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High energy asymptotics 
          

  
- Large-angle scattering: 
   
     QCD in Bjorken limit 
n   GLAPD: V. Gribov & L. Lipatov (71-72); L. Lipatov (74);  
                   G. Altarelli & G. Parisi (77); Yu. Dokshitzer (77) 
      
 
 
- Small-angle scattering: 
 
      QED in Gribov-Regge limit 
n               V. Gribov, V. Gorshkov, L. Lipatov & G. Frolov (67-70) 
                  H. Cheng & T. Wu (66-70) 
 
      QCD in Gribov-Regge limit 
n    BFKL:  V. Fadin, E. Kuraev & L. Lipatov (75-78) 
                   I. Balitsky & L. Lipatov (78) 
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High-energy QCD asymptotics:  
GLAPD and BFKL 

s=(p1+p2)2              
t=(p1-p3)2                 Q2=-t
Scattering in the Standard Model (QCD) at high energies:
Large logarithms: aS log(s), aS log(Q2)

Bjorken limit (large-angle scattering): 
s ~ Q2 >> m2

Q2/s = x ~ 1
Gribov-Lipatov-Altarelli-Parisi-Dokshitzer (GLAPD): 
 (aS log(Q2))n resummation
Inclusive cross section ~ 1/Q4

 
Gribov-Regge limit (small-angle scattering): 
s>>Q2 >> m2

Q2/s = x a 0
Balitsky-Fadin-Kuraev-Lipatov (BFKL): 
(aS log(s))n resummation
Total cross section ~ s(aР-1)

aР – Pomeron intercept              soft scattering data: aР = 1.1



     CALC2015, JINR, Dubna, July 26, 2015             Victor T. Kim        PNPI, Gatchina & SPbSPU            

!

5

x-section asymptotics  

Bjorken limit (GLAPD): 
s ~ Q2 >> m2

Q2/s = x ~ 1
Large-angle (large-x) scattering

  
 

Gribov-Regge limit (BFKL): 
s>>Q2 >> m2

Q2/s = x -> 0
Small-angle (small-x) scattering
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 Leading Log (LL) BFKL: problems 

LL BFKL: designed for infinite collision energies
 

LL BFKL problems (at finite energies):
- fixed (non-running) coupling aS

 - energy-momentum  conservation
- transverse momentum conservation

Cross section in LL BFKL: 
σ =σ0 (S/S0) (aP-1)                        aP = 1 + C aS ≈ 1.5-1.6

Data: aP ≈ 1.2-1.3  

6
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BFKL: next-to-leading logs (NLL) 

V.S. Fadin & L.N. Lipatov (89-98) 
C.Camici & M. Ciafaloni (96-98) 

next-to-leading log approximation  (NLL) BFKL 
MSbar-renormalization scheme: large corrections

 S.J. Brodsky, V.S. Fadin, VK, L.N. Lipatov, G.B. Pivovarov(98-99) BFKLP
BFKLP: NLL BFKL + resummation of running coupling aS 

 (Brodsky, Lepage & Mackenzie - 83) BLM approach

7
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NLL BFKL: BLM? 

            S.Brodsky, P.Lepage & P.Mackenzie (83) BLM approach for NLO

            - QCD – asymptotically conformal
            - non-conformal corrections (running coupling corrections)
               are resummed into optimal scale

 BLM in high orders: S. Mikhailov & A. Kataev (2015), 
                                   PMC - S. Brodsky et al. (2012-15)

             Naïve BLM application at NLO does not work (!): 
                   -  NLL BFKL in MSbar scheme
                    - Upsilon ->ggg  decay in NLO in Msbar scheme

   MSbar-renormalization scheme: nonphysical RG scheme (!)
   S.Brodsky, Rathmann et al (1997)

   

8



     CALC2015, JINR, Dubna, July 26, 2015             Victor T. Kim        PNPI, Gatchina & SPbSPU            

!

