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Abstract

We propose the construction of a new detector to extend the ca-
pabilities of ALICE in the high transverse momentum (pT ) region.
The proposed VHMPID detector performs charged hadron identifica-
tion on a track-by-track basis in the 5 GeV/c < p < 25 GeV/c mo-
mentum range and provides ALICE with new opportunities to study
parton-medium interactions at LHC energies. The VHMPID covers
about 12% of the ALICE central barrel and presents sufficient accep-
tance for triggered- and tagged-jet studies, allowing for the first time
identified charged hadron measurements in jets. This Letter of Intent
summarizes the physics motivations for such a detector, its layout and
integration into ALICE and the trigger opportunities that it presents.
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1 Physics Motivation

The purpose of the ALICE experiment is to identify and study the quark-
gluon plasma (QGP) in heavy ion collisions at LHC energies [1]. The ALICE
detectors were designed in the mid-1990’s with the aim to discover the prop-
erties of QCD matter at high temperatures in the soft regime. However,
after the start of operation of RHIC at BNL in 2000, results from high en-
ergy nucleus-nucleus collisions have shown the importance of high momentum
particles as hard probes and the need for particle identification in a very large
momentum range. The ALICE detector has a unique capability to identify a
wide variety of particles, however its momentum coverage should be extended
to meet new physics challenges at LHC.

To significantly enhance ALICE’s particle identification capabilities in the
regime of particle-by-particle measurements, we propose to construct a new
detector for ALICE, the Very High Momentum Particle Identification
Detector (VHMPID).

The VHMPID aims to identify charged pions, kaons, protons and antipro-
tons in the momentum range 5 GeV/c < p < 25 GeV/c on a track-by-track
basis. The detector is a state-of-the-art Ring Imaging CHerenkov detector
(RICH), designed to meet the constraints of available space and structure
inside ALICE, without compromising the prospect for new physics. The
VHMPID covers 11.2% of the acceptance of the TPC and will be located on
both sides of the PHOS detector and opposite in azimuth to the HMPID2.

The primary purpose of the VHMPID is to investigate the hadro-chemistry
of the fragmentation process in vacuum and in medium. This gives us a
unique view of the hadronization process itself, which is non-perturbative
and thus often treated simply through a factorization approach in the per-
turbative calculations. The underlying physics and the relevant degrees of
freedom, in particular in the deconfined medium, are not known and gen-
erally approximated schematically on the basis of lattice QCD calculations.
Only specific experimental evidence of the modification of the hadronization
process in medium will enable us to constrain the schematic models and
gain a deeper understanding of the fundamental process of hadron formation
during the evolution of the deconfined matter. Since the low momentum
region of the hadron spectrum is populated by many competing processes,
such as thermal production and recombination in addition to fragmentation,
only the high momentum part of the spectrum can be interpreted unambigu-
ously. Historically this region is considered featureless with respect to specific

2This acceptance for single inclusive measurements on the relevant basis of comparison,
is the TPC acceptance between η = ±0.9. While for jet measurements η = ±0.5 to be
fully able to contain a jet.
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quark configurations, since the fragmentation process and its modification in
medium should not be flavor or configuration dependent, at least in the light
quark sector. Recent results from RHIC though [2, 3], hint at a much more
complex problem by revealing distinct features in the nuclear suppression
factors for light quark hadrons at high pT . In addition, early measurements
from ALICE in the strange sector also reveal baryon-meson differences in the
range between 5 and 10 GeV/c. It seems that the measurement of the high
momentum hadro-chemistry in jets might enable us to understand baryon-
meson formation and flavor specific effects. This has also led to a series
of theoretical predictions for high-pT particle formation in vacuum and in
medium [4, 5, 6, 7]. In order to measure hadron formation in jets we need
a detector that can identify hadrons on a track-by-track and event-by-event
basis out to 20− 30 GeV/c. A RICH based Cherenkov detector presently is
the only technology capable of such measurements. These measurements will
be unique to ALICE, since no other LHC experiment has such specific PID
capabilities or is planning to employ a similar device in the future. Since
particle identified fragmentation in the vacuum has not been addressed by
high energy physics for several decades, there is also a significant relevance
to these measurements in proton-proton collisions. Leading order and NLO
calculations based on the factorization of the fragmentation process lack the
specifics to successfully predict in particular baryon or hadronic resonance
formation. Only the input of high momentum identified spectra will improve
the theoretical understanding of hadronization to states other than the pion.

The VHMPID, in conjunction with the central barrel tracking, has the
ability to focus on the following physics measurement topics in both proton-
proton and heavy ion collisions, which are not possible in the present ALICE
setup or any other LHC experiment:

• Measurement of jets and identified jet fragmentation functions
on a track-by-track basis for charged hadrons (pions, kaons
and protons) in the transverse momentum range 5 GeV/c
< pT < 25 GeV/c to study parton energy loss and medium
modification of the hadronization.

• Measurements of jet structure, intra-jet momentum and flavor
correlations, PID-tagged hadron-jet correlations to perform
improved PID-tagged jet tomography with enhanced preci-
sion.

• Measurement of special jet features (eg. baryonic number bal-
ance) and possible enhancements of specific particle configu-
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rations compared to proton yields (modification of hadroniza-
tion).

In the present ALICE configuration the investigation of the high-pT region
is possible by the current sub-detectors in a limited way. The HMPID pro-
vides particle identification up to pT ∼ 3 GeV/c and ∼ 5 GeV/c for kaons
and protons, respectively [1]. The TPC provides identification of charged
hadrons, in particular pions, at larger momenta on a statistical basis by us-
ing the energy loss measurements in the relativistic rise region. However,
results from RHIC have proven that high-pT identified particles and high-pT
hadron-tagged jets carry more detailed information about the energy loss
mechanism and correlations than the statistical measurement alone. The
proposed VHMPID detector will extend the track-by-track PID capability of
ALICE in the high-pT region.

Since proton-proton collisions are another primary goal of the LHC, and
are presently performed at various center of mass energies, the ALICE col-
laboration has proposed a wide spectrum of measurements of minimum bias
and jet-triggered studies for proton-proton collisions. In such an elemen-
tary system the VHMPID measurements at high pT have a significantly
larger signal-to-noise ratio and thus lead to very stringent baseline mea-
surements of the hadron yield for later comparison to the nucleus-nucleus
data. The recent RHIC pp analyses, based on measurements of identified
particles, address two main topics: the aforementioned hadro-chemistry and
PID-triggered jet analysis [8, 9, 10]. The first set of measurements mainly
measures the flavor balance in PID-triggered minimum bias spectra thus
testing hadronization/fragmentation models. The latter focuses on the geo-
metrical distribution (e.g. angular distribution) of flavors in event-by-event
analysis.

In heavy ion collisions hadrons emitted from the QGP are predominantly
in the transverse momentum region pT < 2 GeV/c, initial studies focused
on the lower momentum region to ascertain bulk properties of the medium.
These studies have established a rapid buildup of strong collective flow early
in the collision and the consistency of the yields of identified hadrons with
results of a thermal model [4] with a temperature T ≈ 165 MeV, similarly to
predictions of lattice QCD calculations at the time of QGP hadronization [11,
12]. The measurement of a strong hadron suppression up to 20 GeV/c at
RHIC, and up to 50 GeV/c at the LHC, has highlighted the importance
of the high-pT regime. This regime might have unexpected particle species
dependent features, though. Certain theories, based on recombination for
example, have postulated strong particle dependent effects, in particular in
the light flavor baryon sector (enhanced formation) out to 20 GeV/c [6],
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whereas theories based on enhanced gluon splitting or early formation time [4,
5] predict effects also in the meson sector. Thus PID out to high pT will
unambiguously test certain recombination and fragmentation predictions.

An interesting extension of this program is the reconstruction of leading
hadronic resonances. Resonances are likely the relevant degree of freedom
near the critical temperature, Tc, to disentangle the effect of chiral symmetry
restoration above Tc. Hadronic resonance gas models have shown that they
agree with lattice QCD data even above Tc all the way out to 1.5 Tc. The sur-
vival probability and medium modification of resonant states above Tc can
be tested in particular with high-momentum resonances which have been
formed early in the fragmentation process. This unique probe is only acces-
sible through reconstruction of the particle identified decay topology of the
strongly decaying resonant state, which is uniquely linked to the VHMPID for
resonances where both decay daughters can be identified and reconstructed
in the detector.

Regarding jet-triggered measurements, the analysis of back-to-back jets in
heavy ion collisions via di-hadron correlations have shown the role of the non-
Abelian jet energy loss [13] on the away side jet [14]. These findings enhanced
the interest in jet physics and jet-matter interaction in heavy ion collisions.
Recent high-pT ”jet-tomography” methods like 2 + 1- and 3-particle correla-
tion techniques allow to investigate triggered di-jet production and the inter-
action with the medium (the parton energy loss) [15, 16]. Similar measure-
ments and observations are expected in ALICE as well, however fragmenta-
tion properties cannot be extracted from correlation measurements. Instead,
characterization of the underlying event (UE) and full jet reconstruction will
provide access to the hard process and the fragmentation [17, 18, 19, 20].

Particle identification would be essential to pursue intra- and inter-jet
correlations to determine details of the fragmentation (hadronization) pro-
cess in the medium [21, 22, 23, 24] and differentiate it using the anomalous
baryon/meson ratio observed in the intermediate transverse momentum re-
gion at RHIC energies. The same anomalous ratio appeared in the so called
’ridge’ of heavy ion collisions. These phenomena constitute a challenge for
theoretical calculations [6, 25, 27, 28]. Recent extensions of hydrodynamics,
taking into account higher harmonics in the initial state density fluctuations,
seem to explain many of the observed correlation structures. Their expected
factorization puts significant constraints on medium properties, such as vis-
cosity and transport coefficients, but it also predicts specific particle iden-
tification dependent effects in the high-momentum sector, which are experi-
mentally verifiable if the measurement can be achieved. It is expected that
these observed particle ’anomalies’ will extend higher in pT at the LHC en-
ergy due to a combination of the higher multiplicities and multiple mini-jet
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production. The relative particle production from a hadron mass depen-
dent hydrodynamic regime to a flavor dependent recombination regime to a
potentially flavor and quark mass dependent fragmentation regime can be
systematically mapped out by employing particle identification out to the
highest transverse momentum.

The construction of the VHMPID detector is based on earlier experience
with the ALICE HMPID detector, thus the technology is in-hand. Data
collection and DAQ integration can be performed on the basis of solutions
adopted for HMPID. A summary of present HMPID experience in terms
of detector performance and PID achievements can be found in [29] and in
Section 5.2. The space available on both sides of the PHOS appears to be
sufficient for five VHMPID modules, which will provide sufficient acceptance
to reach the physics goals mentioned above.

In the following we summarize a possible layout of the VHMPID detector
and its integration into ALICE. We also review possible trigger methods to
improve the detection of rare events at high-pT .

We think that both the physics motivation and our experience with the
HMPID provide an appropriate basis for construction of the VHMPID de-
tector and its installation into ALICE.
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2 The VHMPID detector layout

The PID momentum range of interest 5−25 GeV/c, presented in the physics
motivations, has driven the choice towards a focusing Ring Imaging Cherenkov
(RICH) detector with pressurized C4F10 (or C4F8O) gaseous radiator. Fig. 1
shows a schematic view of the detector layout. The Cherenkov photons emit-
ted in the radiator are focused by a spherical mirror (of radius of curvature
R) on the photodetector plane, located at R/2 from the mirror center. The
refractive index of the gas can be modified by changing the pressure. In-
creasing the pressure from 1 atm to 3 atm the PID range will have optimal
coverage for both recombination and fragmentation physics. This will re-
quire a special radiator vessel to be constructed and the usage of sapphire
windows instead of quartz windows (see more in Section 2.1). Furthermore,
the operation at pressures larger than 2 atm will require heating at 35 oC of
the radiator gas to prevent condensation.

