COMPASS physics programme: &
highligts and recent results

Fulvio Tessarotto (INFN. —Trieste) .=
on behalf of the COMPASS Collaboration :

The COMPASS Experiment at SPS

Spectroscopy
Longitudinal polarisation measurements

Trnsversity and TMD-dependent effects

Drell-Yan measurements

DVCS and DVMP SLIDE MATERIAL FROM
COMPASS COLLEAGUES
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Hadron programme

Primakoff effect, = and K polarisabilities
Exotic (multiquark) states, glueballs
(Double) charmed barions

Precision studies of light meson spectrum

Drell-Yan process on a polarised target

|

Muon programme

Spin dependent structure functions g1
Gluon polarisation in the nucleon
Quark polarisation distributions
Transversity

Vector meson production

A polarisation

DVCS/GPD

~ 200 physicists, ~ 25 institutes from 13 countries

* CERN SPS north area

* Fixed target experiment

* Approved in 1997 (25 vears)

* Taking data since 2002 (20 vears)

International Workshop on Hadron Structure and Spectroscopy
IWHSS-2022 workshop (anniversary edition)
CERN Globe, August29-31, 2(22.

» =

https://indico.cern.ch/event/1121975/
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COMPASS experiemental setup L

di Fisica Nucleare

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888) ECAL? tw Contpass
Two-stage spectrometer LAS+SAS HCAL2 » E-[:E_FSEES
* Large Angle Spectrometer (SM1 magnet) o

* Small Angle Spectrometer (SM2 magnet) &

ECAL1 SM2

HCAL1 S

RICH o\
SM1 \>

Polarized < ™

Large-acceptance forward spectrometer

* Precise tracking (350 planes)
SciFi, Silicon, MicroMegas, GEM, MWPC,
DC, Straw, Muon walls

+ PID - CEDARs, RICH, calorimeters, MWs

Various targets:

* Polarized solid-state NH, or °LiD

* Liquid H,

* Solid-state nuclear targets (e.g. Ni, W, Pb)

*  Primary beam - 400 GeV p from SPS Comtar B. ot v Torpat KT Target
* impinging on Be production ‘ Crerpn K-
target (T6)
+ 190 GeV secondary hadron beams \
* h beam: 97% 7 ,2% K, 1%p 400 GeV Be \
« h*beam: 75%p, 24% 1%, 1% K+ || /P QK ‘\ PEAg R RbE e
* 160 GeV tertiary muon beams roma | HmK_ " i .
» 1~ longitudinally polarized 2 i L ——
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COMPASS experiemental setup L

di Fisica Nucleare

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888) ECAL?2 237 oy
Two-stage spectrometer LAS+SAS HCAL2 7 \f(.ﬁ“.w,..;;m;,,,,,,.
» Large Angle Spectrometer (SM1 magnet) -:*’i TGE) - =
»  Small Angle Spectrometer (SM2 magnet) & == —— B4

ECAL1L
HCAL1

smz\
RICH.  Sa 7
SML. S o b

Polarized <
Target

Veto

CAMERA
detector

* Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)

« 160 GeV ténimy muon beams
* 47 longitudinally polarized
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COMPASS experiemental setup L

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888) ECAL?2 I
Two-stage spectrometer LAS+SAS HCAL2 ! /

» Large Angle Spectrometer (SM1 magnet)

* Small Angle Spectrometer (SM2 magnet) &

ECAL1 SM2
HCAL1

RICH KA
SM1 \>

Polarized < ™

B Magnets
1 80 K Thermal Radiaticn Shislds

I Microwave C
=, .2 K, Thormal Radiaticn Shialds

L Target Cells
1
— st Hol Driution Rul‘n?umur
araior

B a3 Pracosler

*  Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)

« 160 GeV tértial}f muén beams
» " longitudinally polarized
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COMPASS experiemental setup L

COmmon Muon Proton Apparatus for Structure and Spectroscopy

CERN SPS North Area (building 888) ECAL?2
Two-stage spectrometer LAS+SAS HCALZ2
* Large Angle Spectrometer (SM1 magnet)

* Small Angle Spectrometer (SM2 magnet) &

EcaLl M2

HCAL1
RICH.  Sa
SM1 \ X
. = Hadron absorber
POI d rlZEd “‘/\t\\ Nuclear target (Al) adr a c
Ta rg et = Aluminum cone :
Muon-filter 5 sl
a0 H do\.msjream lzst
. alumina layer
vertex detector /-m : Stairzelzss Steel
- cm
aluminum -5
box cover i alumina

|III L
/
/
/
/
/
| N

*  Primary beam - 400 GeV p from SPS
* impinging on Be production
target (T6)
* 190 GeV secondary hadron beams
* h beam: 97% 7, 2% K, 1%p

-0 a o8 188 168
T leml
T Tungsten beam plug
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COMPASS data taking

