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Introduction: QCD and hadron physics

Two important quantities: parton distribution function (PDF) <« hadron structure
fragmentation function (FF) «—— hadronization

< ™
4 ™ /
?Fa;\ngcm structure the measurable quantities A
\/g)—\ I :
> =< QCD parton model (crolss sc;cron, correlghons,
hadronization - az:mgt ? asymmetries,
olarizations, ... ... ...

(1) High precision calculations to
establish the connections

(2) High precision measurements
(3) Theoretical calculations (model, LQCD, ....... ) & parameterizations
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_Corterts |

|. Introduction
Collinear expansion, PDFs and FFs defined via quark-quark correlator

II. General kinematic analysis for e'¢- — VX

> The basic Lorentz tensors for the hadronic tensor
> Cross section in terms of structure functions

I1l. Parton model results for "¢~ — VgX up to twist-4

» Collinear expansion for semi-inclusive ¢ ¢~ — hgX
» Structure functions up to twist-4
» Numerical estimation of Lambda polarization and spin alignment of K*

IV. Summary and outlook
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Introduction; Intuitive definition of PDFs

Parton model: A fast moving proton == A beam of partons ——

& Consider only longitudinal momentum ————> one-dimensional PDFs f,(x)

f,(x): number density,  x=k/p: fractional momentum

@ Including spin ——— spin dependent one-dimensional PDFs:

fi(x,8,38) = f,(x)+ A, A g, (x)+5;, - S; Iy (x)

helicity distribution transversity
@ Including transverse momentum ————> three-dimensional (or TMD) PDFs:

bxk S -k
P > L fL(xk, )+ A Agy, (x.k )+ A, TM Lot (x,k,)

S (x,k 8,5 p,S) =/ (x’kJ_)+§T '

-
- - - -

SJJI -kJ. ST 'kJ_ hlj}(x,kl)'*' SJ.q -kJ_

-

. pxk -
+5, -2 i Gk, )45, Sy (k) + AR (x,k))
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Introduction: Leading twist TMD PDFs

The 8 three-dimensional (or TMD) PDFs

quark | _

polarization U L T

l U @ fl(x,kl). ®-® hll(x’k.L)

S number density Boer-Mulders function

g L == 81 (k) C”)’-@’ h;, (x,k,)

c_g helicity distribution Worm-gear/longi-transversity

o

S d) - Cb hy, (x,k,)

3 T é - @ fir (xky) é - é & (x.ky) transversity distribution

O

= Sivers function Worm-gear/trans-helicity (5 -Q? hy, (x,k,)
pretzelosity

In quantum field theory, they are defined via Lorentz decomposition of
the quark-quark correlator (IA)(O)(k;p) S) = jd4zeikz (p,S | W(O)J(O,Z)V/(Z) | p,S)
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Inclusive deep inelastic scattering (DIS) e + N >e” +X

The differential cross section ‘

2 ////

aem 14 ' ' dBI'
do =@? (l,ﬂl,l 9/11 )Wuv(q’pas) 2F
\ \_——r
leptonic tensor hadronic tensor

The hadronic tensor: | W,,(q,p,8) =Y (p,S1J,0) I XXX 1J,(0)]p,S)2m)*8*(p+q-py)

2 l
W (4,p,5) =| — % ) E%.fﬁx—

|
| 7 | v A A
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Quantum field theoretical formulation of parton model “"Z

oG uﬂ\“("

Parton model without QCD: ‘ |

! (q) I Y@
0 q(k) | g(k’)
— —_— (k) (k)
W, (q,p,8)= I ; I — I ! é !"
N(p
(qz)

d*k n . \
W (4,08 = [ Tr[ A, (g)de.p.5)

the calculable hard part  H,,(k,q)=7,k+gy,2n)8, (k+¢7) ————
the quark-quark correlator ~ ¢(k,p,S) = j d'ze"“(p,S1y Oy (2) p,S) —

Collinear approximation: k = xp

4,49 1
> W,.(g.p= [(—g,w Ho ) @+ 23, (g 2xp)v] f,(x)

operator expression of the number density :  f, (x) = J'%e""fﬂ pIW(O)%l]/(z) | p)

no local (color) gauge invariance!
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Inclusive DIS with “multiple gluon scattering”

To get the gauge invariance, we need to take the “multiple gluon scattering” into account

Y'(@) Y'(@) Y'(@) Y@ g%'zq) Y*(?’r
a(k) _q@)
W, q,p,8)= ww a0 == aky e Yaky = ey i, Yot ==
NG No o N o)

BN 1 7

Wﬂv(qapas) = W,fe)(qspas) + W;‘l,)(qapas) + W,Ej)(qapas) + ..

d4k a R . .

W, (q,p,S) = j 2ny TT[HLOV)(k,Q)‘P(O)(k;P’S)] no gauge invariance!
d'k, d'k,
2n)* 2m)’

the quark-gluon-quark correlator ¢k, ,k,;p,S) = Id4zd4yeik'y+ik2(Z‘Y)< p,S1W(0)A,(»y(2) p,S)

JINET]

Wﬁ,)(q,p,S) = j Tr[ﬁ;(tlv)p(kl .k, ’q)é,()l)(lﬁ ak2§1795):|

Collinear approximation: & The hard parts: A (k,q) ~ A% (x), HYY Uik sq) = HYP (x,,x,)

@ The gluon field: A (y) = n-A(y)np.—’;)
Using Ward identities, e.g., P,H%" (x,,x,)= HO(x,)/ (x, - x, —i€)

all HJ)(x,)’s reduce to ﬁ;‘;’ (x) —
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Inclusive DIS: LO pQCD, Ieadlng twist e

W, (q,p,S) =W (q,p,S) =

) Tr (D“’)(k p,S)H(“(x) LO & leading twist

O (k; p,S) = [ d*ze™(p,S 1% (0).£(0,2)y(z) | p,S)  gauge invariant !

ig [ dy"A* (0.7 21)

‘4’(0,z)=ﬁ(—oo,0).4’(—oo,z) L(—o,7)= Pe ~ gauge link

collinear approximation

Y'(@) Y@ Y'(@) Y@
q(K) _ q(k)

(k) atk) 4 qk) 3z ek

N@ N(p N(p, N(p.
(a) (b)

