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Inclusive lepton-hadron DIS — one hadron
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q

q q
\Y
DIS VRN A0 k\
O¢p—st' X (everything) X & k + .
7

(1 QCD factorization (approximation!)

Color entanglement
Approximation

__________________________________________

DIS
O ¢p— 0’ X (everything) =
xP, ky.p

Physical Controllable Quantum Probabilities
Observable Probe Structure Jefferson Lab




Inclusive lepton-hadron DIS — one hadron

(1 Scattering amplitude:

) e(k), » '
e(k’), n
M(A,A%0,q) = u, (k' )[—zeyﬂ]uﬂ (k) u. u

" (X]er(0)

p,O)
] Cross section:
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 Leptonic tensor:

2
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DIS structure functions

(] Hadronic tensor:

1 »
W@, 8) =~ 'z & (p.S|1(2)J,(0)| p.5)

J Symmetries:

<> Parity invariance (EM current) W, =W, sysmetric for spin avg.
<> Time-reversal invariance W =W real
y73% y73%
<> Current conservation g"W,, =q'W,, =0
9.4, > 1 P q P q 2
W,uvz_(gluv_ ;2 ]E(‘XBJQ )+ﬂ(p,u_qlu qz j(pv_qv q2 jFVZ(xBﬂQ )
2 2
o e | S, Pq)S,—(549)p, Q"= —q
+HM "¢, —gl(xB,Q2)+( ) (2 ) g2<xB,Q2) Q?
p4q (r9) 5 =
. . .. p-q
1 Structure functions — infrared sensitive:
No QCD parton dynamics
F(53:0"). B (33.0°). 8 (43:Q°) - (3,,0°)  used in above derivation!
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Long-lived parton states

J Feynman diagram representation of the hadronic tensor:

q

q q
VN A7u VRN ik
luvm k i +E k
P P P P

1 Im(%?)
J Perturbative pinched poles: p%e
Jd*k HQ k>( e 1+ l.gj( E l_l.gj T(k,%) — o perturbatively T_Re(F
J Perturbative factorization: Light-cone coordinate: 1
ku:xpu+wnﬂ+kﬁ v“:(v—F’v—’vJ_)’vi:ﬁ(voivg)

2xp-n

dx - 5 1 1 (k2)
f;d by H(glf =0) jdk (18 +i5j(k2 —igj TG, HO ( Q? )

Short-distance Nonperturbative matrix element
JefferSon Lab
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Collinear factorization — further approximation

q q

A Collinear approximation, if (O ~xp-n > k_, Vi’ VN A7
k k
—Lowest order:  0((k+q)?) = 5= d(z—€) = ﬁ&(;r—;‘;—:)
P P

> / ;ZMZ (39 O+ 07", )3+ 0)%) [ 'y o, ) (o)) +

- Z [ s [ Q)] +
~ Z/dﬂc Tr [’H’;’}(Q k ~ xp)/ (;i]; 6(z — %)Ff/p(k,p)] + O(g—?a <l§;>) +
~ Z/— Tr [’ny‘ vt Q,xp); - ( p)] / (33)645(%— M)Tr lv-n ff/p(k,p)] +

PN 2p-n

NZ/dx WH (2, Q% /12) by, 1) + .
[ 15\ el

el A e
w k=

v v 1
5 L| v - (zp) W (2, Q?/u?) = Tr [Hf;*f(Q,l’p)?Y' (fﬂp)] J)e/ffggon Lab
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Parton distribution functions (PDFs)

(] PDFs as matrix elements of two parton fields: . )
— combine the amplitude & its complex-conjugate
prdy” . ol
Sy (2, 12 / TV RPIG(0) 5 bl I()
(p)) can be a hadron, or a nucleus, or a parton state!

But, it is NOT gauge invariant! U(z) — eiaa(iv)taw(x) (z) — P(z)e e @t

— need a gauge link:
dy~

W o= ()45, (0) [P I d“““] O )Zo (1)

2\ _
¢q/h(aj7l“b ) _ 27_‘_

— corresponding diagram in momentum space:

d4k k / i . : : \ &
/ oy k+/p2_é’:mg ;_,f e
p’S : : : ‘_ p,s
p-dependence

Universality — process independence — predictive power
J)e/fffegon Lab




“ _n”

Gauge link — 1t order in coupling “g

 Longitudinal gluon:

