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The M2 Beam Line at the CERN SPS

World-wide unique high-intensity beams

@ Secondary hadron beams (p/p, 7+, and K*)

@ Tertiary polarized muon beams (yi)

@ Wide energy range: 20 to 280 GeV
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The M2 Beam Line at the CERN SPS

World-wide unique high-intensity beams

@ Secondary hadron beams (p/p, 7+, and K*)
@ Tertiary polarized muon beams (yi)

@ Wide energy range: 20 to 280 GeV
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The M2 Beam Line at the CERN SPS
Flux of Secondary Hadron Beams
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Typical SPS supercycle

@ 10s pulse length

@ 48s cycle duration
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The COMPASS QCD Facility at the M2 Beam Line
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The COMPASS QCD Facility at the M2 Beam Line

@ =~ 220 physicists, 24 institutions, 12 countries + CERN

AR A SESTIRM | A U e I S
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The COMPASS QCD Facility at the M2 Beam Line

Versatile Experimental Setup

E/HCALL1

@ Large-acceptance two-stage spectrometer

@ Precise tracking (=~ 350 planes) and PID (CEDAR, RICH,
calorimeters, muon system)
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The COMPASS QCD Facility at the M2 Beam Line

Versatile Experimental Setup

E/HCALL1

@ Large-acceptance two-stage spectrometer

@ Precise tracking (=~ 350 planes) and PID (CEDAR, RICH,
calorimeters, muon system)

@ Various targets

o Polarized solid-state NHz or ®LiD
e Liquid Hp
@ Solid-state nuclear targets (e.g. Ni, W, Pb)
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The COMPASS QCD Facility at the M2 Beam Line

Broad Physics Program

Chiral dynamics

o 7t polarizabilities
@ Chiral anomaly
& 37

717y reactions
(Primakoff)
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The COMPASS QCD Facility at the M2 Beam Line

Broad Physics Program

Hadron spectroscopy

@ Excitation
spectrum of
hadrons

@ Exotic hadrons

Diffraction
hbeam X f/ll
hn
P, R
target recoil

6 Boris Grube, TU Miinchen COMPASS++/AMBER



The COMPASS QCD Facility at the M2 Beam Line

Broad Physics Program

Nucleon structure

@ Helicity and
transversity PDFs

@ k, -dependent
PDFs

@ Generalized PDFs
Polarized”l?IDIS
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COMPASS++/AMBER Project
Apparatus for Meson and Baryon Experimental Research

Great variety of planned measurements
addressing fundamental QCD questions J
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COMPASS++/AMBER Project

Apparatus for Meson and Baryon Experimental Research

Great variety of planned measurements
addressing fundamental QCD questions

Phase 1: after Long Shutdown 2 of LHC (2022 to 2024)

@ Elastic up scattering: precision measurement of proton charge radius

@ Drell-Yan and charmonium production: determination of pion PDFs

@ Measurement of p-induced p production cross sections for indirect
dark matter searches
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COMPASS++/AMBER Project

Apparatus for Meson and Baryon Experimental Research

Great variety of planned measurements
addressing fundamental QCD questions

4

Phase 1: after Long Shutdown 2 of LHC (2022 to 2024)

@ Elastic up scattering: precision measurement of proton charge radius

@ Drell-Yan and charmonium production: determination of pion PDFs

@ Measurement of p-induced p production cross sections for indirect
dark matter searches

o’

Phase 2: after Long Shutdown 3 of LHC (from 2026 on)

@ RF-separated kaon and antiproton beams

@ Kaon diffraction: high-precision kaon spectroscopy

@ K-induced Drell-Yan, charmonium, and prompt-photon production:
determination of kaon PDFs

@ K-induced Primakoff reactions: electric polarizability of the kaon

@ p+ NT Drell-Yan: nucleon transverse-momentum-dependent PDFs

° ...

o’
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COMPASS++/AMBER Project

Developed within CERN'’s Physics Beyond Colliders (PBC) initiative
' @ http://pbc.web.cern.ch

@ QCD physics working group

Phyisics :
@ Report: arXiv:1901.04482

- *Beyond
~“Colliders @ Conventional beams working group
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http://pbc.web.cern.ch
https://arxiv.org/abs/1901.04482
http://europeanstrategyupdate.web.cern.ch
https://indico.cern.ch/event/808335
https://indico.cern.ch/event/765096/contributions/3295862

COMPASS++/AMBER Project

Developed within CERN'’s Physics Beyond Colliders (PBC) initiative
' @ http://pbc.web.cern.ch

@ QCD physics working group

Wisics
) A @ Report: arXiv:1901.04482

*Beyond
~“Colliders @ Conventional beams working group

v

Embedded into the

)/

1y 4

Y1 ’
4

7~ European Particle Physics.Stl'% far:]/

@ http://europeanstrategyupdate.web.cern.ch

@ Positive feedback at Granada Symposium in May (project summary
available here)

v
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COMPASS++/AMBER Project

Website: https://ngf-m2.web.cern.ch J
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https://nqf-m2.web.cern.ch
https://arxiv.org/abs/1808.00848
https://cds.cern.ch/record/2676885

COMPASS++/AMBER Project

Website: https://ngf-m2.web.cern.ch J

Letter of Intent [arXiv:1808.00848]

Letter of Intent:
A New QCD facility at the M2 beam line of the CERN SPS
COMPASS++'/AMBER*

B. Adams'*'”, C.A. Aidala'. R. Akhunzyanov'*, G.D. Alexeev'*, M.G. Alexeev''. A. Amoroso*'**,

V. Andrieux"’, N.V. Anf mov'*, V. Anosov', A. Antoshkin'*, K. Augsten'*"*, W. Augustyniak’,
C.DR. Azevedo’, A. Azhibekov’, B. Badelek”’, F. Balestra’*"”, M. Ball®, J. Barth’, R. Beck",

