


Muon beam: SIDIS setup

* high energy beam
 large angular acceptance
* broad kinematical range
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COMPASS target area
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Operations on the target area
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Targets
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Two stage spectrometer

Large Angle
Spectrometer

Small Angle

ectrometer




Hadron beam: Drell-Yan setup

polarised
target absorber

! 1
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Muon beam - DVCS setup
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Spectrometer elements

Electromagnetic
Calorimeter 2




Spectrometer: momentum determination

Magnet;‘egtion 0.0 deg.
T |

Run 20079 Event in burst 13503 Trigger(s) O 2 Nhits 1348

RICH

|

Magnet2 l I
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the polarized target system (>2005)

3He —_— 4He d i I ution refrigerator (T~50m K) COMPASS 2007 transverse proton data (part)

1000 mm

track vertex distribution along beam direction

[~ COMPASS 2015 data
L 43 <M, /(GeV/ie?) <85

W

counts/1.25 (cm)

—

LI N S B I
| |

solenoid 2.5T
dipole magnet 0.6T
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Vertex determination

COMPASS preliminary

Events / (1 cm)
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~100
A (cm)

COMPASS preliminary
[0 W beam
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CDMPASS pmliminﬂr}' & Prunery vertices after all cuts except tares and betm track selection
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Kinematic distributions

DIS cuts: Q%2> 1 (GeV/c)?
01<y <0.9
W > 5 GeV/c?

preliminary

N R I W i
107 1
X

COMPASS 2010 proton data COMPASS 2010 proton data

_
<

preliminary

—
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Kinematic distributions - 2

DIS cuts: Q%2> 1 (GeV/c)?
0.1<y <0.9
W > 5 GeV/c?

hadron selection: P,; > 0.1 GeV/c,
z>0.2

COMPASS 2040 proton duta

preliminary
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COMPASS 2010 proton data

preliniinary

20

15
W (GeV/c?)

COMPASS 2010 proton data
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COMPASS data taking

deuteron (°LiD) PT

muon beam

80% L/20% T target polarisation

L target polarisation

proton (NH;) PT

50% L /50% T target polarisation

Hadron

LH target

muon beam

proton (NH;) PT

T target polarisation

L target polarisation

Hadron

Ni target

Primakoff

muon beam

LH2 target

Pilot DVCS & unpol. SIDIS

Hadron

Proton (NH3) DT
PT

Pilot DY run
DY run
DY run

muon beam
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Measurements with the target longitudinally
polarized:

2006 A2M(Q% < 0) Ag/g
2007 gf (x), I‘ld, AY

2008 Ah+_h— Au, + Ad,

2009 Ay AT d,A Au, + Ad,, Al + Ad, As(= AS)

2010 g¥ (%), IS, 194/ 9vl

2010 Avg ATq, AKG, Ay, AT, A Au, Ad, AT, Ad, Ad, As, AS

2010 sing, sin2¢,sin 3¢, cos ¢ asyms hy, it ha, fi5, hip, hir, hiy, 91,917
2013 Ag/g

2013 Ag/g in LO and NLO

2015 [NS, A%, Au + A -

2015 NLO QCD fitsfor Ag/g
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Measurements with the target transversely polarized:

9/18/2019

2005

2006
2009
2010

2012

2012

2012

2013

2014

2014

2015

h h
ASiv,d' ACol,d

h h
ASiv,d' ACol,d

nt, k+k?  wt KE K

ASiv,d ’ ACol,d

A.’S‘liv,p' A}(,l‘ol,p

A?iv,p' A’Clol,p
sin(pp=¢s) ,sin(bp=¢s)
UT,d ' ““UT,p

(¢p.95) A(¢p:¢$)
UT,d ' ““UT,p

A

A

Singrs ,Singrs
AUT,d ’AUT,p

nt, k*KkQ ,nt K+ K

ASiv,d ¢ ACol,d

singrs h
Interplay Ayr ;™ VS Acorp
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First ®LiD data

Full 6LiD statistics
Full 6LiD statistics

2007 NH, data
Full 6LiD
Full NH_statistics
Exclusive p°
Exclusive p?, all asyms.
Full °LiD and NH,
Full NH, statistics

Full NH3 statistics




Measurements with unpolarised targets:

2013 dn"/(dN#dz dp?) Unpolarized multiplicities on d, 2004
2004 4553 91, 4505290, A 2004, part

dn™/(dN*dz) Unpolarized multiplicities on d, 2006

dn"/(dN#dz dp?) Unpolarized multiplicities on d, 2006

dnX /(dN*dz) Unpolarized multiplicities on d, 2006
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Importance of unpolarized SIDIS

- The cross section dependence from Py results from:
- intrinsic k of the quarks

- p, generated in the quark fragmentation

q kL £
- The azimuthal modulations in the unpolarised cross sectio]hs\Jomes from:
» Intrinsic k| of the quarks

» The Boer-Mulders PDF

- Difficult measurements were one has to correct for the apparatus acceptance

- COMPASS and HERMES have
- resultson °LiD (~d) and preliminary on p from COMPASS
« dandp from HERMESS

- =>COMPASS-II, measurements on LH, in parallel with DVCS
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Positive vs Negative charged hadrons (
Flly(x, 2z, Pir; Q2) = xE eq f dzﬁldzﬁld(ﬁl +zk, — ﬁhT) flq(x,ki;Qz)Df_)h(z,pf;Qz)
q

§\0.2<z< 0.3 03<z< 04
s \|

- (0")=1.25 (GeV/e) | (0*=1.40 (GeV/c)
3 (x) = 0.0062 ] (x)=0.039

3
S
i

(GeV/ey™

hT

2

,_.
<
(&)

EMYdzdPE, (GeVie)®
3

S
d*AdzdP

_____;__WQAAAAA,\3553A§‘ Log

2

[S—
T

(0%)=8.33 (GeV/c)

apgeoonnt 5x858 8 | BGENNOANLAA NS B x5 ]

0 | 2 3 0 1 2 30

) GeVer P; (GeVie)
Pir (GeVie) (02) = 9.78 (eV /c)2and (x) = 0.149
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Positive vs Negative charged hadrons (p)

9/18/2019

COMPASS preliminary
0.40 < 2 <0.60

0.032 < x < 0.055
7.0 < Q*/(GeV/c) < 16.0

%‘A
e
- L
L
L
* 4

PR B

0.055 <x <0.100

7.0 < Q(GeV/c) < 16.¢

0.100 < x <0.210

7.0 < Q*/(GeV/c) < 16.(

0.020< x <0.032

3.0 < Q*/(GeV/e)Y < 7.0

2

0.032 < x <0.055

3.0 < Q¥(GeV/c)Y <710}

0
.36
. a

-
.
. .

IS T N T T T B SRR |

0.055 < x <0.100
3.0 < Q*N(GeV/c) < 7.0

&
L
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. .

L
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.

P I
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Pi. (GeVie)
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Positive charged hadrons (p)

COMPASS preliminary — <° ;05 |

positive hadrons 0.032 < x <0.055 L 0.055<x<0.100 0.100 < x <0.210

+02<z<03 ; 7.0 < QUGeVieY <160 7.0< 0¥(GeVieY <164 7.0 < 0*(GeV/cy < 16.
-03<z<04 107 ¢
04<z<06 ' -

10F .
F ;%:55

O

%

&

0.020 < x <0.032 2 2
3.0 < Q%(GeV/eY <7.0f  0.032 < x <0.055 0.055 < x < 0.100 Piq (GeVie)

3.0 < QXGeVieY <7.0| 3.0 < 0*(GeV/c) <7.0

1 2 30 1 2 3
Py (GeVic) P (GeV/c)y Py (GeVicy
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Negative charged hadrons (p)

COMPASS preliminary g‘“ 10°F

0.032 < x < 0.055 0055 <x <0.100 L 0.100<x <0210

negative hadrons 5 5 : s ) ] N A
7.0 < Q/(GeV/e)y <16.6 7.0<Q/(GeV/e)y <16.0 7.0 < Q/(GeV/c) <16.(

»0.2<272<0.3 L
103<2<04 10°F
04<z<0.6

10F

107"t

0.020 < x < 0.032 i i
3.0 < QY(GeV/icY < 7.0 0.032<x <0.055 0.055 < x < 0.100

3.0 < Q(GeV/icY <7.00 3.0 < Q¥(GeVic)} < 7.0

P} (GeV/ey

\.

