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Three Amigos

Normal Hierarchy

m, E

2
Am’, >0

Inverted Hierarchy

Am’,<0

L I

The third leptonic mixing-angle ¢35 (100%
uncertainty at 3o0)

The sign of Am3; or the mass hierarchy

The CP phase In neutrino sector
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The Bi-Magic baseline

Determination of 0,3, mass hierachy and 6. p using a
Low Energy Neutrino Factory at the bi-magic baseline

Baseline Optimization of a LENF

Energy Optimization of a LENF

v ATl alec tom o« B1TZ24H0

A. Dighe, S. Goswami and S. Ray,
Phys. Rev. Lett. 105: 261802, 2010.
arXiv:1110.3289 [hep-ph].




3 discovery, NH
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Can probe sin? 26,5 down to
0.002 - 0.006 = can
confirm the current
non-zero 6,3 value

Mass hierarchy can only be
distunguished for < 40-50
% values of ¢., and only if
sin” 26015 > 0.02

CP violation may be discov-
ered for less than 20% of all
possible values of dcp only
if sin” 26,5 > 0.02

Huber,Lindner,Schwetz,Winter, 2009
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The Channel with the Golden Gun

Peﬂ = | COS (923145626 + sin (923AA‘2

Ag — Solar amplitude depends on Am3, and 6
A, — atmospheric amplitude depends on Am3, and 6,3

CP violation arises from the interference term

© o o ©

Absence of CP violation requires either Ag =0or A4 = 0.
A.Yu. Smirnov, hep/ph 0610198

°

GOLDEN because it can probe all three unknowns 613, sgnAm3,, dcp
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. 2 .9 sin® (1—A)A
Pe,u ~ SIN 923 114 2913 I (1(_A)2) R ~
+ « sin 2013 sin 261, Sin 26,3 cos(A—dcp) = %AA) Sm((ll—_;;)A
+ o cos? fy3sin® 20,5 Sinz,g(zA =

® o=Am? /Am2, =~ 0.04 sin®6;3 ~ 0.01
® A=2/2Gpn.E,/JAm3,, A=Am2, L/(4E,),

® Expanded in small parameters « and sin” ¢ 5 (contant matter density)
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Attack of the Clones

® /. p canvary from (O to 27) and creates the problem of Parameter
Degeneracies

7 N\

9 (t3, 0cp) intrinsic degeneracy

Burguet-Castell, Gavela, Gomez-Cadenas, Hernandez, Mena, hep-ph/0103258

3 (sqn(Amd,), dop) degeneracy

Minakata, Nunokawa, hep-ph/0108085

8 (Bhs, m/2 - fi) degeneracy

Fogli, Lisi, hep-ph/9604415

. 4

® Give rise to multiple solutions — Eightfold degeneracy
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The Phantom Menace

® Ghost (Degenerate) Solutions in (6 — ¢3) plane

» Unambiguous determination of parameters difficult
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sin? (1—A)A
(1-A)?

+ SR SRy S 27 eestA—spSLAA) s (L A4
CF) " (1 A)
+ 2 cos2d EIF] 20 sin? (AA)

Pe, =~ SiN” fo3 Sin® 2613




sin? (1—A)A
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Pe, =~ SiN” fo3 Sin® 2613

9 sin(flA) ~ (0= %Gpnel) =T = Linagic = 7690 km

® Independent of neutrino parameters and energy
® True for both NH and IH

Barger, Marfatia, Whisnant, hep-ph/0112119
Huber, Winter, hep-ph/0301257
Smirnov, hep-ph/0610198




0.50 ;* L=1000 km *;* L=4000 km i

n® o025 - 5

0.00:“ LI L B B
0.5 - L=7500 km

L =10000 km =

n®oz2s -
: |
O““ e s = S | ‘“‘LA\,AA--_; —— e e B e e
1 3 5 7 9 11 1 3 5 7 9 11
Energy (GeVv) Energy (GeVv)

