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Lepton flavor violating decays of Higgs boson
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• In Standard Model (SM), lepton flavor violation (LFV) is not 
allowed in the decays of the Higgs boson with mass ≈ 125 GeV. 

• Many new physics models predict LFV in µ → e, τ → e, τ → µ  
• LHC presents unique opportunity to search for H → eµ, eτ, µτ  
• Interesting indirect limits are predicted:

• ℬ(µ→eγ) < 10-13 (MEG, SINDRUM)  

⇒ℬ (H → eµ) < 10-8 
• ℬ(τ→e/µ γ) < 10-8 (BaBar, Belle)  

⇒ℬ (H → e/µτ) < 10% 
(G. Blankenburg, J. Ellis, and G. Isidori: 1202.5704) 
(R. Harnik, J. Kopp, and J. Zupan: 1209.1397)

• Beyond SM contributions to rare and  
       exotic decays of the Higgs boson from  
       Run 1 combination of ATLAS+CMS  
       inputs are allowed at the level of 20%.
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Direct searches more constraining at LHC
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Status of direct searches at the LHC

Direct search in Run 1
H ! Experiment

p
s (TeV)

R
L (fb �1) Upper Limits at 95% CL Best Fit Value Significance

Expected Observed (Branching Fraction) (Observed)

µ⌧ CMS (2012 Data) 8 19.7 (0.75 ± 0.38)% 1.51% (0.84 +0.39
�0.37)% 2.4 �

PLB749 (2015) 337 [1502.07400]

ATLAS (2012 Data) 8 20.3 (1.01+0.40
�0.29)% 1.43% (0.53 ± 0.51)% 1 �

EPJC77 (2017) 70 [1604.07730]

e⌧ CMS (2012 Data) 8 19.7 (0.75 +0.32
�0.22)% 0.69% (-0.10 +0.37

�0.36)%

PLB763 (2016) 472 [1607.03561]

ATLAS (2012 Data) 8 20.3 (1.21 +0.49
�0.34)% 1.04% (-0.34 +0.64

�0.66)%

EPJC77 (2017) 70 [1604.07730]

eµ CMS (2012 Data) 8 19.7 0.048% 0.035%

PLB763 (2016) 472 [1607.03561]

I
In H ! µ⌧ channel at Run 1 (8 TeV), CMS & ATLAS

experiments found 2.4� and 1� di↵erences.

Direct searches in Run 2 (LHCP, May 2017)

H ! Experiment
p

s (TeV)
R

L (fb �1) Upper Limits at 95% CL Best Fit Value Significance

Expected Observed (Branching Fraction) (Observed)

µ⌧ CMS (2015-16 Data) 13 35.9 0.25% 0.25% (0.00 ± 0.12)%

PAS HIG-17-001

e⌧ CMS (2015-16 Data) 13 35.9 0.37% 0.61% (0.30 +0.19
�0.18)% 1.6 �

PAS HIG-17-001
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Run 1:  CMS & ATLAS found mild differences in H → µτ 

Run 2 (LHCP, May2017): CMS found slight difference in H → eτ 
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Tau decays at LHC
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Tau (τ) decays leptonically (35%) as well as hadronically (65%)

e/µντ
ντ ντ ντ

ν̅e/µ

π 3π 3π
π0

In this analysis, only hadronic decays of the τ lepton is studied.  
Such decays are reconstructed as “tau-jets” in the ATLAS detector.

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”
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Signal characteristics

5

π π

SM Process LFV Process

• SM Process: H → τµτhad  

• Branching ratio of H → ττ  is 6.3% 
at mH = 125 GeV. 

• More than one neutrino in final state

• Beyond SM Process: H → µτhad 

• Branching ratio up to 10%, based 
on indirect predictions. 

•  One neutrino in final state,  
 larger visible mass than SM process.
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Signal characteristics
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Mass reconstruction

I Comparision between di↵erent mass reconstruction techniques after the
pre-selection.

I Using LFV signal samples only.

