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INTRODUCTION i i i i
Nucleon structure in collinear approximation

Parton Model and collinear QCD successful in explaining large amounts of data at high energies.

Such good description is based on three Parton Distribution Functions (PDFs):

[NNPDF Collaboration1, EPJC77 (2017)] [COMPASS Collaboration, PLB769 (2017)] [Barone, Bradamante, Martin PRD91 (2015)]
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INTRODUCTION i i i
Beyond QCD collinear approximation

However, collinear QCD not adequate to explain all measured phenomena
(spin crisis, hyperon polarization, pp — m inclusive asymmetry ...)

Transverse degrees of freedom:
parton transverse spin Sr,
its transverse momentum kr,
their correlations,
the correlation of each of them with the nucleon transverse spin St.

From three collinear PDFs to 8 transverse-momentum-dependent (TMD) PDFs.
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The COMPASS experiment

COMPASS contribution to the understanding of the nucleon structure
* via spin asymmetries (TSA, LSA with polarized target)

important results on the extraction of transversity and Sivers functions
 via SIDIS with unpolarized target

COMPASS (COmmon Muon Proton Apparatus for Structure and Spectroscopy):
* 24 institutions from 13 countries (about 220 physicists)

* afixed target experiment

* located in the CERN North Area, along the SPS M2 beamline

Broad research program:

»  SIDIS with u beam, with (un)polarized deuteron or proton target.
*  Hadron spectroscopy with hadron beams and nuclear targets

*  Drell-Yan measurement with 7~ beam with polarized target

*  Deeply Virtual Compton Scattering (DVCS)

A multipurpose apparatus: The COMPASS location at CERN
*  Two-stage spectrometer, about 330 detector planes
. u identification, RICH, calorimetry
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INTRODUCTION
Cross section for unpolarized SIDIS

SIDIS cross section for the leptoproduction of a hadron h on an unpolarized nucleon target:

do _ 2ma?

y? Y2
dx dy dz dgppdP% ~ xyQ22(1-¢) ( t Z)

: (FUU’T + eFyyy ++/2e(1 + &)Fyy " cos gy, + eFyy 29h cos 2¢p + A 2e(1 — S)Fii;; Ph sin goh)

* x is the Bjorken variable

Q2 the photon virtuality

s y=1-— Z—‘;’ the inelasticity with E,, the energy of the
incoming (scattered) lepton

* Yy =2Mx/Q with M the target mass

* &(y) is a kinematic factor

* ], is the beam polarization.

* zis the fraction of photon energy carried by the hadron

* (y its azimuthal angle in the Gamma Nucleon System

* P;itstransverse momentum w.r.t. the photon

The Gamma Nucleon System (GNS) 6
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Cross section for unpolarized SIDIS
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The structure functions FE{,EE”;]) ] can be written in terms of

TMD PDFs and TMD FFs. Up to order 1/Q:

FUU’T = C[lel] Cahn effect
FOs on _2M [ (hkr)f D, (hm)kTthl ]

cos2¢p _ 2(hkr) (RPL) —kr P Lyl
Fy =C [— M h1H7y
Two main observables:

— azimuthal asymmetries

— transverse-momentum-dependent distributions

h=P,/|P,|

ClwfD] = xz eﬁ fdz ET fdz ﬁJ_52(13T _ET _ﬁL)W(ET:ﬁJ_)fa(x: Er)Da(Z: pL)
a

X, Y, Z indicate the beam, target and photon polarization states
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Contribution from exclusive hadrons

Hadrons from the decay of exclusive diffractive vector mesons
(exclusive hadrons)

« The two most important channels: p°® > n*n~ and ¢ > KTK~
* observed in the data looking at their total energy fraction

* Their amount depends on kinematics

* Show a modulation in the azimuthal angle

[COMPASS, PRD97 (2018) 032006]
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Contribution from exclusive hadrons
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The 2016 COMPASS run

In 2016 (and 2017) the data-taking was dedicated to the 10?

: . s "V FCOMPASS preliminary ke
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. . O -
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»
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1500/
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to normalize the HEPGEN Monte Carlo to the data, the missing 500
energy E,,;ss distribution is used
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The 2016 COMPASS run

DIS events selected with standard cuts:
Q? > 1 (GeV/c)?
W > 5GeV/c?
0.003 < x < 0.130,
02<y<09

Hy < 60 mrad

Selection of hadrons:
z>0.1
Pr > 0.1GeV/c

Distributions of z and Py
normalized to their integral,

for the data, LEPTO,
HEPGEN p and HEPGEN ¢.
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Azimuthal asymmetries

Azimuthal asymmetries: the ratio of the azimuthal-angle-dependent structure functions over the unpolarized
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Acos dn _ —
uu w =
Fyyr + €FyyL Fyyr + €Fyy L

vu Fyyr + €Fyy L

* Measured as the amplitude of the modulation in the azimuthal angle of the hadrons (fit)
either as a function of x, z or Pr (1-dimensional analysis), or with a simultaneous binning (3D)
»  After correcting for the contribution of the exclusive hadrons
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Azimuthal asymmetries - 1D

COMPASS preliminary
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Azimuthal asymmetries - 3D
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Azimuthal asymmetries - 3D
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Clear signal, strong dependence on Pr;
compatible with zero at high z.
In agreement with COMPASS deuteron results.
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Azimuthal asymmetries - 3D

