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QUANTUM CHROMODYNAMICS UN.VERS.TATu

QCD at strong coupling: emergence of hadronic and nuclear degrees of freedom

* Understand hadron properties in terms of constituents:  pion Kaon Proton
— masses: proton vs pion and kaon @ @
— excitation spectrum
. . . . M, ~ MeV Mg ~ MeV M, ~ MeV
— structure: size, form factors, parton distributions . e A
e Spin 0 e Spin 0 e Spin 1/2
— confinement / deconfinement o 2 light valence o 1light and 1 “heavy” @ 3 light valence
quarks valence quarks quarks

* Input to precision collider observables, SM tests, BSM

* Quantitative theoretical approaches: GIMDUGs b, )

I Y I > [
Rapid acquisition of mass is
__ geffect of gluon cloud

— effective field theories
— lattice QCD
— continuum methods

0.4

o
©

= m = 0 (Chiral limit)
— m=30MeV

s — m=70MeV
)]
S ol
[=}
s
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CERN SPS UNIVERSITAT

Approved experiments on QCD-related questions at CERN-SPS
1. NA66/AMBER - A new QCD Facility at the M2 Beam Line (EHN2)
NA61/SHINE (EHN1)

New initiatives beyond LS3 (Lol)
1. AMBER Phase 2

2. NA61++

3. NA60++

B. Ketzer AMBER / SPS




AMBER .

UNIVERSITAT

Apparatus for Meson and Baryon Experimental Research Letter of Intent:

A New QCD facility at the M2 beam line of the CERN SPS"

e Successor experiment of COMPASS T
COMPASS++'/AMBER*

 New groups (Yerivan, Bologna, Trento, Miyazaki, Chubu, Warsaw, Proposal for Measurements at the M2 beam line of the CERN SPS

Gatchina, Moscow, Samara, Cordoba, Michigan, Virginia, Argonne, = Phigg =
Los Alamos, Stony Brook
 SHONY ) SPSC 139, Oct. 2020
°* Lol 2018: The Committee recommends approval of the proposal SPSC-P-360 by the AMBER Proto- | w0
e Extension andu pg rade of spectrometer Collaboration to use the M2 beam-line before LS3 to perform measurements related to: svedo”
) _ (1) Drell-Yan and J/Psi production using the conventional M2 hadron beam; 940
 M2: most versatile beam line at CERN (1) proton-induced antiproton production cross sections for dark matter searches; F.
lla

(111) the proton charge radius using muon-proton elastic scattering.

i - Dhara'’,
* Conventional and RF S€pa rated beams The proton-radius program is contingent on a successful pilot run previously approved for the |
first year of SPS operation after the Long Shutdown LS2. 'nch,

| V.Frolov'”. A. Futch™. F. Gautheron™ . O.P. Gavrichtchouk'”, S. Gerassimov*""". S. Gevorkyan'".

¢ Ghandil_\_'ans'. 1. Giarra™. I. Gnesi*>*, M. Gorzellik'”. A. Grasso™*, A. Gridin", M. Grosse

Perdekamp ™, B. Gruhc;\T R.L Gushterski'”*, A. Guskov'", G. Hamar™’, D. von Hurmch\. X. Hc;.
RU n 3 R. Heitz"". F. Herrmann' ', M. Hoffmann". N. Horikawa™ . S. Huber'*, A. Inglessi' ", A. Ilyichev™",

S. Ishimoto™%, A. Ivanov'®, N. Ivanov”', T. Iwata™’, M. Jandek’', V. Jary™, C.-M. Jen’*, R. Joosten®, 0
S~ P. Jorg'’. K. Juraskova™, E. KabuB™*, A. Karpishkov'*, F. Kaspar'®, D. Keller'”, A. Kerbizi'"*, )
PF]-a\g—éTl ¢ Phase'z P B. Ketzer™. G.V. I;(huu.\m\”‘. Yu..t\-. Klmkhlm';“"‘. M. Kim‘.\f).\Ki\cle\'z”. Yu. Ki\scjl‘cv“. F. Klein',
St - = J.H. Koivuniemi™, V.N. Kolosov . K. Kondo™ . I. Konorov™""". V.F. Konstantinov .

