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Outline

O Introduction: pQCD

O Go beyond probability distributions:

* Spin-dependent effect: three parton correlation
- Tri-gluon correlation in ep and pp collision (LO)
- Evolution of twist-3 correlations (beyond LO)
- Physical meaning of twist-3 correlations

* Nuclear size dependent effect: four parton correlation

- nuclear transverse momentum broadening of vector bosons

O Summary
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Quantum Chromodynamics (QCD)

H. Fritzsch, M. Gell-Mann, H.Lentwyler, 1973

O QCD - underlying theory of strong interaction

0.5

Th
Data oy

Deep Inelastic Scattering
¢*¢ Annihilation
Hadron Collisions

Heavy Quarkonia

0 Lagrangian density: % (Q) |

0.4 |

w,fc . quark field A, .: gluon field

i "\‘;l'! us(Mz)
T 5 Iy A, ol aal 275 MeV === 0.123
’ "L 175 MeV —=-0.115

1
B Z [a,LLAy,a — auAu,a — gcabcAM,bA’/ycf

O Asymptotic freedom:

2004 Nobel Prize in Physics

- perturbative QCD (pQCD)
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Factorization Theorems in pQCD

O Can pQCD calculate cross sections involving hadrons?

Scale of hadron wave function:  1/R~1/fm ~ Agep ~ 200MeV
Scale of hard partonic collision: Q> 2 GeV >> Aggp

—> | pQCD works at 04(Q), but not at 04(Aaco)

For a review, see

O A way out — Factorization Theorems A. H. Mueller (Ed)
perturbative QCD

Quantum interference between perturbative and nonperturbative
scales can be negelected (power suppressed ~ O(Aaqcp/Q) )

UHadron(Q) — nga/rton/hadron (AQCD) & &Parton(Q) -+ O(AQCD/Q)

- . L J
~"

universal calculable
(measured)
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Universality of PDFs: comparison with DIS data

O-Ha,dron(Q) — ¢Izarton/hadron£AQCD) X ?Parton}(@) + O(AQCD/Q)
universaf(measured) calculable

vy 0000161 —— ZEUS NLO QCD fit \ - . . .
j // =0:000253 Parton Distribution Functions

[ tot.error

x=0.0004
x=0.0005
x=0.000632
x=0.0008 B
e ZEUS 96/97 :
x=0.0013 + BCDMS 9 F ——— H1 PDF 2000
x=0.0021 1 ZEUS-S PDF Q2=10 GeV’
v NMC
x=0.0032 ' —— CTEQE
; Gluons dominate
x=0.008

x=0.013

& x=0.021

e w x=0.032

W x=0.05
. o
e ] 2—0-0—0-0—0

coosoety o0s i o x=0.08
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(] [
—~— fo.ls
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Prediction vs CDF Run Il data: inclusive jet cross section

CDF Run Il Preliminary
Integrated L = 85 pb™’
0.1 < Inpl < 0.7

JetClu Cone R =0.7

IlIIIlI‘ IIIIIII| [l

Highest £ jets ever!

= Run Il Data
—_— CTEQ 6.1 Uncertainty
+/- 5% Energy Scale Uncertainty

| I | | | | | I 1 | 1 1 I 1 | | | I 1 1 | | I
100 300 400 500 600
Inclusive Jet E ; (GeV)

e 8 orders of magnitude!

r—: r r r 1 r r ° 1 e 1 g T T
- CDF Run Il Preliminary, JetClu Cone R =0.7, \s = 1.96 TeV

|:] 5% Energy Scale Uncertainty
CTEQ 6.1 Uncertainty

——

¢ ratio (Data/CTEQ6.1)
5 8HII|IIII IIII\IIII'IIII|IIII|IIII|IIH—

O=NWALHOON

I|IIII IIII|IIII|IIII|IIII|IIII|IIII

¥
400 200 300 400 500
Inclusive Jet E; (Ge

Good agreement (within uncertainties)
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Success of pQCD factorization

