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N Open fundamental questions in QCD Az I

QCD partons in The excitation scheme o0
hadronic systems of hadronic systems
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Vanderhaeghen, JHEPO5 (2011)] X_ workshop (2020)]

Charge e fkoL
The complete picture: Measurable quantities: (iso)spin-parity,
Wigner distributions masses, couplings and decay widths
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‘:)l Masses of the light hadrons s Tl

Kaon Proton
That’s what the
Higgs story is
about
o M, ~ 140MeV o My ~ 490MeV o M, ~ 940MeV Mass Budgets

@ Spin 0 e Spin 0 e Spin 1/2 g~
o 2 light valence e 1 light and 1 “heavy” e 3 light valence
quarks valence quarks quarks

* As composite systems, we want to understand hadrons
in terms of their constituents: the QCD quarks and
gluons

* The Higgs mass of the valence quarks contributes only
little to the physical hadron masses The E £ Had Mass is th
* Pion-to-proton mass ratio of 1-to-7 differs much from € Emergence ot Hadron Viass 15 the

. ) ) main source of (visible) matter!
the constituent-quark inspired value 2-to-3 ( )
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Emergent Hadron Mass

* Dynamic generation of mass in continuum QCD
* Gluon self-interaction in the infra-red leads to gluon “self-mass generation”

* Emergence of Hadron [Vlass is to some extent understood within continuum and lattice QCD calculations

o

® 5=163
® =213
@ =225
® =237

k [GeV]

* Prove and provide more input by measurement of
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Quark and gluon PDFs of pion, kaon and proton
Hadron radii as consequence of confinement
Mass spectra of excited mesons

Jan Friedrich

1000

Appa

.—’\\
_Nl

L\

‘({ —m = 30 MeV i
\'-.,\ N\* —m = 0 (Chiral limit)

I 3 I
R id acquisition of mass is -
ﬁPct of gluon cloud

—m = 70 MeV

0

“M »‘M“ﬂ Wy i
\\_\ ‘mﬂmﬂmk M %M
1 1 N e -
1 2 3
plGeV]

ratus for Meson and Baryon
Experimental Research



CERN m
‘3/ CERN Super Proton Synchrotron e I

* Planning of accelerator
for high energies up to
300 GeV at CERN
started in 1971 (later
reached: 450 GeV)

* First beam in the SPS
1976

* Proton-Antiproton collisions in the 1980s (UA1 and UA2), discovery of the heavy gauge bosons in collider mode

e Extracted beam lines: M2 for high-energy, high-intensity muons
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* max. 1.4e13 proton-per-pulse on T6 9 x 1.1 m Beryllium to stop the hadrons
production target

_ 172 £ 17 GeV/c
* muons can be selected in the range 60

to 200 GeV COMPASS

Muon cleaning
section

|
W

* without hadron absorber, also
secondary hadron beams up to 280
GeV can be provided

Pion decay section

Hadron
absorber

* first users: European Muon Collaboration (EMC) proposal 1974, North-Area experiments NA2, NA9, NA28
until 1985

 New Muon Collaboration (NMC, NA37) and Spin Muon Collaboration (SMC, NA47) until 1996: Deep-inelastic
pol. and unpol. muon scattering off the nucleons to understand their quark-gluon structure
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e approved 1996 as NA58

Hodoscopes

e first technical run 2001 ,

E/HCAL2
SM2

R
e last data taking 2022 E/HCALI1

e about 200 physicists from ~12
countries e Muon Wall 2,
MWPC
Polarised Targ- 34 _~  MWPC, Gems, Scifi,
NN " W45

Muon Wall 1
Straws, Gems

Scifi, Silicon Micromegas, DC, Scifi
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3He — 4He dilution
refrigerator (T ~50mK)

®LiD/NH; (d/p)

50/90% pol.
40/16% dil. factor

vl

I

=

T

solenoid 2.5T
dipole magnet 0.6T
acceptance * 180 mrad

pLainnn

>

Reconstructed interaction vertices
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\j COMPASS is turning to AMBER | 1l

.

