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AMBER history

Work on physics program for new experiments at M2 beamline started >10 years ago

I LoI submitted in January 2019
(>270 authors)
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I Proposal for stage 1 submitted in
October 2019 (CERN-SPSC-2019-022)

I currently 190 physicists from 40
institutions

I Approved by research board in
December 2020 as NA66

accompanied by a series of workshops:

I 5 workshops on “Perceiving the
Emergence of Hadron Mass”

I Preparation of proposal for stage 2
ongoing
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Motivation

What is the origin of mass of all the visible matter in the universe?

Higgs generated masses:

Mu+d ∼ 7 MeV Mu+s ∼ 100 MeV Mu+u+d ∼ 10 MeV

Higgs mechanism: generates small fraction of mass of visible matter
does not explain large proton mass or small pion mass

Where does the rest come from? −→ QCD in Standard Model
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Emergence of hadron mass

Dynamical mass generation in continuum QCD

Pure gauge QCD
¾ QCD doesn’t need quarks to be an interacting quantum field theory

– Gluon self-interactions at tree-level, i.e., in the Lagrangian
¾ Gluons are massless in perturbation theory
¾ Not preserved non-perturbatively!

No symmetry in Nature protects four-transverse gluon modes … 
𝑞𝜇 Π𝜇𝜈 𝑞 ≡ 0

¾ Gluons acquire a running mass, which is large at infared momenta
⇒ Prediction: Gluon two-point function is nonzero and finite at q2 = 0

AMBER Collaboration Meeting 2021 May 06 - 07                                           (42)

Craig Roberts. cdroberts@nju.edu.cn "EHM via AMBER"
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continuum quantum chromodynamics
J.M. Cornwall, Phys. Rev. D 26 (1981) 
1453 … ~ 1000 citations 
The Gluon Mass Generation 
Mechanism: A Concise Primer
A.C. Aguilar, D. Binosi, J. Papavassiliou, 
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Gluon propagator 
… continuum and 
lattice QCD agree

Truly mass from nothing
An interacting theory, written in 
terms of massless gluon fields, 
produces dressed gluon fields that 
are characterised by a mass function 
that is large at infrared momenta 

PRD D26 (1981) 1453

- massless gluon generates dressed
gluons due to self interaction

- result: generation of mass, large at infrared
scales

- quarks emit und absorb gluons

- acquire mass in infrared region
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Emergence of hadron mass

Comparison of lattice and continuum QCD calculation with experimental data

requires data for:

- quark and gluon PDFs for mesons

- hadron radii and polarisabilities (confinement)

- excitation spectrum of mesons

−→ AMBER@CERN
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Physics Program

AMBER stage 1: using existing M2 beam line with high energy µ, π and p
beams

1. Proton charge radius measurement

−→ elastic scattering of muons off protons
using an active high pressure hydrogen target

2. Antiproton production - input for dark matter searches e.g. AMS

−→ interaction of protons with 4He
cross section measurement

3. Pion induced Drell-Yan and charmonium production

−→ interaction of pions with nuclear target
muon pair production will be used to extract pion PDFs

approved since Dec. 2020, PRM pilot run in October 2021
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RF separated hadron beam

AMBER stage 2: upgrade of M2 beam line to RF-separated hadron beam

composition of standard hadron beam:
negative beam: mainly π−

postive beam: mainly p

enrich kaon and antiprotons
by RF separation:

- deflection with 2 cavities
- length should increase with p2 for

given f
- limits beam momentum
∼ 80 GeV for kaons
∼ 110 GeV for p̄
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Physics program cont.

AMBER stage 2: proposed measurements

- Kaon induced Drell-Yan and charmonium production

−→ valence/sea separation using K+ and K− beams
ratio of kaon and pion u-quark PDF
gluon PDF

- Prompt photon productions

−→ gluon distributions of mesons

- Primakoff reactions with K/π beams

−→ kaon polarisabilitity
pion life time

- Kaon induced spectroscopy

−→ strange meson spectrum

- Meson scattering on H

−→ meson charge radii

Hmsqnctbshnm Rhst‘shnm Rdkdbshnm A‘bjfqntmcr W,bgdbj Qdrtks Oknsr enq Qdkd‘rd
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Proton charge radius puzzle

In 2010 discrepancy in rp results from laser spectroscopy and scattering experiments

I some speculation on
electron-muon
non-universality

I since then: new experimental
results and new data analysis

I situation still not fully
clarified

I more experiments planned 0.82 0.84 0.86 0.88 0.90
rp (fm)

