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Recent Parton Distribution Functions (PDFs)
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Gottfried sum rule and NMC measurement

[ 4 1 -4 1 1
1dx ) FFP(x),, =x E{u(x) +u(x)}+ E{d(x) + d(x)} + g{s(x) +5(x)}

So= [, (B 0- B 0] e i
X P 5= % ;{u(x) +u(x)}+ E{d(x) + d(x)} + E{s(x) +5(x)}

. %+ %ﬂdx[ﬁ(x)— d(x)]

=x _%{d(x) +d(x)}+ %{u(x) +u(x)}+ %{s(x) + E(x)}_

= = if u=d %[Fz“p(x)m = F(x)i o] =g{u(x)+ﬁ(x)}—%{d(x)H?(x)}
3
1dx 3 , L ! 1 ‘1 1 ”
(Gottfried sum rule) J, 7[5” (Who = " (0] = | dx[g{”v(x)””(x)} -31d.(x)+2d (x)}}
P R .
= §—§+§j0 dx[u(x)—d(x)]

NMC measurement
PRL 66 (1991) 2712; PRD 50 (1994) R1

08 dx
S8 up __ I un =
L,_OM s | F}" (x)— F{"(x) | = 0.221 £ 0.008 £ 0.019

Extrapolating the NMC data, they obtained
S; =0.235 £ 0.026

30% is missing! = u<d ?



Experimental measurements before Fermilab Drell-Yan
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Could the NMC result be explained by

1,1
So@) = [ dx'[u,(x) - d,x")]

GOT’FRIEO SUM RULE
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This idea (u = d ) was ruled out by

Fermilab E772/E866, NA51, and HERMES.

=d ?

A significant contribution
from the small-x region???
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Drell-Yan process v " 3 r
q A Y
A X A ) e
o'’ « Y el [ ¢! (x0T (000" + 3 (010} (03000 @ =my)

do™ o g[u( X, )i (x,) + i (x, Ju(x,)] + %[d(xl)J (x,) +d (x,)d(x,) |+ %[S(x1 )5 (x,)+ 5 (x,)s(x,)]
A4 £ £ 1 K A 1 _ .
doP" o ;[u(xl)d(xz) + i (x)d(x,) |+ §[d(xl)u(x2) +d(x,)u(x,) |+ §[s(x1)s (x,) + 5 (x,)s(x,)]

Atlargex, =x,—x, (x,>1,x, > 0)
u(x,), d(x,), 5(x,) <u(x,), dx,) > u,(x,), d,(x,)
do?”” —do?" o« [u (xl){u(xz) d(xz)}] [d (xl){u(xz) d(xz)}]

do™ + do™ « —[uv(xl){ﬁ(xz) +d(xy)}]+ —[dv(xl){ﬁ(xz) +d(x,)}] M

do? —do? _ {4u,(x)- d,(x)Ra(x,) - d(x,)}

A at large x,,

TG+ doP {4u (x,) +d, (x) Hutx,) + d(x )_}

d(x,)

u(x,)

20
Roughly, 2% ~1+ —{
o’P

5 1} at large x .



Drell-Yan and semi-inclusive DIS

(E866) E. A. Hawker et al., PRL 80 (1998) 3715 ;
R. S. Towell et al., PR D 64 (2001) 052002.
(HERMES) K. Ackerstaff et al., PRL 81, (1998) 5519.

Fermilab E866, NA5S1, HERMES data

[ From PRD 64 (2001) 052002 ]
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u / d asymmetry
e unpolarized: established

e polarized: not well unknown

semi-inclusive (HERMES) + RHIC W production + ...

theory
(1) perturbative QCD
(2) nonperturbative
meson clouds, chiral soliton, Pauli exclusion, ...

Aii/Ad and Air,. /Ad,. could be an appropriate quantities

for testing nonperturbative models.



Perturbative QCD contribution to & / d

: q* (x,QZ) =2 lﬂP " (f) q* (y,Qz) (+ gluon term)

d(InQ?) 2mde y oy
g =q%7; Foo=Fythy g=(q" —q7)/2
0 4! 1dy X |\r— 2 = 2 X 2
a(anZ)[u(x,Q ) ( aQ )] 277: s y {qu(;){u(%Q )—d(yaQ )} g (;){ (y Q ) (y Q )}j|
P, =0 in LO
Therefore, (ﬁ —d )pQCD =0 inLO #0 in NLO
#0 in NLO

(u d ) 0 CD (u —d )nonpe oy S Of course, it depenfls on the initial
scale for the evolution.

u / d could be an appropriate quantity
for testing nonperturbative aspects.



