rules to analytically obtain the N = 2 Mellin moment of the
bulk of the EEC distribution at NNLO in QCD. In section 4, we carry out the resummation
of the EEC at N3LL/ accuracy to illustrate the improved perturbative accuracy compared
to previous results. We conclude in section 5.

2 The EEC in the back-to-back limit

2.1 Factorization of the EEC in the back-to-back limit

In this section, we briefly review the factorization of the EEC in the back-to-back limit
z — 1. In the case of electron-positron annihilation, i.e. quark-initiated EEC, this was first
derived by Collins and Soper [36, 37| and Kodaira and Trentadue [38, 39]. Recently, it was
also formulated in ref. [40] using Soft-Collinear Effective Theory (SCET) [44-47], which
clarified the role of nontrivial fixed-order boundary terms in the factorization formula. So
far, no details have been given in the literature on the Higgs EEC. To fill this gap, we

*While ref. [42] was finalized, an independent calculation of the TMDFF at N3®LO also appeared in
ref. [43].



briefly review the derivation of the quark EEC in section 2.1.1, and then show how the same
strategy can be applied to the gluon EEC in section 2.1.2, where additional complications
arise from a nontrivial Lorentz structure.

2.1.1 Quark EEC

In the back-to-back limit, the EEC can be related to identified hadron production, ete™ —
hihe + X, at small transverse momentum ¢r of the dihadron system [36, 37, 40],

do 1 2122 [ o i etemn
lim — = [ dadzp == [ d®G@rd|(1—2— 2L | i Trdnddr >
lim — ; 21dz =5 qr z Q? qTH_r}Ohlzf;z dz1dzod2qr @1

Here, 212 = (P12-q)/ ¢? describe the longitudinal momenta carried away by the hadrons,
with the total momentum transfer given by ¢" = pg 4+ p’; .3 The factorization of dihadron
production at small g7 was derived in seminal works by Collins and Soper [36, 37] (see also
ref. [48]), and can be written as

—

1%

dogt - R &b ignby D z
“eterohihy _ G0Hyq(Q, 1) /771 el bTDhl/q <217bT7,U’7 Q) Dy /q (ZQ’bT"u’ Q)

dz1dzod2gr (2m)?
S 1+0 <292T2>] : (2.2)

X Sq (br, p,v) X
Here, summation over all quark flavors ¢ is kept implicit, the hard function H,; encodes

virtual corrections to Born process eTe™ — qq, Dh /q is the fragmentation function encoding
the probability to obtain the hadron A from the fragmentation of a quark ¢, and S, is the
TMD soft function.? Note, that in the literature, the soft function is often combined
with the fragmentation function as D), /q@, whereas we keep it explicit. The scale v is
the so-called rapidity renormalization scale, which is closely related to the Collins-Soper
scale ¢. Note that the fragmentation functions Dy, /q and the soft function S*q both depend
on the chosen rapidity renormalization scheme. This scheme dependence cancels in the
combination D, /q \/STI , and consequently also in the combination Dhl /th2 /q—S'q ineq. (2.2).

For more details on the fragmentation function D), /q> We refer to ref. [42].

3In a frame where the hadrons are aligned along back-to-back lightlike directions, i.e. pf =pyn*/2 and
phy = pin*/2 with n® = 7® = 0 and n -7 = 2, these evaluate to 21 = p; /¢~ and z2 = pi/q", up to
corrections suppressed by gr. In this frame, ¢r is the transverse component of the momentum transfer ¢*.
4The TMD soft function is universal between e™e™ and pp processes [49], i.e. it is independent of the
direction of the contained Wilson lines, and thus we do not further distinguish these. For a detailed

discussion of the equivalence of the TMD soft function in the context of the EEC, see refs. [40, 50].



By combining egs. (2.1) and (2.2), we obtain the EEC factorization theorem in the
back-to-back limit as stated in ref. [40],

do 60, dszdQ(]T Gl By B -
®—2qu(Q7ﬂ)/(2ﬁ)2 7 5<1 < Q2> <5T7M7Q>J (bTaMQ)S (br, p,v)

K [1+0(1—2)]
= (;0 47 (@, M)/ d(brQ)* Jo (bTQm) (bT,/h Q) Jg (bT,u, Q) Sy (b, p,v)
< [1+O(1-2)], (2.3)

where H,; and S, are the same hard and soft functions as in eq. (2.2), Jo(z) is the 0-th
Bessel function of the first kind, and the jet functions J; are defined as the first moments
of the fragmentation functions,

Jy (bT,,u, g) = Zh:/ol dzzDh/q (z, br, i, g) . (2.4)

The jet function J; has the same dependence on the rapidity renormalization scheme as
the fragmentation function [?h /q- Similar to eq. (2.2), this scheme dependence cancels in
the combination J;.J;5, that arises in eq. (2.3). In analogy to TMD factorization, where
it is often customary to absorb the soft function in the TMDPDF or TMDFF, one can
construct a manifestly rapidity-regulator independent jet function as

Tq(br, 11, ¢) = (bT,u, Q) Sy (br, 1, v), (2.5)

where the Collins-Soper scale (2 = @ as in TMD factorization. Using eq. (2.5), eq. (2.3)
can be equivalently written as

O = P Qo) [ A1 Q) o (br QYT ) Ty, 1 b 1. C) < [1+ 01— ),

dz
(2.6)

For more details on this construction in the context of TMDPDFs and TMDFFs, see
refs. [42, 51]. In the following, we will restrict our discussion to J,, as the corresponding
results for 7, can be trivially obtained using eq. (2.5).

To simplify the jet functions, we use that for perturbative by < Aéch they can be

~

perturbatively matched onto the collinear fragmentation functions dy,, as

Ldz
Dh/q (Z bTuUJa ) Z/ dh/q < ,) IC (Z anUJa Q) +0 (bTAQCD> ) (27)
where Iéqq/ is a perturbative matching kernel. Applying eq. (2.7) to eq. (2.4), we obtain

Jy <bT,,u, > Z/ dz 2z Iqu (z bT’“’Q) , (2.8)



where we used the momentum sum rule of the fragmentation function,

1
zh:/o dz zdp (2, 1) = 1. (2.9)

Thus, the EEC jet function is free from nonperturbative hadronic matrix elements, which
makes the EEC much less susceptible to nonperturbative effects than the gp distribution
itself. We note that perturbative power corrections to eq. (2.3) can be systematically
studied using the operator formalism of SCET [22, 52, 53] and involve the treatment of
rapidity divergences beyond leading power [54, 55]. Nonperturbative power corrections to
the EEC have been explored in refs. [56, 57].

The factorization for the EEC in the back-to-back limit has been explored in the
literature since a long time. In refs. [36, 37], Collins and Soper derived the gr factorization
theorem in eq. (2.2), which albeit using a different notation already contained hard and
transverse-momentum dependent fragmentation functions, with the soft function absorbed
into the TMDFFs. They also showed how to resum large logarithms by solving evolution
equations in the unphysical scales p and v, which we will discuss in detail in section 4.
Using the relation between z and small ¢7, they also obtained a resummed formula for the
EEC. However, it was only provided at LO in the matching, where the hard, jet and soft
functions all evaluate to unity. Similarly, Kodaira and Trentadue presented g factorization
with TMDFFs that are matched onto collinear FFs, but only provided formulas for the
resummed EEC spectrum valid at LL and NLL, where the hard and jet functions again
evaluate to unity [38, 39]. Nontrivial fixed-order terms in the factorization formula were first
pointed out in ref. [35], which however did not separate between hard, jet and soft functions,
such that their hard function is equal to the product of H,5.J,.J35, when evaluated at fixed
order.® However, for the purpose of resummation, it is important to distinguish the hard
function, which describes physics at the high scale u ~ @, from the jet and soft functions
which describe physics at the low scale u ~ 1/bp. (In the context of TMD factorization,
the TMDFFs and soft function are often combined.) This will be addressed in section 4.4.
This separation was first achieved in ref. [40], and we closely follow their conventions.

2.1.2 Higgs EEC

We now discuss the extension of the EEC factorization to gluon-induced processes, e.g. the
Higgs EEC in ete™ — H — gg + X, which has not yet been given explicitly in the
literature. As in the quark case, one relates the EEC in the back-to-back limit to TMD
factorization for identified hadron production, et e™ — hihs + X, which for gluon-induced
processes reads

do

- _—_9A 27 iq l_; OO = K ”p’a’ = K
d21d22d2q_,T = QO'OHpaplo-/ (Quu) /d bT e'dr T‘Dhl/g (le bT),LLu ) th/g (2’27 bT,,LL, )

Q Q
x Sy (br.p.v) + 140 (a1/Q%)] (2.10)

5An additional minor difference arises by normalizing by the total cross section o7 instead of the Born
cross section oyg.