* Successor of _¢6MP

4
1
\

\\od

e with appropriate extensions and
modernisations
e atthe CERN M2 beamline

e ~200 physicists from 34 institutes

2029

IAMJ|) AISON|

2022 | 2023 2024 | 2025
AM I 1AS D AM

J[AS| M) J|AISOND{)[FMAM J JIA S

Long Shutdown 3 (LS3)

2022 2023 2024 2025 2026 2027 2028 2029

| , | [ 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 |
|

2037 | 2038
iMAMJ)AsiN‘!FFAM]JASvﬁMAMHATNI]FMAM]JASiN‘)Fii HASiNilFMAMJJATﬁAMJJASHASONi!FMAMJJ SION|

Last updated: January 2022
Shutdown/Technical stop
Protons physics
lons
Commissioning with beam
Hardware commissioning/magnet training
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AMBER physics programme

COMPASS++/AMBER 4 hase-1 )
: 1) Antiproton production cross-sections for DM Phase
and extensions of the setup hadron and muon
. : , 2) Proton radius by high-energy muon scatterin
Use of conventional and radio- 3; o DD \I/)r ﬁ-Y i rgy & beams
frequency (RF) separated beams 0 > Wi €lli-Yan processes 2022 = 2028 )

Letter of Intent 2018 as

Proposal in two Phases
Phase-1 approved by SPSC in
December 2020

Phase-2 in drafting, plan to
submit in 2023

MoU draft close to final,
signatures expected this spring

21 March 2023

Gluon PDFs of mesons

Spectroscopy of strange mesons

Meson charge radii

Meson-photon reactions in Primakoff
kinematics: polarisabilities, chiral couplings

Jan Friedrich

\_

4 Phase-2 )

with conventional
(or rf-separated)
beams

2029 and beyond
\_ J
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https://arxiv.org/pdf/1808.00848.pdf
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1 30m 25m 30m

Incident muon Scattered muon

Recoil proton

5 S 8o 0 28 33
il il = Lo % o ECAL1 SM2
s = s = = s = s s
r o X o o o r o
o o o o o oo o o

[ Scintillating-fiber tracker I @ Silicon tracker [ ] High-pressure hydrogen time-projection chamber [ Helium/vacuum beam pipe

100 GeV muon beam

e Active-target TPC with high-pressure H, -

e goal: 70 million elastic scattering events in
the 103< Q2<4-102 GeV? range

* Precision on the proton radius ~0.01 fm

* Test run with small IKAR TPC in 2021,
tracking detector tests in 2022

* Pilotrunin 2023

Muon Filter 1

N

RICH1

21 March 2023 Jan Friedrich 12
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from the Letter of Intent:
Proton radius puzzle

Physics Beam | Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity [ Rate Type Target | start time, additions
Dispersion-theoretical analysis - —— I Mergell et al. [Nucl. Phys. A596:367-396 (1995)] [GeV] [5—1] [kHz] duration
ep scattering MAMI A ks I Bernauer et al. A1 coll. [PRL 105 242001 (2010)] muon_proton Precision hlgh- active TPC’
up spectroscopy CREMA A I Pohl et al., CREMA coll. [Nature 466 213 (2010)] elastic proton-radius 100 4-10° 100 /,li pressure 2022 SciFi trigger,
All ep scattering data, no MAMI 1 —_— - Zhan et al. [PLB 705 59 (2011)] scattering measurement H2 1 year silicon veto,
CODATA v Mohr et al. [Rev. Mod. Phys. 84 1527 (2012)] S recrll MNco;
. I Mohr et al. [Rev. Mod. Phys.
Y exclusive GPDE 160 2-10 10 p* NH; 2022 modified polarised
up spectroscopy CREMA A I Antognini et al., CREMA coll. [Science 339 417 (2013)] reactions 2 years target magnet
CODATA - —F— - Mohr et al. [Rev. Mod. Phys. 88 035009 (2016)] Input for Dark | 7 production |20-280 | 5-10° 25 p LH2, 2022 liquid helium
ep spectroscopy 1 & - Beyer et al. [Science 358 6359 (2017)] Matter Search | cross section LHe 1 month target
ep spectroscopy ° - Fleurbaey et al. [PRL.120 183001 (2018)] s . . 3 B target Spegrometer-
CODATA - | CODATA (2018) P-induce Heavy gum 12,20 | 5-10 2 P LH2 2022 trac_ ng,
spectroscopy exotics 2 years calorimetry
ep scattering MAMI - A I Mihovolovic et al. [arXiv:1905.11182 (2019)] Drell-Yan Pion PDFs 190 7107 25 pe oW 2022
ep spectroscopy - g I Bezginov et al. [Science 365 1007 (2019)] 1-2 years
ep scattering JLab - I Xiong et al. [Nature 575, 147-150 (2019)]
up scattering AMBER - —a—— - Proposal AMBER [SPSC-P-360 (2019)] Drell-Yan Kaon PDFs & | ~100 10 25-50 | K&, p NH;, 2026 "active absorber”,
T T T T T (RF) Nucleon TMDs oW 2-3 years vertex detector
0.82 0.84 . Oéfn) 0.88 0.90 Kaon polarisa- non-exclusive
P Primakoff bility & pion | ~100 | 5- 10° >10 K~ Ni 2026
(RF) life time 1 year
Prompt non-exclusive
Photons Meson gluon | > 100 | 5- 10° | 10-100 | K* LH2 2026 hodoscope
[ ] ]
Bremsstrahlung effect suppressed for muons e e | W | i
* possibility to control the small effect b SIRNGT. | S
p y y Spectroscopy | strange-meson | 50-100| 5- 10° 25 K~ LH2 2026 recoil TOF,
measuring forward photons in ECAL2 ®RF) spectrum 1 year forward PID
Spin Density
Vector mesons Matrix 50-100 | 5-10° | 10-100 | K=, z* | fromH 2026
(RF) Elements to Pb 1 year

