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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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Results on the AMBER  Logo vote  II

• Use M2 beam in the CERN/SPS North Area 
• Versatile beams (muons and hadrons of both charges) 
• Beam momenta ranging from 50 - 280 GeV/c 
• Improved beam properties post LS3 (NA-CONS) 
• Intensity limited by radiation protection  
• New Detector components for physics post LS3
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Results on the AMBER  Logo vote  II
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The wish: Kaon, Kaons, Kaons

M2 Beamline

28.11.2023 Improvements for M2 beam under vacuum 2

  16

Particle fractions in hadron beams
● Using “Atherton parametrization”, from H.W. Atherton et al., CERN 80-07 (1980)

● Including pion/kaon survival probabilities over 1100 m in M2 beamline 

π
+
 fraction K

+
 fraction p fraction π

-
 fraction K

-
 fraction p fraction

p
beam

= 160 GeV/c 0.3611 0.0175 0.6214 0.9650 0.0237 0.0113

p
beam

= 190 GeV/c 0.2402 0.0142 0.7456 0.9680 0.0241 0.0079

4.8 x 108 h/spill
3.4 x 1014 h/y
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Beam particle identification: CEDARs

➜ Need parallel beam and excellent tracking

Differential Cherenkov counter provides π,K,p separation 
Differences in Cherenkov angle are small 
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Beam particle identification: CEDARs

➜ Need parallel beam and excellent tracking

Differential Cherenkov counter provides π,K,p separation 
Differences in Cherenkov angle are small 

 Request for vacuum improvements as studied by BE-EA, as 
well as CEDAR refurbishments including improvements in 
precision and stability of the diaphragm and motor controls.



Letter of Intent: A New QCD facility at the M2 beam line of the CERN SPS28 49
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Figure 31: Left: Valence PDFs for the u-quark in the pion and for the u and s-quarks in the kaon,
following the framework described in Ref. [153]. Right: Projected statistical uncertainties on the kaon-
to-pion Drell-Yan yield ratio, assuming a 100 GeV kaon beam and 140 days of data taking with a carbon
target. The projections are given for both dimuon and dielectron channels. The results are compared to
those of the NA3 measurement and to a calculation using the DSE functional forms from [55].

are now technical solutions that may be explored in an innovative way to serve this purpose. As will be
explained in Sec. 5.3.5, a highly-segmented active absorber with embedded magnetic field may be the
ideal device for the detection of large-angle lepton pairs, providing dielectron tracking, dimuon vertex-
pointing capabilities, dilepton auto-trigger and muon-momentum measurement. Layers of magnetised
iron with tungsten-silicon detectors sandwiched in between seem to be a viable option, the feasibility of
which will be further explored. Simple calculations show that a detector with transverse dimensions of
1.5 ⇥ 1.5 m2 and 250 cm length could be located 75 cm downstream of the polarised target, and would
still provide ±250 mrad coverage. Table 5 gives the achievable statistics for 140 days of beam time using
a polarised NH3 target and the above sketched active absorber.

Experiment Target Beam Beam intensity Beam energy DY mass DY events
type type (part/sec) (GeV) (GeV/c2) µ+µ� e+e�

This exp. 110 cm NH3 p̄ 3.5⇥107
100 4.0 – 8.5 28,000 21,000
120 4.0 – 8.5 40,000 27,300
140 4.0 – 8.5 52,000 32,500

Table 5: Achievable statistics of the new experiment with an active absorber and 140 days of beam time.

4.3.2 Valence-quark distributions in the kaon

The presence of the valence strange-quark significantly alters the properties of the kaon in comparison
to those of the pion. Being much heavier than the light quarks, it carries a larger fraction of the kaon
momentum. Accordingly, the valence contents of the kaon is expected to be significantly different from
that of the pion. At the same Q2 scale, the s̄K(x) and uK(x) valence-quark distributions of the kaon are
expected to peak at values that are larger and smaller, respectively, than in the case of the pion. These
distributions, calculated in the framework of the Dyson-Schwinger Equations [55], are compared to the
up(x) valence-quark distribution of the pion in the left panel of Fig. 31. All three PDFs are evaluated at a
small, non-perturbative QCD scale and then evolved to 5.2 GeV, which is a scale typical for fixed-target
Drell-Yan experiments.

