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Abstract

We discuss if one can verify the MSW effect in neutrino oscillations at a high confidence level in long-baseline experiments.
We demonstrate that for long enough baselines at neutrino factories, the matter effect sensitivity is not suppre?ﬂi@y sin
because it is driven by the solar oscillations in the appearance probability. Furthermore, we show that for the parameter indepen-
dent direct verification of the MSW effect at long-baseline experiments, a neutrino factory with a baseline of at least 6000 km
is needed.
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1. Introduction SNO [4], KamLAND [5], and the other solar neu-
trino experiments has lead to “indirect” evidence for
It is now widely believed that neutrino oscillations e MSW effect within the Sun. A more direct test of
are modified by matter effects, which is often referred these matter effects would be the “solar day—night ef-
to as the Mikheev—Smirnov—Wolfenstein (MSW) ef- €Ct” (see Ref[6] and references therein), where the
fect [1-3]. In this effect, the coherent forward scat- solar neutrino flux can _(dunng the night) be enhanc_ed
tering in matter by charged currents results in phase through matter effects in the Earth QUe to regeneration
shifts in neutrino oscillations. The establishment of €ffects[7]. So far, the solar day-night effect has not

the LMA (large mixing angle) solution in solar neu- been_ discovered at a high confiden_ce level by Super-
trino oscillations by the combined knowledge from Kamiokande and SNO solar neutrino measurements

[8,9]. Similar tests could be performed with super-
nova neutrinog10], which, however, have a strong
E-mail address: winter@ias.edyW. Winter). (neutrino flux) model, detector position(s), afigs
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dependencdll]. In addition, strong matter effects matter effect in Eq(1) enters via the matter potential
can also occur in atmospheric neutrino oscillations in A, where the equation reduces to the vacuum case for
the Earth[12,13] Since the muon neutrino disappear- A — 0 (cf. Ref.[14]).

ance probability is, to first order i = Am%l/Amgl Since sif2613 > 0 has not yet been established,
and sirv13, not affected by Earth matter effedts4], any suppression by si2613 would be a major dis-
testing the matter effects in atmospheric neutrinos is advantage for a measurement. Therefore, let us in-
very difficult. However, the appearance signal of fu- vestigate the interesting limit 2613 — 0. In this
ture long-baseline experiments is supposed to be verylimit, only the fourth term in Eq(1) survives, which
sensitive towards matter effects in atmospheric neu- is often referred to as the “solar term”, since the ap-
trino oscillations (see, for example, Refd5-19). pearance signal in the lim#;3 — O corresponds to
This makes the long-baseline test one natural candi- the contribution from the solar neutrino oscillations.
date to directly discover the MSW effect at a very It would vanish in the two-flavor limit (limite — 0)
high confidence level. So far, the matter effect sensi- and would grow proportional ttﬁAmglL/(4E))2 in
tiyity has peen widely b'elie'ved to be suppressed .by vacuum (limit A — 0), as one expects from the so-
sin” 2013, since the contributions of the solar terms in |51 heytrino contribution in the atmospheric limit. Note
the appearance probability have been neglected (see ¢ ths term is equal for the normal and inverted mass

for example, Ref[16]). In this Letter, we study the  phiararchies, which means that it cannot be used for the
idea to test the MSW effect by exactly these solar neu- 555 hierarchy sensitivity. In order to show its effect

trino oscillations in beam experiments. for the matter effect sensitivity compared to vacuum,
we useA P = PIS"e"— PioS. We find from Eq(1)