Collinear mass

H⌧⌧ (lephad) : m⌧⌧ = m

vis/px1x2 with x1,2 = p

vis1,2/(p
vis1,2 + p

mis1,2)

LFV : m
l⌧ = m

vis/px with x = p

tau/(p
tau

+ p

mis

)
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Collinear mass definition: 
for H → ττ analysis 

for H → lτ analysis 

H → µτ 
Sample 

π π

LFV at ATLAS ATANU PATHAK

Signal characteristics
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Mass reconstruction
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Number of events in mass window [30,230] GeV E�ciency
Total 83734
m

vis

83642 0.999
m

coll

83529 0.998
MMC 80284 0.959
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Visible mass vs. collinear mass vs. with missing mass constraint (MMC)

Variable Preselection E�ciency 2 [30, 230] GeV

m
vis

0.999

m
coll

0.999

m
MMC

0.959

H → µτ 
Sample 
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Discriminating variable: collinear mass

16

Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Plot: "CutTauMTSR1/collMassBL"
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.

Ev
en

ts
 / 

10
 G

eV

0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassTauMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

,MET) [GeV]τ(Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000

12000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassLepMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

(l,MET) [GeV]Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/met"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

 [GeV]miss
TE

0 20 40 60 80 100 120 140

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000

12000  Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/collMassBL"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

 [GeV]collm
50 100 150 200 250 300

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassTauMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

,MET) [GeV]τ(Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassLepMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

(l,MET) [GeV]Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/met"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

 [GeV]miss
TE

0 20 40 60 80 100 120 140

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000

12000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/collMassBL"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

 [GeV]collm
50 100 150 200 250 300

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

16 / 42

Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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SR1 SR2 SR3
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LFV at ATLAS ATANU PATHAK

Discriminating variable: collinear mass

16

Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Background composition

7
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• SR1 dominated by W+jets, whereas SR2 dominated by Z+jets. 
• Both SR1 & SR2 have pT > 45 GeV. 
• Introduce new SR3 w.r.t Run 1, pT > 45 GeV, 25 < pT < 45 GeV.

Background characteristics

8

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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two signal regions are defined using the transverse mass2, mT, of the e–Emiss
T and ⌧had–Emiss

T systems:

OS events with me,Emiss
T

T > 40 GeV and m⌧had,Emiss
T

T < 30 GeV form the signal region–1 (SR1), while OS

events with me,Emiss
T

T < 40 GeV and m⌧had,Emiss
T

T < 60 GeV form the signal region–2 (SR2). Both regions
have similar sensitivity to the signal (see Section 4.4). The dominant background in SR1 is W+jets,
while the Z/�⇤ ! ⌧⌧ and Z ! ee+jets backgrounds dominate in SR2. The modelling of the W+jets
background is checked in a dedicated control region (WCR) formed by events with me,Emiss

T
T > 60 GeV

and m⌧had,Emiss
T

T > 40 GeV. As discussed in detail in Section 4.2, the modelling of the Z/�⇤ ! ⌧⌧ and
Z ! ee+jets backgrounds is checked in SR2. The choice of mT cuts to define SR1, SR2 and WCR is
motivated by correlations between me,Emiss

T
T and m⌧had,Emiss

T
T in H ! e⌧ signal and major background (W+jets

and Z/�⇤ ! ⌧⌧) events, as illustrated in Figure 1. No events with identified b–jets are allowed in SR1,
SR2 and WCR. The modelling of the tt̄ and single-top backgrounds is checked in a dedicated control
region (TCR), formed by events that satisfy the baseline selection and have at least two jets, with at least
one being b-tagged. Table 2 provides a summary of the event selection criteria used to define the signal
and control regions.

The LFV signal is searched for by performing a fit to the mass distribution in data, mMMC
e⌧ , reconstructed

from the observed electron, ⌧had and Emiss
T objects by means of the Missing Mass Calculator [56] (MMC).

