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Mo3va3on	
  
•  Some new physics models may allow for LFV decays of 

Higgs including composite Higgs models, models with 
multiple Higgs doublets, non-renormalizable models 
valid to up to a finite mass scale and many others. 

•  Existing constraints on LFV coupling constants from 
τàµγ, τà3µ, etc. allow BR(Hàτµ) = ~10% 
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Large	
  Hadron	
  Collider	
  

•  Proton-Proton collisions 
at center of mass energy 
8 TeV 

•  19.7 fb-1 of 2012 data 
used 

•  50 ns bunch spacing 
•  21 average interactions 

per bunch crossing. 
Known as “pile up” 
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Compact	
  Muon	
  Solenoid	
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Higgs	
  Produc3on	
  
Theoretical Higgs 
production cross-sections 
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Gluon Gluon Fusion 

Vector Boson Fusion 

Process cross sec. 

Gluon Gluon Fusion 
(GGF) 

19.27 pb 

Vector Boson Fusion 
(VBF) 

1.578 pb 

Assoc. w/ W Boson 0.7046 pb 

Assoc. w/ Z Boson 0.4153 pb 

Assoc. w/ Top pair 0.1293 pb 



Higgs	
  Discovery	
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•  Higgs discovered with 
mass ~125 GeV  
(http://cds.cern.ch/record/1728249) 

•  Observed in Standard 
Model decays 
–  H → τ τ 
–  H → ZZ 
–  H → WW 
–  H → γ γ 

•  Are there non-Standard 
Model decay modes? 

SM H → τ τ  

τ	
  

τ	
  

H	
  
μ	
  

τ	
  

H	
  

LFV H → µ τ  



Channels	
  &	
  Categories	
  

•  Two channels are studied: Hàτhadµ and Hàτeµ 
•  Each channel is separated into 0, 1, and 2 jet categories 

–  0 and 1 jet corresponds to GG Higgs production 
–  2 jet corresponds to VBF Higgs production 

•  Assume MHiggs = 125 GeV  
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Signal	
  Variable	
  and	
  Region	
  

•  Collinear Mass 
–  approximate neutrino as collinear and define visible fraction 

of tau momentum 

 
–  approximate Higgs mass is then: 

–  gives sharp mass peak centered near 125 GeV 
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!pT
! =
!
ET
miss ! p̂T

! vis x! vis =
!pT
! vis

!pT
! vis +

!pT
"

Mcollinear =
Mvis

x! vis

•  Signal region defined as  
100 GeV < Mcollinear < 150 GeV 

•  Analysis was done with signal region blinded  
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Background	
  Overview	
  
Z	
  →	
  τ	
  τ:	
  
•  Normalization 

from MC 
simulation 

•  Shape: 
Embedded tau 
sample 
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W+Jets/QCD	
  
Mul3jets:	
  
•  Fakerate Method 

using Anti-
isolated lepton 
events (τeµ) or 
Anti-isolated tau 
events (τhadµ) Z→l+l-­‐,	
  Wjets+γ(*),	
  SingleTop,...:	
  

•  Normalization and shape from MC simulation 

C̄:	
  
•  Shape from MC 

simulations 
•  Normalization 

from control 
region (τeµ) or  
MC (τhadµ) 

WW+Jets:	
  
•  Normalization

(NLO) and 
shape from MC 
simulations 

Signal x10 



Zàττ	
  Background	
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μ	
  

μ	
  Z	
  

Pile	
  Up	
  

Underlying	
  
Event	
  

•  Dominant background for 
Hàτeµ 

•  Zàττ background via Particle 
Flow Embedding 
–  Zàµµ data with µ’s 

replaced by simulated τ’s 
•  Validated by comparing to 

simulated Zàττ (τeµ) or 
enhanced  Zàττ control region 
ΔRµ-τ < 0.2 (τhadµ) 



Zàττ	
  Background	
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τ	
  

τ	
  
Sim	
  τ’s	
  

•  Dominant background for 
Hàτeµ 

•  Zàττ background via Particle 
Flow Embedding 
–  Zàµµ data with µ’s 

replaced by simulated τ’s 
•  Validated by comparing to 

simulated Zàττ (τeµ) or 
enhanced  Zàττ control region 
ΔRµ-τ < 0.2 (τhadµ) 

Z	
  

Pile	
  Up	
  

Underlying	
  
Event	
  



Fakes	
  Background	
   12 

•  What is a fake signal? 

