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Outline of my talk

J Hadrons — the visible matter in our universe
d Why we believe QCD and its quarks and gluons?

1 New frontier of QCD dynamics — probed by an EIC:

— Hadron properties in QCD - confinement?
— Direct QCD quantum interference — A

— Saturation of glue at high energy — mass scale?

d Summary



Matter in our universe

d Energy distribution:

Visible matter

Dark matter

Dark energy

1 Visible matter:

< It is the most important to our life — it is what we are made of

although it makes up only 5% energy of our universe

< More than 95% mass of all visible matter is made up of

protons and neutrons - the hadrons




Hadronic matters

d Proton and neutron are building blocks of all elements:

H Periodic Table of the Elements .
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d But, themselves are not elementary:

Magnetic moment: u-= g(in) g,=2.792=2 g =-1913=0
m
We believe: proton and neutron are made of quarks and gluons of QCD!

Challenge: understand the hadron properties, mass, spin,... in terms of
the properties and dynamics of quarks and gluons of QCD!



Quantum Chromodynamics (QCD)

= A quantum field theory of quarks and gluons =

Q Fields: wf (:Ij) Quark f!elds: spin-Yz Dirac fermion (like electron)
' Color triplet: i=1,2,3=N,
Flavor: f=u,d, s,cb,t

A Gluon fields: spin-1 vector field (like photon)
a()
’ Color octet:  , — 1,2,..,8=N?—1

d QCD Lagrangian density:
£QC’D ¢ A Z%b Za 62] gA/JJ,a(tCL)ij)’YM — mf(sij] %Df

o [a Al/a al/A,u,a - gCabcA,u,bAv,c]2
+ gauge fixing + ghost terms

dJ QED Lagrangian density — most successful QFT:
Lqoep(9, A Zw (20, — eA,)y" —mf]wf——[a A, —d AM]Q

< QCD is much richer in dynamics than QED, but no free quarks and gluons

< Why should we believe the existence of quarks, gluons, and QCD?



QCD in asymptotic regime

1 QCD asymptotic freedom: «.(u2) =
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Asymptotic Freedom <& antiscreening

QCD: &)S‘fégﬁ) - B(ar.) < 0

Compare

QED: G 5 = Bt > 0

D.Gross, F.Willczek, Phys.Rev.Lett 30, (1973)
H.Politzer, Phys.Rev.Lett. 30, (1973)

2004 Nobel Prize in Physics

d Hard probe - large momentum transfer:

< Short-distance partonic dynamics <1/10 fm (~ 2 GeV)

<> Connecting partons to hadrons — QCD factorization

)



Question

Why should we believe QCD?




“See” the trace of quarks and gluons
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“See” quarks and gluons inside a hadron

4 “Rutherford” experiment: ) >

Long-lived parton state

Time: “Past” Now “Future”

DIS
Otot X Im C

F— Rl Not IR safe

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



Connecting quark and gluon to hadrons

d One hadron:
% §= (5
+ —_—
® > Jv) : (QR)

|

Past Connection
Hard-part Parton-distribution Power corrections

d Two hadrons: I

/7

DY
Ot — X

d Predictive power - factorization:

< Calculable short-distance partonic dynamics

< Universality of long-distance distribution functions



From HERA - single hadron

1 DIS cross section:

O'r'&c(x,Qz)

H1 and ZEUS
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To Tevatron — multiple hadrons

1 Jet cross section:

Tevatron Jet Cross Sections

With one set universal PDFs
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QCD is successful in last 30 years — we now believe it



Are there anything left to do in QCD?

d QCD is “right” — no longer interesting or challenging:
became the background for the search of new physics beyond SM

no more discovery or “Nobel prize” level work left?

1 QCD is only tested in the most trivial regime of its dynamics!

the asymptotic regime: <1/10 fm (~ 2 GeV)
Leading power dynamics from single parton scattering

d New measurements and new questions:

Hints in disagreement when extrapolatingto Q<1 GeV,
Multi-parton dynamics when s >> Q2 - the unitarity limit?,
Novel and puzzling phenomena with spin, nuclei, ...

Thermodynamics, hydrodynamics, and CMP of color forces, ...

How many Nobel Prizes have been awarded to CMP after QED?



Challenges for QCD in next 30 years

d Hadron properties — the origin of the visible matter:

in terms of the properties of quarks and gluons, and its dynamics

Mass: the role of glue - m, << my << Q- energy exchange,

Spin: could be the first complete example for QCD to describe, ...

J QCD bound states — color confinement?

