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Motivation - Why study jets at the LHC?

I As we open up the available phasespace we observe an
increase in jet activity (1302.6508, 1304.7098)25
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FIG. 22: (color online) Measurement of the mean number of jets in inclusive W +2-jet events as a function of the dijet rapidity
separation of the two leading jets in both (a) pT -ordered and (b) rapidity-ordered scenarios, along with comparison to various
theoretical predictions. Lower panes show theory/data comparisons for each of the configurations.

rapidity separation provides a sensitive test of high-pT

jet emission in W +n-jet events. As a function of the ∆y
between the two highest-pT jets, the mean jet multiplic-
ity is approximately constant up to rapidity spans of six
units of rapidity with ⟨Njet⟩ ≈ 2.17. Parton shower and
matrix element matched theoretical approaches are able
to describe the shape of the rapidity separation depen-
dence (if not the overall jet emission rate) until ∆y > 3,
where these approaches consistently predict a 5% drop in
mean jet multiplicity not observed in the data. Predic-
tions from NLO blackhat+sherpa and hej accurately
predict the uniform jet multiplicity distribution seen in
the data.

In the case of the most rapidity-separated jet config-
uration, a strong ⟨Njet⟩ dependence is observed with ra-
pidity separation, in contrast to the pT -ordered config-
uration, varying from ⟨Njet⟩ = 2.0 jets at small sepa-
ration (where there is limited phase space for emission
of a third jet with pT > 20 GeV between the two for-
ward jets) increasing steadily with rapidity separation to
approximately 2.6 jets at the widest spans as shown in
Fig. 22(b). This is a particularly important probe for val-
idation of theoretical understanding of wide angle gluon
emission in vector boson plus jet processes.

Unlike the ∆y(j1, j2) configurations, both parton

shower and matrix element plus matched parton shower
generators underpredict the rate of increase in the num-
ber of jets as a function of ∆y(jF , jB). Predictions from
blackhat+sherpa also show a trend for NLO pQCD
to underestimate the jet multiplicity in a similar man-
ner to alpgen and sherpa. Resummation predictions
from hej are able to accurately describe the jet multi-
plicity dependence on jet rapidity separation across the
full interval studied, with high precision.

C. Jet emission probabilities / gap fraction

Figures 23–25 present measurements of the probability
for a third high-pT jet to be emitted in inclusive W +
dijet events calculated as the fraction of events in the
inclusive W + 2-jet sample that contain a third jet over
a pT > 20 GeV threshold as a function of dijet rapidity
separation using:

1. the two highest-pT jets,

2. the two most rapidity-separated jets (pT >
20 GeV), and

3. the two highest-pT jets with the requirement that
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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.

– 15 –

) [
pb

]
je

t
 N≥

) +
 

- l+  l
→*(γ

(Z
/

σ

-310

-210

-110

1

10

210

310

410

510

610

 = 7 TeV)sData 2011 (
ALPGEN
SHERPA
MC@NLO

 + SHERPAATHLACKB

ATLAS )µ)+jets (l=e,-l+ l→*(γZ/
-1 L dt = 4.6 fb∫

 jets, R = 0.4tanti-k
| < 4.4jet > 30 GeV, |yjet

Tp

0≥ 1≥ 2≥ 3≥ 4≥ 5≥ 6≥ 7≥

NL
O

 / 
Da

ta

0.6
0.8

1
1.2
1.4  + SHERPAATHLACKB

0≥ 1≥ 2≥ 3≥ 4≥ 5≥ 6≥ 7≥

M
C 

/ D
at

a

0.6
0.8

1
1.2
1.4 ALPGEN

jetN
0≥ 1≥ 2≥ 3≥ 4≥ 5≥ 6≥ 7≥

M
C 

/ D
at

a

0.6
0.8

1
1.2
1.4 SHERPA

(a)

