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Polarized electron-deuteron deep-inelastic scattering (DIS) with detection of the spectator proton (“tagged
DIS”) enables measurements of neutron spin structure with maximal control of nuclear effects. We
calculate the longitudinal spin asymmetries in polarized tagged DIS using methods of light-front nuclear
structure and study their dependence on the measured proton momentum. Asymmetries can be formed
with all three deuteron spin states (+1,0) or the two maximum-spin states only (+1, involving tensor
polarization). The proton momentum dependence can be used to select pure S-wave configurations in the
deuteron and eliminate D-wave depolarization (transverse momenta p,r < 100 MeV). Free neutron spin
structure can be extracted model-independently through pole extrapolation of the tagged asymmetries.
Such measurements could be performed at a future electron-ion collider (EIC) with polarized deuteron
beams and forward proton detectors.
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1. Introduction

Nucleon spin structure studies require measurements of po-
larized deep-inelastic lepton scattering (DIS) on both the proton
and the neutron; see Refs. [1-3] for a review. Proton and neu-
tron data together are needed to determine the flavor composition
of the quark helicity distributions, to separate singlet and non-
singlet structures in the analysis of scale dependence (QCD evo-
lution, higher-twist effects), and to evaluate the Bjorken sum rule.
The neutron spin structure functions are extracted from DIS mea-
surements on polarized light nuclei (deuteron 2H = D, 3He). The
procedure must account for nuclear effects such as nucleon spin
depolarization, motion of the bound nucleons, non-nucleonic de-
grees of freedom (e.g. A isobars in >He), and nuclear shadowing
and antishadowing [4-11]. The theoretical treatment of these ef-
fects is complicated by the fact that they depend strongly on the
nuclear configurations present during the high-energy process. In
inclusive DIS measurements one accounts for the effects by mod-
eling them in all possible configurations and summing over them,
which results in a significant theoretical uncertainty. In view of
the experimental precision achievable with a future electron-ion
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collider (EIC) [12,13], it is necessary to consider new types of mea-
surements that reduce the theoretical uncertainty in neutron spin
structure extraction.

DIS on the deuteron with detection of a proton in the nuclear
fragmentation region (“tagged DIS”), e + D — e’ + X + p, repre-
sents a unique method for neutron structure measurements. The
deuteron wave function in nucleonic degrees of freedom (pn) is
simple and known well up to momenta ~ 300 MeV; A isobars
are suppressed in the isospin-0 system [14]. The detection of the
proton identifies events with active neutron and eliminates dilu-
tion. The measurement of the proton momentum fixes the nuclear
configuration during the high-energy process and enables a differ-
ential treatment of nuclear effects. Extrapolation of the measured
proton momentum dependence to the on-shell point eliminates
nuclear initial-state modifications and final-state interactions and
permits the extraction of free neutron structure [15]. In tagged
DIS in fixed-target experiments, the proton emerges with typical
momenta |p,| < 100 MeV and is captured with special detectors
placed close to the target (JLab 6/12 GeV BONuS [16-18], ALERT
[19]). In collider experiments at EIC, the proton moves forward
with ~ 1/2 the deuteron beam momentum and is detected with
forward detectors integrated in the interaction region and beam
optics. The collider setup offers many advantages for tagging (no
target material, acceptance at proton rest-frame momenta |p,|~ 0,
good momentum resolution), and the physics potential was stud-
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ied in an R&D project [20,21]. With the possibility of polarized
deuteron beams at EIC, it is interesting to assess the potential of
polarized tagged DIS for precise measurements of neutron spin
structure.

In this letter we report about the development of a theoretical
framework for neutron spin structure measurements with polar-
ized tagged DIS in collider experiments; see Ref. [22] for an earlier
study. Using methods of light-front (LF) nuclear structure, we cal-
culate the longitudinal spin asymmetries in polarized tagged DIS
and study the dependence on the measured proton momentum.
We consider the asymmetries formed with all three deuteron spin
states (+1,0) and the two maximum-spin states only (+1). We
show that the proton momentum can be used to select pure S-
wave configurations and eliminate D-wave depolarization. We dis-
cuss how free neutron spin structure can be extracted through
pole extrapolation of the asymmetries. Details will be provided in
a forthcoming article [23].