AM. Kotzinian*'?, 0.M. Kouznetsov'”, A. Koval*’, Z. Kral'', F. Krinner'®, Y. Kulinich™®’, K.VKurck:. '

P h ase- 1 Pr‘o posa | . P h ase 2 . R.P. Kurjata®, A. Kveton’', S. Levorato™’, J. Lichtenstadt™®, K. Li}l:;. M.X. Liu"*, R. Longo™,

W. Lorenzon', M.J. Lo.\_ckumm‘\. V.E. Lyubovitskij™ ", E. Maev'”, A. .\lugginru; % Ve Mukurcnku"“:
N. Makins ™, N. Makke™", G.K. Mallot™ ", A. Maltsev'~, S.A. Mamon"', B. Marianski* ', A. Martin" """,

SU bm iSSion 2019 ¢ Pro posal Su bm iSSiOﬂ H. Muruk_\‘;m‘. R I\‘la‘l!?cc;”. N. Masi 4 MatouSek™ ", T. Matsuda®’, G. Mutlsnn';.\

G.V. Meshcheryakov'”. W. Meyer'. M. Meyer . Yu.V. Mikhailov'". M. Mikhasenko™ . M. Minot"".
Approved as NA66 by the CERN planned for 2022
Research Board in Dec 2020
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http://arxiv.org/abs/arXiv:1808.00848
https://cds.cern.ch/record/2676885?ln=de
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AMBER PHASE 1 - PROTON RADIUS

History:

e 2017: Initial proposal by German groups
e First discussion within COMPASS-II

e 2018: Feasibility test

e 2018: AMBER Lol = PBC

e 2019: AMBER Proposal = SPSC

e 2021: Pilot run

e
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PROTON CHARGE RADIUS - STATUS

Dispersion-theoretical analysis 4 ——— - Mergell et al. [Nucl. Phys. A596:367-396 (1995)]
ep scattering MAMI —Ah— F Bernauer et al., Al coll. [PRL 105 242001 (2010)]
up spectroscopy CREMA - - Pohl et al., CREMA coll. [Nature 466 213 (2010)]
All ep scattering data, no MAMI - —A - Zhan et al. [PLB 705 59 (2011)]
CODATA A —v— - Mohr et al. [Rev. Mod. Phys. 84 1527 (2012)]
up spectroscopy CREMA - - Antognini et al., CREMA coll. [Science 339 417 (2013)]
CODATA A —v— - Mohr et al. [Rev. Mod. Phys. 88 035009 (2016)]
ep spectroscopy A ——— - Beyer et al. [Science 358 6359 (2017)]
€p Spectroscopy - — - Fleurbaey et al. [PRL.120 183001 (2018)]
CODATA - v - CODATA (2018)
ep scattering MAMI A F Mihovolovic et al. [arXiv:1905.11182 (2019)]
ep spectroscopy 4 — @& - Bezginov et al. [Science 365 1007 (2019)]
ep scattering JLabH{—A—— - Xiong et al. [Nature 575, 147-150 (2019)]
up scattering AMBER + —a8— - Proposal AMBER [SPSC-P-360 (2019)]
0.82 0.84 0.86 0.88 0.90
rp (fm)
ep Hp
Scattering New measurements: Not measured yet
* Lower systematics * MUSE @ PSI
2
 Lower * AMBER @ CERN
Spectroscopy | New measurements: Done
* Lower systematics (CREMA)
* New transitions
B. Ketzer AMBER / SPS
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Why up scattering?

different leptonic probe

different systematic uncertainties

much smaller radiative corrections than ep
provide precise data for global fit



AMBER - MEASUREMENT OF PROTON RADIUS UN.VERS.TAT"
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Incident muon

Recoil proton

PRM-SI01
FRM-FI02
PRM-S102
PRM-TPC
PRM-FI03
PRM-S103
PRM-S 104
P RM-F104

Scintillating-fiber hodoscope M Silicon-pixel detector [ 1 High-pressure hydrogen time-projection chamber [ 1 Heliumfilled beam pipe

