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* Outline: whenever there is a evolution, there is a resummation
|

= QCD factorization: collinear .vs. TMD
= Concepts: evolution, resummation, and their connection

= Collinear factorization: DGLAP evolution = resummation of single
logarithms

= TMD factorization: QCD evolution and resummation
= Evolution of TMDs = resummation of double logarithms
= Jllustration of unpolarized TMDs

m Fyolution of Sivers function

= Difference between SIDIS and DY regarding sign change
" Perturbative Y-term

= Phenomenology (preliminary)
= Summary
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* QCD factorization: a way to probe hadron structure
I

= \We want to understand hadron structure in terms of quarks and
gluons

= |ongitudinal momentum distribution: collinear PDFs
" transverse momentum distribution: TMDs

= To extract information on hadron structure, we send a probe and
measure the outcome of the collisions

" in order to trace back what's inside hadron from the outcome of the collisions,
we rely on QCD factorization € p) "

= QCD factorization B V7

= collinear factorization: pp—h+X at high pt " ' GZ-N - :

= TMD factorization: SIDIS, DY, etfe'—hihx+X
* They are closely related to each other
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? DIS as an example
I

= Deep Inelastic Scattering (DIS)

2
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L,Lu/ W'uy
(leptonic tensor) (hadronic tensor)

All the interesting physics (QCD dynamics) is contained in W #”

= Hadronic tensor in perturbative expansion
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* QCD dynamics beyond leading order
I

m Radiative corrections

k k
JI = o N
P

Collinear divergence!l! (from k2 ~ 0)

) —1
= | d*k = 00
/ 1k%+ie k?—ie
< k% ~ 0 intermediate quark is on-shell
tap — o0

“ gluon radiation takes place long before the photon-quark interaction
— a part of PDF

Partonic diagram has both long- and short-distance physics
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? Factorization: separation of short- from long-distance
!

= Systematically remove all the long-distance physics into PDFs

~Q? Vﬁ}\q pt /@ "‘7}\ qrrJ“ Q V‘j}. 170
k

C(O)®¢(1-) - w.ﬁfl qju@/@{g;&

LO + evolution

Q% v \q q{:’_’M 2
TR~ NN
NLO 0
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? Scale-dependence of PDFs
[

= | ogarithmic contributions into parton distributions
7:%/ M A A

C(Q*/1?)
= (Going to even higher orders: QCD resummation of single logs

e N N

Qg lnp (ozs In A2>
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? DGLAP evolution = resummation of single logs
I

= Evolution = Resum all the gluon radiation

ki
¢(m’u2)==ké/\§= +A * A
P P P
k k g
P

P
mmmmdp DGLAP Equation Evolution kernel
splitting function

0
INYE di(x, ) = Z%(%) @ ¢j(a’, 1*)

J

= By solving the evolution equation, one resums all the single
logarithms of ( pﬂ)”

In —

AQ
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*Similar single logs for evolution of twist-3 correlation functions

I
= Qiu-Sterman function: first kt-moment of Sivers function

/ splitting kernel for unpolarized PDFs

BT ,F(x’ xz, ﬂ') o Qg : df g
qaln #2 - 2_71. £ ? {Q F (gaé’ /J‘)

+]\27 [1 he ( o (Es Z, #) - TQJ"(€$ €, ’l’)) X quJ"(g’ Z, p‘) " TAq,[«‘(x,f, /‘l‘)]

(I—Z)T y Loy

= Another twist-3 correlation function: first kt-moment of Boer-Mulders
function

211\/'- (1 —22)T p(z, 2 — & p) + Tag r(z, 2 — & p)] }

Kang-Qiu, arXiv: 1205.1019

spllttlng kernel for transversity

BTQ(;)'(«’C:«’C:#) ab dE (0') N,
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* TMD factorization
|

= Example: SIDIS (two scales - Q and qt) Ji-Ma-Yuan, 2005
Py Py
|
J
. Eel :
; i | |
|
|
: 5
A 2E : &
29 | = B
P S P

F(zp, 2h, P, Q%) = Z eﬁfd"’&dzﬁld%

q=u,d,s,...
Xq (EB) k.l.) #2’ xBCs p) @h (zh’p.La /1'2’ 6/zh, P) S(Z.Ls /1'21 p)
xXH (Qz: ,-1'2ap) 62(zhk_L +ﬁ_l. T E_L = ﬁh.l.) ’
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* Evolution of TMDs follow Collins-Soper evolution
I

= Evolution of collinear PDFs follow the usual DGLAP-type evolution
equation, which is equivalent to resum the single-logarithmic
contributions to all order

o

= Evolution of TMDs follow Collins-Soper-type evolution equation, which
IS equivalent to resum the double-logarithmic contributions to all
order, which is usually more difficult

