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B Fom R SERRE: prelude --- before we really start

Parton distribution functions (PDFs)
110 = [Ze ™ (p17(0).£0,2) Lp(0,27,0,)1p)
T 2

L(0,7) = L' (~0,0).L (—,72),
gauge link

z
ig [ dy™A* (0,57 )

L(—,7)=Pe ~

. | — A+ - 1 . © —y_ — A+ - A + - A
=1+ig [ dy"A*(0,y ,Ol)+5(lg)2"-dy [y A70,y,0,)47(0,5",0,) + ...

Why? Where does it come from?

How does it look like in the three dimensional case ?
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Inclusive deep inelastic scattering (DIS) e” + N —>e™ + X

The differential cross section ‘

e

{ e (I')

aem Vv ' ! dSI'
do = SQ4 ;Ij (la/ll’l 9/11 )Wuv(Q9pas) 2 E!
leptonic tensor hadronic tensor o
0 q-p
- = 2 X, = ’ y =
-0 " 2qp l-p

The hadronic tensor: | W, (4,p,8) =D (p.S1J,(0) I XXX 1], (0)] p,S)27)*8*(p+q— py)

2 cutlline
I
Wuv (qapas) = > % = @
I
| % I’ HXH
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Inclusive deep inelastic scattering (DIS) e” + N —>e™ + X

The derivation of the differential cross section ‘

_Llwf v —(f1$]D=(e-X|S|eN -
A i[d*x, (x) N(p) — X

2
$=Te _ 1+ijd4x7,(x)+’5T [d'xd* y2, ()%, (1) oo

#(x)=el (x)4"(x)  J,(x)=yx)y )

W = §<e}X IT[d'xd"y%,(x)%,(y) | N) = ﬁ<e}X T [ d*xd* ], (x)4" (x), (1) 4" () | ¢, N)

d4
20 X || d*xd*ye " J"(x)J N
1 Y 2n )4 2<e |J Xxa ye (x) (y)‘e > <0|TA'U(X)AV(y)|O> J( ?4 ng((/I) ig(x—y)
a2 d4 4 g4 ig(x—y) u v
= "y e | M () [ € XX |, ()| ) e
_ 2 d4 4y dt pe i H=0x gm P apy)y I !
=) Gy qud xd* ye (e; |J(0)| & XX |J,(0)| N) OO D ()

= ?<e; | 74(0) | XX |J,(0)| N)(21)*8*(I+ p—~1'- p,)
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Inclusive deep inelastic scattering (DIS) e +N e +X

Kinematics (Lorentz invariance, symmetries, conservation laws....): ‘

Gauge invariance: ¢*W,(¢,p,S)=0 iz—_z_ﬁj_]%_"ﬁ*ﬁ

Parity invariance: W, (d,5,~5)=W" (q,p,S) _
Find the complete set of

Hermiticity: W, (q,p,S)=W,(q,p,S) the “basic Lorentz tensor”
and general form of the
> W, (¢,p,9) =W, (q,p)+iW,; (q,p,S) hadronic tensor
S q qV
wS)(q,p) =2 (g,w £ )Fl( 0F)+—3 (q + 2xp),(q + 2xp), F2 (x, Q%)
2Mep69° S-q
(4) uvp o 2 o_-" 1 o 2
W, (a.pS) = : {S 91(x,Q )+(S m—yy )gz(x,Q )}
. ) 4 independent
do™ _dma’s QZ)} structure functions
dxdy  0Q* ’
JA 4 5 v 2 Mz Fl(xaQ2)9F2(x9Q2);
O' ﬂa S
ixdy . O { Y2y =) (001 + 87, (1,0 >} 2,(6,0%),,(x,0%)
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rned from DIS
d e.g. in this book.

Our knowledge of one-dimensional imaging of the
experiments started with the “intuitive parton mode
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“Original / Intuitive” Parton Model

The model: ‘ Feynman (1969);
! SRR Bjorken & Paschos (1969)

Virtual processes such as —< .
Because of time dilatation, in the infinite momentum frame, they exist forever.

:> A fast moving proton — A beam of free partons -
e _—
) Eme— N . E
'( _‘E éX
\Q
——> |M(eN > eX)P= Y, [ dxf,(x)| Ft(eqg — eq) P c £

\__ catiering s AN RN

scattering amplitude squared

f,(x): parton number density, known as Parton Distribution Function (PDF)
X = k : momentum fraction carried by the parton

p
— F®=Xef,® g(x)= Y EAf,(x) &X)+g(x)=) €5 f,(x)
F,(x)=2xF,(x) '
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“Original / Intuitive” Parton Model

It is just the impulse approximation!

, BaE o ULET
W (a.p.9)= | _ %l =f(x)® ITéq\I

Impulse Approximation (7 &//k{H T 1LL): < —
(1) during the interaction of lepton with parton, N E .
interaction between partons is neglected; V===
(2) lepton interacts only with one single parton; L
(3) interaction with different partons adds incoherently. q q

Approximation: What is neglected? Controllable?
Parton distribution function (PDF): A proper (quantum field theoretical) definition?

———> A quantum field theoretical formulation ?
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Quantum field theoretical formulation of parton model

Parton model without QCD: ,
, (4)(k,) : (\I(:,()q)
q K) 1 q(
W. (g, p,S)— % |2 —_ I—é‘é |2 — q(k)é : Xq(k) ™~
N(p

W, (q,p,8) =Y (p,SIJ, (01 XXX1J,(0) p,S)2m)*5*(p+q— py)

— 2 [d'2(p, 51,01 XXX 1],(2)1 p,S)e ™

e d*k'

= 5ay DY [d*ze (p,S 1 (0)1 X )y ukVak' Yy, e “(X 1y ()| p,S)
s 1 XY=l X'V k",
- d’k N A
= ] 2n) Tr[H,uv(k9q)¢(k9pas):| 1 () =F @)y, w),
w(O) I XYY =u(kNe ™ 1 X"

the calculable hard part H,, (k,9)=7,k+q)y,2n)8, ((k+g°’) ———
the quark-quark correlator ¢, p,S)= j d*ze™(p,S 1O (2)| p,S) ———

no local (color) gauge invariance!
5 H k2022 20224F8f1, 4 I 12




Quantum field theoretical formulation of parton model

W TE: —IMREEINERT — —HRKETT J—_
iy _ &’k &k dH S Y@ 1 Y@
| X) = XK, ZX" _;I(anzE; J(27r)32E,'c J(z ) 0.(k") %ﬁ\q(lf): q(k)
q(k) | q(k)
W,,(a.p)=2Ap|J, (0| XXX |J,(0)| p)2r)'8* (p+q-p,) A )
¢ @)
l

—ZI (2n d)kz'E (PIFO)F,w(O0)| X AKX K 7Oy, w(0)| p)2m)'§* (p+q-p,.— k)

_ J ZJ (27[) 2E I(P+q—PXv—k').z <p |l/7(0)7# | X')k'(X' | Vvl//(o) | p>

4

d*k -
fd‘l G )4 lkl<p|l/)(()))/u(ﬂ +k))’v1/)(z)|p>(2n-)6+ ((k+q)2)

‘[(2 4 Tr[ﬁuv(k’q)é(k,P,S)]

