TMD effects in unpolarised processes — experiment overview
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Parton polarisation:
L/C — longitudinal (quarks) or circular (gluons)
T/L — transverse (quarks) or linear (gluons)
8 leading twist TMD PDFs, 2 are relevant for unpolarised hadrons.
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Parton distribution functions

e Parton polarisation:

L/C: longitudinal (quarks) or circular (gluons).
T/L: transverse (quarks) or linear (gluons).

o Boer—Mulders function

Quarks: chiral-odd,
Gluons: chiral-even.
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Hadron production in DIS Hadron production in eTe™ Drell-Yan process
(SIDIS) annihilation. or Z boson production.
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Hadron production in DIS: Cross section Charles
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1(0) + N(Py) = I'(I') + h(P) + X

The cross section iS [A. Bacchetta et al., JHEP 02 (2007) 093]

do 2ra? y? 22 M?
2 = Fyu,r +efyuL
dzdydzdéndPg zyQ2 2(1 —¢) Q2 ) E

+1/26(1 4 ) F59 0 cos i + eFis 271 cos 2¢ + Ay/2e(1 — ) Fips “B sin th)

e z, y, Q2: usual DIS variables,
A: beam polarisation (= 0.8 at COMPASS),

e ¢: ratio of longitudinal and transverse photon flux,

o z: fraction of y* energy carried by h.

Semi-inclusive DIS.
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1(0) + N(Py) = I'(I") + h(P) + X

The cross section iS [A. Bacchetta et al., JHEP 02 (2007) 093]

do 2ra? y? 22 M?
2 = Fyyr+efyu
dzdydzdéndPg zyQ2 2(1 —¢) Q2 5 ,L

+4/2e(1 + E)F{fg ?h cos ¢y, + EF{;{: 2%h cos 2¢n + Ay/2e(1 — E)FE%} ®h gin th)

e z, y, Q2: usual DIS variables,

@ \: beam polarisation (~ 0.8 at COMPASS),

e ¢: ratio of longitudinal and transverse photon flux,
o z: fraction of y* energy carried by h.

o Pr: transverse momentum of h in the yN frame,
¢, is its azimuthal angle.

° FQJ‘O}‘)(L z, P%, Q?) are structure functions.

y—nucleon frame.
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1(0) + N(Py) = I'(I") + h(P) + X
The cross section iS [A. Bacchetta et al., JHEP 02 (2007) 093]

do 2ra? y? 22 M?
B = Fyyr+eFyyur
dzdydzdéndPg zyQ2 2(1 —¢) Q2 5 ,L

4 1/26(1 + ) FS9 “h cos g + eFCe 20 cos 26 + Ay/2e(1 — ) Fi ®P sin ¢h>

= oo (1 +e1 Ay “L cos pn, + 62/\%08%“ cos 2¢y + )\63/1:53 ®h gin ¢h)

o z, y, Q2: usual DIS variables,

@ \: beam polarisation (~ 0.8 at COMPASS),

e ¢: ratio of longitudinal and transverse photon flux,
o z: fraction of y* energy carried by h.

o Pr: transverse momentum of h in the yN frame,
¢, is its azimuthal angle.

° FQJ‘O}‘)(I, z, P%, Q?) are structure functions.

° A‘)f((gm (z, 2, P2,Q?) are commonly called v—-nucleon frame.
azimuthal asymmetries.
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TMD factorisation (Pr < Q): o « TMD PDF ® hard part ® TMD FF. J

Pr =~ zkt + P, Y—nucleon system.

ClwfD]=ay el /dsz d*PL 8P (zkr + PL — Pr)w(kr, PL) f(z, kr, Q%) DY (2, P, Q%)
q
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Hadron production in DIS: Cross section

TMD factorisation (Pr < Q):

o o« TMD PDF ® hard part ® TMD FF.

xis
Charles
University

Pr = zkt + P

Y—nucleon system.

ClwfD]=ay el /dsz d*PL 8P (zkr + PL — Pr)w(kr, PL) f(z, kr, Q%) DY (2, P, Q%)
q

1

Up to order o} and in Wandzura—Wilczek-type approximation:

TMD PDFs: Fyy,r = Clf1D1] FyuyL=0 F:'f} =04« pure qgq
f1 : unpolarised cos 26 2h - kt)(h-P.) — (kt - P,
! P20 ¢ ( T)( 2 ) — (kT L)hlLHlL  +Cahn as 1/Q°
hi : Boer-Mulders zM M},
TMD FFs:
D; : unpolarised cos 2M h-k k2 (h - P . P
j ? FUUd)h =—-——FC (b kr) MT)f1D1+7TJ(\42ML)th1l+... hzipT
Hj : Collins Q z h |Pr|
Cahn effect Boer—Mulders effect
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TMD interpretation defined at tree level
— QED radiative effects need to be accounted for:

e renormalisation of the vertices,
o radiation of photons along the ¢, ¢/ and y*,

— changes in x, Q2, tail from elastic scattering,

— orientation of y—nucleon system distorted.

Inclusive corrections — mostly used in the past.
® [A.A. Akhundov et al., Fortschr. Phys. 44 (1996) 373]
o Semi-analytical approach, parametrised in TERAD program.

o MC generators RADGEN, POLRAD (for longitudinally polarised e¥)

[I. Akushevich, Béttcher, Ryekbosh, hep-ph/9906408 (1998)]
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TMD interpretation defined at tree level
— QED radiative effects need to be accounted for:

e renormalisation of the vertices,
o radiation of photons along the ¢, ¢/ and y*,
— changes in x, Q2, tail from elastic scattering,

— orientation of y—nucleon system distorted.

