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Small-x physics

@ The small-x region of structure functions for fixed Q? exhibits the
high-energy nature of the total cross section with growing total center
of mass energy squared s, since

s~ QXL —1)
@ At very high energies, one can therefore access the region of smaller
and smaller values of x.
@ At small x (<107?) the density of gluons and sea-quarks become
very high.

@Study of gluon density at small x is the basic ingredient for the
Investigation of different high energy hadronic processes
v" Growth of total hadronic cross-sections at ultra high energy.
v Growth of the mean transverse momentum of a parton inside
the parton cascade.
v Mini-jet production in high energy hadronic collisions.
v Shadowing in DIS processes.
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Breakdown of linear DGLAP equation A

#The linear DGLAP dynamics consider
the splitting processes in the partonic
evolution, i.e. the processes :

q—+4qg9, g —+qq g— g9

#The DGLAP equations predict a steep
rise of gluon densities in the small-x region
(<1072).

#A flat gluon at small Q2 becomes very
steep after Q2 evolution and F, becomes
gluon dominated.

Eventually violates Froissart bound
on physical cross sections.
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Negative gluon distribution!

) DGLAP  approach  cannot eos
provide a good description of the |
H1 data simultaneously in the
region of large-Q? (Q2 > 4 GeV?)
and in the region of small-Q? (1.5
GeV? < Q% < 4 GeV?).

Q=1 GeVv?> I 25 GeV?
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(O NLO global fitting of =
MRST2001 and CTEQ6M based

on leading twist DGLAP
evolution leads to negative gluon
distribution.

Does it mean that we
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have no gluons at No! 0F 10 107 0t 10 100 10?0t

X < 103 and Q=1 GeV? [Eskola et al., Nucl.Phys. B660 (2013)] )

Search for a new evolution equation? °




4 Gluon-Gluon interaction at small-x: A

Gluon recombination is considered to be responsible for the taming of
gluon density at small-x

vAt large gluon density the gluon start
to spatially overlap.

vThe number of small-x gluons | lujgee;ergm
becomes limited by gluon v~ Qs,

Density

v This eventually leads to saturation

of gluon density.

v The corrections of the correlations
among Initial gluons to the elementary
amplitude at small x should be
considered.
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Grows

recombination (gg — g or g9 — 4q.) lmm

High energy or
small x




g Gribov-Levin-Ryskin and Mueller-Qiu Equation

~

@ The first perturtative QCD calculations of the nonlinear effects of
gluon recombination were studied by Gribov-Levin-Ryskin and
Mueller-Qiu in a new equation, known as the GLR-MQ equation, with
an additional term quadratic in gluon density .

Corrections of gluon fusion
DGLAP l GLR-MQ

GLR-MQ=DGLAP+gluon recombination




4 The GLR-MQ equation is based on: N

v The emission induced by the QCD vertex: G -G+ G
> emission (1—2) : probability «<cag.p

v The Recombination of a gluon by the same vertex: G+ G — G

.. 1
» recombination (2—1) : ca’r’p® ca® —p*
Q
2
- Xg(x,Q") __ . numberofgluons  InDIS: r-1/Q
nR* per unit area
R— correlation radius y
=At x~1 : emission is essential B ¢ | Fandiagrams
»At x —0 : annihilation becomes important (6 )
bt
<The GLR-MQ equations include =
the fan diagrams - ¥4 *’}fﬂ\
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The GLR-MQ equation:

0% p _agN¢ o Otg(QZ)Z 52
o In (1/x)6|nQ2 T Q? \

¢ \

Nonlinear correction has “=" sign
J l y:ﬂ,forNC:B.

evolution is slower 16

v The negative sign in front of the nonlinear term is responsible for the

gluon recombination,
v At small-x the strong growth generated by the linear term is damped

whenever gluon or sea quark density becomes large.

[Gribov et al., Phys. Rep.100 (1983) 1),
Mueller et al., Nucl. Phys. B268 (1986) 427]
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Features of GLR-MQ equation

2 It predicts saturation of gluon density at very small-x (x — 0).

0 It predicts a critical line separating the perturbative regime from the
saturation regime.

2 It is only valid in the border of this critical line.

Y=In1/x
AtQ?<Q2 GLR-MQ  |" - 435 S
terms dominates .c et Ny
the evolution A

y -’ ™~ ‘ F
I 0( A\
.‘ 4 ® *— Non-perurbatrve regaon

All non-linear terms

become important S N
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Larger the size of the parton (r -1/Q), earlier gluons gets saturated!
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4 A

GLR -MQ equation for singlet structure function

The GLR -MQ evolution equation for sea quark distribution function is
dzq(z, Q%) _ dzq(r, Q) 27 a3(Q?)

2412
™ [ P i T Ty ¢ [ '11 ‘E‘.
oln )2 5ln Q2 Im,c,,qp 160 e (9@ @)l
Q The non-linear correction term should not be larger than the linear term

> In QCD improved parton model :

Fy(z,Q%) =) elrqi(r, Q%)

i
»The F, structure functions measured in DIS can be written as:
b o 3

negligible at small-x.
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The GLR -MQ equation for singlet structure function:

OFS(x,Q?) 5 OF§(z,0?) 5 2 03(@) o, oo
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Size of the nonlinear term:

The non-linear term o 1/R?
o 1/Q? .

