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1 Predictive power of QCD calculation

4 Factorization vs non-factorization

 Necessary condition for pQCD factorization

 TMD and Collinear factorization

Collinear factorization + Sudakov resummation

=\= TMD factorization

4 Universality of TMD/Collinear PDFs

 Evolution of TMD/Collinear PDFs and correlations

d Summary and outlook
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Foundation of perturbative QCD

J Renormalization

— QCD is renormalizable Nobel Prize, 1999
‘t Hooft, Veltman

O Asymptotic freedom
— weaker interaction at a shorter distance

Nobel Prize, 2004
Gross, Politzer, Wilczek

O Infrared safety
— pQCD factorization and calculable
short distance dynamics ) Sarurat Prise

Mueller, Sterman, 2003
Collins, Ellis, Soper, 2009
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Predictive power of QCD calculation

1 Necessary conditions to apply pQCD:
<> Observable has a large momentum transfer: @ > m,Aqcp ~ 1/fm

< Observable is IR safe when all hadronic mass scales go to zero

1 Cross section with NO identified hadron:

< Hadronic total cross section in e*e" collisions
Ue+e——>hadrons(Q — \/g) — Ue+e——>partons(Q)
< Inclusive jet cross section in e*e- collisions

Ue+e——>jets(Q — \/§7 Recone, Eh)
1 Cross section with one or more identified hadron:

< PQCD does not work for the dynamics at hadronic scale: 1/fm

< PQCD alone cannot predict such a cross section

—> Factorization?!
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Factorization vs non-factorization

] Cross section with ONE identified hadron:
n(Q, M, Sp) Zﬂh (Sh) ( ) ]ZC (Q/n, Sh) <h Sn|Onlh, Sn) (g)

Factorization to all powers | opE Function of yu, M

1 Cross section with TWO or more identified hadron:

<> OPE does not help for factorization — (h1, h2|O,,(0)|h1, ha)
< Inclusive Drell-Yan cross section is not fully factorizable!

oY (Q, M) O (Q/ 1, () ® 1), @ 150

@) © S i + I ) + i+

d Predictive power of pQCD factorization:

< Universality of PDFs “Right” to neglect non-factorizable
<> Evolution of PDFs power corrections
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The necessary condition for factorization

O Experiments do not see partons directly:
P'y|\yP
Y* P P oyx

L . oc/d4k/d4p
P P

4 Perturbative pinch singularity:

1 1
— 4 i 2~
I, /d k Jn(P, k) k21+ - k21—ie H(k,Q,p) Dominated by k?~0
N/d k Jn(P, k) R — (H(k* =0,Q,p) +...]

Similar approximation for the p-integration

Cross section is factorized into 3 parts: J,(P), J,,(P"),H(k* =0,Q,p* = 0)
They are separated by long-lived parton states comparing to 1/Q

Long-lived parton state — necessary condition for Factorization
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Other leading contributions

4 Collinear gluons:

P/ P
v p P yey—— Collinear longitudinally polarized
gluons do not change the
k k : .. . :
collinear collision kinematics
P P

J Soft interaction:

If the interaction between two
jet functions can resolve the “details”
of the jet functions, the jet functions
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could be altered before hard collision
— break of the factorization
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TMD and collinear factorization

 On-shell parton entering the hard part:

_|_
Ak = ‘%d%@ dk? = d—xdsz
X Included in TMD PDFs

J TMD factorization:

A

ospi1s(@, Pr1) = H(Q)®Pr D, @S
PM) g
+0 (— !
Q
Pni, =kip +kfi +ks1
] Collinear factorization:
IF Q> k., VK2,

di* dz
k= Prp dk? = @
k+ g x

S=1

Included in PDFs
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TMD vs collinear factorization

4 “Formal” operator relation between TMD distributions
and collinear factorized distributions:

spin-averaged: / A’k 3P (2, k1) + UVCT (uF) = ¢ 5 (2, pu3)

: 1 o
Transverse-spin: . /d2lﬂ k% qr(z, k1) + UVCT(u3) = Tr(x, x, pu3)
P
But, TMD factorization is only valid for low k;— TMD PDFs at low k-

J TMD factorization and collinear factorization cover
different regions of kinematics:

Collinear: Q... Q,>> Ng¢p
TMD: Q,>>Q, ~ Ngep

<> One complements the other, but, cannot replace the other!

