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Small-x Physics and Saturation



Gluons at Small-x

* Thereis a large number of small-x gluons (and quarks) in a proton:
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High Density of Gluons

* High number of gluons populates the transverse extent of the proton or
nucleus, leading to a very dense saturated wave function known as the
Color Glass Condensate (CGC):
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Nonlinear Equation

At very high energy gluon recombination becomes important. As energy
(rapidity) increases, gluons not only split into more gluons, but also

recombine. Recombination reduces the number of gluons in the wave function.
Here Y~In s~In 1/x is rapidity, s is cms energy.

splitting recombination

oY N(z, k%) = as Kprxr ® N(z, k%) — a; [N(z, k%)]z

|. Balitsky " 96, Yu. K. " 99;
Number of gluon pairs ~ N JIMWLK ‘98-"01



Map of High Energy QCD
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DIS at Small-x



Geometric Scaling (GS)

* One of the predictions of the JIMWLK/BK evolution equations
is geometric scaling:

DIS cross section should be a function of one parameter:

Ops (X, Qz) =Ops (Q2 /Qs%(x))

(Levin, Tuchin " 99; Iancu, Itakura, McLerran ’ 02)



Saturation scale: X
energy and x dependence
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talk by Michal PRASZALOWICZ
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Geometric Scaling in Heavy lons

100 T T T T T T T T T T T T T
ALICE PbPb@2.76 TeV
STAR AuAu@200 GeV ~ 1LY
o
10" 1 = g
~ PHENIX AuAu@200 GeV | 2| <3
= § Q. é: -
== STAR AuAu@130 GeV e 1075}
o ~ ol
| X
K 102 PHENIX AuAu@130 GeV | £
N -—
< —|.& 10
| 1B ¢ =
2. v e
« vV 2 i~
* . — L
= * v , ’ Z
e i} b v 2 —6
107> ¢ a ¥ e ¥ 10
g 2] *
= X9 "=
A |
| | PR IR 1 | .u L ﬁ 1 .Q. MO O VAN T
0 2 4 6 8 10 12
pr [GeV/e]

9 9 talk by Michal PRASZALOWICZ
Pr _Pr

_— _ e\
Q2. (pr/v/5)  1GeV2 \ (/5 x 1073




Small-x Evolution: NLO Corrections



Nonlinear Evolution

0
oY N(z, k%) = o5 Kprxr ® N(z, k%) — a; [N (z, k%)]z

e NLO corrections to BFKL evolution were found in 1998
(Fadin & Lipatov, Catani & Ciafaloni).

e NLO corrections to BK evolution were found in 2007
(Balitsky & Chirilli).

* NLO JIMWLK were found recently and were presented
here (Balitsky & Chirilli; Kovner, Lublinsky and Mulian;
Grabovsky, all 2013)

talks by M. Lublinsky, A. Grabovsky, G. Chirilli



Can we solve the NLO Nonlinear
Evolution Equation?

Tuomas Lappi: for very small dipoles
the dipole amplitude decreases with
energy, such that numerical solution
becomes negative unless one
decreases numerical steps in
rapidity.

The problem seems to be associated
with the certain double-log terms
in the NLO evolution kernel.
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Is there a cure?

Jose Madrigal: sum double transverse logarithms in the kernel to all orders:
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Particle Production



NLO bites.

Initial Hybrid fits of RHIC data were reasonable.

And then we got greedy (or honest).

NLO corrections:

T.Altinoluk and A. K. - 2011 Elastic and Inelastic contributions (part of
NLO); G.A. Chirilli, B.W. Xiao, F. Yuan - 2012 Full NLO calculation...
Numerical resuts:

J. Jalilian Marian and A. Rezaeian- 2011; A.M.Stasto, B.W.Xiao, D.
Zaslavsky, - 2013 Numerical analysis...

Trouble: effect of NLO corrections very large, and disturbingly negative
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How do we fix negative cross sections?

