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Transverse momentum dependent parton distribution functions
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Semi-inclusive DIS cross section
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
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TMD PDFs and fragmentation functions (FFs)
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TMD PDFs and fragmentation functions (FFs)
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TMD PDFs and fragmentation functions (FFs)

Azimuthal amplitudes related to structure functions fxvy :
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Transverse momentum dependent fragmentation functions
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Validity of TMD description
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Spin-independent TMD PDFs: global analysis
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Kinematic coverage
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Kinematic coverage
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pin-independent TMD PDFs: global analysis

l. Scimemi, A. Vladimirov JHEP 06 (2020)137
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Spin-independent TMD PDFs: global analysis

l. Scimemi, A. Vladimirov JHEP 06 (2020)137

proton—_ lepton

-1 ~ fiducial N,
I e ptO n I e to n Experiment ref. | /s [GeV] Q [GeV] y/rp are o
region after cuts
o 4-9 in
E288 (200) (73] 19.4 _ 0.1 <ap <0.7 43
1 GeV bins*
_— e, . » i 4-12 in - .
rot on e E288 (300) 73] 23.8 | 009 <ap <051 53
e, IeptOn 1 GeV bins
‘ ’ Thaoo (Annh [rar] L0 L | 14 111 n o~ - - a9 g ]

/
proton Descnp’uon of the data

1% hadron N AR A D —
. s . ATLAS 7TeV ; ATLAS 7TeV | ATLAS 7TeV
semi-inclusive DIS w

S
il S| ~ lyl€[0.0,1.0 ~ lyl € [1.0,2.0] Iyl e [2.0,2.4]
L4 X2 /Ny =1.67 (0.77) X%/ Ny =6.00 (4.10) X° /Ny =1.51(1.31)
T<@<16. 16.<@Q <8l i 3
+ | S 2
d —> h 0.2 ® 500 o 1 = 1:
i 080 T3 s F
[ | hd 1 Q = = o }
2 /] 1 [ | . ) . 1 g 5 = [ } — 4 s 4 4
A XA'[(Z,[)T) 0.15! .-.. - 3 ¢ 1158 3 | } J } f— } — 4 } 1 } }
. [ e . oo 2 XY EXE 8 bl(.)2¢-) $ $ T
[® I $ 2 ’ 3 e — C
01 . v.l. X 1_’9 3 3 + — — I—E ) i —
: T ‘ I T | g 0.975 o T ¥ 7 ry I I +
])T[GCV] 0.05- rf—‘ﬂt% ‘+~+\+%11T I [ I ‘ | — 7 pH —————— F————— e T ~.+'* T 0I ----- A
\ }‘ ' - | _Ff ’ J 9o ® 6| AILAS 81(\ ATLAS 8TeV AILAS 81¢\
q@<T PR | g = . ly| € [0.0,0.4] ly| € [0.4,0.8] ly| € [0.8,1.2]
! [N e X2/ N, =2.37 (3.40) X2 /N, =2.90 (3.25) X2 /Ny =1.12 (1.44)
— NNLO 0% of w0220 f % s 4 (d/o) 2.0% (1.2%) (d/o) 2.0% (1.2%) ((z'/ar)l—‘) 2%(1.3%)
OTJ i : ,"‘.‘.,. Qﬁé = E 3" ) =z.U/0\1.2/0) : —4Z.U/ L /0] =4.4/0(1L.D/0)
015 s - Ak = N !
..... ’ Y s ! ® - = 9L T
N3LO . I, v | | w
0.1 e 1S h ®ele v 1 ; T |
ITITT] L | ) ' ; s TR - I I R ' T R A I S B S S T —— R I I }
0] . | I
005, 3TEEIR0 | WM+ 011 1.012 G ‘ :
1.7 Q2 30 * : e re--l _Lk\T\J“—n‘l 1.0 E'_f“ -I-;{ %P{‘_I_ I_’ - }:r_Q_—LI 4 + T T
< < N T et R —— - B e R ST J U T
0.2 ' N 0.25 0.5 0.7 1 1.25 0.988 ————v-* 3 % P s S}
S 1 1 —— ——— 1 Attt e e = e r—
0.15 o = 0.2 <2< 0.3 3 5 ATLAS 8TeV X 1.25 | ATLAS 8TeV x4 ATLAS 8TeV
| . 52804 N offset = +0.09 = 4  lyle12,1.6] ~ lyl e [1.6,2.0] |y € [2.0,2.4]
01 R . s - -\ 003 < » < 04 .% [ ‘\'—/."\rpf =1.91 ( | ))()| \Z/ANTPt =1.23 |()—1\) X~ /\1,{ =2.48 ( 91)
I 5321074 1332017 - IT7 | TTT § offset — +0.07 :g 37 (d/o) =2.8%(1.9%) (d/o) =3.5%(2.6%) (d)o) =4.2% u 3%)
0055 =~ }d!}rr-—ﬁrﬂff_‘iz T 5 I ] | [ S S 9l
a .Qf+ i ’;"'e r o e 0.4 ().( = =
1.<Q@*<1.7 I | * S HT T "[‘_ ’ .|
' | f : __r_ t oftse (.05 [
02 ° ‘o 0.6 < 2z < 0.8 | ~ ~ ~ ~ — i = f — ~ -
.. o = g offset = +0. 1.025 T T . . 3 I 3 :
S I - @ 1= v E _ T | " . _
1;‘ vV 1.0 =+ s r-sca—--;-——l——----------------1 e rh!-f -------------------------- [y Lf-—ﬂ_—-z —————————————————————
0.1 } .2 I a2%9% B 0.975 =——— — i
—- 0O t [} | I | - L PR - PR i | I—— i - i P i P i | L 1 ol 1 P P
r 2t 18T L o ST & 7 14 21 28 35 7 14 21 28 35 7 14 21 28 35
005,53 ° 1 §QILIILY QILLETII LT 71T H‘ ‘ = ’ q ’ ‘ :
;—’7 18 e : ngg+ :,"f‘l“ff:]ﬁhr“\: ® l‘fﬁ- O = 3 ’
SRR S wil e S 0NAAN NNLO/N3SLO i N
0.25 0.25 0.25 Total l 457 |

