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Constraints on axial two-body currents from solar neutrino data
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We briefly review recent calculations of neutrino-deuteron cross sections within the effective field theory and
traditional potential model approaches. We summarize recent efforts to determine the counter term describing
axial two-body currentd, 5, in the effective field theory approach. We determine the counterterm directly from
the solar neutrino data and find several, slightly different, rangds ofinder different sets of assumptions.

Our most conservative fit value with the largest uncertainﬂyl}'§=4.5ﬁi§ fmS. We show that the contribution

of the uncertainty of ;5 to the analysis and interpretation of the solar neutrino data measured at the Sudbury
Neutrino Observatory is significantly less than the uncertainty coming from the lack of having a better knowl-
edge of6y3.

DOI: 10.1103/PhysRevC.68.055801 PACS nuni®erl3.15+g, 23.40.Bw, 25.30.Pt, 26.65t

A significant amount of theoretical work was recently di- and using convection current form of the vector operators in
rected towards the calculation of neutrino capture on deuRef. [9]. A detailed assessment of various approximations in
teron. Some of these efforts to describe this process utilizethese papers was given in Reff$0,11] using various nuclear
the effective field theory approach. In this approach nonlocapotentials. This work was recently updated in Rég].
interactions at short distances are represented by effective Radiative corrections to the charged-current breakup of
local interactions in a derivative expansion. Since the effecthe deuteron were calculated by Towner in Réf3]. Bea-
of a given operator on low-energy physics is inversely pro-c0Om and Parke pointed o{t4] inconsistencies in Towner’s
portional to its dimension, an effective theory valid at low treatment of radiative corrections. This inconsistency was re-

energies can be written down by retaining operators up to golved in Ref[15] and cross section calculations using more

given dimension. The coefficients of these operators are therﬁcent.values o, were given in Refs[1_5,1(:]. More re-
ently it was shown that radiative corrections to the charged-

needed to be fixed either directly by the data or can be fitte@urrent neutrino-nuclear reactions with either an electron or a
to the results of calculations carried out using more tradi-"" . . . ! .
) positron in the final state are described by a universal func-
tional approaches. tion [17]

F(_)r mécleon-nucllle(;)nf_mtgractlons I was s?ov(\j/n thf’g ON€  The counterternt,, describing the effects of the leading
can introduce a well-defined power countfig. To describe . 0ai axial two-body current can be determined either by

the processes dominated by the isovector axial two-body CUksomnaring various cross sections calculated using the effec-
rent one needs to introduce a single coefficient, commonlye field theory approach with those calculated using stan-
called L;x. This term then parametrizes the unknown axialgarg potential model approach or with experimentally or ob-
current which plays a leading role in the description of theseryationally determined cross sections. When the
uncertainties of all neutrino-deuteron interactions. Using antenormalization scale is set to the muon mass, dimensional
effective theory without piong2] such a calculation was analysis gives a rough estimate of this quantiy
carried out in Ref[3]. These authors found that the ratio of
charged- to neutral-current was fairly insensitive to this |Lip ~ 6 fme. (1
counterterm. To test the convergence of the results in[REf.
Butler, Chen, and Kong also calculated next-order correclt should be emphasized that this number depends on the
tions and found that no new parameters need to be intrg.enormalization scale and cannot be reliably used at lower
duced[4]. An alternative formulation of the effective field €nergies. Using the existing reactor antineutrino-deuteron
theory approach using heavy-baryon chiral perturbatioPreakup data provides a constraint[a8]
theory was given in Ref5].
The cross section for neutrino absorption on deuterium L1a=3.6%5.5 fnt. (2
was first calculated in Ref§6,7] utilizing an effective range Helioseismic observation of the pressure-mode oscilla-
approximation to describe the nuclear interaction, using thgons of the Sun can be used to put constraints on various
allowed approximation for the weak operators, and assuming, s into the standard solar model, in particular fe
that the final two-nucleon state has a relative angular mogsion cross section. This process has been calculated to the
mentum of zero. Fwst—forbujden _contrlbuuons to Fhe weaksifth order in pionless effective field theofil9]. Neutrino-
operators were included using Siegert's theorem in B8f.  geyteron and antineutrino-deuteron scattering are computed
to the third order in the same approach. The valuégfis
not the same in different orders. Helioseismology limits
*Electronic address: baha@nucth.physics.wisc.edu L;4=7.0+5.9 fn? in the fifth order[20]. Using the expres-
"Electronic address: yuksel@nucth.physics.wisc.edu sions given in Ref[18] this gives
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g FIG. 1. (Color onling The change in the al-
lowed region of the neutrino parameter space us-
ing solar neutrino data measured at SNO as the
value ofL, changes. In the calculations leading
to this figure the neutrino mixing anglé,s is
taken to be zergsee text The shaded areas are
the 90% confidence level region; 95%solid
line), 99% (long-dashed ling and 99.73%dot-

