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Abstract

Agababyan N.M., Grigoryan N., Ivanilov A.A. et al. Charged p Meson Production in Neutrino
Induced Reactions at (E ) ~ 10 GeV: IHEP Preprint 2010-3. — Protvino, 2010. — p. 12, figs. 6,
tables 2, refs.: 21.

The production of charged p mesons on nuclei and nucleons is investigated in charged current
neutrino interactions at moderate energies ((E,) ~ 10 GeV), using the date obtained with SKAT
bubble chamber. No strong nuclear effects are observed in p* and p~ production. The fractions
of charged and neutral pions originating from p decays are obtained and compared with higher
energy data. From analysis of the obtained and available data on p™ and K**(892) neutrino
production, the strangeness suppression factor is extracted: As = 0.18 £+ 0.03. Estimation is
obtained for cross section of coherent p™ neutrino production on nuclei.

AnHoTanusa

Arababssut H.M., I'puropsia H., Barmmos A.A. u ap. HeiiTpuHopoxKieHne 3apsi>KEHHBIX —p-
mesoHoB 1ipu (E ) &~ 10 ['sB: Ilpenpuar UPBD 2010-3. — IIporsuno, 2010. — 12 c., 6 puc.,
2 tabJi., bubsmorp.: 21.

Nzyueno poxienne 3apsrKeHHBIX p-ME30HOB Ha HYKJIOHAX U S/Ipax BO B3AUMOJIENCTBUAX Hel-
TPUHO Yepe3 3apsizKeHHBIN TOK NMpH MpoMexKyTounbiX sueprusax ((E,) ~ 10 I'sB). Ucnonbzosa-
JINCH JTaHHBIE, TOJIyYeHHble Ha My3bIpbKoBoil Kamepe CKAT. IlomydenHble pe3ysbTaThbl CBUIE-
TELCTBYIOT O TOM, YTO CYIMIECTBEHHBIX s/IepHBIX 3(bheKToB Ipu 06pasoBaHuu p 1 p~ He Ha-
oonaercsd. V3MmepeHHast 107 3apsKEHHBIX U HEHTPaJbHBIX THOHOB, BOZHUKIINX U3 PACIaIOB
P-ME30HOB, CpaBHUMA, C PE3yJIbTATAMU, [TOJIyIEHHBIMU TIPHU 00JIee BRICOKUX sHeprusx. /3 anannza
HOJIyYeHHBIX JAHHBIX 1 JAHHBIX JPYIHX 9KCIEPUMEHTOB 110 HeHTPUHOPOXK JeHuto p' u K **(892)
npousBesieHa oreHka dakropa nojapiaeHus crpaHHoctu: Ag = 0.18 + 0.03. Ilomydena orenka
CeYeHUsd KOTE€PEHTHOI'O PO2KIAEeHU A p+ Ha dapax.
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1. INTRODUCTION

In order to infer as comprehensive as possible information about the space-time pattern
of leptoproduced quark string fragmentation processes, experimental data on nuclear tar-
gets are needed, not only concerning the production of stable hadrons, but also hadronic
resonances. At present, more or less detailed experimental data collected in neutrino-
nucleus interactions are available only for neutral p mesons ( (|1, 2, 3| and references
therein), while those for charged p mesons are rather scarce and obtained at compara-
tively high energies of (anti)neutrino, (E,) ~ 40-50 GeV [2].

The aim of this work is to study the neutrino production of p* and p~ mesons in
neutrino-nucleus (¥A) and neutrino-nucleon (vN) charged current interactions at inter-
mediate energies ((E,) ~ 10 GeV). In Section 2, the experimental procedure is described.
Section 3 presents the experimental data including the inclusive production of 7 mesons
(3.1); the mean multiplicities of p™ and p~ mesons and the ratios of p meson to pion
yields, compared to the data at higher energies (3.2); the W-dependence of the p yield
and the ratio of p and 7 yields (3.3); the coherent single p™ neutrino production on nuclear
targets (3.4). The results are summarized in Section 4.

2. EXPERIMENTAL PROCEDURE

The experiment was performed with SKAT bubble chamber [4], exposed to a wideband
neutrino beam obtained with a 70-GeV primary protons from the Serpukhov accelerator.
The chamber was filled with a propane-freon mixture containing 87 vol% propane (C3Hg)
and 13 vol% freon (CF3Br) with the percentage of nuclei H:C:F:Br = 67.9:26.8:4.0:1.3 %.
A 20-kG uniform magnetic field was provided within the operating chamber volume.