) ) h =y, 1y,
HO(x)= hgya (x=x,) > W2(q,p,S)= j der[CD“’)(x; p,S) hgy]a(x —x,) ao

¢(0)(x9p)

_k_+ HO) (1, — p+dz— ixptz” — - _
(2 ) p+)q) (k’p;S) ‘[—271' e <p,S|]l/(())‘4(0,z )l//(z )|p,S)

—> (only) one-dimensional imaging of the nucleon via inclusive DIS
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Inclusive DIS: LO pQCD, leading & higher twists

Collinear expansion:

@ Expanding the hard parts at k =xp:

OH')(x)
ok e K

ry(1
0H,)" (x,x,)

A (k,q)= H) (x)+

ALY (e keyyq) = HYP (x,,x,) +

uv

& Decomposition of the gluon field:

P \
A (y)=n A(y)ﬁ +w," A, (y)

Using the Ward identities such as,

w '
o (o] lo
ok

‘\*d
\?/ry -i

A &
ONG WS

Ellis, Furmanski, Petronzio, (1982,1983)

Qiu, Sterman (1990,1991)

AY(x)= A (k = xp,q)

uv
OH,)(x) _ 9H,) (k.q)
ok” ok”

k=xp

4 )

x=k"/p*
wpp' = gpp’ N ﬁpnp'
a)ppkp, = (k—xp),

N 1
p =—F7=(p,£p;)
\/E 0 3

OHO(x) . ] HO(x)
_w e (1,L)p __Twtth _
ok? Huv (x,x), p pHuv (x;,,) xX,—x, —I€ n=(0,1,0,)

to replace the derivatives etc.

\ n= (1’090J_) /

Adding all terms with the same hard part together ——)
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Inclusive DIS: LO pQCD, leading & higher twists

W, (q,p,S)=W(q,p,$)+W(q,p,S)+ W (g, p,S)+...

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

W (g,p,8) = [ ——Tr[ &k, p, $)H) (x) |

d'k, d'k,
2n)* 2n)*
Ok, ky3 p,S) = [ d'zd* ye™ " ™V (p, S 1§ (0).£(0,y)D, () £(y,2)¥ (2)| p,S)

D, (y)=-id +gA (y) gauge invariant quark-gluon-quark correlator

0 (0,p,S) = j twist-3, 4 and 5 contributions

Tr[&)g)(kl;kz Y 2 S)ﬁ;(tlv)p(xl X2 )wpp']

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

collinear expansion

-
Y@ Y (@) Y(@) Y@, L”lzq) v"‘(g,f \l/ ¢ i T
a(k) _q(k) i !
= = = 1 LI )
z w 4] F e o] T+ 2 X @ Z@ t /T @"'
1 )
N N( J .

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

v,
2, <
0
NG UN\QQ’

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take very simple forms such as:
HY) (x)=hy)5(x-x,), hY =y, ny,

A : T - . A _
H:zlv’L)p(xlaxz)wpp =mh,‘}3”wp"6(xl —xB), hle)p =’}’#}1’}’p}1’}’v

W(4,p,9) = Tr[ & x,:p, 5 | contributes at twist-2, 3 and 4
d'k

O ip,8)= [ 8- %)‘i’m("”” $)=[ L e p S 1F(0)£0,2 W) 1 p,S)
N one-dimensional gauge invariant quark-quark correlator

WO (g,8,8) = ——Te[ 0 (xy3 0,70, | contributes at twist-3, 4 and 5
v ' 2q.p ) v
4 4
§)= j d‘k, d‘k,

A k+ 2 p+dz_ ixpT-~ —_ — —

@) (e ! @) . _ ixp*z
¢, (x; 2n) ) o(x > )P, (kl,kzl,p,S).—f ox ” (p.,Sll//(O)D,,(O)A’(O,z Wz ) p,S)
\ 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 '-matrices:

O (x;p, )=~ [<I>‘°)(x,p,S)+%‘D“’)(x,p,SH}’“¢>(°)(x,p,S)+757’“<I>‘°)(x,p,5)+l7’5“ ? D) (x:p,9) |

(scalar) (pseudo-scalar)  (vector) (axial vector) (tensor)
® Make Lorentz decompositions S= 1 % 48, — A Af: .
@ (x;p,S) = Me(x)
é(O)(x;p,S) — AMQL (x) blue: twist-2
, black: twist-3, M/ suppressed

@ (x3p,S) = p*, f,(x) + Me, ,,SL f; (x) brown: twist-4, (M/Q)? suppressed

2

- o M
(Dg))(x;p,S) = /lp naglL(x) + MSTagT (X) + )’FnagSL(x)

2

M
fD%(x,p,S) p n[pSTa]th(x) Me, . h; (x)+AMn n_ h, (x)+— = 1, Sy ftar (%)

[p 05]
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Collinear expansion in high energy reactions

2% 2 H(collinear expansion) i) b B2 4 5 B 884

(1) e, FRIEREREY z [ o Tar e e
. q(k) qk) + q(k,) e yaly)Fatk)f Ju 3k, vak) +,
(2) ﬁ%mg‘l’-l‘ﬁ:**ﬁj% Ni(n Ni(n) Nin Ni(n) Nin Nin)

LRRAR

24888

Before collinear expansion: w,, (¢, p.8) =W (4, p,$)+ W (¢, p,S) + W2 (4, p,S) + ..

d'k - T
no gauge link, no gauge invariance!

2m)’

WO p.5) = [DH A prsn g o S)HY? (k. k )]
v (q,p, )_j(27l')4 (271_)4 r|:¢p ( 19%25P» ) w KKy 54

Tr[ 6" (e, p,S) ) (k,q)

Wi (@.p,8) = |

After collinear expansion: W,,(4,p,S)=W.)(q,p,S)+ W) (g, p,S)+W (4, p,S)+..

W (g.p,9) = | (;ln';4Tr[<i>(")(k, pSHY (x) | with gauge link, gauge invariant!

