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NOBEL 2015 ¢

P i
cton Water Cherenkov detector

,'atec‘ at 1000m underground

Sl

Takaaki Kajita g
SuperKamiokaNDE Kei®

“for the discovery of neutrino oscillations,
which shows that neutrinos have mass”

“for the discovery of neutrino flavor transformations,
which shows that neutrinos have mass™
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¥ SNO circa 2001 5p and 7Be 5B V.

CC: e D —> | | o 1741 V2
DT oy e
NC:v,+D —p+n—+ v, — n ' —> U1 Uy
V1V2 141 V2 V2 V9
ES:v,+e™ — v, + e Ny N
and v,/ + € — v, +e"
70% 1 > 90% V9

i - SNO
fﬁa f_ Occ
5k e 3B neutrinos exit the Sun
° 6k
=) as nearly pure v5 (> 90%),
< CC o _+.2

so that 7% ~ sin” 0

why use tan®6 ?

S = N W Bk, UL O 0

IIII|IIII|IIII|IIII|,f

e Mass Ordering of v & vs:

-
_
[\
-
N
)
(@)

™Mo > My
(using defn |Ugs|? < |Ue1]?)

Beacom and SP: hep-ph/0106128
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"
Ernest Rutherford, master of ¢
simplicity
By Ashutosh Jogalekar | August 30, 2013 | 6

"theorists play games with their symbols while
we discover truths about the universe". And yet

r sinB o__n_Zz k_e2 2(]+C039)
. KE ] \1—-cos@

Ernest Rutherford, emperor of the atomic he had an eye for theoretical talent that allowed
domain (Image: Wikipedia Commons)

him to nurture Niels Bohr, as dyed-in-the-wool a
theoretician and philosopher as you could find.
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Reactor 0,5 Experiments

Double Chooz
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What is dm?, 7?

Y

from Daya Bay: arXiv:1505.03456
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e Daya Bay

AmZ| = (2.42+0.11) x 1073 eV2 4 7% measurement !

Analysis of the relative antineutrino rates and energy spectra between detectors gave sin® 2013 = 0.08440.005
and |[AmZ,| = (2.42 £ 0.11) x 10~° eV~ in the three-neutrino framework.

e RENOQO

Am_.° =[2.52 + 0.19(stat) £ 0.17(syst)] X107 eV?

|0 % measurement !

e JUNO & RENO 50

expect ~0.5 % measurement !!!
NO: |Amz, | = (14+3%)|Am3,| 10: |Am3,| = (1—3%)|Ams3,

Stephen Parke, Fermilab Fermilab Neutrino Seminar 11/05/2015 9
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Am?_ is, obviously, some combination of Am32, and Am3, !

But What Combination 7

Desirable Features:
e L/E independent
e Simple relationship to Am3, and Am3,

e Useful for experiments at any L

Stephen Parke, Fermilab Fermilab Neutrino Seminar 11/05/2015 10



% ¢
L. In vacuum the electron neutrino disappearance is

Am?2. L
Ay = —8-

4F

P = 1—4|Uus|*|Ue1|?sin® Aoy

—4|U.3|%| U1 |? sin? Azq — 4|Ues]?|Uea]? sin® Az
1 — cos? B3 sin? 2615 sin® Aoq ( <0.01 )
— sin® 26013(cos? 014 sin” Asq + sin® 615 sin® Ag) ( <O0.l )

(the mass ordering is built into the signs of Am3, and Am?,

ce
I II|IIII| I II|IIII| I !

