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Overview

• Collinear valence structure of the nucleon

– Test of our understanding of bound-state QCD

• Unpolarized structure function of the neutron

– Present landscape

– BONuS12 experiment at Jefferson Lab

• Spin structure at high x

– Present landscape

– Recent and planned experiments

• Future Facilities – what more can we do?

– JLab at 20+ GeV?

– EIC

• Conclusions



Collinear Structure functions

“1-D” Parton Distributions (PDFs) 
(integrated over all transverse variables) 

q(x;Q2 ), h × H q(x;Q2 )

h = ±1

H

*) E.g.,

• Important for understand origin of mass and spin 

of hadrons

• Important as limiting cases and constraints for 

TMDs, GPDs etc.

• Large x: Stringent tests of pQCD, Lattice QCD, 

DS approach, and phenomenological models

– NN…LO + DGLAP *)

– Input for novel and mature PDF extractions

– Test of higher twist and target mass effects, resummation

– Quark-hadron duality 

• Important input for collider physics

• Input for investigations of modifications of quark 

distributions in nuclei



Valence Region: Structure Functions for x→1

• Dominated by up and down valence quarks => quantum numbers of the nucleon
• Important for higher power xn moments => Mellin Moments, LQCD

• Related to high-Q2, moderate x through DGLAP => relevant for LHC Physics

• MANY predictions based on models, pQCD, DS equation and Lattice QCD *):

SU(6)-symmetric proton wave function in the “naïve” quark model:

In this model: d/u = 1/2, u/u = 2/3, d/d = -1/3 for all x

Hyperfine structure effect in QM: S=1 suppressed => d/u = 0, u/u = 1, d/d = -1/3

for x → 1

pQCD: helicity conservation (qp) => d/u -> 2/(9+1) = 1/5, u/u -> 1, d/d -> 1 for x → 1

Other approaches: Dyson-Schwinger Equation, statistical models, pQCD + orbital angular 

momentum, AdS (Light-front holographic QCD)

*) Moments, quasi-PDFs, pseudo-PDFs



High-x PDFs: Input for

 Collider experiments
Ex.: High-Precision Measurement of the 

W Boson Mass with the CDF II Detector 
Ashutosh Kotwal, Duke University 

Jefferson Lab Users Meeting June 14, 2022 

M. Takahata, S. Tanaka, E. Tcherniaev, E. Safai Tehrani, M. Tropeano, P. Truscott, H. 

Uno, L. Urban, P. Urban, M. Verderi, A. Walkden, W. Wander, H. Weber, J. P. Wellisch, 

T. Wenaus, D. C. Williams, D. Wright, T. Yamada, H. Yoshida, D. Zschiesche, 

GEANT4—A simulation toolkit. Nucl. Instrum. Methods Phys. Res. A 506, 250–303 

(2003). doi:10.1016/S0168-9002(03)01368-8 

89. D. Stump, J. Huston, J. Pumplin, W.-K. Tung, H.-L. Lai, S. Kuhlmann, J. F. Owens, 

Inclusive jet production, parton distributions, and the search for new physics. J. High 

Energy Phys. 2003, 046 (2003). doi:10.1088/1126-6708/2003/10/046 

90. S. Alekhin, J. Blümlein, S. Moch, R. Plačakyte, Parton distribution functions, αs, and heavy-

quark masses for LHC Run II. Phys. Rev. D 96, 014011 (2017). 

doi:10.1103/PhysRevD.96.014011 

91. A. Accardi, L. T. Brady, W. Melnitchouk, J. F. Owens, N. Sato, Constraints on large-x parton 

distributions from new weak boson production and deep-inelastic scattering data. Phys. 

Rev. D 93, 114017 (2016). doi:10.1103/PhysRevD.93.114017 

92. A. V. Kotwal, Novel methods of constraining the parton distribution function uncertainty in 

the measurement of the W-boson mass. Phys. Rev. D 98, 033008 (2018). 

doi:10.1103/PhysRevD.98.033008 

93. S. Carrazza, S. Forte, Z. Kassabov, J. I. Latorre, J. Rojo, An unbiased Hessian representation 

for Monte Carlo PDFs. Eur. Phys. J. C 75, 369 (2015). doi:10.1140/epjc/s10052-015-

3590-7 Medline 

94. S. Carrazza, S. Forte, Z. Kassabov, J. Rojo, Specialized minimal PDFs for optimized LHC 

calculations. Eur. Phys. J. C 76, 205 (2016). doi:10.1140/epjc/s10052-016-4042-8 

Medline 

95. N. Baillie, S. Tkachenko, J. Zhang, P. Bosted, S. Bültmann, M. E. Christy, H. Fenker, K. A. 

Griffioen, C. E. Keppel, S. E. Kuhn, W. Melnitchouk, V. Tvaskis, K. P. Adhikari, D. 

Adikaram, M. Aghasyan, M. J. Amaryan, M. Anghinolfi, J. Arrington, H. Avakian, H. 

Baghdasaryan, M. Battaglieri, A. S. Biselli, D. Branford, W. J. Briscoe, W. K. Brooks, V. 

D. Burkert, D. S. Carman, A. Celentano, S. Chandavar, G. Charles, P. L. Cole, M. 

Contalbrigo, V. Crede, A. D’Angelo, A. Daniel, N. Dashyan, R. De Vita, E. De Sanctis, 

A. Deur, B. Dey, C. Djalali, G. Dodge, J. Domingo, D. Doughty, R. Dupre, D. Dutta, R. 

Ent, H. Egiyan, A. El Alaoui, L. El Fassi, L. Elouadrhiri, P. Eugenio, G. Fedotov, S. 

Fegan, A. Fradi, M. Y. Gabrielyan, N. Gevorgyan, G. P. Gilfoyle, K. L. Giovanetti, F. X. 

Girod, W. Gohn, E. Golovatch, R. W. Gothe, L. Graham, B. Guegan, M. Guidal, N. 

Guler, L. Guo, K. Hafidi, D. Heddle, K. Hicks, M. Holtrop, E. Hungerford, C. E. Hyde, 

Y. Ilieva, D. G. Ireland, M. Ispiryan, E. L. Isupov, S. S. Jawalkar, H. S. Jo, N. 

Kalantarians, M. Khandaker, P. Khetarpal, A. Kim, W. Kim, P. M. King, A. Klein, F. J. 

Klein, A. Klimenko, V. Kubarovsky, S. V. Kuleshov, N. D. Kvaltine, K. Livingston, H. 

Y. Lu, I. J. D. MacGregor, Y. Mao, N. Markov, B. McKinnon, T. Mineeva, B. Morrison, 

H. Moutarde, E. Munevar, P. Nadel-Turonski, A. Ni, S. Niccolai, I. Niculescu, G. 

Niculescu, M. Osipenko, A. I. Ostrovidov, L. Pappalardo, K. Park, S. Park, E. Pasyuk, S. 

Anefalos Pereira, S. Pisano, S. Pozdniakov, J. W. Price, S. Procureur, Y. Prok, D. 

Protopopescu, B. A. Raue, G. Ricco, D. Rimal, M. Ripani, G. Rosner, P. Rossi, F. 

Sabatié, M. S. Saini, C. Salgado, D. Schott, R. A. Schumacher, E. Seder, Y. G. 

Sharabian, D. I. Sober, D. Sokhan, S. Stepanyan, S. S. Stepanyan, P. Stoler, S. Strauch, 

M. Taiuti, W. Tang, M. Ungaro, M. F. Vineyard, E. Voutier, D. P. Watts, L. B. 

Weinstein, D. P. Weygand, M. H. Wood, L. Zana, B. Zhao; CLAS Collaboration, 

Measurement of the neutron F2 structure function via spectator tagging with CLAS. Phys. 

