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Abstract

In this study, we present the measurement of the intrinsic hadronic contamination at the CERN SPS H4 beamline
configured to transport electrons and positrons at 100 GeV/c momentum. The analysis was performed using data
collected by the NA64-e experiment in 2022. Our study is based on calorimetric measurements, exploiting the different
interaction mechanisms of electrons and hadrons in the NA64-ECAL and NA64-HCAL detectors. We determined
the intrinsic hadronic contamination by comparing the results obtained using the nominal electron/positron beamline
configuration with those obtained in a dedicated setup, in which only hadrons impinged on the detector. The significant
differences in the experimental signatures of electrons and hadrons motivated our approach, resulting in a small
and well-controlled systematic uncertainty for the measurement. Our study allowed us to precisely determine the
intrinsic hadronic contamination, which represents a crucial parameter for the NA64 experiment in which the hadron
contaminants may result in non-trivial backgrounds. Moreover, we performed dedicated Monte Carlo simulations for
the hadron production induced by the primary T2 target. We found a good agreement between measurements and
simulation results, confirming the validity of the applied methodology and our evaluation of the intrinsic hadronic
contamination.
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1. Introduction1

The search of Dark Matter (DM) is a key topic in con-2

temporary physics. While the existence of DM is con-3

firmed by multiple, independent astrophysical and cos-4

mological observations at different scales [1], so far no5

direct measurements regarding the DM particle content6

exist. Many experimental efforts aimed at detecting DM7

focused on the so-called “WIMPs” (Weakly Interacting8

Massive Particles) scenario, where new high mass parti-9

cles interact via the known Standard Model (SM) weak10

force [2]. However, null results in direct detection ex-11

periments of galactic halo DM and in high-energy ac-12

celerator searches at the LHC call for an alternative ex-13

planation to the current paradigm [3].14

The light dark matter (LDM) hypothesis conjectures15

the existence of a new class of light elementary par-16

ticles, with masses below the few GeVs scale, not17

charged under the Standard Model interactions and in-18

terfacing with our world through a new force in Nature.19

This picture is compatible with the well-motivated hy-20

pothesis of DM thermal origin [4–6], assuming that, in21

the early Universe, DM reached the thermal equilibrium22

with SM particles; the present DM density, deduced23

from astrophysics measurements, is a relic “remnant”24

of its primordial abundance. This hypothesis provides a25

relation between the cosmologically-observed DM den-26

sity and the model parameters (LDM mass and cou-27

plings), resulting in a clear, predictive target for discov-28

ery or falsifiability [7]. Specifically, the thermal origin29

hypothesis allows to identify a preferred combination of30

the model parameters in terms of a maximum SM-LDM31

coupling associated to each LDM mass. Reaching this32

coupling value is the ultimate goal of all LDM exper-33

iments, since this would allow to unambiguously con-34

firm or rule out the new model.35

Thanks to their large discovery potential, accelerator-36

based experiments at moderate beam energy (∼ 10÷10037

GeV) are the ideal tool to probe the LDM hypothe-38

sis [7–14]. So far, no positive signals have been found,39

with the current most stringent exclusion limits being40

those reported by the NA64−e experiment [15, 16] for41

the mass range 1 MeV/c2 ÷ 250 MeV/c2 and by the42

BaBar experiment [17], for the mass range 250 MeV/c2
43

÷ 10 GeV/c2.44

2. The NA64−e experiment at CERN45

NA64−e is an electron beam, fixed target experi-46

ment at the CERN North Area searching for light dark47
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matter particles in the mass range between one and48

