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Introduction

4

Since 2015 the LIGO/Virgo Collaboration (LVC) is
detecting and sending alerts from gravitational waves
from the merger of binary objects:

* Binary Neutron Star (BNS): may produce short
Gamma-Ray Bursts (GRB) with neutrino
production™

* Binary Black Hole (BBH): neutrino production in
the accretion disks of the black holes **

* Neutron Star-Black Hole (NSBH)

Detecting coincident neutrinos from these objects would allow better
understanding of the mechanism behind them.

I
* Foucart, F., et al (2016) Low mass binary neutron star mergers: Gravitational waves and neutrino emission. Physical Review D 93 (4)
* * Caballero, 0., et al (2016) Black hole spin influence on accretion disk neutrino detection, Phys.Rev. D 93 123015

* Based on the slides from Mathieu Lamoureux from ICRC 2021 Berlin

iadala-Zezula, University of Warsaw



b K GWTC-2 catalogue

» Ligo-Virgo Third Observing Run (O3) is covering data from April 2019 to March
2020: 56 alerts provided in realtime through the Gamma-ray Coordinates
Network (GCN)

Masses in the Stellar Graveyard

in Solar Masses

For each GW, we have:

* time of the event

sky localisation

estimated distance

estimated mass of the two objects
can be roughly classified based on _‘ MNewronsars |
masses (M<3Msun=NS, M>3Msun=BH T e

GWTC-2 plot v1.0
-Virgo | Frank Elavsky, Aaron Geller | Northwestern

Credits: LIGO-Virgo / Frank Elavsky, Aaron Geller / Northwestern University.

* Based on the slides from Mathieu Lamoureux from ICRC 2021 Berlin

Magdalena Posiadala-Zezula, University of Warsaw 4
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Super-Kamiokande detector

Super-Kamiokande is a neutrino water Cherenkov Detector
located 1km under Mount Ikeno near the city of Hida, Japan.

Water and air
purification system

2
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_ The detector is filled with 50 ktons of F
pure water (* until 2020, when 6d was |
loaded).

~ Six run periods:

1. SK-I (1996-2001)
2. SK-IT (2003-2005) after
accident, 1/2 PMT coverage
3. SK-ITII (2006-2008) restored
PMT coverage

4. SK-IV (2008-2018) upgraded
electronics

5. SK-V (2019-2020)after
refurbishment work

6. SK-VI (2020- now) Gd loaded
intfo water

— Discovered neutrino oscillations (1998) - Noble
Prize in 2015

ezula, University of Warsaw
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— The photo-multiplier-tubes (PMTs)
support structure divides the tank
into two distinct, optically isolated
volumes, the inner detector (ID) and
the outer detector (OD).

—Inner detector:
- ~11,100 50 cm PMTs
 ~ 2ns timing resolution
« ~45MeV threshold

_QOuter detector:
*  layer ~ 2m thick,
-1,885 20 cm PMTs

hﬂd«o—%iadala-Zezula, University of Warsaw ——d
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Super-Kamiokande experiment
Main physics programme
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Proton decay searches, Indirect dark matter searches,
Astrophysical neutrino searches etc.

Manmade neutrino beams
T2K experiment ;




Neutrino
J :J—’
Charged
particle
in water
Photosensors

v, +n—pu +p

i > c +p

-Zezula, University of Warsaw

* In water, light travels about 25% slower

than it does in a vacuum and it is possible for
an energetic particle to travel faster than
light.

- A blue light called Cherenkov light is emitted

by charged particle.

* This light is detected by an array of light

sensitive PMT's

* By measuring the brightness, shape, and

direction of the ring we can figure out how
much energy the particle had, whether it is a
muon or electron, and which way it was going.

S




80

60

Fuzzy edges,
blurred rings

{

Number of e
NN
o

20 +
s o)

Separation between i and e
in Cherenkov detectors

1 1 1 1 1
—+— T2K data

Y, and v charged current

Ve—llke

v, and v, charged current

Neutral current

l’u-|lke

Sharp edges of
the ring

| »MM

1,000

Electron or muon PID discriminator

Magdalena Posiadala-Zezula, University of Warsaw
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o K Search Method at SK
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~The main input to the SK analysis is the trigger time 7,

~It is used to define £500* s time window centred on 7,
—~The SK data in this window were collected and divided into four samples

( three HE—vr and one LOWE)

—Downtime periods, due to calibration and preparation for 6d-loading in early
2020, prevented the follow up for three of the GW triggers.

