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COMPASS collaboration

COmmon Muon Proton Apparatus
for Structure and Spectroscopy CERN
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COMPASS collaboration

0(97%), K(2.5),D (0.5%)

* Fixed target
Apparatus:

Tertiary beam: 160(200) GeV/c py*(u)

Primary beam: 400 GeV/c p from CERN SPS
Secondary beam: 190 GeV/c negative hadrons

* Large angle spectrometer and small angle

spectrometer

* Two dipole analyzing magnets: SM1 and SM2
» Detector systems for precise tracking, calorimetry

and PID
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COMPASS experiment

Wide physics programme:
* Hadron spectroscopy
e Chiral dynamics
* Generalized parton distribution functions (GPDs)
* Nuclear structure: SIDIS and Drell-Yan processes
0- 0F 1~ 1F 27 2% 37 3% 47 4% 5~

’__—___\ T T
o 30r . COMPASS 2016 data
J 1 o w2, YPp—TP X dor doy,
2.9 m g |2 Q* € [1,8] (GeV/c)? <W €W>
1 U 3.4, ¢ Je 1
- —a— < | ve [6.4,40] GeV dorp
_ - 1 = — 2 AR
N N —_— — o) lo
— 2.0 | e —r = <‘ LT>
™ i _ - k3] dlt|
Q -+ K K 3
:;\ e - —— / - Cf 10+ g E -A- Goloskokov-Kroll model (2016) |4
SR B . P X T~ i S —
O 15X ol S 65— ©
. . —— p p = Ofee T . P— s R sasuias "
§ ; + COMPASS 8 I L2 ommmm - Vi
1.0 A L Established é ﬁ____ﬁ ______ -X-T --------
. B Not Established B 10}
- —— Quark Model E
0.5 T [Ebert et al., PRD 79 (2009) 114029] é 011 012 Ui3 Oi4 0i5 OtG

K K: K* K, K, K; Ki! K, K, K/ K
[COMPASS, arXiv: 2504.09470 [hep-ex]]
22 September 2025

Patrizio Pucci

(It]) (GeV/e)?

[Compass, arXiv: 2412.19923 [hep-eX], accepted by Phys. Lett. B]

4



https://inspirehep.net/literature/2863765
https://inspirehep.net/literature/2911948

Semi-Inclusive Deep Inelastic Scattering (SIDIS):

u(l) + N(Py) — /() + h(P) + X

« Photon virtuality Q? = —¢° = — (I — l/)2
Q2
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2PN -q %
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Single hadron production cross section for beam with longitudinal polarization A and target polarization S, St
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' M —Y— 37y
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Amplitudes Axy, azimuthal asymmetries
* Beam polarization X
* Target polarization Y
* Azimuthal modulation on angles s, s

Ratios of structure functions to Fyu
Ff(¢h7¢ )

AR w2 PR QP) = =0
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Structure functions: collinear formalism

DIS regime:
Integrating over hadron transverse momentum
_ 2 rq q
Fyur == g e, fi(x)D](2) Fyur =0 Fri ==z g q91 Di(z)
q
* Parton distr_ibution fL_mctions (PDFs) Nucleon polarisation
* Fragmentation functions (FFs) U L T
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Structure functions: TMD formalism

DIS regime:

qr << () = Transverse momentum dependent (TMD) factorisation

F = C[WfD] — T Z 62 / deTd2PJ_5(2) (sz—I—PL—PT)w(kT, PJ_)fq(fC, kT; Q2)Dq_>h(z, PJ_, QQ)
q

Nucleon polarisation

Transverse momentum dependent (TMD) PDFs and FFs
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Unpolarized asymmetries

Three asymmetries related to the unpolarized target

do o y2 72
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At order 1/Q using Wandzura-Wilczek type approximation the structure functions at twist 3 are simplified to:
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DVM background
Background from Diffractive Vector Mesons %

p—mt o ¢ — kT k™
7*(q)
N(Py)
* Both hadrons of the pair reconstructed: rejected imposing
2t = zp+ + 2p- < 0.99
[Nucl. Phys. B 956 (2020) 115039] 2 [
= 10000+
S !
 Only one hadron of the pair reconstructed: subtracted using a 5000
HEPGEN MC .
[A. Sandacz, P. Sznajder, arXiv:1207.0333] [
O 1
0
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https://inspirehep.net/literature/1120765
https://inspirehep.net/literature/1772229

Radiative corrections

Real photon emission causes a shift in kinematics ms————=pe— Radiative corrections

e Till 2024:
Inclusive correction based on TERAD.

[A.A. Akhundov et al., Fortschr. Phys. 44 (1996) 373]

* New approach:
Based on DJANGOH MC, corrects ¢n and P+
distributions.