few hundred MeVs. The experiment exploits the high-49

purity, low-current 100 GeV/c electron beam from the50

H4 beamline to conduct a missing energy measurement,51

with the beam colliding with an active target that mea-52

sures, for each impinging particle, the deposited energy.53

In the experiment, LDM particles produced by the in-54

teraction of the primary electron with the active target55

would escape from the latter undetected: the signal sig-56

nature is the observation of events with a large missing57

energy, defined as the difference between the nominal58

beam energy and the one deposited in the target. The59

NA64−e current results are based on an accumulated60

statistics of 2.84 × 1011 electrons-on-target (EOT). The61

experiment plans to collect up to 3 × 1012 EOT before62

CERN LS3, and to perform a first measurement with a63

100 GeV/c positron beam [18]. A complete description64

of NA64−e can be found, for example, in Refs. [15, 19–65

21].66

The NA64−e detector is schematized in Fig. 1. It67

consists of (I) a magnetic spectrometer to measure the68

momentum of each impinging particle, made by two69

successive dipole magnets and a set tracking detec-70

tors – Micromegas, GEMs, and Strawtubes [22] – in-71

stalled upstream and downstream the magnet, (II) a72

syncrotron radiation beam-tagging system (SRD) based73

on a Pb/Sc sandwhich calorimeter detecting the SR74

photons emitted by the electrons due to their bending75

in the dipole magnetic field, [23], (III) a 40-radiation76

length electromagnetic calorimeter (ECAL), serving as77

active thick target, with energy resolution σE/E '78

10%/
√

E(GeV) ⊕ 4%, (IV) a high-efficiency plastic79

scintillator counter (VETO) used to identify charged80

particles produced by the interaction of the primary81

beam with the ECAL, and (V) a downstream mas-82

sive and hermetic hadronic calorimeter used to detect83

secondary long-lived neutral hadrons such as neutrons84

and KL (HCAL). The ECAL is segmented in an up-85

stream 4X0 section used as a preshower (PS) detector86

and a main section. The HCAL length corresponds to87

' 21 hadronic interaction lengths, resulting in a punch-88

through probability of about 10−9. A fourth HCAL89

module (HCAL-0) is installed at zero degrees to mea-90

sure neutral hadrons produced by upstream interactions91

of the primary beam with the beamline elements1. The92

production trigger for the experiment requires the coin-93

cidence between the signals of a set of upstream beam-94

defining plastic-scintillator counters (SC), as well as an95

in-time cluster in the ECAL with total energy EECAL .96

1In the following, we’ll denote as “HCAL” the combination of the
three modules installed downstream the ECAL.
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Compared to the analysis of Ref. [38], a number of
improvements, in particular, in the track reconstruction
were made in the 2018 run to increase the overall efficiency.
Also, the zero-degree calorimeter HCAL0 was used to
reject events accompanied by hard neutrals from the
upstream e− interactions; see Fig. 1.
In order to avoid biases in the determination of selection

criteria for signal events, a blind analysis was performed.
Candidate events were requested to have the missing
energy Emiss ¼ E0 − EECAL > 50 GeV. The signal box
(EECAL < 50 GeV; EHCAL < 1 GeV) was defined based
on the energy spectrum calculations for A0s emitted by e�
from the electromagnetic (e-m) shower generated by the
primary e−s in the target [48,49]. A Geant4 [50,51] based
Monte Carlo (MC) simulation used to study the detector
performance, signal acceptance, and background level,
as well as the analysis procedure including selection of
cuts and estimate of the sensitivity are described in detail
in Ref. [38].
The left panel in Fig. 2 shows the distribution of

≃3 × 104 events from the reaction e−Z → anything in
the ðEECAL;EHCALÞ plane measured with loose selection

criteria requiring mainly the presence of a beam e−

identified with the SR tag. Events from area I originate
from the QED dimuon production, dominated by the
reaction e−Z → e−Zγ; γ → μþμ− with a hard bremsstrah-
lung photon conversion on a target nucleus and charac-
terized by the energy of ≃10 GeV deposited by the dimuon
pair in the HCAL. This rare process was used as a
benchmark allowing us to verify the reliability of the
MC simulation, correct the signal acceptance, cross-check
systematic uncertainties, and background estimate [38].
Region II shows the SM events from the hadron electro-
production in the target that satisfy the energy conservation
EECAL þ EHCAL ≃ 100 GeVwithin the energy resolution of
the detectors.
Finally, the following selection criteria were chosen to

maximize the acceptance for signal events and to minimize
background. (i) The incoming particle track should have
the momentum 100� 3 GeV and a small angle with
respect to the beam axis to reject large angle tracks from
the upstream e− interactions. (ii) The energy deposited in
the SRD detector should be within the SR range emitted
by e−s and in time with the trigger. (iii) The lateral and

FIG. 1. Schematic illustration of the setup to search for A0 → invisible decays of the bremsstrahlung A0s produced in the reaction
eZ → eZA0 of 100 GeV e− incident on the active ECAL target.
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FIG. 2. The left panel shows the measured distribution of events in the (EECAL; EHCAL) plane from the combined run data at the earlier
phase of the analysis. The right panel shows the same distribution after applying all selection criteria. The shaded area is the signal box,
which contains no events. The size of the signal box along the EHCAL axis is increased by a factor of 5 for illustration purposes. The side
bands A and C are the ones used for the background estimate inside the signal region.
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Figure 1: Schematic view of the NA64-e detector in the nominal, invisible mode configuration. See text for further details.

