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» Open charm production and correlations:
e Partonic subprocesses and cross sections

e D meson triggered correlations and hadrochemistry

» p+A reactions at RHIC:

e Understanding initial and final state multiple scattering

e Dynamical gluon "shadowing"” - yields and correlations,
including open charm

o E-loss in cold nuclear matter

> A+A jet triggered correlations:
o Phase space distribution of non-Abelian energy loss

o Redistribution of the lost energy in jet triggered correlations

e Broadening of the away-side correlation function

June 20, 2005 2 Ivan Vitev, LANL
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‘losAlamos | Theoretical Approach

Collinear factorization approach: can be systematically expanded to
include nuclear corrections

Other phenomenologies: data = model

Non-perturbative

Thadron — matrix elements:

Twist 2, 4,6, ...
- C¥a2 + 0o’ 24
Twist: from Opertaor
Yal + {'_"*4" S+ '['T'*‘l*' Product Expansion (OPE)

] 6) (6)
ofe +C3 oy + C T = Dimension - Spin
Energy loss - enhanced by the nuclear size

Higher twist (elastic) corrections: dynamical shadowing
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HATIONAL LABORATORY

> Time direction
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Popular belief In practice to LO (NLO) from PDFs

q c c C c
c
P k
b Nk : K @ 1
q (a) ¢ T (b) c

Many of the interesting features that follow are related to the CJ — CQ
cqg(d) — cq(d) scattering
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D9 and D* at the Tevatron

Iy
Aoy
dind?pr,

= ffNLD f Nf-"/
abed ¥ T1,2% -1
1 . G"...'.Ja.':l":"b.lﬂ.'.LEb,l l'.'I:'2 3

Xx—5Dp, jelz1) = | M ab—cd|
7 ' i S P

* Fragmentation functions: From heavy
quark effective field theory (Vector and
Pseudoscalar)

E.Braaten et al., Phys.Rev.D 51 (1995)
* Branching ratios taken into account

D” — D° (BR 100%)

Very reasonable K-factor: Ky o =1.7

Slightly stiffer power law
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D.Acosta et a/., Phys.Rev.Lett. 91 (2003)
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. . ]_0 T I T I T I T I T
Define partial cross sections y=0 D%+D
1
D I —
Ral.r}i']" ':I — |!-!r'::rﬂ-l.'?-i—r-:'-i rj{rta: D’_,: =TT T
SN dyyd?pr, [ dyid?pr, = O
0.01F =7
. 000 b+t + vt 1Ty
Gluon fussion is not the _ 105 _375 3
. . y=1. y=9. .
dominant mechanism for 1 — (1) 2
open charm production = ommommmm — -=- (@)
& R T RN ’ (3)
[o— 01 - f“.\-
e T : N —m (4) g
.01 7 v (5) ]
Clearly one expects 2 things: 0,001 T : L
* Dynamical shadowing comparable 02 4 68 02 4 0 8 10
y g P Py, [GeV] Py, [GeV]

to light pions

* Trigger dependent hadrochemistry (1) cg > cg, (2) cq(@) — ca(@)

(3) gg —>cc, (4) qg—>cC

(5) cT —>cC
June 20, 2005 6 lvan Vitev, LANL
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:LosAlamos | D Triggered Correlations

do Eiﬂ.-hﬂ 3 v | ' T ' T '
- = Ky 2m dz = "
dy, dyzdpr dpr, v ; /x <172 <1 221 1 5, 251
Qs ‘ 2 E |
1 Do /N (Ta ) Op /() = 2
*—Dp, je(#1)Dpydlz2) — ’ % |
1 T'qTh °
2 g 1.5
x 5_-; |"r|'fab—rcri|2 5§ 1 -_
g R
* Very strong dependence of particle species 3 0-5_'
in the away side jet on p, — 10k E
= C ]
* Non-monotonic behavior on the away side § 5 :
yields: anti D at p, =pr4 E L -
p10°E E
C: 5
4+ ]
Never measured before: Z 10°F -
Real possibility for RHIC experiments to =
discover D meson triggered correlations S o
0

Constrain D meson production, ¢ quark
fragmentation

T.Goldman et al., in preparation
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‘Losalamos | ||, Shadowing in DIS and p+A

e Lightconegauge: A.n=A"'=0 Cut = (2r7) 27/ If; Oo(% —Xg)