H, (k) =7,k&+qy,2r)s,(k+q))

J, () =y (x)y,p(x),
w(x) | XLk =u(k)e™™ | X)
u(k"ir (k"= k'

Pup(k,p.S) = jd4zeikz(p,S|17)ﬂ(0)1/)a(z)|p,S>
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H,, (k) =H, (x)=H,, (k=xp,q)=7,1y,6(x—x,)

ﬁ=(1,090J_)
W, (@) = [-LEte i1, )i )| = [ e B, 0000k = [ axTe[ 1, (003,
uv \19 (2 ) v V9 b (271_)4 uv ’ uv 9
. - d'k L 1 .
O(x;p) = 70(x—k"/p") ¢tk,p)==p if,(x)+...
* (2m) 2

1
> Wuv(q,p)z[(—g,w q; )+

> (g +2xp),(q+2xp), ]fl (x)

operator expression of the number density : 1, (x)= jdir;e"xﬁ (p] W(O)%y/(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'(q) Y'(@) Y'(2) Y@ gi‘iq) v*(cg;
a(k) _q(k)
— k k k . k Vi
W,uv (q, P, S) =  q(k) q(k) + q(k,) g q(k,) + 5
N@ N(p NP Np. |

(a) %)

JRUAN

Wﬂv(qapas) = W;B)(qapas) + W,i‘l,)(qapas) + W,ij)(qapas) + ..

4
e RGO

d‘k, d'k,
Q2n)* 2n)’

Wi (@:p,8)= |

2 A =(1 =(1,L =(1,R
WY (g.p,8) = Tr[ AL (K, k)0, (koK ,S) | ) = AP BP

the quark-quark correlator:  ¢@(k;p,s) = j d*z e**(p, S|P (0)Y(2)|p, S)

the quark-gluon-quark correlator: (ki k2;p,$) = f d*y d*ze" > 120" (p, S| (0)4, W)Y (2)|p. 5)

no (local) gauge invariance!
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Inclusive DIS with QCD interaction "

Consider QCD interaction: first order
#(N=%""M+#")
%2 ()= el (y)y (WAL ()

#P M= Y YDA, +......

1) > T [d*y %2 ()W (x)y, (x),

d’k'
(27)'2E,

Wi ap)=T[d'y 3 (PIFO)Y WO X XX KT FEP T Oy W (0] p)2r)'8* (p+g—py—K)

3710

d’k
=8 J y Z (Qny2F, (P O)y wO) X' k'YX k' TTY )y WA, OMFO)Y,wO) p)2r)' §* (p+q—py—k')

371

d’k 4
—gf y 2(2 FoE (P IOy w O X kXX K'Y WA, O)y W (0) p)2r) d* (p+q-py— k"
L

e T I g O)y 'Y S, (A, (7 + W (2) )

dk' d'k
=ol|d'y d*z
d Qn) 2n)
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Inclusive DIS with QCD interaction "

Consider QCD interaction: first order

Ak, d'k, - A
> WiPq.p.S)=| o e T i p YL (k)]

(k, +q)y” (k, +q)
ok +q) +ie

AR (k)= 7,2m)3, ((k, +9)°)

0"k, ky: p,S) = [d*zd"y & (p.S [ (0)gA, ()W (2) | p.S)

d*k, d*k,

o ( . 'y (1.L)
2t 2n) Tr[¢,,” (k,,ky; p,S)H;vL Pk, ky,q)]

Similarly: W\ (q.p.8)= |

(k, +q)y” (k, +q)
ok, +q) —ie

AP (k)= v,2m)8, ((k,+q)°)
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Inclusive DIS: LO pQCD, leading twist

Collinear approximation:

& Approximating the hard part as equal to that at « =xp:

I:I(O)(k q) =~ I—AI(O)(x) ﬁﬂ’v)(x)f flffv)(k = Xp,q)
pv \s uv

fl/(.tlv)(xl sX,) = ﬁ,(Ll‘,)(kl =x,p,k, =x,p,q)
H}\)? (k. .ky,q) = H,\) (x;,x,)

x=k"/p*
& Keep only the longitudinal component of the gluon field: k* = %(k0 +k,)
2
p LD -

Ap(y)zn-A(y)ﬁ=A (y)p—’i n=(0,1,0,)

& Using the Ward identities such as, n=(1,0,0,)
L H(x,)
p"H‘(‘V’ P ;) = x —ux — i€

to replace hard parts for diagrams with multiple gluon scatterings by £ o ()-

Vv

& Adding all terms together ———>

2 H K2022 202248, Z L 18



Inclusive DIS: LO pQCD, leading twist

~ d'k 0
— Wu(@:p:8) = W' (@:p,8) = [ te[ 0 s p S| | 0 & leading twist

Ok p,S) = [ d*2e™(p,S1¥(0)£(0,20y (2) 1 p,S)

\
The gauge invariant un-integrated @k correlator: contain QCD interaction!
auge link
£(0,2) = L' (—0,0)L (0 ,2), I

J dy—A+(0’y_ ’6J_)

L (—o0,z) = Pe -
_1+zgjdy A*(0,y7,0 )+ = (lg) jdy jdy "AT(0,y7,0 JAT(0,5",0, )+ v,

Gauge link comes from the multiple gluon scattering.

Graphically: collinear approximation

Y (@) Y (@), Y (@) Y@, g%"iq) v‘(%.r \L !
a(k) gk’ _ - . 3
(k) gk F atpf  Re  Yaky) ekl FuZk, fery F o0 = ! ® 5

NG Np. N Np. NG N(p) )

(a) (b) (c)
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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 & =xp : H"(x)= HY (k = xp,q)
uv - v - ’

. . HO® | A .
H,)(k,q)= H})(x)+ %wx S oM, (x) _ 3H, (k,q)
9 ry(1) ok? ok’ K
A ~ H vp(x19x2) o =xp
HLI\/)p(kl 9k2 ’q) = HLIJP(xl ,x2)+ "Laklo A, klo" +eeeeee y=k* /p+
& Decomposition gf the gluon field: o, =g, —nn’
Ap(y):n.A(y)n.pp+a)p/’ A,(y) o7k, = (k—xp),
& Using the Ward identities such as, Kt = 1 (k. £k.)
\/E 0 3
OH O (x . ~ L H))(x,) P
a;:;f : - _H:tlgp (x, x), pPHSVL)p (xl’xZ) - X, _ﬂxl —1i8 n= (OaI’OJ_)
n=(1,0,0,)

to replace the derivatives etc.

