Selected Results and Future
Perspectives for TMD Observables at
CERN with COMPASS

COMPASS at CERN: unique capability of measuring TMD

observables with lepton beams (SIDIS)
and hadron beams (Drell-Yan)
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Broad physics program between COMPASS | and Il
Studies of nucleon spin structure with longitudinally and
transversely polarized °LiD and NH, targets in DIS, SIDIS
and Drell-Yan processes.

SIDIS and exclusive reactions with |Iq hydrogen targets.

Hadron Spectroscopy and Primakov Reactions with

: OMPASS 2
hadron beams and unpolarized targets.
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COMPASS - Important Instrumentation Features

1.Muon, electron or hadron secondary
beams with the momentum range
20-250 GeV and intensities up to 108
particles per second.

Two staged large acceptance spectrometers
with high rate capability:
L Angle Spect ter (LAS
W R Rpcotmelery ) 2. Solid state polarized

© Small Angle Spectrometer (SAS) targets, NH, or 6LiD, as well

as liquid hydrogen target
and nuclear targets.

3.Powerful tracking system
— 350 planes.

4. Versatile PID — RICH
Muon Walls, Calorimeters.

50
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COMPASS - Important Instrumentation Features

Vertex distribution for SIDIS

*He - “He dilution refrigerator (T~50mK) COMPASS 2007 mamsverse provon dute (part)
Solenoid 2.5T -g; wer
~ Dipole magnet 0.6T = 15000
10000
[ ——— | Bt P ' Zyy (CT1L)
T * '_ = # o '1 = Opposite polarization in
|J"_ s e 3 e } different target segments
' ' 1 M bt 0 | reversed frequently
k1 L I — )
an d (°LiD) p (NH,)
Polarization 50% 90%
Dilution factor 40% 16%
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: Transverse Momentum Dependent Quark
" Distribution Functions at Leading Twist

from Acardi et al. arXiv:1212.1701

Quark polarization

Unpolarized Longitudinally polarized Transversely polarized
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TMD Modulations in the SIDIS and
Drell-Yan Cross Sections

SIDIS:
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Modulation Amplitudes vs TMDs

SIDIS: DY:
a4
A‘EE{ i hfq ® Hfé’ A‘EE(MCS} < h? ® hfp Boer-Mulders
Ai;';ffph—‘?ﬁ) o fli;} ® D{’q Aiiﬁi:%} o< ff",n ® fl?‘p Sivers
Aiﬁ({p“d’sj o< hi ® Hllc:' Air;fzécs_%} o< hiir ® hjp Transversity
¢ 3
H__.fﬂﬂ_'x -
y* www&mw\<
P :PD"‘_ _:FFF.-.’_‘HX
— DY: PDF ® PDF

SIDIS: PDF @ FF
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Kinematic Coverage: SIDIS vs Drell-Yan

The phase space for Drell-Yan and SIDIS
processes partially overlap in the x-Q? plane
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In the region of overlap in x, the average Q?2 in
Drell-Yan is about two times larger compared to SIDIS
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Transverse Momentum Dependence
In the Unpolarized Cross Section

* The cross-section dependence on transverse hadron
momentum, P, results from:

* intrinsic k; of the quarks .

- p, generated in the quark fragmentation &

""'-\PL,l

T Py

* A Gaussian ansatz for k; and p, leads to
+ (Phr) = 2%(k1) + (p?)

e proton

* The azimuthal modulations in the unpolarized cross-sections
originate from:

* Intrinsic k, of the quarks
 The Boer-Mulders PDF

Challenge: requires correction for apparatus acceptance!
01/09/16 Selected TMD Results from COMPASS 10



Q°[(GeV/e)]
81 |
16 |
7
M"
3

1.7 1

0.2<z<0.3 ’

H
10
\
"

s 05
G /M o

Vs X,Q?, z and p,;

COMPASS Preliminary

05
VM | et | ot |

.'!‘l.

\ \ ¥ 2
o2 °‘a.l Q';,55
8

d>c"/dxdQ?dzd?*p
Mh(sz, Pf%T;Qz) — o/ Q°dzd*py

d2gDIS [dxd Q>

\

b \%5..

