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Higgs Analysis: WW* Channel and Jet Binning

jetsN
0 2 4 6 8 10

Ev
en

ts

1000

2000

3000

4000

5000
 Data  stat)! SM (sys 
 WW " WZ/ZZ/W

t t  Single Top
 Z+jets  W+jets

 H [125 GeV] x 10

ATLAS
-1 L dt = 4.7 fb# = 7 TeV, s

$l$l%
(*)WW%H

Figure 1: Multiplicity of jets within the acceptance described
in the text, for events satisfying the pre-selection criteria. The
lepton flavours are combined. The hashed area indicates the
total uncertainty on the background prediction. The expected
signal for a SM Higgs boson with mH = 125 GeV is superim-
posed (multiplied by a factor 10 for better visibility).

imuthal angular difference between the leptons,
∆φ"", be less than 1.8 radians, and that the dilep-
ton invariant mass, m"", be less than 50 GeV for
the 0-jet and 1-jet channels. For the 2-jet channel,
the m"" upper bound is increased to 80 GeV (the
|m"" − mZ | > 15 GeV cut is always applied for the
same-flavour channels). For mH ≥ 200 GeV, the
leptons tend to have higher pT and larger angular
separation. Therefore, the ∆φ"" cut is omitted and
the m"" upper bound is increased to 150 GeV. For
mH > 300 GeV, the m"" < 150 GeV criterion is
also omitted.
In the 0-jet channel, the magnitude p""T of

the transverse momentum of the dilepton system,
p""T = p"1T + p

"2
T , is required to be greater than

30 GeV for the eµ channel and greater than 45 GeV
for the ee and µµ channels. This improves the re-
jection of the Drell-Yan background.
In the 1-jet channel, backgrounds from top

quark decays are suppressed by rejecting events
containing a b-tagged jet, as determined using a
b-tagging algorithm which uses a combination of
impact parameter significance and secondary ver-
texing information and exploits the topology of
weak decays of b- and c-hadrons [55]. The algo-
rithm is tuned to achieve an 80% b-jet identifica-
tion efficiency in tt̄ events while yielding a light-jet
tagging rate of approximately 6% [56]. The total
transverse momentum, ptotT , defined as the magni-
tude of the vector sum ptotT = p

"1
T +p

"2
T +p

j
T +p

miss
T ,

is required to be smaller than 30 GeV to suppress
tt̄, single top, and Drell-Yan background events
with jets with pT below threshold. The ττ in-

variant mass, mττ, is computed under the assump-
tion that the reconstructed leptons are τ lepton de-
cay products, that the neutrinos produced in the
τ decays are collinear with the leptons [57], and
that they are the only source of EmissT . Events in
which the computed energies of both putative τ
leptons are positive (the collinear approximation
does not always yield physical solutions) are re-
jected if |mττ − mZ | < 25 GeV.
The 2-jet selection follows the 1-jet selection

described above (with the ptotT definition modi-
fied to include all selected jets). In addition, the
following jet-related cuts are applied: the two
highest-pT jets in the event, the “tag” jets, are
required to lie in opposite pseudorapidity hemi-
spheres (ηj1×ηj2 < 0), with no additional jet within
|η| < 3.2; the tag jets must be separated in pseudo-
rapidity by a distance |∆ηjj| of at least 3.8 units;
finally, the invariant mass of the two tag jets, mjj,
must be at least 500 GeV.
A transverse mass variable, mT [58], is used in

this analysis to test for the presence of a signal.
This variable is defined as:

mT =
√

(E""T + E
miss
T )2 − |p""T + p

miss
T |

2,

where E""T =
√

|p""T |2 + m
2
""
. The predicted num-

bers of signal and background events at each stage
of the low mH selection procedure outlined above
are presented in Table 2. Figure 2 shows the dis-
tributions of the transverse mass after all the low
mH selection criteria in the 0-jet and 1-jet analyses,
for all lepton flavours combined. No distribution is
shown for the 2-jet channel as only a single event
(with mT = 131 GeV) is selected in the data.

4. Background Normalisation and Control
Samples

For the 0-jet and 1-jet analyses, all the main
backgrounds from SM processes producing two
isolated high-pT leptons (WW, top, Drell-Yan) are
estimated using partially data-driven techniques
based on normalising the MC predictions to the
data in control regions dominated by the relevant
background source. Only the small background
from diboson processes other than WW is esti-
mated using MC simulation. For the 2-jet anal-
ysis, the WW and Drell-Yan backgrounds are also
estimated using MC simulation. The backgrounds
from fake leptons, which include true leptons from
heavy flavour decays in jets, are fully estimated
from data. The control samples are obtained from
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Figure 2: Transverse mass, mT, distribution in the 0-jet (top)
and 1-jet (bottom) channels, for events satisfying all criteria for
the low mH selection. The lepton flavours are combined. The
expected signal for a SM Higgs boson with mH = 125 GeV is
superimposed. The hashed area indicates the total uncertainty
on the background prediction.

the data with selections similar to those used in
the signal region but with some criteria reversed or
modified to obtain signal-depleted, background-
enriched samples. This helps to reduce the sensi-
tivity of the background predictions to the system-
atic uncertainties detailed in Section 5. In the fol-
lowing, such control samples are described for the
WW, Z/γ"+jets, top, and W+jets backgrounds.
The quoted uncertainties on the background esti-
mates are those associated with the low mH selec-
tion.

