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. Water Cherenkov Detector a la SK
s Cherenkov radiation

Wave front
of Cherenkov Light

Trajectory of
Charged Particle

L=vt

Cos 0, _ L 21 Threshold p: muon 121 MeV/c
ng pion 160 MeV/c
proton 1070 MeV/c

d*N _ 27a 11 390 photons per 1 cm
dxdA A n°’f?) (300 nm < A <700 nm)

A = wavelength, n = index of refraction
S =vl/c,v=speed of charged particle



*» Vertex fit (1) : Point-fitt Good for a point source such as electron ring
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» Ring edge/ring direction

epleak R|ng Edge:

d*PE(6)
_ / Orige > Opear AN Y

Particle direction:
Z Gi ‘

Estimator (maximized by changingﬁp )

= PE(6)do dPE(@ ’
Q(eedge):J. ( d6§ )gedgej ’

0 20 40 80 a0 SIN B4,
opening angle dearee 0n -0
(defined w.r.t. the cone axis) exp[— edge — Ve ]

[p.e

—
h
[

rumber of

eedge

100 |

-0,
-0,

__Ul

g, =chargein PMT i

__Ul

second dedvarive

=10 F

2
20,



» Vertex fit (1) : TDC-fit - track length and scattered light effect included

Time residual:
TOF of track TOF of light

t =t° —E‘Xi —6‘ —E‘ﬁ —6‘ for PMTs inside Cherenkov edge
c c

§ 88 8 =t/ —% X. —6‘ for PMTs outside Chernkov edge
e 6 8%%8 Estimators: 2
i 8 8 8 8 G =Y Giizexp{— %(%j } for PMTs inside
| Cherenkov 8888 Go, =G, (t;) for PMTs outside and t; >t, | scattered
O 008 Gy, =G, (t;) for PMTs outside and t; < to} light effect

Final estimator to be maximized:

G, +G,, +Gg, by changing vertex position
- 1 and cone direction
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> Ring count

Circle around
hit PMT

Hough transform

Expected
Center
of
Cherenkov ring

Likelihood function for N+1 rings:

Ly =Y. Ioglprob( S DA )J If Ly.,>L,, several conditions
( obs - exp )2 are checked and a decision is

exp{— d 2_(1 }for g>® >20pe  made on how many rings there

Cherenkov
ring

1
prob(q**,q"") =
V2r

2mo are

= convolution of asingle pe for g* <20 pe
dist.and a Poisson dist.



Sub-GeV : Evis<1.33 GeV, Multi-GeV: Evis>1.33 GeV
> Ring count
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» Ring fitter example p — e*7°(7° — )
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s Particle ID

How do we detect muon and electron neutrinos ?

Larankov
radiation —
_':]“:I he Cerankov radiation
o rom a muon produced
by & muon nautring avant
gl vields a wall defined circular
1" u : . [ N T T
Ll h | ring in the photomultiplier
Muon Muon detactor bank
nautring
The Cerenkoyv radiation
g % from the electron shower : :
A P e muon-like ring
vV produced by an electror
e

e % - neutrino event produces
~_ | multiple cones and
1% | therefore a diffuse ring

t —lectron ™%
Electron Electron “O§ = .
in the detector array.

neutring shower __ |
Major interactions:
v, tNn->p/+ e

v

v, +Nn->p+ [

Most of time invisible electron-like ring



» Particle ID
Likelihood and probabilities

L,(eor u)= [ probla®™,qzP(eor 1)+ =)

0,<1.56,
y2(eor 1) =-2logL, (eor u)+const

—

i o ) — oxp| - 4 (€01 4) = MINGZ2(6). 72 ()*

20°,
| }(n —
obs  nexp 2
Pnangle (e or ,U) _ eXp . (Hn en (2e or lLl))
- 20,
Probability
P.(e or 1) = PP (e or 1) x P*""* (e or u) forasingle-ring event
P (eor u) = PP (e or u) for a multi - ring event
—

