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Neutrino Oscillation

* Qscillation from one flavour to another

 Because flavour states and mass states are not the

Diameter of Earth

P(v,—v,) = 1-sin“20sin’(1.27 Am“L/E)

> same

Neutrinos that travel Neutrinos that travel |V > - U . |V)
short distances keep their long distances have roughly 50% a al l
original flavor chance to have changed flavors
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U is the PMNS matrix

* The transition probability is given by

Paﬁ = |<VB|Va(t)>|2

3 mixing angles and 1 phase: U3V = R,5(0,3) Ry3(013, 6cp) Rix(013)

4 2 mass squared difference: Am3, = m3 - m?, Am5, =m4 - m?
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Two instrinsic parameters: baseline L and energy E



Global fit status

... While fractional accuracy of known parameters improved.
In particular, Am? formally determined at the subpercent level, 16 = 0.8%

. o . 0
Large uncertalnty SCP :18% TABLE I: Global 3v oscillation analysis: best-fit values and allowed ranges at N, = 1, 2, 3, for either NO or 10. The last

column shows the formal “lo parameter accuracy,” defined as 1/6 of the 3¢ range, divided by the best-fit value (in percent).
We recall that Am? = m3 — (m3 +m3)/2 and that §/7 is cyclic (mod 2). Last row: Ay? offset between IO and NO.

Parameter Ordering Best fit lo range 20 range 30 range “lo” (%)
- The main goal of ESSnuSB om?/107° eV? NO, 10 7.37 7.21 - 7.52 7.06 - 7.71 6.93 - 7.93 2.3
(i) Measurement of 5CP sin® f12/107* NO, 10 3.03 2.91 - 3.17 2.77 - 3.31 2.64 - 3.45 45
|Am?|/1073 eV? NO 2.495 2.475 - 2.515 2.454 - 2.536 2.433 - 2.558 0.8
10 2.465 2.444 — 2.485 2.423 - 2.506 2.403 - 2.527 @
- Additiona goals sin? fy3/1072 NO 2.23 T 2.11 933 2.06 — 2.38 24
(i) new physics 10 293 2.19 - 2.30 2.14 - 2.35 2.08 - 2.41 2.4
. : sin? fa3/10 7 NO 473 4.60 — 4.96 4.47 - 5.68 4.37 - 5.81 5.1
(i) non-beam physics 10 5.45 5.28 - 5.60 4.58 - 5.73 4.43 - 5.83 43
(i) cross-section measurement 5/m NO 1.20 1.07 - 1.37 0.88 - 1.81 0.73 - 2.03 18
10 1.48 1.36 — 1.61 1.24 - 1.72 112183 8
Ay we 10-NO +5.0

But there are reasons to be cautious about subpercent accuracy levels...
E.g., correlated effects of v interaction uncertainties in different expts need improvement

Talk by Eligio at FLASY 2025 last week 2
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Designed to probe second oscillation maximum

CP sensitivity is higher at 2nd maximum
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6 Work Packages (WP)
WP1 - Management - Will mainly discuss some results of WP5
WP?2 - Engineering & Infrastructure - Will touch upon WP4 and WP6

WP3 - Target Station & pion extraction

WP4 - Low Energy nuSTORM (LEnuSTORM)

WP5 - Detectors and physics reach

WP6 - Low Energy Monitored Neutrino Beam (LEMNB)

Checkout our website: https://essnusb.eu/
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Attending this meeting:

C e ey WP5 Detectors and physics reach
Dr. Budimir Kli¢ek (faculty) — Py
» Coordinator: Monojit Ghosh (Ruder Bogkovi¢ Institute, Croatia)

Dr- M aheSh Ja kkapu (pOSt_d OC) » Co-Coordinator: George Fanourakis (NCSR ‘Demokritos’, Agia Paraskevi, Greece)
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ESSnuSB+ setup

1. Main accelarator (ESS)
-5 MW proton beam

- 2 GeV proton energy

- 2.8 ms pulse

LEnuSTORM
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ESSnuSB+ setup

1. Main accelarator (ESS)
-5 MW proton beam

- 2 GeV proton energy

- 2.8 ms pulse

LEnuSTORM

. Far Detector
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transferline

2. Accumulator — Reduces the pulse 1.2 ps (to minimize atmospheric backgroungl)
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-5 MW proton beam

1. Main accelarator (ESS)

- 2.8 ms pulse

- 2 GeV proton energy

LEnuSTORM

. Far Detector
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Ring to Target