2. Spin asymmetries in polarized tagged DIS

Polarized tagged DIS with deuteron 4-momentum pp and
4-momentum transfer q = p, — p, is described by the invariant
differential cross section (see Fig. 1a)

do[eD — e'Xp] = FdxdQ?dlp, (1)
F = F(x. Q% {pp): pol,. polp). (2)

where x = Q2/(ppq) and Q2 = —q? are the usual DIS variables,
{pp} denotes a set of variables describing the measured proton
momentum, dI', is the invariant phase space element in the pro-
ton momentum, and “pol,” and “polp” denote generic variables
specifying the initial electron and deuteron polarization. As gener-
ally for semi-inclusive DIS, it is convenient to describe the process
in a frame where the 3-vectors pp and q are collinear along the
z-axis (see Fig. 1b). We specify the particle momenta in this frame
by their LF components p* = p® =+ p3, py = (p', p?). The proton is
described by its plus momentum fraction and transverse momen-
tum

ap = 2p)/py (O<ap<2), Pyr, (3)

with dT', = (dap/ap)dzppr. The typical ranges of these variables
are |ap — 1/ $0.1 and |ppr| < 100 MeV, corresponding to proton
3-momenta |p,| < 100 MeV in the deuteron rest frame. The de-
pendence of the cross section on the proton azimuthal angle ¢,
is kinematic and can be established on general grounds; the de-
composition will be presented elsewhere [23]. In the following we
consider the azimuthally integrated cross section,

do = [[dpF] dxdQ? (dap/atp) IPyr| dIpprl, (4)

which is sufficient for neutron spin structure measurements.

The polarization variables in Eq. (1) have to be specified de-
pending on the experimental setup. We consider a collider experi-
ment in which the electron and deuteron beams move in opposite
directions along the same axis in the laboratory (zero crossing
angle). The electron entering the scattering process is in a spin
state quantized along the beam axis with projections A, = j:%.
The deuteron is in a spin state quantized along the beam axis with
projections Ap = (1,0, —1); combinations of these pure states cor-
respond to spin ensembles with longitudinal vector and tensor
polarization. We denote the cross section in the pure spin states
by

e pol e
po ]
1 X
D pol
d|
p
(@ (b)

Fig. 1. (a) Polarized electron-deuteron DIS with proton tagging, e + D — e’ + X + p.
(b) Momenta in the photon-deuteron collinear frame.

do =do (Ae, Ap). (5)

The beam polarizations in the laboratory frame determine the ef-
fective polarizations of the electron and deuteron in the photon-
deuteron collinear frame; the corresponding kinematic factors (de-
polarization factors) are given below.

Experiments measure differences and sums of the cross sections
in different electron and deuteron polarization states and their ra-
tios (spin asymmetries). The “polarized” cross section is calculated
as the difference between the Ap = +1 deuteron spin states,’

doj = ldo(3,1) —do (-3, 1) —do(3, 1) +do (-3, D]
(6)

“Unpolarized” cross sections can be formed in two ways: (i) as the
sum of all three deuteron spin states (Ap = =1, 0),

—1
d03 =5 Z
Ae==%1/2

[do (Ae, +1) +do(Ae, —1) +do (A, O (7)

(ii) as the sum of the two maximum-spin states only (Ap = +1),
which enter in the polarized cross section Eq. (6),

1
dUz =g Z
Ae==%1/2

[do(Ae, +1) +do (Ae, —D)]. (8)

The combination Eq. (8) implies a nonzero tensor polarization
of the deuteron ensemble. Correspondingly, one can define the
“three-state” and “two-state” tagged spin asymmetries as

d0|| _ d0||
2= doy”

9)
They depend on x and Q2 and the proton momentum variables o,
and |p,r| [¢p is integrated out, Eq. (4)],

2 .
ALitx, Q% ap, [pprh)  (=3,2). (10)
In the following we compute the tagged asymmetries in an ap-
proach that separates nuclear and nucleonic structure, study their
dependence on the proton momentum, and assess their usefulness
for neutron spin structure extraction.

