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Refmincer

Matter effect enables in principle Normal hierarchy

neutrino mass hierarchy discrimination v, bi-max? Inverted hierarchy
- distinct Pag for va and ¥, in the Ay .l
electronic matter potential << V2 mm——
— = , V| T
-NH<oIH = veov but o®vF0® |V, e |
i2v system) ) Vl s | I 21
(note that P(V)NH = P(V)vac, P(V)IH = P(V)vac)
vV, .

- Current value of 6,5 = 10° = sizable MH effect on the

atm. v beam between {few GeV, 220 GeV}, i.e. energies, which can be probed
with affordable (?) Megaton-scale detectors

- Muon neutrinos are particularly good candidates, because
- induced muons keep # track of the original neutrino incoming direction

with anangle 6w = B ~ %/

- CC interaction => composite events, E %(1-y)E, E,*yE, => constraint ,B(yg
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Oscillation probabilities
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Neutrino oscillograms
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Contours of constant oscillation probability in {energy , zenith angle} plane
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Atmospheric neutrinos

0, - zenith angle,

Energy range: E, = 0.01 - 10° GeV O=m -4
Baselines: L = 0 - 13000 km
—> Matter effects:p=2.5-13 g/cm? cre-crossing

® energy and zenith dependence of

= { q)v }a (ﬂClVOI" COHTCHT) core
- {®,/ &5}«  (lepton number)
mantle

Limitations to NMH identification:
- Partial cancellation of the NMH effect from the
_ presence of v and v in the atm. neutrino beam
- Presence of other flavors:
- V,, which accentuates the cancellation

-V, from oscillations: t decay into pu with BR~18%

and  Uncertainties of original fluxes —> high statistics
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iRy Specira Flux ratios
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Further challenge to NMH identification

- Kinematic of the interaction dilutes the NH - IH asymmetry (6))

- Detector:

- resolution accuracy in{E, , 8, , E, } = {E,, 0} (Bn not measurable)

- response, etc.

=> smoothing the NH - IH asymmeftry

- Partial degeneracy of parameters, mimicking a MH inversion

(given current uncertainties in Am?_ , 6,., d)

23 '/

Some of these difficulties can be alleviated if we
can measure the neutrino interaction inelasticity y
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Experimental setup

PiceVefr=15 M¥
@ 10 GeV
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&15Mton .

.PINGU v2

=)

~ 10° events/year

PINGU: probably necessary to add at least
2-3000 OM instrumentation in a extended

dense core
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Expectations on NMH
identification significance

10
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Numbers of v, events and asymmetry

2-v system estimate (zero 1-2 splitting)
Notation: pap = E&'E's P(!(IE 3

Ko = (Ea)o()/(o- q)o()!
NNH =27 T\/\ Vett 0 (P, p,,, + @, p.,) dcv dE, ® =0,
NIH = . r=o,/o,,
NNH = etc.
Asymmetry:

NVIH - NVNH ~ cbu (Euu - puu) * cbe (Eeu - peu)
NVIH_NVNH N_[q)u(Eup_puu)+¢e(ﬁeu_peu)]
Nv+17IH - Nv+17NH ~ (1 B Ku)( Euu - puu) + r.-l (1 - Ke)( Eeu - peu)

v — v CP asymmeftry s on

can be avoided Flavor suppression
(screening factors) unavoidable 11
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Hierarchy asymmetry

N [PINGU 1 yr] S = OV - NI [PINGU 1y1]
7 iiARanananasanasasananananasanananasanans 1 W T 3o
18f Y 18f 1 Fe2ss
16} 165 16f +1.92
14f 1 P 14t | {128
S 12¢ . S 12} { | [0t
] L ] L -
= 8: 77 5] 8 : -0.64
6 55 6F N Bt
: S . - -
i -2.56
2t 1 11 2: ]
¥ Y S R, S I, Y R, Y e,y ey S S
cos 6, cos 6,
; . . N,+ N - (N, +N,)N
Estimator of significance: s - (Ny + Ny) (N + Ny)
NH
S - asymmetry \/ (Ny + Ny)
|S| - significance
1/ + V 2 ~ sum in quadrature of S from
To1‘ '[z S(E"eJ) different regions (c, , E.) R=26

