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Introduction

• Strategy: 

• Target as many combinations of the tt ̄final 
state (0,1 or 2 leptons) and Higgs decay as 
possible 

• Target hadrons, leptons and γγ Higgs decays 

• Exploit high jet and b-jet multiplicity 

• Extract signal using MVA or matrix element 
methods
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• Want to measure top-quark Yukawa coupling:  yt  ~ O(1) in the SM 

• Indirect evidence from ggH production and H→γγ decay via loop contribution 

• But possibly modified by BSM contributions 

• ttH production is the best handle for tree-level coupling, but σ ~ 130 fb 
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CMS Results

3

CMS-HIG-13-029 
JHEP 09 (2014) 087

H→bb H→γγ H→WW/ττ/ΖΖ

 5.1 fb-1 (7 TeV) 
19.7 fb-1 (8TeV)

19.5 fb-1 (8TeV)
ttH→bb with a Matrix Element method

NEW

Combination of single-top + Higgs searches

H→τhτh

H→bb

Combination of ttH searches

CMS-HIG-14-010 
EPJ C 75 (2015)Alternative event categorisation and use of 

MEM to discriminate signal and background

CMS-HIG-14-027 
arXiv:1509.08159 
(submitted to JHEP)

19.7 fb-1 (8TeV)
H→bb H→WW/τlτlH→γγ H→τhτl
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H→bb

• Require at least one light lepton to suppress large multi-jet background 

• lepton+jets channel: single isolated lepton + ≥ 4 jets of which ≥ 2 are b-tagged 

•  dilepton channel: oppositely charged leptons  + ≥ 3 jets of which ≥ 2 are b-tagged 

• Main backgrounds from tt+bb, mis-tagged tt+light and tt+cc, tt+V and single t 

• Categorise on jet and b-tagged jet multiplicity, multivariate discriminator for signal extraction 

• 10-15 input variables including object kinematics, event shape, b-tagging discriminant 

ttH - Analysis Overview

Combined Secondary 
Vertex Discriminator 

Medium WP: 
70% b-jet eff. / 2% fakes 

Loose WP: 
85% b-jet eff. / 10% fakes
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b-tagged jets

16 6 H ! photons
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Figure 5: Final BDT output for lepton+jets events. The top, middle and, bottom rows are events
with 4, 5, and �6 jets, respectively, while the left, middle, and right columns are events with
2, 3, and �4 b-tags, respectively. Details regarding signal and background normalizations are
described in the text.
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Figure 6: Final BDT output for dilepton events. The upper left, upper right, and lower left
plots are events with 3 jets + 2 b-tags, �4 jets + 2 b-tags, and �3 b-tags, respectively. Details
regarding signal and background normalizations are described in the text.
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b-tagged jets

6

je
ts

H→τhτh

• A third channel targets  Higgs decays to a pair of τ leptons 
which decay hadronically (τh) 

• Requires one e/μ from tt ̄decay, ≥ 2 additional jets of 
which ≥ 1 b-tagged 

• τh candidates must contain a single charged hadron, 
pass decay mode identification and an MVA-based 
isolation discriminator 

• Similar categorisation scheme with 2-4 jets and 1-2 b-tags 

• One BDT trained for all categories 

• Most input variables related to the di-τh system 

18 6 H ! photons
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Figure 7: Final BDT output for events in the th channel. The top row is the 2 jet categories,
while the second and third rows are for the categories with 3 jets and �4 jets, respectively. In
each row, the columns are for the categories with 1 b-tag (left) and 2 b-tags (right). Details
regarding signal and background normalizations are described in the text.
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Figure 4: Examples of input variables that give the best signal-background separation in the
analysis of the th channels at

p
s = 8 TeV. The left plot shows the pT of the more energetic

th, while the right plot displays Mvis, the mass of the visible th decay products. Events of all
categories are shown. More details regarding these plots are found in the text.

sample with mH = 125 GeV. The three dilepton categories use a single BDT. Of the seven lep-
ton+jets categories, four categories use a single BDT, while three categories each use two BDTs
in a tiered configuration. The tiered configuration includes one BDT that is trained specifically
to discriminate between ttH and ttbb events, the output of which is then used as an input vari-
able in the second, more general, ttH versus tt+jets BDT. This tiered approach allows better
discrimination between the ttH process and the difficult ttbb component of tt+jets production,
resulting in better control of tt+hf systematics and a lower expected limit on µ. In the th chan-
nel, due to the low event counts, a single BDT is used for all categories, using an event selection
equivalent to the union of all categories with more than one untagged jet.

