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Outline

ﬂ Inclusive electroproduction
@ Basics
@ Parton distribution functions (spin-independent)
@ Fragmentation functions
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Inclusive electroproduction Basics

Resolution of a microscope
Given by an invariant Q?:

2 _ 2 _ (= —/\2 N2 __ 2
Q=—q=pP-p)-—(E-FE)=-M.#0!

_/ : 9
J Q* < 1 (GeV/e)?

Q% > 1 (GeV/c)?
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Inclusive electroproduction Basics

Residual strong interaction (in a nucleus)

//

U.

Final state quarks “dress up” into hadrons = fragmentation.

Factorization theorem: physics particles’ cross section
= (calculable QCD parton cross-section) ® (universal long-distance functions:
parton distributions and fragmentation functions)
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Inclusive electroproduction Basics

Towards inelastic electron — nucleon scattering

@ Atlarge Q?, elastic form factors, Gz 1 (Q%) — 0
and inelastic scattering becomes more probable than the elastic.

@ Now Q? # 2Mv (or = # 1) and a second variable, apart of Q? is needed to
describe an inelastic scattering, e.g. v = E — E' or z = Q*/2Mwv.

e T i T T T

" —W=2 GeV
s We3Gev L
«—-W=35Gev

oL ELASTIC
i “\\ SCATTERING

N in the proton!
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Inclusive electroproduction Basics

Acceptance of nucleon structure experiments
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Electron beams: high statistics, high systematics (radiative processes), “cheap”
Muon beams: low statistics, low systematics, “expensive”

Proton beams: complicated analysis.
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Inclusive electroproduction Basics

Structure functions
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Structure function F»(z, Q%) Electroweak effects visible (y*/Z exchange)
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Inclusive electroproduction Parton distribution functions (spin-independent)
Qutline

ﬂ Inclusive electroproduction

@ Parton distribution functions (spin-independent)
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Inclusive electroproduction Parton distribution functions (spin-independent)

Parton distributions from scaling violation

iy L2
~ e
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X
From Particle Data Tables, 2012
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Inclusive electroproduction Parton distribution functions (spin-independent)

Universality of parton distributions
PDFs are universal!

Example of the LHC Higgs particle production in a “gluon—gluon fusion”:

o(pp — HX) ~ / / 9(e1)g(22)0(gg — H)dardas

7TeV

Observe: uncertainty in g(z) leads to 5% uncertainty in the cross section!

How do we get PDFs? Measure F>(z, QS) for “all” values of = and assume a
functional = dependence. Fit its coefficients at any Q* from QCD predictions of the Q*
dependence of F» (“QCD evolution).

From M.A. Thomson, Michaelmas Term 2011

B. Badelek (Warsaw ) Quark Structure of the Nucleon 2014 Gordon Conferences 11/70



Outline

ﬂ Inclusive electroproduction

@ Fragmentation functions
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Inclusive electroproduction Fragmentation functions

Other universal functions: fragmentation functions, Dg(z, QQ)

@ Studied through measurements of charged (single-) hadron multiplicities.

At LO:
Mo, 2y — R Bty [a(2, Q") D} (@ 2) + (. Q") D} (@, 2)]
xz, yR) = = - —
T Saeq la(, Q%) +a(x, Q%) .
Di(2)
h
L= B N .

v PDF
@ High precision Single Inclusive eTe™ Annihilation data
do not separate ¢ and g and only access charge sum of FF for a hadron h.

@ Measurements at a fixed, large (~ M), scale, except BELLE (Q? ~10 GeV?).
@ Inclusive single hadron production by RHIC = improve constraints on gluon FF.

@ Lepton—nucleon DIS: lower values and wide range of scales, sensitivity to parton
flavour and hadron charge (= new data of HERMES, COMPASS).

@ Global NLO analyses, e.g.:
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Inclusive electroproduction Fragmentation functions

Charged (single-) hadron multiplicities; identified pions
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From R. Sassot, Workshop on FF, Bloomington 2013
Isospin, charge symmetry, ... leave 2 FF, D*(z, Q2) = N;z% (1 — 2)5i [1 + (1 — 2)%]:

. . Q"=3GeV Q@=36eV"
HKNS (e*e” only)  cowass 200 o5, COMPASS 2008
o7} preliminary preliminary
00 04
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Outline

e “Forward” physics
@ Phenomena at low =
@ Diffraction
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Outline

e “Forward” physics
@ Phenomena at low =
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“Forward” physics Phenomena at low z

~* behaviour

Experimental fact: photon interactions are often similar to those of a hadron

PP =r

*

Contributions to the self-energy
of a physical photon:

T
L

=
XANANANANUK + a(xw( — o x>

hadrons
i&” HCS
% ‘,.‘LL.,. 7‘"‘ e % e +a (xrm( >\rm<> +0(a?)
A e ' L

&

The hadron—type interaction:

