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A scheme for NLO computations of generic observables in hadron collisions is presented within
hybrid factorization, that is the framework of high-energy factorization with one off-shell and one
on-shell initial-state parton. The ambiguity of projectile-target separation in the high-energy limit
is governed by the Collins-Soper scale yy. The NLO unintegrated PDF is constructed in terms of
collinear PDFs, and its uy-evolution reproduces the Collins-Soper-Sterman equation in the TMD
limit of |k, | < uy. BFKL-Collins-Ellis evolution of the Green’s function in the UPDF takes care
of the resummation of high-energy logarithms.
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1. Introduction

Partonic coefficient functions and anomalous dimensions of Collinear Factorization (CF) are
enhanced by high-energy logarithms, and High-Energy Factorization (HEF) [1-4] was introduced
to resum those. It concerns the logarithms of center-of-mass energy squared (5) of the partons
initiating the hard process with the hard scale 4 in the regime Ad, < p* < §. This resummation
leads to the notion of “unintegrated PDF” (UPDF), which depends on the transverse momentum
(k) of the parton initiating the hard process besides on the longitudinal momentum fraction (x).
The UPDF is a process-independent quantity and should be accompanied by the corresponding
“off-shell” x-and k, -dependent matrix element of the hard process.

A proper definition of the k, -dependent matrix element relies on gauge-invariant factorization
of QCD matrix elements in the Regge limit, when the partonic energy § is much larger than any
other scale. The auxiliary parton method [5] achieves such factorization for tree-level matrix
elements. In [6], real-emission and virtual contributions were put together in the auxiliary-parton
method, and the resulting expressions for the next-to-leading order (NLO) cross section in CF were
separated into target, Green’s function and projectile contributions. The projectile contribution is
process-dependent and provides a precise prescription for future NLO computations in HEF with
one off-shell parton, also referred to as “hybrid formalism” [7-9]. The target and Green’s function
contributions are process-independent and provide the expression for UPDF at NLO in a5 in terms
of usual PDFs. In the following, we highlight the main elements of the approach and findings of [6].

2. Ingredients

The key ingredient is to embed the process aimed to be formulated in hybrid factorization into
a process in collinear factorization. Consider the collision of two hadrons, with production of the
final state of interest

h(AP) + h(P) - H + X, (1)

where the final state H is defined by the jet-definition at LO in CF, which is correspondingly
generalized to NLO. Eventually, we want to consider the high-energy limit regarding the first
hadron, which we will achieve by making the parameter A large. We introduce a rapidity Y,
associated with H, which separates events into “target” and “projectile” parts (see Fig. 1). Then
we can, in an infra-red save manner, define the kinematic variables

P
x=ZG(y,-<Y#)T ’ ki=—26(yj<Y,,)p,¢, @)
J J
where the summation includes all momenta of particles p; with rapidity y; <Y, including those
belonging to 4. Knowing x, one can associate rapidity scale py (or Collins-Soper scale) to the
rapidity Y, as
Y, VX

& Yu=hoo, 3)

Hy =Vvxe

where v = V2P-P. Due to IRC-safety of variables x and k , the corresponding hadronic differential



Hybrid high-energy factorization and evolution at NLO Andreas van Hameren

Cross section -
do 1

p projectile hadron dxd?k, ’
should be computable in CF, at least up to NLO,
and in the limit

“)

A— o

, X, k,—fixed. o)

The cross section can be differential further in
variables associated with H, and is equal to:

doSF
1
A (k) (6)
1 1
=Z/ dXﬁ-(X)/ dx f;(X)
— Jo 0
1,1
~ CF
AP target hadron % Ao (AX,%5x,k,,...),
dxd?k,
Fi 1: High- hadroni 1lisi t . .
lgure 1gh-encrgy hadronic cotiision even where by “...” we denote final-state kinematic

with production of the system of interest H. . . . .
variables defining H, which are independent of x

and k,. The parton with momentum AX P* is the
initial-state auxiliary parton, and the momentum difference (1X — x)P* is carried by final-state
auxiliary partons.
It turns out, that in order to consistently define the real radiation contribution and cancel all
divergences at NLO, a hierarchy of rapidity limits

