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Detection of supernova neutrinos by neutrino-proton elastic scattering
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We propose that neutrino-proton elastic scatteringp— v+ p, can be used for the detection of supernova
neutrinos in scintillator detectors. Though the proton recoil kinetic energy spectrum is soft, Tyith
:2E,2,/Mp, and the scintillation light output from slow, heavily ionizing protons is quenched, the yield above
a realistic threshold is nearly as large as that f@m p—e*+n. In addition, the measured proton spectrum
is related to the incident neutrino spectrum, which solves a long-standing problem of how to separately
measure the total energy and temperature,of v, 7#1 and?,. The ability to detect this signal would give
detectors like KamLAND and Borexino a crucial and unique role in the quest to detect supernova neutrinos.
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[. INTRODUCTION trino oscillations. At present, such studies would suffer from
the need to make model-dependent assumptions. This prob-
When the next Galactic supernova occurs, approximatel{em has long been known, but perhaps not widely enough
10* detected neutrino events are expected among the sevegfppreciated. In this paper, we clarify this problem, and pro-
detectors around the world. It is widely believed that thesevide a realistic solution that can be implemented in two de-
10* events will provide important clues to the astrophysics oftéctors, KamLAND(already operatingand Borexino(to be
the supernova as well as the properties of the neutrinos ther@Perating soon The solution is based on neutrino-proton
selves. Interestingly, recent breakthroughs in understandingIaStIC scattering, which has been observed at accelerators at
solar and atmospheric neutrinos each occurred when the a2€V €nergies, but has never before been shown to be a re-

cumulated samples of detected events first exceedéd 10 alistic detection channel for low-energy neutrinos. Some of
But will we have enough information to study the super-°Yr preliminary results have been reported at conferences

nova neutrino signal in detail? Almost all of the detected!"

events will be charged curreﬁﬁr p—e*+n, which will be I. CROSS SECTION
well measured, both because of the large yield and because :

the measured positron spectrum is closely related to the neu- The cross section for neutrino-proton elastic scattering is
trino spectrum. Because of the charged-lepton thresholds, thg important predictiofi2] of the standard model, and it has
flavorsv,, v., v,, andv, can only be detected in neutral- been confirmed by extensive measurements at GeV energies
current reactions, of which the total yield is expected to be(see, e.g., Ref.3]). At the energies considered here, the full
approximately 18 events. However, as will be discussed be-cross section formulg2—4] can be greatly simplified. At low

low, in general onecannotmeasure the neutrino energy in energies, the differential cross section as a function of neu-
neutral-current reactions. This paper presents an exceptiotrino energyE, and struck proton recoil kinetic enerdy,
These four flavors are expected to carry away about 2/3 ofand masM) is

the supernova binding energy, and are expected to have a ,

higher temperature tham, or v,. However, there is no ex- do  GgMj _— ) )
perimental basis for these statements, and at present, numeri- dT, 2 ,E2 [(eytCa) B, (Cy=Ca) (B, Tp)

cal models of supernovae cannot definitively address these !

issues either. If there is no spectral signature for the neutral- —(c\z,—c,";)Mpr]. (2.1
current detection reactions, then neither the total energy car-

ried by these flavors nor their temperature can be separatefhe neutral-current coupling constants between the ex-
determined from the detected number of events. changedZ® and the proton are

But it is crucial that these quantities lmeeasured Both

are needed for comparison to numerical supernova models. Co= 1-4 5|r120W_0 04 2.2
. . AV — VU, y .
The total energy is needed to determine the mass of the neu- 2
tron star, and the temperature is needed for studies of neu-
1.27
Ca= T, (23)
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conserved axial vector current. Equati@hl) may be ob- L L e B O B L e B
tained directly by summing the contributions from the va- - .
lence quarks. The cross section for antineutrinos is obtainec 12
by the substitutiort,— — c . At high energies, the primitive
couplings are functions off>/M?, whereM~1 GeV (the
proton mass or the dipole form-factor magsesince g2 .
=2Mpr~E§, this variation may be safely neglected here.
AtorderE,/M,, there is also a weak magnetism term which ¢

/MeV]
S

cm

8

we have neglected. This would appear inside the squareg 6

brackets in Eq(2.1) as %& - .
© 4F -
=l

4T E,CyCa, (2.9 L ]

wherecy,=1.4 depends on the proton and neutron magnetic 0-' T T T

moments[4]. This term is thus positive for neutrinos and 0 1 2 3 4 5 6 7

negative for antineutrinos. In addition to being numerically T, [MeV]

small (less than a 10% correctipnthis term will cancel in

the measured differential cross section due to the indistin- FIG. 1. The differential cross section as a functionTgf for
guishable contributions of neutrinos and antineutrinos. Fofixed E, . Note the rise at largd,, indicating that large kinetic
v, andv,, we assume the same fluxes and spectra for palenergies are preferred. From left to right, the lines areEfp+ 20,
ticles and antiparticlegas well as each otherthe weak mag- 30, 40, 50, and 60 MeV.

