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What we know about H(125)
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6.3 Fermion- and boson-mediated production processes and their ratio 19
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Figure 4: Values of the best-Þt! / ! SM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The ! / ! SM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall ! / ! SM uncertainty. The
horizontal bars indicate the ± 1 standard deviation uncertainties in the best-Þt ! / ! SM values
for the individual combinations; these bars include both statistical and systematic uncertainties.
(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
the excess in the ttH-tagged combination is largely driven by the ttH-tagged H ! "" and
H ! WW channels as can be seen in the bottom panel. (Top right) Combinations grouped by
predominant decay mode. (Bottom) Combinations grouped by predominant decay mode and
additional tags targeting a particular production mechanism.

CMS-HIG-14-009ATLAS-CONF-2015-007

H(125) coupling data mostly consistent with SM Higgs boson, but small differences could be very interesting! 

Reaching the precision measurement phase!

! !

http://arxiv.org/pdf/1412.8662.pdf
http://cds.cern.ch/record/2002212/files/ATLAS-CONF-2015-007.pdf
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Figure 5: Combination of all channels into a single distribution. Events are sorted in bins
of similar expected signal-to-background ratio, as given by the value of the output of their
corresponding BDT discriminant (trained with a Higgs boson mass hypothesis of 125 GeV).
The two bottom insets show the ratio of the data to the background-only prediction (above)
and to the predicted sum of background and SM Higgs boson signal with a mass of 125 GeV
(below).

and the 1 and 2 standard deviation bands are calculated using the modified frequentist method
CLs [63–65]. Figure 6 displays the results.

For a Higgs boson mass of 125 GeV the expected limit is 0.95 and the observed limit is 1.89.
Given that the resolution for the reconstructed Higgs boson mass is ⇡10%, these results are
compatible with a Higgs mass of 125 GeV. This is demonstrated by the red dashed line in the
left panel of Fig. 6, which is the expected limit obtained from the sum of expected background
and the signal of a SM Higgs boson with a mass of 125 GeV.

For all channels an excess of events over the expected background contributions is indicated by
the fits of the BDT output distributions. The probability (p-value) to observe data as discrepant
as observed under the background-only hypothesis is shown in the right panel of Fig. 6 as a
function of the assumed Higgs boson mass. For mH = 125 GeV, the excess of observed events
corresponds to a local significance of 2.1 standard deviations away from the background-only
hypothesis. This is consistent with the 2.1 standard deviations expected when assuming the
standard model prediction for Higgs boson production.

The relative sensitivity of the channels that are topologically distinct is demonstrated in Ta-
ble 10 for mH = 125 GeV. The table lists the expected and observed limits and local significance
for the W(! ! )H and W("! )H channels combined, for the Z(!! )H channels combined, and for
the Z(!! )H channel.

The best-fit values of the production cross section for a 125 GeV Higgs boson, relative to the
standard model cross section (signal strength, µ), are shown in the left panel of Fig. 7 for
the W(! ! )H and W("! )H channels combined, for the Z(!! )H channels combined, and for the
Z(!! )H channel. The observed signal strengths are consistent with each other, and the value
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Figure 10 . Event yields as a function of log10(S/B ), where S (signal yield) and B (background
yield) are taken from the BDT output bin of each event, assuming a signal strengthµ = 1.4.
Events in all categories are included. The predicted background is obtained from the global Þt
(with µ = 1.4), and signal yields are shown formH = 125 GeV at µ = 1 and µ = 1.4 (the best-Þt
value). The background-only distribution (dashed line) is obtained from the global Þt, with µ Þxed
at zero.

are
µ⌧⌧

ggF = 2.0 ± 0.8(stat.) +1 .2
�0.8(syst.) ± 0.3(theory syst.)

and
µ⌧⌧

VBF+VH = 1.24 +0 .49
�0.45(stat.)

+0 .31
�0.29(syst.) ± 0.08(theory syst.),

in agreement with the predictions from the Standard Model. The two results are strongly
anti-correlated (correlation coe! cient of ! 48%). The observed (expected) signiÞcances of
the µ⌧⌧

ggF and µ⌧⌧
VBF+VH signal strengths are 1.74� (0.95�) and 2.25� (1.72�) respectively.

A total cross section times branching ratio for H " ⌧⌧ with mH = 125 GeV can
also be measured. The central value is obtained from the product of the measuredµ
and the predicted cross section used to deÞne it. The uncertainties are similarly obtained
by scaling the uncertainties onµ by the predicted cross section, noting that theoretical
uncertainties on the inclusive cross section cancel betweenµ and the predicted cross section
and thus are not included for the production processes under consideration. These include
the uncertainties on the inclusive cross section due to the QCD scale and the PDF choice as

Ð 44 Ð

arXiv:1501.04943 (JHEP)

ττ bb

Coupling to fermions
Verify EWSB mass generation by comparing SM H decay to 
fermions to measurements . 