*Breitframe: n=[10,0,], n=[0,10,] AKX+ Q) = £ y* 1 . Xp*y~

q= Q’ - B Q° " ' S 2pt x—xztie  Q°
+ ! ! 2Xp+

Long distance Short distance
Perturbative

(a)

Non-perturbative

Matrix element

PlO™=22|p)\= A(P/A|O."2|P/A
(P| ]

Contribution ~ £2 2 | L 2 oTo
of single scatter: é’: /Q < E<P/A‘09T Z‘P/A>
B 3ra (Q?) A a y
52_( o1y ]<p‘F2W‘p> F2(2) =jd” (fp)s ““)e(ﬂf.—ﬂf.):»limHo%xG(x,Q%
June 20, 2005 8
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LosAlamos | Numerical A- and xg-Dependence

L

1.1 LB B B B 3 L B Y B 0 R R
@ - - CE[;N—NABT | T = CERlN—NA3T|" r

Purely 5 (A3 _1) d TS rﬁ,r,.a.! _
quantum  exp| + o F( ) = ool oy * _}: : ]
effect osl g -009-012Gev° | + ]
‘He | °Li i
ECIERTTT B SR TETT] B SR T RIS AR BRI
FA X, 2 zAF(LT .) kool .IZ.I R
FERAA R
o.1f. o—° Exssy T N
e
_+_"'—+—¢.j‘_ ® FNAL-E665 K

* CERN-NA37

::“ '\ 4 it |
The scale of higher twist per nucleon = 7 W g

is small 52 ~0.1 GeV? oo [ ° ENALBSSS N :
L *® CERN-NA37 c 1 Ca
FNETTT A IR R T1T] B BN R TTT R ETTT| R R T TIT] B R A AT
- 5ol LA gl 1 o soe-o-a.
« Favorable comparison for the 5 O omNeesAS L eooomeoe,
x- and A-dependence NA37 (NMC) o1 1 ]
and E665 data S 1« enacssss
;:; 0.9 o FMNAL-E665
L™ 0.8
. 2 2
« For Q% —» 0 we impose Q° =mj . o7t
Finite resolution: same for all models (r,,,,) .
— 0.1
< o1 Y E
J.W.Qiu, I.V., Phys.Rev.Lett. 93 (2004) B Y Y- R w— - u—y Ta—
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Tyvpe of scattering Transverse momentinm dependence of the maclear effect

Flastic (inecoherent) Cronin effect: small suppression at low pr, enhancement at moderate pr, disappears at high pr.
Dijet acoplanarity: pr diffusions, broadening of away-side corelations

Imelastic {radiative) Single inclusives: suppression at all pr, weak pr dependence, persists at high pr (amplified near
kinematic bounds). Double inclusive: suppression of high pr correlations, reapearance of the
energy at low pr

Coherent Both single and double inclusive: suppression at low pr, disappears at high pr, pronounced pr
(elastic t—chanrnel) dependence

TABLE I: Effect of elastic, inelastic and coherent multiple scattering on the transverse momentum dependence of single and
double inclusive hadron production in the perturbative regime.

 p+A collisions do not carry direct information
about PDFs (unfortunately all effects)

* Forward (backward) physics not equal
small x (large x)

1) Initial state energy loss and broadening - DY
2) Shadowing - DIS
3) Final state e-loss is added in p+A

June 20, 2005 10 lvan Vitev, LANL



A "
» Los Alamos p+A Collisions

Resum the multiple final state scattering
of the parton “d” with the remnants of

the nucleus
(Z\)
p @ =<\ A

Starting point: LO pQCD

* Other interactions are less coherent (elastic) and sppressed at
forward rapidity by a large scale 1/u, 1/s

dyld2pT1 abed , 1hip 1 z  min L X S + U / 4 S
do 't _ 1 ) ) — 2 1
o S MBe T g L (o) B8 s, - 7 P,
dy1dy2d pTld Dy, DpyPry abed ; min 2y 2 L, S 0
gb(ivb) - standard parton distribution Dh Je (zl) - standard parton distribution
functions l functions

¢(z,)

