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Azimuthal angular asymmetry of soft gluon radiation in jet production
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We investigate the impact of soft gluon resummation on the azimuthal angle correlation between the total
and relative momenta of two energetic final-state particles (jets). We show that the initial and final-state
radiations induce sizable cos(¢) and cos(2¢) asymmetries in single jet and dijet events, respectively. We
numerically evaluate the magnitude of these asymmetries for a number of processes in collider
experiments, including diffractive dijet and dilepton production in ultraperipheral pA and AA collisions,
inclusive and diffractive dijet production at the electron-ion collider, and inclusive dijet production in pp
collisions at the LHC. In particular, the cos(2¢)) asymmetry of perturbative origin can dominate over the
primordial asymmetry due to the linearly polarized gluon distribution.
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I. INTRODUCTION

Jet processes are the most abundant events in hard
hadronic collisions and have been under intensive inves-
tigations at various colliders (see, e.g., Refs. [1-8]). Among
them, the productions of dijet and jet plus a color-neutral
particle (such as the Higgs boson) are characterized by
distinct final states where two energetic particles (jets) are
almost back to back in the transverse plane perpendicular to
the beam direction. Deviations from the exactly back to
back configuration are, in general, expected. In other
words, the total transverse momentum of the two outgoing
systems ¢, = k;; + ko, is typically small but nonzero, as
illustrated in Fig. 1 for the dijet case. The cross section then
depends on the angle ¢ between g, and the dijet relative

momentum P, = (l_éu - l?u)/z

do
_— = cos cos(2 e (1
AP dq.d¢ 0o + cos(¢)o; + cos(2¢)os + (1)
The coefficients oy, 0,,--- often encode novel partonic
structures of the target that are important in the study of
nucleon tomography at the future electron-ion collider
(EIC) [9-11]. A primary example is exclusive diffractive
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dijet production in y*) p scattering where ¢, is provided by
the recoil momentum of the target. It has been predicted
that the ‘elliptic’ gluon Wigner distribution generates a
cos(2¢) asymmetry [12-17]. Another example is the
inclusive dijet production in DIS, where ¢, comes from
the intrinsic transverse momentum of gluons in the target.
In this case, the so-called linearly polarized gluon distri-
bution can generate a cos(2¢) asymmetry in the dijet
system [18-24].

However, the momentum imbalance ¢, can simply come
from perturbative initial and final-state radiations which
have nothing to do with nontrivial parton distributions
inside the target. Depending on kinematics, this can affect
or even dominate the coefficients o;,0,, -+ when
P, > q,. The reason is that the radiative corrections are
enhanced by large double logarithms (a;In P%/q%)".
While the resummation of these logarithms is well under-
stood for the angular independent part o [25-35], that for
the angular dependent part has been discussed much less
frequently in the literature. In a series of papers by Catani
et al. [36,37], it has been observed that the resummation for

61,05, -+ can be done in the Fourier space g, — b | using
the same Sudakov factor as for o, An interesting new
feature is that although the angular dependent cross section
is singular 1/¢% in fixed-order calculations with no
compensating virtual correction, the resummed cross sec-
tions o, are well behaved as g, — 0. The goal of this
paper is to study this resummation in detail and make
quantitative predictions for azimuthal asymmetries
(cos(ng)) that can be compared with the existing and
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FIG. 1. Dijet in transverse plane perpendicular to the beam
direction at hadron colliders. The dijet total transverse mo-
mentum ¢, = k;; +k,;, which is due to multiple soft
gluon emissions, is much smaller than the individual jet mo-

mentum }_;L = (l_éll - %ZL)/Z

future experimental data. We shall consider a variety of
processes, including dijet productions in diffractive and
inclusive processes, and jet plus color-neutral particle
production. A brief summary of our results has been
published in Ref. [38].

An important feature of the final-state radiation is that
the emitted soft gluons tend to be aligned with jet
directions, see Fig. 2. Those emitted inside jet cones
become part of the jets, so one needs to carefully treat
emissions slightly outside the jet cones. Since g, is the
recoil momentum against these gluons, it also points
towards jet directions on average. This naturally generates
a positive cos(2¢) asymmetry of purely perturbative origin
in dijet events [38]. A recent measurement by the CMS
Collaboration [39] indicates that the magnitude of this
effect is sizable. Depending on kinematics, it can com-
pletely overshadow the intrinsic azimuthal correlations
generated by nontrivial parton distributions. For the search
of the elliptic Wigner distribution in the exclusive dijet
production mentioned above, one can avoid this problem

by measuring the correlation between P | and the nucleon
recoil momentum (instead of g, ) as originally suggested in
[12]. However, in inclusive dijet production, it is not
possible to cleanly separate the contribution from the

FIG. 2. An illustration of soft gluon radiations in back to back
dijet events. Due to the collinear enhancement, soft gluons are
more likely emitted closer to jet cones. (The darkness of the gluon
color is correlated with the probability of the emission.) From
momentum conservation, g, = — > 'k, . Since k;,’s tend to
point to jet directions, the same is true for g, resulting in a
sizable anisotropy (cos(2¢)).

linearly polarized gluon distribution, unless one has an
accurate control of the perturbative backgrounds.

Our discussions in this paper are connected to other
recent developments in the field. The correlation between

¢, and P | also measures the correlation between final-state
jets. The combination of this study with three particle
correlations in the final state recently proposed in
Refs. [40-42] shall open a new avenue to study the
QCD dynamics of gluon radiation. In this regard, the
nonglobal logarithms [26,43] can also contribute to
the observables we consider, although their numerical
impact might be limited for the relevant kinematics [31].
More broadly, the perturbative contribution to the cos(2¢)
azimuthal asymmetries has been studied for various proc-
esses [36-38,44-49]. In particular, it may shed light on the
QCD factorization and resummation for power corrections
in hard scattering processes [47,50-53].

This paper is organized as follows. In Sec. II, we
consider processes in which the final state consists of
one jet and one color-neutral particle. In Sec. I A, we
consider lepton-jet correlations in ep scattering in the
laboratory frame. In Sec. IIB, we consider photon-jet
production in pp collisions. The former can be studied
at the EIC, whereas the latter can be studied at RHIC and
the LHC. Since there is only one jet in the final state, we
expect that the dominant asymmetry is of the form cos(¢).

In Sec. III, we study dijet production. In Secs. III A and
I B, we consider diffractive and inclusive dijet photo-
production processes, respectively. As mentioned above,
the dominant asymmetry is cos(2¢) in this case. Then in
Sec. IIIC, we consider inclusive dijet production in pp
collisions specifically focusing on the (most complicated)
gg — gg channel.

In Sec. IV we give a detailed analysis of dijet electro-
production in DIS. When the photon is virtual, the linearly
polarized gluon distribution gives an additional contribu-
tion to the cos(2¢)) asymmetry. We numerically compare
the respective contributions to the asymmetry from non-
perturbative and perturbative mechanisms.

Finally, in Sec. V, we extend our analysis to QED
processes, where a lepton pair is produced in two-photon
scattering in ultraperipheral heavy ion collisions (UPCs).
Dilepton production in this process has a long history
[54-65] and has attracted great attention recently through
comprehensive measurements at RHIC and the LHC
[66—72]. Theory progress has also been made to understand
the underlying physics [73-84]. We will show that the
photon radiation can contribute to a significant cos(2¢)
asymmetries in the kinematic region where the perturbative
contribution dominates.

II. JET PLUS COLOR-NEUTRAL PARTICLE IN
THE FINAL STATE

In this section we discuss the final states with a jet and a
color-neutral particle. The soft gluon radiation comes only
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from the jet and the incoming parton(s). The dominant
azimuthal asymmetry is then the cos(¢) term. We will first
study lepton plus jet production in ep collisions and then
extend to photon plus jet production in pp collisions.
Similar studies can also be carried out for jet plus Higgs
boson or Z/W boson productions at the LHC.

A. Lepton and jet correlation in ep collisions

At leading order a lepton scatters off a quark through
virtual photon exchange in #-channel and produces a quark
jet in the final state

e(k) +q(p1) = €'(ke) +jet(k;) + X. )

In the laboratory frame, the final-state lepton and jet are
mainly back to back in the transverse plane perpendicular
to the beam direction. This process has recently attracted
significant interest because it can provide a novel way to
study the transverse momentum dependent (TMD) quark
distribution in the nucleon [32,33,85-89]. It has also
motivated experimental efforts to reanalyze the existing
HERA data [90,91].

The virtuality of the photon defines the hard-scattering
process. To leading order, the differential cross section can
be written as

dSGep—w’qX

dy,d’P, d’q, - ququ(x)5(2)(QL)v (3)
eq _ kel 2(3%+0%) . P .
where ¢," = ot oF o Vels the rapidity of the final-state

lepton in the laboratory frame. Following the notations in
Introduction, we have define the difference and total
transverse momenta for the two final-state particles: P 1=
(lzﬂ - %JL)/Z and g, = l;a + l_c'JL. [Below we often omit
an arrow on transverse vectors.] In the above equation, x
represents the momentum fraction of the incoming nucleon
carried by the quark, f,(x) for the quark distribution
function. The Mandelstam variables 3, 7, and # are defined
as usual for the partonic subprocess, in particular,
’t\ - (kf - k)2 - —Qz.