T ¥ q i q

”0’ : HMM.N\‘LM —— 4:04‘+* = o o
#\M\WH\N ot »
SGeV

V has quantum numbers of the photon!
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Nucleon structure at low values of »

Hadrons in the « fluctuation: either a pair of ¢g or a hadron of JE =17 (ie. Py w, D,
J/¥,...). Observe that if v is much larger than mass of the fluctuation, m, then the
hadronic fluctuation traverses

2v

d(v, Q%) ~ T~ 80 fm!!!l (for Q* = 0,v = 100 GeV,m? = 0.5 (GeV/c)?). (1)

But a highly virtual v*, Q* — oo, may have no time to develop a structure before the
interaction: 5
14 v

2
d(V,Q)Nm%@—)O 2)
However the ~* structure is visible! Observe that
2v 1
@~ Mz )

and if x <1 then d(v, Qz) may be very high independently of Q?
(e.g. @ x=0.001, d ~ 200 fm! proton sea quarks outside proton ??77?)
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Nucleon structure at low values of z, ...contd

Low z = large parton densities, due to QCD processes, e.g.:

e e
¥
Who is probing whom?? (A. Levy)
Solution: cross section is Lorentz invariant
ﬁ

but time developement is not. (L. Frankfurt)

So ~* and proton are probing each other and we are measuring the interation as a
whole. A consequence: @ low =, F and F; are related!

Two ways of v interactions (observe time ordering!)

q
k a J T
Y AN
-
a,™\b
>/K//éhcdrons
P

p— T~
dominant if v — oo and target at rest dominant in the oo target momentum system and finite v
photon structure proton structure (DIS)
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“Forward” physics Phenomena at low z

Physics domains: “Kwiecinski plot”

saturation
region

X%

Y =In1/x
non-perturbative region

} BFKL ;
DGLAP )
s~ s 1 BFKL:  [a,In(1/2)]"

DGLAP: |[a, 1n(Q2)]"

@ Atlow z, energy in the v*p cms is large (large gluon cascades): W2. = Q%(1 — x)/x.

_— 1 . .
@ Contributions from large as In — terms = new evolution equations: BFKL, CCFM.
x

@ Atlow z: strong increase of gluon density with decreasing = (cf. HERA data)
= gluon recombination (saturation).
@ At Q? < Q?,, nonlinear effects of parton saturation must be considered.
Left figere fromsiWhite paper., arXiv:1242.1781
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Outline

e “Forward” physics

@ Diffraction
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“Forward” physics Diffraction

Diffraction in optics

Diffractive pattern of light on a circular disk and diffractive cross-section in HEP;
¥; ~1/(kR), |t| =~ k*9® (k - wave number, R - radius)

Light

Intensity Incoherent/Breakup

do/dt

Coherent/Elastic

& 94 Angle

t 1z i 13 ta

From EIC White Paper arXiv:1212.1701
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“Forward” physics Diffraction

Definition of diffraction in high energy physics

@ No quantum number exchange in a process.
Target (or both hadrons) emerges intact. “Pomeron, P, exchange”.

@ Cross section not decreasing with energy.
@ Secondary features: small ¢ and large Ay (forward !) in final state hadrons.

e

£, (@)
QCD collinear
factorisation at (ﬁ) ]
fixed x,.t X reaction described by 4 variables:

Q% x,8=ux/vp,t
(%p)
P P

(U]
@ Soft/hard diffraction = diffractive parton distributions! Universality?
Rapidity gap survival probability for hadron—hadron.
@ Diffractive PDF, f” = P (z,Q?, xp, t).
Within “vertex factorisation”, f,” (z,Q°, zp,t) = fop(ap, t) - fi(B = x/zp, Q°)
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“Forward” physics Diffraction

Diffraction: brief experimental status
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From hep-ex/0606004
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“Forward” physics Diffraction

Forward physics at LHC

@ LHC “forward” arrangements (not to scale):

T
T ZDC: |n| > 8
Totem RP147 |
Jotem. 12 Totem RP220 HPS 240/420
Totem T1 .o e
CMS preliminary, psp->jet jet . VS=7 TeV, nl<4, p, >20 GeV
Jjet
jet X
P
@DATA
VTS uner
Zbowevr creast a1 Fis
107 s POWHEGPYTHIAS CTEQEM & H1 Fit s
10° 107
gLRG

@ Diffractive MC models overestimate the results by factor ~ 5;
gap survival probability ? After G. Brona(212) ané-GMS RAS FWB-10-604
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Outline

e New degree of freedom: spin
@ Basics
Observables
Polarised pdf from inclusive and semiinclusive results
Spin—dependent low = behaviour of ¢;

°
°
°
@ Measurements on a transversely polarised target
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Outline

e New degree of freedom: spin
@ Basics
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New degree of freedom: spin Basics

Introducing spin

d2o a? F
- = = nv
*aar ~ g W
o Symmetric part of W#”— unpol. DIS,
antisymmetric — polarised DIS

e Nominally 7, ,, q(z) — g,,. Aq(z)
but...

e ...anomalous gluon contribution to g, ()

Spin Plane e ...g,(x) has no interpretation
in terms of partons.