0.5 0.25 0.5 0.75 1 8 l J I I l



Spin-independent TMD PDFs: global analysis
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Collins amplitudes: measurement _
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Collins amplitudes: measurement

Ayr =
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Hll’q(z, p1): Collins fragmentation function
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Artru model

X. Artru et al., Z. Phys. C73 (1997) 527
polarisation component in lepton scattering plane reversed by photoabsorption:
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Sivers amplitudes

L.q
1] [fn X D]
» Sivers function:

* requires non-zero orbital angular momentum

- final-state interactions — azimuthal asymmetries
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Sivers amplitudes
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Sivers amplitudes
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- consistent with zero — u and d quark cancelation
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Sivers function

M. Anselmino et al., JHEP 04 (2017) 046
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Predicted Sivers sign change for SIDIS and Drell-Yan

1
(27)

J. C. Collins, Phys. Lett. B 536 (2002) 43

Bij(p. P.S) = oy [ @' PE(PS|55(0) U 04(€) |P.S)

U10,& ,SIDIS] U0, &, DY]

() St Y©)
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Experimental access to Sivers in Drell-Yan
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Investigation of the Sivers sign change in pTﬂ_ collisions

M. Anselmino et al., JHEP 04 (2017) 046
M. G. Echevarria et al. PRD 89 (2014)074013

P. Sun, F. Yuan, PRD 88 (2013) 114012 COMPASS, PRL 119 (2017) 112002
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Investigation of the Sivers signh change in pr collisions
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Investigation of the Sivers signh change in pr collisions
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Boer-Mulders modulation -
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Boer-Mulders modulation

Boer-Mulders PDF

COS(2¢h) 2 63 C lhlJ-,Cl(x, kJ_) X HlJ_,q(Za pJ_)]
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Spin-dependence with unpolarised hadrons!
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Boer-Mulders modulation

Measurement in ep:  (cos(201)) Born (7) (cos(201 )Y meas (1)
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Boer-Mulders modulation

Measurement in ep:

(cos(20n)) Born(J) (€0S(20n) ) meas (%)
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Boer-Mulders modulation
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Measurement in ep:  (cos(201)) Born (7) (cos(201 )Y meas (1)
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Boer-Mulders modulation
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Measurement in ep: <COS(Q¢M)>mmS(i)
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QED radiate effects %

limited geometric and kinematic acceptance of detector

limited detector resolution




Boer-Mulders modulation -
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Measurement in ep: <COS(Q¢M)>mmS(i)
Yy

QED radiate effects §

limited geometric and kinematic acceptance of detector

limited detector resolution
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Boer-Mulders modulation -
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Measurement in ep:

Fully differential analysis
Unfolding in 400 x 12 bins
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Boer-Mulders asymmetries

A Airapetian et al., Phys. Rev. D87 (2013) 012010
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H-D comparison: hl g~ hld

Negative for #™; positive for 7~ — Hll,fav ~ _ HlJ_,diSfav
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Boer-Mulders asymmetries -3

hquHl‘l

A. Airapetian et al., Phys. Rev. D87 (2013) 012010
1 I wmep —menX
[ Ded -enX

H-D comparison: hJ_ 7N hJ_d Mea;urement also
possible in Drell Yan.

Negative for #™; positive for 7~ — Hll,fav ~ _ HlJ_,disfav
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Gluon TMD PDFs

gluon polarisation
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* In contrast to quark TMDs,
gluon TMDs are almost unknown



Gluon TMD PDFs
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* In contrast to quark TMDs,
gluon TMDs are almost unknown

* Accessible through production of dijets,
high-Pt hadron pairs, quarkonia



Gluon TMD PDFs via J/wJ/y production

35

)
vV 8 _( Kyrkyr =87 K5p

lo

)

2
MP

7 V.2
ZlekYT_g/; le)
M;




Gluon TMD PDFs via J/wJ/y production

- J/ywJ Iy production largely dominated by gluon-induced processes
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Gluon TMD PDFs via J/wJ/y production

- J/yJ [y production largely dominated by gluon-induced processes
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Gluon TMD PDFs via J/wJ/y production