To the best of our knowledge, this formula has not yet been explicitly given in the literature,
but it follows immediately from the similar structure of TMD factorization at hadron
colliders [58-60]. Similar to eq. (2.2), H, D, /g and S, denote the hard, fragmentation and
soft function, respectively. For more details on the definition of the gluon fragmentation
function, we refer to ref. [42].

The key difference between egs. (2.2) and (2.10) is the Lorentz structure of the hard
function and the fragmentation functions, reflecting the transverse polarization of the frag-
menting gluons in the factorization limit. Since the gluon fragmentation functions D h/g
only depend on one Lorentz vector, namely v/| = (0, bT, 0), their most general decomposi-
tion is given by

po po 0o
M Po 7 9 = g b b -
Dy (ZJ?T) = th/g (2,br) + (5 — é{) hyg (2:07) (2.11)

where for brevity we suppressed the scales.
In this work, we will only be interested in the Higgs-initiated gluon EEC. In this case,
the scalar nature of the Higgs boson implies a trivial Lorentz structure of the hard function,

HMP?(Q,p) = ¢ 9" H (Q, 1) - (2.12)
Inserting this into eq. (2.10) and using eq. (2.11), we obtain
do . 207 g | & > v\ =~ - v
LA dar =60H (Q, 1) /d by 9707 [Dhl/g <21,bT,M, Q) Dy, /g <22,bT,M, Q)
= g 14 ~ - 1% ~
+ D;ll/g (Zl’ bT7 M, Q) D;u/g (ZQ’ bT7 My Q>:| Sg(bT’ M, V) y (213)

i.e. we simply encounter the sum of two factorized expressions, one for the polarization-
independent contribution and one for the polarization-dependent contribution. (Note the
factor 1/2 from contracting eq. (2.11) with itself.)

We can now apply the same steps as in section 2.1.1 to obtain the factorization formula
for the Higgs EEC as

do

C-TH@Qu [ a01@? Jo (rQvI=) [Jg (v 5) 4, (bT,u,gﬂ S, (br.1.v)

<[14+0(1-2)]. (2.14)

As before, the gluon jet functions are related to the matching coefficients of the gluon
fragmentation functions,

Jg (bT,u, 61/2) = Z/l dzzlﬁgi (Z,bT,u, CV)) ,
J <bT,,u, ) Z/ dzz/C (z bT,M,Q) , (2.15)

where Iegi and /@;i are the matching kernels of D), /g and D;L /g ONtO the gluon fragmentation
function dj,/,, with the matching taking the same form as eq. (2.7). Since the polarized



TMDFF IC’gZ- starts at O(ay), the same holds for the polarized jet function Jg’], implying that
it contributes to eq. (2.14) starting at O(a?). As in the quark case, the gluon jet functions
Jy and J; depend on the chosen rapidity regulator, and manifestly regulator-independent
jet functions can be constructed as in eq. (2.5), see section 2.1.1 for more details.

Note that our factorization theorem for the Higgs EEC disagrees with the statement
in ref. [61], where the gluon jet function is claimed to be the linear combination J, + J!’].
In this case, the J; would already contribute to the cross section at O(«g). However, by
comparing our results for the Higgs EEC in the back-to-back limit with the fixed-order
calculation of ref. [15], we confirm that this is not the case, and find perfect agreement
with the prediction from eq. (2.14).

2.2 Jet function for the back-to-back limit at N3LO

Using egs. (2.8) and (2.15), the EEC jet function can be easily obtained from the N3LO
result for the TMDFF calculated in our companion paper [42]. This result has been ob-
tained using a recently developed method for the expansion of cross sections around the
collinear limit [62].

Throughout this paper we will present results computed with the exponential regu-
lator [63]. As a renormalization scheme we employ the one of ref. [58] by relating the
regulator 7 to the inverse of the rapidity renormalization scale v. This is standard proce-
dure for calculations in the exponential regulator and further details on it can be found in
ref. [63]. The choice of this regulator is due to the fact that it allows to regulate rapidity
divergences while only retaining information on the total momentum of the real radiation,
which is at the basis of the framework of ref. [62] that we have employed for this calculation.
The rapidity-regulator independent combination J; defined in eq. (2.5) can be obtained by
combining our results with the N3LO soft function computed in refs. [62, 64]. While we
only discuss results for J, 4 in the following, for completeness we also provide 7 4 for quarks
and gluons in the supplementary material. Using J;, it is trivial to obtain the N3LO jet
function in any rapidity regularization scheme for which the soft function is known at the
same order, which so far is only the case for the exponential regulator used here.

To present our results, we expand the jet functions as

J; (bT, i, g) - gjo [O‘ZET“)]” T (Ly, Lo) | (2.16)

where the n-th order coefficient J,L»(n) only depends on the logarithms

b2 2
Ly =In gé‘ : LQ:ln%, (2.17)

with by = 2e772. The logarithmic structure of the Jl-(n) is fully encoded by the jet function
RGEs, which due to its definition in eq. (2.4) are identical to the RGEs of the TMDFF,

dln,uanZ (anU'vV/Q) :’3/?7 (:U’aV/Q) 5

1
i (br,1,v/Q) = =573 (br ) (2.18)



where the anomalous dimensions have the all-order expressions

%WW@)QWW[(NM%+%MAM,

390 =~ [ L o ()] 45 los(bo/or)] (219)
bo/br W

Here, Fcusp(a s) is the cusp anomalous dimension, 4% (c) is the jet function noncusp anoma-
lous dimension, which is identical to the noncusp anomalous dimension 7} (as) of the TMD
beam function, and 4, («y) is the rapidity anomalous dimension. Explicit results for these
in our notation are collected in ref. [65]. For more details on these RGEs, see section 4.1.
We have explicitly checked that our result for the jet function obeys egs. (2.18)
and (2.19). Solving these equations order-by-order in «g, one easily obtains the logarithmic
structure of the J;"(Ly, Lg) in terms of the anomalous dimension and the constant piece

of the jet function, which we define as

i = J"(L, = Lo =0). (2.20)

(2

In appendix A, we provide the full fixed-order structure of the J () through N3LO, and
for brevity in the following we only present the constant terms jin) through N3LO. The
complete N3LO jet functions are also provided as supplementary material with this sub-
mission.

2.2.1 Quark jet function

The quark jet function has already been calculated using the exponential regulator in
ref. [61] at NLO and NNLO, with which we find full agreement with their results. For
completeness, we repeat these results,

i =1,

i =Cr(4-8¢),
1549 178 74

- —(3—5
-yt a5 )
149 28

+Can( — 7C2 Cg) (2.21)

_ 139
](52) =C?% (24 — 28— T4(3+ 140(4) +CrCy (

The new result of this paper is the three-loop coefficient, which is given by

. 496 17062 2008 163
Jé )=C% <—C3 <6+600C2C3+7C5+243C4+ C3+ Cz )

+CRCa (i 2255@—@@@ 9620c5+462272044— 442272443— 1520704 o+ )
+0rCh (BG4 2 G+ 13160 B+ e e ey - M 6+ 1)
G, T (73;6 o 125287463 - 1412878g4 s 236845 3;31)

+CrCansTr (224@54- G2C3— 92774C +92881§3 2989100@_ 1gi§5>

+Cpn3TE ( @Cz— 5344 4428744 1;5;) (2.22)



2.2.2 Gluon jet function

In the gluon case, we have to consider both the polarization-independent jet function J
and the polarization-dependent jet function Jé.

