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Exploring the Nucleon

Exploring QCD and
strong interaction
Confinement,

Know what we
are made of!
Building blocks

of all known Lattice QCD,
elements Asymptotic freedom
Perturbative QCD,...

Fundamental properties:
Spin decomposition,
3D quark-gluon structure,
Quark-gluon correlation,
Role of glue,

Color distribution inside
a nucleus.

Tool for discovery:
Colliding high energy nucleons
LHC, Tevatron,

RHIC, HERA, ...



“see” substructure of a nucleon?

O Rutherford experiment:

- to see the substructure of an atom

\Oa Atom

High energy o bounce off something very hard! Nucleus
m==) Discovery of nucleus inside an atom
0 SLAC experiment (1969): Nucleon oe > .
Lepton-nucleon deeply e Py
inelastic scattering (DIS) o S ',7";”‘9”.
Scattering information ® \
on the 6-distribution parton

we==) Discovery of the point-like spin-1/2 “partons”

Callan-Gross relation



Inclusive lepton-hadron DIS

e(k), »

1 Cross section:
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d Structure functions - infrared sensitive:
F (.0 ). E (%5, 0% ) g, (5. 0% ). g, (%5.07)

NO detailed QCD dynamics needed to derive this decomposition!



QCD at work
d QCD is a quantum field theory of quarks and gluons:

But, no free quarks and gluons have ever been detected!

0 QCD Asymptotic freedom: % n . &

Perturbative QCD works for short-distance mfrared safe quantities!

1 QCD is a gauge theory:

A phase or a gauge link is always associated
with the motion of a charge particle!

 PQCD cannot calculate cross section with identified hadron:

Dynamics at hadronic scale cannot be calculated perturbatively!

d The question:

How to test QCD - a theory of quarks and gluons and to map
out hadron structure without seeing the quarks and gluons?



Connecting hadrons to the partons

1 QCD factorization — separation of momentum scales:

1 .. (Diagrams with more active
partons from each hadron!)
7 \H_

d Leading Power — an approximation:

Single active parton from each hadron!

Short-distance — probability Power corrections

N4
0,y (O,1/R)~0(Q)®@((1/R)+O(1/QR)
~

— parton correlations

Measured

Long-distance — probability

Factorization == needs a “long-lived” parton state




Picture of factorization for DIS — one hadron

d Time evolution:

Long-lived parton state | — 7

Time:

“Past”
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“Future”

4 Inclusive cross section — summing over all hard jets:

O_DIS o Im<
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Not IR safe

=Y [ dooso s o(on/o, Qb (1) + O(1/Q)
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PDFs from HERA: H1 + ZEUS
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Factorization scale dependence

U Resolution - increase of g:

£

recombination

~ (&

i More partons at a smaller 1/,
(1 DGLAP evolution:
> |
a‘.bg(mv//)?') - - (e 2 P I~
Oln(uz) Faq(2) ®1¢g(£’u )+ l\mﬁ\

i
Large number gluons (sea quarks) at small x! . ;b\
q




Negative glue at a low Q2

g

d Negative gluon density Q,_m.i‘“’? —
at low x and low Q .  — zEusmioaqcom
2 | N =

xS

Does it mean that we
have no gluon for

Xx<1023at1 GeV?
Q% =2 GeV? Q% =5 GeV?
o 10 o 15 .
No! = S |2
< N ' %

(1 DGLAP evolution: v :
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Parton recombination

J Parton recombination:

Gribov, Levin and Ryskin, 83 7S o L | 4

O Modified evolution:
Mueller, Qiu, 86

0, (z, 11 C
s = Pul@) © 0y(5.0%) ~ 373 Poas(@) © By + .

Slow down the evolution
Prevent the gluon density
to become negative

Only valid when the 2" term
is relatively small

J Power corrections:

F(zp,Q Zc v5/7,Q* /1) @ ¢r (2, 1?) + S5 (wp/2, Q%) ® ¢4 (@, 1) + ..

Q2



Saturation - Color Glass Condensate
Mueller, Qiu, 86

 Saturation: Radiation = Recombination

Estimate: 1~ 0 G, QY MeLerran, Venugopalan, 94
0 Saturation scale:  (2() ~ o, L Q) i
02 > Q2(z) - Dilute regime (rapid growth: BFKL, DGLAP)
Q2 < Q2(x) : Saturation: n ~ 1/a, (large but constant)
ml A SATURATION

Q.= <> CO gluon distribution

is scheme dependent!
paRromess NO gluonic contribution
to F, in DIS scheme!

