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Workshop Summary

✤ Goal: to remind of all the wonderful talks we have heard!
✤ Method: 

✤ Humorous interlude - prizes and awards (for POETIC IV)
✤ 2 slides per talk for Monday, Tuesday, Wednesday
✤ 1 slide per talk from Thursday
✤ 0.2 slides per talks from today
✤ Poetic interlude
✤ Outlook



Prizes and Awards for Workshop Talks

......to be implemented by the POETIC IV local organizers......

✤ Top five talks of the workshop

✤ Jackson Award: largest number of equations per talk

✤ Most equations per page

✤ Most colorful equations

✤ Kinetic Learner Prize: most animations per talk

✤ Simpsons Prize - talk that was most irrelevant to EIC/LHeC

✤ Ting-Lederman Award: most self-citations per talk

✤ Sulu Prize: most references that show the Russians did it first

✤ Brodsky Prize: most slides per talk



Imaging partons at EIC: what, why and how
Markus Diehl

What is the dynamical origin of sea quarks and gluons in QCD?

✤ Spatial distributions, pT distributions, x dependence, spin/orbital 
angular momentum will help to sort this out

✤ Transverse position distributions for the proton feasible to obtain
✤ Quantitative <b2> estimates exist for valence quarks, gluons, and glue

+sea, all ~0.6 fm; depends on x at small x, differently for valence/glue
✤ Spin-orbit correlations - chromodynamic lensing causes shift in b (E)
✤ Experimental access: exclusive processes DVCS, TCS, DVMP: (xB,Q2,t) 
✤ EIC dramatically expands kinematic coverage; need high luminosity 

to exploit it. Wide Q2 coverage especially important.
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Access to transverse position: exclusive processes

I DVCS and meson production  generalized parton distrib’s

γ γ∗γ∗ γ

x−ξx+ξ

γ∗ γ∗

M =ρ, φ, π, ... M =ρ, φ, ...

I similar theory as for usual parton densities
have factorization proofs, evolution in resolution scale Q

I longit. mom. transfer  two parton mom. fractions x± ⇠

• at LO in ↵
s

measure GPD(x, ⇠ = x,�)

• in general x “smeared” around ⇠

I separate dependence on x and ⇠ from scaling violations in Q2

• di�cult, need largest possible Q2 range

I imaging: measure � = p0 � p and Fourier transform to b
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With Stage I EIC:

Motivation Imaging partons Spin Exclusive processes Imaging at EIC Conclusions Backup

Imaging: first stage

Ee = 20 GeV, Ep = 250 GeV with 10 fb�1
for |t| < 1 GeV2

and 100 fb�1
for |t| > 1 GeV2
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I high-quality imaging for both low and high energies
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Imaging: first stage

Ee = 20 GeV, Ep = 250 GeV with 10 fb�1
for |t| < 1 GeV2

and 100 fb�1
for |t| > 1 GeV2
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I resolve combined correlation of hb2i with x
B

and Q2

• shrinkage: hb2i = 2B = 2B
0

+ 4↵0
log

1

x

with d�/dt / eBt

• B and ↵0 change with Q2 due to evolution

I high luminosity and low syst. err. crucial for revealing these e↵ects
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DVCS....
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Polarization: access to E

I d�/dt mainly sensitive to H

I transverse proton spin asymmetry A
sin(���S)

UT

receives contributions
from H and E

I generate data with model where

Ea

(x, ⇠, t = 0) = a Ha

(x, ⇠, t = 0) at scale Q = 2GeV

a = sea quarks, gluons

EIC pseudo data
20 GeV on 250 GeV

∫Ldt = 100 fb-1
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plots: Dieter Müller, EIC White Paper
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with polarization.... one plot out of many
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I precise measurements possible in electroproduction

I can scan spatial distribution of gluons over two orders of magnitude
in momentum fraction

M. Diehl Imaging partons at EIC: what, why and how 29

with J/ψ.....

With Stage II EIC:
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plots: Dieter Müller, EIC White Paper
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An Overview of the LHeC
Paul Laycock

A new collider with unprecedented energy and luminosity
Goes far beyond HERA:
✤ Nuclear beams: nuclear pdfs, enhanced sensitivity to saturation, 

availability of deuteron beam for precise tests of isospin symmetry, 
medium-modified hadronization

✤ Extended kinematics offer tremendous opportunities for studies of 
pdfs for gluons and charm, beauty, strange quarks; precision αs; 
sensitive Higgs in complementary channel to pp studies; new particle 
searches; 

✤ Accelerator and detector designs well advanced - 60 GeV e- ERL
✤ Conceptual Design Report approved and published

Paul LaycockPOETIC 2013

The LHeC

• Build a new super-conducting RF electron linac (Pol~90%)

14

LHeC

Paul LaycockPOETIC 2013

The LHeC Concept

• Collide a new polarised electron beam E~60 GeV with a proton/HI beam of the LHC

The LHeC ep 
program would run 
simultaneously with 
the LHC pp and HI 
programs (small ep 

tuneshifts)

8Paul LaycockPOETIC 2013

Tools to unfold nuclear structure

2

• Historically, we build tools which attack the luminosity and energy frontier

• Ideally we want the best tools possible



LHeC Kinematic coverage

Physics

Paul LaycockPOETIC 2013

Kinematic coverage of ep and eA

• The understanding of nuclear PDFs would undergo a revolution given the ~4 orders 
of magnitude increase in kinematic range

• Pin down the initial conditions of nuclei to better understand pA and AA

• Thanks to the LHeC detector, measure charm and beauty in nPDFs for the first time

33
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Interaction Region Developments 


Have%op(cs%compa(ble%with%LHC%and%β*=0.1m%
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Interaction region

Paul LaycockPOETIC 2013

The LHeC Detector (see talk of Alessandro Polini)

So what could we do with this?

• High precision, state of 
the art detector, low 
noise

• efficient flavour 
tagging down to 1°

• No R&D

• Modular for fast 
installation and upgrade

• Affordable

60 GeV 7 TeV

24

Detector design

Paul LaycockPOETIC 2013

How strange is the proton?

• The LHeC would measure the strangeness of the proton with very high precision

• Positrons and electrons would disentangle strange from anti-strange

26

Charm tagging employing the 
high acceptance silicon tracker



Diffractive studies with EIC
Tuomas Lappi

Many interesting diffraction measurements possible with EIC
✤ Universality of the dipole picture - IPsat model for protons, nuclei
✤ Diffractive structure function

✤ Mapping the A, Q2, xP, β –space
✤ Coherent and incoherent diffraction 

✤ t and transverse structure 

POETIC IV in Jyväskylä!

3/27

Dipole cross section

DIS at high energy/small x :
dipole cross section.
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Diffractive structure function
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higher Fock (qq̄g etc.)
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by transverse qq̄

I Large � ! 1: longitudinal qq̄.
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Physics at EIC: exclusive vector mesons

Transverse structure
I What is the resolution in t?
I Also information in the incoherent/diffractive ep t range
I Lighter mesons (larger r ) more sensitive to saturation, but also

bigger ambiguities in LC-wavefunction.
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Coherent and incoherent cross sections

IPnonsat: linearized in r , [Caldwell, Kowalski 2009] , explicitly A⇥ �
p

.
Factor of 3 suppression from A�

p

in incoherent.

EIC possibilities:
 Nuclear Effects: Diffractive F2A/AF2
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Diffractive structure function
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Nuclear effects: �-dependence

Essential regimes:
I Small � ⌧ 1: qq̄g strongly

suppressed (black disk
limit)

I Medium � ⇠ 0.5:
transverse qq̄ enhanced.

I Large � ! 1: longitudinal
qq̄ very much enhanced.
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Nuclear effects: Q

2-dependence

Nuclei have smaller Q

2/Q
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2

H
Nuclear enhancement of F

D
2 ’s

grows with Q

2

1 10 100
Q2 [GeV2]

0.5

1.0

1.5

2.0

2.5

3.0

3.5

FD 2A
 / 

A
FD 2p

qq-g, β = 0.1, non breakup
qq-g, β = 0.1, breakup
T, β = 0.5, non breakup
T, β = 0.5, breakup
L, β = 0.9, non breakup
L, β = 0.9, breakup

Au at xP = 10�3

Non breakup = coherent
Breakup = coherent + incoherent

Q2 dependence, Au, xP = 10−3 Coherent and incoherent cross sections



Diffractive electroproduction of
vector mesons on nuclei at EIC
Jan Nemchik

Color transparency, coherence length, vector mesons, gluon shadowing
✤ ⇒ color transparency (CT)
⇒ quantum coherence - coherence length (CL) 

✤ ⇒ different regimes of vector meson production
✤ ⇒ Color transparency-coherence length ambiguity

✤ Color dipole phenomenology 
✤ ⇒ Green function formalism

✤ ⇒ comparison with CLAS data at JLab 
✤ ⇒ comparison with HERMES data
✤ ⇒ comparison with E665 data
✤ ⇒ perspectives for EIC

Basic formulas from the CDP
Different regimes of VM production (inc)

F2(b, z) =
1

2
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1
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Diffractive electroproduction of vector mesons on nuclei at EIC – p. 29/55