Since the u-quark valence distribution in the kaon carries a momentum fraction smaller than that in
the pion, it should show a somewhat faster decrease for large x values. This behaviour is qualitatively
confirmed by the first and only available experimental comparison between K� and p�-induced Drell-
Yan measurements [154] by the NA3 collaboration, as shown in the right-hand side of Fig. 31. The
presented NA3 result is based on 700 Drell-Yan events produced with kaons as compared to 21,000

7

From π± to K± - Drell Yan process

Inclusive di-lepton measurement
X
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Detector Improvements
Propagate the new beam telescope to CEDARs

8

• Initial covariance from the second scenario on page 4 (3 planes, 200 
cm separation, 30 μm resolution)

• Final covariance
• 𝜎 ~ 0.2 𝑚𝑚
• 𝜎 ~ 9 𝜇𝑟𝑎𝑑
• 𝜎 ~ 0.4 𝑚𝑚
• 𝜎 ~ 6 𝜇𝑟𝑎𝑑

x yPx/Pz Py/Pz

x

y
Px/Pz

Py/Pz

Silicon detector R&D for the future Electron-Ion Collider Xuan Li

pixel and strip prototype sensors have been produced at BNL and Hamamatsu Photonics K.K.
(HPK) company. The AC-LGAD strip sensors with di�erent strip lengths have been characterized
with the 120 GeV proton beam at FNAL (see the setup configuration in the right panel of Figure 4).
Around 30 `m spatial resolution and better than 30 ps timing resolution per hit have been achieved
from the FNAL AC-LGAD strip sensor beam tests, which meets the EIC AC-LGAD detector design
requirement.

Figure 4: EIC AC-LGAD prototype sensor production at BNL and beam test setup at FNAL. The left
panel shows the EIC AC-LGAD pixel and strip sensors have been diced on a silicon wafer at BNL. The
configuration of AC-LGAD prototype sensor beam tests at the FNAL test beam facility is shown in the right
panel.

Figure 5: The carrier board of the AC-LGAD prototype pixel sensor and the 3-layer AC-LGAD sensor
telescope 90Sr source test configuration is shown in the left panel. The MALTA prototype sensor carrier
board and the bench test configuration of a single MALTA sensor is shown in the right panel.

Other advanced silicon prototype sensors have been studied in parallel for the EIC detectors.
Through supports by the Los Alamos National Laboratory (LANL) Laboratory Directed Research &

6
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Meson spectroscopy
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Kaonic mass spectrum44
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Figure 28: Excitation spectrum of strange mesons from PDG [119] (points and shaded boxes representing
the central value and uncertainty of the measurements, respectively) compared to a relativistic quark-
model prediction from Ref. [120] (black lines). States included in the PDG summary table are shown in
blue, the remaining states are shown in orange. The states are grouped by their JP quantum numbers.

Refs. [120, 121] predict no K⇤
0 state below 1GeV/c2. Also the experimental situation is not clear. In

many experiments, significant intensity is observed below 1GeV/c2, which is typically parameterised
as an “effective-range non-resonant” component with a phase shift [122]. However, more advanced
analyses using a K-matrix approach [123] or Roy-Steiner equations [124], find a pole below 1GeV/c2

associated with the K⇤
0 (800). This situation is similar to the challenges in understanding the S-wave in

the pp system. There, only high-precision data [125] in combination with advanced models [126] al-
lowed one to establish the f0(500) state and to determine its parameters. These examples show that in the
strange-meson sector there are still many missing states and open questions, which need to be addressed.
The final goal is to identify all strange and light non-strange mesons in the quark-model multiplets. This
would allows us to single out supernumerous states and identify multiplets beyond the quark model,
including e.g. gluonic excitations.

Most of the experimental data on strange mesons are based on experiments that were performed more
than 30 years ago. Since PDG listings from 1990 [127], only four additional kaon states were included
in the PDG listings and only one state entered the summary tables. Nevertheless, strange mesons appear
in many processes in modern hadron and particle physics. An example are searches for CP violation in
multi-body heavy-meson decays, e.g. in B± ! D0K± with D0 ! K0

Sp+p�, which are currently under
study at B-meson factories like BaBar [128], Belle [129], and LHCb [130] and will remain an interest-
ing topic with the upcoming high-precision measurements at Belle II and LHCb. These CP-violation
searches are usually Dalitz-plot amplitude analyses [122]. Typically, the isobar model is used, where the
decay amplitudes are parameterised by intermediate resonances appearing in the various subsystems of
the final-state particles. In order to keep pace with the high statistical precision of the data, the models
require as input an accurate knowledge of these appearing intermediate states, e.g. the strange mesons
appearing in the K0

Sp± subsystems in the example above. The large datasets allow to directly study
strange mesons in heavy meson decay, as done e.g. in Refs. [128, 129]. However, even with the biggest
datasets, in the employed isobar models typically the masses and widths of only a few selected states can
be fitted to the data while the parameter values of most of the kaon states included in the fit need to be
taken from other measurements.
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Detector Improvements

10/03/2022 Oleg Denisov 7

Results on the AMBER  Logo vote  II

Insert RICH here.. 
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And there is more