— | 2002 —2004 | nucleon structure p—d, 160 GeV, L and T polarised target
o
B 2005 CERN accelerator shutdown, increase of acceptance
ad
% 2006 nucleon structure p—d, 160 GeV, L polarised target
— 2007 nucleon structure p—p, 160 GeV, L and T polarised target
U'-U,j 2008 — 2009 | hadron spectroscopy; Primakoff reaction
% 2010 nucleon structure p—p, 160 GeV, T polarised target
o 2011 nucleon structure p—p, 200 GeV, L polarised target

2012 Primakoff reaction; DVCS/SIDIS test
’Q‘ 2013 CERN accelerator shutdown, LS1
o
o 2014 Drell-Yan wm—p reaction with T polarised target (test)
N 2015 Drell-Yan m—p reaction with T polarised target
_@ 2016 — 2017 | DVCS/SIDIS p—p, 160 GeV, unpolarised target
= 2018 Drell-Yan 7m—p reaction with T polarised target
L
% 2019 — 2020 | CERN accelerator shutdown, LS2
o

2021 — 2022 | nucleon structure u—d, 160 GeV, T polarised target
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Nucleon structure

» Hard scattering of p* and n~ off
(un)polarized P/D targets

* Study of nucleon spin structure

« Parton distribution functions
and fragmentation functions

Hadron spectroscopy
» Diffractive 7(K) dissociation -
reaction with proton target
PWA technique employed
High-precision measurement of
light-meson excitation spectrum
Search for exotic states

target

Increasing resolution scale

(momentum transfer)

recoil

Chiral dynamics

* Test chiral perturbation theory
in 7(K) y reactions

* 1 and K* polarizabilities

* Chiral anomaly F;,
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PRL 114 (2015) 062002 Measurement of the Charged-Pion Polarizability
(COMPASS Collaboration)

L - A
;E 5ol (Received 2 June 2014; revised manuscript received 24 December 2014; published 10 February 2015)
T 50—
i: C The COMPASS collaboration at CERN has investigated pion Compton scattering, 7y — &y, at center-
¥ [ pacHRA ' of-mass energy below 3.5 pion masses. The process is embedded in the reaction 7~ Ni — &~ yNi, which is
40— Lebedev /PL]?I?I’}‘]SCBMI initiated by 190 GeV pions impinging on a nickel target. The exchange of quasireal photons is selected by
[ Ypywn DM?2, Mark T isolating the sharp Coulomb peak cobserved at smallest momentum transfers, 07 < 0.0015 (GeV/c)”.
B Lk From a sample of 63 000 events, the pion electric polarizability is determined to be a, = (2.0 £ 0.6, +
30— 0.75}.5,} x 107* fm* under the assumption e, = —f#,. which relates the electric and magnetic dipole
~ Sigma polarizahilities. It is the most precise measurement of this fundamental low-energy parameter of strong
" Serpukhov Donoghue interaction that has been addressed since long by various methods with conflicting outcomes. While this
Mark 11 Fil'kov o . . . . I . . -
20— nZ-myZ Ty =TT result 1s in tension with previous dedicated measurements, it is found in agreement with the expectation
- Y;‘/[_Ql,\ﬁ, from chiral perturbation theory. An additional measurement replacing pions by muons, for which the cross-
C Kaloshi | section behavior is unambiguously known, was performed for an independent estimate of the systematic
j0— aloshn COMPASS artal
7 Ty nZ—s TyZ uncertainty.
GIS'06 [ I 4 3
n a; = (2.0 £0.64, = 0.74) x 107" fmr-
0 1 ‘ 1 1 1 1 ‘ 1 1 L L ‘ L L L L ‘ 1 1 L L ‘ L L L L ‘ 1 1 L L ‘ L L L L ‘ 1 jr E’t‘lt hyht
1980 1985 1990 1995 2000 2005 2010 2015
year of publication
T. Na ge | , Ph D TU M , 20 12 (CO M PASS) . x10° COMPASS Primakoff 2012, preliminary N x10° COMPASS Primakoff 2009, preliminary
L C P 2 25—
= = L
[+}] r [} L
= 10+ = B
LI g r
e b g T
S 8- s L
g8 g .f
I 1.5
. l . 61— C
ongoing analysis: : s
i 1=
- - — — {] 4_ K— -
study of chiral anomaly ma™y — n~n" % S
L - K
oL 051
B Py N Py
W) T R | | P L 0||||I||| I ol
0 05 1 15 2 25 0 0.5 15 2 25
my, (GeV/c?) My, (GeVic?)
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Hadron spectroscopy

» Diffractive z(K) dissociation
reaction with proton target

* PWA technique employed

» High-precision measurement of
light-meson excitation spectrum

* Search for exofic states

Valparaiso, 12/01/2022 — 8" International Conference on high Energy Physics in the LHC Era
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speciroscopy

PHYSICAL REVIEW LETTERS 127, 082501 (2021)

Triangle Singularity as the Origin of the a(1420)
® (Received 3 July 2020; revised 4 May 2021; accepted 26 May 2021; published 18 August 2021)

The COMPASS Collaboration experiment recently discovered a new isovector resonancelike signal with
axial-vector quantum numbers, the a,(1420), decaying to f,(980)z. With a mass too close to and a width
smaller than the axial-vector ground state a,(1260), it was immediately interpreted as a new light exotic
meson, similar to the X, ¥, Z states in the hidden-charm sector. We show that a resonancelike signal fully
matching the experimental data is produced by the decay of the @, (1260) resonance into K*(— Kr)K and
subsequent rescattering through a triangle singularity into the coupled f(,(980)z channel. The amplitude for
this process is calculated using a new approach based on dispersion relations. The triangle-singularity
model is fitted to the partial-wave data of the COMPASS experiment. Despite having fewer parameters, this
fit shows a slightly better quality than the one using a resonance hypothesis and thus eliminates the need for
an additional resonance in order to describe the data. We thereby demonstrate for the first time in the light-
meson sector that a resonancelike structure in the experimental data can be described by rescattering
through a triangle singularity, providing evidence for a genuine three-body effect.

