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Spin-dependent Drell-Yan measurement at COMPASS
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The Sivers TMD is expected to 
have the same magnitude, but 
opposite sign in SIDIS vs. DY. 
The same applies to the Boer-

Mulders function.  
 

Crucial test of TMD framework.

∼
Drell-Yan cross section for transversely polarized proton target (simplified):
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COMPASS pion-induced Drell-Yan 
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u-quark 
Sivers 

function 
[*]

[*] calculated from: M. Anselmino et al., 
EPJ A39 (2009) 89.
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COMPASS @
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COMPASS target
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COMPASS Drell-Yan setup 2015 & 2018 

• 190 GeV negatively charged pion beam. 

• Transversely polarized NH3 target, <PT>=73% (2015). 

• Hadron absorber with nuclear targets integrated (Al, W). 

• About 220 tracking planes.
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tracking of charged particles:  
- in the beam region: SciFis 
- region close to the beam: Micromegas 
and GEMs with high-rate capability  
- large-area tracking: drift chambers, 
drift tubes, proportional chambers
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Di-muon 
kinematics 

8

Mµµ [GeV] <2 2-2.5 2.5-4.3 4.3-8.5
Q2 [GeV2] 1-4 4-6.25 6.25-19 19-72

Region “DY low mass” “DY medium 
mass”

“DY J/
ψ” “J/ψ” “DY high 

mass”

clean? ✘✘ 
>50% bg ✘ ✘ ✘ ✘✘ ✔ ✔  

<4% bg

large DY  
x-section? ✔ ✔ ✔ ✔ - ✘

large Sivers? ✘ ✘ ✘ - ✔ 
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COMPASS Drell-Yan spin-dependent 
asymmetry amplitudes

9

scale uncertainty due to target polarization (5%) & target dilution factor (8%) not shown.

Sivers

transversity

pretzelosity

DY  PRL 119 (2017) 112002
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COMPASS Drell-Yan vs. SIDIS:  
spin-dependent asymmetry amplitudes

10

DY  PRL 119 (2017) 112002 SIDIS  PLB 770 (2017) 138

Transversity 
⊗ Collins

Pretzelosity 
⊗ Collins

Sivers ⊗ 
D1

(Sivers)p 
⊗ (f1)π 

(Pretzelosity)p 
⊗ (BM)π 

(Transversity)p 
⊗ (BM)π 
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COMPASS Sivers Drell-Yan result 2015
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}
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no  
sign 
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• ⟨ ATsin φS ⟩= 0.060 ± 0.057(stat) ± 0.040(sys)  
(~ 1 sigma) 

• 2018 (ongoing run): factor of at least 1.5 more 
statistics expected, as compared to 2015

“DGLAP” M. Anselmino, M. Boglione, U. D’Alesio, F. Murgia, and A. Prokudin, J. High Energy Phys. 04 (2017) 046. 
“TMD 1” M. G. Echevarria, A. Idilbi, Z.-B. Kang, and I. Vitev, Phys. Rev. D 89, 074013 (2014). 
“TMD 2” P. Sun and F. Yuan, Phys. Rev. D 88, 114012 (2013).

Weighted transverse spin asymmetries in 2015 COMPASS Drell-Yan data:  
                                                                               ☞ Jan Matousek, Monday TMD 15:20  
                                                                               - Direct measurement of TMD kT2 moments  
                                                                               - Products instead of convolutions of TMDs 

https://agenda.infn.it/getFile.py/access?contribId=98&sessionId=2&resId=0&materialId=slides&confId=12464
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More COMPASS DY results to come

• Unpolarized Drell-Yan angular distributions from π- on NH3. 

• Absolute Drell-Yan cross-sections of pion collisions on NH3 and W targets. 

• Nuclear effects from the ratio of Drell-Yan on W to NH3.

12
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Spin-averaged Drell-Yan cross section
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Luminosity

Acceptance

(trigger, reconstruction, 
detector) Efficiencies

- For DY, J/ψ, ψ’ 
- For NH3 &W targets

Multi-dimensional analysis  
(M, xF, qT, Zvtx)

Flux stability vs. time

COMPASS 
results 
to come
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Angular dependence of the Drell-Yan cross section
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1� � = 2⌫
Lam-Tung relation   
C.S. Lam and W.K. Tung, 
PRD 18 (1978) 2447

ΦS: angle related to direction of target spin  
Φ, θ: angles in Collins-Soper frame

• If intrinsic transverse motion & QCD radiative effects: λ≠1, 
µ≠0, ν≠0 

• Collider [CMS PLB 750 (2015)] and pion-induced DY [NA10 
Z.Phys.C 31, 513 (1986)] violation of Lam-Tung relations 

• NNLO QCD corrections can explain these findings [M. 
Vogelsang, M. Lambertsen, Phys.Rev.D93 (2016)].

