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Hadron Tomography
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Origins of nucleon spin and mass



Motivations: Unsolved mysteries in physics

Mass and spin of the nucleon are two of fundamental quantities in physics.
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Origin of nucleon spin
(“Dark spin”)



Recent progress on origin of nucleon spin
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Toward “‘real” global analysis J.J. Ethier, N. Sato, W. Melnitchouk,
PRL 119 (2017) 132001

JAM: Analysis of Longitudinal-polarization data + Fragmentation data
CTEQ: Analysis of Unpolarized nucleon data + Nuclear data
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Origin of nucleon spin: decomposition
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gluon spin+tOAM Lattice QCD estimate in M. Deke et al.,

quark spin o L PRD 91 (2015) 0145505
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g p e quark spin 25%
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Origin of nucleon mass: decomposition
Nucleon mass: M =(p|H|p), H= _[d3x T (x)

quark energy

gluon energy

Energy-momentum tensor:

T %)= %q (x)iD" y " q(x) + % g"F*(x)—F" (x)F" (x) quark condensate

gluon condensate

We need theoretical and experimental efforts
to decompose nucleon mass for finding its origin.



Hadron tomography
(3D structure functions)



Wigner distribution and various structure functions

Form factor PDF (Parton Distribution Function)
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GPD (Generalized Parton Distribution)

—o7—> GDA (Generalized Distribution Amplitude)

3D world
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Our work by the two-photon process yy — hh.




Generalized Parton Distributions (GPDs)
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Why gravitational interactions with hadrons ?
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How about gravitational radius?
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Gravitational sources and 3D structure functions
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Generalized Parton Distributions
(GPDs)

and J-PARC project



Workshops on high-momentum beamline physics,
http://www-conf kek.jp/hadronl/j-parc-hm-2013/
http://research.kek.jp/group/hadronl(/j-parc-hm-2015/.

Hadron facility

This beam line is now

Prim roton m )
ay p oton bea under construction.

* Proton beam up to 30 GeV

* Unseparated hadron (pion,...)
beam up to 15~20 GeV




Exclusive Drell-Yan 7~ + p —» 4"~ + n and GPDs
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15 May 2016; published 29 June



Expected Drell-Yan events at J-PARC 07 =%, t=(p-p,r= 2L
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Generalized Distribution Amplitudes
(GDAS)

and KEKB/ILC project

H. Kawamura and S. Kumano,
Phys. Rev. D 89 (2014) 054007.

S. Kumano, Q.-T. Song, O. Teryaeyv,
Phys. Rev. D 97 (2018) 014020.




h hh
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Experimental studies of GDAs in future

vy — hh for internal structure of exotic hadron candidate &

- KEK B-factory

Linear Collider ?




GPDs for exotic hadrons !?

Because stable targets do not exit for exotic hadrons,
it is not possible to measure their GPDs in a usual way.

— Transition GPDs
or — s &>t crossed qunatity = GDAs at KEKB, Linear Collider

e.g. at J-PARC £

A(1405)
K~ (ts) + p(uud) = A, (uudis)+7"

A s = pentaquark (KN molecule) candidate ¥

=

See also H. Kawamura, SK, T. Sekihara, PRD 88 (2013) 034010;
W.-C. Chang, SK, and T. Sekihara, PRD 93 (2016) 034006
for constituent-counting rule for exotic hadron candidates.




Generalized Distribution Amplitudes
(GDASs) for pion

from KEKB measurements
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Cross section for y'y — 'n’ SN _
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GDA parametrization for pion 7
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Analysis of Belle dataon Yy — n'n’

Belle measurements:
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Analysis results for cos6 = 0.1, 0.5
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Gravitational form factors and radii for pion
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Timelike gravitational form factors for pion
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Spacelike gravitational form factors and radii for pion
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This is the first report on gravitational radii of hadrons from actual experimental measurements.
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First finding gravitational radii for pion from experimental data

(r'),.. =056~0.69 fm & J(r’) = =0.672£0.008 fm

Comments and prospects:

It is too early to discuss the difference from experimenal data;
however, it is interesting to investigate it theoretically.

For example, quarks contribute to both charge and mass distributions,
but gluons contribute to only the mass distribution.

