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Introduction

Semi-Inclusive Deep Inelastic Scattering
(SIDIS) is a powerful tool to access the
rich and complex structure of the
nucleon.

Depending on the nucleon polarization,
several (TMD)-PDFs can be accessed

In this talk: focus on the SIDIS off
unpolarized nucleons

A. Moretti (Univ. Trieste and INFN)
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Cross section for unpolarized SIDIS

In SIDIS, a high energy lepton scatters off a nucleon
target and at least one hadron is observed in the final
state.

For an unpolarized nucleon target and
in the one-photon exchange approximation
the fully-differential cross-section reads:

The Gamma Nucleon System (GNS)

/ d50' Znaz yz y2 Bacchetta et al., JHEP 02 (2007) O%N
= 1+
dx dy dz dg,dP2 xyQ?2(1—¢) < 2x>
. : (FUU’T + eFyy; +/2e(1 + )FS) ¥ cos @y, + eFy *" cos 2y, + A\/2e(1 — €)F}y " sin (ph)

* x isthe Bjorken variable

+  Q? the photon virtuality .
2Mx

. y=— (small in COMPASS kinematics) *

« y=1--Ltheinelasticity with E E iy the energy of the incoming
(scattered) lepton in the target rest frame
1-y—3v2y?

° £ e S —
2 1—y+%y2+iyzy2
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A; is the beam polarization.
z is the fraction of photon energy carried by the hadron
@y, its azimuthal angle in the Gamma Nucleon System

Py its transverse momentum w.r.t. the photon



Cross section for unpolarized SIDIS

In SIDIS, a high energy lepton scatters off a nucleon
target and at least one hadron is observed in the final
state.

For an unpolarized nucleon target and
in the one-photon exchange approximation
the fully-differential cross-section reads:

The Gamma Nucleon System (GNS)
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» TMD Parton Distributions Functions (PDFs)

The structure functions FXUY(

» TMD Fragmentation Functions (FFs).
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can be written at high Q2 in terms of



Unpolarized structure functions

Unpolarized SIDIS A access to the number density TMD and to the Boer-Mulders TMD hyi

Quark Boer-Mulders function h{ couples to the
u L T Collins FF Hy: f ion of

unpolarized longitudinally transversely ollins Hl_' ragmenta‘flon ora

Nucleon polarized polarized transversely polarized quarks into hadron
q 2 .

U fi (x'ka) hy4(x, k2) The correlation between kr and sy

numbper . .
unpolarized densi Boer-Mulders generates neat quark transverse polarization

Up to order 1/Q (i.e. at twist-3) in Wandzura-Wilczek approximation *:

FUU,T = C'[f1D1]

Cahn effect Boer-Mulders term
e P~ V2
cos pp _ 2M (h-kr) (RBLKT 1 gyl
Fyy —jc[—Tf1D1—Wh1H1+'”

F,

COS 2¢p __ Cl- 2( -ky) (RPL) —kr Py photon
uu -

MM, thl] W

Boer-Mulders term €

nucleon

where C[wf D] is the convolution over the unobservable transverse momenta:

ClwfD] = xz eé fdz ET fdz ﬁJ_(SZ (ﬁT _ET —ﬁJ_)W(ET» ﬁl)fa(x, ET)Da(Z, p1)
¢ h="P, /P

* possible further contributions at high z from the Berger-Brodskymechanism
Brandenburg et al., Phys.Lett.B847 (1995) 413-418
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Unpolarized structure functions

Gaussian Ansatz A the TMD PDFs and FFs factorize as:

k2 Pi
(k%T ) MG, 2) = D e Pina
— D, (z,p1) = (Z)
) = 16 (k2 q) (03 nyq)
from which, assuming flavour independence, it follows that e.g.
PT
— h/q T
Fyur =x Tqedfy (D (2) = (Pz A P% distributions
/ cos @ __ 2zPr(kf) \
Fyy) cahn = o(P2) Fyur
2P, (13)(p2) 5 xh () HE(2)
A —— 2\(p2) + z2(k2)(P? — (p2))) 212 i -
UU | BM ZQMM, (P2)? ((p3){PF) (kz)(PF — (PF)) > % D, () A Azimuthal asymmetries
Feos 20n _ PR(FNPT) Xq xh 1(x)H{ (2)