Charged (CC) current interactions containing a negative muon with momentum p,, >
0.5 GeV/c were selected. Other negatively charged particles were considered to be
7w mesons. Protons with momentum below 0.6 GeV/c and a fraction of protons with



momentum 0.60-0.85 GeV/c were identified by their stopping in the chamber. Non-
identified positively charged particles were considered to be 7+ mesons. Events in which
errors in measuring the momenta of all charged secondaries and photons were less than
60% and 100%, respectively, were selected. The mean relative error (Ap/p) in the mo-
mentum measurement for muons, pions and gammas was, respectively, 3%, 6.5% and
19%. Each event is given a weight which corrects for the fraction of events excluded
due to improperly reconstruction. More details concerning the experimental procedure,
in particular, the reconstruction of the neutrino energy FE,, can be found in our previous
publications [5, 6.

The events with 3 < E, < 30 GeV were accepted, provided that the reconstructed
mass W of the hadron system exceeds 1.8 GeV. No restriction was imposed on the transfer
momentum squared Q2. The number of accepted events was 5011 (6868 weighted events).
The mean values of the kinematic variables were (FE,) = 9.8 GeV, (W) = 2.8 GeV, (W?)
= 8.7 GeV?, (Q?*) = 2.6 (GeV/c)2

Further, the whole event sample was subdivided, using several topological and kine-
matic criteria |6, 7|, into three subsamples: the cascade subsample Bg with a sign of
intranuclear secondary interaction, the quasiproton (B,) and quasineutron (B,,) subsam-
ples. About 40% of subsample B, is contributed by interactions with free hydrogen.
Weighting the quasiproton events with a factor of 0.6, one can compose a pure nuclear
subsample B4 = Bg+ B,,+0.6 8, and a quasinucleon subsample By = B, +0.6B,. It has
been verified |7, 8|, that the multiplicity and spectral characteristics of secondary particles
in the B,(By) subsample are in satisfactory agreement with those measured with a pure
proton (deuteron) target. The effective atomic weight corresponding to the subsample
By, is estimated [6] to be approximately equal to Aeg = 21 £ 2, when taking into account
the probability of secondary intranuclear interactions in the composite target. This value
is close to the atomic weight of the neon nucleus, allowing to compare our results with
the data obtained in (antu)neutrino-neon interactions.

3. RESULTS

3.1. The Inclusive Production of m° Meson

The proper reconstruction of 7° — 27 decays is the main prerequisite for that of

pt — 7% decays. Fig. 1 shows the two-gamma effective mass distribution for the
total sample of events corrected for losses of non-registered or rejected y-quanta (see [9]
for details). The m.,,-distribution was fitted as a sum of non-relativistic Breit-Wigner
function, with the pole mass mg and width I as free parameters, and the background
distribution of the form

BGo ~ mJ, exp (Bm,, + ’ymiv), (1)
with a, 3 and 7 as free parameters. The fitted values of mg = 0.139 £ 0.002 GeV/c? and
I'y = 0.05540.007 GeV turn out to be compatible with the 7° mass and experimental reso-
lution (estimated from Monte-Carlo simulation), respectively. A similar fitting procedure,



but with fixed mg = 0.135 GeV/c? and Iy = 0.055 GeV, was applied for the quasinucleon
and nuclear subsamples, resulting in the 7% mean multiplicities (n o)y = 0.787 4 0.080
and (nmo)4 = 0.904 + 0.066, respectively. The nuclear enhancement factor for the 7°
yield, Ryo = (nyo)a/(nmo)ny = 1.15 £ 0.14, practically coincides with that for 7= meson,
R,.- =1.12+0.03 (see also [3, 8, 10]), quantitatively explained by secondary intranuclear
interaction processes |8, 10].
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Figure 1. The two-gamma effective mass distribution. Solid curve: the fit result for the sum
of Breit-Wigner and background distributions; dashed curve: the background contri-
bution (see the text).

In the next subsection, where the effective mass distributions of 7t~ and 7=y sys-
tems are analyzed, only two-gamma combinations with 0.105 < m.., < 0.165 GeV /c? will
be kept.