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

W, (4, p,8)=W(q,p,S)+ WP (q, p,S)+ WP (g, p,S)+...

twist-2, 3 and 4 contributions

~ dk A A
(0) — (0) (0)
W.'(g,p,8) = | (Zn)4Tr[<D (k, p, $)H ) (x) |

SO (k;p,S) = [ d*z e (p, S|P(0)L(0,2)(z)|p,S) gauge invariant quark-quark correlator

e d' twist-3, 4 and 5 contributions
R Te[ &)k, Ky p, L (x,3,)0," |
DV (ky, ky;p,S) = j d*y d*ze*17+ik2=2(p, S| (0)L(0,y)D,()L(y, 2)P(2)|p, S)

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

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

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

Graphically collinear expansion

-
Y'(a) Y@ Y (@) Y@ e /! \l/ ¢ ! —
q(k) _qk’) i ] e

= = = 1
o o o 1

A 4ol E e+ el B+ 2 < e L+ )T ‘@
: 332 . |

N N(p N(p, N(p. e

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

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take the simple forms such as:
HO(x)= I;L"v)é'(x —Xy), ﬁ;”v) =y MY,

A , n A , A .
HLIV’L)p(xez)wpp =mhgv)p0)pp5(xl —xB), hl(llv)p =’}’ﬂ}1’}’pﬂ}’v

W2 (g,p,8) = [ dxTe[ & p, 9) 10 |5 (x - x,) twist-2, 3 and 4 contributions

d'k

H(0) (1 =
" ip.8)= [

5 X089 U3 p,8) =[ ZE e (p,S15(0) 20, W (@)1 p,S)
p 2

one-dimensional gauge invariant quark-quark correlator

T
2q-p
n d'k, d'k

1) : ,S = 1 2
by'xip.$)= | 2n) 2r)

the involved one-dimensional gauge invariant quark-gluon-quark correlator

W(g,p,S) = Re j der[@g>(x; p,S) hggpwpp']a(x ~x,) twist-3, 4 and 5 contributions

8(x - %)é;})(kl,kz;p,S) =| %em’”' (P,S1Y(0)D,(0)£(0,z7 )y (z7) 1 p,S)

> Only ONE-dimensional imaging of the nucleon is involved in inclusive DIS.
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PDFs defined via quark-quark correlator

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

n 1 . .
d)“”(x;p,S)=5[¢(°)(x;p,S) +iy B (3p,5) + 7 @Y (x3p,5) + 75y “BY (x3p, S) + iy “ 0% By (x3p,9) |

(scalar) (pseudo-scalar) (vector) (axial vector) (tensor)
o M2 p+ _ 2
® Make Lorentz decompositions p=pity T S=AL RS, —A
Y (x;p,S) = Me(x) 3+6+3
5O (xS AM blue: twist-2

(rip,5) = AMe, (x) 2 black: twist-3, M/Q suppressed

@, (x;p,S) = p*7, f,(x)+ Me_,SE f, (x) + %na fi(x) brown: twist-4, (M/Q)? suppressed
p

2

~ M _ 3
D, (x3p,S) = Ap'n, g, (x) + MS,, g, (X)+ A—-n,g,, (%) A By = A, B — AgB,
p

— —=p_,0
2 slaﬁ - epo.aﬁn n

b _ M
(D;OO)‘ (x3p,S) = p R, S g1l (X) — MEL by (x) + AMn, oMl (x) + ?n[ oSraiftar (X)

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

1 dr .- ~ ;
@) =—n" @Y (x;p,5) = [~ (p,S1F(0).£(0,2) Ly ()1 p.S)
4 27 2
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Inclusive hadron production in e*e-annihilation e +e* >k +X

The differential cross section

leptonic tensor hadronic tensor r.1Z24)_ X
o’ < d*p e (1)
do = x@L (ll,/ll,lz,/’l,z)Wuv(q,p,S) Y
2 2 qu
-q° = Q ZB = Q2

The hadronic tensor: |

W, (q,p,8) =D (p,S; X 1J,(0)10X01J,(0)1 p,S; X)(2m)*6*(g— p— py)

W (4,p,8) =] ----

2 H K2022 202248, Z L 24



Quantum field theoretical formulation e +e* > h+X

Parton model without QCD:

Wﬂv(q PaS)_ ““é I2 - I é I2 =

W, (g,p,5) =Y (p,S;X 1J,(0)10X01],(0)] p,S;X)(27)*6*(¢— p— py)

J, () =g ()T p(x),
1 X)=I X" k",

T XYY =7(kNe ™ 1 X)

=3 [d*2(p, S X 11, O)| XX011,(2)| p,S;X)e™

jdk'

it (k'z)zjd“ze “(p,S; X' 1§ (0)10)T (k"W (kT {01y (2)| p,S; X "ye ™"

d'k
=] @)

n A r = Yu
y Tr[Huv(k,q)H(k,p,S)] Ol vae —ers)

the calculable hard part  H,,(k,q)=T,(g-bT,2m)5, ((g-k)’)
the quark-quark correlator Il(k;p,S) = Z j d*ze ™ {01y (2)| p,S; XX p,S; X 1y (0)10) ——

no local (color) gauge invariance!
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Inclusive e*e~-annihilation with “multiple gluon scattering”

W'uv(qapas) = W;B)(qapas) + W,i‘l,,L)(qapas) + W;‘I,’R)(q,p,S) + ..
d‘k
Q2n)*
4’k d'k,
Q2r)* 2m)’

WS (q,p,8) = | ——Tr[ Hy) (k)11 (k, p,5) |

W (q,p.8) = |

Tr[ AV Uy ok )T Uy Ky, S) |

the quark-quark correlator: 1" (k;p,5)=Y, J d*ze” (0 ly (z) | KX XhX 1y (0)10)

the quark-gluon-quark correlator:
fIS’“(kl Jy3p,S)=Y g f d*éd*ne ™ e (014 My (0)| X XhX 17(0)10)
X

no (local) gauge invariance!
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Inclusive e*e: LO pQCD, leading & higher twists

Collinear expansion: S.Y. Wei, Y.K. Song and ZTL, PRD89, 014024 (2014).

& Expanding the hard part at k =p/z: HY(z)= A% (k=p/z,9)

240) 7y (0) aﬁfﬁ,)(z) | oH© oH® (k
Huv(k’q)=H,uv(z)+aTwppkp'+ ...... /.LV(Z)E uv( ’q)‘
T
A A oH,,"(z,,z,) . P
HY? (ky,kyq) = H VP (20,2,) +—F akfl =0, K+ e 2=p' k'
& Decomposition of the gluon field:
p 4
A,(y)=n-A(y)—"—+0," 4,()
n-p
& Using the Ward identities such as,
(L) ___ 45 y(0) 7 (1LR) ___ A% 7(0)
ppHuv p(Zl,Zz) - 22 - Zl — i€ H#v (Zl) ppHuv p(21,22) N Zz - Zl + i€ Huv (Zz)

to replace the derivatives etc.

