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Abstract

We study the transverse momentum resummation for the azimuthal angular correlation in dijet
production in hadron collisions based on the Collins-Soper-Sterman formalism. The complete one-
loop calculations are carried out in the collinear framework for the differential cross sections at
low imbalance transverse momentum between the two jets. Important cross checks are performed
to demonstrate that the soft divergences are cancelled out between different diagrams, and in
particular, for those associated with the final state jets. The leading and sub-leading logarithms
are identified. All order resummation is derived following the transverse momentum dependent
factorization at this order. Its phenomenological applications are also presented.
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I. INTRODUCTION

Dijet production in hadronic collisions is one of the golden channels to study perturbative
QCD and hadron physics in high energy experiments. In these events, the two jets are
produced mainly in the kinematics of the back-to-back configuration in the transverse plane,

A+B—)J€t1+J€t2+X, (1)

where A and B represent the two incoming hadrons with momenta P and P, respectively,
the azimuthal angle between the two jets is defined as ¢ = ¢ — @2 with ¢, being the
azimuthal angles of the two jets. There have been comprehensive analyses of the azimuthal
angular correlation (or de-correlation) in dijet productions at the hadron colliders [1-3].
Dijet production can be calculated in perturbative QCD (pQCD). In the leading order of
pQCD, the Born diagrams contribute to a Delta function at ¢ = m. One gluon radiation will
lead to a singular distribution around ¢ = m, which will persist at even higher orders [4].
This divergence arises when the total transverse momentum of dijet (imbalance) is much
smaller than the individual jet momentum: ¢, = |ﬁu + ﬁ2l| < |Piy| ~ |Paoyt| ~ Pr,
where Py, and P, are transverse momenta for the two final state jets, respectively. In
this kinematic region, large logarithms appear in every order of perturbative calculations,
which are normally referred as the Sudakov logarithms: of In*~'(P2/¢?). Therefore, a QCD
resummation has to be included in order to have a reliable theoretical prediction. The goal
of this paper is to derive an all order resummation formula for dijet production. A brief
summary of our results has been published in Ref. [5].

In the kinematics region ¢, < Pr, the appropriate resummation method is the so-
called transverse momentum dependent (TMD) resummation or the Collins-Soper-Sterman
(CSS) resummation [6]. The CSS resummation was derived for the massive neutral particle
production in hadronic collisions, such as the electroweak boson (or Higgs boson) production.
Due to the presence of the colored final state, the resummation of dijet production will be
much more complicated. Nevertheless, there have been theoretical progresses in the last few
years [7-10]. In particular, it was found that in the leading double logarithmic approximation
(LLA), each incoming parton contributes half of its color charge to Sudakov resummation
factor [7—10]. In this paper, we will go beyond the LLA and perform the resummation
calculation at the next-to-leading logarithm (NLL) level. The threshold resummation for
dijet production in hadronic collisions has been investigated in a series of publications by
Sterman and his collaborators [11, 12]. The methodology of our calculations for the TMD
resummation is very similar to those studies.

We will start our derivation by evaluating the differential cross sections as a function of
the imbalance transverse momentum ¢, at the complete one-loop order. The leading order
contribution is a Delta function 5 (g, ). One-loop corrections come from four contributions:
(a) virtual contributions; (b) soft gluon radiation (real); (c) jet contributions; (d) collinear
gluon radiation associated with the incoming parton distributions. The virtual graphs have
been studied in the literature [15]. The jet contributions are easy to derive following the
examples of the inclusive jet production. In order to calculate the analytical results, we will
adopt the narrow jet approximation (NJA) [13, 14], where explicit dependence on the jet
sizes Ry and Ry can be evaluated. The soft gluon (real) contribution is the most difficult
to calculate. This is because that not all soft gluon radiation contributes to the finite ¢, .
The radiation inside the jet will be part of the jet contribution and has to be excluded from
soft gluon radiation contribution. Collinear gluon radiation associated with the incoming



parton distributions also contribute to the finite imbalance transverse momentum. This part
can be formulated according to the well-known DGLAP splitting. In the end, for a finite
imbalance transverse momentum ¢, , we add the soft gluon (real) and collinear gluon (real)
contributions together, which leads to the so-called asymptotic behavior for the differential
cross sections at low imbalance transverse momentum ¢;. An important cross check of our
derivation is to compare its numerical results with the dijet production codes available in
the literature. We will carry out these comparisons in this paper. We will also perform
another cross check to show that the soft divergences are cancelled out between the real
and virtual graphs. After the cancellation, we are left with only the collinear divergences
associated with the incoming parton distributions.

The large logarithms mentioned above will be evident from the complete one-loop calcula-
tions. Resummation of these large logarithms is the main goal of our paper. To perform the
resummation, we first show that the differential cross sections at this order can be factorized
into the transverse momentum distributions, soft factor, and hard factors, respectively. The
transverse momentum distributions follow the definitions for the Drell-Yan or Higgs boson
productions at low transverse momentum. The soft factor will have to take into account
the additional effects of gluon radiation associated with the two final state jets. The idea to
construct the soft factor follows the examples of threshold resummation studied by Sterman
et al. [11].

The final resummation formula can be summarized as

dio 2, .o
= Z o) [/ —J_e_quleab—md(Ila T2, b1 ) + Yapsca
ab

2
dy,dy>d Ppd?q, (27)2 ) (2)

where the first term W contains all order resummation and the second term Y comes from
the fixed order corrections. oy represents the overall normalization of the differential cross
section, y; and yy are rapidities of the two jets, Pr the leading jet transverse momentum,
and ¢, the imbalance transverse momentum between the two jets as defined above. All
order resummation for W from each partonic channel ab — cd can be written as

Wap—ea (1, 19,0) = 1 folw1, = b /b1 ) fo(xo, t = bo/bL)t?_SS“d(QQ’bl)

Q 4 Q 4
x Tr {Hab%dexp {— / Mv }Sab%dexp {— / —MVSH , (3)
bo/by M bo/b. M

where Q? = § = x,2,5, representing the hard momentum scale. by = 2¢77%, with g
being the Euler constant. f,(z, 1) are the integrated parton distributions for the incoming
partons a and b, and x;5 = Py (e*¥* 4 ¢*2) /1/S are momentum fractions of the incoming
hadrons carried by the partons. In the above equation, the hard and soft factors H and S
are expressed as matrices in the color space of partonic channel ab — cd, and ~* are the
associated anomalous dimensions for the soft factor (defined below). The Sudakov form
factor Sgyq resums the leading double logarithms and the universal sub-leading logarithms,

Q* 12 2 2 2
dp” Q Q Q
[111(#)A+B+DllnP2R2+D21nP2R2 , (4)

Ssud(Q*,b1) = /

2
B2 /b2 M

where RR;  represent the cone sizes for the two jets, respectively. In the numeric calculations,
they will take the same size as the experiments. Here the parameters A, B, D, Dy can be

expanded perturbatively in «,. At one-loop order, A = C4%, B = —QC’ABO % for gluon-

(Cr+Ca) as

gluon initial state, A = Cr2%*, B = _320 £ 2 for quark-quark 1n1t1al state, and A = =522,



B = (= — C4By)2 for gluon-quark initial state. Here, By = (11 — 2N;/3)/12, with N;
being the number of effective light quarks. At the next-to-leading logarithmic level, the jet
cone size enters as well [9]. That is the reason we have two additional factors in Eq. (4):
Dyy = Cyg2 for gluon jet and Dy = Crge for quark jet. The cone size R is introduced
to regulate the collinear gluon radiation associated with the final state jets. Only the soft
gluon radiation outside the jet cone will contribute to the imbalance ¢, between the two

jets.

There are two important issues we will not address in much detail. First, our resummation
formalism is based on a TMD factorization argument [16]. However, there is a potential
contribution at order of a2 which violates the general TMD factorization [17-21]. It was
found, in particular, certain diagrams in dijet production in hadronic collisions can not
be factorized into the simple universal TMDs. In terms of resummation coefficients, this
will affect the coefficient A® in Eq. (4). In our numeric calculations, we will include both
A®M and A® coefficients in the resummation formula (see detailed discussions in Sec. IIC).
Though we do not expect that the factorization violating effect will affect much the results
to be presented below, it will be useful to estimate the size of factorization breaking effect
in some future work.

Second, we derive our results, in both collinear and TMD approaches, by adopting the
narrow jet approximation. With that, we are able to demonstrate the explicit cancellation of
soft divergences, and to express the resummation Sudakov form factor in an analytic form in
terms of the jet sizes. Although the derivation itself is not limited to the NJA, we find that
the differential cross section expressions are much simplified under the NJA. How to extend
our results to the calculations without the NJA is very interesting subject. It is worthwhile
to come back to this question in the future. However, in the current paper, we will carry
out our calculations with the NJA.

The rest of this paper is organized as follows. We will dedicate Secs. II-V to the calcu-
lations of the differential cross sections at low ¢, in the collinear factorization approach. In
Sec. II, we start with a brief introduction of the leading order results in which the overall
normalization factor for each production channel is presented. In Sec. III, we discuss the
generic features of the one-loop corrections to W (b, ). This includes virtual graph contribu-
tions, jet contributions in the real gluon radiation, collinear gluon radiation associated with
the incoming partons, and the soft gluon radiation which contributes to a finite ¢,. Since
the soft gluon radiation is the most important contributions for dijet production, we dedi-
cate Sec. IV to show the details of our calculations. In Sec. V, we compare the asymptotic
results for dijet production to the fixed order calculation published in the literature. The
asymptotic behavior for dijet production is calculated by summing the soft gluon radiation
and collinear gluon radiation derived in Secs. III and IV. In Sec. VI, we derive the TMD
factorization and resummation. In particular, we will show that the collinear calculations
from Secs. III-IV at the one-loop order can be factorized into the TMDs, hard and soft
factors. The latter factors are expressed in a matrix form. The resummation is achieved
by solving the relevant renormalization group equations. In Sec. VII, we perform the phe-
nomenological studies based on our resummation formalism. We conclude our paper in Sec.
VIII.
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FIG. 1. Schematic diagram for dijet production at the leading order, with incoming parton mo-
menta: p; and ps, and outgoing momenta: ki and ko, respectively.

II. DIJET PRODUCTION AT THE LEADING ORDER

Dijet production at the leading order can be calculated from partonic 2 — 2 processes,

a(pl) + b(pg) — C(]fl) + d(l{?Q) R (5)

where p; o and k2 are momenta for incoming and outgoing two partons. Schematically, we
draw the diagrams in Fig. 1.
The partonic channels include the following subprocesses:

495 — 9i9; , (6)
q:q; — 4;q; , (7)
q:q9; — 4:9q; , (8)
a9 = 49 , ()
99 = aq , (10)
q9q9 — 99 , (11)
99 = 99 - (12)
Their contributions can be summarized as
4
dyldyjd;%dzm - %: 001 fal@r, 1) fo(@2, 1)y 00 (q1) | (13)

. . . . . . 2 .
where the overall normalization of the differential cross section is og = a;;r. The partonic

cross sections h(?) for all the production channels are listed below,

2 2
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1495 iq5 9 t2
4t2 2
o _crrw (15)
qiq9i—4545 9 82
2 2 2 2 2
Orsan =3 (e + o) e (16)
Wi ag g 12 u?2 27 tu
lu?+t*  3u>+¢2
B g = AL (17)
6 tu 8 2
2 2 2 2
ht(z(;)ﬁqg:%u e , (18)
9 —us t2
9 ut us st
(0) 2 fq_ 2 _ =2 >
hgg—>gg - 9 (3 52 2 u2) ’ (19)
(20)
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FIG. 2. Schematic diagrams for virtual graph contribution (a) and final state jet contributions
(b) and (c) at one-loop order. All of them are proportional to a Delta function of the imbalance
transverse momentum: 6 (¢ ).

where the usual Mandelstam variables are defined as s = (p; + p2)?, t = (p1 — k1)? and
u = (p1 — k2)®. As mentioned above, at the leading order, they contribute to a Delta
function of ¢, , which corresponds to the back-to-back configuration of the two jets in the
transverse plane. If we translate this into the b, -space, we will obtain W (b, ) at the leading
order,

W a(b1) = @ fular, )@ fy(wa, )RSy (21)

. . . . . 1
The goal of the following three sections is to derive the one-loop corrections: W(Eb)_md(b 1)

III. GENERIC DISCUSSIONS ON ONE-LOOP CALCULATIONS

There are four types of radiative contributions at the one-loop order:

1. Virtual contributions, as shown in Fig. 2(a). These contributions have been calculated
in the literature, and they are proportional to the leading order contributions, leading
to a Delta function of ¢, .

