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Figure 14: The observed local p-value for 7 TeV and 8 TeV data, and their combination as a
function of the SM Higgs boson mass. The dashed line shows the expected local p-values for a
SM Higgs boson with a mass mH.
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Figure 15: The observed local p-value for the five decay modes and the overall combination as
a function of the SM Higgs boson mass. The dashed line shows the expected local p-values for
a SM Higgs boson with a mass mH.
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as
a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126 GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.

In order to test which values of the strength and
mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while

)µSignal strength (

    
   -1     0     1

    

Combined

 4l→ (*) ZZ→H 

γγ →H 

νlν l→ (*) WW→H 

ττ →H 

 bb→W,Z H 

-1Ldt = 4.6 - 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8 - 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.9 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s
-1Ldt = 5.8 fb∫ = 8 TeV:  s

-1Ldt = 4.7 fb∫ = 7 TeV:  s

-1Ldt = 4.6-4.7 fb∫ = 7 TeV:  s

 = 126.0 GeVHm

 0.3± = 1.4 µ

ATLAS 2011 - 2012

Figure 10: Measurements of the signal strength parameter µ for
mH=126 GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .

Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-
tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.

The probability for a single Higgs boson-like particle
to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.

The contributions from the different production
modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.

Since there are four Higgs boson production modes at
the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µt  tH have been grouped together as they
scale with the t  tH coupling in the SM, and are denoted
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4th July 2012: observation of a Higgs-like boson by 
ATLAS and CMS

Is it the SM Higgs?         We need to measure its couplings!
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Higgs couplings to gauge bosons and fermions
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as
a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126 GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.

In order to test which values of the strength and
mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
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limits on µ for all values of mH .

Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-
tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.

The probability for a single Higgs boson-like particle
to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.

The contributions from the different production
modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.

Since there are four Higgs boson production modes at
the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µt  tH have been grouped together as they
scale with the t  tH coupling in the SM, and are denoted

19

30 8 Conclusions

SMσ/σBest fit 
-1 0 1 2 3

 bb→H

ττ→H

 WW→H

 ZZ→H

γγ→H

CMS -1 = 8 TeV, L = 5.3 fbs-1 = 7 TeV, L = 5.1 fbs

 = 125.5 GeVH m

Figure 19: Values of s/sSM for the combination (solid vertical line) and for individual decay
modes (points). The vertical band shows the overall s/sSM value 0.87 ± 0.23. The symbol
s/sSM denotes the production cross section times the relevant branching fractions, relative to
the SM expectation. The horizontal bars indicate the ±1 standard deviation uncertainties on the
s/sSM values for individual modes; they include both statistical and systematic uncertainties.

• Production rates consistent with SM within 2 sigma

• Di-photon rate a bit higher than SM. New physics? Waiting for more data!
Today and Tomorrow

HCP2012@Tokyo
See also talks by Ren-Yuan Zhu and Xin Chen



H→bb at Tevatron

• Consistent with SM
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FIG. 29: Best fit signal strength for four hypothesized Higgs boson masses for the combination (black line) and for the three
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Talk by Weiming Yao



ttH production: yet to be discovered

• Measurable at the upgraded LHC? Linear collider required?

• Htt coupling also probed in gg→H assuming no new particles in the loop

13
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Figure 5: The expected 95% CL upper limits on the signal strength parameter µ = s/sSM for
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mH (GeV/c2) 110 115 120 125 130 135 140
Lepton + jets 3.1 3.6 4.1 4.9 6.3 7.8 10.5

Dilepton 7.2 8.9 9.6 11.7 12.8 15.8 20.6
Combined 2.9 3.4 3.8 4.6 5.7 7.0 9.5

Improvement Relative to Lepton + Jets 6% 5% 6% 6% 9% 10% 10%

Table 7: Expected limits comparison among lepton+jets channel, dilepton channel, and two
channels combined. The limits are expressed as a ratio to the SM cross section.

Sys. Name Lepton + jets Dilepton Combined
JES 3.9% 0.7% 5.5%

b-tag SF (LF) 0.4% 0.1% 0.3%
b-tag SF (HF) 9.0% 2.1% 9.2%

Q2 scale 4.2% 16.3% 6.7%

Table 8: Impact on the median expected limit for different systematic uncertainties at Higgs
boson mass 120 GeV/c2.
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Higgs potential: self-couplings
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probed by single Higgs production
well-measurable @ 7–8 TeV LHC

probed by Higgs pair production
discovery @ 14 TeV LHC?

probed by triple Higgs production
difficult @ LHC

Direct verification of the Higgs mechanism

mh = 125 GeV



Higgs production: single vs. double vs. triple

NNLO+NNNLL QCD + NLO EW
Ahrens, Becher, Neubert, LLY: 0808.3008, 0809.4283, 1008.3162

Dawson, Dittmaier, Spira: hep-ph/9805244
NLO QCD

Main production mechanism similar: gluon fusion

LO only
Plehn, Rauch: hep-ph/0507321

coupling without having information on the trilinear cou-
pling and the top Yukawa coupling [17]. Moreover, it is
fairly obvious that the LHC even including a major lumi-
nosity upgrade will not be able to supply enough three-
Higgs events. Instead, we ask the question what a future
200 TeV very large hadron collider (VLHC) [18] could do,
keeping in mind that even future high-energy linear col-
liders like Compact Linear Collider (CLIC) will not be
able to measure this coupling [10,19]. In other words, we
are trying to determine if any future high-energy collider
will be able to completely measure the parameters of the
Higgs potential (1).

Three-Higgs production.—The one-loop diagrams con-
tributing to the process gg! HHH are leading order, i.e.
they are finite for any value of the Higgs self-couplings. We
compute the total and differential cross sections using the
HADCALC program [20]. The Feynman diagrams are con-
structed using FEYNARTS [21], the matrix elements are
calculated by FORMCALC [22], and the loop integrals are
numerically evaluated using LOOPTOOLS [23], where we
have added the scalar five-point function [24] and modified
the general four-point function [25]. For the top mass we
use the on-shell value (mt ! 178 GeV), because it has
been shown to lead to perturbatively stable cross section
predictions for the single-Higgs production through a one-
loop amplitude [26]. The bottom loops are included in our
numerical analysis, but their effect is below one percent.

We show the total cross section for the production of
three standard model Higgs bosons at a 200 TeV VLHC in
Fig. 2. The cross sections are quoted without branching
fractions, acceptance cuts, or efficiencies. In Fig. 3 we
show the dependence of the LHC and the 200 TeV
VLHC cross sections on the trilinear (!3) and quartic
(!4) Higgs self-couplings. The central values at the LHC
and at the VLHC are 6:25" 10#2 fb and 9.45 fb (standard
model couplings). The fact that !3 contributes to many
more topologies than !4 (with its single diagram) is re-
flected in the much steeper behavior of the total cross
sections as a function of !3 than as a function of !4:
each of the three topologies (triangle, box, pentagon) alone
would yield a rate of $0:46; 8:20; 17:07% " 10#2 fb at the
LHC. If we compute only the propagator-suppressed tri-
angle contribution and keep either !3 ! 0 or !4 ! 0, we
are left with 0:17" 10#2 fb from the trilinear self-
coupling and with 0:08" 10#2 fb from the quartic self-
coupling, with a constructive interference. This means that
the contribution from the quartic self-coupling is sup-
pressed by almost 2 orders of magnitude.

