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The Central Jet Veto
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General Purpose Tree-Level Monte Carlo

To evaluate VBF channels, need Zjj, WWjj, & tt̄j matrix element for high-pT forward jets

Parton-Shower severely under-estimates high-pT tail.

For ATLAS scientific note, we worked with Zeppenfeld to
interface background Matrix Element code to Showering &
Hadronization generators like Pythia and Herwig (MadCUP)

Now we mainly rely on general purpose tools like MadEvent,
Alpgen, & Sherpa
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Flow of color-charge leads to different 
distributions for additional QCD radiation for 
Electroweak and QCD Zjj background

A Central Jet Veto is a major tool for the 
analysis

Precise knowledge of signal efficiency is 
crucial for limits and coupling measurements

The dominant background for               is the irreducible Z+jetsH → ττ
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Assumed Uncertanties
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Assumed systematic uncertainties in the coupling measurements 

So far we have investigated the situation where no important channel suffers substantial
suppression. However, it might be (within Supersymmetry or another extension of the SM)
that the WBF channels are degraded, or that the Higgs decays more strongly to unobservable
cc̄ or gg final states. Other decays like h → χ̃0

1χ̃
0
1 [38] or h → µ+µ− [46] may be detectable,

or upper bounds may be put on their partial widths. Channels with low statistics might
be absent. Finally, the mass measurement might be less precise due to a suppression of
H → γγ, thus weakening the Higgs mass constraint. These scenarios are beyond the scope
of this paper and will be discussed in a forthcoming publication.
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Appendix: systematic uncertainies

The systematic errors include uncertainties on luminosity and detector effects which are
summarized in Tab. 1. All these numbers are estimates. More definite numbers will be
known only once the LHC experiments are running.

L 5% Measurement of luminosity
εD 2% Detector efficiency
εL 2% Lepton reconstruction efficiency
εγ 2% Photon reconstruction efficiency
εb 3% b-tagging efficiency
ετ 3% hadronic τ -tagging efficiency
εTag 5% WBF tag-jets / jet-veto efficiency
εIso 3% Lepton isolation (H → ZZ → 4%)

Table 1: Estimated systematic uncertainties on luminosity and detector effects, see e.g.
Ref. [7].

The systematic background normalization uncertainties of the individual channels are
split into two components, shown in the second and third column of Tab. 2. The first part
is the uncertainty on the shape of the background derived from extrapolating a perfectly
measured sideband into the signal region. The second part is needed to estimate the statis-
tical error on the measurement of the sideband itself. We used this manner of estimating
the number of events in the sideband since actual numbers for sidebands are not contained
in the existing analyses.

The uncertainties in Tab. 3 summarize the theoretical QCD and PDF uncertainties on
Higgs boson production. For the WBF channels there is an additional 10% (after applying
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Theorist’s Dream Experimentalist’s 
Nightmare



Kyle Cranmer (BNL) Les Houches, Higgs Session, June 25, 2007

Assumed Uncertanties

3

General Purpose Tree-Level Monte Carlo

To evaluate VBF channels, need Zjj, WWjj, & tt̄j matrix element for high-pT forward jets

Parton-Shower severely under-estimates high-pT tail.

For ATLAS scientific note, we worked with Zeppenfeld to
interface background Matrix Element code to Showering &
Hadronization generators like Pythia and Herwig (MadCUP)

Now we mainly rely on general purpose tools like MadEvent,
Alpgen, & Sherpa

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 24)

Kyle Cranmer

Brookhaven National Laboratory

Assumed systematic uncertainties in the coupling measurements 

So far we have investigated the situation where no important channel suffers substantial
suppression. However, it might be (within Supersymmetry or another extension of the SM)
that the WBF channels are degraded, or that the Higgs decays more strongly to unobservable
cc̄ or gg final states. Other decays like h → χ̃0

1χ̃
0
1 [38] or h → µ+µ− [46] may be detectable,

or upper bounds may be put on their partial widths. Channels with low statistics might
be absent. Finally, the mass measurement might be less precise due to a suppression of
H → γγ, thus weakening the Higgs mass constraint. These scenarios are beyond the scope
of this paper and will be discussed in a forthcoming publication.

