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10 week INT programme - Fall 2010

Gluons and the quark sea at high energies: distributions, polarization,
tomography

September 13 to November 19, 2010
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This INT program will address open questions about the dynamics of gluons and sea quarks in the
nucleon and in nuclei. Answers to these questions are crucial for a deeper understanding of hadron and
nuclear structure in QCD at high energies. Many of them are relevant for understanding QCD final
states at the LHC, which often provide a background for physics beyond the standard model. The topics
addressed in this program have important ramifications for understanding the matter produced in heavy-
ion collisions at RHIC and the LHC.

http://www.int.washington.edu/PROGRAMS/10-3/



http://www.int.washington.edu/PROGRAMS/10-3/
http://www.int.washington.edu/PROGRAMS/10-3/

10 week INT programme - Fall 2010

week | dates topics
13-17 Workshop on "Perturbative and Non-Perturbative Aspects of QCD at
1 Sept Collider Energies"
P Agenda
o0—p4 | OPEN conceptual issues: factorization and universality, spin and flavor
2 Sept structure, distributions and correlations
P Agenda

small x, saturation, diffraction, nuclear effects; connections to p+A and
A+A physics; fragmentation/hadronization in vacuum and in medium

Agenda for week 3
Agenda for week 4
Agenda for week 5

parton densities (unpolarized and polarized), fragmentation functions,
6—7 18-29 | electroweak physics
Oct Agenda for week 6
Agenda for week 7
longitudinal and transverse nucleon structure; spin and orbital effects
8-9 1-12 (GPDs, TMDs, and all that)
Nov Agenda for week 8
Agenda for week 9
10 16—-19 | Workshop on "The Science Case for an EIC"
Nov Agenda for week 10

http://www.int.washington.edu/PROGRAMS/10-3/
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DIS Kinematics

e(k) + p(p) — e(k) +X(px) Q' =—¢"=—(ku — k)" e
;o ) power or

e(ku/) QQ — 4E€Eesm2(§€) "Virtuality"
pq E 9/ Measure of
Yy = ]% =1 Eee 0032(56) inelasticity
Measure of
QQ QQ momentum
r = — fraction of

X (pu /) 2 pq Sy sTr'uckk

quar

Three quarks
held together by
gluons

Gluon splits into
“sea quarks”

Quarks split into
gluons split
into quarks ...
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Diffractive Kinematics
e(k) + p(p) = e(k) +X(px) (k) + p(p) —* e(K) +X(px) +Y(pv)
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the momentum fraction of the proton carried
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the momentum transfer at the proton vertex
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Diffractive Kinematics
e(k) + p(p) — e(k) +X(px)  e(k) + p(p) = e(K) +X(px) +Y(pv)

e (ku /)

P (p,)

e HERA
= 10-15% of all events were diffractive
o EIC

= saturation models predict that 30-40% of all events will
be diffractive



Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
2
or (2, Q%) = FiM (2,Q%) — o Fi(2, Q)
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quark+anti-quark gluon momentum
momentum distributions distribution



Golden Measurements

Deliverables Observables | What we learn Stage-1 Stage-ll
iIntegrated nuclear wave .
. gluons at saturation

gluon FoL function; 103 < x < 1 eqime
distributions saturation, Qs J
kr dependent . non-linear QCD

gluons; di-hadron . onset of
. evolution / . measure Qs
gluon correlations . . saturation
universality

correlations

transport
coefficients in
cold matter

large-x SIDIS;
jets

parton energy
loss, shower
evolution:;
energy loss
mechanisms

light flavours
and charm;
jets

rare probes and
bottom;
large-x gluons




Silver Measurements

Deliverables Observables | What we learn Stage-| Stage-ll
integrated nuclear wave difficult .
. saturation
gluon Feo L, FPa function; measurement / redime
distributions saturation, Qs | interpretation J
charged current
flavour full flavour
and yZ EMC effect .
separated . separation for measure Qs
structure origin )
nuclear PDFs . 102<x<1
functions
non-linear QCD rare probes and
AT BTN SIDIS at small x| evolution / OIMEEL .Of bottom;
gluons . . saturation
universality large-x gluons
b-depend_ent DVCS: interplay moderate x with
gluons; . . between small- . smaller X,
diffractive . light, heavy .
gluon X evolution and . saturation
vector mesons nuclei

correlations

confinement




Integrated gluon distributions from
inclusive structure functions



Integrated gluon distributions
from Inclusive structure functions

Deliverables Observables | What we learn Stage-| Stage-ll
integrated nuclear wave .
. gluons at saturation
gluon Fo, function; 103 < x < 1 edime
distributions saturation, Qs J

distributions saturation, Qs | interpretation

iIntegrated nuclear wave difficult :
. saturation
gluon function; measurement / .
~ regime

charm diffractive

10



Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
2

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)
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Measuring the glue via Structure Functions
2

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)

X x63210% ) 0010 Scaling violation: dF, /dInQ? and linear DGLAP
5 o, R 2
[ X=VU. .
EL.D /" x=0.0004 —— ZEUS NLO QCD fit Evolution = G(X,Q )
~ /”x=0.0005 _
(DLL 9 ‘ g /X=0.%08§§82 —— H1 PDF 2000 fit 1 ERmEERE EmEERE T T
| x=0.
x=0.0013 ) H: ?4-00) 29100 —— HERA-I PDF (prel.) Q2 =10 GeV2
LA 4 H1 (prel. i . )
. oo - JeUS o607 ~ P experimental uncertainty
4 » BCDMS 0.8 model uncertainty |
00052 ees - HERA Structure Functions Working Group
=0.005  © NMC " Nudl. Phys. B 181-182 (2008) 5761
i x=0.008 XUy
3 0.6 i
Y
X
2 0.4 i
xS (x1/20)
1 0.2 i
0 : ‘2 ‘3 ““4 ‘5 0 = Loyl L] — N
1 10 10 10 10 10 10-4 10-3 10-2 10-1 1

