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Part 1
Tensor structure of deuteron
in terms of quark and gluon

degrees of freedom
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Introduction



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 —

No investigation has been done for
hadron (p, 7, ...) - polarized deuteron processes.

—>



Purposes of studying polarized deuteron reactions

(1) Neutron information

e Polarized PDFs in the neutron

(2) New structure functions
e Tensor structure function b,
— (1) Test of our hadron description in another spin

(2) Description of tensor structure in terems of
quark-gluon degrees of freedom

(3) Asymmetries in polarized light-antiquark distributions
e Ai /Ad, Aii/A,d



Nucleon spin

Naive Quark Model

Almost none of nucleon spin
is carried by quarks!

— Nucleon spin crisis!?

Sea-quarks and gluons?  Orbital angular momenta ?

“old” standard model
Tensor structure b, (e.g. deuteron)

&9
¢

only S wave

b,=0

S + D waves

standard model b;z0

Tensor-structure crisis!?

blexperiment
=+ bl“standard model”



Structure function b, in a simple example

Spin-1 particles (deuteron, mesons)

bl=0

b, #0: New field of high-energy spin physics
with orbital angular momenta.

only in S-wave

The b, probes a dynamical aspect of hadron structure
beyond simple expectations of a naive quark model.

— | Description of tensor structure
by quark-gluon degrees of freedom



Pel'SOnal StlldieS Motived by the following works.

* Sum rule for b, Hoodbhoy-Jaffe-Manohar (1989)

F. E. Close and SK, Phys. Rev. D42 (1990) 2377.
* Polarized proton-deuteron Drell-Yan: General formalism \

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

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

* Extraction of A/Ad and A,0/A,d from polarized pd Drell-Yan
SK and M. Miyama, Phys. Lett. B497 (2000) 149. v

4 - HERMES measurement on b, (2005)
* Projections to b,, ..., b, from Wy

T.-Y. Kimura and SK, Phys. Rev. D 78 (2008) 117505, | Fusrepossbiides |

* Tensor-polarized distributions from HERMES data
SK, Phys. Rev. D82 (2010) 017501.

A JLab PAC-38 proposal, PR12-11-110,
JLab experiment 2010’s |} _p chen eral. 2011).




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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E" = polarization vector

b,, -, b, tems are defined so that
they vanish by spin average.

b,, b, tems are defined to satisfy
2xb, = b, in the Bjorken scaling limit.

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

2

2

b,, b, = twist-4 ~



Projections to F,, F,, ..., b, from W

Calculate W*V in hadron models — need to extract structure functions b,, b,, -

Projection operators are needed to extract them from the calculated W*".
For F, and F,, they are well known:

— u_v _1 u_v 2
Fl=—1(g”V_K 1PP )Wuv’ 172=_£(g#v_’( 3]’ )4 )W : K'=1+Q

2 Kk M K Kk M? B v?

Try to obtain projections Results on a spin-1 hadron

in a spin-1 hadron by combinations of

%, T I
g'uv 9 plw—pz ’ E”Wﬁqasﬁ 9e0e g = - ﬁe"‘uﬂqu(-"}}lsA,l(sA,l - -\';;05/\,051‘,1)“":(»‘1- g2= ﬁf”mﬂ(]u(-‘;}%mﬁu + %51&,05&1)“":("“
b, = [_ '2]_Kg#"(8Af()8A‘() = 8)18,0) + %_11 %[;:(8,‘{08“, = 8,,10,,1 )]W:C'A"
by = %[gnv{—sM(,.sA‘(, = 2 = 1)8,18,, + (2 = 1)8, 18,0} + 3“‘; D %’;(SM,BM, — 831811)
Bjorken scaling limit - ‘%;!_”{pugvu — 1)+ P ER(A = 1;»}5A,,5A,(,]w;:.‘:

by = %,[g#"[—.sA((,.sA‘(, + w‘sm Byt — 4""‘;'#5”,5“,}

= LF E _l % 1 _— - 3("7—”%’:(5‘{05“, —8,,10.,1) —‘“KT_M”{,»#E'(,\ =1)+ p*EF(A = 1)}.5]/15“,]“"2',"

155,277, 4 3 4 My b =%[£""[—5A,o5x,o —M‘Sm‘su L2+ 9kt ]5A,15A,o}
v 3k k—1 k—1
g = _ﬁg“"“ﬂqasﬂ{)‘lﬂé&lejli - 3("; D %’3’:(‘5Af(,a”, — 8,10, + %:’—”{p“E"(/\ =1)+p*Er(A=1)}5, , aA‘(,]“-',‘/,.". 9
L L i l pv — Aphi
b = 2x g 2% (5,1, 1031 =0y, Oa’lio)w“" For the details, see

T.-Y. Kimura and SK, PRD 78 (2008) 117505.