W(g.p5) = [ Lo o TGmg & p SHTL? 4
uv (q’p’ )_J.(Zn')“ (2”)4 r[ p'( 12 2’p) ) uv (xl’xz)wp ]

and they can be simplified to:  W.'(g,p,8) =Tr[ & (x,; p,S)h) |

. T ) |
W (@:2,8) = zq.pT"[%l-)(xB;p,S)hggppr ]
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Collinear expansion in high energy reactions

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

Inclusive DIS e N > e X
e (")

Yes!

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
e+ N > e+q(jet)+ X e +e" >h+X

Yes! Yes!

ZTL & X.N. Wang, S.Y. Wei, YK Song,& ZTL,
PRD (2007); PRD (2014);

Semi-Inclusive
e +e" > h+qg(jet)+X

e_(ll)

e*(ly)

Yes!
S.Y. Wei, K.B. Chen, Y.K Song, &
ZTL, PRD (2015).

Ht/UmeEdmme e K
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Semi-Inclusive DIS e + N > e +¢q(jet) + X

W (g, p,S,k")y =W """ (q, p,S, k") + W (q, p, S, k") + W (g, p, S k") + ..

twist-2, 3 and 4 contributions
W (q,p,S,k") = J Tr[<I>“”(k p,SH (0] QE,)2n) 8 (k'—k - §)

& k,p,S) = jd“ze"’“<p,s F0)£0.%(2)1 p,S) depends on x only

/ twist-3, 4 and 5 contributions

d*k, d'k, . | o
(2 ) (2 ) 2 Tr[¢(1)(k1,k2,p,S) Hl(LlV, )P(xl,xz) wpp] (2Ek-)(27t)353(k'— kc . q)
c=L,R

DUk, ky,p, S) = [ d*zd*ye™ ™ (p,S 1§7(0)£(0,5)D, (») £(y,20¥ (2)| p,S)

Wi (q,p,S:k) = |

——> Aconsistent framework fore "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 e + N > e +g(jet) + X

W (g, p,S,k")y =W """ (q, p,S, k") + W (q, p, S, k") + W (g, p, S k") + ..

W‘Eg’Si)(q,p’S;kl) - Tr[('l\)“’)(xB sk 5p,S) hﬂ:,)]

d'k
2m)’

OV (x,k' 3p,S)= [ ——(x- ; )82k, —k' )@ (k3 p,S)=[ 2‘:5 d*z, """ SN 1 (0)£(0,2)p (2) | N)

three-dimensional gauge invariant quark-quark correlator

/(4

W,Ei’Si)(q,PaS;kl) = 2q p

Tr[ 9} (xep ok 32,8) o0, |
d'k, d'k,

A1) . _
. (x,k,3p, )= n 2%y

80e-K1)82 0k, — k) Ky k3 p,S)
)4

ol pzf d’z, e RN IFO)D,(0)£(0,2)y (2) | N)

three-dimensional gauge invariant quark-gluon-quark correlator
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TMD PDFs defined via quark-quark correlator

The quark-quark correlator:  d© (k; p, S) = jd4zeikz( p,S1y(0)£(0,2)w ()1 p,S)

integrate over k™ : DO (x,k,; p,S):jdz_dzzLei(xfz__El'zl)(p,SIl/7(0).4(0,z)l//(z)|p,S)

Expansion in terms of the [-matrices

@ (x,k,;p,S) = [ " (x,k,;p,S) scalar
+iys @V (x,k;;p,S) pseudo-scalar
+y* @V (x,k, ;p,S) vector
+y5y" @ (x,k;5p,S) axial vector
+iy,0% @) (x,k,; p,S)] tensor
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TMD PDFs defined via quark-quark correlator

The Lorentz decomposition totally 8(twist 2)+16(twist 3)+8(twist 4) components
@ (x,k,3p,S) = Me(x,k,)+(k, - S, )er (x,k,) twist-3
@, (x,k,;p,S)=p'n {fl(x k) + 55 k) / twist-2

+ k, f*(x,k )+ MS, f, (x,k)+k,, /’LfL (x,k )+ St frxk )}

{Jﬁ(x k )+ k-5, fia(x,k)) twist-4

2

+

See e.g., K. Goeke, A. Metz, M. Schlegel, PLB 618, 90 (2005);
P. J. Mulders, lectures in 17t Taiwan nuclear physics summer school, August, 2014.
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TMD PDFs defined via quark-quark correlator

The Lorentz decomposition totally 8(twist 2)+16(twist 3)+8(twist 4) components
~ 0 k -S ,
& (x,k,;p,S) = M[;teL(x,kl) +—+—Te, (x,kL)} twist-3
O (x,k,;p,S) = p'n, [Agu(x k )+ MS g (x,k ):| twist-2
L k, -S,
-MS, g, (x,k )-k,, [}tgL(x,kl)+ LM gr(x,k )}+£laﬂ fa*(x, k/
M* k, -S,
+ |:/lgn(x k )+ gsT(x k )i| \/ tWist-4

k -S pnLE,
MThT( k) [Pl]ﬁJ-lJ-(xk)

+— p+ﬁ k o
') (x,k,5p,S)=p n[pSTa]th(x,kl)+$|:lhi(x,kﬁ+

+ Sy kg (k) + Mgy h(x k) — 1 n, [ MAR, (x,k,)—(k, - S, )h (x,k )]

T(p

k, -S o
MTh;T(xk) "ip ]l””* lhl(xk)

M’ k,,
+?{n[pSTa]h3T(x,kL)+ “’Ml ][ hy, (x,k,) +
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Twist-2 TMD PDFs defined via quark-quark correlator

Leading twist (twist 2)
polarization integrated
quark  nucleon =» TMD PDFs (8)  gaugelink over k, name
U JACA'D g(x) number density
U
1L . .
(f)y T (5 @ Jir(x,k,) X Sivers function
L L ©=>=> g, (x,k) Aq(x) helicity distribution
(; ) T é - é g7 (x,k)) X worm gear/trans-helicity
U ®=® hit(x,k,) X Boer-Mulders function
{ T(/) (b - (6 h,(x,k,) transversity distribution
0q(x) .
(B) n é_ é B (k) pretzelocity
worm gear/
L S==@=> I (x,k) X longi-transversity
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Twist-3 TMD PDFs defined via quark-quark correlator

