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The capability of the very forward (HF) calorimeter of the CMS detector at LHC to be applied to
speciˇc studies with heavy ion beams is discussied. The simulated responses of the HF calorimeter
to nucleus-nucleus collisions are used for the analysis of different problems: reconstruction of the
total energy �ow in the forward rapidity region, accuracy of determination of the impact parameter
of collision, study of �uctuations of the hadronic-to-electromagnetic energy ratio, fast inelastic event
selection.

P ¸¸³µÉ·¥´  ¢µ§³µ¦´µ¸ÉÓ ¨¸¶µ²Ó§µ¢ ´¨Ö ± ²µ·¨³¥É·  ¶¥·¥¤´¥£µ ´ ¶· ¢²¥´¨Ö (HF) Ê¸É ´µ¢±¨
CMS ¤²Ö ¨¸¸²¥¤µ¢ ´¨° ´  ¶ÊÎ± Ì ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ö¤¥·. �  µ¸´µ¢¥ ³µ¤¥²¨·µ¢ ´¨Ö Ö¤·µ-Ö¤¥·´ÒÌ
¢§ ¨³µ¤¥°¸É¢¨° ¨ ¸¨£´ ²  (®µÉ±²¨± ¯) HF-± ²µ·¨³¥É·  ¡Ò² ¶·µ ´ ²¨§¨·µ¢ ´ ·Ö¤ ¢µ¶·µ¸µ¢: ·¥-
±µ´¸É·Ê±Í¨Ö ¶µÉµ±µ¢ ¶µ²´µ° Ô´¥·£¨¨ ¢ µ¡² ¸É¨ ³ ²ÒÌ Ê£²µ¢, ÉµÎ´µ¸ÉÓ µ¶·¥¤¥²¥´¨Ö ¶·¨Í¥²Ó´µ£µ
¶ · ³¥É·  ¸Éµ²±´µ¢¥´¨° Ö¤¥·, ¨§ÊÎ¥´¨¥ Ë²Ê±ÉÊ Í¨° µÉ´µÏ¥´¨Ö  ¤·µ´´µ° ±µ³¶µ´¥´ÉÒ ¶µ²´µ°
Ô´¥·£¨¨ ± Ô²¥±É·µ³ £´¨É´µ°, ³µ´¨Éµ·¨·µ¢ ´¨¥ ¨´É¥´¸¨¢´µ¸É¨ ´¥Ê¶·Ê£¨Ì ¸µ¡ÒÉ¨°.

INTRODUCTION

The main goal of heavy ion programme at future CERN Large Hadron Collider (LHC) is
the experimental study of the properties of strongly interacting matter at energy densities which
are high enough for a relatively long-lived quark-gluon plasma (QGP) to be formed [1Ä3]. The
ALICE [4] and CMS [5] projects will cover various aspects of heavy ion physics. Since CMS
detector is optimized mainly for the search of the Higgs boson in proton-proton collisions via
accurate measurements of the characteristics of high-energy muons, photons, electrons and
hadronic jets, it can also be used for studying the so-called ®hard probes¯ of the QGP in heavy
ion collisions: heavy quarkonia suppression, jet quenching, high-mass dimuons [6, 7]. The
challenge is to determine the behaviour of ®colour dipole¯ (heavy quarkonium) or ®colour
charge¯ (hard quark or gluon) in dense QCD-matter due to medium-induced reinteractions.
The maximal energy density and corresponding ˇnal state reinteraction intensity are expected
to occur in central rapidity region, which is covered by the barrel (| η |< 1.5) and the end-cap
(1.5 ≤ |η| ≤ 3.0) electromagnetic and hadronic calorimeters, as well as by the tracker and
muon stations for rapidity of detected muon | η |< 2.4.

