University of South Carolina

Scholar Commons

Faculty Publications Physics and Astronomy, Department of

11-2022

Probing Free Nucleons With (Anti)Neutrinos

Roberto Petti
University of South Carolina, petti@mailbox.sc.edu

Follow this and additional works at: https://scholarcommons.sc.edu/phys_facpub

b Part of the Astrophysics and Astronomy Commons, and the Physics Commons

Publication Info

Published in Physics Letters B, Volume 834, 2022, pages 137469-.

© 2022 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

This Article is brought to you by the Physics and Astronomy, Department of at Scholar Commons. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of Scholar Commons. For more
information, please contact digres@mailbox.sc.edu.


https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/phys_facpub
https://scholarcommons.sc.edu/phys
https://scholarcommons.sc.edu/phys_facpub?utm_source=scholarcommons.sc.edu%2Fphys_facpub%2F143&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/123?utm_source=scholarcommons.sc.edu%2Fphys_facpub%2F143&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/193?utm_source=scholarcommons.sc.edu%2Fphys_facpub%2F143&utm_medium=PDF&utm_campaign=PDFCoverPages
http://creativecommons.org/licenses/by/4.0/
mailto:digres@mailbox.sc.edu

Physics Letters B 834 (2022) 137469

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Probing free nucleons with (anti)neutrinos

R. Petti

Department of Physics and Astronomy, University of South Carolina, Columbia, SC 29208, USA

L))

Check for
updates

ARTICLE INFO ABSTRACT

Article history:

Received 17 May 2022

Received in revised form 13 August 2022
Accepted 22 September 2022

Available online 27 September 2022
Editor: D.F. Geesaman

We discuss a method to study free protons and neutrons using v(v)-hydrogen (H) Charged Current (CC)
inelastic interactions, together with various precision tests of the isospin (charge) symmetry using v
and v CC interactions on both H and nuclear targets. Probing free nucleons with (anti)neutrinos provides
information about their partonic structure, as well as a crucial input for the modeling of v(V)-nucleus (A)
interactions. Such measurements concurrently represent a valuable tool to address the main limitations

of accelerator-based neutrino scattering experiments on nuclear targets, originating from the combined
effect of the unknown (anti)neutrino energy and of the nuclear smearing. To this end, we present a
method to impose constraints on nuclear effects and calibrate the (anti)neutrino energy scale in v(v)-
A interactions, which are two outstanding systematic uncertainties affecting present and future long-
baseline neutrino oscillation experiments.

© 2022 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A crucial step to understand the nature of visible matter is to
elucidate the internal structure of protons and neutrons and how
quarks and gluons contribute to their momentum, spin, and other
intrinsic properties like mass and magnetic moment. Free protons
have been extensively studied using a number of processes at large
momentum transfer, including electron and muon deep inelastic
scattering (DIS), lepton-pair production (Drell-Yan process), jet pro-
duction, and W and Z boson production in pp collisions. New
dedicated fixed target [1] and collider [2] experimental programs
are expected to further improve our understanding of the proton
structure using the electron probe. The neutrino and antineutrino
probe can potentially add complementary information about free
protons (hydrogen) thanks to their unique properties including be-
ing sensitive only to weak interactions, natural polarization, and a
complete flavor separation through the CC process.

Our understanding of the structure of free neutrons is still rel-
atively limited compared to protons, as no direct probe is experi-
mentally feasible. Most of our knowledge is obtained by comparing
data from the processes described above in proton and deuterium
targets, the latter being considered as an effective neutron target.
The underlying assumption is that the deuteron can be approxi-
mated by the sum of a quasi-free proton and a quasi-free neutron
since it is a weakly bound system. However, both experimental
measurements and nuclear models indicate that nuclear effects
in the deuteron are non-negligible [3-8] and strongly depend on
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the Bjorken x and the momentum transfer Q 2, adding substantial
uncertainties in the study of the neutron structure. Different ap-
proaches have been pursued using the electron probe to minimize
the impact of nuclear effects [9,10]. To this end, the combined use
of neutrinos and antineutrinos off a hydrogen target can poten-
tially offer a more direct access to the partonic structure of free
neutrons by exploiting the flavor selection of the CC process and
the isospin symmetry.

The availability of new precision measurements from (anti)neu-
trino-hydrogen interactions would concurrently provide a valuable
tool to address the main limitations of high-energy neutrino scat-
tering experiments using nuclear targets [11]. The energy of the
projectile (anti)neutrino is unknown on an event-by-event basis
and can vary over a broad range in conventional wide band neu-
trino beams. For this reason neutrino experiments have been af-
fected by relatively large systematic uncertainties on the knowl-
edge of the (anti)neutrino flux. The initial momentum of the target
nucleon within the nucleus is also unknown and hadrons produced
in the primary interactions can undergo an additional unknown
modification as they can be absorbed or re-interact within the
nucleus (final state interactions). Neutrino scattering experiments
have to infer the (anti)neutrino energy from the detected final
state particles emerging from the nucleus, which are affected by
a substantial nuclear smearing and related systematic uncertain-
ties. This procedure typically implies model corrections depending
upon a number of parameters, often empirically tuned with the
observed kinematic distributions. In order to make the problem
tractable a target of well known energy is required in the absence
of monochromatic (anti)neutrino beams. We could therefore argue
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Fig. 1. Schematic drawing of a STT module allowing a control of the configuration,
experiments. The subfigure on the left is a magnified view of the internal structure

