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Neutrino oscillations

e Flavour (interaction) eigenstates # Mass (propagation) eigenstates, linked by the
PMNS mixing matrix:

atmospheric interference solar
Ve 1 0 0 C13 0 8136715 C19 s19 0 1
Vn — 0 C23 5923 0 1 0 —S12  C12 0 V9
Ve 0 —S$23 (€23 —813635 0 C13 0 0 1 V3

— oscillation parameters: 2 Amzij (Am2ij =m? - m2j), 3 mixing angles eij and 1 phase.
® To be solved:

e CP-violation phase o&: are neutrino and

. . . . A . s normal inverted
antineutrino oscillation probabilities different” P —
: . . Z v - .
e Mass hierarchy: is it normal or inverted? = |
g
- use matter effects B
_ _ =l v T
« 0,, octant: is 0,, really n/4? Is it smaller or L O
larger? W

Atmospheric neutrinos can be used to study all of these questions!
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Atmospheric neutrino production

* Produced as decay products of secondary
particles from cosmic ray interactions with
the Earth’s atmosphere

Cds.mig ny

* Mix of v, v, veand v,

e Power spectrum, ratios well predicted

_"_"10-1 T T T | LI | T T T I
5 R
107 *i%i?!f;»
i, » W
£ 10 — Iy
> x 13
v 10
=
i R
:? 1{]5 B Super-Ksmickande IV ¥, ‘_}"—fﬁ
w Freju v,

leeCube v nafolding
losCube v, Torwarnd fiolding

&
10 AMANTIA- v, wnfolding
AMANDIA- wy forwand folding i

ANTARESw,

lﬂ.",l' HEEMI1 ¥ 47, (W o)
™ Super-Hamiokusde |1V ¥
—x— Frejmy, e ;
1% o o,
[ HEEMI1 w 47, (o s}

i e -gIIII|IIII|IIII|IIIIIIIII|IIII|II

Super Kamiokande 107 2 ; > . n .
Log (E /GeV)
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The Super-Kamiokande detector

* 50 kton pure water Cherenkov detector inside
the Kamioka mine in Gifu, Japan.

I WATER PURIFICATION

e SYSTEM

CONTROL
ROOM

41.4m o _
Divided into two volumes:

* Inner detector (ID): 11 126 x 20 inch PMTSs,

- 22.5 kton fiducial volume

e Outer detector (OD): 1 885 x 8 inch PMTs, 2m

39.3m thick cylindrical shell around 1D
1996 2002 2006 2008 Now
40% coverage ? 20% 40% { 40%

Accident Electronics upgrade

— Results shown include data from all 4 periods (5326 days)
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Atmospheric neutrino samples

E, 1600 E- | | = 1 .
S oo Fully contained = * Fully contained (FC):
= iﬁg: ‘”bl'f'z"r:r‘“_g'; fing :""‘I‘l E « Reconstructed vertex inside FV
m =_ multl-tzel Eingle rnng e-h E_:
;E ﬁ E_ multi-ring e-like _E e No OD activity
100 E- —=
3 200 E — * Sub-divided into 14: e-like, p-like, wo-like, nb. of
= = R = rings, energy, nb. of decay electrons
w1600 = = ..
§ s Fully contained N a
Ll;:'l lﬂﬂt};— sub-Gel single ring p-like _;
= lﬂﬂt}f— multi-Ge\ single ring p-like 3 . .
g WE multiring plike = * Partially contained (PC):
E == IE
= gﬂi_ 3 » Vertex in FV
10 E- = « With OD activity
= Partially contained 3 L : :
= A stapping = * Sub-divided into 2: stopping and through-going
200 - / L — rough-gain = -
150 ;— J.". -.‘K thraugh-going —; . e —
100 E- ! = ]
wE A&H_ = « Upward going muon (Upmu):
200 E_ U ' I.d ] i i ’ _é * Produced by neutrinos in rock around SK or OD
= Upward-going B =
Bl ——stopping AT = * Sub-divided into 3: stopping, through-going non
W0E- T “;“"h'?”“e”“g £ ™ = showering and through-going showering
B T showering £ '\\ =
100 ;— i . —; /
50~ B —
oE ol . = — energy range from ~100 MeV to ~10 TeV
10" 1 10 10° 10’ o
Neutrino Energy [GeV]
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Event rates

I 1 I I l I I 1 I:l 1 lﬂ I I | I I:I:I | 1 I:I 1 I | 1 1 | | I I I 1 I 1
SK-| i1 SK-ll i iSK-Nl SK-IV
10;0°°°°Da°°°°o°c§ E DODnOn"OE E ﬂoooéiOQDOUOOOQODODODGQQGOGDQ%
- ~8.3 events /day ]
- Vo P : -
© - : " ' ; -
ﬁ [ ] [ 1 ] n [ ]
= _ ; . I ~1.5 events [ day |
R R LTI I R LA F I L AL S L T SRR L
ﬁ 1}1 ! ‘ : T | Y : o
TR T TP IP e A R =
o Ry Pttty BRI EE ] tid 1
g EhEETEHE G T R T
_ - Fully contained ~0.7events/day
 — Partially contained |
= Upward-going p
10‘1 ] 1 1 ] I 1 | ] Iil ] :i | ] 1 IEIEI 1 IEI 1 I | ] 1 | | 1 | ] 1 I ]
0 1000 2000 3000 4000 5000 6000 7000

