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Angular Distributions

2

๏ The general expression for angular distribution of lepton-pair: 

‣ where θ and ϕ are the polar and azimuthal angles of the lepton- in the lepton-pair 
rest frame. 

๏ The values of λ, μ and ν depends on the frame definition (e.g. Helicity frame, 
Gottfried-Jackson frame, Collins-Soper frame …)
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Unpolarized Azimuthal Asymmetries

3

๏ The amplitudes of the azimuthal modulations appearing in the cross section description 
are usually called Unpolarized Azimuthal Asymmetries (UAs). 

๏ In the naive Drell-Yan process, virtual photon is produced by the electromagnetic 

quark-antiquark annihilation. ( λ = 1, μ = 0, ν = 0 , because of  ) 

๏ The Lam-Tung relation ( 1 − λ = 2ν ) [PRD 18(1978) 2447], valid for including leading-
order(αs) QCD corrections ➠ non-zero of cos 2ϕ dependence. 
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Drell-Yan Process with QCD Effect
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Quark-antiquark annihilation 

Quark-antiquark annihilation Quark-gluon Compton scattering

Drell-Yan Process with QCD Effect

4

Quark-antiquark annihilation 

Quark-antiquark annihilation Quark-gluon Compton scattering
leading-order(αs) annihilation diagram

leading-order(αs) 
Compton diagram



10 Jul 2020 Yu-Shiang Lian / 18

Violation of Lam-Tung Relation

4

๏ The Lam-Tung relation was found to be violated in past pion-induced DY experiments 
[NA10: ZPC 31, 513(1986)], [E615: PRD 39, 92(1989)]. 

๏ The significant inconsistency with pQCD calculation in the ν extraction as a function of 
transverse momentum of lepton-pair (qT).
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Table 4. Parameters 2, #, and v in the CS frame as a function of Pr 

~ s  Interval (Pr )  Events 2 # v 
[GeV] [GeV/c] [GeV/c] ( x 103) 

16.2 0.004).50 0.32 9.2 0.87+0.18 0.060+0.041 0.002_+0.035 
0.50-1.00 0.74 16.2 1.20 _+ 0.13 0.003 _+ 0.032 0.079 _+ 0.026 
1.00-1.50 1.23 11.2 0.99+0.16 -0 .051 _+0.037 0.074-1-0.032 
1.50.2.00 1.72 5.6 0.96_+0.22 0.042+0.054 0.184_+0.044 
2.00-6.00 2.44 3.6 0.65 _+ 0.26 - 0.046 _+_ 0.070 0.150 -+ 0.055 

1 9 . 1  0.00ql50 0.32 27.3 0.87+0.10 0.049_+0.023 0.001_+0.021 
0.50.1.00 0.75 49.2 0.80+0.07 --0.012+0.017 0.012_+0.016 
1.00-1.50 1.23 36.5 0.85___0.08 --0.003_+0.020 0.113___0.018 
1.50-2.00 1.72 19.8 0.76 _+ 0.1 l 0.011 • 0.028 0.209 _+ 0.024 
2.00-6.00 2.52 14.8 0.87• 0.037_+0.035 0.307_+0.025 

23.2 0.00.0.50 0.32 14.5 0.89_+0.13 --0.011 • 0.042_+0.028 
0.50.1.00 0.75 26.3 0.89+0.09 --0.047_+0.023 0.076_+0.021 
1.00-1.50 1.23 20.4 1.09 _+ 0.11 0.015 _+ 0.026 0.064 _ 0.024 
1.50-2.00 1.72 11.7 1.20+0.15 --0.071_+0.037 0.144-+0.032 
2.00-6.00 2.60 1 1 . 1  0.97-+0.15 0.026_+0.041 0.198___0.033 
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Fig. 3a--c. Parameters 2, #, and v as a function of Pr in the CS frame, a 140 GeV/c; b 194 GeV/c; e 286 GeV/c. The error bars correspond 
to the statistical uncertainties only. The horizontal bars give the size of each interval. The dashed curves are the predictions of perturbative 
QCD [3] 

NA10 pQCD calculation

Lam-Tung relation
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The Boer‒Mulders Function

5

๏ An explanation to the cos 2ϕ dependence observed in the DY process was proposed, by 
introducing a non-perturbative transverse-momentum dependent (TMD) Boer‒Mulders 
function [PRD 60 (1999) 014012]. 

