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Abstract

We promote to next-to-leading order (NLO) the hybrid high-energy factorization
formula, in which one initial-state parton momentum is space-like and carries non-
vanishing transverse components while the other is on-shell. We identify all non-
cancelling soft and collinear divergencies in the real and virtual contribution for the
partonic cross section, and observe that they force to change the interpretation of
the factorization formula. Coincidentally, we recover expressions for inclusive NLO
quark-and gluon impact factor corrections known in literature.

1 Hybrid ky-factorization and the auxiliary parton method

The hybrid high-energy, or ky-, factorization formula for cross sections in hadron scattering
looks, at lowest order, schematically like

dol® = dein d*k, A% F(Xin, [k |) (%) dB* (Xiny Ky i) - (1)

The functions F(xi,, [k.|) and f(Xg) are parton density functions (PDFs). They both depend on
a longitudinal momentum fraction, but only one of them depends on transverse momentum. The
Born-level differential partonic cross section dB* is special compared to collinear factorization,
as highlighted by the ‘x’, in the sense that one of its initial-state partons is space-like, and has
momentum

ki = xin Py + k', (2)

where P, is the light-like hadron momentum and k| is transverse, i.e. k, -Pa = 0. We consider
the general case, for which the scattering process may involve a number of final-state jets, and/or
massive quarks, and/or a Higgs boson etc. dB* is implied to depend on the momenta of those,
and to include the differential phase space.

It is straightforward to define and calculate the tree-level amplitudes necessary to construct
dB* with the auxiliary parton method [1]. We need a Sudakov decomposition of momenta as

K* = &P + % P* + K" (3)
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where the momenta P and P have positive energy and satisfy
PP=P*=0 , 2PP=+*>0 , P.K, =PK, =0. 4)
We introduce the symbols & and P to have the possibility of defining
x=A"'§ and Pp =AP ()
via a scaling yet to be determined. Now let the desired parton-level process be
9" (kin) ww(kw) — wi(p1) w2(p2) -+ wnlpn) (6)

where g* represents the space-like gluon, and the w; represent the other partons or particles
involved in the process. In the auxiliary parton method, this process is obtained from the quark
scattering process

q(ki(A)) walks) — q(k2(A)) wilpr) w2(p2) -+ wn(pn) (7)
where P
K =AP* | K =ph = (/\—ﬁin)P”—kﬁﬂme”» (8)

SO k% = k% =0and k; —k, =k, + O(/\’1) with k;y, = &;,P 4 k.. The process of Eq. (7) with
the auxiliary quarks is on-shell, and its squared matrix element is well-defined and it is known
how to calculate it. The squared matrix element of the desired process with the space-like gluon
is obtained by taking

A= oo. ©)

In [2] and [3] it was noted that instead of an auxiliary scattering quark, also an auxiliary scattering
gluon can be used. At the level of squared matrix elements summed over color, one just needs to
include a different overall factor to correct for the difference in color representation:

1 E,izn|kl|2 ~—-aux

q2C A2 ‘M |2(/\P> krn;Pm{Pi}?:]) = ‘ﬁ*‘z(km) kﬁ;{pi}?:l) (10)
with N
Caux—q = i\lc ) Caux—g = ZNC . (11)

The other factors on the left-hand side of Eq. (10) assure the correct power of the coupling
constant, and the correct on-shell limit. In particular, because of the factor E,izn, the right-hand
side does not depend on the Sudakov representation of the momenta, and is invariant under the
scaling of Eq. (5).



2 Promotion to NLO

The NLO contribution to the cross section is expected to schematically look like
dO'(” - J dxin dsz_ dim{F(Xim ’kj_’) fb—(ﬁ) dV*(Xim kJ.) Xﬁ) + dR*(Xim kJ.))_{ﬁ)]
+ |:F“)(Xin) |k‘LD f(iﬁ) + F(Xim |k¢|) f“)(iﬁ)] dB*(Xin) kL) Xm)} ) (12)

where, dV* represents the virtual contribution involving one-loop amplitudes, and dR* the real
contribution involving an extra final-state parton. Both dV* and dR* are suppressed by an extra
strong coupling constant compared to dB*. The functions f", F() in the second line of Eq. (12)
are higher-order corrections to the PDFs, and carry an extra power of the coupling constant
compared to the leading-order ones.

The loop integrals in dV* and the phase space integrals in dR* cause soft and collinear diver-
gences. Not all of these cancel, a well-known phenomenon in collinear factorization, for which
the remnant divergences are absorbed by what is denoted f) in Eq. (12). In the auxiliary parton
approach, extra divergences appear caused by the limit of A — oo. Firstly, A effectively acts as a
regulator of divergences associated with linear denominators in the loop integrals. Secondly, one
cannot just take tree-level space-like gluon amplitudes with a radiative gluon to get the whole
real contribution. Also the situation for which the radiative gluon shares the large /A component
with the auxiliary final-state parton must be included.

