Analysis and R&D preparation for Hyper-Kamiokande experiment towards precise
measurement of neutrino oscillation parameters
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Analysis and R&D preparation for Hyper-Kamiokande experiment towards precise
measurement of neutrino oscillation parameters

Overview:

» Remaining open questions on neutrinos
» The T2K experiment

p T2K analysis

» Hyper-Kamiokande

» Clock synchronization

» Perspectives

» Conclusion
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Neutrino Physics overview & open questions

- Flavour states v, 1/, 1, Da> = Z Ui v,.> Oscillation /non-oscillation probability
I

» Mass states v, v, Ls —> Observable = number of neutrinos
of a certain flavour at a specific energy

—i
C12€13 $12513 S;3¢ "

= e

Open questions :
S12S23 - 012S13623ei5(71’ —012S23_S12S13623ei5CP 013023 I DiraC/MajOrana
| |
Absolute masses q~
|~ Mass ordering

_ _ i6 _ i6
U = | —51263 = C125135,3€ " C12C3— 8125 3523€7<F  C138r3 | P

Am# L
P(v, — v,) = sin2932 sin*20z;sin*( 41‘;1 )

- sin(0,3) et Am?, |
l vsin(0y;) et Ams, ”54
+ Asymmetry v/U (matter effects) | VOrp 3&
P(v, = v,) — P(§, — D,)  sin(5cp) | e
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v, flux at 295km in
arbitrary units (som«. ave
etal, “ j iction,”
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: Super-Kamiokande (1996), Mozumi mine (1000m), Kamioka, Japan
. Tokai to Kamioka (2010)

(’g‘;‘“ T alal = Aarvvainal arm A ~
Super Kamiokande [ B J-PARC
Mt. Noguchi-Goro
2924 m
Mt. lkeno-Yaima
1360 m | s00Mev |

W water equiv. 1700 m
41 m < : l —

Neutrino beam

i( 295 km )5
e Beam, two modes v, or Dﬂ
* Cherenkov light detection Veur € s T

o e Lt * 50 kTons of ultra-pure water
c2k-experiment.org 11000 photo-multiplier tubes (PMT)
M

39m

* What we measure: flavor, lepton energy,
lepton/ v angle N N

Main interaction : Charged
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Analysis method in T2K

Global strategy

External constraints (other

experiments) on flux and

cross-sections Observed v spectrum
(reconstructed)

Near detector constraints
on flux and cross-sections

Predicted v spectrum

Detection/reconstruction ~ Constraints on
systematic uncertainties oscillation
(atmospheric data) i parameters
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Tokai to Kamioka (T2K)

2020 analysis sensitivity
—> goal : better constraints on those parameters

With reactor constraints

8“) 3__| T 1 T T 1 T T T, .,'II'.'.I.'..I T T |W! | :!:. T 1 |_— 'é 25_' | | | | | | | | | | | | | | | | | | | | | | | | | | |
KO - T | Z - —
C e N N —— Normal ordering i
2 . — 20— | —
- —— Normal ordering - - Inverted ordering :
1 Inverted ordering — B i
B v Bostit e E 15 __ __
O ---eswcL - - -
- —90%cCL . \ -
- e 99.7% C.L. e 5 O e e
1= 7 & ] B
o — S5 .S/
—3__| c oo L g Il I o ST Mlule'd TR B |_— -------------- ."-""-,- |",","T-;-_|",-"|",-","|-"|-"|--|-"|--|-"|"|-"|";"|
0.3 0.35 04 0.45 0.5 0.55 0.6 0.65 0.7 -1 0 1 2 3
T2K collaboration sin2623 T2K collaboration Ocp
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T2K analysis : example of contribution to systematic effects studies

Improve the experiment sensitivity -> taking systematics into account more

precisely

Focus on Eb (nucleon binding energy for CCQE interactions ) : uncertainty results
in a shift of outgoing lepton momentum

Eb (+ nuclear —)
model )

Interaction cross
section

Predicted number of
neutrinos (per bin)

® No hadronic state detection after interaction (at SK)

e Used nuclear model (spectral functions ): no outgoing lepton kinematics

dependance

® Other models (RMF: Relativistic Mean-Field Model): Q3 ( 3-momentum

transfer) dependance predicted

—> must be added
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Q5 = \/ p. + pf + p,pcosd

Shift (Q3) =m* Q3+ c

m and ¢ constant, estimated by a fit

Shift (Qs)

Shift in MeV

o
o
l| Illllllllllllllllllllll|llll|ll
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Q35in GeV