2. Theoretical idea

. . APN370~ (200 623 sir? 2012
For long-baseline beam experiments, the electron

or muon neutrino appearance probabiliy, (one of 2 SIP(AA)
‘A (7 _ 1). @

~

the probabilitiesP,,,, P.., Pzi, Puz) is very sensitive A2p2

to matter effects, whereas the disappearance probabil-

ity Py .(_or Pij) 1s, to first ordgr, not. The appearance Tp,s  this remaining effect does not depend on
probability can be expanded in the small hierarchy pa- g2 59, . and strongly increases with the baseline. In

rameterx = Am3,/Am$,; and the small sin@3 up to particular, the function sf{AA)/(A2A2) is maxi-
the second order 4%4,20,21] mal (i.e., unity) forAA — 0 and has its first root for
_ _ SIP[(1— A)A] AA =7 at the “magic baselineL ~ 7500 km? In
Papp2 sir? 29135"12923—A2 the Earth, where Eq(1) is valid because of the ap-
(1-4) . proximation Am%lL/(4E) « 1, we therefore have
+ asinP13sindcpsin(A)é(A, A) AP%3~0 - 0. This means that the matter effects
+ & Sin W13c0S3cpCOS A)E(A, A) will suppress the appearance probability, where max-
Si(AA) imal suppression is obtained at the magic baseline.
+ a?co< O3Sin 201 ———— . (1) For short baselines, the expansiondnshows that
2 A P30 o L4 strongly grows with the baseline, and
HereA = Am3,L/(4E), E(A, A) = sin Vq2-Sin D3 for very long bgselines, the bracket in Eg) becomes
SINAA)/A - Si(1 — A)Al/A — A), and 4 = close to—1, which means that P%13~0 oc L2, Thus,

+(2v2Gen, E)/Am%, with Gg the Fermi coupling
constant and, the electron density in matter. Thesign R
of the second term is positive for — v, OF vy — Vg L At the magic baseling22], the condition siftd A) = 0 makes

ndn tive f f s _ The sian fA all terms but the first in Eq1) disappear in order to allow a “clean”
a egauve fov, — v, Or vz — vj. €sign o (degeneracy-free) measurement o?ﬂﬁlg,. Note that the argument

. . . 2 . N
IS determined by th_e sign akms, gnd choosing neu-  AA evaluates ta/2/2Ggn. L independent of and Am3,, which
trinos (plus) or antineutrinos (minus). Note that the means thatit only depends on the baseline
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we expect to be able to test the matter effect even for
vanishingdss if the baseline is long enough.
There is, however, another important ingredient in

69

the event rate could be faked by the change of another
oscillation parameter value. Hence, a complete analy-
sis is necessary to test this idea quantitatively.

these qualitative considerations: the statistics has to be

good enough to detect the term suppressed%yor
the current best-fit values? evaluates te- 10~3. One

3. Quantitativetest

can easily estimate that the statistics of superbeams

will normally be too low to measure the solar term for
this value ofw? to a high accuracy: let us compare the
first and fourth terms in Eq1), which are suppressed
by sirf 2613 anda?, respectively. If one assumes that
the other factors in the first and fourth terms are of
order unity (at least forr ~ /2 close to the first os-
cillation maximum), one can estimate for a specific
experiment that the contribution from thé-term only
becomes significant if the si93-sensitivity limit of
this experiment is much better thaA. This condition
is, in general, not satisfied for the proposed super-
beams$ and could only be circumvented by a very long
baseline, where the probability difference in ER)
growsoc L2, For example, thelOvA superbeam in the
simulation of Ref[23] would only lead to about four
events with almost no dependence on the matter effect
for 613 — 0 (dominated by the intrinsic beam back-
ground). For neutrino factories, however, this order of
«? should be accessible for long enough baselines. For
example, for the neutrino factoNuFact-1I of Ref.[24]
at a baseline of 6000 km, we find férz — 0 about 90
events in matter compared to 421 in vacuum, which
(for fixed oscillation parameters) would mean a highly
significant effect.

Since is well known that (among others) the corre-
lations with sirf 2613 andscp, as well as intrinsic de-
generacies highly affect any appearance measuremen

in large regions of the parameters space (see, e.g.,

Refs.[24,25)), it cannot be inferred from this statistical
estimate that the matter effect can really be established
at a high confidence level. This means that the drop in

2 Note that the absolute statistical error is proportional/iw,
where N is the event rate. Thus, the relative erratN/N
1/+/N « L, because ofV 1/L2. The statistical error therefore
grows slower than the event rate coming from the solar signal, which
means that one does not expect a suppression of the MSW effect
sensitivity with increasing baseline length within the Earth.