At NLO and NNLO, the finite terms for J, can be obtained from the calculation of
the unpolarized gluon TMDFFs of ref. [66],

i =1,
(1) =0y (?2 - 8C2> 158nfv
i®=c? (135<4 _ @Cg - %@ + 226139) + Cang <§C3 + %E)Cz - 12;)
+ Cpng <8C3 - 4:) - g”? (223

The new result at three loops can be obtained from our calculation of the TMDFF in
ref. [42]. We obtain

887378 7091 52064 101995 8540 2228 4853 256
(3) — (13 _ _
J CA( 645 5 G2 T (3+ £l Ca+ 5 G+ C2(3— G6— C3>

111563 6937 77459 16631 2060
+CA”f< 9430 + o7 G2+ 570 (3— 108 Ga— Cs—C2C3>

320843 1168 3254 8 3
+0A0an( i B c3—9<4+120<5—3c2<3)

59131 349 94 100

2 — e —— P —

+CAnf( 1’60 27 2T ST <4>

331 148 1624 44 494 32

2 2

0L 20 R0 24

+CF”f(18+ G 80<5)+0an( = cg) (729 2743) (2.24)

The polarization-dependent jet function Jé starts at O(as), but for Higgs production only
interferes with itself, see eq. (2.14). Hence, it is sufficient to know Jg at O(a?) to obtain
the Higgs EEC at N3LO. For completeness, we report their results from ref. [66],

=0,
o Ca g
g 3 3
8C; 107 8C; 163 2
J® =3 < g + 27) + Cany (34,2 - 27) +2Cpns + oon (2.25)
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2.3 The EEC in the back-to-back limit at N3LO

Combining our result with the hard function from ref. [67] and the soft function from
ref. [64], we have all ingredients to obtain the EEC in the z — 1 limit at N®LO. The Bessel
integral in egs. (2.3) and (2.14) can be easily evaluated analytically, see appendix B.

To present our results, we expand the EEC in the back-to-back limit as

"ds™ (L)
dz ’

s (1)
4

doy
dz

(2.26)

n=0

where we have divided out the Born partonic cross section 9. Ineq. (2.26), Ly = In(Q/p) is
the only remaining logarithm of u, and its structure is entirely governed by the 8 function.
For brevity, we only report the nonlogarithmic terms (which is the same as the entire result
for the choice p = @), but provide the full result in the supplementary material with this
submission.

2.3.1 Quark EEC

The results through NNLO were already given in ref. [61], with which we fully agree, and
which are repeated here for completeness:

dz©® 1
dZ - 56 (Z) ’
1 4ot 2L (Z Lo (Z 4420)6(z
o = 261(2) = 3L0(2) ~ (44 2) 6 (2)
1 do® _ _ 22 4
T = ACHLy () + £2(3) (18CF =l 3nf)
35 2
+ L1 () [Cr (34+86) + Ca (7 +4G) + 2y
_ 45 35
+ Lo (2) |CFr (2 + 24( — 8C3> +Cy <—2 + 22( + 12<3> +ny (3— 4C2):|
41 382 104 182
+4(2) |CF <3 +49¢2 — 80¢3 + 4844) +Ca (—9 - ?@ + 7@ - 8C4>
58 8 4
— 4+ - - . 2.2
+nf<9 +9C2+3C3>} (2.27)
Here, we introduced the standard plus distributions
_ In"™ z _
En(z):[ — , Z2=1—2. (2.28)
Z 1y
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The new result at N3LO reads

1 da®

T = —4C%L5(2)
+L4(2) {—300%—%0}:0,4-1-4300}7724

+L3(2)

212
9

L5 (3) {c} (—144¢— 1663 189)+ CrCa (- 226,725 +

+Cens (S 20) 404 (
44n%
27

760

16
+Cang (36057

)+
+01(2) |CF (-

2900 16

+CrCy (

448
+Cany <7C2+1643—

+Lo (2) {C% (64<3<2—402C2+332<3—552<4 +48(5—

2 — 41205 +224¢3—192(4

88

C} (—16¢—104)+ 5 Crm s+ CrCa (

88 8

2471
27

|
)

——g G235 C3—8Gat—5—
536 32
+Cpny (7@4—3@—

8

38 CZ)

388
~166- 2

)

21
3

)

3797

)

)i (a5
) 0 (-

169
2

)

212 2812 1342 3358
+CrCa (—128CsC+ 5 G =g Ga— 5 Ga— 120G+ =5~ )
20 296 244 623
Oy (— =5 G+ 56T
4420 560 326 4241
HOA (TG g 6 G106 )
1508 184 56 1414
+Cany <—TC2+7C3+§C4+2—7)
9 (112 16 98
i (9<2+9<3—27)}
_ 337 1049 530 3136
+4(2) {0}2«“ (*?*TC2+7<3+512C2C3*64C§*1396<4+TC5*672<6>
10169 = 2729 22070 2176
+CFCA( 5 3 G5 G+ 9<4+528C5+22C6_288<2<3+64<§)
148 985(> . 3340Cs = 58Cs 368¢Cs 224
R e e MR R B 5)
55504 3968 39337 3815 2720 700
+03 (- — TR o+ T G S = T G — T s +59Gs —563 )
15626 3326 3788 290
+Cany (g = “gpCo— g G 5 -Ca-+80G5 + 7203 )
2 1048 616 464 16
03 (- H e e 3
daped®” 7 40
+NF,V7bNT <2+5C2+§C3—%4—§ 5)} (2.29)
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Here, following the notation of ref. [67] the factor Ngy arises from virtual diagrams
where the exchanged vector boson couples to a closed quark loop, and hence this contribu-
tion is not proportional to the charges of the Born process. For the simplest case of photon
exchange, it is given by Npy = (3°ref)/eq, where ¢4 is the flavor of the external quark.
Note that dgp.d®® = (N2 — 4)(N? — 1)/N. and N, is the dimension of the fundamental
representation, hence IV, = 3 in QCD.

2.3.2 Gluon EEC
The singular structure of the Higgs EEC in the back-to-back limit is given by

_(0)
FE
ﬁg:‘ﬂh“@**ﬂaﬁﬁh—?ﬂ+&aCMGE—%Q—W;]
dz§> = 4C3L3(2) + Lo(2) [8380A - 1360Anf + L£1(2) |CF (126 +11) — %nch 4 ;lngc]
+ Lo |C4 <443 + E@ - 91087) +Cang (21:;3 - 28C2> +2Cpny — gn}]
+6(2) {CA (40(4 —44(3 — 7(2 + 1;?(135) + Cany < 8C3 + QZ — 116;)587>
21176nf + Cpny (16C3 — 538)] : (2.30)

The logarithmic structure matches the fixed order calculation of ref. [15], while to the best
of our knowledge, the §(2) term has not appeared in the literature before. Note that the
polarized jet function Jg appears for the first time in the §(2) coefficient at O(a?), as it
vanishes at tree level and interferes only with itself.
For the singular structure at N3LO we find
da'?

dz = _402/"‘5(_)

[550 100
—La4(2) [ 2203~ 5 Cany |

4630 2252 232
+L3(2) [CF (=320 557 ) + 555 Ciny — 57 Can]

+L5(2) [CF (~88Cs - @Cﬁ%gg)

—16CAC'an—|——nf]

+CAnf (224@—@) —@C

400 976 2173)

T 880 2200 12719
+L1(2) [CF (—244¢1- 256 — R0+ 0 ) +Chng (5 G+ 2 G- T
228 40 3:|

+Cyn f< 32C2)+CACan (*-80C3)+0an§—f

27"
_ 1280 30232 81466
+L0(2) [CF (—640aCs — 112G~ 1232Cu+ -5 o+ T Co— )

436 8720 18079 272 520
+03ny (224¢+ 20— T2 0+ 15 )+ Can? (- 22 G+ (o~ 26)

4261 356 17
+CACan( 1763282+ ) Can+Can(32C3 ) ﬁn?«]—i—
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+6(2) [C4 (=56¢3 ~591¢5+68CaCa+ 2o G — S5 Ga— 2oy — o ot T

o (166, . 316. 10345, 27833 8254 _3381919)
JrCA“f( 3 QB3 G+ =5 Ut BT 5560

208 15254 449 189683
+CaCrny (=25 Cals+200G5+4Ci+ e Co 5 Go— T )

2128 916 271522 50077 14650931)

o/ 8. 176, 92. 8983 ) 313
+Crnj <—§<4_7<3_§C2+m)+017nf <—240<5+148C3+?)
2 284 314 620 105647 3 (32 511
+Can (=G G5 6= 57 Gt )+ (576 +79) |- (2:31)

2.4 The maximally transcendental limit from N = 4 sYM

It is conjectured that the leading transcendental term of the EEC in QCD (with Cr,Cy —
N¢) in the back-to-back limit is given by the EEC in the back-to-back limit in maximally
supersymmetric Yang-Mills theory (N =4 SYM) [18]. This relation has been observed to
hold up to O(a?) [14, 15, 24, 61] and it is known not to hold beyond leading power [19, 22].
Here, we validate this conjecture at O(a?), which also provides us with an independent
check of the leading transcendental limit of the three-loop jet functions.

