\
@ |GFAE UN1®

Indian Summer School of Physics SN
Phenomenology of Hot and Dense Matter for Future Accelerators DE o
Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University

Prague, September 5th-7th 2018

Hadron structure

phenomenology at
an EIC

Nestor Armesto
Departamento de Fisica de Particulas and IGFAE

Universidade de Santiago de Compostela
nestor.armesto@usc.es

EXCELENCIA N XUNTA
GOBIERNO MINISTERIO [ )
g[é\ ﬁlﬁEZTU fif DEESPANA  DEECONOMA % ¢ DE GALICIA



mailto:nestor.armesto@usc.es

Contents:

|. Basics of DIS.
2. Determination of (n)PDFs.

3. Inclusive and exclusive diffraction.
4. Spin.
5. Small-x physics in DIS.

6. Outlook.

Bibliography:

- R. Devenish and A. Cooper-Sarker, Deep Inelastic Scattering, Oxford University Press 2004.

- G. P. Salam, Elements of QCD for hadron colliders, CERN Yellow Report CERN-2010-002, 45-100, arXiv:1011.5131 [hep-
ph].

- J. L.Abelleira Fernandez et al., A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts for
Machine and Detector, J. Phys. G39 (2012) 075001, arXiv:1206.29 13 [physics.acc-ph].

- A.Accardi et al., Electron lon Collider:The Next QCD Frontier : Understanding the glue that binds us all, Eur. Phys.].A52 (2016)
no.9, 268, arXiv:1212.1701 [nucl-ex].

N.Armesto, 05-07.09.2018 - Hadron structure phenomenology at an EIC.



Contents:

| . Basics of DIS. Conventional, wide implications,
/ inclusive Xsections.
2. Determination of (n)PDFs.

Less conventional,
differential information,
4 Spin. - more exclusive Xsections.

3. Inclusive and exclusive diffraction.

— | will show very little J.
5. Small-x physics in DIS. «

See Tuomas’ lectures.

6. Outlook. «+

Just a little discussion about future projects.
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DIS: proton substructure

=?» Let us compare elastic scattering (x=1) on a pointlike s=1/2

particle with that on a proton and the inelastic one (for x~O(1)):

p(r) (mi) IF(q2)l

Example

| pointlike

constant

Electron

Qﬂential

(;

dipole

-

do = do 1+2Ttan29
d2 ) point — \ 4 Mott 2

spin 1/2

gauss

i

gauss

6L

homogeneous
sphere

oscillating

sphere with
a diffuse
surface

oscillating

Uit

4OCa

r

=» For fixed X,

Igl—

(

—

do do Gg(Q%) +1GH(Q%) 2 12\ pan2 O
@) = (m)w[ T+7 TG (@) tan”

d’o do 7
_ ( 99 (A2 7 ()2 2 ¥
J0dF = (dQ)Mott [UQ(Q V) +2W(Q°, v) tan 2]

Fi(z,Q%) = M W,(Q%,v)
Fo(z, Q%) = v Wa(Q2%,v) .

Fi2 roughly independent of Q (note |/Q* behaviour

of proton form factors): Bjorken scaling, pointlike scatterers.
=?» 2xF=F,: Callan-Gross relation, spin-1/2 scatterers.
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DIS: proton substructure
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DIS: basics

=» Consider the process of lepton (e, M, V) scattering on a proton
(or neutron or nucleus): equivalent to the Rutherford experiment.

K’ Standard DIS variables: inelasticity
electron-proton _p-q
cms energy squared: Y= D - L
S = (]C + p)2 Bjorkenx
. —q
photon-proton L= 20 - q

cms energy squared: : : :
87 39 (minus) photon virtuality

W= =(q+p)° Q* = —¢°

=¥ For charged lepton scattering and neglecting Z exchange,

Fi, Fa:
d*c 4o , i ) structure
the hadron
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Experiment:

Candidate from NC sample

| H1  Run 85528 Event 71328 Date 28/08/1994

Q* = 18950 GeV?, y— 0.44, M = 198 GeV

Lepton method

Q° = A4E.F’ COSQ(%)
/
Yo = 1—?—881112(028)
Hadron method
1
Q7 = . E7 sin®(65,)
1 — yn
Ynh = %81112(%)

HERA: e£(27.5) + p(920), v/s=318 GeV

Note: angles measured with
respect to the p direction.
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Kinematics:

LHeC - electron kinematics
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Kinematics:

LHeC - electron kinematics
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DIS: parton model

-) For very large momentum (IMF), the
hadron can be considered an incoherent

Isuperposmon of quanta (partons) during
§p+q§the interaction (Q>>Aqcp): parton model
:(Feynman, Bjorken, Gribov).

------------------------------------------------------------

= Zeg zq(z) .
- Relation between PDFs for valence and sea quarks and gluons:
FCN (X) FVN()C) Fep Fy = x(uv(x) dv(x))‘ fF (x)dx = f x(g(x) +g(x))dx =0.44

electrlc charges valence sttions
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DIS: parton model

e 1 T T T 7 [ U E B L Lthe
> n . . | prent
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---------------- e proy —
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P é [ ]
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_) Rell 0 2 4 y .6 .8 1 IoNSs:

e V. n |1 1 1
FN(x)=2F" (x) FF-F5 =§x(uv(x)-dv(x))‘ [E () = [ x(g(x) +G()dx = 0.44
electric charges °

valence gluons
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In more detail:

Neutral Charged
Current / e Current /

Y,Z(d)  Sensitivity to © ~.W(q)
© % 2 T~

Q EWV physics Q
A through CC %

P - and YZ P
interference.
205, 1+P 3 Mg 1
C UCC: ) F — %% Y+'0TCC
dzdQ? 2 2mx [ My + Q3 ’
Y_ Y
_ ——xF3 — 2 Y_ ’
7rNe = Fa by Ty Trioo = Wi F gmaWit = W3
Yi =14 (1—y)? " "
F5x = I+ kz(—ve F Pa,) - ng + k% (v2 + a? + 2Pvea,) - Ff
xF5 = kz(Fxa.+ Pv.) TF:;YZ + k% (F2veae — P(v2 4+ a?)) - zF#
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DIS: QCD corrections

=?» The parton model receives corrections from the fact that partons
radiate: PDFs evolve with scale Q, DGLAP evolution equations.

ory digram < a ;* % f i i

(logarithmic)
divergencies E
(in LC gauge) :p o

qi(, Q%) 2 /Pq Y 5 Fao (¢ qj (0, Q%)
Q%02 | Tz, Q%) _ &) 0 Flig; (l) Frg \ ¢ qj(z, Q%)
g(z, Q%) 2r /. f . : g { g(z, Q%)
. \ Log (%) Fyq (%) Fig %)
DGLAP@LO -

=» PDFs are unknown, non-perturbative quantities but we know its
perturbative evolution (at leading logarithmic accuracy). They have

to be extracted from data. a(z) = g)* Az < le Vi (An I p>
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DIS: QCD corrections

=» The parton mo 2 plitting 't that partons
radiate: PDFs evol )m Py = Cr | 5+ 361 - @)| quations.
I i q 1+(1—a)? !
only diagram i E Py = Cy [ 0222 ——_—— Iy E

that glves Cr=(N2-1)/(2N)=4/3 | °

divergencies ’

(in LC gauge) Ep ém Py =204 [ + (1= 2) (v + &) | + 2524051 ) \

. (P, (»‘L) 0 P(z
qi(w, Q%) 2y L T\ € TiI\ €
Q‘Zan (— . ) _ QS(Q ) d_f - %,

q;(x, Q%)
‘lz(lan) o € 0 qutqj' (E) quig (’b(g))
s Fn(2) Ba(3) Ew()) VY
DGLAP@LO

=» PDFs are unknown, non-perturbative quantities but we know its
perturbative evolution (at leading logarithmic accuracy). They have

to be extracted from data. dA -
o(2) = [ 5= (PB(O)#(An)|P)
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DIS: virtual plus real

=» When we consider

zp Q'SCF dz de

radiation from initial state P17 ° \ Toen(p) = on() = T e
(before a hard scattering R

- —~’ wCr dz dk?

Oh), both real and virtual W *(o). () = —on ()= S

correction appear:

=» They combine into a IR finite but coIIinerIy divergent cross

section: asCF Q2 dLQ
Tg+h T OV4h = 1_4 lon(zp) — on(p)]

1nﬁmte finite

=» The collinear divergence is absorbed in a redefinition of the PDFs
putting a cut-off: the independence of its choice leads to DGLAP.

00 = /d:v on(zp) q(x. pg) .
asCrp /Q2 dk;;2 dx dz
L

— 2
g1 = on(zxp) — op(zp)| q(z, 1
S P T Lon(zzp) — on(ap)] ¢(z, pik)
. .
finite (large?) finite
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DIS: virtual plus real

1 1 1
[ dzla@le 1) = [ g £6) = [ azgte) £00)

1 T
:/ dz g(2) (f(z)—f(l))—/o dzg(z) f(1)
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Radiation: DGLAP vs. BFKL

Xn-1,KTn-1 x5 kTna X1,KT.1
Xn, Qn / / / X0, Q0
dP; x , w;, =x;F, 0, ~ — Ty L Tpo) L Tpon K .. KL 1 K 2
x; 0 @;
A) DGLAF moderate x: Qr > ki > ky, o> > ki > Q)
Qn an 1 kT,Q an "
/ P, / dP, ... / AP, e
Qo e QO
0 a.N. . xo1"
B) BFKL, small x: / P, ; / dP, ... / APy [ A —Ol
Ly —1 L2 7‘- Ln

® Both of them lead to a gluon distribution at small x behaving
like xg(x,Q2)«x-* at fixed Q2, A=0.2-0.3 in data.
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Massive quarks:

® Massive quarks do not have a collinear divergence (dead cone

effect).
® The treatment of DGLAP evolution including massive quarks is

an open issue, see e.g. 1510.02491.