I PRM-FI1

Challenging measurement

 High-intensity 100 GeV u beam: 2 - 106 s71

e Simultaneous detection of scattered u and recoil p

* Re-use upgraded COMPASS spectrometer

* H, active target TPC: up to 20 bar

* Free-streaming DAQ: minimize trigger bias, latency of TPC
e Goal: 70Mev.in 1073 < Q% < 0.04 GeV?

e Expected precision: < 0.01 fm

Figure 45: Engineering design for the four-cell hydrogen TPC.
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* Prerequisite for proton-radius physics run
* Took place from 6 - 27 Oct. 2021
* Goals:

/_

DN NI NI N
|

test high-pressure (8 bar) TPC prototype (IKAR) with high-intensity u
beam

test target tracking system (existing Silicon strip + SciFi)

test muon momentum reconstruction (only SM2)

test Silicon Pixel detectors (ALPIDE) with self-triggering readout
test GEM detector with self-triggering readout

test AMBER DAQ = to be done during winter shutdown

match muon and recoil proton tracks —> analysis ongoing

7m 2.5m 3m

SI.:1 SI91 S102 IKAR TPC S103 Sl04 SI05 SF2

S |I-| ................................................... I ....... | ....... i .
| |

BT02
BTO1A
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AMBER PHASE 1 - PION PDF

e
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PION STRUCTURE - CURRENT STATUS .

Valence quarks Sea quarks Gluons
; 20¢ (2)
0.4r A
[ e TR TR NG 4F 16}
=~ poal : Cui 2020 =
£ Rk S ¢ 9 L R XFitter 2020 ~ ot Cui 2020
o : '-.;§:§ o W T JAM 2018 K LI EA 4020 - - xFitter 2020
e = Cui 2020 ) Tl S - GRS 1999 5 sl S e JAM 2018
g B R - xFitter 2020 ‘}_\‘:\ Cg 5 N N Py i \\.,_\' B e GRS 1999
o JAM 2018 R i T A A | S
lyf - GRS 1999 e e
0.0, | , e o ok " ot T e
0.0 0.2 0.4 0.6 0.8 1.0 0'0'01 : 0.61 ! 01.1 y i 0.001 0.01 0.1 1
xTr
i
- (b)
 Scarce / old data: E615, NA3, NA10,... 3
éin "N
* Mostly heavy nuclear targets = large nuclear effects o 102} - A
ul ¢
. . 8 ) \
* Discrepancy between experiments T - xFitter 2020
-------- JAM 2018 n
* Valence PDF poorly constrained I GRS 1999 ) |
* Sea and gluon PDFs basically unknown G2 04 L 08 !
4

* More and precise data urgently needed [Chang et al., Chin. Phys. Lett. 38 (2021) 081101]

B. Ketzer AMBER / SPS 10



PION VALENCE AND SEA QUARK PDFS AT AMBER

UNIVERSITAT

e
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4.3 < M/(GeV/c) < 8.5

NAS3 extraction (DY x* and «~ data)
SMRS 10% sea contribution
SMRS 15% sea contribution
SMRS 20% sea contribution

JAM: DY + LN

Projection for 280 days on C-target

* Pion-induced Drell-Yan dimuon production
* Isoscalar 12C target = minimize nuclear effects
7wt and m~ beams = separate valence and sea

01 02 03 04 05

+ o +_
ohy” o< Y (e)? [QZT % +qf qﬂ

Goals:

06 07 08

 10x more data than currently available (25k DY

* First precise and direct measurement of the sea

Dedicated target, vertex detector, hadron absorber

Soa = o Lo only valence-valence
val —
Y AgT g7 sea-valence / valence-sea events)
sea —
Hadron absorber . . . . .
— quark distribution in the pion
Setup:
C C C L W] W Wi
Saam | — | — —§ 1 e e 190 GeV T beam
/ .
Vertex detector — . .
* Dimuon mass resolution ~ 100 MeV
B. Ketzer -€ > AMBER / SPS
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In parallel: study of J /3 production:t+ A - J/Y + X

* Dominated by qq,gg9 — J/Y atlow pr < M(J/Y)
—> access to gluon PDF of pion

e Cross section 30-50 x larger than DY
—> measure differential distributions with >1M ev.