] Left diagram:

g : 2 +
p dyl ix1p+(y1_—y_) CAQ()— _soaa Y pZ((iB — 21— 5133)’)/ P+ (Q /Qpr )7 ) n)
/dﬂil [/ Tor e n- A%y, )| M(—igt*) o (z — 21 — 25)Q2%/xp + ic

1 . - N Ral _
— g/_n Aa yl [/ d$1 : ezm1p+(y1 ) )] M = —Zg/ dyl nA(yl )M
Y-

—x1 + 1€

 Right diagram:

+ 1, ; 2 +
p dyl T YL o AQ (0 — —Z((il?'—|—$1 _xB)'Yp‘|‘(Q /QZEBp )7”) .o\ VP
/dxl [/ 5 © n- A*(y; )] CE oy p— (+igt )—er M

1 : - e
_g/ dy1 n- Aa yl [/ dx, . ezx1p+y1 ] M = ig/ dyl_nA(yl_)M
0

r1 — 1€

] Total contribution:

. > <1 ., _ _ O(g)-term of
Y [/0 _/y_ ] dyym- Al ) Meo e gauge link! . _——
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QCD high order corrections

(J NLO partonic diagram to structure functions:

_0? 2
< dk? ki ~0
Dominated by {
1 A o0
AB

Diagram has both long- and short-distance physics

] Factorization, separation of short- from long-distance:

4

[ ] .m:@ ‘ dk;@
i
AW

fel

(_" (00 q? (1 (}{)
’ = a i 2 z‘&mrmrh
LO + evolution \U ’ :

C1 (1) (o) — i N =~ B h
NLO 7 M H o *m = )‘ d‘{f;:‘\g&
7 <
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QCD leading power factorization

J QCD corrections: pinch singularities in

q

N\
xp
X A
Fz(xgan):ZCf(—BaQ j@gof (x yF)+O xD
j ) N 0’
J Factorization scale: ,uﬁ%

-—p To separate the collinear from non-collinear contribution

Recall: renormalization scale to separate local from non-local

contribution
9 .ge/ff.;gon Lab



Picture of factorization for DIS

] Time evolution:

Long-lived parton state

Time:

—_—

1 Unitarity — summing over all hard jets:

DIS
o.. ocIm C

“Past”

t ~ R

} (xP+q)

“Future”

Not IR safe

Interaction between the “past” and “now” are suppressed!

10
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How to calculate the perturbative parts?

(] Use DIS structure function F, as an example:

’ Aden
F,(x,0%) = Z q/f(x gz 9asj®¢f/h('x9/u )"‘0( 2 ]

o
<> Apply the factorized formula to parton states: h—> q
Feynman F, (x 0%) = Z Q2 o |® (x 2) Feynman
diagrams B> P9I qu s Prig\ - H diagrams

<> Express both SFs and PDFs in terms of powers of a:
Ohorder:  Fy)(x,, 0" =C(x, /%, 07/ 1) @@L (x, 1)

V) =F| ¢ (x)=5,6(1-x)

1t order: Fz(;) (x,,0°) = C;I) (x,/%,0°/ 1*)® goé% (x,,uz)
+C ey /0,0 1) @ ), (x4
j> Q1) = F)(x,0) - E) (.00 ®¢)), (x,11°)

D
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PDFs of a parton

(J Change the state without changing the operator:

bunle i) = [ A ), 0) 5 Uyl P

|h(p)) = |parton(p)) » ¢7/q(T, 11°) - given by Feynman diagrams

J Lowest order quark distribution: P
<> From the operator definition: k
(0) o d4]€ 1 ’}/+
¢q /q( ) = 56](]/ / WTI' [(ify p) (QPT 5 xr — p_+ 27‘(‘ 454(p k)
= Ogq 0(1—x)

U Leading order in ag quark distribution:

<> Expand to (g.)?> - logarithmic divergent:

(1) Qs de 1 + 22 § B T
qu/q() C'F2 /k2 [(1—x)++25(1 z)| +UVC

e 2
12 UV and CO divergence Jefferson Lab




Partonic cross sections

 Projection operators for SFs:

WW=—(gw—qf]mﬂ(x,Q2)+%£pﬂ—qy Z'ij(pv—qv pq;qjl%(x, ’)

1 L 4x7 )
Fi(xﬂQz)ZE -g” +El9ﬂp ij(x»Qz)

y 12x° y
Fy(x,0%) = x| g + 125 pep ij(x,Qz)
q q
3 oth order: FO(x) = xgﬂvWﬁgg)q — 15 .
, A4 [ xp

