arXiv:1112.3343v1 [hep-ph] 14 Dec 2011

Preprint typeset in JHEP style - HYPER VERSION IFT-UAM/CSIC-11-96

Jet mass with a jet veto at two loops and the universality of non-global structure

Randall Kelley and Matthew D. Schwartz

Center for the Fundamental Laws of Nature, Harvard University, Cambridge, MA 02138, USA

Robert M. Schabinger

Instituto de Física Teórica UAM/CSIC and Departamento de Física Teórica, Universidad Autónoma de Madrid, Cantoblanco, E-28049 Madrid, España

Hua Xing Zhu

Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

Abstract: We investigate the exclusive jet mass distribution in e^+e^− events, defined with a veto on the out-of-jet radiation, at two-loop order. In particular, we calculate the two-loop soft function, which is required to describe this distribution in the threshold region. When combined with other ingredients using soft-collinear effective theory, this generates the complete singular distribution for jet thrust, the sum of the jet masses, at two-loop order. The result is in excellent agreement with full QCD. The integrated jet thrust distribution is found to depend in an intricate way on both the finite jet cone size, R, and the jet veto scale. The result clarifies the structure of the potentially large logarithms (both global and nonglobal) which arise in jet observables for the first time at this order. Somewhat surprisingly, we find that, in the small R limit, there is a precise and simple correspondence between the non-global contribution to the integrated jet thrust distribution and the previously calculated non-global contribution to the integrated hemisphere soft function, including subleading terms. This suggests that the small R limit may provide a useful expansion for studying other exclusive jet substructure observables.

1. Introduction

High energy scattering processes in Quantum Chromodynamics (QCD) often involve the production of jets. A QCD observable of particular interest is the jet mass. Jet mass plays an important role in many applications, such as in the identification of a boosted W boson [1, 2] or top quark [3, 4]. Jet mass is also important because many event shapes studied at e^+e^− colliders reduce to some measure of jet mass in particular limits. For example, thrust in the dijet limit reduces to the sum of the masses of two hemisphere jets, and heavy jet mass reduces to the larger of the two hemisphere jet masses. Thrust and heavy jet mass are two of the most well-studied e^+e^− event shapes and both have been measured with extraordinary precision [5]. On the theoretical side, next-to-next-to-leading order (NNLO) QCD calculations of these observables have been carried out for jets in e^+e^− events [6, 7, 8, 9]. Unfortunately, jet physics at hadron colliders is much more difficult, both experimentally and theoretically. It is therefore still worth studying e^+e^− jets, where the analytical calculations can be done, in the hope that universality properties will be found which may ultimately make the hadron collider calculations tractable, at least in some regime.

In the limit of small jet mass, one cannot straightforwardly make accurate predictions for the thrust or heavy jet mass using QCD perturbation theory. In this limit, the cross section is dominated by the soft and collinear interactions of massless partons which produce large logarithmic contributions of the form α^i_s ln^j (m/Q) at each order in perturbation theory. Without a correct resummation of these terms to all orders in α_s, perturbative predictions are not reliable when m/Q → 0. In recent years, much progress has been made on this front and NNNLL resummations of both thrust and heavy jet mass are now available [10, 11, 12]. These resummations led to a measurement of the strong coupling constant, α_s, which is competitive with the world average [13]. Soft-collinear effective theory (SCET) is the theoretical tool that facilitated many of these important developments [14, 15, 16, 17]. Indeed, before the simplifications brought about by SCET, thrust and heavy jet mass had only been resummed at the NLL level [18].

Although these studies have shown the power of resummation, the results for thrust and heavy jet mass are not directly applicable to the study of observables at hadron colliders. At hadron colliders, there is soft and collinear activity in the initial state that complicates the definition of jet mass [19]. In reality, experiments at hadrons colliders use inclusive jet definitions, and an explicit veto procedure to reduce the huge QCD background. Therefore, it is interesting and non-trivial to try and carry out the resummation of a QCD observable in the presence of a jet veto. In fact, some work in this direction has already been done and it is known that, in this case, a new class of so-called non-global logarithms (NGLs), qualitatively different from the class of logarithms encountered in the resummation of thrust and heavy jet mass, appear which also need to be resummed in certain kinematical limits [20, 21, 22, 23]. Unfortunately, the resummation of these logarithms is not straightforward (see Refs [20, 22, 24, 25, 26]). Over the last couple of years, there has been renewed theoretical interest in exclusive jet mass distributions and NGLs, both with and without SCET [27, 28, 29, 30, 24, 31, 32, 33].

– 1 –

In a previous publication, Ref. [30], a simple observable called jet thrust was introduced. It was subsequently studied in Refs. [33, 34]. Jet thrust, denoted τ_ω, is defined as the sum of the masses of the two hardest jets in an event with a veto that restricts the total out-of-jet energy to be less than ω. This observable, being a single variable (once the jet size R and the veto scale ω are fixed) is easy to study qualitatively with one-dimensional plots. It is also free of a subset of non-global logarithms of the form ln (m_1/m_2). In Ref. [30], it was observed that the soft function for jet thrust seems to refactorize at small R. Heuristic arguments for this refactorization were given, as was a convincing numerical comparison of predictions derived from this refactorization to the singular part of the exact O(α^2_s ) results in QCD derived using the program event2 [35, 36]. The leading non-global logarithms for jet thrust, which were ignored in Ref. [30], were subsequently studied in Refs. [33, 34]. Understanding analytically how the refactorization conjectured in Ref. [30] works, as well as the structure of the subleading non-global contributions, requires the two-loop result. The two-loop result is the subject of the present paper.

In Ref. [24], the exact O ( α^2_s ) hemisphere soft function was calculated. This facilitated an analytical study of the hemisphere mass distribution at NLO. In particular, subleading non-global logarithms were uncovered for the first time, as well as an intricate non-global functional dependence, in sharp contrast to the simple powers of logarithms suggested by [37]. Parts of this result were independently confirmed by two other groups [31, 38].

In this paper, we go one step further and perform the calculation of the soft function for jet mass with a jet veto at O(α^2_s) using jets of cone size R. This produces an exact form for the singular part of the differential jet thrust distribution. In fact, we present the complete scale-dependent contribution to the integrated jet thrust distribution in the threshold region. Our result is exact up to the addition of a τ_ω- and ω-independent function of R. This function is calculable, but does not affect the differential distribution, and is therefore not essential for our present purposes. Our results allow us to both test the refactorization ansatz of Ref. [30] and determine the precise form of the non-global terms which arise in the integrated jet thrust distribution.

A number of authors have already observed that there are similarities between the leading NGLs in jet observable distributions defined using narrow anti-k_T jets and the NGLs that appear in the hemisphere mass distribution [29, 30, 31, 33]. The R-dependent coefficient of the leading non-global logarithm

f(R) ln^2 ( ω τ_ωQ ) (1.1)

has been calculated for various algorithms, for arbitrary R. However, all existing NGL studies with R dependence focus on the extraction of the leading non-global logarithm, which can be done without a complete two-loop calculation.

In this work, we calculate the complete non-global contribution to the integrated jet thrust distribution, up to a scale-independent function of R. Remarkably, in the small R limit, we find that this non-global contribution to the integrated τ_ω distribution can be expressed in terms of the non-global contribution to the integrated hemisphere soft function calculated in Ref. [24]. The correspondence actually reproduces the entire non-

– 2 – global functional form, not just the non-global large logarithms. We also confirm that all of the singular terms in R in the integrated jet thrust distribution can be reproduced by the refactorization formula of Ref. [30], provided that one takes into account the natural R dependence in the argument of the non-global function.

This paper is organized as follows. In Section 2, we briefly review the factorization theorem for the τ_ω distribution and recall the refactorization ansatz for the τ_ω soft function proposed in Ref. [30]. In Section 3, we summarize the calculation of the τ_ω soft function, at times focusing only on those moments of the integrals which ultimately contribute to the scale-dependent terms in the integrated τ_ω distribution. In Section 4, we compare the prediction of SCET to full QCD and use the difference of our results and the prediction of the integrated refactorization ansatz to define the (μ-independent) non-global contribution to the integrated τ_ω distribution. In Section 5, we take the small R limit of the non-global contribution to the integrated τ_ω distribution. We then make precise the correspondence alluded to above between this non-global contribution and the non-global contribution to the integrated hemisphere soft function. Finally, we analyze the NGLs in detail, discuss their R dependence, and present a refined refactorization formula for the τ_ω soft function consistent with our two-loop results. In Section 6, we present our conclusions and discuss some interesting open problems. In Appendix A we present some of the technical details of our calculation of the integrated τ_ω distribution and in Appendix B we collect two rather lengthy analytical expressions that would have been awkward to define in the text where they first appear. A Mathematica notebook with these expressions is available upon request.

2. Jet Thrust in SCET

Soft functions are squared matrix elements of Wilson lines integrated against some measurement operator. They are integral to QCD resummation studies and have appeared in the literature in many different contexts [39, 40, 41, 42]. In Ref. [30], an inclusive jet mass observable called jet thrust, τ_ω, was discussed, and after making a conjecture for part of the two-loop soft function, the O(α^2_s) prediction from SCET for the τ_ω distribution was compared with the output of event2. In this section, we briefly review the definition of τ_ω and recapitulate the main results of Ref. [30] which sets the stage for the exact results calculated in the present paper.

Jet thrust τ_ω is defined as follows. First, for some multi-jet event at an e^+e^− collider, cluster the particles into jets using some jet algorithm with size parameter R. Define λ to be the energy of the radiation not going into the two hardest jets.^1 Then jet thrust is defined as the sum of the squared masses of the two hardest jets normalized to the center of mass energy if λ < ω and as 0 otherwise. In symbols,

τ_ω =

M^2_1 + M^2_2 Q^2

Θ(ω − λ) , (2.1)

1λ can also be defined as the energy of the third hardest jet, as it was in [30]. The definitions are equivalent definition as far as the differential τω distribution at two loops is concerned.

– 3 – where M_1 and M_2 are the masses of the two hardest jets and Θ(x) is the unit step function.

In the limit τ_ω ≪ 1 and ω/Q ≪ 1, the jet thrust distribution factorizes [30] 1 σ_0 dσ dτ_ω = H(Q^2, μ) ∫ dk_L dk_R dM^2_L dM^2_R J(M^2_L − Qk_L, μ)J(M^2_R − Qk_R, μ) × ∫_ω 0 dλ S_R(k_L, k_R, λ, μ)δ ( τ_ω − M^2_L + M^2_R Q^2 ) , (2.2)

up to power corrections in τ_ω and ω/Q. In Eq. (2.2), the hard function, H(Q^2, μ), and the jet function, J(p^2, μ), are the same as the ones which appear in the factorization theorems for the thrust and heavy jet mass distributions [28, 43]. In principle, one could use Rdependent jet functions [27, 28, 44]. However, the R dependence of such jet functions shows up only in terms non-singular in the jet masses. Therefore, due to the fact that we are working in the threshold region where SCET is valid, we are free to use the simpler inclusive jet functions.

The distribution of τ_ω depends on the precise jet definition used. In the QCD calculation, the jet definition affects the whole distribution. In the SCET calculation, it only affects the soft function. In Ref. [30], the Cambridge/Aachen (C/A) algorithm was used. The C/A algorithm first calculates the distances between all particles i and j R_{ij} = 1 2 ( 1 − cos θ_{ij} ) (2.3)

and then merges the two closest particles into a single particle by adding their fourmomenta. The algorithm stops when no two objects are closer than a given jet size, R, to one another. The Cambridge/Aachen algorithm has many appealing qualities and is infrared-safe. The corresponding τ_ω soft function, however, appears challenging to calculate at two loops.

Fortunately, there is a simple cone algorithm one can use instead. We define cone algorithm jet thrust as follows. First, find the thrust axis in the event. Then define the distance R_{i n} (R_{i n̄}) between particle i in the event and the thrust axis n (n̄) as

R_{i n} = 1 2 (1 − cos θ_{i n}) R_{i n̄} = 1 2 (1 − cos θ_{i n̄}), (2.4)

where θ_{i n} (θ_{i n̄}) is the angle between particle i and n (n̄). If R_{i n} (R_{i n̄}) is less than R, then cluster particle i into the right (left) jet. Because we use the thrust axis, this algorithm is infrared-safe at e^+e^− colliders.

The jet thrust factorization formula bears a close resemblance to the factorization formula for thrust [10, 17]. The only difference is in the soft function. In the case of thrust, the soft function is just the hemisphere one, S_{hemi}(k_L, k_R, μ), and depends on two scales, k_L and k_R. The τ_ω soft function depends on the scales λ and R as well and it is therefore significantly more complicated. The soft function is defined as S_R(k_L, k_R, λ, μ) = 1 N_c ∑ X_s ⟨0|Ȳ_{n̄}Y_n|X_s⟩⟨X_s|Y^†_n Ȳ^†_{n̄} |0⟩ ×δ ( k_R − n · P^R_{Xs} ) δ ( k_L − n̄ · P^L_{Xs} ) δ ( λ − E_{Xs} ) , (2.5)

– 4 – where P^R_{Xs} ( P^L_{Xs} ) is the four-momentum of the soft radiation clustered into the right (left) jet, and E_{Xs} is the total energy of the out-of-jet radiation. At zeroth order, the soft function is simply a delta function S_R(k_L, k_R, λ, μ) = δ(k_L)δ(k_R)δ(λ), (2.6) reflecting the fact that there is no soft radiation. The first non-trivial corrections come at O(α_s) (what is traditionally called leading-order (LO)) and were calculated in Refs. [28] and [30].

