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Recent results show that atmospherig oscillate with sm*~3x10"3 eV? and sif26,,~1, and that
conversion intov, is strongly disfavored. The Super-Kamiokan@) Collaboration, using a combination of
three techniques, reports that their data favpr- v, over v, — vgeriie- This distinction is extremely impor-
tant for both four-neutrino models and cosmology. We propose that neutrino-proton elastic scaitering (
— v+ p) in water Gerenkov detectors can also distinguish between active and sterile oscillations. This was not
previously recognized as a useful channel since only about 2% of struck protons are aboerethiecoC
threshold. Nevertheless, in the present SK data there should be about 40 identifiable events. We show that these
events have unique particle identification characteristics, point in the direction of the incoming neutrinos, and
correspond to a narrow range of neutrino enerdles3 GeV, oscillating near the horizpThis channel will be
particularly important in Hyper-Kamiokande, witk 40 times higher rate. Our results have other important
applications. First, for a similarly small fraction of atmospheric neutrino quasielastic events, the proton is
relativistic. This uniquely selects,, (not 7;) events, useful for understanding matter effects, and allows
determination of the neutrino energy and direction, useful forltHe dependence of oscillations. Second,
using accelerator neutrinos, both elastic and quasielastic events with relativistic protons can be seen in the K2K
1-kton near detector and MiniBooNE.

DOI: 10.1103/PhysRevD.67.093001 PACS nuntderl3.15+g, 25.30.Pt, 29.40.Ka

[. INTRODUCTION We propose a new technique for active-sterile discrimina-
tion: neutrino-proton elastic scattering,
High-statistics atmospheric neutrino data from Super-

Kamiokande(SK) show v,, vacuum oscillation disappear-
ance withdm?=3x 102 eV? and sif26,,,~1[1]. Both at- vEp—vtp, 1.1
mospheric[1] and reactor{2] data strongly limitv,— v,
oscillations, so one of the crucial remaining questions i
whether the oscillations are @f,— v, Or v,— vgerjje, OF @
mixture. A definite answer would have important implica-

tions for four-neutrino mixing models designed to aCCOMMO-.,,rent(NC) channel, and so directly measures the total ac-
date[3] the Liquid Scintillator Neutrino DetectofL.SND)  jye neutrino flux. The number of charged-curréBC) at-

signal[4J and also fo.r the role of neutrinos in cosmol_c{@. _ mospheric neutrino events in SK is10¢, and the ratio of
A variety of techm.ques have been proposed tq dls'tmgwslgroSS sectionsryc/gec=0.2 for both neutrinos and an-
between atmospherie,— v, and v,— vserile 0SCillations  tineutrinos in this energy rangé3], so we expect- 10> NC
[6-10. The SK Collaboration reports that their data favorevents. It has always been assumed that protons above the
pure active oscillations,— v over pure sterile oscillations Cerenkov threshold are too small in number and too difficult
v, — Vserile @t better than the 99% C.[11], though an ap- to identify. We show that the number of events is reasonable
preciable sterile admixture remains possible. This claim isand that the protons are identifiable. The protons are direc-
based on a combination of three techniqg@snatter effects tional, and an up-down ratio discriminates between active
on the partially contained and throughgoing-muon samplesand sterile oscillations since upgoing are fully detectable
(if) the contribution of inelastic neutral-current events withwhile upgoingvge i are invisible.
pions to the fully contained multi-ring events sample, and This detection channel for atmospheric neutrinos in SK
(i) statistically identified tau lepton decays. Individually, was mentioned by Vissani and Smirnov, but was dismissed
these techniques do not offer strong evidence, and the latteis having too few events above ther€nkov threshold6].
two are made difficult by large backgrounds. Some estimates for the event rate were mentioned in Ref.
[14]. In those studies, all of the protons were classified by the
Monte Carlo calculation as eitherlike or u-like, and were
*Email address: beacom@fnal.gov assumed to be buried by the much more numerous relativis-
TEmail address: Sergio.Palomares@uv.es tic electrons and muons from CC channels. It is unknown

S1‘rom both free and bound protons, where the struck proton is
above the @renkov thresholdsee also a related detection
application at low energies in Rgf12]). This is a neutral-
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what fraction of relativistic protons failed general cuts de- 0.2 T L R
signed for electrons and muons, and hence were not class
fied at all.

