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@ About COMPASS

Ya
\’\O—O_P \’

C OmmonMuon ProtonApparatus for
Structure and Speotroscopy

 More than 200 physicists + students
- Hadron structure and spectroscopy

- The first physics data taking in 2002
- The last data taking in 2021

Brief introduction about polarized DY analysis in COMPASS at CERN, G. Nukazuka (Yamagata Univ) 3



SIDIS
SIDIS
SIDIS

160
160
160

6D,
6D,
NH3,

Hadron Spectroscopy

long. &

ong.
ong. &

Spectrometer

SIDIS w+, 160 NHs, trans. ~pical ;
ICal Setu
SIDIS u+, 200 NH3, long. yP P
DVCS pilot run w= 160 Lig. H2
DY pilot run 7- 190 NH- BSeam - Polarized u, hadron
DY - 190 NHs, trans. Target : Polarized p or d, Lig. Hz, Ni, Pb, W, --
DVCS w= 160 Lig. H2 >pectrometer |
About 350 tracking planes
DY -, 190 NH3, trans. ECAL & HCAL
Shutdown RICH
SIDIS w= 160 6LlD trans i wall

Brief introduction about polarized DY analysis in COMPASS at CERN, G. Nukazuka (Yamagata Unlv) 4



Polarized DY experiment at COMPASS
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X, in solid NH3

Dominant acceptance of COMPASS spectrometer is valence regions
— DY by u(p) u(rt) is dominant.

WOA R Mg M W AR BRA e Y N MM A B89 B E M B TIN BSF 989 @0 S A Yy M4 O AR e 9 Pl e MBI MR TR 98 PO e BN BB e e e M IR Mse WRE e e

Short introduction about polarized DY analysis in COMPASS at CERN, G. Nukazuka (Yamagata Univ) 5



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

do o2 PRD79(2009)034005
— EMN -~ X
dqtdQ ~ Fqz Y
(]- +D[Sin2 ch]A([:](')S 2¢CS COS quCS) /
N, CS
sin ¢ .
A7 sin ¢g - /
+|Sr] A;gn(2¢cs+¢s) sin(2¢cs + ¢s) Collins-Soper frame
+ D sin? 6 :
[ ] +A;:n(2¢cs—¢s) Siﬂ(2¢cs . ¢S)
Yy ST X
[
W(dcs,0s) q
F
AW(¢CS’¢S) — U1 : Asymmetry FW(¢CS’¢S) : Structure function ‘ ¢ '
UT Fly g2 U.T o
U U P, TR target <
TT, S€
F = 4\/(P7, .- Pn)2 — M2M2,  : Hadron flux
6u = (F; + F2)(1 + Ag, cos? Ocs) : survives after integration over ¢cs Target rest frame

mmmmemmqﬂ-mm!!ammmmmnwmmmﬂmgmmmmmﬂwﬁnmmmwmnmmmmmmum&mwmmg
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Asymmetries
In the case of unpol. beam and trans. pol. target (twist-2):

do o2 PRD79(2009)034005
— e - X
dg*dQ ~ Fqz Y
(1 _|_'l?[sin2 QCS]A([:})S 2¢cs COS 2¢CS )
AL 7% sin ¢g

+ | ST D AP EPestOS) gin(2¢0s + ¢s)
sin? 6 :
[ | F A28 gin (205 — ¢s)

BM(u in it) x BM(u in N)

f1(U in 1) x Sivers(u in N)

BM(u in 1t) x Pretzelosity(u in N)

BM(u in 1t) x Transversity(u in N)
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Setup
T +p sut U +X

Key equipments
- Hadron beam (1, K-, p ), 190 GeV/c

» Transversely polarized proton target
(NHs)

 Hadron absorber

« Beam PID

T S Hadron
- Wang . i Absorber

Beam
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Hadron absorber

PT
PT (NH5) - Beam*é——é — [| l T
55 x P4 cm x 2 cells B :

- upstream - downstream

><103 = -
3 COMPASS 2015 data
! 43<M /(GeV/c2)<85

Upstream Cell

ntema Cols

O
N
O ...
-

=

L=

Downstream Cell

counts/1.25 (cm)