80 GeV and pre-shower energy EPS & 300 MeV. For97

calibration purposes, an “open-trigger” is also imple-98

mented, requiring the coincidence between the SC sig-99

nals solely.100

The NA64−e experiment imposes strict requirements101

on the properties of the impinging beam. The beam cur-102

rent should be low enough to allow to resolve each in-103

dividual electron/positron impinging on the detector, al-104

lowing at the same time to accumulate a large statistics:105

ideally, an impinging particle rate of about 1 ÷ 10 MHz106

is required. Furthermore, the intrinsic beam energy dis-107

tribution should be as narrow as possible, to allow for108

a proper measurement of the missing energy. Consider-109

ing the nominal ECAL energy resolution for a 100 GeV110

impinging beam, of about 3 ÷ 4%, the required beam111

energy spread should be of about 1 ÷ 2% or lower. Fi-112

nally, the NA64−e missing-energy trigger condition re-113

flects on the maximum allowed intrinsic hadronic con-114

tamination of the beam. During operations, two main115

types of events are recorded. The first is associated with116

the production of energetic particles escaping from the117

active target by the interaction of the primary e−/e+ or118

one of its secondaries with the ECAL. Events of this119

first kind are, for example, the electro-production of en-120

ergetic hadrons, as well as the radiative production of121

a forward muon pair (so-called “di-muon production”);122

the LDM signal also enters in this category. The second123

source of measured events is due to the interaction with124

the target of beam hadron contaminants, with only par-125

tial deposition of the primary beam energy in the ECAL.126

127

For illustration, Fig. 2 shows the bi-dimensional dis-128

tribution of the energy deposited in the ECAL vs the129

energy deposited in the HCAL for the events recorded130

during the NA64−e 2021 run, obtained processing data131

through the standard NA64 reconstruction pipeline, and132

only applying loose selection criteria requiring mainly133

a well identified upstream track. Events in the re-134
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Figure 2: ECAL vs HCAL energy distribution measured by NA64-e
for selected events acquired during the 2021 run – see text for further
details.

gion (I) are mostly due to di-muon production, while135

those in the region (II) are associated to the electro- and136

hadro-production of secondary hadrons in the ECAL,137

escaping from the latter and interacting with the HCAL.138

These events satisfy the energy conservation relation139

EECAL + EHCAL ' E0, where E0 = 100 GeV is the pri-140

mary beam energy.141

A detailed knowledge of these two event sources is142

required to tune the trigger thresholds and evaluate the143

corresponding performances. While the first source of144

events can be efficiently studied by means of Monte145

Carlo simulations, a proper control and estimate of the146

second requires a detailed knowledge of the intrinsic147

hadronic contamination of the primary beam imping-148

ing on NA64−e. In this work, we present the results149

obtained from a dedicated measurement of the intrinsic150

hadronic contamination affecting the electron/positron151

beam from the H4 beamline performed with the NA64152

detector.153
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3. The H4 beamline at CERN North Area154