Gravitational physisc has been investigated for macrosopic phenomena.
It could be studied also in the microscopic and fundamental quark-gluon level
together with the topic of nucleon mass origin.



Prospects & Summary



The errors are dominated by statistical errors,
Super KEKB and they will be significantly reduced
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I-FAIR (PANDA)

arXiv:0903.3905 [hep-ex]

FAIR/PANDA /Physics Book i

Physics Performance Report for:

PANDA

(AntiProton Annihilations at Dar dt) y

Strong Interaction Studies with Antiprotons

Y

PANDA Collaboration

To study fundamental questions of hadron and nuclear physics in interactions of antiprotons with nucleons
and nuclei, the universal PANDA detector will be build. Gluonic excitations, the physics of strange and
charm quarks and nucleon structure studies will be performed with unprecedented accuracy thereby
allowing high-precision tests of the strong interaction. The proposed PANDA detector is a state-of-the-
art internal target detector at the HESR at FAIR allowing the detection and identification of neutral and
charged particles generated within the relevant angular and energy range.

This report presents a summary of the physics accessible at PANDA and what performance can be

expected.
P Momentum [GeV/c] y

0 2 4 6 8 1012 15

Cows b D
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Facilities to probe 3D structure functions (GPD, GDA)

RHIC Ultra-peripheral collisions ( )
LHC for y'y — hh ?? C
Fermilab

J-PARC




3D view
of hadrons

By hadron tomography

. Origin of nucleon spin
\By the tomography, we determine

Exotic hadrons Origin of gravit

sources in terms of
quarks and gluons.

By tomography,
we determine




Summary I (tomography part)

Hadron tomography studies are important
for solving the origin of the nucleon spin,
for probing internal structure of exotic hadrons,
for probing gravitational sources (masses) in quark/gluon level.

GPDs at J-PARC

GPDs could be measured at hadron facilities such as J-PARC
by exclusive Drell-Yan and other exclusive processes.

GDAs at KEKB / ILC
3D structure of hadrons can be investigated by GDAs (s<1).

Related experimental projects

RHIC, Fermilab, CERN-COMPASS, JLab, BES, ILC,
LHC (UPC), GSL, EIC, LHeC, ...

Gravitational form factors can be obtained for hadrons
by GPDs and GDAs!



Spin-1 structure functions



Contents
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Tensor structure functions (b, ..., b,) for deuteron

2. “Standard” convolution-model prediction
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3. Estimate for spin asymmetry in Fermilab p-d Drell-Yan
* Tensor polarized PDFs for explaining HERMES data
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4. EIC and prospects
S. Summary II (spin-1 part)



Polarized PDFs
for spin-1 hadrons (deuteron)



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




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



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. ]

PP,

I I k y
W Sisli st K 3 + g, —eumqls" ot aumql (p~qs" -5 qp") spin-1/2, spin-1

Vv Vv

1

1 1 :
~ b+ b, (s, +2, +u,, )+ b (5, — 1, )+ b, (5, =) spin-1 only
Note: Obvious factors from ¢“W,, = ¢"W = 0 are not explicitly written. E* = polarization vector
v=p-.q, k=1+ M?Q? /V2 , E>’=—-M?*, s° = —%SG“ﬂTE;Eﬁpr b, 5%, b4.tems are defined so that
they vanish by spin average.
1 . 1, 2 ) 1, \P.p, .
Iy, = 7(qE q.E_gv K)guv o Sy = F(qE q.E_gv K-)T b,, b, tems are defined to satisfy

1 * * * * 4
g 2—‘,2(q-E pE +q-E'pE +q EpE, +q-EpE, —g"l’ul’v)

1( .. , 2 2
u, =;(E”EV+EVEﬂ+§M gm,—gpﬂpv)

2xb, = b, in the Bjorken scaling limit.

