XXVI International Workshop on Deep Inelastic Scattering and Related Subjects

The complete twist-4 contributions
to Semi-Inclusive DIS e”+ N - e” +q(jet) + X

2k 5 (Liang Zuo-tang)

2R R S P B 5 e
(School of physics, Shandong University)

20184FE4 H16-20H, i /7
April 16-20, 2018, Kobe

References: SY. Wei, Y.K. Song, K.B. Chen, & ZTL, PRD95, 074017 (2017);
K.B. Chen, S.Y. Wei & ZTL, Fron. Phys. 10, 101204 (2015);
ZTL & X.N. Wang, PRD 75, 094002 (2007).

DIS2018 20184FE4 5], #fif 1




Contents |

. Introduction: higher twists, gauge link and collinear expansion in DIS

|I. Collinear expansion in SIDIS e+ N — e +q(jet)+ X

lll. The relationships between higher twist TMD PDFs obtained
from the QCD equation of motion.

V. Higher twist contributions to SIDIS ¢” + N — e” +g(jet) + X

> The complete twist-4 results
> Arough estimation

V. Summary and outlook

DIS2018 20184FE4 5], #fif 2



Introduction |

Three-dimensional structure of the nucleon

@

Study of ———> Cahn effect > higher twists
azimuthal asymmetry

Study of
single-spin asymmetry

:> Sivers effect :> gauge link

Questions:  Where does the gauge link come from?
How do we deal with higher twist contributions systematically?

:> Look at the simplest case, the inclusive DIS, first!
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Collinear approximation in inclusive DIS without QCD

Parton model without QCD: ‘

|
Y@ | Y@
2 9 iLq({c’) | qgk')f }
Wuv(QaPaS)= I . %I — I I — q(k) : q(k) \
> =

d*k
Q2n)*
the calculable hard part  H,,(k.q)=7,&+q)y,2m)8, (k+q]) ———
the quark-quark correlator - ¢(k, p,S) = j d*ze"(p,SIWOW () p,S) —

W, (q:p,S) = [ ——Tr[ H,,(e,0)¢(k,p,5) |

Collinear approximation: p=p'n, k=xp (neglecting M/Q, i.e. taking M/Q~0)

1
:> W, (q,p)= [(—gﬂv + ";ﬁ’v )+ > (9 +2xp),(q+2xp), ]fq (x)

Xq-p

operator expression of the number density : f, (x) = j%e"xff (pl W(O)%y/(z)l p)

no (local) gauge invariance!
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To get the gauge invariance, we need to take the "multiple gluon scattering” into account

N

Y (q) Y (@) Y(@) Y@ giiq) at q;;/
q(k) q(k)
Wﬂy (q ' P> S ) = qk) q(k) + q(k,) \g q(k,) + q(k,) vk, Yq(ky) +
N(p N(p N(p N(p. N(p)

(a) b) (c)
W, (4,p,S) = W (4gp,S) + W, ) (qp,S) + W) (qp,S) + ..

4
S T ea)d p25)]

d'k, d'k ~ A
(27[)14 (2”)24 Tr[H[(,LlV)p (kl ’k2 ’q)¢,()l)(k1 9k2 9p,S)]

no gauge invariance!

Wi (@:p,8)= |

)] —
W, (g,p,8) = j

Collinear approximation:;

& Approximating the hard part at k =xp: H.)(k,q) =~ Hy)(x), HUP (K, ky,q) = HY (x,,x,)

& Keeping only the longitudinal component of the gluon field: A,(y) = r- A(y) np- Pp
. . 2ng y(1,L fl(‘?(xl) A ~n
& Using Ward identities, e.g., P,H,, " (x,,x,) = m all )(x,)'s reduce to H',(x)

& Adding all the terms together ——>
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Inclusive DIS: LO pQCD, leading twist

720 (4 a0 . oo
:> Wuv (q,p,8) = Wuv (¢,p,5) = I (271_)4Tr|:(1)( )(k’p’S)HI(iV)(x)] LO & Ieading twist

