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T2K new results

Benjamin Quilain (Laboratoire Leprince-Ringuet) for the T2K collaboration

QOutline :
1-Essential of T2K experiment

2-First discovery V_appearance
3-Results on v, disapperance

4-Discussion on T2K future

l/ L GDR Neutrino




The T2K Experiment

« Observation v_ appearance in a v, beam & v, disapperance
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@ L=295km
Am?=2.5x 107
3.0x 103[eV2]

o Off-axis experiment :
 => Tune energy spectrum to 600 MeV, to
maximize oscillation probability at 295km oz
« Higher statistics of oscillated
neutrinos

¢ Reduce contamination from non
oscillated high energy neutrinos

Flux knowledge is absolutely necessary (Rate & Shape)



« On axis » constraints on flux

Complementary near detectors :
On Axis measurements :
e Direct measurements by detectors on proton beam line

Hadron production Xsections & directions (measured thanks to NA61/SHINE
collaboration on a replica target)

e On Axis near detector: INGRID

B o o 20
Monitor beam stability Since the beginning of T2K, 6.6 . 10

POTsSs of data

Monitor off-axis angle : indirect constraints on neutrino spectra
Stability of v interaction rate normalized by # of protons (INGRID)

Fluctuation of v interaction rate (/1079p.o.1) is less than 0.7% whole run period
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Stability of beam direction is much better than 1Tmrad during whole run period



Direct constraints on flux

Neutrino flux from on-axis measurements
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Far Detector : Super Kamiokande

a) v CCQE

Interaction

e 50 kT water Tcherenkov detector
(FV =22.5 kKT)

« T2K event selection is based on a
[-2, 10] ps time window around beam
trigger

b) ¥ CCQE

Interaction

 Very good 1/e separation (ring

shape):
 97.7 % purity on v_sample

for 62.9 % efficiency

v, NCIT®
Interaction

. I’ contamination to v_sample for

asymmetric decays

(.f..@..:.) E;@...Y..).Y...)




Recent update on v_selection

* A new reconstruction algorithm has been developped at SK

 Improved PID and more specifically, better m° fitter

« In this study, only used for the n° mass cut

Old algorithm: 1D cut on 1° mass

Number of events

30

20

e

10

New algorithm : 2D cut on 11° mass

and 11° /e Likelihood ratio
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Super Kamiokande v_selection

Breakdown

400 - VU, VetV Y, =V
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2012 : 11 v_events observed for 3.3 background events

2013 : 28 v_events observed for 4.9 background events




Observation of v_appearance

. Fix all parameters except 0 13+ do not take into account error on osc. param
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These 2 methods gives nearly identical best fit values and 68 % CL (and both hierarchies)

Normal hierarchy : Inverted hierarchy
ford =0 | sin’(20,,)=0.140"}3 sin”(20,,)=0.170",0%

— IFirst discovery of v_appearance in a v, beam |




The ﬁcp Fit

If Scp =0 : very high sin?(26_,) as compared to reactor value: sin*(26, ) = 0.096

—» What if this tension is due to ﬁcp ?

Qgp/ sin2(20 13) common fit (marginalized over sin2(923) and Am232_)
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“ 05— = p
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Sln229

Aiming to constrain ﬁgp_; Now, 0 )5 18 the limiting factor towards ﬁcp knowledge (with MH)



The v, disappearance

« Presented at last GDR : Accepted for PRL publication
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Fix all parameters to PDG values except 023 and

a2~ sin?(2,,)=0.098 Am? = 7.5%10° eV?/c*
sin2(2612)=0.857 6 =0
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Best Fit Point :
Sin2(923)=0.514 + 0.082

|Am? | = 2447017410 eV¥/c!