,W’V;;.

V% s

- 9 s

*
.

A,

-

1 2 30 1 2 3
P, (GeV/cy Pir (GeV/e) Pir (GeVic)
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The matching problem (qr/Q > 1 region)

A
COMPASS 17 bt N. Sato

data/theory(NLO) vs. ¢p (GeV) 1 g -0z

PDF : JAMI8 FF: JAMI8

—
oo

—
=

Q
—
=
=
&5
< 10
=
~+~
T~
E
=
~
g

gr>Q

S} [=>]

—
e}
T

—
.
T
—_

data/theory(NLO)

(3] (=}

—
b = S 00 © B = S 00O
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Unpolarised Azimuthal Modulation

When looking at the content of the structure functions/modulations in terms of
TMD PDFs for the cos ¢;, and cos 2¢;, we can write:

oM |h-k ky Por — z(h - K
FEosPn — _ C[ = _Pa®L Thr (2-ky) hiHi | + twists > 3

vo 0 M Yt M zM,M

1yl :
qU = MM, hs Hi | + twists > 3

FCos 2¢n C [(fl ) EJ.)(E ’ ﬁJ.) - ﬁJ_ ) l_éJ_

In the cos 2¢;, Cahn effects enters only at twists

cos 2¢p
FCahn ~
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Azimuthal modulations on p

F COMI
I~ positiy

9/18/2019

COMPASS
preliminary

® ]
3%2 e ¢
R VSR SV S W A S

08 02 04 06 08
z P,; (GeVic)
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Contribution of diffractive VMs

Determined from z; + z, > 0.95 Pyr (GeV/e)
. . 0.5 0.64

. 0 ' ‘
Selecting p* and ¢ o, ; [ comass| Preliminary

Smaller, but not negligible, effect for
cos 2¢y

The diffractive pO production
and decay. ' — P
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Transversity PDF

h{x) =q"'(0) - q" (@) q = Uy, dy, Gsea
quark with spin parallel to the

nucleon spin in a transversely
- polarised nucleon

* probes the relativistic nature of quark dynamics
* no contribution from the gluons - simple Q2 evolution

* Positivity: Soffer bound Soffer, PRL 74 (1995)
- first moments: tensor charge 8q(Q?) = f01 dx[h?(x) — hd(x)]




Transversity

is chiral-odd:

observable effects are given only by the
product of h‘ll (x) and an other chiral-odd function
can be measured in SIDIS on a transversely polarised target

via “quark polarimetry”
2 . “Collins” asymmetry
(N > 0"h X “Collins” Fragmentation Function

/N' > /"hhX “two-hadron” asymmetry

“Interference” Fragmentation
Function

A polarisation
Fragmentation Function of q1—=>A

IN' S 7" A X




A'éou on proton and *P, model for FF

Albi Kerbizi @ DSPIN17 http://theor.jinr.ru/~spin/2017/
Phys. Rev. D 97, 074010 (2018)/arXiv:1802.00962

O m COMPASS

A T COMPASS
L ® m MC

’ A T MC

%&éé}

‘Mﬂéﬁ.é : ‘%‘

i

“eise%

:L N
T

| \ \ |
02 04 06 0.8
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The curves are fits of the Monte
Carlo data, scaled by
A~(hY/f)~0.055

Agreement with the measured
Collins asymmetry is quite
satisfactory



http://theor.jinr.ru/%7Espin/2017/
https://arxiv.org/abs/1802.00962

2h asymmetries on p and >P, model for FF

q 2
ASin(¢R+¢S—TL’) . Zq h (x)Hq—>h h, (Z’ Mhlhz)
ur o
2q qu(x)Dqlhz (2, M hy)

O COMPASS
® MNC

'#%%..%

| |
0ot %ﬁ?é‘-{a.?. .%“ ! %% HT

| | | | \ | | |
02 04 06 08 0.5 1 1.5 2

z M. (GeV/c?)