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

b, < do(0) - 22 1) +dG v >-<

o(+1)+o(-1)

note: ¢(0)— > =3(0)- = [0'(+1)+ o(-1)]
1 h
Parton F, = ze 4, +7) 6=3(a"+a+4)
Model

1
= EZeiZ(Aqi +Aq,) Aq,=q; —q;

[qf(x,Qz)] b, = Ze 0:4; +6,4;) 0,9 =q; —



Sum rule for bl de b, (x) = dimensionless ~ OM 22003

F.E.Close and SK,
PRD42, 2377 (1990). M = hadron mass Q = quadrupole moment
( )
o =< | o
Y { —
§ J o

jdbe(x) jdx[ (6uD + 6uu) (5d +8dp + s, + 6sD

=5 j dx[u, (x)+ u, (x)] + 5(6Q +80) (6Q +60)
. jdx[5(5u+65+ 8d, + 531))+ 2(6sD + BED)]

sea

Elastic amplitude in a parton model

Tyu=(p:H|J, )| p,H)=D e, [dx[ g+ g - 7" - 7]

i

1

E[FO,O—%(FL1+F_II:| Z | dx[ 8q,- 84, |= Idx[&l (x)+6d,(x)]



D S 1 1 0
J‘dx b (x)= g[ro,o F 5(r1,1 0y 1—‘—1,—1)] t 6(6Q X 6Q)sea
Macroscopically
. t
Loy = ltl_{l(}[Fc(t)_ 3IM? FQ(t)]
3 4
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aliep

1
Note: F,(¢) in the unit of 57

If the sum-rule violation
is shown by experiment,
it suggests antiquark
tensor polarization.



Polarized electron-deuteron

deep inelastic scattering



Analysis of HERMES data
to obtain
tensor-polarized quark distributions

S. Kumano, Phys. Rev. D 82 (2010) 017501

Purposes

* Understanding of current situation on tensor-polarized distributions

o Useful for future proposals at JLab, J-PARC, ...

* Test of theoretical model estimates

* Description of tensor structure in terms of quark-gluon degrees of freedom
* Understanding of hadron spins with orbital angular momenta



A. Airapetian et al. HERMES), PRL 95 (2005) 242001.

HERMES results on b,

27.6 GeV/c &2, 0
> @
positron deuteron

b, measurement in the kinematical region
0.01<x<045, 05GeV’ <0’ <5GeV?

b, sum rule

joo_;z dx b, (x) =[1.05 £ 0.34(stat) £ 0.35(sys)| x 10
at Q° =5 GeV’

In the restricted O° range Q° >1 GeV*

ﬁf dx b, (x) =[0.35 £ 0.10(stat) £ 0.18(sys)] x 10~
at Q> =5 GeV?

R Ry 1 2.
dx b! (x)=ltl_1>101—EWFQ(t)+§(6Q+6Q)

T~
L .15

0.1

0.05F

i -

e —

- +
bty

Drell-Yan experiments probe

e dx " 1 2 ol : g
7[1721)(3‘.)_1:2 (x)]=gjdx[uv —dv]+§jdx|:u—d:|¢1/3 these antiquark distributions



Constraint on valence-tensor polarization (sum rule)

qg—0
de Z ; —

[ dxb ()= %jdx[aTuv +6,d,]+ %..dx[SﬁrﬁD +28,d" +6,5" ]

Elastic amplitude in a parton model
yw= (p,H|J0(0)|p,H> = Zeijdx[qif + qif - qirH = qiLH]

1 1 1
E[Fo,o - 5T+ r_l,_l)] =3 Jax[8,0, )+ 8,4, 0]

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

Intuitive derivation without calculation:

jdx b, (x) = dimensionless quantity

= (mass)’ - (quadrupole moment)

: : t , t
Macroscopically T, = ltgn,}[ﬂ(t)—gFQ (t)} Piw=la.= ltg{,l[li(tHgFQ (t)}

1 1 ] - it
E|:Fo,0 » E(rl,l ar I-‘—1,—1) = _ltl—{IolEFQ (#)

[ dxb ()= ié[rw 2 1(r1,1 + r_l,_l)] i [ dx[88,a" +28,d" +8,5" |

+_
9-2 2 18 ¢
= _élithQ O+ %J‘dx[%ﬁ” +28,d" +6T§D]

6 —0

1 _ - =
=0 (valence)+ﬁjdx[86TuD +28,d" +6Tso]

Constraint on tensor-polarized

valence quarks: Idx 0,q,(x)=0




Functional form of parametrization
Assume flavor-symmetric antiqurk distributions: 6g” =du” =6d” = 6s” = 65"
D 1 D D =D
b’ (x),, = E[46Tuv (x)+6,d” (x)+12 §,§" (x) |

At Q5 =2.5GeV*, 6,9/ (x,0;)=0,w(x)gq, (x,05), 6,q"(x,0)= 0,0, w(x)g" (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.
B (5,030 = 1 48,0 (3,00 + 8,47 (1,03) +126,3” (v,0))]
= %&w(x)[s{uv (x,00)+d, (x,00)} +4a, {20 (x,00) + 2d (x,0}) + 5(x,0; ) +5(x,00)} |
S, w(x)=ax"(1-x)°(x, —x)

Two types of analyses

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

Set2: 0,q ”(x)# 0 Finite tensor-polarized antiquark distributions are allowed (a; #0).



Theoretical background for the parametrization

(1) Tensor-polarized valence quarks: jdx& q,(x)=0

(2) Standard convolution approach

) d 2 A
Convolution model: A, ,, (x)= I?yz LW A (x ] y)= 2 ffM®A, q

A, +A f \
— oUW HH LV 5 +,t++ +— -

AhH,h’H’ =&y Wuv € bl - A+0,+0 T 2 N : :

A+T,+T =F -8 A+~L,+l =F +g, D

A A i ¥
e W s H_:j%z[fo(y)_f N+ f (y)}ﬁ(x,y) where £ ()= £7(5)+ £7 ()

2 2

2 E+
Momentum distribution of a nucleon: [ (y)= J'd ‘plo" (B) 6 ( y— Mpz )

D-state admixture: ¢” (p)=¢" (p)" cosa+¢” (p)*" sinc

= cosa Yo (p)Yy (D)1 +sinaY, (2m, : lmg[LH W, (p)Y,,, (D)X,

e o - - . > e my,

v Numerical estimates indicate
——
the oscillatory function with jdx b, (x)=0.




