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Collinear factorization violation and effective field theory
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The factorization of amplitudes into hard, soft and collinear parts is known to be violated in situations
where incoming particles are collinear to outgoing ones. This result was first derived by studying limits
where noncollinear particles become collinear. We show that through an effective field theory framework
with Glauber operators, these factorization-violating effects can be reproduced from an amplitude that is
factorized before the splitting occurs. We confirm results at one loop, through single Glauber exchange, and
at two loops, through double Glauber exchange. To approach the calculation, we begin by reviewing the
importance of Glauber scaling for factorization. We show that for any situation where initial-state and final-
state particles are not collinear, the Glauber contribution is entirely contained in the soft contribution. The
contributions coming from Glauber operators are necessarily nonanalytic functions of external momentum,
with the nonanalyticity arising from the rapidity regulator. The nonanalyticity is critical so that Glauber
operators can both preserve factorization when it holds and produce factorization-violating effects when

they are present.
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I. INTRODUCTION

That scattering cross sections factorize is critical to the
predictive power of quantum field theory at particle
colliders. At proton colliders, such as the Large Hadron
Collider currently running at CERN, factorization allows a
cross section to be computed by a convolution of separate
components: a hard part, sensitive only to the net momenta
going into particular directions; a soft part, describing the
distribution of radiation of parametrically lower energy
than going into the hard collision; a collinear part,
describing the branching of partons into sets of partons
going in nearly the same direction; parton distribution
functions, describing the probability of finding a parton
with a given fraction of the proton’s energy; and fragmen-
tation functions, describing the probability of a quark or
gluon to transition into a given color-neutral baryon or
meson. Then each of these components can be computed
or measured separately.

While the above qualitative description of factorization
certainly holds to some extent, it is sometimes violated. The
violation might contribute only a phase to the amplitude
and therefore cancel at the cross-section level, or it might
contribute to the magnitude of the amplitude and have
observable consequences. An example of such a conse-
quence is the appearance of superleading logarithms [1-3].
These are contributions to a cross section in a region with
no hard particles that scale like a"In"x with m > n for
some observable x. The prediction from factorization is
that only soft radiation should be relevant in the region
(since it has no hard particles) and soft contributions scale
at most like " In" x. In this paper, we progress towards
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understanding when factorization fails by connecting
different approaches to factorization violation.

To begin, it is important to be precise about what is
meant by factorization. There are certain situations where
factorization has been proven to hold. For example,
amplitudes of quarks and gluons in quantum chromody-
namics (QCD) are known to factorize when all the particles
are in the final state. Suppose we have a state of going
particles (X| = (X,[(X;| - (Xy| comprising quarks or
gluons, all of which are either soft, in (X[, or collinear
to one of N sectors, in (X, | through (Xy|. By soft, we mean
the energies of these particles are all small compared to a
scale Q associated with the energy of the particles: E .y <

A;0 with A; <« 1. By collinear to a direction n’j‘ we mean

that the projection on n’; of any momentum p* in the (X;|
sector is small, p-n; <4,0 with 4; <1. In such a
situation, the amplitude for producing (X| in full QCD
is equal at leading power to the amplitude for producing (X|
through a product of matrix elements [4,5]:

L ploy = (s, Kl W [0)
(Xl 910} = C(Sy) g oo
 XnlWial0)

(0[W5,Yy0) (X,[Y]---vyl0). (1)

The objects W; and Y are collinear and soft Wilson lines
(path ordered exponentials of gluon fields). The difference
between W; and Y; is that the W; represent the radiation
from all the noncollinear sectors and hence point away
from the j direction while the Y; represent sources for
eikonal radiation and point along the j direction. The

© 2017 American Physical Society
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function C(S;;) is an infrared-finite Wilson coefficient
depending only on the net momenta going into each
collinear sector.

The symbol = means that the two sides of Eq. (1) are
equal at leading power. In particular, the infrared diver-
gences (soft and collinear) agree on both sides and the finite
parts agree to leading order in A, to leading order in each of
the 4;. The amplitude level equivalence implies that and if
one computes some infrared safe observable, such as the
sum of the masses 7 = > m? of all the jets in an event, then
all of the singular parts of the observable distribution will
also agree (any term which is singular as 7 — 0). The
operator O = ¢* - - - ¢ is chosen to be a local operator made
from scalar fields, for simplicity, but a similar formula
holds for gauge-invariant operators made from quarks or
gluons, or for scattering amplitudes. A more general
version of this formula, including spin and color indices,
and the full factorization proof can be found in [5].

In Eq. (1) all the fields are those of full QCD: ordinary
quarks and gluons. This formula is closely related to
factorization in soft-collinear effective theory (SCET)
[6-10]. In SCET, only leading power interactions among
fields are kept in the SCET Lagrangian, making the
Feynman rules more complicated than those in QCD.
Also in SCET, the soft-collinear overlap is removed
through a diagram-by-diagram zero-bin subtraction pro-
cedure [11], rather than through operator-level subtrac-
tions, as in Eq. (1). The two formulations are equivalent,
and also equivalent to factorization formulas in traditional
QCD [12].

In the derivation of Eq. (1) in [5], which is similar
to traditional factorization proofs [13-16], it is essential
that the eikonal approximation can be used. The eikonal
approximation amounts to equating the limit where
momenta are soft (k¥ — 0) with the limit where the
energies of all the collinear particles are large (Q — ).
The Q — oo limit allows collinear particles to be replaced
by classical sources (Wilson lines) so that the soft radiation
is insensitive to the structure of the collinear sector. The
subtlety is that there are regions of virtual momenta phase
space in which all of the components are soft, k# < Q, but

Q is still relevant. For example, & — 0 holding Q = ;i_ /ko
fixed is not possible after the eikonal limit (Q — oo0) has
been taken. It is phase space regions associated with limits
like this that are dangerous for factorization, as we will
review.

In Sec. III we show that the only time the Glauber scaling
subtlety might spoil amplitude-level factorization is when
there are initial states collinear to final states. This is of
course a well-known result, but it is helpful to revisit the
derivation to set the stage for investigations into factori-
zation violation. If we explicitly avoid such configurations,
the factorization formula in Eq. (1) has a natural generali-
zation. Let (X| = (X, ...Xy| be the collinear sectors of the
final state and |Z) = |Zy, | - - - Z);) be the collinear sectors
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of the initial state, and let (X,| and |Z;) be the soft particles
in the initial and final states respectively.” We assume no
two sectors are collinear. Note that this is not a strong
requirement—for any set of external momenta, one can
always define the threshold 4; for collinearity to be so small
that each momentum is in its own sector (the only time this
cannot be done is if two momenta are exactly proportional).
Then Eq. (1) generalizes to”

(Xi|¢*W,/0)
Xlo*---plY)=C(S,,)—— L ...
(Xl - 9l1) = C(8y) S

:

OWIZ) (5 191 viz). (@)

(O[WyYy[0)
This is a nontrivial generalization of Eq. (1). It requires the
Glauber gluon contributions to be identical on both sides,
even when there are initial states involved.

The reason the factorization formula in Eq. (2) holds is
because for hard scattering with no initial state collinear to
any final state, the Glauber contribution is always contained
in the eikonal contribution. This containment holds in QCD
when contours can be deformed out of the Glauber region
into the eikonal region (where the eikonal approximation
can be used). That is, it holds when there is no pinch in the
Glauber region. We review these observations in Sec. III.
That the eikonal limit contains the Glauber contribution is
often assumed to study Glauber effects through matrix
elements of Wilson lines (see e.g. [17]), so it is important to
understand when it holds.

In the context of soft-collinear effective theory, being
able to deform contours from the Glauber region into the
eikonal region is closely related to the “soft-Glauber
correspondence” or the “Cheshire Glauber” discussed in
[18]. To be clear, the soft-Glauber correspondence is a
statement about when Glauber operators in SCET repro-
duce the Glauber limit of soft graphs in SCET. One expects
that the soft-Glauber correspondence holds if there is no
pinch in the Glauber region; however this has not been
shown. Indeed, it is not even a precise statement, since the
pinches are properties of graphs in QCD and the soft-
Glauber correspondence refers to SCET. One goal of our
analysis is to clarify the relationship between Glauber
operators in SCET and pinches in QCD.

A corollary of Eq. (2) is that infrared divergences of
purely virtual graphs in full QCD, including all Glauber

'Soft particles in the initial state are not particularly interesting
physically, but since factorization holds if they are included, we
allow for |Z,) to be nonzero for completeness.

For physical, positive-energy momenta, incoming Wilson
lines are denoted with a bar, like ¥; or W; (see [4]) and have
a different ie prescription than outgoing, unbarred Wilson lines.
In this paper, our convention is that all momenta are outgoing
and so distinguishing incoming and outgoing Wilson lines is
unnecessary.
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contributions, are exactly reproduced by the factorized
expression. Factorization violation can only show up in
graphs with emissions, that is, in relating an amplitude to
one with an additional collinear or soft particle. In
particular, when there are collinear emissions, it is known
that factorization does not hold. To be precise, amplitude-
level splittings are often described through an operator Sp
which acts on an n-body matrix element | M) turning it into
a matrix element with n + 1 partons | M):

M) =Sp - [M). (3)

Ina 1 — 2 splitting a parton with momentum P* splits into
two partons with momenta p/ and p5 with P¥ = p/ + pi.
Factorization implies that this splitting function Sp should
depend only on the momenta and colors of particles
collinear to the P* direction. This requirement, called
“strict factorization,” was shown by Catani et al. to be
violated in certain situations [19]. In particular, when pf is
incoming, p5 is outgoing, there is another incoming
colored particle with some momentum p4 not collinear
to P*, and another outgoing colored particle with momen-
tum p’; not collinear to pj; then Sp can depend on the color
of the pj and p// partons.

We review this calculation of strict factorization violation
in Sec. V. The approach of [19], and also [20], is to
calculate Sp by taking the limit of a matrix element with
n + 1 directions as it reduces to a matrix element with n
directions. Then Sp can be deduced from known results
about IR singularities of n + 1 parton matrix elements. In
other words, one calculates Sp by turning | M) into |M).

The necessity of using n + 1-body matrix elements to
calculate Sp is a little counterintuitive. Since the splitting
originates from |AM) it seems one should not need
information about a general n 4 1-body matrix element
|M) to deduce it. Indeed, for timelike splittings (as in
e"e™ — hadrons), one can start from a factorized expres-
sion, like in Eq. (1), and calculate Sp from within the
collinear sector of | M). This calculation is done at leading
order explicitly in [4]. In this paper we show that one can
still calculate Sp from |M) when strict factorization is
violated, through the inclusion of Glauber operators in the
effective theory.

It is natural to propose including Glauber modes [21-24]
into SCET. However, since Glauber gluons have transverse
components much larger than their energies, they cannot
be represented by on-shell fields in a Lagrangian, like soft
and collinear modes are. Recently, a framework to incor-
porate Glauber contributions into SCET was proposed by
Rothstein and Stewart [18]. The Glauber gluons are
introduced not through new on-shell fields, but as potential
interactions among preexisting collinear and soft fields.
We briefly review this approach in Sec. IV D. One of the
main new results of this paper is the direct calculation of
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one-loop and (partial) two-loop factorization violating
contributions to Sp in Secs. VI and VII with the SCET
Glauber formalism. The calculations are highly nontrivial,
depending critically on the effective field theory inter-
actions and the rapidity regulator. They therefore provide a
satisfying cross-check on both SCET and the factorization-
violating splitting amplitudes in [19,20].

Stepping back from the technical calculations, we make
some general observations about properties that the
Glauber operator contributions in SCET must have. For
example, they must not spoil factorization when factori-
zation holds (as for all outgoing particles). This forces the
Glauber contributions to be nonanalytic functions of
external momentum. It is impressive that this required
nonanalyticity is exactly produced through the Glauber
operators with the nonanalytic rapidity regulator. We
summarize some of the features of the SCET calculations
that allow this to work in Sec. VIIL

In this paper, we use the convention that all momenta are
outgoing, so that incoming momenta p* have negative
energy, p® < 0. With this convention p,-p, <0 for a
spacelike splitting (one incoming and one outgoing) and
p1 - p2 > 0 for a timelike splitting (both incoming or both

outgoing). It also means energy fractions z = Eﬁz& will be

negative for spacelike splittings and positive for timelike
splittings. In Sec. II, we review the various modes appear-
ing in hard-soft-collinear factorization of scattering
amplitudes, and their scaling. In Sec. III, we show that
for large-angle hard scattering, the effects of Glauber
exchange are contained in the eikonal limit. Therefore
the amplitude-level factorization formula is not modified.
In Sec. IV, we discuss several approaches to isolating the
Glauber contribution. In Sec. V, we summarize known
results about factorization violation for timelike splitting.
We review the connection between imaginary terms in one-
loop graphs and factorization violation, and how the
factorization-violating splitting amplitude is derived from
the infrared structure of n 4 1-parton amplitudes in QCD.
In Sec. VI, we compute the one-loop Glauber contributions
to timelike splitting amplitudes that are not contained in the
soft contributions using SCET. Both the IR-divergent and
the IR-finite contributions to the one-loop factorization-
violating effects are reproduced. In Sec. VII, we compute
the contributions to two-loop factorization violation in
timelike splittings involving double Glauber exchange.
These contributions exactly reproduce the real part of
the two-loop splitting amplitude from [19]. We summarize
some rather remarkable nonanalytic properties of the
Glauber contributions in Sec. VIII and summarize our
results in Sec. IX.

II. ELEMENTS OF FACTORIZATION
AND GLAUBER SCALING

Glauber gluons play a central role in understanding
violations of factorization, so we devote this section to
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explaining their origin and relevance. Our goal here is to
clarify the concepts of scaling, the relationship between soft
and Glauber regions of momentum space, and the reasons
that Glauber gluons can spoil factorization.

Broadly speaking, the goal of factorization is to write
some scattering amplitude M, which is a function of
lightlike external momenta p; - - - p,, as

|M(P], (L) pn)> = |Mfact0rized(pl5 ERRE pn)> (4)

where | M,iorizea) 1S Simpler in some way. Here the symbol
= implies that the two are not exactly equal, but equal up to
parametrically small power corrections in some function of
the momenta (e.g. in A = p, - p,/Q* with Q the center of
mass energy).

A necessary condition for Eq. (4) to hold is that the
infrared divergences agree on both sides. Since factoriza-
tion involves writing an amplitude as products of simpler
amplitudes, each of which contains some subset of the
infrared divergences, a first step to understanding factori-
zation is to classify infrared divergences.