< Predictive power of both formalisms relies on the validity of
their own factorization

Consistency check - overlap region — perturbative region
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The consistency check

4 IF both factorizations are proved to be valid,

< both formalisms should yield the same result in overlap region

<> Case studies — Drell-Yan/SIDIS Ji, Qiu, Vogelsang, and Yuan
J A Koike, Vogelsang, and Yuan
o

dO d
Qz Q? \ 0, qﬁ > A(zj)CD Collinear
: »
0> >q’ \

TMD , , — QO+

0" > q; » Ayo| | In this overlap region, both formalisms
indeed give the same result

4 IF one factorization formalism is valid, aiu, vogelsang, and Yuan

< Its asymptotic form in the overlap region is a necessary
condition for the other formalism to match

< But, it is not sufficient to prove the other factorization formalism
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Question

Can collinear factorization + resummation
mimic/replace TMD factorization?

e Fermilab CDF data on Z at \@ = 1.8 TeV 4 Fermilab DO Run |l data on Upsilon at VS=1.96 TeV

% D rrrryprrrr T T T T
% 10 E 10 -1 Do Y(1S) —
o \.% — m |y|<0.6 3
g'_ . | gi ) O |ly|l<1.8 :
10} B L S
Qiu and Zhang, PRL 2001 = 10 '3__ Berger, Qiu and Wang, PRD 2005 —
10'2..|.|....||..'|....|....|....|....||...|...| =TT BT BT B

0 10 20 30 40 50 60 70 80 90 0 5 10 15 20
Q, (GeV) P(GeV)

Answer:

Collinear factorization + Sudakov resummation
=\= TMD factorization
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Collinear factorization + Resummation

1 Resummation of large logarithms is a reorganization of
the perturbative series in collinear factorization

< It improves the predictive power of collinear factorization to a
wider kinematic regime
< It does not include ANY O(k;)-TMD distributions at leading twist

S9 (P SlottylP,S) + (P, —S|po Ly |P,~S) = 0
if two fields on the same light-cone

—) NO Boer-Mulders function in LT collinear factorization
(P, S|y 4| P, S) — (P, =S|y y|P,—S) = 0
—) NO Sivers function in LT collinear factorization

d TMD distribution at low k; includes rich information of
HT contributions of collinear factorization

JLab12, ..., and EIC can explore the rich transition region
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Universality of PDFs

[ Collinear factorization:

All leading twist PDFs and high twist multiparton correlations
are independent of details of partonic processes — universal

J TMD factorization:

TMD distributions could be process dependent due to the
leading power contribution of collinear gluons — gauge link

Pl
Y* P

k

Pl

p yx T

k

P

P

 Gauge link is sensitive to the path in gauge field theory:

Sum of gauge links along a close path is not equal to the unity
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TMD parton distributions

Q SIDIS: )
750 (2, K, §) = /

dy_dzy_]_ irptu——ik, - -
s :yl (p, S[)(0=,01 )@} ({o0,0},0,)

X ‘DL ( {YLaOJ_} n {OC Y } y-L w y Y-L)|p> >

Gauge links: 4 ( ({ooy~}.y1) = P9 [T AT AL Y )

. Y1 7 "o ’
. —1ig dy yn’| Au(oo, v )
(I)n,L {y_]_ O_L} = Pe fo_,_

 Drell-Yan:
dy~d?

B edes,§) = [ Sk ey 0 0,)8) (~20,0),0,)
X}, ( —OC"{YLOL})% B ({—00,y” ),y )0y, yL)p, S)
d PT invariance: e
(ar|Br) = (Bley  foRrS(z ki, 8) = [k (2, ki, —S5) ﬁzﬁ;e(tﬂ 2008
 Sivers function:

font (2, kL, S) = fon(x, ki) + qs/iﬁrs(fl?,kﬂ S-(pxky)

Sivers SIDIS Sivers DY Modified
—) x, k = — x, k S
ot (@ kL) a/ht (TrkL) Universality
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Test of the modified universality
d SSA of W-production at RHIC : Kang, Qiu, 2009

