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Standard neutrino picture

London

« Neutrino flavours are a mix of mass
eigenstates: |v,) = Upmns|vi)

We know fairly well what the

mixing matrix looks like: 05 % 0

00/

|Upmns|? = Vi

Vr
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. Neutrino flavours are a mix of mass Octant deceneracy )

eigenstates: |v,) = Upmns|vi) ‘ o - ‘ C

« We know fairly well what the
X o0

mixing matrix looks like:
Vi V2 V3
o |
@0 . o
Lower (0,3 < 45°) Upper (6,3 > 45°)
X o

w .
X

|Upmns|? =

vy (" Mass Ordering (Hierarchy) )
[‘. . CP Violation A “ ° : “
e | © @ * o
P v)) =P ~7) | | @ @ °®
9 Ocp Key parameter: 8.p P 9 Normal (NO) Inverted (10O) y
Phill Litchfield

2018/07/17




T2K measurements LZ '

London
v, Disappearance: v, Appearance:
« Precision measurement of « Enhancedforvif—m <d.p <0
sin®20,3; and Am3, « NO/NH also enhances v
V=V, = vuev“ V=V, Vueve
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Analysis strategy __1;_zj|2\

London
NA61 Geometrv Super-K l

data INGRID atmospheric
data analysis
( Flux Super-
predictions I Kamiokande
|l Y ﬁ amiokand
: Super-Kamiokande flux I

ND280 T2K transfer
flux function

Cross @ Super-K 1 Super-K
sections response I prediction

Allow all of

ND280 Interaction  this to vary
\ response models in the fitter
— i — - — e —— —— —— =~ Oscillation
measurements
ND280 ND280 External
data data
data
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Beam exposure o cOi..Eg:

London

® FHC (v mode) Total
® RHC (v mode) ota
Run3 Rund Run5 Run6 _ Run/ Run8  Rund
82 35 un un un un un qn _un_ E
= 30 Previous analysis: T2K Runs 1~7 500 =
2 : 3
O 5% Today: Up to end 2017 100 £
g {1 =
5 20 —{300 &
u O
g 15 & . 4 | *')00 A
8 10 | R ,7 . .
< 5 f, gL ! : .Cﬂ - —100
= /—'// 1 2
' l l L L 1 l L 1 L l L L I l

2010 T 2011 ' 2012 ' 2013 ' 2014 ' 2015 ' 2016 ' 2017 ' 2018
Pion collection & focussing depends on Horn Current Year
Forward Horn Current: n* - u* +v, 1.49x10%! POT

Reverse Horn Current: n~ - = +v, 1.12x10%" POT
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London

a Constraint using ND280 data -I—ij\

1 2
I

Neutrinos >

Analysis uses pairs of samples from
2 active target volumes

1. Pure scintillator: Carbon (+H)
2. Water+ scint.: Oxygen (+C, H)

Allows separate constraints for
C vs O nuclear effects

Forward Horn Current mode:

« Require 1 —ive

muon-like track ’}/’
« Sub-samples with

{0,1,n} pion-like tracks

Reverse Horn Current mode:

« Require 1T muon-like
track L+
 Sub-samples based

on muon charge

and {0, n} extra tracks ’}/’

(Larger ‘wrong-sign’
B/G in RHC mode)
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Super-Kamiokande samples

12K\

Imperial College
London
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1 R'e>
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1:5/—y

1R-e +/d.e.

it L >
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41.4m

FHC sample, expect:
94%+6% v, +V, 81% (v, »)ve,

18% beam v, + v,

FHC sample, expect:

79% (v, —>)Vve,
21% beam v, + v

—
FHC sample, expect.} 0.

u_j N\

RHC sample, expect:
60%+40% v, + v, 45% (v, —) Ve,

10% (v” —>) V,

RHC sample, expect:

2018/07/17

New! Sample added with delayed-
coincidence Michel electron
(tags low momentum pion in FHC) )
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Changes since 2016 T2K\