i

= (sin(¢pg + ¢ps — 7)) and R = 22Pn1=21Pm2 14 as before A~(h*/f#)~0.055

Al +Zz
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A transverse spin transfer from COMPASS

COMPASS preliminary

A - all candidates Zq 85 hg (X) H{\(K) (Z)

Pym(x,z) = —
B e DI )

dN
e d cos G*

X
COMPASS preliminary

o< A(l + aPyz) cos 0*)

A - all candidates
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Sivers Asymmetry

Sivers: correlates nucleon spin & quark transverse momentum k; /T-ODD
at LO: 2 ot h
} ququ]@Dq

2 h

Zq e,q & Dq

Ag;, = pp' > pXh*

The Sivers PDF

J. Collins proofs fi% = 0 for T invariance

J. Collins shows that(fit) py = —(fis)sipis
COMPASS ond: A%, = 0and A%, = 0
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Sivers Asymmetry

Smcpsw( X, Z) Zq eqx,fﬂ" (x, kJ_)®D1q(Z p%)
FUU(x'Z) Zq eqxfl (x k2)®D (Z pJ_)

To evaluate it we need to solve the convolutions (i.e. make

hypothesis on the transverse momenta dependences of the
TMDs)

Agiy (x,z) =

-ki/<kl>s —pi/<p )

Gaussian ansatz: fl(0)S=—— DL (2)*—=— o)

S

L(1)q
Leading t0iAgy, ¢ (x,z) = —YEM___Zaci*hr 2044\ ith fr(x) =
| Juigetor) Zacaeh OPi @

fdsz 2M2f1 q( kT)




Sivers asymmetry on p

charged pions (and kaons), HERMES and COMPASS

COMPASS positive pions x<0.032 preliminary
COMPASS positive pions x>0.032 preliminary
HERMES n* PRL 103 (2009) %

COMPASS egative pions x
COMPASS negative pionsx>(.
HERMES = PRL 103 {

1.5
P'; (GeV/c)




Drell-Yan measurements at COMPASS

1<Muu/(GeV/c2) <2, “Low mass”
. Large background contamination
2 <Myu/(GeV/c2) <2.5, “Intermediate mass”
. High DY cross section.
. Still low DY-signal/background ratio
. 2.5 <Muu/(GeV/c2) <4.3, “Charmonia mass”
. Strong J /Y signal: J /Y physics.
. Good signal/background.
V. 4.3 <Myuu/(GeV/c?) <8.5, “High mass” background <4 %
. Valence quark region =>Largest asymmetries!
. Low DY cross-section

—— COMPASS 2015 NH, data
Comb. background
Iy (MC)

= Open-charm (MC)
- === Drell-Yan (MC)
Total MC + Comb. background

counts / (0.04 GeV/c?)

T IHHH‘ Rl \HHIIl T HIIIII\

M, (GeV/c?)

COMPASS 2015 data
Drell-Yan NH;

COMPASS 2015 NH, data
43 < M, /(GeV/c?) <8.5

{Xx) =0.5
{xn) =0.17

Q*/(GeV/c)
2
T T TTITT [

d*N/dxndQ? (rescaled)

dzN/dxnde (rescaled)

o
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Transverse Spin Asymmetry in Drell-Yan

190 GeV/c n~beam, transversely polarized NH3 target

1 _ 1
flT, DY — _flT, SIDIS

do ,
cl+...+ S| 4% g
dq*dQ T[ roSResT ] Sivers DY TSA

Lg

oy A% o f1Q f
COMPASS 2015 (PRL 119, 112002 (2017)) + 2018 (~50%) T L7 IT.p

0.4 LCOMPASS Drell-Yan[ ¢ 2015 [ 4.3<M,, /(GeV/c?)<8.5 |
i «2015+2018 preliminagi I

0.2F

-020 0.2040.60.8
Xp q, (GeVic) M, (GeV/c?)
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The weighted Sivers asymmetry

- If we weight the spin dependent part of the cross-section

Fo' P (x, z) = 3, €2 J d?PrPrF,(x, 2, P})

with w = Py /zM, i.e.

