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Neutrino Oscillation
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Mass Hierarchy (MH) & Leptonic CP Violation
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Is m,<m,<m, (normal) or m,<m,<m, (inverted) the truth?
i.e. What is the sign of Am?,,?

Arethe oscillation probabilities P,,= P, ?
ACP = Pue _ P_,ue

We define CP Asymmetry in vacuum, as
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See Prof. Kopp’s lecture on Neutrino Theory and Phenomenology



Present status of MH and CPV

1) In NuFiT 5.0, IH is disfavored with Ax?= 7.3 (2.70) compared to Ax?= 10.4 (3.20) in NuFIT 4.1.

2) The best fit for the complex phase is at 5_,= 195°. If we restrict to |H, the best fit of &,
remains close to maximal CP violation, with CP conservationbeing disfavored at around 30.
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Methodology

e

1) T2K-II : the extended run of the ongoing Tokai-To-Kamioka experiment based in Japan.
2) NOVA-II: the extended run of NuMI Off-Axis Neutrino Appearance Experiment, based in the USA.
> ONE reactor-based Medium Baseline experiment,

1) JUNO: Jiangmen Underground Neutrino Observatory, based in China.

.- -

Transition/Appearance Sample (vp» v):
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u u : | General Long Baseline Experiment Simulator i
‘ : I Z : - (GLoBES)* is used for simulating the experiments,
W Vi W Vi i calculating the statistical significance. |

N TZK-”/NO\)A-” : * 10.1016/j.cpc.2007.05.004
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Experiment Specifications
Straight Through the Earth
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Motivation

1)v, (v,) disappearance provides a precise measurement of the atmospheric neutrino
parameters, sin?20,, and AmZ,, ,

(V) appearance rates are driven by sin“20,, and are sensitive to 6, and the MH.
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TS TTT T T T T T T T e e A " Determination of MH and CPV depend on the ability to
» The determination of MR and CPV in resolve the parameter degeneracies among 8, the
accelerator based long baseline neutrino :
g sign of Am?,., 8., and 0...

experiments suffers due to the presence of

degeneracies[1].
T2K-Il, NovA-Il and JUNO would enhance the CPV

> CP degeneracy: (d search and the MH determination since the JUNO

0,,) ambiguity

cp

sensitivity to the MH has no ambiguity to 6.
> MH degeneracy: sgn(Am?, ) ambiguity

> To further enhance the CPV search, one can break

> Octant degenracy: (8,,,/2-6,,) ambiguity

2% the 6_.-6,, degeneracy by using the constraint of

> Th|s |mp||es different sets Of parameters 613 from reactor-based short-baseline neutrino

giving equally good fit to the data. experiments.
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[1] Phys. Rev. D 65, 073023 (2002)



Results (MH)

To estimate quantitatively the sensitivity of the experiment(s) to the MH determination,

> we calculate the statistical significance VAx? to exclude the inverted MH given the null hypothesis is a
normal MH.

> The sensitivity is calculated as a function of true &, since for the accelerator LBL experiments, the
capability to determine the MH depends on the values of the CP-violating phase 6.

The oscillation parameters are based on NuFit 4.1:

Sin?@., = 0.310,

Am? . = 7.39x10%eV?,
Sin?8,, = 0.5,0.43 and 0.6,
|Am?,_ | = 2.523x10%eV?
Sin?0 = 0.02241
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Results (MH)
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Figure 1: Mass hierarchy sensitivities as function of true &, for --

various experimental setups -

Left plot*

(i) JUNO only (at sin?6,,=0.5);

(ii) NOVA-II only (at sin?6,,=0.5);

(i) a joint of JUNO and NO\)A 'l (at sin?0,,=0.5);

(iv) a joint of JUNO, NOVA-II, T2K-Il and 6 , constraints from Reactor-Short Baseline (R-SBL) experiment
(at sin?0,,=0.5);

Right plot* 10/ 32
A joint of JUNO, NOVA-II, T2K-Il and 8, constraints from R-SBL experiment (for different 6.,).



Methodology Contd. (CPV)

. The statistical significance vAx?for excluding the CP-conserving values (6., = 0,m).