2
=(xg”v)%zTrB7-pn,y-(p+cJ)7v}2ﬂ5((p+q)2)

= e§x5(1 —X)

0) () —
C, (x)= eq2x5(1 —X)

13 Jefferson Lab




NLO coefficient function — complete example

(.01 1) = F)(x, Q) - F (2.0 ®l), (.17

] Projection operators in n-dimension: gﬂvg’w =n=4-2¢

(l—g)F —x[—g +(3-2¢) sz p ]W

J Feynman diagrams:

B P S

Virtual

3 Calculation: _gﬂVW(l) and pﬂva()

- D
14 J)e/ffeﬂrson Lab
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Contribution from the trace of W ,,

] Lowest order

g,uVW(

7,

in n-dimension:

—e(l £)o(1—x)

V.q

(] NLO virtual contribution:

g“vaq—e (1-&)o(1—x)
*( 47w T+ &) (- 5)[ 2+§l+4}
['(1-2¢) e 2¢
J NLO real contribution:
4mu I'd+e¢)
wpy R — o2 (1 - C
Wy =€, (1-2) { } [(1—2¢)

|

_178{1 H(l xj(l 2eﬂ+

l-¢ N 2&
2(1-2&)1—-x) 1-2¢

D
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1 The “+” distribution:

(Lj+g:_15(l—x)+ 1 +g(€n(l—x)j +0(&%)

1-x & (1-x), 1—x

(o S ¢, f)-fO .,
jdx(l_x)+_jdx = n(=2) /(1)

] One loop contribution to the trace of W ,;;:

_g“"W;EIV),q :ej(l—g)(as j{—quq(x)+qu(x)£n( o’ J
Poy

27 1 (4re ")
A fn(=x)) 3( 1 )} 1+x°
+C,. [(1+x )( P l 2(1—x1 P ‘n(x)

+3—x—[%+%2j5(1—x)}}

1 Splitting function:

2
Itx +§5(1—x)}

B’q(x)zc{(l—m 2



(1 One loop contribution to p*pY W,

2
u v (W _ vy R _ 2~ O O
PP WﬂV,CI =0 p'p Wyv,q_eqCFgél_x

(] One loop contribution to F, of a quark:

Fz(;) (x, Q2) _ ejx & {(—lj qu (x)(l +eln(4re™* )) + qu (x)fn (Q—jj
27 €Jeo H

(=0 _3( 1) 1+ 9,7 ) sa—
+CF{(1+x )( — l Z(I—xl —_ In(x)+3+2x [2+ 3jé‘(l x)}}

= o as €—0

(] One loop contribution to quark PDF of a quark:

(05/)9,(?6,#2):(&]%(36){(1) +(—1j }+UV-CT Kl "
27 & Juv € Jco

— in the dimensional regularization

Different UV-CT = different factorization scheme!



Renormalization group improvement

 Physical cross sections should not depend on the
factorization scale d

75 d—ze(xB»QZ) =0

H

Fy(z5,Q%) =) Cilxp/r,Q*/uf, as) ds(x, i)
f

=== Evolution (differential-integral) equation for PDFs

(1 PDFs and coefficient functions share the same logarithms

PDFs: log(ﬂ; /ﬂg) or log(ﬂ;/AéCD)
Coefficient functions: log(Qz/,u;) or log(Q2 /,uz)

- DGLAP evolution equation:

0 X :
- gpi(x?ﬂ;)zzpi/j(;’as)®gpj(x91[1}27)
J

Hr

2
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Calculation of evolution kernels

J Evolution kernels are process independent

< Parton distribution functions are universal

<> Could be derived in many different ways

] Extract from calculating parton PDFs’ scale dependence

P P P 1
p D
"—i ‘ 4 i / 4 5 ,
/ |
d A o1 dxl x a Collins, Qiu, 1989
Q dQ2 z(x’Q ) 217_ X xl qz xl?Q yqq xl zﬁqi(X,Q )f() dZ ‘yqq(z)
Change “Gain” “Loss”’

<> Same is true for gluon evolution, and mixing flavor terms

(J One can also extract the kernels from the CO divergence of
partonic cross sections
19 .ge/ffegon Lab



From one hadron to two hadrons

J One hadron: e p
—_— o <=mm
e— i
, , .
k k

|
® %%:P +0(§)

Gtot
Hard-part Parton-distribution Power corrections
Probe Structure Approximation
(J Two hadrons: l l
DY ( 1
Ot — & + 0| —
OR

