Franco Bradamante
on behalf of the COMPASS Collaboration

franco.bradamante@ts.infn.it

e




HET COmmon

N Muon and .
COMEASS Proton = _
1 T Apparatus for  EEE T
| Structure and |
Spectroscopy

' T . g P P
- S Ba  — &=

fixed target experiment at the CERN SPS




COmmon
Muon and
Proton
Apparatus for
Structure and
Spectroscopy

Y T
- 'ﬂi' e ,.‘,.-

fixed target experlment at the CERN SPS

e

O e | O =

=T ., ey

physms programme:
hadron spectroscopy (P, 7, K)
» light mesons, glue-balls, exotic mesons
» polarisability of pion and kaon

nucleon structure (L)

longitudinal spin structure
transverse momentum and transverse spin structure



COmmon
Muon and
Proton
Apparatus for
Structure and
Spectroscopy

T - Tl Tt i
- -«.r- L - \I.r

fixed target experlment at the CERN SPS

il \_E 1 ===

=, | iy

phyS|cs programme:
hadron spectroscopy (P, 7, K)
» light mesons, glue-balls, exotic mesons
» polarisability of pion and kaon

nucleon structure (L)

longitudinal spin structure

transverse momentum and transverse spin structure
35 - thls talk




COMPASS spectrometer FWS

designed to

e use high energy beams

* have large angular acceptance

e cover a broad kinematical range

Jefferson Lab, 22 February 2017 F. Bradamante
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COMPASS spectrometer Coyﬁs

designed to two stages spectrometer ,
e use high energy beams  Large Angle Spectrometer (SM1
* have large angular acceptance « Small Angle Spectrometer (SM2)

e cover a broad kinematical range

variety of tracking detectors

to cope with different particle flux
from 6 =0to =200 mrad with a
good azimuthal acceptance
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two stages spectrometer \+
 Large Angle Spectrometer (SM1)

e Small Angle Spectrometer (SM2)
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calorimetry, ulD
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the polarized target system (>2005) F(‘Vs‘g

3He — 4He dilution refrigerator (T~50mK) S——

solenoid 2.5T
dipole magnet 0.6T

acceptance > 180 mrad

3 target cells
30, 60, and 30 cm long

AT

opposite polarisation

d (°LiD) p (NHy)
polarization 50% 90%
dilution factor 40% 16%

no evidence for relevant
nuclear effects (160 GeV)
Jefferson Lab, 22 February 2017 F. Bradamante



the polarized target system Lhide

Dilution refrigerator

Jefferson Lab, 22 February 2017 F. Bradamante



COMPASS data taking CWS

Jefferson Lab, 22 February 2017 F. Bradamante



COMPASS data taking

COMPASS

2002 nucleon structure with 160 Gevn  L&T polarised deuteron target
2003 nucleon structure with 160 Gevn  L&T polarised deuteron target
2004 nucleon structure with 160 Gevn  L&T polarised deuteron target
2005  CERN accelerators shut down

2006 nucleon structure with 160 GeV pn L polarised deuteron target
2007 nucleon structure with 160 Gevpn  L&T polarised proton target
2008 hadron spectroscopy

2009 hadron spectroscopy

2010 nucleon structure with 160 GeV pn T polarised proton target
2011 nucleon structure with 190 GeV pn L polarised proton target
2012 Primakoff & DVCS/ SIDIS test

Jefferson Lab, 22 February 2017

F. Bradamante



COMPASS data taking

COMPASS

2002 nucleon structure with 160 Gevn  L&T polarised deuteron target
2003 nucleon structure with 160 Gevn  L&T polarised deuteron target
2004 nucleon structure with 160 Gevn  L&T polarised deuteron target
2005  CERN accelerators shut down

2006 nucleon structure with 160 GeV pn L polarised deuteron target
2007 nucleon structure with 160 Gevpn  L&T polarised proton target
2008 hadron spectroscopy

2009 hadron spectroscopy

2010 nucleon structure with 160 GeV pn T polarised proton target
2011 nucleon structure with 190 GeV pn L polarised proton target
2012 Primakoff & DVCS/ SIDIS test

2013  CERN accelerators shut down

2014  Test beam Drell-Yan process with T beam and T polarised proton target
2015  Drell-Yan process with w beam and T polarised proton target

2016  DVCS/ SIDIS with p beam and unpolarised proton target

2017  DVCS/SIDIS with p beam and unpolarised proton target

2018

Drell-Yan process with t beam and T polarised proton target




SPECTROSCOPY
high energy hadron beams



SPECTROSCOPY

Mesons

guantum numbers in CQM
S=0,1, J=[+S;, P=(-1)!", c=(-)t™

forbidden (exotic QN's) §1+ LA 5'2*

JPC=o— ot 17t 2t 37t 00

more states in OCD:
hybrids |ggdg) , glueballs |g9), multiquark states \q2c_72)

T[beam

Diffractive dissociation:

Recoil

Jefferson Lab, 22 February 2017 F. Bradamante
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SPECTROSCOPY

P> AP
nl:?eam

e |sobar model:

X decay is chain of
successive two-body decays

e Analysis:

 Partial Wave Analysis (PWA) in mass bins with up to 88 waves

.' "

C‘Wss

—

e fit of spin-density matrix for major waves with Breit-Wigner

Jefferson Lab, 22 February 2017 F. Bradamante



SPECTROSCOPY
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SPECTROSCOPY

charged m~nt m~ and mixed m~n? =? final states
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Jefferson Lab, 22 February 2017
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SPECTROSCOPY F
__ x10° S~
 Observation of a new narrow U 20 o 1707 £(980) TP
axial-vector meson a4(1420) - [l 01<#'<1.0(GeViey
PRL 115 (2015) 082001 = 20- | | (1) Model curve
g i | | (2)a,(1420) resonance
g r | 4‘\\ (3) Non-resonant term
3w data sample > 15- |
~ 50-10° exclusive events z | N
factor 10 to 100 8 T ( )." "
compared to = 10F .\
previous experiment : . ¥,
B --J { "II\}-.
5 - \ * \‘\:"._
[ D) .
| i R PN e AP R AP
1 1.2 14 16 1.8 2 22

m,,. [GeV/c?]