& Adding all terms with the same hard part together ——>
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Inclusive e*e: LO pQCD, leading & higher twists

W, (q.p.8) =W, (q,p.9)+ W, (q,p,9)+ W, (q,p,S)+ ..

twist-2, 3 and 4 contributions

W0q,p,S) = [-LK 1 [2 ke, L)

2m)’

5V (ks p,S) =Y, [d*Ee™ (hX 1(0)£(0,0)10X01 £'(£,00)y (€)1 hX)
) gauge invariant quark-quark correlator

twist-3, 4 and 5 contributions
d‘k, d'k

1,L) 2 =(1,L) pgy1.L)p'
Wuv (q,p,S) = I(Z ) (271') Tr [ (kkzap;s)wp' Hpv (zvzz)]

B0 (ks p,S) = Y, [d*Ed'me Fe 1401 £ (n,0)D,, ()£ (0,m)y (0) L X XhX 1F(E)£ (£.,02)10)

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

:> A consistent framework for e*e~ — hX including leading & higher twists
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Inclusive e*e: LO pQCD, leading & higher twists

Simplified expressions for hadronic tensors

The “collinearly expanded hard parts” take the simple forms such as:
A (2)=22h"8(z - z,), h) =T nT,/p’

AP (z,2,)0 ) = —mz;hgyw;'a(zl _z,), h®" =T, wy?aT,

WY (g,p,8) = % I dzTr[é“’) @ p.5) m] 5(z—z,) twist-2, 3 and 4 contributions

d'k
(2m)’

E0@p.S)= [ —58(- Z_:)ém)(k;p,S) =X | %ﬁﬁm(“ |.£(0,0)y (0) | RXXhX 1 (£7)£(57,22) 10)

one-dimensional gauge invariant quark-quark correlator

Wt (g, p,S) = - y ; - Re J dzTr[ég;(z; ,5) hﬁg"a)p"'] 5(z—2z,) twist-3, 4 and 5 contributions
d*k, d'k,
(2+7r)“_(27t)4
= | %e"”"%o | £(0,20)[D, (0)y (O EXXRX 1 (E7)£(E™ 00y (§7)10)

the involved one-dimensional gauge invariant quark-gluon-quark correlator

E0(:p,8)= 8z )&, (k3 p,S)
1

:>Only one-dimensional fragmentation functions are involved in inclusive e* e annihilations
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Description of polarization of particles with different spins

|
N o
4 Z
IS
'74/0‘0 m' )
N

Q.
TS

Pir Po
P+ P

Spin 1/2 hadrons: ‘ The spin density matrix is 2x2: » =[ ]= %(1+§-6)

Vector polarization:s“ = (0,5, ,1)

Spin 1 hadrons: ‘

: . o P P1o P11 1 3. . o
The spin density matrix is 3x3: p=| py  Puw Po =§(1+ES-Z+3T”Z”)
Pin P P-ia
Vector polarization: s* = (0,5, ,1) A 3} independent
Tensor polarization: 5,,. Sf; = (0.57,.57,,0), sg-| ° i"" _SS : 5 components.
0 O 0 0

o
o
~

I

O - [Q- 0] - O

x ,.... '..' 4 A A

, _-transverse plane |
- 0-0 = 0-0

See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000).
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One dimensional FFs defined via quark-quark correlator

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

-2 1 p— . p— Of r== a:' o o op r=
=9z p,9)==| 2V @:p,S) +iy E”(z;p,8) + 7 EV (z3p,8) + Yy “EL (z3p,S) + iy ¥ EV) (z;p,S)
) B

(scalar) (pseudo-scalar) (vector) (tensor)
® Make Lorentz decompositions blue® twist-2 5+10+5
22V (z;p,S) = ME(z) + MS,,E,, (2) black: twist-3, M/Q suppressed

20029, ) = AME. (2 brown: twist-4, (M/Q)? suppressed
72 (z;p,S) = AME, (z

2 2

_ _ _ ~ M M
zngl)(z;p,S) = p+”aD1 (2)+ p+naSLLD1LL (z)—-MS, D, (z)+MS,,, D, (z)+ FnaD3(z) + FnaSLLDML(z)

— +— ' M2
zc.ff)(z;p,S) = )“p naGlL(z) - MSTaGT (Z) - MSLTaGLT (Z) + l?”aG.’aL(Z)
2B 2p,S) = Py, Spo Hyp (2) = P10 S, o Hoyr (2) — My H (2) + AM i, H, (2) + MS,, €10, H,, (2)
M? M> -
+ —+n[pSTa]H3T (z) - —+n[pSLTa]H3LT (2)
p p A[aBﬂ] EAaBﬁ —ABBa

= 2P n° 1T _
SJ_aﬂ = gpoaﬁn n ATa = 8J_aﬁA7l-3

2 H K2022 2022481, £ L 31



Inclusive DIS: Higher order pQCD

Factorization theorem and QCD evolution of PDFs

“Loop diagram contributions”

Higher order pQCD contributions;
Evolution of PDFs.

factorization & resummation >

Not covered in these lectures.
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Inclusive DIS and parton model: brief summary

List of to do’s --- the recipe

kinematics general form of
E'ii (symmetries, ... ... ) the cross section
Y*(Z)(k’) q(w;:,()q) parton model Iead!ng OI'(.ZIeI' pQCD,
jiqw ., Without QCD collinear approximation leading th'St’ L
P interaction no evolution, no gauge invariance
leading order pQCD,
T . o dol + . . leading & higher twist,
E:l u(l)t?prlreloglflon scattering’ collinear expansion  pg evolution, but gauge invariance
parton model + : : leading & higher order pQCD,
“loop diagram contributions” evolution & gauge invariance

experiments parameterizations (PDFLib)
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Global QCD analysis and PDFLIB

Very successful!

- 5
*=63210% 0 0010

F; Hog, ()

x=0.000161
x=0.000253

E= ZEUS NLO QCD fit
—— H1PDF 2000 fit

HERA F,

* H194-00
4 H1 (prel.) 99/00
» ZEUS 96/97
4 BCDMS

0t 10
Q%(GeV)

STAR, PRL 97 (2006), 252001

1= Combined MB

o Combined HT

NLO QCD (Vogelsang)

(a)
STAR

pHp = jet+X

\5=200 Gev
midpoint-cone

tew=04

0.2<n<08

RHIC

Systemate Uncertainty
Theory Scale Uncertainty

(b)

ﬁ&:@;.www&—v—»—b—-‘? """ —
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40 5
py [GeVie]

ok

L
'_o'

JET JET
d’c /dy’" " dp} ' [NbAGeV/c
< I SIS S S,
S

.
S,

K, Ds0.7

——

e

o
-
Y "2
o ey
e
g
1ely™ 2.1 (4 10%)

' P T Ll

COF data(L«1.01")
Systematic uncartainties
NLO: JETRAD CTEQ6.1M
correctad to hadron level
g =W = MAX |].I T2=y,
PDF uncertainties

0.1y "1, 7 (x 10')

074y 11,1

«107)

Tevatron

|

—
<,
=

S OTTTTTTT T

100 200 300 400

500 600 700
pr [GeV/c]

., CMS preliminary. 60 nb’ Vs=7TeV
—_— T T | T3 T B9 hll T T T I|TII‘
! Clyl<0.5 (x1024)

O o 0.5<lyl<1.0 (x256) §

810 v 1.0slyl<1.5 (x64)

L o 155lyl<2.0 (x16)

o107k ¢ 20:lyl25 () 4

g i + 2.5¢lyl<3.0 (x1) 1

.U 5' -

=10 1

B LH _

L , C 1

103> 1

r \ 1

10 —NLOpQCDNPY, A\ A\ 1

- [ Exp. uncertainty 3 ™\ \ ' E

10| Anti-k; R=0.5 PF 1

20 30

000
p, (GeV)

100 200

parameterize at 0.3 TeV e-p (HERA), predict p-p and p-p-bar at 0.2, 1.96, and 7 TeV.
J.W. Qiu, lectures at Weihai High Energy Physics Summer School(WHEPS2015), 2015, Weihai, China.
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Inclusive DIS and parton model: brief summary

%:q) Y q;;

i.e., it always contains “intrinsic motion” and “multiple gluon scattering”.

