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Abstract

The primary focus of this note is to study the muon detection e ciency and the tracking ability of
the water pool veto system. A list of derived con gurations from the \baseline" geometry described in [1]
are discussed.

1 Water Pool Geometry in the Monte Carlo

The baseline pool geometry in [1] is implemented in the G4dyb simulation. Fig. 1 shows the geometry
in the Monte Carlo at the near hall. The ertire dimensionsof the water pool (included the water tracker
modules)are 16 10 10 m. The most outer layer (enclosedby the red box) represerts the water modules
with 1 m thickness,which is not active in this study. The water modules and the inner pool are separated
by a layer of tyvek (blue box), with PMTs mounted at the inner surface,all looking inward. The two inner
three-layer cylindrical objects represen the two certral detector modules surrounded by the shielding water.
There is a layer of tyvek enclosurecovering the two certral detectors, as shovn in the gure asthe white
box. In this note, to avoid confusion, the water volume betweenthe two layers of tyvek is named as the
\imaging water", and the water inside the inner tyvek is called the \shielding water". The top thicknessof
the imaging water is 1.5 m, and the side thicknessis 1 m. Another array of PMTs are instrumented at the
outer surfaceof the inner tyvek, all looking outward. In this simulation, we usestandard 8" PMTs, with two
di erence spacings:1.1and 1.4 m. Both tyvek layerscan be madeeither black or re ectiv ein the simulation,
and the PMTs can be \switched o " in the subsequeh analysis. In addition, we have also performed the
simulation by removing the inner tyvek completely. In Table 1, di erent con gurations consideredin this
study are summarized. Among these, Con guration K (with only outer tyvek and PMTs on four sidesand
the bottom) has been chosenas the baselinein the CDR due to its structural simplicity. Its geometry is
illustrated in Fig. 2.

Figure 1: The near hall water pool geometry im-  Figyre 2: Con guration K { the \baseline" pool in
plementa in G4dyb . See text for details. the CDR.

In this simulation, the attenuation length of the water is 50 m, and the re ectivit y of the steeltanks of
the certral detectorsis 0.1. The re ectivit y of the tyvekin the \black" pools were set at 0. The re ectivit y
of the of the \re ectiv e" tyvek hasbeendirectly measuredin air. However, previous studies by KAMLAND
indicate that it could be worsein the water [2]. Here, to be consenative, the \air values" loweredby 11%
wastaken. In Fig. 3, the assumedtyvek re ectivit y asa function of the photon wavelength is plotted, along



Label | Description Total Number of PMTs | Trigger Cut

A 2-layer pool with re ectiv etyvek, 1.1m PMT spacing 741 25
(Fig. 1)

B 2-layer pool with black tyvek, 1.1 m PMT spacing 741 25
(Fig. 1)

C 2-layerre ectiv epool (asA) with 1.4m PMT spacing 377 17

D 2-layer black pool (as B) with 1.4 m PMT spacing 377 17

E The very top layer of PMT remaoved from C 332 16

F Bottom layer of PMT (immersedin the shielding wa- 332 16
ter) removed from C

G Both top layers of PMT remaoved from C 305 15
Single-layer re ectiv e pool (inner tyvek and PMTs 462 19
removed from A) with 1.1 m PMT spacing

I Same as H, but with the very top layer of PMTs 371 17
removed

J Single-layer re ectiv e pool (as H) with 1.4 m PMT 230 13
spacing

K Sameas J, but with top PMTs removed 185 12

L 2-layer re ectiv e pool, with all outer layer PMTs re- 310 15

moved, exceptthe onesat the bottom of the imaging
water (two lower cornersin Fig. 1), 1.1 m PMT spac-

ing
M SameasL but with 1.4 m PMT spacing 147 11

Table1: Various con gur ation considered in this study. The third column is the numbker of PMTs in individual
con gur ations. The last column is the muon trigger condition (minimum numkber of r ed tubes) determined
in Sec. 2.

with the quantum e ciency of the photocathode. At the cathode sensitivity peak( 380nm), the re ectivit y
is 0.8.

2 Trigger Condition

Perhapsthe simplest muon trigger is a cut on the number of red PMTs within a giventime window. Let us
considerthat we have muons (signals) and somerandom noise (PMT dark noise, background radioactivit y,
etc.). The cut shouldensurethat 1) the random veto deadtimeis small (< 1%), and 2) the random coincidence
rate is reasonablysmall (e.g. <25%)comparedwith the muonrate. Let ustake a muon veto gate of 200 s,
then 1) leadsto a maximum random rate of 50 Hz. For the near hall pools, where the total muon rates are
200 Hz, 50 Hz also satis es 2).

Let the total number of tubesbe N, the random rate in ead tube be R, and width of the coincidence

window be , the random coincidencetrigger rate for at least n tubescan be expressedas [3]

LN
Rrand = =  KC{(Po)*(@ Po)N k;Pp=1 e R ; (1)

k=n

in which C¥ represerts the combination of choosing k tubesout of N, and Py is the Poissonprobability of
arandom hit in . The factor of k in front eac term takesinto accourt the trigger timing: any one of the
k tube can the earliest (triggering) PMT.



