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LHC as a scanner of gluon
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QCD at high energies — high energy factorization
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Gluons more tricky. Possible double counting
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BCFW for offshell gluons

An n-gluon amplitude is a func-
tion of momenta ki, ks, ..., k, and
directions py,p2, ..., Pn, satisfying
the conditions
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For each k", kI is not unique, and
may be defined using an auxiliary

light-like g*:

kr(q) =k — %P
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DRI R
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k! = —kk* is independent of g*,

but alsc individually k and «k* are
independent cf g*.

Shifting the k7 of pairs of gluons into complex space, the
BCFW recursion formula for amplitudes with off-shell glu-
ons can be derived, in which all building blocks are well-
defined amplitudes with less {off-shell} legs.
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Off-shell amplitudes and Wilson lines

Off-shell gauge invariant amplitude ;".7’[91 P 1 ST kn, X) for

g (ki,ei)...g (ki en) = X

where k;, & are momentum and “polarization” vector of an off-shell gluon can be
defined as [P. Kotko arXiv:1403.4824]

(Ol Rt (K1)... RS (kp) IX) =S (ki - €1)...6 (Ko - €n)
6% (ky + ...+ ky = X) Mo, o, (Kino ..o Koy X)

where (almost-)infinite (almost-)straight Wilson lines are

= o d
fd“y gl ki Tr{ t° Pexp |ig f ds zgs(s} Al (z)t°

where t? are color generators and the path is parametrized as

2
z"(s) = y* + —tanh (E—S
£

2)e;. s € (=0, 0)

In the matrix element definition the limit e — 0 is taken and only connected
contributions are retained.
*» Used in FORM program OGIME = Off-shell Gauge Invariant Matrix Elements

From P. Kotko



The BFKL evolution

Balitsky, Fadin, Kuraev, Lipatov '77
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Known also for SM YM

|
. . JE = —qgqu(p + q)v ulpm ) = =gy,

«Studied also in context of AAS/CFT | quipL +4)7°4p1) ok
|

*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
o e ©
-
On microscopic level it means that gluon apart splitting In k
recombine Half of trio)]
L. “Half” of triple pomeron
o k recombination k <& \ertex PP ,
Sp/lttlng Bartels, Wusthoff '95
Nonlinear evolution
equations
, A BK, JIMWLK / IChirilli, Szymanowski,
Linear evolutionk > CGC framework k Wallon ‘10

equation DIPSY
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The BFKL and BK evolutions - solutions
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BFKL with subleading corrections
Kwiecinski, Martin, Stasto prescription
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function
. . . 12 -— » BF KL +kin.cons.
Kinematical effects i.e. P e BFKL +no kin.cons. x=0.0001
Momentum of gluon dominated 0
by it's transversal component
Running coupling
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Unintegrated gluon density from BK with corrections

a0

x =102
=103
ag | — = :Egg
x=la I-
a0 b '
s - . . . .
- Nonlinear equation for unintegrated gluon density.
140 1 Related to BK via Fourier transform
Includes corrections of higher order KK, Kwiecincki, '02
oo | Fitted to latest HERA data KK, Sapeta '11
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Glue in p vs. glue in Pb
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BFKL applied to DIS - some recent results
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HERA data =

fit i 400
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FromBK equation with corrections of higher order
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Sapeta, KK '12
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Tools to be used

*General tool for matrix elements within HEF based on spinor helicity method (A. van Hameren)
*Gauge link based tool to evaluate matrix elements (OGIME P. Kotko)
*Monte Carlo for production of dijets, trijets within HEF with Sudakov effect LxJet (P. Kotko)

«Tool for forward dijets Forward (S. Sapeta)

13



Central-forward di-jets
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High energy prescription and forward-central di-jets

Deak, Jung, Hautmann Kutak
JHEP 0909:121,2009

do PuPrz 1
: M oiedl” X (x1, %) Foyplxa, k) ——
dyy dyadpyydpyd A lZf 8711 125)* yovedl T1JajalT1 Z | + Bod

s Resummation of logs of x and

S =2P P, logs of hard scale

forward jet

s Knowing well parton densities at largr x
one can get information about low x

D2

n physics
central jet s Framework goes recently under name
= “hybride framework”
P»
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m_JE Vs = 7 TeV
10 L py = 35 GeV

central: n| <2.8
forward: 32-::|1]|-=:4?

Ilnear =

data CMS

CENTRAL

central p, [GeV]

Reasonable agreement.