-0.15

« Compatible with maximal mixing angle
 Higher octant is barely favoured

sin? 2013 = 0.1, sin® o3 = 0.5, Am3, = 2.4 x 1073 V>
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* Sensitivity to possible maximal mixing
& octant degeneracy will increase in
upcoming years (careful : Sensitivity to
0,, > predictions)
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e Combined fit with SK is studied



Future sensitivity on ﬁcp

- What will be T2K sensitivity on §_with T2K full stat (7 .8%10*' POTSs) ?
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Conclusions & Future

Conclusions : So far, T2K accumulated 8.3 % of total #POT's :
» First discovery of v_ appearance in a v, beam

-V, disappearance measurement favours maximal mixing : T2K is now experiment with

best sensitivity on sin2(2023)

Future:
« Combined 623 /0 5 fit

®,./ lAm? | high precision measurement

Dedicated task force defining future data taking policy to constraint MH & ﬁcp

Anti-Neutrino test run is forecast : Switch horn current in 2014 (1*10%° POT)

LINAC upgrade by April 2014 to operate MR from 220 kW today to 400kW : 8*10*
POT/year

Future MR upgrade to operate at 750 kW (accepted, done by 2018)



Additionnal slides



Primary Beam Informations

‘Beam Monitor
[ ¢ Intensity (CT)

(: Beam position (ESM)
I': Profile (SSEM)

P: Profile {OTR{@ tarpet)

beam loss monitor

‘Number

Beam is, only for understanding, divided in 2
parts :

primary (before target) and secondary (after) beam
line.

There are different detectors to monitore each
beam parameter on the primary beamline:

1-Intensity is monitored by CTs (5 current
transformers) which are solenoid => passage of
protons creats induced current : 2 % absolute
uncertainty on #POT, 0.5 % in relative

2-Position is monitored by electrostatic monitors
(21) and secondary emission monitors (19)

3-Proton loss is monitored by beam loss monitors



Secondary Beam Informations

Muon Monitor Horn Beam momtors

Si array _
+ IC array ’I/I ‘ .
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Super-Conducting
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(at 280m from target)
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Helium cooling

proton beam

Graphite, P26 x
900 mm long

Beam Dump 110m length



Data taking history

Integrated POT so far (Power history)

Delivered POT (Good Spill) ‘

. x1 n13 Beam power (Good spill) _
2 ¢ 2
_E 700 = x
£ 600 = o

- 3
S 500 - o
+* -
o 400 - ol :
g 300 - AR S 3
o

100 4§t e |
2010 2010 2011 2012 2012

Julio2 Dec/31 Julio2 Jan/01 Jul/oq



Constraints on flux

—— 10~15% error
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Near Detector complex

On Axis : INGRID detector Stability of v interaction rate normalized by # of protons (INGRID)
Fluctuation of v interaction rate (/10'9p.o.1) is less than 0.7% whole run period
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Stability of beam direction is much better than 1mrad during whole run period

Off Axis : ND280 detector complex

Event number : 24083/ | Rartitieni:153/|| RUninumber : 42001 Spill 01| SubRun number 61| Time : Sum2010-08-21 22:358:25 JST [Tiigger: Beam Spill

« Direct monitoring & constra

UA1 Magnet Yoke

spectrum

e Measure intrinsic v, contami

POD Downstream >
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Barrel ECAL




Interaction ID in ND280

1-CCNuMu : Muon 1st identification, geometric only:
1-Starting in FGD1 FV
2-Propagating at least in TPC2
3-If several pass 1 & 2, select highest momentum track among them
4-Check negative curvature in the B field
Cutting all tracks that going in TPC1 : reduce BG & also, remove possible backward going
particles from vertex in FGD1 => predominant foward-going muons
Then second identification starts, based on a PID ( dE/dX based mainly) => select final CC

NuMu inclusive sample

2-This CC inclusive sample is divided in 2 : CCQE and CcnonQE. CCQE is selected:

A-Only one muon-like track

B-No additionnal tracks passing trough FGD1 & TPC2

C-No electrons from muon decay at rest in FGD1 (Michel electron) which
correspond in most of the case to a stopped or low energy Pion

TPC 1 TPC 2 TPC 3

L

ntt/et




Interaction ID in ND280

From the previous slide that CCOPi+ corresponds to our former CCQE interaction,
while, while CCnonQE is divided in 2 samples : CC1Pi+ & CCOther
a Pi+ is identified with a specific PID, in 3 different ways :
1-FGD1+TPC2 track consistent with a Pion
2-A FGD contained track consistent with a Pion
3-With a Michel electron arising from late Pi=>Mu (electron + timing shift)

l"’r
/

1
£ l

ARENAY

LT

i
R

Off-axis ND280 analysis
real events

Interest of this division in 3 samples : better constraint on flux & Xsections than
previous 2 samples (CCQE and CcnonQE)