netism term above causes small corrections to the emitted

spectra[5] that we can neglect here. Fot, and v,, the do GEM,, - MT, 214 MpT, 2
expected fluxes and spectra are different from each other, but dT, o7 2|7V 2E2 | A
at the lower energies of these flavors the whole correction is . : (2.9

very small. Other than the above points, E2.1) is correct

to all orders inE, /M. As will be emphasized below, our Sincec,>cy, this form makes it clear that tHargestpro-

results are totally independent of oscillations among activeon recoils are favored, which is optimal for detection. Plots

flavors, as this is a neutral-current reaction. of do/dT, for fixed E, are shown in Fig. 1. Note that these
We use the struck proton kinetic energy in the laboratoryslope in theoppositesense of the correspondirdp/dT,

frame as our kinematic variable. For a neutrino endfgy  curves forv,-e~ scattering. The difference is simply due to

T, ranges between 0 and)®*, where the very different kinematics. For neutrino-proton elastic
scattering,Tg‘aXZZEilMp< E,, while for neutrino-electron
2E2 2E2 scattering, Tg ¥*=E,. In this limit, the neutrino ¢,) and
T, &= = (2.9 antineutrino (-c,) cross sections are identical. df, is ne-

P M,+2E, ' ; . - .
Mpt2E, M, glected and the differential cross section is expressed in

] ) ) ) ) terms of co9,, it follows the form 1-1/3 cosé, expected
The maximum is obtained when the neutrino recoils backtyr 5 nonrelativistic axial vector coupling.e., a Gamow-

wards with its original momentur, , and thus the proton  Tg|jer matrix element The total cross section is
goes forward with momentumE2,. The other kinematic
variables can be related ®,, and are GZE?

14

(cZ+3c3). (2.9

e—E”+Mp\/ Ty \/Mpr 26 A d, this is of th f h |
Ccos p— EV Tp+2Mp_ ZE,Z) ( . ) S expecte , this Is of the same form as the total cross sec-

tion for the charged-current reactioﬁgr p—e’"+n (see,
e.g., Ref[6]). In the neutral-current case, the vector coupling

MTp M,T, nearly vanishes, and the axial vector coupling is half as large
cosf,=1— EE-T) 1- £2 (2.7 asin the charged-current channel, making the total cross sec-
nevoop v tion approximately 4 times smaller. This factor of 4 can be

immediately obtained by considering the product of the cou-

where 6, and ¢, are the angles of the final proton and neu-plings and the propagator factor, and using the definition of
trino with respect to the direction of the incident neutrino. In g, .
a scintillator-based detector, the proton direction cannot be It is also interesting to compare the neutrino-proton elastic
measured, so these expressions are useful just for checkisgattering cross section with that for neutrino-electron elastic
the cross section and kinematics. scatteringfor v, so that only the neutral-current part is com-

If we take (EV—Tp)Z: Eﬁ (i.e., keeping only the lowest pared. Again, the different kinematics, reflected in the maxi-
order inE, /M, a very good approximationthen the dif- mum kinetic energies, are crucial. The cross section for
ferential cross section is very simple: neutrino-electron scattering is much smaller:
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each of the six types of neutrino and antineutrino carries

+e’) G2E,m; m AT _
Trodvute ) GFESMe Mo (2.10  away about 1/6 of the total binding energy, though this has

TolvatP)  GEEZ B an uncertainty of at least 50941]. The supernova rate in
o ) our Galaxy is estimated to be ¢31) per century(this is
which is ~10~2 for our range of energie's. reviewed in Ref[12]).

