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“‘New directions in science are launched by

new tools much more often than by new concepts.”

Freeman Dyson

(Theorist, mathematician; IAS, Princeton)

B. Badelek (Warsaw )
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|
Physics areas in QCD
====== QCD: richest of Standard Model Gauge Field Theories

@ Deep Inelastic Scattering, DIS, and parton distribution functions (including spin)
@ motion of partons in the nucleon (spin “puzzle”); nucleon “tomography”

@ low-z and saturation,

@ eA scattering,

@ total y-p and y*-p cross section,
@ (exclusive) vector meson production,
@ quark structure,

@ compositeness (leptoquarks),
@ diffraction -> pdfs,

@ o, measurement,

@ jet measurements,

@ heavy flavours production,

@ F, measurement,

@ standard tests,
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-
Machines: past, presence and future

finest microscopes, resolution as 1/Q lepton—proton scattering facilities
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A.M. Cooper-Sarkar, Poetic7,2016;  A. Stasto, Poetic7,2016 http://cerncourier.com/cws/arigle/cern/57304-
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-
HadronEeIectronRing Accelerator (1 990_2007) Iegacy 300 authors, 70 institutions

A collider of protons and electrons (positrons); v/s ~ 300 GeV; ~0.5 fbo ~*/exp.

6.3-kilometre superconducting p ring; separate (normalcond.) for e*/e™;
2 intersection points, detectors: ZEUS and H1

Most precise picture of inner proton dynamics (without spin) = QCD (-> NNLO)
Unification of electromagnetic and weak forces at high energies

Joint ZEUS+H1 set of DIS data: HERAPDF2.0 (LO, NLO, NNLO)

Tension between the data and QCD at Q° < 15 GeV?

No deviations from SM > 2.50; compositeness: R, < 0.43-10~'*m

H1 and ZEUS

Eur.Phys.d. C75(2015) 58Q
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|
HERA'’s non-legacy

@ Insufficient luminosity for high = precision or searches
@ Lack of Q? lever-arm restricts precision on low z for gluons
@ Limited quark flavour info (no deuterons to separate u and d)

@ Protons not polarised except HERMES
(no spin, transverse structure...)

@ No nuclear targets

======"These limitations addressed by EIC (and LHeC)
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Physics domains in
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“White paper2017

Parton Density

, arXiv: 1708.01527v3

(z,Q?) plane:

“Kwiecinski plot”

HI and ZEUS
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=10 Gev?
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Eur.Phys.J. C75(2015) 580
BFKL:  [asIn(1/z)]"
DGLAP: |[a, 1n(Q2)] "

@ Atlow z, energy in the v*p cms is large (large gluon cascades): W,
@ Contributions from large as In(1/x) terms = new evolution equatlons. BFKL, CCFM.
@ Atlow z: strong increase of gluon density with decreasing = (cf. HERA data)

= gluon recombination (saturation).
@ AtQ? > Q?,, nonlinear effects of parton evolution must be considered.
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Evolution in understanding the proton structure

finest microscopes, resolution as 1/Q

Hesoleing Proton Stracture
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“White paper2017”, arXiv: 1708.01527v3 “White paper”, arXiv:1212.1701
[m] = = =
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PDFs: 1-D structure

Longitudinal momentum / e |® partons

Kt = 2Pt 2, .
®

- e ®

® ]

e

R (x5 0®

11 A.Bacchetta (Baryon 2013 Conference)
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Nucleon spin structure in DIS: 7+ N — 1/ + X

Definitions of DIS variables...

d%c o F
LA N P
*A0dE T 2Mgt E

e Symmetric part of W*”— unpolarised DIS,
antisymmetric — polarised DIS

e Nominally F1,27 q(x,QQ) — 01,25 Aq(x,QQ)
where g = ¢ +q¢, Agq=q" — ¢, but...

e ...anomalous gluon contribution to g, (z, Q%)

e ...g,(z,Q%) has no interpretation
in terms of partons.

...and of the v*-N asymmetry (e.g. for ~*-p):

Q*=—-¢* ~* virtuality . 4

x=Q*/(2Pq) Bjorken variable MG 03 o O1/2— O3/
y = Pq/(Pk) relative * energy 0. 4O Arfa, @) = o172 + 032
W=P+yq ~*-N cms energy Shab % g
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-
Processes available for parton helicity distributions

v s

-
.‘.‘i.<
7

SIDIS:
Aq +Aq Ag, Agq Aq, Ag
Ag (From Q2 evolution of g, ) Ag Ag

A. Bazilevsky, SPIN2016
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N
Method of extraction of g, inajiN fixed-target experiment
e Inclusive asymmetry, A,.cas(z, Q%); ~*-N asymmetry, A (z, Q); g1(z, Q°):

> ealg(z, Q%)

1 N= — N© a1(z, Q%) Lo q
Amcas: ( pu )%DAlzDi’z D —-—
fPrPp \ N + N= Fi(z,Q2) Zeiq(%Q?)
q
f, D: dilution and depolarisation factors; Pr, Pg: target and beam polarisations;
N % number of ji interactions in each target cell: 20022004
(upstream, downstream) or (outer, central) . ‘ Pa— h— ‘:>

2006

. = F][=]ER
e Then gi(z,Q%):

g (z,Q%) = Ay (x, Q%) - Fi(z,Q%) = Ai(z, Q%) - M%%

e For the deuteron target:

r n
%(1 ~ 30 wp = 0.05+0.01

d ! 3
(per nucleon) gf = g1’ (1 — ng) = 5
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N
Method of extraction of g, inajiN fixed-target experiment,... cont'd

e At LO, semi-inclusive (SIDIS) asymmetry, A’f:

