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® The PREM - Preliminary Reference Earth Model is based on a paper by Dziewonski
and Anderson in 1981. It still still represents the standard framework for
interpretation of seismological data

Carsten Rott 4 PREM and beyond



Sensitivity of MH enhanced by MSW & Parametric Resonances
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(Semi)-Analytical Way?
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3.1. Propagation Basis

H

=35, (3.1)

where a(z) = 2B,V (z) = 2V/2E,GrN, () characterizes the matter effect, dm2 = dm3, & dm2 = dm?,,

cr Sy 1 Cs  Ss
1 1 —S8s  Cs >
-5, cr e 1

where ¢, = cosf, and s, = sinf, with (s,a,r) = (12,23,13). Note that in this basis O3 and Ps can be extracted
out as overall matrices [42],

H= 2;}{(013012)

This is a huge simplification,
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Propagation Basis

Vo = [O23(04) Psaiv; - (3.4)

, Sty Sia Sis
S = (023 F5)S" (023 P5)" = (023Ps) | S5, Sy Shy
31 Sz Sis

] (023 P5)1, (3.5)

with S7; = (]S"[v}) and S = (v5]S|Va).
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3.2. Oscillation Probabilities

See = 8. (3.14a)
Sep = caSiy+sae78], (3.14b)
Sue = caSh+saeT08Y, (3.14c)
Sy = C2Shy+ Casale™ 8y +et08,) + 5255, . (3.14d)

Note that only the elements among e and p flavors are shown since they are sufficient to derive all the flavor basis
oscillation probabilities, P,g = P(ve — v5) = |{v5]S|va)|* = |Ssal?,

= |sul*, (3.15a)
= |97+ 5215157 + 2¢q 54 (cos R + sin 0 T)(S75 ST5) s (3.15b)
= |90+ 52841 + 2cq 54 (cos TR — sin 0 T)(Sh; S51) s (3.15¢)

= |95l + 55 1S5 1 + 4c] 53R (Shy S55)

1% sg [|Sé3|2 +2(cos20 R + 51112(5]1)(5‘.53 ;E) + \Sézm

2¢q 8q cos S R[(¢] Sy + 87 S33)(Shs + S32)"]

2¢, Sq s OT(c2 Shy + 52 S43)(Shy — S53)°] s (3.15d)

+ + +

where R and I gives the real and imaginary parts, respectively. The transition probability into v, are then obtained by
unitarity conditions, Poy =1 — Poe — Peyy, Pyr =1 — Pye — Py, Pap = P(Ua — U3) = Pag(a(z) — —a(z),6 — —0),
3.3. Simplifications with Symmetric Matter Profile

The oscillation amplitude matrix after experiencing a reversible matter profile is symmetric in the absence of CP
violation [45].

Sl =Sk (3.16)
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3.4. Expansion of Oscillation Probabilities with respect to z, = cos20, and dm?

The deviation of , from its maximal value 0, ~ T can be explored analytically,

2= %(1+za), 52 = %(17111), c2s? = i(lfzg) (3.23)
Then
Py = (0) + P(};zl - P(2) cosd + P(S) sind’ 4+ PV ;zd cosd’ P(g)z% - P(G) cos? ', (3.24a)
Pos = gg + PS; Ty P ;(,0%6/ + P( 3 sind’ + P&g 2, cos PS; a2 - P()/) cos?d’ (3.24b)
with €080 = 20,8, €080 ~ /1 —x2cosd, sind =2¢,s,sind ~ /1 —x2sind and
k k k k
P P P Py
©) [1shl 30 -150P) 1(1*\511\2) HERE
L] 0 308LP - \Sml ) 2(\512|2 S1sl%) \522\2 |5451%)
(2) 0 RIS1N15) 12 13) 23 Szz+533) | (3.25)
3) 0 IS P15 —I(S1,p15)
(4) 0 R\S33 522 S33)°]
5] o 1185 — S5l* |
(6) 0 0 0 (5519
S, ~ Sha~ 6m?/5m? ~ 3%
12 23 mg/dm3 ~ 3%
dN, . : 5 ) .
m =NV + NV, + NP cosd’ + NP sind’ + NV, cos§’ + NPa? + N cos®§' . (4.2)
vdcosb,
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Neutrinos arriving @ PINGU

