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AMBER and the emergence of hadron mass Apparatus for Meson and Baryon
Xperimenta esearc

The question:
* How to understand that M /M~ 1/7 while from constituent-quarks model one would expect ~2/3?

Only 1% of the proton mass is due to the Higgs mechanism.

QCD dynamics
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AMBER and the emergence of hadron mass Apparatus for Meson and Baryon

Experimental Research

e Dynamic Chiral Symmetry Breaking of QCD leads to the quarks and gluons rapidly acquiring a running mass in
the infrared limit
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AMBER: The Oportunity Apparatus for Meson and Baryon

Experimental Research

* In the North Area at CERN, SPS beam of high-intensity and high-energy is hitting several primary targets. The
secondary beams obtained supply different beamlines

* At the M2 beamline, unique-in-the-world beams are available:
* Muon beams of both charges
* Hadron beams of both charges
* Wide range of momenta: 50 — 280 GeV/c
* Intensity limited by radioprotection

ptorpmt KT Target
‘ S o s o ——— |
b = \ pworpm K-
400 Gev Be \ /_,,.-r . S S, - : ATLAS ==
p beam prt K RN (Hadron absorber) e . = s % R :
from SPS P K~ ‘ L A, - e % CERN erivessn o =t — TS 3
| ~100m ~ 600 m | ~30m | ~100m | LT - "
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AMBER: NA66 Apparatus for Meson and Baryon

Experimental Research

* AMBER: https://arxiv.org/pdf/1808.00848.pdf
* Apparatus for Meson and Baryon Experimental Research EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
* Approved as NA66 by the CERN Research Board in December 2020 ©
* Divided in 2 phases
* Phase-1 (Approoved) A

* Proton Radius
* Pion PDFs through Drell-Yan and Charmonium production

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

* Antiproton production cross sections for Dark-Matter search
* Phase-II (requiring RF-separeted beams to M2)
* Proposal submition planned to 2022

COMPASS++ /AMBER"

B. Adams'*'%, C.A. Aidala', R. Akhunzyanov', G.D. Alexeev'*, M.G. Alexeev''. A. Amoroso® %,
V. Andrieux™, N.V. Anfimov'*, V. A . ugsten
C.DR. Azevedo', A. Azhibekov” o M. Ball”, J. Barth”, R. Beck”,

Chzmﬁ“. c. Chmlerjee“.
uttin”©, P. Correia’,

* Kaon and meson gluon PDFs
* Strange spectroscopy
* Meson charge radii

“ cdazevedo@ua.pt
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AMBER: LOI and proposed measurements

Physics Beam Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity | Rate Type Target | start time, additions
|GeV] [s_' 1 [kHz] duration
muon-proton Precision high- active TPC,
elastic proton-radius 100 4.10° 100 ue pressure 2022 SciFi trigger,
scattering measurement H2 1 year silicon veto,
Hard recoil silicon,
exclusive GPDE 160 2-107 10 u NH; 2022 modified polarised
reactions 2 years target magnet
Input for Dark | p production | 20-280 [ 5- 10° 25 P LH2, 2022 liquid helium
Matter Search | cross section LHe I month target
target spectrometer:
F-induced Heavy quark 12,20 | 5-107 25 bid LH2 2022 tracking.
spectroscopy exotics 2 years calorimetry
Drell-Yan Pion PDFs 190 7-107 25 T chw 2022
1-2 years
Drell-Yan Kaon PDFs & ~100 10 25-50 K=, p NH;, 2026 “active absorber’,
(RF) Nucleon TMDs chw 2-3 years vertex detector
Kaon polarisa- non-exclusive
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
(RF) PDFs T Ni 1-2 years
K-induced High-precision
Spectroscopy | strange-meson | 50-100 | 5- 10° 25 K LH2 2026 recoil TOF,
(RF) spectrum 1 year forward PID
Spin Density
Vector mesons Matrix 50-100 | 5-10° | 10-100 | K* 7 from H 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, J
conventional hadron beams in green, and RF-separated hadron beams in red.
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5C-2019-022 / SPSC-P-360 s

