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Introduction to
Lepton-Nucleon (Nucleus)

Deep Inelastic Scattering
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Deep inelastic scattering
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A nucleon is broken up
by a high-energy neutrino.

Hadrons are produced; however,
these are not usually measured.
(inclusive reaction)
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Kinematic of lepton-nucleus scattering

0* (GeV?)

QE
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DIS

0<0*<Q; ~1GeV’
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Depending on the neutrino beam energy,
different physics mechanisms contribute
to the cross section.

* QE (Quasi elastic) * RES (Resonance)
* DIS (Deep inelastic)

1% (GeV)>

Activities at the J-PARC branch, KEK theory center
http://j-parc-th.kek.jp/html/English/e-index.html
Towards construction of a unified model for the neutrino-nucleus reactions,

S. X. Nakamura, H. Kamano, Y. Hayato, M. Hirai, W. Horiuchi,
S. Kumano, T. Murata, K. Saito, M. Sakura, T. Sato, Y. Suzuki
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Lepton-Polarized Deuteron

Deep Inelastic Scattering



Almost none of nucleon spin

Ty, e e — Nucleon spin crisis!?

Nucleon spin

-@.,

Naive Quark Model Sea-quarks and gluons?  Orbital angular momenta ?

“old”’ standard model

Tensor structure b, (e.g.deuteron)  Tensor-structure crisis!?

@& | Fe
% %ﬁ

only S wave S + D waves blexperiment
— 13 %
b,=0 standard model b,#( Fh Srdard Tadel




Roles of quark degrees of freedom in deuteron

The deuteron is a well-studied system
by hadronic degrees of freedom

If we find that the deuteron is not simple bound system of a proton
and a neutron (namely if we find an exotic quark signature), it is
an important discovery and it could open a new field of spin physics

(and possibly a new topic of nuclear physics), which is very different
from current nucleon-spin physics.

Tensor structure of the deuteron = old topic (in terms of nucleon d.o.f.)
but it is a good probe of new hadron phenomena in quark-gluon d.o.f.

old




Situation

e Spin structure of the spin-1/2 nucleon
Nucleon spin puzzle: This issue is not solved yet,

but it is rather well studied theoretically and experimentally.

e Spin-1 hadrons (e.g. deuteron)
There are some theoretical studies especially on tensor structure
in electron-deuteron deep inelastic scattering.

— HERMES experimental results — JLab experiment

No experimental measurement has been done for
hadron (p, &, ...) - polarized deuteron processes.

— Fermilab



Personal studies on tensor structure of the deuteron

Motived by the following works.

* Sum rule for b,
F. E. Close and SK, Phys. Rev. D42 (1990) 2377. s lcocpigd affegidanchay(CIR0)

e Polarized proton-deuteron Drell-Yan: General formalism ,

: Polarized deuteron acceleration at RHIC:
M. Hino and SK, Phys. Rev. D59 (1999) 094026. E.D. Courant. Reprt BNL-65606 (1998)

e Polarized proton-deuteron Drell-Yan: Parton model
M. Hino and SK, Phys. Rev. D60 (1999) 054018.

* Extraction of Au/Ad and A/ AT(_l from polarized pd Drell-Yan
SK and M. Miyama, Phys. Lett. B497 (2000) 149. I

X PI'Oj ec tiOnS to bl R b4 fl' om W,uv HERMES measurement on b, (2005)

T.-Y. Kimura and SK, Phys. Rev. D 78 (2008) 117505.
e Tensor-polarized distributions from HERMES data

SK, Phys. Rev. D82 (2010) 017501. Future possibilities
at JLab, Fermilab, J-PARC,

e Tensor-polarization asymmetry in pd Drell-Yan | RHIC,ILC, ...

SK and Qin-Tao Song, Phys. Rev. D94 (2016) 054022.
e Convolution calculation for b,

arXiv:1702.05337, submitted for publication. JLab PAC-38 proposal, PR12-11-110,
J.-P. Chen et al. (2011) — approved!

