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Abstract

This document describes the technical layout and the expected performances of a
Ring Imaging CHerenkov (RICH) detector for the CLAS12 spectrometer. The detector
is designed to provide CLAS12 with the capability to identify kaons with momentum
between 3 and 8 GeV/c with a rejection power with respect to pions and protons of
about 1:500.
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Lepton scattering is the basic tool for determining the fundamental structure of matter,
in particular of the nucleon, from which the observable physical world around us is formed.
Such experiments, using high energy lepton beams, tested successfully the theory of Quantum
Chromodynamics (QCD), which describes all strongly interacting matter in terms of quark
and gluon degrees of freedom. The successful prediction of the energy dependence of parton
distributions, which were introduced to describe the structure of the nucleon, has been one
of the great triumphs of pertubative QCD.

In the following sections, we briefly summarize the main physics items that will benefit
from the RICH construction. A more detailed discussion can be find in [1].

1 Nucleon structure: towards a three-dimensional 1m-
age

After four decades of lepton-nucleon scattering experiments, our knowledge on the universal
parton distribution functions (PDFs) and fragmentation functions (FFs), which connect the
partonic dynamics to the nucleon, has been dramatically improved. On the other hand,
the gain in precision has often revealed intriguing aspects of the nucleon structure. Among
these surprises are the sizeable breaking of isospin symmetry in the light sea quark sector,
suggesting differences between the sea quark and antiquark distributions, the steep rise of
the distributions at small momentum fractions, and an interesting pattern of modifications
of the distributions in nuclei. Certainly one of the most surprising results is the unexpectedly
small fraction, about a quarter, of the proton’s spin that is due to the contribution from
quarks and antiquarks.

This finding has triggered a vast experimental and theoretical activity aiming at clari-
fying the role gluons and parton orbital angular momenta play for a complete description
of the proton spin structure. New concepts of Transverse Momentum Dependent (TMD)
distribution and fragmentation functions, which go beyond the collinear approximation, are
a key to unravel the intricacies of the intrinsic motion of partons and the possible connec-
tion between their orbital motion, their spin and the spin of the nucleon, which cannot be
described with standard (e.g. collinear) parton distributions. Experimental measurements
have confirmed the applicability and necessity of including these novel correlations in QCD in
order to understand complex structure of nucleons. These TMD distributions together with
the so-called Generalized Parton Distributions (GPDs) provide for the first time a framework
to obtain information towards a genuine three-dimensional momentum and space resolution
of the nucleon structure. This knowledge will have an important impact to other fields of
nuclear and high-energy physics. The mapping of GPDs and TMD distributions and the
deduction of a three-dimensional image of the nucleon is a major focus of the hadron physics
community and constitutes a milestone in the physics program of the Jefferson Laboratory
(JLab) 12 GeV upgrade [2].

While GPDs can be probed in hard exclusive processes where the nucleon stays intact
and the final state is fully observed, TMD distributions are most successfully measured in
semi-inclusive deep-inelastic scattering (SIDIS). In SIDIS experiments, at least one hadron is
detected in the final state in addition to the scattered lepton. These experiments are the most



powerful tool for directly obtaining flavour dependent information about the nucleon’s quark
structure. In particular, they provide unique access to the elusive strangeness distributions
and to the role of the strange quarks in the fragmentation process. Pioneering polarized
semi-inclusive DIS experiments have revealed surprising effects in various different kaon
production observables, which deviate from the expectations based on u-quark dominance
for the scattering off a proton target. Recent experimental (COMPASS HERMES) and
theoretical studies indicate the fragmentation involving strange quarks may have a very
different orbital structure, and studies of Pr dependencies of different hadrons in SIDIS will
be critical in understanding the dynamics of hadronization process.

These kaon results point to a significant role of sea quarks, and in particular strange
quarks. For almost all kaon observables, the deviation from the expected behaviour is most
pronounced in the kinematic region around xp = 0.1 (x5 being the Bjorken scaling variable),
which is well covered by CLAS12. In order to fully explore the power of SIDIS experiments,
pion, kaon and proton separation over the full accessible kinematic range is indispensable.

