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why study the deuteron ?

Qualitative NN Interactive Potential

•  most simple np bound state 
to study NN interaction at  
sub-Fermi scale (repulsive core) 

• elementary system for studying  
short-range correlations (SRC) 
in A>2 nuclei 

• final-state interactions (FSI) 
reliable and well-understood  
which is a requirement for  
directly probing short-range
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momentum distribution

simplest np-pair 
(deuteron)

Wiringa, Schiavilla, Pieper, Carlson, PRC 89 (2014) 024305
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3 ) Total Angular Momentum: J = 1ℏ

Experimental Facts

Even Parity:  P = (−1)L ≡ +

(L = 0)

(L = 2)

1 fm−1 ∼ 200MeV/c

ρ(pi) = < Ψ†
d |Ψd >“tensor” 

NN interaction

AV 18
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probing high-momentum structure

θe

electron 
detector

hadron 
detector

θpqθrq

⃗pi

⃗pr

•  e- scattering off bound nucleon  
with internal momenta,    
 

• reconstructed (undetected) recoil  
nucleon momenta, 

⃗pi

⃗pr = ⃗q − ⃗pf

⃗pf

⃗q
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θe

electron 
detector

hadron 
detector

θpqθrq

⃗pi

⃗pr

⃗pf

⃗q

• plane-wave impulse approximation 
(PWIA) 

‣ no further re-interaction between 
knocked-out and recoil nucleon 

‣ recoil momentum unchanged, 
 

‣  can be used to access internal  
nucleon momentum distributions  

⃗pr ∼ − ⃗pi

⃗pr

σexp ≡
d5σ

dE′ dΩedΩp
= k ⋅ σeN ⋅ ρ(pi)

σred ≡
σexp

k ⋅ σeN
∼ ρ(pi)

probing high-momentum structure

“experimental momentum distributions”
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θe

electron 
detector

hadron 
detector

θpqθrq

⃗pi

⃗pf

⃗q

σexp ≡
d5σ

dE′ dΩedΩp
= k ⋅ σeN ⋅ ρD(pi, pr)

σred ≡
σexp

k ⋅ σeN
∼ ρD(pi, pr)

⃗pr ≠ − ⃗pi

• Final-state interactions (FSI): 

‣ recoil nucleon re-interacts with  
knocked-out nucleon 

‣ recoil momentum modified, 
 

‣  cannot be used to access  
internal nucleon momentum 
distributions 

⃗pr ≠ − ⃗pi

⃗pr

“experimental momentum 
distributions distorted by FSI”

probing high-momentum structure
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controlling final-state interactions (FSI)

pm = 0.2 GeV/c
<latexit sha1_base64="yPEfc/oWlTInn8gw16DbV9lH1Ow=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5wJgl6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZdLjl1ybk+LlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/2aeVVQ==</latexit><latexit sha1_base64="yPEfc/oWlTInn8gw16DbV9lH1Ow=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5wJgl6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZdLjl1ybk+LlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/2aeVVQ==</latexit><latexit sha1_base64="yPEfc/oWlTInn8gw16DbV9lH1Ow=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5wJgl6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZdLjl1ybk+LlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/2aeVVQ==</latexit><latexit sha1_base64="yPEfc/oWlTInn8gw16DbV9lH1Ow=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5wJgl6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZdLjl1ybk+LlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/2aeVVQ==</latexit>

pm = 0.4 GeV/c
<latexit sha1_base64="99w+1eN1ZvFaJ9OZRa9XYwFi91M=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5yRgF6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZ+WHLvk3JaLlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/3MmVVw==</latexit><latexit sha1_base64="99w+1eN1ZvFaJ9OZRa9XYwFi91M=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5yRgF6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZ+WHLvk3JaLlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/3MmVVw==</latexit><latexit sha1_base64="99w+1eN1ZvFaJ9OZRa9XYwFi91M=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5yRgF6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZ+WHLvk3JaLlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/3MmVVw==</latexit><latexit sha1_base64="99w+1eN1ZvFaJ9OZRa9XYwFi91M=">AAAB/3icbVDJSgNBEO1xjXGLCl68NAbBU5yRgF6EoAc9RjALJMPQ06kkTXoWumvEMM7BX/HiQRGv/oY3/8bOctDEBwWP96qoqufHUmi07W9rYXFpeWU1t5Zf39jc2i7s7NZ1lCgONR7JSDV9pkGKEGooUEIzVsACX0LDH1yN/MY9KC2i8A6HMbgB64WiKzhDI3mF/dhLg+zCLpXbCA+Y0muon/DMKxTtkj0GnSfOlBTJFFWv8NXuRDwJIEQumdYtx47RTZlCwSVk+XaiIWZ8wHrQMjRkAWg3Hd+f0SOjdGg3UqZCpGP190TKAq2HgW86A4Z9PeuNxP+8VoLdczcVYZwghHyyqJtIihEdhUE7QgFHOTSEcSXMrZT3mWIcTWR5E4Iz+/I8qZ+WHLvk3JaLlctpHDlyQA7JMXHIGamQG1IlNcLJI3kmr+TNerJerHfrY9K6YE1n9sgfWJ8/3MmVVw==</latexit>

