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Physics beyond Colliders - Emergent 
Phenomena

2 Hadron structure at AMBER cdazevedo@ua.pt

AMBER and the emergence of hadron mass
● The question:

● How to understand that M�/Mp ~ 1/7 while from constituent-quarks model one would expect ~2/3? 
● Only 1% of the proton mass is due to the Higgs mechanism.
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AMBER and the emergence of hadron mass
● The question:

● How to understand that M�/Mp ~ 1/7 while from constituent-quarks model one would expect ~2/3? 
● Only 1% of the proton mass is due to the Higgs mechanism.

Explore QCD in detail to understand emergent phenomena
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Use M2 beam in the CERN/SPS North Area

Versatile beams (muons and hadrons of both charges)

Beam momenta from 50 - 280 GeV/c

Intensity limited by radiation protection 
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Figure 2: Compilation of data on the proton radius puzzle, sorted by time. Electron-proton scattering and
spectroscopy (red/green), muon-proton spectroscopy (orange) and summary data (purple) is shown with the value
of this proposed measurement (blue) arbitrarily placed at 0.86 fm, with the projected uncertainties. There are
several reanalyses of di�erent subsets of the electron scattering data. We refer to [18] for an overview and to [19]
for a critical discussion. Error bars represent statistical and systematic uncertainties added in quadrature.

that was found at the same time in 2010 in laser spectroscopy of muonic hydrogen [16,17]. This striking
discrepancy of about five standard deviations has triggered many e�orts to clarify its origin.

2.2 Previous experiments facing the proton radius puzzle v2(+)

In order to solve the proton radius puzzle, several new experiments were proposed and are still in
preparation or already running. For a recent and complete compilation of the various data and studies,
we refer to the discussion in [18]. In Fig. 2 we show, sorted by time, a compilation of published
results including those from CODATA meta-analyses, complemented by the projected accuracy of the
measurement proposed in this document.

There are, on the one hand, many e�orts on acquiring more data on the atomic spectroscopy of both
electronic and muonic hydrogen. The highest precision on proton-radius measurements was achieved by
the investigation of atomic level splittings in muonic atoms [16, 17, 20, 21], which are very accurately
measured by laser spectroscopy. From 2S-2P transitions in muonic hydrogen, the above-mentioned
value of 0.841 fm was determined by correcting the measured frequency for all known QED e�ects and
attributing the remaining e�ect to the finite size of the proton. Additional information in this regard
comes from spectroscopy of other transitions and on heavier atoms, allowing also for a reevaluation of
the Rydberg constant. While until very recently the results from electron scattering and spectroscopy
were in agreement, for some time a systematic di�erence had been observed between electronic and
muonic systems. Newer results obtained in 2017 [22] put this di�erence into question, while equally
recent results [23] tend to confirm it. Recently published results [24] are consistent with the small radius
found by muonic spectroscopy. So far, no explanation has been found for the tension between the results
in electronic spectroscopy (see open green circles in Fig. 2).

On the other hand, there are e�orts ongoing to collect new data on lepton-proton scattering in the
relevant kinematic region. In scattering experiments, the proton radius is determined by measuring the
Q2-dependence of the electric form factor over an extended range and then extrapolating the form factor
towards Q2 = 0. This approach, besides initially targeting at the proton radius, o�ers the additional
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A problem of size 
- proton radius

AMBER arbitrary value 
indicating precision
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AMBER: The Proton Radius
● The puzzle of Proton Radius

● Two types of measurement
● Lepton-proton scattering
● Hydrogen spectroscopy
● Results di7er by ~ 5 σ

● Why µp scattering?
● Leptonic probe
● Different systematic uncertainties
● Much provide smaller radiative than ep
● Provide precise data for global fit

AMBER projection 6

Proton Radius 
Measurement 
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• 100 GeV muon beam 

• Active-target TPC with high-

pressure H2 (20 bar)

• 10-3 < Q2 < 4x10-2 GeV2

• Expected precision on the 

proton radius ~0.01 fm

𝖽σ
𝖽𝖰𝟤
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𝟦πα𝟤
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Proposal for Measurements at the M2 beam line of the CERN SPS – Phase-1 – 57

Figure 32: Relative uncertainty a�icting the prediction for the p̄ / p ratio, shown in dependence on the rigidity
p/Ze (expressed in GigaVolt): in light blue the up-to-date astrophysical uncertainty derived from [150–152] (based
on AMS-02 data analysis), in dark yellow the mean of the nuclear physics uncertainties estimated in [159,162]. In
black for comparison the AMS-02 measurement uncertainties as reported in [140].

Figure 33: AMS-02 measurements of the p̄/p ratio in cosmic rays as a function of rigidity, as reported in [140]

approaches [150,157], guided by AMS-02 and Voyager-1 interstellar space data [164], have shown great
improvements in modelling CRs. As of now, experimental uncertainties are smaller than the theoretical
ones, and there is an obvious need of a more precise theory for cosmic rays and spallation in the ISM.

