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Outline 

•  Layout of SBS SIDIS experiment in GEANT4 
•  Details of RICH geometry in GEANT4 

•  Geometry 
•  Optical properties 
•  Physics processes 

•  SBS and BigBite optics and resolution studies 
•  Fitting of reconstruction matrix elements 

•  Simulations of RICH PID performance 
•  Reconstruction of Cherenkov emission angles—inverse ray tracing 
•  PID assignment—IRT “likelihood” calculation and PID performance 

•  New Simulations of RICH Background Rates 
•  Results 
•  Comparison to old GEANT3 work  
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Layout of E12-09-018 in GEANT4 

•  BigBite at 30 degrees on beam right—detector package includes four-plane GEM tracker, calorimeter, Cherenkov gas 
volume; some details still missing (GRINCH, calorimeters, hodoscopes) 

•  SBS at 14 degrees beam left—detector package includes six GEM planes (50 x 200 cm2), RICH and HCAL; details of 
HCAL missing. 

•  Field clamps and beamline lead shielding missing from SIDIS model. 
•  Helium-3 target cell: 60 cm, 10.5 atm, all glass for now 
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Details of RICH geometry in GEANT4 

•  Simplified geometry of containment volume: 1”-thick aluminum rectangular box with cutouts for entry 
and exit windows of 1 mm-thick aluminum—filled with C4F10, n = 1.00137 

•  Aerogel wall—5 (W) x 17 (H) x 5 (D) tiles with average dimensions of HERMES tiles 
•  Separated by 1-mil thick “Tedlar” spacers (absorb photons crossing stack boundaries) 

•  3.2 mm-thick UVT-lucite window between aerogel and C4F10—absorbs Rayleigh-scattered UV photons 
produced in aerogel—Cherenkov photons emitted in lucite trapped by total internal reflection 

•  Spherical mirror—geometry approximated by a spherical shell of carbon with uniform thickness equal to 
average thickness of carbon-fiber composite used in actual HERMES RICH mirrors 

•  PMT matrix—more details next slide 
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Details of RICH geometry in GEANT4—PMTs 

23:3 mm; yielding an elementary cell surface of
426 mm2: The 1934 PMTs in each detector half are
arranged in 73 columns of alternately 26 and 27
PMTs each. A section of the soft steel matrix plate
and PMT packing design is shown in Fig. 7. The
matrix plate provides the gas seal for the C4F10

volume. The gas seal for individual PMT cavities
was provided by thin quartz windows which were
glued to soft steel cone-shaped inserts that in turn
were glued into the inner face of the PMT matrix
plate.

Only 38% of the area of the focal plane is
covered by the PMT photocathodes. An alumi-
nized plastic foil funnel was inserted into each soft
steel entrance cone to increase the coverage to
91% of the photon detector surface and to
improve the reflectivity of the cone surface. The
funnels extend beyond the steel plate with an
opening diameter of 23:3 mm; so minimizing the
dead space between the PMTs. They provide a
high reflectivity above l ¼ 200 nm: Their effect on
the geometric collection efficiency is shown in
Fig. 8 as a function of the angle between the
incoming photon and the normal to the detector

plane (incident angle). The influence of the
funnels is found from the difference between the
total efficiency and the efficiency for ‘‘direct’’
detection.

The stray fields from the HERMES spectro-
meter magnet at the location of the photon
detector matrix can reach up to 90 G perpendi-
cular to the detector plane, requiring careful
magnetic shielding of the PMTs. Individual PMTs
were wrapped in a 100 mm thick m-metal sheet and
the matrix plates holding the PMTs were con-
structed from high permeability (C-1008) steel.
The soft steel matrix, combined with the m-metal
shielding and the soft steel inserts, reduces the
magnetic fields to negligible levels, which guaran-
tees that the PMT gains are not significantly
affected.

2.6. Detector readout and event format

The readout of the photon detector is performed
by the commercial LeCroy PCOS4 acquisition
system, upgraded for the HERMES application.
Each detector half is read out by a set of 8

Fig. 7. Schematic photon detector design. All units are in mm.

Fig. 8. Collection efficiency of the funnels versus incident angle
(solid points) from a Monte Carlo simulation. The other curves
show the components of the efficiency in terms of the number of
‘‘bounces’’, i.e. reflections from the foil surface.