In /' =4 SYM, the back-to-back limit of the EEC is given by a (simplified) conformal
version of the factorization formula in eq. (2.3) [18, 23, 41],

_ doN=t 69 H(a) [ 1 o [ b2
lL)H%T = § B A db bJO(b) exp —§Fcusp(a) In 7{)[2) - F(a) In 7()% . (232)

Here, z = 1 — 2, and I'cysp(a) and I'(a) are the cusp and the collinear anomalous di-

mensions [68-72]. In ref. [23] it has been shown that the boundary function H(a) can be
obtained from the OPE coefficients of twist-two operators at large spin up to 3 loops [73, 74]
and it reads ) 17, 501 \ \
H(a) =1- (ea + 5(a” — (1243 + 32C6) a’+0(a”). (2.33)

While H(a) is sometimes referred as the hard function of the back-to-back asymptotic
in A/ = 4 SYM, it is important to notice that it is neither the N’ = 4 analog nor the
maximally transcendental part of the QCD hard function H(Q, ) which appears in the
factorization theorem in eq. (2.3) (or in eq. (2.14) for that matter). The reason lies in the
fact that in QCD the running of the coupling forces a distinction between the constants of
the §(1 — z) term due to hard, collinear or soft corrections. However, in N' = 4, because
of conformal invariance, there is no reason for such separations and therefore the non-
logarithmic enhanced corrections get combined into a single term, namely H (a).

Combining eqs. (2.32) and (2.33), we obtain the contact term of the z = 1 endpoint in
N =4 up to three loops [23, 41],

1 doN=4

oo dz l5a-s

_ %5(1 2 [1 a6, (NCZ‘;) +80¢4 <ch:r)2

— (1122 + 1182¢) <NCZ;>3 + O(aﬁ)] . (2.34)
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If the principle of maximal transcendentality holds at this order, eq. (2.34) should pre-
dict the leading transcendental terms of the §(1 — z) coefficient of the EEC in QCD
through O(a?).

We find perfect agreement between eq. (2.34) and the leading transcendental terms of
the quark and gluon EEC in egs. (2.29) and (2.31), confirming that the cyonjectured princi-
ple of maximal transcendentality holds for the EEC in the back-to-back limit
through O(a?).

Conversely, if we instead assume that eq. (2.34) predicts the maximal transcendental
limit of the EEC in QCD, we can use it to predict the leading transcendental term of the
EEC jet function at O(a3), as the required hard and soft functions are already known at
this order [64, 67]. We obtain

) 256 4853
j@ M = N3 (43 ce) , (2.35)

which precisely agrees with the leading transcendental limit of the quark and gluon jet
functions given in egs. (2.22) and (2.24). Since the jet functions are obtained from a
weighted integral of the corresponding TMDFF, summed over all contributing partonic
channels, this also provides a remarkable cross check on the N3LO TMDFF matching
kernels calculated in the companion paper [42].

3 Sum rules and the N/ = 2 Mellin moment of the EEC at O(a?)

An interesting property of the EEC is that it obeys the sum rules [23, 24, 41]

1
/ dzd—g =0 (3.1)
1
/ dzz / dz(1 — 2) dU =59 (3.2)

where o is the inclusive cross section for ete™ — hadrons (or Higgs decay to hadrons),
which is known up to O(a?) [75-77]. These sum rules are due to energy and momentum
conservation, respectively. The first sum rule can be derived by noting that

/dUV—>a+b+X =0, Y, Eg;;b = <Z %) (Z ?) =1. (3.3)

a,b a b

a,b

The second follows from
Pa - Py = EaEy — EqEjp cOS Xa,b 5 (3.4)

such that

EEb (1 —cosxap) ph Pou
2 - (28) (5) .

a,b a b

®Note that starting at O(a?) there is a leading transcendental contribution to the §(1 — 2) term from
the Fourier transform of the cusp, see appendix B. Therefore, the boundary terms do not agree between br
space and z even at leading transcendental weight.
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where Y-, pi' = ¢* = (Q,0,0,0) in the rest frame of the source.” The presence of these
sum rules puts interesting constraints on the EEC distribution and allows one to use
information about one region to extract nontrivial information on the distribution away
from that region [23]. In particular it is useful to divide the EEC distribution in different
terms [23, 24]

do.reg

+ dZ

do
o Voo(z) + [

@f) (3.6)

¢1(2)
++may-) Liz

This isolates the endpoint singular terms with respect to the regular part of the distribution,
such that g—g . is finite as z — 0 and z — 1 and the plus prescription for ¢ is taken to
act at z = 0, vs/'ghile that for ¢; at z = 1. The functional form of the leading term of the
EEC in the z — 0 and z — 1 limit in QCD is known at all orders due to the factorization
theorems presented in ref. [24] and ref. [40]. In particular, order by order in «; one finds

n n—1
N Qs n,m m
¢o(z) = C’OZ <47r> C(() ' )log z
n m=0
n 2n—1

z) = 6()2”: (Z;) Z cln ™) log™(1 —2), (3.7)

where all the coefficients c%’“)n with n < 3 are known [24, 40]. In particular, the coefficient
653,m) is the coefficient of £,,(2) in eqgs. (2.29) and (2.31) for eTe™ and Higgs, respectively.
Expanding the total cross section and the boundary constants as

~ as\" n g n ~ as\"  (n
U:UOZ(M) R™, VO—UOZ< )Vo ) WZUOZ(M) V1()7 (3.8)

we can make use of the sum rules and obtain relations order by order in as. We can write
the relations at O(af) in compact form as

n n d reg
R = M 4y +—/d id (3.9)
O(az)
R(n) (n 2n—1 (n,m) (n,m) do.reg
T ! / dz z (3.10)

2 Z { O(ay)
R(™) (n) 2n—1 (n,m) (n,m) 1 dores
- = _ m ‘ n,m o n,m = _

=W i;ﬁn7nh § h%/wu D oy O

In appendix C we collect the expressions for the terms entering eq. (3.9), eq. (3.10) and
eq. (3.11). The different ingredients can be obtained with wildly different techniques and,
as it is often the case, some are easier to obtain than others. Therefore, the power of
these sum rules lies in the ability of extracting information about the endpoints from the

"Note that the choice of frame is already implicitly taken in defining the EEC observable in terms of the
angle xq,» which is clearly frame dependent. An alternative, and equivalent, way of defining the observable
in a frame independent way is to let z = Qp’;‘f;]il;‘q. It is easy to check that, in the rest frame of the source,
this gives back the definition in eq. (1.2).
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bulk of the distribution and vice versa. This idea has been applied in ref. [23] to obtain
the endpoint behaviors of the EEC in A/ = 4 up to three loops.® In QCD, it has been
applied in ref. [24] to extract VO(Z), i.e. the two loop §(z) coefficient, using the two loop

d(1—~z) coefficient v from refs. [61, 66] and the regular part of the distribution 99—
' @ o)

from the fixed order calculation of refs. [14, 15] both for the EEC in ete™ as well as in
gluon-induced Higgs decay.

While all the ingredients are known in QCD at O(a?2), much less is known at O(a?).

In particular, only the logarithmic structure at the endpoint, i.e. the c?’m) and c(()3’m)

coefficients, is known [24, 40|, but neither the regular part of the distribution nor the
0(2),0(1 — 2z) terms are known. In this work we have calculated the EEC jet function at
O(a?), which is the last missing ingredient to obtain V1(3)7 i.e. the three-loop coefficient of
§(1—z), which we have presented in eqs. (2.29) and (2.31) for ete™ and Higgs, respectively.
Combining our new results with eq. (3.10), we obtain the N = 2 Mellin moment of the
EEC in the bulk at O(a3).

For ete™ we obtain

1 reg

%0 ; dz z dg‘if‘o(ag) =

C} (64G3 + 67266 — 496CaCs — 255G + 21004 — 210G + ot (o — B2

+ Cpnj (%C‘i + 243 + %@ * 11536540307)

N CFCi (56(% _ 59<6 " 6738C2C3 n 22312C5 _ 17968C4 _ 432876001 s+ 79831009031 <2 _ 9(1322&1);9)

— C3Ca (64G + 2265 — 2320505 — 8Gs + Trg G — T+ DG — T )

+ CpCany (—72C3C2 — ?Qﬁ + 8#;244 + G;SQ G3 — 3?22327@ + 12:238333)

by (560 + 56— 50— TG+ ¢~ )

+ d“b];iil:bCpr (4§0C5 + % - ?Cs —5G2 — %) ; (3.12)
where we adopt the same convention for the dup.d® color structure as in eq. (2.29).