pm = 0.5 GeV/c
<latexit sha1_base64="0+HYc77t9q8A40k9oROJnBUZZ1w=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET3FXFL0IQQ96jGAekIQwO+lNhsw+mOkVw7oHf8WLB0W8+hve/BsnyR40saChqOqmu8uNpNBo29/W3PzC4tJybiW/ura+sVnY2q7pMFYcqjyUoWq4TIMUAVRRoIRGpID5roS6O7ga+fV7UFqEwR0OI2j7rBcIT3CGRuoUdqNO4qcXdum0hfCACb2G2hFPO4WiXbLHoLPEyUiRZKh0Cl+tbshjHwLkkmnddOwI2wlTKLiENN+KNUSMD1gPmoYGzAfdTsb3p/TAKF3qhcpUgHSs/p5ImK/10HdNp8+wr6e9kfif14zRO28nIohihIBPFnmxpBjSURi0KxRwlENDGFfC3Ep5nynG0USWNyE40y/PktpxybFLzu1JsXyZxZEje2SfHBKHnJEyuSEVUiWcPJJn8krerCfrxXq3Piatc1Y2s0P+wPr8Ad5alVg=</latexit><latexit sha1_base64="0+HYc77t9q8A40k9oROJnBUZZ1w=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET3FXFL0IQQ96jGAekIQwO+lNhsw+mOkVw7oHf8WLB0W8+hve/BsnyR40saChqOqmu8uNpNBo29/W3PzC4tJybiW/ura+sVnY2q7pMFYcqjyUoWq4TIMUAVRRoIRGpID5roS6O7ga+fV7UFqEwR0OI2j7rBcIT3CGRuoUdqNO4qcXdum0hfCACb2G2hFPO4WiXbLHoLPEyUiRZKh0Cl+tbshjHwLkkmnddOwI2wlTKLiENN+KNUSMD1gPmoYGzAfdTsb3p/TAKF3qhcpUgHSs/p5ImK/10HdNp8+wr6e9kfif14zRO28nIohihIBPFnmxpBjSURi0KxRwlENDGFfC3Ep5nynG0USWNyE40y/PktpxybFLzu1JsXyZxZEje2SfHBKHnJEyuSEVUiWcPJJn8krerCfrxXq3Piatc1Y2s0P+wPr8Ad5alVg=</latexit><latexit sha1_base64="0+HYc77t9q8A40k9oROJnBUZZ1w=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET3FXFL0IQQ96jGAekIQwO+lNhsw+mOkVw7oHf8WLB0W8+hve/BsnyR40saChqOqmu8uNpNBo29/W3PzC4tJybiW/ura+sVnY2q7pMFYcqjyUoWq4TIMUAVRRoIRGpID5roS6O7ga+fV7UFqEwR0OI2j7rBcIT3CGRuoUdqNO4qcXdum0hfCACb2G2hFPO4WiXbLHoLPEyUiRZKh0Cl+tbshjHwLkkmnddOwI2wlTKLiENN+KNUSMD1gPmoYGzAfdTsb3p/TAKF3qhcpUgHSs/p5ImK/10HdNp8+wr6e9kfif14zRO28nIohihIBPFnmxpBjSURi0KxRwlENDGFfC3Ep5nynG0USWNyE40y/PktpxybFLzu1JsXyZxZEje2SfHBKHnJEyuSEVUiWcPJJn8krerCfrxXq3Piatc1Y2s0P+wPr8Ad5alVg=</latexit><latexit sha1_base64="0+HYc77t9q8A40k9oROJnBUZZ1w=">AAAB/3icbVDLSgNBEJz1GeMrKnjxMhgET3FXFL0IQQ96jGAekIQwO+lNhsw+mOkVw7oHf8WLB0W8+hve/BsnyR40saChqOqmu8uNpNBo29/W3PzC4tJybiW/ura+sVnY2q7pMFYcqjyUoWq4TIMUAVRRoIRGpID5roS6O7ga+fV7UFqEwR0OI2j7rBcIT3CGRuoUdqNO4qcXdum0hfCACb2G2hFPO4WiXbLHoLPEyUiRZKh0Cl+tbshjHwLkkmnddOwI2wlTKLiENN+KNUSMD1gPmoYGzAfdTsb3p/TAKF3qhcpUgHSs/p5ImK/10HdNp8+wr6e9kfif14zRO28nIohihIBPFnmxpBjSURi0KxRwlENDGFfC3Ep5nynG0USWNyE40y/PktpxybFLzu1JsXyZxZEje2SfHBKHnJEyuSEVUiWcPJJn8krerCfrxXq3Piatc1Y2s0P+wPr8Ad5alVg=</latexit>

