Transverse Momentum Effects in Unpolarized Semi-Inclusive DIS

at COMPASS

Vendula Benesova on behalf of the COMPASS collaboration
Faculty of Mathematics and Physics
Charles University, Prague, Czechia

03. 09. 2025

Joint 21st International Workshop on Hadron Structure and Spectroscopy and
6th workshop on the QCD Structure of the Nucleon
Centro Carlos Santamaria, San Sebastian, Spain

S5 51,

?‘519;

g5

PRIMUS

Vendula Benesova 1/14 03. 09. 2025, San Sebastian



COMPASS experiment at CERN

e COMPASS (COmmon Muon and Proton Apparatus for Structure and Spectroscopy)

is a fixed target experiment at CERN

@ 20 years of data measurement between 2002—2022 dedicated to spectroscopy and

nucleon structure

@ 2016-2017 setup: liquid hydrogen target, 160 GeV /c longitudinally polarized p*

beam
@ Deeply Virtual Compton Scattering (DVCS)
@ Hard Exclusive Meson Production (HEMP)
@ Semi-Inclusive Deeply Inelastic Scattering (SIDIS)
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Unpolarised SIDIS

[ 2(1)+N(P) = £/(I")+h(Py)+X ]

@ Hadron Pr originates from quark Akt and fragmentation — TMDs:
TMD-PDFs f9(x, kr,Q?) and TMD-FFs D7"(z, P, Q?%)

@ Pr and azimuthal angle ¢y, are defined in y*-nucleon system (GNS):

N(P)

\

2
T = Q
2P - q
QP ==0=0)F
4P
Y=%p
W2 = (¢ +P)?
P.P,
y=
P.q

Vendula Benesova 3/ 14

03. 09. 2025, San Sebastian



Unpolarized SIDIS — structure functions

@ Unpolarized SIDIS cross-section: [A. Bacchetta et al., JHEP0702(2007)]

do 2na?  y? 2

; [
dzdydzdgndP2  zyQ? 2(1 — 5)( + 2m) uu,T t+ELuu,Lt

V2e(1+ ) FS5 " cos d, + eFE2 2% cos 26 + A/2e(1 + &) i ¥ sin ¢y,

@ Structure functions F{gﬁh)(x, z, P2 %) interpretation — weighted convolutions:

ClwfD] =z e / d?kpd? Py 6@ (zky + Py — Pr)w(ky, PL) [ (z, kr, Q%) D" (2, P, Q%)
q
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https://arxiv.org/abs/hep-ph/0611265

Unpolarized SIDIS — structure functions

@ Structure functions F){gm‘)(x, z, P, Q%) interpretation — weighted convolutions:
ClwfD] =z e? /koTd2PL6(2)(sz + P, — Pp)w(kr, PL)f(x, kr, Q*) D" (2, P, Q%)

q
@ Leading twist description of unpolarized SIDIS:

TMD-PDFs [9(x, kr, QQ): TMD-FF's Dqﬁh(z7 Py, QQ):
unpolarized f; unpolarized D
Boer-Mulders hi- Collins Hi-
_ . _ sin ¢y, __
Fyu,r = €[ f1D1] FyyuL =0 FLU =0+ ...
cos 2 i:'/ -k il - P — (k- P. ~ P
FEo20n — g (h-kr)(h-P,)— (kT J_)hlLHlL o Pr
zM My, | Pr|
o Up to order %:
cos ¢y __ 2M (i:" ) kT) k%(ﬁ ) PJ—) Loyl W.W. type
FUU b= 6% _Tlel+Whl Hl +e — approximation
_— —
Cahn effect Boer-Mulders effect
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Unpolarised SIDIS — azimuthal asymmetries

@ Unpolarised SIDIS

xX-section:

do

dzdydzd¢nd P2

=oo(1 + slA{?ISJ% cos ¢y, + 52A%)[S]2¢h cos 20y, + Ae3A

£ sin )

@ Azimuthal asymmetries A;;(gh) from a fit to the measured ¢y, distributions

@ Asymmetries are directly connected to the structure functions:

f(én) 2 M2 F)é((bh) f(én)
A (2,2, PE, Q%) = FSU F = €lwf D]

