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Nuclear structure functions:

How much does the structure

Flavour dependence?; relation Anti-shadowing o
with shadowing and coherence 00 2 e NG ™ s e ! of a hadron change when it is
[ToDS(AY e 1 i Immersed in a huclear medium?
AL 51.02:4%0DIS (D) L igx 10
ePb at LHeC/ at oo ‘ }} Fermi-motion
FCC-eh EC = & | 11" e o % Short versus long range

SLAC EI39 Fe/D

E665 Ca/D

— Parameterization

-------- Error 1n parameterization

correlations, pion cloud,
| I

Multiple scattering, intrinsic charm,...

saturation,...;high- Shadowin 0.00le2 FiSelgy 3 3 FU8T 50 3 3 4HET ‘ EMC-effect
J ! Superfast quarks

energy QCD
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Nuclear PDFs, obeying  Usual perturbative

P
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® Bound nucleon # free
nucleon: search for process

independent nPDFs that the standard DGLAP  coefficient functions
realise this condition, within f‘/A
: : : DA, A9 A, ~oden, A2 o ( measured
collinear factorisation. Pz, Q%) = Pz, Q%) R = Af;) ~ ~expected if no nuclear effects
i/ D
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Dynamlcs in pA/AA

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

scales similar to pp (dilute regime).

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

L Medium is very opaque to

ucoloured particles traversing it.

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.

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!

=?» Nuclear WF and
mechanism of particle
production.

=» Initial conditions; how
small can a system become
and still show “collectivity”?

= In-medium QCD
radiation, cold nuclear
effects on hard probes.
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® Nucleus # Zp+(A-Z)n.
e Particle production at large
scales similar to pp (dilute regime).

[B. Cole]

Dynamics in pA/AA:

® Medium behaves very early like a n ® Medium is very opaque to
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The small system problem:
=¥ QGP in small systems!?

What do we mean by QGP?

Gluons from saturated nu......

/® | ack of information about small-
’x partons, correlations and
itransverse structure.

' We do not understand the
ldense regime.

| =» Microscopic dynamics versus hydro?
¥ -> Strong (AdS/CFT, models) versus weak (transport) explanations?;

B are there quasiparticles?
-

® 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!

=?» Nuclear WF and
mechanism of particle
production.

=» Initial conditions; how
small can a system become
and still show “collectivity”?

= In-medium QCD
radiation, cold nuclear
effects on hard probes.
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nPDFs: implications on HI physics
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® [ ack of data = large uncertainties for

the nuclear glue at small scales and x:
problem for benchmarking in HIC in

order to extract medium parameters.
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nPDFs: implications on HI physics
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® Extraction of transport properties and hydrodynamisation times finds its key
limitation in the uncertainties in the initial conditions for hydrodynamical evolution.
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achines: ep/eA

® Projects of eA colliders with
Ecn ~ O(0.1) TeV/A (EICs at US

and China) and O(I) TeV/A

(LHeC and FCC-eh at CERN)
addressing different physics.
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Kinematics:

® Extension of several orders of magnitude in x

and Q2 w.r.t. existing DIS data.
e DIS versus hh:

=» pA/AA covers largest range in kinematics.

= DIS offers:

» A clean experimental environment -
multiplicity, no pileup, fully constrained kinematics
x,Q? reconstructing the outgoing lepton;

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

& =
> Ultraperipheral QQ:

8 g [0 S— FCC Y (lyl < 4) ® NMC (DIS)
~ 107 FCC JIY (lyl < 4) M SLAC-E139 (DIS)
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4
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NPDFs: status
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NPDFs: status
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nPDFs @ LHC: present
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nPDFs @ LHC: present
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nPDFs @ HL-LHC:
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nPDFs @ HL-LHC:

- 55<pT®<75GeV [ 75<p]®<95GeV
1.2 -

E | H,;.Mpﬁ I
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a o - | =
0.81-B E_ =

CMS l pPb (2pb”)
Projection pp (200pb™)
anti-k; R=0.3 jets
p,,>30 GeV, p_,>20 GeV
A¢31 ,> 23

pp NLO pQCD: CT14
= Data I IDSSZ

® |nclusive WV for s/u.
® Dijets for glue.

® / and Y at forward rapidity (glue).

® VW asymmetries for gluon (evolution).