At one-loop order, g, can be nonzero due to the
emission of a soft gluon with momentum k,, [33].
Integration over the phase space of the emitted gluon is
explained in Appendix A. The result is

&k
7 / g, 0 s T Ko )CrSo(ks )
g

a,Cr 0? 0?
= In=5+In— 2¢q cos
) [ 7 Tt (#)
+ 2¢5 cos(2¢) + - - ] : (4)

where

2k; - py

Sy(ky. p1) = K kopy k. (5)
g g

and ¢ is the azimuthal angle between ¢, and P . Note that
the coefficients ¢, in general depend on ¢,. But the
dependence is power suppressed

ca(qh) = a(0) = O((q1/PL)°). (6)

where the integer ¢ (usually ¢ = 1 or 2) depends on both n
and the process under consideration. In (4), we recognize
at least two sources of such power corrections. First, when
g, 1s small but nonvanishing, the soft gluon rapidity is
subject to kinematical constraints ypi, <y, < ymax With
|Vimax /min| ~ In P2 /g3 . However, in the actual calculation
of ¢, below, it is convenient to integrate over
—00 <y, < oco. The difference in ¢, caused by this
approximation is power suppressed. Second, in the soft
emission kernel S,, one approximates k;, = %ql—
P, =~ —P,. Again the difference is power suppressed in
q,/P,. There are also power corrections from the hard
part that can affect azimuthal asymmetries. In this paper,
we do not study these corrections systematically (they are
in any case beyond the leading TMD factorization
formalism), and in most of our calculations below, we
neglect the g, -dependence of c¢,. However, in Sec. Il A,
we will include part of power corrections for phenom-
enological reasons.

When calculating the Fourier coefficients c¢,,, we need to
subtract in the kg -integral the configuration where the soft
gluon is emitted inside the jet cone of radius R. Namely, we
have to impose the constraint

Aii, =g =y1)* + (g — ¢)° > R (7)
As a result, {c,} depend on R rather strongly. To gain
analytical insights into the coefficients, it is convenient to
replace (7) by

kJ : kg 5 2(COSh(yg - yJ) - COS(¢g - ¢1)) > RZ’ (8)

which is equivalent to (7) when R < 1. We can then obtain
the following explicit expression for an arbitrary Fourier
coefficient c,

o = h% + F(n) + g(nR), )
with
2 T
) == [t =) S5 (cosnp = 1), (10
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ld V=
alnk) = [ it VL1 cos (nmg)
:#2&(1,1;2,2,2;—”?{2). (11)

The collinear singularity is isolated in the logarithm
In 1/R?, and the remaining part is finite. In particular, ¢, =
In(1/R?) and the first few coefficients of the rest read

f(1)=2In4 -2, f(2) =-1, f(3) =2In4—14/3, and

f(4) = =5/2. For sufficiently large values of n, we find
f(n) =1In(b/n?) with by =2e77¢ (yp is the Euler con-
stant). Also note that g(nR) ~ n’>R?/4 when nR < 1, while
g(nR) ~In(n®R*/b3) in the limit nR > 1. This indicates
that ¢, vanishes when nR > 1.

When R is large ~O(1), we should return to (7). The
Fourier coefficients can be evaluated numerically as fol-
lows [see (A3)]:

cos ¢ _, [e’+ —cos¢
= / ¢s1n(/)[ —¢)—tanl<W)

+tan~! (mﬂ cos ng

in ¢
+2 [ ¢‘;fs;’f ~ §) cosngp
—”/0 d¢py ., cos ng, (12)

where y, = ++/R? — ¢*. For example, for R = 1, we have
co~—0.25,c; = 0.78 and ¢, = —0.30. As shown in Fig. 3,
¢, decreases approximately as In 1/R? for small n values,
while oscillations around zero start to appear for large-n
coefficients.

We now extend the above one-loop results to all orders in
the TMD framework by resumming the double and single

FIG. 3. Fourier coefficients ¢, (R) given by (12) are shown as a
function of R.

logarithms in Q?/g?% . This is appropriately carried out in
the Fourier transformed b | -space. The resummed azimu-
thal averaged cross section reads [33],

e dsz ig, -
-6 [ St

% e—Sudcq(bl.Pl.R)’ (13)

d50€p—>e’qX

dyfdzplszL

where u, = by/b, with by =2e¢77¢ and yp the Euler
constant. Here and in the following, we neglect the high
order corrections to the hard factor in the resummation
formulas. The Sudakov form factor is defined as

Qdua, 2 23
Sudeq—/ dua(W)Cr Q2 +1In Q———+co(R) :
w M r H 2

(14)

To derive the resummation result for the azimuthal angle
dependent differential cross section, we first compute the
Fourier transform of the soft gluon radiation contribution at
one-loop order from Eq. (4), by applying the Jacobi-Anger
expansion,

eizcos(qﬁ) _ JO

() +23 i, () cos(ng),  (15)

n=1

and the integration formula,

/ ©d|q|
o 194l
Importantly, the ¢/, -integral gives a constant although
originally in momentum space the angular dependent terms
are singular 1/¢3 [see, Eq. (4)]. At higher orders there are
double logarithmic corrections but they can be resummed

together with the angular-independent term [36,37]. After
this resummation, we arrive at

RPAES (16)

dS ep—e'gX J_de_
2 cos(ng) / J.(lg b))
dy,d*P, d*q, Z (27) 1[1Pu]
Cra,c,
X ZO-U qfq Xq,/lb) d
X e‘S“dm(bi'PL' ), (17)

An important feature of the above result is that the Fourier
coefficients scale as

(cos(ng)) o« g} (18)

in the small-g, region [37].
To evaluate (17), following Ref. [92] we employ the so-
called b,-prescription to suppress the large-b | region and
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introduce nonperturbative form factors associated with the
initial and final-state radiations,

Sud®(b, ) — Sud®d(b,) + Sudfp(b,) + Sudjfﬁ,(bl), (19)

where b, = b, /\/1+ b2 /b2y with by, = 1.5 GeV~'.

The form factor associated with the incoming quark is
[93,94]

Sud{p(b,) = 0.1066% + 0.421n(Q/Qy) In(b, /b,), (20)

with Q3 = 2.4 GeV? and that for the final-state jet is
assumed to be

Sudp(hy) = gab?. (21)

We note that there is no constraint for g, from experimental
data so far. For an illustration, we employ the value
gn = 0.1 GCVZ.

The numerical results for cos¢, cos2¢, and cos3¢
azimuthal asymmetries in typical kinematics of EIC are
presented in Fig. 4. One can see the scaling (18) in the
small-g | region. For narrow-jet (R = 0.4, top panel)
production, the cos ¢ modulation is dominant as expected,
though the cos(2¢) and cos(3¢) modulations are not
negligible. Interestingly, the latter two flip signs for fat-
jet (R =1, bottom panel) production, while the cos¢

0.8f cos¢
o b cos2¢
g N3] JR— cos3¢
@ -
IS -
€ 0.4 Pt
> -
%) -
< -
ozr /e
0.0¥mmzmtili sy o
0 1 2 3 4 5 6
qr(GeV)
0.6} '
cos¢
0.4Fccaan
® cos2¢
2 .o cos3¢
g 0.0
g e N
% -0.2} ""#r_ ~~~~~
< el
-04F T, o NS
0.6}
0 1 2 3 4 5 6

FIG. 4. Azimuthal asymmetries in lepton-jet production in ep
collisions at /s =140 GeV, P, =20GeV, y,= 1.5, 0=25GeV,
gn = 0.1 GeV with different jet cone sizes R = 0.4 (top panel)
and R = 1.0 (bottom panel).

modulation is relatively unaffected. This can be understood
from the numerical results of ¢,(R) as shown in Fig. 3.
When the cone size R increases from 0.4 to 1, ¢; remains
positive, while ¢, and c; become negative.

We close this subsection with a remark on the QED
radiative contribution to the azimuthal angle asymmetries.
When computing the graphs with a soft/collinear photon
emitted from the final-state electron, the fixed order

calculation produces a large logarithm nZ (roughly

m2
~19 for typical EIC kinematics, see Sec. V), which
compensates for the smallness of «a,,, to a large extent.
This contribution can be considered as part of QED
radiative corrections, similar to that discussed in Ref. [95]
for inclusive DIS.

B. Photon plus jet production in pp collisions

Next, we consider photon plus jet production in pp
collisions. The dominant partonic channel is g(p;)g(p,) =
q(k;)y(k,). The leading order cross section of this process
is given by,

dooPP=raX .
dQ = ngg yqxqfq(xq)xyfg@cg)éz(QL)y (22)
q
2 a~ A
where 6’77 = “Centd [~ £ — 1] with the usual Mandelstam

variables for the 2 — 2 partonic processes: § = (p; + p»),
7= (py—k,)?* and & = (p; — k,)*. In the above equation
dQ = dy,dy,d*P, d*q, represents the phase space of the
final-state photon and jet, and y, and y, are their rapidities.
The parton momenta fraction are fixed according to
Xgg =P (e +e™7)/\/s. At one-loop order, the soft
gluon radiation gives the following contribution

2 d3kg 5(2) k
g (Z@TE,C (g1 +kg1)

C C
X |:7Asg(pl7p2) +7F(Sg(kj5 pl) + Sg(k./’pZ))
c,-C
- %(sg(kj’pl) - Sg(kl7p2)):|
a; 1 s
= 27[2% (Ca+Cr) IHE +(Ca = Cp)(ys = y,)

+ Cr(co + c12cos(@p) + 2 cos(2¢) + - )] . (23)

where we used the results in Appendix B. ¢, are the same as
in the previous subsection. Again the singularities in the
azimuthally symmetric part can be resummed to all orders
in the TMD framework. Considering that the initial state
consists of a quark and a gluon, we obtain the resummed
Cross section
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6 pA—ygX
dd _E :/d L eldn by Gl9=14

x xqfq(xq)xqu(xg)e‘SUd‘”(bL.PL,R)
(1 + Zas](:t) (= n’ Cre, ZCOS(nqu))

- (24)

where ¢, is the angle between b and P . Clearly, the first
term in the above contributes to the azimuthal angle
averaged differential cross section. The second term
|

P
Sud®(b,,P,.R) = / +dpas(w)
Kb

where fy = 11/12 - N;/18.