Classifying the infrared divergences amounts to the
following consideration. Take a given Feynman diagram
written as an integral over various loop momenta k;. We
associate the given values k% of these momenta to an
infrared divergence if the integral is infinite when inte-
grated in an infinitesimal compact volume around k’if o- The
singularity requires a pole in the integration region, so at
least one of the propagators must go on shell within this
volume. More precisely, the pole must be on the integration
contour at € = 0 (¢ here refers to the ie in the Feynman
propagator). However, at small finite &, the poles are
necessarily off the contour of integration, so the singularity
only occurs if there are two coalescing poles on different
sides of the contour, or a pole at the end point of the
contour. This condition is often described as saying that
the integration contour cannot be deformed away from the
singular region, so that the singularity becomes pinched on
the integration contour as € — 0. This necessary condition
is encoded in the Landau equations [25]. For a theory with
massless particles with external momenta p’; , the Landau
equations imply that the possible values for the infrared
singular regions of integration are either soft, k’l‘ 0=0
exactly, or collinear k7, = zp// for some z and some p/;.
Thus, we say that the pinch surface for a theory with
massless particles comprises the soft region (k; = 0) and
regions collinear to the direction of each external
momentum.

The Landau equations are derived using only the
denominators in a Feynman diagram. It can certainly
happen that the numerator structure makes the diagram
infrared finite even though the contour is pinched according
to the denominators. In addition, whether a diagram is
divergent or not can depend on gauge. So the Landau
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conditions give a necessary but not sufficient condition for
a singularity.

Although knowing the pinch surface, that is, the exactly
singular region of loop momenta, is a good start, this surface
does not immediately tell us anything about factorization. It
does however refine the problem: to match the infrared
divergences of a given amplitude, it is enough to match the
integral in all the regions around the pinch surface. Thus it
inspires us to look for a factorized expression by Taylor
expanding the integrand around the pinch surface.

To expand around the k¥ = 0 part of the pinch surface,
we can equivalently expand around the limit where
all of the external momenta become infinitely energetic
(| p9| — 00). Generically, this lets us replace a propagator
involving a loop momentum k* and an external lightlike
momentum p* as

1 1
- :
(p+k)?+ie 2p-k+ie

(5)

This replacement is known as taking the eikonal limit.
Treating the momentum p* as infinite allows us to ignore
the recoil of p# when k* is emitted, so that p# is essentially
a classical background source. This approximation is at the
heart of all factorization proofs.

The subtlety where Glauber scaling comes in is that in
taking the eikonal limit, in deriving Eq. (5), it is not enough
to have k* < Q for all components of k&, where Q = p® is
the external particle’s energy. Rather, we must also have
k*> < p - k. To appreciate the difference between these two
limits, rather than taking the limit, as in Eq. (5), let us write
the propagator as its eikonal version plus a remainder:

1 B 1
(p+ky?+ie 2p-k+ie

k2
C((p+ k) +ie)2p-k+ie) (6)

This exact relation lets us write a diagram in the full theory
as the sum of diagrams, each of which represents an explicit
integral with the original propagator replaced by one of
these two terms. The first term generates the soft part
(X,|YT---Yy|0) of factorized expressions like Eq. (1), and
the second term generates collinear parts. Factorization
holds only if the collinear parts do not have infrared
divergences associated with soft singularities.

Scaling arguments are powerful tools for determining
whether soft singularities are present. The replacement in
Eq. (5) amounts to taking k*>/k - p — 0. One can apply this
limit by rescaling all the loop momenta as k¥ — x*k and
keeping the leading terms as k — 0. This guarantees that
the remaining integral, that is, the difference between the
original integral and the one with this replacement, must
scale like k" with n > 0.
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Let us call this type of scaling, where all the components
of all the loop momenta scale the same way, ‘“eikonal
scaling.” We could take k* — K2k*, which we call “ultrasoft
scaling,” or k* — kk*, which we call “soft scaling.” Soft
and ultrasoft scaling are both examples of eikonal scaling
and equivalent for determining whether an integral is
superficially divergent. To see this, consider changing
variables from k* to {x,Q}, with x the radial variable
and Q representing generically some angular variables.
Then a diagram which scales like «" transforms to a
JdQ [ k" 'dk integral which is divergent near x =0 if
and only if n < 0. Using ultrasoft rather than soft scaling
would have the diagram scale like x> which is still
divergent under the same conditions.

Next, we must ask whether a diagram could still be
divergent when integrated around the k# = 0 pinch surface
even if it is power-counting finite under eikonal scaling.
After transforming k* to {k, Q}, such a divergence could
come from the angular integrals over the Q’s. A sufficient
condition to guarantee infrared finiteness is if the integral
scales like k" with n > 0 under any possible scalings of the
different components of k* [5].

To examine this possibility, let us go to light-cone
coordinates. We can decompose an arbitrary momentum
k* with respect to two given lightlike momenta p* and g* as

1 1
kK =—k p'+—k"q" + K, 7
0 0 q 1 (7)
where
2 2
k-=—k-q. kt=—k-p 8
0 0 (8)

with Q> =2p-q. We also often use the 2-vector
perpendicular component k, with & = —(kK})?. Then
Eq. (6) becomes (ignoring the ie prescription temporarily)

(R Ktk — kL ©)
(p+k3? QkF Okt +ktk- - K]
Under ultrasoft (eikonal) scaling,
(kT k=, k) = (KPkT, K2k™ K%K ), (10)

and the second term on the right in Eq. (9) is suppressed by
a factor of x? with respect to the first term. Since diagrams
are at most logarithmically divergent, the strongest a
divergence can be is k%, and therefore integrals involving
the second term are finite under eikonal scaling [5].

What other scalings can we consider? We need to send
k¥ — 0, so let us normalize k* — x2k™. Then we can
generally write k= — k2k~ and k;, — x’k, witha > 0 and
b > 0. The second term then scales like

PHYSICAL REVIEW D 96, 056005 (2017)
Itk — ]g’i R _K2b]g'i

- i —n .
Okt +kthk——ki K2QkT +x22)+k~ —k2bkT

(11)

Now, if b > 1, then the %i terms in the denominator can be
neglected and the integral scales like k™"(220-2) However,
since a > 0 (so that we approach the soft pinch), this term
is power-counting finite. Thus we must have b < 1. For

b <1, the ﬁ term dominates both numerator and denom-
inator and this term scales like x°. The scaling is indepen-
dentofa and b (forb < 1)sowecantakea =2and b = 1
to represent this case. Thus the only possible approach to
k* = 0 which is not automatically infrared finite is

(k" k= kL) — (k. 2k k) (12)

This is known as “Glauber scaling.” It is the only possible
scaling towards the k* = 0 pinch under which the sub-
stitution in Eq. (6) might not leave an infrared-finite
remainder. Gluons with momenta that have Glauber scaling
are often called “Glauber gluons.” These gluons are space-
like and purely virtual: as x — 0 they approach the soft
singularity from a direction in which k> < 0, in contrast
with soft or collinear gluons, which can have k> = 0 for
finite «.

As an aside, note that we are taking ¢ > 0 and b > 0 so
that we zoom in on the soft region of the pinch surface. If
we take a = 0, then the numerator and denominator of
Eq. (11) both scale the same way and there is no additional
suppression. However, if a = 0 then k* remains finite as
k — 0. In fact, it approaches the direction p* of the line that
we are expanding around [as in Eq. (9)]. Thus this is
collinear scaling. We can represent this scaling with b = 1
so that under collinear scaling

(k™ k=, k) — (K2 k™ kk ). (13)

That the expansion in Eq. (9) does not improve the
convergence under collinear scaling is neither surprising
nor a problem. That collinear singularities are completely
reproduced in the factorized expression was shown in [5].

III. GLAUBER CONTAINMENT
IN HARD SCATTERING

In this section, we will show that, for scattering ampli-
tudes, singularities associated with Glauber scaling are
already contained in the soft factor when no incoming
momentum is collinear to an outgoing momentum. Because
of the simplicity of the pinch surface with massless external
particles, all of the relevant issues already appear at one
loop in a vertex correction graph. Thus we begin with the
one-loop example, and then work out the general argument.
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A. One-loop example

The example we will study in great detail is the Sudakov form factor in scalar QED:

2%

(2pr — k)" I, (k) (2p2 + k)¥

It =

P2 "\

Here, ill,, is the numerator of the photon propagator. In
Feynman gauge, ill,, = —ig,,. While Feynman gauge can
be very efficient for calculations, physical gauges are often
better for understanding factorization. In physical gauges,
such as the light-cone gauge, the numerator I1,,, represents
a sum over physical polarizations and ghosts decouple. In
light-cone gauge

kY 4 r k!

r-k

with r# a reference lightlike four-vector. Note that r, [T =0
and k, 11" = %r”.

According to the Landau equations, which ignore the
numerator structure, a necessary condition for a singularity
is that all of the propagators go on shell at once. This can
happen when k* = zp// for some z, k* = zp’ for some z or
when k* =0. Under ultrasoft scaling, the integration
measure scales like ¥ and the denominator factors scale
like k2, x* and x? respectively. The numerator scales like x°
in either Feynman gauge or light-cone gauge; thus this
integral is soft sensitive. Under collinear scaling, the
measure scales like k¥* and the denominator factors scale
like k%, x* and «° respectively. Thus, in Feynman gauge
where IT* ~ k9, the graph is collinear sensitive. However in
light-cone gauge, since k, [T ~ k; r’ ~ k! and K o p/f on

P
the collinear pinch surface, there is extra suppression. Thus
this graph is actually collinear finite in physical gauges. (In
general, graphs which involve lines connecting different
collinear sectors are collinear finite in physical gauges
according to Lemma 3 of [5].) Thus for this graph,
integrations around the collinear regions of the pinch
surface, k# = zp’f and k# = ng for z # 0, are finite.

To study the singularity structure of this diagram, it is
useful to go to light-cone coordinates with respect to p and

ph, with k* =2k-p,/0, k- =2k-p;/Q, and Q*=2p, - ps:

(k) = —g" + (15)

+ k- AV
fy = ig? / dk*+dk cflq (2p, — k) i
227)*  [—Qk™ + kkT — k7 + ie]
H;w<k) (2]?2 + k)y

o — = - (10)
[kTk™ — k| + ie] [QkT + kTk™ — k| + i€]

L, [ d%
" :"98/ (2m)* [(pr — k)2 + €] k2 + e [(pa + k)2 + ie]

|
The denominator has zeros in the complex plane at

. Koo 1 Kool
k:_Q_k++l8Q—k+’ k—+—l€k—+,

O B-okt 1

k:lT—ZE'k—Jr. (17)

These are on the same side of the real axis unless
0<k™ < Q. Thus the integral vanishes outside of this range
and we can restrict 0 < k™ < Q. This configuration is
shown on the left side of Fig. 1. Looking at the poles in
the k* plane shows that we must also have —Q < k= < 0.
Since we are only interested here in the soft pinch surface,
we can restrict the integration region so that all components
of k* have magnitude less than Q. We also take [1** = —g**,
since the other terms in light-cone gauge do not affect the
power counting around the soft pinch surface. Then,

O Akt dk—
Iy = —i2ng§/ dr_dk afkl laz
~«o 2027)"  [-Qk™ — k1 + ie]

5 1 1
[ktk= — K + ie] [Qk* — K3 + ie]

(18)

Here, >~ means we are restricting the integral to the soft
pinch surface, with k < 1. This has poles in the complex k™~
plane at

K K
k—:—6+is, k=i (19)

The third pole from the original integral in Eq. (17) has
moved off to k= = —oo — ie. .

What we would like is to drop the ki terms compared to
Qk* and Qk~. This can only be justified if it is parametri-
cally true everywhere in the integration region. It cannot be
justified in the Glauber region, that is, in regions of k*

where k= < %i / Q. But let us look at the complex k™~ plane
in more detail at fixed k, and k™, both of which are soft
(<xQ). The dangerous Glauber region is shown as the
hatched area that nearly touches the pole at k= = — % + ie.
The integration contour (the real k™ line) goes right through
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FIG. 1.

.—Q—ia

Left: Poles in the complex k~ plane for /. Right: The complex &~ plane of Iy, in the region around k* = 0. In this region, all

components of k* are less than kQ. The integration contour, —xkQ < k=~ < kQ (the dashed red line on the real axis) can be deformed (to

the solid green contour) to avoid the Glauber region (hashed blue) for any values of |k™| < kQ and |7£ 1| < k0.

this region. To avoid this region, we note that since
k* < kQ, the pole at k= = k3 /k* — ie is parametrically
far away from the Glauber region. Thus we can deform the
contour downward into the complex plane avoiding the
Glauber region explicitly. For example, we could move
onto the arc with |k~| =k} /Qx. This arc avoids the

Glauber region without crossing the non-Glauber pole.
Once the contour is out of the Glauber region, we can use

eikonal scaling %i < k~Q to simplify the integrand. Then
we can deform the contour back. Note that we can do this
deformation for any k™ and k 1. We can then do the same
manipulation for the k" integral to justify dropping
7(3 < kT Q. The result is

«Q dk~dk*d’k 1
)i — 9 22 1
soft 1095 /_KQ 2(2n)*  [-Qk™ + ig]

1 1
X =, .
k~kt — k7 + ie] [QkT + ie]

0 d*k

which is the same integral we would get from taking the
eikonal limit of /¢y Thus all of the soft singularities of /¢,
including those from the Glauber region (the hatched
region), are contained in /g.

One can also confirm directly that the Glauber region is
contained in the soft integral through direct calculation.
In pure dimensional regularization, Iy is scaleless and
vanishes. The UV and IR divergences can be separated using
a photon mass and a rapidity regulator, as in Eq. (10.3) of
[18]. There it is shown that the imaginary part of the soft
amplitude agrees with the Glauber contribution. In pure
dimensional regularization, the imaginary part of the soft (or
Glauber) contribution is in Eq. (37) below.

An implication of the contour deformation argument is
that all the integrals coming from the use of the second (not
eikonal) term in the replacement in Eq. (6) (diagrams with
all-blue lines, in the language of [5]) are completely IR
finite. For example, performing this replacement on the p,
line results in

1 Kkt — kL

Iremain = 2iQ29%/

That this integral is IR finite is easy to see—the k> pole is
canceled by the expansion and the remaining poles in the
k™ plane (or k= plane) are on the same side of the real axis
and so the integral vanishes. A more general argument is
that once the contour is deformed out of the Glauber
region, the new term suppresses the IR divergent part of
the amplitude in the entire integration region. Thus the

0 (20)* [~ Qk= — K% + ie][k"kt — K} + ie][Qk* + ie] Qk* — K + ie

(21

|

amplitude is power-counting finite (scaling like " with
n > 0), as it would be under eikonal scaling without the
contour deformation.