N. Akopov et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 511–530518

•  PMTs are Philips XP1911UV, with 19 mm diameter, (15 mm active photocathode diameter) 
•  Bi-alkali photocathode w/UV glass window (PMT window assumed 1 mm-thick, but this is a guess—

note too important for simulation purposes).  
•  Cathode diameter 15 mm, defines sensitive volume for GEANT4 hits/output 
•  Additional quartz window provides seal between PMT and C4F10 environment (3 mm thick, from 

HERMES RICH CAD drawings) 
•  Light collection cone: “Steel” covered with aluminized plastic foil—increase light collection efficiency/

packing fraction from ~38% of PMT matrix area to ~60% 
•  “Steel” tube—19 mm-diameter, 87 mm length, 2 mm wall thickness—defines PMT body: only purpose in 

the MC is to block “stray” light from reaching PMT photocathode and approximate surrounding shielding 
materials without a full description of the steel plate that holds the PMT matrix 
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RICH Optical Properties—PMT Quantum Efficiency 

photomultiplier tubes                                                             XP1911/UV
preliminary product specification 
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•  Top right: spectral sensitivity of XP1911UV in mA/W vs. 
wavelength, from XP1911UV data sheet 

•  Top left: converted to quantum efficiency—this curve 
used in GEANT4 for detection probability 

•  Bottom right: QE curve from HERMES RICH NIM paper 
shows slightly higher QE peaking at slightly lower 
wavelength.  

•  If HERMES curve is correct, our simulation will slightly 
underestimate signal strength 

actually used. For those tiles, the average index of
refraction is 1.0304, with a spread of 3:6! 10"4

[12,11]. The tiles are stacked in a container
consisting of an aluminum frame with a 1 mm
aluminum entrance window and a 3:2 mm UVT-
lucite exit window. To guard against possible
degradation of the aerogel by the C4F10 environ-
ment, the aerogel container is sealed gas tight and
dry nitrogen is continuously circulated through the
box at a slow rate.

The aerogel tiles are stacked in 5 layers, with 5
horizontal rows, and 17 vertical columns as
required to span the spectrometer acceptance.
Black plastic spacers of appropriate thicknesses
between the aluminum frame and the tiles prevent
them from shifting while the radiator is moved.
The aerogel wall thickness was chosen as the
optimal point for maximizing the unscattered light
yield relative to scattered background photons
[13,14]. The tiles are stacked according to their
measured refractive index, thickness, and surface
quality. To achieve the best ring resolution, tiles
with similar refractive indices are placed together
in the same stack, so that particles passing
through the radiator emit photons with very
similar Cherenkov angles. Opaque black sheets
of tedlar between the aerogel stacks reduce

distortions by absorbing photons that cross stack
boundaries.

The choice of the material for the exit window
was driven by its transmission properties. Due to
the proportionality to l"4 of the Rayleigh scatter-
ing cross-section, the low wavelength end of the
light yield spectrum is dominated by rescattered
photons. Since they only contribute to the back-
ground, the exit window material was selected to
absorb most of them. A good match was found in
ultraviolet-transmitting (UVT) lucite, which has
an absorption cutoff of 290 nm [14] (see Fig. 6).
The thickness of the UVT window, 3:2 mm; was
chosen to be as small as possible while still
providing sufficient mechanical stability. It con-
tributes less than 1% of a radiation length. The
Cherenkov light generated in the lucite itself is
emitted at such high angles that it is effectively
trapped by total internal reflection for most
forward tracks.

2.4. Mirror array

The mirror arrays each consist of eight segments
that are mounted in two rows of four (see Fig. 5).
Both the mirrors and the mounting frame were
fabricated by Composite Mirror Applications

Fig. 6. Efficiencies for transmission and detection of aerogel (left) and gas photons (right). The included contributions are the mirror
reflectivity (mirror), the PMT cone efficiency (cone), the effect of the air gap between PMT and quartz window (loss), the light
transmission through lucite and the quantum efficiency of the PMT bialkali cathode. The sharp edge in the cone efficiency results from
the sharp cutoff in reflectivity at 200 nm: The shaded histogram is the total efficiency to detect an emitted photon.