Q*\"
(Oés 1H2 5
dT
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* SIDIS cross section
I

" in momentum space:

F(ZIIB, Zh Phla Qz) Z /de d2 d2£.L

g=u,d,s,..
Xgq (a:B, ki, p1?,z8C,p) Gn (zh,m,ﬂz,f/zh,p) S(2., 1% p)
x H (Qz, uz,p) 62(zhlzl + D) + Z_L = ﬁhl) ;

" in b-space:

F(a:Bazhsb)Qz) = Z 62q (zB’zhb I-l’ mBCs ) (Zh,bﬂ C/zha )

g=u,d.s,...

xS(b, u?, p)H (Q°, 1%, p)

= TMD quark distribution and fragmentation functions contain double logarithms,
others contain only single logarithms
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* Evolution of TMDs
|

= Since one now needs to resum double logarithms, typically it involves
two steps: Ldilbi-Ji-Ma-Yuan, 2004

= Energy evolution of the unpolarized PDFs

0
C5ea(@:b ¢, p) = (K(p,b) + G, 2¢))g(z, b, 1°, 2¢, p)
= Since it contains double logarithms, the kernel still contains single logarithms

d d

= Solving these two equations, equivalently one resums the double logs

= First for the evolution equation of K and G
mH d

K (b, ) + G&C, 1) = K (b, ) + G(aC, izr) — / Lk (a(@)

KL

* Then feed the solution back to the energy evolution equation

q(z,b, p,z¢, p) = exp{— f - [ln (C:C) vk (a(p) — K(b, pr) — G(u/Cz,u)]}

HL H
Xg(.’L‘, bs My xCO e ﬂL/C% p) )
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* The formalism contains all the evolutions
I

= Similar for the unpolarized fragmentation function

3 Cgﬂ/z 2“
4(z,b,u,C/2,p) = exp{—/ i [ln (C C) v (ca(p)) — K(b, pr) —G(#/Cz,ﬂ)]}

KL H o
XQ(Z, b1 Hs 60/2 i ”’L/C%p) .

= Hard function and Soft function contain only single logs

0S(b., 12, .
H ( Jé“ﬂ P) = v5(p)S(by, ﬂz’p)

dH(Q*/p*p) _
dp

7 — (47F —vs(p)) H(@Q*/1%, p)

= Eventually collect all the terms

F(zp, 2n,b,Q°) = q(zp,2xb, u3, r/Co,p) G (2, b, 3, 11/ Ca, p) S(b, 3, p)H (1/C3p, p)

X exp {—2 L jzoﬁ df [ln (023‘/5) Tr(a(p)) — K (b, p1)

~G(w/Ca )~ 2+ 50| }
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* Final step
I

= Once all the logs are resummed, the rest of b-dependent PDFs and

FFs can be expanded as collinear PDFs and FFs
do

dCCdethCpPhJ_

= oolyvu

d*b . -
v = / (27'(')26%”_ bWUU(b7 Qa LB, Zh)

C

Wou (b, Q, x5, 2,) = e (@) Ze?] (Cyi @ fisa) (xB,p=7)

- b
X (DB/j & éj/q) (2h, b = g)
= All the large logarithms are resummed to the Sudakov exponential
term
S(b,Q) = / ML Aln(Q*/®) + B A=A (22)
7 c? /b2 NZ —1 7T
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* Evolution of Sivers function
I

= The Collins-Soper energy evolution is really for the whole correlator

Qe ks, xt)=1 [% E0Le-ie ool 6 5,) Ly L OIP).

1 1 1 - -
- E[Q(x, ki)p + M 8q(x, k1)o* 'k, p, + Aqp(x, ky)Aysp + ﬁAQT(x, ki)ysplky-S1)

1 , , 1 , o 1
+ M&n(x. ki)Aio,,ysptky + 8qr(x, k, )io,,ysp*S" + A?&Ir(x» ki)io,,ysp*(ky - S k" — 51?181)

1

g i qr(x, ky)e***By p k,Sg ]

= So for Sivers function, it really is k% fi-(x, k?) that evolves as a whole
" in b-space, it is Kang-Xiao-Yuan, PRL, 2011

@b Q) = 5 [ eI kL0
= it follows the same energy evolution equation

¢ Cf(m)(af,b,u,é)z[K(u,b)+G(u,C)] P (2, b, 1, )

* Thus one should get a very similar resummation formalism
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* The Sivers effect for SIDIS
I

= The resummation formalism (consistent with experimental
convention)

do B
dZCdethdQPhJ_ N

- [FUUHSL\sm( — ) Fonon— >]