Inclusive corrections — mostly used in the past.
@ [A.A. Akhundov et al., Fortschr. Phys. 44 (1996) 373]
o Semi-analytical approach, parametrised in TERAD program.
o MC generators RADGEN, POLRAD (for longitudinally polarised e¥)

[I. Akushevich, Béttcher, Ryekbosh, hep-ph/9906408 (1998)]

Taking into account hadron phase space, z-,Pp- and ¢y-dependences is needed for TMDs.
o HAPRAD [1. Akushevich, N. Shumeiko, A. Soroko, Eur.Phys.J.C10 (1999) 681-687]:
e 5D (z,v, 2, P%, ¢n) corrections for inclusive h leptoproduction,
o [I. Akushevich, A.Ilyichev, M. Osipenko, Phys. Lett. B672 (2009) 35-44.]: tail from excl. ep — emny
e DJANGOH (DJANGOG6)

o radiative effects from HERACLES.

o hadronic final state using LEPTO (JETSET).

@ [K.Charchula, G.A. Schuler, H. Spiesberger, Comput.Phys.Commun. 81 (1994) 381-402]
o Updated (mentioned in [E.C. Aschenauer et al., Phys.Rev.D88 (2013) 114025])
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Hadron production in DIS: Radiative corrections

St
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Fig. 3. Radiative correction to <pi> defined in eq. (23) for

HERMES kinematics, 19 GeV. y=0.4. Curves from top
to bottom corresponds to x=0.15, 0.05 and 0.45.

Fig. 4. Azimuthal asymmetry <cos b vs z for y =0.2 within
HERMES kinematics; 'S=7.19 GeV. Dashed (solid) lines cor-
respond to born(observed) asymmetrics. Curves from top to bot-
tom correspond to ==t

[I. Akushevich, N. Shumeiko, A. Soroko,

xdr

01 02 03 04 05 06 07 08 09

z

7, 0.45 and 0.05.

RC

Eur.Phys.J.C10 (1999) 681-687]

@ Sizeable corrections in both approaches.

o MC-data checks are very important.

@

o Model-dependence — iterative approach

(e.g. the Pp-slope, possibly ¢p-modulations).

@ Useful to publish the corrections used.
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DJANGOH RC for h multiplicity
[M. Stolarski (COMPASS), MENU2023]
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Hadron production in DIS: Background from exclusive processes

vm fraction

o Exclusive vector mesons (EVM) inherit polarization from y*
— large amplitudes of azimuthal modulations for decay products.

e Significant contributors: p — ntn~ and ¢ — KTK~

xdr
Charles
University

Wproton

Cldeuteron

[HERMES, Phys.Rev.D87 (2013)

074029]

Jan Matousek (Charles University)

[COMPASS, Nucl.Phys.B 956 (2020) 115039]

e Strong z-, z- and Pp-dependence.

e Up to 50% of observed hadrons at low z, low Pr
high z are from EVMs!

e Important for multiplicities, cross sections.

TMDs in unpolarised processes — exp. 5. 6. 2024, Transversity
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Azimuthal dependence studied:
[COMPASS, Nucl.Phys.B 956 (2020) 115039] [V. Benesova (COMPASS), DIS2024]
o Events with only W hTh~ reconstructed in the spectrometer.
o z = 21 + 22 > 0.95 and p® mass selected.
£ COMPASS preliminary | pp — wh'h X e h' data
My € (0.5, 1.1) GeV/c? 5 h* HEPGENp’
E My > 1.04 Gevie2 £ gw‘ﬂb% b : %a]g’GENp“
of-w % & w w & T ?7"-% ,,,,,,,,,, r m@w ,,,,,,,,,,,,,,,
¥, Yo
@ -0sf E 3
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Z —no z,cut 722> 0.95 S 206k L il
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< 15000F i g « ¥ H
B 02p Ee (%
! %
Y P P e et Sl S bt Ebiebts R Rt
3 10000 £504f } r [
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5000 02p ] [ sof "
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oF-tr-g- e 1T 'é;{‘ """ &Z'”*{ﬁb@@v? """"""
0 ¥ {T { iy {g i I
0.5 1 5 2 onk [ [
M (GeVie?) 107 107 02 04 06 08 05 i
x z Py (GeVic)

— large modulations seen for the h™ and h™, here
reasonably reproduced by HEPGEN MC
[A.Sandacz, P.Sznajder, arXiv:1207.0333].
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Hadron production in DIS: Pp-dependent distributions

First measurements:

[SLAC, Phys.Rev.Lett. 31 (1973) 786].
[Cornell, Phys.Rev.Lett.37 (1976) 651].

EMC

[Gev™)

1/N,dN/dpy’

in bins of z :

02<z<04

n

os<z<io

0

pi? (GeV]

Hadron multiplicity differential in P%

W? [EMC, Z.Phys.C52 (1991) 361-388]

o up/d — ' hX, s=14-24 GeV.

e Inclusive RC.

e no EVM corr.
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Hadron multiplicity differential in P%
in bins of = : Q? [ZEUS, Eur.Phys.J.C11 (1999) 251]

e ep—e hX, s=14-300 GeV.

o RC from DJANGOH
e no EVM corr. (likely small large Q2).
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Hadron production in DIS: Pp-dependent distributions
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it and K+ multiplicity in z : Pp
[HERMES, Phys.Rev.D87 (2013) 074029]

ep/d = e /KT X, /s =18 GeV.