= F
\ UUIBM ™ My (p2)’ Zqxfi()Dy(z) ~UUT J

Both sets of observables measured in COMPASS with an unpolarized proton target

after well known measurements on deuteron EPJC 73 (2013) 2531

PRD 97(2018) 032006
NPB 886 (2014) 1046
NPB 956 (2020) 115039
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The COMPASS experiment

COMPASS contribution to the understanding of the nucleon structure
« 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

COMPASS (COmmon Muon Proton Apparatus for Structure and Spectroscopy): =& -
e 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 p beam, with (un)polarized deuteron or proton target.
*  Hadron spectroscopy with hadron beams and nuclear targets

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

*  Deeply Virtual Compton Scattering (DVCS)

A multipurpose apparatus:
»  Two-stage spectrometer, about 330 detector planes !

. e .- . A o ’ﬂ”t(:‘ s\"/ kd o
*  pidentification, RICH, calorimetry son N il PN
Py Satigny S;Vermer = /G:;eneve

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

COMPASS prellmlnary

10°

In 2016 (and 2017) the data-taking was dedicated to the measurement of S F 2
Deeply Virtual Compton Scattering (DVCS). g, [0.1 <y <09, W>5GeV/c? g g
In parallel, new SIDIS data have been collected in COMPASS, with: ;, g A
e 160 GeV/c u beam (u* and p~ with balanced statistics)

- 200
» Unpolarized, 2.5 m long liquid hydrogen target o F

i 100
Part of the data has been analyzed A ~ 6.5 million hadrons E

] e | i e bl ()
- 107 107 1

Here: a selection of the results x

The x — Q2 coverage
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Event and hadron selection

Events and hadron selection — standard
Q% > 1(GeV/c)?
W >5GeV/c?

z>0.1
0.003 <x < 0.130 P; > 0.1 GeV/c
02<y<09
By < 60 mrad

Non-negligible fraction of the selected hadrons:

produced in the decay of diffractivglyoduced vector mesons

~ h
_un e V(Py) _
Y rq
o T
1 ““3“%
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Contribution from exclusive hadrons

Hadrons from the decay of exclusive diffractive vector mesons COMPASS preliminary

(exclusive hadronsyery interesting per se, constitute a relevant § 2500? Events with exactly 2 hadrons
source of background for the SIDIS measurement. = 20007 before/after missing energy cut
=] L
The two most important channels: p® - n*r~ and ¢ - KTK~ Z 1500? :
«  Well visible in the data at vanishing missing energy £ 000"
M2 — M?2 2
Emiss = Tp O 500
p C
05 I

OO

2

1.5
M,.. (GeVic?)

Impact on the azimuthal asymmetries measured on a deuteron target: COMPASS, Nucl.Phys.B56 (2020) 115039
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Contribution from exclusive hadrons

Hadrons from the decay of exclusive diffractive vector mesons ~ COMPASS preliminary
. - - . o 2500
(exclusive hadronsyery interesting per se, constitute a relevant > Events with exactly 2 hadrons
source of background for the SIDIS measurement. = 2000 before/after missing energy cut
=] L
The two most important channels: p® - n*r~ and ¢ - KTK~ Z 1500?
«  Well visible in the data at vanishing missing energy 2 1o00f
2 2 o] C
Emiss = W SOO? : :
« Strong modulations in the azimuthal angle e
« Contamination as high as 30% at high z
e HE pome N _ visible exclusive, p*
¥ 3 R i *Te i
5 S ““ * !
‘§: 0.5 o . - .
20 S 0 ___f___ih__'g__f__é!_jf__ﬂ_____ ............................. __.__t._'.._‘..! ................. _
. YR
s -0.5+ - s T
) 0.8_ C 1 1 1 o 1 1
10 (e 0.6
bé—) 6 - -
$
5 04 H *iﬁ* § - b
0.1 #owy § f 4
| | | | | | | 02 ﬁ ﬂ I I + }
0—3 —2 -1 0 1 2 3 0 O oo L mmm _?_ S t-.._
q)h (rad) iiiiil { { I { 1 1 !
. . 107 107 02 04 06 08 0.5 1
¢n — z correlation for exclusive hadrons x z P (GeVic)