For exclusive processes, in the handbag approach where the helicity amplitudes depend
on hard partonic subprocess and the GPDs, different spin and azimuthal asymmetries of
exclusive hadrons can provide a unique possibility to access the elusive chiral-odd GPDs.
Identification of kaons will be critical for separation of different exclusive states involving K's
and K*s.

Measurements with kaons in semi-inclusive and hard-exclusive processes will be crucial
in understanding the underlying dynamics behind spin-orbit correlations in hard processes
and accomplishing the CLAS12 program of studies of the three-dimensional structure of the
nucleon.

2 Effects of nuclear matter

Besides the exciting new aspects of nucleon structure, a very interesting pattern of modi-
fications of parton distribution and fragmentation functions in nuclei has been observed in
lepton-nucleon scattering, which caused vast experimental and theoretical activities. The
understanding of quark propagation in the nuclear medium is essential for the interpretation
of high energy proton-nucleus interactions and ultrarelativistic heavy-ion collisions. Lep-
toproduction of hadrons has the virtue that the energy and momentum transferred to the
hit parton are well determined, as it is “tagged” by the scattered lepton and the nucleus is
basically used as a probe at the fermi scale with increasing size or density, thus acting as
femtometer-scale detectors of the hadronization process. Theoretical models can therefore
be calibrated in nuclear semi-inclusive DIS and then applied, for example, to studies of the
Quark-Gluon-Plasma in ultrarelativistic heavy-ion collisions.

The experimental results achieved over the last decade demonstrate the enormous poten-
tial of nuclear SIDIS in shading light on the hadronization mechanisms. For all observables
investigated so far, a very distinct pattern of nuclear effects was observed for the various
different hadron types. However, the existence and relative importance of the various stages,
like the propagation and the interaction of the partons, color-neutralization and formation
of the final hadron, are far from being determined unambiguously.

With the unique and well-determined leptonic and hadronic planes of SIDIS the azimuthal



angle between these planes determines the path of the produced hadron. The nuclear mod-
ification to the angular modulation of the production rate, as well as transverse momentum
broadening of the produced hadrons, provides a sensitive probe to the color and parton
density fluctuations inside nucleus, which is very important for understanding the initial
condition of relativistic heavy ion collisions.

In this panorama, JLab12 with its high beam intensity and the usage of a large variety
of nuclear targets will provide data in a kinematic region that is very suitable for studies of
nuclear effects. The potential of performing a fully differential analysis is a key to disentangle
the various different stages of hadronization. The capability of identifying pions, kaons and
protons over the whole kinematic range of interest will be crucial for gaining more insights
into the space-time evolution of the hadronization process.

3 Search for exotic mesons

The phenomenology of hadrons and in particular the study of their spectrum led more
than forty years ago to the development of the quark model, where baryons and mesons
are described as bound systems of three quarks and of a quark-antiquark pair, respectively.
Beyond these experimentally extensively observed states, phenomenological models and lat-
tice QCD calculations suggest also the existence of exotic configurations such as hybrids
(qqg), tetraquarks (qqqq) and glueballs. The experimental verification of such exotic states
would significantly deepen our knowledge about the dynamics of QCD. A very attractive
method to identify exotic mesons is through strangeness-rich final states, where the kaons
from the decay of the involved ¢-meson are usually high energetic. Kaon identification over
the whole accessible momentum range would hence provide unique capabilities for the study
of strangeonia and the search for exotic mesons.

4 Impact of CLAS12 with a RICH

The exciting physics program for CLAS12, aiming at a detailed investigation of the three-
dimensional structure of nucleons, is based on the unique features of the upgraded CEBAF
and CLAS12 spectrometer:

e high beam energy and intensity,
e high beam polarization,

e longitudinally and transversely polarized proton and deuterium targets without dilu-
tion,

e variety of nuclear targets,

e large acceptance, multipurpose spectrometer.

