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Outline

* Introduction of high energy physics (HEP)
* COMPASS experiment at CERN

* SIDIS: transverse motions of quarks and gluons.
* Drell-Yan: transverse motions of quarks.
* DVCS: transverse radius of quarks.

e 3-pion production: meson resonances.

* Summary



What is “Physics”?

* Definition of “Physics” in Encyclopaedia Britannica:

Science that deals with the
structure of matter and the
Interactions between the
fundamental constituents of the
observable universe.



http://www.britannica.com/EBchecked/topic/458757/physics
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Rutherford experiment (1913)
: Nucleus and Sub- atomlc
Structure
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Elementary Particles Discovered: 1898
- 1964
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"'If I could remember the names of all these particles, I'd
be a botanist. |

1953 Donald Glaser invented the bubble chamber.
The Brookhaven Cosmotron, a 1.3 GeV accelerator, started operation.



Quark Model
(Murray Gell-Mann 1964)

Volume 8, number 3 PHYSICS LETTERS 1 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL- MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

If we assume that the strong interactions of bary- ber ni - nf would be zero for all known baryons and
ons and mesons are correctly described in terms of mesons. The most interesting example of such a
the broken "eightfold way" 1-3 , we are tempted to model is one in which the triplet has spin 3 and
1ental explanation of the situa- 2z = -1, so that the four particle '
sed approach is the purely dy- exhibit a parallel with the leptol
model for all the strongly in- A simpler and more elegant

*Three types of quarks (fermions), u, d and s.
*Baryons (s=1/2, 3/2) composed of 3 quarks.

*Mesons (s=0, 1) composed of 2 quarks: a
quark and an antiquark.



Baryon Octet (spin=1/2)

S=0

5=13"

S=2




Meson Octet (spin=0)

Q=-1 Q=0



Baryon Decuplet (spin=3/2)

A
S_O ++
(1232)
S=1 -
Z*+ (1384)
S=2 -
(1533)
S=3
(1672)

10



VoLUME 12, NUMBER § PHYSICAL

REVIEW LETTERS

24 FERRUARY 1964

OBSERVATION OF A HYPERON WITH STRANGENESS MINUE THREE*

V. E. Barnes, P. L. Connolly, D. J. Crennell, B. B. Culwick, W. C. Delaney,

W. B. Fowler, P. E. Hagerty,T E. L. Hart, N. Horwitz,T P. V. C. Hough, J. E. Jensen,
J. K. Kopp, K. W. Lai, J. Leitner,T J. L. Lloyd, G. W. London,f T. W. Morris, Y. Oren,
R. B. Palmer, A. G. Prodell, D. Radojici¢, D. C. Rahm, C. R. Richardson, N. P. Samios,
J. R. Sanford, R. P. Shutt, J. R. Smith, D. L. Stonehill, R. C. Strand, A. M. Thorndike,

M. 5. Webster, W. J. Willis, and S. 5. Yamamoto
Brookhaven National Laboratory, Upton, New York
(Received 11 February 1964}

It has been pointed out' that among the multitude
of resonances which have been discovered recent-
ly, the Ng,,*(1238), ¥,*(1385), and =, ,*(1532)
can be arranged as a decuplet with one member

[1] = L ' ] e M5 )

cay

length of ~10° feet. These pictures have been
partially analyzed to search for the more charac-
teristic decay modes of the 7.

The event in question is shown in Fig. 2, and
the pertinent measured quantities are given in

Table I. Our interpretation of this event is
K +p—=0~ +K*+K°
IO
A° 470
[_'}’:. +¥2
et +e”
et +e”
T+ . (1)

From the momentum and gap length measure-
ments, track 2 is identified as a K*. (A bub-
ble density of 1.9 times minimum was expected
for this track while the measured value was 1.7
£0.2.) Tracks 5 and 6 are in good agreement
with the decay of a A®, but the A° cannot come

fram tha nvimarer intarantinn Tha A? mace ac



Quark: the Eiahtfold Wav

2R The Nobel Prize in Physics 1969

"for his contributions and discoveries concerning the classification
of elementary particles and their interactions”

: n . 12_(u
+
A »+ ],
Murray Gell-Mann -
usa
sd

California Institute of
Technology (Caltech) E‘ S EO
Pa=zadena, C&, USA

b. 1929



Elementary Partlcles Discovered: 1964
- 2010 |

The Quark Idea
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The Standard Model of
High-energy Physics

SIZE IN ATOMS SIZE IN METERS

Force
Carriers

100, ooo 000 € 10"

(AT LARGEST)
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Higgs Discovery:
Announcement at CERN, July 4, 2012

IATL'ASI 201% - 2ol1z

W,ZH — bb

i m,=126.0 GeV

Vs =7TeV: JLdt= 4.7 b
H— 1t
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H-zz" - al
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% The Nobel Prize in Physics 2013
Francois Englert, Peter Higgs

The Nobel Prize 1n
Physics 2013

- = .

Photo: Pnicolet via Photo: G-M Greuel via

Wikimedia Commons Wikimedia Commons
Francois Englert Peter W. Higgs

The Nobel Prize in Physics 2013 was awarded jointly to Francois Englert and
Peter W. Higgs "for the theoretical discovery of a mechanism that
contributes to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the discovery of the
predicted fundamental particle, by the ATLAS and CMS experiments at

CERN's Large Hadron Collider"

17



Four Fundamental

T A Y "M \.
.\.\\ ., . " v —a / 4 _>—V . ":‘:::; t
- \ e

PROPERTIES OF THE INTERACTIONS

Interaction e Str
Property Gravitational
Fundamental

See Residual Strong
Interaction Note

Acts on: Mass - Energy Flavor Electric Charge Color Charge

Particles experiencing: Al Quarks, Leptons Electrically charged | Quarks, Gluons Hadrons

Particles mediating: (nog':‘é';‘g?ve 9 N Y Gluons Mesons

Strength relative to eectromag | 108 m 10-4 , 25 Not applicable

for two u quarks at: — 0 0 to quarks

0% Not applicable 2

for two protons in nucleus to hadrons




Unsolved Mysteries?