Acknowledgments

We would like to thank M. Carena for useful discussions during early stages of this work.
H.L. and D.Z. were supported in part by the U.S. Department of Energy under grant DE-
FG02-95ER40896 and in part by the Wisconsin Alumni Research Foundation. This work was
also supported by the European Community’s Human Potential Programme under contract
HPRN-CT-2000-00149 Physics at Colliders. S.H. thanks the DESY theory division for kind
hospitality in the final stages of this work.

Appendix: systematic uncertainies

The systematic errors include uncertainties on luminosity and detector effects which are
summarized in Tab. 1. All these numbers are estimates. More definite numbers will be
known only once the LHC experiments are running.

L 5% Measurement of luminosity
εD 2% Detector efficiency
εL 2% Lepton reconstruction efficiency
εγ 2% Photon reconstruction efficiency
εb 3% b-tagging efficiency
ετ 3% hadronic τ -tagging efficiency
εTag 5% WBF tag-jets / jet-veto efficiency
εIso 3% Lepton isolation (H → ZZ → 4%)

Table 1: Estimated systematic uncertainties on luminosity and detector effects, see e.g.
Ref. [7].

The systematic background normalization uncertainties of the individual channels are
split into two components, shown in the second and third column of Tab. 2. The first part
is the uncertainty on the shape of the background derived from extrapolating a perfectly
measured sideband into the signal region. The second part is needed to estimate the statis-
tical error on the measurement of the sideband itself. We used this manner of estimating
the number of events in the sideband since actual numbers for sidebands are not contained
in the existing analyses.

The uncertainties in Tab. 3 summarize the theoretical QCD and PDF uncertainties on
Higgs boson production. For the WBF channels there is an additional 10% (after applying

15

Theorist’s Dream Experimentalist’s 
Nightmare

The nightmare illustration may be unreasonably pessimistic, but 
experimentalists would be more comfortable with a measurement
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Motivation & Goals
In the Z+jjj sample, we observe the sum of EW & QCD
‣what are the contributions from EW & QCD?
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If we can unfold the EW & QCD 
components:

1) check predictions for EW Z+jets
‣ if problems, learn what effects 

are missing
‣ ultimately, improve our 

prediction for Higgs.
2) isolate VBF diagrams in Z 

production and extrapolate to 
Higgs production 

Our Goal: minimize the error on CJV 
efficiency for signal
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Unfolding EW & QCD Z+jets
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Idea for Measuring CJV with Data

If we can find some other 
variable that is:
‣ uncorrelated to the 3rd 
jet’s distribution

‣ discriminates between 
EW & QCD

then we can unfold the 
two contributions

6

Some other variable

By looking at                 &                  we remove Higgs contributionZ → e+e− Z → µ+µ−
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Idea for Measuring CJV with Data
My original idea was to look at rapidity of Z.  
‣ Showed discrimination. Don’t expect correlation.  Can’t find plots.  
‣ Looking in literature, other candidates are:
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University of Wisconsin - Madison
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May 1996

Probing color-singlet exchange in Z + 2-jet events at the LHC

D. Rainwater1, R. Szalapski2, and D. Zeppenfeld1

1Department of Physics, University of Wisconsin, Madison, WI 53706

2Theory Group, KEK, 1-1 Oho, Tsukuba, Ibaraki 305, Japan

Abstract

The purely electroweak process qq → qqZ (via t-channel γ/Z or W exchange)

provides a copious and fairly clean source of color-singlet exchange events in

pp collisions at the LHC. A judicious choice of phase-space region allows the

suppression of QCD backgrounds to the level of the signal. The color-singlet-

exchange signal can be distinguished from QCD backgrounds by the radiation

patterns of additional minijets in individual events. A rapidity-gap trigger at

the minijet level substantially enhances the signal versus the background.

Analogous features of weak boson scattering events make Z + 2-jet events at

the LHC an ideal laboratory for investigation of the soft-jet activity expected

in weak-boson scattering events.

1

hep-ph/9605444 

FIG. 2. Lepton and jet distributions of signal (solid lines) and background (dashed lines)

Zjj events within the cuts of Eqs. (4–6). Shown are normalized distributions of (a) |η!|max,

the maximum lepton pseudorapidity, (b) the pseudorapidity separation ∆ηjets = |η(j1) − η(j2)| of

the two jets and (c) the differential cross section dσ/dpTj,min, where pTj,min is the smaller of the

two jet transverse momenta.

range between the two cones, and the two tagging jets must fall into opposite hemispheres

of the detector. With a cone radius of 0.7 for each of the jets these conditions can be

summarized as

|ηtag1
j − ηtag2

j | > 4.4 , ηtag1
j · ηtag2

j < 0 , (7a)

