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Structure of the proton

For example: DIS experiments at DESY
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M2 =10 GeV’
] There are processes for which the accuracy

—— HERAPDF2.0 NNLO . . . .
i __ eorinie 7 of evaluation of matrix elements is higher
& experimenta 7 "

3 model e . than evaluation of pdfs.

[ parameterisation

---------- HERAPDF2.0AG NNLO

Example is total cross section for Higgs
N3LO theoretical uncertinity is 4%

and uncertainity due to pdf choice is

10 % talk at “Parton showers and
resummations 2015”. Sven Olaf-Moch
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XS (X 0.05)

1506.06042 Note the uncertainity of gluon.

Even valence like shape allowed
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Unitarity problem arises

H1 and ZEUS Combined PDF Fit

Q= 10.0 GeV?

0911.0884

—— HERAFDF1.0

- €xXp. uncert.

model uncert.

X
- parametrization uncert. %

Original motivation — power like
growth of gluon density which may
lead to violation of unitarity bound.

Another possible motivation —
corrections which introduce
HI and ZEUS saturation follow from certain order

1 — : T

©=106ev | Kkt in ME. of diagrams in perturbation theory
I — 1 finite Ne when energy ordering is applied

uncertainties:
I experimental
[ model xu
[ parameterisation A

1506.06042 NNLO collinear effects have
large impact on gluon

Recently the valence quarks PDF
has been calculated directly on lattice.
Idea by Ji '14
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LHC as a scanner of gluon

dilute dilute
x~10

fo2) —— \= — (s°2) central-central i.e.

Gluon density

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

forward-forward i.e.

\ - L dilute -dense
5
x~10




QCD at high energies — high energy factorization

p1 g2 p1 01
g2
g1
p2 p2
k

@ Strongly decreasing P1+p2=g1+q2 p1+p2=qi+qg2+k
Longitudinal momentum

fractions of off-shell partons

Monte Carlo generators — aim to describe fully processes  theory

In general many parameters — tunings Gribov, Levin, Ryskin ‘81
Ciafaloni, Catani, Hautman '93

My point of view — ME + parton densities in kt factorization -J,..c" £iis 03

Gain: less parameters.

Physics motivated approach to dense system Phenomenology
Jung, Hautmann,; Szczurek,

.. Maciuta; KK, Kotko, van
New helicity based methods for ME Hameren Stasto...
Kotko, K.K, van Hameren, '12 5



QCD at high energies — high energy factorization

da _ Z A ke kg |
d i dyad=pyodd= oy 7 1bm=(xxs5)-

i bl t

,-'Mf.b—:m' -ﬂ;'}'.rﬂ'H + Iﬂ':r - ffllr - ff':r ,'|

—
=

Decreasing longitudianl
momentum fractions
k,ﬂ of off-shell partons

‘r{.E, ['rf| ﬂ”;é I.F len ﬁ, p

B PP B PR K =P A BP R,

Assumption:
parton densities
“do not talk” to one
another

Dy R Ry Dokl s

'r'lmrl-\l.l—:l:'l'll ‘= A__:- ;__:- H ab—red pyin HI|.\I_I—:|:'\|'|I.||_-|.I_- eCI’eaSing longitUdianl
] r

momentum fractions

of off-shell partons
Originally derived for heavy quarks in final state. Gribov, Levin, Ryskin '81

Therefore no problem of division into density and ME Ciataloni, Catani, Hautman 93
gluons more tricky.

Does not take into account MPI
as formulated in DGLARP i.e.

emissions from independent chains
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Hybrid factorization and dijets

1
14 dpg

do PP o2 ) 5
dy1dyadpiedpord A - Z 8ﬁ2(x1$28)2|M39—>Cd| Ilfa/A(IlaH )]'—Q/B(ﬂfgjk L)
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Can be obtained from CGC after neglecting nonlinearities
In that limit gluon density is just the dipole gluon density Deak, Jung, KK, Hautmann '09

Cr
i 3PP F k) =

as(2m)3
P1 /

] d*bd*re " *V2N(r,b, z)

pl Consistent with definition of gluon density from
X2 / Dominguez, Marquet, Xiao, Yuan ‘10

s Resummation of logs of x and

./ ke xl\ logs of hard scale

p2
P2 \ s Knowing well parton densities at large
X one can get information about low x
physics