B. Spacelike example

Next, let us look at a diagram with a particle in the initial
state and one in the final state:

(2p1 — k)" 1Lw(k)  (2p2 + k)" (22)

- / @m)* [(pr — k)? + €] B2+ ic [(ps + )2 + ie]
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Recall our convention that the incoming momentum, pf, is
treated as outgoing with negative energy. Let us assume
that p/{ and p’ are not proportional to each other. Then we
define Q> = —2p, - p» > 0. As Q is the only scale in the
problem, we zoom in on the soft singularity again by
applying k* << Q. We can go to light-cone coordinates in
the pf, phframe, as before. The integral then becomes

) kQ dk_dk+d2kl 1
Ifh = 21Q29§/ 220)° .
—xQ Q) [Qk =K + ie]
1 1

x 72, . 72 .1
[k"kt — k7 + ie] [QkT — k| + ig]
Now the poles are at

& K
k= 5 — e, k== k—i —sign(kt)ie.  (24)

As in the spacelike case, one pole is in the Glauber region,
but the other is not. Thus we can deform the contour away
from the Glauber region and justify the eikonal expansion
here as well. As it happens (see Sec. IV below), the Glauber
contribution to this integral exactly vanishes. But the point
is that the Glauber contribution is contained in the eikonal
limit for either timelike or spacelike kinematics, whether or
not it happens to vanish.

P1

J
- \k

PHYSICAL REVIEW D 96, 056005 (2017)

C. General argument

Now let us generalize the argument from the previous
section to the n-loop case with arbitrary final and initial
states. All we will assume is that none of the final states are
collinear to any of the initial states. The proof of factori-
zation in [5] did not use any information about initial or
final states or about integration contours. What was shown
is that all the terms which are power-counting divergent
under eikonal scaling and collinear scaling in any of the
directions in the full theory are reproduced in the factorized
expression.

What we need to show is that integrals involving the
second term when the substitution in Eq. (6) is used do not
have any soft singularities despite their being power-
counting divergent under Glauber scaling. Since the
factorized expression in Eq. (1) reproduces the self-
energy graphs in the full theory exactly, the only graphs
we need to be concerned about are the ones which would
ordinarily be part of the hard vertex. That is, those
connecting to more than one collinear direction. We need
to show that the eikonal expansion can be justified for
such diagrams.

In order for there to be a singularity in a diagram,
according to the Landau criteria, all the propagators have to
be either exactly zero or proportional to an external
momentum. So let us put all the loop momenta except
for one exactly on the singular surface. This leaves a single
loop integration variable we call k. We can trace this
momentum along the diagram. For example,

1 1 1

Lk

AN
P2

where N is some numerator structure. This is almost
identical to the Sudakov form factor diagram we studied
in the previous subsection. The only difference is that
now there are multiple poles at each singular point.
Although the other loop integrations that we are neglect-
ing make the actual diagram much less singular than this
(no diagram can scale to a negative power of x under any
soft scaling), we do not need to make use of the extra
cancellations. The only thing to observe is that the poles
are all in the same parts of the k# phase space as in the

_/ dk N1
) A2 4 is k2 + i (k — po)? + i (k — po)? +ie (k + p1)2 + ic

(25)

simple vertex correction. Thus the contour deformation
works in exactly the same way and the eikonal expansion
can be justified.

What happens if the loop momentum connects to an
incoming and an outgoing direction? As long as p/ and p
are not proportional to each other, one can still justify the
eikonal expansion, as in Sec. III B.

The only time a problem can arise is if an incoming
momentum and an outgoing momentum are collinear. For
example, consider a configuration like this:
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1 1 1

If pi and p} are collinear then 2p; - k = —Qk~ and 2p, -
k = Q,k™ for two energies Q; and Q, and the same light-
cone component £~ is in both products. Moreover Q; > O,
by momentum conservation. Then

I /KQ d*k 1 1
"~ Jxo (27)* [0k~ — IQi +ie] [-(Q) — Or)k™ — /;i + ie]
1

X 27
=kt — K + ie] &)
This type of diagram has poles at
Kl K Kl
kw=——ie, k =———"—+ie, k =-—F—ie
o 01-0 k*
(28)

The first two poles, coming from the two collinear
propagators, are on opposite sides of the real axis and
not parametrically separated so one cannot deform the
contour out of the Glauber region. Therefore one cannot
justify dropping l;i < Q;k™ in the integrand since such a
modification may miss infrared divergences.

From this example, we see that for the Glauber region to
deserve special concern, we need to have the momentum k*
flowing in opposite directions through two lines that are
collinear to each other. Thus a graph like Eq. (22) is not
problematic, even if p/ and p} are proportional. Graphs in
which the two collinear lines that the loop momenta runs
through are in the same final-state sector are also not
problematic—the collinear sector in the factorized expres-
sion is the same as in full QCD so all of the singularities are
necessarily reproduced in this region.

So far, we have considered only virtual graphs.
Equivalently, we assumed that each sector has one particle,
with no two momenta proportional to each other. We can
weaken this requirement and allow for multiple particles in
each sector. For particles with momenta p* and ¢* to be in
the same collinear sector, we require p - ¢ < A>Q” with Q a
hard scale (e.g. the center of mass energy). The parameter 4
is presumed to be small and the factorization formula is
supposed to hold to leading power in A. Soft external
particles can have energies up to A2Q. The effect of having
multiple collinear particles in a sector or soft particles is to

o /“Q d*k
—rg (2m)* [(p2 + k)? + ie] [(p1 + pa + k)? + ie] [k + i€]

- (26)

make some lines in diagrams like Eq. (25) off shell, so that
p? = 22Q?. For A = 0, these lines would be massless and
the graph would be infrared divergent; however, at finite 4,
the IR divergence is regulated. That is, a graph which
would be logarithmically divergent may now be finite
proportional to InA. In this way, the factorization formula
which reproduces the infrared singularities at 1 = 0 also
reproduces the amplitude to leading power in 4 when there
are soft particles or multiple collinear particles.

The key point is that adding soft or collinear particles does
not invalidate the argument that justifies the eikonal approxi-
mation. On the pinch surface, which characterizes both the
IR divergences and the leading power behavior at small 4, the
contours can always be deformed out of the Glauber region.
When a graph only involves particles in a single collinear
sector with only outgoing (or only incoming) particles, there
can be Glauber singularities; however these graphs are
identical in the factorized and full theory amplitudes, and
so factorization still holds. Thus factorization holds for
arbitrary soft and collinear sectors, as long as no final-state
particles are collinear to any initial-state particles.

D. Summary

In this section, we analyzed when the eikonal approxi-
mation can be trusted to reproduce all the soft singularities
of an amplitude in full QCD. This is important because
using the eikonal approximation is crucial to proving
factorization formulas like Eq. (1). We found that the
eikonal approximation can be used in any situation in
which no incoming and outgoing particles are collinear.
Thus Eq. (1) can be generalized. Take any initial state | Z) =
|Z1)...|Zy)|Z,), with the momenta in |Z;) all collinear to a
direction n; and all the momenta in |Z;) soft, and any final
state (X| = (X{]...(Xy|(X,|, with similar definitions, and
assuming no initial-state direction is collinear to any final-
state direction, then to leading power in A

(X1|p*W,|0)
(0]Y{W,|0)

(0[W}Yx|0)

(X|p*...01Z) =r C(S;)

(XY7--Yalz,). (29
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Since 4 is arbitrary, a corollary is that for all virtual diagrams
for hard scattering in which no final-state and initial-state
momenta are proportional, the complete IR divergences of
the full graphs in QCD, including any coming from the
Glauber region, are exactly reproduced by the factorized
expressions. Another corollary is that all possible violations
of factorization are associated with situations where initial-
state and final-state momenta are collinear.

IV. ISOLATING THE GLAUBER
CONTRIBUTION

We have seen that most of the time, singularities
associated with Glauber scaling are automatically
|

PHYSICAL REVIEW D 96, 056005 (2017)

contained in the expansion around zero momentum, using
homogeneous, eikonal scaling. Factorization violation is
associated with situations where this containment fails, so
that the eikonal limit does not reproduce all of the soft
singularities. To clarify the role that Glauber gluons play in
amplitude-level factorization, it may be helpful to isolate
their contributions. In this section, we explore some
approaches to identifying the Glauber contribution and
we explore the connection between the Glauber limit and
the imaginary part of amplitudes.

In this section we will mostly be concerned, once again,
with the one-loop vertex correction diagram in scalar
QED, Eq. (14):

1 1 1 (30)

2%
d*k
Ity = Th x> i20? 2/
2O | Gy Con
P2\

We have ignored the numerator structure because it is
irrelevant to our discussion. The following analysis is very
similar for QCD.

In QED, the amplitude in 4 — 2¢ dimensions is

2 €
ay U 1 -
Lyg=—|—+—— — + finite |. (31
full =5~ (—2p1-p2—i£) <€2+ ini e) (31)

This is an analytic function of p; - p, with a branch cut
when p; - p, > 0. Expanding around € = 0 gives

n Pl finite) . (32)

This has an imaginary part if and only if p; - p» > 0. The
Glauber contribution produces only the imaginary part of
this result, as we will now see in a number of different ways.

A. Method of regions
According to the method of regions, we can isolate the
Glauber contribution by assuming k* ~«?, k, ~k and
expanding the integrand to leading order in . This gives
d*k 1
= —i20°¢} =
(27)* [—Qk~ — K% + ie]
1 1
_'2 . + _'2 . ‘
[~k + ie] [QkT — k1 + ig]

1 Glauber

X

(33)

In this form, one cannot integrate over k= and k' using
Cauchy’s theorem since the integrand does not die off

— k2 e [kt — k2 +ie] [Qkt — k2 + ie]

[

fast enough as k* — co. Changing to k= = ko — k, and
kt = ko + k, gives

d*k 1
IGlauber = _lezg?/ =
(27)* [~ Qko + Qk. — K1 + ie]
1 1
X —5—— =" (34)
[k + ie] [Qkg + Ok, — k7 + i€]

Ordinarily, the k* term is quadratic in kg and k. so using k*
is simpler, but in the Glauber limit the transverse compo-
nents dominate so there is no advantage.

For timelike separation (both outgoing) as written,

the poles in the ky plane are at ky =T %i/Q +k, £+ ie.
Closing the k; contour downwards to pick up the ky, =

7(3 /Q — k, — ie pole results in an integral which is diver-
gent at large |k.|. This divergence can be regulated by a
rapidity regulator. Following Ref. [18], we use the 7
regulator of Ref. [26]. Adding also a small mass m to
regulate the infrared singularity and working in d = 4 — 2¢
dimensions to regulate the UV divergence gives

A=k, dk, 1"
2m)t 2k [

IGlauber = _2Qg§,u4_d/

« ! ! (35)
20k, — 2k + ie] [-k1 — m? + ié]
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Note that the result is independent of # (see also
Appendix B.2 of [18]). Essentially, adding the |2k,|*" term
allows us to do the k, integral. The imaginary part of the
full soft graph with these regulators is identical [18],
confirming that the Glauber is contained in the soft.

If we also use dimensional regularization to regulate IR,
the integral would be scaleless and vanish. We then deduce
that in pure dimensional regularization

o, . 1 1
IGlauber = Y (—in) <— - —> . (37)

€uv  €IR

Thus the Glauber contribution is IR divergent and purely
imaginary.

Note that if p5 were incoming, then the Qk™ term would
flip sign and the poles in the k; plane would be at

ko = —7%_ /O *£ k. + ie. Since both poles are above the
integration contour, we can close the contour downwards,
giving zero. In other words, the Glauber limit with space-
like separation gives zero for this diagram.

Thus we find that the Glauber limit gives zero in the
spacelike case (p; - p, < 0) and a purely imaginary num-
ber in the timelike case (p; - p, > 0). Since the amplitude
is zero in a compact region of p;- p,, it cannot be an
analytic function of p; - p, without vanishing completely.
The nonanalyticity comes from the rapidity regulator, since
|2k.|*" is a nonanalytic function. This nonanalyticity is
therefore unavoidable if the Glauber contribution is to give
only the imaginary part of the amplitude.

B. Cut-based approach

Yet another way to study Glauber gluon is through
discontinuity of scattering amplitudes. This is natural from
the viewpoint that Glauber gluon is associated with the
imaginary part of scattering amplitudes at lowest order.

Using Cutkosky’s cutting rule, the s-channel disconti-
nuity of Eq. (30) can be written as

) ) ) dk=dk*d*k
Dise, o = i(=201)% [ S5 SELo((py = )

x 0((p1 — k)°)8((p2 + k)*)(0(p2 + k)°)
o (2p1 = k)L, (K) (2ps + k)
[~k — K + ie]

(38)

where the only possible cut is through the top and bottom
line in the vertex diagram. We shall see that at this order, the
Glauber contribution is given by the forward limit of the
discontinuity, k | < Q. The on-shell conditions of p; — k
and p, + k automatically enforce the Glauber scaling,
k™ ~ kT ~ k% /Q. In the forward limit, the two-body phase
space measure becomes

PHYSICAL REVIEW D 96, 056005 (2017)
dk~ dk*dzk
ey / L 5((py - K)0((p1 — K)°)

ig? [ dk,

X 8((p2 +k)?)(0(p2 + k)°) = — 20% ) (2x)?

(39)

and the matrix element to the right of the cut becomes the
forward scattering amplitude

(2p1 - KT ()2 + k) 207

= = 40
[kt — k7 + ie] K3 — 40)

The one-loop Glauber contribution is thus given by

ek
- g @
T kL

1

IGlauper = 2k lim Disc /gy =

ki /0—0

in agreement with the other definition of the Glauber
contribution [Eq. (36) after the k, integral is done]. It is
interesting to note that defining the Glauber contribution in
this way avoids the use of the rapidity regulator in
intermediate steps of the calculation. This is comforting,
as the result should be regulator independent.

Isolating the Glauber contribution in momentum space at
one-loop level with this approach was introduced in [27],
and a similar cutting prescription in position space was
explored more in [17]. The idea is similar to the s-channel
unitarity approach for extracting the Regge trajectory of
scattering amplitudes [28]. However, it should be noted that
only at one-loop level can one identify the leading term in
the e expansion of the Glauber contribution with a
discontinuity. At higher loops, there is no direct relation
anymore. For example, at two loops, the double Glauber
exchange contributes (iz)> = —z%, which is real and has no
discontinuity.

C. Position space
One can interpret Eq. (41) as describing a potential
V()
transforming, the potential V(x) ~ ¢?In |x | | depends only
on the transverse separation x, between the particles. Like

the Coulomb potential, V(r) ~ % the Glauber potential is
time independent, but unlike the Coulomb potential, the
Glauber potential additionally does not depend on the
longitudinal separation x; [18].

