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Fig. 41: The SM Higgs production cross section at
√
s = 7 TeV.
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Fig. 42: The SM Higgs production cross section at
√
s = 14 TeV.
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… and decay

ΓH→Z∗Z∗→4f = 3 · ΓH→νeνeνµνµ
+ 3 · ΓH→ee+µµ+ + 9 · ΓH→νeνeµµ

+

+ 3 · ΓH→νeνeνeνe
+ 3 · ΓH→ee+ee+

+ 6 · ΓH→νeνeuu + 9 · ΓH→νeνedd
+ 6 · ΓH→uuee+ + 9 · ΓH→ddee+

+ 1 · ΓH→uucc + 3 · ΓH→ddss + 6 · ΓH→uuss + 2 · ΓH→uuuu

+ 3 · ΓH→dddd ,

ΓWW/ZZ−int. = 3 · ΓH→νee
+eνe − 3 · ΓH→νeνeµµ

+ − 3 · ΓH→νee
+µν̄µ

+ 2 · ΓH→uddu − 2 · ΓH→uuss − 2 · ΓH→udsc .

2.1.2 BR Results for Higgs masses
In this section we provide results for the BRs of the SM Higgs boson, using a particularly fine grid of
mass points close to MH = 126 GeV. The results are generated and presented in complete analogy to
the predictions in Refs. [14], including the error estimates for each BR. In the error estimates, we have
identified and removed inconsistencies in the calculation of the numbers presented in Refs. [14]. The
corresponding changes in the error estimate are at the level of one percent for mH > 135 GeV. For
mH > 500 GeV the changes increase for some decay modes, in particular for H → tt. The central
values of the BRs are not affected.

The fermionic decay modes are shown in Table A.1 to Table A.7. The bosonic decay modes
together with the total width are given in Table A.8 to Table A.14. The same information (including the
full uncertainty) is also presented graphically in Figure 2 for the low-mass region (left) and for the full
mass range (right).
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range
(right).

2.1.3 BR Correlations for Higgs masses close to 126 GeV
In this section, we focus on the error correlations for the different BRs. The reason for the correlations is
two-fold: Varying the input parameters within their error bands will induce shifts of the different partial
widths and the resulting BRs in a correlated way. Moreover, there is trivial correlation between the BRs
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Gluon fusion
Gluon fusion produces a Higgs through fermion loops 

For                    we have                          effective         Lagrangian                       
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Total ggH cross section

The large-       approximation is in fact a very 
good one! 

  finite NLO [Spira et al. NPB 453 (1995) 17]

    large-  NNNLO [Anastasiou Duhr Dulat Herzog Mistlberger PRL 114 (2015) 21]

    large- QCD-EW

mt,mb

mt

[Anastasiou Boughezal Petriello JHEP 04 (2009) 003]mW
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Fig. 13 (a)–(c) Subchannel
contributions to the hadronic
cross section at NNLO,
normalized to the full NNLO
EFT result (LHC conditions).
Note that all channels include
their lower order contributions
in the EFT approach (cf. (26)).
Dashed: including terms of
order 1/M2n

t in the numerator
(n = 0,1,2,3 from long to short
dashes). Solid: EFT result.
(d) Sum over all subchannels

Fig. 14 Hadronic cross section
at (a) NLO and (b) NNLO for
the Tevatron, normalized to the
full NNLO EFT result. Note that
the lower order contributions are
included in the EFT approach
(cf. (26)). Dashed: including
terms of order 1/M2n

t in the
numerator (n = 0,1,2,3 from
long to short dashes). Solid:
EFT result

The hadronic results for the Tevatron are shown in Fig. 14
at NLO and NNLO. The conclusions are very similar to
those for the LHC, thus justifying the use of the EFT ap-
proximation for Higgs searches also in this case [32].

Overall, we conclude that the final result for the NNLO
cross section including top-mass effects is within 1% of the
EFT result.