J (S T)Z (S’ro’r)z 2 60 N, and Ny measured independently
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Smeared asymmetries

E. Akhmedov, S. Razzaque, A. Y. Smirnov
JHEP 02 (2013) 082, JHEP 1302 (2013) 082, arXiv: 1205.7071

o, xE,, cte

Experimental smearing functions characterized b
P g Y {0.9 o (mp / Ev)l/z

Og ~ \/mn/E (E = Ev)

W - NYy/A™)'2 [PINGU 1 yr] Smeared WL = N/ [PINGU 1 yr] Smeared
20F; 20F
18] 18}
16: 16+
14} 14}

S 12} S 12}
2] L Q L
€ 10 < 10}
LS B &3] L
8t 8l
6 6
4t 4t
2t 2t

mardi, 16 avril 2013




Stot X VT

Total significance
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Improvements of reconstruction of the neutrino
angle leads to substantial increase of significance
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Inelasticity

15
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Inelasticity y Basic idea

ndo
10° [em~]

.v

1) Differential cross-sections for neutrino and
anti-neutrinos behave distinctly with y~1-E /E,

L Ny~1

1%

2) Significance increases by a factor about R # 2.5
if v and 7 contributions can be measured separately
(reduction of cancellation effects)

Then we should:
=> measure E, and E, * E, + E for each event,

=» obtain y-distribution

Ny

N5 + N,

Precision on the admixture determination da for a given number of events N in the
distribution can be estimated analytically (calculating the moments of the y distribution).

=» extract the v - v admixture o =

5q { 1) weakly depend on the admixture itself

2) and can be expressed simply by &So = ¥ , Where y 25/3
\V Ny, + N,
(a max. likelihood determination of da is slightly better)
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R - absolute Vv — Vv event tagging

significances from independent measurement of v and v

significance without v — v separation

le.: HO S -
18§ YV +V Is
1 1 o : = il
R — + (Ku fP)2 16 SV+V- 23 (1yr‘)z
1 - K,U f_p \/E l -« 14% ;
NIH _ NNH 7
where /‘J,ufP — __V % 30
NIT NN . |
6F " .
with Rt E
L I
5CCPH0 2t i BY
o= oagy o N% /N, T T ¥ LR
cosf,
DNH _pIH , 1 (PpNH _ pIH
fp = PMM B PMN + 5 (Peu B Peu ) 2v-szs‘rem 1
_pilgf_plﬁijL%(ng_PgXH) F=r 5,=45,5.=41=R=26
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R- v — V separation with precision 0 o

IH NH IH NH
_NV _NI/ _ND _N17

Oy Op

where = V(1 -a)?+12 7 = /a2 2

NNH NNH

_ significances from measurement of a with error 8a
significance without v — v separation

1 oz2+’y

+ K fp 2
1—I€pr1/a2—|—fy 1—C¥ (;1, )

y =3/2..5/3, 0a=0.32..0.5, k,=0.4..0.5: R=1.14

1) accuracy factor y strongly limits R
2) need to study in more detail as a and k. depends on (E., ¢,)

(and introduce detailed kinematic of the interaction) 8
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Other obvious benefits of y

1) y constrains the angle between . o, _ XY™ (E,+my)

the muon and the neutrino: 2E,E,

N 0.75 Y N
O~ e\ Toy (20703

(with ¥,=0.5 and ¥:7=0.3, we get =10° for 10 GeV muon)

Not too large y - select an event sample, which preserves NMH features

2) Not too large y > filter out v, and v- events
(3-body T decay: T > pvv with BR=18%)

3) Analysis control: event y-distribution must be a linear superposition
of V and V y-distributions
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3D - oscillograms