Imperial College

London
Improvements to the selection Changes in the model
« More powerful reconstruction « Better accounting for in-nucleus
and classifier employed at SK effects on nucleon weak current
+ Expanded Fiducial Volume (RPA)
utilising both closest d,,.; and « Scattering from correlated pairs
along-path diowan of nucleons (2p2h)
— Recover ~20% more events b
T\L2;
/,,——"" 4——~“~\\\ 25 Lof ]
\\-,____; 4____,,/’/ §'08§ ;
% 0.6 1 E1 =.60(; MlcV “—-
é 04 : :(T:g;lmkm ]
Vv & 02 _ipi: A-e-nhunced _f
i T - f Y o : ‘_f”.”.r
il P 0.0 0.5 1.0 1.5 2.0 25
Reconstructed energy (GeV)
« Significant retuning of the pion
~__ - production models
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Event rates T2\

Imperial College
London

Expectation, sin 0,; = 0.528, § =

Observed
—1/2 0 T +m/2
FHC 1R-u 268.5 268.2 268.9 268.9 243
RHC 1R-u 95.5 95.3 95.8 95.5 102
> Sum of TR-u 364.0 363.5 364.7 364.5 345

FHC 1R-e 73.8 61.6 62.2 50.0 75

FHC 1R-e +d.e. 6.9 6.0 5.8 4.9 15 N

RHC 1R-e 11.8 13.4 13.2 14.9 9
(See fewer v, like events than ] [See more v, and fewer v, than expected, even )
expected, for § = -7/,

= fit will prefer maximal = fit will have a strong preference for CP-

disappearance violation that enhances neutrino rates
. J . J

« Excess in d.e. sample has p~1%, but does not have disproportionate impact on fit
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Appearance* Results Ly

London

T2K Run 1-9¢ Preliminary

IIIIIIIIIIIII-||IIII|IIII|IIII|IIII|III1|III

----- Normal - 68CL —]

¥ Bestfit —— Normal - 90CL
PDG 2016 ----- Inverted - 68CL _
—— Inverted - 90CL —]

. - 2
T2K results in sin 913 — 6(:1) 3
plane are S-curves

« One curve for FHC, another
for RHC

« New RHC data improves
T2K-only constraints

T2K alone

Ocp (Radians)
-
| L | T T | [ | T | T T | T ‘l

 Inverted Ordering needs -1
slightly larger sin? 043 S
| i I B e N ol el EPRY A B R

10 15 20 25 30 35 40 45 50
sin“(6,5)/10°

“Uses v, data; marginalises over relevant parameters
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Appearance* Results Ly

London

T2K Run 1-9¢ Preliminary

IIIIIIIIIIIIIIII|IIII|IIII|IIII|III1|III

----- Normal - 68CL —]

¥ Best fit —— Normal - 90CL
PDG 2016 ----- Inverted - 68CL _
—— Inverted - 90CL —]

T2K + Reactors

. =2
T2K results in sin” 813 — &¢p 3
plane are S-curves

« One curve for FHC, another
for RHC

« New RHC data improves
T2K-only constraints

 Inverted Ordering needs
slightly larger sin? 043

[y

|
[am—y

|
)

Ocp (Radians)
-
| L | T T | [ | T | T T | T |

-3

10 15 20 25 30 35 40 45 50

dcp constraint then improved by intersection sin“(6,;)/10°°
with reactor value.

« More tension in Inverted Ordering, leading to stronger than expected
preference for Normal Ordering
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Disappearance” Results LZ'

London

x]ﬂf

Am3,, sin? 8,3 results mostly ~ *BLT2K Run 1-9c Preliminary | - Nomal “68CL
dependent on the v, data. % 27F et Taveried - 63CL

Z 261 -
Low observed/expected ratio so .= 2sE E
expect maximal disappearance... é

z E
This happens for sin? 8,3 ~ 0.51 5 E E
» Small preference for Upper B R X 7 S 7 R X TR T

octant from disappearance alone sin%(6,,)

. But large values of sin? 8,3 also enhance appearance rates and improve
fit to v, appearance.
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Constraint on é¢p oA