9

BFKLP: NLL BFKL wihinn generalized BLM  
       
             Naïve BLM application does not work (!): 
                   -  NLL BFKL in Msbar scheme
                    - Upsilon ->ggg  decay in NLO in MSbar scheme 

  MSbar-scheme: nonphysical RG scheme (!)
  numerically close to V-scheme (heavy quark potential) – Abelian in LO 

   physical RG scheme: MOM scheme (guage dependent)

   -  NLL BFKL in non-Abelian in LO
   - Upsilon ->ggg  decay in non-Abelian in LO
   
   one can use MOM-scheme based on ggg-vertex non-Abelian in LO

        BLM generazlized on non-Abelian case:
 S.J. Brodsky, V.S. Fadin, VK, L.N. Lipatov, G.B. Pivovarov(98-99) BFKLP
  BFKLP: NLL BFKL + resummation of running coupling aS 

BLM resummation depends on non-Abelian structure in LO   

9
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BFKLP: NLL BFKL within generalized BLM 

1
0

any finite-order perturbative results, contain both renormalization scheme and renormal-
ization scale ambiguities. The NLO BFKL calculations2,3 were performed by employing
the modified minimal subtraction scheme (MS) to regulate the ultraviolet divergences
with arbitrary scale setting.

In this work we consider the NLO BFKL resummation of energy logarithms2,3 in
physical renormalization schemes in order to study the renormalization scheme depen-
dence. To resolve the renormalization scale ambiguity we utilize Brodsky–Lepage–
Mackenzie !BLM" optimal scale setting.4 We show that the reliability of QCD predic-
tions for the intercept of the BFKL Pomeron at NLO when evaluated using BLM scale
setting within non-Abelian physical schemes, such as the momentum space subtraction
!MOM" scheme5 or the # scheme based on #→ggg decay, is significantly improved
compared to the MS scheme result.2,3

We begin with the representation of the MS-result of NLO BFKL2,3 in physical
renormalization schemes. The eigenvalue of the NLO BFKL equation at transferred
momentum squared t!0 in the MS scheme2,3 can be represented as the action of the
NLO BFKL kernel !averaged over azimuthal angle" on the leading order eigenfunctions
(Q2
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It is shown that the next-to-leading order !NLO" corrections to the
QCD Pomeron intercept obtained from the Balitsky–Fadin–Kuraev–
Lipatov !BFKL" equation, when evaluated in non-Abelian physical
renormalization schemes with Brodsky–Lepage–Mackenzie !BLM"
optimal scale setting, do not exhibit the serious problems encountered
in the MS scheme. A striking feature of the NLO BFKL Pomeron
intercept in the BLM approach is that it yields an important approxi-
mate conformal invariance. © 1999 American Institute of Physics.
#S0021-3640!99"00115-2$

PACS numbers: 12.38.Cy, 11.10.Gh

The discovery of rapidly increasing structure functions in deep inelastic scattering at
HERA at small-x is in agreement with the expectations of the QCD high-energy limit.
The Balitsky–Fadin–Kuraev–Lipatov !BFKL"1 resummation of energy logarithms is an-
ticipated to be an important tool for exploring this limit. The highest eigenvalue, %max, of
the leading order BFKL equation1 is related to the intercept of the Pomeron which in turn
governs the high-energy asymptotics of the cross sections: &'s(IP!1"s%max. The BFKL
Pomeron intercept in LO turns out to be rather large: ( IP!1"%L

max"12 ln 2 ((S /))
!0.55 for (S"0.2; hence, it is very important to know the next-to-leading order !NLO"
corrections.