EIC predictions
Incoherent vector meson production

Incoherent J/ψ production - energy 
dependence and Q2 dependence

Numerical results
Perspectives for EIC

Incoherent production of light vector mesons

Cond. lc ! RA should be fulfilled forQ2
∼< 100÷ 150 GeV2

⇒ investigation of a stronger onset of CT effects
[ B.Z. Kopeliovich, J. Nemchik, A. Schaefer, A.V. Tarasov, Phys. Rev. C65, 035201 (2002) ]

Diffractive electroproduction of vector mesons on nuclei at EIC – p. 48/55

Energy dependence of light vector meson production

Numerical results
Perspectives for EIC

Production of light vector mesons - energy dependence

[ B.Z. Kopeliovich, J. Nemchik, A. Schaefer, A.V. Tarasov, Phys. Rev. C65, 035201 (2002) ]

Diffractive electroproduction of vector mesons on nuclei at EIC – p. 50/55

Numerical results
Perspectives for EIC

Production of J/Ψ - energy dependence

[ J. Nemchik, Phys. Rev. C66, 045204 (2002) ]
Diffractive electroproduction of vector mesons on nuclei at EIC – p. 52/55

Numerical results
Perspectives for EIC

Incoherent and coherent production of J/Ψ

[ J. Nemchik, Phys. Rev. C66, 045204 (2002) ]
Diffractive electroproduction of vector mesons on nuclei at EIC – p. 51/55



Exclusive processes at HERA and EIC
Predictions of a color dipole model
Marat Siddikov

✤ Comparison of collinear approach and color dipole approach
✤ predictions for MINERVA neutrino beam
✤ discussion of dipole parameterization types (IPsat used here)
✤ result of fitting existing data

✤ F2

✤ FL
✤ DVCS
✤ DVMP
✤ t-dependence of vector meson production
✤ diffractive slope

✤ Code is now available for EIC and LHeC studies!

Exclusive processes
Include DVCS, DVMP (r,f ,w,J/y, ...), di↵ractive DIS, hard dijet
production, pion dissociation to jets etc.

I Closely related are ultraperipheral collisions (pp ! ppV , AA! AAV ),
cross-section just di↵ers by extra photon flux.

I We’ll speak mostly about DVCS and DVMP, in Bjorken kinematics (Q2

large)

For HERA (& EIC), there are two major competing approaches, based
on collinear factorization and on the dipole model

Collinear approach

T

T

�,⇡, ⇢,�,!, J/ 

Probes 2-parton
distributions (q & g)

Dipole model

T

T

�,⇡, ⇢,�,!, J/ 

Probes gluons in the
target



Fits to existing data - dipole model
Results for F2&FL

(Remember s
r

= F2+ f (y)F
L

, and s
r

is used for fits) (JHEP 1001 (2010), 109 ,

PLB 665 (2008), 139; PLB 682 (2009), 8 )
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F2 has extremely small errorbars, described perfectly
F
L

sensitive to gluons; has large errors since extracted with
Rosenbluth separation (keep x , Q2 fixed and vary

p
s (y)).

Results for F c̄c
2

(H1+ZEUS combined data, arXiv:1211.1182)
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F c̄c

2 data are not icluded in the fit, results describe data very well, so
flavour structure of the model is correct.

Sensitivity to charm mass for small-Q2
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Results for DVCS
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DVCS is the cleanest exclusive process, t-dependence is described by
⇠ exp(Bt)

@fixed W : s ⇠ Q�2.6

@fixed Q2: s ⇠W 0.7

)geometric scaling,
t ⇠ Q2

/Q2
0 (x)⇠ Q2x0.3
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Q

2- and W -dependence of DVMP cross-section
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Q2-dependence:
s ⇠ Q�n

, n ⇡ 2.4

W -dependence:

s ⇠W d(Q2).

Sensitivity to charm
mass at small-Q2

for J/y
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t-dependence of the cross-section
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The t-dependence is well approximated by ⇠ exp(Bt), but the slope
B depends on Q2 and meson.

Sensitivity to charm mass at small-Q2 for J/y
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Di↵ractive slope
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Di↵ractive slope, defined
under assumption
ds
dt

⇠ eBt ,
|t| 2 (0, 1)GeV2.

Reasonable description for
all processes, approximate
universality as a function
of Q2+M2

B
J/y
• ⇡ 4GeV2,

corresponds to e↵ective
radius hb2i< R

em
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Diffractive slope



Some CGC predictions for p+A run at the 
LHC and their implications for EIC
Amir Rezaeian

✤ Motivation for saturation studies; BFKL versus BK-JIMWLK 
evolution equation

✤ Saturation (IP-Sat) description of recent combined HERA data
✤ CGC description of recent combined HERA data: Charm structure 

function and FL structure function
✤ Gluon distribution: collinear factorization v. color dipole approach
✤ Slope of t-distribution of exclusive processes: a unified picture
✤ Indications of saturation/CGC at the LHC in pp collisions?
✤ Predictions for p+Pb at LHC: charged hadrons, direct photons, 

photon-hadron azimuthal correlations, γ πo azimuthal correlations

BFKL versus BK-JIMWLK evolution equation

Balitsky, Kovchegov, Jalilian-Marian, Iancu, McLerran, Weigert, Leonidov, and Kovner (1997-2000)

High energy/density: recombination processes =⇒ saturation:
The number of partons created at a given step depends non-linearly on the
number of partons present previously.

Nonlinear =⇒ stable fixed point at high energy!

A. H. Rezaeian (USM) Valparaiso, POETIC 2013 4 / 46



Photon-hadron azimuthal correlations; 
suppression of away-side correlations

CGC predictions for Rh
pA in p+Pb@LHC and ALICE data

Rezaeian, PLB718, arXiv:1210.2385
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p+Pb @ LHC - predictions within CGC framework

Direct photon production at the LHC in p+A collisions

Rezaeian, PLB718 (2013) 1058 [arXiv:1210.2385]
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Prompt photons are not suppressed in QGP, but are subject to
suppression in CGC medium due to gluon saturation.
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Photon-hadron azimuthal correlations; suppression of away-side correlations
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Denser nuclei (or bigger saturation scale) → more suppression of away-side
correlations. Jalilian-Marian, Rezaeian, PRD86 [arXiv:1204.1319]
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The γ − π0 azimuthal correlation; RHIC v LHC
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Higher energy → more suppression of away-side correlations and diminishing
the double peak (Rezaeian, PLB718, arXiv:1210.2385).
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Photon-πo azimuthal correlations, RHIC vs. LHC



Challenges in the Spin and                    
Flavour Structure of PDFs
Tony Thomas 

Chiral symmetry of QCD, Charge Symmetry Violation, NuTeV, “isovector 
EMC effect, octet spin fractions from lattice QCD: proton spin crisis

✤ Pion cloud and asymmetry of ūd̄ and ss̄ in nucleon
✤ Charge symmetry violation ignored in pdf extractions

✤ Diquark effects: charge asymmetry amplified at high x
✤ Lattice confirms effect
✤ QED splitting creates CSV, increases with Q2

✤ Isovector EMC effect: isovector force in N≠Z nuclei causes 
shift of momentum from all u to all d quarks, not corrected for 
by subtraction of weighted structure functions 

✤ NuTeV anomaly disappears after applying corrections for 
isovector EMC effect, CSV, and strange sea asymmetry

Anthony W. Thomas 

 
    

 
 POETIC : Universidad Técnica Federico Santa María 

Valparaiso, Chile í�0DUFK��th 2013 

Challenges in the Spin and Flavour Structure of 
PDFs 



EIC connections

Parity violating DIS and the 
EMC flavor dependence

Page 19 

Test at Future EIC or LHeC – ıCC 

Hobbs et al., arXiv 1101.3923 [hep-ph] 

QED splitting  

Plus  
                md-mu Total  

including s- 

Test of CSV QED splitting 
at EIC or LHeC

Page 32 

Can also be tested at EIC with CC 
 reactions  

Parity violating EMC maybe tested at Jlab 12 GeV 



RHIC and EIC: Helicity structure                   
of the nucleon
Elke Aschenauer

Precision understanding of the components of the nucleon spin
✤ Summary of open questions and current state of knowledge from 

various types of polarization measurements - Δg(x,Q2), Δq(x,Q2)
✤ Impact of new data from COMPASS in DIS and SIDIS, especially on 
Δs(x,Q2)

✤ Impacts of new RHIC data from 2009-2012, especially on Δg(x,Q2)
✤ Aims for the future - reduce uncertainties, go to lower x, take advantage of 

wide kinematic range of collider
✤ Superb results using the W boson as a probe - couple to one parton helicity, 

very high Q2-scale, extremely clean theoretically, no fragmentation function 
✤ Considerable studies for show that finishing these studies at a high level of 

quality requires the EIC

�q�q 

�G 

Lg 

�qLq �q 
1Tf
⊥



EIC impactsDIS scaling violations mainly determine Δg at small x    

in addition, SIDIS data provide detailed flavor separation of quark sea 

IMPACT OF EIC DATA ON HELICITY PDFs 

•  includes only “stage-1 data” 
   [even then Q2

min can be 2-3 GeV2]  

•  can be pushed to x=10-4  with 
   20 x 250 GeV data  
   [still one can play with Q2

min ]  

