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“Shower deconstruction”
- a new method to search for New Physics -

• Maximal information approach to discriminate 
signal from backgrounds 

  -> UE, ISR, FSR, hard process

• We want one discriminating analytic function

• Have to respect experimental limitations

More information -> better discrimination

Our approach:

Playground: Boosted HZ final state 
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Do I look like a Higgs jet or 
do I look like a gluon jet?

’’Mirror, mirror on the wall ...’’
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Do I look like a Higgs jet or 
do I look like a gluon jet?

Don’t answer:
To me you just look like 

a fat jet

’’Mirror, mirror on the wall ...’’

Trailblazing analysis: [Butterworth, Davison, Rubin, Salam  PRL 100 (2008)]
confirmed by ATLAS [ATL-PHYS-PUB-2009-088]

Meanwhile many more approaches 

Idea: [M. H. Seymour, Z. Phys. C 62, 127 (1994)]

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

bb-

microjets are basic elements of event/fat jet
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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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we will have the best statistical signiÞcance for a measurement if we makeσC(B) as small as
possible. Thus we seek to choose the cut so as to minimizeσC(B) with σC(S) held constant.
The solution to this problem is to chooseC({ p, t} N ) such the surfaceC({ p, t} N ) = 0 is
a surface of constantχMC ({ p, t} N ). That is, we should use signal and background cross
sections in which the function that deÞnes the cut is taken to be

C({ p, t} N ) = χMC ({ p, t} N ) ! χ0 (8)

for someχ0. If we make any small adjustment to this by removing an inÞnitesimal region
with χMC ({ p, t} N ) > χ0 from the cut and adding a region having the same signal cross
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 ofχMC ({ p, t} N ) to
deÞne 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 chooseχ0 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 Sec. XI.

Instead of using an optimized cut onχMC to separate signal from background, one could
imagine using a log likelihood ratio constructed fromχMC . We do not discuss that method
in this paper.

Now we must face the fact that to constructχMC ({ p, t} N ), we would need two things:
the differential cross section to Þnd microjets{ p, t} N in background events and then the
differential cross section to Þnd 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 producesdσMC (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 Þll these bins with events, but it will be a long time before we have of order
100 counts per bin in order to estimatedσMC (S)/d{ p, t} N and dσMC (B)/d{ p, t} N at each bin
center. Thus it is not practical to calculateχMC ({ p, t} N ) numerically by generating Monte
Carlo events. It is also not practical to calculateχMC ({ p, t} N ) analytically using the shower
algorithms in Pythia or Herwig. These programs are very complicated, so that we have
no hope of ÞndingPMC ({ p, t} N |S) andPMC ({ p, t} N |B) for either of them.

D. Probabilities according to simplified shower

What we need is an observableχ({ p, t} N ) that is an approximation to χMC ({ p, t} N ) such
that we can calculateχ({ p, t} N ) analytically for any given { p, t} N . For this purpose, we
deÞne a simple, approximate shower algorithm, which we will call the simpliÞed shower
algorithm. We let P ({ p, t} N |S) and P ({ p, t} N |B) be the probabilities to produce the mi-
crojet conÞguration{ p, t} N in, respectively, signal and background events according to the
simpliÞed shower algorithm. DeÞne

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

. (9)
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We then deÞne!kT,I to be the transverse momentum of all microjets that are part of the fat
jet but are not in the decay products of the initial hard parton. That is,!kT,I is the transverse
momentum of all microjets associated with initial state and underlying event radiation. We
demand that

k
2
T,I < Q

2
/4 . (22)

For the probability density associated with the creation of the initial hard parton, we use
a factor

Ha = Npdf

�
p

2
T,min

k
2
0

�Npdf 1
k

2
0
Θ(k2

T,I < Q
2
/4) . (23)

Herek0 is the transverse momentum of the initial hard parton. The factor 1/k2
0 is an approx-

imation to the k
2
0 dependence of the square of the hard matrix element. The hard scattering

cross section is also proportional to a product of parton distribution functions. We approx-
imate the dependence on the parton distribution functions by including a factor 1/(k2

0)Npdf ,
where our default value for the exponent isNpdf = 2. (This value yields an approximation
to the one jet inclusive cross section at the Large Hadron Collider, as illustrated in Fig. 11
of ref. [43].) The parameterpT,min is the smallest allowed transverse momentum ofZ-boson
against which the initial hard parton recoils,pT,min = 200 GeV, Eq. (2). The normalization
factor Npdf (p2

T,min )Npdf is chosen so that the integral ofH from p
2
T,min to inÞnity is 1.

B. Signal

We also need a factor to represent the hard scattering process that creates the Higgs
boson. For this purpose, we use a factor

HH = Npdf

�
p

2
T,min + m

2
H

k
2
H + m

2
H

�Npdf 1
k

2
H + m

2
H

Θ(k2
T,I < Q

2
/4) , (24)

as in Eq. (23). HerekH is the transverse momentum of the Higgs boson,mH is the Higgs
boson mass,kT,I is the total transverse momentum of all partons emitted in the initial state,
and Q

2 is deÞned in Eq. (21). The remaining factors provide an approximation to the
dependence on the parton distribution functions, as in Eq. (23). The default values of the
parameters areNpdf = 2 and pT,min = 200 GeV.

V. INITIAL STATE AND UNDERLYING EVENT RADIATION

We have seen how to model the hard interaction that creates either a highpT QCD parton
or a Higgs boson. Now we need to model initial state and underlying event radiation, deÞning
an emission probabilityHIS as illustrated in Fig. 7. Consider the probability for the emission
of a gluon with positive rapidity from an initial state parton that participates in the hard
interaction. Since the gluon has positive rapidity, this emission is predominantly from the
active parton a from hadron A. We useb as the label for the other active incoming quark,
from hadron B. We take pa to be in the + direction and pb to be in the − direction.5 We

5 We use momentum components p± = (p0 ± p3)/
√
2
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where x is the momentum fraction of the parton after emitting the gluon,zx/(1 ! z) is
the momentum fraction of the emitted gluon,x/(1 ! z) is the momentum fraction of the
parton before emitting the gluon and the functionsf are parton distribution functions.
(See Eq. (8.26) of Ref. [39]). Whenk2

J " Q
2 we havez " 1 and R # 1. However, the

approximation R # 1 breaks down for values ofk2
J/Q

2 at which initial state radiation is still
signiÞcant. We do not want our simpliÞed shower model to depend on parton distribution
functions, so we make a rather crude approximation,

R =
1

(1 + cR kJ/Q)nR
, (31)

where our default values for the parameters arecR = 2 and nR = 4. The power nR = 4 gives
us an asymptotic powerk! 6

J , as in Eq. (23). We chosecR = 2 in order to match roughly
with results from running Pythia.

With this factor R included, we should have a fairly good approximation for the emission
probability as long ask2

J is large enough for the emission to be purely perturbative. To
give ourselves some ßexibility at smallk2

J , we replacek2
J by k

2
J + κ2

p in the argument ofαs

and the factor 1/k2
J . Our default value for the parameter here isκ2

p = 1 GeV2. Then the
perturbative H is frozen whenkJ gets to be much smaller thanκp. We then add back a
simple non-perturbative function that gives us a chance to adjust the amount of radiation
for smaller values ofkJ .