Table 2: Requirements for future programmes at the M2 beam line after 2021. Muon beams are in blue,
conventional hadron beams in green, and RF-separated hadron beams in red.

21 March 2023 Jan Friedrich 13



C
\

ERN

N/ S

New equipment for AMBER PRM

ECAL1 SM2

New device: Unified Tracking station

21 March 2023 Jan Friedrich
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Scintillating Fiber Hodoscope
for precise timing < 1 ns

Silicon-pixel detectors (ALPIDE)
for high spatial resolution ~10 um

UTS design and
construction at TUM

Installation near the target
position during the last
weeks of COMPASS run 2022

21 March 2023

Unified Tracking Station

Jan Friedrich
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Z rotation

Silicon-Pixel Detector (SPD)

Scintillating-Fiber Hodoscope (SFH)

X alignment

Y alignment

Sl

e, /A0 TN

15
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N UTS — first test results e I

7_/ Experimental Research

Successful operation of the
tracking prototype detectors
in November 2022

FTO1X2A__sadc_ch9_max {FTO1X2A__sadc_ch9_maxSample > 12 && FT01X2A__sadc_ch9_maxSample < 18}

- htemp
= Entries 199216
10¢ Mean 3115
£ |StdDev  339.3]
10° =
102§*
10—
= \
s I
1=
E [ [

v b b b b I A
600 800 1000 1200 1400 1600 1800 2000
FTO1X2A__sadc_ch9_max

200 400

Promising online control of
the SFH data

SFH (partly equipped) ALPIDEs and SFH
standing in lab hanging in UTS

21 March 2023 Jan Friedrich 16
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) brell-Yan and pion PDFs at AMBER a1l

di-lepton

Hadron absorber

-

——

C C I C

—
4

-
Beam

Vertex detector —

- ¢

260cm

* Iso-scalar target (12C) to minimize nuclear effects

21 March 2023

Beams of positively and negatively charged pions to separate

valence and sea contribution: A _
) 4™ C — g™ €
sea __
— T —
© 2 5 = [ ] NA3 exwaction (DY a'* and 7 da
> L —— SMRS 10% sea c
w - VY. ] - %h.'n!i; v%:, 860 ©
j.‘; 2 :-_ ........ jz"_[:hD:;ﬂ;;N or
0 - ——  Projection for 280 days on C-target
2 = <
1.5 +
1=
C 43¢ M/(GeV/c) < 8.5 . . . .

