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Solar neutrino zenith angle distribution and uncertainty in Earth’s matter density
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We estimate in this paper the errors in the zenith angle distribution for the charged current events of the solar
neutrinos caused by the uncertainty of Earth’s electron density. In the model of the Preliminary Reference Earth
Model with a 5% uncertainty in the Earth’s electron density we numerically calculate the corrections to the
correlation betweefiN]5/[N], and[N],/[N]3, and find the errors notable.
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Forthcoming results from SN{1] include a measurement andP; is the probability of thev,— v, conversion inside the
of the day-night asymmetryApy) [2—5]. This measurement Sun [9,6]. During the night-time, the presence of Earth’s
is crucial to confirming the matter conversion solution to thematter leads to a zenith angle dependent regeneration of the
solar neutrino problem. The analysis on the zenith angle disy,,
tribution of the events during the night may provide some
insight into distinguishing the various Mikheyev-Smirnov- PN=P;+(1-2P;)Pye=PP—2Xf g, ()]
Wolfenstein (MSW) solutions, i.e., large mixing angle
(LMA), low mass, low probabilityL OW), and small mixing
angle (SMA) [6]. In the calculation of the regenerated
flux, the electron density of Earth’s matter with which the
neutrinos interact is a critical quantity. The uncertainty in

Earth’s matter density and chemical components can be @ the regeneration factor which vanishes in the absence of

maj'or cause of error Ao an_d the zenith angle distribution. Earth’s matter effect. Defininﬁ as the regeneration factor
So it will be interesting to estimate these errors. Furthermor 9

e . .
since the experimental value @, is around—0.047[2] integrated over the zenith angle, one has the day-night asym

whereP,, is the probability of thev,— v, conversion inside
the Earth X=P;—1/2. And

freg( 0,)=Pyc(Earth’'s matter— P,o(vacuum,  (4)

and the theoretical expectations on the zenith angle distribu- etry,

tions are small in magnitudeé], it is necessary to perform a pN_ pD _oXF.

quantitative estimation on these errors. Apn= = (5
In this paper we follow the procedure outlined[if| and 3 (PN+PP) 0.5+ (cos 20— f o)X

study the uncertainty in Earth’s matter density, then investi- .

gate its implications on the predictions&f, and the zenith The matter effects have entered the day-night asymmetry
angle distributions. We quantify the uncertainties of Earth'sthroughf,e,. Formally,

matter in terms of two parameters: one&SN./N,, the varia-

tion in magnitude of the density which generally _is ex_pectedPZE(EV ,0,)=
to be around a few percent; the second onediswhich

specifies the limitation on the spatial dimension by geophys-

ics e>§per|me_nts and inverting calculations used in the fit of +sin6[Texp[—if
Earth’s density models. In general the scaleis not much 0
larger than the neutrino oscillation length, e.g., in the case 6)
with the parameters of the favored LMA solution, so its ef-

fect might arise beyond the linear order. We will show in thiswhereD = 12742 is the diameter of Earth in kilometers and
paper that this effect causes a sizable error in the zenith a”gﬁ’[NZZ(x)] is the effective Hamiltonian for the given trajec-

distributions. : .
. . . . . tory with zenith angled,,
To begin with we consider a two-neutrino mixing model y 9'&%

~ (Dcosd, 0
cosf|Texp| —i Jo HINZ(X)JdX]]ee

D cosd, 2

HINZZ(x)d ] o,

for simplicity. As discussed if4,8] the neutrino can be Am? (2 sirfd  sin26
treated as a incoherent mixture of two mass eigenstates. In H[sz(x)]= 1E ( in20 2 col )
the daytime the survival probability far, is given by v\ Sin26 cos ¢
( V2GeNg(x) 0) o
+ .
PP=P, cog6+(1—Py)sirte, (1) 0 0

