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Introdution MN jets at full NLLx J/Ψ and jet prodution

The partoni ontent of the proton

The various regimes governing the perturbative ontent of the proton
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�usual� regime: xB moderate ( xB & .01):
Evolution in Q governed by the QCD renormalization group

(Dokshitser, Gribov, Lipatov, Altarelli, Parisi equation)

∑

n(αs lnQ2)n + αs
∑

n(αs lnQ2)n + · · ·
LLQ NLLQ

perturbative Regge limit: sγ∗p →∞ i.e. xB ∼ Q2/sγ∗p → 0
in the perturbative regime (hard sale Q2

)

(Balitski Fadin Kuraev Lipatov equation)

∑

n(αs ln s)n + αs
∑

n(αs ln s)n + · · ·
LLs NLLs
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QCD in the perturbative Regge limit

One of the important longstanding theoretial questions raised by QCD is

its behaviour in the perturbative Regge limit s≫ −t
Based on theoretial grounds, one should identify and test suitable

observables in order to test this peuliar dynamis
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where the t−hannel exhanged state is the so-alled hard Pomeron
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How to test QCD in the perturbative Regge limit?

What kind of observable?

perturbation theory should be appliable:

seleting external or internal probes with transverse sizes ≪ 1/ΛQCD
(hard γ∗

, heavy meson (J/Ψ, Υ), energeti forward jets) or by hoosing

large t in order to provide the hard sale.

governed by the "soft" perturbative dynamis of QCD

PSfrag replaements

p→ 0

and not by its ollinear dynamis

PSfrag replaements

m = 0

m = 0
θ → 0

=⇒ selet semi-hard proesses with s≫ p2T i ≫ Λ2
QCD where p2T i are

typial transverse sale, all of the same order.
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How to test QCD in the perturbative Regge limit?

Some examples of proesses

inlusive: DIS (HERA), di�rative DIS, total γ∗γ∗
ross-setion (LEP,

ILC)

semi-inlusive: forward jet and π0
prodution in DIS, Mueller-Navelet

double jets, di�rative double jets, high pT entral jet, in hadron-hadron

olliders (Tevatron, LHC)

exlusive: exlusive meson prodution in DIS, double di�rative meson

prodution at e+e− olliders (ILC), ultraperipheral events at LHC

(Pomeron, Odderon)
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Resummation in QCD: DGLAP vs BFKL

Dynamis of resummations

Small values of αs (perturbation theory applies if there is a hard sale) an be

ompensated by large logarithmi enhanements.

DGLAP BFKL
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kTn+1 ≪ kTn
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x2, kT2

xn+1 ≪ xn

strong ordering in kT strong ordering in x
∑

(αs lnQ
2)n

∑

(αs ln s)
n

When

√
s beomes very large, it is expeted that a BFKL desription is needed

to get aurate preditions
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Perturbative QCD in a �xed order approah

Hard proesses in QCD and ollinear fatorization

This is justi�ed if the proess is governed by a hard sale:

Virtuality of the eletromagneti probe

in elasti sattering e± p→ e± p
in Deep Inelasti Sattering (DIS) e± p→ e±X
in Deep Virtual Compton Sattering (DVCS) e± p→ e± p γ

Total enter of mass energy in e+e− → X annihilation

t-hannel momentum exhange in meson photoprodution γ p→M p

Mass of a heavy bound state e.g. J/Ψ,Υ

A preise treatment relies on ollinear fatorization theorems

Sattering amplitude

onvolution

= partoni amplitude ⊗ non-perturbative hadroni ontent

(omputed at a given �xed order)
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Semi-hard proesses: resummed QCD at large s

QCD in the perturbative Regge limit

s≫M2
hard sale

≫ Λ2
QCD

The amplitude an be written as:

A = +






+ + · · ·






+






+ · · ·






+ · · ·

∼ s ∼ s (αs ln s) ∼ s (αs ln s)2

this an be put in the following form :

← Impat fator

← Green's funtion

← Impat fator

σh1 h2→anything
tot =

1

s
ImA ∼ sαP(0)−1

with αP(0)− 1 = C αs + C′ α2
s + · · ·

C > 0 : Leading Log Pomeron

Balitsky, Fadin, Kuraev, Lipatov
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Opening the boxes: Impat representation γ∗ γ∗ → γ∗ γ∗ as an example