•  uncertainties determined with 
   both Lagrange mult. & Hessian  

“issues”: 
•  (SI)DIS @ EIC limited by 
   systematic uncertainties 
   need to control rel. lumi, polarimetry, 
   detector performance, … very well 

•  QED radiative corrections 
   need to “unfold” true x,Q2 
    well known problem (HERA) 
   BNL-LDRD project to sharpen tools 

25 E.C. Aschenauer POETIC Chile 2013 

Helicity PDFs
1.0

0.5

0.0

-0.5

10-3 10-2 10-1 1

W-

W+

(σ
(p

R)
 - 
σ

(p
L))

 / 
(σ

(p
R)

 +
 σ

(p
L))

x

20 × 250 GeV 
Q2 > 1 GeV2 

0.1 < y < 0.9 
10 fb-1 
DSSV PDFs 

AW�
=

(�u + �c)� (1� y)2(�d̄ + �s̄)
(u + c) + (1� y)2(d̄ + s̄)

AW+
=

(1� y)2(�d + �s)� (�ū + �c̄)
(1� y)2(d + s) + (ū + c̄)

very promising! 
even doable with 

5x250 GeV 

BUT: 
need to be able to reconstruct 
x, Q2 from hadronic final-state 
  limits y-range 
  need polarised MC 

Cabibbo suppressed contributions neglected 

E.C. Aschenauer POETIC Chile 2013 29 

x 

Electroweak asymmetries

ECA, M. Stratmann 
compute K+ yields at NLO with 100 NNPDF replicas 
z integrated to minimize FF uncertainties (work in progress)   

PYTHIA agrees very well (despite different hadronization) 
      --> confidence that we can use MC to estimate yields & generate toy data  

actual uncertainties 
much smaller than points 

one month of running 

5×250 GeV 

E.C. Aschenauer POETIC Chile 2013 33 

to do: include also π± ; polarized SIDIS and impact on global fit  

next step: redo study to assess impact with new NNPDF2.3 
(using full set of stage-1 energies: 5×100 – 20×250) 

how about K- (relevant for s–sbar separation) 

E.C. Aschenauer POETIC Chile 2013 34 



QCD resummation for semi-inclusive hadron 
production processes
Werner Vogelsang

✤ Large log contributions to calculations of cross sections in pQCD: 
truncation of the perturbative series produces unacceptable 
inaccuracy. Need to re-sum the logarithmic contributions.

✤ Techniques have been under development since 1980’s
✤ Drell-Yan process in π-N scattering
✤ SIDIS 
✤ e+e- → hX
✤ Will be important to take into account at EIC

hard scale  Q 

universal pdfs 

fact./ren. scale 

µ+ 
µ- 

(up to power corrections 1/Q2) 
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partonic hard scatt. 
perturbative QCD 
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�
s = 17.4 GeVµp

0.041 < x < 0.7

0.1 < y < 0.9

Q2 > 1 GeV2

(COMPASS)! MSTW08 / DSS 
(fit to get moments)!

W > 7 GeV

0.4

COMPASS (prel.)!

✤ e+e- → hX



The Nucleon Spin Sum
Matthias Burkhardt

✤ Review of Generalized Parton Distributions (mainly from DVCS) and 
their connections to transverse imaging
✤ The H GPD gives the b-dependent quark distribution, which 

demonstrates the ‘meson cloud’ at small x and ‘quark core’ at large
✤ Polarized protons: shifted b distribution; anomalous mag. moment

✤ Single Spin Asymmetries - Chromodynamic lensing through 
attractive final state interaction - Sivers distribution, pion production

✤ Quark-gluon correlations and how they connect to the transverse 
force on the quark in DIS
✤ Obtain g2 from transversely polarized target measurements, related 

to the average color Lorentz force
✤ How final-state interactions can be seen to exert torque on the exiting 

quark in DIS

Impact parameter dependent quark distributions 4

unpolarized proton
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2

?)e
�ib?·�?

x = momentum fraction of the quark
~b =? distance of quark from ? center of
momentum

small x: large ’meson cloud’

larger x: compact ’valence core’

x ! 1: active quark becomes center of
momentum

,! ~b? ! 0 (narrow distribution) for x ! 1

Deeply Virtual Compton Scattering (DVCS) 3

virtual Compton scattering: �⇤p �! �p (actually: e�p �! e��p)
‘deeply’: �q2

�

� M2

p

, |t| �! Compton amplitude dominated by
(coherent superposition of) Compton scattering o↵ single quarks

,! only di↵erence between form factor (a) and DVCS amplitude (b)
is replacement of photon vertex by two photon vertices connected
by quark (energy denominator depends on quark momentum
fraction x)

,! DVCS amplitude provides access to momentum-decomposition of
form factor = Generalized Parton Distribution (GPDs).
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Graphical illustrations

Unpolarized b-dependent quark 
distributions for three values of x, showing 
the larger ‘meson cloud’ at smaller x and 

compact ‘valence core’ at larger x
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Impact parameter dependent quark distributions 5

proton polarized in +x̂ direction

no axial symmetry!
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Physics: relevant density in leading twist
DIS is j+ ⌘ j0 + j3 and left-right
asymmetry from j3

MB, Int. J. Mod. Phys. A18, 173 (2002)

Polarized b-dependent quark 
distributions for three values of 

x, showing the asymmetric 
distortions and shifts 

up
quark

down
quark

GPD  ! Single Spin Asymmetries (SSA) 9
Sivers f?

1T

in semi-inclusive deep-inelastic scattering (SIDIS) �p! ⇡X

u, d distributions in ? polarized proton have left-right asymmetry
in ? position space (T-even!); sign ’determined’ by 

u

& 
d

(M.B.; I.Schmidt; A.Metz; L.Gamberg;...)
attractive FSI deflects active quark towards the CoM

,! FSI translates position space distortion (before the quark is
knocked out) in +ŷ-direction into momentum asymmetry that
favors �ŷ direction ! ’chromodynamic lensing’

) 
p

,
n

 ! sign of SSA!!!!!!!! MB, PRD 69, 074032 (2004)

confirmed by Hermes (and recent Compass) p data; consistent
with vanishing isoscalar Sivers (Compass)

‘Chromodynamic lensing’



HERMES Overview
Gunar Schnell

✤ Description of HERA, HERMES instrumentation, targets, and particle 
identification capabilities

✤ HERA-I measurements of quark spin and gluon fractional spin, F2 for 
x~0.008-0.7, deuteron-proton cross section ratio, polarized structure 
function g1 integral, A2 and xg2, helicity density at leading order, 
identified charged-particle multiplicities, transversity and Collins 
function, Sivers function, hints of Bohr-Mulders effect, 20 DVCS 
amplitudes on the proton, 12 on the neutron. 

✤ 23 spin density matrix elements from neutral rho electroproduction, 
30 “transverse” spin density matrix elements; phi and omega too...

POETIC 2013 - March 5th, 2013

gunar.schnell @ desy.de

The HERA-I (1995-2000) harvest
! = ! !"

       + !G

       + Lq + Lg

quark spin

gluon spin

orbital angular 
momentum

6



HERMES data

hermes
POETIC 2013 - March 5th, 2013gunar.schnell @ desy.de

Sivers function

29

correlates transverse momentum 
of quarks with transverse spin of 
proton

candidate for large (30-50%) 
asymmetries in p!p->hX

HERMES: u-quark and d-quark 
Sivers have opposite signs

(naive) T-odd structure: 
SN･(p! x PN) -- requires ISI/FSI

f�1T =

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.

A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.
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Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.

[courtesy of A. Bacchetta]
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A wealth of azimuthal amplitudes
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 Beam-charge asymmetry: 

      GPD H

 Beam-helicity asymmetry: 

    GPD H

 Transverse target spin asymmetries: 

      GPD E from proton target

 Longitudinal target spin asymmetry: 

      GPD H 
 Double-spin asymmetry: 

    GPD H 
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constant term:

[higher twist]

[gluon leading twist]

ep � e�+�
Resonant fraction:

⇥ �Acos�C

� Re[F1H]

[Airapetian et al., JHEP 07 (2012) 032]

complete data set!
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[higher twist]

ep � e�+�

Resonant fraction:

� Im[F1H]

complete data set!

[Airapetian et al., JHEP 07 (2012) 032]
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ρ0 SDMEs from HERMES 

Results on Meson SDMEs at Average Kinematics

Resulting SDMEs shown according to suggested hierarchy of helicity amplitudes:

scaled SDME

proton

deuteron
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B: Interference  ! 
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( NPE amplitude,

L: , T: )

hierarchy ‘confirmed’

p and d data consistent

vertical line: SCHC

( -channel helicity conservation)

is violated on level

this data can/will be used to

constrain helicity amplitudes

and depend. measured for all 23 SDMEs; arXiv:0901.0701[hep-ex], acc. by EPJC

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 7

target-polarization independent SDMEs
“transverse” SDMEs

54

104 HERMES Collaboration / Physics Letters B 679 (2009) 100–105

Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.

lations for the production of a longitudinally polarized ρ0 by a
longitudinal photon Asin(φ−φS )

UT ,γ ∗
L ,ρL

, which is given by Im(n0000)/u
00
00.

