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Experimental Research

@‘ Apparatus for Meson and Baryon Experimental Research

* AMBER has been approved as NA66
experiment in December 2020

* the Collaboration consists of ~200 physicists from
34 institutes

e atthe M2 beamline at SPS
muon and hadron beams 60 — 250 GeV

* AMBER inherited, extended and modernized
the 2-stage spectrometer of the COMPASS
collaboration

e Approved Phase | physics: * Intended Phase Il physics (>LS4):
e p production cross-sections e strange-meson spectroscopy
e proton radius e kaon polarizability
» pion/kaon structure functions * prompt-photon production
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@ AMBER Phase-1 in a nutshell gt

* Anti-proton production cross sections in p-He and p-p collisions
for constraining cosmic dark-matter search data: unique data
sets in unexplored beam momentum range 60-250 GeV,
successful p-He data taking in 2023

80
P [Gevk]

RICH PID: Cerenkov angle vs. momentum
* Proton radius via muon-proton scattering,
recoiling proton and scattered muon are
measured in coincidence: unique in terms of eam tracking
e 1l

systematics control e An
Uman |

proton 5%

3m 25m 3m

TPC (20 ban) l'l, tracking
1 HH

ILI. ___________________________________________ ” _____ I

Mass budgets: emergence of the
light-hadron masses is linked to both
the QCD partonic structure and to
confinement

lay

i_

* Pion and kaon partonic structure via Drell-Yan
processes: separate valence and sea contributions in
unprecedented precision

proton 94%

17.10.2023 Jan Fried & chiral limit (EHM) B EHM+HB & HB 3

plot courtesy C. Robert



1000

@A Antiproton production cross-sections for dark-matter searches i

Experimental Research
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Nucleon Structure

transverse extension correlating with the
parton momentum distribution

from:  |MPACT PARAMETER SPACE INTERPRETATION
FOR GENERALIZED PARTON DISTRIBUTIONS

MATTHIAS BURKARDT

International Journal of Modern Physics A | Vol. 18, No. 02, pp. 173-207 (2003)
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from: Lorcé, Pasquini,
Vanderhaeghen, JHEP05 (2011)
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Proton Radius in ep-Scattering
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If ga is small, where a is the root—mean—sqhare radius,
all form factors reduce to the simple expansion

F=1—(¢a/6)++ . (19)

REVIEWS OF MODERN PHYSICS VOLUME 28, NUMBER 3 JULY, 1956

Electron Scattering and Nuclear Structure”

ROBERT HOFSTADTER

Department of Physics, Stanford University, Stanford, California

17.10.2023 Jan Friedrich

Fic. 15. The semicircular 190-Mev spectrometer, to the left, is
shown on the gun mount. The upper platform carries the lead
and paraffin shielding that encloses the Cerenkov counter. The
brass scattring chamber is shown below with the thin window
encircling it. Ion chamber monitors appear in the foreground.

1000

Apparatus for Meson and Baryon
Experimental Research

The low background has been achieved with the
spectrometer, detector, and shield now to be described.
A photograph of the apparatus is given in Fig. 15. It




E Still not settled?

CREMA 2010

8.4 meV

Finite size

effect:
3.7 meV
R F=1
251/2
23 meV
LF =0
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ep scattering MAMI A —h— I Bernauer et al., A1 coll. [PRL 105 242001 (2010)]
up spectroscopy CREMA A I Pohl et al., CREMA coll. [Nature 466 213 (2010)]
All ep scattering data, no MAMI - e I Zhan et al. [PLB 705 59 (2011)]
up spectroscopy CREMA - I Antognini et al., CREMA coll. [Science 339 417 (2013)]
ep spectroscopy — I Beyer et al. [Science 358 6359 (2017)]
ep spectroscopy — I Fleurbaey et al. [PRL.120 183001 (2018)]
CODATA (2018) - I Tiesinga et al. [Rev. Mod. Phys. 93 025010 (2021)]
ep scattering MAMI A A I Mihovilovic et al. [arXiv:1905.11182 (2019)]
ep spectroscopy 1 ———— I Bezginov et al. [Science 365 1007 (2019)]
ep scattering JLab {———&——— I Xiong et al. [Nature 575, 147-150 (2019)]
up scattering AMBER —a8— I Proposal AMBER [SPSC-P-360 (2019)]
Dispersion-theoretical analysis A — I Lin et al. [Phys. Lett. B 816 136254 (2021)]
082 084 08 088 090
rp (fm)
rpHP Lamb ~ 0.84 fm rpelastic er ~ 0.88 fm
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Measurement of G at small Q2
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E@ Basic Idea of the AMBER measurement gt

