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Outline

P Discuss the approximate oscillation probability including
matter effects for Medium Baseline Experiments (MBL)

P> Estimates matter effects on mixing parameters, oscillation
probability and differential event energy spectrum

» Disagreement between the expected and fitted values matter
solar parameters, 015 and Am%l, (Shift Issue)

» Independent (Analytical) check of the " Shift Issue”

» Conclusion



Oscillation Probability for a MBL Experiment

Mass Hierarchy and Precision Measurements
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JUNO with reactor Vv and baseline ~ 52.5 km

Large Oscillations: (Am3,, sin8;,)
Small Oscillations: (Am3;, sin83)

o
fe))

o
~

Oscillation Probability

mm Normal Ordering

o
[N

mm |nverted Ordering

2 3 4 5 6 7
E, [MeV]



Matter effects on oscillation probability for JUNO
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Oscillation Probability with Matter Effects

Pee = 1- COS4 §13 sin2 2§12 sin2 521
— sin? 2513[cos2 512 sin? 531 + sin? 512 sin® 532],
where AU = Am? 7L/AE.

The mass—squared differences (Aﬁv?j) and mixing angles ((5,]) in
matter can be calculated in any power of (a/Am?2.) and
(a/Am3,) from exact the expressions found in [3]. We find:
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Am21 = Am21 Am21[(1 —2s 12)A — 2s} 512 12(A 3 )]
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Am31 = Am31 + Amee[(513 - C12C13)A72]...., a= :|:2\/§GFNeE
mee
L2 2 2 2 @ 2 _ 2 2 2 2
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Accuracy of our calculations
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Matter Effects on Mixing Parameters
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Matter Effects on Event Energy Spectrum
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Shifts of Solar Parameters due to the Matter Effects
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The " Shift Issue”

From analysis (and also ref.[2]) we find, assuming the constant
matter density 2.6 g/cm3, the fractional shifts for the solar
parameters are

<5(sin2 612) 5(Am§1))

sin2912 ’ Am%l

purely numerical x?2
~(-1.1, 0.19)%. (1)

While we find the expected shifts (above formulas) at fixed
neutrino energy, E, are

((5(sin2 012) 5(Am§1)>

sin0;, 1 Am2,

naive expectation

(-1.1, 0.30)% wusing E =3 MeV,
(—0.74, 0.21)% using E =2 MeV.
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Independent Check of the Shift

Expected event number distribution N(E) as function of the
neutrino energy E simply written as

N(E) = No(E) Pee(E),

No(E) = event number distribution without oscillations

) 5(sin” 2615) 5(Am§1)>
P E ~ Pvac E 5,D
ee(E) ce (E)+ 0Pee < sin? 2601, Am%l 7

where the first term

Am3 L\ 1
PR(E) ~ 1—cf3sin229125in2< Tél )—2sin22913,



Independent check of the shift

while the second term is the correction due to matter effects as

5(sin® 2612) 5(Am§1)> 4 .2 :
oP, , = —cq3 Sin“ 26012 sin A
ee ( sin2 2015 Amgl 13 SI 12S! 21

in?20 Am3
X |:Sin A21 M + 2A12 Cos A12 5(7,”221) s
sin“ 2012 Ams,
where
5(sin2 2912)
———t =2 E
sin2 2012 a(p)
5(Am%1)
AT E
A, a(p)
alp) = 2\/§GFNEC123 cos 201»

2
Ams,



New event energy spectrum

N*(E) ~ NG N(E)[P2(E) + 6 Pee(—2a(p) E, ap) E)],

where

N§°® = Expected total number of events without Osc.

ME) = (S(E) x ap(E))/Ng™

Assume the event rate distribution is best fitted with a vacuum
oscillation probability, but with a slight dimensionless shifts x and
y in the solar mixing parameters as

sin220f% = sin?2015(1 4 x)
Am3ft = Am3(1+y),



New event energy spectrum

Then as if there is no matter effects,
NT(E) m NEP'A(E)[P2°(E) + 6Pee(x, y),

where

_ 4 -2 H sin Ay 2A15 cos Aqn
0Pee(x,y) = —ci5 sin” 2012 sin Ay |:sin2 Ny v

The Task, x, y =7
Define a x? function:

obs( Y pfit 2
X(xy) = /(N (E/\)/obs(l\;)(E)> dE,

_ ot [ [0Pee(=20(p)E, a(p)E) — 6Pee(x, y))?
_NO/ BulE) A(E)dE




Minimizing the 2
The minimization condition

I(x,y)  Ox3(x,y)

Ox N dy =0

leads to coupled linear equations for the two unknowns, x and v,
a b x| | f
cd|ly]| |&g]’
where a, b, c,d, f and g are derived as
a = /(sm A1) h(E)N(E)dE ~ 2.95,

b = /(A21 sin 2A21) h(E))\(E)dE =~ 0.823,
c = b/2x=0411,
d = 2/(A§1 cos® Aoy) h(E)N(E)dE ~ 1.17,



Minimizing the 2

h(E) = (sin? A1)/ PY2°(E)

flp) = —a(p)/(2sin2A21—Aglsin2A21)h(E))\(E)EdE

%

- P 2
~1.75x 1072 <> cos” ¢
2.6 g/cm® s

glp) = —alp) / (Agysin20g1 — 2A3; cos? Aoy )h(E)MNE)EdE

%

338 %1074 (mg’)/cm3> cos? 03 ,



x="7, y="7

For p = 2.6 g/cm® and sin? f13 = 0.0214, we have
x =-0.32%, y = 0.20%

Thus, we find,
(5(sin2 012) 5(Am§1)> =(-1.1, 0.20)%
sin2 01, Am%l Analytical 7

which agrees with

<5(sin2 912) 5(Am%1)> — (_]_ 1 019)%
sin2 01 ’ Am%l X2 7 7
<(5(sin2 012) 5(A’T’§1)>

sin?fyy Amgl expected

~

(-1.1, 0.30)% wusing E =3 MeV,
(—0.74, 0.21)% using E =2 MeV.



Summary on the " Shift Issue”

Thus, for the small matter effects, the true and fitted parameters
are analytically related as

: . - d.f(Ap) — b.g(Ap) cos? 0o
2 ptrue 2 pfit .
Sin® 015" ~ sin” 61 [1 < a.d— b.c cos 2601

and

. g(Ap) — c.f(A
Amgltrue %Amglf't [1+ <ag( 3[2 ZC( ,0)):| ’

where Ap = (ptrue - Pfit)



Analytical shifts agree with the numerical x??
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Conclusions

» We give simple oscillation probability formula and perturbative
expansions for oscillation parameters, sin?#’'s and Am?'s.

> We find that the maximum matter effects occur at the solar
minimum of around (3-4)%.

» Argued that solar parameter shifts are in conflict with full x2
(Shift Issue)

» The "Shift Issue” was independently confirmed analytically.

» Could have some connection with the 20 mismatch on Am3,'s
solar and KamLAND measurements (See @MariamTortola
Talk slide 9), NSI or something else, yet to know.

» Thanks!
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