Recently the NLO corrections to the BFKL resummation of energy logarithms were
calculated; see Refs. 2 and 3 and references therein. The NLO corrections2,3 to the
highest eigenvalue of the BFKL equation turn out to be negative and even larger than the
LO contribution for (S#0.157. However, one should stress that the NLO calculations, as

JETP LETTERS VOLUME 70, NUMBER 3 10 AUGUST 1999

1550021-3640/99/70(3)/6/$15.00 © 1999 American Institute of Physics
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BFKLP: NLL BFKL within generalized BLM 

1
1
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Figures 1 and 2 and Table II give the results for the eigenvalue of the NLO BFKL
kernel. We have used the QCD parameter )!0.1 GeV which corresponds to *S
!4+/'$0ln(Q2/)2)(%0.2 at Q2!15GeV2.

One of the striking features of this analysis is that the NLO value for the intercept of
the BFKL Pomeron, improved by the BLM procedure, has a very weak dependence on
the gluon virtuality Q2. The minor Q2 dependence obtained leads to approximate scale
and conformal invariance. Thus one may use conformal symmetry6,10 for the continuation
of the present results to the case t,0.

Note that the application of fast apparent convergence11 and the principle of minimal
sensitivity12 to the NLO BFKL eigenvalue problem lead to difficulties with the conformal
weight dependence, an essential ingredient of BFKL calculations.13

It is worth noting also that since the BFKL equation can be interpreted as the
‘‘quantization’’ of a renormalization group equation10 the effective scale should depend

FIG. 2. Q2 dependence of the BFKL Pomeron intercept in the NLO. The notation is as in Fig. 1.

TABLE II. The NLO BFKL Pomeron intercept in the BLM scale setting within non-Abelian physical
schemes.

Scheme rBLM(0) * IP
BLM"1!-BLM(Q2,0)

(NF!4) Q2!1 GeV2 Q2!15 GeV2 Q2!100 GeV2

MOM .!0 "13.05 0.134 0.155 0.157

.!1 "12.28 0.152 0.167 0.166

.!3 "11.74 0.165 0.175 0.173

/ "14.01 0.133 0.146 0.146
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BFKLP: NLL BFKL within generalized BLM 

V.S. Fadin & L.N. Lipatov (89-98) 
C.Camici & M. Ciafaloni (96-98) 

next-to-leading log approximation  (NLL) BFKL 
MSbar-renormalization scheme: large corrections

 S.J. Brodsky, V.S. Fadin, VK, L.N. Lipatov, G.B. Pivovarov(98-99) BFKLP
D. Colferai, M. Ciafaloni & G. Salam (99) …

BFKLP: NLL BFKL + resummation of running coupling aS
BFKLP: Conformal BFKL kernel in NLL -> SUSY N=4 

Pomeron intercept: aР=1.2 - 1.3
Cross section: σ0 (S/S0) (aP-1)     aP = 1 + C aS 

L.N. Lipatov, А.V. Кotikov et al. (2000-06)
SUSY N=4  BFKL-Pomeron

Anomalous dimensions: test of AdS/CFT-conjecture

1
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Asymptotics of QED cross sections 

All orders: V.N. Gribov, L.N. Lipatov, G.V. Frolov & V.G. Gorshkov (69-71) 
H. Cheng & T.T. Wu (69-70)

   Cross section at s -> ∞:  ~ (aQED) 4 (S/S0) (aP-1)    

    aP =1+ C (aQED)2  ≈	
 1.002   

σ ~ (aQED)2 log(s)/s  σ ~ (aQED)4 const(s) 

1
3
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Asymptotics of QCD cross sections: γγ  

All orders: LL BFKL 

Cross section at s -> ∞:  ~ (aQED) 2 (aS) 2 (S/S0) (aP-1)    
 

aP =1+ C (aS)  ≈	
 1.5   LL BFKL S. Brodsky & F. Hautmann (96) 
aP =1+ C (aS)  ≈	
 1.2   NLL BFKL S.Brodsky, V Fadin, VK,
                                                    L. Lipatov, G. Pivovarov (2001-02) 

σ ~ (aQED)2 log(s)/s  σ ~ (aQED)2 (aS)2 const(s) 

