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Lepton Flavour Violation is an established fact
+ 2001 at Sudbury Neutrino

Observatory

+ nobel prize 2015: for the discovery of
neutrino oscillations, which shows
that neutrinos have mass

+ neutrino mixing can be incorporated
by introducing PMNS matrix
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+ This makes LFV Z & H decays possible:
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Figure 1: Feynman diagrams for the lepton-flavour changing Z decay. In the case
of virtual, ordinary Dirac neutrinos, the Zνiνj vertices in D1 and D3 are diagonal
and the analogous quark-flavour-changing process can be obtained by replacing lk by
down-quarks and νi by up-quarks.

2 Predictions from the νSM

The amplitude for the decay of a Z boson into two charged leptons with different
flavour, l1 and l2, is given in a self-explanatory notation by:

M = − igαW

16πcW
V(Q2) εµ

Zūl2(p2)γµ(1 − γ5)ul1(−p1), (2.1)

where

αW ≡ α

s2
W

, (2.2)

and the form factor V depends on Q2 = (p2 − p1)
2 and can be written as:

V(Q2) =
3∑

i=1

Vl1iV
∗
l2i V (λi), (2.3)

V (λi) = [vW (i) + vWW (i) + vφ(i) + vφφ(i) + vWφ(i) + vΣ(i)] , (2.4)

with Vij being the leptonic CKM mixing matrix. In general, there are besides the vec-
tor and axial-vector couplings fV and fA in (2.1) also contributions of the fS, fP , fM , fE

types, but for the production of on-shell fermions (with their masses being neglected)
they vanish here. Further, it is fV = fA = V(Q2) due to the presence of W bosons
coupling only to left-handed fermions. The contributions from the one-loop diagrams

2A fourth generation of quarks is also needed to keep the theory anomaly free.

5

+ However, prediction νSM of
BF(Z → τ l)∼ 10−54 [1]
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Collider experiments well suited for production of leptons
most sensitive Z → τ l searches stem from LEP

I Br(Z → τµ) < 1.2×10−5, Br(Z → τe) < 9.8×10−6 [2, 3]
I they had a cleaner environment, we have more statistics

 DELPHI Interactive Analysis
Run: 26154
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H → τ l new measurement

I CMS found 2.4σ excess : Br(H → τµ) = 0.84+0.39
−0.37 % [4].

I no excess in electron channel: Br(H → τe) < 0.7 % (preliminary results [5])
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Search for H/Z → eτ/µτ decays in the τhad channel

Missing Mass Calculator [6]

MMMC
τ l : invariant mass of the Z or H

quadratic equation p2
z ,ν + αpz ,ν + β = 0

most likely solution L = P(∆R)×P(�ET )
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Figure 2: Example of the probability distribution functions P(∆R, pτ ) for a particular
value of the original τ lepton momentum (pτ ). These functions are used in the calculation
of the likelihood L for three cases: 1-prong τ (left plot), 3-prong τ (middle plot), and
leptonic decays (right plot) of τ leptons. These distributions depend only on the decay
type and initial momentum of the τ lepton.

We first describe the method for the better constrained case, where both
τ ’s decay hadronically, and then we explain how the machinery is adjusted
for the case of leptonic decays. When both τ ’s decay hadronically, the sys-
tem of Eqs. 3 can be solved exactly for any point in, for example, the (φmis1 ,
φmis2) parameter space. For each point in that grid, the vectors pmis1,2 are
fully defined and, therefore, one can calculate the distance ∆R1,2 between
the vector pvis1,2 and the current assumed direction of pmis1,2 . To evaluate
the probability of such decay topology, we use ∆R distributions similar
to those shown in Fig. 2, but we take into account the dependence of the
distribution on the momentum of the initial τ lepton. If the τ lepton polar-
ization is neglected, the ∆R distribution depends only on the τ momentum
and decay type, but not on the source of τ ’s. Therefore, we use simu-
lated Z/γ∗→ττ events to obtain ∆R distributions for small bins (5 GeV/c)
in the initial τ momentum, p, in the range 10 GeV/c<p<100 GeV/c (the
range can be extended to both smaller and larger values). Events are sim-
ulated using Pythia [5] supplemented with the TAUOLA package [6] for τ
decays. To simplify the calculations further, we parametrize the ∆R distri-
butions by fitting them with a linear combination of Gaussian and Landau
functions. Examples of such fits are shown as solid lines in Fig. 2. The
pτ -dependence of the mean, width and relative normalization of the Gaus-
sian and Landau is then parametrized as p0/(x + p1x