Isolate all the x,, dependence of the integrand: [ ( z, ) —

\ [ 2
DT

June 20, 2005 11 ’ lvan Vitev, LANL
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- e Similar power corrections
> xS0 —R%)F(x) - ar po |
N'=000 modification to single and double
. E2 inclusive hadron production
dx,o(x, — X, )Fi x, +xC,—=— (A" -1 _ ) . .
Jor (% =%) T ( - increases with rapidity and centrality
1.5 1
L] I 1 I T 'I T T I L] I L) I T + I I I
= -_ Minbias . £ 1'_ pr, = 1.5GeV, Minbias 7 5 : Z+:u + S;::Fi 1 : z:iu —_—
“‘5 B i :5 B i = d+Au central
© 08~ ﬁ “ 08 % —os5s
]
g [ 1 £ [ ]
R — ] jo‘ﬁ__ — ¥,=0 ]
o — ¥y = = | — ¥, =1 _|
04 o 204 — :1=2 1o
502l — =3 1 20,[ — y=3 ] ' L
© 0_._ — ¥, =4 __ o 0___ ¥, =0 — y,=4 __ pr,=15GCeV. p,,=1GeV
0- ] ] | 0- 1 | | o _—
1= - 1+ ¥:=0 —0s5
sl :
o L L
IERN B | | L 1°
'IUM B B 3n2 w2 T 32
L I Ad [rad] Ad [rad]
02 —
0 '1 L ; — 0¢ J.W.Qiu, I.V., hep-ph/0405068

P [EEeV]
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Forward Correlations

L.Bland, [STAR Colaboration]

n® + hwiHj correlations, vs = 200 GeV
1<l = 4.0, In) < 0.75

b+ p 4 + Ay * There isn’t mono

. F S=11217% - S=2+1.1% L Prm jettiness

g [ B=50.4%1% [ B=88.1+1.6%

S0.21 05 =1.132£0.07 |0.2} 05 = 0.54£0.27

< | [ Ixp>

E L

0.1 1.06 GeV/c * There is room for

-'._‘ 3

= suppression due

g 0.28 to power corrections

= % 2 4 6

e [ S=104X11% i

o [ B=505+1.3 % [

£0.2[ 0s=091£0.08 0.2 05 = | 24046

Z i

= I 1,37 GeV/c * There is room for

© 0T suppression due
0.38 to energy loss

0 ) 4 6 2 4 6
Pn — Prop Statistical errors only
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Dynamical Shadowing

to Inclusive D%+D*

E hf 1.2
X\ £
o 1
IIE
£08
[ E;E‘é 0.6
0.4
1.2
s fﬂl (b)
. 1
=)
Increases with centrality: “a g
(dynamical shadowing has little o
to do with A but with the local 0.6
path length through nuclear matter) )
Increases with rapidity: 04

(slightly)

Disappears at high py:
(power correction type, coherent

elastic)

June 20, 2005

| R L
Minimum bias —

Light pions (7))

ﬁ_

— y, =125
—_— y1=2.5
I 1 1.1

| L L
Minimum bias

D mesons (D"°+D")

—_— y‘1=125_
y‘1=2.5
l 5 1 5 1 1

Centrality dependent |

Centrality dependent
y1 =25 -

Quite similar to light pions (even slightly larger)

14
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Lok Alamos (D%+D*) - (D%+D")
Triggered Correlations

L

L L L L L
L2 y,=0 Minimum bias —— Y, =0 Minimum bias ]
Similar results for the D meson E L o o 1 0 4 =0 ]
R . o T -T (D°+D)-(D +D)
triggered correlations o L — =
£ 2 c 08| _ . _
= (Xapa — Pe / Zl) s Pre=1:8GeV | % Prg=15GeV ]
< 0.6k — y,=125 _| — y, =125 _|
cc i — y, =25 | — y,=25
» We know for a fact that the oap——_t—_l 1 . 1 e
Cc quark rescatters (as in DlS) 1.2 Centrality dependent —— Centrality dependent
) 13 R B y1 =2.5, y2=0 =+ y1 =2.5, y2=0 .
— — 1+
SNP-nI-D
o = S osk
* In light hadrons o
(AT 1) (-t [ / '
— — -= b=3fm /== b=31m
' ( ) /(=) 0.6 /" — b=56fm | /| — b=56fm"
- -- b=6.8fm -+ ,// = b=68fm A
. . . P R | | - R YT I T
Naively expected that the partonic  “*o 1 2 N R B A
composition will matter but apparently Pry [GeV Pry [GeV]

what dominates is: Experimentally probably biased

Z”ght hadons < Zcharm mesons to prq = pr2
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A,