@ Signed by 265 authors

Boris Grube, TU Mii COMPASS++/AMBER



https://nqf-m2.web.cern.ch
https://arxiv.org/abs/1808.00848
https://cds.cern.ch/record/2676885

COMPASS++/AMBER Project

Website: https://ngf-m2.web.cern.ch J

Letter of Intent [arXiv:1808.00848]

Letter of Intent:
A New QCD facility at the M2 beam line of the CERN SPS
COMPASS++'/AMBER*

1, A, Amoroso %,
. W. Augustyniak**,
. Ball’, J. Barth”, R. Beck”,

B. Adams'*'”, C.A. Aidala', R. Akhunzyanov'*, G.D. Al
V. Andrieux™’, N.V. Anf mov'*, V. Anosov'*, A. Antoshki
C.DR. Azevedo', A. Azhibekov’, B. Badelek’, F. Balest

@ Signed by 265 authors

Proposal for phase 1 (2022 to 2024) [CERN-SPSC-2019-022]

Proposal for Measurements at the M2 beam line of the CERN SPS
Phase-1: 2022-2024
COMPASS++ /AMBER

B. Adams'“"", C.A. Aidala', G.D. Alexeev'’, “, A. Amoroso”"**, V. Andrieux”,
N.V. Anfimov'®, V. Anosov'®, A. Antoshkin'", K. Aug 1 W. Augustyniak ', C.D.R. Azevedo”,
B. Badelek"’, F. Balestra*"*>, M. Ball®, J. Barth®, R. Beck®, J. Berenguer Antequera*'*

@ Signed by 240 authors
@ Presented to SPS and PS Experiments Committee on 13. Jun 2019
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Phase 1

Precision Measurement of the
Proton Charge Radius




The Proton-Radius Puzzle

proton charge radius from spectroscopy or ep scattering

T T
H (1S-3S) - —_— - Fleurbaey et al [PRL 120 (2018) 183001]
H (2S-4P) | —— - Beyer et al [Science 358, 79 (2017)]
pd + isotope shift |- + - Pohl et al, CREMA coll. [Science 353, 669 (2016)]
up - + - Antognini et al, CREMA coll. [Science 339, 417 (2013)]
up - + - Ponhl et al, CREMA coll. [Nature 466, 213 (2010)]
H world average 2010 - — - Mohr et al, CODATA 2010 [Rev. Mod. Phys. 84 (2012) 1527]
+ e — - Horbatsch, Hessels, Pineda [PRC 95 (2017) 035203]
I —— - Griffioen, Carlson, Maddox [PRC 93 (2016) 065207]
ep scattering |- —_— - Lee, Arrington, Hill [PRD 92 (2015) 013013]
only A1 data - -+ - Lorenz, Hammer, Meissner [PRD 91 (2015) 014023]
- — - Lorenz Hammer, Meissner [EPJA 48 (2012) 151]
- — - Bernauer et al, A1 coll. [PRL 105 (2010) 242001]
ep scatt. world data |- — - Higinbotham et al [PRC 93 (2016) 055207]
including A1 | — - Sick [Prog Part Nucl Phys 67, 473 (2012]
- - Lee, Arrington, Hill [PRD 92 (2015) 013013]
ep scatt. world data |- E M - Zhan et al [PLB 705 (2011) 59]

without A1 | - Hill, Paz [PRD 82 (2010) 113005]

- - Borisyiuk [NPA 843 (2010) 59]
L L L L L L

082 084 086 088 09 092 0.94
rp[fm]

Contradictory proton-radius values from

@ finite-size effects in spectroscopy of ordinary and muonic
hydrogen

@ slope of form-factor measured in elastic ep scattering
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The Proton Charge Radius from Lepton Scattering

@ Response of proton to external &
electromagnetic fields encoded in electric
form factor Gg and magnetic form
factor Gy
N
2
Ge(Q?) ~ Em@) Gaipole(Q%) = %
My 1+ %)

with y, = 2.79 and a* = 0.71 GeV?
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The Proton Charge Radius from Lepton Scattering

@ Response of proton to external
electromagnetic fields encoded in electric

form factor G and magnetic form 14Q
factor Gy
N
Gm(Q? 1
Ge(@) ~ M) gy = —L
My (1+ %)

with y, = 2.79 and a* = 0.71 GeV?
@ Taylor expansion of G, for spherically symmetric charge

distribution
dGg(Q?)

<1’%> = —6h sz

Q=0
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The Proton Charge Radius from Lepton Scattering

@ Response of proton to external
electromagnetic fields encoded in electric

form factor G and magnetic form 14Q
factor Gy
N
Gm(Q? 1
GE(Q%) ~ % ~ Gipole(Q?) = sy
v 1+ %)

with y, = 2.79 and a* = 0.71 GeV?
@ Taylor expansion of G, for spherically symmetric charge
distribution
dGe(Q%)

<1’%> = —6h sz

Q2=0
@ At high energy and low Q2
do .
307 xG:+1G3; with 7= Qz/(4m%) small

= contribution from Gy, small = can be modelled
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COMPASS++/AMBER Proposal

Precision measurement of proton charge radius

in high-energy elastic up scattering

@ Advantageous/complementary systematics compared to other
techniques

@ Provides new and independent proton-radius value

13 Boris Grube, TU Miinchen COMPASS++/AMBER



COMPASS++/AMBER Proposal

Precision measurement of proton charge radius

in high-energy elastic up scattering

@ Advantageous/complementary systematics compared to other
techniques

@ Provides new and independent proton-radius value

Goals

@ Cover range 102 < Q? < 0.04 GeV?
@ Statistical precision of 0.01 fm or smaller

@ Could rule out lepton-flavor effects as explanation for
proton-radius puzzle
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COMPASS++/AMBER Experimental Setup