« For the minimization of 2 over the Mass Hierarchy (MH) options, we consider two
cases:

> MH is known and normal as the truth value,

> MH is unknown.
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Results (CPV)
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Figure 3: CP violation sensitivities as function of true 8, for various experimental setups :

(i) T2K-Il only (at sin?0,,=0.5);
i) a joint of T2K-Il and NO\)A | (at sin?6,,=0.5);

(i
(i) a joint of JUNO, NOVA-II, T2K-Il and 6 , constraints from Reactor-Short Baseline (R-SBL) experiment
(

at sin%0,,=0.5);

Left (Right) plot is with MH assumed to be unknown (known) in the analysis.
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Results (CPV)

Value of sin0,, 0.43 0.50 0.60

Fraction of true o, values (%), NH 61.6 54.6 53.3
Fraction of true o, values (%), IH 61.7 572  54.2

Table. Fractional region of & ., depending on sin®6_,, can be explored with 3o
or higher significance.
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Highlights

1)1t is expected that the MH sensitivity of JUNO is more than 3a C.L. and does not depend on O.p-

2) Resolving the MH by combining T2K-Il, NOVA-II, and JUNO by 2027 is thus very encouraging,
given the standard interaction of 3 active neutrinos is the reality.

3) With the combined analysis of T2K-Il, NOvA-II, and JUNO, it is expected that more than half of
the &, values can be excluded with more than a 30 C.L.

Thank you for your attention.

14732



Results (MH)
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Figure 2. The effects of 8., (left) and T2K runtime (right) on the sensitivity of neutrino mass hierarchy

determination are studied. The plots use a combined sensitivity of all considering experiments.
sin’@,,= 0.02241 is the best fit obtained with NuFIT 4.1, sin’® = 0.02221 is with NuFIT 5.0.
is 30 lower limit.
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Sigma to exclude sind.,=0

Results (CPV)
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Figure 4: CPV sensitivity as a function of the true value of &, obtained with a joint analysis of all
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considered experiments at different true sin?0,, values (0.43, 0.5, 0.6). The left (right) plot is with the

normal (inverted) MH, respectively.
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TABLE I: Global 3r analysis of oscillation parameters: best-fit values and allowed ranges at N, = 1, 2 and 3, for either NO or
10, including all data. The latter column shows the formal “lo fractional accuracy” for each parameter, defined as 1/6 of the

2

30 range, divided by the best-fit value and expressed in percent. We recall that Am? = m3 — (mi +m3)/2 and that § € [0, 2]
(cyclic). The last row reports the difference between the x? minima in IO and NO.

Parameter Ordering Best fit 1o range 20 range 30 range “1o” (%)
dm?/107° eV? NO, 10 7.36 7.21 — 7.52 7.06 — 7.71 6.93 — 7.93 2.3
sin” 012/10"" NO, 10 3.03 2.90 - 3.16 2.77 — 3.30 2.63 — 3.45 4.5
|IAm?[/107? eV? NO 2.485 2.454 — 2.508 2.427 — 2.537 2.401 — 2.565 1.1
10 2.455 2.430 — 2.485 2.403 — 2.513 2.376 — 2.541 1.1
sin® @13/102 NO 2.23 2.17 — 2.30 2.11 — 2.37 2.04 — 2.44 3.0
10 2.23 2172229 .. _._210.-2.38. . _._._. 2.03.= 2.45. 3.1
sin® @3 /107" NO 4.55 14.40 — 4.73 4.27 - 5.81 4.16 — 5.99, 6.7
10 5.69 548 58 430594 417 6.06 5.5
§/m NO 1.24 RIS U 07 A (X il U’ S | e e 4 16
10 1.52 1.37 — 1.66 1.22 - 1.78 1.07 — 1.90 9
AXio-No I0-NO 6.5 e
\ | 2107.00532
| - T
| |
| |
| |
| |
| |
| |
| |
| l
} 2020 }
- ouf 2020 1
| Pre—2020 |
- INOvA . T2K | . | 17732
\ 0.02 0.04 0.06 0.08p.02 0.04 0.06 0.08
‘{ Py, — ve) Py, = ve) |



I Extra Slides

> For JUNO, the mass hierarchy resolving is less
sensitive to the truth of mass hierarchy since the

dominate factor is the separation power between 10
two oscillation frequencies driven by |AmZ,.| and OF-
S et

[Am?Z, |. % jm
> The mass hierarchy sensitivity with the § 65

accelerator-based LBL neutrino experiments = -

such as T2K-lIl and NOvA-Il comes from the %5;_ ““““ 2 """""""""""""""""""

: Iy T 4F True:sin“0,,=0.5

matter effect in the appearance v -v_ (v -V ) c4E 23 Joint analysis

probabilities. These probabilities depends on the |, 3|

mixing angle 6,, and &, . <2k — NH assumed as true
> For relation between mass hierarchy sensitivity IE — IH assumed as true

and CP phase, the appearance probability has a 0~ ' L

)

1 2 3 4
CP term which is proportional to SCP [rad.] (True, NH(IH))
cos[(Am?,,L/AE)+sign O ]

where sign = +1 for neutrinos and = -1 for anti-
neutrinos. This leads to a dependence of mass
hierarchy resolving as function of 6. 18 /32



