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Flavour changing 
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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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Summary of Run I 
Higgs couplings

LHC 8 TeV: observation 
at 4.4σ (2.0σ expected)

ttH production at 13 TeV

- - ttH ~1% of total Higgs boson cross section 
- - Large increase of ttH cross section from 8 

TeV to 13 TeV: x3.8 (ttbar x3.3, ttZ x3.7, ttW 
x2.4)

Indirect (loop level) probe of 
top Yukawa coupling
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Searches for ttH production
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ttH,H→bb: 58.1%
- High cross section x BR, but multi-jet background 
- ATLAS : 2015 + 2016 data 
- CMS : 2015 data

ttH,H→γγ : 0.23%
- Clean signature thanks to excellent mass 

resolution, but small branching ratio 
- ATLAS : 2015 + 2016 data 
- CMS : 2015, 2016 data 

ttH multilepton : H→WW (21.5%), H→ZZ (2.6%) 
and H→ ττ (6.3%) 
- H→WW, H→ZZ semi-leptonic and leptonic decays 
- Lower rate than H→bb, low background final state 
- ATLAS : 2015 + 2016 data 
- CMS : 2015 + 2016 data
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ATLAS ttH,H→bb
ATLAS-CONF-2016-080

Signal region targeting lepton+jets and dileptons
- l+jets: =1 lepton, ≥4 jets, ≥3 b-tag 
- 2l: 2 opposite sign lepton, ≥3 jets, ≥3 b-tag 
- Categorize events in number of jets and b-jets

- ttbar + ≥1b: major background in signal 
regions 

- HT distribution used to normalise 
backgrounds in control regions



ATLAS ttH,H→bb
ATLAS-CONF-2016-080

Analysis strategy: two-step multivariate 
technique
- Reconstruction BDT : Match reconstructed jets to 

Higgs and top quark jets 
- NN/BDT output : includes previous BDT + 

kinematic variables 
- All regions included in final likelihood fit

Theory uncertainties on ttbar + ≥1b is 
Δμ~0.5, already dominates the measurement
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CMS ttH,H→bb
CMS HIG-16-004

Analysis targeting lepton+jets and dileptons
- l+jets: =1 lepton, ≥4 jets, ≥3 b-tag (4j 2b not in the fit) 

-  Includes boosted jets for the first time (fat jet substructure) 
- 2l: 2 opposite sign lepton, ≥3 jets, ≥2 b-tag

BDT BDT BDT BDT

BDT
BDT

- dilepton

MEM 
in BDT

MEM 
in BDT

MEM 
in BDT

MEM 
in BDT

2D MEM 
vs BDT

2D MEM 
vs BDT

2D MEM 
vs BDT

Mass resolution ~10%, jet 
combinatorics: use multivariate 
methods in jet/b-jet categories 
- BDT
- Matrix Element Method (MEM)

- lepton+jets



CMS ttH,H→bb
CMS HIG-16-004

8

More data is 
needed for an 
observation at 
ATLAS or CMS

Example of 
discriminants for 
two categories



CMS ttH multilepton
CMS HIG-16-022
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Targeting 2 lepton same-sign (2lss) and ≥3 leptons (3l)
- 2 same sign leptons: ≥4 jets, ≥1 b-tag 
- 3 leptons:  ≥2 jets, ≥1 b-tag 
- Backrounds: tt+W/Z, tt+jets (same-sign required to reduce 

Drell-Yan and ttZ) 
- Background normalisation from control region: loosened 

identification (fakes), Z→ll (mis-charge = “flips”, 2lss only)

- Lepton identification with a 
BDT using shape, isolation and 
overlapping jet information

2l opposite 
sign control 
region

Johannes Hauk (DESY) |  ttH at CMS  |  16.03.2016  |  Page 41

ttH(multilepton) Categories

> 16 sub-categories – increase sensitivity due to different S+B composition
! Lepton flavour: different background compositions, and fake contributions (charge flips only 

in electrons)

! Lepton charge: Charge asymmetry of several backgrounds

! Presence of 2 b-tags: Non-tt backgrounds

! Presence of hadronic τ: ttH(ττ) with low backgroundsAnalysis categories:
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CMS ttH multilepton
CMS HIG-16-022

2015+2016

Analysis sensitivity:
- Train 2 BDTs, 

against ttbar and 
ttW/Z

- 3l category : 
include MEM as 
BDT input (new) 