> elAq(z,Q*) D) (2,Q?)
Ah , 2, 2) q _ Ln DI" D}f
Q)™ N~ e ) T @ 7 Vi
q

Nonperturbative fragmentation functions Df;(z, Q%
need to be determined from experiment!
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Helicities in the pp collider

Helicity of beams colliding at STAR

*fA R

. Bly,
Yellow bea™ hetic'tf ! © bea, helicigy,
+ - ¥ - a R RS
o« *—*
@
R @
) .
@\ R
@ + helicity
@ - helicity
RHIC measured polarization
Run 9 @ 2x250 GeV
. . Pol yellow 0.40
STAR sees 4 helicity configurations Pol blue 0.38
STAR runs 4 parallel measurements syst. pol (bluetyellow)=9.2%
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Longitudinal asymmetries in the pp collider

*fA R

STAR has measured 4 independent yields for the physics process

Longitudinal spin asymmetries for Ws

selected 3 asymmetries are independent ( 6 were investigated)

yields integrated over |etal<1

Leading physics

cross section dependence

raw asymmetry

asymmetry
Ay, (blue) (044 +04— —o__— o_1)fsumd | AP
Ay (yellow) (04++0—4 — 60— — o4 )/sumd | ALP
A (average) (ery — o__)/ sumd A i ;PQ ]
=
ALL (G’++ +o__ —0o_ — O’+,) / sumd Ari PP ]
\
Null AP — P)
[test A(PL - P) lo——o_y) /(o +o4-) 1 - A PP
AP+ Py)
¥ o _ AL T2
Af = Ag lopy —o—_) [ (o4 +o__) 1+ AL PP,
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Partonic structure of the nucleon; distribution functions

Three twist-two auark distributions in QCD and after integrating over the quark intrinsic &

q(x) = Quark momentum DF;
well known (unpolarised DIS — F1 2(x, Q2)).

Difference in DF of quarks with spin
Agq(x) = - parallel or antiparallel to the nucleon’s spin
in a longitudinaly polarised nucleon;
less well known (polarised DIS — g1 (x, Q2)).

Difference in DF of quarks with spin

parallel or antiparallel to the nucleon’s spin
ATC](X) = - in a transversely polarised nucleon;

poorly known (polarised DIS — hj (x, Q2)).

Nonrelativistically: Arq(z, Q?) = Agq(z,Q?). OBS.! Arg(z, Q?) are C-odd and chiral-odd
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Wigner distributions

p(xv ETa ET)

5-D correlations

Longitudinal momentum

11 A. Baccheita (Baryon 2013 Conference)

B. Badelek (Warsaw )
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[ISVErse ——

S ransverse momentum

osition/

see, e.g
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C. lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11)
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Partonic structure of the nucleon; distribution functions
@iquark

@ In LT and considering &, nucleon NUCLEON

8 PDF describe the nucleon

— Transverse Momentum Dependent PDF ) funpo\arized longitudinally pol. !%aisversely pol.
& 1 1T
@ QCD-TMD approach valid kt < v/ Q2 TEJ ® ék: @
cl number density -lver
@ After integrating over kr c .
only 3 survive: f1,g1,h1 g
v 3 Ou Oir I
@ TMD accessed in SIDIS and DY © j - '@
by measuring azimuthal asymmetries 3 & helicity
with different angular modulations = 4
g | h, ©-®
@ SIDIS: e.g. Agiyers o PDF QFF M Q-@ = Fansverst
g i K ke
® DY:eg. Agivers x PDFP®*m g PDFtareet ¢ M @2 @m ﬂ@[ﬂt@

OBS! Boer-Mulders and Sivers PDF are T-odd, i.e. process dependent
1 1 1 1
hi (SIDIS) = —hi (DY) fitr(SIDIS) = — f# (DY)
@ OBS! transversity PDF is chiral-odd; may only be measured with another chiral-odd
partner, e.g. fragmentation function.

@ TMD parton distributions need TMD Fragmentation Functions!
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-
Descriptions of pdf® in the nucleon

Wi,y ky)
‘Wigner distributions
- [k,
Y Fourler trf.
. _ b <A £-0
flax,k,) fle,b) — S H(.\'.O.gJ ’t*—l
transverse momentum Impact parameter t=-A generallzed parton
distributions (TMDs) distributions distributions (GPDs)
seml-Incluslve processes excluslve processes
Lfdx fdrx"'l
F(x) E(®) A +AE°A, () + e
parton densltles form factors generallzed form
Inclusive and seml-Incluslve processes elastlc scattering factors

lattice calculations

From “White paper”, arXiv:1212.1701
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Jransverse momentum

Longitudinal momentum
Kt = 2Pt

3D maps of partonic distribution

1o With spin
00 08
-1.0 7n'skx (GeV)

A. Bacchetta, DIS2017
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|
EIC at BNL or JLab

BNL (eRHIC) JLab (MEIC)
Add energy recovery LINAC Add hadron rings “8” to CEBAF
(inside RHIC tunnel) (external)
’r"_h‘s\
/ MEIC Collider
{ Collider Rings
e st — \ Rings

s 5 .
A

75212607

’
e’
Hall D
. 12 GeV CEBAF
O e ———
( Y Hans aB.c

The White Paper, arXiv:1212.1701
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|
EIC: main features

@ Highly polarised (~ 70%) e, N beams
(COMPASS: P, ~ 80%, P, ~ 90%)

@ ions from deuteron to uranium (lead ?)

variable /s from ~ 20 GeV to ~ 150 GeV

high luminosity: ~ 1033734 cm~2 s~! (cooling of hadronic beam !)

more than one interaction region

limits of current technology — R & D!

staged realisation.
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A

~3.0m

dedicated EIC detector

2-3T Solenoid

B Solenoid
[l EM-Calorimeter
B Dual Radiator RICH
B Aerogel RICH/ DIRC/ HR-ToF
2.5m 4.5m [0 Tracking
hadron-heam lepton-beam L] Vertex Tracking

@ Acceptance -5 < n < 5 (large, comparable to CMS forward)
@ PID: 7, K, p, leptons
@ Low material density (minimal multiple scattering and bremsstrahlung)

@ Hadron beams: proton to lead
From “White paper”, arXiv:1212.1701
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]
Measurements of ¢7(z, Q%) and Fy (z, Q?)