COMPASS 
results 
to come

∼
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Angular dependence of the Drell-Yan cross section
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Angular dependence of the Drell-Yan cross section
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Boer and Mulders 1998: distribution function of the unpolarized 
nucleon with intrinsic kT dependence.  

Describes correlation between quark transverse spin & momentum.

ΦS: angle related to direction of target spin  
Φ, θ: angles in Collins-Soper frame

• If intrinsic transverse motion & QCD radiative effects: λ≠1, 
µ≠0, ν≠0 

• Collider [CMS PLB 750 (2015)] and pion-induced DY [NA10 
Z.Phys.C 31, 513 (1986)] violation of Lam-Tung relations 

• NNLO QCD corrections can explain these findings [M. 
Vogelsang, M. Lambertsen, Phys.Rev.D93 (2016)].

COMPASS 
results 
to come

∼
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Flavor-dependent EMC effect & parton energy loss

15

Cloet et al, Phys.Lett.B 642, 210 (2006)  
D. Dutta et al, Phys.Rev. C 83 042201 (2011) 

NA3, Phys.Lett.B 104, 335 (1981) 
NA10, Phys.Lett.B 193, 368 (1987)

flavor-dependent 
EMC effect

flavor-independent  
EMC effect

• EMC effect in DIS: nuclear PDFs found to be  
modified with respect to proton PDFs  
(“shadowing”, etc.) 

• Pion-induced Drell-Yan: Cloet, Bentz, Thomas  
(CBT) model: isovector mean field in a N≠Z  
nucleus causes different modification for u-  
and d-quarks. 

• COMPASS data do not only probe the EMC effect but 
also parton energy loss effects via soft gluon radiation in 
the cold nuclear medium through multiple scattering.
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2015 & 2018 COMPASS W/NH3 Drell Yan data: 
projected uncertainties

16
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NA10 data: Phys. Lett. B193 (1987) 368

• Assuming no nuclear effects at all.  

• Only statistical uncertainties shown.  

• Expected DY statistics for 2018 assumed to be 1.5x that of 2015. 

• Next: J/Psi production; gg-fusion vs. qqbar-fusion production mechanisms.
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                       at NCSA 
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Cray inc. node remark CPUs per 
node 

memory per 
node [GB]

memory per 
CPU [GB]

total number 
of nodes

XE6 dual CPU x86 
processor 32 64 2 22,640

XK7 heterogeneous x86 CPU 
& (“accelerated”) GPU 16 32 2 4,228

https://bluewaters.ncsa.illinois.edu 

- Petascale supercomputer at the National Center for Supercomputing Applications (NCSA) at the 
University of Illinois at Urbana-Champaign.  
 
- The NSF awarded $208 million for the Blue Waters project, installation 2012.

Memory Disk 
storage

Tape 
storage Speed

1.5 
petabytes

26 
petabytes

380 
petabytes

13.3 
petaFLOPS

https://bluewaters.ncsa.illinois.edu
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Data taking conditions at COMPASS - Drell Yan
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7 months of operation (April - November).  
Each year ~ 1 petabyte of raw data.  

mDSTs of reduced size by factor 5-10.

Analog signal is amplified, then digitized.  
~40k events recorded per second (Drell-Yan di-muon trigger). 

Typically 50k events written online in  
1 file of ~ 1 GB (~ 20 kB per event). 