= spin-dependent structure function

sin — s 1 >
Fymone) = L / db 02T (g bW (b, Q. 25, 21)
0
C
Wur(b,Q,zp,2,) = e 509 Z (AC,); @ Ty r)(zp, 1= 7
~ C
X(Dp/j ® Cjrq)zn, 0= 7)

= only soft-gluonic pole Qiu-Sterman function appears in this part

dx
(AC'(CIF/Z 24 Ti,F)(xB7 :u) — / _Acq/z( /’L)T’L,F(aj7 L, /'L)

May 14, 2012 Zhongbo Kang, LANL



* Similar form for DY production
I

= Unpolarized DY production at low gt

do o0

szddeC]J_ % dbbJO(QLb)WUU(baQaZCAaiCB)

_ C
WUU(b Q,ZCA,Q?B S, Q)Z q/z®fz/A)(ajA7:u_ b)

C

x(Cq/; @ fi/B) (@B, pt = 5)

= Single transverse spin dependent DY production at low gt

do B A8 1 ” 2
d0%dyd?q, = 0p€ | SLC]L yp dbb*J1(q L b)Wyr(b,Q,xA,xRB)
c
WUT(b anAaxB _S(b @) E //L®T’L,F)(£CA7,LL: 5)

%(Cas3 ® fi/8) (@ = 7)
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* Comments on SIDIS and DY
|

= The only difference comes from so-called coefficient function

* |leading order
C

AC@‘T/.(y‘O)(Zv“ =7) =0j0(1 = 2) DY

C

ACH Y (zp =) = =0;8(1—2)  SIDIS

= at next-leading-order: well-known difference due to Q%>0 (<0)

T(l) _E_ L 1 CF ’7T2_ B

AC; (2,1 = b) = 0;; [ IN. + ( 5 4)6(1 z)] DY
),  _C_ s |1 Cr i

AC’Z./]. (z,u = b) = —0;; [ IN. + 5 (—4)d(1 z)] SIDIS

* Thus in the full perturbative QCD region, Sivers between SIDIS and DY is not
just a sign: it is interesting to study the consequence
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* Coefficients for Sivers and unpolarized PDFs is different
[

= \WWhen expanded Sivers function in terms of Qiu-Sterman function at
small b, only soft-gluon pole contributes to the coefficient function (e-
term in dimensional regularization)

ACZ./]. (z, u = b) = 0j; [ IN. + 5 ( 5 4)(1 z)] Sivers function
(1) . Cr Cr T B B :
CZ/] (z, p = 5) = 0;; [—2 5 ( 5 4)4(1 z)] Unpolarized PDFs

= Tn b-space, we found a extra collinear divergence which is supposed
to absorbed into the evolution of Qiu-Sterman function. We know
there is this -N_c term issue.
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* What is Y-term?
|

= So-far concentrate on the resumed term, which is most relevant when
gt<<Q. When gt gets relatively large, the conventional NLO
perturbative contribution becomes important Y-term

o) o)

TOT Oprrt ~O a5y

RESUM
Oresum for Ar — 0
TOT O  tOr g~ M.

cross section da/dq,°

fransverse momentum dr
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* Y term can be easily extracted
I

= Y term can be easily extracted/derived from existing calculations

= For the DY production, in the paper of unified picture of Sivers effect
Ji-Qiu-Vogelsang-Yuan, PRD73, 2006

= Perturbative term:

d4A0(Sl)
dQ*dyd*q,

= 00e’S1aq15

8 dz d : 8 = 5

v [ T Y [+ H) a@) + (B + H}) o(@)]
q

x6(8+t+a—Q%,

= Asymptotic term (take the limit gt<<Q):

d*Ag9i=7"9(8,) B - qis Qs /da: dz'
iQPayPg, 0 Sle gy g | 5 7 1@ (& -DA+E - 1)B)
d4Aaf19—>~/*q(S_L) - af qi3 2
szdydqu_ = 0p€ S_La (q_2L)2 ; eqTF(Zl, Zl)
Qi dz
i [ rote 6+ (1 -6

= Y-term = perturbative-term - Asymptotic-term
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* Phenomenological studies
I

= Only at small b-region (corresponds to large momentum), one can

calculate the reIevant coefficients perturbatively.
do oo

dQ2dyd2q, 27 J, b bJo(qL0)Wuu (b, Q,24,2B)

B C
WUU(b Q,ZL'A,LUB 5(0.Q) Z q/z & fz/A (:'UA7/’L — b)

x(Cas3 ® fi/m) (@ n=7)

= However, in order to Fourier transform back to gt-space, we need the

whole b-region. Since large b-region will be non-perturbative, we
need a non-perturbative input. This part should be universal if QCD

factorization holds for the process.
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* Phenomenological study: concentrate on small gt part

= For small gt region, we could use the resumed formalism. Don’t need
to worry about Y-term.