Q2 = 3.5± 0.25 GeV2
<latexit sha1_base64="CFEnkhmfEj1GVosyk7af8Sn+l3I=">AAACD3icbZC7SgNBFIZnvcZ4i1raDCaK1bIbFW0E0UJLBXOBZA2zk5M4ZPbCzFkxLHkDG1/FxkIRW1s738ZJ3EITDwx8/P85nDm/H0uh0XG+rKnpmdm5+dxCfnFpeWW1sLZe1VGiOFR4JCNV95kGKUKooEAJ9VgBC3wJNb93NvRrd6C0iMJr7MfgBawbio7gDI3UKuxc3aTlAT2me/YBbcYBdeyyAYR7TOk5VEtDuzRoFYqO7YyKToKbQZFkddkqfDbbEU8CCJFLpnXDdWL0UqZQcAmDfDPREDPeY11oGAxZANpLR/cM6LZR2rQTKfNCpCP190TKAq37gW86A4a3etwbiv95jQQ7R14qwjhBCPnPok4iKUZ0GA5tCwUcZd8A40qYv1J+yxTjaCLMmxDc8ZMnoVq2Xcd2r/aLJ6dZHDmySbbILnHJITkhF+SSVAgnD+SJvJBX69F6tt6s95/WKSub2SB/yvr4BvoFmXw=</latexit><latexit sha1_base64="CFEnkhmfEj1GVosyk7af8Sn+l3I=">AAACD3icbZC7SgNBFIZnvcZ4i1raDCaK1bIbFW0E0UJLBXOBZA2zk5M4ZPbCzFkxLHkDG1/FxkIRW1s738ZJ3EITDwx8/P85nDm/H0uh0XG+rKnpmdm5+dxCfnFpeWW1sLZe1VGiOFR4JCNV95kGKUKooEAJ9VgBC3wJNb93NvRrd6C0iMJr7MfgBawbio7gDI3UKuxc3aTlAT2me/YBbcYBdeyyAYR7TOk5VEtDuzRoFYqO7YyKToKbQZFkddkqfDbbEU8CCJFLpnXDdWL0UqZQcAmDfDPREDPeY11oGAxZANpLR/cM6LZR2rQTKfNCpCP190TKAq37gW86A4a3etwbiv95jQQ7R14qwjhBCPnPok4iKUZ0GA5tCwUcZd8A40qYv1J+yxTjaCLMmxDc8ZMnoVq2Xcd2r/aLJ6dZHDmySbbILnHJITkhF+SSVAgnD+SJvJBX69F6tt6s95/WKSub2SB/yvr4BvoFmXw=</latexit><latexit sha1_base64="CFEnkhmfEj1GVosyk7af8Sn+l3I=">AAACD3icbZC7SgNBFIZnvcZ4i1raDCaK1bIbFW0E0UJLBXOBZA2zk5M4ZPbCzFkxLHkDG1/FxkIRW1s738ZJ3EITDwx8/P85nDm/H0uh0XG+rKnpmdm5+dxCfnFpeWW1sLZe1VGiOFR4JCNV95kGKUKooEAJ9VgBC3wJNb93NvRrd6C0iMJr7MfgBawbio7gDI3UKuxc3aTlAT2me/YBbcYBdeyyAYR7TOk5VEtDuzRoFYqO7YyKToKbQZFkddkqfDbbEU8CCJFLpnXDdWL0UqZQcAmDfDPREDPeY11oGAxZANpLR/cM6LZR2rQTKfNCpCP190TKAq37gW86A4a3etwbiv95jQQ7R14qwjhBCPnPok4iKUZ0GA5tCwUcZd8A40qYv1J+yxTjaCLMmxDc8ZMnoVq2Xcd2r/aLJ6dZHDmySbbILnHJITkhF+SSVAgnD+SJvJBX69F6tt6s95/WKSub2SB/yvr4BvoFmXw=</latexit><latexit sha1_base64="CFEnkhmfEj1GVosyk7af8Sn+l3I=">AAACD3icbZC7SgNBFIZnvcZ4i1raDCaK1bIbFW0E0UJLBXOBZA2zk5M4ZPbCzFkxLHkDG1/FxkIRW1s738ZJ3EITDwx8/P85nDm/H0uh0XG+rKnpmdm5+dxCfnFpeWW1sLZe1VGiOFR4JCNV95kGKUKooEAJ9VgBC3wJNb93NvRrd6C0iMJr7MfgBawbio7gDI3UKuxc3aTlAT2me/YBbcYBdeyyAYR7TOk5VEtDuzRoFYqO7YyKToKbQZFkddkqfDbbEU8CCJFLpnXDdWL0UqZQcAmDfDPREDPeY11oGAxZANpLR/cM6LZR2rQTKfNCpCP190TKAq37gW86A4a3etwbiv95jQQ7R14qwjhBCPnPok4iKUZ0GA5tCwUcZd8A40qYv1J+yxTjaCLMmxDc8ZMnoVq2Xcd2r/aLJ6dZHDmySbbILnHJITkhF+SSVAgnD+SJvJBX69F6tt6s95/WKSub2SB/yvr4BvoFmXw=</latexit>

