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Spin state of nucleon
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At leading twist, nucleon structure is described 8
transverse momentum dependent PDFs

» Colinear PDFs:
f1 (x) number density, g1(x) helicity, h1(x) transversity

« TMD PDEF:
depend on x and modulus |k7}

Sivers function :

Correlation between transv. spin of the nucleon St and kr

If the value is O, it suggests that there is no orbital angular
momentum of the parton.
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* Sivers and Boer-Mulders functions

,(

Sivers and Boer-Mulders funcs. are expected to be naive time reversal odd
(PLB536(2002)43)
— Sign measured via DY and SIDIS should be opposite!

e /E€T» \

_ el ' : e

L
flT DY — _flT SIDIS

hl DY — hl SIDIS - p

SIDIS

that in the final state

DY
QCD gluon gauge link in the initial state

Confirmation of the sign change is a crucial test of QCD TMD framework"
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,M/‘ COMPASS collaboration
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C OmmoniViuon ProtonApparatus for
Structure and Speotroscopy

 More than 200 physicists + students
- Hadron structure and spectroscopy
- The first physics data taking in 2002
- The final physics data taking in 2021

Polarized DY in COMPASS at CERN, G. Nukazuka (Yamagata Univ) * 10
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7 History of COMPASS data taking
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Physics Beam (GeV/c) Target Spectrometer
SIDIS =, 160 6LiD, long. & trans.
SIDIS u+t, 160 6LiD, long.
SIDIS u+t, 160 NHs, long. & trans.
Hadron Spectroscopy o e o
SIDIS u+, 160 NHs, trans. | TYpi(;,al setup
SIDIS u+, 200 NHs, long.
DVCS pilot run ut, 160 Liquid H»
DY pilot run . 190 NHs Beam - Polarized p, hadron
DY . 190 NHs.  trans. Target : Polarized p or d, Lig. H2, Ni, Pb, W, ...
DVCS = 160 Liquid Ho Spectrometer
About 350 tracking planes
DY -, 190 NHs, trans. - ECAL & HCAL
- RICH
CERN Long Shutdown 2 « pwall

SIDIS u+, 160 6LiD, trans.

Muon beam runs are covered bx A. Bressan s talk.
Polarized DY in COMPASS at CERN, G. Nukazuka (Yamagata Univ) 11
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7% History of COMPASS data taking
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Year Physics Beam (GeV/c) Target Spectrometer

02 - 04 SIDIS u=, 160 6LiD, long. & trans.
06 SIDIS ut, 160 6LiD, long.
07 SIDIS u+t, 160 NHs, long. & trans.

Hadron Spectroscopy

SIDIS U+, 160 NHs, trans. | Typiéal setup
SIDIS u+, 200 NHs, long.
DVCS pilot run ut, 160 Liquid Ho
DY pilot run . 190 NHx Beam : Polarized y, hadron

DY . 190 NHs. trans. Target - Polarized p or d, Lig. H2, Ni, Pb, W, ...

DVCS ux, 160 Liquid H>
Analysis results were already published
DY e, 1390 NHs,  trans. from PRL119 (2017) 112002
CERN Long Shutdown 2 p wall

SIDIS p+, 160 °LiD, trans. Half of data had already

ed by A. Bressan’s talk.
~gata Univ) 12
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@ Polarized DY experiment at COMPASS

190 GeV/c
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iNn solid NHs3

X

U
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7% Polarized DY experiment at COMPASS
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190 GeV/c
T-

”+ = ~ COMPASS preliminary .
0.8

Drell-Yan 2018 data (~50%) *=) = 5p -4 08
43 <M, /[(GeV/c?) <85

0.6

0.4

Xy
g 02

d*N/dx_dx,, (rescaled)

pT

iNn solid NHs3

Dominant acceptance of COMPASS spectrometer is valence regions
— DY by u(p) u(rt) is dominant.
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/M’” Asymmetries

In the case of unpol. beam and trans. pol. target (twist-2):

PRD79(2009)034005
do agm A
— o175 X
dgtdQ ~ Fqz =
(]- ‘|'l)[si1r12 QCS]A(I:J?S Hoes cos 2¢cs ) /
N, CS
sin ¢ .
A7 sin ¢g " /
+|Sr] D A;gn(2¢cs+¢s) sin(2¢cs + ¢s) Collins-Soper frame
sin? 0 :
[ ] +A;:n(2¢cs—¢s) Siﬂ(2¢cs . ¢S)
Yy ST X
[
W (ocs,9s) q
F,
AW(¢CS’¢S) — U1 : Asymmetry FW(¢CS’¢S) : Structure function ‘ ¢ ]
UT Fly g2 U.T o
U U P, TR target <
7T, S€
F = 4\/(P7, . Pn)2 — M2M2, : Hadron flux
fu = (Fé- + F,?,—)(l + A1 cos® Ocs) : survives after mtegratlon over cpcs Target reSt frame
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In the case of unpol. beam and trans. pol. target (twist-2):

d , PRD79(2009)034005
7 Zemg.x 8 TMDs at the leading-twist
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Setup
T +p sutu +X

Key equipments Muon wall
« Hadron beam(97% is 11, rest is K-, p ),
190 GeV/c
» Transversely polarized proton u
target (NHa) Magne
» Hadron absorber
» Beam PID

Small angle spectrometer
18 - 30 mrad

Hadron
Absorber ™

Polarized =
Target

Large angle spectrometer
30 - 180 mrad

" Polarized DY in COMPASS at CERN G. Nukazuka (Yamagata UI‘IIV) 17
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Setup, the targets