- Main syst. uncert. : 
tight lepton 
selection and fakes

2016

2lss 2lss

2lss

3l: MEM



ATLAS ttH multilepton
ATLAS-CONF-2016-058

ATLAS analysis: 4 channels
- 2l same sign (ee, eμ, μμ), no τ had: ≥5 jets, ≥1 b-tag 
- 2l same sign, 1 τ had : ≥4 jets, ≥1 b-tag 
- 3l:  ≥4 jets, ≥1 b-tag ; or ≥3 jets, ≥2 b-tag 
- 4l: ≥2 jets, ≥1 b-tag

Cut and count analysis in 6 categories

- Similar method to CMS for background measurement 
- Fake τ from simulation, normalised to control region 
- Main systematic uncertainties : Fakes and flips Δμ~0.6



ATLAS, CMS H→γγ analysis
ATLAS-CONF-2016-067, CMS HIG-16-020
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- Look for small signal peak (BR~0.2%) over 
large background

-Photon energy resolution ~1% 
 depending on categories: calibration is crucial

-Photon identification: reject jets faking photons 
with shower shape and isolation: BDT (CMS), cut-
based (ATLAS)

Very pure ttH categories
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CMS ttH,H→γγ
CMS HIG-16-020

2 ttH categories: hadronic and leptonic
- Tighten photon pT/m requirement relative to 
inclusive categories (targeting ggh production) 
 -  Control region with inverted photonId is used to 
predict expected background for optimisation

ttH hadronic tag: 0 
lepton, ≥5 jets, ≥1 b-tag

ttH leptonic tag: ≥1 
lepton, ≥2 jets, ≥1 b-tag

- ttH hadronic/leptonic 
combined: μ=1.9+1.5-1.2 
measured 
simultaneously with 
other production 
mechanisms

- Measurement is 
dominated by statistical 
uncertainties
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ATLAS ttH,H→γγ
ATLAS-CONF-2016-067

- ttH hadronic/leptonic combined: μ=-0.25+1.26-0.99 
measured simultaneously with other production 
mechanisms (ratio WH/ZH assumed as SM)
- Measurement is dominated by statistical 
uncertainties

ttH hadronic tag: 0 
lepton, ≥5 jets, ≥1 b-tag

ttH leptonic tag: ≥1 
lepton, ≥2 jets, ≥1 b-tag

2 ttH categories: hadronic and leptonic
 -  Control region with inverted photonId
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ttH summary and projections

CMS

- ttH, H→bb (2015): 
μ=-2.0+1.8-1.8

- ttH multilepton 
(2015+2016): μ=2.0+0.8-0.7

- ttH, H→γγ (2016): 
μ=1.9+1.5-1.2
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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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CMS expected precision on top - Higgs coupling (%)CMS-NOTE-13-002
- Extrapolated from 8 TeV first 

measurements, same syst. 
- Δκt : from H→γγ and H→bb: 

10% (7% if half theory uncert.)
�µ̂/µ̂ (%)

Production mode Total Statistical Experimental Theoretical

tt̄H +21
�17

+13
�12

+5
�4

+17
�11

WH +26
�25

+21
�20

+13
�12

+10
�8

ZH +35
�31

+32
�29

+7
�7

+12
�8

ggF +19
�14

+3
�3

+1
�1

+19
�14

VBF +29
�29

+18
�18

+1
�1

+23
�23

Table 5: Expected relative uncertainties on the signal strength measurements per production mode and
their statistical, experimental and signal theoretical components for di-photon decay channel of the Higgs
boson. The experimental component includes the uncertainty on the background estimate in the Higgs
mass peak region as described in the text and the luminosity uncertainty on the signal.

tt̄H WH ZH VBF
Significance 8.2 4.2 3.7 3.8

Table 6: Signal significances of H ! �� produced in tt̄H, WH, ZH gluon-gluon fusion and vector-boson
fusion production modes.