1.00 =

0.75

0.50

P(Ue —> Ve)

0.25

A L N

O‘OO | | ||||||| | | ||||||| |
0.1 0.5 1.0 5.0 10.0

L/E (km/MeV)
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e \Where is the first minima 7 100

L 27

E ( cos? 62 Amgl—l—sim2 01- A'rn,g2 )

o AS L/E — O 0'0%.1 — Io.5| 1|.o 5.0 10.0 —

L/E (km/MeV)

2 2 . 92 2 2
o1 a2 (cos” 012 Am3z{+sin” 012 Am3,) L
P~ 1 —sin” 2603 ( ¥

So how about 7

.2
Am?2_ = cos® 012 Am3, + sin” 010 AmZ,

V. average |

Stephen Parke, Fermilab Fermilab Neutrino Seminar 1 1/05/2015 12
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accurate
2 4 2 4 ~ 2 2 2 2
\/(Cm Amzy + 81y Amgy) &~ )y Am3; + 875 Amgy 0 0.02%
e Important ID:
2 2 2 21\2 _ (.2 4 2 4 2 2 4
(c1a Amgy + 875 Am3y)" = (c1p Amsgy + 879 Amgy) — 1587, Amy,

replace Am3, = Am%, — Am%, and it's simple to prove.

( where Amf}j = (Am?j)2 )

Stephen Parke, Fermilab

Fermilab Neutrino Seminar

| 1/05/2015
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P.., =~ 1— cos®0;3sin?2615sin® Ag;— sin® 265 sin® A,.,
Am?2 = (1—r) AmZ, +r Am,

32

iy 0 101 1l N | UL

r=1  L=1.6 km
r=0,0.05,0.1 ...1.0

10* (approx—exact)/exact

O_— .
L) 1 r=0
ey 31
] .2
10 I S P P P P T = Sl (912

2 3 4 3) 6 7 8 9 10
E (MeV)

. 2

Amge — cos? 645 Amgl + sin” 04- Amgz

Stephen Parke, Fermilab Fermilab Neutrino Seminar 1 1/05/2015 14



Jt i ] 0
b Why Does this Work this Way?
Daya Bay, RENO and Double Chooz:
A31 ~ ABQ S %Tﬂ‘ nd A21 S 410 ~ 0.1 Note, the A5y terms vanishes !
& coeff. of A3, minimum !
Taylor Series Expansion:
Agl — Aee -+ 8%2 Agl and Agg — A 612 A; /
6%2 sin® Asq 3?2 sin® Asq sin® A, + 0 S?2C?2A§1 cos(2A¢e)
Relative Size —2 3 . 4
100 = [ SURL B PV —6 COS 2912 S111 2612 A21 Sln(ere) + O(A21)
B c?zsinzAm +sf2sin2A32 _3 _5
o s:'anAee — 1 —|— O(]_O ) :t O(]_O ) at OM
10—

Mass Ordering effects !

Absolute Value
@
N

A21 term
~ 7N

/ o —

\ A21 term,

PR H. Nunokawa, S. J. Parke and R. Zukanovich Funchal,

A R N : : : : "
o i \l higher order.” Another possible way to determine the neutrino mass hierarchy,

/

10—8 1 /11 | L1/ | 111 | L | L |-| 101 Phys ReV. D 72' 013009 (2005), hep—ph/o503283

0.0 0.2 0.4 0.6 0.8 1.0 1.2
L/E (km/MeV)
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What Do the Experiments Do ?
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What Do the Experiments Do ?

RENO Preliminary .
—.— Fur da
| wn near data (best fin)

1 P
- cillaton Probability
< - N
1 - +
o 0.95 _+_
2 & | |
& & - + ;

0.9 | |
0 02 04 06 08

Ly / (E.) [km/MeV] L,/E, [km/MeV]

Daya Bay and RENO fit their L/E data to:
o Pee ~ 1 — COS4 (913 Sil’l2 2912 SiIl2 Agl— Sil’l2 2(913 SiIl2 Aee

e using L/E independent 03 and |AmZ.|. (612 and Am3,
obtained from other experiments.)

e 013 and |Am?,| are only weakly dependent on solar
parameters and are INDEPENDENT of mass ordering.

