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Motivation

Lepton flavour conservation is accidental in the SM. Neutrino oscillations exhibit
that Lepton Flavour Violating (LFV) processes do occur in nature. LFV processes also
in charged lepton sector?

LFV decays of the Higgs boson expected in several SM extensions (SUSY, 2HDM,
composite Higgs...). Low energy results provide constraints.

H — epn G(10-13) H—ey [1303.0754] 0.061 % ATLAS 139 fb-1[1909.10235]
H — et 0(10%) T - ey [0908.2381] 0.22 % CMS 137 fb?  [2105.03007]
H - ut 0(10%) T — 1y [0908.2381] 0.15% CMS 137 fb?  [2105.03007]

* Information from 1 — ey and 1 — e conversion in nuclei correlate H — et and H — ut decays [JHEP 06

(2015) 108].
5 Y
R B(p— ey) | B(p = e)an g
B(h — ) X B(h — 1e) = [Sﬂ-rhl ( B B I - L ' I
_10 [Blp — ey) 7 h
=7.95 x 10 . [W \\\\\\

Dominant term, since B( — €)ay < 7 x 10713
[Eur.Phys.J. C47, 337 (2006)]
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https://arxiv.org/abs/1502.07784
https://link.springer.com/article/10.1140/epjc/s2006-02582-x

Analysis introduction

- H — et and H - urt are independent signals (two searches). Two analyses targeting leptonic T decays (different
background estimation) and one for hadronic T decays.

» Different analyses based on background estimation and final state:

Symmetry based leplep Fake background data-driven. Other backgrounds estimated mainly via data-driven symmetry method

e N\
Fake background data-driven. Other backgrounds estimated with MC templates and normalization of
MC-template leplep main backgrounds estimated data-driven from CRs
N\ _/

Fake background data-driven. Other backgrounds estimated through MC with normalization coming from

MC-template lephad leplep CRs if fit combines both channels.
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Event selection and categorization

Main Higgs boson production modes considered for LFV signal: gluon fusion, vector boson fusion (VBF),
vector boson associated production.

General strategy: loose preselection and further cut-based categorization into VBF and Non VBF regions.
Simplified description below. Detailed selection in backup

Selection leplep lephad
le and 1u with opposite sign.  1e or 1u and 1 hadronic T
Baseline No hadronic T with opposite sign
b-veto
VBF Nijets > 2
Non-VBF Fail VBF selection

leplep final state with one electron and one muon (eT,J or uT,). Channel classification based on pt ordering
in approximate Higgs boson rest frame (pt(€z7) > pt(£,)).

Additional CRs dependent on the analysis to extract normalization of top-quark and Z — T T backgrounds.

Multivariate analyses (MVA) used to enhance sensitivity. Final discriminants for fit built from MVA outputs.
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Background estimation with the symmetry method

Data-driven search were the background in one channel is estimated using the data yields in the other channel
[Phys.Rev.D 90, 015025 (2014)].

« Standard Model processes are symmetric with respect e «— 11 exchange.
» LFV decays of the Higgs boson where B(H — et) + B(H — ut) break this symmetry.

- Split data in two samples (eT, uTt). Correct induced asymetries (experimental efficiencies and different
rates for misidentified objects). Use one sample as background estimation of the other.
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https://arxiv.org/abs/1405.4545

Background estimation with MC-templates

Z — T T and top-quark background estimated through MC templates. Normalization extracted from 1-bin
control regions (CRs) in fit separately for VBF and non-VBF. Shared between et and ut in 2POI fit.

- Z — pp. Estimated with MC templates. Normalization (and related uncertainty) extracted from dedicated
CR. Applied at pre-fit level.

» Other minor backgrounds estimated from MC. Diboson modelling checked in dedicated validation region.

. Fakaes. Data-driven ABCD method using lepton charge and isolation.
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Background estimation with MC-templates

Z — T . Different normalization factors (NFs) for VBF and Non VBF. Shared between et and ut in

MC-template lephad

combined fit.

Top-quark. Shared NFs with MC-template leplep in combined fits.

Z — ppu. Normalization uncertainty extracted from VR.

Other minor backgrounds estimated from MC templates.

Fakes. Data-driven fake factor method based on hadronic T identification.

3
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MVA strategy

Different MVA strategies for the different analyses, doing separate trainings for VBF and non-VBF to profit
from different kinematic properties.

Two main strategies:

1. Muilticlassifier algorithms based on NNs. Use signal node Symmetry based leplep non
as final discriminant.

2. Multiple classifiers, each of one devoted to separate the
signal from specific backgrounds. Combine the score of

each classifier to obtain final discriminant. Symmetry based leplep VBF

» For example, MC-template leplep uses three BDTs that
separate signal from:

- ZIH->1tT+ 272 —> 04.
» Top-quark + Diboson+ H - WW.
«  Misidentified background.