Conceptually, the MMC is a more sophisticated version of the collinear approximation [57]. The main
improvement comes from requiring that the relative orientations of the neutrino and other ⌧-lepton decay
products are consistent with the mass and kinematics of a ⌧-lepton decay. This is achieved by maximising
a probability defined in the kinematically allowed phase-space region. The MMC used in the H ! ⌧⌧
analysis [35] is modified to take into account that there is only one neutrino from a hadronic ⌧-lepton de-
cay in LFV H ! e⌧ events. For a Higgs boson with mH = 125 GeV, the reconstructed mMMC

e⌧ distribution
has a roughly Gaussian shape with a full width at half maximum of ⇠19 GeV. The analysis is performed
“blinded” in the 110 GeV< mMMC

e⌧ <150 GeV regions of SR1 and SR2, which contain 93.5% and 95% of
the expected signal events in SR1 and SR2, respectively. The event selection and the analysis strategy are
defined without looking at the data in these blinded regions.

Table 2: Summary of the event selection criteria used to define the signal and control regions (see text).

Criterion SR1 SR2 WCR TCR

ET(e) >26 GeV >26 GeV >26 GeV >26 GeV
pT(⌧had) >45 GeV >45 GeV >45 GeV >45 GeV

|⌘(e) � ⌘(⌧had)| <2 <2 <2 <2

me,Emiss
T

T >40 GeV <40 GeV >60 GeV –

m⌧had,Emiss
T

T <30 GeV <60 GeV >40 GeV –
Njet – – – �2

Nb�jet 0 0 0 �1

2 m
`,Emiss

T
T =

q
2p`TEmiss

T (1 � cos��), where ` = e, ⌧had and �� is the azimuthal separation between the directions of the lepton
(e or ⌧had) and Emiss

T vectors.
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Signal vs. background characteristics
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Discriminating variable: collinear mass

16

Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Plot: "CutTauMTSR1/transverseMassLepMET"
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Plot: "CutTauMTSR1/met"
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Plot: "CutTauMTSR1/collMassBL"

-1 Ldt = 36.07 fb∫ = 13 TeV, s
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Plot: "CutTauMTSR1/transverseMassTauMET"
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Plot: "CutTauMTSR1/met"

-1 Ldt = 36.07 fb∫ = 13 TeV, s
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Plot: "CutTauMTSR2/transverseMassTauMET"
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Plot: "CutTauMTSR2/met"
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Plot: "CutTauMTSR2/transverseMassTauMET"
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Plot: "CutTauMTSR2/collMassBL"
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Discriminating variable: collinear mass
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Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.

Ev
en

ts
 / 

10
 G

eV

0

1000

2000

3000

4000

5000

6000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/transverseMassTauMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

,MET) [GeV]τ(Tm
0 50 100 150 200 250

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

500

1000

1500

2000

2500

3000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/transverseMassLepMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

(l,MET) [GeV]Tm
0 50 100 150 200 250

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000

 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/met"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

 [GeV]miss
TE

0 20 40 60 80 100 120 140

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

500

1000

1500

2000

2500

3000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/collMassBL"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

 [GeV]collm
50 100 150 200 250 300

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

1000

2000

3000

4000

5000

6000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/transverseMassTauMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

,MET) [GeV]τ(Tm
0 50 100 150 200 250

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

500

1000

1500

2000

2500

3000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/transverseMassLepMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

(l,MET) [GeV]Tm
0 50 100 150 200 250

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000

 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/met"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

 [GeV]miss
TE

0 20 40 60 80 100 120 140

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

500

1000

1500

2000

2500

3000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauMTSR1/collMassBL"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

 [GeV]collm
50 100 150 200 250 300

D
at

a 
/ B

kg
 

0.6
0.8

1
1.2
1.4

11 / 42

Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal vs. background characteristics
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H → eτ 

LFV at ATLAS ATANU PATHAK

Discriminating variable: collinear mass

16

Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Plot: "CutTauMTSR1/transverseMassTauMET"
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Plot: "CutTauMTSR1/collMassBL"
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Plot: "CutTauMTSR1/met"
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Plot: "CutTauMTSR2/transverseMassTauMET"
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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SR1 SR2 SR3

H → µτ 

H → eτ 

LFV at ATLAS ATANU PATHAK

Discriminating variable: collinear mass

16

Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Discriminating variable: collinear mass
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Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Discriminating variable: collinear mass

16

Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Fake factor background estimation

11
Tau-ID is based on BDT scores, which are well modeled in Run 2 (13 TeV)

ATLAS-CONF- 
2017-029 

(May 2017)

Background estimations

MC samples

I Non jet-fake tau events.