The CMS calorimetric system is complemented by quartz-ˇber very forward (HF Å
®Hadron Forward¯) calorimeters in the rapidity region 3.0 ≤ |η| ≤ 5.0, which can be inter-
esting for heavy ion studies due to the following reasons:
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1) For studying heavy quarkonium, hard jet and high-mass dimuon production processes
in heavy ion collisions, it is extremely important to perform measurements for the events
of different centrality (from peripheral to central collisions). It is expected that QGP might
be produced in the most central heavy ion collisions at extremely high energy density up to
ε0 ∼ 0.5 TeV/fm3 � εcrit ∼ 1 GeV/fm3 [8]. On the other hand, for studies of diffractive
phenomena, properties of a coherent pomeron and collective nuclear effects [9] it is necessary
to select peripheral events with a large collision impact parameter. Assuming that the collision
impact parameter is measured, the experimentally observed effects can be compared with
theoretical predictions for expected signals of a ®new¯ physics [6]. Since very forward
rapidity region in general is almost free of ˇnal state reinteractions, the (transverse) energy
deposition in HF is determined mainly by initial nuclear geometry of a collision rather than
by ˇnal state dynamical effects. It gives the advantage in determining the impact parameter
of heavy ion collision via (transverse) energy deposition in HF calorimeter [10].

2) Moreover, due to insensitivity of very forward rapidity region to the details of nuclear
collisions dynamics it can be used also for fast selection of inelastic nucleus-nucleus collisions
basing on the strong correlation between energy �ow in positive (η > 0) and negative (η < 0)
calorimeter arms.

3) On the other hand, in some events very forward rapidity region can be a subject of
studying new dynamical effects. In particular, the nonstatistical �uctuations of hadronic-to-
electromagnetic energy ratio in very forward rapidity region observed in an event-by-event
analysis, could be a manifestation of quark matter ˇreball formation in heavy ion collisions
(Centauro-like events) [11Ä13].

4) Finally, very forward rapidity region is the most energetic part of the spectrum as
compared to barrel and end-cap regions. Thus the reconstruction of the total energy �ow
in HF calorimeter is important for testing energy hermetic construction of CMS calorimeter
system.

The outline of the paper is as follows. The results of simulation of energy �ow in very
forward rapidity region obtained with HIJING model and estimation of a heavy ion collision
parameter are discussed in Sect. 1. In Sect. 2 we consider the possibility for fast inelastic
event selection and monitoring, using correlation between energy �ow in positive (η > 0) and
negative (η < 0) very forward rapidity directions. In Sect. 3 we give the short description
of CMS HF calorimeter geometry and installation. In Sect. 4 we analyze the response of
HF calorimeter to total energy �ow in Pb−Pb collisions and in�uence of magnetic ˇeld.
The accuracy of impact parameter determination via (transverse) energy deposition in HF
calorimeter is discussed in Sect. 5. The response of HF calorimeter to the events with strong
�uctuations of hadronic-to-electromagnetic energy deposition ratio is analyzed in Sect. 6.

1. ENERGY FLOW IN VERY FORWARD RAPIDITY REGION AND ESTIMATION
OF A COLLISION IMPACT PARAMETER: HIJING PREDICTIONS

In this section we demonstrate the correlation between the impact parameter b of heavy-
ion collision and total transverse energy �ow ET on the basis of the HIJING model [14] at
the LHC energy scale. We also argue that the measurement of ET produced in the forward
rapidity direction allows one to avoid some possible uncertainties in the b determination, and
estimate the accuracy of b measurement in the event-by-event analysis.
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The multiplicity and transverse energy production in the nucleus-nucleus collisions in
the ultrarelativistic energy domain is considered as a combination of hard processes with
transverse momentum transfer pT ≥ p0 and soft particle production. A transverse energy
�ow produced in hard processes described by perturbative QCD is associated mainly with
minijet production, i.e., jets with pT ≥ 2 GeV [8].

