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Brunelleschi’s dome:
elegant & simple
on the outside
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dN/dn vs. Beam Energy

PHOBOS, Phys.Rev.C74, 021901(R) (2006)

5 years of A+A @

A 200 GeV
[1130 GeV
® 62.4 Ge

ar 19.6 GeV




Only 2 vears until A+A @ LHC...



1
i
-
X




Modelling e+e-

e String model —
Parton showers

e Resummed pQCD
calculations (MLLA)

e pQCD evolution is
primary dynamical
component of the
total multiplicity

Neh X ozf exp (B\/M)

Charged primaries + some secondaries (up to 8% correction)



Minimum-pias p+p — hadrons



Modelling p+p

e Two component

picture o
e Soft component HUING: _ ithout jets
parametrized O UA5
O ISR
e Hard component from + Formilab
PDFs & pQCD
e Various Tt
implementations <

e PYTHIA, HERWIG,
PHOJET, HIJING

e Different evolution

. Dawson, ALAS



Ihe Leading Effect

“leading” particles keep
arbitrary fraction of /s

®m Brenner et al, (100 GeV/c)
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“effective energy” (a la Basile et al)
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ete” & p+p vs. Models

O p+p @ |/s/2
LI p+p
e+e-

P+p@,[s/2

& e+e- overlap




NQCD vs. Landau

Landau . Landau evolution

hydro .~ |
o pQCD evolution

are quite close
for available
data...




Fermi-Landau Model

L= \/SNN Total Energy
o
V = t
Jann/2mn 8 Total Volume
c — 5 Energy Density E/V
2mn Vo (>3 TeV/fm3 @ RHIC!)

Blackbody thermodynamics






What Landau Is

3+1D Dynamics
rapid local equilibration
w/ no free parameters

— Beam energy & Tch
determine initial & final cond
— Energy dep. of entropy

e No transparency
¢ No initial boost invariance

e Entire system is in thermal
contact at t=0



VWhat Landau Is not

No net baryons (or any
conserved charges)

No phase transitions
(just p=¢g/3)

No hadronization per se
(jUSt T=Tc)

No thermal freezeout

No trivial mass dependence
of dN/dy

No resonance decays

Caveats for all later results



‘Extended Longitudinal Scaling”

P. Steinberg, nucl-ex/040502

1 2
- — K81/4 exp <_y \'s= 200 GeV

dIN 1 ( y'? ,)
—— ~ ——exp y

dy' L 2L
Landau/Fermi multiplicity formula Longltgdmal
& Scaling
(a.k.a. Limiting

Landau hydro dN/dy Fragmentation)



Compiled in PHOBOS White Paper (2004)
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pQCD “vs.” Landau

K. Tesima, Z. Phys. C (1989)
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MLLA pQCD shows “limiting fragmentation” & o, & Vins
parametrically; pQCD « Landau Hydro [?!]




e = A+A

Parton distributions,
Nuclear Geometry,
Nuclear shadowing

Parton production &

reinteraction

Chemical freezeout

(Quark recombination)
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Hadron rescattering

Thermal freezeout &

Hadron decays

Many dynamical stages, all in principle independent...



Nuclear Geometry

Cannot directly measure
50 100 150 200 250 300 350 (N_.) Npart, Nspec, b, &, etc.

Measure distributions and
assume they are monotonic
with variable of interest

Bin data in “fractions of
total inelastic cross section”
(requires estimation of Tinel)

and relate to same bin In
800 1200 1600 2000 geometric distribution
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20%—-30%
10%—-20%




Extended Longitudinal Scaling in A+A

PHOBOS, Phys.Rev.C74, 021901(R) (2006)

/2)

part

A200 GeV
0130 GeV

)\ ©62.4 GeV| Ay
y +19.6 GeV

dN/chy(N
W =

N

gﬁ,.ﬂﬂ,r.,,
b) Au+Au 35-40% Nl

Just as with p+p, e+e-, extended scaling observed in A+A.
Limiting curve different in peripheral events.