LEnuSTORM Ring 3. Target Station: Protons collide to produce &
T —u +Vu

transferline

2. Accumulator — Reduces the pulse 1.2 ps (to minimize atmospheric backgrounézl)




ESSNnuSB+ s
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-5 MW proton beam

1. Main accelarator (ESS) |4- Near Detector (END) |

- 2.8 ms pulse

- 2 GeV proton energy

LEnuSTORM

. Far Detector

Acc

Ring to Target

LEnuSTORM Ring 3. Target Station: Protons collide to produce &
T —u +Vu

transferline

2. Accumulator — Reduces the pulse 1.2 ps (to minimize atmospheric backgrou%zl)




ESSnuSB+ setup

5. Far Detector (FD)
- 540 kt water cerenkov

1. Main accelarator (ESS) |4- Near Detector (END) |

-5 MW proton beam
- 2 GeV proton energy
- 2.8 ms pulse
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LEnuSTORM Ring 3. Target Station: Protons collide to produce &
T —u +1/u

Common Morgue and PSU room

\ Ring to Target

transferline

2. Accumulator — Reduces the pulse 1.2 ps (to minimize atmospheric backgrouqfl)
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Detector Performance

+Detector efficiency for correctly b

identifying neutrinos > 85%.

0.07

Efficiency

e Flavour misidentification

i —— Vv, as Vg |

prob ability < 1%. 008 MNC @S NG

—— Vv, asV, |
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Alekou, et al. [ESSnuSB] Eur. Phys. J. ST 231 (2022), 3779-3955




Sensitivity to d.p
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Sterile neutrino

‘ Experimental evidences suggest there might be a sterile neutrino at the eV scale

ﬁm‘?” =1.7 BUE, 95% C.L

U = Usa(Ba4, 634)Uz4 (024, d24)U14 (014, YU,

1§ T ' L ' TrrrTy
ESSnuSB(2+8) ——— 3
EEEnuE%Eﬁ] - - ] U™ = Uag(foa, 0)U13(fa, 613)Uh2(6h12,0),
ESSnuSB(8+2) - ---
IHK — -
0.1 'BUNE —
ﬁ L _ ] PEE ~ 1 — gin® 284 sin® A
= 1
& + 487 4834 co8 233 sin” Agy — 253,1 (3 + 2 cos 423 sin® Ay + cos 2A3,)
£
E . .
“ 00k - + 4513814824 (8in 3023 — s523) cos(d13 + d24) sin® Ag; .
At the far detector:
0001 ey L4 atiial This study is with the old flux
0.001 001 0.1 1 Am?Z,, cannot be studied Need to redo with updated flux
SN 014 (test) 6,, and 0, can be probed

MG, Ohlsson and Rosauro-Alcaraz,JHEP 03 (2020), 026 14



Neutrino decay

I Invisible neutrino decay: heavy neutrino state decays to a light sterile neutrino

2 92 Aa.tm

~ ol . 2
P;_.E,E ~ 513(313523 |:4Slﬂ

A
Py =~ 1 — cf353 [4(1 — C13533) sin’ ;tm

r-
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—— L =540 km, no decay in data
—— L =360 km, no decay in data -
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Better sensitivity than DUNE I ]

15¢F

e . —
T3/ my (test) [s/eV]
Choubey, MG, Kempe and Ohlsson, JHEP 05 (2021), 133
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r
—(1— E_F3) + 2cos At (1 —~ E__z;i)] ,

I/j—>I/S—|—J

vy decays: Am3, — Am2, —ias

Fg = &3L/E = ‘m.gL/(TgE).

DUNE (CC)

ESSnuSB (360 km
DUNE (CC + NC)
JUNO
INO

KM3NeT-ORCA

Experiment 90 % C.L. (30) bound on 73/mg [s/eV]
T2K + NOvA 2.3 (1.5) x 10712
T2K + MINOS 2.8 (1.8) x 10712
SK + MINOS 2.9 (0.54) x 10710
MOMENT 2.8 (1.6) x 10711
4.22 (1.68) x 10~

4.50 (2.38) x 10~

4.95 (2.64) x 10~
5.1 (2.7) x 1071
9.3 (4.7) x 10~

1.51 (0.566) x 10~10
2.5 (1.4) x 10710




I Non-standard interaqctions mediated by a scalar field I
Scalar NSI

mE
L= D(iy* 0 — ) — (n)asPavsd — (u7)asfafsd — 5(0u0)" — 287

L =360 km, p° = —90°
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—03 02 -0l 0.0 0.1 0.2 0.3 For n.. = -0.18, CP sensitivity vanishes