Challenging measurement

@ 100 GeV muon beam with high-intensity 2 x 106s~!
@ High Q? resolution down to Q? = 1073 GeV?

o Simultaneous measurement of scattered muon and recoil proton
o High-precision forward tracking (MuPix8 silicon pixel detector)
o Active-target high-pressure (20 bar) hydrogen TPC

200 pixels
2cm

128 pixels
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COMPASS++/AMBER Experimental Setup

Incident muon Scattered muon

Recoll proton

PRM-FI02
PRM-SI02
PRM-TPC
PRM-SI03
PRM-SI04
PRM-FI03

B Scintillating-fiber tracker MEEEEEN Silicon tracker [ High-pressure hydrogen time-projection chamber (""" Helium/vacuum beam pipe

2022-2024 PRM SETUP

—— Scintillating-fiber tracker

—— GEMs/ Pixel-GEMs

[ Electromagnetic calorimeter

] Hodoscope

=] g:f:;:e COMPASS spectrometer
(only relevant parts shown)

Concrete wall

BMS4
Fiog




COMPASS++/AMBER Projected Performance (2 Years)

@ 1% statistical precision of radius value requires 70 x 10° elastic
events

@ Resolution AQ?/Q? ~ 15% at Q% = 103 GeV?

0.995 uncertainty bands: AG only
- AG,, added linearly
0.99
0.985

0.98 N
\
0.975
0.97
0.965
088 . A | . M || 1N
10 1072 107!
Q% 1GeV?/c?]
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Running or Planned Lepton Scattering Experiments

@ Low-energy elastic yp scattering

@ E, = 140 MeV = substantial correction (percent level) due to
Coulomb distortion of wave function of non-relativistic muon

@ Correction for pion contamination in beam

17 Boris Grube, TU Miinchen COMPASS++/AMBER



Running or Planned Lepton Scattering Experiments

MUSE (PSI)

@ Low-energy elastic yp scattering

@ E, = 140 MeV = substantial correction (percent level) due to

Coulomb distortion of wave function of non-relativistic muon
@ Correction for pion contamination in beam

v

Electron scattering experiments

@ PRad (JLab)
@ Two experiments at Mainz Microtron

@ Initial-state radiation
@ Simultaneous detection of scattered electron (forward tracker) and
recoil proton (active-target TPC)

@ Low-energy ep scattering

e MAGIX at MESA (Mainz)
o JPARC

V.
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Phase 1

Determination of Pion Parton
Distribution Functions




@ Pion is lightest hadron and
Nambu-Goldstone boson of
spontaneous breaking of chiral
symmetry

@ Explaining properties and
structure of pion is
cornerstone of understanding
non-perturbative QCD

19 Boris Grube, TU Miinchen COMPASS++/AMBER



—~0.5
@ Pion is lightest hadron and é I Gluon — GRV (1992)
Nambu-Goldstone boson of x — SMRS (1992)
. . 04+  JAM (2018)
spontaneous breaking of chiral — Dl
symmetry i
@ Explaining properties and Uy Valonce

structure of pion is
cornerstone of understanding
non-perturbative QCD

0.2/

@ Not enough data to directly
constrain all pion PDFs =
need sum rules, models

@ More data needed X

GRV: M. Gliick et al., ZPC 53 (1992) 651
SMRS: P. J. Sutton et al., PRD 45 (1992) 2349
JAM: P. C. Barry et al., PRL 121 (2018) 152001
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COMPASS++/AMBER Proposal

Measurement of pion-induced Drell-Yan dimuon production

porr+ X

W[

+
PDF;—’ X »6

.

p

@ Isoscalar target: 2C to minimize nuclear effects

@ 7" and 71~ beams: separation of valence and sea-quark

contributions
Zval = Op— — Op+ only valence-valence
Ysea =40+ — 0 no valence-valence
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COMPASS++/AMBER Proposal

Measurement of pion-induced Drell-Yan dimuon production

p

— +
PDF\ X Vi

@ Isoscalar target: 2C to minimize nuclear effects

@ 71" and 71~ beams: separation of valence and sea-quark

contributions
Zval = Op— — Op+ only valence-valence
Ysea =40+ — 0 no valence-valence
v
Goals

@ Collect 10x more data than currently available

@ First precise and direct measurement of the sea contribution in the
pion

20 Boris Grube, TU Miinchen COMPASS++/AMBER



COMPASS++/AMBER Experimental Setup

21

@ 190 GeV beams
't (1.7 x 107 s~ 1)
(6.8 x107s71)

@ Precise beam

tracking and
beam PID

Hadron absorber

ey

/

Vertex detector

Beam

-——
260cm

2024 Drell-Yan setup

HCAL1

H1 H2

Trigge
Straw

s

Target, vertex
detector and
hadron absorber

Muon

Beam

Boris Grube, TU Ml COMPASS++/AMBER

Trigger
Filter lr

SM2

@ Dedicated vertex
detector

@ Excellent dimuon
mass resolution

@ High-efficiency
dimuon trigger

Muon
Filter

Middle Trigger

Outer
Trigger

Large area DC Outer

Trigger

[ A R TR [
30 40




COMPASS++/AMBER Projected Performance (2 Years)