Rev. Lett. 108, 142001 (2012). doi:10.1103/PhysRevLett.108.142001 Medline 

96. S. Tkachenko, N. Baillie, S. E. Kuhn, J. Zhang, J. Arrington, P. Bosted, S. Bültmann, M. E. 

Christy, D. Dutta, R. Ent, H. Fenker, K. A. Griffioen, M. Ispiryan, N. Kalantarians, C. E. 

Keppel, W. Melnitchouk, V. Tvaskis, K. P. Adhikari, M. Aghasyan, M. J. Amaryan, S. 

Anefalos Pereira, H. Avakian, J. Ball, N. A. Baltzell, M. Battaglieri, I. Bedlinskiy, A. S. 

Biselli, W. J. Briscoe, W. K. Brooks, V. D. Burkert, D. S. Carman, A. Celentano, S. 

Chandavar, G. Charles, P. L. Cole, M. Contalbrigo, O. Cortes, V. Crede, A. D’Angelo, N. 

Dashyan, R. De Vita, E. De Sanctis, A. Deur, C. Djalali, G. E. Dodge, D. Doughty, R. 

Dupre, H. Egiyan, A. El Alaoui, L. El Fassi, L. Elouadrhiri, P. Eugenio, G. Fedotov, J. A. 

Fleming, B. Garillon, N. Gevorgyan, Y. Ghandilyan, G. P. Gilfoyle, K. L. Giovanetti, F. 

X. Girod, J. T. Goetz, E. Golovatch, R. W. Gothe, M. Guidal, L. Guo, K. Hafidi, H. 

Hakobyan, C. Hanretty, N. Harrison, M. Hattawy, K. Hicks, D. Ho, M. Holtrop, C. E. 

Hyde, Y. Ilieva, D. G. Ireland, B. S. Ishkhanov, H. S. Jo, D. Keller, M. Khandaker, A. 

Kim, W. Kim, P. M. King, A. Klein, F. J. Klein, S. Koirala, V. Kubarovsky, S. V. 

Kuleshov, P. Lenisa, S. Lewis, K. Livingston, H. Lu, M. MacCormick, I. J. D. 

MacGregor, N. Markov, M. Mayer, B. McKinnon, T. Mineeva, M. Mirazita, V. Mokeev, 

R. A. Montgomery, H. Moutarde, C. Munoz Camacho, P. Nadel-Turonski, S. Niccolai, 

G. Niculescu, I. Niculescu, M. Osipenko, L. L. Pappalardo, R. Paremuzyan, K. Park, E. 

Pasyuk, J. J. Phillips, S. Pisano, O. Pogorelko, S. Pozdniakov, J. W. Price, S. Procureur, 

D. Protopopescu, A. J. R. Puckett, D. Rimal, M. Ripani, A. Rizzo, G. Rosner, P. Rossi, P. 

Roy, F. Sabatié, D. Schott, R. A. Schumacher, E. Seder, I. Senderovich, Y. G. Sharabian, 

A. Simonyan, G. D. Smith, D. I. Sober, D. Sokhan, S. Stepanyan, S. S. Stepanyan, S. 

Strauch, W. Tang, M. Ungaro, A. V. Vlassov, H. Voskanyan, E. Voutier, N. K. Walford, 

D. Watts, X. Wei, L. B. Weinstein, M. H. Wood, L. Zana, I. Zonta, Measurement of the 

structure function of the nearly free neutron using spectator tagging in inelastic 
2H(e,e′ps)X scattering with CLAS. Phys. Rev. C 89, 045206 (2014). 

doi:10.1103/PhysRevC.89.045206 

97. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Transverse-momentum 

resummation: A perturbative study of Z production at the Tevatron. Nucl. Phys. B 815, 

174–197 (2009). doi:10.1016/j.nuclphysb.2009.02.014 

98. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Production of Drell–Yan lepton 

pairs in hadron collisions: Transverse-momentum resummation at next-to-next-to-leading 

logarithmic accuracy. Phys. Lett. B 696, 207–213 (2011). 

doi:10.1016/j.physletb.2010.12.024 

99. Instructions to run the DYQT program are given in 

http://pcteserver.mi.infn.it/~ferrera/codes/note-dyqt.pdf. 

100. M. Chen, P. Zerwas, Equivalent-particle approximations in electron and photon processes 

of higher-order QED. Phys. Rev. D 12, 187–197 (1975). doi:10.1103/PhysRevD.12.187 

101. T. Sjöstrand, High-energy-physics event generation with PYTHIA 5.7 and JETSET 7.4. 

Comput. Phys. Commun. 82, 74–89 (1994). doi:10.1016/0010-4655(94)90132-5 

…

Sharabian, D. I. Sober, D. Sokhan, S. Stepanyan, S. S. Stepanyan, P. Stoler, S. Strauch, 

M. Taiuti, W. Tang, M. Ungaro, M. F. Vineyard, E. Voutier, D. P. Watts, L. B. 

Weinstein, D. P. Weygand, M. H. Wood, L. Zana, B. Zhao; CLAS Collaboration, 

Measurement of the neutron F2 structure function via spectator tagging with CLAS. Phys. 

Rev. Lett. 108, 142001 (2012). doi:10.1103/PhysRevLett.108.142001 Medline 

96. S. Tkachenko, N. Baillie, S. E. Kuhn, J. Zhang, J. Arrington, P. Bosted, S. Bültmann, M. E. 

Christy, D. Dutta, R. Ent, H. Fenker, K. A. Griffioen, M. Ispiryan, N. Kalantarians, C. E. 

Keppel, W. Melnitchouk, V. Tvaskis, K. P. Adhikari, M. Aghasyan, M. J. Amaryan, S. 

Anefalos Pereira, H. Avakian, J. Ball, N. A. Baltzell, M. Battaglieri, I. Bedlinskiy, A. S. 

Biselli, W. J. Briscoe, W. K. Brooks, V. D. Burkert, D. S. Carman, A. Celentano, S. 

Chandavar, G. Charles, P. L. Cole, M. Contalbrigo, O. Cortes, V. Crede, A. D’Angelo, N. 

Dashyan, R. De Vita, E. De Sanctis, A. Deur, C. Djalali, G. E. Dodge, D. Doughty, R. 

Dupre, H. Egiyan, A. El Alaoui, L. El Fassi, L. Elouadrhiri, P. Eugenio, G. Fedotov, J. A. 

Fleming, B. Garillon, N. Gevorgyan, Y. Ghandilyan, G. P. Gilfoyle, K. L. Giovanetti, F. 

X. Girod, J. T. Goetz, E. Golovatch, R. W. Gothe, M. Guidal, L. Guo, K. Hafidi, H. 

Hakobyan, C. Hanretty, N. Harrison, M. Hattawy, K. Hicks, D. Ho, M. Holtrop, C. E. 

Hyde, Y. Ilieva, D. G. Ireland, B. S. Ishkhanov, H. S. Jo, D. Keller, M. Khandaker, A. 

Kim, W. Kim, P. M. King, A. Klein, F. J. Klein, S. Koirala, V. Kubarovsky, S. V. 

Kuleshov, P. Lenisa, S. Lewis, K. Livingston, H. Lu, M. MacCormick, I. J. D. 

