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A summary of BRAHMS results is presented. Emphasis is placed on data for which measurements at forward rapidities are necessary for

interpretation. This includes measurements of spectra over a wide range of y and transverse momentum, yields, stopping, quark chemistry
and high p; suppression in both Au+Au and d+Au collisions at \/syn = 200 GeV.
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Se presenta un resumen de los resultados obtenidos en BRAHMS, enfatizando en aquellos datos cuya interpretacion requiere las medidas
de las rapideces. Esto incluye mediciones del espectro sobre un amlio rango de "'y’ y momento transverso, productos, frenados, quimica de
cuarks y alta supresion de Pt en colisiones de Au+ Auy d + Au a /s nyn=200GeV.

Descriptores: Quimica de cuarks; densidad de rapideces; frenado; alta supresion p;.

PACS: 25.70.Pg; 24.60 Ky; 05.70.Jk
1. Introduction

Detailed measurements over a wide region of phase space are
very important in understanding possible new states of mat-
ter at RHIC energies where \/syn = 200 GeV. BRAHMS
has the unique capability of providing detailed high resolu-
tion information from mid-rapidity to a rapidity as high as 4.

In this contribution we summarize the results of vari-
ous measurements over a large region of phase space using
BRAHMS. We focus on the measurements where the partic-
ular characteristics of BRAHMS can be exploited to obtain
unique information. Based on measurements of particle mul-
tiplicity, the initial energy density can be estimated. Measure-
ments of particle composition can provide information on the
quark chemistry of the hot dense matter over a large range of
rapidity. Our study of the net baryon distribution in Au + Au
collisions allows the extraction of energy loss per participant.
Finally, the suppression of high p, particles has been studied
in Au+Au and d+Au as a function of rapidity and centrality,
to disentangle effects related to the hot dense final system and

to the initial conditions of Au nuclei before collisions.

Aside from measurements with the global detectors, all
of the measurements presented are derived from the identi-
fied particle transverse momentum spectra for 0 < y < 3.2
which, after suitable fitting, lead to the measured yields. Un-
less otherwise noted, the data shown are from the 5% most
central collisions. A description of the experimental setup
can be found in [1].

2. Global Multiplicity Distributions

BRAHMS employs a series of global detectors in order to
characterize overall properties of the measured reactions as
well as to determine the collision vertex [1]. These detec-
tors also have the capability of providing a measure of the
multiplicity of unidentified charged particles. Such measure-
ments are important because they can constrain models [2,3]
by providing information on hadronic rescattering, the degree
of chemical and thermal equilibrium and the role of partonic
processes. Such data can also provide information on the en-
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ergy density of the system [4]. Figure 1 shows the multiplic-
ity distributions for collisions with centralities ranging from
0-5% to 40-50%. We note that at  ~ 0 the 5% most central
collisions have a dN/dn ~ 625. The integral of the multiplic-
ity distribution in the 0-5% most central collisions is ~ 4600.

To use these multiplicities to estimate the energy density,
we employ [4]

L d(B)

<mt> dN
€~
TR2T dy

- ey 1
TR2T dy M

Taking the formation time, 7 ~ 1 fm/c, R as the radius
of the overlap disk of the colliding nuclei and m, determined
from rapidity densities and average transverse momenta mea-
surements (discussed later), e ~ 5 GeV/fm?®. It is noted that
this value, which should be considered as a lower limit, ex-
ceeds the QGP production threshold predicted by QCD cal-
culations by a factor of 5 [5,6].

At forward rapidity, the multiplicity distributions are
shown, however, to be independent of collision centrality and
beam energy when scaled by number of pairs of participating
nucleons. Figure 2 shows the scaled multiplicity distributions
as a function of the difference between the pseudo-rapidity,
71, and the beam rapidity. We observe a consistency even be-
tween our data and data at \/syny = 17 GeV [7] in the re-
gion where 7 is between 0.5 and ~ 1.6 units less than the
beam rapidity. This observation is consistent with a limiting
fragmentation picture in which the excitation of the fragment
baryons near the beam rapidity, y 5, depends on how far they
are from yp and is independent of system size [8].