= Only at small b-region (corresponds to large momentum), one can

calculate the relevant coefficients perturbatively.
do oo

dQ?dyd2q, 27 J, dbbJo(qLb)Wuu (b, Q, x4, 7B)

C

WUU(b Q ZCAaxB _S(b Q)Z q/'L ®fz/A (:CA M= b)

C
X(Cgq/; @ fi/B) (@B, 1t = 5)

= However, in order to Fourier transform back to gt-space, we need the
whole b-region. Since large b-region will be non-perturbative, we
need a non-perturbative input. This part should be universal if QCD

factorization holds for the process.
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* The parametrizations for the non-perturbative function
I

= Different approaches for the non-perturbative functions

do 00
o dbbJ bYW (b
dQQddeQJ_ I O(QL ) UU( 7Q7xA7:BB)
er — C
W(Z}Ut(b Q :CAaxB 5(6.Q) Z q/z ) fz/A)(CCA M= b)
C
x(Cq/j @ fiyB) (@B, 0= 7)

= Parametrize the full b-space function

WUU(ba Qa LA, xB) — W(Z}Egt(ba Qa LA, xB)FNP(ba Qa LA, xB)
= function form (through extrapolation): Qiu-Zhang, 2001
= fitted form directly from experiments:  Brock-Landry-Nadolsky-Yuan, 2003

er b
Wou(b,Q,xa,xB) = W{}Ut(b*,Q,xA,mB)FNP(b,Q,mA,mB) b, =

V14 (b/bmaz)?

FNP(b,Q,24,28) = exp {— [gl(l + g3 In(100z 22 B)) + g2 In (28())] b2}
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* The Sudakov knows to A(M) and B(1)
I

= For Sivers effect, so far we only calculate AV and B for the Sudakov

exponent
S(b,Q) = /Q2 du” Aln(Q*/p®) + B] A=Y A (O‘—)n
7 c? /b2 :uz N — (s

" They are exactly the same as those in the unpolarized pp collision

= Thus for consistency, we will also use AY) and B for the unpolarized DY
production

= As the whole perturbative Sudakov term (up to the order we have
calculated) is the same, we will only assume the non-perturbative
function is the same for the Sivers effect

May 14, 2012 Zhongbo Kang, LANL 26



? Using A" and B(") still describes data reasonably well
I

= F288 and E605
Vs = 27.4GeV Vs = 38.8GeV

f }\’\, 7<M<8

\.\\ 4<M<5 _1_ 8<M<9

: .\‘\A\\' 5<M<6 é . ] °

r TS - 10.5<M<11.5
10 - \ 6<M<7 : Fh\! 11.5<M<13.5

° -2

| | | | | e 7<M<8 10 ;. ¢ 13.5<M<18
L1 — — L L1 — S C oo v b b v by
0 02 04 06 08 1 12 14 0O 02 04 06 08 1 12 14

do/dyd’p,. (pb GeV™)
I
[ )

do/dyd’p,. (pb GeV™)

pr (GeV) pr (GeV)
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* Sivers effect of DY production at RHIC
I

= Blue curve: bare parton model (using Torino TMD with Gaussian
ansatz from SIDIS)

= Red curve: resummed formalism (using Torino TMD to calculate Tr(X,
X) as the initial input function, then evolve)

k
9Ty, r(z, ) = /koL‘ L i (=, k7 )| sirs

<:Z
0
/

002
004 |-

| Vs=200 GeV
-0.06 B 0<qT<1 GeV

[ 4<Q<9 GeV
008 -

_0.1 _||||||||||||||||||||||||||||||||

= caution: non-perturbative part could be different for Sivers asymmetry
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* Summary
I

= QCD factorization is a useful tool to probe and understand hadron
structure

= QCD evolution and resummation is closely related to each other
= whenever there is an evolution, there is a resummation

= Scaling violation (QCD evolution of collinear unpolarized PDFs) has
played a very important role in establishing QCD factorization
formalism

= QCD evolution for collinear twist-3 function and TMDs will be
extremely important in understanding hadron structure

= Evolution makes Sivers asymmetry smaller
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* Summary
I

= QCD factorization is a useful tool to probe and understand hadron
structure

= QCD evolution and resummation is closely related to each other
= whenever there is an evolution, there is a resummation

= Scaling violation (QCD evolution of collinear unpolarized PDFs) has
played a very important role in establishing QCD factorization
formalism

= QCD evolution for collinear twist-3 function and TMDs will be
extremely important in understanding hadron structure

= Evolution makes Sivers asymmetry smaller

Thank you
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