that the availability of a hydrogen target - the only hadron target
of known energy - is necessary to go beyond the precision level
of existing neutrino scattering experiments [11,12]. Using exclu-
sive v, single pion and v, quasi-elastic processes on hydrogen at
small energy transfer allows the determination of the shape of the
v, and v, fluxes as a function of energy with an accuracy better
than 1% in conventional wide-band neutrino beams [13]. Further-
more, a direct comparison of CC interactions on H and on nuclear
targets within the same detector can provide a calibration of the
reconstructed neutrino energy scale and a reduction of the corre-
sponding systematic uncertainties in data collected from nuclear
targets.

In spite of their extreme relevance, the available data from
v(V)-H interactions is rather sparse and limited to the early bub-
ble chamber experiments ANL 12-foot [14], BNL 7-foot [15], FNAL
E31 [16] and E45 [17], CERN WA21 [18] and WA24 [19]. The
largest samples correspond to a total of about 16k v-H and 9k v-H
CC interactions - collected some 40 years ago - with the bulk of
bubble chamber data being actually taken on deuterium or heavier
targets. Since then safety requirements related to the underground
operation and practical considerations favoring electronic detectors
have prevented new measurements.

From the discussion above it is clear that the existing v(v)-H
data are inadequate for the needs of future neutrino scattering ex-
periments. These latter would require new high resolution samples
with statistics commensurate to the one expected to be collected
from nuclear targets, corresponding roughly to an increase of at
least two orders of magnitude with respect to existing v(v)-H data.
Considering the high intensity of modern (anti)neutrino beams,
such samples can be obtained with a fiducial mass of H close to 1
ton.! This value implies the use of H in liquid form or within solid
compounds for a realistic detector size.

In this paper we discuss the use of v(V)-H interactions to study
free protons and neutrons, as well as to calibrate the neutrino en-
ergy scale in CC interactions with nuclei, focusing on the “solid”
hydrogen concept we recently proposed [11]. Sec. 2 briefly sum-
marizes the method to obtain v(v)-H interactions, while Sec. 3

! For comparison, the WA21 experiment used a bubble chamber with a fiducial
volume of 19 m? corresponding to a liquid hydrogen mass of about 1.3 tons [18].

| YY straws

chemical composition, and mass of the v(V) target(s) comparable to electron scattering
of the STT module on the right (dimensions are in mm). See text for details.

describes the use of the isospin symmetry to determine the par-
tonic structure of free neutrons. Section 4 focuses on the case of
bound nucleons in deuterium and other nuclei. In Sec. 5 we discuss
various tests of the isospin (charge) symmetry exploiting the same
detector concept. In Sec. 6 we describe the application to free nu-
cleon cross-sections. In Sec. 7 we discuss how v(v)-H interactions
can be used to constrain the nuclear smearing in nuclear targets
and in Sec. 8 we present a method to calibrate the neutrino en-
ergy scale for interactions on nuclei.

2. Free proton target

With the “solid” hydrogen concept v(v) interactions on free
protons are obtained by subtracting measurements on dedicated
graphite (C) targets from those on polypropylene (CH,) tar-
gets [11]. A large number of thin planes - each typically 1-2% of
radiation length - of both materials with comparable thickness are
alternated and dispersed throughout a Straw Tube Tracker (STT)
of negligible mass [20] in order to guarantee the same acceptance
to final state particles produced in (anti)neutrino interactions. The
STT allows to minimize the thickness of individual active layers -
made of four straw planes - and to approximate the ideal case of
a pure target detector - the CH, and C targets corresponding to
about 97% of the total mass — while keeping the total thickness of
the stack comparable to one radiation length (Fig. 1). Each target
plane can be removed or replaced with different materials during
data taking, providing a flexible target configuration. We empha-
size that the STT is an essential element of the “solid” hydrogen
concept since it is designed to provide a control of the config-
uration, chemical composition, and mass of the neutrino targets
similar to electron scattering experiments.> The technique is con-
ceived for a model-independent subtraction of the C background
by using the data from the measurements on the graphite targets,

2 For fixed-target electron scattering experiments the uncertainty in the knowl-
edge of the density/mass of the small cryogenic targets can be typically about 1%.
The chemical purity of the large solid targets in STT allows a more precise determi-
nation of their mass by weighting individual elements.
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automatically including all types of processes, as well as detector
effects, relevant for the selection of interactions on H.>

The low average density of the detector - similar to that of
liquid deuterium p ~ 0.17 g/cm® - and the overall dimensions
comparable to one radiation length Xy allow an accurate recon-
struction of the four-momenta of the visible final state particles, as
well as of the event kinematics in a plane transverse to the beam
direction.* The momentum scale can be calibrated to about 0.2%
using reconstructed Ko — 777w~ decays [13,22]. The lightness of
the tracking straws and the chemical purity of the targets, together
with the physical spacing among the individual target planes, make
the vertex resolution less critical in associating the interactions to
the correct target material. For events with a single reconstructed
charged track the corresponding uncertainty is given by the ratio
between the thickness of the straw walls (< 20 pym) and the one
of a single target layer, typically below 0.5%. For events with at
least two reconstructed charged tracks this uncertainty is reduced
to less than 0.1%, thanks to a vertex resolution (<« 1 mm [23])
much smaller than the target thickness.

