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• Nuclei collide

• Nucleons “stop” → BRAHMS 

• Energy is deposited

• Entropy is produced

• Hydrodynamic evolution

• Particles in final state → PHOBOS 
                                           (& BRAHMS)

The “Standard Model” of Stopping

Do the two data sets (energy & entropy) tell the same story?
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Baryon Stopping

• A topic of lots of interest in the 1980’s 
and 1990’s (Busza, Videbaek et al)
• Particularly in the p+A programs, who were 

studying “proton energy loss” in “cold 
nuclear matter”

• Need PID and forward coverage

• Limited recent data led to recent 
limited discussion of the subject
• BRAHMS data on dN/dy very important

• Relatively little theoretical work!

Volume 139B, number  4 PHYSICS LETTERS 17 May 1984 

ability distribution Po (Ay) in rapidity loss (--Ay) 

and thence, the probability for the inner half 

P i ( A y )  = 2Pt ( A y )  -- Po (AY)  , (6) 

together with estimates of  the uncertainties, as shown 

in fig. 2. Here the subscripts i, o, t stand for inner, 

outer and total respectively. 

If  our data covered all values of  Ay we would now 

be in a position to describe in detail the energy loss 

suffered by a baryon traversing nuclear matter. While 

this is not possible, some important conclusions can 

still be drawn. Since the probability curves are nor- 

malized, the knowledge of  the probability distribu- 

tion over the range - 1 . 2  < Ay < 0 imposes strong 

constraints on the possible arithmetic average shift 

of  rapidity (Ay)and  the median shift Ayl/2. We find, 

for example, that all reasonable extrapolations of  the 

distribution for collisions with the inner half of  lead 

give (Ay) in  the range - 2 . 4  -+ 0.5 and zSyl/2 in the 

range -2 .5  -+ 0.5. The two means are so close because 

any curve which gives smooth extrapolations of  the 

outer, inner and total distributions simultaneously 

leads to p i (Ay)which  is nearly symmetric about (Ay). 

Such extrapolations are shown in fig. 3. The lead re- 

sults should be compared with (Ay) = - 1 . 0  and Ay 1/2 

= --0.7 for collisions with hydrogen, omitting the ef- 

fect of  variable proton/baryon ratio mentioned earlier. 

Including this could increase the rapidity loss by up 

to half a unit. 

The median results imply that, from the viewpoint 

of  an observer at rest with respect to a high energy 

projectile nucleon, after collision with the central 

section of  a lead nucleus the nucleon will recoil with 

a typical momentum P = m s i n h  Ayl/2 between 4 and 

10 GeV/c, compared with 0.75 GeV/c for a hydrogen 

target (or up to 1.5 GeV/c including possible variable 

proton/baryon ratio). It may be significant that the 

recoil momentum on a nuclear center is roughly equal 

to the recoil momentum on hydrogen, multiplied by 

the expected number of  inelastic collisions in the nu- 

cleus. 

Extrapolation of  the results in fig. 2 over a small 

distance in Ay shows that the probability is greater 

than ~ that a baryon loses at least 2 units of  rapidity 

in traversing the central half of  a lead nucleus. This 

may have implications for the kind of  baryon densi- 

ties attainable in head-on collisions o f  heavy ions. 
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Fig. 3. Extrapolated probabili ty distr ibutions for rapidity 

loss of  protons  striking lead nuclei. The  dashed lines are the 

extrapolated portions.  The constraint  that  the  normalized 

total,  central,  and peripheral inclusive cross sections should 

all be smooth  makes  the extrapolat ions nearly unique.  

It suggests that for maximum baryon densities the 

optimum relative rapidity between two colliding 

heavy ions is greater than or of  the order o f  four, 

meaning colliding beams of  heavy ions each with 

total energy ~>3.5 GeV/nucleon, or a ~>25 GeV/nu- 

cleon beam colliding with a stationary target. 

