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Introduction

" Factorization in heavy ion ?

y

proton proton

proton-proton collision lead-lead collision

V

quark

quark

after the collisons

PP: do = Zfa/A(xa) ®fb/B(CUb) ®da'ab—>cd®Dh/c(z)
abcd

AA: do = Z fa/A(xa) & fb/B(ﬂfb) X d&ab—md@Dh/c(Zm)
abed



® Where should we start?

= Answer: Multiple Scattering in Cold Nuclear Matter (CNM)

= Two cleanest processes to study multiple scattering

SIDIS DY

E B TR

Final state multiple scattering Initial state multiple scattering

= Single inclusive particle production in p+A collisions,
involve both initial state and final state multiple

scattering.
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Double scattering in SIDIS
(Twist-4)

Transverse momentum broadening (TMB)

D
J 3.0 St
A2 = (2)A — (ByeN

dQ)?2
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Twist-4 leading order

| ? | Guo, 1998
! Guo, Qiu 2000

= | eading contribution to broadening of hadron

A<€i2zT> — (@Zi) Zq 63TF<$37070)Dh/q(2h>
N, Zq egfq/A@jB)Dh/q(Zh)

c d_’L'£B+_ d_d_ix+_—_i$+_
T-4 g-g correlation: Tr(x1,22,23) :/Qy—ﬂe 1Py /y14—7ry26 2P (Y1 —¥3 ) piTsp " Yy

X (Althg(0)y" F (y7 ) F (y1 )oq(y )| A)0(y3 )0(yy —u™)

Provide a way to measure the T-4 quark-gluon correlation function.
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Twist-4 NLO - Feynman diagram

= Virtual

(@) b ©



= Soft divergence (double pole = 3)
Real + virtual > 0

= collinear divergences (single pole  -)

Collinear to FS Collinear to IS
1 _
_%5(1 5 f)TFCBa 0, O)qu(2> _25(1 — %) [Tr(z,0, O)qu(j) + qu—ﬂlg(:%) ® Tr(z,z,2B)
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Dy ) = DY) + 5= [ Z (=3 ) Pua®) D2 .

Z €

DGLAP
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dx
[ TF(QCB7O707/~L2) :T}QO)(xBao7O) = __/ T

2w e J,

- [Pyq(2)TF(z,0,0) + Pygsqe(2) ® Tr(z, z, 5'33)]}
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Factorization at twist-4 in SIDIS

= Evolution equation for TF

0 as 1 dz A X
M28_/ﬂTF($B, 0,0, 1?) = / o [Py (2)Tr(z,0, 0, 42) 4 Pyyoyqe(d) ® TF(CU,CU,ZUB,/L2)]
TB

= Factorization

d<€}21TU>

b X Dq/h(Zan)®HLO(3372)®TF(3370707M2)
h

A
i) h(Znu2)®HNLO(x7Z7:u2)®TF($70707:UJ2)
o 9/

Multiple scattering hard part coefficients and medium properties can be factorized!!!



Verification in Drell-Yan
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Factorization in Drell-Yan at twist-4

= Soft divergence cancel (real + virtual)

= collinear divergence

 Redefinition of beam PDF

ol ) = 1260+ 52 [ % (=3) Pul@fol®)

» Redefinition of nuclear T-4 gluon-quark correlation function

2m € Jo. T

a, 1 1 dx . .
TF(va 0, Oalu2) :T}(ﬂO)(xB7O7O> PPN / L [PQQ(x)TF<’T7 070) + qu—>qg(x> ® TF(CUJQZ)’TB)]

Exactly the same as that in SIDIS, it is universal!

= Transverse momentum weighted cross section

d<qgr(7>DY py [ dz’ 2 dx 2
TQQ — o1y /?fq(iﬁlaﬂ )/?TF(%O,O,M )0(1 — 2)

OéS dx/ d$
+o0" 50 | S fa@n?) [ SHYEO(2,0) © T (@, 2,05, 47)
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Discussion - Evolution of jet transport parameter

2 Related to Jet transport parameter J. Casalderrey-Solana and X.-N. Wang (2008)

s fq/A(wB v )/dy_d(uz,y_)

A E A2 ozSC’ B
Q(MQ,?J ) = Ng—lRP}L\lr( )CUfg/N(CU)

= Evolution equation of jet transport parameter

0 d:L' . X
M28—M2T <ZBB,O 0 s H ) 27‘(‘/ T [PC}C}(aj)TF(:U?OaOmLLQ)+qu—>qg<x)®TF<ZI3,ZU,ZBB,,U2)]

qu%qg(i) ®Tr(z,z,TB)

2 1 1+2

:CA mT(%B,ZE —ﬂfB,O) — §m (T(l',o,ﬂfB —.f) +T($B,$—$B,$ —$B))‘|

1. Large-xB limit (xB—>1, LPM interference regime):

23@(,“2) 0

112 Scaling in large Bjorken-x
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2. Evolution of ghat in intermediate-x

84(p?) _ as > N NI [0‘8 2

= g = E — (4 In(1 1

2 5 Caln(1/25)q(1”) ) (%) = §(ud)Eap 5 Caln(l/zp) In(u”/ pp)
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K Q*(GeV?)
1. mu-dependence - Scaling violation!