JLab experiment ~2019, Fermilab pd Drell-Yan?, EIC? | Fermilab-E1039, under consideration.
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Electron scattering from a spin-1 hadron

P. Hoodbhoy, R. L. Jaffe, and A. Manohar, NP B312 (1989) 571.
[ L. L. Frankfurt and M. 1. Strikman, NP A405 (1983) 557. ]
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1 1 1 _
S0y & gbz (suv +¢,+ uu‘,) + 5b3 (sm, - uﬂv) + 5b4 (Suv — tm,) spin-1 only
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Structure < (do) >M<
Functions
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Constraint on valence-tensor polarization (sum rule)

Folow Feynman's book on

Photon-Ha Interactions qg—0

F.E.Close and SK,
PRD42, 2377 (1990).

—
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Intuitive derivation without calculation:

Idx b, (x) = dimensionless quantity
= (mass)’ - (quadrupole moment)

Elastic amplitude in a parton model

Macroscopically Foo—hm|:F (t)—— (t)] Com=T,, l—llm[F (t)+ (t)}

1

1
E[FM - 5(1“1,1 +T,,)|= —llm F,(®)

=D gD =D
; 5 e dx[85u +20,d” +0,5 ]

:—%llth (t)+—jdx[86 u’ +25,d° +6,5 ]

t—0

jdbe(x) ~ ééI:I_‘o,o _1(F11 '*'1_‘—1—1)]'*'l |

Constraint on tensor-polarized
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Similarity to the Gottfried sum rule TRl R s Fa e R

4 By 8- ] Sl
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Q- 2
NMC measurement (PRL 66 (1991) 2712; PRD 50 (19949 R1) =33 gf dx[#(x)-d(x)]

J-O.S [Fﬂp (x) F;m (x)] 0221+ 0.008 +0.019 Extrapolatlng the NMC data, they obtained
0.004 Se =0.235 £0.026

30% is missing! = u<d ?

As the Gottfried-sum-rule violation indicated # < d,
_[ [F Y(x)—F)'(x )] S + dx [u(x S d (x ):I the b, -sum-rule violation suggests

a finite tensor polarization for antiquarks (6,u # 0).
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A. Airapetian et al. ( HERMES), PRL 95 (2005) 242001.
HERMES results on b, =S

- G ]
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Drell-Yan experiments probe
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Standard convolution approach

. d A A
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S + D waves



Results on b, in the convolution description
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Results on b,: deuteron-wave-function dependence
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Results on b,: used PDF dependence
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Comparison with HERMES measurements
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Standard convolution model does not
work for the deuteron tensor structure!?




Summary I .
Nucleon spin Nucleon spin crisis!?

Na odel Sea-quarks and gluons?  Orbital angular momenta ?

194 ) We have shown in this work
old” standard model that the standard deuteron model

Tensor structure | goes not work!?

— new hadron physics?!

Tense 1sis!?

: blexperiment
standard model b,#( #£h, Standard model”




Recent work: Pion, Hidden-color, Six-quark

G.A. Miller,

PRC 89 (2014) 045203.
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JLab PAC-38 (Aug. 22-26,2011) proposal, PR12-11-110

The Deuteron Tensor Structure Function b;

A Proposal to Jefferson Lab PAC-38.
(Update to LOI-11-003)

J.-P. Chen (co-spokesperson), P. Solvignon (co-spokesperson),

K. Allada, A.Camsonne, A.Deur, D. Gaskell,
C.Keith, S. Wood, J. Zhang
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606

N. Kalantarians (co-spokesperson), O.Rondon (co-spokesperson)

Donal B. Day, Hovhannes Baghdasaryan, Charles Hanretty
Richard Lindgren, Blaine Norum, Zhihong Ye
University of Virginia, Charlottesville, VA 22903

K. Sliferf(co-spokesperson), A. Atkins, T.Badman,
J. Calarco, J.Maxwell, S.Phillips, R.Zielinski
University of New Hampshire, Durham, NH 03861

J. Dunne, D.Dutta
Mississippi State University, Mississippi State, MS 39762

G.Ron

Hebrew University of Jerusalem, Jerusalem

W. Bertozzi, S.Gilad,
A Kelleher, V. Sulkosky

M. F s Institute of Technology, Cambridge, MA 02139
K. Adhikari
0ld Dominion University, Norfolk, VA 23529
R. Gilman

Rutgers, The State University of New Jersey, Piscataway, NJ 08854

Seonho Choi, Hoyoung Kang, Hyekoo Kang, Yoomin Oh
Seoul National University, Seoul 151-747 Korea