Constraints on flux from ND280

Xsections Model :
Based on NEUT (data driven by other experiments) )

Predicted Neutrino Flux :
Direct beam, INGRID and NA61/SHINE data

~ Constraints on Flux prediction at SK
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SK uncertainty reduction

sin220,;=0.1 sin220,,=0.0
v, Prediction Error from v, Prediction Error from
(Events) Constrained (Events) Constrained
Parameters Parameters
No ND280 o] (o]
T LIEE) 22.6 26.5% 5.3 22.0%
ND2Z280 Constraint o/ ¥ o/ *
ND280 Constral 21.6 4.7 % 5.1 6.1%
ND2Z280 Constraint 20 4 3 00/0 4 6 4 90/0

(this analysis)

ND280 Analysis |ND280 Data | SK sin?20,,=0.1 | sin?26,,=0.0
Selection

No Constraint - Old 22.6% 18.3%

No Constraint - New 26.9% 22.2%

2012 method*  Runs 1-2  Old 5.7% 8.7% o S more
2012 method** Runs 1-3 Old 5.0% 8.5% : Improved SK 1r°
2012 method Runs 1-3 New 4.9% 6.59 = reiection

2012 method*** Runs 1-3  New 4.7% 6.1% o e traction.
2013 method Runs 1-3 New 3.5% 5.2% = sclection, binning
2013 method Runs 1-4 New 3.0% 4.9% = s or 2.2 more

*Results presented at Neutrino 2012 conference
**Published results, arXiv:1304.0841v2
***Update to NEUT tuning with MiniBooNE data



Systematic limited

400 T T T T T T T T
1200

We study the dependence of the event rate
prediction on marginalized nuisance
parameters

Compare to statistical variations

— Statistical
s
—— Marginalized X-sec

Detector

Dominant uncertainties from:

1) Marginalized cross section parameters:
CC Coherent cross section, high energy
CC11r cross section, etc.

2) Detector response uncertainties 6000 6500 7000 7500
Predicted CCQE-like Events

Number of Toy Experiments
=
=

Solutions:

A) More optimized binning and selection of the data to better constrain the marginalized cross
section uncertainties

B) Improved understanding of the detector response and reconstruction to reduce the uncertainty



SK vV, selection



1 ring

Based on the Hough transformation to find the ring
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Charge Profiles

- for 25 Mea'V muomn
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it FEFE YT ool ld
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= Expected Angular charge distribution
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cosB

: Expected Angular charge distrilzuti
L for 525 MeV electraomn

8581 +
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£ 53§
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A

Electron is scattered due to its low

mass => fuzzy ring

Number of events
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PID parameter



Decay Electrons

Search for a peak in the charge/time distribution after the main event :

QO |—<— —¢— RUN1-4 data
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- (MC w/ sin”°26,,=0.1)

N
®
|

Number of events
IN

Number of decay-e



Reconstructed Neutrino Energy

_— —¢— RUNI-4 data
(6.393x10°°POT)

B Osc. v, CC

1 v,+Vv, CC

[ v +V_CC

B NC

(MC w/ sin*26,,=0.1)

20

-
o)

-
-

Number of events

: ——a——te—t—
O 1000 2000 3000

Reconstructed v energy (MeV)

On this plot, this cut seem strange. Its existence is explained by really high systematic
errors on high energy electron neutrino events. Therefore, it is wiser to remove those hits
to remove also few intrinsic nuE that dominates at high energy



1’ Mass

* A new reconstruction algorithm has been developped at SK
 Improved PID and more specifically, better m° fitter

« In this study, only used for the n° mass cut

. . . 0

Old algorithm: 1D cut on 11° mass New algorithm : 2D cut on I° mass
i and 11° /e Likelihood ratio

B —_— 400 T T T T T T T T T T T T ]
I < —— RUN1-4d > .
i (6.393><102°1§12)2'11“) Lﬂg = - - - - =
30 B Osc.v, CC T 350 —
2 . vy, CC = -| o v, Signal - =
= . [ v+, CC = 300 —
o i B NC . . B - =
qu (MC w/ sin"26,,=0.1) 250 H . n’ Background | . . . Bl . . . -
o 20 _> . e T B
5 - 200 . . . C .. .. .ooBEEeS 0 0 . -
fa) [ [ K U O .
g B 150 . ™ 5 s s o = o o [ o, o ., . . _.E
< 10 100F- Dz et - R
% ST
O I '_+_' . '% 0 I L L L L 1 L L L 1 L L L 1 L £ R T R -