\.

\ 0 2
8, or
LY °ll.

I

\..

0

NN
N
.

2

1 \ \ \ b 2 2005 5LiD data, COMPASS preliminary at Spin 2014
0.003 0.008 0.013 0.020 0.032 0055 0.1 0.21 04 0.7

01/09/16

Selected TMD Results from COMPASS 11



Boer-Mulders and Cahn: AUUCOS ”

COMPASS, Nucl. Phys. B886 (2014)1046

2004 SLiD target data
vho {Y
0.10f i o/it } Y p .
! f
0.05- §3Yf ?h $ ot ﬂ“{vf !
§§i# ;h} ii'}“}{.
0.00}-
"l'{;_z . 1'0'_1 02 04 06 05 02 04 06 03
X z p;t (GeV/e)
do = 0y (1 —|—61_-¢15;E’;5h Cos Op, +

ff’% dp,il?; drdydzdoy

AUU - o AElT e
+€2Acos24,, €08 20n + A3 Agir g SIN (ph_)
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Boer-Mulders and Cahn: AYY

CoS ¢p
COMPASS, Nucl. Phys. B886 (2014)1046
2004 SLiD target data
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IJ% dp{-’i drdydzdoy COS P -

01/09/16 Selected TMD Results from COMPASS



AUU

' Towards a Global Analyis of A%
in SIDIS and

cos 2¢cs

, AUU

cos 2¢p

in Drell-Yan

V. Barone, S. Melis and A. Prokudin Phys. Rev. D81, 114026 (2010)
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COMPASS Deuteran

<k>=0.25 (6eV/c)?
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v'Cahn effect (Twist-4) comparable
to BM effect

v Same sign of Cahn contribution
for posifive and ne.gaﬂve pion

vDifferent average transverse
momenta are preferred

vBM contribution opposite in sign
for positive and negative pions

Data at different Q2 (and from
Drell-Yan) will help to isolate
BM contributions
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Extraction of Transversity Distributions
and Determination of the Tensor Charge

SIDIS ee
- 5¢(x) x CEF(2) ~CFF(z,)) x CFF(z,)
~ IFF(z,) x IFF(z,)

~0q(x) x IFF(z)
COMPASS

pp =2 jets
~ G(x)x0q(x,) x CFF(z)

Transversity, 6q(x)

Tensor Charge op > h* + h + X

~ G(X,)x0q(x.) X IFE(Z)

nmp > 1" + I' +X Drell-Yar
~ h;t(x,) x aq(x,)
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Collins Asymmetries for Pions on
Proton Targets

COMPASS Phys.Lett. B744:250(2015)

o & COMPASS T x<0.032
< 0.]f ® COMPASS " x>0.032 . -
O HERMES ©* PRL 103 (2009) (}

0.05/- %;(} H; .
{'

0,05 Comblned 2007 and 12010 proton data samples analyzed.

- I | L
& & 0.2 COI\[PASSIx <0032 B
< e COMPASS K’ x=0.032

0 HERMES K’ PRL 103 (2009) %} %) }
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Transversity & Tensor Charge Extracted with
TMD Evolution and Recent Data Sets

Z.-B. Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1,
014009

; 2 2
Experiment hadron Target dependence # ndata vy X~ /ndata Experiment Observable dependence # ndata 2 2/ndata

