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Higgs couplings to fermions
• Higgs boson mass and spin-CP well 

constrained by measurements using 
decays into bosons H→𝛾𝛾, H→ZZ→4ℓ 
and H→WW* 

• Yukawa coupling in the SM: Higgs 
coupling to fermions proportional to 
fermion mass 

ℒYukawa = −gf v �̅�f 𝜓f − gf h �̅�f 𝜓f 

• Does the Yukawa interaction apply to all 
fermion generations? 

• Is the mf ∝ gf relation correct? 

• Is there CP violation in the Yukawa 
coupling?
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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Higgs production at the LHC

• ggF has the highest cross-section but suffers from large backgrounds 

• ttH, VBF and especially VH topologies can be used to efficiently tag events 

• ttH and bbH production are directly sensitive to b- and t-Yukawa coupling
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Beyond the Standard Model Higgs decays
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Higgs decays to fermions
• Higgs BRs only depend on mH in the 

SM. For mH = 125 GeV: 

• bb ≈ 58% - very large backgrounds 
from multijets, good b-tagging 

• 𝝉𝝉 ≈ 6.3% - missing energy from 
neutrinos, m𝜏𝜏 reconstruction, 
background from jets faking taus 

• cc ≈ 2.9% - very large 
backgrounds from multijets, good 
c-tagging 

• 𝝁𝝁 ≈ 0.022% - rare process, large 
background from Drell-Yan
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Showing ATLAS and CMS results using LHC Run 2 data 
from 2015 and 2016: ~35fb-1 @ √s = 13 TeV

… and some combinations with LHC Run 1 results : ~5fb-1 @ √s = 7TeV + ~20fb-1 @ √s = 8TeV

New Results!
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Yukawa couplings
we have seen:
bottom, top and tau
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Bottom-Yukawa coupling
How? 

• Look for Higgs decays into two b-quarks 

• Huge background from jet events ⟹ use production modes with 
additional objects to tag: VBF, VH and ttH 

• Complex final states ⟹ multivariate analysis techniques to assign 
jets to objects and to distinguish signal and background 

Greatest challenges

• Good flavour tagging performance to identify b-jets 

• Large backgrounds from tt and W/Z + heavy flavour jets
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Search for ttH, H→bb
• Target topologies with 1 or 2 leptons + 4 b-jets 

• Largest background from tt + heavy flavour jets 

• Categorise events by Nℓ, Njets and b-tag score into 
multiple signal and control regions 

• Use MVA for event reconstruction and classification 

• Use matrix element method (MEM) as additional input 
to event classification 

• use BDT to associate jets to top quark and Higgs 
candidates + dedicated BDTs for each signal region 
to classify signal and background events (using MEM) 

• single-lepton: deep neural network to identify most 
probable topology and distinguish signal and 
background 

• di-lepton: use BDT + MEM to distinguish signal and 
background
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Search for ttH, H→bb
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Phys. Rev. D 97 (2018) 072016
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ATLAS-HIGG-2016-30

• Require 2 VBF jets + 2 b-tagged jets (+ additional photon)

• Use dedicated VBF triggers to record events (separate 
trigger for central and forward jets) 

• Largest background from non-resonant jet production and 
Z→bb + jets 

• Use BDT to classify events in each signal region based on 
jet kinematics (without mbb) 

• Largest uncertainties: jet energy scale and resolution, signal 
modelling and flavour tagging 

• Fit analytical background function to data in sidebands 

• Obs. (exp.) significance of 1.9𝝈 (0.9𝝈) 

• Obs. (exp.) limit of 𝝁Hbb < 4.8 (2.5) and for VBF production 
only 𝝁VBF < 5.9 (3.0) at 95% C.L. 

Search for VBF, H→bb
New 

Results!
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Figure 1: Representative Feynman diagrams for Higgs boson production via weak boson fusion (a) with and (b)
without an associated photon. The photon in the right-hand figure may be radiated from any quark leg or charged
weak boson.