N

Quark Confinement

Origin of Mass

In the Standard Model, for fundamental particles
to have masses, there must exist a particle
called the Higgs boson. Will it be discovered
soon? |s supersymmetry theory correct in

Why No Antimatter?

Dark Matter

739 DARK ENERGY

Matter and antimatter were created in the Big
Bang. Why do we now see only matter except
for the tiny amounts of antimatter that we make
in the lab and observe in cosmic rays?




atomic nucleus 1014 m nucleon
101> m

2

M= 2 m, M~3m M » m,

binding energy binding energy
effect ~ 108 effect ~ 10°3

nucleon: mass not determined by sum of constituent masses
m = E/c?, “mass without mass“ (Wilczek)
mass given by energy stored in motion of quarks
and by energy in colour gluon fields




Topological Charge Density of Gluon Field

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/ChargeAPE5LQanimXs30.gif



http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/OriginMass/index.html

Quantum Chromodynamics
(QCD)

Quantum Chromodynamics (QCD), the gauge field theory that describes the
strong interactions of colored quarks and gluons, is the SU(3) component of the

SU(3)xSU(2)xU(1) Standard Model of Particle Physics.
The Lagrangian of QCD is given by

Parameters:
| 1 m,: quark mass
L= Z+ e — @I GAS — @ghab)ibqs — T i AN -
g, pCab @ @a-b)z- 4 Y g,.coupling constants

where repeated indices are summed over. The «# are the Dirac y-matrices. The 1, , are
quark-field spinors for a quark of flavor ¢ and mass mg, with a color-index a that runs
from a = 1 to N, = 3, i.e. quarks come in three “colors.” Quarks are said to be in the
fundamental representation of the SU(3) color group.

http://pdg.lbl.gov/2017/reviews/rpp2017-rev-qcd.pdf

22


http://pdg.lbl.gov/2017/reviews/rpp2017-rev-qcd.pdf

Propertles of QCD

a, = EQuark Confinement: no isolated quarks.
April 2016
o (Q? N4 v T decays (N3LO)
S( ) o o® Uﬁu a DIS jets (NLO)
<4 o Heavy Quarkonia (NLO)
03| o e¢'e jets & shapes (res. NNLO) 1
® ¢.w. precision fits (N°LO)
v pp—>jets (NLO)
v pp — tt NNLO)
0.2 | e
The Nobel Prize in Physics
2004
0.1} i
= QCD OLS(MZ) =0.1181 £0.0011
1 1 100 1000

Q [GeV]
http://pdg.Ibl.gov/2017/reviews/rpp2017-rev-qcd.pdf

Asymptotic Freedom

23


http://pdg.lbl.gov/2017/reviews/rpp2017-rev-qcd.pdf

Hadron (Baryons & Mesons)

Baryons qqq and Antibaryons qqq Mesons qq

Mesons are bosonic hadrons
These are a few of the many types of mesons.

Baryons are fermionic hadrons.
These are a few of the many types of baryons.

Symbol| Name | Quark | Electric | Mass [Spin Symbol| Name | Quark | Electric | Mass [Spin
content| charge | GeV/c?2 content| charge | GeV/c2
p proton | uud 1 0.938 | 1/2 T+ pion ud +1 0.140 | 0
p |antiproton| uud -1 0.938 | 1/2 K~ kaon su -1 0494 | 0
n | neutron | udd 0 0.940 | 172 p* rho ud +1 0.776 | 1
A lambda uds 0 1.116 | 1/2 B? B-zero db 0 5.279 0
Q~ | omega SSS -1 1.672 | 3/2 L eta-c cC 0 2.980 0

Hadron is the effective degree of freedom of all quark systems.

24



Deep Inelastic Scattering

The Nobel Prize in Physics

1990

7 }"?

e

Jerome I. Friedman
Prize share: 1/3

Henry W. Kendall
Prize share: 1/3

Photo: T. Nakashima

Richard E. Taylor

Prize share: 1/3
k_!

100 | | | | | I

~ = \ 0 W= 2 GeV/c?
gl g \ g--—— W= 3 GeV/i?
wla ' W=35 GeV/c?
Sl|o

el 10—1 - -
L|3

U S

K /

¥

lepton
¥ g=k—Fk
p If > Q2 — _q2
proton } \‘

K hadrons

ra r
P mass W

102} \'}
. 2
Qo ~10.0 GeV
\
\‘\
C \, -
n , N ]
- Elastic scatteringl ™. ]
- '\. .
10~ I T N R N B
0 1 2 3 4 5 6

Q2 [(GeV/c)?]