The initial average transverse energy carried by (mini)jets in the rapidity intervals ∆y is
related to the collision impact parameter b by the formula [8]:

〈ET (b,
√

sNN , p0, ∆y)〉 = TAA(b)σjet(
√

sNN , p0)∆y〈E∆y
T 〉, (1)
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T 〉 is the average transverse energy per a (mini)jet in ∆y interval, σjet is the cross

section of (mini)jet production in corresponding nucleon-nucleon collision. The differential
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where p0 is the pQCD cut-off parameter, x1 and x2 are the fractional momenta of the initial
partons i and j, and y1 and y2 are the rapidities of outgoing partons; dσ̂ij→kl/dt̂ expresses
the differential cross section for a parton-parton scattering as a function of the kinematical
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Experimentally known effects of modiˇcation of quark and gluon structure functions by
nuclear medium called parton shadowing [15] has not been included here. To take into account
the shadowing effect we should modify the formula (3) by multiplying parton distributions
by a corresponding correction term:
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here the ratio RA
i,j ≡ fi,j/A(x, p2

T )/fi,j/N (x, p2
T ), where fi,j/N (x, p2

T ) is the parton structure
function for a free nucleon and fi,j/A(x, p2

T ) is the corresponding parton distribution in a
proton inside the nucleus.
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The nuclear density overlap function of two colliding nuclei at a given impact parameter
TAA(b) is calculated in the assumption of the WoodÄSaxon nuclear density distribution ρA(r):

TAA(|b|) =
∫

d2rTA(r)TA(b − r), (5)

where r is a 2-dimensional vector deˇning the interaction point. The nuclear thickness
function

TA(|r|) =
∫

dzρA(
√
|r|2 + z2). (6)

The expression (1) relating ET and b includes a term arisen from (semi)hard processes
with pT ≥ 2 GeV only. For a more correct estimation of the collision impact parameter we
should take into account, in addition, the part of a total transverse energy �ow produced in
soft interactions

〈ET 〉total = 〈ET 〉jet + 〈ET 〉soft,

〈ET 〉soft = TAA(b)σsoft〈E∆y
T 〉soft,

(7)

where 〈E∆y
T 〉soft is the averaged transverse energy per particle produced by soft interactions.

But soft processes cannot be calculated by pQCD applications, and phenomenological models
[16,17] should be used for the estimation of a soft part of the total energy �ow.

As we already discussed in Introduction, main signatures of a possible QGP production
are expected in the midrapidity region. One of the discussed features of such a state of nuclear
matter is energy loss of scattered partons due to medium-induced ˇnal state interactions called
jet quenching (see reviews [18,19] and references therein). Among other effects originated by
jet quenching one may expect a signiˇcant modiˇcation in the distributions of the transverse
energy �ow and charged multiplicity, dET /dη, dEγ

T /dη, and dnch/dη [10].
Indeed, an indication is found for ultrarelativistic energy domain concerning the appearance

of a wide bump in the interval −2 ≤ η ≤ 2 over a pseudorapidity plateau of such distributions
due to jet quenching. Figure 1 demonstrates the evolution of the effect with collision impact
parameter variation (HIJING prediction). Since jet quenching due to ˇnal state reinteractions
is effective only for the midrapidity region (where the initial energy density of minijet plasma
is high enough), very forward rapidity region, 3 ≤ |η| ≤ 5, remains practically unchanged.
Therefore the large η region can be used for the collision impact parameter estimation with
minimal dependence on possible signals of new physics in the central rapidity region.

The total cross section of AA collisions is calculated in the framework of a HIJING hybrid
model of nucleus-nucleus interactions [14], where the cross section of hard processes is deˇned
by the formula (3). The contribution of the soft low-pt part of a produced particle spectrum
has been simulated by using the FRITIOF and DPM models [16,17]. In these models hadrons
are considered as relativistic strings excited at hadron interactions. Calculations show that for
central Pb−Pb collisions at the LHC energy the inclusive cross section of soft interactions
at nucleon-nucleon collisions at corresponding c.m.s. energy is equal to 57 mb, while the
inclusive cross section of hard processes is equal to 54 mb. The parton shadowing effect has
been taken into account with default HIJING sets.
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Fig. 1. Normalized differential distribution of the total transverse energy dET /dη over pseudorapidity
η for 10.000 minimum bias Pb−Pb collisions at

√
s = 5.5A TeV for various impact parameters. The

two cases are included: with jet quenching (the top line) and without jet quenching (the lower line)