In what follows, we develop the case that atmospheric _ .|
neutrino-proton elastic scattering events above teee@kov =,
threshold should be in the present SK dataset, that they ca &
be identified, and that they will be very useful in studying ”g
neutrino oscillations. Finally, we identify some other appli- £ 0.1
cations of our results.

el

do_/dp [107

Il. CROSS SECTION FOR w+p—v+p \ i
The neutrino-proton elastic scattering cross section is ar |\\‘~
important prediction of the standard model that has beer ¥ — =
confirmed at GeV energies, e.g., in the E734 experiment
[13]. The differential cross section on free proton targets in

A. Free proton targets

Struck proton momentum, p [GeV]

terms of the struck proton momentusn(and corresponding FIG. 1. Differentialv+ p— v+ p cross section as a function of
massM ,, kinetic energyT,, and total energ¥,) and neu-  proton momentumnote log scale used for displayUpper lines
trino energyE, is given by[15] correspond to neutrinos and lower lines to antineutrinosk at
=1 GeV (solid), 3 GeV (dotted, and 50 GeMdashedg, terminated
dog GEMSp __(s—u) (s—u)? at the maximum_allowed proton momentuinly visible in the 1
do ~ a-ree | AT >—+C |- (2.1)  GeV casg The Gerenkov threshold in water gi=1.07 GeV is
P 4nEE, Mp Mp shown with a thin dotted line.

The minus(plus) is for neutrinos(antineutrinog, and
P F1=(1—2sirf0u)(GS—FJ)— 4sirfou(GY—FJ)

A=47G2(1+ 1)~ F4(1—7)+F3(1— 1) 7+4F F,7] 29
(2.2
—(1—9 qi 3_ 24 0
B=4rGA(F1+F,) 23 F,=(1—2sirf6y)Fy— 5sirouFy, (2.6)
I PP where siff,=0.231. The remaining form factors have a di-

C= Z,(GA+ Fi+Fa7), (2.4 pole form (vector masM, =0.84 GeV), and are
wheres—u=4M,(E,—M,7), 7=Q%4M?3, andQ*= —¢? 0.08 — 1
=2M,T,. The differential cross section is shown in Fig. 1.
Almost all of the struck protons are below thesi@nkov \ i
threshold; the subject of this paper are those few above it

Since this is a neutral-current channel, all active flavors of
neutrinos contribute equallithough the antineutrino cross =
section is smaller at the relevaft)). We consider back- & N
grounds to the detection of protons in the elastic channel in"g 0.04
detail below. 2
The most important proton recoil momenta lie between 2
about 1 and 2 GeV. The lower limit is determined by the
Cerenkov threshold in water at 1.07 GeV, and the upper limit
by the falling differential cross sectiofand neutrino spec-
trum). In Fig. 2, we show the separate terms of the differen-
tial cross section folE,=2 GeV (other relevant energies 0
give similar results The most important terms in EQ.1)
are theB andC terms, which are comparable. For neutrinos, Struck proton momentum, p [GeV]
they add constructively, and for antineutrinos, they add de- 5 5 The components of the differentiall p— v+ p cross

structively. The suppressio'n of the differential cross sectioRaction: the suntsolid line), A term (dot-dashed ling B term (dot-

at large proton momenta is caused by the decrease of thgy jing andC term (dashed lingfor E,=2 GeV, as a function of

form factors at largeQ?. the recoil proton momentum. For antineutrinos, th& term con-
The vector form factors=; and F; that couple the ex- tributes with the opposite sign, and so the differential cross section

changedZ°® to the proton have been well measured inis much smaller. Note that only>1 GeV is shown, in contrast to

electron-nucleon scattering, and are Fig. 1.

0.02-.
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where k,=1.793 andk,=—1.913 are the proton and neu-
tron anomalous magnetic moments.
The axial form factor is assumed to have a dipole form 5 3 The differential cross sectiair, /d cosf, (6, is the

cos 0
P

(axial massM ,=1.03 GeV), given by angle of the struck proton with respect to the incoming neutrino
direction for different neutrino energiek, =1 (dashed ling 2
1 1.267 (dotted ling, 3 GeV (dot-dashed ling The solid-line segment of
Ga=-— 2 m' (21D each curve indicates protons that are above thiekov threshold.

Since we are neglecting proton reinteractions in the nucleus, only

The main uncertainty in the differential cross section, Eq."€ forward hemisphere is shown.

(2.1), is caused by uncertainties @y, . While neutrino scat-
tering experiments suggedtl ,=1.03 GeV, charged-pion
electroproduction datfl6] suggestM ,=1.08 GeV; all of
the data are reviewed in RdfL7]. The larger value oM 5
would increase the differential cross section by about 10% i
the interval we are interested in. There can also be stran
sea quark contributions to all of the form factors, especiall
the spin contributioms that modifies the axial form factor larger than for protonsfollowed by an+p—p-+n nuclear
[18], possibly increasing the differential cross section byrelnteractlon that transfers most of the momentum to the pro-

. ton. A full detector Monte Carlo calculation will be needed to
0, &
about 10%. However, the effects of changing andM, are model these effects, along with the details of theréhkov

particle identification and backgrounds.

value for elastic atmospheric neutrino events. Since the spec-
trum dN/dp is so steefsee belowy, taking this into account
could reduce the number of events above thereGkov
rlihreshold by about 20%. We neglect this effect because we
e also neglecting the fact that there would be some com-
ensation to this loss froow+n—v+n (about 1.5 times

tion from either a largeM 5 or a As contribution.