The interference between the continuum and the box is
indeed destructive (as we would expect from Ref. [9]),
which is the primary reason for the steep decline with !3
shown in Fig. 3. The interference between the continuum
and the triangle diagrams is constructive, but because of
the more similar kinematic configuration the destructive
interference between the box diagrams and the triangle
diagrams leads to the slight decrease of the cross section
with growing !4. If we switch off the box contributions
(!3 ! 0) the constructive interference between continuum
and triangle topologies switches around the behavior of the
total cross section as a function of !4. This behavior can be
understood analytically in the limit mt & mH, using the
low-energy theorem for the leading form factors in
mH=mt$ŝ'm2

H% [27].2 These leading form factors for an
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FIG. 2. Total cross section for the production process gg!
HHH at the 200 TeV VLHC in the standard model.
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FIG. 1. Examples of Feynman diagrams contributing to the process gg! HHH.

2We use the conventions as in Ref. [7]. The form factor is
basically the matrix element squared without couplings or addi-
tional s-channel propagators. The top Yukawa coupling and the
top mass in the propagators are both denoted as mt.
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�hh(14 TeV) ⇡ 34 fb

�h(7 TeV) = 15.43+0.44+1.23
�0.12�1.18 pb

�hhh(14 TeV) ⇡ 0.05 fb

mh = 125 GeV

Extremely difficult @ LHC. Linear collider? VLHC?
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.



Perturbative behavior
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Figure 6: The fixed-order (left) and RG-improved (right) cross-section predictions including
perturbative uncertainty bands due to scale variations for the Tevatron (upper) and LHC
(lower plots). In contrast to Figure 5, different PDF sets are used according to the order of
the calculation.

after RG improvement are fully contained in the lower-order ones and the K-factor is close
to 1, in particular for the LHC.1 In fixed-order calculations it is customary to use PDFs ex-
tracted from a fit using predictions of the same order. Doing so absorbs universal higher-order
corrections into the PDFs. Since resummed calculations contain contributions of arbitrarily
high orders, the optimal PDF choice is less clear. If the same large higher-order corrections
affect both the observable one tries to predict and the cross sections used to extract the PDFs,
it would be quite problematic to perform a resummation in one case and not the other. For
our case, the relevant input quantity is the gluon PDF at low x, which is mostly determined
by measurements of scaling violations in the DIS structure function, ∂F2(x, Q2)/∂Q2. The
higher-order corrections associated with the analytic continuation of the time-like gluon form
factor, which we resum, do not affect the DIS cross section, and so are not universal and

1For MRST2004 PDFs [52], the K-factors after resummation are somewhat larger, K ≈ 1.3 for the LHC,
see [18].
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FIG. 1. (a) Scale variation of gluon fusion cross section for
Higgs boson pair production, at LO and NLO. (b) cross sec-
tions times branching ratios at the 14 TeV LHC, for Higgs
boson pair production. We show only the dominant decay
modes. : bb̄bb̄ (dots), bb̄jj (short dashes), bb̄bjjjj (dot-
dashes), bb̄⌧+⌧� (long dashes) and bb̄l⌫jj (solid). Note that
the four main decay modes are fully hadronic.

For the branching ratios, the values of [15] were used.
In the mass range (120, 130) GeV, the Higgs boson decay
modes with the largest branching fractions are h ! bb̄
and h ! W+W�. The most probable decay mode for a
pair of Higgs bosons is hh ! bb̄bb̄. This mode is chal-
lenging to search for, mostly due to the fact that it is
di�cult to trigger on, and that it competes against the
QCD multi-jet backgrounds that possess overwhelmingly
large cross sections. In general, QCD backgrounds can
be suppressed with the existence of leptons and missing
energy. We plot in the right panel of Fig. 1 the total
rates for the five most important channels at the 14 TeV
LHC, with the Higgs mass in the 120-130 GeV range. As
can be seen, the first four channels are purely hadronic.
The most important channel that contains leptons and
missing energy is bb̄W+W� with W+W� ! `⌫jj, where
` is either an electron or a muon and j refers to light jets.
For a 125 GeV Higgs boson, the branching ratio for this
mode is ⇠ 7.25%, and the total rate is ⇠ 2.34 fb.
Event generation and analysis. We now describe our
analysis strategy for the bb̄`⌫jj channel. We will focus
on a ‘mid-term’ integrated luminosity of 600 fb�1 for the
LHC at a center-of-mass energy of 14 TeV. The largest
background for this final state is tt̄ production with semi-
leptonic decay of the top pair. This background is the
most challenging one: not only it has a large total rate
(⇠ 240 pb), but also possesses a mass scale, given by
the top mass (⇠ 175 GeV). The second important back-
ground isW (! `⌫)bb̄+jets, with a total rate of⇠ 2.17 pb.
Other QCD multi-jets production associated with a W
boson can enter, with two light jets misidentified as com-
ing from b-quarks. Backgrounds originating from asso-
ciated production of a single Higgs boson can also be
present: h(! WW )bb̄, h(! bb̄)WW and h+jets where
the jets are miss-identified.

Parton-level events of the hh signal, with the Higgs bo-
son mass set to 125 GeV at the 14 TeV LHC have been

generated using a custom MadGraph 5 model [16, 17],
which includes the full top quark mass e↵ects in the rel-
evant box and triangle diagrams. The factorization and
renormalization scales are set to µF = µR = 125 GeV,
and we checked that other scale choices do not substan-
tially alter the conclusions of our analysis. The decays of
the Higgs bosons are performed in HERWIG++ [18, 19], and
the total rate is normalized to the NLO value of 2.34 fb.
The tt̄ background is generated using HERWIG++ with sub-
sequent semi-leptonic decay, whose cross section is nor-
malized to the approximate NNLO value (times branch-
ing ratio) of 240 pb [20]. Parton-level events for other
backgrounds are generated using ALPGEN [21], where the
transverse momenta of light partons or b-quarks were
constrained to be pT > 30 GeV and their separation sat-
isfies �R =

p
(�y)2 + (��)2 > 0.35, with y and � be-

ing the rapidity and azimuthal angle, respectively. The
parton-level events are then showered and hadronized via
HERWIG++. Whenever applicable, MLM-matching [21] as
implemented in HERWIG++ [19] is used to avoid double-
counting in certain regions of phase space.
The hadron-level particles satisfying pT > 0.1 GeV and

|⌘| < 5 are clustered into jets with the Cambridge-Aachen
algorithm using FastJet [22], with a radius parameter
R = 1.4. We then pick those jets with pT > 40 GeV,
which results in what we call ‘fat’ jets. For a given fat jet
j, we then examine its subjets j1 and j2 (withmj1 > mj2)
following the BDRS [6] procedure. We ask for a signif-
icant mass drop mj1 < µmj with µ = 0.667, and re-
quire that the splitting is not too asymmetric by impos-
ing min(p2T,j1

, p2T,j2
)�R2

j1,j2/m
2
j > 0.09. We also apply a

‘filtering’ procedure similar to that applied by BDRS: re-
solving the fat jets on a finer angular scale Rfilt < Rj1,j2

and taking the three hardest objects (subjets) that ap-
pear, where we choose Rfilt = min(0.35, Rj1,j2/2). This
provides versatility to the analysis against the e↵ects of
extra radiation, particularly the underlying event. In the
present study we do not consider the e↵ects of the detec-
tor resolution, which of course have to be included in a
detailed experimental study.
We look for events containing at least two filtered fat

jets satisfying the mass drop condition. We then impose
the following conditions:

1. Exactly one isolated lepton with pT,` > 10 GeV and
|⌘| < 2.5, where isolation means that the scalar sum
of the transverse momenta of the visible particles
lying inside a cone of radius R = 0.15 around the
lepton is less than 0.1⇥ pT,`.