~Out of the 39 confirmed events from 03a, SK was able to perform the
analysis of 36, and one of them from LOWE was not used since there were
large fluctuations in SK near GW time due to high-voltage problems in the
PMTs.

>l<This is consistent with the time window chosen by the authors of Adrian-Martinez, S., Albert, A., Andre, M.,
et al. 2016, PhRvD, 93, 122010)

Magdalena Posiadala-Zezula, University of Warsaw 11—



Event Samples

S

~High Energy-v (ATMPD) (HE—v)
which corresponds to the neutrinos
with E, > 100 MeV. Usually used for
atmospheric neutrino oscillation
analysis.

— The neutrino is detected thanks to
the outgoing lepton produced in the

neutrino charged -current interaction.

v, (v)+n— pu(e)+p

DB +p — wHeh) +n

_Note: tau neutrinos are not seen on
event by event basis at SK

~Low Energy-v (LOWE)
corresponds to the events with
energy between 7 and 100 MeV -
used for solar and supernova
analyses.

— The largest cross section is for
the inverse beta decay (IBD):
U,+p—o>et+n

— The second most dominant is
neutrino elastic scattering :

v+e —=v+e

Magdalena Posiadala-Zezula, University of Warsaw
.




> 3 HE—v samples

b

;e . |

Fully contained (FC): Partially contained (PC):
» Reconstructed vertex in ID | |+ Reconstructed vertex in ID

- OD hits<16 - OD hits>=16

_For events classified as FC and PC, the neutrino interacts
within the fiducial volume, defined as the region located more

Upward-going muons
(UPMU):

* Through-going with requirement

of track length >7 m
+ Stopping in the detector

than 200 cm from the ID wall

Y
N
+,* e+
N u*(e)
12 1
Fully contained Partially contained Upward muon

zula, University of Warsaw
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UPERE : - e

JJIKC UPMU sample

F

The up-going muon sample can only be used to detect neutrinos coming from
below the SK horizon.

$190513bm: Super-Kamiokande coverage

1 T

0 Coverage 1

The boundary between the two regions are intermediary values, because they correspond to sky
positions that are below the horizon only for a fraction of the time window ; as the time window is
short with respect to one day (1000 s over 86 400 s), this effect is relatively small

la-Zezula, University of Warsaw
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8 Energy estimation

vKnowledge of energy of incoming neutrino is
vital for separation of signal and background,
computation of flux limits etc:

—For FC and PC samples, we simply use the
total visible energy that is an estimator of
the total energy deposited in the detector. 3+ e

_For UPMU sample, we use the momentum T T e
obtained by the UPMU fitter, this will give a
lower limit for the true momentum of the
muon as it is not possible to know its total
length (how much it has travelled before A3
and after crossing the SK detector).

_For the LOWE, the energy fitted by Bonsai E
(SK reconstruction algorithm) is used (based|

on total deposited energy). B ST
(c) UPMU

log(E__ [GeV))

7000

—{8000
—{6000
=4
2000
1000
5 0

5000

3000

log(E_ [GeV])




£ K Background estimation

and characteristics

_~The three ATMPD samples are dominated by atmospheric neutrinos, that will
therefore be the dominant background for the analysis.

_Fortunately the rate of such events is quite stable with time and their angular
distribution only depends on zenith angle ©.

—Background will have one behaviour (atmospheric-like spectrum, isotropic angular
distribution) while signal will behave differently (different spectrum, pointing to the
source).

_For LOWE sample the main bkg under 20 MeV is the spallation products from cosmic
ray muons (when muons travel through matter, their energy losses lead to nuclear
breakup ("spallation") processes), and above 20 MeV the dominant bkg is from
atmospheric neutrino interactions (decay electrons from invisible muons, NC
interactions and low energy pions and muons)

Samples FC PC UPMU LOWE

Expected bkg 0.112 0.007 0.016 0.729
1000s window

Magdalena Posiadala-Zezula, University of Warsaw 18
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PRELIMINARY

In total:
Nexp
24 .97
3.95

Sample | Nops
LOWE+ | 24
FCx

SJUSAS HS JO JaqUINN

—
— o
1 — 1

0.26
0.58

PC~
UPMUx

r 0.01

2

expected
FC
A

[s] dwnaAl| apueyolwey-1adng

UPMU

— LOWE: No significant excess was observed with respect to the expected Poisson statistics.

