Testing Matter Effects in Very Long Baseline
Neutrinag Oscillation Experiments
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é,—-.;l'; Neutrino Oscillation Probabilities in Malﬁ

P e —"s
We will ass . Bavour aeutrinc mixing:

> =3 Uplne> e e, e (1)
Ea]

where LU ip a 3 x 3 unitary matrix — the lepton mixing matrix. For our analysis
wa use a Arandard parametrizatlon of I

( U U U ) ( (UETE Aizity w’" )
Fpa T U | = =sizon = cistangyge™  cosoan = #umg:_s_-gf 3g3C(3 ) 2]
g U Us fizdz = Cladasting -tﬂ’!:l-_’ﬂl:jlfﬂff C23513

Gy = COs By, 4 = =in by,
} 7 iz the Dirac CP-violation phase

i = Em.ﬂu,ﬁ"g L i'-l'rﬂ, fl = g < 2.

Ve conventionally order the masses in such a way that

0 < AmE, < Al

@r:un] neutring mass hierarchy

Aw, » 0 Mg = ™y >
-~ - T
. Inverted veulrine mass hlil‘irﬂi-}?\.
S —

:..\ﬂi:lf.ﬂr My =Ty T

which implies

Mg = MMy Ix T, O e =My M

AR limg na onarter and CP-violation effects are not taken into accoune,
the two cases are phenomenologically equivalent from the point of

vicw of peuiriop vucillatioos.



It iz matural to suppose

-

Am; = Am2

with
FLOW = QvD . 50% 107%eV7 5L Amd, £ 20% 10776V,
b OSMA MSW:  40x 107"V = Am, £ 00 x 10742V
l LMA MEW . 20x 107 aV? € Amd, £ 2.0 x 104 eV?,
8.0« e+
Then

amy| = Amg,,

i# responsible for the dominant atmospherie v, & o ascillations

¥ oaTM: 1077V 5 |and | £ 20 x L TeV?
f.7.p"8 Y0403

Foe K. = 10e% (1 MeV), L < 10¢ {10) kom, the Am*-hicrarchy

Ty,

aivl

Al LW eVE

(3n)
(3b;
(34)

{4}

the prubabilitivs of 3= oscillations io vacuum reduce eflectively to 2-r vacuum

oscillation probabilities
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CHOOZ experiment = the naclilation interpretation of the solar and atmo-
sphberlc peutrino data:

2.6 % 1076V < |amd, | < 8.0x 10~ Ve Us|? £0.025
LOx107%eV? < |Am],| < 3.0% 10~ a2 {; It 250 ua.ﬁj

Coder the condiclon (5),

! (v = 62 U+ 101 - U0 ®)? Pl vnd® — 2 Am],, 25)
I -"1-—-"' \'-\.._..-"' S L

where

— ———— = -

T

I:f?_ e * [Ua? Lalf - Wl ™ .
1‘%.:‘1:‘ athyy = '1{1 - IU.!' i ooh 28y = -_].T|L_.'|H Cy 'h]

e -
e i—— ———

For |Us]* satisfving the OHOOZ Umit, the dependence of Ploe (1 = o) on
|ifza # in rathar weak and cannot be used to further constrain or determine |La g,
In gevernl, under the condltlon (5) and for Amd, < 107'¢V* the relevant

anlar pantring cransition prabability depends only oo the absolute values

of the elements of the first row of the lepton miving matrix, i.e., on |U7; #, i=1,2,3,
wlhile Ebe osclllations of the (atmospbernic) v, ¥, #. and &, on EBarth distances
are controlled by the elements of the third eolumn of 17, I5y%, ! =2, o, 7. The
ather aleinents of () ace oot accessible to direct experimental determination.



Under the condition {5). wil-.h in constant deosity ap-
procdmation,
Pl = n) = PR, -0, = 4L Pﬁ.".’_ﬂmil,slntﬂﬁ'uﬁ {9n)

i"'?{l-j. =+ ) = F':a ‘!"F:r; [j- = Ptlr':-ﬂmg: ,4in’ 2'5'“”
. AELT

+ 2k 22 !.n:m#:‘{l-miﬁ"f;] sin sini x + "lﬂ;‘r'r]] . io9b)
PE(u. -+ ) = tedyly (200 S - PR, w0t 291)
+ [14con2f;) sin &‘E;L gt [k + #}l ' {9c)

where

@ﬂfﬂ} - 51t = s0e AB, L) 6?20 a0)

i3 the 2= transition ptobability in matter with conatant denaity,

g
5 E% [.12? +V - ﬁﬂm] (1)
is a phase, AL, and #7 are the neutring energy difference and mixing angle in
mHtser, ——— R _—
ot — 13710 (earg = A (m My oY i]ﬁ' 12)
'l,h“ ' 1F -|--.I| I“w.__ [t ._l_:_'__ i -‘-"nﬂ'l-%l ) ;_-‘- L4y
wlere . - S “T:_—_—__—: S—
g v 2
\T (l ¥ %‘r) & 4&%.- sin’ ﬂu‘#‘: (43
and _

ia the matter term, .'";'I""'" being the average electron number density along the
pautring leajsctory in Lhe eacth mantle.