All BDTs utilize variables involving the kinematics of the reconstructed objects, the event
shape, and the CSV b-tag discriminant. Ten variables are used as inputs to the final BDTs
in all lepton+jets categories, while 10 or 15 variables are used in the first BDT in categories em-
ploying the tiered-BDT system (the �6 jets + �4 b-tags and �6 jets + 3 b-tags categories use 15
variables, and the 5 jets + �4 b-tags category uses ten variables due to lower available training
statistics in that category). The dilepton channel uses four variables for the 3 jets + 2 b-tags
category and six in each of the other categories. In the th channel, almost all variables used
to train the BDT are related to the th system, such as the mass of the visible t decay products,
the pT, the isolation, and the decay mode of both th, and the |h| and distance to the lepton of
the more energetic th. In addition, the pT of the most energetic jet, regardless of the b-tagging
status, is used in the BDT.

To train the BDTs, the th channel uses simulated ttH, H ! tt (mH = 125 GeV) events with
generator-level matched th pairs as the signal, whereas both the lepton+jets and dilepton chan-
nels uses ttH (mH = 125 GeV) events, with inclusive Higgs boson decays. All three channels
use tt+jets events as background when training. An equal number of signal and background
events are used for a given category and channel. The signal and background events are evenly
divided into two subsamples: one set of events is used to do the actual training, and the other
is used as a test sample to monitor against overtraining. The specific BDT method used is a
“gradient boost”, available as part of the TMVA package [74] in ROOT [75]. The tree architec-
ture consists of five nodes, a few hundred trees form a forest, and the learning rate is set to
0.1.

ttH - Event Categories

Visible mass of the 
di-tau decay 

products
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ttH - Analysis Overview
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• Consider three multi-lepton final states, where at least one lepton originates in top decay 

• 2l (same-sign + at least 4 jets), 3l, 4l 

• All categories require ≥ 2 loose or ≥ 1 medium b-tagged jets 

• Main backgrounds have ≥ 1 non-prompt lepton, e.g. from b hadron decay. Require leptons to 
pass BDT “prompt vs. non-prompt” discriminator using IP, isolation and nearest-jet properties

H→WW/ττ/ΖΖ
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• Three main classes of backgrounds:  

• tt+̄V: estimated from simulation normalised to NLO 
cross sections 

• VV: mainly WW and WZ, normalised in a signal-
depleted control region with ≥ 2 jets and a b-tag 
veto, or with inverted mll veto 

• tt/̄W/Z+jets with non-prompt leptons: data-driven 
using a “fake-rate” method applied to events in 
control region where at least one lepton fails lepton 
MVA 
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ttH - Signal Extraction
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• 2l categories: fit output of a BDT discriminator trained to separate ttH vs tt+̄jets

e±e± e±μ± μ±μ±

H→WW/ττ/ΖΖ

Visible excess of events in 
μ±μ± final state

• Input variables include the pT and |η| of the trailing lepton, 

transverse mass of the leading lepton and ETmiss, event topology 

and energy sum variables 

• Divide events into two categories based on lepton charge sum 

• ~ 5% improvement in sensitivity due to charge asymmetry 

in SM backgrounds
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BDT gives ~10% 
improvement in 2l & 3l 
sensitivity compared to 
fitting nJets distribution 

ttH - Signal Extraction
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• 3l category uses a similar BDT discriminator trained to 

separate ttH vs backgrounds

H→WW/ττ/ΖΖ
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3l 4l

• 4l category uses the jet multiplicity 

as discriminating variable due to 

low event statistics
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ttH - Analysis Overview

• Despite small H→γγ branching ratio (~2x10-3) exploit clean signature and excellent photon 
energy resolution 

• Photon identification and energy measurement  closely follows inclusive CMS H→γγ analysis 

• Loose selection on tt ̄final state objects to accept as many signal events as possible 

• Categorise events based on hadronic and leptonic tt ̄final states: 

• Hadronic: ≥4 jets, of which ≥ 1 b-tagged, no high-pT e/μ 

• Leptonic: ≥ 2 jets, of which ≥ 1 b-tagged, ≥ 1 e/μ with pT > 20 GeV 

• Extract signal from fit to the di-photon invariant mass mγγ

10

H→γγ

7TeV 8TeV
All decays Hadronic channel Leptonic channel

ttH 0.21 0.51 0.45
gg ! H 0.01 0.02 0
VBF H 0 0 0
WH/ZH 0.01 0.01 0.01
Total H 0.23 0.54 0.46
Data 9 32 11

