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Semi-inclusive Processes

» Semi-inclusive Deep Inelastic Scattering

ep — hadron(P )+ X

— Meng,Olness,Soper 96; Mulders, Tangelman,Boer 96&98

= Drell-Yan at low transverse momentum
A+ B—pp Q)+ X

— Dokshitzer,Diakonov,Troian 78; Paris,Petronzio 79;

Collins,Soper,Sterman 85

= Back to back jet (dihadron) productie™e™t
coll gt~ 7etl + 7et2 4+ x

— Collins,Soper 81; Boer,Jakob,Mulders 98



Inclusive and Semi-inclusive DIS

e : Inclusive DIS:
More than 30 years experimental study,
many theoretical developments, e.g.,

— X NNLO splitting function 04’
P
2 Semi-inclusive DIS:
g Focus of various experiments in recent
hadron(P,) years: EMC, SMC (CERN),H1,ZEUS,

HERMES(DESY),JLab,...

P - X/ Provide more important information

about the nucleon Structure and QCD



The Kinematics of SIDIS

Variables :
Xl; Bjorken Variable;
# Longitudinal momentum fraction;
Phop Transverse momentum; X', the azimuthal angle;

X', azimuthal angle of the hadron polarization vector



Polarization Asymmetries in SIDIS
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Naive Factorization

= (Cross section

do Bl de's:
_ om0 JEY(P . P
Trodvda B~ o Vel (B By

Hadron tensor

d4 ) ) )
b r =3 [ S (PO X R (XAl )

— _1/2 gﬁ_ F(manh:'PhJ_an) T
= Naive factorization (unpolarized structure

func’
F(Q:Bazhaphl_a@ ) _/q :I: kJ_)®Q(Z Ph_ZkJ_)

TMD distr. TMD frag.

Mulders, Tangelman, Boer (96 & 98)



QOCD Factorization

= KFactorization for the structure function

F(Eﬁazhapfgl:'@g) = Z ngdzgldzﬁLdgfl

g=1u,d,s,...
xq (IB:‘ICJ_:.I[‘Egnxﬁg: .IO) @i (zf;:pJ_:J[‘E‘E:Q/z&: P) S(E’J_:.Iug: Pj‘
xH (QE:'P«E:P) 52(3!;EJ_ +p, + EJ_ — ﬁth‘ ’

— q: TMD parton distribution

— q hat: TMD fragmentation function
— S: Soft factors

— H: hard scattering.

Impact parameter space

F(IE: Zh, b: Qz) — Z Eéq (xB: zf;b: .Iug: xB{-;: p) @ (zh:b: .Iug: {:/‘zh: p)

g=1.d,5,...

xS(b,p?, p)H (%, 4%, p) -



One-loop Factorization (virtual gluon)

Vertex corrections (single quark target)

Four possible regions for the gluon momentum k:
1) k is collinear to p (parton distribution)
2) k is collinear to p' (fragmentation)
3) k is soft (Wilson line)
4) k is hard (pQCD correction)

-—em e omm omw e e W



One-Loop Factorization (real gluon)

= (Gluon Radiation (single quark target)

Three possible reagions for the gluon momentum k:
1) k is collinear to p (parton distribution)
2) k is collinear to p' (fragmentation)
3) k is soft (Wilson line)



All orders Factorization




Transverse-momentum Dependent
(TMD) Parton Distributions

» (Generalize Feynman distribution q(x) by including
the transverse momentum of the parton.

q(x,k.)

= At small k,, the transverse-momentum dependence
1s generated by soft non-perturbative physics.