Sudakov deomposition: ki = αi p1 + βi p2 + k⊥i (p21 = p22 = 0, 2p1 · p2 = s)

write d4ki =
s
2
dαi dβi d

2k⊥i (k = Eul. ↔ k⊥ = Mink.)

t−hannel gluons have non-sense polarizations at large s: ǫup/down
NS = 2

s p2/1

PSfrag replaements

⇒ set α1 = 0 and

∫

dβ1 ⇒ Φγ
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impat fator

⇒ set βn = 0 and
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×
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Gω(k, k
′, r)

αn−1 ←− multi-Regge kinematis

β2

βn

αq, q̄

βq, q̄
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Higher order orretions

Only a few higher order orretions are known

and even fewer phenomenologial implementations...

Higher order orretions to BFKL kernel are known at NLL order (Lipatov

Fadin; Camii, Ciafaloni), now for arbitrary impat parameter

αS
∑

n(αS ln s)n resummation

impat fators are known in some ases at NLL

γ∗ → γ∗ at t = 0 (Bartels, Colferai, Gieseke, Kyrieleis, Qiao;

Balitski, Chirilli)

forward jet prodution (Bartels, Colferai, Vaa;

Caporale, Ivanov, Murdaa, Papa, Perri;

Chahamis, Hentshinski, Madrigal, Sabio Vera)

di�rative dijet prodution (Boussarie, Grabovsky, Szymanowski, S.W.)

(in the saturation �shokwave� approah)

inlusive prodution of a pair of hadrons separated by a large interval of

rapidity (Ivanov, Papa)

γ∗L → ρL:

in the forward limit (Ivanov, Kotsky, Papa)

in arbitrary kinematis (Boussarie, Grabovsky, Ivanov, Szymanowski, S.W.)

(in the saturation �shokwave� approah)
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Mueller-Navelet jets: Basis

Mueller-Navelet jets

Consider two jets (hadrons �ying within a narrow one) separated by a

large rapidity, i.e. eah of them almost �y in the diretion of the hadron

�lose� to it, and with very similar transverse momenta

Pure LO ollinear treatment: these two jets should be emitted bak to

bak at leading order:

ϕ ≡ ∆φ− π = 0 (∆φ = φ1 − φ2 = relative azimuthal angle)

k⊥1=k⊥2. No phase spae for (untagged) multiple (DGLAP) emission

between them
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Mueller-Navelet jets: LL fails

Mueller Navelet jets at LL BFKL
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jet

jet

rapidity gap

rapidity gap

LL BFKL

Green funtion

ollinear

parton

(PDF)

ollinear

parton

(PDF)

Multi-Regge kinematis

(LL BFKL)

in LL BFKL (∼∑

(αs ln s)
n
),

emission between these jets

−→ strong deorrelation

between the relative azimutal

angle jets, inompatible

with pp̄ Tevatron ollider data

a ollinear treatment

at next-to-leading order

(NLO) an desribe the data

important issue:

non-onservation

of energy-momentum

along the BFKL ladder.

A LL BFKL-based

Monte Carlo ombined

with e-m onservation

improves dramatially

the situation (Orr and Stirling)
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Mueller-Navelet jets: beyond LL

Mueller Navelet jets at NLL BFKL
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jet NLL jet vertex

jet NLL jet vertex

rapidity gap

rapidity gap

NLL BFKL

Green funtion
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Quasi Multi-Regge kinematis

(here for NLL BFKL)

up to ∼ 2010,

the subseries αs
∑

(αs ln s)
n
NLL was

inluded only in the exhanged Pomeron

state, and not inside the jet verties

Sabio Vera, Shwennsen

Marquet, Royon

our studies have shown was

that these orretions are very important

Colferai, Shwennsen, Szymanowski, S. W.

