Chapter 3

SIDIS with CLAS12

Chapter 1 introduced polarized Semi-Inclusive Deep Inelastic Scattering
(SIDIS) as a powerful tool for investigating the nucleon’s internal structure,
allowing access to the Transverse-Momentum-Dependent (TMD) distribu-
tions. This Chapter aims to outline a preliminary analysis of the Beam-Spin
Asymmetry (BSA) associated with the structure-function F5?. Tt is treated
as a case study on a possible measurement of non-perturbative QCD phe-
nomena with flavor sensitivity, made possible by having an efficient PID
apparatus. The analysis is performed on data acquired by the CLAS12 ex-
periment at JLab, using the first module of the RICH installed in 2018 and
refined information from the Pass2 reprocessing of data from periods with
Hydrogen (RG-A) and Deuterium (RG-B) unpolarized targets. The second
module was not available till the start of experiments with polarized targets
in June 2022 whose data were still in the calibration phase at the time of
this work. The analysis is based on the efficiency study reported in Chapter
2, which guarantees minimal pion contamination in the e K+ X sample. The
study aims to show that it is possible to extract relevant observables with
kaons, like the Beam-Spin Asymmetry, despite the reduction in statistics and
the limited phase space available with the considered data set. The SIDIS
data selection criteria, the analysis method, and the results are included in
this Chapter.

3.1 Data

The analyzed data belong to CLAS12 Run Group B (RG-B) and were acquired
in the spring of 2019. The target was unpolarized liquid Deuterium, and the
longitudinally polarized electron beam was run at 10.6 GeV and 10.2 GeV
with a current of 50nA. The average beam polarization was (84.8 £ 1.5)%;
it was monitored during the data-taking period by frequent measurements
performed with the Moller polarimeter placed upstream CLAS12. The beam
helicity was swapped with a frequency of 30 Hz to wash out detector effects
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and minimize the systematic effects. The torus magnet was full-field inbending,
pushing positive particles forward outward.

A control sample of data belonging to CLAS12 Run Group A (RG-A)
acquired in the spring of 2019 was also used because of the very similar
running conditions with respect to Run Group B (RG-B). In this case, the
target was unpolarized liquid Hydrogen and the longitudinally polarized
electron beam was run at 10.2 GeV with a current of 50nA. The average
beam polarization was (84.5 £ 1.5)%. The other conditions were the same.

The analysis is performed on positive kaons: the final state being e KT X.
The standard CLAS12 reconstruction provides the electron identification
and the kinematic of the particles, while it is expressly required that the
RICH identifies the kaon. These conditions reduce the available statistic
because, at the time of data collection, only one of the six CLAS12 sectors
was equipped with a RICH module. The analyzed data sample constitutes
approximately one-third of the available statistics of electroproduction on
Deuterium acquired by RG-B and one-fifth of that on Hydrogen by RG-A.

Most of the focus during the analysis was dedicated to the sample of
data provided by RG-B; generally, the studies described refer to data of the
scattering of electrons off the Deuterium target.

3.1.1 The CLAS12 SIDIS selection

Electron related cuts

The final states, which include one electron and one positive kaon, are
considered in this analysis. For the electron selection, the standard CLAS12
conditions for SIDIS events were applied [48]:

e The electron has to be in the Forward Detector, i.e. its polar angle is
between 5° and 40°.

e The clectron has to be a trigger particle for the experiment.
e The number of photoelectrons in the HTCC has to be greater than 2.
e The energy in the PCAL has to be greater than 0.07 GeV.

e The DC fiducial cut developed for RG-A is applied (running conditions
for RG-B were quite similar, except for the target that was Deuterium
instead of Hydrogen, so no significant differences are expected).

e The 7z coordinate of track vertex was selected to be between —8 cm and
3 cm.

e The so-called “diagonal cut” is applied for the electron with momentum
larger than 4.5 GeV. In this momentum range, the HT'CC manifests
some inefficiency in distinguishing electron and pion, which can be
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mitigated using a selection based on the ratio of the energy deposed in
the pre-shower and inner calorimeter.

The ECAL fiducial cut, which allows to decrease the contamination of
negative pion into the electron sample.

Hadron and RICH related cuts

Aiming to study the performance of the RICH, the following conditions were
applied to the hadron:

The particle has to be passed through sector 4 and identified by the
RICH;

Aiming to study the role of the RICH, the momentum is selected to be
included in the detector nominal working range (3 = 8 GeV/c);

The DC fiducial cut developed for RG-A is applied (running conditions
for RG-B were quite similar, except for the target that was Deuterium
instead of Hydrogen, so no significant differences are expected).

The 7z coordinate of track vertex is selected to be between —10 cm and
2.5 cin.

Having the particle trajectory a key role in the ring reconstruction,
which is based on a ray-tracing algorithm, the fitted DC track has to
have a reduced x? ., < 8.

The number of photoelectrons in the RICH has to be greater than 2,
to well-define the ring.

The RICH R(Q variable, defined in Section 2.4 and providing an es-
timation of the goodness of the identification, has to be larger than
0.1.

Kinematic cuts

Remembering notation defined for SIDIS in Section 1.3,

)+ N(P)— ')+ H(py) +X (3.1)

where the quantities in parentheses represent the four-momenta, the following
quantities can be defined:

Q) is the transferred momentum;
Q=VU-1?=V-¢ (3.2)
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e y is the fraction of electron energy transferred to the target;
y=21 (33)
e W is the center of mass energy
W =m3 + 2myv — Q* (3.4)
where v is the energy carried by the virtual photon;
e MM is the missing mass of the reaction
MM = \/(Em — Eout)* = (Pin — Pout)? (3.5)
e 2 is the fraction of electron energy acquired by the kaon;
= PP' F ;’ (3.6)
e xp is the so-called Feynman z, which is the fractional longitudinal

center-of-mass momentum of the hadron.

2 .
oy = pgz 1 (3.7)

On these quantities, the cuts based on the kinematic were applied:
e Q% > 1GeV?, to select the DIS regime.

e y < 0.75, in order to ensure the high virtuality of the photon, limiting
the contributions from charge symmetric background and radiative
effects.

e W > 2, to avoid nuclear resonances with relevant cross-sections.
e MM > 1.6GeV, to minimize the contribution of exclusive channels.

e 2 > 0.2, to reduce the probability of hadrons deriving from baryon
decays or target fragmentation. In this case, it can be tightned because
the requirement on the hadron minimum momentum corresponds to
z>04

e zr > 0.0, to minimize the effects related to the target fragmentation.
In this case, it can be neglected because the high-momentum hadron
automatically make the requirement satisfied.
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Selection criteria not-RICH related | Original sample rejection %]
DC fiducial cut on hadron 52.6
2w/ NDF < 8 50.0
v < 0.75 45.6
Other 11 cuts 0.1 = 15 each
All non-RICH cuts combined 96.6 — 5.5 x 10° events

(a) Recap of the percentage of events rejected applying the different selection criteria. On
top, the criteria that are independent of the RICH. In the last row is included the number of
events that survived all the cuts.

Selection criteria on RICH variables | Reduced sample rejection [%)]
RICH photons > 3 46.7
RQ > 0.1 19.4
RICH-related cuts combined 53.4 — 2.6 x 10° events

(b) The effects of quality assessment that were previously defined for the RICH. In the last
row is included the number of events that survived all the cuts.

Table 3.1: Recap of the percentage of events rejected applying the different
selection criteria.

Cuts effect

The effect of cuts is evaluated on the sample of events which include a
3+8GeV/c KT identified by the RICH. This means that the used statistics
is limited with respect the one available at CLAS12 because the RICH covers!
one-sixth of the spectrometer.

The first step was to evaluate the rejection powers of non-RICH related
criteria, defining the sample available for the RICH. Then, the effects of
the quality assessment defined in Section 2.4 are evaluated on this reduced
sample. The reduction in statistics produced by each cut was evaluated by
applying them separately to the full sample and checking the size of the
selected sub-sample. There are three main cuts rejecting approximately 50%
of the events each. The other selection criteria, separately, rejected events in
the range between 0.1 + 15% of the original sample. Combining the three
main and the eleven secondary selection criteria, the subsample obtained
consists of 7.3% of the original sample, which means ~ 5.5 x 10° events.

The second step was to evaluate the effects of the RICH-related selection.
The request of at least three photons rejected ~ 46.7% of the events, while
the RQ cut rejected ~ 19.4% of the events. Combining them, the final sample
is obtained and includes ~ 2.6 x 10° events, corresponding to the 45.6% of
the subsample that survived the non-RICH selections. Table 3.1 contains a
recap of the effects of selection criteria.

The phase space covered by the particles surviving the selection is shown

! At the time of data taking only one CLAS12 sector was equipped with the RICH
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Figure 3.1: Phase space covered by the selected events.

in Figure 3.1, while the distributions as a function of Q?, zg, 2, pr are repre-
sented in Figure 3.2.

3.2 Analysis

Since the available statistic is limited, the Unbinned Maximum Likelihood
(UML) method was selected to obtain the measurement. With respect to the
binned method, UML requires more computational resources but provides
more reliable results in case of low statistics because it computes the asym-
metry term event-by-event instead of using a cumulative histogram. The
analysis software was developed by the author using C++ and Clas12root, a
framework derived from ROOT CERN that includes methods to read the
CLAS12 data files, that are coded in binary HIghly Performance Output
(HIPO) format.

3.2.1 The Unbinned Maximum Likelihood fit

The UML Fit [47, 49] method is based on the assumption that the Probability
Density Function (PDF) associated with the ¢ event has the same functional
form of the cross-section

_opy(1 + Ai(a))
PDF(x;,a) = N ([ douo)

where x; is the set of variables associated with the event, « is a set of
parameters, N is a term depending on [ doyy to normalize the PDF to 1,

(3.8)
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Figure 3.2: Distribution of events in the four-dimension of interest.

oyy is the unpolarized cross-section, and A; is a term taking into account
the wanted asymmetry. If the unpolarized cross-section does not depend on
the parameters of the fit, as it happens in this case, the PDF became

PDF(zj, ) =14 Ai(a) (3.9)

The likelihood function for a set of N independent events can be obtained as
N

L=]]PDF(zi ) (3.10)
i=1

Applying the logarithm to the £ permits the transformation of the product
into a sum, making easier the computation:

N
log L =Y log[PDF (z;,a)] (3.11)

(]

Under the hypothesis of a large sample of independent measurements, the
logarithm of the likelihood behaves like a y2.

x? = —2log L (3.12)
S0 it is possible to extract the most probable value of the asymmetry by
minimizing the x2. '
To extract the ASLmU¢ asymmetry, the PDF is

PDFy (x;, AJ1?) = 14 Py(AS}? sin ;) (3.13)
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where the sign changes following the helicity of the beam, and P, is the beam
mean polarization. This PDF is automatically normalized, so it can be used
directly in the definition of the likelihood

NT+N-
log £ = Z log [1 + P, <A§-j1£]¢ sin (;SZ)] (3.14)

i
The F£1[1}¢ term is related to the BSA A“n(p by the equation

qu o)
Ao _ V2 (3.15)

LU — FUU

where ¢ is a kinematic factor defined in Equation 1.12. Then, the likelihood

is
2:(1 — Fsin¢
1in< ed=o)Fy sinqbi)] (3.16)
Fyy

and it is sufficient to minimize —2.L to find the value of the structure-function
ratio.

This method has the advantage of being independent of the binning in
¢ and provides results also if applied to relatively small samples. However,
the UML method requires large computation resources to perform the mini-
mization over thousands of events, and it is not always easy to define the
PDF and its normalization. In the case of the extraction of I} ”md) for kaon,
the advantages appeared more relevant than the dlbddVantdgeb so the UML
was selected.

NT4+N~
log £ = Z log

%

3.2.2 UML fit validation

The UML fit was implemented using the ROOT::Math::Minimizer class,
which allows the minimization of a function depending on one or more
parameters. The software was validated on the ert X data acquired during
Run Group A (RG-A), in the same experimental configuration of RG-B but
using Hydrogen instead of Deu‘gﬁerium as a target. To validate the analysis,

the structure-function ratio FLU is extracted as a one-dimensional function

of xp, z, and pr and comparedU Uwith the published result [38]. The validation
process was performed using the baseline CLAS12 reconstruction software,
excluding the RICH, to have the same phase space of the original analysis.
The comparison of the results is shown in Figures 3.3a, 3.3b, and 3.3c. Despite
the plots suggest a non-uniform systematic difference between the UML and
published results, the trend of the functions is the same. The discrepancy is
likely due to differences in the event selection of the two samples of pions. To
validate this idea, a comparison between UML and binned fit was applied to
the sample selected by the author, obtaining similar results. The plots are
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Figure 3.3: One-dimensional comparisons of the %,% obtained by the UML fit

and published results on pion data. The plots show a small systematic difference
between the two analyses. The one-dimensional plot as a function of Q? was
not shown because it was not inserted in the Reference [38].

shown in Figure 3.4. Indeed, a small systematic difference is visible between
the two methods. In principle, the UML fit should be more reliable because it
does not suffer the binning effects, it has been used to obtain any other results
shown in the following. In any case, a systematic related to the extraction
method was evaluated and described in the following.