The all-hadronic channels are sensitive to ggF as well as VBF, but the photon channel is sensitive to VBF57

only.58

2 ATLAS detector59

ATLAS [18] is a multi-purpose particle detector with a forward-backward symmetric cylindrical geometry60

and nearly 4⇡ coverage in solid angle1. The interaction point is surrounded by inner tracking devices, a61

calorimeter system, and a muon spectrometer.62

The inner detector provides precision tracking of charged particles for pseudorapidities |⌘ | < 2.5 and is63

surrounded by a superconducting solenoid providing a 2 T magnetic field. The inner detector consists of64

silicon pixel and microstrip detectors and a transition radiation tracker. One significant upgrade for the65 p
s = 13 TeV run is the Insertable B-Layer [19], an additional pixel layer close to the interaction point. It66

provides high-resolution hits at a small radius to improve tracking performance.67

In the pseudorapidity region |⌘ | < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)68

sampling calorimeters are used to measure EM showers from photons and electrons. An iron/scintillator69

tile calorimeter measures hadron energies for |⌘ | < 1.7. The endcap and forward regions, spanning70

1.5 < |⌘ | < 4.9, are also instrumented with LAr calorimeters for both EM and hadronic measurements.71

The muon spectrometer consists of a large barrel and two endcap superconducting toroids with eight coils72

each, a system of trigger chambers, and precision tracking chambers providing triggering and tracking73

capabilities for muons in the ranges |⌘ | < 2.4 and |⌘ | < 2.7, respectively.74

A two-level trigger system selects events. The first-level trigger (L1), implemented in hardware, is followed75

by the software-based high-level trigger system (HLT), which runs o�ine reconstruction and calibration76

software reducing the event rate to less than 1 kHz.77

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).

May 24, 2018 – 03:27 5

see also CMS-PAS-HIG-16-003

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-30
https://cds.cern.ch/record/2160154
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• Largest background from Z+heavy 
flavour (0- and 2-lepton) and tt (1-
lepton) and irreducible background 
from VZ with Z→bb 

• Requires good mbb resolution 

• Use BDT to classify events in all 
signal regions 

• Obs. (exp.) sign. of 3.5𝝈 (3.0𝝈)
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significance of 3.6𝝈 (4.0𝝈)
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Top-Yukawa coupling
How? 

• For mH = 125GeV no H→tt decays ⟹ measure ttH production 

• Use all final states with large branching fraction or clean signatures: 
H→bb, H→𝛾𝛾 and leptonic decays (H→𝜏𝜏, H→WW* and H→ZZ*) 

Greatest challenges

• Good flavour tagging performance to identify top decays 

• Control backgrounds from tt + bb, tt + W/Z and fake leptons 

• Many different topologies with complex final states
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• Target ttH + all Higgs decays with leptons            
in final state: H→𝜏𝜏, H→WW* and H→ZZ* 

• Categorise events based on number of hadronic 
taus and light leptons 

• Large backgrounds from ttV, non-prompt leptons 
and jets faking taus depending on region 

• Dedicated BDTs to reject non-prompt leptons 

• Largest uncertainties: signal modelling, jet energy 
scale and non-prompt lepton estimate 

Obs. (exp.) excess of 4.1𝝈 (2.8𝝈) for mH = 125 GeV 

• Use BDT in each signal region to classify signal 
and background (jet and lepton kinematics) 

Obs. (exp.) excess of 3.2𝝈 (2.8𝝈) for mH = 125 GeV

ttH, H→multi-leptons 
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Phys. Rev. D 97 (2018) 072003
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ATLAS-HIGG-2018-13

• Combine measurements of all final states sensitive 
to ttH: H→bb, H→𝜏𝜏, H→WW*, H→ZZ* and H→𝛾𝛾 

• Uses latest 80 fb-1 results for H→𝛾𝛾 and H→ZZ*→4ℓ 

Obs. (exp.) excess of 5.8𝝈 (4.9𝝈) for mH = 125 GeV 

Combined with Run 1: 6.3𝝈 (5.1𝝈)  

Obs. (exp.) significance of 5.2𝝈 (4.2𝝈) for a 
combination Run 1 and Run 2 data

ATLAS

CMS

arXiv:1804.02610
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Search for tHq, H→multi-leptons 
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CMS-PAS-HIG-17-005

• Target tHq with all Higgs decays into 
leptons in final state: H→𝜏𝜏, H→WW* and 
H→ZZ* 

• Sensitive to contributions from boson and 
fermion couplings, allows to resolve sign in 𝜅t:
+1 destructive / -1 constructive interference 

• Select events with 2 same-sign leptons or 3 
leptons + b-tagged jet and use BDT to 
separate signal and background for each 
signal region 

• Large backgrounds from ttV, non-prompt 
leptons and jets faking taus and ttH
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Figure 1: Representative Feynman diagrams for the associated production of single top quarks
and Higgs bosons in the t channel (top row) and in the tW channel (bottom row). The Higgs
boson can couple either to the top quark or the W boson in both processes.