! In fully inclusive DIS the spin dependence of the cross section is entirely
through double-spin dependent terms o A.Ap, and it is sufficient to take the dif-
ference in the electron or deuteron spin alone, with the other spin remaining fixed.
In tagged DIS the cross section can have also single-spin dependent terms o A, and
o Ap, and it is necessary to take the double difference in the electron and deuteron
spins in order to isolate the double-spin dependent terms.



W. Cosyn, C. Weiss / Physics Letters B 799 (2019) 135035 3

3. Deuteron light-front wave function

To calculate the tagged DIS cross section we use methods of
LF nuclear structure. The quantization scheme is unique in that
the effects of energy nonconservation (or 4-momentum noncon-
servation) in intermediate states remain finite in the high-energy
limit and enables a practical description of high-energy scatter-
ing from composite systems [22]. The technique is summarized in
Ref. [24]; here we only describe the aspects specific to the spin
degrees of freedom. The calculation is performed in the photon-
deuteron collinear frame (see Fig. 1b). The deuteron is described
by a wave function in nucleonic degrees of freedom at fixed LF
time (see Fig. 2a). The nucleon spin states are chosen as LF he-
licity states (LF boosts of rest-frame spin states quantized along
the z-axis [25,26]) with helicity quantum numbers Ap, Ay = j:%;
the deuteron LF helicity Ap = (1,0, —1) is identical to its ordinary
spin projection on the z-axis (its transverse momentum is zero).
The LF wave function is constructed from a rotationally covariant
3-dimensional wave function in the center-of-mass (CM) frame of
the pn pair [27]

W(@p, Ppri Ap, Malhp) = Y Wk, iy, finlrp)
Mp, Hn

x U™ (k, Up,Ap) U*(—k, fn, M), (11)

~ €1(xp) | ap 3k o\ 20
Wk, iy, n|Ap) = ) k )
(k. ttp, UnlAp) NG |: fO()+<|k|2 NG

x 1t [0 (o) | 3" (), (12)

E4+k+m+kroro?

V2(E +Kk3)(E +m)

U(—=k, tin, An) = [same withk — —k; p, Ap — pn, Anl. (14)

Uk, fip, Ap) = X T (up) [ } x(p), (13)

Here k = (kr, k) is the CM momentum of the pn pair and related
to the LF momentum variables by (m is nucleon mass)

E=,/m?+ |k,

T is the rotationally covariant wave function in the CM frame; it
is formulated in canonical nucleon spin states with quantum num-
bers wp, un = j:%. 0% (a=1,2,3) are the Pauli spin matrices;
X (W) (v =Lp, Un, Ap, An) are the two-component spinors for spin
projection v =1 on the z-axis, x(3) =(1,0)7, x(-1) =0, DT;
€(rp) is the spin-1 polarization vector for spin projection Ap,
€(+1) = %(;1,—1’,0)? €(0) = (0,0, 1)T. The CM frame wave
function Eq. (12) involves the S- and D-waves of the pn pair. They
are described by the radial wave functions fo(k) and f,(k), k = |k|,
which are normalized as

ap=1+k/E, pyr =kr. (15)

rdkk? ,
4n/W[f0(k)+fz(k)] -1 (16)
0

In Egs. (11)-(14) U are the momentum-dependent Melosh rota-
tions connecting the canonical nucleon spin states with the LF
helicity states (U* denotes the complex conjugate). The construc-
tion Eqgs. (11)-(13) effectively implements rotational invariance in
the LF calculation and permits a simple description of the deuteron
spin structure in this context [14,27,28].