C. Angular distribution
B. Nuclear effects

. 7= fations, the struck protons must be directional. The angles of
out of 10 targets in water. Bound protons have nonzero initi P g

: . he final particles relative to the initial neutrino direction are

momenta (Fermi motior), and the struck protons cannot given by
make transitions to already filled states at low energresli
blocking). In typical Fermi-gas modelspg=220 MeV) for E,+M, T,
neutrino interactions at a few GeV, these effects reduce the cosf,= E \/T oM (2.12
total cross section by about 20%9]. However, these effects v p P
can be neglected when the struck proton is above #rer
kov threshold. In this limit, the struck proton is ejected from
the nucleus and the momentum transfer greatly exceeds the
initial momentum. This may be seen from the differential
cross section resuligor the CC channglin Refs.[19,20. The maximum proton momentum is obtained when the neu-

The struck proton may reinteract as it leaves the nucleusrino reverses its direction and the proton goes forward. The
[20]; at the relevant momenta, the interaction probability ismost important neutrino energies for this channel are 1-3
about, corresponding mostly to forward elastic collisions GeV, so forém?=3x10"2 eV?, the oscillation length cor-
[21]. There are neutrino interaction codg22] that take responds to the direction of the horizon. Thus downgaipg
nuclear reinteractions into account, but we do not. The averhave not oscillated yet, and upgoimg have oscillated into
age momentum loss for protons bound in oxygen in quasieither v, (same rate as downgoin@r v.iie (@ reduced
elastic scattering using the K2K neutrino beam is onlyrate. As shown in Fig. 3, most protons emerge at rather large
=90 MeV [21]; it is reasonable to assume a similar averageangles relative to the neutrino direction. However, these are

. . In order to discriminate between active and sterile oscil-
We have so far only considered free protons, which areaja

MpTo

COS@V: 1— W_Tp)

(2.13
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FIG. 4. Proton spectrungN/dp (yr GeV)™*, as a function of FIG. 5. Proton spectrundN/dp (yr GeV) %, as a function of

proton momentuntsolid ling) in the 22.5 kton mass of SK. Note proton momentum for different neutrino energy intervals contribut-
that the spectrum falls very quicklyertical log scalg The Geren-  ing to it: all neutrinos(solid line), up to 1 GeV(dashed ling [1,2]
kov threshold for protons in water is also shoghin dotted verti-  Gey (dot-dashed ling [2,3] GeV (dotted ling, [3,4] GeV (doubly
cal line). dot-dashed ling [4,5] GeV (short-dashed line Note that onlyp
. >1 GeV is shown.
the same majority of protons that are below ther&hkov )
threshold. The relevant protons above theréhkov thresh- threshold(and about 2000 belowIn order to normallze our
old are in fact quite forward, but not perfectly éoe show results, we calcylated the numbe.r of qua3|elast|c.events in
below that the lowest neutrino energies are the most relSK; We agree with the SK no-oscillation numbers if we as-
evan). Compared to the intrinsic angular variation, angularSume a detector efficiency of about Gapproximately the
deflections from nuclear reinteractiofil] can almost al- °fficial SK numbey. Thus in the present data there should be
ways be ignored. about 40 eIa;sncaIIy scqttered protons above tleee@Gkov
threshold. This number is small, but it should be noted that
much more data are expected from SK in the future. And
ll. PROTON RECOIL SPECTRUM indeed, possibly also from a future 1 Mton Hyper-
Kamiokande detector with-40 times higher rat¢24] (or
UNO, with ~20 times higher ratd25]); a high-statistics
The struck proton momentum spectrum in SK for no os-sample of neutrino-proton elastic scattering events could
cillations (or oscillations among active flavors oplig then be quickly collected. 5
The small number of protons above ther€nkov thresh-
d_N _ fm dn, doe old is a consequence of the large proton mass and the shape
(p)=Z2 dE, = (E,)——(E,.,p), (3.0 . . . :
dp Jmin dE, dp of the differential cross section, which falls steeply above a
peak atp=400 MeV, as shown in Fig. 1. Additionally, the
where Z=7.5x 10> is the number of protongfree and atmospheric neutrino spectrum is steeply falling with neu-
bound in the 22.5 kton fiducial mass of SK amldr.;/dpis  trino energy, and this is not compensated by growth in the
the differential elastic cross section, E@.1). The atmo- cross section, since both the differential and total elastic
spheric neutrino flux23] dN, /dE, has been integrated over cross sections become independent of neutrino energy above
41 (this is done only to calculate the total yields, as in prac-a few GeV.
tice the directionality of the protons can be usédle sum About 95% of the protons above threshold are in the in-
over all three flavors of neutrinos and antineutrinos, takingerval betweemp=1.07 GeV and 2 GeV. This plays a crucial
into account the reduced cross section for antineutrinos. Thle in distinguishing protons from other charged particles,
minimum neutrino energy for a given proton momentum is as well as the details of how they are stopped. In Fig. 5, we
show how different ranges of neutrino energy contribute to
(E))min= %(Ep+ p—Mp). (3.2 the proton spectrum in_this momentum interval. About 90%
of the protons above thegtenkov threshold are produced by
In Fig. 4, we show the complete momentum spectrum fomeutrinos withE ,<5 GeV, and in fact, the majority are pro-
protons elastically scattered by atmospheric neutrinos anduced by much lower neutrino energies. The kinks in Fig. 5
antineutrinos in SK, per year of detector livetime. arise because we consider both a minimum and a maximum
The spectrum falls very steeply, and the fraction of pro-neutrino energy to draw each curve; e.g., the dotted line for
tons above the €enkov threshold gh=1.07 GeV is very neutrino energies between 2 and 3 GeV has a kinlp at
small, about 2%. For the present exposure time of SK, 1489-2.4 GeV because we do not include neutrino energies be-
days, we predict about 60 protons above therddkov low 2 GeV.