e Trivial to calculate |[Am2,| = |[Am?2 | & sin®#15,Am2, and
2 | _ 2 2 2 - -
|Am3z,| = |AmZ,| F cos” #12Ams5, using mass ordering
and solar parameters. But |Am3,| and |Am3,| are more
dependent on solar parameters than [Am? | |

Stephen Parke, Fermilab Fermilab Neutrino Seminar 1 1/05/2015
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One Possible Way: ¢

P = 1- COS4 (913 SiIl2 2(912 SiIl2 Agl
— SiIl2 2813 SiIl2 ‘Agl‘

1
+ 5 SiIl2 2913 SiIl2 912 sin 2’A31’ sin 2A21

— SiIl2 2(913 SiIl2 (912 COS Z‘Agl‘ SiIl2 Agl (1)

with + for NO and - for IO . Run analysis twice: |Am3,| and |Am3,|.

More sensitive to solar parameters AND

\Am§1| — gin? ngAmgl — \Amge\ — \Am§1| 1+ sin? ngAmgl

(using 32 would be similar)

Stephen Parke, Fermilab Fermilab Neutrino Seminar 1 1/05/2015 18
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How Does Daya Bay Define Am?, ?

arXiv:1310.6732

v; and v;. Since Am%1<<‘Am§1‘%‘Am§2‘ [1], the short-
distance (~km) reactor 7. oscillation 1s due primarily to the
As; terms and naturally leads to the definition of the effec-
tive mass-squared difference sin? A,, = cos? 615 sin® Az +

SiIl2 (912 Sil’l2 Agg [1 1]

~

| 1505.03456v1

[8] sin? Aee\ = cos? 012 sin® A3y + sin? 015 sin® Aso, where
Aj; = 1.267TAm3;(eV?)[L(m)/E(MeV)], and AmJ; is the
difference between the mass-squares of the mass eigenstates v
and v;.

Stephen Parke, Fermilab Fermilab Neutrino Seminar
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sm* (107° eV?)

How Does Daya Bay Define Am?, . ?

(arXiv:1310.6732 and 1505.03456v1)

. 2 _ 2
=  Am? = g arcsin
EE L
— dm* definitions
. i L | L | | lE | | L | L |E [ I_
NO: s%,=0.31 : .
2.50 — f S—
- 6m2,=2.48 T “\’ -
i 2 : E _
- (5mee L L_
2.45 — 2 . .  —
a OMpgg T j _
- 6m%,=2.40 3 3 -
2.40 . .
— Osc: Min Osc : Max -
‘%—experimentai data— — , .
| | | | | |:Parke 2015
2.35 L 1 1 1 1 1 | | 1 1 1 L 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Stephen

L/E (km/MeV)

Parke, Fermilab

1.2

SiIl2 Agl -+ S%z SiIl2 Agg

w

2
12

SiIl2 Agl -+ 8%2 SiIl2 Agg)

Maladies:

e L/E dependent

(1)

e Discontinuous at Osc. Max./Min.
(L/E =~ 0.5, 1.0, .. km/MeV)

3% jump

e no simple physical meaning !

Why???

RHS (1) never gets exactly to 1,

or back to O
whereas LHS does !

eg sin(ZFe) =1— €+ O(e?)

with € = s12¢190 91

Fermilab Neutrino Seminar

1 1/05/2015 20
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[8]

Stephen Parke, Fermilab

After | pointing this out
Daya Bay changed it’s
definition of Delta m”2 ee

Am?, is an effective mass splitting that can be obtained by
replacing cos” 6, sin® A3, + sin” 0, sin® A3, with sin? A,,,

where Aj; = 1.267Am%(eV?)[L( m)/E(MeV)], and Am?

1s the difference between the mass-squares of the mass

eigenstates v; and v;. To estimate the values of Am3, and

Amj3, from the measured value of Am2,, See Supplemental
Material  at  http://link.aps.org/supplemental/10.1103/
PhysRevLett.115.111802.