•  Jets can appear to be leptons 
•  Fake rate measured in Z→µµ+X data and compared 

to MC 

ν	
  

μ	
  

W	
  

jet	
  

μ	
  

τ	
  

VS 

Signal Fake 

jet	
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Fakes	
  Background	
   13 

•  Dominant background for 
τhadµ  

•  Fakes background shape 
from region III 
–  Pass loose lepton iso 

but not tight 
–  Other backgrounds 

subtracted (negligible) 
•  Measure fake rate 

independently and apply to 
III to get Signal Region I 

•  SS regions II and IV used 
to validate fake rate 
method. 
–  Dominated by W+jets 

Signal	
  Region	
  
(I)	
  
	
  

Opposite	
  Sign	
   Like	
  Sign	
  

Ti
gh
t	
  I
so
	
  

N
ot
	
  T
ig
ht
	
  Is
o	
  

Shape	
  Region	
  
(III)	
  

Valida3on	
  

Shape	
  Region	
  
(II)	
  

Valida3on	
  Region	
  
(IV)	
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Fakes	
  Background	
   14 

Signal	
  Region	
  
(I)	
  
	
  

Opposite	
  Sign	
   Like	
  Sign	
  

Ti
gh
t	
  I
so
	
  

N
ot
	
  T
ig
ht
	
  Is
o	
  

Shape	
  Region	
  
(III)	
  

Valida3on	
  

Shape	
  Region	
  
(II)	
  

Valida3on	
  Region	
  
(IV)	
  

•  Dominant background for 
τhadµ  

•  Fakes background shape 
from region III 
–  Pass loose lepton iso 

but not tight 
–  Other backgrounds 

subtracted (negligible) 
•  Measure fake rate 

independently and apply to 
II to get Signal Region IV 

•  SS regions II and IV used 
to validate fake rate 
method. 
–  Dominated by W+jets 
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Fakes	
  Same	
  Sign	
  Valida3on	
   15 

Validation same sign region (II) shows good 
agreement in collinear mass for both channels 



Full	
  Selec3on	
  Cut	
  Variables	
  

•  µ, e, τhad pT cuts: Leptons from signal process are 
expected to be generally higher than many backgrounds 

•  Δϕ cuts: Signal µ and τ are back-to-back in ϕ, 
additionally MET is near τ in ϕ 

•  Transverse Mass cuts: Invariant mass formed using 
transverse components of one lepton and missing energy. 
Used for separation of different processes that have 
similar lepton+MET but different mother particles. 

•  All cuts optimized for  
S/√(S+B) 
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Limit	
  SeTng	
   17 

•  Two main types of uncertainties considered 
–  Independent of Mcollinear, scale peak height 
–  Dependent on Mcollinear, distort peak shape 

•  95% CL upper limits on branching ratio are set using the standard 
CMS asymptotic CLs method* 

•  Each background taken as a template shape. The data is fit with 
background only, and background plus signal. 

•  A likelihood method is used to estimate the signal strength which 
is used to set limits 

*ATLAS and CMS Collaborations, LHC Higgs Combination Group, “Procedure for the LHC Higgs boson search combination in Summer 2011”, Technical 
Report ATL-PHYS-PUB 2011-11, CMS NOTE 2011/005, 2011. 



