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| ¢ Generation of LBNFevents

*+ Simulationof eventsin Theia

% Reconstructlon of h1gh energy events %.

% Vertex reconstructlon WATCHMAN
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Wf‘_:f'To s1mu1ate LBNF events 1n The1a

much has to be conmdered

= Scﬂlatlon probablhtles

- Neutrmo beam ﬂux
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- 40 kT ﬁduc1a1 Volume

:  much has to be cons1dered =
|+ Oxillation probabilities - 2 Generation of events used.
= e e H and O targets only
- = - i 3 5 years FHC
~ * Cross-section measurements | |
- - - = ._.T‘_Normal mass hlerarchy
—* Delectorsize . - - ,
. * Detector composition | - -
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Tens of thousands of PMTs are required for Theia.
For GeV LBNF events we create many photons!

Simulating large numbers of photons interacting with the PMTs is very time
consuming.

For example a GeV muon currently takes ~8 hours to simulate.
* ~913 years to simulate a million events.

[ have worked on performing the simulations without PMTs enabled in RAT-PAC,
then reintroducing them within the analysis framework.

* Already have parameters such as the PMT positions and efficiencies as a
function of wavelength from the ratdb framework.

This should speed up the simulations considerably, so we can produce MC sooner
than ~900 years after Theia has been built.



. After changmg the framework by removmg PMTS we —

- ‘need to ensure we have the same detector response

- '+ Used photon bombs as they are qu1ck to 51mu1ate
- (both for enabled and dlsabled PMTs) to grve large
| StatIStICS e

thls method performs comparably to the full srmulatmn

'""Real" PMTs
Entries 1000

é—Number Of 1 Mean 199.7 £0.7101

RMS  22.45 = 0.5021
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"Real" PMTs

Entries 199662
Mean  73.13+0.1131
RMS  50.54 + 0.07997

Fake PMTs

Entries 198436
Mean  65.13+ 0.112
RMS  49.87 + 0.07917




New method repllcates ”PMT enabled” The1a s1mulatlon Wel];——~
- -f . Some small remapplngs are requ1red to match the samples
. . Implementatron of glass bulbs | ' -
- Implementat1on of trans1t t1me spread
_ Old method took =8 hours to 51mulate a 1 GeV muon
= . Years to produce 1000000 events
New method takes ~100 seconds

< 1000000 events can be s1mulated in ~Weel<

. Testlng d1fferent PMT conﬁguratlons can be done W1th the same MC sample'
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——— Cherenkov J.-— Cherenkov hght timing = &

~ information is a function of f;ﬁ
vertex position (x,y,z) and

particle direction (g, ¢).

Scintillation

Cherenkov light arrives prior
to the scintillation light.

Enables Cherenkov /
scintillation separation.

N
a

8

Scintillation light timing
information is a function of -
combination of absorption, = vertex position Qn]y(x,y,z). .Vr'f e
reemission and scattering. e = =

Reflection on
detector walls.

Delay caused by a

Counts per bin
o

—y
o

PMT h1t tlme, mmus
travel time from vertex




— f‘mformat1on

-For a test Vertex and o test part1cle d1rect1on 1terate through the
{jﬁrst h1t t1mes on each PMT | -

: 'f.i-.‘For each PMT h1t t1me calculate BOTH the Cherenkov AND
;sc1nt1llat1on t1mmg res1duals

- * Both are calculated as We do not know Wh1ch mechamsm
produced the photon |

: A' _‘{'-TWh1chever productlon mechamsm y1elds the h1ghest l1l<el1hood is the =
"V-”hypothes1zed mechamsm and the correspondmg l1l<el1hood Value is




~ Initial, course,

- We now have our f1rst ”test llkellhood” However We — -

’Z_'must repeat thls process for pos1tlons throughout the -
= - undertaken.

detector AND for all part1cle d1rect10ns =

. To do thls (1n the most non—computat1onally 1ntens1ve . PP

| ~ Once the sweet |
f Way possrble) we voxehse the detector

spot is found a
finer scan can be
undertaken =

* In1t1ally, scan over large 1ncrements 1n X y, z Q, q)