Days since April 15!, 1996
— Stable data taking for over 20 years!
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M O nte Carl o Sam p I es _Neutrino energy comparisons

—~ CCQE+MEC (5.3.6)
T — CCQE (5.3.6)

. : — CCQE (old — 5.1.4)
e Uses Honda et al. 2011 flux calculation

20000

e Neutrino interactions simulated with updated toco
NEUT 5.3.6

e« CCQE: Fermi gas, M,=1.2 GeV/c2 dipole form
factor changed to BBBAOS (extracted from e-
scattering experiments)

10000 —

5000

0 Bkl B s e ot s i v il il i
0 02 04 06 08 1 12 14 16 18 2

v, energy (CCQE+MEC) GeV/c

e Include meson exchange currents (Nieves et al.,

e CC/NC 1r form factor change (Graczyk & \,Sirlﬂ!ex'?ifgf\', cross-section
Sobczyk) L i

- M, =1.21 GeV/c2 - 0.95 GeV/c2

[a—
N

- modified

cm? )

— original Rein-Sehgal]

-38

s L

— 1 ]
e DIS (multi-t) improvement, formation zone g I
correction ¢

g 05— -
s L

% T TR o

Enerev ( GeV )
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Atmospheric neutrino oscillation
analysis
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Matter effects

e Matter effects due to v_-electron scattering

ZENITH . ‘ ' :
(perpendicular to . " ,
2 Earth's surface)
s 0 a 0 0 _ I | \
2F 2 ; : INCOMING
Hupatter = 0 52 0 | U [0 0 0 S Crust33ajem:  COSMIC RAYS
2 N -_—
m
0 0 m 0 0 0

R | /
b
T W
D N W
| LT
1

where a=v2G, N, (- aforv), G, is the

Fermi constant, and N_ the electron density

e Earth modelled with 4 layers

— simplified preliminary reference Earth
model (PREM)

e Spherical symmetry so neutrino path only
depends on:

e production height

e zenith angle

09/25/17 F. Blaszc
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Matter effects

Oscillation probabilities

Normal hierarchy, Am_2=2.5x 10 eV?, sin0,, = 0.5, sin6_, = 0.0219, 6., =0

glep

| Cosine Zenith An

1 1

le
gP
[3)]
IIIIII

| Cosine Zenith An

|
o
N

|
o
—

P(vM - V)

. 0.5—
2 2 |
o o
c c
< < |
£ £ |
o g 0
N N L
[ ]
£ £ T
7] »
o o |
o o
— -0.5

102

1 10
Neutrino Energy [GeV]

7T

1 10 102
Neutrino Energy [GeV]

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

- Resonant enhancement visible only in neutrinos for normal hierarchy (antineutrinos for inverted)
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Analysis

e Three different fits are done:

1) Super-K atmospheric only (6,, and Am? , fixed), ., free
2) Super-K atmospheric only, sin®6., = 0.0219 (Daya Bay + RENO + Double Chooz)

3) Super-K atmospheric + T2K model, sin“6,, = 0.0219

¢ Binned 2 method using systematic errors as scaling factors on the simulation:

2:2; ~ 0, + 0, ln0—>+2(03)2

\ En
Expected from MC Observed in data

En=3 Enj(1+ fie)  On=) Onj
J 2 J

n — n"analysis bin (520 analysis bins)

j - j" Super-K period (I to 1V)

i - i"systematic error (155 error sources)

f',, — fractional change in n® MC bin for a 1 — ¢' variation on i systematic error
£

- it systematic error fitting parameter

09/25/17
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Data vs MC with hierarchy

i sm:aev edike 1-dc3re- Sub-GeV e:lke O-dcy e J_ Sub-GeV p-.lke O-dey e Sub-GeV p:uke 1-dey e 400 Up S;:npp -
AD0 = =
Ft -
.-Q— 3 1000 -
i | o '°°°;t_°"-°-|'°-2"°—°"-7-‘°'\-u= M W
2008 -
200-_ - 200 1 soof -
-0
o o o
12 ' v 1 N 1.3 ' 12F N b '
| A & $ 1HO=—0—0——o0"—0——0—_, 0~ -_,.°+ OO0 1 0——0——p—~0——0-— ) o= S S
osf M N 0. . - LE: 3 _o_. osf . s = . -
Sd.:--GeV a%Hike 1-R ) Ml.lﬂ(:‘-e\l: edike v, 4004 Ml.lﬂGe\:"e-lkeV: - PC :‘:‘ntq) Nnn@hn.werhg,u
10008= -
SO0 -
ol
1.5 T 1.2 T - 15 T 1.2F T
B oo % : ot o—d ] o Fot- 0o oo
i am T = = I A e e i == i e e S osk - d
L L 0. L ! L ° L J .
Sib-GeV w-like 2-dcye- 200p wu-nhée-lke v, . + Mum-nhé elike T PC :I'hru Shnwe.rhg u
- 500k -
200 -1
100 =
s —o—
00—
o ol
- - 1.5 r - - 1.5 r
$ K o b K 00
o , E od ———e— , -0 - o8l ! -0 °=_°_ —O—" I—G—
. 1 -0.5
Mult-GeV -like ol Mult-Ring u-like ] Mult-Ring Unclassiied cos zenith
400 - 3
200 - H H
=, ] preliminary
: ‘ : o : o : — normal hierarchy
10 —— _o_dh+_~+ ’ & =t #+—d—+—L O 1 et Sl - +
. E i i _o.' E osk - : ; osk = ] - ]
1000 - [1] - [1] - [1]
: : . e data
momentum (MeV) cos zenith cos zenith cos zenith
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Hierarchy sensitive samples

