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I Color Glass Condensate (CGC)

Low Energy High Energy
New form of matter

* Color: gluons are colored Xg >> X

: “frozen” random color source, evolve

. arton
slowly compared to scale time of hadron P many new
Proton smaller partons Proton
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How does CGC happen in theory?
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Gluon saturation
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Study transition region:

Q<~ Qs

Unitarity of the dipole amplitude

Gluon recombination process:



Gluon saturation

Number of gluons per unit area :
p o XCalX; Q%)
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Recombination cross-section :
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Recombination happens if pogg—.q > 1, i.e. Q° < QZ, with :

Q2 ~ asXG,(x,QF) a3 1
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Heavy nuclei collision will
be easy to find saturation
more than proton collision

Require high
energy experiment



BK equation at LO

Non-linear term:
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|mpr0ved BK equatiOn 1507.03651, 1912.09196
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CGQGC characteristic

At small x (x < 0.01) in saturation regime

Coherent multiple scatterings instead of a single scattering
Governed by BK/JIMWLK equation
Universal property



M| Why fitting ?

* Show the correctness of CGC and the universal property
* From the result explain other observables in experiment.
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Negatively charged hadron in pp collision

Javier L. Albacete, Cyrille Marquet, 2010
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Deep Inelastic Scattering

Photon wave
function QED:
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Dipole Amplitude:
QCD dynamics




Single Inclusive Hadron Production

LHAPDF library
\
[

PDF Fragmen\tation function

| |

th K 1 dz 5 N pt ,
. — — . N (, . : _) D ,
dyn d°py (2’”)2;/” 22 [‘Tlqup(f”l-pt) F 22,7 ) Diyolz,0p)

9y =~ Pt
a1 fosp(e 1) Na (22,5 ) Dol 0?)]

|

Fourier transform of dipole amplitude
in position space: FFTW3 library



Dipole Amplitude

DIS: x,=0.01

RHIC: x,=0.015
Initial BK ,_ (r*Q2,0)" 1 |
equation N(rp,x =x9) =1 —exp [— 1 In Agon +e.-€

2 parameters: Qg o, Y
BK evolution 1 parameter: C

N(r;, X)

2 observables 2 parameter: o, m;in DIS



Technique

1. Fitting: Levenberg-Marquardt (LevMar) algorithm

Minimize = X°(P) = Z [}’i — f(x p)]z

Residualr Theory prediction

' of cross-section
Data experiment

2. BK evolution: Automatic Differentiation algorithm

Allow to compute “analytic” derivative of cross-section respect to parameters

Done by Prof. Piotr Korcyl

3. Theory Uncertainty: Hessian Method & Monte Carlo Method
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Preliminary results
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Preliminary results

(Balitsky scheme + Kinematic constraint)
Negatively Charged Hadron in Proton-Proton Collision (31 data points)
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Preliminary results

Qs,0 sigma0l mf LambdaQCD _
Scheme C gamma chi2/d.o.f
[GeV] [mb] [GeV] [Gev]
Mother scheme 0.4044278 29.49385 ]21.45029| 1.109577 |0.0837771 1.88
Balitsky + Kinematic| 0.3536551 35.89932 ]1.092072]| 1.08882 |0.1180737 2.175
Balitksy + Kinematic| 0.3734437 36.35449 ]0.588563| 1.114598 | 0.117476 0.323887 2.026




Uncertainty of theory: Hessian method

Q2 =1.5 GeV
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histogram

0.12

Preliminary results

Monte Carlo method
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Preliminary results

Monte Carlo method
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Planned goal

Produce the fit for other Add other observables at Incopporate theory
initial BK and BK LHC uncertainty into results



Thank you!



Small
X-physics

Bjorken x=momentum of
parton/momentum of hadron

1980s



Technique

1. Fitting: Levenberg-Marquardt (LevMar) algorithm

T

Minimize @)= ) - fep)]

i=1
' \
/ Residualr Theory prediction
of cross-section

Data experiment

Update parameters

Pri1 =pr — (JET + A1) I

« Jis the Jacobian matrix of residuals r; with respect to p. <« Require 1st derivative
e T isthe vector of residuals.

» \is adamping factor (Levenberg’s contribution), and I is the identity matrix.



Technique

2. BK evolution: Automatic Differentiation

Allows to evaluate 'analytic’ derivatives of a computer program with

respect to external parameters.

@ numbers are promoted to vectors

[ X )

X —

\

dA

JB

9
dadg

o all arithmetic operators are overloaded

o functions with derivatives have to be provided

@ works for most algorithms

Benefits

Faster convergence of the fit

Provide Hessian matrix for
estimation of uncertainties

Test the sensitive of the
parameters to the data



Technique

3. Theory Uncertainty: Hessian Method

Assume that xélobal is quadratic about the global minimum

n
A%gzlobal = nglobal - X.%in = Z Hjj (3:‘ — 3?) (3,;' - 3?),
ij=1

where -
10 Xelobal

Hy ==
72 0a;da;

min

We can diagonalize the covariance matrix C = H 1,

n
CijiVik = Ak Vik,
J=1

n

n
dj — 3? = Z (\/l_kak)Zk = Axglobal = Z 22 = T2
k=1

k=1
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