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1. Introduction

The proton structure in terms of parton distributions (PDFs) is known to the level of a few
percent [1-3] for the case of unpolarized PDFs. These describe the momentum distribution among
its partonic constitutents: quarks and gluons. If the proton is spin-polairzed, one can also define
polarized PDFs, which describe difference of momentum distributions of partons with spin aligned
and anti-aligned with the proton spin. With much less data available on high-energy collisions
involving polarized protons [4], the knowledge on polarized PDFs is considerable less precise on
their unpolarized counterparts, see e.g. [5]. This experimental bottleneck promises to finally be
overcome with the upcoming Electron-Ion Collider (EIC) at BNL [6, 7], which will measure a
multitude of polarized observables to high statistical precision. The upcoming EIC dataset calls
for substantial improvements to theory predictions for polarized observables, to avoid that physics
studies with EIC data will become limited by theory uncertainties.

The theory description of spin effects introduces anti-symmetric structures like the ys matrix
and Levi-Civita tensors into the calculation, which are inconsistent objects in dimensional regular-
izationin d = 4—2¢& # 4 dimensions. Several prescriptions were put forward to fix this inconsistency
[8—11], but often they severely obstruct the calculation of cross sections. From a practical point of
view, the Larin scheme [11] appears to be best-suited for higher order perturbative calculations. It
merely increases the algebraic complexity of the calculations, but in turn breaks the axial current
Ward identities, which need to be restored by appropriate renormalization.

Inclusive results for polarized deep-inelastic scattering (DIS) at NNLO have been available for
decades [12], while less inclusive observables at NNLO for fragmentation [13, 14] and single jet
production [15, 16] are only emerging recently. The former could still be integrated analytically,
whereas the latter require the use of numerical integration techniques, based on the Projection-to-
Born method [17] combined with dipole subtraction [18]. For even more involved jet observables at
NNLO, a general NNLO subtraction scheme for polarized processes has yet to be formulated. For
doing that, full knowledge of the IR structure in tree-level double-unresolved and one-loop corrected
single-unresolved limits of generic polarized matrix elements is required.

Subtraction schemes rely on the factorization of the real-radiation matrix element in the in-
frared singular limits into a universal object called the splitting amplitude for collinear limits, or
eikonal factor in the soft limit. It is a priori unclear if such a factorization also exists for polarized
matrix elements. From the analysis of DIS-like tree-level real radiation matrix elements with up
to five partons, we present convincing evidence for factorization: we are able to extract the univer-
sal splitting amplitudes and formulate systematic rules for the factorization of polarized tree-level
matrix elements in a consistent ys scheme at NNLO.

In section 2 we outline the general method for obtaining infrared limits from matrix elements.
In sections 3 and 4 we describe the singular limits present in tree-level matrix elements up to NNLO,
and comment in detail on how factorization of the matrix element is obtained.

2. Method

The unpolarized quark-initiated triple-collinear splitting amplitudes were first extracted from
the tree-level matrix element for y* — 4 partons, and checked numerically against the factorization
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of matrix element y* — 5 partons with one additional real emission. The latter also granted access
to gluon-initiated triple-collinear splitting amplitudes [19].

A generic proof of factorization for n-parton splitting amplitudes, which also contained a
straightforward method for the calculation of splitting amplitudes, was provided subsequently [20].
It also captured the azimuthal terms, and provided a straightforward method for the calculation of
general m-parton splitting amplitudes. After azimuthal averaging [21] the triple-collinear splitting
amplitudes of [19] are recovered.

Although such a constructive proof would be desirable, this approach fails in case of polarized
splitting amplitudes due to the intricacy of correctly parametrizing oft-shell internal polarized par-
tonic currents. Instead, we here resort to the extraction from the unintegrated tree-level contributions
to the (crossed) g; coefficient function with y* — n partons, cf. [12], as well as the graviton-initiated
g1 contributions with G* — n partons [22-24], with n = 3, 4 for single- and double-unresolved lim-
its respectively. Only massless partons are considered. For a consistent treatment of y5 we use the
Larin scheme [11].

