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From pp to AA:
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● Several (QGP-
pointing) observables 
show a (smooth) 
transition between pp, 
pPb and PbPb - the only 
exception being jet 
quenching in pPb.
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The ridge:

N. Armesto, 04.05.2018 - Small-x Physics: 1. Introduction.

● Particle correlations in pp 
and pPb at the LHC show 
features that in AA are 
attributed to final state 
interactions describable by 
hydrodynamics and interpreted 
as a signal of equilibration.
● Hydro works, although it 
demands non-trivial inputs, and 
some limitations in pp.
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interactions describable by 
hydrodynamics and interpreted 
as a signal of equilibration.
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1701.07145, proton as 3 hot spots



Small x and non-linear dynamics:
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● Non-linear effects are density effects: decrease x and increase A.
● Determining the dynamics at small x has been a major subject at 
HERA, and RHIC and the LHC both in pp, pA and AA.

xGA(x,Q2
s)

�R2
AQ2

s

� 1 =⇥ Q2
s ⇤ A1/3x⇥�0.3

● High-energy QCD: standard fixed-order perturbation theory 
(DGLAP, linear evolution) must eventually fail:
➜ Large logs e.g. αsln(1/x)~1: resummation (BFKL,CCFM,ABF,CCSS; HERA?).
➜ High density ⇒ linear evolution cannot hold: saturation, either perturbative 

(CGC) or non-perturbative.
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The CGC:
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● Low energies: short-lived fluctuations of the components of the 
wave function when compared with the size of the target.

● High energies: many long lived fluctuations (small-x gluons) that 
do not self-interact during the scattering time, frozen configuration: 
fast/slow mode separation in an EFT (CGC), evolution equations.
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● High energies: many long lived fluctuations (small-x gluons) that 
do not self-interact during the scattering time, frozen configuration: 
fast/slow mode separation in an EFT (CGC), evolution equations.

● Interaction of a frozen configuration of partons through a shock 
wave, the S-matrix is given by a Wilson line:

W (x?) = S(x?) = Pexp


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Z
dx+A�(x+, x?)
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
ig

Z
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Item Order Theory Pheno-
menology Comments

Evolution eqns. NLO ✔ ~
rcBK and resummations; dilute-dense 

approx.

DIS impact factor NLO ✔ ✔ dilute-dense approx.

Hadrons at y~0 LO ✔ ✔ q and Q , dilute-dense approx.

Forward hadrons NLO ✔ ✔ q and Q, hybrid formalism

Quarkonium at y~0 LO ✔ ✔ dilute-dense approx.+NRQCD

Forward quarkonium LO ✔ ✔ hybrid formalism

γ(*) at y~0 NLO ✔ ✘ at NLO
dilute-dense approx., not yet DY at 

NLO

Forward γ(*) LO ✔ ✔ hybrid formalism

Dijets at y~0 LO ✔ ✔ dilute-dense approx., partial NLO

Forward dijets LO ✔ ✔
hybrid formalism and high-energy 

factorisation, partial NLO

Diffractive dijets NLO ✔ ✘ at NLO dilute-dense approx.

Exclusive vector 
mesons NLO ✔ ✘ at NLO dilute-dense approx.

g/q/γ-g/q/γ 
correlations LO ✔ ✔/✘ glasma graph approx. + some density 

corrections; hybrid formalism

N. Armesto, 04.05.2018 - Small-x Physics: 1. Introduction.



● Assuming collinear factorisation holds, small -x PDFs poorly 
known for particle production (even for heavy objects at the FCC).

Implications for heavy-ions:
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● Nuclear wave 
function at 
small x: nuclear 
structure 
functions.

● Particle production at the very 
beginning: which factorisation?

● How does the system behave as 
∼ isotropised so fast?: initial 
conditions for plasma formation.

N. Armesto, 04.05.2018 - Small-x Physics: 1. Introduction.
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Available nPDF sets:
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SET
HKN07
PRC76 
(2007) 
065207

EPS09
JHEP 0904 
(2009) 065

DSSZ
PRD85 (2012) 

074028

nCTEQ15
PRD93 (2016) 

085037

KA15
PRD93 (2016) 

