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We decompose the transverse-momentum-dependent parton distribution functions (TMD’s) of an
unpolarized heavy nucleus in terms of the TMD’s of its nucleons. By considering the symmetries
of the nuclear wave functions, we parameterize the possible spin-orbit coupling terms which can
occur. In doing so, we find that these spin-orbit coupling terms, together with multiple rescattering
on spectator nucleons, are responsible for the mixing of various TMD’s between the nucleons and
the nucleus. Indeed, the same spin-orbit coupling term is responsible for TMD mixing in multiple
sectors, making it possible to explicitly test the predictions of this theory and, in principle, directly
extract the strength of the spin-orbit coupling from experiment.
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Figure 1: SIDIS cross section as a square of the scattering amplitude explicitly illustrating the x~-ordering
of the nucleons in the nucleus. The solid vertical line denotes the final-state cut.

1. Quasi-Classical Factorization in a Heavy Nucleus

This article distills the main conclusions of our paper [1]; for further details we refer the
interested reader to that paper.

1.1 TMD’s of a Heavy Nucleus

The transverse-momentum-dependent (TMD) quark correlator in a hadronic state |h(P,S))
with momentum P and spin S is defined by

o (. P,S) = é;g / &>~ re®" (h(P.S)| Wy (0) % [0,r| Wa(r) [A(P,S)) g, (1.1)
where @, B are Dirac indices, the separation of the quark fields is r* = (07, r~,r), and the “staple-
shaped” gauge link %/[0,r] extends to future/past light-front infinity depending on the process.
The notation d>~ r is shorthand for d*>rdr—, and the light-front coordinates are defined by x* =
\/% (x°+x%), where g*~ = 1 and g*~ = 2 are two common choices of metric. The momentum
fraction x = 1’%, and we use the notation k = (k! k%) to indicate a two-vector in the transverse plane
with magnitude k7 = |k|. We will work in a frame such that the hadron 4~ moves predominantly in
the x™ direction.
At leading twist, the correlator (1.1) can be expanded into 8 independent TMD’s [2, 3] as

O(x,k;P.S) = <f1 — kxsfﬁr) [;g+—7'] + <SLg1 + k.Sng> [;g+—757} + (1.2)
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where (x X y) = S;jx"lyi = xiyi —xiyll and m is the mass of the hadron A.
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As was discussed in [4], the cross-section for semi-inclusive deep inelastic scattering (SIDIS)
on a heavy nucleus with A nucleons such that OtSZAl/ 3 ~ 0 (1) can be decomposed as

/ (;ljrk); o i (k=K)-(x—y) ‘W(p’q) Dyyfo b7, (13)
where
Wo (B,b:P,S) = 27: ./ dzﬁip% ——" »

Z (P.S)|N(p',0):X) (N(p,0);X| A(P,S))
is the Wigner distribution of nucleons inside the nucleus, and the correlator

Dyyfeo,b7] = 1\1 (Tr [Vi[eo™ 67|V} [o™,b7]]) (1.5)

with N, the number of colors, describes the multiple scattering on spectator nucleons through the
(future-pointing) semi-infinite Wilson lines

Vi[eo b7 = Pexp ig/dz_g+,A+“(0+,z_,g) T . (1.6)
ha

To leading order in A!/3, only the symmetric part of the Wilson line correlator contributes [4],
which for a nucleus of uniform density is given by

1
Slee™ 7= 5 (Dulee b7+ Dyl ,b7]) (1.7)

1 2 2 (|xty R (15 1r) = !
—|x— In
4‘ y‘TQs(‘ 2 ‘T) IR— (|¥|T) |x—ylrA

where R~ (br) is the longitudinal radius of the nucleus at transverse position br, Q is the saturation

= exp

scale, and A is an infrared cutoff. This decomposition of the cross-section translates, in Bjorken
kinematics at moderate x, to a quasi-classical factorization of the TMD correlator ®* of the nucleus
in terms of the corresponding correlator ¢ of the nucleons:

4

o

8+— — —i(k—k'—xp)-r
ﬁ(xJS;P?S):A(z;_ - Z/d2+pd2 bd*rd?k e ik—kK—p)r (1.8)
7b7]

x Wo(p,b; P,S) (Paﬁ( p,o )SETTTbT)’

where r=x—y, b= %(g + X)’ and X = %x is the momentum fraction of the quark relative to the

nucleon.
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1.2 Covariant Spin Decompositions

The Wigner distribution for nucleons with an arbitrary spin state |S) in an unpolarized nucleus

i Can 5p

b.S) =
Wi, 2(2m)3 /\/W

can be decomposed [5] in terms of light-front helicity states |+) using

e PP (A(P)|N(P',S)) (N(p,S)| A(P)) (1.9)