Next to the leading twist (twist-3) they are NOT probability distributions but
- ‘ ' include the quantum interference effects.
polarization if no integrated
quark  nucleon = TMD PDFs (16)  gaugelink  over k,  @¢
U ® eek), FrOnk,) 0 @ e(x), x  number density
y L GD-’- fLJ_(x9kJ_) 0 X
(f) L v Sivers function
é e, (x,k,), 0
T @ fo(esk)s fr(ek) g 0 Jr (%)
U @ - @ gl (x,kJ_) 0 X
L (x,k) e, (x), x helicity distribution
- L @—> @-> eL(x k )9 8 (x9kJ_) 0 LITACAAY, L ’
@ é é 100k, g gn(z,kl) ;' (x)  worm gear/trans-helicity
gT(x k )9 gr(x k) . T
U O=®  h(x,k)) 0 h(x) Boer-Mulders function
{ T()) (b - é hy(x,k,) by e,k ) X transversity distribution
T é _ é Bt (x,k,) % y pretzelocity
Ihi (x,k ) worm gear/
L Q=@ Mlxk) M3x b, (x) longi-transversity
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TMD PDFs defined via quark-quark correlator

quark polarization —

Twist-2 TMD PDFs U L T

i y| @ sk @=® nix,k,)

S number density Boer-Mulders function

©

i Cem O 8k | B m @ B (x,ky)

‘_OU helicity distribution Worm-gear/longi-transversity

o

R (b (5 hy,(x,k,)

§ T é-@ fir(x,k)) é_é g (x,k,)) transversny”dlstnbutlon

&)

= Sivers function Worm-gear/trans-helicity Cb-é .hl,(x,kl)

pretzelosity
Twist-3 TMD PDFs U L T

t U | @ ks ©-0 k) D =@ hix.k,)
S number density Boer-Mulders function
5 S>=0~ - hy (x,k
-CEU' L | @==O=fixk) e, (x,k,), g7 (x,k,) VC?" @ c(55)
© S EeE orm gear/ longi-transversity
(o) helicity distribution
‘oL
g é e#(x’k_j_)’ e‘l(x’kl)’ é-é h#(x’kl)
% =\ [k, fP (x,k)) é-é 8r(xk,).gr(x,ky) | transversity distribution
= T Sivers function Worm gear/ trans-helicity - hy(x,k,)

pretzelosity
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Fragmentation Function v.s. Parton Distribution Function

TMDs = TMD PDFs + TMD FFs ‘

Parton distribution functions (PDFs): Fragmentation functions (FFs):
h
q
h—q+X '/ e g—=h+X
h X q X
a hadron —— a beam of partons a quark —— a jet of hadrons
number density of parton in the beam number density of hadron in the jet
O(k;p,S) =Y, [d'ze™ E(ky3p,S) = Y, [ d*Ee™
XCh1y(0) I XXX 1.£(0,2)y(2) 1 h) X{01.2(0,5)y (&) |RXXhX 1y (0)10)

“‘conjugate” to each other

:> Studies on FFs and PDFs should keep pace with each other.
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Spin 1/2 hadrons: ‘

. ' . p++ p+— 1 o = . ' ->
The spin density matrix; » =[ J=5(1+S -0) Vector polarization: $* =(0,S,,4)

Spin 1 hadrons: ‘

pll plO pl—l 3
The spin density matrix: #=| Pu Puw  Pox [S30+55-2+3T72)
P P P
' . . L o_ = .
Vector polarization: $* =(0,S;,A) 3 } independent
Tensor polarization: S,,, S =(0,55,52,0), S =(0,85,52,00 9 components
SpL = v = = Sir = O B O Sir = . ,
x ) /1 - % ]
. transverse plane y - /L V4
== 0-0 = 0-0
z ‘ ; ' g
y See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000).
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Twist-2 TMD FFs defined via quark-quark correlator (spin-1/2)

s <
S
\S‘/ry i

A &
ONG WS

Leading twist (twist 2) D, G, H: quark un-, longitudinally, transversely polarized
polarization integrated over k name
quark hadron pictorially TMD FFs (8) J FL
U ® D, (z,k,,) D, (z) number density
v T é B @ D;; (z,k;,) >, Sivers-type function
L ©===> G, (zk;) G,,(z) spin transfer (longitudinal)
L
T é - é G (x,k)) X
U ®=® Hy (z,k;,) X Collins function
T (/1) (b - (B H, ., (z,k,) spin transfer (transverse)
T N H,, (2)
T(Ll) Qg - é H; (z,kp,)
L (=@ Hj, (z,ky,) X

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).
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Quark pol Hadron pol == TMD FFs (2+6+10=18) integrated over k-, name
U D, (z,k,) D, (z) number density
U T D;; (z,ky,) X Sivers-type function
(D) LL D,;, (z,k;, ) D,,, (z) spin alignment
LT DIJ}‘T(z’kFJ_) X
T DIJ_TT(z9kFJ_) X
I L Spu»> G, (z,k,,) 1.(2) spin transfer (longitudinal)
— r G (z,k;,) X
(G) LT G5, (z.ky,,) «
T G1lTT (z,k, ) X
U ® H{ (z,k;,) X Collins function
T/ 0 H, (z,k;,) spin transfer (transverse)
T T &  HiGk,) Fur()
I L =@ HllL(z,kFl) X
. LL H (z,k;,) ) X
LT H,, ,(z,k;,), Hi(2,kg,) H,,,(2)
IT HllTT(z ki), H'lTT(z k) Xy X

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).
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Quark pol Hadron pol ==