2. Real gluon radiation: Jet contributions. In the real gluon radiation, one particular
contribution is also proportional to the leading order contribution: the jet contribution.
In this case, the gluon radiation is within the jet, where its momentum is collinear to
one of the final state partons. For example, as shown Fig. 2(b), the radiated gluon is
collinear to one parton in the final state, and they form a new jet at one-loop order.
Because of momentum conservation, this again leads to a Delta function of ¢, .

3. Real gluon radiation: collinear gluon associated with the incoming partons. These
collinear gluons contribute to a finite ¢, , and is proportional to 1/¢ multiplied by the
splitting kernel of parton distribution functions. As shown in Fig. 3(a), they originate
from the incident partons, so that the collinear gluon contributions follow the generic
structure and are easy to calculate.

4. Real gluon radiation: soft gluon contribution. Soft gluon contributions are more
difficult to evaluate. They also contribute to a finite ¢,. To evaluate this part of
contribution, we apply the leading power expansion in the limit of ¢, < ). Because
the final state jets also carry color, we will have to take into account the interactions
among initial and final state partons. In addition, we have to exclude the soft gluon
radiation within the final state (cone) jets whose contributions have already been
included in the final state jet contributions. Detailed calculations will be presented in
the following section.
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FIG. 3. Schematic diagrams for real gluon radiation contribution to finite imbalance transverse
momentum: (a) collinear gluon radiation associated with the incoming partons; (b) soft gluon
radiation outside the jet cone of final state jets.

In the rest of this section, we will go through the first three contributions, whereas the soft
gluon radiation contribution will be calculated in Sec. IV.

We will carry out our calculations in the collinear factorization formalism, and apply the
dimensional regulation for IR and UV divergences with dimension D = 4 — 2¢. Various
divergences appear in individual contributions: 1/¢* represents the soft divergence, whereas
1/e for either soft or collinear divergence. Since we are dealing with jet production in the
final states, we will also encounter the divergences associated with the jet size R. The
explicit calculations of gluon radiation will depend on how we define the jet. Therefore, the
jet algorithm will play a role in formulating the one-loop corrections.

Two important cross checks will be performed in the derivations. First, the soft diver-
gences of 1/€? will be cancelled out completely among different terms. We notice that (1,2,4)
terms listed above will have 1/€? contributions. A crucial test of our calculations is that
these 1/€% terms are cancelled out by each other. This cancellation is not trivial, since they
come from different diagrams, and some with different color factors. However, we will show
that the total contribution is free of soft divergence of 1/€2. Second, the divergences asso-
ciated with the final state jets are also cancelled out among various terms. The collinear
divergences associated with the jets are regulated by the jet sizes, and the individual con-
tributions contain terms of 1/eln(1/R) are cancelled out in the final results. We will show
that the cancellation indeed happens at this order.

A. Virtual Graphs

Virtual diagrams for dijet production in hadronic collisions have been calculated in the
classic paper of Ref. [15]. In our calculations, we will take their results.

B. Jet Contributions

Jet contributions contain the collinear gluon radiation and gluon to quark-antiquark
splitting in the final state. The schematic diagrams have been shown in Figs. 2(b) and (c).
Because we have two jets in the final state, one-loop jet corrections can come from either
of the jets, as shown in Fig. 2(b) and (c), respectively. The jet contribution needs to be
included to capture the collinear gluon radiation (or gluon splitting to quark-antiquark pair)
within the jet cone. These gluon radiations will not change the kinematics of the parenting
parton, and therefore contribute to a Delta function of ¢,, which is similar to the virtual
graph contributions. The requirement is that the two partons in the splitting process form a
jet according to the jet algorithm adopted in experimental measurements. In order to derive

7



an analytic expression, we apply the narrow jet approximation (NJA) in our calculations. In
particular, we follow the technique and scheme of the subtraction developed in Refs. [13, 14].
The basic idea is to note that in the collinear gluon radiation limit for each final state jet,

IM(2 =3P~ M2 = 2)]> x Py, (22)

where M(2 — 3) represents the scattering amplitude of 2 — 3 subprocess, M(2 — 2) for
the leading order 2 — 2 subprocess with one of the final state parton branching into two
parton final state represented by the splitting of P;_,s.

Therefore, the jet contributions can be summarized as,

A3k E
/ — 5 _2Ip (23)

where the factor E;/FE, accounts for the phase space difference from 3 parton final state to
2 parton final state. The phase space integral of the above equation is limited that the two
partons are within the jet cone. Here the difference from jet algorithms plays a role. Using
the NJA, the calculations follow what have been done in Refs. [13, 14], and in particular,
we find that the gluon jet in the final state contributes

a1 1 (P%R2

g s (B [ -y i@+ e e

for ki-type jet (including anti-k;) algorithm, where R defines the jet cone size: R =
V(Ay)2+ (Ag)2. Here, Ay and A¢ are the rapidity difference and azimuthal angle dif-
ference between the two partons which define the jet. In the above equation, f,,(£) and
faq(&) are splitting kernels for gluon to gluon and gluon to quark-antiquark pair [13, 14],
respectively. By applying the MS subtraction, we obtain,

2 12
T9 = a;Cy {l +% (250 N sz ) —I-Ig} ’ (25)

2m | €2

where we have taken into account the contributions from both ¢ — gg and g — qq splittings.
We would like to emphasize that the singular terms (double and single poles) are independent
of jet algorithm. The jet algorithm dependent contributions arise from the finite term 9.
The above jet function is universal, and can be used in many other cases as well. Similarly,
we find that the quark jet can be written as

a_ O{sCF i 1 § _1 P/I%R2 Iz 9
J 2 | €2 * c\2 " 2 * ' (26)
In the k;-type jet algorithms, the above mentioned I? and 1Y terms are already available:
1/ PR\’ PR 67 3, 23
P=-(ln—L1—) —28In-TL — —m’ = =N 2
2<n 2 ) Bo In e —|—9 IR (27)
1 P2R2\ 2 P2R?2 1
I’=—(1In LI §ln rft + 15 §7r2 : (28)
2 12 2 12 2 4

We note that the double logarithmic terms are independent of jet algorithm. These terms
will be cancelled out in the final results, as shown in Sec. IV.

8
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FIG. 4. Example of Feynman diagrams that contribute to the TMD factorization breaking effects
in two particle production via hadronic processes at O(a2) order [17] (left), where two gluon
exchanges between the incoming/outgoing particles induce non-universality of the TMDs in this
process as compared to other processes such as DIS and Drell-Yan processes. These diagrams
would contribute to A®) in the resummation formula. The dominant contribution at this order
is illustrated in the right panel, which are factorizable and come from AWM in the resummation
formula.

C. Collinear Gluon Radiation

The contributions from the collinear gluon radiation associated with the incoming partons
can be easily evaluated, and they are found to be proportional to the splitting kernel at the
one-loop order [16]:

s [ S e e - vePle @ o) . @)

/
Ty Ty

where & = x;/2 and Péja), represents the splitting kernel without the Delta function term.

To evaluate the contribution from soft gluon radiation requires more care. This is because
we have to exclude the collinear contributions associated with the final state jet which will
be factorized into a jet function and will not contribute to finite ¢, . Before we discuss its
details in the following section, we note that the TMD factorization breaking effects can
appear at higher orders in two particle production at hadron colliders [17-21]. These effects
come from the diagrams illustrated in Fig. 4 [17], which belong to a nontrivial contribution
at order a3 to the parton distributions. They cannot be factorized into the conventional
transverse momentum dependent parton distributions, though they could contribute to the
A®) coefficient in the resummation formula. Since it is beyond the perturbative order (up
to a?) discussed in this paper, we shall not discuss it further in this work.

IV. SOFT GLUON RADIATION AT ONE-LOOP ORDER

For soft gluon radiations, we can apply the leading power expansion and derive the dom-
inant contribution by utilizing the Eikonal approximation. This analysis has been applied
in Ref. [8] to obtain the leading double logarithmic contributions to dijet production. In the
current paper, we will extend that analysis to include the subleading logarithmic contribu-
tions as well. In particular, we will derive the contributions which depend on the jet cone
size. The relevant Feynman rules have been listed in Ref. [8]. For completeness, we copy

9



(a) (b) (c)

FIG. 5. Soft gluon radiation contribution to finite imbalance transverse momentum ¢, : (a) initial
state radiation, and (b) and (c) final state radiations. Because we have chosen the gluon polarization
vector along ps, there is no contribution connecting to po line.

these results here. For outgoing quark, antiquark and gluon lines, we have
2kt 2kt 2kt
Ok kg +ic) | 2k, tie | 2k, +ic
respectively, where k; represents the momentum of the outgoing particles. For incoming
quark, antiquark and gluon lines, we have,
2p1 2py 2py

- ; —g, —g , 31
2p, -kg—ieg 2p, -k:g—zeg 2p, -k:g—zeg (31)

g, (30)

respectively, where p; represents the momentum for the incoming particle.

Following Ref. [8], we choose the physical polarization for the soft gluon along the incom-
ing particle ps. Therefore, the soft gluon radiation from the incoming particle p, vanishes.
From that, we can derive the soft gluon radiation contribution easily, with the polarization
tensor for the radiated gluon,

ks + kyph )

T (k) = =g +
(k,) (g o

For example, from the amplitude squared of the soft gluon radiation terms in the above, we
have

(32)

2p  2pY
F 74 - S bl 9 33
2p1 . kg 2p1 . kg % g(pl p2) ( )
ot 2V
T, = So(ki,pa) | 4
R R S k1, p2) (34)
H v
2 K = Sy(kap) (35)

Dy - iy 2ky - Ky

where Sy(p, q) is a short-handed notation for

2p-q
Sopa) = 36
4(p: Q) b kg b (36)
Similarly, we derive the interferences between them,
2k 2pY
o ~1k:g o .lk:gFW = S, (k1,p2) + Sy(p1,p2) — Sy(k1,p1) (37)
2Ky 2pY
i -zk:g o .1k:gFW = S, (ka, p2) + Sy(p1,p2) — Sy(ka, p1) (38)
2kt 2kY
1 2T = Sg(k1,p2) + Sg(k2, p2) — Sylkr, k2) - (39)

Dby - ey 2ky - ey
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In order to evaluate the contributions from soft gluon radiation, we integrate out the phase
space of the gluon whose transverse momentum leads to the imbalance between the two jets,

e.g.,
2 d" kg o
g /Wé( g — kg1)Sy(p1,12) (40)

where we have chosen dimensional regulation for the phase space integral. The derivation
of the above term is straightforward, by noticing that the lower limit in the longitudinal

momentum fraction integral,
1
dr 1
| S (11)
Tmin 2 gl

where we have defined x as momentum fraction of p; carried by the soft gluon Because of

momentum conservation, we have lower limit for the z-integral: z,,;, = . Therefore, the
above integral leads to the following leading contribution,

1 2

q7 q7

Substituting the above equation into Eq. (40), we have

AP}, a, 0?2
2 9 s@(, _
g /(QW)D_12Ek95 (qr = kg1)Sg(p1,p2) = S (2110 qL) : (43)

Because there is no € = (4 — D)/2 term in the dx integral, we have taken D = 4 in the above
equation. The other terms are more difficult to calculate, because the phase space integral
will contain jet contributions. To avoid double-counting, we have to subtract this part of
contribution. That means the phase space integral has to exclude the jet (cone) region. It
is interesting to note that the final result does not depend on the jet algorithm. This is
because, here we are considering the soft gluon radiation, whereas the jet algorithm mainly
focuses on the collinear gluons associated with the jet.

A. Out of the Jet-cone Radiation

As a general discussion, let us take the example of a particular term,

/dD 1k95(2 (g1 — kg1 )Sy(ki,p1) = /dD_z]f 163 (qL —kyy) i 2
2L, gL )0g K1, g g €1 (kyr — Eki1 )2

where kq, represents the transverse momentum for the final state jet with momentum kq,
and & is defined as & = ky - p1/k1 - p1. Clearly, there is collinear divergence associated
with the jet. That means, if the gluon radiation is within the jet cone, it will generate a
collinear divergence. In order to regulate this collinear jet divergence, we can limit the phase
space integral to require that the gluon radiation being outside of the jet cone. With this
restriction, there will be no divergence associated with the jet. Instead, the jet (cone) size
R will be introduced to regulate the collinear divergence from the jet.

