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Event selection cuts

‣ Cluster hadrons to ‘detector cells’ 0.1 x 0.1, ET > 0.5 GeV

‣ lepton pT > 15 GeV

‣ two hardest leptons mZ +- 10 GeV

‣ at least 1 fat jet (anti-kT, R=1.2, pT>200 GeV)

Normalize signal/background cross section 
to the NLO results obtained from MCFM

is because if the problem is simple, one can solve it with simple cuts and the method that

we propose is not necessary.

The method that we propose is quite general, but in order to explain it with reason-

able clarity, we need to consider a specific process. As outlined above, we should pick a

complicated process. However, if we did that, it would be difficult to explain the method.

For that reason, we choose a simple process.

The simple process that we use as an example is the search for the Higgs boson using

the process p+ p → H + Z +X where the Z-boson decays to µ
+
+ µ

−
(or e

+
+ e

−
) while

the Higgs boson H decays to b+ b̄. Competing backgrounds are p+ p → jets +Z +X and

also p+ p → Z+Z+X where the second Z-boson decays hadronically. The ratio of signal

cross section to background cross section that we start with after event selection cuts is

very small, smaller than 1/1000. That is, of course, a disadvantage for having the method

work well, but it does not hurt in explaining the method.

2.1 Event selection

In order to make the Higgs boson easier to find, we demand that the Z-boson against

which it recoils has a large transverse momentum. Specifically, we select events consistent

with a leptonically decaying Z-boson for which the leptons are central (|yl| < 2.5), fairly

hard (pT,l > 15 GeV). The invariant mass of the leptons is required to recombine to the

Z-boson mass

|ml+l− −mZ | < 10 GeV . (2.1)

The reconstructed Z-boson is required to be is highly boosted in the transverse plane,

pT,l+l− > pT,min ≡ 200 GeV . (2.2)

We next combine final state hadrons in simulated detector cells of size 0.1 × 0.1 and

adjust the absolute value of the momentum in each cell so that the the four-momentum

is massless. We remove cells with energy less than 0.5 GeV. We then use these cells as

input to the anti-kT jet-finding algorithm with a large effective cone size, R = 1.2. We find

the jet with the highest transverse momentum of all such jets in the event and require its

transverse momentum to be larger than pT,min.

Those selection cuts force the Higgs boson to recoil against the Z-boson with a large

transverse momentum, so that the decay products of the Higgs boson are fairly well colli-

mated.

We denote the cross section for signal events that pass these cuts by σMC(s) and denote

the cross section for background events that pass these cuts by σMC(B). With some help

from next-to-leading order calculations, we estimate
2

σMC(S) = 1.48 fb ,

σMC(B) = 2610 fb ,

σMC(S)

σMC(B)
=

1

1760
.

(2.3)

2[NOTE: How we did it.]

– 4 –

is because if the problem is simple, one can solve it with simple cuts and the method that

we propose is not necessary.

The method that we propose is quite general, but in order to explain it with reason-

able clarity, we need to consider a specific process. As outlined above, we should pick a

complicated process. However, if we did that, it would be difficult to explain the method.

For that reason, we choose a simple process.

The simple process that we use as an example is the search for the Higgs boson using

the process p+ p → H + Z +X where the Z-boson decays to µ
+
+ µ

−
(or e

+
+ e

−
) while

the Higgs boson H decays to b+ b̄. Competing backgrounds are p+ p → jets +Z +X and

also p+ p → Z+Z+X where the second Z-boson decays hadronically. The ratio of signal

cross section to background cross section that we start with after event selection cuts is

very small, smaller than 1/1000. That is, of course, a disadvantage for having the method

work well, but it does not hurt in explaining the method.