MacGregor, N. Markov, M. Mayer, B. McKinnon, T. Mineeva, M. Mirazita, V. Mokeev, 

R. A. Montgomery, H. Moutarde, C. Munoz Camacho, P. Nadel-Turonski, S. Niccolai, 

G. Niculescu, I. Niculescu, M. Osipenko, L. L. Pappalardo, R. Paremuzyan, K. Park, E. 

Pasyuk, J. J. Phillips, S. Pisano, O. Pogorelko, S. Pozdniakov, J. W. Price, S. Procureur, 

D. Protopopescu, A. J. R. Puckett, D. Rimal, M. Ripani, A. Rizzo, G. Rosner, P. Rossi, P. 

Roy, F. Sabatié, D. Schott, R. A. Schumacher, E. Seder, I. Senderovich, Y. G. Sharabian, 

A. Simonyan, G. D. Smith, D. I. Sober, D. Sokhan, S. Stepanyan, S. S. Stepanyan, S. 

Strauch, W. Tang, M. Ungaro, A. V. Vlassov, H. Voskanyan, E. Voutier, N. K. Walford, 

D. Watts, X. Wei, L. B. Weinstein, M. H. Wood, L. Zana, I. Zonta, Measurement of the 

structure function of the nearly free neutron using spectator tagging in inelastic 
2H(e,e′ps)X scattering with CLAS. Phys. Rev. C 89, 045206 (2014). 

doi:10.1103/PhysRevC.89.045206 

97. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Transverse-momentum 

resummation: A perturbative study of Z production at the Tevatron. Nucl. Phys. B 815, 

174–197 (2009). doi:10.1016/j.nuclphysb.2009.02.014 

98. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Production of Drell–Yan lepton 

pairs in hadron collisions: Transverse-momentum resummation at next-to-next-to-leading 

logarithmic accuracy. Phys. Lett. B 696, 207–213 (2011). 

doi:10.1016/j.physletb.2010.12.024 

99. Instructions to run the DYQT program are given in 

http://pcteserver.mi.infn.it/~ferrera/codes/note-dyqt.pdf. 

100. M. Chen, P. Zerwas, Equivalent-particle approximations in electron and photon processes 

of higher-order QED. Phys. Rev. D 12, 187–197 (1975). doi:10.1103/PhysRevD.12.187 

101. T. Sjöstrand, High-energy-physics event generation with PYTHIA 5.7 and JETSET 7.4. 

Comput. Phys. Commun. 82, 74–89 (1994). doi:10.1016/0010-4655(94)90132-5 

…

Sharabian, D. I. Sober, D. Sokhan, S. Stepanyan, S. S. Stepanyan, P. Stoler, S. Strauch, 

M. Taiuti, W. Tang, M. Ungaro, M. F. Vineyard, E. Voutier, D. P. Watts, L. B. 

Weinstein, D. P. Weygand, M. H. Wood, L. Zana, B. Zhao; CLAS Collaboration, 

Measurement of the neutron F2 structure function via spectator tagging with CLAS. Phys. 

Rev. Lett. 108, 142001 (2012). doi:10.1103/PhysRevLett.108.142001 Medline 

96. S. Tkachenko, N. Baillie, S. E. Kuhn, J. Zhang, J. Arrington, P. Bosted, S. Bültmann, M. E. 

Christy, D. Dutta, R. Ent, H. Fenker, K. A. Griffioen, M. Ispiryan, N. Kalantarians, C. E. 

Keppel, W. Melnitchouk, V. Tvaskis, K. P. Adhikari, M. Aghasyan, M. J. Amaryan, S. 

Anefalos Pereira, H. Avakian, J. Ball, N. A. Baltzell, M. Battaglieri, I. Bedlinskiy, A. S. 

Biselli, W. J. Briscoe, W. K. Brooks, V. D. Burkert, D. S. Carman, A. Celentano, S. 

Chandavar, G. Charles, P. L. Cole, M. Contalbrigo, O. Cortes, V. Crede, A. D’Angelo, N. 

Dashyan, R. De Vita, E. De Sanctis, A. Deur, C. Djalali, G. E. Dodge, D. Doughty, R. 

Dupre, H. Egiyan, A. El Alaoui, L. El Fassi, L. Elouadrhiri, P. Eugenio, G. Fedotov, J. A. 

Fleming, B. Garillon, N. Gevorgyan, Y. Ghandilyan, G. P. Gilfoyle, K. L. Giovanetti, F. 

X. Girod, J. T. Goetz, E. Golovatch, R. W. Gothe, M. Guidal, L. Guo, K. Hafidi, H. 

Hakobyan, C. Hanretty, N. Harrison, M. Hattawy, K. Hicks, D. Ho, M. Holtrop, C. E. 

Hyde, Y. Ilieva, D. G. Ireland, B. S. Ishkhanov, H. S. Jo, D. Keller, M. Khandaker, A. 

Kim, W. Kim, P. M. King, A. Klein, F. J. Klein, S. Koirala, V. Kubarovsky, S. V. 

Kuleshov, P. Lenisa, S. Lewis, K. Livingston, H. Lu, M. MacCormick, I. J. D. 

MacGregor, N. Markov, M. Mayer, B. McKinnon, T. Mineeva, M. Mirazita, V. Mokeev, 

R. A. Montgomery, H. Moutarde, C. Munoz Camacho, P. Nadel-Turonski, S. Niccolai, 

G. Niculescu, I. Niculescu, M. Osipenko, L. L. Pappalardo, R. Paremuzyan, K. Park, E. 

Pasyuk, J. J. Phillips, S. Pisano, O. Pogorelko, S. Pozdniakov, J. W. Price, S. Procureur, 

D. Protopopescu, A. J. R. Puckett, D. Rimal, M. Ripani, A. Rizzo, G. Rosner, P. Rossi, P. 

Roy, F. Sabatié, D. Schott, R. A. Schumacher, E. Seder, I. Senderovich, Y. G. Sharabian, 

A. Simonyan, G. D. Smith, D. I. Sober, D. Sokhan, S. Stepanyan, S. S. Stepanyan, S. 

Strauch, W. Tang, M. Ungaro, A. V. Vlassov, H. Voskanyan, E. Voutier, N. K. Walford, 

D. Watts, X. Wei, L. B. Weinstein, M. H. Wood, L. Zana, I. Zonta, Measurement of the 

structure function of the nearly free neutron using spectator tagging in inelastic 
2H(e,e′ps)X scattering with CLAS. Phys. Rev. C 89, 045206 (2014). 

doi:10.1103/PhysRevC.89.045206 

97. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Transverse-momentum 

resummation: A perturbative study of Z production at the Tevatron. Nucl. Phys. B 815, 

174–197 (2009). doi:10.1016/j.nuclphysb.2009.02.014 

98. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Production of Drell–Yan lepton 

pairs in hadron collisions: Transverse-momentum resummation at next-to-next-to-leading 

logarithmic accuracy. Phys. Lett. B 696, 207–213 (2011). 

doi:10.1016/j.physletb.2010.12.024 

99. Instructions to run the DYQT program are given in 

http://pcteserver.mi.infn.it/~ferrera/codes/note-dyqt.pdf. 

100. M. Chen, P. Zerwas, Equivalent-particle approximations in electron and photon processes 

of higher-order QED. Phys. Rev. D 12, 187–197 (1975). doi:10.1103/PhysRevD.12.187 

101. T. Sjöstrand, High-energy-physics event generation with PYTHIA 5.7 and JETSET 7.4. 

Comput. Phys. Commun. 82, 74–89 (1994). doi:10.1016/0010-4655(94)90132-5 

 

 
Supplementary Materials for 

 
High-precision measurement of the W boson mass with the CDF II detector 

 
CDF Collaboration 

 
Corresponding author: A. V. Kotwal, ashutosh.kotwal@duke.edu  

 

Science 376, 170 (2022)   

DOI: 10.1126/science.abk1781 

 

The PDF file includes: 

 

Authors and Affiliations  

Supplementary Text 

Figs. S1 to S41 

Tables S1 to S10 

References  

 

PARTICLE PHYSICS

High-precisionmeasurement of theWbosonmasswiththeCDFII detector
CDF Collaboration†‡, T. Aaltonen1,2, S. Amerio3,4, D. Amidei5, A. Anastassov6, A. Annovi7, J. Antos8,9, G. Apollinari6, J. A. Appel6, T. Arisawa10, A. Artikov11,

J. Asaadi12,W. Ashmanskas6, B. Auerbach13, A. Aurisano12, F. Azfar14,W. Badgett6,T. Bae15,16,17,18,19,20,21, A. Barbaro-Galtieri22,V. E. Barnes23, B. A. Barnett24, P. Barria25,26,