The H4 beamline at the CERN North Area facility is155

a versatile beamline capable of transporting high-energy156

particles with momentum in the range of 10-400 GeV/c,157

with variable composition and purity. The beam is ob-158

tained by having a primary 400 GeV/c proton beam159

from the Super Proton Synchrotron (SPS) accelerator160

impinging on a thin beryllium target, and then select-161

ing secondary or tertiary particles by means of a set of162

magnets and beam absorbers/attenuators [24, 25]. The163

particles produced at the target are momentum-selected164

and transported through a ' 600-m long beamline, com-165

posed of many bending dipoles, focusing quadrupoles166

and corrector elements towards the experimental area.167

Collimating structures and beam instrumentation are168

also present and used in order to ensure the beam prop-169

erties on a spill by spill basis.170

3.1. Electron/positron beam production: the T2 target171

The production target serving the H4 (and H2) beam-172

lines (designated “T2” target) is a 500-mm long Be173

plate, with transverse size 160 mm (horizontal) × 2 mm174

(vertical), where the 400 GeV/c ±0.3% δp
p proton beam175

is slowly extracted on [25, 26]. The intensity per unit176

time of the protons incident on the T2 target varies de-177

pending on the other SPS users (LHC, AWAKE, or Hi-178

RadMat) including those involving production targets179

serving the other beamlines; typical values are of the180

order of about 2 ÷ 3 × 1012 protons per 4.8 s spill, typ-181

ically with one or two spills per supercycle. The super-182

cycle length varies between 14.4 and 60 seconds. The183

target position with respect to the primary SPS beam184

direction, as well as the configuration of the selection185

dipoles and the beam absorbers/attenuators depends on186

the secondary beam to be produced and delivered to the187

experimental area.188

When operated in the special electron/positron mode189

for the H4 line, leptons are produced via a dual conver-190

sion process, by having the decay photons from π0/η191

mesons produced in the target propagating downstream192

at zero production angle. In general, for a given elec-193

tron / positron energy, the yield is governed by the in-194

tegral of π0 decays that lie above the momentum con-195

sidered, while it rapidly decreases with increasing pro-196

duction angle. A simplified drawing of the T2 target197

station elements in this special configuration is shown198

in Fig. 3. Downstream the target, two large aperture199

bending dipole magnets are installed, each with a length200

of 3.6 m. The end of the first (second) is located at201

4.95 m (9.15 m) from the center of the target, with a202

0.6 m drift volume in between them. The scope of these203

magnets is to sweep away all secondary charged parti-204

cles produced in the T2 target and also deflect the 400205

GeV/c beam on the XTAX. The magnetic field of each206

MTN is directed vertically, while the strength is regu-207

lated to have the SPS proton beam being deflected in208

the horizontal plane by an angle of 6.85 mrad – for209

a primary momentum of 400 GeV/c, a total magnetic210

field integral
∫
~B · d~l = 4.57 T·m is required for each.211

The useful aperture of the two magnets is 240 mm ×212

60 mm. The XTAX is made of two large collimating213

structures, consisting of 1.615-m thick massive blocks214

constructed mainly from stainless steel, with the end of215

the first (second) located at 23.615 m (25.240 m) from216

the center of the target. The transverse position of the217

XTAX can be properly changed to allow the passage of218

the secondary particles of interest through various holes,219

that make a first angular selection of the downstream220

transported particles. In the case of electron/positron221

beam configuration, a 64×64 mm2 hole is aligned with222

the primary beam direction before the target. The sec-223

ondary target for pair production is a 4 mm thick lead224

converter, located at 25.323 m from the T2 center. Af-225

ter the converter, at the start of H4 beamline, another226

horizontally-deflecting septum magnet with a length of227

3.2 m and aperture 114× 60 mm2, whose end is located228

at 28.850 m from the target, is used to perform a first229

momentum and charge sign selection of the particles230

that are transported to the experimental area.231

3.1.1. Hadronic contaminants232

In the electrons/positrons configuration, the main233

source of hadron contaminants in the beam is the234

forward production of long-lived neutral particles in235

the target, such as Λ hyperons and KS , propagating236

downstream and decaying to charged particles after the237

sweeping magnet (B3T). If secondary particles pro-238

duced at the XTAX, the vacuum chambers, the sur-239

rounding shielding or even the subsequent septum mag-240

net aperture are within the proper momentum, spatial241

and angular acceptance, they could be transported by242

the H4 beamline towards the experimental area. How-243

ever, most of these particles only make it up to the244

section of the line where a momentum selection of245

p0 ± 1.2% (maximum) takes place, filtering out all par-246

ticles outside this very narrow momentum band. This247

selection, combined with synchrotron radiation effects248

(present in higher momenta) essentially make the beams249

reaching the experimental areas very pure (typically250

above 90%).251

When the beamline is operated in negative-charge252

mode (e−), the contamination in the low momentum253

range, P . 100 GeV/c, is mostly due to the pions from254
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Figure 3: A schematic representation of the main beamline elements after the T2 target. The neutral particles are going straight through the TAX
hole and converted in the converter which is just after. The black horizontal lines correspond to the magnet apertures, the blue line is the 400 GeV/c
beam while the red solid line corresponds to the trajectory of the neutral particles before they impinge on the converter. The black/red structure on
the right part of the figure correspond to the XTAX apertures, as discussed in the text.

Λ → pπ− decay. At larger momentum this contribu-255

tion drops because of the kinematical limit of the de-256

cay process2, and the main source of hadron contami-257

nants is the KS decay to a π+π− pair. Residual contribu-258

tions are due to anti-protons from Λ → pπ+ decay, as259

well as from prompt charged particles produced in the260

T2 target at non-zero angle and then re-deflected by the261

MTR magnets toward the XTAX hole and the converter.262

In positive-charge mode (e+), instead, there is no kine-263

matic suppression at large momentum for the protons264

from Λ decay. Therefore, a larger intrinsic hadronic265

contamination of the beam is expected with respect to266

the electrons one, due to the much smaller Λ̄ yield.267

This effect is illustrated in Fig. 4, showing the H4 beam268

hadrons-to-electrons (h/e) ratio as a function of the en-269

ergy in the negative-charge (black) and positive-charge270

(red) mode, as obtained from a FLUKA-based simula-271

tion3 [27, 28]. In the simulation, we included the T2272

target, the dipole sweeping magnets, the XTAX, and273

the lead conversion target. We computed the h/e ra-274

tio by sampling all particles emerging from the latter.275

To account for the acceptance of the H4 beamline, we276

imposed the following kinematic cuts: |px/p| < 1%,277

2Starting from a P0 = 400 GeV/c proton beam, the maximum
energy of the π− from the decay of a Λ baryon produced in the Be
target is Eπ

max '
P0
MΛ
· (E∗π + P∗π), where E∗π (P∗π) is the pion energy

(momentum) in the Λ rest frame. Numerically, Eπ
max ' 97 GeV. The

proton maximum energy is Ep
max ' 375 GeV. For comparison, the

maximum pion energy from the Ks → π+π− decay is Eπ
max '

P0
MK

(E∗π+
P∗π). Numerically, Eπ

max ' 366 GeV.
3We used the PRECISIO default settings.

