
Charged Higgs and LFV 
Higgs decays at the LHC

E. Barberio



Direct LHC searches for charged Higgs and 
Lepton Flavour Violation Higgs:

H+ → τν
H+ → cb 

H→ eμ
H→ τe
H → τμ



Charged Higgs

Charged Higgs bosons are primarily produced in decays of (low-mass) or in 
association with (high-mass) a top quark:

mH+ < mtop mH+  > mtop,  5FS mH+  > mtop,  4FS 

Higgs couplings to fermions might be modified in case of an extended 
Higgs sector (MSSM, 2HDM, etc etc) where a charged Higgs is predicted.



Charged Higgs decay modes

A.	Djouadi,	L.	Maiani,	A.	Polosa,	J.	Quevillon,	V.	Riquer	(arXiv:1502.05653) 



H+ → τ ν



Analysis overview (I) 
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• Production of heavy H+ in association with a top quark in H+-> τν  channel 

• Both τ and top decay into hadrons 

• Final state: τ + jets + Missing Energy 

𝐄𝐓𝐦𝐢𝐬𝐬 

τ b-jet 

b-jet light-jet 
object pT [GeV] 

light-jet 169 

light-jet 33 

b-jet 175 

b-jet 124 

τ-jet 137 

𝑬𝑻𝒎𝒊𝒔𝒔 152 

HIGG-2015-11 

H+ → τ ν
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Reconstruction  & ID: 
•τ reconstruction seeded by anti-kT jets 

•Identification criteria (BDT) 

64.7%

Specific mix of π± and π0: 

τ @ LHC 
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Tau-jets	at	LHC:
• Very	collimated

•90%	of	the	energy	is	contained	
in	a	‘cone’	of	radius	R=0.2	
around	the	jet	direction	for	
ET>50	GeV	

• Low	charged	track	multiplicity
•One,	three	prongs

• Hadronic,	EM	energy	deposition
•Charged	pions
•Photons	from	po Often	taus	are	produced	in	pairs:	42%	of	

final	states	contain	two	“tau-jet”
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τ @ LHC 

2016-09-21 

Challenges in τh channels at CMS 

Tau trigger and identification at CMS in Run-2 (O. Davignon for CMS) 
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Rejection of fake τh 
from QCD jets 

Signal: reconstruction of genuine hadronic taus (τh)

Rejection of fake τh 
from electrons / muons 

+ efficient trigger selection  
+ rejection of pileup (LHC currently features up to ~40 collisions / bunch crossing) 

+ reliable description of data using simulation 

Backgrounds: 



b-jet @LHC

Impact parameters + secondary and tertiary vertices + invariant mass  
are used for b-tagging combined for the MVA-based ID: " = 70% and c- 
or light-jet rejection of 10/400.



H+ → τ ν event selection

Missing transverse energy trigger (threshold at 70 (90) GeV for 2015 (2016)) 
High missing transverse energy (>150 GeV) 
Three or more jets with at least one is b-tagged jet (pT >25GeV, b-tag) 
Veto electrons or muons (pT  > 20 GeV) 



H+ → τ ν @ 8 TeV Results

95% C.L limits on Br(t → bH+) in the range 0.2-1.3%, assuming  Br(H+ → 
τ ν) = 100%;



H+ → τ ν event selection

Discriminating variable: 

Analysis overview (II) 
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• Signal model: Using the state-of-the-art 4FS NLO implementation in MadGraph5 
C.Degrande, M.Ubiali, M.Wiesemann, M.Zaro (arXiv:1507.02549) 

• Discriminating variable: 

𝑚𝑇 = 2𝑝𝑇τ𝐸𝑇𝑚𝑖𝑠𝑠 1 − 𝑐𝑜𝑠∆𝜙𝜏,𝑚𝑖𝑠𝑠  

Bounded by the mass of 1: 