- J/ywJ Iy production largely dominated by gluon-induced processes
o & FyGIfSfE)+ FyBlw,hs hs™] + <F3<g[w3 ) + FizIw, ff‘) cos (2pcs) + <F4<€[w4hfihfi]> cos (4¢cs)
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Gluon TMD PDFs via J/wJ/y production

- J/ywJ Iy production largely dominated by gluon-induced processes
o & PG+ F6Iwohs )+ ( G0 i1 + FiE 0w ) cos (2cs) +( FiIw

35



Gluon TMD PDFs via J/wJ/y production

- J/ywJ Iy production largely dominated by gluon-induced processes
o & PG+ F6Iwohs )+ ( G0 i1 + FiE 0w ) cos (2cs) +( FiIw

* Invariant mass of pair — scale variation
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- J/ywJ Iy production largely dominated by gluon-induced processes
o & PG+ F6Iwohs )+ ( G0 i1 + FiE 0w ) cos (2cs) +( FiIw

* Invariant mass of pair — scale variation

* Need to subtract double-parton-scattering contribution from data
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Gluon TMD PDFs via J/wJ/y production

- J/yJ [y production largely dominated by gluon-induced processes
o o F G+ Fy@lwyh het] + <F3<g[w3 ] + Fi% w4 ) cos (2pcs) + <F4%[w4hflhfl]> cos (4¢cs)
* Invariant mass of pair — scale variation

* Need to subtract double-parton-scattering contribution from data
JHEP 03 (2024) 088
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Gluon TMD PDFs via J/wJ/y production

- J/yJ [y production largely dominated by gluon-induced processes
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* Invariant mass of pair — scale variation

* Need to subtract double-parton-scattering contribution from data

JHEP 03 (2024) 088
— T T T T

= F T
E _F (b)LHCb 42 fb, p " < 4.1 GeV/c
%82'5 - —— SPS data a+bxcos(2@)+cxcos(4¢9) 1
D b E
o -
= - L Tl —— 1T
1.5 —
N | ,
U S
0.5F -
O: I I ! I
0 1 2 3

Jhyldhy
prm " <

<MJ/1//J/1//>

9

2

<MJ/V/J/V/> — 82 GeV/C2

0., (cos 2¢¢s)

(cosdopcs)

—0.029 2

- 0.050 (stat) —

- 0.009 (syst)

—0.087 =

- 0.052 (stat) -

- 0.013 (syst)



Spin-independent gluon TMDs via J/wJ/y production
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Spln independent TMD PDF: |mpact of EIC

5f1(£l? — 10~ L /CT)/4
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kr|GeV] e -
. . Fit: 1. Scimemi, A. Vladimirov
DIS variables via scattered lepton JHEP 06:137. 2020

Q? > 1 GeV? 11 GeV2 systematic uncertainty= |generated - reconstructed|

H X

10 x 100 GeV? B 1
ZSXlOOGeVg L=101b
18 x 275 GeV 39

0.01 < y < 0.95
W2 > 10 GeV?

for each collision energy




Sivers TMD PDF: impact of EIC

Parametrisation from
M. Bury et al., JHEP, 05:151, 2021

Q=2 GeV

ECCE

DIS variables via scattered lepton

Q° > 1 GeV* 5 x4l Ge\/’Q2
0.01 <y <0.95 f:g i %88 gg¥2 L =10 fb~" for each collision energy
W? > 10 GeV? 18 x 275 GeV? 40



The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )
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The various dimensions of the nucleon structure

Wigner distributions W (z, k1, b | )
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What are generalised parton distributions (GPDs)?

GPDs are probability amplitudes

» X=average longitudinal momentum fraction
Xﬂ 1X5 » 2¢=longitudinal momentum transfer
» t=squared momentum transfer to hadron

» experimental access tot and ¢
* In general: no experimental access to x
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What are generalised parton distributions (GPDs)?

GPDs are probability amplitudes

X+§* YX-G

» for spin-1/2 hadron:

Four parton helicity-conserving twist-2 GPDs

H(z, &, t) E(x,&,t)

H(z,&,t) E(x,,t)

proton helicity non flip| proton helicity flip

parton-spin independent

parton-spin dependent

42

» X=average longitudinal momentum fraction
» 2&=longitudinal momentum transfer
» t=squared momentum transfer to hadron

» experimental access tot and ¢
* In general: no experimental access to x

Four parton helicity-flip twist-2 GPDs

HT(xafat)

ﬁT(ZE,f,t)

ET(mvat)

ET(xvfat)




In the forward limit

forward limit: £ =0, t =0

for the nucleon:

o Four parton helicity-conserving twist-2 GPDs

spin-independent PDFs g(x), g(x) < H(x,&,t) E(><f, t) parton-spin independent

[:[(m, £, 1) E(><§, t) parton-spin dependent
@ proton helicity non flip| proton helicity flip

Four parton helicity-flip twist-2 GPDs

HT(mafvt) ETMgat)

(K€, 1) ErfK e, t)

helicity PDFs Aq(x

transversity PDF's dq(x

43



What GPDs tell us about the nucleon

e 3D parton distributions

2« , : : 1.0/,
M. Burkardt, PRD 92 ('00) 071503 | !

