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Goals of the COMPASS Drell-Yan measurement
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Drell-Yan cross section: o, = E ] dry dey folzn, p3) fb(:z:w,;ﬁ«) Tab
0
ab U+

The sum is over all parton interactions a,b (g, g, 9)

N

o_ are the partonic cross sections, calculable

f _ are the parton distribution functions from beam and target.

The cross section can be interpreted in terms of:
f , k., 42 - TMD PDFs

a,b (XN,T[
fa‘b (xN,n, u? - PDFs
* Measure the transverse spin asymmetries from the Drell-Yan process

> Access TMD PDFs of the proton and the pion
> Check the sign change of time-reversal odd TMD PDFs when in DY as compared to SIDIS

e Measure the differential Drell-Yan cross sections
> Access the unpolarized TMD PDF/PDF of the pion

> Study nuclear effects
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COMPASS beam for Drell-Yan

At the M2 beamline @ CERN
Negative hadron beam, 190 GeV/c: 96.8% n~, 2.4% K-, < 1% p

No beam PID. All beam is considered as pions, beam contamination accounted for in
the systematics for n-induced Drell-Yan cross section.

Beam average intensity 70 MHz, with a beam duty cycle of ~30%

Luminosity(1/fb)

2018 integrated luminosity,
per target

An average beam intensity of 55 MHz
enters the cross-section analysis, due to
time cuts and target volume cuts.

e AR A A AT AT AR A AR AN RS (1
284 284.5 285 285.5 286 286.5 287 287.5
run number
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COMPASS Spectrometer

hadron absorber spectrometer RICH spectrometer

(Drell-Yan only) not used in DY) magnet 2 muon filter 2

polarised

muon filter 1
NH, target \

\-_-_____—}
peam telescope

- Scif

gle 5pe¢t'rﬂrl‘l'l’-"te'

Jarge-angle spectrometer . )
« 3targets placed sequentially along the beamline:

- 2 cells of (NH_-He), transversely polarized;

3 u - 1 Al cell;
&S00 =Ny, _
2 - =NKE 43 < M < 8.5 GeVic? - 1 W cell (first 20 cm of beam plug).
S s0000f— =He,He, ' '
¢ - =l * Hadron absorber between targets and spectrometer
- SW Contamination < 4%
W00 « 2-staged spectrometer: large angular and
20000:— momentum coverage
mof_ e Dimuon trigger system
» * The contamination from other materials into the
0500 T 00 50

Z,,, (cm) considered volumes for each target is <4%
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COMPASS targets

Lithium
Stainless steel ]
== AlLO,
] |
Al |
190 GeV LHe Bath
n~ beam | -
L= = .
NH, NH,
55¢m 55¢m ‘ 6 cells, 2 cmfil
Polarized targets Tungsten targ

« The transversely polarized target is a mixture: NH_ beads immersed in a cryogenic He bath.

* The 2 ammonia target cells are oppositely polarized. The spins configuration is reversed every 2 weeks.

- Spin asymmetries are sensitive to the polarizable part only: roughly, the 3 protons in the hydrogen from NH,_

* The sum of events from both ammonia mix cells over the entire year is effectively unpolarized.

* In absolute cross section measurement, all nucleons contribute: for the ammonia mix, consider the molar fractions:
15.7 % H, 11.1 % “He, 73.2 % “N
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Dimuon trigger system

|Hl H40
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u-Filter p-Filter

2 triggers, based on hodoscope pairs:
* 2 muons emitted at large angle (LAS-LAS)
* 1 muon at large angle, 1 muon at small angle (LAS-OUTER)
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—— COMPASS 2015 NH, data
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Several sources of dimuons:

* Charmonia resonances: J/{ and y(2S)

* Semi-leptonic decays of D-meson pairs (open-charm)
» Combinatorial of uncorrelated muons

* Drell-Yan
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Drell-Yan process

q I

e
s

u-quark dominance

The mass range 4.3 — 8.5 GeV/c?
is almost pure Drell-Yan

The purity of the process is accounted
for in the Drell-Yan analyses.
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Transverse Momentum Dependent PDFs
Sivers and the expected sign-change between SIDIS and DY
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3 collinear PDFs used to describe the proton and its dependences (x, Q?)
e Unpolarized
* Helicity

* Transversity

If considering also the transverse motion, at leading twist

8 quark TMD PDFs are needed to describe the proton (x, k_, Q?).