Using the renormalization-group (RG) invariance of the factorization formula, one can show that the soft function must have the form S_R(k_L, k_R, λ, μ) = S_μ(k_L, μ)S_μ(k_R, μ) ⊗ S_f (λ, k_L, k_R) , (2.7) where ⊗ denotes a convolution (it is a product in Laplace space). Here S_μ(k, μ) is the soft evolution kernel that precisely cancels the RG evolution of the jet and hard functions [12, 17, 37]. It follows that the soft function can be written as

S_R(k_L, k_R, λ, μ) = S^{in}_R (k_L, μ)S^{in}_R (k_R, μ)S^{out}_R (λ, μ) ⊗ S^f_R(λ, k_L, k_R) . (2.8)

There is not actually much content in this separation until the objects involved are given precise definitions. For example, we can take S^{out}_R (λ, μ) = 1, thus reducing Eq. (2.8) to Eq. (2.7). A refactorization formula like this has appeared multiple times in the literature [27, 28, 30, 33]. However, without a precise statement about S^{out}_R (λ, μ), Eq. (2.8) actually has less content than Eq. (2.7).

In Ref. [30] it was argued that, in the small R limit, S^{in}_R (k, μ) and S^{out}_R (λ, μ) should act like soft functions in their own right, with anomalous dimensions. Only the function S^{in}_R (k, μ) can have a μ-dependent anomalous dimension, since the soft-collinear region of phase-space lies within the jet. Thus, the anomalous dimension of S^{in}_R (k, μ) has a cusp part which agrees with that of S_μ(k, μ). In Ref. [30] it was conjectured that the regular anomalous dimensions of the in and out soft functions, at small R, should be

γ^{in}_S = 1 2 ( γ_S + Γ_{cusp} ln ( R 1 − R )) and γ^{out}_S = −Γ_{cusp} ln ( R 1 − R ) , (2.9)

where Γ_{cusp} is the usual cusp anomalous dimension and γ_S is the regular anomalous dimension of the thrust soft function [11]. Note that this ansatz has the cusp anomalous dimension generating something other than ln(μ) in the anomalous dimension. The connection of the cusp anomalous dimension to the R-dependence at LO is also implicit in Refs. [27, 28]. Having S^{in}_R (k_L, μ), S^{in}_R (k_R, μ), and S^{out}_R (λ, μ) together with their anomalous dimensions allows us define S^f_R(λ, k_L, k_R) precisely: S^f_R(λ, k_L, k_R) is everything that is left over from refactorization with the anomalous dimensions in Eqs. (2.9).

Using the above ingredients, and setting S^f_R(λ, k_L, k_R) = 1, Ref. [30] predicted the differential τ_ω distribution to O(α^2_s) and explicitly compared the result to the output of event2. The predictions made from refactorization come very close to reproducing the output of event2 in the regime where the factorization formula of Eq. (2.2) is valid. In

– 5 –

Figure 1: The difference between coefficient of (_{αs} 2π )_2 in dσ/d ln(τ_ω) in full QCD and in SCET.

We show on the left the results obtained using the refactorization and Γ_{cusp} ansatz of Ref. [30]. The results shown on the right take into account the precise O(α^2_s ) results derived in this paper. The top row uses the Cambridge/Aachen algorithm for the QCD calculation, whereas the bottom row uses a cone algorithm in QCD, in which the jet axis is taken to be the thrust direction. The top-left plot is identical to Figure 6 of Ref. [30]. All plots have R = 0.1 and ω = 10^{−4}Q.

the top-left panel of Figure 1, we reproduce Figure 6 from that paper. Figure 1 shows the differences between the Cambridge/Aachen algorithm and the cone algorithm (top and bottom rows) and the differences between the prediction of refactorization (left) and the precise O(α^2_s) results derived in this paper (right). The plots displayed in Figure 1 take R = 0.1, ω = 10^{−4}Q, and are separated by color structure.

The plots all show the difference between the differential τ_ω distribution in full NLO QCD and the differential τ_ω distribution in various NLO SCET-based approximations. If the singular terms in the QCD distribution are correctly reproduced by the various approximations, the plots in Figure 1 should tend to zero as τ_ω → 0. In all four panels this vanishing is qualitatively visible. However, the fact that the bottom-right panel vanishes best is a sign that both the jet algorithm and non-global logarithms are important (but subleading) effects. For example, the leading non-global logarithm, which was set to zero in Ref. [30], should contribute a term of the schematic form ln (τ_ω) /τ_ω to the differential distribution. Two papers, Refs. [33] and [34], have pointed out importance of these NGLs. Such terms, however, were beyond the scope of the analyses carried out in Ref. [30].

To gain a better understanding of the refactorization conjecture and the NGLs, we

– 6 – explicitly calculate the τ_ω soft function to O(α^2_s ) in the next section, with the understanding that our ultimate goal will be to study the scale-dependent contributions to the integrated τ_ω distribution. As was observed in Ref. [33], the advantage of approaching the calculation in this way is that both the μ-dependent terms and NGLs of the soft contributions are completely transparent at the level of the integrated distribution. There are three color structures at O(α^2_s): C^2_F , C_F C_A, and C_F n_f T_F . The C^2_F terms are uniquely determined by the Abelian exponentiation theorem [45, 46] and we therefore only present results for the C_F C_A and C_F n_f T_F color structures.

3. Calculation of the τ_ω Soft Function and Moments Thereof

The soft-function is usually expanded in α_s as S_R(k_L, k_R, λ, μ) = ∞∑ n=0 ( α_s 4π )_n S^{(n)}_R (k_L, k_R, λ, μ). (3.1)

In this section we summarize the calculation of the two-loop τ_ω soft function, S^{(2)}_R , at times focusing only on those moments of the soft function which will be needed later on when we discuss the jet thrust distribution and its non-global structure. We begin with a review of the one-loop soft function, establishing our notation, and then describe the NLO results. For readers who are only interested in the interpretation of the results, this section can be skipped.

3.1 LO (one-loop) soft-function

The tree-level result is trivially given as a product of delta functions,

S^{(0)}_R (k_L, k_R, λ, μ) = δ(k_L)δ(k_R)δ(λ) . (3.2)

At first order in α_s, the τ_ω soft function in d = 4 − 2ϵ dimensions is given by the integral^2

S^{(1)}_R (k_L, k_R, λ, μ) = (4π)^2C_F ( μ^2e^{γE} 4π )_ϵ ∫ d^dq (2π)^d 4iF_1(k_L, k_R, λ) q^+q^−

. (3.3)

In Eq. (3.3), q^+ = n · q, q^− = n̄ · q, and F_1(k_L, k_R, λ) is the function that implements the one-particle phase-space cuts [47]:

F_1(k_L, k_R, λ) = −2πi δ ( q^2 ) Θ ( q^0 ) [ Θ^q_nδ(k_R − q^+)δ(k_L)δ(λ) + Θ^q_{n̄}δ(k_L − q^−)δ(k_R)δ(λ)

+Θ^q_{out}δ ( λ − q^+ + q^− 2 ) δ(k_L)δ(k_R) ] . (3.4)

2In this paper we suppress the iε prescription. This is appropriate since we are dealing only with real radiation.

– 7 –

In Eq. (3.4),

Θ^q_n = Θ ( rq^− − q^+ ) Θ^q_{n̄} = Θ ( rq^+ − q^− ) Θ^q_{out} = Θ ( q^− − rq^+ ) Θ ( q^+ − rq^− ) , (3.5)

where r ≡ R 1 − R . (3.6)

This last abbreviation occurs frequently throughout the rest of this paper.

Carrying out the integral in Eq. (3.3), we find that, up to and including terms of O(α_s), the τ_ω soft function can be written as

S_R(k_L, k_R, λ, μ) = S^{in}_R (k_L, μ)S^{in}_R (k_R, μ)S^{out}_R (λ, μ), (3.7)

where S^{in}_R (k, μ) = δ(k) + ( α_s 4π ) 4C_F eγ_E ϵμ2ϵrϵ k^{1+2ϵ}ϵ Γ(1 − ϵ)

(3.8) and S^{out}_R (λ, μ) = δ(λ) + (_{αs} 4π ) (_{8CF e}γ_E ϵ_μ2ϵ (1−ϵ)ϵ Γ(1−ϵ)(1+r)(2λ)^{1+2ϵ} ) (_r (1+r)^2 )_{−ϵ} (3.9) × { ( r 1+r )_ϵ [ ϵ_2F_1 ( 1 − ϵ, 1 + ϵ, 2 − ϵ;^1_{1+r} ) + (ϵ − 1) (1 + r)_2F_1 ( −ϵ, ϵ, 1 − ϵ;^1_{1+r} ) ]

− (_1 1+r )_ϵ [ ϵ r_2F_1 ( 1 − ϵ, 1 + ϵ, 2 − ϵ;^r_{1+r} ) + (ϵ − 1)(1 + r)_2F_1 ( −ϵ, ϵ, 1 − ϵ;^r_{1+r} ) ]}

are the relevant expressions calculated through O(α_s) and to all orders in ϵ. In Eq. (3.9), 2F_1(a, b, c; z) is the Gauss hypergeometric function. Expanding the above expressions in ϵ reproduces the results published in Ref. [28, 30].

The form of Eq. (3.9) suggests that the R dependence of the out-of-jet soft function is not simple, even at O(α_s). On the other hand, we note that the O(α_s) R dependence of S^{in}_R (k, μ) is just r^ϵ; it factorizes from the rest of the O(α_s) expression. It turns out that the full answer is simply r^ϵ times the result obtained several years ago [10, 17] for the LO hemisphere soft function. As will be shown below, a similar phenomenon occurs at NLO for the part of the in-jet soft function that dominates in the small R limit. Stated more precisely, at O(α^n_s ) the contribution with n soft partons clustered into the same jet is equal to the analogous contribution to the hemisphere soft function multiplied by a factor of r^{nϵ}. This simple relation has its origin in the fact that the integral representation of this part of the O(α^n_s ) τ_ω soft function has nice transformation properties under the rescaling

n_μ = √ rn^′_μ n̄_μ = 1 √ r n̄^′_μ . (3.10)

This observation will be discussed in more detail in Section 5.

– 8 –

3.2 NLO (two-loop) soft function In this section we present the calculation of the NLO τ_ω soft function, focusing at times on those moments of the soft function which we will need in subsequent sections. A moment’s thought reveals that the squared matrix elements written down for the hemisphere soft function in Ref. [24] can be used for the τ_ω soft function as well. The two-particle phasespace cuts, however, are significantly more complicated. As in the hemisphere case, it is convenient to split the calculation up according to how many partons cross the final state cut.

3.2.1 One-parton contributions There are two different classes of contributions which have a single gluon crossing the final state cut, the real-virtual contributions and the contributions proportional to the LO τ_ω soft function, derived by expanding the charge renormalization constant to O(α_s). In what follows, S^{in, (1)}_R (k, μ) and S^{out, (1)}_R (λ, μ) are simply the O(α_s) terms in Eqs. (3.8) and (3.9) respectively.

The real-virtual interference terms can be derived by judiciously combining the analogous result derived in Ref. [24] for the hemisphere soft function and the all-orders-in-ϵ LO results collected in Section 3.1. We find that the result can be written as

S^{R−V}_R (k_L, k_R, λ, μ) = S^V_{CA} (k_L, k_R) r^{2ϵ} δ(λ) + C_A S^{out, (1)}_R (λ, μ) | | ϵ→2ϵ δ(k_L)δ(k_R) × πΓ(2 + ϵ)Γ(1 − 2ϵ) cot(πϵ)Γ(−ϵ)^2 Γ(1 − ϵ)Γ(−2ϵ)(1 + ϵ)

, (3.11)

where S^V_{CA} (k_L, k_R) is defined in Eqs. (20) and (21) of Ref. [24]. It is worth pointing out that the in-jet terms, S^V_{CA} (k_L, k_R) r^{2ϵ} δ(λ), are simply derived by appropriately rescaling the real-virtual hemisphere integrals. For the sake of completeness, we recapitulate the result for S^V_{CA} (k_L, k_R) derived in Ref. [24]:

S^V_{CA} (k_L, k_R) = C_F C_A μ^{4ϵ} ( δ(k_R) k^{1+4ϵ}_L + δ(k_L) k^{1+4ϵ}_R ) ( − 4 ϵ^3 + 2π^2 ϵ + 32ζ_3 3 − ϵ π^4 30 + O ( ϵ^2 )) . (3.12)

Given the results of Section 3.1, it is trivial to write down the charge renormalization contributions to the NLO τ_ω soft function:

S^{Ren}_R (k_L, k_R, λ, μ) = − β_0 ϵ [ ( S^{in, (1)}

R (k_L, μ)δ(k_R) + S^{in, (1)}_R (k_R, μ)δ(k_L) ) δ(λ)

+S^{out, (1)} R (λ, μ)δ(k_L)δ(k_R) ] , (3.13)

where β_0 =^{11}_3 C_A −^4_3 n_f T_F is the leading order β-function.

3.2.2 Two-parton contributions We now turn to the contributions with two partons crossing the final state cut. The sum of all such contributions to the τ_ω soft function has the form:

– 9 –

S^{Real}_R (k_L, k_R, λ, μ) = (4π)^4 ( μ^2e^{γE} 4π )_{2ϵ} ∫ d^dq (2π)^d d^dk (2π)^d ( 1 2! I_{CA} + I_{nf} ) F_2(k_L, k_R, λ) , (3.14)

where^1_{2!} I_{CA} and I_{nf} are the integrands for the C_F C_A and C_F n_f T_F color structures, for which explicit formulas can be found in Eqs. (16) and (27) of Ref. [24]. The statistical factor of 1/2! in front of I_{CA} has its origin in the fact that, for the C_F C_A color structure, the two-parton contributions have two indistinguishable gluons in the final state. As mentioned above, the two-parton phase-space cuts are much more complicated than the one-parton ones:

F_2(k_L, k_R, λ) = (−2πi)^2δ ( k^2 ) Θ ( k^0 ) δ ( q^2 ) Θ ( q^0 )

× [ Θ^q_nΘ^k_nδ(k_R − k^+ − q^+)δ(k_L)δ(λ) + Θ^q_{n̄}Θ^k_{n̄}δ(k_L − k^− − q^−)δ(k_R)δ(λ)

+Θ^k_nΘ^q_{n̄}δ(k_R − k^+)δ(k_L − q^−)δ(λ) + Θ^q_nΘ^k_{n̄}δ(k_L − k^−)δ(k_R − q^+)δ(λ)

+Θ^k_nΘ^q_{out}δ(k_R − k^+)δ ( λ − q^+ + q^− 2 ) δ(k_L) + Θ^q_nΘ^k_{out}δ(k_R − q^+)δ ( λ − k^+ + k^− 2 ) δ(k_L) +Θ^k_{n̄}Θ^q_{out}δ(k_L − k^−)δ ( λ − q^+ + q^− 2 ) δ(k_R) + Θ^q_{n̄}Θ^k_{out}δ(k_L − q^−)δ ( λ − k^+ + k^− 2 ) δ(k_R) +Θ^k_{out}Θ^q_{out}δ ( λ − q^+ + k^+ + q^− + k^− 2 ) δ(k_L)δ(k_R) ] . (3.15)

There are four independent cases to consider:

1. The same-side in-in contributions, where both partons are in the same jet (the second line of Eq. (3.15)).

2. The opposite-side in-in contributions, where one parton is in the n jet and the other is in the n jet (the third line of Eq. (3.15)).