1
4
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Asymptotics of QED cross sections 

V.N. Gribov, L.N. Lipatov, G.V. Frolov & V.G. Gorshkov (69-71) 
Cheng & T.T. Wu (69-71)

Asymptotics of QCD cross sections 

 

LL BFKL 
J. Bartels et al (96),  S.J. Brodsky & Hautmann (97)

NLL BFKL (with LO impact factors)
 S.J. Brodsky, V.S. Fadin, VK, L.N. Lipatov & G.B. Pivovarov (2001-02) 

 
NLO impact factors and full NLL BFKL:

I. Balitsky, J.Chirilli, J. Bartels et al.

1
5
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Highly virtual photon scattering at LEP-2  

S.J Brodsky, VK, L.N. Lipatov, V.S. Fadin & G.B. Pivovarov (2002) 
BFKLP: NLL BFKL + generalized BLM

LL BFKL:  ruled out

1
6
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BFKL: dijet processes  

A. Mueller & H. Navelet, Nucl. Phys.  (87) 
Most forward/backward (Mueller-Navelet) dijets: x-section ~ exp(|Δ|y)   

V.T. Kim & G.B. Pivovarov, Phys. Rev.  (96) 
Inclusive dijets

J.C. Collins, R.K. Ellis (91), S. Catani et al (91)
Е.М.Levin, M.G.Ryskin, Yu.М.Shabelsky, А.G.Shuvaev (91)

kT-factorization
 

Jet production

GLAPD: ordering on кТ
               у – no ordering

BFKL: ordering on y 
            кТ – no ordering

1
7
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HS’11, Tatranska Strba, June 30, 2011  

Dijet K-factor    
 
 

  K-factor = x-section / Born x-section  
   

GLAPD:  x-section → C1 αS
2

 + C2 αS
3 + … 

Born x-section → C1 αS
2

  
 

K-factor = (1+C2 /C1 αS + C3 /C1 αS
2 + …)  

 
Mueller-Navelet (87):  

 
BFKL →  enhanced (αS Δy)-terms 

x-section → B1 αS
2

 Δy+ B2 αS
3 Δy2 + … 

Born x-section → B1 αS
2

 Δy 
 

K-factor_MN →  exp(αSΔy ) 
 

Δy = |y1 – y2| 
 
 

18
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HS’11, Tatranska Strba, June 30, 2011  

Dijet K-factor: not measurable 
 
 

K-factor = x-section / Born x-section  
Born x-section: no real and no virtual corrections 

 
only a theoretical quantity - > not measurable (!)  
Experiment: one cannot forbid virtual corrections   

by kinematical conditions 
 

Exclusive dijet x-section: always contains virtual 
corrections 

 
 

VK & G. Pivovarov:  
Using dijets with extra jet veto 
instead of Born dijets  

  
 19
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HS’11, Tatranska Strba, June 30, 2011  

Dijet observables: 
 

“K-factor” = inclusive dijet /”exclusive” dijet 
“K-factor” = MN dijet /”exclusive” dijet 

 as a function of rapidity separation between jets  
 

Inclusive dijet: Njets ≥ 2                 pT  ≥  pTmin  
all jet pairs 

  
Mueller-Navelet dijet: Njets ≥ 2       pT  ≥  pTmin   

most forward & most backward jets  
 

“exclusive” dijet (2-jet events) with extra jet veto:    
Njets = 2,  pT  ≥  pTmin  

  veto for extra jets pT  ≥  pTveto  
pTveto ≤ pTmin  

20
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HS’11, Tatranska Strba, June 30, 2011  

Forward dijets at Tevatron and LHC 
 
 

  Tevatron : D0 ->  |Δy| < 6  pTmin = 20 GeV 
                             - azimuthal decorr.  (1997) 
                             - 1800/630 GeV x-section ratio (2001) 
                             