4.1. WW control sample
The WW background MC predictions in the

0-jet and 1-jet analyses, summed over lepton
flavours, are normalised using control regions de-
fined with the same selections as for the signal
regions except that the ∆φ$$ requirement is re-
moved. In addition, the upper selection bound on
m$$ is replaced with a lower bound m$$ > 80 GeV
(m$$ > mZ + 15 GeV) for the eµ (ee and µµ) final
states. The numbers of events in the WW control

regions in the data agree well with the MC pre-
dictions, as can be seen in Table 2. The total un-
certainty on the predicted WW background in the
signal region is 9% for the 0-jet and 22% for the
1-jet analyses.
This control region is used only for the low mH

selection in the 0-jet and 1-jet analyses. In the in-
termediate and high mH selections, or in the 2-jet
analysis, a high-statistics signal-depleted region
cannot be isolated in the data; in these cases, the
MC prediction is used.

4.2. Z/γ"+jets control sample
In the ee and µµ final states and separately in

the 0-jet and 1-jet analyses, a Z/γ"+jets control
region is constructed, after application of all se-
lection criteria except that on ∆φ$$, by consider-
ing a region with a modified criterion, 20 GeV <
EmissT,rel < 45 GeV. The number of events in this re-
gion, with non-Z/γ"+jets contributions subtracted
using the MC prediction, is then scaled by the ra-
tio of events counted in the EmissT,rel > 45 GeV re-
gion to that in the 20 GeV < EmissT,rel < 45 GeV
region, for |m$$ − mZ | < 15 GeV. Biases in the
method are evaluated and corrected for using sim-
ulated events. The acceptance of the ∆φ$$ selec-
tion criterion is taken from data. The resulting un-
certainty on the Z/γ"+jets background in the sig-
nal region amounts to 38% and 33% in the 0-jet
and 1-jet channels, respectively.
In the eµ channel of the 0-jet analysis, the back-

ground is estimated using the MC simulation and
cross-checked with data using a control region
dominated by Z → ττ decays, which is con-
structed by requiring 10 GeV < m$$ < 80 GeV,
∆φ$$ > 2.5, and p$$T < 30 GeV. A EmissT,rel thresh-
old of 25 GeV is used to calculate the data/MC
scale factor, matching the cut applied to this chan-
nel in the signal selection. The resulting scale fac-
tor is consistent with unity within the uncertainty
of about 10%. Owing to the difficulty of construct-
ing a control region for higher jet multiplicities, a
similar cross-check cannot be performed for the
1-jet and 2-jet analyses.

4.3. Top control sample
The estimated number of top quark background

events in the 0-jet signal region is extrapolated
from the number of events satisfying the pre-
selection criteria described in Section 3. This sam-
ple is dominated by top quark backgrounds, as
shown in Fig. 1. The contribution of non-top back-
grounds to this sample is subtracted using esti-
mates based on MC simulations. The scale factor

5

before cuts after cuts

H + 0-jet bin

No mass peak in this channel

from ATLAS, 1206.0756 

3

jet binning useful in separating backgrounds, maximizing sensitivity



Higgs Analysis: WW* Channel and Jet Binning
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Figure 1: Multiplicity of jets within the acceptance described
in the text, for events satisfying the pre-selection criteria. The
lepton flavours are combined. The hashed area indicates the
total uncertainty on the background prediction. The expected
signal for a SM Higgs boson with mH = 125 GeV is superim-
posed (multiplied by a factor 10 for better visibility).

imuthal angular difference between the leptons,
∆φ"", be less than 1.8 radians, and that the dilep-
ton invariant mass, m"", be less than 50 GeV for
the 0-jet and 1-jet channels. For the 2-jet channel,
the m"" upper bound is increased to 80 GeV (the
|m"" − mZ | > 15 GeV cut is always applied for the
same-flavour channels). For mH ≥ 200 GeV, the
leptons tend to have higher pT and larger angular
separation. Therefore, the ∆φ"" cut is omitted and
the m"" upper bound is increased to 150 GeV. For
mH > 300 GeV, the m"" < 150 GeV criterion is
also omitted.
In the 0-jet channel, the magnitude p""T of

the transverse momentum of the dilepton system,
p""T = p"1T + p

"2
T , is required to be greater than

30 GeV for the eµ channel and greater than 45 GeV
for the ee and µµ channels. This improves the re-
jection of the Drell-Yan background.
In the 1-jet channel, backgrounds from top

quark decays are suppressed by rejecting events
containing a b-tagged jet, as determined using a
b-tagging algorithm which uses a combination of
impact parameter significance and secondary ver-
texing information and exploits the topology of
weak decays of b- and c-hadrons [55]. The algo-
rithm is tuned to achieve an 80% b-jet identifica-
tion efficiency in tt̄ events while yielding a light-jet
tagging rate of approximately 6% [56]. The total
transverse momentum, ptotT , defined as the magni-
tude of the vector sum ptotT = p