COMPASS [97] =" LiD * 9 11.16 1.4
COMPASS [97] &~ LiD T 9 9.08 1.01 BELLE [12] Af* z 16 13.02 081
COMPASS [97] =+ LiD z 8 3.26 0.41 BELLE [12] Ag“ z 16 11.54 0.72
COMPASS [97] 7~ LiD z 8 7.29 0.1 BABARI98] Ag* z 36 3461 096
COMPASS [07] =t LiD P 6 419  0.70 BB o z = o D-
COMPASS [97] =~  LiD Pu. 6 450 0.5 gjgjg[%g e e o e e
COMPASS [96] =+ NH; * 9 21.46  2.38 8] 2 e RS
COI\IPALSS 96] T NHQ, T 9 623 069 1292 R7.76 0.72
COMPASS [96] =™ NH; z 8 7.80 0.98
COMPASS [96] 7~ NH3 z 8 1020 1.29
COMPASS [96] ™" NH; Py 6 3.82 0.64
COMPASS [96] 7~ NH3 P 6 3.85  0.64
HERMES [95] =" H x ' 5.37 0.77
HERMES fga% = H . 7 1261 180 Data sets from SIDIS
HERMES [95] = H z 7 3.04 0.43
HERMES fga} ~ H 2 7 323  0.46 (HERM ES, JLa b, COMPASS)
HERMES [95] «* H P. 6 1.60 0.27 a
HERMES igs} « B B 6 482  0.80 and e*e- (Belle, BaBar)
JLAB 9] rad “He T 1 3.90  0.98
JLAB [9] T *He x 4 3.11 0.78 . .

10 13065 093 Fit describes data sets well!
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'ransversity and the Tensor Charge Extracted Usin
TMD Evolution and Recent Data Sets

Z.-B. Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1,

014009
Favored and unfavored

Results given at Collins FF
Q?=2.4, 10 and 1000 GeVz | Q*=2.4GeV?
0.04-  Q@=10GeV
& — . Q*=1000 GeV?
up and down S
transversity distributions®
<
03 — ~N

Q=24 GeV}
=10 GeV” |
—— Q7 =1000 GeV”

0 0.2 0.4 0.6 0.8 1 7
X
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140

130

and the Tensor Charge Extracted Usinc
| TMD Evolution and Recent Data Sets

Z.-B. Kang., A. Prokudin, P. Sun, F. Yuan - Phys.Rev. D93 (2016) 1,

014009

up and down contributions to

tensor charae

1 1 1 | 1 | |
0 01 02 03 04 05 06 07
§ 000650351
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510-0065.0.35] _ _0-20+8'(1)%

Integrals in [0,1]
sul) = 0391847
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2 Hadron IFF Asymmetries

COMPASS, Phys. Lett. B736 (2014)124

0.10 2007 & 2010 proton data [
M, < 1.5 GeV/e?
e with x=0.032
0.05 — with x<0.032 L
m——— Bacchetta, Radici
7
-0.05
-U-IOIIIIIII 1 11 1 1111 | 1 11111 | 1 | B | | |
X z M,.,- (GeV/cr)

Combined 2007 and 2010 proton data samples analyzed.
Good agreement to prediction based on fit to Collins data.
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Sivers Asymmetries for 11,K and K°

Combined 2007 and 2010 proton data samples analyzed.
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Sivers Asymmetries for mt* vs K*

COMPASS Phys.Lett. B744:250(2015)

*::;5 0 Kaon asymmetries slightly larger
' o 1t ] Compared to pion? Evidence for
+ sea contribution?
e K7
0.05— ’
S
% % ¢ o ]
I I
O Tt

—0.05—

1072 107!

X

Combined 2007 and 2010 proton data samples analyzed.
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COMPASS and HERMES Sivers
Asymmetries for 11+ vs K*

COMPASS Phys.Lett. B744:250(2015)

COMPASS & x<0.032
< 0.1 e COMPASST x>0.032 . L
O HERMES =" PRL 103 (2009)

0.05- % H; _ %fﬂ%%} | by %’} }

344 7y £t
¢4
AR B .
—-0.05- . b | | E
Q% 0.2t CEOMPA.S:.S I{ -’“_*3003'3 . |
=T e COMPASSK™ x=0.032

o HERMES K PRL 103 (2009) %} (} }

_0.l_||\||\| Lol I Y I |_ 1 | = |_ | |

Combined 2007 and 2010 COMPASS proton data samples analyzed.
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Sivers — Global Analysis of
HERMES & COMPASS Data

Anselmino M, et al. arXiv:1107.4446 [hep-ph] (2011) Sun P, Yuan F. Phys. Rev. D 88:114012 (2013)

Full QCD analysis including

Leading order analysis 'II;MD evolution

a
0]0' T T— T T TT1TT] T T T T TT1T1T]

L x 5" (%) = —xTe(x.x)/2M

dquak 1 o[ Afa=THXX/M yquan __—

005}

0.00 -.n“.-.--.-...,.,.v- I

-0.05}

- 1 -02f -
—0]0' 1 Lo gl 1 Loaoa gl 1 11 111 1 1 1 1 R | 1 1 1

10~ 1072 13! 1 1072 107
X X

Still significant errors, no data for x>0.35 = J-Lab 12
Sign Change = COMPASS Drell-Yan (NSAC Milestone .