[COMPASS, Phys. Rev. D 112 (2025) 1, 012002]
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https://inspirehep.net/literature/656913
https://inspirehep.net/literature/2840545

Unpolarized asymmetries

* Previously studied on isoscalar target [COMPASS, Nucl.Phys.B 886 (2014)]

* Ongoing work on 2016 data [V. Benesova, PoS DIS2024 (2025), 223]
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https://inspirehep.net/literature/1278730
https://lpsc-indico.in2p3.fr/event/3268/sessions/1113/#20240411

Collinear hadron multiplicities

At Leading Order:
dM"™(z,y, 2) _ Fyu(z,y,2
dz B F2(33, y)

b o 3 € 00, Q1) DI (2, Q)

Previously extracted by COMPASS for h*, it and K*with isoscalar target
[COMPASS, Phys. Lett. B 764 (2017) 001]

[COMPASS, Phys. Lett. B 767 (2017) 133]

New COMPASS results from 2016 proton target data

§ 3_‘ x<0.01 B 0.01<x<0.02 B 0.02<x<0.03 r 0.03<x<0.04 B 0.04<x<0.06
. . n E L
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[MAP, Phys.Lett.B 834 (2022) 137456] [COMPASS, Phys. Rev. D 112 (2025) 1, 012002]
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https://inspirehep.net/literature/2840545
https://inspirehep.net/literature/2840545
https://inspirehep.net/literature/1483098
https://inspirehep.net/literature/2071159

TMD hadron multiplicities

With TMD dependence
th(x,Z,PT,QQ) . FUU<37727PT7Q2)
dz B FQ(x7y)

Previously on isoscalar target
[COMPASS, Phys.Rev.D97 (2018)]

X C[fl(xa k%v QZ)Dl(ZJ PJ2_7 Q2)]

New preliminary results (proton data)

T

22 September 2025

Patrizio Pucci

4 QGeVic)?
5 \ 16.0 COMPASS preliminary
COMPASS h~ £ \ \ 1 k. k'
0.30 < z < 0.40
E \ ,J . 10 % [ e, ,
4 VNN N " v ’ | : r " .
A AR S O
- E AN RN A W™ 10 P
> 2. N N | 3.0 1 2 3
< I I ! k. P7 (GeVic)?
o NN NN 10 e, r
£ . \ [ .
] \"v \"‘* N‘“‘% N‘%& E\“‘“..& 107 *e . r
2y, N, .
ps M—" %% l\-‘t‘n Mﬂﬂu M*&:ﬂ 1073 * [ ’
e N T S T R R 10
Ry e T L0 3 3 —
L ey M [N [ _ P? (GeV/c)? P7 (GeV/c)? P7 (GeVic)? x
B, | I O PO IO Used for global fits on TMDs 0.003 0.013 0.020 0.055 0.100
" G [A. Moretti, Proc. of ICNFP 2020]
0.008 0.013 0.02 0.032 0.055 0.1 0.21 0.4 [MAP, J H E P 08 (2024) 232]



https://inspirehep.net/literature/1624692
https://indico.cern.ch/event/868045/contributions/3996129/attachments/2098435/3528367/Moretti_200908_ICNFP.pdf
https://inspirehep.net/literature/2789168

Collins and Sivers asymmetries

do o y2 72
dxdydzd P2dgndes lnyQ 2(1 —¢) ( + 9 (Fuur + €Fuu,L)

{1 + 1/ 2e(1 4 €) A5 cos ¢, + ACOS(2¢h) cos(2¢n) + A/ 2e(1 — €) A7 %" sin ¢y,
+S7 {\/2( A?]i” sin ¢y, + €Ay ‘“2 "1 sin 2@““);&
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Collins and Sivers asymmetries dependent on transversity and Sivers TMD PDFs, correspondingly
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Transverse spin asymmetries on proton

. Ny o=
* SIDIS on NHs target in 2007,2010 %
» First measurements by HERMES, lower beam energy and Q? ermes
* Non zero effect for Collins and Sivers asymmetries on p1
 First evidences confirming TMD approach in QCD
Compatible results for Collins asymmetry Smaller Sivers asymmetry at COMPASS
COMPASS 2010 prolon data _ COMPASS 2010 provon data
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[COMPASS, Phys. Lett. B 774 (2015) 250]

22 September 2025 Patrizio Pucci 16



https://inspirehep.net/literature/1311491

TMD PDF global fits

» Fits on data from HERMES, JLab and COMPASS (NH; target in 2007,2010 and °LiD target from 2002-2004,
unique deuteron data)
* Insufficient deuteron statistics to constrain d quark distributions s new deuteron measurement

Transversity TMD PDF

. Estimated projections
5 = o4fF L
—_ ) LR B I I S I ++++++++
a 0.2~ -
= LFL %
< U,(]—----Jil-\--?---q--é--gl ...................... I %‘ .............................
. N T i1
< =2 02l
' L3 :/ """ Radici, Bacchetta ‘18 xhy xhy
0.2 —-= Benel et al ‘19 R e S R — A s
—0.3F d -== D’Alesio et al ‘20 5 x
g 02 04 06 08 &
[Anselmino et al., Phys. Rev. D 92 (2015)] [JAM, Phys. Rev. D 106 (2022)] [CERN-SPSC-2017-034]
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https://inspirehep.net/literature/1398584
https://inspirehep.net/literature/2075437
https://cds.cern.ch/record/2286954?ln=it