The probabilily #31s, = 1] can be obtained from eg. {9a) by replacing the
factor a3, with o,

The correspendiog anliveutrine cransition and survival probabilitics bave the
same furm and can formally be obtained from egs. (Pa=c) by changing the sigo
af the matter term, e N — A in the expressions for =, ‘:':.'E" cos 244,
egs. (11)-(12), and by replaclag &, hy ..



At distances L < 6000 km apd for Ams -« 1077 oV23, the Amd, corrections in
PYiw, — ), Pelvg = o) and FF oy — 2. can be poo-ueglglible. It ls posslble
to derive alsn the expresslons for these prohahbilities including the leading erder
{CP-conserving and CF-violatiag) Am#, -corrections [34). One Aads in the case
of FE“lve = vyl

P ey — v 2 82 [1 4 coa d cot g 3in 20, ] PR Amg,, fua)

- B._L
+ vos®, win 2y sin 20 ein om]
.. AR -
x [m&(:i.mi-.- ——] — cos 217} sin ﬂ%ﬂﬂ)
& . & Af.L .
- 2eind din o sinln - =) .
ny snly ; ] , (153
where
Amy, =AM = o) An?, {18)
—
L |3 : 1 Lam?
foa S [_2311 +V - AR, - —’"E-“E ook 2.y (17)
Anr]
AN, £,381 10 Ay siyutz _
cosdh, = e e : 18}
. Jfﬂ: .5 3im iﬂ.: Oy reed R
sin 28, = — — = - 2L s sin 2y (19
“ amy, ey = Amf, cos 28, Amf 0 " )

Fil Bmay, Bia). AE, and cod 267 are given by (10] and (12) in which Aml, = Sy,
ForiBe = By} (P¥lp, » »)) romeq. (16) by ¥ — — ¥V and £ 5 — £ (d = — &)

The terma ~ cned and ~ sind o aq. (15) inclode the leading order CHP-conserving
and CDP-violating Amé, —corrections, associated with the phase 4.

The expression (15) was obtained by neglectiog the ~ (ras#,)®, (sin2#,]%, cosfl,sine,
and the higber vrder currections. Note that if Amd, < 2 x 107 &\ and for
Fpns e 125 em "N, (L2 1000 km), we have JEV > 1077 o2, and conseyuently
frosfiyl = 01 ot B = 4.5 GeV. For the indicated maximal valne of &mi and
[Bond ] 2= 1077 &V4, s, < 0.025 (0.05) one finds |sin2dl,| < 0.037 (0.045), Thus, i
|&my, & 40 = WY v ?, the eocrection ~ cod 8, wauld he the dominant ooe for

£ 5= 10) eV,
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Figure 1. Appesrance scent raves moa (o] f,- (7] due to the v, — v, and B, = B,
transitions i the eorth mante faolid hnes! and 1w vocuum (dasfhed hinss). as funsiions of
the buselice L for £, = 200GV [left) and £, = 50GeY [mghty. The difflerences Selwern

the aohd and o, i 0 re n# the earth matter effect. Bath
fulfi] = .nsumﬂft:,_= 2-10% e = ]'I:I.I s = 1}andsin? Eli;;. = 0.01§ The sraling of the
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Fipurc 2: Same 25 m fig. § bt for the disappearines channels. The dashed lnes soin-
eitfe atrroad perjectiy vath fhe solid dmes, showing thot mateer effocts ame negligibic tn chesc
eflasiete, :
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dny- (e WAE (GeV™H)

Figure 3. Differsntial appesrance rafes for the channels v, = v, (left) end 0, — 7. (right)
ar functivns ¢f L ond E for the samd valués of the poramelers for whech fg. [ was ob-
tained. The csymmefry, re. the enhancement of dnge(p”)/dE ond the suppression of
dn - (u*)/dE, at L 2 (5000 — 6000)km iz related to the MSW effect [sce the tert)

dn,+(p~)/dE (GeV™") dn,,- (u+)/dE (GeV™")

Figure 4: Same as in fig. ¥ but for o bears erergy of S0 GeV.