QED: nucleons is so much heavier than electron — localized charge

QCD: heavy quarkonium — localized color source — but, unstable
proton and neutron — no localized color source — but, stable

Probe the spatial distribution of parton/color?

1 QCD in extreme conditions:

Multi-particle dynamics, saturation (s >> Q?), sQGP, phase transition, ...

An EIC with polarization could meet some of these challenges



Proton spin

d Spin of an elementary particle:

An intrinsic quantum property of the particle

 Spin of a composite particle:

Angular momentum when the particle is at rest

Elementary particles’ spin
(intrinsic quantum effect)
*
Motion of the particles
(dynamical — fundamental interaction)



Proton spin

d in QCD - complexity of the proton state:

S() = SUPSITF()IP.S) = 5 = Jy() + Jg() = 55n) + Lylu) + Ty (w)
f

1

0 in Qaurk Model: S,=(p*|S|p T>=%, S=Y5,

‘PT>=\/%[UTU\LGIT+MJ,u1‘d1‘—2u1‘u1‘dJ,+perm.]

d Asymptotic limit:

1 3N 1 1 16 1
J, = = ~ = Jy (1 —
ol = 00) = o0& +3N; 14 g (pt = 00)

Ji, 2005

= — ~
216+3Nf 4

d Proton spin structure:

Role of the intrinsic parton’s spin vs. the dynamical parton’s motion



The role of quark’s spin

d EMC experiment in 1988/1989 - “the plot”:

| I

0.18 :_éLLIS-JAFFE sum rule ® xg° (x)
.l « [ob opix |o.10
= o 0.08
é— o:og o_osag
o 0.06 0.04 o
0.03 0.02
0 0
1072 101 1
1 _
g1(2) = 5 > e2 [Ag(x) + Aq(z)] + Ofay) + O(1/Q)

Ag = / drAg(x) = (P, 5[, (007 1514 (0)| P, )

d “Spin crisis” or puzzle: Ay _ Z [Ag+ Ag] =0.12+£0.17

q



Early “solution” to the “crisis”

4 Large AG to cancel the “true” Aq: ‘?-)-
1
Aq:/o dzAq(r) = (P, SIIW (0)y " 5104(0)| P, S| \/
AY Ay - O‘;(Q ) AG(Q?) s
s

Need AG(Q2) ~ 92 atQ~1GeV

 Role of gluon’s spin:
1 16 1

Ty (42 = 00) — 216138, "1 Itis not a large number!

Need a large negative gluon orbital angular momentum if AG ~ 2?

d Question: How to measure AG independently?

<> Precision inclusive DIS

< Jets in SIDIS

<> Hadronic collisions — RHIC spin
< ...



Polarized inclusive DIS

d The “Plot” is now much improved:

- roton '
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d Flavor separation — SIDIS, RHIC spin:

Compare to spin-averaged case, more data are needed!



RHIC spin program

J The machine:

Absolute Polarimeter (H1 jet RHIC pC Polarimeters
(HT j )\ - p

Siberian Snakes — @

Spin Rotators

(longitudinal polarization) Spin Rotators

Pol. H™ Source (longitudinal polarization)

» — Helical Partial Siberian Snake

200 MeV Polarimeter

] : Y AGS pC Polarimeter
Strong AGS Snake

Collider of two 100 GeV (250 GeV) polarized proton beams




Determination of AG

4 Physical channels sensitive to AG:

Gipo+X g8 —> 88 :;) e g: Pion or jet production

b+ p—jet+ X i3 — qg j i high rates

p+p—=r+X L Direct photon production
S is—>1  >—=

p+p—y+jet+ X low rates

p+p—=D+X g8 —cC Heavy-flavour production
p+p—B+X g5 —bb ?’ < separated vertex detection required

Many NLO pQCD calculations are available



RHIC Measurements on AG
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Current status on AG

] Definition:

1
AG:/ dz AG/(x / +/ Py
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Future measurement on AG

d STAR — multiple channels — inclusive jet:
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EIC coverage
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If intrinsic spin of quarks and gluons do not contribute much to proton’s spin,

Need to exam parton’s transverse motion inside a proton?