X: momentum fraction of struck partons




Deep-Inelastic Scattering &
Factorization

e
e /
) o

Ll}q . O'Aparton

=

Xaj:)(éarton

X fparton(x)

Parton Distribution Functions (PDFs):
Probability density for finding a parton in
a proton with momentum fraction X

Gproton(Q) — fparton(xy Q) ® O-Aparton(Q)

calculable

26




Parton Density Function

Uproton(Q) — fparton(X; Q) ® O-Apalton(Q)

calculable

Iransverse momentum

Traphsverse
position/

09 : =—— H1PDF 2000 Longitudinal momentum
[ E==== ZEUS-S PDF Q=

CTEQ6.1

Photo by Alessandro Bacchetta
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COMPASS Collaboration

(Common Muon and Proton Apparatus for Structure and
Spectroscopy)

e 24 institutions from
13 countries —
nearly 250 physicists

* Fixed-target
experiment at SPS
north area

* Physics programs:

* Nucleon spin
and partonic
structures

* Hadron
spectroscopy




COMPASS Setup

Small Angle Spectrometer (SAS)
Large Angle Spectrometer (LAS)

U Filter
Target Region ECAL & HCA
frFilter [

ECAL & HCAL ,

Beam:
Polarized lepton beam : p*, - 50-280 GeV/c

Hadron beam : it¥, ¥, K*, K-, p
Target:

Polarized NH; and °LiD target
Liquid hydrogen target

29






Polarized Target

e 10" e =107
3He — 4He dilution refrigerator (T~50mK) 3 s pesteen gmuL proton 2010
E r . E 3
solenoid 2.5T |

Ta0

1000 mm

dipole magnet 0.6T *°° F
| :‘ /\ | = ﬂ g

'deuteron’ - Li°D 2 cells
‘proton’ - NH? 3 cells

Li°D  NH?
polarisation  50%  90%
dilution 40%  16%

]
III—-F
I
| =
=
. -
4T ;L_h ™ T ™
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Polarized Target

Dilution refrigerator

32



COMPASS physics

Commom Muon Proton Apparatus for Structure and Spectroscopy

COMPASS-
1997-2011

extension
& 2021

COMPASS-II A0 A
2012-2020 : £ 5 s fomgkd'mcgilproton detector

‘s SUrrounding the 2.5m long
- LH2 target

, DVCS n |)-) wopy

Y

DVCS (GPDs) + unp SIDIS

Polaised Drell-Yan

33



Multi-dimensional Partonic Structures

Wigner Distributions

® Beyond collinear
approximation
® Related to the orbital
motion and spin-orbit 2
d'k,
effects.

Parton Distribution Functions Form Factors

T(x) F,(t)

http://www.int.washington.edu/PROGRAMS/17-3/
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http://www.int.washington.edu/PROGRAMS/17-3/

Leading-Twist Transverse-momentum
Dependent Parton Density Function (TMDs)

Quark
U L T
I spin of the nucleon | Nucleon
f spin of the parton U &29 Q{D _ (0
/" ic; of the parton number density Boer-Mulders
119 @ k) hy "9 (. k)
. @@ @&-@®
Helicity worm-gear L
9%y (x. k) hy (x, kF)
t
' i ®-®
- - ' 1 4
&]D K;’) @ @ Transversity
T . h1? (x, k})
Kotzinian- t
Mulders -
Sivers worm-gear T Q{D ({D
f129(x, k3) 9129 (x, k3) Pretzelosity
R (xk}) | 3




Sivers Asymmetry A.;, in SIDIS

(Left-Right Asymmetry w.r.t. S; )
,pT(ka,S)—fq,Axk) = T (OKD)ST (B xK)

N

The orbital motion of an u quark inside a proton
causes positive-charged pions (ud) to fly off
predominantly to beam-left.

do(S,)—do(-

h _ T §) 3 i [
AT=d0(§T)+dG( §) ‘ST"[DNN'Atou’Sln((/jr]+¢s_7[)+A5iv'sm(¢h_¢5)] *°



Polarization-dependent Terms:
Transverse Spin Asymmetry (TSA)

Ayr

F. 1 N'-N*

A TF, S NT+N?

f: dilution factor due to non-polarizable content of the target

ST: polarization degree of nucleon transverse spin

* Advantage: most of the systematics due to instrumental artifacts cancel.
* Disadvantage: unpolarized structure function Fyy has to be well known.

37



Nonzero Sivers
Asymmetries from SIDIS

kyGeV) ST T k(Gev)

COMPASS, PLB 744 (2015) 250 Sivers Functions

& Q12T .
~0.05F 0.08
=
= 004
= 0
o X
0.04F a=1Gev u,
-0.08F -
. ' | ' 1072 107"
o, A _ —— Phys.Rev. D86 (2012) 014028 X
= 0.05F °*T - mm=s Phys.Rev. D88 (2013) 114012 |-
— — Phys. Rev. D89 (2014) 074013
012F T T -
[ | o O08F a=1cev d, 1
1 B
¢ T = 004} -
= 0 ==——
| | ﬂ
1 o 15 -0.04 ¢ b
p; (GeV/c) .08k ]
al al
1072 107"
Signals of Sivers functions of valence quarks from SIDIS. X
How about Sivers functions of gluons? PRD 86, 014028 (2012)

[arXiv:1204.1239]



Feynman Diagrams of y*
Scattering

photon-gluon fusion  Leading process (LP)- QCD Compton
(PGF) main DIS process

1‘ T
PGF Qco-
Compton

3 processes in the single photon exchange approximation describe well the
unpolarised data
With the use of neural network trained on MC simulation it is possible to
extract
the asymmetries of the three processes simultaneously.
Method presented in the Ag/g extraction paper: compass, acc EPJC, hep-ex/1600.06062

39



Neural Network to disentangle
individual contributions

T —
PGF |th3"
Compton

P=p:1+p2
P =0p —@s
Ne = ae(1+ B8 AR (X) + BEATR (%) + BE Aepc (7)) t = ud.c,ud c
a - generalised acceptance of cell t
’56 = RPGF fPT sin @.
5L = R{_prT sin O
A Rocpc Pt sin o.