Measuring the kaon asymmetries is likely to be as important as pions; new preliminary results
from the HERMES experiment suggest that the kaon Sivers moments provide strong access
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to the orbital angular momentum of the sea quarks. The present capabilities of the present
CLAS12 design are weak in this respect and should be strengthened. *

The addition of a RICH detector would significantly enhance the particle identification
capabilities of CLAS12 and make Hall B an ideal place for obtaining flavour separated
information about the complex multi-dimensional nucleon structure. The novel TMD dis-
tributions and GPDs will be uniquely explored in the valence kinematic region where many
new, intriguing aspects of nucleon structure are expected to be most relevant. Furthermore,
as pions greatly outnumber the other hadrons at nearly all kinematics, the RICH detector
can tremendously reduce the backgrounds for the detection of unstable particles that decay
to at least one charged non-pion, hence opening a new window for studying exotic mesons
with strangeness contents.

Table 1 lists approved CLAS12 experiments [3] where the RICH detector would provide
the potential for new insights into the physics outcome of the planned measurements or is
even required for.

The main objectives of the physics program for CLAS12 with a RICH detector are:

e The role of strangeness: Exploration of the elusive strange distributions in the nucleon
in the valence kinematic region and of signatures for intrinsic strangeness using kaon
prodution in unpolarized and doubly longitudinally polarized deep-inelastic scatter-
ing off proton and deuterium targets, as well as exclusive kaon-hyperon and ¢-meson
production.

e [ntricacies of parton intrinsic transverse momentum: Study of the flavour and kine-
matic dependence of the intrinsic transverse quark momenta employing fully differential
analyses of pion and kaon production in unpolarized deep-inelastic scattering off proton
and deuterium targets.

e Nucleon imaging in transverse momentum space and the role of spin-orbit correlations:
Mapping of the full set of leading and subleading TMD quark distributions via the
extraction of spin- and azimuthal asymmetries for pions and kaons from deep-inelastic
scattering off unpolarized, transversely and longitudinally polarized proton and deu-
terium targets.

o Gluon tmaging in coordinate space: Study of the transverse spatial distribution of
'valence-like’ gluons from hard exclusive ¢-meson production.

e Flffects of nuclear matter: Investigation of quark propagation through cold nuclear
matter via nuclear hadronization and transverse momentum broadening employing
pion and kaon production in deep-inelastic scattering off a variety of nuclear targets.

o Dynamics of QCD and the search for exotic mesons: Study of exotic meson configu-
rations via the tagging of strangeness-rich final states in quasi-real photoproduction.

'From PAC30 Report
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status experiment topic beam rating

days

A 06-117 Quark propagation and hadron formation 60 A~

A 06-112 Probing the proton’s quark dynamics in SIDIS 60 A

A 07-107 Studies of spin-orbit correlations 103 A~
with longitudinally polarized targets

A 11-005 Meson spectroskopy with low ? 119 A~
electron scattering

C1 11-111 Transverse spin effects in SIDIS 100 A
with a transversely polarized target

A 12-007 Exclusive ¢-meson electroproduction 60 B+

C1 12-009 Measurement of transversity with dihadron 110 A
production in SIDIS with transversely
polarized target

A 09-007 Studies of partonic distributions using 110 A~
SIDIS production of kaons

A 09-008 Studies of the Boer-Mulders asymmetry in kaon A~
electroproduction with H and D targets

A 09-009 Studies of spin-orbit correlations in kaon 103 BT

electroproduction with polarized H and D targets

Table 1: Approved CLAS12 experiments [3] which would benifit from the RICH detector (upper
part) or even require it (lower part).
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Figure 1: Schematic view of the CLAS12 spectrometr

5 General layout of the RICH detector

5.1 The CLAS12 spectrometer

The CLAS12 spectrometer in Hall B [2] is designed to operate at a luminosity of 103
cm 2571, an order of magnitude higher than the CLAS at 6 GeV, and with highly polarized
beam and nucleon targets. The detector, shown in Fig. 1 consists of two parts, a Forward
Detector (FD) and a Central Detector (CD).

The CD, with the high-field (5 T) solenoidal magnet, is used to detect particles at large
angles. It has a barrel tracker, a TOF system for charged particle identifications and a
neutron detector. The solenoidal field will also be used to shield the FD from the Moller
background.