FSI max

FSI min

Paris FSI  
(Calculations: J.M. Laget)

Paris FSI+MEC+IC 
(Calculations: J.M. Laget)

JVO Model  
(Calculations: J.W. Van Orden & 

S. Jeschonnek)

DATA

CD-Bonn FSI 
(Calculations: Misak Sargsian)

Boeglin et al. (Hall A) Phys.Rev.Lett. 107, 262501 (2011)

FSI strongly anisotropic (angular-dependent): 

• Sargsian uses GEA, Laget uses fully relativistic 
• FSI peak at  

• minimal FSI at  
θnq ∼ 70∘

θnq ∼ 35 − 45∘

K. S. Egiyan et al. (CLAS) Phys. Rev. Lett. 98, 262502 (2007)
L. L. Frankfurt, M. M. Sargsian, and M. I. Strikman Phys.Rev.C561124 (1997) 

GEA theory:

Misak M. Sargsian Phys.Rev.C82014612 (2010)

J. Laget Phys.Lett.B60949 (2005)

J. Laget Phys.Lett.B60949 (2005)

S.Jeschonnek and J. W. VanOrden Phys.Rev.C80054001 (2009)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.262501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.262502
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.56.1124
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.014612
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.80.054001
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controlling final-state interactions (FSI)

Paris (Calculations: J.M. Laget)

CD-Bonn (Calculations: Misak Sargsian)

Boeglin et al. (Hall A) Phys.Rev.Lett. 107, 262501 (2011)

K. S. Egiyan et al. (CLAS) Phys. Rev. Lett. 98, 262502 (2007)
L. L. Frankfurt, M. M. Sargsian, and M. I. Strikman Phys.Rev.C561124 (1997) 

GEA theory:

Misak M. Sargsian Phys.Rev.C82014612 (2010)

J. Laget Phys.Lett.B60949 (2005)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.262501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.262502
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.56.1124
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.014612
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
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probing the NN repulsive core in unpolarized d(e, e’p)

r  > ~ 2 fm 
(long-range 

OPEP)

~1.0 < r < ~2 fm 
(intermediate, NN 
tensor interaction)

r < ~1 fm 
(repulsive hard-core, 

NN scalar interaction)

•  non-relativistic theory calc. using CD-Bonn  (M. Sargsian) reproduce data up to pm ∼ 0.7 GeV/c
•  no model reproduces data  (non-nucleonic degrees of freedom?, quarks?)pm > 0.7 GeV/c

projected data 
(2023)

Hall A data 
(Boeglin et al. 2011)

Hall C data 
(Yero et al. 2020)

C. Yero et al. Phys.Rev.Lett. 125, 262501 (2020)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.262501
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probing the NN repulsive core: recent theoretical advances

F. Vera  Thesis (2021) 

“P-wave” 
(relativistic)

“S-wave” 
(L=0)

“D-wave” 
(L=2)

fully-relativistic
non-relativistic

- - -  calculated using non-
relativistic .  (only S + D wave)

ρ(k)
Ψd

         calculated using fully  
relativistic  (S + D + P wave)

ρ(k)
Ψd

Misak M. Sargsian and Frank Vera Phys. Rev. Lett. 130, 112502

• fully relativistic calculation of  in the  
light-front give rise to a ‘P-wave’ -like  
component 

Ψd

• P-wave starts to dominate at 
,  characterized by 

a ‘flattening trend’ also observed  
in published  data Yero et al. 2020

k ∼ 800 MeV/c

See recently published theoretical paper : “A New Structure in the Deuteron”

• could this ‘flattening’ be indication  
of transition from nucleonic to  
non-nucleonic degrees of freedom?

• recent Hall C d(e, e’p) experiment  
with higher statistics / improved 
quality currently being analyzed  
to verify theory prediction 

See Misak Sargsian talk:  ECT Trento workshop 2023

https://arxiv.org/pdf/2108.11502.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.112502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.262501
https://indico.ectstar.eu/event/173/timetable/#20230713.detailed
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Polarizing the Deuteron

“dumbbell” “torus”

D. Keller, D. Crabb, D. Day Enhanced tensor polarization in solid-state targets   
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,  
Spectrometers, Detectors and Associated Equipment, vol. 981, pp. 164503, 2020,  
issn: 0168-9002. 

