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PID detectors for K/π separation of  
particles with momenta p>1.5 GeV

Outline

• Motivation for PID above 1.5 - 2 GeV (Cherenkov detector)
• D meson production and asymmetries
• Light hadron (𝜋, K, p) production and asymmetries

• Detectors of Cherenkov light
• Threshold detectors
• RICH (Ring Imaging CHerenkov) detectors
• DIRC (Detection of Internally Reflected Cherenkov light) detectors

• Position of Cherenkov detector in SPD (discussion)
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Possibility for a new PID detector in SPD

• After discussions with KOMETA late last 
year, the upper weight limit of the SPD 
detector (without electronic platform) has 
been increased from 1100 tons to 1500 tons, 
t.e. we have +400 tons.

• 1-2 years ago, the option of installing a 
Cherenkov detector in the SPD barrel was 
initially discussed, but it was abandoned 
due to lack of space.

• So far, we have left only 16 cm of space on 
both sides of the detector for the Cherenkov 
threshold detector, which may be too small.
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TOF vs dE/dx for π/K separation in SPD

• According to present state of 
simulation, a 3σ separation of π and K 
can be achieved for momenta

• p < 0.55 GeV (ST)
• p < 1.5 GeV (TOF)

• ST is useful only for short tracks 
which do not cross TOF (or 1-st phase 
setup without TOF)

• Many physics applications will require 
a PID for momenta p > 1.5 GeV

Particle identi�cation in SpdRoot
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Aerogel
Detector Signal 

VD ionization energy loss (dE/dx)

Straw ionization energy loss (dE/dx)

TOF time of flight

Aerogel Сerenkov radiation 

VD Straw TOF
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VD Straw TOF
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dE/dx from Straw m2 from TOF

A.Ivanov, SPD CM in Oct 2022
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Production of  D mesons in SPD
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the corresponding uncertainty;

– the angle between the reconstructed momentum of the pK pair and the line segment connecting
the primary and secondary vertices;

The kinematics of the pK pair (the angular and momentum distributions) could also be used for discrim-
ination.

Figure 9.24 (a) presents the K�p+ invariant mass spectrum obtained as the result of such a selection for
the D0-signal in the kinematic range |xF | > 0.2 as an example for both variants of the VD after one year
of data taking. About 96% of the D0 ! K�p+ events were lost, while the combinatorial background
under the D-meson peak was suppressed by 3 orders of magnitude. The signal-to-background ratio for
D0 is about 1.3% for the DSSD configuration and about 3.9% for the DSSD+MAPS one. Improving
the signal-to-background ratio is the subject of further optimization of the selection criteria, as well as
the reconstruction algorithms. The corresponding statistical accuracy of the SSA AN measurement is
illustrated by Fig. 9.24 (b), where both signals, D0 and D0, are merged. Similar or even better results
(due to a larger ct value) could be expected for the charged channel D± ! K⌥p±p±.
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Figure 9.24: (a) K�p+ invariant mass spectrum after 1 year of data taking (

p
s = 27 GeV, |xF | > 0.2).

(b) Corresponding statistical accuracy of the AN measurement for the D0 + D0 mesons. The expected
Sivers contribution to the SSA is also shown.

Another way to improve the signal-to-background ratio is tagging the D-mesons by their origin from the
decay of a higher state D⇤ ! Dp . The complexity of this approach lies in the need for detection of the
soft pion (pp ⇠ 0.1 GeV/c).

One more possibility to reduce the background is the tagging a leptonic decay of the second D-meson in
the event via reconstruction of the corresponding muon in the RS. The corresponding branching fractions
(µ + anything) are 6.8±0.6% and 17.6±3.2% for D0 and D±, respectively.
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Figure 9.8: (a) L peak in the pp mass spectrum. (b) Kaon spectra from the decays D0 ! K�p+ (red)
and D+ ! K�p+p+ (blue) produced at

p
s = 27 GeV/c.

and the study of the antiprotons yield. The proposed SPD setup has three instruments for identification
of charged hadrons. The energy deposit dE/dx in the straw tubes of the ST can be used for particle
identification at lowest momenta. The TOF system could extend the separation range up to 1.5 GeV/c
and ⇠ 3 GeV/c for p/K and K/p, respectively. The separation for the higher range of hadron momenta
could be provided only by the aerogel detector.

1.4.1 Identification using dE/dx

The energy deposit dE/dx in the straw tubes is plotted in Fig 9.9 (a) for the particles emitted at q = 90�

in respect to the beam axis as a function of their momenta. The truncated mean approach, where 20%
of the measurement results from the individual straw tubes is discarded, was applied. The straw tracker
is able to provide p/K and K/p separation up to 0.7 GeV/c and 1.0 GeV/c, respectively. With respect
to the TOF method (see below), the efficiency of the dE/dx method does not degrade at the low polar
angles, since the end-cup part of the ST has enough layers for the precision measurement of the energy
deposit.

1.4.2 TOF performance

Particle identification with a TOF detector is based on comparison between the time of flight of the
particle from the primary vertex to the TOF detector and the expected time under a given mass hypothesis.
For particle identification, the presence of only one plane of the TOF detector requires precise knowledge
of the event collision time t0. It can be estimated by the TOF detector on an event-by-event basis, using
the c2 minimization procedure for the events with two and more reconstructed tracks. Having N tracks in
the event, which are matched to the corresponding hits on the TOF plane, it is possible to define certain
combinations of masses ~mi, assuming the p, K, or p mass for each track independently. The index i
indicates one of the possible combinations (m1, m2, . . . , mN tracks) among the 3N-track ones [484].

To each track the following weight is attributed

Wi =
1

s2
TOF +s2

texp. i

. (9.2)

Here sTOF and stexp. i
are the time resolution of the TOF detector and the uncertainty of the expected

time of flight under a given mass hypothesis texp. i, respectively. The latter is defined by the uncertainty
of the momentum and track length measurements.
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• The region of p<1.5 GeV (3σ separation) covers only ~50% of kaons produced in D decays.

• The largest effect for AN is expected for xF=0.4, i.e. high momentum mesons.



increases AN!!" (#5%). As the calculations show, the
dominant contribution to SSA is from valence quarks
with contributions from sea- and anti- quarks small enough
that the current measurements are not able to quantitatively
constrain the contribution. The calculations, which were
done in the same kinematic range as the data, describe the
data, especially AN!!$" within the uncertainties. AN!!"
calculated from the ‘‘final-state twist-3’’[24] which uses
the twist-3 fragmentation function (FF) for the pion clearly
under-predicts AN!!$" while is in a reasonable agreement
within uncertainties for AN!!%". In Fig. 2, the data are also
compared with calculations including Sivers mechanism
which successfully describe the E704 AN data using va-
lencelike Sivers functions [25,26] for u and d quarks with
opposite sign. The FFs used are from the KKP parameteri-
zation [27], but the Kretzer FF [28] gives similar results.
The calculations underestimate AN , which indicates that
TMD parton distributions are not sufficient to describe the
SSA data at this energy. As very recent studies [29] sug-
gest, Collins mechanism might also be needed to account

fully for the observed asymmetries. All AN!!" calculations
compared with the data shows jAN!!%"j# jAN!!$"jwhile
the data exhibit jAN!!%"j< jAN!!$"j where pT *
1 GeV=c. Since there is a strong kinematic correlation
between xF and pT in the data as shown in Fig. 1, the
rise of AN in Fig. 2 can be also driven by pT .

Figure 3 shows AN!!%" and AN!!$" for 5 different pT
regions from 0.4 to 1:2 GeV=c. As seen in Fig. 3, the xF
dependence of AN at low-pT (pT & 0:5 GeV=c) is very
small but increases with pT in the kinematic region at least
up to pT # 1 GeV=c. The pT dependence of analyzing
powers with xF is qualitatively consistent with the mea-
surements at

!!!
s
p & 19:3 GeV, where strong xF depen-

dent SSAs is observed only above a pT ‘‘threshold’’
(&0:7 GeV=c) [3]. It is noted that the trend is also quali-
tatively in agreement with the polarization of the !s
produced at the same collision energy,

!!!
s
p & 62 GeV [5].

The SSAs for charged kaons as a function of xF are
shown in Fig. 4 together with twist-3 and Sivers calcula-
tions (see the figure caption for details). The asymmetry for
K%!u "s" is positive as is the AN of !%!u "d", which is
expected if the asymmetry is mainly carried by valence
quarks, but the measured positive SSAs of K$! "us" seem to
contradict the näive expectations [30] of valence quark
dominance. In a valencelike model (no Sivers effect from
sea-quarks and/or gluons), nonzero positive AN!K$" im-
plies large nonleading FFs (DK$

u , DK$
d ) and insignificant

contribution from strange quarks. Twist-3 calculations us-
ing Kretzer FF also under-predict AN!K$" due to the small
contribution of sea and strange-quark contribution to AN in
the model. Notably the unpolarized cross section for K% is
an order of magnitude higher than forK$ [16]. The current
calculations for kaon asymmetries need an extra or a differ-
ent mechanism to account for positive AN!K$" at similar
level of AN!K%" as shown in Fig. 4. If the asymmetries of
K$ are mainly driven by pQCD effects, the discrepancies
between data and calculations are expected to be reduced
once the Sivers function is better understood for sea quarks
and also FFs especially the unfavored FFs. Likewise pos-
sible non-negligible contributions from the Collins mecha-
nism, as recently reported [31,32], may need to be explored
further.
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FIG. 3 (color online). AN vs xF for !% and !$ for positive xF at fixed pT values: (a) 0:4< pT < 0:5, (b) 0:5< pT < 0:6, (c)
0:6< pT < 0:8, (d) 0:8< pT < 1:0, and (e) 1:0< pT < 1:2 GeV=c as shown in Fig. 1, respectively.
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FIG. 2 (color online). AN vs xF for !% and !$. Circle
symbols are for !% and box symbols are for !$ measured in FS
at 2.3' (solid symbols) and 3' (open symbols). The curves are
from theoretical calculations. Solid lines are to be compared with
the data at 2.3' and dotted lines are for 3'. Thick (solid and
dotted) lines are from the initial-state twist-3 calculations
[21,23], medium lines are from the final-state twist-3 calcula-
tions [24,34]. Predictions from the Sivers function calculations
are shown as thin lines [25,26]. Only statistical errors are shown
where larger than symbols.
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SSAs at xF < 0 probe the kinematics of the sea (gluon)
region of p" at small-x and the valence region of p, which
was experimentally measured by the produced particles in
the forward hemisphere of p in the p! p" collisions
utilizing the polarization information of the target. The
measured insignificant AN for pions and kaons in large
jxFj when xF < 0 indicates no significant contribution to
AN from processes where gq scattering is enhanced, and
the asymmetries are dominated by the processes where
large quark PDFs and FFs are expected. In Fig. 5, we
demonstrate that inclusive protons show no significant
asymmetries in contrast to pions and kaons in the forward
kinematic region. The insignificant asymmetries observed
are consistent with the measurements at lower energies
[2,33], but require more understanding of their production
mechanism to theoretically describe the behavior because a
significant fraction of the protons might still be related to
the polarized beam fragments at this kinematic range [14].

In summary, BRAHMS has measured SSAs for inclu-
sive identified charged hadron production at forward
rapidities in p" ! p at

!!!
s
p " 62:4 GeV. A twist-3 pQCD

model describes the xF dependence of AN#!$ and the
energy dependence at high-pT (pT > 1 GeV=c) where
the calculations are applicable, but it remains a challenge
for pQCD models to consistently describe spin-averaged
cross sections at this energy [15,16]. Measurements of AN

for kaons and protons suggest the possible manifestation of
non-pQCD phenomena and call for more theoretical mod-
eling with improved understanding of the fragmentation
processes. The energy and flavor dependent asymmetry
measurements impose an important constraint on theo-
retical models describing fundamental mechanisms of
transverse spin asymmetries and the quantum chromo-
dynamical description of hadronic structure.

