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What does the LHC tell us about LFV?
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Why are tau’s so interesting at LHC?
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Why are taus interesting in ATLAS?

– best channel for observing Higgs boson fermionic decays

– also the best for finding the neutral MSSM Higgs boson

– add another channel to all searches with leptons

– they are really heavy, so they might be special (recent hints

of possible lepton non-universality from LHCb...)

– they are handy for Lepton Flavor Violation searches

Daniele Zanzi 3 Cristina Galea



LFV searches 
at LHC

Swagato 
Banerjee

Tau decays at LHC

4

Tau (τ) decays leptonically (35%) as well as hadronically (65%)

e/µντ
ντ ντ ντ

ν̅e/µ

π 3π 3π
π0
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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 Hadronic decays reconstructed as “tau-jet” in ATLAS/CMSAlternative energy measurement (D0-like)

τ−

π−

π0

π0

ν

– no π0s: pτT =
∑

pτtrkT

– decays with π0s: average calorimeter-only measurement with

pτT = ECAL
T +

∑
ptrkT −

∑
RCh.Pion(η, ptrkT ) ∗ ptrkT

– energy resolution very similar to Tau Particle Flow method

Daniele Zanzi 24 Cristina Galea
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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 



LFV searches 
at LHC

Swagato 
Banerjee

Tau-jet identification
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QCD jets have 
large multiplicity, 

wide energy profile, 
uniform shower shape

Tau jets have 1 or 3 
charged tracks, 
narrow activity, 

annular ring 
of isolation

4

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”

4

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”

τ @ LHC 

4

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”

4

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”

4

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”

τ @ LHC 

4

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”



LFV searches 
at LHC

Swagato 
Banerjee

Tau-jet performance in ATLAS/CMS
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 arXiv:1412.7086,  
 Eur. Phys. J. C75 (2015) 303

ATLAS: 
• Identification efficiency ~ 50% 
•Fake rate ~ 2%

•CMS: Tau-jet identification efficiency ~ 60%, Fake rate ~ 1%

2016-09-21 

Jetàτh rejection: isolation 

Tau trigger and identification at CMS in Run-2 (O. Davignon for CMS) 

15 

¤  Main handle in τh discrimination against QCD jets: isolation 

Cut based discriminant 
based on energies of PF 
particles in isolation cone 

MVA discriminant w/ τh 
lifetime information 
v  Charged and neutral energies in 

isolation cone 
v  Reconstructed decay mode 

type 
v  Transverse impact parameter + 

significance 
v  Distance between PV and SV + 

significance 
v  Shape variables 
v  e/γ multiplicity 

 identification efficiencyhτ
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cut-based

MVA-based

 PreliminarySimulation CMS

13 TeV, 20 pileup at 25ns

| < 2.3
hτ

η > 20 GeV, |hτ

T
p

 MCττ →Efficiency : H 
 < 100 GeV)

T
Fake rate : QCD multi-jet MC (20 < p

MVA: ~50% better background rejection 
at same signal efficiency  
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Tau-jet modelling in ATLAS/CMS
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Riccardo Manzoni - Università & INFN Milano Bicocca
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Tau mass

Distribution of visible mass of the τ
h
 

leptons in μτ
h
 events

Points with error bars correspond to 
observed data; filled histograms 
correspond to simulated events with 
genuine τ

h
's from Z→τ

μ
τ

h
 divided 

accordingly to their reconstructed decay 
mode: h±h±h-/+ (pale yellow), h±π0 
(yellow), h± (orange), objects 
misidentified as τ

h
 from Z→μμ (blue), 

electroweak processes such as W+jets, 
VV (red), QCD multijets (pink) and ttbar 
(purple); shaded band corresponds with 
uncertainty of τ

h
 identification efficiency. 

τh reconstruction in CMS

1428-03-2012 Simone.Gennai@cern.ch

CMS Tau ID
Reconstruction of the decay modes :

1 prong, 1 prong + pi0’s, 3 prongs

Various working points for isolation

additional selections to reject electrons and muons

4

τ→π± τ→ρ→π±π0(π0) τ→a1→π±π±π∓

Hadron Plus Strip algorithm (HPS) 
• run on Particle Flow inputs:  

jets and their charged and neutral constituents 
• can identify each τh decay mode 

• exploits the ρ(770) and a1(1220)  
intermediate resonances through mass 
window requirements 

5.6 Hadronic decays of taus 43

Table 4: Branching fraction B of the main t decay modes [39]. The generic symbol h� represents
a charged hadron, pion or kaon. In some cases, the decay products arise from an intermediate
mesonic resonance.

