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Introduction & Disclaimer

e Venerable RICH Conference Tradition: At past meetings
one or two speakers have been invited to elucidate and
summarize some basic properties of RICH devices, their common
properties, and limitations. Examples include:

e “A historical survey of ring imaging Cherenkov counters”, Seguinot and Ypsilantis.
RICH93.

e “Theory of ring imaging Cherenkov Counters”, Ypsilantis and Seguinot, RICH93.
» “Photon Detectors™, Va’'vra, RICH95.

« “ The evolution of the RICH technique”, Ypsilantis and Sequinot, RICH98.

e “The limits of the RICH technique”, Glassel, RICH98.

- “Imaging rings in ring imaging counters”, Ratcliff, RICH2002.

* “New Perspectives with RICH”, Nappi, RICH2004.

e Several wonderful papers providing overviews of the field, its
physical foundations, its history, and its experimental properties,
detector capabilities, and limitations.

eBut is there more to be said now?

Shakespeare
O Carrying Coals to Newcastle? Q Paint the Lily?
O Selling ice to Eskimos? Q Gild refined gold?
O Bringing Owls to Athens? 0 Throw perfume on the violet? T
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Introduction

e Concentrate today on RICH PID as used In
detectors at particle accelerators.

e Focus on Hadronic PID. (No discussion of range
or shower dectectors for lepton ID, or Transition
Radiation detectors, for example).

e Discuss characteristics and limitations of RICH
Technigue & Compare with other classic PID
techniques:

e Threshold Cherenkov Counters
e DE/dx techniques in tracking chambers
e Time of Flight devices (TOF)

| apologize that several examples are taken from BaBar!
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Early History-At the Curies’ for Dinner

“We had an especial joy in observing that our products containing
concentrated radium were all spontaneously luminous. My husband,
who had hoped to see them show beautiful colorations, had to agree
that this unhoped-for characteristic gave him even greater satisfaction.”
Sometimes, after dinner, the Curies would walk the five blocks from
their apartment to the famous shed “for another survey of our domain.
Our precious products, for which we had no shelter, were arranged on
tables and boards; from all sides we could see their slightly luminous
silhouettes, and all these gleamings, which seemed suspended in the
darkness, stirred us with ever new emotion and enchantment.”

Marie Curie, 1899 Paris
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Early History of the Cherenkov Effect

~1900: Eerie blue glow see in fluids containing concentrated radium (Marie & Pierre
Curie)

e ~1926-1929: Continuous light spectrum. No discrete spectral lines that are characteristic
of fluorescent radiation. (Mallet)

« 1934: (Vavilov) concluded that the observed glow could not be luminescence of the liquid,
and the light seemed due to Compton electrons.

« ~1934-1944: Classic studies (P. Cherenkov) with simple apparatus demonstrated that:
1. Light intensity is proportional to electron path length in medium.
Light comes only from fast electrons. It has a velocity threshold.
Emission is very prompt.

2
3
4. 1Itis polarized.
5. The spectrum is continuous =» emission is not fluorescence.
6

Angular distribution of the radiation, its intensity, wavelength spectrum, velocity
and refractive index dependence agree with the explanation proposed by
colleagues........

e ~1936-1939: Proposed explanation in classical “EM” theory (Frank & Tamm).
«  1958: Nobel Prize (Cherenkov, Frank, Tamm). T
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Early History-The Nobel Prize

Pavel
Aleksevyevich
Cherenkov

& 173 of the prize
S5R,

P.M, Lebedew

Phyzical Institute
Moscow, USSR

b. 1904
d. 1990

Il ja
Mikhailovich
Frank
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S5R

University of
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Lebedey Physical
Institute
Mozcow, USSR

b. 1902
d. 1990

Igor
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University of
Moscow; P.H,
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Moscow, USSR
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History-Nim Paper I-The Invention of RICH