Figure 1: Principle scheme of the VHMPID with focusing RICH.

The reduced available space inside the ALICE solenoid limits the radiator
length and geometrical acceptance. This last parameter, combined with the
expected low charged particle yield at high momentum, makes necessary the
implementation of a high-pT trigger to maximize the event rate. As discussed
later in Sect. 5, two tracking layers, upstream and downstream the RICH
detector, will provide L0 trigger and additional points to improve the track
extrapolation from the TPC up to the VHMPID volume (at about 5 m from
the interaction point). Furthermore, a L1 trigger option, alternative to the
TRD high-pT trigger, would consist in a new dedicated system with up to
eight tracking layers, occupying in total 30 cm in height, to be integrated in
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the same space available for the full VHMPID detector. The integration of
a dedicated L1 trigger system would imply a maximum Cherenkov radiator
length of 80 cm.

The expected large total photosensitive area, from 6 m2 to 7 m2 depending
on the mirrors layout, and the operation inside the magnetic field of 0.5 T
of the ALICE solenoid suggested to exploit the experience gained with CsI-
based gaseous photon detectors within the ALICE HMPID RICH project [33,
34], more than exploring other solutions like vacuum or solid state devices
which are significantly less cost-effective or not suitable for this application.

Fig. 2 shows the cross-section of the central module with the organization
of the different subsystems. More details about the module arrangement and
integration can be found in Sect. 3. According to the present layout, each
super-module will be equipped with an array or mirrors of about 50 × 60
cm2, each focusing Cherenkov photons on a corresponding photon detector
of 20× 30 cm2 area.

Figure 2: Longitudinal (left) and transversal (right) cross sections of the pro-
posed VHMPID central module, showing the dimensions of main elements
and the sharing among them the 1.3 m available height, for the baseline ra-
diator length of 80 cm.

In the following sections we review the main elements of the detector:
the Cherenkov radiator, the photon detector and the front-end and readout
electronics.

2.1 Gaseous radiator and mirror system

The radiator refractive index n is the most important parameter since it
establishes the threshold for Cherenkov emission pth, the angle θc and the
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amount of produced photons Nph via the well known relations:

cos θc =
1

nβ
; pth =

m√
n2 − 1

; Nph = 370 · L · Z2 sin2 θc,

where m and Z are the particle mass and charge, respectively. Perfluorocar-
bon gases CnF2n+2 are characterized by refractive indices suitable for particle
identification above 5 GeV/c. In particular C4F10 (〈n〉 ≈ 1.0015 at 175 nm,
γth ≈ 18.9) [30] and C4F8O [31, 32] are the only possible candidates for
the momentum range defined by the physics motivations. From the limited
data available on C4F8O in literature, a refractive index slightly smaller than
C4F10 has been deduced. However, given its larger availability on the market
and lower cost it can be considered as a valid alternative to C4F10. Further-
more, recent test beam studies have demonstrated good performance with
this gas as discussed in Section 16. A pressurized radiator vessel, presently
under study as baseline option, will allow achieving a ”tunable” refractive
index and a PID in a large momentum range from 5 up to 40 GeV/c. Usage
of sapphire window (instead of quartz) as interface to the photon detector
and special reinforcement structure for the vessel will be needed. As already
mentioned, this will have a clear impact on the layout (mirror and photo-
detector segmentation). In addition, the operation at pressures larger than
2 atm (up to 3.5 atm) will require heating of the radiator gas at 35-40 oC
to prevent condensation (see Appendix B). Preliminary engineering stud-
ies have confirmed the feasibility of a pressurized RICH vessel and different
solutions are available to implement an heating system.

Table 1 shows the C4F10 refractive index at 175 nm and Cherenkov
emission thresholds for different pressure values.

Radiator Refr. ind. π thresh. K thresh. p thresh.

pressure [atm] at 175 nm [GeV/c] [GeV/c] [GeV/c]

1.0 1.00153 2.5 9 17
1.3 1.00199 2.2 7.9 15
1.5 1.002295 2.1 7.3 13.5
2.0 1.00306 1.8 6.4 12
2.3 1.00352 1.7 5.9 11.2
2.5 1.00383 1.6 5.6 10.7
3.0 1.0046 1.5 5.1 9.8
3.5 1.00535 1.3 4.8 9.1

Table 1: Variation with C4F10 gas radiator pressure of refractive index, mo-
mentum thresholds for Cherenkov emission.
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Fig. 3 shows the refractive index of C4F10 at atmospheric pressure and at
3 atm as a function of the photon energy. The theoretical Cherenkov angles
(at atmospheric pressure and at 3 atm) as a function of the momentum, for
pions, kaons and protons, are reported in Fig. 4.

Figure 3: Refractive index of C4F10 as a function of photon energy at 1 and
3 atm.

Figure 4: Cherenkov angle as a function of momentum for π, K, and p in
C4F10 at 1 and 3 atm.

The radiator length is limited by the maximum detector height com-
patible with the space available inside the ALICE experiment. All results
of performance simulations, presented in the following sections, refer to a
length of 80 cm which would allow the integration of a dedicated L1 trigger.
A larger length, up to 100 or 110 cm, would clearly be beneficial for the
PID capabilities, in particular close the the momentum lower limit and for
a radiator operation at atmospheric pressure. However, at pressures in the
range from 2 to 3.5 atm the radiator length could be reduced up to 50 cm
still keeping optimal Cherenkov photon yield (Fig. 5); studies are ongoing
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to assess the achievable PID performance with such a thinner radiator (see
Appendix B).

Concerning the mirror construction, two options are considered: a clas-
sical glass substrate and a lightweight carbon-fiber substrate, a material
which minimizes the material for traversing particles and is fluorocarbon-
compatible, thus not degraded by C4F10 [35]. In both cases, high reflectivity
up to VUV (Vacuum Ultra Violet) is achieved by Al/MgF2 coating [36]. A
mirror alignment system will be designed and integrated in the radiator ves-
sel. The mirror segmentation and orientation for a radiator length of 80 cm
and a radiator gas at atmospheric pressure have been studied with the aim
to minimize the photosensitive area while keeping identification efficiency for
close tracks [37]. R&D on radiator gas pressure is in progress; the final vessel
layout and inner structure as well as the final mirror segmentation will be
dictated by the optimal working pressure.

Figure 5: Photon yield (eV−1cm−1) as a function of momentum for π,K and
p C4F10 at 1 and 3 atm.

2.2 The photon detector

The baseline solution for the photon detector is a Multi-Wire Proportional
Chamber (MWPC) equipped with a CsI photocathode consisting of pad-
segmented cathode coated with a 300 nm thick CsI layer. The chamber has
the same structure and characteristics as in the HMPID [43]. It is separated
from the gaseous radiator volume by a 4 mm thick SiO2 window. In case of a
pressurized radiator, a sapphire window will be used, with thickness ranging
from 3 to 7 mm depending on the window size and the operating pressure.
The gas used is CH4, the pad size is 0.8× 0.84 cm2, the wire pitch is 4.2 mm
and the anode-cathode gap is 2 mm. This pad segmentation was optimized
for the HMPID detector where the Cherenkov ring radius at saturation is 12

16



cm; therefore, we are currently testing a CsI photocathode with smaller pads
(0.8× 0.84 cm2) which will provide better spatial resolution and reduce the
probability of photons overlap related to the smaller ring radius of 6 cm
produced by C4F10 gaseous radiator.

The available space in the ALICE solenoid results in constraints on radi-
ator length hence on the Cherenkov angle resolution, which depends on the
number of detected photons. To overcome such limitations, a layout with
CaF2 window – to increase the number of Cherenkov photons thanks to the
lower UV cut-off (See later on Fig. 8), and with smaller pads (to improve the
spatial resolution) is under study.

As alternative option, a photon detector based on triple Thick-GEM
with reflective CsI photo-converter (Appendix A) as well as a hybrid design
(TGEM + wire chamber = TCPD) are under evaluation.

2.3 Front-end and readout electronics

The Front-End Electronics (FEE) is based on the Gassiplex chip [44, 33],
achieving 1000e− noise on detector; the single electron average pulse height
at 2050 V is 35 ADC channels corresponding to about 40000e−.

The existing Gassiplex FEE chip is capable of reading out an interaction
rate up to 200 kHz. This rate is limited by the settling time of the chip, which
requires 5 µs to achieve a baseline recovery to below 1%. The shaping time
of the chip is 1.1 µs, so theoretically the readout rate could be improved
further by modification of gain and redesign of filtering stage. In either
cases the FEE of the VHMPID is capable of handling the envisioned 50 kHz
PbPb interaction rate. The digital readout chain, presently in use in the
HMPID, is based on DILOGIC and we plan to optimize the performance
and readout rate in this section by designing a new FPGA based alternative.
A further minimization of the digitization time in the DILOGIC circuitry in
order to handle the even higher proton-proton rates is under investigation.
In summary, at this point the proposed VHMPID electronics chain can be
certified to a maximum interaction rate of 200 kHz.

3 The VHMPID integration in ALICE

The limited space available inside the ALICE solenoid has a relevant impact
on the detector design and integration. A super-module layout with large
radiator vessels, installed in the space-frame sectors 11 and 12, has been
adopted in order to exploit all the available space and maximize the accep-
tance (Figs. 6, 7 and 2). With four side modules of 2.4 × 1.7 m2 and one
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central of 2.6×1.7 m2, a total acceptance of about 12% of the ALICE central
barrel can be achieved in the pseudorapidity range η = ±0.5, corresponding
to jets fully contained inside the ALICE TPC.

Figure 6: The proposed VHMPID layout, with five super-modules next to the
PHOS detector and the D-CAL electromagnetic calorimeter extension.

The handling and installation of any new detector in ALICE is a delicate
operation. This is due to the difficult access to crowded areas such as the
front part of the solenoid and the volume inside it. The presence of the mini-
space-frame limits the use of the crane and consequently the weight of the
objects to be integrated. The need of having light elements is a fundamental
parameter in the design of both the detector and the support structures
since the largest part of the installation work has to be made ”by hand”.
The only tools that can be used inside the solenoid to help the installation
are temporary supports and rails and relatively small pulleys. The design
of the new DCAL and PHOS cradle has already taken into account the
integration of VHMPID modules in the space-frame sectors 11 and 12. The
support structure of the VHMPID could be realized by an extension of the
new DCAL and PHOS cradle with bolted modular aluminium elements.

The installation of new services (cables, pipes, etc.) inside the solenoid
will also require a very accurate study, given the limited amount of free slots
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Figure 7: Front-view from the A-side of the proposed VHMPID layout.

available in the cable-trays between the doors and the magnet itself. Nev-
ertheless, due to the limited number of VHMPID modules to be installed,
the integration of services can be achieved without many difficulties. Table 2
shows a preliminary estimation of services which will be needed for the inte-
gration in ALICE. Two options are considered for the radiator gas operating
pressure, corresponding to two different photo-detector segmentations.