I Top (single top, tt̄), Z! ⌧⌧ , Z! ll and diboson.

Data-driven estimation

I Fake taus (mostly W+jets, QCD, top, Z!ll).

I The OS-SS method was used in Run-1, however it can give a large
systematic uncertainty at low lepton pt, because of anti-isolated
control region.

I Fake factor method estimates these backgrounds with smaller
systematics by using tau/anti-tau regions.

I Events failing tau-ID are weighted by fake factors to predict fake
backgrounds in signal (tau-ID) region.

N ID

fake

= (Nanti�ID

data

� Nanti�ID

MC ,others)⇥ FF

5 / 42

Background estimations

Fake factor method

I Follow the fake factor method in H⌧⌧ lephad analysis.

I Fake factors from more than 1 source (W+jets, QCD, top, Z!ll),
where the control regions for W+jets, QCD and top are same as in
page 4, and for Z!ll the control region is same as pre-selection.
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Background estimations

Fake factor method

I Fake factors as functions of tau p
T

, number of prongs and m
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16

Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 1

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Plot: "CutTauMTSR1/transverseMassTauMET"
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Plot: "CutTauMTSR1/met"
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Signal region 2

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.

Ev
en

ts
 / 

10
 G

eV

0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassTauMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

,MET) [GeV]τ(Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000

12000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassLepMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

(l,MET) [GeV]Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/met"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

 [GeV]miss
TE

0 20 40 60 80 100 120 140

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000

12000  Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/collMassBL"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

had
τµ→H

 [GeV]collm
50 100 150 200 250 300

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassTauMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

,MET) [GeV]τ(Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/transverseMassLepMET"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

(l,MET) [GeV]Tm
0 50 100 150 200 250

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV
0

5000

10000

15000

20000

25000

30000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/met"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

 [GeV]miss
TE

0 20 40 60 80 100 120 140

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

Ev
en

ts
 / 

10
 G

eV

0

2000

4000

6000

8000

10000

12000
 Data  Bkg (stat)

ττ → Z  Top

 DiBoson  ll→ Z

 Fakes  SM Higgs

 Signal[ggF+VBF] x 20

ATLAS Work in Progress

Plot: "CutTauPtSR3/collMassBL"

-1 Ldt = 36.07 fb∫ = 13 TeV, s

hadτe→H

 [GeV]collm
50 100 150 200 250 300

Da
ta

 / 
Bk

g 

0.6
0.8

1
1.2
1.4

16 / 42

Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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SR1 SR2 SR3

H → µτ 

H → eτ 

Introduction
ATLAS Run-2 LFV analysis
Run-2 expected sensitivity

Conclusion

Run-2 analysis strategy
Event selections
Fake background etimation
Signal vs background characteristics
Signal discriminating variable

Fake background estimation

Fake factors is estimated for separated components (W+jets, QCD)

FF =
X

i

Ri ⇥ FFi

Relative contribution

Ri = ki
Nanti�ID
MC ,i

Nanti�ID
data � Nanti�ID

MC ,others
X

i

Ri = 1 and ki is normalization factor

Fake factors as functions of tau pT , number of prongs.
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• Fake factors are estimated for each components separately (W+jet, QCD)

• Fake factors as functions of tau pT, number of prongs and mT (τ,MET)

Σ Ri = 1 and ki's are normalization factors
i

• Relative contributions
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CollMass plots

I
From left to right: SR1, SR2, SR3.