Nonperturbative mechanisms for the Aii, / Ad, asymmetry

* Virtual meson clouds
e Pauli exclusion principle

Pauli exclusion principle (unpolarized)
2 (spin) x 3 (color) = 6 states

2 of 6 states are occupied for u-quark
elof6 for d-quark

4 u-quarks and 5 d-quarks can be accommodated.

1

naive counting estimate: #/d =4/5



Meson clouds < Drell-Yan data

P. E. Reimer, talks at J-PARC
and Riken workshops (2008)
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Flavor dependence of antiquark distributions

Gottfried sum: S, = J:%[Fz”” (x)— F/" (x)] = % + %J'OI dx[z_t (x)—d (x)]

S; (experiment) = 0.235 £ 0.026 16
- Nagai, Nakano © Kyoto, 2016
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Our theoretical studies



u / d asymmetry

References:
SK, PRD 43 (1991) 59 & 3067
SK and J. T. Londergan, PRD 44 (1991) 717; 46 (1992) 457
SK, Phys. Rep. 303 (1998) 183.

See also similar works by
Alberg, Miller, Peng, and workshop participants, ...




Cross section for e+ p— e’ +X

L’ X 1
do =
. 4tk py -m*M,]
- 4o4 e N 2 d3k'
uv
4 N M=euk'\A)y,uk, /1) 5 (X]eJ )" (0) p,Ay)
do_ E/ az

. e uv

= W
dE!dQ, E, (Q*) =

Lepton tensor: L = 3 [a(k',A) 7" u(k,A) ] [ak',A) 7" u(k,3)]
A, A
=2 [k“k'“+k'“ K= k'=m*)g" ]

ypa 22(270 8'(p+q—py) (PsAy

Hadron tensor: W =

J"(0)| X)(X| J"(0)| p,Ay)

- o 2 Ja'e &8 (p. 2 |[ T2 @), )] p.A



2

Mesonic contributionstou —d _do _E o ,.
L’ X

= W
dE/dQ, E, (@Y "
=2 [k*k"+ k™K = (k-k'-m*)g" ]

g For example, B=N, M=nx
uv
M=euk',A"y, u(k, /1) — (X|eJ"(0)|p,)
1
/e N XmlgnNN nNN(t)u(pN’)},Su(pN)
f' X (N) dspzv my gierN (n)
W (PNaQ) I(Z ) E, 4mN (t— 2[ nNN(t)] W (p:raq)
i B = xqy(x,0°) = Idyf”NN(y) q,(x/y,0%)
\
M £ (y) = ‘¢ T‘ gn’NN J' NN(t)]
/e If B=A, M=nx
aNA N s l? g
fn (y)_‘¢ﬂ T‘ 247[2(2’”1\7)2 y_[ ( —t+m 2[ NA(t)]

2 ( N A t)z
N X[(mN+mA) —t]|: m 4m2 —ti|

m,



Flavor asymmetric antiquark distributions

= Nonperturbative QCD mechanisms (mesonic effects, .. .)

- u+d
Consider the distributions « —d, c

— 5.

Perturbative QCD effects should be flavor symmetric for u, d, s.
Then, u# —d, u-;—d

= One of candidates is the contribution from mesons.

— 5 = created by non-perturbative mechanism(s)

theory experiment

)= [ dy £, 4% )

We may study ¢q, atx ~ 0.1S.
f,(y) is peaked at y ~ 0.25.
= q,(x/y~0.6)=V_ (valence in )

(from E866 web page)



First, we investigate

u+d

]

for testing our model and fixing a parameter

e Pion structure function

Measurements of pion Drell-Yan (NA3, NA10, E615):

e s NN form factor

1
EXQ. (8) = :
() 1-¢t/(A,)

Relation among the cutoff parameters

e.g. if related by

F;II\;N(tO) — F;IZV)N(tO) = Fn('g’)N(tO) =04

= A, =0.62A, =0.78A,

u+d)/2-5]

x[(

.20

F(O)

T NN

() = e~/ &

nNN

dipole

monopole _

exponential

E

—




u+d

Fix TNN/TNA cutoff parameter A, by — 5 (then predict # — d)

0-25 - 1 1 L] I ) 1) L 1 I 1 1] L I ' 1 4 13 1] 1]
0.20 - Dipole Form Factor _]
[ A;=1.60 GeV 7NN + 7NA ]
@ 015 f :
AR ¢ ¥ es15
o N Z
N [ i
o 0.0 — —
+ e i
= - .
— i '
v, 0.05 — ]
; — ]