Rpcr. R p, Rocpc - from neural network trained on MC data

= {XBJ-;QZ’ pTl’ pTZ’ p'—l’ pLZ}

40



Event Selection

e DIS cuts: Q2% > 1(GeV/c)2; 0.003 < xg; < 0.7; 0.1 < y < 0.9;
W > 5GeV/c?;

z1.22 > 0.1;

z1 + 20 < 0.9;

pr1 > 0.7GeV/c; pro > 0.4GeV/c - optimised to enhance PGF fraction
and ¢g. ¢p correlation in MC.



MC events for Neural
Network Training

Full chain MC with LEPTO generator, GEANT with COMPASS setup and

reconstruction package

MSTWO08 PDFs

Parton Shower on

e F; on

FLUKA for secondary interactions

6 kinematic variables as an input of NN: pr1, p72. P11, PL2, Qz,XBj
good agreement between MC and data for distribution of these variables needed



NN MC Training

: LP

0 02 04 06 08 1
NN

i LP

.

| L ] -
e sveeee—
0 02 04 08 08 1

NN

0.8

0.6

0.4

0.2

=]

©

PMC_P

. QcDe

0 5304 08 08 1
NN

. QcDpe

;‘ '

:._-_._._'T._.—

R R R R

NN

PGF
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MC vs. Proton Data

w . - @ 140000
T 80000F B —Data = -|4[]D[]D:f —Data & 120000
I ?UUUUE— u MC & '|2[]DUD:— ] E
3 E 100000
ggggu: 100000F aononE
400005_ 80000 3
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Sivers 2-h Asymmetries

Sivers

sin(0,- 6,)

)

sin(b
A PGF

sin(o,~ b,)
DC

AQC

<

0.5

-0.1

deuteron
107 10" Xq
deuteron
E—
107 10" X
deuteron
10° 10° X

proton
—
107 107 X
proton
Emsslle——
107 107 Xe
proton
]
107 10° Xg,

Gluon Sivers contribution for proton: A

sin(pp—ds) __
PGF,p

0.26 £ 0.09(stat.) 4= 0.06(syst.)

Gluon Sivers contribution for deuteron: As,ci,nc(ﬁifj_(’%) — —0.14 £+ 0.15(stat.) £ 0.10(syst.)

Limited precision on deuteron. More data needed.

The results for the LP compatible with single hadron measurements.

COMPASS, PLB 772 (2017) 854, hep-ex/1701.02453
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COMPASS physics

Commom Muon Proton Apparatus for Structure and Spectroscopy

COMPASS-I|
1997-2011

extension ***
& 2021

COMPASS-II A0 A
2012-2020 : £ 5 s fomgkd'mcgilproton detector

‘s SUrrounding the 2.5m long
- LH2 target

.

, DVCS n |)-) wopy

Y

Polarised Drell-Yan DVCS (GPDs) 3 unp SIDIS
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Non-Universality of Sivers Functions

J.C. Collins, Phys. Lett. B 536 (2002) 43

A.V. Belitsky, X. Ji, F. Yuan, Nucl. Phys. B 656 (2003) 165

D. Boer, P.J. Mulders, F. Pijiman, Nucl. Phys. B 667 (2003) 201
Z.B. Kang, J.W. Qiu, Phys. Rev. Lett. 103 (2009) 172001

Drell-Yan SIDIS

‘Sivers loy = —SIVErS |1 ‘

e QCD gluon gauge link (Wilson line) in the initial state (DY) vs. final state
interactions (SIDIS).

e Fundamental predictions from will be tested.
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COMPASS-Il Transversely
Polarized Drell-Yan Program

e Schedules:
e 2014 Oct — Dec: commission Drell-Yan runs

e 2015: first year of transversely polarized Drell-Yan runs
with 190 GeV 7~ beam

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

M. Agha.*'._‘,v-'un._24 R. A]i]]lll‘]’.{}"til]l)\-"._? G.D. Alexeev,” M. G. Alexeev.” A. Amoroso, ° V. Andrieux,””* N. V. Anfimov,’
V. Anosov,” A. Antoshkin,” K. Augﬁlen,?"g W. Augu&:lyniak,zg A. Au&lrege&;ih),lﬁ C.D.R. Azevedo,' B. Badetek.”
F. Balestra,”® M. Ball,® J. Barth,® R. Beck,” Y. Bedfer,”” J. Bernhard,'*” K. Bicker,”” E.R. Bielert,” R. Birsa,**

M. Bodlak.'” P. Bordalo,'"" F. Bradamante,”* A. Bressan,”* M. Biichele.,” W.-C. Chang,”' C. Chatterjee.’
M. Chiosso,”* 1. Choi,”” S.-U. Chung,”‘c A. Cicuttin* M. L. C're.f.p(}._y"d S. Dalla Torre,” S. S. Dm‘.guplu,(’
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Dimuon Vertex Distributions (2015
Trans.-pol. Drell-Yan Runs)

oncrete ungsten plug {max
Absorber ghofetcy, HeR1-20.] aluni «74 ga.ggm) Lm-l
o : ! :
Aluminum r I |
T cone 88 (F '
beam MMI
NH3 ?2" |]/
— I - 1 |-
I =108/ sec -
Space for verfex HEE
detector Ereal
<t N
JAluminumlb ] F. ... ..., i ] . ] o
2 fend
/
0’ '
3 \COMPASS 2015 data Tungsten

A3 < M, /(GeV/c?) <8.5 | beam plug

counts/1.25 (cm)
[o®]

.