Sy
S::hlﬁ \\V
W L N

Scattering Plane
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New degree of freedom: spin Basics

Transverse Momentum Dependent (TMD) distributions

@ parton intrinsic k taken into account
@ related to quark angular momentum, L!

@ at COMPASS studied in 2 ways:
@ semi-inclusive DIS (polarised muons on unpolarised/transversely polarised target)
@ In the future: Drell-Yan process (m beam on unpolarised/transversely polarised tgt.)

Important: SIDIS and DY measured at overlapping hase space!

SIDIS 2 v DY
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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

e Four GDPs (H, E, H, E) for each flavour and for gluons
o All depend on 3 variables: z,{,t; DIS@{=t=0
e H, H conserve nucleon helicity; E, E flip nucleon helicity
e H, F refer to unpolarised distributions; H, E refer to polarised distr.
After=V.D. Vokker, LANL 2087
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New degree of freedom: spin Basics

Partonic structure of the nucleon:; distribution functions

In LT and considering kr,
8 PDF describe the nucleon

QCD-TMD approach valid kt < /Q?2

After integrating over kr
only 3 survive: fi,g1,h1

TMD accessed in SIDIS and DY
by measuring azimuthal asymmetries

SIDIS: e.g. Agivers < PDF @FF
DY: .9 Asivers 0x PDFP®*™ @ PDFtar&ct

C
nucleon NUCLEON
unpolarized longitudinally pol. transversely pol.
{ g
g N 1T
O @
g|  number density
g
>
. 0. O, .,
x £ - .
: J Caa NG
k= helicit
o 5 elicity . X
E h, ® ©®
1
2 hl;_ @ - @ transversitg
@ ke
3 K h" y kr
5 M @ ge| M OL©
2 Boer-Mulder: @'ﬁ@" [m

OBS! Boer-Mulders and Sivers PDF are T-odd, i.e. process dependent

hi (SIDIS) = —hi (DY)

change of sign to provide gauge invariance!
OBS! transversity PDF is chiral-odd (may only be measured with another chiral-odd
partner, e.g. fragmentation function).
Boer-Mulders, Sivers and transversity (hf, ffT, h1) will be measured in COMPASS |l
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Outline

e New degree of freedom: spin

@ Observables
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New degree of freedom: spin Observables

Nucleon spin structure: observables in 7N scattering

e Inclusive asymmetry, A, cqs:

ZeQAq (z,Q%)
S _ e 2
Ameas = ! (N4_ N > ~ DAl =D g (J?, QZ)
fPrPg \N= + N& Fi(z,Q?%) Zeme
_ _ . 7 3 gl + gt 3
Ag=q"—q", g=q"+q, gi=g (1-Zwp) = F=(1- Jwp);
wp = 0.054+0.01
e LOSIDIS, A”:
> elAqg(x,Q*)Dl (z,Q?) .
Az, 2,Q%) ~ 2 227’1 Dg 7éDl}j,,

> elq(z, Q%) D) (2,Q%)
q
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New degree of freedom: spin Polarised pdf from inclusive and semiinclusive results

e New degree of freedom: spin

@ Polarised pdf from inclusive and semiinclusive results
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Polarised pdf from inclusive and semiinclusive results
D d
g1(z) and gi ()
NEW: COMPASS proton data 2011 (prelim.); full deuteron statistics

o™ [ % eo00se (29[ o e o o s A e
+ [ ﬁ] x=0.0045 A = o ess + [ 000t (=1 | o e R
— ; x=0.0055 O veres ¥ coupassor ts0 e —
Do 64 DT ¥=0.0055 v couprss O claswzscev
o L =0.0070 O ClsW25G @ COMPASSIL (200 Gev) prel o L
2 [t 2 [ttt | comsnon
=0.0090 =
=t g X T [ gt % X=0.0090
[«2] =0.012 [«2]
oy o € =070173-00) 2 x=0.012
s [ .o [} » x=0.017 i =0 31 g— ¢ y@ 0017 =07 0173-i00)
= Fe
rEye-Te g 20020 e — X=0.024
r 2 Y X=0.035 L ~
Y14 % ‘%'E:J 3 &P ox S— X=0.035
[ RS X S L ¥=0.049 6 " X=0.049
L x=0.077 (=10 [ = i = 10)
B oo B Bed L % 9P Ry X007 (i=10)
Se & 7 =¥ =0.12 . ¥ =0.12
L AN -
° O% ¥ z =0.17 41— @ g -
A oGy O - - B X0 [©o06 0.6 gy B y.g. X017
[ oo & Q- W g B WG HT022 L o BBy BorB.X0.22
r T OO 0-0-BO- WD T X029 r 2 - x=0.29
20— _ 2 ~
L & GO P QPG00 D Qe gy o X041 L o " -0 x=0.41
r o OEAATO TR S r e =0.57
0 \‘ I \\ﬁ v 7 \\\} )(:07‘? 0 \‘ 0 \\PJ‘W‘ 7 \\\} X:OJ[\‘
1 10 10° 1 10 10°
Q? (GeVic)? Q? (GeVlc)?