0" (ks p, ) = [ d*ze™(p,S 1§ (0)£(0,2)y/ (2) | p,S)
\

The gauge invariant un-integrated quark-quark correlator: contain QCD interaction!

auge link
L(0,2)= L' (~0,0).8(~,7), JAH9

ig [ dy"A* (" 57 1)
L(—0,7)=Pe ~ ) )
Z z y
_ . Y G 1 . N2 - R i N S T
—1+lgjdy A™(z",y ,zl)+2(lg) jdy _[dy AT (Z",y 52 )AT(Z7,Y" 7 5Z) F e

Graphically:

collinear approximation

£ £ £ £ £ £l r'
Y (@) Y (@) Y (@) Y (@), Y (q) Y (q()f.s’ l, !
q(k’)  q(k’) _ 1 p
q(k) atk) = atk) ’ L3k, Yak, e = ! X 5
N N No : 5
C .

(a)
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Inclusive DIS: LO pQCD, leading & higher twists

Collinear expansion: Ellis, Furmanski, Petronzio (1982,1983)
Qiu, Sterman (1990,1991)

@ Expanding the hard part at k =xp: A= Ok )
pv \X) =11 K= XP,q

: N : A
H;(R)(k,Q) = H;(R)(X) + #w”p kp, aHL‘L)p(x) _ aHL(JV)(:{,q)‘
A )= H2 5+ 2 o w A
| x=k*/p"

& Decomposition of the gluon field:

Py Oy =8 M
Ap(y)=n.A(y)n+wp Ap'(y)

o, k, =(k-xp),

& Using the Ward identities such as, kKt = %(k0 tk,)
7 0) ) H® _
—aH'uV (x) = —IA{(I)p (x,x) ppHi(tl‘;L)p(xl’xz) = ﬂ n= (O’I’OJ-)
akp uv 3 X, —X, —1I€E . .

h = (19090J_)

to replace the derivatives etc.

& Adding all terms with the same hard part together ——

DIS2018 2018454, i)



Inclusive DIS: LO pQCD, leading & higher twists

W, (q,p,8) =W (q,p,S)+ W (q,p,S)+ W (q, p,S)+...

twist-2, 3 and 4 contributions
depends on x only!
@ (k,p,S)= jd“ze”‘z( p,S1y(0)£0,2)y(2)| p,S) gauge invariant quark-quark correlator

W (q,p,S) = j Tr[<b“’)(k S (x) |

4 4 ¢ : : .
M d’k, d’k, = ) A p » twist-3, 4 and 5 contributions
W' @.p,8) = [ s e e 90 koo, LY (52000, |

d)(p”(kvkz 'D,8) = Id z2d ye" " (p S 1y (0).£(0,y)D,(y)£(y,2)y (2) | p,S)
D, (y)=—id,+gA, () gauge invariant quark-gluon-quark correlator

:> A consistent framework for inclusive DIS eV — e” X including leading & higher twists

collinear expansion

-
Y@ Y (@) Y(@) Y@, glzq) v"(g,f ‘L ¢ i T
a(k) gk i !
= = = 1
w o] F e o] FTF e+ = X ® @ + /T ‘8@
1 )
} y

N N(p. N(p; N(p. N, N(p)
(a) (b) (c)
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Inclusive DIS: LO pQCD, leading & higher twists

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take very simple forms such as:

AY(x)=h"8(x - x ), QY = each depends only
g g b VY on one longitudinal

HEV? (x,,0,)0 ) = 2 ——h\’w 8, ~x,), hYP =y Ay*ny,  variablex!
q-p

W,ﬁg)(q,p,S) _ Tr[&)(“)(xB;p,S)h(o)] contributes at twist-2, 3 and 4

O (x; p,

- K60, 9) = [ Lo (,515(0).£0,2 (@)1 p,8)
one -dimensional gauge invariant quark-quark correlator

(2)