, (44)

11



There are different ways to regulate the above integral. In the above example, the integral
diverges when k, is parallel to ki, where the invariant mass of k; + k;, becomes small. The
out of cone radiation requires that the invariant mass has a minimum, say, A, i.e.,

(ky + ky)? > A2 (45)

Clearly, A depends on the jet size. In other words, if (k; + k,)? is smaller than A%, we have
to exclude its contribution, because it belongs to the jet contribution calculated in previous
section.

Following the similar analysis as done for the jet contribution, we can find out the size
of A. For example, if we substitute the kinematics of k; and &, into the above equation, we
will obtain

(k1 + ko) ~ krikgy (V7% + %) — 2k 1 kgy cos(d1 — ) & kykg1 R, (46)

where y; and y, are rapidities for k; and kg, ¢1 and ¢, are the azimuthal angles, respectively,
and R, represents the cone size between k; and k,. In other words, if R;, is smaller than
R, the gluon radiation will be considered inside the jet cone. Therefore, in the phase space
integral of Eq. (44), we have to impose the following kinematic restriction: O (2k; - k, — A?)
with A? = k1, k1 R*. Equivalently, we find it is much easier to adapt a slight off-shell-ness
for the jet momentum k; to regulate the divergence: k¥ = m? = k? R?. By doing that we do
not need to impose any kinematic constraints, and the phase space integral is much easier
to carry out. The choice of m7 is to make sure that (k1 + k,)? is always larger than A%. This
can be verified as follows,

(s + g = B+ g (77 ™) — 2k cos(6n — &)

4/ ]{Z%J_ + mlng_(Ay) + lekgL(A¢)2 + ngj_ (\/ ]{Z%J_ + ml ku_) . (47)

By choosing m? = ki, R?, it is guaranteed that (k; + k,)? is larger than A? for any values of
Ay and A¢.

In the narrow jet approximation, i.e., in the R — 0 limit, the phase space cut-off technique
results into the same leading contributions in terms of In(1/R). After adding an off-shell-ness
to the jet momentum, the integral in Eq. (44) can be written as

) &, 2
APk, 6@ (g, — k1) [ S ' s
/ e N (R Ry "

To proceed, we average the azimuthal angle of the jet but fix the azimuthal angle of kg .
This corresponds to keeping the imbalance transverse momentum direction ¢’;. With that,
we obtain

/dgl / 2
T §1ki_ (1+ R?) + k — 261k11 kg cos(9) ’
d L , (49)
& \/(f%ki(l + R?) + kSL) S

.. . k2 . . .
where the lower limit of & is <%) As an illustration, we have taken D = 4 in the average

of ¢ angle in the above equation. There is a e-term correction if we keep D-dimension, which
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can be calculated accordingly. In the final results shown below, we have kept those terms
for completeness. After taking the limit of ¢, < @ and R — 0, we obtain the leading power

contribution as ,
11 Q t 1

Therefore, the final result for the integration of the Sy(k1,p;) term can be written as

d3k a, 1 Q2 1 t
2 _ M 52 _ - 5 - v i _
g /(%)32%5 (g1 — kg1 )Sy(k1,p1) o [m 7z +lnR%+ln <u)} . (51)

Evaluation of the other terms are similar, we summarize their final results as

S, (p1,ps) = %% (2 m%) , (52)
Sy(k1,p1) = %é :lnf—; —HnRi% +1In (%) +e <%1n2 Ri% + %2” , (53)
Sy(ka,p1) = %é _lng—; + lnRi% +In (%) +e (% In? Ri% + %2)} : (54)
Sy(k1,p2) = %é :IH% —l—lnRi% +In (%) +e (%ln2 Ri% + %2)] ; (55)
Sy(ke,p2) = %é _ln% + ln% +1In (2) +€ <%1n2 Ri% + %)} , (56)
Sy(k1, ko) = %% :lnRi%+ln%§+2ln (:—2) +e <%ln2Ri%—l—%l 2%+%2

—4ln_ith1 i)} , (57)

—Uu

where we have kept the e-terms. They will make finite contributions to the one-loop calcu-
lation of W (b), when Fourier transforming from ¢, to b, -space.

The above results are the basic elements to be used in our calculation to derive the low
¢. behavior of a scattering process, induced by soft gluon radiation. In the following, we
will apply these results to all the partonic processes which contribute to the inclusive dijet
production in hadronic collisions.

B. 4iq; — qiq;

Quark-quark channel (with different quark flavors i and j) is the simplest case to calculate.
Its leading Born amplitude can be written as

My = a(ky)T v u(pr)u(ka) Ty u(p2) (Gw(kr — p1)) (58)

where G, represents the gluon propagator with momentum k; — p;. For simplicity, we
separate the color factor in the above amplitude,

Moy = Ao(p1, p2, k1, k2)up T w;w, T (59)
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where 4, 7 and k, [ are color indices for the incoming and outgoing quarks, respectively. Soft
gluon radiation can be summarized as

2p'§f = a C,, a
— AguT*TuuT"u (60)
2p1'kg
L (61)
u uu Uu
%y kg
L 2K rewaTere (62)
Uu uu u
2y ky ’

where k, is the radiated gluon momentum, ;o and c for its polarization vector and color
index, respectively. To calculate the soft gluon contribution via this partonic channel, we
need to perform the phase space integration over its amplitude squared, as discussed in the
previous subsection.

Let us first work out the color factors for various terms in its amplitude squared:

kfk{ = CF|M0|2 ,
kS kY = Cp|Mo|?
v} = Cr| M|,

1
Kiky = —CrlMo* |

1
no v - 2
klpl = 2NC|M0‘ ;
1
kypl = 1 (2C4 — Cr) | Mo|* . (63)

Including the proper color factors, the amplitude squared contributes

Cr [Sg(p1ap2) + Sg(k1,p2) + Sg(k27p2)]

1
+—2N [Sg(klam) + Sg(p1>p2) - Sg(klapl)]
c
1
1 (2C4 — CF) [Sy(k2, p2) + Sy(p1,p2) — Sy(ka, p1)]
1
_ECF [Sg(k2,p2) + Sg(k1,p2) — Sg(k1, k2)] - (64)

After integrating the (restricted) phase space of the radiated gluon, we obtain the following
contribution of the soft gluon radiation to the ¢;q; — ¢;q; channel:

Qg 1 Q2 ]_ 1 /
st e (20 o (g rngg)[4ree} e
where
/ S S
I‘gglq ) = hg??]j_}qiqj |:2 (CA — CF) In —_t —21In _—u:| . (66)

An important cross check of the above result is to show that the infrared divergences of the
soft gluon radiation are cancelled by those from the virtual diagrams and jet contributions.
The only left divergences are associated with the collinear divergences for the incoming
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two quark distributions, which can be absorbed into the definition of renormalized parton
distribution functions.

To check the cancellation, we have to Fourier transform the above expression into the
impact parameter b, -space,
as [ dof dx,

el e A G ACOR L

1 2

W(s+c) (bJ_):

1—&)y

1 0 1 1,1 1
><<<——+1 blu)<C’FlnR2R2+eCF<21n ﬁ+—12ﬁ+§))

9 2 2 2 bb2 2
or (30 (2) e () 2y o )]
2
#AL= €031~ ) (—L 30 ) T} (o7

where & = z1/x) and & = x5/}, and we have also included the collinear gluon radiation
contributions associated with the incoming two quarks (see Eq. (29)).

The virtual graphs have been calculated in the literature, and can be summarized as
follows [15],

<[(Lrmpts) o (Foi-s0-a) + 6 o @) + 60 - 650 - &)

C : +— 41n & 21n 692—+21 6|+ 41 + (68)
[ _— RS n —_ — J n R DR
27r F € 112 P2 €2No  tu ’

where we only kept the singular terms to check the cancellations between real and virtual
diagrams. In addition, we have two jets contributions

Q@ 2 1 P2 1
Jety + Jety = —Cp |~ 3—2In=L +1n
H 2o |:€2 € ( 2 RIR?
where [% are finite terms associated with jet functions. Clearly, the 1/¢* and 1/¢ terms all
cancel out after summing up all the above three contributions, except those associated with
the splitting of quark distribution:

1011, [(%5(1 — &)+ (G e 52)) +36(1 = &)o(1 - 52)]

— — [Pul€)0(1 = &) + Pugl2)6(1 = €1)] (70)

where P,, is the quark splitting kernel. The complete expression for the finite terms will
be much involved. To facilitate the discussion on factorization, to be presented in Sec. VI,
we show below the most important terms in the finite contributions, in particular, those
with large logarithms of In(Q?0? /b3) and In(u?b% /02). This will clear show how the TMD
factorization works.

(1) Qg (0) M2bi
w <m>|mgs.=§{hqiqﬁqiqj [—ln( 7 )<7>qq<§1>5<1—52>+7>qq<§2>6<1—a))—6<1—a)

22 2p2
x5(1 = &) (CF1n2<Q )+1 <Qb§l)< 3CF+CFIH}%2+CFIHR%>)}

—6(1 —€)0(1 — &) In <QZ: ) rid >} : (71)

)+w+m}, (69)
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where an overall integrand factor of [ dxi,/lii,lz fo(@)) fo(2h) was omitted for simplicity. We
1 2

would like to emphasize a number of important observations from the above calculations.
First, the factorization scale 1 dependence only exists in terms associated with the parton
splitting kernel. This scale dependence shall be cancelled by the relevant scale evolution
for the integrated parton distributions. Second, in the final results, In?(1/R?) terms are
cancelled out between the jet contribution and the soft gluon contribution. Third, the large
logarithms appear in the one-loop calculations contain three terms: (a) the double logarithms
in terms of In*(Q?b% /b2) proportional to incoming partons color factors (here, it is Cr+Cr);
(b) single logarithms in terms of In(u?b? /b2) associated with parton distributions; (c) the left
single logarithms of In(Q?b? /b2) contains similar terms as Drell-Yan process (the —3CF term)
and those associated with dijet production in this particular channel (jet size dependent
contributions and additional contributions which is process-dependent). All these features
point to a possible factorization in terms of TMDs, for which we will discuss in Sec. VI.

C. q9—qg

In this process, we have two different color structure at the Born level,
AaT T + ApuTT (72)

where a and b represent the color indexes for the incoming and outgoing gluons, the ampli-
tudes A; and Ay depend on momenta of two incoming particles: p; and py, and two outgoing
particles: k; and ko for the quark and gluons, respectively. The leading order amplitude
squared reads as,

|Ao]? = Crp (A1 4+ Ay)* — Cu AL AL (73)

where the two terms are separately gauge invariant. Soft gluon radiation follows previous
example, and can be decomposed into the following three terms,

2K!
2ky - ky

—2pf
2p1 - ky

2Kk
2k - kg
from the initial state and final state radiations, where ¢ represents the color index for the
radiated gluon.

The amplitude squared of the soft gluon radiation can be summarized into the following
form,

[A T T T u + ApuT“T"Tu]

+ [AyaT* T T u + ApuT"T*T u]

+ (=i fupa) [Ar@T T + ApuTT ] (74)

| Ao|? [CrS,(p1, p2) + CrSy(ki, p2) + CaS,(ka, po)]

1 N?
+ 1 (Al + A2)2 - TCA%] (Sg(k17p2) + Sg(k27p2) - Sg(kh k2))
1 1
~lanz (Al + A2)2 + ZQAIAS] (Sg(k17p2) + Sg(P1ap2) - Sg(k17p1>> )
(1 , N2 o,
|71 (A1 + A2)" + TAz (Sg(k2,p2) + Sg(p1,p2) — Sg(kas 1)) - (75)
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Adding them together and applying the phase space integral, we obtain the leading contri-
bution induced by soft gluon radiation in the qg — gg channel:

a, 1 Q? 1 1 (a9)
212 % hgsa |(Ca+ Cr) In 7 O R? T Caln 75 R2 ety (76)

(q9)

where ['sy” represents additional contribution in the sub-leading logarithm,

T — jp 5 {_2(N3+1> St u(s+) 8 +u
—Uu

N, —
N3 —su —t2s
I s +u? N2 +2 N s% + u?
n_
—su N3 t?