%

_>

—

A9+ Cahn effect €[wf,D1], w < 0
A%O[SJ2¢h: Boer-Mulders effect €' [whi Hi"]

Aii{}‘bh : higher-order effects

Vendula Benesova

5/ 14

03. 09. 2025, San Sebastian



Unpolarised SIDIS — P#-distributions

@ Unpolarized SIDIS x-section integrated over ¢y, (Gaussian model for transverse part of Fyy):

do 21202 [1+ (1 —y)?] 22
= F - ’
dedQ2d=dP? ~ zyQ? Y2 v Zq eXp( <P%>q>

@ (P3) can be separated into contributions from fragmentation (P?) and from intrinsic
transverse momentum of quark (k2.)

(P) = 2%(kT) + (P}) .
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Data sample, kinematic range and binning

. . o 107 A ) e
o Kinematical coverage: s ERE I s A
3 300° O H[ 6,.<006rad
< < e
02<y<0.9 0.003 < =z < 0.130 10
L
Q%r>1 GeVz/cr‘) 0 < 60 mrad
02<2<085 W >5GeV/c? 1 .
0
0.1 GeV/c < Pr < 1.0 GeV/c
© Binnings: LTI Y
1(6n), 3
for Ay ) =t
o 1D z, 2, Pr for Py-distributions: | ¥ = ya—— -/
) ) — DO
e 2. P2 o=
° 2DCC:Q2 o 4DZ.IE.Q ‘PT —::EE*?EE;
A 3D PT - R 104 103 . 10-2 10-! 100
2 [JHEP 10 (2022) 127]
4D z:x: P
Q°: Pr |
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https://arxiv.org/abs/2206.07598

Key corrections in the analysis: Treatment of background from DVMs

@ Background process: HEMP
@ only non-negligible contributors: p — mtm~ and ¢ — KK~
o Diffractive vector mesons (DVM) inherit polarisation from y*

— large amplitudes of azimuthal modulations for decay products

$'= |[ COMPASS preliminary | pp - wh h X Fovdae
< My € (0.5, 1.1) GeVic® o : ?EPGEN i
05F Mxk>1.04GeVic? L gm&hbh pom Heifizll’GEN o /\
e A Y W small t
i<
g [
2 10000+~
S [
5000+
o ‘ :
0 0.5 1
<t
[NPB 956 (2020) 115039]

Vendula Benesova 8 /14 03. 09. 2025, San Sebastian



Key corrections in the analysis: Treatment of background from DVMs

@ Background process: HEMP
@ only non-negligible contributors: p — mtm~ and ¢ — KK~
o Diffractive vector mesons (DVM) inherit polarisation from y*

— large amplitudes of azimuthal modulations for decay products

e In case of hadrons from DVMs:
e visible hadron pairs

@ both hadrons reconstructed
e rejected using:

[ 2zt = 2+ + 2p- < 0.95 ] [
5000
e invisible hadrons
o 1 hadron reconstructed % 05 1
o subtracted from ¢y, distributions using HEPGEN MC “

[NPB 956 (2020) 115039]
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Key corrections in the analysis: Radiative correction

@ Cross-section is defined at tree level — radiative corrections account for QED radiative effects

(RE):
70 ey ) )

— renormalisation of the vertices

— radiation of photons along the pu, y' and

«  h(B h(P,
virtual photon v " 2
— corresponding changes in z, Q2 and
orientation of GNS X X
N(P) N(P)

e impact of RE in hadronic variables (such as ¢y,) not accessible analytically
— simulations - DJANGOH generator
modified LEPTO generator with hadronisation in JETSET and SOPHIA

[K. Charchuta et al.,, DJANGOH]
_ N ()

o applied by multiplying ¢y, distributions 1(én)
bin-by-bin by fraction
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https://inspirehep.net/literature/372027

Key corrections in the analysis: Radiative correction

@ Cross-section is defined at tree level — radiative corrections account for QED radiative effects

(RE):
70 ey ) )

— renormalisation of the vertices

— radiation of photons along the pu, y' and

«  h(B h(P,
virtual photon v " 2
— corresponding changes in z, Q2 and
orientation of GNS X X
N(P) N(P)

e impact of RE in hadronic variables (such as ¢y,) not accessible analytically
— simulations - DJANGOH generator
modified LEPTO generator with hadronisation in JETSET and SOPHIA