N. Akopov et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 511–530516

5/21/14 SBS Weekly Meeting 5/21/2014 6 



RICH optical properties—PMT windows 
• Presently, refractive index and transparency of UV glass and 

quartz windows are assumed identical to those of fused 
silica. 
• For now, the 0.5 mm gap between PMT window and quartz 

window is not included in the simulation (not including this 
gap means neglecting the small losses due to reflections at 
the boundaries) 
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RICH Optical Properties: Mirror reflectivity and 
Lucite transparency 

actually used. For those tiles, the average index of
refraction is 1.0304, with a spread of 3:6! 10"4

[12,11]. The tiles are stacked in a container
consisting of an aluminum frame with a 1 mm
aluminum entrance window and a 3:2 mm UVT-
lucite exit window. To guard against possible
degradation of the aerogel by the C4F10 environ-
ment, the aerogel container is sealed gas tight and
dry nitrogen is continuously circulated through the
box at a slow rate.

The aerogel tiles are stacked in 5 layers, with 5
horizontal rows, and 17 vertical columns as
required to span the spectrometer acceptance.
Black plastic spacers of appropriate thicknesses
between the aluminum frame and the tiles prevent
them from shifting while the radiator is moved.
The aerogel wall thickness was chosen as the
optimal point for maximizing the unscattered light
yield relative to scattered background photons
[13,14]. The tiles are stacked according to their
measured refractive index, thickness, and surface
quality. To achieve the best ring resolution, tiles
with similar refractive indices are placed together
in the same stack, so that particles passing
through the radiator emit photons with very
similar Cherenkov angles. Opaque black sheets
of tedlar between the aerogel stacks reduce

distortions by absorbing photons that cross stack
boundaries.

The choice of the material for the exit window
was driven by its transmission properties. Due to
the proportionality to l"4 of the Rayleigh scatter-
ing cross-section, the low wavelength end of the
light yield spectrum is dominated by rescattered
photons. Since they only contribute to the back-
ground, the exit window material was selected to
absorb most of them. A good match was found in
ultraviolet-transmitting (UVT) lucite, which has
an absorption cutoff of 290 nm [14] (see Fig. 6).
The thickness of the UVT window, 3:2 mm; was
chosen to be as small as possible while still
providing sufficient mechanical stability. It con-
tributes less than 1% of a radiation length. The
Cherenkov light generated in the lucite itself is
emitted at such high angles that it is effectively
trapped by total internal reflection for most
forward tracks.

2.4. Mirror array

The mirror arrays each consist of eight segments
that are mounted in two rows of four (see Fig. 5).
Both the mirrors and the mounting frame were
fabricated by Composite Mirror Applications

Fig. 6. Efficiencies for transmission and detection of aerogel (left) and gas photons (right). The included contributions are the mirror
reflectivity (mirror), the PMT cone efficiency (cone), the effect of the air gap between PMT and quartz window (loss), the light
transmission through lucite and the quantum efficiency of the PMT bialkali cathode. The sharp edge in the cone efficiency results from
the sharp cutoff in reflectivity at 200 nm: The shaded histogram is the total efficiency to detect an emitted photon.

N. Akopov et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 511–530516

•  The curve labeled “mirror” from HERMES RICH NIM paper was used for the reflectivity of both the 
spherical mirror and the light collection funnels, even though actual funnel reflectivity is slightly higher 

•  UVT-lucite window between aerogel and gas has a sharp cutoff in transparency at ~300 nm. This is 
included in simulation; absorbs deep-UV photons emitted in aerogel, which suffer from Rayleigh 
scattering (cross section proportional to 1/λ4) 

•  Caveat: while making this talk, I discovered an error in the code that caused mirror reflectivity to 
be 100% instead of using the curve, so actual Cherenkov yields will be approximately 10% less than 
what is shown in this talk. On the other hand, the PMT QE may be underestimated, so these effects 
partially offset each other 
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RICH Optical Properties: Aerogel and C4F10 
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Fig. 6. Typical measured trans#ectance (TF) and transmittance
(¹) for a wavelength range between 200 and 900 nm in steps of
1 nm.

Fig. 7. The absorption and scattering lengths determined from
the trans#ectance and transmittance measurements reported in
Fig. 6. The "t to !

!
assumes a const !" function, the "t to

!
#

a complex !-dependence function.

Fig. 6 and Eqs. (1) and (2), as shown in Fig. 7.
Scattering is the dominant process up to 600 nm,
absorption dominates from 650 to 900 nm. In this
interval the observed absorption length has a value
around 20 cm, which is low compared to that
previously reported [7] for other aerogel and meas-
ured with a di!erent equipment.

Above 350 nm the scattering length is well "tted
by a !"-dependence (see the curve on !