O Experiments measure cross sections:

aexp(Q)%Ho®f2®f2+%H1®f2®f3+ Q2H2®f2®f4+0<53>

- test short-distance dynamics at Q > 2GeV (or =1/10 fm): H,

- also probe hadron structure via PDFs (probability distributions): /2

0 Question:

0onn(Q) ~ Ho ® fo ® fo + %Hl ® f2 @ fs +

12H2®f2®f4-|—(9< 1)

Q Q°

What about QCD dynamics for 1/10 fm ~ 1fm? (H, H,, )

How to go beyond the probability distributions? (fs, f4, )
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How to go beyond normal PDFs

O Take the difference (spin-dependent cross section)
p'p — X SSA: Ay =

O-T_Ol

01 T 0)

U(stT):H0®f2®f2+5H1®f2®f3+0(é>

Ac(Q,sT) & %Hl ® f2 & f3

= three-parton correlations

O Measure the nuclear dependence (A-dependence) in spin-averaged
experiment
1

U(Q7A)zHo®f2®f2+$2H2®f2®f4+0(@>
1

g(A) x @Hz ® fo @ f4 (beyond normal PDFs)

=» four-parton correlations

The core of my talk is about
three and four parton correlations and associated QCD dynamics
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Outline

O Introduction: pQCD

O Go beyond probability distributions:

< Spin-dependent effect: three parton correlation
- Tri-gluon correlation in ep and pp collision (LO)
- Evolution of twist-3 correlations (beyond LO)
- Physical meaning of twist-3 correlations

* Nuclear size dependent effect: four parton correlation

- nuclear transverse momentum broadening of vector bosons

O Summary
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Experimental status of Single Spin Asymmetry (SSA)

O Fermilab E704, STAR, PHENIX, BRAHMS, COMPASS, HERMES
pr — 17X SSA: Ay =

OT_Jl

OT_'_Ol

A s+p—> 7 +X ot Vs=200GeV

Q3¢

® Runt <n>=3.7 PRELIMINARY

® Rupn3+Rund <n>=3.7

J—

<pe>(GevAc) = 1.3

Cpy>(Cev/ie) = 1.2

| [ | | |
| 1 Lo | U T S T PR RN TR S T

_4( 1 | 1 1 | 1 | ! 1 B ‘ ‘ ‘ ‘ ‘
0 01 02 03 04 05 06 07 08 09 1 T _g6 —-04 —0G2 0 0.2 0.4
Xr STAR (BRAHMS, too)
E704 |

SSAs are observed in various experiments at different \'s
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SSA corresponds to a T-odd triplet product

O SSA measures the correlation between the hadron spin and the
production plane, which corresponds to s, - (p x ¢)

g / ! /
) ) _/(
/ p p’/
O Such a product is odd under time reversal (T-odd), and thus they can

arise in a time-reversal invariant theory (eg, QCD) only when there is a
phase between different spin amplitudes.

p'p — w(0)X

—

= ANOCfbgp(ﬁXK)
- the phase “7 ” is required by time-reversal invariance

- covariant form: An o e p, 5,0,

Nonvanishing An requires a phase, a helicity flip
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Non-vanishing SSA due to transverse motion

O If partons are purely collinear:

phase from loop helicity is conserved for massless partons
e P 2

Kane, Pumplin, Repko, 1978

O Ay # 0: result of parton’s transverse motion or correlations!
[0 Two approaches to generate Ay:

v TMD approach: Transverse Momentum Dependent distributions probe
parton’s intrinsic transverse momentum
(Sivers function, ...)

v’ Collinear factorization approach: twist-3 multi-parton correlation

- They apply in different kinematic domain
- Collinear factorization approach is more relevant for single scale hard process
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SSA in collinear factorization approach

Efremov, Teryaev, 1982, Qiu, Sterman, 1991
0 When all observed scales >> Aqcp, collinear factorization should work:

2 - phase: from hard scattering
amplitudes (unpinched pole)

O'(ST) ~ : - - spin flip: from interference
between a quark state and a
quark-gluon composite state

[0 Factorization at twist-3:

O Twist-3 quark-gluon correlation function Tq,F(X,X):