014036

EPPS16
EPJC C77 
(2017)163 

eDIS ✔ ✔ ✔ ✔ ✔ ✔

DY ✔ ✔ ✔ ✔ ✔ ✔

π0 ✘ ✔ ✔ ✔ ✘ ✔

νDIS ✘ ✘ ✔ ✘ ✘ ✔

pPb ✘ ✘ ✘ ✘ ✘ ✔

# data 1241 929 1579 740 1479 1811

order NLO NLO NLO NLO NNLO NLO

proton 
PDF MRST98 CTEQ6.1 MSTW2008 ~CTEQ6.1 JR09 CT14NLO

mass 
scheme ZM-VFNS ZM-VFNS GM-VFNS GM-VFNS ZM-VFNS GM-VFNS

comments

Δχ2=13.7, 
ratios, no 
EMC for 
gluons

Δχ2=50, ratios, 
huge 

shadowing-
antishadowing

Δχ2=30, ratios,  
medium-modified 

FFs for π0

Δχ2=35, PDFs,  
valence flavour 

sep., not enough 
sensitivity

PDFs,  deuteron 
data included

Δχ2=52, flavour 
sep., ratios, 

LHC pPb data

da
ta
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EPPS16:
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uv

dbar

dv ubar

sbar g

● nCTEQ15 vs. 
EPPS16: note 
the 
parametrisation 
bias.

uv

dbar

dv

ubar

sbar g

● Presently 
available LHC 
data seem not to 
have a large 
effect: large-x 
glue 
(baseline=no ν, 
no LHC data).

Q2=10 GeV2
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Ridge in the CGC (I):
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● Several explanations for the ridge proposed in the CGC:
➜ Assume that the final state carries the imprint of initial-state 
correlations;
➜ Use that the CGC wave function is rapidity invariant over Y∝1/αs (we 
resum terms αs ln(1/x)= αsY~1 coming from the 1/x soft divergence).

N. Armesto, 04.05.2018 - Small-x Physics: 2. A few recent topics.
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● Several explanations for the ridge proposed in the CGC:
➜ Assume that the final state carries the imprint of initial-state 
correlations;
➜ Use that the CGC wave function is rapidity invariant over Y∝1/αs (we 
resum terms αs ln(1/x)= αsY~1 coming from the 1/x soft divergence).

● Local anisotropy 
of target fields 
(Kovner-Lublinsky, 
Dumitru-McLerran-
Skokov).

● “Glasma 
graphs” (dilute): succesful 
phenomenology (Dusling-
Gelis-Jalilian-Marian-Lappi-
McLerran-Venugopalan, 
Kovchegov-Werpteny).

● Spatial variation 
of partonic density 
(Levin-Rezaeian-
Gotsman).

b

r
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● The appearance of the ridge in the final state, within the glasma 
graph approach, can be traced to the Bose enhancement of gluons 
in the (rapidity invariant) wave function:

1503.07126,
1509.03223

Ridge in the CGC (II):
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● The appearance of the ridge in the final state, within the glasma 
graph approach, can be traced to the Bose enhancement of gluons 
in the (rapidity invariant) wave function:

gluons in the WF

coherent rescattering on the target - S-matrix

a⇤(k) = a(�k)

1503.07126,
1509.03223

Ridge in the CGC (II):
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● It can be extended for quarks 
giving Pauli blocking (1610.03020): 
short range anticorrelation in the 
near side ridge.
● It contains information both on 
the ‘source’ size 1/Qs (BE, 
suppressed by the number of 
sources), and on the size of the 
distribution of ‘sources’ R (HBT).

1509.04410
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Ridge in the CGC (III):
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● It can be extended for quarks 
giving Pauli blocking (1610.03020): 
short range anticorrelation in the 
near side ridge.
● It contains information both on 
the ‘source’ size 1/Qs (BE, 
suppressed by the number of 
sources), and on the size of the 
distribution of ‘sources’ R (HBT).
● Limitations:

➜ S-matrices for rescattering of partons with the target are 
expanded in colour fields ⇒ low density approximation 

(extended to dilute-dense 1804.02910, more to come soon).
➜ Gaussian (MV) isotropic colour correlations taken ⇒ correlations subleading 

in Nc, no odd harmonics, c2{4}>0.

Ridge in the CGC (III):

N. Armesto, 04.05.2018 - Small-x Physics: 2. A few recent topics.



NLO particle production:
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● Light and heavy production computed at NLO in the hybrid 
formalism: collinear parton through a dense target, forward η, 
yields LO DGLAP PDFs/FFs and LO BK dipoles. [Chirilli-Xiao-Yuan+Stasto-
Zaslavsky-Wanatabe, Altinoluk-Kovner+Armesto-Beuf-Lublinsky, Kang-Vitev-Xing, Ducloue-Lappi-
Mantysaari-Zhu]

[quark] (xp+p , 0,0)

(0, xap
�
a ,kg?)

z
kµ

⇠ pµ, y [hadron]

[nucleus] pµa

qµ [gluon]

 14

● Negative results at large rapidities 
from the original CXY calculation, with 
dependence on the choice of dipole.