® “Multiple gluon scattering” gives rise to the gauge link.

® Collinear expansion is the necessary procedure to obtain the correct formulism
in terms of gauge invariant parton distribution functions (PDFs).
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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 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
bl p,$) =, [d'ze™ E(ky3p,S) = Y, [ d'€e™
X(h1y(0) I XXX 1£(0,2)y (2) 1 k) X{01.£(0,5)y(S)1hXXhX 1y (0)10)

“conjugate” to each other

Deeply inelastic scattering (DIS) Hadron production in e*e -annihilation

> FFs and PDFS should be studied simultaneously!
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Contents

l. Introduction: Inclusive DIS and parton model without QCD interaction

Il. Gauge invariant parton distribution functions (PDFs) and
collinear expansion for inclusive DIS

> Leading order pQCD & leading twist (leading power)
> Leading order pQCD & higher twists (higher powers/power suppressed)

lll. TMDs (transverse momentum dependent PDFs and FFs)
defined via quark-quark correlator

IV. Accessing TMDs via semi-inclusive high energy reactions
> Kinematical analysis

> Leading order pQCD & leading twist (leading power)
> Collinear expansion & higher twists (higher powers/power suppressed)

V. Summary and outlook
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TMD PDFs defined via quark-quark correlator

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

integrate over &~ O (x,k,;p,S) = jdz_dzzLei(x”+z__El'zl)(p,S|l/7(0).4(0,z)l//(z)| p,S)

Expansion in terms of the -matrices

O (x,k,;p,S) = [ @ (x,k,;p,S) scalar
+iy, @ (x,k,;p,S) pseudo-scalar
+ A% ® (x,k 3 p,S) vector
+¥A% @Y (x,k ;3 p,S) axial vector
+iy,0% @) (x,k,; p,S)] tensor

9. ®V(x,k ;p,S)= lTrI:}'a(i)(o)(x,kl;p,S)]

= [@'2e*(p.S 17 (0)£00.) "y ()1 p.S)

2 H K2022 2022481, £ L 38



TMD PDFs defined via quark-quark correlator

The Lorentz decomposition totally 8(twist 2)+16(twist 3)+8(twist 4) components
p QO
@V (x,k, ;p,S) = M{e(x,kl)+ 8“";"; L5 e;(x,kl)} twist-3
p GO ,
@ (x,k,3p,5)= p'R, [fl(x,kg # B0 (x,kl)} 7 twist-2
M
+ kmfl(x,kl) +Me S, fr(x,k,)+ Slapkf |:/lle(x,kl) + klA-lST le(x,kl)i|
M2 EJ_pO'kaTO‘- 1 .
+—n, fi(x,k, )+ Sir(x,k,) twist-4
p M
p=p+ﬁ+M+n, S=lp—+ﬁ+ST—)»M+n
2p M 2p

See e.g., K. Goeke, A. Metz, M. Schlegel, PLB 618, 90 (2005);
P. J. Mulders, lectures in 17" Taiwan nuclear physics summer school, August, 2014.

2 H K2022 2022481, £ L 39



TMD PDFs defined via quark-quark correlator

The Lorentz decomposition totally 8(twist 2)+16(twist 3)+8(twist 4) components
@ (x,k, ;p,S) = M[;teL(x,kl) + k-5 e, (x,kL)} twist-3
O (x,k,;p,S)=p'n, [lgu(x k )+ MS g (x,k ):| twist-2

X k,-S,
-MS, g, (x,k)-k,, [}tgL (x,k )+ LM gr(x,k )}+£laﬂ Fet(x,k /
? k
+M |:/lgsL(x k,)+ S gsT(x k )i| \/ tWist-4

k -S pnLE,
MThT( k) [Pl]ﬁl IJ-(xk)

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

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

T(p

k -S «
MThi.T(xk) [P;—W]ﬁ J-hJ_(xk)

M’ n k.,
+7{n[p raltar () + “’Ml ][lhn(x ky)+
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Twist-2 TMD PDFs defined via quark-quark correlator

Leading twist (twist 2) f» &, h: quark un-, longitudinally, transversely polarized
polarization if no integrated
quark nucleon pictorially ~ TMDPDFs(8)  gaugelink over k, name
U ©) fi(x,k)) g(x) number density
U
T é - @ fir(x,k)) 0 X Sivers function
L ==~ g..(x,k,) Ag(x) helicity distribution
L
r é = é g (x,k)) X worm gear/trans-helicity
U ®=® hit(x,k,) 0 X Boer-Mulders function
(/) <b - é h,, (x,k,) transversity distribution
T ’ 5q(x) .
T Qg _ é ht (xk,) pretzelocity
s worm gear/
L =@ by (x,k) X longi-transversity
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Twist-3 TMD PDFs defined via quark-quark correlator

they are NOT probability distributions but
contribute in different polarization.

polarization ifno integrated .
quark nucleon pictorially TMD PDFs (16)  gauge link over k,

Next to the leading twist (twist-3)

U ® e(x,k), fr(x,k)) 0 e(x), x number density
U L @’ fL (x k ) 0 X
é er(x,k,), 0 >< Sivers function
T @ fT(x9kJ_)’ fTJ_(x9kJ_) 0 0 fT(x)
U @-@ gl(xakl) 0 X i £ '
I [ ©O==C eL(x k), g-xk) 0 8uBk) e (x), x helicity distribution
X
T é é (x k ), g gir(x,k,) :’ (x) worim geal ritrans-helicity
- gT(x k ), g7 (x,k,) B T siskie s
U @=®  hix,k) 0 h(x) Boer-Mulders function
T (/) é- é h]J‘_(x9kJ_) M X transversi L\/ distribution
T , oy i
T(L) é - é hy (x,k ) % X pretzelocity
kihi, (x,k,) worm gear/
L @=@ Mnxk) M’x 8,5, longi-transversity
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TMD PDFs defined via quark-quark correlator

quark polarization —

Twist-2 TMD PDFs U L T

i u| @Ak @=® n(x.k,)

S number density Boer-Mulders function

©

El L @»-@» 8 (x,k,) @-@ hl-LI.(x’kJ.)