0 100 200 300 0 50 100 150 200 250

0 2
Invariant mass (MeV/c?) n° Mass (MeV/c7)

This fit can be optimized but become highly model sensitive



The fiTQun algorithm

fiTQun:A New Event
Reconstruction Algorithm for Super-K

® For each Super-K event we have, for every hit PMT
® A measured charge
® A measured time

® For a given event topology hypothesis, it is possible to produce
a change and time PDF for each PMT

® Based on the likelihood model used by MiniBooNE
(NIM A608, 206 (2009))

® Framework can handle any number of reconstructed tracks
® Same fit machinery used for all event topologies (e.g. e and TT1°)

® Event hypotheses are distinguished by comparing best-fit likelihoods
® electron vs muon
® celectron vs TT1°

® |-ring vs 2-ring vs 3-ring ...



The fiTQun algorithm

JSGE - J[ | Sir;lgle-rlng_:
® = . = electron J
Previous T2K Ve appezrance cut: LI IL1 candidates
mmo < 105 MeV/c il :
zm];— " {_Jjj':l —:
0 H I 1egF Passes k-
® The TT” mass tail is much smaller f' ﬁ[ previous TIR. | é
for fiTQun 0H v Cut Jﬂjf E
5[]__ I _—“—J'I.—llu-l ! _:
L . . ﬂg’.‘-.':]:'r‘”ﬁ“ﬁfur:'ﬁi;%ﬂ.l...l ol el et R
® Significant spike at zero mass in S R R
- . 055 Ev/C
standard fitting algorithm
(POLFit) B I ST R RSB pocy e S I e
g T tatnir N ¢ = :
E 08 ‘|_IJI_:_' — ]:j:[\liLJ_I:H:
e Lower plot: - Jf o :
0 : . ) £ o6l Single-ring
TT” rejection efficiency vs lower 8 T il electron :
~ B ' -
photon energy & oaf CRRIETES .
: ’I —Fqm | 1
02+ . =
e fiTQun is more sensitive to : f allia -
[ prabaas i biiga PV il b i foaaa e

lower energy phOtOﬂS B0 20 30 40 S50 60 70 80 90 100
True Energy of the Less Energetic ¥y (MeV)



Cuts Summary

MC Expectations w/ sin28,=0.0 MC Expectations w/ sin’26,,=0.1
RUN1+2+3+4
20
wrnti, CC [ vaantv,CC| NC | BGtotd B3930POT 1 vativ CC | vsantv,CC|  NC | BGtota

308.01 15.48 1% 59.05 0.3 Interactionsin FV eI\ K3) 14.96 271.56 594.19 559

RUN1+2+3+4
6.393x10°°pOT

Interactions in FV

FCFV 23476 14.88 76.46 3.1 051 363 FCFV 238.67 1438 76.46 325.26 2478 363

Single-ring 13495 5.8 216 166.13 046 186 Single-ring 134.76 9.19 216 165.55 15 186