COMPASS NLO QCD at W2 > 10 (GeV/c?)?
dashed line: extrapolation to W?2 < 10 (GeV/c?)?

H1 and ZEUS
E C T‘,xzonuae =0 oo * o ™~ ) ® HERANCep04 b
S 12~ ¥=0.0045 A o= n 0 = HERANCep0.SMh™"
a T X=0.0055 & e o cownssuoce [ Vs =318 GeV
S [ - g O Fixed Target
Tor —Lag— 0 === HERAPDF2.0 €p NLO
PN & *=0.009 105 === HERAPDF2.0 ¢ p NLO
o [ x=0.012
. Fe—%x—
L [ x=0.017 107
o 8—"""—’.?’— 8
,M %=0.024 N
R T r
slw——%lg—i‘t—* x=0.049 0L
F ittt mk—a gk X007 (i=10)
[ oo sae a0 Som—em 012 1o
] 1L
[ a0 2 P oy X022
[ s oooa—oo—oxmx—rn—ea 02 w'E i =
2= o041 !
L * 10t H 3y~ 065, 0
r S B O D Go——ome—m—em X057
[ i - o —ro ot 074 107 L L L L L
0 “1 —= ﬁ‘m?o - o ; 1 10 10 10° 10* 10°
2 2
Q? (GeVv?/c?) Q/GeV
g1 measurements little sensitive to Ag
COMPASS, PL B753 (2016) 18 HERA, Eur.Phys.J. C75 (2015) 580
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|
COMPASS NLO QCD fit to world data: results

X 8

01

X Ag(x)

& X AdX)

1
X

o Statistical uncertainties (dark bands) <« systematic ( light bands)

e Gluon polarisation poorly constraint = “direct” methods

e Quark spin contribution to the nucleon spin: 0.26 < AX <0.36 (due to poor Ag)

B. Badelek (Warsaw )
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Phys. Lett. B753 (2016) 18
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]
NLO QCD fit: results...contd

° I COMPASS NLO fit to = COMPASS NLO fit to
12 g, world data = g world data
COMPASS 160/200 GeV/ 02 COMPASS 160 GeV

Q% =3 (GeVic)y

3 (GeVic)*

-0.2

“1‘0'2 ‘ 101 ‘ 1
e ¢! clearly positive at low 2 and raising with decreasing

o ¢< consistent with zero at low z ?

Phys. Lett. B753 (2016) 18
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-
Semi-inclusive asymmetries and parton distributions

@ COMPASS: measured on both proton and deuteron targets
for identified, positive and negative pions and (for the first time) kaons

CLAS12, Update to E12-09-007

COMPASS, Phys. Lett. B 693 (2010) 227
DSSV, Phys. Rev. D 80 (2009) 034030

© COMPASS
o HERMES
— DSVt

@ COMPASS: LO DSS fragm. functions and LO unpolarised MRST assumed here.
@ NLO parameterisation of DSSV describes the data well.
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-
Polarisation of quark sea

@ As puzzle. Strange quark polarisation:
1

2AS8 = / (As(z) + As(z))dz = —0.09 £ 0.01 & 0.02 from incl. asymmetries + SUs,

0
while from SIDIS it is compatible with zero

but depends upon chosen FFs. ol XA
M .
" DE™ (2)dz ““‘A
Most critical: Rgp = f;%
J DT (2)dz ol =t Ll g aase
=—>COMPASS extracts it from multiplicities. RN _—t
0.02] —— LSS11(HKNS FFs) 03
——LSS10(DSS FFs) 02|
001} —— LSS08(DIS) o1 f\
@ Example of sensitivity to FFs at Q*=2.5 (GeV/c)®  ** o
002} y,§ :; XAG

@ The sea is not unsymmetric:
LSS, PRD D84 (2011) 014002

0.3
/ [Ad(z, Q%) — Ad(z,Q?)] dz = 0.06 £ 0.04 £0.02 @ Q* = 3 (GeV/c)?
0.004

Thus the data disfavour models predicting Ad — Ad > d — @
COMPASS, PL B680 (2009) 217
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|
Direct measurements of Ag(x)

Direct measurements — via the cross section asymmetry for the
photon—gluon fusion (PGF) with subsequent fragmentation into

= = (hi ; . A\PGF _, ; PGF Ag
cé (LO, NLO) or ¢g (high pr hadron pair (LO)): AYSY ~ (b >7
0.6 0.8
2 s COMPASS, all-p, O°>1 (GeVic)', 2002-06 D «  COMPASS,allp , G>1 (GeV/c]’, 200206
8’ + COMPASS, high-p,, @*¢1 (GeVic)’, 2002-03 %’ 0.6 ___ AG>0
0.4 . compass,open Charm, 200207 o4 —- a6

SMC, highp, @>1 (GeVic]

F Ag/g total uncertainty
0.2} * HERMES, high-p, all &* 0.2} I .
ol £
| S — oo e SO