R and Q2 are crucial for the magnitude of the recombination effect

The value of R depends on :
how the gluons are distributed within the proton

or how the gluon ladders couple to each other.
R =R, — SC 1s negligibly small
R << R}, — SC could be large

We assume 3I» R =2 GeV! == Hotspot
R =5 GeVl
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= From Regge pole model at small-x

F5 A

with A > 0 being a constant or depending on Q? or X.

) Fy(z,Q%) = H(Q‘;")m_)‘?\

As IS the Regge intercept for singlet structure function.

= Regge pole model of gluon distribution function

G(x, Qz): H(Q?)x "¢ ——, Regge intercept for gluon
distribution function
» Successfully describes the shadowing corrections to the

gluon distribution function.

[M.D and J.K.S, Eur. Phys. J C 74 (2014) 2751]
[M.D and J.K.S, Nucl. Phys. B 885 (2014) 571]
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O GLR-MQ equation for singlet structure function becomes:

Fy(z, Q%) [F (z,Q%)

~Ungme) P g

OFy (z,Q°)
0Q?

4

) ! 1w , 9. :
where, p(z) = —[§(3+4111(1—1))+§[ ld__,({(1+;u")w’"*'—‘2)

1 -
+_=\-',.-/ (.-,{,-'3+(1—w) ) As h(‘li)dw]
3 T w

()
C + pa(z) [ tPr®—2exp (—t)dt
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a constant to be determined from initial boundary conditions

The solution: | F5 (z, Q%) =




Physically plausible boundary conditions are:

> Fy(z,Q%) = Fy(z,Q3) for some lower value Q* = Q2
> FJ(r,Q%) = Fy (10.Q°) atsome high = o

= The Q?dependence of singlet structure function with shadowing

tP1 Iij(I,tD)

Py (2.9 = = .
tgl & pz {f tp1(z)—2 e}{p dt — ftum{j:}_g exp (—tn)dt;}} F;_E.S (I, f-n)

= The small-x dependence of singlet structure function with shadowing

-!!-_pl [J}qu(q-ﬂ‘ f‘)
tp1(z0) 4 [j'::. r) [ th@)-2exp (—t)dt — py(20) [ f”’{”}‘ff‘xp(—t)df]Ff(-?*n-f)

o

(@)=

[M. Devee, arXiv:1808.00899v2(2018)]
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The solution is valid in the region: |
10*<x<10*and
0.6< Q%< 30 GeV?

500 -

I72 (x)e

- Region of validity:
a At Iarget(t=ln(QZ/A2) ) (t>>1): 1 ()
Fy(z,Q%) = C + pa(z) [ @2 oxp (—t)dt
0 At very small-x (x<10 °): tpio
Fy (2,00 =5 + pao [ 1710 exp (—t)dt
0 At large-x (x = 1): #p1(z)
) = G @ [P T op (10 1

tt?’l(x) dt

@[M- Devee, arXiv:1808.00899v2(2018)[ ™=+




Results

0.56 -

0.48 4

0.40 1

x, Q%)

L0324
0.24-

0.16

(a) x=0.0045

® NMC data
——Our result (R=2 GeV")
- - -Qur result (R=5 GeV")

0.8

1.2

1.6 . 2.0 . 24
Q’ (GeV?)

F,%(x,Q%

0.64 . . : :
(b) X=0.008 B NMC data
i ——Ourresult (R=2 GeV") 1
- = -Our result (R=5 GeV")
0.56

048 |

0.40

0.32

1.2

1.8

24 3.0
Q’ (GeV?)

36

Q? dependence of singlet structure function with shadowing
corrections for two fixed x compared to NMC data.




2 - 056 (a) x=0.0052 m E665data :
Q*-dependence of singlet structure Cor Tl (772 68
function with shadowing corrections

- 0.48 |
for three fixed x compared to E665
data. o
0.40 |
0.56 | (b) x=0.00693 m  E665 data i 032
—— Our result (R=2 GeV")
- - -Our result (R=5 GeV")
0.25 1 1 R 1 N I ]
1.0 15 20 25 3.0
_ 0.48 | Q@ (GeV)
9
“ou| poer (X008 - I(E)i?ie‘t:l:mﬂ Gev') |
- = -Our result (R=5 GeV") |
ozl 048 |
g
) S S S oao)
1.0 1.6 24 3.2 4.0
Q’ (GeV?)
0.32

@ [M. Devee, arXiv:1808.00899v2(2018)] * © - T




o

0.90

0.75 |-

0.45 |

0.30

T T T Y T y T 0.96 T T T T T T T T
(a) x=0.0045 B NNPDF data (5) x<0.008 m NNPDF data
——Our result (R=2 GeV") ! ' Our result (R=2 GeV") 4
- = -Our result (R=5 GeV") - — - Our result (R=5 GeV")
0.80 |- .

k<]
< 0.64 |
e
W

0.48 |-

1 " 1 L 1 " 1 N 1 N 1 N 1 N 1
6 12 18 24 % 12 18 24

Q’ (GeV’) Q’ (GeV?)