Fig. 2. Correlation between the transverse energy �ow ET

in the very forward rapidity 3 ≤ |η| ≤ 5 and collision impact

parameter b. From top to bottom: Pb−Pb, Nb−Nb, Ca−Ca

collisions at
√

s = 5.5A TeV

Note that the average transverse
energy of partons produced in hard
processes 〈ET 〉jet (3−5 GeV for
|η| ≤ 0.5) is larger than the aver-
age transverse energy of soft partons
〈ET 〉soft ∼ 0.4 GeV. This fact re-
duces more strongly the relative con-
tribution of soft processes in the to-
tal transverse energy production. In
the LHC energy domain the hard and
semihard processes contribute over
80 % to the transverse energy in
heavy ion collisions [8]. This allows
one to reduce ambiguities of ET cal-
culations induced by the use of phe-
nomenology models taking into account low-pT processes.

In the framework of the HIJING model we have simulated 10.000 events of minimum
bias Pb−Pb, Nb−Nb, Ca−Ca interactions at c.m.s. energy 5.5 TeV per nucleon pair. The
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dependence of the total transverse energy produced in the pseudorapidity interval 3 ≤ |η| ≤ 5
on the collision impact parameter is presented in Fig. 2. We can see that the plot for ET -b
correlation is diffuse distributions due to �uctuations in nucleus-nucleus collision dynamics:
�uctuations of number of nucleon-nucleon subcollisions at given b and �uctuations of trans-
verse energy �ow at each nucleon-nucleon interaction. Note that the correlation curve for
the total energy �ow is of the some shape. The bulk of the energy produced in the very
forward direction run up to 10−100 TeV. This allows one to measure the total energy with
high accuracy and to reduce experimental errors for the b estimation.

Fig. 3. The Pb−Pb event distributions on the impact parameter at the ˇxed value of energy deposition

in the very forward rapidity region 3 ≤ |η| ≤ 5

The impact parameter distribution functions at ˇxing values of the total energy deposition
has Gaussian-like form (Fig. 3) with width σb dependent on an impact parameter (Fig. 4, a,b).
We can deˇne the absolute accuracy as ±2σb, and for the central collisions (b ≤ 2 fm)
this value lies between 0.2 and 1 fm. For the impact parameter value from 2 up to 12 fm,
the accuracy is constant at the ∼ 1 fm level and strongly deteriorates up to 2.5 fm for the
peripheral collisions (b ≥ 12 fm). It can be explained by diminution of the energy produced
in the explored pseudorapidity region (3 ≤ |η| ≤ 5) with a centrality decreasing. At the same
time we see that the relative error for the peripheral collisions is minimal (Fig. 4, a,b) since
in this case the statistics is hardly increased.
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Fig. 4. An impact parameter dependence of the Gaussian width σb (a) and the relative error δ = 2σb/b

(b) for PbÄPb collisions

We should remark that uncertainties are associated with the use of various parton shadow-
ing models and the sets of structure functions can lead to an ambiguity in ET -b correlation.
In more detail the in�uence of these aspects on the total (transverse) energy �ows is discussed
in Ref. [20].

2. POSSIBILITY FOR FAST INELASTIC EVENT SELECTION AND MONITORING

The fast selection of inelastic nucleus-nucleus collisions is one of the basic problems
of experimentation with colliding heavy ion beams. A measurement of the collision rate is
necessary one to calculate absolute cross section values for particular channels of nuclear
interactions and to compare spectra obtained in various experiment modes. Besides, a direct
identiˇcation of such interactions at a ˇrst level trigger is very important for an event-by-event
analysis to reach samples of most central events. Moreover, an inelastic interaction trigger
allows one to suppress various background processes such as beam collisions with residual
gas nuclei as well as with set-up material.

As was shown in [21], there is a signiˇcant in�uence of beam particle interactions of
electromagnetic nature like electromagnetic dissociation and electron-positron pair production
on the collision rate. For instance, in case of lead-lead collision an electromagnetic interaction
rate will exceed a nuclear one by a factor of ≈ 50. An inelastic interaction trigger makes it
possible to separate a part of the interaction rate related to nuclear collisions only.