We thank F. Yuan, U. D’Alesio and Y. Koike for provid-
ing us with their calculations. This work was supported by
the office of NP in DoE (USA), NSRC (Denmark), RC
(Norway), SCSR (Poland), MoR (Romania), and a spon-
sored research grant from Renaissance Technologies Corp.
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Fig. 3. AN vs xA for the π+ production by polarized protons.
The curves correspond to a fit by (6–10) with the parameters
given in Table 1

middle. In Fig. 3 the analyzing power, as a function of
xA, shows approximate scaling behaviour for all three re-
gions, mentioned above. Only the subset of data [1] with
pT < 0.7 GeV/c is below general trend, in agreement with
the feature (d) above. The analyzing power dependence on
xA is close to a linear one in the consent with the feature
(a) above. A simple expression, which takes into account
all the features (a–e) and low energy corrections can be
used to fit the data shown in Fig. 3:

AN1 = F(pT)·
{

a1 sin(a7(xA − x0)) + a6/s, if xA ≥ a4;
a1 sin(a7((a4 − x0)

+a5(xA − a4))) + a6/s, otherwise;
(6)

where x0 ≡ a2 is a constant. The perturbative QCD pre-
dicts the vanishing of the analyzing power at high pT [15,
16]. The same asymptotic has function F(pT), which takes
into account the above mentioned features (d) and (e)

F(pT) = 2pTa3/(a2
3 + pT

2), (7)

where pT is measured in GeV/c and a1 −a6 are free fit pa-
rameters. The exact shape of F(pT) should be measured in
future experiments. Parameters a4, a5 and a6 are equal to
zero, and a7 = 1 for π+-meson production. They are intro-
duced for other reactions, considered below, to take into
account possible nonlinearity and non-asymptotic contri-
bution to the analyzing power at low energy.

The point xA = x0 may be interpreted as a point where
the relative phase of two helicity amplitudes (spin-flip and
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Fig. 9. AN vs pT for the π− production by polarized 11.75
GeV/c protons [12]. The curve corresponds to a fit by (6–10)
for the pπ = 8 GeV/c

Table 3. Fit parameters of (6)–(10) for π−-mesons

a1 a2 a3 a4

-0.96 ±0.20 0.185±0.075 4.80 0.303±0.045

a6 b1 b2 b3

3.8 ±1.8 -0.345 ±0.089 8.0 ±2.8 0.115±0.024

b4 b5 b6 b7

3.1 ±0.5 -0.047 ±0.018 0.256±0.052 0.344±0.028

b8 b9 N points χ2

1.12±0.27 0.76 ±0.39 84 89.5

4 Analyzing power for p↑ p → p + X reaction

The analyzing power for proton production has been mea-
sured at 6 different beam energies, from 6 up to 40 GeV
[2,9,12,14,20]. It is shown in Fig. 10 as a function of xA.
The absolute value of AN is small (≤ 0.1) and with the
existing accuracy AN is compatible with the approximate
xA-scaling, especially, when taking into account possible
systematic errors of the order of 0.02. Nevertheless, the
data fitting function (6) is modified to give a better ap-
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Fig. 10. AN vs xA for the proton production by polarized
protons. The solid fitting curve corresponds to the 40 GeV/c
data [2]. The dotted curve corresponds to the 13.3 GeV/c data
[9]. The dashed curve corresponds to the 6 GeV/c data [20].
The dash-dotted curve corresponds to the 21.6 GeV/c data [18]

proximation. In particular, the fit approximates the data
better if a fitting function is not suppressed at high pT,
as is the case with (7). Non-asymptotic contribution to
AN at low energies is more significant for protons than for
π−-mesons and was approximated by a6/s0.5 term. Equa-
tions (12) and (13) are used to fit the proton production
analyzing power

AN = FP(pT)(a1 sin(a7(xA − x0)) + a6/s0.5), (12)

where
FP(pT) = 1 − exp(−pT/a3). (13)

Function FP(pT) makes valid feature (e) of zero AN at
pT = 0. An extra error ε = ±0.015 is added to the error of
AN at each data point. The comparison of fit parameters
for different definitions of xA, given by (2)–(5), is shown
in Table 4. The best χ2 is reached if xA is given by (4).
The analyzing power slightly rises with xA increase and
changes its sign near xA = 0.5 at beam energies around
10 GeV. Additional measurements of AN for protons at
higher energies in the fragmentation region of polarized
protons could help to clarify a possible energy dependence
of the analyzing power.

The new 21.6 GeV/c data for proton production ana-
lyzing power in p↑C collisions from the BNL E925 experi-
ment [18] are also shown in Fig. 10 along with predictions
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Table 5. Fit parameters of (6) for the π0, K+, K−-mesons and p̄. Parameters
a4–a5 are set equal to zero during the fit, with ε = ±0.015 for π0 and ε =
±0.010 for K+, K−, p̄

h3 a1 a2 a3 a6 χ2 / points

π0 0.24 ±0.04 0.111±0.019 1.40±0.49 0 50.5 / 54

K+ 0.37 ±0.08 0.183±0.045 1.15±0.34 0 65.8 / 67

K− 1.88 ±0.34 0.086±0.054 0.25 ±0.07 -13.5 ±4.2 24.2 / 28

p̄ 0.6 ±1.0 0.16 ±0.12 1.00 0 15.6 / 11
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Fig. 12. AN vs xA for the K+ production by polarized protons.
The solid fitting curve corresponds to the 40 GeV/c data [2],
and the dashed curve corresponds to the 11.75 GeV/c data [12]
and 0.5 ≤ pT ≤ 0.6 GeV/c

energies and production angles to check the xA-scaling
and determine the parameters of (6).

6 Analyzing powers for Λ, K0
S, η production

by polarized protons

The analyzing power for the Λ-hyperon production has
been measured at 13.3, 18.5 and 200 GeV/c [23,24]. It is
shown as a function of xA in Fig. 15 along with fitting
curves (6). Data [23] were obtained on a Be target, and
data [24] on a proton target. The fit parameters for dif-
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Fig. 13. The ratio AN/F(pT) vs xA for the K− production by
polarized protons. The solid fitting curve corresponds to the
data [2], and the dashed curve corresponds to the data [12]
and region 0.3 ≤ pT ≤ 0.4 GeV/c

ferent xA definitions are presented in Table 6. The best
χ2 is attained with xA defined by (3). As is seen from
Fig. 15, AN can be described at different energies by the
same function of the scaling variable xA at the present
level of experimental errors. The analyzing power is close
to zero for the region 0.2 ≤ xA ≤ 0.6 and is negative for
the xA above 0.6.

Measurements of AN for the K0
S-mesons have been per-

formed at 13.3 and 18.5 GeV in the central region only
[23,25], both on a Be target. In Fig. 16 AN is shown as
a function of xA along with a fitting curve given by (6).
The fit parameters are presented in Table 7. The data are

𝜋+ K+ p432 V.V. Abramov: A new scaling law for analyzing power in hadron production by transversely polarized baryons

Table 2. Fit parameters of (6) for π+-mesons. Different defini-
tions of the scaling variable xA are used for comparison (2)–(5)

Eq. a1 a2 a3 χ2

(2) 0.69 ±0.08 0.170±0.047 2.0 ±0.4 114.4

(3) 0.74 ±0.07 0.166±0.013 2.2 ±0.3 120.4

(4) 0.69 ±0.07 0.167±0.013 2.1 ±0.3 114.6

(5) 0.68 ±0.06 0.170±0.013 2.0 ±0.2 114.2
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Fig. 7. AN vs xA for the π− production by polarized protons.
The curves correspond to a fit by (6–10) with the parameters
given in Table 2

of xA. As with π+-mesons, we observe an approximate
scaling in the dependence of AN vs xA. Selection of the
data with pT ≥ 0.8 GeV/c and EBEAM ≥ 40 GeV leads
to a good agreement between two experiments [1,2] which
implies their scaling behaviour.

The new 21.6 GeV/c data for π− production analyz-
ing power in p↑C collisions from the BNL E925 experi-
ment [18] are also shown in Fig. 7 along with predictions
from (6-10). The last three points with pT ≥ 0.8 GeV/c
are compatible with general scaling behaviour observed at
higher energies [1,2]. Low pT ≤ 0.8 GeV/c points deviate
from the scaling law due to a non-asymptotic contribu-
tion (8). This is also a reason why AN cross zero level at
much higher value of xA ≈ 0.6. Only statistical errors are
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Fig. 8. AN vs xA for the π− production by polarized 11.75
GeV/c protons [12]. The dashed and dotted curves correspond
to a fit by (6–10) for the regions 0.3 ≤ pT ≤ 0.4 and 0.5 ≤
pT ≤ 0.6 GeV/c, respectively

shown for data [18], while overall relative scale uncertainty
for AN is 24% .

Experiment [12] reveals quite different xA and
pT-dependencies at 11.75 GeV/c, in Figs. 8 and 9, re-
spectively. As with π+, the greatest deviation from the
scaling behaviour occurs at low pT. At pT = 0.15 GeV/c
the analyzing power is very large and positive in contrast
to the large energy behaviour, where it is negative. One
of possible origins of this low energy analyzing power is
probably the same as that discussed above for π+-mesons,
and its approximation is given by (6)–(10). The difference
is that parameters a4 and a6 are now not equal to zero,
while a5 = 0. The non-linear dependence of AN vs xA is
taken into account by setting a4 > 0 in (6). Fit parameters
of the combined data sample, shown in Figs. 7 and 8, are
presented in Table 3. Some of the parameters could not
be well determined from the existing data and were fixed
(a3 = 4.8, a7 = 1) during the fitting procedure. The role
of energy-dependent term (a6/s) is more significant for
π−, than for π+ mesons. Possible explanation can be re-
lated to resonance contribution [19]. The analyzing power
in low xA ≤ 0.3 region is close to zero in agreement with
the expected large gluon contribution [15].
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Table 5. Fit parameters of (6) for the π0, K+, K−-mesons and p̄. Parameters
a4–a5 are set equal to zero during the fit, with ε = ±0.015 for π0 and ε =
±0.010 for K+, K−, p̄

h3 a1 a2 a3 a6 χ2 / points

π0 0.24 ±0.04 0.111±0.019 1.40±0.49 0 50.5 / 54

K+ 0.37 ±0.08 0.183±0.045 1.15±0.34 0 65.8 / 67

K− 1.88 ±0.34 0.086±0.054 0.25 ±0.07 -13.5 ±4.2 24.2 / 28

p̄ 0.6 ±1.0 0.16 ±0.12 1.00 0 15.6 / 11
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Fig. 12. AN vs xA for the K+ production by polarized protons.
The solid fitting curve corresponds to the 40 GeV/c data [2],
and the dashed curve corresponds to the 11.75 GeV/c data [12]
and 0.5 ≤ pT ≤ 0.6 GeV/c

energies and production angles to check the xA-scaling
and determine the parameters of (6).

6 Analyzing powers for Λ, K0
S, η production

by polarized protons

The analyzing power for the Λ-hyperon production has
been measured at 13.3, 18.5 and 200 GeV/c [23,24]. It is
shown as a function of xA in Fig. 15 along with fitting
curves (6). Data [23] were obtained on a Be target, and
data [24] on a proton target. The fit parameters for dif-
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Fig. 13. The ratio AN/F(pT) vs xA for the K− production by
polarized protons. The solid fitting curve corresponds to the
data [2], and the dashed curve corresponds to the data [12]
and region 0.3 ≤ pT ≤ 0.4 GeV/c

ferent xA definitions are presented in Table 6. The best
χ2 is attained with xA defined by (3). As is seen from
Fig. 15, AN can be described at different energies by the
same function of the scaling variable xA at the present
level of experimental errors. The analyzing power is close
to zero for the region 0.2 ≤ xA ≤ 0.6 and is negative for
the xA above 0.6.