The FD detects charged and neutral particles in the polar angle range between 5° and
40°. It is based on the 2T superconducting toroidal magnet and retains the same six-sector
structure of the CLAS spectrometer. It includes a tracking system made of a vertex tracker
and three regions of Drift Chambers, the second of which inside the toroidal field, two
gas Cherenkov detectors (High-Threshold Cherenkov Counter, HTCC, and Low-Threshold
Cherenkov Counter, LTCC) for electron/pion separation, a Time-Of-Flight (FTOF) system
for hadron identification and an electromagnetic calorimeter to help in electron identification
and to detect neutral particles.

The CLAS12 targets will be located inside the CD. There will be unpolarized as well as
longitudinally or transversely polarized targets.
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5.2 Particle ID requirements for SIDIS kaons

The production rate of protons, kaons and pions has been studied using a high statistics
(see table 2) MC event-lists? with torus field polarity outbending for negative particles.
These event-lists, generated with CLASDIS, were subject to the standard DIS cuts (Q* >
1GeV?, W? > 4GeV?, 0.1 < y < 0.85, and z > 0.3) and filtered through the CLAS12
acceptance using the GEMC simulation. The hadron yields within the CLAS12 forward
detector acceptance are shown in a 2D binning in momentum and polar angle in Fig. 2.

™ 17-10° [ 7 1.2-10°
K+ 106-10° | K= 52106
p 816-10| p  6.4-10°

Table 2: Number of CLASDIS generated tracks (in 47) for each hadron type.

In most of the kinematic plane, the kaon rate is about one order of magnitude lower than
the rate of pions and protons. Thus, a successfully kaon ID requires a rejection factor from
pions around 1:500, i.e. a contamination in the kaon sample of few percent. This corresponds
to 40 separation.

The high momentum region (above 6 GeV/c, i.e. z — 1) is important to study the
transition from the hard semi-inclusive to the exclusive regime. The intermediate momentum
(4 < P < 6GeV/c) and angle (15° < 6 < 25°) region is in turn important to reach the highest
values of the hadron transverse momentum. Therefore, CLAS12 must provide the best PID
performances in these two regions.

%it has been produced for the proposal C12-11-111 and corresponds to 80 days of continuous CLAS12

running at a nominal luminosity of 5 - 1033cm 257!
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5.3 Particle ID with CLAS12

Particle identification for hadrons in the FD is obtained by combining the information of
HTCC, LTCC and FTOF. As will be shown in the next sections, no sufficient separation
of kaons from pions can be achieved by using only these detectors in the momentum range
relevant for SIDIS reactions. However, they may give relevant contributions in specific
kinematic regions and should be included in the general CLAS12 particle ID software. More
details on this point will be given in Sect. 13.3.

5.3.1 Time-of-Flight

The FTOF system is composed by two panels of plastic scintillators, the Panel-1a with 15
cm wide bars and the Panel-1b with 6 cm wide bars. Combining the two panels, the time
resolution ranges between 45 and 80 ps, depending on the polar angle of the particle. The
distance between the target and the FTOF system is about 650 cm and the expected time
difference between different particles is shown in Fig. 3. At forward angle (§ = 5°), a 40
separation between kaons and pions requires a time difference AT (7 K) = 180 ps, which may
be reached up to about 3.6 GeV/c momentum. At larger angles (6 = 36°), a 40 separation
corresponds to a AT (mK) = 320 ps, achievable up to 2.8 GeV/c momentum. We conclude
then that the FTOF will provide the required kaon to pion separation up to momenta of
about 3 GeV/c.

5.3.2 High Threshold Cherenkov Counter

The HTCC is a detector designed to separate electrons from pions with high efficiency and
hermeticity. It is composed by a C'O radiator and PMTs with quartz window. The expected
number of photoelectrons for electrons is about n,. = 16.5, with small dependence on ¢ and
no ¢ dependence. Kaons and protons are always below threshold and cannot be detected.
For pions, the number of p.e. goes from 0 at the threshold of about P =5 GeV/c up to 12
at P = 10 GeV/c. Pion inefficiency may be estimated by calculating Poisson fluctuations
on the number of p.e.. For example, with a minimum number of p.e. n, = 3, a 30 pion
to kaon separation may be obtained only above P = 7.8 GeV/c, as shown in Fig.4. A 4o
separation may be obtained only in the extreme region of the kaon momentum distribution.