Q%(GeV?) X | |



Measuring the glue via Structure Functions
2

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)
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Measuring the glue via Structure Functions
2
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Measuring the gluons: extracting FL

or(x,Q%) = Fi*(z, Q%) $+ i (z, Q%)
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Measuring the gluons: extracting FL
JT(ZIZ,QQ) — FQA(J;?QZ) v ( ’Q )

Y +
o L ~ O XG(X,QZ)

m \ = Q?2/xs

= require an energy
scan to extract FL
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Measuring the gluons: %xtracting FL

Y
or(2,Q%) = F3'(2,Q%) — S Ff (2,Q%)
o FL ~ s XG(x,Q2)

) y = QZ/XS 600 600

. 550 : ®cp 578 Ge\’z 50

= require an energy 00 g 460GeV, 3 549
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scan to extract FL = | 450

[ategrated luminosity for HI physics [ph
 ~

g : Lo
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m» 2 IOW-StatIStICS ; improvement - 3
100 — / Background = 100
runs 0 = Hlupgrades protlems 4
: IR e S
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Measuring the gluons: %xtracting FL

or(z,Q%) = F3'(z, Q%)

® FL ~ s XG(X,QZ)
= Y = Q2/Xxs

= require an energy
scan to extract FL

e 3 different proton

energies run at
HERA

= 2 |ow-statistics
runs

= bad for F
extraction
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Measuring the gluons: %xtracting FL

or(z,Q%) = F3'(z, Q%)

o FL~ s XG(x,Q?)
= Yy = Q2/xs

= require an energy
scan to extract FL

e 3 different proton
energies run at
HERA
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Measuring the gluons: %xtracting FL
or (2, Q%) = Fi'(2,Q%) — o Fi (2, Q)

® FL ~ s XG(X,QZ)
= Yy = Q2/xs

= require an energy
scan to extract F.

e 3 different proton
energies run at
HERA

= 2 |ow-statistics
runs

= bad for F
extraction
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Measuring the gluons: ezxtracting FL

o (@, Q) = F(w, Q%) — S Fi!(2,Q?)
e F ~ s XG(X,Q?)

April 2010
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L
= require an energy _
scan to extract FL  0.4F $ 1 i $ :
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Feasibility study:

Strategies:

slope of y2/Y ., for
different s at fixed x &
Q2

e+p: 1st stage

5x50 - 5x325

running combined

4 weeks/each =

(50% eff) =
@)

stat. error shown

and negligible
ToDo:
'refine method &
test how well we

can extract FLin e+A |
'collisions |

o (z,Q%)
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Extracting F2 and F. at the EIC

e [ extracted from

pseudo-data E

generated for 1
month running at 3
eRHIC energies

=» 5+100 GeV
m» 5+250 GeV
m» 54325 GeV

e Data, with errors,
added to theoretical
expectations from
ABKMO09 PDF set

= valid for Q2>2.5
GeV?2

1

2.1

10

-1

Q*=1.39GeV*qF

e -— =




Getting a “Feel” for Non-Linear QCD

d _
Dipole Model: =2 = 2\/(x, r, b)

d?b £ of
BT 1
% 7 e V=J/,p i3
) 2 2
N(ZI?,T, b) =1 - €XPp <_T 9N O‘S(:u )LEG(QZ‘,/L )T(b)>
C
N = Dipole Scattering Amplitude 0 dilute system, linear QCD

| saturated, non-linear regime
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Getting a “Feel” for Non-Linear QCD

d _
Dipole Model: =2 = 2\/(x, r, b)

d?b &
% °F A
8 1.8 e+A
1_5 s 16:_
* ) (1 — 3)7‘ o 1_4:_ — b=0 GeV'1
) . B P V=J/,é,p - — b =4 GeV'
. 1'2:_ — b =8 GeV’'
] T, 1 — b =16 GeV’'
e 0k b =24 GeV'
O -1
= — b =32 GeV
0.6
0.4
0.2
| ! |

7T2

2N,

N (z,7r,b) =1 — exp (-ﬁ s ()G, ;ﬂ)T(b))

0 dilute system, linear QCD
| saturated, non-linear regime

N = Dipole Scattering Amplitude

102 10" 1 1
\ 9 (GeV™)
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

[dbrdzprgl Nt N2 Fo
N fdzbd%“dz[w*w]z,l;./\/ <N>L_) FL

N2,z

100

dilute
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

[ d2bdr dz [ ). N
T d@v@rdz [0 N N)— FL

N2,z

dilute




Charm and diffractive structure functions, FP>  F¢o|
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Charm and diffractive structure functions, FP>  F¢o|

® ¢ give more direct access to the gluon distribution than the
inclusive F2 structure function

= Due to the high charm mass, they probe higher values of x
> Less sensitive to non-linear effects
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Charm and diffractive structure functions, FP>  F¢o|
e ¢ | give more direct access to the gluon distribution than the
inclusive F2 structure function
= Due to the high charm mass, they probe higher values of x
> Less sensitive to non-linear effects

e D, is also sensitive to the gluon distribution

= Differences between linear and non-linear models appear at
higher Q2 than for F2 (8 GeV2 vs 2 GeV?)