Sivers function same as DY, different from SIDIS by a sign

< : < -
03F @ 01f @
0.25 0<P;<3 GeV ' N .
u 0.05 [
0.15 T N~
0.1F 005  0<P<3GeV
0.05 -
C -0.1 —
0F -
I-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIlIIIIIIIIIlIIIIIIIIIIIIII
2 15 41 05 0 05 1 15 2 2 15 414 05 0 05 1 15 2
y y

- flavor separation
- large asymmetry: should be able to see sign change

But, the detectors at RHIC cannot reconstruct the W’s

The Sivers functions from Anselmino et al 2009
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SSA of lepton from W-decay

) ) iu. 2
d Lepton SSA is diluted from the decay: fang, G, 2009
z oip P
008 |- l|:1=41Gev d oo
: 002
0.06 C
B 001 [
0.04:— 05
0.02 [- '0‘015
002}
0_— C
pe v bevra bvrna by bevas bevna bena bvaa bav s 003
25 2 151 05 0 05 1 15 2 25 25 -
F 0.06: d
0o - flavor separation
°-°4§‘ - asymmetry gets smaller due to dilution
°'°3§” should still be measurable by current
" RHIC sensitivity
0.01 F
. -...Hlllu Larger SSA for Z° production

30 35 40 45 50 55 60 65 70

T

September 28, 2009

while the rate is lower

16 Jianwei Qiu




Evolution of PDFs

1 Factorization scale dependence:
OPhysical (Q) = H(Q/pr, Q/ 1, as(p)) @ ¢y (pir, 1) @ . ...

< He-dependence controls how much “collinear” partonic
radiative correction should be included in the “hard” part
< Ue-dependence of PDFs should cancel the p-dependence of H

J Evolution of TMD distributions:

< NO evolution equation has been derived for TMD distributions
in x and k; space

< Evolution equation was derived for Fourier transformed TMD

distributions when b small (2, b, 1, 2C) = /dz,ﬂ eFL VL B2k, 2C)

8 b + .

¢ a—<<1>(w, b,y xC) ~ (K (1,b1) + G, 2¢)) ®(x, by, 1, 2C) ¢ = (2Pn2n)2
d d

“@K — KT _“@G == Double log resummation in b-space

Collins and Soper, 1981
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Collinear factorization for one scale SSA

1 QCD Collinear factorization approach is more relevant

(M) ' — Expansion

Q
0(Q,s7) =Ho® fo®@ fo+ (1/Q)Hy @ fo @ f3 + O(1/Q%)
? 1
Too large to compete! Three-parton correlation

1 SSA - difference of two cross sections with spin flip
is power suppressed compared to the cross section

Ao(Q, sT) = |0(Q, sT)—0(Q, —s1)]/2
= (1/Q)H1(Q/1p, as) @ falpr) ® fa(ur) + O(1/Q?)

*» Sensitive to twist-3 multi-parton correlation functions

* Integrated information on parton’s transverse motion

September 28, 2009 18 Jianwei Qiu



SSA in QCD Collinear Factorization - |

4 All scales >> Agcp:

o(st) ~

Normal twist-2 distributions

d Twist-3 quark-gluon correlation:

dyy - — ~T _
Tyr(waor) = [ Fc= (Pl (0) % U dyy €T, (y7) | GolyD)IPest)
. . 5
Spin flip: g1 =7, hi « o™, Tr < 1 (?)
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SSA in QCD Collinear Factorization - |l

Qiu, Sterman, 1998
1 Factorization formalism for SSA of single hadron:

Ao pppn(F) =2 SN0, .20 .57 ®@byp(x VOH 4y (57)®D ., 1(2)

abce

+ 2 8qA(xFD) @ dp(x1 x)) @ H{j (S7)®Desrn(2)
aovc

abc

+higher power corrections,
Only one twist-3 distribution in each term!