No usage of traditional parton shower

Gluon emissions are unordered in pt

and udd up to kit = Ip1+p2+

40 ﬁﬂ FJEI 1'EIEI 120

1u5 Fos

2
d“o/dp,dn; [pb/GeV]
o o S
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Di-jets p: spectra

| py=35GeV
t central: n| < 28

Iinea'r e
non-linear E==3
data CMS ——

FORWARD

V5 =7 TeV

forward: 3.2 < |r|| < 4.7

40 ﬁ{'_l EEI 1EIEI 120 140
forward p, [GeV]

kt kt
kt

—

During evolution time incoming gluon becomes off-shell

Crucial effect of higher order corrections

P2

S.Sapeta. KK ,12
kt
I 01
p1 I
P2
p3
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Final states via Sudakov effects - illustration

d(x,k,p) Probability of findina no real gluon
Between scales }

10.00 ¢

5.00F

Looy I hard scale

0.10F

0.05F K D

0.1

Two scale dependent gluon
density vs. one scale dependent

Survival probability =~ W gy (ph) dpf 1o
of the gap without ~ "ke#) =& ('Lg S EL P“[EJHEJ)

emissions
Kimber, Martin, Ryskin framework '01

Mueller, Xiao, Huan ;13 17



Things potentially to be added in the future

/ /

Missing MPI contributions
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da/buyp [pb]

doffp [pb]

i

Decorelations inclusive scenario

T T T T T
K5 linear + Sedakoy 3

| OMS PAS F5Q-12-008 F—ir—

vaE = 7.0 Tay
B 1 Py =35 GeV
|ye| <28, 3.2<|y;|<4.9

Y

1

10000 |

100

T T T T
K5 linaar

KS nondinaar

- CMS PAS F50-12- 008 F—ir—

vE = 7.0 Tew

B o Py =35 Gy

| Jye| =28, 3.2<|yvz]|<4.9

A.v.Hameren, P.Kotko, KK, S.Sapeta '14

le+DE T T T T J T3
KS nonlinear + Sudakov Bl
M5 PAS F5-12-00E i
1407 — ) - . .
[ essce 3 ptl,pt2 >35, leading jets
T tews| M8 32<hal<ds | |y1|<2_ 8, 3_2<|y2|<4_ 7
= [ - : No further requirement on
E 100000 |- _l_lé - Jets
- —
10000 |- E
1000 -

In DGLAP approach

l.e 2 -2 + pdf one would _

Get delta function at AQ‘E’ = T
Observable suggested to
study BFKL effects

Sabio-Vera, Schwensen '06

Sudakov effects by reweighting
implemented in LxJet Monte Carlo
P. Kotko

Studied also context of RHIC

Albacete, Marquet '10 19
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Decorelations inside jet tag
scenario

T
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1e+0E [ . , , : —
[ KMR ==
CMS PAS FSQ-12-008 i
1e4+07 | vS = 7.0 Tav -
C PP >35 GeV, Py >20 Gev
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A.v.Hameren, P.Kotko, KK, S.Sapeta '14

ptl, pt2 >35 GeV, leading
jets |y1|<2.8, 3.2<|y2|<4.7
Third jet pt>20GeV,
Between the forward and
central region

1Sudakov effects by reweighting
limplemented in LxJet Monte Carlo
1P. Kotko
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KS inside-jet-tag | KS+Sudakov inside- jet-tag
KS indusive KS+Sudakoy inclusive
1.8 1.8 .
VG = 5.0 Tel VS = 50 Tel
1.6 Fooafg =35 GeV 1.6 Fro g =35 eV -

1.4

1.2

0B

0.6

Predictions for p-Pb

lvel =28, 32=|yz|=4.9

1.4

1.2

LR

0.6

A.v.Hameren, P.Kotko, KK, S.Sapeta '14

[vul =28, 32<|yz|=4.9

*Sudakov enhance saturation effects

eHawever, satuartion effects are rather weak
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Forward-forward di-jets

- &
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Results for decorelations

KS
cBK —--—
100040
v5 = 7.0 TeWw
By > Py =20 G
10040 |

3.2ayy, Y349

100 |

dof &g [nb]

1a |-

1

ia a5 1 1.5
Results obtained  py
with gluons coming
from rcBK and
BK with corrections of
higher orders

Importance of corrections
of higher orders

da/beg [nb]

