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In Semi-Inclusive Deep Inelastic Scattering (SIDIS) a high energy lepton scatters
off a nucleon target and at least one hadron is observed in the final state.

- a powerful tool to assess the Transverse-Momentum-Dependent (TMD)
description of the nucleon structure.

Cross section for unpolarized SIDIS

The Gamma Nucleon System (GNS)

For an unpolarized nucleon target, the cross section reads:

-

2 )

do _2ma® y

dx dy dz dg,dP? ~ xyQ22(1-—¢)

: (FUU’T + eFyyy +/2e(1 + )FS) ®" cos @y, + €F) *" cos 2y, + A3/2e(1 — €)F}y " sin (ph)

x is the Bjorken variable

Q? the photon virtuality

y=1-=+ the inelasticity with E ;) the energy of the incoming
(scattered) lepton

£(y) is a kinematic factor

A; is the beam polarization.

z is the fraction of photon energy carried by the hadron
@p, its azimuthal angle in the Gamma Nucleon System

Py its transverse momentum w.r.t. the photon
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Cross section for unpolarized SIDIS

In Semi-Inclusive Deep Inelastic Scattering (SIDIS) a high energy lepton scatters
off a nucleon target and at least one hadron is observed in the final state.

- a powerful tool to assess the Transverse-Momentum-Dependent (TMD)
description of the nucleon structure.

) ] The Gamma Nucleon System (GNS)
For an unpolarized nucleon target, the cross section reads:

g do 2na®  y? A

dx dy dz dg,dP? ~ xyQ22(1-—¢)

2

: (FUU’T + eFyyy +/2e(1 + )FS) ®" cos @y, + €F) *" cos 2y, + A3/2e(1 — €)F}y " sin (ph)

* x is the Bjorken variable

* Q2 the photon virtuality

on)]

The structure functions F X[fé can be written

Epr . 0 . . . [Z]
e y=1- Ei the inelasticity with E ¢ the energy of the incoming . ’
£
(scattered) lepton in terms of
«  &(y) is a kinematic factor * TMD Parton Distributions Functions (PDFs)
« 2 is the beam polarization. * TMD Fragmentation Functions (FFs).

* zisthe fraction of photon energy carried by the hadron
* @y its azimuthal angle in the Gamma Nucleon System

*  Pritstransverse momentum w.r.t. the photon
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Unpolarized structure functions

Unpolarized SIDIS = access to the number density TMD and to the still unknown Boer-Mulders TMD h;-
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Two main observables : the topics covered in this talk

1) Azimuthal asymmetries
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Up to order 1/Q (i.e. at twist-3):

Fyy T = c [f 1D 1] Cahn effect Boer-Mulders term

cos pp _ 2M (Rkr) (APLKE 1 pr1
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2) Transverse-momentum distributions = Fyy
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The COMPASS experiment

New: Collins and Sivers
0

COMPASS contribution to the understanding of the nucleon structure WIL
* spin asymmetries with transverse and longitudinal spin polarization

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

azimuthal asymmetries and P2-distributions on deuteron - NEW: ON PROTON

* 24 institutions from 13 countries (about 220 physicists)
» afixed target experiment
* located in the CERN North Area, along the SPS M2 beamline

COMPASS (COmmon Muon Proton Apparatus for Structure and Spectroscopy): ROML. S\ / g

(a)
Broad research program: \ b
»  SIDIS with u beam, with (un)polarized deuteron or proton target. X Al ::4
. v p s @
*  Hadron spectroscopy with hadron beams and nuclear targets N 8 2

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

*  Deeply Virtual Compton Scattering (DVCS)

. New: COMPASS DY results
Talk by Y-H. Lien

7 | ‘-\ y ]

S A Pregny-Chambesy

. LejGrand-Saconnex !
\' @ 9 < ¥

A multipurpose apparatus:
*  Two-stage spectrometer, about 330 detector planes -~
. u identification, RICH, calorimetry

Bourdigny 4 ’,L\,j\-s\: v N O
T Géneve

X o
Satigny, > Vernier- 458

The COMPASS location at CERN
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The 2016 COMPASS run
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The 2016 COMPASS experimental setup

Talk by B. Ventura
In 2016 (and 2017) the data-taking was dedicated to the /4
measurement of Deeply Virtual Compton Scattering (DVCS).

10” ECOMPASS preliminary

(0.1 <y <09, W>5GeV/c’ g

entries

300

0* (GeV/c)

In parallel, new SIDIS data have been collected in COMPASS, with:

e 160 GeV/c u beam (u* and u~ with balanced statistics)

10 200

* Unpolarized, 2.5 m long liquid hydrogen target

I ITIIIII

100

Part of the data (~ 11% of the available statistics) have been
analyzed to get preliminary results on SIDIS unpolarized observables.