T2K analysis : example of contribution to systematic effects studies

Ratio
o 1.15F=
Il — ] a=1/a=0, value =-10
3 .
= — a=1/a=0,value =-5
I —
S 1'1__ u a=1/a=0,value=0
— | a=1/a=0,value=5
— Km ///\ /
11— 7-4\:/|\:_:—' e : Y/
0.95 —
09_ | Ll | | | | | | | | | | | | | | | | | | | | | | | |
0 5 10 15 20 25
BinNumber

Work in progress: Implementation of a
directly Q3 dependent Eb uncertainty
instead of a additional momentum shift
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w L 3 shift
2 . epton spectrum w/o Q3 shift ____ o5
.o — Entries 1.321873a+07
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T2K analysis : another example of contribution to systematic effects studies

Accepted & Rejected_Thetae

Long term Thetae
] ] g e Accepted
p Attempt to build a unified method for detection systematic 7 o rejected

uncertainty estimation, common to all parameters and both
experiments : SK (atmospheric v) and T2K (beam v) —>
framework of a joint analysis

» Metropolis Hastings Markov Chain Monte Carlo

» Vary the underlying variables involved in cuts (= in assigning
an event to an analysis sample)

» 2 parameters per variable : additive and multiplicative —>
smearing and shifting of distributions

» Likelihood (cuts/bins/samples)

Jlllllllllllllllllllllll

e LLto=LLLj=1])y

proba = min(1 —> Metropolis-Hastings

if (p <= acc) —> Accept. —> Random

» Random picking in prior distributions ( Cholesky
decomposition —> Oyster correlations )

Not validated and less « detailed »
method than the current one,
attempt of a proof of feasibility
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T2K analysis : another example of contribution to systematic effects studies

Convergence Plot for Chain 126

Limitations : § Z
- Run time 2
- convergence -
- acceptance rate .
- independence : Markov chain specificity e, ._
Zliv_lag(gi_ 9)(9i+lag _9) E L

plag — N —~ 2 ° 20 0 %0 %0 E_yes_of th1eo<(:)hain
Zi (9 i —0 )

N N Convergence Plot for Chain 193
.lr\r g — ~ — —— o :
y Z:i__‘: Pt 1+ 2 Z:‘:I P Autocor_1rnlle % '205_ ) .
g 11— 1rnlle ; —25;_ - ., - - :’-'-: ] 1...1.
% i e Alpha B0f- . M A A
200 * 200 000 steps 3 os|- + Beta s
Average acceptance rate = 0.106% ot o0E
Runtime on CCin2p3 for 1 chain: : e
- 50—
26h24mn o4 55E
0.2_— -60
- PN TN T N TN N N N TN TR TR T TN N U NN TN TN U NN TN U SN N TN TN T NN T U SN NN N N N NN
. 0 20 40 60 80 100 120 140 160 180
- E_yes_of the chain
0
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Hyper-Kamiokande experiment

H » Data taking planned for 2027

p Tank 5x larger, fiducial volume x10

» New PMTs, time synchronisation
system

p Increased statistics

Water Depth 71m

------- Improved syst. (v./V, xsec. error 2.7%)

------------- T2K 2018 syst. (v./V, xsec. error 4.9%) |

O ' N N T SN N A A [T U SN AN A N N N N A MR AN AN N AN A AN B R BB B A B
0) 1 2 3 4 5 6 7 8 9 10

Hyper-K preliminary HK Years (2.7E21 POT 1:3 v¥)

True normal ordering (known)
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Time
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J
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Time synchronization system

Hyper-Kamiokande

Dune R&D
SNO+

| Needs for time precision:
porexino ® Reconstruction: stability
Daya Bay ] , .
ceCube ® ‘Time stamp’ with beam :
VD about 100ns
AL e bunchs window : 12ps
KamLAND

® Supernovae : 30s sighal, time
stamp for triangulation

Super-Kamiokande

Tools: GNSS (long term stability)
and atomic clocks ( short term
stability), optical fibers

Required precision wrt UTC: 100 ns
Required stability : 100ps (over the
whole distribution)
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Time synchronization system

Rubidium clock principle : hyperfine structure (I and B coupling) Shielded Cavity

Root Allan Variance (Parts in 10'?

