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The High Energy Jets (HEJ) framework systematically resums the large logarithms which en-
hance the high order terms in the perturbation theory of QCD which arise in the study of wide-
angle jet production the LHC. Our approximation is valid in the limit of hard outgoing partons
all well separated in rapidity and is easily generalised to a wide range of LHC phenomena, in-
cluding observables with multiple high energy jets accompanied by an electroweak boson. Some
recent results comparing HEJ to experimental data is presented to highlight the importance of
these enhanced terms.
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Figure 2. (a) Measured cross section for Z (! ``) + jets as a function of the inclusive jet multiplicity,
Njet, and (b) ratio of cross sections for successive inclusive jet multiplicities. The data are compared
to NLO pQCD predictions from BlackHat+SHERPA corrected to the particle level, and the
ALPGEN, SHERPA and MC@NLO event generators (see legend for details). The error bars indicate
the statistical uncertainty on the data, and the hatched (shaded) bands the statistical and systematic
uncertainties on data (prediction) added in quadrature.

Figure 3(b) presents the exclusive jet multiplicity ratio for events where the leading
jet has a transverse momentum in excess of 150 GeV. The observed ratio R(n+1)/n is now
steeply increasing towards low jet multiplicities, a pattern described by the central values of
the BlackHat+SHERPA calculations, by the generator ALPGEN and approximately also
by SHERPA. The observed cross-section ratios have been fitted with a pattern expected
from a Poisson-distributed jet multiplicity with the expectation value n̄, R(n+1)/n = n̄

n . The
Poisson scaling provides a good overall description of the jet multiplicity observed in data
for the selected kinematic regime, with n̄ = 1.02 ± 0.04, where the uncertainty includes
statistical and systematic components.

The scaling pattern is also investigated for a preselection typically employed in the
selection of particles produced via vector boson fusion (VBF). Figure 4 presents the absolute
cross section as a function of the exclusive jet multiplicity and R(n+1)/n after requiring two
jets with mjj > 350 GeV and |�yjj | > 3.0, in the following referred to as ‘VBF preselection’.
The data are consistent with the BlackHat+SHERPA prediction. SHERPA describes the
multiplicity well whereas ALPGEN overestimates R3/2.
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Figure 1: The n+1
n -jet rate in the Z+jets channel as measured by the ATLAS experiment.

1. Introduction

Understanding jet physics is essential both for improving precision measurements of Standard
Model physics and for searching for new physics at present and future hadronic colliders such as
the LHC. Of particular interest are events in which jets appear in conjunction with electroweak
bosons. For example, the production of Z0+jets at the LHC give us an opportunity for a precision
test of QCD as well as being a background to other for the measurements of the Higgs boson.
A very high jet multiplicity has been observed in the Z0+jets by the ATLAS collaboration (see
figure [1]) [5] and so it is also crucial that we have a good understanding of high multiplicity QCD
amplitudes.

2. High Energy Jets

In the limit of large invariant mass, si j = 2pi · p j, between outgoing partons in a QCD scattering
amplitude (the ‘High Energy Limit’) the traditional approach of perturbatively expanding observ-
ables in the strong coupling constant αs begins to break down since each term is accompanied by a
large logarithm, ln

( s
−t

)
, where s and t are the usual Mandelstam variables. The high energy limit

can also be stated in terms of the rapidities, yi, and perpendicular momentum components, pi⊥, of
the outgoing partons (the ‘Multi-Regge Kinematic Limit’):

y1� y2� ··· � yn, |pi⊥| ∼ |p j⊥| ∀i, j (2.1)
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Figure 2: The diagrammatic form for the ‘current’ describing emission of a Z/γ∗.

and in terms of this limit it is clear that the region where large logarithms dominate is that of wide-
angle hard scattering. In this limit it is possible [1][2] to write down a factorised form for 2→ n
matrix element as follows

|Aab→agg···gb|2 =
1

4(N2
c −1)

||Sab→ab||2
(

g2
sCX

ti

)(
g2

sCY

tn−1

)
n−2

∏
i=1

(
−g2

sCA

titi+1
Vµ(qi,qi+1)V µ(qi,qi+1)

) n−2

∏
j=1

exp[ω0(q j)(y j−1− y j)],

where q1 = pa− p1, qi+1 = qi− pi and ti = q2
i . The ‘spinor string’, ||Sab→ab||2, is given by:

||Sab→ab||2 = ∑
polarisation

| j1(pa, p1) · j2(pb, pn)|2, (2.2)

and comprises exact 2→ 2 scattering amplitude for the hard incoming partons a and b (summed and
averaged over incoming and outgoing helicities/polarisations). Vµ(qi,qi+1) is the aforementioned
effective vertex for the inclusion of extra gluon emissions in the final state and the product of expo-
nentials encodes the large logarithms described above. The above expression is readily generalised
to more complicated final states involving electroweak bosons simply by the modification of the
spinor string. For example, in the case where a Z0 is emitted from the forward-incoming quark,
pa/1, j1(pa, p1) would be modified to a slightly more complicated form, shown diagrammatically
in figure (2), given by

jZ
µ = uh1(p1)

(
γ

σ /p1 + /pZ
(p1 + pZ)2 γµ + γµ

/pa− /pZ
(pa− pZ)2 γσ

)
uha(pa)×uhe− (pe−)γσ uhe+ (pe+) (2.3)

As indicated in figure (2) we also include the contribution from an off-shell photon being exchanged
in place of the Z0 and the interference between the two channels. The HEJ package also includes
all of the contributions not included in our resummation up to and including states with 4 final state
jets by matching the leading order matrix element program MadGraph [7].
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Figure 3: W+jets cross section as a function of the dijet invariant mass between the two leading jets.

3. Comparisons

There have been many very detailed analyses done in recent years comparing HEJ to data (or
to other Monte Carlos). Here we present a recent result showing the importance of the enhanced
high order corrections included in our resummation. A recent W±+jets analysis by the ATLAS
collaboration [6], see figure (3), shows that in the limit of large invariant mass discussed above
HEJ describes data well where other fixed-order tools struggle. It is also important to note that
even at small values for m12 (i.e. far outside the high energy limit) HEJ describes the data very
well.
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