~ HE—v events: we have found 10 events which were associated with GW triggers.

~ For each selected neutrino event the timing At = (¢, — ), energy, direction and its angular

uncertainty are provided.

rsity of Warsaw
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: Lgi_s‘r of selected HE—v éven‘rs— 4

‘In total 10 HE—v events were selected

Trigger Name SK Sample AT E.cco R.A. Decl.
(s) (GeV) (deg) (deg)
GW190424_180648 FC 104.03 0.57 210.82 —58.74
GW190426_152155 UPMU 278.99 9.52 352.37 —8.46
GW190513_205428 FC —183.27 0.68 279.34 —37.27
GW190527_092055 FC 248.41 0.48 54.09 18.80
GW190602_175927 FC —286.52 2.75 93.67 —38.90
GW190620_030421 UPMU —327.70 2.33 177.69 —35.59
GW190728_064510 FC 102.99 0.19 300.45 29.71
GW190814 FC 250.36 1.21 157.59 —9.47
GW190910_112807 FC 301.42 1.08 160.13 —22.70
GW190924_021846 FC 411.87 0.30 281.38 —54.52

—For FC and PC, the direction of each event was estimated by reconstructing the Cherenkov
rings in the ID, while the direction of UPMU event is determined using the OD hit
information.

_ This local direction was converted to equatorial coordinates, R. A. and decl., so that it can
easily be compared with GW localisation.

ezula, University of Warsaw
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(d) GW190527_092055 (FC)

(e) GW190602.175927 (FC) Skymaps in equatorial coordinates

The spatial distribution is superimposed with the Red: GW localisation and 90% contour

Blue: SK FC events with 10 angular uncertainty
skymap provided by the LIGO/Virgo collaboration, Green: SK UPMU events.

allowing direct comparison of sky positions. Shaded area: SK upgoing sky.




(i) GW190910.112807 (FC)

Skymaps in equatorial coordinates
Red: GW localisation and 90% contour
Blue: SK FC events with 10 angular uncertainty

Green: SK UPMU events.
Shaded area: SK upgoing sky.

\\\\\ .

////

(j) GW190924.021846 (FC)
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{w 2IC Observation significance (1)

_Test statistics (TS) has been built to separate signal ( point source
consistent with GW localization, Espectrum)from background (full sky). I't

compares p-values (compared observed TS to BKG distributions)
_P-value was divided into:

~ temporal component p,. . that is evaluating the probability to observe
at least one SK event in time coincidence with GW -> this is the Poisson
probability fo observe at least one event in selected time window
P, =p(N>1)=1—-exp™),p. =12.6% for nz=0.13(totdl
number of events - total background ec.ec.vemsy expected in 1000s window)
—spatial component p_ . .comparing the direction of reconstructed

neutrinos with the GW localisation. This is obtained using a maximum
likelihood method with the GW localisation used as spatial prior.

p = *
“P = Ptime pspace

~ Method presented by IceCube collaboration. IceCube Search for Neutrinos Coincident
with Compact Binary Mergers from LIGO-Virgo's First Gravitational-wave Transient

Catalog. Astrophys.J.Lett. 898 (2020) 1, L10

23



6 Sicl

Observation significance (2) \

Tes'r statistics (TS) has been built to separate signal (point source)
from background (full sky). It compares p-values (compared observed TS to
Bkg distributions)

GW190424_180648 -

GW190426_152155 A

GW190513_205428 -

GW190527_092055 A

GW190602_175927 A

GW190620_030421

GW190728_064510 -

GW190814 -

GW190910_112807 A

GW190924_021846 -

PRELIMINARY
® Pspace X e
X Ptime X Pspace 7 59¢ 100.00
X O
1p8% 859%
X Qa

X

4 )

1073

102

p-value

1071

-Zezula, University of Warsaw

10°

The most significant GW+v

coincidence is for
GW190602_175927 p=0.22%

Considering the number of
trials (N=36 follow-ups) we get
post-trial value P=7.8% (1.40)
which is fully consistent with
the background only
hypothesis.