P. Bartos8,9, M. Bauce3,4, F. Bedeschi25, S. Behari6, G. Bellettini25,27, J. Bellinger28, D. Benjamin29, A. Beretvas6, A. Bhatti30, K. R. Bland31, B. Blumenfeld24, A. Bocci29,

A. Bodek32, D. Bortoletto23, J. Boudreau33, A. Boveia34, L. Brigliadori35,36, C. Bromberg37, E. Brucken1,2, J. Budagov11§, H. S. Budd32, K. Burkett6, G. Busetto3,4,

P. Bussey38, P. Butti25,27, A. Buzatu38, A. Calamba39, S. Camarda40, M. Campanelli41, B. Carls42, D. Carlsmith28, R. Carosi25, S. Carrillo43§, B. Casal44, M. Casarsa45,

A. Castro35,36, P. Catastini46, D. Cauz45,47,48,V. Cavaliere42, A. Cerri22, L. Cerrito41,Y. C. Chen49, M. Chertok50, G. Chiarelli25, G. Chlachidze6, K. Cho15,16,17,18,19,20,21,

D. Chokheli11, A. Clark51, C. Clarke52, M. E. Convery6, J. Conway50, M. Corbo6, M. Cordelli7, C. A. Cox50, D. J. Cox50, M. Cremonesi25, D. Cruz12, J. Cuevas44,

R. Culbertson6, N. d’Ascenzo6, M. Datta6, P. de Barbaro32, L. Demortier30, M. Deninno35§, M. D’Errico3,4, F. Devoto1,2, A. Di Canto25,27, B. Di Ruzza6, J. R. Dittmann31,

S. Donati25,27, M. D’Onofrio53, M. Dorigo45,54, A. Driutti45,47,48, K. Ebina10, R. Edgar5, A. Elagin34, R. Erbacher50, S. Errede42, B. Esham42, S. Farrington14,

J. P. Fernández Ramos55, R. Field43, G. Flanagan6, R. Forrest50, M. Franklin46, J. C. Freeman6, H. Frisch34,Y. Funakoshi10, C. Galloni25,27, A. F. Garfinkel23,

P. Garosi25,26, H. Gerberich42, E. Gerchtein6, S. Giagu56,V. Giakoumopoulou57, K. Gibson33, C. M. Ginsburg6, N. Giokaris57§, P. Giromini7,V. Glagolev11, D. Glenzinski6,

M. Gold58, D. Goldin12, A. Golossanov6, G. Gomez44, G. Gomez-Ceballos59, M. Goncharov59, O. González López55, I. Gorelov58, A. T. Goshaw29,

K. Goulianos30, E. Gramellini35, C. Grosso-Pilcher34, J. Guimaraes da Costa46, S. R. Hahn6, J. Y. Han32, F. Happacher7, K. Hara60, M. Hare61,

R. F. Harr52, T. Harrington-Taber6, K. Hatakeyama31, C. Hays14, J. Heinrich62, M. Herndon28, A. Hocker6, Z. Hong12, W. Hopkins6, S. Hou49,

R. E. Hughes63, U. Husemann64, M. Hussein37, J. Huston37, G. Introzzi25,65,66, M. Iori56,67, A. Ivanov50, E. James6, D. Jang39, B. Jayat ilaka6,

E. J. Jeon15,16,17,18,19,20,21, S. Jindariani6, M. Jones23, K. K. Joo15,16,17,18,19,20,21, S. Y. Jun39, T. R. Junk6, M. Kambeitz68, T. Kamon15,16,17,18,19,20,21,12,

P. E. Karchin52, A. Kasmi31, Y. Kato69, W. Ketchum34, J. Keung62, B. Kilminster6, D. H. Kim15,16,17,18,19,20,21, H. S. Kim6, J. E. Kim15,16,17,18,19,20,21, M. J. Kim7,

S. H. Kim60, S. B. Kim15,16,17,18,19,20,21,Y. J. Kim15,16,17,18,19,20,21,Y. K. Kim34, N. Kimura10, M. Kirby6, K. Kondo10§, D. J. Kong15,16,17,18,19,20,21, J. Konigsberg43, A.V. Kotwal29*,

M. Kreps68, J. Kroll62, M. Kruse29,T. Kuhr68, M. Kurata60, A.T. Laasanen23, S. Lammel6, M. Lancaster41, K. Lannon63, G. Latino25,26, H. S. Lee15,16,17,18,19,20,21,

J. S. Lee15,16,17,18,19,20,21, S. Leo42, S. Leone25, J. D. Lewis6, A. Limosani29, E. Lipeles62, A. Lister51, Q. Liu23, T. Liu6, S. Lockwitz64, A. Loginov64§,

D. Lucchesi3,4, A. Lucà7,6, J. Lueck68, P. Lujan22, P. Lukens6, G. Lungu30, J. Lys22§, R. Lysak8,9, R. Madrak6, P. Maestro25,26, S. Malik30, G. Manca53,

A. Manousakis-Katsikakis57, L. Marchese35, F. Margaroli56, P. Marino25,70, K. Matera42, M. E. Mattson52, A. Mazzacane6, P. Mazzanti35, R. McNulty53,

A. Mehta53, P. Mehtala1,2, A. Menzione25§, C. Mesropian30, T. Miao6, E. Michielin3,4. D. Miet licki5, A. Mitra49, H. Miyake60, S. Moed6, N. Moggi35,

C. S. Moon15,16,17,18,19,20,21, R. Moore6, M. J. Morello25,70, A. Mukherjee6, Th. Muller68, P. Murat6, M. Mussini35,36, J. Nachtman6, Y. Nagai60,

J. Naganoma10, I. Nakano71, A. Napier61, J. Nett12, T. Nigmanov33, L. Nodulman13, S. Y. Noh15,16,17,18,19,20,21, O. Norniella42, L. Oakes14, S. H. Oh29,

Y. D. Oh15,16,17,18,19,20,21, T. Okusawa69, R. Orava1,2, L. Ortolan40, C. Pagliarone45, E. Palencia44, P. Palni58, V. Papadimitriou6, W. Parker28,

G. Pauletta45,47,48, M. Paulini39, C. Paus59, T. J. Phillips29, G. Piacentino6, E. Pianori62, J. Pilot50, K. Pit ts42, C. Plager72, L. Pondrom28, S. Poprocki6,

K. Potamianos22, A. Pranko22, F. Prokoshin11, F. Ptohos7, G. Punzi25,27, I. Redondo Fernández55, P. Renton14, M. Rescigno56, F. Rimondi35§,

L. Ristori25,6, A. Robson38, T. Rodriguez62, S. Rolli61, M. Ronzani25,27, R. Roser6, J. L. Rosner34, F. Ruffini25,26, A. Ruiz44, J. Russ39, V. Rusu6,

W. K. Sakumoto32, Y. Sakurai10, L. Santi45,47,48, K. Sato60, V. Saveliev6, A. Savoy-Navarro6, P. Schlabach6, E. E. Schmidt6, T. Schwarz5, L. Scodellaro44,

F. Scuri25, S. Seidel58, Y. Seiya69, A. Semenov11, F. Sforza25,27, S. Z. Shalhout50, T. Shears53, P. F. Shepard33, M. Shimojima60, M. Shochet34,

I. Shreyber-Tecker73, A. Simonenko11, K. Sliwa61, J. R. Smith50, F. D. Snider6, H. Song33, V. Sorin40, R. St. Denis38§, M. Stancari6, D. Stentz6,

J. Strologas58, Y. Sudo60, A. Sukhanov6, I. Suslov11, K.Takemasa60,Y.Takeuchi60, J.Tang34, M.Tecchio5, P. K.Teng49, J.Thom6, E.Thomson62,V.Thukral12,