)14 2 [14) 1] { 1]+ 5er- [ 8] } -
:%[M |>H[1]—Su(p){6#(p)]} t: (1.10)

The canonical spin vector S¥(p) is obtained by boosting the spin vector Sg.r. from the rest frame
(R.F.) with a single rotationless boost [6]:

L (0,5kr) = (0,51,51,4). (1.11)

=(0,6) = (0,0!,07,07), (1.12)

so that the Lorentz invariant product —S,,(p)[6*(p)] corresponds to the product of three vectors
Sk.r. - |8] in the rest frame.
In this way, we obtain a spin density matrix over the light-front helicities A,/

W @TBD) -i50b 14 N(pA)) (N(p. )| A(P 1.13
() = 57507 /W PN, L) (NP A AP) . (113)
:Wunp(p_ab) |:1 :|)L)L/_ Apol,u(p_?b) [au(p):|)wu, (114)

in terms of which any spin state |S) can be constructed:

W(5,b,S) = Wunp (P, b) = Su(B) Wy (5:D), (1.15)

and the polarized and unpolarized distributions are obtained from the traces

Winp(P,) = ;%‘,’ [Wm'(ﬁ,b) lm] = %TT[W(ﬁ,b)]
WA(58) = 5 & [Waad(5.0) 8455 | = 5T 7.0) 6% )] (116
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T* T

Figure 2: Summing over the 4 independent components of the (2 x 2) matrices [@]; 1/, [W]a/ corresponds to
summing over the 4 possible intermediate polarizations of the nucleons: U = unpolarized, L = longitudinally
polarized, T/ = transversely polarized in the j direction.

Similarly, we can define a spin density matrix representation of the TMD correlator

o) = G155 [ re (NPT 70 val) [VPA)). (1)
= ¢unp(x7k) |:1:| _ép()l,ﬂ(xyk) |:6I~1:| (1.18)

AL AL
0(x,k:S) = Qunp (x,k) — Sl (x,k), (1.19)

where

(Punp(xak) = %Z

AN

() = 3 ¥ o) 8%, | = S T00110 6% (1.20

AA!

[‘PM'(X,k) 11%] = %Tr[(l)(%k)]

The sum over nucleon spins in the quasi-classical factorization formula (1.8) can then be imple-
mented using these density matrices

(5, k:P) :Aé;;;s )y / P pd®> bdlrd®k e kK- r
AN

A °°77b7
X Wi (p,b;P) ¢35 (K5 p) SEFTJ?T)]

_ 2Ag4- /d”pdz bd2rd2 e~ ik—K—ip)r

- (@)
x (Wunp(p,b;Pmnp(f,k’;p)—Wpol,u(pjb;Pm (5K )) So) a2

as represented in Fig. 2. The intermediate nucleons can be either unpolarized, or have a polarization
in the longitudinal or transverse directions.

2. TMD’s of an Unpolarized Nucleus

Let us decompose the TMD’s of a heavy nucleus into the corresponding TMD’s of the nucle-
ons, considering for simplicity an unpolarized nucleus, but which may contain polarized nucleons.
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By tracing (1.2) with a Dirac matrix ', /') = %Tr[qbl“], we select a linear combination of TMD’s
associated with a particular quark spin. We can write these projections for the TMD’s of a polarized
or unpolarized particle (nucleon or nucleus) as

ol = (1) [ oty 1] + (St ) [ o mtrr 1]

¢p(£l -

0
pol ) <g1>[ g+-Ti[Yy” F] (kn%hﬁ) H&—Tr[fﬂ#l“]]
(5

Hq1

&

ki kf 1
pol LR:F *L jflT> [ g+ Tr[y” F]] + ( 81T> [4g+Tr[y5yF]]
kl k] 1
<5”h1T + L hy; ) [48+Tr[y571_i'}/_r]] : (2.1)
A[L]

For an unpolarized nucleus, only &, exists,

i

Py (x,k) = (ff*oc,kT)) [1g+_Tr[yr]} - < ]'f; hf%c,kn) [;g+_Tr[mr@ 2.2)

A

_ 2Ag+ /d2+ P bdlrd2i o ik —ip)r
Woanp (. ) Lo (£,6) — W, s b 2.3
x W,,(,), )OI 8.) — Wt (p b)) ) S 1) @3)

and is related to the projections ¢/ of the nucleons by the quasi-classical factorization formula
(1.21). Note that even though the nucleus is unpolarized, there may be contributions ¢[ ) from
polarized nucleons.