High energy flux limits (1)

dn Tz s, dn
~ The neutrino flux is assumed as 15 =¢oE!, vy =—2and Nexpec‘red signal = [ dE, A’ f( O)xd—Ey

i Epin
—Sample-by-sample flux limits:

— For each sample "s" and flavour “f" (v »U,) and source position 2, the neutrino flux ¢ is

’ua ea

related to the number of events N, = qbsf a [A(S INE,,Q)*E*dE, = ql)g’f *c(Q),

sig

— where Ae(]f];f ) is the SK detector effective area for selected sample and neutrino flavour and

integration range is (0.1 - 10°)GeV.
— cIN(Q) is the detector acceptance that takes into account the source direction

— The effective areas have been computed as a function of neutrino energy and zenith angle using
500 -years-equivalent of atmospheric MC simulations

|

Magdalena Posiadala-Zezula, University of Warsaw 25—



—For a given neutrino flavour, we know the
atmospheric neutrino flux
@ (E 0)[GeVlem 257 sr™1]

~For a given bin [E, E + dE], 0,0 + db]

(integrating over azimuth angle ) in terms of
truth information, for given lifetime T (e.q
500 years) we define M2" [cm™2]:
MPn =@ (E,dE)*dE *sin0df * 2n * T

—For given sample and neutrino flavour, we look

at the number of events after

; . . . bin
simulation+reconstruction+selection Nselected

me
~The effective area is: AfS(E g) = —Selected

iadala-Zezula, University of Warsaw

effective area [cm?]

SK detector effective area

1072
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High energy flux limits(2)

4

L3

-

454
()

Because no statistically significant event excess was observed within the 1000s time window

in the HE-v samples, the observation can be converted to an upper limit on the incoming

neutrino flux.
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triggers

The full results for vy

Note: UPMU upper limits are only reported if the GW localisation is mainly below the horizon, where

this sample has sensitivity. Combined are close to the individual ones.

niversity of Warsaw
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~ The total energy of neutrinos from the source (assuming isotropic) is £, = 47rd2“ — *EdE

1057
+ BNS ;
1094 NSBH —h—s <4.91-10% erg __T__
-+ BBH e <3.48-10%erg  ____ v
e ) ——
————h— S A4yl fimT
f— 1058 *
9 _‘_ --.......l .........
2 . . 90521 E’;
- Wl
§0 _—# E‘ 1056
&8 —a—
W e — —a 2
wy
. 55
- v <4.16-10°° erg
GW190425 H v
. —a— _
L% | —_—— -—= Y+
—A— -
A —_—— Ve + VQ
2 o — All-flavor RRIERRRET
distance [Mpc] 10% ' ' -
BNS NSBH BBH
GW type

.. vy,
(a) Limits on E; '

The 90% C.L. upper limits on the isotropic energy emitted in neutrinos for the 36 GW triggers followed up by SK, as a
function of source distance. The distance and its error, as well as the source type (indicated by the different colors

and markers), are provided using the data from Abbott et al. (2021) (m <3 M = NS, m >3 M = BH)

Warsaw



SK-Gd era

Gadolinium project at Super-K: SK-Gd

1995 2000 2005 2010 2015 2020

pure water

accident

11,146 ID PMTS (%) ‘s

A SK-II  SK-III

refurbishmi
11,129 ID PMTSs (a0




SK detector
r'efur'bishmen wc_)_r'_k in 2012_3

_Fix water leak from the tank

About 1 ton per day of pure water leaked from the SK

the stainless steel panels that make up the tank.

~Improvement of tank piping

Ultra-pure water in the tank was circulated at a flow
rate of 60 tons per hour before. We improved the
water piping and water systems so that they can
process and circulate water at 120 tons per hour.
(17days per one circulation).

—Replacement of faulty photomultiplier tubes

Since the last in-tank SK maintenance during 2005-
2006, some photomultipliers became faulty. We have
replaced a few hundred PMTs.

January 2019.

detector until 2018. We have sealed all welding joints of |

The refurbish started from May 2018 and completed by

o ‘“"1%"*‘

‘‘‘‘‘‘‘

.....

-----
. 4 .
- .