Results

Two-types of fit results:
o set-1: y°/d.of.=2.83

/—R——f*
Without 6,¢, the fit is not good enough.

0.004

i HERMES (2005)

0.002

-~
-
-
-
____
-
—— - -

o set-2: x’/d.of.=1.57 A
P b = — = = without tensor-polarized antiquark (set 1)

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

Obtained tensor-polarized distributions
0,q(x), 0,q(x) from the HERMES data.

— They could be used for
e experimental proposals,

e comparison with theoretical models.
Finite tensor polarization for antiquarks:

[ dxb, (x)= 0.058
—j dx[ 48,7 (x)+6,d (x)+8,5(x)]

with tensor-polarized antiquark (set 2)

-0.004
0.001 0.01 0.1
X
0.005
-
8 0
s \
o) \
= s \
-0.005 X0.4, \\‘
= — — = without tensor-polarized antiquark (set 1) ’
....... with tensor-polarized antiquark (set 2)
-0.01 ‘
0.001 0.01 0.1




Summary (1) The tensor-polarized distributions: 6.,.¢(x), 6,q(x)
were obtained from the HERMES data on b, .

(2) Finite tensor polarization was obtained

for antiquarks: jdx6Tq (x)#0.

Physics mechanism of 6,q(x) ?

Prospects

Future experimental possibilities
at JLab, EIC, J-PARC, RHIC, COMPASS, GSI, ...

Experimental proposal was submitted at JLab.

More theoretical studies ...



Drell-Yan

with polarized deuteron

M. Hino and SK, Phys. Rev. D59 (1999) 094026.
M. Hino and SK, Phys. Rev. D60 (1999) 054018.
SK and M. Miyama, Phys. Lett. B497 (2000) 149.



Formalism of pd Drell-Yan process

frame
B G
—  Vem
O\ |
SeeReE.PRDSO | @ e T ............ QT
(1999) 094026. Xem A

proton-proton proton-deuteron

48 108 Additional structure

functions due to
tensor structure

Number of
structure functions

After integration over QT

(or O, —0) 1l I will briefly explain
in the following.
In parton model 3



Drell-Yan cross section and hadron tensor
&k,  dk,

(I'rx|r|AB

1 4
do = (2)'8*(P,+ P, k. —k_ —P
4\/(PA'P3)2—M§M12g Sl_zs;g ( s s Lkl I X)

2
l
) (27)2E, (27)"2E,

uv
(rrx|T|ABY=a(k, A, )ey,v(k, A, ) —"—(X|eJ,(0)| AB)
do o’ (kl+ ; kr)
4 3 4 L,UV‘V—HV v d4§ iQ-& v
d‘QdQ  2s0 W = [—236%5(P,S,P,S,|J*(0)J" (£)| P,S,P,S,)

(27)
Possible vectors to expand WY
e X¥ = P'Q*Z-P,— P'Q*Z- P,
+0"(Q-P, Z-P,~Q-P, Z-F,)
S guaﬂYPAaPBﬂQy
o7} =P'Q-P,-P!Q-P, AsQ, >0, X! =Y"*>0

0" = photon momentum

1
0, < — < hard scale, R = hadron size
IR

Expand W" by possible combinations

VAL
(ww)  =-g"A- =i Z¥TVC+Z%“T)'D+Z*SV E+Z*S)) F-S* S' G’ -S,, *“S! H’

Or=0

+T, "SSP I +S,, *T)J+0"0'K+ Q%2 L+ Q"*S M+ Q"“S, N+ Q"*T,’0+Q"“T,;'P

T" =e"*'S, 7,0, Q2" =0"2" + Q7"



Use current conservation: QuW”V =0

LQY 77" 1 “QV)
(W) _ =- g”V—Qg A—[=S-—= g”V—Qg B+Z*T’C+Z"“T)'D+Z"*SV E+Z"*S" F
Or=0 Q YA 3 Q J

sl . 0'Q" 7'Z' i . 0'Q" 7'Z'
) SgTSBT_ESBT'SBT(g“ F Qz B 72 G- S‘X‘;SB;‘_SAT'SBT gt Qz - 72 H
00 77’
Qz P 72

ﬂl + 85T, J The coefficients A, B, ... still contain spin

+ TA{#SI‘;}T =T, Sy [gﬂv P
factors in scalar and pseudoscalar forms.

8SM>(Z-S,)
A=A1’+MAA243Z-SAZ-SBAZ—SAT-SBTA3+ il 32) A;+2M—BZ-SBTA-SB,A5
sZ SZ(Q'PB) 2°Q- Py

= o 2+ S 050, — 84) Ay + 5 (208 = 22) 4, + 2 3. [Sursin (9, - 8,) 4,

° S} =A‘AP£/MA HeS 77 _65()“AMA/P:) a’=la_,a,al, a.= (a’ +a3)/\/§
© Sh =2y Pf /M, + Sy = 84 (2, M,/ P;) 8¢ =10,1,0,1, 8 =[1,0,0,]
v QﬂQV 27’ = 74 I k
° Sti= (g” - 0’ R S, o 7= (0,0, Z‘) ok = ‘k‘(sinecos¢,sin95in¢,cose)
oTH=¢'"S, 7,0, ¢S, = ‘SAT‘(COS¢A,Sin¢A,0) °S,, = ‘EBT‘(COS(pB,sin(pB,O)

oT, = Q‘ZHgAT‘(sinq)A ,—cos¢A,0) oT, = Q‘Z"EBT‘(sinq)B,—cosdJB,O)