% 1st term: Collinear version of Sivers effect
% 2" term: Collinear version of transversity + BM function

s 3 term: Collinear version of Collins effect
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Scale dependence of SSA

 Almost all existing calculations of SSA are at LO:

% Strong dependence on renormalization and factorization scales
“ Artifact of the lowest order calculation

4 Improve QCD predictions:

s Complete set of twist-3 correlation functions relevant to SSA
*» LO evolution for the universal twist-3 correlation functions

** NLO partonic hard parts for various observables

** NLO evolution for the correlation functions, ...

J Current status:

+» Two sets of twist-3 correlation functions
. . T T(f,d) Kang, Qiu, 2009
s LO evolution kernel for q,F(fca T) and G F (Z,2)  Braun et al, 2009

% NLO hard part for SSA of p; weighted Drell-Yan vogelsang, Yuan, 2009
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Two sets of twist-3 correlation functions

1 Twist-2 distributions:

_|_
— Y
o Unpo'arized PDFs: Q(x) X <P|¢q(0)7¢Q(y)|P>
G(x) o< (P|ETH(0)F™ (y)|P)(—gpuw)
— Ty P g
. A P
% Polarized PDFs: a@) o< (P, 5[ (0) == va W)l 5))
AG(z) o< (P, S||[FT(0)F™ (y)|P,S)) (i€ 1)
L Two-sets Twist-3 correlation functions: Kang, Qiu, PRD, 2009
~ du—dus . o _ — Nt
1qF = / z(gvr)zéz eleP Ui giv2PTur (p, st |14(0) '7 (€577 E T (g3 ) g (yy )| Py sT)
f]v-(f,d) _ / dyl_dy; eixP+y1_eim2P+y2_ i(P s |F+p(0) [esranﬁF +(,U—)]F+>\( —)lP g >(_ )
G.F (271,_)2 P+ y ST o \Y2 Yy y ST gpA
- du—dus . _ _ _ ~F A5
IaqF = /% eiwPryr gizaPty; (P, 3T|f¢)q(0) ’ 2’ [z ST F0+(y2—)]wq(y1—)|P, ST)

T : dyy dyy i 1 ol -1 . O — — .
Ty = [ S et (P P O) 15 F ()| FPWDIP. st (e
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Evolution equations and evolution kernels

 Evolution equation is a consequence of factorization:

Factorization: Ac(Q,sr) = (1/Q)H((Q/ pur, a5) ® fr(wp) ® f3(pr)
0
d lIl(ﬁLF)

: .9 J M _ pM\ o f
Evolution for f;: (.“n(m‘)fs (aln(“F)Hl Py )® /s

DGLAP for f,:

folpp) = Py ® fr(up)

 Evolution kernel is process independent:

+» Calculate directly from the variation of process independent

twist-3 distributions Kang, Qiu, 2009
Yuan, Zhou, 2009

*» Extract from the scale dependence of the NLO hard part
of any physical process Vogelsang, Yuan, 2009

+ Both approaches should give the same kernel

* UV Renormalization of the twist-3 operators Braun et al, 2009
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Leading order evolution equations — |

Kang, Qiu, PRD, 2009

O Quark:
8T y oLy 's ' d
q‘gl(lfﬂg - ;_‘n’ ?ﬁ Paq(2) Tq.r (€,€, p1F)

CA [1+22

C
9 1 — > [Tq_-F(gvl'a /-LF) - Tq.F(£$§a ,U'F)] + ZTq.F (5’ z, /'LF):I + TA |:TAq,F(-Ta£$ /J'F)]

1
P (%) (5) [T(g‘f;(ﬁ,e,up) + TS} € pp)] }

4 Antiquark:

OT; p(z,z, a, [1d
q"gl(np% he) -~ o é{qu(z)Tq»F(ﬁ,ﬁ,MF)
Cy [1+ 22 .
+TA l 1 —zz T7.r (& z,mr) = Tqr(§, & pp)l + 2 T3 (8, 2, #F)] + TA [TM.F(:I:,& #F)]

1\ F
+qu(z) (5) _T((‘,'cf}"‘(g, 63 /-LF) - Téf;;-(f,g, /-I'F')] }

% All kernels are infrared safe
+ Diagonal contribution is the same as that of DGLAP
* Quark and antiquark evolve differently — caused by tri-gluon
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Leading order evolution equations — ||

Kang, Qiu, PRD, 2009

d Gluons:
8TC(;37(I‘$’ :u'F) O ! dé. P ( )T(d) (£ ¢ )
Iln p2, oo ), €LY TG E S S HF