Analysis selections aim to 
maximise ttH acceptance 
and minimise acceptance 
of other signal modes 
which peak at same mγγ

Expected signal events
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ttH - Signal extraction

• Main backgrounds: top quarks + real/fake photons, high pT photons + multi-jet 

• Modelled by a functional form and determined by fit to mγγ in the range 100-180 GeV 

• Exact form treated as a discrete nuisance parameter including exponential, power-law and 
polynomial functions

11

H→γγ
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ttH - Results
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μ̂ = 2.8+1.0-0.9 @ 125.6 GeV

34 9 Results

mH = 125.6 GeV are given in the right panel of figure 15.

Table 8: The best-fit values of the signal strength parameter µ = s/sSM for each ttH channel
at mH = 125.6 GeV. The signal strength in the four-lepton final state is not allowed to be below
approximately �6 by the requirement that the expected signal-plus-background event yield
must not be negative in either of the two jet multiplicity bins. The observed and expected 95%
CL upper limits on the signal strength parameter µ = s/sSM for each ttH channel at mH =
125.6 GeV are also shown.

ttH channel Best-fit µ 95% CL upper limits on µ = s/sSM (mH = 125.6 GeV)
Expected

Observed Observed Median Median 68% CL range 95% CL rangesignal-injected

gg +2.7+2.6
�1.8 7.4 5.7 4.7 [3.1, 7.6] [2.2, 11.7]

bb +0.7+1.9
�1.9 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]

thth �1.3+6.3
�5.5 13.0 16.2 14.2 [9.5, 21.7] [6.9, 32.5]

4l �4.7+5.0
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Matrix Element Method
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6.2 Event categorisation 9

are constructed by superimposing two Gaussian functions with different mean and standard
deviation. Such an asymmetric parametrisation provides a good description of both the core
of the detector energy response and the low-energy tail arising from semileptonic B hadron
decays. The parametrisation of the transfer functions has been derived from MC simulated
samples.

6.2 Event categorisation

To aid the evaluation of the MEM probability density functions at LO, events are classified into
mutually exclusive categories based on different parton-level interpretations. Firstly, the set of
jets yielding the largest contribution to the sum defined by Eq. (1), determines the four (tagged)
jets associated with bottom quarks; the remaining Nuntag (untagged) jets are assumed to orig-
inate either from W ! qq0 decays (SL channel) or from initial- or final-state gluon radiation
(SL and DL channels). There still remains a twelve-fold ambiguity in the determination of the
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 and will be
treated as optimisation parameters, as described below.

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
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• Alternative H→bb analysis using a Matrix Element 
method instead of a BDT discriminator 

• Fit 2D distribution of Ps/b and Ph/l 

• Ps/b: Ratio of signal (ttH) and bkg (tt+bb) likelihoods 
computed from LO matrix elements with transfer 
functions to model experimental resolution 

• Ph/l: likelihood of b-tagging observables 

• ~30% improved sensitivity compared to BDT 
analysis

μ̂ = 1.2 +1.6-1.5 @ 125.6 GeV

H→bb
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Role of ttH in the Coupling Combination

14

Parameter value
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Figure 14: Fit results for the two parameterisations allowing BSM loop couplings, with V  1, where V stands
for Z or W , or without additional BSM contributions to the Higgs boson width, i.e. BRBSM = 0. The measured
results for the combination of ATLAS and CMS are reported together with their uncertainties. The error bars
indicate the 1� (thick lines) and 2� (thin lines) intervals. The uncertainties are not indicated when the parameters
are constrained and hit a boundary, namely V = 1 or BRBSM = 0.
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• Results of a combination of CMS and ATLAS 
Higgs analyses has been released 

• ttH analyses play an important role 

• In particular: constraint on κt in coupling 
modifier model where loop processes are 
not resolved 

• E.g. gluon-gluon fusion production 
assumed to scale with κg, not as a 
function of κt and κb 

• Combined result of κt = 1.43 +0.23 - 0.22 

ATLAS-CONF-2015-044/ CMS-PAS-HIG-15-002 
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• Novel channel to probe the sign of Ct and search for new physics: single top + Higgs production 

• Proceeds mainly via the t-channel tHq process: 

• t and W couple to H with opposite sign: destructive interference of main diagrams 

• SM cross section of ~ 18 fb (cf. 130 fb for ttH), but enhanced by factor of 15 if Ct = -1 