For the numerical evaluation, we need to introduce
nonperturbative form factors similar to (19) and (20). In
the present case, we take

Cy+Cp

F

Sud®9(b, ) — Sud®9(b,) + Sudf,+SudS,,  (27)

where Sudy; is the same as (20) with Q — P . The results
for (cos(n¢) (n = 1,2, 3) are shown in Figs. 5 and 6 for the
RHIC and LHC kinematics, respectively.

Similarly, for the gg — gy channel with the Born cross
section

. 2a,a,,,e2C i
qq9—=Y9 — em q F - 28
70 N5 L * i]’ (28)

one can obtain the following eikonal factors due to soft
gluon emissions

Cy Cy
7Sg(pl ky) + EX
Cy

-C
—%(Sg(m,l?z)

=2Cp ln— +C, (co + Z 2¢, cos n¢)) (29)
C]

n=1

(Sg(P1>P2) + Sylky, p2))

- Sg(kJ’ Pz))

which is related to the gg — gy channel through the
crossing symmetry (k; <> p,). Thus the corresponding
perturbative Sudakov factor reads

_ Prd §
Sud?? = / = dpas(p) {ZCF {lniz -
w M z H

Similar numeric results can be obtained for this channel as
well. However, at the RHIC and LHC kinematics, the

%] + CACO}. (30)

{(CA +CF)1 2

contributes to various cos(n¢) asymmetries, which can
be further written as

d(’GPA_’MX

_22005 ne) /b(ldb)l J.(lgL|bL))

Cragc,
X Za(e)qxqfq (xq7ﬂb)ngg(xg) Fn;[
q
x e—Sud®(b P, R) (25)
The perturbative Sudakov factor is given by
3Cr
—2Cho———+ (Ca=Cp)(yy=vy) + Crco ps (26)

I
qq — yg channel is negligible as compared to the gg — yq
channel.

A few additional remarks are in order before we leave
this section. First, as demonstrated in the above two cases,
in which only one of the final-state particles is colored
while the other measured particle is color-neutral, the
coefficients of odd harmonics are nonvanishing, and the
dominant azimuthal angle correlation between ¢, and P
is of the form cos(¢). This is simply due to the fact that the

0.4
cos¢
» 03[ === cos2¢
L e cos3¢
©
€ 0.2
IS
>
2
oL - .
0 Oz z=m 2T sz enmnnnrene
0 1 2 3 4 5 6
qr(GeV)
0.20
0.15 cos®
o == cos2¢
2 010 .. cos3¢
[}
€ 0.05
IS
§ 0.00 I
-0.05 e
-0.10 -
0 1 2 3 4 5 6
qr(GeV)

FIG. 5. Azimuthal asymmetries in photon-jet production in pp
collisions at RHIC as a function of ¢,. /s =500 GeV,
yi=y,=1,P; =20 GeV, gy = 0.1 GeV, R = 0.4 (top panel),
R =1 (bottom panel).
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FIG. 6. Azimuthal asymmetries in photon-jet production in pp

collisions at the LHC as a function of ¢,. /s =7 TeV,

yy=y,=2,P; =100GeV, gy = 0.1 GeV, R = 0.4 (top panel),

R =1 (bottom panel).

soft gluon radiation close to the measured jet is favored.
The asymmetry grows with ¢ | and can easily reach 10% or
even > 20% when R is small.

Second, we expect that similar conclusions should hold
in other processes such as Higgs (or Z/W boson) plus jet
production in pp collisions. For the case of the production
of Z/W plus jet [34,35,96], the Fourier coefficients ¢, and
the Sudakov coefficients are identical to those in the photon
plus jet case. For the case of the Higgs plus jet, the
asymmetries are proportional to the same c,,, and the angle-
independent results including the Sudakov factor can be
found in Ref. [97].

At last, since the pure initial-state gluon radiations
[represented by S,(py,p,) in our calculation] do not
generate asymmetries, and one of the final-state particles
is colorless, one can find that only one set of the Fourier
coefficients cfi (see Appendix A and B) arises from the gluon
emission related to the final-state jet. In contrast, a set of
more complicated asymmetries depending on the rapidity
difference of the final-state jets can arise from the eikonal
factor S, (k. k,), which involves two final-state particles. In
the following section, we consider the production of two
colored particles (jets) and study their angular correlations.

III. DIJET IN THE FINAL STATE

In this section we consider diffractive dijet production in
yp or yA collisions and inclusive dijet production in y p and

pp collisions. Since there are two colored objects in
the final state, the dominant asymmetry is expected to
be the cos(2¢) term arising from soft gluon radiation along
the nearly back-to-back jets. We will only focus on cos(2¢)
asymmetry in this section. The extension to other higher
harmonics [such as cos(4¢)] should be straightforward.

A. Diffractive dijet production

We first study the diffractive photoproduction of dijets,
Yp = qq + p, YA = qq + A. In this process, an on-shell
photon fluctuates into a quark-antiquark pair which then
scatters off the nucleon/nucleus target via a color-singlet
exchange and forms a final-state dijet with momentum k;
and k,. This process can be studied, for example, in
ultraperipheral pA and AA collisions at RHIC and the
LHC, and the first data from the CMS collaboration came
out recently [39]. It can also be studied at the planned EIC
in the future. Because the initial state does not carry color,
there will be only final-state radiation from k; and k,.
Therefore, the soft gluon radiation kernel is simply given
by the eikonal factor

2k, - ky

Sy(ky,ky) = T
g g

(31)

The above factor corresponds to the classical eikonal
radiation from the fast-moving external currents k;, which
is valid in the soft limit. Integrating over the phase space
(see Appendix B), we can write

Pk
gz/mém((u + kg1 )CpSy(ky. ky)

Cra, . . .
=2 10" (q1) T 2c0s2p)ef(qh) +- ] (32)
Since the dijet configuration is symmetric, there is no cos ¢
term. Note that, for once, we have included ¢ | -dependence
in the coefficients % for a phenomenological reason (see
below). As already mentioned in Sec. II A, in general c,
depends on ¢; due to power corrections. Fourier trans-
forming (32) to the b, space and including the virtual
terms, we find, at one-loop order,

- Cra. . /,[2
Sm(bj_):—F *cdiff(0)Inb
z O P’

+

Cray . : ;
1 [ @quenfegtiqh - o)

C as Cdiff qz)
_FTzcos(zng)/dml|2J2(|bL||QL|)%.

(33)

After resumming the logarithms and Fourier transforming
back, we obtain
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d’b, iq by ,—Sud¥™ (b, P R)
S(ql): W@ q1 Le 1.1

Cras(u i, i i
{1+ L) [opg st~ o)}
b db,

+2c05(29) [ 2L (g, s 00
T
Cra,(u cdiff (42
<) [ g pryioulia) S, e
4 q.]
where
‘ 2CpcdT(0) [P d
Sud®™(b,, P, ,R) = %()/ —ﬂay(,u) (35)
Hp

We emphasize that the value ¢ (¢, = 0) appears in the
Sudakov form factor. This is because only the leading
power contribution can be resummed into an exponential.
To carry out the b -integral, we include nonperturbative
Sudakov factors. Since there is no TMD quark or gluon
distribution involved, we use [see (21)]

Sud¥i™ (b, ) — Sud¥™(b,) + 2Sudp(b,),  (36)

where the factor of two is because there are two jets in the

final state.
Let us evaluate (34) in two different ways. First we
ignore power corrections. In this case, and in the limit

R < 1, we can calculate ¢d(qg ) ~ cdi(0) analytically

Cgiff(()) In R2 ,
41(0) = 2. (37)
ag depends on the rapidity difference Ay, = |y; — y»| as

ay = 8/t = 2 + 2 cosh(Ay;,). The function a,(Ay;,)
remained undetermined in our previous publication [38],
but here we can report a fully analytic result

Ina, = Ay, sinh Ay, — cosh Ay, In [2(1 + cosh Ay, )]
LA P (38)
t —u i -t

obtained after a rather lengthy calculation outlined in
Appendix B. Equation (38) has a very mild dependence
on Ay,. It increases slightly from a, = 1/4 to a, = 1/e
when Ay, goes from 0 to oo [38]. When R is not very
small, we can calculate ¢3 numerically using the formula

g /2 d¢pcos2nep(z —2¢p)
e(0)= ﬂA sin¢ghcos ¢

Rd 2
+— / cos n(/)( —2¢+2tan”
V3

Y — lcothy tang)]),

(39)

where y, = \/R? — ¢* as before and we assumed Ay, = 0
for simplicity. In particular, we find for R = 0.4,

it =322, i = 0.60,

(40)
and we may use the formula (16) since ¢, is independent of
q .. The leading order (LO) and resummed results for
(cos(2¢)) are shown in the upper panel of Fig. 7 for the
LHC kinematics with R =0.4. The LO asymmetry is
obtained from the ratio of ¢§ to ¢Jiff, which is a constant
in the soft gluon limit. In the small q, region, we find
(cos(2¢p)) « g% as expected, and in the large-g | region the
asymmetry reaches a plateau.