We stress that to calculate the N = 2 Mellin moment using eq. (3.10) we need the O(a?)
logarithmic coefficients also in the forward (z — 0) limit, whose factorization theorem was
obtained in ref. [24]. However, at the time of the publication of ref. [24], the NNLO time-
like splitting function Pq(g available in the literature was not correct. A new result for Pq(s)
was more recently obtained in ref. [27] and we have confirmed this result in our calculation
in ref. [42]. Since Pq(g) is part of the singlet time-like splitting kernel matrix governing the
logarithmic structure of the EEC in the z — 0 limit [24], the new result for Pq(gz) modifies
the small angle limit of the Higgs EEC at O(a?) and beyond. The result in e*e™ is not

modified since in that case Pq(g) contributes to the z — 0 logarithmic coefficients only

8The contact terms of the EEC in N = 4 were also obtained in ref. [41].
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starting at O(a?). In the Higgs case, using the correct splitting function we obtain

1 dotes
f’io o 7 o)
Ci (56C32 + 591¢s — 132¢2¢3 — 356(5 — %Q - 25292158743 - 17222255‘27@ 16Sj;gg(7)g(1)11)
+C%n ¥ (—LgGCQC:% +92¢5 — 4;25 C4 184251059 C3 8?2?2(1)742 N wigégggégu)
+ CaCpny (?Cz(s —120¢5 — 21%3(4 + 42(2)?2 Che 4?329 G2 — 36977122030806013)
+ CEny (80C5 + %44 - 122? G3 + 1130303 G2~ 1;2;(1)?)3)
+Canj (5576 = "5 6~ 5+ oo )
+ CF’H? (%QL - %43 - 699()607C2 + 1;2;83289)
#n3 (50~ D) - o

The N = 2 Mellin moment of the EEC for ete™ and Higgs at O(a?) in eqgs. (3.12)
and (3.13) constitute two new results. In particular it is the first piece of information on
the EEC in QCD analytically at NNLO in the bulk of the distribution. As a matter of fact,
at NNLO the EEC is only known numerically in QCD for e*e™ [7, 10] while no results at
this order at all are available for the EEC in gluon-initiated Higgs decay. Noting that the
full result for the EEC at this order is known in N' = 4 [19], we can check if the N' = 4
result indeed constitutes the leading transcendental terms of the QCD result. While the
result of ref. [19] is expressed in terms of a two-fold integral and therefore cannot be directly
checked analytically, in ref. [23] the N = 2 Mellin moment of the distribution away from
the endpoints has been obtained and reads

1 del=t Noas\? 2 , 11 4 720 5 197 7
— [ dzz—% :2( ;O‘s> —2+—w2—§§3+w —L@—*CE)-I- W6+EC§ .

50 Jo dz 3 80 12 4> 40320
(3.14)

We see that this result has no uniform transcendentality, but the leading transcendental
piece exactly matches our result in QCD after taking C'4, Cr — N.. Therefore we confirm
that the principle of maximal transcendentality holds also at NNLO for the N = 2 Mellin
moment of the distribution in the bulk.

4 Resummation of the EEC at N3LL’ accuracy

In this section, we use our results to obtain for the first time the EEC spectrum in the
back-to-back limit resummed at N3LL’ accuracy. In section 4.1, we review how the large
logarithms In(1 — z) can be resummed to all-orders by solving the renormalization group
equations (RGEs) of the hard, jet and soft functions. Details of its implementation are
presented in section 4.2, before we show our numeric results in section 4.3.
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4.1 Renormalization group evolution

The hard, jet and soft functions entering egs. (2.3) and (2.14) obey the same RGEs as the
hard, beam and soft functions in TMD factorization,

d
I lnH(Q ER(OADE
1
dln an(anu?V/Q) - (M?V/Q) mlﬂjj(bT,M,V/Q) - _§7y(bT7M)7
" y d .
dlnulnSi(bT"u’y) :P)/S(/’Lvy)7 dlnylnSi(bThu?l/) :’Yu(bTyﬂ)- (41)

The anomalous dimensions with respect to p have the all-order form

V(@) = AT [ (1) lnff + difos()]

(1, v/Q) = 20 gy lavs ()] In g +Fias(w)].
351, v) = Ahygples ()] n & + 55 ()] (4.2)

Here, Fcusp(as) is the cusp anomalous dimension, ’yq(as) and 74 () are the quark and gluon
anomalous dimensions, and 7%(as) and F4(c) are the jet and soft noncusp anomalous
dimensions, respectively. In eq. (4.2), the notation v[as(i)] indicates that their scale
dependence only arises through the strong coupling constant as(u), and we distinguish
the noncusp anomalous dimensions from the full anomalous dimension by the number of
arguments. Note that the jet anomalous dimension is identical to that of the TMD beam
and fragmentation functions, and in particular 4% () = 9%5(as). p independence of the
cross section implies that

Va(Q. 1) + 275 (1, v/ Q) +F5(p,v) = 0. (4.3)

The rapidity anomalous dimension itself obeys an RGE,

T ) = ATk o). (4.4)

which follows by commutativity of applying both d/dInu and d/dInv to either J; or S;.
The solution to eq. (4.4) can be written as

i mdp' i
Y (bTv M) =—4 'u I_‘Cusp [ (:U‘/ﬂ + VV,FO(bT) NO) ) (45)
Ho

where the integral resums logarithms In(u/ o), leaving only logarithms In(bppg/bg) in the
boundary term that is evaluated at fixed order, as indicated. This generalizes eq. (2.19)
to arbitrary boundary scales po. Eq. (2.19) is obtained by choosing the canonical scale
po = bo/br, which eliminates all large logarithms in the boundary term such that it can be
reliably calculated in fixed order. The boundary term at this particular choice is commonly
abbreviated as

Yilos(bo/br)] = Al wo (br, 1 = bo/br) - (4.6)
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As for the p anomalous dimensions, the boundary term is distinguished from the full
4% (br, i) by the number of arguments.

We note that the rapidity anomalous dimension becomes nonperturbative for by 2
Aéch, irrespective of whether p is perturbative or not. In our numeric analysis, we will
simply freeze out pg to avoid the Landau pole, but note that it would be very interest-
ing to extract nonperturbative contributions to 4, using EEC data from LEP. Another
promising approach is to calculate it using lattice QCD as suggested recently [78-80], and
first exploratory results have recently been obtained in refs. [81, 82], see also ref. [83] for
first estimates of its large-br asymptotics.

By solving eq. (4.1), one can evolve the hard, jet and soft functions from their natural
scales to the common scales (i, v). This two-dimensional evolution is independent of the
chosen path by virtue of eq. (4.5), and we choose to first evolve in virtuality u before
evolving in rapidity v. The resummed cross section in eq. (2.3) is then given by

do 69 [ )y Ui -
gzgo/o d(bTQ)2 JO(bTQm)qu(Q’MH)JQ(bT7MJ’é)Jﬁ(bTaﬂJaaj)sq(bT,,US,VS)
" dul q / # dﬂ/~ ’ H d,u/~ vy FE(br )
X ex — S )+2 — (v +/ — AL v } —
ol [0 Stz [ St va@y [t ()
x[1+0(1-2)], (4.7)

and similar for the gluon case shown in eq. (2.14). Eq. (4.7) is manifestly independent
of the overall rapidity scale v, while the dependence on u cancels due to eq. (4.3). By
choosing the canonical resummation scales as

0 % b
HH y Mg bT ) Hs bT ’
b
vy~ Q, USNb—O, (4.8)
T

the fixed-order boundary terms in the first line of eq. (4.7) are free of large logarithms and
can be reliably evaluated in fixed-order perturbation theory, while all large logarithms are
explicitly exponentiated.

The logarithmic accuracy of the resummed cross section in eq. (4.7) is classified by
the exponentiated logarithms. For example, LL refers to exponentiating all terms a,L?,
requiring only the one-loop cusp anomalous dimension and beta function. The fixed-order
boundary terms H, J and .S must be chosen at an order such that they cancel all logarithms
obtained from expanding the exponential in fixed order. In practice, one often chooses the
boundary terms at one order higher as this significantly reduces residual scale dependencies,
which is referred to as prime counting [86]. For completeness, table 1 lists the ingredients
required up to N3LL'.