The radial wave functions can be obtained by solving the
2-body bound-state equation with pn interactions at fixed LF time

7\% é é 7\';1

2-0,=Ppprs Aa
Ap Ap Ab
v v v
r—— | [
Oy, Pprs Ap Ay A,
(@) (b)

Fig. 2. (a) Deuteron LF wave function. (b) Polarized tagged DIS cross section in im-
pulse approximation.

[14,29]. Alternatively, one can approximate them by the nonrela-
tivistic wave functions as

fr) 2 VE®) fr k)

the factor arises from the normalization Eq. (16). Equation (17) is
reliable at all momenta of interest here [14,24]; in the numerical
studies we use it with the AV18 wave functions [30].

(L=0,2); (17)

4. Deuteron light-front spectral function

We calculate the tagged DIS cross section in the impulse ap-
proximation, in which the DIS final state and the spectator evolve
independently after the scattering process (see Fig. 2b). The gen-
eral expressions for the cross section and scattering tensor are
summarized in Ref. [24]. The polarized deuteron scattering ten-
sor is factorized in the polarized neutron scattering tensor and the
deuteron LF spectral function,

1
2—ap

X Y W (p, Ppri Aps AIAD) W(@p, Pyt Ap. AnlAp). (18)
Ap

S(ctp, Pprs A, AnlAD, Ap) =

It describes the conditional probability density of the neutron in
the deuteron when removing a proton with LF momentum «p and
Ppr, and is normalized as

2
do
Z/ Ot—p/dzppTS(apvppT;)hn,)LnM/D’)”D) = ‘S)Lb)‘D' (19)
oy P

The general spectral function Eq. (18) is a matrix in the LF he-
licities of the external deuteron and intermediate neutron states.
In the calculation of the cross section, the deuteron LF helicities
are averaged over with the deuteron spin density matrix, which
describes the effective deuteron polarization in LF helicities, tak-
ing into account that the experimental polarization is along the
beam axis (see Sec. 2). The neutron helicities are averaged over
with the spin structure of the neutron scattering tensor. In the
particular case of the ¢p-integrated cross sections with the lon-
gitudinal deuteron polarization described in Sec. 2, the result can
be expressed in terms of three distinct LF helicity projections of
the spectral function Eq. (18) [23]:

Su=Y_ (0wiprp Y S AnlAb. Ap) S (20)
ApAb Ann

ASs =Y (05)apap Y SChn, AnlAb, AD) 2n) 83, (1)
ADAD Ankh

Sr= Z (OT)rprb ZS(M, InlADs AD) 8- (22)
ADAD Anh
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Here py s r are the spin-1 density matrices describing an unpo-
larized, vector-polarized, and tensor-polarized ensemble quantized
along the z-axis,

(PW)ipap = 3diag(1,1,1), (23)
(P$)ipap = 3diag(1,0, —1), (24)
(PDapap = gdiag(1, —2,1). (25)

The functions Sy, ASs and St depend on the proton LF mo-
mentum variables «p and |p,r|. Sy describes the LF helicity-
independent probability of neutrons in an unpolarized deuteron
ensemble; St describes the LF helicity-independent probability
of neutrons in a tensor-polarized deuteron ensemble; ASs de-
scribes the LF helicity-dependent probability of neutrons in a
vector-polarized deuteron ensemble. Their interpretation is similar
to that of the unpolarized and helicity-polarized parton densities in
the nucleon and can be developed further along these lines [23].
We evaluate the functions by using the explicit expression of the
deuteron LF wave function and performing the sums over the LF
helicities and obtain [23]

1
Sutep. 1pprh = 5—— (3 +13). (26)
p
1 C
ASs(ap, |pprl) = P —a <f0 - %) <C0f0 - %) . (27)
_ (E + K|k |?
=T Ermm k) 28
B (E +2m)(E +k3)|kr|?
I T =
S f2\ fa
T(p, [Ppr) = 2—0(ch _zfo_ﬁ E’ (30)
. 3lkrP?
Cr=l-"p2 (1)

where fo2 = fo2(k) are the radial wave functions of Eq. (12). The
factors Cop and C» in Eq. (27), and Cr in Eq. (30), arise from the
contraction of the Melosh rotations Eq. (13) and contain the rel-
ativistic spin effects in the neutron distributions in the polarized
deuteron. They play an essential role in the proton momentum de-
pendence of the polarized tagged DIS cross section (see below).