Impact on the azimuthal asymmetries measured on a deuteron target: COMPASS, Nucl.Phys.B56 (2020) 115039
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Contribution from exclusive hadrons

Estimated exclusive hadrons contaminations in the data:
~80% is fully reconstructed

- The fully reconstructed exclusive events are discarded in the analysis

The partially reconstructed is estimated from Monte Carlo

g 0.3F excl. contamination, u*, h* | n
§ O visible component (RD)
% 0.2F ¢ non-visible component (MC) | R
g @®  total contamination
&
0. ]__ B ® B
g 9 ° se8
8 8 0 8 e
O —%-..2.2 . 9.9 o _ L. _. _ . .Q.!_?_g_q__?_ ...... r\_.._a.3.9.?.9_.9_%_}_.._9._.._
) ; \ 1 1 1 1 \\ 1 1
E 0.3F excl. contamination, u*,h~ L L n Maximum correction
§ O  visible component (RD) applled to the data: 5%
§ 0.2F ¢ non-visible component (MC) | R
g @®  total contamination
< °
0.1 B o / B
g 339, ng o o 83“339
Ob-—%-.¢.¢.¢c.0.2. 9 _ L _ _ 008500 % . _.. L. oov000 0. % 9
102 107! 02 04 06 08 0.5 1
x Z P, (GeVic)
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Contribution from exclusive hadrons

Estimated exclusive hadrons contaminations in the data:
~80% is fully reconstructed

- The fully reconstructed exclusive events are discarded in the analysis
- The partially reconstructed is estimated from Monte Carlo

4 0% (GeVic)
16.0 COMPASS preliminary
O K 020<z<030 = %
m /', 0.30<2<0.40 ;! ? ? * ? HE:E 3 : ! m¥¥¥ ! * ?
o i, 0.40<z<0.60 ~ 0_8_} _‘l"l'|P§ i
e /i, 0.60<z<0.80
0.6 -
301 5 ' ' P 05 1
= 3 2 2
ool R o P7 (GeV/e)
S~ e =% - — T
RISy e Y gy
0.8F é 8¢ $hd
“ﬁ’ %
0.6
1.0 0 05 10 03 10 03 1
P2 (GeV/c) P (GeV/c) P2 (GeV/c) N
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Transverse momentum distributions

Transverse-momentum distributions
« give relevant information on k and p;
« are interesting for the TMD evolution studies:
a lot of theoretical work to reproduce the experimental distributions over a large energy range

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

hadron

d?N"(x, Q%;z,P%) P
2 X €XP\ ~ b2y
dz dP? (P%)

2\ . .2 2 2 photon
(PT > = Z <kT> + (pl) W ..........................................
T
A QZ(GBVIC)Z L T
16.0 COMPASS preliminary nucleon
NE
@~ oDk N N
° h+ ;]0_1 .. .. ..
< ] *e ®
o N 10 e *e ®e
L] L] .
3 H . . . .
10 * - Normalization: first PZ bin.
3.0 ae 10 . . F . - o — L 1 - Different normalization for each bin and charge
S 1k. k. \' P2 (GeVic)? - Two different slopes for P; above / below 1 GeV/c
;m,l_ 5 . e, - Perturbative effects expected to contribute more there
© * B % - Likely not sufficient to explain the high- P trend
10~F . . 3 ¢ L ] F hd Y
10k * . [ ‘e s L . s e.g. Gonzales-Hernandez et al., Phys.Rev.38 (2018) 11, 114005
L]
Lot Ve
P2 (GeVic)? P? (GeVic)? P? (GeVic)? N
0.003 0.013 0.020 0.055 0.100
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Transverse momentum distributions