3.2. Mean Multiplicities of Charged p Mesons

Fig. 2 shows the effective mass distributions for 7#t~yv and 7=~y systems, both for
nuclear and quasinucleon subsamples, corrected for losses of reconstructed 7° and con-



(1/N)ydn/dm+  (Gevid)™  (1/N)dn/dm. . (GeVid)"

d g T d g T T
3.5 e vA_p'+X 4 35F ® VAL p +X -
3 1 sF .
2.5 8 4 25F 3
1 E 1 1 E
05 F 4 os5F N
0 & i spasser
35 [ 1 s&sf © W _p +X 3
: |
15 F4 4 15 F 3
1 E 1 1F .
= - = esecses’
05 1 15 2 05 1 15 2

m+,, (GeVid) m:,, (GeVic)

Figure 2. The effective mass distribution for systems (7+vv) and (7~77) for nuclear and quas-
inucleon subsamples. Solid curves: the result of fit by expression (2); dashed curves:
the background distribution (see the text).

tamination from the background 7 combinations. A clear signal for p™, but a faint one
for p~ are seen. The distribution were fitted by the form

dN/dm =BG - (1+ «,BW,) , (2)
where the mass dependence of the background was parametrized as

BG = aj exp (agm + asm?) | (3)



with m = mg+,, or m;—, and oy, ag, a3 being free parameters, while for BW, the
relativistic Breit-Wigner function [11] was used, with fixed pole mass m, = 0.776 GeV/c?
and width I, = 0.149 GeV [12|. The experimental mass resolution was taken into ac-

count by replacing I}, by (/7 + I'% with I = 0.11 GeV estimated from Monte-Carlo

simulations.

A similar analysis was also performed for the 7t~v system produced in the forward
(zg > 0,2p being the Feynman variable) and backward (zp < 0) hemispheres in the
hadrons c.m.s.

The resulting mean yields of charged p mesons are presented in Table 1. As expected,
the yield of unfavored p~ (not containing the current quark) is much smaller than that
of favored p* (which can contain the current quark). The data do not reveal, due to
comparatively large statistical errors, significant nuclear effects in charged p neutrino
production, perhaps except a faint indication on the shifting the p* zp-distribution in
the nuclear interactions towards backward hemisphere as compared to quasinucleon in-
teractions. A similar effect, but better expressed, was observed recently for p° mesons,
indicating on a significant role of secondary intranuclear interaction processes |[3].

Table 1. The mean multiplicities of p™ and p~ mesons in quasinucleon (N) and nuclear
interactions (A = 21)

(np+) (n,-)

all xzp zr <0 zrp >0 all xp
N 0.101+0.032 | 0.046£0.033 | 0.061£0.030 | 0.026+0.024
A=2110.12040.031 | 0.06740.025 | 0.051+0.015 | 0.039+0.015

3.3. The W -Dependence of the p Yield and the Ratio of p and m Yields

Fig. 3 shows the W-dependence of the charged p yields measured in this work for
vA interactions at W= 2.8 GeV and in [2| for v(7)Ne interactions at W = 1.5 — 10.0
GeV. For comparison, the data for favored vector mesons p° |2, 3] and K**(892) (|13]
and references therein) are also plotted. The W-dependence of the mean yields can be
approximately described by a simplest linear form b - (W — W) at the fixed threshold
value Wy = 1.8 GeV. The fitted slope parameters b are given in Table 2.

As it is seen from Table 2 and Fig. 3, the yields of favored charged and neutral p’s are
the same in the forward hemisphere, testifying that the current quark u (or d) recombines
with sea antiquarks (quarks) @ and d (or d and u) with equal probabilities. On the other
hand, the yield of the favored charged p exceeds that of p° in the backward hemisphere.
The ratio b(K**)/b(p™) can serve as an almost direct estimation for the strange quark
suppression factor A; = (5/u) during the string fragmentation at the considered W-range:
As = 0.18 £ 0.03. This value is compatible with estimations extracted from neutrino [14]
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Figure 3. The W-dependence of p and K**(892) yields. The points at W = 2.8 GeV are the
results of this work. Other points are the results [2,3]. Lines: the fit results (see the
text).

and hadronic (|15, 16] and references therein) interactions, and definitely less than the
result obtained in eTe™ collisions at W = 91 GeV [17].

Fig. 4 presents the (n,)a/(n,)a ratios extracted from [2] and obtained in this work,
using the measured pion yields (ngo)s4 = 0.904 + 0.066, (n,-)a = 0.652 £ 0.010 and
(ng+)a = 1.55 £ 0.06 (the latter error being caused mainly by the uncertainty in the
extraction of the contamination from non-identified protons). As it is seen from the left
panel of Fig. 4, the fraction of 7° originating from decays of favored and unfavored p’s
is practically independent of W (in the considered range W < 10 GeV) and composes
on an average 14.2 + 1.8 and 3.4 + 1.0%, respectively (indicated by dashed lines in Fig.