COMPASS measurements at high Q2 important for the QCD analysis! but little sensitive to Ag
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Polarised pdf from inclusive and semiinclusive results
COMPASS NLO fit to g; world data; Q* = 3 (GeV/c)?

COMPASS NLO ft o g, world data
4 COMPASS 160 Gev (2007)
4 COMPASS 200 GeV (2011)

P COMPASS Prelimina

[ COMPASS NLO fitto g, world data
4 COMPASS 160 GeV (2002-2004)

138/678 world data points are from COMPASS
From that:
range in AX = Ag, (due to uncertainty on Ag): 0.25-0.34 at Q* = 3(GeV/c).

Erom M._Wilfert,.DIS2014
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New degree of freedom: spin Polarised pdf from inclusive and semiinclusive results

Semi-inclusive asymmetries and parton distributions

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

COMPASS, Phys. Lett. B 680 (2009) 217 “E

02F
DSSV, Phys. Rev. D 80 (2009) 034030 oE-:

o2f
T
08 A',p ALP
06| -
04 E 3
0z B
Py P e SR P S o S SR
0.2 By I -0.05 -
10° 10 T BT BTN SR R SRR TIT BT
z T
GRS 002 xas 10 10 x

©  HERMES
— Dssvit

@ LO DSS fragmentation functions and LO unpolarised MRST pdf assumed here.
@ NLO parameterisation of DSSV describes the data well.
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Polarised pdf from inclusive and semiinclusive results
Polarisation of quark sea

@ As puzzle. Strange quark polarisation:
1

2A8 = / (As(z) + As(z))dz = —0.09 £ 0.01 & 0.02 from incl. asymmetries + SUs,
0
while from semi-inclusive asymmetries it is compatible with zero

. . . J D?Jr (z)d=
but depends upon chosen fragmentation functions. Most critical: Rsp = —————"—
J DE™ (2)d=

= plan to extract it from COMPASS data on multiplicities.

LO analysis of deuteron data of COMPASS, Q°=3 GeV?

‘ SQMPASS
DSS: R,=66 |G 0.1

- Boumely-Sofler-Buccella
-+ Kumana-Myama

As

B8 St urcert (indl. DIS), published
B it uncert. (SIDIS+DSS), prelim

N Uncert dueto R
i —_
o T | [ | | 11111l
I 1 L | 1 s

2 3 4 5 6 7 10 10! 1
Rgr x

@ The sea is not unsymmetric: COMPASS, Phys. Lett. B, 680 (2009) 217; ibid., 693 (2010) 227.
0.3 R
/ [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 Az — Ad > d — @
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New degree of freedom: spin Polarised pdf from inclusive and semiinclusive results

RHIC results on sea polarisation and on Ag

Sea quark polarization in global fits

AR # Preliminary Run 2012 "
ry

Pp—W —e v B

L 3=510 GeV 25 <E <5068V "

05 w_*[ " "%"j‘_ 5

-r[l)-]

A

L L
006 004 002 0 002 004 006

JAuQY dx

T e

1 2
lepton n

#* DSSV++ is a new, preliminary global analysis from the
DSSV group which includes 2012 STAR W A.

o

# Higher precision data already collected in 2013 will further
improve the constraints on the sea quark polarization

L
008 000 004 082 0 002

arXiv:1304.0079  Jaxhdx

Erom J.Stevens,DIS26)1¢4
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Polarised pdf from inclusive and semiinclusive results
Direct measurement of Ag(z)

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

@ charm mesons, g=c, (max. @ low Q?, perturbative scale: e.g. m.):
low statistics, few theoretical assumptions;

OPGF Ag
opGF +0BGD 9

Ameas = pB PT f arr — + ABGD

@ a pair of hadrons, q=u, d, s, separately for low- and high Q2; high statistics, several
quantities from MC. At LO, for both 2-hadron and inclusive samples:

g cDC
Ameas = pB PT f |RPCGF (’Lgb ? +Rrp-D- Afp + Rgepc - a’gL ' AfP

Resolved photon
(only at Q* < 1 GeV?)