® FFNS: fixed number of massless species in evolution, HQ
generated radiatively, good close to mass threshold, misses In"(Q?2/

MHQ?).

® /M-VFNS: variable number of massless species in evolution
when increasing Q?2, captures In"(Q?%/mng?), bad at threshold.

® Matching of both schemes: GM-VFNS, requires matching
between parts that are exactly computed (massive matrix
elements) and the massless evolution, several recipes.
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DIS on nuclei:

Fi'(x, 0%)

R, (x, Q%) =
2 A anucleon ()C, Qz) Réz
® R=| indicates the absence L iy’ S
L : Fermi
of nuclear effects. peshadomiog = el
e R#| discovered in the shadowing
early 70’s, significant beyond
isospin effects.
. 0.1 0.3 0.8 X
® Fach region demands a
I 1 A /., 2\ __ F’2A(:Bq Qz)
different explanation. R @ Q") = 4pe o9
sha.dowi{”m;‘ﬂ=4 !%&_;%;ﬁ;/m ............ Mﬁgmgﬂ{\
" 4 9 + @q] i
%'."_ b %
1 % 1 Fermi motion
e ghig ) Toee st 1 EMC effect
N @ : _“_%%:}(}i ...... /
TR % ‘. }ﬁ-

antishadowing * 7%
035

O NMC 95

- M 2l -
10 105

R
)
10

145

N.Armesto, 05-07.09.2018 - Hadron structure phenomenology at an EIC: |. Basics of DIS.

|3



Collinear approach:

Anti-shadowing
0.001 001 0l _ |
2 3 43567 2 4 56 2 3 4567
I 1T rrrorraprror 1 TTTTT 1 g |
DIS :
10 (A) a1
1L0F| 1 g DIS iy I ' E; i1
o~ 2 (D) v - . sl Io.;, l h
7 a | 3 . .
=09 Fermi-motion
= o NMC Ca/D
- - e SLACES7Fe/D
AT m SLAC E139 Fe/D
.............. A E665 Ca/D
— Parameterization
-------- Error in parameterization
il l6lllllllll 1 lléllll....l 1 -l‘léll -
2 7 7 3 435617 2 3 4567
. 0.001 0.01 0.1 EMC-effect
Shadowing X

® Bound nucleon=#free nucleon: search for process independent
nPDFs that realise this condition, assuming collinear factorisation.

LASE) Alti—04+ X
‘71)15 E f :U & Ohig (,U )

Nuclear PDFs, obeying  Usual perturbative
the standard DGLAP coefficient functions

n_ fz/A g measured
— A ™ expected if no nuclear effects
f i/p
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nPDFs for HIC:

® [ack of data = large

uncertainties for the nuclear

R

- Ji/a

o ~ expected if no nuclear effects
Afz/p P

measured

glue at small scales and x:

problem for benchmarking in

0.8

0.6

0.4

0.2

HIC in order to extract
‘medium’ parameters.

[ ALICE (PLB 734 (2014) 314) Pb-Pb {5, = 2.76 TeV

llllllllllllllllll
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lllll

-
-
—m——r
-
-----------------------------
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Illll

Illll

Illll

— EPS09 shadowing (PRC 81 (2010) 044903)
[7] nDSg shadowing (NPA 855 (2011) 327)

=¥
-------------

Cold nuclear matter effects in Pb-Pb s, = 2.76 TeV

-
-
“—‘
-

lllllllllllll
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1 —
0.8
0.6
0.4
0.2 - Transport model (Y.-P. Liu & al, PLB 678 (2009) 72)
i Transport model (X. Zhao & al., NPA 859 (2011) 114)
| | == Shadowing+Comovers+iecombination (E. Farrelro, PLB 731 (2014) 57)
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y <Npart>
1506.03981
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Hadron structure:

® ep/A provides crucial information about: IY

=¥ the partonic structure of hadrons and nuclei
(lattice, 1711.07916), XPp

|
|

|

|

I -
l -

=» how particle production depends on such b\ .-~
structure (factorisation); Jre : 2 &
with strong implications on physics in pp/pA/AA. o
W(x,b, k)
Wigner distributions
[d’b, [d'k,
Fourier trf.
N 4 b, < A E=0
flx k) feeb) » HGOp 4 |
Two-scale transverse momentum impact parameter f=-A generalized parton
distributions (TMDs) distributions distributions (GPDs)
processes semi-inclusive processes exclusive processes
[d’k, [dp, [ ax [ dxx""
4 N - -
O | f(x) F (1) A, (O+4E°A (D) + ..
ne-scalc parton densities form factors generalized form
rocesses inclusive and semi-inclusive processes elastic scattering factors
P lattice calculations
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Procedure of extraction:

PDFs, or nuclear effects
on them, parametrised

at initial scale Qo>»Aocp

employing sum rules
(parametrisation biases)
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Procedure of extraction:

PDFs, or nuclear effects
on them, parametrised

at initial scale Qo>»Aocp

employing sum rules
(parametrisation biases)

. DGLAPevolution,
~ available Up to NNLO,

N3LO Ongoing L ettreresresesresesressssessssessesessesessesseseseesesseseesn
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Procedure of extraction:

PDFs, or nuclear effects
on them, parametrised

at initial scale Qo>»/A\acp

employingsum rules [ R
(parametrisation biases) - Evaluation of ¥ye criterium for

: comparison {ata/theory, :
............... 6 .&-L"K.. .g;gﬂl.a;.i..;.a...............: é (treatment Of er ~ rs’ tolerance é
 available &b to NNLO, : -~ criteria for differeN data sets)

___NLOJongoing  Calculation of |

observables in

Comparison with data

) . that are available and
PDFs at all required | collinear .
T for which pQCD can
scales . factorisation, oy )
. i | be considered reliable
. compatible with:
. | (e.g. scale dependency)
evolution
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Procedure of extractlon

PDFs, or nuclear effects |
on them, parametrised | . 1ICs

o nitial le Qoo hee IS

employing sum rules

(parametrisation biases) ~ Evaluation of ¥e criterium for
: comparison {ata/theory,

............... S evolut|on (treatmen t of erNrs, tolerance |

 available Ub to NNLO, : ~ criteria for differeN data sets)

N o

e LOJongoing  Calculation of |

- . | Comparison with data
 observables in

) . . | that are available and
PDFs at all required | :  collinear | .
— »| for which pQCD can
scales . factorisation, L )
= . | be considered reliable

compatible with:
.~ evolution
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Procedure of extraction:

gNO=>vary§ Final PDFs with
PDFs, or nuclear effects | parameters uncertainties

on them, parametrised | . |- A— :

at initial scale QoMo M YES

employing sum rules

(parametrisation biases) ~ Evaluation of ¥e criterium for

~ comparison \{ata/theory,
............... S evolut|on ' (treatmen t of errs, tolerance |
available p to NNLO, | criveria for AereNy data sets) |
.. N’LOfongoing  Calculation of |

- . | Comparison with data
 observables in

) . . | that are available and
PDFs at all required | :  collinear | .
— »| for which pQCD can
scales . factorisation, L )
= . | be considered reliable

compatible with:
.~ evolution
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Procedure of extractlon

o One of the most standard procedures in HEP development of |
'fast (public) tools for evolution and computation of observables
 (xFitter, APFEL, ApplGrid,...).

i ® Problems known by the proton community.

' e Its aim is extracting PDFs from data, assuming that | j
{ collmear factorlsatlon works ‘

DGLAP|evolution, (treatment of ert rs toIerance ‘\
available p to NNLO, 5 s.r_!.‘f.?_r.'a..fe.r._f!_!ffer.? ......... data sets) |
. NPLOJongoing  Calculation of |

_ | Comparison with data
observables in i

. . .| that are available and
PDFs at all required | :  collinear | .
— »| for which pQCD can
scales . factorisation, o

combatible with be considered reliable
COMPatile Wi |(e.g. scale dependency)
evolution |
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Extraction of PDFs:

Q? (GeV?)
NeUtral Charged 107? IIIIII| T IIIIIII| T TTTITh T TTTITT T TTTITT T TTTITT T IIIIH'%
- T
Current / Current / .. HERA = )
RN W = LHeC, p -\90 o see IJZ
~ W) e S
& | W g
10° @ SN ke ol
: & iR g
X X e PR 132 k)
P - 2 G 55 GEEIEePiEAm] 3
P 102.5— o = cilme e lew s € 2 £® LI
- LR
- JD EEEEEERI G000 Y I
10E = mmdmElTYies 8 (),
: =¥ = %@:DD:@-D?-D((/Q\ \0&,
£ e acceptance O
® Method: - (‘?l’
10—1 [ AN [ RN [ RN (R (IR (IR L 11l

107 10° 10° 10* 10° 107 10‘1x 1
Fr(z, Q%) Z zq(x, Q?) : determines directly valence (large x) and sea (low x)
6F2 (CIZ‘, Q2)
0 log ()?

FL(xa QQ) X CIZ‘g(QZ, QQ) o FQ(ma QQ)
cm’b’t(x, 0?) :determines heavy flavour PDFs: requires HQ ID.

GCC

r

x zg(z,Q?) :determines glue via DGLAP, O(a,): requires lever arm in Q2.

: determines the glue via DGLAP, O(a,): requires
lever arm in s (different y at fixed x,Q% use Gred).

: determines strange PDFs: requires HQ ID and measurement of missing energy.
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Uncertainty estimation:

® Hessian method: first order expansion around minimum X2o.