> More experimentally challenging measurement than F»
0.04 '

0.03

_3 B
rp = 10 0.02P

Q* = 5GeV? oot .7 P

o
—~—
. —

e
0/ TP [T (S ety Ml LS I S e
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kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)
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kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)

Deliverables Observables | What we learn Stage-| Stage-ll

Direct link between pr of produced
hadron and that of the small-x gluon

.
e+A— e {h) X

- dependent non-linear QCD onset of rare probes and
T aep SIDIS at small x| evolution / | bottom:
gluons ; . saturation
universality large-x gluons

19



kT dependent gluons, gluon correlations from
di-hadron correlations, SIDIS (semi-inclusive DIS)

e+A—re+h+h+ X

Deliverables Observables | What we learn Stage-| Stage-ll
K ndent .
T depe d.e . non-linear QCD
gluons; di-hadron . onset of
. evolution / . measure Qs
gluon correlations . . saturation
universality

correlations

e+tA—>e+h+ X

kTt dependent
gluons

SIDIS at small x

non-linear QCD
evolution /
universality

onset of
saturation

rare probes and
bottom;
large-x gluons

19



di-hadron angular correlations in d+A

comparisons between d+Au — h, h, X (or p
+Au — h, h, X')and p+p — h, h, X

e At y=0, suppression of away-
O T S side jet is observed in A+A

k- —— p+p min. bias

} * Au+Au Central E COII'SlOnS

||||||||||||||||||||||||||||||||

1Np1gqer IN/A(A)

e No suppression in p+p or d+A

= X ~ 102 ke ke

i <<
' o
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di-hadron angular correlations in d+A

comparisons between d+Au — h, h, X (or p
+Au — h, h, X')and p+p — h, h, X

1Np1gqer IN/A(A)
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O
O
N
N
o))

ity (radjan
o
~J
o

.

Uncorrected Coinci

Probgbil
o 22
o N
= o

0.005

0.0025

o7 0.02F

0.0153

0.0075}

0.2

k- —— p+p min. bias

* Au+Au Central

e d+Au FTPC-Au 0-20%
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di- hadrOn angular correlations in d+A
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C(9,,)

di-hadron correlations in e+A

Never been measured - we expect to
see the same effect in e+A as in d+A

1.0 - -

0.8 -

0.6 -

Proton 100 GeV
----Nucleus 100GeV

e At small-x, multi-gluon
distributions are as important
as single-gluon distributions
and they contribute to di-
hadron correlations

= The non-linear evolution of
multi-gluon distributions is
different from that of single-
gluon distributions and it is
equally important that we
understand it

e The d+Au RHIC data is

therefore subject to many
uncertainties

= these correlations in e+A
can help to constrain them
better
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transport coefficients in cold nuclear matter
from large-x semi-inclusive DIS and jets

22



Transport coefficients in cold nuclear matter

Deliverables Observables | What we learn Stage-| Stage-ll
parton energy
tra.n.sport | large-x SIDIS: loss, sh_ow?r light fIavour_s rare probes- and
coefficients in ots evolution; and charm; bottom;
cold matter J energy loss jets large-x gluons
mechanisms
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Jets and hadronization

e {, - production time of propagating quark
e th; - hadron formation time
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Jets and hadronization
; g What happens if

% —--8 we add a nuclear
medium!?
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Attenuation: RZ(QZ, v, Zh,p?r) : ratio of hadron production in A to D,
modifications of nPDFs cancel out



Jets and hadronization
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e {, - production time of propagating quark
e th; - hadron formation time

Observables:
Broadening: ApQT — <p?p>A — <p?p>p direct link to saturation scale

Attenuation: RZ(QQ, v, zh,p%) : ratio of hadron production in A to D,
modifications of nPDFs cancel out
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How can the EIC contribute?
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How can the EIC contribute?

HERMES: EIC:
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Jets at an EIC

e £E665 at FNAL have measured jets in u+A at
Vs ~30 GeV

= Feasible to start a jet programme in phase 1

= caveat that collider kinematics are different
to fixed target

e
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Jets at an EIC

e £E665 at FNAL have measured jets in u+A at
Vs ~30 GeV

= Feasible to start a jet programme in phase 1

= caveat that collider kinematics are different
to fixed target
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e

26



Jets at an EIC

1+1 jets, dominated by g processes — allow study |
of parton propagation through cold nuclear matter jet

= Ag(, Q%) g (2,Q%) + Ay(w,Q%)ga (2, Q%)

: . jet 2 jet 2
2+1 jets— sensitive to nuclear gluons . |
jet 1 jet 1

By measuring 1+1 jets, can extract information on gluons
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b dependent gluons, gluon correlations from
DVCS and diffractive vector meson production
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Silver Measurements

Deliverables Observables | What we learn Stage-| Stage-ll
¢ depend_ent DVCS; NS EY moderate x with
gluons; . . between small- . smaller x,
diffractive . light, heavy ;
gluon X evolution and . saturation
vector mesons nuclel

correlations

confinement

28



b-dependent gluons from DVCS and DVMP

e Transverse position distribution of gluons can be determined from Deeply Virtual

Compton Scattering (DVCS: e+A — e+y+A) and Diffractive Vector Meson
Production (DVMP: e+A — e+VM+A)

= Proportional to the square of the gluon distribution!!

e (Coherent diffraction (intact nuclear target)
= transverse distribution of gluon density

e [ncoherent diffraction (dissociated nuclear target)
= transverse gluon correlations in addition
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b -dependent gluons from DVCS and DVMP

Transverse position distribution of gluons can be determined from Deeply Virtual

Compton Scattering (DVCS: e+A — e+y+A) and Diffractive Vector Meson
Production (DVMP: e+A — e+VM+A)

= Proportional to the square of the gluon distribution!!

e (Coherent diffraction (intact nuclear target)
= transverse distribution of gluon density

e [ncoherent diffraction (dissociated nuclear target)
= transverse gluon correlations in addition

DVMP DVCS

DVCS and Bethe-Heitler interference terms become difficult

to distinguish experimentally 29



Exclusive Vector Meson Production in e+A

e Many event generators exist for e+p collisions
= Pythia (v6), LEPTO, PEPSI, RAPGAP....
e Dearth of event generators for e+A collisions
= DPMJET-III
e Work at BNL (T. Toll, T. Ullrich) to write an e+A generator (SARTRE)
= (Comparison of saturation vs non-saturation scenarios
= First case study is that of exclusive diffractive J/@ production
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Exclusive Vector Meson Production in e+A
e+A — e+J/PY+A