Al target - 7 x ¢ 9.4 cm

Tungsten beam dump (W) : { 2 S
120 x$9 cm —300 —200 —100 0




_|_
Beam q —

N A
=
/ T — Y
installed inside the cell Microwave stoppers
Z-axIs
installed outside the cell
Inner Coil

Outer Colil

Microwave
Stopper
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PT Polarization

Polarization

+ One cell is polarized to positive direction and the other
one to negative direction at the same time under the

I I I I I I | | I | I I I I I | I I I I | I I

80__ T A A __:r " . . . .
FIND NN NN SRR 3| 2.5 T solenoid magnetic field longitudinally.
wof ! E 2.5 T E
g 02_ ‘ | - Uipsit’re:ar% :cell . Dawngtraam cell * i ** —;
0?-20:— - | . | . H - . | | | | |
_sof- | E Polarization is rotated to transverse direction using the
w0l - solenoid & dipole magnets.
w1V L A AN WV‘/\/‘/W\/‘WW; Polarization is kept under the 0.6 T dipole magnetic
Z)/llun | I04/|JulI | I03/|AugI | DIOZ/ISepI | I02/|()c’[I | I01/l|\|ovI — fleld, and phySICS data taklng beglns
ate

Average

Positive Negative Positive Negative

Upstream 0.83 -0.86 0.74 -0.71
Downstream B4 -0.78 0.69 -0.67
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- Target material consists of polarizable particle (target) and unpolarizable particle.

Naive case for NHa:
N: px7 + nx7, unpolarizable
Hx3 : p, polarizable

In COMPASS, the difference of proton’s and neutron’s cross section is taken into account:

DY
N p.polarizable Gﬂp

DY DY
N0, + N, 04,

f=

p.,polarizable

p X3

=

N,+N,

Upstream cell

X (T+3)+nXx7

Downstream cell

0.24f- 45 0.24f
0.23) 40 0.23F
S022F =R iR 35 5o22f bt e
: : : S 021F B 30, JZ021F i il
Opy IS estimated using a parton-level Monte-Carlo = 02 FEOO 55 £ oz piEEE
program MCFM, performing calculation up to NNLO. £, . Zon B
It’s provided to physics data analysis event by event. 7 10 017
0.16f 5 0.16f
0156310270304 05 06" 0156102703 04 05"

Dilution factor using measured

MCFM: https://doi.org/10.1140/epjc/s10052-016-4558-y Bjorken-x for each cell.



https://doi.org/10.1140/epjc/s10052-016-4558-y
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2015(2015): (P )

Analysis

- Pre-step of data analysis (decoding, reconstructions, etc.) is done by a dedicated
software using the cluster at CERN (LXPLUS) and UIUC (Bluewaters).
- As a first step of analysis, dimuon events from PT are selected.
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Analysis: Monte-Carlo

-+ Event generation by Pythia8

-+ Simulation of the passage of generated particles by Geant4

+ The same reconstruction program as real data’s is used for MC data
- Analysis by the same software as real data

Physics process used in Pythia:

DY J/P, P’

c f+f oyt p- * g+ g — cC[351(1)] + g, etc.
Open Charm » only J/Y(P’) =+ p-is used.
- Production of cc pair and Combinatorial Background
dimuon Iin the final state -+ Forming dimuon from

g+g—*c+candg+g—c+CcC uncorrelated py+ and p-
- onlyc +C — pyt p-Is used. - Estimated from real data
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Dimuon Mass

P 1o 5 e S = T CL
Analysis: Monte-Carlo  “E X775 Thanmassoy e
. L R .’, L|) " [Entries 143825
10" . % % ={Mean  4.601
E e -: -'..°.,. - ,. A”MaSSDY f Entrilag/l [3\2(1009
How to reproduce real data o N’“"*“*WNM I v
= I P b S e =
Some processes are needed to reproduce S T e S
real data by MC data for long range of M, TE e . R
- B ol o e
1. MC is done process by process 10 e '"|i”|i#i;;';i b=
- LowMassDY ( 1.5-3.5 GeV) s iﬁl “HI -
- HighMassDY ( 3.5-9 GeV) | SRR (| 1 S —
- AllIMassDY ( 1.5-9 GeV) Dimuon mass distribution from real and MC data.
_ MC data need to be scaled to reproduce read data.
J/P
- Ll)’
- Open-charm
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Analysis: Monte-Carlo

How to reproduce real data
Some processes are needed to reproduce
real data by MC data for long range of My,