Dependence on B
(2)
αβ As pointed out above, the constants

B
(2)
αβ for the large-ŝ behavior are currently unknown. From

the curves in Figs. 10 and 11, our choice σ0B
(2)
αβ = σ̂

(2)
αβ (0)

seems to be reasonable, leading to rather smooth curves

over the full x-range. Nevertheless, in order to estimate
the uncertainty induced by this unknown constant, we set
σ0B

(2)
gg = t × σ̂

(2)
gg (0) and find that the dependence of the

hadronic cross section on t is very well described by a linear
function:

σ NNLO ∣∣
t
≈ (1 − 0.01t)σNNLO (26)

Again recalling the smoothness of the curves in Figs. 10
and 11, we do not expect the parameter t to be signifi-
cantly larger than one. The resulting uncertainty is therefore
at most at the percent level and therefore much smaller than
the scale uncertainty of the NNLO result.

[Harlander Mantler Marzani Ozeren EPJC 66 (2010) 359]



The ggH cross section at NLO

LO partonic cross section  
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The ggH cross section at NLO

Adding NLO real corrections in                    dimensions 

What is the fate of these uncancelled divergences?
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The ggH cross section at NLO

Adding NLO real corrections in                    dimensions
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The ggH cross section at NLO

Reabsorbe uncancelled collinear divergence in renormalised pdfs 

Variation of unphysical scales     and       is a handle to estimate theoretical 
uncertainties 
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ŝ = x1x2s,

µ

2

m

2
H

,

µ

2

µ

2
F

,↵s(µ
2)

◆

f ren
g/g(z, µ

2
F ) = �(1� z)� ↵s

2⇡

1

✏
P (0)
gg (z)

✓
µ2

µ2
F

◆✏

�̂(1)
gg!H = �0


�(1� z) +

↵s

4⇡

✓
C(1)

gg (z)� 2P (0)
gg (z) ln

m2
H

µ2
F

+ �(1� z) ln
µ2

m2
H

◆�

�̂(1),bare
gg!H = �0

↵s

4⇡

✓
µ2

m2
H

◆✏ ✓
2

✏
P (0)
gg (z) + C(1)

gg (z) +O(✏)

◆

µFµ



Gluon fusion: theoretical uncertainties
Total cross section up to NNNLO via expansion around threshold 

NNLO predictions with different pdf sets

2

threshold expansion of each master integral. An impor-
tant part of our computation has been the evaluation of
the boundary conditions which are needed for solving the
di↵erential equations for the master integrals. Many of
the boundary conditions required in this project had al-
ready been derived in the context of the soft-virtual and
next-to-soft results [15–18, 20]. Using similar techniques,
we have computed the remaining few unknown boundary
conditions for master integrals which start to be relevant
only at a high order in the threshold expansion.

Having at our disposal the complete set of master
integrals as expansions around the threshold limit, we
can easily obtain the cross-sections at N3LO for all par-
tonic channels contributing to Higgs production via gluon
fusion. The partonic cross-sections are related to the
hadronic cross-section at the LHC through the integral

� =
X

i,j

Z
dx1dx2fi(x1, µf )fj(x2, µf )�̂ij(z, µr, µf ) , (1)

where the summation indices i, j run over the parton fla-
vors in the proton, fi are parton densities and �̂ij are

partonic cross-sections. Furthermore, we define z = m2

H

s ,
where mH is the mass of the Higgs boson and

p
s is the

partonic center-of-mass energy, related to the hadronic
center-of-mass energy

p
S through s = x1 x2 S. The

renormalisation and factorisation scales are denoted by
µr and µf . We work in an e↵ective theory approach
where the top-quark is integrated out. The e↵ective La-
grangian describing the interaction of the Higgs boson
and the gluons is,

Le↵ = �C

4
H Ga

µ⌫G
aµ⌫ , (2)

where H is the Higgs field, Ga
µ⌫ is the gluon field

strength tensor and C the Wilson coe�cient, known up
to N4LO [26]. We expand the partonic cross-sections
into a perturbative series in the strong coupling constant
evaluated at the scale µr,

�̂ij = �̂0

"
�ig �jg �(1� z) +

1X

`=1

✓
↵s(µr)

⇡

◆`

�̂
(`)
ij

#
. (3)

In this expression �̂0 denotes the leading order cross-
section, and the terms through NNLO in the above ex-
pansion have been computed in [23, 30, 31]. The main
result of this Letter is the result for the N3LO coe�-
cient, corresponding to ` = 3 in eq. (3), for all possible
parton flavours in the initial state. We cast the N3LO
coe�cients in the form

�̂
(3)
ij = lim

N!1
�̂
(3,N)
ij , (4)

where we introduce the truncated threshold expansions
defined by

�̂
(3,N)
ij = �ig �jg �̂

(3)
SV +

NX

n=0

c
(n)
ij (1� z)n . (5)
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FIG. 1: The N3LO correction from the gg channel to the
hadronic cross-section as a function of the truncation order
N in the threshold expansion for the scale choice µ = mH .

