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Limits on active-sterile neutrino mixing and the primordial deuterium abundance

Christian Y. Cardall and George M. Fuller
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319
(Received 20 March 1996

Studies of limits on active-sterile neutrino mixing derived from big bang nucleosyntt#&BI8) consider-
ations are extended to consider the dependence of these constraints on the primordial deuterium abundance.
This study is motivated by recent measurements of D/H in quasar absorption systems, which at present yield
discordant results. Limits on active-sterile mixing are somewhat relaxed for high B2K(10~4). For low
D/H (=~2%10°%), no active-sterile neutrino mixing is allowed by currently popular upper limits on the
primordial *He abundanc¥. For such low primordial D/H values, the observational inference of active-sterile
neutrino mixing by upcoming solar neutrino experiments would imply ¥thatas been systematically under-
estimated, unless there is new physics not included in standard EEIS56-282(196)50314-(

PACS numbdrs): 14.60.Pq, 14.60.St, 26.36c

Upper limits on the abundance dHe produced in big »,-v mixing [8]. Here 5m? and sirf26 are the difference of
bang nucleosynthesi®BN) have been used to limit miXing the squares of the neutrino vacuum mass eigenvalues and a
between activei, v,, or v,) and sterile ¢, no standard measure of the vacuum mixing angle, respectively, associ-
model interactionsneutrinog]1]. In this paper, we point out ated with two-flavor neutrino mixing. These studies showed
and discuss how these constraints are dependant on thieat for >2.8x 100 both thev - v5 solution to the atmo-
adopted primordial deuterium abundance. Previous limits ospheric neutrino problenj9] and the v.-v¢ large-angle
sterile neutrino mixing have assumed a value for the loweMikheyev-Smirnov-WolfensteiiMSW) solution to the solar
bound on the baryon-to-photon ratip derived from inter- neutrino problenf10] are excluded foiy<0.247.
stellar medium and solar system measurements of deuterium In our study of the primordial D/H dependance of BBN
(D) and 3He, and models of chemical and galactic evolution.constraints on active-sterile neutrino mixing, we have em-
Recent measurements of D/H in quasar absorption systenf¥oyed the same neutrino evolution formali$th7] as pre-
(QASS have yielded discordant values of this ratio, someVvious authors. We have neglected any net lepton number
higher than previously derived rangf#], and some lower contributed by the neutrinogAn |r_1|t|al lepton number of
[3]. Several factors make an investigation of the primordialdreater than about I6—about six orders of magnitude
D/H dependence of BBN constraints on active-sterile neu!@rger than the known net baryon number—would allow the

trino mixing timely: the discordant QAS measurements of IMitS presented here to be evadgtl]. Also, the recently

D/H; the fact that future solar neutrino experiments may be(eported effect of active-sterile “99”‘”0 mixi_ggneratinga
able to distinguish and identify,- », mixing [4]; and the use net lepton number does not occur in the regions of parameter

. ! . > . space we consider he[&2].) In this case, the neutrino and
of sterile neutrinos in schemes for neutrino masses and Mix; -0 - o - sactors evolve identically. A Fermi-Dirac mo-
ings that explain all available dafa]. !

; mentum distribution for all neutrinos is assumed, but allow-
,Asis well known (e.g., Ref.[6]), the abundance of ,.:q is made for nonequilibrium number densities. The dif-
He produced by BBN is essentially determined by the