D Keller 2014 J. Phys.: Conf. Ser. 543 012015 (2014)

https://doi.org/10.1016/j.nima.2020.164504
http://10.1088/1742-6596/543/1/012015
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J = 1ℏ

MJ = + 1

MJ = − 1

spin-1 (deuteron) system under magnetic field 
splits into 3  spin-substates via Zeeman Interaction

MJ = 0

⃗B ext

“dumbbell”

“torus”

“dumbbell”

quantization axis

Forest J et al. 1996 Phys. Rev. C 54 646

https://doi.org/10.1103/PhysRevC.54.646
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+x

+y

+z⃗B

+x

+y

+z⃗B
vector polarization tensor polarization

tensor structure 
symmetric in  

the x-y plane and 
donut shape due to 

repulsive core +  
attractive tensor 

interaction 
 

Pz =
N+ − N−

N+ + N−
Pzz =

N+ + N− − 2N0

N+ + N− + 2N0

target spin orientation

N+, N−, N0 : relative population of target nuclei in a particular spin configuration

N+

N−

N0
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+x

+y

+z⃗B

+x

+y

+z⃗B
vector asymmetry tensor asymmetry

N+

N−
tensor structure 

symmetric in  
the x-y plane and 

donut shape due to 
repulsive core +  
attractive tensor 

interaction 
 

Az =
σ+ − σ−

σ+ + σ−
Azz =

σ+ + σ− − 2σ0

σ+ + σ− + 2σ0

target spin asymmetry

σ+, σ−, σ0 : absolute cross sections in particular spin configuration

N0
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general d(e, e’p) polarized cross section

Arenhövel, H., Leidemann, W. & Tomusiak, E.L.  The role of the neutron electric form factor in d(e, e′ N)N including polarization observables.  
Z. Physik A - Atomic Nuclei 331, 123–138 (1988)

Pz : target vector polarization

Pzz : target tensor polarization

Az,(zz) : target vector (tensor) analyzing power

Ae,z(zz) : beam − target vector (tensor) analyzing power

Ae : electron beam analyzing power

he : electron beam helicity

σi ≡
d5σi

dE′ dΩedΩp

σpol = σunpol[1 + PzAz +
1
2

PzzAzz + he(Ae + PzAe,z + PzzAe,zz)]

https://doi.org/10.1007/BF01313635
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Arenhövel, H., Leidemann, W. & Tomusiak, E.L.  The role of the neutron electric form factor in d(e, e′ N)N including polarization observables.  
Z. Physik A - Atomic Nuclei 331, 123–138 (1988)

Pz : target vector polarization

Pzz : target tensor polarization

Az,(zz) : target vector (tensor) analyzing power

Ae,z(zz) : beam − target vector (tensor) analyzing power

Ae : electron beam analyzing power

he : electron beam helicity

σi ≡
d5σi

dE′ dΩedΩp

integrate over  
electron beam-helicity

σpol = σunpol[1 + PzAz +
1
2

PzzAzz + he(Ae + PzAe,z + PzzAe,zz)]

general d(e, e’p) polarized cross section

https://doi.org/10.1007/BF01313635
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Arenhövel, H., Leidemann, W. & Tomusiak, E.L.  The role of the neutron electric form factor in d(e, e′ N)N including polarization observables.  
Z. Physik A - Atomic Nuclei 331, 123–138 (1988)

Pz : target vector polarization

Pzz : target tensor polarization

Az,(zz) : target vector (tensor) analyzing power

Ae,z(zz) : beam − target vector (tensor) analyzing power

Ae : electron beam analyzing power

he : electron beam helicity

σi ≡
d5σi

dE′ dΩedΩp

integrate over  
electron beam-helicity

integrate over  
vector polarization

σpol = σunpol[1 + PzAz +
1
2

PzzAzz + he(Ae + PzAe,z + PzzAe,zz)]

general d(e, e’p) polarized cross section

https://doi.org/10.1007/BF01313635


⟹ Azz =
2

Pzz
(

σpol

σunpol
− 1)
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Pzz : target tensor polarization

Azz : target tensor analyzing power

general d(e, e’p) polarized cross section

σpol = σunpol[1 +
1
2

PzzAzz] Simplified tensor-polarized cross sections 
from which tensor-asymmetry is extracted

σpol, unpol : polarized, unpolarized cross sections

Azz can also be expressed in terms 
of the spin-dependent cross sections 
and can be substituted above and solve 
for spin-dependent absolute cross sections

See  W U Boeglin 2014 J. Phys.: Conf. Ser. 543 012011  
for detailed step-by-step calculations of the above Azz expressions

https://doi.org/10.1088/1742-6596/543/1/012011
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spin-dependent d(e, e’p) polarized cross section

See  W U Boeglin 2014 J. Phys.: Conf. Ser. 543 012011  
for detailed step-by-step calculations of the above formulas

σ0 = σunpol(1 −
2

Pzz
(

σpol

σunpol
− 1))

σ±1 = σunpol(1 +
1

Pzz
(

σpol

σunpol
− 1))

“torus” component 

“dumbbell” component 

Under PWIA assumption:  spin-dependent ~momentum distributions (  ) can be 
extracted from the spin-dependent cross sections 

ρ(pm)0,±1
σ0,±1

spin-dependent cross sections may be expressed as:  σm = σm(Pzz, σpol, σunpol)

σred ≡
σ0,±1

k ⋅ σeN
∼ ρ0,±1(pi)  spin-dependent reduced cross sections 

(are ~spin-dependent momentum distributions under PWIA)

https://doi.org/10.1088/1742-6596/543/1/012011
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theoretical spin-dependent momentum distributions