TMD FFs (4+12+20=36)

integrated overk,, name

U ® E(z,k, ), D*(z,k;,) E(z), X number density
L O»=O»  D;(z,k;,) X Sivers-type function
v T 69 Ergky), Dk Draky) % D@
(D) LL E, (z,k;,), DIJ:L(z’kFJ.) E, (z), X spin alignment
LT ELlT(z’kFl)a D, (z,kg, ), DIJ:T(Z’kFJ_) X, D, (z)
IT E;_T(Z,k“_), D;‘T(Z,k“_), D'JT'T(Z,kFJ_) X, X, X
U @-@ Gl(z9km_) X
I L L le ELl(z,kFl), G; (z,k;,) ) E, (z), X spin transfer (longitudinal)
. T é.é E'T(z’km_), GT(Z’kFJ_)’ GT (z’kFJ_) X, GT(Z)
(G) LL G, (z5ky,) X
LT E'lT(z’ku)’ G, (2,kg, ), G; (z,kp,) X, G (2)
T E'TT(Z,kFJ_)9 GTT(z7kFJ_), G'TT(Z’kFJ_) X, X, X
U ®=® H(z,k;)) H(2) Collins function
T
Ty &=d H:(zk,,) X spin transfer (transverse)
I 1) 8.8 Hi@ky x
(H) L @»=@» H,(2,k;,) H,(z)
LL Ho@ke) H, ()
LT H[J,_T(z9kFJ_), H' T(z,kFJ_) X, X
IT HTT(Z,ka_)’ H'TT(z,kFJ_) X, X
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_Corterts |

|. Introduction
Collinear expansion, PDFs and FFs defined via quark-quark correlator

II. General kinematic analysis for e'e- — VX

» The basic Lorentz tensors for the hadronic tensor
» Cross section in term of structure functions

I1l. Parton model results for "¢~ — VgX up to twist-4

» Collinear expansion for semi-inclusive ¢ ¢~ — hgX
» Structure functions up to twist-4
» Numerical estimation of Lambda polarization and spin alignment of K*

IV. Summary and outlook
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Semi-inclusive high energy reactions

SiDIS: -
(D)

* . : 1 gt 5 I
N = : /‘)'ﬁi % Q(}/,//’,«HQ{//D mél\‘*" PDFS fi,fT’glL’h hlL’h
—F JoCS &I
e+ N s ethi+ X FFs: D,,D;;,G,,,G;;, H;,...
Drell-Yan:
SENAL JP:RC G : PDFS fi,flj;,gl ,h hll,hl
== BN - 5][% - L L
ee
annihilation:

FFs: D,,D;.,G,,,G:., H,..

17° 7 1L% 17?

Inclusive hadron production in hadron-hadron collisions &, +k, > h+ X

pp —> hX 2
1 g B
ENAL @ TPARE I‘:El[ PDFs: fis firs & o5 e
r/ FFS D DIJ;,,GIL,GIJ},HJ-

F )\ s e B R 2 2019466 4, Kb



Quark polarizationin ¢'e¢” — gq

e e’ — Z — VX :the best place to study tensor polarization dependent FFs

eteT >y*IZ—>qq

Longitudinal polarization of g or g:

ZC Znt V A
2
eq+xc th V V

P =-
q

Correlation of transverse polarizations of g and g:

el + yeiel + yt ciel 0 100 200 300 400 500
Z(e +Zc th V \/E(GGV)

nn

Singly “polarized” process e e* — h(T)+h, +X [——> unpolarized & longitudinally polarized FFs

Doubly “polarized” process e e* — i (T)+h,(T)+ X T———> transversely polarized FFs

o AN R S ES Sy 27 Pl N 20194F6 H, Kb 31



Access polarization dependent FFs in singly polarized e e* — h,xX

e e’ — Z — VX :the best place to study tensor polarization dependent FFs

The general kinematic analysis V(p,,S)

¢ 7(p,)
2EEd'c o , 2
d31 ‘213 = SQ4 ZL,“,(II ’lz)Wﬂ (q7p1989p2) Z_O(z)
p,a p, —
———
<" X (px)

The hadronic tensor:

Suv s YN AUV
Wuv(q9p1 9S9p2) =W>* +HiW
_ S g1.5uv 7S 1.Suv ., s A 7, Auv . A 7 Aupv
=Y W2 b+ Y WS, B +i Y Wi b +iy W Rl
o, O',j o, O-aj

oc=U,V.,S, .S

polarization

STT

LL>™LT?

the basic Lorentz tensors (BLTs):  P-even: 75’}'” =h,
P-odd: 2/" =—h,

See: K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD95, 034003 (2016).

Ht/UmeEd s zmE K 20194E6 1, Kb 32



General kinematic analysis for e'¢” — VX

The basic Lorentz tensors (BLTs) for the hadronic tensor

unpolarized: q"q" v
u _ uv o JT Y JTRY {u v} - (p:,S)
5+4=9 hi =8 q’ » PPy PryPry> Piy Py ¢ (@) 7 (p,)
rsuy _ [ otnappy vy V) Z’(q)
hU,- - {8 (p1q9 p2q)} - ;:
Apv _ _[u V] +
hU - plqp2q e’ (L) X(py)

polarization dependent} v {the unpolarized set}

{polarlzanon dependentset} = [Lorentz (pseudo)scalar

unpolarized longitudinal polarization transverse polarization
. . s V (o) (psw )
7. Suv ' Suv Suv 7. Suv Suv 7. Suv
hUi hLi — A« hUi hTi —J (p . S) hUi , 8qu1p2 hUi .
h(;uv hzliuv hl;:.”" h;:uv 2 h{;ﬂv hlf/wv
il'A‘uv 7. Auv Apv "/fuv Apv ”A.uv
\ Ui } K hLi } \ hU ) \ hTI } i \ hU Y, \ hUl ) )
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General kinematic analysis for ¢ '¢- — VX

The basic Lorentz tensors (BLTs) for the hadronic tensor (continued)

(s ) (s )
hy, Iy
7 R I
v - LL v
Si.-dependent part: 5+4=9 i e
\ hIflLljv ) \ hlﬁﬂv )
R (sw ) (o ) |
hy, L7 e
’;I:g#tv ﬁliuv S, +qp, P h(iuv
S,-dependent part: 9+9=18 a7 (p,~S.7) g | E |
o LTi U Ui
\ fin \ L
(osw )| (s ) (o)
b L7 i
7 Suv 7 Suv Suv
Sr-dependent part: 9+9=18 T ) e | st | M| L
- v T v - Auv
e L )
7 Auv 7 Auv Apv
K hTTi ) | K hUi ) K hU ) )

See K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD95, 034003 (2016).
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General kinematic analysis for e'¢” — VX

The cross section in terms of “structure functions” (the Lorentz invariant form)

The unpolarized part:

2E Edo’ o -
d"’lp czl"’p =g ATt )
1 2

Ty =F A nE + n, 4y F +

1
Fp =, + y,Fy + y,F)
All others take the same form, e.g.:

2E,E,dc” o’
d’pd’p,

2E Edo™ o ~
Fody = XS Tt F)
1 2

F +yy,F;