A. No-oscillation prediction
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B. Effect of neutrino oscillations

Y

The vacuum oscillation length is o

Lo =2 ood S|k 33
OSC_WN 1 Gev m! ( )
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T
\

where we have useém?®=3x 102 eV?[1,11]. This is close

to the distance to the horizon, so that downgoing neutrinos
have not oscillated and upgoing neutrinos have oscillatec
several times. Since the mixing is maximal, half of the up-
goingv, remainv, and half oscillate to either, or vgcrije- 1

As shown in Fig. 3, the initial neutrino direction is largely 10
maintained by the proton direction, the latter to be measurec
from its Cerenkov cone. We show below that the neutrino
energy can also be estimated from the prot@redkov in-
formation, so that ,/E, can be estimated on an event-by-
event basis, which improves the ability to study neutrino
oscillatiqns. Even in the absence of a neutrino energy gsti— FIG. 6. Distance (g/cR) traveled in water by protons and
mate’. Fig. 5 ?‘hOWS that Only a narrow, range of NeutriNGyons as a function of momentum. We show the raiye distance
energies contributes to the signal above tlaae_dﬁkov thres_h-_ to come completely to rest by electromagnetic losses alfore
,Old but below where the proton spectrum is greatly dlmln'muons(dashed linpand protongdot-dashed line For protons, we
ished. . ) ) also show the nuclear attenuation lengthin water(solid ling), the

_There are unc_ertamt'es in the neumno'pmton elastic SCaljistance over which a fractionelbf protons travel without scatter-
tering cross section, €.9. from the axial form factor as W_e"ing. The Grenkov threshold for protons is also shogtiin dotted
as from nuclear corrections to the free-proton cross section,q tical lina.
There are also uncertainties introduced by our simple mod-
eling of SK. For example, the number of protons above the .

Cerenkov threshold is quite sensitive to the index of refracsingle-ring events in a &@enkov detector such as SK. Quasi-
tion; we assumed 1.33, but in a more careful treatment onelastic interactions of atmospheric neutrinos create relativis-
would have to model the wavelength dependence of #e C tic electrons and muons that produce treré€kov radiation,
enkov emission, attenuation, index of refraction, and photowhich is seen by phototubes as rings on the walls of the
tube quantum efficiency. Finally, there is also a 20% uncerdetector. The rates are large, of the order of &@ents per
tainty on the atmospheric neutrino flux normalization. Inyear, to be compared to those of the order of 10 relativistic
light of these facts, we must focus on a normalization-protons per year. However, the unique particle identification
independent observable such as the zenith angle spectrusfoperties of protons will allow rejection of these back-
shape, or at least an up-down ratio. grounds.

Consider an initial atmospheric neutrino flavor ratio of = Electrons and muons are stopped by continuous electro-
ve:v, :v,=1:2:0, which is a good approximation. Down- magnetic energy lossémostly ionization, but also radiative
going neutrinos have not oscillated, and have these flavqpsses for electronsthe Gerenkov radiation does not cause
rafios. However, th? upgoing neutrinos have oscillated Sevéigniﬁcant energy loss. The continuous energy loss
eral times. For maximal mixing of,, t0 eitherv, Or vsieriie;  _qE/qx is given by the Bethe-Bloch equation, reviewed in
the flavor ratios for the upgoing events are eithet:1 or Ref. [26]. The range of a charged particle, thé distance re-