"1
T +p

"2
T +p

j
T +p

miss
T ,

is required to be smaller than 30 GeV to suppress
tt̄, single top, and Drell-Yan background events
with jets with pT below threshold. The ττ in-

variant mass, mττ, is computed under the assump-
tion that the reconstructed leptons are τ lepton de-
cay products, that the neutrinos produced in the
τ decays are collinear with the leptons [57], and
that they are the only source of EmissT . Events in
which the computed energies of both putative τ
leptons are positive (the collinear approximation
does not always yield physical solutions) are re-
jected if |mττ − mZ | < 25 GeV.
The 2-jet selection follows the 1-jet selection

described above (with the ptotT definition modi-
fied to include all selected jets). In addition, the
following jet-related cuts are applied: the two
highest-pT jets in the event, the “tag” jets, are
required to lie in opposite pseudorapidity hemi-
spheres (ηj1×ηj2 < 0), with no additional jet within
|η| < 3.2; the tag jets must be separated in pseudo-
rapidity by a distance |∆ηjj| of at least 3.8 units;
finally, the invariant mass of the two tag jets, mjj,
must be at least 500 GeV.
A transverse mass variable, mT [58], is used in

this analysis to test for the presence of a signal.
This variable is defined as:

mT =
√

(E""T + E
miss
T )2 − |p""T + p

miss
T |

2,

where E""T =
√

|p""T |2 + m
2
""
. The predicted num-

bers of signal and background events at each stage
of the low mH selection procedure outlined above
are presented in Table 2. Figure 2 shows the dis-
tributions of the transverse mass after all the low
mH selection criteria in the 0-jet and 1-jet analyses,
for all lepton flavours combined. No distribution is
shown for the 2-jet channel as only a single event
(with mT = 131 GeV) is selected in the data.

4. Background Normalisation and Control
Samples

For the 0-jet and 1-jet analyses, all the main
backgrounds from SM processes producing two
isolated high-pT leptons (WW, top, Drell-Yan) are
estimated using partially data-driven techniques
based on normalising the MC predictions to the
data in control regions dominated by the relevant
background source. Only the small background
from diboson processes other than WW is esti-
mated using MC simulation. For the 2-jet anal-
ysis, the WW and Drell-Yan backgrounds are also
estimated using MC simulation. The backgrounds
from fake leptons, which include true leptons from
heavy flavour decays in jets, are fully estimated
from data. The control samples are obtained from
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Figure 2: Transverse mass, mT, distribution in the 0-jet (top)
and 1-jet (bottom) channels, for events satisfying all criteria for
the low mH selection. The lepton flavours are combined. The
expected signal for a SM Higgs boson with mH = 125 GeV is
superimposed. The hashed area indicates the total uncertainty
on the background prediction.

the data with selections similar to those used in
the signal region but with some criteria reversed or
modified to obtain signal-depleted, background-
enriched samples. This helps to reduce the sensi-
tivity of the background predictions to the system-
atic uncertainties detailed in Section 5. In the fol-
lowing, such control samples are described for the
WW, Z/γ"+jets, top, and W+jets backgrounds.
The quoted uncertainties on the background esti-
mates are those associated with the low mH selec-
tion.

4.1. WW control sample
The WW background MC predictions in the

0-jet and 1-jet analyses, summed over lepton
flavours, are normalised using control regions de-
fined with the same selections as for the signal
regions except that the ∆φ$$ requirement is re-
moved. In addition, the upper selection bound on
m$$ is replaced with a lower bound m$$ > 80 GeV
(m$$ > mZ + 15 GeV) for the eµ (ee and µµ) final
states. The numbers of events in the WW control

regions in the data agree well with the MC pre-
dictions, as can be seen in Table 2. The total un-
certainty on the predicted WW background in the
signal region is 9% for the 0-jet and 22% for the
1-jet analyses.
This control region is used only for the low mH

selection in the 0-jet and 1-jet analyses. In the in-
termediate and high mH selections, or in the 2-jet
analysis, a high-statistics signal-depleted region
cannot be isolated in the data; in these cases, the
MC prediction is used.

4.2. Z/γ"+jets control sample
In the ee and µµ final states and separately in

the 0-jet and 1-jet analyses, a Z/γ"+jets control
region is constructed, after application of all se-
lection criteria except that on ∆φ$$, by consider-
ing a region with a modified criterion, 20 GeV <
EmissT,rel < 45 GeV. The number of events in this re-
gion, with non-Z/γ"+jets contributions subtracted
using the MC prediction, is then scaled by the ra-
tio of events counted in the EmissT,rel > 45 GeV re-
gion to that in the 20 GeV < EmissT,rel < 45 GeV
region, for |m$$ − mZ | < 15 GeV. Biases in the
method are evaluated and corrected for using sim-
ulated events. The acceptance of the ∆φ$$ selec-
tion criterion is taken from data. The resulting un-
certainty on the Z/γ"+jets background in the sig-
nal region amounts to 38% and 33% in the 0-jet
and 1-jet channels, respectively.
In the eµ channel of the 0-jet analysis, the back-

ground is estimated using the MC simulation and
cross-checked with data using a control region
dominated by Z → ττ decays, which is con-
structed by requiring 10 GeV < m$$ < 80 GeV,
∆φ$$ > 2.5, and p$$T < 30 GeV. A EmissT,rel thresh-
old of 25 GeV is used to calculate the data/MC
scale factor, matching the cut applied to this chan-
nel in the signal selection. The resulting scale fac-
tor is consistent with unity within the uncertainty
of about 10%. Owing to the difficulty of construct-
ing a control region for higher jet multiplicities, a
similar cross-check cannot be performed for the
1-jet and 2-jet analyses.

