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Nuclear structure functions:

How much does the structure
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I-x physics:

Sma

' 2(GeV?)
e HERA found xg & x03. Avarc o
. = Gluons
® Present data can be described by: :
=» Linear evolution approaches, either : S
DGLAP or resummation at low x. g & \(sE
=» Non-linear approaches: saturation. . DN
.G>J 0’6’7?;0{0 o
. . . S| Noning . ok, Vo g
® Theory: at very high energies (i.e. small : %,
o o oy hrons Y Pomerons?
X), non-linear dynamlcs must be present. : e Bl | $ sl amd | aah
. o Parton Density 10 10 10 10
Where is it? At HERA: NERH \
. . Kl AL, g ~—0.
=» Hints of failure of DGLAP at small x, Q2 pioz 1= Q; O< >
resummation? A
=» No azimuthal structures (ridge) found z [ @ DENSE ixed Q1
for Q2>5 GeV2. <5
® Non-linear dynamics density-driven: £ e )
® O eA .
IXITA = ep & eA, large range in : R @ Core @
2 REGION
1/x & Q2, essential. ET o A
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Impllcatlons on pA/AA

® Nucleus # Zp+(A-Z)n.
® Particle production at large

scales similar to pp (dilute regime).

‘© Medium behaves very early like a
low viscosity liquid: macroscopic
description.

11

Gluons from saturated nuclei =

[B. Cole]

Glasma?

® [ ack of information about small-
X partons, correlations and
transverse structure.

® We do not understand the
dense regime.

L Medium is very opaque to
ucoloured particles traversing it.

Reconfinement

® How isotropised the system
becomes!?

® Why is hydro effective so fast,
which dynamics?

® Dynamical mechanisms for such
opacity?! Weak or strong coupling?
® How to extract accurately
medium parameters!

- eA: nuclear WF and
mechanism of particle
production.

=>» eA: initial conditions; how
small can a system become
and still show ‘collectivity”?

=> eA: in-medium QCD
radiation, cold nuclear
effects on hard probes.
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Machines:

Lepton—Proton Scattering Facilities
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® Projects of eA colliders with Ecm ~ 0.1 (US

and Ch EIC) and | (LHeC and FCC-eh) TeV/A
addressing different physics.
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Kinematics:

EIC/LHeC

0.001<y<|
O.=1°

InL::
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e EIC/LHeC-FCC-eh: y
extension of 2/4-5 orders of

magnitude in x and Q2 wrt existing _
DIS data.

Q? (GeV?
2

e EIC/LHeC versus hh:

=» pA/AA covers largest range in
kinematics.

-> DIS offers: S0
» A clean experimental environment 513;

- low multiplicity, no pileup, fully 10°
constrained kinematics x,Q2 °
reconstructing the outgoing lepton; 107

10

» A more controlled theoretical
setup - many |st-principles
calculations, factorisation tests.

—2
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Nuclear DIS & DY data:

® NMC (DIS)
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NnPDFs: status

® [arge uncertainties for x<0.0| and for large b faax, O

X glue (parametrisation biases, weakly Rialr, 07 = Afyy,(x, 02)
constrained flavour decomposition and impact

parameter dependence); small impact of P |
present LHC data. o
® Few data for any single A e.g. Pb (15 DIS+30 h
pPb+VA): A-dependence of initial conditions.
e Sizeable impact on precision in hard probes  *‘EPPS|6 ///
of the QGP. e e e

® HL-LHC data to provide additional constrains, see 1812.06772:

heavy quarks (including top) and quarkonium (inclusive, and

exclusive in UPCs) under study.

e eA will provide precise nPDFs to be contrasted
with pA/AA: checks of factorisation in the nuclear
environment required for hard probes of the QGP.
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nPDFs: fits to a single nucleus