Beam Target Additional 
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Prompt Photons and Primakoff Effect
How to access polarizabilities in experiment?
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graphics from A. Maltsev, EHM Workshop 2021
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Kaon polarisabilites at AMBER58
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Figure 37: a) the expected xg spectrum for K�g events; b) the statistical accuracy for the measurement
of the ratio RK of the differential cross section for the real kaon over the expected cross section for a
hypothetical point-like kaon as a function of xg . The ratio RK corresponding to the cPT prediction is
shown in red.

statistics to be about 6⇥105 K�g events in the kinematic range 0.1 < xg < 0.6 and MK�g < 0.8GeV/c2.
Here, xg is the energy of the produced photon normalized to the beam energy. The trigger efficiency is
supposed to be close to 100% in the whole range of xg . The expected xg spectrum of K�g events is shown
in Fig. 37a. The ratio RK of the differential cross section for the kaon over the expected cross section for
a hypothetical point-like kaon can be approximately expressed as a function of xg under the assumption
aK +bK = 0 as

RK = 1� 3
2

·
x2

g
1� xg

· m3
K

a
·a3

K , (19)

where a is the fine structure constant. It is important to emphasize that polarisation effects in case of the
kaon are amplified by the factor (mK/mp)3 ⇡ 44 when compared to the pion. The statistical accuracy
for the measurement of the ratio RK of the differential cross section for the kaon over the expected cross
section for a hypothetical point-like kaon as a function of xg is presented in Fig. 37b. Also shown is the
ratio RK as expected from the cPT prediction. The statistical accuracy of the aK extraction under the
assumption aK + bK = 0 is 0.03 ⇥ 10�4 fm3. The main contributions to the systematic uncertainty are
expected from (i) the uncertainty of the determination of the tracking detector efficiency from the Monte
Carlo simulation; (ii) the statistical uncertainty of the p0 background subtraction; (iii) the effect of the
uncertainty on the estimate of the strong interaction background and its interference with the Coulomb
contribution; (iv) the uncertainty in the subtraction of pg events due to the pion contamination in the
beam. The total systematic uncertainty is expected to be smaller than the statistical one.

We are not aware of any other plans to measure the charged kaon polarisability.

4.5.2 Direct measurement of the lifetime of the neutral pion

The lifetime of the neutral pion is a quantity that is relevant in low-energy QCD, as it is related to the
chiral anomaly hypothesis. To-date a 1% accuracy has been reached in the theoretical lifetime prediction,
while the experimental value (8.52 ± 0.18) ⇥ 10�17 s has an uncertainty of 2.1% [170], which is not
enough for a precise test of theoretical calculations. The most precise experimental results for the lifetime
of the neutral pion are (8.32±0.15stat ±0.18sys)⇥10�17 s, being obtained by PrimEx via the Primakoff
effect [171], and (8.97±0.22stat ±0.17sys)⇥10�17 s, which was measured directly [172].

The idea of the direct measurement is based on the estimation of the length of the decay path. This length
lies in the range of a few 100 micrometers for pions produced in the forward direction with energies above

Polarizability measurement @ COMPASS

�

ଅ 3RODUL]DELOLW\�HIIHFWV�a�P�

ଅ %DFNJURXQG�IURP�͕�
ଅ %DFNJURXQG�IURP�VDPH�
����SURFHVV�YLD�VWURQJ�LQWHUDFWLRQ

$VVXPLQJ�

35/�������������������

PHDVXUHG VLPXODWHG��͕͆� ���

&ULWLFDO�SDUWV�RI�WKH�VHWXS�
ଅ HOHFWURPDJQHWLF�FDORULPHWHU
ଅ WUDFNHUV��LQFOXGLQJ�YHUWH[�

⍺π at COMPASS 
⍺π =(2.0±0.6±0.7)x10-4fm3

⍺K extracted at AMBER (projection)
• Expected statistical accuracy in 
⍺K-βK:σ = 0.03 x 10-4 fm3 

• Unique measurement 
• Prediction ⍺K-βK~1-4x10-4fm3

pictures from Temple Univ
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Hadron charge radii
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Hadron charge radii



16

Hadron charge radii

Unique opportunity to measure particle 

and antiparticle radii in same setup
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Summary and Conclusion

Contact: Bjorn.Seitz@cern.ch 

• Understanding QCD means understanding the emergent 
properties of Baryons and Mesons 

• Unique opportunities to study QCD provided by CERN 
M2 beam line with high energy and high intensity π/K/p 
beam 

• Exciting improvements in beam delivery (NA-CONS) 
• AMBER beyond LS3 focussing on 

• Drell-Yan with Kaons and Kaon structure 
• Kaon induced meson spectroscopy 
• Meson polarisabilities using Primakoff reactions 
• Meson radii in inverse kinematics

A big Thank You to 
PBC and CERN-BE for 
their continued support
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