Transverse-momentum dependent effects in semi-inclusive DIS at

COMPASS

Vendula Benesova
vendula.benesova@cern.ch
Faculty of Mathematics and Physics
Charles University, Prague, Czechia
11. 09. 2026
CZ+SK HEP Workshop 2026
Academy of Science, Prague

FACULTY

OF MATHEMATICS
AND PHYSICS
Charles University

Vendula Benesova 1/17 11. 09. 2026, Prague


vendula.benesova@cern.ch

COMPASS experiment at CERN

o Experiment at CERN SPS North DA
Area at the M2 beamline \

ALICE o North Area LHCh

HiRadMat

ISOLDE
L]

= mREX/HIE
—— East Area |
T CLEAR
]

n_TOF

A}

COMPASS
[cern.ch] target

el ~600m——— bl ~330m—ple—]

~100 m ~100 m

Vendula Benesova 2 /17 11. 09. 2026, Prague


[cern.ch]

COMPASS experiment at CERN

o Experiment at CERN SPS North AN
Area at the M2 beamline \

oy A North Area| LHCh

e Data taking 2002-2022 N =
e Wide physics program: N
e (3D) Structure of the nucleon

e Hadron spectroscopy
o Primakoff reactions "o

ISOLDE
(]

= ﬂ REX/HIE
TR

———{ East Area |
CLEAR
—7—

COMPASS
[cern.ch] target

< »le N600m4>|+N330m—>|4—>|

~100 m ~100 m

Vendula Benesova 2 /17 11. 09. 2026, Prague


[cern.ch]

COMPASS experiment at CERN

o Experiment at CERN SPS North AN
Area at the M2 beamline \

oy A North Area| LHCh

e Data taking 2002-2022 N =
e Wide physics program:
e (3D) Structure of the nucleon

e Hadron spectroscopy
o Primakoff reactions "

HiRadMat
Em

ISOLDE
(]

= ﬁ REX/HIE
TR

—— 1 East Avea |

e Possibility to select: — T

e polarised muon beams
e hadron beams

COMPASS
[cern.ch] target

el ~600m——— bl ~330m—ple—]

~100 m ~100 m

Vendula Benesova 2 /17 11. 09. 2026, Prague


[cern.ch]

COMPASS experiment at CERN

o Experiment at CERN SPS North
Area at the M2 beamline
Data taking 2002-2022
Wide physics program:
e (3D) Structure of the nucleon

e Hadron spectroscopy
o Primakoff reactions "sa

ALICE TN A LHCb
1

ISOLDE
L]

= mREX/HIE
— East Area |

T CLEAR
En

Possibility to select:

e polarised muon beams
o hadron beams

Interchangeable target:
o Polarised targets (°LiD, NHj3)
o Unpolarised targets (liquid H)
o Other nuclear targets (Al, W)

—3

B

otz

ECALZ HEAL2

2016/17 setup with unpolarised liquid hydrogen target

Vendula Benesova 2 /17 11. 09. 2026, Prague


[cern.ch]

COMPASS experiment at CERN

o Experiment at CERN SPS North
Area at the M2 beamline
Data taking 2002-2022
Wide physics program:
e (3D) Structure of the nucleon

e Hadron spectroscopy
o Primakoff reactions "an

ALICE TN A LHCb

HiRadMat
Emm

ISOLDE
L]

= mREX/HIE
— East Area |

T CLEAR
En

Possibility to select:

e polarised muon beams
o hadron beams

uwm owee oy

g&\ 11 ﬂ ww

otz

Interchangeable target:

o Polarised targets (°LiD, NHj3)
o Unpolarised targets (liquid H)
o Other nuclear targets (Al, W)

] SUCCGSSOI“: AMBER expel“iment 2016/17 setup with unpolarised liquid hydrogen target

Vs

ECALZ HEAL2

e D x-section, p radius, Drell-Yan
Vendula Benesova 2 /17 11. 09. 2026, Prague


[cern.ch]

Semi-inclusive DIS

[ L(1)4+N(P) — /(') +h(Py)+X ]

JLABI2

@ Hadron Pr originates from quark kr and fragmentation — TMDs:
TMD-PDFs f9(z, kr, Q%) and TMD-FFs D97 (2, Py, Q?)