The inclusion of graviton matrix elements allows also for a check for polarized gluon-initiated
splitting amplitudes at one order higher, which would otherwise only be available with an additional
radiation in photon matrix elements. We check the limits obtained this way up to n = 5 for the
photon and n = 4 for the graviton decay, obtaining analytical factorization in each single- and
double-unresolved limit.

Analytical factorization is finally achieved by recasting the analytical expression of the limit
into a unique form, obtained by either factorizing the ensuing rational functions, or by partial frac-
tion decomposition with help of the Leinartas decomposition [25, 26] in FORM 4 [27].

For n = 3,4 we also determine the limits for an initial-state polarized parton with momentum
parametrizations different from the ones presented here, retaining the results from the all-final case
multiplied by a universal Jacobian factor and trivial factors depending on the crossed particle.

3. Single-unresolved limits

Single-unresolved limits are present in any tree-level DIS-like matrix element with parton mul-
tiplicity n > 3. In this section we describe the universal structures arising in the single-unresolved
limit of tree-level matrix elements. They are extracted from the case n = 3, where apart from the
collinear momentum fraction z there is only one kinematic scale ¢g> = (p + p» + p3)?, making fac-
torization trivial. The singular limits are then reproduced for multiplicities n = 4 and n = 5, where
the factorization is non-trivial, providing a strong check. Since the tree-level matrix elements are
singular objects in the unresolved regions of the phase space, subleading terms in the dimensional
regularization parameter € in d = 4 — 2& dimensions must be retained.

Let us consider two massless momenta p;, p;, and & = 2(p;, pj). A propagator 1/s;; is then
written as

I 1
;j ~ EE;(1-cos®)’

6]

In this form it is apparent that the propagator becomes divergent when either E;, E; — 0 (Sec. 3.1),
or in the limits % — 0, % — & (Sec. 3.2). Due to gauge invariance, only single poles in a single
invariant may develop in the final result, whereas higher poles are always spurious.
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3.1 Single-soft limits

The single-soft limit is kinematically non-trivial for gluons only. It is obtained by rescaling the
gluon momentum by p; — Ap; and taking the limit A — 0. An m + 1 parton matrix element with
gluon j unpolarized then factorizes down to an m-parton matrix element and an eikonal factor,

2
(AMY a1 (P15 Pis APy Pks - - - ,pm+1)|

1—0 1 2s 2
ik |(A)M;5?)(p1,...,pi,pk,...,pm+1)| +0(2%), 2)

— dra,— e
SijSjk
where s;, i, = (pi, + - + pl-k)z. If gluon j is polarized, the matrix element remains non-singular
in the soft limit. This behaviour relates to the non-singular limit z — 0in AP, (z) and APg,(z) in
Eq. (8) below, which is singular in the unpolarized splitting amplitude.

3.2 Single-collinear limits

The single-collinear limit between partons i, j is understood in a light cone parametrization of
their momenta,
k% n k% nH

Hmzph 4 kb - L — H=(l-g)pH —ih - —L——— 3
O p; =(1=2)p* = ky A-9n 3)

in the limit where the transverse momentum k7 tends to zero, and where
2 _n_ .2 2 — 0=
p-=0=n", ky <0, p-kr=0=n-kr, n-p#0. @

After insertion of the light cone parametrization inside a matrix element, a dependence on
the transverse momentum k7 may remain, either in terms of angular correlations, e.g. k’T‘k;,
contracted with scalar products. However, as k7 is entirely unresolved in the limit considered, it

needs to be integrated over. Therefore we can make a tensor basis ansatz, whose solution is given

by
/ dg kA (p) = 0

k2 BpY 4+ p¥nt
/ dg k4 (@) ki () = (—g#w—” el 5)

Notice that only symmetric tensor structures are allowed here. The matrix element then factorizes
in the collinear limit between i and j into