Collinear vs. off-shell ME

99~ g9 A¢
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Collinear 2 - 2 ME One off-shell parton 2 - ME

3277 o (e + 1 (e (e + 1)+ 1) Ne? (-2 cosh(Ay) — 1)

M=

(€*¥ + 1] (Ne? — 1) (—cosh(Ay) — 1)
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The LO BFKL equation
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Very usefull: low x eq with subleading corrections
Kwiecinski, Martin, Stasto prescription

Nonsingular pieces of splitting
function

Kinematical effects i.e.
momentum of gluon dominated
by it's transversal component
Running coupling

In principle not applicable to

final states since no hard scale
dependence

F(x, k*) = FO(z, k)
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X=0.00001
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= 14 | KMS no const(___,_____._.__-.-r:--f-'-'--'""""'
12 | p
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KMS
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1“-z
K (GeVH)

From Kwiecinski, Martin, Stasto
Phys.Rev. D56 (1997) 3991-4006

f(x,k*) = K2 F(x, k)
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The BK equation for unintegrated gluon density

Originally formulated in “x” space
Balitsky '96, Kovchegov'99

Now at NLO accuracy

Balitsky, Chirilli '07 '
and solved e - 3-{}_
Lappi, Mantysaari '15 Q-
More general approach
JIMWLK '

0,(x=10"2)=15 GeV

0.(x=10""=1.9 GeV
0,(x=10"7")=2.4 GeV

2.0)
15
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& : 1 10 100 i
T R — I
1 00 172 72 2 2 2 2 2
. . dz dis |1 F(x/z,1°) — k*Fl(x/z, k k*F(x/z. k
f(fff; kZ) =.F'[)(.’L',k'z) +Esf _/ 5 |: ( / ’ )2 5 ( / ) ) + ( / ) )]
efro # Jo k2 — 1] (4% + k%)
o2k _, Y dz < di? . 12 NE
——= fV%/ — / —In—F(z/z,1?
4;"?\TCR2 & x )z Z |: k2 ﬂz k'z ( / ) )
Applications also in coordinate space: Kwiecinski, KK '02
Gotsman, Levin, Lublinsky, Naftali, Maor 03 Stasto, KK '05 11
Albacete, Armesto, Milhano, Salgado, Wiedemann ‘03, Nikolaev, Schafer '06

Berger, Stasto 12; Marquet, Soyez '07,.....



HEF framework applied to DIS

S—

Fy(z, Q%) = Q—zaszegfd% Flx, k?

472

L)
HERA data —_—
fit non-linear —_—

fit imear  —00o--——--

Forward
scttering
amplitude

L L
0,000 0,001 oo

x Flz, k) =

Sapeta, KK '12
BK equation with resummed corrections of higher order

Cr
ag(2m)3

(Se(k*, Q% m2) + Sr(k*, Q% m]))

In the dipole formalism

Mueller, Patel '95

f d*bd’re"®TV2N(r, b, z)
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Glue in p vs. glue in Pb
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Hard scale dependence

The relevance in low x physics

at linear level rcognized by:

Catani, Ciafaloni,Fiorani,Marchesini;
Kimber,Martin,Ryskin;

Collins, Jung
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CCFM evolution equation - evolution with observer

Catani,Ciafaloni, Fiorani, Marchesini '88

Constraint  [i <] L given by the scale
L~ ptl+pt2 of the hard process

the the dominant contribution to the amplitude

6 y3,k3,13 There is a region where emitted gluons are soft
/ comes from the angular ordered region.

(

y2,k2,12

The same structure for x = 0 although the softest
emitted gluons are harder than internal.

_— yi1ki,hh

O Probability of finding no
real gluon between hard

emissions 15



Saturation scale in equation with coherence

1 e

100 E

BK

1'%

Avsar, Stasto '10
(absorbtive boundary method)

KK, Toton '13
(nonlinear equation)

1000 pr——T—T—

CCFM—NL/R® "™}

18

0.1
000 o1 1

R radius of proton - -

Hard scale=1GeV/ Hard scale =10 GeV 6



Introducing hard scale dependence

Nonlinear extension of hard matrix element
CCFM not applied so far provides hard scale
to phenomenology

