Future sensitivity of the T2K experiment
with upgraded beam and optimized v /v ratio

e THOMAS LEPLUMEY 2"ND INTERNATIONAL CONFERENCE ON
%- LLR / Ecole Polytechnique THE PHYSICS OF THE TWO INFINITIES
~] leplumey@IlIr.in2p3.fr 19/10/2025 - Tokyo

a RE
i &
W -

On behalf of the T2K collaboration

12K

Laboratoire
Leprince-Ringuet




THE T2K EXPERIMENT
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OSCILLATION PARAMETERS

THOMAS LEPLUMEY T2K FUTURE SENSITIVITY P




NEUTRINO BEAM

\_

UPGRADE: 250kA — 320kA

Better purity

* Better (de)focusing of right (wrong) sign mesons

Narrower energy range

* Flux increase around oscillation maximum &

decrease at high energies
Better efficiency

+13.0% v

Flux at 1022 POT
with new flux config

Flux at 10%% POT
with old flux config

Total flux up to now

J
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Number of events

Mesons are focused by 3 EM horns
* Forward Current «& focus m/K~ & v mode
« Reversed Current « focus /K & v mode

— V/V running can be tuned for physics goals!
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STATISTICS EXTRAPOLATION

accumulated POT for physics analysis (total)

accumulated POT for physics analysis (v-mode)
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* Which goals can we reach with

NS 50 E“ Runi Run2 Run3 Run4 Run5 Runé Run7 Run8 Rung Run10 Runii Run12 Runi3 R;rjia__ 900 5 the neW flux?
Slob | - et o G 1230 A) et 388 5« Whichv/7 ratio should we
— ° beam power (v-mode, +320kA) | ATy H ] o
%D E ° beam iower Ev-mode, =250 kA)) .................. /I | v, __ 600 QE" C h oose ?
z 30 e ° beam power (V-mode, =320 kA) / | | I | __ 500 8 ° What can T2K do on |ts OWn?
O - " jﬂ 9 ) '/_,_/_,_‘_ an] . .
21 F - - ! _ ‘400 (without reactor constraint)
S |20 { y | :/—/ L
E = f s / . / : — 300
og- - g i L Y7 B B Ehe
- f" i, 5 ' ! ' ' . 1 100
0 [ g.!’ﬁ. . | ] 1 | I ‘A—/I_/j/l 1 1 E [ ] 1 1 E 1 1 1 1 1 1 I 1 1 ] 0
2009'2010'2011'2012'2013'2014'2015I2016'2017'2018'2019'2020'202112022'2023'2024'2025
Qe
g N (Acquired data:Runs1-14 \ [ This study )
v: 2.14 x 10?1 POT {17: 1.65 x 1021 pOT
250 kA {17: 163 x 1021 poT b 0.64 % 1071 POT 390 kA { INCR.EASED_ |
21 320 KA 1 9:0.12 x 102 poT Varying v/V ratio
\ 3.78 X 10°* POT — 4.62 % 1021 21
\__=4.62x10'poT ) | -10.0x10%'POT

THOMAS LEPLUMEY T2K FUTURE SENSITIVITY 4




T2K DISAPPEARANCE & APPEARANCE CHANNELS

— DISAPPEARANCE CHANNEL

P(v, - v,) = 1 —sin?20,;sin’ (

Eventsinbin

Am3,L
4F

* Constrains very well 8,5 and Am3,
* Not sensitive to the 6,3 octant

11 i 1 1 1 | 1 1 1 I [ N
1.2 14 16 18 2
Reconstructed neutrino energy [GeV]

— APPEARANCE CHANNEL

Events in bin

P(VH - Ve) ~ | Leading term | + | CP-odd term | 4 | Matter effects

x sin%0,3sin%26043 < Jcp x n,E

* Able to constrain the 8,3 octant

* Degeneracy between 0,3 and 013 — use Reactor Constraint
* Sensitivity to dp

* Sensitivity to mass ordering (MO)
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DEGENERACIES IN T2K APPEARANCE CHANNEL