% . < DIS is too inclusive to
< separate the various
> flavor contribution




Measurement of F,

A F_starts at O(x):

HERA data does not give new o'
additional constraints on gluon ‘_°'
“

SIDIS could help! )

F,(charm/bottom), two jets, ... 0

CFe24GeV

OF « 32GeV?




Semi-inclusive DIS

1 SIDIS = DIS with an identified final-state

} (xP+q)

Long-lived parton state | —__

)
R
~
|
S
S

Time: “Past” Now “Future”

4 Single hadron SIDIS cross section:

P' P'
Y* P P oyk T
L " Ao~ hsnt X Qp/p @ AOnx 1 @ Dyrypy
P P
l—xp Q°
d “Total c.m. energy”: sy»=®+9)°~Q’ [ - ] ~



QCD Factorization

4 Collinear gluons:

V* D

Pl

PI

P ysy—— Collinear longitudinally polarized
gluons do not change the

collinear collision kinematics

P

If the interaction between two
jet functions can resolve the “details”
of the jet functions, the jet functions

could be altered before hard collision
— break of the factorization




QCD factorization for SIDIS

J Factorization:

Ji, Ma, Yuan

d Low P, — TMD factorization:
osipis(Q, Py, 2, 21) = HQ)®@ @ @ Dy, @ S+ O (ﬂ)
4 High P, — Collinear factorization:

os1p18(Q, Prisxp,2n) = H(Q, Pri,as) ® ¢y @ Dy + O

d P, ; Integrated - Collinear factorization:

1

osipis(Q, 25, 21n) = H(Q, a5) @ ¢y @ Dy + O (@)

1
Pny’

)

O+~




Advantages of SIDIS

 SIDIS complements to DIS:

Flavor separation of partonic contribution to inclusive DIS

Example: F2(charm) — direct information on the glue

d Needs unknown fragmentation functions:

Opportunity to study hadronization

Better controlled probe for nuclear medium properties

d Leading power TMD factorization works:

Opportunity to study parton transverse motion directly

Complements to Drell-Yan and e+e- to two jets (hadrons) for TMD
distributions. Actually, is better (knowing the lepton plane
exactly)



Direct information gluons

d Heavy flavor production in SIDIS:

vl

27.6 GeV " (_{7(.)3 5 02
7 C, 01
— 0
\ (Yg
,'./(-":) ,éa C'b 04
0.2
‘ 0
Gluon continues to grow |
at x=10-% and Q?=2 GeV?
0.2
No sign of saturation! 0
02

What would happen if a
nuclear target/beam is used?

What about two-jets events?

H1+ZEUS

=7Gel

- Q'= 4000 Gesdz .

B

lOX

0t 107 10wlx

e HERA comb (prel.)

m ZEUS D (prel.)
323 pb™

.1 == HERAPDFL.0




Single hadron production at low p

d Unique kinematics - unique event structure:

Briet frame: Large Q? virtual photon acts like a “wall”

v -

High eneréy low p; jet (or hadron) - ideal probe for parton’s

ion!
transverse motion! See Schweitzer’s talk

< Hard scale: Q assures a hard collision and pQCD calculation
< Soft Scale: p; probes parton’s transverse momentum at the
collision point

 Parton’s transverse momentum at the hard collision:

< is not equal to 1/fm — typical scale in hadron wave function
< Gluon shower from both initial state and final-state partons,
and soft interaction between them can all change the p-



Gluon shower in QCD and resummation

d When qy is small, fixed order calculation diverges:

*@/k/f; ~ e
=y

L0: 5 [a+blog(Q?/q7)] — o0 asqp — 0

Initial-state and final-state soft gluon radiations generate

large logarithms: q%oz? log®™ ! (Q?/q7)
T

J QCD resummation:

e e Y* ~9q
7 < -1 ¢ jlhg” ST Wy
fi i p
a Y S
7 7 z




Calculation in the b-space

1 Resummed x-section:

does™) P b5, Q)
dedgzgqu% . /(271-)2 T W (b, 2, 2,Q)
W:{ Wpe:(b,x,Az,Q) . b< bas
WP (bnaz, ©,2,Q) F~ 7 (b, Qs bmaz) 5> binas i ~_

r N ou —S(b,
WPe t(bax,zaQ) — E e? [fa/A ®Ca_’j] [Cj—>tc®Db—>h] X e (6,Q)
J

J Features:

A '
— Sudakov form factor — b, x (—5>)* A ~ 0.5

— evolution of f, /4 and D._,}, also moves by,
smaller £ = /.L%fa/A (&) > 0= lower by,



Resummed p; distribution

1 Remove the divergence:

A

-

or

 Features:
— (I): dominated by intrinsic k1 (Gaussian type)

I11
I I

-

Or

— (II): pQCD soft-gluon resummation (g < ())

(Ill): pPQCD fixed order calculation (g7 ~ ()

relative size of three regions depend on Q2 and S

large Q2 and large S = smaller region (1)

smaller Q2 — smaller logs — smaller region (ll)




Works for heavy boson production
Berger, Qiu, Wang, 2005

d UpSilOl‘l at Tevatron: Dominated by perturbative
small-b contribution in its
Fourier conjugate space
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1 Works better for W/Z, also works for Drell-Yan, ...

Qiu, Zhang, 2001



Comparison with Fermilab Drell-Yan data

d Low energy data: Qiu, Zhang, 2001

Y

E288 E288 data
Poeam = 400 GeV

Edo/dQ® (pb/GeV)
N

P
n

P—

Much larger
power corrections
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Also works for HERA data

Z p doasn Nadolsky, et al, 1999, 2001
Z Z
2 2
- dzpdQ<dzdqz,
- 0.3 0.3 0.3
% C x=0.0049 - x=0.0021 - x=0.00093
C,); 0.2 : Q'=32,6 GeV" 0.2 :_ Q°=30.9 GeV* 0.2 :_ Q’=28.8 GeV*
S - C n
5 n - .
N 0.1 0.1 0.1
Q O | | | | | | | | | o | | | | | | | | [ O | | | | | | | | I_
= 0 5 10 0 S 10 0 5 10
r GeV a1, GeV (OF GeV
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%) C + x=0.0023 C x=0.0011 - x=0.00063
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o
5
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© i
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Parton’s transverse momentum distributions

It will be interested to see if it works for Jlab energies and future EIC



Going beyond LP collinear factorization

1 We measure cross sections - single hard scale:

p.5 -
7(Q.5) o + + o

2
mﬂ@sf)mffggg,s?) % o HQD) + C50h(Q.) +

Too large to compete?

 Explore new observables:

= Spin asymmetry: o045(Q,5) —oap(Q,—5) if the 1stterm cancels
= Small-x probes - hard probe is NOT local - size (or A)-dependence!

1
* Multiple observed scales - TMD, GPD, ... 2R> - 2 QR%
Q> Q" 2 1/fm ~ Aqcp



Large SSA in hadronic collisions

d Hadronic p | +p —=a(l)X
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Minimum conditions for A, =\=0

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

~ 3 !
v xiy Gx D) = ity 1 7/

"D p/

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

d Leading power in QCD:

O-AB(pTag) X + +...

Kane, Pumplin, Repko, PRL, 1978



A\=\=0 in collinear factorization
d A - twist-3 effect:

2
A(sp) ox T (z,2) @ 60 @ Dy (2) + dqs(z) @ 6p @ DB (2, 2 )
e

4 Sp|n ﬂ|p: Qiu, Sterman, 1991 Kang, Yuan, Zhou, 2010

Efremov, Teryaev, 82; Qiu, Sterman, 91

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

d The phase:

— Interference of Real and Imaginary part of scattering amplitude
—gluonic pole: 7@ (z, z)
— fermionic pole contribution: oc 7 (z,0) or 73 (0, z)



Features of A, in collinear factorization

. . . . . Qiu, Sterman, 91
 Factorization is valid (as good as leading power):

Ao apn(pr, 1) =) T(g) ) ® fo/B(2") ® Gap—se(pr; 57) ® Demsn(2)

abc

Qiu, Sterman, 1991,98
+Zaq§j{4 (2,51) @ fop(x) @ 644 ,o(pr, 57) ® D), (2)

abc

Kang, Yuan, Zhou, 2010

Kanazawa, Koike, 2000 | Z 5(]22/)14 ) & flf?])B( ) 029 5-gb—>c(pT7 ST> &) Dc_m(Z)

abc

 Generic features:

apf d af
AN x €1 %alTH [—az—T(B)(x,aﬁ)] x - SngB [ e ]
—t dx P 11—z

if TG (z,2) x q(z) x (1 —z)"