θk

⃗B
⃗pi

1 fm−1 ∼ 200MeV/c

Forest J et al. 1996 Phys. Rev. C 54 646

(a) k < 150 MeV/c missing momenta covered by NIKHEF: Zhou Z L et al. 1999 Phys. Rev. Lett. 82 687 

(a), (b) k < 500 MeV/c missing momenta covered by MIT-Bates: A. DeGrush et al. (BLAST Collaboration)  
                                                                                                          Phys. Rev. Lett. 119, 182501 (2017)

d(e,e’p)existing  data  
@ NIKHEF 
(1997) 

Azz existing  data 
@ MIT-Bates 
(2017)

Azz

https://doi.org/10.1103/PhysRevC.54.646
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theoretical spin-dependent momentum distributions

θk

⃗B
⃗pi

1 fm−1 ∼ 200MeV/c

Forest J et al. 1996 Phys. Rev. C 54 646

d(e,e’p)existing  data  
@ NIKHEF 
(1997) 

Azz existing  data 
@ MIT-Bates 
(2017)

Azz

(c) proposed kinematic coverage @ Hall C:   
missing momenta k ~ 150 - 450 MeV/c and  or … 
(to be determined)

Q2 = 2.9 or 3.5 GeV2

(c)

https://doi.org/10.1103/PhysRevC.54.646


previous tensor-polarized d(e, e’p) measurements
Z.-L. Zhou et al. Phys. Rev. Lett. 82, 687 (1999)

• @ NIKHEF:  first-ever exclusive d(e, e’p)  
tensor-polarized  data (  ,  
Pm < 150 MeV/c ) 

• extracted deuteron tensor-asymmetry   
at 3-momentum transfers  (~340 MeV) 

• dominated by FSI, MEC, IC, but effects well described  
by theoretical model

Q2 < 1 GeV2

AT
d (or, Azz)

| ⃗q | = 1.7fm−1

22

FSI
PWBA
Total

Theory calculations:   H. Arenhövel, W. Leidemann, 
and E.L. Tomusiak, Phys. 
Rev. C 52, 1232 (1995).



previous tensor-polarized d(e, e’p) measurements

• @ MIT-Bates:  exclusive d(e, e’p)  
tensor-polarized  data (  ,  
up to Pm ~ 500 MeV/c, the highest-to-date ) 

• extracted  analyzing power dominated by  
FSI, MEC, IC, but effects mostly well-described  
by theoretical calculations

Q2 ∼ 0.1 − 0.5 GeV2

Azz

A. DeGrush et al. (BLAST Collaboration) Phys. Rev. Lett. 119, 182501 (2017)

23
Theory calculations: H. Arenhovel, W. Leidemann, and E.L. Tomusiak,  
Eur. Phys. J. A23, 147–190 (2005) 



tensor-polarized d(e, e’p)  
measurements @ Hall C 
at large  and Q2 xbj > 1

NO exclusive d(e, e’p)  measurements  
at   exist to-date 

NO   spin-dependent d(e, e’p)  
momentum distributions exist to-date 

We propose to:  
 
(1) measure tensor-analyzing power  
 
(2) measure absolute unpolarized/polarized cross sections,   
 
(3) extract the spin-dependent momentum distributions  

Azz
Q2 > 1 GeV2

ρ0,±

Azz,

σpol,unpol

ρ0,±
24
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exclusive tensor-polarized  
d(e, e’p) rates estimates
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Selecting Optimal Central Kinematics

 -----------------------------   
    d(e,e'p) Rate Estimates     
 -----------------------------  

Q2 = 2.1 GeV^2 
Pm Setting: 300 
Model: Laget FSI 
Ib [uA]     = 0.100  
time [hr]   = 168.000  
charge [mC] = 60.480  
Pm counts  = 1535.644 
d(e,e'p) Rates [Hz] = 2.539E-03  
DAQ Rates [Hz] = 0.032 
 ----------------------------- 

 -----------------------------   
    d(e,e'p) Rate Estimates     
 -----------------------------  

Q2 = 2.9 GeV^2 
Pm Setting: 300 
Model: Laget FSI 
Ib [uA]     = 0.100  
time [hr]   = 168.000  
charge [mC] = 60.480  
Pm counts  = 3275.409 
d(e,e'p) Rates [Hz] = 5.416E-03  
DAQ Rates [Hz] = 0.010 
 ----------------------------- 

300 9.7261 8.204 1.4322 63.346 1.6665 56.3924 35.311 6.9542 2.1

300 9.3870 9.817 1.8241 56.346 2.0616 50.9282 35.0368 5.4179 2.9

300 9.1252 10.941 2.1142 52.191 2.3510 47.4551 35.5878 4.7366 3.5

Pmiss[MeV] kf[GeV] θe[deg] pf[GeV] θp[deg] | ⃗q | [GeV] θq[deg] θpq[deg]θrq[deg] Q2[GeV2]

 -----------------------------   
    d(e,e'p) Rate Estimates     
 -----------------------------  

Q2 = 3.5 GeV^2 
Pm Setting: 300 
Model: Laget FSI 
Ib [uA]     = 0.100  
time [hr]   = 168.000  
charge [mC] = 60.480  
Pm counts  = 1503.470 
d(e,e'p) Rates [Hz] = 2.486E-03  
DAQ Rates [Hz] = 0.005 
 ----------------------------- 

LD2 10 cm
ρt = 0.167[g/cm3]Eb = 10.549[GeV]
σt = 1670[mg/cm2]

radiative_effects: ON
limiting_factor: 5T magnet opening angle +/- 35 deg 
limits HMS (proton) angles we can explore to < 35 deg  
                (will need to re-calculated !)