)
je

t
 N≥

)+- l+  l
→*(γ

(Z
/

σ
+1

)/
je

t
 N≥

)+- l+  l
→*(γ

(Z
/

σ 0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

 = 7 TeV)sData 2011 (
ALPGEN
SHERPA

 + SHERPAATHLACKB

ATLAS )µ)+jets (l=e,-l+ l→*(γZ/
-1 L dt = 4.6 fb∫

 jets, R = 0.4tanti-k
| < 4.4jet > 30 GeV, |yjet

Tp

-1≥0/≥ 0≥1/≥ 1≥2/≥ 2≥3/≥ 3≥4/≥ 4≥5/≥

NL
O

 / 
Da

ta

0.6
0.8

1
1.2
1.4  + SHERPAATHLACKB

0≥1/≥ 1≥2/≥ 2≥3/≥ 3≥4/≥ 4≥5/≥ 5≥6/≥

M
C 

/ D
at

a

0.6
0.8

1
1.2
1.4 ALPGEN

jet+1/NjetN
0≥1/≥ 1≥2/≥ 2≥3/≥ 3≥4/≥ 4≥5/≥ 5≥6/≥

M
C 

/ D
at

a
0.6
0.8

1
1.2
1.4 SHERPA

(b)

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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I and we have plenty of new phase space them at the LHC...



Motivation - Why High Energy Jets?

I Jets at the LHC provide an insight in to QCD processes at
scales previously unseen.

I Useful for constraining PDF’s

I Jets events are an important background to understand for
the study of

I Top Physics,
I Higgs physics,
I BSM Physics.



The Problem At Hand...

I QCD ‘Factorisation’ at the LHC

fa/A

fb/B

σ̂

A

B

a

b

X

pA

pB

pa =xapA

pb =xbpB

σAB→X =

∫
dxadxbfa/A(xa, µF )fb/B(xb, µF )σ̂ab→X

I Here I will focus on the calculation of σ̂ab→X



Problems with traditional approaches

I ‘Fixed Order’ perturbation expansion:

σ̂ab→X = σ̂
(0)
ab→X + α2

s (µ2r )σ̂
(1)
ab→X + . . .

I The idea being that we may now truncate this series and
calculate the terms in the series that remain.

I Assumption: σ̂(i) are assume to be ∼ O(1). But these higher
order terms are logarithmically enhanced in some regions of
phase space.



Traditional Approaches - Problems 25
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FIG. 22: (color online) Measurement of the mean number of jets in inclusive W +2-jet events as a function of the dijet rapidity
separation of the two leading jets in both (a) pT -ordered and (b) rapidity-ordered scenarios, along with comparison to various
theoretical predictions. Lower panes show theory/data comparisons for each of the configurations.

rapidity separation provides a sensitive test of high-pT

jet emission in W +n-jet events. As a function of the ∆y
between the two highest-pT jets, the mean jet multiplic-
ity is approximately constant up to rapidity spans of six
units of rapidity with ⟨Njet⟩ ≈ 2.17. Parton shower and
matrix element matched theoretical approaches are able
to describe the shape of the rapidity separation depen-
dence (if not the overall jet emission rate) until ∆y > 3,
where these approaches consistently predict a 5% drop in
mean jet multiplicity not observed in the data. Predic-
tions from NLO blackhat+sherpa and hej accurately
predict the uniform jet multiplicity distribution seen in
the data.

In the case of the most rapidity-separated jet config-
uration, a strong ⟨Njet⟩ dependence is observed with ra-
pidity separation, in contrast to the pT -ordered config-
uration, varying from ⟨Njet⟩ = 2.0 jets at small sepa-
ration (where there is limited phase space for emission
of a third jet with pT > 20 GeV between the two for-
ward jets) increasing steadily with rapidity separation to
approximately 2.6 jets at the widest spans as shown in
Fig. 22(b). This is a particularly important probe for val-
idation of theoretical understanding of wide angle gluon
emission in vector boson plus jet processes.

Unlike the ∆y(j1, j2) configurations, both parton

shower and matrix element plus matched parton shower
generators underpredict the rate of increase in the num-
ber of jets as a function of ∆y(jF , jB). Predictions from
blackhat+sherpa also show a trend for NLO pQCD
to underestimate the jet multiplicity in a similar man-
ner to alpgen and sherpa. Resummation predictions
from hej are able to accurately describe the jet multi-
plicity dependence on jet rapidity separation across the
full interval studied, with high precision.