Many uncertainties enter into the process of  in- 

ferring from our results what happens in such colli- 

sions. There could be significant explicitly collective 

effects of  unknown character. Aside from that, we 

are unable to specify the space-t ime sequence which 

leads to showing of  one nucleon. Hence, we do not 

know how the stopping power of  a target nucleus, 

already struck by one "layer" of  projectile nucleons, 

would be modified by the time a second layer came 

along. 
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BRAHMS dNB/dy

• Will be shown by P. Christiansen
• This discussion is about general issues, 

not experimental details!

• General empirical interpretation: 
“pile-up” at low energies gives 
way to “transparency” at high 
energy

• At high energy, baryon density is 
clearly not piling up at midrapidity

arxiv:0901.0872



Quantifying stopping (200 GeV)

• Average rapidity loss ~ 2 units

• “The rapidity distribution of the net-
protons after the collision then not only 
determines the energy available for 
particle production, but also yields 
information on the stopping of the ions 
due to their mutual interactions”

• Energy loss of ΔE~73±6 GeV

• A combination of proton rapidity loss and 
transverse momentum gain (<pT>~mp), 
i.e. mT → 1.4m0

b
y0 1 2 3 4 5 6 7 8 9 10

 y
 

!
R

ap
id

ity
 lo

ss
 

0

0.5

1

1.5

2

2.5

3

3.5

E917
E802/E866
NA49 (PbPb)
BRAHMS 62 GeV
BRAHMS 200 GeV

 = 8.67
b

LHC y

0 0.5 1 1.5 2 2.5 3 3.5 4 4.50
10
20
30
40
50
60

net!baryons 62 GeV

E = mT cosh(y)

arxiv:0901.0872



Illustrating energy loss
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Protons are slowed longitudinally
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Stopping is “energy independent”

• Decomposing net baryons into 
“target” and “projectile”, BRAHMS 
extracted a “per proton” dN/dy
• Good for three energies, except one 

point at 200 GeV

• No real dependence on √s
• Not even NN cross section!

• A+A is very different than p+p
• dN/dy ~ exp(y’) (dN/dx ~ const)

b
 = y - y’ y

-6 -5 -4 -3 -2 -1 0

’
/d

y
B

B-pr
oj

ec
til

e
/2

) d
N

Pa
rt

 1
/(N

0

0.1

0.2

0.3

0.4

0.5

 = 17 GeVNNsNA49  

 = 62 GeVNNsBRAHMS  

 = 200 GeVNNsBRAHMS  

arxiv:0901.0872

p+p from talk by F. Videbaek



“BMS” stopping
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Decoherence of partons in
incoming nuclei, adding some pT

Bass, Muller, Srivastava: nucl-th/0212103

In this view, stopping is “built-in” to the nucleon/nuclear PDFs:
good for explaining “limiting fragmentation”, bad for standard stopping



Interlude - centrality dependence

• BRAHMS only presents the net
dN/dy for 0-10% centrality

• PHOBOS measured net dN/dy vs. 
Npart for 62.4 GeV Au+Au

• Linear with Npart down to most 
peripheral collisions considered

• Why would each participant 
contribute equally if nuclei are 
transparent?

partN
0 100 200 300 400

Ne
t p

ro
to

n 
dN

/d
y

0

2

4

6

8

10
Au+Au 62.4 GeV
Au+Au 200 GeV (PHENIX)



Entropy production

• Entropy reflects the degrees of freedom available to the QGP on 
thermalization
• wQGP vs. sQGP

• Several ways to estimate it (experimentally)
• Phase space density (e.g. Pratt & Pal, at midrapidity)

• Multiplicity density, assuming thermal freezeout, and isentropic evolution

• Current estimates are consistent (see e.g. Muller & Rajagopal), so I will stick 
with multiplicity estimates
• Thermal models give S ~ 7.2 Nch

• PHOBOS has discussed comparisons of multiplicities with elementary 
systems: useful to have an empirical context
• Only 4π multiplicities discussed here