In the above expressions, we have neglected contributions The expected number of ever{@ssuming a hydrogen to

from strange sea quarks in the profah. Strange-quark ef-  carpon ratio in the detector @:1) is
fects can enter Eq2.1) in three wayq8]. First, the vector

form factorc,, is modified by the strangeness charge radius

squaredr¢)? by a term proportional tq?(r ;)2. Since ourg? N=70 E 1 MeV]|[10 kpd? Mp

is so low, this is negligible. Second, the magnetic form factor T 1088 erg T D 1 kton

cy is modified by the strange magnetic moment of the pro-

ton ws. This is numerically small, and appears only in the )

small weak magnetism correctiofsee above Third, the X m . (3.1

strange-quark contributiods to the nucleon spin gives an
isoscalar contribution to the axial vector form factyy, as
(Though written slightly differently, this is equivalent to the
1.27 As similar expression in Ref13].) We assum® =10 kpc, and
CAmCA=—H~ 5 (21D 4 detector fiducial mass of 1 kton for KamLAND. As written,
Eq. (3.1) is for the yield per flavor, assuming that each car-

The rule for the cross section given above, of usipgfor ~ fies away a portiork of the total binding energgnominally,
neutrinos and- ¢, for antineutrinos, is also true for the com- Es=3x10°® ergs, andE=Eg/6). The thermally averaged
binedc, expression given hef@]. The value ofAs is very ~ Cross sectiorithe integral of the cross section with normal-
poorly known from experiment, and is perhaps=—0.15 ized Fermi-Dirac distributionis defined for each Cj*mol-
+0.15[8]. Sincec,>c,, this could increase the differential €cule,” and a factor of 2 must be included for electron or free
cross section by approximately 30%, with an uncertainty oforoton targets. The spectrum shape of supernova events
the same size. It is important to note that thecontribution ~ Which interact in the detector is given by the product of the
would not change thehapeof the differential cross section, C€ross section and a Fermi-Dirac distribution, i.e.,
sincec,>cy . It may be possible to measufes directly via

neutrino-proton elastic scatteringatl GeV in MiniBooNE dN E2

[9]- _NU(EV)WVEV/T)'

dE, (3.2

Ill. SUPERNOVA NEUTRINOS . 9 )
For a cross sectioor~E?,, this peaks at about®(for com-

In this paper, we characterize the supernova neutrino sigparison, the average neutrino energy before weighting by the
nal in a very simple way, though consistently with numericalcross section is 3.19, and the yieldN~T.
supernova modelgL0]. The change in gravitational binding  Prior to this paper, the largest expected yield in any oil or
energy between the initial stellar core and the final protoy,4ter detector was froa+pae++n.As noted in Sec. II
neutron star is about>310°% ergs, about 99% of which is e — L
the total cross sections for charged-currept-p—e™ +n

carried off by all flavors of neutrinos and antineutrinos OVer_ 1 meutral-current+ b— v+ b have similar forms. thouah
about 10 s. The emission time is much longer than the light: P—vTp ! g

crossing time of the proto-neutron star because the neutrind® 1alter is about 4 times smaller. However, this is compen-

are trapped and must diffuse out, eventually escaping Wm\?vaetl‘la da;nﬂt]zeh%'erﬁrb%;:g‘eefgttt:éb:ts'gz‘:‘ngg ?f"r‘?r(lc?avc;rﬁ' as
approximately Fermi-Dirac spectra characteristic of the sur- 9 b fl Vr

face of last scattering. In the usual mode},, v, and thEir =8 MeV instead of 5 MeY. Thus, the total yield from

; - +
antiparticles are emitted with temperatufe=8 MeV, v, &ggez;c?orlstri?é%ﬁgltg?; rfgaltegt%rgve+ p—e”+n, when
hasT=5 MeV, andv, hasT=3.5 MeV. The temperatures S 1€9 " .
, = Taking into account radiative, recoil, and weak magnetism
differ from each other because, and v, have charged- corrections, the thermally averaged cross sectionvfor
current opacitiesin addition to the neutral-current opacities ' y 9 P

+ — ; — 42
common to all flavors and because the proto-neutron star & +natT=5 MeVis 44<10 cnt (for 2 protons

. . These corrections reduce the thermally averaged cross
has more neutrons than protons. It is generally assumed th[aq] .
P g y section by about 20%, and also correct the relaiQr E,,

—1.3 MeV. The total expected yield from this reaction is

Yt is interesting to note that the total rates of neutrino-protonthus about 310 events in 1 kton.

elastic scattering events from solar neutrinos are huge: in the 1 ktop. In Ftlr?tz tthe r(tal'atlt\ae c(:jor;trltt)utlons tﬁ the S_Ip_)ﬁct'ra}[ of nﬂ"'
KamLAND detector, the rates from thEp, 'Be, and®B fluxes are rinos thatinteract in the detector are shown. fhe integral for

very roughly 16/day, 1G/day, and 1&day, respectively; however, the combined yield fromv,, v., v, , andv. clearly domi-
these are only at very lounquenchegproton kinetic energies of nates. Further, since the differential cross section favors large