47

dy_dy_ ix Pty B sTonn — —
T,(aw) = [ LT (P s 0y [ F, )] )P

Three field operators do not have the probability interpretation of
normal parton distributions
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SSAs from twist-3 quark-gluon correlation Tqr(X,X)

Kouvaris,Qiu,Vogelsang,Yuan, 2006

(FermiLab E704) (RHIC STAR)
AN

—A—J-CO

0.2

p,p at \s=200GeV

L L L L | L L : I I I L L I I I I ] 1 I
0.6 0.8 x, . 0.4 0.6 X,

i\,|||||

T, 7 (x,2) onlyin forward region
Initial success of the twist-3 formalism

There are more than just the quark-gluon correlation.
What about the others?
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Twist-3 trigluon correlation functions

Ji,1992; Kang, Qiu, 2008

0 Diagonal tri-gluon correlations: |
Kang, Qiu, Vogelsang, Yuan, 2008

Ay dys oo -
Te(z,z) = / y127Ty2 P

1 sTonn — Q —
X $P+<P,ST!FZ(0) ETIE T (yo )| (v | P, )

O Two tri-gluon correlation functions - different color factors

T (2, 2) o i f**FOFCFY = FOF° [T FP

a C b
T (2, 2) x d*F*F°F® = F*F¢ [D)" F g

Fermionic correlation: Tr(x, ) o Wi F° [Tc]ij (o5

O D-meson production in Semi Inclusive Deep Inelastic Scattering
(SIDIS):

+* Clean probe for twist-3 tri-gluon correlation functions
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D-meson production in SIDIS: ep! e+ D+ X

e(k) +p'(P) = e(k")+ D(Py) + X
PP,

O Dominated by the contribution
from trigluon correlations

+ other digrams

A

XJP()Cz-XJ)P+kLE x:P+ky

(a)

dAo(s]) do
da:B dydzpdP?  d¢ | dxpdydz,dP? | de¢
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Production rate of D-meson in SIDIS

O Production rate (spin averaged):

do
dxpdydzydP? | d¢

= 06] + 0? cos @ + Ug cos 2¢ Zn: Energy fraction of photon
carried by D-meson

S,,=300 GeV*
Q=1 GeV
X5=0.01

P, =1 GeV

A
o
o

S,,=2500 GeV*
Q=4 GeV
xg=0.01

P, =2 GeV

N
o
o

dé(pb/GeV?)
o

do(pb/GeV?)

N
o

2
hL
—h N w = (8)] (o]
o o o o o o
o o o o o o
o o o o o o
2
hL
—
o o
o o

do/dx;dydz, dP

o
©
S
N
o
>
©
om
3
xS
)
©

o
L

_I | | | I | | | | | [ | | L1 11 | L1 11 | [ | | L1 11 | 11 :l | | | 1 | | | | 1 | | | | 1 ] | | | .| | | .| | | 1 | | | | | | |
0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.1 0.2 0.3 04 05 0.6 0.7 0.8
z, Z,

COMPASS EIC

reasonable production rate, small ¢ dependence
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Features of the SSA in SIDIS

O Dependence of tri-gluon correlation functions:

D—meson Tc(;f) + Tc(;d) D—meson o Tc(;f) — Tc(;d)

Separate Téf ) and Téd) by the difference between D and D

O An depends on Tg(X,X) and its derivative:

d
PhsTnﬁl _ZC%TG(Q% :U)

Ay o € ; G ) > 1/(1 — x)

Since x has a minimum at zn ~ 0.5 (from kinematics constrain), SSA should
have a minimum if the derivative term dominates

O Model for tri-gluon correlation functions:

TS (2, 2) = Ay 4G(2) Afq = E£Ap = £0.07 GeV
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Estimation of SSA in D-meson production in SIDIS

O SSA for DO production (7 only)

= 0.06
< N

z N
< 0.14

0.12 : COMPASS S 0-05 - E'C ’¢”‘
0.1Ff 0.04

0.08 | 0.03 F S,,=2500 GeV?
- B Q=4 GeV
0.06 | S¢p=300 GeV? - XB=0'0:
L Q=1 GeV 0.02 |-