W After the f1rst scan, we have an approx1mate reg1on of -
_ test parameter space that y1elds the largest ”test - - f ,
l1l<e11hood” = -~ - ~ This process can
| - f' - berepeatedas7
. Now repeat th1s scannrng process, W1th smaller = ~ many t1mes ac
1ncrements centered around the parameters that : needed
gave thrs largest ”test l1l<e11hood” - ' |

* lnteractlon vertex

| W Contmue to re eat for as man 1terat1ons as t1me =
L P y - Detector volume o

perm1ts and/ or resolut1on requlres -




N Width (m) Diameter (m) -

. 128 L o
— detector s1ze' e P

FlducmlSlze 1084 -

. 4330 X R7081 10” Hamamatsu pmts (27 5%

- coverage) =
* Fﬂled w1th WbLS 1%

. 5 GeV muons startlng at the top of the mner _

I detector and ex1t1ng at the bottom -




X-Vertex Position FY-Vertex Position
RMS = 752+ 2.5 cm ~ [RMS=765+26cm
Mean = 31.3 + 3.6 cm E "Mean = 13.5 + 3.6 cm

Interesting
shape either
side of true
position.
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promising and is much more

accurate than for electrons.
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;% Superkamlokande usesfmg 1magmg -

techmques to determme ve or Vu

EVeﬂtS . -

e Look f_of "fuzzy electron—hke

 Cherenkov rings and "well defmed" =

' muon—hke Cherenkov rmgs

WbLS may make th1s more
challengmg |

. Added sc1nt111at1on hght Component

W111 make everythmg fuzz1er - ov"?,'_"‘_‘h%ht COmP"“e“t
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Simuléfed v CC event
= d1splay in Thela loaded [/
 with5% WbLS Note the f ™

- sharp muon Cherenkov '

rmg alongs1de the




'vf-'~"f'f“Us1ng T GeV electron and muon events ﬁred along the Z- axrs produce separate —
‘T—PMT h1t map PDFs S = = = :
s range of WbLS loadmgs (6 1%, 1% and 5%) ﬁnd the efﬁc1ency at
= 'correctly 1dent1fy1ng the part1c1e types usmg o log hkehhood method

. Does the sc1nt111atlon component make thls task much more d1ff1cu1t7
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Scintillation component

(~50% of light yield)

Hits Per PMT
3
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Scintillation component
(~2% of light yield)
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PMT ID

Example PID PMT h1t map PDFs for electron and muon events
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Detector
Setup

¢ Efficiency ~ ~ @ U

1% WDLS 5% WDbLS

5% WbLS |
(5ns + 4ns &
Jitter)

5% WDbLS 5% WDbLLS 5% WDLS
(15ns) (10ns) (5ns)

. Increasmg the liquid sc1nt111ator .

Component reduces PID capab111t1es'

s ‘ # Thls lS because the sc1ntlllat10n

e ﬂ» component makes all rmgs fu221er

= Introducmg even a crude time cut
= ls1gn1f1cant1y 1mproves PID

~ efficiency!

- PMT transit t1me spread -
obv1ously effects the t1m1ng cut_.'

- . Fast t1m1ng is beneflc:lal'







¢ '_ Process 1s to max1m1se the natural logar1t_'_.f7ﬁff*

== Mean number of photons» Ak < : ' 7 Observed number of =
- detected by aPMT £ = — F —A = photons in a smgle PMT - =

k-l

8El C
0= 6;’ = pars i(kiNiJEA; — A))

=4 —— p— _—5: 3 1 _Y__.ﬁ.g e = —

- “t Calculatmg A 1s by far the most cf?;ﬁfalleng1r1g part of thls reconstructlon method __ .
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Most challengmg part of th1s-vvrhethodology 1s determmmg the tetxtplate functlon - = =
- »'tThe template functlon encapsuIates the probablhty of a photon bemg detected by a PMT glven the dlstance from |
--_':i_;thevertex tO thatPMTh“m"'__""._ = : e = ' ,v | A ‘_ ‘, ‘ =
* _‘* To deduce A I 81mu,lated photons bombs that rephcated the photon wavelength d1str1but10n produced by a muon
= It was found that subtle changes in the template can have large lmpacts tumng f01’ d1fferent event t0P01081eS ts

needed
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L ofhigh
e ,—e r $y muons is 1mpress1ve ! |
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Mean -0.06202
RMS 0.01566
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~6% offset.