e 3D binning in Q2: z: P% and z: 2z : P%.
e Inclusive RC from RADGEN.
o EVM correction: PYTHIA (tuned to EVM prod. at HERMES).
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Hadron production in DIS: Pp-dependent distributions (Charies
COMPASS
1] Gevier Lo
02¢:<03 < ( Q¥Gevic)?
P w | e 16.0] COMPASS preliminary
oG
16 03z a0s 0] ( ...\'~.;_ ‘ 030<z< 040 1\._ \,. \,‘
o] i } o 5 ST .. .
o paccos E E on ' ', .. te,
7 s w0
ﬁ . o1 @Gevier o 20 b - ;
< 2 2
NI A, N, N, P (G
o ) . . .
o 5 L A N N . .. ... ..
R S 2 wl \ ) 1w} : . e
o wl | I 23 10y ¥ O T S i M SN
P o -, \\ \, \ PZ (Gev/c)? PZ (Gevic)? PZ (Gevic)? X
L ! YL Gevrey® 0.003 0013 0.020 0.055 0.100
0.003 107] ol 3 Py T23 + 3 . . . 2 2 .
— \ \ h™* distributions in = : Q° : z : P{ (2nd z bin)
I ey T [A. Moretti (COMPASS), Proc. of ICNFP 2020]
 — =
i 123
NN N o up — 1 h* X, /s =18 GeV.
10 S IS o
e e e e . o Normalised to the lowest-Pr point.
00030008 00100 00 o001 o3 o4 ]

o Kinematic domain to be expanded.
h* multiplicity in = : Q% : z : P2 e No RC, coming soon (DJANGOH)
[COMPASS, Phys.Rev.D97 (2018) 032006] o Visible EVM decays excluded.
67 : + —
o w°LiD — p/ h* X, /s =18 GeV. o Remaining EVMs subtracted
o Inclusive RC from RADGEN. (HEPGEN with SDMEs).
e EVM correction: HEPGEN (no SDMEs). @ More in Andrea Bressan’s talk.
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Hadron production in DIS: Pp-dependent distributions

JLab6 (y/s = 3.5 GeV): CLAS Hall C

1 ® 17t evie?
It B o2 cever?
"‘E & A 9=2.37 (Gev/e)?
T
L10
S
=
5
T
T3
ES)

Aol dEdzdP2do [bAGeV’ ¢ sr)]

P2 (Gev/c)?

[CLAS, Phys.Rev.D 80 (2009) 032004]

eep—e mt X,

o Binning in Q2 :x : z: Pr.

o RC from HAPRAD.
o No EVM correction.

Jan Matousek (Charles University)
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[Hall C, Phys.Rev.C85 (2012) 015202]

o ep/d = ¢ nF X.

o Binning in P%.

e Semi-incl. RC
(SIMC, HAPRAD).

e EVM correction:

SIMC+PYTHIA (tuned).
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[Phys.Rev.C 95 (2017) 035209]

e e3He — &' it X.

o Binning in z : P%.
e RC from HAPRAD.
e No EVM correction.
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Hadron production in DIS: Pp-dependent distributions (Charies
CLAS12 - ongoing work Hall C 11 GeV - ongoing work
=5 ) o20p Q3L §2-3.1 GeV? x=0,30 02-4.1 GeV? x=0,45 @2-4,5 GeV?
Al . T T N T
-r 1 . clo®¥ | o i —
£ e o crione
s e
sor Dashed:
2\ Fitto
a0~ 1st 5 bins
- Solid:
= ) C?J:ves
L e~ | from MAP
GGHT RIS 0 OR NO §7 asod o5 o6 07 o;s (JZF(')E;)W
[M. Diehl (CLAS), Transversity 2024]
eep—e X 2
o o R o o i S o e o o o
e No EVM contributiomn to m".
[E.R. Kinney, DIS2024]
More to come...
e ep/d = e nt X e ep/d = ¢ /K+ X,
o High-statistics, fully differential. e Multi-D binning.
e RC from HAPRAD. e RC?
e EVM contribution being studied. o Missing mass cut to avoid exclusive proc.
e Separation of Fyy,r, Fuu,L. e Soon also 7t° production.
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Hadron production in DIS: Pp-dependent distributions

Fitting the unpolarised TMD PDF's

0.26,

. Including

024 Y and Z

0.22

0.20

0.5)GeV?]

0.18]

0.16

P (e

0.14

0.12 +

01 02 03 04 05 06 07
(K (x=0.1)[GeV?]
(k%) and (P?) from global fits
— strong anti-correlation with SIDIS-only.
[A. Bacchetta et al., JHEP 06 (2017) 081]

e Precision era: N3LL, global analysis

o fixed-target Drell-Yan,
e collider Drell-Yan and Z production,
o ete™ (7)
e Similar approach (SIDIS and DY):
[I. Scimemi, A. Vladimirov, JHEP 06 (2020) 137]

o More on Thursday morning...

Jan Matousek (Charles University)
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[MAP, JHEP 10 (2022) 127]

Flavour separation
o Relies mostly on HERMES data.
@ [A. Signori et.al, JHEP 11 (2013) 194]
o (Pf unfav.) = L2APE o) = (PR i)
e Soon: 50 K+ from JLab, COMPASS
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Hadron production in DIS: Asymmetries

Acos bn Acos 2¢n
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Anselmino et al.
| Eur Phys.J.A31:373-381, (2007)
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9 ey N
02 i \
Anselmino et al. o 92 |- Anselmino etal *,
Phys. Rev. D 71 074006 2005) P e 3. Eur.Phys.J.A31:373-381, (2007) .
wi(y) = @-YT=y/[1+ A=Y  phys Rev.DS1, 094019 © ' 2 g
as 1 A |
4 — <k>=01GeW/c <p> =07 Gev/c
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<0.20 J. Chay, S. D. Ellis, and J. W. Stirling,
0.0 o1 02 03 0.4 05 06 or Phys. Rev. D 45,46 (1992), Phys. Lett. I!Zﬁﬂ 175(1991).
23 July 2013 % Bakur Parsamyan
First measurements (compilation [B. Parsamyan, IWH
@ [EMC, Phys.Lett.B130 (1983) 118-122] °
@ [EMC, Z.Phys.C34 277 (1987)] ecep—ech
A hys: e RC from D
@ [E665, Phys.Rev.D48, 5057 (1993)]

Jan Matousek (Charles University) TMDs in unpolarised processes — exp.