0.04 - xg=0.01

- 0.01 |
0.02 | N

of - _

rifll N WY FETE BN ST PR R N P N R SN FENT FETE STEE i

0.1 0.2 0.3 04 05 06 0.7 0.8 0.1 0.2 03 0.4 05 0.6 0.7 0.8
z, Zh

** Derivative term dominates, and small ¢p dependence

< Asymmetry is twice if T((;d) — +T((;f ), or zero if Tc(;d) = —Tc(;f )

“ Opposite for the D meson

% Asymmetry has a minimum ~z, ~ 0.5

Measure the SSAs = extract tri-gluon correlations

Of

Test QCD: universality of tri-gluon correlations?
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D-meson production in hadronic collisions: p'p — D+ X

O Two partonic subprocesses: Kang, Qiu, Vogelsang, Yuan, PRD78, 114013 (2008)

p'p— D+ X

O Quark-antiquark annihilation:
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Spin-dependent cross section for D-meson production

O SSA from both quark-gluon correlation Tq,F(X,x) and tri-gluon
correlation Tge(X,X)

Pysrnn

dAo o’ dz dx’ dx € -
Ephd3Ph — ? Z /Z_QDCHh(Z)/?¢g/B(x/)/?\/471-&3( — )5(S+t+’U/)
i=f,d

gg—ce U

i d (i -
X [(T((;)(a:,a:) — xd—Té)(x,x)) Hé;)_w

- depends on correlation and its derivative
- same factorized form for qq subprocess

[0 Features of SSA:

When ¢ — ¢
- hard parts do NOT change sign for TqF and Téf)
- hard parts change sign for T

SSA will be very different for D and D if Tc(;d) # 0

SSA will be very similar forDand D if 7. =0
Jan 06, 2009 Zhongbo Kang, ISU
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Rapidity dependence of D-meson production

O SSAatRHIC:  \s=200GeV  p=,/m2+ P2 m,=13GCeV

< N < N
<025} < 0.25F
E E eson

02 - 0.2 E P,,=2GeV
0.15 | 0.15 F
0.1Ff

LA = Aa = 0.07 (;,e\/ 7@ = 1)
D)A; = —Ag = 0.07 GeV TP = 1)
T =1 =0
eson : Largest An happens when Téd) _ +Téf)

eson : Largest An happens when Téd) — _Tc(;f)
Jan 06, 2009 Zhongbo Kang, ISU




Pr-dependence of D-meson production

O SSAatRHIC  5=200GeV  p=,/m2+ P2

=z 0.08 = 0.08
< [ < [

0.06 | 0.06 |
0.04 | ‘ 0.04 |

0.02 | 0.02 |

of

15 2 25 3 35 4 45
PhI

(DA = Ag = 0.07 GeV
(2)Af = —Aqg = 0.07 GeV
(3)Af = Ag =0 T =1 =0
- Without tri-gluon correlation, SSA is too small to be observed

- As a twist-3 effect, the SSAs fall off as 1/P;+ when P+ >> m_
Jan 06, 2009 Zhongbo Kang, ISU




Strong scale dependence of SSA

O So far, all the calculations for SSA are at leading order (LO)

1

Ac(Q, sT) = éfh(Q/MF, as) @ fa(pr) ® fs(pr) + O <Q12>

O LO result has a strong scale dependence

- Evolution of correlation function (long-distance distributions)
- NLO correction (short-distance contribution beyond LO)

O Question: what are the complete set of correlation functions?

Recall:  Leading twist (DGLAP evolution equation)
- unpolarized PDFs: q(z). G(x)

- helicity distributions: Aq(x). AG(x)

twist-3 spin dependent correlations:

two sets of correlation functions
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Transverse spin wish (to do) list

Experiment Theory
= Drell-Yan m Relation to OAM
Photon-jet ® Evolution
Tensor charge (h_1) m Soft gluon resummation
Large P_t SSA(1/P_t) O
Double spin asymmetry P_t depdence ~ Collins in pp

W and z production (reconstruction P_t behavior
low pt) Explore More functional dependence

® Flavor separation via He3 at RHIC (kt.x)

® |arge-x Sivers/Collins

Polarized nucleon-nucleus
experiments (nuclear effects in B-M
function)

From Yuouww's talk at SPIN 2008

O What if we don’t see DY=-DIS
1 Can we determine the sign of the transversity function?

