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Neutrino-nucleus interaction rates at a low-energyB-beam facility
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We compute the neutrino detection rates to be expected at a low-eBdrggm facility. We consider various
nuclei as neutrino detectors and compare the case of a small versus large storage ring.
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I. INTRODUCTION quantity—namely,L; ,—related to the axial two-body cur-
rent, which dominates the theoretical uncertainty in neutrino-
The pioneering experiment of DaVi$] has started the era deuteron interactions. For heavier nuclei, in the tens of MeV
of neutrino astronomy. Because they only have weak interenergy range, the reaction cross sections are dominated by
actions with matter, neutrinos are precious messengers @bllective modes, like the Gamow-Teller resonance or the
what happens in the interior of stars, like our sun, or inisobaric analog state, which have been extensively studied in
explosive phenomena, such as supernova type-Il explosionthe past[16]. As the neutrino impinging energy increases,
Such astronomical neutrinos therefore provide an importarfransitions to states of higher multipolarigguch as the spin-
source of information for our understanding of the life anddipole or higher forbidden transitionsobecome important
death of stars. Nuclei are commonly used as detectors ifiL7]. The latter also play an important role in the context of
neutrino observatories as well as in various experiments ainfore-collapse Supernova physidd8,5,19,17. Although
ing at studying intrinsic neutrino properties, such as theisome information on these states can be gathered through
masses and mixings. A precise knowledge of neutrino9ther probes, such as charge-exchange reactitf)smuon
nucleus cross sections is needed for the interpretation §@Pture[20], or inelastic electron scatterirjg1], the experi-
these measurements and/or to study the feasibility of neW€ntal information is rather scarce. Note that the understand-
projects. The understanding of neutrino-nucleus interaction g of neutrmo-parbon reac_tlons_wnh neutrlnos_produced
is also of crucial importance for various astrophysical pro- rom the decay in flight of pions is still an open issue, for

. . . ost of the theoretical calculations overestimate the experi-
cesses. Timely examples include neutrino nucleosynthes ental value[22]. So far, measurements with low-energy

[2,3] or the nucleosynthesis of heavy elements dl_mng th%eutrinos have been performed in a few cases only—namely,
so-call_edr procesg4-8). If the latter takes pla(_:e du_rlng the deuteron 23], carbon[24], and iron[25]. Systematic studies
explosion of supernovas of type II, where a gigantic amoun 14 be of great importance both for what concerns the
gf energé/ is er;ltted as nelutrlncl)s of all fla\(ors, final ab”rr]‘,'interpolation from the M‘?V to the GeV 'neutrino energy

ances depend on several nuclear properties, among whi¢hnge and the extrapolation to neutron-rich nuclei, as re-
the interactions with neutrinos. quired in the astrophysical context.

According to existing simulations, the average energy of Neutrino-nucleus interaction studies were one of the main
neutrinos emitted from core-collapse supernovas is aboyhysics issues of the proposed ORLAND underground neu-
10 MeV for electron neutrinos and about 20 MeV for muontrino facility, which was based on a conventional neutrino
and tau neutrino$9]. Notice, however, that, due to oscilla- source(pion and muon decay$14,2¢. A smaller version of
tions, electron neutrinos can become hotter while traversinthe ORLAND project is now under stud7]. At present,
the star[10-13. The predicted spectra cover the 50 MeV the MINERvA project [28] includes the study of neutrino-
region and present a tail up to about 100 MEY. Reactor  nucleus interactions for neutrino energies in the GeV range.
and solar neutrinos have typical energies in the 10 MeV enHere, we study the potential of a low-energy neutrino facility
ergy range, while accelerator and atmospheric neutrino§ased ong-beams, a novel method to produce neutrino
cover the GeV and multi-GeV range. The various theoreticaPeams[29]. This consists in boosting exotic ions which de-
approaches employed to describe neutrino-nucleus intera62y throughg-decay and produce pure, collimated and well-
tions therefore involve nuclear as well as nucleonic degree¥nderstood electron neutrino fluxes. Such a method could be
of freedom(for a review, se¢13,14). There are a number of €Xploited for a future facility at CERN29,30. High-energy
open issues in this context. THe=2 system is the simplest B-beams would be fired to a gigantic Cherenkov detector like

case, for which the reaction cross sections can be estimat O [31], located in an(upgradedl Fréjus underground