Tyvek reflectivity and PMT QE vs wavelength
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Figure 3: The tyvek re ectivity and the quantum e ciency of the photacathode as a function of photon
wavelength.

The highest random rate in the prototype detector PMTs is 20 kHz (with a 1/3 PE threshold) [4]. To
be consistert with the CDR writing, we assumea very consenative 50kHz here. = 200nsis chosenbased
on the arrival time distribution of the photo-electronsin a \re ectiv e" pool (seeFig. 5(b) and related text
below). Then basedon Eg. 1, the minimum trigger conditions (R;ang < 50 Hz) for individual con gurations
in Table 1 can be calculated; they are summarizedin the last column in Table 1. For clari cation, a cut of
n tubesin this context represerts a total number of red PMT  n.

3 Basic Muon Physics Information

Let us rst make a quick comparisonof a black and re ectiv e pool. In Fig. 4, the Cerenkov photons created
by a 200 MeV muons in the water are displayed for both cases.The total chargein a \re ectiv " pool on
averageis a factor of 3.5 of that in a\black" pool Y.

Figure 4: Visualization of the Cerenkovphotonsgenented in the water for a black (a) and re ective (b) pool.
The pool shownis identical to Con gur ation K in Table 1.

Fig. 5 shows the hit timing distributions for a \black" and \re ectiv " (Con guration K) pool. As a
results of the re ections, the arrival time of the photoelectronsin a re ectiv e pool also has a much longer
tail. Quantitativ ely, a window of [0,100], [0,200], [0,300], and [0,400] ns, covers 90.8%, 98.9%, 99.8%, and
99.9% of the total charge, respectively. Therefore, a gate of 200 ns is a reasonablechoice to ensure high

YNote, if the tyvek re ectivit y was setto be 90%, this ratio becomes 5.



PMT charge collection e ciency while suppressingthe accidertal rates. As a nal caution, the hit timing
for muons ring lessthan 12 PMTs (short track muons) are also overlaid in Fig. 5, which appearsto share
the samedistribution asthat of other muons. Therefore, a [0,200] ns timing gate doesnot arti cially limit
our sensitivity to small signals.
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Figure 5: PMT hits timing (relative to the rst hit) distribution for black(a) and re ective (b) pools (Con gu-
ration K). The discrete hits at later time corresmnd to stopped and decayed muons (pink dashel). The timing
distribution for the small muon signals are also overlaid in Fig. 5(b) as a check to the 200 ns coincidence
gate.

For reference the muon energydistribution at the Daya Bay near site is shown in Fig. 6. The distribution
of the total muon track length in the imaging and shielding water volumesis plotted in Fig. 7. On average
ead muon transversesabout 5 m of water. As a sidenote, in all subsequen studies, we require that the muon

Muon Track Length in water pool (imaging+shielding)
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Figure 6: Distribution of muon enemgy at the near  Figure 7: Distribution of muon track length in
site. imaging and shielding water.

must have a non-zerotrack length in the imaging water. To setthe scale,in the simulation for Con guration
\K", out of 2500 simulated events, we have 1893 such \good" muon everts, and 135 of them are stopped
muons.

For muon hits information in the remainder of this section, without the loss of too much generality, |
use the results from the \baseline" (Con guration \K"). Shawn in Figs. 8 and 9 are the distribution of
photoelectrons, and the number of red PMTs per event. On average, the multiplicit y per PMT is 9.
Fig. 10(a) shows the 2D plot of red PMTs vs PE, and a zoom-in to the small signal region is displayed in
Fig. 10(b). One seesthat for small signals where our trigger threshold is concerned,a cut on N PMTs is
equivalert to a cut on N PEs. The dependencebecomesnon-linear for large signals, sincethe total number
of tubesare xed.

We again use Con guration K to illustrate the relation betweenthe charge and muon track length in
water. The PEs vs the total muon track length in imaging and shielding water is plotted in Fig. 11(a). On



Number of fired PMTs per muon

Total PEs of Veto PMTs per muon

hPMTHit
70C hHitSum 99 Entries 1893
= Entries 1893 80 Mean 129.5
60— Mean 1120 RMS 37.95
E Er’\:ldserﬂow 692% 0 gcgﬁﬂrﬂ:/w 8
50| verflow 1 60;*
40 50—
C 40
300 E
= 30
s WIJ i3 Nﬂ
10 105 A_erﬂw
= jﬁ‘—‘LH‘H“HH“HH“H‘HH
B . Wi EE. % 20 40 60 80 100 120 140 160 180
&) 500 1000 1500 2000 2500 3000 3500 Number of PMTs

PE

Figure 9: Number of r ed PMTs per muon for

Figure 8: PE per muon for con gur ation K. con gur ation K.
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Figure 10: Number of Fired PMTs vs PE (a), and a zoom-in to the low signal region for Con gur ation K.
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Figure 11: PEs vs track length in water (a), and a zaom-in to low signal region (b). The denseand slightly
dropped-down region around (4 m, 500 PE) correspnds to muons going through the central detector tank
vertically, and the low re ectivity of the stainlesssteel tank leadsto a lower PE yield.