It should be noted that luminosity of the Large Hadron Collider in nucleus-nucleus collision
modes will have variation of a few orders of magnitude for various ion species up to 108 s−1

in the Ca−Ca mode. This luminosity range is affordable for operation of the CMS detector
and an inelastic interaction trigger ought to be enough universal to operate up to the highest
rate limit.

One of the critical features of a ˇrst level trigger is insensitivity to details of nuclear
collision dynamics in the central rapidity region. As it was shown above a very forward
pseudorapidity range of 3 < |η| < 5 is not sensitive to the ˇnal state reinteraction effects such
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as medium-induced jet quenching. Thus, detectors in this region provide suitable basis for
inelastic event selection. Below we discuss a simple method of an inelastic nucleus-nucleus
collision triggering.

The simulation shows that there is a strong correlation between the energy detected in
the positive pseudorapidity (HF1) and negative pseudorapidity (HF2) calorimeter arms for
nucleus-nucleus interactions (Fig. 5) [22]. In particular, there is not such a correlation in
nuclear interactions with a residual gas. Thus, such an effect will be suppressed events as
well as detector noise signals.

Fig. 5. The correlation plot between total energy �ow in pseudorapidity regions −5 < η < −3 and

3 < η < 5 for PbÄPb (a), NbÄNb (b), CaÄCa (c), pp collisions (d) at
√

s = 5.5 A TeV

As a basic trigger condition we propose to use a time difference measurement (start-stop)
of timing signals from the two very forward calorimeter arms, HF1 and HF2. The event
is accepted if the values of the total energy per event, EHF1 and EHF2 in each of the two
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calorimeter arms exceeds a predeˇned threshold value Ethr. Thus, the condition of selection
of nucleus-nucleus interactions is deˇned by the requirement:

(EHF1 > Ethr)(EHF2 > Ethr).

Besides a simple coincidence of a longitudinal coordinate of the interaction vertex might
be ˇxed with precision of about few centimeters in the vicinity of a beam intersection point
if the calorimeter provides the time resolution better than 1 ns. The speed of light (30 cm/ns)
gives one 30 cm resolution, for the time resolution is equal to 1 ns.

Fig. 6. The efˇciency of the event selection: a) for minimum bias nucleus-nucleus collisions: 1 Å
PbPb; 2 Å NbNb; 3 Å CaCa; 4 Å OO; 5 Å αα; 6 Å pp; b) for Pb−Pb collisions at various impact

parameter intervals (fm): 1 Å 0...2; 2 Å 4...6; 3 Å 8...10; 4 Å 10...12; 5 Å 12...14; 6 Å 14...16;

7 Å 16...18

To justify such solution we have studied a task of an energy threshold dependence of the
event selection efˇciency, ε, deˇned as

ε = Ntrigger/Nsimulated · 100 %,

where Nsimulated is the total number of simulated events, Ntrigger is the number of events
satisfying the selection condition.

Figure 6, a shows ε behaviour with variation of colliding nucleus mass number. Figure 6, b
shows efˇciency dependence on a collision impact parameter allowing to conclude that with
thresholds of 100 GeV in each of arms a Pb−Pb collision selection would not be damaged
up to b < 15 fm. It might be concluded that event counting stability can be provided at
the same threshold value. We note that proton-proton case gives a somewhat lower counting
efˇciency and introduction of some correction will be necessary in future to obtain unbiased
normalization of dET /dη distributions. We remark also that ε does not depend on the nuclear
number in the range from Ca up to Pb at the threshold up to 500 GeV. An increase of energy
threshold up to 500 GeV leads to an efˇciency decreasing only by a few percent for the
colliding nuclei with A ≥ 40. The efˇciency drops from 80 % down to 30 % for the pp
collisions.