1:1:0 (we ignore mixing withv, as well as matter effects . L . : . . ) i
Since this is a neutral-current cross section, equally sensitiv%u'red 0 _bnng it to rest, is obtained |mmed|ate_ly by integra
tion. In Fig. 6, we show the range of muons in water as a

to all flavors, the upgoing flux divided by the downgoing flux function of momentum. Electrons, because of their small

would be 1 for pure active oscillations agdfor pure sterile h hiaher dE/dx for th d
oscillations. Assuming 40 events in the present SK data, thi§’ass. have higher dE/dx for the same momentum and are
stopped in less distance; in addition, multiple scattering

corresponds to 20 downgoing events and either&five 1es -
case or 13 (sterile caspupgoing events, the latter reflecting changes .the|r direction. We alsq show a range curve for pro-
a 1.5 sigma deviation. Thus with the present data this tecHons, which would be correct if protons only lost energy
nique could not be decisive, but none of the three technique@lectromagneticallyat high momenta, wherg=1, the pro-
used by SK to distinguish, from vgeie is individually N and the muon range are nearly the same; at low mo-
decisive[11]. The advantage of neutrino-proton elastic scat-menta, the proton velocity is less and hence the electromag-
tering is that it could be rather clean, both in concept and if'€tic losses are highertHowever, for protons in the relevant

tance [g/cm’

13|
—
=]

Di

AL W

<
\.

1l M N RN
10 100

Initial momentum [GeV]

_.
S
e
=
—_

practice. momentum range, discrete nuclear collisions are more im-
portant than continuous electromagnetic energy losses.
IV. PROTON PARTICLE IDENTIFICATION (PID) Since most atmospheric neutrinos are at energies of at

least a GeV, the electrons and muons created in quasielastic
reactions almost all have an initial velocity gf=1. This

In this section, we show how relativistic protons from corresponds to the maximume@nkov intensity, and aet-
neutrino-proton elastic scattering can be separated from othenkov emission angle of 41° in water. For muons, the outer

A. Electron and muon PID
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edge of the @renkov rings is sharp, but for electrons, which calculate the corrections due to electromagnetic energy
suffer changes in direction due to multiple scattering, thdosses. In either case, protons have a short path length and
outer edge has a more fuzzy appearance. As the velocityill be fully contained events.

decreases, thegfenkov angle and intensity both decrease. In  Since 95% of the proton events are in the momentum
an ideal detector, the rings on the wall would fill in com- range of 1-2 GeV, with a steeply falling spectrésee Fig.
pletely as the particle slowed dowf@nd approached the 5), a single nuclear collision with even moderate momentum
wall). In practice, the rapid decrease in therénkov angle transfer brings the proton below thee@nkov threshold. In
and intensity once the _particle falls belg®+=1 means that an inelastic collision with an oxygen nucleus that breaks it
the inner edge of the &enkov rings is typically under- into several fragments, it is very unlikely that any of them
sampled. This is especially true for electrons, which loseare above the &€enkov threshold. In a collision with a free
velocity in less distance than muons. Thus muon rings have proton, the initial momentum of less than 2 GeV_is shared
sharp outer edge and are patrtially filled in, whereas electrobetween both protons, leaving them both below trexe@-
rings are fuzzy and not filled in. Electrons and muons can bé&ov thresholda forward elastic collision might exchange the
very reliably distinguished in SKto about 1%, as has been projectile and target protons, causing little change in tee C
confirmed by a variety of means, including direct beam test&nkov pattern from no collision at allThus we assume that

at KEK [27]. after a nuclear collision, there are no relativistic protons, nei-
ther the original proton nor any accelerated target protons.
B. Proton PID: Nuclear collisions only Now we consider the &€enkov signatures of the struck

Unlike electrons and muons at these momenta. proton rotons, assuming that a single nuclear collision brings the
. - P roton below the €renkov threshold. Protons have several
have a large cross section for nuclear collisions. If electro-

. . ~ - unique PID characteristics, Since the proton velocity is con-

mag_netlcr:anergr;]y I(f)sseg canf be ignored, as we assume in tr%llsant until that collision, the &enkov angle and intensity are

\?v?tcﬁgour;,utnggrgt]o?ngrzcaircllgarpc:gltﬁsr}f)nsijerIVIng a distarce constant until they abruptly vanish. While the protons are
relativistic, they do havgs<1, so their @renkov angle is

N(X)/N(0)=exp( — X/\y). (4.1 less than the 41° for relativistic electrons gnd muons. Just as

for muons, the outer edge of theef@nkov rings is sharp for

For the nuclear attenuation |en@ﬂ'ﬂj in water, we use protons. However, since theire@enkov angle is both smaller
and constant, proton rings are filled in very densely and at a
)\N=[(p/|\/|H20)0'p+H20]_1, (4.2 constant rate. The proton path length is rather short, of the

order of A\y=80 cm, compared to the several meters typical
wherep/My, o is the number density of water molecules. For of muons, and thus the proton events are always fully con-

the cross section, we use tained. When the proton is abruptly stopped, the inner edge
of the Gerenkov rings is also sharp, unlike for muons or
Tp+H,0=Tpi160t 20 4p, . (4.3  electrons.