Direct evidence  down-type  (b, tau), indirect to up-type  (top loops).

3

indirect evidence for 
coupling to tops

http://arxiv.org/pdf/1310.3687v2.pdf
http://arxiv.org/pdf/1501.04943v2.pdf
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What to look for?

4

H(125) near-ideal for 
bb statistics-wise, but a 
very complicated final 
state.
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Case study: ttH(! bb)
H(125) !  decays to b-quarks 
most abundant. 

Multi-jet events  with high b-
quark multiplicity are a prolific 
source of ttH. 

The experiments are good at 
detecting jets from b-quarks: 
1-2% udsg  fake rate with 70% b-
quark  efficiency

5

4 4 Event reconstruction and selection

g

g

t̄

t

t

t̄

H

W+

W !

b

b̄

b

b̄

`+

⌫`

q̄", ⌫̄`

q, `!

Figure 1: A leading-order Feynman diagram for ttH production, illustrating the two top-quark
pair system decay channels considered here, and the H ! bb decay mode for which the anal-
ysis is optimized.

nels, we use a common set of criteria for selecting individual objects (electrons, muons, and
jets) which is described below.

In the lepton+jets channel, the data were recorded with triggers requiring the presence of either
a single muon or electron. The trigger muon candidate was required to be isolated from other
activity in the event and to have pT > 24 GeV for both the 2011 and 2012 data-taking periods. In
2011, the trigger electron candidate was required to have transverse energy ET > 25 GeV and to
be produced in association with at least three jets with pT > 30 GeV, whereas in 2012, a single-
electron trigger with minimum ET threshold of 27 GeV was used. In the dilepton channel, the
data were recorded with triggers requiring any combination of electrons and muons, one lepton
with pT > 17 GeV and another with pT > 8 GeV. The offline object selection detailed below is
designed to select events in the plateau of the trigger efficiency turn-on curve.

Muons are reconstructed using information from the tracking detectors and the muon cham-
bers [44]. Tight muons must satisfy additional quality criteria based on the number of hits
associated with the muon candidate in the pixel, strip, and muon detectors. For lepton+jets
events, tight muons are required to have pT > 30 GeV and |! | < 2.1 to ensure the full trigger
efficiency. For dilepton events, tight muons are required to have pT > 20 GeV and |! | < 2.1.
Loose muons in both channels are required to have pT > 10 GeV and |! | < 2.4. The muon
isolation is assessed by calculating the scalar sum of the pT of charged particles from the same

primary vertex and neutral particles in a cone of DR =
q
(D! )2 + (D" )2 = 0.4 around the

muon direction, excluding the muon itself; the resulting sum is corrected for the effects of neu-
tral hadrons from pileup interactions. The ratio of this corrected isolation sum to the muon pT
is the relative isolation of the muon. For tight muons, the relative isolation is required to be less
than 0.12. For loose muons, this ratio must be less than 0.2.

Electrons are reconstructed using both calorimeter and tracking information [45]. Any elec-
tron that can be paired with an oppositely charged particle consistent with the conversion
of an energetic photon is rejected. Tight electrons in lepton+jets events are required to have
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Figure 7: Performance curves obtained from simulation for the algorithms described in the text:
light ßavour (left) and c (right) efÞciencies as a function of the b efÞciency.

tions of 40, 80, 120 and 160µm in the detector simulation. The variations in the performance
of two algorithms, TCHE and SSVHP, are shown in Fig. 8 for jets in t t events: the movements
observed in 2011 do not cause any relevant degradation of the performance. The results also
illustrate the higher robustness of vertex-based algorithms.

Due to the high instantaneous luminosity delivered by the LHC in 2011, the number of proton
collisions taking place simultaneously in one bunch crossing was of the order of 5 to 20 depend-
ing on the time period. Although tracks from additional pile-up collisions strongly increase the
track multiplicity in the event, the track selection is able to reject tracks from nearby primary
vertices. The multiplicity distribution of selected tracks is almost independent from the num-
ber of primary vertices as shown in Fig. 9 left. The rejection of the additional tracks is mainly
due to the cut on the distance of the tracks with respect to the jet axis, a selection criterion that
is very efÞcient for the rejection of tracks from pile-up. The reconstruction of track parameters
is also hardly affected; the distribution IP signiÞcance of the 2 nd-highest track is stable (Fig. 9
right). Fig. 9 (left) indicates a slightly lower tracking efÞciency in events with high pile-up.
The impact of high pile-up on the b-tagging performance is illustrated in Fig. 10, which shows
the light-ßavour mistagging rate versus the b-tagging efÞciency for the TCHP and SSVHP al-
gorithms. The changes are concentrated in the regions of very high purity. In order to focus
on the changes due to the b-tagging algorithms the performance curves have been compared
using a jet pT threshold of 60 GeV at the generator level.