[K. Charchuta et al.,, DJANGOH]
NRE—off ( P2)
o applied by multiplying P2 distributions n(P2) = %
bin-by-bin by fraction Ny (Pr)
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https://inspirehep.net/literature/372027

Results for Pi-distributions

e Normalisation to the first P% bin

e Background from DVMs excluded
@ Ongoing work on:

e applying RC

e extending the data sample

o refining the binning in 2 and Q2
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Results for Pi-distributions

e Normalisation to the first P% bin

e Background from DVMs excluded
@ Ongoing work on:

e applying RC

e extending the data sample

o refining the binning in 2 and Q2
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Results for Pi-distributions

o Norm

@ Back;
e Ongo

@ 3

(]3%> rising
with 22 J

Up to 3 GeV?/c?

0(Gevic)?

2
T

oP.

CP? 0(Gevic)?

2
o(P%) = ZA@- exp| ——
i=1

Pi

a;

A2
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H
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Results for Pi-distributions

A2

e Norm Up to 3 GeV?/c?: double exponential fit
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Effect of RC on P} distributions

o Slopes of 1 of charged hadrons in z : Q2 : z dependence
— largest correction (slope) in:

[ 2 €0.2,0.3], z € [0.055,0.1], Q? € [3,16] GeV?/c? ]

0.003 0.013 0.02 0.055 0.1

rle

[COMPASS | } 7777777777777777777777777777777777777777 {
preliminary ¢

[DJANGOH MC [ } { L { }
slopes of 77 & ¢

Q@ [(GeViey]

—0.02]

1

p, [(GeVie)?]

=0.04f

'gif """ 'f&{ ””””” i} z

(=}

[(GeVie)?]

(
&
S

1

—0.04

02 04 06 02 04 06 02 04 06
z z z
@ More about RC for P2 distributions [[WHSS-CPHI 2024]
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https://indico.cern.ch/event/1358446/contributions/6148801/

Effect of RC on P} distributions

o Slopes of 1 of charged hadrons in z : Q2 : z dependence
— largest correction (slope) in:

[ 2 €[0.2,0.3], 2 € [0.055,0.1], Q2 € [3,16] GeV?/c? ]
e Assume exponential shape of the P% distributions before the correction:
P2 P2
f(P%) = Aexp (—T> —  fo(PE) = A(1 + p1 P%) exp (—T>
g (P2) T * (Pf)
1
-1 L -f
107 ¢ -, o small effect
102 ¢
167 3 e size compatible with the statistical error
1074 7 — RC cannot be neglected
10—5 ;7 L L L L 1 n n n n 1 n n n n
0 1 2 3
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Results for Af on)
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° & 0.05F up—uwhX Foh*
0';;:. ”””” DR LI "S;:é’.”.”””. ”””” P
-0.05} "t et} e .
<
§<Bo.05-§ . .
* ¢ ¢ LI X
0,,*,,,3,,,! ,,,,,, ,’,,j,,,*,, .n.j,’,,,ﬁ ,,,,,,,,,, +,,ij:ﬂ!},,,,,,,,§ ,,,,,, 4.
s ® : 3 Lo @ @Qg@ . ¥
-0.05F a
s 0.1< P/ (GeV/c) < 1.00 0.1< P,/ (GeV/c) < 1.00 02<2< 085
'EQ:AO.Os_ 0.2<z<0.85 L *
L
0,,,,,,ii,,,i,,;,,é,,,é,,}f, FTTLI LIS S ,i,igiii,*,,*, ,,,,,, :
-0.05F a

Vendula Benesova

05

1
Py (GeVic)

03. 09. 2025, San Sebastian



Results for Af on)

b COMPASS preliminary | 2016 proton data oh ‘
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Results for Af on)

b COMPASS preliminary | 2016 proton data oh ‘
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Results for Af on)

b COMPASS preliminary | 2016 proton data oh ‘
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Results for Af on)
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Proton-deuteron comparison