1. MC is done process by process
- LowMassDY ( 1.5-3.5 GeV)
- HighMassDY ( 3.5-9 GeV)
- AllMassDY ( 1.5-9 GeV)
- J/P
_ Ll)’
- Open-charm
2. Scaling of DY simulations
1. Fitting to AMDY by LMDAY and HMDY
2. Fitting to real data in 5- 9 GeV by HMDY

10°

102

10

Dimuon Mass

T T TS em—— — /" _|_DY2015
= H"\, s nghMassDY J/L|) S vean 2077
— S L|) ] ___HMDY
s ° .oo.. o. _ Er:;iss 143825
= Sl AllMassDY [ty
— ‘“*-»_,_,,w ,i%m  Mean_ 2783
E ..'. o ] °=:~...,_....~:’... .o, ":"‘--....._......v =
: ..o' » . 0. o... * *® e o® I e SR oo : ipsi
= 3,..,,..."’ N B il
= ' % .ﬁ’e il mimi* = E pszil22743
§'t ntries
B i"i{**“ "ii ;ﬂ' i " [ Mean 3.704
3 b E
— illll ‘ _
= | | ‘HHMII‘ " TS
2 3 4 5 8 9
Dimuon mass distribution from real and MC data.
MC data need to be scaled to reproduce read data.
3 fitting range ——

8

9

Myyiu- (GeV/e?) My (GeV/e?)

Example of 2.1 Example of 2.2
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Dimuon Mass

How to reproduce real data
Some processes are needed to reproduce
real data by MC data for long range of My,

1. MC is done process by process 10
- LowMassDY ( 1.5-3.5 GeV)
- HighMassDY (3.5-9 GeV) 1
- AllMassDY ( 1.5-9 GeV)

10°

® N .L‘wO,.' o 0 p—_—_—t — DY2015
Analysis: Monte-Carlo " /=7 Thignmassoy o
10 i

e o

—h
o
N
.IIII| IIIIIIII| IIIIIIII| IIIIIIII| T T IIIIIIII|

jpsi
Entries 352892
Mean 3.122

psi

Entries 422743
Mean 3.704

© IIII| I IIIIIII| | 111 III| I IIIIIII| L 11

Dimuon mass distribution from real and MC data.

- J/P MC data need to be scaled to reproduce read data.

- Lp’
- Open-charm
2. Scaling of DY simulations
1. Fitting to AMDY by LMDAY and HMDY
2. Fitting to real data in 5- 9 GeV by HMDY

3. Scaling of MC events except DY
- Fitting to real data by MC data
- (LMDY + HMDY) is used as a fixed parameter
- Combinatorial background estimated from real
data is also included as a fixed parameter

A number of like sign pair
N++ and N--and combinatorial
background Ncs are :

Nep = 2\/N++N——

[Pegng topsiont
ST by

1 3 1 T
nnnnnnnnnnnnnnn

6 7 8 9

Mlu-l-lu— (Ge V/CZ)
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Analysis: Monte-Carlo

7/ \ —
RS - ——— COMPASS 2015 NH, data
> 1()5 I Comb. background
8 . e Jp (MC)
4 S W M) 00— o
S 10* =/ N == Open-charm (MC) C :
S = - - - - IT>re111-13\(£ (1\(4:C) N = ool 5
3 N ota + Comb. backgroun : - ! | i
~ 10" = AR = i | i
é = L £ 0.006— ' -
- 2| \\ """" ; = i :
o 10 ; ‘{é”‘\' g ".-,.%:# ,,,_ 7 .42 0.00 4_ ]
O N . \ :""':“'iu"'"’.'.h" @ =] [ _
- N 5 fﬁﬁﬁfﬁw ﬁﬁ% ﬁ %%%% S - 2
10 = 5 e I 0.002| -
- | “, K | | i | : -
0
-300 250 ~200 ~150
4 6 3 10 7. (em)
2 .
MMM (GeV/c?) Study of vertex reconstruction by MC.

Contamination from one cell to the other estimated about 2%
Dimuon mass distribution from real data(black) and MC(blue).