Decay mode Meson resonance B [%]
t� ! e� ne nt 17.8
t� ! µ� nµ nt 17.4
t� ! h� nt 11.5
t� ! h� p0 nt r(770) 26.0
t� ! h� p0 p0 nt a1(1260) 10.8
t� ! h� h+ h� nt a1(1260) 9.8
t� ! h� h+ h� p0 nt 4.8
Other modes with hadrons 1.8
All modes containing hadrons 64.8

Table 5: Correlation between the reconstructed and generated decay modes, for th produced
in simulated Z/g⇤ ! tt events. Reconstructed th candidates are required to be matched to a
generated th, to have pT > 20 GeV and |h| < 2.3, to be reconstructed under one of the HPS
decay modes, and to satisfy the loose isolation working point.

Generated
Reconstructed t� ! h�nt t� ! h� � 1p0 nt t� ! h�h+h�nt

t� ! h�nt 0.89 0.16 0.01
t� ! h� � 1p0 nt 0.11 0.83 0.02
t� ! h�h+h�nt 0.00 0.01 0.97

charge equal to ±1. Isolated th candidates are selected by requiring no track with pT > 1 GeV1253

within an annulus of size 0.07 < DR < 0.5 centred on the highest pT track, and less than 5 GeV1254

of energy in the ECAL within 0.15 < DR < 0.5.1255

The performance of the HPS and Calo th algorithms are compared in terms of identification1256

efficiency, jet misidentification rate, and momentum reconstruction. Samples of events with a1257

th in the final state originating from the Drell-Yan process or from a hypothetical heavy scalar1258

decay cover the th pT range between 20 GeV and 2 TeV. For the measurement of the jet misiden-1259

tification rate, a QCD multijet sample covering the same pT range is used.1260

The probability for the HPS algorithm to assign the correct decay mode to reconstructed and1261

identified th is shown in Table 5. The generated decay mode is typically found for about 90%1262

of the th. The largest decay-mode migrations, of the order of 10-15%, affect single-prong th and1263

are due to the reconstruction of an incorrect number of p0.1264

The performance of the th momentum reconstruction from either the HPS or Calo algorithm1265

is illustrated in Fig. 20. The left side of the figure shows the distribution of the ratio between1266

the reconstructed and generated th pT. Up to a generated pT of 100 GeV, the HPS algorithm re-1267

constructs the th momentum with a much better accuracy and precision than the calorimeters1268

for the reasons given in Section 5.1. The asymmetry of the distribution is due to the cases in1269

which some of the particles produced in the decay are left out because they would lead the th1270

to fail the collimation or mass requirements. The th is then reconstructed with a different decay1271

mode with a reduced momentum. When all reconstructed particles in the jet matching the th1272

are considered, the distribution is symmetric but the resolution degrades as some of the jet par-1273

ticles do not come from the t decay. The right side of Fig. 20 shows the distributions obtained1274

Kinematic modelling

– good modelling is observed for both the tau mass

reconstruction (left) and the Z mass reconstruction (right)

Daniele Zanzi 25 Cristina Galea
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Tau-jet substructure in ATLAS/CMS
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D. Zanzi TAU2016, Beijing 14

Tau Decay Reconstruction

!(770) a1(1260)

" resolution ~0.0056

# resolution ~0.012

ET resolution ~0.16

ATLAS: EPJC(2016)76:295; CMS: JINST11(2016)P01019, CMS-DP-2016-015 
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Challenges in analyses with tau-jets 
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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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 at 8 TeV-1CMS, 19.7 fb

hτe
Loose VBF tag

ττ→SM H(125 GeV)
Observed

ττ→Z
 ee→Z

W+jets
tt

QCD
Bkg. uncertainty

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: 
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LFV searches at LHC
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Searches covered in this talk: 
• H → µ τ, e τ, µ e (ATLAS, CMS) 
• Z → µ τ, e τ, µ e (ATLAS, CMS) 
• Heavy X → µ τ, e τ, µ e (ATLAS, CMS) 
• τ - → µ- µ+ µ- (ATLAS, LHCb) 
• τ - → p̅ µ+ µ-, p µ- µ- (LHCb) 