HE COMPASS preliminary fuN—@'hX « proton o deuteron
< 0
oot Mhpg gty | ’“'”’i;

e Comparison of COMPASS 0.1t — ! ! t
unpolarised asymmetries i, j [ oprlon odeuteron
on deuteron [NPB 956 (2020) 115039] T L T
and 2016 results on proton b i % i :

1072 10702 04 06 0802 04 06 08
¥ z Py (GeV/e)

o Insight into flavour dependence %2 0.1[COMPASS prefiminary fuN —w'hX F+proton o deuteron

e No radiative corrections applied 0'0(5;%1 AR 7&@@“% % I 7§ i?fm jd

— large difference at high z e
) o ég 0.1F £ % Le proton odeuteron
— TMD-FF's of up and down quark? W . }qém i l% g
0 1 T
—0.05 E L
1072 10702 04 06 0802 04 06 08
x z Py (GeVic)
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https://www.sciencedirect.com/science/article/pii/S0550321314002387?via%3Dihub

Summary of the results and conclusions

2016 unpolarised SIDIS on proton target

o Results of azimuthal asymmetries
for h*
ongoing work on multi-D

_>
— publication coming soon

o Results of P% distributions for h*
— ongoing work on expanding the data
sample
— ongoing work on refining the
z: Q% : x : P2 binning
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Summary of the results and conclusions

2016 unpolarised SIDIS on proton target

o Results of azimuthal asymmetries
for h*

ongoing work on multi-D

publication coming soon

IwHss 2

_>
_>

o Results of P% distributions for h*
— ongoing work on expanding the data
sample
— ongoing work on refining the
z: Q% : x : P2 binning
o Significant influence of the treatment
of backgrounds from exclusive events

and radiative corrections
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Summary of the results and conclusions

2016 unpolarised SIDIS on proton target

o Results of azimuthal asymmetries
for h*
ongoing work on multi-D

_>
— publication coming soon

o Results of P% distributions for h*
— ongoing work on expanding the data
sample
— ongoing work on refining the
z: Q% : x : P2 binning Thank you
) for your attention! J
o Significant influence of the treatment
of backgrounds from exclusive events
and radiative corrections
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Backup
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Visible hadron pairs: looking for hadrons from DVMs

@ p and ¢ mesons are visible in invariant mass distributions of the visible hadron pairs:

p =t Mg+k- € [1.04,00] GeV/c?

and Mii - € [0.5,1.1] GeV/c? =SS S S R e

S F COMPASS preliminary wp— ' h*h™X S [ COMPASS preliminary pLp—p'h*h™X
% f —no z cut z>0.95 % | —no z cut 7>0.95
» 20000 &) r
2 r —~ 10000
S r S L
£ 15000F <
§ 10000 8 so00l
50001 I /
ok ‘ ol A ////////////////////,,,.
0 0.5 1 15 2 1 15 2
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Subtraction of invisible hadrons from DVM decays

@ Normalization of HEPGEN p and HEPGEN ¢ is estimated using F,iss distributions of
visible hadron pairs

M2_M2
Emiss:% M)z(:(p+q_Ph+_Ph*)2
p

% : COMPASS preliminary, p p — p'h*h™ % [ COMPASS preliminary, i p — w'h*h™ X
5—2 | My < 1.04 GeV/c2 g 4000 M., € (0.5, 1.1) GeV/c®, Mgk > 1.04 GeV/c?
= | —data --- HEPGEN ¢ — LEPTO = F data - -- HEPGEN p — LEPTO
2 200+ = -
£ i £3000 - .
= = r
o I o -
5] L Q .
L 2000 —
100 - [
L 1000
07),,‘_ ittt T T oL AR
-10 0 10 20 30 40 -10 0 10 20 30 40
E . (GeV) E . (GeV)
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Effect of DVM cut and subtraction in 1D

e Background of hadrons from DVM decays has significant impact on the results

e High z, low x and low Pr regions are affected the most

negative hadrons

sin ¢
U
=}
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RC for PZ distributions
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Effect of RC on measured azimuthal asymmetries in 1D binning

@ The effect on azimuthal asymmetries grows with P, z and goes down with z
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Comparison of different fitting functions

single-exponential double-exponential

Tsallis-like distribution
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Comparison of different fitting functions

single-exponential double-exponential Tsallis-like distribution
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