py/p < 1%, XT < 5 mm, ∆YT < 5 mm, where px (py)278

is the particle momentum in the horizontal (vertical) di-279

rection, p is the total momentum, and XT (YT ) is the280

horizontal (vertical) coordinate of the particle position281

at the target center, obtained by projecting straight back282

from the converter to the T2 target center. At 100 GeV,283

the hadron contamination in negative-charge mode is of284

about 0.2-0.3%, while for the positive-charge mode is285

roughly one order of magnitude higher.286

Finally, we observe that a residual background287

source is associated with the photo-production of heavy288

charged particles in the converter. For example, muons289

can be radiatively produced from the process γPb →290

µ+µ−Pb. However, the cross-section for this reaction291

is suppressed by a factor
(

me
mµ

)2
' 2.2 · 10−5 with re-292

spect to e+e− pair production, making this negligible.293

Similarly, to get a first estimate of the charged hadrons294

photo-production, we assume a total γ−p hadronic cross295

section at Eγ ' 100 GeV of σγp ' 200 µbarn, and sim-296

ple incoherent scaling relation σγPb ' Aσγp, where A297

is the atomic number. This results to a total number of298

hadronic interactions of about 4 · 10−4 per impinging299

photon on the converter, to be compared to the fraction300

of photons undergoing an e+e− pair conversion of about301

sPb/X0 ' 1. In conclusion, the photo-production of302

heavy charged particles from the converter is negligible303

with respect to the decay mechanisms previously dis-304

cussed. This is also highlighted by the energy spectra305

reported in Fig. 5, comparing the results obtained in-306

cluding (black) or not (red) the lead conversion target in307
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negative-charge (black) and positive-charge (red) mode. The struc-
ture at E ' 50 GeV for the negative charge mode is a result of the
convolution between the energy spectrum of the produced Λ baryons
and the maximum energy allowed in the Λ→ pπ− decay.

the FLUKA simulation.308

3.2. Synchrotron Radiation Correction309

A phenomenon that is crucial for the final purity of310

the beam reaching the experiments in EHN1 is the cor-311

rection for the synchrotron radiation losses. When in312

the high-energy electron configuration, and after each313

bending magnet, the gradient of the magnetic elements314

is corrected by the proper synchrotron radiation factor,315

corresponding to the energy loss of the electrons due to316

their passage through the magnetic field. More specif-317

ically, the synchrotron radiation loss by an isomagnetic318

lattice is given (on a per turn basis) by the relation-319

ship [29]:320

Uiso = Cγ ·
E4 [GeV4]
ρ [m]

(1)321

where Cγ = 4π
3 ·

rc
(m0c2)3 is a constant equal to 8.846 ×322

10−5 m
GeV3 and rc is the classical electron radius. As an323

illustration for the H4 line, if the electron momentum at324

the beginning of the line is 100 GeV/c, the final momen-325

tum of these electrons reaching the end is 99.83 GeV/c.326

In practice, not only the bending magnets are adjusted327

to the aforementioned energy loss of the electrons, but328

also the quadrupole and sextupole gradients, and there-329

fore the hadrons are not only displaced but also not cor-330

rectly focused at the collimating slits. This technique re-331

sults to their majority essentially disappearing from the332

beam. The effect is more prominent in the higher than333

120 GeV/c momenta, where the hadrons are effectively334

disappearing from the beam resulting to purities larger335

than 90% in the beams reaching the experiments, de-336

spite the production suppression of the electrons and the337

increased production of the hadrons, especially in the338

positive-charged mode (see Fig. 4). The hadrons defo-339

cusing effect is highlighted in Fig. 6, showing the beam340

profile measured with the most upstream Micromega341

detector (MM1). We measured these profiles during an342

electron and a hadron calibration run, with and with-343

out the lead converter installed after the XTAX, respec-344

tively. This figure shows that the hadron beam is less345

collimated than the electron one. The squared shape of346

the hadron profile reflects the geometrical acceptance of347

the scintillators counters in the trigger (ΦS 0 = 3.2 cm),348

suggesting that the hadronic beam width is actually even349

larger than the size of these detectors.350

From the above discussion, therefore, it follows that351

there are two counter-acting effects on the beam pu-352

rity. As the electron production drops and the hadron353

contamination increases in the higher momenta, the354

synchrotron radiation in the bending magnets becomes355

stronger and “counteracts” the contamination.356
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Figure 5: The differential yield of protons (top-left), π+ (top-right), anti-proton (bottom-left), and π− (bottom-right) after the Pb conversion target
obtained from FLUKA, including (black) or not (red) the latter in the simulation. All results have been normalized to the total number of impinging
protons on the T2 target.

4. Methodology357

We measured the H4 e−/e+ beam intrinsic hadronic358

contamination by using data acquired by the NA64 ex-359

periment. This analysis was performed with data col-360

lected in 2022, during the so-called “calibration runs”,361

in which the detector was operated in open-trigger362

mode. Data were acquired with and without the lead363

converter after the XTAX. In runs performed using the364

converter (“electron calibration runs”), the beam im-365

pinging on the detector is composed of electrons and366

of a small fraction of contaminating hadrons, to be mea-367

sured. In runs performed without the converter (“hadron368

calibration runs”), the beam is almost entirely com-369

posed of hadrons. In both configurations, a small frac-370

tion of muons, produced by pion decay, is also present371

in the beam.372

Our analysis is based on the methodology sum-373

marised below. First, exploiting hadron calibration runs,374

we evaluated the fraction f of impinging hadrons that375

interact with the ECAL only through electromagnetic376

ionisation and deposit all their energy (∼ 100 GeV) in377

the HCAL. Specifically, we measured f selecting events378

based on the ECAL (S E-selection) and HCAL (S H-379

selection) responses, as described in subsection 4.2, and380

normalizing to the total number of impinging hadrons.381

Subsequently, through the same cuts procedure, we de-382

termined in electron calibration runs the total number of383

events satisfying the S E + S H selection. Assuming that384

f is the same in both run modes, we could extract the385

total number of hadrons and thus determine the relative386

hadron contamination h/e. This hypothesis is motivated387

by the fact that the lead converter does not modify the388

properties (energy spectrum and particle yield) of the389

hadrons reaching the NA64 detector, as discussed pre-390

viously (see subsection 3.1.1). The use of the described391

approach is motivated by the clear experimental signa-392

ture caused by hadron MIP-like events in the NA64 de-393

tector. This results in a small and well-controlled sys-394

tematic uncertainty associated with the extraction of f395

and h/e, as described in section 5.396
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the electron beam one due to the defocusing effects described in the
text.