Contribution from parton’s orbital motion

d Generalized quark distribution:

.. A\ ;. - LY n ., . T —
FQ('It £f t, /1'2) — Ee )\@LQ(A/‘Z) 2P . n L‘q(—)\/Z) P> J.v + E J 6
: - — T
= H,(z,& t, 12 [UPHAHU(P =
q(l,g. Jll)_ () ( )] 5P -1 P P/
N on |7, oy 10" (P — P), Ty
Bt [ T ) | Spe

with ¢ = (P’ = P)-n/2 and t=(P' = P)? = —A% if £¢—0

 Net parton’s orbital motion:
1

Jq - 5 %II% Az x [HQ(Iaét) + Eq(a:a‘;::t)]
1 Ji, PRL78, 1997

d Connection to normal quark distribution:
Hy(x.0,0, 1) = q(a, 1i*)




Lattice calculation on parton’s orbital motion

J Moments of GPDs on lattice: Negele et al

<J;> = Si/daz H,(2,0,0) 4+ E (z,0,0)] =

d Ji’s relation:

c
Lz =J*% — lAq o P s = a . a
q q 2 é 0.4 ¥ ASY/2
d Both L, and L, large: S
€ 02 2
But, L,+Ly~0 2 e RS,
3 Role of disconnected 3
diagram - cloud? € T
(&) 0 2 . ) ’ Azd/z LY
EIC is an ideal place : A _—
to measure GPDs - DVCS 0.2 0.4 0.6
m 2 GeV?

— energy and luminocity



GPDs and transverse imaging

Burkardt, NPA711, 2002

 Spatial dependent quark distribution:

d?A | e " ALPLH (2,6 =0,-A2)

g(x,b, ) for unpol. p

':by;:_: L




EIC is ideal for probing GPD’s

d DVCS - exchange vacuum quantum number:

S T T

=A? — fix

J DVCS - Factorizationis ok if (2 42

¢ — Does not evolve

 Evolution from color singlet ladder diagrams:
2 — convolution

d DVCS - meson production:

j/b\ ﬂ Q%> —t* > Aep

Measured at H1, ZEUS, HERMES, JLAB CLAS and Hall A,
planned for COMPASS and JLAB 12 GeV

EIC has a better chance to cover the needed kinematics



Novel spin phenomena

Single Transverse-Spin Asymmetry (SSA)

Aoc(l,5) o(¢,3) —o(l,—5)

AL, 5) = ol) o35 +o,—5)

A direct probe for parton’s transverse motion

A direct probe of QCD quantum interference




Transverse spin phenomena in QCD

d Left-right asymmetry: < Sivers effect:
Sp
4‘. ‘_._ 1.0 Di4jet, photon-jet not exactly back to back
P

kz W Photons have asymmetry
q [ " U Jet vs. Photon sign flip predicted

020 o \Eei24Col, HEND Prlninay i .
- ! e Hadron spin influences

L 0GY,STARap=3d \ parton’s transverse motion
015 '

% B=2006e, STAR ap=37 <> Collins effect:

E * * P Transversity

o.osf— + ’+ﬁ? gf% p No asymmetry for the jet axis
bt ™
| N —— e S k
SR q Xm

0 of 02 03 04 05 06 07T 08
XF Parton’s spin affects hadronization



Single transverse spin asymmetry

1 SSA corresponds to a naively T-odd triple product:

= |o(p,sz) = a(p,=s1)l/lo(p, s7) + alp, —s7)] / / /
) /

ANOCigp ( f) = Ze'uyaﬁp,usl/gapﬁ

* Novanish A, requires a phase, enough vectors to fix a
scattering plan, and a spin flip at the partonic scattering

0 Leading power in QCD:

o4B(pPT, 5) X + o

Kane, Pumplin, Repko, PRL, 1978



EIC is ideal for studying TMDs

1 SIDIS has the natural kinematics for TMD factorization:

14

lepton plane Natural event structure:

) ) i high Q and low p; jet (or hadron)
1 Quark TMD distributions:

\ €pvpo”Y n"l.p ST k, - Sy
P(x, k) = 5 @/q +/f11 L 7 (51+ y /1T> ~S
Yy k- S, \ ‘oL n
| '”’“’A' S (b"h‘l" M "T) B VA

“/Al‘ z/_
* ("1)’ ”4]

M

Total 8 TMD quark distributions

Similar decomposition for gluon TMD distribtutions



Critical test of TMD factorization

4 Sign change: -- PO

4 Drell-Yan: ASin0=00) — _ Ay
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Kang, Qiu, 2009
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Map parton’s motion by a hard probe

A Fully unintegrated distribution: Meissner, Metz, Schiegel, 2009

1 diz ikz 1 1 A1 T .
WiN(P.k, A N3 ) = / g€ N D5 T W42, 52 |n) 6(32) Ip, V)