approximately 0.2 keV, 2 keV, and 200 keV, respectively. T,, and sinceTp~E§/ M, the corresponding proton recoil
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FIG. 2. The relative spectra of neutrinos that interact via FIG. 3. The thermally averaged differential cross section for
neutrino-proton elastic scattering. From left to right in peak posi-Fermi-Dirac distributions of temperatuie=3.5, 5, 8 MeV, from
tion, the curves correspond iq, 7e and the sum o, v, ;ﬂ, left to right. This illustrates how the proton spectrum changes with
and v,. The flux factorsN,=(Eg/6)/(E,)~1/T have been in- the assumed neutrino temperatysince this is a neutral-current
cluded in the weighting. cross section, it is flavor-independgnt

kinetic energy spectrum will be much harder, so that theysingle neutrino flavor. Throughout this paper, we refer to the
will be even more dominant above a realistic detector threshy, (T=3.5 MeV), v, (T=5 MeV), and the combined,,

Old'_ . ) v,, v,, andv, (T=8 MeV) flavors. Since we know that
Since the struck protons in+ p—v+p have arelatively  there are neutrino oscillations, this language is somewhat

low-energy recoil spectrum, and since realistic detectorgncorrect. However, our results atetally insensitiveto any

have thresholds, it is crucial to consider the proton spectrurggciliations among active neutrinos or antineutririesce

in detail, and not just the total yield of neutrinos that interactnis is a neutral-current cross sectipand also to oscilla-

tions between active neutrinos and antineutrifgiace the
IV. PROTON RECOIL SPECTRUM cross section is dominated by thg termg. Thus when we

The elastically scattered protons will have kinetic energie§efer to thew, flavor, we mean “those ”e“F””OS emitted W'J.[h
of a few MeV. Obviously, these very nonrelativistic protons"’.‘ temper?turé'=3.5 MeV, whatever their flavor composi-
will be completely invisible in any €renkov detector like tion now,” etc. . .
Super-Kamiokande. However, such small energy depositions The true proton spectra correspondmg to the various fla-
can be readily detected in scintillator detectors such ayors are showlm Fig. 4. As seen in the figure, the contribu-
KamLAND and Borexino. We first consider the true proton tions of ve andw, are quite suppressed relative to the sum of
spectrum, and then in the next section, we consider how this,,, v,, v,, andv,.
spectrum would appear in a realistic detector.

. The true proton spectrurtfor one flavor of neutrinpis V. QUENCHING
given by
dN g Low-energy protons lose energy very quickly by ioniza-
an _ * to tion. The energy loss rat@E/dx of nonrelativistic particles
at, (1= CJ' dE, f(E”)dTp (B, To) 4D eales roughly ad E/dx~ — z?/ 82 in this energy ranggl4],
wherez is the particle charge and its velocity. In contrast
wheref(E,) is a normalized Fermi-Dirac spectrum and thewith the usual-2 MeV/g/cnf for a minimum-ionizing par-
differential cross section is given by E(2.1). For a given ticle, for few-MeV protons,dE/dx~—100 MeV/g/cn3.
T,, the minimum required neutrino energy is Thus even a 10 MeV proton will be brought to rest in less
than about 0.1 cm. In contrast, the hadronic interaction
T+ VTo(Tp+2M)) _ \/M olp length for the proton to scatter from a free or bound nucleon
2 o 2 is of order 1 cm or larger. Thus the hadronic energy losses
can be totally neglected; see also Fig. 23.1 of Ra#].
The normalization constar@ is determined by Eq3.1), as  Because of the nonlinear response of the detector to proton
the integral of Eq(4.1) over all T, without theC factor is  recoil energies, as we are about to describe, it is important
(o). that the original proton energy is not shared among two or

In Fig. 3, we showdo/dT, weighted by normalized more protons, i.e., from elastic hadronic scattering.

Fermi-Dirac distributions of various temperatures, for a In a scintillator, there is generally an efficient transfer

Vmin

(BE))min= (4.2)
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FIG. 4. The true proton spectrum in KamLAND, for a standard  FIG. 5. The quenched energy depo@tjuivalent electron en-
supernova at 10 kpc. In order of increasing maximum kinetic energy) as a function of the proton kinetic energy. The KamLAND

ergy, the contributions fronv,, ve, and the sum ob,,, v,, v,,  detector properties are assumed.

and v, are shown with dashed lines. The solid line is the sum
spectrum for all flavors. Taking the detector properties into accoun
substantially modifies these results, as shown below.