H4 config. Period Charge h/e (%) ± Stat ± Syst

(a)
{

I
II

Negative
Negative

0.313 ± 0.015 ± 0.002
0.323 ± 0.015 ± 0.001

(b) III Negative 0.356 ± 0.017 ± 0.002

(c)


IV
V
VI

Negative
Negative
Negative

0.380 ± 0.017 ± 0.002
0.386 ± 0.015 ± 0.002
0.389 ± 0.012 ± 0.001

(d)
{

VII
VIII

Negative
Negative

0.389 ± 0.012 ± 0.001
0.367 ± 0.016 ± 0.002

(e) IX Positive 4.29 ± 0.09 ± 0.009

Table 1: The table shows the run pairs analyzed in this study with
the corresponding charge configuration. The intrinsic hadronic con-
tamination, measured as described in the text, is reported here, to-
gether with the evaluation of statistical and systematic uncertainty.
We grouped together runs referring to the same H4 beamline configu-
ration (collimators opening), as described in the text.

4.1. Experimental setup397

The data for this analysis were measured with the398

NA64-e detector in the nominal configuration, as de-399

scribed previously. During these data takings, the exper-400

iment operated in open-trigger mode. As a result, events401

were acquired independently of the nature of the particle402

impinging on the detector or its interactions with the tar-403

get. In particular, we collected eight pairs of negative-404

charge calibration runs and one in positive-charge mode405

(see table 1). Each pair consists of a run performed406

without the lead converted and one with, acquired in407

series, not changing any other beamline configuration.408

This procedure guarantees that the data measured in the409

first run are representative of the hadronic contamina-410

tion in the second one. In each of the runs used, we411

acquired about ∼ 105 events.412

4.2. Data analysis413

As anticipated, in this analysis, the events selec-414

tion was based on data collected by the ECAL and415

the HCAL. In particular, to select particles that act as416

MIPs within the ECAL (S E cut), we applied a thresh-417

old on the energy deposited in the ECAL central cell:418

Einn < 5 GeV. At the same time, we required that the419

energy Eout deposited in all other cells was less than420

7 GeV. The observed Eout VS Einn distribution is re-421

ported in Fig. 7 for an electron run and a hadron run.422

These histograms evidence the different topologies of423

events caused by hadrons and electrons. The clear sig-424

nal produced by MIPs within the ECAL motivates our425

approach to determine the hadron contamination. After426

the S E MIP-like events selection, we applied a cut on427

the total energy deposition in the HCAL to distinguish428

hadrons from muons, EHCAL > 50 GeV (this selection is429
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referred to as S H). Figure 8 reports the EHCAL distribu-430