ted ling) confidence levels are also shown.
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Lia=4.8+6.7 frt (3 that even though we show the entire parameter space in this
. . ) figure in the rest of this paper we concentrated on the large
n the th|rd Ordel‘. State Of the art Ca|Cu|a'[I0nS Of tlblp mixing ang|e region which is preferred by the g|oba| ana'y_
fusion cross section are given in Ref&1,22] where the  sjg). We conclude that the uncertainty In, cannot be a
uncertainty in the axial two-body current operator wassjgnificant source of error in the analysis of SNO data.
adjusted to reproduce the measured Gamow-Teller matrix |n general, both the deuteron breakup cross section and
element of tritiumB decay. After performing the transfor- the total count rate at SNO are nonlinearLiia. SincelL,, is
mation from the flfth to thll‘d Order, the Calculation Of Ref Sma” the Charged_ and neutra|_current count rates can be

[21] indicates a value of linearized by making a first-order expansion, i.e.,
Lia=4.2+2.4 fnf. (4) count rate~ A+ B Lya, (6)

_One can also try to determine_ the counterterm direc_tlyas was done by CHR. Both the energy dependence and the
using the solar neutrino data. Using the Sudbury Neutringyyerall magnitude of théB flux is an input into the stan-
Observatory(SNO) and SuperKamiokand¢SK) charged  gard solar model. The energy dependence is rather accu-
current, neutral current, and e_Iastlc scattering rate data, Cheﬂately determined by the laboratory measurements of the
Heeger, and Robertsq€HR) find [23] 8B decay. The o(\g/erall m%gnitude of this flux is determined

_ by the rate of théBe(p, v)°B reaction in the Sun. This rate
L1a=4.0£6.3 . ®) is extrapolated down from the measurements at laboratory
In order to obtain this result CHR wrote the observed rateenergies(for a review, see Ref.27]). To account for the
in terms of an averaged effective cross section and a suigensitivity of the calculations on the value of tf@ flux
ably defined response function. In this paper we exploreve set®(®B)=fgds5\(°B) and calculate the total rate for
the phenomenology associated with the variatiorpf various values of the parametgy. Clearly the total count

In our calculations we used the neutrino cross section&ate should be proportional to the value if Note that
given in Refs[3] and[4]. The radiative corrections are taken the elastic scattering count rate is independentLgf.
into account following Ref[15]. To calculate observed solar Thus allowingfg to vary freely cannot be fully compen-
neutrino rates and spectra we used a covariance approach thated by changing;, as we discuss below.
details of which are described in Rg24]. In all calculations In Fig. 2 we present the quantityy?=x*- xa, calculated
to obtain the Mikheyev-Smirnov-WolfensteiMSW) sur-  as a function ofLys. In this figureAy? is projected only on
vival probabilities we used the neutrino spectra and solapne parametefL,) so thatn—o bounds on it are given by
electron density profile given by the standard solar model of\x*=n?. 63 is assumed to be zero. The solid line represents
Bahcall and collaborator®5]. the case in which all other parametéts,, 5m{2, andfg) are