Npart Sca\ing

PHOBOS, submitted to PRC-RC (in press)

MM$M%Z°°GGV Npart/?2
B 5 P10

200

NO simp

e ext

to p+

Entropy scales linearly w/ volume
(no centrality dependence)

“one-component model”

rapolation

O



Au+Au & Cu+Cu

PHOBOS, submitted to PRL (2007)

o

%%%@ﬁ%{bﬂ;ﬁﬁﬂﬁ] 62.4 GeV
%@@O@@@aﬁfmw@ 1o Gov ()

O Cu + Cu o7 d+ Au

N
o O

part

A~
N\
=
~
ar
o]
=G
p

O Au+Au % p(p) +p Inelastic

No significant trend toward p+p observed (Npart<20!)
(but systematics preclude definitive statement)



dN/dn @ n=0

/2)

part

dN/chy/(N

200 GeV
Comb. 200 GeV
Comb. 130 GeV
62.4 GeV
19.6 GeV

power law fit =7 200/19.6

2 0200/62.4‘%3%]%‘5 b b Y p b

[JComb. 200/130

— interpolation to 130 GeV |

1 2 3 4 5 6
p, (GeV/c)

%000 0 o & O @
Q00p 0o 0O o Ogd

dN B Npart | 100 I\foo 300 400
- . npp ZE [ (1 - ZE)Ncoll part

dn 2
“two component model” where is semi-hard physics?



Comparison with ete/p+p

A+A appears
“Suppressed”
at low energy

PHOBOS, Phys.Rev.C74, 021902(R) (2006)

e+e- data
= A+A data/Npart/2 (6% central)

pQCD

O p+p @ \'s/2

cc=1/4

Models
diverge at

high energy...
(LHC?)

A+A same as
ete” and p+p
above SPS



Comparison with ete/p+p

1 pp(pp) inel.
7+ pp(Pp) NSD

o pp@Ep) (@ Ns/2)
e'e Data

ch

@ PHOBOS

V¥ PHOBOS interp.
Bl NA49(SPS)

A EB95(AGS)

e d+Au

% d+Au(@ \ls/2)
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10? 10°
PHOBOS, Phys.Rev.C74, 021902(R) (2006) \|§ AND sNN (GeV)

Strange result: A+A approaches e+e- at 20 GeV,
and tracks it for a decade of energy




Geometry of Stopping

Spectators

For most heavy ion events,

|

PHOBOS, Phys.Rev.Lett.96, 212301 (2006)
|

| |
PHOBOS Glauber Monte Carlo

<Ncoll>

(Nt} 2 2-3. v =1 in p+p

Maybe >1-2 collisions alleviates leading effect?




Net Baryons

A AGS AGS y
(E802,E877, E917) P
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Net momentum (-loss+gain) of net baryon number (not baryons!)

“pile-up” at low energy, “transparency” at high energy”...



Spectators




One Possibllity...

Binary/ \

Collisions :\

Spectators

First collision typically not enough to stop baryons

2"+ collision is displaced in original direction,



Fireball Sandwich

Binary/ \

Collisions :\

e St P o
R R T ——
w--

Spectators ’

bulk of baryon number near edge of reaction zone at t=to~1/4/5

— net baryons are part of entropy generation process
— hydro evolution pushes them to larger rapidity




Fireball Sandwich

A
° oy y 0o,

1. Incoming nuclei 2. First collision: 3. Second collisions: 4. Longitudinal
(beam rapidities) partial stopping full baryon stopping, expansion of
of baryons displaced centroids, matter, baryons

(spectators decouple)




Conclusions

e Multiplicity ete-, p+p, A+A described by different
NEERIENE

e \Why do the multiplicities come out the same”

e Problem of early (quasi-)thermalization
e (Can a pQCD calculation act like Landau hydro?
e How small is small, anyway"”?



Thermal Fits to ete-

Andronic, Braun-Munzinger, Stachel (2008)

plicity (data)
multiplicities

Multi
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A long-standing issue: thermal fits work well,
but not equally well for all hadrons.
Implementation of local conservation laws matter
(quantum numbers & energy-momentum)



EMC In p+p vs. A+A

M. Lisgl,OZ. Chajecki, arXiv: 0805.3569, PRC

. Au+Au [60-70]%
3 D Au+Au [60-70]% " EMC co

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 . 0.1 0.2 0.3 04 0.5
m; - m, [GeV/c’] m; - m, [GeV/c?] m, - m, [GeV/c?]