€ Lapp,

Q4

i 0

21 - p 2l -p, .
121,y2= L2 5=

= X[ @ SHF A+ F )+ (b SUF 4 F )+ (T, + 5 )]

F, o F, FoF

U (o}
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General kinematic analysis for ¢’'¢- — VX

The Helicity-Gottfried-Jackson (Helicity-GJ) frame

e c.m. frame of e*e-

e p,in z-direction

o |epton-hadron plane = oxz plane
(e-V-plane)

independent variables
V: pl = iil, (:9_»09 Iplz) I ) . ) § = q2 — QZ
T = , cosQ, sing, p,.
P> 29 1 Por Qs 1 Dr @, P, E =2q-p, /0
e : I, =01, sin@, 0, cosO)/2 E,=2q-p, 10

e": I,=01, -sinf, 0, -cosB)/2

0@ or y=2L-p, /0?*
Z: qg=1+1=0(01, 0, 0, 0) y=2L-p/Q

Par EIl_izT l, @
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General kinematic analysis for ¢’'¢- — VX

The cross section in Helicity-GJ-frame: unpolarized and longitudinally polarized parts

The structure functions: Fa = Fu(5:6,:8,5Pyr)

2E E,do” o’ = =
d3pld3p2 -2 Z(ﬁf +'¢U) F}gzﬁ}ﬁ(‘s’gﬂgpp”)
F, =(+cos’@)F  +sin’OF, +cosOF,, 1 £ =sing[sin@F™ +sin20F"?]  sing
+cos@[sinOF*? +sin20F,"? cosp +sin2¢sin’ 0 ﬁUsinw sin2¢
+cos2@sin’ OF ™ 0t20 arity violatin
parity conserving parity g
c0s0,co0s20,sin0,sin 20 €0s20,sin0,sin 260
20194£6 /7, Kb 37
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General kinematic analysis for ¢’'¢- — VX

The cross section in Helicity-GJ-frame: unpolarized and longitudinally polarized parts

2E Edo" o ~
d31p c213p =g At 2)
1 2

Fjﬁ =Fjﬁ(s,§19§2,p27~)
F? = F}’g{(s,gpéppn)

Jxx

The structure functions:

F, =(+cos’@)F  +sin’OF, +cosOF,, 1 £ =sing[sin@F™ +sin20F"?]  sing
+cos@[sinOF*? +sin20F,"? cos@ +sin2¢sin’ 0 ﬁUsinw sin2¢
+cos2¢@sin’ O F; ™ A T cos2p 7 N

2EEdc" o . ' T T S eX

172 — A’ f + f XXX I XXX r XXX XXX

d3p1d3p2 §2 (F, 1) | ) _ FjL FjU , FJ.L s F].U

L RN ~ ~ ~
: : L 2 . 2
F, =sin@[sin@F™ +sin20F:"° .7-'L::— (I1+cos”@)F,, +sin” OF,, +cosOF,,
+sin2¢@sin’ OF ™ . it cos@[sin@F;*" +sin 20 F; ™"
’ +cos2@sin’ OF
2E Edo™ o’ - ' 2 . £
31 ; 3 =5 XS, (F,+F) : .. ; Fu %y fé(_)gi
d'pd'p, s o L EENR Firo Frr, FrroFr
_ 2 .2 - ~ ~

F,,=0+cos"O)F,,, +sin"OF,,, +cosOF,, £ =sin@[sin@F™ +sin20 7"

+cos@[sin@F % +sin20F,° . . 2 fosin?
i 1LL X 2LL +sin2¢@sin” OF;""?
+cos2@sin” OF, >

Ht/UmeEd s zmE K
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General kinematic analysis for ¢’'¢- — VX

2E Edo” o) - i
=S KIS (R4 F)

F, =sinQ [sinOF "% +sin20F;"% |
+sin(@ + ®)sin’ 0 F;in(rpsw)
+sin(@ — @)[(1+cos’ O)F,;" "™ +sin’ OF," "™ + cos OF," "]
i i in(pg—2¢) . in(0.—20)
+sin(@; —2@)[sinOF;" """ +sin20F, """

+sin(@, — 3(D)sin2 eFTsin((ps—3¢)

. = cos@[sinOF % +sin20 7%
+cos(@, + ®)sin’ gﬁvTcos(fpSW)
+cos(p, —@)[(1+ cos> Q)F”vIC;S((ps—fp) + sin? eﬁ;c;s«ps—(p) + cos Hﬁ;c;s((ps_"’)]
+cos(@, — 2¢)[sin eﬁ?s(svs—w) + Sinzei;vzc;sws—w)]

-39)

+cos(@, —3@)sin’ OF s

tang = S /S

sinQ
sin((ps + Q)
sin((ps — Q)

sin((ps —20)
sin((ps -30)

COSQ
cos(Q; + @)
cos(Q; — @)
COS((DS -209)
cos(¢, —39)

Ht/UmeEd s zmE K 20194E6 1, Kb
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General kinematic analysis for ¢’'¢- — VX

The cross section in Helicity-GJ-frame: transverse polarization dependent parts

2E Edo” o - .
— =S_ZZ|ST|(-7T+-7T)