This gives the complete initial state emission probability

HIS =
CA

2

αs(k2
J + κ2

p)

k
2
J + κ2

p

1
(1 + cR kJ/Q)nR

+
cnp(κ2

np)nnp ! 1

[k2
J + κ2

np]nnp
. (32)

Our default values for the non-perturbative parameters arecnp = 0 .5, κ2
np = 0 .5 GeV2, and

nnp = 2. It is intended that, with adjustment of parameters, we can include perturbative
radiation from the active initial state partons together with radiation at central rapidities
and small transverse momenta that is associated with the underlying event and with event
pileup. Our choice for the parameters is based on comparisons with results fromPythia,
including the representation inPythia of the effects of the underlying event.

VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we deÞne the main part of the simpliÞed shower, QCD shower splittings.

A. Splitting probability for g $ g + g

The splitting vertex for a QCD splitting that we model as g $ g + g is represented
by a function Haaa or Hgaa as illustrated in Fig. 8. We call these the conditional splitting
probabilities. Here the condition is that the mother parton has not split already at a higher
virtuality. The plain parton lines represent partons with ßavor Òany.Ó We treat these partons
as being almost always gluons, so thatHaaa and Hgaa are the same and approximate the
probability for a g $ g + g splitting.

Let us examine what we should choose forH for a g $ g + g splitting, that is for Haaa

or Hgaa. We take the mother parton to carry the labelJ and we suppose that the daughter

16

FIG. 9: The angular enhancement factor g(ys, ! s) of Eq. (42). The coordinates are (ys! yh, ! s! ! h).
The color connected parton k is at coordinates (0.1, 0). This figure is adapted from Ref. [40].

We can enforce this condition in an approximate way by requiring

2
µ2

J

kJ
<

µ2
K

kK
,

2
µ2

J �

kJ �
<

µ2
K

kK
.

(44)

For this reason, we include inH a factor ! (2µ2
J /k J < µ 2

K /k K ). We know µ2
K from the

shower history. If there is no mother parton because partonJ was produced in the hard
interaction or by initial state bremsstrahlung, we takeµ2

K /k K = 2kJ , so that the virtuality
ordering condition becomes simplyµ2

J < k 2
J .

This same condition, iterated, restricts the daughter virtualities:

2
µ2

h

kh
<

µ2
J

kJ
,

2
µ2

s

ks
<

µ2
J

kJ
.

(45)

This gives a splitting probability H :

Haaa = Hgaa =
CA! s(µ2

J )
2

1
µ2

J

k2
J

kskh

" 2hk

" 2sh + " 2sk

!
!

2
µ2

J

kJ
<

µ2
K

kK

"
. (46)

Here we evaluate! s at the virtuality scale of the splitting. When there is no color connected
parton visible, we are forced to simplify this to

Hno-k =
CA! s(µ2

J )
2

1
µ2

J

k2
J

kskh
!

!
2

µ2
J

kJ
<

µ2
K

kK

"
. (47)
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b-tagging

is the one analytic function to discriminate signal from background
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Want to convert the shower history into analytic expression
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Feynman Rules for Shower Deconstruction
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histories HISRe

−SI1 á á á
!

histories Hgbbe
−Sb1 H

b

bg
e−Sb2 á á á

(83)

e
−S (84)

5
(for more detail see 1102.3480)
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We then define �kT,I to be the transverse momentum of all microjets that are part of the fat

jet but are not in the decay products of the initial hard parton. That is, �kT,I is the transverse
momentum of all microjets associated with initial state and underlying event radiation. We

demand that

k
2
T,I < Q

2
/4 . (22)

For the probability density associated with the creation of the initial hard parton, we use

a factor

Ha = Npdf

�
p
2
T,min

k
2
0

�Npdf
1

k
2
0

! (k
2
T,I < Q

2
/4) . (23)

Here k0 is the transverse momentum of the initial hard parton. The factor 1/k
2
0 is an approx-

imation to the k
2
0 dependence of the square of the hard matrix element. The hard scattering

cross section is also proportional to a product of parton distribution functions. We approx-

imate the dependence on the parton distribution functions by including a factor 1/(k
2
0)

Npdf ,

where our default value for the exponent is Npdf = 2. (This value yields an approximation

to the one jet inclusive cross section at the Large Hadron Collider, as illustrated in Fig. 11

of ref. [43].) The parameter pT,min is the smallest allowed transverse momentum of Z-boson

against which the initial hard parton recoils, pT,min = 200 GeV, Eq. (2). The normalization

factor Npdf(p
2
T,min)

Npdf is chosen so that the integral of H from p
2
T,min to infinity is 1.

B. Signal

We also need a factor to represent the hard scattering process that creates the Higgs

boson. For this purpose, we use a factor

HH = Npdf

�
p
2
T,min +m

2
H

k
2
H
+m

2
H

�Npdf
1

k
2
H
+m

2
H

! (k
2
T,I < Q

2
/4) , (24)

as in Eq. (23). Here kH is the transverse momentum of the Higgs boson, mH is the Higgs

boson mass, kT,I is the total transverse momentum of all partons emitted in the initial state,

and Q
2
is defined in Eq. (21). The remaining factors provide an approximation to the

dependence on the parton distribution functions, as in Eq. (23). The default values of the

parameters are Npdf = 2 and pT,min = 200 GeV.

V. INITIAL STATE AND UNDERLYING EVENT RADIATION

We have seen how to model the hard interaction that creates either a high pT QCD parton

or a Higgs boson. Now we need to model initial state and underlying event radiation, defining

an emission probability HIS as illustrated in Fig. 7. Consider the probability for the emission

of a gluon with positive rapidity from an initial state parton that participates in the hard

interaction. Since the gluon has positive rapidity, this emission is predominantly from the

active parton a from hadron A. We use b as the label for the other active incoming quark,

from hadron B. We take pa to be in the + direction and pb to be in the − direction.
5
We

5 We use momentum components p± = (p0 ± p3)/
√
2
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FIG. 6: Probability to create the initial parton in the hard interaction. The left hand vertex is for
the background process, the right hand vertex is for the signal process.

among the corresponding momenta:

pJ = pA + pB . (19)

This means that p2
J > 0 even ifp2

A = 0 and p2
B = 0. In shower generation (as distinguished

from shower deconstruction) one does not do this. One wantsp2 = 0 for all intermediate
partons since one does not know the virtualities of daughter partons at the time that the
splitting is generated. When all partons havep2 = 0, one has to take some momentum from
somewhere in order to balance momentum. If we did that for shower deconstruction, the
required treatment would be difficult. For shower deconstruction, we simply use Eq. (19)
and allow all partons to havep2 > 0. Then each parton (or jet) is characterized by four
variables, one of which isp2.

With this choice, each parton is described by four variables: its virtualityµ2, its rapidity y,
its azimuthal angle! , and the absolute valuek of its transverse momentum. The (+, ! , 1, 2)
components of the momentum of the parton are then

p =
�

1
"

2

�
k2 + µ2 ey,

1
"

2

�
k2 + µ2 e! y, k cos! , k sin!

�
. (20)

We are now ready to turn to the vertices of our shower history diagrams.

IV. THE HARD INTERACTION VERTEX

We Þrst need a factor to represent the hard scattering process that creates the starting
high pT parton that forms the fat jet, or, more exactly, forms the part of the fat jet that is
not from initial state emissions. This factor is represented by the ÒstarÓ vertex, as in Fig. 6.
We consider Þrst the hard vertex for background events.