MC-template leplep

MC-template lephad
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MVA output distributions for fit

In this slide, distributions from ut. For MC-template, showing post-fit yields from the combined fit of the
MC-template analyses. For Symmetry, post-fit yields from Symmetry standalone fit.
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Statistical analysis overview

- Statistical analysis for signal strength u = B(H — £T) extraction with Maximum Binned Likelihood fit and
combining VBF and Non VBF regions. Two signal parametrizations:

Fits in et and ut channels are

independent (e.g. assume B(H — eT)=0 MC leplep non-VBF Symm leplep VBF MC lephad

when extracting 1 = B(H — urt))

1 POI

Simultaneous fit of H — eT and H — ut signals. A

1. No assumption needed on branching ratios. - -
2 POI
- 2. Stronger constraints can be achieved in background MC leplep gl ' lephad
\nuisance parameters. y

« 1 POl fit scheme combining three analyses was chosen based on the sensitivity of the analyses: Symmetry is
used for the leplep VBF categories and MC-template for the leplep non-VBF categories.

*  When combining with Symm. based only 1 POI fit is possible (one of the channels is required for the
background estimate of the other)
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1 POI fit

Combination of the three analyses with a 1 POI fit setup:

Observed limits are above expected ones for both signals.

2.20 excess seen for B(H — eT) and 1.9 0 for B(H - ur).

1 POl setup also used to extract branching ratio difference with Symmetry analysis:

B(H - ut) — 8B(H - e1)

ATLAS
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Conclusions arXiv:2302.05225

e Presented ATLAS searchesfor H - et and H - utT
with 138 fb-1.

* From the simultaneous fit of the two signals, observed
(expected) upper limits at 95% CL on the branching ratios
are 0.20% (0.11%) for H — et and 0.18% (0.09%) for
H — pt. Compatibility with SM within 2.10.

* Results complete a full set of ATLAS searches for LFV
Higgs boson decays into leptons with the Run 2 dataset.

« Obtained a branching ratio difference of B(H — ut) —
B(H — et) = (0.25+0.10)%, indicating a non-
significant excess.

* Prospects of the searches at the HL-LHC have been
estimated for the two analysis methods by extrapolating
the Run 2 results.
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Non-diagonal Yukawa coupling matrix elements

»  Branching ratio values can be related to non-diagonal Yukawa coupling matrix elements:

8 B(H - 0T) oy

2 2 _

*  For the 2 POl results:

VIY ezl? +1Y o2 < 0.0012 JIY 42 +1Y 42 < 0.0012

10

Yool

v,
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Systematic uncertainties

2 POI Impact on observed [1074]

Source of uncertainty B(H — e1) | B(H — ur)
Impact of systematic uncertainties similar Flavour tagging 0.7 0.2
between the 1 POI and 2 POI fit setups. Misidentified background (eTphaq) 2.1 0.3
Misidentified background (ety) 2.7 0.3
Analysis results limited by systematic Misidentified background (1Thaq) 0.6 1.4
Jet and EF™® 1.2 0.9
- |Background sample statistical Electrons and muons 1.4 0.5
uncertainties. Luminosity 0.6 0.4
Hadronic 7 decays 0.9 0.9
o @Iisidentified bakgroun@estimation Theory (signal) 0.8 0.8
related uncertainties (specially from Theory (Z + jets processes) 0.8 1.0
leplep) Z — ({ normalisation (e7) <0.1 0).1
Piep). Z — (f normalisation (u7) 0.2 0.9
Background sample size 2.4 2.3
Total systematic uncertainty 5.1 3.6
Data sample size 3.0 2

( Total 5.9 45 )
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Measurement of branching ratio difference

Symmetry method is sensitive to the difference of "L ATLAS |
branching ratios B(H — ut) — B(H - er1). T? 06 Vs=13TeV, 138fb™ N
I
Without assumption of one of the B = 0, thenthe = 5
measurement should be interpreted as a H * + |
. o 7 ]
branching ratio difference. T 02 =
Qq 7

Symmetry results are compared with results from 0t 2 ! i
2 POl fit of the MC-template leplep channel. '

—e— MC-template (Full unc.) —_

Yy, MC-template (Uncorrelated unc.)
—=a— Symmetry (Full unc.) ]
| | |

02 |
Due to overlap in data, data statistical
uncertainties as well as signal uncertainties are , o

IS r 1
correlated between MC-template and Symmetry S o5t Z ]
based analyses. 2 of ,, : f
Other uncertainties are considered uncorrelated. 27 '

= m ™ =
Compatibility found to be within 2.30. 2 = 5

z 8
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Selection

Selection {1y i
exactly le and 1u, OS exactly 1€ and 17y,4.vis, OS
Thad-VeEtO ThadTight ID

Baseli Medium eBDT (eT,q)