Contribution to Ay?

|
0.4 \ K ' T L UL | T T T L B R |
' -2.18 # ] ] SK I+II+III+1V
. | I _ preliminary

0.2- + i
: 1 ] — — Up - cosH,  <-04
0#:‘ - S e : Down - cos 9, > 0.4
c . —— -
= i 1 ] —e— Data
O L 1 |
Q .0.2t -+ = —— Normal Hierarchy
+ L -+ -
:Q. [ Multi-GeV e-like v 1 Multi-GeV e-like V; Inverted Hierarchy
— : e b b
c [ -0.92 ]
g 3
o b
(]
1
Q.
>

L

0.25- + — I 1
= T

-0.2r -
: Multi-Ring e-like v, 1 Multi-Ring e-like v Multi-Ring Other
0.4 e ] el
10°* 10* 10*
Visible Energy [MeV]
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1) Super-K atm. with 6, free

* 0,,and Amz2,, fixed, 6,5 is not constrained SK PRELIMINARY
20— 20— T e
X2min (NH) = 571.7 : \ -
15|~ 4 = 15|~ I'|I". [ ‘; -
| ‘l{l‘,ll I,"I ‘Ill
Ng 10:— ; - Nz* 10/~ Hﬁ\I / fl -
- better data-MC agreement for normal o ! f,/" ; R, / I :
hierarchy o KO\ / ’ *oex \\u\._& S
- 90% g - 90% - f -
H H — + 0.039 :ss% - |\\. / [ R _ _w‘: e 1//. R
* Best fit sinz 923— 0.584" 0.069 ) Q001 0002 0003 0004 0005 % 0.4 0.6 0.8
— 2nd octant preferred A, |, |4 mig | eV* sin by
20 207
* Best fit 6., = 4.18" 1) ) _ : _ ]
— weak constraint, CP-conserving value © s : it ]
included at ~1c . [ 1 o [ ]
3 15 ]
* Best fit sinz0 .= 0.019f8_‘8i§L ( ) i o oo
) 51 7____7____,____7-——-*-“"' - 5- -
— Non-zero 6,; can also be seen with e ] o ——
atmospheric neutrinos (weak constraint) \ e Bt B o
DO 0.02 0.04 0.06 00 2 4 6
sinz 813 8c:|:|

— normal hierarchy
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2) Super-K atm. + 0_, fixed (sin’6_, = 0.0219 + 0.0012)

SK PRELIMINARY
20— —————— — 20— 20—
: : —— Normal Hierarchy
B - 7 - —— Inverted Hierarchy 7
15| - 15— - 15| -
3 1S 1 S ]
- 99% - 99% : I;QSG—""—“'%—__ :
> 5% _ > s / _ k \/
o TN ? . ;
0 ] P TR R T ' / PR ST W Y NI T ] ] ] ] | ] ] Nﬁ. ] ] ] OE/x | \“*._ | ../
0.001 0.002 0.003 0.004 0.005 l?).2 04 0.6 08 0 2 4 6
[AmS, |, |AmE;| eV? sin? 6,, Scp
Ax2 = %2..(NH) - =-4.4 - normal hierarchy favored
* Best fit sinz0,,= 0.588" ) 0° ) — 2nd octant preference strengthened
* Best fit 5., = 4.19° 2! ) —»~3n/2, weak constraint

 Additional scaling parameter on electron density o (o = 0 is vacuum, o = 1 is standard e - density)
» Normal hierarchy preferred with electron density consistent with standard matter
sz = X2a=o - xzmin =5.2

— exclude vacuum oscillations at 1.6 o level

09/25/17 F. Blaszczyk - NuFact 2017 16




2) Super-K atm. + 0, fixed (sin®0,, = 0.0219 * 0.0012)

SK PRELIMINARY
0.0035 I T T T | T T | T T ||

— Normal Hierarchy, 90% C.L. .

0.003 —

A m3, [MeV?]

0.0025 —

0.002 — —

0.2 0.4 0.6 0.8
. 2
Sin 923

- Good agreement with other experiments
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3) Super-K atm. + 6__ fixed + T2K constraint

15

N B _ i _ R
4 10 \ / 10_ 4

- 99% - 99%

5|- u - 5[ -

_ 95% _ 95%

- 90% - 90%

| a8% \ / s

Y |

SK PRELIMINARY

20

09001 0.002

0.003
2 2
|AmZ, |, |Am%| eV

0.004 0.005

15

20—

0.8

sin® 0,,

20—

: —s— Normal Hierarchy

- —— Inverted Hierarchy

» Super-K is T2K far detector so only neutrino source differs: common reconstruction and NEUT-based
simulation

» Use only published T2K beam flux bins : reweight atmospheric v MC using T2K beam flux

sz =-5.2 - normal hierarchy preference strengthened

* Best fit sinz6,,= 0.5507 )70

059 ) — closer to maximal but still 2nd octant

e Best fit 6., = 4.89 " )% ( ) — still ~3w/2, stronger constraint

09/25/17 F. Blaszczyk - NuFact 2017 18




Mass hierarchy results significance

« CL, method
Po ([H) CLs calculation

(best fit values in SK 6., constrained analysis)

CL, =
1 —po(NH)

* po(IH) is the p-value to obtain, assuming IH is true:

107 -
sin® 6);° = 0.588

SK True IH
—— SK True NH

p-value: 0.028

~~< p-value: 0.609
102

sz (NH - IH) < Adeata

« Oscillation parameters allowed to vary within 90% C.L.