averagethe PE yield is 200/m. For comparison,a typical water Cerenkov yield in a non-re ectiv e enclosure
is givenin [5] as:
PE 15 Evis(MeV); 2

in which is the percertage coverageof the photo-cathode, and E ;s is the visible energyfor muon in water.
Take = 1:0% for this con guration, and E,is 250 M eV=m, and multiply by a factor of 3.5 due to the
re ection, onegets 130 PE/m, which noticeably lower comparedwith our simulation. The origin of this
discrepancyis still under investigation. Fig. 11(b) again zoomsin to the low signal region. One veri es that
the small muon signal indeed correspondsto muons with short track length.

Lastly, in Fig. 12, the distribution of hits in di erent planesfor Con guration \A" (normalized by the
number of PMTs in ead plane) is shovn. One seeshat with are ectiv e pool, the hit distribution in dierent
planesis rather uniform.

PE distribution in PMT planes (normalized by # of PMTSs)
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Figure 12: The distribution of PEs in individual PMT planesin a two layer pool (Con gur ation A).

4 Muon Tagging E ciency

Let us again take Con guration \K" as an example. When setting a 12 PMT cut according to Table 1,
out of the 1893total events, 13 of them fails the cut (2 of which are stopped muons), corresponding to a
muon tagging e ciency of 99.3%. In Figs. 13(a) and 13(b), the track lengths and the muon track impact
parameter with respect to the pool certer (the mid point of the two certral detectors) for theseine cien t
muonsare showvn. One seeghat most of thesemuonsare corner clippers: with short track lengths (< 11 cm),
and far away from the pool certer (>5 m). Two stopped muons have track lengths of 1l1cmand 2 cm,
respectively. Fig. 14 givesa 3-D view of thesetracks, which further con rms the corner-clipping natures of
thesetracks.

A comparison of the muon e ciency for various con gurations in Table 1 is made in Fig. 15. The
e ciencies at the minimum cut valuesfor the two \black pools" (B and D) are both below 90%, signi cantly
worsethan those of the re ectiv e pools. Therefore they are ignored in the gure. At the minimum trigger
cuts, all con gurations achieved 99.0%tagging e ciency . In general,the e ciency for 1.1 m PMT spacing
is slightly better than those of 1.4 m, with a cost of a factor of 2 more PMTs.

5 Tracking abilit y

Due to the re ectiv e tyvek surface, getting directional information from the hit pattern is dicult. Here,
| only considerreconstructing one point from the muon trajectory, and assumethat another point can be
obtained accurately from either the RPC or the certral detector.

In order to eliminate the \smearing" e ect of the re ection, a straight average of the positions of the
rst N red PMTs is taken asa reconstructed position along the tra jectory. Empirically, reasonablyresults
are obtained with N between3 and 6, sol choseN = 5. The timing resolution of the electronics has been
taken into accourt by applying a Gaussian smearing to the true hit time with a width of 2 ns [6]. The
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Figure 13: Tracklength (a) and the impact parameterw.r.t. to the water pool center (b) for ine cient muons
(red). For comparison, the total distributions (black) are also overlaid.

Figure 14: 3-D visualization of the ine cient muon track for con gur ation K. Cerenkov photon tracks and
PMTs are removal from the gur e for visual clarity.

shortest distance from this reconstructed position to the true muon trajectory is taken as a measureof the
tracking precision. In Fig. 16(a), the evert-by-evert distribution of this distance is histogrammed for a few
represenativ e con gurations in Table 1. Overall, con gurations A and H give the best performance. The
performance for con gurations E, |, and L are very comparable; both give 1 m tracking precision. It
is interesting to note that for the the single layer con gurations (I, K, L, and M), the performancesfor
the pools with inner PMTs only are better than their outer-layer-only counterparts (with the samePMT



Muon efficiency vs PMT hit cuts
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Figure 15: Muon e ciency vs PMT cut valuesfor con gur ations in Table1. The minimum trigger cut for
each con gur ation is indicated in the legend.

density), i.e.,\L > I" and\M > K", This is dueto the fact that the outward-looking inner PMTs are more
sensitive to the direct lights, which contains more position information of the muon track than the re ected
lights. Finally, for comparison,the tracking precision of the samealgorithm when using the true hit time is
displayed in Fig. 16(b). The impact of the timing resolution is hardly visible from the gures.

6 Conclusion

We have studied various pool con gurations. The re ectiv e pool is much more favored in terms of the
muon tagging e ciency . 99.0% e ciency has been achieved in all re ectiv e con gurations. Various pool
con gurations have also achieved 1 m tracking precision.
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Figure 16: The distance of the reconstructed position to the truth trajectory for various pool con gur ations.
Fig. 16(a) takesinto account the 2 ns electronics timing resolution, whereas 16(b) takesthe true hit timing
from the Monte Carlo.
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