At N3LL/, we need to implement the hard, jet and soft function at three loops. The
Drell-Yan hard function is known at O(a?) from the quark form factor [67, 87-94], and is

9The integrals over p’ are often implemented using an approximate analytic solution which leads to a
small residual dependence on p [84, 85]. To avoid this effect, we have implemented all integrals and the
running coupling constant exactly, but we have checked that the difference to the analytic approximation
is negligible.
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Accuracy | H, J, S | Deusp(as) | v(as) | Blas)
LL Tree level 1-loop — 1-loop
NLL Tree level 2-loop 1-loop | 2-loop
NLL/ 1-loop 2-loop | 1-loop | 2-loop
NNLL 1-loop 3-loop 2-loop | 3-loop
NNLL/ 2-loop 3-loop | 2-loop | 3-loop
N3LL 2-loop 4-loop 3-loop | 4-loop
N3LL/ 3-loop 4-loop | 3-loop | 4-loop

Table 1. Classification of the resummation accuracy in terms of the fixed-order expansions of
boundary term, anomalous dimensions and beta function.

explicitly given in ref. [67].1° The soft function has been calculated at O(a?) in ref. [64]
and confirmed in ref. [51], while the EEC jet function at three loops is the remaining
ingredient provided in this paper. The resummation also requires knowledge of the four-
loop cusp anomalous dimension [68, 70, 95-102] (see ref. [101] for a complete list of partial
four-loop results). The three-loop quark and gluon anomalous dimensions v, 4, are known
from the corresponding form factors [87-92, 103] (see ref. [102] for the result at four loops).
The beam and soft noncusp anomalous dimensions ﬂé, g were first obtained by consistency
with the invariant-mass dependent jet function and threshold soft function, all of which
are known at three loops [95, 96, 104-107], and were confirmed by explicit calculations
in refs. [51, 64, 108]. The rapidity anomalous dimension 7, (c;) is known at N3LO [64,
109, 110]. Finally, resummation at N3LL accuracy also requires knowledge of the QCD 3
function at four loops [111-114]. Explicit expressions for all these anomalous dimension
through N3LO in the notation used in this paper are collected in refs. [65, 115].

4.2 Resummation scales and perturbative uncertainties

We choose the canonical resummation scales as
bo bo

MJ:MS:MOZWa

Here, we employ a local b* prescription to freeze out the virtuality scales to avoid the

pa =v;=Q, (4.9)

Landau pole at large by, with
by bo
L+ b3 /b

b (br) = =1 GeV. (4.10)

bmax

The functional form in eq. (4.9) is identical to the b* prescription of refs. [36, 37], but
following ref. [116] we only modify the resummation scales rather than globally replacing
by by b%(br), as this would induce a global power correction O(b%/b2,.).

max

ONote that starting at three loops, the exchanged vector boson can couple to closed quark loops, whose
couplings differ from those of the Born process. This is the origin of the Npv piece in ref. [67]. For our
numerical illustration later, we simply set Ngy = 0.
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Note that we always choose (variations around) the canonical resummation scales in
eq. (4.9). In a detailed phenomenological study, one would smoothly turn off the resumma-
tion when the power corrections to eq. (4.7) become comparable to the terms predicted by
the factorization theorem. Here, we refrain from doing so, as we only intend to illustrate
the impact of the new three loop results on the resummation in the regime where canonical
resummation is justified.

To estimate perturbative uncertainties, we follow the procedure developed in ref. [117]
and separately consider a fixed-order and a resummation uncertainty, and in addition
consider an uncertainty from our nonperturbative prescription. Since these sources are
considered uncorrelated, the individual uncertainties are then added in quadrature,

Atot = \/A%o + Ages + A?lp ) (411)

which we apply symmetrically around the central prediction.

The fixed-order uncertainty is estimated by varying all scales except pg in eq. (4.9) by a
common factor of 1/2 or 2 and take Ag, to be the maximum deviation. This probes all fixed-
order boundary terms in the first line of eq. (4.7), but does not affect the exponentiated
logarithms in the second line, and thus is akin to a standard fixed-order scale variation.

The resummation uncertainty is probed by individually varying all scales by a factor
of 1/2 or 2 around their central value, constrained such that the arguments of all exponen-
tiated logarithms in the second line of eq. (4.7) are varied up or down by a factor of at most
2. We do not vary pp, whose variation is already covered by the fixed-order uncertainty,
resulting in 35 variations in total [117]. These variations probe the cancellation of the
exponentiated logarithms with those in the fixed-order boundary conditions, and thus are
interpreted as a resummation uncertainty. Since these variations can be highly correlated,
we define A as the envelope of all variations.

Finally, we vary by/bmax = 0.5,2 GeV to probe the uncertainty Ay, of our nonpertur-
bative prescription.

4.3 Numerical results

We illustrate the impact of our new results by numerically studying the EEC spectrum
differential in the angle y,

do = }sin Xd—a , (4.12)
dx 2 dz z:%(l—cosx)
for photon-induced hadron production up to N3LL/. We always work on the Z-pole with
Q = myz = 91.1876 GeV, and choose as(mz) = 0.118 and evolve it according to table 1.
The resummed spectra are evaluated using an implementation in SCET1ib [118].

Figure 1 shows the breakdown of the total uncertainty into the different sources,
namely fixed-order (Ag,, blue), resummation (Ayes, green) and nonperturbative (Apyp, or-
ange) uncertainties, for all resummation orders except LL. In all cases, the smallest un-
certainty is Ayp from varying bmax, and only becomes relevant for the very precise N3LL/
prediction. The resummation uncertainty A,es is always larger than Ag,, but both are of
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comparable size at NNLL and higher. As is clear from figure 1, the overall uncertainties
reduce drastically with increasing the resummation accuracy, i.e. as NLL — NNLL —
N3LL.

A striking feature is the huge reduction of uncertainties when going from N"LL (left
panel) to N”LL’ (right panel), which has a much bigger impact than simply increasing
the resummation order from N"LL to N"*!LL. This illustrates the importance of prime
counting, i.e. including the fixed-order boundary terms in the resummation at the same
perturbative order as the resummation (confer table 1).

We remark that we encounter much larger uncertainties than observed in the NNLL
results in refs. [7, 8, 35]. Our uncertainties are dominated by variations of the low scales, as
they probe as(1/b%) and thus become large at large by. Due to applying these uncertainties
symmetryically, the resulting uncertainty bands even become negative up to NNLL, but
greatly improved beyond NNLL. We will address this in more detail in section 4.4.

Figure 2 shows a comparison of the resummed EEC spectrum at various orders. In the
left panel, we compare NLL’ through NNLL/, while in the right panel we compare NNLL'
through N3LL’. In both cases we also plot the nonsingular distribution defined as

do™™  do doy

dz —dz dz’

(4.13)

where doy/dz is the leading-power cross section in the back-to-back limit as predicted by
the factorization formula in eq. (2.3) and presented explicitly in section 2.3 up to O(a?).
Thus, do™°™ /dz shows the impact of the fixed-order corrections beyond leading power. In
the left plot, the dot-dashed black line shows the neglected correction from the NLO fixed-
order results calculated in ref. [14] (with respect to the O(a?) leading power result), while
in the right plot we show the nonsingular distribution at O(a?) using the NNLO fixed-order
results calculated numerically in ref. [7].}! As expected, these fixed-order corrections are
neglibile for x = 160°, thus justifying employing canonical leading power resummation in
the shown range. One notable feature in figure 2 is that going from NLL’ to NNLL actually
increases the size of the scale variations, except in the region y ~ 170 —177°. Nevertheless,
the central value at NNNL (blue dashed) is much closer to the central value at NNLL' (red
solid) than at NLL (green dotted). We observe a similar pattern when comparing NNLL’
and N3LL in the right panel, even though the effects are less pronounced at this order.
Overall, the central values show very good convergence beyond NNLL, with greatly reduced
uncertainties at N3LL/ of about 4% at the peak, compared to about +15% at N3LL.