7 he observed energy in terms of the proton kinetic energy is
shown in Fig. 5. Thus the proton quenching factor
(Eequin/Tp) is roughly 1/2 at 10 MeV, 1/3 at 6 MeV, 1/4 at 3

between the ionization loss of a charged particle and thé/lev’ and so on. The detector response IS .nonlln_ear, though
in a well-understood way. A similar calculation usingpar-

detectable scintillation light observed by phototubes. For ex:. ; ;
ample, in KamLAND, there are approximately 200 detectedicles recovered the quenching factor of approximately 1/14

photoelectrons per MeV deposited for a minimum-ionizing"oted in Ref. [15]. ZSir;ce the energy deposition scales
particle like an electrofil5]. roughly asdE/dx~z/ B3, quenching for alpha particles is

However, for highly ionizing particles like low-energy much Worse.than for.protons of the same kinetic energy,
protons, the light output is reduced or “quenched” relative toSince dE/dx is approxmately *4=16 times larger. Our
the light output for an electron depositing the same amourf€SUlts for the proton quenching factor are in good agreement
of energy. The observable light outffE,;, (i.e., equivalent with direct measurements in a variety of scintillatpt§,18|.

to an electron of energiequ,) is given by Birk's law[16]: Using the quenching function shown in_Fig_. 5, we can
transform the true proton spectrum shown in Fig. 4 into the

dE dE/d expected measured proton spectrum, shown in Fig. 6. If the
equiv _ X (5.1) guenching factor were a constant, it would simply change the
dx 1+kg(dE/dx) units of theT , axis. However, it is nonlinear, and reduces the
light output of the lowest recoils the most. This increases the
where kg is a constant of the scintillation material, and effect, shown in previous figures, that the measurable contri-
dE/dx is the energy deposition rate, now in MeV/dand  bution from v, and v, is highly suppressed relative to the
defined to be positiye We assumég=0.015 cm/MeV for g mofy . ». ».. andv.
. J7Rl T o T"
KamLAND [15]. For smalldE/dx, the measured light out-  Ag shown, quenching distorts the spectra according to a
put of a proton is equivalent to that from an electron of theéynown nonlinear function. It also reduces the number of
same energy. But fodE/dx~100 MeV/cm, the two terms  eyents above threshold. The anticipated threshold in Kam-
in the denomlnatqr are comparable, and the light output i$ AND is 0.2 MeV electron equivalent energstrictly speak-
reduced. At still highedE/dx, thendEcq,;, /dx tends to a  jng KamLAND and Borexino have somewhat higher target
constant. Birk’s law can thus reflect a saturation effect: oncgnresholds of approximately 0.28 and 0.25 MeV, set by back-
dE/dx is large, making it larger does not increase the lightyround rates; over the short duration of the supernova pulse,
path o'f.the' particle are already' gxcned_, any .further energ¥xpected proton quenching, this corresponds to a threshold
The proton quenching factor was calculated by integratingyents above this threshold for each flavor appears in Table I.
Eqg. (5.1) with tables[17] of dE/dx for protons in the Kam-  aApove an electron equivalent threshold of 0.2 MeV, the

LAND oil-scintillator mixture [15] neutrino-proton elastic scattering yields fram and?e are
quite small. Thus the measured proton spectrum will prima-
P dE rily reflect the shape of the underlying Fermi-Dirac spectrum

Eequiu(Tp): f (5.2

o 1+kg(dE/dX) for the sumofv,,, v,, v,, andv,. Of course, this has been
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FIG. 6. Analogous to Fig. 4; the struck proton spectrum for the : : _
different flavors, but with quenching effects taken into account. In2 function ofE, in electron equivalent enerdyeqy;, - In order of
order of increasing maximum kinetic energy, the contributions fromincreasing maximum kinetic energy, the contributions frem v,

Ve, Ve, and the sumof,,, v., v,, andv, are shown with dashed and the sum of

Mo

v, V

FIG. 7. The number of events above threshold in KamLAND as

o and;T are shown with dashed lines.

lines. The solid line is the sum spectrum for all flavors. We assumdhe solid line is for the sum of all flavors. We assume a threshold of
a 1 kton detector mass for KamLAND. 0.2 MeV electron equivalent energy in KamLAND.

convolved with both the differential cross sectiGnwhich

assume that it can be statistically subtracted using knowledge

gives a range off, for a givenE,), and also the effects of f ;,_ andy, temperatures measured in charged-current reac-
quenching. However, as we will show, the properties of th&jons and do not consider it further.

initial neutrino spectrum can still be reliably deduced. The  The second comes from a variety of other charged-current
numbers of events above a given electron equivalent threskypernova neutrino signals in the detector. As noted above,

approximately 310 events are expected fromp—e*
+n [6]. These events can easily be identified by the tight
coincidencegroughly a few times 10 cm in position, and 0.2

old are shown in

In this section, we consider several backgrounds to th
signal of neutrino-proton elastic scattering from supernov
vy, v, andv, .
The first is neutrino-proton elastic scattering freand

;e. As shown above, in particular in Figs. 6 and 7, this
contribution is minimal above the expected threshold.

vy,

TABLE I. Numbers of events in KamLANDO1 kton mass as-
sumed above the noted thresholds for a standard supernova at
kpc, for the separate flavors or their equivalents after oscillations

Fig. 7.