In the range 4.3-8.5 GeV, 96% of events are from DY.
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Asymmetry extraction

do agm A
datda  Fqge U~ - Extended Unbanned Maximum Likelihood (NIMA297(1990)496) with
» . weights of dilution factor and depolarization factor extracts all
(1 + Diginz g) A~ €082¢ + Disin20) Ay * €OS ¢) asymmetries at the same time.
A" P9 sin g - Asymmetries are extracted from each data taking period. Final
ATREE09) G o8 L b results are obtained by averaging over them.
+ 1Sy + Dpsin o + AP )gin(2¢ — ¢g) - Averaged polarization over a sub-period is applied.

+Digin 20 A OFPS) sin (¢ + ¢s) - Dilution factor and depolarization factor are calculated for each
+ ACSZ:H(Cb_d)S) Siﬂ(¢ . ¢S) event.

Likelihood_ estimator:

Neell =2 | Mpol =2 Nfelez Nfeozll
— —Ipo pol pol 2
E - H H cell H P (¢CS "o ¢S n, a’cell? A)

/ cell=1 pol=1

Probability density function: P~ (¢cs, ¢s;ai, A) = az (pes, ¢s3A) -0 (9os, os5i A),

3 w, (Do)
At cs s

: T Y COS CoS 2 w, 7
Cross-section: 0 (pos,psi A) = 1+ AF°90S 4 AFSH05 £ (Pr) fD(0g) " ¥05 %) Ar
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J(0)

1 + Acos26
f(0) = 1 + cos* O, sin*0Opg, sin 20

Depolarization factor Dy =

1.2 e . 1.2 : 1.2 [ :
[ e eess e [ B i

1F ceossss $. 8.8 - 1F ¢ §838.2.8. 0.0 .o - 1---8...8.8.8.8. 8 ¢. ¢ o

0.8F - 0.8

- of |~ | . 'ttt 1+ A=1isused in the extraction.

=

()

~—

= o 1+ A can be differ from 1.

02 -] 02 -] 0.2

& oo 1 & ... 1 &......... 1 - Difference of D with A=0.5-1 from D with
O 0s 01 05 03 025 05 035 04 VB0 en 0A 05 06 07 05 09 OAITUTNaT05 05 0 s 0 0a 03 A =1 is included to the systematic error.

(D,
=]
=

|
!

2 o4f -

XN X, Xg
1.2 e e . 12— .
: e e o e ‘e ® ® ° ] : e o o o ° e e ]
1 o 0 -0 -0 @ -0 ° ° — 1 ®-0 -0 -0--'0 ° ° ® —
L I T R A D A R i T I B I R i
., 06fF 4 75 oeF =
8 o4f 4 & o4f -
02F - 0.2F -
O oo e g g e ] OF oaee e g e g

‘“'%.:z"b!'bié”ofé”i"iiz"iié'ifé'iié":z “"24:'"'415""s'""sfs""&""g.s - The maximum difference is about 10%.

q, (GeVic) M,, (GeV/c®)

- The difference of 5% is hired for the
systematic error.
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Pretzelosity(N) ® Boer-Mulders(mn)

0.5 FCOMPASS 2015 data | 4.3<M,,/(GeV/c )<8.5|

Asymmetry

Sivers(N) ® Boer-Mulders(mn)

0.5 FCOMPASS 2015 data | 4.3<M,/(GeV/c »)<8 5

sin(26cs+ds)
._.E_.
e
'—é—.—'

T
S
I

| T T A o b by I
107! 107! 020 02040608 1 2 3 4 5 6 7 8
Xy Xy Xp q (GeVic) M, (GeV/c?)

Transversity(N) ® Boer—MuIders(rt)