3 13
d'pdp,
F, =sing [sin@F"* +sin20F,; "] F, =cos@ [sinOF;% +sin26F,;"" |
+sin(@ + @)sin’ F," ™" +cos(@ + @)sin’ 01:“;"5("’3”’)
+sin(@, — @)[(1+cos’ O) "% +sin’ OF,, ™ +cosOF,, "] +c0s(, — @)[(1+cos* ) F?™® 1 sin” OF % + cos OF ;%]
+sin(Q, —20)[sinOF " *7*? 4 5in 20 F,®s729) +os(Q, — 2)[sinOF 79 L 5in 29 o))
+sin(@ —3¢)sin’ OF,"*~? 2 T +cos(@, —3@)sin’ OF 0
2EEdoc"" o’ - ~
31 23 =_ZX|SLT|(‘¢;T+‘¢;T)
d’pdp, s
=cos@, [sin@F %" +sin20F, %" = . o 2sin . = sin
Fir 91, ISIN6F,; ' r ] .. F,y=sin@, [sinOF %" +sin20F, "]
. 2 (@140 .- -
+cos(@,, +@)sin® OF ;7% £ . +sin(@,, +@)sin’ OF, ;@
LT LT
+ cos — @)[(1+cos? Q) F @7 ™® 4 sin” OF %7 4 cos QF P ™® . ~ Gin(g,,— . 2 Fsin(g,, ~ Gin(p,, -
(q)LT q’)[( 0) 1LT in" 0 2LT 3LT | + sm((p” _ (p)[(l +cos? G)FILT(%T ?) + sin? erL;‘p” ?) +cos erL;‘P” 4’)]
+ cos —20)[sinOF @7 4 5in 20 F, %2 . o Fsin(p,, . ~sin(@,,—
(@, =29)IsinBF, ar ] +sin(@,, — 20)[sin@F @9 4 sin 29 Fne9)]
+ cos —30)sin> QF *® 9 . . 2 Fsin(e,, -
(@, —39) LT A A +sin(@,, —3¢)sin’ GFLT("’” )
2E,Edc"" o’ - ~
31 23 =_2Z|STT|(’¢;T+'¢;T) :
dpdp, s : \/
\:/ ~ Fasin
F., =cos2@,_ sin’ OF % Fpp =sin2@,, sin® 0F; 0
+c05(20,, ~ Q)ISINOFC*T + sin20 FLyor )] +5in(2,, — P)ISINOF*T) 4 in20 7o)
cos(2Q;— . cos(2@,,— cos(2¢ . — . rsin T . rsin rr— rosin(2 r7—29)
+¢08(29,, —20)[(1+cos’ O)F, 0?7 tsin’ OF,,, *7 % + cosOF, ;"] +sin(2¢,, —29)[(1+cos’ O)F, *7*® +sin’ OF,, *"** + cosOF,;, *7*7]
+¢08(20,, —3@)[sinOF 2?7 +5in 20 F, 77~ +sin(2Q,, — 39)[sinOF %79 4 5in 20 F;n 09
+cos(2p,, —4@)sin’ OF,; 77 +sin(20,, — 4@)sin® G F"Cent9
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General kinematic analysis for ¢’'¢- — VX

Hadron polarizations averaged over the azimuthal angle ¢

Longitudinal components

(A) = 3%[(1 +cos’@)F  +sin’ OF,, + cos Gﬁ;L]

Ut

1LL 2LL 3LL]

(S, )= L[(1 +cos’0)F , +sin’OF,, +cosOF.
LL 2F

Ut

Transversal components

w.r.t. the hadron-hadron plane

2 sin(@ ¢ — . sin(@¢— sin(@¢—
(87) =3 1A +cos’OF; (@570 1 sin’ OF,;" " + cos OF,, 77|
Ut

2 2 rcos(@s—p) s 2 ) grcos(Ps—0) L cos(@9—9)
(S;>=F[(l+cos O)F %™ +sin” OF, ™" + cosOF,," %]
Ut

n 2 2 rsin(Q, . —¢) s 2 ) posin(Q, . —0) sin(@, . —)
<SLT>=3T[(1+COS O)F "% +sin’ OF, "™ + cosOF, """ ™"]

Ut

2 P 4 e _ _
(8,7 =5 [ +cos’ 0)F, ;77" +sin’ OF,; """ +cos OF,, ;" "]

Ut

2
nn\ __ 2 cos(2Q,,—2¢) o 2 cos(2¢,,—20) cos(29,,—2¢)
(S77) = T[(l +cos” O)F Y +sin” OF,) " +cosOF,) Y]

Ut

2 o~ o o~
nt\ __ 2 sin(2@,,—2¢) o 2 sin(2@,,—29) sin(2@,,—2¢)
(87 == +cos" O)YF """ +sin" OF, """ """ + cos OF, . """ "]

Ut

w.r.t. the lepton-hadron plane

x 2 . [7COSQg . [1CosSQg
(8$3)= ﬁ[smeFlr s +5in20F,"% |
t

2 . singg . singg
(8))= 3T[s1n9FlT s +5in20F,"%]

Ut

1LT 2LT

X 2 . cos LT . cos LT
<SLT>=F[SIn0F P +sin20F, %)

Ut

2 . rsing, . . rasing,
(SLyT>=3F [sin@F %" +sin20F, "]

Ut

XX 2 . cos
(S77) =3 sin” OF 0"

Ut

1TT

X] 2 . rsin2¢,,
(S5 = 3Tsm2 eF>"*

Ut
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Collinear expansion, PDFs and FFs defined via quark-quark correlator
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> The basic Lorentz tensors for the hadronic tensor
> Cross section in terms of structure functions
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Semi-Inclusive e*e-annihilation with “multiple gluon scattering

4
et
"'o

Q.
NG NS

W (g, p,S,k") = - -

R ﬁ

W' @p,S,k") = W7 (g,p,S, k") + W, (q,p,S,k") + W0 p,S,k) + ..
d“k

Wi @S,k = [ Tr [ B3 ok, (e p5)

. % d'k, A
W( ’I’L)(q,p’ k') = ‘[(271') (2717) [H:le’mp(lﬁ9k29k"Q)Hg’L)(k19kz917,5)]

the quark-quark correlator: I1”)(k; p,S) = 2 j d*ze ™ (0 1y (z) |hXXhX 1y (0)10)

the quark-gluon-quark correlator:
[0 (k, ky3 p,S) = Y, g d*Ed*ne ™4™ (0 | A, (m)y (0)| X XRX 1¥7(0)10)
X

the hard parts: A (k,k',q)=T"%(g- BT (2n) 8" (g -k -k") T =y,(ct—clys)

ry(sil, ' k —q 1
Hyy ™ ko K =T (@ -y o= 5 D0 8 g~k — k)
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Semi-Inclusive e*e-annihilation: e™ + e~ — h+g(jet)+ X

Collinear expansion: See e.g., S.Y. Wei, Y.K. Song and ZTL, PRD89, 014024 (2014).
@ Expanding the hard part: AY(2)= AY (K = LA
ﬁ(O)(k )= IA{(O)( )+ aH‘l(L(:/)(Z)w Pr 4 aflfﬁ,)(z) _ BIAIL‘:,)(k,q)‘
u (Ksq w (Z —ak” p Kyt e —
ok® oh” |,
A R o H VP , | s
HV (ky ok, q) = H VP (2),2,) + “Vak(fl zl)w;’ Fpgr t eenens z=p/k*
1

& Decompositing the gluon field: 4,(»)= n-A(y)'f—’}ﬁw,,”'A,,v(y)

@ Using the Ward identities such as,

zl z2
z,— %, —IE

z1z2
3, — 2, Ti€

1?“”(z2)

uv

p H(I,L)p(zlﬂzz) ==

p K

H)(z) pH,”"(z,2,)=-

P MV
to replace the derivatives etc.