2. Missing transverse energy 6ET > 10 GeV.

3. At least one fat jet with its two leading subjets b-
tagged, which satisfies |⌘| < 2.5 and pT > 180 GeV.
Among these we take the one with highest pT as the
h ! bb̄ candidate and refer to it as h1. The system
of the two b-tagged subjets is referred to as bb̄.

Ahrens, Becher, Neubert, LLY: 0809.4283

Single Higgs
NNLO+NNNLL

good convergence
small uncertainty

Higgs pair
huge correction
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Figure from Papaefstathiou, LLY, Zurita: 1209.1489



Higgs pair production and decay

• Channels with biggest rates overwhelmed by QCD backgrounds

• First channel containing leptons: bbWW→bblνjjThis talk
Papaefstathiou, LLY, Zurita: 1209.1489
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FIG. 1. (a) Scale variation of gluon fusion cross section for
Higgs boson pair production, at LO and NLO. (b) cross sec-
tions times branching ratios at the 14 TeV LHC, for Higgs
boson pair production. We show only the dominant decay
modes. : bb̄bb̄ (dots), bb̄jj (short dashes), bb̄bjjjj (dot-
dashes), bb̄⌧+⌧� (long dashes) and bb̄l⌫jj (solid). Note that
the four main decay modes are fully hadronic.

For the branching ratios, the values of [15] were used.
In the mass range (120, 130) GeV, the Higgs boson decay
modes with the largest branching fractions are h ! bb̄
and h ! W+W�. The most probable decay mode for a
pair of Higgs bosons is hh ! bb̄bb̄. This mode is chal-
lenging to search for, mostly due to the fact that it is
di�cult to trigger on, and that it competes against the
QCD multi-jet backgrounds that possess overwhelmingly
large cross sections. In general, QCD backgrounds can
be suppressed with the existence of leptons and missing
energy. We plot in the right panel of Fig. 1 the total
rates for the five most important channels at the 14 TeV
LHC, with the Higgs mass in the 120-130 GeV range. As
can be seen, the first four channels are purely hadronic.
The most important channel that contains leptons and
missing energy is bb̄W+W� with W+W� ! `⌫jj, where
` is either an electron or a muon and j refers to light jets.
For a 125 GeV Higgs boson, the branching ratio for this
mode is ⇠ 7.25%, and the total rate is ⇠ 2.34 fb.
Event generation and analysis. We now describe our
analysis strategy for the bb̄`⌫jj channel. We will focus
on a ‘mid-term’ integrated luminosity of 600 fb�1 for the
LHC at a center-of-mass energy of 14 TeV. The largest
background for this final state is tt̄ production with semi-
leptonic decay of the top pair. This background is the
most challenging one: not only it has a large total rate
(⇠ 240 pb), but also possesses a mass scale, given by
the top mass (⇠ 175 GeV). The second important back-
ground isW (! `⌫)bb̄+jets, with a total rate of⇠ 2.17 pb.
Other QCD multi-jets production associated with a W
boson can enter, with two light jets misidentified as com-
ing from b-quarks. Backgrounds originating from asso-
ciated production of a single Higgs boson can also be
present: h(! WW )bb̄, h(! bb̄)WW and h+jets where
the jets are miss-identified.

Parton-level events of the hh signal, with the Higgs bo-
son mass set to 125 GeV at the 14 TeV LHC have been

generated using a custom MadGraph 5 model [16, 17],
which includes the full top quark mass e↵ects in the rel-
evant box and triangle diagrams. The factorization and
renormalization scales are set to µF = µR = 125 GeV,
and we checked that other scale choices do not substan-
tially alter the conclusions of our analysis. The decays of
the Higgs bosons are performed in HERWIG++ [18, 19], and
the total rate is normalized to the NLO value of 2.34 fb.
The tt̄ background is generated using HERWIG++ with sub-
sequent semi-leptonic decay, whose cross section is nor-
malized to the approximate NNLO value (times branch-
ing ratio) of 240 pb [20]. Parton-level events for other
backgrounds are generated using ALPGEN [21], where the
transverse momenta of light partons or b-quarks were
constrained to be pT > 30 GeV and their separation sat-
isfies �R =

p
(�y)2 + (��)2 > 0.35, with y and � be-

ing the rapidity and azimuthal angle, respectively. The
parton-level events are then showered and hadronized via
HERWIG++. Whenever applicable, MLM-matching [21] as
implemented in HERWIG++ [19] is used to avoid double-
counting in certain regions of phase space.
The hadron-level particles satisfying pT > 0.1 GeV and

|⌘| < 5 are clustered into jets with the Cambridge-Aachen
algorithm using FastJet [22], with a radius parameter
R = 1.4. We then pick those jets with pT > 40 GeV,
which results in what we call ‘fat’ jets. For a given fat jet
j, we then examine its subjets j1 and j2 (withmj1 > mj2)
following the BDRS [6] procedure. We ask for a signif-
icant mass drop mj1 < µmj with µ = 0.667, and re-
quire that the splitting is not too asymmetric by impos-
ing min(p2T,j1

, p2T,j2
)�R2

j1,j2/m
2
j > 0.09. We also apply a

‘filtering’ procedure similar to that applied by BDRS: re-
solving the fat jets on a finer angular scale Rfilt < Rj1,j2

and taking the three hardest objects (subjets) that ap-
pear, where we choose Rfilt = min(0.35, Rj1,j2/2). This
provides versatility to the analysis against the e↵ects of
extra radiation, particularly the underlying event. In the
present study we do not consider the e↵ects of the detec-
tor resolution, which of course have to be included in a
detailed experimental study.
We look for events containing at least two filtered fat

jets satisfying the mass drop condition. We then impose
the following conditions:

1. Exactly one isolated lepton with pT,` > 10 GeV and
|⌘| < 2.5, where isolation means that the scalar sum
of the transverse momenta of the visible particles
lying inside a cone of radius R = 0.15 around the
lepton is less than 0.1⇥ pT,`.