Jefferson Lab, 22 February 2017 F. Bradamante



SPECTROSCOPY .
__ x10° S~
 Observation of a new narrow U 20 no 1707 £(980) w P
axial-vector meson a4(1420) - [l 01<r<1.0(GeViey
PRL 115 (2015) 082001 = 20- | | (1) Model curve
ﬁ i | | (2)a,(1420) resonance
g i | +* (3) Non-resonant term
37 data sample > 150 |
~ 50:10°% exclusive events E I )
factor 10 to 100 8 T ( )." T
compared to = 10 [\
previous experiment i ,"“} t
S-_ i ll\"\;:';.:
= R Er i T PSRN A R AP
1 1.2 14 16 1.8 2 2.2
* long paper: m,,. [GeV/c?]

Resonance Production and Tt S-wave Iin
T +pP > T T T+ Precoiy @t 190 GeV/c
arXiv:1509.00992 accepted for publication in PRD

Jefferson Lab, 22 February 2017 F. Bradamante



SPECTROSCOPY

o

e Observation of a new narrow
axial-vector meson a4(1420)
PRL 115 (2015) 082001

3w data sample
~ 50-10° exclusive events
factor 10 to 100
compared to
previous experiment

* long paper:

Resonance Production and Tt S-wave in

Intensity / (20 MeV/c?)
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T +pP > T T T+ Precoiy @t 190 GeV/c
arXiv:1509.00992 accepted for publication in PRD

s COMPASS In Phase Initiative

Jefferson Lab, 22 February 2017

F. Bradamante
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Pion polarisability: results F‘OMP S
PRL 114 (2015) 062002 '

115 §_p10n beam
1'102_ aTl’ — (2 O i O 6stat i O 7SYSt) ' 10_4fm3
1.05 -
Ry 1 Eppedorodonon . assuming a,, = —f,
FYET

0.95
0.90
0.85

“false polarizability” from muon data

r .
F muon beam
L1SE (0.5 4 0.5514) - 107* fm?3
.10
.05 - Source of Estimated magnitude
R, |H uncertainty [10~* fm®] CL=68%
- Determination of tracking detector 0.5
0.95 - efficiency
C Treatment of radiative corrections 0.3
0.90 - Subtraction of z” background 0.2
- Strong interaction background 0.2
0.85 3 Pion-electron elastic scattering 0.2
L T Contribution of muons in the beam 0.05
0.4 0.5 0.6 0.7 0.8 0.9 Quadratic sum 0.7
Xy

Jefferson Lab, 22 February 2017 F. Bradamante



Pion polarisability: results

world data including COMPASS

world avg.: 7.5+ 1.6

O -B_/ 107 fm’

s0 ' 2
- PACHRA \ B . e Serpukhov 2.70
o A abusci
40 |— Lebedey _—PLUTO, DM1 = PACHRA 0091
C Yp—YR'n /7 DM2. Mark I _—t MAMI 1.43
30 f.f LU COMPASS 3.09
- Sigma [ 8.14
" Serpukhov / Fil'kov —0 N
20 _—‘.I‘IZ—H':?Z | MAMI TT""J‘“*W @ (C]_ 0{}‘”
C / TPy n
0 -_ f Knlushm l COMPASS
10r '8 0L nZ— nyZ
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u T I L I 1 i Ll 1 r 1 1 II 1 I 1 Ll 1 I 1 L1l 1 I L1 1 1 I L1 i 1 I L i | 1 L 11 | 1 i 1 1 I [ L L1l |' i L1 ' 'l I L__L L 1
1980 1985 1990 Jr 1995 2000 2005 2010 2015 0 5 10 15 20 25 30 35
Donoghue year of publication GIS (2006) o, - |3“ /10 fm®

Mark II

the COMPASS result is in significant tension with the earlier measurements

the expectation from ChPT is confirmed within the uncertainties

Jefferson Lab, 22 February 2017 F. Bradamante



MUON beam PROGRAM:

COLLINEAR
NUCLEON STRUCTURE
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COMPASS data only:
from neutron 3 decay:

Jefferson Lab, 22 February 2017

Sum Rules C‘VSS
PLB 753 (2016) 18 *
1 - NS 2y 1
_— Bjorken NS: ® g1= g:’-g:‘ Fl (Q ) - 8 g_é‘C{VS(QZ)
J91 dx |e |
X - +ﬁ§§ o S mg=9+¢
0.15 | ¢ o .
- & Bjorken sum rule
[ Ellis-Jafffe o . verified to 9%
0.1 N N ﬂﬁig_é
. -‘ « BJ SR: major contribution
0,051 2 fromsmallx
- 02 -3 (Gerc)2 s . ESS?nIR;lln)? contribution
i -
ou Ll Ll TR v 7
10°° 107 107 o ]
min hep-ex/1612.00620

| ga/9v] = 1.29 £ 0.05 (stat.) + 0.10 (syst.)
| 9a/9v| = 1.2723 + 0.0023

F. Bradamante
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Ag/g from PGF (LO)

arXiv:1512.05053 [hep-ex]
0.6

o o
[=) COMPASS
<] 1 1

e COMPASS, all-p, @*>1 (GeVI/c)’, 2002-06
L ¢ COMPASS, high-p, @°<1 (GeV/c)’, 2002-03