Rulmlmm Rb-85 Photo Cell
Filter D2 only Lamp Buffer Gas Detector
= i Rb-87
AF =-1,0,+1 —> 6 allowed transitions —— Bufrer [l————

35Rb fundamental state with F=2 or F=3 —> degeneracy in energy with transitions STRb .
—>onlyy to S (F=1) go through Opﬁm,',,mh
Resonant cavity with 3"Rb fundamental (F=1 or 2), excitation of F=1 then equiprobable

desexcitation —> + and + F=2 until no more F=1 —> cavity transparent to selected y —>

Frequency Quartz Servo
Svnthesizer Oscillator Feedback

optical pumping 6 834 682 611 Hz
We « inject » a frequency f, close to f,, (2 steps) —> variations in luminosity/
5 MHz I pps
transparence —> servo control of f, NIST.gov
Fr =23
c2p F' =2 , A
: ore — F' =1
10000 Analysis tools for frequency stability : Allan i =g
GPS 1 . . .
oo variance = averages over different times t —> Rb 87|
— 1,000 1 ° ® ° ® ° ° 1 RS
/ discrimination of different noise types 5P /1 =
| rree Hunning PRSI0 Short term / long term drifts A e~
D, detection
PRS10 Locked to GPS 780 nm pumping transition
10 4 1 2 !_)‘_' transition
0-2 (7-) _— <( — _ - ) > 795 nm ™
o'\r,e y T yn+1 yn 2
il- Q&(\ 2 | I
2 0
60(0 ‘ ‘ - _l
0. - - - SYA 52, ¥ 4
10 100 1,000 10,000 100,000 1,000,000 — 6.835 GHz | V-0
Observation Interval in Seconds SRS datasheet \ bransition il
: Y Y
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http://NIST.gov

Time synchronization system
"'@V%egare --------- SYRIE

In collaboration with SYRTE
compared to a more precise 1pps provided by SYRTE

Whlte Rabblt PPS

Rubidium cloc

GNSS

%GPS(posnson 4, Track: 4)
/ GLONASS (Position: 5, Track: 6)
@ / &Gameo (Position: 3, Track: 5)

SBAS (Position: 0, Track: 1)
\2MDOU (Position: 4, Track: 6)

QZSS (Position: 0, Track: 0)

Sncsions NAVIC (Position: 0, Track: 1)

Status ' Settings

Rubidium atomic clock

-> to be characterized and calibrated S
GNSS receiver ( reflections depending on /BT \
: the surroundings and the sky view) T Ry
: o £/ 3 F
0.7 : &2;33 "O'O/
Lucile Mellet JRJC 2021 La Rochelle ®GPS ©GLONASS @ Galileo ®@SBAS @ BeiDou €@ QZSS @ NAVIC

Search 20 Tracking 23 Sync 0 Position 17



Time synchronization system

Allan standard deviation Rb clock SF=-10

Drift per s in ps

>
. . . S 107 g
First tests and calibration: I .
c B L
2 el .
Need for precise calibration —> adjust SF parameter (tension->mag. field) : S
= output frequency offset ‘ .
. 107 .
Phase ‘locking’ system on an external source : .
- L
10ﬂ'°=— L
C e
{ ) . ral L 2 3 3aasl L 2 3 3aasl .
1 10 10 10° Tauins
Drift per s of the Rb clock compared to White Rabbit Lpps 1e—7 PpPs White Rabbit vs Rb clock : time diff evolution over time
® 1.6 - Allan standard deviation Rb clock
30 A ® : g o L
3 1.4 : Ok ¢
= - _
g WR unplugged - *
20 S 12 i *
¢ £ 10°k .
® : . ol S
0 1 -
o ® ®
o : : : : : : : : M . 9. .0 * 1l 1 | J
By : 0 - = 0 50000 100000 150000 200000 250000 300000 350000 1 '.:o : 10° 10° 1 N

Time of the measurement in s = n°® measurement
SF value
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Time synchronization system

Next steps of the project :

- Construction of a test laboratory in preparation for HK (GNSS antenna, several

atomic clocks models... )
- Characterize our equipment et assess the precision and stability that we can achieve

- Study the impact of the whole electronic chain time precision on HK sensitivity to
oscillation parameters

Lucile Mellet JRJC 2021 La Rochelle 16



Conclusion

® T2K and Super-Kamiokande detector already
allowed a lot of progress on neutrino

oscillations understanding
o T2K II

= Preparation to Hyper-Kamiokande

HK tunnels excavatlon started in May 2021

Rich Physics program

12K

®
Merct .
Lucile Mellet JRJC 2021 La Rochelle
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Back-up Systematics effects : motivations

+ T2K Il :

- near detector upgrade (start 2023)
- beam power increase (500kW to 750kW)