4
Neutrino event density (NH) in (E., ¢, y):
d2o §)
n (EV/ C|_,|l Y) dCB d(p {F P (EV' CV)} %B
dcg dy
withc,=c¢c, (B, ¢, ¢)
gfv
Variable change: (cg, @) = (¢cv, x): sl y=0.2 i
1 0 'y=0.5
o (El/a Cps y) = — / dcypl;lH (EIM CV)gV (EV’ Y Cv, cli)l5§‘"\ \ A Cv=‘0~5/ Y:O-S
T J|6,—6,|<Bo o /
N g ,.\\_,lf\ Seo -7 ) .
. 1 ¥ d20SC(E,,z,y) 1| 1
where  g.(Evy,cv0u) = m/w— az dzdy Ol o8 4 02 oo™
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>< —
\/s%si — (ey — cpep)? v
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Inelasticity - Significance upper bound

kinematic smearing only
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Sy+y= 23 =P S=637 =———  S(y):z7.4

16% increase
(35% on lifetime) 21
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y - dependence of asymmetries

kinematic smearing only
AR oasy<os LT

N il : d

16|
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Small y: small angle between mu and nu, but same cross-section
(NMH features only from difference in fluxes)

Intermediate y region: largest contribution to the significance

Large y: while pure neutrino beam, p is large, diluting NMH

discrimination significance )
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Smearing the 3D oscillograms

Experimental resolution functions:

- Energy: for cascade and muon track, we consider normal energy

. . (see M. Salathe and M.R., Astropart.Phys. 35
resolution dE o E and with dE o \/E o /Ny, (2012) 485 [arXiv:1106.1937 [astro-ph.IM]])

We consider " «" cte for an average d(v—u, OM)=10 m

=> OE,, = VaEEh,# ag € {0.35, 0.7}

- Angular: o;-4(E,) between 2° - 5° for N, .=60 @ 0., < /N, .
- Oyo=Yovmn/E, Yo € {100, 40°}

angular resolution function NOT gaussian

- Inelasticity: oy follows from gg,, and is well approximated with a
normal distribution:
y ~E,/ (E,+Ey (distribution ~ ratio of normal random variables)

23
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Kinematic smearing
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Parameter
degeneracy

25
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Parameter degeneracy
lllustration

IH can be mimicked with a positive change of Am?2;, within current and

future errors
160 °

NH

2 2
Am 31=Am231,best+0-50
Am~31=Am"31 pest+10°

1015

130°

- —— NH
/ Am231 =Am231 ,best+0-50'

/ —— Am“31=Am"3] pegtt10
——————— TH

IH
\\
. N 2.

E/GeV
0

10 15

For instance: very strong degeneracy at 160° for
AmP3= APy g + O (Am?3)

Legend:

NH - IH - Am?;; modified 26
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Uncertainty Am2;,

N [Am3; +10]- N)/NY™)'? [PINGU 1 yr] Smeared
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Hierarchy asymmetry
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Stot- 6> 380

(reduction factor of 1.6)

in minimum [Am?;; 4. — Am?y; ] ~ 5107 eV?2 ~ Y0
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y and parameter degeneracy 1 year exposure

y-measurement —>»  reduced impact of degeneracy:
- distinct v-v vy - distributions

- similar effect of a change of Am?;, to v and v

Kin. smearing only:

Sz64-36 (noy) —  S(y)=74-48

— y improves significance by >30% (while upper bound improves by 16%)
(or >70% increased lifetime to reach the same significance in an ideal detector without y)

Including exp. smearing: yo=20°,ar=0.7:

S235—-19 (noy) — S(y)#3.8—>22

Results are for worst Am?s; degeneracy case: S reduced by factor 1.5 -1.7
2 2 2
for Am 31, frue = Am 31, best + %O(Am 31,besT)

— Future measurements (NOvA, T2K) will not improve the situation
y improves S by 15 - 35%
28
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Conclusions

Mass hierarchy can be identified at 5-10 0 C.L.
after ~2 yr with considered multi-Mton
atmospheric neutrino detector

Degeneracy of parameters could be problematic
(up to #3 times longer exposure necessary in
worst case)

29
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