‘_(g helicity distribution Worm-gear/longi-transversity

o

S (b-(b by, (x,k, )

4 T é-@ fx(x,k,) é_é g (x,k,) transversityﬁistribhtion

T) . . - 1

= Sivers function Worm-gear/trans-helicity (b-é hy, (x,k,)

pretzelosity
Twist-3 TMD PDFs U L T
t @ elwk),f (xk,) -6 o @ =D hexk,)
S U'| “rumber density iR Boer-Mulders fJnction
g S>=-= - h, (x,k
.c% L @-@j‘l‘l(x,kl) e,_(-\’,kl),gt(x,kl) VCVD" @" If(x’ L) '
© S EeE orm gear/ longi-transversity
<3 helicity distribution
g é e# (x,kl), é e‘l (x’kl)’ d) - é hll‘ (x’k_L)
% T '@jf(x,kl),f,“(x,kl) -é gr(x,k,),gr(x,k;) | transversity distribution
= Sivers function Worm gear/ trans-helicity - hy(x,k,)
pretzelosity
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TMD PDFs defined intuitively (equivalent to twist-2)

In the 1-dimensional case: ‘

£,x,8,30,8) = f, () + A A Af, (x)+ (S, -S;) 6f, (x)

In the 3-dimensional case: ‘

£,k S 5 p,S) = f, (e, )+ A A A, (x,k ) +(S,, -S,) 8f, (x,k,)

.. 1 - . -
+ST-(pxkl)ANf(x,kl)+MSlq-(pxkl)hll(x,kl)

1 = - - - 1 - -
+W(Slq'k¢)(ST'kl)hllT(x9kl)+M(Slq'k¢);LhllL(x’kl)

1 - -
+/lqM(ST k) g (x,k))

k|,
qu (x,kl)=h1T(x,kl), ANf(x9kJ_):_7f1T(x9kJ_)
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Twist-2 TMD FFs defined via quark-quark correlator

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
U
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,, (z)
T(Ll) Qg - é H; (z,kp,)
L (=@ Hj, (z,ky,) X
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Twist-2 TMD FFs defined via quark-quark correlator (spin-1)

Quark pol  Hadron pol TMD FFs (2+6+10=18) integrated over k;, name
U © D, (z,k,) D, (z) number density
T é'@ D;,(zk;,) X Sivers-type function
v LL Dy, (z,kp, ) Dy, (2) spin alignment
LT Dy (z,kp,) X
TT D, (z,k,) X
L Cra G, (z,k;)) G, (z) spin transfer (longitudinal)
L T 8.8 G (2,k;,) X
LT Girr(2,ky,) «
T G1lTT (z,k, ) X
U ®=® H{ (z,k;,) X Collins function
T &b H,, (z,k;,) spin transfer (transverse)
T Ad  HiGky) Hir(2)
T L @»=@>  H.(2,k;,) X
LL HILLL(z,kFl) X
LT H,, ,(z,kg, ), HllLT(Z kp,) H,,;(2)
IT HllTT(z ki), H'lTT(z kp,) Xy X

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).
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l. Introduction: Inclusive DIS and parton model without QCD interaction

Il. Gauge invariant parton distribution functions (PDFs) and
collinear expansion for inclusive DIS

> Leading order pQCD & leading twist (leading power)
> Leading order pQCD & higher twists (higher powers/power suppressed)
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Access TMDs via semi-inclusive high energy reactions

Semi-inclusive reactions

TMD PDFs:
4 1 1L o1 g1
s 00— ,,,[I\“\ fl’flr’glvglvhl’hl ’hlL’th'"
TMD FFs: Dy, H; ..

DIS: e+ N —2e+h+ X

2

p

W o TMD PDFs:
# B§ éﬁgﬁsﬁi% fi’fiJT_"glL’Sng’hl’hll’hlJ}"hllT"'

Drell-Yan: p+p—>1+1 +X

/11
6_(11) ha

v/2Z°

TMD FFs: D, Hy ..

€+(12)

e +e" >h +h,+X
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Kinematic analysis fore*e™ - Z - VX

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

The differential cross section: ) V(p,,S)
' (p,)
2EE, o 7(p,
= L, ,LYW" (q,p,,S, ——
d3pld3p2 SQ4 X ,uv( 1l (q,P:5S5P>) Z_o(z)
—
L, (L) =c[ Lb, +L,b, — (- 1)g,, |+icie,, 1 L ——
: X(py)
The hadronic tensor:
W,,(q,p,,S,p,) =W"*" (the Symmetric part) +iW™" (the Anti-symmetric part)
= Wosi hg:lv + WGS ’;g‘-w +i Wof: h;‘i’w +1i WGA. ﬁ;\yv 0= U’V’SLL’SLT’STT
; 0'21 S ; az," P polarization

the basic Lorentz tensors: 1% = n%*, n™ =-h’" space reflection P-even: pp» — h,

B =n, hi =—h"  space reflection P-odd:  2jm = — i,

Constraints: W#*" =w"* (hermiticity), ¢,W"" =¢,W"" =0 (current conservation)

See: D. Pitonyak, M. Schlegel, and A. Metz, PRD 89, 054032 (2014) (spin-1/2);
K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD95, 034003 (2016) (spin-1).
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Kinematic analysis fore*e™ - Z - VX

The basic Lorentz tensor sets for the hadronic tensor

unpolarized part; 5+4=9

Vector polarization S-dependent part; 13+14=27

hSuv_ ,uv_qﬂqv u v uo_v {w_.v}
(/A g qz ’ plqp1q9 pqu2q9 plqp2q

LS _ ) oiuapp, ¢ v} v}
hU,' _{8 1 2(p1q9 qu)}

al®bfl = a*bP — aPb”
al®pP} = a®bP + aPb”

wep _ o pvof w — auvop o
e =e"p,, el =" nn

_r4,
q

B

P,EPD (p,-4=0)

spin dependent

A regularity: [ spin dependent }

Lorentz tensor set

e ={l(a-S), (o, )]s e

i ={[Ga-S) (p,-$)]H™, € i

= [Lorentz (pseudo)scalar } X [the Hifpreli e }

hgiuv _ {[(q-S), », .S)]ﬁ;iuv’ EqulpzhgjuV}

];Ifiyv _ {[(q-S), (p2 .S)]h{jiuv’ sswlpzﬁéuv}

]
|

unpolarized longitudinal polarization transverse polarization
([ poe ) AN ETA () ” (ow i “
i || e ol ) I I e R R B
e e i I e e
A k) L) U = n )
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Kinematic analysis fore*e™ - Z - VX

The basic Lorentz tensor sets for the hadronic tensor (continued)

B — aff
4 hS/—lV 3\ 4 hS/.LV \ STT - paSTT
S, -dependent part: 5+4=9 L i £ = £ b c d,
= hSHY hSHY 14
S Z =S LL hi:;:v - SLL h(juv
LLi U
i e
\ LLi j \ Ui j
( Suv ) r ( Suv ) ( 7 Suv A ‘
S,~dependent part: 9+9=18 bz h; L
- il'Syv il'Suv hSHY
x LTi vi S, r4p,p, vi
SLT=(09SLT9S{T90) hA“V =9 (pz.SLT) hA“V 9 > P ];A”V e
LTi U Ui
pS;;=0, ¢-§,=0 SLPTu = SfT \ /’;I‘jlg" ) \ /’;[‘]41_“" ) L h[’;“" )
Srr-dependent part: 9+9=18 e )| (s ) (s )
TTi Ui Ui
( ) ~ ~
0 0 0 v S; uv - S#; h;;,:v — 1272 h{j’.#v S;’%qplpz hgiﬂv
S = 0 S, S; 0 A =) STT A » € il'Ayv (
P S;’f =S = TTi U Ui
= T o 7 Apv 7 Apv Apv
0 0 0 0 ) Slrlg =8, =0 \ hTTi ) \ \ hUi ) \ hU ) ,

See K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD95, 034003 (2016).
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Kinematic analysis fore*e™ - Z - VX

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

2E Edo" o ~
d31p c213p =g A7)
1 2

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

Fjﬂ = ﬁ}ﬂ(s,«fl,éz,p”)