Int. J. Mod Phys. A 18 ('03) 173 1 | o5
| R £ |
impact-parameter dependent distributions: = 0] 1€ o0
. : a | 1 g
probability to find parton (x,br) Il |
'* -0.5
Fourier ol » .
transform for ¢=0 o 05 00 o5 10
oFDs GPDs H+E
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What GPDs tell us about the nucleon

e 3D parton distributions

M. Burkardt, PRD 92 ('00) 071503

=

0

probability to find parton (x,br)

transform for &=0

o GPDs
e pressure distributions

GPDs
/dxa:

gravitational form factors

Fourier
transform

pressure distributions 44
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What GPDs tell us about the nucleon

e 3D parton distributions

M. Burkardt, PRD 92 ('00) 071503
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... and Iits spin

longitudinally polarised nucleon proton spin

1 1

—=-) Aq+ )y LI+ JC

2 2
q q

quark spin  quark orbital gluon
angular momentum angular momentum

30% ? ?

l
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Experimental access to GPDs: electroproduction

GPDs

46



Experimental access to GPDs: electroproduction

Deeply virtual Compton scattering (DVCS)
Hard scale=large Q2=-q2
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Experimental access to GPDs: electroproduction

Deeply virtual Compton scattering (DVCS)
Hard scale=large Q2=-q2

46



Experimental access to GPDs: electroproduction

Deeply virtual Compton scattering (DVCS)
Hard scale=large Q2=-q2

CLAS - PRC 80 ('09) 035206; PRL 87 ('01) 182002; 100 ('08) 162002

COMPASS - arXiv:1702.06315

JLab Hall A Collaboration - PRL 99 ('07) 242501; PRC 92 ('15) 055202; Nat. Com. 8 ('17) 1408
HERMES - JHEP 10 ("12) 042; PLB 704 ('11) 15; NPB 842 (‘11) 265

H1 - PLB 681 ('09) 391; 659 ('07) 796; EPJ C 44 ('05) 1

ZEUS - PLB 573 (2003) 46; JHEP 05 ('09) 108
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Experimental access to GPDs: electroproduction

e e
. / e
- *
7" (q) 0l
-
A Y
GPDs
Y P
Deeply virtual Compton scattering (DVCS) Hard exclusive meson production
Hard scale=large Q2=-qg2 Hard scale=large Q2

CLAS - PRC 80 ('09) 035206; PRL 87 ('01) 182002; 100 ('08) 162002

COMPASS - arXiv:1702.06315

JLab Hall A Collaboration - PRL 99 ('07) 242501; PRC 92 ('15) 055202; Nat. Com. 8 ('17) 1408
HERMES - JHEP 10 ("12) 042; PLB 704 ('11) 15; NPB 842 (‘11) 265

H1 - PLB 681 ('09) 391; 659 ('07) 796; EPJ C 44 ('05) 1

ZEUS - PLB 573 (2003) 46; JHEP 05 ('09) 108
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Experimental access to GPDs: electroproduction

Deeply virtual Compton scattering (DVCS)
Hard scale=large Q2=-q2

CLAS - PRC 80 ('09) 035206; PRL 87 (‘01) 182002; 100 ('08) 162002
COMPASS - arxiv:1702.06315

JLab Hall A Collaboration - PRL 99 ('07) 242501; PRC 92 ('15) 055202; Nat. Com. 8 ('17) 1408
HERMES - JHEP 10 ("12) 042; PLB 704 ('11) 15; NPB 842 (‘11) 265

H1 - PLB 681 ('09) 391; 659 ('07) 796; EPJ C 44 ('05) 1

ZEUS - PLB 573 (2003) 46; JHEP 05 ('09) 108

46

Hard exclusive meson production

Hard scale=large Q2

CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - PLB 731 (*14) 19; NPB 915 ('17) 454

JLab Hall A Collaboration - PRC 83 (*11) 025201
HERMES - EPJ C 74 ("14) 3110; 75 (*15) 600; 77 (‘17) 378



Experimental access to GPDs: electroproduction

Deeply virtual Compton scattering (DVCS)
Hard scale=large Q2=-q2

CLAS - PRC 80 ('09) 035206; PRL 87 (‘01) 182002; 100 ('08) 162002
COMPASS - arxiv:1702.06315

JLab Hall A Collaboration - PRL 99 ('07) 242501; PRC 92 ('15) 055202; Nat. Com. 8 ('17) 1408
HERMES - JHEP 10 ("12) 042; PLB 704 ('11) 15; NPB 842 (‘11) 265

H1 - PLB 681 ('09) 391; 659 ('07) 796; EPJ C 44 ('05) 1

ZEUS - PLB 573 (2003) 46; JHEP 05 ('09) 108
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Hard exclusive meson production

Hard scale=large Q2

CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - PLB 731 (*14) 19; NPB 915 ('17) 454

JLab Hall A Collaboration - PRC 83 (*11) 025201
HERMES - EPJ C 74 ("14) 3110; 75 (*15) 600; 77 (‘17) 378

» fixed target: medium/large xs, quarks



Experimental access to GPDs: electroproduction

e _ e S
7" (q) o
- .