D.Toback12, S.Tokar8,9, K.Tollefson37,T.Tomura60, S.Torre7, D.Torretta6, P.Totaro3, M.Trovato25,70, F. Ukegawa60, S. Uozumi15,16,17,18,19,20,21, F.Vázquez43, G.Velev6,

K.Vellidis57, C.Vernieri25,70, M.Vidal23, R.Vilar44, J.Vizán44, M.Vogel58, G.Volpi7, P.Wagner62, R.Wallny6, S. M.Wang49, D.Waters41,W. C.Wester III6, D.Whiteson62,

A. B.Wicklund13, S.Wilbur50, H. H.Williams62, J. S.Wilson5, P.Wilson6, B. L.Winer63, P.Wittich6, S.Wolbers6, H.Wolfmeister63,T.Wright5, X.Wu51, Z.Wu31,

K. Yamamoto69, D.Yamato69,T.Yang6, U. K.Yang15,16,17,18,19,20,21,Y. C.Yang15,16,17,18,19,20,21,W.-M.Yao22, G. P.Yeh6, K.Yi6, J.Yoh6, K.Yorita10,T.Yoshida69,

G. B.Yu15,16,17,18,19,20,21, I.Yu15,16,17,18,19,20,21, A. M. Zanetti45,Y. Zeng29, C. Zhou29, S. Zucchelli35,36

Themass of theWboson, a mediator of the weak force between elementary particles, is tightly constrained

by the symmetries of the standard model of particle physics. The Higgs boson was the last missing

component of themodel.After observationof theHiggsboson,ameasurement of theWbosonmassprovidesa

stringent test of the model. We measure the Wboson mass, MW, using data corresponding to 8.8 inverse

femtobarns of integrated luminosity collected in proton-antiproton collisions at a 1.96 tera–electron

volt center-of-massenergywith theCDFII detector at theFermilabTevatroncollider.Asampleof approximately

4 million Wboson candidates is used to obtain MW ¼ 80;433:5T6:4stat T6:9syst ¼ 80;433:5T9:4 MeV=c2,

the precision of which exceeds that of all previous measurements combined (stat, statistical uncertainty;

syst, systematic uncertainty; MeV, mega–electron volts; c, speed of light in avacuum). This measurement

is in significant tension with the standard model expectation.

T
he observation of the Higgs boson (1–4)

at theLargeHadron Collider (LHC) (5,6)

hasvalidated thelast missingpieceof the

standard model (SM) (7–9) of elementary

particlephysics. Thismodel, which incor-

porates quantum mechanics, special relativity,

gauge symmetry, and group theory, currently

describes most particle physics measurements

with high accuracy. It postulates a number of

experimentally established symmetries among

particle properties, which tightly constrain the

parameters of the model from experimental

data (10). Given thecurrent experimental preci-

sion and thepredictivepower of theSM, global

fitsof themodel to thedatarender preciseesti-

matesof fundamental parameters, such asthe

massof theW boson. Asone of themediators

of theweak nuclear force, thisparticle isakey

component of theSM framework. Itsmass,one

of the most important parameters in particle

physics, ispresently constrained by SM global

fitstoarelativeprecision of 0.01%,providinga

strongmotivation to test theSM bymeasuring

theWboson masstothesamelevel of precision.

All fundamental particle masses, including

that of the W boson, are generated in the SM

through interactions with the condensate of

the Higgs field in the vacuum. The formation

of thecondensateand thequantum excitation

of thisfield, theHiggsboson (2–4), areparam-

etrized but not explained bytheSM.Anumber

of hypotheses have been promulgated to pro-

videadeeper explanation of theHiggsfield, its

potential, and the Higgsboson. These include

supersymmetry—a spacetime symmetry relat-

ing fermions and bosons [(11) and references

therein]—and compositeness, in which addi-

tional strong confining interactions produce

the Higgs boson as a bound state [(12) and
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“For example, the cj15 set includes all Tevatron data on the W -charge asymmetry, as well as the lepton- charge asymmetry 
from W boson decays and quasi-free neutron scattering data from the Jefferson Lab BONuS experiment [95, 96] “
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Issues affecting extraction of d/u
• Higher twist/target mass correction

• Nuclear binding correction
M. Cerruti, A. Accardi et al.

BONuS12: pS < 0.1 GeV/c => 

Multiplier < 0.027

2.7% effect



JLab@12 GeV d/u- the full program

Marathon
PhysRevLett.128.132003

Dark Symbols: W* > 2 GeV (x* up to 0.8, bin centered x* = 0.76)

Open Symbols: “Relaxed cut” W* > 1.8 GeV (x* up to 0.83)

…also: Additional data from ALERT and TDIS

Courtesy Arun Tadepalli

BONuS12:

NSAC 2015 LRP



BONuS12 with CLAS12 (Run Group F in 2020)

RTPC

spectator 

d(e,e’ps)X

pS = E S , pS( ) ; aS =
ES - pS × q̂

MD / 2

D(e,e’ps)X:  Cts vs. W*

D(e,e’)X:  Cts vs. W

F2n/F2p through spectator tagging
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BONuS12 Kinematics
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Data vs. MC : D(e,e’)X

• Improved RTPC implementation in GEMC.

• Generator: An extension version from previous Bonus experiment

•  that accommodates the higher beam energy.                                            

Inclusive e-  kinematics

-- MC. Data

-- Exp. Data



Data vs. MC: D(e,e’p
s
)X

After 12600: Tagged nDIS e- kinematics



BONuS12 Near-Final Results

Preliminary

D. Biswas et al., arXive hep-ex 2409.15236

https://arxiv.org/abs/2409.15236


BONuS12 Near-Final Results

Preliminary



T. Liu et al., PRL 124, 8 082003 (2020)

Theoretical predictions

Latest prediction:
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No free parameters.

Predicts � d/d changes sign near x=0.8. 

Reproduces QCD counting rules used for BBS/LSS. 
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SSFs: Recent theoretical predictions

                      

Ji, Yuan and Zhao: arXiv2009.01291 [hep-ph] LATTICE
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leading-twist valence helicity quark PDF (purple) and x-space contaminations compared with the recent global analyses

NNPDFpol1.1 [10], JAM17 [17], and JAM22 [21].

an important one to control and remove, as the e↵ect, if left unaccounted for, would impart a statist ically significant
shift in the precise low-p data. The net higher-twist e↵ect on the other hand, denoted Re Y t4,t6 ⌫, z2 , shown in
the upper right panel of Fig. 7 is observed to be consistent with zero for all considered z/ a subject to the constraint
⌫. 6; it is only for ⌫& 6 that a non-trivial higher-twist e↵ect is detected by the fit for z/ a & 5. By design the ratio
in Eq. (13) will cancel the leading higher twist contributions in the small ⌫limit. Nevertheless the parameterized
power corrections in z2 are observed to be numerically small over a broad range of Io↵e-t ime. However, unlike the
discretization e↵ect, the parameterized leading-twist and power correction signals become comparable in precisely
the interval for which the O z2n⇤2n

QCD nuisance e↵ects are largest. As illustrated in the lower right panel of Fig. 7,

for ⌫& 8 the leading-twist and O z2n⇤2n
QCD e↵ects are indeed of similar magnitude. Since the maximal reach in

Io↵e-t imeof thiscalculat ion is for ⌫max ' 9.42, wecan beassured theReY ⌫, z2 signal isdominated by the leading-
twist contribution we aim to isolate, with the power corrections a relat ively small e↵ect that we parameterize and
remove. That said, just asdi↵erent experimental processesaresubject to di↵erent power correctionswhen analyzed in
a factorization framework, it is of crucial importance to quantify where the power corrections of the reduced pseudo-
ITD become appreciable. Despite the näıve ab-init io expectations from the size of the scale z2, empirically our data
is consistent with the NLO evolution formula with small and e↵ectively zero power corrections.