2. Missing transverse energy 6ET > 10 GeV.

3. At least one fat jet with its two leading subjets b-
tagged, which satisfies |⌘| < 2.5 and pT > 180 GeV.
Among these we take the one with highest pT as the
h ! bb̄ candidate and refer to it as h1. The system
of the two b-tagged subjets is referred to as bb̄.

l = e, µ

τ decays hadronically



Previous studies

• Baur, Plehn, Rainwater: hep-ph/0310056

• bbγγ most promising, S ~ 6 and B ~ 11 @ 600/fb

• Dolan, Englert, Spannowsky (DES): 1206.5001

• bbττ best channel assuming excellent τ-jet tagging

• Both studies concluded that bbWW channel is impossible due to large 
backgrounds from top-quark pair production



Signal and backgrounds

• Backgrounds 5 orders-of-magnitude larger than signal!

• Require clever ideas to suppress the backgrounds

• Require huge amount of MC events — huge computational resource

3

Process �initial (fb) �basic (fb)

hh ! bb̄`⌫jj 2.34 0.134

tt̄ ! bb̄`⌫jj 240⇥ 103 15.5

W (! `⌫)bb̄+jets 2.17⇥ 103 0.97

W (! `⌫)+jets 2.636⇥ 106 O(0.01)

h(! `⌫jj)+jets 36.11 O(0.0001)

h(! `⌫jj)bb̄ 6.22 O(0.001)

h(! bb̄) +WW (! `⌫jj) 0.0252 -

TABLE I. Cross sections for the signal and backgrounds be-
fore (second column) and after (third column) the ‘basic’ cuts.
For the irreducible backgrounds where true b-quarks are not
present, a miss-b-tagging probability of 1% for light jets are
included. The MLM-matching is applied to the Wbb̄+jets,
W+jets and h+jets processes.

4. A second fat jet with pT > 40 GeV andm > 5 GeV,
which, together with the lepton and 6ET , can recon-
struct the W -decaying Higgs boson (h2). This jet
will be considered as candidate for the hadronically
decaying W boson, and will be referred to as Wh.

In the above, b-tagging is implemented in the event gener-
ators by keeping the lightest B-hadrons stable. Through-
out this work we assume a b-tagging e�ciency of 70%.
The reconstruction of the W -decaying Higgs boson is
achieved by solving the set of equations m2

h = (p` + p⌫ +
pWh)

2 and p2⌫ = 0, where the transverse components of
p⌫ are identified with those of the missing transverse mo-
mentum. Here we assume that the mass of the Higgs
boson will already have been measured to a reasonable
accuracy. Note that since the equations are quadratic,
there are two solutions for the z-component of momen-
tum of the neutrino. It is, however, not possible to decide
which is the correct one and we therefore do not use this
information in our analysis. Here we reject events giving
complex solutions, although one may adopt some imag-
inary part ‘tolerance’ to accommodate the smearing of
the momenta by detector e↵ects [23].

The conditions described above will be referred to as
the ‘basic’ cuts, and already provide strong rejection
against backgrounds. Table I shows the starting cross
sections for the processes considered as well as the re-
sulting cross sections after the ‘basic’ cuts. Among the
irreducible backgrounds where the final states are exactly
the same as our signal, the important ones are tt̄ and
Wbb̄+jets, which we will further analyze, while the hbb̄
and hWW processes are negligible. The W+jets back-
ground requires two miss-b-tagged light jets to fake our
signal. We estimate the rejection factor as follows: for the
W+jets inclusive sample, we pick the hardest filtered fat
jet and, assuming that its two hardest filtered subjets are
miss-b-tagged, we apply the ‘basic’ cuts to the event. We
multiply the resultant cross section by the light jet rejec-
tion factor (10�4, assuming the light jet miss-b-tag prob-

1
T,h

p200 250 300 350 400

 (p
b/

bi
n)

σd

0

1

2

3

4
 50×hh 

tt
+jetsbWb

1
,hbb

R
0 0.05 0.1 0.15 0.2

 (p
b/

bi
n)

σd

0

0.1

0.2

0.3

0.4

0.5
 5×hh 

tt
+jetsbWb

 > 240 GeV
1

T,h
p

(a) (b)

 (GeV)
1hm

115 120 125 130 135

 (p
b/

bi
n)

σd

0

0.05

0.1
 5×hh 

tt
+jetsbWb

 > 240 GeV
1

T,h
p

 (GeV)
hWm

0 20 40 60 80 100

 (p
b/

bi
n)

σd

0

0.1

0.2
 5×hh 

tt
+jetsbWb

 > 240 GeV
1

T,h
p

(c) (d)

FIG. 2. Distributions for signal and backgrounds of (a) pT,h1

after the basic cuts; and (b) Rbb̄,h1
, (c) mh1 , (d) mWh after

the basic cuts and pT,h1 > 240 GeV.

ability to be 1%) for two jets. The h+jets background
also requires miss-b-tags, for which we work in the same
way as with the W+jets. These reducible backgrounds
are found to be irrelevant after the ‘basic’ cuts.

We investigate in further detail the hh signal versus
the tt̄ and Wbb̄+jets backgrounds, going beyond the ‘ba-
sic’ cuts. We show the signal (S) and background (B)
distributions to demonstrate the set of cuts that provides
a high significance, while retaining a reasonable number
of signal events in order to keep the statistical error un-
der control. We show in Fig. 2(a) the pT,h1 distributions,
where we see that the signal tends to have a larger pT
for the Higgs candidate. We therefore impose a harder
cut pT,h1 > 240 GeV and subsequently consider the (b)
Rbb̄,h1

(distance between the h1 fat jet and the bb̄ sub-
system), (c) mh1 and (d) mWh distributions. One can
observe that significant background rejection can be ob-
tained by selecting mWh around the W boson mass mW ,
requiring that the b and b̄ subjets are more symmetri-
cally distributed in the fat jet h1 by choosing a small
Rbb̄,h1

, and imposing a mass window for mh1 around
the true Higgs mass mh. We choose mWh > 65 GeV,
mh1 2 [120 � 130] GeV and Rbb̄,h1

< 0.06. Using these
simple cuts, we obtain about 4.6 signal and 2.6 back-
ground events at 600 fb�1, thus getting S/

p
S +B ⇠ 1.7,

and a significance of 2.2�. To gain more discriminating
power, we explored in more detail the kinematic distribu-
tions of the various objects. While a cut-based method
is possible (we managed to achieve 2.5� with S ⇡ 4 and
B ⇡ 1), we performed a more dedicated multivariate
analysis for that purpose. To this end we employ the
boosted decision tree (BDT) method [24] implemented
in the ROOT TMVA package [25]. In addition to our previ-
ous set of variables, we add the following: pT,h2 , pT,Wh ,
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Signal and backgrounds

• Backgrounds 5 orders-of-magnitude larger than signal!

• Require clever ideas to suppress the backgrounds

• Require huge amount of MC events — huge computational resource
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Process �initial (fb) �basic (fb)

hh ! bb̄`⌫jj 2.34 0.134
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h(! `⌫jj)+jets 36.11 O(0.0001)
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h(! bb̄) +WW (! `⌫jj) 0.0252 -

TABLE I. Cross sections for the signal and backgrounds be-
fore (second column) and after (third column) the ‘basic’ cuts.
For the irreducible backgrounds where true b-quarks are not
present, a miss-b-tagging probability of 1% for light jets are
included. The MLM-matching is applied to the Wbb̄+jets,
W+jets and h+jets processes.