201 Total POT: 3.78x 10% ..
Sfégi;}g:.rgh&r:légnen‘r T2K PrEllmlnary Parameter Set A22
—250 kA: 1.63x10*
82 T one Am3, 7.53 x 107° eV? /¢
% Am3, [NOJ / |[Am?,| [IO]  2.494 x 1073 eV?/c?
< 221
é . sin? fgg 0.561] Upper Octant
© 20- A sin? 015 (sin®26,,) 0.307 (0.851)
E sin2 03 (sin?26,3) 0.0220 (0.0861)
o T
£ 18 Scp ~1.601 rad| &cp = -5
§ R e sae R o Earth matter densit 2.6 g/cm?
<= 161 i /2 LA Y o8
= g g ‘\‘. Baseline length 295 km
— Am, =249
14 s st Mass ordering Normal Ordering
--- sin? fpg = 0.450 -
60 80 100 120
Neutrino mode e-like candidates
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VARYING FUTURE RUNNING vV /V RATIO

V/V RATIO _
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 Different v/v ratios provide different error bars in v and v event counts
* Full v mode would provide a nearly 1D constraint
A mix of v and v allows to get a 2D constraint on the (observable) biprobability space
— A 2D v/V constraint typically allows a better discrimination between different parameter points
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SCOPE AND APPROXIMATIONS OF THIS SENSITIVITY STUDY

No of v events | __ | Neutrino flux ® Neutrino interactions ® Neutrino detection ® Neutrino oscillation
function of energy T v flux model v cross-section models SK detector model PMNS model

NEAR DETECTOR FIT FAR DETECTOR FIT

~—— THIS STUDY: NEAR DETECTOR N
OSCILLATION PARAMETERS

v/ Scaling with stat. and of ND fiducial mass
X No variation of scaling with v/v ratio (only 1: 1)

X No modelisation of the new physics capabilities
of the ND upgrade
‘ ’ S S
2
Ams,

THIS STUDY: FAR DETECTOR

v Scaling with stat. and v/V ratio
X Fixed Ax? method

*more details in backup slide
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SENSITIVITY TO Ocp — ASIMOV A22 — WITH REACTOR CONSTRAINT

NORMAL ORDERING HYPOTHESIS
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* Large variability depending on v /V ratio: preference for v mode!
e v cross-section on matter is 3 times larger than v: v mode naturally brings more statistics

* Large excluding power in the sind.p > 0 region
* Discriminating power is gained for overall MO and CPV independently
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Antineutrino mode e-like candidates

SENSITIVITY TO CPV: IMPORTANCE OF REACTOR CONSTRAINTS
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16| § §or 27 = CONSTRAINT
cp =T [}
—Sia T, = 2 -
----- ;;gnzaz;':o.dzﬁo.ﬁz . <1 - [ Simplified ND
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80 100 120 140 4 0 3 10
Neutrino mode e-like candidates Statistics [P OT] X ]_021
* When Reactor Constraint is not used, 045 is free to move
* Similar effect as moving 0,5 on the event rates in the appearance channel: degeneracy!
[ J

Impact on the expected results:
* Freeness of 03: overall loss of sensitivity in the whole appearance channel (smearing)
* Degeneracy: Needs both v and v statistics to re-gain resolution in the parameter space
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE Ocp
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true dcp [rad]

 The NO hypothesis testing is affected by a semi-degeneracy
* Interference between sindcp > 0 points and points in Lower Octant that produce similar v, event rates
* The sensitivity gets lower and more v statistics is needed — reversed dependence on v/V ratio!
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE Ocp
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Antineutrino mode e-like candidates
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 The NO hypothesis testing is affected by a semi-degeneracy
* Interference between sindcp > 0 points and points in Lower Octant that produce similar v, event rates
* The sensitivity gets lower and more v statistics is needed — reversed dependence on v/V ratio!

 The lO hypothesis testing is affected by a total degeneracy
* |0 CP-conserving points barely distinguishable from NO sindcp > 0 points — no sensitivity to CP violation
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE Ocp
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Antineutrino mode e-like candidates
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 The NO hypothesis testing is affected by a semi-degeneracy
* Interference between sindcp > 0 points and points in Lower Octant that produce similar v, event rates
* The sensitivity gets lower and more v statistics is needed — reversed dependence on v/V ratio!