!
in Fig. 7),

while the absorption length shows a !$-dependence
around 250 nm, and is nearly constant in the rest of
the interval.

3.3. Reyectance measurements

The light re#ected or backscattered from one
aerogel tile has been measured with the same inte-
gration sphere by positioning the sample at the exit
of the sphere, in place of the output Spectralon
plug. This aperture has its normal at 73 from the
sphere axis (light path), thus allowing to dis-
place the specular re#ected beam from the incident
one, and to hit the sphere internally at the position
of the specular Spectralon plug, as shown in the
central panel of Fig. 5.

The re#ectance measured with the specular plug
in place is shown in the upper plot of Fig. 8. Nearly
half of the beam intensity is re#ected or backscat-
tered at lower wavelengths. However, the re#ec-
tance measured with the specular plug removed is
identical to the one measured with the plug in-
serted. The di!erence between the two measure-
ments is shown in the second panel of Fig. 8. The
di!erence is less than 0.1% and practically zero
within the #uctuations in the full !-range. This
proves the absence of specular re#ection in aerogel,
as expected by the Fresnel's law and from its very
low refractive index.

Di!usive re#ection (observing the cosine
Lambert's law) is also negligible for aerogel. In fact,
the full incident laser beam intensity has been ob-
tained by summing over the specular re#ected and
transmitted beam intensities for light that was di-
rected onto a thin piece of aerogel under angles
between 753 and 873, an angular range where
specular re#ection is no longer absent.

The same conclusions can be drawn from the last
two panels of Fig. 8, which show that the measured
re#ectance is completely due to backscattering.
This last quantity has been calculated from the

E. Aschenauer et al. / Nuclear Instruments and Methods in Physics Research A 440 (2000) 338}347 343

•  Optical dispersion in aerogel limits resolution 
of Cherenkov emission angle/PID performance 
(not the dominant source of error) 

•  Light losses in aerogel dominated by Rayleigh 
scattering 

•  Constant refractive index n=1.00137 assumed 
for gas for the time being 
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Optical Physics Processes Included in the MC 
•  Production of optical photons: 

•  Cherenkov effect—production of optical photons requires “RINDEX” to 
be defined as a property of the medium 

•  Propagation of optical photons: 
•  Requires “RINDEX” to be defined 
•  Bulk absorption—requires definition of “ABSLENGTH” for the medium 

of propagation 
•  Rayleigh scattering—if “RAYLEIGH” is defined (aerogel only) 
•  Reflection, refraction and transmission at boundaries:  

•  Dielectric-dielectric interface: if “RINDEX” is defined for both media, then 
boundary interaction is handled automatically via Fresnel equations 

•  Dielectric-metal interface: if “REFLECTIVITY” is defined for the metal surface 
or complex RINDEX, then reflect/absorb with appropriate probabilities 

•  See 
http://geant4.web.cern.ch/geant4/UserDocumentation/
UsersGuides/ForApplicationDeveloper/html/
ch05s02.html#sect.PhysProc.Photo for more details 
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Putting it all together... 

RICH response to a 5 
GeV pion (top) and a 5 

GeV kaon (bottom) 
moving on identical 

trajectories 
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BigBite and SBS optics from GEANT4 
•  For a realistic simulation of RICH PID performance, we need to reconstruct the particle momentum from 

measured track, so that PID analysis is done with realistic momentum resolution 
•  Magnetic field layout:  

•  BigBite: realistic field map (map_696A.dat) 
•  SBS: Uniform 1.4 T field (for now, will use TOSCA-generated maps later) 

•  GEM hits are smeared by 70 µm coordinate resolution of GEMs, then a straight-line track is fitted. 
•  Since “true” track parameters are known in GEANT4, we can use the classic Hall A/C method of 

expanding the reverse transport matrix in a power series in the measured track parameters: �
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•  Track parameters at the target are linear functions of the expansion coefficients 
•  Use standard linear algebra libraries, e.g., SVD, to fit the coefficients, avoid pitfalls of 

nonlinear fitting/numerical minimization 
•  Why fit 1/p instead of p or the traditional δ = 100 × (p/p0 – 1) in the expansion? 