» At~ 7500 km é-p dependence negligible

® (5cp,sgn(Am? ) degeneracies vanish

atm

® Clean measurement of sgn(Am?2, )

atm

Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333
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® At~ 7500 km 6. p dependence negligible

®» (ic-p,0:3) degeneracies vanish

# Clean measurement of 03 Agarwalla, Choubey, Raychaudhuri, hep-ph/0610333
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— No CP sensitivity

® Recomemndation of International Design Study of Neutrino Factory
Group: another experiment at 4000 km for o p with £, = 25 GeV

Requires high acceleration of the muons, also 1/ fall in flux

| I

Can there be a single experiment at a shorter baseline and lower energy
that can determine all the three parameters ?
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Enters The Bi-Magic baseline

- - i 2 —A
Pe, ~ Sin? B3 sin? 26,5 3 124

(1—A)2 ) - 0
+ « sin 2013 Sin 2612 sin 2023 cos(A—dcp) - %AA@

- i 2 A
+ a2 cos? Oy sin® 201, =" A(ZAA)

The condition sin(AA) ~ 0 is valid for both NH and IH

A

If we instead make sin[(1 — A)A] =0 the j-p dependent term can vanish.

In that case P,, ~ O(a?) — small

© o o ©

But this condition depends on hierarchy

5 14)7



Enters The Bi-Magic baseline

- - i 2 _A
Po, ~ SiNZ 0,3 sSin? 20,5 SN~ 1-AA
7 23 3

(1—A)2 A - 0
+ @ sin 2613 sin 201 sin 2023 cos(A—dcp) %AA@

- i 2 A
+ a2 cos? fag sin? 204, SN(AL)

Az
® ForlIHA=—-A A=_—A

@ Magic condition depends on hierarchy

(L+|A]) - |A] =nm,n >0

® Demand:. Maximum hierarchy sensitivity

(L—|A])-|Al =nm, n#0

(1—|A) Al =(m - 3= (L+]A) - Al = (m — 3=

=5 15//
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Raut, Singh, UmaShankar, 2009 Dighe,Goswami,Ray, 2010
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® |owest Bi-magic Baseline ~ 2540 km
® Higher nm = Lower F, to satisfy no CP condition low flux, low efficiency
® More bimagics 6172 km, 8950 km, 106900 km




CERN - PhyAsalmi : 2288 km (LAGUNA)
CERN - GranCanaria: 2780 km

BNL- Homestake : 2540 km
Fermilab-Icicle Creek : 2610 km

o o o 0 @

Fermilab - SanJacinto: 2610 km

For a compilation of baselines from different accelerator facilites and underground laboratories see
Agarwalla et. al. arXiv:1012.1872 [hep-ph]
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_ Sin2913 = 001 NH I
0.08 | IH
RAIUINGD ]
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0.02 K.

4

Erg =1.9 GeV

e NH probability independent of o and 6,3 but 6~ p band in IH large

e (3 sensitivity for IH e 0~ p sensitivity for IH

Erg =3.3GeV

e |H probability independent of 6~ » and ¢,5 and non-overlapping with NH
e (13 sensitivity for NH e - p sensitivity for NH
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Pe.(IH) = O(a?)
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P, largest at 5cp = 37 /4, lowest at ¢cp = 77 /4.
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® The statistical error bars indicate hierarchy, 6,3 and C'P sensitivity for
sin” #15 > 10~* for NH (near 3.3 GeV) and sin® ;5 > 103 for IH (near 1.9
GeV)
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Muons are accelerated and injected
into a storage ring
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Wrong sign Muons
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Detector with charge identification ca-
pabilities suitable
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The Detector

°

Magentized totally active scintillating detector (TASD)

°

When a neutrino strikes an atom in the liquid scintillator, it releases a
burst of charged particles. As these particles come to rest in the detector,
they release energy which is collected by photo-detectors

® Using the pattern of light seen by the photo-detectors one can detect the
neutrino and measure its energy.