FIGURE 1. Multipicity distributions, dN/dn for centralities ranging
from 0-5% (top distribution) to 40-50% (bottom distribution). The
central rapidity region, 7 < 2.5, represented by open and closed
circles, shows the distributions measured with the Silicon and Tile
Multiplicity arrays [1] and the forward region, represented by the
open and closed triangles, shows the distributions measured with
the Beam-Beam Counters [1]. Statistical errors are shown when-
ever larger than the symbol size.

FIGURE 2. Charged particle multiplicities scaled to the number of
participating nucleon pairs as a function of 7 shifted by the beam
rapidity. The meaning of the symbols is shown in the figure.

3. Spectra and Yields

We have produced differential transverse momentum (p;)
spectra of positive and negative pions, kaons and protons.
The negative particle 7, K and p spectra transformed into
transverse mass, mp = \/pf + m?2, are shown in Fig. 3
for the different measured rapidities ranging from y =~ 0
to y ~ 4. We note that the shapes of the spectra depend
on the species. The various spectra were fit with different
functions in transverse momentum, p; Or transverse mass,
my = /p? +m?2, depending on the shape of the spectrum
of a given particle. The pion spectra were fit with a power
law, (1 4+ p;/po)~ ™, the kaon spectra with an exponential,
exp [(m¢ —m)/T] and the proton spectra with a Gaussian,
exp (—p?/20?). The dashed lines in Fig. 3 show the fits to
the various spectra.

From the fits one can extract the yields by integrating the
appropriate functions over the entire m; range. This gives
the rapidity densities shown in the upper panel of Fig. 4. The
positive and negative pions show nearly the same distribution
over the entire rapidity range measured while the anti-protons
show a decrease as the rapidity approaches the beam rapidity
in contrast tothe protons which remain rather constant.

FIGURE 3. m; — m for 7, K~ and p spectra from Au+Au at
Vsnn = 200 GeV at different rapidities. The lines indicate the
different fits to the data (see text).
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FIGURE 4. 7, K and p rapidity densities (upper panel) and mean
transverse momenta (p; ) (lower panel) for Au+Au at /sy = 200
GeV.

There is also an increasing production of K+ over K~ as
the forward rapidity region is approached. The lower panel
shows the average transverse momenta of the identified parti-
cles. There is no significant difference between the particles
and their anti-particles with respect to p;. With increasing
rapidity, there is a slight decrease in (p;)

4. Quark Chemistry

Anti-particle to particle ratios can yield important informa-
tion on the dynamics of reaction mechanisms in large sys-
tems [9, 10]. The rapidity densities shown in Fig. 4 can be
used directly to extract ratios of the different particle species.
In Fig. 5 we show such anti-particle to particle ratios [11]
for the 7, K and p as a function of rapidity for the top 20%

FIGURE 5. Anti-hadron to hadron ratios as a function of rapidity
in 1%7Au + ®7Au at /sy = 200 GeV for the top 20% central
collisions.

central collisions. We see, as noted above, that the pion ra-
tios remain close to unity over the entire rapidity range mea-
sured. The K~ /K + ratios, however, show a decrease from
0.95 £ 0.05 near mid-rapidity to 0.67 & 0.06 at y ~ 3. The
K~ /K™ and p/p ratios are roughly constant in the interval
of 0 < y < 1. The p/p ratios, nearly constant at about 0.75
for y < 1, show a decrease to about 0.2 at the most forward
rapidity studied. The value of p/p ~ 0.75 at mid-rapidity
corresponds to the largest ratio of anti-matter to matter ob-
served to date in heavy ion collisions in the laboratory and
indicates that a state of near net-baryon free matter has been
created.

The ratio data at mid-rapidity have been analyzed in
terms of a thermal model [12] where a proposed parame-
terization as a function of energy leads to a prediction for
V/snvn = 200 GeV of T ~ 177 MeV and a baryo-chemical
potential, g ~ 30 MeV. The small value of 5 indicates a
small net baryon density at mid-rapidity consistent with the
fact that the p/p ratio is large and close to 1.