¢ : 2.2
i+ saiHgsa; ;=1 2X

- S 2 (9&@(96%’
t]

a=—a ;
"+ - >, B
A,\szZA\ () + A (5 D oGP D

1
So = (0,0,0,...,0)
: 2N : 2N ST = £627 (1,0,0,...,0)
S5 = +6z5 (0,1,0,...,0)

o\ O O ¢ Q— riQ 2
/X (AXT)? ~ Z [max {X(S;F) — X(5°), X(S;) — X (59),0}]
(AX)extIemum %AX Z (g)

J ’ AX)? ~ Z [max {X(S?) — X ( S',‘),X(QO X 0}]

® MC method: repeated fits (NN) to many replicas of data.

® Any error analysis is linked to a functional form for the i.c.

(NNPDF implies more flexibility, 4 times more paramaters, ~50

to ~400).
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Uncertainty estimation:

® Hessian method: first order expansion around minimum X2o.

‘ ‘ 2,2
i+ baHysa; Hy= 22X

- S 2 (9&1'(9&]'
t]

2 .2 y
. X ~X0+§:Zi

(2
At = 3 NG + A | g P+ G So = (0,0,0,...,0)
, oN ~T N S1 = 6z (1,0,0,...,0)
Sy = +6z; (0,1,0,...,0)

Tolerance to
reconcile

data sets AXT)? Z 1n<l\ {.f\ — X SO) X(S, ) - )('(.‘5'0),0}]2

0X\?
AX —
( )extlemum (02] )

® MC method: repeated fits (NN) to many replicas of data.

(AX )% ~ Z [max { X (S?) — X (S ) X(S%) - X(. }]
k

® Any error analysis is linked to a functional form for the i.c.

(NNPDF implies more flexibility, 4 times more paramaters, ~50

to ~400).
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DIS: legacy from HERA

® Three pQCD-based alternatives to describe ep and eA data

(differences at moderate Q2(>/A2qcp) and small x):
=» DGLAP evolution (fixed order pQCD).

=» Resummation schemes (of [XsIn(1/x)]" terms).

=» Non linear effects: saturation. H1 and ZEUS
h 1 T T T LI T T T LI L | T T T T TTT I
H1 and ZEUS » H? =10 GeV?2
2 ¥t e HERANC ep04fb
o ' F B HERANCe'p 0S5 —— HERAPDF2.0 NNLO
e R xg; = 0.00005. i=21 Vs =318 GeV 0.8 - uncertainties: |
= 106 xg. = 0.00008,i=20 . ’
b Ve - e Tk k5= 000013, =10 O Fixed Target - I experimental
S xg; = 0.00020, =18 === HERAPDF2.0 ¢ p NNLO i [ model
N S Xg; = 0.00032,i=17 . . Xu,
05 r_,..n"" " 0005, 116 === HERAPDF2.0 e*p NNLO [ parameterisation
E ,,-"M‘::,,."‘..--—-H Xg; = 0.0008, i=15 - P
; e = 0.0013, i=14 06 [ HERAPDF2.0AG NNLO i
104k g, = 0.0020,i=13 6 .
= W xp; = 0.0032,i=12
- M g = 0.005, i=11
10 L xg; = 0.008,i=10
= W see X, =0013,i=9
: ',——-—-0"’-—'_".—-' -—u-a—uu-0aatf SBJ 0.02 l-s
107 et — =0.032,i=7 =
E - 8 x; =0.032,i=
C w---------‘--aﬁ ;= 0.05,i6
- xg: = 0.08, =5
10 WI—.—.—I—I—.'—H—M 3 Bi
5-8-6-BEErEERGhos = SBj=0.l3,i=4
xg; = 0.18,i=3 R
. reerp———— g = 025,12 I
oe-8 T O AerE Y Een 0.2 I V 7]
=040, i=1
10 X T xS (x 0. 05) /
t
0 ' ;= 0.63,i=0 I
].()-3 ll 1 1 lllIllI 1 1 lllllll 1 1 lIllIII 1 1 Illllll 1 1 lllllll L1 1111 -: ------ o B l
2 3 1 5 10 10 1
1 10 10 10 10 10 i
Q7/ GeV~ X
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DIS: legacy from HERA

® Three pQCD-based alternatives to d{” _

(differences at moderate Q2(>/A2qcp) a
=» DGLAP evolution (fixed order pQCD).
=» Resummation schemes (of [XsIn(1/x)]" term

=» Non linear effects: saturation.

H1 and ZEUS
S e HERANC ep 0.4 fb
oV E m HERANCe'p05fb!
Z L e xy=000005.i=21 Vs =318 GeV
— S ]
O 10°F et 0o O Fixed Target

E e 00032 117 === HERAPDF2.0 ¢ p NNLO
0L . ,::::,.”ﬂ 5y=0.0005,iz16  mmmm HERAPDF2.0 ¢'p NNLO
E T et xg; = 0.0008, =15
. Xg; = 0.0013,i=14
. .’"‘.‘.._."-—-f"'.’ Xp = 0.0020,i=13
] .W ;= 00032, i=12
- - _w Sm =0.005 , i=11
.- _=0.008,i=10

104

107 W g; = U.000,
= evevoten X =0013,i9
F - eevenotases Sp=002,i=8
107 e eesneveterst x;=0032,i7
E gD
C & RIS S - -=0.05,i=6 o
- ceeta—t—" !xBj=0.08,1=:
10 o0 0 BOomIdhoos = SBJ=0.13.1=4
. xg; = 0.18,i=3
. xg; = 0.25,i=2
1 — xBj = 0.40, i=1
10 : 1
t
0 3 ;= 0.65,i=0
-3
10 lI 1 11 llllll 1 11 llllll ; 1 | - lllIII 3 1 11 llllll 4 Illll 5 1 L1 1111
1 10 10° 10 10 10
2 2
Q7/ GeV

W
e

H1 Collaboration

0
- HERAPDF1 5 NNLO ABMI2 NNLO O zeUs
n I CTI0NNLO I NNPDF2.3 NNLO
B MSTW08 NNLO JR0O9 NNLO
L1l l L 11 I L1 11
1 10 100 1000
Q’ [GeV7]
X
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DIS: DGLAP global analysis

=¥ Fits to as many data as possible: DIS charged lepton and

neutrino data, DY, jets,W/Z/y... ~4200 points, ~3100 from DIS.

=¥ Present accuracy: NNLO for evolution, NLO for all cross
sections (NNLO jets not yet employed). Several groups: CT,

MMHT, NNPDF, ABJM, HERAPDE...

Kinematic coverage

Fixed target DIS

Collider DIS
A Fixed target Drell-Yan <
Collider Inclusive Jet Production
Collider Drell-Yan 2
4
Z transverse momentum P
105 - Top-quark pair production f
O Black edge: New in NNPDF3.1 j‘
<4
<
<
44 a
°g d<
< <<
4 <. 4
b <
g << <
5 E 4« 4 '«
10° 1 ) <aqiq 4
4 a4<./4 <
a 4« 4 <
4 qqqa a3
04 saia 4 @
9@ 9«9 <
o 00OoO00 oo o
LS EL R0 D
< 949 dydvdv<
© 00 0.0 WD P90 w =W w
10% © 0 00 0P94% O 497974 4 4
> & 00 bo o bo bOEL B £ Beptiopsepotoorst:
- > BB >o>> DO o> By B>
o~
% © 0 0 © O ©C0oCoW O D
O » 00 O 0 0
=
~ (- - - T R
(o v
> ©00C 0 O O
3 000 o o'0
10 60008000
> ¥ Y
>
> ~
v v
102_
V. v_ v
v v
v V. vV
Yoy ¥
10! VW
T
v
T T T T T
10~ 1073 102 1071 10°
X

RS(Ia Qz) —

Rs (%, Q%)

s( (z, Q%)

z,Q?)
z,Q?)

| @

|

-
—

( (. Q)

NNLO, Q=1.38 GeV

PDF set | R,(0.023,1.38 GeV) | R,(0.023,M7) |
NNPDF3.0 0.45+0.09 0.71+0.04
NNPDF3.1 0.59+0.12 0.77+0.05
NNPDF3.1 collider-only 0.8240.18 0.924-0.09
NNPDF3.1 HERA + ATLAS W, Z 1.0340.38 1.0540.240
xFitter HERA + ATLAS W, Z (Ref. [72]) 1.13 501 -

NNLO, Q=100 GeV

NNPDF3.1

S22 NNPDF3.1 collider
REIWE NNPDF3.0

1.6[| B nNNPDF3.1

% NNPDF3.1 collider
“““ NNPDF3.0

.........

,,,,,,,,,,,

Lo el L1l

1 ....I o 0.2

N

IIIIIIIIIIIII

z
21l TRt | L1 el B2

10 10° o
NNLO, Q=1.38 GeV

107 10 10° j0? 107
NNLO, Q=100 GeV

10*

LR R R | T T T T T T

1 oIl B8 NNPDF3.1
b 7] CT14

Rs (x, Q%)

Ll L1l L1l

10° 0 107
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106 -

105 -

104 4

Q?(GeV?)

103 i

102 N

101 4

A Fixed target Drell-Yan

O Black edge: New in NNPDF3.1

DIS: DGLAP global analysis

=¥ Fits to as many data as possible: DIS charged lepton and
neutrino data, DY, jets,W/Z/y...
=¥ Present accuracy: NNLO for evolution, NLO for all cross

sections (NNLO jets not yet employed). Several groups: CT,
MMHT, NNPDF, ABJM, HERAPDE...

Kinematic coverage

® Fixed target DIS

Collider DIS

Collider Inclusive
Collider Drell-Yan
Z transverse momen tum

Jet Production

Top-quark pair production

oooooo

oooooooooo

© © 0 © O ©CooCoOW O O

© © ¢ 0 O oo ® 0 ©

B
00000000

V.V
v v
ywowey v
wvrww
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v
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X

~4200 points,~3100 from DIS.