= At large k., the k-dependence can be calculated in
perturbative QCD and falls like powers of 1/k,?2

» Integration over transverse-momentum does not
usually yield Feynman distribution

J#azk, q(x, ki)/ = q(x,)



TMD Distributions: the definition

1 fdé& . b, = =
Q(-I,kJ_,,{L,I(;) — /iﬁ'_izt P+/—J_Eng"kJ‘

~ 2] or (27)2

! = _ o _ = ;
bt :\P iﬂhq(g :D:bljﬁl(mng :D:bJ_)Hf—i_E’L' (Dﬂaojﬁl'q(o)

\
F)

In Feynman Gauge, the gauge link
L,(c0; &) = exp (—ig /"‘3"3‘ d\v - A(Av + §)) .
0
ntte=(",v)

n=(1,0,0,) n=(0,1,0,)
>V Is not n to avoid |.c. singularity !!

= (2v- P/’




Polarized TMD Quark Distributions

ucleon

Unpol. Long. Trans.
Quark
Unpol. q(x, kv) gr(X, Kv)
Long. Aq (x, ki) | Ag(x, ku)

0qr(X, Kv)

Trans. oq(x, k Qq, (X, kK T

q(x, ku) qu(x, ku) 5 (x. ko)

Boer, Mulders, Tangerman (96&98)



SIDIS Cross Section

At leading power of 1/Q
do o (1—y+y*/2epFS)
—(1—9y)zp cos(?gbh)ﬂg
+AAy(l — y/2)zpFrrL
+ | S1|ly(1 — y/2)zp cos(dr, — ¢s) Frr
+A(1 — y)zp sin(2¢4 ) Fyr
+S1|(1 —y + v*/2)xpsin(¢y, — ¢’S)F£I¥
1S, (1 — y)xpsin(on + Qf’s)F{%)*
HS1(1 — y)zp sin(3¢n — ds)Fip/2

The structure functions depend on Q?, [Xl;, 3, P, o



Factorization for the Structure Functions

For Example,

RS = [ aGen,k) alen,p) STEHGS ()
Frp = /AQL (zp,k1)q(zn,p1) S+(£L)HLL (QE)
F(l) B EJ_ . ﬁhL k’ S—I— E H(l)
or = / ﬂ}f qr (-TB: J_) q (Eh:pJ_) ( J—) ( )

P
Fé? _ /pJ_ Rl (SQT (.ITB,k'J_) 5q (Eh,PJ_) S+(,€J_)H(2) ( )

/ / &2k &2 d20, 822k, + P14 £, — Pr))



The Soft Factor

= The soft part can be factorized from the jet using
Grammer-Yennie approximation

= The result of the soft factorization is a soft factor
In the cross section, in which the target current
jets appear as the eikonal lines.

= The Operator definition

— ]_ —
S(bl_: P"E: P) — —<U‘E’I‘i£(bl-: _DO)E’T

v ! (003 51) £,j8(00; 0) L1gi( 0; —00) | 0)



The Hard Part

= The hard part can be calculated order by order,
using subtraction method

= (One-loop results for the hard parts in SIDIS

v

HSSI(QE: f—"'za .\O) — HLL(QQ: P"E: .\O)

o
= 2(Cp
2

(1+1 N % g4 iin2p? 4?4
np)nﬁ—np—l—inp—kw—




Factorization for Drell-Yan

= The cross section

do o’ 5 5
J0d0 308 {(1 + cos” HYWp(x1, 20, Q°, Q1)
—(1 -+ CDSE 9))“1)‘2WLL($1: Loy sz QJ_)

1 gin® @ cc-s(qﬁ;[ + qﬁz)\gu\ ‘§2L|WTT(331: L2, QE: QL)}

= The structure functions
Wy = /Q(fﬂl:ku)ﬁ(ﬂ?z:kzﬂ S_(EJ_)HD (QE)
Wi = / Aqr (x1, k11 ) AGy (22, kol ) S_(EJ_)HLL (QE)

Wrr = [5613‘ (z1,k11) 6Gr (22, k21 ) 8_(EJ_)HTT (QE)



Large Logarithms Resummation

= At low transverse momentum, P <<Q, we must
resum the large logarithms 20.%n“*(Q*/P,?)

-- Dokshitzer, Diakonov, Troian, 1978
-- Parisi, Petronzio, 1979

» These large logarithms can be resummed by

solving the energy evolution equation for the TMD
parton dis.