C. Jet emission probabilities / gap fraction

Figures 23–25 present measurements of the probability
for a third high-pT jet to be emitted in inclusive W +
dijet events calculated as the fraction of events in the
inclusive W + 2-jet sample that contain a third jet over
a pT > 20 GeV threshold as a function of dijet rapidity
separation using:

1. the two highest-pT jets,

2. the two most rapidity-separated jets (pT >
20 GeV), and

3. the two highest-pT jets with the requirement that



A New Approach...

I The High Energy Jets (HEJ) package provides a systematic
all-order description of QCD emissions.

I Motivated by behaviour of MEs in Multi-Regge Kinematic
region of phase space

I Key ingredients:
I Large invariant mass: sij = 2pi · pj →∞
I Effective vertices for extra emission,
I The Lipatov ansatz to describe extra real emissions.



The Multi-Regge Kinematic (MRK) Limit

I Infinite invariant mass: sij = 2pi · pj →∞

pi = p⊥ · (cosh y , cosφ, sinφ, sinh y)

⇒ sij = 2p⊥ip⊥j(cosh ∆y − cos ∆φ︸ ︷︷ ︸
∼O(1)

)

⇒ sij ∼ 2p⊥ip⊥j cosh ∆y

I So we can get large invariant mass having either:
I Large perpendicular momentum or,
I Large rapidity differences in final state jets.



The HEJ Package

I We start from the naturally ‘factorised’ form for the 2→ 2
scattering amplitude.

Naturally written as a contraction of a term de-
pending only on pa ∼ p1 and a term depending on
pb ∼ p2.

pb

pa

p2

p1

pb

pa

p2

p1

pb

pa

p2

p1

Aqg→qg ∝
〈a|µ|1〉 · 〈b|µ|2〉

t

I In the MRK limit the t-channel pole dominates



Adding extra emissions

I We then include further hard emissions by looking at the
possible ways in which we can emit an extra gluon:

The spinor formalism clearly displays the factorisation in the t-channel of the scattering,
i.e. within the spinor formalism, the “impact factors” are clearly identified as the quark currents;
in contrast, the “spinor product” rewriting of Eq. (11) mixes momenta from the two quark lines.
The standard procedure for extracting impact factors using the helicity formalism [20] applies
the kinematic approximations valid in the MRK limit. In terms of invariants, the square of the
colour and spin averaged and summed scattering matrix element for qQ → qQ is

g4 4

9

s2 + u2

t2
. (15)

The u2-terms arise from scattering of quark currents of different helicities, and spoil the factori-
sation implied in Eq. (6) from being exact, necessitating the consideration of kinematic limits of
the squared scattering matrix element. This despite the fact that for processes which proceed
only through a t-channel gluon exchange, the starting expression in terms of spinor strings is
already factorised.

In the MRK limit (of infinite rapidity separation between the scattered partons), the expres-
sion for the colour and helicity summed and averaged matrix element simplifies to the 2-jet part
of Eq. (6) since all allowed helicity scatterings give the same result in the limit and

|[a b] ⟨2 1⟩| = s, t → −|p⊥|2. (16)

This is the lowest order results in Eqs. (4)–(6).

3.2 Multi-Parton Production

In this section we will develop the picture of the scattering of two quark currents to take into
account the emission of additional gluons. We first consider adding one extra gluon to the
qQ → qQ scattering we have taken as our model so far; this may be emitted from the t-channel
gluon or from each of the external quark lines, Fig. 7.