A. Background

First, we impose a requirement that the scattering process that creates the starting high
pT parton is indeed the dominant hard scattering process in the event. We deÞneQ2 to be
the square of the transverse momentum of the fat jet plus the square of its mass,

Q2 =

�
�

i " fat jet

"pT,i

�2

+

�
�

i " fat jet

pi

�2

. (21)
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where x is the momentum fraction of the parton after emitting the gluon, zx/(1 − z) is
the momentum fraction of the emitted gluon, x/(1 − z) is the momentum fraction of the
parton before emitting the gluon and the functions f are parton distribution functions.
(See Eq. (8.26) of Ref. [39]). When k

2
J � Q

2 we have z � 1 and R ≈ 1. However, the
approximation R ≈ 1 breaks down for values of k2

J/Q
2 at which initial state radiation is still

significant. We do not want our simplified shower model to depend on parton distribution
functions, so we make a rather crude approximation,

R =
1

(1 + cR kJ/Q)nR
, (31)

where our default values for the parameters are cR = 2 and nR = 4. The power nR = 4 gives
us an asymptotic power k

! 6
J , as in Eq. (23). We chose cR = 2 in order to match roughly

with results from running Pythia.
With this factor R included, we should have a fairly good approximation for the emission

probability as long as k
2
J is large enough for the emission to be purely perturbative. To

give ourselves some flexibility at small k2
J , we replace k

2
J by k

2
J + κ2

p in the argument of αs

and the factor 1/k2
J . Our default value for the parameter here is κ2

p = 1 GeV2. Then the
perturbative H is frozen when kJ gets to be much smaller than κp. We then add back a
simple non-perturbative function that gives us a chance to adjust the amount of radiation
for smaller values of kJ .

This gives the complete initial state emission probability

HIS =
CA

2

αs(k2
J + κ2

p)

k
2
J + κ2

p

1

(1 + cR kJ/Q)nR
+

cnp(κ2
np)

nnp! 1

[k2
J + κ2

np ]
nnp

. (32)

Our default values for the non-perturbative parameters are cnp = 0.5, κ2
np = 0.5 GeV2, and

nnp = 2. It is intended that, with adjustment of parameters, we can include perturbative
radiation from the active initial state partons together with radiation at central rapidities
and small transverse momenta that is associated with the underlying event and with event
pileup. Our choice for the parameters is based on comparisons with results from Pythia,
including the representation in Pythia of the effects of the underlying event.

VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g → g + g

The splitting vertex for a QCD splitting that we model as g → g + g is represented
by a function Haaa or Hgaa as illustrated in Fig. 8. We call these the conditional splitting
probabilities. Here the condition is that the mother parton has not split already at a higher
virtuality. The plain parton lines represent partons with flavor “any.” We treat these partons
as being almost always gluons, so that Haaa and Hgaa are the same and approximate the
probability for a g → g + g splitting.

Let us examine what we should choose for H for a g → g + g splitting, that is for Haaa

or Hgaa. We take the mother parton to carry the label J and we suppose that the daughter

16
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whereRF is the radius parameter that deÞnes the fat jet. Then

S =
πR2

F

4

�
k

2
K

k
2
J

døk2

�
CA

2

αs(øk2 + κ2
p)

øk2 + κ2
p

1
(1 + cR øk/Q )nR

+
cnp(κ2

np)nnp −1

[øk2 + κ2
np]nnp

�
. (107)

The initial state shower starts at a transverse momentum scale equal to the scaleQ2/ 4,
whereQ2 is deÞned in Eq. (18) and represents the scale of the hard interaction. It ends at
a scalek2

cut , wherekcut is the smallest transverse momentum of a microjet that can register
in the detector, for instancekcut = 0.5 GeV. In general, there are multiple initial state
emissions. We get a Sudakov factor for each one, times a factor for not having an emission
between the last one andk2

cut . The product of these is exp(−SIS) where

SIS =
πR2

F

4

�
Q

2
/4

k
2
cut

døk2

�
CA

2

αs(øk2 + κ2
p)

øk2 + κ2
p

1
(1 + cR øk/Q )nR

+
cnp(κ2

np)nnp −1

[øk2 + κ2
np]nnp

�
. (108)

The factor exp(−SIS) is independent of the splitting valuesk2
JA

, k2
JB

, . . . , k2
Jn

. It does depend
on the hard scattering scaleQ2, which varies from event to event. However, note thatQ2

is independent of the shower history and is the same for shower histories that represent
background and signal processes. Thus the factor exp(−Stot ) will cancel exactly between
signal and background factors in our observableχ, so we can simply replace

exp(−SIS) → 1 . (109)

VIII. HIGGS DECAY PROBABILITY

A light Higgs boson decays most often intob+ øb. Since we consider only theb+ øb decay
mode, it suffices to treat the Higgs boson as if it always decayed tob+ øb. In the sections
on splittings in a parton shower, we have speciÞed a conditional splitting probabilityH , the
probability for a splitting at a given virtuality µ2

J
if the parton has not split at a higherµ2

J
.

The total splitting probability is then He−S, wheree−S is the probability that the parton
has not split at a higherµ2

J
. In this section, for the Higgs decay, we specify the total decay

probability He−S, depicted in Fig. 13.
The light Higgs boson is a very narrow object. In the narrow width approximation, the

differential decay probability is

He−S =
4

(
√

2− 1)π
δ(m2

bøb − m2
H

) . (110)

The normalization is arranged so that the total probability that the Higgs decays, using the
jacobian in Eq. (68), is 1:

�
dm2

bøb d∆y d∆φ
�

s

J0He−S = 1 . (111)

Although a low mass Higgs boson is a very narrow object, the precision of its mass recon-
struction is limited by detector resolution effects and by the loss of momentum resolution
caused by grouping Þnal state particles into microjets. To take these issues into account, we

27

Higgs has to decay:

FIG. 13: Splitting probability He
−S for Higgs boson decay.

treat the Higgs boson decay as if the invariant mass of its decay products can be anything
within a ±∆mH window around the physical Higgs mass, mH . Thus we artificially modify
the differential decay probability to

He−S =
4

(
√
2− 1)π

Θ(|mbb̄ − mH | < ∆mH)

4mH ∆mH

. (112)

Our default value for ∆mH is 10 GeV.

IX. b-TAGS

We have described in Sec. II B how we assign b-tags T, F, or “none” to microjets produced
by Pythia or Herwig in a way that mimics imperfect b-tagging in an experiment. Tags
T or F are assigned only to microjets that are among the three highest pT microjets in the
event and, additionally, have pT > p tag

T
, where we take ptag

T
= 15 GeV.

In this section, we examine how to assign probabilities that a given b-tag value will be
generated in the simplified shower. We seek to simulate the probabilities with which the
algorithm specified above generates tj values “T,” “F,” or “none” when operating on events
generated by the full Pythia or Herwig. Note that with the simplified shower, we are
not generating events; rather, we are calculating approximately the probabilities with which
a good Monte Carlo event generator, together with the algorithm specified above, would
generate the event with its b-tags. We have already specified the probability to generate
the microjets with their momenta but without the b-tags, so now we need to specify the
probability to generate the given b-tag configuration.

We suppose that we are given a microjet state, with momenta pj for each microjet and
with a T or F b-tag for each microjet that has large enough transverse momentum. We
need to estimate the probability Pj(T) that microjet j receives a tag tj = T and and the
probability Pj(F) that microjet j receives a tag tj = F. Then if, in fact, tj = T, we include
in P({ p, t} N |S, h) (for a signal history h) or P({ p, t} N |B, h) (for a background history h) a
factor Pj(T). If tj = F, we include factor Pj(F).