Here, �̂(3)
SV denotes the soft-virtual cross-section at N3LO

of ref. [17–19] and N = 0 is the next-to-soft approxi-
mation of ref. [20]. Using our method for the threshold
expansion of the master integrals, we were able to deter-

mine the c(n)ij analytically up to at least n = 30. Note that
at any given order in the expansion these coe�cients are
polynomials in log(1� z). While this approach does not
cast the partonic cross-sections in a closed analytic form,
we argue that it yields the complete result for the value
of the hadronic cross-section. In Fig. 1 we show the con-
tribution of the partonic cross-section coe�cients N3LO
to the hadronic cross-section for a proton-proton collider
with 13TeV center-of-mass energy as a function of the
truncation order N . We use NNLO MSTW2008 [28] par-
ton densities and a value for the strong coupling at the
mass of the Z-boson of ↵s(mZ) = 0.117 as initial value
for the evolution, and we set the factorisation scale to
µf = mH . We observe that the threshold expansion sta-
bilises starting from N = 4, leaving a negligible trun-
cation uncertainty for the hadronic cross-section there-
after. We note, though, that we observe a very small,
but systematic, increase of the expansion in the range
N 2 [15, 37], as illustrated in Fig. 1. We have observed
that a similar behaviour is observed for the threshold
expansion at NNLO. The systematic increase originates
from values of the partonic cross-section at very small z.
Indeed, this increase appears only in the contributions
to the hadronic cross-section integral for values z < 0.1.
It is natural that the terms of the threshold expansion
computed here do not furnish a good approximation of
the hadronic integral in the small z region due to the di-
vergent high energy behaviour of the partonic cross sec-
tions [29]. However, it is observed that this region is
suppressed in the total hadronic integral and for z < 0.1
contributes less than 0.4% of the total N3LO correction.
The same region at NLO and NNLO, where analytic ex-
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FIG. 3: The gluon fusion cross-section at all perturbative or-
ders through N3LO in the scale interval [mH
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tion of the center-of-mass energy
p
S.

top-quark is infinitely heavy and can be integrated out,
see eq. (2). Moreover, we assumed that all other quarks
have a zero Yukawa coupling. Finite quark mass e↵ects
are important, but it is su�cient that they are inlcuded
through NLO or NNLO. Indeed, finite quark-mass e↵ects
have been computed fully through NLO in QCD [30],
while subleading top-quark mass corrections have been
computed at NNLO systematically as an expansion in
the inverse top-quark mass [34]. In these references it
was observed that through NLO finite quark mass ef-
fects amount to about 8% of the K-factor. At NNLO,
the known 1

m
top

corrections a↵ect the cross-section at

the ⇠ 1% level. A potentially significant contribution
at NNLO which has not yet been computed in the lit-
erature originates from diagrams with both a top and
bottom quark Yukawa coupling. Assuming a similar per-
turbative pattern as for top-quark only diagrams in the
e↵ective theory, eq. (2), higher-order e↵ects could be of
the order of 2%. We thus conclude that the computation
of the top-bottom interference through NNLO is highly
desired in the near future.

Finally, the computation of the hadronic cross-section
relies crucially on the knowledge of the strong coupling
constant and the parton densities. After our calculation,
the uncertainty coming from these quantities has become
dominant. Further progress in the determination of par-
ton densities must be anticipated in the next few years
due to the inclusion of LHC data in the global fits and the
impressive advances in NNLO computations, improving
the theoretical accuracy of many standard candle pro-
cesses.