Apparatus for Meson and Baryon
Experimental Research

http://cds.cern.ch/record/2676885/files/SPSC-P-360.pdf?version=3

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

€]

"7

CERN-SPSC-2019-022
SPSC-P-360
October 13,2019

Proposal for Measurements at the M2 beam line of the CERN SPS
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COMPASS++'/AMBER™
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S.-U. Chung”"", Al Cicultin‘m'“, M. Conrmrs". Al Cunlinﬁ‘ P Cunei;ﬁ, M.L. Cmsp(f”'i S. Dalla
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AMBER: The Proton Radius Apparatus for Meson and Baryon

Experimental Research

* The puzzle of Proton Radius ep scattering MAMI S L Bernauer et al. Al coll. [PRL 105 242001 (2010)]
pup spectroscopy CREMA - ¢ I Pohl et al., CREMA coll. [Nature 466 213 (2010)]
* Two types of measurement
yp All ep scattering data, no MAMI - —h— FZhan et al. [PLB 705 59 (2011))
* Lepton-proton scattering CODATA 1 e | Mohr et al. [Rev. Mod. Phys. 84 1527 (2012)]
spectroscopy CREMA - € F Antognini et al., CREMA coll. [Science 339417 (2013
* Hydrogen spectroscopy Aoy R e )
CODATA - —_—— F Mohr et al. [Rev. Mod. Phys. 88 035009 (2016)]
° 1 ~
Resu]'ts dlﬁer by 5 9 €p SPeCtroscopy - —— F Beyer et al. [Science 358 6359 (2017)]
L0t T T PRad data —e—i T T Mainz fit — -~ €p Speciroscopy - —_—e— I Fleurbaey et al. [PRL.120 183001 (2018)]
PRag f;lt —_— This proposal. projected stat. errors F——i
o1 b Mainz data F—— J CODATA{ — % —— L CODATA (2018)
ep scattering MAMI - A F Mihovolovic et al. [arXiv:1905.11182 (2019)]
1005 f- 4
€p SPectroscopy - e F Bezginov et al. [Science 365 1007 (2019)]
! pp scattering AMBER — - Proposal AMBER [SPSC-P-360 (2019)]
0.995 082 084 086 088 090
1, (fm)

0.99

Ge/Cyd. dipole

 Why up scattering?

0.985

» Leptonic probe
" « Different systematic uncertainties
0.975 —IMBIB]J]IE[[HHHIIIII I . ..
o | . | | . | | . * Much provide smaller radiative than ep
I » Provide precise data for global fit
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AMBER: The Proton Radius Apparatus for Meson and Baryon

Experimental Research

* Challenging measurement
* High-intensity 100 GeV p beam: 2 - 10°s™
* Simultaneous detection of scattered u and recoil p
* Re-use upgraded COMPASS spectrometer
* Active-target TPC: up to 20 bar H,

* Free-streaming DAQ: minimize trigger bias, latency of TPC

* Goal: 70Mev. in 1073 < Q? < 0.04 GeV?

. T P 1.3
—— Seinfillating fiber racker £ EOEE 5 338§
* Expected precision < 0.01 fm n
Xp p ~~ . i
i I0m 25m I0m
, II Incident muon I_I / ________________ Scatteredmuwon
- . B Recoil proton
5 5 g g g g8 3 3
e w e w0 | = ™ W
3 = 3 = -3 =3 = 3
£ g £ £ £E FE

[N scintilating-fiper hodoscope I Siicon-pikel detector 1 High-pressure hydrogen time-projection chamber [ 1 Helium-filled beam pipe

— /77— 77— T T

-140 -100 -60 -0 -0 1] 10 20 30 4n 50 m
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AMBER: IndireCt DM SearCheS Apparatus for Meson and Baryon