Expand B, C, --- in the same way ---



Expand B, C, --- in the same way

8M:(Z-S,)" 4 M

Szgé_PB;Z) +§S§}B4+ 2 fg BZ'SB T, - Sg;B;
1 = 2" R

=B +ZAA/IBBZ + ‘SATHSBT‘cos(pr —(pB)B3 +§(2‘SBT‘2 _/112;)34 +AB‘SAT“SBT‘Sln(¢A —(I)B)B5

1 sM(z-S,) 4 1 iAW 2
C=—QZ2[C1_{ SZEQ-PBI;Z +§S;}C2]=+—Q|ZIZ|:C1+§(2‘SBT‘ —l;)Cz]

75/
B=B1+SZ—ZZSA Z'SBBZ_SAT.SBTB3_[

Z-S,Z-S,D,-S,, -SBTDS} [1) + =4, AgD, + S, ||S 7 |cos (9, ¢B)D3]

1 MM
Dz_QZZ[DIJr sAZzB Q‘ ‘
__9M, Sl
N Z-S,E, 7 A,E,
M M 1 1 g YA
_Zzgg_;, Z'SAE+Z2QQ—-I;)Z'SBF;_TTA'SBTF;:_E[A’AE+A’BF2+‘SATHSBT‘SIH(¢A_¢B)F;:|
A B
d b My ey P o M ey P
G=2G,, H=H,, I= ZZQ-PBZ SBII—Q‘Z‘II, J= 22Q-PAZ S, J,= HJI



spin-1/2, spin-1

Structure functions and cross sections .
spin-1 only

A=W, A=VHZ A=VT A= Vi, A= V()T,(% : w for unpo{arized structure fur.lctions
B,=W,,, B,=V, Lﬁ . B,= Vfﬁ . B, = Vz[,]oQO g VzT,(% , V, U for polarized structure functions
C,=UT, C,=U%, D,=U", D,=U%, D,=U%, [d2¥,, d;é% o<W,

E =U,,, FE=U;, F2=Ugf',

for the term 3cos’0,—1 ~Y.
H=UT, G =U"%, L=U2, J,=U0% Q, B 2

0, sin@, cosf, ~ Y,

Ay =‘§B‘c0s93, ‘§BT‘=‘§B‘sin93 0, sin’ 6, ~Y,,

2
o= g 2] Vo AR 4 B Suos(o = 00 V5T +3 (28l A3V 4150 oS - 00) 2

+(§- cos’ e)[wm bRVt (3 [Burcos (9~ 8,) V2 +§(2\§BT\2 = B3V +[8.r 2 [Sur|sin (8, — 84 VIS }
+2sin0c050|:sin(¢— ¢A)\§AT\(U;7 + %(2\%\2 - )Lf,)Usz")+ sin (¢ — ¢B)\§BT\(U;{Z + %/IAZBUZL,?‘)

+sin(9+8, —20,)[S,|[Spr | UL +cos(9—6,)[3 7| A,UT5 +c05(9 = 8, )| Sir (AU + 4,055 )]
+5in” 6] 05(20 = 20, )| Sy UL + cos(20 -9, — 26,)[3, S0 U

+5in(20 - 0, — 26, )|Sr | A [Spr |UZS +sin (20— 29,) A, |3, [ U2 }}



Possible spin asymmetries

The quadrupole spin asymmetries are
new ones in spin-1 hadron reactions.

pp Drell-Yan <0' >9 Ay Aps Ay A

pdDrell-Yan (o), A,, A,, A, Ay,

AUT ) ATU ) AUQO ? ATQO ’ AUQ1 9
ALQI s AT 1 4 AU 2 % ALQZ 2 AT Q2

Q,

o =0




Parton-model analysis q(inA)+g(in B) > 1" +1"
®,,(P,S,k,), = I(:4§ %% (P8, |7 (0) v (&)|P,S, )

¥ d?
@ (nsik), = [ 5

et (P,S, [yl (0) W\ (&)|P,S,)

4 L
o« WH = Sza’ e, | d*k,d*k,8" (k, + k,— Q) Tr[ @, (P,S,5k,) 7", , (PySy3k, ) 7" ]

\

1 AT A AN e
=——) §,e |d*k, d’k,, 6k, +k,—0O =
32“”’ § ‘[ - ( e T) (‘I’a/A)ij(Y”)jk(q’b/B)kl(Vv)li

X {((I)a/A [’}’+ ]&)b/B [’}’_ :I +D,, [}’+’}’5 ]&)b/B [’}'_’}’5 ]) gr We use Fierz transformation for (7" )jk (7" )li

so that the index summations are taken

+(Da/A [iO'H}’s ](T)b/B [i()'f—ys ](g}f‘g;; — gTijg#V )} L 0(5) separately in hadrons A and B.

4(r"), (r"), = 1+ (irs), (ire), = (r%), (7)o = (r°7:) , (rave), + ;(lo-aﬂ}'s) (icy.), ] 2

@,4[r]=3 [awTe[Te,,] (%), (1), + (r7), ("75), + (i0°¥7)  (i0”'75),

&, ,[r]= %jdk*Tr[I‘_b/B]

We express @ in terms of parton distributions.

The details are in PRD60 (1999) 054018.




