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LHC — as a scanner of gluon

=ﬁ::-::\jﬁil =
. 1
X1 = ﬁ(PtlEﬁ+Pt25ﬂJ i~0.p>0
_———
1 _ —
X2 = v_’E(PuE "t 4 pre™?)

central-central i.e.
not so dense-not so dense

forward-central i.e.
dilute — not so dense

forward-forward i.e.
dilute -dense

<1



The motivation — to understand gluon at low x
with the help of exclusive processes

dense

medium

dilute

JIMWLK multi gluon, saturation, small x, DIPSY framework

BK saturation, small x recently solved using Mc method (Bozek, KK, PLaczek)
KGBJS (new equation, no MC solution so far)
BFKL small x -~ HEJ MC

CCFM hard rocesses, small and large x -~ ARIADNE MC
- CASCADE

DGLAP hard processes, formally large x -~ PYTHIA
HERWIG

REPGAP

X



QCD at high energies — high energy factorization
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Originally derived for quarks in final state.
Lipatov provided general framework.

Recently new approach consistent with Lipatov's
action allowed for formulation and numerical
calculation of any tree level amplitude with

off-shell gluons in initial state
Van Hameren, Kotko, KK '12

Generalized to p-A
Dominguez, Huan, Marquet,Xiao '10

Parton densities
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Decreasing longitudianl
momentum fractions
of off-shell partons

Gribov, Levin, Ryskin '81
Ciafaloni, Catani, Hautman '93



The BFKL evolution

Balitsky, Fadin, Kuraev, Lipatov '77
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Known also for SM YM
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«Studied also in context of AAS/CFT | quipL +4)7°4p1) ok
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*Known up to NLO
|

*No saturation ' .

reggeized gluon
*No applicable to final states: “evolution without
observer”
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High energy factorization and saturation

Saturation — state where number of gluons In x
stops growing due to high occupation

number. way to fulfill unitarity requirements in
high energy limit of QCD.
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More generally saturation is an example of f’é
percolation which has chance to happen P s 9
since partons have size 1/kt and hadron e ® e
has finite size. Cross sections (e.g. F2)change ,f”f ©
their behavior from power like to /,f’”
: PRNT e
logarithmic like. P
& e ©
@
On microscopic level it means that gluon apart splitting In k
recombine Half of trio)]
L. “Half” of triple pomeron
k recombination k vertex pep
Splitting Bartels, Wusthoff '95
Bartels ,KK, 06
Nonlinear evolution
equations
. . i BK, JIMWLK / / Chirilli, Szymanowski,
Linear evolutionk > CGC framework k Wallon ‘10

equation DIPSY
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The BFKL an BK evolutions - solutions

) - k*F(z/2, k)
2 -]

Flz, ) = Fofz, 1) }'![ n"f !” FF(z/z,

\

-

 RF(/2 H]

' dz /i E[F}_{_ﬁf:.f ) = k5 Flxfz, k) N .ﬁ"ff{_f:,*':.ﬁ;"f:l]
gy E ks — 1+ VAR 1)

Fla k2 = Fole, k) + &, /

Yl

ot [P ds dl* - dl- & .
- — —Fl/z I Flelz ks —1 Flz/zF
,nl.'::j—irf .[; - {[./j:! {; { J] + |.r J/_;:.J F Il(IEI ) {.J. J}

i

%=0.001 (p=0.01)

10000 F *=0.0001 (u=0.01)
-------- x="1e-05 (u=0.01)
o %=0.001 (u=0.001)
1000 |, . —mmm %=0.0001 (u=0.001)
LT imveens y=1@-05 (u=0.001)
100
10
1
0.1
.01 L . -
0.001 .01 o1 1 10
K
| =7
: Q:(x=10"")=15 GeV
3.0 *
) 55 0.(x=10"%=1.9 GeV
| 0,(x=10")=2.4 GeV