Tr[(p“)(xB, PSR o, contributes at twist-3, 4 and 5

k+ n +d - L _
8= 8 ks, ) = | ”Z—nze “(p,S1FO)D,(0)£(0,2 )y () p,S)
the involved one-dimensional gauge invariant quark-gluon-quark correlator

ONE dimensional, depend only on ONE parton momentum!
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PDFs defined via quark-quark correlator

® Expand the quark-quark correlator in terms of the I'-matrices:

O (x;p,5)=— [¢(°)(x,P,S)+l}'SCI)(O)(x,p,SHY“q)(o)(x,p,S)+7'5}'“<I>(°)(x,p,5)+l7'5 “ q)(o’(x,P,S)]

(scalar) (pseudo-scalar)  (vector) (axial vector) (tensor)

® Make Lorentz decompositions
@ (x;p,S) = Me(x)

" (x3p,S) = AMe, (x)
2

. M
Y (x3p,S) = p*ii, f,(x) + Me,,S? f (x) + e fi(x)

o . M?
@ (x;p,S)=Ap*n, g, (x)+MS,, g, (x)+ /IFnagn(x)
2

b _ M
D (x3p,S) = p'1, Sy oyhyy (x) — MEy by (x) + AMiy n g hy (x) + Fn[pSTa]hﬂ (x)

the scalar functions are the one-dimensional PDFs, e.g.,

f1<x)— @Y (x;p, ) = j " p S 1020, Ly )1p,5)
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Inclusive DIS: gauge link, leading and higher twists

Conclusion:  Collinear expansion provides a systematical
way of dealing with leading and higher twist
contributions including gauge invariance.

gum—

® (Gauge link obtained automatically
advantages — @ | eading and higher twist systematically
_® Extremely simplified expressions

Question: Can we extend collinear expansion to
semi-inclusive DIS?
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2

Collinear expansion in high energy reactions (4

)
A &
ONG IS

Ty

<

Successtully to all processes where only ONE hadron is explicitly involved.

Inclusive DIS ¢ N > e X Yes!
e (I") . . .
where collinear expansion was first formulated.

R. K. Ellis, W. Furmanski and R. Petronzio,
Nucl. Phys. B207,1 (1982); B212, 29 (1983).

Semi-Inclusive DIS Inclusive Semi-Inclusive
e+ N = e+q(jet)+ X e +e" >h+X e +e" >h+q(jet)+X

h(p,S)

o e (l,)
kS

e

q

g o
N /E’ X et (lz)

Yes! Yes! Yes! |
ZTL & X.N. Wang, S.Y. Wei, Y.K Song, ZTL, S.Y. Wei, K.B. Chen, Y.K Song,
PRD (2007); PRD (2014); ZTL, PRD (2015).
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Semi-Inclusive DIS e+ N - e™ +q(jet) + X

(si) 'y — g7 (0,5) ' 17 (L,si) ' T (2,s0) '
W, (q,p,S, k") =W, (q, p, S, k" )+ W, (q, p, S, k" )+ W " (q, p, S, k") + ...

twist-2, 3 and 4 contributions
W (g,p,S,k") = f Tr[<I>“”(k p,SH, (0] 2E,)27) 8 k'~ K - §)

@k, p,S) = jd“ze"’“(p,S W(0)£(0,2)y (2)1 p,S) depends on x only!

/ twist-3, 4 and 5 contributions

d'k, d'k, | o
Qr ) Qn ) 2 Tr[cp(l)(kl,kz,p,S) H(l C)P(xl,xz) wpp] (2Ek-)(271')353(k'— kc . q)
c=L,R

OV (ky, ky,p, S) = [ d*zd*ye™ ™ (p,S 1§7(0)£(0,y)D, (y) £(y,20¥ (2)| p,S)

W (q,p,S:k") = |

:>A consistent framework for e” N — e~ + q(jet) + X at LO pQCD including higher twists

ZTL & X.N. Wang, PRD (2007); Y.K. Song, J.H. Gao, ZTL & X.N. Wang, PRD (2011) & PRD (2014).
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Semi-Inclusive DIS €™+ N — e™ +q(jet) + X (e

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take the simple forms such as:
HO) (x)=h08(x - x,), hY =y oy,

~ , T A , ~
HP (xpxp)0)f = mhgyw; 6(x,—x,), where h,”=y,ay’ny,, depends only on x,!