I µ⌧ (top) and e⌧ (bottom) channels.
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Discriminating variable: collinear mass

13

Signal region 3

I µ⌧ (top) and e⌧ (bottom) channels

I Mass variables are blinded in the window 100 GeV < m < 150 GeV.
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Plot: "CutTauPtSR3/transverseMassTauMET"
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Plot: "CutTauPtSR3/transverseMassLepMET"
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Systematic uncertainty

Sources of fake background systematic uncertainties

I FF
W

and FF
QCD

, vary within uncertainty

I R
W

and R
QCD

, vary within uncertainty

I Non-fake MC subtraction, vary 35%

I µ⌧ channel

Absolute yields Rel. di↵. to nom. (%)

SR1 SR2 SR3 SR1 SR2 SR3

Nominal 8152 5725 75830

FF Stat. Unc. (up) 8967 6927 87036 10 10 15

FF Stat. Unc. (down) 7369 5125 65213 -10 -10 -14

R

W

(up) 8325 5839 78754 2 2 4

R

W

(down) 7989 5610 72065 -2 -2 -4

MC subtraction (up) 8460 6096 79621 4 6 5

MC subtraction (down) 7824 5381 72058 -4 -6 -5
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Systematic uncertainty

Sources of fake background systematic uncertainties

I FF
W

and FF
QCD

, vary within uncertainty

I R
W

and R
QCD

, vary within uncertainty

I Non-fake MC subtraction, vary 35%

I e⌧ channel

Absolute yields Rel. di↵. to nom. (%)

SR1 SR2 SR3 SR1 SR2 SR3

Nominal 8630 6657 70445

FF Stat. Unc. (up) 9474 7327 80303 10 11 14

FF Stat. Unc. (down) 7689 5998 59825 -11 -11 -15

R

W

(up) 8824 6872 73257 2 3 5

R

W

(down) 8476 6429 66238 -2 -3 -6

MC subtraction (up) 9017 7199 74771 4 7 6

MC subtraction (down) 8395 6101 66183 -4 -7 -6
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H → µτ H → eτ 

Include all other systematics 
 following standard prescriptions  
by ATLAS performance groups. 

 Include theory uncertainties ~ 7% 
following LHC Higgs XS group.

Fake background systematics 
• vary FFW and FFQCD by ± 1 σ 
• vary RW and RQCD by ± 1 σ 
• vary non-fake MC subtracted

Introduction
ATLAS Run-2 LFV analysis
Run-2 expected sensitivity

Conclusion

Systematic uncertainties
Expected sensitivity

Systematic uncertainties

Fake background systematics

Rel. di↵. to nom. (%)

H ! µ⌧ H ! e⌧

SR1 SR2 SR3 SR1 SR2 SR3

FF Stat. Unc. (+1�) 10 10 15 10 11 14

FF Stat. Unc. (�1�) -10 -10 -14 -11 -11 -15

RW (+1�) 2 2 4 2 3 5

RW (�1�) -2 -2 -4 -2 -3 -6

MC subtraction (up) 4 6 5 4 7 6

MC subtraction (down) -4 -6 -5 -4 -7 -6

Include systematics from standard
recommendations by ATLAS
performance groups.

Include theory uncertainties
following LHC Higgs XS group.

Systematics Uncertainty
Luminosity 2�3%
Fakes 15�20%
JES 4�5%
Emiss
T 1�2%

Tau ID 3�4%
Lepton ID 2%
B-tag 2%
Theory 7%

Phuong Nguyen Dang (UofL) US ATLAS Workshop (July 25�28, 2017) 17 / 19
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• Comparison of results with and without systematics