GPDs
P P
Deeply virtual Compton scattering (DVCS) Hard exclusive meson production
Hard scale=large Q2=-qg2 Hard scale=Ilarge Q2
CLAS - PRC 80 ('09) 035206; PRL 87 ('01) 182002; 100 ('08) 162002 CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - arxiv:1702.06315 COMPASS - PLB 731 (*14) 19; NPB 915 (*17) 454
JLab Hall A Collaboration - PRL 99 ('07) 242501; PRC 92 ('15) 055202; Nat. Com. 8 ('17) 1408 JLab Hall A Collaboration - PRC 83 (*11) 025201
HERMES - JHEP 10 ("12) 042; PLB 704 ('11) 15; NPB 842 (‘11) 265 HERMES - EPJ C 74 (*14) 3110; 75 (*15) 600; 77 ('17) 378
H1 - PLB 681 ('09) 391; 659 ('07) 796; EPJ C 44 ('05) 1 H1 - JHEP 05('10)032; EPJ C 46 ('06) 585 |
colliders, small xg, gluons
ZEUS - PLB 573 (2003) 46; JHEP 05 ('09) 108 ZEUS - PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

46 » fixed target: medium/large xs, quarks



Experimental access to GPDs: photoproduction

Hard exclusive meson production
Hard scale=large Q2

CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - PLB 731 (*14) 19; NPB 915 ('17) 454

JLab Hall A Collaboration - PRC 83 (*11) 025201
HERMES - EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378
H1 - JHEP 05('10)032; EPJ C 46 ('06) 585
ZEUS - PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

colliders, small xg, gluons

» fixed target: medium/large xs, quarks



Experimental access to GPDs: photoproduction
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Hard exclusive meson production
Hard scale=large Q2

CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - PLB 731 (*14) 19; NPB 915 ('17) 454

JLab Hall A Collaboration - PRC 83 (*11) 025201
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colliders, small xg, gluons

» fixed target: medium/large xs, quarks



Experimental access to GPDs: photoproduction

J
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Hard exclusive meson production
Hard scale=large Q2

CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - PLB 731 (*14) 19; NPB 915 ('17) 454

| ab Hall A Collaboration - PRC 83 ('11) 025201
ERMES - EPJ C 74 (*14) 3110; 75 ('15) 600; 77 ('17) 378
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1 — JHEP 05('10)032; EPJ C 46 ('06) 585
EUS - PMC Phys. A1 ('07) 6; NPB 695 ('04) 3
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colliders, small xg, gluons
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Exclusive meson photoproduction
Hard scale = large charm/bottom-quark mass



Experimental access to GPDs: photoproduction

e
e
e
e
Hard exclusive meson production Exclusive meson photoproduction
Hard scale=large Q2 Hard scale = large charm/bottom-quark mass

CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - PLB 731 (*14) 19; NPB 915 ('17) 454

JLab Hall A Collaboration - PRC 83 (*11) 025201
HERMES - EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378
H1 - JHEP 05('10)032; EPJ C 46 ('06) 585
ZEUS - PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

colliders, small xg, gluons

» fixed target: medium/large xs, quarks



Experimental access to GPDs: photoproduction

J
-

Hard exclusive meson production
Hard scale=large Q2

CLAS - PRC 95 ('17) 035207; 95 (2017) 035202
COMPASS - PLB 731 (*14) 19; NPB 915 ('17) 454

| ab Hall A Collaboration - PRC 83 ('11) 025201
ERMES - EPJ C 74 (*14) 3110; 75 ('15) 600; 77 ('17) 378

H
Z

1 — JHEP 05('10)032; EPJ C 46 ('06) 585
EUS - PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

» fixed target: medium/large xs, quarks

colliders, small xg, gluons

Exclusive meson photoproduction
Hard scale = large charm/bottom-quark mass

H1 - EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251
ZEUS - Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W, = [30,300] GeV

down to xg=10-4
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W dependence of exclusive production
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t dependence
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Q2+ My dependence of b
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Quark distribution in transverse plane

B ((GeV/c)?)

(r{ (xgj)) ~ 2(B(xg;))h*

COMPASS preliminary —
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21— O ZEUS: <Q% =3.2(GeV/c)®  JHEP 0905 (2009) 108 —
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L v " <% = 8.0 (GeV/cY Eur. Phys. C44 (2005) 1 —10.1
- N H1: <Q%> =10. (GeV/c)®>  Phys. Lett. B681 (2009) 391 _
O | | L1 1 11 I | | | L1 1 11 I | | | | L1 11 O
107 107 1072 /1 20-1
X.
Bi
— <Q?> = 1.8 (GeV/c) .
- . <Q® =10, (GeV/c} } KM15 model from Kumericki & Mueller
—— <Q?> = 1.8 (GeV/c) }
o <% =10 (GeV/c)2 GK model  from Goloskokov & Kroll



Exclusive pO production on a transversely polarised target

e+ N —e+ N+ p’
,00%77++7T_

lepton
scattering plane

Fit angular distribution of decay pions W(®, ¢, ©, ¢s)and extract either
Spin Density Matrix Elements (SDMEs) or helicity amplitude ratios




