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Physics Case: TLT
Quantum Chromodynamics
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Nucleons (and all hadrons) are made
from Dirac particles (Quarks) bound
by the color force (Gluons)

The properties of bound states are not
calculable from first principles but
need modelling

Important experimental input comes
from lepton-hadron and hadron-
hadron scattering

Many open questions (quark/gluon
distributions/correlations, hadron sizes
etc) need more experimental input
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Letter of Intent for a TUTT
New QCD Facility at CERN

9

PPN © @ nesi/ngf-m2.web.cern.ch

{} Meistbesucht @ Erste Schritte B CERN @ Bib e-ac

CERN

CE@V A new QCD facility
\\_/ at the M2 beam line of the CERN SPS alelole L

The M2 beam line of the CERN SPS
has been built to deliver high-intensity T i
muon beams to experiments in hall 888: nHall 888 4 ) -
EMC (1973), NMC, SMC, COMPASS = @b M2= 5"
(also ,conventional® hadron beams) 5 Jpi

|dea for a follow-up apparatus: Letter of Intent
not a single experiment but a

facility that bundles the needs of several
campaigns into a common effort
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TUTI

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CE/RW |
\

Letter of Intent (Draft 2.0) NS
A New QCD facility at the M2 beam line of the CERN SPS

%

Letter of Intent working group

Proton radius measurement using muon-proton elastic scattering

Hard exclusive reactions using a muon beam and a transversely polarised target
Drell-Yan and charmonium production

Measurement of antiproton production cross sections for Dark Matter Search
Spectroscopy with low-energy antiprotons

Spectroscopy of kaons
Study of the gluon distribution in the kaon via prompt-photon production

Low-energy tests of QCD using Primakoff reactions
Production of vector mesons and excited kaons off nuclei
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A COMPASS QCD facility at CERN (SPS) TI.ITI

COmmon Muon Proton Apparatus for Structure and Spectroscopy

~240 physicists, 12 countries + CERN, 24 institutions
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Versatile apparatus to investigate QCD:

Reminder of the

Two-stage COMPASS Spectrometer

1.

Muon, electron and hadron beams with

momenta 20-250 GeV and intensities

up to 108 particles per second

Solid-state polarised (NH; or 6LiD), liquid hydrogen
and nuclear targets

Powerful tracking (350 planes) and PID systems
(Muon Walls, Calorimeters, RICH)
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COMPASS QCD facility at SPS M2 beam line (CERN)
secondary hadron and lepton beams TI-ITI

hadrons
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COMPASS QCD facility at SPS M2 beam line (CERN) TI.ITI
secondary hadron and lepton beams

hadrons
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COMPASS QCD facility at SPS M2 beam line (CERN)
secondary hadron and lepton beams
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COMPASS QCD facility at SPS M2 beam line (CERN)
secondary hadron and lepton beams
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COMPASS QCD facility at SPS M2 beam line (CERN)
secondary hadron and lepton beams

—«ﬂ’fi a—&-ﬁil‘l-l(- Bads
iq- : ‘
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) Proton radius and form factors  TUTE
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The proton form factors as a function of g2 r (fm) .
I. Sick 2006
The proton form factors are measured in elastic
lepton-proton scattering.
up 2013 ——=e—— electron avg.
The finite-size effect also enters in the splitting of i
(exotic) atom levels measured in laser spectroscopy 102010 |- - v
———eo+——— H spectroscopy
2 I 0§3 - Oé4 — OéS - 0|86 - 02%7 0.88' - 02139 - ‘O.I9‘ ‘
roton charge radius [fm]
2 2 dGE(Q”) . e
(re) = —6h 4oz Proton radius puzzle:
Q%2—0

without H spectroscopy ~5c
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Proton radius:

Discrepancy in terms of form factor slope
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opportunity for new generation experiment at M2 beam line

scatter muon beam off proton target
measure cross-section dependence on Q2

obtain combination of electric and magnetic form factor G2 + 7G¥
e form factors cannot be separated due to high beam energy

compared to e~ beam: smaller radiative corrections

compared to u beam at low energies: smaller Coulomb corrections

17 October 2018 Jan Friedrich
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EA Why high-energy muons? T

QED radiative corrections

Radiative correction [%]
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o for soft bremsstrahlung photon energies (Ey /Epeam ~ 0.01), QED radiative
corrections amount to ~ 15-20% for electrons, and to ~ 1.5% for muons