168 [hrs]Ib = 100 [nA]



27

Selecting minimal FSI d(e, e’p) kinematical bins

m
is

si
ng

 m
om

en
tu

m
 [G

eV
/c

]

recoil angle [deg]

Q2 = 2.9 GeV2

small FSI
large FSI

θrq = 35 ± 5∘
θrq = 75 ± 5∘
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Selecting minimal FSI d(e, e’p) kinematical bins

m
is

si
ng

 m
om

en
tu

m
 [G

eV
/c

]

recoil angle [deg]

yield=3275 (e,e’p)

beam_time=168 hrs

rate=19.5 counts/hr

• integrated over all recoil  angles (1D projection) 

• includes bins where FSI are large (>45 deg), 
therefore NOT ideal for extracting momentum 
distributions , as PWIA condition NOT 
met 

θrq

ρ(pm)o,±

Q2 = 2.9 GeV2
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Selecting minimal FSI d(e, e’p) kinematical bins

θrq = 35 ± 5∘

m
is

si
ng

 m
om

en
tu

m
 [G

eV
/c

]

recoil angle [deg]

yield=454 (e,e’p)

beam_time=168 hrs

rate=2.7 counts/hr

• selected bin  (1D projection) 
where FSI reduced  

• rates drop dramatically (maybe widen bin?) 

θrq ∼ 35∘

Q2 = 2.9 GeV2
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Selecting minimal FSI d(e, e’p) kinematical bins

θrq = 35 ± 5∘

m
is

si
ng

 m
om

en
tu

m
 [G

eV
/c

]

recoil angle [deg]

• selected bin  (1D projection) 
where FSI reduced  

• rates drop dramatically (maybe widen bin?) 

θrq ∼ 35∘

Q2 = 2.9 GeV2

±10 %

1 week (168 hrs) @ 100 nA 

• 1 week (168 hrs) @ 100 nA (unpolarized) 
 < 20 % stats error for missing momenta 
       Pm ~ 180 - 340 MeV/c
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exclusive tensor-polarized  
d(e, e’p) theory calculations 

@ Q2 = 3.5 GeV2
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Plots / code execution by: Nathaly Santiesteban

Theoretical calculation by: Misak Sargsian
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Plots / code execution by: Nathaly Santiesteban

Theoretical calculation by: Misak Sargsian

polarized d(e,e’p) Tensor Asymmetry
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Tensor Asymmetry (after multiplying Azz by some kinematical factors)

Plots / code execution: Nathaly Santiesteban

Theoretical calculation by: Misak Sargsian
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Summary
• tensor-polarized d(e, e’p) provides unique opportunity  

to carry out detailed study of deuteron short-range structure

• we propose: 
- measure exclusive tensor asymmetry   (at unprecedented large ) 
- measure absolute spin projection dependent absolute cross sections,  
- extract spin-dependent  reduced cross sections, which under PWIA 

~ momentum distributions 

Azz Q2

σ0,±

ρ(pm)o,±

• these measurements will complementary to the inclusive b1/Azz approved 
experiments and will provide great insight into the toroidal structure  
of the deuteron which is directly related to the tensor (attractive) and  
repulsive core of the deuteron
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"This material is based upon work supported by the  
  National Science Foundation under Grant No. 2137604"

Thank You



back-up slides
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d(e, e’p) reaction mechanisms

Meson-Exchange Currents (MEC) Isobar Configurations (IC)
suppressed at  xBj > 1suppressed at  Q2 > 1(GeV/c)2

suppressed at specific θnq ∼ 35∘

pm

pm

Plane Wave Impulse Approximation  (PWIA)

deuteron

deuteron deuteron

Final State Interactions (FSI)

pm

deuteron FSI
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SIMC Analysis Cuts



−20 ≤ Emiss ≤ 60 [MeV] Q2 ≥ 1.9[GeV2]

−10 ≤ δSHMS ≤ 22 [ % ]
−10 ≤ δHMS ≤ 10 [ % ]

 



Q2 = 2.1 GeV2

Q2 = 2.9 GeV2

Q2 = 3.5 GeV2

[GeV] [GeV^2]

40



• angular acceptance (geometrical cut on collimator) 
• HMS determines acceptance 

41



Kinematics

Energy Transfer, E-E’ [GeV]x-Bjorken

|q| [GeV/c] [deg]

 