The sin(φ − φS ) amplitude for the production of transversely
polarized ρ0 mesons is given by

AT T ,sin(φ−φS )
UT = Im(n++

++ + n−−
++ + 2εn++

00 )

1− (u00
++ + εu00

00)
. (10)

The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that

[A. Airapetian et al., EPJ C62 (2009) 659]

[A. Airapetian et al., PLB 679 (2009) 100]



DIS With Polarized and                  
Unpolarized Deuterons
Sebastian Kuhn

PDFs, GPDs, TMDs, SSFs
✤ Longterm goals for the field; what we already know now; what we 

don’t yet know.
✤ Other experiments: COMPASS, STAR, PHENIX, PANDA/FAIR.
✤ List of nuclear effects that complicate measurements; and the 

spectator tagging solution that reduces those effects. 
✤ Plans for JLab 11 GeV spin structure measurements; what that 

program will include, and what it will not.
✤ Polarized targets, and prospects for transverse polarization.
✤ MEIC: layout, spectator tagging, ultra-forward hadron detection
✤ Exploring nuclear effects with spectator tagging at MEIC
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Single spin asymmetry in large PT open charm production at 
EIC and twist-three multi-gluon correlations in the nucleon
Kazuhiro Tanaka

SSA, open charm, multi-gluon correlations
✤ SIDIS D production: ep→eDX
✤ Sivers asymmetry as seen at COMPASS and HERMES
✤ SSA from multi-gluon correlation in SIDIS at Ph⊥ >> ΛQCD

✤ Twist-3 mechanism from three-gluon correlation inside the nucleon - 
photon-gluon fusion

✤ EIC should be sensitive to three-gluon correlation through these 
measurements
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Single Spin Asymmetries at EIC in twist-3 D0 production 
with polarized protons - example

Beppu, Koike, K.T., Yoshida, 35'���(·���������� 
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PDFs from LHeC and LHC
Voica Radescu

✤ Review of current status of PDFs and the different assumptions used 
in extracting them, charged current and neutral current 
measurements

✤ Complementarity of DIS, DY, and jets and other probes
✤ Herafitter (www.herafitter.org) platform available for public use, with 

many data sets and theoretical tools
✤ Full LHeC simulation carried out, including statistical and systematic 

uncertainties
✤ Enormous improvement in quark and gluon PDFs with LHeC

✤ Many improvements/advantages: Gluon-gluon luminosity functions, 
consistency with HL-LHC higher precision needs, Higgs constraints, 
reduced analysis assumptions and constraints, heavy quarks, 
precision αs, etc.

The LHeC program!

Voica Radescu ! 10!POETIC 2013, Chile  !

arXiv:1206:2913 

http://www.herafitter.org
http://www.herafitter.org


LHeC improvements in 
PDFs, wide kinematic 

range

Voica Radescu!  15!

Valence distribution!

  Current 
knowledge is 
limited at high x:!

o  Lumi barrier!
o  challenging 

systematic!

o  nuclear effects !

!!
  LHeC could 

improve the 
knowledge of the 
valence at high x 
to 5% precision!

!

NOW! THEN!

dval 

uval 

POETIC 2013, Chile  !

note: 50X smaller vertical scale on “THEN” plots
Gluon PDF!

Voica Radescu ! 16!

Low x! high x!

POETIC 2013, Chile  !

Gluon PDF!

Voica Radescu ! 16!

Low x! high x!

POETIC 2013, Chile  !

NOW

THEN

note: 5X smaller 
vertical scale on 
“THEN” plots



Light-Front QCD, Conformal Invariance, and 
Electron-Ion Collisions
Stan Brodsky
✤ Goal: an analytic first approximation to QCD

✤ As simple as Schrödinger theory in atomic physics; relativistic and 
frame-independent; naturally includes confinement, chiral 
symmetry, QCD Coupling at all scales

✤ Calculable: light-front wavefunctions, hadron spectroscopy, form 
factors, hadronic observables, constituent counting rules

✤ Light-Front Wavefunctions: rigorous representation of composite 
systems in quantum field theory

✤ Leading-Twist Contribution to Real Part of DVCS; intrinsic charm in 
μ-Fe F2; final state interactions in semi-inclusive polarized DIS and 
leading twist Sivers effect; diffractive structure function F2D and the 
QCD Mechanism for rapidity gaps,

✤ Numerous results in AdS/CFT, and 20 more things....

and Electron-Ion Collisions

Exploring QCD, Cambridge, August 20-24, 2007 Page 9

c c

c̄

P+ = P0 + Pz

Fixed ⌅ = t + z/c

xi = k+

P+ = k0+k3

P0+Pz

⇧(⇤, b�)

⇥ = d�s(Q2)
d lnQ2 < 0

u

Valparaiso, Chile   May 19-20, 2011

This symposium is dedicated to the 65th birthday of Ivan Schmidt and Boris
Kopeliovich. We honor their many important achievements in the field of QCD
by organizing a two-day Symposium to discuss open problems in the field of
Particle and Nuclear Physics.
We hope you will be able to join us in Valparaiso to celebrate this special
occasion.

Invited speakers include:

Jorge Alfaro (PUC, Santiago)
Stan Brodsky (SLAC)
Ashok Das (Rochester U.)
Yuri Dokshitzer (LPTHE)
Erasmo Ferreira (Univ. Federal do Rio de Janeiro)
Maria Beatriz Gay Ducati (Porto Alegre)
Sergey Gevorkyan (Dubn, JINR)
Konstantin Goulianos (Rockefeller U. & CDF & CMS)
Genya Levin (UTFSM, Tel Aviv)
Marcelo Loewe (PUC, Santiago)
Pierre Marage (Brussels U. & CMS & H1)
Jacques Soffer (Temple U.)
Mikhail Plyushchay (USACH)
Jorge Zanelli (CECS)
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Generalized parton distributions in AdS/QCD
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2
Institut für Theoretische Physik, Universität Tübingen,
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The nucleon helicity-independent generalized parton distributions (GPDs) of quarks are calculated
in the zero skewness case, in the framework of the AdS/QCD model. The present approach is based
on a matching procedure of sum rules relating the electromagnetic form factors to GPDs and AdS
modes.

PACS numbers: 11.10.Kk,12.38.Lg,13.40.Gp,14.20.Dh
Keywords: nucleon form factors and generalized parton distributions, AdS/CFT correspondence, holograph-
ical model

I. INTRODUCTION

One of the main goals in strong interaction theory is
to understand how nucleons and other hadrons are build
up from quarks and gluons. Studied in various scattering
processes, the hadronic structure can be encoded in the
so-called generalized parton distributions (GPDs) [1–4].
In particular, at leading twist-2, there exist two kinds
of helicity-independent GPDs of quarks in the nucleon,
denoted asHq(x, �, t) and Eq(x, �, t). Both quantities de-
pend in general on three variables: the momentum trans-
fer squared t = q2, the light-cone momentum fraction x,
and the skewness �.

Due to their nonperturbative nature the GPDs can-
not be directly calculated from Quantum Chromodynam-
ics (QCD). There are essentially three ways to access
the GPDs (for reviews see e.g. [5, 6]): extraction from
the experimental measurement of hard processes, a di-
rect calculation in the context of lattice QCD, and dif-
ferent phenomenological models and methods. The last
procedure is based on a parametrization of the quark
wave functions/GPDs using constraints imposed by sum
rules [2, 3], which relate the parton distributions to nu-
cleon electromagnetic form factors (some examples of this
procedure can be found e.g. in [7–9]). On the other hand,
such sum rules can also be used in the other direction –
GPDs are extracted by calculating nucleon electromag-
netic form factors in some approach.

Following the last idea, here we show how to extract
the quark GPDs of the nucleon in the framework of a
holographical soft-wall model [10, 11]. In particular, we
use the results of Abidin and Carlson for the nucleon form

�On leave of absence from Department of Physics, Tomsk State
University, 634050 Tomsk, Russia

factors [11] in order to extract the GPDs using the light-
front mapping – the key ingredient of light-front hologra-
phy (LFH). This is an approach based on the correspon-
dence of string theory in Anti-de Sitter (AdS) space and
conformal field theory (CFT) in physical space-time [12].
LFH is further based on a mapping of string modes in
the AdS fifth dimension to hadron light-front wave func-
tions in physical space-time, as suggested and developed
by Brodsky and de Téramond [10, 13–16] and extended
in [17–19]. In this paper we show how LFH can be used
to get the nucleon GPDs in the context of the soft-wall
model.
From the beginning the AdS/CFT [12] correspondence

has received considerable attention, which over time was
expanded into several directions, one of which is the pos-
sibility to address issues related to QCD phenomena. A
particular and easy way to consider AdS/CFT ideas ap-
plied to QCD is known as the bottom - up approach [20,
21], where one tries to build models that reproduce some
features of QCD in a dual 5-dimensional space which con-
tains gravity. This kind of models have been successful in
several QCD applications, among which are the follow-
ing examples: hadronic scattering processes [13, 22–24],
hadronic spectra [10, 19, 25–28], hadronic couplings and
chiral symmetry breaking [20, 21, 29–31], quark poten-
tials [32–34], etc.
In this paper we perform a matching of the nucleon

electromagnetic form factors considering two approaches
for them: we use sum rules derived in QCD [2, 3], which
contain GPDs for valence quarks, and we consider an ex-
pression obtained in the AdS/QCD soft-wall model [11].
As a result of the matching we obtain expressions for the
nonforward parton densities [4] Hq

v (x, t) = Hq(x, 0, t) +
Hq(�x, 0, t) and Eq

v(x, t) = Eq(x, 0, t)+Eq(�x, 0, t) – fla-
vor combinations of the GPDs (or valence GPDs), using
information from the AdS side. The procedure proposed
here is similar to the one used in LFH, which allows to ob-
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FIG. 3: Plots for q(x,b�). The upper panels correspond to u(x,b�) and the lower to d(x,b�). Both cases are taken for
x = 0.1.