4. A second fat jet with pT > 40 GeV andm > 5 GeV,
which, together with the lepton and 6ET , can recon-
struct the W -decaying Higgs boson (h2). This jet
will be considered as candidate for the hadronically
decaying W boson, and will be referred to as Wh.

In the above, b-tagging is implemented in the event gener-
ators by keeping the lightest B-hadrons stable. Through-
out this work we assume a b-tagging e�ciency of 70%.
The reconstruction of the W -decaying Higgs boson is
achieved by solving the set of equations m2

h = (p` + p⌫ +
pWh)

2 and p2⌫ = 0, where the transverse components of
p⌫ are identified with those of the missing transverse mo-
mentum. Here we assume that the mass of the Higgs
boson will already have been measured to a reasonable
accuracy. Note that since the equations are quadratic,
there are two solutions for the z-component of momen-
tum of the neutrino. It is, however, not possible to decide
which is the correct one and we therefore do not use this
information in our analysis. Here we reject events giving
complex solutions, although one may adopt some imag-
inary part ‘tolerance’ to accommodate the smearing of
the momenta by detector e↵ects [23].

The conditions described above will be referred to as
the ‘basic’ cuts, and already provide strong rejection
against backgrounds. Table I shows the starting cross
sections for the processes considered as well as the re-
sulting cross sections after the ‘basic’ cuts. Among the
irreducible backgrounds where the final states are exactly
the same as our signal, the important ones are tt̄ and
Wbb̄+jets, which we will further analyze, while the hbb̄
and hWW processes are negligible. The W+jets back-
ground requires two miss-b-tagged light jets to fake our
signal. We estimate the rejection factor as follows: for the
W+jets inclusive sample, we pick the hardest filtered fat
jet and, assuming that its two hardest filtered subjets are
miss-b-tagged, we apply the ‘basic’ cuts to the event. We
multiply the resultant cross section by the light jet rejec-
tion factor (10�4, assuming the light jet miss-b-tag prob-

1
T,h

p200 250 300 350 400

 (p
b/

bi
n)

σd

0

1

2

3

4
 50×hh 

tt
+jetsbWb

1
,hbb

R
0 0.05 0.1 0.15 0.2

 (p
b/

bi
n)

σd

0

0.1

0.2

0.3

0.4

0.5
 5×hh 

tt
+jetsbWb

 > 240 GeV
1

T,h
p

(a) (b)

 (GeV)
1hm

115 120 125 130 135

 (p
b/

bi
n)

σd

0

0.05

0.1
 5×hh 

tt
+jetsbWb

 > 240 GeV
1

T,h
p

 (GeV)
hWm

0 20 40 60 80 100

 (p
b/

bi
n)

σd

0

0.1

0.2
 5×hh 

tt
+jetsbWb

 > 240 GeV
1

T,h
p

(c) (d)

FIG. 2. Distributions for signal and backgrounds of (a) pT,h1
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the basic cuts and pT,h1 > 240 GeV.

ability to be 1%) for two jets. The h+jets background
also requires miss-b-tags, for which we work in the same
way as with the W+jets. These reducible backgrounds
are found to be irrelevant after the ‘basic’ cuts.

We investigate in further detail the hh signal versus
the tt̄ and Wbb̄+jets backgrounds, going beyond the ‘ba-
sic’ cuts. We show the signal (S) and background (B)
distributions to demonstrate the set of cuts that provides
a high significance, while retaining a reasonable number
of signal events in order to keep the statistical error un-
der control. We show in Fig. 2(a) the pT,h1 distributions,
where we see that the signal tends to have a larger pT
for the Higgs candidate. We therefore impose a harder
cut pT,h1 > 240 GeV and subsequently consider the (b)
Rbb̄,h1

(distance between the h1 fat jet and the bb̄ sub-
system), (c) mh1 and (d) mWh distributions. One can
observe that significant background rejection can be ob-
tained by selecting mWh around the W boson mass mW ,
requiring that the b and b̄ subjets are more symmetri-
cally distributed in the fat jet h1 by choosing a small
Rbb̄,h1

, and imposing a mass window for mh1 around
the true Higgs mass mh. We choose mWh > 65 GeV,
mh1 2 [120 � 130] GeV and Rbb̄,h1

< 0.06. Using these
simple cuts, we obtain about 4.6 signal and 2.6 back-
ground events at 600 fb�1, thus getting S/

p
S +B ⇠ 1.7,

and a significance of 2.2�. To gain more discriminating
power, we explored in more detail the kinematic distribu-
tions of the various objects. While a cut-based method
is possible (we managed to achieve 2.5� with S ⇡ 4 and
B ⇡ 1), we performed a more dedicated multivariate
analysis for that purpose. To this end we employ the
boosted decision tree (BDT) method [24] implemented
in the ROOT TMVA package [25]. In addition to our previ-
ous set of variables, we add the following: pT,h2 , pT,Wh ,
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(custom model file from R. Frederix)
Normalized to NLO

Generated with Herwig++
Normalized to approx. NNLO
Ahrens, Ferroglia, Neubert, Pecjak, LLY: 1005.5824

Shower/Hadronization with Herwig++

Generated with ALPGEN

Boosted jet techniques
Event reconstruction



Top quark pair production

• Main background: precise knowledge important! (total cross section and 
distributions)

• Our works: NLO+NNLL and/or approximate NNLO

• Invariant mass distribution

• Transverse momentum and rapidity distributions

• Total cross section

• Forward-backward asymmetry

• Transverse momentum of tt system

Ahrens, Ferroglia, Neubert, Pecjak, LLY: 1003.5827

Ahrens, Ferroglia, Neubert, Pecjak, LLY: 1103.0550

Ahrens, Ferroglia, Neubert, Pecjak, LLY: 1105.5824

Ahrens, Ferroglia, Neubert, Pecjak, LLY: 1106.6051

Zhu, Li, Li, Shao, LLY: 1208.5774



Boosted jet techniques

• Designed for H+V@LHC, capturing high-pT Higgs decaying to two b-quarks

• Mass drop: fight against QCD initiated jets

• Filtering: fight against underlying events

• We use it also for capturing the hadronic decaying W boson

2

b Rbb Rfilt

Rbbg

b
R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both

Butterworth, Davison, Rubin, Salam (BDRS): 0802.2470

fat jet sub-jets

NEW!

applying to hh→bbWW
also employed by DES in hh→bbττ

saved this channel
(disregarded by earlier studies)

file://localhost/Volumes/EXTERNAL/
file://localhost/Volumes/EXTERNAL/
file://localhost/Volumes/EXTERNAL/


Event topology & basic selection cuts

b

b̄

h2 h1

ν

l
W

W

j

j

Wh

2nd fat jet

1st fat jet
double-b-tagged

pT > 40 GeV, m > 5 GeV

pT > 180 GeV
highly boosted

isolated lepton
pT > 10 GeV

6ET > 10 GeV
reconstruct the second Higgs

(solve for the neutrino momentum)



