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Neutrino oscillation: a quantum phenomenon

» Oscillation: spontaneous periodic .
change from one neutrino flavor to ((eg. w [|-',(e-9- 7)
another, a direct result of neutrino
mixing with mass eigenstates, and is a
guantum phenomenon. In a neutrino
oscillation experiment, the neutrino
beam is produced and detected via
the weak Charged-Current (CC)
interaction,

Source Target

» Neutrino state of flavor a = e, u, 7
produced in a weak interaction can be
written as superposition of mass
eigenstates:

Neutrino Mixing Matrix or PMNS matrix

Ve Uet Uer Uegs V]

|V04 E : ‘V] Vu | = U|.11 UuZ Uu3 V2
Vr Uri U Uss V3

UTU =1, ) UaiU}; = bap, ZU Uy, =
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Neutrino Oscillation probability

» The corresponding transition amplitude for flavor a to g can be obtained with the old-
fashioned way as

A(va — vg) = (vg|va(t, L)) Z Uz Upge™ il () = 3 Uz Ugge™ Fattinat

J

g i TP =P o, Y0 » Highly relativistic:p > m, p = E

» The oscillation probability (for 3 flavor) is than given as

2> Im [UaiUs,Us,Us; ] sin(2X5)
. . i<j
P(VQ — Vﬁ) = |A(Va — Uﬁ)‘z = Z chiUE;iU;jUﬂjeiz(El Ej)t AmQ I Am2 I Am? I
ij =[ERJ sin ( 21 ) sin ( 32 ) sin ( Al )
N . 9 4K 4K 4E
= 0ap — 4362 [UﬂiUﬁ,&UﬂjUﬁj] sin®(X;;)
i>i
+2) Im [UaiU3,U3,Us;] sin2Xyy (+) for (e>p), (u>1), (1>e), otherwise (-)
j>i
—mj)L A L GeV
Xy = L g A L Ge
4K eV2 Km F
» Jarlskog factor

J = cos A1 sin Oy cos® O3 sin O13 cos o3 sinfagsin(dcp) | jariskoa i ]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.58.1698

CP violation in neutrino oscillation

» The oscillation probability for v, — Vg is obtained through a CP transformation on the
corresponding wave functions of v, vg, or simply by taking U — U”, which only changes the sign
of the Imaginary part in P(va - vﬁ).

P(vg = vp) = 0ap — 4Re Y [UaiU5,U%,Us;| sin®(Xi;)

i>i AP(VQ —)Vg) IP(V(I —)Vﬁ)—P(ﬁ(, —>17ﬁ)
_(Am3 LY . (Am3, LY\ . [ Am L Am?2. L Am2,L Am2, L
+8.J sin ( 1B ) sin (T) sin (T) — 416 sin ( T:Ezjl ) sin ( Téz ) sin ( 1:1]:53}1 ) £0

P(Ta = Tg) = 8ap — ARe S [UailU5,Us;Usy] sin(X,5) ‘

j>i

(AmZ L\ . (Am3, L\ . [Am3 L
T&8.J sin ( 15 ) sin ( 1B sin iE AP * O
|J — 08 015 sin 015 cos? A5 sin 13 cos fa3 sin Gggsin(ﬁcpj CP transformation is violated!
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Neutrino Sources and Mixing Parameters
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Neutrino Experiments and Oscillation parameters

& Parameters to be determined K. ENGMAN/SCIENCE 345, 6204

1.  Three mixing angles: 843,013,053 # 0

1.  Two mass differences: Am?,, Am?;, Am3,

2. ne Dir h :
One Dirac phase :8, ONTARIO

Daya Bay,

13

NOvA

MINNESOTA

T2K

DUNE: Deep Underground Neutrino Experiment

Sanford Underground
Research Facility

IOWA

Fermilab

--------- ; Fermilab
=== Muon neutrinos
=== Tau neutrinos

=== Electron neutrinos ILLINOIS

INGRID

pa—
Wagasci
Near detectors

A

Super-Kamiokande
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Mass Order: normal or inverted ?

mq{,m; m3 = ?