Example: 2015 DY real data (RD) simulated data 
(MC)

alignment periods 9 2

number of events [all M] 38,500 M(**) 12,800 M

number of events [M>2GeV] 41 M 12,800 M

file size 1 GB 5 GB

total volume 750 TB 165 TB

files 770,000 33,000

file type raw GEANT

(**) containing many low-mass combinatorial background events 
absent in the MC because of the generator cut M>2GeV

Plans for Blue Waters:  
2 years of DY data (2015, 2018)  

2 years of GPD data (2016, 2017)
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COMPASS data productions - the principle
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Read out all detector 
planes (>300)  

& write to disk at CERN:  
Data AcQuisition = DAQ

Calibration: physical 
energy deposits in detectors

Alignment: 
spatial hits 
in detectors

CORAL = COmpass 
Reconstruction Analysis Library

track 
reconstructionmini-DSTs  

(Data Summary Trees)

raw 
data

skimmed µ-DSTs  
with reduced information 

User analysis

PHAST = PHysics Analysis Software Tools

GEANT4 
Toolkit for the simulation of the 

passage of particles through matter 
http://geant4.web.cern.ch 

100− 50− 0 50 100

100−

50−

0

50

100

he2DC05Y1__
Entries  62201
Mean x   2.511
Mean y 2.032− 
RMS x   41.35
RMS y   41.24

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1he2DC05Y1__
Entries  62201
Mean x   2.511
Mean y 2.032− 
RMS x   41.35
RMS y   41.24

0.16%±) = 80.37σDC05Y1__: Efficiency(62D efficiency maps

CPU 
intensive 

part

MC (Monte Carlo simulation)RD (Real Data)

if 
RD

mySQL DB if 
MC

If coincident signal in trigger detectors: 

a charged-particle 
trajectory

Simulations of the 
detectors play a central role in 

understanding subtle detector effects 
and removing background events 

from the data sample. 

Physics event generator 
signal & background  

Example PYTHIA: generation of 
high-energy physics events  

http://home.thep.lu.se/Pythia 

http://geant4.web.cern.ch
http://home.thep.lu.se/Pythia
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Disk

CERN tape Upon production 
request

Tape

1.5 GB/s  
If files are staged, 

~250 MB/s 
 otherwise

Create tar archives 
100 GB

Untar & 
PanDA 

production
1 chunk = 1 GB;  

1 Period ~ 100.000 chunks 

Experimental data productions on Blue Waters

• PanDA harvests and exploits processing 
resources via autonomous pilot jobs. 

• Tasks manageable on different sites by 
central interface. 

• Framework recently integrated with BW to 
run COMPASS data-productions. 

• Each pilot runs on a worker node:  
A. Send a request —>  
B. Receives a Job —>  
C. Runs the Job.

20

FTS3

Production 
Database

Production 
System

Server

Submitter

A

B

C

Job

Job
Pilots

Job

PanDA = Production ANd Distributed Analysis = data production and monitoring 
system  developed for ATLAS-LHC.

raw

DST

FTS3 (File transfer system): bulk data mover created to globally distribute LHC data.
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Using a supercomputer in experimental nuclear physics

• Monte Carlo productions 

• Real data productions 

• 2D efficiency maps 

• Physics analysis

21

The scope of the project: The advantages, compared to the 
standard computing clusters:

• (Much) faster data production due to parallel 
processing 

• Minimization of systematic uncertainties due to 
possibility of  
- applying multi-dimensional acceptance corrections;  
- simulating high realistic pile-up;  
- generating with minimum-bias trigger. 

• Unprecedented precision determination of detector 
efficiencies  

• More disk space for fast access available (in general)

These are examples.  
They might not apply in general.

NSF grant (award #1713684)  
Allocation “PRAC_balh”

https://bluewaters.ncsa.illinois.edu/usage-project-details?project=balh 

https://bluewaters.ncsa.illinois.edu/usage-project-details?project=balh
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Outlook: Letter of Intent

• LoI (Draft 1.0) : https://arxiv.org/abs/1808.00848  

• We are looking for new collaborators!  
Sign up here: https://nqf-m2.web.cern.ch  

• Drell-Yan related:  
 
- phase 1: Drell-Yan and charmonium production with conventional hadron beams  
                 * Separation of valence and sea contributions in the pion  
                 * Gluon distribution in the pion  
                 * Nuclear dependence: Flavor-dependent valence modifications  
 
- phase 2: Drell-Yan physics with high-intensity kaon and antiproton beams  
                 * Nucleon spin structure with antiproton beam  
                 * Valence quark distribution in the kaon  
                 * Separation of valence and sea contributions in the kaon  
                 * Gluon distribution in the kaon 

22

RF-separated 

hadron beams

>2021

> LS3

https://arxiv.org/abs/1808.00848
https://nqf-m2.web.cern.ch/
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Exploring hadron structure  
at CERN North Area’s EHN2