Electron-{ike PID 532 5.1 1487 B 045 5 Electron-fike PID 53 9.12 1481 031 214 58

£, >100MeV 346 5.45 12.67 5.8 044 5 £, >100MeV 345 9.06 1267 5.19 2087 5

No decay-e 0.65 111 10.64 19 041 L No decay-e 0.65 131 10.64 18.66 18.61 i

POLft mass 0.19 541 29 8.64 039 34 POLfit mass 0.19 5.17 299 8.35 1132 3

E "<1250MeV 0.12 345 23 581 039 3 E,<1250MeV 0.12 32 23 562 16.77 3l

Eiciency 6] IR S L 1 136 ficency (%] L AV 08 09 655



Improvement from 2012 & Systematic

error for each sample

Predicted number of events and
systematic uncertaintie Si.. predicted number

Predicted # of events w/ 6.4x102° of events distribution
in2 —_— in2 —_— T T
POVEnt category sin?20,,=0.0 sin?20,;=0.1 : o T
Vo blgndl 0. 38 16 42 3000 Bl ND2ED fit—
v background 3.17 2.93 I ]
v background (mainly NC=") 0.89 0.89 E § = 1
.+ v. background 0.20 0.19 2. 2000] 5in*20,, = 0 ]
’]—I-"!Jta _‘E : EJII;;H-E':-. -A:I:-E ‘I.ll "ow?
= e L E‘:l::rr:.]:ll hiermimhy) _
4.64 20.44 B 6.4 = 10°? puod.
Total (w/ 2012 flux & cross i
section parameters) 5.185 21.77 ol g e § e vk
Near detector fit in 2013 predicts smaller Iumi—sin229]3=g_1 E:jﬁgi:g;:_
number of events compared to 2012. E cin®20,, =1.0 :
= - = B 1500 Ami, = 2.4x107 ¢WF —
Systematic uncertainties = ooy :
Error source 5in?20,,=0.0 sin?20,,=0.1 E 1000f 545 1070, -
= I =]
Beam flux + v int. .
]_n TZK fit 4-9 % 3.0 % S00 ¢~ =
v int. (from other exp.) o
Far detector 6.7 % 7.5 % b = 20
(+FSI+SI+PN) ? 3 % 3 . 5 % Expected number of signal-+background events
VT Errors are reduced from
Total (2012) é éz gg‘—;’g 2012 mainly due to near
' detector analysis 140
iImprovement

Still statistically limitated (stat. Error = 18.9 %)



Appearance Formula

_ 2 2 2 . 2

2 . .
+8613812813823(612623 CcOSs 5 — 812813823) COSs Agg S1n Agl S11l Agl
—8¢%.¢12C238125813823 sin § sin Ago sin Asq sin Agq

13¢12€23=212

2 2 2 2 2 2 2 35 ) ) ) 2
+4s75¢75(c]oC55 + 8719853873 — 2c12€23812523513 cos ) sin” Aoy

alL
2 2 .2 2 ~
—8613812823E(1 — 2573) cos A3g sin Az
a
2 2 .2 2\ ain2
31

Leading order :
L=295 km * Sensitive thetal3 & theta23

Higher orders :

* Dependence on solar parameters also

$iN226,5=0.1 » Sensitivity to CP violation & matter effects

2.




Matter Effects & CP violation term

TS N L . reen

2 ; y
+8613312 513323(612623 cosd — 812813823) Cos &32 sin Agj sin Aoy

—88%3612623812813823 sin 0 sin &32 sin Agl sin &21

. S A . ¢ : - z " T
—|—«'L‘_512C:13((312(123 + 519853873 — 2€12€23512523513 COS ()) sin“ Aoy

a
g ugoag 2 :
8c|35712553 1 (1 — 2s73) cos Aza sin Az,

g 8 g & s AT

31
neutrino anti-neutrino
0.1 g3 1 - .
it 5iN228,5=0.1 A Sin228,3=0.1
00018 i I e )
[ s T Bf 12n
S 8=
Lél‘: 0.04 d=-1/2n
0.
0.02
Q '||||||||||||||||||||||||||||||||
0 1 2

E, (GeV)



Observation of v_appearance

. Fix all parameters except 0 13+ do not take into account error on osc. param
- 0, set to /4
. ﬁcp set to 0
« 1Am? | =2.4.10° eV?, and then fit for normal and inverted hierarchy

« 2 studies : (Angle, Momentum) of the electron & one in E ™

For the (p, 0) study :

We define the likelihood as following:

Systematic parameter
— constraint term
L= Lnarm X Lsha. e X Lsyst —

K o

Poisson(Nops)mean=n,,.q 1_[ ¢ (pi, ;)
i=1
L.orm IS the probability to have N_,. when Lihape iS the product of the probabilities
the predicted number of events is the that each event has (p, 9)).

Poisson distribution with mean =N &: Predicted p-6 distribution (PDF) .

pred-

« Rate and shape analysis => sin%(20 .5) for normal and inverted hierarchies

« We deduce significance comparing Likelihood value between 0 .5 best fit value & 0 " =0



The ch Fit

qu fit only (marginalized over qu/ sin?(20 ) common fit (marginalized
sin?(20 ), sin%(0, ) and Am? over sin*(@ ) and Am?