How should we calculate Pj(T) and Pj(F)? We note that the situation is simpler than
for a real Pythia or Herwig shower because each microjet consists of precisely one parton
and each parton i has a definite flavor f i which can be b or b̄ or could be a flavor that is not
b or b̄, namely q or q̄ or g. We make the definition as follows, using the probabilities P(T|b)
and P(T|∼b) defined in Sec. II B:

¥ If a microjet j is a b or b̄ quark, then we say that tj = T with a probability
Pj(T) = P(T|b) and tj = F with a probability Pj(F) = 1− P(T|b).

28
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struction is limited by detector resolution effects and by the loss of momentum resolution
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treat the Higgs boson decay as if the invariant mass of its decay products can be anything
within a ±∆mH window around the physical Higgs mass, mH . Thus we artificially modify
the differential decay probability to
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Our default value for ∆mH is 10 GeV.

IX. b-TAGS

We have described in Sec. II B how we assign b-tags T, F, or “none” to microjets produced
by Pythia or Herwig in a way that mimics imperfect b-tagging in an experiment. Tags
T or F are assigned only to microjets that are among the three highest pT microjets in the
event and, additionally, have pT > p tag

T
, where we take ptag

T
= 15 GeV.

In this section, we examine how to assign probabilities that a given b-tag value will be
generated in the simplified shower. We seek to simulate the probabilities with which the
algorithm specified above generates tj values “T,” “F,” or “none” when operating on events
generated by the full Pythia or Herwig. Note that with the simplified shower, we are
not generating events; rather, we are calculating approximately the probabilities with which
a good Monte Carlo event generator, together with the algorithm specified above, would
generate the event with its b-tags. We have already specified the probability to generate
the microjets with their momenta but without the b-tags, so now we need to specify the
probability to generate the given b-tag configuration.

We suppose that we are given a microjet state, with momenta pj for each microjet and
with a T or F b-tag for each microjet that has large enough transverse momentum. We
need to estimate the probability Pj(T) that microjet j receives a tag tj = T and and the
probability Pj(F) that microjet j receives a tag tj = F. Then if, in fact, tj = T, we include
in P({ p, t} N |S, h) (for a signal history h) or P({ p, t} N |B, h) (for a background history h) a
factor Pj(T). If tj = F, we include factor Pj(F).

How should we calculate Pj(T) and Pj(F)? We note that the situation is simpler than
for a real Pythia or Herwig shower because each microjet consists of precisely one parton
and each parton i has a definite flavor f i which can be b or b̄ or could be a flavor that is not
b or b̄, namely q or q̄ or g. We make the definition as follows, using the probabilities P(T|b)
and P(T|∼b) defined in Sec. II B:

¥ If a microjet j is a b or b̄ quark, then we say that tj = T with a probability
Pj(T) = P(T|b) and tj = F with a probability Pj(F) = 1− P(T|b).

28

! (85)

Ha (86)

HH (87)

HIS (88)

! mH = 10 GeV (89)

6

χ (85)

Ha (86)

HH (87)

6



14BOOST 2011                Princeton      Michael Spannowsky             05/23/2011                   

b

b-

ISR
ISRg

g

UE

UE

UE

χ (85)

Ha (86)

HH (87)

HIS (88)

6

b b
-

b-quarks radiate gluons

FIG
. 6: Splitt

ing functi
ons for Þnal sta

te
QCD

sp
litt

ings that are
modeled as g

→
g +

g

V
I.

FI
N
A
L
ST

AT
E
Q
CD

SH
OW

ER
SP

LI
TT

IN
G
S

In
th
is
se
ct
io
n
,
w
e
d
efi
n
e
th
e
m
ai
n
p
ar
t
of
th
e
si
m
p
li
fi
ed

sh
ow
er
,
Q
C
D
sh
ow
er
sp
li
tt
in
gs
.

A
.

Sp
lit
tin

g
pr
ob
ab
ili
ty

fo
r
g →

g +
g

T
h
e
sp
li
tt
in
g
ve
rt
ex
fo
r
a
Q
C
D
sp
li
tt
in
g
g
→

g
+
g
is
re
p
re
se
nt
ed

by
a
fu
n
ct
io
n
H

gg
g
as

il
lu
st
ra
te
d
in
F
ig
.
6.
W
e
ca
ll
th
es
e
th
e
co
n
d
it
io
n
al
sp
li
tt
in
g
p
ro
b
ab
il
it
ie
s.
H
er
e
th
e
co
n
d
it
io
n

is
th
at
th
e
m
ot
h
er
p
ar
to
n
h
as
n
ot
sp
li
t
al
re
ad
y
at
a
h
ig
h
er
vi
rt
u
al
it
y.

L
et
u
s
ex
am

in
e
w
h
at
w
e
sh
ou
ld
ch
oo
se
fo
r
H

gg
g
fo
r
a
g
→

g
+
g
sp
li
tt
in
g.

W
e
ta
ke
th
e

m
ot
h
er
p
ar
to
n
to
ca
rr
y
th
e
la
b
el
J
an
d
w
e
su
p
p
os
e
th
at
th
e
d
au
gh
te
r
p
ar
to
n
s
ar
e
la
b
el
le
d

A
an
d
B
,
w
h
er
e
A
ca
ri
es
th
e
3̄
co
lo
r
of
th
e
m
ot
h
er
an
d
is
d
ra
w
n
on

th
e
le
ft
,
w
h
il
e
B
ca
ri
es

th
e
3
co
lo
r
of
th
e
m
ot
h
er
an
d
is
d
ra
w
n
on

th
e
ri
gh
t.
T
h
e
fo
rm

of
th
e
sp
li
tt
in
g
p
ro
b
ab
il
it
y

d
ep
en
d
s
on

w
h
ic
h
of
th
e
tw
o
d
au
gh
te
r
p
ar
to
n
s
is
th
e
so
ft
er
.
W
e
le
t
h
b
e
th
e
la
b
el
of
th
e

h
ar
d
er
d
au
gh
te
r
p
ar
to
n
an
d
s
b
e
th
e
la
b
el
of
th
e
so
ft
er
d
au
gh
te
r
p
ar
to
n
:
k s
<
k h
.

B
y
d
efi
n
it
io
n
,
k s
<
k h
.
W
e
fi
rs
t
lo
ok

at
th
e
sp
li
tt
in
g
in
th
e
li
m
it
k s
�

k h
.
T
h
e
sp
li
tt
in
g

p
ro
b
ab
il
it
y
is
th
en
d
om

in
at
ed
by
gr
ap
h
s
in
w
h
ic
h
p
ar
to
n
s
is
em
it
te
d
fr
om

a
d
ip
ol
e
co
n
si
st
in
g

of
p
ar
to
n
J
an
d
so
m
e
ot
h
er
p
ar
to
n
,
ca
ll
it
p
ar
to
n
k
.
If
s
=
A
,
th
en

th
e
em
it
ti
n
g
d
ip
ol
e
is

fo
rm
ed

fr
om

p
ar
to
n
h
=
B
an
d
p
ar
to
n
k
=
k
(J
)L
,
w
h
il
e
if
s
=
B
,
th
en

th
e
em
it
ti
n
g
d
ip
ol
e

is
fo
rm
ed

fr
om

p
ar
to
n
h
=
A
an
d
p
ar
to
n
k
=
k
(J
)R
.
T
h
e
ch
oi
ce
of
k
d
ep
en
d
s
on

w
h
ic
h
of

th
e
tw
o
d
au
gh
te
r
p
ar
to
n
s
is
p
ar
to
n
s,
so
w
h
er
e
n
ee
d
ed
w
e
w
il
l
u
se
th
e
n
ot
at
io
n
k
(s
)
in
st
ea
d

of
si
m
p
ly
k
.