To conclude, we have presented in this Letter the
computation of the gluon-fusion Higgs production cross-
section through N3LO in perturbative QCD. While a
thorough study of the impact of electroweak and quark
mass e↵ects is left for future work, we expect that the re-
maining theoretical uncertainty on the inclusive Higgs
production cross-section is expected to be reduced to
roughly half, which will bring important benefits in the
study of the properties of the Higgs boson at the LHC
Run 2. Besides its direct phenomenological impact, we
believe that our result is also a major advance in our un-
derstanding of perturbative QCD, as it opens the door to
push the theoretical predictions for large classes of inclu-
sive processes to N3LO accuracy, like Drell-Yan produc-
tion, associated Higgs production and Higgs production
via bottom fusion. Moreover, on the more technical side,
our result constitutes the first independent validation of
the gluon splitting function at NNLO [14], because the
latter is required to cancel all the infrared poles in the
inclusive cross-section. In addition, we expect that the
techniques developed throughout this work are not re-
stricted to inclusive cross-sections, but it should be pos-
sible to extend them to certain classes of di↵erential dis-
tributions, like rapidity distributions for Drell-Yan and
Higgs production, thereby paving the way to a new era
of precision QCD.
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Dependence on parton distributions
• Cross section σ(H) at NNLO with uncertainties: σ(H) +∆σ(PDF+ αs)

ABM11 ABM12 CT10 MSTW NN23

39.58± 0.77 39.70± 0.84 41.84 +1.30
−1.69 42.12 +0.44

−0.63 43.75± 0.41

• Comparison for PDF sets at NNLO
• ABM11, ABM12 Alekhin, Blümlein, S.M. ‘13, CT10 Gao et al. ‘13,

MSTW Martin, Stirling, Thorne, Watt ‘09, NNPDF (NN23) Ball et al. ‘12

• Large spread for predictions from different PDFs σ(H) = 39.6 . . . 43.8

• PDF and αs differences between sets amount to up to 10%
• significantly larger than residual theory uncertainty due to incomplete

N3LO QCD corrections

• Observed spread due to differences in theory considerations and
analysis procedures −→ correlations between αs, g(x) and mq

• target mass corrections and higher twist in DIS
• treatment of heavy quarks
• error correlations among data sets
• fits to compatible data sets

Sven-Olaf Moch NLO and higher order calculations – p.63



ggH total cross-section and Higgs discovery 
The total Higgs cross section can be used straightaway in                and 

For suitable choices of acceptance cuts, gluon fusion is dominant 

The acceptance cuts are not extremely sensitive to radiative corrections, so 
one can safely use the most accurate total cross section  

H ! �� H ! ZZ

nf
obs

' µf ⇥ [�gg!H ⇥ Brf ]⇥Af ⇥ ✏f ⇥ L f = ��, ZZ



Jet-veto cross sections
If we wish to study                   we need to eliminate a huge background due to 
top-antitop background  

Each top quark produces a b-jet      veto events with jets in the final state 

Jet-vetoes are employed in many LHC analyses (e.g. vector-boson cross 
sections, boosted Higgs searches, etc.)

H ! WW
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How to veto jets?
We require that all jets with transverse momentum smaller than 

This works well: the zero-jet cross section            is least contaminated by the 
huge (yellow) top-antitop background

p
t,veto

�0�jet



Problems with jet-veto in QCD
Consider a jet made of a single soft (               ) and collinear (          ) gluonE ⌧ mH ✓ ⌧ 1
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Resummation of large logarithms
The zero-jet cross section contains logarithmic contributions with can become 
large when p

t,veto ⌧ mH
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Resummation of large logarithms
Resummation is a reorganisation of the PT series for 

The state-of-the art accuracy for the zero-jet cross section is NNLL 

↵s ln(mH/p
t,veto) ⇠ 1

⇥0�jet ⇠ ⇥0 exp

2

4Lg1(�sL)| {z }
LL

+ g2(�sL)| {z }
NLL

+�sg3(�sL)| {z }
NNLL

+ . . .

3

5



Physical meaning of resummation
Resummed predictions make sense even for 

The resummed zero-jet cross section vanishes for 

Charged particles always radiate     the probability of having gluons without 
accompanying QCD radiation is exactly zero
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Benefits of resummation
The zero-jet cross section can be computed at NNLO using exclusive parton-
level event generators (FeHiP, HNNLO) 

In spite of the high accuracy, different methods to evaluate fixed-order 
theoretical uncertainties give very different results
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Benefits of resummation
The zero-jet cross section can be computed at NNLO using exclusive parton-
level event generators (FeHiP, HNNLO) 

In spite of the high accuracy, different methods to evaluate fixed-order 
theoretical uncertainties give very different results 