5 Conclusions

An analysis based on jet and lepton multiplicity and identification of Z bosons implemented along with
latest ATLAS detector performance parametrizations corresponding to the HL-LHC running conditions
is performed to estimate the projected signal and background yields and signal excess significance of the
Higgs boson in the di-photon decay channel produced in association with t quarks or W or Z bosons. This
is an improved version of a previous analysis [10, 12]. Higgs boson production in all three production
mechanisms are expected to be observed with 3000 fb�1 of data collected by ATLAS at the HL-LHC.
Evidence for WH and ZH production is expected. Although the ttH-2` category alone does not allow for
observing a significant signal, when it is combined with the 1-lepton category a clear observation of the
tt̄H production mode with H ! �� at the 8.2� level is expected. The projected signal strength precision
is between 17% and 35%, depending on the production mode. Clear signals in the di↵erent production
mechanisms are the first step to perform precision measurements on the coupling of the Higgs boson to
leptons and vector bosons.
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ATLAS expected precision on ttH signal strength (%)
ATLAS PHYS-PUB-2014-012
- ttH,H→γγ 1l,2l only, same extrapolation 
- Similar experimental sensitivity

μ∝κt

Projections at HL-LHC L=3000 fb-1

Run I: μ=2.3+0.7-0.6
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tHq production and negative coupling

Formulas - N. Chanon

August 31, 2016

1 H! �� decay parametrization

�(H ! ��) /
���FAt + V AW

���
2

1

H→γγ sensitive to the sign 
of top-Higgs coupling

On top of ttH production, can search for tHq 
production to lift the degeneracy 
- Destructive interference between coupling to top and 
W : tHq has a 30 smaller cross section than ttH 
predicted in the SM

Negative top-Higgs coupling  
- can increase a lot (~x15) the tHq cross section  
- and induce BR(H→γγ) ~x2

Signature : 
tH + 

forward jet
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tHq at Run I
CMS JHEP 06 (2016) 177, ATLAS Phys. Lett. B 740 (2015) 222-242

CMS tHq 8 analyses carried out in same final states as ttH: 
- H→γγ: background fit in leptonic channels, also done at 

ATLAS 
- H→bb: Use NN as discriminant in 3b/4b, e/μ categories 
- Multilepton: Bayes classifier in 3l, eμ, μμ categories 
- H→ττ: Fisher discriminant in eμτ, μμτ categories

H→γγ
leptonic 
category

CMS Combination: Exclude σ 
< 2.8x σκt=-1 (observed limit)

ATLAS: κt ∈ [-1.3, 8.0] 
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tHq, H→bb at 13 TeV
CMS HIG-16-019

exclude 6x σkt=-1

Analysis performed with 2015 data: 
- Jet assignment with a reconstruction BDT under tHq and ttbar hypotheses 
- Signal / background discrimination with a classification BDT
=> Done for each benchmark point in the κt / κV plane

- Similar sensitivity to Run 1 despite 1/7 of 
the statistics: analysis improved
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Top-Higgs coupling with FCNC

1 Introduction

The observation in 2012 by the ATLAS [1] and the CMS [2] Collaborations of a new boson with a

mass around 125 GeV, compatible with the long-sought Higgs boson [3–6], opens up the possibility

of searching for the decay of a top quark to a Higgs boson plus a light quark of charge 2/3. Such a

decay would proceed via a flavour changing neutral current (FCNC), analogous to the t → cZ decay.
According to the Standard Model (SM), FCNC processes are forbidden at tree level and, with respect

to the dominant decay mode (t → bW), very much suppressed at higher orders due to the Glashow-
Iliopoulos-Maiani (GIM) mechanism [7].

Observations of FCNC decays of the top quark would therefore provide a clear signal of new physics.

The t → c(u)Z decay mode has been searched for by ATLAS [8], CMS [9, 10], CDF [11] and the LEP
experiments [12] (via the crossed-process Z → tc̄(ū)+h.c.). The current best limit [10] for the branching
ratio is 0.07% at the 95% confidence level, obtained by CMS using 20 fb−1 of proton-proton collision

data at
√
s = 8 TeV.

In models beyond the SM, the GIM suppression can be relaxed, and loop diagrams mediated by new

bosons may contribute, yielding effective couplings orders of magnitude larger than those of the SM.

Examples of such extensions are the quark-singlet model (QS) [13–15], two-Higgs doublet models of

type I with explicit flavour conservation (FC-2HDM), or two-Higgs doublet models of type II, like the

minimal supersymmetric model (MSSM) [16–22]. In 2HDM without explicit flavour conservation (type

III), see Refs. [23–29] and recently Refs. [30, 31], the tc(u)H couplings are present at tree level. For a

general review see Ref. [32]. Table 1 shows typical predicted branching ratios (Br) for some of these

models, in comparison to those predicted by the SM.