0.00

i i

-0.05 L. 2 3 2 l PR T B | 1 L 3T o T i1
0 0.1 0.2 0.3 0.4

x(u+d)

—xs = A,=1GeV (A, =0.6 ~0.7 GeV: soft form factor)



0/d asymmetry s, (s w2 o
e Gottfried sum (NMC: S, =0.235+0.026)

Effects of ‘“meson-clouds”

219 'T|2(l7—c7),,} =2V,

}tyn /\g:/p NN
St P [gerten] -l




Pionic contributions to &7 — d

x[u(x)—-d(x)]
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Summary on the unpolarized u — d

Meson-cloud model

It can explain the order of magnitude of
the Gottfried-sum-rule violation by NMC.

In addition to p —» &N, p — #A should be

included in the calculation.

In addition to 7z, other mesons should be considered.

— u+d
It becomes a successful model in explaining u — d, & S S.




Nuclear # / d asymmetry

Reference:
SK, PL B 342 (1995) 339.



Introduction to nuclear u — d
Nuclear PDFs
0= w(5AZ [ 2@+ (A= 2 (0)], A-Z=N
p = proton, n = neutron, w,(x,A,Z)= nuclear modification
at(x)=w, (x,A,Z)%[ZL_t”(x) +(A-2)i"(x) |=w, (x,A,Z)%[Zﬁ(x) +(A-Z)d(x)]
d*(x)= wg(x,A,Z)%[ZJ”(x) +(A-2)d"(x)]|= wg(x,A,Z)%[ZJ(x) +(A-Z)u(x)]

If w,=w;=w,, Expected i —d in the tungsten

i (x)—d*(x)=—¢ W, (x,A,Z)[l_t(x) A J(x)] if there is no nulcear modification w, =1.
N - Z 0.008:
Neutron excess € = . 184y

N+Z7Z = %% 74110
€ = 0 (isoscalar), =1 (neutron matter) T o
=0.071 (252F930)9 0.196 (15;4;“,110) 3( o]
= :
u excess over d (# > d) because of the neutron excess o002

0.001 0.01 0.1 1

even if there is no nuclear modificaiton.



Possible nuclear modification of # —d (namely w, #1)

Average nucleon separation in a nucleus ~2 fm

Average longitudinal nucleon separation in a Lorentz contracted nucleus:

- M, my F. E. Close, J.-W. Qiu, R.G. Roberts,
LS Cy) h G 5 Phys. Rev. D40 (1989) 2820.
N
1
Longitudinal locarization size of a parton with momentum xp, : AL=——-
XD
At small x, the parton localization size exceeds the average nucleon separation:
1 1 200 fm - MeV
AL > L =>—>(2fm)m = x < = 10/m e =0
XPy Dy 2 fm)m, (2 fm)(1000 MeV)

Then, partons from different nucleons could interact with each other (parton recombination).

Due to d excess over u in a neutron-excess nucleus,
more d quarks are lost than # in the recombination process.

ee



Nuclear modification of # —d in the recombination model

Finite #* (x)— d* (x) even if #(x)—d(x) = 0.

#(x) = d(x) in the nucleon

__________ a(x)#d(x) We discussed only the recombincation,
but there could be other interesting mechanism(s)

for creating u*(x)—d*(x)#0.

0.0004 -
— -
0.0003 - 184
A - o 3 3
\></ ] 74“/110 Without nuclear modification
< : S —A 4 - =
g o , \ u'(x)—d*(x)=—¢ [u(x)-d(x)]
| i ' \ N-7
0.0001 . . o o
— . ! \ +
é :/x \ . toe
< 0 /7 ~
g 7 ’ ’ — 0.006
— -0.0001 T o0
x ] = ,
L l;fz 00024 _-°
-0.0002 T T T T LB II T T T T LI lll L) T Ll L ] ‘;‘
0.001 0.01 0.1 1 °
-0.002

— T — T — T
X 0.001 0.01 0.1 1




Au / Ad asymmetry

Reference: SK and M. Miyama, Phys. Rev. D65 (2002) 034012



Meson-cloud model W/
ry*

unpolarized: e.g. " (uc? )

d excessover i: il —d <
p contribution to At — Ad

[82(x.0*)],,,, = [ ) i ()22, (x13.0°)

polarized: e.g.p” (uc? ) = Ad excess: Aii — Ad <0



A — Ad distribution

naive quark model: p* (uc?), po((uﬁ—dg)/x/i), p (ud)