- Flleoo
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Spread of only ~2%.

(True Energy
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True Energy (MeV)

-» 'W Resrdual RMS is O 238'

= 1_;# Underpredrctron of event energy is now an 1ssue

!»ﬁ Clearly the complexrty of the events is causrng |

some 1ssues

11—
!‘" Resrdual RMS i8S 0 170

(True Energy - Reconstructed Energy)/True Energy |

! _‘vp CCQE Events (1P in ﬁnal state)

Ih.ll...|....|....E

|
o
[3,]

Entries 620
Mean x 1301
Meany  0.1213
RMS x 4121
RMS y 0.1704
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| | 1 | | |
1000

L
&n
3

000
True Energy (MeV)
m

. Energy underpredlctron is reduced slrghtly here

- Thrs reductlon compared to all CCQE events _ -: -

suggest neutrons are troublesome'




""",Vp CCQE Events (1P 1n ﬁnal state)

501
' Reconstructed energy
distribution

True energy

distribution

True ener
distribution 8y

distribution

w
o

Events Per Bin

Events Per Bin
n
o
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1500 2000 2500 3000 @ QOO 1000 1500 2000 2500
Energy (MeV) == Energy (MeV)

'l
-
—

L "’* Underpredmtmg event energy causes a smearmg to the left' |
" . New template functlon forv CCQE Events? - -

- B o+ A better understandmg of how ﬁnal state partlcles affect the reconstruchon capab1l1t1es is needed g
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~ * Infrastructure is in place to gnateLBNvas in Theia usngthlfe’c flux files.

. Now have an updated framework to 51mu1ate such hlgh energy events w1th1n reasonable t1mesca1es =

| con51derably less than a mlllenlum

- Ptnonstunon falgp;rithm. uses oo s 5ihfo"r{r.na;ﬁ'c>‘_h}— results are promising.

= :»7"_jlni_ti'al;pa_rticlfei'i’dentiﬁcation' us1ng _hit' rnap PDFs hasbeen exlplc‘)red‘_ .té '-asses t}te‘effect» of WbLSloading.

= .'5Inc:’r‘ea'sing thelo'ading:VCaiisef -increa'sed“miside'ntiﬁcation as the Cher_enkov rings look "'fuZzier";

F-"_;,L‘ » Slmple trmmg cuts 1mprove the 1dent1ﬁcat10n efﬁc1ency s1gn1f1cantly glves conﬁdence at reachmg =

Superkamlokande capab111t1es

4» Fast energyreconstrucuonalgorrthmadpated f‘_r;o-m_IceCube- has dbeen im]‘elemented.d

* The mpltyf LBNFtbg t -




5% WbLS [
(5ns + 4ns
Jitter) |

0.1% 5% WbLS 5% WDLS 5% WDLS

Wi Lo NbE SO WDS L e s

Electron 4 = - =
correctly - 1000% | | 99.7% = 997%

| correctly - 9%5.0%  999% = 672%  883%  91.6%
__,"ldentlfled e s e =
;. = ’ .

| comrectly 99.0%  97.5%  90.7%  83.6% = 94.0%  95.6%

- ‘_"-'1de_nt1f1ed' - = = *

o Increasmg the liquid scintillator ¢ Introducing even a crude time Cut

component reduces PID capab111t1es" - — 31gn1flcantly improves PID
e e .efﬁc1eney! ¢ PMT transit time spread |
* component makes all rmgs fuzz1er "'i‘i = obv10usly effects the tlmmg cut

- Fast timing hugely beneﬁc1a1'
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