Duloué, Szymanowski, S. W.

for similar studies and results:

Caporale, Celiberto,

Chahamis, Hentshinski, Ivanov, Madrigal,

Murdaa, Papa, Perri, Sabio Vera, Salas
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Mueller-Navelet jets at NLL: master formulas

kT -fatorized di�erential ross setion
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k1, φ1

k2, φ2

→
→

kJ,1, φJ1, xJ1
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dσ

d|kJ,1|d|kJ,2| dyJ,1 dyJ,2
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∫

dφJ,1 dφJ,2

∫

d2k1 d
2k2

×Φ(kJ,1, xJ1,−k1)

×G(k1,k2, ŝ)

×Φ(kJ,2, xJ2,k2)

with Φ(kJ,2, xJ2,k2) =
∫

dx2 f(x2)V (k2, x2) f ≡ PDF xJ = |kJ |√
s
eyJ
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Mueller-Navelet jets at NLL: Renormalization sale �xing

Renormalization sale unertainty

We used the Brodsky-Lepage-Makenzie (BLM) proedure to �x the

renormalization sale

The BLM proedure resums the self-energy orretions to the gluon

propagator at one loop into the running oupling.

First attempts to apply BLM sale �xing to BFKL proesses lead to

problemati results. Brodsky, Fadin, Kim, Lipatov and Pivovarov

suggested that one should �rst go to a physial renormalization sheme

like MOM and then apply the 'traditional' BLM proedure, i.e. identify

the β0 dependent part and hoose µR suh that it vanishes.

We followed this presription for the full amplitude at NLL.
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Mueller-Navelet jets at NLL: omparison with the data

Comparison with the data

NLL BFKL
NLL BFKL+BLM
CMS

 0.01

 0.1

 1

 0  0.5  1  1.5  2  2.5  3
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Duloué, Szymanowski, S. W.

reall: ϕ = 0⇔ bak-to-bak

1

σ

dσ

dϕ

=
1

2π

{

1 + 2

∞
∑

n=1

cos (nϕ) 〈cos (nϕ)〉
}

.

6 < Y < 9.4

35 GeV

2 < kJ,1,kJ,2
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Mueller-Navelet jets at NLL

Other e�ets and referenes
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BLM renormalization sale �xing and omparison with data

B. Duloué, L. Szymanowski, S. W., Phys. Rev. Lett. 112 (2014) 082003 [arXiv:1309.3229 [hep-ph℄℄

Energy momentum violation: the situation is muh improved when

inluding full NLL orretions [Bakup℄

B. Duloué, L. Szymanowski, S. W., Phys. Lett. B738 (2014) 311-316 [arXiv:1407.6593 [hep-ph℄℄

Multiparton desription of Mueller-Navelet jets: [Bakup℄

two unorrelated ladders suppressed at LHC kinematis

B. Duloué, L. Szymanowski, S. W., Phys. Rev. D92 (2015) 7, 076002 [arXiv:1507.04735 [hep-ph℄℄

Sudakov resummation e�ets: [Bakup℄

in the almost bak-to-bak region, and at LL, the resummation as been

performed: no overlap with low-x resummation e�ets

A. H. Mueller, L. Szymanowski, S. W., B.-W. Xiao, F. Yuan, JHEP 1603 (2016) 096

[arXiv:1512.07127 [hep-ph℄℄
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Inlusive forward J/Ψ and bakward jet prodution at the LHC

Why J/Ψ?

Numerous J/ψ mesons are produed at LHC

J/ψ is �easy� to reonstrut experimentaly through its deay to µ+µ−

pairs

The mehanism for the prodution of J/ψ mesons is still to be ompletely

understood (see disussion later), although it was observed more than 40

years ago E598 ollab 1974; SLAC-SP ollab 1974

Any improvement of the understanding of these mehanisms is important

in view of QGP studies sine J/Ψ suppression (melting) is one of the best

probe. Cold nulear e�ets are numerous and known to make life more

ompliate

The vast majority of J/ψ theoretial preditions are done in the ollinear

fatorization framework : would kt fatorization give something di�erent?

We will perform an MN-like analysis, onsidering a proess with a rapidity

di�erene whih is large enough to use BFKL dynamis but small enough

to be able to detet J/ψ mesons at LHC (ATLAS, CMS).
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Master formula

k⊥-fatorization desription of the proess

ŝ = xx′ s
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×
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0
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′)VJ,b(−k′⊥, x′),
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Master formula

k⊥-fatorization desription of the proess

ŝ = xx′ s

PSfrag replaements
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0
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The NRQCD formalism

Quarkonium prodution in NRQCD

We will �rst use the Non Relativisti QCD (NRQCD) formalism

Bodwin, Braaten, Lepage; Cho, Leibovih ....