ERUCLEAR IﬁSTRUMEN’TS ANT METHODS 9 (EBA 535-606; NORTH-HOLLAND PUBLISHING ©O,

A NEW TYPE OF EERENKGV DETECTOR FOR THE ACCURATE MEASUREMENT
OF PARTICLE VELOCITY AND DIRECTIONY

ARTHUR ROBERTS

Depariment of Physiest?,

Fecerved 22

4 new tvpe of Cerenkov radintion detector is proposed, in
which the light emitted by a single particle iraversing a
radintor is imaged, by means of a lens or mirror fosused at
infinity, on the cathode of an image-intensifier tube. The
image is a ring, whose diameter measores accurately the
Gerenkov cone angle, and thus the particle velocity. In
addition the coardinatea o1 the center of the cueular imags
geourafely indicate the arientation of the particie trajectory
(though not its position). The sensitivity of presendy
availuble systems of cascaded image-intensifier tubes allows
the photographic recording of the image produced by a
single particie, The system is inherently ingensitive to back-

Dstivaveyiy af Eachesier

Tune 1960

ground noise, It can observe simultanecusly several m-
cident particles whose directions span a wide angle. It may
be gated with micresecond coincidence resclving times. It
can nse condensed of gasescus radiators; with the former,
chromatic dispersion is likely to limit the actnracy. For
gas radigtors, the attainable sccuracy of velocity determi-
nation ig estimated as A5 = £ 0.0002 or better; the ac-
euracy of track orientation 4 0001 radians, The range of
veloeity and orientation simultaneously observable depends
on the angular field of view of the oshjective. Sources of
ggror, the precision attainable, the design of practical
systems and some possible apphications are discussed.
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Arthur Roberts-The Inventor of the RICH- A Visionary Approach

*Ring image from a single particle
recorded from cascaded image-
Intensifiers onto film.

eRecognized the importance of
chromatic dispersion limits to
ultimate performance in imaging
counts

eRecognized the virtues of positive
ID....that having an image meant
that important physics limits to
threshold counter performance
would no longer be so important
(e.g. knock-on electrons and
scintillation light)

eProposed a plausible detection system with — 20-30 p.e.

eAnalyzed sources of f measurement error in a reasonable system,
Including dispersion and particle multiple scattering and concluded
that it was reasonable to expect a precision in o3 —0.0002.

eBut.... he never built a practical device T
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History-Nim Paper II-The Development of RICH

NUCLEAK INSTRUMENTS AND METHODS 472 (1977) 377-391 : © NORTH-HOLLAND PURBRLISHING CO.

PHOTO-IONIZATION AND CHERENKOV RING IMAGING
J. SEGUINOT* and T. YPSILANTIST

CERN, Creneva, Swiizerfand

Received |7 December 1976

We have investigated the photo-ionization process in i i ing i

_ _ gases and shown that single photon pulse counting in multiwire
proportional chambers {J'n-’.['lr}“FC} 15 possible with about 30% guantum efficiency for photons above 9.5 ¢V, An application
of this technigue i imaging the Cherenkov ultra-violet (UY) radiation is presented,

fpl:lr-‘ir.‘ler

A
//
rd
=
Target e
/ Cheren kow Porticle 2
De.‘eﬂ!;; rating
rocius RA2 madium
Mirror
radiue R
.FlB' L. Schematic large phase space acceptance Chersnkoy ring
imaging detector,
=
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Seguinot & Ypsilantis-The Developers of RICH- A Practical Beginning

<Seminal Paper

eAnalyzed the basic requirements
for detectors and the resolution
expected from all experimentally
Important sources.

eMotivated the development of
single photon detectors.

e Investigated Photo-lonization in
gases. Demonstrated that single
photon counting was feasible Iin
wire chambers.

eOpened a new field of detector
science

eSeveral practical detectors from
multiple investigators followed
within a few years.
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Cherenkov Fundamentals
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Fundamentals- Basic Cherenkov Equations-|

Vparticle =0.5 Vphase Vparticle =2.0 Vphase o-2002

Basic Cherenkov Equations-I

Cherenkov radiation of wavelength A emitted at polar angle (8 ), uniformly in
azimuthal angle (¢ ), with respect to the particle path,

cos 0, =

Bn(d)

= Fundamental intrinsic “chromaticity” dispersion limit.
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Fundamentals- Basic Cherenkov Equations-II

The number of photo-electrons N, is always “too small”.