A Ap =] —> (7)

needs to be introduced rather than just one parameter 4 — oo, and the cross section needs to
be separated in a number of different contributions. First of all, there is the non-kr-factorizable
contribution, corresponding to values of X that are smaller than Ay/A and for which AX grows too
slowly. The other, kp-factorizable contributions, are separated as follows (Fig. 2):
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Figure 2: Contributions to the Pty o o o o o
kr-factorizable part of the cross ~ '* "% g g g ol g g
r-1acto part ot fhe g 0000 0000 Sgo000 40000
section in the A — oo limit. The ~ Y, +lA+— & — — —/— — — + =% — & — — —|— — —
. . . . g 1 1 05‘ 1 1
vertical dashed lines indicate the = | | | |
. . . . Yo+l 4m—m F — — —1— — — + — — — —+ — — —i— — —
gauge-invariant factorization of g ! ! ! !
projectile, target and the contri- % | | 00200 |
bution of an emission in multi- y _,Y* | g T T S R
" d I I 1 1

Regge kinematics, which can be H
formulated in terms of the t- 2 2000

channel exchange of the off-shell g = = =
& = g g g =
gluon.
non kr-fact. LO NLO target NLO Green’s  NLO projectile
function



Hybrid high-energy factorization and evolution at NLO Andreas van Hameren

1. The LO contribution: the rapidity of auxiliary parton is y, > Y, +InAy

2. The NLO targetimpact-factor (IF) contribution: both the auxiliary parton and the radiative
parton have rapidity y, , > Y, +Ind; .

3. The Green’s function contribution: corresponds to y, > Y, +InA; while ¥, > y, >
)4 u +1In /11 .

4. The NLO projectile contribution: the radiative parton has y, < Y,. This restriction
is implemented by subtraction of the corresponding “collinear” asymptotics of the matrix
element, with y, > Y, from the “naive” real radiation contribution which is obtained by
adding the radiation after 4 — oo.

The parameter A; separates the target IF and Green’s function contributions, and is also used to
remove energy logarithms from the IF contribution and resum them into the Green’s function.

A similar decomposition is applied to the virtual contribution. By applying the limit 4 — oo
as in the Born case directly to the loop amplitude, one obtains an expression with two types of
terms, that in [10] were designated as familiar de‘;m and unfamiliar dV‘g‘f. The former are very
similar to expressions with the off-shell gluon replaced by an on-shell gluon, and in particular
all divergences are identical to the on-shell case. Also it has a smooth limit for |k,| — 0. The
unfamiliar contribution is exactly proportional to the Born contribution dB,;, but contains “new”
divergences compared to the on-shell case, and does not have a smooth limit for |k,| — oco. The
target, projectile, and Green’s function partonic differential cross sections are obtained by reshuffling
terms among them as

[ 2\€ 2 \€
N, 2N:InA
AV (e 1Ay, iy) = AV (€, 1) — dBys xa |[ ) Do g 28 [ H c N4 (g)
i u i M% e € |k, |? €
] 5 e
G _ ,u 2NC 111 /1]
AV *"(e, A1) = dB,; X ae _ (Ikllz) " )
o (12 \ N. v
VI ) = V(e x| (%) %4 22 (10)
[\py) € €
where a,. = 2“—; %, i is the renormalization scale, N is the number of colors, n the number
of active light quarks, y, = 116N < — an and € the dimensional regulator as D = 4 — 2e.
3. Results

Including also both collinear counter terms associated with f;(X) and f;(x), one ends up
with individually finite target, Green’s function, and projectile contributions. Demanding that the
projectile contributions is independent of uy leads to an evolution equation for the UPDF, or rather
F(x, k. ;uy) = xF(x, k.; uy), given by

dF (x,k,; N, d*r, | A . 1 -
(x ﬂY) _ g c/ r {F(X[l + u:|,kL +h;,llY) 9(|rj_| < Uy )C) (11)
X

dlnpyg 2 ) xlr.f? Ky

—0(uy —Ir.1) F(x, kﬁ#y)} :
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This equation is very similar to the equation found in [11] from the Born-Oppenheimer renormal-
ization group. Considering the Fourier transform of £ with respect to k., which then depends
on x, instead, one sees that the equation reduces to the usual Collins-Soper-Sterman equation of
Transverse-Momentum Dependent (TMD) factorization [12] in the limit |k,| <« uy. Also, at
vanishing x, the equation becomes a DGLAP-type equation, essentially with the finite part of the
splitting function missing.

The equation above comes from the projectile contribution and dictates the evolution in uy,
thereby resummming logarithms of uy/|k.|. The sum of the finite target and Green’s function
contribution provide the initial condition at uy = |k, | to the UPDF, and is found to have the form

! X
Plkey =) = Y, [ ax i) [ @) Gk L) a2)

where I; is exactly the LO impact factor plus its NLO corrections, and G is the Green’s function
containing the LO BFKL kernel. Consequently, the expression includes the resummation of the
high-energy logarithms of 1/x.
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