= A, falls as 1/p; if pyis large
= A, increases as x¢ if x¢ is large



Asymmetries from the 7T.(x,x)

(FermiLab E704) A, (RHIC STAR)
sl L = 04 p,p at\s=200GeV )
0.1_—
o
-0.1-....1.. ol o

T R ' B
0.2 0.3 0.4 0.5 0.6 X

Kouvaris,Qiu,Vogelsang,Yuan, 2006

Nonvanish twist-3 function » Nonvanish transverse motion



A\ at RHIC energy

: : 0. PRL 101, 222001 (2008)
D STAR Run 6 '"ClUSlve . arXiv:0801.2990v1 [hep-ex]
Ay p+p —> 1+ X at vs=200 GeV
0.15H Spin 1 -
i Spin { i
I Left i . :
- __. Sivers (HERMES fit)
0.1 i | twist—3
0 025 0 025 3
0.05} ’
<n>=3.7
. { 3"°*%
| ol |
—0.5 O 0.5
U. D’Alesio, F. Murgia C. Kouvaris, J. Qiu, W. Vogelsang, F. Yuan,
Phys. Rev. D 70, 074009 (2004) Phys. Rev. D 74, 114013 (2006).

arXiv:hep-ph/0712.4240



Twist-3 distributions relevant to SS@

 Two-sets Twist-3 correlation functions: _G\% /O-

~ dy—dy— Dt — +.,— — v+ sTronf —\ | ./ —
T4.F =/ (éﬂ); etrPr v gim2Plyy (P STI'UJQ(O)"T[” F, 7 (u3) gy )18, ST)

-~ d -dy-_ irPYyr izoPtus 1 sTonn o, — .
T8 = / DT giePtur giv2PTuy — (P or |F+P(0) [T F, * (47 ) [ FH2 (WD) | Py 1) (—gpn)

(2m)> Pt |
~ YT Y5 iwptyr izaPtys = N e o\ (e
TAQ,F = /W € h e 2 Y2 <P~ STllr‘q(O) 2 [1 ST f/7+ (1/_) )]C'q(yl )lP* ST>

~ dyy dys  iop+uy— izop¥u— 1 S — _ :
Tifcd} = /—“l(/éﬁ)‘; e!*P Ty giz2 Py, ﬁ<P ST|F+”(0)[1.<‘-1-},T+(;/._~, ‘)]F+)‘(y1 )| P, sT) (i€ 1 px)

No probability interpretation!  @ng. Qiu, 2009
Braun, et al 2009

d Twist-2 distributions:
N

= Unpolarized PDFs: q(w) o <P\Eq(0)%¢q(y)\P>
G(@) oc (PLETH(0)F (y)| P) (= guw)
Aq(a) o< (P, ) [, (0) 15— (4)| P, S))

= Polarized PDFs:
AG(z) o< (P, S||[FT(0)F™ (y)|P,S)) (i€ 1)



Interpretation of twist-3 distributions?

U Quark-gluon correlation as an example:

dus . -+ -

X (P, &1 |Paq (0)yT [/du’ F " (yy )| Ya(yy )| P, 5T)

O Normal twist-2 quark distribution:

dy, 1T +4 - T o -
a(x) = / e T (P, 5|0 (007 a (ur))| Py 51)

U Difference - the operator in Red:

[/ dy:-)—eb'/l\a‘lt'll Fo_+(y2_)

How can we interpret the “expectation value” of this operator?



What the twist-3 distribution can tell us?