/s I twist-2, 3 and 4
Wi (@.p.Sik,) = Tr[ @ Gxy ks p.S) )

d k45(
2m)

O (x,k',5p,5)=]

1

W,E‘l/’m( ,p,S;kJ_) =

x- f, )82k, —k' )@ (k3 p,S)=[ £ Zd” 7, (N TP (0) 20,2y (2) | N)
three-dimensionafrgauge invariant quark-quark correlator

2; . Tr[ ¢ (e, k3 9,8) BP0, °' ] twist-3, 4 and 5

) d'k, d'k, . k' .
. (x,k,3p,8)= T 182 (ky, — ke YD ky key3 pyS)

=[£ Zf_dzzle""””""’@ (N1§(0)D,(0).£(0,2)y(z) | N)
the involved three-dimensional gauge invariant quark-gluon-quark correlator

THREE dimensional, depend only on ONE parton momentum!
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TMD PDFs defined via quark-j-gluon-quark correlator

Relationships obtained from the QCD equation of motion ¥ - P(2)y (z) = 0
E.Q.

Twist-3: , . . e the subscript d or dd is
fisCeoky) = gk, ) = —x £ () = g (k) introduced to denote
K=mull, S=T7; K=1, S=null,L,orT TMDs defined via
D-type quark-gluon-
o quark or quark-2-
Twist-4. X2 f, (k)= xf o, (k) = = (x,k,) gluon-quark correlator

X fir (k) = Xf o5 (X k) = = i (k)
x2g3L (x,k, ) = xf 5, (x,k, )= _f—];lddL (x,k,)

ng;_T (x,k, )= xf-ﬁZT (x,k, )= _f—j‘sljc}i (x,k,)

See e.g., Y.K. Song, J.H. Gao, ZTL & X.N. Wang, PRD (2014);
SY. Wei, Y.K. Song, K.B. Chen, & ZTL, PRD95, 074017 (2017); .......
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General kinematic analysisfor ¢ + N ¢ +h+ X

The cross section in the y*p ¢.m. frame (only parity conserved part)
do o’ . .
dxdyd¢sd2phT = nyZ z(.¢UU +Al.¢I,U +)‘N'¢;]L +)UIZ’N.¢;L+ | ST |f£]T +ll |ST |.¢;T)
o (© Fopw =Fy +EF,,  +cos 9\J26(1+€)F ™ +cos2ge Fo D,

o 7P,
> F,, =sing2e(1-e)F}* :éé
. . o
o (O F,, =sing~2e(1+ €)F." +sin2¢e F"* Np) ;

e>G» £ =\1-€'F, +cosp\2e(1 - ) F?

° é F,. =sin ¢s\/2£(1 +€)F,""* +sin(¢ — ¢s)(F,j;',‘f;"¢s’ + gF,jiT‘"‘f“”s))
. Fsin(¢+¢s) 0 2 _ 2 1 Fsin(2¢—¢s) 0 3 _ FSin(3¢—¢s)
+s1n(¢+¢s)£ i + sin(2¢ (bs)\/ E(l+¢) - +sin(3¢ ¢S)£ -

>0 T, =cosd\2e(- )T +eos(d— g N1 - £ FTH +cos (2 9261 - ) FT

Tnujleon Totally 18 structure functions: F” = F2.(x,&, p;,0)

electron
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General kinematic analysisfor ¢ + N = e +q(jet)+ X

The cross section in the y*p ¢.m. frame (only parity conserved part)

do o’

ddydp d’k,  xyQ

2 z()/‘/UU +)bl)/‘/LU +)‘NV‘/UL +A‘IANV‘/LL+|ST I)/l/UT +Al |‘S’T |VleT)