FA— -0.2] B i b,

0.4 iy

M ~
-0.2 ]

0.6 i
0.4l 08t - ot

102 10" 10°? 10"
Xg Xg

COMPASS from SIDIS on d for any (pr)n and at LO:

Ag/g = 0.113 & 0.038(stat.)  0.036(syst.) at (Q*) ~ 3 (GeV/c)?, (x4) ~0.10
clearly positive gluon polarisation! COMPASS, EPJC 77(2017) 209
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Ay for 7° production at v/s=200 and 510 GeV @ PHENIX

AG AG AgAG 0s :
G G q G ]
\g s ]
P33 o[ » ]
aiins @At ]
02 4
Foub ppomax ~=
[ R ssviizoae t°Oroeomen PH ¢ENIX o L L
PO preliminary . s w0 15p, [GeV]
[ @
r o
ﬂ.OZj 200 GeV / 510 GeV: scale uncert. 4.8% 6.5% T T
on
hE
A
001 i
T PO T T P IR I PO | 10 gl
0.01 0.02 0.03 0.04 0.05 0.06 007 0.08 0.09 0.1
xT e = N
DSSV++ with 200 GeV data: - Ei:
1.0 Y] SRR TTY! IR RV B ETITT
. 3 2 1
0.06 10 10 10 x 1
Ag(x)dx = 0.275 >
0.05 H. Guragain, DIS2015;  DSSV, 113 (2014) 012001
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N
Inclusive g, (z, Q*) at EIC (pseudo-data)

50

+ x=s 20107 (453)
= DssV 2014
ol 4 *wwi_m 90% CL. ag variations |
EIC projections
L0 ) ¥ Vs=T15 Gev
4 = 1227Gev
denedaiant e * V5= 1414GeV
30 q

10

g,(x.Q") + const(x)

- es e 33x10% 28

52x10% (524)

8:2x107 s21)
e e
Fo. e ar el 30107 (519 B

fixed target DIS data

3
1 10 10 10

| Qe

Errors statistical (EIC: expected, modest parameters); bands: from gluon helicity uncertainty

arXiv:1509.06489

B. Badelek (Warsaw )

2
saturation Qs(Y)
region ‘(@‘\

c
2
x |@
s |2
I 5
> |€
= } BFKL
[0}
=8
< DGLAP
o —_—
c
Aécp In Q2
ag ~1 og <1

White paper”, arXiv:1212.1701
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Nucleon spin “puzzle” at EIC

@ %— LAY +AG + L.

T2

1
104 ; Current polarized DIS ep data: 05
[ OCERN ADESY ¢Jlab® o SLAC [Jlab-12 YYvvvrvy <
£ kel
[ Gurrent polarized RHIC pp data: NA
10* ® PHENIX2® 4 STAR 1-jet ¥ W bosons a
£ X 0
< f =3
3 s
L -3
S el e
& 0.5
10}
i -1
1E

10 10 102 101 1

X
From “White paper2017”, arXiv:1708.01527v3
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. quarkEguon
guon spins orbitd motion

3 current g
B data

& Dssv+ ]

- E|05x100 ]
5x250

EIC 20x250 |

L all uncertainties for Ay’=9 |

0.3 0.35 0.4 0.45
1
JA=(x,GP) dx
0.001
From “White paper”, arXiv:1212.1701
o = = = = <
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N
Parton Separation at EIC pseudo-data (inclusive and semi-inclusive)

DIS + SIDIS EW DIS

0.04L XAT 1 xad 3004
all uncertainties for Az~ 9
0.02- 1 = 0.02
0 Ccnti. s 0 » Ag(x) from scaling violation

-0.02| EEE DSSV V,Vfonz =
B 0SSV and > Au, Ad, As from SIDIS

EIC5 GeV on 100 GeV
.04 &5GeVon250 GeV [ 004

[T T » Flavor separation at high Q2 via CC DIS:
0.0af XAS JF xAg
4 02 W5 A =
ook ] 8 =Au+Ad+Ac+As
- R W 7 -
s p &' =Au+Ad+Ac+As
"""" q - -0
oozt ¥ S gV = All—Ad + AT — As
004F Q= 10 GeV? E s - _
I I £ I | 002 gs =—Au+Ad —Ac+As
2 E] 2 E]
10 10 1 10 10 1
X X
From “White paper”, arXiv:1212.1701 E. Aschenauer, SPIN2016
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|
Properties of the transversity, Arq(z)  (or ni(x))

@ it is chiral-odd
= hadron(s) in final state needed to be observed (SIDIS reaction)

@ simple QCD evolution since no gluons involved
@ itis related to Generalised Parton Distributions (GPD)
@ there is a sum rule for transverse spin

@ first moment gives a “tensor charge” (now being studied on the lattice)
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I
Examples (2 of 8) of measurements on a 1 polarised target

Collins asymmetry (first time by HERMES) — permitts to access transversity,
1 polarised g <= p% of unpolarised h (asymmetry in the distribution of hadrons):

NE(¢e) = NP 1+ fPrDnnAcou sin ¢c]
¢c =+ s —7

which in turn gives at LO and at collinear approach:

e2 - Arq(x) - AYDE(z,pl)
€2 - q(x) - D (z,ply)

Acou ~

But transverse fragmentation functions A%D(’} (universal!) needed to extract Arg(x)
from the Collins asymmetry! Recently FF measured using data of Belle, BaBar and BES IlI.

Sivers asymmetry (®s = ¢, — ¢, correlation of L nucleon spin with k1 of unpolarised g): if # 0
then Ly # 0 in the proton. Fundamental !