2

D o Pr
F;}nq)s”’w( ,z) =X, €4 j dZPT—F (x,z,Pf) = 2%, egxf; (1)q(x)D1q(z)

S k
and Fy(x, z, Pf) = fdszfdz 52(PT _ZkT pT) PA;Pszﬁ T (x, k7 D14(z, p7)

we have no longer a convolution but a product of two integrals and we can
write

Fot®sv¥ (e, 7))  Bqedxfir ()DL, (2)

FUU(x Z) B Zq eqxfl (X)D (Z)

with £ D900) = [ a2y 2L 59 (x, k3

Sw(x Z) -
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The weighted Sivers asymmetry

1(1
Zq ec%xf;[T( )q(x) f D{lq (z)dz standard cuts

Ag,(x) =2
siw (%) Y e2xfl(x) [ D] (2)dz  w=Pr/zm 2202

both £z V"

contribute

and fllT(l)d
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The weighted Sivers asymmetry

Zq 85Xﬁjq'~(1)q (x) f D{lq (Z) dz standard cuts
Zq eéxflq (x) f D{lq (Z)dZ w = Pp/zM z>0.2

Ag,(x) =2

o 4(x)/mM(zPr)

1072 107! 107 107
X

The ratio between weighted and unweighted Sivers asymmetries follows the
average of 4(x)/mM(zPy) of the unpolarised sample
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qr weighted asymmetries: 2015+2018

9/18/2019

4 FCOMPASS Drell-Yan

[02015
©2015+2018 preliminary,

L 4.3<M,,/(GeVic)<85 ff

I I S N R N R R R IR AT NN

IMI—Ye 1 v v ay, vy W

5 6 7 8
M, (GeV/c?) -

mbined2015-2018

Vv ol Liie vuutu

fav e mee wogd.

® Additional uncertainties of about 5% from the polarization and 8% from dilution factor
calculation have to be added to the systematicerrors.
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Weighted asymmetries: from SIDIS to DY

Assuming:

— wu-dominance
15t k2 -moment of the Sivers function from SIDIS sin(gpo)dl  fHU
A voAT
data at Q§;pss(x) ' fi
— Same Q? for SIDIS and DY
L(Du _ rl(Mu

— Sine change f, =
I dpy 1T lps

[COMPASS 201542018, preliminary
- e binsinx

| 0 bins combined

— projection from SIDIS
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Sivers Asymmetry for Gluon from SIDIS

deuteron

proton

deuteron

Xg

j ' ; 10" X

107" i

ASVA — _0.1440.15(stat.) £ 0.10(syst.)  Apey’ = —0.26 % 0.09(stat.) = 0.06(syst.)

C. Adolph et al. (COMPASS Collaboration), Phys. Lett. B 772, 854 (2017).

9/18/2019 Sar Wars 2019







2021 Deuteron run

- Benchmark: hy extraction from Collins asymmetries

L
<X

Transversity extracted as in
PRD 91(2015) 014034

9/18/2019 INT-18 Symposyum Week



2021 Deuteron Run

- COMPASS proposed to CERN to run a full year with the
transversely polarized deuteron target and this proposal has been
approved

U
<

INT-18 Symposyum Week



New deuteron data

P . .
- 1full year (same as 2010). We also gain from JpPpr _ 015508 _ ) o
fpPpr 0.40%0.5

—~

= 04f-

Geeeevs b | beiesiid — projected

02| +
o ¥

0_0,,,,,@,9,9”g,g ,,,,,,,,,,,,,,,,,,,,,,

—— present

-0.2

1

gainin h precision

Transversity extracted as in
PRD 91(2015) 014034
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COMPASS deuteron data in 2021

- Expected gain in precision on u- and d-quark transversity

<~ 03 <~ 03
5 5
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<k

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

D)

N

CERN-SPSC-2019-XXX

SPSC-P-XXX
May 31, 2019

Proposal for Measurements at the M2 beam line of the CERN SPS
Phase-1: 2022-2024
COMPASS++"/AMBER’


https://arxiv.org/abs/1808.00848
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