T o . aboratory to study, in particular, the possible existence of
with high accuracy{15]. However, there is still an important CP violation in the leptonic sectd9,30,32. The discovery

potential with a very highy and a longer baseline is dis-
cussed iN33,34.
*Electronic address: serreau@thphys.uni-heidelberg.de It has recently been proposed to use flibeam concept
"Electronic address: volpe@ipno.in2p3.fr for the production of low-energy neutrind85]. Several
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laboratories will produce intense exotic beams in the near We consider a storage ring of total lendthvith a straight
future and could, therefore, be possible sites for a low-energgections of lengtiD. In the stationary regime the mean num-
B-beam facility. These include GANIL, CERN, and GSI, as ber of ions in the storage ring igrg, where 7=t;,,/In 2 is
well as the EURISOL project. Low-energy neutrino beamsthe lifetime of the parent nuclei arglis the number of in-
would offer an interesting opportunity to study various neu-jected ions per unit time. The total number of neutrinos emit-
trino properties, such as, e.g., the neutrino magnetic momemé¢d per unit time from a portiod¢ of the decay ring is
[36], as well as neutrino-nucleus interactions, of interest for
nuclear physics, particle physics, and astrophysics. In the de: aw d_€
former case, one would exploit the ions at rest as an intense dt dt ;o L
neutrino source, whereas, in the latter case, one would use
boosted ions, which would be collected in a storage ringR
[35], as in the original high-energy proposal. An important
feature of suctB-beams is that the boost factor of the accel-
erated ions can be varied, allowing one to explore variou
neutrino energy ranges.

In this paper, we present for the first time charged-current dNg, *
neutrino-nucleus interaction rates achievable at a low-energy “dt = gmhf
B-beam facility. We consider two possible cases for the di-

mensions of the storage ring, for which we inspire ourselvesyhere n is the number of target nuclei per unit volume,

with the one planned in the future GSI facilifg7] and the  &(E,) is the relevant neutrino-nucleus interaction cross sec-
one thought in the CERN baseline scend#8,30. We con-  tjon and

sider various target nuclei as neutrino detectors—namely, 5 A _
deuteron, oxygen, iron, and lead, which are commonly used de dz [ 6.2 sin 6dO
o / w€)= | L E[ I e, @)
0 0 0

(5

For simplicity, we consider a cylindrical detector of radius
and depthh, aligned with one the straight sections of the
storage ring and placed at a distartcérom the latter. After
integration over the useful decay path and over the volume
df the detector, the total number of events per unit time is

d EV(DIOI(EV) O-(EV) 1 (6)
0

in existing or planned experimenii86]. Related work in the
case of lead can be found [B8].

with
Il. FORMALISM
A. Neutrino fluxes and interaction rates tan6(¢,z) = d 04z (8)
The decay rate of a nucleus in the résin, frame can be
written as
B. Large versus small ring configurations

dw d’Q : : .
—| =& n(E)dE,—, (1) The storage ring geometry is characterized by the length
dt fem 4 of the straight sectiond), and by its total lengti.. Below,

where E, and Q) denote, respectively, the energy and solid W€ ConS'O_ler th? cases of a small ri(R) and a large ring

angle of the emittedantijneutrino and where the neutrino (LR) configurations, characterized 0YDsg Lsp) and( Dy,

flux @, ,(E,) is given by the well-known formul§39] L. r), respectively. The results in both configurations can eas-
ily be related to one another by splitting the integral over the

. m(E,) = bEELNE: - mIF(:Z,E)O(E.-my), (2)  useful decay pathfiStrR= [Dsr+ fB;F; in Eq. (7). Up to trivial

1/L factors, the left-hand sid@-HS) corresponds to the LR
configuration and the first term on the RHS to the SR con-
figuration. The remaining integral can be given a simple ana-
lytical estimate if one can neglect the angular dependence of
the flux under the integral. This happens when the angle
under which the detector is seen from the extremity of the
gR decay path-R/(d+Dgg is small compared to hi—i.e.,

to the typical opening angle of the boosted flux. In that case,
we obtain, for the total flux7),

where the constanb=In 2/m§ft1,2, with m, the electron
mass andt,, the ft value. The quantities appearing in the
above expression are the enerfgy=Q-E, of the emitted
lepton (electron or positron Q being theQ value of the
reaction, and the Fermi functiof(+Z,E;), which accounts
for the Coulomb modification of the spectrum.

In the laboratory frame, where the boosted nucleus has
velocity v=pc, the decay rate reads

ow
dt {jap

2

3

4r

1 d

y Dol En O, BE) = (FOHE) +6 Ou(E,0=0) O
where y=1/\1-2 is the time dilation factor and whei®,
andQ = (6, ¢) now denote the energy and solid angle of the
emitted(antineutrino in the laborator{lab) frame, 8 being R? d+Dgr
the angle of emission with respect to the beam axis. The G= 4Lgqd+D R)< “d+D )
boosted fluxd,,(E,, §) is given by s s LR