@ Pr and azimuthal angle ¢y, are defined in y*-nucleon system (GNS):
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Semi-inclusive DIS: x-section
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Interpreting SIDIS through factorisation
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Interpreting SIDIS through factorisation
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First results of COMPASS and HERMES TSAs
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SIDIS off transversely polarised proton from 2010
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SIDIS off transversely polarised deuteron from 2022 data
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https://wwwcompass.cern.ch/compass/publications/papers/cern-ep_2023-308/cern-ep_2023-308.pdf

SIDIS off transversely polarised deuteron from 2022 data
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— very small effect due to the cancellation

of contributions from u and d quarks
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SIDIS off transversely polarised deuteron from 2022 data
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SIDIS off transversely polarised deuteron from 2022 data
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SIDIS off transversely polarised proton vs. deuteron: other TSAs
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Semi-inclusive DIS: x-section
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SIDIS off unpolarised proton from 2016 data (preliminary results)
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SIDIS off unpolarised proton from 2016 data (preliminary results)
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SIDIS off unpolarised proton from 2016 data (preliminary results)
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SIDIS off unpolarised proton from 2016 data (preliminary results)
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SIDIS off unpolarised proton vs. deuteron h™

e Preliminary results on proton (2016) vs. on isoscalar target (2004) npB201407 019)
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SIDIS off unpolarised proton vs. deuteron h™

e Preliminary results on proton (2016) vs. on isoscalar target (2004) npB201407 019)
@ Both not corrected on radiative effects
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SIDIS off unpolarised proton vs. deuteron h~

e Preliminary results on proton (2016) vs. on isoscalar target (2004) npB201407 019)
@ Both not corrected on radiative effects
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Semi-inclusive DIS: x-section

do o? y2 ’yz .
= 14+ — | (F + eF , integrated
dedydzdégdendP2 | oy@2 2(1 — ¢) 2z ) (FouT FeFuun) | én, ds Integ

2e(1 + &) cos i, ATy P 4 € cos 2¢y, Apry b )
unpolarised

+ Xy/2e(1 — g) sin ¢y, A:S “h

y . . sin ¢ . sin 2¢y

SL 2e(1 + €)singp A 1 Ph + £ sin 2¢y A5 1 . .
[ Lo ' U::)s » } longitudinal
+ Sp,A [\/17:~ ApLL + 4/2e(1 + €) cos ¢y, Af h]

I:blll(d)h—d)S)( *”‘<d’ln*‘“s)+ Abm(oh ¢’s))

+ esin(éy + ¢s )A“n(d)h+os) +esin(3dn — ¢s) Ay

4 2o 1 ey sin b ATRES 4 /B 7 0 sin(2gy — ) AR

sin(3¢y —ég)

transverse
STA[W = <% cos(én — ¢s)Apy PO
2e(1 — ) cos s Aoe S 4+ 1/2e(1 — &) cos(2¢y, — ¢5) A wb(zd)h (ps)}}
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Unpolarised SIDIS — P#-distributions and PZ-multiplicities

@ Unpolarised SIDIS x-section integrated over ¢y,:

do _ 2m2 2 [1 +(1- y)z]
dzdQ?dzd P32  zyQ? 2 € f1(x,kr)D1(z, P1)]

Fyu=Fuyu,t+eFuu,L

@ Normalised to the DIS cross-section — multiplicities — much cleaner observable

h DIS 1 Nh:l: 2, p2
Mhi(xaQ27Z,P%) = dlo o do — 5 (‘T?Q s 2y T)
dzdQ?dzdP}/ dzd@Q? AP;Az NPB(z,Q?)

— Mesasured by counting numbers of hadrons N b* and number of DIS events NP1
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PZ-multiplicities on deuteron from 2006 data

1] QGeVIe? NW
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, 0.4< <06 107 .. ..
| T e inclusive correction on radiative effects
b 16 0.6< 2 <0.8
s . @ cross-section based correction on
16 1 .
Ii i . SoNNON background from exclusive processes
' 1 G, "
L N T e e ey e e Ongoing work on refinement of the
o003 | Lot |l osEEt s ey 123 . . . .
it \\\\ radiative correction and correction on
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\ \ \ \ \ 123
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[COMPASS PRD97(2018)032006]
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PZ-multiplicities on proton from 2016 data (preliminary results)
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PZ-multiplicities on proton from 2016 data (preliminary results)
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Summary and conclusions

e SIDIS is an important tool for probing the structure of nucleons (full 3D structure
described by 8 TMD-PDF's)

e TMD-PDFs are obtained from global fits

o data from scattering experiments like COMPASS are inputs for such global fits:

o transverse spin asymmetries (TSAs):
e Unique measurment of Collins, Sivers effect on proton and deuteron
o New preliminary results for higher twist TSAs and K° Collins and Sivers
o Ongoing work on PID

e unpolarised azimuthal asymmetries:

o Access to Boer-Mulders effect
e New preliminary multi-D results on proton from 2016 data

o Pi-dependent multiplicities:

o New preliminary results from 2016 proton data
o Ongoing work on refinement of results on deuteron from 2004 data
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Summary and conclusions

o SIDIS is an imnartant toal for nrohine the strietnire of nuicleons (full 3D structure

descri
o TMD.