3.3 Systematic errors

The discussion of the systematic errors is still partially incomplete because the
analysis could start only a few months before writing this document. Indeed
the new version of the CLAS12 reconstruction software, the so-called Pass2,
became available only after Summer 2023. Moreover, the CLAS12 simulation
still does not include a RICH description compatible with Pass2, making the
estimation of the systematics more complex. In any case, the present results
focus on a subsample of the RICH data and are limited in statistical precision.
A detailed systematic evaluation is not essential at this stage and will be
evolved as needed. The systematic related to CLAS12 were derived from
internal documents of the collaboration [50] and from the Reference reporting
the CLASI12 results of pion BSA [38], being the two SIDIS analyses the same
except for the selected hadron. The systematic related to the identification
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Figure 3.4: Comparisons between the %% obtained by the UML fit and the
binned fit as one-dimensional function in electron and hadron variables. The
results were computed on the same sample of pions obtained using the baseline
CLAS12 software. A small systematic difference is observed and accounted for

in the systematics.
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of the kaon, which is related to the main subject of this thesis, was evaluated
by exploiting the results of the pion contamination on the kaon sample study
described in Section 2.4.

3.3.1 Main systematic uncertainties from CLAS12 measure-
ments

Beam polarization uncertainty

The beam polarization was approximately weekly measured during the
CLAS12 data taking. The measurements were performed using a Moller
polarimeter, with a typical systematic error of 2%. This value has to be
added in quadrature to the corresponding statistical error computed for the
data sample considered. The statistical uncertainty associated with the RG-B
data was 1.5%. The total uncertainty on the beam polarization is therefore

po = (84.8 & (stat)1.5 + (sys)2.0)% = (84.8 + 2.5)%. (3.17)

The relative uncertainty on the beam polarization is used to define the
correspondent systematic uncertainty on the structure-functions ratio:

SFEL SATN®  SBSA  op,

Fuu

F sin ¢
#EU A BSA Do

Acceptance and bin migration effects

The acceptance effects should be studied using the Monte Carlo (MC) by
introducing a controlled asymmetry and comparing the structure-function
ratio obtained using the generated and reconstructed particle by the simula-
tion. This study could not be carried out because the RICH volume is not yet
available in the CLAS12 MC. It is assumed that the estimation made for the
pion cases can be a reasonable value, that can be used for this preliminary
analysis. Because the two analyses are performed on different phase spaces,
the relative uncertainty is increased by a factor of 2 as a safety margin. The
relative uncertainty in the pion cases was set to 2.7%, and it is set to be
5.4% for this kaon study.

Radiative effects

The emission of a radiative photon in the scattering process introduces a
mismatch between the virtual photon energy and the reconstructed value,
this causes a bias on the SIDIS kinematic. Currently, there are no tools
available to accurately estimate radiative effects for SIDIS BSA. The cuts on
y and on M M, combined with the accessible values of z and pr, minimize
the contaminations from the radiative tail of exclusive events. Moreover, the
radiative effects are expected to be small in SIDIS processes thanks to the

65



" loose g 4l
®  medium T
005 [
Z a0
' ! £ 2
N ]
004 = E
E S 10
W ¥ =
~ om i - 0 L
2 <]
3 F o
“oom £
9 204
8
30
001 E
T 4
0.00 T T T T T T 50 T T T T
1 2 3 4 5 [ 7 1 2 3 4 5 8 7
2 -
Q' [GeV] Q' [GaV]
0,080 50
®  |oose
0,085 o 40
®  medium =
0,050 T
> a0
0,045 ' [
S 204
0,040 i L £
2 . e
2 0035 . z 104
& . £ .
= 00w i 1 2 0 .
< 5]
*3 0025 £ 0]
w
0,020 2=
o 204
00154 2
0,010 5
4 1 @
b=
0,005 T 4
0,000 T T T T T 50 T T T T T
01 02 03 04 05 06 01 02 03 04 05 06
% %

Figure 3.5: Plots describing the study on the effect the PCAL fiducial cut,
taken from the CLAS12 RG-A common analysis note [50].

requirement of at least one hadron in the final state. For the case of pion, an
estimation of the upper limit of the effect was performed using the dedicated
software, setting this value at 3%. The analogous study for kaon is formally
missing, but it is reasonable to expect a comparable effect; thus, for this
preliminary study, the value estimated for pion was used.

Effects of fiducial cuts

The same fiducial cuts were applied to both the helicity states, and this
effect was expected to be small. The main effect is related to the fiducial cut
applied to the PCAL. By comparing the structure-function ratio for er X
obtained by applying the loose and the medium cuts, as shown in Figure 3.5,
the difference was found to be always less than the 5% and compatible with
0. As a consequence, this effect is neglected.

PID electron systematic effect

A possible source of systematic is the misidentification of negative pions as
electrons. The diagonal and the ECAL fiducial cut reduce contamination to
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Figure 3.6: Systematic uncertainty associated with the 7~ contamination into
the e~ sample, taken from the CLAS12 RG-A common analysis note [50].

about 2%. The systematic uncertainty associated with the pion contamination
into the electron sample can be estimated with the MC. It is assumed that
the effect is largely independent of the positive hadron particle and, therefore,
can be used for this preliminary kaon analysis. The relative uncertainty, as
a function of 3, Q?, z, and pr is shown in Figure 3.6. The effect is always
comparable with zero, then it is neglected.

Extraction method systematic effect

Despite the previous consideration of expecting the UML fit theoretically
better than the binned fit, it was decided to evaluate a systematic uncertainty
depending on the extraction method, in case something in the implementation
was not working as expected. For this reason, the systematic uncertainty was
evaluated using the pion sample, which has larger statistics, to minimize the
statistical fluctuations. The uncertainties were estimated from the comparison
shown in Figure 3.4. The plots of the difference between the results obtained
with UML and binned methods were fitted using a linear dependence. This
allows the estimation of a possible constant term and dependence on the
variable of interest. The linear functions describing the systematic uncertainty
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Figure 3.7: Estimation of the systematic uncertainties related to the results
extraction method.

are shown in Figure 3.7. To apply the systematic, it was computed bin-by-bin
and introduced in the global uncertainty. To summarize it in a single value,
the average of the relative error associated with the extraction method is
2.4%.

3.3.2 Systematic uncertainty caused by the kaon sample
contamination

The systematic uncertainty on the structure-function ratio caused by the 7+

contamination of the K sample was evaluated by exploiting the results of
the study described in Section 2.4. The effect of pion contamination on the
structure-function ratio (the ratio with Fyy is implicit) can be described by

using:
N,

Fiees = Fi, + 0F0 = FR, + (N—;AFLU> (3.19)
where N is the number of pions contaminating the kaon sample, N is the
number of kaons constituting the sample after removing the contamination,
and Ap,,, is the difference between the structure-function obtained in pion
or kaon SIDIS

AFLU = Fry — FfU' (3’20)

Because in this analysis the statistical error is dominating, it was decided
to estimate an upper limit to this systematic uncertainty by taking a 50%
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uncertainty Ap,,, ~ F[ /2.

The FJ; used to evaluate the systematic was obtained from the ertX
events satisfying the same selection criteria applied to the kaon sample; in
particular, the pion was recognized by the RICH. These selection criteria
were determined to select a comparable phase space. The plots showing
the systematic uncertainty as a one-dimensional function were fitted with
a first-order polynomial to highlight trends. The linear function was used
to estimate punctually the systematic uncertainty. The systematic as a one-
dimensional function of the electron and hadron variables are reported in
Figures 3.8a, 3.8b, 3.8¢c, and 3.8d.

In the four-dimensional analysis, the uncertainty derived from PID was
estimated using the one-dimensional functions calculated at the mean value
of the corresponding variable (computed for the bin) and averaging over
the four dimensions. The systematic uncertainty on the structure-function
ratio associated with the contamination of kaons from pion is included in
the range between 0.0002 and 0.001, at least one order of magnitude less the
current statistical uncertainty. This fact justifies the approximation of using
the upper limits obtained identifying AFry with the 50% of the structure-
function obtained from pion. Being this systematic effect small, it was simply
introduced in the global uncertainty of the measurement without applying a
specific correction. To do it, the systematic was computed bin-by-bin and
summed in quadrature with other uncertainty sources. To summarize it in
a single value, the average of the relative error associated with the pions
contamination in the kaon sample is 1.9%.

3.3.3 Global systematic uncertainty

The global systematic uncertainty is computed by adding all the sources of
systematic uncertainty in quadrature. Table 3.2 recaps the results described
previously. The relative systematic uncertainty introduced by the non-RICH
related sources is evaluated to be 7.1%. The RICH PID average systematic
relative uncertainty is 1.9%, then minor but not negligible if compared with
other sources. Thus, introducing this last effect, the relative global uncertainty
became 7.4%. This value is still of the second-order effect with respect to
the statistical uncertainty despite it being based on conservative estimates.

3.4 Results

The analysis is still partially incomplete because the Pass2 data became
available only after summer 20232, However, the aim of this study was to

>The work will not remain unfinished. It was not possible to complete it before the end of
the Ph.D., but the author will continue to work with the CLAS12 data and conclude the
analysis, aiming to achieve a publication.
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Figure 3.8: Estimation of the PID
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(d) Relative uncertainty associated with
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systematic uncertainties related to the pion

contamination into the kaon sample.

Uncertainty source Average relative systematic uncertainty

Beam polarization 2.9%
Acceptance and bin migration 5.2%
Radiative effects 3.0%

Fiducial cuts ~ 0.0%

7~ contamination on e~ ~ 0.0%

Results extraction method ~ 0.0%
Extraction method 2.4%
Systematic excluding RICH 7.2%
7 contamination on K™ 1.9%
Total systematic uncertainty 7.4%

Table 3.2: Recap of the contribution to the systematic uncertainty.
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Figure 3.9: leg¢ /Fyu as a function of Q2. The red area shows the contribution
of the total systematic uncertainty to the measurement error.

show that the BSA exists for kaons and it is detectable at CLAS12, and
that an efficient PID identification based on RICH introduces only a small
systematic uncertainty on the measurement. An analogous analysis was
performed on data taken from CLAS12 RG-A, which ran the experiment in
the same configuration of RG-B but using a Hydrogen instead of Deuterium
target. The results from RG-A data are shown in Appendix A.

3.4.1 One-dimensional results

The one-dimensional results are shown as a function of the relevant electron
and kaon variables in Figures 3.9, 3.10, 3.11, and 3.12. They show that the
asymmetry is detectable using the CLAS12 spectrometer for kaons identified
by the RICH. The red area indicates the total systematic uncertainty, which
is a second-order effect with respect to the statistical uncertainty. Despite
the limited statistical precision, the plots show the asymmetry tends to zero
for vanishing z and pp, as expected from theory.

3.4.2 Four-dimensional results

A four-dimensional binning was applied to the kaon sample because multidi-
mensional analysis can provide useful information to constrain the theoretical
models. The binning procedure was made in two steps: first, the sample is
divided into three bins of the electrons’ kinematical variables, which are
represented in Figure 3.13a, and second, each of them is divided into four
or six bins in the hadron variables, as shown in Figures 3.13b, 3.13c, and
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3.13d. The main criteria were to maximize the number of bins but maintain
sufficient statistics in the order of ~ 10%events-per-bin.

The results as a function of pp for each bin in the electron variables and
hadron z are shown in Figures 3.14, 3.15, and 3.16. The plots show a behavior
more consistent with theory for higher Q? bins, where the asymmetry tends
to zero for small pr and z, but the statistical error remains large. Increasing
the statistics and the phase space in the future will provide possibilities to
make more definitive conclusions.

3.4.3 Comparison between pion and kaon

It is possible to compare the in;}‘b structure-function obtained from SIDIS
pion and kaon. The pion sample was selected, requiring the hadron to be
identified by the RICH to obtain a phase space comparable with the kaon
sample. All the selection criteria previously described for the kaon sample
were applied to the pion sample.