@ important contribution to the uncertainty of elastic scattering intensities:
change of this correction over the kinematic range of interest

@ check: impact of exponantiation procedure (stricty valid only for vanishing
photon energies): e™: 2 - 4%, u~: 0.1%

@ integrating the radiative tail out to large fraction of beam energy: shifts
the correction to smaller values, but only increases the uncertainty

17 October 2018
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Proton radius measurement nin
at CERN

General idea: measure the proton form factor slope using the
high-energy muon beam on a high-pressure hydrogen target

%

In a one-year measurement, we estimate to achieve a
precision of ~0.01fm on the proton radius, thus contribute to
resolve the proton radius puzzle between

0.84 fm (muonic hydrogen laser spectroscopy)

0.88 fm (electron scattering)

. TPC -
silicons silicons

e e -

trigger concepts under study:

triggerless readout (for 2e6...2e7/s) Son o E
kink trigger (for Q2 >3e-4) Mttd

17 October 2018 Jan Friedrich : : 16
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@m A new TPC

 high-pressure hydrogen L A -
target 4-20 bar g~
* measurement of recoil A .
proton | .1
 wide range of recoll |

energies 0.5 — 100 MeV - A
* required energy -
resolution ~60 keV

A new dedicated TPC for the experiment at CERN is
being developed, ATTRACT application for
European research funding (GSI/TUM) , in view of a
possible later usage at FAIR R3B

17 October 2018 Jan Friedrich
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Test Measurement in 2018 TUT

SI03  SIo4
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Primary vertex position y (cm)

Proton radius test measurement:

Vertex position (silicon detectors)

PRTM 2018

Primary vertex position x (cm)
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Combined information
from TPC and silicons

histEventTimeDifferenceZoomedWithRCut selected HitCentre

25

Number of events
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histEventTimeDifferenceZoomedWithRCut_salected HitCentre

Entries 369
Mean 1671
Std Dev 4.559e+04
Underflow 0
Overflow 0
Integral 369

-100

recording by 2 independent DAQ systems for TPC and silicon detectors

17 October 2018
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Time difference (sil-tpc) in 10 ns

- reading of a common ,speaking clock® as time reference

(ongoing analysis)
Jan Friedrich
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@ Other topics with ,,conventional beams” TUT

. muon beam
. proton radius: on high-pressure TPC
. DVCS on a transversely polarized target: recoil

(silicon) detector to be inserted in the cold volume
of the target magnet

. hadron beams

. Drell-Yan and charmonium production with the =,
K-, p-bar and the n+ , K*, p beams

. antiproton production through p beam

. antiproton spectroscopy: lower-energetic (<20GeV)
negative beam contains large fraction of
antiprotons: p-bar annihiliation can be used for
X.,Y,Z spectroscopy at luminosity 103° cm2 s
—> preparational step for PANDA?

17 October 2018 Jan Friedrich 21



@m A new beamline: TLT

radio-frequency separation of hadron beams

Reminder: Panofsky-Schnell-System with two cavities (CERN 68-29)
beam optical system

RF 1
/
a,w Al —— ,
momentum N
analysed beam D2=beam stopper
w\\

- L1z -
* Particle species: same momenta but different velocities

* Time-dependent transverse kick by RF cavities in dipole mode

* RF1 kick compensated or amplified by RF2

* Selection of particle species by selection of phase difference
AD =2n (Lf/c) (B, =B,

« For large momenta: B, — B, = (m,2-m,?)/2p?

17 October 2018 Jan Friedrich 22



| TUTI
Physics with RF-separated K beams

%

. Drell-Yan process with kaons: partonic structure of K

1.4

-----
. .
R .