2.1 Event selection

In order to make the Higgs boson easier to find, we demand that the Z-boson against

which it recoils has a large transverse momentum. Specifically, we select events consistent

with a leptonically decaying Z-boson for which the leptons are central (|yl| < 2.5), fairly

hard (pT,l > 15 GeV). The invariant mass of the leptons is required to recombine to the

Z-boson mass

|ml+l− −mZ | < 10 GeV . (2.1)

The reconstructed Z-boson is required to be is highly boosted in the transverse plane,

pT,l+l− > pT,min ≡ 200 GeV . (2.2)

We next combine final state hadrons in simulated detector cells of size 0.1 × 0.1 and

adjust the absolute value of the momentum in each cell so that the the four-momentum

is massless. We remove cells with energy less than 0.5 GeV. We then use these cells as

input to the anti-kT jet-finding algorithm with a large effective cone size, R = 1.2. We find

the jet with the highest transverse momentum of all such jets in the event and require its

transverse momentum to be larger than pT,min.

Those selection cuts force the Higgs boson to recoil against the Z-boson with a large

transverse momentum, so that the decay products of the Higgs boson are fairly well colli-

mated.

We denote the cross section for signal events that pass these cuts by σMC(s) and denote

the cross section for background events that pass these cuts by σMC(B). With some help

from next-to-leading order calculations, we estimate
2

σMC(S) = 1.48 fb ,

σMC(B) = 2610 fb ,

σMC(S)

σMC(B)
=

1

1760
.

(2.3)

2[NOTE: How we did it.]

– 4 –

is because if the problem is simple, one can solve it with simple cuts and the method that

we propose is not necessary.

The method that we propose is quite general, but in order to explain it with reason-

able clarity, we need to consider a specific process. As outlined above, we should pick a

complicated process. However, if we did that, it would be difficult to explain the method.

For that reason, we choose a simple process.

The simple process that we use as an example is the search for the Higgs boson using

the process p+ p → H + Z +X where the Z-boson decays to µ
+
+ µ

−
(or e

+
+ e

−
) while

the Higgs boson H decays to b+ b̄. Competing backgrounds are p+ p → jets +Z +X and

also p+ p → Z+Z+X where the second Z-boson decays hadronically. The ratio of signal

cross section to background cross section that we start with after event selection cuts is

very small, smaller than 1/1000. That is, of course, a disadvantage for having the method

work well, but it does not hurt in explaining the method.

2.1 Event selection

In order to make the Higgs boson easier to find, we demand that the Z-boson against

which it recoils has a large transverse momentum. Specifically, we select events consistent

with a leptonically decaying Z-boson for which the leptons are central (|yl| < 2.5), fairly

hard (pT,l > 15 GeV). The invariant mass of the leptons is required to recombine to the

Z-boson mass

|ml+l− −mZ | < 10 GeV . (2.1)

The reconstructed Z-boson is required to be is highly boosted in the transverse plane,

pT,l+l− > pT,min ≡ 200 GeV . (2.2)

We next combine final state hadrons in simulated detector cells of size 0.1 × 0.1 and

adjust the absolute value of the momentum in each cell so that the the four-momentum

is massless. We remove cells with energy less than 0.5 GeV. We then use these cells as

input to the anti-kT jet-finding algorithm with a large effective cone size, R = 1.2. We find

the jet with the highest transverse momentum of all such jets in the event and require its

transverse momentum to be larger than pT,min.

Those selection cuts force the Higgs boson to recoil against the Z-boson with a large

transverse momentum, so that the decay products of the Higgs boson are fairly well colli-

mated.

We denote the cross section for signal events that pass these cuts by σMC(s) and denote

the cross section for background events that pass these cuts by σMC(B). With some help

from next-to-leading order calculations, we estimate
2

σMC(S) = 1.48 fb ,

σMC(B) = 2610 fb ,

σMC(S)

σMC(B)
=

1

1760
.

(2.3)

2[NOTE: How we did it.]