London

Marginalise over everything except écp
Compare to frequentist critical values

Stronger than expected
T2K expected sensitivity

LR BLEL L SR NS LR L " U LR R
18_— . ]
Exclude CP conservation at > 26 C.L. [ 68.27% of toys MC E
. . - 95.45% of toys MC -
Inverted ordering only just < 20 C.L. 14 S To E
I I I T T T T T T T T T T2II<-I R-Iuji-l 1' glc IPII-E:lIlrllrllln.airy T | 1 2 ;_ ata _;
g | ] oon E
- — Normal B 8;_ _;
— — Inverted — 6= y
u . 4 —
- 4 2 E
:_ _: 8CP
- . « In toy experiments at best fit,
N L = 20 exclusion of § = {0, }
3|3 g N T T ; occurs in 19% of cases
6CP
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Summary numbers 2K\

Imperial College
London

Almost double exposure since last paper [Phys.Rev.D96, 092006 (2017)]
« FHC (mainly v): 7.482x10%° —» 1.49x10%1 POT
e RHC (mainly v): 7.471x10%° —» 1.12x10%1 POT

CP conserving values of é¢p lie outside the 20 interval
« For IO even the best value of §¢p Is disfavoured at around 2o

Mass ordering Best fit 6¢p 20 interval
Normal -1.82 (-0.587) [-2.91, -0.64]
Inverted -1.38 (-044n) [-1.57, -1.16]

Updated constraints on other parameters:

Parameter Best fit [NO] 10 interval Best fit [10] 10 interval
sin? 6,5 0.536 [0.490, 0.567] 0.536 [0.495, 0.567]
Am3, /1073 eV?2 +2.43 [+2.37, +2.50] -2.49 [-2.55, —2.42]

sin® 0,5 /103 (T2K only)  2.68 [ 222, 3.19] 3.05 [ 253, 3.69]
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Pion (¢

Beam exposure

T2\

Imperial College
London

® FHC (v mode) Total
® RHC (v mode) ot
Run3 Run4 Run5S Run6 Run7 an8

Previous analysis: T2K Runs 1~7
Today: Up to end 2017

MR Run#
MR Shot#

853269

(2018/05/06 01:54:30)

NU Run#
Event#
Spill#

Deliv. p#
(this J-PARC run)

Deliv. p#

Revers

For (2010/Jan/1~) Sl .u+ + vﬂ
S TTorTCUTTerTe— 1 — u +vy,

e

790157
22809
9809738

10329e+20

Run9

n
-
-

Beam Power /kW

1.12x1021 POT

1 Expec u-d' Powe- " 505 wwm o
. .:.:"::..m: “;rm.n::.::m —1300
79 ’ EE;": ‘:: :::1 MR l‘c‘::::"v' o‘S:)':.B: T -*
: ’ ‘ l;lmh.:l.\(lll’owerl 496.0 kW] ey _)L.?.OO
§ - |
1 1 1 1 1 1 l
2013 i 2014 ' 2015 i 016 ! 20(]8
bnds on Horn Current Year
1.49x 102" POT
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Other representations *-JTZ':‘

London

T2K Runl-9¢ Preliminary

Calculated Bayes factors foroctant | g Bp 77—

. 2! L -

and mass ordering preference: 216 L =

= - o §

3 P(sin® 83 > 0.5|Data)  ¢.77 oq:j 4 e

023 P(sin® 6,3 < 0.5|Data) 023 o 2F =

B amuarevie ]

B . P(NO|Data) 089 E 10 gm%_i:z::tlxlﬂ"”evlfc" -]

MO = p(IO|Data) ~ o0.11 £ gh ® demw 7

= — d P - :

Using [0,1] and equal priorS E 6__.?;::;1«?“ _]

i = - ' stztt::;}fsten' ]

Calculate p-values for non-unitary | < 57" ..., DI
30 90 100

model in whichv,, » v_: 30 40 50 60 70
H € Neutrino mode 1Re candidates

Hypothesis p-value Bi-rate plot summed over spectra

V, # T, 0.233 of selected events.
Vy = Ve (FHC-BF) 0.0867 « Systematic error uses parameter

. Only 9 events observed so low covariance from ND280 data.