 The lO hypothesis testing is affected by a total degeneracy
* |0 CP-conserving points barely distinguishable from NO sindcp > 0 points — no sensitivity to CP violation
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AGNOSTIC TO MASS ORDERING
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SENSITIVITY TO CPV: SUMMARY

261 potat pOT: 278107 L. ! ! | .. |
szl(i%i)leﬁr:l:;zmnt: T2K Prellmlnary true (Ordering’ 6CPJ Sin2 923) T2K Prellmlnary
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% 24 +:12(]kA._(].[]x1(]21 (I\IOJ —7'1'/2J 0561) -
g “30 kA 0010 I FHC:RHC ratio Unknown Ordering
g T o 10 — (NO, —7’1’/2, 045) —
5 22, Compatible with current S —— (10, —7/2, 0.561) e 30 NO - Up. OcT.
) . = ) y Y- : B
% data at 20 level = gk ( | 8cp = —m/2
3 2 Ny . i "8
= / >\ AT ———— 7 NO-=Up. OcT.
% ].8 N \‘ . ‘ - % 6CP — _n/4
j::' \\\ ' S ov
g m dop = /2 e Q A e e T — NO - Low. OcT.
216] ol k ’ . Ocp =
= o b '{“' / NX CP — _71'/2
— Ami, =249 .
ol - AE% - 0 - . <1 2 Simplified ND |7 10 = UP. OCT.
2122623;0:45{1 1 extrapolation - 5 — — /2
60 80 100 120 0 | cp
Neutrino mode e-like candidates 10
Statistics [POT] x 10
* A22 (NH, Upper Octant, 6cp = —1/2): Best sensitivity!
* Oc¢p = —1/4: Closer to CPC values, less exclusive
* True IH: Fully degenerate region, very poor sensitivity
* True Lower Octant: Degenerate in v channel: RHC preferred
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SENSITIVITY TO 8,3 AND Am?

sinZ0,; Am3, [NO] / |Am3,| [10]

* Mostly constrained by disapp. channel * Only constrained by disapp. channel
* App. channel adds sensitivity to octant * Correlated with MO (~ 3 X 10™°eV? shift)
407 | T2K IPreliminarly Sill'nphﬁcd ND 40 | T2K Prelilminary | Simplified ND ]

AsimovA22; Normal Ordering extrapolation AsimovA22; Normal Ordering | extrapolation
Full Syst.; with RC Full Syst.; with RC

g 3.8 x 10?2 POT \i&é 3.8 x 10?1 POT
8\ —— 4.6 x 10! POT ~ — 4.6 x 101 POT
2 3
= =
R I

— 10.0 x 10 POT — 10.0 x 10?! POT

FHC:RHC ratio — = 20+ FHC:RHC ratio
T [ [
1:0 3:1 1:1 1:3 0:1 ” 1:0 3:1 1:1 1:3 0:1
_____________________________________________ - 3T S \

= IR A7/ AR 20 NN s
"""  ieltttetetteiel Mttt ltaeltel Ml it liatute wituisiistatuteltuis 0"“1g“'1"“"“““'“r'““ e ettt teletteletieetbeettebets
5.0 5.b 6.0 0.5 2.3 2.4 2.0 2.0 2.7
sin” fa3 %1071 Am§2 [e\/Q} %1073
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T2K FUTURE PROSPECTS

Installation of the T2K Near Detector upgrade finalized in 2024!

High Angle TPC

=) ==

=
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CONCLUSION

Recent upgrades Significa ntly improve TZK T2K Preliminary T2K Sens,it.jvit},r to the exclusion of sindcp = 0 FHC : RHC ¢
SenSitiVity: Expected POT to reach CL. at different FHC : RHC ratios
With and Without Reactor Constraints (RC) 130 3:1 1:11:83 0:1
* Beam: more stat. + better control of the flux
0A2022 Best Fit: Normal Ordering,| dcp = —1.601, sin® fy3 = 0.561

 Near Detector: correcting xsec ® flux models

929% w/ RC & ¢ ¢
. . : 7/ !