N = 370Ljssin260dE =LN;sin®0,  Forz=l

Usually N, ranges between ~ 20 and 100

E.g., for No =50, =1;

n Npe/Cm
Solid SO, 1.47 27
Liquid H,O 1.34 22
Gas CcFy5 1.0017 0.17
Gas He 0.00004 |0.004
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Fundamentals- Basic Cherenkov Equations-l|

Photons propagate a length (L) in a time (t)) in a material with group

index n,,

where 1,(A) = n(A)-A dn(h)/d)

n, typically a few % larger than n [i.e., vy (group velocity) < v(phase velocity)]. It
is also substantially more dispersive.
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Fundamentals- Basic Cherenkov Equations-ll|

=» Conical Cherenkov radiation shell (the Mach cone) is not quite perpendicular to
the photon propagation angle.

The half-angle of the cone opening (1)) is given by,

]1/2

cot n={n{cn)BF —1]" -+ oynleoy 2 anvaol -1

Only perpendicular to the direction of photon propagation when the second term = (
(the non-dispersive case).
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For Reference- Cherenkov Coordinate System

(X1, y1, 71)

A (Xp: Ypr Zp: to);

(X0, Yo, Zo, to, B, M)

4-2002
8627A5

In frame (k) where the particle moves along
the (z) axis, the direction cosines of
y Cherenkov photon emission (k,, k,, and k),
are related to the Cherenkov angles by,
X | k, = cos @, sin O,

ky = sin @, sin 0,

k, = cos 0,.
and, with emission point z, and detection
point z4

L,n, Ln, (zgq-ze)ny,

P c ck, ck,
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Cherenkov Fundamentals-Comments

In general, up to 3 measurements (0, 04, t,) are available to measure the 2
Cherenkov angles (0., @.) with respect to a known track => nominal over-constraint
at the single p.e. level.

Powerful Ring correlation => can reduce “dimensionality” required of each photon
measurement.

Caveats:

a)

b)

Transforming between Cherenkov and measurement frame often requires/uses
externally derived tracking parameters. Transformatlon factors (typically circular

functions) involved can be large TN
and angle dependent. 7 N
a0 s L I\ rrl .! -L‘:::..
Solution ambiguities/backgrounds. 7 el B L s
. 2 VM
Measurement correlations. g RS S SOV
Fao T e gt
s A i
S S LA |
- r ] LI A *\x i
E.g. 3-D images in a BaBar N - ]
R T "
DIRC &El "-h_-:'h ---__________-
% m;:; \gx“w _---"'---EI---- A0 5[]
%&:D ) z0 Time {ﬂﬁ] N : T

S+g+nd
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Fundamentals-Separation of Imaging Counters

2 2
—~ (rnl o rnZ ) . For momenta well above threshold
N = : .
2 p*Vn® — 107 6, (tot)]
n/K separation-limiting case

Tt/K Separation (o)

10000

1000 4

100

10 A

Momentum (GeV/c)

1000

Refractive Indices

N=1.474 (Fused Silica)

N=1.27 (C¢F14 CRID)

N=1.02 (Typical Silica Aerogel)
N=1.001665 (CsF,/N, CRID Mix)
N=1.0000349 (He)

G[6.(tot)]
¢ 2 mrad

® | mrad

m 0.5mrad

A 0.1 mrad
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Radiators-Momentum Coverage

Npr/cm versus Refractive Index for Yinreshota versus Refractive Index for
Various Radiators Various Radiators
100
1000 —&—He Gas
.0 -0O---&A
’ ® ¢ NeGas
10 - ,
g 2 119.70 ¢ N2Gas
TR - 10§735633
< .] © ® Aerogel Low
5 : G 40.97
£ c ® Aerogel High
S o1 = rogel Hig
m >
% 10 ® 350 O Liquid Argon
0.01
215 0 Liquid C6F14
1.711.611.50
® top "0 | o Leare
0.001 - ‘ ‘ ‘ ‘ ‘ 1 | | O Liquid H20
1 1.1 1.2 1.3 1.4 1.5 1.6
Refractive Index 1 12 14 16 4 solidsio2
Refractive Index
Solid LiF (150nm

 “Hole” between Gas & Liquid/Solids partially filled by Aerogel. Transparency
crucial.