[ A Predictive power:

20 \. Universal Parton Distributions .!gf,f/e?son Lab



Drell-Yan process — two hadrons

S.D. Drell and T.-M. Yan
1 Drell-Yan mechanism: Phys. Rev. Lett. 25, 316 (1970)

A(Py) + B(Pg) = 7' (q)[= ll(g)] + X with ¢° = Q"> Adep ~ 1/fm”

Lepton pair — from decay of a virtual photon, or in general,
a massive boson, e.g., W, Z, H?, ... (called Drell-Yan like processes)

 Original Drell-Yan formula:

= — 2 I ] 2
P
P A — -
/ h L _ p | i o 2
o ) QX Do
B, Q 7 2 % ¢ 7
B y - —
By
) do 4 B—>u"— x _ 4ma
> d+(-;)2dy+ 27‘ 3Q4 Z Tadp/a(Za) s/ B(2B)
No color yet! Rapidity:  y = %ln(xA/-TB)
Q Q _
21 | Right shape — But — not normalization Ta= _Sey TB=75°¢ ’




Drell-Yan process in QCD - factorization

Collins, Soper and Sterman, Review

(1 Beyond the lowest order: in QCD, edited by AH Mueller 1989

<> Soft-gluon interaction takes place
all the time

<> Long-range gluon interaction
before the hard collision

mmm) Break the Universality of PDFs
Loss the predictive power

(] Factorization — power suppression of soft gluon interaction:

| / 1
r-Frame -Frame

sa\ \\\ \ A=
X2t ///)4’” Ey(z) = £

X3~ Bet




Drell-Yan process in QCD - factorization

O Factorization — approximation: Collins, Soper, Sterman, 1988

<> Suppression of gquantum interference between short-distance (1/Q) and
long-distance (fm ~ 1/Aqcp) physics

mmm) Need “long-lived” active parton states linking the two

/d.4p 1 1 — 00
“p2 +ic p2 —ic

Perturbatively pinched at pg =0

mmm) Active parton is effectively on-

shell for the hard collision
<> Maintain the universality of PDFs:

Long-range soft gluon interaction has 5 o 5
to be power suppressed on-shell: p, py < Q7
collinear: p2p, Pipr < Q%
higher-power: p, < ¢ ; and
Cancelation of IR behavior K qr
23 Absorb all CO divergences into PDFs Jefferson Lab

< Infrared safe of partonic parts:



Factorized Drell-Yan cross section

1 TMD factorization ( ¢; < Q)):

do
dqu _ / ka1 d*ky 1 dks16%(q1 — kot — ko1 — k1 )Foja(za,kar)Foyp(wn, kot )S(ks1)
+0(q./Q) TA = % e¥ TR = % e’

The soft factor, S , is universal, could be absorbed into
the definition of TMD parton distribution

3 Collinear factorization ( ¢ ~ @ ):

do do,
dqu :/d% fa/A(xa,M)/dﬂfb fo/B(To, 1) qub(fUa,CUb,Cvs(M),u)JrO(l/Q)

 Spin dependence:

The factorization arguments are independent of the spin states
of the colliding hadrons

‘ same formula with polarized PDFs for y*,W/Z, H°...
24 Jgfggon Lab



Factorization for more than two hadrons

Nayak, Qiu, Sterman, 2006

v, W/Z,L(s), jet(s)
B,D,Y,J/¢y,m, ...

[ Factorization for high p; single hadron:
p

+0 (1/P;?)

% pT >mMm Z AQCD

Ao, . (PyPysP)

- 2 fr) 99, (¥

dydp; ab,c
dOA'ab_>0+X(xax'929y9p]2“M§7) 2
5 ® Dc—>C (ZJ ALLF)
dydp;
<~ Fragmentation function: D NG, (Z ’ ,u; )
C
<> Choice of the scales: ,Llsac ~ lurzen ~ p;

25 To minimize the size of logs in the coefficient functions JefferSon Lab



Probes for 3D hadron structure

O Single scale hard probe is too “localized”:

o It pins down the particle nature of quarks and gluons

o But, not very sensitive to the detailed structure of hadron ~ fm

o Transverse confined motion: k;~1/fm << Q

o Transverse spatial position: b;~fm >> 1/Q

1 Need new type of “Hard Probes” — Physical observables with TWO Scales:
Q1> Q2 ~1/R ~ Agcp

Hard scale: ()1 To localize the probe

particle nature of quarks/gluons

Jransverse momentum

Transverse

position

»
o {,"L o
“ ” .. Longitudinal momentum a partons
Soft” scale: (> could be more sensitive to the kt = aPt *\, o
L ]
hadron structure ~ 1/fm >
o L
L

Hit the hadron “very hard” without breaking it,

L ™~
clean information on the structure!