RICH RICH L0 + tracking L1
at 2 atm at 3 atm layers layers

Photo-detectors:
20 pcs. 75 pcs. 38 modules 38 modules

60 × 40 cm2 30 × 30 cm2 1 m2 1 m2

150 × 48 pads 72 × 32 pads ∼ 5000 ∼ 7500

of 0.4 × 0.84 cm2 of 0.4 × 0.84 cm2 channel/ea. channel/ea.
No. of channels: 144,000 172,800 200,000 300,000
Power: 4.5 kW 5.4 kW 1 kW 1.5 kW
Radiator
-gas pipes in: 5 × 16/18 5 × 16/18 38 × 6/8 38 × 8/10
-gas pipes out: 5 × 20/22 5 × 20/22 38 × 8/10 38 × 10/12
Chamber
-gas in: 20 × 6/8 75 × 4/6 38 × 6/8 38 × 8/10
-gas out: 20 × 8/10 75 × 6/8 38 × 8/10 38 × 10/12
Cooling pipes: Water cool. Water cool. Air vent. Air vent.
in+out [m] 10 × 20/22 10 × 20/22
Cables: 40 m HV 150 m HV 80 m HV 80 m HV

40 m LV 150 m LV 80 m LV 80 m LV
50 m pressure 200 m pressure 80 m pressure 80 m pressure
50 m temperature 200 m temperature 50 m temperature 50 m temperature
50 m signals/control 200 m signals/control 50 m signals/control 50 m signals/control

Data volume: 10 kB/evt 15 kB/evt 100 kB/evt 200 kB/evt
Readout time: 100 µs 100 µs
No. of DDLs: 10 15 38 38

Table 2: Summary of main services needs and specifications for the integra-
tion in ALICE.
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4 Detector performance simulation studies

The different contributions to the Cherenkov angle resolution (radiator chro-
maticity, photon emission point uncertainty, photon detector spatial resolu-
tion and tracking error) have been estimated via theoretical calculation and
are shown in Table 3. The resulting single photon angular resolution is 2.6
mrad.

Cherenkov angle error σθ (mrad)

chromatic 1.26
emission 0.5
pixel 1.6
tracking 1.6
total 2.6

Table 3: Theoretical values of different contributions to the Cherenkov angle
resolution.

The performance and PID capabilities have been studied by means of
Monte-Carlo simulations in AliROOT [39, 40] and with beam tests for a
radiator at atmospheric pressure. Fig. 8 shows the optical properties of all
media and the CsI quantum efficiency used in the simulation. Fig. 9 presents
single pion events for normal incidence and for 15o, respectively, in absence of
background. In Fig. 10 the average charged particle production at saturation
is plotted. This result ∼ 14 photoelectrons and a number of reconstructed
photon clusters, Nrp ∼ 9. Note, the cluster can include two or more photons
due to geometrical overlap.

photon energy (eV)
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Figure 8: Detector material optical properties and CsI quantum efficiency.
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Figure 9: Cherenkov event of single pion at saturation (left) and with incident
angle of 15o (right). Axes x and y are given in pad units, the color coding
represents the integrated charge in ADC units.
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Figure 10: For a charged particle at saturation in 80 cm of C4F10 at at-
mospheric pressure: (left) distribution of the number of photoelectrons per
event, and (right) distribution of the number of reconstructed photon cluster
per event. Due to photons geometrical overlap each cluster can be originated
by more than one photon.

Events obtained by embedding Cherenkov rings from pions, kaons and
protons, at different momenta, with background PbPb HIJING events at
LHC energies, have been analyzed using the same pattern recognition pro-
cedure developed for the HMPID [41, 42]. Starting from the impact point
of charged particles and photons on the chamber, the Cherenkov angle is
determined by means of a back-tracing algorithm. Then a Hough Transform
is applied to filter out the background and improve the signal of identi-
fied particles. Fig. 11 shows the single photon Cherenkov angle distribu-
tion from pions in presence of background. In Fig. 12 are presented the
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ring-averaged Cherenkov angle distributions obtained for pions, kaons and
protons at 16, 20, 25 and 38 GeV/c, after the Hough Transform processing.

Figure 11: Distribution of reconstructed single photon Cherenkov angle, from
pions at saturation in 80 cm C4F10 at atmospheric pressure (left) and at 3
atm (right), in presence of PbPb background.

Similar distributions have been obtained at a radiator gas pressure of 3
atm and a reported in Fig. 13, for π, K, and p at 12, 16, 21, and 30 GeV/c.

The Cherenkov angle resolution at saturation of about 1 mrad, obtained
in these simulations, is consistent with the theoretical value calculated for
8− 9 detected photons, including also background.

The summary of the PID performance obtained with the baseline VHMPID
using C4F10 Cherenkov radiator at atmospheric pressure and at 3 atm is given
in Tables 4 and 5, respectively, where positive identification lower limits are
determined by Cherenkov emission thresholds and minimum Nrp for effective
identification, while upper limits correspond to 3σ separation.

Momentum range of identification, 1 atm
Particle type Absence of signal Signal

(GeV/c) (GeV/c)

Pions, π — 4− 25
Kaons, K — 11− 25
Protons, p 11− 18 19− 38

Table 4: Identification capabilities for the VHMPID with C4F10 radiator at
atmospheric pressure. The lower and upper limits correspond to Nrp > 3 and
to 3σ separation, respectively.

Fig. 14 reports the probability of correct identification for pions, kaons
and protons and wrong identification as each the other two particle species, at
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Figure 12: Distribution of ring-averaged Cherenkov angles for pions, kaons,
and protons after the Hough Transform method at 16, 20, 25, and 38 GeV/c
at atmospheric pressure.

Momentum range of identification, 3 atm
Particle type Absence of signal Signal

(GeV/c) (GeV/c)

Pions, π — 2− 17
Kaons, K — 6− 17
Protons, p 6− 10 11− 27

Table 5: Identification capabilities for the VHMPID with C4F10 radiator at 3
atm. The lower and upper limits correspond to Nrp > 3 and to 3σ separation,
respectively.

1 and 3 atm, achieved in this Monte-Carlo study. The identification of proton
below threshold can be achieved simply by exclusion when the probability
for being a pion or a kaon deduced from the pattern recognition algorithm
is 0 and the particle momentum is in the range below Cherenkov emission
threshold of protons.
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Figure 13: Distribution of ring-averaged Cherenkov angles for pions, kaons,
and protons after the Hough Transform method at 12, 16, 21 and 30 GeV/c
at 3 atm gas radiator pressure.

The theoretical estimation of the particle separation nσ in unit of standard
deviations for C4F10 at 1, 2, and 3 atm is shown in Fig. 15 for a ”conserva-
tive” angular resolution of 1.5 mrad, in good agreement with the presented
simulation results.
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Figure 14: PID efficiency contamination for π, K and p achieved in single
particle events embedded in HIJING background, at radiator gas pressures of
1 (left) and 3 atm (right).

5 Detector performance results

In this section we present the preliminary results based on the measurement
taken in the CERN Proton Syncrotron’s beam with our prototype and with
HMPID detector in ALICE.

5.1 Testbeam results

Preliminary results from very recent beam tests at the CERN/PS are shown
in Fig. 16. The prototype under test consists of 100 cm C4F8O radiator and
the baseline photo-detector, i.e. a MWPC with CsI photocathode segmented
in 8 × 8.4 mm2 pads. The radiator gas was used without any cleaning and
the transparency was measured using a UV-monochromator based system
under commissioning, indicating a lower transmission. Indeed, the observed
number of photon cluster (middle left plot) is about half of those obtained in
simulation (see Fig. 10) using nominal gas transparency. The most relevant
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Figure 15: The theoretical separation in unit of standard deviation for π/K
and K/p at 1, 2, and 3 atm gas radiator pressure and for 1.5 mrad Cherenkov
angle resolution.

result is that the observed single photon angular resolution of 2.9 mrad (bot-
tom left plot) is quite close to the design value, obtained by simulation in
Fig. 11, the difference being due to a residual detector misalignment (middle
right plot). The bottom right plot shows the angular resolution as a function
of the number of photon clusters in the ring from which a ring angular resolu-
tion better than 1 mrad can be achieved for particles at saturation assuming
nominal performance (9− 10 photon clusters).

5.2 HMPID performance

5.2.1 Detector stability and hardware performance

Performance of Cherenkov detectors can be summarized by the performance
of photon production/detection. In the HMPID we can factorize the photon
production/detection to three elements: the applied chamber gain, the radi-
ator properties and the Quantum Efficiency (QE) of the CsI photocathodes.
The performance was studied in beam operations, where detector parameters
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Figure 16: Main testbeam results for 6 GeV/c pions and C4F8O at atmo-
spheric pressure, from top to bottom: overlapped events, single photon clus-
ter pulse height at 2050 V, distribution of no. of detected photons in the
Cerenkov fiducial, Cherenkov angle vs azimuthal angle (uncorrected and cor-
rected by rotation), Cherenkov angle distributions per photon and per ring.

can change simultaneously over time. The applied gain on the individual high
voltage sectors, monitored by the charge deposition of the MIPs and the sin-
gle electron pulse height distribution from photon clusters on fully contained
rings, is stable over time as shown in Figure 17. The trend and the absolute
number of measured photon clusters on ring is in good agreement with the
simulations as shown in Figure 18. In the simulation, the nominal gain (35
ADC) nominal QE and nominal C6F14 transparency are used [33]. While
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Figure 17: Left panel: mean and RMS of the most probable value extracted
from the track matched charge particle cluster for each HV sector in the indi-
cated LHC periods. Right panel: mean and RMS of the electronics threshold
corrected single electron mean pulse height for each photocathode in the indi-
cated LHC periods.

the different photocathodes show variation among each other, the average
number of photon clusters per ring at saturation is stable for the individual
photocathodes. The average number of photon clusters per ring does not
show decreasing trend with time [90]. The photon production and detection
is working efficiently, the QE of the CsI photocathodes did not decrease even
6 years after their production.

5.2.2 Challenges in tracking and reconstruction

Particle identification in the HMPID requires the particle’s track to be ex-
trapolated from the central tracking devices of ALICE (ITS, TPC and TRD)
and associated with the corresponding cluster of the minimum ionizing par-
ticle in the HMPID cathode plane. Starting from the photon cluster co-
ordinates, a back-tracing algorithm calculates the corresponding Cherenkov
angle. Background discrimination is performed exploiting the Hough Trans-
form Method (HTM). To each track is associated a Cherenkov angle 〈θc〉,
obtained as the average of the angles in the same ring. In this way HMPID
can identify, on track by track basis, pions and kaons between 1 GeV/c and
3 GeV/c and protons from 1.5 GeV/c up to 5 GeV/c.

The HMPID is located ∼ 5 m from the primary vertex, hence tracks have
to be propagated through significant material budget after the TPC, with
respect to other RICH detectors. Precise knowledge of the track parameters
is essential, since the Cherenkov ring reconstruction resolution depends on
them. Reconstructed tracks are propagated up to the HMPID chambers by
means of a dedicated algorithm. The first algorithm used was tuned already
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Figure 18: Left panel: number of photon clusters in data and in simulation
as a function of sin2 of the Cherenkov angle for rings fully contained in the
photocathodes. Right panel: average number of photon clusters extracted for
rings at saturation for each photocathode in the indicated LHC periods.

in the STAR experiment. It propagates the track from the last point in the
TPC or TRD detectors to the HMPID chamber planes by means of a simple
helix. In the real ALICE environment with its 0.5 T magnetic field and
a significant material budget in front the HMPID, this procedure does not
allow to obtain a good track angular resolution at the chambers entrance to
perform the Cherenkov angle measurement, especially in the low momentum
region (below 2 GeV/c).

In Figure 19 we show the distribution of the distance between primary
tracks intersection point at HMPID plane and the corresponding MIP point
for
√
s = 7.0 TeV pp data; most of the tracks have a distance above 2 cm. To

obtain satisfactory Cherenkov angular resolution it is necessary to apply a
strong cut (< 1 cm) on the distance between the extrapolated track point and
the corresponding MIP point, loosing about the 60% of the available track
statistics. Significant effort has been devoted to improve the tracking. For
optimal PID performance one needs the p/pT directly at the PID detector.
Since the Kalman filter can provide the best estimated p/pT at the interaction
point (first track point) and the PID detector front face, we simply had to
modify the tracking software output. In the improved tracking the running
track is picked up at the last TPC point and propagated up to the HMPID
through the TRD and TOF. The improved extrapolation algorithm takes
better into account the energy loss and the dependence of the magnetic field
value on the distance from the interaction point. In particular with the new
procedure it is possible to exploit the precise knowledge (1 mm precision) of
the HMPID MIP information in the track fitting.