Fermilab Neutrino Seminar

11/05/2015 21




het

Supplemental material: Why Am?, is used by Daya Bay

(The Daya Bay Collaboration)
(Dated: July 27, 2015)

This note describes the advantages of reporting the Daya
Bay measurement of electron antineutrino disappearance in
terms of an effective mass-squared difference Am2,, which is
independent of the unknown ordering of neutrino masses and
future improvements in our knowledge of the solar oscillation

parameters.

INTRODUCTION

In the three-flavor framework, the survival probability of
electron antineutrino is given by

PWe — Ue)
=1- COS4 913 sin2 2012 sin2 Agl

— sin? 2013(0052 612 sin? Agq + sin? 615 sin? Asz), (1)

where A, = Ami&. The three mass-squared differences
are subject to the constraint [Am2,| = |AmZ,| £ |Am3,]|
where “+7(“—") is for the normal(inverted) mass ordering
(or hierarchy).  Therefore, determination of Am§2 (or
Am3,) depends on knowledge of the mass ordering and solar

oscillation parameters.

The Daya Bay experiment reports a precise measurement
of the effective mass splitting Am2,, which is independent of
our knowledge of the ordering and solar parameters. In this
approach, we approximate the survival probability using

P(ve — ﬁe) ~1 — COS4 013 SiIl2 26015 sin2 Aoy
— sin? 2615 sin? A.. )

Despite the advantage of using Am?2, for the measurement, it
has the disadvantage of not being a fundamental parameter.
Therefore, we must determine a relation between Am2,
and Am2, given knowledge of the mass ordering and solar
oscillation parameters.

In the following sections, we are going to address the
following two questions:

e Is Eq. 2 good enough at the current experimental
precision?

e How can we estimate the value of Am3, once the value
of Am?2, is obtained?

Stephen Parke, Fermilab

MATHEMATICAL DERIVATION

Using the relation |[Am32, | = |Am3,| £ |Am3,|, Eq. 1 can
be written as,

P(T. — Te) = 1 — 28732,

+2s%4c1, \/1 — 48353, 5in? Agp cos(2A3, + @)

4.2 2 2
— 4¢]3579CT9 SIn” Aoy, 3)

where s, = sinf,, ¢, = cosf,, and ¢ =

sin 2A9;
CoTIA T, 012>' The last term of the above

formula is the so-called “solar term” that governs the reactor
antineutrino oscillation at O(100) km. For the L/E range
covered by Daya Bay, 4s7,5¢3, sin? Ay; < 1. Thus, Eq. 3
can be approximated as,

arctan <

P@. —7v.)

1 — cos(2A32 £+ ¢)
2

=1 —sin? 20,3 sin?(Asp + ¢/2) — (solar term).  (4)

~ 1 —ds?ycl, — (solar term)

By comparing Eq. 4 with Eq. 2, we obtain the expression
relating Am?2, to AmZ, (or Am3;)

|Am?,| = |Am3,| + Am} /2 )
= |Am3,| F (|Am3,| — Am}/2), (6)

where Ami5 =¢ X %.

NUMERICAL EVALUATION

By definition, Ami is a function of L/E. Using the current
values of Am3;, = 7.50 x 107° eV? and sin®20;, =
0.857 [1], Fig. 1 shows the value of Amé/? as a function
of energy for L = 1.6 km. We find that Amj /2 ~ 5.17 x
10~° eV? is essentially a constant in our L/E region, and
numerically identical to cos?612Am3;. Thus, this definition
of Am?, is similar to the definition introduced in Ref. [2]:

Amfff|E = c0s? 015 \Am%l\ + sin? 65 |Am§2| @)

= |Am32,| £ cos® f19Am3,;. ®)

10
o 522710
> - Amy/2
%N L c0s%8,,A M2,
82 %arcsin(\/cosze1zsin2A31+sin291 2sinzAaz) - Am2,
E L
Y 518
5 i
51.61-
51.4F
[ S R R
5125 4 6 8 10 12
E, [MeV]