P =/-log P(x) —+/~log P(e)



» Particle 1D (u-like vs. e-like)
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» Vertex fit (111) : MS-fit — Timing and charge info used for a single ring event

FC 1ring e-like  FC 1ring p-like ™ A Vertex shift along a track changes the
TOF of each hit by almost equal amount
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» Vertex fit (111) : MS-fit — Timing and charge info used for a single ring event
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* Momentum measurement
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> Angular resolutions
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» ¥ finder : Motivation and strategy

e ¥ reconstruction efficiency with standard SK software

e |[nefficiency due to overlap
e Inefficiency due to a week 2" ring
e |nefficiency in between

inefficiency due to

—— > Needs a smart algorithm to increase efficiency sl 7 g
e POLfit (Pattern Of Light fit) Al single n° interactions
] _ SK atm. neutrino spectra
o Always I(_)oks_for an extra ring in a inefficiency |
single e-like ring event ''due to overlap
* Observed light pattern is compared <

with templates
e Scattered light due to processes such :
as Mie scattering taken into account ;
e Qutputs: Likelihoods in addition to o o,

information Of the extra-photon are T 40 60 80 foo 120 140 160 180
. true opening-angle (deg)
provided

iciency
Q
OO
8

eff
e




> 10 finder: Performance

© Measured opening angle vs. ¥ mass using r° finder

Single e-like events from single 7° NC int.
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» 10 finder: “Efficiency”

o ¥ “reconstruction efficiency” with standard SK + =° finder

efficiency
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» v_event identification (I) A 7 eventat SK (simulation)

Super-Kamiokande

Bun %9%5949% Sub 2%3 Ev 58
03— 10-10 02 401215
1 105509 hits,
1 hits,

Triggar IDr ool

Cuter:

D wallr 239, 2 o
FZ. ma =
Charge (pa)
. »26.7
* 23.3-26.7
* 4.7- 6.2
* 3.3- 4.7
* 2.2- 3.3
* 1.3- 2.2
* 0.7- 1.3
*= 0.2- 0.7
. < 0.2

0 pE {in-tima}

......

2 500 1009 1500 2000

Times (ns)



»v_event identification (1)
In addition to traditional SK variables, new variables such as

sphericity and aplanarity that describe topology of events are
also used to define a likelihood to distinguish t events from others

s Sphericity ("roundness")
0<S<1:S=1Iifthe eventis spherically symmetric.

» Aplanarity ("flatness")
0<A<1/2: A=0ifthe eventis planar.

' Reaction ffane /
[ — 3 /
‘Lll A~ — /} Il.::lfl-t:w
= a
- / Beam




»v_event identification (I11)

Sphericity Aplanarity
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» v_event identification(V1) After some cuts plus a cut on likelihood
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. Very Long Baseline Neutrino Oscillation Experiment

» Setting the stage
@ ~ g half megaton F.V. water Cherenkov detector, for example UNO
at 2,540 (BNL-HS) km and 1,480 km (Fermilab-Henderson) from the

beam source

. @ BNL very long baseline wide band neutrino beam
—_—

° VLB neutrino oscillation experiment v — v,
See, for example, PRD68 (2003) 12002 by BNL group for physics argument.
But it is based on 4-vector level MC and on very optimistic assumptions

A

* How do we find the signal for v — v,
°vV >V, and v,+N — e + Invisible N' + (invisible n r*s, n=0)

© Look for single electron events

o Major background ‘—> Y (v)

xyv +N-—>v _+N'+nr’+ (invisible n s, n>0)
u,t,e u,t,e

x v, contamination in beam (typically 0.7%)



> Neutrino spectra of on- and off-axis BNL Superbeams

PRDG68 (2003) 12002; private communication w/ M.Diwan

on-axis beam

19 off-axis beam

\! chn\/ImZIDﬂT

VMOIU\JVIIII It \J1

1 1 1 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ ”‘:“\r ‘
0 2 4 6

2 14
ﬂu|>|meu Z:r”(’)]@ nergx &G?V NUS/GG\//m2/POT




> How iIs analysis done ?