Figs. J and 1 show in move detail the diferential event maies of the sppearance channels
vy = 1, and i, =+ 7, as three dimensional plots over L and E,. The figures show nicely the
rmhancement (suppression) due to the M5W mechanism in the v, < v, (B, -+ §,) channel
for large bascline L. To understand these figures we can look av the values of dnyw(u™) /dE
and dng- [ ")/ dE for three different energies, B = (5; 10; 153) GeV, and two baselines L.
Spocifically we compare n relatively short baseline L = Ly = 1000 km with a long basclino
L = 6000 km where matter effects are more important. For L = 1000 km (L = §000 km} the
average matter electron density is N™ = 145 em™N, (NMen 2 2.0 cimn™IN, ), resulting in
a resnnance neutring energy of B, = 15.8CGeV [E,, = 11.6 GeV). The rescmance energy
ia thus only somewhat reduced for larger baselines. The carresponding values of Ay (L) =
L Awg, /(4F) and the matter effect factors C. and C_ which enter in PE*{w, — w,] and
Pl F.,) (see ege. (9), (10), (12) and (13)) are displayed in Table 1. =
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Figure 5. Contour hnes of n, wn the L-E, plane. We use Amj, = - 10 eV?
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Figure 8: .E’Eﬂuhwty of the statistical signsficance of matler effects to the value of Amd,
analogous o fig. 5. The left plot wses Arnfy = 1.0- 1072 eV? while for the right piot Amd, =
8.0 - 107*eV* wilh vtherwire unchonged perameters, As in fig. 5 the solid cordour lines
cornespond 2o n, = 10sin 26y - {1,2. 4, §, 16}.
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Figure 9. Sensitivity of the statistical significance of matter cfecis fo the value of Am3,
Jor fizedl = 8000 kmJos o function of Ey. The lines ek 0 &im 20, 471, Yor different .i'i.m-fl

vales,
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Subleading Ami,-effects

The LMA MSW solution: &md, = 2. 10 * eV, sin? 26,5 ~ D.5.
A880Ci i, can bwtoffe important. o
':'If Amji, is non-negligible, 4y, and 4 become relevant: f; = ﬁ‘:‘_'”u*__ihﬂ' e !:.H:,

In the llowing Audmetical tevalts we wse wu’ 20 = 08 amd, =0 (solid Line},
§=0, m/2, = 3r/2 (dashed Lines), sin® 26,3 — 0.1; 0.01, N, Nyge = 107,

The size of the Am). af¥eris depends croelally on tha value of ;.

-E,E_ﬁﬁ“

07 L 2 3 4 5671 10 07 | 7 3 1367 10
L1000 kmn ) 2 L/(1000 km)
- 2,
Ay, = A0 eV
Figure 10: Appesrance rvent rules ﬂ#-{,u_:' TLl.,,afp._] 1o matier wilhh suldesding :‘.‘L‘:n%l =

eV and four possibe valees of the OP-phase § = 0, =2, =, 3w /¢ againat boseline L
jdnakad linra) compared wnth the rorresponding cvent rares with saslioible Amd, Qolid linag)

Jor ihe channels g, = v, (lefi) ond &, = &, (right). Both figures nd de Ny = 2-10%,
g - nrm,rﬂ‘ 2y = 1, E’Hﬂu -_I_l_'.'!- and@in® 20, — L1,

1567 10

67 10 0.7 7
L/ 71000 ke

T3 4
L /(1000 km)

Figure 11: Same ns f1. 17 bui jmé‘:fﬂ 2 — 001 £
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Figure 12 Mocificolions in the differential event rate spectrrom (events per GeV) due (o

matter efanks for K, = 20 CeY. The solid finee cormespond 1o cscillarions raking plare m

iy eoreh mendie, wheie the doshed @ney are for camilulivng in vecuym, with Ams, =0 in

toth rases  The “enhancement”, the “broadening® and the "shafl” of Uie m':n'. orci lobion

ez v e v =3 », choannel za E decreczes, couzed by the MW rnffest :

T 3o an conpds of Aonl, correctiane fon
umea paramoicss arg g ;

u” I =
- . Mgl i
@uttcr Effects in the Energy Spent@

The MEW effect chanpes the probebibities compared to vacuum iv three gaoiine
ways: The first maximum of the oscillation probability as the enexgy decreases
in enhmnoed, its wideh is broadened and its center is shifted Lo lower euergivs.
Simdiarly uoe hay an “anti-MSW effect™ in the ancincutring appearance channel
which implics for the first oscillation maxiinum a reduction in height, again a
broadening and a shift to lower energies

uit
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