10°4

do/dt (nb/GeV?)

e+Au
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e | ow-t: coherent diffraction dominates - gluon density

e High-t: incoherent diffraction dominates - gluon correlations

= [or smaller nuclel, transition between coherent and incoherent is
pushed out to higher il

= Need good breakup detection efficiency to discriminate between the two

scenarios
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Summary and Conclusions

® The e+A physics programme at an EIC will give us an unprecedented
opportunity to study gluons in nuclei

e | ow-x: Measure the properties of gluons where saturation is the
dominant governing phenomena

¢ Higher-x: Understand how fast partons interact as they traverse nuclear
matter and provide new insight into hadronization

¢ Understanding the role of gluons in nuclei is crucial to understanding
RHIC (and LHC) heavy-ion results

Good headway can be made on these measurements already
with a stage-l eRHIC (Ec = 5 GeV)

e The INT programme in the Fall of 2010 allowed us to formulate the
observables in terms of golden and silver measurements

= A detailed write-up of the whole programme (encompassing both e+A
and e+p) will be published shortly

32



with thanks

e Fellow INT workshop convenors: A. Accardi, C.
Marquet

e BNL EIC science task-force: E. Aschenauer, T.
Burton, R. Debbe, J. Dunlop, S. Fazio, W. Guryn, J-
H. Lee, T. Toll, T. Ullrich

e Friendly theorists: M. Diehl, F. Gelis, W. Horowitz, T.
Lappi, M. Stratmann, R. Venugopalan

e Summer students: W. Foreman, A. Kirleis, M.
Savastio, P. Schnatz, O. Vall

e C-AD group: J. Beebe-Wang, V. Litvinenko, V.
Ptitsyn, D. Trobojevic

33



BACKUP SLIDES



e+A Golden Science Matrix

What we Special Gain/Loss
Primary new hobe to Basic Typical requirements | What can be | Alternatives compared
science P required on done in phase| in absence of | with other Comments
. fundamentally | measurements .
deliverables learn precision accelerator/ I an EIC relevant
detector facilities
stage |:large-
What HERA| x & large-Q? | PTAat LHC | .
. The nuclear displaced First This is
integrated ) reached for (not as :
nuclear gluon wave function E2 with vertex . experiment | fundamental
R throughout . detector for precise with good x, |input for A+A
distribution combined
x-Q? plane data charm need full EIC, thoughc): & | Q?&Arange| collisions
for FLand F,e| e
) ptA at
SIDIS f
kr SIDIS & di- or sure RHIC/LHC,
dependence l'The no(r;—D hadron Need | TBD: although e+A | Cleaner than
d'of Stlguo'n ianveoaI:tcic?an _ | correlations iticizgt saturation | needed to | p+A: reduced
Istribution with light and P signal in di- check background
ar|1d. Qs heavy flavours hadron py universality
correlations :
imbalance 2) LHeC
. . hermetic
b dependence| Interplay lefjrac":c.lve VM q 50 MeV det.ector with I!wi.tial
of gluon between [P I;J)S/ICCZ)Sn AN resolution | 4pi coverage | Moderate x Never been condltl.o.ns for
distribution small-x ’ on " with light and|  LHeC measured |HI collisions —
coherent and low-t: need to
and evolution and i coherent momentum detect heavy nuclei before eccentricity
correlations | confinement parts transfer nuclear fluctuations
break-up
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Role of colour-neutral (Pomeron) excitations

do

E\t:o(v* — Mx A) o ag[2G a(z, Q%))
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Role of colour-neutral (Pomeron) excitations

dO' Curves: Kugeratski, Goncalves,
o 2 2\12 Navarra, EPJ C46, 413
E‘tZO(V — MXA) X Oés[$GA(CE7Q )]
() K 0.6 , |
e (k) K electron
H:
M
Y (q) X
> X (p,/)
P(p,) proton, nuclei 1

HERA/ep: 15% of all events are hard diffractive
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Role of colour-neutral (Pomeron) excitations

dO' Curves: Kugeratski, Goncalves,
o 2 2\12 Navarra, EPJ C46, 413
E‘tZO(V — MXA) X Oés[$GA(CE7Q )]
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M
Y (q) X
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HERA/ep: 15% of all events are hard diffractive
Diffractive cross-section Oy4/0,, 1N e+A ?
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Role of colour-neutral (Pomeron) excitations

d Curves: Kugeratski, Goncalves,
o
% 2 2\12 Navarra, EPJ C46, 413
At ‘t=0(7 — MXA) X Oés[mGA(va )]
e(ku/) k’ 105 LI IIIIIII [ lllllll LI IIIIIII L
" EIC (10+100 GeV) ]
e (k) j __Slectron [ JLdt=5/A b and /A, b
M, I |
; L 8844
Y (qu) L Q =1 |
2 - B=0.062 -
> - .
> X (p,/) g F . =
P (p,) oroton, nuclei % 02~ XP=mom. fraction of  _
~= - pomeron w.r.t. hadron .
= S L -
. . © <
HERA/ep: 15% of all events are hard diffractive & | 1
Diffractive cross-section Oy4/0,, 1N e+A ? 045~~~ ~__ Au((inear evolution) - —
e Predictions: ~25-40%"7? : Au (saturation model) o \:
LOOk inSide the “POIneron,, 0 1 ] ml Illlll | 1| llllll 1 11 IIII:
. . : 10° 10 10°  10° 10
« Diffractive structure functions X

IP

Distinguish between linear evolution and saturation models
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Getting a “Feel” for Non-Linear QCD

To assess typical values of /N calculate average:

B fdedQ’l“ dz [w*w]Q’L N2
T [d2bd%rdz []a L N

N2,z
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To assess typical values of /N calculate average:

B [ d*bd*r dz [*ola. L N
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Measuring the gluons: extracting FL

or(x,Q%) = Fi*(z, Q%) $+ i (z, Q%)