The one-dimensional comparison of the structure-function obtained from
pion and kaon is shown in Figure 3.17. Generally, the results obtained from
analyzing the two samples are close, but especially the kaons are dominated
by the statistical uncertainty. More reliable results could be obtained in
future studies with the completion of the RICH alignment extending the
accessible angle range up to the design value of 26° and analyzing the full
statistics.
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Figure 3.14: ing¢ as a function of pp, for the first bin on the electron variables
and the two bins in z. The mean values and bin extremes are Q% = 1.6(1.0, 3.0),
xp = 0.12(0.09,0.14) for both plots and respectively z = 0.52(0.35,0.62) and
z = 0.71(0.62,0.95) for top and bottom. The x-coordinate of each point shows
the mean value of pr, and the correspondent error bar shows the bin width.
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Figure 3.15: leg¢ as a function of pr, for the second bin on the elec-
tron variables and the two bins in z. The mean values and bin extremes
are Q% = 2.1(1,3.8), zp = 0.16(0.14,0.19) for both plots and respectively
z = 0.52(0.35,0.60) and z = 0.70(0.60,0.95) for top and bottom. The x-
coordinate of each point shows the mean value of py, and the correspondent
error bar shows the bin width.
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Figure 3.16: F' E}d’ as a function of pr, for the third bin on the electron variables
and the two bins in z. The mean values and bin extremes are Q? = 3.7(1.3, 11.0),
xp = 0.28(0.19,0.75) for both plots and respectively z = 0.51(0.35,0.58) and
z = 0.68(0.58,0.95) for top and bottom. The x-coordinate of each point shows
the mean value of pr, and the correspondent error bar shows the bin width.
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Figure 3.17: inll}‘b /Fyy obtained from pion and kaon samples identified by
the RICH. The points for pion are slightly shifted along the x-axis to not overlap
the error bars

3.4.4 Comparison with literature results

A preliminary comparison with results available in literature was done with
HERMES measurement from Reference [51] and COMPASS measurement
from Reference [52|. The results from HERMES are specifically obtained from
kaon SIDIS, while COMPASS published results of positive mixed hadrons.

The mean values of kinematic variables are reported in Figures 3.18, 3.20,
and 3.22. They show the capability of CLAS12 to extend the phase space
to a higher xp region. The kinematic regions are not easylly comparable,
and more interesting information shall be available once the CLAS12 multi-
dimensional analysis will be completed by running over all the available
statistics and extending the kinematic region covered by the RICH when the
software alignment will be completed.

The structure-function comparison are shown in Figure 3.19, 3.21, and
3.23. Despite all the limitations of the present analysis, CLAS12 results are
comparable with the measurement of HERMES and COMPASS, and for
several bins, show that the high-luminosity of CLAS12 allows a reduction of
the statistical error. The addition of the second RICH module is expected to
further reduce the impact of statistical error on kaon SIDIS measurement,
allowing to obtain high-precision information to constraint theoretical models.
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Figure 3.18: Trends of the kinematic variables Q2, pr, z, and y as a function
of xg for the results of experiments COMPASS, HERMES, and CLAS12. The
y-axes of the plots are extended at least to the values achievable with CLAS12.
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Figure 3.19: Structure-function measured from COMPASS positive mixed
hadrons data [52], HERMES K™ data [51], and CLAS12 RG-A and RG-B K
data, expressed as a function of zg. The bin width bars were removed to make
the plot more readable; they are the same as shown in Figure 3.18.
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Figure 3.21: Structure-function measured from COMPASS positive mixed
hadrons data [52], HERMES K data [51], and CLAS12 RG-A and RG-B KT
data, expressed as a function of py. The bin width bars were removed to make
the plot more readable; they are the same as shown in Figure 3.20.
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Figure 3.22: Trends of the kinematic variables Q?, g, pr, and y as a function
of z for the results of experiments COMPASS, HERMES, and CLAS12. The
y-axes of the plots are extended at least to the values achievable with CLAS12.
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3.4.5 Future SIDIS studies using the CLAS12 RICH

This Chapter showed that from CLAS12 data it is possible to extract beam
spin-asymmetries for SIDIS kaon despite the limited statistics analyzed. In
the immediate future, the analysis will be extended to the full sample of
recorded data on Deuterium, including several runs acquired with the torus
in opposite polarization and more favorable for positive hadron acceptance.
Moreover, the completion of the RICH alignment, made possible with the
Pass2 reconstruction software, will permit to almost double the phase space
covered up to the design value of 26° in polar angle. To ultimate the mea-
surement, the data for kaons with momentum lower than 3 GeV, identified
by the standard CLAS12 PID, can be included to further extend the phase
space. The addition of the second module of the detector, which occurred in
2022, will increase the available statistics, allowing us to divide the data in
more dense bins, providing more information to constrain the TMDs.

This study demonstrates the capability of the RICH to efficiently identify
hadrons in the high-momentum range of CLAS12, between 3 GeV/c and
8 GeV/c. RICH information will help several studies that are ongoing on
kaons, like the measurement of other terms of the SIDIS cross-section or the
dihadron spin-asymmetries including at least one kaon. Moreover, the study
of the high-momentum SIDIS kaons provides access to the high z region, and
to the possibility of ancillary investigations, for example, about the role of
vector mesons.
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Chapter 4

The EPIC dual-radiator
RICH

This Chapter focuses on Electron-Ion Collider (EIC), designed to be the
world-leading facility to explore QCD. EIC goals are to provide precision
3D imaging of nucleons and nuclei, solve the proton spin and mass puzzle,
investigate the quark and gluon confinement, and measure the peculiar corre-
lations of quarks and gluons in the nuclear matter. The author significantly
contributed to the development of the dual-radiator Ring Imaging Cherenkov
(dRICH) for the Electron-Proton/Ion Collider Experiment (ePIC), a key
component for identifying the hadrons produced in the EIC collisions. In par-
ticular, the author contributed to the studies based on the dRICH prototype
performed along several test beams between 2021 and 2023. He developed the
analysis software and the simulation framework, characterized the aerogel
radiator samples, and was responsible for the tracking system during the
data acquisition. The results obtained by the prototype are comparable with
the expectation derived from the simulation and satisfy the requirements for
the experiment.

4.1 The EPIC experiment at the Electron-Ion
Collider

The EIC [20] is the new large-scale accelerator machine, which will be built
at Brookhaven National Laboratory (BNL) in Long Island, New York, USA.
The EIC will collide high-energy electron beams with high-energy proton and
ion beams. The EIC will exploit high-intensity polarized beams to investigate
QCD’s new frontiers. The main design requirements of the EIC are:

e Beams of various ion species, from proton to uranium;

e Highly polarized beams ~ 70%;
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e Variable e+p center-of-mass energies in the range 20 < 140 GeV;
e High collision electron-ion luminosity 1033 = 1034 cm=2s~1;
e Up to two general-purpose detectors.

These features will be accomplished using an electron storage ring with up
to 18 GeV beam energy and a hadron storage ring operating at energies
between 41 GeV and 275 GeV (protons), or 41 GeV and 110 GeV /nucleon
(ion). The two beams will collide at a crossing angle of 25 mRad, allowing a
quick separation, to bring focusing beam elements close to the interaction
point and keep the synchrotron radiation background low. The EIC will
replace the Relativistic Heavy Ion Collider (RHIC), the machine at BNL that
is in operation until 2025. A scheme of the new accelerator is represented in
Figure 4.1.

The first detector will be run by the 2022-born Electron-Proton/Ion
Collider Experiment (ePIC) collaboration and located at the collider inter-
action point IP6. The ePIC collaboration includes 171 institutions from 24
countries and more than 500 participants. According to the scheme in Figure
4.2, ePIC will consist of a barrel-shaped central detector built around a
2T solenoidal magnet, a far-forward electron detector, and a far-backward
hadron spectrometer. These three detectors contribute to cover the whole
phase space of the asymmetric lepton-hadron collision. Indeed, the three
components of the experiment can see very different particles in terms of
both momentum and particle types.

The magnet

The ePIC magnet will be the MAgnet with Renewed COils (MARCO), a
3.5m long superconductive solenoid measuring 2.84 m of bore diameter at
room temperature, providing a 2T on-axis field directed along the beamline.
The MARCO magnet will operate at 4.5 K.

The tracking and vertexing system

The ePIC tracking has to efficiently recognize patterns, provide a low material
budget not exceeding 5%Xy, work inside the magnetic field, satisfy the
geometrical constraints imposed by the solenoid in the barrel volume, and
disentangle signal from the background. The system under development is a
concept detector based on silicon and gaseous tracking technologies to ensure
satisfactory space resolution, space point coordinates redundancy, and good
time resolution. In particular, it will be based on the Monolithic Active Pixel
Sensor (MAPS) tracker, providing a spatial resolution less than 5 pm (3 pm
for vertex layer), and Micro-Pattern Gas Detectors (MGPDs), that can be
implemented as tMEGAS or pnRWELL to provide redundancy and a time
resolution better than 10ns.
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The calorimetry system

The ePIC calorimetry system has to measure the particle’s energy, provide
continuous acceptance over the entire rapidity spectrum, be insensitive to the
magnetic field, and operate up to the maximum luminosity in the expected
background conditions. It must also contribute to distinguish electrons and
photons and measure the particle’s angle and position.

The Barrel Electromagnetic Calorimeter (bECAL) requires an energy
resolution better than \7/—(% ® 1% and a fine granularity for good v — 7
separation. It has to measure energy down to 100 MeV and up to 10 GeV.
These requirements must be achieved in a minimal space due to the geomet-
rical constraints imposed by the solenoid. The detector will be a sampling
calorimeter based on 6 layers of Astropix sensors alternated with 5 layers of
lead and scintillating fibers readout by SiPM on both sides. The Astropix
are SiPM developed for the Amego-X NASA missions and they are used for
electromagnetic shower imaging. The scintillating fibers are used to profile
the longitudinal dimension. The design allows to obtain a deep but still
very compact calorimeter (~ 17Xy in 40 cm), an excellent energy resolution
(% + 1%), an unrivaled low-energy electron-pion separation by combining
energy measurement and imaging, and an exceptional position resolution.
Moreover, the bECAL is deep enough to serve as the inner layer of the
hadronic calorimeter.

The Barrel Hadronic Calorimeter (b HCAL) aims to precisely reconstruct
the jet energy, provide a secondary determination of scattered electron
kinematics, and help in muon identification. Moreover, it will also serve as
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part of the solenoid flux return. The bHCAL will be realized by refurbishing
the sSPHENIX outer HCAL, a cylinder of 1.9 m inner and 2.6 m outer radius,
6.5 m long, made by 32 sectors including 48 towers of scintillators.

The Backward Electromagnetic Calorimeter (eECAL) plays a crucial role
in almost every physics channel because it is responsible for detecting and
measuring the kinematic of the scattered electron in the backward region,
with rapidity —3.5 < n < —1. In particular, its goals are to separate electrons
and pions, to provide a suitable resolution for electron detection at large ||,
to measure photons with good resolution, and to separate the 2 from 70 at
high energy. The requirements for this detector are:

e Energy resolution of % +(1=3)%;

e Pion suppression 1 : 10%;
e Minimum detection energy 50 MeV.

The eECAL comprises ~ 2850 20 x 20 x 20 cm® PWO crystals that fill a disk
around the beamline. Each crystal will be read by 16 SiPMs connected to
the front-end electronics. One of the most critical points regards the cooling
system; thermal studies are ongoing to find the best solutions for efficiently
cooling the system.

The Backward Hadronic Calorimeter (eHCAL) shall provide the func-
tionality of a tail catcher for the electromagnetic calorimeter for electron
identification and for the jet kinematics measurement at small xp. The
detector is made by ten alternating layers of 4 cm-thick stainless steel and
4 mm-thick plastic scintillator Kuraray SCSN-81. The scintillator’s light will
be extracted by 0.83 mm wavelength shifter fibers and detected by SiPMs. The
front-end electronics will be selected in common with the other calorimetry
systems.

The Forward Electromagnetic Calorimeter (hECAL) shall cover the

pseudo-rapidity range ~ 1 < 7 < 4, achieve an energy resolution of —10”/%2% +

2%, provide a good 7/~ separation up to 50 GeV, and contribute to the jet
reconstruction. Moreover, it has to work in a magnetic region with expected
neutron fluxes up to 102 n/cm?. It will be a sampling calorimeter of tungsten
and scintillating fibers.

The Forward Hadronic Calorimeter (hHCAL) shall measure the energy
with a resolution of % + 10%, with a minimum detected energy of 500 MeV.
A high-granularity sampling calorimeter will cover the whole azimuthal angle
by alternating small scintillator tiles and absorbing layers.