 
  LHC: ATLAS ->  |Δy| < 6   70 GeV < pT < 90 GeV  
                             - (inverse) “K-factor”  (2011) 
                                       
                   
   LHC: CMS ->  |Δy| < 9.4  pTmin = 35 GeV 
                        - “K-factor”  (2012) 
                         - azimuthal angle decorr. (prel. 2013) 
                                                 

 
  
 

21
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HS’11, Tatranska Strba, June 30, 2011  

Dijet “K-factor” at 7 TeV 
1/ (MN dijet K-factor) =  

“exclusive” dijet/ MN dijet 

ATLAS, JHEP (2011)  
arXiv: 1107.1641 

7 TeV 
 

70 < pT < 90 GeV 
|Δy| < 6 
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Figure 7. Gap fraction as a function of ∆y for various pT slices. The dijet system is defined as
the most forward and the most backward jets in the event. The data are compared to the hej and
powheg predictions in (a). The ratio of these theory predictions to the data are shown in (b). The
data and theory are presented in the same way as figure 3.

powheg+pythia and powheg+herwig give a good description of the gap fraction as a

function of ∆y, implying a smaller dependence on the generator modelling of the parton

shower, hadronisation and underlying event. The hej description of the data, however,

does not improve with the increase in veto scale.

10 Summary

A central jet veto was used to study the fraction of events that do not contain hadronic

activity in the rapidity interval bounded by a dijet system (gap fraction). The dijet sys-

tem was identified in two ways: using the two leading transverse momentum jets in the

event and, alternatively, using the most forward and most backward jets in the event.

The first approach examines the effect of wide-angle soft gluon radiation for pT-ordered

jet configurations, whereas the second favours very forward-backward configurations and,

therefore, BFKL-like dynamics. In addition, the mean number of jets in the rapidity in-
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powheg+pythia and powheg+herwig give a good description of the gap fraction as a

function of ∆y, implying a smaller dependence on the generator modelling of the parton

shower, hadronisation and underlying event. The hej description of the data, however,

does not improve with the increase in veto scale.

10 Summary

A central jet veto was used to study the fraction of events that do not contain hadronic

activity in the rapidity interval bounded by a dijet system (gap fraction). The dijet sys-

tem was identified in two ways: using the two leading transverse momentum jets in the

event and, alternatively, using the most forward and most backward jets in the event.

The first approach examines the effect of wide-angle soft gluon radiation for pT-ordered

jet configurations, whereas the second favours very forward-backward configurations and,

therefore, BFKL-like dynamics. In addition, the mean number of jets in the rapidity in-
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CMS: dijet “K-factor” 
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Abstract A study of dijet production in proton–proton col-
lisions was performed at

√
s = 7 TeV for jets with pT >

35 GeV and |y| < 4.7 using data collected with the CMS
detector at the LHC in 2010. Events with at least one pair
of jets are denoted as “inclusive”. Events with exactly one
pair of jets are called “exclusive”. The ratio of the cross sec-
tion of all pairwise combinations of jets to the exclusive dijet
cross section as a function of the rapidity difference between
jets |!y| is measured for the first time up to |!y| = 9.2. The
ratio of the cross section for the pair consisting of the most
forward and the most backward jet from the inclusive sam-
ple to the exclusive dijet cross section is also presented. The
predictions of the Monte Carlo event generators PYTHIA6
and PYTHIA8 agree with the measurements. In both ratios
the HERWIG++ generator exhibits a more pronounced rise
versus |!y| than observed in the data. The BFKL-motivated
generators CASCADE and HEJ+ARIADNE predict for these
ratios a significantly stronger rise than observed.