In Figure 20 we show the track angular resolution for constrained and
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Figure 19: Distrubuion of the distance between primary tracks intersection
point at HMPID plane and the corresponding MIP point for HMPID chamber
2.

Figure 20: Track angular resolution at HMPID plane for unconstrained
(black) and constrained (blue) tracks as a function of the inverse of the trans-
verse momentum multiplied for the sign of the track charge.
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Figure 21: PID separation achieved in HMPID as a function of the charged
particle momentum for early tracking (left panel) and improved tracking (right
panel). Blue lines represent the target 2 and 3 σ separation.

Figure 22: The θC as a function of the charged particle momentum with
improved tracking algorithm. Curves represent the theoretical expectation for
the nominal C6F14 index of refraction [33].

unconstrained tracks, the significant improvement obtained is evident. The
constrained track is refitted using MIP information, while the other one is the
results of a simple track propagation up to the HMPID planes. Improved
tracking information brings the resolution of the Cherenkov angle close to
the design values. Figure 20 also shows that the VHMPID will operate in
the momentum range, where the angular resolution is maximum (1/p < 0.2
c/GeV). Figure 21 shows the improvement in PID separation between the
standard and the improved tracking algorithm. The π/K and K/p separation
are slightly exceeding the expected target values. Note that the design values
are obtained from test beam results with perfect knowledge of the track
(perpendicular incidence) while in the current running conditions at 0.5 T
solenoid field, the average track incident angle is ∼ 20o.
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Figure 23: Identified raw particle spectra measured in HMPID with the im-
proved tracking for positively charged particles and an example of the three
Gaussian fit to negative particles.

Figure 24: Pion and proton identification efficiency obtained from V0 de-
cays [29].

32



5.2.3 PID results

The HMPID detector allows to perform particle identification either on a
track by track basis or on a statistical basis. For track by track identification
it is required to have at least 3σ separation between the particle species. PID
in HMPID relies on the correlation between the reconstructed Cherenkov
angle and the track momentum, as shown in Fig. 22. The bands are well
separated and show good agreement with the expected theoretical Cherenkov
angle. The charged hadron yield evaluation by means of statistical unfolding
is ongoing. Particle yields are extracted from a three Gaussian fit of the
Cherenkov angle distribution in a narrow momentum range. Figure 23 shows
an example of the three Gaussian fit and the π+, K+ and p+ uncorrected
spectra in the momentum region where more than 3σ separation is achievable.
The reconstructed data with improved tracking are available for the

√
s =

2.76 TeV pp data, while the reconstruction and the analysis of the
√
s = 7.0

TeV pp is ongoing.
Proton and pion identification efficiency have been evaluated from real

data, exploiting V0s decay, that allow to select a clean sample of protons
and pions. Kaon efficiency has been extracted from MC simulations, as well
as the acceptance correction, tracking efficiency and anti-proton absorption.
There is an ongoing work to finalize the systematic errors on the spectra and
particle ratios (p/p, K/π, p/π) to combine results with the other ALICE
PID detectors.
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6 Trigger options for high-pT particles in the

VHMPID acceptance

Since the hadron yield drops rapidly in the momentum range of interest,
a specialized triggering must be implemented to fully exploit the VHMPID
detector. In addition this trigger needs to be coincident with an EMCal jet
trigger for the case of back to back di-jet or hadron-jet correlations to study
quenching effects or possible changes in hadro-chemistry due to medium mod-
ification of the fragmentation process.

Any proposed detector requires fast triggering which must be at level-0
(L0, for proton-proton collisions within 1.3µs) or level-1 (L1, for lead-lead
collisions, within 7 µs).

On the VHMPID side we can adopt two distinct strategies:

(i) One is to rely on a high momentum particle trigger, based on the Tran-
sition Radiation Detector (TRD)

(ii) the other is to rely on trigger layers implemented directly into the
VHMPID, the High-pT Trigger Detector (HPTD)

6.1 Triggering with the TRD

The default option for triggering on high-pT particles in the VHMPID is
based on the trigger capabilities of the Transition Radiation Detector (TRD)
which is located directly in front of the VHMPID. The TRD has 6 tracking
layers within a depth of 60 cm. The detector has 400 − 600 µm spatial
resolution.

The TRD trigger will be provide a level-1 decision (7 µs after the interac-
tion) which will be constructed from TRD-only information. The TRD-only
trigger is based on the matching of at least 4 TRD track segments (tracklets)
in a single TRD stack. These tracklets are combined to a single track via a
straight line fit. The L0-trigger rate, thus the input sample to TRD, can in
principle be up to 100 kHz. However, then the dead time is almost saturated
(7 µ s between L0 and L1) such that the L0 triggers would sample only a
small fraction of the interactions. The specific trigger mix will be determined
by the physics program of any particular run year, which will decide whether
it is more beneficial to run at high L0 rate and sample more events at the L1
stage, or at smaller dead time and sample more events at L0.

The anticipated L1 input rate in central collisions is roughly 1 kHz, which
covers all central PbPb collisions at the nominal luminosity. For the near
future the plan is to run at about 10% dead time resulting in a recording
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rate, i.e. L2a, of about 100 Hz (for the rare trigger time share). The TRD is
not the limiting device since its readout can be 200 Hz with a dead time of
less than 5% if a sufficiently deep buffer is chosen, as shown in Fig. 25 based
on Ref. [53].

Figure 25: Trigger readout rate as a function of primary event rate, based on
minimum bias PbPb events (dN/dη = 700). TRD standalone simlutions by
Ref. [53].

Particle identification can also be added via the TRD based on charge
sums over time-bins, which results in an electron likelihood determination.
A TRD PID trigger decision will not be necessary for the VHMPID though.

The correlation between the transverse momentum reconstructed online
in the TRD and the offline momentum is very good as shown in Fig. 26.

Since the VHMPID is only sensitive to tracks with momentum above 5
GeV/c, an efficient trigger will require a single track threshold somewhere
between 5 GeV/c and 10 GeV/c and will be chosen during actual data taking,
based on the measured high-pT particle multiplicity. As shown on Fig. 27 the
tracking efficiency of the TRD levels off at about pT ≈ 4 GeV/c at close to
90%, thus any high pT track in the VHMPID should be reconstructed with
maximum efficiency [54].

Although the track momentum resolution for the TRD is presently untested
and only simulated, we expect it to only degrade by about a factor 2 from 5%
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Figure 26: Correlations between online and offline pT tracks within different
momentum ranges.

to 10% in the relevant momentum range (between 5 and 10 GeV/c). Since
the threshold only serves to cut the event rate and the track momentum in
the offline analysis will be based on TPC and VHMPID information, we do
not require a more stringent condition to maximize the TRD trigger effi-
ciency. For the rates in the physics performance section we assumed a 100%
efficiency of the TRD trigger for any particle pT threshold above 5 GeV/c.
We anticipate a maximum VHMPID/TRD trigger rate of about 40 Hz with
a 5 GeV/c threshold and about 5 Hz with a 9 GeV/c threshold (see Table
3).

6.2 HPTD – a dedicated high-pT trigger

In case the TRD would not perform as expected one could contemplate a ded-
icated trigger device for the VHMPID, namely the High-pT Trigger Detector
(HPTD) [55].

HPTD serves L1 trigger at PbPb collisions within the desired 7 µs thus
enhance the high momenta particles in the recorded data with a factor ∼ 40
corresponding to the trigger system in ALICE. In pp collisions the enhance-
ment of interesting events can be done at the ’L0’ trigger level and the same
trigger detector is able to give a L0-trigger signal with a lower momentum
cut (pT > 4 GeV/c). Moreover, this detector will yield a reasonably precise
MIP position information for the Cherenkov angle reconstruction improving
the uncertainty of the particle identification.

The High-pT Trigger Detector is made of several separated layers of the
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Figure 27: Tracking efficiency at lower- and intermediate-pT values.

newly designed and tested ”Close Cathode Chambers” [60]. These special
thin, multiwire gaseous chambers are similar to classic MWPCs however they
have narrow pad response functions. All chambers use the gas mixture of
80% Ar and 20% CO2.

In order to use the HPTD as a level-1 detector in heavy ion collisions
it requires five layers before and five after the VHMPID RICH module as
presented on Fig. 28. These layers are used for both, the triggering and the
MIP detection. All chambers are equipped with segmented pad cathodes
especially designed for optimum performance.

Due to the minimalization of the space (to leave more for the radiator
length), electronics are mounted onto the backside of the pads. The estimated
power consumption of the electronics is 3 mW/channel, meaning 7.5 W (2500
pads)/layer/m2, which results approximately 220 Watt heat dissipation e.g.
for ’Module-0’. This heat production requires simple air/water cooling.

The proposed tracking sections of the VHMPID can then be used accord-
ingly:

(i) L1 triggering at PbPb collisions need 4 + 4 layers with good spatial
resolution (4 mm) at φ but less precise resolution (10 cm) at η. For
technical reasons the HPTD is flat so the width of the pads is slightly
increasing with tangential distance from the interaction point.

(ii) Two layers can be used as L0-trigger layers in pp collisions.

(iii) MIP detection needs good resolution both in the φ and η directions.
Therefore the setup needs to be expanded with a 1+1 layer with similar
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Figure 28: Left: The schematic view of the 4 layer High pT Trigger Detector
in front of the VHMPID RICH module. Right: The schematic picture of high
and low momentum particles crossing the 4 layers of HPTD.

chambers but rotated by 90 degrees.

These options are described in more details in the Sections below.

6.2.1 L1 triggering for PbPb collisions

The L1-trigger decision requires the full segmentation of the HPTD detector.
A charged track produces a set of specific HPTD pad-pattern as shown in
Fig. 29. The shape of the pattern is highly correlated with the transverse
momentum of the particle. An FPGA-based pattern recognition algorithm
determines determines the proper pattern above threshold in time for a L1
decision.

The performance has been studied using AliROOT and HIJING simula-
tions to optimize the HPTD layout and the pattern recognition algorithm
(see Fig. 30).

Fig. 30 shows that the trigger efficiency increases rapidly with the par-
ticle momentum at threshold which enables good low momentum particle
suppression. Based on the simulation studies we conclude that the optimal
layout of the HPTD consists 4 + 4 layers with 4 cm layer distance, with 4
mm pad width and 10 cm pad length.
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Figure 30: Trigger efficiency as a function of particle momentum in cases of
two particle momentum ranges. Left: applying different layer setups. Right:
4 + 4 layer setup is presented with different pad sizes.

6.2.2 Level-0 triggering for proton-proton collisions

The L0-triggering is based on the superpad (2 × 50 cm2) segmentation of
the first layer before and the first layer behind the RICH module. In other
words, a design based on L0 triggering in pp collisions only, will require just
these two layers and thus reduce the depth requirement for the VHMPID
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considerably. Even if we decide to trigger on the TRD in heavy ion collisions
we would maintain the L0 capabilities through those specific HPTD layers.
In pp collisions hits on the superpads are relatively rare which simplifies the
rejection of the low momenta particles. Simple pattern requirements yield
excellent efficiency and good purity for the L0-triggering. This requirements
are achievable by hardware logics gates within 600 ns, which is the time
threshold for the L0 trigger.

6.2.3 MIP detection

The ring pattern recognition critically depends on the known ring center,
that is, the known position of the particle from which the Cherenkov light
originates. This particle is usually called the MIP signal.