However, recent experimental data from the CMS
Collaboration [39] show a monotonically increasing behav-
ior in the large g, region. We have noticed that this
discrepancy can be alleviated, at least qualitatively, by

0.30
0.25}
A 0.20f
& P
% 0.15F !
S ! =0.1
vV 0.10} | Gn=0-
'l """ g,\=0 05
oos5p )Y e LO
1)
r/
0.00 :
0 2 4 6 8 10 12 14
qr(GeV)
0.30 ————————
0.25F e
A 0.20f gz
c%- "’\ _______
% 0.15F i
o] {
vV 0.10} | 9r=0.1
gl gn=0.05
oo05p 4 LO
1
1y
0.00 :
0 2 4 6 8 10 12 14
qr(GeV)

FIG.7. Azimuthal anisotropy in diffractive dijet production y +
A — gg + A in ultraperipheral heavy ion collisions at the LHC.
The kinematics correspond to the CMS measurements [39] with
P, =135 GeV, R = 0.4 and the two jets are at the same rapidity
Ay, = 0. The plots show (cos(2¢)) as a function of ¢ . In the
lower panel, we have included certain power corrections qu_ / le
as explained in the text.
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including the following two sources of power corrections.
First, when ¢, gets larger, |k, | differ from |P,|=
|ki1 — ko |/2 significantly. We can correct for this differ-
ence by computing the soft emission kernel using the exact
kinematics

2 cosh(y; —ya) —cos(¢h — )
g7 (cosh(y, —y) = cos(¢ — ;)

X (41)

Sy(ky ky) =

where k, 21 =q1/2% P, ¢, and ¢, are the azimuthal

angles of k 1L 1?2 1 and l;g . with respect to P |, respectively.
Second, we impose precise rapidity cutoffs for the y,-

integral. For instance, when y; = y, = 0, we integrate over

the range -In< < Yy < In<; instead of —oc0 < Yy < 0.

lq. g1l

These power corrections effectively make cdiff and c§iff
dependent on g, . It is interesting to note that ci is mainly
affected by the first source, whereas ¢§f receives contri-
butions from both sources with opposite signs. We have
reevaluated (34) taking this ¢, -dependence into account.
The result is that (cos(2¢)) now becomes an increasing
function in the large-¢g | region as shown in the lower panel
of Fig. 7. The wiggles on the leading order curve are caused
by the cancellation of the two sources in ¢ mentioned
above. Of course, this is not a fully consistent procedure as
we ignore other possible sources of power corrections such
as those coming from the hard part. Yet, the better agree-
ment with the CMS data may suggest that these are an
important part of power corrections. In Fig. 8, we plot the
asymmetry for EIC kinematics. Its size and ¢, dependent
behavior is similar to that in the CMS kinemic region
except that the nonperturbative effect is more significant.

We can also derive the resummed, full ¢-dependent cross
section. Instead of Fourier expanding as in (32), we can
decompose the soft factor as

0.30

0.25}

A 020 seeereee L oo momnmE

A .

S 0.15} /
8
vV 0.10}f

005¢ S/ e LO

0.00 . . . .
0 1 2 3 4 5

FIG. 8. Azimuthal anisotropy in diffractive dijet production y +
A — gg + A at the EIC with P, = 15 GeV, R = 0.4 and the two
jets are at the same rapidity Ay, = 0. The plots show (cos(2¢))
as a function of ¢, . The power corrections are included.

a,C dy 2k, - k 4.cdiff a,Cp cdiff
g{/ e > }+ T, (42)
(27) (ky k) (ky - ky) 44 2 4

where the term in the bracket is free from infrared
divergence after averaging over ¢. The last term can be
combined with the virtual contribution and get exponen-
tiated. The resummed soft factor thus takes form,

Sta1) = [ e 1+ ) (6.)]

Cp [Pldu*
X eXp |:_ A F/ Lizcglff]’ (43)
T Jiz M

where f(b ) is the Fourier transform of

FORERLCN § ORI TE S R

I (kl ' kg)(k2 : kg) qi
To evaluate (43) efficiently, we avoid the task of computing
the Fourier transform of f(k ). Instead, we proceed by
rewriting (43) as

S(q1) = S,(q1) + / Pk F(k)Sa(qr — k). (45)

where

&b, a, [PLdp®
= — —eP1qy __5 diff
a0 = | PR e"p[ n/ﬂg v CO}

Prdu? .
X exp [— % /2 . Lz cglff} . (46)
Hp

The subscripts s and a denote the azimuthally symmetric
and asymmetric parts, respectively. The k| -integral in (45)
can then be done straightforwardly after including the
nonperturbative Sudakov factor.

We plot the resummed azimuthal angle distribution of
g S(q.) in Fig. 9 (lower panel) for different values of ¢,
and also the leading order result (upper panel) for com-
parison. The scale of the coupling constant in the leading-
order calculation is chosen to be P . One can see that the ¢
distribution becomes smoother after performing the all-
order resummation.

B. Inclusive dijet in yp collisions through yg — ¢4

Next we turn to inclusive dijet photoproduction
yp — jjX. Here we focus on the direct photon contribution
through yg — ¢g channel. The leading order cross section
of this process is given by,
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FIG. 9. Azimuthal angle distribution of g2 S(g, ) in diffractive
dijet production y + A — gg + A in ultraperipheral heavy ion
collisions at the LHC. The kinematics corresponds to the CMS
measurements [39] with P; = 35 GeV, Ay, =0, R =0.4 and
gan = 0.05 GeV. The leading order result (top panel) and the
resummed results (bottom panel) are presented for different
values of ¢ .

doorP—aaX

o = NS )P, @D

where o)’ represents the leading order cross section, dQ =
dy,dy,d®P d*q, for the phase space, and f,(x,) is the
gluon distribution with x, = P, (e" + ")/, /5, is
momentum fraction of the nucleon carried by the gluon.
The amplitude squared of the one soft gluon radiation can
be written as [28],

- N 2k - 2k, -
M2 = o [ (e B )
2 kl . kgp2 . kg k2 . kgp2 . kq
1 2%, -k,
) 48
+< 2Nc)k1’kgk2'kg:| ( )

where M|, represents the leading Born amplitude and the
expression inside the square brackets represents the color-
weighted sum of the eikonal radiation functions. All pairs
external color lines need to be summed over. Applying the
results from the Appendix, we obtain the soft gluon
radiation contribution to the differential cross section,

d%c a, 1 P?

—| =odf —— |Caln—

0., =) (O
+2Cp(clY + 2 cos(2¢) + - )] . (49)

In the small-R limit, we have
cf = ln%,
o Caga 1 @
2 2Cr R?* 2CpN, R?
ay 1 a)

=In——-——In—=, 50
nR2 2CFNC nCl] ( )

where a; = 1/e and a, is the same as in the previous
subsection. In the following numeric calculations, we will
apply ¢}/ = 3.14 and ¢/ = 0.96 for R = 0.4 and the two
jets are at the same rapidity.

We now perform the resummation of double logarithms
in the standard TMD framework,

d60' JZBJ_ —i7 7o
@ = 2 [ e I )

ab
—2cos(2¢) W5 (|b )], (51)
where
W()p(bi_) = ngg(xmﬂb)e_Swa(Pi'bL), (52)
$1044 _ 199%CF 5
W, (b)) = %) TWO (b1). (53)

Again, we separate the Sudakov form factor into the
perturbative and nonperturbative parts

Sud”’(bl,Pl):Sudgé’n_(b*,PL)+Sudly\f;(bL,Pl). (54)

The perturbative part is given by

Podua,Cy . P 2C
sudt, = [ —:“”A[n—ﬂé—Zﬂw—C:cég, (55)
Hp

and we apply the b, -prescription. The nonperturbative part
for the present problem is

C .
Sud?, = C—;‘ Sudfp + 2Sudp, (56)

with Q — P, in (20).

In Fig. 10, we show the numerical results for (cos(2¢))
as a function of ¢ for the typical kinematics at the future
EIC, V= 100 GeV, P ~15 GeV and the two jets are at

the same rapidity. Compared to the results in the diffractive
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0.20

Incl. Dijet in yp collisions

o
=
5

o
O
[=]

(cos(2¢))

o 9
o o
S O

o
-
N
w
SN
[$)]
[e)]

qr(GeV)

FIG. 10. Anisotropy of inclusive dijet production in yp colli-
sions at the future EIC for the typical kinematics:
/S, =100 GeV, the leading jet P, =15 GeV and both jets
are at the same rapidity. Here we plot (cos(2¢)) as function and
q ., where ¢ is the azimuthal angle between ¢, and P .

case studied in the above subsection, the impact of
resummation is more pronounced.

C. Inclusive dijet in pp collisions
from gg — gg channel

At the LHC, dijet production is dominated by the gg —
gg channel. The soft gluon radiation contribution to the
azimuthally symmetric part of the differential cross section
has been derived in Ref. [30]. In this subsection, we extend
this work to the angular dependent part. The leading Born
amplitude can be decomposed as

Alfabefcde + A2facefbde =+ A3fadefbce’ (57)
where a, b, ¢, d, are color indices in the reaction
P1aP2b» = ki.kyy. From the above color structure, we
notice that A, ,; represent gauge invariant amplitudes in

[Ao[*Ca[S,(pP1. p2) + Sy(ky. p2) + Sy(ka. p2)]
N,

(S, (k. p2) + S, (ks pa) = S, (k. ko) {

+ (Sy(k1, p2) + Sy(p1. p2) = Sy(ky, p1)) {

+ (Sy(ka. p2) + Sy(p1. p2) = Sylkas p1)) {

By applying the following relation,

N,

the s, ¢, u-channels, respectively. After summing over gluon
helicities, one finds the following useful results

A2 32 ~2
u-—+r . u
A%:N 32 5 A1A2:N7,
A2 a2 2
u-—+s ; t
A3 =N 7 AA=-No,
2.3 22
SR o) v S
A3_N7, A2A3—Nﬁ, (58)

where N represents the overall normalization. The leading-
order amplitude squared can be written as
Aol = (AT + A3 + AT + A1AS — A1A + ApA3),
(P+P+2)(* + 7 +at)
=N 27272 ’
257170t

(59)

which is consistent with the well-known gg — gg Born
amplitude square. The soft gluon radiation amplitude soft at
one-loop order (real diagram) takes the form [30],

2k4
—L 7 ser A1 favef tae + Asfafef bae + Asfadefbre]
2k, -k,

2k,
+ A fgdf[Alfahefcfe + A2facefbfe + A3fafefhce]
2k, K,

2ph
+ ﬁf gaf AL poeSf cae + Aof peef bae + AsS paeS beel-
g

N, N, N,

2
N

N,
+ |:_CA§ _J(A% +A% —+ 2A2A§ - 2A1A;):| s

2 4

we can rewrite the amplitude squared as

(60)
Squaring this, we get
N
5 Al - TC (A3 + A2 +2A,45 - 2A1A’3‘)]
N, N,
—jA% - TL (A} + A%+ 24,45 + 2A2A§)] :
N N
—TCAg—TC(AHAngzAQA; —2A1A§)]. (61)
(62)
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<wmmw%mhﬂ&

+ (Sy(ky, p2) + Sy(ky, p1)) [N?