Multiplicity Systematics - e+e-

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

“free” fragmentation of quarks into hadrons



Multiplicity Systematics - p+p



Leading Particle Effect

“leading” particles keep arbitrary 
fraction of √s

 flat probability distribution→

“effective energy” (a la Basile et al)

〈xF 〉 ∼ 1/2

√
seff = 〈xF 〉

√
s =

√
s

2

xF =
2pz
√

s



Effective energy in action

• You don’t really believe it until you 
try it yourself!
• Simple 1/2 prescription does a 

surprisingly good job of making e+e- 
and p+p overlap

• Of course dN/dy cannot be the 
same due to larger rapidity range 

• Models tuned on existing data
• No obvious scaling built in

s
1 10 210 310 410

chN
1

10

210
JETSET

PYTHIA

pQCD
p+p @ √s/2
p+p 
e+e-

p+p@√s/2 
& e+e- overlap



Entropy Production in A+A

Nominally, all of these stages have different degrees of freedom



A+A in the context of elementary systems - how much energy?

• Heavy ion data is only scaled once:
• Divided by overall volume Npart/2

• Overlaps e+e- and p+p(@√s/2) over 
a decade in beam energy

• Old observation (2002) but germane
• How much energy is available in A+A?

• If e+e- has “all”, and p+p has “half” → 
then A+A has “all”

• At low energy, scaling broken 
systematically with increasing muB
• Is this less energy, or less entropy?

• More on this later!



Longitudinal distributions in context

• It’s not just the multiplicity that 
agrees, but the longitudinal 
distributions over 4π

• If an accident, a very detailed one
• If you argue that dN/dy has “no 

information”, then you have to generalize 
that assessment!

• If not an accident, tells us that 
longitudinal phase space (i.e. 
stopping?) is essentially similar
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Do these tell the same story?
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Do these tell the same story?

Bjorken Landau

they seem to be telling two very different stories:

“transparency” “full stopping”



Bjorken’s story

Bjorken

“transparency”
the pancakes pass through each other
and the baryons leave energy in the
central region.  the evolution obeys the
laws of hydrodynamics

Baryons assumed to be
on the “outside”, escaping at

the speed of light



Landau’s story

Landau

“stopping”
the pancakes stop each other as they
collide, and the energy then explodes
longitudinally via hydrodynamics

Baryons assumed to be...
nowhere (i.e. ignored)



Bjorken v. Landau (1953-1983)

Landau and Bjorken are telling a story with the same middle (hydrodynamics), 
and same end (vz=z/t, hadronization at Tch), but with a different beginning 

So it’s not just the amount of energy, but how it is deposited that matters
(e.g. is it born expanding, or standing still -- or somewhere in between?)



Thermalization time

τ0>>2R0/γ τ0=2R0/γ

Discussions of thermalization time are not simply deciding a “property”,
but the nature (and dimensionality: 2+1 vs 3+1) of the initial state!



Experimental access to stopping?

Can the final (pseudo) rapidity distribution 
(mesons or baryons)

tell us how the energy was stopped?



Using final rapidity distributions to probe the initial state

Bjorken initial conditions
suggests a widening plateau

in dN/dy

Landau implies dN/dy is
Gaussian with σ2=½ln(s/m2)



Using final rapidity distributions to probe the initial state
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σ2=½ln(s/m2)



Which side are you on?

The “same” data (dN/dy or dN/dη) is used to defend both stories!
and BRAHMS and PHOBOS are used to defend the opposite

of what their respective experiments promote in papers...
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A recurring situation (Carruthers 1975)

“duck or
rabbit”

http://www.seabury.edu/faculty/akma/duckrab.gif
http://www.seabury.edu/faculty/akma/duckrab.gif


Putting the baryons back

• Neither Bjorken nor Landau tell us how 
baryons stop
• “Something happens” and energy is 

deposited in the collision zone

• Bjorken better fit to “standard” 
stopping scenario
• Partially-stopped nuclei end up in the 

fragmentation region and can be ignored

• Complete stopping seems at odds with 
BRAHMS data
• Why would pions/kaons and protons be so 

different if all come from “stopped” energy

2

counters positioned on either side of the nominal vertex.
Particle identification (PID) for momenta below 2 GeV/c
is performed via time–of–flight (TOF) in the MRS. In
the FS, TOF capabilities allow π–K separation up to
p = 4.5 GeV/c, and is further extended up to 20 GeV/c
using a ring imaging Čerenkov detector. Further details
can be found in [7, 8].