04: A& COMPASS, Open Charm, 2002-07
- O SMC, high-p_, Q*>1 (GeVic)’

—
—

N _ )
02 * HERMES, hlgh-pT, allQ %

)
N

L I B I B
=l
o

YyYy

-0.4- S
102 10"

gluon polarisation is much smaller than thought in the 1990s by many
theorists (around 2h, even up to 6ha, axial anomaly);

various methods confirmed by polarised pp at RHIC,;

Ag still can make a substantial contribution to nucleon spin;

Jefferson Lab, 22 February 2017 F. Bradamante



hadron multiplicities

» Hadron multiplicity
dM(x,z, Q%)  do"(x,z, Q?)/dxdzdQ?
dz oPI5(x, Q?)/dxd Q?
» Factorsation Ansatz
ol ~ Z Ohard ® PDF ® FF

> with PDF: g(x, Q%) and fragmentation functions (FF): Dj(z, Q%)
Multiplicities in LO pQCD:

dM"™(x,z, Q) g GE,Q(Xa QQ)D(?(Z? Q?)

dz 2 g €59(x, Q?)

Jefferson Lab, 22 February 2017 F. Bradamante
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pion multiplicities LOMEASS

PLB 764 (2017) 001 .

3 - 0.004 <x<0.01 - 0.01<x<0.02 0.02<x<0.03 ] 0.03<x<0.04 0.04<x<0.06
.+ o3k o=1.00 [ [ [ [
E T o=0.75 i
Elg ' 0=0.50
A 0=0.25

0=0

----- 0.50<y<0.70
—_— (0.30<y<0.50
---------- 0.20<y<0.30
..... 0.15<y<0.20
0.10<y<0.15

curves: COMPASS
E ) A B EPEFE B B EPEPEE PP B B X B B B B LO fit

PP SR PR R G
02 04 06 0802 04 06 0802 04 06 0802 04 006 08

» 317 kinematic bins (arXiv:1604.02695)
» practically no y dependence, strong z dependence

» curves: COMPASS LO pQCD fit

Jefferson Lab, 22 February 2017 F. Bradamante



kaon multiplicities CWSS

L 02
N [ ¢ COMPASS
.t | o HERMES
3 i
§ B . ® ® °
- ¢
0.15 ooy
: oy
@]
B o é %
O l_ O o O Q
' - |
| | | | | | | | | | | | | |
107 107! 1

X

hep-ex/1608.06760, acc. PLB

Jefferson Lab, 22 February 2017 F. Bradamante



MUON beam PROGRAM:

TRANSVERSITY and TMD PDFs



the structure of the nucleon

taking into account the quark intrinsic transverse momentum K,
at leading order other 6 TMD PDFs are needed for a full description

of the nucleon structure

quark
polarisation

nucleon polarisation

U L T
1 -

o °) = (o x
f1 Jir - Aiq
number density (] Sivers

_ _ o o
ror-ov | Syple) - (=
helicity A(
1 n - o
@ -@ | By - @w I & -G | A
transversity
Boer Mulders 1
h o o
1T e - a

SIDIS gives access to all of them

Jefferson Lab, 22 February 2017

F. Bradamante



Semi-Inclusive Deep Inelastic Scattering

hard interaction of a lepton with a nucleon via virtual photon exchange

g!
V % o_FPae  E-E
2P.q - P-( M E

Y 0" = —q° W2 = (P + q)

< X

alN—)th % 2 f(x) ® o.lq—>lq 2 DiIl(Z)
q

Jefferson Lab, 22 February 2017 F. Bradamante



Semi-Inclusive Deep Inelastic Scattering

do B
dr dy dip dz dey, dP?,
2 02

- e e e e e M M e M M M e M M M e M M m e e

unpol target

——————————————
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___________________________________________ pol targe
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Jefferson Lab, 22 February 2017 F. Bradamante



Semi-Inclusive Deep Inelastic Scattering

do

dr dy dip dz= dy P2, .
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Semi-Inclusive Deep Inelastic Scattering

do B

dr dy dy dz dpy, P2,

14 independent
azimuthal modulations
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Semi-Inclusive Deep Inelastic Scattering

do
d dy dip dz depp, dPZ |
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SIDIS
« allows to disentangle the effects related to the
different TMD PDFs and to access all of them
* by identifying the final state hadrons and using
different targets allows for flavour separation
- very powerful tool
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all the amplitudes (AA)
have been measured
} in COMPASS
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some SIDIS results on

TRANSVERSITY and TMD PDFs



Semi-Inclusive Deep Inelastic Scattering

MAJOR RESULT:
In the past 10 years 2 of these new PDF’s have been
measured and shown to be different from zero

by COMPASS and HERMES % OMP
4 gs {

the transversity PDF  amplitude of the sine modulation in ¢, + ¢, — 1
Collins asymmetry - h o HE
1 ® My

the Sivers PDF

amplitude of the sine modulation in ¢, — ¢,

Sivers asymmetry ~ fl # -D

A STEP TOWARDS
THE 3-D STRUCTURE OF THE NUCLEON

Jefferson Lab, 22 February 2017 F. Bradamante
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Collins asymmetry - h oH;

2004 first evidence for non-zero Collins asymmetry on p from HERMES %g\?ﬁ
final COMPASS results
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Collins asymmetry - h oH;

2004 first evidence for non-zero Collins asymmetry on p from HERMES %M
final COMPASS results
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Collins asymmetry - h oH;

2004 first evidence for non-zero Collins asymmetry on p from HERMES %g\?ﬁ
final COMPASS results

e

/ .