U The operator in Red - a classical Abelian case:

rest frame of (p.s)

1 ST
3 T T B
2 charged particle

TT— - @

;/\_/\_' - -
- P~ ( 1.,—2/3)
AP, p=(m.0) 2m

d Change of transverse momentum:

d ~
ap; = e(z’f’ x B)2 = —€’U3Bl = €U3F23
U In the c.m. frame:

(m,0) - n = (1,0,07), (1,—2) - n = (0,1,07)

d /L ST onn -+
— mprz = € € Fﬂ

U The total change: Aplh = e [dy e’Tonn L (y—)

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



Multi-gluon correlation functions

 Diagonal tri-gluon correlations:

Ji, PLB289 (1992)

dy; dvys . _
TG(:C?'CC) - / y127ry2 eszijl
1

o=V s[5, (0) [€SLgnﬁFa+(y5)} O (y )| P s1)

d Two tri-gluon correlation functions — color contraction:
T((;f) (z,2) i fABC pARC B _ FAFC(TC>ABFB 2 .

|

T((;d) (ﬁlf, ZC) X dABCFAFCFB _ FAFC(DC>ABFB

Quark-gluon correlation: T (x, x) %FC(TC)@%

 D-meson production at EIC:

% Clean probe for gluonic twist-3 correlation functions
o Téf) (z,2) could be connected to the gluonic Sivers function



D-meson production at future EIC

Kang, Qiu, PRD, 2008

d Dominated by the tri-gluon subprocess:
q - q q - q !

N 1 s
E ST
: wP+k. xiP ' vP+k. xiP XxP+k. xP

"‘]P(.x‘:-.\‘z)P+kL: - T (e-x)P+ko o ’ (x_w-.n)P+kL: (X:-,\'i)P+kJ_:
(a) (b) (c) (d)

q i q

X:P+ky

= Active parton momentum fraction cannot be too large
* Intrinsic charm contribution is not important
» Sufficient production rate

d Single transverse-spin asymmetry:
Ao — o(s1) —o(—s1) dAo(s]) do
N o(si)4+o(—s1) dzpdydzydP2,dé | drzpdydz,dP? do
= SSA is directly proportional to tri-gluon correlation functions
= Any small A discovers the tri-gluon correlation!




Features of the SSA in D-production at EIC

L Dependence on tri-gluon correlation functions:
D — meson T(f) + T(d) D — meson T((;f) — Téd)
Separate T(f) and TG) by the difference between [) and D

 Model for tri-gluon correlation functions:

T(f d) (:Ij7 gj) — )\f,dG(x> >\f,d = 4+ r = £0.07GeV
1 Kinematic constraints:
( ] 2 ™ 2 ) ) P2 »
rp |1+ z,ilil—;?)l(cg?] , if zp, + \/,:,22 + —nl;-%}- > 1

Tmin = ¢

p2 ‘
rp |1+ “512 (1 -+ \/l 4 w';?)] : if zp + Zy + n’;é

Note: The Zh(l — Zh) has a maximum

\

SSA should have a minimum if the derivative term dominates

<1



Minimum in the SSA of D-production at EIC
0 SSA for D° production ( ) only): Kang, Qiu, PRD, 2008

z n 0.06
< 0.14| < :
.12} _ 0.05p
0.1 0.04 |
0.08 [ SR S, =2500 GeV?
- : 0.03¢ Q=4 GeV
- s, =300 GeV i X=0.01
0.06 - COMPASS  oigev 0.02F EIC P, =2 GeV
0.04 |- Xg=0.01 N
R P, =1 GeV 0.01 |
0.02F S
R L L PR PP 0 = "
0 OO -
-t 1l 04l dy ey el sl g ;I|IIII[IlII|IIIl|IIII|IIIIIIIII|IIII|II
01 0.2 03 04 05 0.6 0.7 0.8 01 0.2 03 04 05 06 0.7 0.8
z Z,
h

*» Derivative term dominates, and small ¢ dependence
s Asymmetry is twice if Tc(;f ) = +Téd), or zero if T((;f ) = — ((;d)
< Opposite for the J) meson

% Asymmetry has a minimum ~z,~ 0.5



TMD factorization approach to SIDIS

 More relevant to observables with two very different
momentum scales: @Q; > Q> ~ Aqcp

Q1> Aqcp Makes it possible to have pQCD factorization
Q2 ~ AQCD Sensitive to parton’s transverse motion

» On-shell active partons
ks=xpptkpr Dy

doap(Q fa/A 11, kAT, 854) @ fo (22, kBT, 5B) @ d6aWh(Q, ts) + O(1/Q)
Compllcatlon. soft gluon interactions between hadrons
4 Valid for processes involving only two hadrons:

e*e: e + e~ — hi(p1) + ha(p2) where py,ps almost back-to-back
SIDIS: e(l) +h(p) —e(l')+h(P)+X with Q> ¢r

Drell-Yan:  hi(p1) + ha(p2) — 1'(¢) + X with Q = \/¢2 > qr
Key: color flow + Iocality Collins, Qiu; Yuan, Vogelsang; Rogers, Mulder, ...