The deuteron spectral function Eq. (26) satisfies sum rules for
the total baryon number and the total LF momentum of the neu-
tron, obtained by integrating over the proton momentum,

dap 2 ] = 1
/E/d ppTSU(O[P’pPT)X((z—ap)}_{1}. G2

They follow from the normalization condition Eq. (19) and the
symmetry of the deuteron wave function under ap — 2 — oy,
which is a consequence of the rotational invariance encoded in
Eq. (12). The sum rules indicate that a consistent description of
deuteron structure in terms of nucleon degrees of freedom is
achieved in the impulse approximation.

5. Deuteron structure in spin asymmetries

Using the deuteron spectral functions we compute the longitu-
dinal spin asymmetries of the azimuthally integrated tagged DIS
cross section (see Sec. 2). We consider the DIS limit Q% — oo, x
fixed, and neglect power-suppressed terms in the kinematic fac-
tors and the spin-dependent cross section (g structure function).

The result for the three- and two-state asymmetries Eq. (9) can be
expressed in simple form as [here i =3, 2]

Apix, Q% ap, [Ppr) = Ajn(X, Q2) Dilatp, [Ppr ), (33)
Dy gin(x, Q?)
2(1+€Rn)Fin(%, Q%)
Ajn is the longitudinal spin asymmetry for DIS on the free neu-
tron. It is given in terms of the polarized and unpolarized neutron

structure functions, g1, and Fip, and the neutron L/T ratio Rj. The
neutron functions are evaluated at the modified x-value

Apnx Q%) = (34)

X=x/2—ap), (35)

where 2 —«p is the plus momentum fraction of the active neutron,
whose value is fixed by the o), of the tagged proton. In Eq. (34) €
is the virtual photon polarization parameter; Dy is the depolar-
ization factor describing the effective polarization in the photon-
deuteron collinear frame induced by the experimental polarization
along the beam axis (see Sec. 2),

e 17y _2ya-y/2)
1—y+y?/2° 1—y+y%/2

the scaling variable y = (ppq)/(pppe) is the same for DIS on the
deuteron and the free neutron up to power-suppressed corrections
(we do not distinguish between the two in the notation). The typ-
ical magnitude of Ay is a few x1072 for X > 1072 and y = O(1)
[21]. The deuteron structure effects in Eq. (33) are contained in
the factors D; (i =3, 2), which depend on the proton variables
and [p,r|. They play the role of a “dynamical depolarization fac-
tor” specific to the deuteron configuration selected by the tagged
proton momentum. For the three-state and two-state asymmetries,
Eq. (9), they are obtained as

ASs(ap, [Ppr)

Su(@p, [pprl)
ASs(ap, [ppr)

[Su + Srl(ep. IpprD’

The numerator in both cases is the vector-polarized spectral func-
tion Eq. (21). The denominator in the three-state asymmetry is the
unpolarized spectral function Eq. (20); in the two-state asymme-
try there is a contribution of the tensor-polarized spectral function
Eq. (22), because the sum of 41 spin states only (without the 0
state) corresponds to a spin ensemble with nonzero tensor polar-
ization.