The error bars correspond to the statistical uncertainty only. o, ~ 0.3 05q¢

4 0%GeVic)? 4 0%(GeV/c)?
16.0 0.20 <z < 0.30 COMPASS preliminary 16.0 0.30<z<0.40 COMPASS preliminary
020<z<030% ! L\ N, 030<z<040% ! L\ N,
~I10" . L % Fe 0! % [ % [ ®e
o it . o (N o It L [} . LN
= 8, LI . = e . .
e i A * . ] ® . ] *e e I =107 *e e ‘e ] S
L ]
10° ¢ | . ‘e 10° ¢
3.0 10 ' L L F f L L F ]' i % 3.0 10 N . Ml 3 1 L L F ]. ) i 25
~e 1 P2 (GeVie)? T P (GeV/c)
g N d N, . N, 7
~I107F % * oo, ~I07F e, . .,
= * ®e s = ® . . .
< 107 *, . .. = 102 . *e *e
[ ] . [ . M * [ ] o ° L]
107 ° 8 . 107 *
L}
10 " i 3 3 T P = i 7 3 1of " 1 2 3 1 P ™ 1 ) 3
P2 (GeVic)? P7 (GeVic)? P (GeVic)? . P2 (GeVic)? P2 (GeVic)? P} (GeV/c)? ¥
0.003 0.013 0.020 0.055 0.100 0.003 0.013 0.020 0.055 0.100
4 Q%GeVic)? 4+ 0%GeV/ie)?
160 QGevIe) 0.40 <z < 0.60 compAss preliminary 16.0 GV 0.60<z<0.80  COMPASS preliminary
0.40 <2< 060 'K k,. ™, 0.60 <z <080 '{’Q.. K. N,
R h* \]0-1§_ ... L ... L ... . h+ <10 ..' [ .... i .'.'
= ‘e, . ®e = * . .
. i "310‘~§r e F b LS - <107k 3 8 | [
m”é— 107°F
3.0 107k ' , L E ' | L F ]|2 ﬁ 2% 3.0 10°F . . L F ' . b ;2 2| 2%
a1 Pz (GeVic o ! P; (GeVlic
% _ (] \.o \.0 ! ( ) % _ ( \.l \.o r ( )
~ 107 [ ] 3 [ 3 ] ~10" 8 $ 3 s 8 3 8 8
% [ ] . . [} . . [] o . % ] . . [] ® . L] .
- —2 [ ]
10 .. .., .. 10 . ' -
10° 107
10 " i 3 i T P 5’ T > 3 1of ' 1 2 5 ] 2 T T 2 3
P2 (GeVic)? P7 (GeVic)? P (GeVic)? . P2 (GeVie)? P? (GeVic)? P}? (GeVic)? .
0.003 0.013 0.020 0.055 0.100 0.003 0.013 0.020 0.055 0.100
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Fit of the PZ - distributions

P2 — distributions fitted with three different functions:
* asingle-exponential up to 1 GeV/c: f(x) = aexp (— %) = (PH)=p

2 2
« adouble-exponential upto 3GeV/c:  g(x) = Aexp (— %) + Bexp (— %) = (P2) = Aja:gz Very similar results

1

c1(c2-2)

« aTsallis-like power law up to 3 GeV/c: h(x) = ¢o(1 + ¢;x) ™% = (P2) =

4 0% (GeV/e)?
16.01 COMPASS preliminary

h*

020<z i
o 030<: =
m 040<z<0. ~.
O 0.60<z<0.80 =
— single-exponential fit S S
— double-exponential fit 10
Tsallis-like fit
3.0t .
P7 (GeVic)?
E Different z bins
% staggered
1.0 I I 3
P; (GeVlic)? P; (GeVic)? P; (GeV/c)? .
0.003 0.013 0.020 0.055 0.100
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Fit of the PZ - distributions