The number of @renkov photons produced per unit path

Note that we cannot simply use the number density of nuclelength and photon wavelength interval by a particle of unit
ons in water, since nucleons bound in nuclei shadow eacgharge and velocity is
other(since nuclear densities are approximately constant, the )
cross sectional area of a nucleus scaleA%3. For scatter- d"Nph :277“ 1 (4.4
ing from €0, we use only the reactiafinelastio cross sec- dxdn )2 B2n2(\) ) '
tion, taken from Ref[28] (which corrects the earlier one .
from Ref.[29]). We have not included the elastic part of the In Fig. 7 we compare how theeenkov intensity and angle
cross section on®0, as it is very strongly peaked in the vary with the distance traveled for muofeslectromagnetic
forward direction30], corresponding to minimal momentum losses onlyand protongnuclear collisions only We choose
loss (for a proton withp=2 GeV, a scattering angle less the same initial velocitie§&and hence the same initiale@n-
than 20° corresponds to less than 1% change in momentunkov angle and intensily using 3=0.8, 0.9, and 0.95, to
For scattering from free protons, we do use the total croshkighlight how the muon and proton stopping mechanisms
section, taken from Ref$26,31]; since the target and pro- differ. These correspond to muon momenta of 140 MeV, 220
jectile have the same mass, it is easier to have substantideV, and 320 MeV; and to proton momenta of 1.25 GeV,
momentum transfer. Above 1 GeV momentum, the protoriL.95 GeV, and 2.85 GeV. Muons of a givgntravel a well-
nuclear cross section on water is nearly constant at about 33efined distance before they fall below theré€nkov thresh-
mb; the oxygen reaction cross section is about 300 mb, andld. However, protons of a giveg travel a variety of dis-
the proton cross section is about 45 mb. tances, sampled from the distribution in E4.1). In Fig. 7

In Fig. 6, we show the nuclear attenuation length for pro-we have adoptedly as the path length for protons, since this
tons in water, ignoring electromagnetic losses. Above thes the average value.
Cerenkov threshold, this length is always shorter than the Most muons in the SK atmospheric neutrino data have
electromagnetic range of protons calculated if nuclear colliimuch longer track lengths than shown here, and hence are
sions are ignored. Thus in this section we consider that onlgistinguishable. Those muons shown in Fig. 7 have path
nuclear collisions are important, and in the next section wdengths short enough to be confused with protons, but have
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FIG. 7. The @renkov intensityupper ploj and angle(lower  losses can be neglected, as we have assumed. However, right
plot) as a function of the traveled path length in water for muonsat the @renkov threshold, this is no longer true, since the
(solid liney and protons, considering only nuclear collisions —dE/dx losses are greater and the range is as small as the
(dashed lingsor only electromagnetic lossedotted lineg. From  nyclear interaction length. Thus the proton behavior is dif-
bottom to top, the initial velocities ard=0.8, 0.9, and 0.95. The fgrent, as jt is continuously slowing down. It may finally go
Cerenkov intensity is calculated for visible light, without attenua- pajow the V@renkov threshold by either further electromag-
tion or detection efficiency. With electromagnetic losses neglected],]etiC losses or a nuclear collision. In Fig. 7, we show results
individual protons always stop abruptly, but with a distribution of for nuclear collisions onlydashed lines as well as for elec-
path lengths, Eq4.1); we used the average path length in the tromagnetic losses onlidotted lines.
figure. Since the nuclear interaction length is nearly independent
of momentum, the fractiof of protons brought below the

very different G&renkov characteristics. In addition, except Cerenkov threshold by a single nuclear collision is

the 20% of negative muons that capture on oxygen, fully

contained muons can be tagged by their subsequent decay to FN(p):l_e—r(p)/fN, (4.5
an electron or positron of up to 53 MeV. Thus it should be

possible to distinguish protons from muons with very high _ _ )
efficiency on an event-by-event basis. In R§f4] the wherer (p) is the distance a proton travels before going be-

neutrino-proton elastic scattering cross section was includelpw the Oerenkgl threshold, considering only electromag-
in the atmospheric neutrino Monte Carlo calculation. Thoseetic losses, aniy=80 cm. Noter (p) is not the full range,
events were automatically classified eike or u-like and ~and a 1 GeV proton still travels about a meter, though invis-
then considered to be buried by the much larger quasielastibly. The fractionFy is shown in Fig. 8. Lower-momentum
event samples. Most were classifiedwadike, which is why ~ protons are affected most by electromagnetic energy losses.
we have emphasized distinguishing protons and muons. IRrotons withp=1.25 GeV are more likely to be brought
fact, protons should be quite distinguishable from electron®elow the @renkov threshold by a nuclear collision than by
as well. electromagnetic losses. In fact, if we convolve this curve
Since the nuclear cross section is nearly constant, the pravith the falling spectrum of struck protgns, Fig. 4, about half
ton track length is a poor estimator of the proton momentum©f all the protons are brought below the@nkov threshold
and event-by-event track length fluctuations from E41) by a nuclear collision.
are more important. However, the proton momentum can be For the protons brought below the threshold by a nuclear
reliably estimated by the constante@nkov angle and collision, the discussion above about the proton PID neglect-

intensity, since those vary appreciably in the momentuning electromagnetic losses is the most appropriate, though
range considered, whe@<1. in some cases there will be some slight decrease in the