The situation for the ring imaging outline in the focusing geometry of
the VHMPID detector is slightly less stringent. The ring center depends to
first order only on the direction of the incident particle, but not so much on
its impact point. However, the MIP detection is still an important issue to
ensure that the particle observed in the ALICE TPC actually did cross the
VHMPID volume. MIP detection does not need to be very precise (order of
a few mm is sufficient) but needs to ensure a positive signal on the impact
both before and after the radiator volume.

Two independent HPTD layers, in front and behind the radiator box, can
be used for MIP detection. For cost efficiency, the detectors can have rela-
tively long cathode segments (4 mm wide and 10− 30 cm long) and this way
use projective geometry: the cathode segments and the chamber wires can
be read out independently, which gives a two-dimensional position informa-
tion for a single layer. For the projective geometry, ambiguities in multiple
hits pose a problem, which can be resolved to some extent by projecting the
TPC tracks to the MIP detector surface, and in addition to use the direction
information from the two measured layers. The actual geometry needs to be
optimized ensuring sufficient suppression of the ambiguities.

In the 2010 heavy ion run in ALICE, it was detected that, based on
HMPID response, the multiplicity of particles per square meter in the pro-
posed VHMPID region is around 4 − 5 for the 0 − 10% central PbPb col-
lisions at 5.5ATeV, as plotted on Fig. 31 for 10 m2. Since the complete
five VHMPID module layout covers about 26 m2, the number of parti-
cles is on average N ∗ L2 ≈ 100 − 130, and the number of crossings are
N2 ∗ L4 ≈ 10, 000− 17, 000. The maximum Cherenkov ring radius is on the
order of 5 cm, i.e. each particle occupies a 10 cm by 10 cm area. Since this
corresponds to 100 segments per square meter, the multiplicity of particles
in a central PbPb collision is equivalent to about a 5% occupancy. Ring

40



overlap could be a more significant issue in a jet cone, but one has to take
into account that the detector is about the size of a jet cone, so also in the
case of a jet reconstruction the overlap should be minimal.

Figure 31: Track multiplicity vs. V0 centrality in VHMPID detector with its
10 m2 acceptance.

7 Physics Performance Studies

Since the VHMPID physics goals depend strongly on the proposed detector
setup and vice versa, we present Monte-Carlo generated simulations and
theoretical calculations in order to estimate yields to be measured by the
VHMPID. Our analysis was focused on two main directions:

• The integrated physics properties based on single particle including
hadron yields of identified particles in pp and PbPb collisions (see Sec-
tions 7.1, 7.2, 7.3 and 7.4.)

• Hadon-hadron, and jet-hadron capability studies including intra-jet
and interjet studies. We present results on hadron-hadron and jet-
hadron correlations with the VHMPID detector standalone and the
VHMPID with other detectors i.e. DCal, EMCal, or TPC. (See Sec-
tions 7.5, 7.5.1, and 7.5.2.)

For our analysis we used the VHMPID described in Section 2 and 3. Since
the proposed pressurized Cherenkov radiator allows us to identify particles
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within a wide range of momenta, as plotted on Table 4, but is limited by
the positive detection of protons to a particular range, we distinguish in
the simulations between two main momentum regions: an intermediate one
with 5 GeV/c ≤ pT ≤ 9 GeV/c (positive signal for π and K) and a high
transverse momenta with 9 GeV/c ≤ pT ≤ 25 GeV/c (positive signal for π,
K, p). With these capabilities the VHMPID directly extends the PID regime
of the existing HMPID detector, which sensitive at (pT < 5 GeV/c).

7.1 High-pT physics in proton-proton collisions

The relevance of high momentum identified particle spectra measured in ele-
mentary hadron collisions has been documented in detail in several publica-
tions related to NLO and fragmentation function (FF) calculations [62, 64].
Recent claims by CDF that the charged hadron spectrum at very high-pT
might show a violation of factorization [63] is only the latest evidence that
high momentum particle fragmentation is not well constrained, neither ex-
perimentally, nor theoretically [64].

Hadron identification is very important for global fits of FFs. Any hadron-
hadron data for pT > 2 GeV/c is suitable for fitting. Although e+e− data
is very precise, they do not constrain the gluon FF very well, and do not
constrain the differences between positively- and negatively-charged hadron
production (valence FFs) nor some other differences between quark FFs (non-
singlets) at all. On the other hand, hadron- (and charge-sign) identified
hadron-hadron data do constrain all these FFs components, and thus com-
plement any hadron-identified e+e− data. Inclusion of identified spectra in
fits will also provide competitive constraints on the strong coupling constant
as in Ref. [64]. Fits to unidentified hadron data are also performed but these
data are often contaminated by particles other than those of interest, such
as electrons.

RHIC pp reaction data for all particles and Tevatron pp reaction data
from the CDF collaboration for Ks and Λ/Λ̄ have recently been included
in FF parameterizations to improve the constraints on the gluon fragmenta-
tion, the quark flavour separation and also, in the case of the RHIC data,
to determine the charge-sign asymmetry FFs. Hadron mass effects were in-
cluded in the calculation of these data as well [65]. Disagreements between
FNAL and RHIC measurements with theoretical predictions at high mo-
mentum were attributed to the fact that at higher collision energies (FNAL,
LHC) perturbation theory eventually fails, if the fraction of available mo-
mentum z = 2pT cosh(y/

√
s) taken away by the produced hadron becomes

too low. Still, the uncertainty band for the NLO calculations is very large in
the comparison to experimental data, which is due to the fact that even the
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most sophisticated fragmentation function sets, be it DSS [66], AKK [67],
or HKNS [68] suffer from a lack of particle identified data, in particular,
baryonic high-pT spectra. Although the pion spectra are well constrained,
neither the kaon nor the proton or lambda spectra are measured to high
accuracy. Within the model the pion, kaon and proton FF are added to
yield the charged particle spectrum, but the proton and kaon spectra are
constrained only through measurements from V0’s (Lambdas and Ks out to
about pT ≈ 10 GeV/c). Recent measurements using relativistic rise (rdE/dx)
in STAR have not been sufficiently reliable to extract more precise values [69].

In summary, at present, elementary proton reaction data are crucial for
the extraction of the poorly constrained gluon and valence quark FFs, and
therefore future accurate measurements from the LHC will be most welcome.
The already achieved high accuracy in inclusive cross section measurements
at the LHC show that the constraints on as (and FFs) from a single experi-
ment measuring identified charged particles will be highly significant.

7.2 High-pT yields in heavy ion collisions

The integrated properties of hadron production in nucleus-nucleus have been
widely studied in the past, especially through nuclear suppression factor mea-
surements, jet identification and jet-medium correlation spectra. At RHIC
and LHC energies these investigations are connected to hard probes of the
quark-gluon plasma (QGP). RHIC measurements reached the level of perfor-
mance to obtain high-statistics data on unidentified charged hadrons (using
TPCs) and neutral pions (using calorimeters), but identified charged hadron
measurements are still missing for the intermediate and high transverse mo-
mentum regimes. As it was pointed out by the latest RHIC, ALICE and
CMS measurements, Refs. [70, 71, 72] hadron species exhibit specific differ-
ences in their high momentum properties. To understand the origin of these
deviations requires event-by-event and PID measurements, which VHMPID
can perform.

In this section we estimate the expected yields, and number of hadron
events measured in the VHMPID modules. We use two methods: a Monte-
Carlo-based hadron generator (HIJING [73]) and a perturbative QCD-based
parton model calculation [74]. These models are generally in good agree-
ment with earlier experimental data however, theoretical estimates for high-
pT hadron yields in PbPb collisions contain uncertainties especially in the
lower-intermediate momentum region of the VHMPID (5 GeV/c < pT < 25
GeV/c). The agreement between the pQCD model and the HIJING gener-
ated spectra can be seen on the left panel of Fig. 32 for central PbPb collisions
at 5.5 ATeV center of mass energy. Points are for π+ spectra calculated from
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Figure 32: Left panel: Comparison of pQCD results and HIJING simulation
for π+ production in central PbPb collisions at

√
s = 5.5 ATeV considering

800 central events. The considered yield corresponds to the proposed 1 s
of data-taking in central PbPb [25]. Right panel: The measured nuclear
modification factor at

√
s = 2.76ATeV, Rh±

PbPb(pT ) based on Ref. [75] using
data from Ref [76].

HIJING, and lines are for the obtained pQCD results. Another dashed line
also plotted based on the coalescence model [75] for the comparison below
the pQCD regime (pT ≤ 1− 2 GeV/c). The pQCD and HIJING calculations
had the same parameter settings for the geometry and we used the HIJING
shadowing [73], and GLV jet quenching at the final state [13]. We normalized
the data for the yields assuming 800 event/s in central collisions.

On Fig. 32 the agreement between HIJING and the theoretical pQCD is
nicely perform at logarithmic scale, but as magnified on the nuclear modifica-
tion plot, RPbPb(pT ) on right panel of Fig. 32, uncertainties are non-negligible.
Here EKS [77] and HIJING [73] shadowings were compared to the preliminary
experimental data from ALICE [71] on charged hadrons in PbPb collisions
at 2.76 ATeV (See details in Ref. [75]). The main uncertainties can arise
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applying different phenomenology for nuclear effects e.g.:

(i) uncertainties of the initial nuclear parton structure functions (in the
degree of shadowing at small- and large-x values, and magnitude of the
multiple scattering).

(ii) In the final state the parton energy loss in medium (jet-quenching) re-
sults the suppression of high-pT hadron spectra, and competing hadron
production mechanisms in the medium (e.g. parton fragmentation vs.
parton coalescence).

Note, these effects are also ambiguous due to the density and time evolu-
tion of the color media. Moreover, the identified hadron yields are strongly
hadronization-model dependent, and fragmentation function fits are also ill-
determined at extreme x values.

For the simulations presented here we assumed the proper VHMPID cov-
erage and a yearly PbPb run at 5.5ATeV equivalent to 1.2 ·106 seconds. The
anticipated L0 rate for a central trigger is 800 Hz.

  

Figure 33: Yields for identified charged particles: π+, K+, and p+ within
the VHMPID geometry in the given transverse momentum (pT ) ranges for
0− 10% central PbPb collisions and at

√
s = 5.5ATeV.
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On Fig. 33, we plotted our results for π+, K+, and p+. The upper panels
present the yield without any cut or trigger, middle and lowest rows represent
the yields within the highest and intermediate momentum regimes. Here, we
triggered on the total momentum to be in the ranges 5 GeV/c ≤ p ≤ 9 GeV/c
and 9 GeV/c ≤ p ≤ 25 GeV/c respectively in accordance to the sensitivity
of the Cherenkov detectors. (The main momentum regions are plotted as
blue and purple boxes for 5 GeV/c ≤ pT ≤ 9 GeV/c and 9 GeV/c ≤ pT ≤
25 GeV/c.)

In order to quantify the plots of Fig. 33 we collected the event-number
per second in Table 6, based on our simulation with 235000 events. We used
the same selection on the total momenta as described above. The calculated
results were based on using the HIJING generator: without jet quenching
and with jet quenching denoted by ”no” and ”yes” respectively. This effect
gives a suppression of the yields about ∼ 4− 5, similarly as predicted by the
GLV method in Refs. [13, 78].

pT range Quenching Nπ+ NK+ Np+

no 16k/s 3k/s 3k/s
[0 GeV/c : 33 GeV/c]

yes 32k/s 6k/s 6k/s
no 40/s 15/s 30/s

[5 GeV/c : 9 GeV/c]
yes 10/s 4/s 11/s
no 5/s 2/s 3/s

[9 GeV/c : 25 GeV/c]
yes 1/s 1/s 1/s

Table 6: Event yields for identified charged particles: π+, K+, and p+ within
the VHMPID geometry in the given transverse momentum (pT ) ranges for
0−10% central PbPb collisions and at

√
s = 5.5ATeV. Event selection based

on the total momentum trigger within the given pT ranges.