ZEUS (2000)

01 -

P (GeV/c)

29

EurPhys.J A31:373.381, (2007)

$52013])

[ZEUS, Phys.Lett.B481 (2000) 199]

X, /5 = 300 GeV,
JANGOH.

e no EVM corr. (likely small large Q?).
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Hadron production in DIS: Asymmetries A{7; n yAGU 2¢n

cosp r
04 | (z)=0.55 04 (=032
(P;)~0.05 GeV
02 0.2 (2N
PR N P N ) 4 m'“tk
< 0 ¥ Cahn effect 0 *'? T +
02 0.2
04 | SA>=0.03£0.02 | g4 | <A>=0.01£0.02
02 03 04 03 04 06 08 1
cos2¢
041 =055 041 (y-032
02 0.2
)
] 0 i 0 mvff" =
02 [ 0.2 7£+ +ote
04 [ <B>=-0.04£0.07 g4 [ KB>=-0.04£0.02

02 0.3 0.4 ()5 04 06 08 l
X z

[Hall C, Phys.Lett.B665 (2008) 20]
e ep/d = & 7t X.
o Binning in P2.
e Semi-incl. RC.
o EVM correction.

e Similar:
015202]

[Hall C, Phys.Rev.C85 (2012)

Jan Matousek (Charles University)

TMDs in unpolarised processes — exp.

s

Charles
University
oosf €OSO z=0.11 2=0.17 om0 cos2p o207
a
ool A H. A
o, 4
- - o 4’,. A
2 G moments
oo L el 2 popents -
berrbrrrt | I Loyl
o
2=0.23 2=0.3 =023 4 H 2=0.3 '4'
o g Bereer T

H/(Hz + €M)

D mowrm e I = B s W

2=0.37 2=0.49

R Yrrsrsddtiverrien®

o 6.2 5.6 63 0 03 0.4 0. 68 D N R Y S K R ¥
v (@ev/e)? vt (@ev/e)? v} (Gev/e)® v (@ev/e)?

Data: [CLAS, Phys.Rev.D 80 (2009) 032004]
Predictions: [R.N.Cahn, Phys.Rev.D40 (1989) 3107.],
[M. Anselmino et al., Phys.Rev.D71 (2005) 074006],
[A. Brandenburg et al., Phys.Lett.B347 (1995) 413].

eep—ent X

e Binning in Q2 :x : z: Pr.
o RC from HAPRAD.

o No EVM correction.
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Hadron production in DIS: Asymmetries A{7; n yAGU n Charles
University
30 ¢ wepserX 3 M F vep SeKX
s ™ oed serX s K oed »eKX
§ 0.05| $ § % g § % % %
~ $ogyd 4o, B3 gpbogoa] N o H LI
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g oo i f i $ { H
& % Ql% ﬁ%%é gt% N.n_|§§ *Q §£{§%€
-0.05| % 024
10" 0.4 06 08 04 0.6 02 04 06 08 1 10" 04 05 06 07 0.4 05 05 03 04 05 0.6
x z P, [GeV] x y P,, [GeV]
agALJOC2 b for sl sgA;OSZLﬁh for K=*.

[HERMES, Phys.Rev.D87 (2013) 012010]
o ep/d — & nF /K /h* X.
(Vs =175 GeV)
o Binninginz:y:z: Pp.
o Inclusive (?) RC from RADGEN.
e No EVM correction.

2(h - kr)(h-P.) —
zM My,

(kT -

cos 26y _

FUU

Jan Matousek (Charles University)

TMDs in unpolarised processes — exp.

e Similar on p and d — hi"“ =~ hf"d.

o Known: Hl Jfav. ~ _Hl,unfav.i

o 7t behaviour ~ expected [v.Barone,
A. Prokudin, B.Q. Ma, Phys.Rev.D78 (2008) 045022]
o K very different from 7.

o Interesting flavour dependence...

l.)'
M?2

- 2(h -
cl- )‘ Di+ ...
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Hadron production in DIS: Asymmetries Ay, ¢h Ay n Charles
University
g § g SRR g o K S
’ 8 F iy P SO S S S
8 g ¢ i [ o
of §1 ¢ P ¢ i ¢ 3 '
0k i ' 3 o §F 4 ¢ é * H 4 f
L]
B of . f 2 e
z G o2
L pidd FRN— I S # } ([ ;
e © PP TR ST U NN JU SONORUION SO0 I SO SO B S
SN ¢ 3??@ d-pt i §£f§§
-0.2| é 0.2
107 04 06 08 04 06 02 04 06 08 1 10 G4 05 06 07 04 05 06 03 04 05 08
x y z P,, [GeV] x y z P,, [GeV]
E1A(§)S¢h for 7t S AT for KE
o Small difference between p and d targets.
[HERMES, Phys.Rev.]jD:S’? (2i013)£12010] o Difference between 7,
)
e ep/d = ¢ m* /K= /h* X. — Boer-Mulders effect, different (k2.)?
(Vs =175 GeV) T
o K similar to 7

o Binninginz:y:z: Pr. (while being different for cos2¢y,).
o Inclusive (?) RC from RADGEN.

e No EVM correction.

. 9 s
cosg, __ 2M | (h-kT) kp(h-Pu) 11
Foy " =— o ¢ — lel+7zM2Mh hi Hi + ...
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Hadron production in DIS: Asymmetries

AC0S 20

AC0S20

Cahn
Boer-Mulders
Cahn+BM .