* Practical upper limit on Yyax ~ 10-20X Vinreshola- (From dispersion & angle res.)
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Imaging in RICH

 Imaging

The photons must be “imaged” (or focused) onto the detector. There are

wide variety of optical techniques.

a) Focusing by a lens. < “Standard” Optical techniques

b) Focusing through a pinhole. —

¢) Proximity focusing (i.e., focusing by limiting the size of the
radiating region).

d) Time focusing with very fast timing detectors.

e) Correlated (constrained) focusing.
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Photon Detectors for RICH Counters

A central Challenge:

Need high efficiency for detecting single photons with very low noise.

Very fast timing resolution essential if timing used for angular measurement and useful
to reject background.

High segmentation needed for resolution and background rejection.

Basic Types:

1.

Vacuum-based

a)  Many different types (e.g, photomultipliers (PMTs); MCPs, HPMTs)

b)  Very sensitive, versatile, and robust. Very fast, low noise, high gain.

c) Variety of different photocathodes sensitive to wavelengths from the UV cutoff of the window material
(LiF cuts off around 100nm) up to the near IR.

d) Illustrious History. Most successful Cherenkov counters used PMTs until the 1980°s, and they are still
very widely used, and remain under active development

e) Commercially available (good!). Difficult to produce without a large investment in equipment and
understanding (bad!).

f)  Usual types are quite sensitive to magnetic fields, but new types work in some field directions.

g) Development continues. Several pixelated types in use. Single PE resolution and timing resolution
continue to improve. | T
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Photon Detectors for Cherenkov Counters-I|

Basic Types-II:

2.

Gaseous Detectors:

a)
b)

c)

d)

g)

Gaseous (e.g., TMAE,TEA) and Solid (CsI) Photocathodes. Moderate efficiency.

Work in UV near window cutoff. Large radiator dispersion per unit bandwidth. Modest
number of P.E.

P.E. Readout usually with proportional chambers, TPCs, (R&D devices have used GEMS
Micromegas, etc. as well). Inexpensive coverage of large photon collection area with good
point resolution.

Performance at high luminosity depends on photocathode and readout. Slow with TMAE,
but can be faster with TEA or Csl. Difficult at the highest luminosities

Too slow for time dimension focusing.
Challenging operational characteristics.

Can be used 1n magnetic fields.
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Detectors-Photon Detection and Radiator Thresholds

Gas Based Detectors - Vacuum Based GaAs
uv Visible Detectors »

lTMAE, Csl |Multialkali
‘ TEA Threshold for Photo Effect ‘Bia'ka“

12.3 4.9 3.4 2.24 1.76
| | | | | »
| ! ! ! ! -
I -
| | | | | »
| ! I ! ! il
100 250 4Q0 550 700

A (nhm)
Transparency Cut-off

Aerogel
Quartz 4
4

H,0

2
CaF,,NaF, LiF ‘

A
S
£ Dispersion (schematically)
4-2002
8627A6
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An Aside- Think about PID Performance Metrics (N,)
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Defining a PID Performance Metric (N,)

 Gaussian N 1s far from the whole story. One wants to minimized
Mis-ID (for unwanted particles) versus a maximized Eff. (for wanted
particle).

*Sources of Mis-ID include not only separation cuts (N,;) but also
physics effects (knock-ons, interactions, particle decays) as well as
mis-tracking, backgrounds, etc. Many physics effects are asymmetric
so that, e.g., m-k Mis-ID rates may be quite different than k-7 rates.

e Positive ID reduces but does not eliminate Mis-ID.