9m

3.0m 25m 3.0m

Incident muon Scattered muon

Recoil proton

Wi
o g
s

PRM-FI01
PRM-SI01
PRM-FI102
PRM-S102
PRM-TPC
PRM-FI03
PRM-SI03
PRM-S104
PRM-FI04

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

100 GeV muon beam

e Active-target TPC with high-pressure H,

* high-precision tracking and spectrometer for muon reconstruction

» goal: 70 million elastic scattering events in the range 103< Q? < 4:102 GeV?
* Precision on the proton radius ~0.01 fm

17.10.2023 Jan Friedrich 9



@ Radiative Corrections for up Scattering S
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 Radiative corrections <1% for muon-proton scattering Q? < 0.04 GeV?
* (Calculations by N. Kaiser (TUM) J. Phys. G 37 115005 (2010)
* Full MC generator foreseen — intensity forward bremsstrahlung photons

Can be CheCked in the experiment -0.003-0.002-0.001 O 0.001 0.002 0.003 0.004 0.005
17.10.2023 Jan Friedrich 10




@m New Equipment for PRM

High-pressure hydrogen TPC

* QOperation at 20 bar hydrogen pressure
» design with 2 drift cells

« Segmented anode plane

» reconstruction of proton recoil with ~50 keV
precision

Unified Tracking Stations

» Determine scattering angle of muon

» Consists of several layers of silicon pixel
detectors (ALPIDE) and a scintillating-fiber
hodoscope (SFH)

Free-running DAQ
« streaming data acquisition on first level: all
detectors deliver data without external trigger \
» high-level trigger on computer farm T \
17.10.2023 ALPIDE 11




@ Tests and Schedule for PRM Data Taking

2018: First measurement of hydrogen TPC in high-
energy muon beam

2021: First test run with IKAR TPC and already existing

tracking detectors from COMPASS — correlation
between proton energy and muon scattering angle

2023: Test run with new free-running DAQ (IKAR TPC,
new tracking detector prototypes)

2024: Test run with IKAR TPC and UTS prototypes

2025: Physics run with new TPC and final UTS

17.10.2023
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Number of events

12345678

sin(6/2)?

x1077

Figures: C. Dreisbach PhD Thesis (2022)
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E@ Drell-Yan and pion PDFs at AMBER gt

di-lepton

nucleon —>{ ) »

e
Hadron absorber
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260cm

Beams of positively and negatively charged pions to separate
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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

Di-muon mass resolution of 100 MeV

dedicated talk (M. Chiosso) in the Nucleon Structure in DIS parallel session

17.10.2023
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@ The ideas of the Phase-2 proposal

]

Mass [GeV/c?

[

K K, kK K K, K K K K, K K

17.10.2023

Kaon structure via the
Drell-Yan process

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

Spectroscopy of mesons
with strangeness

/K

Jan Friedrich
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Gluon structure of pions and
kaons via prompt photons

Generalized Parton
Distributions in DVCS and
HEMP

Meson charge radii via
electron scattering in inverse
kinematics

Diffractive production of
vector mesons and di-jets to
study distribution amplitudes
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@ Beam PID by CEDARS g e aTi s

from: P. Jasinski, PhD thesis

* 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

17.10.2023 Jan Friedrich 15
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@ Exotic mesons g

D = @+ § Qoo+ [ +.

QDo (@Ps(@7)s(qq)o(@q)0 (qq)sg (99)o
Tetraqguark Molecule Hybrid Glueball
Need:
Where are they? .