. .
. ¢ h 3

l Photocredit: ICRR, Kamioka Observatory check https://www-sk.icrr.u- Tokyo ac Jp/sk/mdex e. h’rml

ala-Zezula, University of Warsaw
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Water Leakage check
after refurbishment

4
F

After filling the tank completely with water, we started the water leakage measurement

from 11:30 on 3157 January to 15:52 on 7’rh February, 2019. (7 days 4 hours 22 minutes
in total)

—_—y —~0.3—
€ | . € | \
£ I After refurbishment £ I \eﬂec
- 0or ] :0.2_— t“eﬂ“a
Q i > L “ge
2 -5¢ . 2 0.1 ted SN2 R
= of B
S | & | exee®
L b=t L
S-10f : S o .
- = ] Data after refurbishment
15} . 0.1 .
Before refurbishment - ]
-20F (data from April 02-09, 2007) 020 E
-2 “““““““““““““““““ o 3 .............................
01/31 02/01 02/02 02/03 02/04 02/05 02/06 02/07 01/31 02/01 02/02 02/03 02/04 02/05 02/06 02/07
09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00 09:00

Currently we do not observe any water leakage from the SK tank within the
accuracy of our measurement, which is less than 0.017 tons per day.

Posiadala-Zezula, University of Warsaw



“Identify U, + p — e* + n (Inverse Beta Decay- IBD) events by neutron tagging with
Gadolinium.

—Gadolinium has large neutron capture cross section and emits 8MeV gamma cascade.

Super-Kamiokande

electron
anti-neutrino

Ve

Gadolmlum
proton neutron

""'Oﬁw\

Positron signal Neutron signal

positron :
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AUPERE

—to observe Supernova Relic
Neutrinos (SRN)(also called Diffuse
Supernova Neutrino Background
(DSNB)). First observation is expected
at SK-6d

— Improve observation of supernova
burst neutrinos

—Improve pointing accuracy

2 ve(+vx) spectrum measurement

_ Possible detection of neutrinos
from Si burning.
—Reduce neutrino background for
proton decays
— Anti-tag neutrons to reduce
atmospheric neutrino background
— Discriminate neutrino and anti-

neutrino events for T2K

Captures on Gd

SK-Gd era

— The addition of gadolinium improves SK's
ability to:

100%

80%

60% -

40%

20%

0%

0.0001%

0.1% Gd gives

- for n capture
In Super-K this means

- Gdy(SO,)s

0.01% Gd gives —
~50% efficiency.

//' '
/
7
o

| ~100 tons of water soluble

0.01%
Gd in Water

0.001%

0.1%

1%

-



----- SK-6dera
Improving pointing accuracy

TP

v, w/o tagging Y

Declination (deg.)
Declination (deg.)

Right ascension (deg.) Right ascension (deg.)

If v, can be tagged and subtracted from the plot, directional

events (v+e scattering events) can be enhanced and pointing
accuracy can be improved.




Polish SK group

iIs member of SK from the beginnin .

1995 2000 2005 2010 2015 2020

pure water SK-Gd
 SK-III

A

accident

11,146 1D PMTs (i)

SK-II

11,129 ID PMTS (40



Prof. dr hab. Danuta Kietczewska
1945-2016

The first and only participant of
the Super-Kamiokande
experiment from the very
beginning (1996)

Thanks to prof. Kieczewska

Polish neutrino groups could join
T2K in 2006.