103

Fraction of Pseudo Data Sets

* Inverted hierarchy rejected with

:! I LRLL
IR
-y

¢ 81.4% < 1-CL,< 94.9% for SK, 6,5 constrained 104 1o
_ pol o
« 91.5% < 1-CL,< 94.5% for SK+T2K, 0,, constrained " N
x data
CL,
Fit Lower 90% C.L. Best Fit Upper 90% C.L.
SK 6,3 Constrained 0.186 0.071 0.051
SK+T2K 613 Constrained 0.085 0.074 0.055
SK PRELIMINARY
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Tau appearance analysis and
cross-section measurement
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v_in Super-Kamiokande

BG single ring
O event (MC)
E, =2.8GeV

Charge (pe)
. >26.7

v_ CC event (MC)
E,. =33 GeV

Charge (pe)
>26.7 K
3-26.7

corNW
[SRERAEY

cormnw

MLUbwwl

corNw
NS W N W
OO kRNWEA
SRR R

500 1000 1500 2000

Times (ns)

0 5uln 1000 15130 2000 BG multi'ring Q
Times {ns) event (MC) :
E,. =22 GeV

e T leptons, produced by v_CC interactions, have a short

Charge (pe)
>26.7

lifetime (~ 1013 s) - indirect detection in Super-K
e Decay into multiple particles — multi-ring events
e Main background : other neutrino interactions with multiple
outgoing charged particles
— single ring events are easily rejected

500 1000 1500 2000

Times (ns)
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\2 selection

v_appearance probabilities
Normal hierarchy, Am_?=2.1x10°eV? Am,*=7.6 x 10° eV?, sin®20,, =1, sin>20,, =0.099, 6_, =0

3 Flavor P(v, = v,)

0.5
o 7
5 0.
<
= 0.6
=
c
)
N
o
£
3
(&) b —0.3
%%
v % —0.2
%%
%%
—0.1
-0

102

1 10
Neutrino Energy [GeV]

e v_expected only from upward-going v oscillations

— downward-going sample used for background MC
validation

¢ Fully contained events only
e Visible energy (E ) > 1.3 GeV

—~v_CC signal efficiency = 86 % (BG rejection 77%)

09/25/17

F. Blaszczyk - NuFact 2017

3 Flavor P(v,— v,)

72 below 1 threshold
0.9

%

0.8

0.7
0.6
0.5

Cosine Zenith Angle

-0.5

Zaw e 1 Ll 1 0

10 10°
eutrino Energy [GeV]

10f = Tau MC

T T 11171 T 1

108

»
>
©
[m]
©
(3]
[32]
Te]
~
%)
2
c
[
>
L

102

|_L| T \Illl\l

10

1 I I I " d L l

— —_— —
___, Selected — Background MC

Visible Energy (GeV)
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\2 selection

e Neural network algorithm, using 7 discriminating
variables:

1) Visible energy

— energy threshold for CC v_appearance and large t mass

2) Maximum energy ring particle 1D
— 7 events have showering particles = ID < 0

3) Number of decay electrons

— expect more, from pion decays

4) Maximum distance between primary vertex and
decay electron

- ufrom v, interaction are more energetic

5) Event sphericity

— T hadronic decays more isotropic, S - 1

6) Number of ring and ring fragment candidates

7) Fraction of total photoelectrons in the most-
energetic ring

— expected to be smaller

09/25/17

F. Blaszczyk - NuFact 2017

SK PRELIMINARY

_______

4.

35 4

Log of Visible Energy

0z 04 06 08
Clustered Sphericity

! 04 06 08 1
Fraction carried in First Ring

1 2000F

1 1000f

3000

800 :
ID of Maximum Energy Ring

4000F .
3000F .
2000} .

1000F .

0 2000 2800 6000

50 15
Ring Candidates

e Downward v data

— Downward v MC
Tau MC (normalized)

23



— Background MC

Neural network output

Signal MC
| 800 +'|"'|"'| T
e Good separation between background and BG  Tau
signal 600
e Good agreement between background
400

simulation and downward going data
- no tau expected in the downward sample  ,,,

III|III|III|I\I|

o

0.2 0.4 0.6 08
Neural Network Output

Background rejection versus Signal efficiency

TMVA

e Performance example: for NN >0.5,76% § oo |
output B 09f — . E

of the signal is selected and 72% of the N T E
background is rejected 1 | o —— E
T e e s W E

05 =

E MVA Method: ]

03— mip _ _ .