4 EfÞciency measurements

For the b-tagging algorithms to be used in physics analyses, it is crucial to know the efÞciency
for each algorithm to select real b jets. There are a number of techniques that can be applied
to CMS data to measure the efÞciencies in situ, and thus reduce the reliance on simulations.
However, the most important quantity is not necessarily the absolute performance of the iden-
tiÞcation algorithms, but how well the detector simulation models that performance. All of the
efÞciency measurements that are done with collision data are also replicated in simulated sam-
ples using Monte Carlo truth-level information to identify jet ßavour, and the Òscale factor,Ó

CMS PAS BTV-11-004

http://cds.cern.ch/record/1427247/files/BTV-11-004-pas.pdf
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Data & models
ATLAS  and CMS: 5+20 fb-1 of 7 and 8 TeV collision data with lepton 
triggers -> 3.9 x 103 ttH events [CERN-2013-004], 55 (65) % gg->H at (N)LO in 8 
TeV, more in 13 TeV 

signal : LO->NLO simulation for tt+H, corrected to NNLO + leading log, 
Pythia (aMC@NLO at 13 TeV) 

tt+bb : LO -> NLO, significant theoretical uncertainties, combine 
predictions from multiple generators, NLO recently available with Sherpa
+OL 

tt+cc, tt+light : LO (MG5), empirical corrections to top-antitop system and 
top quark kinematics. 

minor: single-top: NLO (aMC@NLO), W/Z+jets, diboson

6

http://arxiv.org/pdf/1307.1347.pdf
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Reconstruction and selection
Require 1-2 isolated e/mu !  
multi-jet QCD 

4 or more jets, b-jets based 
on impact parameter and SV 
properties. !  single top, EWK 

b-tagging for tt+heavy vs. 
light: Nb, likelihood 
discriminant, MVA !  tt+light

7

6 5 Event selection
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Figure 2: Top row: distribution of the jet multiplicity in (left) single-lepton and (right) dilep-
ton events, after requiring that at least two jets pass the CSVM working point. Bottom-left:
distribution of the multiplicity of jets passing the CSVM working point in single-lepton events
with at least four jets. Bottom-right: distribution of the selection variable F deÞned in Eq. (2)
for single-lepton events with at least six jets after requiring a loose preselection of at least one
jet passing the CSVM working point. The plots at the bottom of each panel show the ratio
between the observed data and the background expectation predicted by the simulation. The
shaded and solid green bands corresponds to the total statistical plus systematic uncertainty in
the background expectation described in Section 7. More details on the background modelling
are provided in Section 6.3.

1502.02485 (EPJ C)

http://arxiv.org/pdf/1502.02485.pdf
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b-tagging 
tt+heavy vs. tt+light
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Figure 2: Top row: distribution of the jet multiplicity in (left) single-lepton and (right) dilep-
ton events, after requiring that at least two jets pass the CSVM working point. Bottom-left:
distribution of the multiplicity of jets passing the CSVM working point in single-lepton events
with at least four jets. Bottom-right: distribution of the selection variable F defined in Eq. (2)
for single-lepton events with at least six jets after requiring a loose preselection of at least one
jet passing the CSVM working point. The plots at the bottom of each panel show the ratio
between the observed data and the background expectation predicted by the simulation. The
shaded and solid green bands corresponds to the total statistical plus systematic uncertainty in
the background expectation described in Section 7. More details on the background modelling
are provided in Section 6.3.

5

on the number of charged leptons (electrons or muons), which can be either one or two. Top
quark decays in final states with tau leptons are not directly searched for, although they can
still satisfy the event selection criteria when the tau lepton decays to an electron or muon, plus
neutrinos. Channels of different lepton multiplicities are analysed separately. The single-lepton
(SL) channel requires one isolated muon with pT > 30 GeV and |! | < 2.1, or one isolated elec-
tron with pT > 30 GeV and |! | < 2.5, excluding the 1.44 < |! | < 1.57 transition region between
the ECAL barrel and endcap. Events are vetoed if additional electrons or muons with pT in ex-
cess of 20 GeV, the same |! | requirement, and passing some looser identification and isolation
criteria are found. The dilepton (DL) channel collects events with a pair of oppositely charged
leptons satisfying the selection criteria used to veto additional leptons in the SL channel. To
reduce the contribution from Drell–Yan events in the same-flavour DL channel, the invariant
mass of the lepton pair is required to be larger than 15 GeV and at least 8 GeV away from the Z
boson mass. Figure 2 (top) shows the jet multiplicity in the SL (left) and DL (right) channels,
while the bottom left panel of the same figure shows the multiplicity of jets passing the CSVM
working point in the SL channel.