Experimental Research

* Needed as input to the Dark Matter searches:
* For example to interpret AMS data.
AMS, FERMI

Annihilation
x+tx—oppe,ey
——

production x-section uncertainties from p-p and p-He collisions is a limiting

- . Lz o X p!ﬁa e_,e+,7
actor to know the p/p flux ratio expected DARKSIDE ¥ %,
\ XENONT 3 1
£
CDMS I g E-'
M. Aqluﬂarl'er Cllf. Ptrys, IRev,.Lerr., 11?[2?1&'091.103. ———s i _p 3.49.10° P——— ‘ e = x P’ﬁse_g e+g}’
[ + a0 T ——
Yoo _':fl- s i % é F AMS-02 exp. uncertainty : :T;:’:’:Y;iics Z+Z <_ .IJ + P
) 10-4 T T " 25 Production
QE * AMS-02 I§ m LHC
= o PAMELA s
e~ g1
=) H
10° ’
[Rigidityl [GV] 5
1 1 1 1 I 1 L L 1 I 1 1L 1 1 | 1 1 1 L I 1 1 1 1
0 100 200 300 400 500 1 510 0 10 500

Rigidity (GV)
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AMBER: AntipI'OtOIl Pl‘OdllCtiOIl Apparatus for Meson and Baryon

Experimental Research

* Secondary p beam with 50, 100, 150, 200, 280 GeV

* Minimum bias trigger = beam intensity of 5 - 10° s™

 Liquid H, and He target

* Proton ID in CEDARSs, antiproton ID in RICH

* Measure differential cross section in 10 bins in p momentum and pseudo-rapidity 2.4 < n < 5.6
* Statistical uncertainty = 0.5 — 1% per data point

* Total systematic uncertainty = 5% (efficiencies, dead time)

10° T T 10° e s . 10° = .
: 5 s |77
Plots: impact of measurements on constraining 310 107 i3
the production of p (fraction of total source g E g . A
term constrained by phase space of e 1072 £ 1072 E 107! S
. |- U5, ]
experiment) g & 8 i
8103 s o X
c10 c 10 3 = 1
3 3 2 b
------ 50-250 GeV/ 2 N LHCb n AMBER I
S 50-190 GeV 10~ 10-4 s . 2Ll ! L
100-190 GeV 100 10° 10! 102 T 10° 10! 10?

T [GeV] T;[GeV]
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The pion structure - Status

Valence quarks Sea quarks
0.4
4 -

et Cui 2020
o - — .
«:-: . S P, e ¥Fitter 2020
8 iy e . JAM 2018
5 0.2 Cui 2020 .\iﬁa | . - GRS 1999
g t 4§ - xFitter 2020 . n -

0.1 8

wemseess JAM 2018
————— GRS 1999

0.0 0.2 0.4 0.6 0.8 1.0

0.001 0.01 0.1 1
I

* Scarce / old data: E615, NA3, NA1O,...

Mostly heavy nuclear targets = large nuclear effects
* Discrepancy between experiments

* Valence PDF poorly constrained

* Sea and gluon PDFs basically unknown

* More and precise data urgently needed

zg™ (z; C2)

-000

Apparatus for Meson and Baryon
Experimental Research

Gluons
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[Chang et al., Chin. Phys. Lett. 38 (2021) 081101]
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AMBER: access to pion structure through Drell-Yan [y sgveesmermey

Experimental Research

Table 7: Statistics collected by earlier experiments (top rows), compared with the achievable statistics of the
proposed experiment (bottom rows), in 213 days (z* beam) + 67 days (7~ beam).