0_2:..‘.|‘...i..‘.|‘...i..‘.|‘...i..‘.|‘ N R =

0 01 02 03 04 05 06 07 08 09 1

Signal efficiency
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vV_appearance search

Signal PDF Background PDF
P T 1-like
S 1= R 4 5 1 . . ... L —
-.9 I I:l ......... 9 :- - 1] 1] o a =] En uuuuuuuu
3 [ ] O o8 o+ e s ] o | o oo ooOBOO0GO0GOoOoao al
OU-Z- | Boe e e OU'.B:DDDDDDD@DDDDDDD:
E ] O & - - - . - E focoooO0DOoOO0dOOOO0o o o
o 0. ] Qo oe o - - OU0bmoooooomoooooo o
E O a E M oOOooO0DOOM0DOO0O00ODO
© (40 O Ooa =« = . - - ] OoqoooooOo0O000go ol
Z ‘fcooOoOoOooa s = - .o .- Z MHooooO0OOOD00OO0O oy
T frooooooso - - - .. Yo NooooOodOoO0oduood
150.2_73 o 0o oo o :: ------- 3} SDZDDDDDDDEDDDDDDH
© rcoooooog O DDDDDDDF—lllllI”
Z U_D = = = @O O o p ....... | Z UEDDDDDDE,—”—”—”—”—”_‘
_|T||-|.||.||i||.|||.|.||| —ulTIquITIuInIrIuInI?lulu?u
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1 background
Cosine of the Zenith Angle Cosine of the Zenith Angle like
e Two-dimensional unbinned maximum likelihood fit:
Tau signal Syst. error
normalization magnitude
| |
Data = o x Signal + Background + X € x ( + )
Built from the NN output Built from the atmospheric neutrino aqaly3|s
) i systematic errors that change the 2D signal /
and event direction BG histograms by at least 2.5% when
applying a 1o shift (28 systematic errors)
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v_appearance search results

SK PRELIMINARY

| =i ) L | LI
B D BG after fit

| L s s e e L B s e e e |

300 | Tau after fit __ 1 000 :_ _:

- @ Data

800}

600}

400

200

- 1200 .
1000f
800}
600}
400}
Non tau-like - 200¢ Downward

-1 -0.5 0 0.5 1 0O 02 04 06 08 1
Cos® NN output

PRELIMINARY RESULTS (NH) e No-tau appearance rejection at 4.6 ¢ level for
o = 1.47 £ 0.32 (stat + syst) normal hierarchy (3.3 ¢ expected)

[1.41 + 0.28 stat only] e 338.1 + 72.7 fully contained CC v_events
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CC \2 cross-section measurement

Omeasured = D7 X <O-theofry> SK PRELIVINARY

& = | ' [ ' ' ‘ | B c
£ [ 1 @
(@] —
e S, is ascaling factor and (0¢peory) is the flux- %, 10F ///:f 3108
— - ] §2]
averaged theoretical CC v_cross-section used in g i // | §
= 1 =1 W
NEUT 8 5 £ R N §
w R ]
: _ > | ]
e Inthis case S_=a so 2107k 140
O [ :
O-measured — (1.47 :l: 0032) >< <O-theofry> > B e NEUT CC v, xsec m— NEUT CC ¥V, xsec N 5
10°F =10
. SK flux averaged NEUT xsec —+— SK measured CC tau xsec E
e The flux-averaged theoretical cross-section is E Z
- , , | | , , | | , , | | -
calculated to be 0.64 x 10 cm? between 3.5 10%; 20 20 50 107
GeV and 70 GeV Neutrino Energy (GeV)

> =(0.94 + 0.20) x 1038 cm?
for flux averaged between 3.5 GeV and 70 GeV

<0

measured

- Agreement between theoretical and measured cross-sections at 1.5 ¢ level
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Comparison to DONUT

SK PRELIMINARY e DONUT observed 9 CC v_events (1.5 BG)

e Mean energy is 111 GeV

— CC deep-inelastic scattering is dominant

-
o

e Assume CC v_cross-section has linear

dependence on neutrino energy

Cross Section (10°%cm?)

1 =
- ] 0(E) = 0const - £ - K(FE)
’ i NEUT CCv, xsec NEUT CC¥, xsec 1 - extrapolate to SK energies
0 g_ ------- DONUT CCw_xsec ~  =----s- DONUT CC v, xsec _g _ + .38 2
E ------- SK flux averaged NEUT xsec —H4— SK measured CC tau xsec E <cySK-DONUT> - (0'37_0'18))(10 cm
- —4— SK flux weighted DONUT xsec .
) | . . . | . . . | .
10 0 20 40 _ 60 e [ower than Super-K measurement
Neutrino Energy (GeV)
<6, > = (0.94+0.20)x10-% cm?
— extrapolation missing contribution from other
CC cross-sections
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Summary

« Atmospheric neutrinos can be used to study several unresolved neutrino
guestions...

* 0,5 Non-zero observed

 Measured oscillation parameters in good agreement with other experiments

 All analyses show slight preference for normal mass hierarchy and for the
second octant of 0,

* No-tau appearance hypothesis excluded at 4.6 level assuming normal
hierarchy

e CCv, cross-section is (0.94 £ 0.20) x 10-38 cmz2 between 3.5 GeV and 70 GeV

« Results will be published soon, two papers in preparation

09/25/17 F. Blaszczyk - NuFact 2017
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The collaboration

~160 members, ~45 institutes
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Back up
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FC samples purities