2.0
15
1.0
0.5,

110 100



2 o i 2 I f 7 A3 2 v 12 2 9 [
Fola, Q%)= —50s ) ¢ [rf"#}_[.r. K (Su(k, Q% m)) + Se(k, QFm3))
q '

dm?
= T T %
Eﬁiﬁ-fﬂ; — 300 40; P -
fit linear B 50 I\‘ - .
1o 150 b} In the dipole formalism

> f - 4 I 4 4 4 r
Filz, 7] = _1_';]” [{f'b [ iz [{f'rl{ Wl )| + el = e)|7) Nz e, b)
N ST, S0 .

/

Mueller, Patel '95

Forward
scttering )
amplitude

Sapeta, KK '12

BK equation with corrections of higher order




High energy prescription and forward-central di-jets

Deak, Jung, Hautmann Kutak
JHEP 0909:121,2009
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logs of hard scale
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s Knowing well parton densities at largr X
central jet one can get information about low x

[ — physics
P, s Framework goes recently under name
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Glue in p vs. glue in Pb
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Nonlinear equation for unintegrated gluon density.
Related to BK via Fourier transform

Includes rrections of higher order Kwiecincki, KK 2002

Fitted to latest HERA data Sapeta, KK 2011
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Di-jets p: spectra

S.Sapeta. KK ,12
10° 10° — :
linear === linear =4
non-linear E=EESD non-linear E=EE3
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Prediction for signatures of saturation in p-p and p-Pb

S.Sapeta. KK '12
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Reflects~ k2
Observable suggested to behavior of gluon at small k
study BFKL effects : :
Sabio-Vera, Schwensen ‘06 but possible corrections from
, eneralized high enerqy f. rization
Studied also context of RHIC g gh energy iactorizatio

Albacete, Marquet '10



HEF applied to three jets

Van Hameren, Kotko, KK ,13

p-p and p-Pb collisions
CM energy 5TeV and 7 TeV

Pri = Prz = Pra = Prew
anti-kr clustering with B = 0.5

collinear PDF = CTEQ10 NLO set, scale choice u = a(E;, + E; + E3),
where the variation of a gives the (large) theoretical uncertainty

kK = xap, + kb kb =xgph + kb ~ X A
A ,qp: LE EP; Tg ~ XePa: Xa 9 calculations are made and cross-checked using LxJet and OSCARS

dkp 4 [ dry .
doap-x = [ [ 1 [dﬂfﬂ Zfﬂg-m (xa.bra) foyp (xp) dogeyx (x4, 7p, by 4)
’ b

m
Pri| T - Incoming
=25 =) e Reggon
’ ’ i.e. off-shell
gluon
7ro0 < M < N1 Ini] < ne
central forward
|Pri| > preut, 1=1,2,3.
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Central-central-forward configuration
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two leading jets are in the central region with !f|l'| 2! <28

the softest jet is in the forward region 3.2 <y < 4.7

Prea = 35GeV

we may restrict additional cuts on the central jets, e.qg. !ﬁT y ,ﬂTz! < D,

- T4 — TIQ
1“_‘__ 3 fets production at 5= 70 Tel ml-'l_'i- e g
; kiremaic ouis TA { TE
[ |35 GeV = gy = Brg=pry
1 Mg =28
E 10 :r 3220 24T
a f
L | —— proton noninear
R |-+ Ponocine .
5 f Lo pomies Many symmetric events
B
e
-. I

oo liaso@ioslibicasliveiNarnulsopslinaloaislisas
0 01 02 03 04 O0O5 06 OF 0OE 085 1
Xy

14



do/d¢ ;5 [pb]

Central-central-forward configuration

10°E
E 3jets production at \/5 =7.0TeV
- kinematic cuts :
e 35GeV < prg < pra <pri
10°E Il < 2.8
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: S proton nonlinear
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No noticeable saturation effects
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3jets production at /s = 7.0 TeV

kinematic cuts :
35GeV < pr3z <Ppra2<Pry
In12l <2.8
3.2<|ns| <47
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do/dg,5 [pb]