* Comment: Some sources of Mis-ID can be reduced by ~x10 with
post RICH tracking. However, 1n realistic cases (at least at BaBar
energies), the dominant effects on the physics come from physics
effects in other parts of the detector. 1.e, since physics “happens” as
the particle travels through the detector, even perfect PID at the RICH
leads to significant Mis-ID at the event vertex.
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A pedagogical example

Consider single Gaussian PDFs for Two Particles with Equal
Populations

Gaussian Probability (Model I)-Shown for 4 Sigma Separation Gaussian Probability (Model I)-Shown for 4 Sigma Separation

—o— Particle Type 1 —o— Particle Type 1
—8— Particle Type 2 0.4 - —#—Particle Type 2 |
k A
w w
> ) ! >
= = 03
= 000004 ©
> 00000004 '\‘ >
> ! 0.00000004 “"‘ P 0.25 -
E f 0.000000004 "\ E
o] f 1E-10 "\ ﬁ 0.2
g -..nf 1E11 \ o
e 1E12 t
o ff 1E43 o
..n‘.' 1E-16 1
g ‘ ‘ 1E48 ‘ ‘ ‘ -
-6 4 2 0 2 4 6 8 6 4 2 0 2 4 6 8
Separation parameter Separation parameter
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Ffficiencv forlUnwanted Particle

Mis-id vs Eff Performance-Gaussian Model

Pure Gaussian PDFs for Two Particles with Equal Populations

Mis-Id Effvs Eff for desired particle Fractional Mis-id Rate vs Eff for desired particle

11000022 B [T
' LOOEOL | oyppptrpoorton "
1002 | o LED } L
L00E03 . L0En] |
100E4 T 2T -
100505 | < L00g0s {4 . !
L00E06 < 100E06
L00E07 = 100E07 ,
100E08 - « L00E08 Ji{
L00E0) |, o1 Sqnasepaion — —L00E0 o1 Sigma separaton
L00E10 0 2 sima separaion — *E 100E-10 J:- 2sigma separafion -
LO0E-L 4 3signaseparaion — «  L00ELL ~ 4 3sigma separation -
100812 -; -"'I “usigma separation — e 100 ~&-4sigma separafion |
1.00E-13'J ,'.!"I —&-5sigma separation — LOOE13 ‘( —8-5sigma separation| |
L00E14 L—s o sigma separaion — L00E14 ~o§sigma separation |~

T T 0 0l 02 03 04 05 06 07 U8 09 1

Effciency for Wanted Particle Effciency for Wanted Particl
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A bit more realistic model

Now consider a separation model where the PDF for each particle
comprises one Gaussian of width “1” contains 98% of the particles
and the other of width “10” contains the other 2% of the particles.

Tow Gausian Model- Shown for 4 Sigma Separation Two Gaussian Model-Shown for 4 Sigma Separation
—o— Particle Type 1 045 —a— Particle Type 1
—8—Particle Type 2 —a— Particle Type 2

SN AN

Probability Value
Probability Value

Separation parameter Separation parameter
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Mis-id vs Eff Performance-"More Realistic’ Model

2 Gaussian PDFs for each of Two Particles with Equal Populations
2 Gaussian Model Mis-ld Rate

2 Gaussian Model-Fractional Mis-id Rate

1.00E+00 w
—+— 1 Sigma separation 1.00E+00
2 sigma separation
- —4— 3 sigma separation ,
g —#—4 sigma separation ) @
= ~8- 5 sigma separation ‘A <
= LOOEOLT o 6 sigma separation | O 100E01 -
s =
= o
= —
= =
D —
= ©
e e . .
s 2 "+ 1 Sigma separation s
= L00EQ S LO0E02 | 9 paration
= < 2sigmaseparation | 0000 e
Y L 4 3 sigma separation
=4 sigma separation
s 5 sigma separation
~+ 6 sigma separation
1.00E-03 1.00E-03 ‘
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Efficiency for Wanted Particle Efficiency for Wanted Particle

* For a fixed P range, “diminishing returns” as sigma separation improves.

