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Executive Summary

In this Letter of Intent, we propose a broad experimental programme for the “New QCD facility at the M2
beam line of the CERN SPS”. This unrivalled installation will provide the site for a great variety of mea-
surements to address fundamental issues of Quantum Chromodynamics, which are expected to lead to
significant improvements in the understanding of QCD as our present theory of strong interactions. The
proposed measurements cover the range from lowest—Q2 physics as the determination of the proton radius
by elastic muon-proton scattering, over average—Qz—reactions to study hadron spectroscopy, to high—Q2
hadron-structure investigations using the Drell-Yan process and Deeply Virtual Compton Scattering.

In this Executive Summary, we briefly describe a number of unique first-generation experiments that are
already possible using the existing M2 beam line with muons or unseparated hadrons. We also describe a
number of unique second-generation experiments that rely on high-energy high-intensity radio-frequency
(RF) separated hadron beams, which could be made possible by a major upgrade of the M2 beam line.
Such an upgrade, which is presently under study by CERN EN-EA in the context of the Physics be-
yond Colliders Initiative, would make the CERN SPS M2 beam line absolutely unique in the world for
many years to come. For every proposed experiment, individual instrumentation using modern detec-
tor architecture will be constructed and installed in the experimental hall EHN2, where the upgraded
multi-purpose two-stage magnetic spectrometer will serve as experimental backbone of the new facility.

Proton radius measurement using muon-proton elastic scattering

The aim of this experiment is an independent precision determination of the electric mean-square charge
radius of the proton using elastic muon-proton scattering. Such a measurement appears timely, since in
spite of many years of intense activity the proton-radius puzzle remains unsolved up to now. Presently, a
discrepancy as large as 5 standard deviations exists between the two most recent precision measurements:

rms

rerema = 0.841£0.001 from line-splitting measurements in laser spectroscopy of muonic hydrogen and

Fyang = 0.879 £0.008 from elastic electron-proton scattering.

We propose to perform a one-year measurement using high-energy muons of the CERN M2 beam line,
which will provide a new and completely independent result on the proton radius with a statistical accu-
racy of 0.01 and considerably smaller systematic uncertainty. Using muons instead of electrons is highly
advantageous, as several experimental systematic effects and also theoretical (radiative) corrections are
considerably smaller. The measurement will employ a time-projection chamber filled with pure hydro-
gen up to pressures of 20 bar, which serves at the same time as a target and as detector gas. It has been
developed by the PNPI group for several other experiments and will be adapted in a common effort to
the proton-radius measurement.

Hard exclusive reactions using a muon beam and a transversely polarised target

The main goal of this experiment is to extend our fundamental knowledge on the angular-momentum
structure of the nucleon, which can be accomplished by measurements of Generalized Parton Distri-
butions (GPDs). These functions describe the correlations between longitudinal momentum fractions
and transverse spatial positions of partons in the nucleon, commonly known as “3-dimensional” picture
of the nucleon. Experimental data on these GPDs are required over the largest possible domain of the
Bjorken-x variable, as the evaluation of the average total angular momentum J/ carried by quarks of
flavour f through the Ji sum rule requires an integration over the sum of the GPDs H' and E/. While
some experimental knowledge on the GPDs H ! exists already for u and d quarks, no experimental data
exists on the “clusive” GPDs E” .

Access to the GPDs E is possible by measuring certain cross section asymmetries in Deeply Virtual
Compton Scattering, using a polarised charged-lepton beam and a transversely polarised target. A mea-
surement in the so-far uncharted Bjorken-x domain between 0.005 and 0.05, where phenomenological
models predict a particularly large sensitivity to E’, can only be performed using the high-energy self-
polarised muon beam of the CERN SPS M2 beam line. A 2-year measurement will yield an unprece-



dented statistical accuracy of 0.03 for the cross section asymmetry when using four bins per variable,
with the systematic uncertainty expected to be smaller. A new 3-layer Silicon detector has to be con-
structed and installed inside of the existing polarised target, in order to accomplish identification of the
target-recoil proton by the dE/dx method and to measure its momentum and trajectory. The proposed
measurement is complementary in kinematics to a JLab experiment planned for 2022, which will use a
transversely-polarised HD ice target.

Drell-Yan and charmonium production

The main objective of the proposed Drell-Yan and J/y production experiments is to make a major step
forward in the determination of the nearly unknown pion and kaon parton distribution functions (PDFs).
The planned measurements will provide key benchmarks for testing the most recent predictions of fun-
damental, non-perturbative QCD calculations, such as lattice QCD and Dyson-Schwinger Equations
formalism. At medium and large values of Bjorken-x, a quantitative comparison between the pion and
the kaon valence distributions is of utmost importance. At smaller values of Bjorken-x, improved knowl-
edge of the onset of the sea and gluon distributions in the meson will help in explaining the differences
between the gluon contents of pions, kaons and nucleons, and hopefully provide clues to understand the
mechanism that generates the hadron masses. Furthermore, a comparison between cross sections for
positive and negative meson beams is expected to provide stringent experimental constraints on the J/y
production mechanism, as well as an alternative way of accessing both quark and gluon distributions in
the incoming meson. In parallel to meson structure measurements, the availability of heavier nuclear
targets in the setup will allow the study of cold nuclear effects such as nuclear PDFs and partonic energy
loss.