Tungsten beam dump (W) : L=120 cm, D=9 cm ~ " SRR |
Al target " L=7 cm, D=9.4cm”~ |
PT (NHs) . L=55cm, D=4 cm, 2 cells 3

Polarized DY in COMPASS at CERN, G. Nukazuka (Yamagata Umv)



Setup, the targets

Tungsten beam dump (W) : L=120cm, D=9 cm ~ .- . |
Al target L=7cm D=9.4cm”

PT (NH3) : L=55cm, D=4 cm, 9 Ce”S,,,

Beam —
55 cm 20 cm
< > < > <
- ] ]
Microwave Polarizable NH3
mstalled inside stoppers by DNP method.

the cell
Installed outside the cell

Polarlzed DY in COMPASS at CERN G Nukazuka (Yamagata Unlv) 19



Setup, the targets

Tungsten beam dump (W) : L=120 cm, D=9 cm
Al target . L=7cm, D=9.4 cm
PT (NHs) . L=55cm, D=4 cm, 2 cells

Max Average

Positive Negative Positive Negative

Upstream

Downstream EONAS -0.78 0.69 -0.67
Upstream 0.82 -0.87 0.76 -0.68
Downstream [ORSY% -0.81 0.72 -0.70

2015

2018

Polarization in 2018
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- COMPASS preliminary
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3 Tungsten
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PT dump

rd up- down-"%  A]
) stream stream %

R L i
()0 -200 0
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Dimuon events from 2015 data

To reduce background as mush as possible,
we need to select an appropriate invariant
mass region.
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; 10 SN e N DY, J/u, ', Open-Charm were simulated.
= . - Analysis were done in the same way as in
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8 E \ DY domlnant -------------- .. Combinatorial background (gray dashed)
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{77 Analysis, Kinematics from 2015 Data
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= 500 COMPASS 2015 NH, data = 600 COMPASS 2015 NH, data <800 - COMPASS 2015 NH, data
S 43 < M, /(GeV/c?) < 8.5 S : 43 < M, /(GeV/c?) < 8.5 > i 43 < M, /(GeV/c?)<8.5
£ 400 (x_) = 0.50 = (xp) = 0.33 © 00 (g7) = 1.2 GeV/c
2 2 400 - @
S 300 - S =
: % 400 -
200 — - g I
B 200 B 8 »
100 200
: T Y T S T SO N EO SO N T ) B B T IR R S R E R N NI B
0 0.2 0.4 0.6 0.8 1 0 0.5 1 0 1 2 3 4 5
X, Xp q, (GeV/c)
x10° s
| | = 14 COMPASS 2015 NH, data N : COMPASS 2015 NH, data
Z i - . - ~ 400 —
= - COMPASS 2015 NH, data 09 = S 12 43 <M, /(GeV/c?) <8.5 = - 43 <M, /(GeV/c?) < 8.52
0.8 43 <M, /(GeV/c?) <8.5 0.8 ;; é 1 - <XN> =0.17 8 <M,u,u> = 5.3 GeV/c
: 07 3 s = 300
06 0.6 3 © 08 - S [
: 05 : S 200 -
04 0.4 0.6 & -
: : =
B 0.3 04 - = B
02 0.2 I S 100 -
] 0.1 02 - [
00 0 - S e
0 0.8 1 S 6 7 3
Xy M. (GeV/c?)
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COMPASS Drell-Yan 43 <M, /(GeV/c?) <85
o 2015

® 201542018 (~50%) preliminary

Sivers(N)
&® Boer-Mulders(r)
|

Transversity(N)
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|
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Pretzelosity(N)
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o — higher twist
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-0.2 0.1 O 0.1 0.2
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Asymmetries integrated
over all variables.



Ve —‘_‘\

7% Asymmetry, 2015 & half of 2018
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Sivers(N) & Number denS|ty(rt)
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DY: negative trend - 003 1 /
Theory: negative trend '

systematic error Theoretical estimation the asymmetry from DY.
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'”?BS Comparison of A" to theoretical estimation
A;m(ﬁs obtained from COMPASS DY and from global fits to SIDIS data

A
N,
N _‘ /"

o COMPASS|[2015|data with stat. & sys. errors

Sign change?

YES!

DGLAP : JHEP4(2017)46 - |
TMD-1 : PRD88(2013)114012
TMD-2 : PRD89(2014)074013 | —0.3 0 0.5

XF
(A S ¢S) = 0.060 = 0.057 (stat ) + 0. O40(Sys ) 'PRL119(2017) 112002
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Summary

+ The contribution of quarks’ OAM to the nucleon spin is almost unknown.

Study of TMDs helps to understand partons’ OAM.

+ COMPASS measured polarized DY process in 2015 and 2018.

Beam: - with 190 GeV/c
- Target: Transversely polarized protons in solid NHs3

Final 2015 sample: about 35000 dimuon events in the mass range from 4.3 to 8.5 GeV/c=.
Results were published in PRL119 (2017) 112002

Half of data taken in 2018 was already analyzed.

- All transverse spin dependent asymmetries were extracted.

- Asinds; Sivers(N)@NumberDensity(rt), 0.060 + 0.057(stat.) + 0.040 (sys.) from 2015 data suggests
the sign change in comparison to the SIDIS asymmetry from COMPASS.

- Arsinaecs+ds); Pretzelosity(N)®BM(r), consistent with 0 within errors.
- Arsinecs-9s); Transversity(N)XBM(mt), showing negative trend as theorists obtained.
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