2xb, = b, in the scaling limit ~O(1)
2

b,, b, = twist-4 ~ Ly

2



Structure F, < (do’) >M<.
Functions € D N
g <do(T,+1)-do(T,-1) efs L \o

b ocdo'(())— o(+1) +d0' —1) >WW<

note: o(0)—

Parton F, = %Zeﬁ (4. +4,) q; = %(q,-+1 +q'+q")
Model o
IS e(aavan) Ma=ai -]

()] BoiZeGarsa)  samg-Tt0



Constraint on valence-tensor polarization (sum rule)

Folow Feynman's book on F.E.Close and SK,
Photon-Ha Interactions g—0 PRD42, 2377 (1990).
de % Intuitive derivation without calculation:
5 Idx b, (x) = dimensionless quantity
jdxb”(x) = _Idx[B u,+6,d |+ —Idx[86 u’ +26,d" +8,5" = (mass)’ - (quadrupole moment)
. ° ° 1 =2
Elastic amplitude in a parton model \ b= 3 (6,4, +6,2,)
Ty =(p,H|J,(0)| p,H) 2‘,ejdx[q,T +q) -q -q,'] s &
T1i i 2
1 1 -
E[r""’ - 5(1“1,1 +T, ] = gjdx[STuv (x)+6,d, (x)] 8,q,=8,4- 6,7
Macroscopically r,, —tim| £.0)-$F,0) |, T =T =tim| EO+£F,0)
1 1
E[Fo,o e E(Fu i F—l,—l)} hm F,@®) Constraint on tensor-polarized
Jaxbp )= g%[r (Tt 1“_1,_1)} . jdx[saTa +26,3°+6,5°] |valence quarks: [dv8,q,(x)=0
5 1 4 — 1 n — s
= —Eltl_l)loltF 0+ Ejdx[85TuD +26,d” +6,5 D] = ( (valence) + EIdx[SSTuD +26,d” +6,5 D]

1 » ~ As the Gottfried-sum-rule violation indicated u < d
j R () - Fr'(x)] = —+ j dx[@(x)—-d(x)] g :
0 the b,-sum-rule violation suggests

a finite tensor polarization for antiquarks (6,u # 0).




A. Airapetian et al. ( HERMES), PRL 95 (2005) 242001.
HERMES results on b, =S

- G ]
27.6 GeVic &0 "
> @ 0.1;—
positron deuteron 0.05F + '
b, measurement in the kinematical region 0,_\_| e SET—
0.01<x <045, 0.5GeV’ <0’ <5GeV? -

b, sum rule

IOO::Z dx b, (x) =[1.05 + 0.34(stat) % 0.35(sys)] x 10~

at Q2 == 5 GeV2 :[—J - 1
0.004f . ,
In the restricted Q° range 0° >1 GeV’> N . e o °
0.85 b 8 1_1 e ¢
jm dx b,(x) =[0.35 £ 0.10(stat) + 0.18(sys)| x 10 S [
d (e -2 -1
at 0% =5 GeV? = 10 10 X
. Sy 1 —
o =lm-—— — — 9
Jdxby () =lim— = — S F,(0)+ (80 +60), =0

Drell-Yan experiments probe

e d . 1 2 ol . S A
| %[Ff(x)—Fz (x)]=§Idx[uv —d,,]+§‘[dx[u—d:|;é1/3 these antiquark distributions




‘“Standard’’ deuteron model
prediction for b,

W. Cosyn, Yu-Bing Dong, S. Kumano, M. Sargsian,
Phys. Rev. D 95 (2017) 074036.

Basic convolution model calculation for b, .

If future measurements deviate from our esitmate,
there could be an interesting new mechanism.



Basic convolution approach

. d . .
Convolution model: A, ,,(x,0%) = I%Z fPDA, Ly, 0= fF(®A,, (5.0

A + A % 1
Ay o = € uWHHE}‘:’ by = A0~ ~ ) = Y Wa= T Im 7,
A+T,+T 3 I?I — 81> A+J,,+,L . E + 8
q
e 5 /5
Momentum distribution: f“(y) = Id3p ylo"(p)l 5(y_M_pz) | ‘
N

N
__Mp-q 2p Ho N— fH H
Y= M Pq P = O+f70) D #

D-state admixture: ¢” (p) = ¢,.,(p)+ ¢,.,(P)
U Standard model

dy of the deuteron
b= [0 fDF 1y, @)

6Tf(y)=f“(y>—f(y);f_(y) @
=jd3Py|: \/’ ¢0(P)¢2(P)+ |¢2(p)lzi|(3cos 60— 1)6( Z\I;i] §

S + D waves




Results on b, in the convolution description

0.0015-
0.001-
0.0005-

xb o

02=25 GeV?
R1998

- .
- ..