F, =(+cos’@)F  +sin’OF, +cosOF,, 1 £ =sin@[sin@F"® +sin20F:"° sin @
+cos@[sinOF*? +sin20F,"? cosg +sin2¢sin’ 0 ﬁUsianv sin2¢
+cos2¢@sin’ O F; ™ A T cos2p 7 R

2EEdS" o) o 2 FLoF, FHeR
d3pld3p2 % t L ‘ ) : FjL (_)FjU 2 FjL (_)FJU
L AL ~ ~ ~
. . L 2 . 2
F, =sin@[sin@F™ +sin20F:"° F, = (1+cos 0)~F1L + sin 0F2~L +cosOF,,
+sin2¢@sin’ OF ™ . T H cos @[sin O F "% +sin20F;**
' + cos2¢@sin’ O F >
2EEdc™ o . ‘ : :
dsl zds ) ZSLL('EL +’¢;L) . : j:-LL < f’-f i j:;f < ';t‘-L
b4 b, s v L Ay F,, ©F;, F; ©F;"

F  =(1+cos’0)F ,, +sin’0F,, +cosOF.
LL

1LL 2LL 3LL

+cos@[sinOF,? +sin20F,)°

s 2 cos2¢
+cos2@sin” OF)

~

F,, =sin@[sin0F"? +sin20F;"°

1LL 2LL

. s 2 N gosin2e
+sin2@sin” OF ]

2 HK2522022
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The differential cross section:

2

o v ,
0 L, (AW (q,p,S,p")

do =

AA

d3p'

2E(27)3 2E, (27)3

W, (q,p,S,p") =Y W5 B3 + Y WS, 3 +iy Wi byt +iy W b2t
o,

o =U,V: polarization

The basic Lorentz sets
unpolarized part; 5+4=9

v v q q ~u~yo~ v} =~
hgi” ={gﬂ q2 — oD P ap{#p' }9pmp

flgiuv _ {g{ﬂqpp ("V} ~ vv})}

A _ I e ' Auv Sqpp' 7, Auv
B = o, iy ={[(a-S)0(p"$)] i) &'
P=Pp p q
i’;,-#v _ {guvw),guwp'} / ;;Vf:uv _ {[(q .8),(p" S)]h;uv,gsqpp'h;uV}/
2 H K2022

\

}

basic Lorentz tensors

spin dependent part; 13+5=18 )

i ={[(a-$).(p" )1} e i

&

&

}
ﬁlfiﬂv — {:(q -S),(p" S) hsl”",gsq”” hSﬂV}
}

202248, Z L



Semi-inclusive DIS e~ (4;) + N(4,S7) —» e~ + h + X : Kinematics

General form of the differential cross section

2
do : __a : y (1+y )
dxdydzd¢ d°p,,  xyQ° 2(1-¢€) 2x

o {FUU’T +&F,, , ++2¢(1+¢) cos ¢hFl;‘}s¢" + £cos 2¢hF;;’]sz¢"

:—> © 12 ze1—e)sing, Fi +2| 2e(+ &) sing, Fyr% + e sin2, Fy™* |

o> (O +/1,l|:\/1 —&'F, ++/2e(1-¢) c0s¢hFL°zs"’h]

Py é +| §T ||:sin(¢h _ ¢S)(Fsin(¢h_¢s) + 8Fsin(¢h_¢s)) +& sin(¢h +¢S)Fsin(¢h+¢s) + £sin(3¢h _ ¢S)Fsin(3¢h—¢s)

Ur,T UT,L Ur,T ur,T

+426(1+ &) sing F"% +.[2e(1+ €)sin(29, — ) F;i;(zm—m]
& é +2,18, | [\/ 1€ cos(9, — $)F;y ™ +\[26(1- £) (cos g Fyp® +cos(29, — g ) Fyy o™ )}}
r 1

2Mx
o
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‘ | . . _ 1 ,, 1, 1,, _
elec?tgocrlfon 2x3=6 combinations e=(-y—g VW) A=yt y 47y, ¥ =




Semi-inclusive DIS: LO & Leading twist parton model results

for the structure functions (8 non-zero F's) e(A)+N(A,S,)—>e+h+X
o © Foyr = é[le]] Fp =0 Fz;}s% =0 coswh é[w hLHll]
H @ i sing, sing, sin2¢, 1 1
® O FLU =0 FUL =0 FU _g[wlhlLH ]
. i _ 7] cosp, __
G)-’i FLL_g[glLDI_ FLL =0
sin(o, — B sin(¢,—¢) sin(¢, +¢g) _ _ 1
° é i FUT’(;)" ?s) = =27 R ILTD1 ] FUT L =0 Fy; zé[wsher ]
' sin sin(29,—0¢) _ sin(39,-95) _ Lyl
FUT¢S =0 Fy; =0 Fy, _g[w4h1TH ]
i cos(9,—0s) __ cospg cos(29,—¢g) _
.4\ 5 - _g[wlngDl] F.">=0 F;,; =0

nucleon _ I o _
electron é[wth] - xz eqjd kJ-d kFJ-6 (kJ. - kFJ_ — P, /Z) W, f;l (xa kJ_)Dq (Z, kFJ_)

-

=25, -k, WPy, k)~ K, K, |/ MM,y w, = b, kK M, w =P, -k, /M

Fl h

See e.g., Bacchetta, Diehl, Goeke, Metz, Mulders, Schlegel, JHEP 0702, 093 (2007); ....
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Semi-inclusive DIS: LO & Leading twist parton model results

for the cross section e(A)+N(A,S,)>e+h+X

do a’
2 = 2 X
dxdydzd”p,  xyQ

Boer-Mulders ® Collins
1
o O {(1 —y +Ey2)¢[f1D1]+(1 — y)cos29,Z| w b H;]
1
&> (= +A,Ap(1- Ey )& [glLDI:I longi-transversity ®Collins
= +AQ-y)sin2¢ 2| wh H;
¢ (1= )sin29, [ e ] Sivers ® unpolarized FF

e & +|§T|[(1—y+§y2>sin(¢,,—¢s)é/‘[w2f1#1)1]

+2(1- y)sin(g, + 9 )& | w,h, H" |+2(1- y)sin(3¢, — ¢ )& | w I H ]J

o>  +415,|y1- % y)cos(, — )| w,g,,D, ]} transversity @ Collins

T T pretzelosity ® Collins

nucleon trans-helicity ® unpolarized FF
electron

2 H K2022 202248, Z L
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Semi-inclusive DIS: LO & Leading twist parton model results

for the azimuthal asymmetries (6 leading twist asymmetries)

cos29, _ (=) g[wlhlLHll]
o © AT =2, =T e[ 1]

Boer-Mulders ® Collins

iz /s 1-y) &| wh H;
o it

longi-transversity ® Collins

12w, 1D, |
=— =A_
) é[f; Dl] Sivers
f . _p | wh H']
‘ Alsfl;(¢h+¢S) = i (¢h + ¢S) = (1 y) o = ACollins
<Sln >UT A(y) g[fi D, ]

. - hl HJ_
Als]l;(3¢h—¢s) — <sin(3¢,, - ¢s)>UT - (il(yj;) gLPE}ITD j ]

A7) = (sin(¢, - ¢s)>m Sivers ® unpolarized FF

transversity @ Collins

pretzelosity ® Collins

o é A 95 <°°S(¢h _¢S)>LT _y2-yn¢ [_wzngD 1 ] trans-helicity ® unpolarized FF

- 2w e[
!