23

hadron

proton and meson structure

proton spin structure

3D structure of the 
proton in transverse-
momentum (TMDs) 

and coordinate 
space (GPDs)

proton radius

hadron 
spectroscopy

unique 
beam line 

versatile 
apparatus

extensive experience 
with solid polarized and 

liquid unpolarized 
targets

++ upgrades

anti-matter 
cross 

section
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Letter of Intent: programs
https://arxiv.org/abs/1808.00848

https://arxiv.org/abs/1808.00848


Drell Yan @ COMPASS - C. Riedl (UIUC), on behalf of COMPASS                                                                                                             SPIN 2018, Ferrara - September 13, 2018

Summary: Drell Yan at COMPASS

• First spin-dependent Drell-Yan result (2015 data):  
sign flip of Siver function wrt SIDIS supported,  
albeit with large experimental uncertainties. 

• 2018 run ongoing at this second -  
expect at least stat(2018) = 1.5 x stat(2015)! 

• Soon to come: modulations of spin-averaged  
cross section; DY cross section; nuclear effects 

• Blue Waters speeds up data productions significantly 

• A new QCD facility at the M2 beam line of the CERN SPS!  
Letter of Intent v1.0: https://arxiv.org/abs/1808.00848  
Express your interest, no obligations! https://nqf-m2.web.cern.ch  

25

This research is part of the Blue Waters sustained-petascale computing project, which is supported by the National Science Foundation (awards OCI-0725070 and ACI-1238993) 
and the state of Illinois. Blue Waters is a joint effort of the University of Illinois at Urbana-Champaign and its National Center for Supercomputing Applications. This work is also 
part of the "Mapping Proton Quark Structure using Petabytes of COMPASS Data" PRAC allocation supported by the National Science Foundation (award number OCI 1713684 ).

https://arxiv.org/abs/1808.00848
https://nqf-m2.web.cern.ch/
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Backup

26
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Pion structure: why are pions 
so much lighter than protons? 

• The pion: one of the most simple QCD objects.  
qq bound state & pseudo-Nambu-Goldstone boson  
acquiring mass via dynamical chiral symmetry breaking. 

• Proton quark & gluon structure: detailed experimental  
information from (SI)DIS and jet, hadron, and Drell-Yan  
cross sections in pp / p-anti_p   

• Mesons only poorly constrained from early Drell-Yan  
cross section measurements for pions and completely  
unconstrained for Kaons. 

• Pion valence- and sea-quark distributions  
- Valence and sea separation using π+ and π— beams of as high energy as possible  
- So far only NA3 & E615 end of 1980s. Low stat. Affected by nuclear effects. 

• Charmonium production mechanism ⇒ pion gluon distributions.  
Available statistics can be increased by more than an order of magnitude. 

• Nuclear effects: precise measurement of nuclear PDFs in the valence-quark 
region and check of flavor- (in)dependence of EMC effect 

27

Full, 
detailed 

picture of 
pion 

structure

Nuclear medium 
modifications (“EMC-

type” effect)

target 
proton

beam π− 

u

anti-u

lepton 
pair

Drell-Yan 
reaction

DF ⊗ DF pionproton
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Drell-Yan with kaon and 
anti-proton beams

• Pion (ud) vs. kaon (us): presence of the heavier valence  
strange-quark might alter kaon properties. 

• Kaon s-quark carries larger fraction of kaon momentum:  
⇒ Valence distributions differ  kaon vs. pion.  
⇒  Less gluons in kaon than in pion (heavier quarks radiate softer gluons). 

• Only experimental information on valence kaon PDF 30 years old: NA3. Sea unknown. 

• Valence and sea separation in kaons using isoscalar targets and high-intensity K+ and K— 
beams. 

• Kaon-induced J/ψ production to map kaon u-quark distribution 

• Nucleon spin structure with anti-proton beams: measurements of observables related to 
proton TMDs with reduced systematic uncertainties. Example for Boer-Mulders TMD 
(BM): 
πp scattering: (BM)p ⊗ (BM)π  
anti-p_p scattering: (BM)p ⊗ (BM)anti-p  
⇒ Access to valence-quark TMDs of the proton only.