After the basic cuts

• B-tagging efficiency 70%, light jet fake rate 1%

• h+jets and W+jets backgrounds can be safely neglected

• Basic cuts great performance: keep 5% signal, 0.05% Wbbj and 0.005% tt

• Backgrounds still 100 times bigger, further analysis needed

3

Process �initial (fb) �basic (fb)

hh ! bb̄`⌫jj 2.34 0.134

tt̄ ! bb̄`⌫jj 240⇥ 103 15.5

W (! `⌫)bb̄+jets 2.17⇥ 103 0.97

W (! `⌫)+jets 2.636⇥ 106 O(0.01)

h(! `⌫jj)+jets 36.11 O(0.0001)

h(! `⌫jj)bb̄ 6.22 O(0.001)

h(! bb̄) +WW (! `⌫jj) 0.0252 -

TABLE I. Cross sections for the signal and backgrounds be-
fore (second column) and after (third column) the ‘basic’ cuts.
For the irreducible backgrounds where true b-quarks are not
present, a miss-b-tagging probability of 1% for light jets are
included. The MLM-matching is applied to the Wbb̄+jets,
W+jets and h+jets processes.

4. A second fat jet with pT > 40 GeV andm > 5 GeV,
which, together with the lepton and 6ET , can recon-
struct the W -decaying Higgs boson (h2). This jet
will be considered as candidate for the hadronically
decaying W boson, and will be referred to as Wh.

In the above, b-tagging is implemented in the event gener-
ators by keeping the lightest B-hadrons stable. Through-
out this work we assume a b-tagging e�ciency of 70%.
The reconstruction of the W -decaying Higgs boson is
achieved by solving the set of equations m2

h = (p` + p⌫ +
pWh)

2 and p2⌫ = 0, where the transverse components of
p⌫ are identified with those of the missing transverse mo-
mentum. Here we assume that the mass of the Higgs
boson will already have been measured to a reasonable
accuracy. Note that since the equations are quadratic,
there are two solutions for the z-component of momen-
tum of the neutrino. It is, however, not possible to decide
which is the correct one and we therefore do not use this
information in our analysis. Here we reject events giving
complex solutions, although one may adopt some imag-
inary part ‘tolerance’ to accommodate the smearing of
the momenta by detector e↵ects [23].

The conditions described above will be referred to as
the ‘basic’ cuts, and already provide strong rejection
against backgrounds. Table I shows the starting cross
sections for the processes considered as well as the re-
sulting cross sections after the ‘basic’ cuts. Among the
irreducible backgrounds where the final states are exactly
the same as our signal, the important ones are tt̄ and
Wbb̄+jets, which we will further analyze, while the hbb̄
and hWW processes are negligible. The W+jets back-
ground requires two miss-b-tagged light jets to fake our
signal. We estimate the rejection factor as follows: for the
W+jets inclusive sample, we pick the hardest filtered fat
jet and, assuming that its two hardest filtered subjets are
miss-b-tagged, we apply the ‘basic’ cuts to the event. We
multiply the resultant cross section by the light jet rejec-
tion factor (10�4, assuming the light jet miss-b-tag prob-
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FIG. 2. Distributions for signal and backgrounds of (a) pT,h1

after the basic cuts; and (b) Rbb̄,h1
, (c) mh1 , (d) mWh after

the basic cuts and pT,h1 > 240 GeV.

ability to be 1%) for two jets. The h+jets background
also requires miss-b-tags, for which we work in the same
way as with the W+jets. These reducible backgrounds
are found to be irrelevant after the ‘basic’ cuts.

We investigate in further detail the hh signal versus
the tt̄ and Wbb̄+jets backgrounds, going beyond the ‘ba-
sic’ cuts. We show the signal (S) and background (B)
distributions to demonstrate the set of cuts that provides
a high significance, while retaining a reasonable number
of signal events in order to keep the statistical error un-
der control. We show in Fig. 2(a) the pT,h1 distributions,
where we see that the signal tends to have a larger pT
for the Higgs candidate. We therefore impose a harder
cut pT,h1 > 240 GeV and subsequently consider the (b)
Rbb̄,h1

(distance between the h1 fat jet and the bb̄ sub-
system), (c) mh1 and (d) mWh distributions. One can
observe that significant background rejection can be ob-
tained by selecting mWh around the W boson mass mW ,
requiring that the b and b̄ subjets are more symmetri-
cally distributed in the fat jet h1 by choosing a small
Rbb̄,h1

, and imposing a mass window for mh1 around
the true Higgs mass mh. We choose mWh > 65 GeV,
mh1 2 [120 � 130] GeV and Rbb̄,h1

< 0.06. Using these
simple cuts, we obtain about 4.6 signal and 2.6 back-
ground events at 600 fb�1, thus getting S/

p
S +B ⇠ 1.7,

and a significance of 2.2�. To gain more discriminating
power, we explored in more detail the kinematic distribu-
tions of the various objects. While a cut-based method
is possible (we managed to achieve 2.5� with S ⇡ 4 and
B ⇡ 1), we performed a more dedicated multivariate
analysis for that purpose. To this end we employ the
boosted decision tree (BDT) method [24] implemented
in the ROOT TMVA package [25]. In addition to our previ-
ous set of variables, we add the following: pT,h2 , pT,Wh ,
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Figure 1: Light-jet rejection (left) and c-jet rejection (right) as a function of the b-tag efficiency for the
b-tagging algorithms calibrated in this note, based on simulated t  t events.

40 GeV, 40 GeV ≤ pT < 50 GeV, 50 GeV ≤ pT < 60 GeV, 60 GeV ≤ pT < 75 GeV, 75 GeV ≤ pT <
90 GeV, 90 GeV ≤ pT < 110 GeV, 110 GeV ≤ pT < 140 GeV and 140 GeV ≤ pT < 200 GeV, while the
η bins are 0 ≤ |η |< 0.6, 0.6 ≤ |η | < 1.2, 1.2 ≤ |η |< 1.8 and 1.8 ≤ |η |< 2.5. The data-to-simulation
scale factors do not show a strong dependence in either jet pT or |η |, and the final results only include
the subdivision in jet pT.

2 Data and Simulation Samples, Object Selection
The data sample used in the analyses corresponds to approximately 5 fb−1 of 7 TeV proton-proton
collision data collected by the ATLAS experiment during 2011. Events were collected with triggers
that require a muon reconstructed from hits in the muon spectrometer that is spatially matched to a
calorimeter jet. In each jet pT bin of the analyses, the muon-jet trigger with the lowest jet threshold that
has reached the efficiency plateau is used. In the lower pT region (up to 60 GeV in the prel

T analysis
and up to 75 GeV in the system8 analysis) events with at least one jet with ET > 10 GeV at the last
trigger level are used. Starting from 60 GeV (75 GeV) the prel

T (system8) analysis uses events with at
least one jet with ET > 10 GeV at the first trigger level. In the region between 110 and 200 GeV, the
system8 analysis uses events with at least one jet ET > 20 or 30 GeV at the first trigger level. Each of the
muon-jet triggers is collecting data at a fixed rate slightly below 1 Hz, meaning that the low jet threshold
triggers are heavily prescaled.