3 In fact, for superbeams, the background from the intrinsic
(beam) electron neutrinos limits the performance, which means that
increasing the luminosity would not solve this problem.

In order to test the matter effect sensitivity, we use a
three-flavor analysis of neutrino oscillations, where we
take into account statistics, systematics, correlations,
and degeneracig25-28] The analysis is performed
with the Ax2 method using the GLoBES software
[29]. We test the hypothesis of vacuum oscillations,
i.e., we compute the simulated event rates for vacuum
and a normal mass hierarchy. Note that there is not a
large dependence on the mass hierarchy in vacuum,
though the event rates depend (even in vacuum) some-
what on the mass hierarchy by the third term in @&q.

(if one is far enough off the oscillation maximum).
We then test this hypothesis of vacuum oscillations
by switching on the (constant) matter density profile
and fit the rates to the simulated ones using Ahe?
method. In order to take into account correlations, we
marginalize over all the oscillation parameters and test
both the normal and inverted hierarchies. As a result,
we obtain the minimum x 2 for the given set of true
oscillation parameters which best fit the vacuum case.

We assume that each experiment will provide the
best measurement of the leading atmospheric oscilla-
tion parameters at that time, i.e., we use the informa-
tion from the disappearance channels simultaneously.
However, we have tested for this study that the dis-
fppearance channels do not significantly contribute
to the matter effect sensitivifyFurthermore, for the
leading solar parameters, we take into account that the
ongoing KamLAND experiment will improve the er-
rors down to a level of about 10% on eammgl and
sin 2912 [30,31] As experiments, we mainly use neu-
trino factories based upon the representativEact-li
from Ref. [24]. In its standard configuration, it uses
muons with an energy of 50 GeV, 4 MW target power
(5.3 x 10%° useful muon decays per year), a baseline

4 In fact, the disappearance channels alone could resolve the mat-
ter effects for very largd. and large siﬁzelg. However, in this
region, the relative contribution of the disappearancé to the to-
tal one is only at the percent level.
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Solar—dominated | 6y3—dominated one in the solar-dominated regime, becauseothe
terms provide information on the matter effects in ad-
dition to the solar term. In this figure, the curves are
shown for different selected confidence levels. How-
ever, in order to really establish the effect, a minimum
50 signal will be necessary. Therefore, we will only
use the & curves below.

In order to discuss the most relevant parameter de-
pendencies and to compare the matter effect and mass
hierarchy sensitivities, we show ifig. 2 these sen-
sitivities for two different values ofcp. As we have
tested, the true value é&p is one of the major impact
factors for these measurements. In addition, the mass
hierarchy sensitivity is modified by a similar amount
for a simulated inverted instead of normal mass hier-
Fig. 1. Sensitivity to the MSW effect fokuFact-1l as function of archy, whereas the matter effect sensitivity does not

the true value of s#i26;3 and the baselin.. For the simulated  gpy 0\ this dependence (because the reference rate vec-
oscillation parameters, the current best-fit valugg; = 0, and a

normal mass hierarchy are assumed, whereas the fit parameters aré;or is CompUted for Vacuum)' As far as the depen-
marginalized. Sensitivity is given at the shown confidence level on dence 0nAm§1 is concerned, we have not found any
the upper sides of the curves. significant dependence of the MSW effect sensitivity
within the current allowed@range 74 x 1072 eV2 <
o _ Am3, < 9.2 x 10° eV2 [33]. Hence, we show in
of 3000 km, and a magnetized iron detector with a Fig "2 the selected two values é&p for estimates of

fiducial mass of 50 kt. We choose a symmetric op- the (true) parameter dependencies, since there are no
eration with 4 yr in each polarity. For the oscillation  major qualitative differences.

parameters, we use, if not stated otherwise, the current A5 one can see from this figure, the behavior of the
best-fit valuesAm3;, = 2.5 x 1073 V2, sinf 26,3 =1, MSW sensitivity for short baselines and large’s, 3
Am3, = 8.2 x 1075 eV?, and sirf 201, = 0.83 [32— is qualitatively similar to the one of the mass hierarchy
35]. We only allow values for sifi2613 below the sensitivity, because both measurements are dominated
CHOOZ bound sif2613 < 0.1 [36] and do not make by the #13-terms of Eq.(1). However, the difference