Significance numbers are calculated assuming B(H→ ℓτ)=1%

• Comparison of sensitivity between Run 1 and Run 2

Significance Limits

SR1 SR2 SR3 Comb SR1 SR2 SR3 Combined

Without Systematics 2.79 � 2.19 � 1.98 � 4.07 � (0.70 +0.28
�0.20)% (0.90 +0.35

�0.25)% (0.99 +0.39
�0.28)% (0.48 +0.19

�0.13)%

H ! µ⌧had

With Systematics 2.40 � 1.73 � 1.60 � 3.66 � (0.82 +0.32
�0.23)% (1.12 +0.44

�0.31)% (1.25 +0.49
�0.38)% (0.56 +0.22

�0.16)%

Significance Limits

Run 1 Run 2 Run 1 Run 2

Observed Expected Observed Expected Expected

H ! µ⌧had 1.3 � 3.66 � 1.85% (1.24 +0.50
�0.35)% (0.56 +0.22

�0.16)%
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SR1 SR2 SR3 Combined SR1 SR2 SR3 Combined

Without Systematics 2.79 � 2.19 � 1.98 � 4.07 � (0.70 +0.28
�0.20)% (0.90 +0.35

�0.25)% (0.99 +0.39
�0.28)% (0.48 +0.19

�0.13)%

H ! µ⌧had

With Systematics 2.40 � 1.73 � 1.60 � 3.66 � (0.82 +0.32
�0.23)% (1.12 +0.44

�0.31)% (1.25 +0.49
�0.38)% (0.56 +0.22

�0.16)%

Significance Upper limits at 95% CL

Run 1 Run 2 Run 1 Run 2

Observed Expected Observed Expected Expected

H ! µ⌧had 1.3 � 3.66 � 1.85% (1.24 +0.50
�0.35)% (0.56 +0.22

�0.16)%

2 / 3

Significance Upper limits at 95% CL

SR1 SR2 SR3 Combined SR1 SR2 SR3 Combined

Without Systematics 2.79 � 2.19 � 1.98 � 4.07 � (0.70 +0.28
�0.20)% (0.90 +0.35

�0.25)% (0.99 +0.39
�0.28)% (0.48 +0.19

�0.13)%

H ! µ⌧had

With Systematics 2.40 � 1.73 � 1.60 � 3.66 � (0.82 +0.32
�0.23)% (1.12 +0.44

�0.31)% (1.25 +0.49
�0.38)% (0.56 +0.22

�0.16)%

Significance Upper limits at 95% CL

Run 1 Run 2 Run 1 Run 2

Observed Expected Observed Expected Expected

H ! µ⌧had 1.3 � 3.66 � 1.85% (1.24 +0.50
�0.35)% (0.56 +0.22

�0.16)%

2 / 3



LFV at ATLAS ATANU PATHAK

H → eτ : expected sensitivity 

16

• Comparison of results with and without systematics

Significance numbers are calculated assuming B(H→ ℓτ)=1%

• Comparison of sensitivity between Run 1 and Run 2

Significance Limits

SR1 SR2 SR3 Comb SR1 SR2 SR3 Combined

Without Systematics 2.76 � 1.89 � 1.96 � 3.88 � (0.71 +0.28
�0.21)% (1.04 +0.41

�0.29)% (1.00 +0.39
�0.28)% (0.51 +0.20

�0.14)%

H ! e⌧had

With Systematics 2.38 � 1.72 � 1.48 � 3.28 � (0.82 +0.32
�0.23)% (1.12 +0.44

�0.31)% (1.27 +0.49
�0.38)% (0.58 +0.23

�0.17)%

Significance Limits

Run 1 Run 2 Run 1 Run 2

Observed Expected Observed Expected Expected

H ! e⌧had 0.89 � 3.28 � 1.81% (2.07 +0.82
�0.58)% (0.58 +0.23

�0.17)%
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• Search for lepton flavor violating decays of the Higgs boson  

      has been performed with  Run 2 data at 13 TeV using  

36 fb-1 of data collected  by the ATLAS detector at LHC. 

• Analysis of only hadronic decays of tau is presented here. 

• Expected significance ~ 3σ obtained assuming B(H→ ℓτ)=1%.    

• The expected ATLAS limits at Run 2 are around 0.6%, which 

are factor of 2 to 3 more stringent than those obtained at Run 1.