Table 1: Theoretical values (typical or upper limits) for the branching fractions of electroweak FCNC

top quark decays predicted by the SM and exotic extensions (see text for references).

Process SM QS 2HDM-III FC-2HDM MSSM

t → uγ 3.7 · 10−16 7.5 · 10−9 — — 2 · 10−6

t → uZ 8 · 10−17 1.1 · 10−4 — — 2 · 10−6

t → uH 2 · 10−17 4.1 · 10−5 5.5 · 10−6 — 10−5

t → cγ 4.6 · 10−14 7.5 · 10−9 ∼ 10−6 ∼ 10−9 2 · 10−6

t → cZ 1 · 10−14 1.1 · 10−4 ∼ 10−7 ∼ 10−10 2 · 10−6

t → cH 3 · 10−15 4.1 · 10−5 1.5 · 10−3 ∼ 10−5 10−5

The numbers listed in the table show that, among all the possibilities, the largest branching ratio (∼
1.5·10−3) corresponds to the t → cH decay. It appears in 2HDM of type III, in which the FCNC tree level
coupling is not forbidden by an additional symmetry. The branching ratio quoted in the table corresponds

to a coupling which scales with quark masses as gtqH ∝
√

2mqmt/v, as advocated in Ref. [23], where

v/
√
2 is the Higgs vacuum expectation value (v = 246 GeV).

In this note a search for t → qH decays in tt̄ production is undertaken. The emphasis is put on the
t → cH channel, assuming that t → uH would give a much smaller contribution. While several decay
modes of the Higgs boson could be used for the search, the choice made here is to use the diphoton

(γγ) final state. Despite the small branching ratio (∼ 0.23% for a Higgs boson mass of 125 GeV), this
mode has proven to have a high significance for an inclusive search, with a rather large number of events

and a clean signature [1, 33]. The study presented here shows that the backgrounds corresponding to a

non-resonant γγ final state are small once a tt̄-like topology is requested. Two final states are searched

for: the hadronic and leptonic channels, dedicated to events where the second top of the pair decays into

1

Searching for flavor changing neutral currents with t→(u)cH
- Process arising only at the loop level in the standard model (forbidden by 
GIM mechanism) 

- Very small branching ratio: any excess would be a clear sign of new physics

Searches in ttbar production, followed by 
top FCNC decay with a Higgs boson
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Anomalous tH FCNC production not 
pursued yet.
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CMS tH FCNC, Run I
CMS TOP-13-017, TOP-14-019, TOP-14-020 (paper to appear soon)

CMS tH FCNC analyses : 
- H→γγ: background fit in hadronic and leptonic channels 
- H→bb: Reconstruction BDT, use NN as discriminant 
- Multilepton: Cut based analysis

H→γγ

H→bb

Multilepton
b
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t

u,c

h
W+

W�
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`

t
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`

Limits of BR(t→(u)cH) at the 1% level or less (still 
orders of magnitude above MSSM predictions)
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ATLAS tH FCNC Run I and projections
JHEP 12 (2015) 061

- Similar analyses performed at ATLAS 
- Exclusion limits BR(t→(u)cH)  < 0.45%

t!Hu t!Hc t!Hu+Hc

Reference scenario 1.2 · 10�4 1.0 · 10�4 0.55 · 10�4

Middle scenario 1.2 · 10�4 1.1 · 10�4 0.58 · 10�4

Low scenario 1.4 · 10�4 1.2 · 10�4 0.66 · 10�4

Table 13: FCNC-induced t!Hq top-quark decay branching ratio limits at 95% C.L. using statistical uncertainties
only for the di↵erent ATLAS detector upgrade layouts. Hu+Hc limits are obtained assuming equal branching
fractions for u and c quarks.