where epu = end = 2/3 and enu = epd = �1/3,
iii) transverse width of the impact parameter depen-

dent GPD q(x,b⇥)

⇥R2
⇥(x)⇤q =

⇥
d2b⇥b2

⇥q(x,b⇥)⇥
d2b⇥q(x,b⇥)

= �4
⌃ logHq

v (x,Q
2)

⌃Q2

����
Q2=0

, (26)

iv) transverse rms radius

⇥R2
⇥⇤q =

⇥
d2b⇥b2

⇥

1⇥

0
dxq(x,b⇥)

⇥
d2b⇥

1⇥

0
dxq(x,b⇥)

. (27)

Notice that the GPDs in impact space can be derived di-
rectly from the nucleon form factors using the procedure
of light-front mapping and the bulk-to-boundary propa-
gator in impact space V (b⇥, z). The latter is related to
V (k⇥, z) via the Fourier transform:

V (b⇥, z) =

⇤
d2k⇥
(2⇥)2

V (k⇥, z)e
�ib?k?

=
�4z2

⇥

1⇤

0

dx
e
��2z2x

1� x
� b2

⇥�
2

log(1/x)

(1� x)2 log(1/x)
. (28)

5

FIG. 3: Plots for q(x,b�). The upper panels correspond to u(x,b�) and the lower to d(x,b�). Both cases are taken for
x = 0.1.

where epu = end = 2/3 and enu = epd = �1/3,
iii) transverse width of the impact parameter depen-

dent GPD q(x,b⇥)
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Notice that the GPDs in impact space can be derived di-
rectly from the nucleon form factors using the procedure
of light-front mapping and the bulk-to-boundary propa-
gator in impact space V (b⇥, z). The latter is related to
V (k⇥, z) via the Fourier transform:

V (b⇥, z) =

⇤
d2k⇥
(2⇥)2
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=
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Also: Heavy quark bound states

Can we see intrinsic 
charm at EIC?

 

J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for Intrinsic Charm

Measurement of Charm Structure  
Function! 

DGLAP / Photon-Gluon Fusion: factor of 30 too small

factor of 30 !

Two Components (separate evolution):

c(x,Q

2) = c(x, Q

2)
extrinsic

+ c(x, Q

2)
intrinsic

gluon splitting
(DGLAP)

Hoyer, Peterson, Sakai, sjb

 
 

In terms of the hadron four-momentum P =
(P+, P�, ⌦P⇤) with P± = P0 ± P3, the light-
front frame independent Hamiltonian for a
hadronic composite system HQCD

LC = PµPµ =
P�P+� ⌦P2

⇤, has eigenvalues given in terms of
the eigenmass M squared corresponding to
the mass spectrum of the color-singlet states
in QCD,

HQCD
LC |�h⇧ =M2

h |�h⇧

Fig. 6. A few selected matrix elements of the QCD front form Hamiltonian H"P
!

in LB-convention.

10. For the instantaneous fermion lines use the factor ¼
"

in Fig. 5 or Fig. 6, or the corresponding
tables in Section 4. For the instantaneous boson lines use the factor ¼

#
.

The light-cone Fock state representation can thus be used advantageously in perturbation
theory. The sum over intermediate Fock states is equivalent to summing all x!-ordered diagrams
and integrating over the transverse momentum and light-cone fractions x. Because of the restric-
tion to positive x, diagrams corresponding to vacuum fluctuations or those containing backward-
moving lines are eliminated.

3.4. Example 1: ¹he qqN -scattering amplitude

The simplest application of the above rules is the calculation of the electron—muon scattering
amplitude to lowest non-trivial order. But the quark—antiquark scattering is only marginally more
difficult. We thus imagine an initial (q, qN )-pair with different flavors fOfM to be scattered off each
other by exchanging a gluon.

Let us treat this problem as a pedagogical example to demonstrate the rules. Rule 1: There are
two time-ordered diagrams associated with this process. In the first one the gluon is emitted by the
quark and absorbed by the antiquark, and in the second it is emitted by the antiquark and
absorbed by the quark. For the first diagram, we assign the momenta required in rule 2 by giving
explicitly the initial and final Fock states

!q, qN "" 1

!n
$

%$

!
$!"

b!
$"

(k
&
, #

&
)d!

$"M
(k

&N
, #

&N
)!0" , (3.29)

!q$, qN $"" 1

!n
$

%$
!
$!"

b!
$"

(k$
&
, #$

&
)d!

$"M
(k$

&N
, #$

&N
)!0" , (3.30)
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Fig. 2. The Hamiltonian matrix for a SU(N)-meson. The matrix elements are represented by energy diagrams. Within
each block they are all of the same type: either vertex, fork or seagull diagrams. Zero matrices are denoted by a dot ( ) ).
The single gluon is absent since it cannot be color neutral.

mass or momentum scale Q. The corresponding wavefunction will be indicated by corresponding
upper scripts,

!!""
!#"

(x
#
, k

!
, !

#
) or !!$"

!#"
(x

#
, k

!
, !

#
) . (3.15)

Consider a pion in QCD with momentum P"(P%, P
!
) as an example. It is described by

"# : P$" $
!
!%&
!d[%

!
]"n : x

#
P%, k

!#
#x

#
P
!
, !

#
$!

!#!(x#
, k

!#
, !

#
) , (3.16)

where the sum is over all Fock space sectors of Eq. (3.7). The ability to specify wavefunctions
simultaneously in any frame is a special feature of light-cone quantization. The light-cone
wavefunctions !

!#! do not depend on the total momentum, since x
#
is the longitudinal momentum

fraction carried by the i"# parton and k
!#

is its momentum “transverse” to the direction of the
meson; both of these are frame-independent quantities. They are the probability amplitudes to find
a Fock state of bare particles in the physical pion.

More generally, consider a meson in SU(N). The kernel of the integral equation (3.14) is
illustrated in Fig. 2 in terms of the block matrix &n : x

#
, k

!#
, !

#
"H"n' : x'

#
, k'

!#
, !'

#
$. The structure of this

matrix depends of course on the way one has arranged the Fock space, see Eq. (3.7). Note that most
of the block matrix elements vanish due to the nature of the light-cone interaction as defined in
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Heisenberg Equation

Light-Front QCD DLCQ: Solve QCD(1+1) for 
any  quark mass and flavors

Hornbostel, Pauli, sjb
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de Teramond, sjb 
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Figure 8: Orbital and radial baryon excitations for the positive-parity Regge trajectories for the

N (left) and ∆ (right) families for κ = 0.49 − 0.51 GeV.

while maintaining chiral symmetry for the pion [121] in the LF Hamiltonian equations. In

practice, these constraints require a subtraction of −4κ2 from (102). 22

As is the case for the truncated-space model, the value of ν is determined by the short

distance scaling behavior, ν = L+1. Higher-spin fermionic modes Ψµ1···µJ−1/2
, J > 1/2, with

all of its polarization indices along the 3 + 1 coordinates follow by shifting dimensions for

the fields as shown for the case of mesons in Ref. [54] 23. Therefore, as in the meson sector,

the increase in the mass M2 for baryonic states for increased radial and orbital quantum

numbers is ∆n = 4κ2, ∆L = 4κ2 and ∆S = 2κ2, relative to the lowest ground state, the

proton; i.e., the slope of the spectroscopic trajectories in n and L are identical. Thus for the

positive-parity nucleon sector

M2 (+)
n,L,S = 4κ2

(

n+ L+
S

2
+

3

4

)

, (103)

where the internal spin S = 1
2 or 3

2 .

The resulting predictions for the spectroscopy of positive-parity light baryons are shown

in Fig. 8. Only confirmed PDG [49] states are shown. The Roper state N(1440) and

22This subtraction to the mass scale may be understood as the displacement required to describe nucleons

with NC = 3 as a composite system with leading twist 3+L; i.e., a quark-diquark bound state with a twist-2

composite diquark rather than an elementary twist-1 diquark.
23The detailed study of higher fermionic spin wave equations in modified AdS spaces is based on our

collaboration with Hans Guenter Dosch [32]. See also the discussion in Ref. [33].
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the N(1710) are well accounted for in this model as the first and second radial states of

the proton. Likewise, the ∆(1660) corresponds to the first radial state of the ∆(1232) as

shown in in Fig. 8. The model is successful in explaining the parity degeneracy observed in

the light baryon spectrum, such as the L= 2, N(1680)−N(1720) degenerate pair and the

L = 2, ∆(1905), ∆(1910), ∆(1920), ∆(1950) states which are degenerate within error bars.