Figure 2: Cross sections in the kt � kV plane at 13 TeV for tHq (left) and tHW (right) production.
Right figure adapted from [12].
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Search for tH, H→bb 
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• Target tHq and tHW with H→bb  

• Select events with 3 b-tagged jets + 
lepton (tHq),  3 b-tagged jets + 2 leptons 
(tHW) and 4 b-tagged jets + lepton to 
control tt background 

• Large backgrounds from tt+HF and tt+LF 

• Use one BDT to assign jets to objects in 
all categories, second BDT to separate 
signal and background for each signal 
region, third BDT to separate tt+HF from 
tt+LF in di-lepton category 

• Obs. (exp.) limit of 𝝈tH+ttH < 89 (41)*𝝈SM at 
95% C.L. 

• Obs. (exp.) limit of 𝝈tH+ttH < 5.8 (2.9)*𝝈SM at 
95% C.L. for inverted coupling scenario

CMS PAS HIG-17-016
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regions containing 68 and 95%, respectively, of the distribution of limits expected under the
background-only hypothesis. None of the inspected points can be excluded.
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tH production in the ITC case. The red lines indicate the expected signal contributions scaled
by the factors given in the legends. Underflow and overflow events are included in the first
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Tau-Yukawa coupling
How? 

• Search for di-tau events with additional jets (boosted ggF and VBF 
production) or additional leptons (VH) 

• Make use of all tau decay modes ⟹ leptonic and hadronic tau decays 

Greatest challenges

• Efficient trigger for hadronic taus and light leptons at low pT 

• Dominant backgrounds from Z→𝝉𝝉 and jets faking taus                           
⟹ good hadronic tau identification to reject fakes 

• Neutrinos in the final state require advanced techniques for best di-tau 
mass reconstruction
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Observation of H→𝝉𝝉

• Use all combinations of hadronic and 
leptonic 𝝉 decays in 2 categories: VBF and 
boosted (mostly ggF) 

• Cut-based analysis using fit to m𝜏𝜏 distribution 
in 13 signal regions 

• Largest backgrounds from Z+jets and from 
jets faking taus (W+jets and multi-jet) 

• Estimate of Z→𝜏𝜏 using Sherpa NLO 

• Largest uncertainties: data and MC statistics, 
signal modelling and jets 

• Obs. (exp.) significance of 4.4𝝈 (4.1𝝈)

• Combination with Run 1:                          obs. 
(exp.) sign. of 6.4𝝈 (5.4𝝈)

• Combined measurement of cross sections for 
VBF and ggF production: 

𝝈ggF = 3.0 ± 1.0 (stat.) -1.2+1.6 (syst.) pb

𝝈VBF = 0.28 ± 0.09 (stat.) ± 0.10 (syst.) pb
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SM
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Observation of H→𝝉𝝉

• All combinations of hadronic and leptonic 𝝉 decays 
(except same flavour leptons) in 3 categories: 0-jet, 
VBF and boosted (mostly ggF) 

• Use m𝜏𝜏 + 𝜏 decay mode, mjj or p
T
𝜏𝜏 in 2D likelihood fit 

• Obs. (exp.) significance of 4.9𝝈 (4.7𝝈)

• Combination with Run 1: 𝝁 = 0.98 ± 0.18,                     
obs. significance of 5.7𝝈
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Search for VH, H→𝝉𝝉
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Figure 5: Distribution of the decimal logarithm of the ratio between the expected signal and the
sum of expected signal, corresponding to the best fit value µ = 2.5, and expected background
in each bin of the mass distributions used to extract the results, in all final states combined.
The background contributions are separated based on the production process, WH or ZH. The
inset shows the corresponding difference between the observed data and expected background
distributions divided by the background expectation, as well as the signal expectation divided
by the background expectation.
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Figure 6: Best-fit signal strength per Higgs boson production process, for mH = 125.09 GeV,
using a combination of the WH and ZH targeted analysis detailed in this paper with the CMS
analysis performed in the same data set for the same decay mode but targeting the gluon fusion
and vector boson fusion productions [1, 2]. The constraints from the combined global fit are
used to extract each of the individual best fit signal strengths. The combined best fit signal
strength is µ = 1.24+0.29