Lisa & Chajecki: energy momentum conservation (EMC)
has substantial effect on multiparticle production.
EMC “suppresses” momentum spectrum in p+p collisions.
— p+p turns out to have same “flow” as A+A



Conclusions

Multiplicity e*e’, p+p, A+A described by different
NEERIENE

Why do the multiplicities come out the same”?
Problem of early (quasi-)thermalization
Can a pQCD calculation act like Landau hydro?
How small is small anyway?
Brings out deep relation to problem of stopping
What is a baryon”? How do they interact “softly”?

What can AdS/CFT help us with?

Colliding shock waves: is there a “smallest size””? what is the
thermalization time in CFT7

Can it really use all 5 dimensions”?
Experimental prospects bright
LHC extends energy range by x27, results will be rapid



Predictions at mid-rapidity

AGS
SPS

PHOBOS gl/4 Landau-
PHOBOS Cu+C f f
o L VIns Carruthers

/2)

part

p+p/p+p (inel.)
p+p/p+p (NSD) E ;
Landau (PAS) S 5 SO. 144 CcGC
CGC (ASW) ! !
Log Extrapolation (PHOBOS)
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In s “PHOBQOS”

LHC: limited acceptance will require limited checks
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A (relatively)
simple structure...

VO SR
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Extra Slides



Total Multiplicity at Finite pg

(work with Cleymans, Wheaton, Stankiewicz, UCT)



Phase Diagram

— Thermal |

Thermal I

As beam energy decreases, usT, Tl



Iwo Paths In I-us plane

— Thermal |

Thermal I

Thermal I:
x <E>/<N>
hs =1 GeV
‘ Thermal
T () = 0.16446 — 0.11196% .
— 0.1391397; + 0.0684637 1% ™, 1b
02 04 06 08 1 Fit to

u (GeV) data



Baryochemistry

In equilibrium:
G=E+PV —-TS5S=ugNpg

Rearranges to:

_E—I—PV upNpg

> T 1T

:S()—SB

SO chemical potential reduces entropy, and
thus total multiplicity:
Nch SB B

=AY\ — X —
Npart/Q hOCJVBO< 1

JAN



Phenomenology

e Need a “baryon free” N¢h reference
e p+p and e+e- show same energy dependence
e p-+p has leading baryons (complicated)
® choose e+e- as reference

e Two approaches
e (Correct A+A data for presence of us
e [hermal model calculation of entropy density



‘Correcting” Total Entropy

1.2735
(1+ 0.2576+4/s)

MB(\/E) —

Not yet applicable to Ncn



‘Correcting” Total Entropy

Convert change in entropy to change in multiplicity
per Npart/2

NBENpart
CERVINEY
BE N/Nch:3/2

xB=6 is “trivial estimate”.
THERMUS (Cleymans, et al) = a=7.2 (15% diff.)



Direct Calculation

2 N£L+A B CATAVATA S(T, up) Vata = volume
e AL N O VALY Ocr participant pair

e Convert /s to ps(/s) & T(us(ySs))

¢ Use full thermal model to compute

S(T7MB)
ST =Tonp—=0) VS Vs

e Predicts what data “should” show if
CA—I—A _ Ce+e_

VA—I—A _ Ve+ e



Application to Data

Cleymans, Wheaton, Stankiewicz, PAS, et al, nucl-th/0506027

Corrected

Q / DlreCJ_[ ® MB-Corrected A+A
o /~calculation

—— Thermal Model (Param 1)

Thermal Model (Param II)

Qualitative model of relationship between
baryon density and entropy



http://arxiv.org/abs/nucl-th/0506027
http://arxiv.org/abs/nucl-th/0506027

Bottom Line

3 rules of thumb:

e+e-data
= A+Adata
— pQCD

1. Effective energy has  anda

O p+p @ \s/2

a direct relationship to
entropy (p+p Vvs. e+e-)

2. Suppression of entropy
by net-baryon density
(A+A vs. e+e-)

3. Use Nch: Don’t “choose” mesons vs. baryons as
true entropy carriers...



Baryons vs. Mesons

Tawfik et al (2004), Cleymans et al (2005) (x2)

— Total | == Total Il

---Meson | ===Meson Il
Baryon | Baryon |l

(n3/4)s/T°

As energy changes, s/T° (~degrees of freedom)
remain constant if mesons AND baryons are included




NA4Y9 Kink

No
baryons

B NA49
A AGS
PHOBOS

O p+p, O p+p

~Landau
variable...

no accounting for leading effect