The detector must be placed inside a magnetic field of about
0.6T for the momentum measurement and surrounded by a 4w
electromagnetic calorimeter for the detection of neutral particles.
The use of a distributed target mass within a relatively large vol-
ume (~ 40 m?) and a high track sampling of 0.15 (0.36)% Xo L (|))
reduce the impact of multiple scattering on the measurements.
Detector simulations with GEANT4 [24] indicate that a single hit
resolution of 200 um is sufficient for the various physics measure-
ments. The average momentum resolution expected for muons is
8p/p ~ 3.5% and the average angular resolution better than 2 mrad
with the default CH, and C targets.

The subtraction technique described above can be used to se-
lect any inclusive and exclusive process in both CC and Neutral
Current (NC) v(V) interactions on free protons at the price of an
increased statistical uncertainty from the subtraction procedure.
For CC interactions the dilution factor with respect to a pure H;
target can be drastically reduced with a kinematic analysis based
on energy-momentum conservation exploiting the excellent res-
olution of STT [25]. Since the H target is at rest, the CC events
are expected to be perfectly balanced in a plane transverse to the
beam direction. Instead, events from nuclear targets are affected
by nuclear effects, resulting in a significant missing transverse mo-
mentum and a smearing of the transverse plane kinematics. These
differences can be exploited for the selection of all available in-
clusive and exclusive topologies in both v and v CC interactions
on H [25], increasing the purity of the corresponding H samples
in the range 80-95% before subtraction, depending upon the spe-
cific process considered. While the kinematic analysis can signifi-
cantly enhance the sensitivity of the measurements, we note that
the “solid” hydrogen concept can still be used with no or lim-
ited kinematic selection. The distributions of the generic kinematic

variables X = (x1,X3, ....., X;) in v(¥)-H interactions are obtained
as:

- - Mccn -
N () = Nei, ®) — fwc(x) (1)

where Ncy, and Nc are the numbers of events selected from the
polypropylene and graphite targets, respectively. The interactions

3 The approach is conceptually similar to what is done in electron scattering ex-
periments, in which a cryogenic tank is filled (the CH, targets) with a liquid H»
target and dedicated runs with the empty tank (the graphite targets) are taken for
background subtraction.

4 The detector is based on a concept similar to the NOMAD experiment, which
was explicitly designed to exploit the transverse plane kinematics for event selec-
tion [21].
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from this latter are normalized by the ratio between the total fidu-
cial masses of C within the graphite and CH; targets, Mc/cH,/Mc.

In principle the use of a pure liquid H; target is still preferable
over the subtraction technique if the safety and technical aspects
can be addressed [26]. However, the “solid” hydrogen concept can
be a viable option offering a reasonable approximation which is
both safe and relatively inexpensive to implement. Typical fidu-
cial masses equivalent to about 10 m? of liquid H, can be easily
achieved in this way.” One specific advantage of this technique is
the availability of an integrated pure carbon target, as well as the
possibility to install a variety of nuclear targets within the same
detector with comparable acceptance. Some of the implications of
such targets are discussed in the following.

The high intensity of modern (anti)neutrino beams comple-
ments well the relatively small mass of STT. For illustration, a
fiducial mass of “solid” hydrogen equivalent to about 10 m? of lig-
uid Hy at the future Long-Baseline Neutrino Facility (LBNF) [27,28]
will collect about 7 x 10° v,-H CC events/year with the default
low-energy spectrum (a factor of two higher with the planned
PIP-II upgrade) and about 3 x 108 v,-H CC events/year with the
high-energy beam spectrum and the upgraded beam [11,25]. With
such high event rates a complete target reconfiguration in STT will
require less than one year to accumulate a statistics adequate for
sensible physics measurements.

3. Free neutron target

The absence of a physical neutron target poses the challenge
of extracting information about free neutrons without relying on
model corrections for the sizable nuclear effects on bound nucle-
ons in nuclei. The availability of both v-H and v-H CC interactions
can perhaps offer the most direct solution by exploiting the isospin
symmetry in nucleon structure functions F'P = F'". This relation-
ship is expected to be valid only in the limit of neglecting quark
mixing and heavy flavor production since the isospin is an approx-
imate symmetry of the strong interactions. In order to quantify the
deviations introduced by such effects in CC weak interactions we
can consider the following quantities:

FP(x.Q% . FyP(x, Q%) — Fi"(x, Q%)
FJ'(x, Q2) Fy"(x, Q?)
xF3P(x, Q%) - XF3P(x, Q2) — xFI"(x, Q2)
XFY"(x,Q2) XFy"(x,Q?)