Large data sets with small statistical
uncertainties

. [ ? -
How to identify them? « Complementary experiments

* Spin-exotic: JP¢ = (o~ o0t 17", ... — production mechanisms
e Supernumerary states — final states
* Flavor-exotic: |Q|, |I3],[S],|C| > 2 * Advanced analysis methods

— reaction models

* Comparison with models, lattice _ theoretical constraints

17.10.2023 Jan Friedrich 16



@ Limitations at COMPASS el e e

0O 150 300
» Final-state particle identification does not cover ~ Preliminary —
full momentum range 200

Cannot identify the full final state

» Assume sample contains only K~ 7~ 71 events

» Minimal PID: Need to know which of h™ is K~ :\:\
» Require only one of h™ to be identified i
» Acceptance reduced by more than 1/3 |
» Almost no suppression of KKK, nrm, ... §

Blind spot in experimental acceptance

» Decay amplitudes of different J¥ are orthogonal 0 sl A I
» Loss of orthogonality taking acceptance into 0 o0 100 150 200
account Px— [GeV/c]

17.10.2023 Jan Friedrich 17
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COMPASS: K-t " e

Experimental Research
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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

17.10.2023 Jan Friedrich 18
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Hadron charge radii

Protons in hydrogen target (or other stable nuclei):

Measurement via elastic electron or muon scattering lepton
Cross section: , K = (E'K)

do 4ra

) = 4 R (8 G% + TG%J) k=(E,k)
aQ’® Q
\g=(.9)
Charge radius from the slope of Gg »p = (M.0)
2 proton
2y _ _gi2 dGg(Q7)
(rg) = —6h" ———— o' = (Pup)
dQ Q2—)O
meson
For unstable particles, electron scattering can only be realised /K
in inverse kinematics g
electron

19
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@ Apparatus for Meson and Baryon
Experimental Research

« NAB6/AMBER at CERN has started its https://home.cern/news/news/physics/meet-amber
Phase-1 of a broad hadron physics
programme at the M2 beamline

ABOUT  NEWS

* The physics cases of Phase-2 are being Voir e frangais
worked on for a separate proposal Meet AMBER

The next-generation successor of the COMPASS experiment will
measure fundamental properties of the proton and its relatives

« Data taking for anti-proton production cross-
sections in He completed, analysis ongoing SHARCHEIE, | Eicnaronss

* Proton Radius Measurement: preparations
ongoing, pilot run in fall 2024, beam time 2025

17.10.2023 Jan Friedrich 20
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@ AMBER Collaboration and timelines

.

* Successor of _¢6MP

4
i
\

e with appropriate extensions and
modernisations
e atthe CERN M2 beamline

e ~200 physicists from ~34 institutes

2022 2023 2024 2025 2026 2027 2028 2029
| I |

Pha=se | | LS.?»> Lhas; l

17.10.2023
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2022
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Last updated: January 2022

Shutdown/Technical stop

Protons physics

lons

Commissioning with beam

Hardware commissioning/magnet training

Jan Friedrich 22
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@ AMBER physics programme