A comparison of the K~ /K™ and p/p ratios also shows a
remarkable correlation over the entire rapidity range we have
measured as seen in Fig. 6. The figure also shows the results
from BRAHMS at /syny = 130 GeV [13] as well as those
of similar measurements made at AGS [14] and SPS [15,16]
energies. In a grand canonical approach where the strange
quark chemical potential, pg, is fixed by conservation of
strangeness [17], the antiparticle to particle ratios are con-
trolled by the light and strange quark fugacities, Ay, = etalT
and A\, = e*</T . This leads to the prediction that

1
K- 5\ 3
T = e2ts/T g=20qa/T _ 20s/T <§> )

which reduces to

- n 3
- )
p
for s = 0. This dependence is shown as the dotted line in
Fig. 6. We see that this simple equation slightly underpredicts
the data suggesting non-zero strangeness.

The solid line in figure 6 shows the prediction of the grand
canonical calculation [18] for a constant temperature of 170
MeV. These results suggest in the context of these models that
the baryon chemical potential evolves from about yp ~ 130
MeV aty ~ 3 to up ~ 30 MeV at mid-rapidity.

5. Nuclear Stopping

Another measurement where the unique extensive coverage
of BRAHMS is crucial is that of nuclear stopping. We have
deduced the stopping in 7 Au+ *TAuat \/syny = 200 GeV
by measuring the net-proton dN/dy from mid-rapidity to
y ~ 3 and, from that, estimating the net-baryon dN/dy [19].
The net-baryon dN/dy is shown in Fig. 7 in the inset. The
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FIGURE 6. K~ /K™ vs p/p ratios. Dark solid symbols indicate
the BRAHMS results in " Au + """ Au at \/syy = 200 GeV and
130 GeV from reference [13]. Light solid symbols show lower en-
ergy data [14-16]. The solid line shows the results of Becattini’s
model [18] and the dashed line shows the ansatz given in the inset.
The baryon chemical potential, © g, shown on the top scale is in
MeV.

FIGURE 7. Rapidity loss using equation 5 as a function of pro-
jectile rapidity in the center of mass. The hatched area indicates
the unphysical region and the dashed line shows phenomenological
scaling (0y) = 0.58y,, extracted from lower energy data [20-22].
Inset: Extrapolated net baryon distribution with different fits to the
data (see text).

dashed line shows a fit to the measured data using a Bjorken
inspired symmetric sum of 2 Gaussians in momentum space

- z :l: z 2
E:ﬁ: exp M 4)
20}272
where p, = my sinh (y), assuming p; ~ 0, and the solid

curve shows a fit to a 6th order polynomial. The fits are con-

strained by the fact that the total baryon number, the integral
under each curve, must be conserved and equal to (Npq¢),
the average number of participating nucleons in the collision.
From the fits, the rapidity loss can be determined using

2 Yp dN p_p
<5y>:yp*<y>:yp*<N >/0 Yy (CZJB)dy (5)

part

The resultant (dy) ~ 2.0 is shown as a solid circle in
Fig. 7 along with the systematics of data from other en-
ergies [20-22]. The dashed line shows phenomenologi-
cal scaling, (dy) = 0.58y,, extracted from lower energy
data [20-22]. The error bars at y, = 5.4, the rapidity of
the beam at /sy = 200, represents the difference between
the two different fits. Clearly the constraint on the baryon-
number ensures an accurate determination even though we
did not measure up to the beam rapidity.

The lower energy data shown in figure 7 exhibit a linear
relationship with y, through SPS energies, (dy) = 0.58y,,.
This scaling is broken, however, at \/syn = 200 GeV. As-
suming even the extreme conditions that the non measured
baryons are either at the edge of the BRAHMS acceptance or
at the beam rapidity leads to the data points represented by
the triangles near the beam rapidity. The assumption of these
extreme conditions does not follow the scaling systematics
observed at the lower energies.

The energy loss can be determined using the total energy
per net-baryon:

1 Yp dN(B—B)

E = 7/ (mp)-coshy - ————=-dy. (6)
{(Npart) —Yp dy

resulting in 27 GeV which leads to an energy loss of 73 GeV

out of the initial 100 GeV per participant, ie AE = 25.7 TeV

in total for central collisions.