Leading Order expectation: (Pf) = z2(k?) + (p%)
Deviation from linearity: already there with the deuteron
multiplicities / distributions

4 0*GeV/c)?
16.01 COMPASS preliminary
. o 07F B
double-exponential fit —
o It = 0.6t - :
e h 2 # # h
D 0.5+ B L
) % . L
S04 -
. * -
03[ - -
Q. .
o2t - !
-~ O 1 1 1 1 1 I,.} 1 1
3 ot I I 0 02 04 0.?
) 2
— (0.6} = o
r
O 0.5+ . -
= ‘ % -
- [HO 4+ » B ‘e B %
~ »
~ 03[ o 5 L J 5 ™
~ b » The points are slightly
0.2F - - horizontally displaced
] 1 1 1 1 | | | 1 1 1 1 1
1.0 ¢ 0 02 04 06 0 02 04 06 0 02 04 06
z? z? z? \
0.003 0.013 0.020 0.055 0.100
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Fit of the PZ - distributions

s 0O

1 O}

(G

>

O3

Leading Order expectation: (Pf) = z2(k?) + (p%)

Deviation from linearity: already there with the deuteron

multiplicities / distributions

i \ ‘)
COMPASS preliminary
4 |
3 ' 1
2.d . b 4 » L
4 0°(GeVlic)*
16.0
e 0.6F -
e ©
| h"+h = % . (} ° 3
ol ® double-exponential 3 0.4k i ° . ©
~— @ fo) e © o)
Osingle-exponential - I e
» R ®o ®0 0
SO S 2
© o L
b ~ 020 Lo L
1 1 1 1 1 P. P | | I |
3.0 o oek 0 02 04 06
¢ " - o | z?
b -~
- 5 L ° [} 8 ° °
+ =~ 0.4_— . * o5 o . . © o
: r\,'-\[‘“ Y © o © ° ©
~ .OO CTe) e0
~ r a0 .O [ o)
02Fo ;,O -50
- - 1 1 1 1 PR B R T L IR T T T T T T T N )
1.0 0 02 04 0 02 06 0 02 04 06
| z? z? z? ¥
0.003 0.012 0.020 0.038 0.130
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Kinematic dependences

0*(GeV/c)*
16.0
%Jtlir
0.30 < z < 0.40 %'”:'
Investigation of kinematic dependences on Q?, W
« Distributions in 2W bins + ratio highoverlow Q2 301 ‘ e uhf‘@,sw_ﬁo
+ ratio high-overlow W i
- Distributions in 4Q? bins S r
1.0 I; 0 : SR RS : g ey
W (GeVic?) W (GeVich) W (GeVic?) .
N Q Z(GEV/C)Z 0.003 0.013 0.020 0.055 0.100 i
16.0 COMPASS preliminary
) ) R = dN/dP} (W>12GeV/c?)
Interesting observation: /dN/P7 (W<12GeV/c?) <ot
increase of (P%) with W 0.30 < z < 0.40 #i 1
° h+ g*
Phase-space effect - 1‘?“ """""""""""""""""
3.0 [ T2 3
o | P (GeV/c)?
| i
i . ﬂﬂ
haaed® P
1.0 S R W I
P} (GeV/c)? P; (GeV/c)* x
0.003 0.013 0.020 0.055 0.100
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Azimuthal asymmetries — 1D