RY™M(x, Q%) = (2)

RY"(x, Q%) =

where F;’p(xF;’p) and F)"(xF3") refer to the Fy(xF3) structure
functions for the CC processes b,p — utX and vyn — u~X on

a free proton and a free neutron, respectively. The quantities Rg/ n

and Rg/ " are not directly measurable experimentally but repre-
sent the size of the corrections to be applied on the free neu-
tron structure functions F}" and xF{" extracted from v-H inter-
actions on the basis of isospin symmetry. The structure functions
F;p,xF;p, F;p, and xF;p can be determined from the measured
d%0VP Jdxdy and d%20 PP /dxdy differential cross-sections on H by
fitting the y distribution in bins of (x, Q2). Details about structure
functions and their partonic content can be found e.g. in [29,30]
and references therein.

We calculated Rg/ " and Rg/ " in the QCD factorization scheme
with three fixed flavors at the NNLO approximation in the strong
coupling constant, using the results of the global QCD analysis of

5 A fiducial mass of “solid” hydrogen around 700 kg is obtained from the combi-
nation of about 5 tons of polypropylene and about 600 kg of graphite.
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Fig. 2. Left plot: ratio Rg/ " for the F, structure functions of free nucleons as a function of the momentum transfer Q2 (solid lines). The effect of the quark mixing is also
shown for comparison (dotted lines at RP/™ = 0). The various curves correspond (from bottom to top) to values of x = 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, 0.7, 0.8.
Right plot: same notations as the previous plot for the ratio ’Rg " for the xF3 structure functions of free nucleons as a function of the momentum transfer Q2. The effects
of both the quark mixing and of the mass of the charm quark are also shown for comparisons. See text for details.

0.1

NNLO

-0.02
-0.04 |
-0.06 [
[ __ Ctarget

-0.08 [
L __ Catarget

C target, V=0, V =1

01t

-
N
o

Q? [GeV?/c?]

0.1
NNLO

0.02 %=0.05

-0.04

-0.06

-0.08
C target, V=0, V,,~1

Q? [GeV?/c?]

Fig. 3. Same notations as Fig. 2 for the ratios RZA (left plot) and Rg‘ (right plot) in the C and Ca isoscalar nuclei. See text for details.

Ref. [31] for the structure functions of free nucleons and includ-
ing target mass corrections [32]. Since most determinations of the
strange sea charge asymmetry of the nucleon are consistent with
zero [33-37], we assumed s(x) = 5(x). The results are shown in
Fig. 2 as a function of the momentum transfer Q2 for different
values of x. The deviation from zero introduced by the quark mix-
ing on Rg/n is negligible at small x and progressively grows up to
about 5% at larger x values for small values of Q2. At large Q2
the corrections are smaller than 1% in the entire x range available.
Since the isospin symmetry upm) = dn(p) was assumed in the un-
derlying QCD analysis [31] all deviations vanish by setting V,s =0
and V,4 = 1. We note that the sign of the expected corrections
on 725/ " from the quark mixing is essentially positive. The same

applies to Rg/ " as well, as can be seen from the right plot in
Fig. 2. However, in the latter case an additional negative contri-
bution from charm quark production is present, as the difference
xF;p — xF{" in Eq. (3) is directly sensitive to the strangeness con-
tent of the nucleon in addition to isospin effects. For this reason
setting Vs =0 and Vg = 1 results in negative values of Rg/n,
which becomes zero only below threshold for charm quark produc-
tion at small Q2. This result can be verified with an exceedingly
large value for the mass of the charm quark m. = 100 GeV/c?
(Fig. 2) and explains why the corresponding correction increases
with Q?2, contrary to the one associated to the quark mixing.

In general, the required corrections R and RY/™ are rela-
tively small and, most importantly, entirely related to the par-
tonic structure of free nucleons. The impact of the quark mixing
is reduced by the fact that V,4 is currently known with an ac-
curacy of about 2 x 10~* and Vs with an accuracy of about
3 x 1073 [38]. We note that these corrections are controlled by
the d/u quark ratio [4], which can be self-determined with high
accuracy from a QCD analysis of the measured proton structure
functions F;p, F;p, xF;p, and xF;p. The existing knowledge of the
charm quark mass m. (about 2%) [38] and of the strange sea con-
tent of the nucleon [39,40] are adequate to the accuracy required
for the calculation of the corresponding corrections to Rg/ " re-
sulting in sub-percent uncertainties. This precision can be further
improved with a dedicated analysis of exclusive charm production
in the large samples of v and U CC interactions collected by the
detector being considered. As a result, all information related to
the partonic structure of free nucleons required for the Rg/ " and