Other non-tau LFV searches from LHCb not covered in this talk: 
• D0 → e+ µ-  (Phys. Lett. B754 (2016) 167) 
• B0(s) → e+ µ-  (Phys. Rev. Lett. 111 (2013) 141801) 
• D+(s) → π+ µ- µ-, π - µ+ µ+ (Phys. Lett. B 724 (2013) 203)  

• B- → D(*)+ µ- µ- (Phys. Rev. D 85 (2012) 112004) 

• B+ → π - (K-) µ+ µ+ (Phys. Rev. Lett. 108 (2012) 101601)

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

Outline

2)/)21
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LHC Run 1 : Still room for BSM decays
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Why'study'exo<c'Higgs'boson'decays?'
'
!  Possibili<es'to'highlight'BSM'

physics'in'the'scalar'sector:'
!  Indirect'evidence'through'

observa<on'of'devia<ons'in'the'
couplings'of'the'H'boson'(but'
precision'limited'and'increasing'
slowly'with'addi<onal'data)'

!  Direct'evidence'through'
observa<on'of'exo<c'decays'of'the'
Higgs'boson'

!  Large'room's<ll'viable'for'exo<c'
Higgs'boson'decays'(~20%)'

3'

JHEP*08*(2016)*045*
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Lepton Flavor Violation & Higgs decays
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How  
about 
 direct  
search 

at  
LHC 

?

BaBar Collaboration 
Phys. Rev. Lett.

104 (2010) 021802 

Br (τ→µγ) < 4.4 × 10-8

Br (H→µτ) ≲ 10%
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LFV decays of the SM Higgs boson
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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

#

#′

Flavor Violating Higgs Decays  
Roni Harnik , Joachim Kopp , Jure Zupan 

https://inspirehep.net/record/1184810
https://inspirehep.net/author/profile/Harnik%2C%20Roni?recid=1184810&ln=en
https://inspirehep.net/author/profile/Kopp%2C%20Joachim?recid=1184810&ln=en
https://inspirehep.net/author/profile/Zupan%2C%20Jure?recid=1184810&ln=en
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Event topology
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LFV'signal'topology�
•  'Inves5ga5ng'the'signal'H!e/μ+τhad,'we'can'expect'
that'the'lepton'(e/μ)'has'a'rela5vely'hard'transverse'
momentum'(pT)'and'τhad'has'a'rela5vely'soQ'pT.'This'
would'indicate'that'the'dominant'backgrounds'
would'be'W+jets'(W!e/μ+neutrino)'and'mul52jet'
events'due'to'jets'faking'taus.�

W → µ +νµ

H→ µ +τ → µ + had +ντ

µ

µ had

νµ

ντ

W

H
��

How'to'separate'signal'and'backgrounds?'
!  The'MET'is'close'to'aligned'with'the'

visible'tau'decay'product'
!  The'decay'products'have'on'average'

higher'pT'than'in'Z"ττ'events'(where'
part'of'the'energy'is'lost'by'neutrinos'
in'both'tau'decays),'and'in'events'
with'misiden<fied'leptons'(jet"e/µ/
τh'rate'decreases'with'pT)''

6'

Visible'τ
METPrompt'

lepton

Visible'τ
MET

Visible'τ

Signal#event:#

Z"ττ#event:##

H → e+ τ- → e+ µ⁻ ν̅µ ντ

e+ µ⁻
τ-
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Event topology
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H
��

e+ µ⁻
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Search Strategy
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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
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ATLAS (8 TeV): H → e/µ τhad
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17Tau 2016, Beijing, China

BSM Higgs Search – Backgrounds: Whad channel

• W+jets
• Z+jets

• ZÆll (l=e,P)
• Top related
• Diboson 
• Higgs

Backgrounds

irreducible :

Real lep + tau

jets fake

backgrounds

MC 
prediction

Charge based 
Data driven

• ZÆWW
Embedded 

ZPP data sample

• QCD

Reweight MC 
With CR 

B(⌧� ! µ�µ+µ�) Z0 ! ⌧±µ⌥ D0 ! e±µ⌥ Prospects

ATLAS: Strategy ATLAS, arxiv:1604.07730

Fit Strategy:
I Combined analysis of signal region + control regions

I Two signal search windows: SR1 & SR2
I Control region for the modelling of W+ jets (WCR) background
I Control region for tt̄ events (normalisation)

I Regions defined in terms of the transverse mass
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ATLAS (8 TeV): H → e/µ τhad