Azimuthal asymmetries: defined as the following ratios

Fcos bn Fcos 2¢n Fsin bn
Acos én _ ‘uu Acos 2¢y __ ‘UU Asin én LU
uu - F uu - F LU - F
uu,T Uu,T uu,T
COMPASS preliminary
Steps in the measurement: 003 L B ;
= e h
1. Exclusive hadrons: | _..__..{.T.i_,._.._-._.._.._.._-._
- the visible component is discarded ;,* L ' ; ' satd : e, : sh
- the non-visible component is subtractedising —0.05- v | i, - 5 :
the HEPGEN Monte Carlo o
2. Acceptance correction o , T
3.  Fit of the amplitude of the modulation inthe . o1 . -
azimuthal angle of the hadrons :3
- as a function of x, z or Py (1D) " 005- ; % - H - ; ;
- with a simultaneous binning (3D) B 3t t _} ij} } j é !
e L R N
—0.05- - } -
« Strong kinematic dependences : : ' ' ' ' ' '
- Interesting differences between o O i i
positive and negative hadrons, as = 00d i |
observed in previous measurements by o } i % ﬁ E } 9[ ﬁ
COMPASS on deuteron and by HERMES 0____£___?_£_{_#_ " ________H S S | ‘ﬁ#‘“ e _#_ _
—0.05- - -
Ll L Lol | | | | | |
32 -1 <
10 107 02 04 06 08 05 ,. (Gev..-cﬁ

The error bars correspond to the statistical uncertainty only. oy ~ stq: (1D)
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Azimuthal asymmetries — 3D — A{s ¥

4 _ Theerror bars correspond to the statistical uncertainty only. o,s; ~ 0.5 g4 (3D)
) COMPASS preliminary
0851 - - . .
IRE R - : : 3D azimuthal asymmetries for
<o} * L L L .y .
{
T S 2. B sial g . positive and negative hadrons
0.2
0.707 .-
: 201 - : il -
I IO SRR SN IO S SSNURY JOUN INUUNE S S-SR AN ENVU G T
S TR S N R PR }
-01b L # . AN s I { ]
02t I ! | I Clear signal, strong dependence on Py;
0.551 o 0T - b F - - . .
E N T compatible with zero at high z.
= o---d g L. PO e .
T # O I T R % N In agreement with COMPASS deuteron results.
B 1]
0401 _. 43; i
e R T E T T T T AT Expectation from Cahn effect:
0.1 - F ) [] ﬁ ; : ; { ; ; {
-2+ L - - - } 2zP <k2>
0321 . of : : : : ACOS én T\"*'T
R T R b Uu|Cahn — 2
© 0 a F e b . iii!ﬂ ’i #ii F ﬂﬁ## | Q (PT>
—0+ L I i |
-0.2-
0257 . oif
B S N NS N S S — - _ _
4]? T ERE N e F R T} 1 8§ t Comparison with the 1D case:
1 | | | lowest z and highest P; bin not included in the average
02+ - - - -
0201 %{% 0F . F £ 00 o 5 I | COMPASS prellmmary
Y O-tee e —--—;.';r;".i"—‘"‘-‘.‘;-"_r'.i"—-'-—-;.--_r--;--——--—;-i{r-i--‘f"— < ok .
o | | i L Lo g B .
01 ¢ 0 ; AP TR 1';::"}‘
-0 L L L I I L L L L L 1 1 —0.05+ ' e @ * L $44 $ - ¥ L ] 4
0.10 10 w? 10t w107 1wl 107 wl 107 107 : v § ¢ § , $
X X X X X 1
P; (GeVic) R N R | ‘ .
1 1 1 L 1 Ly 102 107 02 04 06 08 0.5 1
0.10 030 0.50 0.64 1.00 173 x ¢ Pr GeVie)
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costh

Extraction of (k%) from A},

COMPASS preliminary

Extraction of (k2) o 005 o K
z = U0or ¢ B B
from the 1D — asymmetry S & o I
assuming only Cahn effect | g B IS -
& . $ * L X
at work P ety ATLE I BEoty
L . * . ¢ é ]
-0.05 . by - XX I L ', s
coSs ]
Q(PT )A bn s
(kT) - Bl ; L : i 1l i i
ef f 2zP T 1072 107! 0.2 0.4 0.6 0.8 0.5 1
X z P, (GeVic)
Power-law fit of (k2)(x)
COMPASS preliminary
B 10® ECOMPASS preliminary 5 F'JC I roton
g) E(),l<y<().‘). W >5GeV/c? | ; L e DI ! !
e | m h B L
S @UI 0.2_ {' _ _
10 £
g 3
0y
~
V - L
1 102 TS E ¢ : tég e } $d b 5 o .
R R e o B
Isitan x — or Q% — 02 04 06 08 0.5 I
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Azimuthal asymmetries — 1D — Q# dependence