e Use of SK atmospheric neutrino MC
= Standard SK analysis package + special =° finder

= Flatten SK atm. v spectra and reweight with BNL beam spectra

= Normalize with QE events: 12,000 events for v, 84 events for beam

v, for 0.5 Mt F.V. with 5 years of running, 2,5140\j1,480) km baseline

distance from BNL|to Homestake

2500 kte MW.107 sec (distance from Fermilab to Henderson)

BNL 30 GeV AGS

= Reweight with oscillation probabilities for v, and for v,

e Oscillation parameters used:
= Am?,, =7.3 x 107> eV?, Am?,,=2.5 x 10" JeV?
: sin226ij(12,23,13):0.86/1.0/0.04, 8.p=0,+45,+135,-45,-135°
Probability tables from Brett Viren of BNL



» Selection criteria used to improve

o |nitial cuts: Traditional SK cuts only

= One and only one electron-like ring with energy and reconstructed
neutrino energy more than 100 MeV without any decay electron

Eree my E, To reduce events with invisible
my —(1—cosé,)E, charged pions
o Likelihood analysis using the following 9 variables: With =° finder
" ¥ mass (piOmass) = A log n%-likelihood (Alog piOlike)
= energy fraction (efrac) = single ring-ness (dlfct)
" COSt_h _ o = total charge/electron energy (poa)
= n'-likelihood (pi0-like) = Cherenkov angle (ange)

= e-likelihood (e-like)



> How well can we measure neutrino energy ?
From now on only single e-like events after initial cuts will be used
Oscillation effect on with CPV+45° at 2,540 km
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« Useful Variables to form likelihood function

All the distributions of useful variables are obtained with

s 10 mass : I :
. neutrino oscillation “on” with CPV phase angle +45°
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» Energy fraction of 2"dring  Fake ring has less energy than real one
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» Difference between log of two n°-likelihoods (wide vs. forward) from POLfit

-One algorithm optimized to find an extra ring near the primary ring (forward region)
This algorithm practically gives likelihood how likely the event is single e-like

- Another algorithm optimized to find an extra ring in wider space (wide region)

- See the difference log n-likelihood (forward) - log n°- likelihood (wide)

Primary electron ring

S

N

An undetected weak
ring initially



» Difference between log of two n°-likelihood (wide vs. forward) from POLfit
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» costh = cos 0,
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Trained with v, CC events for signal, v, CC/NC & v, . NC for bkg
» A log likelihood distributions log likelinood ratio (signal vs. background)
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i signal

efficiency

. 1.5 <Erec<

efficiency

Trained with v, CC events for signal, v, CC/NC & v, . NC for bkg
= Efficiency of a cut on A log likelihood ( signal vs background)

7 0 < Erec<0.5 GeV

background

A log likelihood

A log likelihood

efficiency

efficiency

. 2.0 < Erec<

| 0.5 < Erec<1.0 GeV

A log likelihood

efficiency

efficiency

71.0 < Erec<1.5 GeV

A log likelihood
3.0 GeV

A log likelihood




BNL-Homestake (2540 km)

» Effect of cut on A log likelihood Ve CC for signal ;all v, .. NC , v, beam

for background —After initial cuts

No A log likelihood cut (100% signal retained™— A log likelihood cut (~50% signal retained)

after initial cuts)
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BNL-Homestake (2540 km)

R v, CC for signal ; all v, . . NC , v, beam
s Effect of cut on A log likelihood "

for backgrounds
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BNL-Homestake (2540 km)

R v, CC for signal ; all v, . . NC , v, beam
s Effect of cut on A log likelihood "

for backgrounds

A log likelihood cut (40% signal retained) A log likelihood cut (~40% signal retained)
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BNL-Homestake (2540 km) _ . .
ffectiveness of variables I\I_eut_rlno_ oscillation was on t(_) define template
. Effec distributions. For analysis with CPV=+45°

