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More Specifically...

baryon production (mostly my work)

ridges & shoulders (gives the context to understand
baryons)

why moderate pt phenomena still hold a lot of new
information

experimental issues that become important as the
measurements become more precise

Anne M. Sickles, January 27,2008
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pPQCD @ low pr
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Au+Au: high pr
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Au+Au: high pr
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where's the lost energy? what does that tell us about the matter?
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Au+Au: Qualitatively Different

PHENIX, PRC 74 024904 (2006),
J. Chen Hard Probes 2008,
STAR Preliminary
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Au+Au: Qualitatively Different
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baryon excess
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recombination models

1
quarks close together in phase
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doesnt necessarily have
anything to do with jets

Fries et al., Hwa et al., Ko et al.
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2 particle correlations
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hunting down the baryons...

[ - |
S 0-1i 1 o-o% e are baryons associated
0.05—*% ) | with jet-like
i I
of i“ g #§H§; structures?
: 20-40%
S 01 baryon-meson
005_2 ¢ meson-meson
I 0 g
0— §§§§f %'QQOQQ
i Y
-0.05
E 60-90%
= 0.1;
0.05/ &
o ®é®@I, rpddoed
I o ¢
P
0 05 1 15 2 25 A3¢

12 PHENIX, PLB 649 (2007) 359 Anne M. Sickles, January 27,2008



hunting down the baryons...

= [ N .
S 0-1i 1 o-o% e are baryons associated
0051 +£ ) | with jet-like
[ I
of i“ g #§H§; structures?
- — .
S 01 baryon-meson20 40% yes
005_2 ¢ meson-meson
B g X
0— §§§§f %'QQOQQ
i b
-0.05
% i 60-90%
= 0.1;
0.05[) §
o ®é®@I, rpddoed
I o®
P R
0O 05 1 15 2 25 A3¢

12 PHENIX, PLB 649 (2007) 359 Anne M. Sickles, January 27,2008



hunting down the baryons...

2 T o :
2 mil 0-5% e are baryons associated
0.05—*% ) | with jet-like
0 i{.'} q #éﬁi ; structures?
s o .
S 01 baryon-meson20 40% ves
¢ ¢ meson-meson .
08" g o i e however, the jets look
0 03%3 §,%893 .
_ ? different
A-0.05
S 60-90%
= 0.1;
0.05/ §
Y36, 1pdfoad
0_ L
L —
0 05 1 15 2 25 3
A

12 PHENIX, PLB 649 (2007) 359 Anne M. Sickles, January 27,2008



hunting down the baryons...
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hunting down the baryons...
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yield/trigger
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Hadron Production

Parton Distribution

Functions: Measured in
Deep Inelastic
Scattering

Hard Scattering Cross

Section: Calculated
with pQCD
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Produced Matter
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Enter the Ridge
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Enter the Ridge
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e related to baryon/meson differences in the yields?
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baryons in the ridge
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baryons in the ridge
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ridge vield vs. centrality
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ridge vield vs. centrality
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ridge vield vs. centrality
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ridge vield vs. centrality
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qualifa’rive vs. quantitative

Run4 Au+AU\/ =200 GeV
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n 0.5|An|<0.7 |n|<0.35 ! (wider than PHENIX)
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qualifa’rive vs. quantitative
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quantitative comparisons
the same pr/centrality bins

require the same particles in
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qualifa’rive vs. quantitative
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qualifa’rive vs. quantitative

Run4 Au+AU\/ =200 GeV
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associated pr |-2GeV/c |.8-2.5GeV/c 3-5GeV/c
n 0.5|An|<0.7 |n|<0.35 ! (wider than PHENIX)

® quantitative comparisons require the same particles in
the same pr/centrality bins

e identified particles!

we might be missing something interesting!
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most central collisions

0.1

0.08

yield/trigger

0.06

0.04

0.02

° meson-meson, near side

i baryon-meson, near side

trigger: 2.5 <p_<4.0 GeV/c

associated: 1.8 < P, < 2.5 GeV/c
I I I

1 v Ly Ly
50 100 150

200

PHENIX, PLB 649 359 (2007)

18

1 1 1 1 1 | 1 1 1
250 300

big drop off in the
number of mesons
associated with a small
angle baryon

IS this something else?
baryons without a ridge
or a jet?
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even @ high pr, baryon/
meson differences persist!

however, baryons should if
anything be more
suppressed because of the
larger gluon color factor
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e even @ high pr, baryon/
meson differences persist!

e however, baryons should if
anything be more
suppressed because of the
larger gluon color factor
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are baryons coming
from somewhere else?
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spectra shapes: p+p

Xt = 2p1/s'/?