NH, Al

[a—

\—300 =200  -100 0 z (cm)

COMPASS, PRL 119 (2017)112002
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Dimuon Invariant-mass Distributions

(2015 Trans.-pol. Drell-Yan Runs)

[S—
-
n

[S— [S—
- S
(8] (O8]

\ IIIIIII| 1 IIIIIII| I III\III| J IIINJJf’ I IIIIII| [T TTTI
’

counts / (0.04 GeV/c?)
S

[S—Y
-

—— COMPASS 2015 NH, data
------------- Comb. background

------- Jhy (MC)
------- v (MC)
\ e Open-charm (MC)
”;*.':f_'-._:_ . - === Drell-Yan (MC)

Total MC + Comb. background

COMPASS, PRL 119 (2017) 112002
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Transverse Spin Asymmetries
in Trans.-pol. Drell-Yan: Sivers

do™® o _io
d ‘qdQ  Fg? Y

A" oc Density f, |, ® Sivers f; |,

COMPASS, PRL 119 (2017) 112002

LO CoS2¢ )
1+ D ZQ]AJ c052g0)+
_C
[AT”””S singg + D, (A sin(2p — gs) + A sin(2p + 94) ) |
0.5 FCOMPASS 2015 data -4.3<M,,/(GeV/c 2)<8.5_-
| : ] : | { {
0_f§ “““““““““ H"f""} “““““““ L fro %{ “““““““
—05p  Weww ... ==\ . rrrrrnreet WA rewwwea SOV [,
107! 107! 020 020400608 | 2 3 4 5 o6 7 8
Xy Xy Xp q, (GeV/c) My, (GCV/CZ)
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sin@

Sivers Asymmetry in Drell-Yan:
Hint of Sign Change!

COMPASS, PRL 119 (2017) 112002

= DGLAP
- b TMD-1
0.1 == T™MD-2
- B .
0 I
—0.1 —
1

e COMPASS 2015 data

==
.-

sign change

no sign change

5

A?in ?s

0

.05

— 0.060 + 0.057(stat.) = 0. O40(sys )

2018: Polarized Drell-Yan program (improved statistics
errors of Sivers asymmetries are expected).

DGLAP (2016)
M. Anselmino et al., arXiv:1612.06413

E =
n 2

< | \

TMD-1 (2014)
M. G. Echevarria et al. PRD89,074013

0.
0<q, <1GeV
0.05

0

0.05F

0.1 F
P | i i aal MR AT
el
10~

TMD-2 (2013)
P. Sun, F. Yuan, PRDSS, 114012

sin(9,-0,)
Ayr

-1
10

0sE.  COMPASS




counts / (0.04 GeV/c?)

Unpolarized Cross Sections:
Pion PDFs and Sudakov FFs

@’ do/dQ (pb GeV?)

x10 x10°
E —— COMPASS 2015 NH, data B COMPASS 2015 NH:l data o s COMPASS 2015 NH, data
r ce Comb. backeround B L2 ~ 5F L7 )
e A~ Conb. backg N 43 < M /(GeVic?) < 8.5 S O 43 < My, /(GeVie?) <85
R Ay ' (MC) A Q C
104 - BRI Open-charm (MC) : B O 4 -
- === Drell-Yan (MC) ~— : ) o
103 % Total MC + Comb. background ““; 2 -_ :] 3 :_
o = B = E
102 E E [ ~ 2 —
i e, O [ Z
10 {ﬁﬁiﬁﬂ L = 1F
B B | L [ S E | |
4 6 8 10 = -
: 3 : 5
M, (GeV/c?) 1 0 ! 2 4
q, (GeV/e)
Aicher et G/., PRD 83 (2011) 114023 Wang et G/., JHEP08(2017)137
105:- T T T T T 3 e e e e I e e ———T T ﬁU‘S-""l'"'I""I""I""I""
S0 T fj:t;;::gﬁ::wn ] Lr?u P tea s L xperiment measurement ]
F @ NLO DQ, ; ==== Theoretical estimate ]
- & D-i | - i
= 40 i v El'z 06 COMPASS 2015 = -NH_ data ]
'E_ 20 E_ - 43 GeV <M <85GeV
3 C 04
g wf [
£ [
10! | 22 NLL resummed 0N 0 ] 02}
[ —-- LO - L o\ ] -
0- 1 L L 1 1 L L | ] 0 . Ll 1B
L S TS IR T i 03 0 05 i N D
Q (GeV) n 0.0 0.5 10 1.5 2.0 2.5



COMPASS physics

Commom Muon Proton Apparatus for Structure and Spectroscopy

COMPASS-I|
1997-2011

extension ***
& 2021

COMPASS-| A0 A
2012-2020 : £ 5 s fomgkd'mcgilproton detector

‘s SUrrounding the 2.5m long
- LH2 target

.

, DVCS n |)-) wopy

Y

Polarised Drell-Yan DVCS (GPDs) 3 unp SIDIS

54



Multi-dimensional Partonic Structures

Wigner Distributions

Parton Distribution Functions Form Factors

t(x) F,(t)

http://www.int.washington.edu/PROGRAMS/17-3/
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DVCS and Exclusnve p|0

Introduction to GPDs

GPDs provide a “3D” description
of the nucleon by encoding

CORRELATIONS between momentum
and position of partons

u

P P’
/t\A
For proton ta rget: Definition of variables:
q: exchanged photon four-momentum
PY 4 Ch i ra I_eve n G P DS : x: average long. momentum - NOT ACCESSIBLE

&: long. mom. difference = xg/(2 — Xg)

P~ P~
H H E E t: four-momentum transfer

« 4 chiral-odd (“transversity”) GPDs:
Hr Hr Ep Ep
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Extraction of DVCS

DVCS

expected nb of events

T g T T

8

~smellt_ v glowp’

2
t= -
(Pp Dpr)

do «

————
bilinear combination of GPDs

[ — |BH+DVCSE
[ - |BH®

- = |DVCSF
== Interference

-150 -100 50 o

50 100 150

0.005<x;<0.01

BH dominates

excellent

reference yield

Bethe-Heitler

*

Y

I Toves|? +  |Teul?