&

COMPASS preliminary
0851 & [ow [ [ 3D azimuthal asymmetries for

positive and negative hadrons
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PZ - dependent distributions

Transverse-momentum-dependent distributions
« give complementary information on k; and p; w.r.t. azimuthal asymmetries
« are interesting for the TMD evolution studies:
a lot of theoretical work to reproduce the experimental distributions over large energy range

In gaussian approximation, at small values of Py, the number of hadrons is expected to follow:

d*N"(x, Q% z,P%) o P
dz dP%

proton

(P7) = z%(k7) +(p1)
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PZ - dependent distributions
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In good agreement with previous deuteron results [COMPASS, PRD97 (2018) 032006]
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PZ - dependent distributions
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PZ - dependent distributions

4 0%GeVic)?
16.0 COMPASS preliminary
exponential fit
® i 020<z<030 !
O I, 0.30<z <040 . . . . . .
m i 0d0<z<060 [ I Distributions fitted with an exponential
' 0.60 0.80 .
oot function up to Py = 1 (GeV/c)?
107°F 3
3.0 ' ' ' ' 05 i . .
] P2 (GeVic)? Evolution of the slope with z
107 3 3
. r
107 3
1.0 0.3 i o5 i COMPASS preliminary
PZ (GeV/c)? PZ (GeV/e)?
.;:_\ 0.7 B 0.003 < x < 0.013 B 0.013 < x < 0.020 B R 0.020 < x < 0.055 - k', 0.055 < x < 0.100
0.003 0.013 0. 2 ek e rosoiczo | i -
% B 30<Q°<I60 i
h+ o o3 i f i . i
4 0%GeVic)? -~ 04l . L | - ° L
[ ° .l ° |
16.0 ook, - o= - - om
exponential fit 0.2F * - $ - s . -
® /i, 0.20<z<0.30 1 1 1 1 1 1 1 1 1 1 L 1 1
O K, 030<z<040 o 0.7 I, 0.003 <x <0013 S, 0.013 < x < 0.020 I, 0.020 < x < 0.055 K, 0.055 < x < 0.100
W 040<2<060 ] 2 6 e 10<0Q°<30 L L
O I, 0.60<z < 0.80 h— 2 m 30<Q°<160
8 o - ¢ . |
102 ~ o4 - . . - . '
. . o~ . [ u
3.0 Q:N 03k . b L = ® | I 3 =
. ~ o : . P . .
02b L L
002 04 06 0 02 04 06 U 0z 04 06 0 0z 04 06
107 L z 2 z 2 z 2 z 2
(P2) versus z2 in the x and Q2 bins
]0_1 P . . .
1.0 = : = ; Deviations from the linear trend (P2) = z%(k2) + (p?)
2 2 2 2 B
Pt (GeVic) Pi (GeVic) possible dependences of (p?) on z and of (k%) on x.

0.003

0.013 0.

U.udo

U.10u




Conclusions

* Two observables in unpolarized SIDIS are particularly interesting for the TMD physics:
transverse momentum dependent distributions and azimuthal asymmetries.

» After the first measurements on a deuteron target, COMPASS has produced new preliminary
results for both of them, using a proton target.

 Both the PZ distributions and the azimuthal asymmetries look interesting with rich kinematic
dependences.

* A new step forward in our understanding of the nucleon structure.
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AZIMUTHAL AS.YMMETRIES. 3D
Comparison with deuteron results

Current results (full points) compared to published results on deuteron [COMPASS, NPB 956 (2020) 115039].

Proton and deuteron results are in good agreement, as observed in other experiments (HERMES).
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AZIMUTHAL AS.YMMETRIES. 3D
Comparison with deuteron results

Current results (full points) compared to published results on deuteron [COMPASS, NPB 956 (2020) 115039].

Proton and deuteron results are in good agreement, as observed in other experiments (HERMES).
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P2 - DEPENDEI:IT DISTRIBl!TlONS
Comparison with deuteron results

The new preliminary results are compared to published results on a deuteron target [COMPASS, PRD97(2018) 032006]

The old results (an example in the right plot) have been renormalized over the first point and averaged over x and
Q? in order to match the current binning, while the z and P? binning has not been modified.

The agreement between new proton results and old deuteron ones is good.
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AZIMUTHAL ASYMMETRIES 1D .
Acceptance modulations

Correction for acceptance applied to each ¢ bin, taken as the ratio of reconstructed and generated hadrons:

Np*“ ()
N, ()

Azimuthal modulations of the acceptance in 1D binning, for u* beam and positive (red) and negative hadrons (black).

Cacc(¢) =

COMPASS preliminary
& 0.05- "“;fl"ﬂnﬂ , 1 beam I i
2 . i
§ T }; ------------ } --------- i ;_* ____ g __i ______________________ )
R AR W 5”;}#3*
-0.05f {. * i
0.1 i { I
0.04 - i

0# ..... #iﬁi ______ H}H{ e {HEHHL+&

|
<
<
2

T

|
<
o
B

T

T

T

-0.02

; ; 05 1
x z P, (GeVic) 27



AZIMUTHAL ASYMMETRIES 3D .
Acceptance modulations
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P2 - DEPENDENT DISTRIBUTIONS
Acceptance

Cacc (PTZ‘) =

Nz °“(PF)
N; " (PF)

The acceptance is shown here in the first z bin, for positive and negative hadrons.
A flat plateau at values larger than 50% and, in some bins, a decrease at large P2.
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