5.3.3 Low Threshold Cherenkov Counter

The LTCC is basically the same already used in CLAS. It is made by a CyFio gas radiator
with pion threshold at P = 2.7 GeV/c and a number of p.e. about a factor of two smaller
than the HTCC. Kaons are below threshold for momenta up to about 9 GeV/c. Moreover,
it has limited acceptance in ¢ and irregular acceptance, and for this reason in CLAS it has
been used for particle ID only after careful determination of fiducial regions. As done for
the HTCC, the LTCC pion inefficiency is shown in Fig. 5 as a function of the momentum.
A 30 separation may be achieved above P = 7.7 GeV/c only with a minimum cut n,. = 2.
Such low cut however may lead to incorrect identification due to possible background hits.
The required 40 cannot be obtained over the whole kaon momentum range.

17



1-0 T '11 T -\ v T ¥ T
1 -\. — At (psﬁ)
W \ \ 1
= 08 ' \_\ == At (p,K) ]
Q 40,=064ns \ --- At(Km)
D ' ! j
@ % \ ]
b= [ v ]
0 04 an-osems N s 3, -
> - s
= 02 l = l ==
0.0 L 1 i 1
0 1 2 3 4 5 6

Momentum (GeV/c)

Figure 3: Time difference between various particles as a function of the momentum as measured by
the FTOF. The horizonthal blue line indicate the required 40 separation in the forward, while the line
marked at 0.32ns indicates the same cut for the large angle regions.

NN

AN
AN

10 3 \ \\
SR NN

: g
10 '55 It

In-Efficiency

=]

cut

/

/

/ i

10

N v
I T N T T T N T T A A

5 55 6 65 7 75 8 85 9 95 10
Momentum, GeV

Figure 4: Pion detection inefficiency in the HTCC for minimum n,. = 1,2,3 as a function of the
momentum. The horizonthal line indicate the 30 separation.

18



[

In-Efficiency

10

———

Y |||||||||||‘r|||||||||

T I T
8 9 10

[&]

Momentum, GeV

Figure 5: Pion detection inefficiency in the LTCC for minimum n,. = 1,2,3 as a function of the

momentum. The horizonthal line indicate the 30 separation.

19



5.4 The RICH detector for CLAS12

As discussed in the previous section, CLAS12 can’t provide adequate kaon identification in
the momentum range between 3 and 8 GeV/c. Improved particle identification and event
reconstruction can be achieved in this momentum range by replacing at least one sector of
the existing LTCC with a RICH detector. The idea of a RICH detector is schematically
shown in Fig. 6. When a fast particle cross a radiator with a velocity [ larger than the
velocity of the light, it emits Cherenkov photons in a cone with opening angle 6o given by
(0) = — 1)
cos(lp) = ——
An(A)
where n()\) is the refractive index of the radiator, which may depend on the wavelenght .
The number of Cherenkov photons emitted per radiator thickness unit L and at a given
wavelenght is

d’>N 2raZ?\ .
din = (5 ) st )

After a gap region where the cone opens up, the photons are detected and the ring can be
reconstructed. A precision measurement of the Cherenkov angle provides the velocity of the
particle and, together with information from the tracking system, it allows the identification
of the particle. Thus, the capability of identify particles with a known momentum and
different velocity is governed by the Cherenkov angle resolution oy, as shown in Fig. 7. It
can be effectively parametrized by the separation in units of resolution n, between the angle
distributions for the various particles. Contamination due to misidentification and detection
efficiency can be estimated once n, and the relative yields are known.