<cu-—c%ﬂ

= (Ca— cpﬂ . (77)

The Fourier transformation of the above results into the impact parameter b, -space leads
to the following contributions,

2
W+ (p,) = ;Y_; {hg(;)_}qg [(__ n b2b ) (CrPug(£1)0(1 — &) + CaPyy(£2)0(1 — &)

+6(1 = £1)0(1 = &) (% (— N Q—2 + In? (Q—j) — In? (befi) — %2)
0

e e p I
—l—(—l—i-ln % )( 2,C ——C +Cpln—; ! +C lni))]
W 0Ca F F 72 A 2
1 b2
v (—pmpt )&Lfmm—gwwﬁ. (78)

Virtual graphs contribute to the following terms in W (b)) can be obtained following the
results in Ref. [15],

e (0) 11, @
(b1) = 5= S ALy | (—2Ck —2C2) —6—2—2 = ( 30 — 28)
N
+

11 —t s% 4+ u? 1 2\ 24+ u
- |ln— ((N? -1 — c
+6Nc[n s <( - =Y 12 <2N2 2) su )

2s2 g 5% 4+ u?
2
+lnT<N (?_5)+ - )H (79)

Furthermore, the jet contribution, including both quark and gluon jets in the final state,
yields

WO (b,) = %T [(CA+CF) (e_ — —l F) . < Cr+28Ca+ Crln — 7 +Caln RQ)%O)

Clearly, all the divergences are cancelled out between the above terms, except the collinear
divergences associated with the incoming quark and gluon distribution functions.
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Again, the finite contributions take the following form, if we only keep the logarithmic

terms,

WO (1) 10gs.=

|

2

St {— In (%) [P (€1)8(1 — €3) + P,y (62)5(1 — £1)] — 8(1 — £)8(1 — &)

27,2 27,2
Cr +Ca In? (Q bL) +1In (Q bL) (—éCF —Qﬁo—l-C'Flni +C'Alni)

> R R > R R

2p2 Fg%g)
by hqg—qg

D. g9 —qq

Similarly, the Born amplitude for the gg — ¢g channel is

A aT T + AuT"T"v (82)

with two momenta for incoming gluons: p; and p,, and two momenta for outgoing quark
and antiquark: k; and ks. The leading order amplitude squared can be written as

|Ao|? = Cp (AT + A3) — CaA1 45, (83)

with crossing symmetry to the above qg — qg channel. Soft gluon radiation can be derived

as

2k
ks - k,

—2k}
ks - k,

2p)
2p1 - ky

[ALaT T T v + AyuT*T"T"v]

[AyuT*T T v + AyuT"T*T v

(=i fead) [A1T T + AuT"T%] | (84)

where ¢ represents the color index for the radiated gluon. Its amplitude squared, including
proper color factors, yields

| Ao|? [CaSy(p1,p2) + CrSy(k1, p2) + CrSy(ka, po)]

+

[4NZ
N2

| 4
F A2
4

1
(A + Ag)* + Z2A1A§] (Sg(k1,p2) + Sg(ke, p2) — Sy(k1, k2))

1
< AT+ Z(Al + Az)ﬂ (Sg(k1,p2) + Sy(p1,p2) — Sy(k1,p1))

A2 - i(A1 + A2)2} (Sy(k2, p2) + Sy(p1,p2) — Sg(ka, 1)) | (85)

After applying the integral over the phase space of the radiated gluon, we obtain

os 1 f,0 Lo n@ ot 4 onm L] 4 e 86
27T2E 99—9q Ana_‘_ FHR_%_‘_ FHR_% + sn ’ ( )
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where

@ L, s [PHeP? =N 1 1 P4e® 1+
pea =~y 2 -
4 —u 52 tu 4 2N,.2N. tu 2 52
1l s [2+u?t?? —u?N2 1 1 246> 12442 (s7)
n— — :
4 —t 52 tu 4 2N.2N,. tu 2 52

The above result shows the leading contribution at low imbalance transverse momentum ¢, .
After Fourier transformation, we have the following contribution to W (b,):

W (os) = 22 founog [(~ 4 bf;)<ng<gl>6<1—§2>+<sl<+sz>>

2 Q2 Q2 be2 2
—|—(5(1—£1> (1—£2)<———hl,u—+ll’l < )-ll’l2< ng_)—E

pE
“(rmig) (0 G
+(—1+1 bfz )6(1—51)5(1—£2>F§%‘”} - (88)

The virtual graph contribution can be summarized as [15]

W (b)) = 7 {hg;_,qq {( QCF—QC’A)< ! g2)+ (— 30F—250)]

e ¢

1 —t (u  2u? —u [t 2t 122 +u® §°
—[Ne|lIn— (- — —- In—(-—-— — In—| (89
+e{ (ns (t 82)+n s (u 52))+Nc tu ntu] (89)

Again, we find out the soft divergences are cancelled out between the above terms and the jet
contribution which is the same as that of Eq. (69). Here, the remaining collinear divergences
are associated with the incoming gluon distributions.

Keeping only the logarithmic terms, we obtain its finite contribution to W (b,) as
follows.

212
(0 g = S { =10 (L2 ) (Pal€301 = ) + Pr 61— €] = 311 - )51~ 0
0
X {C’Aln2 (ngi) +In (ngi) ( 46y + Cr1n R}z +Crpln %)
0 0 2

(q9)
+in (ﬁ) EL } | (90)

2 (0)
b hgg—qq

For gg — gg channel, we can simply write down the following decomposition for the Born

amplitude,

E. g9—99

Alfabefcde + A2facefbde + A3fadefbce ) (91)

where a, b, ¢, d are color indices for the gluons, with momenta for incoming gluons: p; and
P2, and for outgoing gluons: k; and ky. The leading order amplitude squared can be written
as

| Aol = (AT + A5 + A3 + A1 A5 — A1 A% + AR A5) (92)
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One soft gluon radiation takes the form,

2K!
2k - ky
2kY

T

L
2p1 k‘g

———— focr [A1 fave frae + Ao fafe fode + Asfade fose]
fgdf [Alfabefoe + A2facefbfe + A3fafefbce]

fgaf [Alffbe.fcde + A2ffcefbde + A3ffdefbce] .

The amplitude squared of the above radiation can be written as,

|A0\ CalS, (plapz) + 5 (7471,]92) + 5 (74727
+ (Sy(k1,p2) + Sy(ka,p2) — Sy(k1, k2))
+ (Sg(k1,p2) + Sg(p1,p2) — Sg(k1,p1))
+ (Sg(k2,p2) + Sg(p1,p2) — Sy(k2,p1))

p2)]
_Ne

2
Ne

2
Ne

A2 —

Al -

2“4%_

Ne

4
Ne

4
Ne

4

(A3 + A%+ 24,45 — 24, A3)
(A3 + A3 + 24, A5 + 24, A3)

(A2 + A2 4+ 24,45 — 24, 43)

(93)

(94)

After integrating the phase space, we obtain the leading contribution for soft gluon radiation

in this channel as

as 1 0) Q? 1
271_2% {h(gﬁggCA |:2 hlq— +hl R2R2:| _|_Fg57]Lg)} s
where ) )
t S U S
(0) - 2
= Cahgygyq L2 — tul — + — In —u] :

(95)

(96)

Again, to check the cancellation between different contributions, we perform the Fourier
transformation to the impact parameter-b, space, and find

W(s+c) (bJ_)

2

et { (~1 410 bzfu ) Pul€)3(1 - &) + (& © &)

2 Q2 be2 71.2
1— 1— ———1 ~_ +In? In? L) - —
o= &)l = &) L I + (u ) ! ( b3 6
1 b2 1 12 s u? s
— +1 —4 | In — In —
( +nb2 )( 50+HR%R§+ Sy R —tun—u)

1

1

m? g g2 L
—|—2nR2+2 R2—|—

splitting kernel.
contribute,

« 4
T
s A{ €2 +

W(”)(bl)

Jfinite terms .

5}

where we have also included the collinear gluon contributions, and Py, () is the gluon-gluon

Q2
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The virtual graphs have been calculated in the literature [15], and they
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The two outgoing gluon jets contribute

+ 19+ 19 . (99)

; 2 2 P} 1 1
W)= 2 28, — 1 iy |
( J.) 27TCA |: < BO n— ,Ll, + € nR%R%

Comparing the above results, we find that the divergences do cancel each other except the

collinear divergences associated with the gluon splitting functions.
If we only keep the logarithmic terms, we will find the finite contributions as

212
Oy = 225 {10 (L) [Pal)601 - ) + Pop(E0(1 — )] - 11 - €301 - &
0
2p? 202 1 1
X {CAmZ (ngL) +In (Q 2 ) (—450 +0A1n§% —I—C'Alnﬁ)

(99)
+In (Q%Qi) L’ } (100)

2 0
by hég)%gg

V. ASYMPTOTIC BEHAVIOR AND COMPARE TO FIXED ORDER COMPU-

TATIONS

An important cross check we will carry out in this section is to compare the asymptotic
result of the dijet differential cross section in low ¢, region to the fixed order computation
derived in the literature. As discussed in Sec. III, the dominant contributions in the low
q. region arise from collinear gluon radiation associated with the incoming partons and soft
gluon radiation derived in Sec. IV. Hence, the asymptotic result is obtained by adding these
two contributions together.

From the derivations of Secs. III and IV, we find that at low transverse momentum the
differential cross section has the following generic form:

d*o dz} dx2 o , ,
dyldygdP%quL 27T2 qL ;)/ UO/ ~ Ty Ja xlv )y fo(xy, )

X {h(o,l),,_,cd (6P /a(§)0(1 — &) + &Py p(£2)5(1 — &)

2 1 1
+5(1 —61)5(1 _52)5(111’61111’ <(Oa+0b)l Q —|—C In — 2 +C’dln —2):|
J_ R RZ

_'_6(1 - 51) (1 - 52) aa’ébb’rab_md 5 (101)

where C,, Cy, C., and Cy are the associated color factors for the incoming and outgoing
partons: C' = Cp for quark and C' = C4 for gluon. The calculations in the last section
have presented the result of I'y,, for some partonic channels. All other channels can be found
accordingly.

In Fig. 6, we compare the above differential cross section, for dijet production at the
Tevatron for the kinematics specified by the DO Collaboration [1], to the fixed order pertur-
bative calculation with one gluon radiation contributions. In this comparison, we set both
the factorization scale and the renormalization scale to be up = ur = 2Pr. We have checked
that the relative comparison of the above two calculations, as shown in Fig. 6, is not sensitive
to the choice of the scales, though the result of the individual calculation depends on the
scale choice [1]. From these plots, we can see that the above asymptotic results capture the
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FIG. 6. The comparisons between the asymptotic derivations of Eq. (101) and the full LO calcu-
lations for the kinematics specified by the DO collaboration at the Tevatron. The LO curves come
from Ref. [1].

leading contributions at low transverse momentum where ¢ is close to 7 for the back-to-back
azimuthal correlation region. We would like to emphasize that the jet size dependent terms
are crucial to make these comparisons. Without them, the agreements between the full LO
calculations and our asymptotic derivation results will not be as evident as shown in Fig. 6.

VI. FACTORIZATION AND RESUMMATION

Clearly, from the derivations in the last section, and the plots of the differential cross
sections shown in Fig. 6, we see that the collinear factorization calculations for the dijet
production lead to divergent behavior at low imbalance transverse momentum ¢q,, which
corresponds to the back-to-back azimuthal angular correlation between the two final state
jets. In this region, to have a reliable prediction, we need to perform the resummation.
Since we are interested in the dependence of the differential cross sections on the transverse
momentum ¢,, the TMD resummation is the appropriate framework for carrying out our
theory calculations.

The TMD resummation was originally derived for Drell-Yan type of hard processes, where
the final state only contains color neutral particle with large invariant mass. In order to apply
this resummation formalism to the current case of dijet production in hadronic collisions,
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some modifications are needed. In particular, the two final state jets carry color so that
additional soft gluon radiation will introduce large logarithms associated with the final state
jets. Although, these additional interactions will not modify the leading double logarithmic
contribution, they will enter at the next-to-leading logarithmic level. This is evident from
the explicit calculations discussed in the previous sections.

To carry out the TMD factorization, we extend the original CSS formalism, and take
into account the final state radiation by assuming a soft factor in the factorization formal-
ism. The exact same idea has been applied to resum large logarithms associated with the
threshold logarithms for dijet productions. The similarity between the TMD and thresh-
old resummation is not surprising, because they both deal with soft and collinear gluon
radiations.

In this section, we will argue the TMD factorization for dijet production based on the
explicit one-loop calculations presented in the previous sections. The factorization is verified
in the transverse momentum space and b -space at the one-loop order. At this order, we have
to take into account the matrix form of the hard and soft factors. The explicit comparisons
support the factorization.