We evaluate the deuteron structure factors Eqs. (37) and
(38) using the explicit expressions for the spectral functions
Egs. (26)-(31). Important differences between D3 and D, can be
deduced from the analytic expressions. (a) D, is bounded by unity,

Dy (36)

Ds(ap, IPpr)) = (37)

Da(ap. |Ppr)) = (38)

-1<Dy<1. (39)

No such bound is found for D3, which attains absolute values
larger than unity. (b) D, is equal to unity at zero proton trans-
verse momentum and arbitrary plus momentum,

Da(ap, IPprI=0) = 1 (ap arbitrary). (40)

This happens because the factors Cp, C; and Cr in Egs. (28), (29)
and (31) become unity at kr = 0 [the Melosh rotations are triv-
ial at zero transverse momentum, U(kr = 0) =1, cf. Eqgs. (13)
and (14)]. In contrast, D3 is equal to unity only at |p,r| =0 and
ap = 1. (c) At small proton momenta, |op — 1| K 1 and |p,7r| Km,
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Fig. 3. Deuteron structure factors D3 (three-state asymmetry) and D; (two-state
asymmetry) in polarized tagged DIS, Eqgs. (37) and (38). (a) As functions of p,r =
Pprls for fixed ap = 1. (b) As functions of «) in the vicinity of a) =1, for fixed
p pT = 0.

corresponding to |k| <« m, the D-wave affects D, only at quadratic
order, but D3 already at linear order,

Dy, =
D3y =

1 + terms f2/f2

k ) 41
1+termsf2/fo} (k| < m) (41)

This can be demonstrated by expanding the factors Co and Cy in
Egs. (28) and (29) in |k|/m, and then expanding the spectral func-
tion ratios in Egs. (37) and (38) in f,/ fo.

Fig. 3a shows the deuteron structure factors Eqs. (37) and (38)
as functions of |p,r| for fixed arp = 1. One observes: (a) Both D3
and D, are unity at «p =1 and |pp,r| =0, where |[k| =0 and
only the S-wave is present. (b) D3 and D, remain close to unity
for [p,r| S 150 MeV, where the S-wave dominates. The D-wave
contribution raises D3 above unity but lowers D;, in accordance
with the bound Eq. (39), showing the effect of the tensor polar-
ized structure in D,. (c) Both D3 and D, decrease significantly
at |pprl 2 150 MeV and pass through zero at |p,r|~ 300 MeV,

where the combination (fo — fa/+/2) vanishes. Both become neg-
ative at larger momenta, where the D-wave dominates.

Fig. 3b shows the deuteron structure factors as functions of ap
near ap =1 for fixed |p,r| = 0. One observes that D, =1 in ac-
cordance with Eq. (40), whereas D3 shows a sizable variation in
ap — 1. Altogether we find that at small proton momenta D is
much closer to unity than Ds.

In the present analysis we consider the longitudinal spin asym-
metries Ay ; (i =2, 3) in the DIS limit Q2 >>m? and neglect power
corrections (leading-twist approximation). In this approximation
the A ; only involve the gy, structure function; the contribution
from gy, is power-suppressed [1]; and the variables characterizing
the DIS process on the neutron are taken at their Q2> m? values.
At this level of accuracy the effects of interactions in the transverse
component of the electromagnetic current operator in LF quantiza-
tion can generally be neglected, enabling a consistent description
of deuteron structure with nucleon degrees of freedom only [4];
see also Ref. [31]. This is seen e.g. in the fact that the deuteron
spectral function in the impulse approximation satisfies the LF mo-
mentum sum rule Eq. (32), which in turn ensures the momentum
sum rule for the deuteron structure function F,p, provided that
the kinematic limits are taken at Q2 > m? [4,24]. The present
analysis could be extended to calculate the longitudinal spin asym-
metries including power corrections and the contributions from
8o, or to calculate the transverse spin asymmetries, which are
altogether power-suppressed. At this level of accuracy the inter-
action effects in the transverse current component could no longer
be neglected, and new considerations would be needed in order
to construct a consistent description with nucleons only — im-
plementation of rotational invariance in LF calculations with fixed
particle number, or the so-called angular conditions on the current
operators or matrix elements. These problems have been studied
extensively in the context of elastic scattering on the deuteron;
see Refs. [27,31-34] and references therein; the methods could be
adapted to the case of DIS beyond leading power accuracy.