In the original approach we assumed that due to the high statistics in
the 5− 9 GeV/c range no special high-pT trigger might be required and the
central trigger rate (800 Hz at L0) will be sufficient. But since the present
write-out speed of 1.5 GB/s will only allow ∼ 20− 25 events to be recorded
per second [26], the rates quoted in the table above for the 5 − 9 GeV/c
range would have to be divided by 40 to show the actual recorded statistics.
It is obvious though that a L1 trigger, even with a threshold as low as 5
GeV/c, would not saturate the bandwidth and would yield only a factor two
reduction for the pions and no reduction at all for the other species compared
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to the levels shown in the table. Therefore it is likely that we will propose
to lower the trigger threshold for the high pT VHMPID trigger.

In summary, VHMPID is capable to measure the identified hadron yields
at excellent level, even in case of the strong suppression of the yields.

7.3 High-momentum resonance production

An additional topic that can be addressed through particle identification
is the reconstruction of high momentum hadronic resonances. Since many
of these excited states decay in the medium they have been suggested as a
signature for chiral restoration as well as a measure of medium properties such
as the medium lifetime and the modification of the fragmentation process in
the medium.

Figure 34: Left panel: Invariant mass distribution for K+K− pairs in
min. bias PbPb collisons at 5.5 ATeV. Right: reconstructed φ-meson peak
in VHMPID acceptance based on 5 Million central HIJING events (un-
quenched).

The VHMPID adds a unique aspect to these studies since it allows the
reconstruction of very high momentum resonances through simultaneous de-
tection of both decay daughters. As an example we have studied the decay
of the φ-meson into K+K− pairs. Left panel of Fig. 34 shows the present
status of the φ-meson reconstruction in the PbPb year-1 data based on 3.6
Million analyzed minimumm bias events recorded with the TPC. The result-
ing signal-to-background ratio is 0.02 and although a reliable signal can be
extracted, the association of any actual φ-meson to a jet or even a particular
particle correlation function will fail. Thus, medium modifications to the
fragmentation or the level of chirality can only be studied on a statistical ba-
sis with large statistical and systematic uncertainties. Resonance extraction
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on a jet by jet basis will only be possible with the VHMPID.
The right panel of Fig. 34 shows a simulation of the φ-meson peak recon-

structed in the VHMPID from identified kaon pairs with both kaons above
the pT > 5 Gev/c threshold. This result is based on 5 Million unquenched
central PbPb HIJING events. The signal to background ratio is 10 : 1, i.e.
a 500-fold improvement to the measurement in the TPC. A good portion of
this improvement stems from the tight pT -cut on the decay daughters, but
in addition the unambiguous identification of the decay daughters not only
improves the S/B ratio it also allows the correlation of these resonances with
jets or other hadrons (see later in Section 7.5). In terms of anticipated rate,
the number of high-pT φ’s (both kaons above 5 GeV/c) reconstructed in the
VHMPID is about 4% of the number in the TPC. Based on unquenched
HIJING this corresponds to about 0.0002 reconstructed high-pT φ-mesons
per central PbPb event or 0.2 per second assuming an 800 Hz central event
rate a level-0. Thus these resonance measurements in the VHMPID are not
statistics limited.

7.4 Ratios of identified particles at high-pT

Measuring identified particle ratios based on the spectra shown in the previ-
ous section is a unique way to test medium modifications of the fragmentation
process, as was suggested by e.g. Ref. [4]. Differences between the production
of mesons/baryons, particles/anti-particles, and/or strange and heavy-flavor
content hadrons are predicted for higher energies and low-x values. Predic-
tions differ strongly, though, and the need for precise track-by-track mea-
surements is obvious. We are presenting here that the proposed VHMPID
is the best candidate for these measurements, since with its PID-capability
we can measure the relevant intermediate and high transverse momentum
intervals.

As described in Section 7.2 we used two models to get estimates for cal-
culated K+/π+ and p+/π+ ratios: (i) we used charged hadron ratios based
on the HIJING calculations above, (ii) taking a theoretical pQCD model
based on Ref. [74]. In addition we compare our results to the Ref. [4] in
Fig. 35. Based on a ∼ 100, 000 event sample, we plotted our data with errors
estimated for the 1 year of running 0− 10% central PbPb data.

To get comparable results between theoretical pQCD calculations and
HIJING we set the initial state effects for the same: ie. in both cases PDFs
and the same HIJING shadowing were applied for the Pb nuclei. However
note, final state effects differ, since hadronization and quenching is working
differently in the two models. For GLV quenching in the pQCD code, we used
our earlier result for opacity, L/λ ≈ 6−8, applied similarly on in Ref. [75], as
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Figure 35: Calculated K+/π+ (left panel) and p+/π+ (right panel) ratios
based on: the HIJING calculations (lilac boxes: quenched, green crosses: un-
quenched) described above, taking a theoretical pQCD models (blue curve with
crosses: GLV-quenched, red curves with crosses: unquenched) from Refs. [74]
and [4] (solid blue: jet in medium, lilac: jet in vacuum.)

plotted on left panel of Fig. 32 also. This can be obtain via the multiplicity-
opacity (centrality-opacity) relation as explained in Refs. [79, 80]. Here ve
used opacity, L/λ = 7 in accordance with Ref. [75]. Quenching in HIJING
code we used the default options of the program code.

We plotted HIJING points on Fig. 35 with lilac boxes for the quenched
case and with green crosses when quenching was not applied. For the theoret-
ical curves we plotted the pQCD-based results with red curves with crosses,
after applying GLV quenching the blue curve with crosses were optained.
Based on Ref. [4] solid blue lines and solid lilac lines were also plotted re-
lated to the cases ’jet in medium’ and ’jet in vacuum’ respectively.

Differences between quenched and non-quenched calculations on Fig. 35
originates from the differently quenched leading quark and gluon, as it pointed
out in Refs. [81, 82, 83]. The predicted changes of about a factor two for par-
ticle ratios in medium and in vacuum are well within the error bars achievable
with the VHMPID measurement. These measurements can be achieved with
a central trigger or a dedicated L1 high pT particle trigger, but of particular
interest might be the coincidence of the L1 TRD/HPTD trigger with an EM-
Cal jet trigger, since then the effects of medium modification can be tested
as a function of the initial parton momentum as proposed by [4]. In order to
do this study, the measurement will require track-by-track particle identifi-
cation and a dedicated jet trigger. Rates for such a correlation measurement
are shown in the next section.
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7.5 The physics of high momentum particle correla-
tions

High momentum particle correlations have been used extensively at RHIC
and the LHC to determine features of the jet energy loss in medium [84],
the hadronization process in medium [85] and the determination of initial
conditions [86, 87, 88]. In the past this has been done exclusively on the
basis of unidentified charged particles or neutral pions and photons. The
VHMPID enables particle identification in the relevant pT -regime from 5−25
GeV/c. Recent results in di-hadron correlations and jet-hadron correlations,
as presented at QM2011, indicate that

a.) complex structures in the correlation spectrum might be due to ini-
tial state density fluctuations rather than medium modification of a
traversing jet, and that

b.) the quenched jet distributes most of its lost energy most of its lost
energy in the form of low momentum particles outside the jet cone.

These two rather surprising, and not yet unambiguous determined, results
require a more detailed understanding by studying the particle composition
in the harmonics and the jet remnant spectra. Only track by track recon-
struction of the light quark baryons and mesons will enable us to answer
these questions as well as studies of the mechanisms of hadronization in a jet
and in the medium. In the following simulation studies we distinguish again
between the pT -range in the VHMPID where only pions and kaons can be
identified (5 − 9 GeV/c) and the range for full π,K, and p reconstruction
(9 − 25 GeV/c).We studied jet-jet, jet-hadron and di-hadron correlations.
In the case of di-hadron correlations we calculate the statistics for intra-jet
(both particles in the VHMPID) and inter-jet correlations (one particle in
the VHMPID, one particle in the TPC).

7.5.1 Jet-hadron and jet-jet correlations

We have studied the probability of measuring jet-jet and jet-hadron corre-
lation spectra by triggering on reconstructed jets in the EMCal in central
PbPb collisions. The EMCal is located nearly back to back (i.e. close to
180 degree in φ and similar η-coverage) with the VHMPID. Since the di-jet
probabilities have been extensively studied for the neighboring DCal we have
approached this problem through determining the relative probabilities of a
jet in the VHMPID compared to the DCal which resides exactly back to
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back with the EMCal. We then use the di-jet rates published in the EM-
Cal Physics Performance Report (PPR) [89] to estimate the statistics for
jet-hadron measurements with the VHMPID. The underlying di-jet rate per
PbPb year is one of the curves shown in Fig. 36.

Figure 36: Annual yields in ALICE using the EMCal for various hard pro-
cesses as a function of energy or pT -threshold for 5.5 ATeV PbPb minimum
bias collisions.

In this plot from the EMCal PPR it was assumed that the same-side jet
will be reconstructed in the EMCal with a cone algorithm using R = 0.4 and
the away-side jet would fall into a DCal of same size in and back to back in
. Since the actual DCal is about half the size in compared to the EMCal we
assumed a factor two reduction in the DCal reconstruction probability. The
following simulations (Fig. 37) show probabilities of the away-side jet axis
reconstructed in the VHMPID compared to a reconstruction in the DCal. For
the upper two plots no gaps in the VHMPID are taken into consideration.
These curves can be interpreted as jet-jet correlation probabilities assuming
that the coverage of the VHMPID is sufficient to contain a R = 0.4 jet cone.
Alternately the jet axis can approximate the leading particle in the case of
jet-hadron correlations (see Fig. 37c).

The red curve in Fig. 37a shows the ratio of DCal away-side jets over
EMCal triggered di-jets (around 25%), compared to about 5% of all EMCal
triggered di-jets which have their away-side jet axis in the VHMPID (green
curve). These probability ratios are shown as a function of jet energy (jet
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Figure 37: a.) fraction of di-jets triggered in the EMCal and with jet axis
reconstructed in the DCal (red) or VHMPID acceptance (green), b.) ratio
of EMCal triggered away-side jets in DCal and VHMPID (based on jet axis
reconstruction), c.) fraction of di-jets triggered in the EMCal with leading
away-side particle in the VHMPID (for different pT intervals).

pT ). One can deduce that the ratio of jets in the VHMPID to jets in the DCal
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is about 20% (blue curve in Fig. 37b) for EMCal triggered di-jet candidates.
This percentage is rather jet energy independent in the relevant range, which
is determined by assuming that on average the leading particle carries about
20% of the jet energy, so for a leading particle to fall into the detection win-
dow of the VHMPID the jet should have at least 40 GeV energy. Fig. 37c is
based on the reconstruction probability of a leading particle in the VHMPID
rather than the jet axis. The reconstruction probability takes into account
gaps in the detector, due to its geometrical layout. The numbers again reflect
the ratio to the number of EMCal reconstructed and triggered di-jets. The
green curve shows the total ratio, the red curve assumes a leading particle
between 9 − 25 GeV/c, the blue curve assumes a leading particle between
5 − 9 GeV/c. These ratios are slightly more jet energy dependent, in par-
ticular in the low energy part which is expected, but on average around 2%
of the EMCal triggers have a reconstructed high pT particle (9− 25 GeV/c)
reconstructed in the VHMPID, and 0.5% have a intermediate pT particle
(5− 9 GeV/c) reconstructed in the VHMPID.