) nucleon Ay)=1+(1-y)’
electron
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Collinear expansion in high energy reactions

Inclusive DISe N > e X 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 Semi-Inclusive
e+ N —etq(jet)+X e +e" >h+X e +e" >h+q(jet)+X
_ e h(p,S)
e / e_(ll) e (1)

T ot
N g X e (1)

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).

Successfully to all processes where only ONE hadron is explicitly involved.
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Collinear expansion in semi-Inclusive DISe™ + N - e~ + q(jet) + X

Semi-Inclusive DIS e™ + N — e~ + q(jet) + X with QCD interaction:

W (q,:8:k") = 3 (p.S 1T, (O 1K' X XK', X 11, (0)1 p,S)2m)* * (p+ g~ k'~ py)
X

— 7 (0.s) ' (1,s1) ' (2,s7) '
_Wyv (qQP’SQk )+W/[V (q,p,S,k )+Wyv (qQPQSSk )+”'

Y (@ Y (@ Y (@ Y (@ Sfiq) Y( ?f’r
ak) _a(k)
a(k) q) = ak) e Yatk,) i, Ya(k,
N N(p N(p N(p.

+
(a) (b)
WO (q,pSk) = [-LK e[ A0 (e ') 6 (.S
w (q>P5S, )—j(2n)4 r[ w Uk'sq) ¢k, p, )]
H)P (ko k') =7, (k+q)y,2n) 8" (k'-k—q)
f: WwWi(gpS= Tk e[ A% kg) §° (k. p,S
C.I.. w (4>P; )_-[(27:)“ r[ w (Ksq) (K, p, )]

H) (k,q)=7,k+q)y,2n)5, ((k+q)*)

&’k
2m)'2E,)

Wi (g,p,8) = | W (q,p,S,k")
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Collinear expansion in semi-Inclusive DISe™ + N - e~ + q(jet) + X

Anidentity:  (2m)*8*(k'—k—q)=(2m)3, ((k—q)*)(2n)’ 2E)8* k'~ k - )

We obtain: A" (k.k'.q)=H') (k.q)21)' 2E,)8’ (k'~k - )

H 0 (ky Ky k' q) = H O (k)2 RE)S (k= k. - G)

uv
Hence:
(0,si) . d'k 7 (0) 2(0) 3 3(p_ 1 _ >
Wi (g.p 8= [ s | ) (kop.) | 27)' QE)S' (k=K =)
~ Y - \
W (q.p.9) a common factor!

V e

; d'k, d'k . i -
Wi (g.p.S.k) = ony ox) Y Te[ AL (K ky)d) (i Ky p.S) | @) QENS (K= k. - )
c=L.,R
— —— /
WS (q.p.S)
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Semi-Inclusive DIS e+ N - e +q(jer) + X 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) = jd4zei"z<p,5 1y (0)£(0,2)y (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(le’c}p(xl’xZ) wpp] (2Ek-)(2n')353(k'— kc . q)
c=L,R

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

W (q,p, 5,k = [2

— >A consistent framework for eV — e~ + ¢( jer) + Xat 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 +¢q(jet)+ X |

Simplified expressions for hadronic tensors

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

~ , T - , ~
H,PP (xx)0,f = mhﬁﬁ"w;’ 6(x,—x,), where hy” =y, iy’ ny,, depends only on x; !

< 0 . twist-2, 3 and 4
W (g,p,S3k,) =Tr| @ (x, k) by | !

+

é(ﬂ)(x,kl )=j pznz_dzzleixfz‘—ikl.zl <N | W(O)‘Z(O,Z)V/(Z) | N>
T three-dimensional gauge invariant quark-quark correlator

twist-3,4 and 5

T . .
2q'pTr[(plf,l.)(x,g,kL) hi) o, ]

n d‘k, d'k k’ A
PUl ok, )= | n 2%y 6(x—p—1+)62(ku — kO (K, k;)

=jP2‘::_dzzleixp+z‘—iEl.Zl (N1 l/_/(o)Dp(O)L’(O,Z)II/(Z) IN)
the involved three-dimensional gauge invariant quark-gluon-quark correlator

THREE dimensional, depend only on ONE parton momentum!
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W,,(ti’m( ’p9S; kJ_) =




Semi-Inclusive e*e-annihilation: e™ + e — h+q(jet) + X

W (q,p,Sk") =W (q,p,S,k" )+ Wi (q,p,S, k") + W2 (q,p,S,k') +...

twist-2, 3 and 4 contributions

'k ra . twis
o (2, p, AN (2) |2, )2n) 8 k'~ k - §)
1

=0k, p,S) = EZ [d*€e*(01.27(0,00)y (0) LRXXhX 197(E)£(£,0)10)

Wpig’sj)(qap9s’k') = J‘

twist-3, 4 and 5 contributions

. d'k, d'k, o re . . L.
W@, S,k = [ s G e (B ek p L Gz, 28, )2m)'s -k - 3)
ko, )= 53 Ja'Ed e 01 £0,00D, )2 (2 O) XXX 1FE) 2,10

D,(y)=-i0,+gA,(»)

> Aconsistent framework for e"e” — h + g (jet) + X at LO pQCD including higher
twists.

S.Y. Wei, K.B. Chen, Y.K. Song,& ZTL, PRD (2015).
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Semi-Inclusive DIS: ¢” + N —» ¢ +qg(jet)+ X

. . M - |k |
Complete results for structure functions up to twist-4 «,, = 0’ k, = ]‘;
Wovr =%+ 4x*ic; whaar Wour = 8x3K12wf3 WUCI‘;S‘I’ -2x'k fl
W“’sz"’ -2x°k’ klfw Wit =-2x? K‘Mklf
le]tn2¢ = 2x2K kJ_f+3dL WLSI;;(}) = 2x K'MkJ_g
W, =xg,+ 4x7ic; wtaaa WLCES‘P = —2x2K‘Ml;lgLL
Worg ™ =k, (xfé HAXKS frnan)s Wory ™ =8x'k K, f; Wt =-2x"x, f,
sin(p+¢g) __ . _ —
Wor = (f3dT fsdT) W;;l(w %) = _XZKMkfle
sin(3¢—¢¢) __
Wor - _xZKLk (deT —3dT) WLC;WS = —2x2K'MgT
cos(9—dg) __ 7, _
Wor =k, (xgllT +4x’Kc f3ddT) WLC;S(M ' = _x’k klgT
(1) twist 2 and 4 —— even number twist-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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Summary

7*(3)’

szq)

(a) ' (b) ' (c)

i.e., it always contains “intrinsic motion” and “multiple gluon scattering”.

® “Multiple gluon scattering” gives rise to the gauge link.

® Collinear expansion is the necessary procedure to obtain the correct formulism
in terms of gauge invariant parton distribution functions (PDFs).

® Collinear expansion has been proven to be applicable to all processes where
one hadron is explicitly involved.
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