With the explicit form of the TMD factorization formulas, we derive the resummation
result by solving the relevant renormalization group equations. In particular, the TMDs
follow the examples of color neutral particle productions, which have been studied exten-
sively in the literature. The additional soft factor obeys the renormalization group equation
controlled by the anomalous dimension. We calculate the soft factor at one-loop order, from
which we derive the anomalous dimension. Solving this renormalization group equation, we
resume the sub-leading logarithms in dijet production processes.

Generically, the low transverse momentum ¢, originates from collinear gluon radiation
associated with the incoming partons and the soft gluon radiation effects. In particular,
the collinear gluon radiation from the incoming partons contribute to the total transverse
momentum of the final state particles. This is the dominant contribution in dijet production
in hadronic collisions. The collinear gluon radiation associated with the two final state jets
will not contribute to the total transverse momentum of the dijet. This is because they
are factorized into the jet contribution which do not contribute to a finite ¢, as we have
shown in Sec. III. On the other hand, soft gluon radiation among the incoming partons and
final state jets will contribute to the low imbalance transverse momentum of the dijet. To
account for this part of contribution, we introduce the soft factor in the TMD factorization.
Since the final states carry color, the soft gluon radiation is more complicated than that for
the color neutral particle production in hadronic collisions.

We follow the method developed for threshold resummation in dijet productions in
hadronic collisions in Ref. [11], where the soft factor is formulated in the orthogonal color
space and both the incoming and outgoing partons are represented by Eikonal gauge links.
Because of light-cone singularity in the parton distributions, we choose off-light-front gauge
links for the incoming partons. Meanwhile, the Wilson lines associated with the final state
jets are constructed in such a way that only out-of-cone gluon radiation contribute to a
nonzero ¢,. Consequently, the soft factor in our calculations will depend on the jet cone
size L.

L Tt is possible to factorize the soft factor in our paper into a soft factor and a jet function for the final state

jet. By doing that, the soft factor may not depend on the jet cone size. We leave this for a future study.
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Following the above argument, we can write down the factorization formula as,
d*o
dyldy2dp%d2(u

= ZUO/d2k1J_d2k2J_d2)\J_ Tafa(Tayki1) xfo(zp, kar)
ab

xTr [Hab—md(Q2)Sab—>cd()\J_)] 5(2)(Eu + ko + AL — q), (102)

where f,(z1,k11) and fy(xo, key ) are TMDs and will be introduced in the following. Here,
the hard factor and soft factor are expressed in the matrix forms in the color spaces for the
incoming and outgoing partons. We can also express W (b, ) in the b, -space as

Wab—)cd =1 fa(zla bJ_a <12> M2> p2)ll§'2 fb(x% bJ_> C22> :U“2’ p2)
X TI' [Hab—md(Q{ ,u27 ,02> Y1 — Y2, Rla RQ)Sab—wd(bJ_a /J“27 ,02, Y1 — Yo, R17 R2)j| (103)

where we have shown all the explicit dependence of the TMDs and hard and soft factors.

In the following, we will first introduce the TMDs, and then formulate the soft factors
for all partonic channels. With these factors calculated in perturbation theory, we will show
the above factorization is valid at one-loop order, by comparing to the derivations in the
last few sections.

A. Transverse Momentum Dependent Parton Distributions

In the factorization formula, z f;(z,b, (2 p?) is the Fourier transformation of the TMD
parton distribution z f;(x, k1, (%, u?). We follow the Ji-Ma-Yuan scheme [22] to define the
TMDs. For the quark distribution, we have 2

d¢—d? N
f‘I(x7 kJ_,C2,,Uz2> :/%e_mlyr5 tik €L
™

(PIW (&, €0)LHE,E)7TL,(0,00)T(0)|P)

- - . (104)
(01 L5501 (b1500) L340 (003 1) Luab (0; 00) Lane (003 0)[0)
For gluon one, it can be written as:
A6 _iupre- ik, &
2 2\ _ ixPTE+ik &)
fo( ko, ¢ 1) _/We -
(PIFL(E €L (€ €007 £ue(0,0) FEH(0)[P)
(105)

X .
L8, (b1;00)LE,, . (00;b1) Las(0; 00) Lape(00; 0)]0)

oeb’
In the above equations, the relevant gauge links have to apply, in the fundamental and

adjoint representations for the quark and gluon distributions, respectively. The gauge link
L, is chosen along the direction v,

0

ﬁv(g_agl) = P&'L'p (_29/

—00

dw - A\ + g)) , (106)

2 Here, we follow the original definition in Ji-Ma-Yuan [22], where the soft factor is subtracted from the naive
gauge invariant TMDs. If other subtraction method would be used, the associated soft factor definition

would have been changed as well.
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for both cases, in the appropriate representations of SU(3), adjoint for the gluon distribution
and fundamental for the quark distribution, respectively. Similarly, we define the TMDs
from hadron P, which depend on the gauge link along the direction ©. The vectors v and
v are off-light-front: v = (v*,v7,0,) with v~ > v* and v = (07,97,0,) with v~ < 07.
Since non-light-like vectors exist, the TMD parton dlstrlbutlon depends on a new large
scale (> = (2v - P)/v? and a free parameter p* = % f} —. Based on these definitions, we can
calculate them under perturbative QCD order by order, and can be expressed in terms of
the integrated parton distributions. At one-loop order, the gluon distribution can be written

as [22]:

sC dz’ b2 , _
oo oanp) = 2550 [ i 7 (040" ) + POl + 06 — D)
x{(lnp2+260—1)lnbzb—22627’3—§12% +21 22—%2—;}} (107)

where £ = z/2’. For the quark distribution,

OéSCF dz’ bg ;o _
fq(xa ba Cnua p) = ot ? In —>= —2b2 [ qg(g)fg(x /"L) + qu(g)fq(x ,,U)] + 5(6 - l)fq(z? :u)
1 b2 2 b2§2 7T2
2 1 L X
X {(Inp 2)1 2 21 b 1 1]} . (108)
In the above equations, P;; are splitting kernels. At one-loop order, we have
1—
Pyy(z) =6 ( i + ° +at(1—x)+505(1—9:)) , (109)
(1 — )+
% (1 + (1 —z)? ’ (110)
4/ 1+ x2 3
=3 ( 1 :c)+ 5 61— x)) , (111)
1
Po(r) = 5 +(1-2)%) . (112)

Similarly, we can obtain the k, -dependent expressions for the TMDs from these references.

B. Color Space Decompositions for the Soft and Hard Factors

It has been shown in Refs. [11], for soft gluon radiation in dijet production, it is more
convenient to construct the factorization in the color space matrix, where the soft and
hard factors can be calculated in the orthogonal color bases. In particular, the associated
anomalous dimension for the soft factors can be formulated and the relevant resummation
can be performed accordingly.

In this paper, we consider dijet production through the partonic 2 — 2 subprocesses.
Therefore, for each partonic channel, we will construct the color-space bases depending on
the color indexes of two incoming partons and two outgoing partons. The soft gluon radiation
does not modify the fundamental scattering structure for each partonic channel, so that the
color-space bases are constructed for all order perturbative calculations. In addition, the
color-space bases are not unique. In our calculations, we follow those used in Ref. [11].
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For the quark-anti-quark scattering subprocesses, we have fundamental representation
from both incoming and outgoing partons, for example,

EAG T T T T -+ T (113)

where j and k indicate the flavors of the quarks, and a, b, ¢ and d are the color indices. For
this channel, we have two independent color configurations,

lcd 5a65bd ) Cch Ta de ) (114)

corresponding to the color-singlet and the color-octet couplings, respectively. Similarly, we
have the same decomposition for identical quark-quark scattering subprocess,

G+ = d:+ay, @ +ay —al ;- (115)
For gg — q¢ channel,
9o+ 96 = 1 + di, (116)
we have three independent color bases,
Clcd gcl cac; ) Cch = 4 ccd ) 3cd =if b’ ccd : (117)

Similarly for ¢¢ — gg channel:
@+ 45 = Gat 9, (118)
we have

Oy =ToeTiy ,  Csgy=d™ Ty, Cigy=if"Tsy. (119)

ac*cd

The above will also apply to qg — qg channel,

48+ 9o = 43 + 0 (120)
where we have
Tba = ;cl cac; ) 2bd = = d* ccd ) Shd = fabc C : (121)
For gg — gg channel,
9at 9y = G+ 9a , (122)

however, it is much more complicated,

l

cob = 4( fabe! gede’ _ gabe’ gede’y b _ '( Fabe! gede! g gabe! pede’y

b ob i( facc’ Jrde 1 gacc’ fbdc’) 7 Crab ab - 5ac sbd 7

Cceb = g L o7 facc ' b

Clea = ;((5“*’6"‘1 — yedgtey — % facd pbic’

Cion = ;(5“1’50‘1 + 0945 — %5“051” - gd‘m’dbdcl , (123)
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where we have eight independent color bases.

With the above color bases, we can decompose the soft factors in the matrix form. The
associated soft gluon radiation is represented by eight gauge links. This is because all the
initial and final state can radiate or absorb soft gluons. Therefore, we can decompose the
soft factor, according to the following formula,

T Sin¢ _2Ed¢ ! ~aa
Suavs) = [ CL O]y (02) o ()£l (0) O
T'(1—e¢)

L (b1) Lai(bL)Lh1(0) Loy (0)]0) (124)

where I.J represent the color indices in the color-space bases constructed above. Therefore,
Sts is the matrix element in the associated color-space bases for a particular partonic chan-
nel. As mentioned above, we have four gauge links associated with two incoming partons,
for which we follow the TMDs to adopt off-light-cone vectors v and v to construct the gauge
links. The off-light-cone vectors are applied to regulate the light-cone singularities. For the
two outgoing partons, we apply the off-shellness to cast the out-of-cone radiation contribu-
tion to the soft factor. This regulation depends on the jet size. That is why we introduce
the off-shellness n* = RIP#/Q? and n? = R3P%/Q? for the two final state jets with jet size
Ry and Ry, respectively. C%, and C%, represent the corresponding color configurations, as
introduced above.

It is straightforward to calculate the soft factor at the leading order with Sy; = C¢%,C%4%.
For the channels in Egs. (115,113), we find

c?2 0
SO = { 0 cAcF] : (125)
2
For the channels in Eqgs. (116,118,120), we have
[ 2C%Cr 0 0 ]
SO — 0 (C2-4Cr 0 . (126)
0 0 C’iCF_
For the channels in Eq. (122), we obtain
500000 0 017
050000 0 O
005000 0 O
o _ 0001000 0
S_OOOO8OOO (127>
000008 0 O
00000020 O
L000000 0 27

The hard factor H should be expanded by the same color bases. At the tree level, our
results are consistent with those in Ref. [11]. For completeness, we list these results in the
following. For the partonic channel of ¢* + ¢* — ¢* + ¢*,

H, H
©0) _ 11 Hi2
1Y = [Hm Hﬂ} , (128)
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where

202 1% + u?
Hll = C4F 2 9
A S
2Cpt2+u2 QCFu2
Hio = Hyy = — _
T R e
2 t2 2 4 2 2 4 2
Hypy — +u 4 5" tu u (129)

_7_'_ _—
c4 82 c% C3 st

Similarly, the partonic channel ¢* 4+ ¢* — ¢/ + ¢’ is expressed in the 2 x 2 matrix with
Y.

202 12 4+ u?
Hll = 4F 2
¢y s
20 2 + u?
Hyp = Hy = ——L
12 21 Cﬁ 82
2 2+
o= 2000 (130)
A
And for the channel ¢* + @ — ¢* + @,
Hyy=Hyy=Hy =0,
2 s+
Hyy— 2510 (131)
cyot?
For the channel ¢* + ¢* — ¢* + ¢*,
202 2 4 &2
Hy = 2T
Cy u
QCth—l—Sz QCF 82
Hyy = Hy = — -
12 21 Cj}x u2 Oi ut )
2 s24+u? 2 24t 2 2
0o 2 2 st 28 132
2T 2 - Ccy ou? Cyut (132)
For the channel ¢* + ¢/ — ¢ + ¢/,
Hyy=Hyy=Hy =0,
2 s+
Hop= — 2 — (133)
cyot?