‘@ LHeC/FCC-eh ePband ... 1708.05654

= Measurements with A = 56 (Fe): - “; - HERAPDF2.0 NNLO. xFitter. Av?1 -
EIC A d d [ eAADIS (E-139, E-665 EMC, NNC) A 0 F Ei—l c : , XFitter, Ay"= —
€ U Pseu O ata 100 = ;j,l&A DBIS1%CCFR, CDHSW, CHORUS, NuTeV) e O - FC?J-eh =
° ° ° E © DY (E772, EB66) /"/ [ LHeC+FCC-eh |
included in EPPS | 6-like v 7~ QN S b
lobal fits and HERAPDF & 5
global fits an - R =
) E, -0.
DIS-only fits: large <.

reduction of
uncertainties in a
completely new
kinematical region. R ————T 1 T N el =

Pb, HERAPDF2.0 NNLO, xFitter, AX2=1
LHeC
FCC-eh

LHeC+FCC-eh P b

Are,g(x 10 GeV?)

106;— LHeC charm, EPPS16*, Pb DE*; v
. . [ LHeC NC+CC, xFitter, Pb 0 0 G "
® Fit to 2 smgle nucleus '€ FoC-eh NC+CC, xFitter,Pb _ o scmet
bl A d d o PP[h@ @ O g 1 HERAPDF2.0 NNLO, xFitter, Ay?=1" =
. - = ® ® @@ ocm ; , XFitter, Ay“= =
POSS' €. NO epen ence. 103; DZ 222 :, : 8 Z: e LHe>é+FCC-eh
o gl 3 y recen
e Charm, beauty, c-tagged o . 15 =
CC for strange (notyetin) .. L;/ORC present =
) ; O ? l 0 ®  ® O fS'l'DY'l“V B 04 é
= complete unfolding of 1 : 4 Pb/proton
N ] (<
1o~ vl il vl il 4“ g

107 10° 10° 10* 10% 107 10‘1x 1

different parton species.
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GPDs and TMDs:

® [he extraction of GPDs and TMDs and of their evolution

equations is a huge undergoing program: scarcely known in the .
proton, nuclear effects are mostly unknown.

*
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® Coherent exclusive production of Y and VM yields information about g and g GPDs
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GPDs and TMDs:

® The extraction of GPDs and TMDs and of their evolution
equations is a huge undergoing program: scarcely known in the .
proton, nuclear effects are mostly unknown.

K
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I P I

ol Y - X (My)
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Pp breakup of 2\-‘
I

coherent incoherent
p/A stays intact p/A breaks up

® Coherent exclusive production of Y and VM yields information about q and g GPD:s.
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GPDs and TMDs:

® [ he extraction of GPDs and TMDs and of their evolution /
equations is a huge undergoing program: scarcely known in the . . 7
proton, huclear effects are mostly unknown. S

* v w? X (My)

W/qubﬁr””””,,,—»— ,——"' ,
:" | o
x+ & / \\ r— & x+ & /‘ f %‘\‘r — p,P ' O / or Ob:;{_— v o)
\.t/ P.p’ breakt/p_c;f,z\__—
p D p coherent iIncoherent

p/A stays intact p/A breaks up
® Coherent exclusive production of Y and VM yields information about q and g GPD:s.

® [ncoherent excluswe productlon yields information about fluctuations: hot spots = MPIs.

I Pb+Pb— J/¥ +Pb+Pb,{/s=502TeV,y=0
% 11 @ 1 40.20

103
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Nuclear diffractive PDFs:

‘e Diffractive PDFs give the conditional probability of measuring a parton in the hadron with the
hadron remaining intact.: ~10 % events at HERA are diffractive!

® Never measured in nuclei, with incoherent diffraction dominant above relatively small -t:
interplay between multiple scattering and survival probability of the colourless exchange (rapidity
gap), relation between diffraction in ep and nuclear shadowing = MPIs, CEP.

e Extractable in nucleus with the same accuracy as in proton.