COMPASS, PRD 95 (2017) 032004
Surprising Signal with J?¢ = 177 (1.4 GeV/c)

Intensity of the 17707 fom P-wave

COMPASS 2008
0.100 <t/ (GeV/e)? <0.113

=1
w

1.2 1.4 1.6 1.8 2.0
max (GeV/e?)
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S p e Ct r‘o S C o py w :.g;‘iza":ﬁzﬁz:::

:‘T];E.am X ?1': PHYSICAL REVIEW D 105, 012005 (2022)
7T
T
P Exotic meson 7;(1600) with J°¢€=1-* and its decay into p(770)x
ptarget Precoil ® (Received 6 August 2021: accepted 8 September 2021; published 12 January 2022)

We study the spin-exotic J7¢ = 1=+ amplitude in single-diffractive dissociation of 190 GeV /¢ pions

H d into 777~z using a hydrogen target and confirm the z;(1600) — p(770)z amplitude, which interferes
aaron SFQCtrﬂsc“py with a nonresonant 1= amplitude. We demonstrate that conflicting conclusions from previous studies on

: : > 3 1 3 these amplitudes can be attributed to different analysis models and different treatment of the dependence of
* Diffractive z(K) dissociation P Y P

the amplitudes on the squared four-momentum transfer and we thus reconcile these experimental findings.

) 1 : ) eenmant rantrh i ane — =t G ot I ata "
leaCTIDﬂ Wlth pI‘GtUn target We study the nomcsonfml ‘LOI’llllbuUOﬂS to the 777~ 7" final state using p§cud0dala Dcnm‘dtcd on the basis
) of a Deck model. Subjecting pseudodata and real data to the same partial-wave analysis, we find good
[ ] PWA technlque elllplﬂyed agreement concerning the spectral shape and its dependence on the squared four-momentum transfer for the
. .. _ JPC = 1= amplitude and also for amplitudes with other J*¢ quantum numbers. We investigate for the first
o ngh'preClS].ﬂn measurement ﬂf time the amplitude of the 7=+ subsystem with JP€ = 1=~ in the 37 amplitude with JP€ = 1=F employing
. . . the novel freed-isobar analysis scheme. We reveal this z7z" amplitude to be dominated by the p(770) for
llght-nleSDH QXCIYHTI'DII SPQCTTIIIH both the ,(1600) and the nonresonant contribution. These findings largely confirm the underlying
: assumptions for the isobar model used in all previous partial-wave analyses addressing the JF¢€ = 1=+

» Search for exotic states amplitude. )

For an overview see the CERN-EP seminar by Mikhail Mikhasenko:
https://cds.cern.ch/record/2776989
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A review on COMPASS

meson spectroscoc

Light-Meson Spectroscopy with COMPASS

https://arxiv.orq/abs/1909.06366

B. Ketzer®, B. Grubeb, D. R}fa.bchikovc’b
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COMPASS will release m,/I" of 13 strange mesons using K 7~ 7"
. K, K, K}, Ky, K¥, Ky, K, K,

0~ 0F 1~ 1f 27 2* 37 3% 4 4F 5

$ e X —
< - _X e
X ¢ Xi 1
o X ﬁ:.:.g ——
giioi —K—

X  Expected COMPASS
I e Established
Not Established
—— Quark Model

(Ebert ef al, PRD 79 (2009) 114029)

K Ky, K K K, K5 K; K, K, K; K:;
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1987: EMC nucleon spin puzzle AY =Au+4Ad+As = 012+0.17
. As = —0.19+0.06

l o oo 1
1 ;.fJ'F[x':;dx' "
4 T e l :/0 g1(x)dx

‘ \‘“ 1988/9: axial anomaly may mask quark polarisation

1
[ ey ax
x

0’ 0 x — Altarelli,Ross; Efremov, Teryaev -

1989 G.G. Ross: AN
to recover the parton ap = A2 — nf—AG &>
model: AG ~ 6 2m

1993: SMC measures deuteron 91
in agreement with Bjorken sum rule 1995 new SMC and SLC data:
b .1 to recover the parton model
r1 — r —_ _ga

6 AG ~2.5atQ? ~ 10GeV?
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Direct measurements of Ag(x)

Direct measurements — via the cross section asymmetry for the
photon—gluon fusion (PGF) with subsequent fragmentation into