VI. BACKGROUNDS

s in time in the detection of the high-energgbout 20
eV) positrons and the subsequent neutron captures on pro-
tons(2.2 MeV gamma There are also charged-current reac-

tions of v, and v, on 'C, proceeding almost exclusively to
the ground states of?N and '%B, respectively. About 10
events are expected, and possibly a few times more if oscil-
Waations effectively swap spectfd5]. However, these events
can be identified by the subsequéfl and 1°B beta decays,
ith lifetimes of order 10 ms and electron endpoints of order
5 MeV. The total yield from neutrino-electron elastic scat-

Oscillations do not change the number of neutrinos at a given ent_erlng t(tzcthnlljcallyt/), rr;l);((a)d Chatrge\jiv- and neuttrhal-tctuhrifelst t
ergy, and the neutral-current yields are insensitive to the neutring <PECted t0 be abou events. We assume that tnese events

flavor. Equipartition among the six flavors is assunieeke the text
for discussionh The thresholds are in electron equivalent energy,

and correspond to minimum true proton kinetic energies of 0 and®® Possible.
1.2 MeV. As discussed in Sec. Il, weak magnetism corrections are 1he third comes from other neutral-current supernova
neutrino signals in the detector. The best-known is the super-

not included.

can be statistically subtracted from the spectrum, or that par-
ticle identification by pulse-shape-discriminatiddSD will

allowed neutral-current excitation of the 15.11 MeV state

Neutrino Spectrum Eih,=0 0.2 MeV in 2C, which decays by gamma emission. About 60 events
are expected, and they will be easily identified by their nar-
ET:3'5 MeV 57 3 row spectrum at 15.11 MeVY15]. There are also inelastic
v:T=5 MeV 80 17 neutral-current excitations of?C that decay by particle
2v:T=8 MeV 244 127 emission. The yield from all channels that emit a proton is
2v:T=8 MeV 243 126 about 45 events, using the cross sections and branching ra-
All 624 273 tios of Ref.[19]. Some fractions, probably most, will be

033001-6
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protons. Though the proton spectra for these reactions hawgeld were measured, as for most neutral-current reactions,
not been published, we assume that their contribution will behere would be an unresolved degeneracy betvE€nhand
known and can be subtracted. The yield from all channeld, since

that emit a neutron is about 20 events, again using the results

of Ref. [19]. These neutrons will be captured, giving 2.2 o)

MeV gamma rays. These inelastic neutral-current reactions N~E T (7.3)

with proton and neutron emission have not previously been

recognized as supernova neutrino detection channels. Finallyote that foro~ E", then(o)~T". Forv+d—v+p+nin
since a 50 MeV neutrino corresponds to a wavelength of SN0, for exampleg~E?, so N~E"'T. Thus for a given

fm, about the diameter of a carbon nucleus, there can also hfieasured number of events, one would only be able to define
coherent neutral-current scattering of the whole nud@0§ 3 hyperbola in the plane d&'! and T. The scaling is less

The number of events is very large, coincidentally as large agimple here because of threshold effects, but the idea is the
the total neutrino-proton elastic scattering yiéiteglecting same.

the detector thresholdHowever, the expected recoil kinetic  Here we have crucial information on the shape of the
energies are of course about 12 times smaller than for fregeutrino spectrum, revealed through the proton spectrum. To
protons. Additionally, since it is spin-independent vectorremind the reader, in most neutral-current reactions there is
scattering, thesmallestrecoil energies are favoredn con-  ng information on the neutrino energy, e.g., one only counts
trast, neutrino-proton elastic scattering is spin-dependenthe numbers of thermalized neutron captures, or measures
and the proton spin is flipped in the scatter)nghe recoil  nyclear gamma ray&he energies of which depend only on
carbon ions will be very heavily quenched, and so this signahyclear level splittings
is unobservable in a detector like KamLAND. In this section, we perform quantitative tests of how well
The fourth comes from CosmiC'ray induced detector bathhe parameterEtOt andT can be determined from the mea-
grounds. Because it is located deep underground, the muayred proton spectrurfiWe did also investigate the effects of
rate in the KamLAND scintillator is only about 0.3 Hz, and 3 chemical potential in the Fermi-Dirac distribution, but
so all muon-related backgrounds are very small over theound that it had little effect. This is simply because the cross
short duration of the supernova buf46]. section is not rising quickly enough to see the tail of the
The fifth and most serious comes from low-energy radio-thermal distribution in detafl21].) Of course, if the distance
activities in and around the detector. Normally, these are nofg the supernova is not known, then we are effectively fitting
a concern for relatively high-energy supernova events. Howsgr gtot/p2.
ever, here we are considering signals down to about 0.2 MeV e performed Monte Carlo simulations of the supernova
detected energy, where many different radioactive backsjgnal in KamLAND and made chi-squared fits to determine

