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2. What next?: LHC, EIC, LHeC.
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3. Small-x studies with the LHeC:
● ep inclusive pseudodata and their effect on pdf’s.
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● FL in eA.

4. Summary.

See the talks by P. Quiroga, D. d’Enterria and all others.
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Coherence: small x
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● Small x is defined by τ>>Rh ⇒ x<<0.1A-1/3: coherent scattering.

Small x physics at the LHeC: 1. Introduction.

A) x→1 (W→mN2): incoherent scattering, σA=Aσ1.
B) x→0 (W→∞): coherent scattering, σA<Aσ1.

A) B)

τ

γ* ● The mean life of a fluctuation with 
scale Q is:



Findings at HERA:
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● Most available information, 
above all at small x, comes from 
HERA:

A) F2 ∝ x-0.3 at small x, fixed Q2.

B) σdiff/σtot~15 %.

Small x physics at the LHeC: 1. Introduction.
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Small x physics at the LHeC: 1. Introduction.

DIS on nuclei:
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● R=1: absence of nuclear 
effects.

● R≠1 discovered in the
early 70’s.

not known
at small x



Practice: factorization

Small x physics at the LHeC: 1. Introduction. 6

● The usual tool to compute particle production is collinear 
factorization (for Q~Ecm>>ΛQCD).

● fh, DGLAP-evolved, poorly known out of the 
measured region.



pdf’s:
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● Inclusive HERA data are well described by usual DGLAP analysis: 
CTEQ, MSTW, Alekhin, H1/ZEUS, NNPDF. Other proposals include:
1) Resummed L(1/x) schemes.
2) Saturation ideas: unitarity; CGC, Regge models, etc.

Small x physics at the LHeC: 1. Introduction.
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npdf’s:
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● Data in EPS09 (Q2, M2>1.69 GeV2; pT>1.7 GeV): 92 from DY 
(E-772 and 886), 20 from π0 (PHENIX), rest up to 929 from DIS 
(E-135, EMC, NMC); neutrino data in CTEQ.

Small x physics at the LHeC: 1. Introduction.
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Note: the error estimate is linked to a
functional choice of initial conditions.

Visit http://lappweb.in2p3.fr/lapth/npdfgenerator/!!



Theory: high-energy QCD

9

Our aims: 
understanding

● The implications of 
unitarity in a QFT.

● The behavior of QCD at 
large energies / hadron 
wave function at small x.

● The initial conditions for 
the creation of a dense 
medium in heavy-ion 
collisions: nuclear WF + 
initial stage.

Origin in the early 80’s: GLR, MQ, MV.

Small x physics at the LHeC: 1. Introduction.

History:

Regge (’50’s)
↓

Gribov (’60’s,’70’s)
↓

Linear eqs.: DGLAP, 
BFKL (’77)

↓
Non-linear eqs.: GLR, 

MQ (’80’s)
↓

Saturation: MV, GBW, 
BK (’90’s,’00’s)

↓
...

QCD (’73)

HERA (‘90)

RHIC (’00)
LHC (‘09)

SLAC (’65)
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Where do the available
experimental data lie?

Non-linear

Linear



Saturation ideas: CGC
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Hadron wave function

Source (frozen)

Classical,
Aμ∝1/αs

O(αs)

σρ ∼ 1 =⇒ Axg(x,Q2
s)

πR2
AQ2

s

∼ 1 =⇒ Q2
s ∝ A1/3x−λ ∼

(
A

x

)1/3

γ*

ATA(b)xg∝A1/3xg

b

Nuclei: they offer the 
possibility of testing 
these ideas (density 
effect) and enhance the 
saturation effects for a 
fixed x (energy).
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possibility of testing 
these ideas (density 
effect) and enhance the 
saturation effects for a 
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● Phenomenology based on saturation (rcBK) is successful for
inclusive and diffractive DIS for small and moderate Q2.
● Deviations from NLO DGLAP have been claimed recently 
(Caola, Forte, Rojo ’09), incompatible with NNLO.



Status:

Small x physics at the LHeC: 2. What next?

● DGLAP evolution (fixed order PT) is extremely successful in 
inclusive DIS. Diffractive DIS can be understood too, but diffractive 
factorization breaks when going to pp(bar).

● Resummation schemes (L(1/x): BFKL → CCFM, T, ABF, CCSS): 
look nearly ready to become competitive.

● CGC realization (no longer models!) is also successful.

● Differences lie at moderate Q2(>Λ2QCD) and small x.