@ Adding all terms with the same hard part together ——>
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Semi-Inclusive e*e-annihilatiore”™ + e —» h+ g (jer) + X "

oG uN\“("

\S‘/ry i

Simplified expressions for hadronic tensors

W (q,p,S,k') =W (q,p,S,k") + Wi (q,p,8,k' )+ W (q,p,S,k") +...

- - A" =T uT?/ p*
W;ig’ )(q,p,S,kL) = ETI' [5(0)(ZB 9kl sD5S) hg:/):l

5O,k ,p,S) =Y ;ﬂjp ds” d2E 7 TS RX 1 (E).L(E,0) 10X01 .2 (0,00 (0) | BX)

X

y (LLosi : (l)P_ 4 7nsP T4
W (g0, = = Tr[£0 @ k2,8 0, ] hi)? =T y” L

q-p

B0 @k, ,p.8) = | %dZQe"”*g"“M (hX 1F(§)£(8,2)10X01.£(,0)D, (0)y (0) | hX)
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Parton model results for e™ +e™ > Z >V +g(jet)+ X

Structure functions up to twist-4: _M
KM Q kJ_M
unpolarized S, -dependent:
W._=c‘c!(D,—4x’ ReD . |/
3 Ul c] cl( 1 K-MZ € —3dd z) zWLLl — cleCII(DlLL _ 4’(]2‘4 ReD_3ddLL /z)
W._.=2cc!(D. —4k* ReD . |
¢ o3 C3CS( ! KM ‘ S Z) zWLL3 = ZC;C;I(DILL _4K12w ReD—deLL /z)
Sr-dependent:
WO =k clcl(D;, -4k, Re DY, [ 7) otallv 18 st
zW;;“(q’_‘Ps) — ZkJ_MC;zC;I(DlJ} _ 4K12” Re Dj},ddT /z) ola y 36 r;?rt]\;vzseitr%S al tWIST-
W) =k | cfc!(GL —4x2 Re DY/ 7) .
Wcos((p—gos) —2k e q GJ_ _4 2 R DJ_3 / 27 at tWISt'4
< T3 J_Mc3cl( 1T KM e -3ddT Z)

(1) twist-2 & 4 <——> even number of @ & @5
twist-3 <——> odd number of @ & Qg

(2) Wherever there is twist-2 contribution, there is a twist-4 addendum to it.
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Hadron polarizations (averaged over ¢):

Longitudinal components - T

2 2, PTG,
3 X T/()D,
spin transfer, parity violated

(A = [1+(a, -a,)x,]

induced polarization, parity conserved

Transverse components w.r.t. hadron-hadron plane

q 1
2 D, P(WT(»G;, (S")—Zk ZqTo(y)DIT o
N _~= q 4 el ==k, p l+(x, —a,)x,, |
S TS T, G 3L,
2 D PTG, 2 X TI»)D;,
S" Y=——k 1 1 -o" 2 ry__~Z q R’ 2
( LT> 3 Lm quoq(y)Dl l+(a, —o;,)K,] <SLT> 3kJ_M quoq(.V)Dl l+(x, -, )x;|
2., 2, PO WG, 2, 2D,
e =_k2 q 4 1 oyt 2 nny _ _“ g2 q g2
RS T R U i L i T
“‘worm-gear” effects, parity violated induced polarization, parity conserved
strong energy dependence very different weak energy dependence
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Numerical estimations for inclusive processes "Z

7, S
7, <
0
NG UN\“@

We have some data from LEPon e'¢” —» Z — hX

06 [TTTTTTTTT [TT T T T T T T T[T T T TITTT] n
05; ee_)Z_)AX 1 087 I\I‘I\I\I\H\‘\I\I\I\I\]!\I\I\I\I\l\l\HH\I
- [e ALEPH ] C e S Z KUK, Py =31-25,) [ E
0.4~ |= OPAL 065  OPAL ‘ E
= o3 - ) r ——F— :
Q|‘ 0.2 ; <3 ; ++ ]
s . S04 :
SR —: e
OL%}%g - 02 =
: lllllllll ‘ lllllllll ‘ IIIIIIIII : :I\I I\I‘I HH‘\I\ I\|\I \I\l\I\H
015 02 04 0.6 0 0.2 0.4 06 08 1
z Z
spin transfer, parity violated, induced polarization, parity conserved
strong energy dependence weak energy dependence

:> A phenomenological analysis at leading twist with pQCD evolutions of FFs.

See K.B. Chen, W.H. Yang, Y.J. Zhou, & ZTL, Phys. Rev. D95, 034009 (2017).
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Summary and Outlook “

A systematic study of e"e” — VX, the best place to study spin dependent FFs

% A general and complete kinematic analysis forete™ — Vi X

> There are in total 81 structure functions or basic Lorentz tensors:

L __| polarization dependent} :
[polanzanon dependent set} _[Lorentz (pseudo)scalar X {the unpolarized set}

% Complete parton model results up to twist-4 at LO pQCD for ete™ = VgX

> 18 non-vanishing structure functions at twist-2, 36 at twist-3, 27 at twist-4:
(1) twist 2 & 4 <——> even number of ¢ & @s; twist-3¢—=> odd number of @ & @5
(2) wherever there is a twist-2 contribution, there is a twist-4 addendum to it.

» Hadron polarizations:

(1) P,-dependent, parity violating, strong energy dependence, e.g. P 4;
(2) Py-independent, parity conserving, weak energy dependence, e.g. 040

Thank you for your attention!
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