Systema3cs	
   18 

Independent of 
Mcollinear 

τeµ τhadµ Method 

0 Jet 1 Jet 2 Jet 0 Jet 1 Jet 2 Jet 

Elec. Trig/ID/Iso 3% 3% 3% - - - TnP, POG rec 

Muon Trig/ID/Iso 2% 2% 2% 2% 2% 2% TnP, POG rec 

Hadronic Tau Eff. - - - 9% 9% 9% TnP, POG rec 

Luminosity 2.6% 2.6% 2.6% 2.6% 2.6% 2.6% pix. cluster counting 

Z → ττ 3+3*% 3+5*% 3+10*% 3+5*% 3+5*% 3+10*% measured xsec 

Z → µµ, ee 30% 30% 30% 30% 30% 30% measured xsec 

Muon & Elec. Fake 40% 40% 40% - - - SS sideband 

Tau had Fakes - - - 30+10*% 30% 30% fake rate vs MC/
QCD, POG rec 

WW, ZZ +jets bkg. 15% 15% 15% 15% 15% 65% measured xsec 

ttbar+jets 10% 10% 10+10*% 10% 10% 10% measured xsec 

W+γ bkg 100% 100% 100% - - - measured xsec 

B-tagging veto 3% 3% 3% - - - TnP 

Single Top bkg. 10% 10% 10% 10% 10% 10% measured xsec 



Systema3cs	
   19 

Theory Uncertainty GGF VBF 
0 Jet 1 Jet 2 Jet 0 Jet 1 Jet 2 Jet 

Parton Density Function 9.7% 9.7% 9.7% 3.6% 3.6% 3.6% 

Renormalization Scale 8% 10% 30% 4% 1.5% 2% 

Underlying Event / Parton 
Shower 

4% 5% 10% 10% 0% 1% 

Dependent on Mcollinear τeµ τhadµ 

Hadronic Tau Energy Scale - 3% 

Jet Energy Scale 3-7% 3-7% 

Unclustered Energy Scale 10% 10%  

Z → τ τ Bias 100% - 

bin-by-bin uncertainty 
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  Hàτhadμ	
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Distributions after fitting for signal + background. Signal shown in blue with  
best fit branching ratio. Slight excess in each category but still consistent 
within background uncertainties. 
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Weighted	
  Mcoll	
  Distribu3ons	
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Combined channels and categories bins weighted by 
significance (S/(S+B)) 
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Branching	
  Ra3o	
  Limits	
   23 

Expected (%) Observed (%) Best Fit (%) 

τµ < 0.75 (±0.38) < 1.57 0.89 +0.40
-0.37 

Combined excess is 2.5 standard deviations 
which corresponds to local p-value of 0.007 at 
MH=125 GeV 



Limit:	
  Yukawa	
  Coupling	
  	
   24 

•  Yukawa couplings 
governing LFV Higgs: 

•  Reinterpreting BR 
limit into Yukawa 
coupling limit with BR 
< 0.89% gives: 

Yµ!
2
+ Y!µ

2
< 3.63!10"3
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Conclusions	
  

•  First direct, dedicated search for LFV Higgs 
•  limit is approximately an order of magnitude 

tighter than previous limits 
•  Slight excess with 2.5σ significance 

–  Interpreted as a statistical fluctuation gives a 
constraint  of B(H → µ τ) < 1.57% at 95% confidence 
level 

–  Interpreted as a signal, the best fit branching fraction 
is B(H → µ τ) = 0.89% +0.40

-0.37 
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Back	
  Up	
  



Theore3cal	
   27 

•  Two Higgs doublets, extra dimensions, and composite 
models can all have LFV Higgs interactions 

•  Hàτµ and Hàτe can have order BR(10%) under currently 
low energy constraints. 

•  Off diagonal elements of Yij that are too large effect a need 
for fine tuning. Avoided if: 

 
 
 

Y!µYµ! !
mµm!

v2



Exis3ng	
  Limits	
   28 

Reinterpreted ATLAS result of Hàττ by Harnik et al. 



Exis3ng	
  Limits	
   29 

LV ! "Y!µ! LµRh"...
LFV Lagrangian terms: 

Branching Ratio 

Assume ΓSM = 4.1 MeV 

then decay width: 



Data	
  Samples	
  &	
  Triggers	
   30 

•  Monte Carlo simulation sets (full list in backup) 
–  Corrections for Trigger efficiencies and electron and muon ID/

ISO 
–  Pileup re-weighting is used to remove energy from pile up 
–  Pileup jet cleaning to reduce jets from pileup 

•  Hàτhadµ utilizes a single muon trigger while Hàτeµ 
uses Muon + electron cross trigger 



Overview:	
  Data	
   31 



Difference	
  w.r.t.	
  SM	
  

•  LFV Hàτhadµ and Hàτeµ are similar to SM Hàτhadτµ 
and Hàτhadτe respectively. Thus have similar 
background sources to the SM processes. 

•  Muon is prompt thus has higher momentum than in SM 
•  Fewer neutrinos give different missing energy and 

topology. 

32 
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Transverse	
  Mass	
   33 

•  Defined as 

•  Where Transverse Energy for each particle is: 

•  MT ≤ M allowing observation of M even with 
invisible decay products. 

MT
2 = E 2

T ,total !
!pT ,total
2

ET
2 =m2 +

!pT
2

ν	
  

τ	
  
τ	
  

ν	
  
H	
  



Preselec3on	
  Requirements	
  
Leptons (e, µ)  
•  Minimum pT cuts 
•  Detector acceptance cuts 
•  Isolation criteria 
•  Identification criteria 

34 

Event 
•  Leptons oppositely charged 
•  Veto extra isolated leptons 
•  Non-overlapping leptons and jets 
•  Particle Flow Objects 
•  Trigger on muons or muons+electrons 

Jets (including τhad ) 
•  Minium pT cuts 
•  Detector acceptance cuts 
•  ID requirements 
•  corrected for pile-up, eta, 

and pT dependence 
•  jets from b quarks vetoed 

•  Jet energy corrected 
Missing Transverse Energy 
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τhadµ   Mcoll    1 Jet 