C z 1—=z d d
5 [2 (1 (- z)) T8 wamr) = TS (6,6, 1)

1—=2
#2 (1= 122 —201=2) ) T 6 ne) + (14 2) T, (o o)

N2 —4
+Pyq(2) (Ng — 1)
(&

Similar expression for 7./) (1 2 )

Z [Tq.r(& & pnr)+ Thr (&€, ,U-F)]}
q

“ Kernels are also infrared safe

“ diagonal contribution is the same as that of DGLAP
“ Two tri-gluon distributions evolve slightly different
& Té‘f} has no connection to TMD distribution

< Evolution can generate Tgf)F aslongas Y [Tyr+Tsr] #0
q
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Leading order evolution equations - |lI

d Evolution equations for diagonal correlation functions
are not closed!

1 Model for the off-diagonal correlation functions:
For the symmetric correlation functions:
Ty r(xy, Xo, pp) = IE[Tq,F(xI’ Xy, fp)+ T, r(x, x5, pp)Je [oi—x)/ 2”2?_:
Tg;{)(’fl Xy, fp) = -[Tgf (1, X1, mp)+ T(f (X5, Xy, ) Je T —x)/20%]

—)

] , v, 2
TU 2 pp) = 5[ GF (x, *1, Kp) + x_zT(c{'ﬁ)(.xz,xz, #F)]é’_[("‘_xz"/z"'l.
X1 '
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Scale dependence of twist-3 correlations

= 05| = 06F )
% - u-quark-gluon % - Our evolution
i - L 05
5 0.4__ p N
- . Q=4 GeV = 04k Q=10 GeV
03[ T E
C 03 |
02 | -
- 0.2 |-
0.1 :_ 0.1 :_
0:ll[llllllllllllllIlllllllllIllllllllllllllIllll o'__llllllllIlllllllllllllllllllllllllllll[lllllllll
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 0.9
X X
= aF = 4F
X F Tri-gluon X F
% asF 9 % 35F 1
S‘D E 5 ec E
= 3F Q=4 GeV = 3F Q=10 GeV
25 25
2 2
15 F 15 F
1E 1E
05 05
of oF
: 1 IlI 1 1 1 1 1 1 —_— : 1 1 Illl 1
107" 1 107 1
X

*» Follow DGLAP at large x
*» Large deviation at low x (stronger correlation) _
Kang, Qiu, PRD, 2009
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Summary and outlook

1 Collinear factorization and TMD factorization cover
different regions of kinematics

Two are complementary to each other
One cannot replace the other!

1 TMD factorization leads to more TMD Two-parton
correlations. These “New” TMD correlations connect to
HT quark-gluon correlations in collinear factorization

No evolution equation for TMD distribution in x and k; space

d Exploring the transition region between the TMD and

Collinear factorization should be very interesting
-JLab12, ..., and EIC can definitely help!

Thank you!
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Backup transparencies
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Factorization — beyond leading power - |

1 Cross section has the same dimension:
o (Q M) = CQ Qs as () ® 1) @ £
+ O @ n) @ [, ® Fifl, + (i o ha) + 3l +
Dimension of the power suppression is matched by the dimension
of high twist matrix elements — multi-parton correlation functions

 In collinear factorization, hadron mass does not enter
the power expansion of partonic scattering:

PP=M?"~0=k"=0,p"=0,...
1 One active parton subprocess contributes to all power

AX H(k,Q.p) ~ H(k* = 0,Q,p" =0) + O (<k2>’2<p2>)
k k %H(ksz,Q,p:p//z)+0( jé{T )
P P = (pror.orplp)  vo (L)
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Factorization - beyond leading power - ||

O Multiparton correlation functions — more active partons:
PST P,ST

' AP < Gluon field operator is not a good operator
W < Need contribution from two parton process
' B % building blocks: ¥, ¢, Dy, F*T

d Kinematics fix only one active momentum fraction:

Letp = xP, po = 22, either = or z2 can be very soft
 Key difficulty in factorization beyond leading power:

Impossible to separate the “soft” gluon from the “zero”
momentum active parton in multiparton correlation functions

d “Only” collinearly factorizable power correction:

Power correction with “only” one non-leading distribution!
Qiu and Sterman, 1991

— Factorize the soft interaction from all leading PDFs
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Evolution equations - |

d Feynman diagram representation of twist-3 distributions:
P,s, Kang, Qiu, 2009

o,a Ap. ¢
: kzl;" ;k+k2 kzl fk+

Different twist-3 distributions < diagrams with different cut vertices

] Collinear factorization of twist-3 distributions:

PST PSI-

%

VYV LC = Y S k" S k; sponi\[ — C
aF — 5p+ X P X20\ X2 P (ie )[ 50#] q
T(LC) - %'}’ . P( )("es,-pnn )C
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Evolution equations - ||

1 Closed set of evolution equations (spin-dependent):

. 0 = . |
l.l.;;m-’]/q.p(x, X + Xa, L Ey ST) = fdfdf’_)[Tq.F(_f, f + f’_), ME, ST)qu(.Es § + §2’x’ x + X2, Q‘S)
F
+ %Aq,(f £+ & pp sKgagl€ € + 2, x, X + X3, )]

fdfd.fo ’f((?,.(f E+ &, mp, vT)Kf,"z.(f E+ Erx,x + X0, ay)
._fd

+ TO (& €+ Expip sPKD (& €+ Erx,x + 1y, )]

qlg

l\)

T er f dEdE[T O (&, & + &, pwp sKINE € + €3, %, x + x5, )
_f d

+ TR rE &+ &, pup sKID(E &+ 2,5, x + X3, @,)]

+ ZI‘dfdf,[Tq,,(.f &+ &, up, vT)K(')(f E+ & xx + x5 ay)

+ T agrl& €+ En g KD (& €+ £ + 13, )]

Plus two more equations for:

~

2 a ' 5
- —,-’T Flx, x + xo, g, 57) and T
Mg Py Ag. ,u,,. Ty

(i)
86 F(X X + X2, g, 57)
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Evolution equations - Il
] Distributions relevant to SSA:

d . Ir a ~ a ~
2 2 2
pi=—sT o x + x0 pp) = 5| ug—=T o6, x + x5, g, 57) + pi—=T s p(x + X2 X, 1, Sr)],
E 2Ly " dpug 1
d Ir 7
,ui—_;—’f('),(xx+xq Mp) = 5 y,—;—’fg),.(x X+ Xa, LF, vr)+y,—;-’f(,,.(x+xox,u, st) |,
Gy OpE OpE :
;1,2~LT {x, x + x ,u-)=l-pc2 g T (x, x + x5, o, 57) — 0 ’T (x + x5, x, p 9)-
F ('9/.1.%; Ag F\AY 2y ME 2L F ('),LL%, Ag.F Fs 9T ,LL,, Ag.F Fs3T) |
Ir )
u,F-T(r(,P(x X+ Xo, pp) = 3 %?-Tg(,,,(x X+ Xo, g, S7) — ui-m-’]'g)(,,(x + X9, X, (L, vr)]
- F F

4 Important symmetry property:
Tagrlx, x, pp) = ‘[dxz[2775(xz)]TAq.F(x,x + xo pp) = 0,

Yg:; (x, x, ip) fdxo[ZWS(Xo)]( )Tud)(x,x + x5, i) = 0.

These two correlation functions do not give the gluonic pole
contribution directly
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Evolution kernels

. Kang, Qiu, PRD, 2009
d Feynman diagrams:

o,a P.c B.b p.c
pa\ 2V 1ipap p\ P2 P+,
Nkl firle KRkl Fterk

d LO for flavor non-singlet channel:

pe P P p.c
N kg | frte AV RICTS AVH YT frris
(

(a) b) (©) (d)
p.c | p.c | p.c p.c
W7 Bl PR P2y P p\  Ip fPR P\ Fn| 7D
2 k kzl k+k_7 2 k kzi I(+k2 k lé p.‘ k+k3 k kq\p. k+k2
B [ =
(0 (@) (h) )
p.c p.c p.c
p & /7P b e p VY i, p
K k k7 s
k & k+k k /. k+k k k+ks k
[0 n [ "
(n) (©) (p)
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