Figure 1 shows transverse mass mT − m0 spectra
(mT =

√

p2
T + m2

0) for π− and K−. Particle spectra
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FIG. 1: Invariant transverse mass mT −m0 spectra of π− (a)
and K− (b) from y ∼ 0 (top) to y ∼ 3.5 (bottom). Dashed
lines are fits to the data, namely a power law in pT for pi-
ons and an exponential in mT − m0 for kaons. Errors are
statistical. Spectra have been rescaled by powers of 10 for
clarity.

were obtained by combining data from several spectrom-
eter settings (magnetic field and angle), each of which
covers a small region of the phase–space (y, pT ). The
data have been corrected for the limited acceptance of
the spectrometers using a Monte-Carlo calculation simu-
lating the geometry and tracking of the BRAHMS detec-
tor system. Detector efficiency, multiple scattering and
in–flight decay corrections have been estimated using the
same technique. Hyperon (Λ) and neutral kaon K0s de-
cays may have contaminated the pion sample. For K0s,
it is assumed that its yields amount to the average be-
tween K+ and K− at each rapidity interval. For Λ yields,
since only mid–rapidity data are available, we used the
same assumptions as in [3], namely Λ/p = Λ̄/p̄ = 0.9 in
the phase–space covered in this analysis. The fraction of
pions originating from Λ and K0s decays was estimated
with a GEANT simulation where realistic particle distri-
butions (following an exponential in mT ) were generated
for several spectrometer settings. Particles were tracked
through the spectrometers and produced pions were ac-
cepted according to the same data cuts applied to the
experimental data. It has been found a K0s (Λ) contam-
ination of 4% (! 1%) in the MRS and 6% (! 1%) in the

forward spectrometer. In the following, the pion yields
are corrected unless stated otherwise.

The pion spectra are well described at all rapidities by
a power law in pT , A(1 + pT /p0)−n. For kaons, an ex-
ponential in mT − m0, A exp

(

mT −m0

T

)

, has been used.
The invariant yields dN/dy were calculated by integrat-
ing the fit functions over the full pT or mT range. The
two main sources of systematic error on dN/dy and 〈pT 〉
are the extrapolation in the low pT range outside the ac-
ceptance, and the normalization of the spectra. Other
fit functions were used in order to estimate the error on
the extrapolation. In the FS, due to a smaller acceptance
coverage at low pT , the error is systematically larger than
in the MRS. In total, the systematic error amounts to ∼
10% in the range −0.1 < y < 1.4 (MRS) and ∼ 15%
for y > 2 (FS). Mid–rapidity yields recently reported by
the STAR [9] and PHENIX experiments [10] are within
1 σsyst of these results.

Rapidity densities and mean transverse momenta 〈pT 〉
extracted from the fits are shown in Fig. 2. Panel (a)
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FIG. 2: Pion and kaon rapidity densities (a) and their mean
transverse momentum 〈pT 〉 (b) as a function of rapidity. Er-
rors are statistical. The kaon yields were multiplied by 4 for
clarity. The dashed lines in (a) are Gaussian fits to the dN/dy
distributions (see text).

shows the pion and kaon yields. π+ and π− are found in
nearly equal amounts within the rapidity range covered,
while an excess of K+ over K− is observed to increase
with rapidity [11]. Figure 2(b) shows the rapidity depen-
dence of 〈pT 〉. There is no significant difference between
positive and negative particles of a given mass. For pi-
ons, 〈pT 〉 = 0.45±0.05 GeV/c (stat + syst) at y = 0 and
decreases little to 0.40± 0.06 GeV/c at y = 3.5, while for
kaons, 〈pT 〉 drops from 0.71 ± 0.07 GeV/c at y = 0 to
0.59 ± 0.09 GeV/c at y = 3.3 (see [11]).

