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INTRODUCTION
Azimuthal asymmetries in unpolarized SIDIS

The production of hadrons in the semi-inclusive deep inelastic scattering (SIDIS) is a powerful tool
for probing the nucleon structure and assess TMD-PDFs and TMD-FFs.

The fully differential cross section for the production of a hadron h in unpolarized DIS:

do
PyprdPprdx dy dz d¢p

= 09(1+ € Af,o;d)h cosdpy + €, Af,o;z‘ph cos2¢y, + Aeg Ai?f‘ph singy,)

Af,olf(ph ,AE,OUSZ% and Azll? P are ratios of
azimuthal angle ¢;-dependent structure

functions with the unpolarized part of the cross
section

* Aisthe beam polarization
* ¢; are kinematic factors:
o 22—-y)J1-y
o1+ (-y2
201 =) RELEVANCE OF AZIMUTHAL ASYMMETRIES
2 =17 _3;)2 ) in unpolarized SIDIS
—> extraction of the Boer-Mulders TMD

_2y{1-—y
14+ (1-y)?

€3 —> evaluation of the quark intrinsic ky
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INTRODUCTION
Azimuthal asymmetries and multiplicities

Boer-Mulders TMD

/

Ac0s20n _ Fig 2on <C |- 2(h-kr) (h-Pr) = kr - Pr .
vu Fyur + €Fyu L M My, T
e s prOtON
cosp T = \1,2 T q
Acos¢h _ FUU h % _(h.pT)kTth_H:Jl_ _(h’kT)lel_l_.“
vy Fyur + €Fyy L Q MZMy, M h="P,, /1P,
/ \ T T
ClwfDl=x ) €2 |d?*ky | d? ﬁTSZ(I_‘;T +qr — ﬁT)W(I_‘;T- Br)f(x, I_‘;T)Da(zl Bpr)
Boer-Mulders TMD Cahn effect Z f f
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INTRODUCTION
Azimuthal asymmetries and multiplicities

Boer-Mulders TMD

/

Ac0s20n _ Fucgszd)h & C _Z(E'kT)(E’I_’)T) — kr - Pr hEH -
vu Fyur + €Fyu L M My, 1
Y - proton
cose &= 12 — q ~._ P
ACOS¢h — FUU " % _—(h'pT)kThi-HJI- _(h.kT)f1D1_|_... k\TT
vy Fuur + €FyuL Q MZMy, M h=P, . /P,
/} s\ wr /1P oy
ClwfDl=x ) ei |d* ET a? ﬁT62(ET +Gr — ﬁT)W(ET- pr)f*(x ET)D“(z, Br)
Boer-Mulders TMD Cahn effect Z f f

» Independent information on k2 and p? can be obtained from the study of P,; — dependent multiplicities,
defined as the ratio of the SIDIS cross section and the DIS cross section:

d*M"(x, Q% z, Py ) _ dtgtr-t'hX / d?c
dz dP?; ~ dxdQ2?dzdP?% ' dx dQ?

» In gaussian approximation and for small values of Py, where (P%;) = z%(k2%) + (pZ) is expected to hold,

dth(erz;Z’Pf%T) _ N exp (_ Pi%T >
dz dP% (Piir) (Piir)
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PREVIOUS MEASUREMENTS

COMPASS published results

Azimuthal asymmetries and transverse momentum dependent multiplicities of hadrons produced in SIDIS:
hot topics towards the understanding of the TMD structure of nucleon.

A lot of work on the experimental side. Results from JLAB, HERMES, COMPASS
* Deep investigation on the theoretical side

COMPASS contribution, so far:
(160 GeV muon beam)

PZ;-distributions on deuteron
[EP] C73 (2013)]

PZ-multiplicities on deuteron
[PRD 97 (2018)]

azimuthal asymmetries on deuteron
[NPB 886 (2014)]

data collected in 2004 and 2006 with a
transversely polarized deuteron target
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PREVIOUS MEASUREMENTS

COMPASS published results

Azimuthal asymmetries and transverse momentum dependent multiplicities of hadrons produced in SIDIS:
hot topics towards the understanding of the TMD structure of nucleon.
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PREVIOUS MEASUREMENTS

COMPASS published results

Azimuthal asymmetries and transverse momentum dependent multiplicities of hadrons produced in SIDIS:
hot topics towards the understanding of the TMD structure of nucleon.

Azimuthal asymmetries from COMPASS data, collected - &
with a deuteron target, 1D analysis S3 R [ - :II; """"""""""""""""""
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PREVIOUS MEASUREMENTS

COMPASS published results

Azimuthal asymmetries and transverse momentum dependent multiplicities of hadrons produced in SIDIS:
hot topics towards the understanding of the TMD structure of nucleon.
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INTRODUCTION
DVM contamination

Hadrons can be produced in the decay of
diffractively produced vector mesons
(p-ontn~,p > KK ,w - n’ntn);
they are indistinguishable from the ones
produced in “true” SIDIS.