The key objects for b-tagging are the reconstructed primary vertex, the calorimeter jets and tracks
reconstructed in the inner detector. The tracks are associated with the calorimeter jets with a spatial
matching in ΔR(jet, track) [4]. The track-selection criteria depend on the b-tagging algorithm, and are
detailed in [2, 5]. Jets are reconstructed from topological clusters [6] of energy in the calorimeter us-
ing the anti-kt algorithm with a distance parameter of 0.4 [7–9]. The jet reconstruction is done at the
electromagnetic scale and then a scale factor is applied in order to obtain the jet energy at the hadronic
scale. The jet energy is further corrected for the energy of the muon and the average energy of the corre-
sponding neutrino in simulated events, to arrive at the jet energy scale of an inclusive b-jet sample. The

2
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Further analysis

• Further cuts

• S ~ 4.5, B ~ 2.4
@ 600/fb

3

Process �initial (fb) �basic (fb)

hh ! bb̄`⌫jj 2.34 0.134

tt̄ ! bb̄`⌫jj 240⇥ 103 15.5

W (! `⌫)bb̄+jets 2.17⇥ 103 0.97

W (! `⌫)+jets 2.636⇥ 106 O(0.01)

h(! `⌫jj)+jets 36.11 O(0.0001)

h(! `⌫jj)bb̄ 6.22 O(0.001)

h(! bb̄) +WW (! `⌫jj) 0.0252 -

TABLE I. Cross sections for the signal and backgrounds be-
fore (second column) and after (third column) the ‘basic’ cuts.
For the irreducible backgrounds where true b-quarks are not
present, a miss-b-tagging probability of 1% for light jets are
included. The MLM-matching is applied to the Wbb̄+jets,
W+jets and h+jets processes.

4. A second fat jet with pT > 40 GeV andm > 5 GeV,
which, together with the lepton and 6ET , can recon-
struct the W -decaying Higgs boson (h2). This jet
will be considered as candidate for the hadronically
decaying W boson, and will be referred to as Wh.

In the above, b-tagging is implemented in the event gener-
ators by keeping the lightest B-hadrons stable. Through-
out this work we assume a b-tagging e�ciency of 70%.
The reconstruction of the W -decaying Higgs boson is
achieved by solving the set of equations m2

h = (p` + p⌫ +
pWh)

2 and p2⌫ = 0, where the transverse components of
p⌫ are identified with those of the missing transverse mo-
mentum. Here we assume that the mass of the Higgs
boson will already have been measured to a reasonable
accuracy. Note that since the equations are quadratic,
there are two solutions for the z-component of momen-
tum of the neutrino. It is, however, not possible to decide
which is the correct one and we therefore do not use this
information in our analysis. Here we reject events giving
complex solutions, although one may adopt some imag-
inary part ‘tolerance’ to accommodate the smearing of
the momenta by detector e↵ects [23].

The conditions described above will be referred to as
the ‘basic’ cuts, and already provide strong rejection
against backgrounds. Table I shows the starting cross
sections for the processes considered as well as the re-
sulting cross sections after the ‘basic’ cuts. Among the
irreducible backgrounds where the final states are exactly
the same as our signal, the important ones are tt̄ and
Wbb̄+jets, which we will further analyze, while the hbb̄
and hWW processes are negligible. The W+jets back-
ground requires two miss-b-tagged light jets to fake our
signal. We estimate the rejection factor as follows: for the
W+jets inclusive sample, we pick the hardest filtered fat
jet and, assuming that its two hardest filtered subjets are
miss-b-tagged, we apply the ‘basic’ cuts to the event. We
multiply the resultant cross section by the light jet rejec-
tion factor (10�4, assuming the light jet miss-b-tag prob-
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FIG. 2. Distributions for signal and backgrounds of (a) pT,h1

after the basic cuts; and (b) Rbb̄,h1
, (c) mh1 , (d) mWh after

the basic cuts and pT,h1 > 240 GeV.

ability to be 1%) for two jets. The h+jets background
also requires miss-b-tags, for which we work in the same
way as with the W+jets. These reducible backgrounds
are found to be irrelevant after the ‘basic’ cuts.

We investigate in further detail the hh signal versus
the tt̄ and Wbb̄+jets backgrounds, going beyond the ‘ba-
sic’ cuts. We show the signal (S) and background (B)
distributions to demonstrate the set of cuts that provides
a high significance, while retaining a reasonable number
of signal events in order to keep the statistical error un-
der control. We show in Fig. 2(a) the pT,h1 distributions,
where we see that the signal tends to have a larger pT
for the Higgs candidate. We therefore impose a harder
cut pT,h1 > 240 GeV and subsequently consider the (b)
Rbb̄,h1

(distance between the h1 fat jet and the bb̄ sub-
system), (c) mh1 and (d) mWh distributions. One can
observe that significant background rejection can be ob-
tained by selecting mWh around the W boson mass mW ,
requiring that the b and b̄ subjets are more symmetri-
cally distributed in the fat jet h1 by choosing a small
Rbb̄,h1

, and imposing a mass window for mh1 around
the true Higgs mass mh. We choose mWh > 65 GeV,
mh1 2 [120 � 130] GeV and Rbb̄,h1

< 0.06. Using these
simple cuts, we obtain about 4.6 signal and 2.6 back-
ground events at 600 fb�1, thus getting S/

p
S +B ⇠ 1.7,

and a significance of 2.2�. To gain more discriminating
power, we explored in more detail the kinematic distribu-
tions of the various objects. While a cut-based method
is possible (we managed to achieve 2.5� with S ⇡ 4 and
B ⇡ 1), we performed a more dedicated multivariate
analysis for that purpose. To this end we employ the
boosted decision tree (BDT) method [24] implemented
in the ROOT TMVA package [25]. In addition to our previ-
ous set of variables, we add the following: pT,h2 , pT,Wh ,

Further improvement requires more kinematic variables
➥ multivariate analysis: Boosted Decision Trees (BDT)

pT,h1 > 240 GeV

Rbb̄,h1
< 0.06

mh1 2 [120� 130] GeV

mWh > 65 GeV



Boosted Decision Trees

• Greater power to distinguish signal and 
background than simple cuts

• Widely used in modern HEP experiments 
(alternative to neural networks)

• Implemented in ROOT TMVA package

• Boosting: stability against training-
sample-dependence

Roe, Yang, Zhu, Liu, Stancu, McGregor: physics/0408124
2

til a given number of final branches, called leaves, are
obtained, or until each leaf is pure signal or pure back-
ground, or has too few events to continue. This descrip-
tion is a little oversimplified. In fact at each stage one
picks as the next branch to split, the branch which will
give the best increase in the quality of the separation. A
schematic of a decision tree is shown in Fig.1, in which
3 variables are used for signal/background separation:
event hit multiplicity, energy, and reconstructed radial
position.

What criterion is used to define the quality of separa-
tion between signal and background in the split? Imagine
the events are weighted with each event having weight
Wi. Define the purity of the sample in a branch by

P =

∑

s Ws
∑

s Ws +
∑

b Wb
,

where
∑

s is the sum over signal events and
∑

b is the
sum over background events. Note that P (1 − P ) is 0
if the sample is pure signal or pure background. For a
given branch let

Gini = (
n

∑

i=1

Wi)P (1 − P ),

where n is the number of events on that branch. The
criterion chosen is to minimize

Ginileft son + Giniright son.