~ N
02 va o
T — T SV o Tm" —_
s omr deuteron \ A S e - Proton + J' N

\ < COMP S
017 e 0.05 ¢ { }
NPB765 2007 ;b

[ — %ﬁf’ﬁ%ﬁ’ﬁ,i{»% _______ PLB673 2009 0__%_ Cg LT A S

Coll
|
+

QQ
01 '} ~0.05|- ? % %
e | . PSR | " P 1 L P aal ' i
Sof e < - _ PLB693 2010
_ ~ Og gk © PLB744 2015
< o K 0.1 o K

ol i} i

Jefferson Lab, 22 February 2017 F. Bradamante



transversity from SIDIS

M. Anselmino et al., Nucl. Phys. Proc. Suppl. 2009

fit to HERMES p, COMPASS d, Belle ete- data

~N
"!-.f} 1—
&
— Q
08
X S
- N o6
- 8
< O o04f
> z
< 92|
E n
tE 1
°=
™ N 08
~— ;:l-.
© ~ 06
- 5
< O o4k
x =
T o2l
0
X
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dihadron asymmetry - hHf

Jefferson Lab, 22 February 2017 F. Bradamante



dihadron asymmetry ~ hyHf
2008: first evidence for non-zero di-h FF on p from HERMES, low statistics ?égl_

final COMPASS results

t deuteron:
i compatible with zero

}.OMP

e

102 10" 102 04 06 0.8 0.5 1 1.5 2

X Z M,, |GeV/c?|

Py

< 010 B 2007 & 2010 proton data [~

‘o e with M- SlSGeV/c

£ o with M- > 1.5GeV/c’ .
2 5 0.05F - Bacchetta, Radici - p roton
"< - = = Ma etal: pQCD

~

same sign and shape
slightly higher
than Collins asymmetry
for h*

L1111 1 11 1 1111 1 L1111 1 1 I I

X Z M,.,- (GeV/c®)
PLB 713 2012, PLB736 2014
Jefferson Lab, 22 February 2017 F. Bradamante



Transversity from Collins and di-hadron asymmetries

point by point extraction

one can use directly the COMPASS p and d asymmetries,
and the Belle data to evaluate the analysing power
(with some “reasonable” assumptions)
advantage: no Monte Carlo nor parametrisation is needed

n %ﬂ open points: dihadron

‘{’ }{> }% {' closed points: Collins

A. Martin F. B. V. Barone
PRD91 2015

05

107 107!
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Transversity from Collins and di-hadron asymmetries

point by point extraction <
. i sea

one can use directly the COMH 021

and the Belle data to evaluate -
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Interplay among dihadron and single hadron asymmetries

Jefferson Lab, 22 February 2017 F. Bradamante



Interplay among dihadron and single hadron asymmetries

e Collins asymmetry for h+ and for h- Sl o e
“mirror symmetry” o Collins h* %}
| O Collins i
e dihadron asymmetry . 5 0
only somewhat larger than h+ Collins + ; 50
0 frr oo B S —
 meaning of the relevant angles i @% ® e 3
o
-0.05 — ’ % %
hints for a common origin
of the Collins FF and DiFF
-0.10 —
Como 2013, DSpin2013, PLB736 (2014) 124 L Hlll(l)z L ""](')l e

X

L

)
b,

"
Jefferson Lab, 22 February 2017 F. Bradamante




Interplay among dihadron and single hadron asymmetries

: 2010 ata
« Collins asymmetry for h+ and for h- = o o
“mirror symmetry” o Collins h* %
_ 005 © Collins h
o dihadron asymmetry 5 Q
only somewhat larger than h+ Collins + ; 50
_ N K S
« meaning of the relevant angles ¥ ¢ v ¢,
0 3
-0.05 {— ¢ é %
hints for a common origin
of the Collins FF and DiFF
-0.10 —
Como 2013, DSpin2013, PLB736 (2014) 124 L "'l'(')z L1 "'”')1 e
X
1y
further study: look at
| i the Ap = @1 — ¢, _
d / ¢Pn dependence of the asymmetries N
AR y .
A b, X one of the COMPASS studies on ~ COMPASS
Pra final state hadron correlations 1 T
~—
Jefferson Lab, 22 February 2017 F. Bradamante




Interplay among dihadron and single hadron asymmetries

PLB 753 (2016) 406 COMP '-S
sin @ . 1
analiticall AcLy = a1+ a;cosAd 1 /s 1
y Asin D — A _ \ /
_ CL2 ; + a1€054¢  ggreement with
mirror symmetry dataif a, =—a,=a i
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Interplay among dihadron and single hadron asymmetries

PLB 753 (2016) 406 COMP '-S
sin @ . .
analiticall ALy~ =ar+ axcosAg 1 /ST
y sin ®¢ \ /
_ AcLz -~ = a2+t 2100849 H4reement with /
0.1F o1
i I h+
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¢, 00sf | h f @
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< of ; %%H Jf} } Azllrj ZhZh’S =a+/2(1 — cosA¢)
FESREEE & &SR
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—0.1E —— .
) 0 2
Aod(rad)

ratio of the A¢ integrated 2h

and 1h asymmetries: 4/n
slightly larger than h*

Jefferson Lab, 22 February 2017 F. Bradamante



Interplay among dihadron and single hadron asymmetries

A

data if

sin Cbzh,S
CL 2h

a;=—a, =a

U

= a\/2(1 — cos Ag)