MSTW2008
CD-Bonn-2001




Results on b, in the convolution description

Very different from
P. Hoodbhoy, R. L. Jaffe, and A. Manohar, NP B312 (1989) 571;
H. Khan and P. Hoodbhoy, PRC44 (1991) 1219.

(1) SD term is opposite,
(2) b,(x) exists even at x > 1, 10x10°

(3) |b,(CDKS) =107 > |b,(KH) =107".

0.0015
| 02=2.5 GeV2 MSTW2008
0.001. R1998 CD-Bonn-20

00005, [/, M\ -----

- . oy
. b

xb, 00—~

-0000057 T T T T T T T T T T T T T T T T T T T T i i i T i i i T i T
0 02 04 06 08 1 12 14 1.6




Comparison with HERMES measurements

0.004 -
E MSTW2008
0.003| R1908 P ¢ HERMES
0.002 CD-Bonn-2001 . MR
19 r SD+DD . ~.
0001 ]
1= o
xbl 0"‘ LNW =
-0.001
[ I ———— 02=1.0 GeV2
-0.002- 02=25 GeV2
-------- QZ:S.O GeV2
0003
0 02 04 06 08 1 12 14



Comparison with HERMES measurements

0.004

Ao

02=2.5 GeV?

“standard-model”
prediction

S + D waves |
standard model -0.001

¢ HERMES

b, (theory)| < |b,(HERMES)
at x<0.5

Standard convolution model does not
work for the deuteron tensor structure?

—




Situation of tensor structure by b,
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”




Summary on convolution calculation

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, ...

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

€ new exotic
* mechanism?

standard model



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

G.A. Miller,

PRC 89 (2014) 045203.

|6g) =|NN) +[AA) +|CC) + -

b3 (x)
0.006}

0.0041

0.002f

(2)

6q

—0.002}

—0.004¢

100 b (x)

15¢

10}

bi(x)
0.15}!

0.10} |

Pion

1
.
0.05}.. %
. ., \
N
~ N

Comparison
with HERMES

02  _—oa+t— 06 08 .



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), EXpeCted €rrors

K. Allada, A.Camsonne, A.Deur, D. Gaskell,
C.Keith, S. Wood, J. Zhang by JLab
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

. . 2
K. Sliferf(co-spokesperson), A. Atkins, T.Badman, 0.012 N & Projected
J. Calarco, J.Maxwell, S.Phillips, R.Zielinski X i
University of New Hampshire, Durham, NH 03861 0.01 — ® HERMES
B Kumano
J. Dunne, D.Dutta 0008 }— T
Mississippi State University, Mississippi State, MS 39762 —
0.006 — -
G.Ron - [
Hebrew University of Jerusalem, Jerusalem - 0.004 —
W. Bertozzi, S. Gilad, ~ - ¢ ¢
A. Kelleher, V. Sulkosky o 0002 —
Massachusetts Institute of Technology, Cambridge, MA 02139 0 —
K. Adhikari - \'
Old Dominion University, Norfolk, VA 23529 0002 — L ‘
R. Gilman 0008 —
Rutgers, The State University of New Jersey, Piscataway, NJ 08854 .
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Theoretical estimation on
tensor-polarization asymmetry
in Drell-Yan at Fermilab

S. Kumano and Qin-Tao Song,
Phys. Rev. D94 (2016) 054022.



Drell-Yan cross section and hadron tensor

1 4 I »  d’k, d’k
do = 2n) 8*(P,+P, -k, —k_—P,) (I'l' X|T|AB i .
= 4y(P, P,) - MM s,-Zs,ﬁg’( A il wie Sl AL (27)'2E, (27) 2E,

(rrx|r|AB)=iu(k,_ A, )ey,v(k. A, )#(Xk]v (0)| AB)
do o’ ( R l_)
uv

= LW ’
2040 20T W= [ L2 o0 (B RS, |14 (0)" (D) BS.BiS)

For the details, see

e M. Hino and SK, Phys. Rev. D59 (1999) 094026.
M. Hino and SK, Phys. Rev. D60 (1999) 054018.