๏ The Boer‒Mulders function h1
⊥ represents a correlation between quark’s intrinsic 

transverse momentum kT and transverse spin ST (transversely polarized quark) in an 
unpolarized hadron.

where k15cH1cH2/2 and for the moment we considered the
one flavor case. We approximate this by taking pT850 ~where
the exponential factor is largest! in the term between square
brackets ~this is valid for large enough values of QT , but the
resulting expression also has the right QT

2 behavior as QT
!0); this results in ~reinstalling the flavor summation!

k58
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2MC

2

~QT
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2 !2

(
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ea
2k1

a f 1
a~x1! f̄ 1

a~x2!

(
a , ā

ea
2 f 1

a~x1! f̄ 1
a~x2!

. ~48!

Let us for simplicity also assume k1
a to be independent of the

flavor and fit

k58k1
QT
2MC

2

~QT
214MC

2 !2
~49!

to the data at 194 GeV of Ref. @3#. This does not give as
good a fit ~Fig. 4! as a factor of QT

4 in the numerator would
give ~for this particular set of data!, but it can obviously
reproduce the tendency. Moreover, it has the desired prop-
erty that k vanishes in the limit of QT!` , as opposed to Eq.
~43!. We find for the dressed quark mass MC a rather large
value of 2.360.5 GeV compared to the chiral symmetry
breaking scale, but one should not take the model too seri-
ously and we have made several approximations.
We have chosen the data at 194 GeV of Ref. @3#, because

it has the smallest errors ~the error in QT is chosen to be the
bin size!. The fits to the three other available sets of data,
namely at 140 and 286 GeV of Ref. @3# and at 252 GeV of
Ref. @4#, yield lower values of MC and k1 ~on average a
factor of 2 smaller!, and hence have a lower maximum ~at a
smaller value of QT) and are less broad. We take the above
result as providing a rough upper bound.
Taking for simplicity cp

a 5cN
a 5cH

a , we arrive at a ~crude!
model for the function h1

'(x1 ,pT
2):

h1
'a~x ,pT

2 !5
aT

p
cH
a MCMH

pT
21MC

2 e
2aTpT

2
f 1~x !, ~50!

with MC52.3 GeV, cH
a 51 and aT51 GeV22, which can

be used to get rough estimates for other asymmetries. The
factor aT /p comes from the consistency requirement be-
tween the definitions of f 1(x) and f 1(x ,kT

2) with a Gaussian
kT
2 dependence. In the next section we will discuss the rel-
evant asymmetries for RHIC.

VI. IMPLICATIONS FOR RHIC

From Eq. ~22! we see that in the case V5g* and that
when we neglect the ‘‘higher harmonic’’ term containing the
3f dependence, there are two single transverse spin azi-
muthal dependences, namely sin(f2fS1

) arising with the
Sivers function f 1T

' and sin(f1fS1
) arising with h1

' .
To estimate the size of the sin(f2fS1

) term, one can use

for instance one of the usual parametrizations of f 1 and the
parametrization for f 1T

' as found by @6#. To estimate the size
of the sin(f1fS1

) term, one can use one of the models for h1
@12,29# or take the upper bound for h1 that arises from Sof-
fer’s inequality (g1 is also well known! and one can use a fit
for h1

' from the unpolarized azimuthal cos 2f dependence of
the cross section in pp!l l̄ X , in a similar way as was done
in the previous section.
Let us examine the sin(f1fS1

) dependence of the cross
section with the above given model for h1

' . The relevant
expression for the cross section in the polarized case is given
by @cf. Eq. ~5! with m50 and l51#

1
s

ds

dVdfS1
}@11cos2u1k sin2u cos 2f

2ruS1Tusin2u sin~f1fS1!1•••# , ~51!

where the ellipsis stands for the other angular dependences.
The analyzing power r is found to be @cf. Eq. ~22!#

r5

(
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ea
2
F F ĥ•kT h1h̄1

'

M 2
G

(
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ea
2
F @ f 1 f̄ 1#

. ~52!

Using the above model, Eq. ~50!, for h1
' and performing

similar approximations as before, we arrive at

FIG. 4. Data from @3# at 194 GeV and fit @using Eq. ~49!# to n
52k as a function of the transverse momentum QT of the lepton
pair. The fitted parameters are MC52.360.5 GeV and 16k157
62.
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Analysis Status ̶ HMDY UAs

6

๏ 2015 HMDY unpolarized asymmetries analysis: 

‣ Several systematic tests and cross-check have been performed. 

‣ Showstopper: the significant inconsistencies in  extraction between NH3 and W target. 
Puzzle have been identified ➠ trigger efficiencies and hodoscopes geometries which 
affect  acceptance. (UAs analysis require a good description of acceptance) 

‣ First statistical uncertainties result have been released in November 2018. 

๏ 2018 HMDY unpolarized asymmetries analysis: 

‣ Following the same analysis approach as 2015 data analysis, but more tests related to 
trigger have been studied. 