0

g |

107 107" 1

The x — Q? coverage

Both measurements of azimuthal asymmetries and P2 distributions require Monte Carlo simulations for
* the acceptance correction (LEPTO generator)

* the subtraction of exclusive hadrons (HEPGEN generator) = next slides

A. Moretti (UNITS & INFN-TS) — DIS2021 15/04/2021



Contribution from exclusive hadrons

COMPASS preliminary

Hadrons from the decay of exclusive diffractive vector mesons

T 3000

. .. . o 6 0.5<M_,_ / (GeVich) < 1.1

(exclusive hadrons), well visible in the data *Talkby W. Augustiniak 3 M 1(GRVI) > L4
M § 25001~ real data
. _ _ [ — normalized LEPTO

« The two most important channels: p°® - n*n~ and ¢ -» K*K o vl dt s
* Their amount is strongly kinematic-dependent 15001~
1000—
500—

Y= 10 20 300

miss

[COMPASS, PRD97 (2018) 032006] -

o E 03f excl. contamination, u*, h* | o
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® . ¢ e
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2
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Fraction of pions from SIDIS, Estimated exclusive hadrons contaminations

as a function of PZ per z bin,
for 1.0 < Q%/(GeV/c)2< 1.7
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Contribution from exclusive hadrons

COMPASS preliminary

Hadrons from the decay of exclusive diffractive vector mesons = ol
. . . . Q 05<M,, /(GeViet)< 1.1
(exclusive hadrons), well visible in the data 3 M (GeVIE) > 14
§ Boor real data
. _ _ [ — normalized LEPTO
« The two most important channels: p°® - n*n~ and ¢ -» K*K o vl dt s
* Their amount is strongly kinematic-dependent 15001~
* They show strong modulations in the azimuthal angle 1000}
—> they are estimated and discarded/subtracted ol
Y= 10 20 300
E, .. (GeV)
[COMPASS, NPB 956 (2020) 115039] The exclusive peak as observed in the data
E 03f excl. contamination, p*, h* | o
§ O visible component (RD)
§ 02} ¢  non-visible component (MC) ° L
§ ®  total contamination
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e e 0 CLEE ]
0__._.°._..«z..o_..g...!..s.._g._.._ ...... e o . _____2_3,9_0__g_f_,?__g____g__,_
§ 0.3F excl. contamination, p*, h~ | L] L
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“eXCIUSive" hadrons 10—2 10—1 0.2 04 0.6 0.8 05 1
x z P, (GeVic)
Estimated exclusive hadrons contaminations
Impact on the azimuthal asymmetries calculated for the deuteron data [COMPASS, NPB 956 (2020) 115039]
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Azimuthal asymmetries

Azimuthal asymmetries: the ratio of the azimuthal-angle-dependent structure functions over the unpolarized

cos ¢ cos 2¢ sin ¢
Acos dn _ FUU "t Acos 2¢n _ FUU " Asin dn _ FLU h

vu Fyyr + €Fyy L vu Fyyr + eFyy,L Lv Fyyr + €Fyy L

Steps in the measurement:

1.  Exclusive hadrons:
- the visible component is discarded
- the non-visible component is subtracted
using the HEPGEN Monte Carlo
2.  Acceptance correction
3.  Fit of the amplitude of the modulation in the
azimuthal angle of the hadrons
- as a function of x, z or Py (1D)
- with a simultaneous binning (3D)
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Azimuthal asymmetries - 1D

proton target

Azimuthal asymmetries: the ratio of the azimuthal-angle-dependent structure functions over the unpolarized

Fcos bn Fcos 2¢n Fsin bn
Acos bn — UuU Acos 2¢n — uu Asin dn — LU
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COMPASS preliminary
Steps in the measurement: 5005 o I - i
3 o M
<
1.  Exclusive hadrons: O == rm = F T .}—-------3'-;';; ------------------- -
- the visible component is discarded ; o td ; o sttt ; Be, : t
- the non-visible component is subtracted 093 * il Yedy i te ¥
using the HEPGEN Monte Carlo Yoy
2. Acceptance correction 0Ir . . . . i . :
3. Fit of the amplitude of the modulationinthe .- 0.1~ - -
azimuthal angle of the hadrons 2 3
- as a function of x, z or P; (1D) 0.05 & b} { i e $ i } . $
- with a simultaneous binning (3D) bty _'} *_# t } } # i t }
== *Q‘é‘i—} ....... S +* } .......... {_.._- ..... # *§§_*_§____
~0.05F s {, s
 Strong kinematic dependences oo — ' ' T ' '
* interesting differences between £
e . <
positive and negative hadrons. 0.05- | { i { {} i {
b AR EETHL
| | IEREE AN ----H-*{- _________________ +HILEL #
As observed with the previous measurements
by COMPASS on deuteron and by HERMES -0.05F - -
[COMPASS, NPB 886 (2014) 1046] 107 07T 02 04 06 03 ' ]