Measurements of AN for the K0
S-mesons have been per-

formed at 13.3 and 18.5 GeV in the central region only
[23,25], both on a Be target. In Fig. 16 AN is shown as
a function of xA along with a fitting curve given by (6).
The fit parameters are presented in Table 7. The data are
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Table 6. Fit parameters of (6) for the Λ and different definitions of scaling variable xA, (2) –(5),
with ε = ±0.015

Eq. a1 a2 a3 a4 a5 χ2 / points

(2) -0.52 ±0.15 0.557±0.036 0.66 ±0.36 0.563±0.035 -0.111±0.096 39.4 / 49

(3) -0.72 ±0.38 0.539±0.021 1.6 ±1.3 0.527±0.024 -0.158 ± 0.073 24.3 / 49

(4) -0.54 ±0.15 0.560±0.034 0.69 ±0.37 0.564±0.033 -0.109±0.091 38.3 / 49

(5) -0.53 ±0.15 0.559±0.034 0.68 ±0.37 0.564±0.034 -0.109±0.091 38.5 / 49
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Fig. 14. AN vs xA for antiproton production by polarized pro-
tons. The curve corresponds to a fit by (6) with the parameters
given in Table 5

compatible with the xA-scaling, but additional measure-
ments are desirable to check it at different energies and
in the fragmentation region. The analyzing power for the
η-meson production in p↑p collisions has been measured
at 200 GeV/c [17]. It is shown in Fig. 17 along with the
fitting curve, (6). The fit parameters are shown in Table 7.
Since the measurement has been performed at a fixed an-
gle, parameter a3 was fixed during the fit.
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Fig. 15. AN vs xA for the Λ production by polarized protons.
The solid fitting curve corresponds to the 18.5 GeV/c data [23],
and the dashed curve corresponds to the 200 GeV/c data [24]

7 Analyzing powers for the π±, π0

and η production in p̄↑ p collisions

The analyzing power for the π±-meson production in the
fragmentation region of polarized antiprotons has been
measured at 200 GeV/c [6]. It is shown in Figs. 18 and
19, as a function of xA, for the π+ and π−, respectively.
The fit parameters are presented in Table 8. Parameter a3
has been fixed due to limited statistics.

Measurements of AN for the π0-meson production in
p̄↑p-collisions has been performed at 200 GeV/c in the cen-
tral region [7] and the fragmentation region [22] of polar-
ized antiprotons. The data are shown as a function of xA
along with the fitting curve (6) in Fig. 20. The fit param-

𝜋- K- p̄

For ECM=27GeV:   p=4GeV → xF=0.3,  p=6GeV → xF=0.45

Light hadron (π, K, p) asymmetries
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m = p n2cos2θ − 1
Cherenkov detectors (high momentum PID)
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• DIRC (Detection of  Internally Reflected 
Cherenkov light) detectors 

• First use of DIRC in BaBar in 1990s
• TOP (Time of Propagation) counter in Belle-II
• TORCH (Time Of internally Reflected 

Cherenkov light) in LHCb
• FDIRC (Focusing DIRC) for GLUEX
• FDIRC for the PANDA barrel and endcap
• FDIRC is proposed for EIC

• RICH (Ring Imaging CHerenkov) detectors 

• Used in high-energy experiments since 1982 (E605)
• RICH1 of LHCb (Aerogel+gas)
• RICH of HERMES (Aerogel+gas)
• ARICH (Aerogel RICH) endcap detector in Belle II

• Threshold detectors 

• Extensively used since 1950s in many experiments
• ASHIPH (Aerogel SHifer PHotomultplier) in KEDR
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Cherenkov threshold detector

• ASHIPH (Aerogel SHifer PHotomultplier) in KEDR
• TDR of SPD



8

Барельная часть АЧС КЕДР перед уста-
новкой в детектор.

Схема детектора КЕДР.

II Черенковские чтения, 14.04.2009 FARICH Сергей Кононов 29/32

ASHIPH Cherenkov threshold counter in KEDR
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The%system%of%ASHIPH%counters%for%
the%KEDR%detector%

•  160%counters%arranged%in%2%layers%
•  96%%of%solid%angel%
•  1000%liters%of%aerogel%with%n=1.05%
•  π/KY% separaBon% in% momentum% range%

0.6Y1.5GeV/c%
•  Light%collecBon%with%help%of%WLS%
•  160% MCP% PMTs% with% photocathode% ø18mm%

able%to%work%in%magneBc%field%up%to%2T%
•  Thickness%of%the%material%is%12%X0%

26.02.14% INSTR14% 3%

ASHIPH Cherenkov threshold counter in KEDR

Some%pictures%of%the%system%

26.02.14% INSTR14% 10%

The%system%inside%the%KEDR%detector% The%barrel%part%of%the%system%in%Lab%

KEDR ASHIPH system

• 160 counters in 2 layers

• Solid angle 96% of 4π

• n=1.05, VΣ=1000 l, high transparency SAN-96 aerogel

• π/K- separation in the momentum range 0.6÷1.5 GeV/с

• 160 MCP PMTs, photocathode diameter ø18mm, able to 
work in the magnetic field up to 2 T

• Fully installed in the detector in 2013. Now in operation.

-> talk of I.Ovtin
12.10.20 JINR2020, online 16
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RICH (Ring Imaging CHerenkov) detector

• RICH1 of LHCb (Aerogel+gas)
• RICH of HERMES (Aerogel+gas)
• ARICH (Aerogel RICH) endcap detector in Belle II
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• In region of SPD ( l~1 m, p<10 GeV) aerogel 
is the most efficient radiator

• Dual radiator (Aerogel+C4F10) can improve the 
efficiency for larger momenta

• Example of a dual RICH is 
• RICH1 of LHCb. It was used in Run I for 

identification in the 2<p<40 GeV range

RICH detector for SPD

2. Overview of the large LHC experiments

The four main LHC experiments are the largest current collider
experiments and integrate todays state-of-the-art detector tech-
nology, in particular with respect to PID. This section gives an
overview on the four experiments, with emphasis on the way the
underlying physics program influences the experiment design
with respect to PID.

2.1. ATLAS and CMS

ATLAS [10] (A Toroidal Large AparatuS) and CMS [11] (Com-
pact Muon Solenoid) are often called ‘‘general purpose’’ particle
physics experiments, since they aim at uncovering any new
phenomena appearing in proton–proton (p–p) collisions at the
new energy domain that is now probed at the LHC. The main
focus of the experiments is the investigation of the nature of the
electroweak symmetry breaking and the search for the Higgs boson.
The experimental study of the Higgs mechanism is expected to shed
light on the mathematical consistency of the Standard Model (SM)

of particle physics at energy scales above ! 1 TeV. As a matter of
fact, various alternatives to the SM foresee new symmetries, new
forces, and new constituents. Furthermore, there are high hopes for
discoveries that could lead towards a unified theory (supersymme-
try, extra dimensions, etc.).

2.1.1. Requirements
The discovery and study of the Higgs boson is the benchmark

process that influenced the design of the two experiments.
Electrons, muons and photons are important components of
its possible physics signatures. Assuming a low mass Higgs
boson ðmH o150 GeV=c2Þ, the predominant decay mode into
hadrons is difficult to detect due to QCD backgrounds. In that
case an important decay channel is H-gg. For masses above
130 GeV, the most promising channel to study the properties of
the Higgs boson is H-ZZð$Þ-4l. It is called ‘‘gold-plated’’ in the
particular case in which all four leptons are muons, due to
the relative ease in detecting muons. The ATLAS and CMS
detectors have been optimized to cover the whole spectrum of
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Fig. 4. Demonstration of the power of PID by mass determination, using the example of the f-KþK& decay measured with the LHCb RICH system (preliminary data fromffiffi
s
p
¼ 900 GeV p–p collisions [9]). The left image shows the invariant mass obtained from all combinations of pairs of tracks without PID. The right image shows how the f

meson signal appears when tracks are identified as kaons.
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SPD

HPDs are sensitive to single photons in the wavelength range
from 200 to 600 nm with a quantum efficiency of about 31%.
About 65% of the detection plane is covered with read out pixels.

The photoelectron trajectories are deformed by the magnetic
field of the large LHCb dipole magnet. This effect can be corrected
by comparing reproducible light-spot patterns, that are illumi-
nated onto the photon detector plane, with magnetic field on
and off.

5.4.3. Performance
A typical (simulated) LHCb event in the RICH1 detector is

shown in Fig. 26. The expected single photoelectron angular
resolutions are given in Table 3. After the first alignment carried
out with data from p–p collisions, the achieved resolutions are
already approaching those values [87]. For the aerogel radiator,
the refractive index was found to change from its initial value of
n¼1.03–1.037 in the experiment, which is probably explained by
absorption of C4F10, since the aerogel material is not sealed from
the gas volume. As a consequence, the measured photon yield and
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Fig. 24. Left image: schematic layout of the LHCb RICH1 detector. The acceptance of 7250 mrad is indicated. Right image: schematic view of an HPD of the LHCb RICH
system. Both figures are taken from Ref. [18].

Table 3
Some parameters of the LHCb RICH detectors. The quoted measured angular resolutions [87] are for the preliminary alignment available from the first data sample with p–

p collisions at
ffiffi
s
p
¼ 7 TeV.

RICH1 RICH2

Silica aerogel C4F10 CF4

Momentum range (GeV/c) r10 10tpt60 16tpt100
Angular acceptance (mrad) 725 to 7250 715 to 7100

Vertical 725 to 7300 715 to 7120
Horizontal 725 to 7300 715 to 7120

Radiator length (cm) 5 95 180
Refractive index, n 1.03 (1.037) 1.0014 1.0005
Maximum Cherenkov angle (mrad) 242 (268) 53 32
Expected photon yield at b" 1 6.7 30.3 21.9
sYC

(mrad) 2.6 1.57 0.67

Expected # 7:5 2.18 0.91
Measured # 7:5 2.18 0.91
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Fig. 25. Cherenkov angles as a function of momentum for different particle
species and for the three different values of the refractive index n corresponding
to the three radiator materials used in the LHCb RICH setup.
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angular resolution are slightly worse than expected. Using the
expected values, the separation power nsYC

can be calculated for
all three radiator materials according to Eq. (26). The results are
shown in Fig. 27.

Particle identification with the LHCb RICH system uses a global
pattern recognition and maximum likelihood method. All found
tracks in the event and all three radiators are considered simul-
taneously and the observed pattern of hit pixels in the RICH
photodetectors is matched to that expected from the recon-
structed tracks under a given set of particle hypotheses. The
likelihood is maximized by varying the particle hypotheses of
each track to be an electron, muon, pion, kaon or proton. In this
way efficient K=p separation is achieved with high purity [18]:
the average efficiency for kaon ID for momenta between 2 and
100 GeV/c is at the level of 90%, with a corresponding average
pion misidentification rate below 5%.

5.5. Other Cherenkov detectors

Cherenkov counters have found applications in many particle
physics experiments in many different configurations, as is
documented in the proceedings of the RICH workshop ser-
ies [88–94]. To demonstrate this variety, here a selection of other
Cherenkov detectors outside the LHC is given.

! A RICH with a 16 m long He (n¼0.000035) radiator, 8 m
focal length mirrors and wire chambers with triethylamine
(TEA) as photosensitive component was used in a spectro-
meter at FNAL [95,96] and provided K=p separation up to
200 GeV/c.
! The HERA-B collaboration showed that a RICH with gaseous

(C4F10) radiator and multianode PMT readout can be safely
operated at high track densities, and no degradation of
performance was observed in five years of operation [97].
! The central region of the RICH of the COMPASS experiment

was upgraded by replacing the wire chamber based photon
detector with multianode PMTs very similar to the ones
employed in the HERA-B experiment [98].
! In the Belle spectrometer a Cherenkov counter based on an

aerogel radiator and fine mesh PMT readout is used in a
threshold configuration [99]: The refractive index is chosen
such that pions emit Cherenkov radiation while kaons stay
below threshold.
! At the CLEO-III experiment a proximity-focusing RICH counter

based on LiF as solid radiator and wire chambers with TEA as
photosensitive component is installed [100].
! The RICH of the HADES experiment employs a gaseous (C4F10)

radiator and a gaseous photon detector with CsI converter and
acts as a hadron blind trigger device [101].
! The Hadron Blind Detector (HBD) of the PHENIX experiment is

built for electron ID. It uses a gaseous radiator (CF4) and as
photon detector three layers of Gas Electron Multipliers (GEM)
with CsI coating on the first layer [102].
! The DIRC of the BaBar experiment [103] uses 4.9 m long,

rectangular bars made from synthetic fused silica (average
refractive index n# 1:473) as Cherenkov radiator and light
guide. The photons are focussed by a ‘‘pin-hole’’ and the image
is expanded through a standoff region filled with 6000 l of
purified water onto an array of PMTs placed at a distance of
about 1.2 m from the bar end.