_ 9 Probability of finding no
Include the effect in real gluon between scales

the last step of evolution of BK /
nonlinear evolution equation

KiC '14 Motivated by KMR framework

Kimber, Martin, Ryskin '01

17



Introducing hard scale dependence

Probability of findina no real gluon

Between scales |I and k
it hard scale
Survival probability D
of the gap without K
emissions ﬂ\
Kutak ‘14 \ T “ oy (pf) dp} 1= A o
1, by 1) e.xp( [ s [ R o

Al 42) = 07— T (2 )20 F0 12) 4 642 — ) F(a, k)
Lihs [:T"'.' P‘E)

2 2

p p
2gns(z, %) = / dk*Ty(u® k) F(z, k*), 2g(z, p*) = / dk*F(z, k)
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Saturation scale in equation with coherence
forward-forward jets

K.K. '14

gl no scale
25 /

1 10 100 1000

Low kt gluons are suppressed. The conservation of probability
leads to change of shape of gluon density which depends on the hard scale

19



Inclusive-forward jet

/

20



Single inclusive p: jet spectra

do
——— [pb.GeV!
d[k;|dy; b ]
10° — 13.2| <y <[4.7]
10° _
10 __
10° __
g KMR B4
E A0 [37]
10" F =z KS 3§
I JH2013 setl
40 60 80 100 120 140
Decloue, Szymanowski, Wallon '15
do 1 wpiy

2
Z (Maposel @1 faja(@1, 1?) Foyp(@2, 01 1°)

a,b,c

dyrdpy; 2 (x1225)?
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d?o/dpT dy [pb/(GeVic)]

theory/data

1DI1

1DIU

10°

—
L]
[=5]

e T WP S W WY N,
oM =Moo

Extension to lower p:jet spectra

Single inclusive forward jet

E | [ [ | [ 3
- KS nonlinear g
. KS linear i
C L i
— + pu—
= VS=7 TeV ' * E
- 3.2¢|y|<4.7 .
- | | | | | | ]
| L S N ! | ! |
L S I b KS linear /KS nonlinear *  _|
B LR P . R TS S
- . - e i e
| | | | | |
2 3 5 6 7 8 9 10
pt [GeV/c]
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1068 ¢

—_ —_ ury
(=] (=) [=]
w - [l

d?oldp dy [pbi(GeVic)]

ury
[=]
n

10" |

Di-jets p: spectra at 14 TeV and RpA

Single inclusive forward jet

T
7 TeV KS nonlinear

7 TeV KS linear
14 TeV KS nonlinear
14 TeV KS linear

3.2¢|y[<4.7

40 60 80

pr [GeV/c]

100

120

Bury, KK, Sapeta, to appear soon

140

RpA

1.2

0.8

0.6

0.4

0.2

Nuclear modification ratio

T
KS Pb /KS nonlinear  *
W *“"‘ MI
!‘{WM HdRH
L J |
*
*
*
*
*
*
-, a
*
- a
! ! ! !
0 20 40 60 80 100
pt [GeV/c]
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Central-forward di-jets

/

24



10° .
non-linear E=E
10*
3
= 10°
=
s
%mg
m_JE Vs = 7 TeV
10 L py = 35 GeV

central: n| <2.8
forward: 3.2 < |1|| < 4.7

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 EHJ 1'EIEI 120

1u5 Fos

—y —y —y
= = =
1% Ly f3

d?odpycng [pb/GeV]

-
]

Di-jets p: spectra

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

Iinea'r e
non-linear E==3
data CMS ——

FORWARD

\'E=?TEV

forward: 3.2 < |1]| < 4.7

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

kt kt
kt

-

During evolution time incoming gluon becomes off-shell

Crucial effect of higher order corrections

S.Sapeta. KK ,12

p1

P2

kt

p1
P2

p3
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do/hp [pb]

Decorelations inclusive scenario forward-central

latE T T T I I -
B KS linear + Sudakoy B
OMS PAS FS3-12-0E —r—i
la+D7 | ]
VS = 7.0 Tey E
B 1 By =35 e 1
1la4+DE | |wu| =28, 3. 2<|ya| =5 _

1m 1 1 ] 1
¢ 05 1 15 2
Lup

In DGLAP approach

L.e 2 -2 + pdf one woyld

get delta function at

van Hameren,, Kotko, K.K, Sapeta '14

le+lE T T T T T ]
KS monlinear + Sudakay B
M5 PSS F5O-12-008 F—lr—i
le+07 — - . .
S-ToTer = ptl,pt2 >35, leading jets
T seos| I8 32<hal<as é 1 lvil<2.8, 3.2<|y2|<4.7
E _ : No further requirement on
:'g" 100000 |- _L { / ets
' — I
10000 E
1 el -