Energy Loss

in Cold Nuclear Matter

- Before jumping to conclusions investigate existing data

NA35 collaboration: d+Au (interestingly enough) data - /s, =19.4 GeV
Same rapidity asymmetryasat /s =200 GeV

2 ' | ! | | ! | ! |
h-
s'?=19.4GeV |
5 d+Au
<
+
T
g
E _
1]
Q
T Y Vo ="057
s - y-ycm =05
= eoyy =157
y-ycm Base 1.5 7
0 1 | 1 | 1 | 1 | 1 | 1
0 0.5 l L.5 2 2.5 3

June 20, 2005

Py [GeV]

R, (P,

R, ()

2 R
L —- u-sea
1.5f  uva - . . .
* Leading twist shadowing:
r ) (phenomenology)
i clearly insufficient (in fact
T Y E— antishadowing)
X
T |;2 T
r /N ] « Power corrections (theory):
I . clearly insufficient (~13%)
0.5 — Enhanced power corrections ¢
| — No power corrections
0 L ] L ] 1 |

-2 -1 0 1 2
y

T.Goldman et al., in preparation
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Leaves additional effects:
enegy loss
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Lsalamos | One Implementation

of Energy Loss

Bertsch-Gunion bremsstrahlung: Where energy loss arguably
plays a role
dneg B 30k g l ”1:'3 14
dy " Az g n=32
! [ooD 22 |
:‘-:
1
Implemented as "Sudakov Form Factors": os L
. 0.6 |
S(zr) = (1 —xp)inc/a :
04 F
This is one way of implementing energy loss 02 L7 0 R —03fm o 04
(large rapidity gap events, amplification near I ::;“:E':;ﬂ:m“:u:;“g
kinematic bounds) N TR T I

0 05 1 15 2 25 3 35 4 45 5§

N
B. Kopeliovich et a/., hep-ph/0501260 pp (GeV)
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» Los Alamos lIl. Non-Abelian Energy Loss

NATIONAL LABORATORS

The physics is more interesting than a Brownian motior

e
R

v

T
TS
e tet ettt batatelele!
eSS

Naive picture In reality

i(-i)=1 i (i)=-1=cos(x)

0N e oc(||\/| |2+2ReMb*M )+ Solution to first order in the mean # of scatterings
dadsing*ds ? o
dN 9 eq - ZCRaS]‘ dAz T q,q Zi dO‘eI
‘ Kg‘@ ém@ ag‘“ ‘ 2 dedsing*ds  z* | A,(2)y =~ o,d’q,
@ XTda cosa

- (@’sin®0*-2q,wsin@*cosa +q?)

+2Re fsgg‘p %f&@ r{g ><{1_(:05(a)zsin2(9*—2qLa)sin6?*c0505+qf)Az}
20

% X a I.V., hep-ph/0501255
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8.0 3 T T T T T
— - L =9 fm. central =]
2.5 — — L =3fm. peripheral ]
= 6.0 = - -
182) S 2 ]
pa— —, B Spectrum ]
= 4.0 = 1S P ]
— —
L] = 1 —
= 5 = » -
= = = 0.5
_ f'_"'\'———-—-_.__ -
= 0O 1 1 1 1 I
0.0 O 1 2 3
2.0 ; | - } | w [GeV]
N L — w = 0.5 GSeVv - 3
; L5 ? | — | — W= 1 GeV B T 1 |||l|l'| T ll|l||l'| T 1 ||||l'_l"
é ._E el I _ 22?;%23 2.5 Intensity —
*l:. v 1 | 1 2 _— __
€ 1.0 °o 3 6 = -§ L .
g | o [GeV] _ C:ng 1.5 — —
T 05 L=3fm = _% 1 = _
0.5 — —
©-0 N A Y s
1 1 1 1 1 0 1 1 sapanl Rt |
] 0.5 1 1.5 0.1 1 10 100
0" [rad] w [GeV]