where the geometrical fact@ is given by

(10

The overall factolLgg/L, g in EQ.(9) simply accounts for the
@, (E 0):q)c.m.(Ev7’[1‘/30059]) (4) fact that the number of decaying ions per unit length is
labt= 11 -pBcosb] ' smaller in a larger storage ring, and the second term in brack-
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20 T y T T Using the approximate formula for the total fluxes, we
obtain an approximate relation between the total number of
-~ events in the LR and SR configurations,
> 15 | T T
()] 7 \\ dNeU LSR{ dN
= / N —| == L AL+ PG gnla), [,
T /// \\\ dt | ,r Lir( dt |sr 7
® 10 // \\ - (11
,E, \\ where (o), denotes the flux-averaged cross section in the
- \ forward directiond=0:
W 5 N
B N “
e _____________ \\ dEyq)Iab(Ew 6 = 0) O-(Ey)
~ e TT-a 0N 0
°0 20 a0 60 80 100 (o= (12
dE,®n(E,,0=0
Ev [MeV] JO Iab( )
30 . : : . Using Eq.(4), the latter can be rewritten as
v-; f dE,®cm(E,)o(¢ (1 +PE,)
0
% 20 (0),= p (13
- f dqu)c.m.(Ev)
Io 0
5]
g It is to be noted that, when the detector is placed close to the
=10 storage ring, as is the case here, the total (Gfedepends
E nontrivially on the geometry of the latter. For instance, as
~= discussed above, we observe an approximatestaling at
-y fixed D/L in the small detector case. This is in contrast with
- 0 the case of a far detector considered in the high-energy

[B-beam scenariof29,32—34, where the rate is simply pro-
portional to the ratioD/L of the straight section over the
total length of the rind.

FIG. 1. Neutrino fluxes scaled by the length of the storage ring

Ld,(E,): The exact results obtained with Eq¥) and (8) with a I1l. RESULTS
small storage ring SRsolid lineg and a large storage ring LR ) ) )
(long-dashed lingsare shown. The lef(right) figure shows the Here, we present charged-current neutrino interaction

fluxes impinging on the smaflarge) detector(the sizes are given in  rates with various target nuclei as obtained from EGp+(8)
Tables | and IJ. For the small detectateft), the LR result obtained (Tables | and IJ. Four possible nuclei are taken as typical
with the analytical estimate E@9) coincides with the exact result examples—namely, deuteron, oxygen, iron, and lead. A de-
and is not represented here for clarity. For the large det¢cgit),  tailed study for the case of lead is also done[38]. The
it is also a very good approximation as shown by the dotted linesmall ring” we consider has 150 m straight sections and
The contributionLGd,,(E,,, 6=0) from the RHS of Eq(9) is also 450 m total length, while the “large ring” has 2.5 km straight
presenteddashed lines All fluxes are obtained witt®Ne boosted  sections and 7 km total length. The detectors are located at a
at y=14. distance 10 m from the storage ring, to allow a maximum
shielding of the induced background in the rii@]. For the
detector size we inspire ourselves on the kinds considered for
ets on the RHS represents the contribution from the longethe proposed ORLAND facility26,43. The transverse size
useful straight section. Figure 1 shows a comparison betweeds chosen so as to catch as much as possible of the boosted
the exact flux obtained with Eqé7) and(8) in both the SR flux, the main contribution of which is concentrated in an
and LR configurations, and the analytic estimate,(@y.for ~ opening angle~1/y. More precisely, we choose as typical
the two possible detector sizes considered in the followingdimensions(R=radius, h=depth: R=1.5m andh=4.5 m.
We see that the analytical formul@) works very well in the ~ We also consider the case of a largeloton-type) water
cases considered here. Besides, Fig. 1 shows that the contri-
bution from the longer decay path only_ brings-d0% dif- 10 . distant detectotd>L,D,h), one has simplyd,,(E,)
ference for the small detector and contributes a facrfor — _q, (£, 9=0)(D/L)S/4nd?, whereS==R? is the transverse area
the larger detector. This already shows that the main differof the detector. Similarly, one obtains, for the rag,/dt
ence between the LR and SR fluxes comes from the geo=g(D/L)(Nigel 4702 2)(1+B7)(0),, WhereNiygem 7R is the
metrical factorLgy/L; g=1/15. total number of target nuclei.
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TABLE I. Number of events per year fop=7 in the small 0.04 T v T r
(Lsg=450 m, Dgg=150 m) and large(L g=7 km, D g=2.5 km)
ring configurations. These results are obtained by using the exact |  _____. 'Y=14
formulas of Eqs(6)—8). The detector is located at=10 m away - 003} PN 7
from the ring and has dimensioRs=1.5 m anch=4.5 m for the D > s R =
(D,0), %Fe and?®Pb, andR=4.5 m andh=15 m for the case of = i N\
%0 (H,0), whereR is the radius anth is the depth of the detector. 5002} / AN !
The corresponding masses are given in tons. The results in the large 8 4 \
ring configuration can be precisely understood from those in the % ,/ ‘\
small ring configuration by means of the analytical formula, Eq. w’ 0.01 } ',' Y i
(11) . We give the flux-averaged cross section in the forward direc- 35 A ‘\‘
tion (o), [see Egs(12) and(13)] in units of 102 cn?. The latter © / .
can be used to rescale the present rates for different sizes of the 0 , . , N
storage ring using Eq11) . The relevant cross sections are taken 0 20 40 60 80 100
from the indicated references. The results are obtained with 1 year E, [MeV]
=3.2X 10’ sec. v