grounds contribute. At present, KamLAND is configured togtot gnd T for each fake supernova. To perform the fits, we
detect few-MeV reactor antineutrinos via the coincidence bestarted with an “ideal” spectrum, as described by the inte-

tween the prompt positrons and the delayed neutron capturegyal:
and low singles backgrounds above 0.2 MeV are not re-

quired. Published data on the KamLAND background spec- dN %
:CJ dT,G(Tp;T,,6Ty)
ideal

trum are not yet available. However, if KamLAND is to be T o

. 7 - dT
eventually used for detecting’'Be solar neutrinos by
neutrino-electron scattering, then the background in this en- - d

. g
ergy range will have to be reduced to about 10Hz, the Xj dEVf(EV)—,(EV,TQ), (7.2
rate of solar neutrino events expectsanilar considerations ( d
hold for Borexing. For the supernova signal discussed in ) ) _ ) ) N
this paper, a much larger background rate of about 1 Hxvhere the inner integral is as in E€t.1), with the addition
could be tolerated. This rate is set by the consideration ofhat quenching corrections are appliedTp after convolu-

p

E ) min p

being much less than (300 events/10=80 Hz. tion with f(E,). For the Gaussian energy resolution
Therefore, in what follows we consider just the main sig-G(T,’) ' Tp,0T,), we usedsT,=0.1yT,/(1 MeV) [15]. Be-
nal, and neglect backgrounds. cause the proton spectrum has already been smeared by the

neutrino spectrum and the differential cross section, the
Gaussian energy resolution has only a minor effect. The nor-
malization constan€ is given by comparison to Eq3.1).

In this section, we show how the measured proton specExample spectra are shown in Fig. 8.
trum can be used to separately determine the total energy of Using (AN/dTp)igea, We binned the spectrum by the fol-

thev,, v,, v,, and v, neutrinosand their time-averaged lowing integral:

temperature. The total number of detected events is propor-

tional to the portion of the total binding energy carried away N = I(E"W)‘ (d_N) (7.3
by these four flavors, and we denote this BY! (note that o Em VAT e '
this is not the total binding energ¥g). For a standard su-

pernova,E'°'=4(Eg/6)=2/3Eg=2x 10°° ergs. We denote whereN; is the number of events in bin and E,;,); and
the temperature of these four flavors Bylf only the total  (E,,a,); are the minimum and maximum energies for bin

VIl. PROTON SPECTRUM FITS
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FIG. 8. Example spectra with different valuesif* andT, all FIG. 9. Scatterplot of 10fitted values, in theE*" andT plane,
chosen to give theamenumber of events above an electron equiva- 0" the labeled “true” values, wher&'*" is the total portion of the
lent threshold of 0.2 Me\{true proton energy 1.2 MeMn Kam-  binding energy carried away by the sumwzj, v, v,, andv,,
LAND. Though not shown in this figure, the spectrum above 2andT is their temperature. The values BI°* and T were chosen
MeV is included in our analysis. At the 0.2 MeV point, from left to such that the numbers of events above threshold were the same. The
right these correspond tEP, T)=(4.2,6),(2.0, 8, (1.4, 10, re-  measured shape of the proton spectrum breaks the degeneracy be-
spectively, withE®! in 10° ergs andT in MeV. (Thus with the  tween these two parameters. Without that spectral information, one
standarcE'®'=2x 10°% ergs, the number of events above thresholdcould not distinguish between combinationsEst* and T along the
with T=6 MeV is 2.0/4.2 times the number wil=8 MeV:; with band in this plane that our three example regions lie along.