The measurement of inclusive jet production in pp colli-
sions provides an important testing ground for the Standard
Model. Inclusive jet production is well described at LHC en-
ergies, over a wide range in jet transverse momentum and ra-
pidity [1, 2], by calculations at next-to-leading-order (NLO)
in perturbative quantum chromodynamics (QCD) using the
Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) ap-
proach [3–7] and collinear factorization. The rapidity y is
defined as y = (1/2) log[(E + pz)/(E − pz)], where E is
the jet energy and pz is the component of the jet momen-
tum along the beam axis. As shown in [8], the production
of dijets with invariant mass above 165 GeV and |y| less
than 2.5 is also well described by NLO predictions. When

∗ e-mail: cms-publication-committee-chair@cern.ch

jets are well separated in rapidity, the description of the data
becomes worse [2].

When the collision energy
√

s is considerably larger than
the hard scattering scale given by the jet transverse mo-
mentum, pT, the average number of produced jets grows
rapidly, along with the phase space available in rapidity.
This kinematic regime is expected to be described by the
Balitsky–Fadin–Kuraev–Lipatov (BFKL) evolution [9–11]
and kT factorization [12–14]. An effective theory has been
developed which describes strong interactions in this kine-
matic domain [15].

The ratio of the dijet production cross section in “inclu-
sive” events to that in “exclusive” events, Rincl = σ incl/σ excl,
as a function of the rapidity separation |!y| between two
jets, is a sensitive probe of effects beyond collinear fac-
torization [16]. Only jets with transverse momenta above
a minimal value of pmin

T are considered. Events with at least
one pair of jets are denoted as “inclusive”. Events with ex-
actly one pair of jets are called “exclusive”. In the inclusive
case, the rapidity separation is evaluated for each pairwise
combination of jets above threshold [16]. Mueller–Navelet
jet pairs [17] are a subset of the inclusive dijet class. In
this case only the jet at highest rapidity (i.e. most forward)
and that at lowest rapidity (most backward) are consid-
ered. At low |!y|, the inclusive dijet ratio, Rincl, is always
larger than the corresponding Mueller–Navelet dijet ratio,
RMN = σ MN/σ excl, because all the jets in the rapidity in-
terval between the Mueller–Navelet jets contribute to the
inclusive cross section.

From the theoretical point of view, an advantage of the
ratios Rincl and RMN with respect to the individual dijet
production cross sections is that the influence of the uncer-
tainty of the parton distribution functions is greatly reduced;
in addition, the ratios are particularly sensitive to the parton
radiation pattern [16]. At large enough energies, the parton
subprocesses involve a large number of partons with compa-
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Fig. 1 Ratios of the inclusive to exclusive dijet cross sections as a
function of the rapidity separation |!y| between the two jets, Rincl

(top panel) and RMN (bottom panel), compared to the predictions of the
DGLAP-based MC generators PYTHIA6, PYTHIA8 and HERWIG++, as
well as of CASCADE and HEJ+ARIADNE, which incorporate elements
of the BFKL approach. The shaded band indicates the size of the total
systematic uncertainty of the data. Statistical uncertainties are smaller
than the symbol sizes. Because of limitations in the CASCADE genera-
tor, it was not possible to obtain a reliable prediction for |!y| > 8

The Monte Carlo generators CASCADE (version 2.2.03)
[41] and HEJ (version 1.3.2) [42] are motivated by the
leading-logarithmic BFKL approach and incorporate parts
of a next-to-leading logarithmic approximation. The HEJ

generator produces parton-level jets; the corresponding
showers were produced with the ARIADNE program [43].
The HEJ+ARIADNE package [44] version 0.99b, consisting
of HEJ 1.3.2 and ARIADNE 4.12, was used.

The ratio Rincl of inclusive to exclusive dijet production
as a function of |!y| is presented in Fig. 1 (top panel). On
average the inclusive cross section is 1.2–1.5 times larger
than the exclusive cross section. The ratio Rincl grows with
increasing |!y|, as expected because of the larger phase
space for hard parton radiation. At the highest |!y|, Rincl

is expected to decrease because energy-momentum conser-
vation suppresses the emission of extra jets. The |!y| value

Fig. 2 Predictions for Rincl (top) and RMN (bottom) from DGLAP-
based MC generators presented as ratio to data corrected for
detector effects. Both BFKL-motivated generators CASCADE and
HEJ+ARIADNE (not shown) lead to a MC/data ratio well above unity.
The shaded band indicates the size of the total systematic uncertainty
of the data while statistical uncertainties are shown as bars

where Rincl starts to decrease varies from one MC generator
to another, as can be seen in Fig. 1.