PGF, ~ 30% QCDC

g :

B. Badelek (Warsaw ) Quark Structure of the Nucleon 2014 Gordon Conferences 40/70




Polarised pdf from inclusive and semiinclusive results
New results on Ag from COMPASS

Aglg

COMPASS, all-p, LO, Q21 (GeVic)?, prel., 2002-06
AG>0

AG<0 COMPASS NLO QCD fit, prel.
AG node
total uncertainty

0.6
. CDMPASS.aII-pr.Q’ﬂ (GeVicy’, prel., 2002-06 o 06
= .
4 COMPASS, Open Charm, 2002-07 gj
041 4 compass, high-p, Q*<1 (GeV/cy’, prel., 2002-04 —
o SMC, highp, Q%1 (@evicr . | | T
0.2] * HERMES, highp,.all@® 1
JD
L 1’1
0 :
,04_\ . R L )
10? 107 X 10*
g

B. Badelek (Warsaw )
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Polarised pdf from inclusive and semiinclusive results
Other QCD fits to world data

Comparison with DSSV

Ag

T T
XAQ(X,CP=10 GeV?)

i ..
‘.I 02
XAg [

0.1

QP =10 GeV?

[ NNFOFpolt 1
DSSVos az%1
— positivity bound

For x < 0.2 the gluon has a node in DSSV08, while it is definitely pesitive in NNPDFpoll.1

]

@ NNPDFpoli.l and DSSV are in perfect agreement once recent jet data are included

@ First evidence of gluon polarization in the proton in the region covered by data, x =2 0.2
]

The uncertainty of the gluon blows up in the unmeasured small-x region

Emanuele R. Noera (UNIMI)

o2l i

1" |
1RHIC & ragel

——— NEW HT -
et 508 C 1. vt

——— DSSV*

- DSS
Lol Ll —

Unbiased spin-dependent PDFs

3 2
10 10

' ox i

April 20, 2014 20 / 24
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Outline

e New degree of freedom: spin

@ Spin—dependent low z behaviour of ¢;
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New degree of freedom: spin Spin—dependent low x behaviour of g1

In*(1/z) corrections to ¢/*(z, Q%)= ¢(=.0 - gi(x.@%

@ Leading low = behaviour of ¢; (g7 and g1*) generated by powers of
o, In?(1/z); a standard DGLAP for spin dependent pdf generate only
In(1/x) terms.

@ A way of including the above to QCD evolution: through f(a: k2)

Q* dk2
where conventional parton distributions:  p(x, Q?) :/ v L f(x, k2)
This formalism permits 3 ;
an easy extrapolation to Q* = 0
(for fixed W?2). e
@ In?(1/x) corrections to ¢}
are generated by ladder diagrams —
e
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New degree of freedom: spin Measurements on a transversely polarised target

e New degree of freedom: spin

@ Measurements on a transversely polarised target
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Measurements on a transversely polarised target
Collins and Sivers asymmetries

Properties of Apq(x):
@ is chiral-odd = hadron(s) in final state needed to be observed
@ simple QCD evolution since no gluons involved
@ related to GPD
@ sum rule for transverse spin
@ first moment gives “tensor charge” (now being studied on the lattice)

Transversity measured e.g. via the Collins asymmetry: | polarised ¢ —> unpolarised h
(asymmetry in the distribution of hadrons):

Nﬁf(%) = N} [1 £ prDyNAcou sin ¢c]
¢c = on + ¢s

which in turn gives at LO:

2 0 nHh
eq’ATCI’ATDq
qulzz'q'Dg

But transverse fragmentation functions A%Dg needed to extract Apg(z) from the Collins
assymmetry! Recently those FF measured by BELLE.

q

Acou ~

Properties of the Sivers process (¢s = ¢n — ¢, correlation of L nucleon spin with k- of
unpolarised gq): it is related to L in the proton. Fundamental !
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Measurements on a transversely polarised target
Transversity, Arq = hy, from COMPASS for p and d

£ 08—  cowmmss X 08~  cowmss
< @ 2007 & 2010 proton data and K] @ 2007 & 2010 proton data and
0.6 2003 & 2004 deuteron data 06— 2003 & 2004 deuteron data
— A and ) — A and
— A, from — A, from
0.4 Anselminoet al. Phys.Rev. D87 (2013) 094019 0.4— Anselminoet al. Phys.Rev. D87 (2013) 094019
02— 02— %
(]
0 % } 0! J l L -
-0.2— -0.2— }
-04— -04—
_0'67\\\\\\\‘ Il \\\\H‘ Il \\\\H‘ _0'67\\\\\\\‘ Il \\\\H‘ Il \\\\H‘
10? 10" 1 10? 10* 1
X X
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New degree of freedom: spin Measurements on a transversely polarised target

Results for the Sivers asymmetry for protons

COMPASS 2010 proton data
O positive hadrons

® positive pions = |
o positive kaons

SRR

-0.05 ; ) ) F F
o negative hadrons
@ negative pions r -
o negative kaons

p
'Sv

o
o

p
'Sv

o
g

0.0~ }

-0.05-

@ Sivers asymmetries for proton measured for +/— unidentified and identified hadrons...