38



Measuring the gluons: extracting FL
JT(ZIZ,QQ) — FQA(J;?QZ) v ( ’Q )

Y+
e FL ~ s XG(x,Q2)

-\ = QZ/XS

= require an energy
scan to extract F
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Measuring the gluons: %xtracting FL
or (2, Q%) = Fi'(2,Q%) — o Fi (2, Q)

o I ~ (s xG(X,QZ) H1 and ZEUS
. L Q?=2Gev: | Q*=27GeVE | Q¥=35GeV?: | QP=45GeV? |=
> < ; ' - S
= Vv = Q?2/xs ERR Y .., C e, ) z
+¥ i T i e N i N i ."'\. . -
n '™ Prmeo—n — L N ~ - - -
= require an energy o, n - -
- Q*=65GeV? | Q*=85GeV: | Q'=10GeV? | Q'=12GeV?
scan to extract F. ; - ; -
1 — — — —
0 | N e N =
- QP =15GeV? [ Q'=18GeVE [ QP=22GeV? [ Q'=27Gev? |2
D b o o o F,
B ~ B ~ =2
- - - - =
i N i N =
b r Q' =35GeV: | Q'=45GeV: | Q'=60GeV: | Q'=70GeV §
i 3 N i -
; - i - Z
l _— _— - - —
- - . - -
N " i - =
- - - - =
i - i - T
0 3 -1 3 -1
[ Q'=90Gev’ [ Q'=120GeV’ 10 10 10 10 X
1 L — ® HERAINCe'p
- = === HERAPDF1.0 + Low Energy Data (prel.)
- B (NLO - Standard RT-VFNS)

0

w0 10" 10’ 10! X 920 G eV P rotons



Measuring the gluons: %xtracting FL

Y
or(2,Q%) = F3' (2, Q%)
o [~ s XG(x,Q2)

= y = Q2/xs

= require an energy
scan to extract F.

0.8 F
0.6 F
04

0.2 F

Y +

H1 and

Fi (z,Q?)

ZEUS

Q' =25 GeV?

® HERA e'p (prel.)

Vs§=251 GeV

llll

575 GeV proton:

Q*=3.5GeV?

- it

: ;?T\

llll |

April 2010

5

Q= 5GeV?

S

- Q*= 6.5 GeV?

TS i

- HERAPDF1.0 + Low Energy Data
— (NLO - Standard RT-VFNS)

- — Q*235GeV’

— Q?=5.0 GeV?

HERA Inclusive Working Group
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-4
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Measuring the gluons: %xtracting FL

Y
o (z,Q%) = F3'(z, Q)
o FL ~ s xG(Xx,Q?)

= y = Q2/xs

= require an energy
scan to extract F

0.8 :
0.6 |
04 F

0.2 |

Y +

H1 and

Fi (z,Q?)

ZEUS

Q% =25 GeV?

® HERA e'p (prel.)

Vv§=225 GeV

Q%= 3.5 GeV?

- %}E\

460 GeV proton

April 2010

5

Q*=5GeV?

T

- Q?= 6.5 GeV?

- HERAPDF1.0 + Low Energy Data
—(NLO - Standard RT-VFNS)

F Q%235 GeV?

—_— Q*=5.0GeV’

1 llll

HERA Inclusive Working Group
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v
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Measuring the gluons: %xtracting FL

or(2,Q%) = Fi'(z,Q%) — 2

o FL~ s XG(X,Q2)

= y = Q2/xs

= require an energy
scan to extract F

e 3 different proton

energies run at HERA

= 2 low-statistics runs

= Dpad for FL
extraction

«(x,Q%

Gr.N
5

0.6 F

0.4 -

-
-~
[ 3%

0.8 :
0.6 |
04 F

0.2 |

Y +

H1 and

Fi (z,Q?)

ZEUS

Q% =25GeV?

® HERA e'p (prel.)

vs§=225 GeV

460 GeV proton

Q%= 3.5 GeV?

- %}E\

April 2010

5

Q*=5GeV?

T

- Q?= 6.5 GeV?

- HERAPDF1.0 + Low Energy Data
—(NLO - Standard RT-VFNS)

- m— Q%235 GeV?

— Q?=5.0 GeV?

1 llll

HERA Inclusive Working Group
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Measuring the gluons: extracting FL
Fi (2, Q%)

2
or(z, Q%)
e FL ~ s xG(x,Q2)
= Y = Q2/xs

= require an energy
scan to extract F

e 3 different proton
energies run at HERA

= 2 low-statistics runs

= bad for FL
extraction

e Note that non-linear
fits describe the data
better at the lowest x

-l

LL

-0.2

y°
= F3'(2,Q%) — 5

0.4f

0.2:

HERA Inclusive Working Group

H1 and ZEUS
i 1 .
$ 1% i !
i L
— ®
[~
W } 1 —\ s
T
| @ HERApreliminay  — b-Satdipole | |1 | |
| = HERAPDF1.0 b-CGC dipole ®
a o
10 102
2 2
Q°/ GeV

April 2010
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Iategrated luminosity for H1 physics [ph ')
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INTRO SLIDES



Requirements for an Electron-lon Collider

AN
B
Q

AN
C

104L //A NMC
- BCDMS
[ E665
103 SLAC
: CCFR
I - ZEUS BPC 1995
10° [JJJ] ZEUS SVTX 1995
E B3 H1SVTX 1995
- ] HERA 1994
10 HERA 1993
T F
107k
1 | 1l 1 | il 1l
10° 10”107 107 10 10”

Well mapped in e+p
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Requirements for an Electron-lon Collider

AN
B
Q

AN
C
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- BCDMS
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10 ¢ AN
1 |
_1-
10 E
- | wl | ul Ll
107° 107 10™ 107 107 10
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e many with small A

e [ow statistics
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Requirements for an Electron-lon Collider

N/'\
B
Q

AN
@/

104

10°

E C% NMC

BCDMS
E665
SLAC
CCFR

2' EIC et+Au
107 ¢

— — — 10 GeV +100 GeV/n
R — 9 GeV + 90 GeV/n

20 GeV + 100 GeV/n

Well mapped in e+p

Not so for £+A (v+A)
e many with small A

e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Flectrons

- E.=3-30GeV
- polarized

e Hadron Beams
- EA =130 GeV
- Ep =325 GeV
-A =p—=U

- polarized p & light ions
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Requirements for an Electron-lon Collider
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Requirements for an Electron-lon Collider

104

Q? (GeV?)