N
A2 4+ —¢
21+4

m%&%&m@—mdﬂ

N
Cﬁ+¢@%ﬁ+m&+%%ﬁ

4

NC NC * *
+ (Sy(ky, p2) + Sy(ka, p1)) [7145 T (A7 + A3 + 24,45 - 2A1A3)] . (63)
Furthermore, we use the following results for A;, A, and A;,
N, N N1 N,
Moz Mea + 3 2mm; — 20| = NP P Ty ey Nz s 2o+ 20003)
2 4 45 4
N8 +@? N, N, . .
=1 M%%7£+IW+Q+MA—M@J
N §*+7
=S A (64
|
We emphasize that the above results are gauge invariant W(g)f’ (b)) =x; fg(xl, Hp)Xn fg(x27 #b)e—Sud"”(h,Pi)’ (67)

components in the amplitude squared of the gg — gg
channel. Using the results of Appendix B, we obtain the
differential cross section

d66 A CA P2
— 2In—-
dQ soft 00 gfg( ) 2” |: qJ_
+2(cf! + 52 cos(2¢p) + - )} . (65)

where ¢’ represents the leading-order cross section, dQ =
dy,dy,d®P d*q, for the phase space, and f,(x,) is the
gluon distribution with x; = P (e”' + ¢2)/4/s and x, =
P (e™ +e™2)/y/s are momentum fractions of the
incoming hadrons carried by the gluons. In the small-R
limit, we have

~ ~ N ~
o 1 t s 17} K
In— += —In— + —In—/,
22—t -1 §*-in -
t2+122 ap

#:m%+ (66)

where ay | , are the same as in the previous sections.
The all-order resummation for dijet production in pp
collisions at the next to leading logarithmic level has to be
done in a matrix form in color space [30]. This is because
the final-state jets and incoming partons form a color
antenna with various representations of the color SU(3)
group [98,99]. For simplicity, we work in the improved
leading logarithmic approximation (LLA’) where we
include only the diagonal part in color space, namely,
the leading double logarithms and those single logarithms
associated with the initial parton distributions and final-
state jets (The terms which depend on kinematic variables
in ¢}/ are omitted.) In this approximation, we can write

where f, ,(x, ;) are parton distributions for the incoming
dyu2a,C,

partons a and b, and
P P2

Sud%izt/mL s { ()-—2ﬂ0+1n }. (68)
w HoT w R?

Note that only the jet-size dependent term in ¢’ of Eq. (66)
was included in the above Sudakov form factor The rest
should be included in the matrix form of the resummation
beyond the approximation we adopted here. For the
cos(2¢) term, we have

(ZCA

WE(bL) = =2 Wi (bL). (69)

The numerical estimate of the resulting cos(2¢) asymmetry
for the LHC kinematics (after including nonperturbative
Sudakov factors) has been presented in Ref. [38]. Going
beyond the LLA’, we need to use the matrix form of
resummation. The matrix for the cos(2¢) term may be
different from that for the azimuthally symmetric term [37].

For completeness, below we present the results for the
other partonic channels in pp collisions. Following the
same procedure as shown above for the gluon channel and
employing the results summarized in Appendix B, one can
obtain the corresponding expression for the g’ — gq’
channel as follows:

d°c 7 a, Cr [ P
— =ollx,f,(x,)=—>— [2In—=
dQ soft 0 Tl 27[2 q2 qJ_
+2(cd? + 372 cos(2¢) + )} (70)
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In the small-R limit, one finds

N2+1. 3 N§—3ln§
N2—1 -a

~

¢’ =In R2+ N 15

1 a 1 a
49 = —i—N—CF(cgf )= lnR_12+4_11na_T’ (71)
c

where ¢? agrees with the result in Ref. [30] with N, = 3.
Similarly, the results for the gg — ¢g can be cast into

d°c oy P?
—  =0llx,f,(x ) {ZCA L
dQ soft 0 Yol QQJ_ qi_
+2Cp(cl7 + 72 cos(2¢) + - - )} . (712

In the small-R limit, one finds the expressions for the
coefficients

" N2 [PInd +a?InS
i =In5 T (73)
2Cp | Cp8*— N ti
82+ 2N%iii
cg‘f—ln—+ s —m®. (74
4N CF(CFS - N, tu) a

For the inverse process of the above channel, i.e., gg — gg,
. P’ .
one simply can replace the color factors of In ﬁ and Fourier
1

coefficients by Cr and C4 in Eq. (72). Then the first two
coefficients are

7 Cp—N. § N Phni+a*ns
93-99 _ | ao F cn
“ et TN Mty e N

q— ay (ﬁ )
cywzmﬁ+h57——T% (75)

For the gg — qgg channel, we have the following
soft gluon radiation contribution to the differential cross
section,

d60 Ay CF + CA
—o| = 00"%f ¢(xg)xyf 4 (xg) 55 ——5—
4o woft 0 q q 9 q 277: qJ_
Pl 4o a0
x |In—= + ¢l + 72 cos(2¢) + - - -|. (76)
a1

Taking the small-R limit, one finds

n _+(—20§2+5§12+61f42) L5
R*  13(48% —3a+40%) -
(118> = 2330+ 112°) 3§
13(4@2—3~a+4a2) "

9(9% - 1) a

¢4 =12 m?, 77
+26(4 “sa+4id) | a (77)

where c(’ also agrees with the result in Ref. [30] with
N, =3 and c3’ is new. Here we have neglected the odd
harmonics since those terms vanish when final-state jets are
symmetrized.

Let us comment on the patterns of the above logarithms
that one observes from the various processes. First, the

P? . .
color factors of the term lnq—zL are associated with the
1

incoming partons, while the color factor of the logarithm
ln s+ are determined by the final-state jets. The second term
of the coefficients ¢y, and ¢, are process dependent. In
particular, the an—? terms are expected to be small and it

vanishes when Ay, — 0.

IV. DIJET PRODUCTION IN DIS TO PROBE
THE LINEARLY POLARIZED
GLUON DISTRIBUTION

In this section, we return to inclusive dijet production in
DIS off a nucleon/nucleus

e +A(py) = € + jet (ki) + jetr(ky) + X. (78)

Differently from Sec. III B, here the exchanged photon is
virtual with invariant mass squared g> = —Q’. As men-
tioned in the Introduction, this process has been proposed
to study one particular aspect of the gluon distribution in
the nucleon/nucleus, the so-called linearly polarized gluon
distribution [17-20,100]. The dependence of the differ-
ential cross section on ¢; = k;; + k,| is sensitive to the
TMD gluon distributions of the nucleon/nucleus. Among
them, the linearly polarized gluon distribution will lead to a
characteristic cos(2¢) asymmetry, where ¢ is the azimuthal

angle between g ;| and P | [18]. This observation has gained
more importance when it was realized that the linearly
polarized gluon distribution is of the same size as the usual
gluon TMD distribution in the small-x saturation formalism
[19]. Since then, several proposals have been made to
measure the cos(2¢) asymmetry at the planned electron-ion
collider [17,20]. Moreover, the distribution has been widely
applied to many other processes [21,22,101-107].
However, there are two important issues which compli-
cate the interpretation of such measurements, but have not
been adequately investigated in the literature. First, the
collinear gluon radiation from the incoming parton can
generate the cos(2¢) modulation. This has been well
understood in the collinear-factorization framework at
moderate transverse momentum and also in the TMD
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resummation formalism [48,49,92,108,109]. This pertur-
bative effect can mimic the nonperturbative, intrinsic
modulation due to the linearly polarized gluon distribution,
but it has been largely ignored in the previous phenom-
enological studies. Another source of the cos(2¢) corre-
lation that has been missing in the literature of the linearly
polarized gluon distribution is the soft gluon radiation from
the final-state jets as pointed out in [38] and discussed
in the previous sections. Therefore, in order to reliably
extract the linearly polarized gluon distribution through the
measurement of the cos(2¢) asymmetry, it is important to
quantify these ‘background’ effects.'

In this section, we perform a systematic study of the
cos(2¢) asymmetry in DIS dijet production including the
above three physics; the ‘intrinsic’ and ‘collinear radiation
generated’ linearly polarized gluon distributions, and the
final-state soft gluon radiation contribution. We shall focus
on the TMD domain, i.e., P, > ¢, where the leading jet
transverse momentum is much larger than the total trans-
verse momentum of the two jets. In this region, we have to
perform an all-order resummation of the logarithms
(a,In* P /q7)".

Previously, the TMD resummation for the linearly polar-
ized gluon distribution has been studied in Refs. [48,49,108]
and its impact on Higgs Boson production was found to be
very small [112,113]. Resummation effects on the cos(2¢)
in photon-jet correlation have also been studied in Ref. [21],
which, however, only included the intrinsic linearly polar-
ized gluon contribution. Our calculations in the following
will show that the collinear radiation generated linearly
polarized gluon distribution dominates over the intrinsic one
at higher hard momentum scales 0?, say, at the scale of the
Higgs mass. However, their relative importance strongly
depends on O, and this leaves an opportunity to explore the
transition from intrinsic to collinear radiation regimes in
future experiments.