@ _..are strongly dependent on Q2 (compare with HERMES)
@ COMPASS deuteron data show very small asymmetry
@ Sivers functions (fllT) for d and u quarks have opposite signs
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Outline

© Near future: COMPASS I
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Near future: COMPASS ||

Programme until 2017

@ Proposal CERN-SPSC—-2010-014 (SPSC—-P-340) of May 17, 2010

wwwcompass.cern.ch/compass/proposal/compass-1_proposal/compass-II_proposal.pdf

@ Approved in December 2010 initially 3 years data taking, (Phase 1

@ Flavour separation and fragmentation in spin-averaged SIDIS
(strange sector !)

@ 2014-2017 focus on transverse structure of the nucleon

e T-odd TMD (Sivers, Boer-Mulders distributions)

@ Drell-Yan process and TMD sign change SIDIS < DY

e GPD (unpolarised), transverse size and parton orbital angular
momentum

@ 7/K polarisabilities and tests of ChPT
in the Compton scattering via Primakoff reaction.

@ Addendum foreseen (spin-dependent GPD), Phase 2, > 2017 ?.

B. Badelek (Warsaw ) Quark Structure of the Nucleon 2014 Gordon Conferences

50/70



Drell-Yan process: 7 p' - "X @ COMPASS

@ Clean partonic process
@ No fragmentation functions involved!

Convolution of two Parton Distribution Functions
oPY il ®f;‘p, oPY = oY (2r,2p)

@ Gives an access to azimuthal modulations of 4 PDF:
transversity, pretzelosity, Boer—-Mulders and Sivers.
Ideal: pp; good compromise: =~ p
Here dominated by annihilation of
valence @ from #~ and valence u from p
@ COMPASS has large acceptance in the
valence region of p and = (large SSA expected).
Example of covered kinematics (in blue):
7~ beam, 190 GeV/c, NH3 target, L polarised
dimuon mass range: 4 — 9 GeV/c?(low bckg.)
@ QCD TMD approach justified by:
My, > pht =1 GeV

Bl 1 1 1 1 1 L 1 1
0 01 02 03 04 05 06 0.7 0.8 09
Xz

B. Badelek (Warsaw ) Quark Structure of the Nucleon 2014 Gordon Conferences 51/70



Drell-Yan @ COMPASS: data taking 2014 — 2015

@ intense m beam

(up to 10%/spill)
@ hadron absorber

downstream target sm1
@ di-muon trigger

TARGET ABSORBER
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re: COMPASS |1

GPD at COMPASS: data taking in 2016-17

Q* (Gev?)

[ COMPASS 160 GeV.
A HERMES 27 GeV
[ JLab11Gev

[] ZEUS+H1

| H\Hl
S -2
S 10

EEEEN
107 1
XR

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

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

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

e Plans
- DVCS
— DVMP

e Goals
— from unpolarised target: H (Phase 1)
—from _L polarised target: E (Phase 2)

Test runs: 2008-9 and 2012; DVCS signal seen, full setup evaluated
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Quark Structure of the Nucleon

2014 Gordon Conferences 53/70



(more) Distant future: EIC

Outline

e (more) Distant future: EIC
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(more) Distant future: EIC

e-p machine, EIC, planned at BNL or JLab
BNL JLab

Electron beam facility needed ELIC + injector needed
(inside RHIC tunnel)

0.60 GeV

lon
2 2 source
550 Gev 2% Pre-booster

7.95 Gev
l Medium Energy IPs, l
Low

Energy IP

12 GeV CEBAF

figure from The White Paper, arXiv:1212.1701

SRF Linac

10.4 GV
12.85 GeV

15.3 GV,
17.75 GeV

202 Gev

Medium
Energy
Collider
22,65 GoV. Ring

25.1 GeV
2755 GeV.

300 Gev

B. Badelek (Warsaw ) Quark Structure of the Nucleon 2014 Gordon Conferences 55/70



(more) Distant future: EIC

A dedicated EIC detector

2-3T Solenoid

~3.0m

Solenoid

EM-Calorimeter

Dual Radiator RICH

Aerogel RICH / DIRC/ HR-ToF

2.5m 4.5m

Tracking

OOEEEDmE

hadron-beam lepton-beam 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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(more) Distant future: EIC