— not factorizable in general
k- 3A

1 Generalized TMDs - ideal distribution: ?-»

k+3A

P+3A

H(x7kTaA)F — /dk2 W(PakaA)F

— could be factorized assuming
on-shell parton for the hard probe

Only EIC could have a chance to probe this!

d Wigner function:

. Belitsky, Ji, Yuan
Wz, kr,b) /dBA eib'AH(zI:,kT,A)szJr



Connection to all other known distributions

Anselmino, INT

(S. Meissner, Metz, Schlegel)

Wigner , ,
GTMD or GPCF funcﬂon (Belitsky, Ji, Yuan)
d2k dbr,
Ai=10
\4
H(z,0, Ar) i il q(z, br)
TMD (M. Burkardt)

/d?kl H(k,A) = H(z,£, Ar)



Cross section with ONE large scale

. Efremov, Teryaev, 82; Qiu, Sterman, 91, etc.
Q Ay —twist-3 effect — when P ~ Q:

2

o
p,s

| 5) o — + + e
o(Q, 3) o

A(sy) o< T (2,2) ® 67 ® Dy (2) + dqs(z) @ 6p ® DB

— — 3)( v —
T®) (2, ) o ’% /O‘ D (2, 2) %

d Spln ﬂlp Qiu, Sterman, 199—1, Kang, Yuan, Zhou, 2010

— Interference of single parton and a two-parton composite state

d The phase:

— Interference of Real and Imaginary part of scattering amplitude

—gluonic pole: T7() (z, )
— fermionic pole contribution: o 7®) (2, 0) or T®)(0, z)

=== [ntegrated information on parton’s transverse motion!



Asymmetries from the T(x,x)

(FermiLab E704) R (RHIC STAR)
N
L pypat\-20GeV E_ * 7 I ‘ 0
A=t 0.2 P,pat \s=200GeV L
0.1
| | l*lnuo
0
L/J/‘/} B
PR RS S T ST SRR R '0.1_l||||11|n|11|||nn|||n|||
0z 04 06X 0.2 0.3 0.4 0.5 0.6 Xg

Kouvaris,Qiu,Vogelsang,Yuan, 2006

Nonvanish twist-3 function » Nonvanish transverse motion



What the twist-3 distribution can tell us?

 The operator in Red - a classical Abelian case:

rest frame of (p.sy)

1 ST
3 T TB
2 /\ charged particle

AP, p=(m.0) 2m

d Change of transverse momentum:

d —
ap; — e(’l—)" > B)2 = —ewv3zB1 = evs Fo3

d In the c.m. frame:
(m,0) > n = (1,0,07), (1,—2) - n = (0,1,07)

. d_ sronn I +
dt Fn'

d The total change: Aph = e [dy esTonn L+ (y)

po = €e€

Net quark transverse momentum imbalance caused by
color Lorentz force inside a transversely polarized proton



Global QCD analysis for SSA

 Universality of correlation functions:

(P,slp(0)y Ty )IPs)  —> (Pslp(0)y" _63‘_5 STa / dy, Fg* (yy )- by~ )IP, s)

(P, s[b(O)r sy ) [Ps) —> (P, s[p(0)y* |191 57 / dys F5 ™ (42) | 4p(y™)|P, s)

Kang, Qiu, 2009
Same replacement for the gluons

 Scaling violation of correction functions:

Leading order evolution kernels for all channels have been derived!
Kang, Qiu, 2009

Yuan, Zhou, 2009
d What are urgently needed: Braun et al, 2009

NLO partonic contributions to SSA of all measureable observables!
Vogelsang, Yuan, 2009

d A completely new domain to test QCD!

From paton’s transverse motion to direct QCD quantum interference



Collinear vs TMD factorization

 Relation between TMD and collinear parton distributions:

spin-averaged: f Ak, f2 (x,k, )+ UVCT (Mz ) =q, (x, u’ )

. ]_ — —
Transverse-spin: T /01%l k% qr(x, k1) +UVCT(u?) = Tr(z, x, 1?)
P

J Relation between two factorization schemes

They are valid for different kinematical regions:

Collinear: Q.. Q, >> Agep
TMD: Q; >> Q; > AQCD

Common region - perturbative region:

Qs >> Q2 >> Agep

where both schemes are expected to be valid o
Ji,Qiu,Vogelsang,Yuan,

Koike, Vogelsang, Yuan



QCD at an extreme condition

Saturation of glue inside a hadron
a hew mass scale?