For the channel g+ g — ¢+ ¢ and ¢ + ¢ — g + g, the hard factor is calculated as 3 x 3
matrix,

Hll H12 H13

HO = | Hy Hyy Hy | (134)
H31 H32 H33
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where

1 w?+t2
Hyi=—
oot w7
1 u?+t?
Hio=Hyy = —
12 21 205)% Ut 9
1 wu?+t2
Hy=———
- 2C%  ut
1 2 —u? 1 t—u
Hyz = Hs; —3

= —— 4 ,
20%  ut c3 s
1 2 —u? 1 t—u
Hyy=Hp=—n 4 —
w= Mo = ooy Ty
_ 18 dtu 3
BT oCut T 022 (O

For the channel ¢ + g — g + g, we find a similar 3 x 3 matrix with

1 2 —2su
H., =
"Tacicr osu
1 2 — 2su
Hi = Hyy =
12 21 I05C su
1 2 —2su
Hoo =
274020 su
1 s+ 4s%u + 2stu — tu?
Hys = Hyy — —
b o 2C5CF stu
1 s+ 4s%u + 2stu — tu?
Hoa = Hoo = —
2 72 2C%Cr stu
1 (2su — t2)(t? — 4su)
4C5Cr st?u

For the channel g + g — g + g, however, we have 8 x 8 matrix,

000 O 0 0 0 0 7
000 O 0 0 0 O
000 O 0 0 0 O
g0 _ 000 Hy Hys Hyg 0 Hyg
000 Hsy Hss Hse 0 Hsg
000 Hey Hes Hes 0 Heg
000 O O O 0 O
L0 0 0 Hgy Hgs Hgs 0 Hgg |
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where

16 s?u?
9 (s* — tu)(st — u?)
H. Hyy = ——
45 4 32 52u2 Y
9 (s* — tu)(st — u?)
Her — —
% 64 s2u? ’
9 (s —u)(s* + su+u?) (su—t?)
Hyg = Hyy — ——
9 (s —u)(s* + su+u?) (su—t?)
Hyg = Hgs — ——
9 (s*t — 2su® + t?u) (25%u — st® — tu?)
H66 = 242..2 Y
64s%t%u
3 (s —tu)(st — u?)
Hyo = Hoy = =
48 8= 15 202 ;
3 (8% —tu)(st — u?)
Hig = Hgs — —
58 8 = 35 202 ;
3 (s —u)(s* + su+u?) (su— t?)
H68 = 86 — T 55 24,2 ’
32 stu
1 (s — tu)(st — u?)
Hgs = —— . 138
5 16 s2u? (138)

The above hard factors are normalized to reproduce the leading order differential cross
sections in Sec. II,
0 12-34(0) 7712—34(0
h§2)—>34 = SIJ_> ( )HJI_> © ) (139)

where sum over I.J is understood. Because the leading order soft factor is diagonalized, it
is simple to verify the above equation.

C. Soft Factor and the Anomalous Dimension at One-loop order

At one-loop order, we will expand the soft factor definition with the perturbative cor-
rections. The gluon radiations between all gauge links will contribute. For convenience
we separate out the common kinematic integrals from the color factors for each soft factor
calculation,

S = Z Wil (140)
ij

where 77 label the associated gauge links: 12 for the incoming two partons and 34 for the
outgoing partons. In the above equation, I;; represent the kinematic integrals for the soft
gluon radiation between ¢ and j gauge links, whereas the factor W;; represent the associated
color factor in the matrix form for particular partonic channel.

We show in Fig. (7) a few representative real gluon emission diagrams, labelled by the

relevant kinematic integral I;;, which contribute to the soft function at the next-to-leading
order (NLO) in as.
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FIG. 7. Representative diagrams contributing to the soft function at the NLO.

For the I34 diagram, with gluon connecting 3 and 4 gauge links, we find the following
results:

as [T (sin@)"*do - 2n;- Ry 5
I = —_ —_ 141
T'(1—e

as 1 Q! 1.,1 1. .,1 2 s s
S N Ty .2 ) G T N UL PG g
o2 kf{n<R%R§P§%)+e<2nR%+2nR§+3 ")

in the transverse momentum space, where k represents the radiated gluon momentum. We
have kept the e-term in the above equation, because they will contribute to a finite term
when Fourier transforming to b,-space. In the calculations, n; and n; carry the momentum
directions of two outgoing jets. Again, the offshellness of the two outgoing gauge links are
introduced to cast the contribution that is only associated with out-of-cone radiation. Gluon
radiation within the jet cone will not induce a nonzero transverse momentum of the dijet
and its contribution needs to be subtracted out.

Similarly, for gluon connection between all other gauge links needed in the final calcula-
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tions, we find

Lis(ky) =2 %s /7r M/ k+dk_&5(k2)9(ko)
0

o2 Nt (k) (k- 0)
:;—7:2% {ln (%) —I—e(%lrf%%jt%)} , (142)
ha(k) =25 OW % / k+dk‘W%5(l§2)9(ko)
I'(1—e
:%% {m (C%TER%)—FE(lln %*%2)} : (143)
Iuk) = 2.2, OW % deﬁM%&(k?)e(ko)
T(1—¢)
- 20‘—7T2ki§ lln (CS%?R%) te (;m % + 7:” , (144)
Tog (ke) = 2207‘:2 /0 ' %dk*dk‘mé(kz)e(%)
-9
:;_Wzki% {ln (C%%EQR%) +e(;1n2%+ﬁ62)} : (145)
I (ke) = Ioo(ky) = —%/OW@%{’J/ k*dk‘ ) U 5(k2)0 (ko)
T(1—c)
- —%ki% , (146)
To(ki) = 2575 OW % deﬁma(ﬁ)e(ko)
= ;—7:2%% In p* . (147)

Here, we did not list either I33 or I, because they will not contribute to the soft factor.
For the contribution from virtual diagrams, all the integrals are proportional to

1 1
- (148)
€IR €UV
After introducing the UV counter-terms which are proportional to
1 1
— 4+ +In—, (149)

cuv 47

only IR divergence will be left and cancel the singularity in real diagrams, after we have
performed Fourier transformation from the transverse momentum space to b, space.
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The final expressions in the b, -space can be written as

15,(by) = —g—; {ln (R%gi;ﬂ‘%) In (Ung2)
IM@z—%an%gé>m<i§)+<
I,(b) = =3 " (guPZR> i <M23b2) " (
L;,(b) = %zmﬁggé)m<i§)+<
I(0) = 5 |n (guPZR) i (“252) " (
212

I71(b) = Ine(b) = ;ts In (Iubgb ) :
fgmz—%mfm(ig).

Wiy = Wa = O S©

4lniln
—1

0 CaCr
2
W34 = W12 = o.C
| S5 1(CA—2)CF
[ C2Cr 0
Wl3 = W24 =
| 0 —F
B 0 _CA2CF
W23 = W14 =
_CaCr Cr
L 2 2

For the channel of ¢+ ¢ — ¢ + ¢,

Wiy = Way = Cp S©

0 _CaCr
2
W34 = W12 =
CACp Cp
L 2 2
C2Cr 0
W13 = W24 = c
L0 %
B 0 CA2CF
W23 = W14 = OnC
| Calr 103 — 2)Cp

®|>]w ©|>]w ®|>]w ®|>]w§‘cn

N N N N

(150)
(151)
(152)
(153)
(154)
(155)

(156)

The color factors can be calculated diagram by diagram as well, and for the the channel of
q+ q— q+ ¢, they are:

(157)

(158)

(159)

(160)

(161)

(162)

(163)

(164)



For the channel g + g — ¢ + ¢, we have

Wiy =Wy = Cs S©

For the channel ¢ +§ — g + g,

i 20%0}7 0 0 1
Wiy = 0 w 0
cic
L O O ATF |
2C5C% 0 0
W34 = 0 (0,24_4)CF2(2CF—CA) 0
0 0 —CaCr
- 0 0 _OiCF
W13 = W24 = 0 CA(C%4—4)CF _CA(C?44—4)CF
Ca(Ci-4)C c3o
[0 0 CiCr 7
Was = Wiy = 0 CA(CE\4_4)CF CA(Ci4—4)CF
| 30 Gl COr
Wll = W22 = CF S(O)
i QCI?Z‘CF 0 0 7
W34 = 0 w 0
0 0 CiCr

34

(165)

(166)

(167)

(168)

(169)

(170)

(171)



209C% 0 0
W12 = 0 (0,24_4)CF2(2CF—CA) 0
0 0 —CaCr
i 0 0 _CiCF -
Wiz = Way = 0 CA(Cf\4—4)CF _CA(CE\4—4)CF
| 2oy —Galionce CROr
0 0 C3Cr
2 2
Wog = Wiy = 0 CA(CA4 4)Cr CA(CA4 4)Cp
2 3
| CiCF CA(CA4 4Cr CA4CF
For the channel ¢ + g — ¢ + g, the color matrixes are,
Wy = CpS©
Way = Cy S
0 0 '_(2%CUT
Ca(C%—-4)C CA(C2 —4)C
W34 = W12 — 0 A( A4 ) F _ A( A4 ) F
C 02 —-\C 03 C
[ 2C5CF 0 0
Wis = 0 (Ci—4)cF2(2cF_cA) 0
CaC
L 0 0 —%
Way = 0 CA(C.»242_4)CF 0
c3c
L 0 0 —azr
[0 0 CiCr 7
Woz = Wiy = 0 CalCiz4Cr Ca(Ci-4)Cr

4

| 20, CalChncr

4

C3CF

4
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(172)

(173)

(174)

(175)
(176)

(177)

(178)

(179)

(180)



For the channel g + g — g + g, they are

5000000 07
0L00000 0
0000000 O
0000030 0
Waa=We=14 0006612 0 (181)
0003660 9
0 000120 30 18
L0 000 0 9 18 54 |
(20000 00 0 ]
00000 00 O
00%0o0 00 0
0003000 0
Wis=Wa=140001200 0 (182)
00000120 0
00000 O0O0 O
L 00000 00 —27]
00 0 0 0 0 0 01
oo o0 0 0 0 o0
0020 0 0 0 0
000 0 0 -3 0 0
Was=Wu=10000 6 —6-12 0 (183)
000 -3 -6 6 0 =9
000 0 —12 0 30 —18
(000 0 0 -9 —18 54

With the above results of I,,,,, and W,,,, we will be able to calculate the final results for the
soft, factor,

SW(k,) = anmwnm, (184)

for all partonic channels, where nm run from 1 to 4. It is important to note that after
summing the contribution in every diagram, the jet cone size R; 2 and p dependence will be
canceled by each other in all the non-diagonal elements in S0 and their color factors are
probational to S(©. For example, for the contribution from ¢ + § — ¢ + ¢ channel, we find
the soft factor can be written as

s

SW (k) = o2 k2 {S(O {CF(lnp ~2)+Cpln <R2P2> +Crln <R2P2>

Cr 1Y  Cr 2
+e< 12(32) 12(R2)+CF3)}—46W34UT

+ 2 Egigogtal (185)

in the transverse momentum space, where, for convenience, we have defined

T=1n <%t) U=1n <%“) . (186)
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In the above equation, we have also introduced a short notation =,5_,,; for an additional
term, which will be defined later, together with those for all other channels.
For ¢ + ¢ — q + q, we have

s

SW (k) = o2 k2 {S(O {CF(lnp —2)+Cpln <R2P2> +Crln <R2P2>

CF 2 1 CF 2 2
In In —4 T
+€<2 (Rz) 2 (R2)+CF3 €W34U
+ 2 Bgiqoqra) - (187)

For g+ g — ¢+ q, we have

1
S(l (kt) = 2 2]{:2 {S(O) {CAGHP —2)—|—CF11’1 (R2P2) + Crln (R2P2)

Cr 1 Cr, o1 2
—|—€<2 lIl <§%> 2 In <R2)+CF§ —4€W34UT
+ 2 Eg-i-g#ti—irq} : (188)
For ¢+ q@ — g + g, we have

2k2 {S(O [C’F(lnp —2)+Cyln <R2P2> +Cyln <R2P2>

Ca, o (1 Ca, o 2
—|—€(21H (R%) 21 (R2)+C’A3 4eWs, U'T
+ 2 Egig2gra) - (189)

For ¢+ g — q¢+ g, we have
1 CF+CA
SW (k) = ka {S<O> [T(l np’—2)+Crln <R2P2) +Caln (RQPQ)

Ca 1 Cr 1 Cr+Carm
+ 6(71& (32) +5 In ? <R2) +T?)] — 4eW3, UT

+ 2 Egtgogtelt -

S (k) =

(190)
And finally, for g + g — g + g, we obtain
Qs s
S (kt) 2 2k=2 {SO [CA(lnP —2)+CAIH<R2P2)+CA1H<R2P2)
Ca 1 Ca 2
+ e (71112 (ﬁ%) - In ? (R?) +CA§)} —4eW3 UT
+ 2Egigagtg) -
(191)