- W bosons for background events 

with prompt τ 

- H+ bosons for signal events 
1 In pp→τ+jets events 

𝒎𝑻
𝝉𝝂 



H+ → τ ν background
ttbar, single top, Drell-Yan, di-boson  
with a real tau: from simulation + 
data normalisation

mH+ = 180–3000 GeV 

fake taus: from data from data

W+jets from embedding in Run1 
and for Run2 as above 



H+ → τ ν @ 13 TeV

For 14.7 fb-1 @ 13 TeV, in mass range of mH = 200-2000 GeV, 
upper limits were set in range of 2.0 pb-1 to 8fb-1 



H+ → τ ν @ 13 TeV
Exclusion limits

Light H+
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H+ → bc event selection

• Missing transverse energy trigger (threshold at 20 GeV) 
• Four or more jets with at least two b-tagged (pT >30GeV, b-tag)
• One electron or muon (pT threshold of 20 GeV) 

b-jet

b-jet

b-jet
jet

MET



Limits extracted from dijet invariant mass M(jj) 

Dijet mass distributions

e+jets, 2 b jets
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Figure 8: Dijet mass distribution MC background stack in the two b-tagged jets events in e+jets
(left) and µ+jets (right) channel. Dijet mass distribution of H+ signal sample with H+ mass
110 GeV (140 GeV) are compared on top of the background stack.
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Figure 9: Dijet mass distribution MC background stack in the three b-tagged jets events in
e+jets (left) and µ+jets (right) channel with the normal fitter. Dijet mass distribution of H+

signal sample with H+ mass of 110 GeV is compared on top of the background stack.

e+jets, � 3 b jets
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H+ → bc event selection @8 TeV



Observed limit between 1.1-0.4 % assuming that Br(H+ → cb) = 100%

Exclusion limit
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Observed limit: 1.1–0.4 %

Limits from maximum likelihood fit using binned M(jj) templates,
assuming H+ ! cb = 1 10

H+ → bc @ 13 TeV



H+ → bc MSSM interpretationExclusion limits in MSSM mmod+
h
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LFV in Higgs decays

LFV couplings to the Higgs possible, e.g.
if SM only valid to finite scale Λ

LFV Higgs couplings would allow processes like 𝜇 → 𝑒, 𝜏 → 𝜇 and 𝜏 → 𝑒 
via a virtual Higgs boson

Search)for)Lepton)Flavor)Violation)in)Z)and)Higgs)decays)with)the)CMS)Experiment

Alexander)Nehrkorn |))Tau2016))|))22.09.2016

Search'for LFV'in'Higgs decays

Introduction

13)/)21

• LFV)couplings)to)the)Higgs)possible,)e.g.

if)SM)only)valid)to)finite)scale)Λ

• LFV)Higgs)couplings)would)allow)processes)like

" → !,)( → " and ( → ! via)a)virtual Higgs boson

• ℬ U → !" < V(10.N) @)95%)CL)from " → !&

• ℬ U → !(/"( < V(10%) @)95%)CL)from ( → !&/"&
and !/" gZ2)measurements

• ℬ U → !(/"( < 13% @)95%)CL)from theoretical
reinterpretation of U → (( search results from ATLAS

" direct search very promising

arXiv:1209.1397

H

#

#′



Higgs production at the LHC



Search)for)Lepton)Flavor)Violation)in)Z)and)Higgs)decays)with)the)CMS)Experiment
Alexander)Nehrkorn |))Tau2016))|))22.09.2016

Search'for LFV'in'Higgs decays

Results:'_ → `a

16)/)21

ℬ U → !" < 0.035%@)95%)CL

arXiv:1607.03561

Signal: Sum of two Gaussians 

Background: fit with 4th order Polynomial 
tested also power law or exponential functions



Search)for)Lepton)Flavor)Violation)in)Z)and)Higgs)decays)with)the)CMS)Experiment
Alexander)Nehrkorn |))Tau2016))|))22.09.2016

Search'for LFV'in'Higgs decays

Limits'on'flavor violating Yukawa'couplings

20)/)21

• Able to set unprecedented limits in)U → !( &)U → "(

i9:
M + i:9

M� < 5.4 ⋅ 10.l i9m M + im9 M� < 2.4 ⋅ 10.4 i:m
M + im:

M� < 3.16 ⋅ 10.4

arXiv:1607.03561

CMSZPASZHIGZ16Z005

i##X M + | i##Xo
M� ∝ ℬ(U → ##q)

1 − ℬ(U → ##q)

Limits on flavour violation Yukawa couplings
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Search strategy for H → e/μ τ

Search)for)Lepton)Flavor)Violation)in)Z)and)Higgs)decays)with)the)CMS)Experiment
Alexander)Nehrkorn |))Tau2016))|))22.09.2016

Search'for LFV'in'Higgs decays

Search'strategy

14)/)21

Lepton
selection

Categorisation:
njet =)0,)1)or 2

Calculate
8##X

Background)
suppression

Determine
ℬ(U → ##′)

Determine)limit
on)ℬ(U → ##′)

=> #

A> #
ΔZ(#, #′) ΔZ(\>]^QQ, #)

Phys.)Lett.)B)749)(2015))337

CMS: 0-jet, 1-jet, VBF
ATLAS: background type



Background Estimation
𝑍 → 𝜏𝜏 
Embedding: measure 𝑍 → 𝜇𝜇 in data 
and  replace 𝜇 by simulated 𝜏 

Misidentified leptons 
From data with various techniques

Top-pair and W+jets
Shape from simulation but  
normalization from data 

Others backgrounds from 
simulation 



Signal (run1)Search for LFV H! e/µ⌧had decays: Search strategy

Select events with exactly one
electron/muon and one hadronic
tau with opposite charge

⌘(e/µ)� ⌘(⌧
had

) < 2 to reject
reducible background

Veto events including a b-jet

Two signal regions defined:
SR1: m

T

(µ,EMiss

T

) > 40 GeV &
m

T

(⌧
had

,EMiss

T

) < 30 GeV

SR2: m
T
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m

T

(⌧
had

,EMiss

T

) < 60 GeV

Choice of Signal Region motivated by correlations
between m

T

(e/µ,EMiss

T

) and m
T

(⌧
had

,EMiss

T

)

Mass reconstruction performed using the Missing
Mass Calculator (arXiv:1012.4686)

Dr. Marc Bret Cano Searches for cLFV with ATLAS August 23, 2016 14 / 37

Search for LFV H! e/µ⌧had decays: Search strategy

Select events with exactly one
electron/muon and one hadronic
tau with opposite charge

⌘(e/µ)� ⌘(⌧
had

) < 2 to reject
reducible background

Veto events including a b-jet

Two signal regions defined:
SR1: m

T

(µ,EMiss

T

) > 40 GeV &
m

T

(⌧
had

,EMiss

T

) < 30 GeV

SR2: m
T

(µ,EMiss

T

) < 40 GeV &
m

T

(⌧
had

,EMiss

T

) < 60 GeV

Choice of Signal Region motivated by correlations
between m

T

(e/µ,EMiss

T

) and m
T

(⌧
had

,EMiss

T

)

Mass reconstruction performed using the Missing
Mass Calculator (arXiv:1012.4686)

Dr. Marc Bret Cano Searches for cLFV with ATLAS August 23, 2016 14 / 37

mT

dominant bkgd W+jets 
dominant bkgd Z+jets 



ATLAS: Br(H → e/μτ) at 1.81 & 1.85% @ 95% CL, respectively 

mT distribution (Run1)

CMS: Br( 𝐻→𝑒𝜏) <0.69%@95%CL  for μτ see next slides 
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Flavor Violating Couplings: Lepton Decays
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13 TeV: Br(H⇾μτ)<1.20% (1.62% expected)

2 channels (ℓτℓ’, ℓτhad)  
and 3 categories (0-1-2 Jets)  

Large backgrounds 
Template fits to the collinear mass 

distribution  

Signal

H
a

a

µ

µ̄

µ̄

µ

h
τ 

μ 

 [GeV]
col

)
h
τµM(

0 50 100 150 200 250 300

 E
ve

nt
s 

/ 2
0 

G
eV

0

10

20

30

40

50

60
 

eτµData 

Post-fit background unc.
SM Higgs

ττZ->
-l+Z->l
t, t, tt

VV

Misidentified leptons
LFV GF Higgs (BR=1%)