1309.3176 J

(a) muon-ike events [GeV'1 yr"]

(b) electron-{ike events [GeV'1 yr"]
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dPrd(1-y)

Enhancing the MH sensitivity by splitting the p events J
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Ability of Distinguishing v & T )

*] HK 1109.3262
s 1 —NO
@ e (multi-GeV, non-QE) — YES

Ve > e~ + (7T — ut — et delayed signal)

single-ring {ﬁe — et + (7~ absorbed by water)

multi-ring J Ze flat distribution of 1-y
& Ue tend to have large 1-y
"] INO 1212.1305, 1303.2534, 1306.1423
@ u — YES, by Magnetic Field
e e—NO
J Liquid Argon hep-ph/0510131

@ u — YES, by Magnetic Field (?)
@ e — YES, like HK (?)

o PINGU 1205.4965, 1303.0758
_ . . Jv, flat distribution of 1-y
® = YES, by estimating 1-y {ﬂu tend to have large 1-y

o e—NO
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Detector Resolution )

@ Energy Reconstruction & Resolution

c Ep+ Eas w(E,>1GeVal—y=£2>0.2)
@ Lyis = s
E 4 Eoas w(Ey <1GeVol—y <0.2),e& NC

o AE =02VE for E, & E..s(= E, — E, — E,»).

@ Zenith Angle Reconstruction & Resolution

. P, E, > 1GeV sin 0 cos ¢y

® Tvis = {/3 By, E <1Gev & nC = sl [ sinfesing
v vhs t costy
1.0 x 15°E;%6 4y with £, > 1GeV,1—y > 0.2
1.5 x 15°E, % p with £, > 1GeV,1—y < 0.2
o AG=120x15°E;%6 e with £, >1GeV,1—y > 0.4
3.0 x 15°E;%6, e with E. > 1GeV,1—y < 0.4

P(9£)|Eg<1GeV7 E, < 1GeV & NC
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Events Rates with Scattering & Splitting p Events J
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Events Rates with Detector Resolution (full Smearing)
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MH Sensitivity Distribution with Scattering
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MH Sensitivity Distribution with Resolution
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MH Sensitivity with 1 or pu+e (E > 4GeV & cosf, < —0.4) J

A3 NH (true) IH (true)
X5 (true) -02 0 +402|-02 0 402
166 175 142 | 105 110 102
v 257 215 169 | 144 141 120
. 26.4 132 102 | 149 127 101
Scattering 67.3 322 213|212 279 214

. 350 194 137 | 224 184 134
Split n (1—y 20.67) || 765 386 248 | 28.7 337 248

Resolution & u mielp || 294 146 100 | 158 133 97
esolution & p mis- 547 235 12.7 | 16.0 202 13.7

289 142 97 | 158 133 97
AE=(02+0.03)VE | 504 231 126 | 160 1900 135

292 145 99 | 158 131 96
_ o o —0.6

Af = (15° £ 3°)E 544 234 127 | 160 202 137
. 100 144 81 | 158 133 83
pomis-ID (10% +2%) || 451 221 111 | 159 17.2 9.8

o 168 104 7.6 | 146 109 7.9
Normalization (1+0.05) || 546 235 127 | 160 198 13.7
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Xa Uncertainty with 1 or p+e (E > 4GeV & cosf, < —0.4) J

A(x,) NH (true) IH (true)
X5 (true) -0.2 0 +0.2 | —0.2 0 +0.2
0.014 0.036 0011 |0.014 0.034 0.011
v 0.012 0.025 0.010 | 0.012 0.033 0.011
_ 0.023 0.051 0.015 | 0.023 0.068 0.017
Scattering 0.019 0.037 0.014 | 0.021 0.059 0.016