When adding NNLL resummation, theoretical predictions become more stable 

Jet-veto cross sections appear in other contexts, including VBF and VH 
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Vector boson fusion (VBF)
Vector boson fusion directly probes the dynamics of EW symmetry breaking  

The exchanged          bosons are mainly in the t-channel      two forward jets

Production cross sections

The four main pro-
duction channels:

Gluon Fusion
Weak Boson
Fusion
Associated pro-
duction/Higgs
Strahlung
t t̄H
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Vector boson fusion (VBF)
Vector boson fusion directly probes the dynamics of EW symmetry breaking  

The exchanged          bosons are mainly in the t-channel      two forward jets 

No colour flow between the forward jets     a central jet-veto makes (almost) no 
harm to VBF, but it does to gluon fusion

Production cross sections

The four main pro-
duction channels:

Gluon Fusion
Weak Boson
Fusion
Associated pro-
duction/Higgs
Strahlung
t t̄H
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VBF state of the art

Production cross sections

The four main pro-
duction channels:

Gluon Fusion
Weak Boson
Fusion
Associated pro-
duction/Higgs
Strahlung
t t̄H
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Associate Higgs production: VH
Problem: gluon fusion cannot be used to study             , due to overwhelming 
dijet      background 

H ! bb̄
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Associate Higgs production: VH
Solution: let the Higgs recoil against a tagged vector boson to reduce the size 
of the background 
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Associate Higgs production: VH
Solution: let the Higgs recoil against a tagged vector boson to reduce the size 
of the background 

At LHC@13TeV, the Higgs is boosted, so that its decay products tend to fall 
into the same “fat” jet

H

b-jet

b-jet

fat jet

�R2
12 ' m2
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z(1� z)p2T



Tagging boosted objects: cleaning jets
Trimming 

Pruning 

Mass-drop tagger (MDT)

September 2014Analytic Jet Substructure

study 3 taggers/groomers

7

Trimming

Cannot possibly study all tools 
These 3 are widely used

Recluster

on scale Rsub

discard subjets

with < zcut pt

September 2014Analytic Jet Substructure

study 3 taggers/groomers

7

Trimming

Cannot possibly study all tools 
These 3 are widely used

Recluster

on scale Rsub

discard subjets
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Tagging boosted objects: mass drop
The mass-drop tagger, as the name suggests, is also a way to tag a jet arising 
from a two-pronged decay 

Basic idea: soft “junk” jets do not alter significantly the mass of a jet      undo 
the clustering until you observe a significant mass drop

Matteo Cacciari - LPTHE Collider Phenomenology 2011 - 19 April 2011 - Cambridge, UK

Boosted Higgs tagger
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Butterworth, Davison, Rubin, Salam, 2008pp &ZH & ''bb
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Tagging boosted objects: filtering
Filtering: do not clean too much, try to include also subjets that can arise from 
soft radiation from the     pair bb̄

Matteo Cacciari - LPTHE Collider Phenomenology 2011 - 19 April 2011 - Cambridge, UK

Filtering in action

50

Only keep the nfilt 
hardest jets

The low-momentum stuff surrounding the hard particles has been removed
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Figure 5: Distribution of the invariant mass of the Higgs candidate after all selection cuts. (a)
lνbb̄ channel (b) llbb̄ channel and (c) Emiss

T bb̄ channel. The signals (for mH = 120 GeV) are
shown on top of the backgrounds. All distributions are normalized to an integrated luminosity
of 30 fb−1.

compared to the particle-level result for this channel in Ref. [3] of 3.1. Note that in the particle-
level study, high Emiss

T events were in fact counted in the Emiss
T bb̄ channel regardless of whether

a lepton was identified, thus reducing the relative contribution to the significance from the lνbb̄
channel compared to our result.

The trigger efficiency has not been applied.

4.3 llbb̄ channel

The requirement of leptonic Z decay leads to small branching ratios. However this is coun-
teracted by the fact that it is hard for backgrounds such as tt̄ to emulate this signature. The
selection consists of two parts, firstly a candidate for the hadronic H → bb system is identified
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Figure 1. The Mass Drop and Filtering analysis in the procedure used to enhance the signal from
a light Higgs decaying into bb̄ at the LHC.