We believe that being based on a Cherenkov detector technique, the CMS HF calorimeter
is able in principle to provide the requested timing measurements, and necessary practical
solutions might be foreseen.
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3. CMS HF CALORIMETER GEOMETRY AND INSTALLATION

The very forward calorimeters in CMS [5, 23] will cover the pseudorapidity range 3 ≤
|η| ≤ 5. They improve the missing transverse energy resolution and enable the identiˇcation
of very forward jets. In all these cases, a moderate calorimeter energy resolution and granu-
larity are needed. A good reconstruction of the energy �ow and jet energies demands a degree
of equalization of hadron and electromagnetic shower signals. The fast signal speed, narrow

Fig. 7. Hadron Forward Calorimeter: the transverse view

lateral proˇle and low sensitivity to neutrons and radioactive decays allow for better separation
of jets from background with respect to other calorimetric techniques. The noncompensating
feature of the quartz ˇber calorimeter, however, puts some limitations on the jet energy
resolution because the fraction of the energy carried by γ photons strongly �uctuates. The
longitudinal segmentation of the calorimeter allows approximate equalization of the signals
from γ photons and charged pions of the same energy.

The segmentation of the HF calorimeter is presented in Fig. 7. It contains 26 × 36 = 936
towers with δη × ϕ = 0.175 × 0.175 granulation. Figure 8 shows the dependence of the
reconstructed energy in the ring as a function of η for the γ photons at ˇxed transverse
momentum pt = 0.3 GeV/c (the mean pt of photons in the minimum bias event) and for
negative pions at pt = 3 GeV/c (the mean pt of pions in the jet). Note that there exist the
degradation of the reconstructed energy at η = 4.8, the reason for which being the screening
of this ring from produced particles by the LHC beam pipe in the front of HF calorimeter
(see Fig. 9).
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Fig. 8. The reconstructed energy deposition in the ring as the function of η for γ photons with pt = 0.3

GeV/c (a) and π− with pt = 3.0 GeV/c (b)

Fig. 9. Beam pipe in the front of HF calorimeter

4. HF CALORIMETER RESPONSE TO ENERGY FLOW

In this section we consider the response of HF CMS calorimetric system to energy �ow
in heavy ion collisions in more detail.
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As in previous sections the HIJING model [14] has been used to generate central Pb−Pb
collisions at

√
s = 5.5 A TeV and Ar−Ar collisions at

√
s = 6.3 A TeV. Note that due to

insensitivity of very forward rapidity region to ˇnal state reinteractions, the corresponding
values of mean energy 〈e〉 ≈ 9.5 GeV and mean transverse momentum 〈pt〉 ≈ 0.35 GeV of
particles are close for Pb−Pb and Ar−Ar collisions of different centrality classes.

HF responses have been obtained by the GEANT-based program package CMSIM 120
(CMS Simulation Package, version 120). One can compare HIJING total energy deposition
in the regions of pseudorapidity of the towers of the HF calorimeter and the total responses
of the corresponding towers (Fig. 10). We see that the difference between those values is
small in the region of pseudorapidity near the centre of HF calorimeters (|η| ∼ 4), but
sufˇciently large in the beginning and the end of the HF (Fig. 11). For heavy ion collisions
HF underestimates about 15 % of the realized energy in the HF pseudorapidity region. The
main cause of this effect (the existence of the LHC beam pipe, which screens some region of
pseudorapidity) has been demonstrated in the previous section. We can see also from Fig. 10
that the in�uence of CMS magnetic ˇeld B = 4 T on total energy �ow is not signiˇcant for
the very forward rapidity region. Let us remark that the in�uence of the CMS magnetic ˇeld
is much stronger in the barrel and end-cap parts of CMS calorimetric system, and it results
in the visible degradation of transverse energy �ow in the CMS central rapidity regions.