Table 2. The slope parameter b (in GeV™1)

Reaction all zp zr <0 zrp > 0
v—ptorv— p | 0.091£0.011 | 0.03740.007 | 0.046+0.006
v—pdorv— p® | 0.056£0.007 | 0.014=0.005 | 0.04540.004
v—p orv— pt | 0.021+£0.007

v — K*T(892) 0.01740.002

4). The latter value is close to the fraction of charged pions from the decay of unfavored
p, composing on an average 4.3 + 1.3% (open symbols and the dashed line in the right
panel of Fig. 4). Unlike the latter and neutral pions, the fraction of charged pions orig-
inating from the favored p decay tends to increase with W, varying from 7.7 + 2.0% at
W = 2.8 GeV to 12.6+2.9% at W = 4.8 GeV (closed symbols in the right panel of Fig. 4).

3.4. Coherent p™ Production on Nuclei

This subsection is devoted to the estimation of cross section of coherent single p™
production in the reaction
VA =+ () + Xo (4)

where the state Xy does not contain any visible tracks.

The contamination to the reaction (4) from reactions where one or more additional (not
registered) 7°’s are produced was estimated from the analysis of events containing more
than two detected gammas. This contamination turns out to be rather small, (11£10)%.
The m.,.~distribution for the reaction (4) plotted in Fig. 5a demonstrates that the 7°
mass region is practically free of background. This observation allows one to apply less
severe cut on the useful range of m.,.,, 0.053 < m., < 0.217 GeV /c?, thus reducing the 7°
losses in the w14~ effective mass distribution which is plotted in Fig. 5b and indicates a
significant p* production.

A particular case of reaction (4) is the exclusive reaction of coherent p* neutrino
production

vA— pu ptA, (5)
where the final nucleus remains in its ground state. This process is characterized by
very small values of the squared four-momentum transfer || < tpax &~ 1/R% to the
nucleus of radius R4. Even for the case of the lightest target nucleus (12C), tax = 0.006
(GeV/c)? being much smaller than the experimental resolution estimated from Monte-
Carlo simulations, o(t) ~ 0.06 (GeV/c)?. We chose therefore the cut [¢t| < 0.09 (GeV /c)?
for coherent signal in order to minimize the loss of events (5).

The squared four-momentum transfer |¢| was estimated as

= (B =P+ (r) (6)

]



<np>/nn0> <np>/nnch>

0.25 : T T T T | T T T T | T T T T | |:: T T T T | T T T T | T T T T |:
0225 Fe v_p'/m® o vop /P Feo v_p'/mT O vop/m 4
C U -,.0 = +,_0 T U - - B o+ b
rA Vop /U A Vvopl/m TAVSp /T Avop/m ]
02 -+ =
- CKAT BEBC + CKAT BEBC .
0.175 xI .
015 | 1 | + —
0.125 [ [ + =
- T A .
01 - -
0.075 [ —+ =
0.05 |- % + L 3
TR GRS S S :: ] :
0.025 | % —_1 -
O : 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | I:: 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | I:

2 3 4 5 2 3 4 5
W (GeV) W (GeV)

Figure 4. The W-dependence of the (n,)a/(n)a ratios. Closed symbols represent these ratios
for favored p, open — for unfavored p. The points at W = 2.8 GeV are the results
of this work. Other points are the results [2,3]. Dashed horizontal lines denote the
mean values (averaged over the considered W-range).

where E;, pL and p! are, respectively, the energy, longitudinal and transverse momenta
of detected final particles in the reaction (4). The |t|-distribution coherent-like reac-
tion (4) is shown in Fig. 5c. In order to estimate the contamination from incoherent
events containing invisible products of the target fragmentation (neutrons or very slow
target fragments), we considered the subsample of events of the topology (4) plus iden-
tified protons which, however, have not been taken into account in the evaluation of
|t|. The |t|-distribution for these events, normalized to that for coherent-like events at
|t] > 0.09 (GeV/c)?, is also plotted in Fig. 5c. As it is seen, coherent-like and incoher-
ent events are distributed similarly at |¢| > 0.09(GeV/c)?, while in the coherence region
|t] < 0.09 (GeV/c)? there is a clear excess of coherent-like events (8 events) over incoher-
ent one (one event). It has been also verified, via analysis of events with more than two
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Figure 5. a) two-gamma effective mass distribution for reaction (4), the curves - as in Figure
1, but at fixed mg = 0.135 GeV/c? and Iy = 0.055 GeV; b) the effective mass distri-
bution for the system (7++v) in the reaction (4). The curves - as in Figure 2; c¢) the
| t]-distributions for reaction (4) (solid histogram) and for background events (dashed
histogram, see the text); d) the (71+7) effective mass distribution for coherent events
(5). The curve is the fit result (see the text).

detected ~’s, that the sample of coherent-like events is not contaminated by processes of
two or more 7° production.