FIG. 1. Values of Am3/2 = |Am2, — Am3,| (black solid line)
at L = 1.6 km as a function of the neutrino energy, with Am3, =
7.50 x 107° eV? and sin®260;2 = 0.857 [1]. For comparison,
calculations based on other definitions of Am2,, Am?2, =
cos? 012Am2; + sin? 012Am2, (red dashed line) and Am?2, =
4E arcsin \/cos? 012 sin® Ay + sin® 012 sin? A32] (blue dotted

line) are also shown.

Figure 2 is a comparison of the approximated formula with
Am2/2 =517 x 107° eV?,

4F
— (solar term), ©

L
P.. ~ 1 — sin® 26,5 sin? [(Am§2 +5.17x107° eVQ)—]

to the three-flavor formula, Eq. 1. In this comparison,
L = 1.6 km, sin? 20,3 = 0.09, Am2, = 2.44 x 1073 eV?,
and normal mass hierarchy are the inputs. The agreement
between the two, better than 10~%, is excellent and exceeds
the achievable experimental precision.

This study demonstrates that, once we obtain the value of
|Am?2,| using Eq. 2, we can reliably deduce the values of
|Am3,| and |AmZ, | using Eqs. 5 and 6 with

Ami/Q ~ cos? f1oAm2,. (10)

Using the current values of 615 and Am3;, Amj /2 ~ 5.17 x
10~%eV?, and (|Am3, | — Am?/2) ~ 2.33 x 107°eV?,

It is important to point out that the exact solu-
tion of sin’(Am2,%) = cos?brasin®(Am3, L) +
sin® 012 sin*(Am3, ) was never used to extract the value
of Am3, or Am2, from the measured Am?, in Daya Bay.

Fermilab Neutrino Seminar
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—— Full three flavor formula (NH)

-V,

v,
o
©
©

rrrrrr Formula with  Am,, (NH)

o
©
2}

Survival probability (P (¥,
o
©
S

o
©
N

[ L e e B

(Formula with Am,,) / (Full formul
L ‘ T L = L ‘ L
g/ )

o
©

)

~
o
S
=

1.0005

0.9995

0.999

T L
10 12
E, [MeV]

NE
N
D
(o]

FIG. 2. Comparison of the survival probability at L = 1.6 km between
the approximated formula with Am?2, = Am3, +5.17 x 107° eV?
and the exact three-flavor formula (Eq. 1). The oscillation parameters
used in this comparison are sin®26;3 = 0.09 and Am3, =
2.44 x 107 eV? under the normal mass hierarchy assumption. The
top panel shows the survival probabilities calculated with the two
formulae, and the bottom panel shows the ratio of the two.

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001
(2012), Section 13.

[2] H. Nunokawa, S. J. Parke, and R. Zukanovich Funchal, Phys.
Rev. D 72, 013009 (2005).
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Future Experiments:
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Pee = 11— COS4 (913 SiIl2 2(912 SiIl2 Agl 0

— SiIl2 2(913((3082 (912 SiIl2 Agl -+ SiIl2 (912 SiIl2 Agg)

= 1- COS4 (913 SiIl2 2(912 SiIl2 Agl

1
_5 SiIl2 2(913 <1 — \/(1 — SiIl2 2912 SiIl2 Agl). COS Q)

where © = 2[A.|+ ¢ (+/- mass ordering)
with ¢ = {arctan(cos260i3tan As1) — Agq cos 265}
Note:

L/E dependence

2.5

e Separation 2A.. and ¢ is unique !

— 2
1 R7sT,

e 2A,. is linear in L/E and depends on an atm Am?.