= 2.5 T NAS extraction (DY * and = data)
> — ! —————— SMRS 10% sea contribution
N i T T [, SMRS 15% sea contribution
\(U 2 N WA N SMRS 20% sea contribution
o] - == JAM:DY +LN
Nm - ——e—— Projection for 280 days on C-target
15 +
1=
C 4.3 < M/(GeVic) < 8.5
L 1 1 1 1 1 1 1 1 1
0.1 02 03 04 05 06 07 08 09 X 1
T
2yl = Op— — Opt SMRS: P. J. Sutton et al., PRD 45 (1992) 2349
Tsea = 40,4 — 0 JAM: P. C. Barry et al., PRL 121 (2018) 152001

@ =~ 25000 Drell-Yan events
@ Dimuon mass resolution ~ 100 MeV

o Extension of analyzed range to 4.0 < M, < 8.5GeV possible
@ 35 % larger sample
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COMPASS++/AMBER Proposal

Study of charmonium production

@ Drell-Yan samples

o m+C:1.2x10%]/¢

o T+ W:0.75 x 10° J /¢

@ Similar amounts for p 4 C and
p+W
(2S) cross section 10x lower

23 Boris Grube, TU Miinchen COMPASS++/AMBER



COMPASS++/AMBER Proposal

Study of charmonium production

@ Drell-Yan samples
o m+C:1.2x10%]/¢
o T+ W:0.75 x 10° J /¢
@ Similar amounts for p 4 C and
p+W
@ (2S) cross section 10x lower

@ Low-pr region dominated by
q9q,88 = I/¢

@ Polarization of colliding partons
directly transferred to /¢

23 Boris Grube, TU Miinchen COMPASS++/AMBER



COMPASS++/AMBER Proposal

Study of charmonium production

@ Drell-Yan samples
o m+C:1.2x10%]/¢ ,
o 4+ W:0.75x 10 /¢ 1o
@ Similar amounts for p 4 C and
p+W
@ (2S) cross section 10x lower

r (nb)

Iy 7+12C 190 GeV |

— Tot
— 99
— qq

do/dx

T

T

@ Low-pr region dominated by
q9q,88 = I/¢

@ Polarization of colliding partons
directly transferred to /¢

@ Test theory of quarkonium
production in low-pr domain

T T T

Err (%)

(=)
TTTTETTTT

TS |
1 t

|
ol e by
02 04 06 08 xg

o

@ Verify hadronization model

. V. Cheung et al., PRD 98 (2018) 114029
o Constrain pion PDFs
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COMPASS++/AMBER Proposal

Study of nuclear dependence

@ Open question: flavor dependence of modification of nuclear PDFs
w.r.t. nucleon PDFs

@ Ideal tool: Drell-Yan dimuon production with 77" and 77~ beams

[
1.2 EPS09 114
flavor-independent
1

23
SECER R

0.6

01 02 03 04 0501 02 03 04 0.5
o T2
P. Paakkinen et al., PLB 768 (2017) 7 nCTEQ15: K. Kovarik et al., PRD 93 (2016) 085037

EPS09: K. Eskola et al., JHEP 04 (2009) 065
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COMPASS++/AMBER Proposal

Study of nuclear dependence

@ Open question: flavor dependence of modification of nuclear PDFs
w.r.t. nucleon PDFs

@ Ideal tool: Drell-Yan dimuon production with 7% and 77~ beams

o 1.1
& C
b C
& 1=
% -
= 09 t
= C
+% =
2 0.8—
.—:o - nCTEQ15 W/C
~ 0.7 | [ eppstswrc
- ——®—— Projection for 280 days on C-target
C [ R RS R
085 0.1 0.2 0.3 0.4 0.5

XN
NCTEQ15: K. Kovarik et al., PRD 93 (2016) 085037
EPPS16: K. Eskola et al., EPJC 77 (2017) 163
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Phase 1

Measurement of p-Induced
p Production Cross Section




COMPASS++/AMBER Proposal

@ AMS-02: precise data on cosmic antiparticle flux
@ Sources: standard model processes and annihilation of dark matter

particles
® Limiting factor: prediction of standard model contribution to antiproton
flux

o Dominant processes: jj production in scattering of p and *He

® p+p — p+ X cross section: several measurements
@ p+*He — p + X cross section: only LHCb at 4 TeV and 6.5 TeV

Astrophysics.
— AMS-02 exp. uncertainty

Nuclear physics

9% uncertainty on p/p

Rigidity (GV)

26 Boris Grube, TU Miinchen COMPASS++/AMBER



COMPASS++/AMBER Proposal

@ AMS-02: precise data on cosmic antiparticle flux

@ Sources: standard model processes and annihilation of dark matter
particles

® Limiting factor: prediction of standard model contribution to antiproton
flux

o Dominant processes: jj production in scattering of p and *He

® p+p — p+ X cross section: several measurements
@ p+*He — p + X cross section: only LHCb at 4 TeV and 6.5 TeV

@ Measure cross section for p + p and p + *He — 7 + X in 10 bins in §
momentum and rapidity

@ Statistical uncertainty of ~ 0.5 % per data point

@ Systematic uncertainty ~ 5%

@ p beam energies: 60, 100, 150, 200, and 280 GeV

26 Boris Grube, TU Miinchen COMPASS++/AMBER



Phase 2

Large Variety of Proposed
Measurements




Proposed COMPASS++/AMBER Phase-2 Measurements

Pion beam

@ Direct measurement of 7t° lifetime
@ Color-screening effects in vector-meson production off nuclei

28 Boris Grube, TU Miinchen COMPASS++/AMBER



Proposed COMPASS++/AMBER Phase-2 Measurements

Pion beam

@ Direct measurement of 7t° lifetime
@ Color-screening effects in vector-meson production off nuclei

Muon beam and transversely polarized target

@ Measurement of GPD E in deeply virtual Compton scattering
@ Measurements of deeply virtual exclusive meson production
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Proposed COMPASS++/AMBER Phase-2 Measurements