* Pion-induced Drell-Yan dimuon production

® ISOSC&laI' 12C target Experiment Target type Beam energy (GeV)  Beamtype  Beam intensity (part/sec) DY mass (Gchg) DY events
* Minimize nuclear effects E615 20cm W 252 ol 17.63 107 405-8.55 5000
x 18.6 % 10 30000
* gt* and ;" beams et o at 20107 ks 1
_— ¢ 1 d NA3 2 n” 3.0% 107 T 121
cparalc valencc and sca T
p 6cm Pt 200 T ig y ig?, 42-85 ‘11;::
* QGoals: :
. 120cm D, ?ig n 65 x 107 : 325_ 88-55 ;ggg
* 10x more data than currently available NALO e
286 42-85 49600
12cm W 194 T 65 IU';ll 4.07 -85 155000
e 25k DY events 110 * 43585 29300
* First precise and direct measurement of the sea  coveass2ois g, 190 " 7.0%107 43-85 oo
quark distribution in the pion . = o 1385 21700
s ks 40-85 31000
_ 43-85 67000
This exp 190 m 6.8x 107 40-85 91100
. 43-8.5 8300
bemw 190 n 0.4x 10" 40-8.5 11700
B 43-85 24100
190 ud 1.6x 107 40-85 32100
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Apparatus for Meson and Baryon
Experimental Research

‘_§ 25 5 | A3 extracion (DY < and = data)
Definitions: 2 - e e
""--.m 2 L \ %+« =B 2 | ---i-.-. SMRS 20% sea contribution
o - = JAM:DY + LN
w:n = ——a—— Projection for 280 days on C-target
+ + + - - N C
pi3 _ L bis _ o T 15
‘uvat = u u and‘dval =d d = ‘}
1=
. E 4.3l<Ml'(Geny)<8.15 L 1 1 L 1 L
And assuming flavour-symmetry: 07 02 03 04 05 06 07 08 09 1
— 25
+ —_t - - © =
T T _7T T g o
‘uvaf - dvas‘ = Upgqp = dvaf Zﬂm 2:_
o o
W B
— 1.5
_7T _ .7 _ dfr _ dfr -7 _ . o
u.';ea - u:;ea - Ysea — sea — Ssea - S.fea -
11— 4.0 < M/(GeVic) < 8.5
01 02 03 04 05 06 07 08 08 1
é e C\ Xn
= _
Zsea . 4o —o” 4+—» LO: only sea-val and val-sea terms
- R o O - C .
LR o™+ o J-_> LO: only val-val terms
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AMBER: Dre11-Yan Setup Apparatus for Meson and Baryon

Experimental Research

Hadron absorber 3 carbon targets of 25cm length

* 190 GeV 7t beam

* Dedicated target 2 tungsten targets of 6cm length

(alternative 2cm length W upstream)

* Vertex detecto
* Hadron absorber e0em
* Dimuon mass resolution ~ 100 MeV 2024 Drell-Yan setup

. ; : HCAL1 Muon Middle Trigger
Vertex detectors for Mass resolution ‘ N o Filter2
Target, vertex S;gevger Muo-Lrlg?SEI\EZ Quter HCAL2
TWO CEDAR deteCtOI’S 'FOI’ beam PID detector and \ Filterl Trigger
hadron absorber " t
SM1,| ¢ ’ | GEM
Veto | AN |
CEDARS | \ . i ‘ ‘_r -
e . b I I
s I R o vt | E |‘._ |
Scifi . I \ Middle
COMPASS-like spectrometer for acceptance oy \ | Trager
+ s SciFi .,r SciFi SciFi \ o
8 < g l(mrad) < 40 e roMegas GEM p— S[ .Ffl fapc fwbc | Mwec
~~ ~~ Xy = GCEIIV‘I "-.\u."/' \ -
25 5 9!—5 /(mrad) 5 140 . Drift tubes MWPC Large area DC _I(_Z;Lijgt;gr
-50 —4‘0 b -30 I I -20 -10 Cli L lIO 2I0 3I0 40 50 m
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AMBER: Access gluon content in the pion