28
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CERN M2 beam line

29

hadron decay section  
(~ 600m)

π± ➝ µ±⇆

M2 hadron 
absorber

SPS 
protons

conversion 
target

400 GeV
(π, K, p)+/-

M2

muons 160 / 200 GeV

hadrons 190 GeV  
neg. beam: 97% π, 2% K, 1% anti-p

up to 108 particles/s  
(limited mostly by 
radio protection)

⇆
~400m

T6

RF-separated beams 
(not before LS3):
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Angles in Drell Yan

30

ST

qqT

Ha(Pa)

x̂

ŷ

ẑ

ΦS

Collins-Soper frame  
(dilepton rest frame)
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The Sivers effect

31

k
x

ky
~kT

~k

observed di-muon 
or hadron

left-r
ight asymmetry

~ST

φ ⤴
 

transverse 
proton spin

incoming 
beam

transverse quark 
momentum

PT

EIC “White Paper” arXiv:1212.1701, based on 
M. Anselmino et al., J. Phys. Conf. Ser. 295, 

012062 (2011), arXiv:1012.3565

respond to the collinear PDFs: the longitudi-
nal polarized structure function discussed in
the previous section and the quark transver-
sity distribution. The latter is related to the
tensor charge of the nucleon. These three
distributions can be regarded as a simple
transverse momentum extension of the asso-
ciated integrated quark distributions. More
importantly, the power and rich possibilities
of the TMD approach arise from the sim-
ple fact that k

T

is a vector, which allows
for various correlations with the other vec-
tors involved: the nucleon momentum P , the
nucleon spin S, and the parton spin (say a
quark, s

q

). Accordingly, there are eight inde-
pendent TMD quark distributions as shown
in Fig. 2.12. Apart from the straightfor-
ward extension of the normal PDFs to the
TMDs, there are five TMD quark distribu-
tions, which are sensitive to the direction of
k
T

, and will vanish with a simple k
T

integral.

Because of the correlations between the
quark transverse momentum and the nucleon
spin, the TMDs naturally provide impor-
tant information on the dynamics of par-
tons in the transverse plane in momentum

space, as compared to the GPDs which de-
scribe the dynamics of partons in the trans-
verse plane in position space. Measurements
of the TMD quark distributions provide in-
formation about the correlation between the
quark orbital angular momentum and the nu-
cleon/quark spin because they require wave
function components with nonzero orbital
angular momentum. Combining the wealth
of information from all of these functions
could thus be invaluable for disentangling
spin-orbit correlations in the nucleon wave
function, and providing important informa-
tion about the quark orbital angular momen-
tum.
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Figure 2.13: The density in the transverse-momentum plane for unpolarized quarks with x = 0.1
in a nucleon polarized along the ŷ direction. The anisotropy due to the proton polarization is
described by the Sivers function, for which the model of [77] is used. The deep red (blue)
indicates large negative (positive) values for the Sivers function.

One particular example is the quark
Sivers function f?q

1T

which describes the
transverse momentum distribution corre-
lated with the transverse polarization vector
of the nucleon. As a result, the quark distri-

bution will be azimuthally asymmetric in the
transverse momentum space in a transversely
polarized nucleon. Figure 2.13 demonstrates
the deformations of the up and down quark
distributions. There is strong evidence of the
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Sivers amplitude: predictions for COMPASS DY

32

dΔσ
dQ2dyd2p⊥

¼ ϵαβsα⊥σ
DY
0

Z
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ð2πÞ2

eip⊥·b
X

q
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σDY0
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∞
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X

q
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!
−
Z

Q
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dμ2

μ2

"
A ln

Q2

μ2
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#$
exp

!
−b2

"
gpdf1 þ gsivers1 þ g2 ln

Q
Q0

#$
: (44)

To arrive at the second expression in Eq. (44), we first apply
the sign change for the Sivers functions between the SIDIS
and the DY processes:

f⊥;qðβÞ
1T;DYðxa; b;QÞ ¼ −f⊥;qðβÞ

1T;SIDISðxa; b;QÞ: (45)

We then use Eq. (23) and Eq. (44) and follow the
experimental convention to choose the pair’s transverse
momentum p⊥ along the x-direction, while the spin vector
s⊥ is along y-direction [10,85] and the transversely
polarized proton is moving in the þz-direction. The single
transverse spin asymmetry for DY production is given by

AN ¼ dΔσ
dQ2dyd2p⊥

=
dσ

dQ2dyd2p⊥
: (46)