0.6— - o
- ~“5¢ Q*=26.4GeV?

xf(x)
Ug(x)/u_(x)

. Kaonic excitation spectrum in diffractive dissociation
of a kaon beam
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COMPASS main results

PHYSICAL REVIEW D 95, 032004 (2017)

Resonance production and zz S-wave in 7~ +p = 272 & + Precoil published in 2017: PRD 59 pages
at 190 GeV/c

@ Physics with hadron beams: TUTT

2008-2009 data taking, 190 GeV/c

0.4?_‘“)6 D S 7T0) hadron beam on a hydrogen target
_ a,(1260), _ I
<ol L0 3 data sample ~50 million events
— S 10x to 100x previous experiments
< 0af 7,(1670) < allows for fine binning in masses and
g g o5 ,080) momentum transfer
o1k 1]‘2(1270)
: [ PUD1 partial-wave analysis in 3r7-mass slices,
0% 1 15 2 25 o5 1 15 2 detailed understanding of the 2mr-isobars
m,, [GeVic?] m__. [GeVic?]
| m,, — 1672 MeV/c? |< 100 MeV/c2
T T PR 350

{080 1300

+ 2 250
7T =T £,(1270)
ST 200
_ >
(s S 150
~ 1
Ik'
ak r
P Precoil I
% 1 2
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main results

Physics with hadron beams: meson spectroscopym-l-l

Jan Friedrich
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Physics with hadron beams: meson spectroscopy TI.ITI

main results

Light isovector resonances in 7 p - z#-z"z*p at 190 GeV/c

03 e resonance parameters with
: o | T v -n| - Unprecedented precision and
o5 | sl ose e | ~ systematic investigations:
>0 . >t | | 6 a-like and 5 mr-like states
% 04 E % 04
"-§ B / L} § B ) ¢ . .
S A T ' a broad spin-exotic 1,(1600)
02— / 02
I A ; | I : S
A S A R it oot a1 .. furtherinvestigations of the
1.2 14 1.6 1.8 2 1.2 14 1.6 1.8 2
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triangle amplitude consistent
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Kaon excitation spectrum T

0 0t 1= 1* 27 2t 37 3% 4 4+ 5
g . = =
& 3 3 3 1 3 3
= T e — % T
> | T ‘ 3 1
()] : : : :
S —— ;
g | i * 1
= 3 3 1
Ly 3
3 —
K K, K* K, K, K; K; K, K, K, Ki

[Courtesy of S. Wallner, TUM]

« 25 kaon states listed by PDG (<3.1GeV), 13 of those need confirmation
* many predicted quark-model states still missing
« some hints for supernumerous states
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@m New data with RF-separated K beam TUT

« Kaon content of negatively charged 190 GeV hadron beam: 2%
(pions 97%), currently at COMPASS allowed 10° K/s

 Intensity can be increased by factor 10 if beam is RF-separated

« corresponds to > 107 K- * n- events, approx. 10x world data

« Competition: J-PARC K- beams (2-10 GeV - more complicated
production mechanism, smaller CM energy), GlueX at Jlab (K,
beam, main focus hyperon spectroscopy, Phase IV photon beams,

kaon excitations in subsystems, difficult analysis), t lepton decays at
BESIII, Belle2, LHCb

» needed (upgraded) detector components: CEDAR detectors (beam
PID) with increased stability and rate capability, improved target
proton recoil detector, final-state PID: RICH detector covers the
range10-50 GeV, add RICHO for smaller momenta?

17 October 2018 Jan Friedrich
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Timelines

LHC roadmap: according to MTP 2016-2020 V1 B Frsics

LS2 starting in 2019 => 24 months + 3 months BC | Il :“”“”W" o
LS3 LHC: starting in 2024 => 30 months + 3 months BC T:;:‘“z::‘:t‘zss'°“'"g
Injectors: in 2025 => 13 months + 3 months BC ] ’

2015 2016 2017 2018 2019 2020 2021

a1|a2|a3|a4]a1|a2|a3]as]a1]|a2[a3]as4]a1|a2|a3[as]a1 |a2|a3]as]a1 |a2[a3]as]a1]|@2[23 104]

tHe | |
Injectors Run 2 LS 2 r

® PHASE 1
2022 2023 2024 2025 2026 2027 2028
a1]a2]a3la4]a1]az|a3]as]a1|az|a3]as|a1]az|a3]as]a1]az]a3]a4]ar 2|z a4]a1]az|a3|as
LHC Run 3 LS 3 O Run 4
Injectors -
o > o—— PHASE 2
2029 2030 2031 2032 2033 2034 2035
a1]c2i2z]a4a1]az]a3]a4]a1[az]a3]a4|a1]a2]a3]a4[a1 [azla3]a4]a1 [a2]a3]a4 [a1]az a3 [as
e LS4 l Run 5 LS5 I
Injectors