~—

PLB 753 (2016) 406 C(VSS

agreement with

agreement with data

a very simple relationships among the
asymmetries in the “2h sample”

they are driven by the same elementary
mechanism.
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ratio of the A¢ integrated 2h
and 1h asymmetries: 4/m

slightly larger than h*

F. Bradamante



Interplay among dihadron and single hadron asymmetries

new: first results from a Monte Carlo code for transversely polarized quark
jet based on the string fragmentation and including, for the first time,
the 3P, mechanism — only one free parameter for spin effects

O1F o, . results in good qualitative agreement with
3 F oAb g 1h and 2h asymmetries at COMPASS and Belle,
: - 0'05_ and with A¢ dependence
A TRPITY
0 .
44 % }f + + {' _ A. Kerbiziet al, SPIN2016
—0.05F i s 0.6
[ — < [ .
| — * et

Ad(rad)

Jefferson Lab, 22 February 2017 F. Bradamante



Sivers asymmetry



Sivers asymmetry on

proton

ot

COM

charged hadrons

2010 data
COMPASS 2010 proton data
::»H% 01_ 0.1+ &  positive hadrons 0.1+
= &®  nezative hadrons
+
0.05 h $ iFﬁ}.'[}S— s 5 0.05F
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clear evidence for a positive signal for h*, which extends to small x

Jefferson Lab, 22 February 2017

F. Bradamante

-;-O:'.
|



Sivers asymmetry on proton

COMPASS has measured the TSA in the 4 Q2 ranges of the |

Drell-Yan experiment

Drell-Yan
190 GeV pion beam
= 1 ~ecl
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3] — 3 o D
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Jefferson Lab, 22 February 2017
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Sivers asymmetry on proton fﬁMP 5
COMPASS has measured the TSA in the 4 Q2 ranges of the \\.. .;,.f/

Drell-Yan experiment

sin(,-9)

sin(¢,-9)

sin(9, - ¢,)

sin(9, - ¢,)

T e pT 1<Q7/(GeVic)<4
0.05 —&h z>0.1 -
= C [
= O 9% bl S i
0.05] - Q) COMPASS preliminary
S — % 12— Proton 2010 data
C 4<Q*/(GeV/c)*<6.25 O C
0.05 - o B
= - o éﬁ o L
< 0F xii T -
-0.05?— - n
C — N 4 .
- 6.25<Q*/(GeV/eyY<16 | 10— 6.25 <Q/(GeViey' < 16
0.05 q i - = e e
: c B S [ 45 QGeVicy <6254
L0.050 - i , "
g i ~ 1<Q/(GeVic)y <4
- Q%/(GeV/c)*>16 ; p——,
0.05F - L — ' S
: X {*% : 10° 1072 10" i
= 0 i X
< i I i .
-0.05F - Transversity 2014
r [ | r
=l hep-ex/1609.07374, PLB
10° 107

X

Jefferson Lab, 22 February 2017 F. Bradamante



Sivers asymmetry on proton

COMPASS has measured the TSA in the 4 Q? ranges of the
Drell-Yan experiment
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clearly positive
test of change of sign feasible
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TSA on proton
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the weighted Sivers asymmetry F’WSS
(%) [ Dyg(2)dz
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the weighted Sivers asymmetry
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the weighted Sivers asymmetry -C'WSS
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unpolarised SIDIS



unpolarised SIDIS

Relevance for TMDs:

 the cross-section dependence on py; comes from:
e Intrinsic k; of the quarks
* p, generated in the quark fragmentation

(pra?) = (p1%) + Zz(kTZ)

» the azimuthal modulations in the unpolarized cross-sections comes from:
e intrinsic k; of the quarks
» Boer-Mulders PDF

combined analysis should allow to disentangle the different effects

COMPASS

« has produced results on ®LiD (~d) from 2004/6 data
» will measure SIDIS on LH, in parallel with DVCS
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unpolarised SIDIS - pqp, distributions C(yss
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= - Fit distributions with
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« 2 exponentials for p%, € [0.05, 3]
10°F l
Preliminary _
.4 0.30 < 7 < 0.60 needed to describe the shape
: of p%, the COMPASS data
Transversity 2014

p2 [(GeV/c)]
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unpolarised SIDIS — pq, distributions
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unpolarised SIDIS — pq, distributions
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unpolarised SIDIS — pq, distributions
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unpolarised SIDIS - azimuthal modulations
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Drell-Yan at COMPASS



DRELL-YAN PROCESS

COMPLEMENTARY APPROACH TO SIDIS

COMPASS is measuring for the FIRST TIME

the Drell-Yan process m p - u u=X
on a transversely polarized proton target

Jefferson Lab, 22 February 2017 F. Bradamante



Single-polarised DY cross-section

LO QCD parton model: general expression of the DY cross-section

Tig O FQEJU {(1 + ﬂ[sng] ﬁlmszm 52:;5:)

+ S;DEO, Asm 29 5in 26
sin“ 8]

+ |57 [Asm ?s sin gg + E‘[sz g ( As2e19s) 6in (20 + ¢g)
e A e e}

Jefferson Lab, 22 February 2017 F. Bradamante



Single-polarised DY cross-section

LO QCD parton model: general expression of the DY cross-section

th' Boer-Mulders of the
hi‘ Boer-Mulders of the p

Lo :
diz a0 ;gg.; r":IFE%G{ (1 + ‘E][Sll'l 5 2@)

