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COMPASS Collaboration

The COMPASS Experiment at CERN SPS
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The COMPASS Collaboration INFN (QERNW
- Bochum |
@ Bonn (ISKP -

& PT),Erlangen,Freiburg,
Warsawa (NCBJ), CERN Mainz, Miinchen TU

~ 250 physicists Ay6Ha (LPP and LNP),
Mockea (INR, LPI, State
University), TTpoTsuHo

from 24 Institutions

.....

of 13 Countries _ »
St s Warsawa (TU)

Warsawa (V) .

Praha (CU/CTV) USA (VIUC)

Yamagata
Liberec (TV) —m . .
Brno (ISI-ASCR) 5
Calcutta (Matriviani) Lisboa/Aveiro . .
Torino (University, INFN),

Taipei (AS) Tel Aviv Trieste (University, INFN)
Experiments with muon beam: Experiments with hadron beams:
COMPASS -1 (2002 —2011)
Spin structure, Gluon polarization Pion polarizability
Flavor decomposition Diffractive and Central production
Transversity Light meson spectroscopy
Transverse Momentum-dependent PDF Baryon spectroscopy
COMPASS - 11 (2012 -2021) ...
DVCS and HEMP Pion and Kaon polarizabilities
Unpolarized SIDIS and TMDs Drell-Yan studies
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COMPASS physics programme

Proposed physics programme:

hadron spectroscopy (p, 7, K)

* light mesons, glue-balls, exotic mesons

 polarisability of pion and kaon

nucleon structure (1)

 longitudinal spin structure -SIDIS

» transverse spin structure - SIDIS

* Drell-Yan ()
« DVCS (SIDIS)  (n)

1980s 1990/2000s now

N Energy: 100 —200 GeV |
Intensity: up to 107 /spill B
~ Large acceptance, PID detectors

Several particles in the final state
— = g

scattered lepton

incoming lepton

ﬂ'-beam

virtual photon

Target
X decay is chain of uud / wke, a0

i _ target nucleon : A
successive two-body decays String Breaking p
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Polarized target and Particle Identification INFN (EERNW

—

the polarized target system (>2005) 'CWS‘—

*He — 4He dilution refrigerator (T~50mK)

solenoid 2.5T
dipole magnet 0.6T

acceptance > * 180 mrad

3 target cells
30, 60, and 30 cm long

opposite polarisation

d (°LiD) p (NH;)
polarization 50% 90%
dilution factor 40% 16%

COMPASS 2007 trunsverse proton data (part)

~3
_“:D

0 - (mrad)

n

|

10 20 30 40 50 60
p (GeVie)



COMPASS data taking INFN ((iE;R j/

Wide physics programme

2002 nucleon structure with 160 GeV u L&T polarised deuteron target

2003 nucleon structure with 160 GeV n LET polarised deuteron target

2004 nucleon structure with 160 GeV LE&T polarised deuteron target

2005 CERN accelerators shut down

2006 nucleon structure with 160 GeV n L polarised deuteron target

2007 nucleon structure with 160 GeV n LET polarised proton target

2008 hadron spectroscopy

2009 hadron spectroscopy

2010 nucleon structure with 160 GeV T polarised proton target . :
2011 nucleon structure with 190 GeV p L polarised proton target naaeors ) I8
2012  Primakoff & DVCS /SIDIS test
2013 CERN accelerators shut down

2014 Test beam Drell-Yan process with it beam and T polarised proton target

2015 Drell-Yan process with m beam and T polarised proton target

2016 DVCS / SIDIS with n beam and unpolarised proton target
2017 DVCS / SIDIS with n beam and unpolarised proton target

2018 Drell-Yan process with m beam and T polarised proton target

2021 nucleon structure with 160 GeVu T polarized deuteron target
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Hadron structure and hadron excitation spectrum INEN (iE/RW

2008-2009 data taking, 190 GeV/c hadron beam on a hydrogen target.

COMPASS has performed the most comprehensive analysis of isovector resonances decaying into nm, n'r, or n— ni— nt+ final states.

T Isobar Model: X decay is a chain of successive two body decays
”JrJr : :
@ 46 x 10° =71~ " events = approx. 10x previous experiments J
m «10° | m,, — 1672 MeV/e? | <100 MeV/c?
T 04L lal(lszo) r;;T [ |P770) 350
E I a,1260), = r Yo(O80) 300
2 |
. 0 =
Precoil = 03r | | 250
2 ok £(1270)
o = r 200
SR 7,(1670) -
' - 150
1 “Light-meson
01k i " spectroscopy with
' R T e COMPASS”, Progress in
| Particle and Nuclear
e O Physics 11 (July 2020)
m,, [GeV/e?] m2 . [(GeV/e2y] 103755
 Partial Wave analysis (PWA) in mass bins up to 88 waves Collaboration with Joint
* Fit of spin density matrix for major waves with Breit-Wigner Physics Analysis Center (JPAC)
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Diffractive dissociation PWA of the reaction m~ + p 2 n* + p

Resonance-like signal, a1(1420), found in the fo(980) it P 1++ partial wave, PRL 115, 082001 (2015) not fitting
into the ggq scheme of ordinary mesons Interpretations: tetraquark, molecule-like, etc.

)
[}
X
S
o

COMPASS 2008

| 0.1 <t/ < 1.0(GeV/c)?