Since the Glauber contribution is contained in the soft
contribution for this graph, we can simplify the calculation
from one in full QCD by taking the energies of p/ and p/, to
infinity. Following [17], to regulate some of the divergence,
we also take p/f and pf timelike. Thus we write pf = Qn/f
and ph = Q,nb with n? =n3 =1. The integral then
becomes

2 . . .
~ ]g—z between the two outgoing particles. After Fourier
L
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. 2/ d*k gy
soft = Js (27)* (=ny - k + ie)(n, - k + ie) (k> + ie)

(42)

:92/ - /°° ds /oo dsy—T02 pmisy (m1-K) sy (na k)
y (27[)4 0 ! 0 2k2+i£

(43)

2Ty / ®d ik 44

gs[) o1 0 %2 (snfy — son)? — ie (44)

where n,, = n; - n,. Schwinger parameters s; and s, have
been introduced on the second line. They represent the
proper time that the particles have traveled from the hard
vertex. The result of course matches the matrix element of
timelike Wilson lines, which we could have written down
directly.

A nice observation from [17] is that, in this form, we can
see that an imaginary part can only come from times s; and
s, for which particles along the n/ and nb direction are
lightlike separated. That is, the Glauber contribution is
associated with spacetime points under which particles
moving in the two directions can causally influence each
other. As an analogy, think of passengers on trains going in
two different directions and shining a light at each other.
The light from one train can be seen on the other train only
at the appropriate spacetime point. In contrast, if one
particle is incoming and the other outgoing, as in
Eq. (22), it is impossible for the two to be lightlike
separated—one cannot see light from a train which arrived
at the station before your train left (except at the origin of
time). Thus, there is no imaginary part in that situation, and
no Glauber contribution. Taking the limit where the
trajectories become lightlike in the timelike separation
(both outgoing) case, the support of the imaginary part
lies on the light cone, s; =0 or s, = 0. For spacelike
separation, the lightlike limit is zero.

The amplitude in Eq. (44) is the soft amplitude, from
reducing the full diagram in QCD in the eikonal limit.
As shown in the previous section, it contains the
complete Glauber contribution, which is now identified
as the imaginary part of the diagram. Defining the cusp
angle y through coshy = —n|, and changing variables
s; = se’ and s, = s, the integral becomes [29]

il L
soft 4

g ? ycoshy. (45)

cosh __coshy
cosh cosh7 + coshy 4

This is again UVand IR divergent. In the spacelike separation
case (one incoming and one outgoing) n, < 0 andy > 01is

PHYSICAL REVIEW D 96, 056005 (2017)

real. Then this integral is real. The timelike case (both
outgoing) corresponds to n;, > 0 whereby coshy < 0 and y
is complex. Thus only in the case of timelike separation does
the amplitude have an imaginary part.

The fact that the Glauber contribution is purely imagi-
nary at one loop implies that it will necessarily cancel in
cross section calculations at next-to-leading order. More
generally, the one-loop Glauber contribution exponenti-
ates into a phase which cancels in cross sections to all
orders. This exponentiation comes about in the same way
that the exponentiation of the Coulomb phase comes
about. One way to see it is by computing the energy of
amoving charge in the potential of another moving charge,
either classically or in quantum mechanics [30] or by
mapping to AdS [29]. These considerations also lead to the
shockwave picture of Glauber exchange in forward scat-
tering [18]. As exponentiation of the Glauber phase
corresponds very closely to Abelian exponentiation, it
naturally is also limited in the non-Abelian theory. For
example, irreducible two-loop contributions or beyond
with both Glauber and soft/collinear loops present may not
exponentiate.

D. Effective field theory Glauber operator

We have seen that taking the Glauber limit of the
integrand, according to the method of regions, gives a
result which is purely imaginary and nonvanishing only in
the timelike case. The effective field theory (EFT) approach
tries to write down a Lagrangian whose Feynman rules
generate the integral so that one no longer has to take limits
of integrands. This Lagrangian can be derived by matching
(writing down all possible operators consistent with sym-
metries and working out their coefficients to agree with
QCD) or by performing a multipole expansion in the
classical theory, keeping the leading interactions according
to some specified scalings. In general, there is not a one-to-
one correspondence between diagrams in the effective
theory and diagrams in QCD, even after those diagrams
are expanded according to some scaling. For example, EFT
operators often include Wilson lines for gauge invariance.
These Wilson lines represent the leading power contribu-
tion of many diagrams in QCD.

The effective field theory that isolates the infrared
singular regions of QCD is called “soft-collinear effective
theory” [6—10] (see [31] for a review). If a process involves
hard directions p/ and p, then in SCET collinear fields
denoted by ¢&; are introduced in the p/ and p} direction.
These fields have labels fixing the large and perpendicular
components of their momenta, with the dynamics deter-
mined by fluctuations around these parametrically large
components. The extension of SCET to include Glauber
contributions was recently achieved in [18]. The prescrip-
tion is to add Glauber operators to the Lagrangian for each
pair of directions in the theory. For example, in QED we
would add
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2o o B 5e| (46)

Pi

Here P, is an operator which picks out the L. component of the collinear fields in which it acts. In QCD, the operator is

significantly more complicated [18]:

_ il 1
Oy’ = 87a, [51 WS TAWIE | o
L

ig

. - AB
X [P’immﬂ — gPEBis Vi Vs — gV|VaBhs Pr — 9Bl ViV Bs, — = ninsViGy, Y,

z w1
X’l)—2l |:§2W272TBW;§2 .

The additional terms involve collinear Wilson lines W,
soft Wilson lines ); in the adjoint representation, soft

gluon fields B ,, and soft gluon field strengths 6‘5,,. For
definitions of all of these objects, see [18]. The collinear
Wilson lines are necessary to ensure collinear gauge
invariance. The terms on the second line all involve soft
fields and are separately soft gauge invariant. The variety
of terms in this expression is determined by matching
amplitudes in SCET and in full QCD. Although one
might imagine their coefficients get corrected order by
order in perturbation theory through this matching, it
seems that in fact they do not; remarkably this operator
appears to not receive any corrections and is not
renormalized.

2

(47)

l

In the Abelian limit, éﬁy = B* = 0 since these are both
proportional to f¢¢ and the adjoint Wilson lines are trivial:
Yy =Y, = 1. With these substitutions, Eq. (47) reduces
to Eq. (44).

At leading order in g, the QCD operator reduces to the
QED one up to the group theory factors. The leading-order
interaction of this operator is a four-point interaction
connecting lines in the n/ direction with lines in the n

L i
directions. The Feynman rule produces a factor of ’7(% with
1

k* the momentum transferred between the two lines.
Operator insertions are drawn either with a red oval,
indicating its pointlike nature, or with a red dotted line,
indicating its origin in gluon exchange. For example,

1 1 1 (48)

]OG12 =

©0000000
—
e
12
[
-~
[\
QO
[\
Q
® N

ISH

=

o

This is identical to the Glauber limit of the original
diagram, in Eq. (30).

Just adding this operator to the SCET Lagrangian with
no other modification will lead to overcounting. As we
already observed, in most situations the Glauber contribu-
tion is contained in the soft diagrams. The resolution
proposed in [18] is to subtract off the overlap, diagram
by diagram. The viewpoint of Rothstein and Stewart [18] is
that the Glauber mode is a separate mode from the soft.
Thus the true soft contribution, S, meaning soft without

Glauber, should be defined as the naive soft contribution S
(including the Glauber) with its Glauber limit (@ sub-
tracted: S = S — S(@. This subtraction is done using the

2 [—Qk— — k2 + ic] [-K2 + ie] [Qk+ — K2 + ie]

|
zero-bin subtraction method [11]—subtract from the soft
diagram its limit where only the terms to leading power in
Glauber scaling are kept. For those cases where the soft-
Glauber contribution is identical to the Glauber contribu-
tion, which includes active-active and active-spectator
interactions [18], the result is the same as using the naive
soft graph only.

V. FACTORIZATION VIOLATION
IN COLLINEAR SPLITTINGS

As observed in Sec. IIIC, the only time hard-soft-
collinear factorization can break down is in situations
where an incoming particle is collinear to an outgoing
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one, the spacelike collinear limit. In fact, it is known that in
the spacelike limit, amplitude-level factorization is violated
[19]. We now proceed to reproduce and discuss this
important result.

Collinear factorization implies that the matrix element
M) for an amplitude with m particles collinear to a
particular direction is related to the amplitude |M) with
only one particle collinear to that direction. For simplicity,
we consider here only the case with m =1, describing 1 —2
collinear splittings. Let us say there are n total particles in
| M), of which only p4 is collinear to p/. In this case, the
splitting function Sp is defined as

|M(pl’ LERE] pn’)> = Sp(plvPZ;p_% (RRE) pn)
| M(P, p3, - pa))- (49)

Here, P* = p{ + p5, meaning P* is an on-shell momentum
(P? = 0) which is equal to the sum of the two momenta that
split, up to power corrections in A> = 2p, - p,/Q?, with Q
the center-of-mass energy or some other hard scale. The
object Sp is an (amplitude-level) splitting function, or
splitting amplitude. The matrix elements should be thought
of as vectors in color space and Sp as an operator acting on
these vectors.

Equation (49), which has the splitting function depend-
ing on all the momenta, is called “generalized collinear
factorization” [19]. Even generalized factorization is non-
trivial. The nontrivial part is that the splitting function is
universal, independent of the short-distance physics
encoded in the matrix element |M).

Generalized factorization is not terribly useful for
computing cross sections. For example, since generalized
splitting amplitudes depend on all the hard directions and
colors in the processes, they do not allow us to use the
semiclassical parton-shower simulation method to generate
jet substructure to all orders. The parton shower can be
justified when the Sp depends only on the momenta p and
ph in the relevant collinear sector, Sp = Sp(p,, p»), and
only on the color T} in that sector. When Sp has this special
form, we say, following [19], that strict collinear factori-
zation holds.

Using results from the previous sections, we first confirm
that strict factorization holds when there are zero or one
colored particles in the initial state. We then discuss the
case with two or more initial-state particles where strict
factorization may fail. We review the calculation of the one-
loop factorization-violating effect in the IR-divergent part
of Sp from [19] and summarize other results from QCD. In
the next sections we will reproduce these results from
SCET with Glauber operators.

A. Strict factorization

Let us start with the situation where pf is the momentum
of an outgoing quark, p} is the momentum of an outgoing

PHYSICAL REVIEW D 96, 056005 (2017)

gluon and none of the other n — 2 momenta are collinear to
Pl and p5. We also take our matrix elements to be of
operators with n — 1 fields, e.g. O =wy...,_;. In this
situation, the hard-soft-collinear factorization formula in

Eq. (2) holds for | M) and for |M). We can write
o (PlEWi0)

M) +
tr{0]Y[W,[0)

 polFW, 0
M) (1 PzLW 110)
tr(0]Y; W,]0)

1

: | rest>7

IR

' |Mrest>' (50)

Here, spin and color indices are suppressed (see Sec. 12 of
[5] for more details) and tr indicates a color trace. | M )
represents the product of the Wilson coefficient with the
matrix element of soft Wilson lines and the collinear matrix
elements involving momenta in other directions. Critically,
the form of |M,y) is identical for both factorization
formulas. Thus the splitting function is the ratio of the two:

<p1’ p2|l/_/W1 |O>
Sp=————7>"———1, 51
P =P 0) 51

To be explicit, at tree level, the splitting function for a right-
handed quark and a negative helicity gluon can be derived
in this way [5]:

Spl_(p p):gﬁ;
R E2 *lpapi] V1 =2

which agrees with the well-known tree-level QCD splitting
amplitudes [32]. Derivations for other amplitude-level
splitting functions in this way can be found in [5].

Note that in this case (both p/ and p5 outgoing), the
splitting function depends only on these two momenta and
also only on the net color in the 1 direction. This is what is
referred to as strict factorization.

T, (52)

B. Strict factorization violation from iz/e terms

Next, let us consider a general process where p| and
ph are to become collinear and the other momenta point
in generic directions. We do not yet specify which
particles are incoming or outgoing and want to see what
sufficient conditions are for strict factorization to be
violated.

Since p/ or p4 may be incoming, we cannot assume
the hard-soft-collinear factorization formula in Eq. (2) is
correct at leading power in 4> = p; - p,/ Q% However,
as long as p| and p5 are not pointing in exactly the
same direction (so A # 0), then the factorization formula
guarantees that all of the infrared divergences of the full
theory are reproduced in the factorized expression.
That is, the Glauber contribution is contained in the
soft except at the exceptional point in phase space
where pi « p4. This is very powerful, as we can then
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determine the IR divergences of |M) and |M) sepa-
rately and then explore the limit where pi becomes
collinear to p4 [19].

Consider the matrix element | M) of a hard operator with
n — 1 fields. | M) is the matrix element before the emission,
where the parton in the 1 direction has momentum
P = ph + ph:

(12) n

The color associated with P# we write as (12). This means
that the color operator acts as the sum of the color operators
for pi and p4: TU? . X = (T! + T?) - X.

Now, as long as p/{ and ph are not proportional,
nothing stops us from treating them as separate hard
directions. Then |M) is also given by a the matrix
element of a local operator whose infrared divergences
are reproduced by the factorized expression

i

MO = -

where G1 stands for the one-loop Glauber contribution to
M) and |MP) is M) to lowest order in g,. We have
neglected the UV pole in Eq. (55). Although we draw the
contribution as a dotted red line, as in the SCET approach, all
we are using here is that the Glauber contribution is
identified with the imaginary part at one loop which follows
from any method of computation. The one-loop Glauber
corrections to |M) are given by the same formula, but
summed over the n — 1 partons.

Let us first consider the case where all the particles are
outgoing or all incoming. To simplify the expression we
can use color conservation, > T; =0 and T;-T; = C;,
where C; is the group Casimir (a number not an operator)
We then find

1
M) = 22 ZT (=T) - IM)
- |MO%)  (all outgoing). (56)

For | M) we have
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1 n

(54)

For strict factorization to hold, these two expressions should
be related by a splitting function Sp that depends only on the
(12) system, independent of the rest of the process.

Let us now look at the one-loop corrections to [M) and
|M). In particular, we are interested in the Glauber con-
tribution since that is where factorization violation might
come from. The Glauber contribution is contained in the soft
contribution and at one loop is purely imaginary, as shown in
Sec. IV. Indeed, at one loop the Glauber contribution is
particularly simple: it gives a factor of “‘ (S’I’; — elu_ﬂv)’ as in
Eq. (37), if the two lines the loop connects are both outgoing
or both incoming. Here we keeps the IR poles only as the UV
poles will be renormalized away. In QCD, one gets this one-
loop contribution multiplied by a group theory factor of
T; - T;. For example, a gluon connecting lines 1 and 3 gives

o 1T
Z Ti-Tig -~ M) (55)

1<j

both in or both out

n

DL T,} M)

i=3

—“—’—”[ 12+Zc} IAMO). (57)

o, in
ir e [—T(n) “Tz)

e =

The splitting function has to reproduce the ratio of these
two. Thus

tImSp = E: [C(u) - Cl — Cz] . SPO

+ finite terms  (all outgoing).  (58)
This color factor only depends on the colors of the particles
in the 12 sector, independent of the rest of the event,
consistent with strict collinear factorization.