�0.27.
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Figure 7: Scan of the negative log-likelihood difference as a function of kV and k f , for mH =
125.09 GeV. All nuisance parameters are profiled for each point. This scan is a combination of
the WH and ZH targeted analysis detailed in this paper with the CMS analysis performed in
the same data set for the same decay mode but targeting the gluon fusion and vector boson
fusion productions [1, 2]. The results for the gluon fusion and vector boson fusion analysis
are shown as the overlaid dashed lines. For this scan, the included H ! WW and H ! ZZ
processes are treated as signal.
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Figure 4: Postfit mass distributions of the four WH final states combined together. The uncer-
tainties include statistical and systematic sources. The WH and ZH, H ! tt signal processes
are summed together and shown as VH, H ! tt with a best-fit µ = 2.5. VH, H ! tt is shown
both as a stacked filled histogram and an open overlaid histogram. In this distribution the WH,
H ! tt process contributes 92% of the total of VH, H ! tt.

described in Ref. [55]. For this scan only, Higgs boson decays to pairs of W or Z bosons, H !350

WW or H ! ZZ, are considered as part of the signal. All nuisance parameters are profiled for351

each point of the scan. As shown in Fig. 7, the observed likelihood contour is consistent with352

the SM expectations of kV and kf equal to unity.353

9 Summary354

A search for the standard model Higgs boson in WH and ZH associated production processes355

is presented based on data collected in proton-proton collisions by the CMS detector in 2016 at356

a center-of-mass energy of 13 TeV. Event categories are split into three-lepton final states target-357

ing WH production, and four-lepton final states targeting ZH production. The best-fit signal358

strength is µ = 2.54+1.35
�1.26 (µ = 1.00+1.08

�0.97 expected) for a significance of 2.3 standard deviations359

(1.0 expected).360

Combining this analysis with the analysis targeting Higgs boson decays to t leptons in gluon361

fusion and vector boson fusion productions performed at a center-of-mass energy of 13 TeV362

with the CMS experiment, the tightest constraints on the H ! tt decay are set. The best-363

fit signal strength is µ = 1.24+0.29
�0.27, and the observed significance is 5.5 standard deviations364

(4.8 expected). The combination further constrains the coupling of the Higgs boson to vector365

bosons resulting in measured couplings which are consistent with SM predictions within one366

standard deviation.367

• Target leptonic W and Z decays + H→𝝉𝝉 

• Require 2 OS leptons + any combination 
of 2 𝝉 decays (ZH) or 2 SS leptons + 
hadronic 𝝉 (WH) 

• Likelihood fit to reconstructed m𝜏𝜏 in ZH 
and mvis in WH  

• Largest backgrounds from di-boson and 
fake taus 

• Measurement of 𝝁VH = 2.5 ± 1.3, with 
obs. (exp) significance of 2.3𝝈 (1.0𝝈)

• Combination with ggF and VBF:              
𝝁H𝝉𝝉 = 1.2 ± 0.3, with obs. (exp) 
significance of 5.5𝝈 (4.8𝝈)

• Improved 2D scan of 𝜿f vs. 𝜿V

http://cds.cern.ch
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Yukawa couplings
we are searching for:

muon, charm and exotica
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Muon-Yukawa coupling
How? 

• Clean final state with two isolated muons ⟹ search for ggF and VBF

• Search for bump over falling background shape                                 
⟹ fit background shape to data in sidebands 

• Multivariate analysis to separate signal from background in events 
with additional jets 

Greatest challenges

• Large background from Drell-Yan                                                              
⟹ requires excellent di-muon mass resolution, categorise events 
by muon pT resolution for optimal performance
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Search for H→𝝁𝝁

�23

CMS-PAS-HIG-17-019 

Phys. Rev. Lett. 119 (2017) 051802
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• Use BDT to select events in 2 VBF 
categories (mjj, p

T
𝜇𝜇, |Δ𝜂jj|, ΔRjj, etc.) 