F
or

H
,
w
e
st
ar
t
w
it
h
th
e
d
ip
ol
e
ap
p
ro
xi
m
at
io
n
fo
r
th
e
sq
u
ar
ed

m
at
ri
x
el
em
en
t
(w
it
h

µ
2
s
=
µ
2
h
=
0)
,

H
di
po
le
≈
CA
α s

2

2
p h
· p k

2
p s
· p h

2
p s
· p k

.

(3
0)

W
e
u
se

2
p s
· p h

=
2k

sk
h
[c
os
h
(y

s
− y h

)
− co

s(
φ s
− φ h

)]

≈ k s
k h
[(
y s
− y h

)
2 +

(φ s
− φ h

)
2 ]

=
k s
k h
θ
2
sh
,

2
p s
· p k

≈ k s
k k
θ
2
sk
,

2
p h
· p k

≈ k h
k k
θ
2
hk
,

(3
1)

13

FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the angles ys, ! s of the emitted soft parton. This is potentially

a very bad approximation, but in our case the approximation is tolerable because the emitted

soft parton is necessarily within the fat jet. When, in addition, there is no mother parton

K, this becomes

Hno-K =
CA " s(µ

2
J)

2

1

µ
2
J

k
2
J

kskh
Θ
�
µ

2
J < k

2
J

�
. (48)

B. Splitting probability for b ! b+ g and b̄ ! b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and by g ! b+ b̄

splittings in background events. The bottom quarks can radiate gluons. These splittings

are represented by the splitting probabilities Hbbg and Høbgøb that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughter b quark in our history

diagram. If it is emitted from the b̄ quark, it is to the left of the b̄ quark in the diagram.

We take the splitting probability to be

Hbbg = Høbgøb =
CA " s(µ

2
J)

2

1

µ
2
J

k
2
J

kbkg

#2
bk

#2
gb + #2

gk

Θ(kg < kb)Θ

�
2
µ

2
J

kJ
<

µ
2
K

kK

�
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in

the eikonal approximation is singular when the gluon momentum approaches zero, but not

when the daughter b or b̄ quark momentum approaches zero. Thus we impose the condition

kg < kb, where kb is the transverse momentum of the daughter b or b̄ quark and kg is the

transverse momentum of the daughter gluon. There is an angle factor in which b labels

daughter b or b̄ quark, g labels the emitted gluon, and k labels the color connected partner

of the b or b̄ quark.

C. Splitting probability for g ! b+ b̄

We need one more QCD splitting probability, for f ! b + b̄ for a high transverse mo-

mentum f = a or f = g parton. We model this as a g ! b + b̄ splitting since we treat

f = a partons as being almost always gluons. Now, a g ! b + b̄ splitting is rare compared

to g ! g + g splittings, so we could simply approximate the probability for a g ! b + b̄

splitting by zero. However, g ! b + b̄ is the main background for the H ! b + b̄ signal, so

we need to keep track of g ! b+ b̄ splittings even if they have a small probability.
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FIG. 12: Sudakov factor between final state splittings for QCD a or g partons.

C. Splitting probability

We will insert a splitting probability into each integration over the splitting variables, so

that the splitting probability differential in the splitting variables µ
2
J ,∆! ,∆y is

dP = dµ
2
J d∆! d∆y J He

! S
(69)

and the total splitting probability is

�
dP =

�
dµ

2
J

�
d∆!

�
d∆y

�

s

J He
! S

. (70)

Here H (from Sec. VI) is the conditional splitting probability for a mother parton to split if it

has not split at a higher virtuality than µ
2
J and e

! S
is the probability, derived (approximately)

from H, that the mother parton has not split at a higher virtuality. In defining S, we will

approximate the jacobian J by the approximate version J0 in Eq. (68) and will further

approximate H to a function H0 that is simple when written in terms of the splitting

variables that we have chosen.

D. Sudakov exponent for gluon splitting

The Sudakov factor is the probability that the mother parton J did not split at a virtuality

above µ
2
J . Thus the Sudakov factor is exp(−S), where S is the probability for the mother

parton to have split at a value of µJ that is greater than the value at which the splitting

did, in fact, occur. The corresponding Sudakov factors are associated with the propagators

in our shower history diagrams. For instance, for an a or g parton, the factors exp(−Sa)

and exp(−Sg) are indicated in Fig. 12. The splittings are treated as g → g + g splittings

and Sa = Sg.

Given the physical meaning of the Sudakov factor, one would like

S ≈
�
dµ̄

2
J Θ(µ

2
J < µ̄

2
J)

�
d∆ȳ

�
d∆!̄

�

øs

J(p̄A, p̄B)H(p̄A, p̄B)Θ({p̄A, p̄B} ∈ fat jet) . (71)

Here p̄A and p̄B denote the momenta of the daughter partons in a possible splitting and µ̄
2
J ,

∆ȳ, ∆!̄ and s̄ denote parameters of the possible splitting, while J is the jacobian for the

change of integration variables to µ̄
2
J , ∆ȳ, ∆!̄ and s̄ at fixed mother parton variables kJ , yJ ,

and ! J .

The theta function Θ({p̄A, p̄B} ∈ fat jet) is present for the following reason. Parton J

has, in each interval of virtuality dµ̄
2
J , a probability to emit a soft, wide angle gluon that is
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FIG. 12: Sudakov factor between final state splittings for QCD a or g partons.

C. Splitting probability

We will insert a splitting probability into each integration over the splitting variables, so
that the splitting probability di ! erential in the splitting variables µ2

J , " φ, " y is

dP = dµ
2
J d" φ d" y J He

! S (69)

and the total splitting probability is
�

dP =
�

dµ
2
J

�
d" φ

�
d" y

�

s

J He
! S

. (70)

HereH (from Sec. VI) is the conditional splitting probability for a mother parton to split if it
has not split at a higher virtuality than µ

2
J ande! S is the probability, derived (approximately)

from H, that the mother parton has not split at a higher virtuality. In deÞning S, we will
approximate the jacobianJ by the approximate versionJ0 in Eq. (68) and will further
approximate H to a function H0 that is simple when written in terms of the splitting
variables that we have chosen.

D. Sudakov exponent for gluon splitting

The Sudakov factor is the probability that the mother partonJ did not split at a virtuality
aboveµ2

J . Thus the Sudakov factor is exp(! S), whereS is the probability for the mother
parton to have split at a value ofµJ that is greater than the value at which the splitting
did, in fact, occur. The corresponding Sudakov factors are associated with the propagators
in our shower history diagrams. For instance, for ana or g parton, the factors exp(! Sa)
and exp(! Sg) are indicated in Fig. 12. The splittings are treated asg " g + g splittings
and Sa = Sg.