Sample Energy bins  cos 6, bins CC rv. CCv. CC v, +v, CCr, NC Data MC
Fully Contained (FC) Sub-GeV
e-like, Single-ring
0 decay-e 5 e* momentum 10 in [—1,1] 0.717 0.248 0.002 0.000 0.033 10294 10266.1
1 decay-e 5 ¥ momentum 0.805 0.019 0.108 0.001 0.067 1174 1150.7
p-like, Single-ring
0 decay-e 5 pF momentum 10 in [—-1,1] 0.041 0.013 0.759 0.001 0.186 2843 2824.3
1 decay-e 5 p momentum 10 in [—1,1]  0.001 0.000 0.972 0.000 0.027 8011 8008.7
2 decay-e 5 T momentum 0.000 0.000 0.979 0.001 0.020 687  687.0
n%-like
Single-ring 5 e* momentum 0.096 0.033 0.015 0.000 0.856 578  5H71.8
Two-ring 5 7’ momentum 0.067 0.025 0.011 0.000 0.897 1720 1728.4
Multi-ring 0.294 0.047 0.342 0.000 0.318 1682 1624.2
Fully Contained (FC) Multi-GeV
Single-ring
ve-like 4 e* momentum 10 in [-1,1]  0.621 0.090 0.100 0.033 0.156 705  671.3
v.-like 4 e* momentum 10 in [-1,1] 0.546 0.372 0.009 0.010 0.063 2142 2193.7
p-like 2 p* momentum 10 in [-1,1]  0.003 0.001 0.992 0.002 0.002 2565 2573.8
Multi-ring
ve-like 3 visible energy 10 in [—1,1] 0.557 0.102 0.117 0.040 0.184 907 915.5
U.-like 3 visible energy 10 in [—1,1] 0.531 0.270 0.041 0.022 0.136 745 773.8
p-like 4 visible energy 10 in [—1,1] 0.027 0.004 0.913 0.005 0.051 2310 2294.0
Other 4 visible energy 10 in [—1,1] 0.275 0.029 0.348 0.049 0.299 1808 1772.6
Partially Contained (PC)
Stopping 2 visible energy 10 in [—1,0] 0.084 0.032 0.829 0.010 0.045 566  570.0
Through-going 4 visible energy 10 in [—1,1] 0.006 0.003 0.978 0.007 0.006 2801 2889.9
Upward-going Muons (Up-pu)
Stopping 3 visible energy 10 in [—1,0] 0.008 0.003 0.986 0.000 0.003 1456.4 1448.9
Through-going
Non-showering 10 in [—1,0] 0.002 0.001 0.996 0.000 0.001 5035.3 4900.4
Showering 10 in [—-1,0] 0.001 0.000 0.998 0.000 0.001 1231.0 1305.0

09/25/17
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Data and MC comparisons 2K

400 F i . ' ] N o i '
Sub-GeV e-like 1-dcy e Sub-GeV e-like 0-dcy e 400 [ Sub-GeV p-like O-dcy e, 1000 Sub-GeV u-like 1-doy ef Stopping Up-Lt
L 1000 | o -
...
200 _:| !F.==—2| i ‘ﬁ_ﬁ M sool -
200F . " i
5000 1 500
0 - : 0 : 0 : 0 - 0 -
500 1000 -1 0 1 -1 0 1 -1 0 1 -1 -0.5 0
VR R , — 400F - 3 - —
Sub-GeVnP-like 1-R Multi-GeV e-like ve Multi-GeV e-like Ve 100+ PC Stop 11000L Non-showering up-W |
200 100} E _+_
200 .
S0 500} i
50
100 + ﬂﬁ
0 : : 0 - 0 - 0 - 0 .
500 1000 -1 0 1 -1 0 1 -1 0 1 -1 -0.5 0
200 [ Sub-GeV u-like 2-dcy e Multi-Ring e-like vq Multi-Ring e-like Ve | 0| PC Thru | 200F Showering up-u 1
100r | 100t -
100 | 100F 1
-.-
0 - : 0 : 0 : 0 : 0 :
500 1000 -1 0 1 -1 0 1 -1 0 1 -1 -0.5 0
T T r T T cos zenith
Sub-GeVnO-like M-R | 400l Multi-GeV mu-like | Multi-Ring mu-like Multi-Ring-Other 1
SK I+II++IV
003 ] I ' reliminar
200 + -
200 - p y
— unoscillated MC
500 1000 -1 0 1 -1 0 1 -1 0 1 e data
lepton momentum (MeV) cos zenith cos zenith cos zenith
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T2K vs Super-K T2K model

7

| 1 1 I
| 99%

90%

—h
AT T 1]

— T2K model
-- T2K published data
(arXiv:1502.01550 [hep-ex])
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Sensitivity to mass hierarchy

0 Super-K
0 Super-K with T2K v, v,
o, Uncertainty

=
| T T 1T I T T 1T I T 1T T 1

Incorrect Hierarchy Rejection A y?
w

Normal hierarchy

| 1 | | | | 1 | | I | 1 | | I ] 1 | | 1 1 | |
0 0.4 0.45 0.5 0.55 0.6

. 2
sin 923
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Summary

Fit Hierarchy| x° sin“613 sinfas  |Am3e 1| [eV?]  dcp
SK 013 Free NH 571.7 0.0197003% 0.58470:035 2477017 4.18%1 ¢
1 575.2 0.00873 o7 055070707y 2.2075755  3.85757%
SK 613 Constrained NH 571.7 - 0.588F008L 2507053 4.19%137
o |5T61 - 0STSURER 250708 4197
SK+T2K 613 Constrained NH 639.6 - 0.55015010 2507095 4.8919:%
I 644.8 - 055010015 2400005 45470

09/25/17
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Systematics detall

09/25/17

a7

c
d u
“ 1
1

neertainty
Tneertainty
neertainty
neertainty
neertainty
Tncertainty

Systematic Error

Fit Value (%) o (%)