Breakdown of leading power pQCD

em
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Only visible failure
when Q<1 GeV



Change Q2

d Resolution - increase of L:

—_——

3 9 ) {

@ - ¥

3 DGLAP evolution: More partons at a smaller 1/p¢

AN
Oy (z, u2) v
0In(u%)

— Pyy() @ By, 1?) + ..
1

ng<f’3) X .

Large number gluons (sea quarks) at small x!




When s >> Q? - small x region

4 Large gluon density — saturation?:

xT

| HI and ZEUS
. ; 1 T
0 - 10 GeV? In A SATURATION

asl —— HFRAPDF1O

. B exp. uncert,

modlel nncert.
\ " parametrization mmeert. XU,
06 P\
\.xg (% 0.05)
\\

04
02f

10

Q S(x)

PARTON GAS




Important fact

Gluon distribution is not physical!

It is its connection to a physical observable that
makes the gluon distribution accessible — “physical”

Factorization is the key!

Factorization is an all order statement in perturbation theory

How to “see” the glue?

Charm and beauty can help!




Collinear factorization

 Collinear gluon distribution is process independent!

Operator defining the collinear gluon is “local” - limited to 1/Q

 Collinear gluon distribution is scheme dependent!

DIS scheme: No glue contribution to DIS F, structure function!

4 Limitation:
While it worked beautifully for observables with Q% > Q2(z),

collinear factorization is expected to fail when Q* ~ Q?(x)



Negative glue at a low Q2

0 Negative gluon density =

Qw1 GeV? - 2.5 GeV?

at low x and low Q e EUSNLO OCD

B

Does it mean that we
have no gluon for
x<103 at1 GeV?

xS

A\

., Q% =2 GeV?
No! 5 7} ‘

(1 DGLAP evolution:

1 5
pY () ox —

9/9 T

Gluon recombination slows

down small-x evolution 7, /

1
1
| |
I
1
1
1
10 1 10" w0 10’ 1 10” 10{ 100 10° 10 1
I I
1 1

More direct probe of glue!
RHIC LHC MSTW 2008



Direct information on gluon distribution

d Heavy flavor production in SIDIS:

H1+ZEUS
e’ —— ' s B ey T ey T T TG 65 G
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L c,b o
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\ (Xg
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920%
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No sign of saturation yet 0 pH i “ot 00 Wl

at Q?=2GeV?! 02 | F ]
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What WOU|d happen |f a lIIIII| | IIIIIIl| | lI::IIIlLuJ | IIIIIII| | IIIIu1| | IH = I—IERAPDF]-'O

. 0 Covnnl 10
nuclear target/beam is used? 10711071 oSt ostaitie el |



Measurement of F_

4 F starts at O(c):

HERA data does not give new
additional constraints on gluon

SIDIS could help!

EIC will have a much better
reachin F_
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Low-x physics has to exist

d Gluon recombination and saturation ought to be there:

./\' AN A s .A&‘m
'l , ~ S A~ "
N e I L NN
| t‘ Y AN e
"v‘ v o T —
Probe
L QCD color fluctuation taken place at various time scales:
B'S
\
< Radiation: P / dk7 dx
\2% dP ~ as —F —
k7
k
< Leads to change of distributions — evolution:
2
DGLAP ‘Z“—QT — dlog(Q?) BFKL g dlog(1/x)
X

T

Direct HERA data seems to indicate that the saturation is not there yet



Can nucleus help?

1 Hard probe — process with a large momentum transfer:

g" with Q= \/m > Agep

 Size of a hard probe is very localized and much smaller
than a typical hadron at rest:

l<< 2R ~fm

d But, it might be larger than a Lorentz contracted hadron:

2mR

xP

P

1.1 > 2R (ﬁ) or equivalently x< x, = LI 0.1

If an active parton x is small enough
the hard probe could cover several nucleons
in a Lorentz contracted large nucleus!




Power corrections become important

J We measure cross sections — single hard scale:

- 2
— p)s_’_ k _|_ B _|_ n _|_
(0, 5) o T
o15(Q.5) ~ 0 2(Q, >+%a ) (O, >+%a<‘” Q.9 +

] Saturation scale:

< Gluon shower: virtuality of the active parton before hard collision

Q2 () ~ (k2) ~ Adop as 1og< 9 >1og(8)oclog<1/x>

Adcp Q?
< Gluon recombination:

O2 () Gz, Q?)
C /—1_1?3

1
\(1) =~ (g ~ —



Color coherence between nucleons

A'13  No color coherence between amp and cc

=@)—,

A2/3 Complete color coherence in nucleus
— more like proton case




Additional multi-parton interaction
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1 Resummation of powers in 1/Q2 = |
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Golec-Biernat and Wustoff Model

d In target rest frame: v z 9

—

1-7 7]
: 2
O'%,E — /dQTT/dz’sz,L(rT,z,QQ)‘ 0 qqp (7T, X)

Oaqp(rT, ) = 00 [1 — exp(—17 Q;(2))]

d Saturation scale:
2 _ 2 (To\?
QX (x) = Q3 (22)
X
Fix all four parameters by fitting all HERA data with x<0.01 and all Q
Qo=1GeV; X=0.3; 20 =3-10"% 09 =23mb
4 Prediction - geometric scaling:

o7 = fro(@Q/Q3(x))




Geometric scaling in HERA data
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Multi-gluon interaction

d Twist-4 contribution:

twist expansion

- _‘.}"\//\'\/A\ s

log 1/x summation
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. . . ] BK equation, (saturation models)
Correlation at the collision point

Bartels, INT

Correlation in the history of a

d Twist-4 contribution is important: single gluon

Positive to F;, negative to F, almost cancel for F,

EIC measurement of F; and F, will be able to explore the difference



Summary

1 After 35 years, we have learned a lot of QCD dynamics,
but, only at very short-distance - less than 0.1 fm,
and limited information on non-perturbative parton structure

 EIC with polarization provide a new program to test the new
frontier research of QCD dynamics — key to the visible matter

d Understanding proton spin could provide the first complete
example to describe the fundamental properties of hadrons

d Understanding the A-dependence of e+A collisions help
understand the color distribution inside a large nucleus:
A3 — color localized in nucleon,
A23 — universal behavior between proton and a nucleus

Thank you!



Backup slices



What the twist-3 distribution can tell us?

 The operator in Red - a classical Abelian case:

rest frame of (p.sy)

1 ST
3 T TB
2 /\ charged particle

AP, p=(m.0) 2m

d Change of transverse momentum:

d —
ap; — e(’l—)" > B)2 = —ewv3zB1 = evs Fo3

d In the c.m. frame:
(m,0) > n = (1,0,07), (1,—2) - n = (0,1,07)

. d_ sronn I +
dt Fn'

d The total change: Aph = e [dy esTonn L+ (y)

po = €e€

Net quark transverse momentum imbalance caused by
color Lorentz force inside a transversely polarized proton



H1 and ZEUS .
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NLO DGLAP PDF (HERAPDF 1.0) give a
reasonable description

of the measured FL.
The FL data not in the HERAPDF 1.0 fit.



Improvement to AG

d NNLO? Probably not yet

d Key: Extrapolation to low x and high x

< Large x: total contribution might be small
due to the steep falling phase space
< Small x: larger phase space for shower and smaller Q

for a fixed collision energy — Large (k%) 1n(s/Q2) ~ In(1/x)

O Collinear factorization does not work wher ~ Qs(z) ~ {(kr)

_ 1
G(z) =G (2)+ G () x Tta at small x

AG(z) = GT(z) — G~ (x) Could be proportional to —
Not positive definite!

d Current understanding ofAG
AG ~ 2 is unlikely, but, AG ~ 4 or 2 (") is still possible

Theory effort is needed for understanding small-x behavior of 1 AG



SSA of charm production

d PHENIX data on J/psi:

=
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d PHENIX data on open charm:

= 0.15
<

P+p — e +X at\Js = 200 GeV ( 2006 )
heavy flavor decay electrons ( ] < 0.35 )
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TMD factorization:

< Gluon Sivers
function

< Initial-state vs
final-state

Challenges:

< J/psi production
mechanism

<> TMD factorization
for hadornic coll.

Collins, Qiu, Vogelsang,
Yuan, Rogers, Mulder, ...



QCD factorization — approximation

4 Collinear factorization — single hard scale:
V)

T\ ; A d02 :/d—xQ(@/dx—aﬁ/g(:p’)d&qg—?q

. dydps x dydps.

V 4]\ Pr
I\ Qs ~ (k7) Convoluted with a fragmentation function

for inclusive single particle production

d Transverse momentum dependent (TMD) factorization:

da:/ dx’ do
d’kr q(x, kr) / /d2k x', ki) + O + O ( )
dequ / TR 7 9(' k) g g+ Oe) pr

< Two very different physics scales: pr > qr > Agep ~ 1/fm
< Advantage: directinformation on parton’s transverse motion

<> Challenges: theory effort needed to prove the factorization!