• Ct = -1 can be excluded given constraint from inclusive H→γγ search, but assumes no new 
particles in loop for that decay 

• Searches exploit t→lνb decay and presence of a typically forward hadronic jet in the final sate
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• Expect at least five quarks in the final state: H→bb (2), t→lνb (1), forward q (1), b from strong 
interaction in tHq process (1)

16

• Significant tt+jets background reduced 
with artificial neural networks  (NN) 

• 1st stage: use NNs trained to identify correct 

association of jets → quarks for either tHq or 

tt+jets hypothesis 

• 2nd stage: signal vs background NN including 
lepton & jet kinematics, b-tagging and event 
topology variables under both hypotheses 

• Signal extracted by fit to NN output 
distribution

Single-top + Higgs Production
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• Preselects events with a single e/μ 
candidate and ≥ 4 jets 

• 2 event categories:  

• ≥ 4 jets + ≥ 3 b-tags 

• ≥ 5 jets + ≥ 4 b-tags
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• With Ct = -1 H→γγ BR also enhanced by ~ x2 

• Initial selection: 

• 2 high pT photons, 1 isolated lepton, ≥ 1 b-tagged jet, 
forward jet with |η| > 1 

• Then apply cut on likelihood classifier using jet multiplicity, 
top quark mT, light jet η, Δηlep-jet, lepton charge  

• Zero events observed in signal region

Single-top + Higgs Production H→γγ
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Bayes classifier: 
Ratio of s/ s+b likelihoods 

i = signal or bkg. process 
pj(xj) pdf of variable j evaluated at x

3.1 H ! gg channel 5

likelihoods for a chosen set of discriminating observables:

L(x) =
LS(x)

LS(x) + LB(x)
(1)

For each event the signal (LS) and background (LB) likelihoods are calculated as the product
of the respective signal and background probability density functions (p), evaluated at the
observed values (xj):

Li(x) = ’
j

pi
j(x

j), (2)

where i stands for each signal or background process and j for each variable considered. The
classifier is built from the following variables: the jet multiplicity in the event; the transverse
mass of the top quark using the lepton, the candidate b jet and the missing transverse mo-
menta; the pseudorapidity of the light quark candidate; the rapidity gap between the lepton
and the forward jet; and the charge of the lepton candidate. The last observable is chosen as
the pp initial state is more likely to produce a top quark rather than an top antiquark. All these
variables are observed to discriminate well between simulated ttH and tHq events. The linear
correlation coefficients for the input variables are all less than 10% for both signal and back-
ground processes. The classifier value is required to be greater than 0.25, to suppress the ttH
contribution to the signal sample. This requirement retains about 90% of the signal events.

The invariant mass of the diphoton system is the primary search variable for a signal-like ex-
cess, as the signal would appear as a narrow diphoton resonance centered at the known Higgs
boson mass mH = 125 GeV.

The backgrounds can be classified according to their resonant or nonresonant behavior in the
diphoton system; a different approach has been adopted to estimate the rate from each cate-
gory. Resonant backgrounds give rise to a Higgs boson decaying to two photons in the final
state. These backgrounds are dominated by the ttH process and also include Higgs produc-
tion in association with a vector boson (VH); they appear as an additional contribution under
the expected signal peak, and are evaluated using MC simulation. Nonresonant backgrounds
are evaluated from the mgg sidebands. The main nonresonant background processes include
diphoton production in association with jets (gg+jets), single-photon production in association
with jets (g+jets), and diphoton events produced in association with top quarks (ttgg, tgg).

The signal region is defined as the ±3 GeV range around the nominal Higgs boson mass.
While the contribution of resonant backgrounds is taken from the simulation, nonresonant
backgrounds are evaluated by counting the events in the mgg sidebands 100 GeV < mgg <
(mH � 3 GeV) and (mH + 3 GeV) < mgg < 180 GeV, which have negligible signal contamina-
tion.

The event yields in the signal region are shown in Table 1. The selection has an expected effi-
ciency of 17% for tHq events in the diphoton decay channel. Figure 2 shows the mgg spectrum
for events passing the event selection before and after the likelihood requirement.