Anna Stasto: match small-x result onto DGLAP at large p-.
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Matching between small x and collinear approximation with exact
kinematics.

The small x gives good prediction up to P ~ (s

Collinear gives good description at large transverse momenta and
overpredicts data for low transverse momenta.



Heavy lons Azimuthal Harmonics

(1- ReSIr
Adrian Dumitru: event-by-event get
all types of asymmetric particle
distributions. However, saturation
approach only give even harmonics.

NE

Could some clever NLO corrections ‘@°
lead to odd harmonics? B

ry (92 mu)

Doug Wertepny: let us calculate saturation corrections in the projectile. Needed to
understand particle production in A+A.
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Jet-Gap-Jet Production

A test of NLO BFKL evolution

000080

talk by Martin Hentschinski

fully resummed result at hadronic level
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A word of caution about scattering on nuclei

talk by Kirill Tuchin

e Coulomb corrections in high energy pA collisions:

* |In photon production up to 7% (Au), 3% (Cu) at kt<1 GeV. Below 1% at higher
K.

*  Dilepton production receives Coulomb corrections at two stages: (i) virtual
photon emission and (i) photon splitting into a dilepton pair. Photon splitting in
Coulomb field contributes up to 10% at small M and semi-peripheral b.

» DIS: Coulomb corrections a important in DIS off heavy nuclei in a wide range of x and
Q2. 10% in semi-inclusive and 25% in diffractive cross section at low x and Q%<Q¢?,

» Coulomb corrections violate the geometric scaling.

 Beware of the Coulomb corrections at the EIC!



TMDs and small-x



What can we learn about TMDs from small-x physics?

b*xq(x,b)

Feng Yuan: TMDs can be calculated explicitly at small-x, providing a cross check of the
TMDs extracted using the “standard” procedure.
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TMD — Transverse Momentum Distribution f(x, k;, Q?)

Andrei Tarasov: An evolution equation for TMDs: reduces to DGLAP equation
and Sudakov form factor in the appropriate limits. Also gives small-x BK/
JIMWLK evolution of gluon TMDs.



Conclusions

NLO corrections have been calculated for BK/JIMWLK evolution.

NLO corrections for particle production have been and are being
calculated for a variety of processes.

LO small-x calculations are beginning to provide important feedback
for gluon and quark TMDs.

Saturation physics continues to provide tantalizing
phenomenological hints of its existence, such as geometric scaling.



Experimental part




Elastic/Total pp cross section from
ATLAS/ALFA L Adamezyk talk
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Elastic at low and very low |t| - TOTEM

Mario Deile talk

» High statistics dataset (f*=90m, 2012), 7 Mevt

0.027 GeV2< |t| < 0.2 GeV2

(Coulomb effects negligible)
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SD and DD cross sections - CMS

* Forward rapididy gap + CASTOR (-6.6<n< -5.2)
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SD and DD cross sections - CMS

G. Brona talk

Background subtraction (with small uncertainties) and
extrapolation to the not observed region with PYTHIA8-MBR ( K. Goulianos talk )
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CMS+TOTEM, CT-PPS future plans

Two Upgrade Technical Design Reports

(0T LM pastar pok
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L B CMS-TOTEM Precision Proton
e Spectrometer (CT-PPS)

Timing Measurements in the
Vertical Roman Pots of the
TOTEM Experiment

M. Deile talk

TOTEM

M. Albrow talk

j High statistics CEP- Diffractive processes with TOTEM+CMS,

DPE exclusive dijets, e.g.: SD J/Psi, Y, W. Z, dijet

photon-photon WW and -
BSM EWK couplings. 2D0P1E5_dzljoe1t2 hadron spectroscopy (gluballs)

2016-2017
Similar physics program for ATLAS-ALFA and AFP (ATLAS Forward Physics) project 6
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Diffractive dijet production at HERA (H1)
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Exclusive dijet production (DIS) and
photon-jet photoproduction at HERA (ZEUS)

¢ - angle between lepton plane and jet plane < 0.4y
¢ distribution oc 1 + A c0os2¢
A: >0 for Resolved-Pomeron model (Ingelman-Schlein)

<0 for two-gluon exchange model (Bartels-Jung) 02
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Vector Mesons.