The M2 secondary hadron beam line at the CERN SPS provides an exclusive opportunity for such mea-
surements. For both Drell-Yan and J/y production processes, the expected statistical accuracies corre-
spond to a few 10* and nearly 10° events for the Drell-Yan and J/ v production processes, respectively.
The first part of this programme can be completed using the presently available positive (', K, p) and
negative (t , K , p) hadron beams, in combination with an optimized experimental setup. A detailed
study of the presently uncharted kaon structure, which is envisaged in a later stage of the programme,
requires the existence of a high-intensity kaon beam that can only be produced using radio-frequency
beam-separation cavities. The proposed studies need a high-performance beam particle identification.
They would also greatly benefit from a novel and compact lepton absorber/detector immersed in a mag-
netic field. Such detector could largely improve the performances of the setup, while ensuring a large
geometric acceptance and allowing for e /e detection in parallel with the muon pair.

Measurement of antiproton production cross sections for Dark Matter Search

The purpose of this experiment is the measurement of the antiproton production cross section on proton
and *He targets for projectile energies from several ten to a few hundred GeV. In combination with
similar measurements by LHCDb in the TeV range, our data will provide a fundamental data set that will
greatly improve the accuracy of the predicted natural flux of antiprotons in the galactic cosmic rays. This
is of great importance as the indirect detection of Dark Matter (DM) is based on the search for products of
DM annihilation or decay, which are expected to appear as distortions in the spectra of rare Cosmic Ray
components like positrons or antiprotons. The new data set is expected to vastly improve the sensitivity
of the very accurate AMS antiproton flux measurements to DM signals, which is presently spoiled by the
poor knowledge of the antiproton production cross section.

The existing M2 beam line with its momentum range between 20 — 30 and 280GeV /c is an ideal tool to
perform this measurement. The double-differential antiproton production cross section will be measured
inp+pandp +* He collisions using the existing spectrometer in EHN2 equipped with liquid hydrogen
and liquid helium targets. Measuring for several beam momenta the cross section in 20 bins each for
antiproton momentum and pseudorapidity, a statistical uncertainty of 1% will be reached, with an antici-
pated point-to-point systematic uncertainty of less than 5%. The main challenges for these measurements
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are the precise determination of the efficiencies of the trigger systems and of the particle identification
efficiency and purity.

Spectroscopy with low-energy antiprotons

The main objective of this experiment is a significant improvement in the understanding of the nature
of the so-called X, Y, Z states, which remains so far unclear in spite of worldwide efforts in the last 15
years. The discovery of narrow resonance-like signals at e e colliders, which have masses above the
open-charm threshold and decay to charmonium, had triggered a wealth of theoretical interpretations
ranging from conventional excited charmonium to multi-quark states and hybrid mesons. Of particular
interest is the production of states in association with a recoil particle, which opens the possibility of
observing states with spin-exotic quantum numbers such as hybrids or glueballs. The annihilation of
low-energy antiprotons with momenta below 20GeV provides a unique tool to study these states.

An early experiment at the M2 beamline of the SPS using low-energy antiprotons and a liquid hydrogen
target can reach luminosities of the order of 10%cm%s7!. It is expected to make important contribu-
tions to the production and spectroscopy of these long sought-after states even before the start of PANDA
at FAIR, where such a measurement is in the planning state. Our measurements will at the same time
provide vital input for PANDA, e.g. by measuring production cross sections for X, Y, Z states in pp
reactions, for which theoretical estimates range from 0.1nb to 10nb. Owing to the low beam momen-
tum, the experiment requires a dedicated target spectrometer including charged-particle tracking and
electromagnetic calorimetry, in addition to the forward spectrometer in EHN2.

Spectroscopy of kaons

The goal of the kaon spectroscopy programme is to map out the complete spectrum of excited kaons with
unprecedented precision using novel analysis methods. A more precise knowledge of the kaon spectrum
will have a broad impact not only on low-energy QCD, but also on many processes in modern hadron and
particle physics where excited kaons appear, e.g. in the study of CP violation in heavy-meson decays,
which are studied at LHCb and Belle II.

The high-intensity RF-separated kaon beam of the upgraded M2 beam line is an unrivalled place to ac-
cumulate a large data set for kaon spectroscopy as most of the planned or proposed measurements in the
strange-meson sector elsewhere can either not compete with the measurement proposed here or are com-
plementary to it. Taking data over one year with a beam energy of at least 50 GeV, about 20 X 10° events
can be collected, which allows us to keep systematic effects under control. The main experimental chal-
lenges are high-precision vertex reconstruction, photon detection with electromagnetic calorimeters for
reconstructing neutral hadrons, and final-state particle identification, i.e. kaons have to be distinguished
from pions with high efficiency over a broad kinematic range.