•  SBS/BigBite are large-acceptance spectrometers—range of delta can equal or exceed 
±100% 

•  Expansion of 1/p converges much more quickly—xfp, x’fp are almost linear in 1/p for 
dipole magnets 

•  In principle, the transport matrix for a uniform, rectangular field volume can be calculated 
analytically, but it is nonetheless useful to develop the general formalism 
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SBS resolution from optical reconstruction of GEANT4 
events 
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•  Average momentum resolution: ~0.54%, angular resolution ~0.7 mrad (vertical) and 
~0.8 mrad (horizontal), vertex resolution (ytar): ~1.6 mm 

•  Multiple scattering (including target cell walls) appears to dominate the momentum/
angle/vertex resolution in SIDIS configuration; GEM resolution contribution 
insignificant 
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BigBite resolution from GEANT4 
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•  Average momentum resolution: ~1.1%, angular resolution ~1.2 mrad 
(vertical) and ~1.8 mrad (horizontal), vertex resolution (ytar): ~3 mm 

•  Multiple scattering (including target cell walls) appears to dominate 
the momentum/angle/vertex resolution in GEANT4; GEM resolution 
contribution insignificant 
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RICH PID analysis—Inverse Ray Tracing Approach 

electron a gas ring is expected. The momentum of
the pion is below the pion gas threshold and thus it
only exhibits an aerogel ring. However, the particle
clearly must be a pion, because the particle
momentum is below the aerogel threshold for
kaons. The kaon in the top detector has a well
defined aerogel ring, but no gas ringFas is
expected for a kaon at 5:5 GeV: Any pion at this
momentum would certainly have produced a gas
ring, while the aerogel ring for a proton would
have a much smaller radius.

The task of the pattern recognition algorithm is
in principle to associate the various hits in the
photon detector of the RICH with a ring assigned
to a certain track. In practice this detailed assign-
ment is not needed and only the information
relevant to the track identification is extracted.
The relatively low track multiplicity in the
HERMES experiment simplifies this task consid-
erably.

4.2. Inverse ray tracing

The analysis of the hit patterns is intrinsically
complex since the non-linearities of the imaging
system distort the simple ring structure of the
emitted light. The influence of the imaging system
can be removed by inverse ray tracing (IRT) [8,9].

In this method the Cherenkov angle corresponding
to each PMT hit is reconstructed from the track
parameters and the position of the PMT.

The inverse ray tracing problem can be for-
mulated as follows: given a track and a hit in the
RICH photon detector plane, at which angle was
the photon emitted? Assume that the emission
point can be estimated. This assumption will be
discussed below.

The geometrical problem can be formulated as
follows using the terminology of Fig. 13. Given
point E; the likely emission point, point D; the
detection point and C; the center of the spherical
mirror the photon scatters from, find the point S
on the surface of the mirror where the photon
scattered. The properties of point S are, in vector
notation:

(1) CS
!!

is coplanar with CE
!!

and CD
!!

:
(2) jCS

!!
j ¼ R:

(3)

8 ðES
!!

; CS
!!

Þ ¼ 8 ðCS
!!

;DS
!!

Þ:

For the mathematical formulation of the problem
it is easier to switch to an Euclidean base with C as
the origin. The u axis is defined along CE

!!
: The v

axis is coplanar with CE
!!

and CD
!!

; and oriented
such that #vv $ CD

!!
> 0: The usual caret notation is

used to indicate a unit vector. The third axis ðwÞ is

Fig. 12. HERMES RICH event display for an event with a
14:6 GeV electron (right) and a 1:5 GeV p% (left) in the lower
half and a 5:5 GeV Kþ in the upper half. See text for detailed
description.

Fig. 13. The problem of inverse ray tracing.

N. Akopov et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 511–530 521

•  Defining the problem of RICH reconstruction:  
•  Given a particle track in the GEM with known 

(reconstructed) momentum, and a hit in a RICH PMT, 
what is the emission angle for Cherenkov radiation? 

•  Knowns:  
•  Particle trajectory (emission point must be located 

along the track) 
•  Particle momentum 
•  Hit position 
•  Center of spherical mirror and radius of curvature 

•  Unknowns:  
•  Emission point along particle trajectory (must be 

estimated) 
•  Particle type (what we are trying to find out) 
•  In which radiator the photon was emitted 

•  Geometry facts:  
•  Emission point, reflection point, detection point and 

sphere center all lie in the plane of incidence 
•  Reflection angle = Incidence angle 
•  Leads to transcendental equation for θC that can be 

solved numerically in small number of iterations. 