In figure 3, we overlay the N?LL and N3LL/ resummed spectra of figure 2 with the
fixed order NNLO numerical calculation of ref. [7] as well as the experimental measurement
of the EEC [4] from the OPAL collaboration at LEP. We observe that resummation effects
improve substantially the behavior of the spectrum in the peak region compared to the
fixed order calculation. We also note that pushing the resummation to N3LL’ accuracy
is crucial to achieve a perturbative control on the theory prediction that is competitive
with the experimental uncertainty on this observable. However, it is important to point
out that for a realistic comparison with experimental data and for the extraction of the

1We thank Gabor Somogyi for private communication of these results.
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Figure 1. Breakdown of the total uncertainty into fixed-order (Ag,, blue), resummation (A,
green) and nonperturbative (A,,) uncertainties for different resummation orders.

strong coupling constant from this event shape, it is essential to include hadronization
effects [2-9, 56], as resummation effects alone, even at N3LL/, cannot fully bridge the gap
between partonic fixed order results and data. For completeness, we also show in figure 3
the analytic leading power spectrum in the back-to-back limit at O(a?),!? (in red) from

12Note that, as explained in the Introduction, in the context of factorization theorems it is customary to
count O(a?) contributions as N"LO. Therefore, the leading power spectrum for z — 1 at O(a?) is referred
as the EEC in the back-to-back limit at N®LO, hence the title of section 2.3. However, since in figure 3
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Figure 2. Comparison of the resummed EEC spectrum as a function of the angle x at different
resummation orders. The shaded areas, bounded by the solid lines, show the individual uncertain-
ties, with the central value indicated according to the legend.
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Figure 3. Comparison of the N3LL and N3LL’ resummed EEC partonic spectrum with the fixed
order NNLO numerical calculation of ref. [7], the LEP data from the OPAL collaboration [4], and
the analytic leading power spectrum at O(a2)!? from eq. (2.29).

egs. (2.27) and (2.29). In the peak region, this result perfectly agrees with the fixed order
NNLO numerical calculation of ref. [7], thereby again justifying resummation in this region.
Note that the difference between those two results is exactly the non-singular distribution

plotted in the right panel of figure 2.

we included the leading power fixed order result mainly for comparison with the numerical calculation
of ref. [7], which counts O(a2™!) corrections as N"LO as it is usually done for fixed order calculations of
event shapes, we refrained from mixing the notation and therefore labeled it as NNLOrp in the legend.
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4.4 Comparison to literature

Resummed predictions for the EEC in the back-to-back limit have previously been reported
in refs. [7, 8, 35] at NNLL, based on the approach developed in refs. [36-39]. To compare
our formalism to theirs, we start from eq. (4.7) and choose the resummation scales as

bo bo

” (4.14)

i.e. we distinguish only an overall high scale uj; and low scale u;, but always evaluate
the rapidity anomalous dimension at its canonical scale g = by/bp. With these choices,
eq. (4.7) can be rewritten as

do & o0 N
é = gquq" (Qaﬂh)/o d(bTQ)2 JO (bTQ\/m) =]q (anul) lé;) J(j <bT7,ula g) Sq (bTaMlaul)
ui d 2 2 , ,
><exp{—/ul2 52 [m/ﬁAq (s (1)) + B [as (u)]]}
2 le 2 21
xexp{lnz; b A% o ()] 410 % 8 o ()] 3¢ o <m>n} , (4.15)
h/ug M Hh

The coefficients A? and B? in eq. (4.15) are given by

d’NYzi/(OZS)
daoyg

A(0) =Tyl + 180 D0 Bilag) =2yi(00) - L3i),  (416)

where we remind the reader that 7 [as(bo/br] = 7% (br, bo/br) is the boundary term of the
rapidity anomalous dimension. Notably, the A coeflicient differs from the cusp anomalous
dimension starting at O(a?), which already contributes at NNLL [119].

In eq. (4.15), the first line contains the fixed-order boundary terms, which at canon-
ical scales are free of any logarithms and only depend on as(upn) = as(Q) and as(w) =
as(bo/br). The second line in eq. (4.15) contains the Sudakov form factor that exponen-
tiates the large logarithms. The third line only contributes when up # Q or u; # uo,
i.e. when scales are not chosen exactly canonically, and thus can be used to assess resum-
mation uncertainties by separately varying u; and p;. We note that this procedure is not
quite as refined as the one introduced in section 4.2, where we separately vary all resum-
mation scales. Also note that since 7, = O(a?), the second term in this exponential first
contributes at O(a?).

To compare eq. (4.15) to the results used refs. [7, 8, 35], we now explicitly choose the
canonical scales, using which eq. (4.15) reads

do o = .
di(: = %qu(Q,Mh)/o d(brQ)? Jo(brQV1 — 2)J, (bT, iR %)Jq<bT7ﬂla %)Sq(b:m,uz, 1)
X exp {— /b;/b% dljf;z lln A;AQ[QS(;/)] + Bq[as(ﬁ/)]] } . (4.17)
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For comparison, the resummation formula given in ref. [7] reads®®

dO’ Otot

& = g Hloslur)] /Oood@bT)?Jo(bT@m)

Q* qp?
X exp —/ ,L;
bo/bZ M

where oy is the total hadronic cross section. Comparing egs. (4.15) and (4.18), we first

I

2
In =5 A%les ()] + Bq[as(ﬁ)]l } : (4.18)

notice that both formulas contain the same Sudakov form factor.'* However, as already
discussed at the end of section 2.1.1, their result only contains a combined function H
instead of separating physics at the high and low scales into a hard function and jet and
soft functions, respectively. It obeys

oot H [0s(Q)] = 60 Hyqlors(Q)]Jglevs (bo /br)] Jg[evs (bo/b1)] Syl evs(bo /b))
x {1+ Olas(Q))*}. (4.19)

Here, each term is evaluated at canonical scales, and thus only depends on the scale through
the running coupling. Eq. (4.19) is to be understood as a reexpansion in as(by/br) =
as(Q) + O(a?). Due to eq. (4.19), both eqgs. (4.17) and (4.18) recover the correct fixed-
order expansion of the EEC in the back-to-back limit. However, only eq. (4.17) yields the
correct NNLL result, as eq. (4.18) does not contain the correct boundary terms.

As remarked earlier, while the original works in refs. [36-39] did not yet contain sepa-
rate hard and jet functions, as they do not yet contribute a the NLL accuracy they work
at, the existence of these functions can already be seen in the gp factorization used in those
works to derive the EEC factorization in the back-to-back limit. For instance, ref. [39] also
explicitly mentions corrections to the TMDFF in a4(1/b7).

Another crucial difference lies in the estimation of perturbative uncertainties. In our
approach, we vary all resummation scales, which in particular separately varies the high
scale pp ~ @ and the low scale p; ~ 1/bp. This reflects that in the back-to-back limit,
the EEC contains two parametrically different scales, and varying both resummation scales
probes the physics at both scales. In contrast, in refs. [7, 8, 35] effectively only the hard
scale pp is varied, while the low scale is always kept canonical at p; = po = bo/br.
This completely neglects the variation from the last line in eq. (4.15), and thus largely
underestimates the perturbative uncertainties. Note that due to the lack of a jet and soft
function evaluated at the low scale, variations of the low scale can not even cancel formally
in eq. (4.18), in contrast to variations of the hard scale ugr. Also note that refs. [7, 8, 35]
avoid the Landau pole by deforming the integration contour into the complex plane, rather
than freezing out the scale as done in our analysis.

The above observation already explains why the perturbative uncertainties observed
in our analysis are larger than those seen in refs. [7, 8, 35], as we cover a larger set of scale
variations. Moreover, since variations of the low scale y; ~ 1/bp probe the strong coupling

13Their expansion of the Sudakov form factor contains an implicit sz dependence, which formally cancels
with the pur dependence of the overall hard function.
“Note that ref. [35] did not use the correct N*LO result for A?, which was first obtained in ref. [119].
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at much larger values than variations of the high scale up ~ @, it is not surprising that the
former are in fact the dominant uncertainties. To validate this, we compare three methods
of estimating uncertainties:

1. Ayiot: full set of profile scale variations as discussed in section 4.2

2. A(pp): we only consider two variations,

1

5@, pE =vy =2Q, (4.20)

,U‘H:VJ:2

while all other scales are kept as in eq. (4.9). This roughly mimics the procedure in
refs. [7, 8, 35].

3. A(uy): we only consider three variations,

_ (1 N\ _ (1. 1) bo _ (L 1Y bo
(MJ://JS) - <2’1> b:}’ (:U‘JHU'S) - <17 2) b;’ (:anuS) - (25 2> b?v (421)

while all other scales are kept as in eq. (4.9). These are the only scale variations
where the hard scales ppy ; are unchanged, and the low scales are only varied down.
We also keep the rapidity scale vs = by/b} canonic, as it does not enter the running
coupling.