3. The in-out contributions, where one parton is in a jet and the other is outside of both jets (the fourth and fifth lines of Eq. (3.15)).

4. The out-out contribution, where both partons are outside of all jets (the last line of Eq. (3.15)).

We consider each class of contributions in turn.

Naïvely, one might expect the calculation of the same-side in-in contributions to be challenging since the evaluation of the analogous hemisphere integrals was by far the most technically demanding part of the calculation described in Ref. [24]. Fortunately, it turns out that we can recycle the same-side in-in contributions to the hemisphere soft function and obtain the desired result for free. The result of interest can be derived by appropriately rescaling the analogous hemisphere integrals. For arbitrary R we find S^{r1}_R (k_L, k_R, λ, μ) = ( δ(k_R) k^{1+4ϵ}_L + δ(k_L) k^{1+4ϵ}_R ) μ^{4ϵ}r^{2ϵ}δ(λ) { C_F C_A [ 4 ϵ^3 + 22 3ϵ^2 + ( 134 9

– 10 –

− 4π^2 3 ) 1 ϵ + 772 27 + 11π^2 9 − 116ζ_3 3 + ϵ ( 4784 81 + 67π^2 27 − 137π^4 90 + 484ζ_3 9 ) + O ( ϵ^2 ) ]

+C_F n_f T_F [ − 8 3ϵ^2 − 40 9ϵ − 152 27 − 4π^2 9 − ϵ ( 952 81 + 20π^2 27 + 176ζ_3 9 ) + O ( ϵ^2 ) ]} , (3.16)

where we have made use of Eqs. (18) and (29) in Ref. [24].

For the opposite-side in-in contributions, the result can be expressed as S^{r2}_R (k_L, k_R, λ, μ) = μ^{4ϵ} (k_Lk_R)^{1+2ϵ} δ(λ) × [ C_F C_A f_{CA} ( k_L k_R , r ) + C_F n_f T_F f_{nf} ( k_L k_R , r )] , (3.17)

where f_{CA} (z, r) and f_{nf} (z, r) are functions with ϵ expansions that begin at O ( ϵ^0 ) . In other words,

f_{CA} (z, r) = f^{(0)}_{CA} (z, r) + f^{(1)}_{CA} (z, r) ϵ + O^(ϵ^{2)} f_{nf} (z, r) = f^{(0)}_{nf} (z, r) + f^{(1)}_{nf} (z, r) ϵ + O^(ϵ^{2)} . (3.18)

It is worth pointing out that, in the limit R → 0, these functions are suppressed relative to the other contributions discussed in this section. In order to obtain exact results for the scale-dependent contributions to the integrated τ_ω distribution, we need several moments of the functions defined implicitly above:

f^{(0)}_{CA} (0, r) = 16Li2^(r^{2)} , f^{(0)}_{nf} (0, r) = 0 , f^{(1)}_{CA} (0, r) = −16Li3^(1 − r^{2)} + 16Li3 ( r^2 r^2 − 1 ) + 32Li_2 ( r^2 ) ln ( r 1 − r^2 )

− 8 3 ln^3 ( 1 − r^2 ) − 16 ln(r) ln^2 ( 1 − r^2 ) + 8 3 π^2 ln ( 1 − r^2 ) + 16ζ_3 ,

f^{(1)}_{nf} (0, r) = 0 ,

∫_1 0 dz z 2f^{(0)}_{CA}^{( z}_{2−z} , r^) 2 − z − f^{(0)}_{CA} (0, r)

= −88Li^2 ( r^2 ) 3 + 8Li_3 ( r^2 )

−8Li_2 ( r^2 ) ln(r) + 16 ln(2)Li_2 ( r^2 ) + 8r^2 3 (r^2 − 1) − 16r^2 ln(r) 3 (r^2 − 1)^2 − 88 3 ln(r) ln ( 1 − r^2 ) , and ∫_1 0 dz z 2f^{(0)}_{nf}^{( z}_{2−z} , r^) 2 − z − f^{(0)}_{nf} (0, r)

= 32Li^2 ( r^2 ) 3 − 16r^2 3 (r^2 − 1) + 32r^2 ln(r) 3 (r^2 − 1)^2 + 32 3 ln(r) ln ( 1 − r^2 ) .(3.19)

– 11 –

The calculation of the in-out contributions proceeds similarly. However, in this case, the results are significantly more complicated. As we shall see, these contributions lead to terms in the integrated τ_ω distribution that depend on^{τω Q}_{2ω} in a highly non-trivially way. The result can be written as S^{r3}_R (k_L, k_R, λ, μ) = μ^{4ϵ} (2λ)^{1+2ϵ} { δ(k_R) k^{1+2ϵ}_L [ C_F C_A g_{CA} ( k_L 2λ , r )

+C_F n_f T_F g_{nf} ( k_L 2λ , r )] + (k_L ↔ k_R) } , (3.20)

where g_{CA} (z, r) and g_{nf} (z, r) are functions with ϵ expansions that begin at O ( ϵ^0 ) . In other words,

g_{CA} (z, r) = g^{(0)}_{CA} (z, r) + g^{(1)}_{CA} (z, r) ϵ + O^(ϵ^{2)} g_{nf} (z, r) = g^{(0)}_{nf} (z, r) + g^{(1)}_{nf} (z, r) ϵ + O^(ϵ^{2)} . (3.21)

In order to obtain exact results for the scale-dependent contributions to the integrated τ_ω distribution, we need several moments of the functions defined implicitly above:

g^{(0)}_{CA} (0, r) =^{16π2}_3 − 64Li2 (r) − 64Li2 (−r) , g^{(0)}_{nf} (0, r) = 0 , g^{(1)}_{CA} (0, r) = −16Li3^(r^{2)} + 128Li3(1 − r) + 128Li3 ( r r + 1 ) − 128Li_2(−r) ln(r + 1)

+64Li_2(−r) ln(r) + 128Li_2(r) ln(1 − r) − 64 3 ln^3(r + 1) + 64 ln^2(1 − r) ln(r) − 64 3 π^2 ln(1 − r) − 96ζ_3 ,

g^{(1)}_{nf} (0, r) = 0 ,

∫_1 0 dz z ( g^{(0)}_{CA} (z, r) + g^{(0)}_{CA} (1/z, r) − 2g^{(0)}_{CA} (0, r)^) =^{352Li2} ( r^2 ) 3 − 16Li_3 ( r^2 )

−64Li_3(r) + 64Li_3 ( 1 r + 1 ) + 64Li_3 ( r r + 1 ) + 64Li_2(−r) ln(r) + 64Li_2(r) ln(r) − 16 ( r^2 + 1 ) 3 (r^2 − 1) + 64r^2 ln(r) 3 (r^2 − 1)^2 − 64 3 ln^3(r + 1) + 32 ln(r) ln^2(r + 1) + 352 3 ln(r) ln(r + 1) + 32 3 π^2 ln(r + 1) + 352 3 ln(1 − r) ln(r) − 32ζ_3 −

176π^2 9 , ∫_1 0 dz z ( g^{(0)}_{nf} (z, r) + g^{(0)}_{nf} (1/z, r) − 2g^{(0)}_{nf} (0, r)^) = −^{128Li2} ( r^2 ) 3 − 128r^2 ln(r) 3 (r^2 − 1)^2 + 64π^2 9 + 32 ( r^2 + 1 ) 3 (r^2 − 1) − 128 3 ln(r) ln ( 1 − r^2 ) , ∫_x 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{CA} ( z_2 z_1 , r ) − g^{(0)}_{CA} (0, r) ) = χ_{CA} (x, r) − χ_{CA} (1, r) ,

– 12 – and ∫_x 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{nf} ( z_2 z_1 , r ) − g^{(0)}_{nf} (0, r) ) = χ_{nf} (x, r) − χ_{nf} (1, r) . (3.22)

The functions χ_{CA} (x, r) and χ_{nf} (x, r) are given in Appendix B in terms of an appropriate set of one- and two-dimensional harmonic polylogarithms.^3

Finally, for the out-out contribution, the result is S^{r4}_R (k_L, k_R, λ, μ) = μ^{4ϵ} (2λ)^{1+4ϵ} δ(k_L)δ(k_R) { C_F C_A [ − 32 ln(r) ϵ^2 + 1 ϵ ( 16π^2

− 176 ln(r) 3 + 32 ln^2(r) + 64Li_2(−r) − 64Li_2(r) ) + 64Li_3 ( r^2 r^2 − 1 ) − 704Li_2(r) 3 +256Li_3(1 − r) + 128Li_3(r) + 128Li_3 ( 1 r + 1 ) − 128Li_3 ( r r + 1 ) − 128Li_2(−r) ln(1 − r)

+128Li_2(r) ln(1 − r) − 64Li_2(−r) ln(r) + 128Li_2(−r) ln(r + 1) + 64Li_2(r) ln(r)

−128Li_2(r) ln(r + 1) − 16 ( r^2 + 1 ) 3 − 3r^2 − 64r^2 ln(r) 3 (r^2 − 1)^2 − 32 3 ln^3(1 − r) −

64 ln^3(r) 3 − 32 3 ln^3(r + 1) + 128 ln(r) ln^2(1 − r) − 32 ln(r + 1) ln^2(1 − r) − 32 ln^2(r + 1) ln(1 − r) + 176 ln^2(r) 3 + 64 ln(r) ln^2(r + 1) − 352 3 ln(r) ln(1 − r) − 128 3 π^2 ln(1 − r) + 32 3 π^2 ln(r) − 1072 ln(r) 9 − 352 3 ln(r) ln(r + 1) + 64 3 π^2 ln(r + 1) − 128ζ_3 +

352π^2 9 + O(ϵ) ]

+C_F n_f T_F [ 64 ln(r) 3ϵ + 256Li_2(r) 3 + 32(1 + r^2) 3 (1 − r^2) + 128r^2 ln(r) 3 (1 − r^2)^2 − 64 ln^2(r) 3 + 320 ln(r) 9 + 128 3 ln(r) ln ( 1 − r r + 1 ) + 256 3 ln(r) ln(r + 1) −

128π^2 9 + O(ϵ) ]} . (3.23)

The calculation of this contribution is actually quite involved; in the integrals that lead to Eq. (3.23), there is explicit R dependence (which does not factorize from the rest of the expression) and one has to use sector decomposition [50] in a non-trivial way to deal with the phase-space singularities. As we shall see later on, integrating the out-out contribution to the τ_ω soft function leads to logarithms of^μ_{2ω} . We expanded the non-trivial part of the right-hand side of Eq. (3.23) to O ( ϵ^0 ) because it turns out that this completely determines the logarithms of^μ_{2ω} which appear in the integrated distribution; the general arguments of [30] forbid terms that go like ln^3 (_μ 2ω ) or ln^4 (_μ 2ω ) . Let us now briefly summarize what we have accomplished. In this section, various contributions to the NLO τ_ω soft function were calculated. The full result, S^{(2)}_R (k_L, k_R, λ, μ), is naturally written as a sum of six contributions:

S^{(2)}_R (k_L, k_R, λ, μ) = S^{R−V}_R (k_L, k_R, λ, μ) + S^{Ren}_R (k_L, k_R, λ, μ) + S^{r1}_R (k_L, k_R, λ, μ)

3For the reader less familiar with harmonic polylogarithms, we recommend reading Ref. [48] and Appendix A of Ref. [49].

– 13 –

+S^{r2}_R (k_L, k_R, λ, μ) + S^{r3}_R (k_L, k_R, λ, μ) + S^{r4}_R (k_L, k_R, λ, μ). (3.24)

The three terms in the first line of Eq. (3.24) were easily calculated using known results (computed in Refs. [30] and [24]). The three terms in the last line were more involved. Instead of computing S^{r2}_R (k_L, k_R, λ, μ) and S^{r3}_R (k_L, k_R, λ, μ) directly, we instead computed the moments of those contributions relevant to the integrated jet mass distribution. We also chose not to compute the O (ϵ) coefficient of S^{r4}_R (k_L, k_R, λ, μ), which only affects the constant part of the integrated distribution. The results given in this section determine the unknown scale-dependent terms in the integrated τ_ω distribution in the threshold limit at NLO. In the next section, we examine and check these results.

4. The Jet Thrust Distribution at Two-Loops

In the previous section, the parts of the two-loop τ_ω soft function relevant for the differential jet thrust distribution were calculated in dimensional regularization. We have chosen not to compute the parts of the soft function that contribute only to the zero bin (τ_ω = 0) of the differential jet thrust distribution. For the hemisphere soft function, these terms were calculated (see Ref. [24]) because they are important for precision α_s measurements. However, in this paper, we are primarily interested in understanding the structure of the non-global contributions to the integrated τ_ω distribution and in testing the refactorization conjecture of Ref. [30]. We therefore followed the approach of Ref. [33] in Section 3 and calculated only those contributions to the soft function which depend on ratios of dimensionful scales.