In order to extract full phase space densities for π±

 = 17 GeVNNsNA49  

 = 62 GeVNNsBRAHMS  

 = 200 GeVNNsBRAHMS  



Where do the baryons go?

• The “standard” stopping scenario takes a 
reasonable approach
(1) Each baryon loses energy in the oncoming 

nucleus

(2) Baryons then decouples from the subsequent 
longitudinal evolution

• However a baryon strongly-coupled to 
expanding fluid can reaccelerate
• If this is the case, then the standard scenario is 

not measuring energy loss at all

• The net baryon dN/dy is then measuring 
net rapidity loss
• If so, then baryons decoupled from entropy!
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“Fireball Sandwich” scenario

y0 y0 y0 y0

1.  Incoming nuclei

(beam rapidities)
2.  First collision:

partial stopping

of baryons

3.  Second collisions:

full baryon stopping,

displaced centroids,

thermalization

(spectators decouple)

4.  Longitudinal

expansion of

matter, baryons

reaccelerated

entropy produced by now!

baryons outside,
fireball inside



Try this in 1D hydro

1+1D hydro from A. Dumitru, baryons from rest are accelerated!



One last thing: How do net-baryons affect entropy?

“Deviation” of multiplicity at low energy correlates with “pileup” of baryons



Thermal models at high μB
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and e+e−). However, the work of Becattini has shown that statistical models
prove to be an equally useful tool in describing the relative yields of hadrons
in collisions with relatively small multiplicities [8], although additional care
must be taken to guarantee appropriate conservation of quantum numbers
(e.g. strangeness and baryon number).

Thermal fits made by a number of authors [6,7] show that increasing the
√

sNN

in A+A collisions leads to an increase in T and a correlated decrease in µB,
shown in Fig. 1. This has been interpreted by Cleymans and Redlich by postu-
lating a fixed relationship of the freezeout parameters, such that 〈E〉/〈N〉 ∼ 1
GeV [9]. Whatever the physical scenario implied by this condition, it provides
a useful way to determine these parameters as a function of beam energy, and
to interpolate between available data points. However, it turns out that this
criterion (called “Thermal I”) does not perfectly describe the existing data. A
somewhat better description, although purely phenomenological, can be made
by a sixth-order polynomial fit in µB to the same data in the (T ,µB) plane
(“Thermal II”) [10]:

T (µB) = 0.16446 − 0.11196µ2
B − 0.139139µ4

B + 0.0684637µ6
B

In this work, we will show both parametrizations where possible.

Also in this work, we use a parametrization of µB as a function of
√

s made
by the authors in Ref. [11]

µB(
√

s) =
1.2735

(1 + 0.2576
√

s)
(3)

To apply this information to the heavy ion and e+e− data, we will invoke a
simple thermodynamic condition. When dealing with blackbody radiation, one
typically sets the Gibbs potential G = E−TS +pV =

∑
i µiNi ∼ µBNB, since

the other chemical potentials (e.g. strangeness, charge, isospin) are usually
smaller than the baryochemical potential. In this formula, E is the internal
energy, T is the temperature, S the entropy, p the pressure, µB the bary-
ochemical potential and NB the baryon number which must be conserved in
the interaction. This expression can be rearranged to show how the entropy is
related to the other variables:

S =
(E + pV ) − µBNB

T
= S0 − SB (4)

where

S0 =
E + pV

T
(5)

3

Entropy is
suppressed
at high μB!

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

Fits give:
μB & T vs. √s

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


Same thermal model: nDOF is constant...
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Tawfik et al (2004), Cleymans et al (2005) Despite all of the changes
in the composition:

“baryon/meson”
“fermion/boson”
“matter/radiation”

the system decouples
at same “nDOF” (s/T3)!

what is this magic number?



Discussion points

• Baryon stopping
• How is the energy released (not even discussed so far!)?