2) + p2 + p3x + p4x
2,

yielding fully parametrized distributions P(∆R, p), which can be used to
evaluate the probability of a particular τ decay topology. To incorporate
this information as an additional constraint, we define the logarithm of the

7
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Data–driven methods & Monte Carlo corrections

Data–driven

Z → ττ :
+ from Z → µµ

QCD multi-jets:
+ OS/SS symmetry

Control Regions

t/tt̄
W + jets
Z/VV → ll

DRAFT
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Figure 1: Two–dimensional distributions of the transverse mass of the e–Emiss
T system, m

e,Emiss
T

T , and that of the ⌧had–

Emiss
T system, m

⌧had,Emiss
T

T , in simulated Z/�⇤ ! ⌧⌧ (top left plot), W+jets (top right plot), H ! e⌧ signal (bottom left
plot) and data (bottom right plot) events. Magenta, red and yellow boxes on the bottom right plot illustrate SR1,
SR2, and WCR, respectively. All events are required to have a well-identified electron and ⌧had of opposite charge
with pT(⌧had) > 20 GeV and ET(e) > 26 GeV.

and m
⌧had,Emiss

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

e,Emiss
T

T < 40 GeV and197

m
⌧had,Emiss

T
T < 60 GeV form the signal region–2 (SR2). Both regions have similar sensitivity to the signal198

(see Section 4.4). The dominant background in SR1 is W+jets, while the Z/�⇤ ! ⌧⌧ and Z ! ee+jets199

backgrounds dominate in SR2. The modelling of the W+jets background is checked in a dedicated con-200

trol region (WCR) formed by events with m
e,Emiss

T
T > 60 GeV and m

⌧had,Emiss
T

T > 40 GeV. As discussed in201

detail in Section 4.2, the modelling of the Z/�⇤ ! ⌧⌧ and Z ! ee+jets backgrounds is checked in SR2.202

The choice of mT cuts to define SR1, SR2 and WCR is motivated by correlations between m
e,Emiss

T
T and203

m
⌧had,Emiss

T
T in H ! e⌧ signal and major background (W+jets and Z/�⇤ ! ⌧⌧) events, as illustrated in204

Figure 1. No events with identified b–jets are allowed in SR1, SR2 and WCR. The modelling of the tt̄ and205

single-top backgrounds is checked in a dedicated control region (TCR), formed by events that satisfy the206

baseline selection and have at least two jets, with at least one being b-tagged. Table 2 provides a summary207

of the event selection criteria used to define the signal and control regions.208

23rd March 2016 – 23:36 7
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Z → µτhad [7]
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I Br(Z → τµ) =−1.6+1.3
−1.4×10−5, best fit value

I Br(Z → τµ) < 1.69(2.58)×10−5, observed (expected) 95 % C.L
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H → µτhad [8]

Figure 2: Distributions of the mass reconstructed by the Missing Mass Calculator, mMMC
µ⌧ , in SR1 (left) and SR2

(right). The background distributions are determined in a global fit. The signal distribution corresponds to Br(H !
µ⌧)=25%. The bottom panel of each sub-figure shows the ratio of the observed data and the estimated background.
The grey band for the ratio illustrates post–fit systematic uncertainties on the background prediction. The statistical
uncertainties for data and background predictions are added in quadrature for the ratios. The last bin in each
distribution contains overflow events.

Finally, events with Higgs bosons produced via gluon fusion or vector–boson fusion (VBF) processes are
generated at NLO accuracy with POWHEG [49] event generator interfaced with PYTHIA8 to provide the
parton showering, hadronization and the modelling of the underlying event. The associated production
(ZH and WH) samples are simulated using PYTHIA8. All events with Higgs bosons are produced with a
mass of mH = 125 GeV and normalized to cross sections calculated at next–to–next–to–leading order in
QCD [50–52]. The SM H ! ⌧⌧ decays are simulated by PYTHIA8. The LFV Higgs boson decays are
modelled by the EvtGen [53] event generator according to the phase–space model. In the H ! µ⌧ decays,
the ⌧–lepton decays are treated as unpolarised because the left– and right–handed ⌧–lepton polarisation
states are produced at equal rates.