‣ The hodoscopes geometries have been corrected in 2018 MC. 

‣ The trigger efficiencies have been studied in details.

λ

cos θCS
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Data Analysis

๏ In 2018 data analysis, the most significant improvement w.r.t 2015 is the MC sample (hodoscope 
geometries, trigger efficiencies, magnet scaling factor…). 

๏ The three of periods (P00, P04, P07) have been excluded in 2018 data analysis for the moment, 
which were suggested by the other 2018 data analysis.

7

HMDY UAs analysis 2015 2018 (exclude 3/9 periods)

Mass cut [NH3]: 4.3 < Mμμ < 8.5

[W(10cm)]: 4.7 < Mμμ < 8.5

[NH3]: 4.3 < Mμμ < 8.5

[W(20cm)]: 4.7 < Mμμ < 8.5

Statistics [NH3]: 37,362

[W(10cm)]: 14,054

[NH3]: 28,226

[W(20cm)]: 18,036

MC sample (Acceptance) 2015 HMDY MC 
( w/ Pythia 6 )

2018 HMDY MC 
( w/ Pythia 8 )

1D Kinematics Binning 5 bins [NH3]: 5 bins

[W(20cm)]: 3 bins
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2015/2018 Trigger Hodoscopes

๏ In COMPASS trigger configuration, trigger coincided two hits from two hodoscopes 
(upstream and downstream) with the coincidence matrix in order to select a good muon 
track from the target.

8

COMPASS Note—Trigger Configuration Summary 2002 - 2012, 
J. Barth, J. Bernhard, E.M. Kabuß, N. du Fresne, B. Veit

๏ Large-Angle Spectrometer region (LAS): 

‣ LAS trigger (LAST): 1 upstream plane + 
2 downstream planes 

๏ Small-Angle Spectrometer region (SAS): 

‣ Outer trigger (OT): 1 upstream plane + 
2 downstream planes 

‣ Middle trigger (MT): 2 upstream planes 
+ 2 downstream planes

beam
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LAS Trigger in 2018 P02

๏ The LAS trigger system are 
contributed by three 
hodoscopes and combined 
with two matrix pattern: 

‣ LAST1: HG01Y1⊗HG02Y1 

‣ LAST2: HG01Y1⊗HG02Y2
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Outer Trigger in 2018 P02

10
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OT

๏ The Outer trigger system are contributed by three 
hodoscopes and combined with one matrix pattern. 

๏ The cause of inefficient spot on HO03 and HO04Y2 is 
still under investigation.
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Middle Trigger in 2018 P02
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2018 HMDY Kinematics Map ̶ NH3
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2018 HMDY Kinematics Map ̶ W
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Comparison w/ pQCD Calculation

14

COMPASS, π-+W CS GRV NLO
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๏ The preliminary COMPASS result are consistent w/ pQCD calculation at positive xF region, also the 
result from two trigger region are consistent in overlap xF region.
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Comparison w/ pQCD Calculation

15

COMPASS, π-+W CS GRV NLO
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๏ The inconsistency result between two trigger region are expected because of different coverage of xF 
region in different trigger.
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Comparison w/ NA10, E615

16

๏ The advantage of COMPASS result w.r.t the other fixed target experiments is that we can determine 
the large xF region.
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Result of Lam-Tung Relation

๏ The preliminary HMDY UAs result in 2018 is also in favor of violation of Lam-Tung 
relation at large qT region.

17
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Summary and Outlook

18

๏ The RD/MC comparison has achieved nice agreement in both targets. Few minor remaining 
disagreement can be identified. 

๏ The preliminary HMDY UAs result in 2018 is consistent between LAST-LAST and OT-LAST trigger. 

๏ The preliminary HMDY UAs result in 2018 is consistent with NA10 and E615! 

๏ Outlook: 

‣ Thanks to the dedicate trigger runs in 2018 data taking, the trigger efficiency can be extracted 
period by period, the final goal is to reconstruct 2018 MC period by period. 

‣ We plan to proceed systematic error study for HMDY UAs extraction in 2018 data (following the 
same study as in 2015 data analysis). 

