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The Four-Fold Algorithm

The method by which four-fold hits are found in the Double Chooz
calibration code is based on a comparison of timing information. Initially,
two bi-layer hits in overlapping modules are checked to see If they occurred
within 1 second of each other. Once the hits that are within 1 second of
each other are found, they are checked to see if they occurred within 4

Cosmic Ray Taggers (CRTS)

Introduction

In particle physics experiments where it becomes necessary to track or
reconstruct events of particle interactions, it is important to identify and

For the CRT discussed here, scintillating strips form bi-layers (a scintillator is a material that can absorb
energy from incident particles and re-emit the energy in the form of light). These bi-layers, composed of
reduce sources of background interference. In the case of DUNE and other two rows of scintillator strips each, are labeled either an ‘X’ module or a ‘Y’ module, signifying the fact
such experiments relying on Liquid Argon Time Projection Chambers that, between the two modules, the strips are orthogonal. The bars are also placed in such a way that
(LArTPCs), highly-energetic muons can potentially become a source of there iIs an overhang on either end of a bi-layer. Hits in the scintillating strips can then be used to clock cycles of each other. An example of the ADC distribution in all active
such interference. These muons are generated when cosmic rays strike reconstruct the path of the muon through the CRT using the orthogonality of the bi-layers (see Figure channels before and after applying gain constants is shown in Figures 4
Earth's atmosphere, resulting in a shower of particles, shown in Figure 1. 3). The primary purpose of the CRT is to track and time the crossing of muons in order to mitigate any and 5 respectively and the modified four-fold algorithm is shown in Figure 7
As a result, approximately 10,000 muons per square meter per minute background noise in the LArTPC. along with an example gain constants histogram shown in Figure 6.

reach the surface of the Earth?.
allADCv allADCv

allADCv allADCv

Entries 96 Entries 96
Mean 322.2 Mean 306.6

Std Dev  51.63 StdDev 32.92
Underflow 0 Underflow 0
Overflow 0 Overflow 0
Integral 96 Integral 96

Top of the atmosphere

Proton collides with an
e atmosphere molecule.

200 1000

Figure 4: ADC distribution of mean ADC values for ~ Figure 5: ADC distribution of mean ADC values for

Figure 3: A schematic of a muon passing through the CRT. One bi-layer, labeled ‘X, is each active channel in the CRT before calibration. each active channel in the CRT after calibration

oriented perpendicular to another bi-layer, labeled “Y’. This orthogonality between layers

Figure 1: A cosmic ray striking Earth’s atmosphere e
allows for determination of the muons track through the CRT3.

resulting in a shower of particles. Among these
particles, muons (i) are generated.

gain_distribution -1 for (int j=0; j<module_coinc2->GetEntries();j++){

Entries 64
Mean 14.79
StdDev 4.133
Underflow 40

Overflow 0
Integral 24

module_coinc2->GetEntry(j);
time_in_s = (int)(stime_sec_high_m2*65536.+stime_sec_low_m2);

Each strip in the CRT is connected to a multi-anode photo-multiplier tube (PMT) via a wave-length
shifting (WLS) fiber, with each PMT having a total of 64 channels. The peak absorption wavelength of
the WLS fiber should ideally match the peak emission of the scintillating material, allowing for the
scintillation light to be transferred to the PMT, where the signal is then amplified.

typedef mymap_t::const_iterator I;
for (int time=-1;time<=1;time++
std::pair<I,I> b = maptimes.equal_range(time in s+time);

//loop through all entries which match in seconds (+/-1)

The Deep Underground Neutrino Experiment (DUNE)

& _Llow_| ; //subtract the offset from the top module
if ((stime_16ns_high_m2*65536.+stime_16ns_low_m2)<(stime_16ns_high_m*65536.+stime_16ns_low_m)){
timediff = ((stime_16ns_high_m2*65536.+stime_16ns_low_m2-stime_l6ns_high_m*65536.-stime_16ns_low_m));

DUNE is a planned experiment in long-baseline neutrino oscillation physics
which seeks to understand the nature of neutrinos and has the potential to
answer guestions such as*:

while( timediff < 0 ) timediff += 65536;

timediff -= offsets[0];
//cout << "timediff = " << timediff << endl;

if(timediff<=4){
if ( fabs(time_offset) > timediff ){
i set = timediff;
m; //module 7

When a scintillating strip is hit by an incoming particle, the scintillation light will travel through the fiber
and to the face of the PMT. Thereafter, the signal can be processed using a computer, yielding
Information of the ADC value of each channel on the PMT, the PMT the signal originated in, and more.
Ideally, all the channels on the PMT face would produce identical signals for identical inputs, however
=» Does a proton undergo decay? this is not the case. The purpose of the calibration of the CRT is then to produce a set of so-called gain
=» Do neutrinos and anti-neutrinos oscillate differently? constants that correct for this phenomenon. These gain constants act to shift the peak ADC distribution
for each channel of each PMT to a pre-specified value.

= \Why does matter currently dominate our universe, as
opposed to anti-matter?

Figure 6: A histogram of the gain constants Figure 7: The modified four-fold algorithm. The key
produced for each channel for a PMT in the CRT  differences with regards to the original include the
system. The peak ADC values for each channel addition of offset information and extension of the
are then multiplied by these gain constants in  algorithm to handle more modules.

order to shift them to a specified value.

Currently, DUNE iIs not scheduled for completion until the early 2030s.
However, protoDUNE, a prototype of DUNE’s far detector meant to test the
design, Is operational. As mentioned, DUNE will operate using a LArTPC,
which i1s a kind of particle detector. The LArTPC can detect when an
energetic charged particle passes within, because the charged particle will

The Calibration Code

The foremost goal of this project was to take existing code for the calibration of the Double Chooz
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A bi-layer hit in a CRT module occurs whenever there are two geometrically overlapping hits. Two bi-
layer hits are referred to as “four-fold”, as shown in Figure 3. One method of identifying when a four-
fold hit occurs is to observe the timing information of the hits. Since muons move at relativistic
speeds, the time between hits in two overlapping modules is expected to be small. Specifically, we
require that the hits be within a few clock-cycles of each other. In this case, a 16-nanosecond clock-
cycle Is used. Four-fold hits are particularly useful since, statistically speaking, a four-fold hit is most
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The potential for cosmic muons to create interference is then clear by the
principles of the LArTPC’s operation, since cosmic muons are both
energetic and charged. This interference can create ambiguity between
events due to neutrino interactions and events due to muons. Therefore, it is
vital to reduce this ambiguity, which can be done using a system known as a
Cosmic Ray Tagger.