These “exclusive hadrons” can exhibit an
azimuthal modulation, inherited from

the parent mesons
(modeled via SDMEs - Spin Density Matrix Elements).

Their percentage and azimuthal
modulations are key ingredients.

A. Moretti, DSPIN 2018
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INTRODUCTION
DVM contamination

* Hadrons can be produced in the decay of
diffractively produced vector mesons
(p-ontn~,p > KK ,w - n’ntn);

they are indistinguishable from the ones Comparison of the cos¢j, asymmetry obtained from data after
N » subtracting of DVM contribution with a MC simulation with Cahn effect.
produced in “true” SIDIS.

COMPASS Preliminary ph(GeV//c) SPIN2018
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PRELIMINARY RESULTS FROM 2016/2017

The 2016/2017 COMPASS runs

GMO6
DCOS DCgl DCOQ D§°5 PGO2 DWO1 DWO4 DWO6
sTO3 o FIO6 0203 Q5 /
GMas IS l GMO7 08 09 : / HO04Y1 Y2
i \ J H2 vGMlO HMO04 GM“
D ) HLO04 nmos HI0S
Vo + FI08 HLOS
VI01VO01 VIO2 | |
: S—— Wl ‘ e H\ H\
| | ||| g = il \
1010203 g 1 T\
(
FIO1 FI1S FIO2 PGO3 FIO7 illers ) A
+ startCounter
, szuzzs
/ ECAL1 HCAL1
ECALO  Fioa el el b ECAL2 HCAL2 L

Main goal of the 2016 and 2017 runs in COMPASS: ’g [ COMPASS preliminary
access GPDs via the Deeply Virtual Compton Scattering — 8000 - 1" beam
g [ — 1~ beam
160 GeV/c u beam (u* and u~ with balanced statistics) Z 6000 .'-
] F o
In parallel, SIDIS data were collected 2 4000} ! e
—> multiplicities, azimuthal asymmetries 2000 - o A *:'
N '.
O_.l....l....l.lI
Target: liquid hydrogen 2.5 m long =300 —200 —100

Z e (€M)

Unpolarized, one cell

Very good resolution on the position of the primary vertices

Good Monte Carlo is absolutely crucial
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PRELIMINARY RESULTS FROM 2016/2017
Kinematic distributions

The COMPASS Collaboration is working on the analysis of the data collected on proton.

In this talk: . COMPASS preliminary
- preliminary results for multiplicities of charged hadrons in a S i P
restricted kinematic range > g
O
- preliminary results for azimuthal asymmetries of charged g -
hadrons in 1D, with projections of the statistical uncertainties
for the full 2016+2017 sample OE
- estimation of the DVM contribution -
Here: a selection of kinematic distributions (x — Q2 coverage, x, z, Pyr) 1 - EE—
X
« 20000 — c
= " COMPASS preliminary § 10°c  COMPASS preliminary 2 - COMPASS preliminary
4 - ot beam S Charged hadrons % [ Charged hadrons
H 15000 - — w1 beam g s[ = 15000
C @ 107k i~ i
N 5 E * -
C > B = -
10000f 4 100k £ 10000;
r : 2 i
5000 10° & = 5000
O: M| T TRE SV :...1...|..‘|...|... 0:....|....|....1
1072 10! 0 02 04 06 08 1 0 0.5 I 1.5
x z P, (GeV/e)
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PRELIMINARY RESULTS FROM 2016/2017
Preliminary results for multiplicities

Here: preliminary results for multiplicities of charged hadrons in a restricted kinematic range, where
acceptance is flat and the contamination of DVM is estimated negligible.
These results are not corrected for radiative effects. From ~10% of the available statistics.

COMPASS 20167 10} 9'03325?(E<V9'())%5 16 9'05(525?(2{3<V9'1)2 16 - 01<x <021,
- . F < evV/ic)y < F < evic)y < 7 1(GeV/ 16
ongoing analysis % | ; p 7 < QHGeViey <
2 Uy, A
hH_z [ v [ [
positive hadrons = 1 E‘%Eéﬁ ﬁgﬁﬁﬁ ;‘%%”u
v0.2<7<0.3 10711 ﬁﬁ g ﬁﬁ' : DDD
E | E E
103<7<04 . e .
04<z<0.6 107 5 f N o
102 002<x<0033 E0.032< x <0035 ¢ 0055<x<0.1, 0 ] 2
S 3< QYGeVieY <7 | 3<Q%GeVieY<T | 3<QUGeViey <7 P2 (GeViey
S 10hs 23
o 3 ha %, DIS2019
S lF v E \d -
4 d Da E 0
Ty : 5 2,
-1 L L ] L
10 L H v l!l [
m . n i
bl r ] [
1072 3 af E \ Al ]
: @
1 1 | -I Lo | | 1 | [
0 1 2 0 1 2 0 1 2
P; (GeViey P, (GeV/ey P}, (GeVie)