-~ constant Mis-ID rate-independent of eff (for “good enough” separation)

- a minimum in Mis-ID rate. =
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Limits to RICH Performance
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RICH Imaging-Limits to Performance

(O )
N

pe

o, (tot) = ®C

a) Single photon resolution (see below)

b) N,.: More photons are better, but number is constrained by photon detection
technology available

 Larger detector bandwidth = rapid increase in chromatic term
Slow (Sqrt (Npe)) dependence in any case)

¢) C (correlated term): Need excellent tracking and control of alignment
systematics.

d) Physics limits (decays, interactions, 6-rays)

=» ¢) and d) are helped with a post PID tracking detector, but overall performance for
the event is often limited by decays and interactions. (see discussion below)
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RICH Imaging-Limits to Performance-Single Photon Resolution

2 2 2
G[ec]i = \/G[ePr oduction ]2 + G[eTransport 1"+ (G[elmaging ] G[eDetection ] )

1. (O[0 maging]® + O[O Detection]?” «-- -+ - In principle, can make this combination almost
arbitrarily good, but cost of pixels and high quality optics enforces limits.

=>» Must balance with other resolution components.
2. O[0 transport)” 1s usually small except for DIRC type counters

e.g, in BaBar DIRC the side-to-face orthogonality of the bars gives ~1-4 mrad per
photon.

=>» To improve
-Different (more precise) production methods for radiators (more costly?)
-1-D (plate) transport design.

3. G[e Plroduction]2 = G[e Ch1romaticity]2 (See bClOW).
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RICH Imaging-Limits to Performance-Chromaticity

Chromatic Dispersion versus Detector Response and Bandwidth

Relative y detection efficiency and 6(ng)
Cherenkov weighted EMI 9125
Spectrum cut at 0.29 microns
(similar to BaBar DIRC which is cut by
glue near 0.3 microns)

=>» In dispersion limit, performance
actually improves as bandwidth (and
N,) are reduced! Of course this
ignores “pattern recognition”.

=>»Big potential advantage for a
detector response curve (~solid state
devices) which 1s >> 50% in the
visible (400-600 nm) with limited
banwidth.

Relative Npe and Chromatic Limitedg [@c(tot)]

1 —e—fraction of photons detected (assuming a bi 0.02
T ?(Iell(gtlgvp'evg{al angular resolution (chromatic
0.9 mty - 0.018
\ \\ —a— fractional dispersion for index of refraction
0.8 —4— fractional dispersion for group index - 0.016
0.7 - \ +0.014
0.6 0.012
0.5 + 0.01
0.4 0.008
\A\\:
0.3 - .\_\.\ + 0.006
0.2 \-\.\.\. 0.004
0.1 + 0.002
O T T T 0
0.25 0.3 0.35 0.4 0.45

Short Wavelength Cutoff

Fractional Dispersion
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RICH Imaging-Limits to Performance-Chromaticity

Measuring the Chromatic Smearing via timing?

Use the large dispersion in nyin a 3-D DIRC
to measure the photon wavelength....(I.e.,

S 009
compare the individual photon flight time 3 008
with its measured angle) 29907
g 5006
. o £20.05
=» can improve chromatic limit by ~5x 5 =0.04
. . [g] E
with 100 ps detector resolution at 6m. Scales  £% 832
. . < b U,
Wlth reSOIutlon. é:‘, 001 | —=— Time resolution =100 ps
§ 0 T T T
S 0 02 04 06 08

Photon Wavelength (microns)

Has been demonstrated...see talks
at this workshop
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Comparison of different PID devices
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Generic properties of PID devices

1. Geometry

e Space Taken (Thickness)

e Is space used for another function?

e Hermiticity

e Flexibility of layout and Range
2. Susceptibility to backgrounds

e Speed

e Segmentation

e Positive versus veto ID
3. Simplicity (Complexity) of Technology

Performance
e Quality
e Momentum Range

e Physics Limits
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One Page Synopsis of Pros and Cons

PRO CON
TOE -Simple, rather thin -Low P only
-Fast - Track Overlap unless
-May use “free” space (from channel count large
tracking) for TOF
dE/dx - Best acceptance -Cross-over region where

- Uses “free” (tracking) space
- Excellent ID at very low P

no ID

-1D very modest at high
momentum

C(threshold)

- Simple
- Can be fast

- With choice of radiators can
cover wide P range

-Limited P range for each
radiator

- substantial space needed
- veto ID

RICH

-Can be very fast

-Wide technical choices
-Widest P range

-Positive ID. Lowest Mis-ID
-Thin at low P

- Complexity
- Cost
- Very thick for high P
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Threshold Cherenkov Counters

e Threshold Counters

Separation usually depends on not seeing a signal for the below

threshold particle( “Yes/No or veto mode”). (A straightforward

enhancement of this techniques uses the number of observed
photoelectrons to discriminate between species).