[Au Ad:l

pNB

+ Af
+ Af

ppn

+A0

p pAT*

®[ Au -

®[Au-Ad]

Al_t

Ad |
- Ad

A ® [ A —Ad ]po
:p+ +Af, . ®[ A - Ad ]po

charge symmetry in p: Aﬁ;‘f’ = AJ;?’ = ZALT;‘O” = ZAJP"‘JI =Av,

[ Au - AJ]pNB

2
= (—ZAfPNN + SAf”NA) ® Av,



Al — Ad distributions

X (Al — Ad)
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~0.006
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Flavor symmetric antiquark distributions

0.5

(@%/GeV?
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0.2 E

A. Airapetian et al. ( HERMES),
PRL. 92 (2004) 012005;
PRD 71 (2005) 012003.

At this stage, the data are
consistent with Au = Ad.

e @ —

0.03 0.1 0.6

Our studies in S. Kumano and M. Miyama,
Phys. Rev. D65 (2002) 034012



Flavor symmetric antiquark distributions, COMPASS 2010

M. G. Alekseev et al. (COMPASS),
Phys. Lett. B693 (2010) 227.

® COMPASS
----- DSSV
-------  Bourrely-Soffer-Buccella

----- Kumano-Miyama
— - —= ngamatsu
— x(d-1)

N e —

| T T

L L] L [ I]]] L [ I



W Production g W 4 4
_ Au(x,)d(x,)— Ad(x,)u(x,)

o u(x,)d(x,)+d(x,)u(x,)

U

W production data are useful for determining
Ag/ g and Aq / q, especially the polarized
antiquark distributions.
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Antiquark flavor asymmetries

in Drell-Yan processes

(especially In transversity)

Polarized proton-deuteron Drell-Yan
SK and M. Miyama, Phys. Lett. B479 (2000) 149.



Proton-deuteron Drell-Yan for A,u —A,d A,

A(T)o-”d Ze [ (T)qa xl (T)q: (x2)+A(T)‘7a (xl)A(T)QZ (xz)]
R d

A ZA(T)GPP 22 €, [ (1)9a (xl)A T)qa (x2 ) i A(T)qa (xl)A(T)q“ (xz )]

* neglect nuclear effects in the deuteron
e assume isospin symmetry

Xp =5 —X
¢ x, — +1 region

Zejl:A qva(xl)A qf xz]
R, (xF—>1 = ]

223 I: 9y .a (x,)A (1) qa x,)
At At T A = At Y
(x,

T
8A o t, (%) A gy ;) + 24 d( )And

(T)"v

n=4 or A,



suppose A, u,(x =>1)> A, d, (x—1) ) (e L l:A(r)ﬁ(xz) 3 A(T)J(xZ):l
x,—0

ke /| (1) (x,)
A(T)ﬁ = A(T)d = R, (xp —> 1) =1 3 2[” A(T)u(xz)L_)0
if A, A,d <0, ‘A(T)ﬁ‘ < ‘A(T)E‘ = R,(x,>1)>1
‘A(T)ﬁ‘ > ‘A(T)Z‘ = R, (x,—>1)<1
e x, — —1 region

(4807 (5,) + A (5) [ At (1) + A, (x,)]

8A i (x )A(T) u, (x )+2A(T)d( )A(T)d( X,)

R, (x, >1)=

A,..d
suppose A, u u (x—>1) > A 4, (x —>1) R, (x, _)_1)=1[1+ (1) (x,) ]
5 2 4A(T) ( ) x;—0

Api=Apnd = R, (x,—-1)= g = 0625

if A, A d <0,

A(T)ﬁ‘ <‘A J‘ = R, (x; > -1)>0.625

\A a\>\A

(T)

d = R, (x,—-1)<0.625

(7) (T)



S

(] [ A
Numerical analysis re®% 07 10,0013 atQ? =1GeV’

polarized PDFs: LSS-99 at 0> =1GeV”

M, =5GeV, s=50GeV

Q*=1GeV’ evolution=Q* =M

Aqyo™ e
— T =
= calculate R , = T k =13
(T)
= =50 GeV
assume A,q(x) = Agq(x) Longitudinal ¢
at Q2 =l (;6‘72 ------ Transverse
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Tensor-polarized structure functions

for spin-1 deuteron

S. Kumano and Qin-Tao Song,
Phys. Rev. D 94 (2016) 054022. — Song’s talk on Oct.12

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




Almost none of nucleon spin
is carried by quarks!