2024/9/19

Neutrino Mass Squared

2
Amlz — A777/1-;01;3Lr

2

2 —~ 2
AmmSQ ~ Am?;l — A77?’@15';“710

Vel Vu Ve
. cos d = . cos o =
sin® 653 . sin?6), bin6,4 |
38 — > — ~—
sin®@y; Amy, 1
Am?,, |
) kiné,4
sin’ 6y, kiné:4 .
> — ~um | Amg,
Am? -1 )
50 sin“ 63
| e 31 |
ST -1 sin*6;3 -l
NORMAL INVERTED

Fractional Flavor Content varying cos ¢

PRD. 69 (2004) 117301
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Probing CP phase: T2K Experiment

Osc. Prob

Vi —>Ve, V>V,

0.1 T \ L B e e B L
I 2.5° Off-axis v_flux
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-
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T2K Collaboration
Eur.Phys.).C 83 (2023) 9, 782
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Probing CP phase: NOvA Experiment

e
\J

Phys. Rev. D 106, 032004 (2022)

Normal Ordering

FIG. 6.  The 68% and 90% confidence level contours in
sin®f@23 vs. dcp in the (a) normal mass ordering and (b)
inverted mass ordering [95]. The cross denotes the NOvA
(a  best-fit point and colored areas depict the 90% and 68% FC
corrected allowed regions for NOvA. Overlaid black solid-line
and dashed-line contours depict allowed regions reported by

o
o

in2
sin“,,
o
(S]]
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ST ]
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Probing CP phase: DUNE simulation

DUNE: Deep Underground Neutrino Experiment Under ConStrUCtion, to be
Santord Undrgruns completed in 2029 and start
e = Fermilab

- data taking in 2035 to 2040

IA):::E"S:M:::V"Y [ 10 years (staged)
ystematics
10 Normal Ordering " sin’20,, = 0.095
sin’9,, = 0.580 unconstrained —— sln22613 =0.088
sin?20,, unconstrained o sln’26,3 =0.080
8
Neutrinos .scp =2 Antineutrinos .5“ =2 i
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3 2 ar
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= &
o o 2 [
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EPJC. 80 (2020) 10, 978
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Accelerator neutrinos for Oscillation experiments

» Conventional muon sources: accelerated proton-on-target

Limitations

* Lower neutrino flux

* Limited neutrino
energy spectrum

* Background
contamination

Booster Magnetic Decay Absorber Dirt Detector

— focusing horn region

APS Physics 11 (2018) 122
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Positron driven muon sources

D. Alesini et al
arXiv:1905.05747

Low EMittance Muon Accelerator (LEMMA)

Muon Pair Production xsection [ barn]
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Positron driven muon sources for neutrino oscillation

arXiv:2301.02493
A. Ruzi & Qiang Li, et al

Muon neutrino and Electron neutrino oscillation

ete” = putp~

(Or proton on target) : ] Vp =t Ve, Vry Ve =2 Vy, Vr
Dipoles o =V, Ve e emmm===zzzzIC
(+(1—’(;(‘\) ...=========:::. ---------
=S 55==='. cssms. Sweeper ~ 0.01 rad Detectors
/l+‘>7/,u Ve -------::::::::::::-
10k Uy = Ve, Upy Ve — Uy, Uy

= ~ 1300 km €

® Collimated and manipulable muon beams, which lead to a larger acceptance of
neutrino sources in the far detector side.

® Symmetric p+ and p- beams, and thus symmetric neutrino and antineutrino sources,
ideally useful for measuring neutrino CP violation.
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Neutrino Energy profile
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o o
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5~10 GeV energy range > tau threshold
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Oscillation probability in Matter

Series expansion of oscillation probability: JHEP 04 (2004) 078

Paﬁ = PQﬁ(Amgl, Am%l, 912, 913, 923,5(}}); E, L, V(le)), a, ﬁ =€, U, T

1
H ~ ﬁU diag(0, Am2,, Am2)UT + diag(V,0,0) |

V(x) ~ 7.56 x 1014 (

M) Yo(r) oV

g/cm?

Ye(z) = 0.5

Y. (x) is the number of electrons
per nucleon. For the matter of the

Earth.