= Electronics, non-Cherenkov light production, extra tracks, and
physics background noise sources (such as interactions, decays, and
O-rays) limit separation attainable.
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Simplified Comparison of High Momentum Performance of

Imaging and Threshold Counters

Threshold Counters = S O tan 29«:
o}

. o, tan 6. %0,
Imaging Counters =» 0y = = -
IB N pe
E{Eﬁio (ﬁniaiging Coun_t)er R~ tan” 6,
Threshold Counter) (2% O'ac)
E.g. For DIRC-like angular R =200

resolution with fused silica radiator
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Comparing RICH and TOF Counters

TOF Fundamentals: Consider a
particle with velocity v, momentum
p, and energy E traveling a distance

L. Then the time of flight (TOF) t
iSeeeeens

The separation in time (t,-t,)
between two particles of the same
momentum with Energies (masses)
E; (m;) and E, (m,).

So, for p>> m with a time resolution
o(t) , the separation N is

=» Same separation dependence vs.

momentum as a RICH (and no
threshold) but with a very different
scale!

L

tl—t2=C2p[E1—E2]

y _Le jm’-m’)
7 2p°  oft)
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Comparing RICH and TOF Performance-A question of the Separation Scale

 TOF “scale” is the fractional timing to
resolution on the TOF (t,) for a f=1 =
particle o(t)
1
« RICH “scale” is tunable = \/ > \
Wn? — 167 6,(tot)))
RICH TOF
N (PKihres-cevse) | 0(0) mrad Scale t, (ns) |o(t)ns Scale
1.474 (0.7) 2 462 5 0.2 25
1.0017 (3.5) 1 17140 \ 5 0.1 50
1.000035 (84) |0.1 1.2E6 ) 0.01 500

RICH spans much broader range....but very fast Cherenkov TOF
may be becoming feasible (see talks later at this conference). =l
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TOF vs RICH Performance

TOF Separation versus Momentum

1.00E+04 .
—&—— Belle (100 ps sigma)
——a—— SuperB (20 ps sigma)
—&— BES (180 ps sigma)
@ e— i
1.00E+03 BaBar DIRC- High P
) — - ® - — BaBar DIRC- Low P region-Simplified
£
o
o
.5 1.00E+02
@
@©
o
(@)
(92]
1.00E+01 -
1.00E+00

0.1

Momentum (GeV/c)

* Geometrical (Pp) Cutoffs ignored

-> TOF provides fine separation at low P, but range is limited
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Comparing RICH and dE/dX

 dE/dX Fundamentals: The mean energy loss for a heavy particle

of mass (m>>m,) with charge 1 is given by the Bethe-Bloch
equation.

2
dE/dX =D, Bn, 1n2mclﬁ Ay 5(7)

where De = 2ntr? m c?, n, is the number of atomic electrons per unit
volume, r, is the classical electron radius, m_ is the electron rest mass, I is

the mean ionization potential of the material, and 6(Yy) is the so-called
“density effect”.

Features> (1) 1/B? region at low p
(2) minimum at By~ 4 =» ““cross over region”’
(3) “relativistic rise’’ region

(4) Fermi plateau due to ““density effect™
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Comparing RICH and dE/dX

Relative pi-K energy loss versus Momentum

o e Relative pi-K energy loss
\ —— Approx dE/dx pi-k separation in BaBar 14
0.6 === Approx high P DIRC pi-K Separation in BaBar
—A = Approx low P DIRC pi-K Separation in BaBar | 1o

o
o
L

0.2

(dE(pi)/dx-dE(k)/dx)/dE(Kk)/dx
o o
w ESN
"~
> o
Approx pi-K separation BaBar (sigma)

0.1 -
0
0.1 1 10 100
Momentum (GeV/c)
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System comparison from the B Factories- Low Momentum