Evidence for oscillation of atmospheric neutrinos

The Super-Kamiokande Collaboration p—

Y.Fukuda®, T .Hayakawa®, E.Ichihara®, K.Inoue®, K.Ishihara®, H.Ishino®, Y.Itow®, T Kajita®,
J.Kameda®, S.Kasuga®, K.Kobayashi®, Y.Kobayashi®, Y.Koshio®, M.Miura®, M.Nakahata®,
S.Nakayama®, A.Okada®, K.Okumura®, N.Sakurai®, M.Shiozawa®, Y.Suzuki®, Y.Takeuchi®, Y.Totsuka?,
S.Yamada®, M.Earl?, A Habig?, E.Kearns?, M.D.Messier?, K.Scholberg?, J.L.Stone?, L.R.Sulak?,
C.W.Walter®, M.Goldhaber®, T.Barszczak?, D.Casper?, W.Gajewski?, P.G.Halverson®*, J.Hsu¢,
W.R.Kropp?, L.R. Price?, F.Reines?, M.Smy¢, H.W.Sobel?, M.R.Vagins?, K.S.Ganezer®, W.E.Keig®,
R.W.Ellsworth/, S.Tasaka?, J.W.Flanagan™ A.Kibayashi®, J.G.Learned”, S.Matsuno”, V.J.Stenger”,
D.Takemori”, T Ishii?, J.Kanzaki’, T.Kobayashi’, S.Mine’, K.Nakamura‘, K.Nishikawa, Y.Oyama‘,
A.Sakai’, M.Sakuda’, O.Sasaki’, S.Echigo’, M.Kohama’, A.T.Suzuki’/, T.J.Haines*¢ E.Blaufuss',
B.K Kim!, R.Sanford’, R.Svoboda!, M.L.Chen™, Z.Conner™} J.A.Goodman™, G.W .Sullivan™, J.Hill",
C.K.Jung", K.Martens™, C.Mauger”, C.McGrew", E.Sharkey™, B.Viren”, C.Yanagisawa”, W.Doki?,
K.Miyano®, H.Okazawa®, C.Saji’, M.Takahata®, Y.Nagashima?, M.Takita?, T.Yamaguchi?,
M.Yoshida?, S.B.Kim?, M.Etoh”, K.Fujita”, A.Hasegawa”, T.Hasegawa”, S.Hatakeyama”, T.Iwamoto”,
M.Koga”, T.Maruyama”, H.Ogawa”, J.Shirai", A.Suzuki”, F.Tsushima”, M.Koshiba®, M.Nemoto®,
K.Nishijima?, T.Futagami*, Y.Hayato*$, Y.Kanaya®, K.Kaneyuki*, Y.Wat v i skavd
R.A.Doyle”, J.S.George®”, A.L.Stachyra™, L.L.Wai*>**, R.J.Wilkes*, K.K.Young"

Magdalena Posiadala-Zezula
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WAWK Polish SK group members

v

_ Physics related topics (ATMPD group):

Currently there are only two
Y 4 — Dark matter searches: Dr Piotr Mijakowski (NCBJ),

Polish institutions @ SK: dr Katarzyna Frankiewicz (NCBJ)*
—University of Warsaw, _ Tau appearance analysis: Ms Maitrayee Mandal
FaculTy of Physics (NCBJ), dr hab Justyna tagoda (NCBJ), dr

: Magdalena Posiadata-Zezula

~National Centre for Nuclear Ah?\ospher'ic neutrino oscillation analysis: dr
Research (NCBJ) Magdalena Posiadala-Zezula

_ Calibration part (Calibration group):

_ Tuning of the reflectivity from the PMT's of the
Super-Kamiokande inner detector: Lakshmi Mohan
(NCBJ), dr Magdalena Posiadala-Zezula

_ Study of the reflectivity changes on physics
results: dr Joanna Zalipska (NCBJ), Yashwanth
Prabhu (NCBJ)

* left Super-K

Magdalena Posiadala-Zezula 37



Summary

SUPER

— Search for neutrinos in SK with coincidence with GW events from LIGO-Virgo 03a was
performed

~In the +500s time windows centred on the triggers, no excess with respect to the
background hypothesis was observed in any of the four considered samples (three for
HE-v, one for LE-v).

~Most significant observation is for GW 190602_175927 (1.40)

—Flux limits have been computed:

dn
~High energy: EZE |, <4x10 6eV/cm2 if GW below horizon (2x10° otherwise)
U

~SK-Gd phase is on. Main physics target is the detection of supernova relic neutrinos.

— SK-Gd will improve pointing accuracy for galactic supernova.

—Will also improve separation of neutrino from antineutrino interactions at SK

— ———

Magdalena Posiadala-Zezula, University of Warsaw 38
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Why &d salt was added ?

MAIN AIM: improves SK's ability to observe the sea of neutrinos, known as “supernova relic neutrinos"
FOR T2K and SUPER-K ATM. ANALYSES: we may be able to improve neutrino-antineutrino separation

.

Dissolve Gadolinium into Super-K

J.Beacom and M.Vagins,
Phys.Rev.Lett.93(2004)171101

Super-Kamiokande

GdCl, or Gd,(SO,), yeaI'S
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g Positron signal Neutron signal 20% i In 2020
% 1 ,
0% . -
« . 0.0001% 0.001% 0.01% 0.1% 1%
Cross section for neutron capture for 6d is 49000 Gd in water

barns, while for protons is only 0.3 barn.