5.6. Developments for future RICH detectors

The Cherenkov counters of the BaBar and Belle spectrometers
have contributed significantly to the recent advances in flavor
physics. In both cases, upgrades are planned to further improve
the performance and to allow them to work at higher event and
background rates. The LHCb collaboration is planning to upgrade
the detector around the year 2016, following first data taking
phase [104]. The upgrade strategy involves increasing the design
luminosity by a factor of 10 to about 2$ 1033 cm%2 s%1. In that
case the full experiment is read out at 40 MHz (currently 1 MHz).
As a consequence the HPDs need to be replaced with a faster
technology. There are a few promising candidates, however, here
the developments in the wide area of photon detectors are not
discussed. A summary is given for example in Refs. [105,106].

5.6.1. Proximity-focusing aerogel RICH
The drawback of the proximity-focusing RICH technology is that

for thicker radiators (needed to increase the number of photons) the
emission point uncertainty (sEP in Eq. (25)) leads to a degradation of
the single photon resolution. This limitation can be overcome by
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Fig. 26. Typical, simulated LHCb event in the RICH1 detector [18]. The data from
the two photodetector planes are drawn in the upper and lower halves.
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LHCb RICH1, Run I
Ref: M.Adinolfi et al, Eur.Phys.J.C 73 (2013) 2431

HPDs are sensitive to single photons in the wavelength range
from 200 to 600 nm with a quantum efficiency of about 31%.
About 65% of the detection plane is covered with read out pixels.

The photoelectron trajectories are deformed by the magnetic
field of the large LHCb dipole magnet. This effect can be corrected
by comparing reproducible light-spot patterns, that are illumi-
nated onto the photon detector plane, with magnetic field on
and off.

5.4.3. Performance
A typical (simulated) LHCb event in the RICH1 detector is

shown in Fig. 26. The expected single photoelectron angular
resolutions are given in Table 3. After the first alignment carried
out with data from p–p collisions, the achieved resolutions are
already approaching those values [87]. For the aerogel radiator,
the refractive index was found to change from its initial value of
n¼1.03–1.037 in the experiment, which is probably explained by
absorption of C4F10, since the aerogel material is not sealed from
the gas volume. As a consequence, the measured photon yield and
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Fig. 24. Left image: schematic layout of the LHCb RICH1 detector. The acceptance of 7250 mrad is indicated. Right image: schematic view of an HPD of the LHCb RICH
system. Both figures are taken from Ref. [18].

Table 3
Some parameters of the LHCb RICH detectors. The quoted measured angular resolutions [87] are for the preliminary alignment available from the first data sample with p–

p collisions at
ffiffi
s
p
¼ 7 TeV.

RICH1 RICH2

Silica aerogel C4F10 CF4

Momentum range (GeV/c) r10 10tpt60 16tpt100
Angular acceptance (mrad) 725 to 7250 715 to 7100

Vertical 725 to 7300 715 to 7120
Horizontal 725 to 7300 715 to 7120

Radiator length (cm) 5 95 180
Refractive index, n 1.03 (1.037) 1.0014 1.0005
Maximum Cherenkov angle (mrad) 242 (268) 53 32
Expected photon yield at b" 1 6.7 30.3 21.9
sYC

(mrad) 2.6 1.57 0.67

Expected # 7:5 2.18 0.91
Measured # 7:5 2.18 0.91
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Fig. 25. Cherenkov angles as a function of momentum for different particle
species and for the three different values of the refractive index n corresponding
to the three radiator materials used in the LHCb RICH setup.
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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

cover the low-energy region below 10 GeV; while
the C4F10 gas provides hadron PID at higher
momenta. As an input to the hadron PID
algorithms, we have the PMT hit configuration
in the RICH, the track 3-momentum information
from the tracking detectors in the spectrometer
and the momentum of the track from the spectro-
meter magnet. The goal of the RICH PID is to
determine the type of hadron making a track in the
spectrometer. Due to the imaging system, the
detected ‘rings’ are not circles, but in general
asymmetrically deformed ellipses. Hence a ring
fitting procedure is not feasible for an accurate
reconstruction of the Cherenkov angles. Two more
promising particle identification approaches are
pursued: The reconstruction of the Cherenkov
angles by inverse ray tracing (IRT) and the
construction of the expected hit probability
densities for given track and particle type hypoth-
eses by direct ray tracing (DRT). The RICH PID
Scheduler (RPS) tries to combine the best features
of IRT and DRT by making a choice between
these two methods, dependent on the momentum
of the track, the track multiplicity of the event and
the possible overlap between rings.

2.1. Inverse ray tracing

IRT [3] combines each hit with each track and
then calculates the angle under which the photon
would have been emitted. This results in spectra of
reconstructed Cherenkov angles for each track and
radiator. The difference between the calculation
for the gas and the aerogel is the emission point of
the photons: for the aerogel, we suppose that the
photons were emitted in the middle of the aerogel

block, while for the gas, the emission point is
assumed to be in the middle of the particle track in
the gas. The angular range over which the average
of both spectra is formed must be limited to
minimize the impact of background hits and hits
from other tracks and from the other radiator.
Consequently, ‘windows’ are imposed on the
spectrum of reconstructed angles that are centered
around the theoretically expected angles for the
three particle type hypotheses. Hence, we do not
calculate a single average /yS; but an average for
each particle hypothesis /ySp; /ySK /ySp;
around respectively ypth; y

K
th and ypth: The width of

the windows ðswÞ around ypth; y
K
th and ypth is set to a

fixed value of 716 mrad; which corresponds to
about 4 times the single photon resolution sy (the
usage of a momentum dependent sw gives no
significant improvement of the method). For a
large number of tracks of a given particle type and
momentum the resulting average angles also
follow a Gaussian distribution around the theore-
tical angle, thus a Gaussian likelihood Li #
Lð/ySiÞ can be formed for each particle hypoth-
esis i ði ¼ p;K; pÞ:

Li ¼ exp½&ðyith &/ySiÞ22s2/yS' ð1Þ

where s/yS is the average angle resolution, which
is calculated from the single photon resolution sy
as s/yS ¼ sy=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

/NPMTS& 1
p

: The average ex-
pected number of PMT hits /NPMTS is approxi-
mated as a constant, set to fixed values of 6 for
aerogel and 11 for the gas. For particles with
momenta above the threshold momentum pith for
hypothesis i; the likelihood Li is calculated
according to Eq. (1). In the case that the particle
momentum is below the threshold, were no hits are
expected and consequently no window is imposed,
and in the case that the particle momentum is
above threshold, but no hits are detected, distinct
likelihood value are assigned, that connect
smoothly to the likelihoods for above threshold
behaviour. Finally, the likelihoods for the two
radiators, aerogel and gas, are combined to an
overall likelihood by multiplication ðLtot

i ¼
Laerogel
i Lgas

i Þ: The total IRT likelihood Ltot
i is then

used to define the most likely hadron type. A
quality parameter rQp; that quantifies how
well the particle was identified, is defined as

Mirror
C4F10

Aerogel

Photon Detector

Fig. 1. A schematic side view of the RICH counter above the
beamline.
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track per detector half. Fig. 23 compares MC and
experimental data for the case of single track
pions. The four plots show the identi-
fication probabilities Pi

p that a pion is identified
as pion, kaon, proton or not identified (X).
The pion identification efficiency Pp

p for single
tracks is above 92% even at low momenta, and
above 98% for momenta larger than 4 GeV:
The MC data are taken from the sample also used
for Table 5, while the experimental data are
from r0-decays. MC and experimental results
agree well, with the possible exception of the
lowest moment bin.

The comparison of MC and experimental
data becomes more involved for event topologies
with overlapping rings and as the opening angle
for f-decays in HERMES is small there
are basically no experimental data with one
single kaon per detector half. A detailed evalua-
tion of the detector performance that takes the
event topology and momentum dependence into
account in detail will be included in a forthcoming
paper.

7. Conclusion and outlook

The HERMES RICH detector has been con-
structed and installed within 13 months after its
approval. It has been operating routinely as part
of the HERMES experiment since its installation
in May 1998. Its operation has been stable and
reliable for more than 2 years. The single photon
resolution for ideal tracks is close to the MC
predictions. The particle identification based on
the inverse ray tracing technique has been im-
plemented and its likelihood analysis has been
optimized. More elaborate particle identification
schemes are under development. Hadron identifi-
cation by the RICH detector will be a crucial

Table 5
Typical efficiencies and purities for the RICH hadron identi-
fication based on the IRT likelihood analysis of 1.84 million
DIS MC events, p > 2 GeV

Id. as p K p Purity

p 619390 8050 23008 0:95
K 17282 58390 16757 0:63
p 7461 5612 80113 0:86
No id. 10802 6647 29634
e 0:95 0:74 0:54

Table 6
Typical momentum integrated efficiencies determined from
decaying particles based on the IRT likelihood analysis

Decay Efficiency

r0-pþp" ep ¼ 0:91570:024
Ks-pþp" ep ¼ 0:90070:005
f-KþK" eK ¼ 0:75070:007
L-pp" ep ¼ 0:72670:010

ep ¼ 0:89070:011

Fig. 23. Identification probabilities Pi
p that a pion is identified

as pion, kaon, proton or not identified (X) for single tracks per
detector half. DIS MC simulation (circles) in comparison with
experimental data from r0-decays (solid squares); both results
are based on the IRT likelihood analysis.
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time, to span this difficult energy region. The
HERMES RICH detector combines the successful
use of clear aerogel with a heavy gas, C4F10; in a
single detector. Such a configuration was first
proposed for the planned LHCb experiment [6].
This dual-radiator RICH detector provides clean
separation of pions, kaons, and protons over most
of the kinematic acceptance of the HERMES
experiment.

2. Detector design

About 95% of all hadrons detected in the
HERMES experiment are found in the range of
2.0–15:0 GeV: This defines the momentum range
over which clear PID should be provided. The low
end of this range determines the index of refraction
necessary for the aerogel. A value of nðl ¼
633 nmÞ ¼ 1:03 was chosen since it leads to a
kaon threshold of 2 GeV: The Cherenkov angles
produced by the combination of this aerogel and
the heavy gas (C4F10) for pions, kaons and
protons are plotted in Fig. 1 as a function of
particle momentum. The corresponding threshold
momenta are listed in Table 1. All pion momenta
within the spectrometer acceptance are above the

pion threshold momentum for aerogel of 0:6 GeV;
90% of the kaon and 78% of the proton momenta
are above the kaon threshold of 2:0 GeV:

Studies of the properties of aerogel were carried
out with a CERN test beam, and the optical
properties of a sample of 200 tiles were studied in
detail [7–10]. The optimum thickness for the
aerogel radiator was determined to be about
5 cm: The single photoelectron resolution required
was fixed by the requirement that, at 15 GeV;
misidentification be less than 1% for equal fluxes
of pions and kaons. For projected aerogel yields of
NE12; this resolution is about 7 mr: Conse-
quently, 3=4 in: photomultiplier tubes (PMTs)
were chosen for the photon detector, giving a
pixel size of 23:3 mm: Monte Carlo simulations
gave single photon resolution for this geometry of
5–6 mr:

The geometry which was adopted for the
Cherenkov radiators and ring imaging systems is
shown in Fig. 2. One-half of the RICH system
which consists of identical units placed above and
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Fig. 2. A cutaway schematic view of the (top) RICH counter.