No events pass the selection. In order to model the nonresonant background shape using data,
a control region with relaxed b tagging requirements is defined. The functional form chosen
for the mgg distribution of background events is an exponential, and the uncertainty in the
knowledge of the background shape is assessed by defining an orthogonal control region in
which the isolation requirements on one of the two photons are inverted. This uncertainty
amounts to 33%. The number of events observed and the systematic uncertainties are later
used to set a limit on the rate of tHq production.
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Bayes classifier: 
Ratio of s/ s+b likelihoods 

i = signal or bkg. process 
pj(xj) pdf of variable j evaluated at x

• Event categories: 

• Same sign dilepton (eμ or μμ)  

• Three lepton (eee, μμμ, eeμ, eμμ) 

• All categories require a central b-tagged jet and an additional 
forward jet 

• Largest background from tt+jets production (Nonprompt) 

• Fit for signal with multi-variate likelihood classifier, inputs 
include jet multiplicity and kinematic variables

18

tHq classifier
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j(x

j), (2)

where i stands for each signal or background process and j for each variable considered. The
classifier is built from the following variables: the jet multiplicity in the event; the transverse
mass of the top quark using the lepton, the candidate b jet and the missing transverse mo-
menta; the pseudorapidity of the light quark candidate; the rapidity gap between the lepton
and the forward jet; and the charge of the lepton candidate. The last observable is chosen as
the pp initial state is more likely to produce a top quark rather than an top antiquark. All these
variables are observed to discriminate well between simulated ttH and tHq events. The linear
correlation coefficients for the input variables are all less than 10% for both signal and back-
ground processes. The classifier value is required to be greater than 0.25, to suppress the ttH
contribution to the signal sample. This requirement retains about 90% of the signal events.

The invariant mass of the diphoton system is the primary search variable for a signal-like ex-
cess, as the signal would appear as a narrow diphoton resonance centered at the known Higgs
boson mass mH = 125 GeV.

The backgrounds can be classified according to their resonant or nonresonant behavior in the
diphoton system; a different approach has been adopted to estimate the rate from each cate-
gory. Resonant backgrounds give rise to a Higgs boson decaying to two photons in the final
state. These backgrounds are dominated by the ttH process and also include Higgs produc-
tion in association with a vector boson (VH); they appear as an additional contribution under
the expected signal peak, and are evaluated using MC simulation. Nonresonant backgrounds
are evaluated from the mgg sidebands. The main nonresonant background processes include
diphoton production in association with jets (gg+jets), single-photon production in association
with jets (g+jets), and diphoton events produced in association with top quarks (ttgg, tgg).

The signal region is defined as the ±3 GeV range around the nominal Higgs boson mass.
While the contribution of resonant backgrounds is taken from the simulation, nonresonant
backgrounds are evaluated by counting the events in the mgg sidebands 100 GeV < mgg <
(mH � 3 GeV) and (mH + 3 GeV) < mgg < 180 GeV, which have negligible signal contamina-
tion.

The event yields in the signal region are shown in Table 1. The selection has an expected effi-
ciency of 17% for tHq events in the diphoton decay channel. Figure 2 shows the mgg spectrum
for events passing the event selection before and after the likelihood requirement.

No events pass the selection. In order to model the nonresonant background shape using data,
a control region with relaxed b tagging requirements is defined. The functional form chosen
for the mgg distribution of background events is an exponential, and the uncertainty in the
knowledge of the background shape is assessed by defining an orthogonal control region in
which the isolation requirements on one of the two photons are inverted. This uncertainty
amounts to 33%. The number of events observed and the systematic uncertainties are later
used to set a limit on the rate of tHq production.

Single-top + Higgs Production

3.1 H ! gg channel 5

likelihoods for a chosen set of discriminating observables:

L(x) =
LS(x)

LS(x) + LB(x)
(1)

For each event the signal (LS) and background (LB) likelihoods are calculated as the product
of the respective signal and background probability density functions (p), evaluated at the
observed values (xj):

Li(x) = ’
j

pi
j(x

j), (2)

where i stands for each signal or background process and j for each variable considered. The
classifier is built from the following variables: the jet multiplicity in the event; the transverse
mass of the top quark using the lepton, the candidate b jet and the missing transverse mo-
menta; the pseudorapidity of the light quark candidate; the rapidity gap between the lepton
and the forward jet; and the charge of the lepton candidate. The last observable is chosen as
the pp initial state is more likely to produce a top quark rather than an top antiquark. All these
variables are observed to discriminate well between simulated ttH and tHq events. The linear
correlation coefficients for the input variables are all less than 10% for both signal and back-
ground processes. The classifier value is required to be greater than 0.25, to suppress the ttH
contribution to the signal sample. This requirement retains about 90% of the signal events.