+ S;DEO, Asm 29 5in 26
sin“ #

- ¢35 + JI:'Il[su'l RN 111{2‘? + ":II}E":I

SIH(E{I'} _ {.i}S:] :
)] } h1 Boer-Mulders of the

fl of the th pretzelosity of the p

fJfT Sivers of the p hi‘ Boer-Mulders of the
hl transversity of the p

Jefferson Lab, 22 February 2017 F. Bradamante



Drell-Yan

Jefferson Lab, 22 February 2017

2015 run: —+
190 GeV m~ beam
transversely polarised proton (NH3) target

F. Bradamante



Drell-Yan OME

2015 run:
190 GeV m~ beam
transversely polarised proton (NH3) target

thick hadron absorber

|
l

Jefferson Lab, 22 February 2017 F. Bradamante



Drell-Yan *C(ys{‘_
190 GeV w~ beam, transversely polarised proton (NH3) target | |

10°g COMPASS preliminary
i Drell-Yan NH, 2015 data (~30%)

dN/dM,,

— | Ofal

1 2 3 4 5 6 7

Jefferson Lab, 22 February 2017 F. Bradamante



Drell-Yan *CWSS
190 GeV w~ beam, transversely polarised proton (NH3) target | |
; 10°g COMPASS preliminary
= b Drell-Yan NH, 2015 data (~30%)
=
10*k .
q3 D N x10°
107 = ; i S gF COMPASS preliminary
oL A Z /¢~ Drell-Yan 2015 data (~30%)
103 | L4~ 4= My/(Gevie?) <9
12—
1 = :' l'. Ii ] :—
:I 1 1 1 | I.:I 1| |.:I 1 1 I:l I:‘l 1 | | 111 1 | 1 1 1 E
1 2 3 4 5 6 0.8 —
0.6 —
0.4
02—
i \\\I|\I‘\\I\ L~ I\\\‘I\\'\I\ |
—300 —250 —200 —150 —100 =50 0 50
z (cm)

Jefferson Lab, 22 February 2017

F. Bradamante




Drell-Yan FWS“?_
190 GeV m~ beam, transversely polarised proton (NH3) target | |

o 0s U7 PhYS. J. A39 (2009) 89 Y COMPASS-II proposal
oossf- u-quark Sivers from sIDIS| <t = COMPASS
- osf ,
_"E— - -x F4"(x) 49 ot
. 0.035 o 0_4:_ ' y
@ COMPASS acceptance high o0s Q=25 GeV? 2 i
1 - 0.025 0.3~
where f;7 is expected to be :
0.2
0.015 r
large o0r N
0.005 i .
% 61 02 03 04 05 06 07 0808 7 ¥k 2

@ High acceptance: 40% to be X, X,

compared to previous COMPASS
experiments < 10% (e.g. NA10,

cceptance

NA50 at CERN, E615 at FNAL) Wﬁmﬁmﬁgﬁl HHHH g = }}} ’
| }} };}] l}} ﬁ I :*‘HPIIH H
@ Acceptance flat in g1 } 03
] 0 .,,J
M, GeVic’ q; GeVic

Jefferson Lab, 22 February 2017 F. Bradamante



—

Drell-Yan FWS“?_
190 GeV m~ beam, transversely polarised proton (NH3) target | |

Ny

30% of 2015 data

- COMPASS preliminary
- ~30% of 2015 Drell-Yan NH, data
0.5~ Estimated uncertainty

| 4< M /(GeV/e2)<9

IR

—
107! ]
XN

data analysis ongoing

results at DIS 2017

Jefferson Lab, 22 February 2017 F. Bradamante



Drell-Yan

comp

190 GeV m~ beam, transversely polarised proton (NH3) target

30% of 2015 data

- COMPASS preliminary
- ~30% of 2015 Drell-Yan NH, data
0.5~ Estimated uncertainty

4 < M /(GeVie) <9

T
|

< 0 pe s

—O_S—I N —

107!
data analysis ongoing

results at DIS 2017

Jefferson Lab, 22 February 2017

XN

1

_ .o;"
‘i

sin
1 (bs

0.2

0.15

0.1

0.05

—0.05

—0.1

new run: 2018

projected uncertainty

2015+2018

. COMPASS DY (2015 + 140 days)
P. Sun & F. Yuan, PRD 88, 114012 (2013)
M. Echevarria et al, PRD 89, 074013 (2014)

F. Bradamante



DVCS



DVCS

The COMPASS set-up for the GPD program \
ECAL1 |

- — TSR d =
X T B R e
! S\\ 1t s ol o r'\n X
< e

\k “',

» 2.5m- Iong Target TOF System ECALO Calorimeter

) Liquid H, 24 inner & outer scintillators Shashlyk modules + MAPD readout
1 GHz SADC readout ~ 2X 2 m?, ~2200 ch.

goal: 310 ps TOF resol, it

' Target

e e —

|
|
I
I
oy
|
+
|
|
|
|
|
|
I
I

A. Ferrero (CEA-Saclay/IRFU/SPhN) On behalf of the COMPAS™ &

Jefferson Lab, 22 February 2017 F. Bradamante
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DVCS vs BH 2012 data COMESS