➜ Note: hybrid 
valid for pT2/s0<<1. 0 1 2 3

10�7

10�5

10�3

10�1

101

⌘ = 3.2
(⇥0.1)

⌘ = 2.2

p?[GeV]

d
3
N

d
⌘
d
2
p
?

⇥ G
eV

�
2
⇤

BRAHMS ⌘ = 2.2, 3.2

LO
NLO
data

N. Armesto, 04.05.2018 - Small-x Physics: 2. A few recent topics.



NLO particle production:

 14

● Light and heavy production computed at NLO in the hybrid 
formalism: collinear parton through a dense target, forward η, 
yields LO DGLAP PDFs/FFs and LO BK dipoles. [Chirilli-Xiao-Yuan+Stasto-
Zaslavsky-Wanatabe, Altinoluk-Kovner+Armesto-Beuf-Lublinsky, Kang-Vitev-Xing, Ducloue-Lappi-
Mantysaari-Zhu]

[quark] (xp+p , 0,0)

(0, xap
�
a ,kg?)

z
kµ

⇠ pµ, y [hadron]

[nucleus] pµa

qµ [gluon]

 14N. Armesto, 04.05.2018 - Small-x Physics: 2. A few recent topics.

● Only fluctuations that are long 
lived are resolved coherently by 
the target: Ioffe time restriction, 
equivalent to P- ordering from 
the target nucleus.
P�
pair =

k2?
2⇠(1� ⇠)xBP+

< P�
T =) tIoffe =

2⇠(1� ⇠)xBP+

k2?
> ⌧ =

2P+

s0
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● Work ongoing to cure deficiencies of NLO BK and of single 
particle production through resummations [Iancu-Mueller-
Tryantafillopoulos, Lappi-Ducloue-Zhu].
● Extension to photons+jets and the relation with the TMD 
factorisation formalism (1802.01398).



Contents:

N. Armesto, 04.05.2018 - Small-x Physics.  15

I. Motivation.

2. A few recent topics:
➜ Nuclear parton densities.
➜ Particle correlations.
➜ NLO calculations.

3. Implication in future experimental programmes.

Note: I am limiting the presentation to activities at IGFAE 
(in collaboration with LIP when applicable).



Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Our implication:

N. Armesto, 04.05.2018 - Small-x Physics: 3. Implications for future experimental programmes.  16



Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Our implication:

N. Armesto, 04.05.2018 - Small-x Physics: 3. Implications for future experimental programmes.  16

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC



Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Our implication:

N. Armesto, 04.05.2018 - Small-x Physics: 3. Implications for future experimental programmes.  16

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y



Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Our implication:

N. Armesto, 04.05.2018 - Small-x Physics: 3. Implications for future experimental programmes.  16

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y

HL-LHC and 
fixed target 
programmes 
at the LHC



Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Our implication:

N. Armesto, 04.05.2018 - Small-x Physics: 3. Implications for future experimental programmes.  16

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y

EIC

HL-LHC and 
fixed target 
programmes 
at the LHC



Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Our implication:

N. Armesto, 04.05.2018 - Small-x Physics: 3. Implications for future experimental programmes.  16

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y

EIC
LHeC/
FCC-eh

HL-LHC and 
fixed target 
programmes 
at the LHC



Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Our implication:

N. Armesto, 04.05.2018 - Small-x Physics: 3. Implications for future experimental programmes.  16

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1−10

1

10

210

310

410

510

610

710

810

910

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(4920)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y

EIC
LHeC/
FCC-eh

HL-LHC and 
fixed target 
programmes 
at the LHC

HE-LHC 
and FCC-hh



Summary:

N. Armesto, 04.05.2018 - Small-x Physics.  17

● Small-x physics is a hot topic both from the theoretical point of 
view: high-energy behaviour in Quantum Field Theory, and from an 
experimental point of view: pp, pA, AA and electron-ion colliders.
● Our activities spam a wide range of subjects, prominently:

➜ Nuclear parton densities.
➜ Particles correlations in the CGC.
➜ NLO calculations and relation with TMD factorisation.
➜ …

● We are strongly involved in many of the future possibilities for the 
field: HL-LHC, EIC, LHeC, FCC.
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➜ Thank you to the organisers for their invitation and 
arranging all this.
➜ Thanks to people at LIP, particularly Guilherme and 
Liliana, for a long collaboration.
➜ Thank you very much for your attention!!!