100%

(a)

all PWs
JPC = 2%+ pr D-wave
JPC =11+ pr S-wave

JFPC = 1%+ fom P-wave

I’
T as o g
S

ﬂ'_) w
P
e L
m
P
fU T (I-lf fO
}—C( K|+,
M ps g% =a
P r

Kinematic effect (triangle singularity) in the decay of a,(1260) into K*(892) K +c.c., and rescattering of the K
with the K from the K* decay into the observed f,(980)

(

b2

X

S
o™
T

- 104 ,\jk
|

11 1.5

1 x 106 |-33%

Number of events / (20 MeV /2

7. 7%
0.3%

D — 1
0.5 1.0 1.5 2.0 2.5
max (GeV/c?)
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Partial Wave analysis INFN (EERNW

The Triangle Singularity (TS) model is fitted to our partial-wave data.
Less parameters than the resonance hypothesis (BW). TS fit has slightly better quality = no need for an

additional resonance.

Intensity of the 17707 fomr P-wave Interference of 17707 (for P — p7 S)

COMPASS 2008 COMPASS 2008 I [

0.100<t'/(GeV/c)? <0.113 0.100<t'/(GeV/c)? <0.113 i I I
o 3000 () \ - BW model (b) H
L8 — 100 F
—= TS model
E background —
= : 20 ]
2 signal )
= 2000 } mass-ind. fit 2 ol
g o
e E
c = -100 | I
2 1000 | e
é |
= -~ === BW model

; _200 E — TS model
LA o I mass-ind. fit
0 ..d::—"]*.ll' —=== LTy ElI | | l |
1.2 1.4 1.6 1.8 2.0 1.2 1.4 1.6 1.8 2.0
man (GeV/c?) mar (GeV/c?)
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Kaon Spectroscopy

INFN ()

The PDG lists 25 kaon states, 12 of which need confirmation.

00 07 17 1T 27 27 3 3t A4 oAb 5 2.4% K" in the 190 GeV/c =
] _ . =
2.5 LTt negative hadron beam.
O TR o el SR GRS SENE R S Precoil
E ] B e  Established g _ _
= 1.0 - s I We have 720 000 exclusive K™ it rt* events
Quark Model H . . 2
05 -_ , (Eber\:l et al., PRD 7,9 (2009) 1140I29) In the range 1'0 < mKT[T(< 3'0 GeV/C
— and 0:1 <t’ < 1:0 (GeV/c)2
K K K° K K, Ki K K, K, K K
0 175 350 ~
W 1[}4 3 18 < mg.. < 2.0 Gev;cz_:l e ‘_I[]E' 2+1+I{t(892}ﬂ'ﬂ
i K1(1270) . - ! 1o\ /)2
1.0 1 . K*(R02 0.10 < t' < 1.00(GeV /e)
n ‘ 115(714?97},0 T | =92 K§5(1430) & 197 f 2.3 %
H::ﬂ 12{ i } }H : . K’§(1430) ; +
= o9 w }
QT T {_'j
= = S 1.0 t
= 054 SN =
T 1 _L 1 : :;: ] + J:P
*é ko g 0.5 t ’ K,*(1430)
= = i ‘E ] ++ .
| - 1 S (3
0.0 +4——w——mr———r———7— 01— : D.D#fﬁ—r-h‘ﬂ—”ﬁw
1.0 1.5 2.0 2.5 3.0 0 1 2 3 1.0 . 2.0 2.5 3.0

Mirr [GeV/c?]

mi,_ﬂ_ [(GeV/c?)?]
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Pion polarizabilities m -y - m -y INEN q
PRL 114 (2015) 062002 , i~

| 15 E-pion beam | N
E _ C10-4Fm3
1L10E Ap = (2.0 £ 0.6405 + 0.75y) - 107 *fm
1.05E-
SN SRR TS 5 A assuming @, = —fy
0.95 . .
- world data including COMPASS
0.90 .
- world avg.: 7.5£ 1.6
0.85 E sof \ g
;_TTII.IU['I beam 'E E PACHRA \. Babu: —— Sflp\lklltl'l' 2.70
1.15E | ~ 40| Lebedev ¢ __*PLUTO, DM1 = PACHRA 091
1.10F Al e o2 Markm —— MAMI 143
- L | P COMPASS 3.09
1.05E - . .. Y
R :l { } L { 'I' = gma lﬁ' 8.14
L - khov
v 1Ee ety J'j'r = - 20 ZoomrZ i TP (CL=0.04)
0955 t ! F / Y1 Z)
E 1ol | Balokin l COMPASS
0.90 & b ol e AN TR o i e RN
- GIS "06 E===———] ____i
{}-35:_ ﬂ_lllllltll |II_III|IIII|IIll"lllllllI I|I'Il |II-1!III|II llllJl I
A I EEEREPEIN B I B 1980 1985 1990 | 1995 2000 2005 2010 2015 L] 5 10 15 20 23 i0 is
0.4 0.5 0.6 0.7 0.8 0.9 Donoghue year of publication GIS (2006) 0 -B / 10 fin’

Mark IT

the COMPASS result is in significant tension with the earlier measurements

the expectation from ChPT is confirmed within the uncertainties
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Structure of the nucleon