Flux normalization

(v + Tp)f (ve + Te)

ve v

Vi Vs

Up/down ratio

Horizontal /vertical ratio

E, <1Gev®

E, > 1GevPh

E, <1GeV

1< E, <10 GeV
E, > 10 GeV*
E, < 1GeV

1< E, <10 GeV
E, > 10 GeV?
E, < 1GeV

1< E, <10 GeV
E, > 10 GeV®

< 400 MeV

= 400 MeV

Multi-GeV

Multi-ring Sub-GeV
Multi-ring Multi-GeV
PC

< 400 MeV

= 400 MeV

Multi-GeV
Multi-ring Sub-GeV
Multi-ring Multi-GeV

PC

K ,H' 7 ratio in flux calculation®

Neutrino path length
Sample-hy-sample

Matter effects

FC Multi-GeV
PC + Stopping UP-u

e-like
p-like

O-decay p-like

e-like
p-like

D-decay p-like

e-like
p-like
e-like
p-like
e-like
p-like

e-like
p-like

O-decay p-like

e-like
p-like

D-decay p-like

e-like
p-like
e-like
p-like
e-like
p-like

14.3 25
7.8 15
0.06 2

-1.1 3
1.6 b1
1.7 b1
34 3

=1.6 8
0.23 2
2.9 6

-2.9 15

—0.026 0.1

—0.078 0.3

—0.286 1.1

=0.208 0.8

—0.13 0.5

—0.442 1.7

—0.182 0.7

—0.052 0.2

=0.104 0.4

=0.052 0.2

—0.078 0.3
—0.052 0.2
—0.052 0.2
0.019 0.1
0.019 0.1
0.058 0.3
0.271 1.4
0.368 1.9
0.271 1.4
0.62 3.2
0.446 2.3
0.271 1.4
0.252 1.3
0.543 2.8
0.291 1.5
0.330 1.7
-9.3 10
—-2.17 10
—6.5 5
0.19 5
0.52 6.8

decreases linearly with log ', from 25 %({0.1 GeV) to T%(1 GeV).

is T% up to 10 GeV, linearly increases with log E, from T%(10 GeV) to 12 %(100 GeV) and then to 20 %(1 TeV)

linearly inereases with log Ep from 5%(30 GeV) to 30 %(1 TeV).
linearly increases with log E,, from 8% (100 GeV) to 20%(1 TeV).
linearly increases with log E,, from 6%(50 GeV) to 40 % (1 TeV).
increases linearly from 5% to 20% between 100GeV and 1TeV.
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Systematics detall

Systematic Error Fit Value (%) o (%)
M4 in QE —0.56 10
Single m Production, Axial Coupling —-4.5 10
Single 7 Production, Cs —3.0 10
Single m Production, BKG —8.7 10
CCQE cross section® 6.6 10
CCQE 7/v ratio® 9.3 10
CCQE p/e ratio® 0.71 10
DIS cross section —4.4 5
DIS model comparisons® 3.0 10
DIS @Q? distribution (high W)¢ 8.2 10
DIS @Q* distribution (low W)* 5.8 10
Coherent 7 production —-8.6 100
NC/CC 12.1 20
v, Ccross section —-13.9 25
Single w production, TF“/TF:E —20.2 40
Single 7w production, ; /v (i=e, p)® —11.1 10
NC fraction from hadron simulation —0.54 10
7 decay uncertainty Sub-GeV 1-ring e-like 0-decay —0.18 0.6
p-like O-decay —0.24 0.8
e-like 1-decay 1.2 4.1
p-like 1-decay 0.71 0.9
p-like 2-decay 1.7 5.7
Meson exchange current® —1.8 10
Am3, [27] 0.022 2.4
sin®(612) [27] 0.34 4.6
Sinz(ﬁlg) [27] 011 5.4

@ Difference from the Nieves [24] model is set to 1.0

b Difference from CKMT [42] parametrization is set to 1.0

¢ Difference from GRV9R [43] is set to 1.0

4 Difference from the Hernandez[44] model is set to 1.0

¢ Difference from NEUT without model from [24] is set to 1.0
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Systematics detali