Because the Wigner distributions are constructed purely from the light-front wave functions
of the nucleus (without the multiple scattering effects embodied in the Wilson lines), they are
constrained by a number of symmetries, namely parity and time-reversal invariance

il I

as well as rotational invariance in the rest frame. These symmetries strongly constrain the func-
tional form of the Wigner distributions of polarized and unpolarized nucleons:

Wanp (5. B) = W | 5%, (5 -B)? 2.5)
S+ Woot(5.5) = (- (b % B) ) W | P25 (5B 2.6)

We see that the symmetries constrain the only possible spin-orbit coupling to be of the form In-Sn,
with Ly = b x p the orbital angular momentum of nucleons in the nucleus and Sy the nucleon spin.

Although the Wigner distributions contain 3-dimensional rotation symmetry in the rest frame,
the TMD correlator (2.3), embodying a high-energy collision process like SIDIS, contains only
2-dimensional rotation symmetry about the beam axis (which defines the direction of the Wilson
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lines). Since the transverse position b of the struck nucleon is integrated out in obtaining the TMD
correleator, we can — without loss of generality — replace bibi = %b%6 i/ in the distributions. This
further simplifies the structure of the Wigner distributions to

W(at,p;b=,b;A,8) = Wy [pF.b7: (0 — £)%, (PTh7)?]

A
+(8552) (00 8) Won [Pt (e DE(PH R) @)

. + . .
where we have changed variables from b, and p. to b~ and o = 5+. Equivalently we can write the
components of the distributions explicitly as

Wnp(P,) = Winp [pF, 075 (06— §)?, (PTH)?]
Vpo(p.b) 0
Vpu(p.b) & 0
Wi, L (pb) (%) P’ &7 Woam [p7,b7 5 (a0 — %)%, (PTH)*] . 2.8)

The interplay of the possible distributions (2.8) of nucleons in the nucleus with the associated
distributions (2.1) of quarks within the nucleon generates unique channels which relate the TMD’s
of the nucleus to the TMD’s of the nucleons.

2.1 The Unpolarized Quark Distribution f;!

The distribution 2 of unpolarized quarks within the unpolarized nucleus is obtained by pro-
jecting on I' = y*. Using this in (2.2) and (2.3), together with (2.1) and (2.8), gives the explicit
decomposition

2Ag. o S
A _ + 2 2=y 2 211 —ilk—K —&p)-r gl 7]
fi(x k) = 2n)3 /d *pd> bd*rd?k ¢ KK —P) St br)

X (”unp(pvb)f{\](ﬁak/T) - 55A+”;N (P+b_)(3k/) ”OAM(pvb)flLTN(xA?kg")) 5 (29)

which constructs flA through two distinct channels. The trivial channel obtains unpolarized quarks
from unpolarized nucleons through fI¥, which are distributed symmetrically throughout the nu-
cleus. The novel channel obtains unpolarized quarks from transversely polarized nucleons through
the nucleonic Sivers function fj;". In this channel, the antisymmetric motion of quarks inside the
nucleon couples to the antisymmetric orbital motion of the nucleons inside the nucleus through
the kinematic factor (P*b™)(p-k’). Such a channel is possible because of the presence of Ly-Sy
coupling in the nuclear structure.

2.2 The Boer-Mulders Distribution /;

The Boer-Mulders distribution th of transversely-polarized quarks within an unpolarized
nucleus is obtained by projecting on I' = y*yiys. Using this in (2.2) and (2.3), together with (2.1)
and (2.8) gives the explicit decomposition
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kl 2Ag _ /_ oo
jirky +- 24 2—p 2. g2 —i(k—K —ip)-r gleomb]
€r M 'Ah (x,kr) = 2 ) /d pd~bd°rd°k' e P S(rT br)

[ i W (o) ) + G5 (P07 ) Woun (D)

) k’fklf
x (514/1%,1«9” L) | 210

N

which we can rewrite as

2Ag _ _ o~
1A _ +- 24 21 2 201 —i(k—k—ip)r gloT.b7]
hi (x,kr) = =S a5 K2 /d pd* bd’rd’K e IS D

y <(k k) [Wunp(pjwh%zv(ﬁ’k%)} — & (P*b)(p-k) [WoAM(p7b)h11V()e,k,T)]
my

K ((pxK)(kxK) 1 .
S (PO % ( — 2(p-k)> (Woun(p,b) i (mk%)]) . @1
my T
where
k/2
I (8, Kr) = by (%K) + 5 i (%K) 212
N

is the nucleonic transversity.