Wigner distributions I\
I I ?"‘* ransverse momentum €. pl

e s l ; ; . ‘
gz, fer; Or) TMD frAN_ Semi-Inclusive DIS %
5-D correlations R B «,/";;‘\J h

L1 b M o

T

josition » /
: . '_f
Longitudinal momentum /f-. GPD
(o partons
kt = zpt L
* »
]

e Drell-Yan process

from A. Bacchetta, 2014 P

Transversity Momentum Distributions: TMD (x.k;):
probe the transverse parton momentum dependence

Deeply Virtual
, . i . . . GPD
Generalized Parton Distributions : GPD (X.b;): Compton - 5772 S
e . Y TALC = - - o /"‘—_—_-\‘
probe the transverse parton distance dependence Scattering :

COMPASS explores the multi dimensional structure of the nucleon both in
momentum and in configuration space, via SIDIS, D-Y and DVCS/DVMP

<R
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Structure of the nucleon: collinear description INEN

collinear description leading twist

N i nucleon polarisation
"o | number density

- very well known U L T

q
vl fyq

cu)— 1-0’ helicity distribution

quark polarisation
[

) - well known gl
Aq
-
-~ ~ h4
8 ) - L9 | transversity distribution
Arq » correlation between the transverse polarisation of the

nucleon and the transverse polarisation of the quark
a chirally-odd distribution, not observable in DIS
related to tensor charge

first experimental evidence in 2005

L]

L]

L]
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Structure of the nucleon including transverse momentum dependence INEN (ﬁERNig

taking into account the quark intrinsic transverse momentum %, at leading order
8 TMD PDFs are needed for a full description of the nucleon structure

correlations between parton transverse

momentum, parton spin and nucleon spin .
nucleon polarisation

e N
U L T

c
o 1
3 Ul fq fir
: g g
o]

SIDIS gives access to all of them :— 1 1T
S 1 1 1
= T hl hlL h1 th

hy

f1ir Sivers PDF

correlation between the transverse polarization
of the nucleon and the transverse momentum
of the partons
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Semi-Inclusive Deep Inelastic Scattering cross section INEN (c;émw
do

dx dy div dz doy, dP}? il

2 2 2
a id il A cos @
Q2 2(1 — o) (1 + %) {FUU,T +elyrr +V2e(14¢) cos oy b 7"

+ ECOS(QCbh) FISTCE?QQ% - )\e V 25(1 - E) Sin C,bh Féiggbh

+ S | V2e(T+2) sin gy, ™ 4 esin(2on) FiE 7 |+ S)A [m Frp 4+ V/2e(1 —2) cos by B0
F1S L] |sinton — os) (B0 + e B )

+ 2 sin(dp + bg) FEROTOS) Lo gin(3y, — ) EEmEOnT98)

+v2e(1 + ) sings Fjp® + /2e(1 +¢) sin(20, — és) F;};@”h@s)]

V1 —¢?cos(op — ¢s) FE?(@hiés) +1/2e(1 — ) cos g Fyoi oS

3

+ |SL|)\6

+v/2e(1 — &) cos(2¢0p — os) cm;(mrc.bs)
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Semi-Inclusive Deep Inelastic Scattering cross section

do o
da dy dip dz dey, dPZ | -

INFN ()

14 independent azimuthal modulations

2

f‘ 1C0s 20

leading twist amplitudes
-> convolutions of the
transversity and

+e o Ae V2e( =€) sin gy Frp TMD PDFs and FFs &
i), &
<
// @ , \\ S
+ |SJ_‘ sin(¢p — (fss)_(f;l}] j_f)h 7s) +e }‘El}l(gh i SIDIS | ‘00
hi 1 Lo
H @
+ o sin(en + s e ) + (sin(3gn — os) i) | allows to disentangle the effects f
related to the different TMD g
PDFs and to access all of them &
+v/2e(1 + bm”“’ +/2(1 +¢) @m 2y, — (f’bj}'b bs
* by identifying the final state SO
F1SL A | V= <(con(dn — pe)Fen®=99) 4 \/Te(T = 2 cond hadrons and using different R
targets allows for flavour <
| separation
\ + /28 E‘()H 2@}1 - (,) )‘PLUH(Q();, bs) }!
T - very powerful tool
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Unpolarized SIDIS INEN @

~ - Measure hadron multiplicities in SIDIS: p*d — p*h*X h=mn, K, p
. &
- The cross-section dependence from Py results from: o ’ 0
- intrinsic k, of the quarks '

mand K
PDFs FFs multiplicities
constitute an input

- p, generated in the quark fragmentation

T o proon Y, dz to glObaI NLO QCD
q i P PDF
. . . . .k .