Rg/ " corrections can be constrained using data themselves, re-
ducing theoretical uncertainties well below the sensitivity of the
proposed measurements. Furthermore, we emphasize that these
corrections can be directly determined using the R‘;‘ and RQ mea-
sured from the pure C target available within the “solid” hydrogen
technique, as discussed in Sec. 5.
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Since the hadronization process is controlled by the strong in-
teraction the isospin symmetry can also provide valuable informa-
tion about exclusive final states produced in CC interactions with
free neutrons. To this end, we can use exclusive processes in v-H
CC interactions and replace the relevant hadrons by the corre-
sponding isospin-rotated states:

p<—n
Tt «— 7~

and similar relations for other detected particles. While 7+ and
7~ have a similar experimental signature, the replacement p <> n
requires to apply an acceptance correction taking into account the
different detection efficiency of protons and neutrons. The proton
reconstruction can be accurately calibrated with the large sample
of A — pm~ decays available and the absolute neutron detection
efficiency can be calibrated with dedicated testbeam exposures of
the relevant detector components [13]. The neutron reconstruc-
tion efficiency can be also checked in-situ with the ratio N(A —
nw9%)/N(A — pr~) of detected decays corrected by the corre-
sponding branching fractions. To this end, we can use events with
both photons from the 7° decay converted into ete™ pairs in the
STT volume, allowing a reconstruction of the 7 four-momentum,
as well as the location of the displaced secondary vertex. Using
the known value of the A invariant mass and the reconstructed A
direction, we can then calculate the neutron four-momentum and
check the efficiency for detecting the neutron interaction along the
expected line of flight. The A — pr~— events are used as normal-
ization to make the calibration of the neutron detection efficiency
independent from the A production model. Additional checks can
be performed along the same lines using the ¥+ — nz ™ decays.

4. Bound nucleon targets

Although nuclear effects in deuterium (D) are not negligible and
can introduce significant uncertainties in the extraction of the free
neutron structure functions [3-8], the availability of such a light
nuclear target can still provide relevant information on the bound
n-p system. The same considerations about detectors based on lig-
uid Hy apply to the case of liquid D;. We can exploit the precise
control of the targets offered by STT (Sec. 2) to obtain v and ¥
interactions off the bound neutron in the deuteron from a subtrac-
tion between measurements on heavy water (D,0) and ordinary
water (H0). Both water targets must have identical thickness -
roughly < 5% of radiation length - and be enclosed into identical
plastic shells hermetically sealed. Several planes can be integrated
into the detector by replacing some of the default CH, targets. The
distribution of the generic kinematic variables X in v(v)-D CC in-
teractions can be obtained as:

No®) = Noyo () — Nityo®) + M“A;—/:”NH(%) ()
where Np,o and Ny,o are the data from the D0 and H,O tar-
gets, which are designed to have the same total mass of oxygen,
and Ny is the number of events from the “solid” hydrogen tar-
get in Eq. (1). The interactions from this latter are normalized by
the ratio between the total fiducial masses of H within the ordi-
nary water and the H targets, My, H,0/Mn. The simple subtrac-
tion between the two water targets provides instead interactions
on free neutrons supplemented by the total nuclear effects in the
deuteron (D —n — p). Comparing the measurements of the bound
nucleon structure functions F{% with the ones of the free pro-

ton F,% and the free neutron F}" based on the isospin symmetry
Vp <> vn (Sec. 3) can potentially provide the first direct measure-

ment of nuclear effects in the deuteron with the ratio R§D3 =

Physics Letters B 834 (2022) 137469

F3B/(F3% + FY%). Similar measurements can be performed with
the various nuclear targets which can be integrated within the STT
(Sec. 2) by considering the ratio Ry = F}4/ [ZF;’; +(A— Z)F;’g]
for a generic target nucleus A with Z protons and (A — Z) neu-
trons. Using a combination of both isoscalar (e.g. the integrated C
target) and non-isoscalar nuclear targets can provide valuable in-
sights on the physics mechanisms responsible of the nuclear mod-
ifications of the nucleon properties.

5. Tests of isospin symmetry

We have discussed how the availability of both v-H and v-H CC
interactions can provide direct information on the partonic struc-
ture of the free neutron. Since the method relies on the isospin
symmetry we need to include the possibility to verify the limit of
validity of such an assumption into the corresponding experimen-
tal program. Precision tests of the isospin (charge) symmetry also
represent valuable physics measurements per se as they can shed
light on how QCD works in its non-perturbative regime.

The Adler sum rule [41,42] relates the integral of the isovector
combination F;’ — F3 over x to the isospin of the target:

1
dx

SA(Q2) = / = [Fix. Q) - Fyx. @] =21 (5)
0

where I is the projection of the target isospin vector on the quan-
tization axis (z axis). The Adler integral represents an exact sum
rule derived from current algebra. For a H target (free proton)
SK =1, while for a generic nucleus with Z protons and N neutrons
Sf,\‘ =(Z — N)/A =B [30]. Eq. (5) survives the strong interaction
because of the conservation of the vector current, but it neglects
the effects of the non-conservation of the axial current, as well as
quark mixing and heavy flavor production. A precision measure-
ment of SX as a function of Q2 using v-H and 7-H CC interactions
is directly sensitive to violations of the isospin (charge) symmetry
in free nucleons. The only existing measurement was performed
by BEBC with less than 10k events [43]. A comparison with the
corresponding Gottfried sum rule [44] for charged lepton DIS can
also help to clarify the non-perturbative contributions to the lat-
ter [45]. We note that the determination of the Sp integral can
be sensitive to the uncertainties in the low-x extrapolation of the
measured structure functions. It is therefore desirable to perform
complementary tests using directly the underlying differential dis-
tributions.