The triply differential jet mass cross section is a complicated singular distribution which does not have a simple expression in momentum space. Although the two-loop integrated jet thrust distribution is not simple either for finite R, it is quite a bit easier to work with in practice due to the fact it is free of distributions. In terms of the various contributions to the τ_ω soft function studied in Section 3, we can write the integrated jet mass distribution as K^{(2)}_R (τ_ω, ω, μ) = ∫_{τω} 0 dτ^′_ω ∫_ω 0 dλ ∫_∞ 0 dk_Ldk_RS^{(2)}_R (k_L, k_R, λ, μ)δ ( τ^′_ω − k_L + k_R Q )

= ∫_{τω} 0 dτ^′_ω ∫_ω 0 dλ ∫_∞ 0 dk_Ldk_R [ S^{R−V}_R (k_L, k_R, λ, μ) +S^{Ren}_R (k_L, k_R, λ, μ) + S^{r1}_R (k_L, k_R, λ, μ) + S^{r2}_R (k_L, k_R, λ, μ)

+S^{r3}_R (k_L, k_R, λ, μ) + S^{r4}_R (k_L, k_R, λ, μ) ] δ ( τ^′_ω − k_L + k_R Q ) , (4.1)

where the superscript (2) reminds us that we are calculating the integrated distribution at NLO. The scale-dependent parts of the six terms in this expression are given explicitly in Appendix A. When these soft contributions to the integrated τ_ω distribution are appropriately combined with the contributions coming from the hard and jet functions, the result is a concrete prediction for the integrated τ_ω distribution in the threshold region. This prediction should be valid for arbitrary R, up to power corrections in τ_ω and ω/Q.

– 14 –

Figure 2: The difference between the SCET and the QCD calculations of^{τω}_{σ0}^{dσ}_{dτω} for various values of R and ω. The left plots show the C_F C_A color structure and the right plots shows the C_F n_f T_F color structure. The top plots show the variation with R at fixed ω = 10^{−2}Q and the bottom plots the variation with ω at fixed R = 10^{−2}. For the QCD calculation, a cone algorithm is used with the jet direction taken to be the thrust axis.

4.1 Comparison to full QCD

We would like to compare our analytic results for the threshold limit to full QCD, for which the distribution is only known numerically. To do so, we first differentiate K^{(2)}_R (τ_ω, ω, μ) with respect to τ_ω to determine the NLO part of the differential distribution. This result is then appropriately combined with the LO contributions coming from the hard and jet functions, as prescribed by the factorization formula, Eq. (2.2). The resulting expression is the threshold prediction for^{τω}_{σ0}^{dσ}_{dτω} . This prediction can then be expanded to O ( α^2_s ) and numerically compared to QCD using the program event2. The details of the α_s expansion can be found in e.g. Ref. [30].

The comparison shown in Figure 2 is the difference between the full QCD distribution calculated using event2 and the two-loop prediction using SCET, with for various values of R and ω. The plots show that SCET is reproducing all of the singular dependence in τ_ω, for all values of R up to power corrections in ω/Q. This is a non-trivial check that SCET, through factorization formula (2.2), is reproducing the correct singular behavior in τ_ω for any R and sufficiently small ω. Note that one needs τ_ω ≪^ω_Q to approach the threshold,

– 15 – so for very small ω, the threshold migrates into a numerically unstable regime, which is apparent in the figure.

4.2 Analytic checks and definition of the non-global contribution

Next, we can compare the μ-dependent parts of K^{(2)}_R (τ_ω, ω, μ) to the μ dependence predicted by the factorization theorem in SCET (Eq. (2.2)). With the one- and two-loop anomalous dimensions for the jet and hard functions, the one-loop QCD β-function coefficient, and K^{(1)}_R (τ_ω, ω, μ) as inputs, SCET predicts the μ dependence of the integrated τ_ω distribution exactly. As it must, the μ dependence of K^{(2)}_R (τ_ω, ω, μ) exactly matches the prediction of the factorization theorem.

In order to say more about the non-global contributions to the integrated jet thrust distribution, it is convenient to subtract off the μ-dependent part of K^{(2)}_R (τ_ω, ω, μ). In fact, as we will argue in Section 5, the preferred way of doing this employs the integrated form of the refactorization ansatz reviewed in Section 2. In integrated form, the refactorization formula of Eq. (2.8) is

K_R(τ_ω, ω, μ) = K^{in}_R (τ_ω, μ)K^{out}_R (ω, μ) ⊗ K^f_R(τ_ω, ω) . (4.2)

In order to make use of the above formula, one also needs the anomalous dimensions associated to K^{in}_R (τ_ω, μ) and K^{out}_R (ω, μ),

γ^{in}_S = γ_S + Γ_{cusp} ln ( R 1 − R ) and γ^{out}_S = −Γ_{cusp} ln ( R 1 − R ) . (4.3)

In Eqs. (4.3) above, γ_S is the thrust soft function anomalous dimension. Eq. (4.2), Eqs. (4.3), and some of the ingredients mentioned in the previous paragraph determine a function K^{refac}_R (τ_ω, ω, μ) which one can use to define the non-global contributions to the integrated τ_ω distribution. Explicitly, we have

K^{refac}_R (τ_ω, ω, μ) ≡ K^{in}_R (τ_ω, μ)K^{out}_R (ω, μ) | |_{two−loop}

= C_F C_A [ ln ( μ 2ω ) ( − 176Li_2(−r) 3 − 44 3 ln^2(r) − 8 3 π^2 ln(r) +

536 ln(r) 9 − 44π^2 9 )

+ ln ( μ τ_ωQ ) ( − 44 3 ln^2(r) + 8 3 π^2 ln(r) −

536 ln(r) 9 + 56ζ(3) +

44π^2 9 − 1616 27 )

+ 88 3 ln(r) ln^2 ( μ 2ω ) + ( − 88 ln(r) 3 + 8π^2 3 − 536 9 ) ln^2 ( μ τ_ωQ ) − 176 9 ln^3 ( μ τ_ωQ ) ]

+ C_F n_f T_F [ ln ( μ 2ω ) (64Li_2(−r) 3 + 16 ln^2(r) 3 − 160 ln(r) 9 + 16π^2 9 )

+ ln ( μ τ_ωQ ) ( 16 ln^2(r) 3 + 160 ln(r) 9 − 16π^2 9 + 448 27 )

− 32 3 ln(r) ln^2 ( μ 2ω ) + ( 32 ln(r) 3 + 160 9 ) ln^2 ( μ τ_ωQ ) + 64 9 ln^3 ( μ τ_ωQ ) ] . (4.4)

– 16 –

The difference of the exact result and K^{refac}_R (τ_ω, ω, μ) is

K^f_R(τ_ω, ω) ≡ K^{(2)}_R (τ_ω, ω, μ) − K^{refac}_R (τ_ω, ω, μ)

= C_F C_A [ χ_{CA} ( τ_ωQ 2ω , r ) − χ_{CA} (1, r) + ( 16 Li_2 ( r^2 ) − 8 3 π^2 ) ln^2 ( τ_ωQ 2ω )

+ ln ( τ_ωQ 2ω ) ( − 176Li_2 ( r^2 ) 3 + 8Li_3 ( r^2 ) − 32Li_3 ( r^2 r^2 − 1 ) + 32Li_2 ( r^2 ) ln(r + 1)

−64Li_2(r) ln ( 1 − r^2 ) − 24Li_2 ( r^2 ) ln ( r^2 ) + 32Li_2 ( r^2 ) ln ( 1 − r^2 ) − 64Li_3(1 − r)

−64Li_3 ( r r + 1 ) − 32Li_2(−r) ln(r) −

16r^2 3 − 3r^2 + 16 3 ln^3 ( 1 − r^2 ) − 32r^2 ln(r) 3 (r^2 − 1)^2 − 88 3 ln ( r^2 ) ln ( 1 − r^2 ) + 32 3 ln^3(r + 1) − 32 ln^2(1 − r) ln(r) + 32 3 π^2 ln(1 − r)

+64ζ(3) ) + ln ( τ_ωQ 2ω ) ( 16 3 π^2 ln(r) − 16ζ(3) +

88π^2 9 − 8 3 ) ]

+C_F n_f T_F [ χ_{nf} ( τ_ωQ 2ω , r ) − χ_{nf} (1, r) + ( 64Li_2 ( r^2 ) 3 + 32r^2 3 (1 − r^2) + 64r^2 ln(r) 3 (1 − r^2)^2 + 64 3 ln(r) ln ( 1 − r^2 ) ) ln ( τ_ωQ 2ω ) + ( 16 3 − 32π^2 9 ) ln ( τ_ωQ 2ω ) ] . (4.5)

As required, this difference is μ-independent and contains all of the non-global logarithms. The functions χ_{CA} (x, r) and χ_{nf} (x, r) in Eq. (4.5) are defined in Appendix B. There should be an additional τ_ω- and ω-independent function of R in Eq. (4.5), which has not been calculated. As mentioned above, this function would not affect the differential τ_ω distribution and is therefore of secondary importance.

In recent years, quite a bit of effort has been devoted to understanding the structure of NGLs. So far, most of the analytical calculations have focused on the leading logarithms. For example, in Eq. (4.5) above, the leading NGL is simply C_F C_A ( 16 Li_2(r^2) − 8 3 π^2 ) ln^2 ( τ_ωQ 2ω ) . (4.6)

which agrees with results from Refs. [30, 33]. Leading NGLs are certainly of interest but such computations are not, by themselves, likely to be of much use if our ultimate goal is to understand the resummation of NGLs. On the other hand, our exact result for the non-global contribution to the integrated τ_ω distribution is extremely complicated (both χ_{CA} (x, r) and χ_{nf} (x, r) depend on two independent scales in a highly non-trivial way) and this makes it difficult to gain any further theoretical insight. If there is any hidden structure in our results, it should be significantly easier to identify in the small R limit.

5. The Small R Limit of the Non-Global Logarithms

It was observed in Ref. [30] that, in the small R limit, the jet thrust soft function simplifies. Having computed the exact scale-dependent contributions to the integrated jet thrust

– 17 –

Figure 3: By rescaling one of the jet directions a small cone can be mapped to a hemisphere. Rescaling in this way makes some universal properties of non-global logarithms easier to identify.

distribution at finite R, we can now understand more precisely what is happening. As we will see, in the small R limit, the non-global contribution to the integrated τ_ω distribution is determined completely by the non-global contribution to the integrated hemisphere soft function.

It has been noted by a number of authors that, for jet observables defined with the anti-k_T jet algorithm, one typically finds that the R → 0 limit of the leading NGL is simply given by the result in the hemisphere case, up to possibly a factor of two depending on the observable in question [29, 30, 31, 33]. The jet algorithm employed in this paper is very closely related to the anti-k_T algorithm. In fact, the in-in and in-out contributions are exactly the same in both jet algorithms. The only difference between the algorithms at two loops is that they treat the out-of-jet radiation differently. We strongly suspect that the NGLs in the two jet algorithms actually coincide, at least in the small R limit. This implies that we should be able to check whether, for the integrated anti-k_T jet thrust distribution, one can relate the next-to-leading NGLs to analogous NGLs in the integrated hemisphere soft function calculated in Refs. [30] and [31]; since we have computed the exact expression, we are now in a position to go beyond the leading-logarithm approximation. In what follows, we assume some familiarity with the conventions and definitions that we established in Section 3.

5.1 In-in rescaling

Before discussing the in-out contributions and non-global logarithms, it is instructive to first consider the simpler case where both soft particles get clustered into the same jet. The same-side in-in contribution to the integrated τ_ω distribution is

K^{r1}_R (τ_ω, ω, μ) = 2 ∫_{τω} 0 dτ^′_ω ∫_ω 0 dλ ∫_∞ 0 dk_Ldk_R (4π)^4 ( μ^2e^{γE} 4π )_{2ϵ} ∫ d^dq (2π)^d d^dk (2π)^d × ( 1 2! I_{CA} + I_{nf} ) (−2πi)^2δ(q^2)Θ ( q^0 ) δ(k^2)Θ ( k^0 ) Θ(rk^− − k^+)

×Θ(rq^− − q^+)δ(k_L)δ(k_R − q^+ − k^+)δ (λ) δ ( τ^′_ω − k_L + k_R Q ) , (5.1)

where I_{CA} and I_{nf} are the two-loop, two-parton integrands for the C_F C_A and C_F n_f T_F color structures, given respectively by Eqs. (16) and (27) of Ref. [24].

– 18 –

To simplify the theta and delta functions, we can rescale the n-jet Wilson line. This turns the cone jet into a hemisphere jet, as illustrated in Figure 5.1. At the level of the integrand, this rescaling amounts to making the replacements: k^− → k^− r and q^− → q^− r . (5.2)

This change of variables induces the transformations

I_{CA} → r^2I_{CA} and I_{nf} → r^2I_{nf} (5.3)

and the phase-space cuts in Eq. (5.1) that depend on the minus components of the lightcone momenta become Θ(k^− − k^+)Θ(q^− − q^+). (5.4)

Remarkably, the transformed integrand reduces to the O ( α^2_s ) same-side hemisphere integrand times an overall factor of r^{2ϵ}. A similar rescaling was observed in the context of beam functions in [51].

After performing the trivial integrations over k_L and k_R, the result is simply expressed in terms of the same-side contributions to the integrated hemisphere soft function:

K^{r1}_R (τ_ω, ω, μ) = 2r^{2ϵ} ∫_{τω} 0 Q dτ^′_ω ∫_ω 0 dλ δ(λ)μ^{4ϵ} (Q τ^′_ω)^{1+4ϵ} × [ C_F C_Ag^{hemi}_{CA} (ϵ) + C_F n_f T_F g^{hemi}_{nf} (ϵ) ] , (5.5)

where g^{hemi}_{CA} (ϵ) and g^{hemi}_{nf} (ϵ) are the same-side contributions to the NLO hemisphere soft function, given in Eqs. (18) and (29) of Ref. [24].