This was recently worked out in [4], where it was found that the difference between using
auxiliary quarks or gluons goes beyond a simple color factor. Furthermore, the scaling invariance
of Eq. (5) is broken. It turns out that in order to obtain a consistent result, one must take A = A
and assume that x;, = (9(/\_]). While such a criterion in inherently absent at LO, it does
appear at NLO that x;, must be small, and that considering leading powers of A is equivalent to
considering lowest powers in x;,. Under this restriction, the non-cancelling divergences can be
organized within the NLO cross section as follows:

do'!) = J dxin d%k. d»zm{F(xin, ) (%) | AV (i K. Tar) + AR (i, s %)

cancelling

coll

+ [F(”(xm, k. |) 4+ A+ F(Xin, |kLy)Aunf] f(Xm) dB* (Xiny k1, Xiw)

) [ 5) + ] AB* i s ) (13

The first line of Eq. (13) is free of any divergences, and also independent of the type of auxiliary
partons used. The third line is also independent, but contains the well-known divergence also
appearing in collinear factorization, in the MS scheme given by

e ! 1 Xﬁ
Ayt = __J dz [PX2(z) + yd(1 — 2)] —f(—> (14)
€ Js z z

X



where, restricting ourselves to a radiative gluon,

N2 —1 2 3NZ -1
Ppreg _ _¢ 1 —z— 1 — =__¢ 15

e 2 2 1IN, — 2n¢
ﬂ)gg(l) :Nc<m+z+22“ —Z)—4) y '}/g:T y (16)

depend on the type of on-shell initial-state parton, and
o (4m)E 4 — dim

e = —m = 17
= oxri—¢ > °© 2 17

The symbol n; represents the number of light quark families included, and N. = 3. Within
collinear factorization, Ag is imagined to be absorbed into M or formulated differently, £ ig
imagined to contain a divergent contribution that cancels against Agg;.

The second line of Eq. (13) contains divergences that are different than the ones appearing in
collinear factorization. Still similar is

1
Cle dZ ZNC X’lIl
AW :__J —( +v¢0(1 —Z))F(zyﬂﬁo (18)

€ )y, z \[1—zl,

where the plus-distribution now only acts on F (xin /z, k. I) and not on the 1/z in front of it. Also
appearing, however, is

acNe [ 1? \°

Aur1 = \7 Juniv juniv Jaux 19

Where 11 X 67 2 5

Ns . s ¢
Tuiv = = — o — = (—€) with K =N, — =] -2 20
6 3N, N9 (18 6) 9 0
and 301 i
Ny N¢

Jaux—q = E - z(_e) ) jaux—g = E + W + 6_-Ng(_€) . (2D

As indicated by the label of J,,, it does depend on the type of auxiliary partons used. It turns out,
however, that Jyiy + Jaux-q and Jyniy + Jaux-g are identical to the expressions in equation (4.9) and
equation (5.11) of [5] for NLO corrections to quark and gluon impact factors. We introduced the
symbol X for the same quantity defined in equation (4.10) of [5]. The remaining J,,;, in Eq. (19),
which is independent of the type of auxiliary partons used, is a correction related to the proper
UV renormalization regarding the space-like gluon.

3 Conclusion

In conclusion, while A’ could still be interpreted like in the collinear case and to be absorbed

by the PDF correction FU'), the appearance of A, goes beyond such an interpretation. The
factorized form can still be maintained at NLO, but not anymore purely into PDFs and partonic
cross section. The auxiliary parton dependent color factor at LO must be interpreted as related
to the target impact factor, and at NLO its non-trivial corrections appear.

4



Acknowledgments

This work is supported by grant no. 2019/35/B/ST2/03531 of the Polish National Science Centre.

References

[1] A. van Hameren, P. Kotko, and K. Kutak, Helicity amplitudes for high-energy scattering,
JHEP 01 (2013) 078, [1211.0961].

[2] A. van Hameren, Calculating off-shell one-loop amplitudes for kt-dependent factorization:
a proof of concept, 1710.07609.

[3] E. Blanco, A. van Hameren, P. Kotko, and K. Kutak, All-plus helicity off-shell gauge
invariant multigluon amplitudes at one loop, JHEP 12 (2020) 158, [2008.07916].

[4] A.van Hameren, L. Motyka, and G. Ziarko, Hybrid kT-factorization and impact factors at
NLO, 2205.09585.

[5] M. Ciafaloni and D. Colferai, K factorization and impact factors at next-to-leading level,
Nucl. Phys. B 538 (1999) 187-214, [hep-ph/9806350].