0.6

Ag/g

0.4—
02l *
0 —

0.2}

o COMPASS, alkp, Q°>1 (GeVic)', 200206
o COMPASS, high-p, O°<1 (GeVic)', 2002-03
s COMPASS, Open Charm, 2002-07

SMC, high_, @%>1 (GeVic)'
HERMES, high-p , all @*

F L

0.4
102

10"

Xg

0.6/~

-0.84

¢z (LO, NLO) or ¢g (high pr hadron pair (LO)): ATN" ~ PGF>%

~ (aLL

COMPASS, all-p_, G°>1 (GeV/c)’, 200206
CL —  AGYD

- —=  aG<

Ag/g total uncertainty

—— ——
——
—
—

1072

COMPASS from SIDIS on d for any (pt), and at LO:

Ag/g=0.113 4

at (Q%) ~ 3 (GeV/e),

- 0.038(stat.) & 0.036(syst.)

(g) =~ 0.10
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Inc I u S ive DIS : g 1 whgé’iia"ﬁﬁmi’li

¢’ and ¢!, Q* >1(GeVlc)’
proton deuteron
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i -0.005
2 * |
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- o | -0.01—
10° 10° 107 N T B :
X 10 10° 10%
‘:{0.10_— T ‘ l a3
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0.05- J( { } H
| it it
0,002 QL 8} ol”%’ :%i LT[ bty .
: l ,I I 0 —4———%
_0.05__ ® COMPASS prelim., Q* < 1 (GeV/c)’, 160 GeV beam (2007) -1 —  BKZ
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-0.10 00l L L N B I — ‘
_4 -3 -2 _ Lol I Lo ol 1 Lol 1 1
10 10 10 Xgj 3 1074 1073 1072

X
Valparaiso, 12/01/2022 — 8™ International Conference on high Energy Physics in the LHC Era Fulvio TESSAROTTO 19



Non-singlet structure function:

COMPASS PL B753 (2016) 18

NS 1 Z5 0.1 @ coMmpass Data
g1 = g?(x Qg) — 01 (:I.‘--, Qg) ”Dﬂai_ — :2:::::2::;::2:) |
2 N 2 08 oe [
— 2 [g{)(ﬂ‘ Q ) — 01 (E, Q )] G.DE:— Q* = 3 (GeV/c)? AT
Its moment connected to the Bjorken sum rule: o
- ’ , ] - : . 0.02
e (Q? = / A= (2, Q) da = 1loa O (0% L
Jo 6 | gv °F
¢ calculated, NLO QCD fitted (only Ags), ° ‘”’ ° :
evolved to Q= 3 (GeV/c)® -
and fit-extrapolated = — 0, 1: 6)° e
p ' i‘n 0.15; +*+§ ¢ ++§
IY° = 0.192 £ 0.007star. £ 0.0154yss. N ',
T *
JAL — 1,99 + 0.05eat. 2+ 0.10ayet. : '
qv 0'05:_ Q? = 3 (GeVic)? *
Neutron 3 decay gives: |ga/gv| = 1.2701 &£ 0.002 T A—Tr ';1

PDG, PRD86 (2012) 010001

COMPASS data provided validation of the Bjorken sum rule at 9%
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First moments I'?, T'¢, T |
ot oo e e b bee
where '] = / g1 (z, Q%)dx ™ 004 §+
’ ! ¢
. - ¢
In particular: 0.02- .
1 i
T(Q%) = 5 [4a0Cs(Q7) + asCns(Q7)] : Pes@evier
e, i
N /D 1 — 1.5wp PLB 769 (2017) 34

Inthe MS : ag = AYX = (Au + Au) + (Ad + Ad) + (As + A5)
'Y approaches asymptotic value already at Q* = 3 (GeV/c)?

From COMPASS data alone:
Y (Q? = 3 (GeV/e)?) = 0.046 £ 0.002¢tat. £ 0.0045yst. = 0.005¢vol,

From COMPASS data alone (and ag from PRD 82 (2010) 114018):
ao(Q? =3 (GeV/e)?)= 0.32 £ 0.02¢tat. & 0.04cyst. = 0.05evol.
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collinear description at leading twist
nucleon polarisation:

numberLﬁlm f1 (q)

L very well weﬂ known

hellmty dlstrlbutlon 91 (Aq)

- weﬂknown -, *_ © ’
' P R
transver5|ty dlstrlbutlon h1 (ATq) @) -

. correlatlon between the transveree golarlsatlon of the
--nucleon and the:transverse- golarieatlon ef the quark

. related to tensor harge

access.lble in SIDIS

- a chirally-odd dlstrlbutlon not observable in DIS

)3 ; P
X = ZQ Yy =
_ q 7P
..... (,_ =§_q Wz -
P' ‘PIJ Eh
Z = =f_.-IB
................ Pq
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Colllns effect :

9 azrmuthal dlstrlbutlon of the hadrons produced |n I,NT — l’hX

N,‘,((D )=5N0 '.[1 i_ P 'DENN 'Ac&u 'Sin(D ]

& refer to the opposlte onentatlon of the transverse spin of the nucleon o
PT is the target Qolansatlo Dun IS the transverse spin transfer coetf|c|ent |n|t|al - strucK quark

.