+ T2K-SK ( beam/atmospheric v) joint

analysis

+ Hyper-Kamiokande

Lucile Mellet JRJC 2021 La Rochelle
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Back-up T2K analysis method in the P-theta group

Software/group P-theta : 1 of 3 T2K analysis groups

Unknown true values of
oscillation parameters

C

Data_reconstructed
energy binning 2

Ny, per bin

Likelihood calculation (minimum at 0) bin per bin

_ln(L) = — 2 ln(PoiSSOn(NP,,ed,,-, NObS,i))

Unoscillated spectrum _
true energy binning

Lucile Mellet JRJC 2021 La Rochelle

_> bins N —>
Ob
~ 2 [+ (Np,.y— Nows) + Nops X 1H(N )]
bins Pred \
I detection and .
Oscillation reconstruction effects |Predicted spectrum_
» |Oscillated model —— reconstructed energy binning
2 NPred per bin
Flux and cross-
sections

-

/

Y

Loop over a grid of values for the parameters under study

Marginalization over
nuisance parameters

\4

Likelihood as a
function of studied
parameters

19



UA1 Magnet Yoke

Total Accumulated POT for Physics B a ‘ k- u
v-Mode Accumulated POT for Physics
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° v-Mode Beam Power
° V-Mode Beam Power
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Back-up T2K-SK

JointSK (atmospheric)/T2K (beam) analysis
P-theta framework
Perspective : Hyper-Kamiokande

0‘08 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

i m ricv mv - T2K

cOm plementa rlty Atmospheric T2K bea oork N :
Of the 2 neutrino sources Baseline/path length 10-13000km 295km 0.06 _ L?S(%IQZ)Z;4T1O—3 eVz_i
Densities = 13 g. cm ™3 — 0.055— sin?(26,3) = 0.09 -
to p=26g.cm™> ?‘” L Am<0 :
—> matter effects pa = 3 g. cm_3 '3? 0.04 — % —
& 003F 3
Energies 100MeV a 100GeV 600MeV : AmZ,>0 :
0.02F o =0 =
s :

= Consistent estimation of detection systematic zz; i

000 0.01 002 003 0.04 005 0.06 0.070.08

uncertainties between both experiments Ply,—>v,

R. B. Patterson , Annu. Rev. Nucl. Part. Sci., vol. 65, . 2015
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2%2() 2022 2024 2026 2028 2030 2032 2034 2036

Hyper-K preliminary Year

True normal ordering (known)
sin*(0,,) = 0.0218 sin’(0,;) = 0.528 1Amj,l = 2.509E-3 §, = -m/2

DM in eV3/c*

2
DM, vs sin’(6,,)
1
0.0026 T2K_all_with param sys
T2K_all_no param syst
0.00255

\&
43’(&
<

0.0025

0.00245

0.0024

|IIII|IIII|IIII|IIII|IIIIIII

0.00235

':l 11 1 I 11 1 I L1 1 I | I — l 11 1 I 11 1 I L1 1 I L1 1 l 11 1 I 11 1 I 1
042 044 046 048 05 052 054 056 058 06 062
sin™(8,)
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Back-up HK

1200

1000

800

Number of Events

600

400

200

0

HK 10 years (2.70E22
| | | | | | | | |

POT 1:3 viV)

!
Statistics only

Improved syst. (v./V, xsec. error 2.7%)
T2K 2018 syst. (v./V. xsec. error 4.9%)

< T eeeeeaaeea
4=
= =
Qo
'@
=
Q
p<
O
-
1
“a.
O
<
-
. 5 ~
O | | | | | | |
-3 -2
Hyper-K preliminary

True normal ordering (known)

sin*(0,;) = 0.0218 sin*(6,;) = 0.528 IAm3,| = 2.509E-3
HK 10 years (2.7E22 POT 1:3 v:v)

VMCC

I

- ee

.NC

v beam 0
1-ring u-like

0.5 1 1.5 2 2.5

3

v Reconstructed Energy (GeV)
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Back-up MCMC

Samples and variables

Atmospheric MC
3 T2K samples : 1Re, 1IRmu, 1Relde

T2K Cut Flow (9 cuts) : Continous variables involved (6) :
 Wall  fqlirpos *3components *2PID
e To wall * fqirdir *2 angles *2PID
* Electron momentum  fgirmom *2PID
 fgirnll *3PID
 E/mu separation * fqpiOnll
¢ Momentum  fqpiOmass

p is the shifting parameter

) ) ) a is the smearing parameter
 Separation with pion =l

 Reconstructed energy
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