In Eq.(7), Ngz(x) is Earth’s electron densitfeED) along the
where the mixing angle is defined through, trajectory of the zenith angle, . If the density is known, the
regeneration factofeq=Pe— sirfé can be calculated accu-
rately. As an example we take the Preliminary Reference
v1=C0S0ve—sinfv,, v,=sinfv.+cosbv,, (2) Earth Model(PREM) [10] and plot in Fig. 1a) the regenera-
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%15 ” FIG. 2. Charged current event rates vs the zenith angles. The
dotted line is for the LOW and the dashed line for the LMA. The
0104 solid straight line is the data of the SNO observation.
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FIG. 1. Plot of the regeneration factor vs the zenith angles for
neutrino energy at 11 MeV. Earth’s matter model of the PREM anc ~ 0-3001
the neutrino oscillation parameters in E§) have been useda) ]
The solid line is for the LMA while the dotted line is for the LOW. N,
(b) The error bars correspond to the corrections due to the 5%  0.207
uncertainty in the matter densitthe PREM. The fluctuation in the : ' ' : ' ,
LOW case is smaller than the LMA case, so we have not showr
them explicitly in this figure. 1 N
0.445 - (b) 2 N
tion factor as a function of the zenith angle. In the numerica 4
calculation we take the neutrino energy to be 11 MeV anc 4404
the oscillation parameters to p&l] ] N,
_ 5 0.435 4
LMA:  Am;,=3.7x10°, tarf§=0.37, =
O
4 0.430
LOW: Am;,=1.0x10"7, tarf6=0.67. (8)
" . 0.425 - N,
One can see from this figure that the regeneration factor N,
oscillate periodically with certain lengths. And different os-
cillation lengths correspond to different MSW solutions. 0.420 —— 71—
Given the parameters in E@8) and the standard solar 00 02 * s ° 08 10
z

density [12], we follow [6,9] and obtain numerically that
cos ¥g~—1 andP.~0, which can be used to get the  FiG. 3. Plot of the charged current event rates averaged over
*?Vl conversion in the Sun. FlUCtuatlon.S in the solar denSltyoinS as a function of the zenith ang|ea) is for LMA which cor-

will affect P;, and consequently also influence the MSW responds to the dashed line in Fig. ®) is for the LOW corre-
solutions[13]. In that situation a variance d®° has been sponding to the dotted line in Fig. 2.
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| FIG. 5. Plot of the correlation betwed /N, andN, /N3 . The
0.320 center of the cross corresponds to the best-fit LMA, the star is for
-t . the best-fit LOW. The error barigross span a rectangle and indi-
------------ cate a possible blur due to the uncertainty of EED.
0.315 -
sity profile. Denoting the averaged Earth’s density function,
sod such as the widely used PREM t¥.(x), we haveNg(x)
=(Ng(X)) = [DN]F[Ne(x),X][DNe], where F[Ng(x),X]
'g‘ E— [DN] is the probability of obtaining the EEDI(X) in the
= 0.305 —_— neighborhood of x:
os0] F[Na(x),X] !
B 1 X ,X e —
_____________________ ¢ Ne(X) \/27rs(x)
0.295 X exp{ — I3 Na(x)/No(X) [/[25%(x)1},
"""" _ 2
0.290 S(X) = VI 1+r5(x)],
______ No(x) =Ne(x)exi —s*(x)/2), C)
0285 ) v 1 v ) v 1 v ) v 1
00 02 Mcos 096 08 10 where r(x)=oc(x)/Ng(x) characterizes the precision of

FIG. 4. Plot of the errors in the charged current event rates for
the LMA vs the zenith angle¢a) shows the error bars attached on
the dashed line of Fig. 2b) The solid line is the same as that in
Fig. 3(a@). Between the dotted lines are the errors caused by the<p2€(Ewgz)>

uncertainty in the electron density.

defined to estimate the relevant erfdd]. In this paper,

Earth’s electron density.
The averaged value and the variance of the» v, con-
version probability can be written now separately as,

f P,o( 6, F[N(x)][ DN

|
H FINZZ(x;), X TdNY(x;) Poe( 6,)

=lim

| —o0

however, we concentrate on the errors caused by the uncer-
tainty of EED.