It is important to realize that the AN defined above is
opposite to the so-called weighted asymmetry Asinðϕγ−ϕsÞ

N
defined in the literature; see, e.g., Refs. [63,83].
There are several planned experiments to measure

the AN for DY lepton pair production. The COMPASS
Collaboration at CERN will use a 190 GeV π− beam to
scatter on the polarized proton target [21], which corre-
sponds to a CM energy

ffiffiffi
s

p
¼ 18.9 GeV. At Fermilab, one

can use the 120 GeV proton beam in the main injector.
There are two proposals corresponding to either a polarized
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FIG. 11 (color online). Qiu-Sterman function Tq;Fðx; x;QÞ for u, d and s flavors at a scale Q2 ¼ 2.4 GeV2, as extracted by our
simultaneous fit of JLab, HERMES and COMPASS data.
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FIG. 12 (color online). Estimated Sivers asymmetries for DY lepton pair production. Left plot: AN in p↑π− collisions as a function of
xF at COMPASS energy

ffiffiffi
s

p
¼ 18.9 GeV. Middle plot: AN in p↑p collisions is plotted as a function of xF at Fermilab energyffiffiffi

s
p

¼ 15.1 GeV. Right plot: AN in p↑p collisions is plotted as a function of the pair’s rapidity y at RHIC energy
ffiffiffi
s

p
¼ 510 GeV. We

have integrated over the pair’s transverse momentum 0 < p⊥ < 1 GeV in the invariant mass range 4 < Q < 9 GeV.

ECHEVARRIA et al. PHYSICAL REVIEW D 89, 074013 (2014)

074013-12

M.G. Echevarria et al., 
PRD 89 074013 (2014)

QCD evolution of the Sivers asymmetry
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Transverse momentum dependent evolution: Matching SIDIS 
processes to Drell-Yan and W/Z boson production
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The SIDIS cross section: ”harmonic(φ, φS)·DF ⊗ FF”

33

- FXY[Z] = structure function. X=beam, Y= target polarization,  
                                               [Z= virtual-photon polarization]. X, Y ∈ {U, L, T} 
- λe = helicity of the lepton beam  
- SL and ST = longitudinal and transverse target polarization  
- ε = ratio of longitudinal and transverse photon fluxes

Unpolarized  
Longitudinally  
Transversely

Bacchetta et al., JHEP 02, 093 (2007)

4 H. Avakian et al.: Experimental results on TMDs

σ(φ,φS) ≡
d6σ

dxdydzdφdφSdP 2
hT

=
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xyQ2
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2(1 − ϵ)
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1 +
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[
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]
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+SL

[

√

2ϵ(1 + ϵ) sinφ F sinφ
UL + ϵ sin(2φ) F sin(2φ)
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]

+ SLλe
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]
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[

sin(φ − φS)
(

F sin(φ−φS)
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√
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1 − ϵ2 cos(φ − φS) F cos(φ−φS)
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2ϵ(1 − ϵ) cosφS F cosφS
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√

2ϵ(1 − ϵ) cos(2φ − φS) F cos(2φ−φS)
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]}

,(1)

can be decomposed in terms of Structure Functions [12,
26], each related to a specific azimuthal modulation. Here
λe refers to the helicity of the electron beam, SL and ST

to the longitudinal and transverse polarisation of the tar-
get nucleons (with respect to the direction of the virtual
photon), and ϵ to the ratio of the longitudinal and trans-
verse photon fluxes, which is determined by the kinemat-
ics of the lepton. Here, q = ℓ − ℓ′ is the four-momentum
of the virtual photon, Q2 = −q2, x = Q2/2(P · q), y =
(P · q)/(P · ℓ), and P is the initial nucleon momentum.
The azimuthal angle φ is defined as the angle between the
scattering plane, formed by the initial and final momenta
of the electron, and the production plane, formed by the
transverse momentum PhT of the observed hadron and the
virtual photon (Fig. 2). The azimuthal angle φS is defined
as the angle between the scattering plane and the target
spin component transverse to the virtual photon.

y

z

x

hadron plane

lepton plane

l
l S

Ph

P

φh

φS

Fig. 2. The SIDIS kinematics.

The subscripts in the structure functions FUT,UL,LT ,
specify the beam (first index) and target (second index)
polarisation (U,L, T for unpolarised, longitudinally and
transversely polarised targets, and U,L for unpolarised

and longitudinally polarised beam). When present, the
third index refers to the virtual photon polarisation.