01 Cahn
015 Boer-Muiders
Cann+BM | ¢  COMPASS h-
102 10" 03 04 05 06 07 01 03 05 07 09
x z P (GeV)
cos 20 .
COMPASS A, b for h* on ®LiD (d) target

fitted [V.Barone et al.,

[COMPASS, Nu(,l.Phys.BSSG (2014) 1046-1077],

o uOLID — ' h* X. (/s = 18 GeV)

o Binning in
e No RC.
e No EVM ¢

cos 2¢y
oy =c

x:z: Pr.

orrection.

2(h-kt)(h-P.)— (kr - P_

Phys.Rev.D91 (2015) 074019].

)

Jan Matousek (Charles University)

ZMMh

th1:|+

>

M*
Q?

¢ {J

TMDs in unpolarised processes — exp.

Acos bn Acos 2¢n

kr)?
M?2
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Hadron production in DIS: Asymmetries

AC0S 20
o

Cahn
-0.15 reveee Boer-Mulders
- Cahn+BM .

g
R S Cahn
015 Boer-Muiders
Cahn. »  COMPASS h-
102 10" 03 04 05 06 07 01 03 05 07 09
x z Pr(Gev)
cos 2m .

COMPASS A, b for h* on ®LiD (d) target

[COMPASS, Nuc,l Phys.B886 (2014) 1046-1077],
fitted [V.Barone et al., Phys.Rev.D91 (2015) 074019].
o uOLID — ' h* X. (/s = 18 GeV)
o Binning in z : z : Pr.
e No RC.
o No EVM correction.

2(h-kt)(h-P.)— (k- P_
ZMMh

cos 2¢y I

FU 8]

Jan Matousek (Charles University)

i |

TMDs in unpolarised processes — exp.

xdr
Charles
University

Acos bn Acos 2¢n

% 0.1[COMPASS prefiminary [N > W' X [+ proton s deuteron
< oost b b
Ggiﬁéiés ig””§ ] L@?MMx i
1] H ! ¥ 17 1 Fry Ty
—0.05 b Z b
?’3 0.1 E % Ee proton o deuteron
0.05p F % F 3
gy Wi
~0.0sf b b

08 02 04 06 08

z Py (GeVie)
COMPASS Aw\zoh for h* on d and p targets
with EVM contrlbutlon subtracted (no RC).

1072 ]()’l 0.2 0.4 0.6

Updates:

o EVM contribution subtracted (z : z : Pr)
[COMPASS, Nucl.Phys.B956 (2020) 115039]

o Data on p target being analysed

e Visible EVM decays excluded.

o Remaining EVMs subtracted
(HEPGEN with SDMEs).

e RC from DJANGOH.

e More in Andrea Bressan’s talk.

M2 [ 2(h-kr)? — K2
Q2 M?2
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Hadron production in DIS: Asymmetries

o vt ¢
clrtery JBde Y LR
“oof . . Ty
oy 1 LI .
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. | 1 | I P
10 10! 0.2 04 0.6 0.8 02 04 06 08

z Ph(Gevre)

COMPASS A{>“" for h* on SLiD (d) target

[COMPASS, Nuel. Phys.B886 (2014) 1046-1077]
(no EVM correction, no RC).

o uOLID —  h* X. (/s =18 GeV)
o Binning in z : z : Pr.
e No RC.

e No EVM correction.

Fcos bn

2M
uu = ¢

h ok
L P

2 hi H{
Q M M2 My,

Jan Matousek (Charles University)

kT(h P ) 1

TMDs in unpolarised processes — exp.

LT
Acos bn Acos 2¢n Chames
University
COMPASS preliminary [nN—p'h X < proton s deuteron
0
] i1
“oosp P 5"7““% i It 'il'
b !
-0.1F F % F H
Te o proton o deuteron
Ty iy
& )
BRI I T
-0.1f 3 % s
102 10702 04 06 0802 04 06 08
x z P; (GeVie)

COMPASS Am\ ?b for ht on d and p targets
with EVM contrlbution subtracted (no RC).

Updates:

o EVM contribution subtracted (z : z : Pr)
[COMPASS, Nucl.Phys.B956 (2020) 115039]

o Data on p target being analysed
e Visible EVM decays excluded.
o Remaining EVMs subtracted
(HEPGEN with SDMEs).
e RC from DJANGOH.
e More in Andrea Bressan’s talk.

+ ...
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More interesting results on the horizon...
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e Ongoing CLAS12 analysis. s
Ongoing C 512 analysis See Andrea Bressan’s talk...

eep/d — et X.

@ 4D binning Q2 : y: z : Pr. o wp— ' h* X (v5=18 GeV)

e New RC from DJANGOH applied.
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Hadron production in DIS: Beam-spin asymmetry ALU‘th (Charkes
Ai‘g *h g g pure twist-3 object (qgq-correlations):
me 2M [ hok My, GL\ & My B
ot ="5C|~ L (zeri + =2 fiZ= +—PT ag'Dy + SR ptEx >TMDs
Q ho\ 7 a M z M s M.z and FFs
/ \
" Collins FE / twist-3 FF ,‘/ \‘x\ twist-3 FF
twist-3 pdf unp?:ia;";ie;l:dis‘ 2""‘85‘“'2:32: Boer-Mulders

(borrowed from Stefan Diehl’s slides)

HERMES (Q ~ 1.6 GeV)

25 o/ = COMPASS * JERMES
< oosf | R ounx g F 5% e incertainty
e [HERMES, Phys.Lett.B 797 (2019) 134886] A ' N ! } ; !
o ep/d &' /KE/p* X. R IR AL it
o COMPASS (Q ~ 1.7 GeV)
005 N S =

o [COMPASS, Nucl.Phys.B886 (2014)