Study of the gluon distribution in the kaon via prompt-photon production

The purpose of this experiment is the study of the gluon content of charged kaons. This is of fundamental
importance for understanding the internal structure of light mesons and may also shed light onto the
mechanism that generates their mass. In contrast to the well-known gluon distribution of the nucleon,
our knowledge on the gluon distribution in light mesons is rather limited. It can be considerably improved
by studying prompt-photon production in hadronic collisions using a high-energy meson beam.

The high-intensity RF-separated kaon beam of the upgraded M2 beam line is an unrivalled site to inves-
tigate the gluon content of the kaon. Using a beam of positive kaons with an energy of at least 100 GeV
over 1-2 years, the gluon PDF in the charged kaon will be measured using the dominant hard gluon
Compton scattering process in the range of x, above 0.05 and for Q2 ~ p% >7 (GeV/c)z. A separate data
set will have to be taken with a beam of negative kaons in order to allow for a separation of the subdomi-
nant quark-antiquark annihilation process. For systematic studies and also to improve the knowledge on
the gluon structure of the pion, it is foreseen to also collect data with incoming pions. This can be done
either in parallel or separately in a preceding running period. The basic requirements for the proposed



measurement are a sufficiently high transparency of the experimental setup for the produced photons, a
wide kinematic range of photon detection by the system of electromagnetic calorimeters, efficient beam
hadron identification, and a dedicated calorimeter-based trigger on high-p; photons. We are not aware
of plans to study the gluon structure of charged kaons at other laboratories.

Low-energy tests of QCD using Primakoff reactions

The main objective of this experiment is the first measurement of the kaon polarisability. Electric and
magnetic polarisabilities, which describe the rigidity against deformation by an external electromagnetic
field, constitute fundamental quantities of low-energy QCD. Apart from a quite vague experimental
upper limit, presently only model predictions exist for the electric polarisability of the kaon, e.g. by
chiral perturbation theory (¥ PT) or the quark-confinement model. It can be determined using the so-
called Primakoff reaction, K~ Z — K YZ, using a high-energy high-intensity kaon beam, on a nuclear
target Z with Z protons. Such an experimental approach allows the parallel determination of another
fundamental quantity of low-energy QCD, i.e. the lifetime of the neutral pion, which is related to the
chiral-anomaly hypothesis.

The RF-separated beam of the upgraded M2 beam line is a unique place for these measurements. One
year of data taking with a 100GeV beam delivering 5 x 10° kaons per second will allow to determine
the electric kaon polarisability with a statistical accuracy of 0.03 x 10~ *fm’, with the total systematic
uncertainty estimated to be smaller. This accuracy is even smaller than that of the prediction of yPT
in the one-loop approximation and will clearly allow us to distinguish between models for the kaon
polarisability. The neutral pion lifetime will be measured in parallel using those beam pions that remain
in the RF-separated kaon beam. Here, the resulting statistical accuracy of about 1% will be smaller by
more than a factor of two compared to the accuracy of the theoretical prediction and that of existing
measurements. The proposed measurement requires advanced beam particle identification, excellent
tracking capabilities at small angles and precise electromagnetic calorimeters. All these expectations are
estimated to be met by the upgraded spectrometer that is planned to be available in EHN2 at the time of
running. The proposed measurements have presently no competitors in the world.

Production of vector mesons and excited kaons off nuclei

The main goal of this measurement is to study pion-induced exclusive vector-meson production off vari-
ous nuclei in order to determine the nuclear dependence of the cross section for longitudinally polarised
vector mesons (p0(770), KO*(892)). The absorption strength for a vector meson produced in a nuclear
environment is predicted to strongly depend on its polarisation and also on the beam energy. How-
ever, neither existing data nor phenomenological models allow presently for a satisfactory description
of nuclear transparency. Of particular interest is a clarification of a possible colour screening effect, as
predicted by the colour transparency model. When using incoming kaons, the absorption of polarised K*
mesons can be studied, which is a topic of increasing interest.

About one year of running using pions and kaons produced by the M2 beam line is required to reach
a sufficient accuracy of the cross section measurement. The beam energy should be higher than about
50GeV to avoid effects related to meson decays in the nuclear medium and lower than about 100GeV as
the cross section for the charge-exchange reaction decreases with energy. In this energy range, the cross
section is sufficiently large, so that parallel running with other physics programmes can be considered.
The proposed measurements are kinematically fully complementary to the studies that are planned to be
performed at JLab.

Tentative schedule of the CERN M2 beam line

A tentative schedule of the CERN M2 beam line is outlined in table 1 according to the information given
onhttps://lhc-commissioning.web.cern.ch/lhc-commissioning/schedule/LHC-long-term
.htm.
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Year | Activity Duration Beam

2019 | Long Shutdown 2 2 years -

2020

2021 | COMPASS-II transversity with polarised deuteron target 1 year muon

2022 | proton radius 1 year muon

2023 | Drell-Yan for 7 and K PDFs and charmonium production < 2 years KT, m"

2024 | mechanism p. K ,m
Antiproton cross section for Dark Matter Search 2 month )4

2025 | Long Shutdown 3 (for SPS)

Table 1: Tentative schedule of the CERN M2 beam line for the time between LS2 and LS3.