A. Linearly polarized gluon distribution

In this subsection, we briefly introduce the linearly
polarized gluon distribution and study the associated
QCD evolution. The TMD gluon distributions are defined
through the following matrix element [114—116],

-0 L
le(X,kJ) — /dPi ((;75;3_ e—ixP*f_JrikJ_fJ_

X (PIF* (& &)L, (67.8))

X Ly (0,0, )FEH(0)|P), (79)

where the nucleon moves along +2-direction and F%” is the
gluon field strength tensor. The light-cone components are

"Recent studies [110,111] show that power-corrections in the
hard part can also affect the cos(2¢) asymmetry from the linearly
polarized gluon distribution.

defined as k* = (k° & k%)/+/2. In the above equation, x is
the longitudinal momentum fraction carried by the gluon
and k| is the transverse momentum. The gauge link £, is
constructed in the adjoint representation and depends on
the process [117]. For an unpolarized nucleon at leading
twist, the above matrix element contains two independent
TMD gluon distributions [115],

Mo (1) = 5 [ k)
-l—xhg(x,kL)(Zky 1K di)} (80)

where ¢ has only transverse components g” = &,
f4(x,ky) is the usual azimuthally symmetric TMD gluon
distribution, and h,(x, k, ) is the linearly polarized gluon
distribution. %, vanishes when M is integrated over
transverse momentum, which means there is no integrated
version of the linearly polarized gluon distribution /,(x).

To apply TMD gluon distributions in hard scattering
processes, we have to take into account the TMD evolution
and resummation. For the azimuthally symmetric part, we
follow the standard scheme (also called Collins 2011
Scheme) [94,118-120] which reads, in coordinate space,

fole by ¢e=0%) = e—Sud,Zm<Qz.,b*>—Sud§P<Q,bi)
X:F chﬁ@ftx:ub)

(81)

where the perturbative Sudakov factor is process dependent
(to be specified below) and the nonperturbative part is given

by Sud{, = CA Sudl’{IP We have set the rapidity regulator £,
and the renormahzatlon scale u*> to be both Q?, and

ﬁg(aS(Q)) =1+ 0O(a,) in the standard TMD scheme.
For the C-coefficients, we use the one-loop results

Cyry =6(1 —x)+ O(a?), (82)
asCF
Cg/q = 7)6, (83)

in the standard TMD scheme. Note that in this scheme C, /g

vanishes at one-loop order. Numerically, we find that the

(1 )q is negligible. We therefore only

keep the delta functlon term in (82) in the following.
The Collins-Soper evolution equation for the linearly

polarized gluon distribution can be derived in a similar

manner. Again in the b -space, we parametrize as

contribution from C

b, = (gi— ””””)w,bu, (34)
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where the tensor structure is uniquely determined by the
traceless condition. The solution of the evolution equation
takes the form

fzg(x, bJ_;Z:c _ Q2> — e_SUdge"‘(Qz'b*)ilg<x, bJ_’Z:c ://lb)' (85)

The distribution at the lower scale . = y,; does not contain
large logarithms, but it cannot be written similarly to (81)
because there is no integrated ,, distribution. In the large-
b | region where physics becomes nonperturbative, it has to
be modeled. Following Ref. [102], we parametrize the
linearly polarized gluon distribution in term of the normal
gluon distribution,

21,2 2 02
= eQib1 "% a0
hg(X,bJ_’/‘b>|bJ_>>A51CD =T,y ere we(Q:62)

xfg(xv/"b)’ (86)

where Q) ~ 1 GeV and f,(x,u) is the integrated gluon
distribution. In this model, we assume that the linearly
polarized gluon distribution has the same x-dependence as
the normal gluon distribution f,(x, u). In reality, they may
be totally different. Equation (85) with Eq. (86) (extrapo-
lated to the full b, region including small-b ) is what we
call the intrinsic part of the linearly polarized gluon
distribution. In momentum space, it is proportional to k%
in the small k, region and satisfies the positivity bound
h, < f,. As mentioned already, in most literature only this
part has been used to calculate the cos(2¢) asymmetry. In
such approaches, h,(b,) ~ b% as b, — 0.

However, we know that the small-b, behavior of the
linearly polarized gluon distribution is perturbatively cal-
culable via collinear gluon radiation at large transverse
momentum

- dx'
hg(xv bJ_’ Cc = l’lb)|,ub>>AQCD = Z/?fi(xl, ,u/?)
x Cyi(x/x', ). (87)

The C-coefficients start at O(a,), and are given by
[48,49,108,109]

o 1 -
Cuja =55 Crg+ Olad). (55)
A 1- f

The two-loop results have been recently derived in
Ref. [109]. In the following, as an illustration we only
use the one-loop results. We see from (87) that the correct
small-b | behavior is not quadratic but constant (up to the
logarithmic running of the coupling)

hg(x’ bJ_)hl<<1/AQCD o oy () (90)

This is so because there is no dimensionful parameter in
perturbation theory to compensate the dimension of 57 .

Comparing the large and small b, behaviors of the
intrinsic (86) and radiative (87) contributions, we notice
that they dominate fzg(x, b,) separately in these two
regions. Therefore, we can combine them together and
arrive at the following two-component model

hy(x’ bJJ Cc = Q2)

— o Sudse (Q%b")=Sud{,(Q.b,)

d /
< lon(bL) ) + [ A ) Cox/ g
o1)

Atlarge b |, the first term dominates, while at small-b | , the
second term dominates and the first term is negligible.

An important feature of (91) is that the scale (Q?)
dependence of the linearly polarized gluon distribution is
dictated by the Sudakov form factor. At very large Q?, it
pushes the b | -distribution to the small-b, region, and we
only need to take into account the contribution from the
second term. At low Q2 the large-b, region will be
important to obtain the &, distribution, and one may keep
only the first term to a good approximation. For moderate
values of Q2, we may need to take into account both
contributions. Therefore, by studying different hard proc-
esses sensitive to the linearly polarized gluon distribution,
we will be able to investigate the transition from non-
perturbative to perturbative regimes. This provides a unique
perspective for the nucleon/nucleus tomography study in
future experiments, in particular, at the planned EIC.

In Fig. 11, we show the ratio h,(x,k,)/f,(x.k,) as a
function of k, for different values of Q7 at a fixed value of
x = 0.05. These plots clearly demonstrate the above points.
In particular, it is interesting to notice that, for Higgs
boson production at the scale Q = M, the linearly
polarized distribution is completely dominated by the
collinear radiation contribution. On the other hand, when
0 =5 GeV, the k| -dependence is dominated by the non-
perturbative part. Of course, we do not know the actual
magnitude of the nonperturbative part. [Eq. (86) is just a
model.] However, our results suggest that this can be
constrained by scanning O in the relatively low momen-
tum region at the EIC.

In the above discussions, the separation of the intrinsic
and collinear parts of the linearly polarized gluon distri-
bution depends on the model we used, where they have
different behaviors at large and small b,. It will be
interesting to develop a model to capture both features
in a single setup. In particular, in the small-x dipole
formalism, both the linearly polarized gluon distribution
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FIG. 11. The ratio of the linearly polarized gluon distribution
over the symmetric one i,(x, k. (. = Q)/f,(x. k.. = Q) asa
functions of k, for different values Q =5, 20, 126 GeV with
x = 0.05. The blue and red curves are the intrinsic and radiative
parts, respectively.

and the normal gluon distribution can be calculated from
the same dipole amplitude [19] and it may be possible to
include the intrinsic and collinear parts at the same time.
Further developments are needed to implement collinear
gluon radiation contribution in the gluon distribution
functions in the small-x dipole formalism, see, for example,
the discussions in Ref. [121].

B. cos 2¢ correlation in inclusive dijet
production in DIS

We now calculate the cos(2¢) asymmetry in inclusive
dijet production in DIS using the linearly polarized gluon
distribution constructed in the previous subsection. We
focus on the gluonic channel y},9— qg where the
incoming photon can be transversely (7') or longitudinally
(L) polarized. In the collinear factorization framework, the
differential cross section can be written as

d%6TL dx’ R R
o = / S xf () EE +2c0s24)6TH, (92)

where dQ = dy,dy,d*P,d*q,. f, represents the inte-
grated gluon distribution. At the leading Born order, we
have

st =0yt (q)8E-1), &t =0 (93)
where &= x,/x" with x, being the momentum fraction
carried by the gluon. It can be determined from the dijet

kinematics as x, = (Z(}l)_iz) + 0%)/(s + Q?) where s is the

center of mass energy of the y*p system and z is
the momentum fraction of the virtual photon carried by
the quark jet.