What can we learn from J/1 production at AMBER?
* Large statistics on J/{ production at dimuon channel

the rest
 Expected significant feed-down: {(2S), ¥, ¥,
* In the low-pT regime
* Expected to have dominant contribution from 2—1 processes
* Use J/P polarization to distinguish production mechanism:

transversely

& LU ; : polarized "'s:
\\@%}\ o & guons W
&
27 EZ

Ccs
1'9

Inclusive: due to the hadron absorber, we cannot distinguish prompt production from

-000

Apparatus for Meson and Baryon
Experimental Research

Jhy m+2C 190 GeV

— Tot

- (nb)

do/dx

— g9
— aq

I Pion: GRS
I Proton: CT10

(=] [¥
4
——
—

c. oy by sy
= 02 04 06 08 x

L Iy o+ 12C 190 GeV
ot |

— GRV
— JAM

PSR RSN S N SN SH SR N SN ST SR [ S
02 0.4 0.6 0.8

X
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AMBER: PHASE'II Apparatus for Mesor:’and Baryz;

Experimental Research

» RF- Separated beams

 Particle species: same momenta but different velocities, Ap/p ~ 1%
» Time-dependent transverse kick by RF cavities in dipole mode

« Longitudinal separation of particle species by L
» RFI1 kick compensated or amplified by RF2, depending on phase difference:
o A@=2m(L, flc)(B,"-B,")

Panofsky-Schnell-System with two cavities (CERN 68-29)
* Dump of unwanted species

C1
e K* beams with 60-100 GeV/c I
e pbeam with 80-110 GeV/c ;“I““*\ RF1 e I W
RO ¢ 3 ‘ g DUMP e e
Momentum

selection quadrupole

Lar
n Hadron structure at AMBER cdazevedo@ua.pt
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AMBER: Kaon StruCture: uK/th Apparatus for Meson and Baryon

Experimental Research

* Kaon structure: a window to the region of interference between the Higgs mechanism and the EHM mechanism
* The only available experimental data:

* NA3 — 200 GeV K~ beam on 6 cm Pt target Z-F. Cui, et al. EPJC80(2020)1064, H-W. Lin et al., PRD103(2021)014516

* 700 kaon-induced Drell-Yan events

Kaon-induced Drell-Yan

S ]
3 -
Hﬁ -
= *  AMBER o
h, S , ~. S
0.6 O Badier 1980 B
—— continuum Cui 0"\
hy g4 = - 1QCDLin v

0.0 0.25 0.50 0.75 1.0
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AMBER: Kaon structure: valence and sea Apparatus for Meson and Baryon

Experimental Research

* First-ever kaon sea-valence separation:

* Using kaon beams of both charges RS =R e - y Ky P
) _ v v
« Higher beam momentum: access to lower X, O O
Experiment Target Beam Beamintensity Beamenergy DY mass DY events
P type type (part/sec) (GeV) (GeV/c?) [Ty ete”
NA3 6cm Pt K~ "M 200 42-85 700 0
80 40-8.5 25,000 13.700
K~ 2.1x 107 100 40-85 40,000 17,700
This exp. 100cm C
80 40-8.5 2,800 1,300
K" 2.1 x 107 100 4.0-8.5 5,200 2,000
80 40-85 65500 29,700
This exp. 100cm C - 4.8 x 107 100 40-85 95500 36,000
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AMBER: KaOn-indllCEd Dl‘ell-Yan Apparatus for Meson and Baryon

Experimental Research

* Requirements
* Momentum < 100 GeV/c
* Lower beam momentum implies smaller angular acceptance
* To keep the dilepton acceptance ~40% — Compress the spectrometer

* “Active absorber’:

* Trackers ):1’3 . : e
e 3 S AT WS
* Magnetic field X : T T T ——
[ ]
Large area o
* Compact

Trackers
02
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AMBER: J/{) production: an access to the gluon ‘666
content in the kaOIl Apparatus for Meson and Baryon