. . Gluon DPDF error bands from 5% simulations
LHeC/FCC-eh, coherent diffraction, 1901.09076 Q2 2B GEV?. £ 201, OL=68% Bn 20
] o o o U T

v o
107 ~ ZEUS-LRG  ~ 7 — T T —— T
H1-LRG . L é ZEUS-S) 7/ | 03 F

10% - HERA-FLPS

HERA

105 L 9>1° 1 = 0.2 -
w? IX(M) _ 0.00T<y<0396. .. / ////
x B 104 - B<1 7 : 4 01 /////(/ -
o T T OE e S ) e, 7 00
coherent incoherent &/ / : / 1 o1 / / g
p/A stays intact p/A breaks up 101 L / : : ]
00y L 1 ™ ]
ot | oo dayenier S i HP=6GeVE ] o3t . W=206eV?
-/ ] M P PN PR P el M PR el i aal el 2
102t bl 10> 10* 10° 102 107 10> 10% 102 102 107
108 107 106 10° 104 103 102 107 z z

x = B¢
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Search for new parton dynamics at small x:

® Saturation modifies evolution: tension between the
description in linear evolution of different inclusive

observables (with different sensitivities to the gluon
and the sea, e.g. F> and FLor 0HQ), if enough lever

arm in Q2 is available at small enough x.
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® High scales are small x at the FCC-AA.

08 -

0.6

onginal EPS09 uncert.

- " p+Pb pseudo data

original EPS09 uncert.
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L= 1pb~, /5 = 63TeV
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X
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Diffractive observables:

® Saturation (the approach to the black disk limit) ® Saturation results in a larger
affects both the energy and the t (impact diffractive over inclusive cross
parameter)-dependence of coherent exclusive VM section: interplay between non-linear
production: smaller energy dependence, shrinking phenomena and syrvival probability.
of the diffractive peak. B S S S
0.018 | eAu - Saturation Model Q2 =5GeV2
i i 0.016 f— = EKu :?ﬁéﬁﬂﬂnﬁieu(%s;) X =1x107
- @ - —— ep-Shadowing Model (LT
g [ e+p(Pb) > e+p(Po)+Jip Soof T o
8 140 _ Q2=1 0'1 OO (.aev2 T\% 0.01 _
S 120 F ‘ 8 oooe .
- _ & 0.006 [ ) .
: - % 0.004 : ...
100 |- T - N
_ﬂ, - ep ; 0.002 E— "~..,_.’_
%/ 80__ Pb OE | — —— .
5 | - 1212.1701
®) 50 1.6 . |
Ql - 14 F saturation model
< | 5 ol
— 40F 2 N
I Mantysaari in DIS2018 T 06f T
o L — 'TI — T — ] 04 ;_ shadowing model (LTS)
0 000 2000 3000 4000 5000 0.2
W [GeV] N S N
EIC LHeC FCC-eh N 1 °

M?Z (GeV?)
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Correlations:

~ e Dihadron azimuthal decorrelation: currently discussed at AD=D),

RHIC as suggestive of saturation. 9= _—

¢ To be studied at EIC & LHeC far from
kinematical limits. o) LN

do—('\'"é\}'—}hlax) dzp1dzpaddro
Zh1

0.24

eNuclear and saturation B _
effects on usual BFKL ANy
signals (e.g. dijet azimuthal s By
decorrelation, Mueller-Navelet S o QA GV
jets) has not been extensively e )

addressed: A-dependence A LA N
contrary to linear resummation? LHeC CDR T T T

® HL-LHC and higher energy hh/AA colliders: many of these signals can be considered (nuclear
modification factors at small-x, exclusive vector meson production in UPCs, particle and jet
decorrelation), but larger uncertainties will remain: collectivity, factorisation,... DIS would be
decisive to set the existence of a new regime of QCD.
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Contents:

|. Introduction:

=» Nuclear structure functions.
=¥ Small-x physics.

=¥ Implications on pA/AA.

=» Machines and kinematics.

2. Partonic structure of the nucleus:

=» Collinear nPDFs.
=» Diffractive nPDFs.

3. New dynamics at small x:

=» Inclusive observables.
=» Diffractive observables.
=» Correlations.

4. Nuclear effects in the final state:

=? |ets.
=» Fragmentation functions.

Not yet final!