In order to be able to profit from the AMS-02 high-precision data, a similar accuracy has to be achieved in
the computation of the p̄ source term for all the production channels. Figure 32 reports the extrapolated
AMS-02 relative uncertainty on the p̄/p ratio.

As shown in figure 33, AMS-02 p̄/p ratio data above 60 GV of rigidity show a substantial independence
from the rigidity itself. Fitting these data with a straight line results in a slope compatible with zero, as
discussed in [140]. When considering this linear model, the overall uncertainty on the measured p̄/p
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AMBER: Indirect DM searches 

   
  

●  Needed as input to the Dark Matter searches:
● For example to interpret AMS data.

p production x-section uncertainties from p-p and p-He collisions is a limiting 
factor to know the p/p Iux ratio expected

Proposal for Measurements at the M2 beam line of the CERN SPS – Phase-1 – 57
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Figure 32: Relative uncertainty a�icting the prediction for the p̄ / p ratio, shown in dependence on the rigidity
p/Ze (expressed in GigaVolt): in light blue the up-to-date astrophysical uncertainty derived from [150–152] (based
on AMS-02 data analysis), in dark yellow the mean of the nuclear physics uncertainties estimated in [159,162]. In
black for comparison the AMS-02 measurement uncertainties as reported in [140].

Figure 33: AMS-02 measurements of the p̄/p ratio in cosmic rays as a function of rigidity, as reported in [140]

approaches [150,157], guided by AMS-02 and Voyager-1 interstellar space data [164], have shown great
improvements in modelling CRs. As of now, experimental uncertainties are smaller than the theoretical
ones, and there is an obvious need of a more precise theory for cosmic rays and spallation in the ISM.

In order to be able to profit from the AMS-02 high-precision data, a similar accuracy has to be achieved in
the computation of the p̄ source term for all the production channels. Figure 32 reports the extrapolated
AMS-02 relative uncertainty on the p̄/p ratio.

As shown in figure 33, AMS-02 p̄/p ratio data above 60 GV of rigidity show a substantial independence
from the rigidity itself. Fitting these data with a straight line results in a slope compatible with zero, as
discussed in [140]. When considering this linear model, the overall uncertainty on the measured p̄/p

Nuclear Physics (i.e. cross 
sections) dominant 
uncertainty in region of 
interest
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AMBER: Antiproton Production

  

● Secondary p beam with 50, 100, 150, 200, 280 GeV
● Minimum bias trigger   beam intensity of 5  10⇒ ⋅ 5 sE1

● Liquid H2 and He target
● Proton ID in CEDARs, antiproton ID in RICH
● Measure di7erential cross section in 10 bins in  p momentum and pseudo-rapidity 2.4 < ⇧ < 5.6
● Statistical  uncertainty J 0.5 E 1%  per data point
● Total systematic uncertainty J 5% (eKciencies, dead time)

•Secondary p beam with 50, 100, 150, 200, 280 GeV

•Liquid H2 and He target 

•Minimum bias trigger allowing beam intensity of 5 ⋅ 105 s−1 


•Beam-proton ID in CEDARs, produced antiproton ID in RICH

•Measure differential cross section in 10 bins in p momentum & pseudo-rapidity 2.4 < η < 5.6 

•Statistical uncertainty ≈ 0.5 − 1% per data point

•Total systematic uncertainty ≈ 5% (efficiencies, dead time) 
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COMPASS++
AMBERProton spin structure

27/05/2020 Oleg Denisov 17

Huge progress has been done by COMPASS on resolving spin crisis  and to study 3D structure 
of the nucleon in SIDIS, unpolarised DVCS and pion induced Polarised DY.  The final year of the 
SIDIS running with transversely polarised deuteron target is approved BY SPSC and scheduled 
to 2021. This will finalise our data set to TMDs in SIDIS process. 

Still new, unique measurements can be done to access:
� Orbital momentum of quarks and gluons via polarised DVCS process
� TMDs, in particular Sivers and Boer-Mulders functions in a clean, nearly
Model independent way via antiproton induced DY

Methods:
Drell-Yan `ࣆ

COMPASS++
AMBER

EHM
COMPASS++/AMBER (pion induced DY) (Vincent)

27/05/2020
Oleg Denisov

9

Pion structure in 
pion induce DY
Expected accuracy 
as compared to NA3

Drell-Yan 
measurements

• charged K/π beams (190 GeV/c)

• inclusive measurement of lepton 

pair

• access to quark/gluon content of 

mesons

• high statistics runs

17 Hadron structure at AMBER cdazevedo@ua.pt

AMBER: Kaon structure: uK/u⇤

  

● Kaon structure: a window to the region of interference between the Higgs mechanism and the EHM mechanism
● The only available experimental data:

● NA3 T 200 GeV K  beam on 6 cm Pt target⁻

● 700 kaon-induced Drell-Yan events

Kaon-induced Drell-Yan
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Figure 31: Experimental setup for the proposed Drell-Yan and charmonium measurements. Top: sketch of target system and hadron absorber. Bottom: Extended setup.
The beam enters from the left.
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Questions to be answered:
� Mass difference pion/proton/kaon 
� Mass generation mechanism (emergent mass .vs. Higgs)
� Gluon content, especially important pion/kaon striking difference
Methods:

As well Charmonia production, pi/K diffractive scattering, pion/kaon polarizability

Drell-Yan:                                     Vincent Andrieux (Tuesday)
Charmonia&Prompt Photons:   Charles-Joseph Naim (Thursday)
Primakoff:                                    Andrei Maltsev (Friday)

COMPASS++/AMBER physics program
the issue of the emergence of the hadronic mass (EHM)

identify beam particle

• Isoscalar target(s)

• 190 GeV/c beam
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Figure 22: The ratio ⌃
sea

/⌃
val

as a function of x⇡ , using three di�erent sea-quark distributions from [80] for two
mass ranges. The ratio is also calculated with the sea-quark distribution from [85], which includes leading-neutron
DIS data from ZEUS [83] and H1 [84]. The shown statistical accuracy is expected when using the data-taking
conditions presented in the text. The blue shaded area is the uncertainty derived from the statistics quoted in the
NA3 paper [52].

area represents the uncertainty band on the sea distribution as estimated from the sea-valence separation
of NA3 that is based solely on their own data.

In Table 7, the achievable statistics for a running period of two years, i.e. 2 ⇥ 140 days is compared to
the Drell-Yan statistics of earlier experiments. In the experimental conditions assumed above, the sea
contribution to the pion momentum could be evaluated with an accuracy better than 5%.

The Drell-Yan mass range considered in Table 7 is adequate for a mass resolution of the order of 200
MeV/c2. For events originating from the carbon target, the background contamination to the Drell-Yan
signal is estimated to be below 5%. As will be explained in Sec. 5.4, the inclusion of a target telescope in
the setup, with fast and highly granular (possibly pixelized) detectors in between the target cells, improves
significantly the muon tracking upstream of the hadron absorber, and it positively impacts the vertexing
precision and consequently the dimuon mass resolution. The simulations presently available using such
an improved setup indicate that a resolution of the order of 100 MeV/c2 can be expected, in which case
the mass interval for a pure Drell-Yan sample can be safely enlarged to 4.0 < Mµµ(/(GeV/c2

)) < 8.5 ,
which would lead to an increase in statistics by 35%.

Recently developed techniques of data analysis, as e.g. machine-learning, are planned to be employed in
order to disentangle the di�erent physics contributions to the dimuon mass spectrum. Machine-learning
algorithms allow for the multidimensional clusterisation of data, by simultaneously parametrising over
a chosen set of physics variables. Such new methods are presently being developed and tested with the
C������ Drell-Yan data. Monte-Carlo data is used to train deep neural networks that classify each event
according to its probability to originate from a particular physics process. Two types of approaches can be
followed, either by selecting the probability value, above which events can be safely considered as signal,
or by using all events weighted by their probabilities to be signal or background. With such techniques,
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𝗎π+

𝗏𝖺𝗅 = 𝗎π+ − 𝗎̄π+ 𝖽π−

𝗏𝖺𝗅 = 𝖽π− − 𝖽π−

assuming isospin symmetry:

Σ𝗌𝖾𝖺

Σ𝗏𝖺𝗅
=

𝟦σπ+𝖢 − σπ−𝖢

−σπ+𝖢 + σπ−𝖢



High purity Kaon beams are being proposed for a Phase 2 of 
AMBER:

• Kaon structure from Kaon-induced Drell-Yan and Charmonium 

production 

• Gluon content in the Kaon from direct-photon production 

• Light meson spectroscopy using Kaon beams

• Kaon charge radius from elastic Kaon-electron scattering 

Looking to the 
future - AMBER 

phase 2
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AMBER: Kaon structure: uK/u⇤

  

● Kaon structure: a window to the region of interference between the Higgs mechanism and the EHM mechanism
● The only available experimental data:

● NA3 T 200 GeV K  beam on 6 cm Pt target⁻

● 700 kaon-induced Drell-Yan events

Kaon-induced Drell-Yan

20 Hadron structure at AMBER cdazevedo@ua.pt

AMBER: J/* production: an access to the gluon
content in the kaon

● J/Q data collected in parallel with kaon-induced Drell-Yan
● Large statistics
● Model-dependent access to the gluon distribution in kaons
● J/Q production cross section (LO):

Using Color Evaporation Model
Int.J.Mod.Phys. A 10 (1995) 3043
JAM18 “pion” PDFs (PRL 121, 152001 (2018))

𝖩/ψ𝖩/ψ



Summary program
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• AMBER (NA66) is a new QCD fixed target facility at CERN 
(Physics Beyond Colliders)


• Wide range of beam energies and particles

• Three main measurement aims in Phase 1 (approved):


• Proton radius measurement with high energy muons

• Anti-proton cross section measurement to constrain dark 

matter searches

• Meson structure using Drell-Yan process (mostly pions)


• Extension of physics programme in Phase 2 (in preparation)

Bjoern.Seitz@glasgow.ac.uk
13

http://amber.web.cern.ch
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