1 Introduction

In recent years, there has been a growing interest in jets studies in order to identify

a boosted massive particle decaying hadronically, for instance the W boson [1–4], top

quarks [5–8], supersymmetric particles [9, 10] and heavy resonances [11–13] (see also [14]

for related work on general massive jets). Some of these studies revealed themselves to be

successful in looking for a boosted light Higgs boson decaying into bb̄ at the LHC [8, 15–17].

That of [15, 16] can be briefly summed up as follows: after having clustered the event with

a radius R large enough to catch the b and b̄ from the Higgs decay into a single jet,1 this

jet can be analysed in 2 steps:

• A Mass Drop (MD) analysis that allows one to identify the splitting responsible for

the large jet mass, i.e. separate the b and b̄ and thus measuring the angular distance

Rbb between them, while suppressing as much QCD background as possible.

• A Filtering analysis where one reclusters the 2 resulting subjets with a smaller radius

and takes the 3 highest-pt subjets2 obtained in order to keep the major part of the

perturbative radiation while getting rid of as many underlying event (UE) and pile-up

(PU) particles as possible (used also in [8, 17, 18], and a variant is proposed in [19]).

Concerning the MD analysis, the only thing we need to know is that we end up with 2

b-tagged jets, each with a radius roughly equal to Rbb. Notice that due to angular order-

ing [20–24], these 2 jets should capture the major part of the perturbative radiation from

the bb̄ dipole. The whole procedure is depicted in figure 1 (taken from [15]).

In this paper, we are going to focus on the Filtering analysis. One can generalize it

with respect to its original definition using 2 parameters, nfilt and ηfilt (as discussed also

in [19]): after the MD analysis was carried out, one reclusters the 2 resulting subjets with

a radius Rfilt = ηfiltRbb and takes the nfilt hardest jets obtained. Obviously, the larger

the value of ηfilt the more perturbative radiation we keep, but also the more the UE/PU

degrades the Higgs peak. The same holds for nfilt. So there is a compromise to make

between losing too much perturbative radiation and being contaminated by soft particles

from UE/PU. In [15], the values that were found to give nice results were nfilt = 3 and

ηfilt = min(0.3/Rbb, 1/2). However, these values had been chosen on brief Monte-Carlo

1The value chosen was R = 1.2.
2The value of 3 was found to work well in [15].
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VH calculations: state of the art

Production cross sections

The four main pro-
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Production Decay

H

b̄

b

Total cross 
section NNLO VH@NNLO, 

essentially DY

Fully 
differential NNLO NLO decay only

Jet-veto 
cross section NNLL For HW only

Note. Due to complicated phase space cuts involving jets in the final state, it 
might be very useful to have a code with NNLO production and decay 

Total rate, 
massless NNNLO

Fully differential, 
massless NNLO

Fully differential, 
massive NLO



Associate production: ttH
Higgs production in association with a     pair gives direct access to the top 
Yukawa coupling

tt̄
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State of the art: NLO calculation for both signal 
and backgrounds (including        ) matched with 
parton shower to account for higher order QCD 
radiation effects  

tt̄bb̄
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State of the art: NLO calculation for both signal 
and backgrounds (including        ) matched with 
parton shower to account for higher order QCD 
radiation effects  

tt̄bb̄

Fully hadronic channel (        ) very 
difficult due to combinatorics     
exploit boosted object techniques?

bb̄bb̄
)

4

S B S/B S/
√

B
mH = 115 GeV 120 380 1/3.2 6.2

120 GeV 100 380 1/3.8 5.1
130 GeV 51 330 1/6.5 2.8

This result shows that we can extract the tt̄H signal
with high significance. On the other hand, similar to the
original Atlas and CMS analyses it suffers from low S/B,
the impact of the poorly understood tt̄+jets background
with its different kinematic topologies, its large theory
uncertainty and potentially large next-to-leading order
corrections, and the missing underlying event.

To improve the signal-to-background ratio S/B and
remove the impact of the tt̄+jets background (at the ex-
pense of the final significance) we can apply a third b
tag. Targeting the second tt̄+jets topology we remove
the Higgs and top constituents from the event and cluster
the remaining particles into jets using the C/A algorithm
with R = 0.6, considering all jets with pT > 30 GeV.
Amongst these jets we require one b tag with η < 2.5
and a distance ∆Rb,j > 0.4 to the Higgs and top sub-
jets, assuming 60% efficiency and 2% purity. The last
row of Table I confirms that requiring three bottom tags
leaves the continuum tt̄bb̄ production as the only relevant
background.