The optimisation of the selection criteria in terms of signal-to-background ratio requires a strin-
gent demand on the number of jets. At least five (four) jets with pT > 30 GeV and |! | < 2.5
are requested in the SL (DL) channel. A further event selection is required to reduce the tt+jets
background, which at this stage exceeds the signal rate by more than three orders of magni-
tude. For this purpose, the CSV discriminator values are calculated for all jets in the event and
collectively denoted by !" . For SL (DL) events with seven or more (five or more) jets, only the six
(four) jets with the largest CSV discriminator value are considered. The likelihood to observe
!" is then evaluated under the alternative hypotheses of tt plus two heavy-flavour jets (tt+ hf)
or tt plus two light-flavour jets (tt+ lf). For example, for SL events with six jets, and neglecting
correlations among different jets in the same event, the likelihood under the tt+ hf hypothesis
is estimated as:

f (!" |tt+ hf) = !
i1

!
i2 6= i1

. . . !
i6 6= i1,...,i5

!
"

k2{ i1,i2,i3,i4}

fhf(" k) "
m2{ i5,i6}

flf(" m)
"

, (1)

where " i is the CSV discriminator for the ith jet, and fhf(lf) is the probability density function
(pdf) of " i when the ith jet originates from heavy- (light-) flavour partons. The latter include
u, d, s quarks and gluons, but not c quarks. For the sake of simplicity, the likelihood in Eq. (1)
is rigorous for W ! ud(s) decays, whereas it is only approximate for W ! cs(d) decays,
since the CSV discriminator pdf for charm quarks differs with respect to flf [61]. Equation (1)
can be extended to the case of SL events with five jets, or DL events with at least four jets, by
considering that in both cases four of the jets are associated with heavy-flavour partons, and
the remaining jets with light-flavour partons. The likelihood under the alternative hypothesis,
f (!" |tt+ lf), is given by Eq. (1) after swapping fhf for flf. The variable used to select events is
then defined as the likelihood ratio

F (!" ) =
f (!" |tt+ hf)

f (!" |tt+ hf) + f (!" |tt+ lf)
. (2)

The distribution of F for SL events with six jets is shown in Fig. 2 (bottom right).

In the following, events are retained if F is larger than a threshold value F L ranging between
0.85 and 0.97, depending on the channel and jet multiplicity. The selected events are further
classified as high-purity (low-purity) if F is larger (smaller) than a value F H, with F L < F H <
1.0. The low-purity categories serve as control regions for tt+ lf jets, providing constraints on
several sources of systematic uncertainty. The high-purity categories are enriched in tt+ hf

Assume uncorrelated jet b-
discriminants !  likelihood ratio 

Optimal discriminant: sum over 
probabilities of possible permutations 
for associating 6 FS jets to 4(2) signal 
(background) b-quarks. 

Use tt+jets enriched, signal poor 
regions to constrain uncertainties on 
the backgrounds. 

MEM applied only on events 
compatible with signal final state 
topology.

1502.02485 (EPJ C)

http://arxiv.org/pdf/1502.02485.pdf
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8 6 Estimation of Systematic Uncertainties
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Figure 3: Distribution of the b-jet discriminator for the Þrst additional jet (left) and the second
additional jet (right) in events with particle level jets with a minimum pT of 20 (upper) and 40
GeV/ c (lower) after the Þnal selection. The distributions correspond to the sum of the ee, µµ
and eµ Þnal states. Data are compared with Monte Carlo simulations where the tøtbøb process is
required to have two additional b-jets, tøtcøc to have at least two c-jets, tøtbj to have exactly one
additional b-jet and tøtLF events are from light ßavor partons such as gluon, u, d or s quark. The
contribution labeled Ótøt othersÓ is from top quark pair events that do not pass the visible phase
space deÞnition. The normalizations of the simulation were obtained from the Þt to the data,
as described in the text. The sum of the statistical and the systematic uncertainties are shown
as hatched regions while only statistical uncertainty is shown in the ratio.

CMS-TOP-13-010

σ(ttbb)/σ(ttjj) 
0.023 ± 0.003 ± 0.005

https://cds.cern.ch/record/1605842/files/TOP-13-010-pas.pdf
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We could reconstruct H(! bb) system invariant mass, 

but how to choose the right b-jet candidates?
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Figure 23: Post-fit control plots for NN input variables in the (� 6j,� 4b) region for the four highest
ranked variables. Red line shows tt̄H signal distribution normalised to background yield.

50

ATLAS-CONF-2014-011H(! bb) smeared out due 
to combinatorics.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-011/
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Main problems

tt+jets without H resonance dwarfs the signal by several 
orders of magnitude.