“Colllne angle”
COMPASS g

(DC= h(l)s,:d)k.'_‘bs_n ..... ........... ........... ..........

d)& azimuthal angles of hadron momentum ofthe

~-spin of the t'ragmentlng quark.and of the nucleon
- in the GNS ;

from the aZ|muthal dlstrlbutlon of the hadrons one measures
‘the “Colllns Asymmetry”

HELP proposal (L. Dick, B. Vuaridel, R. Hess, 1993) rejected by CERN
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COMPASS Proposal L=
ppr'oved in 1997

§‘
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CHEOPS

— ]

o o s ™

aperoved Fie 97 [ calorimeter B muonwall

<C OH -,:'.,.(s:"“x,_ B magnet RICH/Cherenkov

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN/SPSLC 96-14
SPSC/P 207
March 1, 1996

PROPOSAL

Common Muon and Proton Apparatus for Structure
and Spectroscopy

® &, NRLLET
The COMPFASS Collaboration
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COMPASS Proposal L=
appr'oved in 1997

The Sivers function:

a Ion?g debat'e

co@&s"‘x __-___‘1992 mtroduced by D. Swers _________ ___________ ___________ ___________ _______
< . 1993 J. Colllns demonstrate that it must vanlsh | |

..-...2002 S. Brodsky et al.:it. can be # .O because of.FS.I.............? .......
. 2002 J. Colllns grocess degenden, hange ofggw SlDISH DY

1996: hot in oi.lr Propbsal

® &, NALLOT
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1969 Parton model

* 1973 asymptotic freedom and QCD

* 1978 intrinsic transverse motion of quarks and azimuthal asymmetries

A k,
s=xs 1-2 1—_1-'5-005%

i=—xs(l- 1, ?,
( Q\/: - cos
f=-0%"=-xys, where 5—(! + P)
§ +ar’

do_{ﬂ—}f'h&' o do_iq—}fg - —
!
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- Intrinsic ’rr'ansver'se momentum I

L/Istl uto Nazion ale
di Fisica Nuclear

Cahn effect in SIDIS ‘ COMPASS i
0.85 1 L Y F F r
dr(f_}-'d:dpid géhdgﬂs o * - i
IS S O A SNSRI 35 -0 PO
“ Y 1+£ (F + ek, ) -;:_:M * (})4.3{ _ 4&% i o
w0 2(l-¢g)l 2x )| T T 0701 - of !
4 < L4 I I S | i
x( 1+J76(l £) Ay, cosg, +...) ’ L4y ! ﬂ}” } +}$ i é
o EEE L PR ey
Quark 0.55 1
[T g"‘gﬂ.ﬂs- _i
N S O B R S A aRRaat L e T R R R
ucleon T—o.a_ﬂ— e g gi# ] ég‘f %
fi (x, k7) -0 '}5; i
U number density 0407 o _E{]]i
oy FVEOPT ‘i% O S
—0.05f @ L ?;
=0.1F * (; ? ? ‘; @
o
23 _g TN R T - - -
—0.05 ot} e s b i3
ok § g’@ g
oas{
ﬂﬁcj 0_"_3'_3':_"?'__"_";"_"_"" P Y -
: Ce g . 005 p*d ¢ | + -
As of 1978 — simplistic kinematic effect: 1 L bie ° 44
non-zero k; induces an azimuthal modulation S L - -
As of 2022 — complex SF (twist-2/3 functions) v FE . FE X
A number of measurements by different experiments | . J | Py (GeVie)
0.10 0.30 0.50 0.64 1.00
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Intrinsic fransverse momentum %

L/Istl uto Nazion ale
di Fisica Nuclear

BOCI’-MUIdGI‘S effeCt 1n SIDIS [ - COMPASS preliminary
0.851 -
. LI
_J‘:l’l.i = o L L
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. '§°;€0.3-
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Nucleon 0404 . O L L +
E I 0
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fl (‘x k ) q(‘x k ) w':nl— } ; H 3 ‘4 ot h
U number density Boer-Mulders "--'-i'ﬁi"f-----—ﬁéir-g--——--#f}j—-@--—---J&#é-}—--—---—ﬂﬁﬂ ----- -
0327 . ! i ] i
120
) 0. r s r # H i ﬂHH ﬂ
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correlation between B PSSR PR T PEIS  - T . 1. S
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momentum nio 030 0.50 0 64 100 173 i

‘ spin of the quark , Ky
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drdvd:dp;‘dgsﬁhd@s - All measured b} COMPASS

o _1_;2 },3

+2e(1+ &) 4" cos g, + A" cos 24,

+ A f2e(1- &) 45" sin g,
+ S, [, [2&(1+ &) 40" sin g, + &4 sin 295’;,} Quark U L T

Nucleon

sl i) | T T @ -0

Aif?' sin(sa ~ )