1046-1077] -o10f, ”— s B

o uOLiD — p/ h¥ X. e i
o CLAS (Q = 1.4 GeV) PRI Lt %+ §,0
o [CLAS, Phys. Rev. D89 os0f--- i - -*i"t-"'-"-j'-t * SR
, Phys. Rev. (2014) 072011] -3 ¥ +
sep— e 0 X, l }
o RC are negligible for sin ¢y,.
o EVM correction not applied. 107 07 0z o4 08 08 05 0
% z P, [GeV]

o Limited statistics (1D/2D binning). HERMES, Phys.Lott.B 707 (2019) 134856)
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Hadron production in DIS: Beam-spin asymmetry A5, on Charles

University
Aii{}d)h is a pure twist-3 object (qgg-correlations):

in{}¢: %C _h-kr zeHi + hf— h- pT zg D1+%hlE >TMDs
Q Me AT and FFs
L

1wwsl 3 FF ‘f ‘. twist-3 FF
twist-3 t-odd Boer-Mulders
dist. funcion

e .
e Collins FF /

twist-3 pdf unpolarized dist
function

(borrowed from Stefan Diehl’s slides)

e HERMES (Q ~ 1.6 GeV) gjows ™ TH SenX © HERMES
® [HERMES, Phys.LettB 797 (2019) 134856] <ol 3 I T
e ep/d — ¢ ﬂi/K /p X. ol % _-'_ _;+ F .
o COMPASS (Q ~ 1.7 GeV) H*- ’ ptt {-+ }
@ [COMPASS, Nucl.Phys.B886 (2014) ‘”’“"+ """"""""""""""" Foooo +{
1046-1077] oosb E - b
o nOLID - p' h* X. p JT +
e CLAS (Q =~ 1.4 GeV) °°5'* } } 3 +{ Jf b
o [CLAS, Phys. Rev. D89 (2014) 072011] ooof - 1] + + ,,,,,, IR PR ,+ ,,,,, } + ,,,,,
sep—e w0 X, LIS 1 SR 'y *
—00s[ F 1 F
o RC are negligible for sin ¢y,. ]
o EVM correction not applied. ST By T —
Yo 2z P, [GeV]
o Limited statistics (1D/2D binning).

[HERMES, Phys.Lett.B 797 (2019) 134886]
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Hadron production in DIS: Beam-spin asymmetry A} ("

y oM h-k M, . G- h- M, B
Find = 280 (T (gept 4 20w ) f DPT (i Sl 2y S>TMDs
Q M, \v 4 M« z M Iy Mz and FFs
a \ | \
" Collins FF / twist-3 FF / \ twist-3 FF
twist-3 pdf unpolarized dist. g"g‘z;ﬁgg Boer-Mulders

function

(borrowed from Stefan Diehl’s slides)
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3 -0.32 -o. =061
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10 100 1000 T o duat B N Al T
Center of mass energy /s (GeV) : : x‘"”lilfﬁg/tl)gsz‘;"‘ Jlab 1 A Viadimirov
H k)
o SoLID @ JLab12 (Haylin Gao’s talk) e EIC (Elke Aschenauer’s talk)
° Lz.mrge 1um1.nosmy — multi-D. o [Snowmass 2021, 2203.13199 [hep-phl]
o High @ region. o Large lever arm in Q2
o JLab22 — evolution,
o HERMES-like kinematic region. - V‘ilder iegL?nhOf Pr <<DQY 7 dot
o Really large luminosity. — closer to high-energy ’ ata.
. y. & , v e Gluon TMDs.
o EicC (Yuxiang Zhao’s talk) o B IN — I' jet jot X,
o COMPASS-like kinematic region. jets back-to-back
o Quarkonium + vy, quarkonium + jet
[A. Mukherjee, IWHSS2023]
@ Daniel Boer’s talk.
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Hadron production in eTe™: Single hadrons Charles
University
wWe——— T T T 3
o
wl ]
LE @ [TASSO, Z.Phys.C22 (1984) 307-340]
;"’“ :x 3 @ [TASSO, Z.Phys. C47 (1990) 187-198]
[ @ [PLUTO, Z.Phys. C22 (1984) 103]
i [ i
; +U ' @ [MARK-II, Phys.Rev.D37 (1988) 1]
[ f [ t
- * ]

TASSO, 1984
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Hadron production in e*e™: Single hadrons Charles
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010 <z<0.15 0.15<2<020 020<z<0.25 0.25<2<0.30

0.85<T <090

030 <z<0.35 0.40 <z<0.45

0.45 <2 <0.50

Forar ae,, o

iz dP,  [GeVic]

P de,, [wGevre)

2 250 08 2 25
P,y [GEVIc] P, 1GeWic] P, 1G]

[Belle, Phys.Rev.D99 (2019) 11, 112006]

o P, defined with respect to the thrust axis.

o Factorisation formalism developed, possibility to enter global fits?
[Z.B. Kang, D.Y. Shao, F.Zhao, JHEP12 (2020) 127] [M. Boglione, A. Simonelli, JHEP 02 (2021) 076]
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[M. Boglione, J.O. Gonzalez-Hernandez, A.Simonelli, Phys.Rev.D106 (2022) 074024]
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Hadron production in ete™: Collins asymmetry Charles

University

See D. Boer, NPB 806, 23 (2009)

do(ete™ — hiha X) 3a%el , 2 .(0) = a.(0)
RF12 Ao dandpr dios ;@I“l 311+ co?)DF (o) DY (22) +

+  sin?(0)cos(d) + (‘;Q]H“ “)‘”(:\)f[“ '“)(’[rg)]

All quantities in e+e- center of mass

0: angle between the e*e- axis and the thrust axis;
@12: azimuthal angles between Py, and the
scattering plane

0,: angle between the efe" axis and Py,;
@,: angle between the plane spanned by P,, and the e*e-
axis, and the direction of Py, perpendicular to Py,.