2
Z{(My) = | dxdx; f(x, M2) f(x, M2) 6 | xx, — —
g\t X X7\ X Y ¢
LHC 13 TeV, NNLO LHC 13 TeV, NNLO
4 2:-NNPDF3.1 12 B NNPDF3.1
> [RECT4 g 28 CcT14
€ 11 1.
2 :
£1.05 .
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50.95 : §o.
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Resummation:

® Resummation has been suggested (|1 /710.05935) to cure the
problem seen in HERA data of a worsening of the PDF fit quality

with decreasing x and QZ: the problem lies in F..

Pil;TkLO—I—NhLLx(x) _ PZl;T’”LO( )_|_ AkPNhLLx(x)

k=0,1,2, h =0,1 at present

NNPDF3 1sx, Q 5 GeV?
T 0 T

NNPDF3.1sx, Q% = 5 GeV?
—— T

NNNNNNNNN

® This approach, and
saturation, can be checked -
at smaller x through the l
tension between

observables: Fp, F|, 0 -HQ,

‘N\\\\\\\\\\\\\\ —

LHeC kinematic range
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Resummation:

® Resummation has been suggested (|1 /710.05935) to cure the
problem seen in HERA data of a worsening of the PDF fit quality
with decreasing x and QZ: the problem lies in F..

a,=020, ng=4, QgMS NNPDF3.1sx, HERA NC inclusive data NNPDF31sx DIS only, Q = 100 GeV
............. 1.3 . N
04 T T T T T T T T 1'16: --3-- NNLO J J J ! . \§\
ol KO /] 1al] =+ NNLO#NLLX E 12 N
0s i T NNLO s | =& NLO ’ T § )
B e LO+LLx s - B oo 4 o 11 ‘ |
| - - - NLO+NLLx s 112 e MO ] ¢ i\\\ i
. 0251 — - — NNLO+NLLx s . . F X —— \\\\\\\\\ ‘
Z N = 11 I A = 10 \\ W\\\\\\\\\\\\\\\\‘\*:'57‘-:‘—.-:—.:"‘“,‘ N
Q‘EE 024 evansn . /_./ P - ci ’ o —_ \ ' |
0.15 R Rt N N Q"g"t'ﬁ A B- N C 09 \§\ NN
. — - R - - s’ . n — ‘..‘ ’ Ve ‘."'-'B. o = g - NS -
" o . \ - - - 1.08_ . “..‘ G:‘ﬁ ‘6“"@'- a8 @ — = \\ t
01 TN . N %oy X ¥ . 0.8 1
TS 1.06— A A v WSS NNLO I
- 2 - = o
0'03 B . ~ ~ 0.7 | ul L1l Lol lEllelll L 1ol lll
~ Co v b b b b e by | 10°° 107° 1074 1073 1072 107 10°
0 ' — ' — e 1048 18 2 22 24 26 28 3
1 10t 102 10% 10* 10° 10° 107 10° 10° Dot smaller x
. NNPDF3.1sx, Q® = 5 GeV? . NNPDF3.1sx, @* = 5 GeV?
l I oYY NNLO
o

® This approach, and
saturation, can be checked -}
at smaller x through the
tension between

observables: Fp, F, O/HQ. b
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Proton PDFs at EICs:

® Unpolarised proton PDFs show large uncertainties in regions of
interest for HL-LHC and future hadron colliders.

\Illlll T I|I||I|| T |I|II||| T ||I|HI| T \IIIHII T |I|I|II| T I|I|II|| T I\Hllll T IIIIHI| T TTTTT
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e e = WS 2017
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oL / e A ~ NNPDF3.1 arXiv:1706.00428, note:
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1 i 1 IHIIII| 1 IIIIIII| l IIIIIII| 1 IIlIIlIl 1 1IIHII| 1 IIIIIII| 1 IIIIIII| 1 Illlllll 1 IIlIHIl Ll RS(X=0.023’ Q2 - 19 GeVZ) “XFITTER I 6,’ = ATLAS: I 6 I 2.030 I
10"  10° 10 107 10° 19‘5 10*  10® 10? 10!
small x becomes relevant even for “common” physics (EG. W, Z, H, t) NNLO, @®>=10* GeV? NNPDF3.1 NNLO, Q = 100 GeV
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......... ,,ooz?,tda,a 1150 B NNPDF3.1
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~ Effect of LHC data
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Proton PDFs at EICs:

® Unpolarised proton PDFs show large uncertainties in regions of
interest for HL-LHC and future hadron colliders.

® Inclusive measurements in ep largely improve the situation, plus
new possibilities: full flavour decomposition, top, intrinsic charm,...
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interest for HL-LHC and future hadron colliders.

Proton PDFs at EICs:

® Unpolarised proton PDFs show large uncertainties in regions of

® Inclusive measurements in ep largely improve the situation, plus
new possibilities: full flavour decomposition, top, intrinsic charm,...
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® Unpolarised proton PDFs show large uncertainties in regions of

Proton PDFs at EICs:

interest for HL-LHC and future hadron colliders.

® Inclusive measurements in ep largely improve the situation, plus
new possibilities: full flavour decomposition, top, intrinsic charm,...
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NnPDFs:
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TT from RHIC,
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Available sets:

'1:?7‘27 EPS09 DSSZ nCTEQIS KAI5 EPPS16
SET 2007 JHEP 0904 | PRDS5 (2012) | PRD93 (2016) | PRD93 (2016) EPJC C77
065207 (2009) 065 074028 085037 014036 (2017)163
eDIS v v v (V4 v v
DY v v v (V4 v v
(v}
i(-é TT0 X v v v X v
O DS X X v X X v
pPb X X X X X v
# data |24 | 929 |1579 740 1479 181 |
order NLO NLO NLO NLO NNLO NLO
P':.;:“ MRST98 CTEQS. MSTW2008 ~CTEQS.| JRO9 CTI4NLO
mass
ZM-VFNS ZM-VFENS GM-VENS GM-VENS ZM-VFNS GM-VENS
scheme
2= 2= i »
Ax2=137, | AX2=50, ratios, | Ay o34 acios DFs, ﬂavour
ratios, no huge : . vareree flavour | PDFs, deuteron .
LTS EMC for shadowin medium-medified sep., hot enough| data included Sep., ratios,
EIFR Tor = S€p., NOt enougn
SHAlOWINg= FFs for T ==t LHC pPb data
gluons antishadowing sensitivity
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Available sets:

EPS09 DSSZ nCTEQIS KAIS EPPSI16
JHEP 0904 PRDS85 (2012) PRD93 (2016) PRD93 (2016) EPJC C77
TR 074028 085037 014036 (2017)163
4 4 4 4
v v v v
the A-depend f - - - -
1 the A-dependence o
"" P v X X v
ithe parameters.
X X X v
! ® Several models
g . . 1579 740 1479 181 |
provide it:Vogt et al,,
{ . NLO NLO NNLO NLO
i FGS, Ferreiro et al,,... |
“IRSTIS=T 1B T MSTW2008 ~CTEQS.| JRO9 CTI4NLO
mass
ZM-VFENS ZM-VFENS GM-VENS GM-VENS ZM-VENS GM-VFENS
scheme
2= 2= i »
Ax2=137, | AX2=50, ratios, | Ay o34 acios DFs, ﬂavour
ratios, no huge : . vareree flavour | PDFs, deuteron .
comments EMC f hadowi medium-modified ) h|  data included sep., ratios,
or S .a owmg.- FEs for 110 sep., no. .er?oug ata include LHC oPb data
gluons antishadowing sensitivity = pro ddld
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Experiment Observable Collisions Data points x2 Ref.
SLAC E139 DIS e He(4),e D 21 12.2  [69]
CERN NMC 95, re. DIS n~He(4), p~D 16 18.0 [70]
CERN NMC 95 DIS p~Li(6), p~D 15 184 [71]
CERN NMC 95, Q2 dep. DIS p~Li(6), p~D 153  161.2 [71]
SLAC E139 DIS e Be(9),e D 20 129 [69]
CERN NMC 96 DIS n~Be(9), p=C 15 4.4 [72]
SLAC E139 DIS e C(12),e D 7 6.4 [69]
CERN NMC 95 DIS pn=C(12), =D 15 9.0 [71]
CERN NMC 95, Q2 dep. DIS p~C(12), p~D 165 133.6 [71]
CERN NMC 95, re. DIS p~C(12), p~D 16 16.7 [70]
CERN NMC 95, re. DIS n—C(12), p~Li(6) 20 27.9 [70]
FNAL E772 DY pC(12), pD 9 11.3  [73]
SLAC E139 DIS e~ Al(27), e D 20 13.7  [69]
CERN NMC 96 DIS n~Al27), p~C(12) 15 5.6 [72]
SLAC E139 DIS e~ Ca(40), e~ D 7 4.8 [69]
FNAL E772 DY pCa(40), pD 9 3.33  [73]
CERN NMC 95, re. DIS n~Ca(40), p~D 15 27.6 [70]
CERN NMC 95, re. DIS pn~Ca(40), p~Li(6) 20 19.5 [70]
CERN NMC 96 DIS pn~ Ca(40), p~C(12) 15 6.4 [72]
SLAC E139 DIS e~ Fe(56), e~ D 26 22.6 [69]
FNAL E772 DY e~ Fe(56), e D 9 3.0 [73]
CERN NMC 96 DIS n~Fe(56), p~C(12) 15 10.8 [72]
FNAL E866 DY pFe(56), pBe(9) 28 20.1 [74]
CERN EMC DIS n~Cu(64), p~D 19 154 [75]
SLAC E139 DIS e Ag(108), e D 7 8.0 [69]
CERN NMC 96 DIS p~Sn(117), p=C(12) 15 125 [72]
CERN NMC 96, Q2 dep. DIS p~Sn(117), = C(12) 144 87.6 [76]
FNAL E772 DY pW(184), pD 9 7.2 [73]
FNAL E866 DY pW (184), pBe(9) 28 26.1 [74]
CERN NA10* DY 7~ W(184), =~ D 10 11.6  [49]
FNAL E615% DY =T W(184), 7~ W(184) 11 10.2  [50]
CERN NA3* DY =~ Pt(195), =—H 7 4.6 [48]
SLAC E139 DIS e Au(197), e~ D 21 8.4 [69]
RHIC PHENIX w0 dAu(197), pp 20 6.9 [28]
CERN NMC 96 DIS u~ Pb(207), p~C(12) 15 4.1 [72]
CERN CMS¥* W= pPb(208) 10 8.8 [43]
CERN CMS¥* Z pPb(208) 6 5.8 [45]
CERN ATLASX* Z pPb(208) 7 9.6 [46]
CERN CMS* dijet pPb(208) 7 55 [34]
CERN CHORUS* DIS vPb(208), vPb(208) 824 998.6 [47]
Total 1811 1789




e NCTEQIS vs.
EPPS16: note
the
parametrisation
bias.