L

dominant BH process at small xg, clearly visible

L

shape of ¢ distribution reproduced well by MC

-

first estimates of 1% background contributing at large xg,

Deep VCS Bethe-Heitl
cep CREHEET 1 at large x5, an excess of events wrt BH + background
80 GeV < v < 144 GeV 32 GeV < v <80 GeV 10 GeV < v < 32 GeV
3 compass 2012] %0 *Data - =
E =MC (BH) 100 IJ f y
h * * T LErro - el
I + veeexcl. @
1000+ oo — WBH + ! b &
200
500 *
L 1001

| I L.l =l J oowd ok .L-L-I--hnL-l--J

2 -2 0 2
¢ (rad) ¢ (rad) 0. (rad)

Jefferson Lab, 22 February 2017 F. Bradamante



DVCS 2012 data _C‘WS

Kinematically constrained -

To1 02 03 o0

DVCS x-section and t-slope extraction
— 10%F
o - (X, )=0.056 COMPASS 2012
) - (Q7)=1.8 (GeV/c)
S - (W )=5.8 GeV/c?
q) — n
o i
o)
£ 108
QR E
> . —B =4.31+0.62 )7 (GeV/c)?
! = - 1(GeVIlcP < Q®<5 (GeVicy
+‘C)_'Ci 10 GeV <v <32 GeV
\?; [
o
©

4 05 06
Itl (GeV/c)

Jefferson Lab, 22 February 2017 F. Bradamante



DVCS 2012 data F‘W

Comparison with HERA results

< rl >= 2B(xg)

/-\E 0.8 [
T o7k i .
AN - é
oV -
L_IOG B . i sea quark imaging {
B gluon imaging at COMPASS
; 0.5 — at HERA
0.4 [.® COMPASS 2012 (Q%) = 1.8 (GeV/c)?
[ m  ZEUS: JHEP 0905 (2009) 108 (Q%) =3.2 (GeVic)?
03[ Y H1:" Eur Phys. C44 (2005) 1 (Q%) = 4.0 (GeV/c)®
_ A Hi:  Phys. Lett. B681 (2009) 391 (Q%) =8.0 (GeV/c)
02_ 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1
1074 107° 1072 107
B
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COMPASS

Common Muon and Proton Apparatus for
Structure and Spectroscopy

Long-Term plans
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RF separated antiproton/kaon beam

%

I RF1 RF2
/1 }\ <l <X
Momentum -
selection Choose e.g. AD,,

“Normal” h- beam composition:

Ab = 2m (Lf 7€) (B - Bz with B - Bz = (my-my%)/2p® ~97% (1) ~2.5%(K) ~0.5% (pbar)

Assumptions:
— 8 x 107 antiprotons for 10*3 ppp (10 seconds) (optimistic estimate by Lau Gatignon);
— we assume here 4 x 10%3 protons.

Antiprotons RF separated beam: 3.2 x 107 /s - Gain is a factor of 50 compared to the standard h-
beam for Drell-Yan experiment (~1% of h- beam 6x107 /s dominated by )

Using the same assumption for RF separated kaon beam, possible kaon beam intensity is 8 x 10°
/s - Gain is a factor of 80 compared to to the standard “spectroscopy” h- beam

High intensity RF separated beam will provide unique opportunities for
Hadron Spectroscopy and Drell-Yan physics

11/09/2016 6
Oleg Denisov

Jefferson Lab, 22 February 2017 F. Bradamante




RF separated beam - Drell-Yan (iii)
antiproton-induced Drell-Yan

)

* Antiproton-induced polarised DY makes TMD’s extraction model independent
* Allows to profit from good knowledge of proton PDFs (from SIDIS) and as alternative probe
permits to test TMDs universality
* New data on all TMDs induced asymmetries in both High Mass and J/W regions:
1. Model independent Boer-Mulders (quark-spin — quark-k; correl.) extraction (CPT equiv.)
2. Model independent Transversity extraction
3. Lam-Tung relation for antiprotons (QCD effects)
4 Sivers asymmetry (nucleon-spin — quark-k;
correlations) with no uncertainty from pion PDFs

5. Sivers function for gluons (J/W¥ regions) 33 106 COMPASS DY 2015 preliminary
6. Flavour separated TMDs extraction z 0 LD ELNGN T He i),
7. EMC effects & flavour dependent EMC effects o AN A
10° -
H,(F,) N s - 10°
. A ilka) 10
() | p—— P
Wi/ ¥ —— X '
(\/ 7" (q9) A G | e 0 1 2 3 4 5 6 7 8 9 10
> } u(ky) M, (GeVId)
Hy( P, S) v i -
No competitors,
unique data
11/09/2016 Oleg Denisov 14

Jefferson Lab, 22 February 2017 F. Bradamante



SIDIS — transversely polarised Deuteron Target (°LiD)
Transversity/Sivers PDF extraction

- TMD PDFs and Transversity h,(x) are flavour dependent.

- Flavour separation = data on both proton (NH;) and deuteron
(°LiD) transversely polarised targets.

- Proton data set is factor of 4 compare to deuteron

(see error bars for transversity h,(x) in the plot below)

-It is logical to increase the deuteron data set (so far the only data
sets available are COMPASS (°LiD) and CLAS (3He) targets).