FIG. 2. Neutrino fluxesb,(E,) as a function of energy fdfNe

Reaction ~ Ref. Mass (o), Smallring  Large ring  nuclei boosted ay=7 andy=14. This corresponds to the small ring
V4D (13 35 36.30 194 14 and small detector configuration.
v+D [13] 35 23.16 2494 178
v+1%0 [41] 952 3.33 60 6 <40 MeV—and about 1.5 on average in the range
7+1%0 [41] 952 5.04 2125 192 40 MeV=<E,=80 MeV, relevant for the case=14. The
v+56Fe [42] 250 137.86 872 63 very low rates obtained for oxygen with=7 despite the
»+208h  [17] 360  2931.24 7508 545 large detector size are due to the 15 MeV threshold in the

interaction cross section. Next, we observe that the suppres-
sion of the rates in the LR configuration as compared to the
detector withR=4.5 m andh=15 m. For all detectors here SR case for a givery roughly corresponds to the geometrical
we assume a 100% efficiency. Finally, we have to specify théactor Lgg/L, g, as expected from the previous discussion. In
number of parent iong injected per unit time in the storage fact, the difference between thé&k andSRrates can be fully
ring. According to the feasibility study{30], 2xX10'® understood by means of the approximate relation, (Ed).
®He/sec and & 10' ¥Ne/sec could be produced with an This formula can be used to rescale our results for other
ISOLDE technique, giving about;=10"v/sec andg,=5  possible dimensions of the storage ring. To this aim, we give
X 10' v/sec, respectively{30]. An important feature of the relevant values ofo), in each case. When going from
B-beams is that the number and average energy of neutrinog=7 to y=14, the neutrino fluxes become more collimated
entering the detector depend on the boost fagtasf the  and the typical energy of the neutrinos increases. This, to-
parent ion, which can be varied. We present results for tw@ether with the fact that the neutrino-nucleus interaction
different values—namelyy=7 (Table ) and y=14 (Table cross sections rapidly rise with the impinging neutrino en-
II). The corresponding neutrino fluxes are presented in Fig. 2rgy, increases the number of events by more than an order
and range up to about 50 and 100 MeV, respectively. of magnitude. Figure 3 illustrates the rapid rise of the total
Let us discuss the number of events shown in Tables | and

Il. The differences between theinduced versus~induced 15 M B A B B A
reactions is a combined effect of the relative intensities
0,/9,=1/20 and of the dferent interaction cross sections:
the ratioo(v+D)/o(v+D) is roughly 2 in the whole energy o D
range considered herg3]; from [41], one can see that ' 10 | v+ T
a(v+%0)/ o(v+%0) is about 0.5 on average in the energy -
range relevant to the case=7—namely, 20 Me\kE, g
TABLE Il. Same as Table | foy=14. '% 5¢} .
Reaction Ref. Mass (o), Small ring  Large ring %
v+D [13] 35 184.47 2363 180 0 . T
7+D [13] 35 96.03 25779 1956 0 5 10 15 20 25
v+°0 411 952 174.28 6054 734 Y
7+10 [41] 952 102.00 82645 9453
v+5%Fe  [42] 250  1402.11 20768 1611 FIG. 3. The total rate for the reaction+D as a function of the
»+2%%pp (177 360  16310.16 103707 7922 boost factory. This corresponds to the small ring and small detector

configuration.
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rates with increasing. Note that, in the present case, whereopportunity to study neutrino-nucleus interactions over a
the detector is relatively close to the storage ring, the totalide range of energies.

rates do not have a simple scaling with the detector size, due To conclude, the present study demonstrates that, with
to the nontrivial angular dependence of the impinging neutypical parameters available from existing studia8], sig-

trino flux.

nificant interaction rates can be achieved at a low-energy

It is important to emphasize the complementarity betweerp_beam facility. A small ring—with as long as possible
low-energy -beams and conventional neutrino facilities strajght sections—is the preferred configuration in the case
[26]. The latter provide intense sources of electron and muogy 5 close detector. The rates raise rapidly with increasing
neutrinos and cover the very-low-energy region, similar e think our results are encouraging and we hope they will

the casey=7 for the B-beam. Let us mention that for com-

trigger further investigations, including, in particular, de-

parable neutrino intensities, the rates presented in Table | atgjled simulations of the detectors.
comparable to those obtained with conventional schemes

with detectors located at about 50 m from the source. Low-
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