In the regime where the transverse momenta (set by
the confinement scale) are small with respect the hard
scale Q, the structure functions can be factorised into
TMD parton distribution and fragmentation functions,
and soft and hard parts [26,27]. At leading-twist (not sup-
pressed by powers of the hard scale Q) there are eight con-
tributions related to the parton distributions in Table 1.
They all can be independently measured in SIDIS with
different combinations of polarisation states of the incom-
ing lepton and the target nucleon thanks to their specific
azimuthal dependencies.

For example with an unpolarised beam and a trans-
versely polarised target one can get access to the structure

function F sin(φ+φS)
UT (x, z, PhT , Q2). The latter can be writ-

ten as a convolution of h1(x, k⊥, Q2) and H⊥
1 (z, p⊥, Q2),

integrated over the transverse momentum of the initial,
k⊥, and fragmenting p⊥ partons:

F sin(φ+φS)
UT (x, y, PhT ) = C

[

w(p⊥,k⊥)h⊥
1 (x, k⊥)H⊥

1 (z, p⊥)

]

(2)

where the scale dependence has been dropped for simplic-
ity. The convolution integral

C[wh⊥
1 H⊥

1 ] = x
∑

q

e2
q

∫

δ2(p⊥ − zk⊥ − P hT ) (3)

w(p⊥,k⊥)h⊥,q
1 (x, k⊥)H⊥,q

1 (z, p⊥)dp2
⊥dk2

⊥

embeds a summation over quarks and antiquarks, a kine-
matic prefactor w(p⊥,k⊥) specific for each structure func-
tion (in this case w(p⊥,k⊥) = −(ĥ · kT )/Mh with ĥ =
PhT /|PhT | the unit vector along the transverse momen-
tum and Mh the mass of the observed hadron), and a
delta function imposing momentum conservation P hT =
zk⊥ + p⊥ (valid up to order k⊥/Q).

BM ⊗ Collins
Cahn-effect + 
BM ⊗ Collins

Transversity ⊗ Collins

Sivers ⊗ D1

Worm-gear ⊗ D1 Pretzelosity ⊗ Collins

Worm-gear (Kotzinian-Mulders) 
⊗ Collins
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Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
2016
2017
2018 NOW

2019

✉ ✉✉

Exploratoryproposal 
submission✉ PRAC-ACampus

40,000node hours (used up) 200,000 (9,440,000)

allocationsPRAC-B

9,440,000
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Blue Waters CERN

RD production 

 MC production

User analysis 

(User analysis) 

Alignment 
Calibration  

Detector & Beam 
Studies,  

Code Debugging

Local clusters at 
other COMPASS 

institutions

User analysis

MC production

RD production 

mDST, µDST, 
mDST, µDST

mDST, µDST, 
mDST, µDST

raw (mDST, µDST)

mDST, µDST, 
mDST, µDST

FTS3

FTS3



Drell Yan @ COMPASS - C. Riedl (UIUC), on behalf of COMPASS                                                                                                             SPIN 2018, Ferrara - September 13, 2018

Raw data management on Blue Waters

36

CERN tape 
/castor/cern.ch/compass/data

BW scratch (disk)  
/projects/sciteam/balh/DATA 

FTS3

BW tape 
ncsa#Nearline/

projects/sciteam/
balh/projectdata 

6 PB

Globus 
Online

“slotted” 
directories of 

each 100 
chunks

750 TB

upon production request

tar each 100 
chunks into 1 

tar archive

slot each 100 tar 
archives into 1 

directory

untar & PanDA 
production

Globus 
Online

./MakeListe-slot.sh

./SlotChunks.sh

./MakeListe-tar.sh

Tar.pbs

./CheckTar.sh

1 period ~ 
100,000 
chunks

~ 1000 
directories 
with each 
100 files, 

each file = 
1GB ~ 10 directories 

with each 100 
files, each file = 

100GB
1 chunk = 1GB 

1 tar archive = 100GB

2.5 hours 
per 3 

directories

75 min
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• The PanDA pilot receives jobs from remote PanDA server, requests 
jobs by preparing PBS jobs and sending them to PBS MOM nodes 

• The pilot checks if jobs are OK, sends monitoring callback to PanDA 
and, once jobs are finished, performs stage-out of result files to the 
target directories.