The predictions from PYTHIA6 and PYTHIA8 agree with
the measurement. HERWIG++ overestimates the ratio Rincl

at medium and large rapidity intervals. A detailed compar-
ison between the data and the predictions of the DGLAP-
based MC generators is presented as a ratio in Fig. 2 (top
panel). It was checked explicitly that the results obtained
from PYTHIA6 and HERWIG++ at parton level are close to
the corresponding ones at stable-particle level. The different
behaviour of PYTHIA6 and HERWIG++ is also observed at
parton level.

The ratio RMN and the corresponding MC to data ratio
are presented in the bottom panels of Figs. 1–2. At large
|!y|, RMN approaches Rincl as extra jet radiation contribut-
ing to Rincl tends to concentrate at moderate rapidities. The
quality of the predictions of the DGLAP-based MC gener-
ators for RMN is similar to those for Rincl. The MC gener-
ators CASCADE and HEJ+ARIADNE considerably overesti-
mate the measurements of both Rincl and RMN.
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HS’11, Tatranska Strba, June 30, 2011  

Forward dijets at LHC:  

Color coherence and AO effects 
 

GLAPD: strong kT-ordering & no rapidity ordering 
BFKL: strong rapidity ordering & no kT-ordering 

 
Color coherence effects  => rapidity ordering 

 
Polar angle ordering (AO): 

jet cone veto for larger cone angles => rapidity ordering 
  

Pythia 6 and 8:  GLAPD + AO (AO cannot be fully switched off!) 
 Herwig++: GLAPD + color coherence (CC cannot be swiched off) 

 
No pure GLAPD MC generators (!) available 

at present: Pythia and Herwig generators contain |Δy|-effects 
 

small CC and AO |Δy|-effects in GLAPD-regime 
can be large in BFKL-regime at large |Δy|   
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HS’11, Tatranska Strba, June 30, 2011  

Forward dijets at LHC 

GLAPD generators Pythia 6 and 8 (with AO) are consistent with 
CMS dijet “K-factor” data rather well: 

 
1) no sizeable BFKL effects? 

2) or BFKL effects cancels out in dijet ratio 
 

in the latter case  the “K-factor” with extra jet veto 
can be more sensitive BFKL effects 

2-jet “exclusive” events: impose an extra jet veto pTveto < pTmin 
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HS’11, Tatranska Strba, June 30, 2011  

Forward dijets:  

azimuthal angle decorrelations 

Cosines 
V. Del Duca & C. Schmidt (94) 

J. Stirling (94) 
 
 
 

Cosine ratios –> more sensitive to BFKL (!) 
A. Sabio Vera  et al (2011) 
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Forward dijets: azimuthal decorrelations 

1

1 Introduction1

QCD is well tested in hard processes (
p

s � pT � LQCD), and the data are successfully de-2

scribed by perturbative QCD (pQCD) calculations within the framework of collinear factor-3

ization and the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations [1–4

5]. The study of the dynamics of hadron jets in proton-proton collisions yields important in-5

formation about underlying partonic processes. At leading order in the strong coupling as,6

parton-parton scattering produces two outgoing partons which are back-to-back in the az-7

imuthal plane. The partons manifest themselves as a collimated stream of hadrons, which8

are the observable jets. A deviation from the back-to-back configuration occurs if higher order9

parton contributions are considered, which can be described by the parton showers initiated10

by the initial and final partons in the scattering process.11

At high centre-of-mass energies a kinematical domain can be reached where semi-hard par-12