6. High p; Suppression

The Quark Gluon Plasma (QGP) is expected to be a dense
medium of free color charges where, among other things, fast
partons may undergo energy loss by gluon bremsstrahlung.
One way to search for signals of a dense medium is to de-
termine whether observables of elementary nucleon-nucleon
collisions from heavy ion collisions appear to reflect simple
binary scaling of elementary nucleon-nucleon collisions or
whether medium effects may be at work. A variable typically
used to test nucleon-nucleon scaling is the nuclear modifica-
tion factor, R4 4, defined as:

1 d>N44/dp,dy
<Ncoll> dQN'pp /dptdy .

inel

Rga= @)
where N, is the average number of binary collisions in the
A + A event. R4, is a measure of how much the nucleus-
nucleus collisions deviate from simple nucleon-nucleon scal-
ing. A value of R44 ~ 1 indicates that nucleus-nucleus col-
lisions are simply the superposition of elementary nucleon-
nucleon collisions while suppressions or enhancements rel-
ative to unity may signal medium effects.For example in Pb

Rev. Mex. Fis. S 52 (1) (2006) 112-118



116 1.G. BEARDEN et al. THE BRAHMS COLLABORATION

+ Pb collisions at \/syny = 17 GeV [23-25], R4 was ob-
served to be larger than one for p, > 1.5 GeV/c. This was
attributed to multiple scattering of partons in the initial stage
of the reaction (the Cronin effect) [26].

Another variable which provides similar information, but
does not depend on a measurement of the elementary refer-
ence spectra, is R, . It is defined as

1 :
WCP Ncent/dptdy

coll

ch = (8)

2 N perip
gy A
It is based on the expectation that any nuclear modification in
peripheral collisions is not significant.

For our Au+Au data, Fig. 8 shows Ra4 for charged
hadrons as a function of p; [27]. The data used for the el-
ementary reference was the p + p data of reference [28].
We observe in the top panel of figure 8 that for the 0-10%
most central collisions, R 4 4 is significantly below the value
expected for simple binary scaling (unity; indicated by the
dashed line in Fig. 8) for p; > 2 GeV both at mid-rapidity
(left panel) and at n ~ 2.2 (right panel). This could be in-
dicative of a dense medium as higher p; particles would be
slowed and would show up at lower p;. The ratios for p; < 2
GeV are dominated by soft collisions and therefore expected
to scale by the number of participants, N,,.¢. The expected

FIGURE 8. Top: Nuclear modification factors, R4 4 as a function
of p; for "*7Au + *TAu at \/syn = 200 GeV at mid-rapidity
(left) and n = 2.2 (right) for the 0-10% most central collisions.
Center: Same as top, but for centrality of 40-60%. Bottom: R, as
a function of p; using the 0-10% vs 40-60% collision centralities.
The dotted and dashed lines show the values of R 4,44 expected
if scaling by the number of participants or by the number of bi-
nary collisions, respectively. The gray bands show the estimated
systematic errors.

value for N, scaling is shown as the dotted lines in Fig. 8.
The center panels of figure 8 shows R4 4 for 40-60% central
collisions. The value of R4 4 is ~ 1 for p; >~ 1.5 GeV/c in-
dicating a smaller volume and possibly a less dense medium
for the less violent (more peripheral) collisions. The value
near one also justifies the use of 1., (equation 8) because we
observe that the nuclear modification is, in fact, not signifi-
cant for the peripheral collisions.

The bottom panels show R, as a function of p; for the
0-10% central collisions. We observe the values are signifi-
cantly below unity leading to the same conclusion as shown
with R 4 4 for the central collisions.

To interpret Fig. 8 as evidence of a dense medium pro-
duced in the most violent 97 Au + 97 Au collisions, it must
be verified that initial state effects, such as gluon satura-
tion in the collisions partners, are not responsible for the
suppression. To test this, BRAHMS (as well as the other
three RHIC experiments) measured R;4 for d+97Au at
v/snn = 200 GeV where no final state deconfined medium
is expected to be present. The R;4 results from our experi-
ment are shown as triangles in Fig. 9. We observe that R4
is significantly larger than one at p, > 2 GeV/c in contrast
to R4 from °TAu + 197 Au (solid circles; same as left top
panel of figure 8). This shows clearly and unambiguously
that the Raa for '97Au + °TAu at \/syy = 200 results
from mostly final state effects and not initial state effects,
providing convincing evidence for production of a heretofore
unknown dense medium. The other three RHIC experiments
reached similar conclusions [29-31] and these observations
the strongest evidence yet of the existence of a hot, dense
state of matter with free color charges.