Several RICH detectors have been used in different experiments and in various configu-
rations. For example, the one adopted in Hall-A [4] uses a freon (C5F12 or C6F14) radiator
and a Csl-deposited multi-wire proportional chamber as a UV-photon detector. However, it
does not achieve the required pion rejection factor at momenta greater than 3 GeV/c. As
shown in Fig. 8, any gas or liquid radiator doesn’t provide sufficient angular separation in
the necessary momentum range. Thus, the CLAS12 momentum range imposes the use of
aerogel as the unique available solution. In addition, with respect to the use of freon in the
UV region, such a solution offers a lower chromatic error and a higher quantum efficiency in
the detection of photons in the visible wavelenght spectrum.

Different solutions for the photodetectors have been considered. For example, matrices
of SiPM are compact and robust devices and can in principle better cope with the fringe
fields of the torus magnet. The developments in their production technique has recently
shown, and is expected to continue in the next years, fast progresses in the suppression
of background dark-counts (per surface unit) and a cost reduction towards values lower
than for standard photomultipliers. Very promising are also the Large-Area Pico-second
Photo Detectors (LAPPD), based on the Micro-Channel Plate photomultipliers. Combining
integrated advances in material sciences and electronics, this innovative technology aims at
the production of large scale photodetectors with high spatial and time resolutions at low
costs.

Although promising, these two options don’t guarantee at present the adequate perfor-
mance and reliability, thus the only affordable solution for photodetectors are the Multi-
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Anode PhotoMultipliers Tubes (MAPMTs). They have high quantum efficiency in the vis-
ible and near UV region, give a fast response and provide the necessary spatial resolution.
Among different types of MAPMTs, the Hamamatsu H8500 are the best choice in terms of
costs and performances.

There are many constraints imposed by other detectors already in the construction phase.
To fit into the CLAS12 geometry, the RICH should have a six-sector projective geometry
that occupies the space between the torus cryostats and covers the scattering angles from
5% to 30°. In one sector, the available space for the RICH is basically the same as for one
LTCC sector. The external frame has a trapezoidal shape, with a major base of about 4.3
meters, a height of about 3.8 meters and a depth of about 1 meter and it is tilted by 65°
with respect to the vertical. A view of one RICH sector within the CLAS12 spectrometer is
shown in Fig. 9.

Being placed before the TOF and calorimeter, the RICH is also subject to material
budget limitations. The LTCC has a total thickness of 0.032.X, while the FTOF scintillator
bars have a thickness of 0.12.X, and the preshower calorimeter a total thickness of 5X,. We
will take these numbers as a reference, however one should take in mind that, as will be
discussed in the following, most of the RICH material budget will be constituted by the
photodectors, that will be located at small polar angles, where the particles have on average
higher momentum.

The detector will be located outside of the torus magnetic field, however residual small
field can be present at the RICH position. Extrapolating the existing field map calculations,
one obtain the residual field values shown in Fig. 10. The field is basically negligible close
to the beam line and increases with the polar angle, reaching a value of about 3 gauss at
13°, the expected maximum angle covered by the RICH photodetectors.

In order to reduce the area to be covered with photon detectors from several squared
meters to about 1 m?, and thus to decrease the cost, a hybrid solution has been developed
[5], as shown in Fig. 11. For forward scattered particles (# < 13°) with momenta p = 3
- 8 GeV/c a proximity imaging method will be used, where the Cherenkov cone is imaged
directly. For larger incident particle angles of 13° < # < 35° and intermediate momenta of
p = 3 - 6 GeV/c the Cherenkov light will be focussed by a spherical mirror, followed by
two further passes through the radiator material and a reflection from planar mirrors before
detection. The Cherenkov light will be produced from a thicker amount of aerogel material
than it will be reflected through, to compensate yield losses whilst obtaining a focalised ring.
For momenta below 2.8 GeV /c the TOF system will provide the required 7/ K identification
for polar angles up to 40°. At high momentum, the HTCC provides good identification for
pions. Rough kinematic coverage of the different detections are shown in Fig. 12.
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Figure 6: Schematic view of a RICH detector.

Figure 7: Pion to kaon separation in the RICH: the red triangle indicate the pion contamination while
the blue one the kaon loss.
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