11

Not all particles are measured, need to 
account for unknown neutrino momenta, jet 

resolution.
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Extracting the signal
Reconstructed event → probability density 
value  from theoretical models: Matrix Element 
Method (MEM), full use of kinematics  in LO. 

Unknown, poorly measured quantities → 
integrated out directly. 

• combinatorics  for associating the multi-
particle final state to the theoretical model. 

High-level features: neural networks  (NN) or 
boosted decision tree  (BDT) -> exploit best 
simulation (NLO), but little physical insight, need 
high statistics. 

12
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Figure 3: Distribution of the Ps/b discriminant in the two Ph/l bins for the high-purity (H)
categories. The signal and background yields have been obtained from a combined Þt of all
nuisance parameters with the constraint µ = 1. The bottom panel of each plot shows the ratio
between the observed and the overall background yields. The solid blue line indicates the ratio
between the signal-plus-background and the background-only distributions. The shaded and
solid green bands band correspond to the ± 1s uncertainty in the background prediction after
the Þt.

1502.02485 (EPJ C)

http://arxiv.org/pdf/1502.02485.pdf
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1

1 Introduction

Following the discovery of a new boson with mass around 125 GeV by the ATLAS and CMS
Collaborations [1Ð3] at the CERN LHC, the measurement of its properties has become an im-
portant task in particle physics. The precise determination of its quantum numbers and cou-
plings to gauge bosons and fermions will answer the question whether the newly discovered
particle is the Higgs boson (H) predicted by the standard model (SM) of particle physics, i.e.
the quantum of the Þeld responsible for the spontaneous breaking of the electroweak symme-
try [4Ð9]. Conversely, any deviation from SM predictions will represent evidence of physics
beyond our present knowledge, thus opening new horizons in high-energy physics. While the
measurements performed with the data collected so far indicate overall consistency with the
SM expectations [3, 10Ð13], it is necessary to continue improving on the measurement of all
possible observables.

In the SM, the Higgs boson couples to fermions via Yukawa interactions with strength propor-
tional to the fermion mass. Direct measurements of decays into bottom quarks and ! leptons
have provided the Þrst evidence that the 125 GeV Higgs boson couples to down-type fermions
with SM-like strength [14]. Evidence of a direct coupling to up-type fermions, in particular
to top quarks, is still lacking. Indirect constraints on the top-quark Yukawa coupling can be
inferred from measuring either the production or the decay of Higgs bosons through effec-
tive couplings generated by top-quark loops. Current measurements of the Higgs boson cross
section via gluon fusion and of its branching fraction to photons are consistent with the SM ex-
pectation for the top-quark Yukawa coupling [3, 10Ð12]. Since these effective couplings occur
at the loop level, they can be affected by beyond-standard model (BSM) particles. In order to
disentangle the top-quark Yukawa coupling from a possible BSM contribution, a direct mea-
surement of the former is required. This can be achieved by measuring observables that probe
the top-quark Yukawa interaction with the Higgs boson already at the tree-level. The pro-
duction cross section of the Higgs boson in association with a top-quark pair (t tH) provides
an example of such an observable. A sample of tree-level Feynman diagrams contributing to
the partonic processes qq, gg ! ttH is shown in Fig. 1 (left and centre). The inclusive next-
to-leading-order (NLO) t tH cross section is about 130 fb in pp collisions at a centre-of-mass
energy

"
s = 8 TeV for a Higgs boson mass (mH ) of 125 GeV [15Ð24], which is approximately

two orders of magnitude smaller than the cross section for Higgs boson production via gluon
fusion [23, 24].

q

øq

øt

H

t

g

g

øt

H

t

g

g

øt

t

øb

b

Figure 1: Tree-level Feynman diagrams contributing to the partonic processes: (left) q q ! ttH,
(centre) gg ! ttH, and (right) gg ! tt+ bb.

The Þrst search for ttH events used pp collision data at
"

s = 1.96 TeV collected by the CDF ex-
periment at the Tevatron collider [25]. Searches for t tH production at the LHC have previously
been published for individual decay modes of the Higgs boson [26, 27]. The Þrst combination of
ttH searches in different Þnal states has been published by the CMS Collaboration based on the
full data set collected at

"
s = 7 and 8 TeV [28]. Assuming SM branching fractions, the results of

or

f( Y | H0, � )̧ = 1/ �¿(H0, � )̧ !d X ! dxadxb RÂ(xa,xb)          
|
B (X | H0, � )̧|2 W(Y,X)