Next, suppose that p/ is in the initial state but all other
particles are in the final state. Then there is no Glauber
contribution from anything connecting to p} nor from

anything connecting to P# = p’(‘ 1) in the case of | M). With
this arrangement,
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agin
(M) == ZT ~T,-T,)-|M°)

= —ﬁz [ C +ZC} -|M?®)  (one incoming)

(59)
where ) " , T; = —T; has been used twice. Similarly,
— 1y O I
——» T;-(-T;,-T
M) = e 2T (CTe= T [M0)
agin &

T Tdne [_C<12> + C,} -|[M®) (1 incoming).

i=3
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Thus, with one incoming colored particle

zlmSp = E:[ C(]Q) + Cl

+ finite terms

- C,] - Sp’

(one incoming).  (61)

Although this splitting function is different from the all-
outgoing case, Eq. (58), both depend only on the colors of
the particles in the 12 sector. Thus with one incoming
particle, we cannot conclude that strict collinear factoriza-
tion is violated.

Now suppose p/ and another particle, p4, are both in the
initial state, with p% still generic (not collinear to any other

(60) direction). For M, which has p5 outgoing, we get
|
Gl oy i 1 0
M) =—— T - T3+ T, (-T; =T, =T;)| - [M") (62)
27 € 2, 4=
& Ty 420y 2 Z MO (1 and 3 incoming) (63)
T2 R A ) &

The matrix element | M), correspondingly, has (12) and 3
incoming. Its one-loop Glauber contribution is

Qg 1lw

2

IMGI)—E—PT(@ T;+ Clia)+= Q——ZC} |MO).

(64)

So we find

Spl,nonfac. — iImSp'
o in
“ire [~Ciz) + Cy =

+ finite terms

C2 - 4T2 . T3] . Sp()
(1 and 3 incoming) (65)

where  Sp"°"f  denotes  strict-factorization-violating
contributions. This form indicates a violation of strict
collinear factorization: the splitting function depends on
the color of particles in the matrix element other than those
involved in the splitting (T3 in this case). The result in
Eq. (65) was first derived in Ref. [19] by examining IR
singularities of full QCD amplitudes [33-35] in different
kinematical regions. The authors of Ref. [19] also derived
the one-loop finite part and the two-loop IR singular part of
factorization-violating splitting amplitudes, as we discuss
next.

C. Strict-factorization violation
from full QCD

Next, we summarize some known additional results
about factorization violation from full QCD, including
the one-loop finite parts and the two-loop divergent parts
of Spnonfac.‘

The IR divergent part of a one-loop amplitude is defined
relative to the tree-level amplitude as

M) =T (e) | MO) + [ M) (66)
where | M) s a finite, analytic function of the momenta.
The general expression for 1'(e) follows from Eq. (32)
with the appropriate sum over pairs of external legs to
which the virtual gluon can attach and appropriate color
factors. The 1/€? poles are color diagonal. Using color
conservation to simplify the result, an amplitude in QCD
with n external partons with colors T; has IR divergences
given by [33]

- (1) e

i=1 i#]

(67)

Here y; is the regular (noncusp) anomalous dimension:
¥4 =3Cp/2 for quarks and y, = ) = Cy —3Tpn; for
gluons. Although anomalous dimensions are usually
associated with UV divergences, they appear in this
expression because they can be extracted using properties
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of scaleless integrals in dimensional regularization, in
which the UV and IR divergences cancel [34].

We are interested here in the order-by-order expansion of
the splitting amplitudes. We write

MO+ M) = (SpP+Sp! + - ) MO+ M+ ).

(68)
So that |M®) =Sp°|M°) at tree level, |M')=
Sp°| M) + Sp!|M°) at one loop, and so on. It can be
helpful to separate out the divergent parts of the splitting

function too. We define
|

PHYSICAL REVIEW D 96, 056005 (2017)

Sp' = I -Sp°® + Sp'fin (69)
where Sp!i".. is an IR-finite analytic function of momenta.

All the IR divergences are absorbed in I\. It is not hard to
show that [19,20]

IL=1-T1 (70)

where 1! is the divergent part of ]m1>, as in Eq. (60).
Plugging in Eq. (67) gives

1 [Cipy—C = C -7i-12 2 —syy — i
Ilc:&— (12) 21 2 Ta2) TN h——Tl-Tzln s122 ie
271'2 € € € u
i — le (12)j —ie
——Z T, T;In——— “ir, 2 I TN (71)
[ p

The factorization violation in Sp! is contained in the imaginary part of I).. Explicitly, when there are two incoming

momenta,

o i
lImIl :E?[ C(12)+C1

in agreement with Eq. (65).

~ €y — 4T, Ty]

(1 and 3 incoming) (72)

The same approach can be used to extract the finite parts of the one-loop splitting functions. The expression for I} from

[19], including terms that are IR finite, is

-G -G Y2 —7

1 =72+t Bo

—Siy — 1€ é(ll C12)
IL — 12 (
a5

fle,1=2) +ZT2

g

where cr = %ﬁzf:i;

geometric function, defined by

The function f(e,z) is a hyper-

fle, 1/x) Eé[zFl(l,—e;l—e;l—x)—l]

=Inx —eLiy(1 —x) + O(€?). (74)

The convention taken is that 1—z > 0. This can be
assumed for timelike or spacelike splittings without loss
of generality since z+ (1 —z) =1 (i.e. z can still be
positive or negative). Thus the f(e,1—z) factor in
Eq. (73) is real and unambiguous. The function f (e, z)
has a cut for negative real z, i.e. for spacelike splittings.
Writing f (e, z — iep; - p,) in Eq. (73) makes the result well
defined. In particular, the sign of the imaginary part of the
function is determined by the sign of p; - p,. This depend-
ence of the analytic continuation on the momentum p;

3 +

€ €

flez=es;)| | (13)

obstructs the reduction of Eq. (73) to a form that obeys
strict factorization.
To see the factorization-violating part of the ¢” term, we

can use
ImLi, (1 ! =*4xln| 1 1 (75)
mlLi - n{l1-—-—].
2 7zt ie g Z

Then the factorization violating contribution is seen to be
Spl,nonfac. — lImSp'

a, 1 -1 2
:Cr4—(lﬂ')( +IHZZ ‘I‘ln%lz)

X [-4T, - T5)Sp® + -+ (1 and 3 incoming)

(76)

where the --- include terms that do not violate strict
factorization, such as the C; and C, terms in Eq. (72).
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The factorization-violating IR-divergent part of the two-loop splitting function is also presented in [19]. The two-loop
splitting amplitude can be written as

1 1
0% = | A2(6) 4 5 (11| S0+ Lrerms + fin 7
€

where

ag\2 [(—sip —ie\ 72 & : .
820 = (£) (P255) e X Y TTITO(-2sien(s)0(-s30

H =12 j =3

SipSkpl1iy . L1 =z
x In (—ji—lf') [_P_'—Eln(l—zi)]' (78)

SikS12
This contribution is nonvanishing only if the amplitude involves both incoming and outgoing colored partons. The most
important part of this two-loop splitting function is the real component, since it can contribute to the cross section. The real
part contained in the anti-Hermitian combination of AZ(e) is

1

N

i=12j.k=3

In a representation where the T are purely imaginary, this
contribution is purely real.

VI. FACTORIZATION VIOLATION FROM SCET

We have seen that splitting functions violate strict
factorization starting at one loop. The condition for
strict-factorization violation is that there be more than
one colored particle in both the initial and final states.
In such a situation the amplitude for producing a final-
state particle collinear to one of the initial-state particles
(a spacelike splitting) depends on the colors and
momenta of particles not collinear to it. The factoriza-
tion-violating contribution was derived in [19,20] by
taking limits of the full n + 1-body matrix elements in
QCD. We reviewed the procedure for the one-loop IR
divergent part and discussed the extension to also
include the finite part and to two loops.

In SCET the IR divergences of both |M) and |M)
agree with full QCD, so the derivation of Eq. (71),
which encodes one-loop factorization violation, could
be done in SCET by taking limits of n + 1 amplitudes,
as in QCD. Note that all the IR divergences of QCD
are reproduced in SCET without any special consid-
eration of the Glauber contribution (i.e. because
Glauber modes are contained in soft modes for hard
scattering, as discussed in Sec. III). However, SCET
should also be able to produce the splitting functions
using an effective field theory constructed using only
the n collinear directions of |[M), i.e. not by taking
the limit of an effective field theory with n+1

- 2 /_ _ —2e n —_.
(AZ(e) — A%T(e)) = _i% <%> 2 fabcz Z T?T?T,ﬁ@(—zi)sign(s,»j)®(—sjk) X [_%62+lln< Zi )]

€ I—Zl

(79)

I

collinear directions. In that case, we do need the
Glauber operators. What we would like to know is
whether the generalized splitting function can be
derived without knowing features of the full n + 1-
body amplitudes by the addition of Glauber operators
to SCET.

A. Tree-level splitting amplitudes in SCET

To begin, let us discuss how a splitting amplitude would
be calculated in SCET with soft and collinear modes, but no
Glauber operators. SCET without Glaubers can produce the
strict-factorization-preserving splitting amplitude Sp™,
but not the factorization-violating parts in Sp"onfac,
Recall our notation that P# = pi + p’ is the mother parton
momentum. We take P# and the daughter momentum p/ to
be incoming and p to be outgoing. The strictly factorizing
splitting amplitude is then as in Eq. (51):

S fact — <p2|W.]rW|p1> ) (80)
(OWiw|P)

Here ¥ is an ordinary Dirac fermion and W is a collinear
Wilson line pointing in a direction # not collinear to P*. In
the traditional formulation of SCET wy carries a label
specifying the large and perpendicular components of its
momentum, and the interactions of y with collinear gluons
are power expanded. However it is simpler to use the full
QCD Feynman rules as we do here.

The tree-level splitting amplitudes are easily computed
from Eq. (80) (see [4]):
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BCLEIE % -  ——0 ¥

The first diagram has the gluon coming off the fermion
from a Lagrangian interaction; the second diagram has
the gluon coming out of the Wilson line. These graphs
evaluate to

t-e  {p+p)
t-py (p1+p2)?

(p2|Wiw|py)ee = g,T, v(py). (82)

The dependence on the Wilson line direction # drops out
for physical polarizations. The result is [4]

Spb_ =g V2 Lt
R= MY IRV a
V2 1
Spb. =g, T,. 83
ke (P1p2) V-2 ! (83)

Sp} .. are related to SpY,_. by parity conjugation. Here R and
L refer to the spin of the fermion (right or left)
and = refer to the helicities of the emitted gluon. These
tree-level splitting functions hold for any kinematical
configuration, as strict factorization holds at tree level.

In Eq. (82), we used QCD Feynman rules, as is
appropriate for evaluating the splitting function defined
in Eq. (80). This is based on the reformulation of SCET in
[4] and [5]. In traditional SCET, the splitting function is
computed from (p,|Wi&,|p,) with &, a collinear quark; i.e.
one whose interactions are truncated to leading power. The
denominator in Eq. (80) is replaced by the diagram-level
zero-bin subtraction procedure outlined in [11]. The SCET
Feynman rules [36] then give

(P2 WEE, | py)iee

[ (ot JE e
o [2 (pi+p2)? i+ 2w,
X v,(p1) (84)

where pi «n* has been used and the Wilson line
direction # is set to 7*. Simplifying this expression
for the various helicity/spin combinations gives the same
splitting functions as in Eq. (83).

To compute the one-loop corrections to Sp'*! we need to
evaluate Eq. (80) to next order. noncollinear sectors
encapsulated by the Wilson lines. Evaluating the relevant
graphs should produce a result equivalent to known results
about one-loop splitting amplitudes from full QCD. This
calculation has not been done in SCET, to our knowledge,

fact

and would certainly be an interesting check on the
formalism that we leave to future work.

B. Factorization-violating contributions

To compute the contributions to the generalized splitting
function that violate strict factorization, we obviously
cannot start from the factorized expression Eq. (2) which
leads to Eq. (80). The advantages of writing a factorized
expression as in Eq. (2) include first, that it involves only
QCD fields and the familiar QCD Feynman rules, and
second, that the soft-collinear overlap is removed through
an operator matrix element. The inclusion of Glauber
effects has so far only been formulated in the traditional
presentation of SCET [18], with collinear and soft fields
and their associated SCET Feynman rules and with the
overlap removed by a diagram-by-diagram zero-bin sub-
traction procedure. In this approach, one writes matrix
elements in the effective theory as one big operator
product:

Xy Xs|* Wi YT WY v  pr; Xs3).
(85)

M) = C(Si;)(p2s -

Similarly,

Y. WLYyo|P;X5).

M) = C(Sij) (... X Xs|p* W,

(86)

The generalized splitting function can be computed as the
ratio of these matrix elements using SCET Feynman rules
and appropriate zero-bin subtractions.

As indicated in Sec. IV D, Glauber effects are included in
SCET through the addition of potential operators that
couple pairwise all possible fields in all possible collinear
sectors. These operators are schematically of the form
O ~ iy, %il/_/jlllj, as in Eq. (46), with a plethora of terms

in QCD, as in Eq. (47). There are different operators
coupling quarks to quarks, gluons to gluons and quarks to
gluons. See [18] for all the details.

Most of the time, the effects of these Glauber operators
are identical to the effects of the Glauber limit of the soft
diagrams [connecting the soft Wilson lines Y; in Eq. (85)].
Thus one must either subtract the overlap, as is done in
[18], or more simply compute the full soft graphs without
the soft-Glauber subtraction, and not bother including
the Glauber operator contribution when it is not needed.
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Thus for example, the following graphs contribute

to |M):

Glauber

(87)

Here the horizontal gluon with a line through it is a
collinear emission, the vertical gluon is soft, and the dots
are Glauber. Since the Glauber limit of /g, gives exactly /g,
we can simply compute /g, without zero-bin subtracting
and not include /g,. Moreover, I, gives the same result as
the analogous contribution to |ﬂ> (the graph is the same
without the emitted gluon); thus we can ignore both of
these graphs when computing the one-loop splitting
amplitude.