2. Energy dependence > consistent with earlier expectation
J. Casalderrey-Solana and X.-N. Wang (2008)
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= Compare to HERMES data (LO with scale dependent g-g correlation function)

G(po = 1) = 0.015GeV?/ fm
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A<P2>[GeV2]
T

= Compare to HERMES data (LO with scale dependent g-g correlation function)
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Single inclusive hadron production in
p+A collisions

= Cross section expansion

s
dopA—hx = dU]E)A)—mX + do-z()g)—ﬂzX SO

Single scattering Double scattering

= Single scattering contribution

doo) o2 dz dz’ dx e e

a,b,c
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= Double scattering Feynman diagrams ( ¢¢’ — ¢¢’as an example)

Initial state double scattering

000Q000000
000Q000000
QQQA0Q0QQQQ

opil o IDd Iy
h S 1 kg+ k;* x4+ x3) P i “Cg ”{:; 2+ a3) P
(M) (L) (R)
= Double scattering cross section
doP) dz da’ 1\ [ oL
Ep, d3Ph X Z_QDC—HL(Z)/7fa/p($/)/dmldx2dx3T(xlax2ax3) (—59’) ) [§WH($1,$2,$3,]€J_)] 4
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= Contact contribution

o / W iapty~ / WL Wa (2 PIFLF (3 e Oy g (™) F (7))

x H(,0,0,0) [f(y; — )~ 43) + 07~ 13)0(-97) 0y ~3)6(-3;)
|

position constrain: [y | > [y1 | > |y; |

. p+t.,,— - 1 x — O(1 i e
em:P Y Y Nm —<> y —0 Y142 =0

All of the y-integrations are localized, therefore can be neglected due to
the lack of nuclear size enhancement.
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= Final contribution (incoherent multiple scattering)

do(P) 8mla, \ o? iz do’ F ik
- B3P, (ch—l) j;/;Dc—m(z)/?fa/p(x’)/—é(ertJru)

X

LT () 0T, ()

< DT g T Thyal®) | Hipeg

i=I,F

Only central-cut contributes.

Double scattering hard factor:

&S
S I S N I

Double scattering color strength:
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a=quark

a=gluon

c=quark

c=gluon

(a: incoming)

(c: outgoing)



= Enhancement in large-x regime

[TrrrprrrrprrrrprrrrpreT Illlllllllllllllllllllll llllllllllllllllllllllll

N i 4k ® PTH at backward -
1.5 L
4 I i m PTH at forward
1 L © HDM at backward -
0, HDM at forward 1

os| 6088 W, | 6088 |  “so-ss

a?TéA( ) aTé;L< )

Xi:zI:F aa B e +Tb(/24( ) || ¢ Hapsea(3: F, @)
POSITIVE POSITIVE

In the large-x region, incoherent multiple scattering leads to the enhancement.
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Heavy meson production in p+A
collisions

= Cross section expansion

dopa—~Hx = d%(oi)%HX + dO;SZLHX T

Single scattering

Double scattering H

= Single scattering contribution

oS dz o , A

hd3ph = FZ 2 Dc—>H( ) ,fa/p(aj) fb/A( ) %%c(§7£7ﬁ>5(§+t+ﬂ)
a,b

i L — L R R
q—QQ 2N?2 52
1 1 2N2 1 ~ m23
U c 2 megs
Hooss0q = 2N, (% N2 — 1§_2) (t + @ +4mes 2 j;?;mm< ::ZZ]< ii\%é(
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doldpy (b GeV™')

= Compare to experimental data for D-meson production

dx

do(5) o’ dz dx’ N
:KNLO?Z/Z_QDc%H(z)yfa/p(x/) ?fb/A(x)Hc(lev)—)c(S7t7u)5(3‘|‘t‘|’U)
a,b

E
B3P,

10 | o STAR -D’ Vs =200 GeV
3 — Theory (K=2)

 ALICE-D Vsm276TeV | © ALICE-D Vaw 7 TeV

0 E — Theory (K=2) 3 — Theory (K=2)

dzc.fdzp.r dy(mb GeV'z)
|

7
10

pr (GeV)

Good descriptions to LHC and RHIC data with Knxro =2 for D*, D+ and DO.
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= Double scattering - annihilation channel
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Double scattering - fusion channel

U
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= Nuclear modification factor - single muon decayed from heavy flavor

» PHENIX p
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Incoherent multiple scattering leads to significant enhancement effect
in intermediate pt region.
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Summary

 Using SIDIS and DY dilepton production, we verified QCD
factorization for multiple scattering at one loop order at twist-4.

« We derived the QCD evolution equation for ghat.
* We apply the factorization for multiple scattering to study single

inclusive particle production in p+A collisions, including both light
and heavy.

Our phenomenological studies show good descriptions to
experimental data at RHIC and LHC.



Summary

 Using SIDIS and DY dilepton production, we verified QCD
factorization for multiple scattering at one loop order at twist-4.

« We derived the QCD evolution equation for ghat.
* We apply the factorization for multiple scattering to study single

inclusive particle production in p+A collisions, including both light
and heavy.

Our phenomenological studies show good descriptions to
experimental data at RHIC and LHC.

Thanks !