ηtag1
j + 0.7 < η! < ηtag2

j − 0.7 or ηtag2
j + 0.7 < η! < ηtag1

j − 0.7 . (7b)

Finally, the jet pT distributions of Fig. 2(c) suggest a more stringent transverse-momentum

requirement on the tagging jets as another means of enhancing the signal with respect to

the background. We find that a cut at 70 GeV would be optimal for the significance of the

signal. However, such a high cut would take us well outside the acceptable range for double

jet tagging of weak-boson scattering events. The incident longitudinally polarized weak

bosons in qq → qqH events lead to substantially lower transverse momenta of the tagging

jets than the transversely polarized incident W ’s in the Zjj signal (median pT ≈ 30 GeV

vs. ≈ 70 GeV for the softer of the two tagging jets). Since we want to explore events which

are as similar as possible to longitudinal weak-boson scattering events, we compromise at
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FIG. 3. Lepton and jet distributions of signal (solid lines) and background (dashed lines) Zjj

events within the cuts of Eqs. (4–8). Shown are (a) the dijet mass distribution of the two tagging

jets, and (b) the minimal pseudorapidity separation ∆η!j between any of the leptons and tagging

jets. Note that the distribution in pseudorapidity separation has been normalized to unit area.

available techniques; at most box diagrams need to be considered at the one-loop level. Thus

it can reasonably be expected that the signal will be predictable with good accuracy by the

time the LHC can perform these measurements. Given the measured event rate and the

predicted signal rate the composition of the Zjj events should be known at the 10% level

or better. Shape differences of distributions, as in Fig. 3, can then be used to verify the

relative composition of event samples.

IV. RADIATION PATTERNS OF MINIJETS

Having isolated a phase-space region similar to the one populated by weak-boson scat-

tering events, one can use two-jet inclusive Z production events to study the soft-jet activity

in events with or without color exchange in the t-channel. As discussed in Section II we

simulate the minijet activity in hard Zjj events by generating Z +3-parton signal and back-

ground events. In the presence of three jets the tagging jets are now defined as the two most

11

good 
discrimina
tion, but 
correlated 
to jets
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Back-of-the-envelope Rate Estimates
From ATLAS low-mass Higgs note 
‣ EW 1.17 fb, QCD 9.38 fb
‣ Gain about x8 from                   , and x2 for 
‣ small gains from harder pT leptons, no ETmiss cut

Expect roughly 18 fb for EW and 150 fb for QCD with 2 jets
‣ fraction with a 30 GeV 3rd jet will be ~20% & 80%, respectively

8

VBF H → ττ : Scientific Note Results

! Based on work of Rainwater, Zeppenfeld, Hagiwara, Plehn in 1999-2000

! Used fast simulation: 90% lepton efficiency, parametrized τ -id, etc.

! Possible discovery channel for MH = 115-140 GeV with 30 fb−1

! Dominated by irreducible Z → ττ background

! Published in: Eur. Phys. J., C 32 (2004) 19-54 & SN-ATLAS-2003-024

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 27)

Kyle Cranmer

Brookhaven National Laboratory

Eur.Phys.J.C32S2:19-54,2004. 

BR(ττ → ll) ee/µµ

Z → ττ → ll
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This Weekend’s MadGraph Run
Generate                         with:
‣ EW order = 99; QCD order = 1 for EW Z+jets

● 19632 diagrams!  
‣ EW order = 2; QCD order = 99 for QCD Z+jets

● 6504 diagrams
Cuts: (Looser than ATLAS note, no explicit Mjj cut)
‣                     (all jets, including 3rd jet)

‣                 (requires modification to cuts.f) 
‣  
‣  

Preliminary cross-sections
‣ QCD: 950 fb (10x higher than “envelope”. Probably, Missing Mjj cut)  
‣ EW: >7.6 fb ?  (Generation still running.)
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pp→ e+e−jjj

pjet
T > 30 GeV

∆ηjj > 4

∆Rjj > 0.7

Me+e− > 80 GeV
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Relevant Distributions
Lack of Mjj cut will enhance QCD.  
‣ Will add this cut later, but requires modification to cuts.f 
in MadGraph.

Previous results for Central Jet Veto mean Zjjj production 
will have lower x-section than “back of the envelope”
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FIG. 5. Probability to find a veto jet with transverse momentum above pT,veto and in the

pseudorapidity range of Eq. (12b) in signal and background events within the cuts of Eqs. (4-8).