Cerenkov angle and intensity before_they abruptly vanish.
) The remaining protons fall below thee@nkov threshold
C. Proton PID: Inclusion of —dE/dx effects more gradually, e.g., the lowest momentum cg8e (.8) in
From Fig. 6, it is clear that for protons with momentum Fig. 7, for which electromagnetic losses dominate. Neverthe-
somewhat above the eBenkov threshold, electromagnetic less, the @renkov behavior is still quite different from
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muons. For muons at the same init@ protons go much our assumption that when a high-momentum proton has a
farther and produce much moree@nkov light. For muons nuclear collision, it suffers a large momentum loss without
that travel_the same distance above trereDkov threshold, accelerating new protons.
the proton @renkov angle is much smaller and falls off more  Another possible source of background is atmospheric
slowly with distancethe proton velocity is also less, leading muons interacting with the surrounding rock and producing
to a higher @renkov ring density on the wallThus even fast neutrons that can enter the detector without triggering
low-momentum protons should be quite distinct from muonsthe veto. These neutrons could in principle scatter protons
(and electrons Finally, when electromagnetic losses domi- above the @renkov threshold. Most neutrons are far too low
nate, the proton momentum can be estimated by convern energy to be effectivg33] and neutrons are strongly at-
tional Cerenkov techniques. tenuated by the 4.5 m water shieldinglncidentally,
neutrino-proton elastic scattering events might be visible in
_ _ _ ~ the Soudan-2 experimef84], which has much less mass
Since the number of neutrmo—proton elastic scattermg%nd shielding than SK but can detect lower-enefgyb-
events above thedtenkov threshold is small, of the order of Cerenkoy protons in a tracking calorimeter. The number of
10 per year in SK, careful consideration of backgrounds Willg,,ants could be a few tens, but the neutron backgrounds

be necessary. Above, we have motivated the case that prog 4 pe comparablgs]. We are not aware of any official
tons are distinguishable fr_om the more numerous eIeCtr_Onénalysis of these events by the Soudan-2 Collaboratiast
2Phdermpuoosr;5ib];:3021agllzrgﬂitsjlslasnc channel; we now ConSIdelﬁeutrons fro_n_1 the _Walls can also produce neutral pior_ls by
A possible background is from, +n— "+ p, but with nuclear collisions in the det_ector; _|f the two photon rings
the muon below the &renkov tﬁreshold and, the proton from the decay are overlapping, this can resemble an atmo-
- spheric v, event[35]. However, the SK Collaboration has

above it. About 20% ofu~ will undergo nuclear capture .
instead of decay, and thus will remain invisible. Using theshown that such events contribute less than 0.1% of the at-

measured rate of subeenkov muon decays in S|82), we ~ Mospheric v signal [36,37. We estimate that the fast-
estimate about 7 events per year with a completely invisibideutron induced background to our signal is less than 1 event

w~. With the additional requirement of a relativistic proton, Per year in SK.
the background becomes negligible. In summary, a full Monte Carlo study will be needed to
There are also neutrino-neutron elastic scattering eveneorrectly implement the initial neutrino interactions, possible
(in fact, the cross section is about 1.5 times larger than fonuclear reinteractions, pions, nuclear stopping and electro-
protons in which the struck neutron carries a large momen-magnetic losses, backgrounds, and most importantly the PID
tum. Such events are of course invisible in SK. However, thén a realistic detector. Nevertheless, we believe that it looks
struck neutrons can sometimes scatter a proton with enougtromising that the relatively fewof the order of 10 per year
momentum transfer that the proton is above tlereBkov in SK) neutrino-proton elastic scattering events above the
threshold. In the E734 accelerator neutrino experiment, ierenkov threshold can be detected with little background.
was estimated that such events were about 15% of the mea-
sured neutrino-proton elastic scattering signal. It should be V. RELATED APPLICATIONS
less here since that tracking calorimeter had a lo(eb-
Cerenkoy threshold for protons. Note also that such events
would partially compensate the loss of neutrino-proton elas- We are not aware of any experiments with-1-2 GeV
tic scattering events from nuclear reinteractions. proton beams in the €&enkov detectors that would test the
We ignore the production of pions, in the initial interac- PID techniques introduced above. However, it should be pos-
tion, by proton reinteraction in the initial nucleus, or in the sible to use accelerator neutrino beams to initiate neutrino-
final nuclear collision. Pions produced in the initial interac- proton elastic scattering events in the right momentum range.
tion are not part of the neutrino-proton elastic scatteringThe spectrum of accelerator neutrinos does not extend as
channel, and cause multi-ring events. We are only considehRigh in energy as for atmospheric neutrir{i®ugh note Fig.
ing single-ring events. Neutral-current single-pion events shows that most of the signhal comes from low energy neu-
with the pion absorbed in the nucleus could be a backgrounttinos), but the total numbers of events expected are much
to the elastic channel; however, the fraction of these eventsarger.
with a proton above the é&enkov threshold should be even  The K2K 1-kton near detector would be a good place to
lower than 2%, due to kinematics. Monte Carlo calculationstart, as this detector is designed to mimic F88]. These
and real data on quasielastic scattering using accelerator nedata could be very useful for developing the proton PID
trinos in the K2K SciFi detector suggest that secondary pioriechniques. It would also be useful to study quasielastic
contributions are minimdl21]. In their Monte Carlo results, events in which the proton is above therénkov threshold;
which have a much more complete treatment of the physicthese are about 8 times more numerous than the comparable
than we have presented here, the track multiplicity was alelastic eventsthoughoyc/occ=0.2, the ratio of the differ-
ways 1(muon or 2 (muon and proton and never Jinclud-  ential cross sections fgg=1-2 GeV, is smaller Measur-
ing secondary pionsAdditionally, pions created in the final ing both the outgoing lepton and proton would allow recon-
nuclear collision would be delayed from the initial proton by struction of the neutrino energy, useful for measuring the
several nanoseconds. The figures in Ref] also support neutrino spectrum. With- 10° events expected, we estimate