® Low mass forward DY for sea and gluon.
® Top requires higher statistics: lighter ions in the 30’s?
e UPCs will also contribute: quarkonium, inclusive dijets
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nPDFs @ HL-LHC:

1.2_-

- 55<pT®<75GeV

[ 75<p]®<95GeV
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Dijets
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[ ISyst. uncert. . EPS09

pPb (2pb™)
pp (200pb™)

pp NLO pQCD: CT14
mDSSZ

1812.06772

® [nclusive W for s/u.

® Dijets for glue.

® / and Y at forward rapidity (glue).

® VW asymmetries for gluon (evolution).

® Low mass forward DY for sea and gluon.

® Top requires higher statistics: lighter ions in the 30’s?

e UPCs will also contribute: quarkonium, inclusive dijets
(1902.05126).
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nPDFs @ HL-LHC:

Dijets

® Inclusive W for s/u.

® / and Y at forward rapidity (glue).

® VW asymmetries for gluon (evolution).

® Low mass forward DY for sea and gluon.
® Top requires higher statistics: lighter ions in the 30’s?
e UPCs will also contribute: quarkonium, inclusive dijets
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nPDFs @ HL-LHC:

Dijets

® Inclusive W for s/u.
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nPDFs in pA beyond HL-LHC:

1.6 | pXe vay=115GeV /s
100"

® Top studies become feasible at the
FCC: gluon in pPb (1501.05879).

D, B mesons e UPCs will also contribute: quarkonium,
e m oor g m apd quarkonia inclusive dijets (1902.05126).
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DIS observables:

Q’ (GeV?)

Neutral 107:?I IIIIIII| I IIIIIII| [T TTTI I T TTTT [T TTTT [T TTTTH I IIIIH'%
Current /, oL HERA - T
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h — OO OCIeETH
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Fo(z QQ) « 2 :xq(x QQ) — determines directly valence (large - o= %g:gg,g.gg.gé\o\&é
2\ , ’ X) and sea (low x) 3 € acceptance & -
8F2 (‘/I;7 Q ) 2 — determines glue Via DGLAP, @(as): 10—1_ vl v s sl il vl J
) X CEQ(ZL‘, Q ) . | . ’) 107 10° 10° 10* 10° 10% 10" 1

0 log () requires lever arm in Q2.

Fol(r 02 o ralr. O2) — Fo(r.O2) determines the glue via DGLAP O(«,): requires lever arm in Ecn
p(z, Q) 9(z, @) 2(, Q%) (different y, Q%=xy Ecm?, at fixed x,Q2, use Ored).

FC’b’t(x Qz) — determines heavy flavour PDFs: requires HQ ID. ® Besides: SIDIS, jets, ...

-CC determines strange PDFs: requires HQ ID and
°r " measurement of missing energy.
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Global analysis: EPPS 16

" EPPS | 6-like analysis, with the same data sets as in EPPS16 plus EIC or LHeC NC, CC and

charm reduced cross sections.

® Central values generated using EPS09.
e Same methods and tolerance (AX2=52) as in EPPS| 6, but more flexible functional form at small

x for the glue to better estimate the uncertainties (parametrisation bias).

REppsie
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Global analysis: EPPS16 @ EIC

. EPPS | 6-like analysis, with the same data sets as in EPPS16

plus EIC NC, CC and charm

reduced cross sections. BT |
® Central values generated using EPS09. % [ with charm o
— . o 15 :
® Same methods and tolerance (Ax2=52) as in EPPSI6, < " |\ :
but more flexible functional form at small x to better 10 AR 1seq
. . . . . o o™ B
estimate the uncertainties (parametrisation bias). S :
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Global analysis: EPPS16 @ LHeC

l ® EPPS|6-like analysis, with the same data sets as in EPPS16 plus LHeC NC, CC and charm

reduced cross sections. In both cases large impact:
® Central values generated using EPS09. e HF has sizeable impact (on glue).
® Same methods and tolerance (AXx?=52) as in EPPS16, |e Not yet included: beauty, c-tagged
but more flexible functional form at small x to better CC for strange.
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Pb-only DIS fit:

. Pb-only PDFs from NC+CC at LHeC and FCC-eh, using xFitter (1410.4412)1.2.2.

=» HERAPDF2.0-type parametrisation (1506.06042), NNLO, RTOPT mass scheme, &s=0.118.
=¥ Central values from HERAPDF2.0: neither parametrisation bias nor theory uncertainties.