The solid (signal) and dashed (background) curves are obtained with the exponentiation ansatz

of Eq. (15) while the truncated shower approximation yields the dotted curve for the signal and

dash-dotted curve for the QCD background.

approximately exponentiates, i.e. the probability Pn for observing n soft jets in the veto

region is given by a Poisson distribution,

Pn =
n̄n

n!
e−n̄ , (15)

with

n̄ = n̄(pT,veto) =
1

σ2

∫

∞

pT,veto

dpT3
dσ3

dpT3
, (16)

where the unregularized three-parton cross section is integrated over the veto region of

Eq. (12) and then normalized to the Zjj cross section, σ2. We will call this model the

“exponentiation model”. A rough estimate of multiple emission effects is thus provided by

using

Pexp(pT,veto) = 1 − P0 = 1 − e−n̄(pT,veto) (17)
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sPlot Extension

11

Nucl.Instrum.Meth.A555 [physics/0402083]
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sPlot :

a statistical tool to unfold data distributions

M. Pivk a and F.R. Le Diberder b

a CERN,

CH-1211 Geneva 23, Switzerland

b Laboratoire de l’Accélérateur Linéaire,

IN2P3-CNRS et Université de Paris-Sud, F-91898 Orsay, France

Abstract

The paper advocates the use of a statistical tool dedicated to the exploration of data samples

populated by several sources of events. This new technique, called sPlot, is able to unfold the

contributions of the different sources to the distribution of a data sample in a given variable.

The sPlot tool applies in the context of a Likelihood fit which is performed on the data sample

to determine the yields of the various sources.

1

On average, replacing the sum over events by an integral (Eq. (4)) the variance matrix
reads:

〈

V−1
nj

〉

=
∫ ∫

dydx
Ns
∑

l=1

NlMl(x)fl(y)
fn(y)fj(y)

(
∑Ns

k=1 Nkfk(y))2

=
∫

dy
Ns
∑

l=1

Nlfl(y)
fn(y)fj(y)

(
∑Ns

k=1 Nkfk(y))2

∫

dxMl(x)

=
∫

dy
fn(y)fj(y)

∑Ns

k=1 Nkfk(y)
. (11)

Therefore, Eq. (6) can be rewritten:

〈

M̃n(x̄)
〉

=
Ns
∑

j=1

Mj(x̄)Nj

〈

V−1
nj

〉

. (12)

Inverting this matrix equation, one recovers the distribution of interest:

NnMn(x̄) =
Ns
∑

j=1

〈Vnj〉
〈

M̃j(x̄)
〉

. (13)

Hence, if the control variable x is uncorrelated with the discriminating variable, the true
distribution of x can still be reconstructed using the naive weight of Eq. (2), through
a linear combination of the inPlots. This result is better restated as follows. When x
does not belong to the set y, the appropriate weight is not given by Eq. (2), but is the
covariance-weighted quantity (thereafter called sWeight) defined by:

sPn(ye) =
∑Ns

j=1 Vnjfj(ye)
∑Ns

k=1 Nkfk(ye)
. (14)

With this sWeight, the distribution of the control variable x can be obtained from the

sPlot histogram:
Nn sM̃n(x̄)δx ≡

∑

e⊂δx

sPn(ye) , (15)

which reproduces, on average, the true distribution:
〈

Nn sM̃n(x)
〉

= NnMn(x) . (16)

If the control variable x exhibits significant correlation with the discriminating variable y,
the sPlots obtained with Eq. (15) cannot be compared directly with the pure distributions
of the various species. In that case, one must proceed to a Monte-Carlo simulation of the
procedure to obtain the expected distributions to which the sPlots should be compared
with.

The fact that the matrix Vij enters in the definition of the sWeights is enlightening,
and, as discussed in the next Section, this confers nice properties to the sPlots. But this is
not the key point. The key point is that Eq. (6) is a matrix equation which can be inverted

8

BaBar has developed a technique called sPlot, which provides 
a nice formalism for unfolding distributions in this way
‣ in the case of only one discriminating variable, it is trivial
‣ in the case of multiple discriminating variables, 
correlations become important
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Unfolding Results

Just generated the events, no results on the unfolding yet.  