Exclusive pO production on a transversely polarised target

HERMES, Eur. Phys. J. C 77 (2017) 378

H H

® ep' = epp
& u." phase from EPJ C29 (2003) 171
¢ EPJC71(2011) 1609

8% uncertainty target polarization
2% uncertainty beam polarization

Bl L,

0.8
Amplitude ratios

1

via unpolarised target

via transversely polarised target
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H1 - EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251
ZEUS - Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4
W, = [30,300] GeV

down to xg=10-4
56



Experimental access to GPDs: photoproduction

'Y >

. ¢

~
~
—————
~o .-
_______
----------

Exclusive meson photoproduction
Hard scale = large charm/bottom-quark mass

H1 - EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251
ZEUS - Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4
W, = [30,300] GeV

down to xg=10-4
56



Experimental access to GPDs: photoproduction

'Y >

. ¢

Exclusive meson photoproduction
Hard scale = large charm/bottom-quark mass

H1 - EPJ C 46 ('06) 585; 73 ('13) 2466; PLB 541 ('02) 251
ZEUS - Nucl. Phys. B 695 ('04) 3; PLB 680 ('09) 4

W, = [30,300] GeV

down to xg=10-4
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WIN® =34 GeV

W,.)r,r;?ax — 15 Ter
down to xg=10-"6

PHENIX: Au-Au - Phys. Lett. B 679 ('09) 321
CDF: p-p - Phys. Rev. Lett. 102 ('09) 242001

C
C

MS, PbPDb: Phys. Lett. B 772 ('17) 489
MS, pPb: Eur. Phys. J. C 79 ('19) 277

ALICE: Pb-PDb - Eur. Phys. J. C 73 ('13) 2617; Phys. Lett. B 718 ('13) 1273;

A
L

Phys. Lett. B 751 ('15) 358; Phys. Lett. B 798 ('19) 134926.
_ICE: p-Pb - Phys. Rev. Lett. 113 ('14) 232504; Eur. Phys. J. C 79 ('19) 402

HCb: PbPb — CERN-LHCb-CONF-2018-003

L

HCb: pp - J. Phys. G: Nucl. Part. Phys. 40 ('13) 045001; 41 ('14) 055002;
JHEP 1509 ('15) 084); JHEP10('18)167



Phase-space covered at the LHC
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Ultra-peripheral collisions

large—impact-parameter interactions

b>Ra+RB
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large—impact-parameter interactions

hadronic interactions strongly suppressed ohoton flux « Z2

instead: electromagnetic interactions

b>Ra+R&




Ultra-peripheral collisions

large—impact-parameter interactions

hadronic interactions strongly suppressed ohoton flux « Z2

instead: electromagnetic interactions

b>Ra+R&

2
photon virtuality Q? < (E>
R A
— quasi-real photons
2vhc

maximum photon energy =

bmin



Ultra-peripheral collisions

large—impact-parameter interactions
hadronic interactions strongly suppressed

instead: electromagnetic interactions

|

A

photon flux « Z2

b>Ra+Rg VaVaVe b \VAVAVAV/
+ AVAVAVYA =
2

. . he

photon virtuality Q2 < (R_
A TES maix

— quasi-real photons dystem | /S Ea Es (2) Yaop | (b) Bymar | (€) Elfjo, | (d) W
o pPb [ 502 TeV | 4 TeV | 1.567 TeV | 1.43 x 107 | 28 MeV 0.4 PeV | 0.86 TeV
- e Pb | 816 TeV | 6.5 TeV | 2.56 TeV | 3.78 x 107 | 28 MeV 1 PeV 1.4 TeV
maximum photon enerqgy = b ' ' ' ' ~

P W= pp | 13TeV | 65TeV | 6.5TeV | 9.6x107 | 116 MeV | 11 PeV | 4.6 TeV

table: K. Lynch
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Measurement of exclusive production at LHCb

P(A)

rapidity Run 1
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e particle identification
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SPD/PS = Int. J. Mod. Phys. A 30 (2015) 1530022
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Measurement of exclusive production at LHCb

P(A)
rapidity Run 1 Run 2
X
detection of particle showers
; LHCb fully instrumented
1 et eS80
. detection of charged particlesTTTTT
e D eeeeee e
detection of particle showers
) 1100 ettt
P(A) - low pr threshold: pr>400 MeV
e particle identification
Herschel JHEP 10 (2018) 167 H°"f7,r:,?fus : Hole radius  no detection around beam line but
600mM Ty o1mm e low number of interactions
‘ Cut-out per beam crossing: 1.1-1.5
~108x230mm

e large coverage in rapidity

i

=/l

eoomMm
N
=

Station B2
z=-114.0m
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z2=-19.7m Station BO
z2=-7.5m

Station F1
z2=20.0m

Station F2
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Exclusive single Y production in pp collisions
- Exclusive J/Y and @(2S): /s = 7 TeV and part of /s =13 TeV data (from 2015)

— xXg down to 2x10-6

» Reconstruction via dimuon decay, with 2<n<4.5.

* No other detector activity.
* Quarkonia J//Y and Y(2S): 2<y<4.5 and p$<0.8 GeV?
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Exclusive single Y production in pp collisions
- Exclusive J/Y and @(2S): /s = 7 TeV and part of /s =13 TeV data (from 2015)

— xXg down to 2x10-6

» Reconstruction via dimuon decay, with 2<n<4.5.
* No other detector activity.
* Quarkonia J//Y and Y(2S): 2<y<4.5 and p$<0.8 GeV?