D. Possible complications

A. Accelerator neutrinos: NC and CC channels
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~10° quasielastic and- 107 elastic events with a relativistic nuclear collision. Proton &enkov rings have sharp outer
proton. and inner edges, are very densely filled, and correspond to a
The MiniBooNE detectof39] could also be used. Since it short path length and smalle@znkov angle. These are fully

is designed to test the LSND sigramall mixing angle and ~ contained, single-ring events. In order to test our proposal, a
|arge §m2) [4], it can be considered a near detector for Os_detalled detector Monte Carlo simulation will be needed.

cillations with the atmospheriém?. Its fiducial mass con- Neutrino-proton elastic scattering is a neutral-current re-
tains 0.68 kton of mineral oil, and is primarily aenkov action and so measures the total active neutrino flux. For the
detector (about 3:1 “@renkov to scintillation light Mini- relevant neutrino energies, oscillations occur at the distance

BooNE has unique characteristics that will help the protorfo the horizon. In addition, protons above therénkov
PID. The index of refraction in oil41.5) is larger than in threshold preserve the neutrino direction. These facts mean
water, allowing a lower €renkov thresholdand larger angle that these data can be used to test atmosphgrie v ver-

and intensity. The density of oil 0.8 g/cn?) is less than  SUS ¥, — Vsterile OSCillations. Since there are normalization
for Water’ which means |0nger tracks. And once a protorpncertaJnUeS in the atmOSpherIC neutrino ﬂUX, the cross sec-
falls below the @renkov threshold, it still produces scintil- tion, and aspects of the detection, an up-down asymmetry
lation light. With ~5x10° events expected, we estimate test should be used. Let us assume 40 identifiable events in
~Bx 103 quasie|astic and~5x 102 elastic events with a the pl’esent SK dat@o OSCi”ation$. With OSCi”ationS, there
relativistic proton. These studies would be an appealinghould be 20 downgoing events and either 29 v;) or
complement to plans to measure the elastic scattering crods} (v,— Vsterie) UPgoing events. While not decisive, other
section atQ?=0, a test of the strange quark contributive  techniques for active-sterile discrimination are not individu-
to the proton spifi40]. The combined elastic and quasielastic &y decisive either; they obtain their power in combination.

data could measure ti@? dependence of the uncertain axial Neutrino-proton elastic scattering has the advantage of being
form factor. clean in concept. The rate in the proposed Hyper-

Kamiokande detector would be about 40 times laf@di.

Our results on neutrino-proton elastic scattering have
other immediate and important applications. First, using ac-

As noted, we expect about 8 times more quasielastic thagelerator neutrinos, this channel can be seen in the K2K
elastic events with a proton above ther€nkov threshold. 1-kton near detector and in MiniBooNE. These data will re-
Thus we estimate about 300 such events in the 1489-day duce the cross section uncertainties and develop the proton
SK data(these two-ring events are easily separable from oup|D techniques. Tagging relativistic protons will be similarly
proposed single-ring signalTaking v, oscillations into ac-  useful in the quasielastic channel in these detectors. Second,
count would reduce this number sineg oscillate to either  for a small fraction of the atmospheric neutrino quasielastic
v, (mostly below the CC thresholdr vgerie- This has a  events, the proton is relativistic and can be tagged using the

very important consequence from the point of view of atmo-gcpniques presented here. This uniquely selegt@ot v,)
spheric neutrino oscillations, as it would allow the determi-o,ants useful for understanding matter effects and allows

nation of the neutrino energy and direction on an event-bygetermination of the neutrino energy and direction, useful for
event basis, allowing a better measurement of tH& studying theL/E dependence of oscillations.

dependence of oscillations. Note also that these quasielastic

B. Atmospheric neutrinos: CC channel
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