The invariant mass of the diphoton system is the primary search variable for a signal-like ex-
cess, as the signal would appear as a narrow diphoton resonance centered at the known Higgs
boson mass mH = 125 GeV.

The backgrounds can be classified according to their resonant or nonresonant behavior in the
diphoton system; a different approach has been adopted to estimate the rate from each cate-
gory. Resonant backgrounds give rise to a Higgs boson decaying to two photons in the final
state. These backgrounds are dominated by the ttH process and also include Higgs produc-
tion in association with a vector boson (VH); they appear as an additional contribution under
the expected signal peak, and are evaluated using MC simulation. Nonresonant backgrounds
are evaluated from the mgg sidebands. The main nonresonant background processes include
diphoton production in association with jets (gg+jets), single-photon production in association
with jets (g+jets), and diphoton events produced in association with top quarks (ttgg, tgg).

The signal region is defined as the ±3 GeV range around the nominal Higgs boson mass.
While the contribution of resonant backgrounds is taken from the simulation, nonresonant
backgrounds are evaluated by counting the events in the mgg sidebands 100 GeV < mgg <
(mH � 3 GeV) and (mH + 3 GeV) < mgg < 180 GeV, which have negligible signal contamina-
tion.

The event yields in the signal region are shown in Table 1. The selection has an expected effi-
ciency of 17% for tHq events in the diphoton decay channel. Figure 2 shows the mgg spectrum
for events passing the event selection before and after the likelihood requirement.

No events pass the selection. In order to model the nonresonant background shape using data,
a control region with relaxed b tagging requirements is defined. The functional form chosen
for the mgg distribution of background events is an exponential, and the uncertainty in the
knowledge of the background shape is assessed by defining an orthogonal control region in
which the isolation requirements on one of the two photons are inverted. This uncertainty
amounts to 33%. The number of events observed and the systematic uncertainties are later
used to set a limit on the rate of tHq production.

H→WW
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• Target H→τμτh and H→τeτh final states with additional 
same-sign lepton from top decay 

• Irreducible backgrounds from WZ, ZZ, ttH, and tt ̄+ V 
production modelled with MC 

• Reducible backgrounds from tt,̄ single-t, V+jets, Z+jets 
and QCD multijet, measured using a fake-rate method in 
data 

• Signal extraction uses a linear Fisher discriminant 
exploiting forward jet properties, b-jet multiplicity and 
other kinematic variables
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Single-top + Higgs Production H→τhτl
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Table 3: Expected and observed event yields for the eµth and µµth channels. The given uncer-
tainties include all systematic uncertainties added in quadrature, including uncertainties due
to the limited numbers of simulated events or events in control data samples.

Process eµth µµth
tHq, Ct = �1 0.42 ± 0.05 0.26 ± 0.03
tHW, Ct = �1 0.06 ± 0.01 0.04 ± 0.01

ttH 0.6 ± 0.1 0.3 ± 0.1
ttV 1.8 ± 0.4 0.9 ± 0.2
VV 0.7 ± 0.1 0.3 ± 0.1

Reducible 6.3 ± 3.1 4.5 ± 1.9
Total background 9.5 ± 3.7 5.4 ± 2.4

Data 5 7

4 Systematic uncertainties

Various sources of systematic uncertainty influence the upper limit on the tHq production cross
section. In general, the systematic uncertainties can introduce rate uncertainties on a specific
process as well as shape uncertainties on the distribution from which the upper limit on the
process is finally derived. These uncertainties are handled by means of nuisance parameters,
which are allowed to float during the limit setting procedure.

The uncertainty in the trigger efficiencies translates into an uncertainty in the final rates of up
to 5%.

The uncertainty from the jet energy scale [36] is evaluated by varying the energy scale for
all jets in the signal and background simulation simultaneously within their uncertainty as a
function of jet pT and h, and re-evaluating the yields and discriminant shapes of all processes.
The limitations on the knowledge of the jet energy scale lead to an uncertainty that in some
channels can be as large as 8%. Jet energy resolution uncertainties have a smaller effect, up to
3% in the event yields.

The corrections for the b tagging efficiencies for light-flavored, c, and b quark jets have asso-
ciated uncertainties [38], which are parameterized as a function of the pT, h, and flavor of the
jets. Their effect on the analysis is evaluated by shifting the correction factor of each jet up and
down within their measured uncertainty.