All quantities in e+e- center of mass

do(ete™ — hihaX) 3a? , . =
A dadd, dzg(i;q-j" = ﬁzfz-ﬁ {A()FID1 Do)+

D Hs
+  B(y)cos( Zmu}'[QiL krh - [)1—k1 p;) 'l[]l[ -‘}‘ N

[I. Garzia, IWHSS2023.]
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Hadron production in ete™: Collins asymmetry Charles
University
PRDS6,039905 E PRDS6.039905
02 0203 [ oaz<w0s 02 | 02e03 [ o30S
oas- M F oas [ L
" e
E i r < 01 * L
< I .
005 T 005 |- o X
TSR L | TSR
-0.05[ L L L C L L L .05 ¢ C L L
02 o507 [ o7z« 02 | osawT [ oz«
015 + = 0.15 - r +
. | ,
o 01 + L o 0.1 [ b \
< i o oo [ Lo
0osky I PR S R T ST
0
0.05¢ L L L C L L L 005 ¢ L 1 e L | L
02 04 06 0802 04 06 08 0z 04 06 0802 04 05 08
z z z, z,

o £ ~547 fb-! at ~10.58 GeV

1st measurement: [Belle, Phys.Rev.Lett.96 (2006) 232002] [Belle, Phys.Rev.D 78 (2008) 032011]
Belle ﬂini’o, ﬂin [Phys.Rev.D 100 (2019) 9, 092008]

BaBar 77t [Phys.Rev.D 90 (2014) 5, 052003]

BaBar KK, K7t [Phys.Rev.D 92 (2015) 11, 111101]

— Di‘_’K [M. Anselmino et al., Phys.Rev.D93 (2016) 3, 034025]

o BESIII 77T [Phys.Rev.Lett. 116 (2016) 4, 042001]
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Drell-Yan process and Z production: Cross section Charles

University

Cross-section with unpolarised target:

do 4772agm 1 cos 2 g
- Fou + “5) :
dQ%de2dn 3025 ( uu UU
do 3 1 + Acos? Ocg
— = ——— |1 4+ psin20cospcs
dQ  4m A +3 + £ sin? 6 cos 2¢cs

1 cos 26cg
— Q5 - 1 cos2¢pCg
oy +2Fyy
Py q_"Zi¢ Feosecs
° ,u‘ = uu 2 kl
; o5 290s
Fou+2Fyy

2R 2eCs
oy=—"Ul
T cos 290
Fout+2Fyy
o At leading twist:
cos pCs
Fuu =0,
FUU & fl,A (Y fl,B7

o8 pCs 1 1
Foy O(hl,A®h1,B~

. ; 1 COS 2¢0Cs
CollinsSoper frame e h h — Z X: cross section also oc Fij; + Fyjy
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Numerous pp experiments, e.g.: Used in global TMD fits, e.g.

AS. Tto et al., Measurement of the continuum of dimuons produced in high-encrgy e 102 1 10! .
proton-nucleus collisions, Phys. Rev. D 23 (1981) 604 [ixSPIRE] b I rﬁ 0
G. Moreno et al., Dimuon production in proton-copper collisions at \/5 = 38.8 GeV, Phys

Rev. D 43 (1991) 2815 [inSPIRE]

100 100

E772 collaboration, Cross-sections for the production of high mass muon pairs from
800 GeV proton bombardment of H-2, Phys. Rev. D 50 (1994) 3038 [Erratum ibid. D 60
(1999) 119903] [1xSPIRE]

PHENIX collaboration, Measurements of sy pairs from open heuvy fiavor and Drell-Yan in a0l
p+p collisions ut \/5 =200 GeV, Phys. Rev. D 99 (2019) 072003 [arX1v: 1805.02448]
PIRE].

Qeen

ATTAS60<60)
CDF collaboration, The transverse momentum and total cross section of e~e~ pairs in the w o
Z boson region from pp collisions at \/5 = 1.8 TeV, Phys. Rev. Lett. 84 (2000) 845 HERMES
[hep-ex/0001021] [iSPIRE]. B8 L

CDF collaboration, Trunsverse momentum cross section of e*¢~ pairs in the Z-boson

region from pp collisions at \/5 = 1.96 TeV. Phys. Rev. D 86 (2012) 052010 g

[arX1v:1207.7138] [ixSPIRE] Tota:
457 DY points

DO collaboration, Measurement of the inclusive differential cross section for Z bosons us 582SIDIS points

function of trunsverse momentum in pp collisions at /5 = 1.8 TeV, Phys. Rev. D 61 (2000) 1

032004 [hep-ex/9907009] [IWSPIRE]

o o

DO collaboration, Measurement of the shape of the boson transverse momentum distribution
inpp— Z/y" —ete” + X events produced at /5 = 1.96 TeV, Phys. Rev. Lett. 100 (2008) [I. Scimemi, A. Vladimirov, JHEP 06 (2020) 137]
102002 [arKiv:0712.0803] [1xSPIRE]

DO collaboration, Measurement of the normalized Z/~* — p*pu~ transverse momentum
distribution in pp collisions at /3 = 1.96 TeV, Phys. Lett. B 693 (2010) 522
[arXiv: 1006.0618] [ixSPIRE].