18

18Tau 2016, Beijing, China

BSM Higgs Search – Control plots: Whad channel

Up:  eW channel

Down: PW channel

Left:  SR1

Right: SR2

SR1

SR1

SR2

SR2

H → e τhad

H → µ τhad
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ATLAS (8 TeV): H → e τµ , µ τe

19

ATLAS H→τµ/τeHiggs decays8 TeV

H→τeµ & H→τµe 

Mass estimator  
• Collinear mass  
Two signal regions 
• SRnoJets 
• SRjets 

Background - the symmetry assumption 
• Comparing e" and "e events 
• SM events are symmetric to the  

replacement of prompt electron  
with prompt muons 

• Signal events break this symmetry  
• Correction for asymmetric componenets 

• Fake and non prompt leptons 
• pT dependent effects 

• Uncertainties governed by statistics ⇒  
Room for significant improvement when more data is available

ATLAS 1604.07730Data driven asymmetry method : SM backgrounds are e/µ symmetric

Signal region: 
no jets

Signal region: 
with jets
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ATLAS (8 TeV): H → e/µ τ

20

ATLAS H→τµ/τeHiggs decays8 TeV
ATLAS 1604.07730

1821 April 2017                                                                                                                                                 S. Bressler

Compatible with 0 at the level of 1σ
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CMS (8 TeV): H → µ τ

21

CMS, arXiv:1502.07400 2.4 σ
excess
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CMS (8 TeV): H → e τ

22
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:'_ → `b

17)/)21

ℬ U → !( < 0.69%@)95%)CL

arXiv:1607.03561

CMS, arXiv:1607.03561



LFV searches 
at LHC

Swagato 
Banerjee

CMS (8 TeV): H → e µ

23Search)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

CMS, arXiv:1607.03561
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CMS (13 TeV, 2015 dataset): H → µ τ

24
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

_ → ab@'13'TeV

19)/)21

• Very)similar analysis

• Uses 2.3)fbZ1 of data from 2015

• Excess from 8)TeV data not)confirmed
but)also)not)excluded!

ℬ U → "( < 1.20%@)95%)CL

CMSZPASZHIGZ16Z005

CMS-PAS-HIG-16-005

CMS H→τµ
PAS HIG 16 005

Higgs decays13 TeV
Analysis similar to run-1 
• One exception -  

Z→ττ model also from MC 
• Deficit in the H mass window 

CMS 1502.07400 ➠ Y!µ

2321 April 2017                                                                                                                                                 S. Bressler
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Status as of last week

25

Library

Experiment Process √s [TeV] ∫L [fb-1]

CMS 1502.07400 H→!µ 8 20

CMS 1607.03561 H→eµ 
H→e! 8 20

CMS PAS HIG 16 005 H→!µ 13 2.3

ATLAS 1508.03372 H→!µ 8 20

ATLAS 1604.07730 H→!µ 
H→!e 8 20

Higgs decays

LHC results

221 April 2017                                                                                                                                                 S. Bressler

Executive summary - April 2017

5

Process CMS ATLAS

H→!µ BR<1.20% BR<1.40%

H→!e BR<0.69% BR<1.04%

H→eµ BR<0.048% -

Z→!µ - BR<1.69×10-5

Z→!e - -

Z→eµ BR<7.3×10-7 BR<7.5×10-7

H/Z decays

21 April 2017                                                                                                                                                 S. Bressler

Best Upper Limits:

Datasets studied:
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CMS (13 TeV, 2016 dataset): H → µ τ

26

Signal'extrac<on'
!  Events'divided'into'4'categories'to'target'different'produc<ons'modes:'

!  0'jet:'Targets'gg"H'events'

!  1'jet:'Targets'gg"H'events'produced'in'associa<on'with'a'jet'

!  2'jets,'low'mjj:'Targets'gg"H'events'with'addi<onal'jets'

!  2'jets,'high'mjj:'Targets'qq"H'events'

!  BDT'trained'on'the'signal'against'a'selec<on'of'background'samples'

(reducible'background'for'eτh'and'µτh,'pbar'and/or'Z"ττ'for'eτµ'and'µτe)'

!  Cross4check'using'a'cut4based'approach'with'the'collinear'mass'as'
observable'"'compa<ble'results'but'less'sensi<vity' 8'
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CMS (13 TeV, 2016 dataset): H → e/µ τ