– 4 –

3Terascale workshop                Oregon      Michael Spannowsky             02/02/2011                   



Recombine fat jet’s constituents to microjets
(kT, R=0.15, pT > 1 GeV)

bb-

b-tag if among hardest 3 AND pT > 15 GeV
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Figure 5: A shower history for a background event in which a high pT “any” parton, treated as a
gluon, splits to a b + b̄ pair. The QCD shower splitting of a b-quark is to a b-quark plus a gluon.
The b and b̄ quarks radiate gluons and one of the gluons splits into two “any” partons, treated as
gluons.

that this is a g → g + g splitting. Let the label of the daughter that carries the 3 color of

the mother parton J be A. We draw this daughter parton on the left in our diagrams. Let

the label of the daughter parton that carries the 3 color of parton J be B. We draw this

daughter parton on the right in our diagrams. We track the angle variables of two color

connected partner partons to parton J . Parton k(J)L carries the 3 color that is connected

to the 3 color line of parton J . Parton k(J)R carries the 3 color that is connected to the

3 color line of parton J . The labels k(J)L and k(J)R specify lines in the shower history

diagram, not necessarily final microjets. Given the labels of the color connected partners

to the mother parton J , we assign the color connected partons of the daughter partons.

The two daughter partons are color connected partners of each other and each inherits one

of the color connected partners of the mother. That is

k(A)L = k(J)L, k(A)R = B , (3.1)

and

k(B)L = A, k(B)R = k(J)R . (3.2)

If parton J is a b-quark, then it has a color connected partner k(J)R that carries the

3 color connected to the quark’s 3 color. There is no k(J)L partner. The b-quark can split

into daughter b-quark A and a daughter gluon B, which we draw on the right because it

carries the 3 color of the mother b-quark. The color connected partners of the daughter

partons are then

k(A)R = B , (3.3)

and

k(B)L = A, k(B)R = k(J)R . (3.4)

Similarly, if parton J is a b̄-quark, then it has a color connected partner k(J)L that carries

the 3 color connected to the b̄-quark’s 3 color. There is no k(J)R partner. The b̄-quark can

– 12 –

Fat jet: R=1.2, anti-kT

microjets 
R=0.15, kT

Build all possible shower histories

signal vs background hypothesis 
based on:

‣ Emission probabilities
‣ Color connection
‣ Kinematic requirements
‣ b-tag information

bb-

ISR/UE hard interaction
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Results of shower deconstruction (SD)

Figure 17: dσMC(B)/d logχ for background events (upper curve) and dσMC(S)/d logχ for signal
events (lower curve) for samples of signal and background events generated by Pythia. We use
the cuts described in sec. 2.1. This plot is analogous to that in figure 1 except that now we use
imperfect b-tagging.

Figure 18: Plot of s2/b versus s. We use samples of signal and background events generated by
Pythia as in figure 17. The total signal cross section with these cuts is σMC(S) = 1.48 fb.

These are orthogonal to each other and normalized as unit vectors along the coordinate

axes in a convenient reference frame: nµ · nν = gµν . We thus have

δ4(pA + pB − pJ) = δ((pA + pB − pJ) · n0) δ((pA + pB − pJ) · n3)

× δ((pA + pB − pJ) · n1) δ((pA + pB − pJ) · n2) .
(A.4)

– 43 –

section but with χMC({p, t}N ) < χ0, we raise the total background cross section within the

cut while keeping the signal cross section the same. Thus using contours of χMC({p, t}N )

to define our cut is the best that we can do.

What value of χ0 should one choose? For a simple optimized cut based analysis with

a given amount of integrated luminosity, one would choose χ0 so as to maximize the ratio

of the expected number of signal events to the square root of the expected number of

background events. We discuss this further in section 14.

Instead of using an optimized cut on χMC to separate signal from background, one

could imagine using a log likelihood ratio constructed from χMC. We do not discuss that

method in this paper.

Now we must face the fact that to construct χMC({p, t}N ), we would need two things:

the differential cross section to find microjets {p, t}N in background events and then the

differential cross section to find microjets {p, t}N in signal events. In each case, we would

consider this differential cross section in a parton shower approximation to the full theory.