In Fig. 3 we show the signal from the three leading (by
modified Jade distance) mrec

bb entries of double-b-tagged
combinations; our Higgs tagger returns a sharp mass
peak. The bigger tail towards small mrec

bb we can reduce
by only including the two leading jet combinations.
This does not change the significance but sculpts the
background more. Assuming that at this stage we
will know the Higgs mass, we estimate the background
from a clean right and a reasonably clean left side bin
combined with a next-to-leading order prediction. The
result of the triple b-tag analysis is then (again assuming
100 fb−1):

S B S/B S/
√

B
mH = 115 GeV 57 118 1/2.1 5.2 (5.7)

120 GeV 48 115 1/2.4 4.5 (5.1)
130 GeV 29 103 1/3.6 2.9 (3.0)

The numbers in parentheses are without underlying
event. While removing the highly uncertain tt̄+jets back-
ground has indeed lowered the final significance, the
background of the three b-tag analysis is completely dom-
inated by the well-behaved tt̄bb̄ continuum production.

Further improvements — One of the problems in this
analysis is that higher-order QCD effects harm its reach.
Turning this argument around, we can use the additional
QCD activity in the signal and continuum tt̄bb̄ back-
ground to improve our search. Before starting with the
fat-jet analysis we can for example analyze the four lead-
ing jets with a radius R = 0.6 and pT < 40 GeV and
require a set of jet-jet and jet-lepton separation crite-
ria [32]: we reject any event for which one of the three

tt̄bb̄

tt̄jj

tt̄Z

tt̄Hdσ/dmbb̄ [fb/5 GeV]0.6

0.4

0.2

0

tt̄bb̄
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180150120906030

0.6

0.4

0.2

0

FIG. 3: Reconstructed bottom-pair mass mrec

bb for signal
(mH = 120 GeV) and backgrounds without (upper) and in-
cluding (lower) underlying event. The distributions shown
include three b tags.

conditions holds

cos θ∗j2j1
< −0.4 and ∆kT j3ℓ ϵ [70, 160] GeV

cos θ∗j3ℓ > 0.4 and ∆Rj2j3 > 2.5

∆Rjℓ > 3.5 for any of the four leading jets. (5)

θ∗P1P2
is the angle between p⃗1 in the center-of-mass frame

of P1+P2 and the center of mass direction (p⃗1+p⃗2) in the
lab frame. It is not symmetric in its arguments; if the two
particles are back to back and |p⃗1| > |p⃗2| it approaches
cos θ∗ = 1, whereas for |p⃗1| < |p⃗2| it becomes −1 [32].
The kT distance between two particles is (∆kT jℓ)

2 =
min(p2

T,j , p
2
T,ℓ)∆R2

jℓ. At this stage and with our limited
means of detector simulation this QCD pre-selection at
least shows that there are handles to further improve
S/B from 1/2.4 to roughly 1/2 (for mH = 120 GeV)
with hardly any change to the final significance.

In addition, we can envisage improving the analysis in
several ways in the context of a full experimental study,
including data to help constrain the simulations:
(1) Replace the mrec

bb side bins by a likelihood analysis of
the well-defined alternative of either tt̄H signal or tt̄bb̄
continuum background after three b tags. This increases
the final number of events, our most severe limitation.
(2) Provided the events can be triggered/tagged, include
two hadronic or two leptonic top decays. This more than
triples the available rate and includes a combinatorical
advantage of requiring one of two tops to be boosted.
(3) Without cutting on missing energy as part of the
acceptance cuts use its measurement within errors to as-
sign the correct jet to the leptonic top and become less
dependent on the third b tag.

Outlook — In this paper we have presented a new
strategy to extract the Higgs production process tt̄H with
the decay H → bb̄ at the LHC. After long debates this



Learning outcomes
In this lecture we have learnt 

The basic production mechanisms for Higgs production and the state of the 
art of QCD and EW calculations 

The gluon fusion cross section suffers from large theoretical uncertainties 
which require very accurate QCD calculations 

Strategies to devise cuts to separate vector-boson from gluon fusion 

Boosted object techniques to separate signal from background in associate 
Higgs production