(] q(J: pT/Z) D(};(Z)
>y 63 - q(z, pl/2) - DI(z)

ASiv ~
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Results for the Collins asymmetry for protons

liosf : *f : -
. t
&Saiéf o‘?’é ¥ 14 N‘“”A } 03
#é MM EUTSLEE S UL R | . 02¢F
' + £ o
<Sof ox ’, L g 0
i H B it * i
o %!‘{?éﬁy % T mt. ; - Q% T
o ! 1 L 1[ L : _ 0.1
=
‘jo K } ’- : l { i z; -0?
o {,*‘ ,»%H’ 1 IR { — 02
' -0.3
R L. 0001 001 01 1
b " x ” Lon ot Geviey X
COMPASS, Phys.Lett. B744 (2015) 250 M. Anselmino et al., Phys.Rev. D87 (2013) 094019

@ Collins asymmetries for proton measured for +/— unidentified and identified hadrons...
@ ..arelarge at =z > 0.03 and consistent with HERMES (in spite of different Q2!)
@ but negligible for the deuteron
@ COMPASS data on p,d + HERMES data on p + BELLE onete™: = Apu, Apd
@ Transversity also obtained from 2-hadron asymmetries
(and “Interference Fragmentation Function”)
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Results for the Sivers asymmetry for protons

;‘:i,oz- . ;t i L L
Héé%%, 408 ¢ . é%m%%
et ifr PSRN IUL IS S
—0.03] . ‘ . .
Lo S ‘H‘ oot
0.0§ j vii +% %H %Y ) 5 el /\ . s omsk
O'i?' el _Hi ................. RN 3 ................ - ° =z
| (3R] } ' =z 2 3
~003 { L ' F B 207 el
3 oo L El
N o e
G ’ 1
= 0 1= 0
0.03 L
| TR S AR £ ST T Y- - i o
W e - -
L - 1 10 10 10" 1 0 05 1
10 10 0s 1 05 1 15
x z Pl (GeVIc) x K (GeV)
COMPASS, Phys.Lett. B744 (2015) 250 M.Anselmino et al.,JHEP 1704(2017)046

@ Sivers asymmetries for proton measured for +/— identified hadrons are large for 7+, KT ...
@ ...and even larger at smaller Q? (HERMES)
@ COMPASS deuteron data show very small asymmetry
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Other azimuthal asymmetries

SIDIS x-section

n-mya,:.g.dmhau :Lif' 2 \y—.t:}::,‘H% |]( Furr €Fuu )
T cond, (P+ ) A" V4o 20 (e457) |

< Ao (JPeli=a)A )

+ 5, [ o (2w At Joan 2o (24 ’]

+ 52[mEA, + s, ({004 ||

+fon g (210 2455 lssal | Twist-2

7+[ (20, —."-_)\[_J?sﬂ+s\4‘,§""""jﬂi t Twist-3

+[: (20, — o, \[\[25\1—;'4“';“';""*‘& | AT =
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Sivers function at EIC
x=0.1, proton L polarised along y, moving along z

w4 quark “flow” in a nucleon
v _ x1y(x, kr, S1)
‘w d quark
0 ¢ f 4/}/ NS / 0.5 0.5
100 L / 107 - -
X 8o 8o
50 1072 7 F

L AL S

-3
o 02 o4 06 o8 110
Quark transverse momentum (GeV)

05 -05 05

0
ke(GeV) |

From “White paper”, arXiv:1212.1701

T T T
current data for Collins and Sivers asymmetry:
E o COMPASS h Py <16Gev
U HERMES 2% K- By <1GoV
" dabHalA =

045Gev

4| 7 STAR Whosons
C10°L « RHIC500GoV -1 <n < 1 Golins
> © RHIC 200 GoV -1 <1 s
o, = RHIC 500 GeV 1 <1<
[¢2

<= EIC acceptance for Sivers meas.

425 JLab 12 vpeoming)

e R 4 O. Eyser, SPIN2016

B. Badelek (Warsaw ) QCD at the Electron-lon Collider Haereus School 2017 39/62



|
3D picturing of the proton via GPD

D. Mueller, X. Ji, A. Radyushkin, A. Belitsky, ...
M. Burkardt, ... Interpretation in impact parameter space

Proton form factors,

transverse charge & Structure functions,

current densities Correlated quark momentum quark longitudinal
and helicity distributions in momentum & helicity
transverse space - GPDs distributions

After V.D. Volker, LANL 2007
o & - = = vae
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Access GPD through the DVCS/DVMP mechanism

e 4 GDPs (H, E, H, E) for each flavour and for gluons
plus 4 chiral odd ones (Hr, Er, Hr, ET)

o DVMP: factorisation proven for o, only

o All depend on 4 variables: z,£,t,Q%;DIS@ ¢ =t = 0;
Later Q2 dependence omitted. Careful | Here = # 2!

e H, H conserve nucleon helicity
E, E flip nucleon helicity

e H, E refer to unpolarised distributions
H, E refer to polarised distributions

e H%(z,0,0) = g(x), ﬁq(x, 0,0) = Ag(x)

Q% — oo,
fixed zp,t = [t|/Q? small

@ H, E accessed in vector meson production via Ay asymmetries

@ H, E accessed in pseudoscalar meson production via Ay asymmetries

@ All 4 accessed in DVCS (v production) in Ac, Ary, Aur, Aur

@ |Integrals of H, E, H, E over x give Dirac—, Pauli—, axial vector— and pseudoscalar vector
form factors respectively.