EPPS|6:

QZ— 10 GeV2

1.6 T llllllll T IIIIIIII T IIIIIIII T Illllll
& 1.4 [T 4 & 1.4 & 1.4
% 1.2 PN Uy - % 12 % 1.2
S 1.0 [Hi TS D L = 2 5 £ T
I 0.8 | 08 | 0.8
%06 [ % 06 % 06
E0E == EPPSIc  § 507 S00F == EPPSI6

UL & -1 = 1 o~ Ve -
n& 0.0 B 1 IIlllllI 1 llllllll 1 lll]g‘l'll:lquI)llllll- t 00 i 1 IIIIIIII 1 Illlllll 1 lll]g:III-IqulJllllll :L- 0.0 i 1 llllllll 1 Illlllll 1 l[llcllrlIl-lqu';)llj_lll
10 10° 10 10" | 10 10 107 10" 1 10 10° 10 10" 1
T ,

1.6 LILRLAR) lll-
& 14 ]
T 1.2
S L0 e i
| 0.8 I
% 06 4
5 g; == EPPS16
n.&l.": 00 T s inal Lol 1 1lllg‘1—1]:l . | . L1 |ng Ll 1 1[1|C1I|r11|-lEQ1;|)11

10* 10° 107 10" 1 10 107 107 10" 1 10 10° 107 10" 1
Tr T r

N.Armesto, 05-07.09.2018 - Hadron structure phenomenology at an EIC: 2. (n)PDFs. 28



EPPS | 6: Q2—|o Gevz

1,6 T lllll"l LI llll"l T lll"ll T
|~ B"‘-\-.,._‘
d-bd-1-l- } -FTE ikt d e LdcEe . . . -

31 ERE _ I % I
o nCTEQI5 vs. i il L 8 ] < v
EPPSI6: note oo 06 ] %0
) F = EPPSI6 3 = == EPPSI6 ] ETF L= EPPSI6
— nCTEQ15 | 2£02F — nCTEQ1s 1 Z02[ — nCTEQ15

O~ O~
the =~ 00 1 IIllllll 1 llllllll 1 llllllll L =~ 00 1 IIIIIIII 1 llllllll 1 llllllll i =~ 00 1 llllllll 1 llllllll 1 llllllll T o1

B

cC
<
cla

1(\
o =
L L L L S =
{

10" 10” 107 10" 1 10" 10° 10” 10" 1 10* 10° 10” 10" 1
T - T
1 1 1.6
Parametrlsathn 14 ' T AT
. % 12 T}’
b S 1.0 Frevereesesesenssmses el S 10 Feeeeeeececcc o AN S 10 e — LA
jas. 10 I
% 0.6 I il
50448 == [EPPS16 == EPPS16 \
a=02 1 — nCTEQL5 g — nCTEQ!15
0.0 [N ERTIT N R R B N AT PERTTm L1t I ERTIT RN L1l

10 10° 107 10" 1
T

Presently s 0 _ ey OIRTY o

lable LHC i, | - AUEARL Al < = ubar ™l
avallabDie 2 o WA 2 vo R Ul S (o TR H nenteman(ICRIAURYNIE
+1T1* \ HL“’—_ | 08 [ ™

10° 107 10" 1
r

LY

|
b
T

= =111 | e - _ \ || o [ \\_

data seem not to o ) ot I T oo FTTTTTTL i
5302 W= IFipp‘lsm - 50-7 5 ,_,.d' — gPPlSm s sE’; oa b - EPP?IG \ E

g & e f'.’".('...... —— Baseline 1% CF - Base h.m. ol B TR i i T, Base il.m. ..; :

ha’ve d Iarge 0'010“"1 10.“3 1(;‘2 1: 1 0'010" 1(1)3 . 1(;‘2 I(I)' 1 0.010“‘ 1(1)'3 1(;‘2 I(I)" 1

T T

T

effect: large-x e db LS T e 16 e
o 14 — / ] @ 14 — ] e 14 — ;,f _-

Iue Z12f MIH Z12F =a H 212 T1

= 1.0 T ThEat Ll 2 1.0 Bt L HH R ‘é Lo FFFHH-H-HHHH-HEE THHENG

g 08 - ;“— 08 f ganntsy H 08 i 1 \\:\/—_
. — D 06 g ‘ M 'NO)O.() § LY SN 1 %0.6 -.,.,r L3N
(basel IN€—nNo V, £ 04 == Eppsic \[[] S0°F LA == pppsi6 Q‘. 504 ~ E==EPPSI6 V]
°i':=02 - —— Baseline A & 8(2) =.' 19] lr”“ , ", Baseline }}‘E ) 8(2) E il s vaiww 7, Baseline

_E

00 IR TTT| BRI TETIT B AR TTTY M
n O LH C d ata) . 10* 10° 10 10" 107 102 10" i 10% 103 107 0 I
T

T T

N.Armesto, 05-07.09.2018 - Hadron structure phenomenology at an EIC: 2. (n)PDFs. 28

=
-



Nuclear PDFs at EICs:

® Unpolarised nuclear PDFs are very poorly known, particularly for
x<10-2

® Inclusive measurements in eA largely improve the situation, plus
new possibilities: flavour decomposition (but u-d challenging), fits for
a single nucleus, release assumptions in unknown regions,...

25 . .
Lo B {5 =316 -89.4 GeV KXXX] EPPS16™ + EIC (inclusive + charm)
I 70805654 16 ;3:::.’ Q% =169 GeV? EPPS16* + EIC (inclusive only)
;:::00 . P EPPS16*
0 e o .
10° ) = 0.8 2 IR A s 55 \
E M ts with A = 56 (Fe): 0.6 BERSRKX X T
- -eagg;1éqss(5-139,5-%é, E)MC, NMC) // 0.4 BSS QRRIRKS ® |mpI'OV€S Uncertalntles
CE 3 pascomoomn cors NI i substantially out to 10-4
St 5 o[ Qe t7Geve 5 : :
el g e e ® Shrinks uncertainty band b
g = - 4 R
S | £ 3 P S R rer factors 4-8
% ol 107 107 1())(-2 107" 1 o
. ¢ Charm: no additional
- 18E {5 =31.6-89.4 GeV .
1 Lo QAN R @*= 06 constraint at low-x but
= e’ dramatic impact at large-x
i PR 103 102 10" 1 3

* Highest EIC s is key for
low-X reach

Red. factor

1
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Nuclear PDFs at EICs:

® Unpolarised nuclear PDFs are very poorly known, particularly for

x<10-2,

® Inclusive measurements in eA largely improve the situation, plus
new possibilities: flavour decomposition (but u-d challenging), fits for
a single nucleus, release assumptions in unknown regions,...
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u-d separation in eA:

T he effect of LHeC pseudodata

@ Why it's so hard to pin down the flavor dependence?

@ Take the valence up-quark distribution u{) as an example:

Z proton A-Z

A Ry Uy =

A proton

H. Paukkunen
@ Write this in terms of average modification Ry and the difference Ry

proton proton
Ruv Uy, + Rdv dV

Rv = SRv = R, — R
74 u{)/roton i d\F/)-rOton vV s dy
UA . R guproton n A— deroton n 5R E _ {),roton
VvV — \'% A \'% A Vv Vv A 1 n U{)/rOton/d{),rOton

Leading term “Correctio‘h

@ The effects of flavour separation (i.e. dRy here) are suppressed in cross
sections — but also so in most of the nPDF applications.

H. Paukkunen for the LHeC study group An update on nuclear PDFs at the LHeC
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FLin eA:

oNC = Qd‘l?, o™ = F5 [1 — y,z &] :
' 2m02Y, dudQ? Y, F, |

® [ traces the nuclear effects on the glue (Cazarotto et al '08): most

sensitive to deviations wrt fixed order perturbation theory.

® Uncertainties in the extraction of F, due to the unknown nuclear

effects on FL of order 5 % (> stat.+syst.) = either measure F_ or

Yi=14(1-y)?

use the reduced cross section (but then ratios at two energies...).
NA, Paukkunen, Salgado, Tywoniuk, 10

14 T T
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Contents:

|. Basics of DIS.
2. Determination of (n)PDFs.