Formalism of pd Drell-Yan process

= Yem

See Ref. PRD59
(1999) 094026.

proton-proton proton-deuteron

48 108

Number of

structure functions Additional structure

functions due to

. 1 — tensor structure
After integration over Q,

(or O, > 0) u 22

I explain
In parton model 3 @ in the next page.



Spin asymmetries in the parton model
unpolarized: ¢, longitudinally polarized: Agq,,

transversely polarized: A,q,, tensor polarized: dq,

Unpolarized cross section
4o = o (1+coszt9)12e2[q (x )6 (x )+§ (x )q (x )]
dxAdedQ 4Q2 3 = a a A a B a A a B

Spin asymmetries
Za eZ [Aqa (xA )Aqa (xB) + Aqa (xA)Aqa (xB ):I

Ean[qa (xA)qa (xB)+ q, (xA)qa (xB)]

sin’ 9COS(2¢) Zaej [ATqa (xA)ATqa (xB) +A.q, (xA)ATqa (xB)]
»)

Ay =

A =

1+ cos*0 Zaej[qa(xA)ﬁa(x +c7a(xA)qa(xB)]
A -’ 2 Z[qa xA Tqa )+qa(xA)6Tqa( )] e Ly T TR .
U0, 22 [ q, xA qa + qa ( xA) qa( )] Dl ‘A TIER Nl Ul i il s TON e 300,

= Ay, = Agg, = Ayg, = Apg, = Agg, =0
Advantage of the hadron reaction (6g measurement)

2 e, a9 xA ) 0,9, (x ( ) Note: o # transversity in my notation

Zeqaqua )

Ay, (large x;)



Functional form of parametrization
Assume flavor-symmetric antiqurk distributions: 6,g° =6,4” =6,d” =8,s" =5,5"
D 1 D D —D
b (x),, = E[45Tuv (x)+6,d](x)+12 §,g" (x) |

At Oy =25 GeV?, 6,4 (x,0;)=0,w(x)q,(x,05), 6,4"(x,0)=a,6,w(x)q"(x,0;)
Certain fractions of quark and antiquark distributions are tensor polarized and

such probabilities are given by the function 6, w(x) and an additional constant o

for antiquarks in comparison with the quark polarization.
D 1 D D —D
b (.00 10 = 15[ 4877 (,00) + 8,47 (x,0) +126," (x,0;)]
1 -
= géTw(x)[s{uv (x,0;) +d,(x,00)} +da, {20(x,07) + 2d (x,07) + 5(x,07) + 5 (x,07) } |
S,w(x)=ax"(1-x)"(x, — x)

Two types of analyses

Set1: 6,q ”(x)=0 Tensor-polarized antiquark distributions are terminated (o; =0),

Set 2: 6,q ”(x)# 0 Finite tensor-polarized antiquark distributions are allowed (ax; #0).



Results SK, PRD 82 (2010) 017501 0.004

% HERMES (2005)

Two-types of fit results: 0.002

e set-1: y*/d.of.=283
Without 6, ¢, the fit is not good enough. /’R”&

® Set'z: xz /doO-fo = 1.57 _0.002
. o o = = = = without tensor-polarized antiquark (set 1)

With finite 6, ¢, the fit is reasonably good.

- |~
-
-
-
____
—"
—— - -

with tensor-polarized antiquark (set 2)

-0.004
0.001 0.01 0.1 1
X
Obtained tensor-polarized distributions
0.005
0,q(x), 6,q(x) from the HERMES data.
— They could be used for
/\
e experimental proposals, 8 8
e comparison with theoretical models. :g b g
= L
Finite tensor polarization for antiquarks: -0.005 x6; ‘Iv\\l !
j dxb (x) 0 058 = = — = without tensor-polarized antiquark (set 1) ‘\ Ill
....... with tensor-polarized antiquark (set 2)
—j dx|:45 i(x)+6,d(x)+35, s(x)] -0.01 |
0.001 0.01 0.1 1