1 1
@ Important: J? = 5 /da:ac[H"(a:,f,t =0)+ EY(z,&,t=0)] = 5AE+L3 (X. Ji)
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DVCS/DVMP: up — upy(M); observables

Q? large, t small M

% known BH ;
N /

smallt v SIOWp smallt v SlOWP

dohP=HPY = oBH 4 (do {1)11\;(518 + Py 1(7119)0\1(5) + eu(Rel + P,ImI)

Observables (Phase 1):

@ Scsu= wtC T =2 <daBH + da‘]i};cojls + eHPHImI>
@ Desyu=ptT —p~ 7 =2 (P”dchVCS +e ReI)
+— _ ,,— D
M M CS,U
o ACS,U = =

put<+p=7  Scsu
@ Each term ¢-modulated
If p-dependence integrated over — twist-2 DVCS contribution;
if p-dependence analysed: = Im (F'1 H) and Re (F1 H); H dominance @ COMPASS kin.

Analogously for transversely polarised target (Phase 2): Scs, 1, Dcs, T, Acs,1 = F
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GPD at COMPASS: data taking in 2016-2017

e CERN high energy muon beam
—100 - 190 GeV
— 80% polarisation
— T and p~ " beams

[ COMPASS 160 GeV.
Y HERMES 27 GeV.
[ JLab11Gev

[] ZEUS+H1

Q* (Gev?)

e Kinematic range
— between HERA and HERMES/JLab12
— intermediate x (sea and valence)

e Separation
—pure B-H @ low zp
— predominant DVCS @ high zg

e Plans
—-DVCS
— DVMP

S L1 e Goals .
5 107 & 10t 1 — from unpolarised target: H (Phase 1)
© Xn — from L polarised target: E (Phase 2)

Test runs: 2008-9 and 2012; DVCS signal seen, full setup evaluated
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COMPASS DVCS signal

0.005 < z < 0.01

$ © Data COMPASS 2012
= —MC (BH)
- 20 background MC 1 (GeVic)* < Q° < 20 (GeVicy|
C1000, _____ LEPTO 1 80 GeV < v <144 GeV.
w excl. i
o BH +
500
-3 2 - 1 2 3
6. (rad)
Y
x> 0.03
x> 0.03
[%] OMPASS 2012
© Data COMPASS 2012
q:" 1001~ 2 e (BH)
- 20 background MC 1(GeVic)* < Q° < 5 (GeVicf
[ == LEPTO 1 10GeV < v €32 GeV
w excl. i
o BH +

t

bygt

B. Badelek (Warsaw )

3
lveaA\
QCD at the Electron-lon Collider Haereus School 2017

0.001 <z < 0.03

8 400 o Data COMPASS 2012
= [ —MC (BH) + +
- 20 background MC 1(GeVie)* < Q* < 20 (GeVic)’
c 300} "7 LEPTC 32GeV < v <80 GeV
L excl. 0
[ o BH+ 70
200
100]

44/ 62



|
COMPASS DVCS signal,...contd

@ Scs,u, Des,u, Acs,u measured in 6 zp x 4 Q2 bins as function of ¢
= determination of i with flavour separation o

(from VM production) e
/,"'Jf : \
@ Azimuthal dependence Acs,u compared to models = L 1A
@ Nucleon transverse imaging (“tomography”): ® x~0003 x~003 x~03
do®V B 1,2
from Scs,v = —a e where at low zp : B(zp) ~ 5( 1 (zB))
. Xo
(here a simple ansatz was assumed: B(zg) = By + 2a/log—~
B
2
5 107 =00 COMPASS 2017 = o8p
o [ (Q°)=18(GeVicf § F ?
%J ><W)=~5859Vc :O]E ‘i
S N _jo6fF [ %
Qo = £
£ 10¢ =~ o5F
ol E 04 F @ coMPASS 2012: (@) = 1.8 (GeV/icy
> | —B=4.31+0.62 *)% (GeV/c)? “E m ZEUS: JHER 0905 (2009) 108 (Q%)=3.2 (GeVic)
T= 1 (GeVIof < & < 5 (GeVicf 03[ Y H1:' EurPhys.C44(2005)1  (Q°) =40 (GeVicf
[oX ko] 10 GeV < v < 32 GeV F A Hi:  Phys. Lett. B681 (2009) 391 (Q%) =8.0 (GeVic)®
i? 1L L I | ! 1 0ok i i i
5 01 02 03 04 05 06 2 e ppe 0
tl (GeV/c) B
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Acceptance of present and EIC DVCS

T T
Current DVCS data at colliders:

10310 ZEUS-toalxsec O Hi-total xsec o
® ZEUS: oidt B Hi-doidt
B HiAc

0.55

Current DVCS data at fixed large(s
4 HERMES-A; 4 HERMES-A
4 HERMES-ALl, Au Au

4 HERMES-A bl a-crFs
X CLAS-A % CLAS-A,

VP —y+p Q?=4.08GeV2 —e—
Vs = 140 GeV 7.28 GeV2 ——
=129 GeV2 —e—

102}

Planned DVCS at fixed targ.:
1 COMPASS.- dofdt, Acsu Acs

JLAB12- doldt, Aw, AuL, Au

Q2 (GeV?)

05

(b%) (fm?)

