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B Many structures appear in cross section etc.
— Challenging to disentangle

® Direction of polarization relative to scattering plays a role
0 = oy(1+ P AY (Nool) + Q AT (Npl)

— Effective polarizations
[See also 2410.12764 |

B Tensor polarization needs deuteron D-wave (L = 2)

fa(k) \ fa(k)
2o+ 5 23

— Small when averaged over all internal momenta

B |n inclusive measurement nuclear correction is an important systematic
uncertainty



Deuteron Spectator tagging

B Detection of nucleon in target fragmentation region:
“spectator”

B |nteraction w photon can be elastic, DIS, hard
exclusive, SIDIS, etc.

B Control over your initial nuclear state
— Active nucleon identified, create effective targets

B Spectator can reinteract with other final-state
hadrons
— “Simple” for deuteron

B Spectator kinematics gives handle on initial state
— On-shell extrapolation for free nucleon
[Sargsian, Strikman, PLBO5]

— Larger momenta for medium modifications

l o—>a,

Ppr >0 Ppr = —ar

physical region st upoin M Measurements with fixed target [BONuS, Deeps,
LAD, BAND, Alert,.] and collider [EIC] with large
acceptance far forward detectors
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Tagged DIS: Theoretical Formalism

® CGeneral expression of SIDIS for a polarized spin 1 target
» Tagged spectator DIS is SIDIS in the target fragmentation region
E+T e +X+h

» 41 (18 + 23) structure functions

B | ight-front structure of the deuteron

» Natural for high-energy reactions as
off-shellness of nucleons in LF quantization remains finite

® Dynamical model to express structure functions of the reaction

» First step: impulse approximation (IA) model
» Results for all SF: deuteron LF distributions x nucleon collinear pdfs
» FSI corrections
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High-energy scattering with nuclei trranxsure,strikman gos+]

B |nterplay of two scales: high-energy scattering and
low-energy nuclear structure

B Virtual photon probes nucleus at fixed lightcone time
xt =x9+x3

B Scales can be separated using methods of light-front
quantization and QCD factorization

B Tools for high-energy scattering known from ep

B Nuclear input: light-front momentum densities, spectral
functions, overlaps with specific final states in
breakup/tagging reactions

» framework known for deuteron,
can be extended to 3He but challenges
» still low-energy nuclear physics, just formulated differently
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B Up to momenta of a few 100 MeV: dominated by NN
| Can be evaluated in LFQM [Berestetsky, Frankfurt, Strikman, Terentev]

B Overlap with on-shell free two-nucleon state
S + D-wave

B Schrodinger (non-rel) like eq. for the wf components, rotational invariance recovered

1 a
W, (k. Ap, An) = V/ Ex Z ’Di/\;,[Rfc(k{'/m)]’DAf%[Rfc(ké’/m)]d)A(k,)‘;,,)k;,) J
ApAn

B Differences with non-rel wave function:

> Melosh rotations to account for light-front spin
>k is the rel. 3-momentum in the rest frame of the on-shell NN state
R

z

--l OpPpr

M frame gen. collinear frame

longit. boost

B Allows for the definition of nucleon LF momentum distributions ~ nucleon TMDs in deuteron

Unpolarized Puj(ap, PpTiU,54,T4) y deut: unpol, tensor
L polarized Pis,\(@p, PpTi(US, T, vy s deut: vector
T polarized Psrap. Pp1iU,5,,T,) io™tys deut: vector



B Unpolarized, helicity independent

_ Gk + R (k)
ﬁU'U] 2+ ap

B Tensor polarized, helicity independent: needs D-wave, ~ Y2,(6,0)

fz)fz3

1
Py, .ul@ PpT) = 3, (2fo + NANE (3cos® 6 — 1),

1 fa fa .
ﬂTLTVU](ap,ppT) = _m (2fo + ﬁ) 3 6 cos O sin Oy,

1 fa fa 2
Prrr.ufap. PpT) = — 5 o (2f0 + *2) 7 3sin® O,

B /T nucleon polarized

1
P[SL,ST](apvaT) = m ) A[#](k) (fo + ffz

P[”sTsT](“P'PpT)=ﬁ (fo—%) [5’[ (k)(fo—%) k) fo+ffz

B Remarkable symmetry between helicity and transversity

— Rotational invartance + relativistic Sﬁln effects

22|
(k)(fo+\ffz ]
)|
)|



® baryon
d
jiap d?ppr Pu,ui(ap, Ppr) = 1,
ap

da,
jia Ld?por P7.ujlop, pp7) = 0,
p

B momentum
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Probabilistic Distributions for pure states
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® At small momenta S-wave dominates
— polarization of nucleon is transferred from deuteron one