. o ferential equations in the formalism yield, ,n, ,n, ,n,,
ratio of neutron to proton number densities/f) at . . e M T s
“weak freeze-out” (WFO). WFO occurs when the reactions andT as fl.mc.tlons of time. Hera, denotgs the fraction qf
that interchange neutrons and protons proceed too slowl full fermionic degree of freedom contributed by neutrino
relative to the expansion rate of the universe to kegp  SPeciec, which we shall hereafter call the “number density
at its equilibrium value of n/p~exp(~Am/T). Here Parameter” of neutr_ino species In the_ equations below we
Am=m,—m,~1.293 MeV is the neutron-proton mass dif- will take n, =n,, since we are working under the assump-
ference, andr is the photon temperature. Mixing between tion that the net lepton number contributed by the neutrinos
active and sterile neutrinos increasegf)wro, and there- is negligible.
fore the primordial®*He mass fractiorY, in two ways. First, In our BBN computation we have employed the Kawano
active-sterile neutrino mixing effectively brings more de-[13] update of the Wagonéf 4] code, with the latest world
grees of freedom into thermal contact, increasing the energgverage neutron lifetime=887.0 s[15], the reaction rates
density and hence the expansion rate of the universe. Secoraf, Ref. [16], and a correction oft 0.0031 toY due to finite
active-sterile mixing—especially,- v, mixing—depletes the nucleon mass and timestep-dependent effilcts We have
electron neutrino and antineutrino populations, reducing theltered the Kawano code to use the ‘temperature series’ of
rates of then« p interconversion reactions. Both of these neutrino number density parameteT;sX(T) to compute the
effects cause/p to freeze out at a higher temperature.  energy density contributed by neutrinos and the p inter-

Using a neutrino ensemble evolution formali§in7] that  conversion rates. The neutrino energy density is
includes both neutrino oscillatior{svith matter effects and ;.2
neutrino collisions, previous authof&] have produced ex- o m "
clusion plots in thesm?-sin’26 plane for bothv.-v, and Pv=g 15 (Mt My, Ty 1T @)
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In these expressions=E./m,, whereE, and m, are the teresting, given the recent emphasis on the systematic uncer-
total electron(or positron energy and rest mass, respec-tainties in the determination of the primordi4He abun-
tively; z=m./T; z,=m./T,, whereT, is the appropriate dance as derived from helium recombination lines in
neutrino temperatureg=Am/m,; andK is a constant ob- extragalactic Hi regions/19]. The conclusions reached from

tained by solving the equation

Fig. 1 are essentially the same over the rangesof

(107°~10"* eV?) for the proposed,-» mixing explana-

im N pey=1/7 (8)

Z,ZV~>OO

for K, wherer is the experimentally measured neutron life-
time.

The lower limit on#» obtained from a standard BBN cal-
culation withN,= 3 is not appropriate for BBN with active-
sterile mixing. This is because the lower limit gndepends
on the expansion rate, often codified as an effective number
of neutrino generationBl, [18]. Since active-sterile mixing
increased\, (at least for the range of parameter space we
consider herg12)), it affects the lower bound ofy. There-
fore, we will plot our results as a function of the primordial
D/H value—the experimentally determined quantity—rather
than as a function ofy. These considerations are most im-
portant for thev .- vs atmospheric neutrino mixing solution,
and much less importarinearly negligible for the ve-vg
small-angle MSW solution to the solar neutrino problem.

In Fig. 1, a representative ,-vs atmospheric neutrino
mixing solution m?=1.0x10 2 eV?, sirf20=0.6[1]) is
assumedand the resulting BBN*He vyield is plotted as a
function of the BBN D/H yield. The value of; (given as
710=10'9%) at various values of D/H is also indicated on the

0.265 71— T
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p
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FIG. 1. BBN yields for a typicalv,-vs atmospheric neutrino

figure. For a given value of D/H, the implied abundance ofgg tion (Gm?=1.0x 10~2 eV?, sir?26=0.6). The solid curve is the
“He can be interpreted as the observational upper limit re4je mass fractiory vs D/H. The squares indicate, from lower left
quired to constrain the solution. Alternativelydatectionof 5 ypper right, 18P7= 1.7, 2.3, 3.0, 4.6, 6.6, 8.6. The dotted lines
these neutrino mixing parameters by, for example, future atmdicate the ranges of “high” and “low” D/H inferred from QAS
mospheric neutrino experiments would yield an independenétudies. The dashed lines indicate two possible upper limit¥:on
determination of the primordiatHe abundance, so long as the currently popularY=0.245, and the more conservative

D/H were known from QAS studies. This could be very in- Y=

0.255.
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v,-vs atmospheric neutrino solution is still somewhat con-

A R R A ] strained[24] if current observational inferenc¢25] of pri-

- P mordial *He are correct)Y =0.234+0.003=0.005, where

L S the first error is statistical and the second systematic. Of
; ’ : : course, if thisv,-vs atmospheric neutrino mixing solution

were inferred from atmospheric neutrino experiments, and

QAS studies confirm D/H=2Xx 10" %, the implied*He abun-

dance ofY~0.245 would be significantly higher than the

central value ofY =0.234 cited above.