L [km]

No sensitivity to MSW effect

0

1077 1076 10° 107 1073 1072 107!
True value of sin® 2613

any special assumptions abdgp. However, we will between the normal and inverted hierarchy matter rates
show in some cases the results for chosen selected valis about a factor of two larger than the one between
ues ofscp. vacuum and matter rates (for any mass hierarchy).

We show inFig. 1 the sensitivity to the MSW ef-  Thus, for large sifi2613, the mass hierarchy sensitiv-
fect for NuFact-Il as function of the true values of ity is better than the MSW sensitivity (better means
sin? 2913 and the baselind., wherescp =0 and a that it works for shorter baselines). Note that the solar
normal mass hierarchy are assumed. The sensitivity is (fourth) term in Eq.(1) is not dependent on the mass
given above the curves at the shown confidence levels. hierarchy, which means that there is no mass hierarchy
Obviously, the experiment can verify the MSW effect sensitivity for small values of sfr2613.
for long enough baselines even for&#,3 =0, i.e., For the MSW effect sensitivity, one can easily see
where the solar term dominates. The vertical dashed from both panels ofig. 2 that for sirf 2913 > 0.05
line separates the region where this measurement isa baseline of 3000 km would be sufficient, because
dominated by the first termf{z-dominated) and the in this case the&i3-signal is strong enough to pro-
fourth term (solar-dominated) in EqL). It is drawn vide information on the matter effects. However, in
for sirf 2013 = 1073 ~ &2, i.e., in this region all the this case, sifi2613 will be discovered by a superbeam
terms of Eq.(1) have similar magnitudes. Obviously, and it is unlikely that a neutrino factory will be built.
the performance in thé;z-dominated (atmospheric  For smaller value8; 3 < 0.01, longer baselines will be
oscillation-dominated) regime is much better than the necessary. In particular, to have sensitivity to the mat-
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0 CP =0 5cp =T, / 2
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Fig. 2. The sensitivity to the MSW effect (black curves) and to the mass hierarchy (gray curvisféet-Il as function of the true value of

sin? 2013 and the baseling (50 only). For the simulated oscillation parameters, the current best-fit valgess O (left) orécp = /2 (right),

and a normal mass hierarchy are assumed, whereas the fit parameters are marginalized over (solid curves). Sensitivity to the respective quantit
is given on the upper/right side of the curves. The dashed curves correspond to the MSW effect sensitivity without correlations, i.e., for all the
fit parameters fixed. For the computation of the mass hierarchy sensitivity, we determine the mifjpfuanthe sgnAmél)-degenerac{/ZS].

In addition, we assume a constant matter density profile with 5% uncertainty, which takes into account matter density uncertainties as well as
matter profile effect§37-39]

ter effect independent of the true parameter values, aeven have ad signal, but & would hardly be pos-

neutrino factory baseling = 6000 km is a prerequi-  sible.

site. Therefore, this matter effect test is another nice

argument for at least one very long neutrino factory

baseline. Note that one can read off the impact of cor- 4. Summary and discussion

relations with the oscillation parameters from the com-

parison between the dashed and solid black curves in ~ We have investigated the potential of long-baseline

Fig. 2 If one just fixed all the oscillation parameters, experiments to test the matter effect (MSW effect)

one would obtain the dashed curves. In this case, onein neutrino oscillations. In particular, we have dis-

could come to the conclusion that a shorter baseline cussed under what conditions one can directly ver-

would be sufficient, which is not true for the complete ify this MSW effect compared to vacuum oscillations

marginalized analysis. at a high confidence level. We have found that, for
As we have discussed in Sectignthe MSW test long enough baselinds = 6000 km and good enough

is very difficult for superbeams. For the combina- statistics, the solar term in the appearance probabil-