Far from degeneracies, full v mode is prefered o w/ RO 44

» Higer v cross-section on matter

0OA2022 Best Fit
90% w/o RC ¢4 ¢ ¢
20 w/o RC ¢ ¢

Degenerate cases require special attention
* No RC: v needed to resolve 6,3 & §¢p

Other values of the true|oscillation parameters

. Normal Ordering 20 w/ RC
 True LO: ¥ needed to resolve 0,3 octant & §cp ““‘(;C“p :“_”;‘/li oW/ RC 4eTe ¢
* True NO +sindcp > 0: Need constraint on MO .24, — 0.561 lo w/oRC ¢4 ¢ <14 ¢

90% w/o RC ¢ ¢

— New data taking starting in November

with both v and v runs! Normal Ordering
dep = —m/2
sin® fag = 0.450

90% w/ RC ¢¢ # ¢
20 w/ RC ¢ ¢ ¢

90% w/o RC ¢4 ¢ ¢
20 wjo RC ¢ ¢

Results presented in this talk use a simplified Near

0A2023 Statistics
3 4 5 6 7 8 9 10 11 12
POT [10%]

Detector treatment and do not model the new
physics capabilities of the ND upgrade
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SENSITIVITY TO CPV: DEPENDENCE ON TRUE 6,3 OCTANT

261

Antineutrino mode e-like candidates
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Total POT: 3.78x10*

Split per horn current:
+250 kA: 2.14x10%
—250 kA: 1.63x10%
+320 kA: 0.0x10%
—320 kA: 0.0x10%

¢ 5(;1: = +7T/'2 b
[ ] 5(;1: =1

— Am3, = 2.49
— Amg, = —2.46
— sin®fag = 0.561
--- sin® fag = 0.450

o

T2K Preliminary

Asimov
exp.

30 100 120
Neutrino mode e-like candidates

60

| | |
| true (ordering, dcp, sin? f;)
(NO, —/2, 0.561)
—— (NO, —7/2, 0.45)
FHC:RHC ratio

B
10 3:1 1:1 1:3 0:1

L 99% C.L.

|
T2K Preliminary
with RC; Full Syst. ]
Unknown Ordering

lo

extrapolation

[ Simplified ND}_

4 6 3
Statistics [POT]

* True lower octant & sind¢p < 0 is also subject to a semi-degeneracy
* Interference with points in Upper Octant that produce similar v, event rates
* The sensitivity gets lower and more v statistics is needed — reversed dependence on v/V ratio!
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TRUE UPPER OCTANT
Sin2923 — 0561

TRUE LOWER OCTANT
Sin2923 = 0450
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T2K DISAPPEARANCE CHANNEL

2 (AmggL
4E

P(vy, — v,) ~ 1 —sin” 20,4 sin

Eventsin bin

25
20—

Similar to 2-flavour oscillation with effective parameters

.2 2 2 2 2
S1n 296ff — 4613 S923 (1 — C13 523 )

* Poor sensitivity to 6,3 (only the cos appears) 1 A7 : _
* Good sensitivity to 6,3, up to the octant!! (two solutions for s,3) S O N EN:

Events In bin

2 ) 2 2
Amgg = Am3z; — (c12° — 2 cos dcpsistassiaciaAms, )

* Good sensitivity to |[Am?g, | (= |AmZ,|[NO] / |am%, |[10])
* Mass-ordering induced shift coming from changing sign of Am%ll

[
12 14 6 18 2
Reconstructed neutrino energy [GeV]
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T2K APPEARANCE CHANNEL

P(l/u — Ve) — 48%38%36%3 SiIl2 Agl Leading term

—+ J(_jp sin A32 sin A31 sin Agl CP-odd term

AMZL . g z:TZK prelimiléﬂa

Aij - A4FE :I: 8a(l — 28132)8338%36%3521—A231 (sin Ag; — Az cos Asz) | Matter effects |

a = ZﬁGFneE maq -

—I_CP even terms. . . : o |

Leading term SERNN o N 1 1 B ® S B B
* Almost full degeneracy between 6,5 and 6,5 — A SRS S S 1 A 4t
* Butif 8,5 is known, ability to resolve the 6,5 octant! < 32 _, oo ese eneeyIEeY
CP-odd term :TzKprehmmar\, |

* Sensitive to Jarlskog invariant /-p = 5,30%35,5C12523C235IN0¢p
* Opposite effect forvand v

Matter effects
* Sensitive to the sign of Am3,, i.e. mass hierarchy!
* Opposite effect for vand v .