The Glauber graphs that cannot be ignored are those for
which there is not a corresponding soft graph. In SCET, the
interactions of soft gluons with collinear fields are com-
pletely removed from the Lagrangian; they only come from
the Wilson lines in Eqs. (85) and (86). These can be
drawn coming out of the blob, since that represents the
operator containing the Wilson lines, or slightly shifted
away from the blob, as in the diagrams in Eq. (87). Thus
graphs like

The upper Glauber vertex in I, comes from the
expansion of the collinear Wilson line in the quark-quark
Glauber operator connecting the 1 and j directions. One
must consider these three graphs for any direction
j=3...N. .

To evaluate I, we first note that the collinear Wilson

line direction # can be anything not collinear to the p/
direction. We can therefore choose a basis of polarization
vectors €. (p,) for the outgoing collinear gluon with
momentum p} so that 7, - & = 0. Doing so makes graph

Iéc = 0 for any j.

PHYSICAL REVIEW D 96, 056005 (2017)

(88)

give identical Glauber contributions to |M). We can
therefore ignore both due to the soft-Glauber zero-bin
subtractions. Note that while the soft graph factorizes into
the product of a soft matrix element and a collinear
emission, the Glauber graph does not factorize. Thus we
cannot claim that /g, is identical to the contribution from
the analogous graph contributing to | M). Instead, we need
to look at the graphs contributing to |M):

1 1

Ig, = ;

(89)

These have identical Glauber contributions and can be
dropped by the zero-bin subtraction.

The Glauber graphs that have no corresponding soft
graph are

Next, we turn to Ié 4- In position space, this graph describes
a Glauber exchange that takes place earlier in time than the
collinear emission. That is, the emission interrupts the
Glauber loop. In such a situation, a general argument as
given in [ 18] is that the graph must vanish. We can also see it
directly from the integral itself. Working in light-cone
coordinates, p=-30n* and ph=ipyn*+ipsit+ph .
For j > 3, we have p/ = 1 Q;n/; (for outgoing p/) or p/} =
—1Q;n (forincoming p’). And we decompose the Glauber

momentum k* with respect to n* and n’; so that for each

diagram k=~ = n - k, k" = n; - k. This gives
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1 n-n;
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F1

1

, / 'k
g: .
(27)

X

2 FQikt — k2 +ie

) o1

with the - - - at the end representing the numerator and spin
structure that are irrelevant here. Here the F sign denotes
either outgoing (—) or incoming (+) p;. We note that only
two propagators depend on k~, and both of the corresponding
poles in the complex &k~ plane are below thereal £~ axis. Thus
we can close the k= contour downward and the integral
vanishes.’

Note that if there were no emission, the graph would
reduce to the Glauber vertex correction in Eq. (30) which

T;) T M

Fl

Qk— — k2 +ic Qk— —

NEEE

(EL + p2,1)? — Qps + e

does not vanish. The extra emission adds a propagator that
causes the integral to be convergent at |k~| = oo, allowing
us to evaluate it using Cauchy’s theorem. Adding more
propagators interrupting the Glauber loop will only add
more poles on the same side of the real k™ axis. This is the
momentum-space version of the argument in [18] that
Glauber exchanges cannot be interrupted.

Finally, we turn to graph .. This one will not vanish, so
we have to work out the full numerator structure. It is

/ddk’ 1 n-n;
Y4 |2k=|n 2

plvp?vk) 1 1

(92)

:Fk+—5 + 1e

with the upper (lower) signs on the second line corres-
ponding to p’; outgoing (incoming). Here, the |2k%|~" factor
comes from the rapidity regulator. The denominator factors
are

k7 (Pao + k1)
0 =—, : - D5,
J Qj 2 p;- 2
(Poi + K1) _
o = : -p 93
| O-pi 2 (93)
Recall that p; = —%Qn/‘, which explains how §, becomes

) under p4 — p4 + p/i. The numerator factor is

(Far KLY
-0+ p;

A 2(pas + ki)
2 2

(P1)

NH(py. pa. k) =

I\JIN

(94)

where y/| are the perpendicular components of y#, projected
out as with a four-vector: y| = y# —1jin* — 1/fii*. In the

3This argument only works if the integral is convergent, which
requires the rapidity regulator. See the longer discussion in
Sec. VIIL

Eﬁ k= — 0y +ic —k= +0; + z'5€“<p2>

numerator expression, the j and ji factors at the beginning
and the end project onto the collinear spinors. The part in
bracket comes from expanding the QCD vertex at leading
power, according to the SCET Feynman rules, using the
vertex coming from the quark-gluon Glauber operator, and
simplifying. That this numerator factor depends only on /|,
not on k* or k=, greatly simplifies the calculation. This
simplification comes from keeping only the leading-power
interactions, as in SCET.

To evaluate this graph we first write k% = k* & k?
and perform the k° integration by contours. The poles at
k® = k* + 6, — ie and k° = k% + &, + ie pinch the contour
in the Glauber region [37]. If we take p’; to be outgoing
[upper signs in Eq. (92)], then the pole from the first
propagator is at k° = —k? —6; +ie. We then close the
contour downwards, setting KO =k + 05, so that k= =6,
and kT = 2k* + 5,. This gives

A% NP1
el E
(27)*! ki_ 5 =6 "

x/dkz ! ! .
K[ =2k =8, — 6, + ie

Iée = —29§(T2 : Tj)Tlﬂo/ (p2)

(95)
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The k* integral is straightforward to evaluate [see. Eq. (B.4)
of [18]]:

/ e 1 1
oo 27 |2KE[12K7 + 2A + ie

= % [(=27i) csc(2zn) sin(zn) (—iA)~>1]  (96)
= i (=iz) + O(n). (97)

Note that the k* integral cares only about the discontinuity
of [-2k* =8, —&; + ie]™!, which is independent of the
values of 4, and §;. Even though the result is independent
of 7 as n — 0, one still needs the rapidity regulator to make
the integral well defined. Indeed, the rapidity regulator
imparts critical nonanalyticity, allowing the graph to vanish
for p4 incoming but not for p4 outgoing.

If the noncollinear leg p’; that the Glauber gluon
connects to is incoming [the + sign in Eq. (92)], then
the pole from the first propagator is at k® = —k% + & ; — le.
We then close the contour upwards, setting KO = k* 4 5,
so that k= = &; and k™ = 2k* + ;. This gives

d®%k, N* 1
(27)42 % 61— &

dkt 1 1
y / i _ (98)
271' |2k7|’7 2](2 +51 _5j+l€

Compared to Eq. (95), we have a relative minus sign from
the integrand. The result is the same as Eq. (95) with a —
out front; that is,

I, = 20(T, - T T, 30 / e,(p2)

. — 2
z-gezq:zgﬂTz-Tj)Tl-MOﬁ[ oy L R

0 pz
)/dd 2kl PhitRL 1
2m) " 2 p2j_+kJ_) K

1
X g0
(99)

Here the F sign denotes either outgoing (—) or incoming

(+) pj. The k, integral is regulated in d -2 =2-2¢
dimensions:
ﬂ4_d/dd 2k, pho K
)2 K (o1 +k1)?
_1r <4ﬂu2>€ C(=e)[(1 +¢)
4r ﬁ%i ﬁ%i I(1 - 2e)
1 ph (Ame e\ [ 1
= 4—13—4 <7Z2”) <— + (’)(e)). (100)
TP Pa1 €

Putting things together, this diagram is
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i dge TEY ' 0
IGe - 2” < Pz,J_ ) <€ + O( ))( Tj)Tl M
P (Q-p)# {_ 2py €1 ﬂz,uﬂ] it
X Gy szj_ 2 p;- Q—l—p; 2”([?1)
(101)

where the -+(—) sign corresponds to p; outgoing (incom-
ing). Using the on-shell condition, p, | <&, = —4p;3n
e—ipsn- £= - 1 p3n - e, werecognize the spin structure
in Eq. (101) to be the same as the tree-level splitting
amplitude, as in Eq. (84). Thus,

4re Ep -—
IJ =4+ .T. 0. 0
s () (£
(102)
a, 1 W
=+ _—(4ne7'r 1
Sz memy i
+(’)(€))(T2 T;)Sp? - M°. (103)
Recall that
+
2 Py
= =22 104
= (104)
so we have p3 | = (=2p; - p2) iy, and
. 1 M2
b= +2 (4zere —+In———
lo =t lame)in) (L 4
+Int +c9( ))( -T;)Sp®- M°.  (105)

Summing over all j, and letting p; be an incoming parton,
we then get

1 2
Spl,nonfac. — 2’ (4”6—}’5) ( )(_ + ln'ui
€

T =2pi-p2
1
n*= - ) (—T2 Ty 4+ > Ty T.,») Sp°
Jj>3

(106)

2

1
= ias(4ﬂe_75)€ <E + lnm

+an

— 1) (=T, - T3)Sp° + - -- (107)
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where the - - - respects strict factorization. This reproduces
both the singular and the finite parts of the one-loop
factorization-violating splitting function, as in Eq. (76).

VII. TWO-LOOP FACTORIZATION
VIOLATION FROM SCET

In SCET, the two-loop splitting function comes from
expanding the ratio of | M) to | M) as in Egs. (85) and (86)
to two-loop order. Physical effects of factorization violation
must occur at the cross-section level; thus the most
important effect we are looking for is a real contribution
to Sp2"°nfac: We will therefore focus on isolating this real
part, which should match Eq. (79). Factorization-violating
effects at two loops will necessarily involve insertions of
the Glauber operator, and at two loops there can be one or
two exchanged Glauber gluons.

Not all two-loop diagrams involving Glauber gluons can
contribute to factorization violation. For example, none of
the diagrams in Fig. 2 is relevant. Figures 2(a) and 2(b)
describe Glauber exchange right next to the hard inter-
action. For these graphs, as at one loop, the Glauber is
contained in the soft contribution and does not generate
factorization violation. Diagrams like Fig. 2(c) with a
disconnected soft loop cancel with the product of a one-
loop Glauber exchange and a one-loop soft contribution.
Figure 2(d) is an example of a diagram with collinear loops
in the n; sector, with j # 1. Since the flow of Glauber
momentum follows the direction of energy flow in the n;-
collinear propagators, the nj;-component of Glauber
momentum is not pinched. Thus the Glauber contribution
is contained in the soft contribution, or, more physically,
the Glauber contribution acts coherently on the n-collinear
fields. The sum of such diagrams will cancel with the
product of the one-loop Glauber contribution and the one-
loop collinear contribution. It is not hard to see that loop
corrections due to interactions between fields in the non-
collinear sectors do not contribute to the factorization-
violating part of the splitting amplitude.

Two-loop diagrams that can contribute to factorization
violation must involve color exchange between the daugh-
ter gluon and hard noncollinear partons. They can be
categorized as double Glauber exchange, Glauber-soft
mixing and Glauber-collinear mixing diagrams. The split-
ting amplitude is thus given by

PHYSICAL REVIEW D 96, 056005 (2017)

FIG. 3. Example Glauber-soft and Glauber-collinear mixing
diagrams that may break strict collinear factorization.

Sp>rome . |Ho> = |H2>d0uble Glauber
— Sp!nonfac. . |Ml>clauber loops
+ [ M)t o M) o
= Sphrore - M), ot toops- (108)

The first term on the right-hand side of Eq. (108) corre-
sponds to double Glauber diagrams, with examples given in
Figs. 4 and 5. Since each Glauber subloop produces a factor
of (i), these terms are purely real. Similar to the one-loop
Glauber diagrams, we expect that double Glauber diagrams
to be rapidity finite and have no logarithmic dependence on
the momenta of noncollinear partons. The second term in
Eq. (108) takes away the one-loop factorization-breaking
effect. The second line of Eq. (108) comes from Glauber-
soft and Glauber-collinear diagrams that violate factoriza-
tion. Representative diagrams for each set are shown in
Fig. 3. These diagrams have highly nontrivial kinematic
dependence on all external partons and involve two-loop
multileg loop integrals with rapidity divergences. A full
explicit calculation of these diagrams is beyond the scope
of our paper. In the following section we will carry out the
calculation of double Glauber diagrams and show that the
first line of Eq. (108) reproduces the leading pole of the real
part of Sp2,nonfac.'

A. Double Glauber diagrams

In this section, we give explicit results for double
Glauber exchange diagrams that can violate strict
factorization. To evaluate the diagrams, we use the rap-
idity-regularization scheme given in [18], which adds a

convergence factor of ﬁ to the integrand for both Glauber

(a) (b)

() (d)

FIG. 2. Example Glauber diagrams that can be ignored for the two-loop splitting amplitude.
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(d) (e) (f)

FIG. 4. Double Glauber exchange diagrams that involve two
collinear sectors.

momenta. We refer to p; and p, as collinear partons and all
other partons as noncollinear. We discuss and summarize
the calculation here, leaving the details of some represen-
tative calculations to the Appendix.

- 1as2-2
“3i(3s) (i) N

PHYSICAL REVIEW D 96, 056005 (2017)

All of the relevant double Glauber diagrams have at least
one Glauber attached to the p, gluon. Diagrams where
neither Glauber attaches to p, either vanish or are con-
tained in |M")Grauber loops- None of the relevant diagrams
has Glauber gluons attached to p;; when the Glauber gluon
attaches to p,, the Glauber loop is interrupted by the real
emission and the diagram will vanish (just as Iéd =0in
Sec. VI B). The relevant diagrams can be divided into two
categories, those involving two hard-collinear directions
(Fig. 4), and those involving three hard-collinear direc-
tions (Fig. 5).

We will start with diagrams in Fig. 4 involving two
hard-collinear directions. These can either have two
Glauber vertices on p, and two on a noncollinear parton
pj or they can have one Glauber vertex on p,, one on the
internal collinear line labeled as p(;»), and the other two
on p;.

Figures 4(a) and 4(b) describe Glauber exchange
with outgoing noncollinear partons. Figure 4(a) has two
parallel Glauber rungs which can be ordered in time. We
find

c c Wil
(T5T5)(T5T5) Sp’ M

2e

NGOk

P(1—el(1+2) (109

I'(1 — 3e)

47

The 1/2! is a symmetry factor coming from the time ordering of the two Glaubers. Figure 4(b) has two crossed Glauber
rungs such that the ordering of the Glauber vertices in light-cone time is the opposite on each line. The integral vanishes
since all poles lie on the same side of the k’-complex contour:

() ()

FIG. 5.

(8) (h)

Double Glauber diagrams involving three collinear sectors.
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The sum of these two diagrams gives

double pole 1 — 0 [ Qs\2 . 1
LR (T Ty Sp M (52) (im)”

PHYSICAL REVIEW D 96, 056005 (2017)

=0 (110)

21 21

Note that this is exactly half of the one-loop Glauber exchange diagram squared [see Eq. (103)]. This contribution must be

summed over all outgoing legs j.