® Can detect both electron and muon and their charge

=5 oa)/



® For the LENF beam we assume
® 1.4 x10%'u™* decay per year
$ 2.5 years running

® For the TASD we assume
® Detector fiducial mass 20 kton
® 7 detection efficiency of 94 %

#® Background of 107° on the v, appearance and disapperance
channels

$ Energy Resolution, dE/E ~ 10%

® For the x? analysis we assume
® 4% error on Ams3,, 012
® 5% error on |Am3;| and 6a3
® 20% error on 043

®» We use GLOBES software for the analysis
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® Results for 2.5 years run with ™ beam

0.1

Dighe, Goswami, Ray, 2010

® Hierarchy sensitivity for sin” 6,5 ~ 3 x 10~° (depending on §¢p) if true
hierarchy is NH and for sin” 6,5 ~ 10~% if true hierarchy is |H
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Ocp(true)
S

LN ——
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A

» 03 dlscovery — how far a true non-zero 913 Is different from 6,3 = 0

/2 t

® |[f NH is true hierarchy then it is possible to discover
sin f15 ~ 3 x 10~° (depends on 6 p)

® |If IH is true hierarchy then it is possible to discover sin® 6,5 ~ 7 x 10~*
( not very sensitive to écp)

Dighe, Goswami, Ray, 2010
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le-05 0.0001  0.001 0.01 0.1

sin2613(tr ue)

® (. p discovery =— at what o a true non-zero ¢ p is different from ép = 0

® Possible to discover 6. p for low values of 643
Dighe, Goswami, Ray, 2010




Exceptional sensitivity to hierarchy

Also can probe low values of 63

Can discover ¢ p for very low values of 03

For the currrent best-fit 6,3 can discover all the three unknowns at 3o
One can be more ambitious and aim for a 5o discovery

Is this The Optimal Baseline ?

Baseline optimization of a LENF

© o o o o o 0 @

Energy optimization of a LENF




Episode | : Hieararchy

Episode Il : 643
Episode lll : 6 p

o o o 0

Cast and Crew
® True Values: Am3,; = 7.65 x 107° eV?,
sin® 015 = 0.30, |[Am2,| = 2.4 x 1073 eV? sin® 3 = 0.5,
® Undisplayed parameters marginalized over
$ 4% error on solar parameters, 5% error on atmospheric parameters

$ 2% error on matter density profile

® Next generation experiment — 50 discovery essential




NH-max and IH-noCP shifts towards high F£,

ENE — RpIH . not satisfied exactly

max n

9o

9o

® P "increases and P/} decreases with £,

® |Integrated effect — at higher £, better hierarchy sensitivity at higher L,
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® The band denotes J. p» variation over 0 — 27
® The upper (lower) limit — worst (best) sensitivity
® Knowledge of true value of 6~ p crucial
® For I/, =5 GeV, L ~ 2500 km, the best possible reachis at 6cp = 37/4
® Higher £, — L ~ 3000 km
® 7.5-10 GeV no significant change in sensitvity — saturation

°

Deﬁend to some extent on the true value of 5iﬁ
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°

Shows for which exact values of - p sensitvity is possible — information
missing in plots showing CP fraction

® sin?6,3 =0.056, > L = 700 km

® sin“6;3 =001, — L = 1000 kmif 5cop > 37/2
sin 015 = 0.001 ° If 6 cp ~ /2 — L ~ 1300 km
e Larger fraction of 6 p for L ~ 1800 - 2500 km
o CP fraction Increases with £,
e No determination possible for 6o p ~ 37/2
e Complimentarity with higher baselines and energy
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(Herarchy ) S NH NH
Pldetermination g Hy i Pl i |
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® The CP fraction for which 50 discovery is possible (sin” 6,3 = 0.001)
® [~ 1300 km — 40.6% - 33.7% (&, = 5- 10 GeV)
® [~ 2540 km — 86.4% - 88.4 % (&£, =5 - 10 GeV)
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® The best sensitivity
e £, =5GeV, L ~800-1600 km
e £, =75-10GeV, L ~ 1500 - 2500 km
® [or the worst case true value of - p, L ~ 2000 km
® Saturation effect from 7.5 GeV — 10 GeV present
® Sensitvity depends crucially on true ¢ p
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® sin’6;3 = 0.01 — 6,5 can be discovered at 5¢ in the whole plane
® sin’6,3=0.001 — L < 2100 km
® sin?6;3 = 0.0001 — smaller L < 2500 - 2700 km preferred