=» Standard xFitter/HERAPDF treatment of systematics; tolerance Ax2=1 (Ax2=52 in EPPS|6%).
=» Only data with Q2>=3.5 GeV2, initial evolution scale .9 GeV-2.

. . < ® Large improvements at all x.
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Summary:

® Nuclear PDFs are basicly unknown for x<0.008,and 1’
the glue at large x: large implications on HICs. 6
® Extractions from LHC will improve the situation but 0
they rely on factorisation and demand reconciling many o
experiments/observables: A-dependence of parameters,

large tolerances. 10

GeV?)

® Extractions from EICs will greatly improve the
situation in their available kinematic region. Note that %5 10’
DIS is experimentally (kinematic reconstruction, no
pileup, no large tolerance) and theoretically
(factorisation) cleaner = limits of factorisation in pA/AA.
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® Hadron/DIS machines are complementary in terms of

‘I’eaCh’/‘PreCiSiOn’. 1:: I S 77 o o 1 I O N |

e Besides: diffraction, GPDs/TMDs/3D structure, small-x 107 107 107 107 1)?4
A

studies,...

10° 102 10~

Thanks for the invitation and your attention!
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Timeline:

PEPIC =
RHIC/JLAB12
EIC-US ™
Yoshida at DIS2019
EicC--China =
LHC Long term L LHeC >

LHC ‘
I VLEeP ™)

LS2 14 TeV

INJECTOR UPGRADE Sio 7 x
o0 v opx,  Wke  foned
117 dipole & collimator recions installation ;
Civil Eng. P1-PS —\
FCC-eh =2
ATLAS - CMS recsabon
—_ 5= ==
m— ALICE - LHCS M -
upgrade
2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040
\ J | |
f f
COMPASS2, SMOG2 LHC-Spin

Only indicative...
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3D - GPDs and TMDs (l):

® The extraction of 3D-structure (GPDs and TMDs and their evolution equations) is a huge
undergoing program: scarcely known in the proton, mostly unknown in nuclei.

=N e+Pb — e+PbO+J/y, Q2=0.1 GeV? D[r]
oo - B e 2.0}
S 1000 |- T
o 100 =
Q LI
=R
e E: o1 |
S o0r
0.0001 W=0.1 TeV, coherent
I W=0.813 TeV, coherent
000001 W=2.5 TeV, coherent
TILl — W=0.1 TeV, incoherent
16107 | —————- W=0.813 TeV, incoherent
wo? | 7=~ W=2.5 TeV, incoherent, = S
. ¢ (MX) 0.1 . 0.2 0.3 o.4_t [Gevz] 0.5 2
Mantysaari in DIS2018; LHeC
.‘ N CDR update to appear
| Larg_est rapidity v 9 o v
/ gap in event _ NN\N” V —
T —— - — —
P, P N //r “““'---;_____ or Q——:T_E_‘__j Y (MY) x —{—5/ \ x—E& :zr—i-&/‘f %\x—f
s Pip breakup of A - . _ — —
- / p P
coherent incoherent ! : "
® Coherent exclusive production (Y/VM) = g/g GPDs,

p/A stays intact p/A breaks up

transverse profile.
® |t can be done at the EIC/LHeC/FCC-eh in a large range of x and Q? = evolution.
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3D - GPDs and TMDs (l):

® The extraction of 3D-structure (GPDs and TMDs and their evolution equations) is a huge
undergoing program: scarcely known in the proton, mostly unknown in nuclei.
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e incoherent - saturation (bSat)

fLdt = 10/A fb™?
1<Q2 <10 GeV2, x<0.01

eAu at EIC, 1211.3048
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o Coherent exclusive productlon (Y/VM) = qg/g GPDs,

transverse profile.
® |t can be done at the EIC/LHeC/FCC-eh in a large range of x and Q? = evolution.
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3D - GPDs and TMDs (l):

® The extraction of 3D-structure (GPDs and TMDs and their evolution equations) is a huge
undergoing program: scarcely known in the proton, mostly unknown in nuclei.
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transverse profile.
® |t can be done at the EIC/LHeC/FCC-eh in a large range of x and Q? = evolution.
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o Coherent exclusive productlon (Y/VM) = ql/g GPD:s,
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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 7% events at HERA are diffractive!

e Never measured in nuclei, 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.

o At the LHeC/FCC-eh, extractable in nuclei with the same accuracy as in proton.
LHeC/FCC-eh, coherent dlffractlon 1901.09076

Gluon DPDF error bands from 5% simulations
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