We used this rescaling to compute the two-loop same-side in-in integrals in Section 3. In fact, this result is straightforward to generalize. At any order in perturbation theory, if all of the particles go into a single jet, the contribution to the integrated τ_ω soft function will be given by the analogous hemisphere calculation with the light-cone momenta appropriately rescaled in the manner described above.

Before moving on, we briefly consider the case where the two partons end up in separate jets and show that this contribution is suppressed in the small R limit. First, for any r, this contribution to K^{(2)}_R (τ_ω, ω, μ) is given by

K^{r2}_R (τ_ω, ω, μ) = 2 ∫_{τω} 0 dτ^′_ω ∫_ω 0 dλ ∫_∞ 0 dk_Ldk_R (4π)^4 ( μ^2e^{γE} 4π )_{2ϵ} ∫ d^dq (2π)^d d^dk (2π)^d × ( 1 2! I_{CA} + I_{nf} ) (−2πi)^2δ(q^2)Θ ( q^0 ) δ(k^2)Θ ( k^0 ) Θ(rk^− − k^+)

×Θ(rq^+ − q^−)δ(k_R − k^+)δ(k_L − q^−)δ (λ) δ ( τ^′_ω − k_L + k_R Q ) . (5.6)

Let us try to proceed as above, this time rescaling k^− and q^+: k^− → k^− r and q^+ → q^+ r . (5.7)

– 19 –

This time I_{CA} and I_{nf} do not transform simply under the rescaling. Instead we find that

I_{CA} → r^3Ĩ_{CA} (r) and I_{nf} → r^5Ĩ_{nf} (r) , (5.8)

where Ĩ_{CA} (r) and Ĩ_{nf} (r) are regular but non-vanishing at r = 0. Since, as before, the integration measure contributes a factor r^{−2+2ϵ}, we see that this entire contribution is suppressed at small R relative to the one studied above. In fact, in the small R limit, the opposite-side in-in contributions are suppressed relative to all of the other contributions and can therefore be neglected.

5.2 In-out rescaling at small R Next, we will look at the contributions where one soft parton gets clustered into a jet and the other does not. Here we will find a similar mapping to the hemisphere integrals but only at small R. At the level of the integrand, the in-out contribution to the integrated τ_ω distribution is

K^{r3}_R (τ_ω, ω, μ) = 4 ∫_{τω} 0 dτ^′_ω ∫_ω 0 dλ ∫_∞ 0 dk_Ldk_R (4π)^4 ( μ^2e^{γE} 4π )_{2ϵ} ∫ d^dq (2π)^d d^dk (2π)^d (−2πi)^2 × ( 1 2! I_{CA} + I_{nf} ) δ(q^2)Θ ( q^0 ) δ(k^2)Θ ( k^0 ) Θ(rk^− − k^+)Θ(q^− − rq^+)

×Θ(q^+ − rq^−)δ(k_R − k^+)δ ( λ − q^+ + q^− 2 ) δ(k_L)δ ( τ^′_ω − k_L + k_R Q ) . (5.9)

Changing variables in an attempt to map the cone jet to a hemisphere jet as above, we see that the phase-space cuts in Eq. (5.9) that depend on the minus components of the light-cone momenta can be written as

2rΘ(k^− − k^+)Θ(q^− − r^2q^+)Θ(q^+ − q^−)δ ( q^+r + q^− − 2rλ ) . (5.10)

This is not exactly a hemisphere projection for general R. However, in the small R regime, the above expression simplifies to

2r Θ(k^− − k^+)Θ(q^−)Θ(q^+ − q^−)δ ( q^− − 2rλ ) . (5.11)

The phase-space cuts enforced by (5.11) are identical to the ones which arise in the calculation of the opposite-side contributions to the two-loop hemisphere soft function, provided that one makes the replacement k_L → 2rλ. To see this, after performing the trivial integrations over k_L and k_R in Eq. (5.9) above, replace the phase-spaces cuts that depend on k^− and q^− using (5.11) and then compare the resulting product of thetas and deltas in the integrand to the second line of Eq. (13) in Ref. [24] (with k_L = 2rλ and k_R = Qτ^′_ω). With this understanding, we find that the above expression can be written in terms of the opposite-side contributions to the integrated hemisphere soft function: K^{r3}_{R→0}(τ_ω, ω, μ) = 2r^{2ϵ} ( α_s 4π )_2 ∫ τ_ω Q 0 dx ∫_{2 r ω} 0 dy μ^{4ϵ} (xy)^{1+2ϵ} × [ C_F C_Af^{hemi}_{CA} ( x y , ϵ ) + C_F n_f T_F f^{hemi}_{nf} ( x y , ϵ ) ] , (5.12)

– 20 – where f^{hemi}_{CA} (z, ϵ) and f^{hemi}_{nf} (z, ϵ) are the opposite-side contributions to the NLO hemisphere soft function, defined in Eqs. (17) and (28) and Appendix A of Ref. [24]. In deriving Eq. (5.12) we found it useful to make the change of variables

τ^′_ω = x Q λ = y 2r . (5.13)

This correspondence between the in-out contributions to the integrated τ_ω distribution and the opposite-side contributions to the integrated hemisphere soft function is valid for sufficiently small R and arbitrary values of τ_ω and ω. The striking similarity between Eqs. (5.5) and (5.12) is suggestive. In fact, for sufficiently small R, we will show in the next section that it is possible to very accurately model all of the terms in the integrated τ_ω distribution not captured by the refactorization ansatz – including all of the NGLs – using the non-global contributions to the integrated hemisphere soft function.

5.3 Small R limit

We have shown that the in-out contributions at small R (and so r ∼ R) are given by the opposite-side contributions to the integrated hemisphere soft function times an overall factor of 2R^{2ϵ}. We were inspired by this small R correspondence to take a closer look at the non-global contributions to the integrated hemisphere soft function, R_f (z).

Using the results of Sections 5.1 and 5.2, we are able to take the small R limit of the scale-dependent non-global contribution to the integrated τ_ω distribution that we presented in Eq.(4.5). We find

K^f_{R→0}(τ_ω, ω) = 2 [ R_f ( τ_ωQ 2Rω ) − R_f ( 1 R ) ] , (5.14)

where R_f (z) is the non-global contribution to the integrated hemisphere soft function, defined in Eq. (53) of Ref. [24]:

R_f (z) = [ −88Li_3(−z) − 16Li_4 ( 1 z + 1 ) − 16Li_4 ( z z + 1 ) + 16Li_3(−z) ln(z + 1) + 88Li_2(−z) ln(z) 3 − 8Li_3(−z) ln(z) − 16ζ(3) ln(z + 1) + 8ζ(3) ln(z) − 4 3 ln^4(z + 1) + 8 3 ln(z) ln^3(z + 1) + 4 3 π^2 ln^2(z + 1) − 4 3 π^2 ln^2(z) − 4 ( 3(z − 1) + 11π^2(z + 1) ) ln(z) 9(z + 1) − 506ζ(3) 9 + 16π^4 9 − 871π^2 54 − 2032 81 ] C_F C_A + [ 32Li_3(−z) − 32 3 Li_2(−z) ln(z) + 8(z − 1) ln(z) 3(z + 1) + 16 9 π^2 ln(z) +

184ζ(3) 9 + 154π^2 27 − 136 81 ] C_F n_f T_F . (5.15)

In deriving this small R limit, the rescaling of the in-out integrals in particular was critical – it is certainly not straightforward to derive Eq. (5.14) directly from the expression for K^f_R(τ_ω, ω) given in Eq. (4.5). Again, there may be additional contributions to K^f_{R→0}(τ_ω, ω) which are τ_ω- and ω-independent and have not been computed.

– 21 –

Figure 4: Contributions to the differential jet thrust distribution coming from the non-global terms in the soft function. We show^d_{d ln(τ )} K^f_R(τ) (solid) and its small R limit,^d_{d ln τ} K^f_{R→0}(τ) (dashed), plotted as a function of τ =^{τω Q}_{2ω} for various R.

In Figure 4, we compare the τ_ω distributions coming from the exact expression, K^f_R(τ_ω, ω), and from the small R approximation, K^f_{R→0}(τ_ω, ω), for both non-trivial color structures. We see that the approximation works spectacularly well and remains valid for small but experimentally relevant values of the jet cone size (R ∼ 0.1).

5.4 Extraction of the non-global logarithms

Traditionally, one would define the non-global logarithms as those terms in K^f_R(τ_ω, ω) which diverge in the | |ln ( τ_ω Q_{2ω} ) | | ≫ 1 limit. However, the non-global logarithms in our integrated

jet mass distribution are somewhat more subtle since there is a term in K^f_R(τ_ω, ω) which

– 22 – diverges in the R → 0 limit as well. To sensibly extract the NGLs in our case, we actually need to consider the double limits 1 ≫ R ≫^{τω Q}_{2ω} and^{τω Q}_{2ω} ≫ 1 ≫ R. We found in Section 5.3 that K^f_R(τ_ω, ω) = 2R_f ( τ_ωQ 2Rω ) + f(R) + O(R) , (5.16)

where f(R) is a ω-independent and τ_ω-independent function of R which we have not calculated. The appearance of the function R_f (z) in Eq. (5.16) suggests that the leading and next-to-leading NGLs in the integrated τ_ω distribution ought to be simply related to the leading and next-to-leading hemisphere NGLs derived in Refs. [24, 31].

We can easily extract the NGLs in the integrated τ_ω distribution by first taking the | |ln (_{τω Q} 2ω )| | ≫ 1 limit of the non-global function K^f_R(τω, ω) and then taking the small R limit of the expression that results. In this approximation, we find that the function K^f_R(τ_ω, ω) reduces to K^{f, NGL} R→0 (τ_ω, ω) = C_F C_A [ − 8π^2 3 ln^2 ( τ_ωQ 2Rω ) + ( − 8 3 + 88π^2 9 − 16ζ_3 ) | | |ln ( τ_ωQ 2Rω )| | | ]

+C_F n_f T_F ( 16 3 − 32π^2 9 ) | | |ln ( τ_ωQ 2Rω )| | | + · · · . (5.17)

Strictly speaking, Eq. (5.17) is only correct up to terms independent of τ_ω and ω (i.e. functions unconstrained by the calculations performed in this paper). However, although it remains to be conclusively proven, we strongly suspect that Eq. (5.17) actually captures all of the singular R dependence present in the contributions to the integrated τ_ω distribution not determined by the refactorization ansatz. After multiplying the above expression by 1/2 and making the substitution ln (_{τω Q} 2Rω ) → ln(z), we find that Eq. (5.17) exactly reproduces the hemisphere NGLs of Eq. (54) in Ref. [24]. This shows that, as hoped, the next-to-leading NGLs in our integrated jet thrust distribution are simply related to corresponding next-to-leading NGLs in the integrated hemisphere soft function. In fact, if it turns out that, as seems likely, the anti-k_T NGLs coincide with ours in the small R limit, we have shown that there is no essential difference between the small R NGLs that arise in the integrated anti-k_T jet thrust distribution and the NGLs that arise in the hemisphere mass distribution.

Clearly, the simplicity of the NGLs derived above suggests that a simple factorized picture emerges in the small R limit. It seems likely that, for sufficiently small R, the τ_ω soft function refactorizes to all orders in perturbation theory: S_R(k_L, k_R, λ, μ) = S_μ ( k_L √ Rμ ) S_μ ( k_R √ Rμ ) S_{out} ( 2 √ Rλ μ , R )

⊗ S_f ( k_L 2Rλ ) S_f ( k_R 2Rλ ) + O(R). (5.18)

Here, the functions S_μ(z) and S_f (z) denote respectively the μ-dependent and μ-independent parts of the hemisphere soft function [12, 24, 37]. Writing the soft function in this refactorized form makes the relationship between the small R exclusive jet mass soft function

– 23 – and the hemisphere soft function completely explicit. It is worth pointing out that S_μ(z) and S_f (z) have no explicit R dependence; their R dependence is simply encoded in their arguments,^{k√}_{Rμ} and^k_{2Rλ} . In fact, the only part of (5.18) which is not a simple rescaling of

part of the hemisphere soft function is S_{out} (_2√_{Rλ} μ , R ) . Moreover, the dependence on the

first argument of S_{out} (_2√_{Rλ} μ , R ) is fixed by RG invariance. Actually, it is possible to fix the entire singular R dependence of S_{out}(z, R) with arguments similar to the ones made in Sections 5.1 and 5.2. This analysis, however, is beyond the scope of the current paper.

When we expand Eq. (5.18) to O ( α^2_s ) , we find that

K^f_R(τ_ω, ω) = 2R_f ( τ_ωQ 2Rω ) + O(R) . (5.19)

This is completely consistent with the function K^f_{R→0}(τ_ω, ω), Eq. (5.14), coming from the expansion of the exact result. It also predicts that the unknown τ_ω- and ω-independent function of R in the integrated distribution should vanish in the small R limit. Furthermore, since we have confirmed this refactorization at two loops, including non-global logs, the refactorization and Γ_{cusp} ansatz of Ref. [30] are also confirmed at two loops – Eq. (5.18) reproduces them when S_f (z) = 1.

6. Conclusions

Over the last several years it has become increasingly apparent that jet substructure will play an important role in collider physics, and that theoretical calculations of jet substructure will require new organizational tools. For example, the simplest substructure observable, jet mass, when examined in an exclusive context, such as for the hardest or two hardest jets, is associated with poorly understood dependence on the multiple relevant scales (jet masses and veto scales). In this paper, by studying in detail the non-global structure of the soft, scale-dependent contributions to the integrated cone jet thrust distribution at two-loops, we took an important step towards understanding the interplay of these scales. We presented compelling evidence that the non-global logarithms that arise in a realistic class of jet algorithms when expanded around small jet size R are in fact no more complicated than the non-global logarithms that arise when one uses the hemisphere jet algorithm.