In the statist ical errors of this single fit, a feature common to many previous PDF analyses can be seen. The
statistical errors shrink around x ⇠ 0.1. The low x region is where the inverse problem is unreliable according to
mock data studies[100]. Theindividual jackknifesampleswill havean upward (downward) fluctuation for x abovethis
point and a corresponding downward (upward) fluctuation after this point creating the apparent stat istical precision
around x ⇠0.1. This feature, is created by correlat ions between theparameters to satisfy thevery preciseconstraints
of thedata at low Io↵e time. In other words, theprecise low⌫data puts a strong constraint on thevalueof the lowest
moment of the PDF. For this model of the PDF to enforce that constraint while fixing the well-controlled large x
region, the PDF must have corresponding upward and downward fluctuations above and below x ⇠0.1. The locat ion
of this pinched point will bemodel dependent. In thesubsequent model averaging procedureof Sec. V A, thesemodel
dependent features will be seen to average away. This demonstrates the importance of studying many solutions to
the inverse problem simultaneously.

In Fig. 8 a representative fit to I m Y ⌫, z2 is illustrated, where the data have again been cut on plat t 2 [1,6]
and z/ a 2 [2,8], and the basis of Jacobi polynomials describing the leading-twist and nuisance terms have been
truncated at orders (Nl t ,Naz ,Nt4,Nt6) = (3,2,2,1). As in the fit to ReY ⌫, z2 , the most precise plat t = 1 data for
each z/ a 2 [2,8] acts as the principal constraint for the candidate model, thereby limiting its statistical fluctuations
estimated via jackknife. For this model, there is a tension with the least precise plat t = 5,6 data points for most z/ a.
Given that this is only a single model within a large space of models that regularize the inverse problem we face, it
is not unreasonable to expect this tension to soften following a model averaging prescript ion. The parameters of this
fit to I m Y ⌫, z2 are given in Tab. III. Turning to the fit parameter covariance of this fit, shown in Fig. 9, similarly

R.G. Edwards et al.



Existing Spin Structure Functions at high x

Valence quark polarization

1

-1

Parno et al., Phy Let B DOI: 10.1016/j.physletb.2015.03.067 
X. Zheng et al., PRL 92, 012004 (2004); PRC 70, 065207 (2004) 
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Present Status on polarized PDFs

• NNDPFpol1.1+RHIC W data analysis



Present Status on polarized PDFs

• Newest JAM analysis including RHIC 

and COMPASS data 4

FIG. 3. Light sea quark polarizat ion rat ios ∆ q/ q at Q2 =

10 GeV2 : [top panel] u and d (coral and skyblue 1σ bands),
[bot tom panel] ū and d̄ (red and blue 1σ bands), compared

with results with posit ivity const raints (hatched bands).

a slight deviat ion from zero at high values of x. This is

consistent with this fit taking the DSSV result [47] as

the prior for ∆ ū and ∆ d̄, but with 4σ uncertainty, and

including the older STAR W data [43] in their reweight -

ing analysis. Our analysis is thus the first data-driven

ext ract ion of a nonzero polarized ant iquark asymmetry.

The results for the light quark polarizat ion rat ios ∆ q/ q

are shown in Fig. 3. As is well known, the polarizat ion is

posit ive for u quarks and negat ive for d quarks. Without

posit ivity constraints, a nonzero rat io can be ext racted

for u up to x ⇡ 0.8 and for d up to x ⇡ 0.6. With posit iv-

ity const raints this isextended further up to x ⇡ 0.85 and

x ⇡ 0.7 for u and d, respect ively. Given the phenomeno-

logical interest in the behavior of ∆ q/ q as x ! 1 [67–69],

our simultaneous ext ract ion of unpolarized and helicity

PDFs including the W -lepton data provides the most re-

liable determinat ion of the rat ios to date.

The inclusion of the latest W data also provides unam-

biguous signs for ∆ ū and ∆ d̄, leading to a posit ive ∆ ū/ ū

and a negat ive ∆ d̄/ d̄, matching their quark counterparts.

Without (with) posit ivity constraints, ∆ ū/ ū can be dis-

t inguished from zero up to values of x ⇡ 0.25 (x ⇡ 0.35),

while for ∆ d̄/ d̄ it can be dist inguished from zero up to

x ⇡ 0.35 (x ⇡ 0.4). As with the asymmetry, the inclu-

sion of posit ivity const raints makes lit t le di↵erence below

x = 0.1 for both the quarks and ant iquarks but reduces

FIG. 4. Truncated integrals
R1

0.01
dx ∆ q(x) at Q2 = 4 GeV2

for ∆ u+ , ∆ d+ , ∆ ū and ∆ d̄ from this analysis (red rectangles)

compared with the fit without the RHIC W/ Z data (cyan)
and with posit ivity const raints (small hatched squares with-
out RHIC, and black squares with RHIC). The vert ical height

of the bands represents 1σ uncertainty.

the uncertaint ies at larger x.

Finally, in Fig. 4 we show the truncated integral
R1

0.01
dx ∆ q(x) at Q2 = 4 GeV2 for the light quarks and

ant iquarks before and after including the RHIC W data.

The lower limit of integrat ion is chosen to roughly match

the lower x limit of the data. We see an improvement for

∆ u+ and ∆ d+ of roughly 25 to 50%, while for the light

ant iquarks the improvement is as much as 80%. While

prior to the inclusion of RHIC W data the sign of the an-

t iquark contribut ions to the proton spin was unknown,

after including these data we find that ∆ ū (∆ d̄) provides

a small but unambiguously posit ive (negat ive) cont ribu-

t ion to the proton spin. Prior to the inclusion of the

RHIC data, the results for ∆ ū and ∆ d̄ depend heav-

ily on the inclusion of posit ivity const raints. When the

RHIC data are included, however, this dependence is sig-

nificant ly reduced, allowing for an ext ract ion that is far

less dependent on theoret ical assumpt ions.

Our t runcated moments for ∆ u+ and ∆ d+ , with val-

ues 0.779(34) and − 0.370(40), respect ively, are only

slight ly smaller in magnitude than the corresponding

full moments from lat t ice QCD calculat ions, which find

0.864(16) for ∆ u+ and − 0.426(16) for ∆ d+ [70]. This

comparison suggests that the cont ribut ions to the light

quark moments below x = 0.01 must be small. Inter-

est ingly, we note that the cont ribut ions from ∆ ū and

∆ d̄ (+ 0.061(30) and − 0.065(35), respect ively) approxi-

mately cancel in the sum.

Outlook.— Our analysis provides the first data-driven

ext ract ion of a nonzero polarized sea asymmetry, using

the latest W -lepton data from RHIC, within a simultane-

ous global QCD analysis of polarized PDFs, unpolarized

PDFs, and pion and kaon FFs. This also provides the

first self-consistent ext ract ion of the light quark polariza-

t ions and shows a nonzero contribut ion to the proton’s

spin from the light ant iquarks.



A1n in Jefferson Lab’s Hall C
E12-06-110 in Hall C: 1/12/2020 – 3/13/2020; 10.4 GeV polarized electrons on polarized 3He

William Henry 2022 Jefferson Lab Users Organization Annual Meeting

JLUO 2022 Users Group Meeting Neutron Spin Structure

Polarized Helium 3 as an effective polarized neutron target

8

Slide Credit: Mingyu Chen

JLUO 2022 Users Group Meeting Neutron Spin Structure9

12 GeV Polarized Helium 3 Target

• Target Chamber length: 40 cm 

• Luminosity:  ~ 2.2 x 1036cm-2s-1 

• Convection cell as opposed to 6 GeV diffusion cell 

• GEn-II in Hall A will expects another factor of two 
increase in FOM

JLUO 2022 Users Group Meeting Neutron Spin Structure

E12-06-110 in Hall C: Experimental Setup

10

• Experiment ran from January 12th 
to March 13th, 2020 

•  Polarized Helium-3 gas target 

• 10.4 GeV Polarized e- beam 

• Inclusive measurement, detected 
scattered e-  

• SHMS: 30°; PCentral=2.6 & 3.4 GeV  

• HMS: 30 °; PCentral=2.9 & 3.5 GeV   

• Elastic and Δ(1232) asymmetry 
measured to check sign of 
PBeamPTarget

JLUO 2022 Users Group Meeting Neutron Spin Structure

Preliminary A1 (3He) Result

15

Slide Credit: Xiaochao Zheng
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RG-C with CLAS12
❏ Measure DIS inclusive spin structure functions (A1, g1) of the proton and deuteron.