EIC: main features

Highly polarised (~ 70%) e, N beams

ions from deuteron to uranium (lead ?)

variable /s from ~ 20 GeV to ~ 100 (150) GeV

high luminosity: ~ 10**73* cm~2 s~ (cooling of hadronic beam !)

more than one interaction region

limits of current technology =— R & D!

staged realisation; first stage: /s = 60 - 100 GeV
and high luminosity.
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(more) Distant future: EIC

Acceptance of present spin experiments and EIC

— : —_—
103} Current polarized DIS data:
[ oCERN ADESY o JLab oSLAC

Current polarized BNL-RHIC pp data:
®PHENIXt" ASTAR 1-jet

Fropg“Whitespaper”zarXiv:1212.1404
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(more) Distant future: EIC

Inclusive g, (z, Q*) at EIC (pseudo-data)

g4 (x,Q2) + const(x)

50

40

30

20

DSSV+
x=5.2x10° (+52)

EIC:

{ 5GeVon 100 GeV
} 5GeVon 250 GeV

8.2x10° (+43)
- © 20 GeV on 250 GeV
1.8x10% (+36)
—
2110 (+31)
-
o

oo 33x10°(27)
e

*,“—0—*64"' 5251 0% (+24)

e oo B2x107(21)

- oi o ¢ 18x10°(+19)

_— e); oo 21x10°(+17)

e —e—ea—sh o —0 3.3x10°(+155)

sy 52x10°(+14)

h —o—o 824107 (+13)

——

oo 1.3x107(+12)

21610%(:11) 5 a—a——w—or—or—0

10%(410) e 0t—O4—0——0
52:10°(:0) , *—+—n—m—m—ow—o+—o—0
82:107(38) *—r ——p—th—h—oU—a—O

Q2 (GeV?)

Errors statistical; bands mark current uncertainties (from DSSV+)

B. Badelek (Warsaw )

Quark Structure of the Nucleon

Fropg“Whitespaper”zarXiv:1212.1404
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(more) Distant future: EIC

EIC pseudo-data (inclusive and semi-inclusive)

0.04

0.02

-0.02

-0.04

0.04

0.02

-0.02

-0.04

C T T n T T 1
L XAD L XAd 1004
; all uncertainties for ax’= 9 ; ;
O O - 0.02
F iy 1 ¢
[ DSSV ar J0.02
[l DSSVand 1t 1
r EIC 5 GeV on 100 GeV [ J.0.04
F &5 GeV on 250 GeV —4F E
r _ hind - 03
[ XAS JF XAg 1
1A 3 02
[ J 0.1
F -0
- =-01
- Q°=10GeV® aF ]
i vl 6 il a0l 042

107 107 1 1072 107 1

X X

B. Badelek (Warsaw )

Quark Structure of the Nucleon

T
L &f=10GeV?
r current
- data
[ I DSSV+
5x100
: - EIC go50
L EIC 20x25
L all uncertainties for Ay’
1 IR [ T T S T NN T TR N N Y
0.3 0.35 0.4 0.45
1
Jaz(x,Q% dx
0.001

From “White paper”, arXiv:1212.1701
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Sivers measurements

w

| Current data for Sivers asymmetry:
® COMPASS h*P,.<1.6GeV, z>0.1

O HERMES 1Py <1GeV, 0222207
B JLab HallA =% P,;<0.45GeV, 0.4 <2 <0.6

Planned:

102 BEE Jlab12

Pt Tty
oS
SRS NoosS

e i
0
ettt atielets

g e

Fropy “Whitespaper” zarXiv:1212.1404
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©

10

B. Badelek (Warsaw )

Current DVCS data at cnlllders

-—O ZEUS- total xsec O Hi-total xsec
F ® ZEUS-do/dt W H1-do/dt
£ B Hi-Acy

+ Current DVCS data at fixed targets:

A HERMES-A; A HERMES-AcU

L 4 HERMES- Ay, AuL,

s HERMES-Ayy * Hall A-CFFs

% CLAS-Ay, % CLAS-Ay

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

JLAB12- dold, Ay, AuL, AL

10 10° 10°

Quark Structure of the Nucleon

From “White paper”,_arXiv:1212.1701
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(more) Distant future: EIC

Outlook: parton structure of the nucleon

@ A wealth of data on polarised (SI)DIS collected by fixed target
experiments and by RHIC

@ COMPASS II running starts fall 2014 (DY)

@ Great hopes for EIC (BNL or JLab)
= higher energy and low(er) x

@ Long Range Planning in Nuclear Physics just started;
final report will be submitted to DOE fall of 20157?