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

transversely polarized: A,q,, tensor polarized: 6q,

Unpolarized cross section
do o’ 3
<dxAdedQ> TR o)y PICACACALACARLACAIACH)

Spin asymmetries
Za eZ [Aqa (xA)Aqa (xB) + Aqa (xA)Aqa (xB )]

zae:[qa(xA)qa (xB)+ q, (xA)qa (xB)]

sin’ 9C08(2¢) Zaei [ATqa (xA)ATqa (xB) +A.q, (xA)ATqa (xB)]
1+cos’6 Zaej[qa(xA)qa(xB)_*-qa(xA)qa(xB)]

A 2 [qa xA 6@1 (xB)+ qa (xA)aqa (xB)]
Ugy — Uo,

Advantage of the hadron reaction (6 measurement)

A =

A =

ALT=ATL=AUT=ATU=A = A

A 2 e, qa 6qa ) Note: 0 # transversity in my notation
v, (large xF
PIRAACAIACH




Summary on pd Drell-Yan

108 (48) structure functions exist in the pd (pp) Drell-Yan

22 (11) structure functions by the QT integration or by the QT — 0 limit
New polarized structure functions — associated with the tensor structure
Tensor polarizations and spin asymmetries

Only 4 structure functions are finite in the parton model

The tensor distributions 6¢ and ¢ can be measured by Ayg,

The pd Drell-Yan suitable for measuring 6¢q
Future experimental possibilities: J-PAR

Numerical analysis has not been done about feasibility at J-PARC, etc.



Future prospects



From nucleon-spin crisis _, Jefferson Lab PAC-38
to a possible “tensor-structure crisis’” ~ ProPesah PRIz

Unpolarized quark distribution

: . 1st t of b, (0.9):
in a tensor-polarized deuteron: st measurement of b, (01q)

% 2 (HERMES) A. Airapetian et al.,
q; t4 PRL 95 (2005) 242001.

5.qg.=q° —
qu ql 2

See SK, PRD 82 (2010) 017501

Only in S-wave 6Tq =0 for recent information.

Unpolarized proton+ Tensor polarized deuteron
Spin asymmetry in p+ d— uwu +X

Polarized proton-deuteron Drell-Yan

- Eaej [qa (xA)(STtYa (xB)+ q, (xA)6Tqa (xB)] (Theory) Some

A (Experiment) None — J-PARC?

Ko zaez[qa (xA)qa (xB)+qa (xA)qa (xB):I
Unique advantage of J-PARC
(0@ measurement)

Zeqa xA)5Tqa( ) dx 1y %2 I

Ayg, (large x; ) = W BN s Gut e [Z R @-Fw]=+3 a]a-d]
a A a B

jdxb;’ (x) = —%thQ (t)+%jdx(46Tﬁ+5TJ+5T§)




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

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. SliferT(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
Massachusetts Institute of Technology, Cambridge, MA 02139

K. Adhikari
Old Dominion University, Norfolk, VA 23529

PR12-11-110

R. Gilman It will be resubmitted
after some revisions.

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



Possibility of Drell-Yan at J-PARC and other hadron facilcities

Antiguark
distributions

*

Y

q

Drell-Yan: p+p—-o>u 'y +X, p+d->u'n +X

Op (pd) _1 [1+ J(xn]
20, (pp) 2| u(x,)

o(p +d) / 20(p + p)

) E866: existing measurements by the Fermilab-E866
6 o o2 o3 o4 a8 08 E906: expected measurements by the Fermilab-E906
J-PARC: proposal

— It should be possible to use polarized proton-deuteron Drell-Yan processes
to measure the tensor polarized distributions.
(Note: Proton-beam polarization is not needed.)



Part 11

Nuclear structure functions



Clustering aspect of
nuclear structure functions

d([’; Be /ED)
dx

Motivated by a large x-slope of *Be

M. Hirai, S. Kumano, K. Saito, and T. Watanabe
Phys. Rev. C83 (2011) 035202.



Nuclear modifications of structure function F,

Antl-shaflowmg Fermi motion

of the nucleon

%

1.2

JLab (W <3 GeV?)
0.7 ] |
0.001 / 0.01 0.1 \ 1

X Nuclear binding

Shadowi
adowing (+ Nucleon modification)



JLab “anomaly” on *Be

J. Seely et al.,
Phys. Rev. Lett. 103 (2009) 202301.

1.2
] E03103 Norm. (1.6%) ? SlOpe' dREMC R Fal O-A
14 % SLAC Norm. (1.2%) / dx 2 EMC o,
€ |
o \
; ’Be anomaly = EMC slope is too large
0.9} to be estimated from its nuclear density
12F | | | | | |
[ E03103 Norm. (1.7%)
11} % SLAC Norm. (1.2%) 04
& |
r % JLab (2009)
0.3
><
I =
12F | | | | | | | ?)
{ E03103 Norm. (1.5%) 2
. ; oz
i 11} X SLAC Norm. (24%) =
b - —
\i 0l
©
D
0@ ! ,
l ! | ! ! ! ! 0 0.02 0.04 0.06 0.08 0.1

Scaled Nuclear density ( 1/fm3)



Purpose

Typical nuclear clustering

High-density regions
= Something new?
(Nucleon modifications,

Short-range correlations, ...)

A theoretical-model density

with cluster structure for °Be

A signature of nuclear clustering in high-energy processes,

particularly in structure functions of deep inelastic scattering.

— Internal nucleon modifications, Short-range correlations, ...