PHENIX PRC69 034910 (2004)
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spectra shapes: p+p

Xt = 2p1/s'/?

PHENIX PRC69 034910 (2004)
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spectra shapes: p+p

Xt = 2p1/s'/?

PHENIX PRC69 034910 (2004)
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% & hadron production scale with
constant power
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spectra shapes: Au+Au

PHENIX PRC69 034910 (2004)

‘}I‘—l | | T T T T | T T T T T T T T |
D 2
% P by A + -
S 10 0 Aa, h +h
— A J'l: H - A A AAAAA
g A " ' Al?z“A 2
o O
< m N Opn
° 2 O
2 10 oo O3
2 10° w4,
a L 2 N
& 10 0-10% SN 0-10%
= A 200 GeV A A 200 GeV
3 10 2 130 GeV my A, A 130 GeV
3 10° 60-80% " 60-80%
S = 200 GeV m 200 GeV
g 10" o 130 GeV o 130 GeV
% 10-8 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1
10 10" 10” 10"
XT X1

% same scaling as in p+p
hadrons: significant deviations from scaling

Anne M. Sickles, January 27,2008



22

more quantitatively
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baryons raise the effective power at fixed xt

why?

PHENIX PRC69 034910 (2004)
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Hadron Production in QCD__
V/

—

e 2—2 quark or gluon scattering followed by %

fragmentation
4

e understood as creating quark/anti-quark pai;‘s
which form hadrons

e works well for mesons
e however baryoon production is suppressed
e 3 quarks are needed

e however, this suppression could increase sensitivity

to novel QCD processes...
23 Anne M. Sickles, January 27,2008
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direct proton production

P

uu—pd

Brodsky, AS
PLB 668 111 (2008)
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direct proton production
P

uu—pd

/% Brodsky, AS
4 PLB 668 111 (2008)

color singlet proton directly produced within hard subprocess
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direct proton production
P

uu—pd

/% Brodsky, AS
4 PLB 668 111 (2008)

color singlet proton directly produced within hard subprocess

higher twist effect, but could be dominant within pt range of inferest
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24

direct proton production
P

uu—pd

/% Brodsky, AS
4 PLB 668 111 (2008)

color singlet proton directly produced within hard subprocess

higher twist effect, but could be dominant within pt range of inferest

size of proton decreases with increasing pr: color transparent

proton exits collision region without interacting, like a direct y

Anne M. Sickles, January 27,2008
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how would you test this?

Brodsky, AS
PLB 668 111 (2008)
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how would you test this?

uu—3+ts

Brodsky, AS
PLB 668 111 (2008)
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how would you test this?

uu—3+ts

Brodsky, AS
PLB 668 111 (2008)

can also make strange baryons: signature balancing strangeness will be

on in recoil jet
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how would you test this?

uu—3+ts

Brodsky, AS
PLB 668 111 (2008)

e can also make strange baryons: signature balancing strangeness will be
on in recoil jet

e in contrast, in hard fragmentation picture: balancing strangeness will be
close, in same jet

25 Anne M. Sickles, January 27,2008



Shoulder

PRL 98 232202 (2007)
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Shoulder

PRL 98 232202 (2007)
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Ridge & Shoulder: very similar
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Ridge & Shoulder: very similar

Run4 Au+AU\sNN=2OO GeV
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Ridge & Shoulder: very similar

Run4 Au+AU\ SyN = 200 GeV
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why should
these be
similar at all?
coincidence?