100

100

Van Hameren, Kotko, KK ,Marquet, Sapeta' 13

|| | || ||
S noniiins mnr —m
KS Ninssr —--—

PSS o= 70 T
Byg =P =5 S
-h Gy a5 2
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1.8

1.6 -

1.4

1.2

Forward-forward di-jets

T T T
VS = 5.02 TeV KS c=1.0
Pr1=pPra>20 Gey ;:E ;:gg L
rc =20 —--— -
3.2<y,,¥2<4.9 rcBK d=4.0 ------
! L !
20 25 30 35
Pr1

40

A. van Hameren:, KK, Kotko,Marquet, Sapeta '14

1.4

1.3 |

0.8
o.F

0.6

0.4

I T T
¥S = 502 Tew KS ¢=1.0
Pr1 > pPra=20 GeW ;E §=2_g - = -
rc =a 0 -c-=--
P 32SYLY2=a9 FeBIE d=2 .0 —e-—
| -'-__-_‘--h"- . .
|
20 a5

Prz [GeV]

Studies of subleading jet gives more

pronounced signal of suppression.

Details of that are still to be understood
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Forward tri-jets
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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

d*kp ix .
doAp—x :[ A[ T; [dﬂfﬂ Z-Fq-,ua (wa, kr 4) foyp(Tp) dog-yx (Ta, xR, kr 4)
) b

m
Pril o, pril _,, Incoming
PP L Ch D & Reggon
’ ’ I.e. off-shell
gluon
NFo < 1 < N1 i | < e
central forward
|ﬁT1| = PT cut, 1= 1.,2._ 3.
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go'dx,, [pb]
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Central-central-forward configuration

O\ //
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E

F 3jets prodution at 5 = 502 Tel

_r kiremaic outs

F BGeV =frszfraefni

- M4 =28

E 2 m =47
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01 02 03 04 05 06 O7 OB 0% 1

L

Van Hameren, Kotko, KK ,13

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
'Iﬂ"-— 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
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do/d¢ ;5 [pb]

Central-central-forward configuration

10°E
E 3jets production at \/E =7.0TeV
- kinematic cuts :
e 35GeV < prg < pra <pri
10°E Il < 2.8
B 3.2<|ns| <47
: S proton nonlinear
sl %4545 Pb nonlinear
10 = HHHHE proton linear
P
1027 y T
= S % RIS &
- S Sy
C 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1

o

0.5 1 15 2 25
P13

No noticeable saturation effects

3

Van Hameren, Kotko, KK ,13

3jets production at \/_ =7.0TeV

kinematic cuts :
35GeV < pr3z <Ppra2<Pry
In12l <2.8
3.2<|ns| <47

| | 1 1 | | 1 1 1 I | 1 1 1 | 1 | 1 | | | 1 1 | | 1 1 1 l | 1

0.5 1 1.5 2 2.5 3
b13
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Forward-forward-forward configuration

Van Hameren, Kotko, KK ,13

SO\ //

3jets produdtion &t 5= 502 Tel
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20068V £ fryp = Pra2fry
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-eeo Pl ronlinear
«oo profon irear

1
totally assymetric
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do/dg,5 [pb]

Forward-forward-forward configuration

Van Hameren, Kotko, KK ,1:

1.5
L 14 3jets production at \/E =7.0TeV
- 3jets production at /s = 7.0 TeV :
= 1.3 kinematic cuts :

kinematic cuts :
20 GeV < pr3 <pr2 <Pri 1.2
3.2 < |I71,2,3| <49

20GeV < pr3 <pr2 <Pr1
3.2< |n1’2’3| <49

TT IIII|IIII|IIII|IIII

T IIIIII|

proton nonlinear - - - 1.1
------- Pb nonlinear = .ét
N TR proton linear ~
T o09f
0.8F
: 0.7E
i | | | | ! | 0'62_
0 0.5 1 1.5 2 2.5 3 0.%: 1 1 | IO|5I 1 1 1 1[ | 1 1 1115| 1 1 1 2| 1 | 1 |2151 1 1 1 3' 1
b13 : ¢ :
13

Saturation effects show up
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Things eventually to be added in the future

— Missing MPI contributions
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Conclusions and outlook

*Achieved very good description of forward-central jet measurement
*Predictions for pPb are robust
 Evidence for low x dynamics

*Open questions — description of the decorelations within CCFM and KGBJS.
It includes Sudakov, and low x dynamics.
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