6.3 Systematic uncertainties

From the Run 1 ATLAS result on the best-fit branching ratios [10]: B(t!Hc) = 1.7±1.2(stat.)±1.7(syst.)·
10�3 andB(t!Hu) = �0.7±1.7(stat.)±2.8(syst.)·10�3, it can be seen that the Run 1 analysis sensitivity is
strongly influenced by systematic e↵ects. But, as it was already mentioned in Section 5.4, a precise invest-
igation of all these systematic uncertainties is not possible in the present study due to the very simplified
detector performance description that is used. Similarly to the t!Zq case, the detector related systematic
uncertainties are typically⌧10% and can be neglected. The dominant systematics uncertainties identified
in Ref. [10] are the theoretical uncertainties in the signal and background descriptions (⇠ 6%), tt̄+heavy
flavour normalisation (⇠50%), b-tagging e�ciency (⇠5 � 10%), c-tagging e�ciency (⇠4 � 13%) and
light jet tagging (fake) rate (⇠20%). Following the same approach used in Section 5.4, a reduced set of
dominant systematic uncertainties (Set A) can be defined, using the corresponding estimations obtained
at 8 TeV with 20 fb�1:

• 2% total luminosity uncertainty [22];

• 15% relative uncertainty in the normalisations of the tt̄ background;

• 6% relative uncertainty in the normalisations of the signal and non-tt̄ backgrounds;

• 4% relative uncertainty in the b-tagging e�ciency;

• 20% relative uncertainty in the light jet fake rate.

In the present analysis the tt̄ background is considered as a whole and not split into the tt̄+light, tt̄ + cc̄,
tt̄ + bb̄ contributions. The assumed 50% [10] tt̄+heavy flavours normalisation uncertainty is therefore
reduced to 15% according to the relative contribution of the tt̄+heavy flavours to the total tt̄ background.

In Ref. [10] it was observed that the available amount of data in the signal and control regions allows
to constrain many systematic uncertainties with 20 fb�1 already. For example, the assumed 50% total
tt̄+ bb̄ contribution uncertainty is reduced to 16% in a profile likelihood fit. With 3000 fb�1 it is expected
that this reduction can be even stronger, due to the large amount of data that will be available. Similarly,
a significant improvement in the description of other systematics at 3000 fb�1 can be expected, but
the extent of this improvement is di�cult to extrapolate, based on current knowledge. Nevertheless, to
quantify the influence of the increased dataset in the HL-LHC environment a Set B of improved systematic
uncertainties is defined as follows:

• 2% total luminosity uncertainty [22];

• 6% relative uncertainty in the normalisations of the tt̄ background;

21

ATLAS-PHYS-PUB-2016-019
- Semi-leptonic ttbar decay, H→bb 
- Reference scenario: tracker, muon |η|<4 
- Limits 50x better than at 8 TeV 
- Approaching the range of 2HDM/MSSM 

predictions

Projections at HL-LHC L=3000 fb-1

- Similar results BR(t→cH)~1,5.10-4 
with H→γγ from extrapolated 8 TeV 
results (ATLAS-PHYS-PUB-2013-012)
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Conclusions

ttH production
- Sensitivity is already comparable or slightly better than Run I (able to reach ~40% 

precision on ttH signal strength with ATLAS and CMS 2015+2016 data), and 
results are consistent with Run I 

- More data is needed to evaluate if the Run I “excess” (though compatible with SM) 
is not a fluctuation. 

tHq searches with negative top-Higgs coupling
- Run I tHq sensitivity was able to exclude <~3 the tHq cross section for Ct=-1 
- First 13 TeV measurements are being made available. H→bb sensitivity already 

comparable Run I dataset with 2015 data 

Top quark FCNC decay with Higgs
- Analyses performed at 8 TeV reach BR < 0.4%. 
- Run II analyses are ongoing. 

2016 data taking period is still ongoing !
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Most sensitive channel : 6 jets, 3 b

CMS ttH,H→bb
CMS HIG-16-004
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CMS ttbar+W/Z with ICHEP dataset
CMS TOP-16-017

25

- Background to ttH multi lepton searches 
- At 13 TeV, cross section ~x4 relative to 8 TeV 
- ttW with 2lss: BDT using event kinematics: 3.9σ (2.6σ) observed (expected) 
- ttZ with 3l,4l : counting events classified by jets/b-jets multiplicity: 4.6σ (5.8σ)

2lss Pre-fit
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ATLAS ttbar+W/Z production at 13 TeV
ATLAS arXiv:1609.01599
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- ttW with 2lss (dimuon only), 3l: 2.2σ (1.0σ) observed (expected) 
- ttZ with 3l (on-Z region included),4l : counting events classified by jets/b-jets 

multiplicity: 3.9σ (3.4σ)
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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

27

ttH multilepton : dimuon ?
ATLAS-CONF-2016-058, CMS HIG-16-022