3. Inclusive and exclusive diffraction.
4. Spin.
5. Small-x physics in DIS.

6. Outlook.
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Diffraction:

e At HERA, ~10 % of the
events have a

-~ M=-0.75

scattered electron

pseudorapidity gap in L

hadronic activity (or intact

detected proton): < — 'j HbL T
diffractive. LPS, ZDC - =

-

~ proton

Ielectron”_" |
® They measure the

probability of the proton i

to remain intact in the

FCAL BCAL RCAL

scattering, while producing

some activity far from the Diffractive event in ZEUS at HERA

proton: exchange of a
colourless obiject, called
Pomeron.
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Diffraction:

Standard DIS variables:

e
electron-proton
Y* (Qz) cms energy squared:
2
® \ s = (k+p)
photon-proton
/ } X (MX) cms energy squared:
/ W = (¢ + p)2
(Xip) N .
Diffractive DIS variables:
~ Q%+ M2 —t
p 'Tt'; p f =Tp — Q2 n ‘)/(VQ
Q2
b=z =
rp; = TIpf

t=(p—p)

N.Armesto, 05-07.09.2018 - Hadron structure phenomenology at an EIC: 3. Diffraction.

inelasticity
_pg
Yy = Dk
Bjorken x q2
2p - q
(minus) photon virtuality

Q° = —¢°

B pp—

momentum fraction of
the Pomeron w.r.t hadron

momentum fraction of
parton w.r.t Pomeron

4-momentum transfer squared

33



Diffractive SF and factorisation:

e a3l 27roz2

e_‘@i(cr) T drdQe ~ agi Ve Q)
®) *X(M) DG _ D) lgi FP®
= f X Y+=1+(§—y)2
) Ery) (x, Q% xrp) = / dtFp Y (2, Q% xp.t)
p H(\t“r; p FPW _ pP@ Fféjo
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Diffractive SF and factorisation:

° (alonst AT 2 5
= cm (3) 2
2
| D@E) _ D) _ Y~ D)
o —
(B) *X (MX) 2 Y_|_ L
) Yi=1+(1-y)

0

X .
U FP (e, Q% x1p) = / dtFy ) (w, Q% pp, )
\ %
D(4 D(4) D(4)
P ~2E; F (4) _ }311( + Pl
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Diffractive PDFs:

® Jo extract DPDFs, an additional assumption is made: Regge
factorisation that seems to work for not large too xp.

2 (x, Q% x1p,t)

Pomeron flux

fip/p(zIP,t) = AP

1P, Qz) evolve
with DGLAP

evolution equations:
fits to HERA data

(additional
contributions at

large xp=& and small

B).

€

Bipt

r2a1p(t)—1

® H1-LRG 2012

(3)

10

107

1072

— ZEUS-SJ x 1.15

— H1-2006B

- £=0.001

—
B 0.13
= ./'1
- 0.08
1
= T 0.05
L L]
10 100

Q* [GeV?]

— fIP/p(zIP?t) fz(ﬁ — $/331137 QQ)

® H1-LRG 2012

—

~—’

5104 &

107 &

Proton vertex

103;
102;
102

107
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DPDFs at EICs:

e Limitations at HERA (check of Regge factorisation, size and shape
of the diffractive glue) can be overcome with EICs:

Gluon DPDF error bands from 5% simulations
szm = 5 GeV?, &max = 0.1, CL =68%, &orm =0

I — ‘ ‘ | | 8’0.2/////’/ 5 Fp =0 {1 o2f 5
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Diffraction in ep and shadowing:

e Diffraction in ep is

e 1o muclenr
shadowing through of

basic QFT (Gribov): 04 === EPS09 w== FGS10
eD to test and set the . Data- LHeC
‘benchmark’ for new T R R T
effects. v 104 T x

RN R RN R AT =

O&—llllllllll'
.
Q
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NnDPDFs at EICs:

e Diffractive PDFs have never been measured in nuclei, where
incoherent diffraction becomes dominant at relatively small -t.

¢Oreq for e-Pb at Epp,/A=2.76 TeV Eg=60GeV

. . £ =0.0001 £ =0.001 £=0.01 £=0.1
® Challenglng experlmental 008 [T T T T T
ol P 1 i 1,
PrOblem (LPS + ZDC’) 5222 S B T T S
0.01:- : !-:----i . !-- !"'-:::"':' = *Trse, |
(()).01 0I1 B 1 Oll B .“1. 0I01 g 1 0.‘01 .B 1
0.05
0.04 | L ;
5 0.03 [ s ' 3
e »0.02 i * g
0.01 F = T - =
0 [ AT | MR
0.01 0.1 1 0.1 1 0.01 1
B B B
0.03 —r—rrrr —r—rrrrr v
X (My) | c
| Coherent o=} B
| Largest rapidit - - "~ oo
ggggf;‘fefvgg;'y diffraction “f  { "r: .
' 0.01 0.1 1 0.1 1
r(O=F— Y (My) p B
breakup of A 00l T
coherent incoherent S | }
p/A stays intact p/A breaks up S B ;
00 0:2 0:4 OT6 0:8 1
B
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Exclusive production:

® Exclusive production gives a 3D scan of the hadron/nucleus: gluon
GPDs with vector mesons, quark GPDs with DVCS. It can be
studied for Q=0 in UPCs, precision and O>0 in EICs.

e(k) / H\/_/

hadron

virtual photon

> | \/ p(p)

FT ~
W — dw™ _igp+u- <

v (o L —a NV 1
x+€/f ai\\x ¢ 27 AT, (O’ 27 ’OT) 71//’ (0,—2w ’OT) |P>C
—

Off-diagonal matrix elements, appear in amplitudes.
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Exclusive production:

® Exclusive production gives a 3D scan of the hadron/nucleus: gluon
GPDs with vector mesons, quark GPDs with DVCS. It can be
studied for Q=0 in UPCs, precision and Q>0 in EICs.

1.2

;LJ; i!dv tQQS'v‘ JCl;s:: li:ﬁmlj ll;r‘uLB 23 26 28 Date 3/05/199 g - l detecto[
g —— 10° detector
. s 1
// N T ‘\H—\_‘_\_\_\_\\
X : == 0.8
¢— M= “ «—p
o 0.6
High W _
. 04 F
Tun V7486 Event 73522 Claszs: 6 13 15 16 17 20 0: B
- 0 PP IR B ) /PR B R
0 200 400 600 800 1000 1200
: ETH{IZ'E W/ GeV
=" S A |
P Eliii=—1 N Hish t
| 1 Ig accep ance
i — essential!!!
Low W r
Z
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pQCD for ep—e)/Yp:
v* J [
Q° = (Q2+f\“"[3/¢)/4

ro= (Q2+ M2,)/(W? + Q%)
o ~ exp(—DBt)
B(W) = (4.9 + 40/ In(W/Wy)) GeV~2

MNRT 07
JMRT ‘13

P ™~ by hand (Regge)
LO 3 ]
do [ee Mj/w Q
I p)| = :
dt P = J/wp) t=0 T 48 A‘@/w
NR WF 22)\—}-3 I‘()\ + §)
e |t should not be the gluon PDF but R, = T—
JT T\ +4)
the GPD: 2
, ANQ%) = 9[In(zg)] /0In(1/x)
® NLO estimated, not complete. ReA
® Real part via dispersion relations: mA §A
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The dipole picture:

® | ong-lived (virtual)
photon fluctuation,
x<(2mnR)-!.

E=VM,Yy

® Unified description of
inclusive, diffractive and
p

exclusive processes.
A* = —t

. z = zp; (1+ Mg /Q?) *
doy). P EP oln (A7 77"7)

T,L SE 2\ 2 A B
dt " 167 ‘ATP p‘ (1+5 )R p= an( ) A= Oln(1/x)

PP =9 /d2 /dz/d% (U5U)p e - U=l AN (2 1 b)

® Correction to non-diagonal gluon PDF (skewedness) introduced.

® Boosted Gaussian VM WF fitted to leptonic decays.

® qgbarg component in diffraction, not yet in exclusive VM.
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Elastic vector mesons _(l):

e+Au - e+ Jly

o coherent - no saturation 3
104 E; Jhp o incoherent - no saturation 1 .
- o = coherent - saturation (bSat) b d
c\1>" :'D « incoherent - saturation (bSat) F ( ) ~ 2—
® 108" Ldt =10 fo? (L
E o J
O] F = 1<Q2<10 GeV2, x < 0.01 0
2 [ o
= 10% s oo
E _f. OB R eeeteessssereressssesannn s 0000000000000
_— > - h
2’ - o L] -
. ¥ "o 0.1 —
5 10 = -
< = * -
© - 0.08 —
b0 * 3 F
< = ¥ £ 0,06 [
© - e —
© - = -
T 10" In(edecay)! < 4 o S 004
= pledecay) > 1 GeV/c AL e -
- oMt =5% 5 0.02 —
10'2 L1 1 I 11 1 l 111 l L1 1 I L1 1 I IIRIall l 11 1 l 11 I Lo ] :
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 o L.

+ Au®

do

A A Jo(Ab) /=

* t= A2/(1-x) = A2

PRC 87 (2013) 024913

—— JAp bNonSat
......... Woods-Saxon

i 1 (GeV?) -10 5
Y +p-> JyHp
1 v | ! 1
106 - ey [P-Sat (Saturation) =
forts [P-Sat (1-Pomeron)
_ [w= =] b-CGC (Saturation)
2 10}l : o} LLINR g
8 Q=0’ Ww= lTeV g 6 3 1 ~0.1
~. CD 5t 2 00 02 04 06 08 1 12 14 16
0' | “—
2 10F - S| ;
N CC) 3 Q
§ g N 0 O 0. 06 038 . . .6
b _3! -g N =0.001
cwT B | e e o T e
D -
Transverse distance from center, bt (fm)
F
10°F -]
I 1
0 2 3 4
)
It [GeV]
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*
Y +P—pP+p

T T T T T T
ey |P-Sat (Saturation)

sty JP-Sat (1-Pomeron) |
[d= =+]b-CGC (Saturation) |

do/dt (nb/GeV™)

Q=0,W'w=lTeV

-6
10 F L l L l L l
0 1 2 3

Il [(;eVz]