The EED available today is known only to some certain
precision[15,16]. As to the PREM, significant uncertainties
due to the local variation have been documenfied. Quan-
titatively its precision is roughly 5% averaged per spherical
shell with thickness of 100 km or 4d.8]. The uncertainties
of Earth’s matter density cause errors in the calculation of the
ve Survival probability during the nighttime. In the following
we study numerically the uncertainties in the solar neutrino
zenith angle distributions.

As described in detail if7], we introduce a weighted
average over the whole sample space of possible Earth’s den-
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XNZ(XD), - .o NZ(X), - . NZ(x))H]
K
= lim K~ 12 P(NY),

K—o
5freg é\PZe( Ev ’ 02)

E\/<P§e(Eu102)>_<P26(Eu102)>2
K 1/2
lim (K=1)7* 3, (Py—(Pae))?
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0315+ count in the exact numerical calculation; however, to reduce
-------- the error caused byx a more precise density profile is
----------------- needed. Especially wheéx is comparable to the neutrino
o304 oscillation length in matter, one has to be careful in estimat-
........................... ing the errors for oscillation probability.
I In Fig. 1(b) we plot 6f,.q and f, .4 as a function of the
0.305 - _— zenith angle. One can see from this figure that the LMA
suffers a larger error. For the LOW the error is roughly 2%
and for the SMA the error is much smaller. So we have not
.......... shown them in the figure. Integrated over the zenith angle, it
gives rise to a correction of 20% roughly to tAgy for the
""""""""""" LMA; however the corrections are small for the LOW and
------------- the SMA. Combined with Fig. (), we see that the errors are

0.295 v T T v T LMA LOW it H
00 02 0 o6 08 o small so thatAgy™ andAgy~ can be distinguished.

[CC]

0.300

a) cos 6 To see the effects on the solar neutrino observations, we
: now estimate the errors in the rate of the charged current
1.04 5 events during the night-time. Followini®] we define the
. normalized rate of the charged current events as
NN,
52 1.02 4 [CC](QZ)ENCC/NE(S:M
or- - | ar.| aepE. 0,
1.00 —_— Eth EV
059 xf dT'dcos6 o(E,,T',cos6,)
0.98 * ssm
] XR(Te,T")/N
0,974 ( e ) cC
0ss L. — — N SSM
098 1.00 1.02 104 108 ond E,®(E,)P(E, ,0:)0cc(E,)/NEe™, (11)
b) N, /N, v

FIG. 6. (@ is th in Fig.(6, but with a 2% EED where®(E,) contains both the neutrino flux from the boron
- 0- (@ 1S Ihe same as In 1g.(8), but with a 2% decay and the HeP chain in the Sufil9,5], andNEMis the
. . . . 2 CcC
Zr};clesrtsa::gég dtr:)ef alélsggw? delb) The same as Fig. 5, but with normalization factor which equals the integral in the right-
' hand side taken @"=1. From the second to the third line

We evaluate the functional integrations in E@0) using a  of Eq. (11), the integration of the differential cross section
method similar to that of the lattice gauge theory. In thewith respect to the recoil electron kineti€s and the scatting
numerical calculation we discretize the neutrino path into langle 6. has been replaced by a total charged current cross
bins,dx; (i=1,2,...)) and in theith bin the EED function  Sectionocc of the neutrino on the deuteron, since the pos-
N.(x) is given by Eq(9). Furthermore, we have replaced the sible uncertainty fronT,, 6, can be canceled in tH&C] as

functional integration over the EED by a sum okearrays, a ratio of N¢c to Ngg'\". The E, dependence i is ac-

N‘(ek)k: 1,2,...K.In Eq(lO) ’ﬁ)k is the conversion probab“_ cessed by employing Q.U|Ck functionfrom interp()lationin

ity evaluated with thekth density profileN® . As for the  [20]. The starting point of the neutrino energy is setEt
PREM each point in the arraN® which consists of ~Q%Ew, with Q=1.442 MeV being the deuterium
No(xq), . .- Ne(X), - .. Ng(x;) is generated from the threshold energy anéd,,=5 MeV the electron threshold en-
PREM weighted with a Gaussian-like logarithm distribution. €79y In Fig. 2 we plot the zenith angle distribution of the
Since the deviation from the PREM due to local variation ischarged current events rate in E@l). One can see that the
roughly 5% and the deviation is averaged per spherical shefpNO charged current data lies in the middle between the
with a thickness of 100 km, we take=5% and choose the -MA and the LOW. This serves also as a check of our nu-
bin sizessx; to be the distance the neutrino travels along theMerical calculation. Following the binning method|6f, we
path of the zenith anglé, within a spherical shell of thick- plot in Fig. 3a) and Fig. 3b) the charged current events vs