Given the physical meaning of the Sudakov factor, one would like

S #
�
døµ2

J # (µ2
J < øµ2

J )
�

d" øy
�

d" øφ
�

s̄

J(øpA , øpB ) H(øpA , øpB ) # ({øpA , øpB } $ fat jet) . (71)

Here øpA and øpB denote the momenta of the daughter partons in a possible splitting and øµ
2
J ,

" øy, " øφ and øs denote parameters of the possible splitting, whileJ is the jacobian for the
change of integration variables to øµ2

J , " øy, " øφ and øs at Þxed mother parton variableskJ , yJ ,
and φJ .

The theta function # ({øpA , øpB } $ fat jet) is present for the following reason. PartonJ
has, in each interval of virtuality døµ2

J , a probability to emit a soft, wide angle gluon that is
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Signal hypothesis

FIG. 14: Sudakov factor between final state emission of a gluon from a b- or b̄-quarks. The previous
splitting can be either a gluon emission, a g → b+ b̄ or a → b+ b̄ splitting or a Higgs boson decay

to b+ b̄.

E. Sudakov exponent for b-quark splitting

The Sudakov factor for a b or b̄ quark splitting is illustrated in Fig. 14. The corresponding
Sudakov exponent is

Sb =
πCA

4b20
Θ

!
µ
2
J < min

!
kJ

2kK
µ
2
K , k

2
Jθ

2
k/4

""
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Jθ

2
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$
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&
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2kK

µ
2
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2
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2
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(

)

+
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− 1
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&
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&
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2kK

µ
2
K , k

2
Jθ

2
k/4

''

*

.

(87)

This is nearly the same as the Sudakov exponent for gluon splitting, Eq. (86). The difference
is that there is only one color connected partner k so there is no sum over the index s that
specifies which color connected partner to choose.

Sometimes there is no color connected parton with label k in the fat jet. Then, as in
Eq. (75) for Sg, we make the replacement θk → R0.

F. After the last splitting

If in the shower history h, parton J does not split, then we look at its virtuality µ
2
J and

include a factor e! Sa , e! Sg , or e! Sb , as illustrated in Fig. 15, that represents the probability
for parton J not to have split at a virtuality above the final virtuality µ

2
J .

In principle, we should also include a factor
+
dH representing the probability that parton

J did finally split at virtuality µ
2
J . We do not know the splitting angle θ for this splitting.

We do know that θ was less than Rmicrojet, the radius parameter for the kT -jet algorithm
that we used to define the microjets: if θ were larger than Rmicrojet, the jet algorithm would
not have merged the daughter partons to form the microjet. Thus we would calculate

+
dH

by integrating the differential splitting function over the region θ < Rmicrojet.6 We do not, in

6
Here we ignore the fact that we sometimes increase Rmicrojet in order to keep the number of microjets to

no larger than ten.
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FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the anglesys,φs of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K , this becomes

Hno-K =
CAαs(µ2

J )
2

1
µ2
J

k2
J

kskh
Θ
�
µ2
J < k 2

J

�
. (48)

B. Splitting probability for b → b+ g and b̄ → b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and byg → b+ øb
splittings in background events. The bottom quarks can radiate gluons. These splittings
are represented by the splitting probabilitiesHbbg and Høbgøb that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughterb quark in our history
diagram. If it is emitted from the øb quark, it is to the left of the øb quark in the diagram.
We take the splitting probability to be

Hbbg = Høbgøb =
CAαs(µ2

J )
2

1
µ2
J

k2
J

kbkg

θ2
bk

θ2
gb + θ2

gk

Θ(kg < k b) Θ
�

2
µ2
J

kJ
<

µ2
K

kK

�
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in
the eikonal approximation is singular when the gluon momentum approaches zero, but not
when the daughterb or øb quark momentum approaches zero. Thus we impose the condition
kg < k b, where kb is the transverse momentum of the daughterb or øb quark and kg is the
transverse momentum of the daughter gluon. There is an angle factor in whichb labels
daughter b or øb quark, g labels the emitted gluon, andk labels the color connected partner
of the b or øb quark.

C. Splitting probability for g → b+ b̄

We need one more QCD splitting probability, forf → b+ øb for a high transverse mo-
mentum f = a or f = g parton. We model this as ag → b+ øb splitting since we treat
f = a partons as being almost always gluons. Now, ag → b+ øb splitting is rare compared
to g → g + g splittings, so we could simply approximate the probability for ag → b+ øb
splitting by zero. However,g → b+ øb is the main background for theH → b+ øb signal, so
we need to keep track ofg → b+ øb splittings even if they have a small probability.
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FIG. 6: Splitting functions for Þnal state QCD splittings that are modeled as g → g + g

VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g → g + g

The splitting vertex for a QCD splitting g → g + g is represented by a function Hggg as

illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition

is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g → g + g splitting. We take the

mother parton to carry the label J and we suppose that the daughter partons are labelled

A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries

the 3 color of the mother and is drawn on the right. The form of the splitting probability

depends on which of the two daughter partons is the softer. We let h be the label of the

harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks � kh. The splitting

probability is then dominated by graphs in which parton s is emitted from a dipole consisting

of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is

formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole

is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of

the two daughter partons is parton s, so where needed we will use the notation k(s) instead

of simply k.

For H, we start with the dipole approximation for the squared matrix element (with

µ
2
s = µ

2
h = 0),

Hdipole ≈
CAαs

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys − yh)− cos(φs − φh)]

≈ kskh[(ys − yh)
2
+ (φs − φh)

2
]

= kskh θ
2
sh ,

2 ps · pk ≈ kskk θ
2
sk ,

2 ph · pk ≈ khkk θ
2
hk ,

(31)
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FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the angles ys, ! s of the emitted soft parton. This is potentially

a very bad approximation, but in our case the approximation is tolerable because the emitted

soft parton is necessarily within the fat jet. When, in addition, there is no mother parton

K, this becomes

Hno-K =
CA " s(µ

2
J)

2

1

µ
2
J

k
2
J

kskh
Θ
�
µ

2
J < k

2
J

�
. (48)

B. Splitting probability for b ! b+ g and b̄ ! b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and by g ! b+ b̄

splittings in background events. The bottom quarks can radiate gluons. These splittings

are represented by the splitting probabilities Hbbg and Høbgøb that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughter b quark in our history

diagram. If it is emitted from the b̄ quark, it is to the left of the b̄ quark in the diagram.

We take the splitting probability to be

Hbbg = Høbgøb =
CA " s(µ

2
J)

2

1

µ
2
J

k
2
J

kbkg

#2
bk

#2
gb + #2

gk

Θ(kg < kb)Θ

�
2
µ

2
J

kJ
<

µ
2
K

kK

�
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in

the eikonal approximation is singular when the gluon momentum approaches zero, but not

when the daughter b or b̄ quark momentum approaches zero. Thus we impose the condition

kg < kb, where kb is the transverse momentum of the daughter b or b̄ quark and kg is the

transverse momentum of the daughter gluon. There is an angle factor in which b labels

daughter b or b̄ quark, g labels the emitted gluon, and k labels the color connected partner

of the b or b̄ quark.

C. Splitting probability for g ! b+ b̄

We need one more QCD splitting probability, for f ! b + b̄ for a high transverse mo-

mentum f = a or f = g parton. We model this as a g ! b + b̄ splitting since we treat

f = a partons as being almost always gluons. Now, a g ! b + b̄ splitting is rare compared

to g ! g + g splittings, so we could simply approximate the probability for a g ! b + b̄

splitting by zero. However, g ! b + b̄ is the main background for the H ! b + b̄ signal, so

we need to keep track of g ! b+ b̄ splittings even if they have a small probability.