. OIp full @ range r - COMPASS preliminary
% 8 r e 1‘14r
> [ e h”
= 0_"_}_"-_“'_"-_”'_"0_ _____ __.._.;_‘...._;.._...___._ ..... .i.._._....‘..?..‘-....--.- ..............
L P ° [} e , ° i e LA * .
[ ] °
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Binning in Q?

« Flavor-independent expectation from the

Cahn effect:
Acos bn — _ 2ZPT<k72")
UU|Cahn Q <P72~>

«  The AS3®" asymmetry is observed to
increase with Q2 unexpected!

» The difference between positive and negative
hadrons decreases with Q2.

» Almost no @2 dependence for A% *%"
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Extraction of (k2) from ASo>#"

Extraction of (kZ) assuming

(i), ., = -

> (GeVie)?

=
5]
T

only Cahn effect at work

Q(PT )Acosth

ZZPT

proton target
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full ¢ range
oLt

1.0 < OPN(GeV/ey < 1.7

(kZ) almost constant in x, strong Q2 dependence

1.7 < Q°l(GeV/e) < 3.0

3.0 < OPH(GeV/e) < 7.0

7.0 < OPAGeV/e) <16.0

{
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Azimuthal asymmetries — 3D — A4,

F

The error bars correspond to the statistical uncertainty only. o, ~

0.83 1 o . bt COMPASE preliminary
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3D azimuthal asymmetries for
positive and negative hadrons

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

The larger contribution from the h{-H;-convolution
— direct information on h{ may be extracted

Comparison with the 1D case:
lowest z and highest P bin not included in the average
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A rich program

P2-distributions
«  For positive and negative hadrons in binscpf? andz (4,2,4)
*  Fits with single exponential, double exponential disdllis
«  (P%)vs.z? as from the double exponential fit
»  Fitof (P?) vs.z? in bins of x, Q% andz
+  Distributions ing; andg?
«  Distributions in 2W bins + ratio highoverlow Q2 + ratio high-overlow W
+  Distributions in 4Q? bins
. . cos cos2 sin
Azimuthal asymmetries AUU"”' JAgy Pr and Ay Pn
+ 1D: standard binning irx, z or Py
* Also: lowz and highP; -- for completeness

+ 1D standard + 4 bins i9?: interesting evolution o’/ %"
+ 1D standard + 2 bins i and 2 bins i/

«  3D: standard binning (simultaneousanz and Pr)

* In addition to deuteron analysis: lewbin

- N . : Cos2¢pn 4 COS(Prn—PR) 4COSPR cosPpnn
New: Dihadron azimuthal asymmetries A, »Agy Ay and Ay
« 1D: standard binning i, z or Py
* Focus on BoeMulders related asymmetries
* Shown at Transversity 2022 and IWHSS 2022

30% 10° COMPASS preliminary

COMPASS preliminary

0.1 = h'h” a a
e h'h* [

h*h~

h*h* ' <‘Do.osf—

' o O_Jﬁaﬁ’;?‘}{*}hﬂifﬂ*}@ .;_3*.__4._*j__._é.?;f}*_ﬁ*_%}_._+ _________ _
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x z M,, (GeV/c?)
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Conclusions and Perspectives

« Transverse momentum distributions and azimuthal asymmetries:
“fundamental” observables to access the nucleon structure in unpolarized SIDIS

« COMPASS has produced new results for both of them, using a proton target
Here a selection of the main results and a “flash” of new 2h results

 Intriguing investigations of their properties:
rich kinematic dependences, h*h™~ differences, ...