Dispersion-theoretical analysis

µp scattering AMBER

ep scattering JLab

ep spectroscopy

ep scattering MAMI

CODATA (2018)

ep spectroscopy

ep spectroscopy

µp spectroscopy CREMA

All ep scattering data, no MAMI

µp spectroscopy CREMA

ep scattering MAMI

Lin et al. [Phys. Lett. B 816 136254 (2021)]

Proposal AMBER [SPSC-P-360 (2019)]

Xiong et al. [Nature 575, 147-150 (2019)]

Bezginov et al. [Science 365 1007 (2019)]

Mihovilovič et al. [arXiv:1905.11182 (2019)]

Tiesinga et al. [Rev. Mod. Phys. 93 025010 (2021)]

Fleurbaey et al. [PRL.120 183001 (2018)]

Beyer et al. [Science 358 6359 (2017)]

Antognini et al., CREMA coll. [Science 339 417 (2013)]

Zhan et al. [PLB 705 59 (2011)]

Pohl et al., CREMA coll. [Nature 466 213 (2010)]

Bernauer et al., A1 coll. [PRL 105 242001 (2010)]

new: scattering experiments with muons
MUSE at PSI with low energy µ
AMBER at CERN with high energy µ
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Experimental method

New method: measure proton recoil Ep, Θp (instead of lepton E ′l and Θl)

- active hydrogen target: high pressure hydrogen TPC

planned for PRES at MAMI (Ee = 720 MeV)
AMBER (Eµ = 50− 100 GeV)

- AMBER setup:

- Si-pixel trackers precise measurement of µ scattering angle
- scint. fibre detectors for timing and triggering
- correlation of variables allows for suppression of backgrounds
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Planned setup
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- TPC with up to 20 bar, 160 cm target
length, anodes plates with azimuthal
segmentation

- electromagnetic calorimeter to measure
radiative photons

- muon identification system

- continuously running DAQ
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Estimated precision

using about 200 days of running time (plus control measurements)
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- first step:
measurement of proton form
factor

- kinematic range:
0.001 < Q2/GeV 2 < 0.04
(recoil energy: 0.5− 20 MeV)
same range as PRES

- precision on proton radius:
< 0.01 fm
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Dark matter search in cosmic raysAMS-02 anti-proton spectrum

P. Zuccon - Trento University & TIFPA AMBER@CERN Workshop 17-29 April 2021 5

measured antiproton spectrum

prediction uncertainty
worse than
experimental errors
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Antiproton production

Measurement of p-He interactions

I using proton beam of 50− 280 GeV/c

I AMBER spectrometer to reconstruct
inelastic events

I RICH detector to identify antiprotons

−→ cross section determination

I complementary to LHCb measurement
at 7 TeV

I pilot run planned for 2022 (using
infrastructure of COMPASS polarised
target)

expected AMBER measurement
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Pion structure

Scarce data: NA10 / E615 π− DY data: valence
WA70 /Na24 prompt photons: gluon
π−/π+ DY data: NA3: sensitive to sea

0.2 0.4 0.6 0.8 1
x

0

0.1

0.2

0.3

0.4

0.5

x 
f(

x)

Sea

Valence

Gluon SMRS

GRV

NA3 fit
I different results for pion PDFs from different

groups

I not enough data to constrain all PDFs

I measurement planned using:
π+ and π− beams with isoscalar target

I yields two linear combinations:
−σπ+D + σπ−D sensitive to valence only
4σπ+D − σπ−D sensitive to sea
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Drell-Yan setup

Beam

Segmented Carbon target

Large acceptance: 8 mrad< θ < 160 mrad
COMPASS-like apparatus

Estimated results in two Mµµ ranges
top: safe range, background free
bottom: resolution improved by vertex detector
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First steps

PRM test in 2018

I TPC from Mainz experiment installed behind COMPASS DY setup
I use of decay muons
I correlate TPC signals with SciFi and Si detector signals

PRM pilotrun in 2021:

I scheduled after COMPASS deuteron DIS data taking
I recoil proton detection in real muon beam environment

(position before COMPASS setup)
I IKAR TPC from GSI will be used (half length of AMBER TPC)
I test of new continous readout scheme and new tracking station
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Pilotrun 2021

IKAR TPC

- 2 drift cells with 40cm length
- identical anode structure to final TPC
- smaller diameter
- operation with max. 10 bar

Tracking station
- houses SciFi and Si-pixel detectors
- small distance between detectors
- precise positioning
- compatible with He bags for beamline
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Summary

I a new QCD facility will be set up at the CERN M2 beamline

I measurements planned covering the full accessible Q2 range

I stage 1 with conventional muon and hadron beams is starting this year
with the proton radius pilot run

I proposal for stage 2 with RF separated hadron beam is being prepared

I new ideas and new collaborators are welcome
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