Firstly the three gluon vertex in the t-channel emission gives a contribution of

Ag =
−Cgg

3
s

t1t2
ū(p1)γµu(pA) ū(p3)γνu(pB) ε∗

ρ ((q1 + q2)
ρgµν + (p2 − q2)

µgνρ − (q1 + p2)
νgµρ) ,

(17)

where Cg = Tw
a1aA

fwi2vT v
a3aB

. In the MRK limit, we can use Eq. (9) for the spinor strings, and
q1 = p3 − pB + p2 and q2 = pa − p1 − p2 to get

Ag → −2g3
s

t1t2
ε∗
ρ

(
−pρ

A(s3B + 2s2B) + pρ
B(s1A + 2s2A) + (q1 + q2)

ρŝ
)
. (18)

The MRK limit (Eq. (1)) gives s2B ≫ s3B and s2A ≫ s1A so we are left with

AMRK
g =

−2g3
s ŝ

t1t2
ε∗
ρ

(
−2pρ

A

s2B

ŝ
+ 2pρ

B

s2A

ŝ
+ (q1 + q2)

ρ
)

. (19)

q2

q1

pB

pA

p3

p2

p1

pB

pA

p3

p1

Figure 7: We add contributions where the 3rd jet (red) is emitted from the t-channel gluon, and
from each of the four external quark lines.

10

I These emission sites can be combined and, in the relavant
limit, expressed as an effective vertex:

Vµ(q1,q2) = −(q1 + q2)µ + p
µ
a
2
·
(

q21
pa·p2

+
pb ·p2
pa·pb

+
p2·p3
pa·p3

)
+ (pa↔p1)

− p
µ
b
2
·
(

q22
pb ·p2

+
pa·p2
pa·pb

+
p1·p2
p1·pb

)
− (pb↔p3).

I Gauge invariant in all of phase-space!



Recent Developments

I Because of the simple structure of these amplitudes it is easy
to extend the description to final states with EW bosons in.

I This has been done succesfully for W+j’s and H+j’s
(1206.6763, H’s paper pending) (Z+j’s and in progress).

I E.g. The inclusion of a Z 0 in our final state can be included
by modifying one of our contracted currents:

Mqg→(Z+→)e+e−qg =
jZµ (pa, p1, p

+
e , p

−
e ) · 〈b|µ|2〉

t
(1)

I Where jZµ is the ‘current’ which encodes all possible emission
sites of the Z 0.



Recent Developments

I Diagramatically:

=
pin pout

Z/γ∗

pe+

pe−

+

pe+

pe−

pe−

pe−

pg pg pg

Z/γ∗ Z/γ∗

pin pout poutpin

ϵ∗
µ

ϵ∗
µϵ∗

µ

Figure 9: The two emission sites for gauge boson emission.

jZ
µ =

( ⟨1|γσ(/pout
+ /pe+ + /pe−)γµ|a⟩

ta
+

⟨1|γµ(/pin
− /pe+ − /pe−)γσ|a⟩

tb

)
× ⟨e+|γσ|e−⟩, (44)

where we have use pz = pe+ + pe− . Expanding each particles momentum into the helicity basic set:∑
+,− /k = |k+⟩⟨k+|+|k−⟩⟨k−|. Since ⟨k±|γµ|k∓⟩ = 0 this fixes hin and hout to be the same. The final

current therefore only has four possibly helcitiy configurations:

jZ
µ (hq, hl) =

(
2pσ

1 ⟨1hq |γµ|ahq ⟩ + ⟨1hq |γσ|e+
hq

⟩⟨e+
hq

|γµ|ahq ⟩ + ⟨1hq |γσ|e−
hq

⟩⟨e−
hq

|γµ|ahq ⟩
ta

+ . . .

. . .+
2pσ

a⟨1hq |γµ|ahq ⟩ − ⟨1hq |γµ|e+
hq

⟩⟨e+
hq

|γσ|ahq ⟩ − ⟨1hq |γµ|e−
hq

⟩⟨e−
hq

|γσ|ahq ⟩
tb

)
⟨e+

hl
|γσ|e−

hl
⟩,

having used 2pσ
i = ⟨i|γσ|i⟩. This is unusual since we are having to sum over unphysical lepton helicities.