All simulated samples are passed through the GEANT4–based ATLAS detector simulation [54, 55]. The
simulated events are overlaid with additional minimum–bias events to account for the e↵ect of multiple
pp interactions (pile–up) occurring in the same and neighbouring bunch crossings.

Figure 2 shows the mMMC
µ⌧ distributions for data and the predicted backgrounds in each of the signal re-

gions. The backgrounds are estimated using the method described above. The signal e�ciencies for
passing the SR1 or SR2 selection requirements are 2.1% and 1.5%, respectively, and the combined ef-
ficiency is 3.6%. The numbers of observed events in the data as well as the signal and background
predictions in the mass region 110 GeV< mMMC

µ⌧ <150 GeV can be found in table 2.

8

I Br(H → τµ) = 0.77±0.66 %, best fit value

I Br(H → τµ) < 1.85(1.24) %, observed (expected) 95 % C.L.
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H → eτhad [7]
DRAFT

Figure 2: Distributions of the mass reconstructed by the Missing Mass Calculator, mMMC
e⌧ , in SR1 (left) and SR2

(right). The background distributions are determined in a global fit. The signal distribution corresponds to Br(H !
e⌧) = 25%. The bottom panel of each sub-figure shows the ratio of the observed data to the estimated background.
Very small backgrounds due to single top, tt̄, VV , Z ! ee( jet ! ⌧misid.

had ) and H ! ⌧⌧ events are combined in a single
background component labelled as “Other Backgrounds”. The grey band for the ratio illustrates post-fit systematic
uncertainties in the background prediction. The statistical uncertainties in the background predictions and data are
added in quadrature for the ratios. The last bin in each distribution contains events with mMMC

e⌧ > 250 GeV.

50% di↵erence between the mMMC
e⌧ shape with and without this correction is taken as the corresponding269

systematic uncertainty.270

The TCR is used to check the modelling and to obtain normalisation for OS and SS events with top quarks.271

The normalisation factors obtained in the TCR are extrapolated into SR1 and SR2, where tt̄ and single-top272

events may have di↵erent properties. To estimate the uncertainty associated with such an extrapolation,273

the analysis is repeated using the MC@NLO [59] event generator instead of POWHEG for tt̄ production.4274

This uncertainty is found to be ±8% (±14%) for backgrounds with top quarks in SR1 (SR2).275

The background due to diboson (WW, ZZ and WZ) production is estimated from simulation, normalised276

to the cross sections calculated at NLO in QCD [60]. Finally, the SM H ! ⌧⌧ events also represent a277

small background in this search. This background is estimated from simulation and normalised to the278

cross sections calculated at NNLO in QCD [48–50].279

Figure 2 shows the mMMC
e⌧ distributions for data and the predicted backgrounds in each of the signal re-280

gions. The backgrounds are estimated using the method described above. The signal e�ciencies for281

passing the SR1 or SR2 selection requirements are 1.8% and 1.4%, respectively, and the combined ef-282

ficiency is 3.2%. The numbers of observed events in the data as well as the signal and background283

predictions in the mass region 110 GeV< mMMC
e⌧ <150 GeV can be found in Table 3.284

4 The same extrapolation uncertainty is assumed for tt̄ and single-top backgrounds.

23rd March 2016 – 23:36 10

I Br(H → τe) =−0.471.08
−1.18 %, best fit value

I Br(H → τe) < 1.81(2.07) %, observed (expected) 95 % C.L.
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Search for H → eτ/µτ decays in the τlep channel
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4 Event Selection381

We define the signal processes as Higgs decays to ⌧±µ⌥ and to ⌧±e⌥, where the ⌧± further decays to the382

other flavor lepton. The resulting final state consists of one electron and one muon of opposite sign, and383

missing transverse energy (/ET ). The signal over background is enhanced exploiting the topology of the384

signal events as discussed below.385

4.1 The leading and Sub-leading leptons: `0 and `1386

In the decay H ! ⌧` the ⌧ and the ` carry, on the average half of the energy of the Higgs. In the decay387