Pion beam

@ Direct measurement of 7t° lifetime
@ Color-screening effects in vector-meson production off nuclei

Muon beam and transversely polarized target

@ Measurement of GPD E in deeply virtual Compton scattering
@ Measurements of deeply virtual exclusive meson production

Low-energy antiproton beam
@ Heavy-quark meson spectroscopy
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Proposed COMPASS++/AMBER Phase-2 Measureme

Pion beam

@ Direct measurement of 7t° lifetime
@ Color-screening effects in vector-meson production off nuclei

Muon beam and transversely polarized target

@ Measurement of GPD E in deeply virtual Compton scattering
@ Measurements of deeply virtual exclusive meson production

Low-energy antiproton beam
@ Heavy-quark meson spectroscopy

RF-separated antiproton beam

@ Drell-Yan with transversely polarized target:
nucleon transverse-momentum-dependent PDFs
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Proposed COMPASS++/AMBER Phase-2 Measureme

Pion beam

@ Direct measurement of 7t° lifetime
@ Color-screening effects in vector-meson production off nuclei

Muon beam and transversely polarized target

@ Measurement of GPD E in deeply virtual Compton scattering
@ Measurements of deeply virtual exclusive meson production

Low-energy antiproton beam
@ Heavy-quark meson spectroscopy

RF-separated antiproton beam

@ Drell-Yan with transversely polarized target:
nucleon transverse-momentum-dependent PDFs

4

RF-separated kaon beam

@ Drell-Yan, charmonium, and prompt-photon production:
determination of kaon PDFs

@ Primakoff reactions: electric polarizability of the kaon

@ Color-screening effects in strange vector-meson production off nuclei

@ Kaon diffraction: high-precision kaon spectroscopy

28 Boris Grube, TU Miinchen COMPASS++/AMBER




RF-Separated Kaon and Antiproton Beams

Panofsky-Schnell Method P. Bernard et al., CERN-1968-029

RF1 beam transport = beam stopper

: _

29 Boris Grube, TU Miinchen COMPASS++/AMBER



RF-Separated Kaon and Antiproton Beams

Panofsky-Schnell Method P. Bernard et al., CERN-1968-029

RF1 beam transport = beam stopper

: _

@ Beam momentum limited by
length of beam line
@ Estimated intensities

o Kaon: 5 x 10°s~1
@ Antiproton: 5 x 107 s~1

L tkm]
S

e e AntiprOton @ More detailed studies needed

‘ ‘ ‘ ‘ ‘ to determine beam parameters
0 50 100 150 200 .
P [GeVic] more precisely

@ Requires major investment

29 Boris Grube, TU Miinchen COMPASS++/AMBER



Kaon Spectroscopy at COMPASS++/AMBER

PDG 2016: 25 kaon states below 3.1 GeV//c?
@ Only 12 kaon states in summary table, 13 need confirmation

@ Most PDG entries more than 30 years old
@ Since 1990 only 4 kaon states added to PDG (only 1 to summary
table)

Mass [GeV/c?]

| | | | L L L L | L L
K K5 K K K, K K K K K K
[Courtesy S. Wallner, TUM]
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Example: Diffractive Production of K~ 7r* 7t~ Final State

beam ~—~a___ X /ﬁ;

g

Pt
Ptarget Precoil
COMPASS WAO03 (CERN)
0.07 <t < 0.7(GeV/c)? 0 <t <0.7(GeV/c)?
x10° comPASS 2008 negauva hadron beam
T T
% E ](1270) K|(]400n)laccepta ce corre ecled
= 3 o
S 250 K770
'\ﬁ 25_ % 1500}
-y M
m E < 1000
1S
05F s
%.»5 l 1 5 2 2 5 o]
M (K wt w)[GeV/c?] Wiz 13 16 15 e T 15 15 2

Minn GeV

ACCMOR, NPB 187 (1981) 1
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Example: Diffractive Production of K~ 7r* 7t~ Final State

beam ~—~a___ X /ﬁ;

s
Pt
Ptarget Precoil
COMPASS COMPASS data
0.07 < t' < 0.7(GeV/c)? @ Only subset of available
3 COMPASS 2008 negative hadron beam
g 35:_107 e sample
E ' SE 1(1270> K (1400 sccspance com s @ Total sample ~ 700000 events
S 250 K1770) (3.5x WA03)
: oo
S st ‘U/P \
a
e
055
05 25

M (K mt* n)[GeV/cZ]
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Example: Diffractive Production of K~ 7r* 7t~ Final State

Ptarget Precoil

COMPASS COMPASS++/AMBER goall

/ 2
0.07 < # <0.7(GeV/c) @ > 10 x 10° K~ 71~ events

X 103 COMPASS 2008 negative hadron beam . .

T 3sE Kp—Kxxp, @ Apply partial-wave analysis
E ,b KiZ70) K (1400 sccmmcocomecs methods developed for
S 250 K,(770) COMPASS
'\ﬂ 25_ ) & ° . . . .
|1
QT

l_ e Complete flavor multiplets

3 e Look for partners of
0s 1 s 2 25 non-strange exotic states
M (K x* 0)[GeV/c?] /
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COMPASS++/AMBER

A New QCD Facility at the M2 Beam Line of the CERN SPS

3 Measurements proposed for phase 1 (2022-24)

@ Proton radius in high-energy muon-proton scattering
@ Pion PDFs in pion-induced Drell-Yan