Physics Beam | Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity | Rate Type Target | start time, additions
[GeV] | [s7'1 | [kHz] duration
Letter of Intent 2018 as mu:;:sli:wn proptlzﬁi-:::ilus 100 | 4-10° | 100 | p* p::sgst:l_re 2022 saccntll:ﬁnz;r f \
CO M PASS++/AM BER scattering measurement H2 1 year silicon veto, P h ase- 1
Hard recoil silicon,
(a rXiv;1808_00848) for upgrades exclusive GPDE 160 | 2-107 10 u* NH] 22022 modified polarised with conventional
. reactions years target magnet
and extensions of the setup Input for Dark | P production | 20280 | 5-10° | 25 ) LH2, 2022 liquid helium hadron and muon
Use Of convent|ona| and rad|o Matter Search | cross section LHe 1 month target beams
- target spectrometer:
f d b P-induced Heavy quark | 12,20 | 5- 10’ 25 7 LH2 2022 tracking,
req Uency (RF) Sepa rate eams spectroscopy exotics 2 years calorimetry 2022 = 2028
Drell-Yan Pion PDFs 190 7-10 25 (4 W 2022 k )
1-2 years
Proposal in two Phases . . ,
. Drell-Yan Kaon PDFs & | ~100 10 25-50 | K~,p | NH;, 2026 "active absorber”,
P h ase- 1 ad p p rove d by S PSC N (RF) Nucleon TMDs aw 2-3 years vertex detector
Kaon polarisa- non-exclusive
December 2020 Primakoff | bility & pion | ~100 | 5-10° | >10 | K~ Ni 2026 ( Phase-2 \
Phase-2 in drafting stage o e =
i Prompt mou-exclusive with conventional
Photons Meson gluon > 100 5.10° 10-100 K- LH2, 2026 hodoscope
(RF) PDFs /4 Ni 1-2 years
H K-induced High-precision
M 0 U d raft C I 0se tO fl na I’ Spectroscopy | strange-meson | 50-100 [ 5- 10° 25 K~ LH2 2026 recoil TOF, bea ms
i (RF) trut 1 fi d PID
signatures expected by end of e e | S 2029 and beyond
2022 Vectormesons | Matrix | 50-100 | 5-10° | 10-100 | K z* | fromH | 2026 k )
(RF) Elements to Pb 1 year

17.10.2023

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.

Jan Friedrich
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https://arxiv.org/pdf/1808.00848.pdf
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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)

------ 50-250 GeV
- 50-190 GeV
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source term contribution

Parameter space for
the p-He channel
corresponding to an
exemplary fixed target
experiment

3% relative uncertainty
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(30% outside)
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@ Antiproton measurements at AMBER
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100 T 10° T
c He-p c p-p P,
2 S
51071 5
- = %!
O g Sus \
10~ 1071 F Ay
e £ \ ‘\
: g i
g s )
P 10-3 v i)
= =}
o o |
o v AMBER H
| |
10~4 = i '
10° =y 100 10! 102
T,', [GBV]

Secondary p beam with 60, 80, 100, 160, 190, 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
end of 2022 (LD target, setup tests, rates)

We are currently taking data!

25
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@ H Y b rids: Lattice QC D A e st

3000
- —
] . . -
2500 -+ 1 +
- 4= 4 - [ o
:. - -— g+ AT g4 - 0t 27"
2000 I — — 1 -
> — - 1
§ . _— 2=~ 3 2—+ |
N B ' —
T 1s00f + _ = _ 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)]

17.10.2023 Jan Friedrich 26



@ Open fundamental questions in QCD

QCD partons in
hadronic systems

GTMD(z, k1, A)

0y
0
.
0
.
.
0
.
* 3 *,
0y
.
.
I .

TMFF

TMD(z, k.) GPD(z, A)

TMSD(k,)

[from: Lorcé, Pasquini,
Vanderhaeghen, JHEPO5 (2011)]

Charge

The complete picture:
Wigner distributions

17.10.2023

The excitation scheme
of hadronic systems

beam

Ptarget Precoil

JRCMEERL

Measurable quantities: (iso)spin-parity,
masses, couplings and decay widths

Jan Friedrich
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3000
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1500 -

1000 7 =

500

[from: B. Grube, EHM
workshop (2020)]
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@ Emergent Hadron Mass e e

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

I 3 I

S
® 3=163 o R id isit f -
& 2.1 © 04 offect Z?‘;Li',n”é‘o‘id"“"‘” .
® =2.25 v
® =237 —
203 —m =70 MeV 7
\«N —m = 30 MeV 4
\ —m = 0 (Chiral limit)
0.2 * =
- \\\ W‘h -
- e T
T W“ﬂ MWWW‘%
0 | —t— |
3 4 0 1 2 3
k [GeV] plGeV]

* Emergence of Hadron [Vlass is to some extent understood within continuum and lattice QCD calculations
* Prove and provide more input by measurement of