* Sivers function: non-vanishing orbital angular momentum

* Sivers and Boer-Mulders are time-reversal odd: opportunity for a

crucial test of the TMD approach of QCD (q. << Q?):

h* (SIDIS) =- h~ (DY)

1L _ 1L
f_*(SIDIS)=-f_" (DY)




Transverse Spin Asymmetries
Final results now at ArXiv: 2312.17379

Extended mass range: 4 — 9 GeV/c2. Contamination from other processes COMPASS Drell-Yan
Is taken into account as a dilution effect to the asymmetries. | 4 < M,,/(GeVie )59
Asin((ps)
Theory curves based on S. Bastami et al, JHEP 02 (2021) 166. T
Asin(Z(pCS+ (ps) H+H
Sivers asymmetry in SIDIS measured by COMPASS, with nearly same T
spectrometer, and also in the same mass range. 0. —0)
AT Ccs S
Data favors the sign change scenario of the Sivers TMD PDF, between _
SIDIS and DY A e o
o [ « COMPASS Drell-Yan i) H—
> & L0 4<M/(GeVier) <9 Ar ST N T
- - B -02 01 0 01 02
: S Bt (4)
ob T These asymmetries relate to
- JHEP 022021)166 convolutions of the TMD PDFs:
g LECQM
e SPM _ ,
- 1 JAM20 A sng) o " (X s k )® f - p(X s k )
0.1 Tori Tmz¢+¢) | *nf»ﬂ[‘n N NLPT’p
Lo ATS Y o hl (Xn’ kT, n)® th (XN’ kT, p)
—l : sin(2¢ - T b p
4x107 10" 2x10 Aot T by @ B G Ky )
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Pion structure

Pion-induced Drell-Yan provides an access to both proton and pion structure.
In COMPASS Drell-Yan there is mostly sensitivity to the u-quark PDFs in the valence region.

Proton PDFs are known to a good accuracy. Not the case for pion PDFs!

MAP Coll., Phys.Rev.D 107, 114023 (2023)

0.8 - *Fitter Available pion-induced DY data is more than 30 years old
—— = JAM
o7 / 7 = Eéﬁm Most relevant statistics from E615 (Fermilab) and NA10O (CERN),
o \ e e but using W target
' p' =5 GeV? — non-negligible nuclear effects.
— 0.5
R
%;Q 0.4 Only n~ beam, thus little sensitivity to sea quarks.
R
o A normalization issue between E615 and NA10 data, by up to 20%

_ Very limited information on systematic uncertainties was provided
o Pion valence by past experiments.
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Drell-Yan cross sections

X — L is the luminosity
dxy € contains efficiencies, acceptance and lifetimes
x are the variable dependences of the differential measurement

d'c 1 1 d"N
3

— AT2 —
T = M'W/s = T.TN

Statistics : qr % Transverse and longitudinal momentum of

Target Beam fraction DY events qr | the dimuon in the Hadrons collision frame
length (cm) 4.3 <M< 8.5 GeV/c? zr = A0 /(V/s/2)
NH,-He  55+55 0.99 36000 Tx =[xp + /7% +47]/2
N = [~wp + ok +47]/2
Al 7 0.57 6000
w 20 0.49 43000

Measurement of cross section requires good control of luminosity and efficiencies systematics. For this
reason, only 2018 data is used in this analysis.
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Dimuon Acceptance

Evaluated in 4 dimensions (M, q_, x_, Z ) and separately per dimuon trigger

Example: (NH_-He) target LAS-LAS LAS-OUTER

0.0 0.7 11 1.6 g (GeVic) 36 0.0 0.7 1.1 16 4 (GeVie) 3¢
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Measurement restricted to the range where the acceptance relative accuracy is better than 10%

Acceptance ranges from ~1% to ~15%
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Drell-Yan process purity

The DY purity in the mass range 4.3 — 8.5 GeV/c2? is evaluated from a cocktail fit Example:
to the dimuon mass spectrum, and taken into account in the final cross section. &
2 10* |
. . ) B L v
Study done in (q., x_) bins, separately per target and trigger. g ::?_ﬁ . Open charm
S [ EI Comb. bkg.
:“:’102 = T . Real data
The purity is above 90% for: s | ++++T:**+++:; Jile N
&} L 1— H N
* NH3-He : M > 4.3 GeV/c? ’ ﬁ i ™ s
oot t ﬁ._
« Al: M > 4.7 GeV/c? i
* W:M>55 GeV/c? 102~
- - - 10_4_
The purity is affected by the mass resolution, worse for W. >
The resolutions are also evaluated from Monte Carlo: g T T
Target  dx gt (MeV/c) M/M oy
LAS-LAS trigger
NH3-He 0.03 150 3.5% 0.5~ \ 0.2 <% <0.3
Al 0.03 245 4.5% - +H 4 0.7 <q, ({GeVic)) < 1.1
W 0.03 340 6.5% R
oy
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Drell-Yan cross section per nucleon from the ammonia-mix target
In bins of mass and g_, as function of Feynman-x
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“7T Error bars are statistical