103E

= EIC et+Au
- 20 GeV + 100 GeV/n
| — — — 10 GeV +100 GeV/n
R 9 GeV + 90 GeV/n

Terra incognita:

small-x, Q <

high-x, Iarge Q2

Well mapped in e+p

Not so for £+A (v+A)
e many with small A

e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons

- E.=3-30GeV

- polarized

e Hadron Beams
- EA =130 GeV
- Ep =325 GeV
— A — p —> U
- polarized p & light ions
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Requirements for an Electron-lon Collider

Terra incognita:

small-x, Q = Qq
high-x, Iarge Q2

Well mapped in e+p

Not so for £+A (v+A)
e many with small A

e [ow statistics

Electron lon Collider:

e /(EIC)>100 x L(HERA)
e Electrons
- E.=3-30GeV
- polarized
e Hadron Beams
- EA =130 GeV
- Ep =325 GeV
— A — p e U
- polarized p & light ions
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What do we know about gluons‘7

e Gluons:
= Mediators of the strong interaction

= Determine essential features of QCD

> Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum

Action (~energy) density quctuaﬁonsof gluon-
fields in QCD vacuum (2.4 x2.4x 3.6 fm) (Derek
Leinweber)
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What do we know about gluons‘7

e Gluons:
= Mediators of the strong interaction

= Determine essential features of QCD

> Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum

Action (~energy) density fluctuationsof gluon-

® Hard tO iisee!! glue in the IOW'energy Ezliisv\jre\t?ecr)[)vacuum (2.4 x2.4x 3.6 fm) (Derek
world

= Gluon degrees of freedom “missing” in
hadronic spectrum

> Constituent Quark Picture?

= From DIS:

- Drive the structure of baryonic matter
already at medium-x

* Crucial players at RHIC and LHC
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= Mediators of the strong interaction
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Action (~energy) density quctuatkinsof gluon-
fields in QCD vacuum (2.4 x2.4x 3.6 fm) (Derek
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We have 1dentified 4 important questions to address:

= What is the spatial and momentum distribution of gluons in nuclei/nucleons?
= What are the properties of high-density gluon matter?
= How do quarks and gluons interact as they traverse matter?

= What role do the gluons play in the spin structure of the nucleon?
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What do we know about gluons"

e Gluons:
= Mediators of the strong interaction

= Determine essential features of QCD

> Asymptotic freedom from gluon loops

= Dominate structure of QCD vacuum

Action (~energy) density quctuafinsof gluon-
fields in QCD vacuum (2.4 x2.4x 3.6 fm) (Derek
Leinweber)

We have 1dentified 4 important questions to address:

= What is the spatial and momentum distribution of gluons in nuclei/nucleons?
= What are the properties of high-density gluon matter?
= How do quarks and gluons interact as they traverse matter?

= What role do the gluons play in the spin structure of the nucleon?

How do we get to the answers? .



The role of gluons 1n hadronic collisions

Jets (m production) Strangeness Production

o
®

T T T T T T T T T T T T .
| —RHIC Vs = 200 GeV NLO, =0, y=0 ' @ go ® s © s
| —LHC Vs=55TeV calc. by W. Vogelsang | g s .
: //‘~\\ "ll /’—q_g;\\ l/"l : gM; g
-7 N e YO g 5 s
-7 l"l/\/\/ - ,"' A \ _
l’/ r" \\
N a, (d) s
e P 1 -
s
- -
ql S

.‘ilopT (ée\}/é)s'o"'iéo 500 Lattice Gauge TheOl‘y

o
(o))

o ¢
N
—

Fractional contribution to cross-section
o
I

o

-
(&) =

Heavy Flavour Production e
o8 = >
0.6
g
4 04 r 3 flavour
< 241 flavour
5 i 02 | pure gauge

T/M,

0.0

1.0 1.5 2.0 2.5 3.0 3.5 4.0
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How well do we know gluon distributions in nucleons?

1 T \\\\\H‘ T \\\\\\\‘ T \\\\\H‘ T T T T TTT

e HERA: e+p collisions:

'~ —— HERA-I PDF (prel.) Q% =10 GeV
i ~ B experimental uncertainty
- 276 Gev (e ) on 0.8 - model uncertainty |
- HERA Structure Functions Working Group
- 920 Gev p ~ Nucl. Phys. B 181-182 (2008) 5761
I XU,

0.6

e Wealth of data allows a high-
statistics extraction of valence =
quark, sea quark and gluon -
densities as a function of Xg; XS (x1/20)
= Gluons and sea quarks \

dominate over valence |
quarks at smaller values of O

107 1073 1072 107 1
XBj X

0.2

e Small experimental and
model uncertainties
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{z.Q°=1.69 GeV")

P
()

R.

1.4
1.2
1.0

What about gluons 1n nucle1?

0.8
06 = This work, EPSO9LO =
9 [ .—.- EKS98 ]
04 F o HKNO7 (LO) -
[ - EPS08 B
02 Ds (LO) _
0.0 | |
0% 1070 10% 10" 10* 10° 10 10" 10* 10° 10 10" 1
€T €T €T

The distribution of valence and sea quarks
are relatively well known in nuclei -
theories agree well
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{z.Q°=1.69 GeV")

P
()

R.

What about gluons 1n nucle1?

