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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.

• 3-pion production: meson resonances.

• Summary



What is “Physics”?

• Definition of “Physics” in Encyclopæ dia 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


Mendeleev and Periodic 
Table



Rutherford experiment (1913)
: Nucleus and Sub-atomic 
Structure



Elementary Particles Discovered: 1898 
 1964

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



Quark Model 
(Murray Gell-Mann 1964)
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*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)
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Meson Octet (spin=0)

9

0K

K 

K 

 

0K

 

0 , 
S=1

S=-1

S=0

Q=-1 Q=0

Q=1

Qu=+2/3
Qd=-1/3

Qs=-1/3



Baryon Decuplet (spin=3/2)

10


0  

*
*0

*

*
*0



S=0

S=1

S=2

S=3

Q=1

Q=2

Q=0

Q=-1

Qu=+2/3
Qd=-1/3

Qs=-1/3

(1232)

(1384)

(1533)

(1672)



11



Quark: the Eightfold Way



Elementary Particles Discovered: 1964 
 2010



The Standard Model of  
High-energy Physics
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Higgs Search in two-photon decay 
mode
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Higgs Discovery:
Announcement at CERN,  July 4, 2012
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Four Fundamental 
Interactions



Unsolved Mysteries?

Origin of Mass

Dark Matter

Quark Confinement
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Mass of Composite Systems

nucleon: mass not determined by sum of constituent masses 
m = E/c2 , “mass without mass“ (Wilczek) 
mass given by energy stored in motion of quarks
and by energy in colour gluon fields

M   mi

binding energy
effect  10-8

atom   
10-10 m

M » mi

nucleon   
10-15 m

atomic nucleus   10-14 m

M   mi

binding energy
effect  10-3
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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

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


Quantum Chromodynamics 
(QCD)
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http://pdg.lbl.gov/2017/reviews/rpp2017-rev-qcd.pdf

Parameters:

: quark mass

:coupling constants

q

s

m

g

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


Properties of  QCD
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Quark Confinement: no isolated quarks.

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

2
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http://pdg.lbl.gov/2017/reviews/rpp2017-rev-qcd.pdf


Hadron (Baryons & Mesons)
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Hadron is the effective degree of freedom of all quark systems.



Deep Inelastic Scattering
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2 2

max 10.0 GeVQ 

x: momentum fraction of struck partons

2 2Q q 



Deep-Inelastic Scattering & 
Factorization
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xP

e
e

X

q

P

parton

σˆparton

fparton(x)
Parton Distribution Functions (PDFs):  
Probability density for finding a parton in  

a proton with momentum fraction x

σproton(Q) = fparton(x, Q) ⊗ σˆparton(Q)
calculable



Parton Density Function
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σproton(Q) = fparton(x, Q) ⊗ σˆparton(Q)
calculable

Photo by Alessandro Bacchetta



COMPASS Collaboration
(Common Muon and Proton Apparatus for Structure and 
Spectroscopy)
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• 24 institutions from 
13 countries –
nearly 250 physicists

• Fixed-target 
experiment at SPS 
north area

• Physics programs:
• Nucleon spin 

and partonic
structures

• Hadron 
spectroscopy



Target Region
Large Angle Spectrometer (LAS)

Small Angle Spectrometer (SAS)

SM1
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SM2ECAL & HCAL
RICH

straw

ECAL & HCAL
μ Filter

MicroMega, DC, SciFi
GEM, SciFi, DC, straw

MWPC, GEM, SciFi

MWPC, MW2

DC

MW1

μ Filter

COMPASS Setup

Beam:

Target:

Polarized lepton beam : μ+, μ- 50-280 GeV/c
Hadron beam : π+, π+, K+, K-, p

Polarized NH3 and 6LiD target
Liquid hydrogen target

Powerful tracking system : 350 planes
PID : μ-Walls, Calorimeters, RICH



CAMERA recoil proton detector 
surrounding the 2.5m long  

LH2 target

ECAL0

ECAL2

ECAL1
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Polarized Target
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Polarized Target
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Magnet
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Multi-dimensional Partonic Structures

34
http://www.int.washington.edu/PROGRAMS/17-3/

 Beyond collinear 
approximation

 Related to the orbital 
motion and spin-orbit 
effects.

( , )f x k

( )f x 1,2( )F t

( , , )f x t

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


Leading-Twist Transverse-momentum 
Dependent Parton Density Function (TMDs)
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Sivers Asymmetry 𝐴𝑆𝑖𝑣 in SIDIS 
(Left-Right Asymmetry w.r.t. 𝑆𝑇 )
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Polarization-dependent Terms:
Transverse Spin Asymmetry (TSA) 
𝐴𝑈𝑇
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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 𝐹𝑈𝑈 has to be well known.



Nonzero Sivers 
Asymmetries from SIDIS
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Sivers Functions

PRD 86, 014028 (2012) 
[arXiv:1204.1239]

COMPASS, PLB 744 (2015) 250
TS

Signals of Sivers functions of valence quarks from SIDIS. 
How about Sivers functions of gluons?



Feynman Diagrams of  𝛾∗𝑁
Scattering 
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Neural Network to disentangle 
individual contributions
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Event Selection
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MC events for Neural 
Network Training
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NN MC Training
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MC vs. Proton Data
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Sivers 2-h Asymmetries

45COMPASS, PLB 772 (2017) 854, hep-ex/1701.02453
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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. Pijlman, Nucl. Phys. B 667 (2003) 201
Z.B. Kang, J.W. Qiu, Phys. Rev. Lett. 103 (2009) 172001
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Sivers | Sivers |DY SIDIS

Drell-Yan SIDIS

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

• Fundamental predictions from TMD physics will be tested.



COMPASS-II Transversely 
Polarized Drell-Yan Program
• Schedules:

• 2014 Oct – Dec: commission Drell-Yan runs

• 2015: first year of transversely polarized Drell-Yan runs 
with 190 GeV 𝜋− beam

48



Tungsten 

beam plug

AlNH3

Dimuon Vertex Distributions (2015 
Trans.-pol. Drell-Yan Runs) 

49COMPASS, PRL 119 (2017) 112002



Dimuon Invariant-mass Distributions 
(2015 Trans.-pol. Drell-Yan Runs)

50COMPASS, PRL 119 (2017) 112002
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Transverse Spin Asymmetries 
in Trans.-pol. Drell-Yan: Sivers
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COMPASS, PRL 119 (2017) 112002



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

no sign change

sin
0.060 0.057( .) 0.040( .)s

TA stat sys

  

COMPASS, PRL 119 (2017) 112002

0 1 GeVTq 

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



Unpolarized Cross Sections:
Pion PDFs and Sudakov FFs
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Aicher et al., PRD 83 (2011) 114023 Wang et al., JHEP08(2017)137
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Multi-dimensional Partonic Structures
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http://www.int.washington.edu/PROGRAMS/17-3/

( , )f x k

( )f x 1,2( )F t

( , , )f x t

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


DVCS and Exclusive pi0
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Extraction of  DVCS
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Transverse Nucleon Imaging
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COMPASS, hep-ex/1802.02739



Quark density and transverse 
radius as a function of  x
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COMPASS, hep-ex/1802.02739
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2  resonances 3  resonances
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Future Plan
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https://arxiv.org/abs/1808.00848

https://arxiv.org/abs/1808.00848


Summary

• Proton is a fundamental particle composed of 
quarks 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.

74By Alessandro Bacchetta