T
o
=
oe
.
.
i
_¢S) A

0.5 FCOMPASS 2015 data | 4.3<M,,/(GeV/c <85}
107! 107! 020 02040608 1 2 3 4 5 6 7 8 O ol 1ol + ____________ } _________________________________________
Xy Xy Xg q, (GeVie) M,, (GeV/c?) § { % + + | } } } }
- . . |
2 higher-twist K1 } : | i |
_I_ - COMPASS 2015 data r 4.3<M,,,/(GeV/c?)<8.5¢ - - GE‘ -0.5 |_ ! . .q.. Lol i1y _....I....I....I....I..H..I....I..
0 057 ' ' j j <[: 107! 107! 020 02040608 I 2 3 4 5 6 7 8
I R e HHH _____________ X7 XN XF qr My u
S : + ] | l | 1 | } | {
Ak | | | |
< _05-_ - | - -_I | —I I _ I-I I -_I _ | l COMPASS 2015 data
107! 107! 020 02040608 1 2 3 4 5 6 71 8 43 <M, /(GeV/c?) <85
Xy X, Xp q (GeVic) M, (GeV/c?) o) ;
Sin
. . S
) higher-twist Ar °
< | COMPASS 2015 data | 4.3<M,/(GeV/c2)<8.5] ] |
| 05F i I I I SN2~ o)
2 | l | J J | J l | | Ar
8 O-_ _____ lk ___________ l_ oo + o "";"l _____ 1]% ________ sin(2¢p_ + ¢_)
N | | | | | Ap @ °
mﬂ& _OS_I- .....-_.....I . ._..-_.I...I.HI...I.-_...FI....I....-_I..H..I....I.. Sin(¢cs+¢s) ®
107! 107! 020 02040608 1 2 3 4 5 6 71 8 At
X1 XN XF qT M MU Sin(§~ ) o
A |
‘ [ ‘ | |

systematic error 0. 2 _() 1 0 o 1 0 2
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Systematic study

Compatibility check of periods

+ Comparison 9 data taking periods

Cut studies

- Asymmetries with/without bad spills and bad runs
- tight cut for target

- tight cut for dimuon transverse momentum

- elc.

Misc

- Bias check if spectrometer is divided into left/right or up/down geometrically.

- False asymmetries from fake data sets

- Comparison of asymmetry extraction method to Unbanned Maximum Likelihood
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Systematic study, Comparison of periods
®P1 VP4 /P7

Comparison of asymmetries from each period. mP2 OP5 OP8
Asymmetry is divided into 3 bins of xn, Xn, XF, gr, Or My, P6

. COMPASS - DY 2015 data; ePlmP2 . P3vP40oP5 |1 43<M,/(GeV/c?)<8S5
- - oP6 . P7,P8 P9 -

@ A=0.140120.16730,P =14.8% [ @ A=0.1204420.16669, P =61.9% | @A=0.14353+0.16702, P =62.3% | @ A=0.15908+0.16639, P =6.7% | @ A=0.1329420.16648, P =13.6%
3 W A=021845:0.17322,P =368% | B A=02188620.17299, P =12.7% [ WA=02156820.17305, P, =7.5% [ W A=022122+0.17259, P =30.8% [ W A=02217520.17281,P =14.2%
i A= -0.0471720.16600, P =699% | A= -0.06348+0.16602, P =51.8% ! A= -0.0653220.16606, P =90.5% ! A=-0.054580.16576, P =61.5% ! A= -0.063220.16536, P =56.6%
L ¥ A=003735:0.16464,P =383% | ¥ A=0.03790+0.16465, P =18.4% L ¥ A=00356120.16485, P 247.6% L ¥ A=0.0379820.16439, P =39.3% L ¥ R=0.0426420.16441, P =44.7%
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Systematic study, top/bottom and left/right asymmetries

4 Z
" ‘ / COMPASS spectrometer is not symmetric vertically and
left horizontally with respect to dimuons. Bias coming from this
part.:" s 119N asymmetric structure need to be checked.
] ®- Iab' part

Dimuon events are divided into

- top/bottom parts  (®y-, 1an: [0°, 180] and [180°, 360°] ) or

- left/right parts (®u-, 1ab: [-90°, 90°] and [90°, 270°] ).

If there is no bias, there is no difference between asymmetries
from the parts.
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Systematic study, Asymmetries from fake datasets

Normally, asymmetries are extracted from a period, and the final asymmetries are obtained by
averaging them.

For systematic study, extraction from fake datasets like:

- Polarization flip for one of the cells

- Dividing a cell into 2 fake sub-cell assigning fake polarization

- Runs (units of data taking, ~2 hours) in the given period is randomized into 2 sub-periods, and asymmetries
are extracted from them as usual

* etc. _
Period
Beginning of /" \ End of
the data taking! the data taking!

time

A
L IE S % N N I g £ S I IO T I I T (B e A N N U I AU % pE A O o SR |
Polarization config of up/down cells: T{ or {1

d|V|de the cells

into 2 sub cells

upstream cell

upstream cell
downstream cell downstream cell
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Asymmetry
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