PMNS p-value expected
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Systematic errors LZ':‘

London

FHC RHC FHC FHC RHC FHC /

1R-u 1R-u 1R-e  1R-e +d.e. 1R-e RHC
ND prediction 2.9% 2.7% 3.0% 2.9% 3.8% 2.3%
Unconstrained 0.3% 0.3% 2.8% 3.0% 2.9% 3.4%
Binding Energy 3.4% 1.7% 7.3% 3.7% 3.0% 2.3%
SK Detector 3.3% 2.8% 4.1% 4.4% 17.4% 2.1%
Total 4.9% 4.3% 8.8% 7.0% 18.3% 5.9%
Stat 6= mw/2 o o 11.6 ~ 38.0 ~ 29.1 ~
VN  S=-mz 1P 102% quq9 451%  259% —

Indicative errors on the total rate — actual analysis doe not use these!
ND prediction: Extrapolated flux and constrained interaction effects
Unconstrained: Cross-sections not constrained by ND280 [Naive sum]
Binding Energy: Parameterised residual of effect after ND280 prediction
SK Detector: Reconstruction and re-interactions
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SK event distributions *-JTZ':‘

London

(m - ’1;2‘K. R‘ul‘ll‘—9‘c‘Pr-eliminary — 180 T2K Run1-9c Preliminar 180 T2K Runl-9c Preliminar :
- - Vv,—V w1 = L
= L n7Ye 3 C r -
r m A C C S
9 30: -\ri]”(?\} 2 160 160/ o
&
3 . [V /v, intrinsic | & B = -
qa 25— [ v, intrinsic T 140 140— “5
— C Il v, intrinsic <o) C C 5
éé oF E 120F- 1205 2
= - ] 100 100~ g
Z C 3 = : z
15 E 80 80
10/ E S0 60/
B . 40— 40—
3 % +i E 20— 200
oL - R LR 0: 0:
0 0.5 1 1.5 2 2.5 3 0 0.2 04 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
\_ v Reconstructed Energy (GeV) v Reconstructed Energy (GeV) v Reconstructed Energy (GeV) )
(m 16 T‘ZK Runl‘—9c Preliminary 180 T2K Runl-9c Preliminar ” )
z j\ T T T T T T T T T T T T T T T T T - v *}Ve /(2\ C “ .
5 f =0 | §f | Upper: FHC
LE 14— [ NC 5 1601 m>
r [ 1v /v, intrinsic | & r : . .
5 S| 2 140 = |  TR(ing)-u; 1R-¢;
5 B Vv, inlrinsicﬁ [«5) 120 C 23 +
o r B F £
s ] : | TRe + decaye
5 F ] 1001 =t
Z C = c 0.1 ~
: : 0/~
= E 60
- ELS Lower: RHC
- — 20
C L T i : c -1 -pP°
OO 0.5 1 1.5 2 2.5 3 00 0.2 0.4 0.6 0.8 1 1.2 0 1 R H’ 1 R e’
\_ v Reconstructed Energy (GeV) v Reconstructed Energy (GeV) )
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Disappearance” Results '-'—“TZ'

London

2 . g BTN T UK R 196 Breliminary o
Ams3,, sin” 0,3 results mostly : —Normal ]
20— ----Inverted |
dependent on the v, data. : | @
« Upper octant solutions for sin? 0,5 2 PP 19
- 1'©
enhances appearance rates S 10f- v
— Leading term « sin? 6,3 g,in2 2913 i E ﬁ
107 Reactor constraint [, N -/ ]
2_84_—""]‘ IIII”I'IIIlllIIIII-:-:-rT‘IrOIITlI]uI]-If:-IS(I:II_.I__L 0I N N e N N
:.": C ¥ Best fit —— Normal - 90CL  J r """[‘.."""""""l"""""""'_'
D27 T nvened - 00CL . —Naoamal 19
QL » . 20— ----Inverted — o
g 2.6/ - - 10
<k 1 3o 1@
g 255 ﬁ 1 27 19
5 » . q9 [ 108
T 24 , - < 10f 1+
Z f NN // . - i
e 2 1:— _: 5——":-0- — !
- . T 1N
2o 2K Run [-D¢ Prelimunary | @ —_— Sl
03 035 04 045 05 055 06 065 07 %3 035 04 045 05 055 06 0.7

= 2 .
sin“(6,;) sin(6,;)
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