H0 H1

PDF

amplitude exp. resolution

Y - measured event properties!
X - “true” parton-level quantities

6.3 Background modelling 9

parton matched to each jet, which is reflected by the sum in Eq. (3). Indeed, without distin-
guishing between b and b quarks, there exist 4!/(2! 2!) = 6 combinations for assigning two jets
out of four with the Higgs boson decay (H = ttH), or with the bottom quark-pair radiation
(H = tt+bb); for each of these possibilities, there are two more ways of assigning the remain-
ing tagged jets to either the t or t quark, thus giving a total of twelve associations. In the SL
channel, an event can be classified in one of three possible categories. The first category (Cat-1)
is defined by requiring at least six jets; if there are exactly six jets, the mass of the two untagged
jets is required to be in the range [60, 100]GeV, i.e. compatible with the mass of the W boson.
If the number of jets is larger than six, the mass range is tightened to compensate for the in-
creased ambiguity in selecting the correct W boson decay products. In the event interpretation,
the W ! qq0 decay is assumed to be fully reconstructed, with the two quarks identified with
the jet pair satisfying the mass constraint. The definition of the second category (Cat-2) differs
from that of Cat-1 by the inversion of the dijet mass constraint. This time, the event interpreta-
tion assumes that one of the quarks from the W boson decay has failed the reconstruction. The
integration on the right-hand side of Eq. (3) is extended to include the phase space of the nonre-
constructed quark. The other untagged jet(s) is (are) interpreted as gluon radiation, and do not
enter the calculation of w(~y|H). The total number of associations considered is twelve times the
multiplicity of untagged jets eligible to originate from the W boson decay: Na = 12Nuntag. In
the third category (Cat-3), exactly five jets are required, and an incomplete W boson reconstruc-
tion is again assumed. In the DL channel, only one event interpretation is considered, namely
that each of the four bottom quarks in the decay is associated with one of the four tagged jets.

Finally, two event discriminants, denoted by Ps/b and Ph/l, are defined. The former encodes
only information from the event kinematics and dynamics via Eq. (3), and is therefore suited
to separate the signal from the background; the latter contains only information related to
b tagging, thus providing a handle to distinguish between the heavy- and the light-flavour
components of the tt+jets background. They are defined as follows:

Ps/b =
w(~y|ttH)

w(~y|ttH) + ks/bw(~y|tt+bb)
and Ph/l =

f (~x|tt+hf)
f (~x|tt+hf) + kh/l f (~x|tt+lf)

, (4)

where the functions f (~x|tt+hf) and f (~x|tt+lf) are defined as in Eq. (1) but restricting the sum
only to the jet-quark associations considered in the calculation of w(~y); the coefficients ks/b and
kh/l in the denominators are positive constants that can differ among the categories.

The joint distribution of the (Ps/b, Ph/l) discriminants is used in a two-dimensional maximum
likelihood fit to search for events resulting from Higgs boson production. By construction, the
two discriminants satisfy the constraint 0  Ps/b, Ph/l  1. Because of the limited size of the
simulated samples, the distributions of Ps/b and Ph/l are binned. A finer binning is used for the
former, which carries the largest sensitivity to the signal, while the latter is divided into two
equal-sized bins. The coefficient ks/b appearing in the definition of Ps/b is introduced to adjust
the relative normalisation between w(~y|ttH) and w(~y|tt+bb); likewise for kh/l. A redefinition
of any of the two coefficients would change the corresponding discriminant monotonically,
thus with no impact on its separation power. However, since both variables are analysed in
bins with fixed size, an optimisation procedure, based on minimising the expected exclusion
limit on the signal strength as described in Section 8, is carried out to choose the values that
maximise the sensitivity of the analysis.

6.3 Background modelling

The background normalisation and the distributions of the event discriminants are derived by
using the MC simulated samples described in Section 3. In light of the large theoretical uncer-

likelihood ratio
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ME details
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No spin correlations. 

Leading order only - no 
pt etc. 

Narrow-width t, W, H. 

Only ggH. 

Require b-tagging of b-
quarks (F-discriminant).

OpenLoops-based. 

Verified against MadWeight 
at discriminator-level. 

10-100 CPU-sec / event. 

Integration via VEGAS, PDF 
using LHAPDF. 

Detector effects encoded 
in transfer functions.

assumptions
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ME is just a discriminator, need not be fully 
theoretically sound. 

An approximation already does a very good job.
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after selecting the high-purity heavy flavour region

10 7 Systematic uncertainties

tainty that affects the prediction of t t plus heavy-ßavour [63, 68], the M AD GRAPH sample is
further divided into subsamples based on the quark ßavour associated with the jets generated
in the acceptance region pT > 20 GeV, |! | < 2.5. Events are labelled as tt+ bb if at least two
jets are matched within

!
(! ! )2 + ( ! " )2 < 0.5 to bottom quarks not originating from the de-

cay of a top quark. If only one jet is matched to a bottom quark, the event is labelled as t t+ b.
These cases typically arise when the second extra b quark in the event is either too far forward
or too soft to be reconstructed as a jet, or because the two extra b quarks are emitted almost
collinearly and end up in a single jet. Similarly, if at least one reconstructed jet is matched to a
c quark, the event is labelled as tt+ cc. In the latter case, single- and double-matched events are
treated as one background. If none of the above conditions is satisÞed, the event is classiÞed as
tt plus light-ßavour. Table 1 reports the number of events observed in the various categories,
together with the expected signal and background yields. The latter are obtained from the
signal-plus-background Þt described in Section 8.