[
Ve 075 (031}
3 =L (-

CDF i
XN+ 132 (146)
o) =145 (0.7

CDF

LHCb collaboration, Measurement of the foruard Z boson production cross-section in pp
collisions at /5 =17 TeV, JHEP 08 (2015) 039 [arXiv: 1505.07024] [\SPIRE]

LHCb collaboration, Measurement of forward W and Z boson production in pp collisions ut
V5 =8 TeV, JHEP 01 (2016) 155 [arXiv:1511.08039] [ixSPIRE]

LHC collaboration, Measurement of the foruurd Z boson production cross-section in pp
collisions at /5 = 13 TeV, JHEP 09 (2016) 136 [arXiv:1607.06495] [SPIRE]

ATLAS collaboration, Measurement of the Z/5* boson trunsverse momentum distribution
in pp collisions at /3 =T TeV with the ATLAS detector, JHEP 09 (2014) 145
[arXiv:1406.3660) [rxSPIRE].

Dt

B2 )

ATLAS collaboration, Meusurement of the transverse momentum and ¢;, distributions of

Drell-Yan lepton pairs in proton-proton collisions at \/5 =8 TeV with the ATLAS detector,
Eur. Phys. J. C 76 (2016) 291 [arKiv:1512.02192] [nSPIRE]

CMIS collaboration, Measurement of the rupidity and transverse momentum distributions of

Z bosons in pp collisions at /5 =T TeV, Phys. Rev. D 85 (2012) 032002 " ST
[arXiv:1110.4973) [ixSPIRE] WITITE ==
CIS collaboration, Measurement of the trunsverse momentum spectnu of weak vector ¥ TR ¥ T

bosons produced in proton-proton collisions at /5 =8 TeV, JHEP 02 (2017) 096
[arXiv:1606.05864) [iNSPIRE). Example: fit of CDF and DO data.
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m—p Drell-Yan — TMD distribution of the pion
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[MAP, Phys.Rev.D 107 (2023) 1, 014014] : :
F F
000g
102k %o 3
[#]
e E615, NA10. o o¥oe o
rir 1 (GeVic? orcm»nrw‘ 0@
— (M)=6.1 (GeVich) (My=83(GeVIS)
e NEW: COMPASS m— N 1074 ¢ j=02 [ (r=023 5
1 2 3 1 2 3
e Future: AMBER 7t C — access to the sea. 4, (GeVio) 4, (GeVic)
. L
(both in Catarina’s talk) [V. Andrieux (COMPASS), DIS2024]
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Drell-Yan process and Z production: Azimuthal dependence Charles
University
< 3k . COMPASS .r1=ch\*z]-.w.pmhmmmy' 1 =06 . compass. 1 190 Gevie W.prchm\‘m)‘ ]z o COMPASS. x- 190 GeVie. W pu:lunmnr_v] 1
O NAIO, 7~ 194 GeVie, W 1 O NAIO, n- 194 GeVie, W O NAID, 7~ 194 GeVie, W 1
5, n-252GeV/ie, W 1 5, n-252GeV/e, W 1
]IE)!;"N[\'LO feve® 1 04 ] b ! gvr\xm e ]
2 - 5 1
poer 1 | 1 sk { ]
I 1 X 1 } a :
LS SR 1 Py S 2 3 § t -1
T fé'{ + {a* {} 2 Pt e L 1
yysr, = a:[tll : 02 Oyyst. = Oypa, ] Oyyst. = Oyiar. :
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q, (GeVl/e) q, (GeV/c) q, (GeV/c)

Azimuthal modulations from 7-N DY ( (NA10, E615 and preliminary COMPASS).
— Catarina’s talk.
@ Perturbative and possible non-perturbative origin of the modulations.

o There seems to be room for Boer—Mulders...
26’8 hiA ® th'

e pp, pd Drell-Yan:

o E866 NuSea, Phys. Rev. Lett. 99 (2007) 082301
o E866 NuSea, Phys. Rev. Lett. 102 (2009) 182001
o New: [SeaQuest, SPIN2023].

o Small asymmetry (role of the sea).
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Drell-Yan process and Z production: Gluon TMDs Charles

University

- - . .. : ‘e 0
In high-energy hadron collisions, heavy quarks are dominantly produced through gg fusion: :}’““< I _
7 ¢ Q

» The most efficient way to access the gluon dynamics inside the proton at LHC is to measure heavy-quark observables

s [nb]

do/dg,
S

Jan Matousek (Charles University)

e

Inclusive quarkonia production in (un)polarized pp
interaction (pp™ — [QQ]X) turns out to be an ideal
observable to access gTMDs (assuming TMD
factorization)

TMD factorization requires qr(Q) < M. Can look at
associate quarkonia production, where only the relative
qr needs to be small, e.g.: pp™ - J/Yp+]/P+X

HEP 03 (2024) 088

(b)LHCD, 4217, pi7 <41 Gevie
E —-SPSdata — a+hxcos(2@)+cxcos(dg) 1

st pp, 13 TeV E

1 2 3
9,

cs

[LHCb, JHEP 03 (2024)]

; doyysg/p = a+ b x cos(2¢cs) + ¢ X cos(4dcs)

a = FC[f] f{] + FaClwshi ki),

i JF | JF +13 b= FCluws ) + FiClulhi /],
++ ‘h | *H E ¢ = FiClwshy'hy?),

b T + F (cos 2¢cs) = —0.029 £ 0.050 (stat) & 0.009 (syst)
(cos4pcg) = —0.087 £ 0.052 (stat) & 0.013 (syst)

Ner Xcos -
Mo Xbos -+

' 1.9, ...
Y(nS)

10
Py [Gevic]

...but very challenging at fixed-target kinematics!
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@ More collider results,

o AMBER,

e SpinQuest

LHCSpin (Charlotte’s talk)
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