- The azimuthal modulations in the unpolarised cross sectlons\(Jomes from: 2= E,/(E,-E,)) PDFs depend on x, while FFs depend on z analyses to extract
« Intrinsic k| of the quarks > With kaons, access typically : S(X, Q2).DX(z,Q2) quark FFs
» The Boer-Mulders PDF ‘

From multiplicities to quark Fragmentation Functions
= n mgm = N - . . R T T
COMPASS TT and K mu Itl p I |C|t|es vsS Z In (x’y) bl ns Pions | Results from COMPASS LO fits assuming 2 independent FFs: Dfav unf
g'[+ + ) gl :Tf E s —cqomjr(ﬁ;sv Lbcln’
: \ ‘l'lll<\’:\|_l|-'lln I: 00l<x <002 0l <x<00F Ont<x <004 D < x <06 K iI(K\IAu:I(:El\IXI: 00l<xs <02 MR< <03 A<y <l s <6 0.(57— unf \—‘ Hk’gﬂ'ﬁu!ﬁN\{_’t§1
“g_.j ! a=s0 | % H Y $ o b pasiisf, r LSS'T3 NLO
S e = T T e [ ;
¢ .3 ol : ! o= —
s . * . 02 04 06 08 E 02 0.4 06 0% z
t i, : 1S b PLB 764 (2017) 001
1 : ‘ 4y , » As expected, Dfav > Dunf (2017)
o — o i I G LY . COMPASS LO fit results ~agree with DSEHS and LSS NLO.

n—' N a h - - - - - B - N - I 04 06 05 02 04 06 0% 02 04 06 08 0.2 04 06 :I.Ii ]

s FomEET S | O I T ST e | T M(K-)/ M(K*) at high z — Results vs z

g,ﬁ asor . P ;Ly.ang ) sus0is | ] ) b, Isoscalar target
T --._ . e«-_ % P % ) |J-1§ T cazo |1 .

W : 3 . : 2 3 . Ratio measured vs z in two x bins Compare to theory, bin x=0.03
e e S e S e T AR I IR e LT S S g af X0 L0 @ovicf
, et 055 = cwmomma ames Gover 14 B Ty
% b t = 2 e——— (0 FrrecSReemmec—sas mmmmmme e
3 ' o4 . " 04 . A 0.8 085 091‘:'.’95 .
1 % o 3 ] oat . o iopss, .
[ - - n Lo . __:_____-_A_\_:_'_'_. curves (‘uum‘ss 05 canin - A | " 0.2F - . * T DS DR N .
“Il “I-‘ ”:5 “:F\ ”:1 ":4 'llf' ":N [¥] “54 'Jlf' ﬂ:i! 'll2 1If-| ne iI:H e ||J_ (|I4 [T ||z_ ||.-1 IJI!| :ils nl:- n4 uln (IIM IJI?. n4 (Ilb !IIN O.1f . : — NLODEHSS.B,=0
* Isoscalar target (GL!D) _ . . . of = — — g s b e y
* More than 1200 points in total, various Q2 staggered vertically for clarity PLE 764 (2017) 001 U £ T ) S Zeor Feorr
+ Strong z dependence 764 (2017)
. N ! . _ PLB 767 (2017) 133 ) ) )
M(n*) ~ M(w) and M(K*) > M(K") M(K-) / M(K*) ratio well below expectations at high z
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Unpolarized SIDIS, azimuthal modulations INFN ((iEiRNW

- The cross-section dependence from Ph;,: results from:
= intrinsic k| of the quarks
- p, generated in the quark fragmentation
y* / < proton
. : . . i - \J“i g
«The e.mrnuthal modulations in the unpolarised cross sections comes from: o C COMPASS : e
« Intrinsic k| of the quarks 2 041 preliminary i ot
« The Boer-Mulders PDF & C [
[ Q -
0}},,&,; g i,li,,,lsj;l?,g,i ,,,,, é,,,,,,giﬁ%‘ g‘,?,,;, &
: : L s R I T T Chebe
When looking at the content of the structure functions/modulationsin terms of P "% e e e 5 40 e 7; ¢ .
TMD PDFs for the cos ¢}, and cos 2¢;, we can write: s 01: L e, it * L
—u. - A r B A A
~ — — ~ — r A
2M h'kJ_ pJ_kJ_PhT_Z(h‘kJ_) L %
peosen _ _ 27 |17 — hiHi | + twists > 3 0.2 r C
vu e |m T . e '
& E ¢
s 5 005 ‘ iy T T P
(i E)(R5) -5, K oot tiianl el et
hok)(h-p)—P. -k, S S e i S
Fos20n — ¢ = hiH{ |+ twists > 3 g
v MMy, e ~0.05- :
. ‘.1.‘0\72 o .‘1“(\)71 IO.Z‘ | ‘0.4‘ | IO.6‘ | ‘0.8 | 02 | 04 | 06 | 08 |
In the cos 2¢);, Cahn effects enters only at twists ¥ - P,+ (GeV/c)

FEo8 2Ph %c [{z(ﬁ k) - k%] lel]

Strong kinematic dependences
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Polarized SIDIS, Transversity

CERN
\
~, ~

©

INFN

q = Uy, dy, Gsea

quark with spin parallel to the
nucleon spin in a transversely
polarised nucleon

hi(x) =q""(x) — q"(x)

é®-é

observable effects are given only by the
product of h‘l’ (x) and an other chiral-odd function
can be measured in SIDIS on a transversely polarised target

via “quark polarimetry”