Table 1
Cherenkov light thresholds for pions, kaons and protons. The
index of refraction n is given at 633 nm; bt ¼ 1=n is the

threshold velocity and gt ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1$ b2t
q

Aerogel C4F10

n 1.0304 1.00137
btgt 4.03 19.10
p (Gev) 0.6 2.7
K (Gev) 2.0 9.4
p (Gev) 3.8 17.9
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126 cm

63 cm

• In region of SPD ( l~1 m, p<10 GeV) aerogel 
is the most efficient radiator

• Dual radiator (Aerogel+C4F10) can improve the 
efficiency for larger momenta

• Example of a dual RICH is 
• RICH1 of LHCb. It was used in Run I for 

identification in the 2<p<40 GeV range
• RICH of HERMES (DESY). It was used 

in the range of 2<p<15 GeV

RICH detector for SPD

2. Overview of the large LHC experiments

The four main LHC experiments are the largest current collider
experiments and integrate todays state-of-the-art detector tech-
nology, in particular with respect to PID. This section gives an
overview on the four experiments, with emphasis on the way the
underlying physics program influences the experiment design
with respect to PID.

2.1. ATLAS and CMS

ATLAS [10] (A Toroidal Large AparatuS) and CMS [11] (Com-
pact Muon Solenoid) are often called ‘‘general purpose’’ particle
physics experiments, since they aim at uncovering any new
phenomena appearing in proton–proton (p–p) collisions at the
new energy domain that is now probed at the LHC. The main
focus of the experiments is the investigation of the nature of the
electroweak symmetry breaking and the search for the Higgs boson.
The experimental study of the Higgs mechanism is expected to shed
light on the mathematical consistency of the Standard Model (SM)

of particle physics at energy scales above ! 1 TeV. As a matter of
fact, various alternatives to the SM foresee new symmetries, new
forces, and new constituents. Furthermore, there are high hopes for
discoveries that could lead towards a unified theory (supersymme-
try, extra dimensions, etc.).

2.1.1. Requirements
The discovery and study of the Higgs boson is the benchmark

process that influenced the design of the two experiments.
Electrons, muons and photons are important components of
its possible physics signatures. Assuming a low mass Higgs
boson ðmH o150 GeV=c2Þ, the predominant decay mode into
hadrons is difficult to detect due to QCD backgrounds. In that
case an important decay channel is H-gg. For masses above
130 GeV, the most promising channel to study the properties of
the Higgs boson is H-ZZð$Þ-4l. It is called ‘‘gold-plated’’ in the
particular case in which all four leptons are muons, due to
the relative ease in detecting muons. The ATLAS and CMS
detectors have been optimized to cover the whole spectrum of
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Fig. 4. Demonstration of the power of PID by mass determination, using the example of the f-KþK& decay measured with the LHCb RICH system (preliminary data fromffiffi
s
p
¼ 900 GeV p–p collisions [9]). The left image shows the invariant mass obtained from all combinations of pairs of tracks without PID. The right image shows how the f

meson signal appears when tracks are identified as kaons.

C. Lippmann / Nuclear Instruments and Methods in Physics Research A 666 (2012) 148–172152

Ref: C.Lippmann, NIMA 666 (2012) 148
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• Up - down stream symmetric layout in 
present configuration (TDR)

• So far, only ∆z=16 cm is dedicated to each of 
two Cherenkov detectors (disks) in endcaps

• IP is displaced by ~120 cm from center 
(asymmetric layout)

• Imitation of a fixed target experiment
• Volume for RICH:  R=87cm, L=130 cm
• ST-barrel must be a self-supporting 

structure

RICH

RICH detector for SPD
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ARICH (in endcap) of  the Belle II experimentPTEP 2016, 033H01 S. Iwata et al.

Fig. 1. Horizontal cross-section of the Belle II detector.

Fig. 2. The principle of π/K identification for the ARICH counter. The solid-line and dotted-line cones
illustrate the emitted Cherenkov light for a pion and a kaon, respectively.

2.2. Aerogel radiators
The silica aerogel radiator tiles of the ARICH counter are required to have a long transmission length
and refractive indices in the range 1.04–1.05 for optimal counter performance in the required momen-
tum range. We successfully established a method for large-size (180 × 180 × 20 mm3) hydrophobic
aerogel production with high transparency [7,8].

The single-photon Cherenkov angle resolution and the number of detected Cherenkov photons
per track are important parameters for high-precision measurement of particle velocity (aver-
age Cherenkov angle) with the ARICH counter. For a normal proximity-focusing RICH counter
[Fig. 3(a)] the contribution of the radiator thickness to the resolution of the average Cherenkov
angle σd is proportional to d/

√
Npe, where d is the thickness of the radiator and Npe is the num-

ber of detected photons in the ring. If the absorption length is large compared to d, the number of
detected photons increases linearly with the thickness and σd is proportional to

√
d. The thinner

aerogel can improve σd due to the decreased uncertainty of the emission point of a Cherenkov pho-
ton, although the detected photons will be decreased. We verified that the optimal thickness of the
aerogel for the ARICH counter should be around 20 mm [9,10].
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2.2. Aerogel radiators
The silica aerogel radiator tiles of the ARICH counter are required to have a long transmission length
and refractive indices in the range 1.04–1.05 for optimal counter performance in the required momen-
tum range. We successfully established a method for large-size (180 × 180 × 20 mm3) hydrophobic
aerogel production with high transparency [7,8].

The single-photon Cherenkov angle resolution and the number of detected Cherenkov photons
per track are important parameters for high-precision measurement of particle velocity (aver-
age Cherenkov angle) with the ARICH counter. For a normal proximity-focusing RICH counter
[Fig. 3(a)] the contribution of the radiator thickness to the resolution of the average Cherenkov
angle σd is proportional to d/

√
Npe, where d is the thickness of the radiator and Npe is the num-

ber of detected photons in the ring. If the absorption length is large compared to d, the number of
detected photons increases linearly with the thickness and σd is proportional to

√
d. The thinner

aerogel can improve σd due to the decreased uncertainty of the emission point of a Cherenkov pho-
ton, although the detected photons will be decreased. We verified that the optimal thickness of the
aerogel for the ARICH counter should be around 20 mm [9,10].
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Fig. 4. Picture of the exterior and the design of the 144-ch HAPD.

Table 1. HAPD specification.

# of pixels 12 × 12 = 144 ch
Package size 73 × 73 × 2.8 mm3

Pixel size 4.8 × 4.8 mm2

Effective area 65%
Capacitance 80 pF
Window material Synthetic quartz
Window thickness 3 mm
Photo-cathode material Bialkali
Quantum efficiency ∼28% (average, @400 nm)
Avalanche gain ∼40 (usually)
Bombardment gain ∼1700, @7 kV
S/N ∼15

The front-end board, which is attached to the backplane of a HAPD, has four readout ASIC chips
and an FPGA chip (Spartan6) for readout control and communication to the higher levels of the
readout system. The other components on the front-end board are a bias voltage connector for the
attached HAPD and temperature sensor chips [12]. The size of the front-end board is designed to fit
the HAPD.

3. Hybrid avalanche photo-detector
3.1. Specification
The HAPD is composed of a photo-cathode, a vacuum tube, and four avalanche photo-diode (APD)
chips, where each APD is pixelated into 6 × 6 pads, resulting in 144 channels. The schematics of the
HAPD are shown in Fig. 4. The basic specifications of the HAPD are summarized in Table 1.

3.2. Detection of single photon
In a HAPD module, the photoelectrons are amplified in two steps (Fig. 5). In the first step, the photo-
electrons are accelerated using a high electric field; after passing a potential difference of 7–8 kV in
vacuum it hits the APD, and produces about 1700 electron–hole pairs [Fig. 5(a)]. This gain is known
as bombardment gain. In the second step, avalanche amplification occurs in the APD. The generated
electron produces around 40 electron–hole pairs in the high-field region of the APD with an inverse
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existence of any cracks in the tile is visually scanned. At the same time,
milky area, which is usually caused by wrong synthesis process in sol-
gel polymerization, is also examined. Once these failure points were
found, the tile was rejected from the candidates and subsequent
measurements were not proceeded for the faulty sample. From this
measurements a crack-free propability of ∼87% was achieved, and the

Fig. 5. Transmission length distributions for n=1.045 (top) and n=1.055 (bottom) tiles
for λ = 400 nm.

Fig. 6. Transmission length at λ = 400 nm as a function of the refractive index for all
tiles.

Fig. 7. The distribution of refractive index difference n n nΔ = −up down for obtained

combinations.

Fig. 8. Wedge-shaped tile after a water jet cutting.

Fig. 9. The radiator container.

Fig. 10. Photograph of the aerogel boxes after the installation.
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Fundamental optical parameters, for instance refractive index, in
aerogels obtained after the SC drying are basically defined in the
synthesis step. On the other hand, the SC drying step mainly gives
serious effect on physical condition of the resultant aerogel. In
particular, crack in the aerogel tile volume is of our prime concern
since to make a crack-free tile is one of the most important issues. This
was carefully investigated before mass production, and the conditions
in the SC drying process was examined by Chiba university group [5]. It
was found that a duration of the pressure change after the SC condition
is attained gives a certain impact on crack generation for the tiles.
Therefore, we expanded this period by 3 times longer than before. By
introducing this, a crack-free probability was improved by about 30%.

It is noted that we had been working aerogel production many years
with Panasonic,1 but they decided that new aerogel tiles were no longer

produced using their facility in 2011. A company, the Japan Fine
Ceramics Center (JFCC),2 was newly contacted since this center had
some experience in producing various types of aerogel samples, and
there was joint effort between JFCC and Panasonic. A necessary
technology transfer to JFCC was done and we had carried out several
production tests during 2012–2013 to establish detailed procedures
and to maintain tile quality at JFCC [6].

3. Mass production and quality check

Mass production of the aerogel tiles started from September 2013,
and was completed in May 2014. During this period, 16 batches were
submitted to JFCC, where a production recipe was provided from our
group. One batch contains 28 tiles, which comes from volume
capability of the autoclave in the SC drying system. In this mass
production, 87% crack free rate was achieved. Fig. 3 shows a photo-
graph of our aerogel tile produced.

After new tiles were delivered to KEK, the following quality checks
have been performed. (1) visual inspection, (2) dimension and weight
measurements, (3) optical quality measurements. As a first step,

n1 n2

n1< n2

Fig. 1. Schematic view of the dual focusing radiator scheme.

Fig. 2. Cross section of the Belle II RICH radiator system.

Fig. 3. Aerogel tile from mass production with dimensions of180 × 180 × 20 mm3. Small
tile (100 × 100 × 20 mm3) produced for Belle aerogel Cherenkov counter is also shown for
comparison.

Fig. 4. Refractive index distributions for n=1.045 (top) and n=1.055 (bottom) tiles.

1 1048, Kadoma, Osaka 57l-8686, Japan
2 2–4-1 Mutsuno, Atsuta-ku, Nagoya, 456–8587 Japan

I. Adachi et al. Nuclear Instruments and Methods in Physics Research A 876 (2017) 129–132
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Dual-Aerogel radiator 

• Focusing effect using 
n1=1.045 and  n2=1.055

• Mass production in 2014
• Ref: NIMA 876 (2017) 129

HAPD (Hybrid Avalanche Photo Detector)

• Rπ -RK = 5 mm for p = 4 GeV → pixel size is 5 mm
• Ref: PTEP 2016 (2016) 3, 033H01 [1603.02503]
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Focusing principle
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Figure 14: Efficiency and misidentification probability as a function of the momentum: π
efficiency and K misidentification probability (left), and K efficiency and π misidentification
probability (right).
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Figure 15: Efficiency and misidentification probability as a function of the polar angle: π
efficiency and K misidentification probability (left), and K efficiency and π misidentification
probability (right).

also performed the first evaluation of the identification performance of the ARICH counter,
based on pion and kaon tracks from the D∗+ → D0π+(D0 → K−π+) decays. The overall
K(π) efficiency and π(K) misidentification probability are 93.5 ± 0.6% (87.5 ± 0.9%) and
10.9±0.9% (5.6±0.3%), respectively. There is a discrepancy of about 3 % between data and
MC for both kaons and pions. The same level of agreement between the MC and measured
data is found for all momentum and polar angle regions. These studies demonstrate that the

15

Efficiency of  π and K identification
PTEP 2016, 033H01 S. Iwata et al.