4.3. Top control sample
The estimated number of top quark background

events in the 0-jet signal region is extrapolated
from the number of events satisfying the pre-
selection criteria described in Section 3. This sam-
ple is dominated by top quark backgrounds, as
shown in Fig. 1. The contribution of non-top back-
grounds to this sample is subtracted using esti-
mates based on MC simulations. The scale factor
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Higgs Analysis: WW* Channel and Jet Binning

“The systematic uncertainties that have the largest impact on the sensitivity of 
the search are the theoretical uncertainties associated with the signal.”

from ATLAS, 1206.0756 

Leading systematic uncertainties

ATLAS-CONF-2012-158

δσ1 jet = 30%

δσ0 jet = 16.5%

dominant contribution:
perturbative QCD 
scale uncertainties
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Jet Binning

• Build jets with a jet algorithm 
(e.g. anti-kT)

• Experimental analysis often look 
at exclusive/inclusive jet bins

• Standard veto is the jet pT

• e.g. 0 jets with pT > 25 GeV, or 
at least 1 jet with pT > 40 GeV

• Soft jets are poorly resolved, 
must be measured inclusively

• Low jet veto is useful in separating 
backgrounds (e.g. WW, tt~)
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Figure 7: A sample parton-level event (generated with Herwig [101]), together with many ran-
dom soft “ghosts”, clustered with four different jet algorithms, illustrating the “active” catchment
areas of the resulting hard jets (cf. section 4.4). For kt and Cam/Aachen the detailed shapes are
in part determined by the specific set of ghosts used, and change when the ghosts are modified.

degree of regularity (or not) of the boundaries of the resulting jets and their extents in the
rapidity-azimuth place.

3 Computational geometry and jet finding

It takes the human eye and brain a fraction of a second to identify the main regions of
energy flow in a calorimetric event such as fig. 7. A good few seconds might be needed to
quantify that energy flow, and to come to a conclusion as to how many jets it contains.
Those are timescales that usefully serve as a reference when considering the speed of jet
finders — if a jet finder takes a few seconds to classify an event it will seem somewhat
tedious, whereas a few milliseconds will seem fast. One can reach similar conclusions by
comparing to the time for a Monte Carlo event generator to produce an event (from tens

29

Salam
0906.1833

7



Approaches to Jet Vetoes

the event ET is an effective 
veto against high pT jets

experiments veto on 
the pT of each jet

H

ET =
�

i

pTidepends on 
jet algorithm

doesnʼt

8

We will bootstrap from 
the well understood global veto (ET) 

to the more complicated jet veto

H



Types of Jet Vetoes

9

• Many types of vetoes to restrict jet activity have been studied, e.g.

• qT, beam thrust (global jet vetoes, can be calculated to high accuracy)

• Experiments often use jet pT as a veto. Recent theory work:

• H + 0-jets: 

• Banfi, Salam, Zanderighi (1203.5773) - NLL+NNLO

• Becher, Neubert (1205.3806) - NNLL+NNLO (numerics being revised)

• Banfi, Monni, Salam, Zanderighi (1206.4998) - NNLL+NNLO

• Stewart, Tackmann, JW, Zuberi (in progress) - NNLL’+NNLO

• H + 1-jet: Liu, Petriello (1210.1096, 1303.4405) - NLL+NLO

• High luminosity LHC will give large pileup effects, may lead to some 
new and creative jet vetoes (e.g. using jet substructure)
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Log Structure of H + 0-jet Cross Section
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LR = lnR

Log Structure of H + 0-jet Cross Section

αsL
2 αsL

α2
sL

3 α2
sL

2 α2
sL

α3
sL

4 α3
sL

3 α3
sL

2 α3
sL

LL NLL
NNLL

αs

α2
s

α3
s

NLL� NNLL�

NNNLL

α2
sLLR

α3
sLL

2
R

L = ln
pcut
T

mH

Global veto log structure
Clustering corrections for the jet veto

Counting in the log of the cross section

12

We work to
NNLLʼ+NNLO

in the veto logs
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boundary 

conditions for 
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Overview of the H + 0-jet Calculation
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σ0(p
cut
T ) = σresum

0 (pcutT ) + σnons
0 (pcutT )

Resum to NNLLʼ match to NNLO

MCFM H+jet at LO, NLO
HNNLO for the total cross section

Use the global, jet algorithm independent ET veto 
to derive the double logarithmic resummation (+single logs)