27

CMS-PAS-HIG-17-001

Results'of'H"µτ'and'H"eτ'searches'

!  No'excess'of'data'
!  Best'fit'branching'frac<on:'0.00'±'0.12%'
!  B(H"µτ)'<'0.25%'at'95%'CL'

!  Slight'excess'of'data'(1.6'σ)'
!  Best4fit'branching'frac<on:'0.30'±'0.18%'
!  B(H"eτ)'<'0.61%'at'95%'CL'

9'
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Updated status (LHCP 2017)

28

Results'of'H"µτ'and'H"eτ'searches'

10'
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LFV decays of the Z boson

29Search)for)Lepton)Flavor)Violation)in)Z)and)Higgs)decays)with)the)CMS)Experiment
Alexander)Nehrkorn |))Tau2016))|))22.09.2016

Search'for LFV'in'Z'decays

Introduction

6)/)21

• Neutrino)oscillation)predicts)LFV)in)Z)decays,)but)ℬ ) → !" < 10./0

• Good probe)for new physics

• Current constraints:
! Indirect from " → 3!:)ℬ ) → !" < 5 ⋅ 10.34

! Direct from ATLAS:)))ℬ ) → !" < 7.5 ⋅ 10.7

arXiv:hepZph/0010193

Phys.)Rev.)D.)90,)072010)(2014)
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LFV decays of the Z boson (CMS)

30
Search)for)Lepton)Flavor)Violation)in)Z)and)Higgs)decays)with)the)CMS)Experiment
Alexander)Nehrkorn |))Tau2016))|))22.09.2016

Search'for LFV'in'Z'decays

Results

11)/)21

• Count)events in)window around Z)mass:)(91)± 3))GeV

• Background)prediction of 83)± 9

• Events)found in)data:)87

• Use CLs)method to determine limit:

ℬ ) → !" 9GH9IJ9K < 6.7.M.0CM.N ⋅ 10.7

ℬ ) → !" OPQ9RS9K < 7.3 ⋅ 10.7

CMSZPASZEXOZ13Z005

CMS-PAS-EXO-13-005
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LFV decays of the Z boson (ATLAS)

31

ATLAS Z→µe
ATLAS 1408.5774

Z decays

2721 April 2017                                                                                                                                                 S. Bressler

Event selection 
• High pT e and " 

• Little jet activity 
• Little MET 

Background estimation 

• Side-band fit 
• Possible due to the good  

mass resolution and the  
narrow mass range 

• Third order polynomial  
Shape studied in MC 

Mass estimator  
• Invariant mass (no MET)

8 TeV
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LFV decays of the Z boson (ATLAS)

32

ATLAS Z→!µ
ATLAS 1604.07737

Z decays

2921 April 2017                                                                                                                                                 S. Bressler

One search channels 
• Z→µτhad 

Methodology 

• Similar to the one employed in 
the corresponding Higgs search 

• Cut values are lowered to match 
the kinematics of Z decays  
⇒ Larger background 
contribution from W+jets  
⇒ Estimated in more bins 

8 TeV
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LFV decays of a heavy Z’ boson

33

5Tau 2016, Beijing, China

Zc boson Search – Model 

� Extended SSM Zc

9 the same couplings as the SM Z boson

9 extend to allow for LFV couplings:

Q12, Q13 and Q23

2
'

2
'

22
'

2
'

2
'

22
'

)(
)'(

ZZZll

llijZ
ji

MMM

MQg
llZ

*��
voV

l = e, P or Whad9 A general search for heavy resonance

9 Relatively small background due to 2 different flavor leptons Signal: Pythia8

4Tau 2016, Beijing, China

Overview of LFV searches at ATLAS 
� Zc boson LFV decay search
9 to eP final states with 7 TeV data (EPJC Vol.71, 12(2011)1809 )
9 to eP/eWhad/PWhad final states with 8 TeV (Phys. Rev. Lett. 115 031801 (2015)) and 13 TeV data

(accepted by EPJC, arXiv:1607.08079v1)

� Higgs LFV decay search
9 to eW/PW final states with 8 TeV data (submitted to EPJC, arXiv:1604.07730v1 & JHEP 1511 (2015) 211)

� SUSY RPV W sneutrino search
9 to eP/eWhad/PWhad final states with 7/8/13 TeV data (same as Zc)

� QBH search
9 to eP/eWhad/PWhad final states with 13 TeV data (same as Zc)