) Of B e I N ]
= T il Ooa - _
! — 0 o Am3,>0 B
| 1 - 68% CL -
i S | B — 90% CL _
] o 0.5 —— Best fit —
;“ 7 E PDG2012 1o range E
:“\ o . I \ 1 ]
: g ]
f “osk -
0k— S B )
-1 -0.5 0 0.5 1 of E
Ocp () : |
Exclusion at 90 % CL : osl Ami<0 ]
0.19 < ﬁcp/lI < 0.80 for Normal Hierarchy - .

004<d m<1 . 1000570, 005 02 025 03 035 0.4
P for Inverted Hierarchy sin?20

& -1< ﬁcp/n < -0.97

—» From T2K results, a maximal ﬁcp violation is favoured



SK v, selection



SK v, selection

MC Expectations w/ sin228, 0.1
= 400

RUN1+243+4 —— RUN14 2(Diata
6.393¢10°POT Vgrantiv, | vantiv, CC) (6.393x10™°POT)

| nong | B v+, CC QE

] Vit CC non-QE
w 300 I v.+v.CC

Interactions in PV JRRNCE RN = | AN (T A ) - J 1 S.)/ K ! e

I MC w/ 3-fl .
FCFV W OFH BN 1B BM B (MC w/ 3-flavor osc.)

Single-ring 186 188.96 153 60.92 3037 031

128 138.14 1385 56.98 033 6.9

Number of events
(o]
o
o
|

pll>200MeV/c 128 13181 13.68 56.95 033 691 100

115 120.13 12.84 40.29 032 6.67

Eficency [%] : 90 07 193 08 24

0

FCFV  l-ring p-like p Decay-e

Remove intrinsic & oscillated electron Neutrino

1 Ring Muon like
Remove NC events (Tau Neutrinos)



Ring Counting

100

50

Number of events

é

-10 0
Ring-counting likelthood

—4— RUNI1-4 data
(6.393x107'POT)

B v, +V, CCQE

v+, CCnon-QE

v A4V, CC

B NC

(MC w/ 3-flavor osc.)

1

10

Number of events

200

p—
=
o

2

—4— RUN1-4 data
(6.393x10"’POT)

I v, +V, CCQE

] v,+V, CCnon-QE

[ vV, CC

I NC

(MC w/ 3-flavor osc.)

—

3

Number of rings

4 25



—+— RUN1-4 data — =
(6.393x<10°°POT)
30 mmmm v,+v, CC QE

wn B v, +V, CC non-QE

= - [ v+Vv, CC

o~ - I NC

O - (MC w/ 3-flavor osc.)
= 20|

—

D u
= B l
=

= of ]
. 10 4 Hi

- |
[ ]
O E_ E——— . ; e —

-10 O 10
PID parameter



1 momentum

30—

- —+— RUN1-4 data
(6.393x<10°"POT)

B Vv, +V, CC QE

B ] v,+V, CC non-QE

- ] vo+V. CC

20 | B NC

(MC w/ 3-flavor osc.)

Number of events

O 1000 2000 3000
Momentum (MeV/c)



Decay electron

100 ——¢— RUN1-4 data
(6.393%10°"POT)
- B Vv, +V, CC QE
@« i ] v, +V, CC non-QE
— [ 1 v+Vv,. CC
g{ N B NC
D) (MC w/ 3-flavor osc.)
S =
-
S S50
B
= o
—
.
O & ' - &
0 1 2 3 4 >5

Number of decay-e



The v, disappearance

* Presented at last GDR => no update on the analysis method but...
Accepted for PRL publication

. Fix all parameters to PDG values except 0,  and |Am? | :

sin2(26, )=0.098 Am?, = 7.5%10° eV¥/c* sin(2,)=0.857 §_=0
6 s P = A T e
L4 = &9* 0004;_T2K3V (93<TC/4) 90% CL ]
: P — E % - —T2K 3V (0 > /4) 90% CL i
C . T2K (923_ TE/4) 68% C L. ] ] oo o T2K 2011 2V 90% CL i
0.003= __ T2K (6 <7/4) 90% C.L. T 7 £ 00035 — MINOS 2013 2v 90% CL —
~ - - T2K (8, 27/4) 68% C.L. . ;= - — SK zenith 2012 3v 90% CL i
5 vonsp K0k o — SKLE202 v o0 er L :
?‘_’, 0.0026 e T e - R
00024 N N 0.0025 e
g - '~--.~..._.----:'.‘.‘_::: :::: - e T
0.00221 y T2K best fit (8,,<T . ~ v T2K3v (0, </4) best f1t --------- .
0000~ O, T2 best it (B2 E 0.002— 5 T2K 3v (8., 2 /4) best fit .
‘ | | ‘ ‘ | ‘ | - _' 1 1 1 ‘ | | | | 1 1 | ‘ | | 1 | 1 | | ‘ | 1 1 | 1 | | ‘ | 1 1 | | | | ’_
09 0.910.92 0,93 0.94 0.95 0.96 0.97 0.98 0.9 é )46 0.82 0.84 086 088 09 092 094 096 098 1
sin’(26,,) Ay Sin“(20,,)