Unfortunately for us, a parton shower produces dσMC(S)/d{p, t}N and dσMC(B)/d{p, t}N
by producing Monte Carlo events at random according to these distributions. If we have 10

microjets described by 4 momentum variables each and we divide each of these 40 variables

into 12 bins, then we have approximately 1240/10! ≈ 1036 total bins (accounting for the

interchange symmetry among the 10 microjets). The parton shower Monte Carlo event

generator will fill these bins with events, but it will be a long time before we have of order

100 counts per bin in order to estimate dσMC(S)/d{p, t}N and dσMC(B)/d{p, t}N at each

bin center. Thus it is not practical to calculate χMC({p, t}N ) numerically by generating

Monte Carlo events. It is also not practical to calculate χMC({p, t}N ) analytically using

the shower algorithms in Pythia or Herwig. These programs are very complicated, so

that we have no hope of finding PMC({p, t}N |S) and PMC({p, t}N |B) for either of them.

2.4 Probabilities according to simplified shower

What we need is an observable χ({p, t}N ) that is an approximation to χMC({p, t}N ) such

that we can calculate χ({p, t}N ) analytically for any given {p, t}N . For this purpose, we

define a simple, approximate shower algorithm, which we will call the simplified shower

algorithm. We let P ({p, t}N |S) and P ({p, t}N |B) be the probabilities to produce the mi-

crojet configuration {p, t}N in, respectively, signal and background events according to the

simplified shower algorithm. Define

χ({p, t}N ) =
P ({p, t}N |S)
P ({p, t}N |B) . (2.9)

This function, χ({p, t}N ) without the “MC” subscript, is the observable that we use. We

may call the calculation of χ({p, t}N ) shower deconstruction.

The parton state with N microjets is a possible intermediate state in a parton shower.

We seek to determine the probability that this intermediate state with parameters {p, t}N
is generated. We try to build enough into the simpler shower to provide a reasonable

approximation to QCD and the rest of the standard model. Furthermore, we can define

the shower so that the deconstruction is as simple as we can make it, even if that means that

– 7 –
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Results of shower deconstruction (SD)

imperfect b-tagging -- 2 positively tagged microjets

Figure 19: dσMC(B)/d logχ for background events (upper curve) and dσMC(S)/d logχ for signal
events (lower curve) for samples of signal and background events generated by Pythia. We use
the cuts described in sec. 2.1 and, in addition, require that at least two of the three highest pT
microjets have positive b-tags.

Figure 20: Plot of s2/b versus s. We use samples of signal and background events generated by
Pythia as in figure 19. The total signal cross section with these cuts is σMC(S) = 0.34 fb. We also
show a point corresponding to a signal cross section σBDRS(S) = 0.22 fb and σBDRS(B) = 0.44 fb
that we obtained using the method of Ref. [1].

We thus write

IJ =
1

16

�
dyA

�
dyB

�
dk2A

�
dk2B

�
dφA

�
dφB

× δ((pA + pB − pJ) · n1) δ((pA + pB − pJ) · n2)

× δ((pA + pB − pJ) · n0) δ((pA + pB − pJ) · n3)× f .

(A.5)

– 44 –
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perfect b-tagging -- 2 positively tagged microjets

the corresponding shower algorithm is not so practical as an event generator. For instance,

an implementation of the simplified shower algorithm as an event generator might generate

weighted events in a way that makes unweighting the events costly in computer time.

Additionally, probability conservation might be only approximate, so that the generated

weights for different outcomes do not sum exactly to one. No matter: we are not going

to use the simplified shower algorithm to generate events anyway. Additionally, we can

ignore any factors in P ({p, t}N |S) and P ({p, t}N |B) that are common between them for

each {p, t}N since such factors cancel in χ.

Our construction will be far from perfect, and it can be useful even if it is not perfect.

We will use Pythia to measure the cross section dσMC(S)/d logχ to have signal events with

a given value of χ and the corresponding cross section dσMC(B)/d logχ to have background

events with this value of χ. In figure 1, we show these two functions for the simplified shower

as defined in the following sections but with perfect b-tagging. In this illustration, we see

that increasing χ favors signal compared to background.