N
L]

tgd nb of events
(-]

expec

"o
p st v Sowp

+ interference term

[ — |BH+DVCSP - = |DVCSP

[ o= EBH? ==sa interference

- e -
—— -

WWH FERNE RN PR AT NRRNY FRR I

-150 -100 50 o 50 100 150

0.01 <x3;<0.03

study of Interference

9 Re TDVCS

or Im TOVG

known to 1 %

expected nb of events

3
T

linear combination of GPDs

L]
T T

| e [BH+DVCSE - = [DVCS]

Monte-Carlo
Simulation
for COMPASS
set-up with
only ECAL1+2

Missing
/CS acceptance
nv{thout ECALO

-150 -100 -50 o 50 100 150

0.03 < xg

DVCS dominates
study of doPV&/dt

=2 Transverse Imaging

=
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Transverse Nucleon Imaging

Beam Charge and Spin SUM:

Scsu =do(u™ ) +do(p™™) x do®? + do

|+ Ks["'sing

Integration over ¢» and BH subtraction —» da®V®S/d|t| ~ exp(—B|t|)

< b3 (x5) > ~ 2B(xp)

4+0.02 Cp, ';,
Yy,

10.6
0.5_ AR

|H1 PLB681 XY
o |(2009)

104 103 102 10! 1

b, — distance between struck parton and
baricenter of momentum

singlet pion valence
quarks. gluons s cloud , quarks
. f / )

b x<=0.01 x~0.1 x~03

Ansatz at small xXg:
B(xg) = By + 2a'In(x,/Xxg)
(inspired by Regge phenomenology)
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Exclusive y Azimuthal Distributions for DVCS

$ e Data COMPASS 2012
- T —MC (BH)
b 0 bgd. MC ¢ l 1 (GeVic) < Q° <20 (GeVicy
- 1 OOO I MC(LEPTO 0 bgd.) 80 GeV < v < 144 GeV
LLl cren MC(exel. i bgd.)
MC (BH + n¥ bgd.)
L 0.005 < Xgj < 0.01
pure B.H
500 zontribution .
T 2 3
(7)) .
| e Data COMPASS 2012
Q0 100 — MC (BH)
b 7 bgd. MC 1 (GeVie) < Q® <5 (GeVicf
| MC(LEPTO ™ bgd.) 10 GeV < v <32 GeV
LLI [ MC(excl. x° bgd.)
MC (BH + =" bgd.) + + XBj > 003
50~ +

400

300

200

100

Kinematically constrained
vertex fit applied

e Data COMPASS 2012
- —MC (BH) + + o 2
| n® bgd. MC 1(GeVic) < Q* <20 (GeVic)

32 GeV < v <80 GeV

MC(LEPTO = bgd.)
wmnemee MC(@Xcl. 10 bgd.)
- MC (BH + n bgd.)

0/01 <'xg < 0.03

BH Monte Carlo normalization
based on integrated luminosity

BH process dominant at small xg;
1° background contributing at large Xg;

clear excess of DVCS at large xg;
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Kinematically constraine

DVCS x-section and t-slope extraction

— 10?
N

o

>

(D)

&

1 ®)

£ 10
=)

P.
Tl=
ol i®;
=
©

©

- (X, )=0.056
- (Q%)=1.8(GeV/cy
- (W ) =5.8 GeV/c?

COMPASS 2012

| —B=4.31+£0.62 7% (GeV/c)?
- 1(GeV/cy < Q%<5 (GeV/c)
10 GeV < v < 32 GeV
oo o b oo o b oy
0.1 0.2 0.3 04 0.5 0.6

t] (GeV/cy

COMPASS, hep-ex/1802.02739
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Quark density and transverse
radius as a function of x

Comparison with HERA results

o F o
—~ T
o !
D T Y
) =
(D S5
N E N HERA results
4
(08 I
3 - @ COMPASS2012. (Q%)=18(GeV/o}
2 E-W  ZEUS: JHEP 0905 (2009) 108 (Q%) =3.2 (GeVic)
- voOHT Eur. Ff’hys. C44 (2005) 1 (Q%) = 4.0 (GeV/cy
TE"A H1:  Phys. Lett. B681 (2009) 391 (Q?) = 8.0 (GeV/c)
O: 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
-4 -3 -2 -1
10 10 10 10 XB

W/ (1) = (0.58 £ 0044, f%:%é}sys)fml COMPASS, hep-ex/1802.02739
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COMPASS physics

Commom Muon Proton Apparatus for Structure and Spectroscopy

COMPASS-II A0 A
2012-2020 : £ 5 s fomgkd'mcgilproton detector

‘s SUrrounding the 2.5m long
- LH2 target

, DVCS n |)-) wopy

Y

Polarised Drell-Yan DVCS (GPDs) 3 unp SIDIS
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Meson Production in Diffractive Dissociation

Example: m— ™ final state

C. Adolph et al., PRD 95 (2017) 032004

_ Bachelor
T beam X =

Tt
-
Ptarget Precoil
S _ x10°
! {P(770) T o4l (0a(1320)
¢ I [ a (1260)
= ¢ = 1 |
rel H e
S oar - My
E D ool 7T,(1670)
0.5 I’B(%O)
: lf2(1270) 0_1:_
: ((1690)
Il 1 | 1 1 1 1 ‘ 1 1 1 1 | 1 1 1 1 i 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
. 0.5 1 1.5 2 8.5 1 1.5 2 2.5
m, .. [GeV/c?] my, [GeV/ic?]
Decay of X via intermediate 7t~ 71T resonances — “isobars” J
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Bachelor
ﬂ'-beam -