Ty

F\l ...‘ (:D | PKU - RBRC Workshop on Transverse Spin Physics

June 30th - July 4th, 2008
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Twist-3 three-parton correlations

Qiu, Sterman, 1991, 1998
O Set I: spin-averaged twist-2 PDFs + an operator Insertion Ji, 1992, Kang, Qiu, 2008

dy_dy_ icPYy; izoPTys WA 7—’_ sTonn — —
,ZlaF :/ (;71')22 € e € Py, <P7 ST|¢q(O) 7[6 Fa+(y2 )}wq(% )|P7 5T>

7(f,d dy, dyy ixPTy, ixoP Ty, 1 sTonmn — —
T = [ S P (P FE(O) [ 1) FR ) Psr) (g)

O Set |I: spin-dependent twist-2 HDFs + an operator Insertion

+ A0

L[5 F, (5] ()|, sT) Aq(z)

~ duy: duys o+ — + — —
TAq,F :/ Y1 AYs em:P Yy 61,:1;2P Yo <P, Sleq(()) 8 5

(2r)?

~(+.d dy; dy, iePTyT iwa Pty L . B _ _
Tty = [ SR P e o (Par P01 F, () PR GDIP s (ienn) - AG(a)

Two possible color contractions: if,, ., d .

=Two tri-gluon correlation functions
- T® connects to gluon Sivers function
- T has no connections to TMD distribution

Jan 06, 2009 Zhongbo Kang, ISU




Feynman diagram reperesentation

O Diagrams: Kang, Qiu, arXiv: 0811.3101, 2008
P,s; to appear in PRD (2009)

A oa ALC AP,
AP FTH
K\ kl3n 71(4:2: kZl ! k+k

Lagrangian —> Feynman rules Operator definiton  —>» Cut vertices

- =

Cross section €— Feynman diagrams Perturbative change <«— Feynman diagrams

Same diagram can represent different correlation
functions depending on cut vertices

O Cut vertices in the light-cone gauge:

~T L+ ko
- 2P+5(x_ﬁ) 5(332_?)(@” ") [=9oul Cq.

5 (2= ) 0y (20— B2 (serromn ()
r(T + 2) (_gaﬁ> L — Pt L2 — E (ZE ) [_gau] Cg ;

likewise for: VAq F VAG F
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Evolution kernels

O Feynman diagrams:

O Leading order for flavor non-singlet channel:

p.c P.c

)2 pzl p+pz )2 flzl p+p2 P [22 p+p2
k\ k) k+k k\ ko) k+k K\ k) k+k
H M

(a) ( (C)

b)
l p+n, l ptp,
k kZl k+k k kzl k+k
(g)

p&;% pP+p,
k%g k+k2

(p)
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LO evolution equations - |

O Diagonal contribution - Quarks: relevant to single hadron production

Oy r(x,x,up)  as [TdE
8111;1% T 9r ¢ Puy(2) Ty r(§ €, 1r)

Ca [1—!—22

Ca
2

2 | 1—-z2 Ty r (&2, pnr) —Tgr (&, )] + qu7F(§,x,MF)] +

[TAq,F(% 3 MF)]

+2(2) (3 ) [T o) + T o)

O Diagonal contribution - Anti-quarks:
g r(x,x,ur) o ! d_f{

Oln ,u,%, - % . g qu(Z) T@F(fa 57 :U/F)

C'x 1+ 22
2

Ca

T r (& z,nup) —T5r (&€ pr)] + ZTq,F(ﬁaiU,MF)] +— [TAq,F(SU,f,MF)]

1 — 2z

+2(2) (3 ) [T o) - T o)

1. All kernels are Infared safe
2. Diagonal term is the same as DGLAP

3. Singlet terms are different for quark and anti-quark
= they evolve differently (from tri-gluon correlations)
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LO evolution equations - |l

O Diagonal contribution - Gluons:

Oln p%, T oor . &

aTC(JC%(%%MF) a, 1 g{

Pog(2) T o (€, €, pip)

C 1 -
+7A [2 (1 i —+— S ra(1- z)) [Tc(;cf}:(&%uzf) - Técf%(ﬁ,é,up)}

11—z
v2 (11 20 9)) T ) + (14 2) T8 6o

+Pyn(2) (N5 |30 T (€:6ee) + T o)

¢ q

likewise for Té{};(:c, T, [LF)

1. Similar features as in quark case:
IR safe, diagonal term same as DGLAP

2. Tc(:d) has no connection to TMD distribution. One may argue
that 7\ = 0 , however,

Evolution can generate 7" as long as Z Ty r +Tqp] #0
q
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Q2 - Dependence of correlation functions

0.5 0.6

Our evolution

' / Q=10 GeV

u-quark-gluon

5 0.4 . 0.5

Q=4 GeV
0.4
0.3

0.3
0.2
0.2

0.1 0.1

0

0

0O 01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1

X X

©

Tri-gluon

Q=4 GeV

- Follow DGLAP for large x

- Large deviation in small x region (large coherence)
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What can we learn from twist-3 correlation functions?

Set I / dy~ €T E F(y) Setll: / dyy €273 [i 59 F,* (7))

rest frame of (p,sy)

Kang, Qiu, Sterman, in preparation

-l Consider .

|
a classical 3
(Abelian) 5

148

tuat - charged particle
situation:
T
VO °
. P~ — L—z’}

AP, p=(m,0) 2m

— change of transverse momentum

el —s
Hp; = e(¥' x B)2 = —evaB, = evsFas

— in the c.m. frame
(m,0) - 7= (1,0,07), (1,—2) - n = (0,1,07)
— %pé — e E:;T-::rnﬁ Fc.r+
— total change: Ap, = e [ dy esTonn Fa+(y_)‘—’

Set II: / dyy 2P 2 [s2 F *(y7)] ocp- B
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What can we learn from twist-3 correlation functions?

Set I; / dy= T E T (y7) Setll: ¢ / dyy €272 [i 53 F * (y3)]

rest frame of (p,sp)

Kang, Qiu, Sterman, in preparation
-l Consider .

1 T
a classical 3 T TB
'[T:"Elti_a”] 2 charged particle
situation:
"‘-...1_______'-
VO" @s
¥ IJ.".“ - (. 17_2,}

AP, p=(m,0) 2Zm

— change of transverse momentum SSAs and three-parton
F —sf 3 . -
P = e(@ x B)z = —evsB1 = evsFas casrlalians piq I(:
new information
— in the c.m. frame hadron structure!
(m,8) - 7 = (1,0,07), (1,—2) — n = (0,1,07)| \Mhat about four parton

ol ' — - cm‘
— Lpl, =e eSTOoNN F,:r

— total change: Ap, = e [ dy e5Tom" Fa+(y—)‘—> Set |

Set II: /dyz_em2p+y2_ ST F, (yy )] ocp- B
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Outline

O Introduction: pQCD

O Go beyond probability distributions:

* Spin-dependent effect: three parton correlation
- Tri-gluon correlation in ep and pp collision (LO)
- Evolution of twist-3 correlations (beyond LO)
- Physical meaning of twist-3 correlations

** Nuclear size dependent effect: four parton correlation

- nuclear transverse momentum broadening of vector bosons

O Summary
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Nuclear dependence and four parton correlations

O Single hard scattering: Single:

- probes local parton densities
- cannot tell the difference in target size

O A-dependence (medium size dependence)

< multiple scattering
(beyond single scattering)

- probe four parton correlation functions
- change production rate at given
transverse momentum (eg, prt spectrum)
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Nuclear Modification to pt Spectrum

O Nuclear modification to pt spectrum can lead to nuclear broadening

Vector bosons: y*, W, Z, ...
— Initial-state

) S8
\_/

3 % \ < Enhancement in high pr region and
% reduction in low pt region

» Power suppressed: R—1 as pr
increases (Cronin type effect)