@ Do not underestimate the fixed target results.
Remember NMC vs HERA!
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re) Distant future: EIC

BACKUP
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(more) Distant future: EIC

In*(1/z) corrections to ¢/*(z, Q%)...

cont’d

@ A unified equation which incorporates the complete LO DGLAP at finite = and

In*(1/x) effects at = — 0 was formulated.

@ Potentially large InQ* and In(1/z) treated on equal footing.

@ Assumed values g7*” =

Atz — 0, gm(o)

@ The g; () satisfies the Bjorken sum rule at LO: / dzgr® 0)( ) =9ga/6.

@ Parameter k=1 GeV>.

s b 1.3 < Q%/GeV? < 56.3

g?’s Vs

broken — LO DGLAP

B. Badelek (Warsaw ) Quark Structure of the Nucleon

9

continuous — full calculations * F

@ Comparison of g;° to the SMC data (COMPASS results ready soon)

=2ga(1 —)%/3, ga =1.257 (axial vector coupling).
—const, in agreement with the Regge expectation.

s

Q*=10 GeV?
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(more) Distant future: EIC

Inelastic electron — nucleon scattering

Elastic electron—nucleon cross section may be written as

d 2 M2 2
= | (179 =258 ) 1@+ 2@

where f; »(Q?) are combinations of Gz 1/(Q?).
This may be compared with an inelastic cross-section:

d’c  4ma? ) M?y?\ Fy(x,Q?)
dQ2da:_Q4[< IESNoE )

where y = v/E, x #1 and a second variable (like z, v, ...) appears.

+ yQF] (17, QQ):|

@ (Q? dependence of F »(z,Q?) is very weak
6
@ Quark Parton Model: Fy(z) =z ) _elqi(x), 2zFi(x) = Fy(x)

i=1
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(more) Distant future: EIC

Towards QCD

Quark-Parton Model (QPM) becomes complicated...

- e e
¥ s
A q q
— 3 > q q
% q q q
q q
q
q q

From the book of Povh et al.

Single Dirac Three static Three interacting +higher orders
proton quarks quarks

q*(x) 4P (x): 9 (x
T 1 X T % 1 X I‘ % 1 X

From M.A. Thomson, Michaelmas Term 2011
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(more) Distant future: EIC

Strong coupling “constant”

0.5

o (Q)

041

03

02t

0.1}

April 2012

v T decays (N’LO)

& DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o ¢'€ jets & shapes (res. NNLO)
* 7 pole fit (N3LO)

N pp —> jets (NLO)

=QCD 0(Mz)=0.1184 £0.0007

1
Q*< 1GeV?
Confinement

B. Badelek (Warsaw )

10 Q[GeV] 100

Q2—>oo

“Asymptotic freedom”!!

Quark Structure of the Nucleon
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(more) Distant future: EIC

Towards QCD: scaling violation
low Q2 = high Q*

S0? . _
f (8 low x
n? i mmx
10 \high 2
4 x InQ?
10
3 —
i VAP, TN L
.
w RO QCD evolution equation (at lowest order):
0? 2 1
| 085 (121) dq(x, t) _ Qs (Q ) / d’l/q(y’ t) P g
® 0 1 10 0’ w oot w0t dt 2w - ' Yy Yy
Q (GeV') 2
t=1In %

QCD can predict the Q* dependence of F»(z, Q%)

From Particle Data Tables, 2012 and from M.A. Thomson, Michaelmas Term 2011
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(more) Distant future: EIC

A Large Hadron Electron Collider (LHeC) at CERN

@ Symposium on the European Strategy for Partice Physics, Cracow, 2012
arXiv:12111.483

@ Two options: ring—ring (RR) and linac—ring (LR). Basic beam design:

3: 10° E [mcesros.r xa) electron beam 60 GeV Ring Linac
@ f | proposeomomes: = (e%) per bunch N, [107] 20 (20) | 1(01)
L=} 105? e~ (et) polarisation %] 40 (40) 90 (0)
F bunch length [mm] 6 0.6
e tr. emittance at IP yeZ , [ mm]| | 0.59, 0.29 | 0.05
F 1P 3 function A5, [m] 04,02 | 012
10° E ALY heam current [mA] 100 6.6
F (LD _J energy recovery efficiency [%)] — 94
10 E | proton beam 7 TeV
F P8 i) p protons per bunch N, [1011] 1.7 1.7
10 transverse emittance yef , [pum] 3.75 3.75
F pertusbative ‘ﬂﬂlm]lmmlw collider
1 Lume p (e'p) [10%em 5 1 9(9) 10 (1)
o peramate bunch spacing [ns] 25 25
0 rms beam spot size 75, [pm] 45,22 7
(ST RO IR i sl vl 4 crossing angle @ [mrad 1 0
L LA [ e A | Ley = A Lea [10%em=%s7Y] 0.45 1

@ The “Strategy” has not recommended a continuation of R&D for LHeC!
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