Derive a jet algorithm dependent clustering correction 
that affects the single log resummation

New two-loop calculations, 
anomalous dimensions

Catani, 
Grazzini

Campbell, 
Ellis, Williams



Power Counting for H + 0-jet Cross Section

H

f f

soft and collinear radiation emitted with a scale pT ∼ pcutT

for a 0-jet cross section, there are no hard jet emissions
this implies the final state can be described by SCETII

soft radiation
collinear radiation
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Power Counting for H + 0-jet Cross Section

H

f f

collinear radiation:

anti-collinear radiation:

soft radiation:

pn ∼ mH(1,λ2,λ)

pn̄ ∼ mH(λ2, 1,λ)

ps ∼ mH(λ,λ,λ)

aligned with beam

aligned with (other) beam

isotropic, goes anywhere

power counting parameter in SCETII, 
enforces no high-pT jets 

λ ∼ pcut
T

mH

� 1

(1, 0, 0)(0, 1, 0)
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Rapidity Divergences and Renormalization J
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E
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Figure 4. Simplest running strategy to resum all the large logarithms in the Sudakov Form Factor.

Figure 5. Running in ν corresponds to flow along the mass-shell hyperbola.

Using relations (4.34) to (4.37) we can explicitly verify the commutation relation (4.31)

at the order we are working. Equations (4.33) to (4.39) give the resummation for the

most general choice of scales µ and ν. However, in order to resum all the logarithms, the

most convenient choice of scales is µ = µJ = µS ∼ M and ν = νJ ∼ Q. Running with this

choice of scales only requires running the hard function in µ and soft function in ν to the

natural scales of the jet function. This strategy is shown in figure 4. With this strategy, it

is not required to use the integrated form (4.30) and the fixed order form of γν suffices.

The physics of the RRG flow can be understood from figure 5. A change in the scale

ν corresponds to a flow between the soft and collinear regions. The natural scale for the

soft function is n · k ∼ n̄ · k ∼ M whereas the collinear functions sit at the scale Q. To

sum the logarithms we may slide the cut-off(s) of the soft function up the hyperbola, such

that the scale ν minimizes the logarithms in the collinear sectors.

4.3 The necessity for RRG

The RRG is critical in establishing the µ independence of the resummed form factor. To

illustrate this we can combine the evolution factors, and present the completely resummed

– 16 –

Chiu, Jain, Neill, Rothstein
1202.0814

SCETII  modes and running

soft/collinear modes have 
same virtuality, 

different rapidities

we use the rapidity regulator to regulate 
rapidity divergences and resum logs

16

�
dp2T dy

dφ

π

1

p2+2�
T

θ(pT < pcutT )

eikonal matrix element:

unregulated rapidity divergence

µ ←→ ν , � ←→ η

renormalization, RG evolution
performed like dim reg

adds new scales to 
factorization theorem

functions like dim reg:



Factorization Theorem for H + 0-jets in SCET

σ(pcut
T

) = H(mH , µ)

�
dxa dxb Ba(p

cut
T

, xa, µ, ν)Bb(p
cut
T

, xb, µ, ν)S(p
cut
T

, µ, ν)

Becher, Neubert
1205.3806
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B(x, pcutT , µ, ν) =

� pcut
T

0
dETBG(x,ET , µ, ν) +∆B(x, pcutT , µ, ν)

S(pcutT , µ, ν) =

� pcut
T

0
dETSG(ET , µ, ν) +∆S(pcutT , µ, ν)

H(µH , µ) : hard function is universal for gg → H, known to NNLO

M = θ(1 jet)θ(pT < pcutT ) + θ(2 jets)θ(pT1 < pcutT )θ(pT2 < pcutT ) + . . .

= θ(pT < pcutT ) + θ(2 jets)
�
θ(pT1 < pcutT )θ(pT2 < pcutT )− θ(pT1 + pT2 < pcutT )

�
+ . . .

divide measurement function into global veto and clustering correction

Stewart, Tackmann, 
JW, Zuberi
to appear

Harlander
hep-ph/0007289

Harlander, Ozeren
0907.2997

Pak, Rogal, Steinhauser
0907.2998



Summary of Calculations
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soft function: full NNLO calculation for ET, 
clustering correction
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Figure 1: O(α2
s) opposite hemisphere diagrams. The endpoints of the gluons can be attached to

the points on the Wilson lines labeled by a ‘x’ in any order. Figure (a) gives the I diagrams, (b)
and (c) give the T diagrams, (d) gives the G diagrams, (e) the H diagrams with ghosts, and (f) the
Q diagrams with massless quarks.

We have explicitly checked that our final result is unchanged if the gluon propagators

in Fig. 1 are taken in a general covariant gauge. The gauge parameter cancellation occurs

individually for the T , G +H, and Q terms (and provides a non-trivial cross check on the

relative overall signs of G and H).

Next we present final results for the renormalized soft function that includes contribu-

tions from both the same hemisphere and opposite hemisphere terms, using the approach

described in Sec. 3.2. We first discuss position space and then the double cumulant distri-

bution in momentum space. Eqs. (3.30) and (3.36) are the main results of this paper.