Convolution formalism

Charged-lepton deep inelastic scattering from a nucleus

do ~I""Wg,,

Hadron tensor: W, = LJ‘d"é e'* <P|[sz (&), J," (0)]|P>

I = Lepton tensor,

Convolution: W, (p,,q)= jd4p5(17) 50,50

S(p) = Spectral function = nucleon momentum distribution in a nucleus

In a simple model: S(p,)= |q)(i)N)|2 5(1710V —M,+ M _ + I_sz) A
n Miv
F, needs to be projected out from Wuv by the projection operator P =— 5 & 5
p
1 qpqv i’pﬁv ~ p 2 q 3 A uv
WﬂVz_EM—N(gﬂV_ q2 ]+F;M—2’ pyzpu_ q2 I’z'u WﬂV=F'2

F(x,0") =P} (AW, (p,,q)= [d*p S(p) P} (AW (py.q)
We obtain F}'(x,0%)= [dyf()E" (x/y,0%), f)=[d’pyy 6[y— B ) 6By
f(y) =lightcone momentum distribution for a nucleon

0 g +
Dri NPV U BN NS DN f’ N_ ~ lightcone momentum fraction, p* =
Myv Myv P.q/'A p,/A \/E

y:

M. Ericson and SK, Phys. Rev. C 67 (2003) 022201.
including Q* / M}, effects.




Two theoretical models

E'x,0%)=[dyf5)F (x/y,0%), f(y)=[dpyy a[y—Mqu:N)

M,v \ q
) , N,
Nuclear density o(py) is calculated by n=
(1) Simple shell model
(2) Anti-symmetrized molecular dynamics (AMD)
®
®
®
el ®
—~— AMD: variational method with effective NN potentials
0,(7)  9,(7)
Simple shell model = =
£ Slater determinant: |®(7,F,, -,F,)) = 3 09: Q)
Vi (58,0) = R, (1)Y,,(8,0) NG o T U %
0,7 @,(F) -

R (r)= 2> (n—1)! ree‘%’fzrz LAV (2
4 [C(n+£+1/2)F d
1 Single-particle wave function: ¢,(7,)=
K’=Mw, V= EMNcoZr2

2V 3/4
(%) e [

Parameters are determined by a variational method

with effective NN potentials.

)

o,(7,)
0, (7,)

@, ()




Cluster structure in ’Be

.

Density distributions
in ‘He and °Be

Two models:
(1) Shell model
(2) AMD (antisymmetrized molecular dynamics)
to describe clustering structure

However, if the densities are averaged
over the polar and azimuthal angles,
differences from shell structure are not

so obvious although there are some
differences in °Be in comparison with ‘He.

1.0

P [fm_a]

‘Be (~‘He + “He + n)

Space (r) distributions

0.154

0.054

‘Be AMD
Shell

‘He AMD
Shell

-
.

*



EMC effect

p [fm'al

1.0

L6

~h

Be AMD
Shell

‘He AMD
Shell

‘He

1T s
p (1/fm)

— AMD

2 =2
| ---- Shen @ =306}

I3..
hd

f
{
{

FNMC § JLab (W25 3 GeV?)
T E139 | JLab(W2<3GeV?)

EIIE

}E

0 0.2 0.4 0.6
X

0.8

. Fi'(z,Q%) = j/

Momentum (p) distributions

Convolution model

A

dy f(y) Fy (z/y, Q%)

i xr
‘Be
12
] —AMD , .,
| ---- shen @ =3CeY
= LI ;
2. ; Cluster effecfs,
~ 5.
CHEE B
'§~ ] IIIH} ﬁi
= 0.9 i
1 1 JLab(W?>3GeV?)
1 1 JLab(W2<3GeV?)
) 0.2 0.4 0.6 0.8

X




It seems that the mean conventional part
cannot explain the large modification of *Be.

— Plot the data by the maximum local density
created by the cluster formation in *Be.



EMUC slopes plotted by maximum local densities
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The “Be anomaly can be explained

by clustering in the *Be nucleus.
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Our results indicate

F = (mean part)+ (part created by large densities due to cluster formation)

| |

Convolution model indicates JLab data could be related to
clustering effects are small in this term. ks effect due to the nuclear cluster.

PrOSpeCtS JLab proposal to measure structure functions of other light nuclei.
Jefferson Lab PAC-35 proposal, PR12-10-008 (2009)

Jefferson Lab Experiment E1210008

Detailed studies of the nuclear dependence of F2 in light
nuclei.

Spokespersons:

Arrington, John
Argonne National Laboratory, Argonne, IL

johna@jlab.org
Daniel, AJI

Ohio University, Athens, OH
adaniel@jlab.org
Gaskell, David

Thomas Jefferson National Accelerator Facility, Newport News
gaskelld@jlab.org



Summary on cluster effects in Be

1. We developed a convolution formalism with clustering structure.

2. We showed density differences between shell and AMD models
in nuclei (4He, *Be, 12C).
Nuclear clustering produce high-momentum components.

3. Clustering effects on F,* by comparing shell and AMD model
calculations; however, the effects are not large.

4. The JLab Be anomaly can be “explained” if nuclear modifications
are shown by maximum local densities of the AVID
not by the ones of the shell model.
— a clear signature of clustering effects in high-energy processes

S. More investigations at JLab after 12-GeV upgrade (~2014)



Nuclear modifications
of R=F, / Fy at large x

Ref. M. Ericson and SK, Phys. Rev. C 67 (2003) 022201.