(a) (b)

Fig. 15. (a) Distribution of the likelihood difference between the pion (solid line) and kaon (dashed line) at
3.5 GeV/c. (b) Likelihood ratio distribution for pions and kaons at 3.5 GeV/c.

We define the likelihood ratio per event for pion R(π) using the following equation in order to
evaluate the PID performance:

R(π) = L(π)

L(π) + L(K )
,

where L(π) and L(K ) are the likelihoods for each particle. These quantities were calculated for
every event from Eq. (4). We also define the likelihood ratio per event for kaons R(K ) using the
following equation:

R(K ) = L(K )

L(π) + L(K )
= 1 − R(π).

Figure 15(a) shows the likelihood difference between the pion and kaon, which is calculated as
logL(π) − logL(K ). Figure 15(b) shows the likelihood ratio R(π) for the momentum assumption
of 3.5 GeV/c. The solid and dotted lines represent R(π) and R(K ), respectively.

We define the π identification efficiency for pion ε(π) and kaon ε(K ) as the fraction of the num-
ber of events above the value Rcut and the number of total events. It is equivalent to the following
equation:

ε(π) = #Events(R(π) > Rcut)

#Events(All)
,

ε(K ) = #Events(R(K ) > Rcut)

#Events(All)
.

When Rcut is set at 0.2, we obtained ε(π) and ε(K ) as 97.4% and 4.9%, respectively.

6. Conclusion

We have developed a proximity-focusing RICH counter with an aerogel radiator, i.e. an ARICH
counter, as a new particle identification device in the Belle II experiment. We use a HAPD as the
Cherenkov photon detector of the ARICH counter. The tolerance to neutron and γ -ray irradiation
is a very important issue for a photon detector. By improving the HAPD design, the HAPDs have
become sufficiently radiation tolerant for reliable 10-year Belle II operation.
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π and K likelihoods

PTEP 2016, 033H01 S. Iwata et al.

(a) (b) (c)

Fig. 13. Construction scheme of the PDF for the Cherenkov angle. (a) Fitting into event selection applied data.
The fitting function of four Gaussians and two eighth-order polynomials. (b) Parametrized distributions. The
dotted lines (magenta) represent the Cherenkov signal peak. The dashed line (green) represents the common
background. The solid line (red) represents the combined distribution. (c) PDF examples for pion and kaon at
3.5 GeV/c.
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Fig. 14. Cherenkov angular distribution of the beam test data with PDFs for pions and kaons at 3.5 GeV/c.

5.3. Estimation of PID efficiency
We estimate the PID performance of the ARICH counter for pion and kaon at 3.5 GeV/c using
single-track events taken with 5 GeV/c electrons. In order to select single-track events, we select
data containing the number of detected photoelectrons below a cutoff value Ncut as the filled area
in Fig. 11. We set Ncut at 15.828 corresponding to µ2 − 1.17σ2, where µ2 is the mean value
of the Poisson distribution for double-track events (2N + B = 21.217) using Eq. (2), and σ2

is
√

µ2.
Because the expected Cherenkov angle θC(π) (=0.2973 rad) and expected number of photo-

electrons Npe(π) (=10.629) for 3.5 GeV/c pions are close to the expected θC(e) (=0.2998 rad) and
expected Npe(e) (=10.756) for 5.0 GeV/c electrons, the selected data can be regarded as a data sam-
ple of 3.5 GeV/c pions. Figure 14 shows the selected data distribution and PDFs of the Cherenkov
angle for pion and kaon at 3.5 GeV/c.
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DIRC (Detection of  Internally Reflected 
Cherenkov light) detector

• First use of DIRC in BaBar in 1990s
• Pattern recognition based DIRC 

• FDIRC (Focusing DIRC) for GLUEX
• FDIRC for the PANDA barrel and endcap

• Time-based DIRC
• TOP (Time of Propagation) counter in Belle-II
• TORCH (Time Of internally Reflected 

Cherenkov light) in LHCb
• DIRC-type detector is proposed for EIC

Ref: B.Ratcliff and J.Va’vra, NIMA 970 (2020) 163442
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DIRC concept

B. Ratcliff and J. Va’vra Nuclear Inst. and Methods in Physics Research, A 970 (2020) 163442

elements of the CKM matrix, which confirmed the CKM explanation for
CP violation within the SM, and had earlier led to the awarding of the
2008 Nobel Prize in Physics to Kobayashi and Maskawa [5]. Further
results from these experiments and their successors (such as LHCb and
Belle-II) are expected to continue to provide exciting physics results for
the foreseeable future.

1.2. Conceptualizing a particle identification detector for the B physics
program

Though carrying out these definitive experimental programs would
eventually require many technological advances in both accelerators
and detectors, for the present paper we concentrate on the require-
ment that these experiments be able to attain excellent, high-efficiency
Particle Identification (PID) [6] for all tracks emerging from each
event, which led to the DIRC concept. By late in the 1980s, high
quality PID using RICH counters had demonstrated the power of having
positive ID for both the signal and background particles over a very
large region of solid angle and phase space, but these existing tech-
niques were poorly matched to the required physical sizes, location
within the detector, the ability to handle the high luminosities, and the
secondary particle momentum range at B Factories. In particular, at
these proposed asymmetric e+e* colliders, the secondary particles are
in the low to medium momentum region (from threshold up to 4 or
5 GeV/c) with the fastest particles forward, and the PID detectors must
cover essentially the full solid angle of the detector while occupying
a limited amount of detector volume with minimal radiation mass,
since these detectors need to be situated in front of high precision
electromagnetic calorimeters. Thus, as late as spring 1992, it was
generally agreed within the B factory community that even though
Hadronic PID was fundamental to the central mission of understanding
CP violation at B factories, there was as of then no technical realization
of a detector which could provide all of these required features [7].

However, in retrospect, the internally reflecting Ring Imaging
Cherenkov concept, now called DIRC, was then on the horizon [8,9]
and embodied all of the general requirements listed above, including
the potential for a very compact device within the active region pro-
viding high quality positive ID discrimination at high luminosity. DIRC
detectors all make use of the ‘‘DIRC Principle’’, i.e., that individual
photons traveling down a transparent, well-made rectangular radiator
plate or bar, even though undergoing many surface reflections (either
internal or external), will retain all angular information (up to possible
discrete ambiguities) with respect to the coordinate system of the bar,
even after a long propagation path. In a simple schematic view, they
utilize the optical material both as a radiator and as a precision light
guide that transports the Cherenkov photons produced in the radiator
to the camera region as shown schematically in Fig. 1.2.1 (with a
camera of length l, filled with material with an index of refraction n2).
This camera region can use a variety of imaging methods, but as the
general imaging properties of these systems are rather complex and
have been discussed in detail elsewhere [9], we will not discuss them
further here. Several specific camera design solutions are discussed
later in this review.

A charged particle of velocity � traversing a radiator with refrac-
tive index n1 emits Cherenkov photons on a cone with half opening
angle cos ✓c = 1/n�. In a material with index of refraction n1 >

˘
2

surrounded by a gas, some of these photons will usually be internally
reflected, so will travel along the bar to the end where they may be
imaged onto a photon detector. Imaging occurs in a camera located
outside the particle’s path, so that individual photon angles can be
transformed back into Cherenkov emission angles with respect to the
track (with the possibility of some discrete ambiguities), and the precise
timing of each photon can be measured (with a resolution limited al-
most entirely by the speed of the photon detector, and the chromaticity
of the radiator material). Note, as shown in Fig. 1.2.2, that the DIRC is
intrinsically a three dimensional device (able to make over-constrained

Fig. 1.2.1. Side and plan views of a single radiator bar of a DIRC, and the coordinate
system used in the equations presented in the text. The particle trajectory is shown as a
line connected by dots; representative trajectories of Cherenkov photons are shown by
lines with arrows. This schematic shows a camera using the BaBar DIRC concept with
‘‘pinhole’’ geometry for imaging, where the bar’s exit area, together with the position
at which the photon is detected, defines the photon exit angles from the bar in the
transverse bar dimension (2D); the time difference between the detected photon and
the Cherenkov photon time of emission (taken from the emitting track position at the
radiator) is the measurement which defines the 3rd coordinate as described below.

measurements of the two independent Cherenkov emission angles
(✓c, �c) using the direct angle measurement in the camera along with
a well-defined time of arrival that depends on the Cherenkov photon
propagation dip angle, plus an overall particle time of flight for the
radiating track as it travels from the event location to the radiator (as
described below, the event time plus the particle TOF typically is used
as the overall start time for the propagation of each Cherenkov photon
from the line source of the track to its time of detection at the camera
detection plane).

Depending on the resolutions achieved, when combined with direct
angular measurements, this single photon timing can provide (1) spatial
separation of events along the bar; (2) a reliable tag of beam crossings
(4 ns at PEP-II); (3) separation of signal from background hits at high
rates; (4) separation of some reflection and direction ambiguities; (5)
a measurement of the wavelength photon by photon, thus allowing
a correction for chromatic dispersion; (6) and a measurement that
convolves the Cherenkov polar angle and the overall particle Time-of-
Flight (TOF) which should improve roughly like the square root of the
number of photoelectrons seen (

˘
NPE). Many of the modern counters

described in the later portion of this review exploit some or many of
these timing aspects using very fast modern detectors.

It turns out that very transparent radiation-tolerant material (syn-
thetic fused silica, often called quartz colloquially) of adequate size was
commercially available in the 1990s; the requirements on radiator bar
figure and parallelism were attainable, even for devices on the B factory
scale; and the required surface polish was attainable on large surfaces,
although addressing several of these production elements at the re-
quired scale needed substantial R&D in collaboration with commercial
vendors. In the early 1990’s, very fast pixelated photon detectors
working in the visible were just beginning to appear commercially,
but were several years away from being viable for a large detector.
However, individual linear dynode-chain phototubes with good single
photon performance were easily available, rather inexpensively, from
a number of manufacturers. Major drawbacks of using such tubes
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elements of the CKM matrix, which confirmed the CKM explanation for
CP violation within the SM, and had earlier led to the awarding of the
2008 Nobel Prize in Physics to Kobayashi and Maskawa [5]. Further
results from these experiments and their successors (such as LHCb and
Belle-II) are expected to continue to provide exciting physics results for
the foreseeable future.

1.2. Conceptualizing a particle identification detector for the B physics
program

Though carrying out these definitive experimental programs would
eventually require many technological advances in both accelerators
and detectors, for the present paper we concentrate on the require-
ment that these experiments be able to attain excellent, high-efficiency
Particle Identification (PID) [6] for all tracks emerging from each
event, which led to the DIRC concept. By late in the 1980s, high
quality PID using RICH counters had demonstrated the power of having
positive ID for both the signal and background particles over a very
large region of solid angle and phase space, but these existing tech-
niques were poorly matched to the required physical sizes, location
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secondary particle momentum range at B Factories. In particular, at
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in the low to medium momentum region (from threshold up to 4 or
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a limited amount of detector volume with minimal radiation mass,
since these detectors need to be situated in front of high precision
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generally agreed within the B factory community that even though
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CP violation at B factories, there was as of then no technical realization
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However, in retrospect, the internally reflecting Ring Imaging
Cherenkov concept, now called DIRC, was then on the horizon [8,9]
and embodied all of the general requirements listed above, including
the potential for a very compact device within the active region pro-
viding high quality positive ID discrimination at high luminosity. DIRC
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camera of length l, filled with material with an index of refraction n2).
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general imaging properties of these systems are rather complex and
have been discussed in detail elsewhere [9], we will not discuss them
further here. Several specific camera design solutions are discussed
later in this review.