● Unitarity (non-linear effects) must be out there (maybe even 
already in here), the question is where ‘there’ is ⇒

☛ Theory: refine the tools and predict.
☛ Experiment: measure new kinematical regions: LHC, EIC, 
LHeC.
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LHC:

Small x physics at the LHeC: 2. What next? 13
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● pp at η=0 should be quite well constrained 
by HERA data (+ DGLAP evolution).

● pp at η>0 will offer constrains on pdf’s

● pPb, not coming during first pp runs, would 
give valuable information about npdf’s.

Salgado



EIC:

Small x physics at the LHeC: 2. What next? 14

● Project at JLAB, uses CEBAF, need of building a proton/nucleus 
accelerator: larger cost and luminosity. Polarized protons?
● Project at BNL, uses RHIC (polarized protons), need of building 
an electron accelerator: lower cost and luminosity. Stage 
approach in coordination with RHIC-II.

Plot, table from 2008!!!



LHeC: www.lhec.cern.ch

Small x physics at the LHeC: 2. What next? 15
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LHeC: the accelerator

Small x physics at the LHeC: 2. What next?

● Interaction points: ALICE, LHCb.
● RR, LR options explored in the CDR.
● Luminosities in ePb comparable with those in ep!
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LHeC: physics goals

Small x physics at the LHeC: 2. What next?

√s=1-2 TeV:

● High scale frontier (Mlq, 
Q2).

● EW and Higgs.

● Q2 lever-arm at 
moderate and high x → 
(n)pdf’s.

● Low x and small to 
moderate Q2 → high-
energy QCD dynamics.
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LHeC: the detector
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LHeC scenarios:

Small x physics at the LHeC: 3. Studies. 20

● For FL: 10, 25, 50 + 2750 (7000); Q2≤sx.
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2081/3Q2sat,GBW



ep inclusive pseudodata (I):

Small x physics at the LHeC: 3. Studies. 21

● They substantially reduce the
uncertainties in global fits: FL most
useful.



ep inclusive pseudodata (II):

Small x physics at the LHeC: 3. Studies. 22

● Tension between F2 and 
FL in DGLAP fits as a sign 
of physics beyond standard 
DGLAP (GBW and CGC 
models).
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models).



eA inclusive pseudodata (I):

Small x physics at the LHeC: 3. Studies. 23

● Good precision can be obtained for F2 and FL at small x 
(Glauberized GBW model, NA ’02).



eA inclusive pseudodata (II):

Small x physics at the LHeC: 3. Studies. 24

● F2 data substantially reduce the uncertainties in DGLAP analysis.
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ep diffractive pseudodata (I):

Small x physics at the LHeC: 3. Studies. 25

● Large increase in the 
M2, xP=(M2-t+Q2)/(W2

+Q2), β=x/xP region 
studied.

e



ep diffractive pseudodata (II):

Small x physics at the LHeC: 3. Studies. 26

● Elastic 
vector 
meson 
most 
promising.



eA diffractive pseudodata:

Small x physics at the LHeC: 3. Studies. 27

● Problem: diffraction maybe coherent (e+A→e+X+A), 
incoherent (e+A→e+X+Zp+(A-Z)n) and inelastic (e+A→e+X
+X’) ⇒ challenging experimental problem to disentangle them.

coherentcoherent

NA, Kaidalov, Salgado, Tywoniuk, 
preliminary

Kowalski, Lappi, Marquet, 
Venugopalan, ‘08



FL in eA (I):

Small x physics at the LHeC: 3. Studies. 28

● FL is very badly constrained in nuclei at small x. It traces the 
nuclear effects on the gluon:

NA, Kaidalov, Salgado, Tywoniuk, 
preliminary



FL in eA (II):

Small x physics at the LHeC: 3. Studies. 29

● FL enters the extraction of F2: usually FL/F2 is taken as A-
independent i.e. the same measured in ep.

● What if not? Plot (F2CTEQ6M-F2CTEQ6M+EPS09)/F2CTEQ6M.
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Summary 

Small x physics at the LHeC: 3. Studies. 30

● Many issues remain open about small x physics: behavior of the 
hadron wave function at small x.

● Current ep experiments provide information for pp@LHC at 
mid-rapidity; in eA, not even dAu@RHIC is covered at mid-rapidity.

● An electron-nucleon/ion collider offers huge possibilities; I have 
only shown some of them (e.g.
no FSI).

● The challenge, both theoretically
(heavy flavors, role of radiative
corrections,...) and experimentally
(forward detection,...), is immense
⇒ much to learn, stay tuned!

D. d’Enterria