Aguilar et al. [ESSnuSB], Phys. Rev. D 109 (2024), 115010 16



Quantum Decoherence

I Open quantum system: Neutrino as a subsystem interacting with the environment giving rise to decoherence I

Plva > vg)=0d,8—2> Re ﬂ;tf} Uz U | [1—cos (2A;;) e Tl aﬂ(ﬂ :
( ﬁ} B ;}_ i P~ pi ‘Bj] [ ( j) } T — —E[H}ﬁ(tj] -+ D[ﬂ(t}]
(Fre 71 FroF : A ~Ty;L
+ ZZIm _UﬂkUﬁkUﬁjUgj] sin (gﬂ“'j) €7 H: Neutrino Oscillation Hamiltonian in matter

i>] p = Density Matrix, D = Dissipator

A = Gell-Mann Matrices

16
— 2% syst. _
141 __ 59 syst. Paﬁ = Tr [pa(O)p,B(x)]
121 —— 10% syst.
el S A7 AN 30CL Dji = —diag(I'21,'21,0,'31,'31, I'32, I'32, 0)
> 8
<
6 'y < 1.2 %1072 GeV [DUNE, (90% C.L.)]
4] 90% C.L. T3 < 4.7 x 1024 GeV [DUNE, (90% C.L.)].
2-/
01 10 100
My =3, = M(1024GeV) Bound comparable to DUNE |
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J. Aguilar et al. [ESSnuSB], JHEP 08 (2024), 063



Atmopsheric neutrino

interaction with the cosmic rays

Atmopsheric neutrinos are produced in Earth’s atmosphere via

] Lad ! wn =]
L x M L L

v x2 to reject wrong hierarchy
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J. Aguilar et al. [ESSnuSB], JHEP 10 (2024), 187
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Vv x? to reject wrong octant
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Excellent sensitivity due to
- Strong flux near the pole
- Larger detector volume
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Supernova neutrinos Tool AT I
>{ ...... GKVM
I The huge FD can detect a future supernova explotion in our galaxy I < 5 === Garching |
s
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e Large uncertainty on supernova flux - Depends on the model 2500 10% -
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Solar neutrinos

Some of the remaining challenges in solar neutrinos
can be solved with ESSnuSB

hep neutrinos have not been observed so far

The large ESSnuSB far detector can distinguish
between 8B and hep neutrinos

ESSnuSB FD expects to see around 370 events/day

Study ongoing with University of Roma Tre
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LEMNB and LEnuSTORM

Low energy monitored beam (WP6)

- Inspired by original ENUBET idea (Talk by B. Kli¢ek)
- Instrumented decay pipe

- To measure neutrino flux to 1% uncertainty
- Neutrinos will be detected at LEMMOND

- Also suitable for sterile neutrinos

LEnuSTORM

AN Far Detector

S b i 1 1 51 1 O 1 L 0 0 1 R e e i 11 S

*~__ LEMMOND

iy m e ae e

Transfer Line

LEnuSTORM (WP4)

- Inspired by original nuSTORM idea
- Neutrinos produced from decay of muons S
- Muons will be stored in a storage ring Facilty Builfings ransferline
- Neutrino will be detected in LEMMOND and END |
- Mainly for cross-section studies

- Also suitable for sterile neutrinos 21

Common Morgue and PSU room




summary

ESSnuSB+ setup is consists of 3 neutrio sources and 3 detectors:
Neutrino sources: main ESS beam, LEMNB and LEnuSTORM
Detectors: FD, END and LEMMOND

Very strong sensitivities for both beam and non beam based physics
including flux and cross-section measurement

One advertisement in next slide



Advertisement

Recently got a grant of 300,000 EUR for a multilateral project funded by SWISS funding agency
Pl is me, B. Klicek and M. Jakkapu are team members

Duration: 4 year

To work on neutrino phenomenology and experiment

Post-doc positions will open soon at IRB

Will work closely with the other partners institutes:
- University of Geneva, Switzerland (PIl: Federico Sanchez)
- University of Silesia in Katowice, Poland (PI: Janusz Gluza)



summary

ESSnuSB+ setup is consists of 3 neutrio sources and 3 detectors:
Neutrino sources: main ESS beam, LEMNB and LEnuSTORM
Detectors: FD, END and LEMMOND

Very strong sensitivities for both beam and non beam based physics
including flux and cross-section measurement

Thank You
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