For isoscalar nuclei the isospin symmetry implies F'A = FVA
and deviations from this behavior can be studied with the follow-
ing quantities:

FAx QY FAx Q%) - FyAx, Q)
RAx, 02 =2 L) 4T y )
Z(X Q ) F;A(Xs QZ) F;A(X, Qz) ( )
Rie, 07 = BI® Q0 XK Q%) —xF(x Q%)

XFy4(x, Q?) XFyA(x, Q?)

(7)

which represent the analogy of Eq. (2) and Eq. (3) for nuclear tar-
gets. Quark mixing and heavy flavor production are expected to
introduce small non vanishing contributions to RQ and R2, sim-
ilarly to the case of free nucleons discussed in Sec. 3. Isoscalar
nuclear targets offer an excellent tool for precision tests of the
isospin (charge) symmetry by measuring the deviations from zero®

6 We expect small non-zero values from the difference between the quark masses
and from QED corrections.
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characterized by a significant isovector component. See text for details.

of R4 and R% as a function of x and Q2. To this end, we can ex-
ploit the pure C (graphite) target which is an essential element
of the “solid” hydrogen technique to obtain v(V)-H interactions
(Sec. 2). The isotopic content expected for a standard C target is
about 98.9% of the isoscalar '2C and about 1.1% of 13C, resulting
on average in an isovector component g ~ —9 x 10~%

We calculated R’Z* and R’; for various nuclei using the nuclear
model of Refs. [6,30,46] which includes the smearing with the
energy-momentum distribution of bound nucleons (Fermi motion
and binding), the off-shell correction to bound nucleon structure
functions, the contributions from meson exchange currents and the
propagation of the hadronic component of the virtual intermediate
boson in the nuclear environment. The underlying nucleon struc-
ture functions are the same described in Sec. 3. This model has
been successfully used to quantitatively explain the observed x, Q2
and A dependence of the nuclear DIS data in a wide range of tar-
gets from the deuteron to 2°7Pb [5,6,10,47], the magnitude, the x
and mass dependence of the nuclear Drell-Yan (DY) data [46], as
well as the data on the differential cross sections and asymmetries
for W*, Z production in p + Pb collisions at the LHC [48]. Results
are shown in Fig. 3 and Fig. 4.

A comparison between Fig. 2 and Fig. 3 indicates that nuclear
effects in isoscalar nuclei do not alter significantly the behavior of
R and R% and that these latter follow closely ’Rg/ " and Rg/ " in
free nucleons. Measurements from the pure C target can then be
directly used to validate the small correction factors applied in the
determination of the free neutron structure functions (Sec. 3) from
v-H and v-H CC interactions. The role of the C target in the “solid”
hydrogen technique thus extends beyond the simple background
subtraction.

The values of RS and RS measured with the C target can
also be used to search for direct violations of the isospin (charge)
symmetry from the observation of deviations with respect to the
behavior shown in Fig. 3. In the case of R’z\ such deviations could
also be translated into anomalous values of V,4 and Vs control-
ling the corresponding quark mixing. As illustrated in Fig. 3 the
sensitivity to such effects is maximal for negative values of Ré
and, in general, increases with Q2. For values of the momentum
transfer above the charm production threshold ’Rg‘ is also sensi-
tive to the value of the charm quark mass m. and to the strange
quark content of the nucleons. For this reason a combined analysis
of charm production in CC interactions is required to achieve the
ultimate sensitivity on potential violations of the isospin (charge)
symmetry.

In case anomalous deviations from the expected values of R’z\
and 72’3‘ are observed from the C target, an independent mea-

surement using a different isoscalar nucleus would be required to
verify that the potential violations of the isospin (charge) symme-
try are not introduced by nuclear modifications. To this end, thin
solid Ca targets’ could be integrated into the detector in place of
some of the standard CH; targets. The isotopic content expected
for a standard Ca target is about 96.9% of the isoscalar 4°Ca, 2.1%
of #(Ca, 0.65% of 42Ca, 0.2% of “8Ca, and 0.14% of *3Ca, resulting
on average in an isovector component 8 ~ —2.6 x 1073, As shown
in Fig. 3 both R% and R in Ca follow closely the correspond-
ing values for C. Another advantage of a Ca target is that it is
characterized by the same A =40 as the dominant (~99.6%) Ar
isotope. This latter nucleus has a sizable neutron excess resulting
in an average value of 8 ~ —0.1 for a standard Ar target. Since Rg\
and ”Rg‘ are sensitive to isovector effects, a comparison between
such measurements in Ca and Ar can explicitly probe the isospin
dependence of nuclear effects and help to better understand the
structure of the A =40 nuclei. Results are illustrated in Fig. 4. The
neutron excess in Ar is responsible of the relatively large negative
values for both quantities. We note that the nuclear modifications
to R’z* and Rg‘ are significantly larger for non-isoscalar nuclei. In
such case isovector effects can be generated by a number of con-
ventional mechanisms both at the nucleon [4] and nuclear levels,
even without explicit isovector contributions to the modification of
bound nucleons in the nuclear medium [46]. Differences between
bound protons and neutrons are expected as a result of the smear-
ing with their energy-momentum distribution within the nucleus,
as well as from the convolution of an isoscalar off-shell modifica-
tion with the different shapes of their underlying nucleon structure
functions [6,46].