;, stat. and syst. error)

3D cross sections (M, g_, X_)

Preliminary results

uncertainty

Error bands are the total

uncertainties (quadratic sum of
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Drell-Yan cross section per nucleon from the tungsten target
in bins of V1, as function of Feynman-x: comparison with E615

)
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Xg

Xg

Xg

2D cross section (VT, X )

V1= M/Vs

COMPASS is systematically
higher, for v1<0.32

Preliminary results

Error bars are statistical
uncertainties

Error bands are the total
uncertainties (quadratic sum of
stat. and syst. errors)

E615 coll., Phys. Rev. D 39, 92-122 (1989)
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Drell-Yan cross section per nucleon from the tungsten target
in bins of V1, as function of Feynman-x: comparison with NA10

1. 2of {7 €[0.24,0.27] 2 V7 €[0.27, 0.30] - V7 €[0.30, 0.33]

°:‘> E [ [ [ W —p*u X, Drell-Yan process .

gl isb 5 == 190 GeV, COMPASS preliminary 2D cross section (VT, XF)
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NA1O coll., Z. Phys. C 28, 9 (1985)
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Drell-Yan cross section per nucleon, in bins of mass, as function of g_

nb Gev_2¢?
. nucleon

d’c
dMdg

NH_-He
3

2D cross section (M, qT)

Preliminary results

Error bars are statistical

Uncertainty

Error bands are the total

uncertainties (quadratic sum

of stat. and syst. error)
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Drell-Yan cross section per nucleon as a function of Feynman-x

NH3-He Al W
/g I Drell-Yan: 7~ (NH -He) — u* u= X /g | Drell-Yan: t Al - pu* u= X /g | Drell-Yan: W — p"u= X
% L COMPASS Preliminary % L COMPASS Preliminary % L COMPASS Preliminary
§ 0 3L (M)=5.2 (GeV/c?) g 0 3’_ (M)=52 (GeV/c?) 2 0 3’_ (M)=5.2 (GeV/c")
@ -9f . 4 (q)=1.0 (GeV/c) @ -9 (g,)=1.0 (GeVic) g -9 {g)=1.0 (GeV/c)
b| - L@ O ol = i o9 I
Fc"é - ° -O"é - + + é -8|"§ L
0.2+ 0.2~ ¢ . 02l .o
3 = - ¢ L . °
I . 4 ¢ K .
0.1 . 0.1 ¢ 0.1 .
I . I
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O— ‘0-9<QT/((}ICV{C)T3-§ | " | . IO.O<qT/(GeV/C)<‘3.6 I 0.0<q,/(GeV/c)<3.6 -
0 0-5 1 0 0 0-5 1 0 6 L L L L 015 L L L L 1
AR Xg Xp
Preliminary results. Also studies of nuclear effects (not shown this time):
Error bars are the statistical uncertainties. « EMC effect

Error bands are the total uncertainties « q, broadening

(quadratic sum of stat. and syst. error) .
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partonic energy loss
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Preliminary summary on uncertainties

The systematics of the COMPASS measurement include:
* Luminosity uncertainty ~4% (normalization uncertainty)

» Trigger, purity and acceptance-related uncertainties depending on target and kinematics

Statistics Systematic #datapoints
(#events) uncertainty in (M, x))
COMPASS
NH3-He 36000 ~5% 110
Al 6000 ~15% 50
W 43000 ~15% 50
NA10
W 155000 6.5% 59
E615
W 36000 16% 168

Ongoing work to evaluate the fraction of correlated and uncorrelated systematics, and provide a full covariance
matrix for cross-section results.
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Conclusion

COMPASS studied for the first time the transversely polarized Drell-Yan process, collecting data in 2015 and 2018.

Measurement of transverse spin asymmetries in the Drell-Yan process, from the data of both years:
« Sivers asymmetry at 1.50 above zero;
* Transversity-related asymmetry at 2o below zero;

* Pretzelosity-related asymmetry compatible with zero.

The measured Sivers asymmetry in Drell-Yan is compatible with the sign-change hypothesis with respect to the
SIDIS one, also measured in COMPASS. These asymmetries are an important input for the extraction of the proton

transversely polarized TMD PDFs.

The pion-induced Drell-Yan cross section is measured from the 2018 data, in a multidimensional analysis (M, g_, x)).
These results are an important input for the extraction of the pion PDF and unpolarized TMD PDF.
_ KunlLiutalk

_ Paving the way for AMBER pion structure studies!
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