€NT S I"h X “Collins” asymmetry
* probes the relativistic nature of quark dynamics “Collins” Fragmentation Function
* no contribution from the gluons - simple Q2 evolution /N = " hh X “two-hadron” asymmetry
« Positivity: Soffer bound................. 2|nI| < £+ gl sopen PRE 74 1995) . :_Interference” Fragmentation
~ 2 . unction _ _
« first moments: tensor charge.......... 8q(Q?) = [ dx[hI(x) — kY ()] (N > 0"AX A polarisation ~ Measured for the first time
» is chiral-odd: decouples from inclusive DIS Baldker; Leader: Trueman, PRD 70 (04) Fragmentation Function of q7—>A
Collins asymmetry . I COMPASS preliminary - 1L COMPASS preliminary
all proton data < Mo . i?i[l’f&m'@"”‘”“”““ 1< 08 A - all candidates % 0sf- A - all candidates
=01 5 o o Collin 4 o o
= | -~ t I ? 3 3
0.05— Ealm A
s ¢ t + 0 ¢ 020 ; 02 {
of-- -g—gé-ib— ------------ b2 g0 © oF I % : ok l J{" | ] I
% 5 IR AR “0af | i . st ! | \f
i ? KX b o
= ' 005 ¢ ' s
~Soaf oK ; e ' #ﬂdi-hadron asymmetry 1:: ;}“Z:
{ ol PLB 736 (2014) 124 7]5 | | i
O—"%-%)’%'é'%'*"'- --JI;-'-- -0.10 L1 “Hl‘(l),z 1 1 II\H]\(lT‘ | [ \I\H: X 10 10 x
—o- % %} study of the inierplay between dN *
e - Collins and di-hadron asymmetries d cosH* X A(l + aPA(!_\) cos 6 )

x — not independent
PLB 753 (2016) 406

Decay
ppppp

PLB 744 (2015) 250
PLEB 717 (2012) 376
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Run 2021: SIDIS on transv. pol. deuterons INEN (geimﬁ

One year of run with 160 GeV muons to measure SIDIS off transversely polarised d the missing measurement to
complete the COMPASS exploratory programme collecting the same statistics as in 2010,

, , _y . ~ 2010
The deuteron asymmetries will have a statistical uncertainty 04 = 0.6 Op

Present P all, D 2002-2004 Projected P all, D 2021 only
BT famemodd il | $ 44444t 4 ¢ < projected xhy
ol . L gain 1.2 to 2.0 for u 3
. g s [ ; 1.8 to 4.0 for d o)
00 ¢ g... [-een-- % rrrrr % ffffffffffffffffffffffff 0‘;‘
; % % «—— present of
-02r PRD 91(2015) 014034 ot
e valence o % from COMPASS p, d o
04f o~ - e E and e+e- data 703; % CL
0 ¥ 90%CL S .
xhy - x e e !
04 - x
+++++§+++ ++{+{+* +—— projected
| J } %’ «—— present o, = J dxhy*(x) g = ‘ dxh§ (x) gr =6, — 04
—legé"}l%f%%s— ------------- H ------------------ 0y Ja,
N + i present 0.201+0.032 —0.189+0.108 0.390 +£ 0.087
g sea o projected 0.201 + 0.019 —0.189 + 0.040 0.390 + 0.044
04 "1 s |
- x Q,:0.008+0.210
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Drell Yan at COMPASS INFN e

N
Drell-Y Semi-Inclusive Deep- 1
LEi-ian . i Inelastic Scattering < Sl sasicvic — g&|  COMPASS 2015 data 2
The Sivers TMD i1s expected to heam hadvon 5 1005 4 Drell-Yan NH; g
. ‘ - &) R R T g e e o
l have the same magnitude, but lepton RS i S <
target R S b
Seotan opposite sign in SIDIS vs. DY. i 3
- o~
l'g':l"r" The same applies to the Boer- (oY /o <
, Mulders function. target 10
beam m anti-u proton gk S~ Do N
x . —<My<i>
Sivers (proton) ® Crucial test of TMD framework.
olarized distributi e —
unp :.L" l_". d distribution I— Sixexs (proton) & unpolarized
unctlon (pon) fragmentation function 1 B =5 i
10 10~ 10™ 1
I x
N
— PRL ypg, 112002 5,
NO —— COMPASS 2015 NH, data 7 PH
~ YSicag
O 1o S Comb. background R(IZ(‘)]'!\;[I;ASS Drell-Yan 4.3 < M, /(GeV/ 85
oV = 7N Iy (MC) Firsy COMP: rell-Yan 4.3 < M, /(GeV/c?) < 8.
(D _______ W' (MC) - o COMPASS 2015 data \_‘:‘ﬂ"m ® 2015+2018 (~50%) preliminary
i [— .
g —m— Open-charm (MC) o _[rjif;]lf;j'lp :“("s) e
= - === Drell-Yan (MC) 0.1 e TMD-2 | e
~ Total MC + Comb. background L B sin(2é — &) o
~ = A o B -:J A T
E SN - ] | "—I_l__,...---'—"""""‘_""' —————— I
z - T AL e O R S sin(2¢__+ )
= ¢ < 0Of o ALt s e
= 102 = . ':\ B . 0
8 E K i % B l> o inGe ®Q
- AT . sin(p -+ o
c g - ) sign A e
0L (Muu> =5.3 GeV/c2 | —0.1f Jrjwmh
; “"* \4" | [ Asin(qlcg— ¢S) C—a
r ‘-;!s‘ \"-\ i T PRI R S B B
L | L A | | L | L | | 1 | _0 2 _0 1 0 0_ 1 0 <2
4 6 8 10 0.5 0 0.5 A
o
2 F
M, (GeV/c)