Table 1: Expected and observed event yields in the (top) high-purity (H) and (bottom) low-
purity (L) categories of the SL and DL channels. The expected event yields with their uncer-
tainties are obtained from a signal-plus-background Þt as described in Section 8. In the last row
of each table, the symbol S (B) denotes the signal (total background) yield.

SL Cat-1 (H) SL Cat-2 (H) SL Cat-3 (H) DL (H)
b-tagging selection 0.995" F " 1.000 0.993" F " 1.000 0.995" F " 1.000 0.925" F " 1.000

ttH 3.5 ± 0.7 5.9± 1.1 7.5± 1.4 4.5± 0.7
+ lf 17 ± 3 70± 13 152± 21 84± 11
+ cc 22± 8 66± 20 81± 24 85± 24
+ b 16 ± 8 44± 23 70± 32 47± 23
+ bb 43 ± 11 75± 17 69± 18 50± 13

+ W/Z 3.2 ± 0.8 4.4± 1.1 4.2± 1.0 5.1± 1.1
Single t 3.1± 1.4 5.3± 2.2 14± 4 5.9± 1.7

W/Z+jets Ñ 0.3 ± 2.2 Ñ 6 ± 5
Total background 103 ± 11 265± 24 390± 28 283± 24

Data 107 272 401 279
S/B (S/

!
B) 3.4% (0.34) 2.2% (0.36) 1.9% (0.38) 1.6% (0.27)

SL Cat-1 (L) SL Cat-2 (L) SL Cat-3 (L) DL (L)
b-tagging selection 0.960" F < 0.995 0.960" F < 0.993 0.970" F < 0.995 0.85" F < 0.925

ttH 3.8 ± 0.7 5.2± 0.8 7.9± 1.3 0.8± 0.1
tt+ lf 111 ± 13 268± 32 737± 62 69± 8
+ cc 94± 25 161± 45 268± 74 40± 11
+ b 45 ± 24 80± 42 162± 77 14± 7
+ bb 48 ± 13 69± 17 84± 22 7.6± 2.1

+ W/Z 4.0 ± 1.0 6.9± 1.5 7.8± 1.6 2.3± 0.5
Single t 8.9± 2.4 13± 3 32± 6 3.1± 1.1

W/Z+jets Ñ Ñ Ñ 5 ± 3
Total background 311 ± 22 598± 38 1291± 60 142± 10

Data 310 603 1310 140
S/B (S/

!
B) 1.2% (0.21) 0.9% (0.21) 0.6% (0.22) 0.5% (0.07)

7 Systematic uncertainties

There are a number of systematic uncertainties of experimental and theoretical origin that affect
the signal and the background expectations. Each source of systematic uncertainty is associated
with a nuisance parameter that modiÞes the likelihood function used to extract the signal yield,

S/B ~ 2-3%, ~15 tt+H(bb) events
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Uncertainties
Differential  (shape) and inclusive  (normalization) cross-sections affected. 
Fit "  within uncertainties. CL based on profile likelihood q(μ) properties 

!

tt+jets modelling : tt+heavy flavour cross-section (data → 15-20%), 
renormalization, factorization and resummation scale and functional form, 
shower recoil, PDF choice, MPI, FSR, top quark and top pair kinematics. 

Jet energy scale  and resolution : study constraining in-situ. 

B-tagging : discriminator distributions, not only total efficiencies need to be 
modelled well -> differential corrections. 

Theory uncertainties on tt+H and tt+jets discriminant shape - work on NLO 
tools. !  collaboration within HiggsTools with S. Pozzorini.
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12 8 Results

samples range from a few percent up to 20%, depending on the process. The PDF uncertainty is
treated as fully correlated for all processes that share the same dominant initial state (i.e. gg, gg,
or qq); it ranges between 3% and 9%, depending on the process. Finally, the effect of the lim-
ited size of the simulated samples is accounted for by introducing one nuisance parameter for
each bin of the discriminant histograms and for each sample, as described in Ref. [71]. Table 2
summarises the various sources of systematic uncertainty with their impact on the analysis.

Table 2: Summary of the systematic uncertainties affecting the signal and background expecta-
tion. The second column reports the range of rate variation for the processes affected by a given
source of systematic uncertainty (as specified in the last three columns) when the nuisance pa-
rameter associated with it is varied up or down by its uncertainty. The third column indicates
whether a source of systematic uncertainty is assumed to affect the process normalisation only,
or both the normalisation and the shape of the event discriminants.