Nucleon spin — Nucleon spin crisis!?

-@.,

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

““old”’ standard model

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

@ | e
SVANGE

only S wave S + D waves b experiment

1 (13 29
b=0 standard model b,#0 #h, Standard madel




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. ]

P up 4 l A,O l A c c C 2
Wuv N _Fvlg/,w + 172 v T 8 ;8uvloq s+ 8, ?Euvlaq (p qs —S-qp ) spin-1/2, spin-1
1 1 1 ,
— b1",w + gbz (S“v sl o uuv) + Eb3 (Suv — uuv) + Eb4 (sﬂv — tw,) spin-1 only
Note: Obvious factors from ¢*W,, = ¢"W, = 0 are not explicitly written. E* = polarization vector
i = 2 )2 [y2 2 _ _ g2 o L ocopr g b,, -, b, tems are defined so that
R g / g 5 Sl 7 € Eq Eﬁ Py tllley Va:ﬁsh by spin average.
r. = o -E*a-E - 1‘/2;( s = ) E*a-E - 1‘/2;( PPy b, , b, tems are defined to satisfy
uv 2 q q 3 guv 9 uv 2 q q 3
v L v 2xb, = b, in the Bjorken scaling limit.

1 * * * * 4
P 52 (q- E'p,E +q-E'pE,+q-Ep,E, +q-EpE, — EVP,,PV)
2xb, = b, in the scaling limit ~O(1)

1 2 2
u =—|EE +E'E. +=-M?g —-= M?
§¢ V( Rl CF By R L 3pupv) b,, b, = twist-4 ~ ——

2



Structure < (do) >M<
Functions M
, < do(T,+1)-do(T,-1) )

b it (0)2 do(+1) +d0' -1)
note: G(0)— G(“); OISl [0'(+1)+ o(-1)]
1 P
Parton oy EZe"Z(q" (i q") 4. = %(qiﬂ +q; + qz'_l)

Model )
% Ezef (Aq,- % A&,-) Ag;=q; — ;)

g o
[Qf (xaQZ):I i %zi:e,-z (5Tqi +6T§i) 5.9 =q" — q; -;q,-




Standard convolution approach

. d A A
Convolution model: A, ,,(x)= J‘Tyz LA L 9)=Y () A, ()

’ A + A * 1
_¥m H’H v 4 +,++ +—,+— —p
AhH,h’H, — gh, Wuv gh ) bl — A+0’+0 — 2 ’ ]/ W Im T

A+T,+T * E — 81 A+~L,+~L 3 171 T8

Momentum distribution: f”(y) = jd 3I"¢ “(p )|26(y ¥ E;lpz )

F 0= £+ £ ) #
D-state admixture: ¢”(p)=¢,.,(p)+¢,.,(p) D

1¢d : + - d
bl(x)=5j7y2[f (-1 (y)}Fl(x/y)=jyyafT(ym(x/y)

i=p,n

Orf(7) = jdsl’y[‘ﬁ%(m%(z’) +[¢,(p)’ %]Bcos2 6 -1)o (y - 5"4—'3) Xij .3
Standard model §

of the deuteron

S + D waves



Comparison with HERMES measurements

0.004-
| MSTW2008
0.003 _ R1998 ,, -~ S . ; HERMES
0.002 CD-Bonn-2001 ., AR
19 r SD+DD ! “.
0.001-
1+ ®
-0.001 -
-0.002
'0.003 : — T T 1 T L T
0 0.2 04 0.6 08 1 1.2 14

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

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 ?

‘6 9 We have shown in this work
old” standard model that the standard deuteron model

Tensor structure | goes not work!?

— new hadron physics?!

Tensg¢ isis!?

. blexperiment
standard model b,#0 %D, Standard model”




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

001
The Deuteron Tensor Structure Function b; B ® T
0.008 — \\ | Miller (oae plon exchange)
A Proposal to Jefferson Lab PAC-38. - \ —— — Kumano (no Kfqh"
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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