~ 04
"‘; L
021 g Competitors:
i N - No competitors in
i ; {- : ‘} our kinematic range,
O gt P Jlab will start by 2020
S e e, “m
02 o xn)
L ,\‘f?;j‘
_0‘4_ Lol 1 ! [ |
1072 107!
X
A. Martin, F.B., V. Barone PRD91 (2015) 014034 16

Jefferson Lab, 22 February 2017 F. Bradamante



Conclusions

SIDIS gave and is giving fundamental contributions to the study of the
transverse structure of the nucleon
Sivers, transversity, Collins functions different from zero

to progress further
« comparison with different processes, from Drell-Yan to pp hard scattering
 more from SIDIS
* new precise measurements at new facilities with different energies
JLabl2, EIC
« COMPASS can still do a lot in the “consolidation” phase
from existing data
A polarisation, weighted asymmetries, ... new ideas and tests
with new data
LH2, hopefully in the future d1
 more on fragmentation process
o from e+e-, pp and SIDIS

still a long way, a lot to be learned, and a lot of fun!

Jefferson Lab, 22 February 2017 F. Bradamante
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Camera detector for exclusivity

T B

Ampl 7\
\ - :roln Eloss ~ \/(Amplup X AMPlyown)
-\/I m Zpg ~ (tup — taown)ap
Beam TC- ToF = (tup + tdown)A,B
Liquid H2 Target (2.5 m) n+ I3 = DoF / ToF
3 i COMPASSZO[Z
< T clear
g I proton signature
> I after exclusivity
0.5 .
G selection
TR
.

Jefferson Lab, 22 February 2017

F. Bradamante




DVCS—-BH interference

« DVCS can be separated from BH and
constrain the GPD H e.g. using different
charge & spin (e, & P,) cross section
combinations of the y beam

Deep VCS Bethe-Heitler

« at COMPASS J* beams have opposite polarisation

doHPHPY = doB 4+ dog Vo + P, dAcPV S e Re | +Pueulm

Charge & Spin sum and difference: Im I 'and Re | are related to

_|_
S=do" +do =2(doB + doPVCS 4 Im 1) H(x =¢.& 1)

D =do* —do " = = 2(doVC> + Re ) P/dx H(x, & t)/(x — &)

Jefferson Lab, 22 February 2017 F. Bradamante



RF separated beam — Hadron spectroscopy (ii)
Light and Strange Meson Spectrum

@l

What can we contribute as COMPASS?

RF separated kaon beam ~ 8 x 10% /s, beam momentum ~100 GeV

* State-of-the-art high-resolution spectrometer with full PID
* Advanced analysis techniques being developed in the light-quark sector

Method to be used: Kaon beam diffraction scattering on LH, and thin nuclear targets

K- K-
- Goal: ~10 larger data sample than existing worldwide

~vhat would make possible to have similar to pion diffraction
~vave set: 88 waves in 11 t bins;

- COMPASS could rewrite PDG tables for strange mesons P
- Extend studies of chiral dynamics to strange sector
No real competitors
JParc - ~¥10° /s, low momenta kaons
JLab - ~10%/s, K° long beam, lower momenta

f"l-..'llul

Unique opportunity

11/09/2016 8
Oleg Denisov

Jefferson Lab, 22 February 2017 F. Bradamante



Collinear Nucleon Structure

The three ordinary PDFs

f1(x) @: number
Ve P e .

X { - | helicit

91(x) \Oj) \?/’ i

hix) (&) -(9)

transversity

q(x)

Aq(x)

Arq(x)

« a chirally-odd distribution, hence not observable in DIS

o theoretically well known
o first exp. evidence in 2007

Jefferson Lab, 22 February 2017

F. Bradamante



Beyond collinear pQCD...

* there are some phenomena involving transverse momenta
(and transverse spin) which are not accounted for by a
collinear pQCD description

» when the observed transverse momentum P+ is much smaller
than the hard scale Q (two-scale process), one has to introduce
the transverse-momentum dependent distributions (TMD PDFs)

» the TMD physics was prompted by the study of transverse
spin phenomena but has also led to an improved QCD
knowledge of ordinary, unpolarized, TMDs

Jefferson Lab, 22 February 2017 F. Bradamante



TMD PDFs

transverse spin couples to transverse momentum giving rise to a number of
possible correlations

Sivers function
unpolarized quarks in a transversely polarized nucleon

‘ —~ — —
J_ f/_.,. ..\_\\ :/',_..-—m.\\.\l - n (P X kT) . S
fir ) ~ (o) fapr . Pr) = f1(x.p7) — f1r (2. P7) M
—> single-spin sin (¢ — ¢5) asymmetry

Boer-Mulders function:
transversely polarized quarks in an unpolarized nucleon

(P x kr) - S,
M

hi (8 = (9 fou@pn =g |Fi(xpd) - hi(xop})

- C0S ¢ and cos 2¢ asymmetries

Jefferson Lab, 22 February 2017 F. Bradamante



TMD PDFs

The gauge structure of TMDs:

d¢™ d? : - N
= / = / b e ke &r (P SI(O) WO, OIP. e oo

(00.00) 11 (50.00)

A

(00.0)

{'x'rﬁj'

P P

SIDIS : W0, £] = W™ [0, oc] WT [07, cor] WT [cor, €] W™ |00, €]

Jefferson Lab, 22 February 2017 F. Bradamante



TMD PDFs

The gauge structure of TMDs:

AR 2 . ces . B
S f = f ke otk r (P SI(0) WO W(OIP, 5)ler o

(00.00) 11 (50.00)

0,0) (00.,0)

KE ‘E} rk'x‘f]'

P P

SIDIS : W0, £] = W0, 0o] WT [07, cor] WT [cor, é7] W™ [0, ]

the existence of Sivers and Boer-Mulders functions is a conseguence
of the gauge link structure, which also implies

T-odd TMD (SIDIS) =- TMD (DY)
a fundamental test of gauge invariance

Jefferson Lab, 22 February 2017 F. Bradamante
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