Having implemented this current it was possible to begin calculating matrix elements. Since it is possible
to emit the boson from either incoming quark line we must include both posibillities and the interference
term - in previous work with W± emission the interference terms were found to be negligible but it
was not clear a priori this would be the case the Z/γ∗ emission. Figure 10 shows diagramatically the
contributing terms. Mathematically we have:

|AZ |2 =

∣∣∣∣
1

p2
Z − m2

Z + iΓZmZ

∣∣∣∣
2 ∣∣∣∣k1

jZ
1 · j2
qa

+ k2
j1 · jZ

2

qb

∣∣∣∣
2

=

∣∣∣∣k1
jZ
1 · j2
qa

∣∣∣∣
2

+

∣∣∣∣k2
j1 · jZ

2

qb

∣∣∣∣
2

+ 2ℜ
{(

k1
jZ
1 · j2
qa

)(
k2

j1 · jZ
2

qb

)∗}
,

(45)

where k1 and k2 are the coupling constants for the Z and the quark lines, qa and qb are the gluon
momenta squared, mZ is the Z-boson mass and ΓZ is the peak width of the Z-propagator. Since the
photon emission version of figures 9 and 10 have exactly the same form as for the Z emission it is
easy to extend equation 45 to include the possibility of an interfering photon by simply having seperate
propagator terms and charges:

|AZ/γ∗ |2=
∣∣∣∣∣

(
k1

p2
Z/γ∗ − m2

Z + iΓZmZ
+

Q1e

p2
Z/γ∗

)
j

Z/γ∗

1 · j2
qa

+

(
k2

p2
Z/γ∗ − m2

Z + iΓZmZ
+

Q2e

p2
Z/γ∗

)
j1 · jZ/γ∗

2

qb

∣∣∣∣∣

2

,

(46)
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I The only change to our matrix element is that we must
replace the 〈1|µ|a〉 current with a more complicated form:

jZµ(hq , hl ) =

(
2pσ1 〈1hq |γµ|ahq 〉 + 〈1hq |γσ|e+hq 〉〈e

+
hq
|γµ|ahq 〉 + 〈1hq |γσ|e−

hq
〉〈e−

hq
|γµ|ahq 〉

ta
+ . . .

. . .+
2pσa 〈1hq |γµ|ahq 〉 − 〈1hq |γµ|e+hq 〉〈e

+
hq
|γσ|ahq 〉 − 〈1hq |γµ|e−

hq
〉〈e−

hq
|γσ|ahq 〉

tb

)
〈e+hl |γσ|e

−
hl
〉



Recent Developments - Z+jets

I Other complexities arise due to the possibility of the γ∗

channel interference

I Need an improved regularisation to include all possible
emission sites for the boson.
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Recent Developments - H+jets and ‘unordered’ emissions

I HEJ requires a strong rapidity ordering of all final state
partons.

I We have recently widened the region of applicability of our
resummation to include diagrams which have one ‘unordered
emission’ e.g.

a

b

g

1

2

I This has been succesfully implemented in the H+j’s code.



Results - Non-FKL Matching

I We include the extra configurations which arent resummed,
up to 4 jets:
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Figure 3: The rapidity span distribution from HEJ for inclusive W plus dijet production for
the FKL configurations (turquoise), with 2-jet non-FKL added (red), then with 3-jet non-FKL
matching added (blue) and lastly also including 4-jet non-FKL merging.

0: Fixed scale of your choice, set in “scale”.

1: HT /2, where HT is the transverse sum of all final state particles including p?`± and

��ET = p?⌫ .
2

2: p?max – the maximum p? of any single jet in each event.

3: The geometric mean of the identified hard jets,
⇣Qn

j=1 p?j

⌘1/n
.