@ O W, =W, +eW,,  +cosp\2e(1+e)W; ¢ +cos2peW )

e>(® W, =sing\2e(1-e)W :qé
5

o (D= W, =sing2e(1+ &)W +sin2¢eW "> ~N ; N

> O W =\1-£W,, +cosp2e(1— )W

] é W, =sing 2e(1 + g)W;iTﬂfPs +sin(¢ — ¢S)(WIJSi7l'1,(1"p_¢S) + EW;TI.’(Z;_%))
+ sin(¢ + ¢S)£W;iTn(¢+¢s) + Sill(2¢ _ ¢s) /28(1 + S)W;iTn(2¢—¢s) + sin(3¢ _ ¢S)8WusiTn(3¢_¢s)

> é W, ., =cosp,/2e(1- £)WL°;S¢S +cos(p— P IV1— €’ WLc;s(¢—¢s) +€os(2¢ — @) 261 - S)WLC;S(”’_‘PS)

Tnucleon Totally 18 structure functions: W) =W (x,k;,0)
electron
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Complete results for structure functions up to twist-4 «,, = 0’ k = A;
Wovr =%+ 4x*ic; whaar Wour = 8x3K12wf3 WUC;;W -2x'k fl
W“’sz"’ -2x°k’ klfw Wit =-2x’ K‘Mklf
le;n2¢ = 2x2K kJ_f+3dL WLSI;;(}) = 2x K'MkJ_g
W, =xg,+ 4x7ic; wtaaa Wchs¢ = —2x2K‘MlagLL
Worg ™ =k, (xfli HAXKS frnan)s Wory ™ =8x'k K, f; W =-2x'x, f,
sin(p+¢g) __ . _ —
Wor = (f +3dT fsdT) W;;'(w ¥s) = —xZKMkfle
sin(3¢—¢¢) __
Wor - _szzzwk (deT —3dT) WLCOTS¢S = —2x2K'MgT
cos(p—¢g) _ . _
Wor =k, (xgllT +4x’Kc f3ddT) WLC;S(2¢ ' = _x’k klgT
(1) twist 2 and 4 ¢——" &Ven number wist-3 <—> odd number
of ¢ and g of ¢ and g

(2) Wherever there is twist-2 contribution, there is a twist-4 addendum to it.

S.Y. Wei, Y.K. Song, K.B. Chen, & ZTL, PRD95, 074017 (2017).
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Semi-Inclusive DIS: e” + N — e +q(jet)+ X "

Azimuthal asymmetries up to twist-4, e.g.,
At leading twist (twist-2)

L
i X

(sin(@—0.)) ;. |..,=k, 2f Sivers asymmetry ———> Sivers function flj

C .
(cos(9—0)),, | .,= LAEy; f; ———> tran-helicity ng

Including twist-4 contributions

(Sin(¢ - ¢s )>UT k xf;T (1 (ZUTK'M) o, = 16x2 1- U (f :I;’T J 4X( f+3dd - f+3ddT J

“or 1+1-y)*{ f Lt
(cos(¢ - ¢,)),, =k, jﬁy; f}fl A-o,,x) O =163 +1(1_ —yy)2 %+ 4x(fzdd fﬁ;ﬂ)
The Cahn’s effect:
(st =-on, SO gy, =i B L
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Semi-Inclusive DIS: e+ N > e +g(jet)+ X

Relationships in “Fermion gas model” as a rough estimation of twist-4.

Relationships between twist-4 PDFs and their twist-2 counterparts at g=0 (Fermion gas model)

2 2

kJ_ k
X 3d 2M2 f == 2M2 xfi
. k2 Lo K
X83aL = 2M2 X830 = X 831 = 2 M? X811
k2 kZ
1 12 2 oL 1
xfsdT =_2]‘;2xf;dT =X f;T =_2]‘;z 17
k? k?
1 . 1 1 1
xgsz =1 2]‘22 xg3;T = _x2g3T = 2]‘;2 8ir
o = ki |olnf, olnf;
:> ' M?*| dlnx Odlnx

2Re f.