0.004 = still large errors,
? HERMES _— need experimental improvement
0.0021 == JLab, EIC 9 oo
xb. o MMmMNIMOmmm== - - - - -~ experimental measurement
1 J_ [ ] [ ) [ ) [ ]
for antiquark distributions
0,002 — Fermilab, ...
= = = = without tensor-polarized antiquark (set 1)
——— with tensor-polarized antiquark (set 2) 2 l °
: 1011 2 2
000001 0.01 0.1 1 Q €vo Ut 0 Q =23 GeV2
X
o foiT f(x) —> 30 GeV
x0,q X |||||““““““ Tensor PDF set-2
x4, f 0004 MMMH x8,u=x8,d=x8,s
| 0.002 ‘|‘|\|\|\|I\nm. ------------- mljpm
0 DDl _
. mmuumuuuwuwuwuuuwwuwuwuwwuuu...!!WWVWM!W!!!!!!!M%WM... op¢ x51‘
" P
-0.002] MM“WWMWN ""”i”ﬂM 2
8 N
0.005 02225 GeV? X0, q, 0004 X0,& il 7 )
- = = - without tensor-polarized antiquark (set 1) 0006] - = - = 02225 GeV2
T+ with tensor-polarized antiquark (set 2) . gz =§05 g ezz X 6T u,=x 6T dv
-0.01 ‘ ‘ 0008 o1 01 1
0.001 0.01 0.1 1
X X




Tensor-polarized spin asymmetry

A

e Zaeﬁ [qa (xA)aTqa (xB) +q, (xA)aTqa (xB)]

0=

PIRACACAACHETACAIACH]

0.02
] Tensor PDF set-2
001 m/~<_ =  ===== Tensor PDF set-1
Y, W S I, N
Q == — —

-0.01{

-0.02

p+ d Drell-Yan
-0.03{ E,=120 GeV

-
-~
-~ <
~

| 02525 GeV?
-0004 ] 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
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X,

N
* I
001 M i
] I ly

-0.02-

S
| p+d Drell-Yan ~ "l |||| |“ ’“H
i

0041 ——

0.02

] Tensor PDF set-2
0011  —~_ I 0 mm=—— Tensor PDF set-1

o,

M2, =0*=30 GeV?

i
0.6

0 01 02 03 04 0

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



Small-x physics of b, at EIC

EIC? (if D is accelarated)

0.005

x0,.f

x0,q

ILC-N

i, Y
t h

-

-0.005-

-0.01

N

02=2.5 GeV2

xaT qv

- = = - without tensor{polarized antiquark (set 1)

A

1]
]
]
I

I

' 4
T+ Wwith tensor-polarized antiquark (set 2) JL ab

Fermilab A4,

|

0.001

0.01 0.1

X

- Current polarized DIS data:
o CERN ADESY ¢JLab o0SLAC

Current polarized BNL-RHIC pp data:
O PHENIXT® ASTAR 1-jet

0.02

0.01-

Tensor PDF set-2
Tensor PDF set-1
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-0.01
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001
B ® Hemes
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ILC-N (Fixed target option) for hadron physics?

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

e+ bunch
Damping Rings IR & detectors compressor

e- bunch _
compressor p—o_smcn 2 km
main linac

11 km

central region
5km

electron
main linac
11 km

Possibilities for hadron and nuclear physics
e ete” annihilation processes

* fixed target experiments
with 5 — 250 GeV electron beams (ILC-N)

—> No serious studies about these feasibilities.

ETURN

S — 250 GeV electron beams
for fixed target experiments



Summary on tensor structure

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



Strange-quark distribution



Structure functions in parton model for neutrino-nucleon scattering

& =2XE

FP=2x(d+s+0+7) FP+F?=2(u,+d)+2(s-8)+2(c—7)

FP=2x(u+c+d+53) - e Ty
—_— valence-quark distributions

F% =2X(U.+S+d+(_3) F3V(p+n)/2_F3\7(p+n)/2=2(S+ S)—Z(C'l‘(_:)

F'=2x(d+c+T+5)

xF;P=2x(d+s—-10-7C)

xF,?=2x(u+c—d-5) w v,

xF"=2x(u+s—-d—-7)
xF,"=2x(d+c—0-5

also vp—uu*X forfinding 25/ (0 +d)




s(x) from neutrino-induced opposite-sign dimuon events Experiment  «
This analysis 0.33+=0.07

W s A. Kayis-Topaksu ef al., NPB7 98 (2008) 1.  CDHS [1] 0.47 +0.09
U. Dore, arXiv: 1103.4572 [hep-ex]. CCER [2] 0.44 +0.09

CHARMII[3] 0.39+0.09

jdxx [s(x,0%)+5(x,0%)] NOMAD [4]  0.48+0.17

NuTeV [5] 0.38 +0.08

T Jarx @00+ d(x,00)