* Measurement of (m*,p)and ™

* But: //Y production mechanism not well known at low pr

(CEM vs NRQCD)

Additional observable: J /1 polarization

e JPC=1",],=-10,+1
do

« Angular distribution x 14+ \cos?0
dcos 6
- A=4+1 ], =+1 qq — J/¢
— A=0 & unpolarized
- A=-1&],=0 99 = J/v

/

[V. Cheung et al., PRD 98 (2018) 114029]

strong dependence on pidn g PDF

10

|

[TAM/CTEQ6L

Jhy m+12C 190 GeV

= = Tot
- g9

- qq

——

0 02 04 06 08

=  [GRV/CTEQGL
NS Iy m+2C 190 GeV
e = Tot
BIO :
o C — g9
r = qaq
10
1=
L CEM
1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
= 5S¢
S E
E op o
E [ |6 fan] L
0 02 o= |
0.5
Or+—

polarization sensitive to relative
contributions of gq and gg

ICEM
_lr 1 1 1

— GRV
— JAM

0 02
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AMBER PHASE 1 - ANTIPROTON PRODUCTION
CROSS SECTION FOR DM SEARCHES

e

UNIVERSITAT



INDIRECT DM SEARCHES UNIVERSITATu

. . . . nnihilation
* Precise data on cosmic antiparticle flux g
Sources: SM processes and DM annihilation " @ PPy
DARKSIDE &
* Limiting factor: p production cross section uncertainties from e Bl
collisions involving p and He (currently 30-50%!) R s p.p.e e’y
— =
s p+tp-op+X some measurements (NA49, NA61) T
— Producti
« p+*He—>p+X onlyLHCb at4 TeV and 6.5 TeV roL:ém
M. Aguilar et al. Phys. Rev. Lett. 117 (2016) 091103 I 30 ! !
T T T | P 349.10° events‘ AVS-02 caint — Astrophysics
‘ + al - €xp. uncertainty ~—— Nuclear physics

T ".T.- Ty 4 % * ] o

-g 104 T T 5 20
Qg « AMS-02 £

= o PAMELA 215‘
o> S

o ol

10°
IRigidityl [GV] g
L 1 1 1 I 1 L L 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 N N . | | : n n || s s L
1 5 10 50 100 500
0 100 200 300 400 500 o
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ANTIPROTON PRODUCTION AT AMBER UN.VERS.TATu

* Secondary p beam with 50, 100, 150, 200, 280 GeV 10° Al UNERERRRY
«  Minimum bias trigger = beam intensity of 5 - 10° s™1 15 '
 Liquid H2 and He target 3
* Proton ID in CEDARs, antiproton ID in RICH §10_1 P
* Measure differential cross section in 10 bins in p momentum and pseudo- £ :
rapidity 2.4 <n < 5.6 §
e Statistical uncertainty = 0.5 — 1% per data point o
* Total systematic uncertainty = 5% (efficiencies, dead time) 10-2 LL.
100 —— 10° ————————————
[ - p-He [ _
Plots: impact of measurements on constraining § 10-1 L % 10-1
the production of p (fraction of total source = =
[ [
term constrained by phase space of 2 lo-2 L S 102
. E :
experiment) 5 5 -
Q Q
2107 £ 1073
------ 50-250 GeV 2 o
- 50-190 GeV 4 L 4
——— 100-190 GeV 10 10° 10 10°

B. Ketzer




AMBER PHASE 1 - TIMELINE

Year | Activity

v

2021 | Proton radius test measurement

2022 .
Proton radius measurement

Antiproton production test measurement

2023 | Antiproton production measurement
Proton radius measurement

2024 | Drell-Yan: pion PDFs and charmonium production
2024+ | mechanism

®
=,

== 225 aa em Editing: Actual ¢

View Baseline/Actual Connect Assignment

E Title 2021
v 1) Proton Radius v
* 1.1) 2021 Pilot Run
* 1.2) 2022 data taking
* 1.3) 2023 data taking