The results are shown in figure 4, in a similar pattern as in figure 1 such that one can
easily compare the two figures. At NLL, we see that the variations of both the high scale
(orange) and low scale (blue) are significant, giving rise to a very large overall uncertainty
(green). In contrast, at all higher orders we clearly see that it is indeed the low-scale
variation A(yy) (blue) that dominates the total uncertainty, while the high-scale variation
A(up) and the remaining scale variations are almost negligible.

In ref. [35], the uncertainty of the peak at NNLL was given by roughly +8%, compared
to A(up) ~ 12%. By only considering the variation A(uy), our uncertainty at N3LL/
(N3LL) reduces to only +£0.5% (+2%), compared to our more conservative uncertainty of
about +4% (£15%) when using all scale variations. In both approaches, the uncertainty
reduces by a factor of about 4 when going from N3LL to N3LL/, illustrating the importance
of including the N3LO boundary terms computed in this work. However, we stress again
that only varying the high scales neglects important uncertainties from soft physics, and
thus the A(uyp) variation alone is not sufficient to obtain a robust estimate of theory
uncertainties.

We close by remarking that it was already remarked in ref. [39] that the EEC is quite
sensitive to the high by region, and nonperturbative model functions were introduced in
order to achieve agreement with CELLO data. This is consistent with our observation that
variations of the 1/br scales yield the dominant uncertainties.

5 Conclusions

In this work we have calculated the full singular structure of the Energy-Energy Correlation
(EEC) in the back-to-back limit at O(a?) in QCD, including contact terms. Our work
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Figure 4. Comparison of the total uncertainty Aq, estimated by a full set of profile scale varia-
tions, to varying only the high scales pj, ~ @ or the low scales p; ~ 1/br. See text for more details.

applies both in the case of ete™ annihilation as well as in gluon induced Higgs decays. To
obtain these results we have calculated the quark and gluon jet functions for the EEC in the
back-to-back limit at N3LO, which were the last missing ingredients for the factorization
theorem in this limit at N3LO.

The computation of the jet functions relies on the calculation of the kernels of the
transverse-momentum dependent fragmentation functions at N3LO in our companion pa-
per [42] which have been obtained using a recently developed method for the expansion
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of cross sections around the collinear limit [62]. We checked that the logarithmically en-
hanced terms of our calculation match those predicted by the rapidity renormalization
group (RRG) evolution.

By comparing the leading transcendental part of our results we show that the prin-
ciple of maximal transcendentality, which states that a quantity obtained in N' =4 SYM
constitutes the leading transcendental term of the same quantity in QCD, holds for the
EEC in the back-to-back asymptotic up to O(ag’). In particular, we show that the leading
transcendental part of the EEC in eTe™ is identical to the one for the EEC in Higgs decay
to gluons and that both match the result in N' = 4 [19, 23, 41], not only for the logarithmic
part but also for the contact terms. This also provides a non-trivial cross check on both
the quark and gluon jet function calculations of the 6(1 — z) constants in addition to the
one on the logarithmic parts coming from the RRG evolution.

Leveraging on the fact that the EEC obeys a set of non trivial sum rules [23, 41], we
used our newly calculated result for the contact terms at O(a?) as well as the logarithmic
enhanced contributions in the small angle limit [24] to obtain the N = 2 Mellin moment of
the EEC distribution in the bulk at NNLO in QCD analytically. This constitutes the first
piece of analytic information on the EEC distribution at this order in QCD away from the
endpoints, both in the case of ete™ annihilation as well as in gluon induced Higgs decays.

Finally, we have carried out the resummation of the EEC in the back-to-back region at
N3LL' accuracy. This is the first time an event shape observable is resummed at this level
of accuracy and, more generally, this constitutes the highest level of resummation for any
infrared and collinear safe observable in QCD to date. We show that by performing the
resummation at N>LL’ we obtain a reduction of uncertainties by a factor of ~ 4 in the peak
region compared to previous results obtained at lower accuracy. We thoroughly discuss
different schemes to estimate the uncertainties due to missing higher order corrections both
in the boundary terms as well as in the anomalous dimensions. We compare these different
schemes with the ones used in the literature for this observable. Adopting a scheme in line
with the ones previously used in the literature we obtain a 5 per-mille uncertainty at the
peak. Using a more conservative scheme, which includes a significant contribution from
non-perturbative regions, we obtain a 4% uncertainty for our result at N®LL/. We point
out that the accuracy for lower order results is severely affected by the choice of scheme
and that varying the low-energy scale gives a dramatically larger estimate of uncertainties.

The recent progress in understanding Energy-Energy correlators is very promising and
we believe it shows that they will play a crucial role in improving our understanding of
the strong interaction in the years to come. For example, as the EEC has been often
used to determine the strong coupling constant [2, 3, 5-9], it would be interesting to
leverage the high level of perturbative control we gained on this observable thanks to
the N3LL’ resummation, to improve the extraction of oy, complementing the extractions
based on other event shape observables in ete™ such as thrust and C-parameter [120-
123]. In addition, it could also be used to extract nonperturbative corrections to the
rapidity anomalous dimensions. We expect that further studies of perturbative [22] and
non-perturbative [56, 57] power corrections will be important to improve the theoretical
control on this observable.

— 30 —



It will also be interesting to explore the application of the techniques used in this
work and its companion paper [42] to higher point energy correlators in QCD where recent
progress has been obtained [28, 124, 125].
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A Fixed-order structure of the EEC jet function

Here, we provide the fixed-order structure of the jet function, obtained by solving the
RG egs. (2.18) and (2.19) order-by-order in a;s. The fixed-order coefficients as defined by
eq. (2.16) are given by

IO Ly Lo) =1,
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(2) Loolro (ri2, i ~i I
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Here, the I'), and v, are the O[(a;/4m)"] coefficients of the cusp and jet noncusp anoma-
lous dimensions, respectively, where we remind the reader that the jet noncusp anomalous
dimension is identical to that of the TMD beam function, q/f]n = fyfgn. Explicit expressions
for these anomalous dimensions in our conventions are collected in ref. [65]. The corre-
sponding fixed-order expansion of the polarized gluon jet function J ; can be obtained from
eq(. )(A.l) by dropping all terms that do not contain an explicit factor ji(n)
J =o.

, as in this case

B Bessel transform

To evaluate eqgs. (2.3) and (2.14) at fixed order, we need to evaluate Bessel transforms of
the form

) Jo (brQVZ) I €§

asrs n—1 (n k—1)

which follows immediately from eq. (C.16) of ref. [126], with

= a0
32

[(Qz/m] + ER(”)5(5) , (B.1)

Jr

R = & el £ 0)

da™ I'l—a)

. (B.2)
a=0

The plus distributions in eq. (B.1) are defined as usual such that fol dz [In" z/x]y = 0.
They can be easily rewritten in terms of distributions in z using

Ink [(QQ/N2) Zl k (k 2 k! (Q%/p?) .,
[ ZL_; ) G @ 6

where the plus prescription on the right hand side now acts with respect to z. For example,
the first few Bessel transforms read

= 3002
L = —*[50( 2) + Lid(2)] ,
Ir = L4(2) + LpLo(z) + §Li215(2) )
I3 = —gcg (2) = 3LpLy (2) — gL,%Eo (2) + (;Li - 2<3> 5(2), (B.4)

where Ly = In(Q?/u?). Starting from n = 3, the Rén) terms start to induce ¢ values.

C Sum rules ingredients

Here we collect all required results for the quantities in eq. (3.8).
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First, we note that Vl(n) is the coefficient of §(z) at O(ay), and thus can be immediately
read off from the results in eqs. (2.27) and (2.29) for eTe™ and in egs. (2.30) and (2.31) for

Higgs. For example,

5
Vi, = —Crtar2e), Vi =Ca(i3 - 2) - e (1)

18"

The expressions for Vo(n), the coefficients of 6(z), can be in principle extracted via the
factorization formula for the EEC in the collinear limit of ref. [24]. Here, we have extracted
them by using the sum rule in eq. (3.9) and analytically integrating the regular part of the
distribution obtained from the fixed order calculation of refs. [14, 15]. For eTe™ we obtain

@ _ 13
Vo =550
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373 3032011
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while for the Higgs case we obtain:
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Finally, for the expressions for the total cross section we take the results of ref. [77]. For
*e~ they read®

RY =30
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Note that for the color structure dap.d®® of the singlet part we adopted the same convention as in
eq. (2.29), which is different from the one adopted in ref. [77].

— 33 —



For Higgs, they are given by
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