[sobar

Ptarget

27t resonances 37 resonances

Partial wave Relative Resonances Nonresonant ma, fit range
intensity component Eq. [GeV /]
00 £(980)7S 2.4%  7(1800) 1.20 to 2.30
1+HH0% p(770) 75 32.7% a1(1260) [Eq. (24)], ay(1640) @7) 0.90 to 2.30
17707 £5(980)7 P 0.3% a1(1420) 1.30 to 1.60
IHHOFR(1270)7P 04%  a1(1260) [Eq. (24)], a1(1640) 1.40 to 2.10
1=+ 1+p(770)7 P 0.8% m1(1600) 0.90 to 2.00
21+ p(7T70)w D 77% ] (27) 0.90 to 2.00
27T2Tp(T70)w D 0.3% a2(1320) [Eq. (25)]. a2(1700) 1.00 to 2.00
271 f5(1270) 7 P 0.5 % 1.00 to 2.00
20+ p(770)7 F 22% | (27) 1.20 to 2.10
270 fo(1270)7S 6.7 % 27 1.40 to 2.30
f2(1270)m F0 L (1670), ma(1880), ma(2005) ¢
21+ £,(1270)7S 0.9% 1.40 to 2.30
20+ £5(1270)7 D 0.9% (29) 1.60 to 2.30
4+ 1+ p(T70) 7 0.8 % 1.25 to 2.30
a4(2040)
4T+ 17 £(1270)7 F 0.2% (29) 1.40 to 2.30

Intensity sum 56.8%




Interpretation of the partial waves [arXiv:1802.05913]

Fit of the resonance parameters

M %10° 07*0% £,(980) 7 S

F 0.100 < #<0.113 (GeV,-"c)E
| Model curve
| Resonances

t, = |t - tlllill' ':l: 151 Nonres. comp. #
S
pt-a.rget > > precoﬂ ; L
"i 10_—
400000} "mp=rmm'p (COMPASS2008) ~ © ] é 5_—
[ 0.100<t'<0.113(GeV?) — total - -
300000 03T s T 25
< s, [GeV/e?]
5 200000 Fit model
£ _ @ Signal(BW) and Background (p-e—")
100000 T(mg,ﬁ, Z”) = C(f’)BW(m&T) + BG(mgﬁ, t’)
@ The main big fit:
° 10 15 20 25 14 interfering waves x 11 t’-slices
Men(GeV) simultaneously.
K <[P >]|2A]| |— |l + 722 parameters, 76500 data points.

65




Mass and width of the resonances

The main mass-dependent fit

Axial vector 17"

%105 1+0% p(770) & §

0.100 < ' < 0.113 (GeV/c)
Model curve
— Resonances
L o0z Nonres. comp.
2
=
=
IS
= -
£ o1
5 =
E
0.5 1 1.5 2 25

ms,, [GeVic?]

@ Non-resonant
background

(7r)

0 100< t'< 0 113 (GeV/c)Z

Commas | fgmoer 04 gon, 3 e Frpmen P amnen

[arXiv:1802.05913]

my, [GeV/c?]

PEET A

%”
" S

49— 3¢ [deg]

Intensity / (20 MeV/c?)

np — -~ xtp (COMPASS 2008)
Mass-independent fit

Mass-dependent fit
resonant

non-resonant

1*” !

-IT r: 1 ) 1
' i o ﬂjﬁgﬁ - '
A o, [
i [ !
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Mass and width of the resonances [arXiv:1802.05913]

The main mass-dependent fit

Axial “?” {++ q100< t <0 0. 1}3 (Gewc)2 my, [GeVie?]
- — g e e S e SN LT, ST, S, i, S
Vii o \ﬂ q. b T 3ot .
3 10" £(980) = P ; Eaf\ \fu \J \“f \ft" w \M Wmﬁl N‘t‘ \“ ) \* ! B
f<10 — A : )r. a o - T G y\..«ﬁ“ ...ri.i’.'"nPf P 1[,; e I I s 1)
oL = AL N
— 3+ ) Resonances & i,l_ 1: ¥ /wr -E; A 3 .: ?-“
% Nonres. comp. E : 4 “"{"“ w il - I{I‘:j
2 o E LT " “wt ‘nﬁ, .
g = A [T ) nh*\ ' Al Y
2o W W_F i i v
: g ALl W M

ms, [GeViel]

[ fyy 1 e
e N e i
0.5 1 15 2 2.5 E’E

@ Exotic candidate! )

np — - xtp (COMPASS 2008)
Mass-independent fit

Mass-dependent fit
resonant

non-resonant

67



Mass and width of the resonances [arXiv:1802.05913]

The main mass-dependent fit

_ _y 0 100 <t'< 0 113 (GeV/C)Z m, [GeV/c?]
Non-qg 1 i S e o e 5 i i
2<103 "1 p(770) = P % ) == i .‘I'_i&. lm L
R v > V&Y
~ 4 } Resonances g - ? == b |
= Nonres. comp, - . .'“
3 ' Low't = T
g = '
= ”s
:
£ =

=y J_.w.'.rf ;

R 'cw ’

«10° I*1* p(770) = P
3l 0440 = ' = 0.724 (GeVic)
I Model curve

I Resonances H h /
I Nonres. comp. Ig t

]
T T

Intensity / (20 MeV/c?)

np — m-n~xtp (COMPASS 2008)
Mass-independent fit

s [GeVIc] ' Mass-dependent fit

resonant

non-resonant
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Mass and width of the resonances

The main mass-dependent fit

605103 2771 p(770) # D
0.100 < #' < 0.113 (GeV/c)
i Model curve
. Resonances
% Nonres. comp.
-
v 40
=
=
2
e
§ 20
E
Y A— L
0.5 1 1.5 2 25
ms,, [GeV/cl]
2541* p(770) 1 D
0.100 < #' < 0.113 (GeV/ic)?
)
-
LM
=
8
Z
5
S