Intrinsic  resum
do do
, R={-= T
: : : de pA de pp

0 4

) pr
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A-Dependence of pt spectrum for vector bosons

L 1 |
O PP collision: do . 5-(gluon radiation)

n2. P
pr distribution at low pr (for DY, W/Z, ...) is dp7 I
Ill-defined in fixed order perturbative calculation r(;‘sur(?mgtion
< Resummation (CSS in pp collisions) y/ of radiation

O pA collision:

“* Each scattering is too soft to calculate
perturbatively

¢ ldeal solution: Resummation+multiple scattering

|ldeal solution has not been achieved yet.
Instead, since moments of pT distribution is much less sensitive to low pr

Define: (p7) = depT / / de dp
T

Broadening defined as: T)pa — (D7) pp

¢ perturbatively calculable
¢ sensitive to medium property
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Broadening for Drell-Yan: initial-state

O Broadening for Drell-Yan: qq ; 6uo, 2001

2 dr’ ¢qn(x") [ dx'T,, 4(x)
A{gF)py =~ (87; = CF) 20 ] 4 04 ]
Nz —1 qudaj’ Pg/n () fd:l:gbq/A(ZE) 10°

+** nuclear dependence from four parton correlation function:

dy_ izp Ty~ dy dy — —
Tyae) = [ e [ o ) 0(-05)

X L Al F (5 )Pa 00y (™) F (7))
)

2
~ N AV Gy ala SRS

9

+o g +
167 R? FTEET)

+* prediction:

Broadening depends on nuclear size Al/3
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Broadening for heavy quarkonium: initial-state

O Heavy quarkoium: if the broadening is due to initial-state multiple
scattering of the projectile partons in the nucleus only

&gsi? : Jw,Y: g9

one should expect:

Experimentally:
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Broadening for heavy quarkonium: initial-state

O Heavy quarkoium: if the broadening is due to initial-state multiple
scattering of the projectile partons in the nucleus only

46‘6%} ( JIp, Y: 99 J. C. Peng, hep-ph/9912371
. I |

M Drell-Yan (E772, 800 GeV) D=0.133
® J/vy (E866/789/771, 800 GeV)
A Y (E772.800 GeV)

A<p.”>=D * [(A/2)"-1]

o
&)

one should expect:

—

o
B

2

2

A<pT“> (GeV'/c)

O
n

2

o
-

Experimentally:

o
T

A(p7) 7/p.x ~ BA(DT) Dy

MASS NUMBER

New analysis: M. B. Johnson, et.al.
Phys. Rev. C 75, 035206 (2007)
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Broadening due to Final State Multiple Scattering

O Parton model picture:

pre-J/V¥

pA—>[CEeJ/¢]—|—X

I U

rH

1 1

O J/W is unlikely to be formed at: rx < ~ —fm
2m.,. 15

O Final state interaction changes the pair's momentum as well as color

A (p7)|e o< L S bAY?

|

Length of ccbar pair undergoes multiple scattering
before becoming pre-J/y

can be as small as zero
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Broadening of heavy quarkonium at pA collision

O Net effect on broadening depends on how quarkonium  Kang, Qiu, PRD77, 2008
Is formed
% Color Evaporation Model (CEM): 08

> I ;
v sensitive to the change of momentum but not the 8 07 F NRQCD and CEM
color T oy

% NRQCD: 606 |
v sensitive to both momentum and the color i
(—different matrix elements) 0.5 |

— (87T2a5 )\2 A1/3) <CF+CA) qu+20A Ugg 0_4 ;
Nz -1 Ogqq T Ogg

NZ-1 <0>+a<0> 0.2

0.3 |

C

 different analytic expression 0.1

but very similar numerical results 0 I

CA 2 : 1 I I I ] ] Lo
NG A ~ 2—A
X <pT>J/¢,T Cr (pT) DY 102

can describe data well with final- MASS NUMBER
state interaction
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Extended to AA collision

O If NO hot medium is formed

¢ broadening in AA = superposition of pA

* Al(p7)aa X Leyy
O If hot medium is formed

(|
i !

<q2>(GeV?)

p7) final ~ 0 final state energy loss
— reduce (p7.)