Ratio R of y(2S) to J/\p cross sections
suppressed due to difference in y(2S)

and J/y wave functions:
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N. Kovalchuk talk
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R rises with Q2. Independent on W and |[t].

Results can help constrain model predictions.
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Vector Meson production in Pb-Pb collsions

—_

O = N W A~ OO0 NN 0w O

docon / dy [mb]

Direct evidence for shadowing

R. Ciesielski, Y. Kovchegov, E. Scapparone, WG2 Experimental Summary
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Vector Meson production in Pb-Pb collsions

Impressive theoretical effort in this field (J. Nystrand, B. Gay Ducati and T. Lappi talks)
Other VM at LHC in Pb-Pb
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Y in pp (LHCD), n'x in DPE (CDF)

Y production in pp collisions by LHCb
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Neutrino-Nucleon Ineractions

E. Reinherz-Aronis talk

Neutrino-nucleus cross sections: EW physics + nuclear effects:

- meson exchange currents
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R. Ciesielski, Y. Kovchegov, E. Scapparone, WG2 Experimental Summary

Valuable constrains for theoretical models.
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Neutral Current 1° final states
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Summary

 Measurements of total, elastic, diffractive cross section at LHC
 Good agreement between TOTEM and ATLAS/ALFA results of total and
elastic cross sections
* Elastic process studied down to very low [t| (6x10* GeV)
 SD, DD cross sections rising slowly with energy
* Interesting future diffractive program with tagged protons
with TOTEM+CMS, CT-PPS, AFS, at low and high lumi
* Hard diffractive dijet and jet-photon cross sections from HERA:
e constrain diffractive PDF
» test factorization and production mechanism
» test quark compontent of diffractive PDFs and hard emissions
* Vector meson production in pp and PbPb at LHC
* test pQCD, nuclear shadowing, saturation
* Neutrino-nucleus cross section measurements
* test nuclear effects in nuclei

Thank you for your attention!

Thank you to all the WG2 speakers!
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NLO BK
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NLO Evolution

Diagrams with 2 gluons interaction
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X 4
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‘0 ..
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talk by Giovanni Chirilli



JIMWLK Hamiltonian @ NLO

YOI [ Ry, 2) [TH@)TEW) + Ti@) Th) - 275@)S8 () Thw)]

+ [ Kussi(aysz2) (£ T @)K ()8 () () — Nedi (@) S5 (2) Tp(w) ]
TYzz
+ [ Kelwyiz2) [207@) tr[ST(2) 1 S Th(y) — Ji(@) SE(2) Tp(v)]
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NLO JIMWLK has been constructed by Balitsky & Chirilli; Kovner, Lublinsky and Mulian;
Grabovsky (all 2013).

talk by Michael Lublinsky 4



NLO corrections

NLO evolution of 2 Wilson lines with open indices from Balitsky
and Chirilli 2013
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Saturation Effects in Projectile

Doug Wertepny
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Dipole Amplitude as a Probe
of Spatial Gluon Distribution

X | A Q

k1

* Dipole amplitude is related to gluon distribution.
* [tisrelated to the Wigner distribution for low-x gluons:

N(Z1,b1,Y =In 1/xp;) < (Fourier transform) = W (k. Z;LxBj)

e Just like for the Wigner distribution, one can extract the gluon transverse
momentum distribution (TMD) out of it:

/d2bL N(Z.,b,,Y =In 1/zp;) < (Fourier transform) = f(lgL,a:Bj)

* Dipole amplitude gives us information about the spatial distribution of
small-x gluons.



Geometric Scaling in DIS

Geometric scaling has

Z 103 T T T T T T T
been observed in DIS
data by * 1,
. L
Stasto, Golec-Biernat, ey
Kwiecinski in ” 00.
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