• All other events categorised in 6 ggF 
categories based on p

T
𝜇𝜇 and |Δ𝜂𝜇| 

• Separate signal from background using 
BDT (p

T
𝜇𝜇, 𝜂𝜇𝜇, mjj, |Δ𝜂jj|, Nb-jets etc.) 

• Define 15 signal regions in slices of BDT 
score and |Δ𝜂𝜇|

• Loose event selection requiring two isolated OS muons and veto b-jets 

• Large background from Drell-Yan and smaller background from top quarks 

• Signal and background described by analytical functions; fit to di-muon mass 
distribution in all signal regions

ATLAS CMS

https://cds.cern.ch/record/2292159
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.051802
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Obs. (exp.) upper limit on 𝝁 < 3.0 (3.1) at 95% C.L.

Combined with Run 1 data: 𝝁 < 2.8 (2.9) at 95% C.L.

Best fit: 𝝁 = 0.7 ± 1.0 for mH = 125 GeV 

Obs. (exp.) upper limit on 𝝁 < 2.6 (2.1) at 95% C.L.

Combined with Run 1 data: 𝝁 < 2.6 (1.9) at 95% C.L.

ATLAS

CMS

CMS-PAS-HIG-17-019 

Phys. Rev. Lett. 119 (2017) 051802
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130

Bernsteins (Bdeg n):B(x) =
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Â
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i(1 � x)n�i

�
(1)

Sum of exponentials (Sum Exp):B(x) =
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ai x (2)

Breit–Wigner:B(x) =
e

axsz

(x � µz)2 + ( sz

2 )
2 (3)

Modified Breit–Wigner (mBW):B(x) =
e

a2x+a3x
2

(x � µz)a1 + ( sz

2 )
a1

(4)

In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^

https://cds.cern.ch/record/2292159
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.051802
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Search for ZH, H→cc
• Similar approach as search for VH, H→bb 

• 1 or 2 c-tagged jets and 2 leptons with  81<mℓℓ<101GeV 

• Recent major improvements in charm tagging allow this 
measurement 

• Largest background from Z + heavy flavour jets, other 
backgrounds from tt and di-boson 

• Maximum likelihood fit to mcc distribution in 4 signal 
regions based on Nc-jets and p

T
V 

• Largest uncertainties: flavour tagging and data statistics 

• Measurement of irreducible background from ZV with a 
significance of 1.4𝜎 (2.2𝜎): 𝜇ZV = 0.6-0.4

+0.5 

• Obs. (exp.) upper limit on 𝝁Hcc < 110 (150) at 95% C.L.
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Search for LFV decays

• LFV Higgs decays not allowed in the SM, strong limits on H→e𝜇 
from low energy experiments 

• Similar final states as in H→𝜏𝜏: search for H→e𝜏 and H→𝜇𝜏 using 
leptonic and hadronic tau decays + prompt lepton 

• Background from Z+jets and jets faking taus (W+jets and multi-jet) 

• Use BDTs to classify signal and background in 8 signal regions per 
final state, depending on Njets 

• 95% C.L. limits from likelihood fit are BHe𝜏 < 0.61% and BH𝜇𝜏 < 0.25%
�26

arXiv:1712.07173
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Summary
• Observed ttH production and H→𝝉𝝉, 

evidence for H→bb

• So far no deviations from the SM 
observed! 

• H→𝝁𝝁 seems in reach with full Run 2 
and Run 3 data 

• New searches for tH production and 
H→cc decays

�27

Thanks to the LHC for the fantastic performance!

Looking forward to precision measurements with more data
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Related talks at this conference

• June 4th 

• 15:30 - Recent ATLAS results of the Higgs produced in association with top quarks - Jelena Jovicevic 

• 15:45 - Recent CMS results of the Higgs produced in association with top quarks - Karim El Morabit 

• June 5th 

• 11:30 - Experimental results of the decay of the Higgs to b-quarks (ATLAS + CMS) - Andrew Stuart Bell 

• 11:50 - Experimental results using the decay of the Higgs to taus and muons (ATLAS + CMS) - Mareike Meyer 

• 12:05 - Higgs couplings, mass + width measurements (ATLAS + CMS) - Yanping Huang 

• June 6th 

• 12:00 - Searches for exotic and rare Higgs decays (ATLAS+CMS) - Andrew Haas 

• 12:30 - Future projections in Higgs physics (ATLAS + CMS) - Eric Feng
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