2, (GeV?)

% A(pr)initiar S superposition of A(p7),4

9 N 1 dy~ o _
Nom o (FYOEY) ~ p+/ 5 (NIFT0) " (vl
1

x—0

recombination of gluons?

ER
()

N W A

= Independent test initial-state interaction:

broadening of W/Z at LHC
Jan 06, 2009 Zhongbo Kang, ISU

O N 0O NN W b~ 00O N

Au+Au
Cu+Cu

d+Au(y<0)
d+Au(y>0)

p+p

100 150 200 250

J/¥Y Broadening at RHIC "

41

300
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Summary

O Spin and/or nuclear dependence enable us to explore the hadron
structure beyond the probability distributions

- Quantum correlations between quarks and gluons

O For the first time, we derive the evolution equations of the twist-3
correlation functions that are responsible for generating the SSAs in
the QCD collinear factorization approach

- Consistent calculations beyond LO are now possible

O pQCD can be used to calculate the anomalous nuclear dependence
- Broadening of vector bosons: good observable for four-parton correlations
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Summary

O Spin and/or nuclear dependence enable us to explore the hadron
structure beyond the probability distributions

- Quantum correlations between quarks and gluons

O For the first time, we derive the evolution equations of the twist-3
correlation functions that are responsible for generating the SSAs in
the QCD collinear factorization approach

- Consistent calculations beyond LO are now possible

O pQCD can be used to calculate the anomalous nuclear dependence
- Broadening of vector bosons: good observable for four-parton correlations

Thank you!
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Backup Slides
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Single spin asymmetry corresponds to a T-odd triplet product

2 Scattering of a transversely-polarized spin-1/2 hadron (S, p) with
another hadron (or photon), observing a particle of momentum k

X

S //k
t 7 | i

y

The cross section can have a term depending on the azimuthal angle of k
which produce an asymmetry An when S flips:

do ~ S-(pxk) Ay i S (P x k)

Nonvanishing An requires a phase, a helicity flip

v the phase “i” is needed because the structure S-(pxk) violates the
naive time-reversal invariance

v’ one must have a reaction mechanism for the hadron to change its
helicity (in a cut diagram) : l
do! — do

— Im|M_,M?
dol +dol m | =
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Why does SSA exist?

do! — do!

Arn =
N 4ot + do?

o< Im [M_, M7 |
O SSA requires
- Helicity flip: one must have a reaction mechanism for the hadron to
change its helicity (in a cut diagram)
- A phase: the phase is needed because the structure S+(pxk) violate
the naive time-reversal invariance

® TMD: the quark orbital m Twist-three: the gluon
angular momentum leads carries spin, flipping

to hadron helicity flip hadron helicity
®m The factorizable final ® The phase comes from

state interactions --- the the poles In the hard

gauge link provides the scattering amplitudes
phase ’1"7 i

> >
B
k1 1 gkg
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Connection to twist-2 PDFs

O Set I:
Spin-averaged twist-2 PDFs + an operator Insertion

/dyQ z:L*QP‘|'y2 [sTcmnF (J2 /dy2 112P+y2 [Z Eﬁ_a STp Fa+(y2_)]

O Set ll:
Spin-dependent twist-2 HDFs + an operator Insertion

d
/ L2 Pt 5 F,(y3)]

O Extra “i”:

Phase needed for the nonvanishing SSAs

Do not contribute to parity conserving double-spin asymmetry, like g2!
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Model for Tq,F(X,X)

Qiu, Sterman, 1999

0.2 0.4 0.6
nF

Tar(x,z) = —Arda(T)

)\F — 0.07 GeV
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|deal probe for correlations: broadening of W/Z at LHC

O If W/Z is constructed from leptonic decays:
» purely initial-state interactions, ideal for medium density (black lines)
O If W/Z can be constructed from hadronic decays (very difficult):
*Mass shift AM? ~ A(p7)Finaistate

3.

102 103 0 50 100150200250300350400
Atomic Mass Npart

O If hot medium is produced,heavy quarkonium broadening can
approach Ca/Cr=9/4 (DY, Z initial state only)
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