J. Chen Hard Probes 2008
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yield/trigger

Ridge & Shoulder: very similar

Run4 Au+Au\ s, = 200 GeV 0.6
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Ridge & Shoulder: very similar

Run4 Au+AU\ SyN = 200 GeV
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similar pr dependence --
ridge slightly harder, surface
bias?
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structure of away side

oo3- 0+ ;
= I
4 [
30.02] ] PHENIX,
) [ | PRC 78 014901 (2008)
5. '
£=0.01;
Z L
~
A\l e
g 0_

e is a division of the away side into a "normal” di-jet

and a shoulder structure supported by the data?
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baryons on the away side

PHENIX PRL 101 082301 (2008)
Centrality = 0-20% Centrality = 20-40%

@ —B— assoC. mesons (b)
06 r. ®x5 —e— assoc. baryons ®x5 |
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. .
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|
1.6<p_<2.0 GeV/c

enhanced baryons in the shoulder as well!

no Ad dependence to baryon/meson ratio
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baryons in the away side

0.6 —e— 0-20% Away Side
= —— 20-40 %
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away side baryons are enhanced

e central collisions associated B/M approaches single

particle B/M ratio

centrality dependence however, different
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yield/trigger

Au+Au: Qualitatively Different
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yield/trigger

Au+Au: Qualitatively Different

moderate pT jets acquire
medium properties
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Hard/Soft Recombination

Hwa, Yang...

ﬁ:

two kinds of quarks:

e shower, from the hard parton

e thermal, from the matter

jet hadrons can include both types of quarks

e adds energy (thermal quarks) to the jet

drawing R. Hwa

Anne M. Sickles, January 27,2008
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Jets could heat up the matter

Fries et al. PRL 94 122301(2005)
PHENIX PRL 101 082301 (2008)

Jet loses energy which creates a
localized “hot spot” in the matter, these
heated partons can then combine

together to form correlated (but non-
jet hadrons)

Anne M. Sickles, January 27,2008
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Jets could heat up the matter

Fries et al. PRL 94 122301(2005)
PHENIX PRL 101 082301 (2008)

o jet loses energy which creates a
localized “hot spot” in the matter, these
heated partons can then combine

together to form correlated (but non-
jet hadrons)

experimental
question: how does
the 2 correlated pr
compare to pr,parton?

Anne M. Sickles, January 27,2008



Shoulder Sources

Data. Double Peak

0,04_(b) v 34x 2:3 GeVo
—-e— Au + Au 0-20%

0.02

| 0 | | 2 - 4 | AdS/CFT: Correlations from Neck region

PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996

34 Anne M. Sickles, January 27,2008



Shoulder Sources
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Shoulder Sources
Data. Double Peak 8"‘""”“85"““
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Heavy quark correlations should help discriminate!

PHENIX, PRC 78 014901 (2008), Noronha et al. arXiv:0807.1038, Neufeld arXiv:0807.2996

34 Anne M. Sickles, January 27,2008



heavy quarks via semileptonic decays

Decay Branching Ratio
Di—e+X 16.0%
D%—e+X 6.5%

35 Anne M. Sickles, January 27,2008
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heavy quarks via semileptonic decays

Decay Branching Ratio
Di—e+X 16.0%
D%—e+X 6.5%

® single particles: measure e* from D, B decay

® near side: two particle correlations: hadrons from D, B
decay + other fragmentation products

® away side: recoil heavy quark, longer medium path length

35 Anne M. Sickles, January 27,2008
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electron-hadron correlations

Run 5 p+p

Rur = heavy flavor e*/photonic e*

0 10

non-photonic/photon
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........ hadron
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5 6 7 8 9 10

pon ]

converter method

cocktail method

p; (GeV/c)

PHENIX, PRL 97 252002 (2006)
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electron-hadron correlations

Run 5 p+p

Rur = heavy flavor e*/photonic e*
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electron-hadron correlations

Run 5 p+p

Rur = heavy flavor e*/photonic e*
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electron-hadron correlations

Run 5 p+p

Rur = heavy flavor e*/photonic e*

e most et @ pr > 2GeV/c o 10
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5 | " }
decay gL
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electron-hadron correlations

Run 5 p+p

Rur = heavy flavor e*/photonic e*

e most e* @ pr > 2GeV/c o 10
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ephot—h correlations

ephot: Dalitz decays and decay Y
conversions, both from light mesons

photons also come from light meson
decays

use simulations to map between epnot
(pr) & Y(pr)

* epmot(pr)-h = Z; wlprij) Y(pri)-h

dominated in both cases by daughter
ephot/Y that carry most of the
meson pr

0.6

0.5

0.4

0.3

3.