JIE; —;1} —F=

i’ L vI L L 0 45 1 1 1 1 L L 1 1
10* 10° 10% 10" 1 0.001 0.01

x Xg

From “White paper”, arXiv:1212.1701
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QC

10*

=)
©

Q2 (GeV?d)

=)

0.1
1

D studies through nuclei

The EMC efect
Extreme parton densities
Tomography of the nucleus

Behaviour of a colour charge in matter

Measurements with A = 56 (Fe): //
e eA/pA DIS (E-139, E-665, EMC, NMC) /
JLAB-12 /’
VA DIS (CCFR, CDHSW, CHORUS, NuTeV) s
DY (E772, E866) e

DY (E908)

o 10 103 102 1071 1
X
From “White paper2017”, arXiv: 1708.01527v3

A1l

B. Badelek (Warsaw )

In 1/x

Y =

2

saturation Qs(Y)
region G

_ >

o

i)

(0

[}

=

©

=

= } BFKL

@

o

z @ DGLAP

o —

=

Acop In Q2

ag ~ 1 ag <1

QCD at the Electron-lon Collider

From “White paper”, arXiv:1212.1701
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3D picturing of nucleon (or GPDs) at EIC

e+p—=e+p+Jip

Distribution of gluons

0.0016 <xy < 0.0025

© 02 04 06 08 1

15.8 < Q7 + M3, < 25.1 GeV?

005
o0 10310 ZeUs- total
E - total xsec
‘“’z ® ZEUS: doidt
12 14

br (fm)

From “White paper”, arXiv:1212.1701
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4 HERMES
A HERMES- AL, Au
A HERMES Ay +
o X CLAS-AL ¥
—~ 107
o
>
©
e
o
[¢]
10 F

T T
Current DVCS data at colliders:
O Hi1-total xsec
B Hidot
B HilAgy
Current DVCS data at fixed targets:
-Air A HERMES- ACU
LA

Hall A-CFFs

CLAS-Aw
Planned DVCS at fixed targ.:

7 COMPS

ASS- dold, Acsu, Acst
JLAB12- dofdt, A, Au, Av

QCD at the Electron-lon Collider

Haereus School 2017
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QCD through nuclei: the ‘EMC effect’

FA/F,

F (Fsh/A .
@ Here: R= -2 = F)/A i.e. nuclear structure functions “per nucleon”.

F> (Fg)/2”°

@ Forz < 0.8, “the EMC effect” (a shift in the quark momentum distributions
towards lower x when nuclens are bound); discovered by EMC, 1983.
Observe a nuclear “shadowing” for R < 1, at lowest x

@ Atlargest x = scaterring on a nucleon cluster?

From M.A. Thomson, Michaelmas Term 2011
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QCD through nuclei: the ‘EMC effect’,... cont'd

GERN Courier May 2013

EMC effect

The EMC effect still
puzzles after 30 years

B QR 50 Gev?
a
e <
5
3
ce are not typically { I
1

30years
ration (EMC) at CERN

ering off iron and compared it with that of the much smaller
deuteri

function of B; ]
ingis interpreted as the fraction of the nucleon’s

original EMC plot for Fi¢/FP

B. Badelek (Warsaw )
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shadowing

0 b

U
10 o ﬁ’wﬂ%’
) N ﬁﬁ%%\)
° o h
+ ‘

087 ' EMC effect
S - .
0.01 0.1 1

for >/ FYP

NMC (filled symbols) and SLAC data

From CERN Courier, May 2013
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QCD through nuclei: colour charge in matter

B. Badelek (Warsaw )

Ratio of particles produced in lead over proton

1.50

1.10 syeenase P*# ety
oy

0.90 -

0.70

0.50

0.30

DO mesons (lower anangy)
Pions (lower anany)
DO mesons (higher energy)
Pions (higher energy)
| —ang, pions (lower energy)

oome

-Wang, pions (higher enamy)

1-0 pion 1-o00

001 <y <0.85,%>0.1, 10 f!
Higher energy : 25 GeVE Q%45 GeV: 140 GeV < v <150 GeV'
Lowerenergy : 8 GeV's (<12 GeV’, 32.5 GeVe v <37.5 GaV

0.0 0.2 0.4 0.6 0.8 1.0
z

From “White paper”, arXiv:1212.1701
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VHEeP

A very high energy electron—proton collider

plasma
accelerator

B. Badelek (Warsaw ) QCD at the Electron-lon Collider Haereus School 2017
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Principle of plasma acceleration « cenenier rencean 205

Plasma Wakefield Acceleration Principle
accelerated particles (surfers)

drive beam (boat)
B. Badelek (Warsaw )

QCD at the Electron-lon Collider
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AWAKE @ CERN

The Advanced Proton Driven Plasma Wakefield
Acceleration Experiment.

The Advanced Proton Driven Plasma Wakefield Acceleration Experiment
(AWAKE) aims at studying plasma wakefield generation and electran
acceleration driven by proton bunches. It is a proof-of-principle R&D
experiment at CERN and the world-s first proton driven plasma wakefield
acceleration experiment. The AWAKE experiment will be installed in the
former CNGS facility and uses the 400 GeV/c proton beam bunches from the
SPS. The first experiments will focus on the self-modulation instability of the
long

(rms ~12 cm) proton bunch in the plasma. These experiments are planned for the

end of 2016. Later,

ATWVAKE—

AWAKE is a proof-of-concept acceleration experiment with the aim to inform a design for high energy frontier particle
accelerators and is currently being built at CERN. The AWAKE experiment is the world-s first proton driven plasma
wakefield acceleration experiment, which will use a high-energy proton bunch to drive a plasma wakefield for electron
beam acceleration. A 400 GeV/c proton beam will be extracted from the CERN Super Proton Synchrotron, SPS, and
utilized as a drive beam for wakefields in @ 10 m long plasma cell to accelerate electrons with amplitudes up to the GV/m

[m] = - =
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AWAKE @ CERN... Cont,d A. Caldwell, SPC CERN, 13.X11.2016