3.3.1 Result in Position Space

In position space we find

S̃(x1, x2, µ) = 1−
αs(µ)CF

4π
π2 + R̃(x1, x2, µ) +

α2
s(µ)

4π2

[
C2
F
π4

8
+

1

2
t2
(x1
x2

)]
, (3.30)

where

t2
(x1
x2

)
= −CFCA

2π2

3
ln2

(x1
x2

)
(3.31)

+ 2 ln
(x1/x2 + x2/x1

2

)(
CFCA

11π2−3−18ζ3
9

+ CFTRnf
6− 4π2

9

)

+ 2CFTRnf

[
FQ

(x1
x2

)
+ FQ

(x2
x1

)
− 2FQ(1)

]

+ 2CFCA

[
FN

(x1
x2

)
+ FN

(x2
x1

)
− 2FN (1)

]
+ CFCAs

[CFCA]
2 + CFTRnfs

[nf ]
2 ,

determining the non-global function appearing in Eq. (2.16). Here and throughout this

paper x1 and x2 have a small imaginary components, and should be regarded as x1 − i0+
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At O(αs) there is only one particle in the final state and requiring ET < p
cut
T

is equivalent to

the jet veto. And in general, the difference

∆σ(pcutT ) = σ(pjet
T

< p
cut
T )− σ(ET < p

cut
T ) (2.2)

is useful. In the first term a global veto on ET is performed, and in the second the jet veto is

performed (where p
jet
T

is the leading jet pT ). The global veto can be used to understand the

structure of the veto logarithms, and in this case can be used to isolate clustering effects3.

Since the O(αs) clustering correction vanishes, ∆σ(1)(pcut
T

) = 0, the known O(α2
s) clus-

tering effects are a LO quantity. This implies that ∆σ(3)(pcut
T

), which contains the complete

C3(R), can be computed from existing H + 2-jet NLO codes. However, ∆σ contains higher

powers of veto logarithms and extracting C3(R) requires an overwhelming computational in-

vestment. Therefore we opt to focus solely on the leading ln2R terms and calculate them

through more direct methods.

In the small R limit, the H + 0-jet cross section can be factorized in SCET into hard

(Hgg), beam (Bg

a,b
), and soft (Sgg) functions [? ]:

σ(pcutT ) = σB Hgg(mH , µ)

�
dY B

g

a(p
cut
T ,mH , xa, µ, ν)B

g

b
(pcutT ,mH , xb, µ, ν)Sgg(p

cut
T , µ, ν) .

(2.3)

The bare soft and beam functions individually contain rapidity divergences that are not

regulated by dimensional regularization. These rapidity divergences can be regulated in

different ways, and in this work we use the rapidity renormalization group [? ]. The rapidity

divergences are regulated with an explicit factor in matrix elements, using a scheme that

introduces a scale ν that functions much like µ in dimensional regularization.

The factorization and resummation properties of the jet veto logarithms are now well

understood, and in SCET the clustering logarithms from Cn(R) are divided between the

beam and soft functions:

total O(αn

s ) : σlo
�αs

4π

�n

Cn(R) ln
mH

p
cut
T

,

soft O(αn

s ) :
�αs

4π

�n

Cn(R) ln
ν

p
cut
T

,

beam O(αn

s ) :
1

2
fg(xa,b, µ)

�αs

4π

�n

Cn(R) ln
mH

ν
. (2.4)

Therefore Cn(R) can be calculated from the soft function.

2.1 The Soft Function

The soft function in SCET is a forward scattering matrix element of soft Wilson lines with a

veto measurement on the final state,

S(pcutT , µ, ν) =
�
0
��Y †

n̄ YnM(pcutT )Y †
n Yn̄

��0
�
. (2.5)

3
The clustering correction defined by ∆σ depends on the choice of ET as the global veto (as opposed to,

e.g., the Higgs pT ). Since the global veto is independent of the algorithm, the clustering corrections should be

viewed as only the R-dependent terms.
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done as a “brute force” calculation

Certain coordinates exploit symmetries of the 
matrix elements, measurement function
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Figure 20. One-loop Feynman diagrams for the gluon beam function. The minus momentum ω is
incoming at the vertex and the b+ momentum is outgoing. Graphs (b), (d), and (e) have symmetric
counterparts, which are equal to the ones shown. The corresponding diagrams with the external lines
crossed or involving a four-gluon vertex vanish and are not shown.

vanish, fbare (1)
g/j (z) = 0, meaning that the IR and UV divergences in fbare (1)

g/j (z) are equal with

opposite signs. Thus, from eqs. (A.17) and (A.15) we get

f (1)
g/g(z, µ) = −

1

ε

αs(µ)

2π
θ(z)

[
CAPgg(z) +

1

2
β0 δ(1− z)

]
,

f (1)
g/q(z, µ) = −

1

ε

αs(µ)CF

2π
θ(z)Pqg(z) , (A.18)

where the ε poles are IR divergences.