tion of T2K, NOvA, andReactor-1l from Ref.[23], it ity is sensitive to matter effects compared to vacuum,

is not even possible at the 90% confidence level for which means that the MSW effect sensitivity is not

sir’ 2013 = 0.1 at the CHOOZ bound. However, for  suppressed by sit26:13 anymore. Note that the solar

a very large superbeam upgrade at very long base-term is not sensitive to the mass hierarchy at all, but

lines, there would indeed be some sensitivity to the it is reduced in matter compared to vacuum. We have

matter effect even for vanishirgys. For example, if demonstrated that a neutrino factory with a sufficiently

one used th@2HK setup from Ref[24] and (hypo- long baseline would have good enough statistics for

thetically) put the detector to a longer baseline, one a 5 MSW effect discovery independent of $213,

would have some matter effect sensitivity at the 3  where the solar term becomes indeed statistically ac-

confidence level for selected baselineg> 5500 km. cessible. However, a very long baseline superbeam up-

For the "magic baseline’L ~ 7500 km, one could grade, such as &2HK-like experiment at the “magic
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Table 1
Different methods to test the MSW effect: source and method (in which medium the MSW effect is tested), the suppression of théseffect by
the potential confidence level reach (including reference, where applicable), and comments/assumptions which have led to this estimate

Source/Method (where tested) 013-suppressed Reach [Ref.] Comments/Assumptions

Solarv/Sun No @ [40] MSW effect in Sun; by comparison between
vacuum and matter (existing solar
experiments)

Solarv/Earth (“day—night”) No & [41] By large Water Cherenkov detector used for
proton decay
SNv/Earth, one detector No nfa1] Observation as “dips” in spectrum, but no

observation guaranteed (because of flux
uncertainties); effects depend on?sﬁﬂlg;
HyperK-like detector needed

SN v/Earth, two detectors No o450 [10] For SN distance 10 kp& g = 3 x 10°3 ergs;
at least two Super-K size detectors, depends
on their positions

Atmosphericv/Earth Yes 4o [42] Estimate for 100 kt magn. iron detector
computed for sifi2013=0.1
Superbeam/Earth < 5500 km Yes 20 Estimate forr2HK-like setup for

sin? 2013 > 0.05 atL = 3000 km; strongly
depends on s#2613 andscp

Superbeam/Earth > 5500 km No ~ 3040 Estimate forr2HK-like setup independent of
sir? 2013

v-factory/EarthL < 6000 km Yes 50 Reach for sif 2013 > 0.05 atL = 3000 km
(8cp = m/2); strongly depends on é‘iﬂelg
anddcp

v-factory/EarthZ = 6000 km No -8 Range depending aixp for L = 6000 km; for

L > 6000 km much better reach, such as
~ 120 for L = 7500 km

baseline”’L ~ 7500 km, could have some sensitivityto  oscillation frequency which would be modified by

the solar appearance term at theebnfidence level. matter effects and not the solar one. Furthermore, the
As most important implication, the matter ef- MSW effect in Earth matter could be a more “di-

fect sensitivity it is another argument for at least rect” test under controllable conditions, because the

one very long neutrino factory baseline, where the Earth’s mantle has been extensively studied by seismic

other purposes of such a baseline could be a “clean” wave geophysics. Note that for atmospheric neutrinos,

(correlation- and degeneracy-free) %, 3-measure- this test is much harder, an example can be found in

ment at the “magic baselind22] and a very good  Ref.[42].

mass hierarchy sensitivity for large enough’$fy 3.

The verification of the MSW effect would be a lit-

tle “extra” for such a baseline. In addition, note that

the mass hierarchy sensitivity assumes that the mat- ] .

ter effects are present, which means that some more ! would like to thank John Bahcall, Manfrgd Lind-

evidence for the MSW effect would increase the con- Ner, and Carlos Fa-Garay for useful discussions and

sistency of this picture. comments. Th_is work has been supported by the W.M.
Eventually, the absence of the 49, 3-suppression  Ke&ck Foundation.

in the solar appearance term means that the direct

l\./ISW.test at a beam experiment could be competi- References
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