It seems that at each order in perturbation theory, it is possible to take the limit of small jet cone size in a consistent and useful way at the level of the integrands and that taking this limit effectively reduces all subsequent integrations to the corresponding hemisphere ones. This vastly simplifies the non-global parts of the distribution. A comparison of the non-global contribution to the integrated hemisphere mass distribution given in Section 5.3 and the analogous integrated jet thrust distribution given in 4.2 illustrates the point – the hemisphere results of Ref. [24] reproduced in Eq. (5.15) are far simpler than the finite R results in Eq. (4.5), derived in this paper. Naïvely, one might think that this procedure, explained in more detail in Sections 5.1 and 5.2, only gives an accurate approximation if one works with unrealistically small jet resolution parameters. However, as illustrated in

– 24 –

Figure 4, this is not the case at all; we found that approximating our result for the finite R differential distribution using this procedure works great even for R ∼ 0.1.

One point worth emphasizing is that the refactorization ansatz of Ref. [30] played an important role in our analysis. In Figure 1 we compared the O ( α^2_s ) prediction of this ansatz to full QCD at the same order using event2 and showed that the refactorization ansatz reproduces the singular terms in the QCD differential distribution very nicely, up to subleading jet algorithm and NGL effects. Indeed, in Section 4, we defined the non-global contribution to the integrated jet thrust distribution by subtracting the refactorization ansatz in integrated form from our complete result for the scale-dependent part of the integrated distribution. If we had used a different subtraction procedure it is not clear that we would have been successful in making contact with the integrated hemisphere function. This remark is related to the fact that, at the outset of this work, it was not clear what appearance, if any, the jet cone size R would make in the non-global contribution that remains once one subtracts off the integrated refactorization ansatz.

Our results suggest that the non-global contribution to the integrated jet thrust distribution at small R is simply

K^{f, exact} R→0 (τ_ω, ω) = 2 R_f ( τ_ωQ 2Rω ) , (6.1)

where R_f (z) is the non-global contribution to the integrated hemisphere mass distribution. We have only shown this up to a τ_ω- and ω-independent function of R, due to the fact that we consistently dropped all contributions that depended on no scales at all or on R but not on a ratio of dimensionful scales. This small R limit depends on the precise definition of K^f_R(τ_ω, ω). In our definition, K^f_R(τ_ω, ω) is everything not given by the refactorization from [30]. With this definition, Eq. (6.1) implies that all of the remaining singular R dependence is inextricably linked to the ratio^{τω Q}_{2ω} .

The assertion of the last paragraph is very sensible because we showed in Section 5.4 that the leading and subleading non-global logarithms are

K^{f, NGL} R→0 (τ_ω, ω) = C_F C_A [ − 8π^2 3 ln^2 ( τ_ωQ 2Rω ) + ( − 8 3 + 88π^2 9 − 16ζ_3 ) | | |ln ( τ_ωQ 2Rω )| | | ]

+C_F n_f T_F ( 16 3 − 32π^2 9 ) | | | |ln ( τ_ωQ 2Rω )| | | + · · · . (6.2)

In the appropriate limit, Eq. (6.1) reduces to Eq. (6.2) up to terms not constrained by our calculation. The form of Eq. (6.2) also shows that the NGLs that arise in the integrated cone jet thrust distribution are naturally R dependent. The great strength of our approach is that we abandoned the leading-logarithm approximation, preferring instead to first perform exact calculations and only then attempt to determine an appropriate approximation scheme.

The results recapitulated above motivated us to modify the refactorization formula of Ref. [30] to include the non-global contributions as well. In Section 5.4, we discussed the

– 25 – possibility of a refined refactorization formula S_R(k_L, k_R, λ, μ) = S_μ ( k_L √ Rμ ) S_μ ( k_R √ Rμ ) S_{out} ( 2 √ Rλ μ , R )

⊗ S_f ( k_L 2Rλ ) S_f ( k_R 2Rλ ) + O(R) , (6.3)

where the functions S_μ(z) and S_f (z) denote respectively the μ-dependent and μ-independent parts of the hemisphere soft function [12, 37]. Eq. (6.3) is consistent with all of the observations made in this paper and, if true, would make precise the statement that resumming the NGLs in the cone jet thrust distribution is equivalent to resumming the NGLs in the hemisphere mass distribution.

In future work, it would be useful to understand to what extent refactorizations like Eq. (6.3) hold beyond two loops. If this is understood, similar arguments should be appropriate for precision predictions of jet substructure observables at hadron colliders. In any case, it is of great interest to try and generalize Eq. (6.3), both to multi-jet processes at e^+e^− colliders and, if possible, to di- and multi-jet processes at hadron colliders.

In order to understand non-global structure in more detail, it may be necessary to explore jet algorithms distinct from the thrust cone algorithm used in this paper. Most prominent among the alternatives is the anti-k_T jet algorithm which, as noted in Section 5, is very similar to the thrust cone one and has the advantage that it is widely used by experimentalists. It would also be interesting to have all of the R-dependent constant terms that were dropped in writing down the non-global contribution to the integrated jet thrust distribution, since they would significantly clarify the structure of the ln(R) terms that remain in the small R limit.

Finally, even if Eq. (6.3) turns out to be a useful approximation, one still has to deal with the hemisphere NGLs themselves. Resummation of these NGLs seems difficult [20, 22, 24, 25, 26]. Perhaps one can choose scales so that the non-global structure has a numerically small effect. Nevertheless, it would be nice to understand NGLs in more detail, beyond the leading NGL. One way forward would be to perform an explicit three-loop calculation of the integrated hemisphere soft function. While it goes without saying that this will be no easy task, we expect that the integrals which arise at three loops will turn out to be solvable using modern multi-loop computational techniques.

Acknowledgments

RK and MDS were supported in part by the Department of Energy, under grant DE- SC003916. HXZ was supported by the National Natural Science Foundation of China under grants No. 11021092 and No. 10975004. RMS gratefully acknowledges CICYT support through the project FPA-2009-09017 and CAM support through the project HEPHACOS S2009/ESP-1473. RMS also acknowledges the Research Executive Agency (REA) of the European Union under the Grant Agreement number PITN-GA-2010-264564 (LHCPhenoNet).

– 26 –

A. Calculation of the Integrated Jet Thrust Distribution

In this appendix, we calculate the six terms in Eq. (4.1) in the order in which we discussed the corresponding contributions to the NLO τ_ω soft function in Section 3. We begin with the charge renormalization contributions. The result is

K^{Ren}_R (τ_ω, ω, μ) = C_F C_A [ 176 9 ln^3 ( μ τ_ωQ ) + 88 3 ln(r) ln^2 ( μ τ_ωQ ) + ( 44 ln^2(r) 3 − 22π^2 9 ) ln ( μ τ_ωQ ) + ln ( μ 2ω ) (176Li_2(−r) 3 + 44 ln^2(r) 3 + 44π^2 9 ) − 88 3 ln(r) ln^2 ( μ 2ω ) ]

+C_F n_f T_F [ − 64 9 ln^3 ( μ τ_ωQ ) − 32 3 ln(r) ln^2 ( μ τ_ωQ ) + ( 8π^2 9 − 16 ln^2(r) 3 ) ln ( μ τ_ωQ )

+ ln ( μ 2ω ) ( − 64Li_2(−r) 3 − 16 3 ln^2(r) −

16π^2 9 ) + 32 3 ln(r) ln^2 ( μ 2ω ) ] . (A.1)

For the real-virtual interference contributions, the result is

K^{R−V}_R (τ_ω, ω, μ) = C_F C_A [ 64 3 ln^4 ( μ τ_ωQ ) + 128 3 ln(r) ln^3 ( μ τ_ωQ ) + ( 32 ln^2(r) −8π^2 ) ln^2 ( μ τ_ωQ ) + ln ( μ τ_ωQ ) ( 32 ln^3(r) 3 − 8π^2 ln(r) −

64ζ(3) 3 )

+ ln^2 ( μ 2ω ) ( 128Li_2(−r) + 32 ln^2(r) +

32π^2 3 ) + ln ( μ 2ω ) ( 128Li_3 ( 1 r + 1 )

−128Li_3 ( r r + 1 ) − 128Li_2(−r) ln(r) + 256Li_2(−r) ln(r + 1) − 32 3 ln^3(r)

+64 ln^2(r + 1) ln(r) + 8π^2 ln(r) + 64 3 π^2 ln(r + 1) ) − 128 3 ln(r) ln^3 ( μ 2ω ) ] (A.2)

and for the same-side in-in contribution, we have

K^{r1}_R (τ_ω, ω, μ) = C_F C_A [ − 64 3 ln^4 ( μ τ_ωQ ) + ( − 128 ln(r) 3 − 352 9 ) ln^3 ( μ τ_ωQ )

+ ( −32 ln^2(r) −

176 ln(r) 3 + 16π^2 3 − 536 9 ) ln^2 ( μ τ_ωQ ) + ln ( μ τ_ωQ ) ( − 32 3 ln^3(r) − 88 ln^2(r) 3 + 16 3 π^2 ln(r) −

536 ln(r) 9 + 232ζ(3) 3 − 22π^2 9 − 1544 27 ) ]

+C_F n_f T_F [ 128 9 ln^3 ( μ τ_ωQ ) + ( 64 ln(r) 3 + 160 9 ) ln^2 ( μ τ_ωQ ) + ( 32 ln^2(r) 3 + 160 ln(r) 9 + 8π^2 9 + 304 27 ) ln ( μ τ_ωQ ) ] . (A.3)

– 27 –

The calculation of the opposite-side in-in contributions is somewhat less trivial since the integral over S^{r2}_R (k_L, k_R, λ, μ) requires sector decomposition. Carrying out this analysis leads to

C_F C_A [ − 2 ln ( μ τ_ωQ ) ∫_1 0 dz z 2f^{(0)}_{CA}^{( z}_{2−z} , r^) 2 − z − f^{(0)}_{CA} (0, r)

+2 ln(2)f^{(0)}_{CA} (0, r) ln ( μ τ_ωQ ) + f^{(1)}_{CA} (0, r) ln ( μ τ_ωQ ) + 2f^{(0)}_{CA} (0, r) ln^2 ( μ τ_ωQ ) ]

+C_F n_f T_F [ − 2 ln ( μ τ_ωQ ) ∫_1 0 dz z 2f^{(0)}_{nf}^{( z}_{2−z} , r^) 2 − z − f^{(0)}_{nf} (0, r)

+2 ln(2)f^{(0)}_{nf} (0, r) ln ( μ τ_ωQ ) + f^{(1)}_{nf} (0, r) ln ( μ τ_ωQ ) + 2f^{(0)}_{nf} (0, r) ln^2 ( μ τ_ωQ ) ] (A.4)

for the finite part of the scale-dependent terms. Eq. (A.4) is written in terms of the functions introduced in Section 3. We can easily evaluate the above expression using the moments tabulated in Eqs. (3.19) and the result is

K^{r2}_R (τ_ω, ω, μ) = C_F C_A [ ( 176Li_2 ( r^2 ) 3 + 32Li_3 ( r^2 r^2 − 1 ) − 32Li_2 ( r^2 ) ln ( 1 − r^2 )

+24Li_2 ( r^2 ) ln ( r^2 ) + 16r^2 3 − 3r^2 − 16 3 ln^3 ( 1 − r^2 ) + 88 3 ln ( r^2 ) ln ( 1 − r^2 )

+ 32r^2 ln(r) 3 (r^2 − 1)^2 ) ln ( μ τ_ωQ ) + (64Li_2(−r) + 64Li_2(r)) ln^2 ( μ τ_ωQ ) ] + C_F n_f T_F [ ( − 64Li_2 ( r^2 ) 3 + 32r^2 3 (r^2 − 1) − 64r^2 ln(r) 3 (r^2 − 1)^2 − 64 3 ln(r) ln ( 1 − r^2 ) ) ln ( μ τ_ωQ ) ] . (A.5)

The calculation of the in-out contributions requires sector decomposition as well. In terms of the functions introduced in Section 3, the scale-dependent terms are given by C_F C_A [ g^{(1)}_{CA} (0, r) ln^{( μ}_{2ω}^) + g^{(0)}_{CA} (0, r) ln^{2 ( μ}_{2ω}^) + g^{(0)}_{CA} (0, r) ln^2 ( μ τ_ωQ )

− ln ( μ 2ω ) ∫ 1 0 dz z ( g^{(0)}_{CA} (z, r) + g^{(0)}_{CA} (1/z, r) − 2g^{(0)}_{CA} (0, r)^) −^1_2g^{(1)}_{CA} (0, r) ln ( τ_ωQ 2ω )

− 1 2g^{(0)}_{CA} (0, r) ln^2 ( τ_ωQ 2ω ) + ∫ τω Q_{2ω} 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{CA} ( z_2 z_1 , r ) − g^{(0)}_{CA} (0, r) ) ]

+C_F n_f T_F [ g^{(1)}_{nf} (0, r) ln^{( μ}_{2ω}^) + g^{(0)}_{nf} (0, r) ln^{2 ( μ}_{2ω}^) + g^{(0)}_{nf} (0, r) ln^2 ( μ τ_ωQ )

− ln ( μ 2ω ) ∫ 1 0 dz z ( g^{(0)}_{nf} (z, r) + g^{(0)}_{nf} (1/z, r) − 2g^{(0)}_{nf} (0, r)^) −^1_2 g^{(1)}_{nf} (0, r) ln ( τ_ωQ 2ω )

– 28 –

− 1 2g^{(0)}_{nf} (0, r) ln^2 ( τ_ωQ 2ω ) + ∫ τωQ_{2ω} 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{nf} ( z_2 z_1 , r ) − g^{(0)}_{nf} (0, r) ) ] . (A.6)

Using the moments tabulated in Eqs. (3.22), we find an explicit expression for Eq. (A.6):

K^{r3}_R (τ_ω, ω, μ) = C_F C_A [ ( −64Li_2(−r) − 64Li_2(r) +

16π^2 3 ) ln^2 ( μ τ_ωQ )