Particle Identification System

The Particle Identification (PID) system plays a key role in QCD studies
needing flavor sensitivity, particularly for SIDIS. A plot reporting the phase
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Figure 4.3: Phase space that needs to be covered by each PID subsystem.

space that needs to be covered by each PID subsystem is shown in Figure 4.3.
In the backward direction, the proximity-focusing RICH (pfRICH) will pro-
vide a 30 separation between m and K up to 7GeV. Moreover, using the High
Rate Picosecond Photo-Detector, the pfRICH will provide a 20 ps-resolution
time measurement for a time-of-flight analysis and a spatial resolution of
~ 1mm. The TOF will provide 3¢ separation of low momentum pion and
kaon in the barrel (—1.4 <n < 1.4,0.2 < p < 1.2GeV/c) and in the forward
endcap (—1.74 <1 < 3.83, 0.2 < p < 2.3GeV/c).

The high momentum hadrons will be detected in the barrel by the high-
performance Detection of Internally Reflected Cherenkov light (hpDIRC), a
fast-focusing DIRC using a high-resolution 3D reconstruction. It will be made
of 120 radiator bars producing Cherenkov light with the photons reflected
over a focusing lens, an expansion volume, and the photo-detector. It will
provide a 30 separation for 7/K up to 6 GeV and for e/7 up to 1.2 GeV.

This work focuses on the design of the dual-radiator Ring Imaging
Cherenkov (dRICH), a compact and cost-effective solution for broad mo-
mentum coverage at forward rapidity essential for SIDIS physics. It will
interpolate the measurements of the Cherenkov angles of photons, produced
by relativistic particles crossing two different radiators, to identify charged
hadrons in the ePIC hadronic endcap. The dual-radiator unconventional
design is due to most intriguing challenges of this detector: to identify charged
hadrons in the extended momentum range between 3 and 50 GeV. Indeed,
this momentum range bridges the few-GeV momentum region where the
radiator is aerogel is the natural radiator and the high-momentum region
where the gas radiator should be used. The dRICH will identify particles
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Figure 4.4: Expected separation achievable from the dRICH for a variety of
particle species. Combining the aerogel and gas information provides uninter-
rupted PID across the full range.

in the pseudo-rapidity range 1.5 < 1 < 3.5 and help identify electrons with
momenta lower than 15GeV /c. This detector should cope with the peculiar
challenge of working in a high magnetic field, in the order of 1T, so the
magnetic-insensitive Silicon Photomultipliers (SiPMs) sensors are expected
to be used. The usage of SiPM introduces a different issue related to the
radiation damage that will occur on the sensors, increasing their dark count:
a study on the recovery of the sensors via high-temperature annealing was
performed and described later in this work. The expected performance of
the detector is described in Reference [20] and is reported in Figure 4.4.

The dRICH will be located in the hadronic endcap, between the MARCO
magnet and the calorimeter. To fit in the limited available space between
them is another challenge for the dRICH. Currently, the detector is designed
as a cylindrical shape for a total length of 120 cm and a maximum radius of
180 cm. A sketch of the dRICH is shown in Figure 4.5. It will be divided into
six identical sectors, each of them containing the radiators, spherical mirrors,
and photosensors.

The rest of the Chapter will describe the ongoing studies on the mitigation

of SiPM radiation damage and the performances achieved with the dRICH
prototype assembled in Ferrara in 2021.
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Figure 4.5: Sketch of the ePIC dRICH.
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4.2 The recovery of SiPM radiation damage via
annealing

It is expected that during the lifetime of the ePIC experiment, the photo-
sensors of the dRICH will receive radiation in the order of 10! Ieq/ cm?,
which will dramatically affect the Dark Count Rate (DCR), increasing it
over the acceptable rate of ~ 300 kHz. This value corresponds to an expected
number of background hits at the level of the signal hits (photon) from
aerogel. Several options are available to maintain the DCR to an acceptable
level, namely by reducing the SiPM operating temperature (cooling), using
the timing information of high-precision Time-to-Digital converter electron-
ics (gating), and recovering the radiation damage with high-temperature
annealing cycles (curing) [53]. The cooling and gating procedures are well
known and will be used for the dRICH; the curing via annealing has been the
subject of dedicated tests since 2021 and has provided positive indications
that confirmed the possibility of using it for the final detector [54]. The
following SiPM sensors have been studied:

e Hamamatsu S13360-3050VS and S13360-3025VS;
e Hamamatsu S14160-3050HP and S14160-3015PS;

e Fondazione Bruno Kessler (FBK) NUV-HD-CHK and NU-HD-RH
prototype devices;

e Onsemi MICROFJ-30035.

The SiPM sensors have been irradiated on several occasions between 2021
and 2023 in the experimental room of the Trento Proton Therapy facility; this
was done with 140 MeV protons produced in a large and uniform irradiation
field [8]. The NIEL-scaling hypothesis is used to normalize the proton fluence
to the corresponding 1-MeV neutron equivalent [55]. A dedicated collimator
system was designed to deliver the uniform irradiation field in a 3 mm wide
slit such that, thanks to a precision micrometric translation system, a single
column of sensors (6 or 8 SiPM) in a matrix is irradiated at a given time.

Two pictures of the custom boards are shown in Figure 4.6. For each
board, three different columns have been exposed at three different levels of
irradiation: 10%, 10'°, and 10! N¢q. The fourth column was used to control the
background neutrons generated by the scattering system and the collimators.
Background neutrons received by each board are estimated to correspond to
~2+3x108 Neq. The sensors were characterized in a climate chamber, which
provides a stable room temperature of —30°C to control the background
DCR. The characterization station is shown in Figure 4.7.

The effect of the irradiation is represented in Figure 4.8, which shows
the increase of the dark current and DCR of the SiPM as a function of the
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Figure 4.6: On the left, picture of the boards used for irradiation and annealing
campaign. On the right is a close view of one board of SiPM. Each board hosts
up to 32 sensors of 3 x 3mm? area.

Characterization

Figure 4.7: The climate chamber and the characterization station used to test
the SiPMs in the clean room at INFN Ferrara.
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radiation dose. There is a linear increase of current with respect to the dose.
The first annealing test was performed using an oven, which is shown in
Figure 4.9, and with a staged temperature increase, carrying out various
sensor characterizations between each phase of ~ 50h annealing time. The
results of these measurements are reported in Figure 4.10, which shows the
value of the DCR during this long annealing period compared with the results
of Reference [53]. In the legend of this plot, the label “Hama” indicates one of
the SiPM by Hamamatsu tested by the author, “C” and “D” identify the row
of the board, i.e. the size of the sipm pixel, “3” and “4” identify the column
of the board, i.e. the radiation dose received of 10'° or 10! N respectively.
The label “Milano” identifies the curves taken from the Reference paper [53]
for different doses of irradiation. The vertical lines show the time then the
temperature was changed and the value of the temperature itself. The points
conventionally placed at —100 h represent the DCR before the irradiation at
Trento.

The SiPMs tested in Ferrara showed the same behavior as the reference
results, confirming a curing factor ~ 20 during the annealing. The systematic
comparison of the annealing effect on different sensors is shown in Figure
4.11. It can be noted that the Hamamatsu S13360-3050VS features the lowest
DCR before the irradiation and before and after the annealing, which makes
it the most promising candidate to be used for the dRICH detector.

After the start of ePIC operation, removing the sensors from the detector
for the required annealing cycles in the oven will be very complex. So,
preliminary tests of online in-situ annealing made directly polarizing the
SiPM are being performed. The online procedure consists of cycles of 30 min
at high temperature (up to 175 °C) each time the sensor received an integrated
dose of 2 x 10% neq. The sensor’s temperature should not overcome the value
of 180°C, which is the choosen operating limit to preserve the entrance
window protective layer and was kept under control using a thermal camera,
as shown in Figure 4.12a. The comparison between the oven and the online
annealing is reported in Figure 4.12b and shows that the online annealing
permits a rapid reduction of the DCR by one order of magnitude. The oven
annealing performance is better by a factor of 2, but the online procedure
has several advantages:

e it is ~ 100 times faster;
e it can be done in-situ, without removing the sensor from the detector;
e it can be repeated many times.
Consequently, the final design of the dRICH detector will probably account for
several online annealing phases and, at most, few extraordinary maintenance

operations when sensors are removed for long annealing in the oven.
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Figure 4.8: Effects of the irradiation on dark current and DCR.

Figure 4.9: The oven used to perform the first annealing in the laboratory of
INFN Ferrara.
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Figure 4.11: Results of irradiation and annealing on different sensors, from

Reference [54]
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Figure 4.13: dRICH prototype scheme.

4.3 The dual-radiator RICH prototype

A prototype [56] of the dRICH detector was built in Ferrara in the summer
of 2021, aiming to serve several test beams in the following years. On a lower
scale, it reproduces the expected behavior of the entire dRICH detector. It
was used to test the hadron separation capabilities that can be achieved with
different options and quality of the components.

4.3.1 Design

A scheme of the prototype is reported in Figure 4.13. A charged particle
crossing the prototype from left to right starts passing through the aerogel
(n ~ 1.02), producing a Cherenkov-photon cone with an aperture of about 11 °.
The photons are reflected by a first spherical mirror and focused on the photon
detector array. Then, the particle passes through the gas (n ~ 1.00085), which
fills the detector volume and produces a Cherenkov-photon cone with an
aperture of about 2°. The first mirror has a central hole to allow the photons
produced at small angles in the gas to fly towards a second spherical mirror
and be focused back on the same photon detector array. The information
from the two imaged Cherenkov rings, combined with the beam momentum
and particle tagging provided by the beam instrumentation, is used to study
the dRICH identification of pions, kaons, and protons in the momentum
range from 3 GeV/c up to 50 GeV /c.
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Figure 4.14: Collection of pictures of the prototype components

Mechanical structure

The dRICH is 1.3m long and is composed of two sections: a 50 cm long
cylinder with a 50 cm diameter and a 80 cm long extension with a 25cm
diameter. This volume, called the “gas chamber”, is filled with the CyFyg
radiator gas. It has to bear under-pressurization (vacuum), allowing efficient
exchange between air and the gaseous radiator, and preserve light tightness,
allowing the single-photon operation mode of photo-sensors. Moreover, it
includes the mechanics for regulating the angle and position of the mirrors
along the detector axis. The radius of curvature of each mirror was designed
to collect the light produced over the full radiator length and focus it onto the
detector surface. The mechanical support of each mirror can be pre-aligned
using three different screws and, without opening the detector, can be moved
along the detector axis using a step motor to finely regulate the focus position.
A series of pictures of the dRICH components is shown in Figure 4.14.

Detector box

In front of the prototype is the detector box, which hosts the photosensors
with their sensitive faces pointed forward and separated from the gas volume
by a 3-mm-thick acrylic window. For the prototype, three different kinds of
detector boxes were used:

e The MAPMT box hosts four Multi-Anode Photomultiplier Tubes Hama-
matsu H12700 (the same as the CLAS12 RICH), set as reference detec-
tors to study the prototype’s performance;

e The MPPC box hosts three Multi-Pixel Photon Counters, matrices
of SiPMs used during the first test beams as preliminary detectors to
study the silicon-based sensors and their cooling system;
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(a) MAPMT detector box. (b) MPPC detector box. (c) SiPM detector box.

Figure 4.15: Drawing of the three detector boxes.

Figure 4.16: Pictures of the MAPMT (left) and the first version of SiPM
(right) detector boxes.

e The SiPM box hosts custom matrices of various Silicon Photomultipliers
(undergoing irradiation and annealing cycles) to evaluate the most
suitable sensor for the EIC dRICH detector;

The detector boxes are sketched in Figure 4.15, and two pictures are in Figure
4.16. The data of the MAPMT and MPPC detector boxes are acquired using
the Multi-Anode ReadOut Chip (MAROC) as done for the CLAS12 RICH.
Instead, for the SiPM detector box, a streaming readout system based on A
Low Power Chip for Optical Sensor Readout (ALCOR) was tested. Initially,
the SiPM box was designed to host four small custom matrices used to study
the annealing procedure. In the last version, it was modified to host up to 8
photon detection units for a total of 2048 readout channels, made following
the current design of the dRICH detector and covering almost the entire ring.

Aerogel box

The aerogel box completes the mechanical structure. It is a 3D-printed black
box containing the aerogel radiator placed upstream of the detector box on
the beamline. Black rubber is used to seal the aerogel box to the detector
box, preventing light leaks and creating a single volume filled with nitrogen
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to avoid moisture. The box permits operation in the ePIC configuration with
a 4-cm-thick layer of aerogel, but also to test other configurations with 2-cm
or 6-cm-thick layers of acrogel.