I.V., hep-ph/0501255

« Radiation is moderately large angle. Finite gluon number

e The small angle #* — 0 and small frequency @ — 0 behavior of the radiative spectrum
Is under perturbative control
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Alamos Jet Tomography
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Depletion of high-p; hadron multiplicities in Au+Au relative to the binary collision

scaled p+p result

High p; =0 In 0-10% central A+A:
A PorPb @5y, = 17.3 GeV (WAS)

do™  N""do"

:dydsz dyd®p,

Raa

Au+AU @ 5, = 62.4 GeV (PHENIX Preliminary)
AutAu @ Y5y, = 130 GeV (PHENIX)

®  AutAu @ YS,, = 200 GeV (PHENIX Preliminary)
GLV energy loss (dNdy = 400)
GLV energy loss (dNY/dy = 850)
GLV energy loss (dNfdy = 1100)

R
T 7T

e
10-1 L@

) |
0 2 4 6 8 10 12 14
pr (GeVic)

D.d'Enterria, nucl-ex/0504001 (EJP)

June 20, 2005 20

* Predicted nuclear
modification
Non-Abelian energy
loss

(GLV formalism)

Ivan Vitev, LANL



ﬁ Alamos Deriving the Fragmentation
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Contributions
Define a measure for nuclear St it ko T
modifications to di-hadron R = GSA hlhzy/ldyzdeé pTé
Correlatlons < b|n> o y,dy,ap;,ap;, / 0
- T
7’ e
\ 0
T
But the formation length is ~ L/2. c=AE/E

May fragment outside the medium

D, /4 (z,)0(Ap—7) > %Dhl,d [12—2 j f.q(Ap) OJ nched parent parton
—&

1dz
Y %,

ag N

Feedback gluons n ple
da)d¢

(not DGLAP) Z

9D, ()] (D0 = 9)

» Use energy conservation to verify the fragmentation sum rule
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Numerical Results

» Los Alamos
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3
B ——  E-loss with gluon feedback [~ E=H —9-10 GeV
25 [ + — = E-loss. no gluon feedback [ P ©
B A STAR 0-5% central B E pry =2-3GeV
2 — —
I -
QI'D: L.5 __ __ central
1 — |
0.5~ A . L-9fm
0 | | ] |
B Bl STAR 40-80% central B
L5
g B peripheral
=" 1+
o 5
0.5
- Pry =4-6GeV - L=3fm
0 1 I 1 I [l I 1 I 1 L I 1 I [l I L I 1
0 1 2 3 4 0 1 2 3 4 S5
prz [GeV] Prp [GeV]

I.V., hep-ph/0501255

Data is from:

J.Adams et al.,
nucl-ex/0501016

Very interesting as
a function of trigger

* The redistribution of the energy is a parameter free prediction

* For large energy loss - the radiative gluons dominate to unexpectedly high P,

 The amount of energy depends on the trigger p+

June 20, 2005
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~10 GV
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-Losalamos | Superposition of Jet Cones

Some mechanism of
jet cone production

Trigger
particle T +

7T

PHENIX Detector
Central Magnet

Experiments measure in the plane ¢
(to make the life of theorists difficult)

ZDC South
|

June 20, 2005 23 lvan Vitev, LANL

ZDC North
[

» Surprisingly flat dijets in a wide
rapidity range Ay =2-3

| ‘ * One has to filter through the di-jet
rapidity distribution



eﬂ’LpsAlamps Independent Verification
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* The distribution of away-side jets comes form

h, 1
—da;\w = f dz, f dz,.
dyld pTl abed T, min z, min

e It is therein p+p
* Has nothing to do with random walk

+
; 7T
pr=4-6GeVlc = "= parton all pt
9-11GeVIc ., b oo
1 [14-16 Gevie -7 o =Y all pr
: : ++*# i AL How broad is broad?
0.8 -
= + -
06l : Jf J( t -
N Jr Jf U * Practically flat at all angles except
0.41- ) +* 1 | ++ _ very close to the beam pipes
02:_ _. } ‘|' t
o +  PYTHAG2 :
A, gt retinee 4L L s
% 4 -2 0 > 4 ﬁ“h's R.Bellwied, RHIC Il presentation, April 2005

n
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Projected
Medium-Induced Radiation