❏ Include tagging with π, K SIDIS to extract flavor-separated q

❏ Measure spin- and transverse momentum-dependent (TMD) PDFs, back-to-back 
hadrons, forward dihadrons,… (SIDIS).

❏ Deeply Virtual Compton Scattering (DVCS) to access Generalized Parton Distributions 
(GPDs) - Measure target single and beam/target double spin asymmetries in proton and 
neutron DVCS.

• Scheduled from June 2022 through March 2023 (240 Calendar Days) – collected data for about 2/3 of this

• 10.6 GeV, 10 nA polarized electrons on 3 g/cm2 polarized NH3 / ND3 (L = 1035 )

• Dynamic Nuclear Polarization at 1 K, 5 T with 140 GHz µwave on irradiated ammonia

Polarized target “APOLLO”

Beamline

Raster 

Magnets

1 K Refrigerator

Electronics

Vibration isolated pump cart

Inserted in CLAS12

Target Sample Insertion Port



Longitudinally Polarized Target for CLAS12

Liquid Helium

5T Magnet

Microwaves

Refrigerator

NMR

Electronics

Refrigerator Pumps

13	November	2018

CLAS	Collaboration	Meeting

12

1 K Refrigerator

TargetGroup

Photos courtesy of J. Brock



More on “APolLo”

Electronics

1 K Refrigerator

Vibration isolated pump cart

Raster Magnet

Superconducting CLAS12 
Magnet

Irradiated

PROTON (NH3)

DEUTERON (ND3)



Preliminary Data from CLAS12 RG-C - DIS

Proton DeuteronW > 2; Q2 > 1



Preliminary Data from CLAS12 RG-C - DIS

Proton DeuteronW > 2; Q2 > 1



Preliminary Data from CLAS12 RG-C - DIS

Proton DeuteronW > 2; Q2 > 1

RG-C Projected:
80 PAC Days – outer error bars
120 PAC days - caps

SU(6
)

ML Model (VERY 
preliminary) Courtesy Darren 
Upton (priv. comm.)

SU(6
)



Future: JLab at 20+ GeV?

• Halve distance to x = 1, higher Q2: Definite determination of 

asymptotic limit… *)

• …AND to x = 0 => Study “valence” sea quarks (pion cloud)

• Increase Q2 range for all x -> DGLAP => Study “valence” gluon 

helicity

• Even for same x, Q2: higher energy -> higher rates -> better 

statistics

• (Super)Rosenbluth – expand range in  for fixed x, Q2 => R, g2, A2

• Extend flavor tagging with SIDIS to higher x, Q2: 

• Issues: Still need to deal with nuclear uncertainties.

*) Higher Q2: Suppress higher twist, study logarithmic resummation

22-24 GeV CEBAF FFA 

Energy Upgrade

Alex Bogacz J-FUTURE Workshop

Jefferson Lab / Messina University



From JLab at 12 

to 22 GeV…

and to the EIC

A. Signori

U. of Pavia, INFN

J-FUTURE 

Messina 3/28/22

Figure credit: HUGS2021
Cameron Cotton (UVA) 
David Flay (JLab)
Thanks to X. Zheng



From JLab at 12 

to 22 GeV…

and to the EIC

A. Signori

U. of Pavia, INFN

J-FUTURE 

Messina 3/28/22

Figure credit: HUGS2021
Cameron Cotton (UVA) 
David Flay (JLab)
Thanks to X. Zheng



EIC

9

Execut ive Summary

The fundamental building blocks of ordinary matter in the universe, proton and neutron, together
known as nucleons, havebeen discovered during the early part of the twent ies century [4, 5]. For over
half a century wehaveknown that thesenucleonsarefurther composed of quarksand gluons. Wealso
know that global propert ies of nucleons and nuclei, such as their mass and spin, and interact ions
are the consequences of the underlying physics of quarks and gluons, governed by the theory of
st rong interact ion, Quantum-Chromo-Dynamics (QCD), whose fift ies anniversary we celebrate in
2022. Yet we st ill do not understand how the propert ies of nucleons emerge from the fundamental
interact ion. This has resulted in the development of a new science of emergent phenomena in the
nuclear medium and the 3D nuclear structure: nuclear femtography. A significant part of the science
program current ly at the Je↵erson Laboratory 12 GeV CEBAF facility is aimed at this new science
in the range where valence quarks dominate the internal structure and dynamics; the US Electron
Ion Collider (EIC) in its low-to-medium center-of-mass energy is preferent ial for studying the region
of xB from 0.01 to 0.1 where non trivial flavor and quark-ant i-quark di↵erences are expected from
Chiral Symmetry Breaking.

These capabilit ies will open the door to the explorat ion of the three-dimensional dist ribut ions in
coordinate space and in momentum space of the quarks and gluons over an unprecedented kinematic
range that connects to the range current ly explored at lower energies in fixed-target scattering
experiments. The combined result will be an unparalleled explorat ion of the way in which the
phenomena of nuclear physics, the mass, and the spin, and the mechanical propert ies emerge from
the fundamental interact ions of the partons, and how these propert ies are dist ributed in the confined
space inside nucleons and nuclei.

The EIC in its full range of 20 to 140 GeV center-of-mass energy and featuring high luminosity
operat ion will be a powerful facility for the explorat ion of the most intricate secrets of the strong
interact ion, and the potent ial discovery of phenomena not observed before. Much of the compelling
science program has been described in previous documents [6–8].

FIG. 1. The EIC concept at Brookhaven Nat ional Laboratory [9]. The elect ron and the ion beams are clearly ident ified. There
are several beam intersect ion points, one at the 6 o’clock (IP6) locat ion and at the 8 o’clock (IP8) locat ion are suitable for

the installat ion and operat ion of large scale detector systems. Interact ion point IP8 may be most suitable for high-luminosity
opt imizat ion at low to intermediate center-of-mass energies as well as for the installat ion of a secondary focus for forward

processes requiring high momentum resolut ion. The elect ron beam energy ranges from 2.5 GeV to 18 GeV, while for protons
the ion beam allows selected energies between 41 GeV and 275 GeV covering a collision center-mass energy from 20 GeV to 140

GeV. The ion beam is circulat ing counter clockwise, and the new elect ron ring with elect rons circling clockwise. Both beams
will be highly polarized with both elect ron and proton polarizat ions greater than 70%. The EIC will benefit from two exist ing

large detector halls in IP6 and in IR8, both fully equipped with infrast ructure.

• Missing piece to solve the proton spin 

puzzle: Low-x extrapolation, gluon 
contribution

• Include weak IA for flavor separation

• Extend spectator tagging to all 
nucleon momenta in the nuclear rest 

frame => Extrapolate to the free 
nucleon pole 

Gluon and quark singlet moments from EICInclusive p ALL, enforce SU(3)

Y. Zhou et al., Phys. Rev. D 104(2021)034028 arXiv:2105.04434v1 

Expected reduction of present SSF uncertainties from EIC

Barak Schmookler
EICUG 2nd Detector Meeting
Dec 6 – 8, 2022, CFNS
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FIG. 2. Est imated luminosity versus center-of-mass energies for the operat ion of one (thick lines) or two (thin lines) interact ion

regions. The blue lines show the baseline performance. The green lines show the high luminosity operat ion for improved
beam opt ics and cooling. The st rong drop in luminosity from the CM energy 44.7 GeV to 28.6 GeV is caused by increased

beam-beam interact ions as the proton beam energy is reduced from 100 GeV to 41 GeV while keeping the elect ron energy of
5 GeV. This problem is st ill being studied by machine experts. One opt ion might be to keep the proton energy at 100 GeV,

thus avoiding an increase in beam-beam interact ions and lower the elect ron beam energy from 5 GeV to 2.5 GeV, result ing in
31.6 CM energy.