== |"
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Elastic vector mesons (ll):

do(yp = J/vp)|  _ (BgE)? <A(;17 Q2, A)r L>‘2

® Incoherent ai T
' ' It do(vp — J /Y RI-L)? Ok . 2
dlffractlon.sensmve olop = 3/4Y) _ Fi (<| A2 Q% K)p >_ (4,02 Bors )| )
to fluctuations: hot o P -
— Geometric and @), fluctuations in the nucleons
SP Ots? that . === No subnucleon fluctuations
determine the initial : ;_G@ | H 5
stage of HIC, the I Dt | || —
distribution of MPIs, 1 ex @9 o S P ‘
= (S) ' | Woos 10~ 1703.09256
- [? 1 s .[?nﬂ o 10~ T : : : : 3
00 0 0203 04 05 06 07
3 1608.07559 i [GeV
510 5100
% ;%903— - 1 Nhs - =
>
; 7 80 T'(b) = Ths(b — bi)
10 601 L
: 2 b H1 data 50f } H1 data - - 1 _(b—by)?
: The(b—b;) = e 2Bhs
't } ALICE data :zi — Model hs( 7') QWBhs
| 1 ro ool 2051111111 1 R R |
w %o o - Nhs(x) = poa?* (1 + p2v/'z)
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D\{CS:

e Quark oo
GPDs can be +¢f \z—§

studied in

v

I I
p 4
DVCS.
V'+p Y +p VHPp Y P
LA | T T lllllll. T T T 104:‘%' T ' . . g . F J . T T T T T
Current DVCS data at colliders: L 20 GeV on 250 GeV e, 5 GeV on 100 GeV
103 O ZEUS- total xsec O H1-total xsec — & 103 * 3 B Eo M, JLdt = 10 b
- ® ZEUS- do/dt B H1-do/dt 3 0 > - . e
L B Hi-Agy NG /,' 8 & | e § -
- Current DVCS data at fixed targets: ya 0 ?., s T -
" A HERMES-A,; A HERMES-Acv g B 4ol ] 5
L A HERMES-A_u,Auw. AL \8 8
A HERMES-Ayr * HallA- CFFs 2 3
. 102'—_* CLAS- ALy b3 CLAS-AUL g 1 4 g
o r
> - Planned DVCS at fixed targ.: 01 , , , , . , , , L . , , .
8 [ B2 f&g‘;’gs; /gg’gf Af\su, 'Xm "0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 186
= ~ e T Itl (GeV2) It (GeV?)
Y]
O 1
10 | T ' T T T ll' T L 0,6 T T T —r |o:0; T
1 0.5 ]
6_? 08 t ] E 6.?
z 01} ] E o4l 0.005 i
=~ 06| 1 - =
& ] & oal ]
: D f 0 . ] > 0
1k éj 04 1.4 1.6 18 ‘m’? 02t 14 1.6 18 1
! N ! | 2 <
4 3 2 » 02 | 0.004 < xg <0.0063 . 0.1 [0.1<x3<0.16
10 10 10 10 1 10 <Q2/GeV2 < 17.8 ~_ 10<Q?%/GeV2<17.8 i
[ S S P T S P 0 L " L L N Lo—
X 0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
br (fm) by (fm)

® The evolution equations for TMDs and GPDs could be tested
at the EICs. ~ DGLAP ERBL ~ DGLAP

l | I |

~1 —¢ ¢ 1
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Spin physics:

® The origin of proton spin has been an
open issue for several decades:
schematically speaking, quarks account for
~30 %, gluons for ~ 20 % (known in a

limited x-range), the rest?

Spin of Spin of Angular Momentum Angular Momentum
Quarks Gluons of Quarks of Gluons

1509.06489,
1206.60 14,
1212.1701
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Spin physics:
® Inclusive
measurements
with both e and
p polarised
(EIC): huge
Improvement at
low x.

50 T T T T oo T T T T rororg T T T oo

d20= 2

dz dQ2] =

AT v

Q4

Inclusive Measurement:

2 — T, 2
e+p —> 64X y(2—y)a(z,Q%)

1 [ d%20®
2 | dz dQ?

1

Leading Order: g1(z, Q%) = 5 Y er [Aq(x,Q%) + Aq(x, Q)]

1
AY(Q?) :A dzx gi1(xz,Q%) (Quark Spin)

Higher Order: x Ag(z, Q%)

g1 :
Ilog O (Gluon Spin)

I +_ x=5.2 10° (+53)

40 — -—+ 8.2 10° (+45)

| e —® 1.3 10%(+38)

|
- - . -

oa

8
T
.

F e 2110° (+#33)

g1(x,Q2) + const(x)

_Theory'
Uncertainty
EIC projected data:
Y Vs=447 GeV |
4} Vs=632GeV
¢ Vs=1414GeV ]

0* (+28)

5.2 10° (+24)

8.2 10° (+21)
o 1.3 10°(+19) .

t e 4 2110°(#17)
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1.1 -

i

as==p 52 10”(+142
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e 1.3 107 (+12) |
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TEE)
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Spin physics:

® Several TMDs to be Leading Twist TMDS () museonsan ~ (+-) e sor

determined by different
observables.

Quark Polarization

 Longitudinally Polarized

® Beyond inclusive DIS,

Transversely Polarized

TN are
hr=(1) — (§)

BoerMulders

further possibilities are

SIDIS (FFs required),
CGC,...

® Besides, polarised light

 Nucleon Polarization |
x
3

7N
=0 > — |0 = AT
I 9 =\ | — h*t=(Ar»— (&~
\__/ B
/’-1-\ 1‘\
/"t\ N t 1 h,= '.\‘ ) = ?
Tf*:'o\—|.| P 7N = R
17 '\___/' Lt gﬁ- — I,\.-‘ ," — b "l 1ransversa yt
Sivers I N
hiT - Il\_)_, /l - \\{

nuclei, diffraction,...

e |MD factorisation can
be tested in hon-

S

1206.601

509.06489,

4

polarised collisions:
dijets, charm,... Relation

Momentum along y axis (GeV)

-0.5 0 0.5

A e VY N I
: wt

) |

at small x with CGC.

Momentum along x axis (GeV)1T 10 102 107 1
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e Standard fixed-order perturbation theory (DGLAP, linear
evolution) must eventually fail:

=¥ Large logs e.g. &sIn(1/x)~1: resummation (BFKL,CCFM,ABFCCSS).

=» High density = linear evolution must not hold: saturation, either

perturbative (CGC) or non-perturbative.

real, QZ)
~ ] —=
WR%Q? QS X

Y =1In1/x} mn 10 |
, ﬂ’ Saturation e i

In Q%(Y)=

I BFKL
@ 2
DGLAP :
> 0 I e e e e e -ttt e
In Adeo In Q2 10° 10° 10° 107
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e Standard fixed-order perturbation theory (DGLAP, linear
evolution) must eventually fail:

=¥ Large logs e.g. &XsIn(1/x)~1: resummation (BFKL,CCFM,ABFCCSS).

=» High density = linear evolution must not hold: saturation, either

perturbative (CGC) or non-perturbative.

rGalr, g) :
WR%Q? s

® Non-linear effects driven by density=2-pronged approach: IXITA.

| DENSE @ [fixed Q]
i REGION %
5 « DENSE
’ S0 REGION
DILUTE
REGION @

DILUTE

REGION

In 1/x

. BK/JIMWLK

€p

non-perturbative region

eA
DGLAP

In Aqcp In Q

N.Armesto, 05-07.09.2018 - Hadron structure phenomenology at an EIC: 5. Small x.

In A



Small x: inclusive observables

® Simultaneous description of different inclusive observables (with
different sensitivities to the gluon and the sea) in DGLAP may show

tensions e.g. F2 and FL or 0HQif enough lever arm in Q2 is available.

7
C Linear approaches
- F,(x,Q2=10 GeV?) R0
6 NLO DGLAP
B, NNPDF 1.0 W ' ' 7 F ' ' T iFa ' ' 7
sk Y ———— Small-x resummed Q'=1.25GeV? ] Q*=1.85GeV* ] , Q*=2.70 GeV* ]
L . . 0.8
S Non-Linear approaches
AF "7} Eikonal Multiple O . .
3 . "_—_-_-" scatterings 04E bt
I ~ 5 1 CGC 02F |t
3F SN e i Loy
C > \_\\\\ ------ Regge Ol
C s o B Pseudodata
N X
2r - r—r T
1F
07 1 1 11111l 1 1 11111l 1 1 11111l 1 1 [
1x1076 0.00001 0.0001 0.001 0.01
X
Pseudo-data from AAMSO09 (BK + running coupling) Pseudo-data from AAMSO09 (BK + running coupling)
07F "LHeC AAMS09 —— | 077 X "LHeC AAMS09 —— |
| NNPDF fit — % — | | % NNPDF fit — % — |
06 0.6 ]L .
L i L X i
_ 0.5 I T i ) 0.5 ][ t ][ -
g 04r T i T 1 04 1 ][ x 1
x
., 03¢ i T : 03 | 1 l
L
02t . 02t .
011 Q2135 Gev? 1 0171 Q230 Gev? | X
0 : 0 :
1e-05 0.0001 0.001 1e-05 0.0001 0.001
X X
07 f ‘ . 07 F ‘ . 3 Deewdods
LHeC AAMS09 —+— LHeC AAMS09 —+— o
06 | NNPDF fit — » — | 06 NNPDF fit — 3 — | = ErSO
05} . 05t .
G 04f 1 0.4t % }l{ 1 X X
x
So 03F 1{ 1 03t %%¥%¥ .
SRR R L 1702.00839
\ X ]
X J -
01t y oLy LT : ] o1t ] .
Q%=2 GeV? : X Q%=5 GeV?
O L 0 L L
1e-06 1e-05 0.0001 1e-06 1e-05 0.0001 0.001
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Small-x: diffraction

e Diffraction is a promising observable, but uncertalntles exist.