Nuclear effect on R = F; / Fy by HERMES

HERMES, K. Ackerstaff el al., PL B 475 (2000) 386;
Erratum, PL B567 (2003) 339 [hep-ex/0210067; hep-ex/0210068].

Longitudinal and transverse components W,=g}" ey w,,

2
WTz%(Wx:+1+Wx:_1)=W1 WL=WX=O=(1+é) Wz—Wl

0

® HERMES(N/D) ® HERMES(ND)
m HERMES(°He/D) W HERMES{"Ho/D)
S NMO{HorD) & NMC(C/D)
o NMC(Sn/D) © NMC('He/D) {,
¥ NMC(Ca/D) 2 NMC(SWD)
% SLAC(Au/D) % NMC(Ca/D)
3 SLAG(FaD)  SLAC(C/D)
_ i * SLAC(Fa/D)
5 ¥{1% T 1 j } # SLAC(AWD)
FRET . : vl
%TH p 1l 8, El
| 0.03<x<006 TTT l 0 0.03 < x < 0.06 R - -t
~4 T 418
1 i% il | g%% 1r a ﬁg.
A <
| 0.06<x<0.15 ﬁ% . 0 0.06 < x <0.15 | L ] - }J‘ 4 .
, i g
’ T % ' oM }
ol 0.15<x<08 3 . 0 0.16-x<08 R N .
Q2 (GeVv?) 0 ! 132 GeV 2
e
Q2 (GeVz) ( )
(2000) (2003)



Nuclear effects on R by CCFR/NuTeV

H

UK. Yang ef al., PRL 87 (2001) 251802. ">~ , #
x :: ;{‘: ‘5 X = 0004 ]

® CCFR O HERMES oo - {C SR —

® SLAC 2% . o

No significant deviation is measured

).

X = 0.020 7

s,
T —

from the nucleon case (

l

., X = 0045 1

No large nuclear modification FTy———

of R is observed in v+Fe! My o ]
(note: CCF/NuTeV target is Fe) & I
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M. Ericson and SK, Phys. Rev. C 67 (2003) 022201

® Submitted (Nov. 30, 2002) just after the HERMES correction paper (Oct. 31, 2002).

 Nuclear modifications of transverse-longitudinal ratio
do exist in medium and large-x regions,
although the modifications do not seem to exist at small x

within experimental errors according to the revised
HERMES paper.

e Mechanisms

(1) Transverse nucleon motion
—> T-L admixture of nucleon structure functions.

(2) Binding and Fermi-motion effects in the spectral function.



Formalism WAN = —WA’N(gW - L ) swpy L_pangay  po=p Py

v P
; : q X q’
0 0
F =MW, F,=vW, F ==W, = (1+7JF2 — 2xF,
Projection operators of W,A and W,
ﬁuv . _l(guv " i’ﬁi’;) ﬁuv AW pfx (guv 4 3ﬁ§ﬁ;) ﬂM;Wui — ‘)VIA2
1 ) ~2 2 9 52 ~2 4 ’
D p
Convolution: W,,(p,,q)= | d*pS(p) W, (py,9)
WP = |d'pS(D) PEW,(py,q)
Longitudinal and transverse components WAA’N — gi‘*gXW#‘t’N

1 v
RS A S TR (P

2
fo o F (PN ZQ)
P



Formalism (continued)

Gini O Ve = NN F L X NN A0, Py 4

— — z=
2p,-q M, T 2py-q 5 2MAV, M,v

Scaling variables: x, =

VAN

2
Longitudinal structure functions F, and F, : F*" (1 + o )FZA’N —2x, JF

FLA,N
ool A
< 2xA,NFl 4

Transverse-longitudinal ratio: R,

Calculating W, = Pty w2 = P ] d*py S W,
gl 4 My pNJ_ N pNJ_
2xAF1—]deS<pN>zF§[(1+ 5) 2 X0 Bl Q1) + 5 Flx @) |

=ld4pNS(pN)z% [(1+pM)F (Xx» Q )+II’)NL2x Fl(xy, Q) |

Transverse-longitudinal admixture Pn_ o

& PNy
ﬁ 4\\ Pu 4\ﬁ
- -
q

'ﬁaf O T ips 1 €0 .08




Results

e Spectral function

(MA—i - MA_MN . 81)

S =Z[ 0G0 [*8 (pk-My+VMi_ +p1) for “N

e Transverse-longitudinal ratio: R |y,

e F, (PDFs): MRST98-LO

04

Ruy / Ry
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0.95

Q*=1GeV*
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After the HERMES (CCFR/NuTeV)
re-analysis, people tend to lose interest
in the nuclear effect on R.

However, we claim that nuclear
modification should exist in medium
and large-x regions.

Physical origins

* transverse-longitudinal admixture
due to the transverse Fermi motion

* binding and Fermi motion effects
in the spectral function

In the kinematical region of
our prediction, data does not
exist.
Need future experimental
investigations at

JLab, EIC, v factory, ...




e V.Tvaskis et al., PRL 98 (2007) 142301.

J Lab measmments m 2007 e Lingyan Zhu (Hampton Univ),

Badelek, Kwiecinski, Stasto (1997) personal communications (2009).
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_ el
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Effects on NuTeV sin?0w anomaly

due to nuclear modification differences
between u, and d,

(1) S. Kumano, Phys. Rev. D66 (2002) 111301.
Charge and baryon-number conservations indicate that

there should exist a difference between nuclear modifications
of u (x) and d (x).

(2) M. Hirai, S. Kumano, T.-H. Nagai, Phys. Rev. D71 (2005) 113007.