0 ills, —a(2) 0
(A)M( )l(pl”pth’ pm+1)‘ S%l(A)M( )(p199p7’pm+1)|2
ij

+O0(k9) (6)

where P;jq(z) is to be read as P;j,(z) if i and j are unpolarized particles, and as Pa;jq(2)
if i is polarized. In the latter case, the merged particle a with momentum p in the reduced matrix
element MY is also polarized. Here, a denotes the particle initiating the splitting.
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The full set of tree-level single-collinear splitting amplitudes in polarized processes is given
by

Paygg—q = CFP(a)gg—q> Pnygg—q = CrP(a)gqg—q>

Paygg—g =TRP(A)g g—g> Paggeg = CaP(aygggs (N

with the color-stripped splitting amplitudes defined as

Pggeq(2) = 11+_ZZZ - (1-2)e, Prgg—q(2) = lltzzz +(1- Z)g(l%i:),
Pogeq(z) = H(L—_Z)z - 28, Prgq—q(2) = %]:8)
quhg(z)zl_ZZ(ll_—_;)’ PAqug(Z)zl_zi:i’

Pogeg(z) =22(1 —z)+li_z+§—4, Ppgoeg(2) = IL_Z—2+4::2. (8)

Here, quarks may also be exchanged by antiquarks. We notice the genuinely different structure if a
polarized particle is involved in the splitting.

The tree-level single-collinear splitting amplitudes #;; are given by the unregulated real radi-
ation part of the corresponding NLO Altarelli-Parisi evolution kernel AP;, [28] and an evanescent
e-dependent term. The latter depends onzthe scheme choice for ys. This becomes apparent for the
+2z
—z o
transformation required to get from the Larin scheme to MS [29], fixing the axial Ward identity and

+ 3(1 — 2)e + O(&?) by considering the finite scheme

non-singlet splitting Pag ge—q(2) = T

restoring helicity conservation along the polarized quark line, after which P, ¢ takes the form
of Pygeyg.

4. Double-unresolved limits

Due to the more involved singular structure in the case of the double-unresolved limits appear-
ing in the double-real radiation part at NNLO, we resort to color-ordered matrix elements as in [19],
containing singular limits only between color-adjacent particles [30-33]. Note that the insertion of
a colorless particle into the amplitude does not modify the color structure, independent of where
it couples. In the context of color-ordered amplitudes the notion of abelian gluons is introduced,
referring to unordered gluons, which can be color-adjacent only to quarks but not to gluons.

4.1 Double-soft limits

We parametrize the two momenta p;, p; as in the single-soft case by rescaling with a parame-
ter A. The double-soft limit is then realized in the limit 4 — 0.

In the case of color-unconnected particles, the matrix element factorizes into two separate
eikonal factors. For color-connected particles, we distinguish three cases: two soft non-abelian
gluons, two soft abelian gluons, and two soft quarks. We recover the limits quoted in [34] if neither
soft particle is polarized.

As before, if a polarized particle becomes soft the matrix element does not develop a singularity.
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4.2 Double-collinear limits

If the parton momentum p; becomes collinear to p ;, and p; becomes collinear to p;, the matrix
element factorizes into two separate single-collinear splitting amplitudes.
4.3 Triple-collinear limits

In the triple-collinear case, where a cluster of three particles becomes collinear, we employ the
light-cone parametrization

L ©)

As discussed in [21], the relations
3
a+n+n=1l, D kri=0 (10)

hold. With a similar power counting as before, this time discarding terms of O(k‘3) and less sin-
gular, we find a residual transverse momentum dependence of the form {k“ T.i0 k; lk; i k# lk; J}
The first and second case are as in Eq. (5). In the third case, however, the tensor ansatz changes to

n
/d¢z] k” k" —Ag”V+BP”PV+CnVn”+Dp'“nv+En’“‘pV+Fg”VP¢Tl;_p.Z, (1

where ¢;; = £/(kr,;, k7 ;). It turns out that the symmetric part / dg;; k(” kv) takes the overall
form of Eq. (5),

k2 k
T, HpY + pYnHt
J(_gmu , (12)