Armesto and Rezaeian, arXiv:1402.4831 f‘ é (1- >’VV\/\ Llnear
*
\ Y +p—=>Jp +p Y +p = J/AP +P > N
T T e mame Towd  SEnsitivity
O HIdaa (2013) Hec FSC 1000F 2 }zlrl:ggta&o:l»b " o
A ZEUS (2002) i el o
Wl ¢ meee Ty D . — to (xg)2.
O LHCb o o LHCh 201) P v
2, > g 2t :
% 10 ~, ‘5’ 500_— & ; & % >’V\ﬁ
| it B . Non-linear,
10 S (IP-Sat, D-CGC) L - .
C sowr o, - —— IP-Sat (Saturation) 1 ’
aisgniisy o ) " h
. - — — JP-Sat (1-Pomeron) Satu ratl O n
B 0.- . . . . . . . o . 1 g pi
10 10 0 2000
W [GeV] W_ [GeV]
P TP
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Small-x: diffraction

e Diffraction is a promising observable, but uncertainties exist.

® Present saturation models
lead to a blackening of the
hadron (shrinking of the
diffractive peak) and a larger

total diffractive cross section
in eA.

&
>
L)
(O]
=
N
=
R

=
o
©
)
O
P
~
-

~

ratio (eAu/ep)

S 0.008

0.9

p
08 0.7 06 05 04 03 0.2

0.02
0.018
0.016
0.014
0.012

0.01

0.006
0.004
0.002 E

o

|ll"rrm\|~|~ TT[TT [T [Irrrre

I

----- eAu - Saturation Model Q2=5GeV2

—— ep - Saturation Model

£=== eAu - Shadowing Model (LTS)
—— ep - Shadowing Model (LTS)

T T T T 1 T
X =1x103

15 GeV on 100 GeV
fLdt=11/A

18k
16f
14
12F
1k
0.8:—
06
3

02 F
0

shadowing model (LTS)

107!

10

M?Z (GeV?)
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Small-x: diffraction

e Diffraction is a promising observable, but uncertainties exist.

p

0.9 08 07 06 05 04 03 02
0.02 ¢ T T T T T 1 T

0.018 - ---- eAu - Saturation Model Q2=5GeV2

& - —— ep - Saturation Model x = 1x103
S 0.016 |~ === eAu - Shadowing Model (LTS) -

® Present saturation models R e

B fLdt=1fo /A

< 0012

lead to a blackening of the

5
5 0.008

|ll"rrw\|~|~ TT[TTT

5 0.006

hadron (shrinking of the £ oo

0.002 |
oF

diffractive peak) and a larger

total diffractive cross section f
in eA.
*F  e+p(Pb) — e+p(Pb)+J/Y

wb  Q2=0.1 GeV?

2500 -

1F
0.8 |

ratio (eAu/ep)

0.6 F
04 F

02 F

0 . e
1071 1 10

M?Z (GeV?)

ep

Dipole, Q2=10-100 GeV2
PPS16, Q2=mJ/psi*2

1/A2 do/dt(t=0) [nb/GeV?]

opse.az-015e2  0(ePb)/[2082 o(ep)] .

P Mantysaari, Paukkunen
vt g+p(Pb) — e+p(Pb)+J/Y
b Q?=10-100 GeV?

1/A2 do/dt(t=0) [nb/GeV?]

1x10°8 0.00001 0.0001 0.001 0.01 0.1

x=(Q%+m , °)/(W>+Q%+m , =-m?)
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Collective

hadronisation

Collective
expansion

(hydro-like)

Final state

Interactions
(non-hydro)

The small system puzzle:

Observable or effect PbPb pPb (high mult.) | pp (high mult.) Refs.
Low pr spectra (“radial flow”) | yes yes yes [1-10]
Intermed. pr (“recombina- | yes yes yes [5, 6, 10—
tion™) 15]
Particle ratios GC level GC level except | GC level except | [8, 9, 16,
Q Q 17]
Statistical model ¥S€ =1, 10-30% | YS€ ~1,2040% | y° < 1,20-40% | [9, 18, 19]
HBT radii (R(kT)9 R(m)) Rout/ Rige ~ 1 Rout/ Rsige < 1 Rout/ Rsige <1 [20-28]
Azimuthal anisotropy (v,) Vi —V7 V1 — Vs V2, V3 [29-31]
(from two part. correlations) [32-
39, 39-43]
Characteristic mass depen- | vy —vs Vo, V3 12 [39, 42—
dence 48]
Directed flow (from spectators) | yes | no | no [49]
Charge dependent flow (CME, | yes yes not observed [50-54]
CMW)
Higher order cumulants U b8 LYZ! “b 68~ ]LYZ! “4~6~8~LYZ' [39, 55-64,
(mainly vo{n}, n > 4) +higher harmonics| +higher harmonics 64-69]
Weak 1 dependence yes yes not measured [41, 65, 67,
70-76]
Factorization breaking yes (n =2,3) yes (n=2,3) not measured [40,77,78]
Event-by-event v, distributions | n =2 —4 not measured not measured [79, 80]
Event plane and v, correlations | yes yes yes [81-84]
Direct photons at low pr | yes | not measured | yes [85, 86]
Jet quenching yes not observed not observed [87-107]
Heavy flavor anisotropy yes yes [108] not measured [108-118]
Quarkonia Iy, Y] suppressed not measured [108, 118-
125, 125-
138]
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The small system puzzle:

® Azimuthal correlations extended in N (the ridge) are found in all
systems from almost minimum bias pp (10) to central AA (2000)
and are describable by viscous relativistic hydro (with suitable ICs):

=?» Final state interactions, so S S S S I
QGP-liI(e h . . ” ) 00sLPP 'S = 13 TeV ATLAS | pp\s=13TeV CMS |
physics In all systems! [ 0.5<p_<5GeV 103<p_<3GeV
=» Correlations already present & . semnt®nisan®s | _‘
in the hadron or nucleus wave =l /- : IR
. . . AN 0.04F + o i
functions, as in CGC calculations? " / I |
S Weller, Romatschke | :
0.02F° arXiv1701.07145 + /@ -
[ OSUIS +superSONIC ] —— OSU IS + superSONIC.
0 — ISIOI = 11601 = I1SIO‘ ) — ISIOI = I1(I)Ol = '1é0'
N:;c Norffline

® One way to proceed: go to even smaller systems, ep/eA, down to

a point where final state interactions cannot be justified.
=» Correlations appear (e.g.in eA, CGQC): evidence of initial state effects?
=» No correlations: evidence of final state interactions?

® Note: preliminary analysis by ZEUS and ALEPH put strong limits
on azimuthal 2-particle correlations in ep at HERA and e*e- at LEP.
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The small system puzzle:

Multiplicity-dependent ¢;{2} and c,{2} with increasing 7-separation

ZEUS Preliminary

< - \:_ {5=318 GeV, 366 pb" lan>
03 Q2> 5 GeV? [e]o0
C||® 0.1<p_<5.0GeV/c [e]05
C T
L E:. '1.5<n<2.° lz]1.o
02H
: LJ ® 15
C E:' e [e]20
01 — el [*[gl—®
L e o hd S
~ L ]
o[ [alsoislalys OO DR R e
- ° = i —
C 1 1 | | ——
0 5 10 15 20 25

|An| > 2.0: ¢;{2} changes sign
— consistent with momentum
conservation.

ZEUS Preliminary

= -l {S=318 GeV, 366 pb”' lAnl>
° o15F Q? > 5 GeV?2 [e]0.0
B 0.1<p_<5.0GeV/c [e]05
- 15<n<20 s10
01F 15
L L [e]20
005 | — B E_
e
- 3 !EE_T .
- G i HEaK
o maUE =S
: L PEr—— | IT. M=
0 5 10 15 20 25
Nch

|An| > 2.0: {2} consistent with zero.

Switching off the flow: ete-

Talk: J-Y Lee

[XIOD PRELIMINARY

10 20 40 50

=
High-multiplicity events

Low T; ‘multi-jet’

High T: ‘di-jet’

ALEPH ete thrust axis
10 < N < 20 [MIGD PRELIMINARY
ALEPH e'e, {5=91GeV | ALEPH e¢’, (5=91GeV
10NO} <20 35<N2Te 999
ni<5.0 [ Ini<5.0
0.0<p_<100.0 GeV < 0.0<p,<100.0 GeV
i Thrust Axis
Thrus? Axis . 3
1§07 L3
/g 0.6 e
%05 z
4

0.03
0.025
0.02
.015

Y(49)

0.01

/k i
NN A z
No evidence of long-range correlations °'°°z i I"\w/l i\*\r»}/{ it

beyond Pythia expectation 0005

N =35

[MOD PRELIMINARY

-2

[MIOD PRELIMINARY

ALEPH ¢'e., /5-01GeV
anNDE <999
Ini<1.8, 0.0<p <100.0 GeV
1.68<4n/<3.0
—e— Archived Dasa l
m—Systematical Uncertainty /
Archived PYTHIA 6.1 MC / I

/

1.6 <An< 3.0

0 05 1 15 2 25 3
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Contents:

|. Basics of DIS.
2. Determination of (n)PDFs.

3. Inclusive and exclusive diffraction.
4. Spin.
5. Small-x physics in DIS.

6. Outlook.
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Finally:

Lepton—Proton Scattering Facilities
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Finally:

Facility Years Ecem Luminosity Ions Polarization
(GeV) (1033em—2s71)

EIC (eRHIC) | > 2025 — 2030 | 30 - 140 2-15 p—U e, p, “He, Li

EIC(JLEIC) > 2025 —2030 | 20 - 100 — 140 | 2- 50 p— U e, p, d, 3He, Li

EIC in China | > 2028 16 - 34 1 — 100 p — Pb e, p, light nuclei

LHeC > 2030 1300 10 depends on LHC e possible

PEPIC > 2025 — 2030 | 530 — 1400 <1073 depends on LHC depends on source

VHEeP > 2030 1000-9000 107° — 104 depends on LHC depends on source

FCC-eh > 2044 3500 15 depends on FCC-hh | e possible

I 2
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