Y

« conventional-beams program: 2022-2024
 RF-separated beams: from 2026 on
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Summary of Physics

Physics Beam Beam | Trigger | Beam Earliest Hardware
Program Goals Energy | Intensity | Rate Type Target | start time, additions
[GeV] [sfl] [kHz] duration
muon-proton Precision high- active TPC,
elastic proton-radius 100 4-10° 100 ui pressure 2022 SciFi trigger,
scattering measurement H2 1 year silicon veto,
Hard recoil silicon,
exclusive GPD E 160 | 2-10 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 1 month target
target spectrometer:
p-induced Heavy quark | 12,20 | 5- 10’ 25 P LH2 2022 tracking,
spectroscopy exotics 2 years calorimetry
Drell-Yan Pion PDFs 190 | 7-10" | 25 ' CIW 2022
1-2 years
Drell-Yan Kaon PDFs & | ~100 108 25-50 | K i, P 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
(RF) life time 1 year
Prompt non-exclusive
Photons Meson gluon > 100 5.10° 10-100 K LH2, 2026 hodoscope
(RF) PDFs nt 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" | fromH | 2026
(RF) Elements to Pb 1 year

17 October 2018
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we need you! T

9

» adiverse and exciting QCD physics programme is collected
for being carried out at a powerful future facility at the M2
beamline of CERN SPS

 further collaborators are currently searched for; signatures
are collected until end of 2018

 if interested sign up through our web page:

©a nf/ngf-m2.web.cern.ch
{} Meistbesucht Q Erste Schritte E CERN @ Bib e-a

CERN Accelerating science Signin Directory

CERN li
\w Anew QCD facility HOME  DOCUMENTS  WORKSHOPS  TIMELINES  |AM INTERESTED

at the M2 beam line of the CERN SPS
7/
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Thank you!

Jan Friedrich
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Measurement of chiral dynamics in TUT
reactions r y\*) s 1t (nm)

%

Primakoff data samples:
T -nucleus scattering at lowest momentum transfers = 1y reactions
- 10 final state: low-energy part dominated by the chiral anomaly

m +Niosx + =2 + Ni

—— COMPASS 2012
—— COMPASS 2009

IIIIIIII|IIIllllllllllllllllllllllIIIIIII

o R ST S S NS PR R
04 0.6 08 1 12 14 16 Dol

P e 0.3
(shown last year) ™"

N lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Analysis progress: background subtraction (11 10 119)
fit to theory (M. Hoferichter et al, 2012)
under investigation: luminosity determination
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SIDIS transverse & longitudinal UM

We continue to scrutinize polarised SIDIS data by
studying various target-spin-dependent azimuthal
asymmetries.

The general expression for polarised SIDIS cross-
section contains 6 LO and 6 sub-leading asymmetries

LO LSA/TSA  twist-2: PDF @ FF

W ijent
AL g, ® DY,
Az%njﬂ(@/z,*ﬂbs) flizgl ® Dilq
Azirfilp(@}z#(ﬁs*ﬂ‘) hill Q Hllqh/
A;}HT(:%@}I,*(/JS) hlijg ® Hquh
ACL/(;(GD}Z,*@Q g(llT ® DiLq
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SIDIS longitudinal

longitudinal target-spin-dependent asymmetries (LS

oofmmninmns 1 M I
& o.4E- !// f
025‘ 4 A 4 ¥ . . . .
et et | final results for the longitudinally polarised
s e proton target (2007 and 2011 Runs).
O'M::m;“rr:m%now "t 02 r
1300 } } - error bars: statistical uncertainties
T i } * { E systematic uncertainties indicated by colour
of * ! S a i w6
ol DA bands
™ o _
e _ —— compared to the similar studies presented by

P Tttt HERMES and CLAS, our results are
- ofh-f-»--wf%%w characterised by an unprecedented precision,
; a J covering a much wider kinematic range

sl " " aaaal " " aaaad 11 aaul L1 1 11111
10° 107! 10° 107"

X x
01 [ ® COMPASS pecliminary hf [ z>01 h
o [ CIPRD 74, 074015(2006)
£ 3 oos:_---umugms))s E
< F g { t [
0 :7&'7“!"' - I SO Tlataany ‘Hﬁ-iw_“m -
-005F C
-01
1 1 praul L aul [IEERIT
10° 107 10° 107
X x
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SIDIS transverse T|.|T|
New approach continued: weighted asymmetries