X oA s (4 +4) L @---@®---®

—

number density Boer-Mulders

n ST rlm (3¢, 5111 ( 3 ¢h ¢s helicity worm-gear L
+ 23(1+8)A5m”’3 Sin ¢, t ; @_@
|| l + 6' sml iy — 4l ) Sl]l 2¢h ¢5 ) @ @ E‘?/ transversity
"""""""" c_o;_:_5_'"_“"_““““:“_ T Kotzinian-
(1 —&% )4 cos (@, — o) Sivers Mulders -
worm-gear T

+ SpA| + 42e(1—) 47" cos gy pretmo(s:?
+ J2e(1- )44 %) cos(24, — ¢
( aa ( S )_ I spin of the nucleon ‘ spin of the quark , ky
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SIDIS x-section and TMD at twist 2

(—/lsn uto Nazion ale
di Fisica Nuclear

do
d’fd}’d—_dp;idﬁéhdﬁﬂs - All measured by COMPASS

o 1.’2 ;/2’
- 1+— |(Ey » +€F;,
B ) e
+426(1+&) 4" cos g, + e Ay ™ cos 29,

+ Ay2e(1-&) 45" sin g,

+ S, [WAS;% s @, + EAEEZ% Sﬂ12¢h:|
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" + ey " sin (g, + ) > A7« Q (f?f @qu + /7 @D]q-i-...)
+ S |+ a4 sin(3¢, — ¢, ) N
sin( 2 ¢, —¢, - ( lg Lh Lg h )
+ J26(1+ &) 42" sing, Ay O/ ®H + /7 ®D
|+ 26(1+¢ ) A5 2% sin (2, — gﬁs) AE;"(?&” %) o gl ® Dh

(1—82 )AE?' o SICOS(% =3

+ S;A| + 2e(1—£) 47" cos gy
+ 28 (1—&) 457" cos (24, — ¢ ) ALCh Do o« O (ng ®Dh )

. i I
Valparaiso, 12/01/2022 — 8™ International Conference on high Energy Physics in the LHC Era Fulvio TESSAROTTO 30

cos(dy) - h
A o 07 (gh ® D)+




)
INFN

L/ Istituto Nazionale
di Fisica Nucleare

Intrinsic transverse momentum
SIDIS TSAs: Collins effect and Transversity @_@

do- sin( g, + .
dxdvi=dpid g, o* (FUM +eF,,, ){1+...+ Spedr " sin (g, + ¢ )+ }

* Measured on P/D in SIDIS and in dihadron SIDIS
* Compatible results COMPASS/HERMES

(Q? is different by a factor of ~2-3)
* No impact from Q?-evolution?

sin| g, +d, f'
o ZC{— IM‘FJI ffleLgh}

h

» :
COMPASS, PBL 770 (2017) 138
HERMES, JHEP 12 (2020) 010

“o h' 1<Q(GeVicy'<4 2>02
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@ ool _ [
~ 2 i Lo 4 .
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Intrinsic transverse momentum
SIDIS TSAs: Collins effect and Transversity @_@

do- sin( g, + .
dxdvi=dpid g, o* (FUM +eF,,, ){1+...+ Spedr " sin (g, + ¢ )+ }

* Measured on P/D in SIDIS and in dihadron SIDIS
* Compatible results COMPASS/HERMES

(Q? is different by a factor of ~2-3)
* No impact from Q?-evolution?

sin| g, +d, f'
o ZC{— IM‘FJI ffleLgh}

h

» :
COMPASS, PBL 770 (2017) 138
HERMES, JHEP 12 (2020) 010

“o h' 1<Q(GeVicy'<4 2>02
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Intrinsic transverse momen’rum e
SIDIS TSAs: Collins effect and Transversity @ @

do sin gy, + i
v d-do?dd 07, o (Fyy 7 +€Fy, L){1+...+ S, £ 420 sin (g, +¢§S)+___}

* Measured on P/D in SIDIS and in dihadron SIDIS
* Compatible results COMPASS/HERMES

(Q* is different by a factor of ~2-3)
» No impact from Q*-evolution?

sinj gy +dbs I} :
Foiess) _ o {— —; L3 }

o

Inclusive p° Collins asymmetry

Ongoing analysis: Collins-like dihadron TSAs T o4 advanced paper|draft | COMPASS preliminary
o LI
[ g £ 02 T 1
0l 'l b COMPASS - proton 2000 data a = T L] .
i, L ongoing analysis - T T L2 . T _
'9_- """ 3 P st 3 . oL--® ?+. + [ e + + | L4 Py . |
ﬂ_: N .., s o0ateag F ! - - ® . + +
Im_ | | 02 102 pp 04 06 08 02040608 1 12
— S — : x z P (GeVic)
- " X - . z I .\Ilh; [GeV nl\:l . . d . f .
oI ik u: 'fi.l-{!’.-l.ﬁ'.\'A,rm_mm 2000 data m lcatlon ora pOSItlge asy]‘nnletry
e e e ;. _ * opposite to t* and w” as predicted by the
J '"'W‘?éiw R B ETT IR *_’Hé‘:f ' models
F P | i » Large effect at small Py
o 1o [ 0.2 0.4 e T ,.". | 11 " - ' —
* ‘ My, (GeVic') 2 08F ep'y5 G 1=5 [ [A Kerbizietal
) ol bk L COMPASS - proton 2010 data 1 ap’ [ T
;. ) * ) ”"\‘-""'i”.'-fi“-'f”i"" ) l 4; 0.6f Ap- . g 5 }".'QP p‘h 2109.06124]
e ! { t, . 4 ! . 1 i ! : S s
o« b ? | L
008 . 0 2 L ﬁ El = :_ a m] o a o E
41 I . # 0 '_g,_‘,__‘,__a_‘..;..;..l‘....-:_..‘..‘..:.é..k.‘.l.$.$*..
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SIDIS TSAs: Collins effect and Transversity @_@
(f sinl @y, +¢e ) _.:
dtdvd:dp?d@hd'ﬁs (P + 8Fp, J{L+t Sy oA sin(g + ). |