Proof of NRQCD fatorization: NLO Nayak Qiu Sterman 05; all orders Nayak 15.

Expands the onium state wrt the veloity v ∼ 1
logM

of its onstituents:

|J/ψ〉 = O(1)
∣

∣

∣
QQ̄[3S

(1)
1 ]

〉

+O(v)
∣

∣

∣
QQ̄[3P

(8)
J ]g

〉

+O(v2)
∣

∣

∣
QQ̄[1S

(8)
0 ]g

〉

+

+O(v2)
∣

∣

∣
QQ̄[3S

(1,8)
1 ]gg

〉

+ O(v2)
∣

∣

∣
QQ̄[3D

(1,8)
J ]gg

〉

+ .......

all the non-perturbative physis is enoded in Long Distane Matrix

Elements (LDME) obtained from |J/ψ〉
hard part (series in αs): obtained by the usual Feynman diagram methods

the ross-se. = onvolution of ( the hard part)

2
* LDME

In NRQCD, the two Q and Q̄ share the quarkonium momentum: pV = 2q

The relative importane of olor-singlet versus olor-otet mehanisms is still subjet of

disussions.

We onsider the ase where the QQ̄-pair has the same spin and orbital momentum as

the J/Ψ :

∣

∣

∣QQ̄[3S
(1)
1 ]

〉

and

∣

∣

∣QQ̄[3S
(8)
1 ]gg

〉

Fok states

We treat the vertex VV at LO
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The J/ψ impat fator: NRQCD olor singlet ontribution

From open quark-antiquark gluon prodution to J/ψ prodution

NRQCD olor-singlet transition vertex: −→

[v(q)ū(q)]ijαβ →
δij

4N

( 〈O1〉V
m

)1/2

[ǫ̂∗V (2q̂ + 2m)]αβ
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−q

PSfrag replaements

ℓ

xp1

βp2 + k⊥

q

−q

PSfrag replaements

ℓ

xp1

βp2 + k⊥

−q

q

PSfrag replaements

ℓ

xp1

βp2 + k⊥

−q

q
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ℓ

xp1

βp2 + k⊥

−q

q

note the unobserved gluon due to C-parity onservation

〈O1〉J/ψ from leptoni J/Ψ deay rate 〈O1〉J/ψ ∈ [0.387, 0.444] GeV3
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The J/ψ impat fator: NRQCD olor otet ontribution

From open quark-antiquark prodution to J/ψ prodution

NRQCD olor-otet transition vertex: −→

[v(q)ū(q)]ij→d
αβ → tdijd8

(

〈O8〉V
m

)1/2

[ǫ̂∗V (2q̂ + 2m)]αβ
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q

−q

xp1
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q

−q

xp1
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ℓ
q

−q

xp1

βp2 + k⊥

the QQ̄ olor-otet pair subsequently emits two soft gluons and turns into

a QQ̄ olor-singlet pair

the QQ̄ olor-singlet pair then hadronizes into a J/ψ.

〈O8〉J/ψ ∈ [0.224 × 10−2, 1.1× 10−2] GeV3
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The Color Evaporation Model

Quarkonium prodution in the olor evaporation model

Relies on the loal duality hypothesis

Fritzsh, Halzen ...

Very rude approximation!

Consider a heavy quark pair QQ̄ with mQQ̄ < 2mQq̄

Qq̄ = lightest meson whih ontains Q
e.g D−meson for Q = c

it will eventually produe a bound QQ̄ pair after a series of randomized

soft interations between its prodution and its on�nement in

1
9
ases,

independently of its olor and spin.

It is assumed that the repartition between all the possible harmonium

states is universal.