® Depolarization at larger momenta
— D-wave

B Limits at pg7 =0
— on-shell extrapolation

B Relativistic spin effects
— sideways polarization

B Positivity remains for any mixed deuteron state



Tensor polarized distributions
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P[TLL,U](Q’PerT) = *m (2f0 + 2 ) Ve 5(3C052 Ok — 1),
1 fa f2 .
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1 fa f2 L2
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Tagged DIS with deuteron: model for the A

neutron

B Hadronic tensor can be written as a product of
nucleon hadronic tensor with deuteron
proton

1 » light-front densities
N anrm

t=(py-py)°?

All SF can be written as
F,f = {kin. factors} x {Fy (X, Qz)orgllz(f(, Qz)} x {Pu,u). PT.ujor Ps s} J

® |n the IA the following structure functions are zero — sensitive to FSI

» beam spin asymmetry [F; %"

» target vector polarized single-spin asymmetry [8 SFs]
» target tensor polarized double-spin asymmetry [7 SFs]

B Applied in studies of Fy and tensor and vector polarized asymmetries
[1906.11119,2006.03033,2108.08314, 2603.23699, 2603.23700, etc.]

Wim Cosyn (FIU) Tensor SIDIS JLab workshop June 4th 2026 12/17



106

doy /dedQ* % dpr [nb/GeV']
2, = 0.05, Q> = 6.0 GeV?, ¢ = 0.98, 5 = 800 GeV?

Fuldp)/(Fv)
a, =1.0.2,=01,Q>=2 GeV’ e = 0.8

0.0

1,05
1.00
| Pyr = 0.0 GeV
0% et e Py = 0.2 GeV
ot T ppr =04 GeV
0904~ Fot —— ppr = 0.6 GeV
01 0.2 0.3 04 05 0.6 90 180 270 RE
pyr [GeV]

Sizable rates

Drops fast with ap, pp1

¢-modulations are power suppressed (pp1/Q)

Verification of reaction dynamics

Pole extrapolation: unpolarized neutron structure
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B Pole extrapolation of polarized neutron structure gin, 82n

B At larger momenta: polarized (tagged) EMC effect



B No more averaging — nucleon (unpol.) DIS part cancels!

2f + = | Lf.

LP 0 2 2

A‘-"-:—2AI = (2#(1—3c0529k).
fo +1f5

B Maximal AT = {—2,1} can be reached at D/S ratio f/fy = {\/2, —

B Constrains deuteron wf

1
5

B Needs FSI corrections (can be sizeable)
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B No more averaging — nucleon (unpol.) DIS part cancels!

2+ Lh| Lk
AH7—2AIL:P—( ) s (1-

2
foz mn fzz 3 cos Gk).

B Maximal AT =

B Constrains deuteron wf

{—2,1} can be reached at D/S ratio fa/fy = {V/2, —\/%}

B Needs FSI corrections (can be sizeable)
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Outlook & Conclusions

B Tagged reactions on deuteron have unique capabilities
— control over nuclear effects

B Light-front is natural picture for high-energy nuclear scattering

B Deuteron structure can be quantified using polarized LF distributions
— “our” TMDs (of nucleons in deuteron)

B [nteresting relativistic spin effects
B Creates phi-dependent structures, spin-orbit effects etc.

B |n proper reaction theory FSI need to be accounted for.
— Distorted momentum distributions

B Extensions: tagged SIDIS/exclusive, tagging beyond proton, A > 2 etc.

B |ots of interesting physics opportunities and work to be done...
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