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Top quark - Higgs boson coupling

Higgs boson
125 GeV

?

The Higgs boson generates fermion mass via its 
vacuum expectation value 𝓋 (Yukawa coupling).

3 Fermion masses, Higgs decay and limits on mh

In this section we discuss how fermions acquire a mass and use our knowledge on the
Higgs coupling to fermions and gauge bosons to predict how the Higgs boson decays as a
function of its mass. Even though the Higgs boson has been discovered, we also discuss
what theoretical information we have on the mass of the Higgs boson as it reveals the
impact on the Higgs boson at higher energy scales (evolution of the universe).

3.1 Fermion masses

In section 1 we saw that terms like 1
2
B

µ

Bµ and m ̄ were not gauge invariant. Since these
terms are not allowed in the Lagrangian, both gauge bosons and fermions are massless.
In the previous section we have seen how the Higgs mechanism can be used to accommo-
date massive gauge bosons in our theory while keeping the local gauge invariance. As we
will now see, the Higgs mechanism can also give fermions a mass: ’twee vliegen in een klap’.

Chirality and a closer look at terms like �m ̄ 

A term like �m ̄ = �m[ ̄
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L

], i.e. a decomposition in chiral states (see exercise
1). Such a term in the Lagrangian is not gauge invariant since the left handed fermions
form an isospin doublet (for example
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. They transform di↵erently under SU(2)L ⇥ U(1)Y.
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This means that the term is not invariant under all SU(2)L ⇥ U(1)Y ’rotations’.

Constructing an SU(2)L ⇥ U(1)Y invariant term for fermions

If we could make a term in the Lagrangian that is a singlet under SU(2)L and U(1)Y , it
would remain invariant. This can be done using the complex (Higgs) doublet we introduced
in the previous section. It can be shown that the Higgs has exactly the right quantum num-
bers to form an SU(2)

L

and U(1)
Y

singlet in the vertex: ��
f

 ̄
L

� 
R

, where �
f

is a so-called
Yukawa coupling.

Executive summary: - a term: /  ̄
L

 
R

is not invariant under SU(2)L ⇥ U(1)Y
- a term: /  ̄

L

� 
R

is invariant under SU(2)L ⇥ U(1)Y

We have constructed a term in the Lagrangian that couples the Higgs doublet to the fermion
fields:

Lfermion-mass = ��
f

[ ̄
L

� 
R

+  ̄
R

�̄ 
L

] (13)

When we write out this term we’ll see that this does not only describe an interaction
between the Higgs field and fermion, but that the fermions will acquire a finite mass if the
�-doublet has a non-zero expectation value. This is the case as �0 = 1p

2

✓
0

v + h

◆
as before.
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Mass term in the SM Lagrangian

𝓋 is breaking the 
EW symmetry

- Top Yukawa coupling λt = √2. mt/𝓋 ~ 1 
- The top quark plays a special role in many extensions beyond the SM 
- Measuring accurately λt is one of the priorities of the LHC  

The Higgs Boson

The fluctuation around the minimum v is written as:

φ(x) = φ0 + h(x)
1√
2

⎛

⎝

φ1 + iφ2

φ3 + iφ4

⎞

⎠ ⇒
1√
2

⎛

⎝

0

v + h(x)

⎞

⎠

The scalar field h(x) describes a physical Higgs boson

Expanding the Higgs potential to second order in h2:

V = V0 +
µ2

2
(2vh + h2) +

λ

4
(4v3h + 6v2h2) = V0 + λv2h2

The additional term from h2 gives the Higgs boson mass:

M2
H = 2λv2 MH =

√
2|µ|

This mass still has to be determined experimentally!
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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.

10th September 2015 – 12:18 27
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LHC Run I (8 TeV): 
ttH significance 4.4σ 

observed (2.3σ expected)

JHEP 08(2016) 045

Signal strength 
μ=σ/σSM

Gluon fusion (ggF): Indirect 
(loop level) probe of top Yukawa 
coupling

ttH: Direct (tree level) probe 
of top Yukawa coupling

~1% of total Higgs boson 
cross section at the LHC

ΔμttH/μttH∝2Δλt/λt
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ATLAS CMS

ATLAS and CMS detectors at the LHC



Higgs boson and Top quark decay
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H→WW (21.5%)H→𝝉𝝉 (6.3%) 
- Hadronic or leptonic 
𝝉 decay

H→ZZ (2.6%)