2024/9/19

Experimental Parameters Values
Stored Muons 1 x 102
E, [GeV] 22.5 GeV
Run time D years
Matter density 2.8 g/em?
Base line length 1300 Km
Target mass (Detector) |40 Kt Liquid Argon

Lepton portal for new physics
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Neutrino CC interactions inside detector

Cross sections are true results
obtained from GENIE simulation:
an event generator for neutrino
nucleon interactions

1 I Total Charged-Current Cross sections —Ve

o

GENIE 2.12.10, DUNE FD TDR CV Tune
—— CC Inclusive CC 1p1h+2p2h
—— CCRes M —— CCDIs

< <l <

a

o
©

T
I
o
=
©
(o]
T | T T T

v
o
~

[

S —— .

v

o(E )JE 10%cm?/GeV)

o
[N

o
[
s
o
o

o(E )VE, 10°* (cm” /GeV /Nucleon)
o
o 3]
o o
o

CDS:?(EV) 10 (/em? /GeV /POT)

E, (GeV) 0
DUNE Collaboration e B. Abi (Oxford U.) et al.
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Event spectrum

> Positron source: positron bunch density 101?/bunch with crossing frequency as 105/sec, which
i dN
means 1017 /sec e*on target. Eventually, we have muon production rates as d—t"‘ ~ 10'?/sec or

1019 /year.
n(u) = 1.e20, L = 1300 Km, Detector Mass = 4 5 & &, 1z {754

ve appearance from v, v; appearance from v, v, appearance from v,

3500F Scr=0

E E &cp = n/2
3000 150F Scp = —n/2

i E

@ 2 2500 2 925F

8 2 g E

5 £ 2000 £ 100

= = E

= = Z .k Looks good!

< 2 1500 g 7sf /

> E

W @

s0F

E,[GeV] Ey[GeV] E[GeV]

> v, > V,: the basic channel used by many neutrino oscillation experiment and shows fairly

good sensitivity on §.p here
» v, — v;: gives the largest tau neutrino events, but poor sensitivity on ¢p

» v, = v gives fairly good sensitivity too!
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Sensitivity on d.p

Ayt

true AT ( Strue
5 (N(5CP — N (dcp )) N*""€: Events produced using 8cp = %
(N + N)(écp = 0,7)

—_
o

—_
(=]

Normal Mass Ordering v, appearance
L =1300 Km

Normal Mass Ordering Ve appearance

L=1300 Km
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Significance (2)

| Normal Mass Ordering combined v,
L L—1300 Km appearance
20— 0 . —— 100% efficiency
L ears ol run _
B y —— DUEN efficiency
IS i NN | S S
15—
NX :
< [
10— 35
51~
I/ A L Co 1/
0 T S T R E T S S (A R N R R S S
—1 -0.5 0 0.5 1
ST

Now formally accepted by Nature Communications Physics
orcid.org/0000-0002-9569-8231
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Summary

» Neutrino oscillation is one of the observed physical phenomenon beyond
Standard Model, still contains undiscovered physics.

» CP violation in neutrino oscillation still demands compelling data from super-
beam experiments.

» LEMMA approach may provide better Muon sources in the super-beam
experiments, HyperK and DUNE.
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Back Ups
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PMNS matrix ‘

» The PMNS matrix is usually expressed by 3 rotation matrices and three complex phases:

1 0 0 cos013 0 sinfyze""9cp ( cosbis  sinbs 0 1 0 0
U=10 cosbys sinbss 0 1 0 —sinbfiy  cosbiy 0 0 e? 0
0 —sinbay cosblys —sinfy3e¥%or () cosbti3 0 0 1 0 0 €7
3 3 N
Quantifies the CP violation effect || Two flavor Majorana
in the neutrino oscillation oscillation phase, can
because 913 0 ignorEd (for now)

» lgnoring the Majorana phases, we find that, when multiplied out, the PMNS matrix becomes

C12C13 $12C13 S13€ 9F
_ 5 5
U = | —512Co3 — C12523513€"°CF  C12C23 — S12513523€"°CF C13523
5 5
$12893 — C12813C23€"°°P  —C19893 — S12513C23€"°CF C13C23
Cij = cos 0;;, s;j =sin0B;; PhysRevLett.51.1945
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Neutrino oscillation in vacuum

0.08 7

! P(v,—V,) P(v,—v,)

. Am3,L Bl iz o Am2, L o
Py, =ty )= sin? (2023) cos®(A13) sin® (J 27 32 ) - = ]A‘_’TAmé1 sin? <1.27 32 ) x 8.Jcp. 08F