Radiators

The nominal radiators are the CoFy gas and the aerogel, with refractive index
~ 1.00085 and ~ 1.02, respectively. They present different challenges:

o (ol is a greenhouse gas, so its use is critical from the point of view
of respecting the environment. For the prototype, the relatively small
volume allows the use of a simplified recovering system. For the final
detector, dedicated special recovery systems are foreseen. Solutions
based on the use of pressurized noble gases or alternative gas mixtures
are also being studied.

e Silica aerogel is a fragile material and not easy to handle, but in the
group working on the dRICH, there is enough experience. The main
issue regards the aerogel manufacturer. One of the most commonly
used, the Budker and Boreskov Institute of Nuclear Physics (Russia);
delivered the aerogel for the CLAS12, LHCb, HERMES and AMS-
02 experiments. The invasion of Ukraine introduced insurmountable
complications in dealing with this manufacturer. At the moment of
writing this document, the candidate supplier is Aerogel Factory Co.
[57], a new producer that emerged in 2021 as a spin-off of the Belle-II
aerogel development at Chiba University, Japan. They declare the
capability of producing aerogel in a wide range of refractive index,
from 1.003 to 1.18, and are able to realize samples of good optical
quality, which makes them a credible option for producing dRICH
aerogel. Because there are different methods to produce aerogel, its
properties can be very different, even slightly changing the refractive
index. This makes necessary to conduct careful tests before deciding
on the producer and take care to characterize each optical property.

This thesis deals with the Cherenkov angle resolution achieved with gas
and aerogel radiators, but more attention is paid to aerogel because the
author was mainly involved in its study. To evaluate the aerogel produced by
the Aerogel Factory Co., several samples were characterized in the laboratory
of INFN Ferrara group and tested using the prototype at CERN.

4.3.2 Aerogel characterization
Transmittance analysis
Table 4.1 reports a recap of the aerogel tiles studied. A Perkin Elmer UV /VIS

spectrophotometer Lambda 650S was used to characterize the aerogel. The
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spectrophotometer measures the transmittance of the sample as a function of
the photon wavelength. The transmittance was analyzed using the extended
Hunt formula |58|

T(/\) —e Ar = eit(ﬁ—‘r%) = Ae_%e_% (41)

where T is the transmittance, ¢ is the sample thickness, A is the wavelength
of the light, A4 g are respectively the Absorpion and Scattering length, and
A, B, and C are fit parameters, the latter called Clarity. An example of fitted
transmittance is reported in Figure 4.17. From this formula, it is possible to
obtain the values of absorption and scattering length

)\4
Asg = — 4.2
5= (12)
and \8
t
Ap=——"77-—7—. 4.
AT Bt—A-lnA (4.3)
The total transmission length is defined as
1 1 1
== 4= 4.4
Ar  Ax @ As (4.4)

The main results are shown in Figures 4.18, 4.19, 4.20, 4.21, and 4.22. The
first plot reports the nominal and measured refractive index; both were
provided by the producer (and the precise numerical values are reported in
Table 4.1). The second shows the mass density of the tiles as a function of the
refractive index; clearly, there is a linear relation between them. The third
shows the absorption length, which is not uniform for different tiles with the
same refractive index. Such a variation is not critical because the absorption
length is at least one order of magnitude longer than the scattering length,
and then it has a second-order effect on the total transmission length. The
last two plots describe the scattering and total transmission length, showing
an almost linear correlation with the refractive index. This relation implies
that in the studied range around the ePIC nominal refractive index, aerogel
with a larger refractive index will have a larger yield of photons and better
optical quality, and should result in a better single-particle resolution.

Not all the tiles characterized can be studied with the existing dRICH
prototype. Indeed, the aperture of the Cherenkov cone produced by tiles
with n = 1.03 is larger than the mirror acceptance, and the photons are
not reflected onto the photo-detector. In addition, an aerogel with n = 1.03
has a poor momentum overlap with the gas radiator and is not suitable
for the dRICH. The aerogel study is therefore limited to n = 1.026. The
characterization results are used in the process of selecting the most uniform
pairs of aerogel tiles to be tested with the prototype, in the anticipated ePIC
configuration with a 4-cm-thick aerogel layer, corresponding to two stacked
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Figure 4.17: Measured transmittance (blue arrows) fitted using the extended
Hunt formula (red).
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Figure 4.18: Refractive index of the aerogel tiles.
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Density vs refractive index
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Figure 4.19: Density of the aerogel tiles versus the refractive index.
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Figure 4.20: Absorption length of the aerogel tiles versus the refractive index.
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Scattering length vs refractive index
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Figure 4.21: Scattering length of the aerogel tiles versus the refractive index.
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index.
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Figure 4.23: One-dimensional projection of the beam spot along z (left) and y
(right) directions. In addition to the fit (red) and the two Gaussians (laser peak
in green and halo in light blue), the curve of data without aerogel (dot-dashed
blue) is reported.

tiles. The final selection was based on the uniformity of the refractive index
and maximization of the total transmission length. These conditions led to
the definition of the pair of tiles for each nominal refractive index to be used
during the test beams with the prototype. The selected tiles are highlighted
in bold characters in Table 4.1.

Forward scattering measurement

Local inhomogeneities in the aerogel density or its micro-structure can affect
the light propagation in the aerogel volume. This effect can be studied
with the enlargement of a laser beam spot passing through the aerogel
sample, a phenomenon called forward scattering. It was studied by sending
an attenuated laser beam through the sample directly to a CCD sensor, and
acquired the beam spot for a grid of points along the acrogel surface. The
comparison with the reference spot in the absence of the aerogel allowed the
evaluation of the forward scattering. The analysis was conducted using the
one-dimensional projection of the beam spot along the axes. These projections
were fitted by a sum of two Gaussian functions associated with the laser
spot and its halo. From plots in Figure 4.23, showing the mean of all the
measurements compared with the reference curve, it is deducible that the
forward scattering has a second-order effect on the laser spot.
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Figure 4.24: Difference between the measured thickness of aerogel and the
nominal expectation. The left and right plots show the two faces of the same
tile.

Aerogel metrology

Another step of the characterization is the measurement of the size of the
aerogel tile, in particular thickness and planarity. The measurement was
performed by the mechanical workshop of the INFN Ferrara and analyzed by
the author. The result is shown in Figure 4.24. The distribution of the two
faces of the same tile shows that one is concave and the other convex. This
fact can explain the reason of a systematic difference in the Cherenkov angle
values and resolutions obtained by swapping the exit surface (by an 180°
rotation) of the aerogel tile. The plots showing the systematic differences are
reported in Figure 4.25 and 4.26.

4.3.3 Simulation

For the ePIC dRICH, to achieve the requirements of a 3o separation between
pion and kaon in the high-momentum region, a resolution on the single-
particle mean Cherenkov angle of 0.8 mRad for aerogel and 0.3 mRad for gas
is needed. These requirements are taken from the dedicated talk at the last
ePIC collaboration meeting, Reference [59]. The plots allowing to obtain
these values are reported in Figure 4.27.

A simulation was developed using GEant4 Monte-Carlo (GEMC) [60, 61],
a framework dedicated to the simulation of low and medium-energy particle
physics, to evaluate the performance achievable with the dRICH prototype.
A relatively simple model of the prototype was implemented using CAD
drawings of the main elements and textual implementation of their physical
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Figure 4.25: Cherenkov angle measured for different aerogel tiles with nomi-
nally the same refractive index. The letters A and B identify the selected entry
face of the tile. Moving from side A to B results in a Cherenkov angle smaller
by ~ 2mRad.
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Figure 4.26: Resolution on the Cherenkov angle measured for different aerogel
tiles with nominally the same refractive index. The letters A and B identify the
selected entry face of the tile. Moving from side A to B results in obtaining the
same or smaller resolution.
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Figure 4.27: Plots of the single-particle Cherenkov angle resolution needed
for the dRICH to achieve the required resolution of at least 3¢ in the wanted
momentum range, up to 50 GeV/c. The plots are taken from Reference [59].
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Figure 4.28: Prototype simulation draws.

properties (material, density) and optical properties like reflectivity (mirrors),
Rayleigh scattering, refractive index, and total transmission length (aerogel
and gas). The photo-detectors were simulated as a solid plane absorbing
all the photons in a thin thickness; the effects of quantum efficiency and
pixelation were applied during the analysis. The elements of the prototype
model are shown in Figure 4.28. In addition to the main components of the
dRICH, the simulation model includes two objects representing the GEM
detectors composing the tracking system employed at the test beams. This
model was used during the design phase to establish the value of some
important parameters, like the curvature radius of the mirrors, and for the
preliminary evaluation of the expected Chernkov angle resolution achievable
with the prototype. The expected mean Cherenkov angle obtained from
simulation as a function of the hadron momentum is shown in Figure 4.29. In
the plot, the momentum regions needing the two radiators are highlighted.

The initial simulation did not perfectly reproduce the prototype; for
example, the simulated beam was punctiform and with no divergence, or
the background was negligible with respect to the real case. Thus, the
results provided by the prototype simulation were too optimistic. Lately, the
complete ePIC simulation was used to evaluate the Cherenkov angle resolution
achievable by the prototype. It is based on the different contributions of the
several error sources in a RICH detector:

e Pixel error, caused by the information loss due to the finite dimension
of the photo-sensors pixel;

e Chromatic error, due to the dependence of the refractive index on the
photon wavelength;

e Emission error, due to the uncertainty of the Cherenkov photon emission
position inside the radiator;
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Figure 4.29: single-particle mean Cherenkov angle obtained from the simula-
tion as a function of the hadron momentum, for positive pion and kaon. The
error on the resolution was derived from Table in Figure 4.2. The magenta,
yellow, and green areas highlight the region where the different radiators can
be used to identify the particle.

e Tracking error, due to the global uncertainty associated with the track
of the charged particle passing through the detector that accounts for
the bending inside the radiator volume.

The values of these contributions can be found in Figure 4.30. It reports the
estimated contributions to the Single PhotoElectron (SPE) resolution for the
two radiators, divided into “Demo” (meaning prototype) and dRICH. The
main difference between detector and prototype regards the contribution
of the pixel error for aerogel. Indeed, in the dRICH the distance between
aerogel and mirror is ~ 1.2m, while for the prototype is ~ 0.4 m. It makes
the relative uncertainty on the Cherenkov angle caused by the uncertainty
on the photon hit position more relevant for the prototype.

According to the Table in Figure 4.30, for the ePIC dRICH, the expected
SPE resolution are 2.3mRad for aerogel and 1.0mRad for gas. For the
prototype, they are 3.0mRad for aerogel and 1.1 mRad for gas. From SPE
resolution, it is possible to obtain the resolution on the single-particle mean
Cherenkov angle as

vV Nphotons

where Nppnotons is the number of photons detected per particle and cg is a
possible systematic constant contribution to the resolution. In the following

2
ag
Osing part = <&> + C% (45)
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1p.e. error Aerogel Gas
(mrad) Demo dRICH Demo dRICH

Pixel (3mm pixel) 1.9 (0.6) 0.6 (0.5)
Chromatic (300 nm filter) 1.8 (2.2) 0.6 (0.5)
Emission (1 cm out of focus) 0.3 (0.3) 0.4 (0.6)
Tracking (0.5 mrad) 0.4 (0.3) 0.4 (0.4)
Total 3.0 (2.3) 11 (1.0)

Figure 4.30: Table of the different contributions to the Cherenkov angle
resolution. The values in the “demo” columns are theoretical estimations for the
prototype, while the dRICH column is associated with the detector. The main
difference regards the pixel effects for the aerogel because, in the prototype,
the aerogel photons have to travel along a shorter path to fit into the limited
active area.

Aerogel | Gas

OSPE [mRad] 3.0 1.1
Osing part [mRad] 1.3 0.25
Nphotons 5.4 20

Table 4.2: Recap of the SPE and single-particle resolutions achievable according
the simulation.

is described that from the prototype test, a non-zero constant term (~
0.25mRad) emerged for the gas section, while the same was compatible
with zero for the aerogel. The expected number of photons per particle was
taken by the prototype simulation because it better described the complex
geometry with two different mirrors and the MAPMT used reference detectors,
in particular their quantum efficiency different from SiPM. The number of
photons per particle expected is 5.4 for aerogel and 20 for gas.

The evaluation of the prototype performance will be made by comparing
the resolution achieved during the test beams with the values described in
the last paragraph. A recap is contained in Table 4.2.

4.3.4 Test beams

The prototype was tested in several test beams at the European Council for
Nuclear Research (CERN) between 2021 and 2023 using the experimental
halls available at Proton Synchrotron (PS) and Super Proton Synchrotron
(SPS), accelerators providing beams of charged mixed hadrons, respectively,
with momentum up to 11.5 GeV and up to 200 GeV. Aiming the dRICH to
distinguish particles with momentum up to 50 GeV and having the aerogel a
refractive index larger than the CoFy one, the test beams goals were:
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(a) Picture of the photo-detector side of (b) The two rings obtained in the last test
the SiPM detector box. beam using the SiPM detector box.