* Measured on P/D in SIDIS and in dihadron SIDIS
* Compatible results COMPASS/HERMES
(Q? is different by a factor of ~2-3)

Fphes) = C[— i Pl }

My

* No impact from Q*-evolution?
» Extensive phenomenological studies and various global
fits by different groups

Projected uncertainties for transversity PDF

[Addendum to the COMPASS-II Proposal] P ¥ ARARRRN
Projected uncertainties for Collins asymmetry Ky b |
& i [
R COMPASS 1+ o~ deuteron 2002-2004 R ‘%%‘}
< proton 2010 ’%‘ + %
g OosE + oo .
.§,ﬂ::a é 0 % ‘% + » .hUI .. . . ..h.T..| - \
¢ 10 I" 1l i
0.00 —%%*ﬁh’?‘; ---------------------- %) $- %- % ‘i ‘f{L x S
i 3
+ "o %} deuteron 2022
_ - i L euteron 2022
o I **####*ﬂﬂ' _ |
Lil Ly il s ) s ] IR [ T __,

102 10! 1072 10"

COMPASS-II (2022)
* Deuteron measurement to be repeated
*  Will be crucial to constrain the transversity TMD PDF for the d-quark x
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COMPASS 2022 data mew

di Fisica Nucleare

proton [H) J’gﬂ_»? b neutron [He]
'r@i 8. s Pavia group fits

) , L OfiGen?] = {Eikv = 2.4, TCLE = 1.2, PV = 1.0}
Airapetian el al., Cliarn et ai., 0.00

PV HBacchetta & Radici, PR.L T07 (11)
FR.L 9175 FRL 107 (1) 072003
RL 103 109) 152002 ’ - Echevarria et al.. ER. D89 (14)
Bacchetta, Delcarr, Pisano, Radici, —
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JAM Collaboration, PRD 102, 054002 (2020) COMPASS 2022 deuteron run
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Int¥rinsic fransverse momentum
SIDIS TSAs: Sivers effect @_@
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SIDIS and single- polarlzed DY x-sections at twist-2 (LO)gé

dc*° o do*° .
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1He4757" cos2g, | 14 D[Smg o] A7 oS 200
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+ Spedy T sm2g, + S AT et A, + S, sin” G, 477 sin 2

= @ > sing, _:
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X bridge sin(2@as—@c)
£ S, |+ AT sin(g, +,) . + S; h AT sin (20005 — 95
in? @ inl 2. +o .
+ 4™ sin (3¢, — ¢) =]l 4 A sin (205 + @5 )
T o codl b where D- . - =sin’ 6. /(l+cos’
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24 1, N/ e o L 1L
:_[;—ES P ]?lq ®H < Boer-Mulders S Agos 20cs o ]?lq ®]? q
4%1'11(@% 4) o f Lq ® D Sivers 4911195 o~ f ® f
“uT Jir < R ) L 1T p
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A « hi @ H_ > A, o Il ®hT,
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Complementary information from two different channels :
« SIDIS-DY bridging of nucleon TMD PDFs; Universality studies:
« Sign-change of T-odd Sivers and Boer-Mulders TMD PDFs;

« Multiple access to Collins FF /" and pion Boer-Mulders PDF /,?
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o +p —putpm +X
7w~ beam of 190 GeV/e, (I) ~ 7 x 107s~ !, from CERN SPS

e Transversely polarized NH3 target (2x55 cm)
+ Al target (7 cm) + W beam plug (120 cm)

s

< Pa.cs z I / / v
4 @s qr a
/ H,(F) Z
= / -

Collins-Soper ref. frame (CS) Target rest frame (S)
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LMy, ) Gevie COMPASS 2015 data
10 Drell-Yan NH,

—

COMPASS
SIDIS 2010 NH, proton data

=
=

i
I~
= k=l

&N,/ dxdQ’ (a..)
Ol GeVieY

~3
d* Nidxnd Q? (rescaled)

i 1072 107" 1

@ COMPASS goals: test of the TMD PDFs universality; test of the Lam-Tung relation.
In COMPASS, comparable (z. Q?) acceptance in SIDIS and DY. Unique!

@ In both cases, cross-sections depend on (polar and azimuthal) asymmetries
described by contributions of twist-2 (or higher) TMD PDFs.