tion for a hadron calibration run, showing two distinct431

peaks. The low-energy peak is due to events in which a432

muon impinges on the NA64 setup and passes through433

the calorimeters depositing a small amount of energy434

due to ionization. The high-energy peak is instead due435

to hadrons entirely absorbed in the HCAL.436

To determine the fraction f from hadron calibration437

data, we first evaluated the number of events satisfying438

the S E + S H selection, Nh
S E+S H

, normalizing to the total439

number of events Nh:440

f =
Nh

S E+S H

Nh . (2)441

Subsequently, we determined the number of events sat-442

isfying the S E + S H selection for electron calibration443

data, Ne
S E+S H

, and converted it to the total number of444

hadrons normalizing by f . The h/(h+e) ratio thus reads:445

h
h + e

=
Ne

S E+S H

f
1

Ne , (3)446

where Ne is the total number of events collected with447

the lead converter. This procedure was applied indepen-448

dently for each run pair.449

In the above formulas, all particle yields must be cor-450

rected to account for the presence of muons in the beam.451

The corresponding correction factors were determined452

via Monte Carlo simulations, as described in the fol-453

lowing subsection.454

4.3. Monte Carlo simulations455

We simulated about 5 × 106 muons impinging on the456

detector using the official NA64 simulation software,457

based on the Geant4 framework [30, 31]. According to458

the described selection, the events caused by muons can459

be divided into three distinct categories. Most muons460

pass through both ECAL and HCAL interacting solely461

through ionization and depositing a small amount of en-462

ergy in both detectors. This class of events results in463

a clear signature and satisfies the S E + S H selection.464

We estimated the corresponding relative fraction to be465

f µ1 ' 98.4%. The second class of events is due to muons466

crossing the ECAL and depositing more than 50 GeV in467

the HCAL, satisfying the S E+S H selection and mimick-468

ing the hadron behaviour. We investigated the nature of469

these events and found them to be typically character-470

ized by the emission of a high-energy bremsstrahlung471

photon interacting with the HCAL. We estimated the472

corresponding relative fraction to be f µ2 ' 0.8%. The473

last category of events includes those in which the muon474

gives rise to a large energy deposition in the ECAL475

and thus does not satisfy the S E selection. A deeper476

scrutiny of these events showed that they are mostly as-477

sociated with an intense ionization (δ−ray emission) in478

the calorimeter. The corresponding fraction of events479

was found to be ' 0.8%.480

Similarly, we simulated the interaction of pions with481

the NA64 detector, starting from about 5 × 106 Monte482

Carlo events. In particular, we focused on events with a483

MIP-like signature in the ECAL (i.e. passing the S E se-484

lection) and a small energy deposition in the HCAL (not485

verifying condition S H), and found them to be ' 0.3%.486

However, simulations show that in all these events the487

primary pion decays within the pipeline before reaching488

the target, generating a high-energy muon impinging on489

the ECAL; this is compatible with the observation that,490

given the large thickness of the HCAL (∼ 30 λI), the491

probability for a pion to pass through it without any hard492

interaction is completely negligible.493

In conclusion, simulations show that the low-energy494

peak in the HCAL spectrum is solely populated by495

events caused by impinging muons. Therefore, in ex-496

perimental data, we considered that all events satisfying497

the S E + S H selection are originated by these particles.498

For each run we could thus estimate the total number of499

impinging muons from the following equation:500

Nµ =
Nh/e

S E+S H

f µ1
, (4)501

and then subtract this yield from the two denominators502

Nh (Eq. 2) and Ne (Eq. 3). Similarly, the two terms503

Nh
S E+S H

and Ne
S E+S H

were corrected by subtracting the504

quantity Nµ · f µ2 .505

5. Results506

Using the technique described above, we could es-507

timate the hadron contamination for the different runs508

studied. The obtained measurements are reported in509

table 1. We quoted the error deriving from the statis-510

tical uncertainty on the measured particle yields, with511

the major contribution being that from the two terms512

Nh
S E+S H

and Ne
S E+S H

.513

To determine the systematic uncertainty of our re-514

sults, we performed a dedicated study evaluating the ef-515

fect of varying the thresholds defining the selection of516

events. In particular, for S E , we modified the cut on517

Einn from 2 GeV to 8 GeV in steps of 1 GeV. In the518

same way, we varied the threshold on Eout from 4 GeV519

to 10 GeV. For each combination, we repeated the eval-520

uation of f and h/e. Although the value of f signifi-521

cantly depends on the selection thresholds, as shown in522
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Fig. 9, the hadronic contamination h/e is affected very523

little by these variations. This result is due to the ap-524

plied methodology, which founds on the relative ratio525

of events selections in hadron and electron runs, and the526

variations on f factorize out. For S H , since the muon527

and the hadron populations are clearly distinct in the528

HCAL energy distribution, we noticed that no varia-529

tions for these observables were induced by changing530

the corresponding cut values. Using this approach for531

each run pair, we evaluated the systematic uncertainty532

as the standard deviation of h/e measurements obtained533

for different cut combinations. In conclusion, this study534

determined that the systematic uncertainty affecting h/e535

is negligible compared with the statistical one, being536

smaller by a factor ∼ 10. We quote and report our re-537

sults in table 1.538

The obtained results agree with the simulations’ pre-539

dictions reported in Fig. 4. In particular, the h/e ratio,540

for the negative charge configuration runs is ∼ 0.3 ÷541

0.4 %, in good agreement with the result of the sim-542

ulations. Similarly, for the positron run, we estimated543

that the hadron contamination was about ∼ 4 %, to be544

compared with the ∼ 6 % prediction from Monte Carlo.545

However, we should note that the Monte Carlo simula-546

tion does not include the ' 400 m beamline between547
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the T2 target and the NA64 detector. This transport al-548

ters the h/e ratio because of the synchrotron radiation549

effects (see subsection 3.2) and of the pion decay that550

reduces the fraction of hadron transported through the551

line, increasing the population of muons.552

We also observed that, for the negative-charge mode553

configuration of the beamline, the h/e ratio differs be-554

tween the runs. This effect is due to the different beam-555

line configurations used for each run pair, particularly556

concerning the opening of the beam-defining collima-557

tors upstream of the NA64 detector. These slits were558

adjusted during the data-taking periods to maximize the559

total beam intensity. As discussed in section 3.2, the560

hadrons in the beam are less focused than the elec-561

trons due to synchrotron radiation effects. Therefore,562

the more the collimators are open, the higher num-563

ber of hadrons are transmitted, and the larger is the564

h/e contamination. To highlight this effect, in table 1565

we grouped together the data-taking runs referring to566

the same beamline configuration, showing a compatible567

value of h/e.568

5.1. Relative fraction of hadronic contaminants569

When the H4 beamline is operated in negative charge570

mode, the main contribution to the hadronic contamina-571

tion at 100 GeV/c comes from π− from the KS → π+π−572

H4 config. Charge fπ (%)
(a) Negative 68 ± 5
(c) Negative 85 ± 4
(d) Negative 80 ± 5
(e) Positive 30 ± 4