TheEIC project scopeincludesthedevelopment of an interact ion regions(IR) and day-onedetector
at IP6 and the baseline of an interact ion region design for a second detector at IP8. A second EIC
detector would be located at IP8 that will include a second focus approximately 50 m downstream
of the collision point at a locat ion with a large dispersion. Such an innovat ive design would enable a
high-impact and highly complementary physics program to the day-one detector. The second focus
thusmakes it possible to movetracking detectorsvery close to thebeam at a locat ion wherescattered
part icles separate from the beam envelope, thereby providing except ional near-beam detect ion. This
in turn creates unique possibilit ies for detect ing all fragments from breakup of nuclei, for measuring
light nuclei from coherent processes down to very low pT , and great ly improves the acceptance
for protons in exclusive react ions - in part icular at low x. As such, a second detector at IP8 will
significant ly enhancethecapabilit iesof theEIC for di↵ract ivephysicsand open up new opportunit ies
for physics with nuclear targets.

With this document we highlight the science benefit ing from an opt imized operat ion at instanta-
neous luminosity from 0.5⇥1034cm− 2s− 1 up to 1.0⇥1034 cm− 2s− 1 is achievable in the center-of-mass
range of 45 to 100 GeV, with significant ly lower luminosity at 28 and 140 GeV. Furthermore, with
a projected 107 sec of operat ion (100% equivalent) annually, the maximal integrated luminosity is
100fb− 1.

This White Paper aims at highlight ing the important benefits in the science reach of the EIC.
High luminosity operat ion is generally desirable, as it enables producing and harvest ing scient ific
results in a shorter t ime period. It becomes crucial for programs that would require many months



SUMMARY: COMPLETING 

THE COLLINEAR PICTURE

➢ d/u, u/u and d/d at highest x ?

➢ Nuclear effects on nucleon structure

➢ Understanding the sea – s, u - d, u - d

➢ Axial and Tensor charges of the nucleon

➢ Gluon helicity distribution at large x AND at small x? 

What is the integral G?

Total contribution of parton helicity to proton spin?

➢ What happens at really small x << 0.01?

JLab @ 12 -> 22 GeV

JLab, FNAL, RHIC, AMBER, LHC 

JLab + DGLAP, 

RHIC, COMPASS

COMPASS, JLab

Enormous Progress on understanding Collinear PDFs 

fueled by large new data sets and sophisticated 

phenomenology. Still, some questions remain:

Q2

x



Conclusions

• Structure functions in the valence region remain of high theoretical 

interest and provide crucial input to precision collider experiments

• Jefferson Lab at 12 GeV is starting to have significant impact on our 

understanding of this region

• Jefferson Lab at 22 GeV can expand the coverage in x from 0.8 to 

0.9 and more than double the range in Q2, thereby minimizing the 

extrapolation to x -> 1.

• Jefferson Lab and EIC together cover the entire kinematic region 

necessary to complete the “spin puzzle”.

• Essential ingredient: Extract neutron (polarized) structure functions 

from measurements on nuclei (d, 3He) => we must understand the 

EMC effect in detail.



Backup Slides



More on Nuclear Corrections

a) Marathon points have normalization uncertainty up 0.02. 

b) Last Marathon point gets significant contributions from smeared SF 

in the resonance and even elastic region, as well as much lower x 

c) In general, Marathon data are all Fermi-smeared (Contributions 

from x* = x/(1±0.15).)

d) Nuclear Modifications are partially additive; no reason to assume 

that they affect p and n the same (isospin-dependence).



Predicted Data from CLAS12 - DIS
Proton DeuteronW > 2; Q2 > 1



EMC effect

• Fundamental question: How does 

nuclear binding modify the high-x 

structure function of the nucleon?

• Relevant for the extraction of neutron 

structure functions from experimental 

data on d, 3He, 3H

• Many models: mean field, Short 

range correlations (SRC), Light-Front 

Holography (LFHQCD), …

C. Cocuzza et al.,



Polarized EMC effect 
(Approved Experiment RG-G with CLAS12 at Jefferson Lab)
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 Ratio  [N+-N-](7Li) / [N+-N-](p)

NNM = Shell model prediction (p 87% pol.)   SNM = Standard Nuclear Model (convolution w/out change in 

medium; equiv. to SRC model)   QMC = Mean Field (Quark-Meson Coupling)   MSS (rescaling/modified sea 
scheme)   S/AS = Shadowing/Antishadowing (Guzey/Strikman)   CQS = Chiral Quark Soliton (Smith/Miller)

QMC prediction

• A large number of experiments is studying 

modifications of bound nucleon structure 
function F2 on a wide range of nuclei – data 
average over ALL nucleons!

• Unique test of EMC models: Measure 
modification of polarized structure function 

g1p on a single valence nucleon!

Expected data for 

g1p(bound)/g1p(free)

with various predictions



“1-D” Parton Distributions (PDFs) 
(integrated over many variables) 

q(x;Q2 ), h × H q(x;Q2 )

h = ±1

H

F1(x) = 1
2
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å qi(x) and F2(x) » 2xF1(x)( )Parton model: DIS can access
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At finite Q2: pQCD evolution (q(x,Q2), q(x,Q2) ⇒ 

DGLAP equations),  and gluon radiation

Fixed target kinematics:                ⇒ target mass effects,

higher twist contributions and resonance excitations

▪ Non-zero

▪ Further Q2-dependence (power series in      )

▪ Ultra-low Q2: PT, EFT,…

1

Qn

⇒ access to gluons.

SIDIS: Tag the flavor of the struck quark with the 

leading FS hadron ⇒ separate qi(x,Q2), qi(x,Q2)

Inclusive lepton scattering

Q2 » M 2
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HT (x) = g2(x)- g2

WW (x)
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Duality in Spin Structure Functions
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Projected JLab@12 GeV d/u Extractions 
Marathon and BONuS12

Dark Symbols: W* > 2 GeV (x* up to 0.8, bin centered x* = 0.76)

Open Symbols: “Relaxed cut” W* > 1.8 GeV (x* up to 0.83)

…also: Additional data from ALERT and TDIS

Courtesy Arun Tadepalli

BONuS12 
Expected Statistical Uncertainties

Œ BONuS12 
Relaxed W cut

BONuS12 syst. unc.

BONuS12:

NSAC 2015 LRP



PDFs from SEMI-inclusive RG-C data

13	
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Produc3on	of	Kaons	in	SIDIS	

• What	happens	when	we	remove	the	strange	PDF	in	the	theory	
calcula0on?	
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dof = 0.38 χ2

dof = 0.51

• Large	errors	in	HERMES	data	(only	kaon	data	set	used	in	DSSV	fit)	may	
also	have	contributed	to	change	in	sign	

∆s ! 0

• Difficult	to	constrain	strange	from	HERMES	data	alone	

Only K- production on D is uniquely sensitive to s (u and d largely cancel)



Polarized Target

● Frozen Ammonia - NH3 and 
ND3 - samples 5 cm long

● Cooled to 1 K with LHe 
evaporation refrigerator

● Inserted into 5 T Solenoid 
(serves as polarizing magnet, 
both polarities)

● DNP through 140 GHz µwave 
irradiation

● Polarization measured with 
NMR

● Auxiliary C, CH2, CD2, 
LHe/foil targets



Kinematic Reach with CLAS12
Credit: H. Avakian
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