-- Collins-Soper 1981



TMD Parton Dis.:s the Energy
Dependence

= The TMD distributions depend on the energy of the
hadron! (or Q in DIS)

» Introduce the impact parameter representation
S E L CY S

One can write down an evolution equation 1n

522(D+192,.- /t
L Q(E b, p, 2¢) = (K (p,b) + G(p, 2¢)) Q(x, b, p, 2¢)

U independent!



Spin-dependent Collins-Soper Equation

The evolution kennel is the same for all the leading-
twist TMD quark distributions

Ki-even ones: q(X, ki), Aq, (X, kv), dg(X, Kv)
o
Ca—cf(:ﬂ,b;mxc,p) = (K(b, i, p) + G(zC, p, p)) f (2,6, 11, C, p)

Ki-odd ones: q-(x, kv), 8q(x, k), Ag(x, kv), 8q,(x, kv)
d

CaC

0 f(x,b, p,2C, p) = (K (b, p, p) + G(xC, p, p)) 85 f (2, B, 1, 2C, )

ldilbi, Ji, Ma, Yuan: hep-ph/0406302



Large Logarithms Resummation(ll)

= After resummation, large logarithms associated
with Q? can be factorized into the Sudakov form
factors. e.g.
Fb,@) = Fé&(xs, an by i /CF)e @

Fi(h,0?) = Eaﬁ {(Bqu(:ﬂB,zhb))q(zh?b)ks*(b) HEM (2 [C2)e-S @)

= And the Sudakov form factor

C2%9 di Co)?
S(QQ: P':%, ba 02) — / EPJ {111 ( ;Q ) A(bruLa I, fo) + B(O?a bf-"’L: i, .\O)]
HE

-- A and B are series in 99_



Double Logarithmic (DL) Approximation

= If Q?1s not too large, DL approx. applies. The
Sudakov suppression form factor then only

depends an Q2 24 o0
1 _
SPOQ% 12,C0) = - [ Fln ( %Q )

3#:.;!”’ P"Z

= The Q? dependence of the structure functions can

k _elDLY A2 2
Fyu(zp, 2h, Poi, Q%) = Fyulzp,zn, Py, pi)e ™™ (@#HL

_alDLyrn2 2
Fyp(zp, 2, Pur, Q%) = Fyplap,zn, Puw,pi)e™ (@ wL)

» We can predict the P, distribution at higher Q>
from that of lower Q2

The P spectrum of the polarization asymmetry
will be the same for different Q? at fixed XI; and 36



Exp. Evidence supporting DLA

Compare the asymmetries at HERMES and JLAB

ep—oen X
01 m HERMES
@ CLASM_> 1.1
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v [
£ 30.025 |-
% % .
0 ] """"'"""""""""""""‘(j _________________
-0.025 _




Drell-Yan Production at Fixed Target

Q; spectrum from E288, PRD23,604(81)
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The shape of the Q distributions could be a hint that
the x and k, dependence in the TMD parton distributions
are factorized at this kinematical range



At very large Q? (e.g., Z° and W boson),
DL Approx. breaks down
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P, Dependence of the Asymmetries
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They are both k-odd effects, and approach 0 at large P
Ay : Sivers dis. g; and Collins frag. 0q
A, : Sivers-like dis. dq and Collins frag. dq



Double Spin Asymmetry

ki-even effect, A,: Aq,(x, K1)/ q(x, kv)
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= P, distribution of the asymmetries provides
qualitative

information for the TMD quark distributions

= k.-even distributions have the same dependence on
kt
= k.-odd distributions are suppressed at large k;
— Consistent with the power counting
k-even: 1/k/?
k-odd: 1/k?



Conclusion

= Factorization theorem has been proved for Semi-
Inclusive processes

» Large logarithms can be resummed by solving the
Collins-Soper equations for TMD parton dis., and
the DL Approx. works for not very large Q2

» Qualitative behavior for the TMD quark
distributions have been informed from the
experiments