N
26




Semi-inclusive DIS (SIDIS)

[ Process:
e(k) + N(p) — €' (k") + h(Py) + X

(] Natural event structure:

In the photon-hadron frame: P, =0

Semi-Inclusive DIS is a natural observable with TWO very different scales

& > Pp, e AQCD Localized probe sensitive to parton’s transverse motion

[ Collinear QCD factorization holds if P, ; integrated:

P' P'
V¥ D p v —_—— dO'fy*h—>h’ 0.4 ¢f/h®da',y*f_>f/ ®Df’—>h’
Py, - .
q-p k-p
P P

1—$B] %

O “Total c.m. energy”: s,p = (p+q)* =~ Q? [
B B —

27 Jefferson Lab



Semi-inclusive DIS (SIDIS)

] Perturbative definition — in terms of TMD factorization:

TMD fragmentation

SIDIS as an example:

. TMD parton distribution
U Low P,; — TMD factorization: P IStrbUH

osipis(Q, Phi, TR, 2n) = H(Q) ®Qp(,k1) @ Dyonlz,p1) ®S(ks1) + O [Pg;]

U High P,; — Collinear factorization:

1 1
osois(Q, Pl s, 2n) = H(Q, PhJ_aCVs>®¢f®Df—>h‘|‘O< )
P’ Q

U P, ; Integrated - Collinear factorization:

~ 1
,g OsDis(@Q, 2B, 2n) = H(Q, o) ® oy @ Dy + O (@) Jefferdon Lab



Transverse momentum dependent PDFs (TMDs)

0 Quark TMDs with polarization:

Quark Polarization

Unpolarized | Longitudinally Polarized Transversely Polarized
) L) (M
Ul £ (x.k)) @ Wk @ - @
< Boer-Mulders
2
E L gl(x,sz)e—o_ a_’ iy (x,k}) o_" g_' Nucleon
_% Helicity Long-Transversity Polarization
e o6
= X, ky 2 _
;§ 1 ! hy (x, kz) ) _ Analogous tables for:
ransversity
Z|T ‘ ’ gn(x,kﬁ)é - & © Gluons f; — f{ etc
e h1lr(x>k%2) é E é © Fragmentation functions
) rans-Helicity
Sivers Pretzelosity © Nuclear targets S # %
d Semi-Inclusive DIS (SIDIS): T o e NP = el) (P £ X
10 -0 R
Apr = = LN(T) IN(Y) ,, \ Photon-hadron frame
P oy + o) N
(Colins , Q1 , Two planes
or o (sin(g, + ¢S)>UT o h @ H, L Leptonic plane

Agirvers oc <sin(¢h _¢S)>UT oC 1# ®Dl Hadronic plane

29 A(f;"EtzelOSﬂy o <Sln(3¢h o ¢S )>UT oC hlJ;" ®H IJ_ ‘H\\???% Jeff./egon Lab



What can we learn from TMDs?

U Intrinsic & confined parton motion:

<> Fundamental information sensitive to how partons are bound together
<> Responsible for dynamical contribution to emergent hadron properties,
such as spin, mass, ..

1 Quantum correlation between hadron spin and parton motion:

Nucleon

Polarization

Observed: Left-Right Asymmetry

Polarized
hadron

<> Sivers effect — Sivers function
Hadron spin influences parton’s transverse motion

O Quantum correlation between parton’s spin
and its hadronization:
Same Left-Right

P Asymmetry Proton Spin
p -
Transversity Y

= - XKT’ =

<~ Collins effect — Collins function

30 Parton’s transverse polarization influenges its hadronization



Exclusive lepton-hadron — Spatial imaging

[ Elastic e-p scattering — Electric charge distribution:

p®) [fm™]
20 Proton Proton
1> ) M Charge
10} radius!
05¢
rorirm jactwors
05 10 15  20°0m
M No color nucleon elastic form factor! \q it ¢
x 5
=) No proton color charge radius! 5 D >
P P’
[ Spatial quark/gluon density distributions — imaging:
Jiv, O, ...
/

— g-GPD —

DVCS: Q2 >> |t| DVEM: Q2 >> |t| EHMP: Q2 >> |t|

Jefferson Lab

31



Spatial imaging of nucleon

O “Seeing” the glue at EIC:

-
<

'\‘r* +

p—=Jiyp+p

W, o, ...
_—

b
f
4

t-dep

BR(J/y — e*e") x doidt (pbiGeV?)

fLdt =10 fb™?!