The study of isospin symmetry violations in free nucleons and
of isovector contributions to nuclear corrections is particularly rel-
evant for long-baseline neutrino oscillation experiments using non-
isoscalar nuclear targets like Ar [27]. In this case the observation
of CP violation in the leptonic sector relies on the detection of
tiny differences between neutrino and antineutrino CC interactions,
which are directly sensitive to isovector effects due to the rela-
tively large non-isoscalarity of the target nucleus.

6. Cross-sections for free nucleons

For studies related to the reconstruction of the neutrino en-
ergy and comparisons with data from nuclear targets it would be

7 The Ca targets will have to be encapsulated and protected from the environ-
ment.
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desirable to have physical events from a free neutron target, in ad-
dition to the structure function measurement discussed in Sec. 3.
However, the parity violating axial-vector component of the weak
current implies different kinematic factors for the v and v cross-
sections, resulting in large differences in the corresponding Bjorken
y distributions. We can quantify the impact of such differences
by considering the following ratios between v and v differential
cross-sections:

p/n 2 - Vp 2 ~vn
E = E E
Re' (Ev, X, y) dxdy (Ev.x,y)/ dxdy( v X, Y) (8)
ZGDC ZO_VC
RG(Ev. %, y)=———(Ep, X, ¥) | ———(Ep, X, y) 9)
o dxdy dxdy

where E, is the neutrino energy. The ratio for free nucleons RE/™
is not directly measurable and represents the correction factor
needed to use V-H CC events as an approximation for vn CC
events. The ratio Rg is the corresponding quantity for the isoscalar
C target. Fig. 5 shows a comparison between the two ratios as
a function of the inelasticity y for different values of x and the
(anti)neutrino energy E,. Similarly to what observed for the struc-
ture functions F, and xF3 in Sec. 3, the results for the C target are
relatively close to the ones for the free nucleons with the differ-
ences decreasing at higher energies. The C target can thus provide
a control sample to validate the calculated Rg/ "' in addition to the
structure function ratios RS" and Rg/ " The ratio RY™ could be
used to re-weight the detected v-H CC events to reproduce vn CC
events on free neutron.

7. Smearing from nuclear targets

The availability of both H and nuclear targets within the same
detector allows the combined use of v-H and v-H CC interactions
to calibrate the neutrino energy scale in CC interactions from the
nuclear targets. As discussed in Sec. 1, the problem arises because
in conventional (anti)neutrino beams the energy of the incoming
neutrino is unknown on an event-by-event basis. The need to infer
the neutrino energy from the detected final state particles con-
stitutes an intrinsic limitation of high-energy neutrino scattering
experiments using nuclear targets, as the nuclear smearing in-
troduces substantial systematic uncertainties in the process. The
number of detected events from CC interactions with the nucleus
A can be written as:

(Ev, Evis)Rget(Evis, Erec)
(10)

where ® is the input neutrino flux, c® the cross-sections for the
process considered on the given nucleus, R‘Shys the physics re-
sponse function introduced by the nuclear smearing resulting in
the visible final state particles, and R‘get is the detector response
function (acceptance) for such particles. The smearing R‘Shys is an
irreducible effect of the target nucleus A and is present even for
an ideal detector. The variables E,js and E represent the to-
tal energy of the visible final state particles emerging from the
nucleus and the final reconstructed energy in the detector, respec-
tively. Similar equations can be written for any other kinematic
variable, by simply replacing the energy with the corresponding
variable. We note that the terms on the right side of Eq. (10) are
folded together into the observed event distributions and cannot
be decoupled by using a single nuclear target.

In order to address the main systematic uncertainties affect-
ing neutrino scattering experiments® we would need to constrain
each of the terms appearing in the integrand of Eq. (10) with di-
rect measurements using appropriate data control samples [11].
The flux @ is the only term to be easily factored out. The rel-
ative v, and v, fluxes as a function of energy can be deter-
mined in-situ with an accuracy better than 1% using exclusive
vup — pprw™ and Dyp — wn processes on H at small en-
ergy transfer v [13]. The detector acceptance Ré\et is controlled
by the track reconstruction and the momentum scales of individ-
ual final state particles, which can be calibrated with an accuracy
Ap < 0.2% using reconstructed Ko — w7~ decays in the de-
tector considered [13,22]. Similarly, the reconstruction and iden-
tification of protons, neutrons, and electrons can be accurately
determined using the large samples of the detected A — pm~
and A — n79% — nete~ete~ decays (Sec. 3), and the y — ete™
conversions, respectively. However, significant uncertainties are as-
sociated with the nuclear cross-section o® [49], and the nuclear
smearing R‘;\hys is essentially unknown. To this end, the v-H and
v-H CC interactions obtained with the “solid” hydrogen technique
can provide a calibration control sample free from nuclear effects.