� tauÆ3P search (submitted to EPJC, arXiv:1601.03567), ZÆPW search (same as Higgs)
t4 lepton search (JHEP12(2012)124), displaced vertex search (Physics Letters B 719 (2013) 280 ) …
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LFV decays of a heavy Z’ boson (CMS: 8 TeV)

34

CMS X→µe
CMS 1604.05239

Heavy resonances

3121 April 2017                                                                                                                                                 S. Bressler

Motivations 
• ! sneutrino in RPV SUSY  

• Z’ and #’ 
• Quantum black holes (non resonant) 

• Within a specific model

Background estimation 

• Irreducible - MC based 
• Reducible - combination 

8 TeV
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LFV decays of a heavy Z’ boson (ATLAS: 13 TeV)

35

6Tau 2016, Beijing, China

Zc boson Search – Data and objects

� Data sample : 25 ns data in 2015, Luminosity = 3.2 fb−1

�MC sample : ATLAS fully simulated samples with all necessary corrections

� Objects

¾ Electrons

• Kinematic: pT> 65 GeV

|η|< 2.47 (no crack region)

• Track and calo quality 

• Isolated

¾ Muons

• Kinematic: pT> 65 GeV

|η|< 2.5

• Combined track quality 

• Isolated

¾ Taus

• Kinematic: pT> 40 GeV

|η|< 2.47 

•  1 and 3 prongs

• Track and calo quality 

•   Overlap removal with e and P
¾ MET: calculated with calibrated objects 

11Tau 2016, Beijing, China

Zc boson Search – Mllc discriminant

Dilepton invariant mass

Dominant: Top backgrounds Dominant: Top + jet fake Dominant: Top + jet fake 

9Tau 2016, Beijing, China

Zc boson Search – Event yields

� Mllc<600GeV: validation region; Mllc >600GeV: signal region

� For signal region

Top:73% fake:56% fake:54%
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LFV decays of a heavy Z’ boson (ATLAS: 13 TeV)

36

12Tau 2016, Beijing, China

Zc boson Search – Limit plots

eP channel eW channel PW channel

Mass exclusion

13Tau 2016, Beijing, China

Zc boson Search – Conclusion

� A search for LFV Z’ is performed in eP, eW or PW final states

� No significant data excess is observed compared to SM expectation

� New limits considerably extend the previous ATLAS results

Conclusion

24Tau 2016, Beijing, China

Other searches

� Quantum black hole search 

� SUSY RPV tau sneutrino search

Share exactly the same strategy as Zc search
and will be published together with Zc on EPJC

� ZÆPW LFV decay measurement
Share similar strategy as HÆPW search and will be
published together with Higgs search on EPJC

Also interpreted as searches for SUSY RPV or Quantum Black Hole 

arXiv: 1607.08079

12Tau 2016, Beijing, China

Zc boson Search – Limit plots

eP channel eW channel PW channel

Mass exclusion
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τ - → µ- µ+ µ- (LHCb)

37

B(⌧� ! µ�µ+µ�) Z0 ! ⌧±µ⌥ D0 ! e±µ⌥ Prospects

Conclusion

I ATLAS limit on the ⌧� ! µ�µ+µ� branching ratio

B(⌧� ! µ�µ+µ�) < 3.76⇥ 10�7 @ 90% C.L.

I LHCb limit on the ⌧� ! µ�µ+µ� branching ratio

B(⌧� ! µ�µ+µ�) < 4.6⇥ 10�8 @ 90% C.L.

I ATLAS limit on the Z 0 ! ⌧±µ⌥ branching ratio

B(Z ! ⌧±µ⌥) < 1.69⇥ 10�5 @ 95% C.L.

I LHCb limit on the D0 ! e±µ⌥ branching ratio

B(D0 ! e±µ⌥) < 1.3⇥ 10�8 @ 90% C.L.