Best Fit Value for both Octants [sin*(26,,)=1.000

Favours Maximal Mixing

No Octant sensitivity for now



T2K data
No oscillation hypothesis

—— T2K best fit

Events / (0.1 GeV)

-' ;__'E'_"I"''I""I""I""I""IIIII

Ratio to no
oscillations

Reconstructed v energy (GeV)

The v, disappearance

-E}(U;L — yfl} ~] — 4(i052 (91;1) ['“E»:.L]il:'3 (92;;)[1 o (iUSE (91;1)
x sin®(6y3)] sin®(1.27Am2,L/E,),

Source of uncertainty (no. of parameters) |0ng, / ng’
ND280-independent cross section (1) 6.3%
Flux & ND280-common cross section (23) 4.2%
Super-Kamiokande detector systematics (8) 10.1%
Final-state and secondary interactions (6) 3.5%
Total (48) 13.1%

58 events : stat uncertainty on

norm 18 7.6 %

=> syst dominated in this

channel



The v, disappearance

« Presented at last GDR : Accepted for PRL publication

Ll (eV3/eh

2

[Am

e LA B B B I AN B =i nX 2 | .
000" — T2K v (8 <) 90% CL E Fuf all parameters to PDG values chep4t 9& and | Am gI :
e T2K 3v (8, 2 /4) 90% CL 1 sin?*(26,,)=0.098 Am? = 7.5%10" eV¥c
- o T2K 2011 2v 90% CL 1 sin%(20,)=0.857 § =0
0.0035— — MINOS 2013 2v 90% CL — ¥
- — SK zenith 2012 3v 90% CL ] : . 2 _
oyl SKLE20122V90% CL ] Best Fit Value for both Octants|sin (2 623) =1.000
00025 e Favoured Maximal Mixing
B Small Octant sensitivity for now
. v T2K 3v (923 < 7t/4) best fit —
0.002] : ™
O A OeEmbbe R Now
082 084 086 088 09 092 094 096 098 |1
sin2(2923)
6 ¢ — ]
NN4 = =
=Y E S Y T E
0 P b 4 e = Best Fit Point :
3 c - L 102 _
o F—TxooncL . Sin (923)—0.514 + 0.082
o 2.8 ] -
> ] Am?, = 2.44*%17*107 eVZ/c*
o 2.6F =
= 24f - « Compatible with maximal mixing angle
5..0 B « Higher octant is barely favoured
035 04 045 05 055 06 065 0 Will be updated with current T2K

sin*(0,,)

statistics






Mass hierarchy dependence

Ultimate T2K 90% C.L. Regions for True
Scp = —90°, sin“20;3 = 0.1

Solid: no sys. err., Dashed: with current sys. err.

True MH is NH; contours drawn for two MH assumptions

100% v 50% v, 50% ©

[-™ . T . ] -™ LI e - T ]
~ - - = o - T =
o 150F . 1 o 150 3
100F- N\ NH 100 NH -
3 I sof- H -
-s0f N S0 =
-100F- = -100 [ E
150 = 150 E
C_. M| I - C_ 1 R -
0 0.05 0.25 0 0.2 0.25
a F T T T T T T T T T :Iu..l T T T T T T T T T T T T E a F T T B
e 1505— S _E ) 150 E_ —]
100 NH 100 NH
S0 -~ IH - soE IH -
- £ = - =
of- i = - =
: With Ultimate [¥ E
=50 = -50F —
-100F- = -100 - E
1501 e 150 E
C_. M| PR R N TR N N T TR S S M C_ PR SR IR SR R S R M
0 0.05 0.15 0.2 0.25 0 0.2 0.25