Fig. 10. HIJING total energy E(hijing) in central Pb−Pb collisions (solid histogram) and HF calorimeter
response E(l + s) (the sum of energies in towers with long and short ˇbers) for the cases with (dashed

histogram) and without (dash-dotted histogram) CMS magnetic ˇeld B = 4 T

Fig. 11. Total HF response / HIJING energy deposition ratio for the central Pb−Pb (solid histogram)

and Ar−Ar (dashed histogram) collisions, K = E(l + s)/E(hijing)

Thus we propose to introduce additional special correction coefˇcients 1/K(η) for ad-
equate reconstruction of the total energy �ow in the region of pseudorapidity of the HF
calorimeter. We have found that these correction coefˇcients do not show some substantial
dependence on centrality (impact parameter) of a collision and are similar for different nuclei
(see Fig. 11).
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5. IMPACT PARAMETER DETERMINATION WITH HF CALORIMETER

As we have found in Section 2, the very forward pseudorapidity region 3 ≤ |η| ≤ 5 is
almost not sensitive to the ˇnal state reinteractions and could potentially provide an adequate
measurement of impact parameter via (transverse) energy �ow. Since the performance of
full GEANT-based simulation of CMS calorimetric system responses on signiˇcant number
(∼ 103−104) of Pb−Pb events is still not really resolving task due to enormously huge
amount of required CPU time and memory, we study the possibility of using HF calorimeter
for determination of impact parameter on the example of Ar−Ar collisions. In previous
section it was shown that the HF energy �ow response pattern is similar for Pb−Pb and
Ar−Ar and the same correction procedure should be applied. Thus we can expect the result
obtained for Ar−Ar collisions should be at least qualitatively valid also for Pb−Pb case.

We generated 750 Ar−Ar collisions with different impact parameters. In order to reduce
our statistical errors for the most central events we add 250 events with impact parameter
b < 4 fm to 500 minimum bias events.

Fig. 12. Correlation between the total (a) and transverse (b) energy deposition in HF and impact para-

meter of 500 minimum bias Ar−Ar collisions: HIJING predictions (stars) and reconstructed responses

(open circles)

Thus the main result of this section is that the ˇnite energy resolution of HF calorimeter
does not result in some substantial degradation of accuracy of impact parameter determination
in heavy ion collisions.

Figure 12 demonstrates the correlation between the total and transverse energy deposition
in HF and impact parameter of 500 minimum bias Ar−Ar collisions. Figure 13 shows the
impact parameter dependence of the relative dispersion (normalized Gaussian width) σE/〈E〉
of HF total and transverse energy distribution at ˇxed b. The value σE/〈E〉 increases with the
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Fig. 13. An impact parameter dependence of the normalized Gaussian width σE/〈E〉 of HF total (a) and

transverse (b) energy distribution at ˇxed b for 750 Ar−Ar collisions: HIJING predictions (triangles)
and reconstructed responses (open circles)

Fig. 14. An impact parameter dependence of the Gaussian width σb of b distribution at the ˇxed value

of total (a) and transverse (b) energy deposition in HF for 750 Ar−Ar collisions: HIJING predictions
(triangles) and reconstructed responses (open circles)
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rise of impact parameter. The values are the same for the realized energy and HF responses
within our statistical errors. The behaviour of accuracy of impact parameter determination
2σb (where σb is the Gaussian width of impact parameter distribution at the ˇxed value
energy deposition in HF) is close to the result obtained in Section 2 for Pb−Pb collisions: it
is approximately constant (within statistical errors) at the ∼ 1−1.5 fm level for central and
semicentral collisions (Fig. 14) and increases for peripheral collisions up to σb ∼ 2 fm for
b > 2RA ≈ 8 fm. Note that the result is almost the same determining the impact parameter
via total energy �ow and transverse energy �ow for reconstructed responses, as well as for
realized HIJING energy.

6. HF CALORIMETER RESPONSE ON FLUCTUATIONS
OF HADRONIC-TO-ELECTROMAGNETIC ENERGY RATIO

The structure of HF calorimeter allows one to separate the signal from hadronic
(π±, K±, p, n) and electromagnetic (e±, π0(→ 2γ), γ) component of an event, the latter being
determined as a difference between the total energy deposition and the hadronic fraction of it.
The one of the challenging tasks at LHC may be searching for exotic events with nonstatistical
enhancement of the hadronic-to-electromagnetic energy deposition ratio in an event-by-event
analysis, which could be a manifestation of new dynamical effects in the very forward rapidity
region, in particular, the quark matter ˇreball formation (Centauro-like events) [12,13].