; ; bins [note for the fifth bin co®,~(0.83,0.92) in the case of
ness 100 km. So in generék; will not be equal except for z
6,-0. ng A qual excep the SNG, which shows that for the LMA

We note that the EED uncertainty scafe differs from [N];<[N],<[N]s=<[NT,<[N]s (123
the one} ;= p/(dp/dx), considered ij6] to characterize the '
flatness(adiabaticity of the density profile. Both of these and for the LOW
scales are important to the studies on the neutrino oscilla-
tions in matter. The effects of thg can be taken into ac- [N],=[N],>[N];~[N];>[D]. (12b
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Quantitatively, it reads, [N]s/[N],=0.999~1 and So far we assume the precision of the PREM is 5%. Cer-
[N],/[N]3=0.995~1 for the LMA while [N]s/[N], tainly errors on the zenith angle distribution become larger if
=0.982[N],/[N]3=1.053 for the LOW, from which it the uncertainty in Earth’s electron density is bigger. Sure a
might be possible to distinguish the LMA from the LOW. modern Earth’s density model with higher precision will re-
The calculation for the SMA can be easily worked out; how-duce the errors considered in this paper. As an example we
ever, for simplicity we will not repeat it here. take density model AK13521]. The precision of AK135 is
Making use of Eqs(3), (10), and (11) we estimate the Widely considered to be about 1-2%, and its uncertainty

errors in the charged current events rate caused by the unc&c@l€ is roughlydx=50 km since the model was presented
tainties in Earth's electron density In a data table. Taking a 2% uncertainty in the electron den-

sity we show our results in Fig. 6. One find$N(s
—S8[N]s)/([N],+ 8[N],)=~1.033 while (N],+ S[N]5)/([N]5
5[CC]“f JAE®(E,)(=2X6feg)occ(E,), (13)  —§[N]3)~1.017. From Fig. @), we see the gap between
E the LMA and the LOW enlarged. This makes it easier to
which we show in Fig. 4 by the error bars. To avoid multi- distinguish the LMA from the LOW than the prediction from
the PREM.

fold integration which is computer time consuming, we in- . S .
vestigatesf .4 at neutrino energies of 8,10,11,12 MeV and In summary, we ha\(e e;tlmated in this paper the errors in
find the results almost unchanged. To be conservative nge zenith angle dlstrlputlon .Of the charged current event
have used the maximal value féf . rates of the_solar neutrinos originated from the el_ectron den-
We see from the figure that the e?rors become larger as tl"@ty !J!"CG”"’."”W- Our results show that the correctians are nat
zenith angle increases in the case of the LMA. Averaged Ove§|gn|f|_cant in the cases of the LOW and the SMA; *.‘OW‘?Ve“
bins we have [(N]s— [N]s)/[N],~0.935 while {N], ©TO IS notable for the LMA. Even though our estimations
+8[N])/([N]s— 6[N]s)~1.043. As indicated in Figs. are given for §pe_cn°|c parameters and qualltatl\_/ely, the re_sul'_ts
13-16 of[6] that the LMA sheet in their correlation figures of t.h's paper 'Ud'cate that to observe t,he zenith angle Q'St.”'
mainly stretched along thap,, direction, we study a corre- bution a precise knowledge of Earth’s electron density is
lation betweerl N]5/[N], and[N],/[N];, which we show necessary.
in Fig. 5. One sees that the poifit,1) for the LMA is swol- The work is supported in part by the NSF of China under
len into a rectangle close to the point (0.982,1.053) for theGrant No. 19925523 and also supported by the Ministry of
LOW. In this figure we have not shown the error bars for theScience and Technology of China under Grant No. NKBRSF
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