The v.-vs small-angle MSW solar neutrino solution is
allowed for D/H~2x10"4. Figure 2 shows that an obser-
vational upper bound of=0.232 would be required to re-
strict this small angle solution if such a high D/H is indeed
the primordial value.

Other very high quality QAS data—arguably beftg} for
the determination of D/H than that used in R&fl—suggest

g g g D/H ~2x 10 ° [3]. This value of D/H is incompatible with
PAPITIRRIN A SRS R DI S standard BBN withN,=3 [17,18,2§ for current observa-
1072 ﬂ)% 19 tional inferences of the primordidHe abundancef@5), and
any mixing with sterile neutrinos would only exacerbate the
_ _ problem. As mentioned previously, however, it has been ar-
~ FIG. 2. BBN yields for a typicabe-vs small-angle MSW solu- - gued thatY has been systematically underestimated, and a
tion to the solar neutrino problem 6(?=4.0<10"° ev? oo appropriate upper limit oY may actually be
Ei/r:jzﬁsw 1073)'.1—2.6 stolic: curvle Is thlé:f mass ff?‘:ﬂ]‘t’{g;és Y=<0.255[19]. It is unlikely that the systematic error Mis
. € squares Inaicate, frrom lower left to upper rignt, . . .
15, 2.0, 2.6, 3.6, 4.6, 5.6. The dotted lines indicate the ranges ?ﬁuihzi)fouf)gv Lh(?\;\‘;(;\l;ératg)zseec:{ilgnni?ttrr:go_iOILSJtrIT?;I_for
“high” and “low” D/H inferred from QAS studies. The dashed : L . e s .
Iinegs indicate two possible upper Iimit(sgoh the currently popular angle MSW solar neutrino §(glut|0n, together with a solid
Y=0.245. and the more conservative=0.255. determination o_f D/H~2X 10. ,_vyould require thqlY has
been systematically and significantly underestimated by
) . . about 0.015see Fig. 2, unless there is nonstandard physics
tion of the atmospheric neutrino problem. _during the BBN epoch26]. This is a somewhat trivial point,

Figure 2 is similar to F|g._ 1, but with a repre_sentatlve since the mixing parameters of the small-anglev, MSW
ve-vs small-angle ';"SW solug(gn to ghe solar neutrlnoip:‘;rob- solution produce only slightly moréHe than the standard
lem assumed gm*=4.0x10"° eV?, sirf20=8.0X10 BBN picture withN, =3, for which the “crisis” at low D/H
[20]). These 4rmxmg parameters have only a very small effectg \vell known [17,26,18. Useful constraints on the,- v,
on the BBN "He yield. For the most recent data from solar go5)|_angle MSW solar neutrino solution would require very
neutrino experiments and the standard solar md@al,  ,ecise observational knowledge pfandY. This may, how-
there is nove-vs large-angle MSW solution to the solar neu- gyer il be interesting in view of the fact that future solar
trino problem[20]. » , neutrino experiments may be able to distinguish the sterile

Some of the QAS data suggest DA-2X 10 7£2]' Fig-  neutrino oscillation-based solution from other solutiak
ures 1 and 2 show the range DAH1.5—-2.3x10"", as de-  also, many models that seek to satisfy all available con-
termined in Ref[22]. This range of D/H implies a lower ¢iaints on neutrino properties employ the v, small-angle

bound on7 that is significantly lower than that used in pre- psw solar neutrino solutiof5] (but see Ref[27)).
vious studies. Since a lowey implies a lower*He yield,

high D/H relaxes constraints on any effect that increases the This work was supported by the National Science Foun-
expansion rate, including mixing with sterile spec[@8].  dation through NSF Grant No. PHY-9503384, and by a
Figure 1 shows, however, that for D/H2x10 % the  NASA Theory Grant.
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