01/09/16 Selected TMD Results from COMPASS 24



for Gluons !

Krzysztof Kurek and Adam Szabelski Szabelski
for the COMPASS collaboration q

XVI Workshop on High Energy Spin Physics (D-SPIN2015) IOP Publishing Journal of Physics: Conference Series 678 (2016) 012055

— 0.5
<" 0.4 a proton
| i ?ﬂ
S 0 gu 0
g 9 a2 ® £ 8 ¥
L W . . < 05 - '
107 10" X 107 107 Xg
J
o 0.4 ;w 0.5 proton
' 0.2 |
20U 2 = u
- . oS8 0
£ & 02 50
< 04F , , <L 05 .
1p7? 10" Xc 107 10 Xc
;m 0.1 ;w 0.1 proton
E 0.05 - B
Eﬂ U EN U
-8 <5 20,05 ’ ‘%{E
-0.1 '_| . ‘0.1 M | L
107 10" X 107? 107" Xg;
) APGF 1QCDC ALP
Asiv = RparAESY + Roepc AZL P + Rip AL
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Sign Change of Sivers- and Boer-Mulders
Functions Between SIDIS and DY

SIDIS  Est DY &< ISI
g T TR el Direction of the gauge-link integrals of k.
| dep. pdfs is process-dependent and
| — F_’__’ changes its sign between SIDIS and DY
Sivers Jir(@,kr)|,,, s = —/fir(@. k)|, | Need to confirm sign
B reversal in polarized
Boer-Mulders hi(z, kr = —hi(z,kr ‘ Drell-van!
(@ kr)| (@ k)|

NSAC performance
Milestone HP13 for

2015
TEST “modified” universality of TMD pdfs!
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Instrumentation Updates for
Drell-Yan Physics

.y Polarized Target Hadron Absorber

safivertzx  Hadron Abhsorber
Detector T

\ R
190 GeVfc n ’

M Beam > = == [~
| 7 Tungsten Plug

polarized NH; |
i i [works as & nuclear target)

Stainless Stee

Alumina

Targets <

Thin Nuclear Targst

@ Due to small cross-section, measurement
requires high luminosity

@ Two cells of NH;

L @ Hadron absorber downstream of target
@ Polarisation ~ 80% &

e » Stops hadrons and non interacting beam
@ Dilution factor ~ 22% & &

» Degrade resolutions, two target cells,
Hadron beam vertex detector

190 GeIV/C.?r beam (small @ Nuclear targets: Al and W = unpolarised
contamination of K and p) DY studies
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2014 Drell-Yan Pilot Run:
D| Muon Mass Spectrum

Short Pilot Run in 2014 (~2 weeks of stable data taking)
* No polarization
* Beam intensity up to 8x107 /s
* No vertex detector

£ . COMPASS DY 2014 — 7o
- o N Jhp
L 1055\ —————— Continuum
5N v
1ﬂqé|' \ —— Combinatorial Bkg
m:‘ér
mEér
1Dér
et
- |||||||||.'I||||.':|||||I:||I'1|| b v v I
0 3 4 5 6 7 a8 9 10
M,, (GeVic?)
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2014 Drell-Yan Pilot Run:
~ Vertex Distribution

=0 COMPASS DY 2014

800

Events

700 W

Al target
g absorber

€600

500

400
M, >4 GeV/c’
300

NH; target
200

100

gIIII[III||1III|IIII1IITI|IIII|IIII|JIII|I|II

O
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2014 Drell-Yan Pilot Run:
Resulting Analyses

) oe— COMPASi D‘; :OV“ (1) Study of nuclear effects based on Al and
zj: W-targets will improve precision of existing
ook . information on EMC effect.