5. Community.

6. Summary/recommendations.

Note: this is a personal selection of
topics; for additional discussions and
supplemental material (e.g. on spin
and relations with other fields), see
Thomas Gehrmann, Urs Wiedemann,
Uta Klein and Gavin Salam’s talks, and
the backup.
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Jets:

® Jets not suppressed in pPb @ LHC: compatibility with softer observables? = small systems.
® |ets will be abundantly produced in eA colliders up to sizeable Et, they can be used to test
factorisation and for precision studies of changes of QCD radiation in the
nuclear environment = hard probes of the QGP.

- jet jet
2 [oeen. 2 = 110 Gov? _dog: /dE ., (ub/GeV per nucleon) d00’=0/d";e: (ub per nucleon)
P o~ 10
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Fragmentation functions:

® cA: dynamics of QCD radiation and hadronization for light and heavy
particles (energy loss of light and heavy, and quarkonium production and
suppression), most relevant for particle production off nuclei
(nPDF determination in pA) and for QGP analysis in AA.

_ —P (deII)
® DO mesons

=» High energy: partonic evolution
altered in the nuclear medium.

o .
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=» Low energy: hadronization inside — l
formation time, (pre-)hadronic absorption,... Fixed-target colliders » (CeV)

0.50. x>0.1

25 GeV? < Q? < 45 GeV?
140 GeV <v < 150 GeV
fLdt =10 fbo™

Ratio of particles produced in lead over proton

0.30 , , , , ,
0.0 0.2 0.4 0.6 0.8 1.0

Fraction of virtual photons energy
carried by hadron, z

1 dN%(z,v
Ng drvdz

1 dNB(z,v)

R (z,v) =

...............
(LT T PR ETLLLLLLLLY
A = =i ,_..-...--.u-.-;-:;-'_‘,'d‘-_‘-lrr-“-‘ --------

............... e
R T L g
o e

ratio of FFs Alp

. / VAN Phadr/ Pparton

{/ — hadron rest frame
/ V=Estruck parton

MSTWOBLO, ghat=0
MSTWOBLO+EPSO09, ghat=0
MSTWOBLO+EPSO9, ghat=0.72, L.
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Community:
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Summary / recommendations:

® cA colliders offer huge possibilities for QCD physics in new kinematic and dynamics domains:
=» Determination of nuclear partonic structure with high precision: collinear nuclear PDFs, nuclear GPDs/
TMDs (3D-structure), diffractive nuclear PDFs, to be contrasted with pA and AA.
=¥ Searches of signals of a new regime of QCD - saturation - in inclusive and diffractive observables, and
through correlations; both ep & eA are required to discover it and understand the underlying dynamics.
=» Modifications of particle production, hadronisation and QCD radiation in the nuclear environment.

Support further studies of the eA physics case at the largest possible energy and the implications on pp/
bA/AA.

® The EIC and the LHeC are complementary (except for spin in which EIC is unique):

=¥ PDFs for future AA colliders and the study of saturation demand the highest possible energy.
=¥ 3D-structure and hadronisation/QCD radiation will be studied in complementary domains.

Support the exploitation of the synergies and complementarities between the EIC and the LHeC/FCC-eh.

® All these aspects are very relevant for the heavy-ion program:
=» Benchmarking of hard probes.
=¥ Initial conditions for collective behaviour.
=» Understanding of the onset of collectivity: small systems, MPlIs, ...

Encourage the development of a QCD program in the 2030’s consisting of pb/pA/AA and epleA.
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Purpose:

® Jo cover: Prospects and Challenges for Electron-lon Collider, also from the perspectives of the US-EIC, to
trigger our understanding of the rich variety of structures at the subatomic scale.

® Related contributions submitted to the ESPPU:

ID Title

|59 LHeC/PERLE

99 US-based EIC
103 DIS

152 QCD/HI at HL-LHC
|35 QCD/HI at FCC-hh and FCC-eh
163 QCD theory
148 NuPECC

21 INFN hadron

| 14 MC generators
33 Germany HEP
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DIS:

e Consider the process of lepton (e, U, V) scattering on a proton (or neutron or nucleus).