In the above equations, the = matrixes for all different channels are defined as

20pC2T  —CpCyU

Sqraoats = : (192)
—~CpCaU CpU—-T
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QCFC% T C’FC’A U

Eqtqate = ) (193)
CrCaU  L(C%-2)CrU—-T

0 0 2C3Cy (U —=T)
—_ Ca(C{—-4)C Ca(C5—4)C
R 0 QAN () G (- T) | (194)

2 2

2030 (U —T) UGN 1) %A% (4T

2C3CF(Ca+Cr)T 0 2C4CrU
2 _
Zqtg—ate = 0 (Cfx - 4)CF(C_2A U+CrT) W U )
202Cr U CalCaACr 7 (C2 - 1)U +CpT)
(195)
[ 15T 0 0 0 0 0 0 0 |
0 15U 0 0 0 0 0 0
0 0 15U~+T) 0 0 0 0 0
0 0 0 67 0 —6U 0 0
S
0 0 0 0 12027+ U) —12U0  =24U 0
0 O 0 —6U  —12U 12(2T+U) O —18U
0 0 0 0 —24U 0 60U —-36U
| 0 0 0 0 0 —18U  —=36U 542U —-1T) |
(196)

Similarly, we obtain the soft factors in the b, -space,

Z Wom (197)

where I,,,,(b) have been calculated in Egs. (150-156). For channel ¢ + § — g + ¢, we find

SU = _g© & Cp(lnp* —2)+ Crln +Crln In @
2 RzP2 RzP2 b2

Cp 1 Cr 1 2 20,

- [Tt () + o () vorg [} + e
272

Qs wb
- —= In <—) . (198)

T q+q—q+q bg
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For ¢ + ¢ — q + ¢, we find

212
)= _g0 % _ s s wb
o L 2”0”’“(1%%13%)*C”“(R%P%)}l% 7 )

Cr, o1 CF 2 1 w2 20,
o — ,u2 b2

— EgtgoqtqIn <b—2) : (199)
0

™

For g+ g — ¢+ ¢, we find

2b2
s = _g© QWHCAGHP —2)+Crln (mﬂ) +Crln (RQPQ)} 8 (Mb% )
Cr o {1\ Cr "1 2e
{2 = (R2)+71 (Rz)+CF3 ot
o, _ ,u262
T T9te=ata In b—% :
For ¢+ — g+ g, we find
212
Qg b
s 2t ) oo ()] (2)
Ca (1) Ca T 20
{2 o (32)+71 <R2)+0A3 ot

O — /J,2 b2
— — Zgrg=argn | 7 )
s b§

(200)

(201)
For ¢+ g — ¢+ g, we find

1y _ 0) %s Cr+ Cy 9 S u2 b?
SW=-8 o {[72 (Inp® —2)+ Cpln —% 5 +Caln 2 2 In —bg
C 1 C 1 Cp+ Cyr? 200,
{;lz<132) 2AIQ<R2) 2 A3}} aW34UT

Qs — /J,2 b2
T T Satgoatg In ? .
For g+ g — g+ g, we find

s 2b2
o150 2 ) o i) ()
C 1 C 1 Cp+ Cyr? 201,
{2A12(R2) 2AlQ(R2)+ F2 A%H aW?"*UT

R — M2 b2
T Satemgtg In ® )

(202)

(203)
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We would like to emphasize again that the nontrivial results of the soft factor calculations
in the above. In particular, the p and R, s-dependence only appear in terms proportional
to S, This is consistent with the factorization we have argued in the beginning of this
section. We will show explicitly how the factorization works in the following sub-section.

D. Factorization at One-loop Order

In this subsection, we will apply the one-loop results for the soft factor and TMDs calcu-
lated in the last subsection to verify the factorization formalism we have proposed. We will
show the factorization in both transverse momentum space and Fourier conjugate b, -space.
At his order, the TMDs can be calculated, and have been listed in Sec. VIB. The soft factors
have also been calculated above in Sec. VIE.

1. Transverse Momentum Space Factorization

We find from Eq. (102) that the dijet differential cross section at a nonzero transverse
momentum ¢, receives contributions from the two incoming parton distributions and the
soft factor. The hard factor, for a given 2 — 2 process, does not depend on ¢, , as expected.
Therefore, we can write down the expansion of the finite ¢, contribution from the TMD
factorization formula at one-loop order:

d*o
dyldy2dpj2“d2QJ_

= > oo { (w0 1, 00) wafolwa) + w1 filwr) o f{ (w2, 00) ) T [HEL S,
ab

+x1f1(21) T2 fo(22) Tr |:Ha(l])—>cdst($)—>cd( )}} ) (204)

where we have expanded the TMDs and the soft factor at one-loop order. We have calculated
all these factors in previous subsections. Substituting these results into the above equation,
we can derive the finite ¢, expression for dijet production via each channel, and reproduce
the results shown in Sec. IV. Especially, the p-dependence from both the TMDs and the soft
factors is cancelled out by each other, which is a nontrivial illustration of the factorization
formula.

2. Factorization in b -space

Similarly, the factorization can be demonstrated in the b, -space, for which we carry out
the calculations for W (b, ) in Eq. (103),

Wab—)cd(bJ_) =T fél) (Ila bJ_a <12> M2> p2)ll§'2 fb(l'g)TI' |:H¢(1(l)))—>cdst(zob)—>cd:|
"‘xl fa(xl)x2 fb(l) (I27 bJ.a C227 M27 p2)TI' |:Hab—>cdsgu(l))—>cd]
a1 fulwr)rs fula)Tr [ (QDSSL00)] - (205)

With the expressions calculated in previous sub-sections, we will be able to reproduce the
logarithmic terms in Sec. IV. In principle, we should be able to extract the hard factors at
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one-loop order as well. However, to do that, we need the expressions of the virtual diagrams
contributions in the color-space constructed in Sec. VIC. We hope these calculations can be
performed in the future, from which we shall obtain the hard factors at the one-loop order.
However, to show the factorization, we do not need the hard factors.

E. Resummation

According to the definition of the W function, cf. Eq. (103), when we choose factorization
scale 1 = Q?, there will exist two classes of scales in TMDs and soft factor, one is b3 /02,
which comes from the Fourier transformation of transverse momentum ¢, , hence it is a small
scale, the other class contains scales of Q* and (?, where (¥ = Q*p?, they are large scales.
Our one-loop results for the TMDs and soft factor show that there are large double and single
logarithms of In Q?b* in them. (Here, we use b, and b exchangeably.) These large logarithms
appear at every order of perturbative expansion as the form of a” In*"(Q?b?) or o In"(Q?b?),
when In Q?b® > 1/, the convergence of the conventional perturbative expansion is impaired
and no longer gives a correct prediction. In order to make a reliable calculation for the W
function, these large logs have to be resummed. Based on the factorization theorem, we
could find all the relevant scales present in each factorized factor, which can be evolved
individually and satisfies a renormalisation group equation(RGE). For example, for the
TMD f(z,b,, i, p), the relevant Collins-Soper evolution equation reads as:

0

01—1(1@“ (LL’, bv Ca s p) = (K(b7 M) + G(Cv :U’)) f(SL’, b7 Cv 122 p) : (206>

According to the one-loop result, we can get

aCr . C2b?
— In>—-ce

K(b, 1) + G(C, 1) = 23 (207)

where C; = C}y for gluon distribution and C; = Cp for quark distribution. K (b, 1) satisfies:

Ol S(b,p,p)  a,Cr, p?b?
K = = — 1 B 2

The renormalization group equation for K (b, i) is governed by the associated anomalous
dimension 7,

_aK(ba ,U) o 8G(C,,u) - 2aSCI

= = = 209
K Olnp Olnp s (209)
Then we can solve the above renormalization group equation,
. dlu’/ asC Cz _3
K(bu) + G(Cp) = K(b,Qo) = [ —k(p) = = In=ge s, (210)
Qo M @ H

where in the end we will choose Qg = by/b to resum the large logarithms. In addition, we
can evolve the factorization scale in the TMD distribution as well,

0

o] @b G p) = (.5, ) (211)
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with the anomalous dimension

OéSC] 1 3
= | Br———-—1 . 212
i (mps -5 -2) (212)

Here, for gluon distribution we have B; = [y, and for quark distribution we have B; = %.
By solving the above evolution equations, we resum the large logarithms associated with
the TMDs,

f(@,b,¢2 = pQ% 1 =Q.p)

b b Q q
— f( 5,282 pexp [/ Ut (Kb, 0) + GC, u>+vF>}
pb? " b bo/b M
b b Q q 20,C C ]
= f(z,b, Pk [f,p)eXp {/ & (_mQ’YK(,U)“’ Sl - & (l—n—p))]@l?ﬂ
bo/b M H m ™ 2

where we have chosen (? = pQ?. All the large logarithms have been resummed into the
Sudakov form factors. In addition, applying the one-loop results in Egs. (108,108), we find

that the large logarithms (In %) associated with the integrated parton distributions can
L

be resummed by choosing the relevant scale as i = by/b. By doing that, the first factor in
the above equation can be replaced with

B bo

f(zﬁ b? pb27 b

—p) = f(@, i =1b/b) (1 +as---) , (214)
where the right hand side is the integrated parton distributions at the scale of i = by/b,
and we have also neglect all the constant terms, such as p-dependent terms. These terms
are beyond the accuracy of NLL that we are considering in this paper.

For the soft factor, it satisfies the evolution equation of

0
81 SIJb,up ZSILFLJ ZF SLJ, (215)
where
Qg s
FSZQ']T A(lnp —2)+D111H<R2P2)+D121H<R2P2):| FE—F’)/ . (216)

Here I'? is an identity matrix, for di-gluon initial states A = Cy4, for di-quark initial states
A = CFp and for quark-gluon initial states A = (Cg + Cy4)/2. For quark jet D; = Cp, while
for gluon jet D; = C4. According to the one-loop correction of S the v* factor for each
channel can be directly read out. For example, for the production channel ¢ + § — ¢ + ¢,
we find

C
Ca 2Cr T —C—ZU
- _ (217)
Tl 22U & (T —-2U)
For the channel ¢ + ¢ — ¢+ ¢,
C
Ca 2Cr T ﬁU
- ) (218)

Tl 2U (Ca—2/C))U—&T
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For the channels g4+ ¢ — ¢+ qand g+ q— g+ g,

0 0 U-T

o O 0 “ArT+U) LU-T)| . (219)

2U ~T) G2W-T) L(T+U)

For the channel ¢ + g — q+ g,

(Ca+Cp)T 0 U
Qg
=2 0 CrT+ U Gy , (220)
2 _
2U Gy cpT+%U

For the channel g+ g — g + g,

(37 0 0 0 0 0 0 0 ]
03U 0 0 0 0 0 0
0 0 3U+T) 0 0 0 0 0
W | 00 0 67 0 —6U 0 0
yoo e . (221)
T10 0 0 0 3T+3Uu -3Uu -3U 0
0 0 0 =3U -3Uu 3r+3U o —3U
0 0 0 0o -fU 0 3 U
[ 0 0 0 0 0 —2U  —3U 22U —T) |

By solving the evolution equation, we obtain

9 duag
S, p=Q) —exp{—/bo/bz? [A (Inp* —2)+ DpyIn <R2P2) + Do 1n <R2P2)}}

<o |- /jSV ()] 801 = o/ |- [i%vsms(m)} C(222)

where the first factor comes from the contribution of the I'g term in Eq. (216). We note
that since there is only one scale present in S(b, u = by/b), it does not contain any large
logarithm.

Substituting the above solutions, Eqs. (213) and (222), into the factorization formula,
Eq. (103), we obtain the final resummation results for W. In particular, since we have
set the factorization scale y = @), there will be no large logarithms in the hard factor H.
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Therefore, all the large logarithms have been resummed into the Sudakov form factors, and
we have

W (x17 x27 b) - xl fa(xl, bo/bl).ﬁ(:g fb(,flj‘27 bo/bl)e_SSud(Q2ybL)

Q 4 Q
x Tr lH(Q)eXp[— / 1S (b /b)exp| / —“ﬂ} . (223)
bo/b. M bo/b. M
with
Q? du2 2 2 2
5 B 1 Q° Q Q
SSud(Q y bJ_) = /l;(z)/bi —,u2 {hl (qu ) A+ B+ D1 In —P:,%R% + D2 In —P:,%R%} 5 (224)

which are exact the results we showed in the Introduction section.