Figures 4(c) and 4(d) describe Glauber exchanges between p, and the other incoming parton ps:

><_ —_
20\ 27

o (TTS)(TSTS) Sp° M
= 1 (045)2 (in)? (47Tu ) [F(_E)]Qr(l —e)I'(1 + 2¢)

(112)

2

P (1 — 3¢)

Compared with Fig. 4(a), the order of color generators switches on the noncollinear leg. Similar to Fig. 4(b), the cross

Glauber graph vanishes:

double pole 1
2

Note that this result is similar to half the square of the leading
pole from the corresponding one-loop diagram; it contains,
however, an additional C, term that comes from switching
the order of color generators as compared to Fig. 4(a).

So far we considered diagrams with two Glauber vertices
on p,. Now we move on to diagrams with one Glauber
vertex on p, and the other on the internal collinear line,

— [(Ty - T5)* + CaTy - T4] Sp® M’ (O‘—)Z (im)? 1

=0 (113)

namely p(j5). The diagram where a Glauber completes a
loop connecting p j,) to a noncollinear parton p; looks like
the vertex diagram Igj,,pe; discussed in Sec. IV. It vanishes
if p; is outgoing such that p(j5) - p; <0. When p; is
incoming, we can write down two such diagrams Figs. 4(e)
and 4(f); both are nonvanishing and they only differ in color
structure:
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(Tg)(Tng) SPO (_Tfm))

= 1 /a2 A2
o (52) )’ | S
20\ 27 iz
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—0

- Fl-al(l+e) (1 1\ 19
> F(_e) F(]_ — 26) (EUV B E)

and
c c 740
(T3)(T5T3) Sp’ (—Tfyy)
2e
= 1 a2 Arp? T(1—el(1 11 (116)
o (22) iy () p(g MRS (L1
21\ 27 Dy (1 — 2¢) cuv €
where 1/e is associated with the IR divergence. Using the color conservation relation, T(j5) = =T3 — ... = T,,, we can

write the sum of these two diagrams as

1 ) . —0) [as\2,. o1
+ (- §CAT2-T3+Z§fbchgT3T§l)SpOM } <—> (im)? =

Jj=4

The first line in Eq. (117) will be removed by
the corresponding term in Sp(Vrenfac AqL loops 11
Eq. (108).

Now we turn to the diagrams with three different
collinear directions, as shown in Fig. 5. Here we omitted
diagrams where four Glauber vertices are on different
legs, since those diagrams trivially factorize into the
product of two one-loop results, which are contained in
Sphron e | ALY G iver loop- Lherefore we focus on diagrams
where two Glauber vertices are on the same leg. In the first
line of Fig. 5 are diagrams with two Glauber vertices on p,.
Diagrams in the second line have only one Glauber vertex

on ps.

o

double pol
© :poe {(—Tg . TQ) Spo (T(lg) . Tg) M

——0

(117)

2

€

First consider diagrams in the first line with two Glaubers
exchanged between p, and two noncollinear partons p; and
p; withi # jand (i, j = 3, ..., m). One immediate concern
is that with three directions one cannot choose light-cone
coordinates aligned with all of them. Fortunately, this is not
a problem for Glauber graphs—at leading power in the

Glauber expansion the k£, components dominate over the
projection of k* on any light-cone direction. Thus we can
choose one light-cone direction nf aligned with the
collinear p/ direction and the other n% aligned with any
other direction and the calculation is basically the same as if
there are only two directions involved. More details of the

decomposition are given in the Appendix. The result is

- (T Ty)(Ty - Ty) Sp° M"
= X(a5>z(m)2 <4m ) [F(_e)]Qm — T (1 + 2)

-2

Py (1 — 3¢)
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In Fig. 5(b) the Glauber vertices on the outgoing gluon line are switched. The £~ integral then vanishes since all three poles
are on the same side of the contour:

=0 (118)

The sum of the two diagrams is

double pole

(119)

1 i a mb mc -0 [ Qs 2 . \2 1
(_§(T2 ’ T])(TZ : T3) - §fabcT2 T3 T]> SPOM (g) (Zﬂ') -

€

We have broken up the color factor into terms that are symmetric and antisymmetric under 3 < j. The first term can be

identified with the cross terms coming from the exponentiation of the sum of I3, and Iée computed in Sec. VIB.
Graphs with two outgoing legs as in Fig. 5(c) are similar with an extra factor of 1/2 from the time ordering:

%((T2 CT,)(T - Tk))SpO M

. o (05)2 (iﬂ')2 <4_7;N2> [F(—e)]zr(l — e)F(l + 26)

2 Py I'(1— 3e)

(120)

Figure 5(d) can be obtained from Fig. 5(c) by switching j and k:

double pole

(121)

5 (T2 (T 1) 4+ (T T (T - 1)) S M x (02) im)?

These diagrams produce the cross term from the exponentiation of Iée and 7%,
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The remaining diagrams on the second line of Fig. 5 can be computed in the same way. We find for the sum

(122)

(e (39) MR ()

double pole

<(T2 "Tj) + (T2 Tk)) Sp° (T, - Tj)) M’ (as )2 (im)? L

27 €2

The sum of these last four diagrams will cancel the corresponding terms in the contribution Sp'm"orfeAfL, Joops

to Eq. (108).

Let us summarize and put together the results for double Glauber diagrams in Figs. 4 and 5. As expected, these diagrams
have no explicit dependence on the momenta of noncollinear partons. They are only sensitive to the physical scale
associated with the splitting. All the nonvanishing double Glauber graphs have a ladder-type topology, where two vertical

rungs represent Glauber interactions ordered in time:

. : vl 1 - 2N, :
Flg-4 + Flg.5 - Sp(l)’nonfac'Mé}lauber loops — {2 <_T2 : T3 + Z T, - Tj> + Z lfabchTgT;}
j=4 j=4

oo (% e (AN (L 2
x Sp° M <2ﬂ> (ir) (Z’%L) 7% + O(e)

m 2 (X% m . . -
—T, T3+ ) T, Tj>] - Ez if ap TSTETE }SpOMO.
j=4

double pole [ 1 [ oty im
22z e

The first term in Eq. (124) comes directly from
exponentiating the one-loop Glauber phase given by
Eq. (106). The second term with a purely non-Abelian
color structure i fabCTgTé’Tj corresponds to the anti-
Hermitian part of AZ(e) shown in Eq. (79). Thus we find
that the real part of the 1/€? IR poles in Sp™" at two
loops from [19] are exactly reproduced by SCET.
The subleading terms and the imaginary part of Sprofac
at two loops involve graphs other than the double Glauber
ones. We leave the complete computation of Sp"°"° at two
loops to future work.

=

Qg 1T

©0000000

2T €IR ’

D2

(123)

_ (124)

VIII. ANALYTIC PROPERTIES OF GLAUBER
GLUONS IN SCET

We have shown that SCET with the addition of Glauber
operators as proposed in [18] reproduces known results
about factorization-violating contributions to splitting ampli-
tudes from QCD. For the effective theory to be consistent it
is critical that the Glauber operators do not destroy factori-
zation in situations where it supposed to hold.

SCET graphs involving Glauber gluons have unusual proper-
ties compared to graphs in QCD. For example, the form-factor
graph vanishes if p; - p, <0 but is nonzero if p;-p, >0:

b2 p1

0000000 io

(125)
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This implies in particular that the Glauber graph is not an
analytic function of the external momenta. The nonanalyticity
comes about through the nonanalytic rapidity regulator. This
regulator is an essential part of the definition of SCET with
Glaubers.

Glauber gluons have an intimate connection to soft
gluons. For example, the amplitudes in Eq. (125) are
exactly the imaginary part of the corresponding soft graphs.
More generally, the Glauber region corresponds to a
particular approach to the soft singularity: k# — 0 with

k* < % for a hard scale Q. Thus, Glauber gluons can be

understood by studying the region around the soft pinch
surface, as we did in Sec. III. In that section, we showed
that when factorization holds, Glauber gluons can be safely
ignored. More precisely, we showed that when there is no
pinch in the Glauber region the eikonal approximation can
be justified to reproduce the complete soft singularity.
While these observations about pinched contours are useful
for studying factorization in QCD, they do not immediately
translate to observations about graphs involving Glauber
operator insertions in SCET.

In SCET, when the Glauber operator contribution is
entirely contained in the soft contribution, the soft-Glauber
correspondence is said to hold [18]. When the soft-Glauber
correspondence holds, the Glauber contributions can be
completely ignored due to the zero-bin subtraction. More
precisely, in [18], Rothstein and Stewart called a soft graph
in SCET without its Glauber subtraction a “naive” soft
graph, denoted by S. Then the “pure” soft contribution § is
the naive soft contribution with its Glauber limit subtracted
off: S = S — S©). The pure soft graphs have nice proper-
ties, such as that they are independent of the direction of the

|

In the configuration on the left, p; - p, > 0, thereis no Glauber
pinch, and factorization should hold. For this graph, there is no
corresponding soft graph for the Glauber to be contained in.!
Thus the graph on the left must vanish or else factorization

*Soft graphs are only sensitive to the net momenta in the collinear
sector. The soft graph with a gluon exchanged from the p sector has
a Glauber limit given by the graph where the Glauber connects
between the two legs closest to the hard vertex, as in Eq. (88).
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soft Wilson lines; all of the unusual properties of the
Glauber-gluon graphs, such as the nonanalytic behavior of
Eq. (125) and the necessity of a rapidity regulator, are
eliminated by this subtraction. When the soft-Glauber
correspondence holds, $(¢) = G.

What we would like to be true is that, in momenta
configurations for which there is no Glauber pinch in
QCD, the soft-Glauber correspondence holds. This is not
easy to show, since there is not a one-to-one correspondence
between the Glauber limit of graphs in QCD (via the method
of regions) and graphs in SCET with Glauber operator
insertions. Thus, the check that Glauber operators do not
destroy factorization in SCET is nontrivial. Here, we provide
a general argument for why it should be true in general.

To study factorization-violating effects of Glauber
gluons, it is not particularly useful to subtract off the
Glauber limit of each soft graph and add it back in through
a pure Glauber contribution. The graphs in Eq. (125) are
irrelevant to factorization violation since there is no pinch
in the Glauber region for either kinematic configuration.
Instead, we want to start with factorization in SCET without
Glaubers, and look at what new effects adding Glaubers
will have. That is, we would like to consider G,gpc. =
G — Gy Where G refers to any graph with Glaubers and
Gy, are the Glauber graphs that double count contributions
from the factorized expression in SCET without Glaubers.

A critical property that Gy, must have is that it does not
spoil factorization in situations where factorization is sup-
posed to hold. For example, consider the canonical Glauber
pinch graph asin Eq. (25). We suppose there are two collinear
momenta p,||p, and want to look at how the contribution
changes when p5 goes from incoming to outgoing:

(126)

would be violated. The right graph, with p;-p, <0, must
reproduce known factorization-violating results from QCD (as
we have shown it does). Note that the corresponding graphs in
QCD are analytic functions of momenta and generically do not
vanish for either sign of p; - p,.

The remarkable nonanalytic property of the diagrams in
Eq. (126) as a function of pf, is achieved through a conspiracy
of the power expansion in SCET and the rapidity regulator. The
power expansion sequesters all of the k™ and k= dependence:
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f(ky,pi) 1 1

As indicated in the figure, the power expansion lets us drop
certain components of the loop momentum &* on each leg that
it flows through. The propagator for the red, dotted Glauber
leg, with momentum k*, only depends on the largest

component, which is k | according to Glauber scaling.
This propagator has been absorbed into the f(k,, p;)
function in the numerator. Similarly, the k™ component is
dropped when k* is added to p or p4 and the k= component is
dropped when k* is added to whatever momentum ¢* flows
into the hard vertex from the rest of the diagram. Note that this
momentum ¢* must be lightlike or there is no pinch and the
entire diagram is not infrared sensitive and can be dropped at
leading power. The leading power expansion also forces both
the locations of the poles 6; and the numerator to depend only
on the largest components of k*, namely &, . Thatis, 6, 6,, 6;
and f depend only on k; and components of the external
momenta p;, butnoton k™ or k~. An explicit example is given
in Eq. (92).

In the case where ph is incoming the diagram has the
same form but the &, pole crosses the real axis. That is, we
make the replacement k= —§&, +ie - k= — &, —ie in
Eq. (127). This flip removes the pinch from the Glauber
region. In fact, it naively seems that since both the poles in
the k™ plane are on the same side of the axis, then Eq. (127)
vanishes, as we expect for p/ incoming. Unfortunately,
things are not that simple: if the integral vanishes for p
incoming and is an analytic function of momenta, then it
must also vanish for p5 outgoing. In fact, we cannot
conclude that it vanishes simply because the k™ integral
seems to give zero. The problem is that the power
expansion has made the k™ integral infinite. Although k™
has nothing to do with the pinch in k% in the Glauber
region, we need to regulate the whole integral to make the
calculation well defined.

After adding a factor of |k,|™" from the rapidity regulator
it is natural to change variables from (k™, k") to (k7. k.).
Doing the k£~ integral in Eq. (127) then gives

/dkzdzki 1 f(kppi)
(27)* |k |2k, 4 6y (ky) = 6;(k.) —ie
1

I A

(128)

/d4k
(2m)* k= — 01 —iek™ — Sy +ickt —§; +ie

(127)

For the spacelike splitting case, the k= poles are on the
same side of the real axis and the integral gives zero.

This one-loop example is all that is required to show that
the Glauber operator contributions do not destroy factori-
zation for timelike splittings in general. In the n-loop case,
the infrared sensitive region has all the loop momenta near
the pinch surface. Thus we can focus on a single loop, over
a momentum k*, with the other momenta placed on the
pinch surface (K = 0 or k proportional to some external
momentum). For timelike splittings, the energies and large
light-cone components of all the momenta in each collin-
ear sector have the same sign. This places all the poles in
poles in k= on the same side of the real axis. Therefore,
once the integral is regulated with the rapidity regulator,
the integral over k= will give zero just as in the one-
loop case.

In this way, the Glauber contribution with the rapidity
regulator remarkably produces diagrams with the right
properties: they vanish when factorization holds but
contribute when factorization is violated. If a QCD
diagram does not have a pinch in the Glauber region,
then the corresponding diagram with Glauber gluon
exchange in SCET with a rapidity regulator will vanish.
This is a nontrivial consistency check on the SCET-
Glauber formulation, requiring both the power expansion
and the rapidity regulator. It is only possible because
Glauber contributions in SCET are nonanalytic functions
of external momenta.