20 GeV on 250 GeV

14

1.6

0.016 <xy < 0.025

*+p—=Jhp+p
fLdt =10 fb!
5 GeV on 100 GeV

TE 016<x/<0.25
15.8GeVZ2< Q2 + M'j,w<25.1 GeV2

BR(J/yp — e*e”) x dofdt (pb/GeV?)

0 02 04 06 08 1 1.2 14

1(GeV?)

1.6

e+p—-e+p+Jp
15.8 < Q2 + M3, < 25.1 GeV?

0.0016 <xy <0.04@

02 04 06 08

anti-quark 102 |
gluon out o o, \ gluon back ‘
ofnuceon / [ €\ innuceon
o “
158 GeV2 < Q2 + M3, <25.1 GeV2
proton — ey proton < N
momentum transfer 1 L L L L L L
0 02 04 06 08 1 12
-t (GeV?)
How fast does
glue density fall?
0.7
2 06
-Ew 0.5 "
T 04 s
p=1
T 03 2
L ~—
T 02 am
0.1 £
=
0.0 £
5e-02 58.29.00 g
1e-01 0(?79 3
. 2e-01 g 01,25" \““\ /
e 50-01 2.001.751‘ b1 20 oz o4

pd

06

How far does glue
density spread?

32

Proton radius of
gluons (x)!

br (fm)

Only possible at EIC!

.!gfggon Lab



Observables with identified hadrons — Phenomenology

J Need QCD global analyses of all data on factorizable cross sections!

> Factorization >

Posterior Beliefs
e on Lab

)
BROOKHFAEN

NATIONAL LABORATORY

Al/ML
Synergy with EXP/COMP

06 TU,
04 Y mm JAM

“ W CJ15
xd, -2/ I NNPDF3.1

0.2

001 003 01 03 g 001 003 0.1 03
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Drell-Yan Factorization
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Drell-Yan process in QCD - factorization

O Factorization — approximation: Collins, Soper, Sterman, 1988

<> Suppression of gquantum interference between short-distance (1/Q) and
long-distance (fm ~ 1/Aqcp) physics

mmm) Need “long-lived” active parton states linking the two

/d.4p 1 1 — 00
“p2 +ic p2 —ic

Perturbatively pinched at pg =0

mmm) Active parton is effectively on-

shell for the hard collision
<> Maintain the universality of PDFs:

Long-range soft gluon interaction has 5 o 5
to be power suppressed on-shell: p, py < Q7
collinear: p2p, Pipr < Q%
higher-power: p, < ¢ ; and
Cancelation of IR behavior K qr
35 Absorb all CO divergences into PDFs Jefferson Lab

< Infrared safe of partonic parts:



Drell-Yan process in QCD - factorization

[ Leading singular integration regions (pinch surface):
P -

Hard: all lines off-shell by Q

Collinear:
< lines collinear to A and B

<> One “physical parton” per
hadron

Soft: all components are soft

[ Collinear gluons:

<> Collinear gluons have the
polarization vector: et ~ kM

< The sum of the effect can be

represented by the eikonal lines,

which are needed to make the PDFs gauge invariant!

0
36
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Drell-Yan process in QCD - factorization

 Trouble with soft gluons:

(zp + k)* +ie o< k™ + ie
(1 —x)p—k)* +ieox k™ — ie

<> Soft gluon exchanged between a spectator quark of hadron B and the active
quark of hadron A could rotate the quark’s color and keep it from annihilating

with the antiquark of hadron B

<> The soft gluon approximations (with the eikonal lines) need i~ not

I”

too small. But, ¥ could be trapped in “too small” region due to the

pinch from spectator interaction: kT ~ Mz/Q Lk ~M

Need to show that soft-gluon interactions are power suppressed J )e/fffe?so N Lab



Drell-Yan process in QCD - factorization

1 Most difficult part of factorization:

0(%)

<> Sum over all final states to remove all poles in one-half plane
— no more pinch poles

<> Deform the k? integration out of the trapped soft region

<> Eikonal approximation === soft gluons to eikonal lines
— gauge links

<> Collinear factorization: Unitarity ===sp soft factor =1

All identified leading integration regions are factorizable! 2
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