⌧ ! `‘⌫⌫ the `‘ carries, on the average, one third of the energy of the ⌧. Therefore, the energy of ` (the388

light lepton originating in the Higgs itself) is, on the average, 3 times larger than that of `‘ (the light389

lepton originating from the decay of the ⌧.390

In each event we define the leading and sub-leading lepton, `0 and `1, ordered by the lepton pT. In391

H ! ⌧±µ⌥ (H ! ⌧±e⌥) events `0 is the muon (electron) is ⇠ 97% of the time.392

4.2 The Collinear Approximation393

A schematic description of the process H ! ⌧±`⌥ ! `0±`⌥⌫⌫ is shown in Figure 3.394

ℎℓ

ℓ’
ℓ’

Figure 3: A schematic description of a signal process.

In the Higgs rest frame, the ⌧ and the light lepton (denoted as `) are produced back to back. In the395

Higgs rest frame, the ⌧ is boosted hence the direction of its decay products (`‘ and the two ⌫) is similar396

to the direction of the ⌧.397

In the collinear approximation, the direction of the ⌧ is estimated from the direction of its decay398

product, and the momentum of the ⌧ is estimated from the momentum of `‘ and the two ⌫399

p⌧T = p`‘T + Emiss
T (2)

In the leading and sub-leading leptons terminology we can identify ` with `0 and `‘ with `1. The400

uncertainty associated with this identification are discussed in section 7.1.401

4.3 The discriminating variables402

Following Ref. [8] we identify the following discriminating variables:403

• ��(`1, Emiss
T ): the angular separation between the sub-leading lepton and the Emiss

T . Under the404

collinear approximation this variable is expected to be close to 0 for signal events.405

• ��(`0, Emiss
T ): the angular separation between the leading lepton and the Emiss

T . Under the collinear406

approximation the leading lepton and the Emiss
T are expected to be back-to-back.407

• ��(`0, `1): the angular separation between the two leptons. Under the collinear approximation the408

e and the µ are expected to be back to back.409

The final discriminant used in this channel is the collinear mass mcoll defined as:

mcoll =

√
2p`1

T

(
p`2

T +Emiss
T

)
(cosh∆η− cos∆φ). (1)

This quantity is the invariant mass of two massless particles, τ and l1, computed with
the approximation that the decay products of the τ lepton, l2 and ν , are collinear to
the τ, and that the Emiss

T originates from the ν .
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H → eτlep/µτlep [7]
Dilepton events are divided into two mutually exclusive samples:

I µe sample: p
µ

T ≥ peT : H → µτ → µeνν would be here
I eµ sample: peT > p

µ

T
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Figure 4: Collinear mass distributions in the ⌧lep channel: background estimate compared to the events observed in
the data in the SRnoJets (top) and SRwithJets (bottom). Left: eµ channel. Right: µe channel. In these plots, events
from the three f

⇣
p`2T

⌘
bins are combined, although the fit parameters are di↵erent in each f
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bin.

23rd March 2016 – 23:36 18

I Br(H → µτ) < 1.79(1.73) %, Br(H → eτ) < 1.36(1.48) %
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Combined Results

DRAFT
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Figure 5: Upper limits on LFV decays of the Higgs boson in the H ! e⌧ hypothesis (left) and H ! µ⌧ hypothesis
(right). The limits are computed under the assumption that Br(H ! µ⌧) , Br(H ! e⌧). The µ⌧had channel is from
Ref. [22].

23rd March 2016 – 23:36 20

I Combined result: Br(H → µτ) < 1.43(1.01) %, Br(H → eτ) < 1.21(1.48) %
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Complementary low energy decay: τ → 3µ [9]

ℓi

ℓ̄k

ℓk

ℓj

Z

FIG. 1. Feynman diagram for the three-body decay ℓi → ℓjℓk ℓ̄k in the effective Lagrangian approach. The dot denotes an
effective LFV coupling.
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FIG. 2. Feynman diagrams for the radiative decay ℓi → ℓjγ in the effective Lagrangian approach. The dot denotes an
effective LFV coupling. There is another set of diagrams where the flavor-changing effective vertex is inserted in the opposite
end of the Z boson or the neutrino.
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20