UNIVERSITAT
Duration Beam
20 days H Conventional muon and hadron beams
120 (+40) days | u
10 days P 2021 = ~2028
20(+10) days p
140 (+10) days | u
< 2 years p.K'.n',
p.K ,m
“ AMBER_Phase_1_timelines.oplx
“e = 3 Fr s ST S
Level Catch Up Reschedule Reports  Simulations Publish Refresh  Violations
2022 2023 2024 2025

v 2) Anti-Matter production
e 2.1) Test measurement
e 2.2) Data Taking 2023
v 3) Drell-Yan
e 3.1) First year
* 3.2) Second Year
v 4) COMPASS SIDIS v
« 4.1) COMPASS SIDIS 2021
- 4.2) COMPASS SIDIS 2022

B. Ketzer
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NEW EQUIPMENT FOR PHASE 1

* Triggerless DAQ and HLT (Freiburg, Mainz, Munich, Prague, Tomsk,
Warsaw)

UNIVERSITAT

* High-pressure hydrogen TPC (PNPI, GSI, Glasgow)

 C/W, LH2, LHe target (Lisbon, CERN, Prague, Virginia, Yamagata)

* PRM SciFi/Silicon Pixel tracking stations (Freiburg, Munich, Torino)
* DY vertex detector (Argonne, lllinois, Los Alamos, Torino)

* Large-area MPGD detectors with self-triggering readout (Bonn, CERN EP-
DT, Torino, JINR)

» Self-triggered electronics for ECAL (Munich, Trieste, Warsaw)
* Upgrade CEDAR electronics for high rates (CERN, Warsaw)

S

il 75 b Natwors, Swricnts ]l——cor
§ & 5 A [ ]

HLT Farm
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QCD INITIATIVES BEYOND RUN3

Phyelcq
*Beyond
~“Colliders

Accelerator Complex
Capabilities

Beam Dump Facility \ I /
Conventional Beams Forward Physics Facility
PBC-A&T
Committee

 Civil Eng., Integration,
Radiation Protection

Gamma Factory

LHC — Fixed Target
Technology

Charged particle EDM

(cpEDM) measurement

UNIVERSITAT




AMBER PHASE 2 - LOI

Conventional and RF-separated beams

UNIVERSITAT

Drell-Yan Kaon PDFs & | ~100 10% 25-50 | K i, D NH;, 2026 “active absorber”,
(RF) Nucleon TMDs C/W 2-3 years vertex detector
Kaon polarisa- non-exclusive
Primakoff bility & pion | ~100 | 5-10° > 10 K~ Ni 2026 Y q ;
(RF) life time 1 year
Prompt non-exclusive
Photons Meson gluon | >100 | 5-10° | 10-100 | K~ LH2, 2026 hodoscope
(RF) PDFs n* Ni 1-2 years
K-induced High-precision q q g
Spectroscopy | strange-meson | 50-100 | 5- 10° 25 K LH2 2026 recoil TOF,
(RF) spectrum 1 year forward PID
Spin Density 0 0F 1- 1 2 2+ 3 3+ 4 4+ 5-
Vector mesons Matrix 50-100 | 5-10° | 10-100 | K=, 7" | fromH 2026 : : ? ; ? : | j j P =%
(RF) Elements to Pb 1 year : § : ﬁ : o
A — | == -
Cl T I S S e GE
2 : = ° ; —
i = =smeeTT
— - - O o i —— i |
//' I T \\ RF1 RFZ/ z S 3
- - - - === F see-> 3 T
| ——
Momentum < > q | e
selection quadrupole ——
LRF | L | I 1 I I | I Il
B. Ketzer AMBER / SPS K K, K K K, K3 K3 K3 K, K



NAGT++

Run-3: NA61/SHINE

* Detector upgrades for direct open-charm
measurements

e Search for critical point of strongly interacting
matter

* Hadron measurements for v and cosmic ray physics

Post-LS3: NA61++

* Fine-grained energy scan with light and medium-
mass ions to study onset of fireball