H→WW, H→ZZ, semi-
leptonic and leptonic 
decays:  
- clean lepton 

signature 
- ZZ→4l: excellent 

mass resolution
H→γγ (~0.2%) 
- Excellent mass 

resolution,  
- But low branching 

ratio

H→bb (57.7%) 
- Large branching ratio 
- But large jets background

Higgs boson decay

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

Top quark decay
- Both tops can decay to b + leptons or jets
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ttH,H→bb
Selection targeting lepton+jets and dileptons (opposite sign)
- H→bb mass resolution ~10%, jet combinatorics 
- Use multivariate methods: Boosted decision tree (BDT), 

Neural Network (NN), Matrix Element Method (MEM)

BDT
+ NN

BDT
+ NN

BDT
+ NN

BDT
+ NN

Chapter I.6. ttH and tH 177
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Figure 101: Fixed-order NLO and NLO+PS predictions for integrated tt̄+b-jets cross sections at 13 TeV in
inclusive bins with nb > Nb b jets. Each ratio plot shows all results normalized to one particular NLO QCD+PS
prediction and the corresponding scale variation band.

Classify with the number of jets 
and b-tagged jets

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

- Difficult to model in 
Monte-Carlo 
simulation: 30-50% 
uncertainties



ATLAS ttH,H→bb
ATLAS-CONF-2016-080

Theory uncertainties on ttbar + ≥1b is 
Δμ~0.5, already dominates the measurement

Analysis strategy: two-step multivariate technique
- Reconstruction BDT to improve H→bb mass 
- NN/BDT against backgrounds: includes 

reconstruction + kinematic variables in signal region
- tt+≥1b, tt+≥1c normalisations are free in the fit



CMS ttH,H→bb
CMS HIG-16-038
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Systematics dominated:  
50% uncertainty on ttbar+heavy flavour

Example of discriminants 
for 6j, 4b category (most 

discriminant among l+jets)

low BDT
score

high BDT
score

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7
Analysis strategy: 
- Split signal regions in low/high BDT parts 
- Use Matrix Element Method as discriminant
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CMS ttH multilepton
CMS HIG-17-004

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

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

- Jets faking leptons: fake rate 
computed from jets control region 
with loosened identification 

- Charge mis-assignment (2ℓss only): 
flip rate from Z→ℓ±ℓ± data

Irreducible: tt+W/Z/γ*  
- from Monte Carlo,  
- O(10%) uncertainty

Reducible: mainly tt+jets,  
- Lepton identification optimised for this analysis 
- measured in data,  
- O(30%) uncertainty

Strategy in 2ℓss and 3ℓ categories:  
- Train 2 kinematic BDTs, against tt+jets and ttW/Z

leptons = electrons, muons (veto 𝝉h)
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CMS ttH multilepton results
CMS HIG-17-004

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7
Significance : 
- 3.3σ observed (2.5σ expected)
- Combining with 2015 data: 3.3σ 
- Check fit with floating ttW/Z: 3σ

(ttH)µBest fit 
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5

2.3+ 
1.6− 

 = 0.9µ
4l

0.8+ 
0.7− 

 = 1.0µ
3l

0.6+ 
0.6− 

 = 1.8µ
2l

 (13 TeV)-135.9 fbPreliminary CMS
 = 125 GeVHm

 (syst) 0.4+ 
0.4− 

 (stat.) 0.3+ 
0.3−     0.5+ 

0.5− 
 = 1.5µ

Analysis sensitivity:
- Map 2D BDT into 1D (group into bins with 

similar s/b)

- Main systematics uncertainties : 
tight lepton selection and fakes
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CMS ttH,H→𝝉𝝉
CMS HIG-17-003

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7
𝝉h reconstruction:
- Finds the tau decay mode 
- MVA against jets faking tau: using tau isolation, optimised 

for ttH busy hadronic environment

Dynamic)strip)reconstruc9on)

!  Strip)size)in)Run$1:)Δη)x)Δφ)=)0.05)x)0.20)

!  In)Run$2,)strip)size)adjusted)dynamically)as)a)func9on)of)the)pT)of)e/γ)to)
account)for:)
–  Nuclear)interac9ons)of)charged)pions)with)the)tracker)material,)which)create)low)pT)e/γ)

that)may)go)outside)the)fixed)strip)
–  Conversions)of)photons)from)neutral)pion)decays)to)electron/positron)pairs,)and)

bremsstrahlung)
–  Boosted)tau)decay)products)in)the)case)of)high$pT)taus)

5)

γ)

π0"

π-"

τ"

e+"

e-"

γ)

SM
σ/σ = µBest fit 

2− 0 2

Best fit
SM Expectation

CMSPreliminary  (13 TeV)-135.9 fb

hτ1l+2

-1.47
+1.50 = -1.20µ

hτ2lss+1

-0.66
+0.79 = 0.86µ

hτ3l+1

-1.01
+1.33 = 1.22µ

Combined
-0.53
+0.62 = 0.72µ

- Main systematics uncertainties : 
tight lepton selection, 𝝉h identification 
and jets fake 𝝉h