6. Neutron spin structure from pole extrapolation

The tagged DIS cross section is generally affected by initial-state
nuclear modifications of the structure functions and final-state in-
teractions of the DIS products with the spectator. These effects can
be described by dynamical models and added to the impulse ap-
proximation [24,35]. An alternative approach is to eliminate them
using the analytic properties of the proton momentum dependence
[15]. Analytic continuation in the proton momentum can select pn
configurations at asymptotically large distances, where the neutron
is effectively free. This approach does not require input beyond the
impulse approximation and permits model-independent extraction
of free neutron structure from tagged DIS. Its feasibility in the un-
polarized case was studied in Refs. [15,24]; here we apply it to the
polarized case.

For the study of analytic properties one regards the deuteron
wave function as a function of the invariant mass of the pn pair,

5 Alpyrl? +m?)

_ 2 2
mE ey 4(|k|” +m*), (42)

which depends on a;, and |ppr| and takes values M3, > 4m? for
physical proton momenta. The wave function has a pole singular-
ity of the type (Mp is the deuteron mass; we suppress the spin
structure for the moment)

Y(ap, Ipprl) = + [less singular], (43)

M3y — M,
which corresponds to pn configurations of asymptotically large
transverse spatial separation, outside the range of the nucleon in-
teraction. The singularity lies outside the physical region of proton
momenta because M3, > 4m? > M3, but can be reached by ana-
lytic continuation in | ppT|2 to unphysical negative values,

pprl? — —a}, @} = m?—ap2—ap)Mp /A (44)
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The minimum value of a? occurs at ap =1 and is a? = m? —

M? /4 =mep + O(e3) = a?, where €p =2m — Mp is the deuteron
binding energy and a? = mep is the inverse squared Bethe-Peierls
radius of the deuteron. Because of the small value of the deuteron
binding energy (ep = 2.2 MeV) the singularity is very close to
the physical region and can be reached by extrapolation in |ppT|2.
This opens a practical way of accessing non-interacting large-size
pn configurations in the deuteron through analytic continuation.
In the representation of the deuteron LF wave function in terms
of the 3-dimensional CM frame wave function, Eq. (12), the pole
Eq. (43) appears through the pole of the S-wave radial function

fok) = ”:'é—% + [less singular], (45)
which is a general feature of the weakly bound system. This illus-
trates the close correspondence between the LF and the nonrela-
tivistic description of the two-body bound state.

On general grounds, the tagged DIS cross section as a function
of the proton momentum has a pole ~ (M3, — M)~2, correspond-
ing to scattering from a large-size pn pair. The residue of this pole
is, up to a constant factor, given by the free neutron cross section.
The pole is contained entirely in the impulse approximation to the
tagged DIS cross section and is a feature of the deuteron spec-
tral function (see Sec. 4). Final-state interactions do not modify
the pole and affect only the less singular terms of the momentum
dependence, because they involve momentum loop integrals [15,
24]. To extract the free neutron structure functions, one measures
the tagged DIS cross section for fixed ap as a function of |ppT\2
in the physical region | pple > 0, removes the pole factor, and ex-
trapolates the residue to |ppT|2 — —a% according to Eq. (44) (pole
extrapolation). For unpolarized DIS the procedure was studied in
detail in Refs. [15,24].