(u —
[ aertiony o =00 !
and gives rise to an angular dependence proportional to cos(2¢;;) in 4-dimensions. The anti-
symmetric counterpart is found to have a sin(2¢;;) dependence of the opening angle between the
collinear partons, and its coefficient F' is regularization scheme dependent. Note that the two struc-
tures are mutually orthogonal to each other. However, while it is in principle allowed, we find that
the antisymmetric part is not realized in the tree-level matrix elements required up to di-jet produc-
tion at NNLO.
After the angular averaging, our matrix elements factorize according to

|(A)Mm+2(pls cesPisPjsPks--- 9pm+2)|2
illj
(47“%)2 Pijk (2, 22 2hs Sijs Siks Sjk) X IMm(P1s oo, Pse oo Pma2) P + O(k2 )

Sl/k
(13)

where P; ;i denotes the color-ordered triple-collinear splitting amplitude. In the unpolarized case
there are 7 independent triple collinear splitting amplitudes [19, 21],

ngg<—g’ qug<—q’ qu*w quc7<—g’ qu‘<—g’ Pqé’q’<—q’ Pqéw—q-
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The polarized case is found to contain 16 additional independent splitting amplitudes, where one of
the particles is polarized, indicated by a subscript A:

PAqgg<—q’ PAqyw—q’ PAggq<—q’ Pgqu<—q’ PAYMHJ’ PAqq’é“—q’ PAq/é’cr—q’ PAqétr—q’
PAtIqrﬂ—q’ PAggg”—g’ PgAgg<—g’ PgAqfi<—g’ PAqqg<—g’ PAquw—g’ PquC%—g’ PA7q62<—g-

For sake of abbreviation, they are denoted by P23 (z1, 22. 23, S12, S13, $23) = Pijke—a, Where i, j, k
refer to the particle types of the clustered particles 1,2, 3, and a is the type of the splitting particle.
In this notation vy stands for an abelian gluon. By convention, triple-collinear splitting amplitudes
are given in the literature with all particles in the final state, cf. Eq. (9).

Notice the different ordering of the clustered particles, arising from the breaking of symme-
try between a gg or a g4 pair within the cluster, where either particle of the pair is polarized: in
PAg ¢ gq the unpolarized gluon is color-adjacent to the quark, whereas in Pg Ag 44 the polarized
gluon is. In Pgaggc g, the polarized gluon is sandwiched between the two unpolarized gluons,
which are symmetric under exchange, but in Ppg ¢ g« it is adjacent to only one particular, break-
ing the symmetry. In Pg pq4 g g, the gluon is adjacent to the polarized quark and color-unconnected
to the antiquark, and oppositely in Ppg g g-

While triple-collinear splitting amplitudes are genuinely double-unresolved structures, they
also contain iterated single-unresolved structures [35]. To make this manifest, let us consider the
triple-collinear splitting of a polarized quark into a polarized quark and two gluons,

1 22
Prgggeq = + 5235123 Prgg—q(21) nghg(q)]
1 71 1 2
+ Prgg—q(1 = 23) Pagge—q| —— +—— |17+ 1522+ 126 + 282, + 2¢
S1285123 1-2z3 513
1+7+1362+93 +26* 1420 17+6¢ +2s+432+2g3 1 -2z, +723
- - Z
(1-e)(1-28) zm+2z 2 T -e(1-20 1z
l6s 22-22 8 4-4e 62+2z -3z 22 - 2
- 2 _ [6+ 225 — 3z1] + 2 L_ z
1-2ez3+720 1-¢ 3+22 2(1-2¢) (z2+23)
o 22— 25 Te(231)| 4e 1 126 16e 2 4 —4¢
oy 422 Tr(1230) [ 1 + 7e + 136% + 98> + 2% 1
- E
(2+23)* (22+23)? 5125753 (I-e)(1-28) 22+
8c +4e? + 4¢3 1 9-T72 16 1—-20 2e+7 20 2
- - + - +9=+2—=¢
(I-e)(1-2&) 1-2¢ z4 1-&g 7 21 7] 4|
+Tr(123l) 1 +2¢ + &2 1+28+82Z2+ de 7, 8 1-z1 10+2
§125235123 l-¢ l-¢ z3 1-2ez1 l1-¢& 22 2
21 21 22 ) 2 2 2 4
—6=L 2o + & - e
22 22 3+22 W+ z3+20 z3(za+2z3) z3  22(20 +23)
Wa3 4e 1 . 2 -2¢ Wiz e+4e’+28° 1 (14)
Sts | 1728a (+2)? | siysiy| (I-o)(1-28)z |
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setting Tr(ijkl) = z;Sjx — zjSik + 2kSij, and