In order to relate these numbers to actual achievable statistics per PbPb
run we compare to the numbers in Fig. 36. As an example we take the
EMCal triggered di-jet rate at a jet energy of 60 GeV, which corresponds
to about 106 per run. As mentioned earlier the actual DCal is about a
factor two smaller than the acceptance assumed here, thus the DCal would
contain the jet axes of about 500,000 away-side jets. Based on Fig. 37(b)
around 100, 000 away-side jets would thus have their jet axis contained in
the VHMPID. Of those around 70% have a reconstructed leading particle
within the acceptance of the VHMPID including detector gaps. Around 50%
of the jets in the VHMPID have a leading particle above 9 GeV/c. Taking
all of these numbers into account we can expect to measure about 40, 000
leading charged particles in the VHMPID which can be correlated with a
triggered EMCal jet. This is in agreement with around 4% of the EMCal
jets with 60 GeV jet energy having a leading particle in the VHMPID (green
line in Fig. 37c). These estimates are based on central PbPb events (800 Hz
level-0 rate, assuming a 100% efficient EMCal trigger at 60 GeV and above).

The jet-hadron correlations enable an unambiguous measurement of par-
ticle identified fragmentation functions as long as the jet energy can be deter-
mined with good accuracy on the EMCal side, either through a combination
of neutral (EMCal) and charged (TPC) energy or through the measurement
of a photon on the EMCal side.

It is worthwhile pointing out though that the limiting factor in the frag-
mentation function determination will always be the required correction to
the jet energy (unfolding), which can only be achieved on a statistical basis.
The track by track identification of the VHMPID still improves considerably
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over a statistical leading particle measurement, since the track information
can be used to constrain the event class which is selected to perform the
unfolding procedure. Furthermore, since the VHMPID can identify particles
track-by-track, the unfolding of the identified fragmentation functions be-
comes similar to unfolding the charged hadron fragmentation function. This
is not the case with statistical PID alone, where one has to unfold the jet
energy and the particle ID, i.e. both numerator and denominator in the
fractional momentum variable.

7.5.2 Hadron-hadron correlations

A less constraining di-hadron correlation study involves either the recon-
struction of one of the charged particles in the TPC or the reconstruction
of both charged particle in the VHMPID. Depending on the configuration
we can study inter- as well as intra-jet correlations. The more general inter-
jet correlations require a charged hadron somewhere in the TPC and a high
pT particle identified in the VHMPID. Since we can assume that both of
these high-pT particles are due to jet fragmentation the expected statistics
should be close to the ones we deduced for the jet-hadron correlations. We
used unquenched HIJING events to estimate the rate, which, as expected,
exceeds the rate for jet-hadron correlations by the acceptance difference be-
tween EMCal and TPC . We estimate around 100, 000 pairs per PbPb run
can be reconstructed in TPC and VHMPID.

The more restrictive intra-jet correlations require two charged particles
in the VHMPID acceptance above the pT threshold for reconstruction. For
this LoI we are constraining the simulation to correlations. The numbers
for other particle species are lower due to their abundance and the shifting
pT -reconstruction threshold. Clearly this kind of correlation is statistics lim-
ited, but not necessarily due to the size of the VHMPID. Since the detector
contains jets up to R = 0.4 the lack of statistics is largely due to the lack of
two high-pT particles in the same jet in particular for jets below 50 GeV. We
estimate that for jets with energy larger than 120 GeV the leading and the
sub-leading particle should exceed the VHMPID pT -threshold and since in
this case we do not require di-jets we can scale the number from the EMCal
simulations (as on Fig. 36) for inclusive jets which is about 105 in the EMCal
coverage for a jet energy of 120 GeV. Since the VHMPID coverage is about
20% of the EMCal coverage we expect around 15, 000 di-hadron pairs in the
VHMPID per year when taking into account the detection gaps included in
the VHMPID layout. These numbers will get slightly enhanced through jets
in which the leading particle is a hadronically decaying resonant state, which
in most cases leads to both decay daughters being reconstructed inside the
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jet cone, i.e. inside the acceptance of the VHMPID.
In summary, we determine that there is sufficient statistics collected

within one nominal PbPb run at 5.5 ATeV to study di-hadron and jet-hadron
correlations using the VHMPID.

7.6 Existing ALICE high-pT PID capabilities

In the first heavy ion run at the LHC the ALICE TPC performed better
than expected which enabled the collaboration to investigate and apply the
detector for particle identification through specific particle energy loss in
relativistic rise region. This method allows for particle identification on a
statistical basis. Fig. 38 shows the present level of separation obtained in
proton-proton collisions for all momenta in pp collisions (left) and for a spe-
cific pT bin in PbPb collisions (right). Clearly the charged pions can be
identified in a rather background free way through a specific cut on the
dE/dx distribution. Kaon-proton separation seems not possible and the pu-
rity of a proton sample is strongly dependent on the pT . The method has
been successfully applied to obtain charged pion spectra and the results are
shown in Fig. 39. Further reduction in the systematic error bars are needed
in order to reach the required accuracy to measure, for example, differences
of a factor two in high momentum particle ratios (see the previous sections).
Improvements to the method, though, are ongoing and at this point a clear
best performance limit cannot be obtained. It is the opinion of the VHMPID
that at least a clean Kaon sample cannot not be achieved using rdE/dx, and
that the purity of the high pT proton sample is questionable in the relevant
pT range.

The synergy between the two complementary PID measurements in the
TPC and the VHMPID is best documented when comparing right panel of
Fig. 38 with Fig. 13 in Section 4. Clearly, the rdE/dx will provide excellent
statistical pion measurements in the 5 − 25 GeV/c pT -range. The superior
K/p separation in the same momentum range in the VHMPID will add track
by track measurements not only for the pions but in particular for protons
and charged Kaons, since the velocity measurements in the RICH are more
sensitive to the mass differences between the species rather than the pro-
ton/meson ratio. A combined PID from both detectors will yield the best
possible particle separation.

The unique capability of the VHMPID is in the track by track particle
identification though which lies at the heart of all the jet-jet, jet-hadron and
di-hadron correlations shown in the previous section. Modified fragmenta-
tion or flavor/baryon number dependencies in the hadronization can only
be mapped if the identified particles can be unambiguously linked to the
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Figure 38: Left: Present level of the TPC dE/dx resolution measured in
pp collisions in ALICE.Right: Statistical separation fit applied to the TPC
de/dx distribution for 9-10 GeV/c particles measured in 0−5% central PbPb
collisions in ALICE.

Figure 39: Left: Comparison of nuclear suppression factors of unidentified
charged hadrons and identified charged pions measured in PbPb collisions in
ALICE [7]. Right: Nuclear suppression factors for K0, Λ, and charged pions
measured in PbPb collisions in ALICE.

generating parton (i.e. the fragmenting jet).

8 Ongoing R&D activities

The detector described in this document is the presently conceived VHMPID
option. Several optimizations are being investigated as part of the ongoing
R&D activities, which will be completed in 2012. The main issues are:

• use of CaF2 or Sapphire instead of SiO2 for the optical window,

• use of C4F8O instead of C4F10 for the Cherenkov radiator,
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• optimize and test the pressure setting for the gas vessel,

• test feasibility of additional tracking layers for level-0/level-1 triggering
in PbPb,

• test CsI-TGEM or TCPD option instead of CsI-MWPC option,

• test effect of photo-cathode pad size (granularity) on spatial resolution,

• test mirror substrate technology (Glass vs composite Carbon-fiber),

• test pressurized gas radiator option for different pressure settings and
gas heating requirements..

9 VHMPID Management Plan

9.1 Collaboration Resources and Work Breakdown Sched-
ule

A total of 51 scientists from 13 institutions on three continents are presently
participating in the VHMPID project. Moreover CERN and Univerity of Yale
plaed remarkable role during the R&D phase. We have drafted a preliminary
management plan which assigns specific components of the project to each
participating group.

The key responsibilities break down as follows (with the first listed insti-
tute as the lead contributor):

9.2 Installation schedule

R&D work for the VHMPID is ongoing for several years already. The project
has a constant presence at CERN and has utilized the test beam facilities
at CERN many times over the past years. We anticipate that the R&D
questions which have been listed in the previous section will be settled by
the end of 2012, and we plan the beginning of the VHMPID construction
project at that time if funding can be secured in the early part of 2012.
The latest construction start date should be January 2013. An early draft
of the work breakdown schedule (WBS) shows that construction should be
completed by 2017 with an estimated installation date during the 2017/2018
LHC shutdown. Should funding become available at an expedited rate, we
would be able to complete the project by the middle of 2017 rather then the
end of the year.
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Project component Participating institutions

Project Management Houston, Chicago
Detector Design Bari, Houston
Detector Machining Austin, Houston
Photon Detector Kolkata, Mexico City
FEE Budapest, Kolkata, Salerno
Trigger and tracking
layers Budapest, Kolkata
Gas system Pusan, Bari
Cooling system Bari, Pusan
Mirrors Houston, Chicago
DCS, HV, LV Bari, Campinas, Gangneung
Integration CERN, Houston
Detector software & Bari, Chicago, Mexico City,
simulations/analysis Houston, Campinas, Budapest

Table 7: Breakdown of institutional responsibilities within the VHMPID
collaboration.

Since the project is rather distributed over many countries and even con-
tinents, we have set conservative (early) completion dates with subsequent
shipping schedules to CERN for final assembly and integration. The advan-
tage of the present WBS is that much of the work on sub-projects can be
performed in parallel, assuming the necessary project coordination can be
provided by the management team.

It is to our advantage that the VHMPID collaboration contains experi-
enced scientists, who have led or participated in significant projects before
(NA49, SVT in STAR, HMPID in ALICE, MTD in ALICE). We thus believe
that the schedule is realistic, as long as funding can be provided.

A more detailed list of milestones and deliverables has been drafted as
part of the WBS and can be provided upon request.

Fig. 40 shows a detailed timeline for the construction and installation
of the VHMPID detector system, assuming an LHC long shutdown to take
place in 2017-18.
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Figure 40: Installation schedule proposed for the production and installation
of the VHMPID detector.
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9.3 Cost Estimate

The detector construction cost has been estimated based on the U.S. account-
ing system, i.e. all labor cost is included in the total cost and a contingency
of 30% is added to the total cost. Based on this costing scheme the total
construction cost assuming a five year construction and installation window
(from early 2012 until mid 2017) is $ 7.4 Million. For comparison, under
European costing the total cost would be close to CHF 3 Million (no contin-
gency, no labor cost).

The total cost breaks down into:

Total cost $ 7.4 Million

Technical cost $ 2.9 Million = 3M CHF
Labor cost $ 2.8 Million
Contingency $ 1.7 Million

Table 8: Total estimated cost for the VHMPID project according to U.S.
accounting system (incl. labor and contingency).

The technical cost breaks down into the specific components as follows:

Component Cost

Mechanics 400k
CsI 150k
Quartz windows 100k
FEE 250k
Trigger 400k
Gas & system 750k
Cooling & system 100k
Mirrors 300k
DCS, HV, LV 205k
Services 200k
Total: 2.9 M

Table 9: Detailed technical cost breakdown

The machining cost is built in into the support structure / mechanics cost,
since some of it is an in-kind contribution by subsidized U.S. machine shops.
The cost breakdown presented here is based on a RICH operated at atmo-
spheric pressure. A pressurized version will require additional funding for the
vessel mechanics, the photon detector window, the services and potentially
the cooling system. A very rough estimate shows that the additional cost
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would add up to less than $1 Million. The trigger cost includes funding for
the dedicated HPTD trigger option, since it is based on the baseline L0/MIP
layer. In other words we estimate the cost of the L0/MIP layer to be around
150 k, which would be expanded to the quoted 400 k, if the HPTD trigger
becomes necessary in case the TRD trigger option fails for technical reasons.
This would also required an additional 200 k in labour cost.