Gluon radiations from the incoming gluon and the
outgoing gg pair will generate not only a nonzero trans-
verse momentum ¢ but also a cos(2¢) asymmetry. In the
TMD kinematics P, > ¢, we have both collinear and soft
gluon contributions,

(1 A 1 < P2
&l — P [pg/;@) +8(1-¢) (CA 1an{

S 2
+2Ckcl! +2C, lnSJiQ )] (94)
A(1 A 1 1_5 9
Gg) :Ggﬁg [CAT+G_25(1_§)2CFCQQ:|7 (95)

where 6 and o, are normalization factors for the differ-
ential cross sections and ¢}’ and ¢}’ are the same as those

defined for yg — qg subprocess in Sec. I1I B. 73273 denotes

the collinear splitting kernel without the delta function part.
The soft radiation part is essentially the same as (50) except
that now the phase space has increased § — § + Q? since
the incoming photon is virtual. Note that the Mandelstam
variables are related by 3§72t = P2 (5 + 0%)? in this case.
The above equations apply to both transverse and longi-
tudinal incoming photons. To leading order, we have the
following relations for the cross section ratios [19,100],

o) _ _ Pl oy _1 (96)
T_ 4_|_P4’ GL_2’
) €r 1 0

where €7 = z(1 - 2) 0%,

The singularity g, — 0 can be factorized and resummed
in the b | -space into the TMD gluon distributions f, and &,
as well as the soft factors associated with the final-state jets.
This converts (92) into

d°c &by o
@~ | G W)
~ 2cos(2) W (1. )

where the azimuthal symmetric term can be written as
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Wg*p(bi) - ngg(xgvﬂh) SUdlyﬂerI:(b )= S“dry\;p(hi). (98)

The perturbative Sudakov form factor is defined as

. dua,Cy [ P2 2
Sudgg;t—/l el A[I —L_28y+2In" $+0
wo MW s §
2C

and the nonperturbative part is the same as (56).
On the other hand, the cos(2¢) term consists of two parts

C o
WEP (b)) == 2 WGP (by) + 2 WP (by). (100)

The first term comes from the soft gluon emission from the
final-state jets [38], and the second term comes from the
linearly polarized gluon distribution whose resummatlon
has been discussed in the previous subsection.” Note that
the latter is absent in photoproduction studied in [38] and
also in Sec. III because o, vanishes when Q% =0 [see
(96)]. All in all, we arrive at the following representation

Sudpm (b.)=Sudl " (b,)

a,C o
X [ngg(xg’/“’h)( chg +6_(2)9h(bi)>

V3
+Z_(2) / gft( iy ) h/>t<xg>:|‘

Equation (101) clearly exhibits the three distinct contribu-
tions mentioned at the beginning of this section; the
intrinsic (~g,) and radiative (~C},/;) contributions to the
linearly polarized gluon distribution, and the soft gluon
emission contribution (~c%?).

The numerical results for the cos2¢ asymmetry are
presented in Fig. 12 for longitudinal (top panel) and
transverse (bottom panel) virtual photons for a typical
EIC kinematics with R = 0.4. While the contribution from
the linearly polarized gluon distribution (dashed curve) is
noticeable, it is overwhelmed by that from the final-state
soft gluon emissions in the whole range of ¢ | . The latter is
independent of the polarization (longitudinal/transverse) of
the virtual photon. In order to extract h, from this
observable, it is probably better to use larger values of
R, say, R = 1 to suppress the final state emissions. If one is
ultimately interested in the ‘intrinsic’ part of h,, further

WiP(by) =

(101)

*Our one-loop result only demonstrates the contribution from
the linearly polarized gluon distribution. The associated Collins-
Soper evolution for the linearly polarized gluon distribution will
eventually lead to a resummation following the discussion in
previous section. There is also a soft factor associated with the
final-state jet. We expect the same resummation formalism as that
in Wo.

0.5

<cos(2¢)>

<cos(2¢p)>

o 1 2 3 4 5 6
qr(GeV)
FIG. 12. The cos2¢ azimuthal asymmetries for the dijet
production as the function of ¢, with O =10 GeV, P, =
15 GeV,z = %, /s = 100 GeV and R = 0.4. The top and bottom
panels are for the longitudinally and transversely polarized
photons, respectively. The difference between the solid and

dashed curves is due to the final-state soft gluon emissions
which contribute equally in the longitudinal and transverse cases.

considerations are required (such as lowering Q) to sup-
press the ‘collinear radiative’” part of &, (see Fig. 11).

V. LEPTON PAIR PRODUCTION
IN TWO-PHOTON PROCESS

As a final example, we consider lepton pair production in
QED yy — ¢*(k;)¢~ (k,) which has been actively studied
recently in UPCs at RHIC and the LHC [66-72]. Similarly
to the dijet problem in QCD, the dilepton azimuthal
correlation is dominated by soft photon radiations from
the final-state leptons at small g, = k; + k»,

2%k, - ky

W 2k k
|M |soft € kl K ksk2 K ks

M2, (102)

where M represents the leading order Born amplitude
and the soft photon carries momentum k.

Working in the laboratory frame, we integrate the soft
emission kernel over the photon rapidity

s 1
Pzﬂli/ g(\/l—i—m?cosh(yg—
1

(v/1+ m? cosh(y, —y;) — cos())

y2) + cos(¢h))

(103)
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where m? = m?/P?% and m is the lepton mass. Because of

the mass term, there is no collinear divergence associated
with final-state radiations. In other words, m, plays the role
of R in the previous sections. The integral is carried out in
Appendix C, with the following result for the one-loop soft
factor

a 1
——In

i) g+(’)()
Cle

Sreal(qJ_) = (104)

where Q? the invariant mass squared of the lepton pair.
Adding the virtual contribution, we obtain the soft factor in
b | -space

. a 2 2p2
S(b;Q0.m) = ——In Q—1 0 —=. (105)
m CO

Comments are in order regarding the relation to Ref. [81].
In this reference, the photon rapidity integral was carried
out in the lepton frame (outgoing leptons are along the
z-axis), not in the lab frame. This resulted in a different
expression than (104), and the two results lead to slightly
different predictions for the acoplanarity of the lepton pair
in UPC at the LHC, mainly in the moderate acoplanarity
region. However, both predictions are compatible with the
data due to large experimental uncertainties.

In addition to the angular independent part (104), we
have also calculated the cos(2¢) term in Appendix C. In the
small mass limit, the ratio c¢,/cq is close to unity. This is
because soft photons are concentrated around the lepton
directions due to the collinear enhancement. In the limit
m — 0, the ¢-distribution of photons diverges around
¢ =0 and 7.

All-order resummation can be carried out similarly to the
previous problems. In place of the nonperturbative
Sudakov form factor, we introduce a simple Gaussian
factor which takes into account the intrinsic transverse
momentum of incoming photons (p | ). The total transverse
momentum distribution can be written as

d_N x & by eldr ble—g
d*q, (2”)

X [1 = Bea,2cos(2¢y,) + - -],

S(Q.m:by)

(106)

where f = %ln % For simplicity, let us set y; = y, and

define

(107)

The general results provided in Appendix C can be used to
compute cases with arbitrary Ay. We employ the value
Qy = 40 MeV ~ 1/R, for the Gaussian width. The Fourier
transform leads to the following result

5" ;
—=— I'(1 - 1, —
.~ x0 “ PhiF ( ~F Qo)

+c2y2cos(2¢) 200 F(2 P Fy (2 B.3, _Q_2>]
0

(108)

where | F; is a hypergeometric function. We thus arrive at

(1-p)gp 1 F12=5.3.- QJ
200 Fi(1-p1-5)

(cos(2¢)) = 3, (109)

For the typical kinematics of dimuon production from the
two photon processes in UPC heavy ion collision at the
LHC, p~0.02 and m/P, ~0.02 or c¢,, ~ 0.70. For RHIC
kinematics, the typical values of P, range from 350 MeV
to 2 GeV. Taking, for example, Q =2P, =1 GeV
(y1 = y2), we get ¢;, ~0.82 and f ~ 0.035 for di-electron
production.

In Fig. 13, we plot (cos(2¢)) as a function of ¢, /Q, for
the above RHIC and LHC kinematics. We find that the
asymmetry is very small when ¢, is below 2Q,. However,
it rapidly grows around 2Q, and becomes sizable at 3Q,
which is about 100 MeV. Similar results can be obtained for
(cos(4¢)) as well. Both the cos2¢ and cos4¢ azimuthal
asymmetries in dilepton production can also be induced by
the primordial linearly polarized photon distribution
[69,76,77]. Our result shows that the high-g, tail of the
asymmetries are overwhelmingly developed via perturba-
tive final-state soft photon radiations. In contrast, at low ¢ |
the asymmetries are mainly attributed to the primordial
linearly polarized photon distribution.

a1/ Qo

FIG. 13. All order resummation result for the cos(2¢) asym-
metry in lepton pair production in two photon scattering process
in the typical kinematics of UPC heavy ion collisions with the
invariant mass of the muon pair Q ~ 10 GeV at LHC and the
invariant mass of the electron pair Q ~ 1 GeV at RHIC, initial
two photons contribute to a Gaussian distribution for the total
transverse momentum with average transverse momentum
Qo ~ 40 MeV. The asymmetry is shown as a function of ¢, /Q,.

054037-18



AZIMUTHAL ANGULAR ASYMMETRY OF SOFT GLUON ...

PHYS. REV. D 104, 054037 (2021)

VI. CONCLUSIONS

In summary, we have performed a systematic study of
azimuthal angular correlations between the total g, =

/Zu + Zu and relative P, = (l?u - /EM)/z transverse
momenta in dijet and related systems. The resummation
of the double and single logarithms (In P, /¢, )" developed
in [36-38] is demonstrated for a number of processes. The
dominant Fourier modes are cos(2¢) and cos(¢) for dijet
and single jet (plus a color-neutral particle) productions,
respectively. The expectation value (cos(ng¢)) grows as ¢’|
in the small-g ; region, and it can easily reach 10-20% in
the large-g | region. While this is an interesting feature of
soft gluon emissions in its own right, it can become a
serious background for certain purposes. In particular,
the cos(2¢)) asymmetry in inclusive dijet production
proposed as a signal of the linearly polarized gluon
distribution [18-22] inevitably faces this challenge.

A majority of the processes we have studied are relevant
to the future EIC experiment [9-11], such as lepton-jet
correlation in DIS (Sec. II A), diffractive (Sec. IIT A) and
inclusive (Sec. III B) dijet production in photon-proton
collisions, and inclusive dijet production in DIS (Sec. IV),
see the plots in Figs. 4, 8, 10, and 12. The comparative
study of all these processes will provide a crucial test of our
predictions and lead to a better constraint on the nucleon/
nucleus tomography in terms of the gluon Wigner distri-
bution and the linearly polarized gluon distribution.