Figure 1: dσMC(B)/d logχ for background events (upper curve) and dσMC(S)/d logχ for signal

events (lower curve) for samples of signal and background events generated by Pythia. We use

the cuts described in sec. 2.1. In this illustration, we do not account for experimental errors: we

take perfect b-tagging: P (T |b) = 1, P (T |∼b) = 0, and ptagT = 0, applied to all microjets rather than

the leading three, in section 2.2.

There is another way to present the results in figure 1 that is more informative. Let

us define integrated signal and background cross sections (according to our Monte Carlo

program) according to

s(χ) =

� ∞

χ
dχ̄

dσMC(S)

dχ̄
,

b(χ) =

� ∞

χ
dχ̄

dσMC(B)

dχ̄
.

(2.10)

– 8 –

Figure 16: Plot of s2/b versus x, where s and b are defined in eq. (2.10). We use samples of
signal and background events generated by Pythia as in figure 1. This is the same plot as in
figure 2 except that we plot s2/b instead of s/b. The total signal cross section with the cuts used is
σMC(S) = 1.48 fb. We also show a point corresponding to a signal cross section σBDRS(S) = 0.65 fb
and σBDRS(B) = 1.02 fb that we obtained using the method of Ref. [1].

===================================================

A. The jacobian

In this appendix, we calculate the jacobian J defined by

IJ =

�
d∆φ

�
d∆y J × f (A.1)

where

IJ ≡ 1

16

�
dk2A

�
dyA

�
dφA

�
dk2B

�
dyB

�
dφB δ4(pA + pB − pJ)× f . (A.2)

To proceed, using a notation in which vectors are expressed in terms of components

v = (v+, v−, v1, v2) with v± = (v0 ± v3)/
√
2, we define unit vectors

n0 =

�
1√
2
eyJ ,

1√
2
e−yJ , 0, 0

�
,

n3 =

�
− 1√

2
eyJ ,

1√
2
e−yJ , 0, 0

�
,

n1 = (0, 0, cosφJ , sinφJ) ,

n2 = (0, 0,− sinφJ , cosφJ) .

(A.3)
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Lots of room for improvement:

Matrix
element

FSR
simulation

ISR
simulation

UE
simulation

Simulation of 
experimental 
issues, e.g. b-

tagging

Modular build -> improvements are additive



tt !H0, H0!bb!

3

final states grouped by W boson decays: 
for all final states: " x BR ~ 0.4-0.2 pb

• all-hadronic: highest branching fraction with 43%, but 
difficult to trigger on

• fully-leptonic: simpler signature to trigger but branching 
fraction of 5% very low and two neutrinos prevent top 
quark mass reconstruction 

• semi-leptonic: good compromise with branching fraction 
of 28% (excluding tau leptons)

- complex final state: one isolated lepton (!trigger), high 
jet multiplicity (in total 6 jets) with 4 b-tags, missing 
energy from neutrino   

backgrounds:

• reducible: tt !+jets 

• irreducible: tt!bb! from QCD or EW (total 
cross section ~ 9 pb)

• other backgrounds:  W+jets, tW and 
QCD multijet production not considered 
(negligible if 4 b-tags requirement applied)

QCD EW
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Targeted scenarios:

‣ Busy final states -- e.g. tth, susy cascades

h

hh

h

Q̃, g̃

Q̃, g̃

Higgs in a cascade

• Squarks/gluinos carry color, so they have a large production 
cross section despite being heavy

• Sparticles cascade decay, decay products can include Higgses

• Sparticles are heavy --> light decay products (h!) tend to be 
boosted

• All events have MET --> powerful discriminant vs. SM

a new source of 
boosted Higgses=

(Butterworth, Ellis, Raklev ’07)
Thursday, June 24, 2010

‣ Difficult processes with low stat. significance



‣ SD realization of ‘maximal information approach’

‣ In simple HZ final state not as good as BDRS

‣ Theoretical Systematic uncertainty similar to BDRS

‣ Profits more from information than BDRS, e.g. b-tagging

‣ Might be useful for busy final states

‣ Modular set-up -> parts can be improved independently

Conclusions
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