The Monte-Carlo code CNGEN v.1.13 (Centauro Event Generator) has been used to
simulate the events with strong �uctuations of hadronic-to-electromagnetic production com-
ponents [11, 12]. In the framework of this model, the Centauro-ˇreball is produced near the

Fig. 15. The ®short ˇber¯-to-®long

ˇber¯ energy deposition ratio R in HF

towers for Centauro (solid histogram)
and HIJING (dashed histogram) cen-

tral Pb−Pb events

projectile fragmentation region due to the transformation
of kinetic energy of nucleons in a projectile nucleus into
heating and formation of a hot quark matter with high
baryochemical potential. This results in suppression of
density of light antiquarks ū and d̄ due to Pauli block-
ing. On the other hand, enhancement of strange hadron
production is achieved by intensive gluon-gluon fusions,
gg → ss̄. Then the ˇreball becomes a strange quark
matter with relatively long lifetime (τ ∼ 10−13 s). Fi-
nally, it decays into baryons and light meta-stable strange
matter objects with A > 6 (the so-called ®strangelets¯).
More than 99 % energy of such events goes to hadronic
component. The maximum deposition of Centauro en-
ergy is predicted to be achieved in the forward rapidity
region 4.5 ≤ |η| ≤ 5.5, partially covered by the CMS HF
calorimeter [13].

Figure 15 shows the ratio of responses in short and
long ˇbers of HF calorimeter for ®normal¯ HIJING
Pb−Pb events and for Centauro events. Let us mark
that the visible enhancement of this ratio at |η| ∼ 4.8
region for HIJING case is due to stronger in�uence of
beam pipe screening on soft γ photons of HIJING as compared to the (semi)hard hadrons of
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CNGEN (see Fig. 8). The difference of the ratios for two cases by the factor of ∼ 1.5−2
allows us to believe that the HF calorimeter can be applied for searching exotic events with
nonstatistical �uctuations of hadronic-to-electromagnetic energy ratio in an event-by-event
analysis.

CONCLUSIONS

To summarize, we have considered the capability of the very forward (HF) calorimeter of
CMS detector at LHC to be applied to speciˇc studies with heavy ion beams.

On the basis of the transverse energy calculation performed in the framework of QCD-
inspired model we have demonstrated that the transverse energy ET directly relates with a
collision impact parameter b. We have found that the very forward pseudorapidity region
3 ≤ |η| ≤ 5 is almost insensitive to the ˇnal state reinteractions and can provide an adequate
measurement of impact parameter via (transverse) energy �ow.

Moreover, due to sensitivity of very forward rapidity region to the collision nuclear
geometry only, this region can also be used for fast selection of inelastic nucleus-nucleus
collisions basing on the strong correlation between the energy �ow in positive (η > 0) and
negative (η < 0) calorimeter arms.

We have found that the total energy �ow in very forward rapidity region can be re-
constructed by HF calorimeter when the correction coefˇcients procedure is applied. The
in�uence of CMS magnetic ˇeld on the energy reconstruction efˇciency is not expected to be
signiˇcant for HF domain. The ˇnite energy resolution of HF calorimeter is shown to result
in no substantial degradation of accuracy of impact parameter determination, which is of the
order of 1−1.5 fm for Ar−Ar and Pb−Pb collisions up to b ∼ 2RA and gets worse by the
factor of ∼ 2 for very peripheral (b > 2RA) events.

We also suggest to apply the very forward CMS calorimeter to the search for exotic events
with nonstatistical �uctuations of hadronic-to-electromagnetic energy ratio, which could be a
signal of new dynamical effects like quark matter ˇreball formation.

Finally, the Monte Carlo study shows that the very forward CMS HF calorimeter is
well suited for the investigation of the number of various aspects of heavy ion collisions:
impact parameter determination, �uctuations of hadronic-to-electromagnetic energy ratio, fast
inelastic event selection.
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