@ SIDIS and DY reactions for transversaly polarised proton analysed
and the asymmetries measured in bins of xn, 24, 2p. ¢

@ Measured asymmetries agree with models
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COMPASS DY results &Zm

Asipis x PDE, @ FF | Apy « PDF, ® PDF,
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COMPASS SIDIS Data, NEW RESULTS!
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;“” | @ COMPASS preliminary
= 0 1| Drell-Yan, NH, 2015+2018 data
7 < :

sign change

| JHEP 02(2021)166 s
- —— LFCQM S no sign change
| - SPM e

0.1 __ Torino

4x107° 107! 2x 107!

AN
COMPASS DY result for Sivers asymmetry, A5"(?s)
consistent with (predicted) sign change of the Sivers TMD, fir

Valparaiso, 12/01/2022 — 8™ International Conference on high Energy Physics in the LHC Era Fulvio TESSAROTTO 42



DVCS/DVMP: up — up~y(M); observables

Q- large, ¢t small
bVcs known BH
H Y H /7,; E ;:V v
P smallt ¥ glow p ﬁ/;i?hs‘low p

dohP7HPY = qoBH 4 (CIGEI};%? + Pﬁdﬂgxcs) + e, (Rel + P,ImlI)

Observables for unpolarised target (Phase 1):
Qo SCS,U = ,{1.—1—{_ -+ ,u.__> =9 (dG‘BH + dO'lE)r};(gls -+ epPMImI)

Dcsu = pt T T =2 (deUDVCS + epReI)

pol
pt —p=7  Desu

T +u—  Secsu
Each term ¢-modulated
If ®-dependence integrated over —> twist-2 DVCS contribution;

if o-dependence analysed: — Im (F H ) and Re (/1 H); H dominance @ COMPASS kin.
Analogously for transversely polarised target (Phase 2): Scs .1, Dcs, T, Acs,T = F
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DVCS and BH e

di Fisica Nucleare

Pure BH Interference BH/DVCS DVCS (above the BH)
(x) =~ 0.0085 (z) == 0.020 (x) =~ 0.063
Q? ~ 1.8 GeV? Q? ~ 2.0 GeV? Q? ~ 2.1 GeV?
80 < v [GeV] < 144 32 < v [GeV] < 80 10 < v [GeV] < 32
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o (@] F on =
8 so0) £ 140 3 %
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'%i 300 % 80| “g au:
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200 . S0 . 201
: #JT Ll_lﬂ*‘ m:_ | ;'
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¢ [rad] & [rad] & [rad]

2012+2016 (part of) data

Approximately 5x higher statistics from 2016 still being analysed
2012 data published in Phys.Lett.B 793 (2019) 188
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@ Nucleon transverse imaging (“tomography”): - )
g g g p y " longitud, J j J
et - P
From {a) m x~0.003 x~0.03 x~03
DVCS
do _ B(zp)|t L, -
Scsu — T x e BEBltl yhere at low xB: B(rp) = 5(?1(3:]3))
T ~ 8 =
S 2L COMPASS preliminary %= COMPASS preliminary —D-GE
E 3 . ‘;‘3 —_— 1
= (Gl ST -—""—‘--—._.,__ ralim. o
2 8=66+056,, 03, [Gevi’] e .r Tt (M CEA
. - given by a binned maximum a 7| +T * B T .,:-.. I
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Tl " E L
@ 2012
é. - 4— 0.3
3= ®  COMPASS: <Q°> = 1.8 (GeWcF  This Analysis
! E B ®  COMPASS: <0’ = 1.6 [GeWel  Phys. Lett B793 (2015) 188 —22
E 1(GeVic)? < GF < 5 (GeVig) 2 2_— : :T.us :gz::i:gz\\:fz:) JHEP 0905 (2009) 108 .
B 10 GeV < v < 32 GeV T v o G = 8.0 (GaVieR } Eur. Phys, £44 (2005) 1 —0.1
B . Hi «Q"> =10, (GeWe)P  Phys. Lett. B531 (2008) 391 i
) I P R T | B
10 ) 0.1 02 03 0.4 0.5 00—‘1 | I | 5 L I_2 L ?1
It [(GeVie)? ] ! 10 10 vy /3

Analysis of the 2016 data (ongoing!) is more refined; binning is in 3 or 4 variables (Q?, t, v. ¢)

To determine the full 2 5; dependence of the transverse extension of partons,

a global analysis of DVCS data of HERA, JLab, CERN needed.

— E=
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COMPASS anniversaries and last run

Arﬁuably the most comprehensive experimental detector system &
collaboration to study hadron structure using complementary tools:

Muon (L,T) DIS, Hadron Scattering, DVCS and Drell-Yan

From 1995 (letter of intent) until to today:
~130 Diploma/Masters/Bachelor’'s Theses
~130 Ph.D. Theses
~10 Habilitation Theses
~75 Peer Reviewed Publications

A high bar for future experimental ventures
Slide courtesy A. Deshpande, IWHSS2022

Courtesy

Old Chinese compass Hand-held compass

GPS compass A BaCChetta

Exploration  Consolidation Precision
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