© Antiproton production in pp and pHe collisions

@ Formation of a new collaboration is on track

@ Various hardware developments and upgrades are ongoing

32 Boris Grube, TU Miinchen COMPASS++/AMBER


https://nqf-m2.web.cern.ch

COMPASS++/AMBER
A New QCD Facility at the M2 Beam Line of the CERN SPS

3 Measurements proposed for phase 1 (2022-24)

@ Proton radius in high-energy muon-proton scattering
@ Pion PDFs in pion-induced Drell-Yan

© Antiproton production in pp and pHe collisions

@ Formation of a new collaboration is on track

@ Various hardware developments and upgrades are ongoing

v

Phase 2 (after LS3)

@ Broad physics program using conventional and RF-separated
beams

New ideas and collaborators are welcome!

https://ngf-m2.web.cern.ch

v
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https://nqf-m2.web.cern.ch
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Physics

“Beyond
Colliders

COMPASS++

COMPASS++

future facilities
(selection)

M2 beamline

30.1.2019

LS2

all starting dates are “estimated earliest running”

PBC-QCD

LHC run 3 LS3

LHC & SPS

LHC run 4 LS4 LHC run 5 LS5

LHC only
conventional beams

(no simultaneous running)
RF-separated beams

unpolarized

foreseen, to be worked out

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

>
>
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Proton radius measurement from muon-proton
high-energy scattering

« contradictory findings for the proton radius
0.84...0.88 fm from different experimental and
theoretical approaches on the 5% level

» direct determination as slope of the electric form
factor Gg at Q2 near zero GE’ GM

» proposed experiment reaches a precision 0.01 fm 2

- competitive to JLab, MAMI, MUSE (r2) = —6K2 wj—Q(zQ)

0°—0

proton charge radius from spectroscopy or ep scattering

T T T T T T T a |
H(18-38) | _— 1 Fleurbaey et al [PRL 120 (2018) 183001] O 1.005[-
H(2S-4P) | —+— 1 Beyer et al [Science 358, 79 (2017)] 0] (G / u )/G
ud + isotope shift |- + - Pohl et al, CREMA coll. [Science 353, 669 (2016)] : M P D
up | + - Antognini et al, CREMA coll. [Science 339, 417 (2013)]
up | + - Pohl et al, CREMA coll. [Nature 466, 213 (2010)] =
H world average 2010 — - Mohr et al, CODATA 2010 [Rev. Mod. Phys. 84 (2012) 1527] ™
o —_— - Horbatsch, Hessels, Pineda [PRC 95 (2017) 035203]
F —t— - Griffioen, Carlson, Maddox [PRC 93 (2016) 065207]
ep scattering |- —_— - Lee, Arrington, Hill [PRD 92 (2015) 013013]
only A1 data | -+ 1 Lorenz, Hammer, Meissner [PRD 91 (2015) 014023] 0.995
o —_— 4 Lorenz Hammer, Meissner [EPJA 48 (2012) 151]
—_— 4 Bernauer et al, A1 coll. [PRL 105 (2010) 242001]
ep scatt. world data - — - Higinbotham et al [PRC 93 (2016) 055207]
including A1 |- — - sick [Prog Part Nucl Phys 67, 473 (2012] 0.99

 Lee, Arrington, Hill [PRD 92 (2015) 013013]

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

- Hill, Paz [PRD 82 (2010) 113005]

- Borisyiuk [NPA 843 (2010) 59] 0.985

082 084 086 0.88 0.9 092 0.94
o [fm]

ep scatt. world data - -
without A1 “Beyond
L ider

Figure 2: Compilation of the proton radius puzzle, figure taken from [7]. 0.98

0.975

0.02 0.04 0.06 0.08 0.1

Q% [GeV?/c?
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proton radius measurement

New hardware: The active-target TPC for the

SM 1
. TPC H
Sil si2 Si3 Si4
Muons, 100 GeV l 1 L E ;
I 4000 mm I | p L i 4000 mm r
SM 1
FI'PC, H,, 20 atm. Cathode Cathode \
) sohesteal 400 mm ' 1| spherical
window, Be | . ! | 8
si2 1mmy || e Isis
vfo—— Pt | [ Sl
1
I—f = | ==l
i i i
1 | 1 I
| Grid rid 1 Grid |
\ Anode Anodes Anod j

N
=)
=
D

<

Figure 45: Engineering design for the four-cell hydrogen TPC.
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%

Test setup during 2018 DY run

downstream COMPASS, check

 TPC operation in muon beam

« vertex reconstruction with silicon
telescopes

» coincidence detection of scattered
muon and recoiling proton

180 .
Beam|window

Start entrance pipe Cables Endcap
Angde Cathode

trance Beam window w

TPC Event Display

160

n
.Q ana{l/S/S ::

100

12
2
=
9]
>
]
“—
5]
o
<
pel
£
=1
4

m
>

e
* gest TPC range limit
R

l||||||III|||I||III|III|I

it
=

60

Energy of the TPC track in MeV

) C e 40

T LN i R R B R B SR

4 5 6 -60 -40 -20 0 20 40 60
kinetic Energy Proton from the silicons in MeV Vertex Z
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Ring energies

—_
[ee]

1.6

ER2, MeV

1.4

1.2

0.8

0.6

0.4

0.2

% 02 04 06 08 1T 1

30.1.2019

Test in 2018 — TPC ring signal correlations

— matched events

Ring 1 & 2 energies (data + simulation)

IIIIII|III|IIIIIIIIIIIIIIIlIIIIIII

A I-ll § I
2 1.4 1.6 1.8
ER1, MeV

Jan Friedrich 41



Mass spectrum

—— COMPASS 2015 NH, data
------------ Comb. background

------- Jp (MC)

------- ' (MC)

—em Open-charm (MC)

---- Drell-Yan (MC)

Total MC + Comb. background

—
S
[
T HHH‘ T TTTIT

—
S
[

[S—
S
S

counts / (0.04 GeV/c?)
>

10 | s
\ 2 . \ \
4 6 8 10
M, (GeV/c?)