•  For a given radiator 
hypothesis, best guess at 
emission vertex is at half the 
thickness of radiator 
traversed by the track 

•  For both radiator 
hypotheses, fix emission 
point, solve for θC 

•  Usually obvious which 
radiator hypothesis is correct 
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SBS RICH signal strength 
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SBS Acceptance 

5/21/14 SBS Weekly Meeting 5/21/2014 17 

p (GeV)
2 4 6 8 10

200

400

600

 (deg)θ
5 10 15 200

500

1000

1500

 (deg)φ
-50 0 500

500

1000

 (deg)θ
10 15 20

 (d
eg

)
φ

-50

0

50

 (deg)θ
10 15 20

p 
(G

eV
)

2

4

6

8

10

 (deg)φ
-50 0 50

p 
(G

eV
)

2

4

6

8

10

SBS acceptance in SIDIS expt. @14 deg., d = 2.5 m, up-bending particles 



RICH average signal strength vs. kinematics 
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Comparison to HERMES real data 
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suffer from acceptance or overlap effects. The two
plots show the rise towards the asymptotic values
of 10 aerogel hits and 12 gas hits. As a result of the
acceptance effects, the asymptotic number of
aerogel hits for all tracks is reduced to about 8.

6.2. Background

An inspection of all events from a single run
(1861 events) showed that roughly one-third of all
particles that produce clear rings in the detector do
not have a full reconstructed track that is
associated with them. These tracks are low
momentum particles that do not pass through
the entire spectrometer and particles produced in
flight within the spectrometer. Examples of the
latter are delta electrons and electron-positron
pairs. These ‘trackless rings’ act as background for
the rings that are associated with tracked particles.
In events with more than one track in one detector
half the rings of the tracked particles of course are
‘background’ for one another in the same way.

In addition to the trackless rings, there are
several sources of background photons that do not
necessarily result in ring structures. These include

Rayleigh scattered photons, Cherenkov photons
produced in the lucite window, proton beam
correlated background showers that hit the PMT
matrix directly and scintillation in the gas. The
electronic and PMT noise in the detector is a very
small effect, amounting to only about 1 fired PMT
every 5 events.

6.3. Average angles and resolution

As the likelihood analysis is based on the
average angles, it is of particular importance that
the angles are correctly reconstructed and that
their momentum dependence is understood.
Fig. 19 shows the reconstructed average aerogel
angle for pions. The data were fit with a theoretical
curve with the aerogel index of refraction as the
only free parameter. The resulting curve and index
of refraction ðn ¼ 1:0304Þ are in excellent agree-
ment with the theoretical expectation and the
optically measured index of refraction. Fig. 20
shows the reconstructed gas angles for pions
together with the theoretical curve for an index
of refraction of 1.00137. The systematic difference
between data and theoretical curve at low mo-
menta is due to the finite size of the PMTs.

Fig. 18. Number of fired aerogel (top) and gas PMTs (bottom)
versus particle momentum for ‘ideal’ pion tracks.

Fig. 19. Reconstructed average aerogel angle versus particle
momentum for pions. The solid line represents a fit with n ¼
1:0304:

N. Akopov et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 511–530526

•  From HERMES RICH long NIM 
paper: 
•  Average number of aerogel PMTs 

fired for “ideal” pion tracks = 10 
•  Average number of aerogel PMTs 

including acceptance effects = 8 
•  Our simulations: ~8 

(includes acceptance effects) 
•  Average number of gas PMTs 

fired for “ideal” pion tracks ~12 
•  Our simulations: ~12 

•  Known defects of our simulation: 
•  Underestimate PMT Q.E. 
•  Overestimate mirror reflectivity 

due to coding error 
•  Effects approximately cancel in the 

final yields, so our results are close to 
reality 



Emission Angles: True and reconstructed (IRT) 
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•  Top row: true Cherenkov emission angle vs. momentum for pions, kaons and protons 
•  Bottom row: reconstructed Cherenkov emission angle vs. momentum for pions, kaons and 

protons (with “cheating”; i.e., using known radiator information of hit to guess emission point)  



Notes on θC reconstruction using IRT method 
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•  Photon energy is unknown, therefore 
constant refractive index is assumed—
fit average “true” θC vs. p to N×sin2 
θC(β,n) to extract average refractive 
index taking into account emission 
spectrum and detection efficiency 