ton interactions (
p

s � pT � LQCD) play a substantial role. The asymptotic region, where13 p
s ! •, is described by Balitsky-Fadin-Kuraev-Lipatov (BFKL) equation [6–8]. Such a sce-14

nario might be approximated experimentally in pp collisions by requiring jets of similar pT but15

highly separated in rapidity [9]. The requirement of two jets with similar pT suppresses con-16

tributions in the DGLAP scheme, which is based on pT ordering. The azimuthal decorrelation17

of jets with large rapidity separation might therefore show effects beyond the DGLAP descrip-18

tion. In a kinematic region, where semi-hard parton interactions are important, the azimuthal19

angle decorrelations will increase [10, 11] with increasing rapidity separation Dy = |y1 � y2|20

between the jets, where y1, y2 are rapidities of the most forward and the most backward jets21

(Mueller-Navelet dijets, MN) [9].22

Earlier searches for BFKL effects in hadron-hadron collisions and events with jets widely sep-23

arated in rapidity were made at the Tevatron by the D0 experiment [12, 13]. The D0 measure-24

ments of azimuthal angle decorrelations were restricted to a rapidity separation Dy < 6, and25

no significant indications of BFKL effects were found [12]. Studies of the collision energy de-26

pendence of dijet production at large rapidity intervals have found a strong dependence on27

centre-of-mass energy [13]. With the advent of the LHC such measurements can be repeated28

with increased collision energies and with an increased rapidity interval between jets.29

Both the ATLAS [14] and CMS [15] experiments have released measurements of dijet produc-30

tion in pp collisions at 7 TeV as a function of rapidity separation between jets. These mea-31
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Figure 7: On the left measured ratio C2/C1 as a function of rapidity difference Dy is compared
to LL DGLAP parton shower generators. In addition comparison with predictions of NLO gen-
erator POWHEG interfaced with LL DGLAP generators PYTHIA 6 and PYTHIA 8 is shown. On
the right the ratio is compared to MC generator SHERPA with parton matrix element matched to
LL DGLAP parton shower, LL BFKL - inspired generator HEJ with hadronisation by ARIADNE
and analytic NLL BFKL calculations at the parton level.
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Figure 8: On the left measured ratio C3/C2 as a function of rapidity difference Dy is compared
to LL DGLAP parton shower generators. In addition comparison with predictions of NLO gen-
erator POWHEG interfaced with LL DGLAP generators PYTHIA 6 and PYTHIA 8 is shown. On
the right the ratio is compared to MC generator SHERPA with parton matrix element matched to
LL DGLAP parton shower, LL BFKL - inspired generator HEJ with hadronisation by ARIADNE
and analytic NLL BFKL calculations at the parton level.
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Summary – 1 
 
 

 γ*γ*- collisions at LEP2 
 
 

NLL BFKL  improved by BFKLP (generalized BLM) (2001-02): 
 

Indication on BFKL evolution 
 
 
 

Outlooks: Future linear colliders 
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! Summary - 2:     
  n  Forward dijet “K-factor” by CMS at 7 TeV :  
     moderate rise with  increasing |Δy|  
     - Pythia describes the rise, Herwig overshoots the rise 
     - however: pure GLAPD -> const ? 
 
  n  Azimuthal angle decorrelations (AAD) of CMS dijets:  
     - agreement with NLL BFKL improved by  
       BFKLP (generalized BLM) 
  - GLAPD generators (Pythia, Herwig) describes AAD         
d i f ferent ly because di f ferent color coherence (CC) 
implementations 
  
  ->  the first indication on BFKL at LHC ?   
      No pure LL GLAPD predictions   
     (now only LL GLAPD with color coherence, angle ordering, …) 
                                 
    Other observables: 
     - K-factor with extra jet veto, number of extra jets, … ? 
                     LHC Run 2 at 13 TeV ?! 
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