‣ We plan to have 2018 data released in this year.
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Back Up
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2018 HMDY UAs ̶ NH3
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Extraction of Slab Efficiency in 2018t6

๏ Method: 
‣ Selecting muon tracks and requiring inclusive CT event. 
‣ Extrapolated tracks to each hodoscopes and requiring special hodoscopes cut (1) 
‣ Looping hits from this events and check corresponding hits was found in this slab or neighboring 

slabs (slab#±1). (2) 
‣ Slab Efficiency = (2)/(1)

Selection criteria 

Skip if there is no outgoing particle

Skip if there is no vertex

Skip if XX0 < 30

Skip if χ2/ndf > 10

Skip if ZFirst > 300 cm


For LAS event: 
skip if pμ < 10 GeV/c 
skip if #hits from muon wall A < 6 

For SAS event: 
skip if ZLast < 4200 cm

skip if pμ < 20 GeV/c 
skip if #hits from muon wall B + MWPC < 6

Cut on Hodoscopes 

For all of hodoscopes: 
Shrink the edge by 2.5 cm in x and y

Shrink the edge of slabs by 20% of slab size in y 


For HG01: 
Enlarge the dead zone by 2.5 cm in y

Enlarge the dead zone by 10 cm in x


For HG02Y1 and HG02Y2: 
Shrink the edge by 10 cm in x (only on overlap region)


For HG02, HO03, HO04: 
Enlarge the dead zone by 2.5 cm in x and y
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Extraction of Matrix Efficiency in 2018t6

๏ The previous extraction of 2018(t2) trigger efficiency have been presented in AM @ 08/08/2019. 

๏ Analyze the selected runs in t6 production data which point out by Moritz. 

๏ Method: 
‣ Selecting all of hits from each hodoscopes and requiring inclusive CT events. 
‣ Building the matrix pixel and requiring the trigger time window and matrix pattern. (1) 
‣ Requiring the corresponding single muon trigger flag. (2) 
‣ Matrix Efficiency = (2)/(1)

Selection criteria 
Time gate cut for each hit: |t| < 10 ns

LAST trigger time window: Δt < 10 ns

OT trigger time window: Δt < 6 ns

MT trigger time window: Δt < 4 ns
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Extension of W target region

๏ The current statistics from W target in first 10 cm are too low to perform HMDY UAs analysis, it would 
be helpful if we extend the selected W target region. 

๏ The RD/MC agreement from W in first 20 cm stay almost the same as first 10 cm, so it might be fine 
to use first 20 cm W target.
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Additional HG01Y1 slab cut ̶ I

๏ The low slab efficiency in slab#24, #30 are cause by the 
wrong mapping during the reconstruction (found by 
Vincent). The trigger efficiency extraction will be redone 
once the new production is ready. 

๏ We then remove slab#24, 30 and 31 for all of data sample.
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Additional HG01Y1 slab cut ̶ II

๏ Due to the RD/MC disagreement of track population on outer part of HG01Y1 from W target, we 
decided to remove them for the moment. (the large sensitivity on λ extraction which concluded from 
2015 data analysis)
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Theta cut and Momentum cut

๏ The RD/MC disagreement region on HO03Y1 can be removed by theta cut. 
๏ This disagreement region only presented in NH3 target, so we just applied this cut for NH3 event.

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

M
C 

/ D
at

a

100− 50− 0 50 100
 (cm)x

50−

0

50 (c
m

)
y

Entries  4779
Mean    8.62
Std Dev    68.01

100− 50− 0 50 100

100

200

300

Co
un

ts 
/ 6

.2
50

Entries  4779
Mean    8.62
Std Dev    68.01

Entries  44490
Mean    7.63
Std Dev    69.14

 data3COMPASS 2018 NH
) < 8.5 2c/(GeV/ µµM4.3 < 

Data [t2]   MC [P03/t2]

100− 50− 0 50 100
 (cm)x

0.6
0.8

1
1.2
1.4

M
C 

/ D
at

a  =  1.57ndf/2χ

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

M
C 

/ D
at

a
100− 50− 0 50 100

 (cm)x

50−

0

50 (c
m

)
y

Entries  6358
Mean   11.54
Std Dev    60.53

100− 50− 0 50 100

200

400Co
un

ts 
/ 6

.2
50

Entries  6358
Mean   11.54
Std Dev    60.53

Entries  54899
Mean    9.87
Std Dev    63.59

 data3COMPASS 2018 NH
) < 8.5 2c/(GeV/ µµM4.3 < 

Data [t2]   MC [P03/t2]

100− 50− 0 50 100
 (cm)x

0.6
0.8

1
1.2
1.4

M
C 

/ D
at

a  =  3.91ndf/2χ

#paris (NH3) OTLAST

original 6358

Theta cut, 
momentum cut 4779

reduction 
rate -25%

RatioRatio

pr
oj

ec
tio

n 
to

 x
H

O
03

Y1

Theta cut :  

Momentum cut :  ,  
 

5.0 ⋅ θμ+ > θμ− > 0.2 ⋅ θμ+

pμ± > 7 GeV/c
|pμ+ − pμ− | < 180 GeV/c