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



Q? evolution

0% =25 GeV? - 30 GeV’

x0,.f(x)
0.006
Tensor PDF set-2
0.004- x0,u=x0,d=x0,5
N .............
................. ' e “““!!:!!:m
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Tensor-polarized spin asymmetry

A

b Zaej [qa (xA)aTqa (xB ) +q, (xA)aTqa (xB):I

0.02

0.01—:

E,=120 GeV >
| 02>2.5GeV? <
-0.04 ! T T T T T T T T T T T T T T T T T T T T T T T T T
01 02 03 04 05
X,

DA ACAIACAET ACRIAEN]

P -

Tensor PDF set-2
Tensor PDF set-1

-0.01{
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-0.03

p+ d Drell-Yan

=
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-
-~
- o

0.02

0.01—:

-0.01{
-0.02-
-0.03-

-0.04
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Tensor PDF set-1
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p+ d Drell-Yan
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04 0
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S. Kumano and Qin-Tao Song,
Phys. Rev. D94 (2016) 054022.



Summary on Fermilab proton-deuteron Drell-Yan

1 A
JLab PR12-11-110 (2019~) : b, = 52,-" e/ (6,4, +6,4,)

No separation between §,¢ and 8,.¢

T ()5, (x)
ZZanqa (xl)qa (xz)

Fermiab E1039 (20xx) : A, (large x,)

Separation of §,.¢
— possible new exotic hadron physics mechanism



EIC and future prospects



Experimental possibilities

Approved
experiment!
(2019~)

& Projected
® HERMES
Kumazo

£ 1 K Slifer et al.

If}{*

[ 4
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X Bjorken

E1039 experiment

EIC (arXiv:1212.1701)

= ===~ Tensor PDF set-1

Tensor PDF set-2

Polarized deuteron

2 B

acceleration is possible
at EIC!

b D

Linear Collider

© J-PARC

© CERN-COMPASS © IHEP, Russia
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(with fixed target)




Future possibilities of b,

0.005
X 7 °
4. EIC (1ILC-N) Fermilab
H M
x0,f > —] s
q \ il ¥ T
\
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1
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International Linear Collider

ILC-N (Fixed target option) for hadron physics?

ILC TDR (Technical Design Report)
https://www.linearcollider.org/ILC/Publications/Technical-Design-Report

Possibilities for hadron and nuclear physics
e ete” annihilation processes

e+ bunch
Damping Rings IR & detectors compressor

e- source

,f oo o fixed target experiments
= with 5 — 250 GeV electron beams (ILC-N)
coutl ko — No serious studies about these feasibilities.
N ILC-N is better than on-going COMPASS
but it is in competition with EIC in 2025 !
o 0% prer ey D -G e V
(\I.E 10% R s S : | e+p facilities I o
T N Paimae” R gz 22 GeVeoon JILC
K \ En \ —= | 'E e m_”””.”.mv.””m]:[g'zj;l\q ISR SRR SRS SR
I e O

33 L. H :
107 |- HIAF -
- » COMPASS
HERMES
31 L. |
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H1/ZEUS :
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for fixed target experiments CM energy (GeV)
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Summary on spin-1 deuteron structure functions

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, ...

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

€ new exotic
* mechanism?

standard model



3th International Conference on Quarks and Nuclear Physics

November 13-17, 2018, Tsukuba, Japan
http://www-conf.kek.jp/qnp2018/
Quark and gluon structure of hadrons:

- parton distribution functions, generalized parton distributions,
- transverse momentum distributions, high-energy hadron reactions, ...

Hadron SPECtI'OSCOP}’: The 8th Internationa.l.i!g;'nferen(é ‘on

- heavy quark physics, exotics, N*, ... Quarks and
Hadron interactions and nuclear structure: Nuclear Physics

- hypernuclear physics, kaonic nuclei, baryon interactions, ...

Hot and cold dense matter:
- quark-gluon plasma, color glass condensate, dense stars, -
- strong magnetic field, mesons in nuclear medium, s : CEEVE
had izati November 13 mief£17sa, 2018 . Tsukuba, b2
a ronlza lon, (XY} ]
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The End

The End