® With increasing £, increased sensitivity at higher baselines
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Sensitivity depends strongly on true d-p

°

Best sensitivity (lowest reach in 6;3) for true écp = 7/2,37/2 — CP
violation maximum

°

L < 2000 km more efficient

$® Saturation effect present
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® sin®63 > 0.01,— dcp = (0.3 - 0.7)m, (1.3 — 1.7)7r — L < 2500 km
® 0.001 <sin?6550.010 —L < 2100 km
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® Sensitivity increases with £, and then saturates

< E/j‘”f Increases with L: ~ 5 GeV for 1500 km, ~ 7 GeV for 2500 km, ~ 10
GeV for 3500 km

® Best hierarchy reachis at L = 3500 km, E,, ~ 10GeV

® Strong dependence on true value of ¢ p
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® Optimal energy at a particular baseline also depends on true value of o p

®» | =1500km, £, > 6 GeV, L =2500 km, £, > 6 GeV, L = 3500km,
E, > 10 GeV

® Lowest 0,3 reach at L = 3500 kmand £, ~ 14 GeV
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The optimal energy for each baseline depends on true d-p
In general the discovery potential improves with energy till &, _ .

~ 6 GeV for 1500 km, ~ 8 GeV for 2500 km, ~ 12 GeV for 3500 km

Best sensitvity for 6cp = 7/2,37/2 — maximum CP violation

o o o 0 ©

~ 2500 km ~ 8 GeV best though for §cp = /2 3500 km can have a
lower reach in 03

® But for majority of o p ~ 1500 km, ~ 6 GeV best
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® ForeachlLand E, find Q
® Maximum of Q gives the optimal £,
® Depends on mixing parameters
® Matches with that obtained from numerical analysis
® Beyondthis £, _ . no significant improvement in performence
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® T2K+ MINOS: sin” 15 = 0.02170005  Global : sin® 6,5 = 0.0137 507
® Hierarchy for L = 1000 km for all ¢ p

» 6y3: 500 - 5000 km

® jcp=(03-0.7)mand (1.3 —1.7)r : (500 - 2500) km
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The results shown are obtained with
® 5 x 10*! useful muon decays
2.5 year run with each polarity,

25 kt detector
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® Can we be more ambitious ?

® Minimum exposure needed for 5 o discovery ?
9o

Optimization with respect to exposure
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Hierarchy : L ~ 2540 km, £, ~ 7.5 GeV, useful muon decays ~ 1/10
dcp: ~ 1300 km, E, ~ 7.5 GeV optimal for most true values of - p

2540 km needs ~ 1.5 times exposure

Exposure required for o~ p Is 10 times that required for hierarchy



Bi-Magic baseline — 2540 km — a shorter baseline with magical
properties

°

The magic condition depends on hierarchy, energy

Remarkable sensitivity to hierarchy as well as sensitvity to 0,5 and o p
Results with a low energy neutrino factory and TASD detector promising .
Is it the optimal baseline ?

Optimal baseline depend on true o~ p» and true 05

For each baseline there is a saturation energy
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For a given L best sensitivity at optimal energy
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There is evidence of large ¢35 reported by T2K, MINOS and
Double-CHOOZ

What is the optimal baseline for a LENF for 50 discovery of hierarchy and
ocp In view of this ?

Optimization with respect to exposure

Hierarchy : L ~ 2540 km, E, ~ 7.5 GeV, useful muon decays ~ 1.5 x 10?"
dcp: ~ 1300 km, E,, ~ 7.5 GeV optimal for most true values of i p

2540 km needs ~ 1.5 times exposure

Exposure required for 6. p is 10 times that required for hierarchy

For each baseline there is a saturation energy

For a given L best sensitvity at optimal energy
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