A charged particle of velocity � traversing a radiator with refrac-
tive index n1 emits Cherenkov photons on a cone with half opening
angle cos ✓c = 1/n�. In a material with index of refraction n1 >

˘
2

surrounded by a gas, some of these photons will usually be internally
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of the radiator material). Note, as shown in Fig. 1.2.2, that the DIRC is
intrinsically a three dimensional device (able to make over-constrained

Fig. 1.2.1. Side and plan views of a single radiator bar of a DIRC, and the coordinate
system used in the equations presented in the text. The particle trajectory is shown as a
line connected by dots; representative trajectories of Cherenkov photons are shown by
lines with arrows. This schematic shows a camera using the BaBar DIRC concept with
‘‘pinhole’’ geometry for imaging, where the bar’s exit area, together with the position
at which the photon is detected, defines the photon exit angles from the bar in the
transverse bar dimension (2D); the time difference between the detected photon and
the Cherenkov photon time of emission (taken from the emitting track position at the
radiator) is the measurement which defines the 3rd coordinate as described below.

measurements of the two independent Cherenkov emission angles
(✓c, �c) using the direct angle measurement in the camera along with
a well-defined time of arrival that depends on the Cherenkov photon
propagation dip angle, plus an overall particle time of flight for the
radiating track as it travels from the event location to the radiator (as
described below, the event time plus the particle TOF typically is used
as the overall start time for the propagation of each Cherenkov photon
from the line source of the track to its time of detection at the camera
detection plane).

Depending on the resolutions achieved, when combined with direct
angular measurements, this single photon timing can provide (1) spatial
separation of events along the bar; (2) a reliable tag of beam crossings
(4 ns at PEP-II); (3) separation of signal from background hits at high
rates; (4) separation of some reflection and direction ambiguities; (5)
a measurement of the wavelength photon by photon, thus allowing
a correction for chromatic dispersion; (6) and a measurement that
convolves the Cherenkov polar angle and the overall particle Time-of-
Flight (TOF) which should improve roughly like the square root of the
number of photoelectrons seen (

˘
NPE). Many of the modern counters

described in the later portion of this review exploit some or many of
these timing aspects using very fast modern detectors.

It turns out that very transparent radiation-tolerant material (syn-
thetic fused silica, often called quartz colloquially) of adequate size was
commercially available in the 1990s; the requirements on radiator bar
figure and parallelism were attainable, even for devices on the B factory
scale; and the required surface polish was attainable on large surfaces,
although addressing several of these production elements at the re-
quired scale needed substantial R&D in collaboration with commercial
vendors. In the early 1990’s, very fast pixelated photon detectors
working in the visible were just beginning to appear commercially,
but were several years away from being viable for a large detector.
However, individual linear dynode-chain phototubes with good single
photon performance were easily available, rather inexpensively, from
a number of manufacturers. Major drawbacks of using such tubes
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Fig. 2.1. (a) Schematic of the DIRC fused silica radiator bar and imaging region. End bar cross-section acts as a pin hole in imaging camera. (b) BaBar DIRC bar box housing
fused silica radiator. Each bar box had 12 bars, each one was 1.7 cm ù 3.5 cm ù 4.90 m.

Fig. 2.2. (a) Overall BaBar experiment. The DIRC photon camera is located outside of magnet which meant that the DIRC bars had to penetrate the iron endcap structure. All
dimensions are given in millimeters. (b) Schematic view of the principal components of the DIRC mechanical support structure. The magnetic shield is not shown in this view.

requirement of 0.9992 per reflection preserves about 80% of the light
for photons propagating along the bars. The ultraviolet cut-off is at
Ì300 nm, determined by the epoxy used to glue the fused silica bars
together. The dominant contributor to the overall detection efficiency
is the quantum efficiency of the PMT.

Fig. 2.3(a) shows the optical bandwidth of the DIRC detector for
a typical Cherenkov photon emitted by a particle at 900 polar angle
in BaBar, which includes a measurement of wavelength dependency of
the quartz internal reflection coefficient, water transmission, mirror re-
flectivity, mean refraction index, mean wavelength response, and their
effect on the estimate of No [22]. One can see that the Epotek-301-2
epoxy cuts off the bandwidth below Ì290 nm. One can estimate N0 by
numerical integration of this data and obtains N0Ì31 cm*1. The value
of N0 can also be extracted from MC simulation, which yields a value
of N0 Ì25 cm*1. The data, Monte Carlo and the numerical integration
are consistent at the level of approximately 20%. Fig. 2.3(b) shows the
excellent agreement of data and MC predictions for numbers of detected
photons in the middle of the sensitive area.

Fig. 2.4(a) compares the measured and expected Cherenkov an-
gles for single photons from di-muon events. There is a broad back-
ground of less than 10% relative height under the peak that originates
mostly from track-associated sources, such as � rays, combinatorial
background, contributions from photon scattering from the Epotek
glue/quartz interface at larger incident angles (comparable in size to
those from � rays), and a small contribution from quartz scintillation
(<1%) [23,24]. The MC simulation of the tail, even after including
all known effects, does not fully agree with the tail obtained from
di-muon data events, which indicates that other effects, such as scat-
tering from polished surfaces or stressed glue/quartz interfaces, may
not be completely understood or well modeled. However, the width

of the peak in data translates to a resolution of about 9.6 mrad, in
good agreement with the expected MC value. Fig. 2.4(b) shows the
difference between the measured and expected photon arrival times
for single muons in �+�* events. It is well described by a double
Gaussian; the width � of the dominant Gaussian is 1.7 ns, which is
close to the 1.5 ns intrinsic transit time spread of the PMTs. Fig. 2.4(c)
shows the Cherenkov angle resolution per track from di-muon events,
e+e* ô �+�*. The width assuming a single Gaussian distribution is
2.5 mrad. The resolution is 14% larger than the design goal of 2.2
mrad, which was estimated from the extensive study of a variety of
prototypes, including beam tests.

The PID performance of DIRC was excellent during BaBar running
and was in good agreement with Monte Carlo predictions. The pion–
kaon separation power can be defined as the difference of the mean
Cherenkov angles for pions and kaons assuming a Gaussian-like dis-
tribution, divided by the measured track Cherenkov angle resolution.
As shown in Fig. 2.5(a), the separation between kaons and pions,
measured in D0 ô K* ⇡+ decays selected kinematically from inclusive
D< production, is about 4 � at 3 GeV/c declining to about 2.5 � at
4.1 GeV/c. Fig. 2.5(b) shows DIRC Kaon efficiency vs. pion miss-ID
as Kaon for one set of selection criteria. In practice, the separation
distributions are not really Gaussian especially in the tails. In full
physics analyses, sophisticated Likelihood ratio (LH) and/or ECOC
(error correcting output codes based on decision trees) selectors are
used that combine PID information from all detectors [25], as shown
in Fig. 2.6. These can be tuned to maximize overall performance to
optimize the physics analyses in question.
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dimensions are given in millimeters. (b) Schematic view of the principal components of the DIRC mechanical support structure. The magnetic shield is not shown in this view.

requirement of 0.9992 per reflection preserves about 80% of the light
for photons propagating along the bars. The ultraviolet cut-off is at
Ì300 nm, determined by the epoxy used to glue the fused silica bars
together. The dominant contributor to the overall detection efficiency
is the quantum efficiency of the PMT.
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the quartz internal reflection coefficient, water transmission, mirror re-
flectivity, mean refraction index, mean wavelength response, and their
effect on the estimate of No [22]. One can see that the Epotek-301-2
epoxy cuts off the bandwidth below Ì290 nm. One can estimate N0 by
numerical integration of this data and obtains N0Ì31 cm*1. The value
of N0 can also be extracted from MC simulation, which yields a value
of N0 Ì25 cm*1. The data, Monte Carlo and the numerical integration
are consistent at the level of approximately 20%. Fig. 2.3(b) shows the
excellent agreement of data and MC predictions for numbers of detected
photons in the middle of the sensitive area.

Fig. 2.4(a) compares the measured and expected Cherenkov an-
gles for single photons from di-muon events. There is a broad back-
ground of less than 10% relative height under the peak that originates
mostly from track-associated sources, such as � rays, combinatorial
background, contributions from photon scattering from the Epotek
glue/quartz interface at larger incident angles (comparable in size to
those from � rays), and a small contribution from quartz scintillation
(<1%) [23,24]. The MC simulation of the tail, even after including
all known effects, does not fully agree with the tail obtained from
di-muon data events, which indicates that other effects, such as scat-
tering from polished surfaces or stressed glue/quartz interfaces, may
not be completely understood or well modeled. However, the width

of the peak in data translates to a resolution of about 9.6 mrad, in
good agreement with the expected MC value. Fig. 2.4(b) shows the
difference between the measured and expected photon arrival times
for single muons in �+�* events. It is well described by a double
Gaussian; the width � of the dominant Gaussian is 1.7 ns, which is
close to the 1.5 ns intrinsic transit time spread of the PMTs. Fig. 2.4(c)
shows the Cherenkov angle resolution per track from di-muon events,
e+e* ô �+�*. The width assuming a single Gaussian distribution is
2.5 mrad. The resolution is 14% larger than the design goal of 2.2
mrad, which was estimated from the extensive study of a variety of
prototypes, including beam tests.

The PID performance of DIRC was excellent during BaBar running
and was in good agreement with Monte Carlo predictions. The pion–
kaon separation power can be defined as the difference of the mean
Cherenkov angles for pions and kaons assuming a Gaussian-like dis-
tribution, divided by the measured track Cherenkov angle resolution.
As shown in Fig. 2.5(a), the separation between kaons and pions,
measured in D0 ô K* ⇡+ decays selected kinematically from inclusive
D< production, is about 4 � at 3 GeV/c declining to about 2.5 � at
4.1 GeV/c. Fig. 2.5(b) shows DIRC Kaon efficiency vs. pion miss-ID
as Kaon for one set of selection criteria. In practice, the separation
distributions are not really Gaussian especially in the tails. In full
physics analyses, sophisticated Likelihood ratio (LH) and/or ECOC
(error correcting output codes based on decision trees) selectors are
used that combine PID information from all detectors [25], as shown
in Fig. 2.6. These can be tuned to maximize overall performance to
optimize the physics analyses in question.
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Fig. 2.3. (a) Contributions to the photoelectron detection efficiency for a track perpendicular to the fused silica bar located in the middle of the BaBar sensitive area. (b) Average
number of detected photons versus track polar angle for reconstructed tracks in di-muon events compared with Monte Carlo simulation.

Fig. 2.4. (a) The difference between (a) the measured and expected Cherenkov angle for single photons indicating a resolution of 9.6 mrad, and (b) the measured and expected
photon arrival time, for single muons in �+�* events, indicating a resolution of 1.7 ns. (c) The difference between the measured and expected Cherenkov angle per track for single
muons in �+�* events. The curve represents a Gaussian distribution fit to the data with a width of 2.5 mrad.

Fig. 2.5. (a) DIRC ⇡-K separation versus track momentum measured in D0 ô K* ⇡+ decays selected kinematically from inclusive D< production. (b) DIRC Kaon efficiency vs. pion
miss-ID as Kaon.