(-]

Q? dependence of singlet structure function with shadowing
corrections for two fixed x compared to NNPDF data.

[M. Devee, arXiv:1808.00899v2(2018)]




0.40 T . ' v r . :
A NMC data
[ —— This work (R=2 GeV")
- — - This work (R=5 GeV")
0.36 |

el
X
o o~
18

| Jo=-
0.28 | J J'

(a) @’=1.25 GeV’

0

.25 L 1 L 1
0.000 0.003 0.006 0.009 0.012
X

Small-x  behavior of singlet
structure function with shadowing
corrections for three fixed Q2
compared to NMC data

0.4 ¢

0.40 |

F,(xQ))

A NMC data

—
-

032} |

[ (b) Q°=1.75 GeV’

0_28 L i L i L i 1 i 1
0.000 0.003 0.006 0.009 0.012
X
0.48
A NMC data
044 | E

0.36 |-

0.32

F (c) Q’=2.5 GeV’

0.000

" il "
0.003

L " L " il
0.006 0.009 0.012
X




045}

0.40 |

Small-x behavior

x,Q°)

v E665data

—— This work (R=2 GeV™)
| - - - This work (R=5 GeV™)

1 n
0.006

1 n
0.008

of singlet 2 ok
structure function ©
with shadowing >l
corrections at four | @a=tosacey
fixed Q? compared L
t 665 data 0.000 0.002 0.004
oE §
v E665data
0.56 |
048 |
1
X I
I
040}
sl (c) Q°=2.046 GeV’

—a—

F,°(x.Q"

-

I i
0.000

1 i
0.002

1 i
0.004

X

1 i
0.006

1 i
0.008

0.56

v E665data

0.48 |-

0.32 |

(b) Q°=1.496 GeV*

025 1 n 1 n 1 n 1 n 1 n

0.0 0.002 0.004 0.006 0.008

X
0.63
v [E665data
0.56 |-
0.49 |-
0.42} I I
| (d) Q°=2.799 GeV* ]

028 1 i 1 i 1 i 1 i 1 i

0.000 0.002 0.004 0.006 0.008

X

/




®m  NNPDF data 1 0.7 B NNPDF data
This work (R=2 GeV™)
055 _ _ _This work (R=5 GeV?) 1
- 0.6 |
Small-x behavior of | ]
singlet structure < 15
. . &, 2 o5}
function with T R EEE 1
shadowing
corrections at four o} 1
ﬁXG d Q2 com p are d (a) Q°=4.03 GeV’ | (b) Q°=8.958 GeV*
to NNPDF data 08000 0002 0004 0006 0008 0010 03000 0002 0004 0006 0008 0010
T T T T T T IX T T v T 0.80 r v T v T v Xl T T T T
0.72 | .
m NNPDF data " m NNPDF data
0.72
0.63 |- .
] 0.64 |
§0.54 _Ng
2 .WLLN 056 |
0.45 .
0.48 |-
(c) Q°=12.242 GeV* 1 | (d) Q*=18.808 GeV?

0.36 L \ N \ N \ N \ . 1 ] ) . 1 . 1 . 1 . 1 . 1

N 0.40
a 0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010
N\ " "




G(x, Q%)

Sensitivity of the parameter R
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=The singlet structure function is
more tamed at R = 2 GeVt, where
gluons are supposed to be
condensed in the hot-spots within
the proton, compared to atR =4
GeV—'and R =5 GeV~! where
gluons are almost scattered over
the entire proton.

=The differences between the data
as we approach from R = 2 GeV!
to R =5 GeV~' increase with
decreasing X.




/Comparative analysis of GLR — MQ and DGLAP equation?

Solution of the linear DGLAP equation with Regge ansatz of singlet

structure functionis 2% (-, %) = Dt"®)

Q2 behavior of without shadowing:

Fﬁb(IQz) — fm(

t )mfr}
To

Small-x behavior of without shadowing:

Ff(.‘l‘, QE) — foot™ (z)=p1(z0) |2

LL
<

112 }
1.05

© 0.98
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The ratio of GLR-MQ/DGLAP for ,¢,[

singlet structure function
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4 Summary N

v'The effect of nonlinear or shadowing corrections to the evolution of sea
quark distribution is examined on the small-x and moderate-Q?2.

v'The steep behavior of singlet structure function is slowed down towards
small-x leading to a restoration of the Froissart bound.

VIt is very fascinating to observe signatures of gluon recombination in our
predictions at very small-x (104 < x<10-?).

v'The obtained analytical results are in good agreement with different
experimental data, global parametrizations as well as different models.

v'The kinematic region of validity of the semi analytical solution is
10*<x <101 and 0.6 < Q%< 30 GeV-.

The study provides an important insight into the effect of
shadowing corrections in the small-x region.
o
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