Still a lot to be understood and/or addressed

» Difference between positive and negative hadrons in azimuthal asymmetries
— but same PZ-slopes
« Kinematic dependences (sometimes counterintuitivefor azimuthal asymmetries)
» Impact of phase-space limitations in the production of hadrons (for the Pr-distributions)
* Role of twist-3 contributions

« Impact of radiative corrections
may be relevant e.g. for the Q2 dependence of the azimuthal asymmetries

* Role of vector mesons inclusively produced in SIDIS
particularly for their contribution to the P2 - distributions at low Py
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Comparison with Pavia fit (PV-17)

Comparison with the predictions of the Pr-dependent SIDIS cross section as from PV-17 [a sacchettaet al., JHEP 06 (2017) 081]
PV-17: - SIDIS ep(D) - en*(K*)X (HERMES)

- SIDIS uD — uh*X (COMPASS)

- Drell-Yan (E228, E605)

- Z boson production (CDF, D0)
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Comparison with Pavia fit (PV-17) O Paviapredictions
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Comparison with Pavia fit (PV-17) O Paviapredictions
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Comparison with Pavia fit (PV-17)
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The 2016 COMPASS run

Events and hadron selection — standard

Q% > 1(GeV/c)?
W > 5GeV/c? )
/ z>0.1 Size of the hadron sample: ~
0.003 < x < 0.130 P; > 0.1 GeV/c 6.5 M hadrons
02<y<09
6, < 60 mrad _
COMPASS preliminary COMPASS preliminary COMPASS preliminary
3 ,
oy -
102 ! . 1 QZ(GE\}(}C‘)z
@ COMPASS preliminary COMPASS preliminary
Comparison with the LEPTO

Monte Carlo simulation.
Exclusive contribution
at high z in the data
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Contribution from exclusive hadrons

The exclusive events fully reconstructed in the data are
1) selected by cutting in missing energy E;,iss
2) used to normalized the HEPGEN Monte Carlo, needed to
take into account the non-reconstructed part
3) discarded
The exclusive events non-fully reconstructed are subtracted using
the normalized HEPGEN Monte Carlo

This procedure does not require the knowledge of the absolute
cross-section for the diffractive production, not well known
(~ 30% relative uncertainty)

o
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Invariant mass distribution in the data, before
and after cutting in missing energy
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The diffractive production of a vector meson V and its
decay into a hadron pair
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Contribution from exclusive hadrons

Estimated exclusive hadrons contaminations in the data:

~80% is fully reconstructed
COMPASS preliminary
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Extraction of (k2) from ASo>#"

Extraction of (k%) assuming COMPASS preliminary

only Cahn effect at work o broton
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qr distributions

* 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:

16.0

1.0

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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g4 distributions

* 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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AZIMUTHAL ASYMMETRIES_lD
Acceptance modulations

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

N}’:‘eC (d)TeC)

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
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Azimuthal asymmetries - 3D

0.85 93 i ”ﬁ+ ; - e 3D azimuthal asymmetries for
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Comparison with deuteron results

Exclusive hadrons discarded / subtracted

COMPASS preliminary
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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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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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P2 - DISTRIBUTIONS
Acceptance

N’IGC (P77:ec 2)

N’lgen(Pfen 2)

Cacc (P72") =

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 PTZ.
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P2 - DISTRIBUTIONS
Comparison with deuteron results
The new results are compared to published results on a deuteron target [COMPASS, PRD97(2018) 032006]

The old results have been renormalized over the first point and averaged over x and Q2 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 given in the plot on the right
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Exclusive p® Spin Density Matrix Elements
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Exclusive p® Spin Density Matrix Elements

UML fit of the observed pion distributions, correcting for the
apparatus acceptance, in three steps:

- SDME:s with no background correction
- SIDIS background fraction estimation and background SDMEs
- SDMEs with SIDIS background correction
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Exclusive p® Spin Density Matrix Elements
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