Approved!
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Experimental possibilities  E1039 experiment  gIC @arXiv:1212.1701)

Approved
experiment!
(2019~)

Electron lon C
The Next QCD

© Fermilab

Linear Collider
(with fixed target)

© J-PARC © CERN-COMPASS © IHEP, Russia



Experimental possibility at Fermilab

Polarized fixed-target experiments
at the Main Injector

© Fermilab

E1039

Drell-Yan experiment with a polarized proton target
Co-Spokespersons: A. Klein, X. Jiang, Los Alamos National Laboratory
List of Collaborators:

D. Geesaman, P. Reimer
Argonne National Laboratory, Argonne, IL 60439
C. Brown , D. Christian
Fermi National Accelerator Laboratory, Batavia IL 60510
M. Diefenthaler, J.-C. Peng
University of lllinois, Urbana, IL 61081
W.-C. Chang, Y.-C. Chen
Institute of Physics, Academia Sinica, Taiwan
S. Sawada
KEK, Tsukuba, Ibaraki 305-0801, Japan
T.-H. Chang
Ling-Tung University, Taiwan
J. Huang, X. Jiang, M. Leitch, A. Klein, K. Liu, M. Liu, P. McGaughey
Los Alamos National Laboratory, Los Alamos, NM 87545
E. Beise, K. Nakahara
University of Maryland, College Park, MD 20742
C. Aidala, W. Lorenzon, R. Raymond
University of Michigan, Ann Arbor, MI 48109-1040
T. Badman, E. Long, K. Slifer, R. Zielinski
University of New Hampshire, Durham, NH 03824
R.-S. Guo
National Kaohsiung Normal University, Taiwan
Y. Goto
RIKEN, Wako, Saitama 351-01, Japan
L. El Fassi, K. Myers, R. Ransome, A. Tadepalli, B. Tice
Rutgers University, Rutgers NJ 08544
J.-P. Chen
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
K. Nakano, T.-A. Shibata
Tokyo Institute of Technology, Tokyo 152-8551, Japan
D. Crabb, D. Day, D. Keller, O. Rondon
University of Virginia, Charlottesville, VA 22904



Tensor-polarized PDFs with errors

/

still large errors,
need experimental improvement

— JLab, EIC, ...

experimental measurement
for antiquark distributions
— Fermilab, ...
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Tensor-polarized spin asymmetry
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S. Kumano and Qin-Tao Song,
Phys. Rev. D94 (2016) 054022.



Electron-ion collider projects in the world

CERN

The EIC Science case: a report on the joint BNL/INT/JLab program

Gluons and the quark sea at high energies:
distributions, polarization, tomography

arXiv:1108.1713 (551 pages)

arXiv:1212.1701 (180 pages)

J. Phys. G: Nucl. Part. Phys. . .
39 (2012) 075001(632 pages) High Intensity Heavy Ion

@ Accelerator Facility (HIAF)
Lo snom o A e ! S
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Report on the Physics and Design 10% b
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4 LHeC Study GI‘Oll]) 1031 :_ ............. E665 ...................... ¢
Electron lon Collider: I EMONMG..... o JUZEUS ]
The Next QCD Frontier C ‘ i : E
1111 1 1 L1111 1 1 L1 1111 1 I T B W
Understanding the glue 1 10 10° 10°

that binds us all

CM energy (GeV)

For small-x b, studies,
the deuteron needs

to be accelerated (not easy).

SECOND EDITION




Small-x physics of b, at EIC

EIC? (if D is accelarated)
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Summary

Spin-1 structure functions of the deuteron
* new spin structure
e tensor structure in quark-gluon degrees of freedom
* new exotic signature in hadron-nuclear physics?
e experiments: Jlab (approved), Fermilab, ... , EIC, ILC, ...

 ILC/EIC — appropriate to study tensor-polarized
antiquark distributions at small-x, Q? evolution of b,

€ new exotic
* mechanism?

standard model
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