Thus the proedure is the following :

Compute all the Feynman diagrams for open QQ̄ prodution

Sum over all spins and olors

Integrate over the QQ̄ invariant mass
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The J/ψ impat fator: relying on the olor evaporation model

From open quark-antiquark gluon prodution to J/ψ prodution
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q

−q

xp1

βp2 + k⊥
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q

−q

xp1
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ℓ
q

−q

xp1
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σJ/ψ = FJ/ψ

∫ 4m 2
D

4m 2
c

dM2 dσcc̄
dM2

FJ/ψ: varied in [0.02, 0.04℄, poorly known
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Numerial results

Kinematis and parameters

Two enter-of-mass energies:

√
s = 8TeV and

√
s = 13TeV

Equal value of the transverse momenta of the J/ψ and the jet:

|pV⊥| = |pJ⊥| = p⊥

Four di�erent kinemati on�gurations:

CASTOR�CMS:

0 < yV < 2.5, −6.5 < yJ < −5, p⊥ = 10 GeV

main detetors at ATLAS and CMS:

0 < yV < 2.5, −4.5 < yJ < 0, p⊥ = 10 GeV

0 < yV < 2.5, −4.5 < yJ < 0, p⊥ = 20 GeV

0 < yV < 2.5, −4.5 < yJ < 0, p⊥ = 30 GeV

Unertainty bands:

variation of non-pert. onstants

variation of sales µR, µF
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Numerial results

Di�erential ross setions

√
s = 8 TeV
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Numerial results

Di�erential ross setions

√
s = 13 TeV
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give similar results

slight inrease of

ross-setions when√
s = 8TeV →√
s = 13TeV
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Numerial results

〈cosϕ〉 √
s = 8 TeV
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all 3 models lead to similar

deorrelation e�ets

they are ompatible with

the ase where

VJ/ψ −→ LOVjet

29/31



Introdution MN jets at full NLLx J/Ψ and jet prodution

Numerial results

〈cosϕ〉 √
s = 13 TeV
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they are ompatible with

the ase where

VJ/ψ −→ LOVjet

slight inrease of
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Summary

The prodution of Mueller-Navelet was suessfully desribed using the

BFKL formalism:

The very �rst signs of high-energy resummation e�ets at the LHC were

obtained at CMS

We applied the same formalism for the prodution of a forward J/Ψ
meson and a bakward jet, using both the NRQCD formalism and the

Color Evaporation Model

This new proess ould onstitute a good probe of the importane of the

olor-singlet ontribution versus the olor-otet ontribution in NRQCD

A omparison with a �xed order treatment is planned

A omplete NLL study is very hallenging: requires to ompute the NLO

vertex for J/Ψ prodution

Preliminary experimental studies (ATLAS) are very promising
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Energy-momentum onservation

It is neessary to have kJmin1 6= kJmin2 for omparison with �xed order

alulations but this an be problemati for BFKL beause of

energy-momentum onservation

There is no strit energy-momentum onservation in BFKL

This was studied at LO by Del Dua and Shmidt. They introdued an

e�etive rapidity Yeff de�ned as

Yeff ≡ Y
σ2→3

σBFKL,O(α3
s )

When one replaes Y by Yeff in the expression of σBFKL
and trunates to

O(α3
s), the exat 2→ 3 result is obtained
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Energy-momentum onservation

We follow the idea of Del Dua and Shmidt, adding the NLO jet vertex ontribution:

exat 2→ 3
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Energy-momentum onservation

Variation of Yeff/Y as a funtion

of kJ,2 for �xed kJ,1 = 35 GeV (with√
s = 7 TeV, Y = 8):
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With the LO jet vertex, Yeff is muh smaller than Y when kJ,1 and kJ,2

are signi�antly di�erent

This is the region important for omparison with �xed order alulations

The improvement oming from the NLO jet vertex is very large in this

region

For kJ,1 = 35 GeV and kJ,2 = 50 GeV, typial of the values we used for

omparison with �xed order, we get

Yeff
Y
≃ 0.98 at NLO vs. ∼ 0.6 at LO
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Can Mueller-Navelet jets be a manifestation of multiparton interations?
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MN jets in the single partoni model MN jets in MPI

here MPI = DPS (double parton sattering)
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Can Mueller-Navelet jets be a manifestation of multiparton interations?
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single P ladder two P ladders interferenes

saling: sαP (??) s2αP
??