0? =20 GeV>
CCFR, NuTeV o ////

vV, V

>

E =30 ~500 GeV

HERMES semi-inclusive measurement Huge Fe target (690 ton)
Issue: nuclear corrections

e = [ — Fit )
Zn;°'4 I -- CTEQSL = T — .
— . x(T(x)+d(x)) @ L (QH=2.5 GeV? = HERMES with FFs from DSS
0.2 3 04 - — Fit 7
------------- Fo~. .... CTEQ6L
, e, T | w e — .- XWEHAX)
(1) aaanaa ]—\_ ----------------------- s %_1 """ o N s CTEQ6.5S-0 -
0.02 0.1 ‘ 0.6 02 - TS ) ]
X I IERRREER '
e » A. Alrapetlan et al" \ i N _ 0
PLB 666 (2008) 446. 0 L IS
0.02 0.1 0.6

" PRD 89 (2014) 097101. X



Neutral network NNPDF (R. D. Ball et al.), JHEP 04 (2015) 040

NNLO, ag = 0.118, Q% = 2 GeV? NNLO, g = 0.118, Q% = 10* GeV?
o | -GlloblallFilt” | -Glloblall;it'”” | o S

= no Neutrino Data === no Neutrino Data

1.6

- no W+c Data

...... no Neutrino, W+c Data

e L Tt |

0.8

0.6

0.4

1 | 1 Lol

1 I 11 1 1 1 11 111
-3 -2 -1
10 10 107

0 T B 1 1 1 T B 1
-3 2 -1
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—
<
A

Figure 54. The strangeness ratio rs eq. (5.2), at NNLO sets with as(Mz) = 0.118 plotted vs. x
at Q% = 2GeV? (left) and Q? = 10* GeV? (right) for the default NNPDF3.0 PDF set compared to
set obtained excluding from the fitted dataset either neutrino data, or W+-c, or both neutrino and
W+c data. and a fit with neither of the two datasets.




Strange-quark distribution with LHC measurements

S. Alekhin et al., . W*=19 GeV’, n=3
PRD 91 (2015) 094002.  §'°] A
F14 |
12 |
Neutrino: s+W — ¢ 1] / s ¢ . ATLAS
LHC: g+s—>WH+c 0.8 / :

0.6 | CMS
; Neutrino
04 |
02 [ [
ol ATLAS and
N NuTeV/CCFR + NOMAD + CHORUS .
1 e " * CMS/neutrino
) T 2 CHORUS + CMS + ATLAS

T results are

107 107 10~ 107" different.




s —§ asymmetry



Neutrino-Nucleon Scattering: charged current (CC)

Neutrino-induced opposite-sign dimuon events have been
used for determining the strange-quark distribution.

v, p—> X
25
(w+d) S

for finding

=

Inconsistent with the strange distribution by HERMES?



Motivations for s(x)—s(x)

1
e Nucleon does not have net strangeness: jo dx[s(x)—5(x)]=0.
However, it does not mean s(x) =5s(x). — could be s(x) # s(x)

e If s and s are created perturbatively, they should be equal s(x) =5 (x).

e Hadron models predict the asymmetry: s(x) # s (x).

puud) = KY [K*us)Auds), K*us)X’(uds), K°'(ds)Z* (uus), -]

1/mK+=1/494MeV 3
=0.40 fm
1/m, =1/1116 MeV g
=0.18 fm
— (.18 fm

— 040 fm

e The asymmetry could be important for NuTeV anomaly.



s —S effects on Sin26W CTEQ, Phys. Rev. Lett. 93 (2004) 041802;
Eur. Phys. J. C40,(2005) 145.

|22 H
Global fit to the data including
CCFR-NuTeV dimuon data with s-s #0

5 (%0 dx e

(mote: — 0.001<(x), <0.005 in the 2007 version)
——mssmetd 0 001 < | dx x(s - §) < +0.004
X

| =0.005 < (sin’ 6,,) < +0.001

of the order of the NuTeV deviation
— could not be “anomalous”



CTEQ (2007)

H.-L. Lai et al., JHEP 04 (2007) 089.

