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Physics Motivation
ÅAre nucleon global properties (mass, radius) 

modified inside nuclei?

ÅDo their EM form factors GE(Q
2), GM(Q2) change?

ÅIf so, how do these changes depend on:

ÅThe nucleus size

ÅNuclear density

ÅQ2

ÅCan one disentangle inter-nucleon effects 
(FSI, nucleon-nucleon interactions) from 
intra-nucleon medium modifications?

Bound neutron
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The observables of choice (1)
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Å Ὄ ᴆὩȟὩᴆὴ, 1-gexchange approximation:
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ÅUse nucleon spin as a tool to study the nuclear effect on nucleons

ÅPolarization transfer to a knocked-out proton in QE ὃᴆὩȟὩᴆὴ

ÅSearch for deviationsw.r.t. Ὄ ᴆὩȟὩᴆὴ



The observables of choice (2)
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ᶻ: nuclear-medium modified electromagnetic proton FFs

ÅThe measurement of 
╟●

╟◑ ═
is:

Åobtained from a single measurement with a few % syst. and stat. uncertainties

Åminimally affected by radiative corrections

GE, GM: Proton Form Factors (FFs)
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The observables of choice (3)

Å
╟●

╟◑ ═
: Reaction Plane is 

rotated w.r.t. Scattering Plane

ÅMeasure 
╟●

╟◑ ═
ᴆὴ

Å▬░is unmeasurable,but ▬□░▼▼ᴆή ᴆὴ is measurable

ÅWithin PWIA, and assuming no FSI Ą▬░ ▬□░▼▼
6



The observables of choice (4)
ÅGoal: measure gradual increase of nuclear effects on 

╟●

╟◑ ═

ÅPossible by reaching for higher ▬□░▼▼

ÅMore straight-forward: measure 
╟●

╟◑ ═
versus nuclear effect on the proton:

Ą how deeply it is bound Ą how Ψoff-shellΩ it is Ą how virtual it is:

Åⱨ ╟□░▼▼╜▬ ╜═ ╜═ ▬□░▼▼ ▬□░▼▼╜▬

ÅNote: assume that only struck proton is off-shell

7



Polarization transfer measurements
Å
╟●

╟◑ ═
were measured at 

ÅJLAB    (Q2 = 0.4 ς2.6 (GeV/c)2) 

ÅMAMI (Q2 = 0.18 ς0.4 (GeV/c)2)

ÅMeasurements performed on:
2H, 4Heand 12C

ÅAt MAMI (MAinzMIcrotron):
ÅUsed 2 spectrometers in coincidence (A, C)

ÅEe = 600, 630 MeV (Q2 = 0.18, 0.4 (GeV/c)2)

ÅIe = 10 mA CW

ÅBeam polarization ~ 80%

ÅUsed Focal Plane Polarimeter(FPP) in 
spectrometer A for polarization measurements

MAMI A1 Setup
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Polarization transfer data (1)
ÅConsistentwith:

full RC +medium modification of 
the proton FF (QMC model)

ÅIn clear disagreementwith:
PWIAand NRcalculations

ÅThe statistical significance is 
not sufficient to exclude 
calculations without form factor 
modification

4He
Q2=0.4 (GeV/c)2

S. Dieterichet al., PLB 500 (2001) 47
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MAMI



S. Strauchet al., PRL 91 (2003) 052301

ÅPractically Q2 independent

ÅDiffers from a full RC

ÅFavorsa medium modification of the proton 
form factors predicted by a QMC model

4He

4He
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RPWIA
RDWIA

RDWIA + QMC

Polarization transfer data (2)

JLAB

JLAB



Polarization transfer data (3)
ÅQ2 independencestays intact

ÅEnter presentation of data versus virtuality

ÅResults contradict a relativistic DWIA 

ÅResultsfavor either:
medium-modified proton FFs by QMC (Madrid)
or spin-dependent CX FSI (Schiavilla)

M. Paoloneet al., PRL 105 (2010) 072001

4He

4He

n =
11

JLAB

JLAB



Polarization transfer data (4)

B. Hu, et al. PRC 73, 064004 (2006)
Deuteron reaction model: Arenhovelet al.

ÅHigh pmiss: 

Px is inconsistentwith deuteron reaction model

ÅLow pmiss: Q
2 dependence of Pz is

inconsistent with deuteron reaction model
2H Q2 = 1.0 (GeV/c)2

Full 2Hcalculations, inc.RC
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2H

| pmiss| < 60 MeV/c

JLAB

JLAB



ᴆὴ πP Ƙŀǎ ŀ ŎƻƳǇƻƴŜƴǘ  ǘƻ ᴆή

ᴆὴ πP Ƙŀǎ ŀ ŎƻƳǇƻƴŜƴǘ  ǘƻ -ᴆή

Polarization transfer data (5)
Å
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behave similarly

ÅNuclear effect: function of virtuality of the knock-out proton 
and the pmissdirection

ÅSeems independentof the average nuclear density and Q2

ÅGeneral agreement between data and full calculations, 
which assume free proton form factors

I. Yaron et al., PLB 769 (2017) 21ς24

Kinematicalrelation 
between pmissand n
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Polarization transfer data (6)
ÅEnter 12C. Data from different density regionsby 

separating knockout protons from S- and P-shells

ÅRA/R1H for 2H, 4He, 12C(S), 12C(P) are consistent, 
even when obtained in different kinematics. 

ÅData suggest universal behavior, independent of 
average local density and Q2.

D. Izraeli et al., PLB 781 (2018) 95ς98

A: Q2=0.40 (GeV/c)2

B: Q2=0.18 (GeV/c)2

╡═ḳ
╟●
╟◑ ═

G. Ron et al., PRC 87, 028202 (2013)

Ὁ ‫ Ὕ ὝEmiss< 28 MeV: 
p-shellknockout 

28 < Emiss< 50 MeV:
s-shelland multi-particle knockout
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