Plan to have results for Les Houches contribution

12
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Isolating the VBF Part of EW Z+jets
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Contribution VBF Signal Graphs
These graphs are very similar to the VBF Higgs signal, but other 
EW Z+jets diagrams are also contributing
‣ No clear way to talk about contribution from a particular graph
‣ MadEvent integrates efficiently for each graph, can talk about 
contribution of total x-sec. from a given P.S. mapping

14
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Non-VBF EW Zjjj Diagrams

Major non-VBF contribution from diagrams like this

15

Some less important non-VBF diagrams:



Kyle Cranmer (BNL) Les Houches, Higgs Session, June 25, 2007

Processes with no VBF-like component

This process has no VBF-like diagrams and a 50% of 
cross-section

Gluon-initiated processes have VBF component, but 
color-flow between jets is different.

16

P0du_e-e+udg   3,910 ab 

P0dg_e-e+uuxd   284 ab
P0dg_e-e+uscx   247 ab
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Contribution From VBF Diagrams

17

0.232 fb from VBF diagrams
about 50% of x-section for this 
process
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Contribution from VBF Diagrams
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0.244 fb from VBF diagrams
about 50% of x-section for this process
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Homework for the theorists
How different is the radiation of the third jet for 
these processes in the signal-like region?
‣ in both cases there is no color flow between 
the quark lines

How different is the radiation of a third jet in 
the sum of these processes from the Higgs?
‣ we need to quantify it in terms of uncertainty 
in the CJV efficiency / survival probability

If it is significantly different and we really need 
to isolate the VBF diagram:
‣ what is theoretical uncertainty on VBF 
contribution

‣  are there any ideas for what observable can 
isolate the VBF diagram?

19
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Future Plans & Other Worries

20
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Impact of PT cut on 3rd Jet

Rainwater and Zeppenfeld already looked at how these 
discriminating variables change with the 3rd jet pT

21

FIG. 7. Same as Fig. 6 but for the dependence of the minijet activity on the minimal separation

∆η!j of the Z-decay leptons from the two tagging jets. See text for details.

has an intriguing consequence: plotting the minijet multiplicity distribution of Zjj data in

increasingly higher mjj bins, one expects a clear separation to develop between the signal

events, which will be concentrated at zero minijet multiplicity, and the QCD background

events, which will populate the high-multiplicity region.

The emission of additional partons depends above all on the energy scale of the underlying

hard process. The minijet multiplicity shows much less variation with angular variables. One

example is given in Fig. 7 where the dependence of n̄ on the minimal separation ∆η!j of the

Z-decay leptons from the two tagging jets is shown. For separations below ≈ 2.2, where both

signal and background cross sections are sizable, n̄ is essentially independent of ∆η!j. Given

the different shapes of dσ/d∆η!j, a statistical separation of signal and QCD background may

19

10 GeV
20 GeV
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QCD Uncertainties

Ideally, the discriminating variable(s) we would use for 
unfolding will not be sensitive to QCD uncertainties 
that also affect the 3rd jet’s distribution.
‣ PDF uncertainties on rapidity of Z
‣NLO corrections to            &
‣ others (input from audience)

Will try unfolding with Sherpa Z+nJets samples with full 
simulation, but will be private ATLAS results for some 
time.

Open to other suggestions.

22

ηl max ∆ηl j
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Central Cluster Veto
The Central Jet Veto is important, but at low pT:
‣ efficiency of jet algorithms is poor

● so CJV is not as effective as one would hope
‣ purity of jet algorithms is poor

● fake jets from underlying event, pile-up, and purely experimental 
effects

Idea: Don’t use jet algorithms, just veto on excess of 
hadronic energy between the tagging jets
‣ Gunther Dissertori suggested “Jet Area” technique by 
Cacciari & Salam to deal with pile-up and underlying event
● larger veto region reduces s/b, but reduces relative fluctuations 

in b

23
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Conclusions
Understanding the Central Jet Veto efficiency is crucial for 
coupling measurements, limits, and optimization of 
analysis
‣ current tools that include parton shower have large 
uncertainties, want to measure from data

By identifying an uncorrelated variable that discriminates 
between EW and QCD, we can unfold the distributions
‣ several candidate variables identified, need to test
‣ provide test for existing predictions

Initial results indicate that in signal like region ~20% of EW 
process comes from VBF diagrams
‣ is that good enough?  what is the uncertainty in 
extrapolating to the Higgs?

Many thanks for the very productive workshop!
24