Background less than 4% in 4.3 < M,,,/(GeV) < 8.5

@ Vincent Andrieux (UIUC/CERN Trento Sep-2018
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What do we know about kaon structure?

[

Sole measurement from NA3
J. Badier et al., PLB93 354 (1984)

AN /dx, | K™
an‘ax |7

Lr
LK

@ Limited statistics: 700 events with K~
0.4f
@ Sensitivity to SU(3)¢ breaking wahe s e ng | 70RO K
e 21220 * 7"
@ Mostly only model predictions ol
0 02 04 06 08 10 X

C.QChen et al, PRD 93 074021, 2016

Interesting observation: At hadronic scale gluons
0%

carry only 5% of K's momentum vs ~30% in7 | . s
@ Scarce data on u-valence g% o
@ No measurements on gluons € ol
@ No measurements on sea quarks ool
How to improve the situation? e

@ Vincent Andrieux (UIUC/CERN Trento Sep-2018
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Kaon RF separated

DY cross-section Prompt photon cross-section
FOE 180
gy F 27 p> 25 GeVl
E 160
37 ““’? qg —qyforK', K
10 E 120~
F o Toop- qq —g yforK
[T —— 140 GeV. 'ff E z
E + —— 120 GeV ¥ E 2
Fooy — 100 GeV % £ =
[ ——80GeV £ qG >gyfork' | |3
10 — 60 GeV -
E * J{ L 1 1 1 1 1 E @
0 0.2 0.4 06 08 T ot = - 5 Sk -
x Egon GeV

@ Highest beam energy to access low x a [ roee
@ Highest beam energy to increase A
signal /bgd ratio T e
o Favorable also COMPASS-like o
apparatus g 01702 03 04 05 06 07 08 08 .1

@3] Vincent Andrieux (UIUC/CERN Trento Sep-2018 17/34




Projections for Kaon structure

S-i. Nam PRD 86, 074005, 2012

1.6
g @ =27GeV?
. L ek
S r
X 12F
E) C 3
- «
11— I £
K ®
0.8 x
0.6/~ —
C =&= This: u*u” channel
| =e= This: e channel 02y o o o o 1
0.4 z
|- . . .
F NAS Gauge-invariant nonlocal chiral-quark model
0.2 s s s | s s s | s s s | s s s | s s s
0 0.2 0.4 0.6 0.8 1 C. Chen et al., PRD 93 074021, 2016

@ More data points and more precise
compared to NA3

@ Discriminating power between models
o 1 year with 2 x 107 s71 100 GeV K~ beam

o 7 taken simultanously

" (x)

0.0 0.25 0.50 0.75 1.0
. . : X
Unique and Promising Algebraic framework DSE
@3] Vincent Andrieux (UIUC/CERN Trento Sep-2018 19/34




Transverse momentum dependent PDFs

So far, | talked only about mesons but what about the nucleon?

Nucleon Polarization

U L T At LO QCD, the nucleon can be
2 L @ decomposed into 8 twist-2 TMD PDFs.
¥
VHEASY) i (2, k%)

Number Density e Using a transversally polarised target, one

t 4 can access in SIDIS as well as in Drell-Yan:
Ehp— (> &) - ()

=
S
2
S
N
B
=
<
L
o
A
A
-
s
I~
c

gi(.13) gir(z. k%) )
Helicity Worm-Gear T o SlVerS
1 q H
v i¢ B By |- @ e @ Transversity
§ Transversity
e (2, K2) WE@IR) | A g ki) @ Pretzelosity
Boer-Mulders Worm-Gear L ¥ Pretuclosity
Nucleon t Nucleon o quark ' quark 7 ko

spin spin
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Drell-Yan and SIDIS cross-section modulations

SIDIS:

LO 2 2 2 cos(2¢p,)
do = ol 13- ) ouq 1+ eA], "M cos(2
dedydzdpsdppaP? Q@ 20— ( 2X) GU{ Ay cos(20n)

£S5 | ATOR=09) Gin(gy, — ) + AN TS sin(, — )

A it - )|

+STP; {\ /1 — €2 cos(py, — n‘JS)ACL(),S @h 05} }

DY:

LO 2 . . 2
d4d:dQ = ;"TUU{ (1 + cos?(0) +sm2(9)ACJZ( ) cos(2¢))

457 [(1 +cos?(0)A71 75 sin( )

+sin2(6) (Aj"f“”*‘bs’ sin(26 + ¢5) + Ay? 7S sin(26 — ¢5))] }
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Synergy DY vs SIDIS

DY: SIDIS:
AZ’D(M) x hf‘z ® hfg Boer-Mulders A?Z(zm) x hiz ® Hf;/’
AZ"T(%) <, ® £ Sivers AZ"TWF%) o flLT"’p ® Df,
ASJ‘T(M_%) x hiz ® hip Transversity ASLTT(%H)S) x hip ® Hf;]h
AR ohlf @ b Pretzelosity AU ool ©  HE

TMD PDFs are universal but
final state interaction (SIDIS) vs. initial state interaction (DY) — Sign flip for naive
T-odd TMD PDFs

1 1
7 |sibis= —f;7 |y
i g

hy? |sipis= —h1 7 |py

Crucial test of TMD framework in QCD

@3] Vincent Andrieux (UIUC/CERN Trento Sep-2018 27/34




Existing beam line, antiproton-enriched beam
Charmonium-like mesons

%

M2 SPS beam line has to be retuned to extract
Antiproton beam (momentum ~ 20 GeV)

PANDA  COMPASS

Method: antiproton-proton | —
o . . p Momentum [GeV/c]<—>
annihilation 0 5 4 6 8 1012 15
| | | | I | | |
. . Two body /z\/z\ oo /Z\/Z\c
Goal: charmed hybrids and exotics  thresholds == a0 DB == ae
study in the mass range higher than  molecules qadd | e
reachable in PANDA Gluoni , - =
Hybrids+Recoil nng,ssg ccg
Glueballs 999,99
Complementary to LHCb
. . . Glueballs+Recoil ggag
(p-pbar annihilation — gluon rich _ § .
environment and it allows high spin qq Mesons e Yo v
states)
. . | | | | | 1
Otherwise no competitors 1 2 3 4 5 6

for the next at least 10 years Mass [Gev/c?]