The twist ounting is not easy for MPI kinds of ontributions at small x

k⊥1,2 are not integrated ⇒ MPI may be ompetitive, and enhaned by

small-x resummation

Interferene terms are not governed by BJKP (this is not a fully

interating 3-reggeons system) (for BJKP, αP < 1⇒ suppressed)

37/31



QCD shool E-M onservation MN jets within MPI Asymmetri on�guration CMS measurement

A phenomenologial test: the problem

Simpli�ation: we neglet any interferene ontribution between the two

mehanisms

How to evaluate the DPS ontribution?
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This would require some kind of �hybrid� double parton distributions, with

one ollinear parton

one o�-shell parton (with some k⊥)

Almost nothing is known on suh distributions
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A phenomenologial test: our ansatz
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Mueller-Navelet jets prodution at LL auray Inlusive forward jet prodution

Fatorized ansatz for the DPS ontribution:

σDPS =
σfwd σbwd

σeff

Tevatron, LHC: σeff ≃ 15 mb

To aount for some disrepany between various measurements, we take

σeff ≃ 10− 20 mb
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A phenomenologial test: our ansatz

UGD
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At LO for the jet vertex:

unintegrated gluon distribution (UGD):

Fg
(

k
2
J

s xJ
, |kJ |

)

normalized aording to:

∫

dk2Fg(x, |k|) = xfg(x) (usual PDF)

PDF

x p1 = xJ p1

xJ p1 + y p2 + k⊥ (y =
k
2
J

sxJ
: on-shell ond.)

y p2 + k⊥

inlusive forward jet ross-setion:

dσ

d|kJ |dyJ
= K

αs
|kJ |

xJ (CF fq(xJ ) +CA fg(xJ))Fg
(

k2
J

s xJ
, |kJ |

)
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A phenomenologial test

We use CMS data at

√
s = 7 TeV, 3.2 < |yJ | < 4.7

We use various parametrization for the UGD

For eah parametrization we determine the range of K ompatible with

the CMS measurement in the lowest transverse momentum bin
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KMS : 1.20 1.94

KMR : 1.05 1.69

A0 : 4.27 6.89

JH2013 : 2.44 3.94

dσ

d|kJ |dyJ
= K

αs
|kJ |

xJ (CF fq(xJ ) +CA fg(xJ))Fg
(

k2
J

s xJ
, |kJ |

)
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SPS vs DPS: Results

We will fous on four hoies of kinematial uts:

√
s = 7 TeV, |kJ,1| = |kJ,2| = 35 GeV,

(like in the CMS analysis for azimuthal orrelations of MN jets)

√
s = 14 TeV, |kJ,1| = |kJ,2| = 35 GeV,

√
s = 14 TeV, |kJ,1| = |kJ,2| = 20 GeV,

√
s = 14 TeV, |kJ,1| = |kJ,2| = 10 GeV ← highest DPS e�et expeted

parameters:

0 < yJ,1 < 4.7 and −4.7 < yJ,2 < 0

MSTW 2008 parametrization for PDFs

In the ase of the NLL NFKL alulation, anti-kt jet algorithm with

R = 0.5.
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SPS vs DPS: ross-setions
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SPS vs DPS: ross-setions (ratios)
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SPS vs DPS: Azimuthal orrelations
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SPS vs DPS: Azimuthal distributions
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Motivation for asymmetri on�gurations

Initial state radiation (unseen) produes divergenies if one touhes the

ollinear singularity q2 → 0
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they are ompensated by virtual orretions

this ompensation is in pratie di�ult to implement, or even inomplete,

when for some reason this additional emission is in a �orner� of the phase

spae (dip in the di�erential ross-setion)

this is the ase when kJ,1 + kJ,2 → 0

this alls for a resummation of large remaing logs ⇒ Sudakov resummation
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Motivation for asymmetri on�gurations

sine these resummation have never been investigated in this ontext, one

should better avoid that region

note that for BFKL, due to additional emission between the two jets, one

may expet a less severe problem (at least a smearing in the dip region

|kJ,1| ∼ |kJ,2|)
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this may however not mean that the region |kJ,1| ∼ |kJ,2| is perfetly
trustable even in a BFKL type of treatment:

in the limit q2⊥ ≡ (kJ,1 + kJ,2)
2 ≪ P̃ 2

⊥ ≡ |kJ,1||kJ,2|, at one-loop,

Sqq→qq = −αsCF
2π

ln2 P̃
2
⊥R

2
⊥

c20

where R⊥ is the impat parameter, Fourier onjugated to q⊥ (c0 = 2e−γE )