Standard DIS variables:

Neutral e Charged inelasticity
Current Current v electron-proton P9
Y/ (q) cms energy squared: Yy = e
e T W (q) 2 |
Q2 e Q2 q S = (]{ —+ p) Bjorken x
/ —(q
A A photon-proton L= 2]9 . q
P P Cm; Snersy squared; (minus) photon virtuality
2
W= =(q+p) Q° = —q
® For charged lepton scattering and neglecting Z exchange,
dQUNC 27TQ2Y+ dgaéic 1+ P GQF i 1\.-1‘24/ 1°
= 0 = — ' Yy -0y Vi =14 (1—1y)?
dzdQ)? Qx e dxdQ? 2 2rr | M3, + Q2 e ( Y)
— F- - Y_ F y2 F Z
Or,NC = T2 Y+X 3 Y, L > %t = Fo+ kz(—ve F Pae) - F; + hQZ(vz + ag + 2Pvea,) - FQZ
B Z ——
+ Wt Y_ it Y2 - xF3 = kz(*ae+ Pv,)-zF] k% (F20eae — P(v2 + a2)) - 2F¥
Orcc = Wa Fy-2W3 = 3-Wp
’ + +
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NnPDFs: status
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EPPSI16 NNNPDFI1.0

SET JHEP 0904 (2009) PRD93 (2016) 014036 |EPJC C77 (2017)163

065

PRD93 (2016)
085037

1904.00018

PRDS5 (2012) 074028

eDIS

Q

vDIS
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O

NL NNLO

O

NLO NLO NNLO

proton PDF CTEQS6.I MSTW2008 ~CTEQS6.| JRO9 CTI14NLO NNPDF3.1
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IR TR
o [ we
_ro | o

PDFs, deuteron data |AX2=52, flavour sep.,

AX2=35, PDFs,
valence flavour sep.,

NNPDF

ratios, LHC pPb data|. m@f’
' isoscalarity assumed

AX2=50, ratios, huge | Ax2=30, ratios,
shadowing- medium-modified FFs
antishadowing for 110

not enough included

sensitivity
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NnPDFs: status

® [ ack of data = large uncertainties for

_ fZ /A measured

"~J
"~J

T = Af, expected if no nuclear effects the nuclear glue at small scales and x:
1 o o o
/P problem for benchmarking in HIC in

order to extract medium parameters.

o [ ALICE (PLB 734 (2014) 314) Pb-Pb {5, = 2.76 TeV o | Inclusive J/y —e*e’, Pb-Pb |5, =276 TeV
1.2 — e Jv — e'e, centrality 0%—90%, p>0 GeV/c 1.2 B @ ALICE (PLB 734 (2014) 314), y|<0.8, p >0 GeV/c global syst.=+ 13%
i m v —u'y, centrality 09%—80%, 0<p <8 GeV/c  global syst= + 8% i . .-
1 _"'_'_"_"_'."_"_"."_’:'_"."_"_"_'."_"_'."_‘:'_"_’:'."_"."_"_',"."."_".':'.".’:'.".'.".".'."."."."-'Z'-"-"-'“"“‘""'.':'.".':'.".".".'::".':"."-': 11— ‘f-"“' """""""""""""""""
0'8 B H .-,.‘a----B"‘.".- 0.8 N ‘H'.‘ “‘ @ $
0.6 N H H 0'6 B ’r\“"-"'\\\hhh\‘ﬂ\‘!"""""’-.---.-.-"‘-."----. ................
i - s IR0
0.4f ol matraects n P Vg =275 T ’ ’ oab B
i — EPS09 shadowing (PRC 81 (2010) 044903) C e
- - ' | e Stat. Hadronization model (A. Andronic & al., JPG 38 (2011) 124081) T
0.2 nDSg shadowing (NPA 855 (2011) 327) 0.2+ Transport model (Y.-P. Liu & al, PLB 678 (2009) 72)
- : Transport model (X. Zhao & al., NPA 859 (2011) 114)
- | | | | | | | | B = 10w Shadowing+comovers+ecombination (E. Ferrelro, PLB 731 (2014) 57)
O L L L L 0llllIllllIlllllllllllllllllllllllllllll
0 05 1 15 2 25 3 35 4 0 50 100 150 200 250 300 350 400

y (N
1506.0398 1

)

part

Strong interaction physics at future eA colliders: 2. Partonic structure of the nucleus. 25 N.Armesto, 15.05.2019