I trained BDT, predict event count from sidebands invariant mass m3µ

I Br(τ → 3µ) < 3.76×10−7(3.94×10−7) observed (expected) at 90% C.L.
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Conclusion
I LHC offers a new opportunity to look for charged lepton flavour violating decays
I interesting from the standpoint of new physics models w.r.t. neutrino oscillations
→ unambiguous sign of new physics

I several searches1 have been performed at ATLAS with different techniques

H/Z → lτhad : template fit using MMMC
τ l

H → lτlep : completely data–driven technique on symmetry argument

τ → 3µ : counting experiment after BDT selection

Z → eµ : bump hunting

I no significant excess found
I determining more Higgs properties at ATLAS
I Z → τµ will be competitive with LEP after Run 2 and/or τlep

I τ → 3µ: expected to be competitive with Belle result with Run2 data and trigger
improvement

1Z → eµ is an older analysis,see backup, most sensitive limit
13 / 28
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Lepton Flavour Violation

Isidor Isaac Rabis famous question about the muons existence, Who
ordered that?, was prescient and deep. His question, in modern terms, asked
why are there flavours and generations? Why are there muons and taus in
addition to the electron? The same question applies to the quark and
neutrino sectors. We believe there are three generations in each sector, and
that the number in each sector must be the same. We see quarks changing
generations, as codified in the Cabibbo-Kobayashi-Maskawa matrix, and
neutrinos changing from muon to electron to tau neutrinos according to the
Pontecorvo-Maki-Nakagawa-Saka matrix. Lepton Flavour Violation is an
established fact, but only in the neutral neutrinos. What about their charged
partners? Is there Charged Lepton Flavour Violation? [10]
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I a jet faking a τhad is not well modelled by MC simulation
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SM backgrounds

Z → ττ

t/tt̄
W + jets
Z/VV → ll
H → ττ

QCD multi-jets

Event classes

real lepton and τhad

jet misidentified as a τhad

lepton misidentified as a τhad

Processes where a jet fakes a τhad are not well modelled by Monte Carlo simulation, we
use the following assumptions:

I The shape of the MMMC
τ l distribution in the signal regions is the same for OS and

SS events for the QCD multi-jet background.

I The scale factor k = N(data)/N(MC) is the same for the processes in the signal
and corresponding control regions for the electroweak backgrounds.
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The symmetry method [11] is completely data–driven, has very few background
systematics and mostly limited by statistics. It is based on the following two premises:

1. Standard Model processes are to a good approximation symmetric under the
exchange e↔ µ [11].

2. Br(H → µτ) 6= Br(H → eτ) 2

Dilepton events are divided into two mutually exclusive samples:

I µe sample: p
µ

T ≥ peT : H → µτ → µeνν would be here

I eµ sample: peT > p
µ

T : H → eτ → eµνν would be here

small asymmetries that need to be accounted for:

I misidentified and non-prompt leptons

I trigger and reconstruction efficiency

2The bound on µ → eγ decays suggests that the presence of a H → µτ signal would exclude the
presence of a H → eτ signal, and vice versa, at an experimentally observable level at the LHC [12].
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Z → eµ [14]
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FIG. 1. Distributions of (a) Emiss
T and (b) pT

jet
max for Z ! eµ

candidate events with 85 < meµ < 95 GeV. The ex-
pectations for backgrounds from various sources are shown
as stacked histograms. Each plot has all cuts applied except
for the kinematic variable being shown. The vertical lines
and arrows indicate the Emiss

T and pT
jet
max requirements. The

hatched bands show the total statistical uncertainty of the
backgrounds. The expected distribution of Z ! eµ signal
events, normalized to the upper limit on the branching frac-
tion (B(Z ! eµ) = 7.5 ⇥ 10�7), is indicated by a black line.
The entries at zero in the pT

jet
max distribution correspond to

events with no jets that satisfy the jet selection.
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FIG. 2. The eµ invariant mass distribution in data with the
background expectations from various processes after all cuts
applied. The hatched bands show the total statistical uncer-
tainty of backgrounds. The expected distribution of Z ! eµ
signal events, normalized to 13 times the upper limit on the
branching fraction (13⇥B(Z ! eµ) = 1.0⇥10�5), is indicated
by a black line.

major contributors to the systematic uncertainties shown
in Table I before the cancellation. With the cancellation,
the systematic uncertainty on B(Z ! eµ) is 1.2%, small
compared to the overall fitting systematic uncertainty,
and is neglected in the final result.