F. Contributions from the Non-global Logarithms

In Refs. [7, 9], the so-called non-global logarithms were discussed for the dijet correlation
in hadronic collisions. They further take an example of dijet production in DIS processes,
and estimate their contributions [9]. This non-global logarithm comes from the kinematics
of two gluon radiations, where one is within the jet and another soft gluon outside the jet.
Since it happens at O(a?) order, the one-loop calculations in this paper do not encounter
this non-global logarithm 3. Numerically, the non-global logarithms are negligible. This is
because it starts at O(a?), and in the kinematics of low imbalance transverse momentum,
the resummation is overwhelmingly dominated by leading double logarithms contributions.
In the following calculations, we will not consider their contributions when we compare to
the experimental data.

VII. PHENOMENOLOGY OF DIJET CORRELATIONS AT TEVATRON AND
LHC

In this section, we will apply our resummation formula to the dijet production from
collider experiments, including Tevatron and the LHC. In these experiments, the leading jet
energy is large, and we expect that the resummation is dominated by the perturbative form
factors. That means that our predictions are not sensitive to the non-perturbative form
factors.

A. Non-perturbative Form Factors in the Resummation

To apply the resummation formula for phenomenological studies, we follow the b,-
prescription to introduce the non-perturbative form factors [6], i.e.,

bl — b, =b/\/1+ 0202, (225)

3 Tt seems possible that this contribution might belong to the soft factor in our factorization formula of

Eqgs. (102,103) at two-loop order. At this order, the soft factor contribution will have similar kinematics
as described in [9] for the non-global logarithm, where one gluon is within the jet (the Wilson line in the
soft factor definition) and one gluon is soft and outside the jet. Needless to say that this has to be verified

by an explicit calculations with two gluon radiations. We plan to come back to this issue in the future.
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in the b-space cross section contribution W (b, ) with b,,,, a parameter which will be set as
bmae = 0.5GeV™!. By doing that, it is guaranteed that b, is always in the perturbative
region. Therefore, W (b,) is replaced by

Wz, 29,b) — W (a1, 9, by )e NP@0) (226)

The non-perturbative form factors follow the parameterizations in Ref. [24]. Since we have
quark and gluon from the initial state, we decompose the non-perturbative form factor into
the quark and gluon contributions,

Saboed(, 1) = SL(Q,b) + SUL(Q,b) | (227)

for a partonic channel ab — cd. In the right hand side of the above equation, Syp depends
on the flavor of the incoming partons,

(9) (9)
Sﬁ%—gl 62+92 (Q )bz+g In(10z1)0* ,

2Qo

g( 9) g( 9) Q
§) — 1 92 2 n (2@ )52+g In(10z,)6* , (228)

0

with the following parameters:

V=021, ¢¥ =068 ¢ =-029,
9 =003, ¢ =087, ¢¥=-017. (229)

These parameters are fitted to the hard scattering processes in the relevant ¢g and gg
processes in Ref. [24]. In our calculations, we assume that these non-perturbative form
factors apply to the dijet production processes as well. This is an approximation. However,
we would like to emphasize that because the jet energy is so large that our final results are
not sensitive to the non-perturbative form factors at all. We have also checked several recent
proposals for the non-perturbative form factors [25, 26|, and found that all of them predict
almost the same distribution for dijet production in the following phenomenological studies.

B. Dijet Correlations at the Tevatron

With all the ingredients presented above, we now compare our resummation results to
the experimental data from the Tevatron. In experiments, the normalized differential cross
sections are measured,

1 dogijet

, 230
O dijet d¢d1jet ( )

where @gijer is the azimuthal angle between the leading two jets. The leading jets are in
the separate transverse momentum bins, with the second leading jet transverse momentum
Pr > 40 GeV. The events are selected in the mid-rapidity, |y;.| < 0.5.

In Fig. 8, we plot the comparisons between our resummation result and the experimental
data from DO collaboration at Tevatron. For completeness, we also show the prediction of
a fixed order calculation at the NLO [4], which includes both one-loop 2 — 3 and tree level
2 — 4 contributions. To compare with the normalized differential cross section, we have
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FIG. 8. The comparisons between the theory calculations and the experimental data from the DO
collaboration at the Tevatron.

normalized the result of our resummation calculation in @gjje; distribution by the LO dijet
cross section, with both jets in the specified pr and y bins of the data point. Namely, the
normalization factor ogijet is taken to be the NLO dijet cross section in the NLO prediction,
and the LO dijet cross section in the resummation prediction. This is because in our resum-
mation calculation, cf. Eq. (223), the hard factor H is only kept at the LO in this calculation.
In the full NLO calculation, as shown in Fig. 8, we have set both the factorization scale and
the renormalization scale at up = pug = Pr/2, which yields the best agreement with the
experimental data [1]. The theoretical uncertainties induced by the scale variations in these
NLO collinear calculations have also been studied in Ref. [1], where it was found that the
uncertainties become larger in the back-to-back correlation region around ¢ = 7. This is a
clear indication that a resummation calculation is needed to improve the theory prediction
in this kinematical region. In our resummation calculation, we have chosen the so-called
canonical choice for the parameters in the Sudakov form factors, as shown in Eq. (223). In
principle, we could also study the theoretical uncertainties induced by varying these param-
eters. To do that, we have to re-write the resummation formula, which is, however, beyond
the scope of the current paper. We hope to come back to this question in the future. We
note that Fig. 8 shows the normalized ¢gje; distribution (cf. Eq. (230)), and the additional
scale dependence from the overall factor oy (cf. Eq. (13)) has been cancelled out in the
theory calculations.
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FIG. 9. The comparisons between the resummation results and the experimental data from the
CMS collaboration at the LHC. The kinematics of each bins are specified according to the experi-
ment [2].

From these plots, we can clearly see that the resummation results agree well with the
experimental data around the back-to-back correlation region of ¢ ~ m. For smaller value of
¢ (away from the back-to-back configuration), the resummation calculations match to the
fixed order results at NLO [4], which has also been separately shown in Fig. 8. We note that
a full NLO calculation cannot describe experimental data for ¢ ~ 7 [1], where the fixed order
calculation becomes divergent. Our resummation calculation, after being matched with the
NLO result clearly improves the theory prediction and can describe the experimental data
in a wider kinematic region. This demonstrates the importance of all order resummation in
perturbative calculations for these type of hard QCD processes.

C. Dijet Correlations at the LHC

Dijet production processes are among the first few measurements of pp collisions at the
LHC. Both CMS and ATLAS have reported the experimental results on the azimuthal
angular correlations of dijet productions, as done by the DO Collaboration at the Tevatron.

In Fig. 9, we compare our resummation results with the experimental data from the
CMS collaboration at the LHC. Similar to the DO measurements, the dijet measurements
are presented in several kinematic bins, with the leading jet transverse momentum labelled
by Pp'** in the figure. The second jet transverse momentum is chosen to be larger than
30 GeV. Both jets are in the mid-rapidity region, |y;e| < 1.1. Anti-k; jet algorithm with
jet size R = 0.5 was used in the data analysis. We have also applied this algorithm in
our calculations. In this figure, we limit the comparisons in the back-to-back correlation
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FIG. 10. The comparisons between the theory calculations and the experimental data from the
ATLAS Collaboration at the 7 TeV LHC.

region, where we find perfect agreements between the resummation calculations and the
experimental data over all transverse momentum bins. Similar to that in Fig. 8, away from
the back-to-back region, the resummation calculations will match to the fixed order results.

In Fig. 10, we compare to the measurements form the ATLAS collaboration [3]. In this
experiment, the same anti-k; algorithm has been used, however, with jet size R = 0.6. The
two jets are selected from the mid-rapidity region (|yje| < 0.8) with minimum transverse
momentum of 100 GeV. The data sets are chosen according to different leading jet transverse
momentum region as indicated in the figure. From this figure, we can see that the agreements
between the resummation results and the experimental data are very well around the back-
to-back correlation regions, except in the lowest P bin. The apparent poor agreement
between the resummation prediction and the ATLAS data in the lowest P"** bin (between
110 GeV and 160 GeV) is caused by the stronger kinematic cut made on the second jet Pr,
which is required to be above 100 GeV at ATLAS and 30 GeV at CMS. With a much tighter
cut on this second jet Pr, the phase space for multiple soft gluon emission is limited so that
our resummation calculation (which allows all possible soft gluon radiation) becomes less
reliable in this case. We note that in the lowest Pj*** bin, the cross section is dominated
by Pp** around 110 GeV which is close to the 100 GeV cut on the second jet made by the
ATLAS.

VIII. SUMMARY AND DISCUSSIONS

In summary, in this paper, we have investigated all order soft gluon resummation in dijet
production processes in hadronic collisions. The procedure and methodology follow the orig-
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inal CSS resummation for massive neutral particle production. Because the final state jets
carry color, the resummation formulas have to be modified to include the effect of soft gluon
radiation associated with the final state jets. In the derivation, we calculated the complete
one-loop contributions from soft and collinear gluon radiations in all partonic channels in
dijet productions. The soft divergences are shown to be cancelled out completely between
real and virtual graphs, which provides an important check to our one-loop calculations. In
order to derive an analytic expression with the jet cone size dependence to demonstrate the
cancellations in the final results and to derive the resummation formula, we apply the narrow
jet approximation in our calculations. We have also implement the (anti-k;) jet algorithm
to separate out the out-of-jet cone radiation from the gluon radiation inside the cone jet.
Hence, the final results of our calculation depend on the jet algorithm and the jet size, which
can then be directly compared to experimental data. As an important cross check, we have
compared our derivation of soft and collinear gluon radiation contribution to the fixed order
calculations at this order, and the numeric comparisons show that they agree very well in
the kinematics of back-to-back correlation regions. In this region, because the predictions of
fixed order calculations are divergent, we have to take into account all order resummation
effects.

We have compared our resummation results to the experimental data from the measure-
ments at the Tevatron and LHC. All these comparisons demonstrate that the resummation
results are crucial to improve the theory descriptions of the experimental data around the
azimuthal back-to-back kinematic region. The combination of the NLO perfurbative cal-
culations (including both one-loop 2 — 3 and tree level 2 — 4 contributions) and our
resummation results provide the most adequate theory descriptions to these experimental
data.

Our calculations are the first systematic derivations of the TMD resummation for dijet
production in hadronic collisions at the NLL order. The results have been cross checked
through various perspectives, and they are consistent within the theoretical framework our
calculations are built on. These cross checks are nontrivial supports for the factorization
arguments used in our derivations. A number of extensions can be performed along this
direction. For example, we shall be able to calculate the soft gluon resummation effects
in the vector boson (or Higgs boson) plus a high Pr jet production at the colliders where
the total transverse momentum of the boson and the jet is much smaller than the invariant
mass of the final state particles [27]. These processes are important channels to study the
Standard Model physics at the LHC.

Finally, we would like to comment on the applications of our results to the dijet production
with large rapidity separation. This particular kinematics is very interesting to study the
QCD resummation physics. It has long been realized that the so-called BFKL resummation
[28] will be important in this kinematics, which is referred as the Mueller-Navelet dijet
production [29]. In particular, recently, the CMS collaboration at the LHC has measured
the dijet azimuthal correlation with large rapidity separation between the jets, which has
been interpreted as the BFKL resummation effects [30]. However, in this calculation, only
BFKL-type resummation has been taken into account. We would like to argue that there
should be Sudakov resummation as well. Theoretically, how to resum large logarithms from
both types of physics effects is an important question. We will not address it in this paper.
Instead, we will discuss below the physics of our resummation formula when considered in
this kinematics.

When the two jets are produced with large rapidity separation, we are in a special kine-
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matic region, where the physics is dominated by t-channel diagrams. Therefore, we can
apply the following kinematic approximations, s ~ —u > —t, which also implies that
P? = tu/s ~ —t. More importantly, all the partonic channels with ¢-channel gluon ex-
change will be the most important contributions. This is because they all have terms which
are proportional to s?/t%. This includes the following channels: ¢¢' — q¢’, qg — qg, and
gg — gg. In addition, by applying the above approximation, we find out that the anomalous
dimensions for the associated soft factors derived in the last section become diagonalized.
The direct consequence is that we can simplify the final resummation formula, by absorb-
ing the soft factor anomalous dimension of Eq. (223) into the overall Sudakov perturbative
form factor of Eq. (224). This much simplified result, as compared to that presented in the
last section, may indicate a consistent resummation formula for the Mueller-Navelet dijet
production. The remaining task is to develop a consistent theoretical framework to include
both physics effects induced by the BFKL and Sudakov resummation dynamics [31].
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