For all selected 8 events, the effective mass m,+.,, turns out to be enclosed in the
region near the p pole mass, 0.48 < m .+, < 1.08 GeV/c?, with the mean value (M +..,)



=0.7 GeV/c? (Fig. 5d). This allows to assume, that the most part of these events
originate from coherent reaction. The upper (lower) limit of the rate R;‘ih =o(VvA —
pw ptA)/o(vA — p~X) can be estimated assuming that all 8 events (6 events with
0.58 < Mgty < 1.08 GeV/c?) correspond to coherent p* production. Excluding the
contamination from one incoherent event, as well as introducing a correction for losses
due to the cut |t| < tmax (composing 8%), one obtains for upper and lower estimates:
R (up) = (0.28 +£0.12) - 1072, and R (low) = (0.20 + 0.11) - 107, Note, that the
average value of these estimations, R;ih (mean) = (0.24+0.12) - 1072 coincides practically
with the value RS (fit) = (0.26 & 0.14) - 107> extracted from the fit of data plotted
in Fig. 5d by the relativistic Breit-Wigner distribution, taking also into account the
contamination from one background event and the losses at |t| > tpax. As the final
estimation for R;?rh, we take the medial value R;ﬂh = (0.25 £ 0.14) - 1072. Note, that
the latter composes, respectively, (2.1£1.3)% and (4.9£3.1)% of the total and forward
pT production rates (cf. Table 1). The coherent p™ production cross section per target
nucleus is equal to 6" =(0.2940.16)-107% cm 2, being estimated at vA cross section
o(vA — = X) = (1.16 £ 0.09) - 1073¢ cm? at (E,) = 9.8 GeV, which is calculated using
the known neutrino-proton CC cross section USPC /E, = (0.50 £ 0.04) - 107® cm?/GeV
[12], the ratio ofy /o = 2.02 [18], and taking into account the nuclei content of the
composite target. The estimated rate R;‘ih = (0.25 4+ 0.14) - 1072 can be compared with
that obtained at higher energy vNe interactions [19], R (10 < E, < 320 GeV) =
(0.28 £ 0.10) - 1072, The quoted values do not contradict the expected slow variation of
this rate (0.15- 107 < R < 0.31-1072) in the wide range of 10 < E, < 300 GeV,
predicted on the basis of the vector dominance model (suggesting p meson dominance in
the weak vector current) and Glauber theory ([20] and references therein). The extracted
coherent cross section af)‘ih, plotted in Fig. 6 E, |20, 21|, is compatible with the results
of theoretical calculations [20] done in the framework of the p-dominance model for the

case of Ne nucleus (the curve in Fig. 6).

4. SUMMARY

The charged p meson neutrino production on nuclei and nucleons is investigated for the
first time at moderate energies ((E,) ~ 10 GeV). No strong nuclear effects are observed
in p* and p~ production.

The fractions of 7% mesons originating from the decay of favored (p*) and that of 7°
and 7~ mesons from the decay of unfavored (p~) p mesons are found to be, respectively,
13.3£3.6, 4.3+1.7 and 5.942.3%, quite compatible with those obtained at higher energies,
while this fraction for charged pions from favored charged p tends to increase with W,
varying from 7.7£2.0% at W = 2.8 GeV (this work) to 12.6+2.9 at W = 4.8 GeV [2].

From the obtained and available data on v(r)A — pX reactions at W < 10 GeV,
an indication is obtained that the yields of charged and neutral favored p mesons in the
forward hemisphere are practically the same, thus verifying that the struck current quark
(antiquark) recombines with up and down sea antiquarks(quarks) with equal probabilities.
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Figure 6. The (E,)-dependence of the coherent cross section Jff’h. The curve: the theoretical
prediction (taken from [20]).

From analysis of the available data on p*™ and K**(892) neutrino production at W <
10 GeV, an estimation is extracted for the strangeness suppression factor in the quark
string fragmentation process: Ag = 0.18 + 0.03.

An estimation is inferred for the cross section (per nucleus of the composite target)
of the coherent p™ neutrino production on nuclei, agih = (0.294:0.16) - 1072 cm?. The
estimated coherent cross section is compatible with theoretical predictions based on the
vector dominance model and the Glauber theory.
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