TMD PDF fits

* Global fits on data from HERMES, JLab, Belle and COMPASS (NH; target in 2007,2010 and °LiD target from
2002-2004, unique deuteron data)

* Insufficient deuteron statistics to constrain d quark distributions wsss==—p new deuteron measurement
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https://inspirehep.net/literature/2075437
https://inspirehep.net/literature/1793441
https://cds.cern.ch/record/2286954?ln=it

Transverse deuteron spin asymmetries

SIDIS scattering on °LID target in 2002-2004 and 2022 =======i»- deuteron asymmetries
» Consistent results, smaller uncertainties in 2022
 Collins: hint of signal at large x with opposite dependence on h*and h 2009 paper: [COMPASS, Phys. Lett. B 673 (2009) 127]

e Sivers: compatible with zero New paper [COMPASS, Phys. Rev. Lett. 133 (2024) 10, 101903]
® 2022 (hep-ex/2401.00309) | COMPASS °LiD data h* - ®2022 (this Article) - COMPASS °LiD data - h*
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https://inspirehep.net/literature/779473
https://inspirehep.net/literature/2742410

Transverse spin asymmetries: u and d quarks

Extraction of transversity and Sivers TMDs for up and down quarks through p and d asymmetries, at leading

twist
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https://inspirehep.net/literature/2742410

Dihadron transverse spin asymmetry

Through dihadron production transversity PDF can be extracted in a collinear way [m. Radici et al., Phys. Rev. D 65 (2002)]
/(7!
p(l) + N(P) — p'(I') + h1(Pr1) + hao(Pr2) + X

Cross section dependent on transversity PDF and a dihadron FF:

d'o a? y? |Pr1 — Phra| . .
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https://inspirehep.net/literature/564588

Dihadron transverse spin asymmetry

New 2022 extraction on deuteron

Comparison with previous
measurement of 2002-2004

[COMPASS, Phys. Lett. B 713(2012)10]

Comparison of transversity PDF
from COLLINS extractions

[A. Martin, IWHSS and QCD-N (2025)]
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[A. Asatryan, PoS DIS2024 (2025), 236]
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https://inspirehep.net/literature/2838941
https://inspirehep.net/literature/1090927
https://indico.cern.ch/event/1527657/contributions/6663964/attachments/3129120/5550789/Martin_IWHSSQCCN2025.pdf

Further potential of 2022 data

Many other studies planned:
* Inclusion of hadron identification using RICH

Fe h' 1<Q%(GeVicy’<d | z>0.2

« Other unpolarized and transverse spin asymmetry measurements L | |
 Multi dimensional dependence of asymmetries and multiplicities i O oo s 58
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=
Kotzinian—Mulders asymmetry from proton1t = R Q? dependence of Collins asymmetry:
[COMPASS, Phys. Lett. B 770 (2017) 138] 20510203020 50 o0 ! [COMPASS, Phys. Lett. B 770 (2017) 138]
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https://inspirehep.net/literature/1487909
https://inspirehep.net/literature/1487909

Conclusion

Many new results:

From 2016, unpolarized target

* Collinear multiplicitites [Nucl. Phys. B 956 (2020) 115039]
* TMD multiplicities

* Azimuthal asymmetries

* Py distributions

From 2022, transversely polarized deuteron target

* Collins and Sivers asymmetries for charged hadrons [COMPASS, Phys. Rev. Lett. 133 (2024) 10, 101903]
* Dihadron transverse spin asymmetries

* Many other ongoing measurements
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DVM background

Significant effect of DVM at small x and Prand at large z. oA {GeVI)
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Transversity extraction

From the proton and the deuteron Collins asymmetries the u and d quark transversity functions are extracted
as

. 11 [ oy, 1 A
= S e —a) | A el A+ geliAn —efi A
phd =21 _%(a;fwﬁ —xfy Ay) = (@fy Ay - -fvf‘A_>_
5ab(l—a) |3 74 d “*d p “ip pp /)
_ 1 1
2hE — | —4d@)zf} AY + (4—@)af, Ay —aff AT +axfy A7)]

15 al (1 — a?2) (

;1 1 - N e A . _ -
zh{ = 15 ah (1 — a2) ((da—Dzf Ay — (4 —d)zf, A, —daxf; A +4af; Ay)]
P

where the two alpha terms are constants and f are functions of PDFs.

[Phys. Rev. D 91, 014034 (2015)]
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https://inspirehep.net/literature/1334966

Sivers extraction

From the proton and the deuteron Sivers asymmetries the u and d quark sivers functions are extracted as

u 1 I o 1 ]
x 1J_T(1) = (xf;A;—xfp Ap)+§($f;f4;_$fd A7)

L(1)d 1 4 o oy
vfir = @A —afy AY) = (ff A —af, A))

L@ eLl(Dd _ 1 g e+ A+ e
L 17T L 17T o 15G,0(]_ B 5(1)2) |:2(1 45 )ajfp Ap + 2(4 5 )xfp Ap
—(1 =4z fr AT — (4 — g f A7

where G, p and 3 are constants and f are functions of PDFs.

[Phys. Rev. D 95, 094024 (2017)]
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