= Bethe-Heitler process 0

4 JHEP 10 (2018) 167
1 O E | | | | | | | | | | | | I | | E
C —e— LHCb ({s=13 TeV) . =
i Total fit ? i
0
103 L e Nonresonant background |

Candidates per 10 MeV
S

(W

Mass(u*u~) [MeV]



Background: feed down and proton dissociation

Vs =T7TeV J. Phys. G: Nucl. Part. Phys. 41 (2014) 055002
:Q 45008 - T IS'I II - a
S LHCb TS itw -
8 4000: _____ nelastic bkg fit V\ilth exponential
o 3500fe signal fraction=0.62+0.08 Feed-down bkg shape from data
o -
S 3000;\ =
8_ 2500 g—\ _g
) 2 2000F- =
P L‘|'>J’ 1500~ =
proton/ion dissociation 1000;_ _z
500F="- =
J/ feed-down background = - e e 4L
0(A) p(A) 0 1 1.5 , 22
Y " p$ [GeV*</c]
P(2S) .- 'J/¢ Xe e vj/w
‘ e r» X =7 T r X =y,
999 9
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Cross-section calculation

number of events

A0y — it N
2.0 < < 4.5) =
diy ( N ) Ay
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Cross-section calculation

signal purity number of events
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Cross-section calculation

signal purity number of events

d - N
TVt (9.0 < 1, < 4.5) = E
iy TS

reconstruction efficiency
~0.3-0.7/0.4-0.6

run1/run2
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Cross-section calculation

A0 1+ 1~ (

dy

signal purity

2.0 <n, <4.5) =

D

N

number of events

Csel
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reconstruction efficiency selection

~(0.3-0.7/0.4-0.6
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Cross-section calculation

A0y — it (

dy

signal purity

2.0 <n, <4.5) =

D
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number of events
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efficiency efficiency=0.24/0.33
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Cross-section calculation
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reconstruction efficiency selection single-inter
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Cross-section calculation

A0y — it (

signal purity

dy

reconstruction efficiency selection single-inter

~(0.3-0.7/0.4-0.6

2.0 <n, <4.5) =

D

N

number

of events

'erecnesel

Ayksingle 1Ctot

luminosity

929 pb-1/204 pb-
action

efficiency efficiency=0.24/0.33

~0.87/0.6-0.7

1

N

do pp—pYp
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PP Cross section

0 J/Y JHEP 10 (2018) 167
= sk L] ;
N =
A - -
2 = =
N :
s sE -
SIS 4E

3F —

= JMRT LO -

2;_ I JMRT NLO E

lE —— LHCb ({5=13 TeV) E

- : : : : | | -

0 2 3 4

JAy rapidity
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JMRT prediction, based on gluon PDF:

At low xg, approximate GPD to gluon PDF

do
dt

Z. Phys. C57 ('93) 89-92;
arXiv:1609.09738



Exclusive single Y production in pp collisions

JHEP11(2013)085
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ALICE: exclusive single-J/y production in pPb collisions

PEEREIA W, VI, YL sy A l'nk '

"

photon flux«Z2

~ e
S~
~~ -
- -
-~ -
-
e s

+ Requirement on forward/backward
scintillators and far-foward/backward
neutron zero-degree calorimeters (ZDCs)
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ALICE: exclusive single-J/y production in pPb collisions

"

N AN | £ 5 photon fluxZ2
ZDC pp e 2 PRt

120 I ALICE p-Pb 0.8<y<08 — ALICE p-Pb
[ Sny =5.02TeV - Sy =5.02 TeV
Jhy— e'e

- —  Jhy -t
100 E s
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o
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o
o

S
o

+ Requirement on forward/backward
scintillators and far-foward/backward
neutron zero-degree calorimeters (ZDCs)




Extraction of the J/{ photoproduction

pPb: use Z2 dependence of photon flux
— PDb is predominantly photon emitter
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Extraction of the J/{ photoproduction

* r = gap survival factor

M
k= %eiy = photon energy
pPb: use Z2 dependence of photon flux pp: ambiguity in ID of photon emitter |. dcj{_”i = photon flux

— PDb Is predominantly photon emitter
« Wi = 2ky+/s =ypinvariant mass

relation pp and yp cross section:

dn dn
Opp—spiop = T(W4 )kt @va—mbp(WﬁL) T T(W—>k—£0ﬁp—>¢p(w—)



Extraction of the J/{ photoproduction

* r = gap survival factor

M
k= %eiy = photon energy
pPb: use Z2 dependence of photon flux pp: ambiguity in ID of photon emitter |. dcj{_”i = photon flux

— PDb Is predominantly photon emitter
« Wi = 2ky+/s =ypinvariant mass

relation pp and yp cross section:

dn dn
Opp—spiop = T(W4 )kt @va—mbp(WﬁL) T T(W—>k—£0ﬁp—>¢p(w—)

LHCb used HERA data for low-Ey ( W_) contribution.