Variable

emoved  Oignal Bkg Effic Signal Bkg n° Beam v, S/B(z°)

None v,CC v all v,v. NC 40% 280 87 49 3.22

] e

ApiOlh v cC vyall, v,v. NC 400 281 102 50 2.75

poa v, CC v, all,v,v. NC 40% 281 04 49 2.98

] e’

pi0-lh veCC v all,v,v. NC 40% 2/8 94 ol 2.95

] e’

e-h  v,CC v, all,v,v,NC 40% 277 94 46 296

efrac v.CC v all,v,v,NC 40% 281 98 49 285

1 Vo

piOmass v, CC v all, v,,v, NC 40% 280 105 50 266

] e’

costh v, cc v,all, v,v,NC 40% 279 101 49 2.76

ange v,CC v all,v,v, NC 40% 280 98 49 2.86

] e’

difct v,CC wv,all,v,v,NC 40% 277 95 49 293

1 Vel




BNL-Homestake (2540 km)

. Breakdown of interaction mode

Interaction O<E, <1 GeV 1<E <2 GeV 2<E<3GeV 3GeV<E,,
mode

Sig Bkgn® Sig Bkgn® Sig Bkgn® Sig Bkgn?

CCQE 82% 7% 69% 1% 28% 0% 50% 0%

17 390 3% 5% 8% 11% 0% 8% 0%
1T 14% 7% 22% 1% 45% 0% 30% 0%

DIS 1% 0% 3% 1% 15% 18% 13% 0%

NC1xn’ 09 39% 0% 68% 0% 23% 0% 25%
1o 0% 29% 0% 3% 0% 0% 0% 0%
DIS 0% 11% 0% 9% 0% 59% 0% 75%

Others 0% 3% 1% 10% 3% 0% 0% 0%




BNL-Homestake (2540 km)

*E. VS. E,

Alikelithood cut (~40% signal retained)
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Fermilab-Henderson (1480 km)

s Effect of cut on A log likelihood

A log likelihood cut (40% signal retained)
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Fermilab-Henderson (1480 km)

— v, CC for signal ; all v, . . NC , v, beam
s Effect of cut on A In likelihood '

for backgrounds
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- Granularity and n° efficiency for same PMT coverage

Expected improvement with UNO? Compared with a smaller detector

i m ¥ efficiency improves when min.
08 - n® opening angle 0-20° distance increases (up to 20%)
- m For smaller ° opening angle finer
o7 = more granularity =~ — granularity is needed.
~ pixels :
0.6 F m See the power of the n° finder
0.5 - —
E ith <0 find m What PMT coverage needed?
: WIth e ihder 10,20,40% (SK-I has 40% coverage)
- without n° finder \

Minimum distance to wall in ©t° direction (m)



. Conclusions

¢ Realistic MC simulation studies have been performed for the BNL
very long baseline scenario with a water Cherenkov detector. It was
found that BNL wideband v, beam combined with a UNO type detector
DO A GREAT JOB whether the baseline is 2,540 km or 1,480 km.
— Very exciting news ! But always do proper MC simulations!

¢ It was demonstrated that there is room to greatly improve S/B ratio
beyond the standard water Cherenkov detector reconstruction codes
even with currently available codes.

« We may need further improvement of algorithm/software, which
IS quite doable.

« Detailed studies on sensitivity on oscillation parameters needed
with different neutrino spectrum to optimize the beam spectrum.

* A larger detector such as UNO has an advantage over a smaller
detector such as SK (we learned a lesson from 1kt at K2K):
Both PMT coverage AND granularity are important

¢ In collaboration with BNL and Fermilab, proper simulations of a
next generation water Cherenkov detector, its optimized design
with reasonable v, beam will produce sweet fruits for exciting physics
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