01 02 03 04 05 06 07 08 09 1

ey d Lol _—t
oy’ X Z(cnx)‘ [q? g +q (-1;‘}

250k DY events expected (current available statistics 25k events)
First precise and direct measurement of the sea quark
distribution in the pion

190 GeV pion beam

Target / vertex detector / hadron

absorber

Radiation protection

Di-muon mass resolution of 100 MeV

Jan Friedrich 17
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J/W) production at AMBER

transversely
polarized

gluons Sf LT Q
>

o
o

* Large statistics on J/i production in the dimuon channel

(30-50x ‘DY clean region’)

* Inclusive measurements: prompt production can’t be

separated

» Expected significant feed-down from /(2S), x.1, x>

* Expected to have dominant contribution from 2->1 processes

* Use J/Y polarization to distinguish production mechanism:
polarization is sensitive to relative contributions of quark- and

gluon-induced productions

21 March 2023

Jan Friedrich
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TUT

* Angular distribution

do

- 1 2
Tcoso X1+ Acos® 6

A=4+1 & ], =41
qq = J/Y

A =0 & unpolarised
A=-1],=0
99 = /¢

18
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* Triggerless DAQ and High-Level Trigger
* High-pressure hydrogen TPC

* C/W, LH2, LHe targets

* SciFi/Silicon Pixel tracking stations

e DY vertex detector

* Large-area MPGD detectors with self-triggering readout
» Self-triggered electronics for ECAL
* Upgrade CEDAR electronics for high rates

ECAL2 DAQ Hardware — Carrier Board Il

o o T o
Conwet [ 25GowsNetwork Swiches  |—— CDR

gy B B
PR

HLT Farm
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Physics ideas of the Phase-2 proposal

21 March 2023

Kaon structure via the
Drell-Yan process

Primakoff reactions to
investigate kaon-photon
coupling: kaon
polarisability, Fxrn

Spectroscopy of mesons
with strangeness

K-

beam

target -

/K

recoil

1000

Apparatus for Meson and Baryon
Experimental Research

TUTI

Gluon structure of pions and
kaons via prompt photons

Diffractive production of
vector mesons and di-jets to
study distribution amplitudes

Meson charge radii via
electron scattering in inverse

kinematics

Interested? We are open for more ideas, and people entering for
analysis (also of existing data), simulation,...

Jan Friedrich
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2 Primakoff reactions of Kaon beams

2 12 comPpass 2004
COMPASS legacy: Measurements of fundamental pion = C wy -t
properties relevant in Chiral Perturbation Theory © 10 from wPb — www*Pb
* Pion polarisability in Ty — my (PRL 114, 062002, 2015) 08| ¢ Fitted ChPT Intensity
a, = (20 + O-6stat + O-7syst) . 1074 fm3 . === Leading Order ChPT Prediction
06—
* Chiral dynamics in my — 3m (PRL 108, 192001, 2012) .
, , 0 04
e Chiralanomaly inty —» nimt - ¢ .
FS(;[OMPASS,pTEIIm — (10.3 i O.lstat i O-6Syst) Gev—3 02 :_ o
0.0 [ | [ WET =" . '' :.-_‘:-w-.- ———————
045 0.5 0.55 0.6

1000
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-
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-
-
-

1 1 1 I 1

AMBER: explore equivalent properties for Kaons

e Chiral anomaly in Ky - Kn°

Theory framework:

21 March 2023

Eur. Phys. J. C (2021) 81:221 THE EUROPEAN ()

https://doi.org/10.1140/epjc/s10052-021-08951-x PHYS'CAL JOU RNAL C upda(e‘;

Check for

Regular Article - Theoretical Physics

Dispersive analysis of the Primakoff reaction yK — Kn

Maximilian Dax"2@), Dominik Stamen'*®), Bastian Kubis!
! Helmholtz-Institut fiir Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics, Universitit Bonn, 53115 Bonn, Germany

Jan Friedrich

0.65 0.7

m,_[GeV/c?]
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Y Beam PID by CEDARS B e

from: P. Jasinski, PhD thesis
U Mainz

* High-efficiency and high-purity beam particle identification is of key importance in all
scenarios of hadron beams

* Optimum operation not only concerns mechanics and optics (temperature stabilization,

photon detection), but as well parallelism of the incoming beam — material budget of the
beamline

21 March 2023 Jan Friedrich 22
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~{ Kaon structure via the Drell-Yan process usame-