0<pt1,<3.5GeV/c

Anne M. Sickles, January 27,2008
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e-h jet functions

0.15 0.08
23
© -om 028 0.5<pT,h<1.0GeV/Q .1.0<pT,h<1 .5GeV/c 0'06! 1.5<pT,h<2.0GeV/c_ 0.04= 2'0<p7,h<2'5Ger
< . L l =: 0.04—# 4 L
0.1 = ,l’— 0o0dl ® | '! 0.02—* :
- ] o8 002f @ I v
¢ / . ¢ Y o
0 ig“ . — . g..:.n'_
................... | IR I B R | PRI R E N S N N S SRR A | PRI T N T S N M AR R A |
0 1 2 Ad 0 1 2 AG 3 0 1 2 AG 3 0 1 2 AG 3
PHENIX PRELIMINARY, p+p\s = 200GeV
e* - hadron: 2.0 < P, < 3.0GeV/c, inclusive (black), photonic (red)
Z g 0.015 O.OOSE
Ol 002 2.5<p_ <3.0GeV/c_ | 3.0<p, <3.5GeV/c| | 8 3.5<p, <4.0GeV/c
- = 0.01E |
= d 0.004} | +
om0y o ’; ooocf o Re
o o | | ecgetussd
s T
L L o L U g 002 e L
0 1 2 A¢ 3 0 1 2 Aq) 3 0 1 2 Aq) 3

38 Anne M. Sickles, January 27,2008



enr-h jet functions
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enr-h jet functions
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near side o, Gaussian fit (rad)

near side o, Gaussian fit (rad)

widths: sanity check
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0-6:""| | . T | | T ]
o5 + ) -
n T T o % .
0.4 i + 1 E
- Tg T 3 1o g § . -
03 - o 3
- e 0 é é + % ? .
oaf + S0 o
o1 + :
F 1.5< p, < 2.0GeV/c T+ 2.0< p, < 3.0GeV/c .
0.6 F——+———+—+————+————
- ® ¢, h Run58&6 + .
0'52_ A &h Run3 E3 E
0_43_ I ] T g5 PYTHIA, charm _f_ i [ _f
r | <> ephot-h, Run5 &6 _T .
03 IS —+ l 3
TR SR A T e ]
02f- ] ! + =
C T T 7]
oaf- l + | ]
- 3.0< p, < 4.0GeV/c T+ 4.0< p, < 4.5GeV/c .

% I T S e T
pT’h (GeV/c) pT’h (GeV/c)

Anne M. Sickles, January 27,2008



widths: sanity check

PHENIX PRELIMINARY, Run 5 & 6 p+p\ls = 200GeV
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® Oxr > Ophot, D decays broaden near side
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widths: sanity check

PHENIX PRELIMINARY, Run 5 & 6 p+p\ls = 200GeV
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® Oxr > Ophot, D decays broaden near side

® Owr consistent with OpyThia (charm production)
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widths: sanity check

PHENIX PRELIMINARY, Run 5 & 6 p+p\ls = 200GeV
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® Oxr > Ophot, D decays broaden near side
® Owr consistent with OpyThia (charm production)

e agreement w/ Run 3 PHENIX result
Anne M. Sickles, January 27,2008



conditional vyields

10? 10?
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® near side, D decay dominated, especially at high pT

e away side, mix of hadrons from D decays and
fragmentation

*PYTHIA, charm production, default parameters
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charm fragmentation
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e D carries most of the charm pr

e charm — light hadron fragmentation softer than
gluon — light hadron

Part. Data Book
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away side compared to light jets