1.4
1.2
1.0

0.8
06 == This work, EPSO9LO =
21 == EKS98 1
04 [ oo HKNO7 (LO) -
T - EPS08 N
02 ' —— 1Ds(Lo) 1
0.0 | '
10" 10° 107 100 10* 10° 10° 100 10" 107 107 107 1
X X i
Constrained by DIS The distribution of valence and sea quarks
Constrained by DY are relatively well known in nuclei -
theories agree well
Constrained by sum rules

Assumptions
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{z.Q°=1.69 GeV")

P
()

R.

What about gluons 1n nucle1?

2
S
o
«
i
©
£

== EKS98 i _

04 e HKNO7 (LO) - %

o - EPS08 T T?s
-2 ' —— uDs (LO) Il E
0.0 | |
10" 10° 10° 100 10™
X i i
Constrained by DIS The distribution of valence and sea quarks
Constrained by DY are relatively Yvell known in nuclei -
theories agree well

Constrained by sum rules | arge discrepancies exist in the gluon

Assumptions

distributions from models for mid-rapidity

LHC and forward RHIC rapidities !!
46



The problem with our current understanding

e Using the Linear DGLAP evolution
model:

= Linear evolution has a built-in high-
energy “catastrophe”

= XG has rapid rise with decreasing x
(and increasing Q2) = violation of

Froissart unitarity bound

T
Otot — W(lﬂ 8)2

T

> Must have saturation to tame the
growth

H1+ZEUS
I Q%=20 Ge\/ H1 NLO-QCD Fit 2000
20 * xg=a*xb*(1—x)c *(1+dVx+ex)
i FFN heavy-quark scheme
17.5¢ Q2=200 GeV> | total uncert.
Bl exp. uncert.
15 .
ZEUS NLO-QCD Fit
I (Prel.) 2001
12,5/ .
I RT-VFN heavy-quark scheme
10 ____ exp. uncert.
7.5/
5 \
- Q’=5GeV’ <N\
| RN
L NN
0l ‘\
-4 -3 -2 -1
10 10 10 107 x
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The problem with our current understanding

e Using the Linear DGLAP evolution
model:

= Linear evolution has a built-in high-

]
energy “catastrophe” X
X

= XG has rapid rise with decreasing x
(and increasing Q2) = violation of

Froissart unitarity bound

T

Otot — m—%(lﬂ 8)2

> Must have saturation to tame the
growth

What’s the underlying dynamics?

H1+ZEUS

H1 NLO-QCD Fit 2000

xg=a=x"*(1-x)° *(1+dx+ex)

Q*=20 GeV?
FFN heavy-quark scheme

Q2=200 GeV> | total uncert.
Bl exp. uncert.

ZEUS NLO-QCD Fit
(Prel.) 2001

xg=a=x>(1-x)°

RT-VFN heavy-quark scheme

~ exp. uncert.

Q=5 GeV? \ \\
\
N

SN
N ~

03 -3 2 1

10 10 10° x
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Non-linear QCD - Saturation

proton

=E-E =~

N partons new partons emitted as energy increases
could be emitted off any of the N partons
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Non-linear QCD - Saturation

proton

e BFKL: evolution in x % . E . % .

) I I n e ar N partons new partons emitted as energy increases
could be emitted off any of the N partons

> explosion in colour field at low-x

-

In 1/x

saturation

@) region In Qg(Y)

Y

as~1 (XS<<1

48



Non-linear QCD - Saturation

proton

e BFKL: evolution in x :E . E _

) I | N e ar N partons any 2 partons can recomb

> explosion in colour field at low-x

¢ Non-linear BK/JIMWLK equations

A Regimes of QCD Wave Function

saturation
region

In 1/x

: In Q3(Y)
>_
= non-linearity = saturation

S
©
>
> Allows for the recombination of |&
£
-

gluons in a dense gluonic } BFKL
medium @ DGLAP .
= characterised by the saturation 0 A2y "In @2
scale, Qs(X,A) g ~ 1 Og < 1
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The Nuclear “Oomph Factor”

e Enhancing Saturation effects:
= Probes interact over distances L ~ (2mnx)-

For probes where L > 2Ra (~ A3) cannot distinguish
between nucleons in front or back of the nucleus.
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The Nuclear “Oomph Factor”

e Enhancing Saturation effects:
= Probes interact over distances L ~ (2mnx)-’

For probes where L > 2Ra (~ A3) cannot distinguish
between nucleons in front or back of the nucleus.

Simple geometric considerations lead to:

2
Q? @SIGSQ’ Q) HERA: G % A dependence: 2G4 o A
TV €T

AN 1/3
Nuclear “Oomph” Factor: ()" ~ Qg <x>

Enhancement of Qs with A: = non-linear QCD regime

reached at significantly lower

energy 1n ¢+4 than in e+p
49



The Nuclear “Oomph Factor”

More sophisticated analyses
=> confirm (exceed) pocket

formula for high A

e.g. Kowalski, Lappi and Venugopalan,
PRL 100, 022303 (2008); Armesto et
al., PRL 94:022002; Kowalski, Teaney,
PRD 68:114005
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The Nuclear “Oomph Factor

More sophisticated analyses
=> confirm (exceed) pocket

formula for high A

e.g. Kowalski, Lappi and Venugopalan,
PRL 100, 022303 (2008); Armesto et
al., PRL 94:022002; Kowalski, Teaney,
PRD 68:114005

Kowalski and Teaney
10 |- Phys.Rev.D68:114005,2003

GeV2)

p —

Qs

0-1 1 llllllll 1 llllllll 1 Ill]llll 1 llllllll 1 llllllll L 111
1/X

One would require an energy 1n e+p
~10-100 x e+A to get to same Q2s
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The Nuclear “Oomph Factor”

Q? (GeV?)