The parity degeneracy of baryons shown in Fig. 8 is also a property of the hard-wall model

described in the previous section, but in that case the radial states are not well described [51].

In order to have a comprehensive description of the baryon spectrum, we need to extend

(103) to the negative-parity baryon sector. In the case of the hard-wall model, this was

realized by choosing the boundary conditions for the plus or minus components of the AdS

wave function Ψ±. In practice, this amounts to allowing the negative-parity spin baryons to

have a larger spatial extent, a point also raised in [134]. In the soft-wall model there are no

boundary conditions to set in the infrared since the wave function vanishes exponentially for

large values of z. We note, however, that setting boundary conditions on the wave functions,

as done in Sec. 5.1, is equivalent to choosing the branch ν = µR − 1
2 for the negative-

parity spin-12 baryons and ν = µR + 1
2 for the positive parity spin-32 baryons. This gives

a factor 4κ2 between the lower-lying and the higher-lying nucleon trajectories as illustrated

in Fig. 9, where we compare the lower nucleon trajectory corresponding to the J = L + S

spin-12 positive-parity nucleon family with the upper nucleon trajectory corresponding to the

J = L+ S − 1 spin-32 negative-parity nucleons. As is clearly shown in the figure, the gap is

precisely the factor 4κ2.

If we apply the same spin-change rule previously discussed for the positive-parity nucle-

ons, we would expect that the trajectory for the family of spin- 12 negative-parity nucleons

is lower by the factor 2κ2 compared to the spin-32 minus-parity nucleons according to the

spin-change rule previously discussed. Thus the formula for the negative-parity baryons

M2 (−)
n,L,S = 4κ2

(

n+ L+
S

2
+

5

4

)

, (104)

where S = 1
2 or 3

2 . It is important to recall that our formulas for the baryon spectrum are

the result of an analytic inference, rather than formally derived.

The full baryon orbital excitation spectrum listed in Table 2 for n = 0 is shown in Fig.

10. We note that M2 (+)

n,L,S= 3
2

= M2 (−)

n,L,S= 1
2

and consequently the positive and negative-parity ∆

states lie in the same trajectory, consistent with the experimental results. Only the confirmed

PDG [49] states listed in Table 2 are shown. Our results for the ∆ states agree with those

of Ref. [59]. “Chiral partners” as the N(1535) and the N(940) with different orbital angular
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Baryon Spectroscopy from AdS/QCD and Light-Front Holography

 = 0.49 GeV  = 0.51 GeV



Two(parBcle(correlaBons:(CMS(results(

�Discovery� 

!  Ridge: Distinct long range correlation in η collimated around ΔΦ≈ 0 
                  for two hadrons in the intermediate 1 < pT, qT < 3 GeV   

Building bridges with ridges: peculiar 
quantum entanglement at the LHC & 
structure of matter - Raju Venugopalan

✤ Focus on high multiplicity events: pp, PbPb, pPb
✤ “Ridge” - rare events with correlation between particles which are 

well separated in rapidity but totally correlated in azimuthal angle 
✤ Characteristics of events with long range rapidity correlations must 

arise from dynamics at early time of interaction <1 fm/c
✤ Color Glass Condensate model is an effective theory which can 

accommodate pp ridge (saturation) and PbPb ridge (flow)
✤ N-particle “Glasma” correlations describe LHC multiplicity data
✤ pPb correlations well-described by this approach: “is a smoking gun 

for a universal gluon saturation in proton/nuclear wavefunctions”
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Chiral Symmetry Restoration and Deconfinement in 
QCD at Finite Temperature 
Marcelo Loewe

✤ Two phase transitions in QCD at finite temperature and/or density:
✤ Deconfinement due to color screening
✤ Chiral symmetry restoration

✤ Which are the relevant order parameters in each case?
✤ Normally: Polyakov loop (confinement)  and  the quark condensate 

(chiral symmetry restoration) are used as order parameters: 
Propose: the continuum threshold of the hadronic resonance 
spectral function

✤ QCD Sum Rules - operator product expansion of current correlators at 
short distances, and Cauchy’s theorem in the complex s-plane.

✤ Results: continuum threshold S0(T) is a good phenomenological order 
parameter; the width of  a1 has a divergent behavior as function of T; 
the coupling fa1(T) vanishes at the critical temperature.



S0(T) / S0(0): Solid curve. 

fπ 2(T) / fπ2
 (0): Dotted curve.



eRHIC and LHeC designs 
Vladimir N. Litvinenko

✤ Description of eRHIC: polarized 
electrons with Ee ≤ 30 GeV collide with 
either polarized protons with Ee ≤ 250 
GeV  or heavy ions  EA ≤ 100 GeV/u

✤ Energy recovering linac design
✤ Coherent electron cooling for hadrons 
✤ Small beam size in ERL:small magnets 
✤ Linac-ring colliders: variable hadron 

energy from 50 GeV to 250 GeV
✤ Crab crossing
✤ Assume 50 mA of polarized electrons

eRHIC designed luminosity as function of beam energies
Ee, GeV

Ep, GeV

>3.1034

>3.1034

3.1034

2.5.1034

2.1034

1.5.1034

0.5.1034

1.1034

0.25.1034

0.1.1034

L., cm-2 sec-1

3.10342.5.10342.10341.5.10341.1034

0.5.1034

0.25.1034

0.1.1034



Project of the Electron-Ion Collider at Jefferson 
Laboratory 
Yaroslav Derbenev

✤ Medium-Energy Electron Ion Collider (MEIC) layout
✤ MEIC design choices
✤ Integrated detector and interaction region
✤ Polarized beams in MEIC
✤ Electron cooling

Solenoid Insertion

Longitudinal  polarization in one 
straight 

Vertical polarization
over all ring

ion bunch

electron 
bunch

circulator ring

Cooling section

solenoid

Fast kickerFast kicker

SRF Linac dumpinjector



eRHIC Detector R&D and Design

Elke Aschenauer

✤ Physics requirements
✤ Kinematics for each particle 

type, and particle ID needs
✤ Description of the ongoing 

site-independent R&D 
program

✤ Fast simulation program, and 
examples of simulation results

✤ Concepts for the RICH 
detector systems

✤ DVCS requirements and 
constraints

✤ Luminosity and polarimetry



A. Polini POETIC 2013, March 7th, Valparaiso, Chile 

Magnets 

Baseline Solution: 
� Solenoid (3.5 T) + dual dipole 0.3 T (Linac-Ring Option) 
� Magnets (may be) embedded into EMC LAr  Cryogenic System 
�Need of study the Calorimeter Performance and impact of dead material 

between EMC and HAC sections; it might be possible placing the 
magnet system even in front of the EMC - at even lower radius at just 
outside of the tracking system 

20 

A. Dudarev, H. Tenkate, -Chavannes 2012 

The Large Hadron electron Collider Detector Design 
Concept
Alessandro Pollini

✤ Experiment requirements and accelerator boundaries: physics, 
machine, interaction region, detector 

✤ Present Detector Design 
✤ Future and Outlook 

A. Polini POETIC 2013, March 7th, Valparaiso, Chile 

The Interaction Region 

• O�!�� ������!�����"�!���������+������ 
• Head-on collisions mandatory �  High synchrotron radiation load, dipole in detector 
• 3 beam interaction region  
• Optimisation:  High Luminosity-LHC uses IR2 quads to squeeze IR1 
      (“ATS” achromatic telescopic squeeze).  Might improve further luminosity [~ 1034 cm-2s-1]  

Photon Number Density at the IP 

x [mm] 

y 
[m

m
] 

3"beams,"head+on"collisions"

A. Polini POETIC 2013, March 7th, Valparaiso, Chile 13 

 Dominant forward production of dense jets;  
backward measurements relaxed 
 

FST  -  *�� 8. cm 
min-inner-R =   3.1 cm;  max-inner-R= 10.9 cm 
outer R = 46.2 cm 
Planes 1 - 5:  
z5-1 =  370. / 330. / 265. / 190. / 130. cm 

BST  -  *�� 8. cm 
min-inner-R =   3.1 cm;  max-inner-R= 10.9 cm 
outer R = 46.2 cm 
Planes 1 - 3:  
z1-3 = -130. / -170. / -200. cm 

4 CFT/CBT  
min-inner-R = 3.1 cm,   

max-inner-R = 10.9 cm 

CST -  *���
��������� 
1. layer: inner R = 21.2cm 
2 layer:               = 25.6 cm 
3. layer:              = 31.2 cm 
4. layer:              = 36.7 cm  
5. layer:              = 42.7 cm 

4 layer CPT 
min-inner-R  = 3.1 cm 
max-inner-R = 10.9 cm 

 
*��� 15 cm 

Electromagnetic Calorimeter 

Central Pixel Tracker Central Si Tracker 

Central Forward/Backward Tracker 

Backward Si Tracker  Forward Si Tracker  

Tracking T High Acceptance               

A. Polini POETIC 2013, March 7th, Valparaiso, Chile 

Services and Infrastructure 

� Detector of very compact design;       
It might be necessary to open 
places/grooves/tunnels for services 
affecting the aperture of the detector; 
Optimum between costs and detector 
acceptance needs to be found.  