A.3 The Gluon Beam Function at One Loop

We now turn to the one-loop calculation of the gluon beam function. The relevant one-loop

diagrams are shown in figure 20, with the Feynman rules given below in eq. (A.21). Regulating

both the UV and IR in dimensional regularization, the virtual diagram in figure 20(d) and

its symmetric counterpart vanish because there is only the p− momentum of the external

gluon flowing into the loop, which is insufficient to give a nonzero Lorentz-invariant result

for the loop integral. The diagram in figure 20(e), corresponding to the contribution from

wave-function renormalization, vanishes for the same reason. Thus, in the on-shell scheme,

both the wave-function renormalization constant Zξ as well as the residue Rξ entering the

LSZ formula are equal to one. (A different scheme would give contributions to both Zξ and
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beam function:
full NLO calculation,

dominant clustering terms at 
NNLO using RG invariancey−
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Figure 20. One-loop Feynman diagrams for the gluon beam function. The minus momentum ω is
incoming at the vertex and the b+ momentum is outgoing. Graphs (b), (d), and (e) have symmetric
counterparts, which are equal to the ones shown. The corresponding diagrams with the external lines
crossed or involving a four-gluon vertex vanish and are not shown.

vanish, fbare (1)
g/j (z) = 0, meaning that the IR and UV divergences in fbare (1)

g/j (z) are equal with

opposite signs. Thus, from eqs. (A.17) and (A.15) we get

f (1)
g/g(z, µ) = −

1

ε

αs(µ)

2π
θ(z)

[
CAPgg(z) +

1

2
β0 δ(1− z)

]
,

f (1)
g/q(z, µ) = −

1

ε

αs(µ)CF

2π
θ(z)Pqg(z) , (A.18)

where the ε poles are IR divergences.

A.3 The Gluon Beam Function at One Loop

We now turn to the one-loop calculation of the gluon beam function. The relevant one-loop

diagrams are shown in figure 20, with the Feynman rules given below in eq. (A.21). Regulating

both the UV and IR in dimensional regularization, the virtual diagram in figure 20(d) and

its symmetric counterpart vanish because there is only the p− momentum of the external

gluon flowing into the loop, which is insufficient to give a nonzero Lorentz-invariant result

for the loop integral. The diagram in figure 20(e), corresponding to the contribution from

wave-function renormalization, vanishes for the same reason. Thus, in the on-shell scheme,

both the wave-function renormalization constant Zξ as well as the residue Rξ entering the

LSZ formula are equal to one. (A different scheme would give contributions to both Zξ and
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remaining NNLO contributions 
to cross section extracted 

from MCFM + HNNLO



Global Veto Contribution

The global veto is interesting in its own right
Only known to NLL+NLO, we calculate to NNLLʼ+NNLO

µH = mH

µB , µS = pcutT νS = pcutT

νB = mH
hard

(FO scale)

beam, soft soft

beam

renormalization scale rapidity scale

ET =
�

i

pTi

produces single logsproduces Sudakov double logs

Higgs pT is also a valid choice
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Clustering Effects (Relative to Global Veto)

NLO: only 1 parton, only 1 jet
ET is the same as the leading jet pT

no clustering correction

NNLO: ET and leading jet pT differ
when two jets in final state

lowest order clustering correction

NNNLO: jet algorithm dependent
unknown contribution

20



Two Clustering Effects, Two Regions of Jet Radius

Large jet radius
R ~ 1

Small jet radius
R << 1

c s

complicates factorization
but numerically less important

logarithms of jet radius important
but resummation is impossible

c s

Jet algorithm effects:

σ ⊃ O(Rn) , O(lnn R) terms

Factorization theorem
valid for small jet radius

Can induce violations to 
naive factorization

21



Clustering Logs

Clustering effects give rise to logs of R

ET veto measurement at NNLO:

correction for clustering:

can write in terms of canceling IR collinear divergences

lnR : remnant of collinear 
divergence sensitive

 to jet radius

M = θ(pT1 + pT2 < pcutT )

∆M = θ(∆R > R)
�
θ(pT1 < pcutT ) θ(pT2 < pcutT )− θ(pT1 + pT2 < pcutT )

�

Msp :
1

�

∆Msp : −1

�
R�

22



Clustering Logs in the Soft Function

collinear
limit

eikonal
amplitude

splitting
amplitude

can be calculated using collinear limits of eikonal matrix elements:

A = Aeik Acoll

contains an overall rapidity 
divergence that generates 

a log of the veto scale
generates the log of R

when integrated against 
the measurement

23

∆S(n) =

�
αsCA

π

�n

ln
ν

pcutT

C(n−1)
n lnn−1 R

∆S(2) =

�
αsCA

π

�2

ln
ν

pcutT

(−4.97) lnR NLL if lnR ∼ ln
mH

pcut
T

resummation is unknown 
impacts uncertainty estimates!