0.1

QCD

200

120 40
A

10 g T R |

O OnaoG
Confineme’nFRegime\
1072 16'3 107 107
X

0.1

Kowalski and Teaney

— Phys.Rev.D68:114005,2003

One would require an energy 1n e+p
~10-100 x e+A to get to same Q2s
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Diffraction in e+A

e+Al

etA—e + ]| +A

I incoherent

coherent

N
e
H‘

N

o
)
\

do/dt (nb/GeV?)
‘cb

-

o
A
\

-
o
&

i A 102
0% o oo v bvvra b b 10° v Lo b ber o bec i by Eovc b b b b b B P b 18 )
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.020.040.060.08 0.1 0.120.140.160.18 0.2

-t (GeV?) -t (GeV?) -t (GeV?)

e Diffractive cross-section ogii/Otot IN €+A predicted to be ~25-40%

e Process most sensitive to xG(x,Q2)

e Rich physics program on momentum & spatial gluon distribution

e Coherent vs Incoherent: requires detection of breakup with ~ 1-10-4 efficiency

Never done at a collider!




How do we measure Glue ?

%+A
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How do we measure Glue ?

e Hadron-Hadron

%+A

= Probe/Target interaction
directly via gluons

= | acks the direct access to
collision kinematics
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How do we measure Glue ?
e Hadron-Hadron = Electron-Hadron (DIS)

= Probe/Target interaction * Explore QCD & Hadron
directly via gluons Structure

= Lacks the direct access to * Direct access to glue through
collision kinematics photon-gluon fusion
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e Hadron-Hadron
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= Probe/Target interaction
directly via gluons

= | acks the direct access to
collision kinematics

= |nteractions with other
partons modifies nuclear
wave function

F. Schilling, hep-ex/020900 |
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How do we measure Glue ?
e Hadron-Hadron = Electron-Hadron (DIS)
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= Probe/Target interaction * Explore QCD & Hadron
directly via gluons Structure

= Lacks the direct access to * Direct access to glue through
collision kinematics photon-gluon fusion

= |nteractions with other * High precision & access to
partons modifies nuclear partonic kinematics

wave function

52



How do we measure Glue ?

e Hadron-Hadron = Electron-Hadron (DIS)
P E\\ g e 5\ v
%%Z:’K A R_<_ A
= Probe/Target interaction * Explore QCD & Hadron
directly via gluons Structure
= Lacks the direct access to * Direct access to glue through
collision kinematics photon-gluon fusion
= |nteractions with other * High precision & access to
partons modifies nuclear partonic kinematics

wave function

Both are complementary and provide excellent information on
properties of gluons in the nuclear wave functions

Precision measurements = DIS )



~How do we measure Glue ?_

o |
| .
‘ Scattering of hadrons on hadrons

" s like colliding Swiss watches to find out how
they are build.

R. Feynman

J
1 ﬁ
B

Precision measurements = DIS )



Luminosity vs Energy comparison

e A comparison plot showing luminosities vs energy for existing and proposed e+p
facilities.

e Both a staged eRHIC and a JLab design are shown for reference.
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Luminosity vs Energy comparison

e A comparison plot showing luminosities vs energy for existing and proposed e+p
facilities.

e Both a staged eRHIC and a JLab design are shown for reference.
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How do we measure Glue ?

e Hadron-Hadron

)

)

%+A

Test QCD

Probe/Target interaction
directly via gluons

Lacks the direct access to
collision kinematics

Interactions with other
partons modifies nuclear
wave function

54



How do we measure Glue ?

e Hadron-Hadron

N .
—a— A
=» Test QCD

= Probe/Target interaction
directly via gluons

= | acks the direct access to
collision kinematics

= |nteractions with other
partons modifies nuclear
wave function

= Electron-Hadron (DIS)

e 5\ T*

el

* Explore QCD & Hadron
Structure

* Indirect access to glue

* High precision & access to
partonic kinematics
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How do we measure Glue ?

o Hadron Hadron = Electron Hadron (DIS)
= Test QCD
= Probe/Target interaction * Explore QCD & Hadron
directly via gluons Strﬂcture

= | acks the direct access to

g _ * Indirect access to glue
collision kinematics

* High precision & access to
= [nteractions with other partonic kinematics
partons modifies nuclear
wave function
Both are complementary and provide excellent information on

properties of gluons in the nuclear wave functions

Precision measurements = DIS 4



~ How do we measure Glue ?

Scattering of hadrons on hadrons
is like colliding Swiss watches to find out how
they are build.

©
_ 11

R. Feynman

Precision measurements = DIS
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Measuring the glue via Structure Functions
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Jets and hadronization

h

e+

 Use coloured probes to study soft nuclear glue
= a “large-x” probe of small-x gluons

 Use nuclei to study parton propagation and
fragmentation

= parton showers, quark-to-hadron transition

e |deal program for phase-1 EIC
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Interaction of fast probes with gluonic medium
e nDIS:

= (Clean measurement in ‘cold’ nuclear
matter

h

= Suppression of high-pt hadrons
analogous to, but weaker than at RHIC

PHENIX expt: Phys.Rev.Lett.91:072301 (2003)
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Interaction of fast probes with gluonic medium
e nDIS:

= (Clean measurement in ‘cold’ nuclear
matter

h

= Suppression of high-pt hadrons
analogous to, but weaker than at RHIC

hot nuclear
matter

e Fundamental question:

® When do partons get colour neutralized?

Parton energy loss vs. (pre)hadron

absorption | HERMES

| Krfinal

He, Ne prelim.
06— —— absorption
m - energy loss

V = virtual photon energy
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Interaction of fast probes with gluonic medium
e nDIS:

= (Clean measurement in ‘cold’ nuclear
matter

= Suppression of high-pt hadrons
analogous to, but weaker than at RHIC

h

hot nuclear
matter

e Fundamental question:

® When do partons get colour neutralized?

Parton energy loss vs. (pre)hadron

absorption | HERMES
| Krfinal
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Zn = En/V
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Interaction of fast probes with gluonic medium
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Multiplicity Ratio
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