J/P photoproduction cross section

Bjorken-x
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J/P photoproduction cross section
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J/P photoproduction cross section

107!
Phys. Rev. D 108 ('23) 112004
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J/P photoproduction cross section
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J/P photoproduction cross section oo
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Y photoproduction cross section

Eur. Phys. J. C 79 (2019) 277
Eur. Phys. J. C 82 (2022) 343 ___
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Ultra-peripheral collisions in PbPb
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EX.: target dissociation, excitation

69



Ultra-peripheral collisions in PbPb

What object are we probing?

coherent scattering

Incoherent scattering

Coherent interaction: interaction with target as a whole.
~ target remains in same gquantum state.

Incoherent interaction: interaction with constituents inside target.

~ target does not remain in same quantum state.
EX.: target dissociation, excitation
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Coherent production

Nuclear GPDs (PDFs at low Xg)
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Coherent production

Nuclear GPDs (PDFs at low Xg)
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Coherent production

Nuclear GPDs (PDFs at low Xg)

Probing saturation
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Coherent production

Nuclear GPDs (PDFs at low Xg)
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Coherent production

Nuclear GPDs (PDFs at low Xg)

Probing saturation
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Coherent photoproduction in PbPb at ALICE

ALICE, Eur. Phys. J. C 81 (2021) 712

— 14
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SRR STARLIGHT
—— EPSO09 LO (GKZ)
- LTA (GKZ)

— = lIM BG (GM)

— — |Psat (LM)

- BGK-I (LS)

- - - - GG-HS (CCK)

do/dy (mb

10

ALICE Pb+Pb — Pb+Pb+Jip sy = 5.02 TeV

- Impulse approximation

— — b-BK(BCCM) -~

/'

]
- - - -
- = -~

no gluon
shadowing

-4.0<y<-2.5

y|<0.8 — 0.3 x 103 < x5 < 1.4 x10-3

0.7 x 102 < xg < 3.3 x10-2 (dominant)

1.1 x 105 < xg < 5.1 x10°

Results indicate shadowing in gluon PDF:

Pb

g -3
~ (0.0 at ©r =~ 10
A g 71

R, =

ALICE, Phys. Lett. B 817 (2021) 136280

—l
o

do, p,/dltl (mb c? GeV™?)

ALICE Pb+Pb — Pb+Pb+J/y \s,, =5.02 TeV

ALICE coherent J/y, lyl<0.8
—+ Experimental uncorrelated syst. + stat.

,;q,_. Experimental correlated syst.
\ \.\ . N
N \\ UPC to yPb model uncertainty

— STARIight (Pb form factor)

— - LTA (nuclear shadowing) \\ ‘\\, .
— — - b-BK (gluon saturation) = \\I "‘.\
- \\ \\’\ —
N\ N
N\ \
l l l l | L\ A l |
©
T ol ° o STARlight/ Data_|
O ) o LTA/Data
—~ 1.5 5 O = ]
O O o v b-BK/Data
A e R e —— o TR
= 0) 0.002 0.004 0.006 0.008 0.01 0.012
It (GeV? ¢

antishadowing Aoy
: 5 - motion
 EMC
shadowing |
0.1 0.3 08 X



Disentangling the ambiguity on the ID of the y emitter
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Disentangling the ambiguity on the ID of the y emitter
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Disentangling the ambiguity on the ID of the y emitter
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Disentangling the ambiguity on the ID of the y emitter

Photon flux N, 4(E,)is function of impact parameter:
enhanced for large E, at small impact parameter.
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Disentangling the ambiguity on the ID of the y emitter

Photon flux N, 4(E,)is function of impact parameter:
enhanced for large E, at small impact parameter.

Small impact parameter, b =—®higher probability for exciting («1/b2) ——p higher probability to emit neutrons.
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Disentangling the ambiguity on the ID of the y emitter

Photon flux N, 4(E,)is function of impact parameter:
enhanced for large E, at small impact parameter.

Small impact parameter, b =—®higher probability for exciting («1/b2) ——p higher probability to emit neutrons.
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CMS central detector and the (far-)forward region

muon detectors
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Disentangling the ambiguity on the ID of the y emitter
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Disentangling the ambiguity on the ID of the y emitter

07/p(Eys) + 07/ (Ey,1)

0y (Eys) + 0 7/9(Er 1)

UJ/w(E’y,S) + UJ/tb(E%l)
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CMS: yPb cross section, energy dependence

CMS Pb-Pb 1.52 nb™' (5.02 TeV)
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coherent scattering

Incoherent production

iIncoherent scattering

Trot ~ (JA]%) average cross sections

average amplitude over target configurations:

Teon ~ |(A)]° AR
probes average distributions

19 Incoherent
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h %;Z (1 A[2) = difference between both:

probes event-by-event fluctuations
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coherent scattering

Incoherent production

iIncoherent scattering

Trot ~ (JA]%) average cross sections

2 average amplitude over target configurations:
Ocoh ™ |<A>| : : :
probes average distributions
o . = difference between both:
f#i -
probes event-by-event fluctuations
. . it A — Ay =1[0.0,1.8,3.5,5.3
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f 0 @
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| 10.2
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1 0 1 1 0 1 H. Mantysaari and B. Schenke.
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Dissociative production measured by ALICE
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