In addition, there is the option to add logarithmic corrections, mimicking the part of the
NLL BFKL corrections which are proportional to the LL kernel. These can be included by
setting the “logcorrect” parameter in the input file to 1. These corrections modify !0(q,�) of
Eq. (14) to give instead

!0(qj ,�) = � ↵s(µ
2) CA

⇡
ln

 
q2

j

�2

!  
1 +

↵s(µ
2)

2

�0

4⇡
ln

µ4

q2
j�

2

!
,

�0 =
11

3
NC � 2

3
nf

(18)

while for the real emission vertices the coupling is multiplied by

✓
1 � ↵s(µ

2)
�0

4⇡
lnp2

i /µ2

◆
. (19)

See Ref. [13] for a full discussion. For the results presented in the next two sections we have
used µR = µF = HT /2 and included the logarithmic corrections associated with the scale. This
last choice is motivated by reducing the impact of the NLL corrections. These choices are not
an indication of an optimised fit to data, and other scale choices could be studied.

2Note that this is strictly greater than the value that can be measured in the detector, where instead the
momenta of the jets is added (not the original partons).
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Results - W+jets

I An ATLAS study showing various results differential
cross-section of W + j ’s at different HT . Even at quite low Ht

we have a good description.
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Figure 4: Left: The W + jets cross section as a function of HT , the scalar sum of the transverse
momenta of the jets, the charged lepton and the missing transverse momentum. Right: The
W + jets cross section as a function of the transverse momentum of the hardest jet in the event.
The data points, in this and subsequent plots in this section, are taken from Ref. [2].
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separately.
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Results - H+jets
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Fig. III.27: Transverse momentum of the Higgs boson produced in association with two jets before
(left) and after (right) the application of the VBF selection cuts in the leading jet selection as predicted
by the di�erent generators. The individual sources of uncertainties used to generate the respective bands
are described in Sec. 6.2.

would result in assigning them a coupling ↵2+3
s (µR) where the renormalisation scale is defined

through that underlying two jet configuration as ↵2+2
s (µR) = ↵2

s(mh)↵s(t1)↵s(t2). Though the
di�erence is of higher order, the latter definition clearly leads to higher values of µR in most
cases, and therefore lower cross sections. However, note that this simple picture is significantly
muddied and partly remedied by the treatment of the real emission configuration in Powheg-
like approaches and the interplay of S- and H-events in MC@NLO-like calculations. In case of
Hej, the slight depletion of the cross section at large mjj is also closely related to that at large
�y: instigated by the filling of large rapidity intervals through emissions unordered in transverse
momentum leads to a potentially di�erent selection of tagging jets. In conclusion, however, de-
spite all di�erences in the respective calculations, the resulting predictions are largely covered
by the uncertainties. Still, the di�erences seen for �y and mjj have a non-negligible e�ect on
the e�ciency of the VBF cuts, as seen in the following.

The Higgs transverse momentum in the leading jet selection before and after VBF cuts is
displayed in Fig. III.27. It comes out to be very similar in between the di�erent generators, again
except for small di�erences in the normalisation. Only the predictions of PowhegBox seem to
have a slight tilt as compared to the other generators before and after VBF cuts. Noteworthy is
also that while the cross sections after VBF cuts are largely in agreement among aMC@NLO,
PowhegBox, Pythia 8 and Sherpa the cross section predicted by Hej now drops outside the
uncertainties of the parton shower based approaches. This is a result of a trend already seen on
Fig. III.25.

Fig. III.28 shows the transverse momentum distribution of the system consisting of the
Higgs boson and the two tagging jets in the leading jet selection, again before and after VBF
cuts. The results are largely compatible within the uncertainties, with Pythia 8 and Sherpa
predicting a harder spectrum than aMC@NLO, PowhegBox or Hej. Again, as this distribution
is dominated by three jet topologies, this can be understood by the same reasoning as for Fig.
III.26. Hej does not exhibit the typical Sudakov shape with a maximum around 25 GeV as it

112

I Les Houches paper coming soon!
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FIG. 22: (color online) Measurement of the mean number of jets in inclusive W +2-jet events as a function of the dijet rapidity
separation of the two leading jets in both (a) pT -ordered and (b) rapidity-ordered scenarios, along with comparison to various
theoretical predictions. Lower panes show theory/data comparisons for each of the configurations.

rapidity separation provides a sensitive test of high-pT

jet emission in W +n-jet events. As a function of the ∆y
between the two highest-pT jets, the mean jet multiplic-
ity is approximately constant up to rapidity spans of six
units of rapidity with ⟨Njet⟩ ≈ 2.17. Parton shower and
matrix element matched theoretical approaches are able
to describe the shape of the rapidity separation depen-
dence (if not the overall jet emission rate) until ∆y > 3,
where these approaches consistently predict a 5% drop in
mean jet multiplicity not observed in the data. Predic-
tions from NLO blackhat+sherpa and hej accurately
predict the uniform jet multiplicity distribution seen in
the data.