 Measurements of heavy hadron resonances in p-p
interactions

e Measurements of hadron emission from LBNF and
Hyper-K replica targets

* Data for flux predictions in n experiments using
very low-energy beams

B. Ketzer

Construction of Vertex Detector (VD)

for D%, DP decay reconstruction

New Beam Position
Detector

Pb+Pb

Pb+Pb
Xe+La
Ar+Sc
Be+Be

p+Pb

p+p

Eeam. ‘ETD’ZD_

/ Target 53

\

vV
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Replacement of the TPC
read-out electronics
to increase data rate to 1 kHz

Vertex magnet Vertex magnet

GAP VTPC-2

37
=

Wr\

New trigger and data

acquisition system

Current 2D scan

2011/12/13

[ | [ | B 008
HE B B B B BEB »w
H B B B B B s
HE B B B B B

H B N . 2012/14/16/17
HE B B B B . 2009/10/11
13 19720 30/31 40 75/80 150/158 "

AMBER / SPS

beam momentum [A GeV/c]

beam ion

\ detectors

New Time-of-Flight

FPSD

T

Upgrade of Projectile
Spectator Detector

The very first idea
for future scan

13 20 30 40 75 150
beam momentum [A GeV/ ¢]

20

>
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NA6O++

Study of hard and electromagnetic processes at SPS at high ug

 Thermal dimuons from QGP = caloric curve of 1st-order phase
transition
* p — a4 modifications = chiral symmetry restoration
* Quarkonium suppression = deconfinement
* Production of charmed hadrons = QGP transport properties
e Strangeness production = QGP chemistry
Setup:
* Cover wide range of collision energies (Pb-Pb, p-A)
* large interaction rates (> 10> Hz)
* \Varying length of muon spectrometer
 New location: EHN1 H8
= no conflict with NA62 in ECN3
= impact of reduced intensity being studied
* Detector R&D: synergies with HL-LHC

Starting to draft Lol

B. Ketzer AMBER / SPS
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w~10°E T T T T T
I , = COM@FAR SISI0 | I:-Ieavy ioén cpllisions 3
E -1 0 ?EJ_PAVRFE;#_**““? e : : ; %
s SR :
C -I 0 §_§| ...... CEE.,.@;-"AF: ................................. =
o E 3 EETT vseses =
— 5 - 2 : Q.Q Q. : - : _
[0} = s : : SPHENIX@RHIE
E 1 04 E_ H‘wﬁ‘m LRADT B e .................... ...... H - ;
- - | . -

102 B : | e

Low-energy setup

EBEAM | A = 20-40 GeV TOROID MAGNET
Vs ~6 -9 GeV R&D ongoing for
cheap/light design

HEBox

o MEPBk

fbscEenz

& VERTEX
TELESCOPE T

| “Large area [ TRACKING STATIONS
MAPS - GEM or MWPC
- Prototype construction

- Stitching
technology

[E. Scomparin, PBC workshop, Dec. 2021] 21



SUMMARY AND OUTLOOK UNIVERSITAT"

* NA66/AMBER is a new experiment at CERN dedicated to study
fundamental questions related to the emergence of hadron

properties from QCD ABOUT  NEWS
* Phase 1 approved by CERN ——
. - . . . Sll'ﬂll!l an Teleworkshop on
* Proton radius with high-intensity muon beam Meet AMB LAy
. . The next-generation succe E:pcreor:]m er:l:: ?:3
* Pion PDFs in Drell-Yan processes measure fundamental pro 5

N

8 MARCH, 2021 | ByAnaLopes |

* Antiproton-production cross sections for DM searches

* New initiatives on QCD-related measurements at SPS beyond LS3
being studied in the framework of PBC at CERN

« AMBER Phase 2: kaon PDFs, strange spectroscopy, etc.

* RF-separated beams to M2 = worldwide unique facility B N e, VAU

* NA60+, NA61+: QCD phase diagram at high up 5 ol

a & g A
o Web pages : hnps:/lindico.ihep.ac.cn/ev.ent/14253/

Sy
Chird @ runmamun

I

B. Ketzer AMBER / SPS 22


https://home.cern/news/news/physics/meet-amber
https://amber.web.cern.ch/
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