•  Preselection is a set of minimal requirements to give well defined 
objects and relevant events 

•  Good agreement in preselection indicates backgrounds are well 
modeled 

•  Signal shown x100 for visibility 

τeµ   Mcoll    1 Jet 
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•  Look at data in region that fulfills all signal selection 
criteria EXCEPT tight isolation 
–  specifically passing loose isolation but NOT tight isolation 

•  Weighting this region by a factor based on fake rate 
scales the background to match what it would be, 
were there no fakes. 

f =
Ntight

Nloose

1! f =
NNOT!tight

Nloose

Ntight = f !Nloose

Nloose =
NNOT!tight

1! f

Ntight = NNOT!tight "
f

1! f
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Variable H → τeµ H → τhadµ 
0 Jet 1 Jet 2 Jet 0 Jet 1 Jet 2 Jet 

µ pT > [GeV] 50 45 25 40 35 30 

e pT > [GeV] 10 10 10 - - - 

τ pT > [GeV] - - - 35 40 40 

Δϕµ-τ had > - - - 2.7 - - 

Δϕe-MET <  0.5 0.5 0.3 - - - 

Δϕe-µ > 2.7 1.0 - - - - 

MT(e) < [GeV] 65 65 25 - - - 

MT(µ) > [GeV] 50 40 15 - - - 

MT(τ) < [GeV] - - - 50 35 35 

Δηjet jet > - - 2.5 - - 3.5 

Mjets - - 550 - - 550 

Optimized for S/√(S+B) 
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Sample τeµ τhadµ 

0 Jet 1 Jet 2 Jet 0 Jet 1 Jet 2 Jet 

Fakes 41.5 ± 17.3 16.1 ± 6.8 1.1 ± 0.7 1858.1±558.8 362.9±110 0.5 ± 0.5 

Z → τ τ 65.0 ± 3.0 38.6 ± 2.0 1.3 ± 0.2 198.8±11.0 50.5 ± 3.5 0.4 ± 0.2 

ZZ, WW 40.8 ± 6.6 21.2 ± 3.5 0.7 ± 0.2 47.0 ± 8.0 14.6 ± 2.6 0.3 ± 0.2 

Wγ  2.0 ± 2.1 1.9 ± 1.9 - -  -  - 

Z → ee or µµ 1.6 ± 0.8 1.8 ± 0.8 - 94.5 ± 25.2 17.6 ± 6.7 0.1 ± 0.1 

ttbar 4.8 ± 0.7 30.0 ± 3.4 1.8 ± 0.3 2.5 ± 0.6 24.3 ± 3.2 0.7 ± 0.3 

t, tbar 1.9 ± 0.2 6.8 ± 0.8 0.2 ± 0.1 2.7 ± 1.2 19.9 ± 3.9 0.4 ± 0.5 

SM Higgs 1.9 ± 0.3 1.6 ± 0.2 0.6 ± 0.1 7.0 ± 1.3 4.9 ± 0.7 1.9 ± 0.7 

Sum of bkg 159.4±18.9 118.1 ± 8.9 5.6 ± 0.9 2210.4±559.6 494.7±110.4 4.3 ± 1.1 

LFV Higgs Sig. 24.2 ± 5.7 13.6 ± 3.1 1.2 ± 0.4 69.7 ± 17.0 29.7 ± 6.7 3.0 ± 1.0 

Data 180 ± 13.4 128.0±11.3 6.0 ± 2.4 2255.0±47.5 506.0±22.5 8.0 ± 2.8 
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Expected Limits 
0 Jet (%) 1 Jet (%) 2 Jet (%) 

τeµ < 1.32 (±0.67) < 1.66 (±0.85) < 3.77 (±1.92) 
τhadµ < 2.35 (±1.20) < 2.10 (±1.07) < 1.94 (±0.99) 
τµ < 0.75 (±0.38) 

Observed Limits 
τeµ <2.04 < 2.38 < 3.84 
τhadµ < 2.94 < 2.11 < 3.29 
τµ < 1.57 

Best Fit Branching Ratio 
τeµ 0.87 +0.66

-0.62 0.81 +0.85
-0.78 0.05 +1.58

-0.97 

τhadµ 0.72 +1.18
-1.15 0.03 +1.07

-1.12 1.24 +1.09
-0.88 

τµ 0.89 +0.40
-0.37 
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Combined excess is 2.5 standard deviations which 
corresponds to local p-value of 0.007 at MH=125 GeV 



Limit: Yukawa Coupling 	
  

•  Following LFV theory reference: arXiv:1209.1397 
•  LFV Lagrangian terms give width: 

•  Define branching ratio and solve for coupling: 
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