Results (MH)
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1) Figure 3. Same as Figure 1, but showing indiviual sensitivity of T2K-II (left) and that of NOvA-II for
both octants and maximal mixing of 8,,(right).
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A sketch of Neutrino Oscillation

Flavor
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Mass

) m; Neutrinol
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<@ = \ ) + +
Electron Neutrino Neutrinol Neutrino2 Neutrino3
() = Qo + +
Muon Neutrino
@ = @ + +

Tau Neutrino

Neutrinol

Neutrino2
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Superposed
waves
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The oscillation probability of neutrinos (anti-neutrinos)
in vacuum is:

P((l_/) _)(]-/) ):
o B

=38,,~4Y Re(U.U,U, U, Jsin’ (Amj ﬁ]

I>]

£22 Im(UU IUajUﬁj)sin(Am;%]

i>]

Transition/Appearance )/4_> W,VA

Probability :

Survival/Disappearance "z : “Z :
. A%V - )/
Probability : i vy




Neutrino Oscillation (matter)

V\ /€
Earth e V.,
Accelerator - : . : >
Detector ~ 1nvolves VaVAVAN or °SW
_________ W <
"""""""""" V
| V,

Coherent forward scattering via this W-exchange interaction leads to an extra
interaction potential energy —

{+\EGFN03 Ve
Vw=

Fermi constant ‘ ‘ Electron density




Oscillation Probabiility in matter

L

Py, —ve) = 4cta5%,525 - sin? Agy

2 .
+8¢13512513523(C12C23 COSdcp — $12513523) - o8 Agy - sin Agy - sin Aoy
—8(3%3(312(323512513523 sin (S(jp - sln Agg - s1n Agl - s1n Agl

2 2 2 2 .2
+4912r13(r12r23 -+ 912923 13 — 2€12€23512523513 COS O p) - sin” Agg

alL
2 .2 2 :
—8¢713513523 - 1 (1 — 2573) - cos Asg - sin As;

a
2 2 2 2 -2
_1_8(31351352372 (]_ — 2513) - S1I11 Agl,
Am%l

The corresponding probability for a anti-(v, - v,) transition is obtained by:
replacing 6_, -~ =0, and a—-a



Oscillation Probabiility in matter

Py, —ve) = 4¢3, 5%,55, -

2

sin? Agq

2
+8¢73512513523 (C12C23 cos 0o p

— 812513523) - COS Agg - SIn Agl - SIn AZl ;

—8(3%3(312(323512813523 sin (S(jp - sln Agg - s1n Agl - s1n Agl

2 2

+4575013(C1oChs + 12533513 —

2 2

s o2
2(312(323512523513 COS (SCP) + 5111 Agl

2 2 2
—8C728728
13513523 - 1E,

a
2 2 2 2 -2
_1_8(31331352372 (]_ — 2313) - S1I11 Agl,
Am%l

al

—— (1 — 2s%,) - cos Asg - sin Az |

% In the leptonic mixing, CP symmetry is violated by the phase o_,
% From the above expression, d_,=0 also produces CP asymmetry due to CP-even terms. It is

because the matter effect produces a fake asymmetry (as the Earth is composed of e, p* & n, not
their anti-particle).
% It is, therefore, important to experimentally separate the effects of the Earth matter and natural CP-

violation. This will allow to get information about the dirac CP violation phase in U

PMNS*



T2K (Tokai to Kamioka, Japan)

Neutrino Oscilation in T2K
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NOvA (NuMI Off-Axis Neutrino Appearance, USA)

Neutrino Oscilation in NOvA
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Event Spectra (Appearance, T2K-II)
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Figure 1. Left : v-mode, Right: anti-v mode. Oscillation parameters as in [2]

ﬂ [2] PRD 96 (2017) 092006 [1707.01048] _



Event Spectra (Disappearance, T2K-II)
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Figure 2. Left : v-mode, Right: anti-v mode. Oscillation parameters as in [2]



Event Spectra (Appearance, NOvA-II)
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Figure 3. Left : v-mode, Right: anti-v mode.

Oscillation parameters as in Slide 10, with normal MH and §_,=0



Event Rates (Disappearance, NOvA-II)
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Figure 4. Left : v-mode, Right: anti-v mode.

Oscillation parameters as in Slide 10, with normal MH and §_,=0



Event Spectra (JUNO)

JUNO 6 years simulated data @36GWth Characteristics Inputs
Baseline 52.5 km
- Density 2.8 gec™' [ 4]
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Number of bins 200
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Table II. JUNO specifications
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Figure 5. Event rates calculated at oscillation parameters
0 Lovv o b by b v by vy b aSin[S].
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