Numerical Impact of Clustering Effects

0
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σ
(2

) (
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t
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)/

σ
L
O

R=0.4 R=1.0
σ(2)(pcut

T )

σ(2)(∞)

δσ(2)
SC(R2)

∆σ(2)(ln R)

Tackmann, JW, Zuberi, 
1206.4312
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R = 0.4 : solid
R = 1.0 : dashed

NNLO 0-jet terms

total NNLO terms

clustering logs
clustering Rn terms



Summary of Resummation

25

• Performed resummation to NNLL’

• Global veto captures dominant veto logs

• Clustering correction accounts for the jet algorithm effects, 
we understand the all-orders structure of these terms

• Resummation of clustering effects unknown, potentially very important

• Only the 3-loop non-cusp (+4-loop cusp) anom. dim. unknown for NNNLL

• Two parts: the global veto and the clustering contribution

• Challenging to obtain, but the tools exist, and would help uncertainties

• Now let’s match to NNLO and carry out numerics



example resummed curve
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H � 0�jet cross section

Resummation vs. Fixed Order

fixed order 
dominates

logs 
dominate
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fixed order 
cross section

Sudakov
suppression

transition 
region



Fixed Order Singular and Non-Singular Terms

NNLO terms (MCFM + HNNLO)

logs dominate

resummation should 
be turned off

well before mH

transition region

mH
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Scales and Resummation

Natural factorization scales:

µH = mH

µB , µS = pcutT νS = pcutT

νB = mH
hard

(FO scale)

beam, soft soft

beam

renormalization scale rapidity scale

σ(pcut
T

) = H(mH , µ)

�
dxa dxb Ba(p

cut
T

, xa, µ, ν)Bb(p
cut
T

, xb, µ, ν)S(p
cut
T

, µ, ν)

28

Design scales that turn off the resummation 
at the appropriate veto scale



Profile Scales

fixed orderresummation

vary each beam, soft 
scale independently

constrain variations of 
scale ratios, e.g. μB/μS

2926 variations

vary all scales collectively, 
preserve scale ratios

 also vary low profile shape
4 different shapes

fixed order variation
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The Higgs Jet Vetoes

H + 0-jet
Calculation

Preliminary
Numerics and 
Uncertainties
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combined inclusive uncertainty
direct scale variation
central scale�Μ � mH�

Ecm � 8 TeV
mH � 125 GeV
R � 0.4
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Uncertainties: Fixed Order
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exclusive jet bins have cancellations between 
large perturbative corrections and veto logs 

CFO

�
{σtot,σ0,σ≥1}

�
=




∆2

tot ∆2
tot 0

∆2
tot ∆2

tot +∆2
≥1 −∆2

≥1

0 −∆2
≥1 ∆2

≥1





fixed order 0-jet bin: 
treat total and 1-jet inclusive 
uncertainties as uncorrelated 

this general method
currently used in many 
experimental analyses

Stewart, Tackmann
1107.2117



Uncertainties: Resummation

32

With resummation, can separately estimate 
the fixed order and resummation uncertainties

C = Cresum + Cfixed ,

Cresum =




0 0 0
0 ∆2

resum −∆2
resum

0 −∆2
resum ∆2

resum



 ,

Cfixed =




∆2

tot ∆tot∆H0 ∆tot∆H≥1

∆tot∆H0 ∆2
H0 ∆H0∆H≥1

∆tot∆H≥1 ∆H0∆H≥1 ∆2
H≥1





∆tot = ∆H0 +∆H≥1

Full covariance matrix lets us determine any 
uncertainty and take correlations into account

σtot

σ0

σ≥1



H + 0-jet Cross Section

Results for Ecm = 8 TeV, mH = 125 GeV, R = 0.4
Observe a modest reduction in uncertainties with larger R

33

resummed convergence comparison to FO

we use an imaginary hard scale 
(ʻπ2 resummationʼ)

increases σ0 above NNLO

we can estimate an additional uncertainty 
from higher order clustering effects
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H + 0-jet Cross Section: Uncertainties

34

resummed convergence comparison to FO

fractional uncertainty
hard work pays off!

Results for Ecm = 8 TeV, mH = 125 GeV, R = 0.4
Observe a modest reduction in uncertainties with larger R
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H + 1-jet Inclusive Cross Section
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resummed convergence comparison to FO

σ≥1(p
cut

T ) = σFO
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cut

T )

∆≥1(p
cut
T

) = ∆2
resum(p

cut
T

) +∆2
H≥1(p

cut
T

)

would be interesting to compare to H+1-jet NNLO predictions 
test perturbative corrections vs. logs
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H + 0-jet Efficiency
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resummed convergence comparison to FO
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�1/2

correlations between fixed order scale variation in 
0-jet, total cross sections reduces uncertainties
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Conclusions

• H + 0-jet cross section is a key theoretical input to Higgs studies

• Resummation substantially improves uncertainty

• Comparison to Banfi, Monni, Salam, Zanderighi and 
Becher, Neubert, Rothen will be insightful

• Many new results

• ET resummation to NNLL’+NNLO (extends NLL+NLO)

• First 2-loop calculation with rapidity (eta) regulator by Chiu et. al. 

• Analytic determination of dominant constant terms

• All-orders understanding of clustering effects

• Many avenues to further improve uncertainty
37



Extra Slides
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H + 0-jet Cross Section: Uncertainties
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fixed order and resummation uncertainties

∆2
0(p

cut
T

) = ∆2
resum(p

cut
T

) +∆2
H0(p

cut
T

)

transition region [20,40] GeV: 
both uncertainties very important!