0.5 1
x z P, (GeVic)
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Azimuthal asymmetries - 1D - Q4 dependence

proton target
COMPASS prelinunary

- 01F full ¢ range r r
58 [
| I Y OO Y
IR R A U S S
LI . & L ] . .
—0.1F - - *
) BT 75 S
Binning in Q R
 The AZO; n asymmetry is observed to Tt | |
increase with Q? - -
* Flavor-independent expectation from the S N S S e
Cahn effect: - £ : '*3;:; : ¢ i 531333 : ;
2 1k C o H
Acos bn . ZZPT<kT> 4”: [ i
Uu|Cahn — 2 . i
| Q (PT> 1 I 1 I : I !
« - Astrong dependence of (k2) on Q?, I r r
or the relevance of other terms in the A 0}-----------ﬁ------;--.-}----}----.- ------ PR 1}----}--%-”1--;-? -----------
asymmetry ' ¢ . "H'P; R B
0.1 - - :
» The difference between positive and
negative hadrons decreases with Q2.
_0'2:_ L L Co v :_. M| I

07 1 2 . . .
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Azimuthal asymmetries - 1D - Q4 dependence

proton target
COMPASS prelinunary

- full ¢ range r r
HER R
‘q [ =
Cye CC I B P L R ‘"*'?::‘;“.“;.“'_“":""
—0.1F Tl - *
—0_3:— - -
Clear dependence on Q2 also for fixed x (0.2 <z<0.8)
Binning in QZ COMPASS preliminary ¢
. [ 0.008<x<0.013 0.013 < x < 0.020 0.020 < x < 0.032
 The AZO;% asymmetryi§ 2 8 [ _._._._._._._._._. g R S — 1 ]
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* Flavor-independent expé . oh o 2 ‘H
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t
-0.2 T | ey By
~ 107 10T 02 04 06 08 0.5 I
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Azimuthal asymmetries - 1D - W dependence

proton target
A;:](;‘]gq)h for W <12 GeV COMPASS preliminary
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Azimuthal asymmetries - 3D - 4
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cos¢pp

proton target

3D azimuthal asymmetries for
positive and negative hadrons

Clear signal, strong dependence on Pr;
compatible with zero at high z.
In agreement with COMPASS deuteron results.

Expectation from Cahn effect:

Acos on _ _ ZZPTU(%)
UU|Cahn Q (P%>

Comparison with the 1D case:
lowest z and highest Py bin not included in the average
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Azimuthal asymmetries - 3D - 4
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3D azimuthal asymmetries for
positive and negative hadrons

Clear signal, strong dependence on x and Pr;
interesting change of sign along z at high Pr.

The larger contribution from the hi Hi convolution
— direct information on hi may be extracted

Comparison with the 1D case:
lowest z and highest Py bin not included in the average
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Transverse momentum distributions

Transverse-momentum 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
* cross section gives more information: the work is ongoing

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

d?N"(x, Q%;z,P%) o ox

dz dP2

d

_P_%)
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(P7) = z%(k7) +(p1)
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Normalization: first P2 bin.

proton target
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Transverse momentum distributions

proton target
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In good agreement with previous deuteron results [COMPASS, PRD97 (2018) 032006]
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Transverse momentum distributions - exponential fit
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Distributions fitted with an exponential
function up to P = 1 (GeV/c)?

Evolution of the slope with z
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Transverse momentum distributions - exponential fit
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exponential fit
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proton target

Distributions fitted with an exponential
function up to P = 1 (GeV/c)?
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Transverse momentum distributions

proton target
4 OGeV/ey NEW: more bins in z, average value of P2 (no fit)
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Transverse momentum distributions - W dependence

Characterization of the kinematic dependences

« Q2 dependence: expected from TMD formalism
* W dependence: also interesting and present

- EMC: (P2) vs W?

P2 distributions in two bins of W,
cutat W =12 GeV/c.