In the case of the most rapidity-separated jet config-
uration, a strong ⟨Njet⟩ dependence is observed with ra-
pidity separation, in contrast to the pT -ordered config-
uration, varying from ⟨Njet⟩ = 2.0 jets at small sepa-
ration (where there is limited phase space for emission
of a third jet with pT > 20 GeV between the two for-
ward jets) increasing steadily with rapidity separation to
approximately 2.6 jets at the widest spans as shown in
Fig. 22(b). This is a particularly important probe for val-
idation of theoretical understanding of wide angle gluon
emission in vector boson plus jet processes.

Unlike the ∆y(j1, j2) configurations, both parton

shower and matrix element plus matched parton shower
generators underpredict the rate of increase in the num-
ber of jets as a function of ∆y(jF , jB). Predictions from
blackhat+sherpa also show a trend for NLO pQCD
to underestimate the jet multiplicity in a similar man-
ner to alpgen and sherpa. Resummation predictions
from hej are able to accurately describe the jet multi-
plicity dependence on jet rapidity separation across the
full interval studied, with high precision.

C. Jet emission probabilities / gap fraction

Figures 23–25 present measurements of the probability
for a third high-pT jet to be emitted in inclusive W +
dijet events calculated as the fraction of events in the
inclusive W + 2-jet sample that contain a third jet over
a pT > 20 GeV threshold as a function of dijet rapidity
separation using:

1. the two highest-pT jets,

2. the two most rapidity-separated jets (pT >
20 GeV), and

3. the two highest-pT jets with the requirement that



In Summary

I The LHC has given us access to new regions of phase space
where we need to rethink our approach to QCD calculations,

I Jets at the LHC provide us with a good check of SM
processes as well as a look at what is coming next,

I The HEJ approach provides an elegant way to describe
physics which was traditionally tricky to calculate,

I Recent extensions of our formalism mean we can describe a
wide range of important LHC processes,

I Good description of data seen so far.

www.cern.ch/HEJ/



Thanks for listening!



Backup - Mueller-Navalet Jets at the LHC

I Both CMS and ATLAS have published studies.

I CMS shows NLO matches with the data and HEJ
overestimates jet activity.
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Figure 2: Results for the measurements of RMN as a function of �⌘ (left). Distribution of
azimuthal angle di↵erence for most forward (right) �⌘ bin in MN pairs analysis.

selected. The results are compared to both DGLAP and BFKL-based MC generators, and to
NLL BFKL calculations. For each MN pair the angular distance is calculated: �� = �1 � �2.
Not only �� distributions are studied, but also the average cosines: Cn = hcos (n (��� ⇡))i
for n 2 {1, 2, 3}, corresponding to the coe�cients of a Fourier series in ��, and their ratios.
In the Figure 2 (right) �� distributions for the bin with the largest �⌘ is presented. For low
�� DGLAP-based MCs show deviation from the data. Considering the average cosines (not
shown here) at mid and high rapidity description of data by DGLAP predictions is worse. On
the other hand the CASCADE generator, implementing elements of the BFKL approach, does
not provide description of data in full �⌘ range. The NLL BFKL calculations provide a good
description of Cn ratios, nevertheless they are predicted with large theoretical uncertainties
(see [5]).

4 Summary

Four measurements in the low-x region of the phase space have been presented. In the jet
measurements discussed here there is no clear indication for the presence of BFKL e↵ects in
the data. There are some discrepancies between predictions and the data that should be further
studied.
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I Why do NLO undershoot in ATLAS? Are we really probing
the hard scatter here or testing MPI, UE tuning?