“DGLAP” M. Anselmino, M. Boglione, U. D’ Alesio, F Murgia, and A Prokudin. I High Energy Phys. 04 (2017) 046.
“TMD 17" M. G. Echevarria, A. Idilbi. Z.-B. Kang, and I. Vitev, Phys. Rev. D 89, 074013 (2014).
“TMD 27 P. Sun and F. Yuan, Phys. Rev. D 88, 114012 (2013).
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Exclusive m° production on unpolarised proton (DVMP) INFN (EE;R j/

COMPASS 2012 data .
pp2unlp
Y or meson _
(n°, p, ®, ¢, m°...) d2o 1 (d{FT n {fJL) n
— = €—
| COMPASS DVCS cross dtdp, 2w [\ di di
st _J—GPDs™ sections published: PLB 7 g
i 793 (2019) 188; o520l 2L 4 /2e(1 + €) cos | kT
Lo~ — A dt (1+€)cosoni—o5
PLB 805 (2020) 135454, hep-ex/1903.12030
ri:: g e Data
S T Giots SR — cDam | P
[0 = ~ T o O A~ GK2011
o °f £ a £ S o5 / I T— v GK2016
< 4 / '\ / \ (GDJ C A
- C : __ ~ L
o 2F | = 15 [- N
B Co . N .
s 2 S T SN
SEob : &l 10E a | 10}
“‘6'-0 0 El | | | | | Ll ,t:,‘r . C Ve - i
“© -3 -2 -1 0 1 2 3 al=s5E E v
~ ¢ (rad) T_E: - [
0 PSR SR T AN TN TN TN T TN SN ST SN Y SN SN TN SN NN TN TR TN T NN T SO S S N
© 0 01 02 03 04 05 0.6 [0.08,0.64]

O depends on H, E: leading twist contribution - should be dominant. - It] (GeV/c)?

surprisingly O+, O O, involving also H; and E; are found to be large
P EY DTy D112 Pt g T T g Goloskokov-Kroll
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COMPASS++/AMBER: a New QCD Facility at CERN SPS

COMPASS++/AMBER: a New QCD Facility at CERN SPS

INFN )

Physics Beam Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity | Rate Type Target | start time, additions
[GeV] | [s7'] | [kHz] duration
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH muon-proton - Preciion ,-, . [ ek aclhe TPC,
elastic proton-radius 100 4-10 100 I pressure 2022 SciFi trigger,
scattering measurement H2 1 year silicon veto,
Hard recoil silicon,
@\ exclusive GPDE 160 | 2-107 10 ut NH] 2022 modified polarised
) reactions 2 years target magnet
P Input for Dark | 7 production | 20-280 | 5- 10° 25 P LH2, 2022 liquid helium
CERN-SPSC-2010-003 Matter Search | cross section LHe 1 month tarpet
. SPSC-1-250 target spectrometer:
http://arxiv.org/abs/1808.00848 January 25, 2019 prinduced | Heavyquark | 12,20 | 5-107 | 25 | p | LH2 jo tracking,
. Spectrosco, exotics ears calorime
Apparatus for Meson and Baryon Experimental Research Dreivar T Pion PO 190 | 710 | 3 | — | ow 2022 =
> 270 authors 1-2 years
Drell-Yan Kaon PDFs & | ~100 108 2550 | E.p N'H;. 2026 "active absorber”,
) (RF) Nucleon TMDs Cw 2-3 years vertex detector
ey Kaon polarisa- non-exclusive
ﬁ Primakoff bility & pion | ~100 | 5-10° =10 K~ Ni 2026
[ (RF) life time 1 year
S Letter of Intent: Prompt non-exclusive
Photons Meson gluon | >100 | 5-10° [ 10-100| K* LH2, 2026 hodoscope
Q A New QCD facility at the M2 beam line of the CERN SPS” (RE) PDEs ul Ni 1-2 years
) K-induced High-precision
e COMPASS++/AMBER' Spectroscopy | strange-meson | 50-100 | 5-10° | 25 K- LH2 2026 recoil TOF,
"_lJ (RF) spectrum 1 year forward PID
(¥ Spin Density
O Vector mesons Matrix 50-100 | 5-10° | 10-100 [ K~ 7" | fromH | 2026
=, B. Adams'*'”, C.A. Aidala', R. Akhunzyanov'*, G.D. Alexeev'?, M.G. Alexeev”', A. Amoroso’ ", (RF) Elements to Pb 1 year

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.
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http://arxiv.org/abs/1808.00848

Emergency of Hadronic Mass, mass budget in the proton

Kaon

How does the all visible matter in the universe come about

and what defines its mass scale? ® Mr ~ 140MeV ° My~ 490Mev o My ~ 040MeV
@ Spin 0 e Spin 0 e Spin 1/2
. . o 2 light valence o 1 light and 1 “heavy” o 3 light valence
The Higgs-boson does NOT help to answer this question. quagrks Vafnce quarks v quagrks
v’ The Higgs-boson mechanism produces only a
small fraction of all visible mass Higgs generated masses of the valence quarks:
v’ The Higgs-generated mass scales explain neither Miueg) ™ 7 MeV Myss) ~ 100 MeV Mgaueq) ~ 10 MeV

the “huge” proton mass nor the ‘nearly-

masslessness’ of the pion

Quark mass quark energy

One of the possible proton mass decomposition (calculation on lattice)
Yi-Bo Yong et al., Phys.Rev.Lett. 121 (2018) no.21, 212001

Relativistic motion | Quantum fluctuation
I

[ || |
M = Eq +Eg +x7"rq _+_Ty
R‘\

Val
‘ Quark Energy ([leuan Energy | Quark Mass Trace Anomaly QCD
trace anomaly .Glue energy
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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.