2Re £

ki | 81-y) dinf, dng
1+(1-y)> oJlnx Jlnx

o =
LT M2

(cos¢)UU ~—-k K M (c0s2¢)UU k22 E(y)

1M

J_KM VN
A(y) A(y)

k? k2
1
3dd_2Re2]‘;2 3dd_2M2 f
k? kj %)
2Reg3ddL _ZReZMz g3ddL _2M2 a—xgu
k2 k?
3ddT =—2Re 3Jz}le = 2 if;
ZM 2Mk2E)xa
14 1
ZRengdT —2Re 2M2 83aar = 2]‘;2 a_xng
20 —
- | = Quu
15F |=== Qur R

10 |

5L

DIS2018
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Summary & Outlook i

m Collinear expansion is crucial to deal with leading & higher twists systematically
and is shown to be applicable to SIDIS e+ N — e+ g(jet)+ X

m Complete twist-4 results for the semi-inclusive DIS e+ N — e+q(jet)+ X
have been obtained.

- even number : odd number
(1) twist 2 and 4 <—> of & and cbg; twist-3 <—> of & and cbe

(2) Wherever there is twist-2 contribution, there is a twist-4 addendum to it.

m \We also propose to use relationships between twist-4 PDFs and their twist-2
counterparts obtained in the “Fermion gas model” to make a rough estimation
of twist-4 contributions. The results suggest that twist-4 contributions might be
very significant to the well-known twist-2 asymmetries such as the Sivers
asymmetry thus have large impact on the study of TMDs.

Thank you for your attention!
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TMD PDFs defined via quark-quark correlator &,k ;p,$)

quark polarization —
L T

. ) ® Aok O=® hxk,)
Twist-2 TMD PDFs S U | number densiy Boer-Mulders function
'g L &-@ glL(kaJ_) @-@ hll’_(x,kl)
C_g helicity distribution Worm-gear/longi-transversity
o
= Cb - (%) by, (x,k,)
3 T é) - @ fr(x,ky) é - é g (x,k,) transversity distribution
o
= Sivers function Worm-gear/trans-helicity é) - é .hll, (x,k,)
pretzelosity
. |
Twist-3 TMD PDFs U @ ek, f (xky) ©-0 gk @ =D hix.k,)
number density Boer-Mulders function
. S adalcad @ =@ h,(x,k
@"-@"fl‘ (x’kJ.) eL(x,k‘L),gt(x,kl) W L(x L) .
orm gear/ longi-transversity

helicity distribution

(b- é h7+(x9k¢)

é e:'-(x’kj_)’ é eT(x,kJ_),
= ng,(x,kl ), fi (k) - é gr(x,k,),gr(x,k,) | transversity distribution

nucleon polarization=»-
-

T Sivers function Worm gear/ trans-helicity - hy(x,k,)
pretzelosity
Twist4 TMDPDFs 1 | @ s O-® rei

S number density Boer-Mulders function

'g L &-& g3L(x’kJ.) ®-@ h;-,_(xaki)

% helicity distribution Worm-gear/longi-transversity

o

S Cb - C#) hy (x,k,)

§ T é) - (;) fa(xky) é - é gy (x,k,) transversitysaistribttion

[}

2 Sivers function Worm-gear/trans-helicity é - (b hy (x,ky)

pretzelosity
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TMD PDFs defined via quark-gluon-quark correlator

The Lorentz decomposition of the quark-gluon-quark correlator: ‘

cﬁf,”(x,kl;p,S)——[fp;”+175<p2)+7 Pl + 7Y “Portiy 070, |

a subscript “d” to denote that they are
E.g. ‘ from D-type quark-gluon-quark correlator

twist-3

- ~ k., k . -
(p(plo)c (x,k.;p,S) = P+ﬁa (kJ_pfdJ- - MSTpde - ;LkJ_pfdJi - %Sﬁfd;)

e .
+M2gj_pa (fa,d - ﬁf;ﬁ) + kJ_(ka_a) (f:’;d fsﬁ) 7 twist-4

. k -S k -S
+lM28J.pa ()“fadL ———= 3J¢}T) kJ_{p (’lfde —— 3dr ) + .