NA3: PLB 93 (1980) 354

 Available data

* Only 700 events from NA3
« The kaon valence distributions are practically unknown
» There is no data on kaon sea and gluon content

* Prospects for AMBER measurements

« Kaon valence PDF: can be addressed with negative kaon beam
« Kaon sea PDF: combine the two beam charges

. . . . .
0 02 04 06 08 1O X

E___ =190 GeV
beam ' ' " Conventional beam
>04 .
D'_'m = — 10% sea contribution i -
] ‘\ - - - 15% sea contribution 1 O -—W )* )* )+ )* )*
| - - = 20% sea contribution P- .
0.3_“ ‘.\ —e— Proj. for uu channel £ 0.8 .N'\\. :
o o(KY) : 3 TN ~
s/v = - — S *  AMBER 1~
o(KT)+o(K N
(K*) (K™) } 0.6} Badier 1980 N
— continuum Cui k)
| e - lQCDLin v
4.0<M/(GeV/c)<8.5 0.4
0.155——r ' ' ) I l
02 04 06 08, 0.0 025 050 0.75 1.0
X
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(q9) (qq9) (@) (q9) (q@) (q9) g (99)
Tetraquark Molecule Hybrid Glueball

How to identify them?

e Spin-exotic: JP¢ = 07", 07—, 17F, ..

e Supernumerary states

* Flavor-exotic: |Q], |I3], |S], |C| = 2

 Comparison with models, lattice

Need:

eLarge data sets with small statistical uncertainties

eComplementary experiments — production mechanisms - final states
eAdvanced analysis methods

reaction models theoretical constraints

Jan Friedrich 24
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Limitations at COMPASS

e Fore.g.the K~ r™ final state in
diffractive scattering, the two negative
particles have to be distinguished

* RICH detector has a blind kinematic
corner (for 190 GeV beam)

e Difficult to take into account in a PWA

21 March 2023

pr- [GeV/c]

Jan Friedrich

e

Preliminary

1000
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0 150 300
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Events / (10 MeV /c?)
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x10% x10% x103
l_Al 1970 1

. .
K 1400 ] A‘_ K*(892)

=
(e
1

<« (770

(o
PR

1\2(1770)

N
1 L 1

=
ot
1

F0(980)
K (1430)

§ K3(1430)

[N
1

Events / (4 MeV /c?)
'.; f
Events / (4 MeV /c?)

(1270
r fz )

(].()""I""I""I"" ().O-"'l""l"" L | 0"I""I""I""I
1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0

Migr [GeV/c?] my -+ [GeV/c?] Myt [GeV/c?]

Study reaction K~ + p » K~ n~nt + p by tagging beam kaons (2.4%)

= access to all kaon states: K;, K]*

= world‘s largest data set so far: 720 000 exclusive events (ACCMOR: 200k ev.)

Goal for AMBER: collect 10 — 20 X 10° exclusive K"~ m* events

26
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https://home.cern/news/news/physics/meet-amber

 NAG66/AMBER at CERN has started its
Phase-1 of a broad hadron physics I:’IeEt AMBER . .
. The next-generation successor of the COMPASS experiment wi
programme at the M2 beamline measure fundamentalproperties of the proton an: its relatives

« anti-p production cross-sections
 proton radius in high-E muon scattering
« pion parton structure via Drell-Yan

8 MARCH, 2021 | ByAna Lopes

* The physics cases of Phase-2 are being
worked on for a proposal to SPSC in 2023

https://amber.web.cern.ch

NuPECC LRP2024 Community input

30 May 2022 to 30 October 2022

125. AMBER at CERN

The AMBER collaboration, approved by the CERN SPS Committee as north-area experiment NA66. pursues a broad

21 March 2023 Jan Friedrich 27
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Title 2023 2024 2025 2026 2027 2028
1) Proton Radius
* 1.1) 2021 TEST Run <
» 1.2) 2022 TEST Run =
» 1.3) 2023 Pilot Run ]