We anticipate that in-kind contributions by the European collaborators
to the labor cost will offset at least 75% of the total $ 2.8 Million. Regarding
the remainder of the project cost we plan to approach funding agencies in the
U.S., Hungary, Italy, Mexico, India, and South Korea, with the U.S. carrying
about 70% of the remaining cost.

The labor distribution breaks down into:

Labour FTE count

Engeneers 2.7 FTE
Designers 2.0 FTE
Technicians 17.7 FTE

Table 10: Labor Full Time Equivalents (FTEs) required to complete the
VHMPID project.

The cost estimate has been based on the considerable project experience
by the RICH team that also was responsible for the ALICE-HMPID, plus
the management experience by some of our senior scientists who have led
large scale detector projects prior to the VHMPID.

Additional R&D cost for 2011 and 2012 (on the level of $ 500 K per year)
will be contributed by the participating institutions prior to the construction
proposal.

10 Conclusions

The RHIC results have hinted at the relevance of PID at high transverse
momenta on a track-by-track basis. Theory predictions for the higher ener-
gies clearly point at the necessity to identify hadrons out to 25 GeV/c. We
propose to build a new detector which will enhance significantly the physics
capabilities of ALICE exploring this new regime of hard processes in proton-
proton and heavy-ion collisions. The proposed baseline VHMPID detector,
using a pressurized gaseous Cherenkov radiator coupled to a MWPC-based
CsI photo-detector, will allow charged hadron identification in a tunable mo-
mentum range starting at 5 GeV/c up to 25 GeV/c. These measurements
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will be unique at the LHC. No other experiment will match these capabili-
ties, and no other experiment will be able to correlate these unique results
to low momentum PID and other measurements obtained with the existing
ALICE detector.
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A Appendix: R&D on GEM-like photode-

tectors

An interesting alternative to the traditional MWPC-based photodetector is
represented by a multi-GEM (Gas Electron Multiplication) detector com-
bined with a reflective CsI photocathode. In line with the impressive devel-
opment of GEMs we are studying the possibility to develop large area CsI
coated multi-GEM photodetector. The main advantages of a GEM based
detector would be a simpler and faster detector construction and the possi-
bility to operate at higher gains due to the photon feedback suppression by
the hole-type geometry. Performed studies show that the maximum achiev-
able gain of hole-type detectors increases with their thickness [46]. A simple
device consisting of a printed circuit board (PCB) 0.5-1mm thick, metal-
lized from both sides, with drilled holes of 0.5-1 mm diameter with a pitch
of 0.8-1.2 mm can achieve maximum gains typically 10 times higher than
conventional GEM [48]. Therefore we focused our attention on such TGEM
(Thick GEM) [47, 48] detectors due to their robustness, both from mechan-
ical and operational point of view [49].

 

 
 
 
Fig. 1. Photo of TGEM 
 

 
 
Fig.2 Gain vs. voltage measured with TGEM manufactured in Israel [7] 
 

 
 
 
 
Fig. 3 Gain vs voltage measured with double RETGEMs [7] 
 
 

Figure 41: Gain vs. voltage measured with TGEM manufactured in Israel
[51].

As an example Figs. 41 and 42 show the gain dependence on voltage for
single and cascaded TGEMs [50]. One can see that gains close to 105 can be
achieved with a single TGEM and up to 107 with cascaded TGEMs.

In laboratory tests, the QE measured with the CsI coated TGEM in CH4

was 18% at 185 nm and its operation was stable at counting rates of 100
Hz/cm2 expected in the VHMPID detector at ALICE experiment during
PbPb runs.
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Fig. 1. Photo of TGEM 
 

 
 
Fig.2 Gain vs. voltage measured with TGEM manufactured in Israel [7] 
 

 
 
 
 
Fig. 3 Gain vs voltage measured with double RETGEMs [7] 
 
 

Figure 42: Gain vs. voltage measured with double RETGEMs [51].

Other studies will be performed in laboratory and testbeam in order to
optimize the gas mixture in terms of achievable gain, operation stability and
photoelectron extraction efficiency.

Recently we started to develop a new version of TGEM with electrodes
coated by a screen printed technology with protective resistive layers (Resis-
tive Electrodes TGEMs or RETGEM, Fig. 43 [52]). This new design has the
further advantage of protecting the Front-End Electronics in case of sparks.

Figure 43: Photo of the latest design of RETGEM with inner metallic strip
electrodes (left), same but with large 10× 20 cm2 area (right).

We already build and performed several beam tests of a RICH proto-
type consisting from six triple TGEMs each of them having an active area of
10× 10 cm2. In order to make correct comparisons with an MWPC in these
tests we used a 15 mm thick liquid C6F14 radiator. One triple TGEM was
placed behind the liquid radiator with the aim to detect the beam particles
whereas, the other five have been positioned along a circle with the aim to
collect the Cherenkov photons. The upstream electrode of each TGEMs has
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been coated with a 0.4 µm thick CsI layer. A pad read-out plane, similar to
one use in HMPID detector, was placed 3 mm behind the triple TGEMs (the
size of each pad was 8× 8 mm2) combined with a frontend electronics based
on the standard ALICE-HMPID GASSIPLEX and DILOGIC chips. Event
monitoring and analysis were carried out using the ALICE software pack-
age AMORE. RICH prototype was installed at the T10 test beam facility
at CERN (mainly by pions at ∼ 6 GeV/c momenta). As on the example in
Figure 44 is shown a Cherenkov ring image obtained in Ne+10%CF4 gas mix-
tures for more precisely charge signal from the pads (see Ref. [92] for more
details). The obtained preliminary results suggest that the TGEM based
option for the VHMPID photodetector can be an interesting alternative to
MWPC technology especially since it allows the use of nonflammable gases.
Both TGEM and RETGEM can be coated with CsI achieving quantum ef-

Figure 44: Cherenkov ring recorded in Ne+10%CF4 (raw data, no noise sub-
traction) at 3.5 atm. pressure.

ficiency similar to traditional CsI photocathodes. Detailed investigations
will be performed to evaluate feasibility and stable operation of large area
(∼ 50× 50 cm2) TGEM- or RETGEM-based photodetector.
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B Appendix: ”Thin” VHMPID option

The integration of a RICH counter followed by an electromagnetic calorime-
ter in the same volume is under study since it would provide further appealing
options to the physics case presented here. In particular the direct recon-
struction of the full jet and its energy through an electromagnetic calorime-
ter in the same acceptance than the VHMPID will significantly improve the
track-by-track physics and correlation measurements (jet-hadron, di-hadron)
detailed in the physics part in Section 7. The main measurement which will
benefit from such an integrated detector system is the determination of par-
ticle identified fragmentation functions in heavy ion and proton-proton colli-
sions, since the jet energy can be determined unambiguously and thus leads
to a strict analysis of the fractional momentum. Furthermore the proposed
detector combination enables us to do actual jet-jet correlation measurements
with particle identification.

As already mentioned in Section 2.1, a thinner version of the RICH de-
tector can be obtained exploiting the radiator refractive index increase with
pressure (see Table 1). Table 11 shows the photon yield and Cherenkov ring
radius at β = 1 for different radiator pressures and lengths.

Radiator Refr. ind. Radiator Cherenkov ph. Cherenkov ring

pressure [atm] at 175 nm length [cm] yield [eV−1] radius [cm]

1.0 1.00153 80 81 4.4
2.0 1.00306 50 110 3.9
3.0 1.0046 50 165 4.8
3.5 1.00535 50 195 5.2

Table 11: Variation with C4F10 gas radiator pressure of refractive index,
Cherenkov photon yield and ring radius at two radiator lengths.

These results indicate that basic performance quantities (i.e. no. of
Cherenkov photons and ring radius) for L = 50 cm and p ≈ 2− 3.5 atm are
equivalent or better to the baseline geometry with L = 80 cm at p = 1 atm.
Increasing the radiator pressure will also result in a larger occupancy since
the momentum range for PID is shifted towards a region of higher charged
particle yields. PID efficiency simulations, similar to those described in Sect.
4, have been performed for a 50 cm radiator length at 2 and 3.5 atm. Fig. 45
presents the Cherenkov angle distributions for pions, kaons and protons at
25 GeV/c and 3.5 atm, where one can clearly deduce a 3σ separation for
protons. Fig. 46 shows the probability of correct identification and wrong
identification as each of the other two particle species 3.5 atm, achieved in
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this Monte-Carlo study. Finally, Table 12 summarizes the momentum ranges
where PID can be achieved for π, K and p at 2 and 3.5 atm.

Figure 45: Distribution of ring-averaged Cherenkov angles for pions, kaons,
and protons after the Hough Transform method at 25 GeV/c at 3.5 atm.

Momentum range of identification
2 atm, 50 cm 3.5 atm, 50 cm

Particle Absence of signal Signal Absence of signal Signal

type [GeV/c] [GeV/c] [GeV/c] [GeV/c]

Pions, π — 2− 17 — 1.5− 15
Kaons, K — 7− 17 — 5− 15
Protons, p 7− 12 13− 27 5− 9 10− 25

Table 12: Preliminary identification capabilities for the VHMPID with C4F10

radiator at 2 and 3.5 atm and a radiator length of 50 cm. The lower and
upper limits correspond to Nrp > 3 and to 3σ separation, respectively.

The integration in front of an electromagnetic calorimeter will require
minimization of material budget in order to prevent the spoiling of calorime-
ter performance. According to preliminary engineering studies, the radiator
vessel should consist of composite panels, obtained by sandwiching 1.5 mm
thick Al foils with Rohacell foam of ∼ 3 cm thickness providing the required
stiffness to stand the working pressure of 3.5 atm, adding a reduced amount
of material in front of the calorimeter. A very preliminary estimate of the
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Figure 46: PID efficiency contamination for π, K and p (from top to bot-
tom) achieved in single particle events embedded in HIJING background, at
radiator gas pressures of 3.5 atm and a radiator length of 50 cm.

radiation length of the main VHMPID detector components is reported in
Table 13.

Fig. 47 shows the P −T diagram of some common fluorocarbon gases; in
order operate the radiator gas at 3.5 atm, heating at 40 oC will be necessary
to prevent gas condensation. Both radiator vessel and gas pipes will need to
be heated and insulated. An additional advantage of using composite panels
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Detector component X/X0

Bottom and top radiator vessel panel 7 %
Photon detector and tracking layers 3 %
Mirror 2 %
Radiator gas 4 %
Sapphire window (4 mm) 6 %
Total 22 %

Table 13: Estimated radiation length of different components of the VHMPID
detector.

for the radiator vessel is that the insulation function is implemented in the
same structure (Rohacell thermal conductivity is 0.029 W/m/K).

Figure 47: Phase diagram curves for some fluorocarbon compounds.

A possible layout of an integrated detector system will consist of a com-
bined support structure which can hold the VHMPID modules and the exist-
ing calorimeter modules. According to the EMCal and DCal design drawings
these modules occupy just a depth of 47 cm radially. The present calorime-
ter support structure has an additional 50 cm depth, though. Since the thin
VHMPID, including its readout, should occupy not more than 70 cm radially,
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we are proposing to design a modified support structure with a maximum
depth of about 30 cm to hold both detectors. In phase-1 of the ALICE up-
grade plan such a device could occupy the full range of detector coverage,
which is presently reserved for VHMPID, DCal and PHOS. In other words,
the coverage of a combined device would be sufficiently large to fully recon-
struct and particle identify jets up to a jet cone radius of R = 1. The existing
DCal and PHOS modules could be used, and new calorimeter modules could
be added in the area presently reserved for the VHMPID. This detector en-
semble will reside back-to-back with the existing EMCal. In phase-2 one
could envision an extension of PID into the EMCal region, i.e. into the up-
per part of the ALICE detector. This might require a significantly reinforced
support structure though due to the added weight. The radially available
depth in the upper part of ALICE is also reduced, and any extension into
this region requires more detailed design work.
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