For photon identification, the uncertainty in the data/MC efficiency scale factor from the fidu-
cial region determines the overall uncertainty, as measured using a tag-and-probe technique
applied to Z ! ee events (3.0% in the ECAL barrel, 4.0% in ECAL endcap) [47]. For the un-
certainties related to the photon energy scale and resolution, the photon energy is shifted and
smeared, respectively, within the known uncertainty for photons [48].

The cross sections used to estimate signal and background rates, where applicable, are of at
least NLO accuracy and have associated uncertainties arising primarily from the PDFs and the
choice of the factorization and renormalization scales.

The effect from the PDF uncertainties has been evaluated on signal and backgrounds following
the PDF4LHC prescription [49, 50], and ranges from 1 to 8% depending on the quark or gluon
nature of the colliding partons. The effect of changing renormalization and factorization scales
is evaluated for both signal and backgrounds by changing them simultaneously up and down
by factors of two, producing effects on rates extending up to 13% for ttH production. For the
H ! gg and H ! WW analyses, where the signal is modeled using the five-flavor scheme,
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• No significant excess of events observed over background-only expectation 

• Set limits on tHq production cross section relative to Ct = -1 expectation and assuming SM 
branching fractions: observed 95% CL limit of 2.8 (2.0 expected) on σ/σCt=-1 

• As Ct = -1 also enhances H→γγ for all production modes, also set limits on tHq cross section as a 

function of B(H→γγ)/BSM(H→γγ). Observed limits in range 600-1000 fb (450-700  fb expected)
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Summary

• CMS has performed a search for the ttH process 
utilising leptonic and hadronic tt final states and 
several Higgs decay modes 

• Combined signal strength: 

• μ ̂= 2.8+1.0-0.9 @ 125.6 GeV 

• Good prospects for LHC Run 2 due to factor ~4 
enhancement in signal cross section (though 
backgrounds also enhanced) 

• Dedicated searches for the enhancement of single-
top + Higgs production 

• Observed limit of 2.8 (2.0 expected) on σ/σCt=-1
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H→γγSystematic Uncertainties H→WW/ττ/ΖΖH→τhτh H→bb

29

counted for in the likelihood function used to set limits and extract the best-fit Higgs boson
signal.

Different systematic uncertainties are relevant for different parts of the overall ttH analysis.
Uncertainties related to MC modeling affect all analysis channels, whereas systematic uncer-
tainties related to the background estimation or object identification can be specific to particular
channels. Table 7 summarizes the impact of systematic uncertainties on this analysis. For each
broad category, table 7 shows the range of effects the systematic uncertainties have on the sig-
nal and background rates, and notes whether the uncertainty also has an effect on the shape
of the final discriminant. Cases for which a systematic category only applies to one analysis
channel are noted in parentheses. Further details are given below.

Table 7: Summary of systematic uncertainties. Each row in the table summarizes a category
of systematic uncertainties from a common source or set of related sources. In the statistical
implementation, most of these uncertainties are treated via multiple nuisance parameters. The
table summarizes the impact of these uncertainties both in terms of the overall effect on signal
and background rates, as well as on the shapes of the signal and background distributions.
The rate columns show a range of uncertainties, since the size of the rate effect varies both
with the analysis channel as well as the specific event selection category within a channel. The
uncertainties quoted here are a priori uncertainties; that is they are calculated prior to fitting the
data, which leads to a reduction in the impact of the uncertainties as the data helps to constrain
them.

Rate uncertainty
Source Signal Backgrounds Shape

Experimental
Integrated luminosity 2.2–2.6% 2.2–2.6% No

Jet energy scale 0.0–8.4% 0.1–11.5% Yes
CSV b-tagging 0.9–21.7% 3.0–29.0% Yes

Lepton reco. and ID 0.3–14.0% 1.4–14.0% No
Lepton misidentification rate (H ! leptons) — 35.1–45.7% Yes

Tau reco. and ID (H ! hadrons) 11.3–14.3% 24.1–28.8% Yes
Photon reco. and ID (H ! photons) 1.6–3.2% — Yes

MC statistics — 0.2–7.0% Yes
Theoretical

NLO scales and PDF 9.7–14.8% 3.4–14.7% No
MC modeling 2.3–5.1% 0.9–16.8% Yes
Top quark pT — 1.4–6.9% Yes

Additional hf uncertainty (H ! hadrons) — 50% No
H contamination (H ! photons) 36.7–41.2% No