R⊥ ∼ 1/q⊥ ⇒ suppression of this bak-to-bak on�guration (on top of

BFKL large Y e�ets) A. H. Mueller, L. Szymanowski, S. W., B.-W. Xiao, F. Yuan

we thus think that a measurement in a region where both NLO �xed order

and NLL BFKL are under ontrol would be safer!
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CMS measurement
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Figure 1: Left: Distributions of the azimuthal-angle difference, ∆φ, between MN jets in the
rapidity intervals ∆y < 3.0 (top row), 3.0 < ∆y < 6.0 (centre row), and 6.0 < ∆y < 9.4 (bottom
row). Right: Ratios of predictions to the data in the corresponding rapidity intervals. The
data (points) are plotted with experimental statistical (systematic) uncertainties indicated by
the error bars (the shaded band), and compared to predictions from the LL DGLAP-based MC
generators PYTHIA 6, PYTHIA 8, HERWIG++, and SHERPA, and to the LL BFKL-motivated MC
generator HEJ with hadronisation performed with ARIADNE (solid line).

PSfrag replaements

2 jets

Color singlet

Color otet

Color evaporation

y∆0 2 4 6 8

〉)φ∆
 -

 
π

c
o

s
(

〈

0

0.2

0.4

0.6

0.8

1

DATA

PYTHIA 6  Z2

PYTHIA 8  4C

HERWIG++ 2.5

POWHEG+PYTHIA 6

POWHEG+PYTHIA 8

CMS  (7 TeV)-141 pb

 > 35 GeV, |y| < 4.7
T

P

Mueller-Navelet dijets

y∆0 2 4 6 8

〉)φ∆
 -

 
π

c
o

s
(

〈

0

0.2

0.4

0.6

0.8

1

DATA

SHERPA 1.4

NLL BFKL

HEJ+ARIADNE

CMS  (7 TeV)-141 pb

 > 35 GeV, |y| < 4.7
T

P

Mueller-Navelet dijets

y∆0 2 4 6 8

〉
))φ∆

 -
 

π
c
o

s
(2

(
〈

0

0.2

0.4

0.6

0.8

1

DATA

PYTHIA 6  Z2

PYTHIA 8  4C

HERWIG++ 2.5

POWHEG+PYTHIA 6

POWHEG+PYTHIA 8

CMS  (7 TeV)-141 pb

 > 35 GeV, |y| < 4.7
T

P

Mueller-Navelet dijets

y∆0 2 4 6 8

〉
))φ∆

 -
 

π
c
o

s
(2

(
〈

0

0.2

0.4

0.6

0.8

1

DATA

SHERPA 1.4

NLL BFKL

HEJ+ARIADNE

CMS  (7 TeV)-141 pb

 > 35 GeV, |y| < 4.7
T

P

Mueller-Navelet dijets

y∆0 2 4 6 8

〉
))φ∆

 -
 

π
c
o

s
(3

(
〈

0

0.2

0.4

0.6

0.8

1 DATA

PYTHIA 6  Z2

PYTHIA 8  4C

HERWIG++ 2.5

POWHEG+PYTHIA 6

POWHEG+PYTHIA 8

CMS  (7 TeV)-141 pb

 > 35 GeV, |y| < 4.7
T

P

Mueller-Navelet dijets

y∆0 2 4 6 8

〉
))φ∆

 -
 

π
c
o

s
(3

(
〈

0

0.2

0.4

0.6

0.8

1 DATA

SHERPA 1.4

NLL BFKL

HEJ+ARIADNE

CMS  (7 TeV)-141 pb

 > 35 GeV, |y| < 4.7
T

P

Mueller-Navelet dijets

Figure 2: Left: Average 〈cos(n(π − ∆φ))〉(n = 1, 2, 3) as a function of ∆y compared to LL
DGLAP MC generators. In addition, the predictions of the NLO generator POWHEG interfaced
with the LL DGLAP generators PYTHIA 6 and PYTHIA 8 are shown. Right: Comparison of
the data to the MC generator SHERPA with parton matrix elements matched to a LL DGLAP
parton shower, to the LL BFKL inspired generator HEJ with hadronisation by ARIADNE, and to
analytical NLL BFKL calculations at the parton level (4.0 < ∆y < 9.4).
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