N (Ee) = [ dEL (BN EDR,,

8 The systematic uncertainties originated from each of the terms in Eq. (10) are
also relevant for long-baseline neutrino oscillation experiments, in which a distorted
flux ®(E,)Posc(Ey) is expected and the oscillation probability P,sc has to be in-
ferred from the number N2 of observed v and ¥ events off a nuclear target A.
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We note that an accurate knowledge of the input spectrum ®(E,)
is not sufficient to fully constrain Rghys from Eq. (10) and to ex-
clude potential degeneracies in the associated smearing. Table 1
summarizes the various data control samples available for the de-
tector considered.

With a simple re-arrangement of the terms we can factorize
nuclear effects from the interactions on an ideal target composed
of Z free protons and (A — Z) free neutrons:

NA(Erec) =[dEv [QD(EV)GPH(EV)I(EU, Evis)Rgzt(Evi& Erec)] X

A

A R
T (E)R . (Ey. Evie) €t (E i, E
m( V) phys( Vs v1s)ﬁ( vis» Erec)
det

E/dEvan(Eva Erec) X R(Ey, Erec) (11)

where the index pn denotes quantities referring to the ideal free
nucleon target, for which Rgﬁys = I. The first term in the integrand
is the number of events originated from interactions with the free
nucleon target, NP". The second term R incorporates the nuclear
modification to the cross-section, GA/GD“, the effect of the nuclear
smearing on the neutrino energy, R‘S‘hys, and the ratio Rget/Rggt
between the detector acceptance for the nuclear target A and the
one for the free nucleon target pn.

The STT is designed to integrate a variety of thin targets within
the tracking volume with the same acceptance for final state par-
ticles (Sec. 2). In this case we expect Rﬁet/Rg:t ~ 1 for inclusive
CC interactions since the detector acceptance is dominated by the
outgoing lepton and is less sensitive to the specific hadronic final
states. The inclusive CC sample allows an effective integration over
all visible topologies, which are individually modified by final state
interactions.

Nuclear modifications to the (anti)neutrino cross-sections lar-
gely cancel out once integrated over x and Q2, due to the con-
servation of baryon number and DIS sum rules [30]. This can-
cellation is illustrated in Fig. 6 for the differential cross-section
do /dy as a function of the inelasticity y and implies that the ra-
tio 0" /o P"(E,) ~ 1 away from the kinematic boundaries. We can
therefore conclude that for the detector we are considering the
second term in Eq. (11) can approximate the nuclear smearing on

. ~ A
E,, ie. R~ Rphys.

Assuming a discrete binning for both the N4 and NP distribu-
tions we can write:
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Table 1
Summary of the calibration samples available in STT to constrain the terms in
Eq. (10).

Factor Calibration samples Relevant quantity

®(Ey) vyH— upm T with v < vy Relative vy flux vs. E,
vy H— utn with v < vg Relative vy, flux vs. E;

A
Rphys

oh ZvyH+ (A—Z)b,H CC

ZvyH + (A—Z)v,H CC AE, neutrino energy scale in v, A CC
Nuclear modification for target A

Ret Ko—nmtm~ Ap momentum scale & track reconstruction

A—pr~ Proton reconstruction & identification
A —nm®— nete ete” Neutron reconstruction & identification
y —ete” Electron reconstruction & identification
K
Apry pn . ’
M@)—ENi@WMEE) (12)

i=1

where R;j(E, E’) is the smearing matrix describing the migration
from the energy bin E to the E’ one and the total number of events
is the same in both distributions Zf:] N‘? = Z,K:] NP™

8. Calibration of neutrino energy with v (v)-H

We can obtain N}Jn from v-H and v-H CC interactions using the
isospin symmetry vp <> vn, as discussed in Sec. 6:

Z A-Z
NP™(E — AE) = Z1\11.”1’(15 — AE) + TNi””(E — AE) (13)

where AE = E — Eg is the effect of the nuclear smearing in the bin
Nj, corresponding to the energy shift E — Eq for a selected recon-
structed energy bin E’ = Eg. We subtract AE from each bin and
calculate the corresponding shifted value of the inelasticity y. Af-
ter this subtraction all N}m bins will be characterized by the same
reconstructed energy Eg. We then consider the shifted y distribu-
tion for the linear combination:

K

> NP™(E — AE)Ry(E, Eo) (14)
i=1

and compare it with the corresponding one for N?(Eo) obtained by
selecting the reconstructed energy Eg, using a number of bins > K.
The elements i =1,...,K of the R;j(Eo, E) smearing matrix can
be obtained by fitting the y distribution for N? with the one for
the linear combination in Eq. (14). To this end, we can restrict the
analysis to the range 0.1 < y < 0.9 in order to avoid the regions
characterized by larger electroweak corrections [50] and closer to
the kinematic boundaries.
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