* Quark and gluon PDFs of pion, kaon and proton
* Hadron radii as consequence of confinement
* Mass spectra of excited mesons

17.10.2023 Jan Friedrich 28
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@ Mass budgets tfor proton, pion and kaon

Experimental Research

* The mass composition of the proton is structurally Mass Budgets
different from that of pions and kaons
* Pions and kaons are the Nambu-Goldstone bosons of the

(approximate and spontaneously broken) chiral symmetry
of strong interaction

* In the chiral limit
* the mass of the proton remains basically unchanged
* pions and kaons are massless

proton 5%

pion 95%
Thus for a full understanding the partonic structure of

hadrons, the meson PDFs must be known on a similar

| | h f h | proton 94%
Vv n n
= B UACEE CITIE RUIEISE M chiral limit (EHM) ® EHM+HB L HB

kaon 80%

17.10.2023 Jan Friedrich 29



@ J/W) production at AMBER

o
\(@\
transverseiyv“> %
polarized

>

o
o

* Large statistics on J/i production at dimuon channel
(30-50x ‘DY clean region’)

* Inclusive measurements: due to the hadron absorber
prompt production can’t be separated from the rest

* Expected significant feed-down: (2S), x.1, Xez

* Use J/i polarization to distinguish production mechanism:
polarization is sensitive to relative contributions of quark-
and gluon-induced productions

17.10.2023 Jan Friedrich
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Angular distribution

do

- 1 2
Teos 0 X1+ Acos® 6

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

A =0 & unpolarised
A=-1],=0
99 = /¢

30
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@ Kaon structure via the Drell-Yan process ST

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

700events K~
21220 * 7"

* Prospects for AMBER measurements

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

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

E___ =190 GeV
beam ' ' " Conventional beam
>04p —
D:co = — 10% sea contribution i .
] ‘\ - - - 15% sea contribution 1 O -—W )* )* )+ )* )*
| - - = 20% sea contribution P- .
0.3_“ ‘.\ —e— Proj. for uu channel k 0.8} .~'~~\_ :
o __ 0" | N RN
s/v = - — S *  AMBER 1~
o(KT)+o(K N
(K*) (K™) } 0.6} Badier 1980 N
— continuum Cui S
| e - lQCDLin v
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X
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Gluon PDF of the pion -
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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-z. 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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E@ Conventional vs. rf-separated beams gt

C1
!_ . RF1 RF2
- e .
Momentum < > uadrupole
selection Lre 9 P
* Panofsky-Schnell-System for beam particle species
discrimination: same momentum but different velocities
 For M2: Interestin K~ and antiproton beams discussed in detail in 2021 and 2022
* Increase of the purity of the kaon (or antiproton) component
* Same or reduced intensity of the desired component Perceiving the Emergence
(compared to original beam) of Hadron Mass through
* Only possible at beam energies less than about 100 GeV AMBER@CERN
* Promising option for part of the program: Primakoff, TS LT
Spectroscopy’ kaon radiUS CERN, Geneve - Switzerland

* For physics requiring high intensity and energy: Upgraded
conventional beam is the best alternative
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@ Limitations at COMPASS el e e

» 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 Bockeround from 7~ 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%
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@ Setup for strange-meson spectroscopy

* 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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@ Kinematics for different beam particles

K €rarget K e

w/K

Q’>~2m, -E

e e

s=2Em,+ m,f + m?2
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2 2
Qmax = 4’n—epb =4 'pgm
o
[GeV] [GeVZ] [GeV]
TT 0,268 17.2
K 280 0.15 105.2 84.7
K 80 0,021 59.7 20.2
K 50 0,009 41.3 8.7
p 280 0.07 155.3 34.3

Jan Friedrich

Elab equivalent
Qmax [GeV] [GeV]

1,030
0,29
0,072
0,047
0152
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@ Q2 range and radius effect g

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

dF(Q?%)

. small values of Q2: smaller extrapolation uncertainties to Q2= 0 and 07 lp2=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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E Simulations for pions and kaons g

e Assume 30 days of beam time (100% efficiency) - use pole description for FF
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