Asymmetry of single particle production

 SIDIS complements to DY and e+e-:

SIDIS has uniquely determined
leptonic plane + hadronic plane

1 General expression for cross section:

‘ ‘ 2 ] . 2
do = dopy + cos2¢ dojry + 5 cos ¢ dopry + )\eU sin ¢ doy g

. 1 ¢ | I -
+ ST, {sin 2¢ doty + 0 sin ¢ dogrp + Ae [ 71 + —=cos ¢ do; ] }

+St {sin(gb — ¢3) dagTJ-k sin(¢ + ¢g) dogi +|sini3ﬁ - ﬁii doii%’

+% (sin(2¢ — ¢s) doyr + sin ¢s do llszj

oxX

Beam Target . I | .
Polarizati%n +Ae [cos( ¢ — ¢s) doa + el (cos ¢s do1y + cos(2¢ — ¢s) (](T};%)] }

v



Most notable TMD distributions - |

d Sivers function — transverse polarized hadron:

/ Sivers function

| oA
-fq/p,S(xi’k_L) = fq/p(x9k_l_)+ EAqu/p* (x,k,)S-(pxk,)

k oA
= fq/p(xﬁki)_ﬁfi#q(x9k_L) S-(pxk,)

O Boer-Mulder function — transverse polarized quark:

1 1 N A
fq,sq/p(xakL) = Ef;}/p (x,k, )+ EAquT/p(xak_L) S,° (pxk,)

1 1 k AT
- Efq/p(xakl)_a_lhllq(x’ki) §g° (pxk,)

M
~—

Boer-Mulder function

Affect angular distribution of Drell-Yan lepton



Most notable TMD distributions - I

d Collins function — FF of a transversely polarized parton:

1 A
D)y, (z,p,)=D,,(z,p )+ EAND,,M (z,p,)s, (P, xP,)

P
zM,

:Dh/q(ZapJ_)_l_ Hl-Lq(Z’pl)sq'(IA’qxﬁl)

~—

Collins function

O Fragmentation function to a polarized hadron:

1 1 L
Dy s,14@P.) =5 Dy (.p,) + EANDAT,q(z,pL) S, (P,xp.)

1
= -D,, (z,p,) +_PL

2 hlq ZMA

Dlqu (z,p) S, (ﬁq xp,)

Unpolarized parton fragments into a polarized hadron - A\



Other TMD distributions
1 Quark TMD distributions:

1 €Env oo YNy K- ST k. -S
Bakr) = o (A () e TERIE L (G0 #‘) P
H kv
+ (a)io Pl Sy + (S@ + K S ) e R

h_l_ O-H'Vkini]
1 M

2

Total 8 TMD quark distributions
[ Gluon TMD distributions, ...

Production of quarkonium, two-photon, ...



Process dependence of TMDs

d The form of gauge link is a result of factorization:

; Iy d?2 - )
font (@, k1, S) :/”’(;)“ eiep v —ikLy (), §7(0-,0, )| Gauge link S,y L)l S)

= SIDIS: &} ({+00,0},0, )@} (+00,{y1,0. )@, ({+o0, v },¥1)

= DY: &} ({—o0,0},0,)®] (—o00,{y1,0 N®.({—0c0,y" },¥L1)
1

H/II[L)TIS(:B k-Las) 75 fL}}zT(ka_bS)

Collinear factorized PDFs are process independent



Critical test of TMD factorization

4 Parity — Time reversal invariance:
o (@.k1,S) = fof (v. ki, —5)
 Definition of Sivers function:
fami (@, K1, S) = fon(z, kL) + éAqu/m (x,k1)S-px ki
d Modified universality:

AN fSIDIS (5 k1) = —AN fOY (2, k1)

g/h'

Same applies to TMD gluon distribution

Spin-averaged TMD is process independent



2 (sin(0-dg)yr 2 (sin(9-0g))yr

2 (sin(¢-9g)yr

Sivers functions from HERMES

e
Y
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(=]

e
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2(sin (¢ — és)) ur

7.3% scale uncertainty

2.