>
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Azimuthal asymmetry and higher twist | e +N—>e +q(jet)+X

1977, Georgi & Politzer: gluon radiation ——) azimuthal asymmetry ——) “Clean test to pQCD”

1978, Cahn: generalize parton model to include an intrinsic & L “Cahn effect’
_ |k 12@-p1-y - _1k P 20-y) .
(cosp) = 0 1rd-y) (twist 3)  (cos2¢) 0 11y (twist 4)
higher twist, nevertheless significant ! Ik, 1~0.3-0.7GeV 1k, 1/Q~0.1
- > Lesson: do not forget higher twists!
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Introduction: Azimuthal asymmetries and gauge link

Sivers function and gauge link |

1991, Sivers: introduced the asymmetric quark distribution in polarized nucleon (Sivers function)

fq(x,kJ_;SJ_) = fq(x’kJ_) +(k, X p)-S; f; (x,k, ) rest frame of P
% target T
‘. unpolarized
| left

pion

1993, Boros, Liang & Meng: ncident P

Outward polarized

proposed an intuitive picture:
quark orbital angular momentum+ “surface effect”

forward
right

1993, Collins: P&T invariance =——=> fx(x,k,)=0

q q
2002, Brodsky, Hwang, Schmidt: [ [ % ——> fr(x,k)#0

+ diquark di;aar‘k

2002, Collins: “final state interaction” = “gauge link”.

. > Lesson: do not forget the gauge link!
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General kinematic analysis for e + N = e +¢g(jet)+ X

The azimuthal asymmetries in terms of structure functions

@ O (coso),, =+2e(1+EW0 /W, (cos2¢),, =W ¥ IW,,
e>(® (sing), = J2ed - ewrIw,,
o = (sing), =+ 2e(1+W " /W, (sin2¢),, =W, IW,,

o> s (cosp),, =\2e(A+E)W 0 + AL YW | 2=/ (W,, + LA N1-W,))

o O (Gingyy,, =2ea+ewisiw,, (sin(@ +¢)),, = W W,
(sin(@— ), =W, 1w, (sin(20 — @)y, = 26(1 + )W "% 1y

(sin(3¢ —@,)),, = W, " 1w,

o> (eosp),, =\2e- W W, (cos(p—0,)),, =N1—- W% 1w
(cos(20 —9,)),, = 2e(1— )W X% 1w

Totally 15 azimuthal asymmetries in different polarized cases.
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Inclusive deep inelastic scattering (DIS) e +N —e +X

The differential cross section ‘

_ e (I')
/ - { ‘o
(Xz v d3l' *(q)
do-=_e’ZLu (lallal'all')Wuv(Q9p9S)2E' r-\q
o0 / — . { N ) X
leptonic tensor hadronic tensor o

The hadronic tensor: | W, (q,p,S)= Z(p,S 1J,(0)I XXX 1J,(0)] p,SY(27)*6*(p+q— py)

2 I
I
Wuv(qapas) =| > % = j@

|\ P W XH
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General kinematic analysis for e N — ¢ hX

o> . a’1'd’p
do = LY (1L,A,,1HWE? S h
SQ4 ( LR B ) uv (qﬁp’ ’ph)(Zn')SZEl,ZEh

The reference frame

e c.Mm.frameof y*N
e pin z-direction
e lepton-hadron plane = oxz plane

In dependent variables used:

N: p=(E, 03 0’ Il_ﬂ)
s=¢q* =0 y=Il-p/q-p

_» x=2q-pl0° Pir=—1p ¥s 9,
’}'*2 q=(q09 0, 0, -1ql) 5—2q.p /Q2

- h
h: D, = (Eha Ii;hT ICOS¢9|5hT ICOS¢’phz)

e : I=E(, sin0,0,cos0)
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Semi-Inclusive DIS e+ N - e™ +q(jet)+ X

The cross section:

2 370 33711
dG(Si) - %Lﬂv(l,ll,l!,l ')W(Si)(q,p,S k')d 'd’k

g T RIAN RS s

Y*(gf
3 q(k,) +

W;ji)(q,p,S,k') = W;S’Si)(q,p,S,k') + Wll(i’Si)(q,p,S,k') + W;f’Si)(q,p,S,k') +...