� Service and Infrastructure need very 
careful design being the main 
contributor to Material Budget    � 

Tracker Material Budget 

15 
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Muon System Baseline 

p/A 
dipole dipole 

e� 

Baseline Solution: 
� Muon system providing tagging, no independent momentum 

measurement 
� Momentum measurement done in combination with inner tracking  
� Present technologies in use in LHC exp. sufficient  (RPC,  TGC, MDT) 

 



Nucleon and nuclear structure at the EIC

Alberto Accardi

✤ Protons and Deuterons: partons at 
large x
✤ d/u ratio extrapolated to x=1
✤ W' and Z' production @ LHC

✤ Constraining nuclear uncertainties
✤ W,Z in proton collisons
✤ JLab, EIC

✤ From Deuterons to larger nuclei
✤ Inclusive DIS from small to 

large x
✤ Jets at the EIC

POETIC  2013accardi@jlab.org 36

Impact of the EIC

quarks gluons

 e+A collisions – using NNPDF2.0 fits  
 

– With only 1 nucleus target, impact comparable to present 

day world data; small and large x

Accardi, Guzey, Rojo, INT report

Pb!



e-A at Large x:  Applying Parton Propagation Methods to 
Investigate QCD Fragmentation, Quantum Fluctuations, 
and Heavy Quark Energy Loss - Will Brooks

✤ Exploring cold nuclear matter 
using colored partonic probes 
✤ Fragmentation properties, 

quantum fluctuations 
✤ The intensifying puzzle of heavy 

quark energy loss: EIC role is 
crucial

✤ Suppression of fragmentation 
hadrons in nuclei: elusive 
mechanism or hidden duality?
✤ Wide kinematic extremes of EIC 

will clarify this
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no enhancement at 0.3 GeV

No visible evidence of 
hadronic elastic scattering? 
Suggests: 

1) formation length is 
very long

2) broadening is purely 
partonic 
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 Higher energy: 25 GeV
2
< Q

2
< 45 GeV

2
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 Lower energy : 8 GeV 2
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Figure 1.7: Left: Schematic drawings explaining interactions of the parton moving through
cold nuclear matter: the hadron is formed outside (top) or inside (bottom) the nucleus.Right:
Ratio of semi-inclusive cross section for producing a pion (red), composed of light quarks, and
a D0 meson (blue) composed of heavy quarks in electron-Lead collisions to the same produced
in electron-deuteron as function of z, the momentum fraction of the exchanging photon carried
by the observed meson. Statistical uncertainties are shown in each case.

both low and high photon energy �, as a function of z - the momentum fraction of the233

virtual photon taken by the observed meson. The calculation of red lines and blue symbols234

assumes the mesons are formed outside of the nucleus, as shown in the top sketch of Fig. 1.7235

(Left), while the square symbols are simulated according to a model where a color neutral236

pre-hadron was formed inside the nucleus, like in the bottom sketch of Fig. 1.7 (Left).237

The di�erence between the red lines and the red square symbols would provide the first238

direct information on when the meson is formed. Unlike the suppression expected for pion239

production at all z, the ratio of heavy meson production could be larger than the unity240

due to very di�erent hadronization properties of heavy mesons. The discovery of such a241

dramatic di�erence in multiplicity ratios between light and heavy mesons at the EIC would242

shed light on the hadronization process and what governs the transition from quarks to243

hadrons.244

The Distribution of Quarks and Gluons in the Nucleus:245

The EMC experiment at CERN and experiments in the following two decades clearly re-246

vealed that the distribution of quarks in a fast-moving nucleus is not a simple superposition247

of their distributions within nucleons. Instead, the ratio of nuclear over nucleon structure248

functions follows a non-trivial function of Bjorken xB, deviating significantly from unity,249

with a suppression (often referred to as nuclear shadowing) as xB decreases. Amazingly,250

there is as of yet no knowledge whether the same holds true for gluons. With its much251

wider kinematic reach in both x and Q, the EIC could measure the suppression of the252

structure functions to a much lower value of x, approaching the region of gluon saturation.253

In addition, the EIC could for the first time reliably quantify the nuclear gluon distribution254

over a wide range of momentum fraction x. With its unprecedented luminosity, the EIC255
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Probing Nuclear Dynamics in Exclusive Jet 
Production with a Global Event Shape
Sonny Mantry

✤ Probe e-A nuclear dynamics in exclusive jet 
production using event shapes, e.g., “1-
jettiness”

✤ Enhanced sensitivity to wide angle soft 
radiation.

✤ Factorization properties understood
✤ All objects in factorization formula have 

well defined evolution equations
✤ Also useful for jet veto studies
✤ Results given with NNLL resummation.
✤ Many directions can be pursued with event 

shape analyses of exclusive jet production to 
probe nuclear dynamics at the EIC & LHeC
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FIG. 1: Different situations for the application of N-jettiness.

As we discuss below, this definition of τN yields a fac-
torization formula with inclusive jet and beam functions
and allows the summation of logarithms to next-to-next-
to-leading logarithmic (NNLL) order. The sum over k
in Eq. (1) runs over the momenta pk of all measured
(pseudo-)particles in the final state excluding the signal
leptons or photons in L. (Any other leptons or photons,
e.g. from hadronic decays, are included in the sum.) For
simplicity we take all pk to be massless. The qa, qb, and
q1, ..., qN are a fixed set of massless reference momenta
for the two beams and the N signal jets,

qµa,b =
1

2
xa,bEcm nµ

a,b , nµ
a = (1, ẑ) , nµ

b = (1,−ẑ) ,

qµJ = EJ (1, n̂J) , J = {1, . . . , N} . (2)

The EJ and n̂J correspond to the energies and directions
of the N signal jets (for both massive and massless jets).
Their choice is discussed below. The beam reference mo-
menta qa and qb are the large momentum components of
the colliding partons along the beam axis (taken to be
the z axis). They are defined by

xaEcm = nb · (q1 + · · ·+ qN + q) , (3)

and analogously for xb with a ↔ b. Here, q is the to-
tal momentum of the non-hadronic signal L. In Eq. (1),
Q2 = xaxbE2

cm is the hard interaction scale, and the dis-
tance of a particle with momentum pk from the jets or
beams is measured by qm · pk. If L contains missing en-
ergy, so q and xa,b are not known, one can use a modified
distance measure as we discuss below Eq. (11).
The minimum for each k in Eq. (1) associates the par-

ticle with the closest beam or jet, appropriately dividing
the hadronic initial-state radiation (ISR) and final-state
radiation (FSR). Soft particles and energetic particles
near any jet or beam only give small contributions to the
sum. For 2 → N scattering of massless partons, τN = 0.
Energetic particles far away from all jets and beams give
large contributions. Hence, for τN $ 1 the final state has
N jets, two forward beam jets, and only soft radiation
between them. In this limit xa,b are the momentum frac-
tions of the annihilated partons, and Y = ln(xa/xb)/2 is
the boost of the partonic center-of-mass frame.

N = 2 for e+e− → jets. In e+e− collisions there is no
hadronic ISR, so we drop the qa,b · pk entries in Eq. (1).
NowQ2 is the total invariant mass of the leptons and Y =
0. In the two-jet limit, the jet directions are close to the
thrust axis t̂, defined by the thrust T = maxt̂

∑
i |t̂·"pi|/Q.

Hence we can choose

qµ1 =
1

2
Q (1, t̂ ) , qµ2 =

1

2
Q (1,−t̂ ) (4)

as reference momenta, and Eq. (1) becomes

τee2 =
1

Q

∑

k

Ek min
{
1− cos θk, 1 + cos θk

}
, (5)

where θk is the angle between "pk and t̂. The minimum
divides all particles into the two hemispheres perpendic-
ular to t̂ as shown in Fig. 1(a). For τee2 $ 1, the total
invariant mass in each hemisphere is much smaller than
Q, so the final state contains two narrow jets. In this
limit, τee2 = 1−T , and a factorization theorem exists for
dσ/dτee2 , which can be used to sum logarithms of τee2 [4].
For a given jet algorithm with resolution parameter y,
the value y23 marks the transition between 2 and 3 jets.
Thus requiring y23 $ 1 also vetoes events with > 2 jets.
N = 0 for Drell-Yan. Next, consider the isolated

Drell-Yan process, pp → X%+%− with no hard central
jets, shown in Fig. 1(b). We now have ISR from the in-
coming partons, but no FSR from jets. From Eq. (3) we
have

xaEcm = e+Y
√
q2 + "q 2

T , xbEcm = e−Y
√
q2 + "q 2

T , (6)

where q2 and "qT are the dilepton invariant mass and
transverse momentum, and Y equals the dilepton rapid-
ity. Now, Q2 = q2 + "q 2

T and Eq. (1) becomes

τ0 =
1

Q

∑

k

|"pkT |min
{
eY−ηk , e−Y+ηk

}
. (7)

where |"pkT | and ηk are the transverse momentum and
rapidity of pk. The qa and qb dependence in Eq. (1) ex-
plicitly accounts for the boost of the partonic center-of-
mass frame. For Y = 0, the minimum in Eq. (7) divides

N-Jettiness as a probe of nuclear dynamics

Zhong-Bo Kang,1 Sonny Mantry,2, 3 and Jian-Wei Qiu4, 5
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We propose the use of N -jettiness (⌧N ), a global event shape variable, as a probe of nuclear
dynamics in lepton-nucleus collisions. It characterizes the amount of soft radiation between the jet
and nuclear beam directions. We write down the factorization for the 1-jettiness (⌧1) distribution
for the production of a single hard jet (J) in lepton-nucleus collisions: `+A(P ) ! J(PJ)+X. Each
nuclear target gives rise to a unique pattern radiation, determined by nuclear dynamics, that can
be quantified by the ⌧1-distribution. Up to power corrections, the ⌧1-distribution allows for a direct
measurement of the nuclear PDFs. Additional nuclear-dependent e↵ects will be dominated through
power corrections of size ⇠ Q2

s(A)/(PJT ⌧1) where Qs(A) is a dynamical scale sensitive to nuclear
medium e↵ects. Such nuclear-dependent e↵ects and the dependence of Qs(A) on the nuclear atomic
number A can be probed through a dedicated program of precision measurements of ⌧1-distributions
for various nuclei and kinematics. We give numerical results for the 1-jettiness distribution for the
simplest case of a proton target at next-to-leading-log accuracy.