to that Approximation

“

B
2
=
2

LY
[ |
L
=

From this
T I T T I T
— 0.61— Gluon jet E = 10 GeV — ®=05GeV _|
3 ' — o=1GeV
*i o=2GeV
% %‘ B — o =4 GeV
E S
= = 041 —
. . . =
- — 1 —_— —05.6 -g B 7]
| = I w = 0. ev | o
%- = os|E — o= 1 Gew o
3B 102 By — oIZicsy A =
= o5 3 & T 02+ ]
= - w [GeWv] T
= 0.0 ] \ Elxpandi:wg medium 0
[ 0.5 1 1.5 2 1 0 1 2
e’ [rad] ¢ [rad]
9(@ The double hump structure is partly gone
y=n=-Intg(8/2) tg°g*=ctg’0+1g°¢
. _ ctgd
a(sing*,8)| 1 (ctg’0 +tg’g)'? 90 =""4

‘ a(91¢) - S|n2 HC:OS2 ¢ (1+ Ctg20 + tg2¢)3/2

Additionally: and
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Angular Di-Hadron Distribution

—  A+A gluons only L=3fm y
— — A+A parent parton only  Prz = LRt An
L=9fm
P, =1GeV 1 A
I\

June 20, 2005

- o, =0 Gey -
L=9fm o y,=0 AP [rad]
300 T N
pp E
i A+A, parent| D
200 parton x5 'E
| P = 2 GeV i %
N k="
100 p= /\ - =
=3
AR K
fy) — 7 : N ] "‘E
n Am/i2 w2 T 3T/2
A [rad] Ao [rad]
I.V., hep-ph/0501255
26

Orar (AA) > o, (PP)

* The width ‘A(O—ﬂ‘ of the
large-angle correlations is
dominated by medium
induced gluon radiation

* Reasessment of the origin
of small and moderate p+
away triggered hadrons

The quenched parton is

not wider
Because:
o - <k-? >vac <k$ >tot
A [Py /(1= &)]

Ivan Vitev, LANL
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» Los Alamos
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Results in Au+Au: STAR

STAR preliminary:

Talk by F.Wang, March 2005

15 T
® Aus+Au top 5%

— p+p

T T T
0.00 < pt < 0.50 GeVic I @ Au+Autop 5%
L = p+p

1.50 < pt < 2.00 GeV/c

— p+p

T
® Au+Autop 5% 3.50 < pt < 4.00 GeVic

0 2 4

T T T T T T
- 1 * Au+tAutop 5% 2.00 < pt < 2.50 GeVic - ® Au+Autop 5% 3.50 < pt < 4.00 GeVic |
L — p+p 1F — p+p [ — p+p ]

N
s

T
® Aus+Au top 5%
— _P+P

T
F ® Au+Autop 5%
T = P+P

1.00 < pt < 1.50 GeVic

-0.2
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0

T T T
[ *® Near RMS PP ]
1.5~ 4+ Away RMS Au+Au top 5% -
k 1L i
- I 1 4 T Fy ]
L é 1 4+ T L J 4
1 i H ]
SR P S S II IS
B | ]
_ os5-¢ & NI .
: L4 :
i . . | . ]

00 1 2 3 4

pi°° (GeV/c)
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The Rapidity Story is Known

< >

Rapidity coverage =114

y~n=-Intg(8/2)

0 e (28°,152°)

o] = L
No (curious) structure S ERP
in rapidity or azimuth |

& Au+Au 5% (|Ad-m]|<1.0)

(| d) ]
|A0]<0.5 o Anenu 5% ( }_'

June 20, 2005

J.Adams et al., nucl-ex/05601016, submitted to Phys.Rev.Lett.

« Slicing in ¢ and slicingin 8(7) is the same
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Conclusions

» Charm triggered correlations are new - p; dependent
hadron composition (light hadrons and charm mesons).
It will be interesting to test experimentally.

» Dynamical power corrections lead to shadowing and
suppression of yields and correlations. Has very well

defined p; dependence. Additional effects are related to
energy loss. Low energy.

» Medium induced radiation converts the high p; suppression

enhancement produces large angle correlations. However
there are a number of effects that tend to dilute these
signatures.

» If one looks for topological structures one has to do event by
event analysis in more detail

June 20, 2005 29 Ivan Vitev, LANL
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