. [ X
<13 - COMPASS 2010, preliminary S 2778
<2 0.15F o SIDIS, /i ‘1‘: 0.05f —— d
& & o SIDIS, &' - i

55

RN -0.05 \\/ o
10° 10’ 1 102 10" 1
X X
A0 = B et s momentel Swars
i) - DI
L), A2 2, kP 1 2
Work in progress: hr”(@,Q7) = /d ]""TQI‘VJszlT(IakT.«Q ).

analogous analysis for weight P{/M
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SIDIS transverse
Proposal for 2021: transverse-deuteron run

present

Uy
xhy

_0_4"|||||

For a precise determination of the Collins
functions for u and d, COMPASS is currently
lacking an adequate data set with transversely

1072

107"

polarised deuteron target.

recently recommended by SPSC for approval

17 October 2018
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SIDIS (kaon) multiplicities um

9

Charged kaon multiplicities (2006 160 GeV 6LiD) — published in PLB 767 (2017) 133
The 3-dimensional data set (x, y and z) = important input for NLO pQCD analyses
of the world data in terms of FFs.

s<§ 02 HERMES and COMPASS data are in tension
- o COMPASS . .
+ | oHERMES Can not be explained only by the different Q2 range
S
§ i o ° . C C
015 ¢ * * « f & f o [ x=0.03, Q*=1.6 (GeVic}
B * 0-6;_  ()=0.030,{0%)=1.6 (GeVic} ::g-'} t ) + + 0.6 e
: %a, (, % 0752_ ® (0=0094,(0%=4.8 (GeVicF ::: 0.5 ::__T__:T:___‘__:_;___T__________T:
0.1 - oo 00 ] 0,43_ N 0.8 085 0.9 095 0.4f—= == ]
10—2 I ' E— Ill(;—l : ' E— ”] 032_ 1 ] 032— ...... LO DSS L}
x C . L —— LEPTOMC
0.2F . . * 0.2F ---- LOLOWER LIMIT *
- .o E  NLODEHSS.0, -0 :
0.1:_ [ 0.1:—
O 585 09 095 X T ¥ - Y- E— Tt
Zeorr Z,
results on the kaon multiplicity ratio K-/K*, at high o pol. o 07t
z, 0.75 < z < 1: our data go far beyond the LO T Ceoso }
upper boundary value of (u+d)/(0+d) calculated at L e + Pt
x=0.03 using MSTWOS8L as well as beyond the o4 phe?
actual predictions of the ratio using Lund model or i t il o
LO DSS fit. Recent finding: dependence on My 02 i} i
|1
17 October 2018 Jan Friedrich - S Y S S Y- 38



Generalised Parton Distributions — analysis of
2012 data TI'ITI

B1000 average transverse extension of
$ o partons in the proton probed by
5 DVCS (subm. PRL):
0
- ; :\3:(1:(;28'4) + * 32 GeV < v<80GeV
. n2\ + 0.01
200_ Mmgé%ﬁig{?ﬁ’ <’_L> -_ (0.58 :l: 0.04stat . 0-02 SyS) ﬁll.

W BH +7°

g LI SDME via exclusive

- + | ® production:
50— +

- .
+ + ™w| A 1,20,
PR by e
Imry,
0 R, e el sk B e B Rerjy | B: Interference
-3 -2 -1 0 1 2 3 e[ e ; .
¢ (rad) Imr), B = .
Re r:.
— 0% F Rerid | ¢ L
9 o 1 (GeV/icf <« QF < 5(GeVicf Rerty L e
o r 10 GeV < v <32 GeV Ime, — = SDMEs COMPASS
% s PRELIMINARY
o} v
Py i
[ Im r'.‘.
— s
<~ h
Q ffi Dy =
> § !
18}
T E Imry,
': © exponential fit Imr; -
\b-' 1 1 | ]
° 0.1 0.2 0.3 0.4 0.5 0.6 iy
~ by .
|t] (GeV/c) il ey e,
1
Imr; 5
02 41 0 01 02 03 04
SDME values
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9