+ 1.4) 2024 Run 1 —

2) Anti-Matter production

e 2.1) Test measurement

* 2.2) Commissioning

» 2.3) Data Taking 2023

* 2.4) Change-over to PRM
3) Drell-Yan

v
» 3.1) First test Run =

« 3.2) First RUN

21 March 2023 Jan Friedrich 29
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3000
- = = =
2500 -+ 1 +
- 4= 4 - [ o
‘:. - -— g+ AT g4 - 0t 27"
2000} I —_— -— 1 -
> — - 1
§ . _— 2=~ 3 2—+ |
N B ' —
T 1s00f T+ _ - T exotic
1+— 2++
1++
Hybrids: ground-state excited flux-tube
* excitation of gluonic degrees of freedom flux tube / m=1
e angular momentum in flux tube
* lightest hybrid predicted to have JP¢ = 1~*

[J. Dudek et al., Hadron Spectrum Collaboration, Phys. Rev. D 88, 094505 (2013)]

21 March 2023 Jan Friedrich 30
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» Only about 2.4% K™ in negative hadron beam
w | ow number of kaons
(Sample for strange-mesons about 150-times smaller than sample for non-strange mesons)
» About 35x more 7~ in negative hadron beam

w Sackoround from 7w~ diffraction

Likelihood-based CEDAR PID

» Finite beam inclination at CEDAR position limits CEDAR PID
» Use information from precisely measured inclination of the beam-particle track

» Spatial position of beam particle precisely measured at COMPASS target
» Spatial position at COMPASS target related to beam inclination at CEDAR position by beam optics

» High efficiency of about 85% and low 7~ impurity of about 3%

21 March 2023 Jan Friedrich 31
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* hadron BMS
 CEDARs

e 2-stage spectrometer
e |H2 target

* RPD

e Sitrackers

e ECALO,1,2

* RICH-0, RICH-1, RICH-2
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Setup for strange-meson spectroscopy
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%) Q2 range and radius effect T

« large values of Q2: higher sensitivity to charge distribution —> < r2 >

dF(Q?%)

. small values of Q2: smaller extrapolation uncertainties to Q2= 0 and d—Q2 |Q2=0

0.9 :
[ ] 9 - .
L 08] Gy | Beam | Ebeam - Relative charge-radius
S | | —kaon 280 GeV 1 [GeV] [GeV?] effect on o(Q?)
§ 0.7 _ proton 280 GeV ] T 280 0,268 ~54%
E I
g 0.6l K 280 0,15 ~30%
? K 80 0,021 ~5%
05 K 50 0,009 ~2-3%
l | 1 p 280 0,070 ~28%
107 10 10 107 10°

Q? [(GeV/c)?]
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/Y Hadron charge radii T

Protons in hydrogen target (or other stable nuclei):
Measurement via elastic electron or muon scattering lepton
Cross section: N K = (E' k) TS e B T ool AR

/
do  4na’
- R (8 G% + TG%J) k = (E,K)

aQ*> Q*

Charge radius from the slope of Gg

dG ¢ (Q?
(r2) = —6H2 E(2Q )
dQ Qz—)O
meson
For unstable particles, electron scattering can only be realised n/K
in inverse kinematics g
electron

34
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FIG. 4. Glue distribution, zg™ (z, {2 = 2GeV): solid purple
curve, prediction from Ref. [43]. Panel A highlights low-z and
Panel B, large-xz. The band surrounding this curve expresses
a conservative estimate of uncertainty in the prediction, ob-
tained by varying (g by +10%. Comparisons are selected fits
to data: dashed blue curve, [32]; dotted red curve and asso-
ciated band, [33]; dot-dashed brown curve and band, [34].
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Plots: impact of measurements on constraining

the production of p (fraction of total source
term constrained by phase space of

experiment)
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Antiproton measurements at AMBER
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Parameter space for
the p-He channel
corresponding to an
exemplary fixed target
experiment

3% relative uncertainty
within the blue regions
(30% outside)
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Secondary p beam with 50, 100, 150, 200, 280 GeV

Liquid H, and He target

Minimum bias trigger allowing beam intensity of 5 - 10° s™*
Beam proton ID in CEDARs, antiproton ID in RICH

Measure differential cross section in 10 binsin p, & n
2.4<n<5.6

Statistical uncertainty = 0.5 - 1% per data point

Total systematic uncertainty = 5% (efficiencies, dead time)
AMBER pilot run for antiproton production measurements is
scheduled in the end of 2022 (LD target, setup tests, rates)
Main run is planned to 2023
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