A. Moretti (UNITS & INFN-TS) — DIS2021
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Transverse momentum distributions - W dependence

proton target
Characterization of the kinematic dependences: some examples
ey Distributions for W < 12 GeV
6ol COMPASS preliminary
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Transverse momentum distributions - W dependence

proton target

Characterization of the kinematic dependences: some examples

Distributions for W < 12 GeV

COMPASS preliminary

R_':j: ratio of the distributions in the 2" and 1 bin in 07, inthe 3™ x bin

0.30 <z <040, W<12 GeV/c?

COMPASS preliminary
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qr distributions

proton target

* qr = Pr / z, often indicated to set the limits of applicability of the TMD formalism

(expected to hold at low q;/Q)

gy distributions measured using the same hadron sample selected for the standard P2 distributions
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qr distributions

proton target

* qr = Pr / z, often indicated to set the limits of applicability of the TMD formalism
(expected to hold at low q7/Q)
gy distributions measured using the same hadron sample selected for the standard P2 distributions
« Comparison with the approximated formula:

dNp

dNp

dNp 1

dNp 1

dzdP% ~ dz2PrdPy  dzdPp/z2zPr  dzdqp 2zPp

Arbitrary normalization and scaling
Here for positive hadrons, similar for negative
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Conclusions

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

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

* Both observables look interesting with rich kinematic dependences.

* A new step forward in our understanding of the nucleon structure.
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Conclusions

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

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

* Both observables look interesting with rich kinematic dependences.

* A new step forward in our understanding of the nucleon structure.

Thank you
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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 ¢.

A. Moretti (UNITS & INFN-TS) — DIS2021
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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).
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AZIMUTHAL ASYMMETRIES 3D
Acceptance modulations

cos ¢y
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Azimuthal asymmetries - 3D

r 3
‘ COMPASS preliminary
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Azimuthal asymmetries - 3D

2 P + - F } e 3D azimuthal asymmetries for
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Azimuthal asymmetries - 1D - Q4 dependence

COMPASS prelinunary

- 0.1 full ¢ range
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Contribution from exclusive hadrons

BS z
L —
S5.0.1 g
T 02 t i b
—.3F
0.05 07
—0.05
[COMPASS, NPB 886 (2014) 1046] o1 ﬁ f)
[COMPASS, NPB 956 (2020) 115039] 005k [0.35
Example: cos ¢} asymmetry ol JH.F
0.1 < Py /(GeV/c) < 0.3
r /(GeV/c) 008 % »
0.05F '
* Comparison of not-subtracted (open 0 f$ _______
points) an.d correcte_d.(close points) —oos} T g’ § | )
asymmetries for positive hadrons. 05 1032
u--*- -B----
* Correction applied at the asymmetry level —oos} 4? § loos
0.05 o
n--f- g
—L0O5F E F
- Lp2
1= 1"
X
PhiGeVic)
0.1 03 0.5 (.64 1
= (]ﬁE w2 <7 <025 T4 <z <(L55
Fraction r of exclusive hadrons il ° o o REPIIYY 07 <085
as a function of x, in bins of z and P oab v o . 0 ° e,
SRR a0 v O 2 g
ob--% & & § | S & 8. §.__ | I T N S
10 w' ot w' ot w' ot 1
X X X X
A. Moretti (UNITS & INFN-TS) — DIS2021 15/04/2021 35



AZIMUTHAL ASYMMETRIES 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 ASYMMETRIES 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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P% - DEPENDENT DISTRIBUTIONS
Acceptance

Nz °“(PF)

Cace(PP) =~
acc N"iqen(P%)

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.

4 0XGeVic)
16.0 COMPASS preliminary
v If - -
" 0
b, 020<2<030 £ | I -,
o pt & *® sey L LY W
. @“6---%%“## __________________________ @ oo A
04 -
0.2F -
301 5 f B R
§ Ny P? (GeVl/c)
[ e
g 0.6 ® So0nsmVh é
0.4F
0.2F
1.0 ““]"(I)'1 ‘ ; — I”“l})"1 I } “l ~ I”“]IE)"1 I ]
PZ (GeVicy P2 (GeV/c) PZ (GeV/c) X
0.003 0.013 0.020 0.055 0.100

A. Moretti (UNITS & INFN-TS) — DIS2021 15/04/2021

38



P% - DEPENDENT DISTRIBUTIONS
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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PZ - dependent distributions
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PZ - dependent distributions
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g4 distributions

proton target

* qr = Pr / z, often indicated to set the limits of applicability of the TMD formalism

(expected to hold at low q7/Q)
gy distributions measured using the same hadron sample selected for the standard P2 distributions
« Comparison with the approximated formula:

dNp dNp __dNp 1
dzdq%  dz2qrdqr  dzdqp 2qr
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