0. 100< r < 0 113 (GeV/C)Z

[arXiv:1802.05913]

my, [GeV/c?]

imes O¥amer | P S, g Mg SWarmer  fgiames  (Vemaes  Svgimer
. e A

=1 \\« '\rv-

B

; 'Hﬂh \WJ'M\\N

Intensity / (20 MeV/c?)

n p — n-a~x p (COMPASS 2008)

Mass-independent fit

Mass-dependent fit
resonant

non-resonant

f
T = — o
g ] £ —
o - . h! -
f Es
== =
it
—
EE

EE S

A g F
FTITRT
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Mass and width of the resonances [arXiv:1802.05913]

The main mass-dependent fit

: — 0.100< 7' <0.113 (Gev.fc)2 msy; [GeV/e?]
Axial tensors 2 PR i e S i S i i i 55 S5
x10° 20 P19 n F % ) ~§f 4 "r“ﬁ::‘z:? ...51 T g
10 Nodel e = ; i il ¥ ™\
= I Resonances 1 o T g ? Feee prece
§ | Nonres. comp. ﬂ' g/ J.N ' uf«\w .
ﬁ ".l(\",+ - e I TR riehd
s LR
; - IIII| e = | . [ 1 L |
Z o™ 8 N _.
g oo\ = i »In' A, ﬂ“il‘ﬁ" i UE
— / \llw)"ﬂh 2 e !‘ Wi }LllT ?‘ Hu-m _{um Aa.“”q, 1
i j f‘h“ -5 WWJI 1 ."‘ ! h '\| .'I,'I‘ ’5{1 P' ﬁ‘mﬂl{hh W
ittt P N " ke - h vf* ,_. T e e
05 1 15 2 25 EE
my, [Gevfc?] : M (AN
%10’ 20° £(1270) 7 D ; I
[ 0100 < a“'~'10.113(GeV."c)2 A
| Model curve i
— L Resom@ces 1 . e
%; 6__ Nonres. p. ) ."" - ‘
z | : |
‘5 L :_‘. -
E ol np — x-a xtp (COMPASS 2008) i I "'FF_;
Mass-independent fit /‘h 1k
et _ Mass-dependent fit s lrﬂwf
my, [GeVIc] resonant §E
non-resonant i1 A
@ three resonances! 1
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Mass and width of the resonances [arXiv:1802.05913]

The main mass-dependent fit

, e 0.100<7'<0.113 (GeVie)? my, [GeVie?]
Spln—4 4 e T T D LU T TGS I, T ST SN S S0 S
‘.E:)_ ?— h A | | | A'\_\« \.r-'-‘; i
41 £1270) 7 F % = | S N s s '
e : TR N
—_ | Resonances T e i
) | Nonres. comp. S:l/ ") &J\‘m D B
% 600 “; T I}u..-Bl Tiue|
= [ = e
a ot a .8 / il
3 Yoo 1) e I}‘llfb“"ﬁi:h'i.. N :
g : R= I_;T.}h*\d, b Wu, i ; g
Z 200 AT AT AT AT MIM '
B Rl ‘w !ﬂm LAI'{' 'ﬁﬁ"’ ‘{ﬂ mps ﬁ‘mﬂhlﬂ M ...
T 2 25 :
ms,, [GeVic?]
@ Clean signal of

the high spin
state

np — m-rnxtp (COMPASS 2008)
Mass-independent fit 5
Mass-dependent fit i

resonant : i
non-resonant ‘3 ﬁ ’




Resonance parameters

The most precise measurement of the Breit-Wigner parameters

dp resonances ™ resonances
08 ap — 7 77p (COMPASS 2008) 08 ap — 7 x-wtp (COMPASS 2008)
: a,(1260) ’
B (f.l(l‘i?ﬂ] B a (1600)
s — a (1640) B 7,(1670)
L a,(1320) - 7,(1880)
I a,(1700) 0.6— T,(2005)
_ 06 a,(2040) _ N »
% - e % -
o T O I . ©
0.4l S — 04—
= S = —
= Y o1k . = L « |
0.2 / 0.2
i L T I
ST 1315 132 I~
| | | | | | | | | | | | | | 1 1 | | | | | | | | | | | | | | | 1
1.2 1.4 1.6 1.8 2 1.2 14 1.6 1.8 2
Mass [GeV/c?) Mass [GeV/c?]

@ Dots show the value in the main fit

@ Gray boxes indicate systematic uncertainty

» Omitting waves

» Modification of resonance models

» Variation of the non-resonance parameters

» Modification of the y? function (partially including correlations)
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Future Plan

« Short-term future 2021/22
(addendum to the COMPASS-II proposal)
— complete the COMPASS transverse spin program:
one year of running with transversely polarised deuteron target
— Proton radius with high-energetic muon beam

» Longer-term future: a new proposal for a multi-purpose setup >2025

— radiofrequency-separated kaon beam for strange-meson spectroscopy,
kaon- and antiproton-induced Drell-Yan, kaon-photon reactions

— DVCS with muon beam on polarised target with recoil detection

— measurements with antiproton beams: spectroscopy, cross sections

— Letter of Intent is currently being drafted and discussed within the
“Physics beyond colliders” initiative of the
“European Strategy for Particle Physics” https://arxiv.org/abs/1808.00848
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Summary

* Proton is a fundamental particle composed of
qguarks interacting with an exchange of gluons.

* Through the DIS and Drell-Yan processes, COMPASS
experiment try to extend our understanding of
proton’s substructure from 1d to multi-dimensional.

\Transverse momentum
k \

Trapsverse

Longitudinal momentum
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