05F

04

(2)mprove precision on testing the
Lam Tung sum rule

03F

02

0.1

=TT RN P P ST TR PR TR RN FRRT P
01 02 03 04 05 06 07 08 08 1

X4

Valence quarks region coverage
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First Polarized Drell-Yan Run - 2015

[ #]

NHs polarised target (plus Al and W targets)
Ibeam ~ 1087 [s - very high intensity

o]

o Four months of stable data taking are being analysed
— One period already produced

oM,, >4 GeV/c? ~ 80000 .y~ pairs expected from polarised target

@)Ai'j"?,(“) 2.8% = Models predict As'n('i’S) from 5% to 10%

Sivers asym: A?i,r}(d’s) = Ayt (¢~ — ¢s) = —An, the same pion PDF is used (PRD 45 (1992) 2349)

030

=

< 0f
sk COMPASS Drell-Yan ]
— -U.U]
e —_
é—' 1ok /_\' -002
< //\ —U.US \\_
005 d
| 0.04]
4]_(]!_(;: 0.0 1]71 -!JTJ (Ifﬁ [Plk D 6 D 4‘ 0 2 D D 2 0 4 D 6
Xp Xl—
P. Sun and F. Yuan, PRD 88 (2013) 114012, Echevarria et al, PRD 89 (2014) 074013,
XF =Xy — Xg, PT < 2 GeV/c XF =Xp—Xr, pT <1 GeV/c
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s COMPASS Run Plan and Planning
' for Future Physics and Upgrades

1.2016-2017 — Two years of exclusive physics with muon beams
on liquid hydrogen targets

2.2018 — Drell-Yan with transversely polarized target NH,

2016 — use series of workshops to formulate physics program
for 2020 and beyond:

(1) COMPASS Workshop: Beyond 2020,
March 21-22, 2016 at CERN
Initial survey of ideas for SIDIS, exclusive physics, hadron
spectroscopy and Drell-Yan.

(2) COMPASS Internal Study Groups.

(3) Physics Beyond Colliders, September 6-7, 2016, CERN.
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Physics at the SPS M2-Beamline —
Beyond 2020

physics item key aspects of the measurement

Hadron spectroscopy 280 GeV beam, higher intensity, 7w, K and p separation
GPD E transversely polarized proton target

SIDIS h‘lf with same accuracy as hf transversely polarized deuteron target

/i evolution 100 GeV and transversely polarized proton target

universality of TMD PDFs | higher statistics with transversely polarized proton target
DY flavor separation transversely polarized deuteron target
test of the Lam-Tung relation hydrogen target
EMC eftect in DY different nuclear targets

First ideas were formulated for a document submitted to the
European Strategy Preparatory Group in 2012. This document
will be updated with ideas and result of the present workshops

and study groups .

June-2-2016 Selected TMD Results from COMPASS 33



oL

A Speculative Example: Physics with RF
Separated Pion, Kaon and Anti-Proton Beams?

/I_\ RF1 RF2

Momentum .

selection
Particle type From CKM beam Antiproton beam
Beam momentum (GeV/c) 60 100
Momentum spread (%) +1 +2
Angular emittance H,V (mrad) +3.5, £2.5 +3.5, £2.5
Solid angle (usterad) 10-127 10-127
% wanted particles lost on dump 37 20

Kaon and Anti-Protons Flux possibly reaching 107p./s
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b Summary:

' COMPASS continues massive data taking for
Drell-Yan and exclusive physics through 2018.
Analyses of SIDIS, exclusive processes, Drell-Yan
Data and hadron spectroscopy is in full swing.

For the next 10 years
* Dbefore any collider is available,
 and complementary to Jlab 12 GeV

COMPASS@CERN aims to continue as a major
player in QCD physics using its unique high energy
* hadron- and muon beams.

Looking even further...a polarized lepton-nucleon

collider appears to he a mandatory tool for
achieving further progress!
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