Figure 4.31: The latest version of the SiPM detector box includes 4 readout
units with 256 sensors and 4 readout units with 64 sensors for a total of 1280
readout channels.. It allows the detection of almost the whole two rings, both
from aerogel and gas.

e on both the experimental location, to perform studies on several aerogel
tiles with different refractive index and stack compositions, applying
wavelength filters and exploiting the Cherenkov threshold detectors of
the beam to identify particles of different species with the dRICH;

e at PS, study the momentum interval common to the two radiators with
a beam extended in space and divergence;

e At SPS, to measure the resolution with saturated rings and well-
collimated particles.

The test beams performed over almost 3 years were instrumental to
the progressive evolution of the prototype technology and performance.
During the first test beam in 2021, the dRICH prototype was successfully
commissioned and the SiPM detector box was used mainly to operate the
photosensors, their cooling system, and the data acquisition chain. In the
2023 Fall test beam, the latest version of the SiPM detector box, represented
in Figure 4.31a, allowed to obtain the first almost complete imaging of the
double-ring of photons with a ePIC driven readout plane, as shown in Figure
4.31b.

The MAPMT detector box was used during all the test beams to measure
the prototype’s performance and map the achievable resolution of aerogel
and gas Cherenkov angles. The following sections will present the analysis
developed and the results obtained.
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Experimental setup

The test beam setup included a tracking system, a trigger apparatus, and
external PID detectors from beam instrumentation; a picture of this is shown
in Figure 4.32. The tracking is based on two Gas Electron Multiplier (GEM)
detectors placed upstream and downstream of the dRICH. The GEM detects
the position in which the beam crosses it, and the coincidence of the signals
from the two detectors is used to find the track of the particle with a resolution
better than 100 pm. The GEMs were a smaller version of those described
in the Reference [62]. The GEMs had their power supplies providing high
(~ 4kV) and low voltage, front-end boards, and data acquisition software;
the author developed his expertise in operating the tracking system and
became the expert-on-call since the 2022 test beams.

The trigger system was based on four finger scintillators measuring an
area of 2 x 1cm? each, two placed in front of the aerogel box and two just
downstream of the prototype, and read with SiPMs. The components of each
pair of scintillators work in coincidence to avoid random triggers. The logical
AND and OR of the scintillator pairs were available for the trigger and
could be selected from the control room without accessing the experimental
hall. Being the GEMs’ readout slower than the MAPMTS’ readout, a busy
signal was used to veto new triggers until GEMs were ready to acquire. This
configuration allows the offline pairing of the track with the corresponding
dRICH event.

Figure 4.33 reports the plots relative to the tracking system from two
runs acquired at the two accelerators, showing clear differences. The beam
profile and the divergence of the SPS beam are smaller than the PS beam.
At PS, the coincidence with the trigger scintillators is also used to limit the
beam profile, which could also be larger than the one shown in Figure 4.33b;
instead, at SPS, the beam spot is smaller than the area covered by the trigger
System.

The test beam setup included an external PID apparatus consisting of
two (at PS) or three (at SPS) gaseous threshold Cherenkov detectors. They
can host various gases and adjust the inner pressure, modifying the refractive
index. This procedure permits setting a threshold for the mass of the particles
producing the Cherenkov photons for a given beam momentum. Particles
lighter than the threshold will produce light inside the detector, while heavier
particles will not. Combining the information from various detectors with
different settings makes it possible to tag different species of particles. For
example, a detector activation scheme for the PS is reported in Table 4.3.
The signals provided by the trigger signal and the beam Cherenkov were
read using a special adapter board coupling them to the MAROC, the same
readout of the MAPMT. This allowed us to handle them easily with the
same data acquisition software as the photo-detector signals.

The MAPMT box design supports two different configurations, called
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Figure 4.32: Experimental setup of the 2023 test beam at PS. The beam
income from the left side. From the left to the right of the picture, it is possible to
find the upstream GEM, inserted in the safety box to mitigate the high-voltage
risk; the mechanical structure sustaining the detector, which is adjustable in
height and inclination; the aerogel container, that is the small 3D-printed black
box; the MAPMT box, in the “corner” configuration as deductible from the
position of the electronic boards; the cylinders constituting the dRICH, which
are filled of CoFg; and the second GEM inside the safety box. Also visible are
the light blue optical fibers, for the communication of the MAROC readout
with the storage; the power supplies, both for the readout electronic and for the
tracking; the black pipe of the gas distribution system; the electronics boards
handling and merging the tracking, trigger, and beam Cherenkov signals. The
beam Cherenkov detectors are part of the beamline upstream of the prototype
and are not visible.

Particle | Threshold < mg | Threshold < m,,
T v v
K X v
p X X

Table 4.3: Example of beam Cherenkov threshold settings. The combined
information permits the identification of the hadron passing the detector.
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Figure 4.33: The top plots show the beam profile in the two GEMs; the
bottom plots show the extrapolated beam profile at the aerogel position and
the divergence of the beam. Comparing the 4.33a and 4.33a plots, it is visible
that the beam spot at SPS is smaller than at PS, and also it is smaller than
the trigger 20 x 10 mm?2, although there is a larger background. Moreover, the
divergence of the SPS beam is less than half of the PS beam. The GEM allows
cleaning the data sample from spurious events with secondary interactions
(high-angle traces).
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Figure 4.34: The two configurations of the MAPMT detector box. On the
left, the two rings produced in gas and aerogel are visible. On the right, the
ring produced by the aerogel is in the center of the photo-detectors and the gas
ring is outside acceptance. The blue circles are the ring reconstructed during
the analysis for gas (inner) and aerogel photons (outer), and the red one is the
geometrical selection that is part of the photon assignment to the corresponding
radiator.

cross, with the photo-detectors placed close to the side of the central aerogel
tile, and corner, with the photo-detectors placed at the corner of the aerogel
tile. The two configurations were used because the MAPMTs in the cross con-
figuration cover almost the whole gas ring but only ~ 40% of the aerogel ring;
moreover, the aerogel ring is close to the external edge of the photodetection
area for the nominal refractive index of the original design (n = 1.020). The
corner configuration permits covering the rest of the aerogel ring, and to
study aerogel with a larger refractive index (1.023, 1.026) characterized by
better transparency properties but does not provide acceptance for the gas
ring. The plots of the rings acquired in cross and corner configurations are
visible in Figure 4.34.

Data analysis

The author wrote the data analysis software in C++, using the analysis
framework ROOT by CERN. The software is based on modular logic, so new
information can be added at each step, allowing access to them along the
entire analysis chain. It was designed this way because the software has been
developed over the years, starting from the first test beams in 2021, making
it easier to introduce modifications. The software performs the following
operations:
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e Reconstruction of the photon hits by coupling the signal falling and
rising edges and applying time calibration;

e Selection of real photons based on the hit duration (time-over-threshold);

e Distinction of the photons produced in aerogel and gas based on their
time-of-flight and a geometrical cut on the radius;

e Selection of ring photons using the time-coincidence technique;

e Computation and application of a primary correction of photon position
for small misalignments of the mirrors, computing the mean ring center
for each run based on the distribution of the hit position;

e If the tracking information is available, computation and application
of a secondary correction of the position of each photon based on
the misalignment of the beam particle from the nominal axis of the
beamline;

e Averaging over the photon information associated with the particle,
computation of the mean Cherenkov angle and time;

e Computation of the single-photon resolution, single-particle resolution,
and its relation with the number of photons detected;

e When the beam Cherenkov detectors are available, computation of the
same results for tagged particle species.

The assignment of photons to the ring is carried out in two steps. A
preliminary distinction is based on a geometrical selection by defining “gas
photons” as those with a radius lower than 55 mm and “aerogel photons” as
the others. This permits the identification of two time-coincidence peaks,
with a detectable difference of ~ 7ns; the standard deviation of both peaks
being ~ 1.2 ns. After calibration time-coincidence is the main criterion for
assigning the photons to the right ring. Figure 4.35 summarizes the operation
performed by the software on the hit. The first plot is the distribution of the
start and end time of the hit, selecting only hits satisfying the requirements on
the duration. The distribution of the time-over-threshold duration is shown
in the second plot, where the green line represents the selection to exclude
the short signal generated by cross-talk. The third is the two-dimensional
plot showing the correlation between the photon arriving time and the hit
duration. The fourth plot shows the time coincidence peak. The last two
plots show the improvement in timing applying the calibration.

The main condition to be satisfied to consider a ring as good is that it
includes at least 3 photons. A second selection is based on the divergence of
the beam track, which is estimated as the trajectory angular difference with
respect to the line connecting the center of the beam spots in the two GEMs.
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Figure 4.35: Plots summarizing the analysis operation to identify and assign
the photon hits to the gas ring. Explanation in the text.

Incident particles with a polar angle larger than 2 mRad are removed from
the sample.

The primary correction on the photon position was developed to compen-
sate for small misalignments of the mirrors with respect to the detector axis.
The correction starts from the computation of the mean optical center of
the event, obtained by averaging the z and y coordinates of all the photons
hitting the MAPMTs. This operation is made separately for gas and aerogel
rings because the mirrors are not coupled, so they can affect the photon
direction differently. The mean center is taken as the origin of the ring
coordinate system, and the position of the photons is shifted accordingly.

The event-by-event correction based on the particle track divergence with
respect to the beam axis was developed after the first test beam when a
correlation between the particle incident angle and the ring position was noted.
This permits the extrapolation of the correct center of the ring associated
with the particle, by composing the global correction plus the projection of
the single particle emittance.

The data acquired using a mixed-hadron beam of 120 GeV, momentum
at which both the aerogel and gas rings are saturated for any particle species,
are considered to explain the typical output of the analysis. In Figure 4.36,
the first plot shows the distribution of the single-particle mean Cherenkov
angle, the mean time of the photons associated with the particle, and the
distribution of the number of photons for the particle. The first of these
distributions is fitted with a Gaussian, whose mean value is taken to be the
Cherenkov angle associated with the particle momentum, and the standard
deviation is taken to be its resolution. The first and the second rows show the
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results for gas (on top) and aerogel (bottom). From these plots is possible
to compare the prototype results and the values expected from simulation,
whose pseudo-data were adapted to be analyzed by the same software.
Additional results produced by the analysis are shown in Figure 4.37.
The left ones are the distribution of the reconstructed Cherenkov angle of
each photon associated with the ring for gas (on top) and aerogel (bottom),
fitted again using a Gaussian function where the mean corresponds to the
Cherenkov angle and the standard deviation with the single-photon resolution.
The right plots show the single-particle resolution as a function of the number
of photons associated with the ring. This graph is fitted with the function

2
Usz’ng_part(nfy) = “ Z_O —I—p% (46)
Y

where parameter pg represents the single photon resolution, the best resolu-
tion achievable with only one photon, and p; is the asymptotic single-particle
resolution, the minimum value achievable in an ideal situation of infinite
photons. These plots allow the comparison of the SPE resolution obtained
from two different methods and the analysis of the possible residual con-
tribution to the resolution: a non-zero p; value signals systematics effects
like misalignment or non-uniform detector response. The specific results for
aerogel and gas and their comparison with simulation are commented in the
next Section.

4.4 Results of the prototype studies

In this section, the measured performances of the prototype are reported
and compared with the expected values provided by the simulation. The
simulation described in section 4.3.3 is the newest version of the prototype
simulation. It has been described because of its importance in the design
phase and because the author developed it. Despite being the last version, it is
still optimistic and reproduces the prototype only partially. This implies that
its simulated resolution is better than the one achievable with the prototype.
The resolution achieved with the prototype is then compared with the values
reported in Table 4.2.

4.4.1 Results for gas ring

The data selected to study the gas resolution were acquired at SPS using the
mixed-hadrons 120 GeV beam. The SPE resolution measured is consistent
with the estimation described in Section 4.3.3 because it is 1.1 mRad for both
the alternate methods (Gaussian RMS of the SPE distribution or parameter
po in the fit of the resolution per track as a function of the number of detected
photons). The parameter p; assumes non-zero values (0.24 mRad). It signals
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Figure 4.37: Example of the typical results of the prototype analysis, for the
case of a 120 GeV beam of mixed hadrons. From left to right: the distribution
of SPE Cherenkov angle resolution and the single-particle resolution vs the
number of detected photons. In the top row are the plots for gas, and in the
bottom row are the plots for aerogel.
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Figure 4.38: Single-photon results for gas ring. From left to right: the single-
photon mean Cherenkov angle, and the single-particle resolution as a function
of the number of photons detected.

systematic effects like non-uniform detector response or a misalignment not
recovered by the applied corrections.