SK-1 SK-II SK-I11 SK-IV
Systematic Error Fit Value o Fit Value o Fit Value o Fit Value o
FC reduction -0.008 0.2 0.005 0.2 0.068 0.8 0.68 1.3
PC reduction 0.007 24 -345 48 -0.012 05 -0.78 1
FC/PC separation -0.10 0.6 0.077 0.5 013 0.9 0.0004 0.02
PC stopping/through-going separation (bottom) -15.8 23 -24 13 -0.31 12 -1.5 6.8
PC stopping/through-going separation (barrel) 3.8 7 -5.7 9.4 —13.9 29 ~0.40 8.5
PC stopping/through-going separation (top) 8.5 46 -30 19 —12.6 8T —24.1 40
Non-v background Sub-GeV p-like 0.010 0.1 0.065 0.4 0106 0.5  —0.011  0.02
Multi-GeV p-like 0.037 0.4 0.065 0.4 0.106 0.5 -0.011 0.02
Sub-GeV 1-ring O-decay pi-like 0.010 0.1 0.049 0.3 0.085 0.4  —0.052 0.09
PC 0.019 0.2 0114 0.7 0.381 1.8 —0.282 049
Sub-GeV e-like (flasher event) 0.069 0.5 0.000 0.2 —-0.004 0.2 —0.000 0.02
Multi-GeV e-like (Hasher event) 0.013 0.1 0.000 0.3 —-0.013 0.7 —0.000 0.08
Multi-GeV 1-ring e-like 3.6 13 -5.2 38 -1.0 27 2.4 18
Multi-GeV Multi-ring e-like 3.8 12 38 11 0.74 11 0.40 12
Fiducial Volume -0.86 2 010 2 0.2z 2 -1.5 2
Ring separation < 400 MeV e-like 045 23 —-108 1.3 0.80 2.3 0.95 1.6
p-like  0.14 0.7 —-191 2.3 1.04 3 1.79 3
= 400 MeV e-like  0.078 04 -141 17 0.45 1.3 —0.60 1
p-like 014 0.7 —0.582 0.7 0.208 0.6 —0.36 0.6
Multi-GeV e-like 0.2 3.7 -216 26 045 1.3 —0.60 1
plike 033 1.7 —141 1.7 035 1 0.72 1.2
Multi-ring Sub-GeV e-like —0.68 3.5 3.16 3.8 0.45 1.3 1.13 1.9
p-like —0.88 4.5 6.82 82 090 2.6 1.37 2.3
Multi-ring Multi-GeV e-like —0.60 3.1 158 19 -038 1.1 0.54 0.9
p-like —0.80 4.1 0666 0.8 073 21 -1.43 24
Particle identification (1 ring) Sub-GeV e-like  0.039 0.23 0229 066 0.053 0.26 -0.123 0.28
p-like —0.031 018 0173 0.5 -0.038 0.19 0.097  0.22
Multi-GeV e-like  0.032 0.19  0.083 024 0.062 031 -0.155 0.35
p-like —0.032  0.19 —-0.090 0.26 -0.060 0.3 0.155  0.35
Particle identification (multi-ring)Sub-GeV elike —0.22 3.1 -343 6 3.50 0.5 —2.26 1.2
p-like  0.046 0.66 143 2.5 -192 5.2 0.86 1.6
Multi-GeV ellike 045 6.5 556 97 -180 49 -—1.78 3.3
p-like =020 2.9 -2.23 39 1.00 2.7 0.86 1.6
Energy calibration -0.76 3.3 —08) 28 0.06 2.4 0.09 21
Up /down asymmetry energy calibration 0.26 0.6 0.24 0.6 0.74 13 -0.15 0.4
UP-p reduction Stopping -0.091 0.7 —-0.080 0.7 0.162 0.7 0.087 0.5
Through-going =0.065 0.5 —0.094 0.5 0.115 0.5 0.053 0.3
UP-p stopping/through-going separation 0.003 0.4 —0.004 0.6 0.030 0.4 —0.102 0.6
Energy cut for stopping UP-p —-0.043 0.9 —-0.122 1.3 0.057 2 —0.122 1.7
Path length cut for through-going UP-pu -0.416 1.5 —0.825 2.3 0.993 2.8 147 1.5
Through-going UP-p showering separation 753 34 —468 44 2.80 24 =330 3
Background subtraction for UP-u Stopping® 10.0 16 -31 21 -4.9 20 —6.7 17
Non-showering® -3.6 18 -36 14 14 24 2.1 17
Showering” -12.3 18 —15.7 14 0.1 24 -0.9 24
ve /e Separation -0.98 7.2 702 7.9 0.43 7.7 250 6.8
Sub-GeV 1-ring 7" selection 100 < Pe < 250 MeV /e 1.7 9 6.9 10 0.96 6.3 5.23 1.6
250 < P. < 400 MeV /e 1.7 9.2 9.7 14 0.75 4.9 3.4 3
400 < P, < 630 MeV /e 1.1 16 76 11 3.7 24 13.7 13
630 < P. < 1000 MeV /¢ 2.6 14 1.1 16 1.3 8.2 19.4 17
1000 < F. < 1330 MeV/c 2.2 12 6.8 0.8 1.7 11 27.3 21
Suh-GeV 2-ring 7" 1.3 5.6 2.7 4.4 1.6 59 —-0.72 5.6
Decay-e tagging -33 10 —-1.0 10 0.9 10 1.3 10
Solar Activity -1.8 20 20,0 50 2.7 20 0.6 10

& The uncertainties in BG subtraction for upward-going muons are only for the most horizontal bin, —0.1 < cos @ < (.
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Tau decay modes

09/25/17

Decay mode Branching ratio (%)

[T 17.41 £ 0.04
e Velr 17.83 £0.04
T Vs 10.83 + 0.06
T mou, 25.52 £ 0.09
T 2m0y, 9.3+0.11
7 31, 1.05 & 0.07
Y 8.99 + 0.06
Tt 1, 8.99 + 0.06
h™ wv; 2.00 £ 0.08
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Flux averaged cross-section

ZV’T)I;T dCI;(EE )J heo'ryE dEV

f dCID(E )

<Utheory> —

I/T7V7’

—~ 1 ~~ -
& -
-‘\E10-1E @ 105—
%310'2: c |
E ~ =
S - S 1
= 5 [
T F o [
4l D, 1L
%o‘f’%— ) [ | — NEUT CCv, xsec
Z 65 10_25_ =
10 E - | — NEUT CC¥, xsec
7 R B S RS 3 A S R
10 20 40 60 10% 20 40 — 60
Neutrino Energy (GeV) Neutrino Energy (GeV)
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