To determine the increase in quality when a node is
split into two branches, one maximizes

Criterion = Ginifather − Ginileft son − Giniright son.

At the end, if a leaf has purity greater than 1/2 (or
whatever is set), then it is called a signal leaf and if the
purity is less than 1/2, it is a background leaf. Events
are classified signal if they land on a signal leaf and back-
ground if they land on a background leaf. The resulting
tree is a decision tree.

Decision trees have been available for some time[5].
They are known to be powerful but unstable, i.e., a small
change in the training sample can give a large change in
the tree and the results.

There are three major measures of node impurity used
in practice: misclassification error, the gini index and
the cross-entropy. If we define p as the proportion of
the signal in a node, then the three measures are: 1 -
max(p, 1-p) for the misclassification error, 2p(1-p) for
the gini index and -plog(p) - (1-p)log(1-p) for the cross-
entropy. The three measures are similar, but the gini
index and the cross-entropy are differentiable, and hence
more amenable to numerical optimization. In addition,
the gini index and the cross-entropy are more sensitive
to change in the node probabilities than the misclassifi-
cation error. The gini index and the cross-entropy are
similar.

S/B
52/48

B
4/37

S/B
48/11

S/B
9/10

S
39/1

S
7/1

B
2/9

PMT Hits?
< 100 ≥ 100

Energy?
< 0.2 GeV ≥ 0.2 GeV

Radius?
< 500 cm ≥ 500 cm

FIG. 1: Schematic of a decision tree. S for signal, B for back-
ground. Terminal nodes(called leaves) are shown in boxes.
If signal events are dominant in one leave, then this leave is
signal leave; otherwise, background leave.

B. Boosting

Within the last few years a great improvement has
been made[6, 7, 8]. Start with unweighted events and
build a tree as above. If a training event is misclassified,
i.e, a signal event lands on a background leaf or a back-
ground event lands on a signal leaf, then the weight of
that event is increased (boosted).

A second tree is built using the new weights, no longer
equal. Again misclassified events have their weights
boosted and the procedure is repeated. Typically, one
may build 1000 or 2000 trees this way.

A score is now assigned to an event as follows. The
event is followed through each tree in turn. If it lands
on a signal leaf it is given a score of 1 and if it lands on
a background leaf it is given a score of -1. The renor-
malized sum of all the scores, possibly weighted, is the
final score of the event. High scores mean the event is
most likely signal and low scores that it is most likely
background. By choosing a particular value of the score
on which to cut, one can select a desired fraction of the
signal or a desired ratio of signal to background. For
those familiar with ANNs, the use of this score is the
same as the use of the ANN value for a given event. For
the MiniBooNE experiment, boosting has been found to
be superior to ANNs. Statisticians and computer scien-
tists have found that this method of classification is very
efficient and robust. Furthermore, the amount of tuning
needed is rather modest compared with ANNs. It works
well with many PID variables. If one makes a monotonic
transformation of a variable, so that if x1 > x2 then
f(x1) > f(x2), the boosting method gives exactly the
same results. It depends only on the ordering according
to the variable, not on the value of the variable.

In articles on boosting within the statistics and com-



BDT output

• Good separation between signal and background

• Optimal point: S ~ 9, B ~ 5 @ 600/fb, about 3.1σ evidence!

• Including                                 increases significance to 3.6σ
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FIG. 3. Outputs of BDT analysis. Left: background re-
jection vs. signal e�ciency. Right: normalized signal and
background distributions against BDT response.

pT,h1h2 , Rh1,Wh , MT,`⌫ , ��`,⌫ , ��Wl,Wh , whereWl refers
to the leptonically decaying W boson, and the trans-
verse mass of the lepton and neutrino system is defined
as M2

T,`⌫ ⌘ (ET,` + ET,⌫)2 � (~pT,` + ~pT,⌫)2.
We trained 1000 decision trees, from which the outputs

are shown in Fig. 3, where we can see that one can ob-
tain good discrimination between signal and background.
We find that when cutting at a value of around 0.1, we
can obtain S/

p
S +B ⇠ 2.4 and a significance of 3.1�,

with S ⇡ 9 and B ⇡ 6. We have checked that the inclu-
sion of underlying event for the signal sample does not
bring down the significance substantially. Further im-
provement can be obtained if one consider the tauonic
decays of the W bosons in both signal and background.
Assuming a ⌧ reconstruction e�ciency of ⇠ 70%, one
can obtain an increased significance of 3.6 (3.0) using
the BDT (cut-based) analysis.
Conclusions. We have studied the prospects of detect-
ing Higgs boson pair production at the 14 TeV LHC
in the bb̄`⌫jj channel, where ` is either a muon or an
electron. Our analysis is based on exploiting jet sub-
structure techniques to identify the h ! bb̄ decay for
a Higgs boson in the boosted regime as a fat jet, and
also event reconstruction for the h ! W+W� decay. In
spite of the very tiny initial signal to background ratio,
we have identified a few useful kinematic variables that
allow to discriminate signal from background. By cut-
ting on these variables one can achieve an O(1) signal to
background ratio, although retaining only a few handful
of events for 600/fb. Further increase in the sensitivity
can be achieved by including several more variables into
the analysis. Given that scenario, we turned to a mul-
tivariate boosted decision tree analysis, which allows to
obtain a significance of about 3� while retaining a larger
number (about 10) of signal events. Furthermore, the
significance can be enhanced if we consider tau leptons
in the final state, allowing to obtain just under 4� of
sensitivity. This channel will make an important contri-
bution, in combination with the already studied bb̄⌧+⌧�

and bb̄��, final states, towards the discovery of Higgs pair
production at the LHC, and measuring the trilinear self

interaction.
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Summary

• Higgs coupling measurements crucial to finally establish the SM, or provide 
hints to new physics

• Higgs self-couplings: direct probe of the Higgs potential

• Probe Higgs trilinear coupling via Higgs pair production in the bbWW 
channel (disregarded in previous studies due to large background)

• Employ jet substructure techniques, event reconstruction and multivariate 
analysis to enhance sensitivity

• Can achieve 3.6σ evidence at the 14 TeV LHC with 600/fb



Future prospects

• Improved analysis: detector effects, underlying events, hh+jet and tt+jet
Change of energy? 13 TeV or 14 TeV?

• Combination of channels

• New physics effects (may enhance the signal)

works in progress

naive and preliminary

aiming for discovery at 
300/fb!



Possible improvements in pQCD

• NLO QCD corrections only available in the heavy top quark limit (not a very 
good approximation, especially for distributions)

• Exact NLO very difficult

• May attempt an expansion in 1/mt

• Higher orders: resummation and/or NNLO (of course in the heavy top limit)

• Will bring down the scale uncertainty

Done for single Higgs at NNLO
Harlander, Ozeren: 0909.3420
Pak, Rogal, Steinhauser: 0911.4662