The plots of the single-particle mean Cherenkov angle and of the number
of photons detected per particle are reported in Figure 4.39. The best single-
particle resolution achieved with the prototype is 0.35 mRad, which is almost
1.5 times the expected values reported in Table 4.2. By considering the non-
zero constant term, the expected single particle resolution became 0.35 mRad,
which is comparable with the measured value. The non-zero p; values could
mean that both a misalignment and a systematic non-uniformity concur in
the prototype. The measured values could improve further by applying a most
refined reconstruction algorithm, like the ray-tracing algorithm developed for
the ePIC dRICH simulation, and testing the prototype with the SiPM detector
box because the silicon-based sensors are less sensitive to the chromatic
contribution to the error rather than the MAPMT thanks to the different
quantum efficiency range. Introducing a more sophisticated reconstruction
algorithm can also help to understand the origin of the constant term, which
has not yet been reproduced in the prototype simulation. The mean number
of photons detected from the prototype is smaller than the expectation from
the simulation, 17.1 compared to 20.3.

4.4.2 Results for aerogel ring

The data selected to study the acrogel ring were acquired using a negative
mixed-hadrons beam at 10 GeV. For this momentum value, the dominant
component of the beam is constituted by pions, while kaons and antiprotons
are in the order of a few percent. Although the aerogel ring is not fully
saturated, this negative beam provided the best combination between a
clean pion sample and luminosity to acquire enough statistics during the
August 2023 test beam. Figure 4.40 shows the single-photon Cherenkov angle
distribution and the plot of single-particle resolution as a function of the
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Figure 4.39: Single-particle results for gas ring. From left to right: the single-
particle mean Cherenkov angle, and the number of photons detected.

number of detected photons per particle, and Figure 4.41 shows the single-
particle mean Cherenkov angle and the number of photons per particle plots,
In both Figures, the first row reports the results obtained using the aerogel
with refractive index n = 1.026, and the second uses the design aerogel with
refractive index n = 1.020. These results of the aerogel sample with two
different refractive indices were reported because the acrogel with a larger
refractive index showed better performance in the resolution and number of
photons, as expected from the results of the characterization performed in
the laboratory, while the other is the original design value expected for the
ePIC dRICH.

The most reliable of SPE resolutions for aerogel were obtained from the
standard deviation of the leftmost column in Figure 4.40 because of the
low number of points in the rightmost column plots. Indeed it makes the
curve more approximable with a linear dependence, resulting in a lack of
accuracy. This is confirmed by the relative errors on parameter py (Equation
4.6), which are one order of magnitude larger than the case of the gas ring.

The single-photon and single-particle resolutions achieved using the n =
1.026 aerogel are 3.4mRad and 2.0mRad, while for the n = 1.020 aerogel
are 4.7 mRad and 2.8 mRad. The comparison value reported in Table 4.2 are
3.0mRad and 1.2mRad. The SPE resolution achieved with the n = 1.026
aerogel was close to the expected performance. A deeper and more completed
analysis will be performed using the SiPM detector box in the last version,
which covers almost the full aerogel ring, allowing the detection of more
photons. The values of the p; tell us that the constant term present for
the gas is zero for the aerogel. This is possible because the two rings are
decoupled in the prototype, and then it is possible that there is a systematic
effect on the gas section that is not present in the aerogel section. Regarding
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Figure 4.40: Single-photon results for acrogel ring. From left to right: the
single-photon Cherenkov angle, and the single-particle resolution as a function
of the number of photons detected. On the top row are plots showing the best
resolution obtained using tiles with refractive index n = 1.026; in the bottom
row are plots showing the results obtained using tiles with refractive index
n = 1.020.

the number of photons, there is an agreement between the simulation and
the data acquired for n = 1.020 acrogel with a mean of 5.2 photons while
using the n = 1.026 aerogel 8.0 photons for particle are detected, a larger
value as expected from the results of radiator characterization.

The numerical results are summarized in Table 4.4. It shows that the
prototype performance almost satisfies the expectations in terms of SPE
resolution for both gas and aerogel. The gas SPE resolution of 1.1 mRad has
been obtained since the 2022 test beam. Alternative developments will be
studied with the updated prototype designed to test alternate gas mixtures
and non-greenhouse pressurized gases. For the aerogel ring, the best SPE
resolution obtained till the 2022 test beams was about 4.5 mRad, 1.5 times
worse than the expected value of 3.0 mRad. The study performed in the 2023
test beam, described in the following, achieved a SPE resolution of 3.4 mRad,
which is close to the design goal.

Future developments of the reconstruction software, for example, by
implementing a ray-tracing algorithm to reconstruct the single-photon path,
will allow further refinements in the resolution study.
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Single-particle results for aerogel ring. From left to right: the
mean Cherenkov angle, and the number of photons detected.
On the top row are plots showing the best resolution obtained using tiles with
refractive index n = 1.026; in the bottom row are plots showing the results
obtained using tiles with refractive index n = 1.020.
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Summary table of the prototype performance

Source | SPE o [mRad] | Single-particle o [mRad] | Photons/particle | po [mRad] | p1 [mRad]
Gas
Data 1.10+£0.01 0.351 £ 0.002 17+4 1.14 £ 0.02 | 0.248 + 0.005
Simulation 1.1 0.25 (0.35 if constant term ¢y ~ 0.25) 20+4 N/A N/A
Aerogel
Data n =1.020 4.70 £ 0.02 2.79£0.02 52+ 1.7 5.22 £0.16 0.0+ 0.5
Data n =1.026 3.36 £0.01 1.95+0.01 8+3 4.6+0.3 04+04
Simulation 3.0 1.3 544+ 1.7 N/A N/A

Table 4.4: Table summarizing the performance of the prototype. The error reported is the statistical error provided by ROOT for
quantities extracted by a fit, and the standard deviation for the number of photons. A cut-off on the third digit is applied in case of
small errors. For the simulations, the resolution values were provided in Table 4.2, and the expected number of photons was taken

from the original simulation prototype. The parameters py and p; for simulations were not considered reliable because of the excess of
optimism of the prototype simulation and were not reported.
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4.4.3 Aerogel study with the prototype

The goal of the August 2023 test beam was a detailed study of the aerogel res-
olution, having prior performed the laboratory characterization described in
section 4.3.2. Using the aerogel samples from Aerogel Factory Co. highlighted
in Table 4.1 and the two corner and cross configurations of MAPMTs, data
were acquired for refractive index between n,,;,, = 1.016 and n.,q, = 1.026.
Figure 4.42 shows the measured single-photon and single-particle resolutions.
From both plots, it is possible to see that by increasing the refractive index,
the resolution improves; in particular, for n = 1.026, the SPE resolution mea-
sured is 3.4 mRad, which is the best result achieved. Figure 4.43a shows the
number of photons for particle detected by the prototype as a function of the
refractive index; as expected from the increasing of density and transmission
Ar, aerogel with larger refractive index yields more photons. Figure 4.43b
completes the results of this study, showing the measured Cherenkov angle
that grows naturally with the increase of the refractive index. This study
showed that aerogel with a larger refractive index provides more defined rings.
Motivated by these results, the ePIC simulation group initiated a study to
evaluate the impact of increasing the aerogel refractive index.

4.4.4 Studies using the beam PID system

The beam PID system described in section 4.3.4 permits to tag the hadron
species passing through the detector with good efficiency and therefore the
direct study of the prototype PID capability. For the gas component, this
study used a beam of positive mixed hadrons with a momentum of 20 GeV
and 50 GeV, covering the momentum range over which the identification is
based on that radiator. The largest beam component is constituted by pions,
followed by protons; the kaons are just a few percent, and they are detected
by the prototype. The single-particle Cherenkov angle distribution for tagged
hadron species is shown in Figure 4.44 and Figure 4.45. At 20 GeV, the kaon
peak is clearly separated from the pion one. At 50 GeV, the proton peak
appears, while the kaon starts to overlap with the pion peak. In both cases,
a small inefficiency of the beam PID system is visible but does not affect the
result.

The aerogel component was studied using beams of mixed positive hadrons
with 6,8, and 10 GeV momentum. The plots are reported in Figure 4.46,
Figure 4.47, and Figure 4.48. In this case, the beam Cherenkov had more
inefficiencies, but the peaks of the three species are still visible. These data
were acquired with the n = 1.026 aerogel, and the MAPMTs in the corner
configuration, for which any information from the gas is lost. Comparing the
three plots, the modification of the beam composition with the energy is also
visible: protons became the major components at 10 GeV while the kaons
represent always a small fraction (few percent).
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(a) Single photon resolution measured by the prototype using aerogel with different refractive
index. The cluster of measurement at n ~ 1.020 is due to the fact that several tiles with this
refractive index were tested, and the result from the 2022 test beam was also included.
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(b) Single-particle resolution measured by the prototype using aerogel with different refractive
index. The cluster of measurement at n ~ 1.020 is due to the fact that several tiles with this
refractive index were tested, and the result from the 2022 test beam was also included.

Figure 4.42: Results of 2023 aerogel study
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(a) The number of photons for particles detected by the prototype using aerogel with different
refractive indices. The cluster of measurement at n ~ 1.020 is due to the fact that several
tiles with this refractive index were tested, and the result from the 2022 test beam was also
included.
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(b) Cherenkov angle measured by the prototype using aerogel with different refractive index.
The cluster of measurement at n ~ 1.020 is due to the fact that several tiles with this
refractive index were tested, and the result from the 2022 test beam was also included.

Figure 4.43: Results of 2023 aerogel study
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These results confirm the capability of the prototype to detect and identify
different particle species.

4.5 Conclusions

The Electron-Ton Collider is designed to expand the frontiers of the known
Quantum Chromodynamics. Colliding high momentum and highly polarized
beams with a high luminosity will produce data allowing unprecedented
studies of the nuclear structure and parton dynamics. This can be done
by studying SIDIS reactions, which requires the detection of at least one
hadron in the final state. The particle identification in the hadronic endcap
of the ePIC experiment will be carried out by a dual-radiator Ring Imaging
Cherenkov detector. The dRICH is being designed by a collaboration of
several institutions led by INFN. This detector is facing two main challenges:
the broad momentum range in which the hadron must be identified, and
single-photon detection in high magnetic field. The moderate background
radiation level expected at ePIC will progressively damage the selected
magnetic-insensitive SiPM photosensors. A study on recovering the photo-
detectors perfomance via high-temperature annealing has provided good
indications, suggesting the possibility of performing the cure directly in-situ
without removing the SiPMs.

A dRICH prototype was realized and tested between 2020 and 2023 to
support the detector design phase. It allowed to measure the optical perfor-
mance using a reference photon detector. The double rings were detected
using both a reference MAPMT detector and the SiPM, and the SPE reso-
lution measured for gas and aerogel is similar to the values expected from
the simulation. These results support the design and the feasibility of the
dRICH detector for ePIC, and will be further validated with a new real-scale
prototype.
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Figure 4.44: Distribution of the single-particle Cherenkov angle for gas photons,
for particle species tagged by the beam PID system. At 20 GeV beam momentum,
the kaon peak is clearly separated from the pion peak, while the proton does
not produce a ring being below the Cherenkov threshold.
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Figure 4.45: Distribution of the single-particle Cherenkov angle for gas photons,
for particle species tagged by the beam PID system. At 50 GeV beam momentum,
the kaon peak starts merging into the pion peak, while the proton peak is well
separated from the others.
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Figure 4.46: Distribution of the single-particle Cherenkov angle for aerogel
photons, for particle species tagged by the beam PID system. At 6 GeV beam
momentum, the proton peak is well separated from the others. The kaon peak
is barely visible around 205 mRad, although it is diluted by the beam PID
inefficiency.
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Figure 4.47: Distribution of the single-particle Cherenkov for aerogel photons,
for particle species tagged by the beam PID system. At 8 GeV beam momentum,
the proton peak is well separated from the others. Although the kaon peak is
visible, it starts merging into the pion peak.
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Figure 4.48: Distribution of the single-particle Cherenkov angle for acrogel
photons, for particle species tagged by the beam PID system. At 10 GeV beam
momentum, the proton peak is well separated from the others. The kaon peak
results overlapping the pion peak.
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Conclusions

The never-ending journey of understanding how matter is made has seen
remarkable progress pursued by humankind. The last half-century has un-
locked the possibility of exploring the nature surrounding us through new
perspectives thanks to the results achieved in understanding atomic, nuclear,
and nucleon structures. The advancement of theoretical knowledge and tech-
nical expertise, which are entangled aspects of science, has enabled access
to the three-dimensional structure of nucleons by measuring the Transverse-
Momentum-Dependent (TMD) Parton Distribution Functions (PDFs) and
TMD Fragmentation Functions (FFs) (generically TMDs). This was like a
Copernican revolution of subatomic structure studies, allowing us to overcome
the traditional one-dimensional models. The Semi-Inclusive Deep Inelastic
Scattering (SIDIS) is a powerful tool to access the transverse degrees of
freedom of partons, providing low-scale information that are much more
sensitive to the details of hadron’s internal structure.