Global analysis for the difference between nuclear modifications
of u (x) and d (x). = Could be the origin of the NuTeV anamaly
but with large erros.



$in0.,, anomaly Others: sin?0y,= 1 — my¥m,? = 0.2227 + 0.0004
NuTeV: sin?0,, = 0.2277 + 0.0013 (stat) = 0.0009 (syst)
VN _ ~VN
Paschos-Wolfenstein (PW) relation R-=2n 0N _1_ g9
Oic —Ole 2
NuTeV target: *°Fe (Z =26, N = 30)

N = nucleon
nucleus

—> nuclear effects should be carefully taken into account

Charged current (CC) cross sections for VA and VA:
VA
2 Gy x [ 40+ 540) + {3200 + 800} (1= y)°
do™A = where 6,= G s/ T
Dxdy = 00X [4700 +5%C0 + {ur) + 203 (1 =)’

Neutral current (NC):
dG\_/A dGVA
- 2 2 2 A A NG, NC -

+{ug +ul (1 —y)’Hu ) + e x)}

il 2 2 e 2

U =+=—%2sn0By, uy =— = sino

+ {d +dZ (1 - I R) + sAx)} BRI T NI
2 2 PRI\ A d ——l+lsin92 u —+lsin92
+{dg +d; (1 —y)H{d (x) + 5°(x)} e Do 2 Wale S e W



oo {1-(-y 3 @2—ud{udx) +ctx)} + (i — d){de(x) + si(x)}]
d2(x) + sAx) — (1 — y)* {u(x) + cA(x)} Qd=qr-g*
W, (X) — Wy (%)

(1) Difterence between nuclear modifications of uy, and dy,: €,(x) = W (%) + Wy (%)

Ry

TR VA A |
cSCC a cSCC

Nuclear effects are in the weight functions: Wy, and Wq,
Zu,(x)+ Nd, (x) Zd,(x) + Nu,(x)
u\é(X) = Wu\ (X) s d\;q(x) ~ Wd\(X)
A A
_N-Z Uy(X) — dy(x)
Ny ey 4, (1) = g(x) - G)

; g 25N x) or 2ciXx)
(3) Strange, Charm: €(Xx), €.(X)= W) + W (OIT0y (0 + (O]

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

e + (% - % sinZ0w) € (x) + (% — % sin’Ow) £.(X)
A -
2 e
1 +e,(x) e, (X) + ) {e.(X) + & (X)} + 2{ex) - -y) 280(?()}
1--y)

T

Expandine¢ ,g ,¢,¢.<<1 sl We investigate this term.
R; =1 -sin%0,, +O(e,)+ +O(g,) + O(g,)



g, (x) effects on sinZ0y; 2002 version
SK, Phys. Rev. D66 (2002) 111301.

Constraints of szdXA Te, (@ = G = [dx % (2ur—d®
baryon number and charge
AzldxA;%(qA— T = [dx%(ué+d$)

—_— (A) [ dx (u,+d,) [ Aw, + w, £,(x) £.(x) ] =0

(B) [ dx (u, + d,) [ Aw, {1—3 £,)} - W, £.0x) {3 —£,()} 1=0

Wy, + Wy

2

\4

where w, = , Aw, =w, — 1

Prescription 1. Neglect O(e2), then integrand (B) =0

< N =5 Z uv(X) L dv(X) va(x)
A u,(x) +di(x) w(X)

Prescription 2. 2 analysis of NPDFs

£{(x) =

= Wa (X) =Wy (X) _____, we discuss this point in the following.
wg (X) + wy (X)




Global analysis of F, and Drell-Yan data for & (x)

Zu,(x)+ Nd,(x)
A
420 = w, (x,A) DO * R0
100 = Wo(x,A) G0, 8(X) = Wy(x.A) g

in the NPDF analysis

uy(x) = w, (X,A)

a, +b x+c x%+d x3
1 -x)%

a, +b_x+c_ x?+d_x3
way =1+ (1-1/A13) —dv e

Wy, =1+ (1-1/A13)

in the current analysis

a +b, x+c, x%+d x-
(1-x)P

a'+b' x+c x2+d x* 2004 version
(1 -x )P

Wy + Wy = 1+ (1-1/A17)

W

—wg, =1+ (1A-1/A13)

uv



W (x) = Wy (%)

Analysis result for € (x) £,(x) = g, 0 + Wy (9
R-=1 in 20 (){(l in20 )1+(1—y)2 1 n2% }+O( 2)
A= 5 —sin w — Ev(X 5 —SIN“Ow ; —3 SINOw Ev
IS ey )
'"+b x+c. x2+d. x3
Wyy = Way =1+ (1-1/AV3) HOT 2R
(1-x)™  a! b, cl, d,are determined
by the analysis
0.03
M. Hirai, SK, T.-H. Nagai, o Q’=1GeV’
Phys. Rev. D71 (2005) 113007. ’
z 001
=
1 0
It is very difficult to determine é \7/\
the difference between nuclear 7
modifications of u, and d, -0.02{ large uncertainties
distributions at this stage. 003
0.01 0.1 0.75

X



Comparison with the 2002 results
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NuTeV kinematics .
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=0.0004 = 0.0015
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Summary on NuTeV sin%0,

(1) y? analysis for the difference between nuclear modifications
of u, and d, distributions.

It is very difficult to determine it at this stage.

(2) Effect on NuTeV sin?0,
A(sin?0y, ) = 0.0004 £ 0.0015 (with a large error)



The End
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