TABLE I. The reconstruction e�ciencies for Z ! eµ, ee,
and µµ events are shown. Also shown are the number of Z
bosons produced, NZ , as estimated from the number of Z !
ee and Z ! µµ events, after correcting for the corresponding
reconstruction e�ciencies and branching fractions, as well as
the weighted average. The total uncertainties are given.

Z decay E�ciency (%) NZ (108)

ee 10.8 ± 0.3 7.85 ± 0.24

µµ 17.8 ± 0.4 7.79 ± 0.17

hee, µµi 7.80 ± 0.15

eµ 14.2 ± 0.4

A one-sided Profile Likelihood [37] is used as a test
statistic to calculate an upper limit on the number of
signal events using the CLs procedure [38]. The pro-
cedure yields an observed 95% CL upper limit of 72
events. This is consistent with the expected upper limit
of 69 events obtained by generating pseudo-experiments
from the observed background spectrum. For the pseudo-
experiments, the observed data distribution in the side-
band is fitted with a 3rd-order Chebychev polynomial and
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(B(Z ! eµ) = 7.5 ⇥ 10�7). The lower plot shows the data
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the fitted function is then interpolated into the signal re-
gion to predict the central value for the number of back-
ground events in each bin. The central value of the back-
ground events in the background region or interpolated
data for the signal region is then fluctuated.

There is a systematic uncertainty due to the choice
of fitting function used to estimate the background and
the associated fitting region (Sec. VI). The upper and
lower limits of the fit region are varied in the ranges
100–120 GeV and 70–80 GeV in 5 GeV increments. The
background parameterization that yields the largest up-
per limit on the number of signal events (83 events) is
used to set an upper limit on the branching fraction at
the 95% confidence level,

B(Z ! eµ) < 7.5 ⇥ 10�7. (2)

VIII. CONCLUSIONS

A search for the lepton flavor violating process Z ! eµ
in pp collisions is performed with the ATLAS detector at
the LHC. There is no evidence of an enhancement at the
Z boson mass in the meµ spectrum for the dataset with

an integrated luminosity of 20.3 fb�1 at
p

s = 8 TeV.
Using the CLs method with a one-sided Profile Likeli-
hood as a test statistic, an upper limit of 83 signal events

at 95% CL is found. This leads to an upper limit on the
branching fraction of B(Z ! eµ) < 7.5⇥ 10�7 at 95%
CL, significantly more restrictive than that from the LEP
experiments.
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Br(Z → eµ) < 7.5×10−7, observed 95 % C.L., significantly more restrictive than that
from the LEP experiments [13].

23 / 28



Reconstructing τ
– 4–

Figure 1: Basis mode branching fractions of
the τ . Six modes account for 90% of the decays,
25 modes account for the last 10%. The list
of excluded intermediate states for each basis
mode has been suppressed.

June 18, 2012 15:24

I hadronic: 1 ν , leptonic: 2 ν

I missing energy → sideband analysis not possible

I performing a template fit
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Figure 1: Limits on λi3k come from measurements of the leptonic branching ratio of the τ (left), which
may be enhanced by RPV couplings (right).

Figure 2: Limits on λ′311 come from measurements of the hadronic branching ratio of the τ (left), which
may be enhanced by RPV couplings (right).

Figure 3: Feynman diagrams for RPV sneutrino production and decay with non-zero λ133, λ233, λ132
and λ′311.

the existance of such a heavy neutral resonance. In the meanwhile, we have also updated some objects84

selection requirements to reject more jet faking backgrounds. Exclusion is placed at 95% C.L. for the85

RPV SUSY τ sneutrinos, with a mass below 1.45 TeV assuming single coupling dominance and coupling86

values λ′311 = 0.11, λ312= 0.07. Higher values of the RPV coupling are also excluded as a function of87

mν̃τ .88

In this note, we probe the RPV couplings in the eµ, eτ and µτ channels. The Feynman diagrams are89

shown in Fig. 3, and the non-zero RPV couplings involved are λ133, λ233, λ132 and λ′311.90
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FitModel

Nbkg
OS = rQCD ·Ndata

SS +NZ→ττ

add-on +NW+jets
add-on +N

t/tt̄
add-on +NVV→ll

add-on +NH→ττ

add-on

+N
Z→ll(l→τfake)
add-on +N

Z→ll(j→τfake)
add-on ,

where the ratio rQCD = NQCD
OS /NQCD

SS accounts for the rate difference in QCD multi-jets
when requiring OS or SS events, which is caused by their different flavour composition.