0 02 04 06 08 1 1z
Reconstructed neutrino energy [GeV]
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UPGRADED BEAM

J

PARC
accelerator,

s i . S S S b, GO S P o — - ey o 32

Mesons are focused by 3 EM horns

e Forward Horn Current & v mode
* Reversed Horn Current & v mode

-

\_

UPGRADE: 250kA — 320kA

Better purity

Narrower energy range

* Flux increase around oscillation maximum &
decrease at high energies

Better efficiency

Better (de)focusing of right (wrong) sign mesons

~

J

Flux at 10%% POT ,

with new flux conflg £

Flux at 1022 POT 3
with old flux config

Total flux up to now

} To be tuned for physics goals!

+13.0%

Oscilated
events

+14.4%

Unoscilated
events

CI.J

£

Number of events

Number of events

B 2.14 x 10 POT, 250 kA (OA2023)
1.63 x 10 POT, 250 kA (OA2023)

10 x 102 POT, 250 kA
10 x 102 POT, 320 kA
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T2K TIMELINE

-------------------- accumulated POT for physics analysis (total)
accumulated POT for phy@lcq analysls (v-mode) X 30:' ot IT2IKI2(I)2:'3 é’r(lelirlni;lalryI I
: - — Normal ordering ya ]
25— —
— — — © Inverted orderi ' ]
go 50 E__ Run1 Run2 Run3 Run4 Run5 Runé Run7  Rung Rung Run10 Run11 Run12 Runt3 Rund | 900 a 20:_ 1:(‘:’”9 oraering | _:
~ [ o ) - N s0% CL ]
X - beam power (v-mode, +205 kA) i lf — 800 - .
: 40 [ ° beam power (v-mode, +250 kA) j.{" o] q; 15— / -
%\)D n ) beam power (v-mode, +320kA) | A ‘1 T 700 o - i
= — e beam power (V-mode, =250 kA) /I v —eno A 10f —
= 30 [ ] beam power (V-mode, -320 kA) / """"""""" F — % r ]
= [F b g & |
72 — .
= = ' . "—400
S |20 —1 i- 0 L .
et [ : -3 -2 -1 0 1 2 3
3 B= : =300 ber
Q‘: n I | ' .___ 200 N-‘? 2{)5' CTTTTTTTITT T 10K 2023 Preliminary 1 ' T 'E
10— | - 8- —— Normal ordering 3
— 5 — 100 161~ Inverted ordering | E
0 o Et’; b | E | 1 1 i 1 I 1 i 0 14;— 10 CL : —;
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Analysed data: Runs 1-11 ' | E
2= ; —
. 21 C _ ]
250 kA V. 2-14 X 10 POT 8.3 0!‘35 0I4 45 05 0.55 06 0.65 SInEBO?
v: 1.63 x 102! POT
— 21
= 3.78 x 1021 pOT
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SCOPE AND APPROXIMATIONS OF THIS SENSITIVITY STUDY

[ NP250iData J { Stperst Data Ocr In the main T2K analysis:
Hadron
ductionData . - . - . .
production Dafa N\, l l / bi— Sequential ND and FD fits
Flux model with frequentist methods”
) AN 023 :
Ingrid/Beam F i

(Feldman-Cousins)
* Fake Data Studies evaluate
—> | Am? the impact of model
changes on the results

monitoring Data

External/Internal -  Cross-section / MO *A nearly independent joint ND+FD
cross-section Data \ model T Bayesian analysis is also performed
< ND280 > < Super-K > 0
detector model detector model 13
| e
~—— THIS STUDY: NEAR DETECTOR ~—— THIS STUDY: FAR DETECTOR ~\
v/ ND syst. scaled with total stat. and new ND280 target mass v/ Scaling with stat. and v/v ratio
v/ Comprehensive prior correlations between 2 flux models, x-sec and ND det. syst. v/ Comprehensive model of the new 320kA flux
v/ The ND constraining power is assumed to be the same in 320kA as in 250kA X Fixed Ay? method (no Feldman-Cousins)
X No ratio dependence in the saling (fixed at ~ 1: 1) \. /
X All syst. are scaled with SFGD mass (including Oxygen cross-section)
X New physics capabilities of ND upgrade not taken into account NO FAKE DATA STUDIES IN
\X Simplified treatment of boundary effects D THIS SENSITIVITY STUDY
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