This document described the author’s contribution in developing and
installing Ring Imaging Cherenkov detectors, which combine the Cherenkov
angle of photons produced passing through a radiator with the kinematic
information to identify the charged particle species. They play a crucial
role in SIDIS, in which at least one hadron is detected in the final state in
addition to the scattered electron. Proper identification of the hadron provides
information about the flavor of the parton involved in the interaction. The
author’s contribution focused on the Particle Identification (PID) detectors
for the CLAS12 spectrometer at Jefferson Laboratory and for the ePIC
experiment at the future Electron-Ion Collider (EIC) at Brookhaven National
Laboratory (BNL).

Chapter 1 provides an overview of the theoretical basis of the TMD
distributions, introducing the tools needed to extend the nucleon’s structure
investigation from the historical one-dimensional parton distribution to three-
dimensional imaging.

In Chapter 2, the innovative RICH detector of the CLAS12 spectrometer
was described. The hybrid-optics design, incorporating aerogel radiators,
visible light photon detectors, and a focusing mirror system, allowed the
instrument to fit into the limited space available in the CLAS12 Forward
Carriage and minimize the detector’s cost and material budget. The detector
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was installed to improve the 7% /K® separation in the higher momentum
range accessible with CLAS12 (3 =+ 8 GeV). The author participated in
the assembly and commissioning of the second detector module, having a
major role in assembling and testing the front-end electronics, mounting
and testing the photosensors, characterizing the spherical mirrors, cabling
the detector services to the CLAS12 infrastructure, and performing the first
functionality tests of the new module. Currently, the second RICH module is
running and acquiring data together with the rest of the spectrometer. This
Chapter also contains the efficiency study performed by the author on the
first RICH module installed in 2018. The study was based on the final states
that included a positive hadron eH+ X. By analyzing the missing mass and
exploiting allowed or forbidden exclusive channels, it is possible to evaluate
contamination of misidentified pions into the kaon sample, which was found
to be less than 2% overall. This efficiency evaluation is essential because
one of the RICH aims is to improve the high-momentum kaon identification,
providing a clean sample for kaon SIDIS studies.

Chapter 3 focuses on the study of the Beam-Spin Asymmetry performed
by the author. The SIDIS cross-section can be expressed as the sum of
contributions related to different beam and target spin polarization combina-
tions. The clean kaon sample identified by the RICH allows us to perform
a preliminary measurement of the structure-function F21[I}¢, having reduced
the pion contamination. Because the statistics of the kaon sample remain
relatively low, the Unbinned Maximum Likelihood (UML) fit method was
selected to extract the results. The analysis procedure was completed by the
evaluation of the contribution to the systematic error introduced by the novel
PID. The analysis is proposed as a case study for the measurements made
possible at CLAS12 by the improved PID capability for the high-momentum
hadrons achieved with the RICH installation. The preliminary results show
the capability of measuring the BSA with CLAS12 despite the low statistics
and do not contradict the previously published results. More completion
results will be provided in the future, when the software alignment of the
RICH will be complete increasing the available phase space up to the design
polar angle of 26°. Moreover, some of the data have not been analyzed
because they were acquired in a different torus configuration and require
systematic uncertainty fine-tuning. In a less immediate future, the second
RICH module increases the capability of acquiring more statistics with the
same beamtime to further reduce the statistic uncertainty.

Finally, Chapter 4 described the studies on the PID for the ePIC exper-
iment, which is currently under development for the future EIC at BNL.
EIC will be the new world-leading electron-ion collider, aiming to unlock the
frontiers of QCD. SIDIS will be one of the main topics of physics interest at
the new ePIC experiment, aiming to provide high-precision three-dimensional
images of the nucleon. The author was involved in the research and devel-
opment of the dual-radiator Ring Imaging Cherenkov, a detector aiming to
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identify charged hadrons in a broad momentum range (3 + 50 GeV/c) and
contribute to the electron identification while operating in a high-magnetic
field (~ 1T). To cover the whole momentum range, which crosses the typical
regions where acrogel and gas radiators are used, the dRICH will detect
the photons produced by two different radiators and combine this informa-
tion to identify the particle. Working in single-photon detection mode in a
high-magnetic field poses an additional challenge because it excludes the use
of Multi-Anode Photomultiplier Tube, a typical sensor for this application.
The proposed solution is to use Silicon Photomultiplier because they are
insensitive to the magnetic field. They can suffer radiation damage tough,
which increases the Dark Count Rate, making operation in single-photon
mode more complex. The author participated to the study of the possibility
of curing sensors via high-temperature annealing, which provided promising
results. The tests allowed the formulation of a working scheme for the detector
based on several in-situ annealing cycles, performed by directly polarizing the
sensors and exploiting the Joule effect, and a possible maintenance operation
when sensors are removed for long annealing in the oven. The last part of
the Chapter describes the dRICH prototype development and performance
test. The author dedicated a significant effort to this activity, contributing
to the design, implementing the prototype simulation, developing the re-
construction and analysis software, characterizing the prototype elements,
participating in several test beams as responsible for the analysis software
and the tracking system, and analyzing the collected data. The prototype
results are comparable to the performance expected from the simulation,
supporting the design and the feasibility of the ePIC PID subsystem.

The work described in this thesis represents the author’s contribution to
the development of innovative PID instrumentation, which plays a crucial
role in SIDIS studies. In the near future, these studies are expected to provide
unprecedented information about the nucleon’s structure and inner dynamics,
allowing new advances in the understanding of the true nature of matter.
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Appendix A

Result from scattering off Hydrogen

Appendix A reports the results obtained by applying the same analysis
procedure described in Chapter 3 to data of 10.2 GeV/c polarized electron
beam scattering off a Hydrogen target. The plots of the one-dimensional,
four-dimensional, and pion and kaon SIDIS comparison are shown.

The one-dimensional results are shown as a function of one of the electron
and kaon variables in Figures 49, 50, 51, and 52. They show that the
asymmetry is detectable using the CLAS12 spectrometer for kaons identified
by the RICH. The red area describes the effect of the total systematic
uncertainty, which is a second-order effect with respect to the statistical
uncertainty. Despite the limited statistical precision, the plots show the
asymmetry tends to be zero for small z and pr, as expected from theory.

The same four-dimensional binning used for scattering off deuterium
target data was applied. The results for the bins in the electron variables
and the correspondent bins in z are expressed as a function of pr and shown
in Figures 53, 54, and 55.

The one-dimensional comparison of the structure-function obtained from
pion and kaon is shown in Figure 56. Generally, the results obtained from
analyzing the two samples are close, but especially the kaons are dominated
by the statistical uncertainty. More reliable results could be obtained in
future studies with the completion of the RICH alignment extending the
polar angle range up to the design 26° and analyzing the full statistics.
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Figure 51: FZ‘E¢ /Fyu as a function of z. The red area shows the contribution
of the total systematic uncertainty to the measurement error.
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Figure 52: FEIL‘,¢ /Fyy as a function of pr. The red area shows the contribution
of the total systematic uncertainty to the measurement error.
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Figure 53: ngd’ as a function of pp, for the first bin on the electron variables
and the two bins in z. The mean values and bin extremes are Q* = 1.6(1.0, 3.0),
zp = 0.12(0.09,0.14) for both plots and respectively z = 0.51(0.35,0.62) and
z = 0.72(0.62,0.95) for top and bottom. The x-coordinate of each point shows
the mean value of pr, and the correspondent error bar shows the bin width.
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Figure 54: in{l]¢ as a function of pp, for the second bin on the electron variables
and the two bins in z. The mean values and bin extremes are Q% = 2.2(1.0, 3.8),
xp = 0.16(0.14,0.19) for both plots and respectively z = 0.51(0.35,0.60) and
z = 0.70(0.60,0.95) for top and bottom. The x-coordinate of each point shows
the mean value of pr, and the correspondent error bar shows the bin width.
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Figure 55: F' Zlg(b as a function of pp, for the third bin on the electron variables
and the two bins in z. The mean values and bin extremes are Q2 = 3.7(1.3,11.0),
xp = 0.28(0.19,0.75) for both plots and respectively z = 0.50(0.35,0.58) and
z = 0.68(0.58,0.95) for top and bottom. The x-coordinate of each point shows

the mean value of pr, and the correspondent error bar shows the bin width.

146



FufFuu

FufFuu

RGA - RICH - Comparison n*/K"* - =t shift 0.050

L
== +

iq el el Lo TRNEE el TR S W'
925 2 3 7 8
@ [GeV]

(a) Comparison as a function of Q.
RGA - RICH - Comparison /K" - & shift -0.005

0.4 =

et

o T Lo TR T — FEREET T —— | TR -
0.25' 12
b, [Gev)

(c) Comparison as a function of pr.

RGA - RICH - Comparison n*/K"* - = shift 0.005

FufFuu

Y| = S R U NS U S RN

(b) Comparison as a function of zp.
RGA - RICH - Comparison /K" - & shift -0.002

FufFuu

0255

(d) Comparison as a function of z.
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the error bars
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Acronyms

ALCOR A Low Power Chip for Optical Sensor Readout.

AMS-02 Alpha Magnetic Spectrometer.

BAND Back Angle Neutron Detector.
bECAL Barrel Electromagnetic Calorimeter.
bHCAL Barrel Hadronic Calorimeter.
BNL Brookhaven National Laboratory.

BSA Beam-Spin Asymmetry.

CD Central Detector.

CEBAF Continuous Electron Beams Accelerator Facility.

CERN European Council for Nuclear Research.

CLAS12 CEBAF Large Acceptance Spectrometer for operation at 12 GeV.
CND Central Neutron Detector.

CTOF Central Time-Of-Flight.

CVT Central Vertex Tracker.

DC Drift Chamber.

DCR Dark Count Rate.

DESY Deutsches Elektronen-Synchrotron.

DIS Deep Inelastic Scattering.

dRICH dual-radiator Ring Imaging Cherenkov.

DY Drell-Yan.
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EC Electromagnetic Calorimeter.

ECAL EElectromagnetic and Pre-shower Calorimeter.
eECAL Backward Electromagnetic Calorimeter.
eHCAL Backward Hadronic Calorimeter.

EIC Electron-Ion Collider.

ePIC Electron-Proton/Ion Collider Experiment.

FBK Fondazione Bruno Kessler.
FD Forward Detector.

FF Fragmentation Function.
FFs Fragmentation Functions.
FT Forward Tagger.

FTOF Forward Time-Of-Flight.

GEM Gas Electron Multiplier.
GEMC GEant4 Monte-Carlo.

GPDs Generalized Parton Distributions.

hECAL Forward Electromagnetic Calorimeter.
HERA Hadron-Elektron-Ringanlage.
hHCAL Forward Hadronic Calorimeter.
HIPO HIghly Performance Output.

hpDIRC high-performance Detection of Internally Reflected Cherenkov
light.

HTCC High Threshold Cherenkov Counter.
INFN Istituto Nazionale di Fisica Nucleare.

JLab Jefferson Laboratory.

JLab Thomas Jefferson National Accelerator Facility.
LHCb Large Hadron Collider beauty.
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LHCspin LHC fixed-target experiment.

LTCC Low Threshold Cherenkov Counter.

MAPMT Multi-Anode Photomultiplier Tube.
MAPMTs Multi-Anode Photomultiplier Tubes.
MARCO MAgnet with Renewed COils.
MAROC Multi-Anode ReadOut Chip.

MC Monte Carlo.

MIT Massachusetts Institute of Technology.
MPPC Multi-Pixel Photon Counter.

MPPCs Multi-Pixel Photon Counters.

PCAL Pre-shower Calorimeter.
PDF Parton Distribution Function.
PDF Probability Density Function.
PDFs Parton Distribution Functions.
pfRICH proximity-focusing RICH.
PID Particle Identification.

PM Parton Model.

PS Proton Synchrotron.

QCD Quantum Chromodynamics.
QM Quark Model.
QPM Quark Parton Model.

RG-A Run Group A.
RG-B Run Group B.
RHIC Relativistic Heavy Ton Collider.

RICH Ring Imaging Cherenkov.
SIDIS Semi-Inclusive Deep Inelastic Scattering.
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SiPM Silicon Photomultiplier.

SiPMs Silicon Photomultipliers.

SLAC Stanford Linear Accelerator Center.
SPE Single PhotoElectron.

SPS Super Proton Synchrotron.
TMD Transverse-Momentum-Dependent.

UML Unbinned Maximum Likelihood.
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