E, E, Ey orf %

o200 2 o 5 o L 97 Ay 2 L ., 07 Ay 2 y i i E B E

P(v, — v.) ~ sin”(260,3) sin (Ba3)sin? (1 _7A17132E F 1.27Am5, = sin” | 1.27Am 2 X 8Jcp. L osf 3 L ]

v v v £ o4 E| £ E

. . L ; ATy . osf 3 ]

P(v, — vy) ~ sin®(20;3) cos?(023) sin® | 1.27Am32, 25 F 1.27TAm3, — sin® ( 1.27Am3, x8Jep. ok 3 E

Ll l/ v 0.‘; % ;

Py, = v,) ~ sin?(2013) sin®(0a3) sin® (I.ZTAIH:%zE ) +1.27Am3, i sin? (1 21A11:,2E ) x 8Jcp o S o 1 . i
14 v

0 P(v,—v) 008 Plv,—vy)

Py, — v7) = 0.2916 £ 0.0026 sin dcp (0.5093 £ 0.0048 sin dcp),
P(v, — v.) = 0.0151 F 0.0026 sin dcp (0.0264 F 0.0048 sin dcp ),
( )
( )

Py =y

Py, — I/,L) = (.0151 £ 0.0026 sin dcp (0.0264 £ 0.0048 sin dcp ),
P(ve — v;) = 0.0119 F 0.0026 sin dcp (0.0209 F 0.0048 sin d¢p).

il b b b b b

=

E, (GeV) E, (GeV)
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Neutrino oscillation in matter

sin® AA , sin?(A —1)A

P = sin® 20y sin® A — ey sin® 2003 A sin2A + o ¢, sin® 2053 A cos 2A P., = a® sin® 20, ¢34 P + 4 57583, -1
I 5y 9 ., sin AA A in AA sin(A
——als 2 cos(A— = y - 1A
5O sin 205 sin” 20y | sin A cos(A—1)A 5 st 2A + 283 $in 204 sin 203 cos(A — dop) bmA Sm(A 1)
2 5 Lo . oA Sn(A-DA AL
+ FEERE 203 (hlIIA cos AA i1 EA sin 2A L, , sin? AA L, sin?(A— 1A
Pe_a,- = (" sl 2612 SZST 4 S13 ngﬁ
+9asrs s o s SAA sin(4 - 1A (A-1)
13 Sin 265 sin 2653 sin dep sin A _— . )
A A-1 i ) o osin AA sin(A — 1)A
9 sin AA — 2 (v 813 sin 2045 sin 2043 cos(A — dep)
o sin 202 sin203 cos 20a3 cos dep sin A (.43111& -1 cos(A — I)A) A A-1

Akhmedov, Johansson, Lindner, J. High Energy Phys. 2004-05-05
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Event simulation in GLoBES 7N

Et-+AEi/2 -
NI / / IE 8(E) P4(E) o°(E) B(B, E') ¢(E')
E;—AE; /2
0
N: renormalization factor. Re(E. E’) _ 1 6(502?];))2

L : baseline length.

E: energy of incoming neutrino.

E’: reconstructed energy.

®°: incoming neutrino flux in specific channel.
PC(E): oscillation probability.

o(E): cross section of neutrino-nucleus interaction
inside detector.

R¢(E,E"): Energy resolution function.

e€“(E") : Post smearing efficiency , or energy efficiency.

o(E)V2r

o(E)=a-E+p3-VE+~

2024/9/19 Lepton portal for new physics 27



Neutrino Physics

» Theory and pheno

. Standard and non-standard oscillation (goal of SK, HK and DUNE)
v' Sensitivity on CP phase (being worked out)
v" Modification of PMNS-matrix
v' Search for sterile neutrino and do sensitivity check on the new mixing parameters
v Neutrino Global fit (precision measurements of mixing parameters and Am?)

* Neutrino mass problem (Hard)

v" Origin of neutrino mass (EFT approach: Weinberg operator)
v' Solving mass ordering problem ( matter effects can help)

> Software

. GLOoBES: neutrino oscillation simulator

v Simulation of neutrino experiment (Nuclear, accelerator and .

atmospheric neutrino) GLoBES

v x? analysis: projections on 0ij, é‘CP,Amizj
. Genie: Neutrino event generator

v Cross section calculation

v' Detector simulation

v" Neutrino-target experiment, VN DIS

v" Elastic and DIS Dark matter-Nucleon cross section and event generation

Version from May 5, 2020 for GLoBES 3.2.18

\_
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