A. Moretti, DSPIN 2018 14



PRELIMINARY RESULTS FROM 2016/2017
Preliminary results for multiplicities

Here: preliminary results for multiplicities of charged hadrons in a restricted kinematic range, where
acceptance is flat and the contamination of DVM is estimated negligible.
These results are not corrected for radiative effects. From ~10% of the available statistics.
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PRELIMINARY RESULTS FROM 2016/2017
Procedure for the extraction of the asymmetries

Sample divided in kinematic bins (7 x,8 z,9 P,)

For each kinematic bin, subdivision in 16 ¢; bins

. . T [
Removal of radiative peak (- 3 <¢n<3)
[and of DVM contribution]

Correction for acceptance

A A AW A

Fit of the azimuthal spectra

utbeam  pu beam
h* 269 000 254 000
h™ 216 000 200 000

The extraction of the azimuthal asymmetries
has been performed on ~4% of the available statistics.



PRELIMINARY RESULTS FROM 2016/2017
Preliminary results for azimuthal asymmetries

Here: preliminary results for azimuthal asymmetries of charged hadrons from ~4% of the available statistics.

Uncertainties are statistical only. The agreement between u* and u~ results is very good.

cos 24.5-&

A. Moretti, DSPIN 2018
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Strong kinematic dependences as observed on deuteron
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PRELIMINARY RESULTS FROM 2016/2017
Preliminary results for azimuthal asymmetries

Here: preliminary results for azimuthal asymmetries of charged hadrons from ~4% of the available statistics.
Uncertainties are statistical only. The agreement between u* and u~ results is very good.

15 DI ek i;ﬁl beam SPIN2018
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Strong kinematic dependences as observed on deuteron
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PRELIMINARY RESULTS FROM 2016/2017
Preliminary results for azimuthal asymmetries

Here: preliminary results for azimuthal asymmetries of charged hadrons from ~49% of the available statistics.
Uncertainties are statistical only. As the agreement between u* and u~ results is very good, the
corresponding results are merged to give the following:

< - COMPASS : ol SPIN2018
"<& 0.1F preliminary s LR
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Strong kinematic dependences as observed on deuteron
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PROJECTION OF STATISTICAL UNCERTAINTIES
Projection for the 1D asymmetries cun target length)

Systematic uncertainties on the published results: ~2 x statistical uncertainty
expected for the new results: ~1 x statistical uncertainty

&= 0.04 COMPASS 201642017 [ " v 201642017 projected stat. errors
£ 3 preliminary r - O Errors of Nucl.Phys.B886 (2014
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= T b -
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X b4 P, (GeV/c)
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PROJECTION OF STATISTICAL UNCERTAINTIES
Projection for the 3D asymmetries (fun target length)

* COMPARISON WITH PUBLISHED DEUTERON for the cos ¢, asymmetry

COMPASS 2016+2017
preliminary
positive hadrons

Ppr(GeV/c)

v 201642017 projected stat. errors
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PROJECTION OF STATISTICAL UNCERTAINTIES
Projection for the 4D asymmetries (full target length)
cos ¢, asymmetry in the firstzbin (0.2 < z < 0.3)

Q*(GeV?/c?)
— < _0.0sf [
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R e i I
—0.05} I : . .
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PROJECTION OF STATISTICAL UNCERTAINTIES

Projection for the 4D asymmetries (full target length)

* cos ¢ asymmetryinthelastzbin (0.6 < z < 0.8)
Q*(GeV?/c?)
A
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DIFFRACTIVE VECTOR MESONS CONTAMINATION

The method

A new estimation of the DVM contamination, based on the following features:

1. NORMALIZATION

* aprecise knowledge of the diffractive cross section is not required

* The aim if to reproduce the signal from exclusive vector mesons in the
data with the HEPGEN Monte Carlo, based on missing energy, total z
and invariant mass spectra for 2h with opposite charge

* A smooth trend is expected once the exclusive component is subtracted

A. Moretti, DSPIN 2018
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DIFFRACTIVE VECTOR MESONS CONTAMINATION

The method

A new estimation of the DVM contamination, based on the following features:

1. NORMALIZATION COMPASS preliminary
data

* aprecise knowledge of the diffractive cross section is not required

* The aim if to reproduce the signal from exclusive vector mesons in the
data with the HEPGEN Monte Carlo, based on missing energy, total z
and invariant mass spectra for 2h with opposite charge