I Decays involving ⌧ ’s play an important role in searches for
charged lepton flavour violation

Kristof De Bruyn (CPPM) LFV in Tau Decays: Results and Prospects at the LHC Tau 2016 25 / 25

Introduction B

0
(s) ! e

+µ� ⌧� ! µ�µ+µ� ⌧ ! pµµ Conclusions

Physics Letters B 724 (2013)

⌧� ! µ�µ+µ� Results
B(⌧� ! µ�µ+µ�) < 8.3(10.2)⇥ 10�8 at 90(95)% CL

Solid black line: observed, dashed black line: expected

]-8 10×) [−µ −µ +µ → −τBR(
6 8 10 12

s
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0.4
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1

LHCb

) Best limit from Belle 2.1⇥ 10�8@ 90% CL
) First ⌧� ! µ�µ+µ� limit at a hadron collider

• Limits quoted for phase-space model of ⌧ decay

3 Variation of e�ciency in di � µ mass is <20%

Fatima Soomro (INFN) cLFV searches at LHCb June 25, 2013 37 / 45

Introduction B

0
(s) ! e

+µ� ⌧� ! µ�µ+µ� ⌧ ! pµµ Conclusions

Physics Letters B 724 (2013)

Background estimation for ⌧� ! µ�µ+µ�

• Fit the mass sidebands in each bin
) single exponential model (others were used, results compatible)

• Interpolate to estimate expected background in signal region
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LHCb

The 4 highest S/B bins merged: M3body 2 [0.65, 1.0], M
PID

2 [0.725, 1.0]

Fatima Soomro (INFN) cLFV searches at LHCb June 25, 2013 35 / 45

arXiv:1409.8548

JHEP 02 (2015) 121
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τ - → µ- µ+ µ- (ATLAS)

38

B(⌧� ! µ�µ+µ�) Z0 ! ⌧±µ⌥ D0 ! e±µ⌥ Prospects

Conclusion

I ATLAS limit on the ⌧� ! µ�µ+µ� branching ratio

B(⌧� ! µ�µ+µ�) < 3.76⇥ 10�7 @ 90% C.L.

I LHCb limit on the ⌧� ! µ�µ+µ� branching ratio

B(⌧� ! µ�µ+µ�) < 4.6⇥ 10�8 @ 90% C.L.

I ATLAS limit on the Z 0 ! ⌧±µ⌥ branching ratio

B(Z ! ⌧±µ⌥) < 1.69⇥ 10�5 @ 95% C.L.

I LHCb limit on the D0 ! e±µ⌥ branching ratio

B(D0 ! e±µ⌥) < 1.3⇥ 10�8 @ 90% C.L.

I Decays involving ⌧ ’s play an important role in searches for
charged lepton flavour violation

Kristof De Bruyn (CPPM) LFV in Tau Decays: Results and Prospects at the LHC Tau 2016 25 / 25

B(⌧� ! µ�µ+µ�) Z0 ! ⌧±µ⌥ D0 ! e±µ⌥ Prospects

ATLAS: Strategy ATLAS, EPJC 76 (2016) 232, arxiv:1601.03567

Selection
1 Cut-based loose selection
2 Train Boosted Decision Tree and apply loose cut x0 on BDT output x
3 Cut-based tight selection
4 Apply tight cut x1 on BDT output, optimising for the expected B limit

Fit Strategy
I Blinded analysis: ignore signal region: m3µ 2 [1713, 1841]MeV/c2

1 Estimate background yield from mass sidebands using “tight + x > x0”
2 Fit BDT output in region x > x0
3 Extrapolate background yield for “tight + x > x1”
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τ - → p̅ µ+ µ-, p µ- µ-  (LHCb)
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Introduction B

0
(s) ! e

+µ� ⌧� ! µ�µ+µ� ⌧ ! pµµ Conclusions

Physics Letters B 724 (2013)

Backgrounds
• Light mesons and an extra ⇡, K or µ
• Contribution from photon conversion in µ+ µ�, µ ! p mis-identification:

negligible

) Expect no peacking background

⌧� ! p̄µ+µ�
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Introduction B

0
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+µ� ⌧� ! µ�µ+µ� ⌧ ! pµµ Conclusions

Physics Letters B 724 (2013)

⌧ ! pµµ Results

B(⌧� ! p̄µ+µ�) < 4.6(5.9)⇥ 10�7 at 90(95)% CL

B(⌧� ! pµ�µ�) < 5.4(6.9)⇥ 10�7 at 90(95)% CL
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Solid black line: observed, dashed black line: expected

Limits quoted for phase-space model of ⌧ decay

3 Variation of e�ciency in µ+ µ� mass is <20%, in pµ� mass <10%
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Search for ⌧� ! p̄µ+µ� , ⌧� ! pµ�µ�

Physics Letters B 724 (2013)
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Observed limits 
at 90% CL:
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Lots of interesting physics with LFV at LHC
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