The dependence of the extracted neutrino parameters amconstrained. The best fit value is givenlhy=4.5 f?. In
the value ofL;, is not very strong. We show how the param- this case.y4 is constrained between -7 frand 23 fnf at 1o
eter space changes with, in Fig. 1. In this figure to find the level. Such a wide range is not surprising since the depen-
allowed regions we fit 34 data points from the SNO day-dence of the rate oh,, is small and the effects of the pa-
night spectrum[26] using the procedure of Ref24]. The  rameters such a&,, o, andfg are much more dominant.
shaded area is the 90% confidence level region; @8kd  In order to obtain a better bound &y, we fix fz so that the
line), 99% (long-dashed ling and 99.73%dotted ling con-  total count rate of SN(26] is exactly reproduced at the
fidence levels are also shown. As;y changes from value ofL;, Which corresponds to the minimug? of the fit
-15 fr® to 25 f® we note that the changes in the shape ofwhile the parameter®,, and 5m§2 are unconstrained. The
the confidence level intervals are small. In the calculationgesulting fit is shown by the dashed line. In this casgis
leading to this figure we took the tot&B flux to be a free  constrained between -2 frand 13 fnf at 1o level. The dot-
parameter using the procedure discussed in Rdi. (Note ted line in this figure represents the case where we fix all the
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FIG. 3. (Color onling Values ofL;, obtained from different
analyses. The values labeled Balantekin-Yuksel are calculated using
the dashed and the dotted lines of Fig. 2 as described in the text.
Helioseismology limit is from Ref[20]. Reactor antineutrino limit
is from Ref.[18]. The limit obtained by CH3$23] is also shown.
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3 In Fig. 3 we compare our results with results from other

Lo (fm7) analyses. Our results are based on the dashed and dotted
lines of Fig. 2. We calculatedl errors by fitting a Gaussian
FIG. 2. (Color onling Projection of the globahy? function on  of the form

the parametet,. In the calculations leading to this figugs is

taken to be zerody, o, and the parametef (the multiplier of 1(Lia= L3992

the 8B flux) are varied. The solid line represents the case where all exp ~ E

these three are unconstrained. The long-dashed line is whéB the

flux is fixed as described in the text, but the other two are unconto each side of the marginal likelihood expressign

strained. The dotted line is wheh, and o, are also taken to be =exp—Ax%2) and estimate two standard deviations sepa-

the best fit values to the SNO energy spectra. rately for each sid¢34]. We obtain the error band shown

in the figure by symmetrizing those errors.

parameters excefht ,. We find the best fit values af;, and One of the open questions in neutrino physics is under-
standing the role of mixing between the first- and third-flavor

5m§2 in a global fit using 93 data points from solar and re- enerationss.. In this regard we also explored if the uncer-
actor neutrino experiments; namely, the total rate of the chipdenerat 13 IS regard w Xp : u
rine experimentHomestake[28]), the average rate of the tainties coming from the lack of knowl_ed_ge 6f and the

i . ' countertermi_;, are comparable. In the limiting case of small
gallium experiments(SAGE [29], GALLEX [30], GNO .,y and om3,> oms,, which seems to be satisfied by the
[31]), 44 data points from the SK zenith-angle spectf3aj, 13 ! L

. : measured neutrino properties, it is possible to incorporate the
34 data points from the SNO day-night spectri#il] and 13 ot o1 of g, , rather easily. In this limit the three-flavor sur-
data points from the KamLAND spectrufB83]. In addition ;4| probability is given by[35,36,24
we fix fg so that the total count rate of SNQ6] is exactly
reproduced. If we were to exclude SNO data from the global P, (v, — v,)
analysis and tooKgz=1 instead of fixing as described above . .
this method would be tantamount to treating SNO as an ex- =08 013Pyyp(ve — ve With Ng cOS’ 69) + sirf' 6.
periment to measure only; 5 so that the uncertainties in the (8)
SNO data would only show up as the corresponding uncer-

tainty atL;,. From the dotted ling 4 is constrained between In Eq. (8) the quantitszxz_(ve—> VeWith.'\.Ie cos 1) is the.
2fm? and 8 fn# at 1o level. In a sense this latter range standard two-flavor survival probability calculated with