MC p (normalized)

400~
* A smooth trend is expected once the exclusive component is subtracted

200—

2. MEASUREMENT OF THE ASYMMETRIES

MC ¢ (normalized)
|

* Based on the subtraction of the azimuthal spectra from data oL~ - G 5
and from Monte Carlo Eps (GeV)
COMPASS preliminary
400F
data,0.6 < z< 0.8 go. MC p,0.6 <z<038 st MC ¢,0.6 <z<0.8

< (normalized) (normalized)
= 300~ 4~
S 60

200 il

i 40
- 2-

100}~ 4 — 10
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DIFFRACTIVE VECTOR MESONS CONTAMINATION
Contamination and correction

The method for both normalization of the samples and for the subtraction of the DVM contamination

is fully implemented.

Nexcl Np,excl +N¢,excl +Nw,excl
* the contamination r;,, = I\;‘tot =L ’I‘V 0
h h
COMPASS preliminary
- 0.25- » h", average total contamination B B
%‘:: 02k # h average total contamination | ¢ N
g o015 ! . i
s
s 0Ir - .
= -
S 005 o4 *
05r - . -
P . gt 183828,
| IR LI T SO O e e e Y LI
_ ] Ll | | Ll | |
0.05 1072 107! 0 0.5 10 0.5 1
X b4 P,; (GeV/c)

averaged over several subperiods of data taking

A. Moretti, DSPIN 2018 26



DIFFRACTIVE VECTOR MESONS CONTAMINATION
Contamination and correction

The method for both normalization of the samples and for the subtraction of the DVM contamination

is fully implemented.

A . Anot corr—TAexcl
corr = 1—71

, where a,,; is the azimuthal modulation of the “exclusive hadrons”.

* Here the size of the correction to the unsubtracted asymmetries:
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DIFFRACTIVE VECTOR MESONS CONTAMINATION
Comparison Data — MC for the 2h case

A check of the good description given by HEPGEN: comparison of Zh raw “asymmetries” in DATA and MC

COMPASS preliminary
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DIFFRACTIVE VECTOR MESONS CONTAMINATION
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Conclusions

 The COMPASS Collaboration is working on the analysis of the proton data collected
in 2016 and 2017.

e Azimuthal asymmetries and TMD-multiplicities are hot topics being addressed.

* Preliminary results have been shown, together with projections for the statistical
uncertainty.

* A method for the estimation and subtraction of the DVM contribution has been
presented here.

« A challenging analysis, but of great impact for TMD physics.

Thank you!
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PROJECTION OF STATISTICAL UNCERTAINTIES
Acceptance study - projection for the 4D asymmetries

The usable range for the 4D extraction of the azimuthal asymmetries is studied looking at acceptance
(considering both beam and hadron charges together)
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CONTRIBUTION FROM DIFFRACTIVE VECTOR MESONS

Comparison 1h-2h in MC

As it has been assumed that 1h and 2h have the same modulations in exclusive events, we checked it in MC

COMPASS preliminary

LS o P09y HEPGEN p 1h i i
. - , )
% > 1 * h'.P09u* HEPGEN p 2h - % - %
N 0.5+ r i%i% - ifé} %
o g LIS S 3 T R PR oot i ﬁ’ﬁ: ..... £
L]
o _ |
o
—1F i _
=15 . Ll C | | | 1 | |
107 L 0.5 10 0.5 1
X z P, (GeV/c)
COMPASS preliminary
NS P09y HEPGEN p 1h i i
%5% IF ® h.P09u- HEPGEN p2h . i(}%{ﬁ i
S 0s- e ot - % it}
bt # tie
Ol iﬁ""%"%ﬁ"i"i"i .......................................................... R S—— ﬁ g;ﬁ) ..... + ........
—{).5+ L é) g,
—1k i _
1.5, i ol |

[Sm— -

Lol
107> 10" 0 0.5 |
A. Moretti, DSPIN 2018 X z P,; (GeV/c) 35



CONTRIBUTION FROM DIFFRACTIVE VECTOR MESONS

Comparison 1h-2h in MC

As it has been assumed that 1h and 2h have the same modulations in exclusive events, we checked it in MC

COMPASS preliminary

| © h', PO9ut HEPGEN p 1h
= ® h*, P09y HEPGEN p 2h

cas2d

Ay

—0.5c Ll Ll C 1 | |
107 L 0.5 10 0.5 1
X z P, (GeV/c)
COMPASS preliminary
Im oy, P09y HEPGEN p 1h i i

& ® h, P09u* HEPGEN p 2h

e b

J = i

0.5, . i ol | |
1072 10" 0 0.5 | |
A. Moretti, DSPIN 2018 X z P, (GeVic) 36