o data f

t:
° Thank you for your attention!

fits:

e New preliminary multi-D results on proton from 2016 data
o Pi-dependent multiplicities:

o New preliminary results from 2016 proton data
e Ongoing work on refinement of results on deuteron from 2004 data
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Backup
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Dihadron SIDIS asymmetries

e Convolution over kT integrated out of the cross-section
— Direct access to collinear transversity h{(x)

do a? y? 9
= 1-— Z a D , M2 . cos0
dcos 0 dMpy dég dz de dy dés 27rQ2y{( vt 2)%:eqf1 @) M

dihadron unpolarised FF

+S1(1—v) Zeg %ﬂ sin @ sin ¢rg X hi(z) Hffq(z,Mgh,COSO)}.
hh R ——
a

interference FF

=00 [1+ STDNN AT sin 0 sin s drs = or — 05
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Dihadron SIDIS asymmetries

e Convolution over kT integrated out of the cross-section
— Direct access to collinear transversity h{(x)

do

d cos @ dMy, dor dz dz dy dos

= 0o [1 + STDNNA?}nTgbRS sin 6 sin ¢)RS:|

T 0.05 { F
=
e 0 3 .‘:if 33 5 I
H R I
< -0.05 1
0.1 }\ b
L —
T o005t »
! e
f2 TR, L s ——
102 04 06 08 05 1 15 2
x z M, [GeV/c?]

Vendula Benesova

[COMPASS PLB713(2012)10]

19 / 17

$RS = PR — ¥s

11. 09. 2026, Prague


https://arxiv.org/abs/1202.6150

Dihadron SIDIS asymmetries

e Convolution over kT integrated out of the cross-section

— Direct access to collinear transversity h{(x)

do i
=00 |1+ STDNNASIORS gip g5 — bn —
dcos 0 dMyy, dr dz dz dy dos o) [ + STDNNAGT T sin fsin ¢RS] ®RS = PR — ¥s

« COMPASS 2022 °LiD data h*h
_ 005 mAP mmuAM WP, [
S
g
0 “LQEPHJ-
55 S
=
-0.05
e
L I I L
02 04 06 08
X z
[COMPASS paper accepted to PRL]
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Dihadron SIDIS asymmetries

e Convolution over kt integrated out of the cross-section

— Direct access to collinear transversity h{(x)

do .
=00 |1 4+ STDNNASR RS gin g si = ¢r —
dcos 0 dMyy, dom dz dz dy dds o0 [ + STDNNAyp T sinfsin ¢RS] $rS = ¢R — ¢35
E:
0.2 xhl;“ e dihadron %
E o Collins i} @
0.1 t’
- $
0__""“" éz}ﬁ%# ‘} """""
-0.1F + ‘} %
Eoa
-0.2F xh ;A dihadron
o A Collins
bl L L L l L P
10_2 10_] X [COMPASS paper accepted to PRL]
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Unpolarized SIDIS — structure functions

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

2 2 2

do 2ma Yy y
= 1+ )R F
TodydzdgndPE —ay@2 20 —o) L T 25 [Four +eFount

2e(1 + €) F53 ™™ cos ¢ + eF55 ™ cos 20 + A/2e(1 + €) Fy g " sin ¢,

] Pr% distributions at twist 2: Fyy = FUU,T + EFUUJJ ~ FUU,T

do 21202 [1+ (1 —y)?]

= Fq
dzdQ?dzdP;  zyQ? y2 vu

@ Structure functions F{Sﬁh)(m, z, P, Q%) interpretation — weighted convolutions:

ClwfD =z e; / d?kd® PL6®) (zkr + Py — Pr)w(ke, PL) f%(z, kr, Q*) D77 (2, P, Q%)
q
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Unpolarized SIDIS — structure functions

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

do 2ma? o 2

; [
dzdydzdgndP?  zyQ?2(1 —¢) 1+ Zm) uu,T t+Efuu,Lt

26(1 4 ) FS3 P cos gy + eF5s 2 cos 20 + Av/2e(1 + ) Foy ** sin gbh}

] P% distributions at twist 2: Fyy = FUU,T + 5FUU,L ~ FUU,T

do 2m2a? [1+ (1 —y)?] P2
= F - L
dedQ2d=dP? ~ zyQ? Y2 v Zq eXp( <P%>q>

@ Structure functions Ff;gﬁh)(x, z, P, Q?) interpretation — weighted convolutions:

GlwfD] =z e /koTd2PJ_5(2)(ZkT + Py — Pr)w(kr, PL)f(x, kr, Q%) DI 7" (2, PL, Q%)
q
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Unpolarized SIDIS — structure functions
@ Structure functions F){gm‘)(m, z, P, Q%) interpretation — weighted convolutions:
ClwfD] =z el / d?krd? P63 (zky + PL — Pr)w(kr, PL)f(x, kr, Q%) DI 7" (2, PL, Q%)

q
@ Leading twist description of unpolarized SIDIS:

TMD-FFs D97 (2, P, Q?%):
unpolarized D
Collins Hi-

TMD-PDFs [%(z. kr, Q%):
unpolarized f;
Boer-Mulders hi-

Fuu,r = €[f1D1] FyuL =0 FE‘S =04
2(h-kr)(h-PL)— (kr- P . P
FEo20n — g (h-kr)(h-Py)— (kT J_)hlLHlJ_ e jo Fr
MM, | Pr|
o Up to order é:
2M (h-kr) k2(h-Py)
cos ¢, T T Loyl W.W. t
Fou ™ = 6% _Tlel + Whl Hi™ ... = approxii/npaetion
Cahn effect Boer-Mulders effect
20 / 17 11. 09. 2026, Prague
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Background treatment

@ Background process: HEMP
@ only non-negligible contributors: p — tt7t~ and ¢ — KTK~
@ Exclusive vector mesons (EVM) inherit polarization from y*

— large amplitudes of azimuthal modulations for decay products
@ In case of hadrons from DVMs:

@ visible hadron pairs

e both hadrons reconstructed
o rejected using 'DVM cut’:

counts

10000

2t = Zp+ +2n- <0.95 ]

5000/
@ invisible hadrons [
e 1 hadron reconstructed

e subtracted from ¢y distributions using HEPGEN % 05 1
MC = DVM subtraction

2t
[NPB 956 (2020) 115039]
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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 M+ €[0.5,1.1] GeV/c?

¢

— KYK™ : Mgk € [0,1.04] GeV/c?

S - COMPASS preliminary pp—p'h*h™X )
2 [ —no z cut 72z>0.95 2
& 20000F &
(o r —
< L <
£ 15000} =
g 10000 - 3
5000} (\/
- 7 A

0 0.5 1 1.5 2

M. (GeV/c?)
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Subtraction of invisible hadrons from DVM decays

@ Normalization of HEPGEN p and HEPGEN ¢ is estimated using Fyiss distributions of
visible hadron pairs

M2 — M2

Emiss = M. E
p

Mg =(p+q— Py —B-)°

counts / 0.5 GeV

[ COMPASS preliminary, pp — p’h* h™ z
| Mgy < 1.04 GeV/e2 ©
| —data  ---HEPGEN ¢ — LEPTO b
200 P
- =]
=
= [=}
Q
100 —
0 7* ,L i wti I SR BT S SO R )
-10 0 10 20 30 40
E i (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

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

negative hadrons
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positive hadrons

results
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Azimuthal asymmetries of visible hadron pairs in data and HEPGEN

@ HEPGEN nicely describes modulations in measured data thanks to SDMEs being plugged in
[EPJC (2023) 83 924]
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Radiative corrections

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

(RE):
0 ey ) o)
— renormalisation of the vertices
— radiation of photons along the p, u' and o () h(P,)
virtual photon
— corresponding changes in z, Q2 and
orientation of GNS N(P) XN( P) X

e impact of RE in hadronic variables (such as ¢y,) accessed only through simulations
e DJANGOH: modified LEPTO generator with hadronization in JETSET and

SOPHIA [K. Charchula et al., DJANGOH]
. _ NP
e applied by multiplying ¢y distributions n(on) = NRE-on(g, )
. . . h h
bin-by-bin by fraction n
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Radiative corrections

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

(RE):
0 ey ) o)
— renormalisation of the vertices
— radiation of photons along the p, u' and o () h(P,)
virtual photon
— corresponding changes in z, Q2 and
orientation of GNS N(P) XN( P) X

e impact of RE in hadronic variables (such as ¢y,) accessed only through simulations
e DJANGOH: modified LEPTO generator with hadronization in JETSET and

SOPHIA [K. Charchula et al., DJANGOH]
; T 2 Tictrilt ( p2) = M
e applied by multiplying P7 distributions UACIN NRE-on(p2)
. . . h T
bin-by-bin by fraction n
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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

e No effect is observed (nor expected) for Asm on
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