2 XiXjXk

Wi = (xisjk —xjsik)2 - SijSijk- (15)

1-¢ m

The triple-collinear splitting amplitude is given in the basis proposed in [35], serving to separate
terms that are singular in the single-collinear limit from the remainder, which is regular in the single-
collinear limit. The first two terms display an iterated application of single-collinear splittings, also
making manifest the divergent structure of polarized matrix elements as follows.

The first term describes the part which is also divergent in the sole s,3 — 0 limit, encompassing
the splitting of two gluons from a gluon after the splitting of a collinear gluon off a polarized quark.
Since both gluons are unpolarized, also the corresponding gluonic splitting is unpolarized, and the
polarization is fully contained in the polarized m + 1 parton matrix element, which in turn factorizes
down to a polarized splitting amplitude and a polarized m parton matrix element with polarized
clustered momentum p.

The second term represents the radiation of the unpolarized gluon p; off a polarized quark
with clustered momentum pi;, and then a subsequent radiation of the unpolarized gluon ps off the
polarized clustered quark (12), where the reduced matrix element in every step is polarized with
a polarized leg p1» or p. Note that there is a consecutive limit s;3 — 0 and s123 — 0 due to
color ordering. The remainder contains only genuine triple-collinear divergences and double-soft
divergences.

Based on our findings, we formulate the rules for the factorization of a collinear limit in polar-
ized matrix elements:

1. Check if a polarized particle is contained in the collinear cluster. If so, the splitting amplitude
is polarized.

2. The polarized reduced matrix element has a particle with clustered momentum p inserted in
place of the particle initiating the cluster, which is polarized if and only if the splitting was
polarized.

Color-summed (unordered) matrix elements are recovered from the color-ordered matrix el-
ements by summing over the permutation of particles fixed by the color ordering. For unordered
matrix elements, the following nine unordered triple-collinear splitting amplitudes are in place [21],
which can be obtained from the color-ordered ones by

_ CrCa

2
Prggigrq = > [PAq g1g-q * PAggrg1—q = Pagy 72<—q] +CrPagy v,
CrCa
_ 2
PAggq<—q ) [PAggm—q +Ponggeq — PA77q<—q] +CrPryyqeq

Prgq ¢ —q =TRCFPrqq' ¢ —q

Prg g g—q =TRCFPAq q q—q

Ca

Prggq—q =CF (CF - 7) Prggq—q
Ca

Prgqq-q =CF (CF - 7) Prgqq—q
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CuaTgr

Prggg—e = ) [PqucI<—g +(2e3) _PAchP—g] +CrTRPAygg—g
CuTr

Prggy—re = ) [PAqég<—g +(1e2) _PAqq'7<—g] +CrTRPrgGy—g
i

Prgigr g3 = T[ Pagigrgs—g + (1e3)
+ Pag gy grg + (1 ©2)
+Pgyng gsegt (2o 3)] . (16)

5. Conclusion

We presented the unresolved limits of polarized tree-level matrix elements up to NNLO. We
showed analytically that subtraction is feasible in the Larin scheme for the tree-level real-radiation
contributions to DIS jet observables up to di-jet at NNLO. The full set of unresolved limits up to
NNLO for any polarized matrix element will be presented in a future publication [36].
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