3. Designing a more compact DIRC camera for higher luminosities

The BaBar DIRC design had one limit inhibiting use at high lumi-
nosities: its huge photon camera, filled with 6000 liters of ultra-pure
water, was sensitive to electromagnetic and neutron backgrounds. This
needed to be improved for use in the proposed Super B factories as
the luminosities there were designed to increase Ì100ù. As new faster
photon detectors with smaller pixel sizes had become available in the
time period since the initial BaBar design, it was possible to think about
reducing the size of the DIRC photon camera substantially. There were
two avenues under consideration around 2005:

(a) One approach was to keep the radiators and the basic camera
layout of the BaBar DIRC, with 3-D reconstruction for all individ-
ual photons, but redesign the camera to combine focusing in the
radial plane with pin hole focusing in the circumferential plane
to allow pixel-based reconstruction of the Cherenkov angle for
each photon as in the BaBar DIRC. The faster photo detection
adds a much more precise time measurement for each photon
to reduce background and ambiguities, while allowing the pos-
sibility to correct the chromatic error contribution on a photon
by photon basis, while improving overall PID performance. This
path takes advantage of the existing (and expensive) BaBar DIRC
radiator components and support structure in an optimal way
and therefore was a natural choice for the BaBar upgrade to
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Fig. 4.3.1. PANDA (a) barrel and (b) endcap focusing DIRCs. The barrel DIRC will have 8 MCPs per one prism (FBLOCK).

Fig. 4.3.1.1. Optics of the PANDA Barrel Focusing DIRC. (a) The charged particle produces a Cherenkov cone in the fused silica radiator. By total internal reflection, the light
propagates to the camera region outside the acceptance of the detector. In the Barrel detector, spherical focusing lenses project the photons via an expansion prism onto a photon
sensor matrix. (b) The spherical three-component lens that is coupled to each narrow bar.

Fig. 4.3.1.2. (a) The focal plane of the spherical three component lens is shown by the red curve, as simulated by the GEANT4 software package, and verified by a measurement [49].
The blue shaded area depicts the expansion volume. (b) Final prism expansion volume (FBLOCK) of the PANDA Focusing DIRC.

with the GEANT4 simulation package, and verified by a measure-
ment [49]. The results are shown in Fig. 4.3.1.2(a). Notice that an
ideal focal plane is not flat, but in practice the flat surface is a good
approximation. Fig. 4.3.1.2(b) shows the finished FBLOCK made of
Fused silica material. The LaK33B lens material was used in all beam
tests and performed very well and satisfies all requirements for PANDA
experiment, including the radiation hardness.4 However, it was found
that the LaK33B material may not be radiation hard for other appli-
cations. For example, in Electron Ion Collider (EIC) detector, which
has a very similar DIRC design to PANDA DIRC [51], the radiation
level is higher than in PANDA, which necessitated an R&D on use of
other materials for the lens. This required an R&D because candidate
materials are often not radiation hard nor easy to polish. Presently, the
PANDA group is presently studying sapphire or PbF2 materials, which
are radiation hard and can be polished [39].

4 PANDA expects a 10-year dose of is less than 5 Gy. Based on the EIC DIRC
radiation tests [50], this gives PANDA a safety factor of about 100 before any
noticeable light loss is expected from the lens [39].

Fig. 4.3.1.3 shows the PANDA Barrel DIRC design. Sixteen optically
isolated sectors, each comprising a bar box and a synthetic fused silica
prism. Each bar box contains three synthetic fused silica bars, placed
side-by-side, separated by a small air gap. A flat mirror is attached to
the far end of each bar to reflect photons towards the readout end. An
array of 8 lifetime-enhanced MCP-PMTs [42], each with 8 x 8 pixels of
about 6.5 x 6.5 mm size, is placed at the back surface of the prisms to
detect the photons and measure their arrival time on a total of 8192
pixels with a precision of about Ì100 ps in the magnetic field of Ì1 T.

Fig. 4.3.1.4 shows excellent agreement between data, obtained in
a 7 GeV/c mixed pion–proton test beam, and a GEANT4 simulation.
The single photon Cherenkov angle resolution is between 8 and 10
mrad. This test achieved 4.8 s.d. (standard deviations) ⇡/p separation
at 7 GeV/c, which is the equivalent of 5 s.d. ⇡ /K separation at
3.5 GeV/c, and demonstrates that the PANDA Barrel Focusing DIRC
concept performs well. The test was done with a 35 mm-wide bar, a
3-layer spherical LaK33B lens, a prism (FBLOCK) expansion volume
with a depth of 300 mm and a top angle of 33˝, and an array of
eight Photonis Planacon MCP-PMTs (25 micron pores, 8 ù 8 pixels).
It also used a PiLas pulser to calibrate time offsets. After time-walk

23

Barrel DIRC
32 CHAPTER 3. THE PANDA BARREL DIRC

Figure 3.19: Accumulated hit pattern for 2500 simulated protons at 7 GeV/c mo-
mentum and 20� polar angle.

distribution using Geant4 simulation for proton and pion samples at 7 GeV/c mo-
mentum at 20� polar angle, the distributions were achieved after applying the time
cut described above. The Cherenkov angle per photon distributions are fitted by a
Gaussian plus linear background, the red and blue vertical lines show the expected
value of the Cherenkov angle for proton and pion, respectively. The fit results in-
dicate that the mean values of the fit match the expectation, with about 8.0 mrad
single photon Cherenkov angle resolution. Figure 3.21 shows the photon yield per
track for simulated proton events as a result of the geometrical reconstruction at
7 GeV/c momentum and a 20� polar angle. Each counted photon has at least one
solution within the time selection criteria and its reconstructed Cherenkov angle
has to be located within a window of ±50 mrad around the expected value of the
Cherenkov angle.

Figure 3.20: Examples of the reconstructed Cherenkov angle per photon from sim-
ulated protons and pions at 7 GeV/c momentum and 20� polar angle.

The first geometrical approach is done as follows, for each event, the single photon
Cherenkov angle distribution for all hits and ambiguities is compared to a Gaus-
sian plus a linear background, where the mean value of the Gaussian is fixed to the

2500 protons, p=7 GeV, θ=20º

~30 cm

Bar:  2.4 m × 5.3 cm × 1.7 cm

π/K separation 
better than 3σ for 
0.5<p<3.5 GeV

B. Ratcliff and J. Va’vra Nuclear Inst. and Methods in Physics Research, A 970 (2020) 163442

Fig. 4.3.1.4. Angular scan of a 7 GeV/c mixed pion–proton beam crossing the PANDA barrel DIRC prototype. (a) The photon yield (upper panel), the single photon resolution
(middle), and the separation between pions and protons (lower panel) as a function of the incident hadron track angle at the radiator bar. The error bars are dominated by
systematic uncertainties. There is good agreement between the 2018 test beam data and the corresponding GEANT4 simulations. (b) Test beam results of proton–pion log-likelihood
difference distributions for proton-tagged and pion-tagged beam events from time-based imaging reconstruction for a polar angle of 20˝. This test achieved 4.8 s.d. ⇡/p separation
at 7 GeV/c, which is the equivalent of 5 s.d. ⇡/K at 3.5 GeV/c.

Fig. 4.3.2.1. PANDA Endcap DIRC optics principle: A charged particle traverses the radiator and emits Cherenkov photons. Photons which fulfill the condition for total internal
reflection propagate towards the ROMs where they enter a bar and subsequently a Focusing Element (FEL) where they are focused on a MCP-PMT. The azimuthal angle is
determined from the position of the bar where the photon enters the ROMs. The left schematic shows a side view of a Focusing Element (FEL) with MCP-PMT and filter blocking
wavelengths below Ì350 nm.

Fig. 4.3.2.2. (a) Side view of a Focusing Element (FEL) with MCP-PMT. The picture shows the fine segmentation of the MCP-PMT in the y-direction. (b) Details of three FEL
units equipped with one Photonis MCP and TOPFET2 electronics.

Cherenkov angle analysis; between the MCPs and the prism there is a
wavelength filter which cuts-off wavelengths <350 nm to reduce the
chromatic broadening of the time-of-propagation resolution. Of course,
it also reduces the number of photons seen. In broad summary, particle
separation in the TOP counter is dominated by its performance as a TOF
counter for tracks pointing towards the detector end, and as a pixelized
imaging Cherenkov detector for tracks pointing towards the mirror.

The TOP counter requires these timing specifications: (a) detector
single photon time resolution must be <100 ps (including the electronic
jitter, and pixel offsets alignment), (b) start time (t0) jitter <50 ps (this
includes bunch length, TOF estimate uncertainty from the extrapolated
track, and the t0 calibration). The TOP counter modules also need
to be placed into the Belle-II detector to a precision which is better
than that of the extrapolated track (this includes precision in positions
to <1 mm and in rotation angles to <1 mrad) [54,58,59]. Similarly,
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Endcap Disc DIRC ~15 cm

π/K separation better than 3σ for 0.7<p<4 GeV
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Particle ID: Barrel

19

Measurement of internally-reflected Cherenkov light
Time-Of-Propagation detector

16 quartz bar coverage of barrel in f
Custom MC-PMTs (32/module)
FPGA feature extraction

Used for p/K separation in barrel

May 2016
Cosmic ray

The Belle II Experiment  – Bryan FULSOM (PNNL)  – LHCPC TOTW Seminar  – 2018 04 03

K: 2 GeV/c
p: 2 GeV/c

DIRC-type TOP (in barrel) of  the Belle II experiment
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Fig. 5.1. The principle of the Time-of-Propagation (TOP) counter utilizes total internal reflection of Cherenkov photons produced in a quartz bar. The 2D Cherenkov ring image
is represented by the time-of-propagation t

TOP
and the position x of detected photons at the quartz bar exit window [58].

Fig. 5.2. The final concept for the TOP counter now running in Belle-II. The TOP counter quartz plate is 45 cm wide, 2 cm thick, and 250 cm long. The picture shows the
expansion prism at the detector end and a spherical mirror at the far end of the bar plate, which adds focusing to the TOP counter y direction for photons propagating towards
the mirror.

Fig. 5.3. (a) Hamamatsu 16-pixel MCPs are coupled to a package with amplifiers and IRSX waveform digitizers. (b) A very compact design has been achieved coupling detectors
and electronics to the quartz plate. (c) Single photon timing resolution of �TTSÌ83 ps was obtained in bench tests with the IRSX electronics using a laser [61].

Fig. 5.4. Kaon efficiency and pion fake rate for the TOP only with the PID criterion RK_⇡ > 0.5 using the decay D<+ôD0[K*⇡+] ⇡+ in the bins of momentum of the tracks [63].
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Fig. 5.4. Kaon efficiency and pion fake rate for the TOP only with the PID criterion RK_⇡ > 0.5 using the decay D<+ôD0[K*⇡+] ⇡+ in the bins of momentum of the tracks [63].

27

Hamamatsu 16-pixel MCPs are coupled to a package with amplifiers and IRSX waveform digitizers



25

Where we can place DIRC and/or ARICH in SPD?

• Barrel: The region dedicated to TOF can be enlarged by ~10 cm in the radial direction. DIRC can be 
placed between TOF and Straw Tracker

• If size of one ECal-endcap is decreased radially, we can place the imaging part of DIRC on top of it

• Endcap: The thickness of the aerogel detector is now 16 cm. To be enlarged up to 30 cm.

• No need to discuss now whether we can afford DIRC (phase 2 or 3 of SPD) but the volume must be 
reserved before the beginning of the 1-st phase construction.
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Summary: possible options for SPD

• Now in SPD CDR and TDR 

•Threshold detector (a la ASHIPH/KEDR)

•  Option for the barrel 

•DIRC-based detector (a la Panda or Belle II)

•  Options for the endcap(s) 

•Asymmetric layout, gas+aerogel radiator (a la LHCb or HERMES)

•ARICH, aerogel exclusively as a radiator (a la Belle II)

•DIRC-based detector (a la Panda)

•  Now we don't need to make a strict decision about the type 
of  detector. However, a place for this detector should be 
allocated now.
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TOF vs dE/dx in SPD
Particle identi�cation in SpdRoot

4

Aerogel
Detector Signal 

VD ionization energy loss (dE/dx)

Straw ionization energy loss (dE/dx)

TOF time of flight

Aerogel Сerenkov radiation 

VD Straw TOF

• According to present state of simulation, 
a 3σ separation of π and K can be 
achieved for momenta

• p < 0.55 GeV (ST)
• p < 1.5 GeV (TOF)

• ST is useful only for short tracks which 
do not cross TOF (or 1-st phase setup 
without TOF)