<
o ¢ = {arctan(cos20iotan Agy) — Agycos20i5}  starts at © .
<. a 12
A3, ~ (L/E)° and depends on only solar parameters,
staircase function.
H. I\/Iinakata, H. Nunokawa, S J. Parke and R. Zukanovich Funchal, 0.0 _|||| IIII|IIII|I:III|IIII|IIII|IIEJI|I|5
Phys. Rev. D 74, 053008 (2006) [hep-ph/0607284]. 0 5 10 15 20 25 30 35 40

L/E (km/MeV)
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New DB definition: Amfe = 25 (2 (1505.03456 PRL version)

(Contrast: Am?, aL/zE Q2850 )
O=2A+ O=2A+
400_|||| ||||||||||||?{)||||||||||| 40_!!!! llllllllllll?blllllllll |_
300 — s — 30:— /—:
i NO ] - -
c 200 10 | & e -
R . 10— _
100 — I ] - dm?, « slope at 0 .
: : O_||||||||||||||||||||||||||||_
0 ||||||||||||||||||||||||||||| 0 10 20 30 40 50 680
0 10 20 30 40 50 60 L/E (km/MeV)

L/E (km/MeV)

(For this figure, to make the effect visible,
the factor 2A is reduced by factor 10.)

Stephen Parke, Fermilab Fermilab Neutrino Seminar 11/05/2015 25
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New DB definition: Amfe = 2E (2 (1505.03456 PRL version)

(Contrast: Am?, aL/zE Q2850 )

2 . ey .
om° definitions

R i
2.950 — ]
sm? (NO)
—~2.525 — — '
e Identical for L/E < 5 -10 km/MeV !
o?g 2.500 ém?, (NO, 10)
C\EZA'?% _ .
= Significant (~ 1%) L/E
2.450 [— sm2. (10) — and
} ( L Mass Ordering Dependence!
O 30 40 a0 60
L/E (km /MeV)
JUNO & RENO50 expect ~0.5 % measurement !!!
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Mass Ordering:
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Reactors & the Mass Ordering: ¢
] 32 fixed |,
1.0 — —
Feactor; Probafluxs=isec I -
- 1L=50. km 0=0.%/sqrt(E/MeV) { 5[ s
- a=1.00 I - :
:_ 32 fixed _: 0.0 [ L N | I R | L 1 | T il
B g 0 10 20 30 40
- - L/E (km/MeV)
- E _ 31 fixed
: 1 1.0 —
- L 1 A | L1 | L1 1\ | ! 1|=arkleao|12: 0.5 [ _
0 10 20 30 40 B ]
L/E (km/MeV) i | | R
0oL+ —1A | L 11 L1 L 11
0 10 20 30 40
L/E (km/MeV)
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B 4 1.0 — ]
0.5 — — 05 —
_ | Parke 2012: B | Parke 2012:
0.0 : L1 1 | 0.0 - I A
0 30 40 0 10 20 30 40

L/E (km/MeV)

Neutrino Energy

Energy Linearity

1.04

1.02

1.00

reconst true
E, /E,

0.98

0.96

2 4 6

E, " (MeV)

8

Stephen Parke, Fermilab

L/E (km/MeV)

Parke @ NOW 2008

o (Am?2)) ~ 0.5%

Mass Ordering Indetermined:
if 2Acc + ¢ = 2A7,
or 2A.. — ¢ = 2A7

N S T |

Positron Energy Response Model

0.5% 1.0
+0.5% -
x (9

] - /

—0.5% S 1
o
2 B
[
~0.95—
E - —— Nominal Model + 68% C.L.

B IIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0'90 1 2 3 4 5 6 7 8 9 10

True Positron Energy [MeV]
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e Energy Resolution to 3% or lower at 1 MeV

e Linearity to sub 1% precision for the
reconstructed neutrino energy

KamLAND JUNO RENO-50
LS mass ~1 kt 20 kt 18 kt 20 x
Energy Resolution 6%/ ~3%/ ~3%/
Light yield 250 p.e./MeV | 1200 p.e./MeV | >1000 p.e./MeV 4 x
Linearity 1.9% <0.5% <0.5% >4 x
RESOLUTION LINEARITY

3%

0.3%

A
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: 9
What is Amw?