2
(&

7 %) & Y 1.2
 Calit’ (z,p%) ®w Di (2, k3

)

{
§++“+++i++”+ ;_+++++ +
e e e
EE A S
ot -

_ﬂ:-l | L
: : 1
TR Y +__+_ L TLT I
10'1 04 06 05 1
X z P, [GeVl

Zq 63](1(1(1[)%) X Dil(~ A%)

n* dominated by u-quark
scattering:

il
~ fit"
fi(z,p2) @ D¥—™(

(z, p%) Qw DI~™ (=, k%)

2. L%)

@ u-quark Sivers DF < O

@ d-quark Sivers DF > O
(cancelation for m°)

Schnell - DIS2010



The modified universality — Drell-Yan/Z°

D Dre"_Yan. Asin((j,_%) — _Ax Collins et al. 2006
. N - N Kang, Qiu, 2009
<z - = 0r
o < g
! -0.01 |
i -0.02 |- V8=200 GeV
-0.02 .'_— -0.03 S_ 0<q.r<1 GeV
5 - ;_ O<y<3
-0.04 |~ 0-04
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SSA of lepton from W-decay

 Lepton SSA is diluted from the decay:

<Z

Kang, Qiu, PRL 2009

01 F Luag
i M 003
0.08 P=41GeV :
" 0.02
0.06 | oo :
0.04 [ of
0_023 -0.01
i 0.02 F
0 -
: 0.03°L
25 25 -
0.06 [
a3 - flavor separation
“HE - asymmetry gets smaller due to dilution
0.03 - .
should still be measurable by current
0.02 - I
RHIC sensitivity
0.01
oL = Complimentary to Drell-Yan/Z°

30 35 40 45 50 55 60 65 70P

production

T




TMD vs collinear factorization

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

Collinear: Q... Q,>> NAgcp
< 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

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

spin-averaged: / k3P (2, k1) + UVCT (1} = ¢ 5 (2, pu3)

: 1 -
Transverse-spin: [ /koL k% qr(z, ko) + UVCT(p%) = Tr(x, 2, u3)
P

But, TMD factorization is only valid for low k;— TMD PDFs at low k-



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

N Koike, Voaelsang, and Yuan
do

dO’dq 2 a2 e
Q dg; \ Q. 97 > Ay Collinear
: >
0 >q; \\

—— “’QT

0" > ¢; > M| In this overlap region, both formalisms
indeed give the same result

1 TMD factorization fails for processes involving three

or more identified hadrons! Collins, Qiu, 2007

Vogelsang, Yuan, 2007, Collins, 2007
Rogers, Mulders, 2010



SIDIS: probe for nuclear medium effect

1 Scattered parton interacts with the medium coherently:

YE

d Multiple scattering with/out radiation: _ & Wang PRL 2000, ...

Wang & Wang, PRL 2002, ...
3¢ - ( Y—

/ % Long-distance fragmentation
Short-distance hard scattering

pc2 < O(Qz) ===) Induced radiation modifies the fragmentation

First scattering determines the parton
=== production rate

2 2
In (Q / P, ) ===)  Modifies DGLAP evolution of the
Fragmentation function — “energy loss”



Energy loss in cold nuclear matter

1 Radiation energy loss:

AE —v (Az) = (£~ E')(Az)

<Az> - radiative energy loss fraction

Xp =

(Az)

Qz/(Zp-q), X, =1/(mNRA)

=é(Q2)CAas2(Q2) sz6ln 1

Nc QZXA

2x,

(—dE/dL)cord ~ 0.5 — 0.6 GeV /fm

L.1

<r>=11.5-13.4 GeV, <Q°> =2.6-3.1 GeV*
o "N HERMES
e *Kr HERMES(Preliminary)
02 03 04 05 06 07 08 09 1

Z

E.Wang, X.-N.Wang, PRL 89 (2002)

1.1

1

0.9

0.8

0.7
1
—_
~—
0.8

= <t

=4

0.6

0.4

1

0.8

0.6

0.4

10 15 20 10 15 20
Vv (GeV)

0.4

F.Arleo, Eur.Phys.J. C30 (2003)




Transverse momentum broadening

O Low p; distribution is ill-defined o\ ~(gluon radiation)
in the fixed order calculation (”’ .

resummation

* All order resummation (CSS formalism)  of radiation

 Multiple scattering in medium:

* Each scattering is too soft
to calculate perturbatively n pT
* Resummation + multiple scattering (not yet achieved)

Y

d Moment of p,-distribution is perturbative calculable:

d d :
(P2 (Q?)) = /deTp% W//dp?pm - observed particles only
T T

- Momentum broadening:  Ap7(Q%) = (p7(Q%))ea — (PT(Q*))ep

+» Easy to measure, sensitive to the medium properties

< Perturbatively calculable x A/3
Luo, Qiu, Sterman, 1994



Leading hadron broadening in SIDIS

1 Broadening by double scattering:

7?‘5_51 , q§; 73777_\51 L q:-r; 7}%7\7\(1 lq/
v - - M v M v - . 2
of ek G\ o) & & New ofef § N

xp+kr (%3—%2)p+ks (x4—xz)p+ky

Yy Y1 Ya 0
P P

3
J Same as that for Drell-Yan at this order:

A2 o
o = (172

| A2 g .
A(l%>SIDIS — ( ) )\%IDISAl/i% Guo, 1998; Fries 2003

d Medium density dependence:

Aby and A2, could be different

Al/3 is a consequence of the assumption - “no” color flow
between nucleons inside a nucleus



Broadening in color nuclear matter

2
&

III|IIIIIII|III|III|III|IIIIIII|IIIIIII

dening (GeVA

o
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o c
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o O

Ap2 =< p% >4 — < P2 >p

jLab/CLAS prellmln
PR cmeeea- Z -....-....--:,..--....-....--...--....-....-....
(@upto §GeV g

== T J_"
.
= -1
~m
s
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Mass number (JLab/HERMES data shifted for better view)



Universality in nuclear dependence

J Nuclear modification factor:

do" — pelar) % do"™" For pion production in SIDIS,
dQ2%dqq dQ%dqy 0 in photon-hadron frame

0 Universal form of ¢(47):

Measured broadening: A (¢2)pg = bpigA'/3 Guo, et al. 2000

bprs ¢
Modification factor: apis(qr) =~ 1+ —<q§]?>IhN [_1 + <q%§hN]
A
OzDIS(QT)

1 >

bDIS <q2 >hN 4T

apis(qgr =0) = 1 — T :

(g7 )h N aprs =1 if ¢7 = (¢3)"




Generalized parton distribution (GPD)

1 Generalized quark distribution:

d\ ;. - Y-no
Fya.&t.t) = [ e Awq(A/Q) S5 Va(=A/2)|P)

2\ [74 n,
= Hy(x.& t 1) [UP ) UP)] 52—

[ iot(P— P),
P)—5— 4P

um
2P -n

+ Eq(I g t :UQ)

N

with ¢=(P'—P)-n/2 and t= (P — P)* = —A% if £ =0
1 Connection to normal quark distribution:
H,(2,0,0, 1) = q(x, p1*)

 Parton’s orbital motion:

lim/d:ca: (Hy(z,&,t) + Ey(z,&,1)]

1
Jq - 5 t—0

1

Ji, PRL78, 1997



Tomographic images of the nucleon

Burkardt, NPA711, 2002

O Spatial dependent quark distribution:

A “\\
xp W
= q(x,b.) .b N \ ‘
0. / &
* 0. T | “ ™~
Q.
0. \ 57 : - X
1 \' P B
\ 0.2
0.15%
0.1
0,05
-] _
03 0 0.5 -
b (fm)

. TWLPLTMD
Note: q(mabl) #/(2w)26 (makL)

Key: connect the GPDs to physical observables




Exclusive processes with DIS kinematics

d DVCS - exchange vacuum quantum number:

« gl
Y
P P’

O DVCS - Factorization is ok if @*> —t°
¢ — Does not evolve

1 Evolution from color singlet ladder diagrams: |
X — convolution

d DVCS - meson production:

Factorization requires a sufficient separation between the meson and

2 2 2
scattered proton: Q"> —t"> Agep



Summary

O QCD is very rich in dynamics, much more than QED, while
QED is the underline theory of all excitements of CMP, ...

O After 35 years, we have learned only a very small part
of QCD dynamics: short-distance - less than 0.1 fm,
although we have been successful

O SIDIS offers better observables to probe the partonic
structure of a hadron

4 Future EIC and its SIDIS program could offer many new
opportunites to test QCD dynamics

Thank you!