20

FIG. 12: Sudakov factor between final state splittings for QCD a or g partons.

C. Splitting probability

We will insert a splitting probability into each integration over the splitting variables, so

that the splitting probability differential in the splitting variables µ
2
J ,∆! ,∆y is

dP = dµ
2
J d∆! d∆y J He

! S
(69)

and the total splitting probability is

�
dP =

�
dµ

2
J

�
d∆!

�
d∆y

�

s

J He
! S

. (70)

Here H (from Sec. VI) is the conditional splitting probability for a mother parton to split if it

has not split at a higher virtuality than µ
2
J and e

! S
is the probability, derived (approximately)

from H, that the mother parton has not split at a higher virtuality. In defining S, we will

approximate the jacobian J by the approximate version J0 in Eq. (68) and will further

approximate H to a function H0 that is simple when written in terms of the splitting

variables that we have chosen.

D. Sudakov exponent for gluon splitting

The Sudakov factor is the probability that the mother parton J did not split at a virtuality

above µ
2
J . Thus the Sudakov factor is exp(−S), where S is the probability for the mother

parton to have split at a value of µJ that is greater than the value at which the splitting

did, in fact, occur. The corresponding Sudakov factors are associated with the propagators

in our shower history diagrams. For instance, for an a or g parton, the factors exp(−Sa)

and exp(−Sg) are indicated in Fig. 12. The splittings are treated as g → g + g splittings

and Sa = Sg.

Given the physical meaning of the Sudakov factor, one would like

S ≈
�
dµ̄

2
J Θ(µ

2
J < µ̄

2
J)

�
d∆ȳ

�
d∆!̄

�

øs

J(p̄A, p̄B)H(p̄A, p̄B)Θ({p̄A, p̄B} ∈ fat jet) . (71)

Here p̄A and p̄B denote the momenta of the daughter partons in a possible splitting and µ̄
2
J ,

∆ȳ, ∆!̄ and s̄ denote parameters of the possible splitting, while J is the jacobian for the

change of integration variables to µ̄
2
J , ∆ȳ, ∆!̄ and s̄ at fixed mother parton variables kJ , yJ ,

and ! J .

The theta function Θ({p̄A, p̄B} ∈ fat jet) is present for the following reason. Parton J

has, in each interval of virtuality dµ̄
2
J , a probability to emit a soft, wide angle gluon that is
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FIG. 12: Sudakov factor between final state splittings for QCD a or g partons.

C. Splitting probability

We will insert a splitting probability into each integration over the splitting variables, so
that the splitting probability di ! erential in the splitting variables µ2

J , " φ, " y is

dP = dµ
2
J d" φ d" y J He

! S (69)

and the total splitting probability is
�

dP =
�

dµ
2
J

�
d" φ

�
d" y

�

s

J He
! S

. (70)

HereH (from Sec. VI) is the conditional splitting probability for a mother parton to split if it
has not split at a higher virtuality than µ

2
J ande! S is the probability, derived (approximately)

from H, that the mother parton has not split at a higher virtuality. In deÞning S, we will
approximate the jacobianJ by the approximate versionJ0 in Eq. (68) and will further
approximate H to a function H0 that is simple when written in terms of the splitting
variables that we have chosen.

D. Sudakov exponent for gluon splitting

The Sudakov factor is the probability that the mother partonJ did not split at a virtuality
aboveµ2

J . Thus the Sudakov factor is exp(! S), whereS is the probability for the mother
parton to have split at a value ofµJ that is greater than the value at which the splitting
did, in fact, occur. The corresponding Sudakov factors are associated with the propagators
in our shower history diagrams. For instance, for ana or g parton, the factors exp(! Sa)
and exp(! Sg) are indicated in Fig. 12. The splittings are treated asg " g + g splittings
and Sa = Sg.

Given the physical meaning of the Sudakov factor, one would like

S #
�
døµ2

J # (µ2
J < øµ2

J )
�

d" øy
�

d" øφ
�

s̄

J(øpA , øpB ) H(øpA , øpB ) # ({øpA , øpB } $ fat jet) . (71)

Here øpA and øpB denote the momenta of the daughter partons in a possible splitting and øµ
2
J ,

" øy, " øφ and øs denote parameters of the possible splitting, whileJ is the jacobian for the
change of integration variables to øµ2

J , " øy, " øφ and øs at Þxed mother parton variableskJ , yJ ,
and φJ .

The theta function # ({øpA , øpB } $ fat jet) is present for the following reason. PartonJ
has, in each interval of virtuality døµ2

J , a probability to emit a soft, wide angle gluon that is
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Background hypothesis

See Dave’s talkFIG. 14: Sudakov factor between final state emission of a gluon from a b- or b̄-quarks. The previous
splitting can be either a gluon emission, a g → b+ b̄ or a → b+ b̄ splitting or a Higgs boson decay

to b+ b̄.

E. Sudakov exponent for b-quark splitting

The Sudakov factor for a b or b̄ quark splitting is illustrated in Fig. 14. The corresponding
Sudakov exponent is

Sb =
πCA

4b20
Θ

!
µ
2
J < min

!
kJ

2kK
µ
2
K , k

2
Jθ

2
k/4

""

×
#

1

αs(k2
Jθ

2
k)

log

$

% αs(µ2
J)

αs

&
min

&
kJ
2kK

µ
2
K , k

2
Jθ

2
k/4

''

(

)

+
1

αs(µ2
J)

− 1

αs

&
min

&
kJ
2kK

µ
2
K , k

2
Jθ

2
k/4

''

*

.

(87)

This is nearly the same as the Sudakov exponent for gluon splitting, Eq. (86). The difference
is that there is only one color connected partner k so there is no sum over the index s that
specifies which color connected partner to choose.

Sometimes there is no color connected parton with label k in the fat jet. Then, as in
Eq. (75) for Sg, we make the replacement θk → R0.

F. After the last splitting

If in the shower history h, parton J does not split, then we look at its virtuality µ
2
J and

include a factor e! Sa , e! Sg , or e! Sb , as illustrated in Fig. 15, that represents the probability
for parton J not to have split at a virtuality above the final virtuality µ

2
J .

In principle, we should also include a factor
+
dH representing the probability that parton

J did finally split at virtuality µ
2
J . We do not know the splitting angle θ for this splitting.

We do know that θ was less than Rmicrojet, the radius parameter for the kT -jet algorithm
that we used to define the microjets: if θ were larger than Rmicrojet, the jet algorithm would
not have merged the daughter partons to form the microjet. Thus we would calculate

+
dH

by integrating the differential splitting function over the region θ < Rmicrojet.6 We do not, in

6
Here we ignore the fact that we sometimes increase Rmicrojet in order to keep the number of microjets to

no larger than ten.
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FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the anglesys,φs of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K , this becomes

Hno-K =
CAαs(µ2

J )
2

1
µ2
J

k2
J

kskh
Θ
�
µ2
J < k 2

J

�
. (48)

B. Splitting probability for b → b+ g and b̄ → b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and byg → b+ øb
splittings in background events. The bottom quarks can radiate gluons. These splittings
are represented by the splitting probabilitiesHbbg and Høbgøb that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughterb quark in our history
diagram. If it is emitted from the øb quark, it is to the left of the øb quark in the diagram.
We take the splitting probability to be

Hbbg = Høbgøb =
CAαs(µ2

J )
2

1
µ2
J

k2
J

kbkg

θ2
bk

θ2
gb + θ2

gk

Θ(kg < k b) Θ
�

2
µ2
J

kJ
<

µ2
K

kK

�
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in
the eikonal approximation is singular when the gluon momentum approaches zero, but not
when the daughterb or øb quark momentum approaches zero. Thus we impose the condition
kg < k b, where kb is the transverse momentum of the daughterb or øb quark and kg is the
transverse momentum of the daughter gluon. There is an angle factor in whichb labels
daughter b or øb quark, g labels the emitted gluon, andk labels the color connected partner
of the b or øb quark.