+ ( −64Li_2(−r) − 64Li_2(r) +

16π^2 3 ) ln^2 ( μ 2ω ) + ln ( μ 2ω ) ( − 352Li_2 ( r^2 ) 3 +128Li_3(1 − r) + 64Li_3(r) − 64Li_3 ( 1 r + 1 ) + 64Li_3 ( r r + 1 ) − 128Li_2(−r) ln(r + 1)

+128Li_2(r) ln(1 − r) − 64Li_2(r) ln(r) + 16 ( r^2 + 1 ) 3 (r^2 − 1) − 64r^2 ln(r) 3 (r^2 − 1)^2

− 32 ln(r) ln^2(r + 1)

+64 ln^2(1 − r) ln(r) − 64 3 π^2 ln(1 − r) − 352 3 ln(1 − r) ln(r) − 352 3 ln(r) ln(r + 1) − 32 3 π^2 ln(r + 1) − 64ζ_3 +

176π^2 9 ) + ln ( τ_ωQ 2ω ) ( 8Li_3 ( r^2 ) − 64Li_3 ( r r + 1 ) + 48ζ_3

−64Li_3(1 − r) + 64Li_2(−r) ln(r + 1) − 32Li_2(−r) ln(r) − 64Li_2(r) ln(1 − r) + 32 3 ln^3(r + 1) + 32 3 π^2 ln(1 − r) − 32 ln^2(1 − r) ln(r) ) + ln^2 ( τ_ωQ 2ω ) ( 32Li_2(−r) −

8π^2 3 + 32Li_2(r) )

+χ_{CA} ( τ_ωQ 2ω , r ) − χ_{CA} (1, r) ] + C_F n_f T_F [ ln ( μ 2ω ) ( 128Li_2 ( r^2 ) 3 − 64π^2 9 − 32 ( r^2 + 1 ) 3 (r^2 − 1) + 128r^2 ln(r) 3 (r^2 − 1)^2 + 128 3 ln(r) ln ( 1 − r^2 ) ) + χ_{nf} ( τ_ωQ 2ω , r ) − χ_{nf} (1, r) ] , (A.7)

where χ_{CA} (x, r) and χ_{nf} (x, r) are non-trivial functions built out of one- and two-dimensional harmonic polylogarithms. They are given explicitly in Appendix B.

Finally, for the out-out contribution, the result is

K^{r4}_R (τ_ω, ω, μ) = C_F C_A [ ln ( μ 2ω ) ( −32Li_3 ( r^2 r^2 − 1 ) + 352Li_2(r) 3 −64Li_3(r) − 64Li_3 ( 1 r + 1 ) + 64Li_3 ( r r + 1 ) + 64Li_2(−r) ln(1 − r)

+32Li_2(−r) ln(r) − 64Li_2(−r) ln(r + 1) − 32Li_2(r) ln(r) + 64Li_2(r) ln(r + 1) + 32r^2 ln(r) 3 (r^2 − 1)^2 + 16 3 ln^3(1 − r) +

32 ln^3(r) 3 + 16 3 ln^3(r + 1) − 64 ln(r) ln^2(1 − r)

+16 ln(r + 1) ln^2(1 − r) + 16 ln^2(r + 1) ln(1 − r) −

88 ln^2(r) 3 − 32 ln(r) ln^2(r + 1) + 176 3 ln(r) ln(1 − r) + 64 3 π^2 ln(1 − r) − 16 3 π^2 ln(r) +

536 ln(r) 9 − 32 3 π^2 + 64ζ_3

– 29 –

− 176π^2 9 + 176 3 ln(r) ln(r + 1) ln(r + 1) − 128Li_3(1 − r) +

8r^2 + 8 3 − 3r^2

− 64Li_2(r) ln(1 − r) )

+ ln^2 ( μ 2ω ) ( − 64Li_2(−r) + 64Li_2(r) − 32 ln^2(r) +

176 ln(r) 3 − 16π^2 )

+ 128 3 ln(r) ln^3 ( μ 2ω ) ]

+C_F n_f T_F [ ln ( μ 2ω ) ( − 128Li_2(r) 3 − 16 ( r^2 + 1 ) 3 (1 − r^2) − 64r^2 ln(r) 3 (1 − r^2)^2 + 32 ln^2(r) 3 − 160 ln(r) 9 − 64 3 ln(r) ln ( 1 − r r + 1 ) − 128 3 ln(r) ln(r + 1) +

64π^2 9 ) − 64 3 ln(r) ln^2 ( μ 2ω ) ] . (A.8)

Now that all the pieces are in place, we can combine them together and study the result.

B. Analytic Expressions For Non-Trivial Two-Parameter Integrals

The non-trivial two-parameter integrals ∫_x 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{CA} ( z_2 z_1 , r ) − g^{(0)}_{CA} (0, r) ) ∫_x 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{nf} ( z_2 z_1 , r ) − g^{(0)}_{nf} (0, r) ) , (B.1)

first encountered in Section 3, were parametrized there in terms of two functions, χ_{CA} (x, r)

and χ_{nf} (x, r), such that: ∫_x 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{CA} ( z_2 z_1 , r ) − g^{(0)}_{CA} (0, r) ) = χ_{CA} (x, r) − χ_{CA} (1, r) ∫_x 1 dz_2 z_2

∫_1 0 dz_1 z_1 ( g^{(0)}_{nf} ( z_2 z_1 , r ) − g^{(0)}_{nf} (0, r) ) = χ_{nf} (x, r) − χ_{nf} (1, r) . (B.2)

As explained in Section 3, g^{(0)}_{CA} (x, r) and g^{(0)}_{nf} (x, r) are simply the leading order terms in the epsilon expansion of the in-out contributions to the τ_ω soft function. In this appendix we provide analytical expressions for both χ_{CA} (x, r) and χ_{nf} (x, r). In what follows the H functions are one- or two-dimensional harmonic polylogarithms (introduced in Refs. [48] and [49] respectively).

For the C_F C_A color structure we have

χ_{CA} (x, r) = −^{32r2(x − 1)}

3(2r + 1)(xr + r + x) + 32 ( 2H(0, r) + H (_{r2} r+1 , x )) x^3 3(x + 1)(xr + r + x)

(B.3)

− 4 ( H(−1, r) − 5H(0, r) + H ( 0, 1 − r^2 ) + 4H(0, x) − 4H (_r r+1 , x )) x 3(x + 1)

– 30 –

+ 16(1 − 2x)H

(_1 r+1 , x ) x 3(xr + r + x) + 16 ( 2H(0, r) + H (_{r2} r+1 , x )) x^3 3(x + 1)^2(xr + r + x) − 16(r + 1)x 3(x + 1)(xr + r + x) ( H(−1, r) − H(0, r) + H ( 0, 1 − r^2 ) + H(0, x) )

+ 32x 3(r + 1) ( − 2H(0, r) + H ( 1 r + 1 , x ) − H ( r^2 r + 1 , x ) ) − 32 ( H(0, x) − H (_1 r+1 , x )) 3 (r^2 − 1) + 4 ( 3H(−1, r) + 5H(0, r) + 3H ( 0, 1 − r^2 ) + 8H (_r r+1 , x )) 3(x + 1) + 16 3(r + 1)^2 ( − 2H(0, r) +H ( 1 r + 1 , x ) − H ( r^2 r + 1 , x ) ) − 16 3(x + 1)(rx + x + 1) ( H(−1, r) − 2H(0, r) +H ( 0, 1 − r^2 ) + H(0, x) − H ( r^2 r + 1 , x ) ) − 32 3(r + 1) ( −H(0, r) + H ( r r + 1 , x )

−H ( r^2 r + 1 , x )) − 16(x + 2) ( 2H(0, r) + H (_{r2} r+1 , x )) 3(x + 1)^2 − 8r 3(r + 1)^2 ( 2H(0, r) ( H(0, x) −4H ( r r + 1 , x ) ) − H ( 0, 1 r + 1 , x ) + H ( 0, r^2 r + 1 , x ) + 4H ( r r + 1 , 1 r + 1 , x )

−4H ( r r + 1 , r^2 r + 1 , x )) + 16x 3(x + 1)^2 ( 2H(0, r)H(0, x) − ( H ( 1 r + 1 , x )

−H ( r r + 1 , x )) H(0, x) − ( H(−1, r) − 2H(0, r) + H ( 0, 1 − r^2 ) ) H ( 1 r + 1 , x )

+ ( H(−1, r) − 3H(0, r) + H ( 0, 1 − r^2 ) ) H ( r r + 1 , x ) + 2H(0, −1, r) − 5H(0, 0, r) −H ( 0, 1, r^2 ) + H ( 0, 1 r + 1 , x ) − 2H ( 0, r r + 1 , x ) + H ( 0, r^2 r + 1 , x )

+H ( 1 r + 1 , r^2 r + 1 , x ) − H ( r r + 1 , r^2 r + 1 , x )) + 8r 3(r − 1)^2 ( 2H(0, r)H(0, x) −H ( 0, 1 r + 1 , x ) + H ( 0, r^2 r + 1 , x ) ) + 176 3 H(−1, x) ( 2H(0, −1, r) − 5H(0, 0, r) −H ( 0, 1, r^2 ) ) + 176 3 H(0, x) ( 2H(0, r)H ( 0, 1 − r^2 ) + 2H ( 0, 1, r^2 ) − π^2 3 )

+ 176 3 ( −H(−1, x)H(0, x)H ( 1 r + 1 , x ) + ( H(−1, x) + H(0, x) ) H ( 0, 1 r + 1 , x )

− ( 2H(−1, x) + H(0, x) ) H ( 0, r r + 1 , x ) + H(0, x) ( H ( −1, r r + 1 , x )

+H ( 1 r + 1 , −1, x )) + H ( −1, 0, r^2 r + 1 , x ) + H ( −1, 1 r + 1 , r^2 r + 1 , x )

−H ( −1, r r + 1 , r^2 r + 1 , x ) + H ( 0, −1, r r + 1 , x ) − 3H ( 0, 0, 1 r + 1 , x )

+3H ( 0, 0, r r + 1 , x ) − H ( 0, 1 r + 1 , −1, x ) − H ( 0, 1 r + 1 , r^2 r + 1 , x )

– 31 –

+2H ( 0, r r + 1 , −1, x ) + H ( 0, r r + 1 , 1 r + 1 , x )) + 176 3 ( H(−1, r) +H ( 0, 1 − r^2 ) ) ( −H ( −1, 1 r + 1 , x ) + H ( −1, r r + 1 , x ) + H ( 0, 1 r + 1 , x )

−H ( 0, r r + 1 , x )) + 176 3 H(0, r) ( 2H(−1, 0, x) + 2H ( −1, 1 r + 1 , x )

−3H ( −1, r r + 1 , x ) − 2H ( 0, 1 r + 1 , x ) + H ( 0, r r + 1 , x )) + 8H(0, −1, x) ( π^2 3 −4H(0, −1, r) + 10H(0, 0, r) ) + 16H(−1, r) ( H ( 0, −1, 1 r + 1 , x )

−H ( 0, −1, r r + 1 , x ) − H ( 0, 0, 1 r + 1 , x ) + H ( 0, 0, r r + 1 , x ))

−16H(0, r) ( 2H(0, −1, 0, x) + 2H ( 0, −1, 1 r + 1 , x ) − 3H ( 0, −1, r r + 1 , x )

−2H ( 0, 0, −1, x r ) − 2H ( 0, 0, 1 r + 1 , x ) + 3H ( 0, 0, r r + 1 , x ))

+16 ( H(0, x) ( H ( 0, −1, 1 r + 1 , x ) − H ( 0, 0, 1 r + 1 , x ) + H ( 0, 0, r r + 1 , x ) )

−H ( 0, −1, 0, r^2 r + 1 , x ) − H ( 0, −1, 1 r + 1 , r^2 r + 1 , x ) − H ( 0, −1, r r + 1 , 0, x )

+H ( 0, −1, r r + 1 , r r + 1 , x ) − H ( 0, −1, r r + 1 , 1 r + 1 , x ) + H ( 0, −1, r r + 1 , r^2 r + 1 , x )

−2H ( 0, 0, −1, 1 r + 1 , x ) − H ( 0, 0, −1, 1 r + 1 , x r ) + H ( 0, 0, −1, r r + 1 , x r )

+2H ( 0, 0, 0, 1 r + 1 , x ) − 2H ( 0, 0, 0, r r + 1 , x ) + H ( 0, 0, 1 r + 1 , r^2 r + 1 , x )

−H ( 0, 0, r r + 1 , r r + 1 , x ) + H ( 0, 0, r r + 1 , 1 r + 1 , x ) − H ( 0, 0, r r + 1 , r^2 r + 1 , x ))

+32H(0, x) ( H(0, r)H ( 0, 1, r^2 ) − H ( 0, 0, 1, r^2 ) + ζ_3 )

and for the C_F n_f T_F color structure we have

χ_{nf} (x, r) = −^{64(1 − x)r2}

3(2r + 1)(xr + r + x) + 32(r + 1)r 3(xr + r + x)

(−H(−1, r) + H(0, r) (B.4)

−H ( 0, 1 − r^2 ) − H(0, x) ) + 32H (_1 r+1 , x ) r (r + 1)(xr + r + x) − 64H (_1 r+1 , x ) r 3(r + 1)^2(xr + r + x) + 32 ( 2H(0, r) − H (_1 r+1 , x ) + H (_{r2} r+1 , x )) r 3(r + 1)^2 − 32(r − 1) ( H(0, r) + H (_r r+1 , x )) 3(r + 1) + 64H (_1 r+1 , x ) r 3 (1 − r^2) − 32 ( −H(0, r) + H (_r r+1 , x ) − H (_{r2} r+1 , x )) 3(x + 1) − 32H(0, r)r 3(x + 1)