. 0.022 0.050 0.015 | 0.022 0.065 0.016
Split (1 —y 20.67) | 0018 0037 0.014 | 0.020 0.057 0.016

_ _ 0.024 0054 0.016 | 0.024 0071 0.018
Resolution & p mis-ID || 9020 0042 0.015 | 0.023 0.062 0.018

0.025 0054 0.016 | 0.025 0.071 0.018
AE=(02+0.03)VE | 0020 0042 0016 | 0023 0.063 0.018

0025 0.055 0.016 | 0.024 0.071 0.018
_ o o —0.6

Af = (15° +£3°)E 0.020 0.042 0.015 | 0.023 0.063 0.017
_ 0025 0.064 0.018 | 0.026 0.075 0.018
pmis-ID (10% +2%) || 9'021 0047 0017 | 0.024 0072 0.018

o 0024 0078 0.022 | 0.025 0079 0.023
Normalization (140.05) || 0’021 0042 0016 | 0.024 0071 0018
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Octant Sensitivity with 1 or p+e (E > 4GeV & cosf, < —0.4) J
A3 NH (true) IH (true)

X5 (true) -02 -01 401 402 | -02 -01 401 +0.2
25.3 5.2 9.4 29.7 5.4 1.4 2.0 6.3
v 63.3 92 189 947 | 16.7 3.8 6.2 235
24.4 3.1 9.6 47.7 7.5 1.8 2.8 9.9
Scattering 369 6.2 132 1030 | 156 33 55 214
25.9 3.4 10.2 495 8.9 2.1 3.3 11.3
Seitp(l-y206n || 387 64 13.8 1054 | 169 33 6.0 229
21.6 2.8 8.5 423 7.2 1.7 2.7 9.4
Resolution& pmis-D )| 311 49 108 80.7 | 129 27 45 17.2
21.6 2.8 8.3 41.6 7.2 1.7 2.6 9.3
AE=(02x003)VE || 311 49 104 773 | 128 27 44 16.7
21.5 2.7 8.3 41.3 7.2 1.7 2.6 9.2
A0=(°£39E7* |l 310 49 107 806 | 129 27 45 172
21.6 2.8 5.8 423 5.1 1.7 1.8 9.4
u mis-ID (10% =+ 2%) 311 49 99 807 | 102 27 1.6 172
11.8 22 37 153 | 4.1 1.0 1.1 4.2
Normalization (1£0.09) || 30,7 49 10.6 80.7 | 129 27 45 17.2
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Conclusions J

@ Analytical decomposition in Propagation Basis is very useful;
@ Splitting u-like events

o effectively enhance the sensitivity to MH;

@ improve the sensitivity to 6, & Octant.
@ Smearing comes from

@ mainly neutrino scattering;
@ moderate effect from resolution & mis-ID

@ small effect from systematics of energy & angular resolutions

@ e-like events are important:

@ increasing sensitivity to
@ MH
e 0,
@ Octant

o reduce the systematics
e 4 mis-ID
@ normalization.
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Thank You!
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N

cos 0 = cos 0" cos 66 — sin 6 sin 56 cos ¢ ,
min(0, 07 — 66) < 6% < max(m, 6" + 56).
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4.3.* Function

The X2 function receives contribution from each E, and cosfl, bin as

< dN, )th ( dN, )””S
XQEZ/dE,,dCOSHZ dE,dcos, dE,dcost, +X;ara7 (45)

dN, obs
dE,dcost,

where X;Q)ara is the contribution from parameters,

2 o[- dnd)® o
para Adm? Adm?
(sin26,)/% — sin” 2, : (sin” 20,)77* —sin® 26 : (sin” 20,)* — sin” 24, ’ m
Asin®26, Asin® 2, Asin® 26, '

with the current central values and expected uncertainties in the near future [41, 42, 43],

om? =235 0.1 x107%V?,  m? =T7504£02x107%V?,  sin?20, = 085740024, (4.7a)
sin” 20, = 0.098+0.005,  sin®26, = 0.957 £ 0.030, (4.7)
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