1 1 1
i 0.5 1 15 Z L5 3

Dap

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

Observable suggested to
study BFKL effects

Sabio-Vera, Schwensen '06

Studied also context of RHIC
Albacete, Marquet '10 26



doy/Ag [pb]

coAvcPp

Forward-central decorelations inclusive scenario

LapE . .
S lirtesssr
K= maarslineaanr
L OMS PSS FS- 12 - R b
LapDF |- s s -
B o Dy =35 Sy £ |
leaHE |- Iyl =28, F.2=|ya|=4.5 } i
1 ses{ s I {L ]
) - § { ]
LoD {' E _:
1 e I L 1 1 " \ .
o 0.5 i 1.5 2 a5 -
Lup
1.6 , | |
1.4 F [_‘r”::-E.EGE"J::-pE:-LSGE"u’ _
12 | V8 = 200 GeV' |
1.0 } { } {
0.8 {
0.6 | IS PNl
0.4
0.2
~—  STAR data
0.0 — L : I . . \
1.0 1.5 2.0 2.5 3.0
AD

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

pti,pt> > 35 GeV, leading jets
ly1]l < 2.8, 3.2< |y2| <4.7

No further requirement on
jets

No usage of fragmentation function.
Jjust divided cross section for jets in
d+Au by p+p

27
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dojig [pb]

dao/tvp [pb]

leHlE ¢

leliy

:

%

10000 5

Decorelations inside jet tag

I I
K5 lirsear
KS nondinear
F M5 PAS FR0-12-00E =

[ VS =70 Tav
By o By =35 AV, P20 Gy
[ vol =28, 32<|ys|=4.8, yimyasva |

i1

T T T T T
I CEar B
CME PAS FEO-12-00E e

F WS = 70 Tay -

F RPo P35 GEV, Pur20 Ge
L |yl =28, 32y =d B, vy =y

==
=s2SiS ;

-

dojiup [pb)

da/Ag [pb]

scenario

1a+08 . . , : -
KES lincar + Sudakow
KS manlinaar + Sudakow
M5 PAS F5Q- 12-008 b
1e+07 | i
[ V5 = 7.0 Tev
B s P35 GV, Pu=20 GeV
[ |yvil <28, 3.2<|yv2|<4.5, yirvazya |
1e+06 | ¥ YiryRy:
100000 |- T .
10000 _—} ‘} } i
1000 -
0 05 1 15 2 25 3
Lup )
le+OE [ . , , :
[ KMR
CMS PAS FSQ-12-008 i
1e+07 | v5 = 7.0 Tev
F P 235 GEV, P20 Gel
L [yl =28, 32<|y;| =48 yo=va=ys
le+D6 | |
100000 |- i
10000 [ l—'#q:I
1 N L 1 1 1 1

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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Predictions for p-Pb for forward-central

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

KS inside- jet-tag | KS+Sudakov inside jet-tag
KS indusive K5+ Suda ko inchesive
1.E | - 1.E | -
va = 5.0 Tay vE = 50 Telf
1.6 By =35 GeV . 1.6 Py =35 GeV .
[vol =28, 32<|yz]|=4.9 |yl <28, 32<|ya|<d. 9
14 n 14 N
-1 -1
e 12}k - e 12} i
1} - 1} -
0.E - - 0.E& - -
oe n 0.6 N
1 1 1 1 1 1 1 1 1 1 1 1
L] 0.5 1 1.5 2 15 K L] 0.5 1 1.5 2 15 3
Dup Dup

*Sudakov enhances saturation effects

*However, saturation effects are rather weak for forward-central jets
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Forward-forward di-jets

— =8

30



dof &g [nb]

10030

1030

100 |

10

Results for decorelations

T
KS

roB —-I-— | | | I' 4 3 Agb

v 5 = 7.0 Taw
By > Py =20 G
\ 3.2y, yyed ™

-

12000

1 501)