Problems:
—discrepancy between predictions and data for neutron capture on hydrogen-
studies ongoing

iversity of Warsaw | Place for new studies on selections



High energy flux limits (2)

—Sample-by-sample flux limits:

~ For each sample "s"

localisation the following Poisson likelihood is defined as:
c(Q +n i s *

L(¢pg, ng, N) = J (e )4]5\(;! B) *exp (¢ T Q*potng) 5« p

and flavour “f" (1/”, Ve Uys v,) and source position €2, we marginalize over the source

ow(€2)d 2

up
~ And 90% confidence level upper limit on the flux ¢ ”is obtained by solving ‘ L(p)d¢p =0.9
0
_—Combination of the samples: Limits obtained combining FC, PC and UPMU and using TS

defined before.

lMc.lg")t:‘.edencl Posiadala-Zezula, University of Warsaw 42 1-/
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blurred rings
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Separation between i and e
in Cherenkov detectors
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—+— T2K data

Y, and v charged current

Ve—llke

v, and v, charged current

Neutral current

l’u-|lke

Sharp edges of
the ring

| »MM

1,000

Electron or muon PID discriminator

Magdalena Posiadala-Zezula, University of Warsaw
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> K Angular resolution

_For a given neutrino detection in SK , the
reconstructed direction is not pointing
exactly to the neutrino direction.

~There are two reasons for that:

—During neutrino-nucleus scattering, the
outgoing muon is not aligned with the
incoming neutrino direction because there
is momentum exchange with the nucleus-
>important for the lower momentum

_~SK reconstruction is simply not perfect

_The goal of this analysis is to reconstruct the
position of the source (which is eq to neutrino
direction) based on the only information we
have -> direction of reconstructed event ->
angular resolution is a key!

—

A Magdalena Posiadala-Zezula, University of Warsaw 44
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~ T2K project

Aim: precise measurements of neutrino and antineutrino

wﬁ: ’

%
Maybe we will be able to explain
why there

is matter dominance

in the Universe

Challenges: small number of events, systematic uncertainties |
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] How can we measure CP violation ?

— CP symmetry measurement needs oscillations of
v, =V, and v, = 0,
—~We need to:

+ produce neutrino beam mode of v, and
antineutrino beam mode of 7,

- separate interactions of v,(D,) from v,(7,) in

the detector
- distinguish neutrino from antineutrino would be
also very useful

hﬂu&—%‘iadala-Zezula, University of Warsaw

-
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T e char'ge conjugation and parity-reversal (CP)
symmetry of fundamental particles is a symmetry
between matter and antimatter.

CP symmetry breaking

Recently Tokai-2-Kamioka (T2K) experiment has publish
its results in the NATURE magazine (April 2020)

ed

<

CP violating phase (dcp)

Disfavored
-90° > region at

the 30 C.L.
Enhance electron neutrino
appearance

A

+180°

la-Zezula, University of Warsaw

(No neutrino-a

«— CP symmetric

«— CP symmetric
can take a value between -180° and 180° V (No neutrino-antineutrini THE Mlmn

An Inchcation ofmatter - ant ratter
symimetry violation in néutrinos

90°

Enhance electron
antineutrino appearance

ntineutrino difference)
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] Neutrino oscillations

Neutrino oscillations are described by the PMINS matrix with :
> 3 mixing angles, 1 complex CP phase O.p

with C;; (S;;) representing cost,; (sinb,;), where 0, 1s the mixing angle between the generations  and j.

flavour eigenstates mass eigenstates

r ] —idp |
i0
Y Y Y
atmospheric and accelerators interference solar and reactors
0,, = 450 S = O 0,,= 340
Am3, =24x107 eV’ Scp =? Am’ =7.6x107 eV?

Long baseline accelerator experiments are sensitive to:
> Atmospheric parameters (0,5, Am;,) —mainly v, disappearance

>Interference parameters (0,3, 0.p) — mainly v, appearance
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7, — D
 Reactions of interest in Super-K CCQE 1 ring events for:

— e—+p
= et +n

and CCl7T single ring events:

ve+p = e +A T = 4p+at

Vy — Wy

Uy — Iy

Reactions of interest in Super-K CCQE 1 ring events for:

Vp+n = p +p
Vy +p ,u"'—l-n