represents the “best case” limit dn, that one can obtain .th.e. mod|f|e.d.electr0r! densithl, cos’ 613 and the standard
from SNO. It is worth emphasizing that thé minimum is initial conditions. This suggests that for small values of
almost the same in all these cases. In all cases we obtain 43 the surwv_al pr(_)bab|_I|ty and consequently the counting
best fit value ofL,, around 4.5-5 friiwhich is a little larger rate can be linearized in cbgys

than the value obtained by CHR. These authors use elastic Count rate~ A+ B(1 - coé 6y5). (9)
scattering, charged-current, and neutral-current rates sepa-

rately with effective cross sections. Since we fit the solarThe neutral- and charged-current counting rates linearly
neutrino day-night spectrum directly by folding differential depend orL,;, while elastic scattering rate does not. Con-
cross sections, detector response functiBBspectrum, and versely the charged-current and elastic scattering rates lin-
the MSW survival probabilities, we need a slightly larger early depend on c6,; while the neutral-current rate
Lia does not. Hence it is reasonable to compare their relative

)

OLia
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20| BestFitto SNO___ /! Global Bést Fit i 8B flux is unconstrained. We observe that the uncertainty
] s coming from the lack of a better knowledge @5 is
larger than uncertainty coming from not knowihgj, pre-
cisely. One also observes that &s increases the allowed
L,a region shifts toward larger values afi,. When 6,5
=0 the electron neutrino flux is lost into only one channel:
a particular linear combination gf and 7 neutrinos[37].
But when#,3+# 0 additional flux is lost into the orthogonal
channel as well. The slightly decreased electron neutrino
survival probability reduces the charged-current and the
elastic scattering count rates so that a slightly lalggris
needed to compensate the resulting decrease in the count
rates at each bin.

In conclusion we showed that the SNO experiment with
increased statistics using additional input from other solar
neutrino experiments can significantly reduce the uncertainty
in determining the precise form of the axial two-body cur-
rents at low energies. We also showed that the contribution
of the uncertainty irL;, to the analysis and interpretation of
the SNO data is nearly negligible. The effect of this uncer-
tainty is smaller than the effects of a nonzero valu&gfor

AL VAL LU DA LA LS UL LA Zul The |ight_shaded region Corresponds to the case when the

3 ) 3
Ly, (fm°) Ly, (fm’)

FIG. 4. (Color onling Allowed parameter space wheh, and
5m§2 are fixed to give the minimung? values to reproduce the SNO
day-night spectrungleft-hand panegland all solar neutrino experi-
ments along with the KamLAND experimeiitight-hand panel
The shaded areas are the 90% confidence level region;(96kd

line), 99% (long-dashed ling and 99.73%dotted ling confidence

levels are also shown. The dark-shaded region corresponds to tRyen t_han the effects of pOSS'b.Ie solar densr[_y flgctggtlons
case when théB flux is fixed to be the standard solar model value. [38]. Finally our most conservative value foiy is signifi-

The light-shaded region corresponds to the case when that flux §&ntly larger than that was obtained by CHR. One reason for
unconstrained. this may be the treatment of neutral- and charged-current

count rates together in the global analysis.

contributions. To this end in Fig. 4 we show the allowed \We thank R.G.H. Robertson and Jiunn-Wei Chen for valu-
013 and L., parameter space whey, and &nﬁz are taken able comments on the first version of the paper and M. But-
to give the minimumy? values to reproduce the data. Re- ler for useful discussions and providing us the cross sections
sults where the fixed values @, and amfz obtained us- of Refs.[3] and[4]. This work was supported in part by the
ing only the best fit of the SNO datgeft-hand pangland  U.S. National Science Foundation Grant Nos. PHY-0070161
using the best fit of all the solar neutrino data along withand PHY-0244384 and in part by the University of Wiscon-
KamLAND results(right-hand panelare both shown. The sin Research Committee with funds granted by the Wiscon-
dark-shaded region corresponds to the case wherl.  sin Alumni Research Foundation.
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