Signal strengths μ=σ/σSM

- 1ℓ+2𝝉h: Additional difficulty from jets 
faking 𝝉h background 

- 2ℓss+1𝝉h: most sensitive

Similar strategy as in multilepton analysis:
- for background estimate  
- and analysis sensitivity (BDT, MEM)



ATLAS ttH multilepton
ATLAS-CONF-2016-058

Cut and count analysis in 6 categories

- Similar method to CMS for background measurement 
- Main systematic uncertainties : Fakes and charge mis-

assignment Δμ~0.6



ttH,H→γγ analysis
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- Look for small signal peak 
(BR~0.2%) over large 
background

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

Two high purity ttH 
categories

- Requiring 0 or 1 
lepton, jets and b-jets

-  Photon energy resolution ~1-2%
 depending on categories: calibration is crucial
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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
- Dominated by statistical uncertainties

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

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

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7
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CMS ttH,H→γγ
CMS HIG-16-040

 - New: a BDT is used in Hadronic category 
- Signal strength measured simultaneously with 

other production mechanisms 
- Dominated by statistical uncertainties

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

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

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

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

Significance: 3.3σ observed (1.5σ expected)
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ttH summary
CMS HIG-16-038, HIG-17-004, HIG-17-003, HIG-16-040, HIG-16-041

ATLAS-CONF-2016-068, JHEP 08(2016) 045

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

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

Run 1 LHC 
combination 2.3 +0.7-0.6

ATLAS Run 2 CMS Run 2

H→bb 2.1 +1.0-0.9 -0.2 +0.8-0.8

Multilepton
2.5 +1.3-1.1

1.5 +0.5-0.5

H→𝝉𝝉 0.7 +0.6-0.5

H→γγ -0.3 +1.2-1.0 2.2 +0.9-0.8

H→4l - 0.0 +1.2-0.0

Combination 1.8 +1.2-1.0 -

Signal strength μ=σ/σSM

Full 2016 
dataset



Conclusions

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7
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Direct measurement of Top - Higgs coupling with ttH searches
- Observation of ttH signal with a combined analysis of all channels at Run 1 LHC 

(ATLAS+CMS): 4.4σ (2.3σ expected) 
- Observation in single analyses at Run 2 by CMS: multilepton final state at 3.3σ 

(2.5σ expected), and H→γγ final state at 3.3σ (1.5σ expected) 
- ATLAS Run 2 combination with 1/3rd of 2016 dataset is not far: 2.8σ (1.8σ 

expected)

2017 data acquisition just started: more 
data will be analyzed soon

More to come: analysis of full 2016 dataset by 
ATLAS and CMS H→bb to be completed



Back-up slides
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ATLAS ttH→bb
ATLAS-CONF-2016-080

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7 Systematic uncertainties 
break down

tt+b systematic 
uncertainties



20

ttH multilepton discriminants
CMS HIG-17-004

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

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

4ℓ3ℓ ttbar BDT

3ℓ ttV BDT

3ℓ

- 3ℓ vs ttW/Z: Includes Matrix Element 
Method likelihood ratio of ttH vs ttW+ttZ

- 4ℓ category : 
counting experiment
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ttH multilepton results
CMS HIG-17-004

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7
Categories per flavour/charge

3ℓ2ℓss



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

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

CMS ttbar+W/Z with ICHEP dataset
CMS TOP-16-017

22

- 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



H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

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

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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Hadronic τ reconstruction and identification
CMS TAU-16-002

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich

11/02/2011

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

Dynamic)strip)reconstruc9on)

!  Strip)size)in)Run$1:)Δη)x)Δφ)=)0.05)x)0.20)

!  In)Run$2,)strip)size)adjusted)dynamically)as)a)func9on)of)the)pT)of)e/γ)to)
account)for:)
–  Nuclear)interac9ons)of)charged)pions)with)the)tracker)material,)which)create)low)pT)e/γ)

that)may)go)outside)the)fixed)strip)
–  Conversions)of)photons)from)neutral)pion)decays)to)electron/positron)pairs,)and)

bremsstrahlung)
–  Boosted)tau)decay)products)in)the)case)of)high$pT)taus)

5)

γ)

π0"

π-"

τ"

e+"

e-"

γ)

Cut$based)isola9on)in)Run$2)

!  Cut$based)isola9on)also)available)for)a)
cone)size)of)ΔR)=)0.3)

!  Useful)in)environments)with)large)
hadronic)ac9vity)(e.g.)TH)events))

9)

ΔR)=)0.5)
ΔR)=)0.3)