106° Congresso Nazionale della SIF, 14-18 SETTEMBRE 2020 - Stefano Levorato

Physics Beam Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity | Rate Type Target | start time, additions
[GeV] | [s7'] | [kHz] duration PHASE-1
muon-proton Precision high- active TPC,
elastic proton-radius 100 4-10° 100 [.Li pressure 2022 SciFi trigper,
scattering measurement H2 1 year silicon veto,
Hard recodl silicon, 1
exclusive GPDE 160 | 2-107 10 p* NHI 2022 modified polarised Conventional hadron and
reactions 2 years target magnet muon be ams
Input for Dark | P production | 20-280 [ 5- 10° 25 p LH2, 2022 liquid helium
Matter Search | cross section LHe 1 month target
target spectrometer:
Peinduced | Heavyquark | 12,20 | 5-107 | 25 7 | Lm2 2022 tracking, 2022 = 2025 and beyond
spectroscopy exotics 2 Years calori metry
Drell-Yan Pion PDFs 190 7-10 25 T oW 2022
1-2 years
Drell-Yan Kaon PDFs & | ~100 10® 2550 | E-,7 NH;, 2026 "active absorber”,
(RF) MNucleon TMDs CwW 2-3 years vertex detector
Kaon polarisa- non-exclusive _
Primakoff bility & pion | ~100 | 5-10° =10 K~ Ni 2026 PHASE 2
(RF) life time 1 year
Prompt non-exclusive
Photons Meson gluon | =100 | 5-10° | 10-100 | K* LH2, 2026 hodoscope Conventional and RF-
(RF) PDFs T Ni 1-2 years
K-induced | High-precision separ ate d
Spectroscopy | strange-meson | 50-100| 5- 10° 25 K~ LH2 2026 recoil TOF,
(RF) spectrum Lyear | forward PID Hadron/Hadron
Spin Density
Vectormesons | Matrix | 50-100| 5-10° | 10-100 | £, 7% | fromH | 2026 and muon beam
(RF) Elements to Pb 1 year

2026 and beyond

INFN )




Pion structure in pion induce DY

Expected accuracy as compared to NA3

5 02
2 O 190Gev b ko expaimen
%u r | | Proposed expariment
:‘3‘0'15:_ L L ]TL%
01 :— {i Ji : 3 {l ]
- ! { HEL
005 - b % P [{ ]
0: B L1 L1 [ Il.
0 02 04 06 08 1
En
2.5 7 NA3 exiraction (DY = and %" dafa)

——— SMRS 10% sea contribution
SMRS 15% sea contribution
- SMRS 20% sea contribution
——s—— Projection for 280 days on C-target

—
o
IIII|IIII|IIII|IIII

M(IIIJ'(GQWGBB.E

01 02 03 04 05 08 07 08 09 %!
25
o F
2_
b C
A -
15
1 3.8<M(GeVic)<8.5
01 02 03 04 05 06 07 08 09 <

INFN )
Kaon structure in Kaon induce DY
Needs RF separated beam

T " PDF X

AIW“’\I\}::‘:WV\<£_

£ |

P —*_.'W;:: X

RF1 RF2
anses =
@ 90's: NA?}, NA]_D, E615 Momentum L

selection Choose e.g. AD,,

e 10's: COMPASS-II

A® = 2r (L f/¢) (Byt- ByY) with Byt - B, T = (my2-m,2)/2p2
o 20's: COMPASS++ - B with By - Bt = (m2em,

= 1.4
— + [
@ Yy =0" ©—0o" € only valence-valence % 1.2
_ F T
+ C
® Is=40" © — o™ ©: no valence-valence o I
@ Collect at least a factor 10 more statistics u
than presently available 08
@ Minimize nuclear effects on target side 06
TR =g This: p*p’ channel
e Projection for 2 x 140 days of | et Tis: & channel
: 0.4
Drell-Yan data taking E | =—na3
o 7T to m— 10:1 time sharing P R R R R R R N
% 02 04 06 08 1
o 190 GeV beams on Carbon target X

(1.9A7,)
o Improvement of shielding to double
the intensity is under investigation

To extract pion and kaon pdf,
in particular gluon pdf ——
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Antiproton production cross section INFN (iE’RW

e e [ @] From the AMS data the antiparticle flux is well known, two type of
| processes contribute

* SMinteraction, protons on the interstellar medium with the production of antiproton

e Antiparticle annihilation '

In order to detect a possible excess in the antiparticles flux a good knowledge of the inclusive cross section of p-He interactions

The goal is to measure the inclusive antiproton cross
section production in a wide kinematical range with a
precision < 10%. C++/AMBER luminosity is a 1000 times
The NA49 one

[Entries 21739
Mean 15.31

Proton beam energy range 50-250 GeV RNS S

Secondary particles identification:
Antiprotons (RICH)
Positrons and Gamma (ECals)

ke W :
. .
F | 3
i 1 b

Che renkov angle (mrad)

.lﬂ ;’G .30 40 .50. “ﬁﬂ
Momentom (GeVie)

.....