Table 2: Fraction of pions with respect to the total number of hadron
contaminants for the different H4 beamline settings. The uncertainty
is purely statistical. For the period (b), the statistics of “punch-
throught” events is too low to allow a proper evaluation of fπ.

decay, while in positive charge mode it is due to pro-573

tons from the Λ→ pπ− decay. Specifically, at 100 GeV,574

the differential particle yields per impinging proton dN
dE575

after the lead converter predicted by FLUKA read '576

2.7×10−7 GeV−1 (protons), ' 1.2×10−8 GeV−1 (π+), '577

4.2×10−9 GeV−1 (anti-proton), and ' 1.2×10−8 GeV−1
578

(π−) (see also Fig. 5). From this, the predicted fraction579

of pions with respect to the total number of hadrons at580

the lead converter is ' 74% (' 4%) in negative (pos-581

itive) mode. In all cases, the yield of kaons is smaller582

than 10−10 GeV−1.583

We validated this result by exploiting the different ab-584

sorption probabilities of protons, anti-protons and pions585

in matter [32]. For illustration, at 100 GeV/c the absorp-586

tion cross section of these particles in iron, computed587

from the data in the aforementioned reference, is about588

550 mbarn (π), 690 mbarn (proton) and 720 mbarn589

(anti-proton), resulting in an absorption length in this590

material of 21 cm (π), 17 cm (proton), and 16 cm (anti-591

proton). We exploited this difference by evaluating, in592

hadron calibration runs, the fraction of “punch-trough“593

events fpunch−through satisfying the S E cut that have a594

MIP-like signature in the HCAL-0 and with full-energy595

deposition in HCAL-1, with respect to the total number596

of events satisfying the S E and the S H cuts. In doing597

so, we grouped together runs corresponding to the same598

H4 beamline settings. We also applied a MC-derived599

correction to fpunch−through, of about 1.5%, to account600

for muon-induced events with a “punch-through” sig-601

nature due to Bremmstralung emission in HCAL-1. We602

compared this result with the predictions from Monte603

Carlo simulation of the NA64-e setup for each hadron604

type, PMC
p and PMC

π , where p is either a proton (positive-605

charge mode run) or an anti-proton (negative-charge606

mode runs). Finally, we extracted the fraction of pions607

among the H4 beamline hadronic contaminants ( fπ) by608

solving the equation:609

fpunch−through = fπPMC
π + fpPMC

p , (5)610

with the constraint fπ + fp = 1 (i.e., we ignored the611

residual contributions from kaons). To evaluate the sys-612
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tematic uncertainty associated with the energy thresh-613

olds in the S E cut, as before we repeated the evalua-614

tion of fpunch−through for each combination, and then we615

computed the standard deviation of all values: the ob-616

tained uncertainty is negligible with respect to the sta-617

tistical one. Similarly, to evaluate the uncertainty asso-618

ciated with the simulation, we repeated the calculation619

of fπ using results obtained from GEANT4 (FTFP BERT620

physics list) and FLUKA; obtained values were compat-621

ible within ' 20% (' 10%) for the negative (positive)622

charge mode. Our results for fpunch−through are summa-623

rized in Tab. 2; the large values of the statistical uncer-624

tainty are due to the very low yield of “punch-through”625

events. The obtained results confirm the trend predicted626

by Monte Carlo. We ascribed the difference between627

data and MC in positive-charge mode to the fact that,628

due to mass-dependent effects such as syncrotron radia-629

tion emission, protons are transported by the H4 beam-630

line with lower efficiency than π+, thus increasing the631

measured value of fπ at the NA64 detector location.632

6. Conclusions633

We measured the intrinsic hadron contamination of634

the H4 e−/e+ beam at CERN. Our analysis exploits data635

collected by the NA64 experiment during pairs of open-636

trigger runs with and without the lead converter down-637

stream the T2 target. Comparing these data, we could638

measure the h/e ratio through a fair methodology, neg-639

ligibly affected by the systematic uncertainty associated640

to absolute events normalization. Our experimental re-641

sults were compared with the prediction from Monte642

Carlo simulations and a good agreement was found. A643

further improvement of this prediction would require to644

introduce in the simulations the effect of the ∼ 400 m-645

long beamline between the T2 target and the detector,646

including non-ideal effects associated to displacements,647

and goes beyond the scope of this work.648

In conclusion, in this work we precisely determined649

the hadronic contamination of the H4 e−/e+ beam at 100650

GeV/c. This represents crucial parameter for NA64, in651

particular for the future positron-beam missing-energy652

measurement, included in the framework of the POKER653

project [18, 33]. Our results provide a reliable reference654

for future experiments that need a precise estimate of the655

possible electron purities available in the H4 beamline656

of the SPS North Area, that, with this tuning, may reach657

a e/h ratio up to 99.7% for 100 GeV/c beams.658
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