1 1000

1500

a a.5 1 1.5 r 2.5 3

Ag

Divergence reqularized by
Jet algorithm

Any relation to the ridge effect ?? 31



Predictions for p-Pb for forward-forward

do
— [pb]
d ¢ P = = = = \linear 14 TeVv
— = = = NOnNlinear 14 TeV
A
7 £~
10 =0 e e linear 7 TeV .;:5'#
I nonlinear 7 TeV 4%~ |
- J'f-{:; ‘iﬁ-
B 2= §
1 EI ‘ . l-ff- :11'11
-‘if; ‘.-'----i----.'. _+-;'5‘:*.'.1'1'=
5 ; "tﬁu-ﬂ
1[:] g """1.=tr*‘|1‘lllll-’ll“'......"'
Ty
.......... poTpp———— >. ﬁ{b
0.5 1 1.5 2 2.5 3

dr nonlin ; do lin

d¢ d¢ — — = = 7TeV
l.
= PPTTTTEPTITT PP EE Ll gl
] et {“u________...-;-,-:}
1.
0.7F .
0.6}
0. 0.5 1.5 2 25 3

KK ‘14

—_— = = = 14 TeV

*No significant change in shape after increasing energy from 7 TeV to 14 TeV

*Noticeable difference between linear and nonlinear scenario
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A. van Hameren, Kotko,KK,Marquet, Sapeta '14

dof &g [nb]

Results for decorelations

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

3.2ayy, Y349

100 |

1a |-

: a a5 1 1.5
Results obtained g
with gluons coming
from rcBK and

BK with corrections of
higher orders

do/ig [nb]

13000

1000

vy = 700 Tewr
Bys P 5 GV
.65 yy wa<-5.2

CASTOR
rapidity cuts

Kotko, KK ' 14
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Predictions for p-Pb for forward-forward

KK ‘14

RpA
14
12
1015

0.8

060 05 10 15 20 25 30

*The hard scale effects make the potential signatures of saturation more pronounced.

*“0+PDb” affected more by saturation than “p+p” therefore we see more significant effect.
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1.8

1.6

1.4

1.2

Forward-forward dijets

| T I
VS = 5.02 TeV KS c=1.0
Pr1>pPr2>20 GeV KS c=0.5 — — -
3.2<yq,¥2<4.9 rcBK d=2.0 —--=— -
reBK d=4.0 ------
| L |
20 25 30 35

Pra

rcBK: above unity at large pt
KS: reaches unity at large pt

40

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

1.4 r .
¥S = 5.02 Tew KS c=1.0

1.3 Pri > Prz=20 Gev n:;f'. jigg __T__ 7]

12 | FEYLY2=as reBK d=2.0 —--—

1.1 | —

Pz [GeV]

Studies of sub-leading jet gives more

pronounced signal of nonlinear effects.
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Recent theoretical developments

The used formula for dijets is valid in linear regime. Reults for dijets based on it with
usage of gluon density coming from nonlinear equation give estimate of strength of saturation.

do _ Pt1pe2 L2 2 1
dy dyadpdpadAg ;8W2($1$25)2|Ma9_md| T fag a1 1) Fo w2, ks )1 + Ocd

k]

Gauge invariant operator based definition of parton densities and specific color structure of
particular hard process leads leads to following generalization of formula above. This follows
from papers of Bomhof, Mulders and Pijiman 2006.

No kt in ME, finite Nc

pA—qgX 7 meinguez, Marquet,
do - % . 1 fq/p(T1 12) Z }*{t} Hi) Xiao, Yuan '11
d*Pid?kydygdyz  (r170 25‘}2 AP g
Application to differential distributions in d+Au
AsaaX 9 a Stasto, Xiao, Yuan '11
do?" — &s . e g2 }:'{1} H{ . .
2Pd2k.durdus (z12 5.}2 j’lqup{ll: H )Z gg—qi kt in ME finite Nc
AR ay10Y2 it i=1 Kotko, KK, van Hameren,
Marquet, Petreska, Sapeta '15 (kt in ME,
finite Nc
dg?799% o (i) ) )
= T 71,12 }" H
2P d2kidyidys (21725)2 Lfgp(®1, 4 Z 9999
36
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Conclusions and outlook

*Our framework describes well:
F2, single inclusive jet production, Z0 + jet
*Predictions for forward-forward dijets in pPb are provided

«Spectrum of subleading jet from dijets might provide strong signal of suppression
due to initial state effect

*Necessary to calculate spectra using recent theoretical advancements
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