The above arguments suggest that there may be a way to
identify the contribution from operators in SCET with
properties of amplitudes computed in QCD. Since the
Glauber contributions are nonanalytic and vanish when
ph = —ph, we might identify the Glauber contribution as
G = M(ps, p;) = M(=p2, p;). At one-loop order, this is
equivalent to half the discontinuity across the cut on the real
P2 - pj axis. Beyond one loop, taking the discontinuity
across the cut can only reproduce the imaginary part of the
amplitude, not terms like (iz)? coming from double
Glauber exchange; flipping the sign of p, could get all
of the multi-Glauber effects correct. It would certainly be
interesting to investigate the connection between Glauber
contributions in SCET and the analyticity of QCD ampli-
tudes in greater detail.
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IX. SUMMARY AND CONCLUSIONS

In this paper we have studied factorization violation in
collinear splittings from the effective field theory point of
view. The first few sections of the paper discussed situations
where factorization holds. In particular, the importance of
Glauber scaling was reviewed. We discussed how factori-
zation requires application of the eikonal approximation to
preserve all of the singularities in a small ball around the soft
pinch surface. This requirement fails when there is a pinch in
the Glauber region. Understanding the interplay among
factorization, the eikonal approximation, and Glauber
pinches allowed us to extend the precise amplitude-level
formulation of factorization developed in [4,5,38] to sit-
uations where there are colored particles in the initial state.
In particular, as long as no incoming direction and outgoing
direction are collinear, strict factorization holds. This result,
although implicit in much of the early literature on factori-
zation, has never been stated explicitly or proven to our
knowledge, so we include it here for completeness.
Understanding where and why factorization does hold is
afirm starting point for an analysis of factorization violation.

Regarding factorization violation, it had been shown
from full QCD that in spacelike splittings (as in initial-state
radiation) the splitting amplitude is different from timelike
splittings (as in final-state radiation) [19,20]. In particular,
for spacelike splittings, strict factorization is violated, in
that the collinear splitting amplitude depends on the colors
and kinematics of noncollinear partons. These results were
derived in QCD by looking at the IR divergences of
amplitudes with n 4+ m well-separated partons and taking
the limit where m of the partons become collinear. We
showed that these results can be reproduced using SCET
with the inclusion of Glauber operators as proposed in [18].
In particular, we confirmed the divergent and finite fac-
torization-violating terms at one loop and the leading real
divergent part at two loops, for m = 1. These calculations
are nontrivial in SCET and require careful use of the
rapidity regulator and the power expansion.

In the SCET approach, the splitting is computed from
emissions off an amplitude with n collinear sectors, rather
than by taking limits of m + n parton amplitudes. This
conceptual difference might be advantageous in studying
physical implications of factorization violation, for exam-
ple, by sequestering factorization-violating effects to cer-
tain operator matrix elements. However, this is not yet
possible as it is not clear how the Glauber contributions in
SCET can be disentangled from the factorization-preserv-
ing soft and collinear contributions.

In [18] it was shown that much of the time the contribution
from Glauber operators is identical to the Glauber limit of the
soft contribution. This equivalence, G = S(6) was called the
“soft-Glauber correspondence” in [18]. It is important to
understand when the soft-Glauber correspondence holds, as
the soft-Glauber overlap (as well as the collinear-Glauber
overlap) must be zero-bin subtracted to avoid overcounting.

PHYSICAL REVIEW D 96, 056005 (2017)

Unfortunately, it seems very hard to establish the soft-
Glauber correspondence to all orders. Some examples and
suggestive general arguments were given in [18]. In this
paper, we connected the soft-Glauber correspondence (a
feature of SCET) to situations in which integration contours
can be deformed out of the Glauber region into the eikonal
region in full QCD. When this deformation is possible, as in
situations where no incoming parton is collinear to an
outgoing parton, the soft-Glauber correspondence must hold.

One intriguing feature of the SCET-Glauber contribu-
tions is that they produce necessarily nonanalytic functions
of external momentum. Nonanalyticity is critical for the
Glauber contributions both to vanish when a momentum is
outgoing (E > 0) and to not vanish when a momentum is
incoming (£ < 0). In QCD, amplitudes are analytic func-
tions of momenta (up to poles and branch cuts) but in SCET
they are not. An example of how this works is the one-loop
Sudakov form factor, where QCD gives a %ln(— P1- P2 —i€)
term, which is analytic, while the Glauber contribution
gives just the discontinuity of this result, —26(p; - p,),
which is nonanalytic. For this form factor, the Glauber
contribution is not factorization violating, as the soft-
Glauber correspondence holds, but the same nonanalyticity
is critical in factorization-violating cases. Indeed, the one-
loop one-emission Glauber graphs are also nonanalytic
functions of a momentum p,, as they must vanish when p,
is outgoing (so as not to spoil factorization when it holds)
and reproduce factorization-violating results from QCD
when p, is incoming. The SCET formalism achieves this
through a combination of the power expansion, which
sequesters all the dependence on certain momentum
components into certain parts of the Feynman diagrams
so that Glauber graphs can exactly vanish when factoriza-
tion holds, and the rapidity regulator, which is nonanalytic.

These observations, summarized in Sec. VIII, suggest
that the factorization-violating Glauber contributions may
be identified with a sort of generalized discontinuity of the
QCD amplitude: they reproduce the difference between
|M(p,. p;)) and | M(=p,, p;)). Another corollary of these
observations is that the rapidity divergences in the Glauber
graphs must be regulated with a nonanalytic regulator. The
nonanalyticity is helpful, in that it allows for the Glauber
graphs to isolate the factorization-violating effects, but it
also makes computing Glauber contributions beyond one-
loop order more challenging than for graphs where dimen-
sional regularization can be used.
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APPENDIX: DOUBLE GLAUBER INTEGRALS

In the appendix we give more details of some representative two-loop double Glauber exchange diagrams
First consider Fig. 4(c) with two parallel Glauber rungs between p, and p3

Fig. 4(c) — (A1)
5 (rbpe (e YT, A0 d'¢ d'k — - 1 1
:4gs(T2T2)(T3T3)T1M (2”)d (2 )d| ( )| |2k | Nﬂ(plv p2va_)8 (p2)( k )2k
1)KL
1 -1 1 -1 1
A2
Gt ie(fT — k") =8, tiel —6, +ielT — 6, + ie—C — &, + i (A2)
—0 [dT dTk 1 11
= 4g3(TETS)(TST T, M | s NF(py, o, €1 )e(p
(T3T3)(T5T3)T, (27)42 (27)2 (P1.P2.21)€u(P2) (bﬂj__kj_)sz_éz 01
fzdkz 1 1
— k)| 2k, |7 A3
/ 72k 27—k ) =6, — Oy — 0 + ie 207 — 6, — 03 + e (A3)
where
(Po1 + ;J_)z - (P2 + 2J.)2 _ (P21 + ZL)z _
5 R ——E— s 5 = = - s 6/ = —_-—-— - s
: o-p; 7 ? 2 P2 ’ o-p 7
% (7L —k,)? ﬂ[ 2pri + )" (B HIVL)
Sy=—-2,  g=-Lt""L  Ne(ppyl) =2 |- + Loa(p). (A4
3 0, 3 0, (P1.p2. 1) 3 i —0+p; |2 (p1) (A4)

The £* and k* integrals can be conveniently carried out in position space. After Fourier transforming the light-cone

propagators, the integral becomes integrals of light-cone coordinates x and y,

28J_,/4 _ h,ﬂﬁ ] v ( 1)

Fig.4(c) = 4¢°(T2TS)(TSTS) T, M° {——
g.4(c) 95(22)(33)1 p}“ Q—p;

Q P+)/dd ) dky le"‘fﬂ 1 i
2m) 2 2m) 2 (Byy + 2,2 (2L -k P R
1 1 —i(x=y) (8, +8,+8,)/2—iy(53+8)/2 (AS)

1/ n
- — dxdy0 0ly) —————
X4<’<"2) | sttt =000 e

_ —ol 2601, vi.¥
— (P TT)TTTA |- 22e T
P> 0-p;
Py (Q—pf)dt d Pk, Phy+ L 1 1 (1 +0®)) (A6)
0 2m)*2 2m) 2 (o +£.)7 (21 —k))? ki
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where «, = 27"T'(1 — n) sin(z7/2)/(7n/2) = 1 4 O(n). The effective diagram with the #-regulator preserves the physical
property of Glauber interactions: they are instantaneous Coulomb interactions that are ordered in time. The #-functions in
Eq. (AS) guarantee that the Glauber exchanges take place at light-cone time —x < —y < 0, both earlier than the hard
interaction. Time ordering between the two Glaubers produces a 1/2! symmetry factor.

The 7, k, integral contains a 1/&* divergence,

240 / di=2¢, dik, ph + 1 1S
(27)* 2 )2 (B + £, (21 — k1)KL

IN\2p,, [AmeEu®\2 /1 n?
(&) 555 ) (-6 +09
dr P21 P21 € 6

4 (1 -3e)

Y Y
P21 \P21

As expected, the two-loop Glauber diagram has the same spin structure as the tree-level diagram, and thus proportional to

the Sp°,

Fieae) =5 (5 ) o (T TSTYT AR |-

L P2(Q-pi) P (l)z <47w2
2

0 I_)%J_ dr

a aud\ 2€ e .
- <T3T§)(T§'T’§)Sp°ﬂ°%< S>2(iﬂ)2<4 ”) (e L= L0 +26)

27

Next we consider diagrams with two Glauber gluons
exchanged between p4 and two noncollinear partons p/
and pf (i,j=3,...,m). In these diagrams we insert
" P%l(’)ni and O, pii(’)nj, where 7/f
and n’; are not generically related to n/. Strictly speaking,
the transverse label momentum P, should be replaced by
Pllj to extract the components of a four-vector in the plane

Glauber operators O

transverse to 7 and r/; in Minkowski space. Take 1)[;j and
1](j to be an orthogonal basis in the transverse plane
with respect to nj and n/. Bases with different choices of

light-cone directions can be related through the following
equations:

DUy Ui D
o = M
Myt Bl
Mg oy @

Projecting a four-vector p* onto transverse direction 1)];
and j)[1, we have

28;,4_ h,ﬁl v
Py Q—pf} )

2 —€ €
) r-op T

22

P21 I'(1-3e)

Lou ny-p Lou Lou
1j nl'n-( j)]z 1i

(A10)

If p* has collinear or Glauber scaling, (n; - p) ~ 4> while
pi; ~ 2; then at leading power we can drop (n; - p) with
respect to p . Thus,

L o

Pt pb’” ., (p* Glauber or collinear to nf).  (All)

The operator P% sandwiched between O,, and O, will pull

out the virtuality of the exchanged Glauber gluon, which
takes the same form no matter what light-cone coordinates
we choose.

We will show the explicit calculation of Figs. 5(a)
and 5(c) in the following. In Fig. 5(a), one Glauber
connecting parton p, and an incoming parton p; has
virtual momentum # — k; the other Glauber with virtual
momentum k connects p, and outgoing parton p;. As we
argued above, at leading power both Glaubers can be
treated in the same way as those exchanged between back-
to-back jets. The integrand is the following, where the
propagators still depend linearly on the light-cone compo-
nents of loop momenta:
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Fig. 5(a) = (A12)

't dik
20 (2n )d| 1 (€ =k)=ny - (€= K)[Tny -k —n;-k|7'N*(py, p2. € 1)€,(p2)
1 1 1 -1 1 1
X s o Ki3Kyj — — . .
(2, —k,)> K ny k=38, +ieny- (£ —k)—08 +ie—(n;-k)—6;+ien - -5, +ie
1

, Al3
X f—o i (A13)

— 4g3 (T4TE)TSTVT, M /

Here, 6, ,, 8, 8; are the same as those defined in Eq. (A4). We also define 6; = I;i/Qj and 8 = (z:’l - %l)z/Qj, with

pl; =10 jn’; , for any outgoing noncollinear parton j. In Eq. (A13), k;; = (n; - n;)/2, which is equal to 1 only for back-to-

back directions. These factors are inserted at the operator level to guarantee the RPI-III invariance of the SCET; Lagrangian
[18]. Let us choose the integration variables to be

(=k)—n,-(—-k k—ny -k
- —n -t EE— kizm( )2'11 ( ) kéz% (A14)

so that

/ ditdk — / df=dk=dié di;d'=2¢ | d"k, . (A15)

K13Kyj

After the change of integration variables, the ;; terms drops out and the integrand looks independent of the direction of p ;.
After integrating over £~ and k™, each collinear propagator depends linearly on k7, k5. Hence we can easily transform into
position space:

Fig.5(a) = 4¢3 (TUTS)(—TS)TAT Mo/dd_z'ﬁ kL £0)es(py) oL 1
12.5(a) = 4g; - ; = e P1s P2, &\DP2) = e
22T (2m) @2 2y PR TR G R 2R 6, -6
dié dic 1 1
20|72k 7 Al6
27 21 - 1245711245 2ki = 6y — 8, — &y + ie —2k5 — 8, — 5; + ie (A16)
= 4g3(T5TS) (=TS T T, M°
(ot + d—2 d—2
Py (py —py) [dT°CL dk 1 1 1
S /2 a2 (5 = NP1 P2 £1)e(p2) = 2722 (7 Lo
D1 (27)4=* (27) (CL—k ) kL (£ + Day)
1 2 1 1 ) "/ "/ . /
XZ(K’?g> /dxdyg(x)e(y)H_H_” |1+11 o~ ix(8348,+61)/2-iy(6;+6))/2 (A17)
y
= (i)*q (T5TS) (=T TS T, M°
+(Q Py ) d’= sz_ d’- ZklN"(p,pz,zﬁ) 1 1 (T)?
x P2 / Y = (5) (1+0()). (A18)
o 2m)2 )2 (Byy +£.)* (£L -k )* KL

The position-space picture describes Glauber exchange before and after the hard interaction, taking place at light-cone time
—x and y with —x < 0 < y. The integration region is the quarter (x,y)-plane. At O(3°), the dx and dy integrals are
symmetric, the result being twice the parallel box diagrams in Fig. 4,
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Fie:5(a) = (T3 T (T 1)sea (52 i (2°) r-op U1 (a)

Figure 5(c) has two Glaubers connecting p, with two outgoing partons p; and py, with virtual momenta k and ¢ — k,
respectively. We choose the integration variables to be

f_:nl-f, k_:nl-k,

kZ:nj-(f—k)—nl-(f—k) kz:nk'k_”l k
1 2 ’ 2 2
(A20)
so then
Fig. 5(c) = (A21)
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Here the #-functions ensure that both Glaubers are produced after the hard interaction with a particular ordering. The time
ordering between the two Glaubers gives a 5; symmetry factor:

) reap TSI gy

4n'/1
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