FIGURE 9. Nuclear modification factor for minimum bias d +
197 Ay collisions at /sNn = 200 GeV(solid triangles) compared
to central Au+Au collisions(solid circles).
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FIGURE 10. Nuclear modification factors from d+'°7 Au collisions for charged hadrons for different pseudo-rapidities.

FIGURE 11. R, for central (full points) and semi-central(open points) d+°7 Au collisions as a function of pseudo-rapidity.

7. High p; suppression in d+'°"Au

We observed in Fig. 9 that Ry for d+'97Au at /sy y=200
is significantly above one reflecting the long established
Cronin effect [26]. Recall that R 4 4 for °7Au + 197 Au shows
suppression at 17 ~ 2.2. We have investigated the rapidity de-
pendence of Rg4 of d + 7 Au [32]. In Fig. 10 we show the
rapidity dependence of Rj4 from mid-rapidity (left panel)
to 7 ~ 3 in the right panel. There is a clear evolution to-
ward increasing suppression with rapidity. It has been pro-
posed that this effect is related to the possible existence of
the Color Glass Condensate (CGC) [33], a description of the
initial ground state of the nuclei prior to collisions where the
number of gluons with low = (mr/\/syny)e”? are de-
pleted due to gluon fusion.

We also investigate the centrality dependence using the
R, factors. Figure 11 shows the rapidity evolution for two
sets of R, central (0-10%) vs. peripheral (60-80%) (closed
points) and semi-central (30-50%) vs. peripheral (60-80%)
(open points). We see the enhancement at mid-rapidity con-
sistent with R;4 in figure 10. This evolves toward suppres-
sion as the pseudorapidity increases to y ~ 3. In addition, the
central R, values show slightly more enhancement at mid-
rapidity while the two R, are roughly equal and near to one
at 17 = 1. From that point the more central I?., exhibits more
suppression as pseudorapidity increases. This suggests that
the suppression mechanism is more efficient at higher cen-
trality.

Such a suppression has been qualitatively predicted by
several authors [34-37] within the Color Glass Condensate
picture and indicates that an initial state effect may become
dominant at forward rapidities. Recently a more quantitative
framework for the CGC has been developed [38] by including
realistic parton wave-functions along with valence quarks. In
reference [38] the authors are able to obtain fairly quantita-
tive agreement with our data, both in the magnitude of Rg4
and in the magnitude and centrality dependence of R.,,.

8. Summary

Measurements from BRAHMS have yielded a plethora of
new results, especially in the forward region. These results
are anchored by measurements of identified particle spectra
over a large rapidity range, 0 < y < 3.2. From this we ob-
tained yields which led to a deduction of stopping and energy
loss. Results from these measurements were used to interpret
particle multiplicities from global detectors. The energy den-
sity was estimated to be € = 5 GeV/fm?3, a value that exceeds
by a factor of 5 QCD predictions for the energy threshold for
quark gluon plasma production. Measurements of p/p ratios
show the creation of the largest ratio of anti-matter to mat-
ter yet observed in heavy ion reactions and indicates a a near
baryon-free region at mid-rapidity. Correlations of K~ /K
to p/p show a seemingly universal relationship. From that
we are able to estimate baryo-chemical potential as well as
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a limit on strangeness content. Thermal model calculations
using a temperature of 170 MeV fit these correlations well.
Studies of high p; suppression in "Au + *7Au at mid-
rapidity established a new final state of dense matter. The
p; suppression pattern in d + '°7 Au is consistent with the ex-
istence of the Color Glass Condensate, a description of the
ground state of nuclei prior to collisions. Both initial and
final state suppression mechanisms may simultaneously be
present in central Au + Au collisions at forward rapidity.

All of these conclusions depend upon the results at for-
ward angles for their interpretation. There are many new
data currently under analysis, notably for 1" Au + 197 Au at

V/snn = 62 GeV, which also benefit from our broad mea-
surement capability. In addition the next RHIC run with
Cu+Cu at \/syy = 200 GeV will add results in an inter-
mediate mass region to the already impressive results.
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