NnPDFs: status
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NnPDFs: status

1.6 LI | IlIIlII LI IIIIIII LI lllllll 1 lllllll 1.6 L L) lllll'l 1 llllllll LI | lllllll 1 wl

e nCTEQIS vs, i llliisr sy = o g
EPPSl6:note the  ouf | “imes Jeell T dent 5
parametrisation o

1 &e02r — nCTEQ15

L L1l

1.6 [
b. < 14
L i
IaSQ 5 1.2 -
= 1.0 3
| 0.8 :
A 0.6
5 04§
are 0.2 )
'\"*‘L 00 i 1 . vl 1 |Illg':|I|.|EQil'|511 L
10" 10° 10° 10" 1 10* 10 10 10" 1
r T

Strong interaction physics at future eA colliders: 2. Partonic structure of the nucleus. 26 N.Armesto, 15.05.2019




NnPDFs: status
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NPDFs: fits

o | HeC/FCC-eh
ePb and EIC eAu .

pseudodata -3
included in 2
EPPS | 6-like

global fits: large

Impact.

® HF separation
has sizeable
impact (on glue).

® Not yet
included: beauty,
c-tagged CC for
strange.
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nPDFs: HL-LHC

® Presently, only dijet and W/Z data from pPb at the LHC are used in global fits.
® Use of heavy quarks (including top) and quarkonium under study. See 1812.06772.
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® Also exclusive vector meson production in UPCs - additional assumptions are required.
e nPDFs from eA to be contrasted with pA/AA:precise checks of factorisation in
the nuclear environment.
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3D-structure of hadrons and nuclei:

Wi(x,b,,k,)
Wigner distributions

~ 7
[d’b, [ &k,
P 4
f(x,k,) f(x,b,)
transverse momentum impact parameter
distributions (TMDs) distributions
semi-inclusive processes
¢ N
[d’k, [d*b,
4 A
f(x)

parton densities
inclusive and semi-inclusive processes

Fourier trf.
b, < A

' )

11(-\‘,().{)
[=-A"

fdk

= »

F (1)

form factors
elastic scattering

vfrf

® New kinds of factorisation (or lack of it), new evolution equations.
® Directly related with spin.

® Most of these quantities can be ideally explored in EIC and LHeC; they also can be explored
in fixed target programs (talks by Lansberg and Schnell) and UPCs (at Q=0).

1212.1701
=0
|
generalized parton Two-scale
distributions (GPDs)
exclusive processes Pr’ocesses
fdxxn—]
Azr.()(t)+4;:2An.2(t)+"" One-Scale
generalized form
factors processes

lattice calculations
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Quark and gluon GPDs:
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Quark and gluon GPDs:

n 5 / f X (M)
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) p.P el o Oy my

du- ] n | p \-t— PP’ breakup of A
/ ?w piEP W <P’|T$j (O, ~w”, OT) VT% (O, —sw”, OT) |P> coherent Incoherent

e = < < c p/A stays intact p/A breaks up

® Coherent exclusive production of Y and VM yields information about q and g GPD:s.
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Quark and gluon GPDs:

n f / 5 r X (My)
T r —
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/ el o Oy my

dw™ | + | P \-t—’ PP breaku;)‘gf—,zl_——
/ ?w piEP W <P’|T$j (O, W OT) V_t/,j (0, —sw, OT) |p> coherent Incoherent

e 2 2 < c p/A stays intact p/A breaks up

® Coherent exclusive production of Y and VM yields information about q and g GPD:s.
® [ncoherent excluswe productlon yields information about fluctuations: hot spots.
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Spin:
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® The origin of proton spin has been an open
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TMDs and spin:

Leading Twist TMDs (> Muconsgn (=) quarspn

® Several TMDs to be determined by different observables: rS—
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