Q2 = 2.1 GeV2

Q2 = 2.9 GeV2

Q2 = 3.5 GeV2
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Kinematics

[deg][GeV/c]

[GeV/c] [deg]

 



Q2 = 2.1 GeV2

Q2 = 2.9 GeV2

Q2 = 3.5 GeV2
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Kinematics

[deg][deg]

recoil neutron

angle relative to q

Scattered proton 
angle relative to q

 



Q2 = 2.1 GeV2

Q2 = 2.9 GeV2

Q2 = 3.5 GeV2
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Selecting minimal FSI d(e, e’p) kinematical bins

Q2 = 2.1

Q2 = 2.9

Q2 = 3.5

• Yield binned in ( ) 

• Reduced FSI  

• Maximum FSI 

Pmiss, θrq
θrq ∼ 35∘

θrq ∼ 75∘

θrq = 35 ± 5∘

m
is

si
ng

 m
om

en
tu

m
 [G

eV
/c

]

recoil angle [deg]
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yields and rates (integrated over all )θrq

yield=1536 (e,e’p)

beam_time=168 hrs

rate=9.14 counts/hr

yield=3275 (e,e’p)

beam_time=168 hrs

rate=19.5 counts/hr

yield=1503 (e,e’p)

beam_time=168 hrs

rate=8.9 counts/hr

Q2 = 2.1

Q2 = 2.9

Q2 = 3.5

missing momentum [GeV/c]

yi
el

d
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yield and rates (selected bin )θrq = 35 ± 5∘

yield=346 (e,e’p)

beam_time=168 hrs

rate=2.06 counts/hr

yield=454 (e,e’p)

beam_time=168 hrs

rate=2.7 counts/hr

yield=237 (e,e’p)

beam_time=168 hrs

rate=1.4 counts/hr

Q2 = 2.1

Q2 = 2.9

Q2 = 3.5

• peak relative stat error:  ~ 11.3 %1/ 78

• peak relative stat error:  ~ 8.7 %1/ 130

• peak relative stat error:  ~ 14.1 %1/ 50

missing momentum [GeV/c]

yi
el

d

• relative stat error:  ~ 11.3 %1/ 78

• relative stat error:  ~ 14.1 %1/ 50

• relative stat error:  ~ 20 %1/ 25

Pm bin = 300+/-20 MeV/c
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d(e, e’p) kinematical bins

• the highest (peak missing momentum bin) stats that can  
be collected @ bin 35+/-5 deg for 168 hrs beam-on-target (~ 1 week): 

- Q2=2.1  Pm bin~ 300-350 MeV/c   ~  11.3 % (78 counts) 
- Q2=2.9  Pm bin~ 200 MeV/c          ~   8.7  % (130 counts) 
- Q2=3.5  Pm bin~ 200-250 MeV/c   ~  14.1 % (50 counts)

• the highest stats that can be collected @ bin (35 +/-5 deg, 300 +/-20 MeV) 
for 168 hrs beam-on-target (~ 1 week): 

- Q2=2.1  Pm bin~ 300 +/- 20 MeV/c   ~  11.3 % (78 counts) 
- Q2=2.9  Pm bin~ 300 +/-20 MeV/c    ~  14.1 % (50 counts) 
- Q2=3.5  Pm bin~ 300 +/-20 MeV/c    ~  20   % (25 counts)
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Experimental Setup

49
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Using the same target technology as the b1 and Azz 
experiment approved at JLab 
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Using the same target technology as the b1 and Azz 
experiment approved at JLab 

Expected target polarization under beam conditions



Deuteron Shapes
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vector polarization tensor polarization

Az =
N+ − N−

N+ + N−

Azz =
N+ + N− − 2N0

N+ + N− + 2N0

N+ N−

—

+

N+ N−

+

+

— 2

+ 2

( (

( (

N0
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• For surfaces of constant density (momentum dist)  
on deuteron S-wave and D-wave,  the deuteron can  
be found in either an Ms=0 (torus) or Ms=+/-1  
(dumbbell)  shape


• For unpolarized deuteron, the S and D wave 
are essentially contain both torus and dumbbell 
shapes integrated, however, once deuteron 
becomes tensor polarized (to a certain extent,  
~30%),  the S-wave can be separated into an Ms=0  
and Ms=+1 or -1 state? Similarly, the D-wave can  
be separated into an Ms=0 and Ms=+1, or -1 state,  
leading to spin-projection dependent momentum  
distributions

L + S = 1 
L=0 (S-wave), 2 (D-wave)
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• We can separate the torus from the dumbbell 
shape, so essentially  we can have: 
rho_torus =  a|S-wave> + b|D-wave> 
rho_dumbbell = a|S-wave> + b|D-wave> 
but for a given shape (torus or dumbbell) we  
cannot experimentally separate the 
S-wave from the D-wave?

k~200-500 MeV/c 
dominated by D-state 
(can be explored with 

tensor-polarized deuteron)

k>500 MeV very  
small xsec, requires  
high beam-current 
tensor-pol target  
can handle nA, not uA