Source Rate uncertainty Shape Process
ttH tt+jets Others

Experimental uncertainties
Integrated luminosity 2.6% No X X X

Trigger and lepton identification 2–4% No X X X
JES 4–13% Yes X X X
JER 0.5–2% Yes X X X

b tagging 2–17% Yes X X X
Theoretical uncertainties

Top pT modelling 3–8% Yes X
µR/µF variations 2–25% Yes X

tt+ bb normalisation 50% No X
tt+ b normalisation 50% No X
tt+ cc normalisation 50% No X
Signal cross section 7% No X

Background cross sections 2–20% No X X
PDF 3–9% No X X X

Statistical uncertainty (bin-by-bin) 4–30% Yes X X X

8 Results

The statistical interpretation of the results is performed by using the same methodology em-
ployed for other CMS Higgs boson analyses and extensively documented in Ref. [2]. The mea-
sured signal rate is characterised by a strength modifier µ = ! /! SM that scales the Higgs bo-
son production cross section times branching fraction with respect to its SM expectation for
mH = 125 GeV. The nuisance parameters, " , are incorporated into the likelihood as described
in Section 7. The total likelihood function L (µ, " ) is the product of a Poissonian likelihood
spanning all bins of the (Ps/b, Ph/l) distributions for all the eight categories, times a likelihood
function for the nuisance parameters. Based on the asymptotic properties of the profile like-
lihood ratio test statistic q(µ) = ! 2 ln

!
L

"
µ, "̂ µ

#
/L

"
µ̂, "̂

#$
, confidence intervals on µ are set,

where "̂ and "̂ µ indicate the best-fit value for " obtained when µ is floating in the fit or fixed at
a hypothesised value, respectively.

Figures 3 and 4 show the binned distributions of (Ps/b, Ph/l) in the various categories and for the
two channels. For visualisation purposes, the two-dimensional histograms are projected onto
one dimension by showing first the distribution of Ps/b for events with Ph/l < 0.5 and then for
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Figure 5: (top left) Observed 95% CL UL on µ are compared to the median expected limits un-
der the background-only and the signal-plus-background hypotheses. The former are shown
together with their ± 1! and ± 2! CL intervals. Results are shown separately for the individual
channels and for their combination. (top right) Best-Þt value of the signal strength modiÞer µ
with its ± 1! CL interval obtained from the individual channels and from their combination.
(bottom) Distribution of the decimal logarithm log (S/B ), where S (B) indicates the total signal
(background) yield expected in the bins of the two-dimensional histograms, as obtained from
a combined Þt with the constraint µ = 1.
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! CMS ttH(bb) with MEM 20/fb: μ < 4.2 (3.3) 
obs (exp) @ 95%CL 

CMS with NN 5+5/fb: μ < 5.8 (5.2) 

ATLAS  MEM(SL) + NN 20/fb: μ < 3.4 (2.2)

1502.02485 (EPJ C)

Very competitive!

http://arxiv.org/pdf/1502.02485.pdf
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State of the art
Jet substructure  can improve already existing limits: top tagging 
[1503.05921], higgs tagging of fat jets [1402.2657], direct 
integration with MEM/MVA. 

Deploy MEM in additional topologies : H(ττ), fully-hadronic 
ttH(bb). 

Improve MEM categorization : additional hypotheses - more 
separation at the cost of time. 

Fully exploit and improve b-tagging to constrain tt+bb/cc/light , 
quark-gluon discrimination.  
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http://arxiv.org/pdf/1503.05921v1.pdf
http://arxiv.org/pdf/1402.2657v2.pdf
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Moving to LHC Run II
ttH  0.5085 pb (3.9x) 

tt+jets  832 pb (3.3x) 

With 300/fb, κt uncertainty 0.15. 

Jet, lepton spectra harder in pt, 
higher multiplicity, increased 
acceptance. 

But crucial to keep b-tagging 
performance with high pile-up.
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Summary & outlook
ttH(bb) proof of concept at 8 TeV: " < 4.2 (3.3) @ 95% . 

Need the best possible interpretation of data  - MEM + machine learning. 

tt+bb  NLO crucial, MEM naturally suited for systematically dominated (LHC 300/fb). 

Extension to additional hypotheses, interpretations, use of jet substructure 
information. 

LHC has only started to speak up about the Higgs, Run II will be crucial!!

HiggsTools collaboration opportunities: 

tt+bb modelling and uncertainties.!

MEM as a general tool for busy Þnal states.!

Inclusion and calibration of substructure.
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Backup
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First look at 13 TeV 
simulation
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