I NW+jets
add-on = kOS

W+jets ·N
W+jets
OS − rQCD ·kSS

W+jets ·N
W+jets
SS . Because the

W + jetsbackground consists of a jet misidentified as a τhad, a rate correction is
applied. The quark and gluon composition differ for OS and SS events causing
some charge asymmetry NOS > NSS. Therefore two separate corrections are
obtained from a control region, namely kOS

W+jets and kSS
W+jets.
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QCD multi-jet: data driven

I virtually impossible to model by Monte Carlo simulation

I make use of symmetry between same and oppositely charged τhadl events5.3 background mode l 39
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Figure 24: Comparison of shapes for visible mass, EmissT and MT distributions in OS (red) and SS (blue)
events from the QCD control region in e + �had (left) and µ + �had (right) channels. Contri-
butions from electroweak and top backgrounds are subtracted from data and all distributions
are normalised to the unit area.

Fig. 5.7 · Comparison of the shapes for the invariant mass, Emiss
T and mT (l,Emiss

T ) distributions in OS (red) and
SS (blue) The events from the QCD control region in e⌧had (left) and µ⌧had (right) channels. Contribu-
tions from electroweak and top backgrounds are subtracted from data and all distributions are normalised
to the unit area, taken from the support material of the ATLAS H ! ⌧⌧ analysis [17]
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Signal: Z → τhad l

Figure: Artist’s Impression

+ pT (µ)∼mZ/2

+ µτhad back to back
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Reconstructing Z
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Figure 2: Example of the probability distribution functions P(∆R, pτ ) for a particular
value of the original τ lepton momentum (pτ ). These functions are used in the calculation
of the likelihood L for three cases: 1-prong τ (left plot), 3-prong τ (middle plot), and
leptonic decays (right plot) of τ leptons. These distributions depend only on the decay
type and initial momentum of the τ lepton.

We first describe the method for the better constrained case, where both
τ ’s decay hadronically, and then we explain how the machinery is adjusted
for the case of leptonic decays. When both τ ’s decay hadronically, the sys-
tem of Eqs. 3 can be solved exactly for any point in, for example, the (φmis1 ,
φmis2) parameter space. For each point in that grid, the vectors pmis1,2 are
fully defined and, therefore, one can calculate the distance ∆R1,2 between
the vector pvis1,2 and the current assumed direction of pmis1,2 . To evaluate
the probability of such decay topology, we use ∆R distributions similar
to those shown in Fig. 2, but we take into account the dependence of the
distribution on the momentum of the initial τ lepton. If the τ lepton polar-
ization is neglected, the ∆R distribution depends only on the τ momentum
and decay type, but not on the source of τ ’s. Therefore, we use simu-
lated Z/γ∗→ττ events to obtain ∆R distributions for small bins (5 GeV/c)
in the initial τ momentum, p, in the range 10 GeV/c<p<100 GeV/c (the
range can be extended to both smaller and larger values). Events are sim-
ulated using Pythia [5] supplemented with the TAUOLA package [6] for τ
decays. To simplify the calculations further, we parametrize the ∆R distri-
butions by fitting them with a linear combination of Gaussian and Landau
functions. Examples of such fits are shown as solid lines in Fig. 2. The
pτ -dependence of the mean, width and relative normalization of the Gaus-
sian and Landau is then parametrized as p0/(x + p1x

2) + p2 + p3x + p4x
2,

yielding fully parametrized distributions P(∆R, p), which can be used to
evaluate the probability of a particular τ decay topology. To incorporate
this information as an additional constraint, we define the logarithm of the

7

I 2 solutions from quadratic equation

I model angle between hadron - neutrino: P(∆R)

I model missing energy resolution: P(�ET )

I take most likely according L = P(∆R)×P(�ET )
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