One of the important directions for future research is the
understanding of power corrections of the form (¢, /P )".
We have heuristically noticed in Sec. III A (see Fig. 7) that
the inclusion of power corrections in the soft emission
kernel results in a better agreement with the CMS data in
the large-g; region. The importance of power corrections
in the hard part for the extraction of the linearly polarized
gluon distribution has been discussed recently [110,111]. A
combined analysis of resummation and power-corrections
seems to be necessary to correctly interpret the experi-
mental data.

ACKNOWLEDGMENTS

This material is based upon work supported by the U.S.
Department of Energy, Office of Science, Office of Nuclear
Physics, under Contracts No. DE-AC02-05CH11231 and
No. DE-SC0012704, and within the framework of the
TMD Topical Collaboration. This work is also supported
by the National Natural Science Foundations of China
under Grants No. 11675093 and No. 11575070, as well as
by the CUHK-Shenzhen Grant No. UDF01001859.

APPENDIX A: THE EVALUATION OF S,(k;.p;)

In this appendix, we evaluate the integral (4) relevant to
lepton-jet production. Introducing the rapidities y,, y; of
the soft gluon and the outgoing jet, respectively, we can
write

@ 2k; - py
2 ky-kypy -k,

LM gy (Al
_kﬁ—l/_00 ycoshAy—cosg[)’ (A1)

where Ay =y, — y;. A is the rapidity cutoff which can be
determined by the kinematical constraint k; < p}, or more
explicitly,

p+€ A
kgj_eyﬂ<pfr—>eAy< l - Ay <A
gl
1 4
I (A2)
2 kg kg,
where Q% = —t=—(k; — p|)*> = plkj e™. Here we

define p* = p® & p* and parametrize the momentum of
a particle as p*=(p*,p~,p, ) where p*p, = ptp~ — p3.
For massless particles, p* = p | e®”. After integrating over
Ay assuming A > 1, one finds

ety
/_oo diy cosh Ay — cos ¢
_ 2cos 45 - (eAy — cos ¢)
sin ¢ sin ¢
+1In[l + Y — 24 cos @] |AA

2cos ¢ ot

= — (
kg ki

Ay=A

—0o0

Sn g —¢)+In—5——

+ (power corrections o ™), (A3)

where only the leading power contributions are kept. We
can also implement the constraint (7) by restricting the y,
integral for R > |¢| as

yo A
/ dAy + / dAy,
— Y+

where y, = £+/R? — ¢*. The result can then be expanded
in Fourier series

(A4)

0 0
Sy(ky, p1) = [In +In=— 2 + ¢y + 2¢; cos(¢p)
il 4 JL

+2c,cos(2¢) + - - } . (AS)
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APPENDIX B: THE EVALUATION OF S, (k. k;)

Next we turn to the kernel relevant to dijet processes
Sy(ky,ky) =

where k;, are the jet momenta. We can write

2k, - ky
- Bl
ky - kyks -k, (B1)
O(A,, > RHO(A,, > R?
(At > B)O(Ary, > K) 52

de 5 [d

where § = (k; + k,)?

Ya (cosh(y, —

¥2) + cos p)(cosh(y, — yi) — cos )’

. We have inserted two kinematic constraints to exclude inside-jet radiations. Due to symmetries

¢ - —¢, ¢ » 7 — ¢, we may restrict ourselves to the region 7/2 > ¢ > 0. The leading contribution depends on the

rapidity difference Ay, = |y,
R limit, we use the following identities

1 4+ cosh Ay,

_ Ayjysinh Ay, + (7 —2¢) cot p(cosh Ay, + 1)

— y,| between the two jets. To find the analytic expression for the above integral in the small-

“d - . (B3
/_oo Vg 2(cosh(y, — y,) + cos ¢)(cosh(y, — y;) —cos ) cosh Ay, + cos2¢ (B3)
2 [x/2 A inh A
L e SR Ay, (B4)
7 Jo cosh Ay, + cos2¢
2 (/2 coshAy;, +1
- dp(m -2 t -1 =-A In 2(1 h A . B5
2 [ anta - 2pycorg | 0L Yia +In[2(1 + cosh Ay,y)] (B)
|
As for the angular independent contribution, we find The result simplifies in two limits
1 ag _
co =In_7+1n[2(1 +coshAyp)] =In_7.  (B6) ¢ =I5 ~In4, (B3)
where 1n > arises from the incomplete cancellation between for y, = y,, and
the full space integration and the region inside the jet cone 1
when the singular term 2 [ d¢p(x — 2¢) cot ¢p is evaluated. cH) = lnﬁ -1, (B9)

Similarly, by using the same identities (B4) and (B5), we
can obtain

1
Cyr = 1HF+ Aylz sinhAy12 - COShAylzhl [2(1 +COShAy12)}

a
zlnR—j (B7)

Sy(p1.p2)

q1 fh

1
S(J(kZ’pl) |:1n —|—1n
J_ CI

| .
= - [2lniz},
q1 q1

1 o0
S,(ky, p1) = — {ln——l—ln +cli +2Zc§cos(n¢)(—l)"
n=1

for |y, —y,| > 1.

The above results can be readily generalized to all
possible ‘dipole’ radiators (also known as the eikonal
factors) in 2 — 2 processes a(p;)+ b(p,) — c(k;) +
d(k,) with four on-shell external massless particles as
follows:

(B10)
], (B11)

+cf +2Zc cos(nd)] (B12)
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1
Sy(ky, p2) = — [In——f—ln +cf +22c cos(ng)(—

q1 C]L

1 K 7 -
Sg(kZﬂ p2) == q—2 |:lnq—2 =+ lna + Cgl =+ 2 E Cgl COS(}’Z¢):| s
€ n=1

L

o )
S, (ki ky) = 7 [In_iﬁ—l—ln_i;—i—c +22c2n cos(2ne }

where we find in the small cone limit ¢f =In1/R?
=In1/R*+ f(n), cf =In1/R?, and

. —-o 1. -1 a
—ZIHT—F—MIHT: 111-2
N N

1
cf = lnR— e (B16)

It is clear that S,(py, p,) is independent of azimuthal angle
since the pure initial state gluon radiation is expected to be
symmetric. In general, there are two types of anisotropy
generated from the final-state radiations, as shown above.
The eikonal factors S,(k;, p;) involve one final-state jet and
one initial-state particle, and their contributions are
captured by the coefficients cfi. For odd Fourier coeffi-
cients, there is a sign change between S, (k;,p;) and
S,(ka. p;). This is due to the fact that the final-state gluon
radiation is favored along the jet direction and it contributes
to odd coefficients oppositely [as shown in Fig. l|

1y ] (B13)
(B14)

(B15)

|
cos(zw — ¢p) = —cos @] for two jets that are back to back.
Besides, more complicated angular correlations character-
ized by cff can arise from S,(ky, k,) that depends on both
final-state jets. Note that in e + ¢ — ¢’ + jet scattering in
DIS, §7/6t = Q*/k3, so (B14) reduces to (A5) when p, and
k, in Eq. (B14) are identified as the incoming and outgoing
quark momenta, respectively. Together with the usual factor
of a,/(2x*) and the corresponding color factor, the above
identities give rise to the one-loop results for various
scattering processes.

APPENDIX C: S, (ky, k;) FOR MASSIVE FINAL
STATE PARTICLES

In this appendix we again consider S,(k;, k,), but now
we assume that the final-state particles are massive with
mass m. We are interested in the regime m, = m/k, <1
where k| = |k; | = |k, |. The relevant integral is

1 + cosh Ay]2

1#)= /_oo DA cosh(y,

—g) = cos ) (A cosh(y, - y,) + cos ¢)

L +coshAy, dy,
~ 4Acoshés

where A= /1 +m?>1and é = |y,

1 1
coshy, (A cosh(y, — &) —cos¢ Ta cosh(y, + &) + cos ¢> '

— ¥5|/2 = Ayy,/2. The collinear singularity at ¢p = 0 is regularized by m, # 0, so
there is no need to impose kinematical constraints. We change variables as e¥s = z and e™°

= ¢ and obtain

_1—|—coshAy12/°° dz
~ Acoshé Jo

2(1 4 cosh Ayy,)

1+22 <A(1 + ?7%) = 2czcos

cos ¢

+(c—>1/c,¢—>7z—¢)>

_ cos ¢
= [tan '< : . > : .
2A%sinh?§ + cos 2¢) + 1 VA2 — cos2p/) \/A2 — cos2p

1 + cosh A)’12

cos ¢

+ étanh 6]

(x=20)

~ cosh Ay, + cos2¢

+
\/sin?¢p + m?

Ay sinh A)’u] (C2)

cosh Ay, +1

where in the last expression we have set m, = 0 wherever it is safe to do so. Integrating over ¢ with the help of (B4), (B5),

we find
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1

2(1 + cosh Ay,)

2z 4 /2
3 | a0 =5 [ api) = TR o)
@
= In%5 4 O(m?), (C3)

where Q7 is the invariant mass of the lepton pair. This result was previously obtained in [30] in a different way. Similarly, for

the coefficient of cos2¢, we get

4 [xp 1
7 dep cos 21 (¢h) = In—5 + Ay, sinh Ay, — cosh Ay, In[2(1 + cosh Ay,,)] + O(m?)
T Jo my;
Q2
= IHW + g(Ayyp) + O(m?), (C4)
where
g(y) = ysinhy — 2 cosh? %1n[2(1 + cosh y)] (C5)
is always negative and satisfies g(0) = —2In4 ~ —2.77 and g(y) ~ —y as y — oo. Note that these results are identical to

(B6) and (B7) after replacing R — m;,.
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