CERN NEUTRINOS TO GRAN SAS50
Underground structures at CERN Actess sl
SPSIECA4

Excavated -
. Conoreted —

2]
-

I lpmmm o

Wb P g Access galleries
~—"AWAKE experiment

Target =

chamber & Service gallery

vions
nns/

SPS tunnel

LHC/TIR tunnel

LER{LHC tunmel

Decay Lurrel

Hadron stog
and first muon detector
Connectian gallery
to TIE/LHC

muons
neutrinos

Second muan detector .2

c M

m"é?’arﬁ'”sili/ ‘ 06 / 2003+
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AWAKE @ CERN... cont'd

Wake potential

A. Caldwell, SPC CERN, 13.X11.2016

SHORT LASER PULSE
~

No plasma
protons

A,=1.2mm
L3

December

SPC, CERN

Second half of the proton bunch sees plasma

Drivers:
@ spectrometer

=

PW lasers today, ~40 J/Pulse
1

3

FACET, 30J/bunch

Proton
|

beam
Proton diagnostics
“Acceleration

» BTIVOTR, CTR L@
du

ser

SPS 20k)/bunch
LHC 300 kJ/bunch

dump

mp

Witness:
101 particles @ 1 TeV = few kJ
@ Accelerating power up to 1 GV/m (~ 1000x more than present)
o = -
B. Badelek (Warsaw ) QCD at the Electron-lon Collider

Haereus School 2017

56 /62



-
AWAKE @ CERN... cont'd

A. Caldwell, SPC CERN, 13.X11.2016

Phase | = SUCCESS!

No Plasma

(Dec. 2016)
2

B. Badelek (Warsaw )
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VHEeP kinematics and basic parameters

@ epcms energy: 3TeV (e) + 7 TeV (p, LHC) = /s ~ 9 TeV
(6x higher than proposed for LHeC; 30x higher than HERA)

@ luminosity: ~ 10 — 100 pb™* over lifetime (1000 — 100 x less than HERA)
lower OK for low z physics; higher needed for BSM (typically @ high Q?)
@ plasma accelerator must be < 4 km long

@ ARIADNE MC for Q% > 1 GeV?, W? > 5GeV?, z > 107", 0.01 pb~*

23000 -
& 2500 "w. o107
,
20000 %, 103
1500 .
b ~, 102 Ta,
1000 ., o o y
p ] .
ok, i
6 -4 -2 o 25 50 75 100
log,ox Q?(GeV?)
2 < 3
§ E 25
2 04
dump plasma dump 4 G . Tmin - 1000x |eSS
accelerator \\ \é
P o N Bast than @ HERA!
2 ~ 1b
* N, i
Wt 05he
10 b 'W“‘NW
, , I 4 ')
025 05 075 1

y 109X hep-ex/1606.00783v2
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VHEeP kinematics and basic detector design

0 1000 2000 3000 311 312 313 314
E, (GeV) 0,

Forward
spectrometer

]

Central detector

1 B Same simulation parameters
; and conditions as before

Electron
Hadron spectrometer  spectrometer

Dipole Dipole

High-x events

X ‘\ 1
% 0,002 0,004 0.006 0.008 0.

=, Thad

B. Badelek (Warsaw ) QCD at the Electron-lon Collider

High-Q7 events

 — — \ ]

—

Low-xevents

hep-ex/1606.00783v2
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QCD physics at VHEeP

@ Total y—p cross section:
resolving models,

constrain cosmic-ray simulations

@ Vector meson production:
particularly sensitive to saturation of partons

Iy

CS O
= e
Z108 M)»: ‘f’

2 wes

® VHEGP reach
© HizEus

& fred target
O AuCELHCH

1 10 10 10 10!
Photon-proton centre-of-mass energy, W (GeV)

B. Badelek (Warsaw )

> Data
Wy
Regge fits:
% »»»»» DL 1992

, 0 (mb)

Total cross section,

B

] f

T DL 2004
1
PR T

* VHEeP reach

1 10

o (mb)

10° 10° *
Photon-proton centre-of-mass energy, W (GeV)

© HERAVfixed target

hep-ex/1606.00783v2
QCD at the Electron-lon Collider

y « VHEEP reach
¢ e
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Y = 120 GeV?
10° 10°
W (Gev)
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Status of EIC and VHEeP

Modest Growth

EIC: The White Paper (arXiv:1212.1701), -
EIC Users Group http://www.eicug.org; e ey ety Consruction €10
construction recommendation NSAC LRP21 = | g=7 ey o

@ 2018: acceptation by DOE g™ :I"Y -

@ 2020: site selection g S

@ 2023/24: start construction : —

@ 2030: physics operation m T Constantfort

= = Modest Growth (FY16 PR +
1.6%)

FY23
FY24
FY25

igure 10.4: DOE budget in FY 2015 dollars for the Modest Growth scenario

VHEeP: e.g. arXiv:1606.00783v2, first meeting of physics community in VI. 2017.
proton-driven wakefield acceleration achieved XI1.2016! Exp. AWAKE @ CERN
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Take-away menu

New e—p machine(s) planned to develop QCD, e.g. (in increasing +/s order):

@ EIC: Electron—lon Collider, BNL or JLab ©
(alternatives: eRHIC/MEIC)
Polarised beams, high lumi, heavy ions, as good as approved, operational 2028
“Imaging” device!

@ LHeC: Large Hadron—electron Collider, CERN
(also: FCC-ep: Future Circular Collider-ep)
Unpolarised beams, high luminosity, some ions

@ VHEeP: Very High Energy electron—Proton (collider), CERN .
VERY attractive technology, unprecedented kinematic reach, unpolarised
beams, low luminosity
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