•  Correct “raw” reconstructed θC of 
aerogel hits for refraction at aerogel-gas 
boundary (aerogel-lucite refraction is 
cancelled by lucite-gas refraction in first 
approximation) 

•  For aerogel (gas) hypothesis, fix 
emission point to half thickness of 
aerogel (gas) traversed by particle track 

•  Above: difference between 
reconstructed and “true” emission 
angles, including effects of SBS 
momentum & tracking resolution 
•  Result ~ 8 mrad; consistent with 

HERMES results, dominated by 
pixel size 



From reconstructed hits to PID assignment 
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•  Above: Pij vs. momentum (probability to identify particle type i as type j) using a simple 
modified version if IRT likelihood algorithm (see various HERMES NIM papers and theses 
for more details) 
•  This includes all tracks in SBS acceptance, so Pij includes effects of acceptance 

mismatch 
•  More details of algorithm on next slide... 



Details of (very preliminary) PID algorithm 
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LPID
rad = e

� (h✓Ci�✓PID
C (p))2

2�2
✓

�✓ = �1/
p

Nhit

PPID
rad (Nhit) =

hN(p)iNhit e�hN(p)i

Nhit!
LPID

combined

= L
aero

L
gas

P
aero

P
gas

+ 1⇥ (Any aerogel?) + 1⇥ (Any gas?)

•  For each radiator/PID hypothesis, count number of hits within ±4σ of expected θC and compute average reconstructed θC, 
compute likelihood as above 

•  If above threshold and no hits consistent with this PID/radiator hypothesis, compute Poisson probability that no hits 
would occur based on the expected average number of hits 

•  Regardless of above/below threshold and observed hits or not, compute Poisson probability that the actual observed 
number of hits would occur. 

•  Add 1 to combined likelihood if any hits consistent with a given radiator/PID hypothesis occurred; this favors tracks with 
RICH hits over tracks without hits, even if track is below threshold for a given PID/radiator  

•  Assign PID based on the highest combined likelihood 



Pitfalls and Future improvements 
• Approach on slide 23, which was used in generating the PID 

results on slide 22, was applied to simulated events with no 
beam background; may not work in a higher-background 
environment 
• An alternative for higher purity at the expense of efficiency 

is to require RICH hits in order to make ANY PID 
assignment. 
•  This approach would reject all protons below the proton aerogel 

threshold of ~3.8 GeV and reduce kaon detection efficiency from 
2-3 GeV where the number of aerogel hits is low, but would 
improve purity of kaon sample from 2-4 GeV 

• Need to re-do simulation w/ realistic background and gain 
from HERMES collaboration experience/expertise for 
optimization of PID algorithm 
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Conclusions and To-Do List—RICH 
• SBS RICH simulation includes most details of geometry and 

optics, and predicted yields agree with HERMES 
• Preliminary PID results with a crude PID algorithm with 

room for improvement/optimization already show that RICH 
acceptance does not significantly reduce useful SBS 
acceptance for SIDIS hadrons 
• Need new background calculations with GEANT4 MC to 

cross-check earlier GEANT3 work 
•  Need to define/implement beam-line shielding for SIDIS 

configuration in G4SBS 

• Time to start preparing the RICH for Hall A experiments 
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Advertisement—New SBS+BB SIDIS proposal to PAC42 
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•  Working draft available at: 
•  https://userweb.jlab.org/~puckett/PAC42_deltad/

main_Deltaq.pdf  
•  Main features:  

•  SIDIS on longitudinally polarized Helium-3—measure 
double-spin asymmetries ALL 

•  Almost identical configuration to SBS+BB transversity 
•  Data taking at SBS 10 degrees, slightly larger distance 

(need background rate estimates, check geometry 
compatibility) 

•  30 days production on Helium-3 
•  20 days @11 GeV 
•  10 days @8.8 GeV 

•  Provide highest-precision A1n
h data for 3He(e,e’h)X—

sensitivity to sea quark polarization; input to spin-flavor 
decomposition in NLO global QCD analysis 

•  Neutron target most sensitive to d and dbar polarization 
•  Vertical detectors, symmetric acceptance for +/- hadrons. With 

SBS polarity reversals, acceptance is identical 
•  Precise extraction of charge-sum and difference 

asymmetries 
•  Charge difference asymmetries cancel effects of 

fragmentation functions at leading-order—robust 
extraction of Δqv and Δqbar 

•  Send email to Xiaodong Jiang or Andrew Puckett if interested in 
joining. 
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