Hadron + strip (HPS) algorithm
- Seeded by reconstructed PF jets 
- Neutral pions : strips 0.05 x 0.020 in η-Φ 
- Look into jet constituents, decay mode finding

4 5 Tau identification algorithm for Run-2

5.1 Hadrons plus strips algorithm

The HPS algorithm is seeded by the reconstructed jets. The algorithm looks into the con-
stituents of the jets to reconstruct the neutral pions that are present in most th decays. The
high probability for photons originating from p0 ! gg decays to convert to e+e� pairs is ac-
counted for by collecting the photon and electron (pT > 0.5 GeV) constituents of the jet into
clusters (strips). The size of the strips is set to a fixed value of 0.05 ⇥ 0.20 in the h � f direction
in the Run-1 HPS algorithm. Strips containing one or more electron or photon constituents and
passing a cut of pT > 2.5 GeV on the transverse momentum sum of electrons plus photons
included in the strip are kept as p0 candidates for further processing. The th candidates are
formed by combining the strips with the charged-particle constituents of the jet. Based on the
observed number of strips and charged particles, it is assigned to be one of the following decay
modes:

• a single charged particle without any strips: h±;
• combination of one charged particle and one strip: h±p0;
• combination of a single charged particle with two strips: h±p0p0;
• combination of three charged particles: h±h⌥h±.

5.2 Dynamic strip reconstruction

After Run-1, additional studies were performed in order to optimize the strip size. In practice,
there were cases where th decay products contributed to the isolation, such as:

• A charged pion from th decay experiences nuclear interaction with tracker material
and produces several secondary particles with low pT. This ends up with low pT
electrons and photons that go outside strip window. This will affect the isolation of
the th, although it is part of the th decay product.

• Photons from p0 ! gg have a large probability to convert to an e+e� pair and, after
multiple conversion and bremsstrahlung, electrons and photons may go outside the
fixed size window. This will also affect the isolation.

Naı̈vely, these decay products can be integrated as part of the signal by suitably widening the
strip size. On the contrary, if the th has a large pT the decay product tend to be boosted in the th
flight direction. In this case, a smaller strip size than that considered in Run-1 [30] can reduce
background contributions in the strip while accounting for all th decay products.

Based on these considerations, the strip reconstruction of the HPS algorithm has been improved
for Run-2, and proceeds as follows:

(i) The highest pT electron or photon (e/g) not yet included in any strip is used to seed a
new strip. The initial position of the strip in h and f is set to the h and f of the seed e/g.

(ii) The next highest pT e/g that is within,

Dh = f (pg
T) + f (pstrip

T )

Df = g(pg
T) + g(pstrip

T ) . (2)

centered on the strip location is merged into the strip. The functions f and g are deter-
mined using a single t gun MC sample, such that 95% of all electrons and photons, that
are due to th decay products, are contained within a strip. The functional form is derived

Dynamic strip reconstruction
- Widen strip size in the case of bremsstrahlung or τh 
nuclear interaction, depends on pT

MVA based discriminator against jets
- Use isolation sums computed within a cone of 0.3, 
optimised for ttH busy hadronic environment
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ttH projections

CMS FTR-16-002
- Extrapolated from 13 TeV first 

measurements,  
- Same syst (S1+), and scaled 

with luminosity (S2+) 
- Effect of higher pile-up and 

detector upgrade included 
- ttH,H→γγ: 0l, 1l ~ 10-17% 
- ttH,H→ZZ*→4l ~ 32%

�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
- Extrapolated from 8 TeV first 

measurements, same syst. 
- ttH,H→γγ 1l,2l only 
- Similar experimental sensitivity

Projections at HL-LHC L=3000 fb-1

Expected uncertainty
0.1− 0 0.1 0.2 0.3 0.4 0.5

ttH
γγµ

VBF
γγµ

ggH
γγµ

γγµ

ECFA16 S1+ 
ECFA16 S2+

ProjectionCMS

γγ→H

TeV)(13-1fb3000

0.03 (theo.)±0.02 (exp.) ±0.01 (stat.) ±
0.06 (theo.)±0.08 (exp.) ±0.01 (stat.) ±

Expected uncertainty
0 0.2 0.4 0.6 0.8

 (13 TeV)-13000 fbCMS Projection

l 4→ ZZ* →H 

ZZµ  0.07 (theo.)± 0.04 (exp.) ± 0.02 (stat.) ± 
 0.03 (theo.)± 0.03 (exp.) ± 0.02 (stat.) ± 

ZZ
ggH
µ

ZZ
VBF
µ

ZZ
VH
µ

ZZ
ttH
µ

ECFA16 S1+ ECFA16 S2+

CMS expected precision on ttH signal strength (%)