. . 2
snn22813 sin“20,

» Low sensitivity to mass hierarchy
» With reactor constraints, dependence on Mass hierarchy exist but is not
huge : but without mass hierarchy not even 2 Sigma on non 0 CP violation



Future sensitivity & Nova common fit

» Regions where sin 6 #% 0 can be determined to 90% CL for normal hierarchy
» Gray regions: T2K+NOvA combined fit
» Curves: T2K alone, NOvA alone

T2K: 100% v T2K: 50% v, 50% v
NOvA: 50% v, 50% v NOvA: 50% v, 50% v
0.65 . . . 0.65 T . . .
0.6 [ O . 0.6 O \ .
;& 0.55 | . ;‘3 0.55 | ﬂ -
NC N:
® 05 - T 05 _
S S
= 0.45 . = 0.45 .
0.4 : 0.4 -
0_35 m 1 gﬂ ] ] ] ] 0_35 | 1 ] ] ]
-150-100 -50 0 50 100 150 -150-100 -50 O 50 100 150
True S¢cp True S¢p

Beam time in Neutrino/Anti : Now studied by a dedicated task force




Mass Hierarchy sensitivity & Nova common

fit
90% CL Mass Hierarchy Resolution

» Regions where the mass hierarchy can be determined to 90% CL for normal
hierarchy

» Gray regions: T2K+NOvA combined fit
» Curves: T2K alone, NOvVA alone

T2K: 100% v T2K: 50% v, 50% v
NOvA: 50% v, 50% © NOvA: 50% v, 50% ©
0-65 T V T 0-65 T T T
0.6 0.6
;ﬁ 0.55 ;:3 iER
N: N:
£ 05 S 05
3 3
= 0.45 = 0.45
0.4 0.4
0.35 ! ' 0.35 I I
-150-100 -50 0 50 100 150 -150-100 -50 0 50 100 150
True 3¢p True S¢p

T2K alone could not solve the mass hierarchy problem



CP dependence on Mass Hierarchy

sensitivit
90% CL Mass Hierarchy Resolution

» Ax? vs dcp for mass hierarchy determination

> sin2(03) = 0.5

» Curves: T2K alone, NOvVA alone, T2K+NOvVA combined fit

T2K: 100% v
NOvA: 50% v, 50% ©

14 1 T T
T2K ——
12 | NOvVA |
T2K+2IOVA

o N &~ O O©

-150-100 -50 0 50 100 150
True acp

T2K: 50% v, 50% v
NOvA: 50% v, 50% ©

14 ; .
T2K
12 | NOvA
T2K+2]OvA

-150-100 -50 0 50 100 150
True Scp



Disappearance Formula

In limits : lAm2_| >> |Am2 | :

Py, = v,) ~1— [cos4(913)sin2(2923) + sin2(923)
x sin”(26013)] sin’(Am3,L/AE,),



0, Sensitivity prediction
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Maximal mixing sensitivity

6 ] —
- 3N T2K results w/ 3.01x1020POT

0 [TrTT | | l ""I""|='"|""|""__"'|'*'|"'_

. ----TZK (E} 5m’4) 68%CL -+ -

0.003- —T2K (e < 71/4) 90% C.L. T o

- .-ee T2K (323 = t/4) 68% C.L. T i

<, 0.0028 — T2K (6, = 7/4) 90% C.L. — —

© M i T

N, B cmms=e=szzEEEn= E ]

S, 000268 _— e -

& - )

= 0.0024 » i

ﬂ B ‘-”-hh-"""‘--:::‘__-_""' ____ B N

0.0022~ w T2K best fit (0,, < W/d) 2 — I p

= Q T2K best fit (0,, = 7t/4) T i

0002_ =k Ly | e | | » R

0.9 09109209309409509609?098 [}99
2
sin? (20,,) Ay
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2
Am_,j2

2
Am32

Octant sensitivity

Ultimate T2K 90% C.L. Regions for True
sin® 0y3 = 0.4, Am3, = 2.4 x 1073 eV?
Solid: no sys. err., Dashed: with current sys. err.
True MH is NH; contours drawn for two MH assumptions
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sin® O3 octant determination!
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Assuming true:

sin® 2013 = 0.1, sin® 03 = 0.5, Am3, = 2.4 x 1073 eV?
013 constrained by the ultimate reactor sensitivity
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