– 32 –

+ 32 ( r^2 + 1 ) H(0, x) 3 (r^2 − 1) − 64 ( 2H(0, r) + H (_{r2} r+1 , x )) r^4 3(r + 1)^2(xr + r + x) + 32 ( r^2 − 1 ) ( H(−1, r) − 2H(0, r) + H ( 0, 1 − r^2 ) + H(0, x) − H (_{r2} r+1 , x )) 3(x + 1)r + 32(r + 1) ( H(−1, r) − 2H(0, r) + H ( 0, 1 − r^2 ) + H(0, x) − H (_{r2} r+1 , x )) 3(rx + x + 1)r + 32 ( 2H(0, r) + H (_{r2} r+1 , x )) r^3 (r + 1)(xr + r + x) − 16(H(−1, r)H(0, x) + H(0, 0, x))r 3(r − 1)^2 − 64 ( (2H(0, r) − H(−1, r))H(0, x) − H(0, 0, x) − H ( 0,^1_{r+1} , x ) + H ( 0,^{r2}_{r+1} , x )) r^2

3 (r^2 − 1)^2 − 32x 3(x + 1)^2 ( H(0, x) ( H ( r r + 1 , x ) − H ( 1 r + 1 , x ) ) + H(0, r) ( 2H(0, x) −H ( r r + 1 , x ) ) + ( H(−1, r) − 2H(0, r) + H ( 0, 1 − r^2 ) ) ( H ( r r + 1 , x )

−H ( 1 r + 1 , x )) − 5H(0, 0, r) + 2H(0, 1, r) − 2H ( 0, 1, r^2 ) + H ( 0, 1 r + 1 , x )

−2H ( 0, r r + 1 , x ) + H ( 0, r^2 r + 1 , x ) + H ( 1 r + 1 , r^2 r + 1 , x ) − H ( r r + 1 , r^2 r + 1 , x ))

+ 16r 3(r + 1)^2 ( H(−1, r)H(0, x) − 8H(0, r)H ( r r + 1 , x ) + H(0, 0, x) +4 ( H ( r r + 1 , 1 r + 1 , x ) − H ( r r + 1 , r^2 r + 1 , x ) )) + 128 3 H(0, x) ( −H ( 0, 1, r^2 )

+ π^2 6 − H(0, r)H ( 0, 1 − r^2 ) ) + 64 3 H(−1, x) (−2H(0, −1, r) + 5H(0, 0, r) +H ( 0, 1, r^2 )) + 64 3 H(0, r) ( −H ( −1, 1 r + 1 , x ) + 2 ( H ( −1, r r + 1 , x )

−H(−1, 0, x) ) + H ( 0, 1 r + 1 , x )) + 64 3 H(0, x) ( H ( −1, 1 r + 1 , x )

−H ( −1, r r + 1 , x ) − H ( 0, 1 r + 1 , x ) + H ( 0, r r + 1 , x )) + 64 3 ( H(−1, r) −H(0, r) + H ( 0, 1 − r^2 ) ) ( H ( −1, 1 r + 1 , x ) − H ( −1, r r + 1 , x ) − H ( 0, 1 r + 1 , x )

+H ( 0, r r + 1 , x )) + 64 3 H(−1, x) ( 2H ( 0, r r + 1 , x ) − H ( 0, 1 r + 1 , x ))

− 64 3 ( H ( −1, 0, r^2 r + 1 , x ) + H ( −1, 1 r + 1 , r^2 r + 1 , x ) − H ( −1, r r + 1 , r^2 r + 1 , x )

+H ( 0, −1, r r + 1 , x ) − 3H ( 0, 0, 1 r + 1 , x ) + 3H ( 0, 0, r r + 1 , x ) − H ( 0, 1 r + 1 , −1, x )

– 33 –

−H ( 0, 1 r + 1 , r^2 r + 1 , x ) + 2H ( 0, r r + 1 , −1, x ) + H ( 0, r r + 1 , 1 r + 1 , x )) . References

[1] J. Butterworth, B. Cox, and J. R. Forshaw, W W scattering at the CERN LHC, Phys.Rev.

D65 (2002) 096014, [hep-ph/0201098].

[2] Y. Cui, Z. Han, and M. D. Schwartz, W-jet Tagging: Optimizing the Identification of Boosted Hadronically-Decaying W Bosons, Phys.Rev. D83 (2011) 074023, [arXiv:1012.2077].

[3] D. E. Kaplan, K. Rehermann, M. D. Schwartz, and B. Tweedie, Top Tagging: A Method for Identifying Boosted Hadronically Decaying Top Quarks, Phys.Rev.Lett. 101 (2008) 142001, [arXiv:0806.0848].

[4] CMS Collaboration Collaboration, S. Rappoccio, Measurement of the top pair invariant mass distribution at 7 TeV and search for new physics, arXiv:1110.1055.

[5] ALEPH Collaboration Collaboration, A. Heister et. al., Studies of QCD at e+ ecentre-of-mass energies between 91-GeV and 209-GeV, Eur.Phys.J. C35 (2004) 457–486.

[6] A. Gehrmann-De Ridder, T. Gehrmann, and E. W. N. Glover, Antenna Subtraction at NNLO, JHEP 09 (2005) 056, [hep-ph/0505111].

[7] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, and G. Heinrich, Second-order QCD corrections to the thrust distribution, Phys. Rev. Lett. 99 (2007) 132002, [arXiv:0707.1285].

[8] A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, and G. Heinrich, NNLO corrections to event shapes in e^+e^− annihilation, JHEP 12 (2007) 094, [arXiv:0711.4711].

[9] S. Weinzierl, NNLO corrections to 3-jet observables in electron-positron annihilation, Phys.

Rev. Lett. 101 (2008) 162001, [arXiv:0807.3241].

[10] M. D. Schwartz, Resummation and NLO Matching of Event Shapes with Effective Field Theory, Phys. Rev. D77 (2008) 014026, [arXiv:0709.2709].

[11] T. Becher and M. D. Schwartz, A Precise determination of α_s from LEP thrust data using effective field theory, JHEP 07 (2008) 034, [arXiv:0803.0342].

[12] Y.-T. Chien and M. D. Schwartz, Resummation of heavy jet mass and comparison to LEP data, JHEP 08 (2010) 058, [arXiv:1005.1644].

[13] R. Abbate, M. Fickinger, A. H. Hoang, V. Mateu, and I. W. Stewart, Thrust at N^3LL with Power Corrections and a Precision Global Fit for α_s(m_Z ), Phys. Rev. D83 (2011) 074021, [arXiv:1006.3080].

[14] C. W. Bauer, S. Fleming, D. Pirjol, and I. W. Stewart, An effective field theory for collinear and soft gluons: Heavy to light decays, Phys. Rev. D63 (2001) 114020, [hep-ph/0011336].

[15] C. W. Bauer, D. Pirjol, and I. W. Stewart, Soft-Collinear Factorization in Effective Field Theory, Phys. Rev. D65 (2002) 054022, [hep-ph/0109045].

[16] M. Beneke, A. P. Chapovsky, M. Diehl, and T. Feldmann, Soft-collinear effective theory and heavy-to-light currents beyond leading power, Nucl. Phys. B643 (2002) 431–476, [hep-ph/0206152].

– 34 –

[17] S. Fleming, A. H. Hoang, S. Mantry, and I. W. Stewart, Jets from massive unstable particles:

Top-mass determination, Phys. Rev. D77 (2008) 074010, [hep-ph/0703207].

[18] S. Catani, L. Trentadue, G. Turnock, and B. R. Webber, Resummation of large logarithms in e^+e^− event shape distributions, Nucl. Phys. B407 (1993) 3–42.

[19] R. Kelley and M. D. Schwartz, Threshold Hadronic Event Shapes with Effective Field Theory, Phys. Rev. D83 (2011) 033001, [arXiv:1008.4355].

[20] M. Dasgupta and G. P. Salam, Resummation of non-global QCD observables, Phys. Lett.

B512 (2001) 323–330, [hep-ph/0104277].

[21] M. Dasgupta and G. P. Salam, Accounting for coherence in interjet E_T flow: A case study, JHEP 03 (2002) 017, [hep-ph/0203009].

[22] A. Banfi, G. Marchesini, and G. Smye, Away-from-jet energy flow, JHEP 08 (2002) 006, [hep-ph/0206076].

[23] R. B. Appleby and M. H. Seymour, Non-global logarithms in inter-jet energy flow with k_T clustering requirement, JHEP 12 (2002) 063, [hep-ph/0211426].

[24] R. Kelley, M. D. Schwartz, R. M. Schabinger, and H. X. Zhu, The two-loop hemisphere soft function, Phys. Rev. D84 (2011) 045022, [arXiv:1105.3676].

[25] G. Marchesini and A. Mueller, BFKL dynamics in jet evolution, Phys.Lett. B575 (2003) 37–44, [hep-ph/0308284].

[26] E. Avsar, Y. Hatta, and T. Matsuo, Soft gluons away from jets: Distribution and correlation, JHEP 0906 (2009) 011, [arXiv:0903.4285].

[27] S. D. Ellis, A. Hornig, C. Lee, C. K. Vermilion, and J. R. Walsh, Consistent Factorization of Jet Observables in Exclusive Multijet Cross-Sections, Phys. Lett. B689 (2010) 82–89, [arXiv:0912.0262].

[28] S. D. Ellis, C. K. Vermilion, J. R. Walsh, A. Hornig, and C. Lee, Jet Shapes and Jet Algorithms in SCET, JHEP 11 (2010) 101, [arXiv:1001.0014].

[29] A. Banfi, M. Dasgupta, K. Khelifa-Kerfa, and S. Marzani, Non-global logarithms and jet algorithms in high-p_T jet shapes, JHEP 08 (2010) 064, [arXiv:1004.3483].

[30] R. Kelley, M. D. Schwartz, and H. X. Zhu, Resummation of jet mass with and without a jet veto, arXiv:1102.0561.

[31] A. Hornig, C. Lee, I. W. Stewart, J. R. Walsh, and S. Zuberi, Non-global Structure of the O(α^2_s ) Dijet Soft Function, JHEP 08 (2011) 054, [arXiv:1105.4628].

[32] H.-n. Li, Z. Li, and C. P. Yuan, QCD resummation for jet substructures, Phys. Rev. Lett. 107 (2011) 152001, [arXiv:1107.4535].

[33] A. Hornig, C. Lee, J. R. Walsh, and S. Zuberi, Double Non-Global Logarithms In-N-Out of Jets, arXiv:1110.0004.

[34] K. Khelifa-Kerfa, Non–global logs and clustering impact on jet mass with a jet veto distribution, arXiv:1111.2016. * Temporary entry *.

[35] S. Catani and M. H. Seymour, The Dipole Formalism for the Calculation of QCD Jet Cross Sections at Next-to-Leading Order, Phys. Lett. B378 (1996) 287–301, [hep-ph/9602277].

– 35 –

[36] S. Catani and M. H. Seymour, A general algorithm for calculating jet cross sections in NLO QCD, Nucl. Phys. B485 (1997) 291–419, [hep-ph/9605323].

[37] A. H. Hoang and S. Kluth, Hemisphere Soft Function at O(α^2_s ) for Dijet Production in e^+e^− Annihilation, arXiv:0806.3852.

[38] P. F. Monni, T. Gehrmann, and G. Luisoni, Two-Loop Soft Corrections and Resummation of the Thrust Distribution in the Dijet Region, JHEP 1108 (2011) 010, [arXiv:1105.4560].

[39] G. P. Korchemsky and A. V. Radyushkin, LOOP SPACE FORMALISM AND RENORMALIZATION GROUP FOR THE INFRARED ASYMPTOTICS OF QCD, Phys. Lett. B171 (1986) 459–467.

[40] G. P. Korchemsky and G. Marchesini, Resummation of large infrared corrections using Wilson loops, Phys. Lett. B313 (1993) 433–440.

[41] A. V. Belitsky, Two-loop renormalization of Wilson loop for Drell-Yan production, Phys.

Lett. B442 (1998) 307–314, [hep-ph/9808389].

[42] S. M. Aybat, L. J. Dixon, and G. F. Sterman, The two-loop soft anomalous dimension matrix and resummation at next-to-next-to leading pole, Phys. Rev. D74 (2006) 074004, [hep-ph/0607309].

[43] T. T. Jouttenus, Jet Function with a Jet Algorithm in SCET, Phys. Rev. D81 (2010) 094017, [arXiv:0912.5509].

[44] T. T. Jouttenus, I. W. Stewart, F. J. Tackmann, and W. J. Waalewijn, The Soft Function for Exclusive N-Jet Production at Hadron Colliders, Phys.Rev. D83 (2011) 114030, [arXiv:1102.4344].

[45] J. G. M. Gatheral, Exponentiation of Eikonal Cross-Sections in Non-Abelian Gauge Theories, Phys. Lett. B133 (1983) 90.

[46] J. Frenkel and J. C. Taylor, Non-Abelian Eikonal Exponentiation, Nucl. Phys. B246 (1984) 231.

[47] W. M.-Y. Cheung, M. Luke, and S. Zuberi, Phase Space and Jet Definitions in SCET, Phys.

Rev. D80 (2009) 114021, [arXiv:0910.2479].

[48] E. Remiddi and J. A. M. Vermaseren, Harmonic polylogarithms, Int. J. Mod. Phys. A15 (2000) 725–754, [hep-ph/9905237].

[49] T. Gehrmann and E. Remiddi, Two-Loop Master Integrals for γ^∗ → 3 Jets: The planar topologies, Nucl. Phys. B601 (2001) 248–286, [hep-ph/0008287].

[50] T. Binoth and G. Heinrich, An automatized algorithm to compute infrared divergent multi-loop integrals, Nucl. Phys. B585 (2000) 741–759, [hep-ph/0004013].

[51] I. W. Stewart, F. J. Tackmann, and W. J. Waalewijn, Factorization at the LHC: From PDFs to Initial State Jets, Phys.Rev. D81 (2010) 094035, [arXiv:0910.0467].

– 36 –