4
W p Sk = [ 4 ’ZTr[aS”)(k,p,S>ﬁ;‘3S">(k,q,k')]

W, p, 8.k = [ d4k d4 > TGy S (hy oy )
q p) > (2 ) (2 ) - LR p 1’ 7p Zﬂq)

To compare  W'%(q, p.5) = Jd) 0 (k. .S (k)
&'k, d'k,
o

W (g.p.8)=| T (k, Ky p.SYH S (K, Ky )]
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Semi-Inclusive DIS e+ N — e™ +q(jet)+ X "

The hard parts A" (k,q.k") =7y, (k+q)y,(2m)" 6" (k'= k—¢)

(k,+q)y"(k,+q)
(k2 — q)2 — i€

H’S/’L;Si)(kl,kz,q,k') =Y. Y, (2m) 8 (k'—k,—q)

Tocompare  A(k.q)=7,(k+q)y,(2m)3, ((k+q)’)

A (L) . (k, + Q)Vp(kz +q) 2
A k) =0, s @8,k +a))
7 (0) 240)
Ward identities: 2w _ _ g Ao oy w6

ok’ w (6X) PyH " (x5 x)) X, — X, —I€

oH O (x,x") n N H OD(x,x"

v i (1,si) ot (1,Lsi) ot pv 1
uak” #-—H 7 (x,x;x")  p,H, P(x,,x,3x") # "
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Semi-Inclusive DIS e+ N — e™ +q(jet)+ X "

Using the identity:  (27)*6*(k'-k—q)=(27)5, (k+q) 2r)’(2E )& (k'-k - §)
We obtain: A (k,q.k'") = H)(k,q)(2E,)(27) 6° (k'~ k - §)

H Pk kg, g,k = HY P (kL Ky, q)(2E,)(210) 67 (k'=k— )

' > WO (g,p.S.k") = | (;in];Tr[q?(")(k,p,S) @) (2E,)(2m)' 8 (k'—k —§)

= ~ _
common
w(q,p.,S
uv (Q>p9 ) > factor

. d'k, d'k, c o
Wi (q.p,S.k) = | Jan e 2 e @ (k, by, p. ) )”(kl,kz,qL(ZEk,)(Zn)353(k'—kc—q)
—
W (4. p.S)

The same Taylor expansion of H'(k,,...q) as thatforinclusive DIS ——)
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Inclusive DIS: LO pQCD, leading & higher twists

oG uﬂ\“("

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take the simple forms such as:

AY(x)=h"8(x - x ), QY = each depends only
g g b VY on one longitudinal

HEV? (x,,0,)0 ) = 2 ——h\’w 8, ~x,), hYP =y Ay*ny,  variablex!
q-p

¥ 5 . contributes at twist-2, 3 and 4
Wi @.p.9)=| de"[q’(m(x‘P’S)”(")P(x xy) = Tr[q’“)(xB;p,S)hL“J]

4
<I>(“)(x;p,S)Ej (j I; o(x— o )<I>(°)(k p,S) jp e (p,S 1y (0)£(0,2)y(z7)1 p,S)
'X one- d|mensional gauge invariant quark-quark correlator

contributes at twist-3, 4 and 5
> Tr[¢(1)(x3,p,s)h(1)9 P']

W (g, ,S)—— j dxTr[ §2 (x; p, S o P‘]a(x_xB)=
a'r, d'k,
e

@, (x; 2n) n ) p—ﬂ)ég)(kl,kz;p,S)ﬁpz—ne”‘” “Ap,S1y(0)D,(0)£(0,z7 )y (z) 1 p,S)
‘\ the involved one-dimensional gauge invariant quark-gluon-quark correlator

N
ONE dimensional, depend only on ONE parton momentum!
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