Case
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Belle Detector

SC solenoid 1.5T Aerogel Cherenkov cnt.
= / >n=1.015~1.030

Tracking + dE/dx
~.small cell + He/C2H5

Si vtx. det.
3 lyr. DSSD
u/K, detection
14/15 lyr. RPC+Fe
b
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Particle Identification at Belle

120.7°

Barrel ACC | _;013
B

n=1.020 n1015
HGF EDC

TOF

dE/dx (CDC) WEE

AdEMdY - 5%

ToF {only Barrel) [
AT ~100ps (r=125cm )
Barrel ACC A 0= 1010 ~ 1.028
Endeap ACC =100
( only flavor tagging )
| | I R
0 1 2 3 4

34.2°

on Likelihood ratio:

Endcap ACC

p/K/n separation is based

n=1.030
L LR(K)= L(K)
L(K)+L ()
1
0.8 . .,-
2 K efficiency T
= 06
oy
=
s 04
S
0.2 © fake rate
%0 T 2 3

Plab (GeV/c)
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BaBar Detector

Instrumented Flux Return
nstru X N 1.5 T Solenoid

DIRC Radiators Drift Chamber

€ (9.0 GeV) Electromagnetic
Calorimeter
Silicon Vertex
DIRC Standoff Box Detector Central
and Magnetic Shielding Support Support

Tube

S : Quartz Wedge
) ‘__\\‘

i / Standoff
Tube ~ Box

Quartz Window




Fully corrected efficiency/mis-id matrix for a
standard selector. Bands represent uncertainties
from control samples. Mis-id rates can be tuned
down to ~1% over most of momentum space if
needed

Identification Efficiency

08 |

==K {x10}

Trus K True p

L T | ----------- T | IIIIIIIIIIII
fl: BABAR 1|

I !D.T?:cose:n_ag 1 ! p—=m (x10} ]
! ' || —— Kthrashold
K-=m (x10 ]
o b I i —-- pthreshold -
| W Efficiency ]

p==K (x10)

K-=p (%10}

Laboratory Momentum  (Ge\fe)

2

4

6 0

2 4 G

W palyuaD)| I Dl |

d payuap)

1_ - T ~0'1
o K= c
09f  ,..—% 10.082
> B '{H —— 7 9
£ 0.8 0,06
.— C
o ‘ ®
= 0.71 10.042
%06 o T Joo2F
¢O¢00¢_Q_ b !

0% 2 3 &
P, (GeVic)

"B to py topology identical to K™y, which is
expected to have ~20x the BF. Need to reject
Kaons by positive pion ID.

= Optimized cuts give ~1/2-1 percent K mis-id for
most of the events.
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Future Evolution of PID techniques?

TOF - Very fast PMTs (—1 ps possible?)

- Cherenkov light vs. scintillator light

- Very long path lengths with small acceptance
dE/dx - Cluster counting.... could get — 2x resolution

(may be feasible with modern electronics)
= Could get usable PID in relativistic rise region

C(threshold)

- Faster photodetectors insensitive to magnetic
fields?

- Improved aerogels

RICH

- Very fast PMTs. Small pixels

- Use of timing to measure angle, TOF, and/or
correct chromaticity.

- Clever Optics
- Improved aerogel radiators
- Very large natural radiators

RICH2007, Stazione Marittima, Trieste, Italy, Oct 15-20, 2007 Blair Ratcliff, SLAC




A RICH reprise

*RICH technigue is extremely broad and powerful technique
that has applications in an extremely wide range of fields.

= The standard for PID

> “Tunable”. Can deal with a very wide range of momentum. Provides
positive ID.

» Many choices available for optics, detectors, geometrical
configurations, and radiators. Developments continue.

»Technique of choice at accelerators when very high quality hadronic
(pi/K/P) PID is required.

»Moreover, the use of water tanks or natural media
(ice/water/atmosphere) as radiators allows the construction of massive
iInstruments with excellent performance for neutrino and astroparticle
physics, and also provides excellent n/e separation in Heavy lon physics

e Primary limitations are geometry and costs.

- A final advantage of RICH is the community of builders
and this great series of conferences. | am looking forward
to an enjoyable and productive week! '
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