• How much of it is released in the initial stages

• do baryons decouple immediately from system, or can they be reaccelerated?

• p+p vs. A+A: how does the leading particle effect work?  

• Entropy production
• How does the available energy turn into entropy (how do baryons affect this?)

• What are the degrees of freedom in the early stages which determine entropy? 

• How good of an assumption is isentropic evolution (e.g. viscous effects?) 

• Bjorken vs. Landau is a good way of setting issues into relief
• Thermalization time is not just a number!



Rapidity Distributions in pQCD (QCD prefers Landau?)

We can thus identify, in this order, the direction of the 

registered hadron with that of the secondary gluon. By the 

use of the integral equation (2.2), we obtain 

"dxl 2 " dklCF d(n)e+~- ~ C r 1 ~lq~ 2 k2/(xlq2)dx2 

0 -a'l 0 g I g 

/ 

(2.12) 

where Y2 is the (pseudo-)rapidity defined by the angle of 
the integration variable k 2 measured from the jet direction. 

The correction [the difference between (2.12) and (2.9)] 
becomes smaller as the energy becomes higher because the 
direction ofk  2 approaches that ofk~. Further higher order 
corrections can be obtained systematically by the iterative 
use of the integral equation (2.2), identifying the direction 
of the last gluon with that of the hadron. 

3 Phenomeuolog ica l  features of  the Q C D  prediction 

The result (2.9) has some interesting features: 

(i) For y >> 1 (or 0 << 1), cosh y ~ eY/2. Thus 

1 do- CF 
Frl(e-2ys). (3.1) 

O-tot dy 

On the other hand, y has a maximum 

Ymax ~ l n ( ~  ~ s )  (3.2) 

where m is the lightest hadron mass. Then in terms of the 
rapidity measured from its maximum 

Y ' = Y - Y  . . . .  (y' < 0). (3.3) 

2 0  

D 

10 

V~s~ 3o t ~ f r 

-10  -5 

Y' -- Y " YM~X 
Fig. 1. The translational invariance. Except for the small rapidity 
region, the rapidity distribution is on the same universal curve 
(measured from Ymax) 

0 

45 

the distribution is independent of s (a translational in- 
variance. Fig. 1): 

1 do- C F 
- -  F. (e- 2y'm2). (3.4) 

O'to t dy ~ C  A zl 

(ii) The multiplicity at y = 0 increases proportionally 

to the total multiplicity (n)e+, divided by l x ~ :  

1 d 2 r = o  = C~r~, ( s  )~27~ / lx/lns. (3.5) 
O-tot ~ C  A 

On the other hand the half width of the distribution 

increases proportionally to l x ~ :  

ln2 ~ -  
Yaale ~ 27~0 x/In s. (3.6) 

The distribution deviates from the universal curve (3.4) and 
becomes level only when y=O( l ) .  There is thus no 
widening "central plateau", in sharp contrast with the 
prediction of the old parton picture (Fig. 2). 

(iii) When we scale the rapidity by l x ~ ( y  = ~ / l x ~  ), 
the distribution (renormalized to render the unity of the 
total probability) approaches to an exponential curve for 
a large s: 

l x ~  1 do- 

(n)e+e- O-~ot dtl 
270 exp (27ox/ln s -- 2 t /x / l~ - -  270 l x ~  ) 

270 e 27~ (3.7) 

This scaling is violated at small tl = O(1/x/~-s) and at large 

= o(,jf ) 
Let us finally look at the distribution in the polar angle 

0. Changing the variable y to 0 in (2.9), we obtain 

1 do- Cv 2 

O'to t (COS 0) - -  lf, C A 1 - c o s 0  FY1 (sin20s/4). (3.8) 

2000 GeV 

+ 

- 8  - 4  0 4 8 y 

Fig. 2. The rapidity distribution at high energies. The height grows 
faster than the width, and there is no widening central plateau 

pQCD: Limiting fragmentation and σ2=½ln(s/m2)...what gives?