Deeply Virtual Compton Scattering — achieved
statistics in 2012 and 2016/17

2016 - 130 days - mainly 2 spills of 4.8 s every 36 s
Iproton onT6 | I, onIonCH | Nb of spills DAQ Veto Nb of collected muons
per spill per spill life ime | life time
put 100 - 1011 7.6-107 135527 0.93 0.95 10.0 - 10*2
70 - 10 5.3-107 18592
p= | 10010 6.3-107 143848 0.94 0.95 9.2 .10
70 - 10! 4.4-107 28255
2017 - 130 days - mainly 2 spills of 4.8 s every 36 s
Lproton On'T6 | 1, onIonCH | Nb of spills DAQ Veto Nb of collected muons
per spill per spill life ime | life time
put 150 - 101 12.5- 107 168000 0.91 0.93 17.8 - 102
p~ | 150-10M 10.5 - 107 195000 0.91 0.93 17.3 - 102
2012 - 30 days - 1 spill of 9.6 s every 48 s
Iproton onT6 | I, onIonCH | Nb of spills DAQ Veto Nb of used muons
per spill per spill life ime | life time
pt | 25010 50. - 107 0.84 0.73 1.87 - 10*2
p | 250- 10" 17.5- 10" 0.94 0.89 2.33 - 10*2

Assuming data quality in 2016/17 with 80% “good spills”, we collected

in 2016/17 about a factor of 10 more statistics compared to 2012

17 October 2018
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COMPASS Drell-Yan Run 2015 results TI.ITI

il

week ending

PRL 119, 112002 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

First Measurement of Transverse-Spin-Dependent
Azimuthal Asymmetries in the Drell-Yan Process

3
—~ X]'O ‘(l: —— COMPASS 2015 NH; data
£ 3 COMPASS 2015 data S b A - Comb, backgrouad
2 [ 43<M, /(GeVie) <85 3 Yo
g - T 100k <+~ Open-charm (MC)
i S AT -- Drell-Yan (MC)
:1 2 | = 103 S Total MC + Comb. background
z - 8
Q
1+
_Lm " {1 I I '
-300 -200 -100 0
z (cm)
15000 ey e’
E 100005— R — < r —,,
~ 000 ~0.1F
0__-3 G —r— —;cg;l)zo B L | T
_ 0.5 0 0.5
Total number of J/y (NH;) is ~ 1.500.000 Xp

Total number of HM DY (4.3 GeV/c?<M,,, < 8.5 GeV/ ¢?) (NH;) is ~35.000
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Central production |l UM

Prast Central production, 2008 and 2009 data.

t, t, bins, D-wave.

Interestingly, the f,(1270) signal in the D wave
shows a very similar behaviour, which puts strong
doubts on the common belief that the f,(1270) is

Prorget Poow produced copiously in double-Pomeron processes.
g COMPASS 2009 PP —p, wTp,
5l u* ' h - " [ A
% uﬁﬁ,mﬂm*w Hﬂﬂ‘w m*m l}*“**’.‘*«‘w .:,M*ff i%% “Ww“@hﬂ: ﬂ*i**. i
P 1 TR S S T D TN
“ ;“f*ﬁ ﬂ m “Mﬁ*‘»’ﬁgﬁ% MHL'?"‘WM i Lin‘.“‘*ﬁ“’w; mﬁﬁ# %ﬁf !
i ﬁﬂgﬁwﬁ% W wm i

i

- i R h

++,li ”W b, . wiﬁ \ wﬁ*mh ! ; ! Y
o@mw?{ﬁj 1‘* ?ﬁ“ﬁw g i #?:H*M%fw st
> t, m(rrr) (GeVich)
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SIDIS transverse&longitudinal | .!.u."

We continue to scrutinize polarised SIDIS data by studyi
various target spin-dependent azimuthal asymmetries.
General expression for SIDIS cross-section in terms of asym.:

(Fuur +eFuuL)

2
dz dy dz d?;}f)Q G dn {ﬁ 2 (1y— ) (1 " ;_x>
X {1 + \/WAEOE% cos ¢p, + 5A?]O(S](2¢h) cos (2¢y,) + /\mAir&% sin ¢y,

+5 [mA?}I}J% sin ¢y, + z«:Azi,Iz(Q@h) sin (2¢y,) ]
+ SLA[\/SALL + /28 (1= 0) AL %" cos M