New low momenta is envisaged tor the

LB 1 ahic A I
7-11- T Momentum spectrum of anti-p produced in p+ p measurement

interactions at 190 GeV/c

P s S NS W
60 70 80 20 100
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The Proton-Radius Puzzle INFN e

Data from spectroscopy and e-p scattering
Several experiments with different approaches measured
the proton radius with contradicting results.

Cross section, form factor, and the proton charge-radius

+ Hydrogen spectroscapy: ep scattering MAMI — Measurement of electric form factor allows to calculate proton charge-radius.
. . up spectroscopy CREMA A . ) H
- ?.;ﬁ;':t g:eoc:i(:iz;:rz;zgr;ij: spectroscopy Allep scatering data, no MAM | « Electric form-factor Ge defines the proton charge-radius at momentum transfer Q2= 0:
— favoured value of (0.8410.001) fm CODATA + — ) 5 dGE(QZ)
up spectroscopy CREMA < rp >=—-06h—-
. CODATA A —— sz 2,
* Electron-hydrogen scattering: 0*=0
— measurement using momentum transfer ep spectroscopy 1~ » Access to form factors Ge2 and Gw? in Rosenbluth separation of cross section:
— recent data: MAMI A1 (2010) or JLab (2011) €p spectroscopy ] ° dot?="  dxa’
— favoured value of (0.879:0.008) fm CODATA 7 ———¥——— = R (eGi+1Gy))
—» new in 2019: PRad value of (0.831+0.014) fm ep scattering MAMI 1 . dg? 0*
ep Spectroscopy —— 5
ep scattering JLab { ——a——— p—-T s—2m21+1) Ez—z'(s—mz) 2
« Two significantly different values obtained pseattering 4 R= Pu ( o ) o= # K = 0
— the proton-radius puzzle up scatering AMBER]_ : . : : 721+ 1) 52 ( —2m2(1 + )) (4mg)
082 084 08 088 090 u Py —T\S—omp T
1p (fm)
1015 T T T I T Ll U L
PRad data +——=—f . Mainz fit === i Alarcon 19, rp = (0.5841 fm  —-—--
Ma}ianﬁagaga —_— Mainz fit, forced th?ri'r::?t‘loh fnn; ----- This proposal, projected stat. errors ———
Lo | 7 » Suppress magnetic form factor Gu2
oo | rp=0.831 fm | — Requires 7 — 0
E — Measurement at low-Q? values of G(<10-2)

+ Measurement at high-energy ¢(10 - 100 GeV)

— Resultsing — 1
— Cross-section directly proportional to Ge?

= 0.995

0.99

Jeneusag ol

Ge/Ggd. dipole

0.985

0.98

COMPASS++/AMBER

oors (T TTIT [ [ [ fo= 0879
rp=0.841 fm

0.97 1 1 1 1 1 1 1 1
0 .01 0.02 0.03 0.04 0.05 (.06 0.07 0.08

@ [(Gev /)]
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The Proton-Radius Puzzle: new hardware requirements INEN &

\
N
Measurement of low-Q2 elastic-scattering
Detection of low-energetic recoil-protons and -
scattered muons with small scattering-angle. “E ;
» Silicon trackers along !arge leaver-arm to 0.995 — uncertalnty bands: 4G, only
measure small scattering-angles 2 = i, AG,, added linearly
. 089 — iy W
» Fiber tracker timing and trigger (fallback) E -
E 0985 —
» TPC as an active target with the ability to g =
measure the low-energetic recoil-proton K 08T
) ) g 0975 — .
+ New continuously-running DAQ g = Pilot run recommended
9m —
30m 25m 30m 087 - by SPSC
0.965 —
- 1 1 1 1 Lo | 1 1 I
Incident muon I I Scattered muon | 1 1. 0'9:33" 102 10"
Recoil proton Q? [Ge\"zr'l:z]
e COMPASS spectrometer - Momentum measurement of scattered
: g ; 2 71 muon - Radiative background using electromagnetic calorimeter -
= s B N c Muon identification with muon filter and hodoscope
I scintillating-fiber tracker I @ Silicon tracker [___] High-pressure hydrogen time-projection chamber [___] Helium beam pipe
From 2022
2001- 2021 Detectors
ingle-fiber tracker
rioger Front-End Front-End
Logic
d =300 mm Trgger e Data
v 20 Mev Data Logic ' —> Concentrator
Concentrator Custom
. Switch
Bl | t
e o R = ‘ erring
y ] Storage/CDR . COR

Silicon Pixel-Detector Based on

200um fiber redout
ALICE ALPIDE

20 bar H, TPC New TL DAQ
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COMPASS has provided in the last 20 years a broad spectrum of results, still some questions like the
emergency of the hadronic mass as well as the spin puzzle remain opened and of extreme interest.

In the tradition of the COMPASS spirit a wide spectrum of new measurements have been proposed
by the COMPASS++/AMBER collaboration with conventional and RF separated beams

In 2021, 22, 23 the COMPASS experiment will perform precise measurement on Transversity and the

new collaboration will shed light on the proton radius puzzle.
G .
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