Experimental Research

J/ data collected in parallel with kaon-induced Drell-Yan
Large statistics

Model-dependent access to the gluon distribution in kaons
J/ production cross section (LO):

[ 100 GeV K+ + (A=12) -
— gg

" 100 GeV K- + (A=12) ™
— g9

0%

aq

aq

dao/dxg (nb)
=2y
do/dx, (nb)

[ ]
—_
(=)

e —K —K

1= 1=

K™ (us)+ p(uud) = gg+[uv uf]+[uv : :
K+[U§]+{§(Ub‘d]0€ gg+ [———]+[UVK u’+3 S_ S_ _S :ff’?f'\‘f’.,'f*\.*.“f.|1ff‘“.“f'fﬁﬂ”‘ff'ﬂ"'ﬁ?ff’?.Mf.'.'fl‘."\".. :f(.“f’f.‘? i N

\_Y_} . J | ] | = E 8 F
LEO”:::#%%%%{ EG:#:%#%%%{

val-val val-sea sea-val sea-sea B

Coovoo by by v by Ly el oo b by by Ly
D 02 04 06 08 x, 02 04 06 08 x,

Using Color Evaporation Model
Int.J.Mod.Phys. A 10 (1995) 3043
JAM18 “pion” PDFs (PRL 121, 152001 (2018))
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AMBER: Prompt-photons Apparatus for Meson and Baryon

Experimental Research

* (Clean access to the gluon distribution in kaon "

* 100 GeV K* beam on a long LH, target

Prompt
photons

VVVVVVWW\ 0
-1

b

AVAVAVAVAVAVAVAVAV
\ Prompt-photon signal ) Y
Minimum bias photons background
Direct access to the gluon PDF at Background
Y .
x,>0.05, Q*~p, K* beam: minimize bkg p,’>2.5 GeV/c:

minimize photon background

Hadron structure at AMBER cdazevedo @ua.pt




Apparatus for Meson and Baryon
Experimental Research

C-based n° background

do/o

pT> 2.5 GeVic

160
140 qg —»qyforK', K

120

FrTTTTIT T T[T T T TTTITTJTITIT[TTITTTIT
| RESNREEN LES] RESN RS RESE EREE

100 subtraction

80 ;

60

- qq —> g yforK' ’ ‘|1I;B|mm

? il =22 =
i J I ==

i PO O S U T S N S Y i FEIEITES] e o= ST Y
100 150 200 250 300 2.5 3 3.5 4 4.5 5

® ol Gev b GoVR®
X, =2p,/ V8
Experiment Target Beam Beam Intensity Beam Energy /c pr range  prompt-photon
type  type (part/sec) (GeV) (pb™')  (GeV/e) events
+ 6 y
In 140 days WA70  lmlH, 25 % 107 280 13 d<pr<i
- 1.25 x 10 280 3.5 4 <pr <7
2 x 107 100 50 pr>25 3.4 % 10°

This exp 2m 1H,

at 2 % 107 100 50 pr > 2.5 3.4 x 10°
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AMBER: Summary Apparatus for Meson and Baryon

Experimental Research

* The AMBER experiment at the CERN M2 beamline is a new “QCD Facility” to investigate the Emergence of
Hadron Mass

* AMBER phase-I was approved in December 2020, for measurements on
* Proton radius from muon-proton elastic scattering https://amber.web.cern.ch/

* Pion structure from pion-induced Drell-Yan and Charmonium production

* Antiproton cross-sections — input for Dark Matter searches

gDty

* The planned upgrade of the M2 beamline will provide radio-frequency
separated hadron beams.
* High purity kaon beams are being proposed for a phase-II of AMBER:
* Kaon structure from kaon-induced Drell-Yan and Charmonium production
* Gluon content in the kaon from direct-photon production
* Light meson spectroscopy using kaon beams
* Kaon charge radius from elastic kaon-electron scattering

n cdazevedo@ua.pt
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