+ Sr [A;IIT(@’MBS) sin (¢, — ¢g) + EAE?HT(Q")’ﬁ@S) sin (¢, + ¢g) + 5A2%<3¢h7@5) sin (3¢, — ¢g)
+ /22 (1 + ) A9 sin g + /22 (1 + ) A0 =95) i (25, — ¢S)}

+5PAy/ (1= %) 45707 cos (6, — 65)

+ VT DAL cos s+ VET= AG ) con 26, - bs)] }

LOLSA/TSA  twist-2: PDF ® FF

7
9;1/; ® Dl?q

sin(¢, —¢s)
AT

sin(¢p,+¢g—m)
A*m(()h S
T

Asm(3©hf®s)

A(tOS(@/L*@S) ggT ® Di)q

17 October 2018

subleading LSA/TSA higher-twist PDF & FF WWA twist-2: PDF @ FF
A?th((bh) zhi @ H fq}', x fLLq ® Dil'q hfg ®H 1th,
A%?wh) zel ® quh, :I;gfq ® D?q gl ® D;}f’q
AP(0s) zfh® DY, ehdh ® Hi,', ehy' @ Hi)'  fi @ DI, hi® Hy,'
ASR(20n=0s) 2f79® Dl xhd @ H', xhy' © Hi,'  fil © DI, hi® Hi,"
ACLO;(% ) gt ® Df’q, red @ H 1th,’ xe%q ®H 1th, gir ® Di”q
Azoz,s;(Z(bF%) :I;’g%q ® Dil’q, zed ® quh’, xe%q ® quh' gir® Di"q
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SIDIS transverse
TUTI

New approach continued: weighted asymmetries

%

Main advantage - convolution integrals
becomes products = no parametrization 0
of the unknown transverse momentum

Asymmetries obtained by weighting the § o.osf_ AS b
spin-dependent part of the cross-section with £ o0sE- * Asi l l
h o 0060
powers of p'. g it l
2 § }
“ 0.02_—

0.02 COMPASS 2010 proton data
dependence of PDFs and FFs is needed. e e
LWae . pags 2 F .
AT (L QZq egfir ! (z) qDl(f-) £ oo A
Zq -qf1( )D1(7) v;,:: 0.065_ * Ag, N
é - preliminary
2 0.04- COMPASS 2010 proton data {
Important: large statistics, good acceptance. é o0k i & F {,I
Allows to extract first moment of Sivers “ {1 {} *
4).02'—
2 C PR T Y
L(1) 2 2, kr 1 2 07 BT X
T, = | d°Fk z, by, :
(e, Q) / ij?flT(l' T, Q") This is a first data on p/;weighted Sivers
asymmetry
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SIDIS transverse T|.|T|
= Sivers and TSA in the Drell-Yan Q? bins

Sivers TMD PDF has a very particular feature - it contributes with opposite sign to SIDIS and DY. It
is considered to be an essential prediction of Quantum Chromodynamics (QCD) going to be tested
by COMPASS. If Sivers function comparison SIDIS€=» DY is done at the same Q? we drop the
uncertainties from the unknown QCD evolution of the Sivers TMD.

= E
§ = —— COMPASS 2015 NH, data
" "a‘ s o, Comb. background
g = 10 === Ty (MC)
o~ 3 e A ®)
(w] _,= 104 —------- Open-charm (MC)
,g -- Drell-Yan (MC)
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T IIIIIII| T IIIIIIII T IIIIIII| Jilllllll' T Illllll T T

1 03 Total MC + Comb. background
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A i
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eoh" 1<QPNGeVicrad 4<QP(GeV /ey o625 6.25<QPNGeVic) <16 | 16<QPHGe VP <81
an @ -0 4 =0069 =01z ) -oe
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Fig, 2: Mean TSAs in the four DY Q%-ranges. Systematic uncertainties are shown as error bands next to the
vertical axis. For each Q%-range also the average x-values are given.
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(S1)DIS longitudinal | — Final results

TUTI

Deuteron g,7 Q?>1

#  Published the final COMPASS result for double spin

¥ i asymmetry A.? and longitudinal spin structure function g,

(deuteron data set 2002-2004, 2006) PLB 769 (2017) 034.

4= Together with the results on the proton spin structure function
4 g.°, these results constitute the COMPASS legacy on the

&= measurements of the g, structure function.
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