C. Splitting probability for g → b+ b̄

We need one more QCD splitting probability, forf → b+ øb for a high transverse mo-
mentum f = a or f = g parton. We model this as ag → b+ øb splitting since we treat
f = a partons as being almost always gluons. Now, ag → b+ øb splitting is rare compared
to g → g + g splittings, so we could simply approximate the probability for ag → b+ øb
splitting by zero. However,g → b+ øb is the main background for theH → b+ øb signal, so
we need to keep track ofg → b+ øb splittings even if they have a small probability.
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Signal hypothesis

FIG. 14: Sudakov factor between final state emission of a gluon from a b- or b̄-quarks. The previous
splitting can be either a gluon emission, a g → b+ b̄ or a → b+ b̄ splitting or a Higgs boson decay

to b+ b̄.

E. Sudakov exponent for b-quark splitting

The Sudakov factor for a b or b̄ quark splitting is illustrated in Fig. 14. The corresponding
Sudakov exponent is

Sb =
πCA

4b20
Θ

!
µ
2
J < min

!
kJ

2kK
µ
2
K , k

2
Jθ

2
k/4

""

×
#

1

αs(k2
Jθ

2
k)

log

$

% αs(µ2
J)

αs

&
min

&
kJ
2kK

µ
2
K , k

2
Jθ

2
k/4

''

(

)

+
1

αs(µ2
J)

− 1

αs

&
min

&
kJ
2kK

µ
2
K , k

2
Jθ

2
k/4

''

*

.

(87)

This is nearly the same as the Sudakov exponent for gluon splitting, Eq. (86). The difference
is that there is only one color connected partner k so there is no sum over the index s that
specifies which color connected partner to choose.

Sometimes there is no color connected parton with label k in the fat jet. Then, as in
Eq. (75) for Sg, we make the replacement θk → R0.

F. After the last splitting

If in the shower history h, parton J does not split, then we look at its virtuality µ
2
J and

include a factor e! Sa , e! Sg , or e! Sb , as illustrated in Fig. 15, that represents the probability
for parton J not to have split at a virtuality above the final virtuality µ

2
J .

In principle, we should also include a factor
+
dH representing the probability that parton

J did finally split at virtuality µ
2
J . We do not know the splitting angle θ for this splitting.

We do know that θ was less than Rmicrojet, the radius parameter for the kT -jet algorithm
that we used to define the microjets: if θ were larger than Rmicrojet, the jet algorithm would
not have merged the daughter partons to form the microjet. Thus we would calculate

+
dH

by integrating the differential splitting function over the region θ < Rmicrojet.6 We do not, in

6
Here we ignore the fact that we sometimes increase Rmicrojet in order to keep the number of microjets to

no larger than ten.
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FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the anglesys,φs of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K , this becomes

Hno-K =
CAαs(µ2

J )
2

1
µ2
J

k2
J

kskh
Θ
�
µ2
J < k 2

J

�
. (48)

B. Splitting probability for b → b+ g and b̄ → b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and byg → b+ øb
splittings in background events. The bottom quarks can radiate gluons. These splittings
are represented by the splitting probabilitiesHbbg and Høbgøb that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughterb quark in our history
diagram. If it is emitted from the øb quark, it is to the left of the øb quark in the diagram.
We take the splitting probability to be

Hbbg = Høbgøb =
CAαs(µ2

J )
2

1
µ2
J

k2
J

kbkg

θ2
bk

θ2
gb + θ2

gk

Θ(kg < k b) Θ
�

2
µ2
J

kJ
<

µ2
K

kK

�
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in
the eikonal approximation is singular when the gluon momentum approaches zero, but not
when the daughterb or øb quark momentum approaches zero. Thus we impose the condition
kg < k b, where kb is the transverse momentum of the daughterb or øb quark and kg is the
transverse momentum of the daughter gluon. There is an angle factor in whichb labels
daughter b or øb quark, g labels the emitted gluon, andk labels the color connected partner
of the b or øb quark.

C. Splitting probability for g → b+ b̄

We need one more QCD splitting probability, forf → b+ øb for a high transverse mo-
mentum f = a or f = g parton. We model this as ag → b+ øb splitting since we treat
f = a partons as being almost always gluons. Now, ag → b+ øb splitting is rare compared
to g → g + g splittings, so we could simply approximate the probability for ag → b+ øb
splitting by zero. However,g → b+ øb is the main background for theH → b+ øb signal, so
we need to keep track ofg → b+ øb splittings even if they have a small probability.
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VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g → g + g

The splitting vertex for a QCD splitting g → g + g is represented by a function Hggg as

illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition

is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g → g + g splitting. We take the

mother parton to carry the label J and we suppose that the daughter partons are labelled

A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries

the 3 color of the mother and is drawn on the right. The form of the splitting probability

depends on which of the two daughter partons is the softer. We let h be the label of the

harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks � kh. The splitting

probability is then dominated by graphs in which parton s is emitted from a dipole consisting

of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is

formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole

is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of

the two daughter partons is parton s, so where needed we will use the notation k(s) instead

of simply k.

For H, we start with the dipole approximation for the squared matrix element (with

µ
2
s = µ

2
h = 0),

Hdipole ≈
CAαs

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys − yh)− cos(φs − φh)]

≈ kskh[(ys − yh)
2
+ (φs − φh)

2
]

= kskh θ
2
sh ,

2 ps · pk ≈ kskk θ
2
sk ,

2 ph · pk ≈ khkk θ
2
hk ,

(31)
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FSR evolution
analogously

Wrapping up all factors gives weight for shower history

Here 
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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 di! cult 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 e" ective 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.]
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Figure 17: d! MC (B)/d log " for background events (upper curve) and d! MC (S)/d log " 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 ! MC (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

#4(pA + pB ! pJ) = #((pA + pB ! pJ) · n0) #((pA + pB ! pJ) · n3)

" #((pA + pB ! pJ) · n1) #((pA + pB ! pJ) · n2) .
(A.4)

– 43 –

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.
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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 –

imperfect b-tagging no b-tag required

Results of shower deconstruction (SD)

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
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imperfect b-tagging but 2 b-tagged microjets

‣ In simple HZ final state not as good as BDRS

‣ SD performs comparable for Herwig++ and Pythia

19BOOST 2011                Princeton      Michael Spannowsky             05/23/2011                   



20BOOST 2011                Princeton      Michael Spannowsky             05/23/2011                   

perfect b-tagging 2 b-tagged microjets

shower deconstruction 
with Pythia

BDRS

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

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 ptag
T = 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)
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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
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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

Targeted scenarios:

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

h

hh

h

÷Q, ÷g

÷Q, ÷g

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
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‣ 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

‣ Inclusion of light quarks + collinear limit close to finalization

Conclusions
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