10°

Forward-forward-forward configuration

IIIIIII| T

3jets production at /s = 7.0 TeV

kinematic cuts :
20 GeV < pr3 <pr2 <Pri
3.2< |I71,2,3| <49

proton nonlinear
....... Pb nonlinear
....... proton linear

Saturation effects show up

R(¢13)
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3jets production at \/3 =7.0TeV

kinematic cuts :

20 GeV < pr3 <pr2 <pPr1
32 < |’71’2’3| < 49
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Saturation scale in KGBJS

Relative differences between
linear and nonlinear

BK
K.K, A. Stasto Eur.Phys.J.C41:343-351,2005
. |E|f".‘f".‘j-'j|,[ [z, k, }'J) —Ekapasle, k. TPH
Az, k,p) =
f:f“:f“.'j-"ﬂ,fl::i‘, L.‘,p)
Toton, KK '13
KGBJS
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Conclusions and outlook

L HC gives opportunity to test parton densities both when the parton
density is probed at low x and at low, medium and large Kkt.

*The results for jets give some theoretical hints for saturation
*More jet studies on the way i.e. forward forward configuration of di-jets

*New evolution equations combining saturation and coherence to be used in the future
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Back up
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0.0

0.005

Saturation and production of forward dijets in d Au

Features: studies allow for direct studies of
saturation effects of the correlation function.

d-Au no smearing due to collecive flow as in AA N pair(AQ)
pair
CP(AQ) = ———
N}rig
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Genarlizes kt factorization

*Tuchin KLN approach. Model for gluon
1 S, . density. Gluon does not vanish at small kt.
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The KGBJS equation — nonlinear ext. of CCFM
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MPI and unitarity

Typical x at LHC x=10 - theoretically relevant for onset of low x effects

Estimations and MC calculations show that the MPI effects are enhanced at
low X.

n quarks e '-r,.n"|-i"-.r----i"nJl Tl gl e e T

- -_J-' -:Il-:'l_ . . '
smgle quark F o~ polm1m4e) Diehl, Ostermeier, Schafer '12

=10t — 10t 3 10000 . . . — —
£ - wovoe PYTHIA: (p_ = 0) MPI off E £ E .o PYTHRA: [p,_ = O)MPlon, 22 3 1000 x=1.2e-04, u=44.907
E b ] s F 1 - x=1.2e-04, u=8.478
=) 1035_ —— PYTHIA: (p =0) - B 103 L — PYTHR: (p =10} . 100 BK x=1.1e-04 --------
- in_|<2.5 1 i h,_|<2.5 1 10
10? E m = 10 b L - et LT
..... B T T 3 1 ! ":" - ‘
' 0.1 .~
10F 10F =
i 5 0.01 |
1E 1k . 0.001
: i 0.0001 |
10 10 3 1e-05 F
F 1e-06
1a-!.... i i R M YR I i Lol = 1u.-1... L I I P e o | L i L-.J_l_l_.|_1 - - 5
1 10 10 1 10 10 logyo(ki)
P; i [GEV] P, .., [GeV]

Various apporaches show that supression of gluon density at low pt is relevant for
jet observables and for unitarization Grebenyuk, Hautmann, Jung '12.
This rizes a question of interplay of MPI and saturation.



CGC vs. hydrodynamics

- pt+Pb, v =5.02 TeV

__.___-l.-----..... -
Ty,

= = hydrodynamics ]
— CGC, eq.(8)

— CGC, eq.(6)

T 0 1 2 3 4

Bozek, Bzdak, Skokov '13,

Collectivity in hydro.
Generation of saturation scale
In CGC



CMS Preliminary, ﬁ:?Tﬂ.JLd:S pb”

CMS Preliminary, Vs =7 TeV, |Ldt =5 pb”
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