LFV VBF Higgs (BR=1%)

 (13 TeV)-12.30 fb

 1-Jet
h
τµ

CMS Preliminary

) (GeV)
h
τµcollinear M(

0 50 100 150 200 250 300

BG
D

at
a-

BG

-1
-0.5

0

0.5
1

see JHEP 03 (2013) 26. arXiv: 1209.1397

CMS (13 TeV): CMS-PAS-HIG-16-005  
ATLAS (8 TeV): JHEP 11 (2015) 211  arXiv:1508.03372

CMS: H → μτ Run2
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Flavor Violating Couplings: Lepton Decays
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13 TeV: Br(H⇾μτ)<1.20% (1.62% expected) 
8 TeV: Br(H⇾μτ)<1.51% (0.75% expected) 
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Excess in μτ at 8 TeV 
No excess observed at 13 TeV in 2015 data, but 
not sensitive enough to exclude the 8TeV result 

CMS (8 TeV): Phys. Lett. B 749 (2015) 337 arXiv:1502.07400 
CMS (13 TeV): CMS-PAS-HIG-16-005

H → μτ Run2 vs Run1 
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Flavor Violating Couplings Summary
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Outlook

HL-LHC and proposed 
future —> TeV region

A lot of activity in those analysis and significant improvement are expected 
with full Run2 dataset (expecting about 200 fb-1 to be recorded) 

We specie much more stronger limits as  most of the analyses are limited 
by statistics.

New methods are being developed as we understand more data.

HL-LHC

A→ τ τ
A→tt

30/ab
3/ab

H+→ τ ν

H+→ tb



Backup



LFV high mass

meµ [GeV] meµ [GeV] meµ [GeV] 

Slight excess found at high mass in the eτ channel  
Mirrored by a deficit in the μτ channel  
Overall, no significant deviations found from SM expectation, but the 2.1 TeV eμ event has attracted some 
attention (arXiv:1606.06696) 



Higg sproduction in pp collisions

Momentum distribution of partons in 
protons Parton cross 

section

Bjorken Scaling



 (had.) Tau reconstruction seeded by anti-kT jets 
 Identification based on shower profile information, track association, ... 

  

Tau Energy ReconstructionReco & ID:
• Tau reconstruction seeded by anti-kT jets
• Identification based on: 

• Shower profile, isolation properties, etc.

ETau = CTES ·
X

�R<0.2

ELCW
cluster

Cluster Moments

⌘ shape variables calculated from the
positive cells in a cluster

⌘ first a principal value analysis is run
on the cluster cells

• provides centroid 3 major axes of the shower

⌘ angles of the major axis
w.r.t. IP-shower-center direction are
calculated

⌘ other shape quantities defined by
moments of the form
hxni = 1
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S. Menke, MPP München ⇣ Introduction to Local Hadron Calibration ⌘ ATLAS Hadronic Calibration Workshop, 19. Sep 2011, SLAC 12

Local hadron calibration in a nutshell:
• Each cluster classified in its hadronic/EM like shape => pEM

• Calibration accounts for non-compensation, dead material, out-of-cluster effects
• Advantage: Distinct treatment of different decay products

        => improves resolution

• A final calibration brings the object to the tau energy 
scale (TES):

• accounting for object specific effects 
• e.g.: out-of-cone, underlying event, etc.

• correcting for pile-up effects

Energy measurement :
• Based on energy depositions inside 0.2 cone 
•..using noise suppressed Topo Clusters
•..calibrated to the local hadronic scale (LC)

Single pion performance of the new µ scan LCW
⌘ linearity of charged pions after each calibration (em (red), w

(green), ooc (blue), dm (black)) vs. pion energy for
0.2 < |⌘| < 0.4 and µ = 0, 10, 20, 40
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Sven Menke

Single pion response
after each calibration step
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