“the v, weighted average of Am3; and Amj3,"

>
S[\D
!

for vacuum v -disappearance !

And similarly for v..

2 2 2 . 9 2
OMigle = cos® B10ms; + sin® O150ms3,

5m§ﬁ y= sin? 8125m§1 + cos? 9125m§2 + cos 0 sin #y5 sin 26, tan 923(5m§1

5mgﬁ _ = sin? 9125m§1 + cos? 9125m§2 — 0S8 0 sin #45 sin 26045 cot Hggémgl.
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Neutrino Propogation in Matter

if one choses to write the Hamiltonian using Am?_ and Ams3, then the
Hamiltonian is simpler than with any other choice !

See Hisakazu Minakata and SP arXiv:1505.01826
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Pee = 1 — COS4 (913 SiIl2 2(912 SiIl2 Agl
| / /
—581112 2013 [1 — \/(1 — Sin2 2012 sin Agl) COS( Q‘Aee‘ /

Daya Bay _3
Double Chooz < 1but > (1107
RENO may as well use: — sin” 20;5sin® A,
JUNO ~ cos 2010~ 04 < 1% shift in phase
RENO50 challenging to observe ! | |

remember ¢ = {arctan(cos260;istan Asy) — Ao cos260:s}
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L.

Am?Z, = ciy Am3, + s15 Am3,

e |Is a simple combination of fundamental parameters and is

independent of L/FE for all values of L/FE.

e Has a direct, simple, physical interpretation:

Am?_ is “the v, weighted average of Am3; and Am3,,”

since the ratio of the v, fraction in v : 15 is ¢%, @ 8%.

Can be used in short baseline reactor experiments, L/F < 1
km/MeV, using the approximate oscillation probability,

_ N 4 .2 2 i 2 2. 2 gin?
P(Ue = U.) &= 1 —4c]3575CT8I0" Aoy — 4s75¢]58in” A,

which is accurate to better than one part in 10*.

Can be used in medium baseline reactor experiments,
L ~ 50 km, and determines the Am? of the fundamental
oscillation. The advancement or retardation of the phase
of this fundamental oscillation determines the neutrino mass

ordering.
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What is dm?, ?

2 — 2 2 2 2

Is simpler and has obvious physical meaning:

the v, weighted average (5m§1 and 6m§2

H. Nunokawa, S. J. Parke and R. Zukanovich Funchal, Phys. Rev. D 72, 013009 (2005), hep-ph/0503283

1.00
0.75

0.50

P(Ve —> Ve)

0.25

0.00
0.1

Stephen Parke, Fermilab

I 1111
0.5 1.0

5.0 10.0
L/E (km/MeV)

Solar parameters: 0o, Am3, > 0:
Atmospheric parameters: 613, Am?,:

(sigh of Am?_ determines the atmospheric mass ordering)
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Additional
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Why Does this Work this Way? ¢

Daya Bay, RENO and Double Chooz:

A31 ~ Agg < %Tﬁand Agl < I_O ~ 0.1

In general, if we use Am? = (1 —1) Am3, +r AmZ,
i.e. Am3, = Am? +1rAs; and AmZ, = Am?. — (1 —r)Aqy

then

0%2 SiIl2 Agl -+ 8%2 SiIl2 Agg

= sin® A, 4[5 — 575(1 —7)] Agysin(2A,.,)
+eiar? + s1o(1 — 7)°] Az cos(24,,)

2
—5(cr® = $3,(1 = )" A sin(2A,,) + O(A)

at » = sin” 0,5 then coefficient of Aoy sin(2A,.) is zero and

the coefficient of A%, cos(2A,,) is a minimum | Makes for an
EXCELLENT expansion !

Especially since Ay < 0.1 !
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