WZ (ZZ) uncertainty (H ! leptons) — 22% (19%) No

Global event uncertainties affect all the analysis channels. The integrated luminosity is varied
by ±2.2% for the 7 TeV dataset [34] and by ±2.6% for the 8 TeV dataset [32] from its nominal
value. The effect of finite background MC statistics in the analysis is accounted for using the
approach described in Refs. [83, 84]. To avoid including thousands of nuisance parameters that
have no effect on the result, this uncertainty is not evaluated for any bin in the BDT shapes
for which the MC statistical uncertainty is negligible compared to the data statistics or where
there is no appreciable contribution from signal. Tests show that the effect on the final result
of neglecting the MC statistical uncertainty for these bins is smaller than 2%. In total, there are
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Category Signature Trigger Signature

Lepton + Jets Single Lepton 1 e/µ, pT > 30GeV
H ! Hadrons (ttH ! `⌫jjbbbb) �4 jets + �2 b-tags, pT > 30GeV

H ! bb Dilepton Dilepton 1 e/µ, pT > 20GeV
H ! ⌧h⌧h (ttH ! `⌫`⌫bbbb) 1 e/µ, pT > 10GeV
H ! WW �3 jets + �2 b-tags, pT > 30GeV

Hadronic ⌧ Single Lepton 1 e/µ, pT > 30GeV
(ttH ! `⌫⌧h[⌫]⌧h[⌫]jjbb) 2 ⌧h, pT > 20GeV

�2 jets + 1-2 b-tags, pT > 30GeV
Leptonic Diphoton 2 �, pT > m��/2 (25)GeV for 1st (2nd)

H ! Photons (ttH ! `⌫jjbb��, �1 e/µ, pT > 20GeV
H ! �� ttH ! `⌫`⌫bb��) �2 jets + �1 b-tags, pT > 25GeV

Hadronic Diphoton 2 �, pT > m��/2 (25)GeV for 1st (2nd)
(ttH ! jjjjbb��) 0 e/µ, pT > 20GeV

�4 jets + �1 b-tags, pT > 25GeV
Same-Sign Dilepton Dilepton 2 e/µ, pT > 20GeV

H ! Leptons (ttH ! `±⌫`±[⌫]jjj[j]bb) �4 jets + �1 b-tags, pT > 25GeV
H ! WW 3 Lepton Dilepton, 1 e/µ, pT > 20GeV
H ! ⌧⌧ (ttH ! `⌫`[⌫]`[⌫]j[j]bb) Trielectron 1 e/µ, pT > 10GeV
H ! ZZ 1 e(µ), pT > 7(5)GeV

�2 jets + �1 b-tags, pT > 25GeV
4 Lepton Dilepton, 1 e/µ, pT > 20GeV
(ttH ! `⌫`⌫`[⌫]`[⌫]bb) Trielectron 1 e/µ, pT > 10GeV

2 e(µ), pT > 7(5)GeV
�2 jets + �1 b-tags, pT > 25GeV
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ee eµ µµ 3` 4`

ttH, H ! WW 1.0± 0.1 3.2± 0.4 2.4± 0.3 3.4± 0.5 0.29± 0.04
ttH, H ! ZZ — 0.1± 0.0 0.1± 0.0 0.2± 0.0 0.09± 0.02
ttH, H ! ⌧⌧ 0.3± 0.0 1.0± 0.1 0.7± 0.1 1.1± 0.2 0.15± 0.02
ttW 4.3± 0.6 16.5± 2.3 10.4± 1.5 10.3± 1.9 —
tt Z/�⇤ 1.8± 0.4 4.9± 0.9 2.9± 0.5 8.4± 1.7 1.12± 0.62
ttWW 0.1± 0.0 0.4± 0.1 0.3± 0.0 0.4± 0.1 0.04± 0.02
tt � 1.3± 0.3 1.9± 0.5 — 2.6± 0.6 —
WZ 0.6± 0.6 1.5± 1.7 1.0± 1.1 3.9± 0.7 —
ZZ — 0.1± 0.1 0.1± 0.0 0.3± 0.1 0.47± 0.10
Rare SM bkg. 0.4± 0.1 1.6± 0.4 1.1± 0.3 0.8± 0.3 0.01± 0.00
Non-prompt 7.6± 2.5 20.0± 4.4 11.9± 4.2 33.3± 7.5 0.43± 0.22
Charge misidentified 1.8± 0.5 2.3± 0.7 — — —
All signals 1.4± 0.2 4.3± 0.6 3.1± 0.4 4.7± 0.7 0.54± 0.08
All backgrounds 18.0± 2.7 49.3± 5.4 27.7± 4.7 59.8± 8.0 2.07± 0.67
Data 19 51 41 68 1