As with the decomposition of the unpolarized quark distribution f{, there is a trivial chan-
nel which obtains the transversely-polarized quarks from the intrinsic Boer-Mulders distribution
hllN of unpolarized nucleons, distributed symmetrically throughout the nucleus. But now there are
two nontrivial channels by which transversely-polarized quarks can be obtained from transversely-
polarized nucleons which orbit inside the nucleus due to the Ly-Sy coupling. If the quark and
nucleon transverse polarizations are parallel, then the quarks arise from the nucleonic transversity
distribution 4}’ with the kinematic factor (P*5~)(p-k). If the quark and nucleon transverse polar-
izations are perpendicular, then the quarks arise from the nucleonic pretzelosity distribution h#v

(pxK)(kxK)

with the different kinematic factor (P*b™)[*=—7— — 3 (p k)].
2 p

3. Conclusions

By studying the TMD’s of a heavy nucleus, we make the substructure of the TMD’s amenable
to first-principles calculation because the multiple scattering contained in the gauge link % is
dominated by independent rescattering on spectator nucleons. These effects can be resummed and
calculated explicitly. In this way, it becomes possible to decompose the TMD structure of a heavy
nucleus in terms of the TMD’s of the nucleons, their motion within the nucleus, and the calculable
effects of multiple scattering.

A generic feature which arises by considering such a decomposition is the possibility of TMD
mixing. One has not only the possibility of building up a nuclear TMD f# from the same nu-
cleonic TMD fV with pr-broadening due to multiple rescattering; one has also the possibility of
building up nuclear TMD’s from different nucleonic TMD’s. In the case of an unpolarized nucleus,



Spin-Orbit Coupling in an Unpolarized Heavy Nucleus Matthew Sievert

this occurs in (2.9) due to the admixture of the nucleonic Sivers function fllTN into the nuclear
quark distribution flA. (The converse — the admixture of le into the nuclear Sivers function flLTA
— was previously explored in [4].) It also occurs in (2.11) due to the admixture of the nucleonic

N

transversity i) and pretzelosity flLT distributions into the nuclear Boer-Mulders function hllA.

This mixing connects the nuclear and nucleonic TMD’s with opposite time-reversal symmetry;
in this case the Ly - Sy coupling generates the preferred directions, while the multiple scattering
provides the necessary time-reversal breaking. Interestingly, the same spin-orbit coupling term is
responsible for TMD mixing in multiple sectors; in this case, the Ly-Sy coupling parameterized
by Woam is responsible for the TMD mixing in both the flA sector as well as the hllA sector. This
in principle provides a testable prediction of the theory: one could attempt to extract the spin-
orbit coupling Woau directly by measuring the admixture of fi5" into f4, which then provides
a prediction for the admixture of /) and h{ into h{A. All of these are generic features which
should always occur when both multiple scattering and spin-orbit coupling are present. These
conclusions should also hold for the more complex case of a polarized nucleus with polarized
nucleons, and possibly even for the case of generalized transverse-momentum-dependent parton
distributions (GTMD’s) [7]. This latter possibility would imply that a small number of spin-orbit
coupling structures could be responsible for a large number of mixings simultaneously in the TMD

sector and in the GPD sector.

Finally, this approach is well-suited for phenomenological and modeling applications. One
starts with an input for the Wigner distribution of nucleons in the nucleus. For instance, one could
choose a uniform distribution of static nucleons,

- RF 37

Wnp (B,5) =" —5- 0 (R* = b%)8° (7) 3.1

and model the nucleonic TMD’s with those of a quark target

o, Cr 1+x%
N kr) = L : (3.2)

S 2mk3 1—x’

one then recovers the quark distribution at small-x previously calculated with other techniques in
[8]. Similarly one could model a nontrivial spin-orbit coupling term

+— 3 —p3/m} +
g 2r _ e Pr/my P
WOAM(P,b)Q’éz(A)P(b,b )7rn126<p+_A>’ (3.3)
N

and compute the subsequent correction to the nuclear TMD’s. For serious phenomenological ap-
plication, one could take the Wigner distributions of nucleons in the nucleus from wave functions
obtained in realistic nuclear structure calculations, combine this with experimental data on the
TMD’s of the proton, and obtain a prediction for the TMD’s of nuclei.

Thus, this work opens the door to much more theoretical and phenomenological investigation.
Another crucial component which will be necessary for a serious attempt at phenomenology is the
inclusion of quantum evolution effects at both small and moderate x. We explore aspects of these
issues in a separate article in this Proceedings, in our paper [1], and in additional forthcoming work.
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