PACS numbers: 12.38.Bx, 12.38.Cy, 12.39.St, 24.85.+p

Event shape distributions have played a vital role in
advancing our understanding of various dynamical as-
pects of QCD. A new global event shape for exclusive
N -jet cross-sections, called N -jettiness (⌧N ) [1], was re-
cently introduced to veto additional jets in an inclusive
manner. The definition of ⌧N is given by

⌧N =
X

k

mini
n2qi · pk

Qi

o

, (1)

where qi denote reference four-vectors along the beam
and N jet directions, the sum over k runs over all the
hadronic final state particles of momentum pk, and the
Qi are normalization constants. The region of small ⌧N
constrains radiation between the N jets and the beam di-
rections, with limit ⌧N ! 0 corresponding to N infinitely
narrow jets.

For processes with nuclei in the initial state, N-jettiness
can provide a quantitative way to characterize the unique
pattern of radiation resulting from nuclear collisions
thereby probing nuclear medium e↵ects. Jet tomography
is known to be an important tool to diagnose properties
of the quark-gluon plasma (QGP) produced in relativis-
tic heavy ion collisions [2]. The interactions of an ener-
getic jet moving through a dense medium change the mo-
mentum spectrum of jets (jet-quenching) leading to the
spectacular phenomenon of leading particle or jet sup-
pression observed in relativistic heavy ion collisions at
both RHIC and the LHC [3]. The same interaction also
induces additional radiation to alter the radiation pat-
tern between the beam and jet directions and to change
the overall jet shape. Instead of varying jet shape pa-
rameters to observe such e↵ects [4], one can alternatively
use N-jettiness as a way to quantify the radiation pat-
tern. The combination of jet-quenching and N-jettiness
measurements can provide a comprehensive jet tomogra-

phy to diagnose the properties of a dense medium, such as
QGP or the medium of ordinary nuclei. Similarly, nuclear
dynamics in other processes such as nuclear Deep Inelas-
tic Scattering (DIS) can be studied through N-jettiness
distributions.
As a first step, in this paper, we consider a specific ap-

plication of N-jettiness: single jet production in lepton-
nucleus collisions. Inclusive production of a single jet
with a high transverse momentum (PJT ) and rapidity
(y) in lepton-nucleus collisions, `+ A(P ) ! J(PJ) +X,
is a well-defined observable and can be systematically
calculated in the QCD collinear factorization formalism
[5]. We set up a factorization formalism, based on the
Soft Collinear E↵ective Theory (SCET) [6], that in addi-
tion gives the 1-jettiness distribution for such processes.
The value of ⌧

1

constrains the amount of radiation be-
tween the jet and nuclear beam directions. By studying
the ⌧

1

distribution for a wide range of nuclei, one can
systematically probe the e↵ect of the nuclear environ-
ment on the observed pattern of radiation. For larger
nuclei, the ⌧

1

-distribution is expected to be broader with
the peak position shifted toward larger values of ⌧

1

cor-
responding to enhanced hadronic activity between the
jet and beam directions due to nuclear-medium e↵ects in
larger nuclei. Such a program can be carried out at the
proposed Electron-Ion Collider (EIC) where the use of a
wide range of nuclear targets are planned. In particular,
a measurement of the ratio of the cross-sections

d�(A, ⌧
1

, PJT , y)

d�(A = 1, ⌧
1

, PJT , y)
, (2)

between a larger nuclear target (A) and the nucleon
target (A=1) can isolate A-dependent nuclear medium
e↵ects in the three dimensional configuration space
(⌧

1

, PJT , y), allowing for detailed dynamical studies of
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FIG. 5: ⌧

1

distribution for a proton target with NLL0 (lower red band) and NNLL (upper green
band) resummation for Q = 90 GeV, PJT = 20 GeV and y = 0.

configuration given by Qe = 90 GeV, PJT = 20 GeV, and y = 0, corresponding to typical

EIC kinematics [23]. As discussed earlier, the ⌧
1

-distribution is a↵ected by large Sudakov

logarithms ↵n
s ln

2n(⌧
1

/PJT ) in the region ⌧
1

⌧ PJT , so that the results of fixed order pertur-

bation theory are no longer reliable and resummation is required. These Sudakov logarithms

are associated with the veto on additional jets, enforced by the condition ⌧
1

⌧ PJT which

restricts radiation between the hard jet and the nuclear beam direction to be soft (E ⇠ ⌧
1

),

as shown in Fig. 1. Fig. 5 shows the result for the ⌧
1

-distribution after a resummation of the

jet-veto logarithms. In particular, the red (lower) and green (upper) bands corresponds to

resummation at the NLL’ and NNLL level of accuracy respectively. The NLL’ resummation

corresponds to NLL resummation combined with the product of the hard, beam, jet, and

soft functions computed at NLO and using NLO PDFs. A summary of the counting of logs

for resummation at di↵erent levels of accuracy can be found in Table 1 of Ref.[30]. The

red (lower) and green (upper) bands in Fig. 5, are obtained from the envelope of the scale

variations in Eq.(52). For reference, we show solid and dashed black curves corresponding

to the scale choices (a) in Eq.(52) for r = 1, for NNLL and NLL’ resummation respectively.

Fig. 5 shows the behavior of the cross-section as one implements jet veto by restricting

radiation at wide angles from the final-state jet and nuclear beam directions. As ⌧
1

gets

smaller, the final-state jet becomes narrower and wide-angle radiation becomes softer. The

enhancement of the cross-section at small ⌧
1

is a consequence of the cross-section being

dominated by collinear emissions along the nuclear beam and final-state jet directions and

soft emissions everywhere. In fact, the behavior of the cross-section in fixed order pertur-

bation theory is singular in the limit ⌧
1

! 0. It is the resummation of the jet-veto Sudakov

logarithms ↵n
s ln

2n(⌧
1

)(PJT ) that tames the behavior of the cross-section at small ⌧
1

as seen

1-jettiness distribution
for the proton



Using Slow Protons in e‐A at an EIC
Raphaël Dupré

✤ How to study hadronization at an EIC ? 
✤ Can we use total charge measured like in 

RHIC/LHC to determine centrality ?
✤ Can we find other similar method 

applicable to lepton scattering ?
✤ How the nuclei is breaking up?
✤ Implications for measurement of other 

nuclear effects
✤ Review of HERMES nuclear target results
✤ Statistics and kinematic coverage for EIC 

multiplicity ratios

6

Theoretical Models in Nuclear Medium

➔Parton energy loss or Hadron absorption ?

➔Modification of the evolution ?

➔ Leads to a modification of fundamental fragmentation functions

➔Many models exists with different answers to these questions

➔ Pure parton energy loss or hadron absorption models

➔ Mixed models (with all the possible combinations represented)

31

Enhancement of Nuclear Effects

➔ Requesting Grey tracks enhance the nuclear 
effects !

➔ Example for hadronization studies:

March 7, 2013

Requiring grey tracks 
enhances nuclear effects 
by a factor of 2 or more!



Today’s talks - a reminder

✤ Theoretical remarks on Drell-Yan production at small x - Joachim Bartels

✤ eA Physics with the LHeC - Anna Stasto

✤ Diffractive studies with EIC - Tobias Toll

✤ Diffraction and forward physics in ep collisions at the LHeC - Pierre van 
Mechelen

✤ Proton structure functions at small x: recent results using NLO BFKL 
and DGLAP evolution - Martin Hentschinski

✤ Gluon shadowing - Boris Kopeliovich



‘March days return with their covert light’
Pablo Neruda

March days return with their covert light, 
and huge fish swim through the sky,

vague earthly vapours progress in secret,
things slip to silence one by one.

Through fortuity, at this crisis of errant skies,
you reunite the lives of the sea to that of fire,

grey lurchings of the ship of winter
to the form that love carved in the guitar.

O love, O rose soaked by mermaids and spume,
dancing flame that climbs the invisible stairway,

to waken the blood in insomnia’s labyrinth,
so that the waves can complete themselves in the sky,

the sea forget its cargoes and rages,
and the world fall into darkness’s nets. 
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