MSTW (2009)

0 = (1.3)* GeV>
s_(x,05)=s, (x,Q(f)ztan"1 |:cx“ (1 . %) edx+ex2 :|
T

5,(6,00) = A" (1= X)* P,(x), P,(x)= ™" *HArtdss

0: =1GeV
x[s(x)-5(x)]=Ax>A-x)"1-x/x,)

2

MSTW 2008 NLO PDF fit (68% C.L.)

lllll‘l T T T T 1 17T
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Neural network NNPDF (R. D. Ball ez al.), NPB 823 (2009) 195
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NuTeV sin’0,; anomaly

Nuclear modification difference between u, and d_:
S. Kumano, PR D66 (2002) 111301;

M. Hirai, SK, T.-H. Nagai, PR D71 (2005) 113007.



Others: sin?0y,= 1 - my?/m,? = 0.2227 + 0.0004

Nu'TeV: sin?0y, = 0.2277 £ 0.0013 (stat) = 0.0009 (syst)
G. P. Zeller et al., PRL 88 (2002) 091802; 90 (2003) 239902(E)

Ly,
sin“0,; anomaly

VN VN
Paschos-Wolfenstein (PW) relation R= z§§ — gyg = % —sin’0y
56 R b @E -~ " €
NuTeV target: “Fe (Z =26, N = 310) N = s
nucleus

—> nuclear effects should be carefully taken into account

Charged current (CC) cross sections for VA and VA:

doi - =

T S; = 0, X [ d*(x) + sA(x) + {TAX) +T2(x)} (1 —y)7] S herol = G2
R

dcc; = 0, x [ d*(x) +84(x) + {u(x) + cA(X)} (1 —y)’]

Neutral current (NC):

= 0o x [ {u +ug (1 - y) Hu x) +c*x) o - 29 Losm)
T T s WAL R S e S Toe dx dy = dx dy

+{ug +ul (1 —y)’Hu ) + e x)}

R = 2 Dhoes 2

U =+=—%2smn0By, uy =— =sino

+ {d? +dZ (1 —y)H{dX) + s2(x)} T BAEA T SO
2 2 DR A 8 d ——l+lsin92 u —+lsin92
+{dg +d; (1 —y)}H{d " x)+5*°x)} b AL RE L TSR e w



o dvdy—c?t dxdy {1y} @] —up){u! 0+ 0} + (@] - d){d; (x) +5) (0} ]
A ol dxdy—olt | dxdy d}(x)+s) (x) - A - y)* {u} () + ' (x)} T

(X) — Wy (%)

A

(1) Difterence between nuclear modifications of uy, and dy,: €,(x) = L TS

Nuclear effects are in the

) ) Z u,(x) ; N d(x) e S Z d(x) Z N u (x)

_ N_7 uyx) —dvy(®)
A uyX) +dyx)
2sMx) or 2ciX)
[W ) + Wa ()] [uy (X) + dy(X)]

(3) Strange, Charm: £(x), €.(x)=

(% —sin0y) {1 +&,(x) £, (X} + % sinOy {e, () + £, (0}

IESA0R - =2 1 4
pa + (i_ § Sin eW)SS(X) + (j = §
A=

2
1 +e,(x) e (X) + Isiald _y)2 {g,(®) +&, (X)} +
TGl V)

sinzew) €.(x)

2{e,(x) — (1 - y)2 £}
1-(1-y)2

o &.<<1 S. Kumano, PRD 66 (2002) 111301.

Ry =1 -sin?0,, + O(e,) + +O(g,) + O(g,)

Expandineg,¢g, ,¢€



W (x) = Wy (%)

Analysis result for € (x) &Y= + o ()
Rz =1 _sin20y—ey® { —sin?0y) 17" _Lguo 3 4 0(e)
A~ P) \%% v 2 W o (1 —y)2 3 W A%
& 1/3. a.+b_x+c. x2+d x3
Wuy —Way =1+ (1-1/A"7) (1-x)B
0.03
b c b de are determined = Q’=1 GeV’
by the analysis
=z 001
=
R e
; I
3 -0.01- /
-0.02 .
large uncertainties
0901 0.1 0.75

X
M. Hirai, SK, T.-H. Nagai, PR D71 (2005) 113007.




Summary

Flavor dependence of the antiquark distributions is a good
quantity to test nonperturbative aspects of the nucleons
and nuclei.

E906 Drell-Yan

x dependence of ubar/dbar at x=0.3-0.4 seems to agree with theories.
However, the results are different from E866.

Polarized PDFs: Aubar/Adbar

Now, experimental measurements are becoming clear.

Nuclear PDFs: ubar/bar

Fermilab Drell-Yan in progress, new developments are expected!
There is only one (or a few?) theoretical work.

Tensor-polarized PDF's

JLab experiment starts soon in 2019, Fermilab under consideration
May be exciting new hadron physics!?



The End

The End