For polarized DIS the pole extrapolation can be performed at
the level of the spin asymmetries. One measures the tagged spin
asymmetries for fixed o as functions of |ppT|2 for |ppT|2 > 0. The
pole factors ~ (M2, — M3)~? in the cross sections cancel between
the numerator and denominator of the spin asymmetries, as can be
seen in the ratios of spectral functions, Eqs. (37) and (38), so that
the asymmetries are smooth functions in the limit |ppT|2 — —a%.
The free neutron spin asymmetry is then obtained by extrapolat-
ing the measured tagged deuteron asymmetries to |p,r|* = —a}
and removing the deuteron structure factor. Specifically, using the
two-state deuteron asymmetry,

2. 2 2
Al2(x, Q% ap, |Ppr|® —> —ap)

An® Q%) = : (46)
" Da(@tp. Ippr2 > —a2)
(ap —1)? €D
Patep pprl’ = b =1+ 355+ 0(y) @
—Yp

Eq. (47) is the deuteron structure factor Eq. (38) extrapolated to
|ppT|2 = —a%; the extrapolation is performed using the explicit
expressions for the spectral functions Egs. (26)-(31). A similar ex-
pression can be derived for the three-state asymmetry.

In practice, the pole extrapolation can be performed by measur-
ing the tagged deuteron asymmetry over a range |p,r| S 100 MeV
and extrapolating the data using low-order polynomial fits [15].
It is convenient to use the two-state rather than the three-state
asymmetry, as the former exhibits a much weaker dependence on
the proton momentum at small momenta (cf. Sec. 5). The two-state
asymmetry also has the advantage that only preparation of the
+1 deuteron spin states is required, reducing the systematic un-
certainty. First simulations of the asymmetry measurements with

projected experimental uncertainties at EIC have been described in
Ref. [21].

For a full assessment of the feasibility of the pole extrapola-
tion one should estimate also the effects of final-state interactions
between the tagged proton and the DIS products. Such interac-
tions can modify the tagged DIS cross section at physical proton
momenta but are suppressed at the pole; they can thus affect
the practical performance of the pole extrapolation but not its
theoretical result. Detailed studies have shown that in the un-
polarized tagged cross section, Eq. (7), final-state interaction cor-
rections to the impulse approximation are moderate at momenta
[ppr| S 100 MeV and do not impede the pole extrapolation [24].
The longitudinally polarized cross section, Eq. (6), is similar to
the unpolarized one in the sense that in both cases the impulse
approximation is given by the square of the dominant S-wave am-
plitude. One can therefore expect that the final-state interaction
effects at momenta |p,r| < 100 MeV are not substantially larger
in the longitudinally polarized cross section than in the unpolar-
ized one. Quantitative estimates could be obtained by generalizing
the methods of Ref. [24], but require extensive modeling of the
dynamical input (polarized neutron fragmentation, spin-dependent
rescattering).

7. Conclusions and extensions

The main conclusions of the present study can be summa-
rized as follows: (a) The measured proton momentum in tagged
DIS effectively controls the spin structure of the pn configura-
tion in deuteron. This feature can be used to select pure S-wave
configurations and eliminate D-wave depolarization. (b) The two-
state longitudinal spin asymmetry has simpler properties than the
three-state asymmetry in tagged DIS. In the two-state asymmetry
the nuclear structure factor is bounded by unity, and equal to unity
at [ppr| =0, and the D-wave contributions vanish rapidly at small
proton momenta. (c) The free neutron spin asymmetry can be ex-
tracted by pole extrapolation of the tagged spin asymmetries in
| ppT|2. The method effectively accesses non-interacting large-size
pn configurations through analytic continuation. The extrapolation
of the asymmetries is technically simple because the pole factors
cancel between numerator and denominator. In sum, DIS on the
polarized deuteron with proton tagging permits control of the pn
configuration during the polarized DIS process (momentum, spin,
interactions) and enables new ways of neutron spin structure ex-
traction.

The theoretical methods for high-energy scattering on the po-
larized deuteron with spectator tagging described here can be
applied and extended to several other types of measurements of
interest [23]. This includes tagged DIS with transverse deuteron
polarization; azimuthal asymmetries and tensor-polarized tagged
structure functions; tagged measurements of hard exclusive pro-
cesses on the neutron such as deeply-virtual Compton scattering;
and the use of tagging for studies of nuclear modifications of par-
tonic structure.
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