PHENIX PRELIMINARY Run 5 & 6 p+p\s=200GeV
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away side compared to light jets
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enr-h harder @ same prrig
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beyond ZYAM

oo3- T+t
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e ZYAM: zero-yield-at-minimum, assume A region without signal

e ZYAM not a good assumption for moderate pr

e “hidden” systematic on the yields & widths, especially in wide away side

fitting not an optimal way to find the background either (lots of
overlapping Gaussians)
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beyond ZYAM
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e ZYAM: zero-yield-at-minimum, assume A region without signal

e ZYAM not a good assumption for moderate pr

e “hidden” systematic on the yields & widths, especially in wide away side

fitting not an optimal way to find the background either (lots of
overlapping Gaussians)
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absolute background subtraction

¢ random background rate: <nirig><Npart>

e data has extra physics correlation: the event
centrality (measurements are done with finite

resolution in wide bins)

® .. <Nirig X Npart> > <Nirig><Npart>
¢ E = <Ntrig X npar+>/ <Ntrig><Npart>

e — background rate: &<nirig><Npart>

e no ZYAM, fitting needed

PHENIX, PRC 71 051902 (2005),
45 AS et al, nucl-ex/072007
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calculating &

PHENIX Glauber
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calculating &

o PHENIX Glauber
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calculating &

e assumption: Glauber Monte
Carlo

® pick Npart, from centrality bin
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calculating &

PHENIX Glauber
20-30%
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calculating &

e assumption: Glauber Monte
Carlo

® pick Npart, from centrality bin

® pick nirig & Nnpart according to
Npar’r

® gives <Nirig X Npart>, because
both yields are based on
same Npart value

46
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calculating &

assumption: Glauber Monte
Carlo

pick Npart, from centrality bin

pick nirig & nNpart according to
Npar’r

® gives <Nirig X Npart>, because
both yields are based on
same Npart value

repeat many times
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Conclusions

matter responds to the passage of a fast parton

e energy transport, n/s, sound speed, surface bias,
coupling strength

hadrons: probably formed via recombination
e balance between losing & picking up energy?
baryons: medium response & recombination

e possible contributions from higher twist production

Anne M. Sickles, January 27,2008
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48

Where Next?

identified particle correlations:

® ridge, shoulder, jet many pr & centrality bins
¢ ridge, shoulder and unmodified di-jet?
non-hadron triggers:

® VYdir, e, ... get at mechanisms behind ridge &
shoulder

lower energy data: /snn = 40-100GeV

e do the connections between baryons, ridges &
shoulders persist?

e identified particle spectra: xt distributions
Anne M. Sickles, January 27,2008
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BACKUPS
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very low pr
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maybe this means the matter has these properties

w/o the jet, the jet just picks them up via coupling
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Gluon Contribution
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Direct vs. Conventional Protons

Anne M. Sickles, January 27,2008



53

Direct vs. Conventional Protons

Conventional Production:
Proton with Other Jet
Fragments
p + hgdrons
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Direct vs. Conventional Protons

Conventional Production:

Proton with Other Jet Direct Production:
Fragments Isolated Protons
p + hadrons
/
o
9
A
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The most important discriminant of the twist of a pQCD subprocess in a hard
hadronic collision is the scaling of the inclusive cross section

do F[IT E]rm)
- pp —+ HX) = .

at fixed z+ = 2pr/+/5 and 4., In the original parton model [19] the power

Anne M. Sickles, January 27,2008



m°-hadron correlations
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m°-hadron correlations

do these

Per-trigger yield (A.U.)
total %2

Absolute background normalization

..................... : 7-9 x 1-2, 0-20%

data

constrain D
with a three
Gaussian fit?

: punch
through +
: shoulder

Per-trigger yield (A.U.)

506 07 08

A. Adare Hot Quarks 2008
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Mach cone @ SPS energies?

M. Szuba QM2008

S centrality 0-5%. . .
0'12?% 2.5 < pTtrg < 4.0 GeV/c NA49
0 /_,# ____________ 10<pTasc<2.5GeVic  CERES

e challenge to hydro/Mach cone models
e what about the ridge?

e importance of intermediate energy scan @ RHIC
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near jet-less measurement?
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e consistent with local baryon number conversvation

e like jets, but not necessarily recombination models, or

direct processes
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