30/01/19 46
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more new planned hardware

9

. silicon pixel detectors

. upgrades: large-area pixel GEM and MPGD

. CEDARSs at high rates

. Beam Momentum Station for proton radius measurement
. elastic muon-scattering with SciFi detectors

3mm

17mm

74mm

60mm

MuPix8 detector array thermally shielded CEDARs SciFi prototype

12.06.19 Jan Friedrich 28



New ideas for silicon detectors ready for continuous
readout —lgor and team

Silicon prototype (MuPix8) ﬁEfW

128 x 200
Pixel Matrix

20mm

Digital Periphery
Bias & Pads

« 80 x 80 umz pixel size
« 17 x 10 mm2 active area « Test setup available in Munich

« 128 x 200 pixels « Under construction
« 3 matrix partitions

C. Dreisbach (christian.dreisbach@cern.ch) - Proton Radius Meeting, 23. January 2019

51
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QCD facility — future fixed target experiment at M2 C
= Spectrometer upgrades \

General upgrades of COMPASS-II apparatus:

- New large-size PixelGEMs

- GEMs or Micromegas to replace aging MWPCs
- High-aperture “RICHO0” for some programs, p <
10-15 GeV?

- New type of FEE and trigger logic compatible with trigger-less
readout

- FPGA-based TDC with time resolution down to 100 ps (iFTDC)
- Higher trigger rates: 90- 200 kHz (factor of 2.5-5)

: ? lgltt?l ttrlgge2r0 18 Could be Large-Area Picosecond Photo-Detectors based
st tests m on micro-channel plates with time resolution < 50 ps,
spatial resolution ~ 0.5 mm. LAPPD™ by IncomlInc.
R 3 - High-rate-capable CEDARs for beam PID for all
222 22 R85 s ol bl hadron programs.
Proton radius:
GPD E: 3-layer silicon detector at very low temperature - High-pressure active TPC target or
for tracking of recoil proton in DVCS and PID via dE/dx. hydrogen tube surrounded by SciFi, 4-8

Y n layers with U/V projections

P - SciFi trigger system on scattered muon
- _ ... - Silicon trackers
Silicon detector inside existing
modified target magnet. « » e .
2m 2.50m
1 '—ﬁ‘ AJHL uw"‘_'l Scifi 1 Scifi 2

5} co— -
. - = i =S |
x «
- T
—_— e | — % — <L
T

target

I150 Hm




il

QCD facility — future fixed target experiment at M2
Spectrometer upgrades

Drell-Yan general:

- High-purity and efficiency di-muon trigger
- Dedicated precise luminosity measurement
- Dedicated vertex-detection system

lense / vapour-deposit mirror

quartz windows
photomultipliors

condenser/diaphragm

i
i
|
i
i
P

zissssd§
* '
H

A ]
isgy:

alignment table

- Beam traCkers thm passive voltage divider
unpolarized target for future DY
c c c c w ‘ CEDAR upgrade 2018
- AL2OM
- - Hodoscope
o II Prompt Photons
Drell-Yan RF separated beams: Snigder - Shielder
- Due to lower beam energy, need wide Target (20-30cm steel)
aperture + 200 mrad Nickel upstream of target
- High-rate and high-multiplicity capability I - New hodoscope
- Active absorber (magnetic field, calorimetry?) II upstream of ECal0
- TPCs? ECALO ECALI ECAL2 - Transparent setup
- GEMs? (lr:3 ::9991') [in trigger)
= = ’:D Anti-matter cross section
9an/_/"_"_':;:l’£=—“'" o - LH2 and LHe targets
o o e e - RICHO for lower momentum

7 to ID anti-protons?

~

—

- - Spectroscopy with high-energy K—:
Spectroscopy with low-anergy anti-p: | pycH & CEDAR
sec w e ) ,I;ICHt& CE'IDAR{ RI:Hﬁ.for l;))w P : - Uniform acceptance, ECals
Central Detector Forward Detector ;alaorr%;estzf)csi(;?jieare:()(wazslig, LIS - GOOd Vel'teXing
WASA detector with target spectrometer - Recoil TOF detector

ks ]

23



Improvement of acceptance

X, F "
Requirements: Active absorber os- CE - SN
£ T T
@ Trackers ¥
06
@ Magnetic field o
@ Good resolution for vertexing o4
03
@ Large area Ji: >
o Capabilitity to collect eTe™ DY pairs o
Initial detector consideration:
. . s
Combination of P
o
@ Baby-Mind detector // ik
Iron
M. Antonova et al. arXiv:1704.08079 B viagnetized
Iron
@ W-Si detectors, a la BNL
[ AnDY |[ Phenix MPCEX | [ Phenix NCC | ,, Trackers

@3] Vincent Andrieux (UIUC/CERN) Trento Sep-2018 18/34


https://www.phenix.bnl.gov/WWW/publish/elke/TALKS/DY-May2011/Proceedings/ANDY.2.pdf
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