T=10 MeV, itis 2.0/1.4 times the number wih=8 MeV.) . AT . .
the quenching of the proton scintillation light and assuming a

. . . . _ realistic detector threshold.
Eight bins of variable width were used, chosen to contain |, 5qdition, the measured proton spectrum is related to the
roughly the same number of expected events per bin. FOr gcigent neutrino spectrum. We have shown explicitly that

chosenE'" and T, this was the starting point of our Monte e can separately measure the total energy and temperature
Carlo calculation(and the bin boundaries were kept fixed — ar. h with tainty of order 10%
For each fake supernova, we sampled the number of evenfd Eﬂ II}_TANV[L)L'I?r? Ve eallc er1 uncerha|r_1 y ; d°
in each of these bins according to the appropriate Poisso![ tam lik K SA%rSat yderé ances tfe n;p;ort?nce ot de-
distributions. The resulting spectrum was as one might obroCtors TIKE Kam and borexino for detecting super-
tain from a single supernova, given the finite number ofiova neutrinos.

events expected. We then varigtf* and T in Eq. (7.3) until i g%r Et(())rrfxg]r?d ttf;]ee uﬁe(;?cl) Vgr',urtgeggrrbiﬂpf;ﬂgvﬁ, ntﬁgt”nuorz
the values that best fit the fake spectral data were deter- ' ydrog P

mined. For a given set of assumgtf! andT, this procedure pseudfocum?ne €l is 1'3:1[2hz]’ SO theredafre about 4.7
was repeated many times. The distributions of the fiél times fewer free proton targets than assumed for KamLAND.

. However, the quenching is less in pure scintillafgam-

t
and_Tthus reveal the expected errors on fitti' andT for LAND is about 20% pseudocumene and 80% paraffin oil
a single real future supernova.

tot
Three examples are shown in Fig. 9, where one can 56[&5])‘ and the errors o' andT scale as YN, so that the

that E'°t and T can each be determined with roughly 10% precision in quexino should be gbout 20% or better.
error. These errors scale as/lN, whereN is the total num- Other tephmques for bolometric measurements of super
ber of eventsi.c., if one imagir’1es a detector of a different 7OV neutrino quxes_have been_ studied. Detectors for elastic
mass or a diﬁérént assumed supernova distaiténe dis- neutral-current neutrino scattering on el_ectr{)n’s‘] and co-
tance were completely uncertain, one would not be able therently on vyhole ngcld_fQO] have been dls_cussed, pUt never
determineE™® However. after m:arginalizing over the un- Built. If neutrino oscillations are effective in swapping spec-
ot /i S tra, then the temperature of the “hot” flavors may be re-
known E"*" (i.e., projecting these scatterplots onto the . _ — N
axis), one would still obtain a good measurementTof vealed in the measured positron spectrum freg-p—e”
+n; two recent studies have shown very good precision
(=5%) for measuring the temperatures and the total binding
VIIl. DISCUSSION AND CONCLUSIONS energy[24,25. However, they assumed exact energy equi-
_ ) ~partition among the six neutrino flavors, whereas the uncer-
We have shown that neutrino-proton elastic scatteringiainty on equipartition is at least 50941]. Nevertheless,
previously unrecognized as a useful detection reaction fofnger less restrictive assumptions, this technique may play a
low-energy neutrinos, in fact has a yield for a supernovacomplementary role. Finally, since for different cross sec-
comparable tar,+p—e” +n, even after taking into account tions, the neutral-current yields depend differently on tem-

033001-8



DETECTION OF SUPERNOVA NEUTRINOS BY ... PHYSICAL REVIEW B6, 033001 (2002

perature, comparison of the yields may provide some inforwith similar measurements for, and v, from charged-
mation[26]. However, there are caveats. In neutrino-electrorcyrrent reactions in other detectors. Separate measurements
scattering, the neutrino energy is not measured because t@e the total energy and temperature for each flavor will be
neutrino-electron angle is much less than the angular resolynyaluable for comparing to numerical supernova models.
tion due to multlple Scattering. The scattered eleCtronS, eveﬂ'lhey will also be required to make mode|-independent stud-
those in a forward cone, sit on a much larger background ofes of the effects of neutrino oscillations. If the total energy
ve+ p—e’ +n events, so it is difficult to measure their spec- releaseEg in all flavors has been measured, then
trum[27]; also, their total yield is only weakly dependent on

temperature. At the other extrenigee Fig. 3 of Ref[26]), 3 GM?2

the yield of neutral-current event®8] on %0 depends Ep=o —

strongly on a possible chemical potential term in the thermal 5 Ruys
distribution.

It is important to note that the detection of recoil protonsthus allowing a direct and unique measurement of the newly
from neutronproton elastic scattering at several MeV hasformed neutron star properties, principally the madgs
been routinely accomplished in scintillator detect¢sse, [29]-

e.g., Ref[18]). Since both particles are massive, the proton
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