Ceniiic b-veto b-veto

p? > 45 (35) GeV MC-template (Symmetry method) pr > 27.3 GeV
p > 15Gev priis > 25 GeV, |pThavis| < 2.4
30GeV < me, < 150GeV 2.cos Ag(i, ET™") > —0.35
i=C, Thad-vis
0.2 < piak(£, =€)/ pS™er (L, = e) < 1.25 (MC-template) |A (€, Thadovis)| < 2

track dy significance requirement (see text)
|zo sinf] < 0.5 mm

Baseline
VBF > 2 jets, pit > 40GeV, p > 30 GeV

Baseline plus fail VBF categorisation
non-VBF - veto events if
= 90 < Myis (e, Thad-vis) < 100 GeV
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Selection

Selection Ty { T

non-VBF (or VBF') category with
statistically independent lepton (€ or Thag.vis) selection, see text

misidentified background CR

Baseline with 35 GeV < p{! < 45 GeV Baseline
75 GeV < my e, < 100 GeV In(7)] < 0.1
2=+ pp CRIVR {7 e ) Ap (62, EP9)| < 1.5 90 GeV < meo (11, 7) < 110 GeV

125 < Pk (6)/p§ien(fy) <3

non-VBF (or VBF) selection
top-quark CR oo . _
with inverted b-veto requirement

non-VBF (or VBF) selection
Z — 17 CR . ) =
with 35 GeV < p; < 45GeV

Baseline
p > 30GeV
Diboson VR 100GeV < mye, < 150GeV -
mrt > 30 GeV
veto events with jets with pt > 30 GeV
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Combined 1 POI fit

/ Non VBF

~

~

/
r \ 1 Z —
o leplep Non VBF : 1) NF o
9 Z - 1T CR <
o / leplep Non VBF Q
g , ‘ SR leplep VBF SR =
leplep Non VBF £
> plep
TopCR | «—— 4} 1TopNF &
I\ 4
1 Top NF when comb. MC- )
o template leplep and lephad
c L
Iy s > | lephad NonVBF lephad VBF
@) SR SR
= | 17 - 7T NFw/out CR 17 — 77 NF w/out CR y
N 4
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Combined 2 POI fit

N -

N -

~

, 1 17 — ) 1Z - TT‘\
. leplep Non VBF NE o leplep VBF : 1] NF
%— Z — 1Tt CR leolen Non VBF Z —- 1t CR
3 [ P ] [ leplep VBF SR ]
v . \ .
S leplep Non VBF leplep VBF
Top CR 1Top NF Top CR ‘ @ 1TopNF/
1 Top NF when comb. MC- 1 Top NF when comb. MC- A\
o template leplep and lephad template leplep and lephad
c L
I oo . | lephad NonVBF | || ii--------e > lephad VBF
) SR SR
= 17— ttNFw/out CR 1Z — 7t NF w/out CR )y
N /
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Fake background estimation

1. Fake Factor method computed in Z+jets CR (2 leptons tagged to Z, 3rd is fake candidate) forj — €.
2. 7y —e u—eand Thaq — ¢ via MCtruthinfo. Maily from Vy, Z - uy, Z - 17

Fake factor method

/

e FFcomputed in Z+jets CR:

)

data promptMC
e NiDiso) = Nup,iso)
- Ndata NpromptMC

anti—(ID,is0) = *Yanti—(ID,iso)
* (ID, is0): pass medium id. and isolation
e anti-(ID,iso):

¢ Formuon: failiso and pass medium id.

e Forelectron: pass loose id. Fail medium id or iso.

« FF binned in lepton flavor, pr and Ad (£, EFs%)
» CFsto correct flavour composition differences between SR and CR. Binned in flavour and pt

FF %/{{C akes data promptMC
CF = FFY Sets sR = FFx CEX (NgR; anti—(ID,is0) ~ SR, anti—(ID,is0)

- /
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Fake background estimation

ABCD method

f' OSN: SR. SSN: SR sselection but SS charges of light leptons.
e OSF and SSF. Fake enriched regions (Fake CRs). anti-ID and anti-iso +
other lepton quality criteria:
¢ Formuon: failiso and pass medium id.

« Forelectron: either fail isolation or medium id. but pass loose id.

OSF

e Assume OSN = SSN Xﬁ = SSN xTF

\. Transfer factor parametrized in terms of trigger and b-veto/tag /

~

Lepton quality criteria

Lepton charge product
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Fake background estimation

Estimate of j = Tpag With W+jets and QCD multijets as main sources (two dedicated CRs). Data-driven fake factor method.

Fake Factor Method
/ N fakes — 322;1 ‘ N MC e ) j: \

MC,noj-1
anti — T: pass VeryLoose ID but fail Tight 1D
¢ Two main sources: QCD multijets and W+jets. Two dedicated CRs.

j: = RocpFocp + (1 = Rgep)Fw
* Derive FF for each source and apply to anti — T events in SR

NGN — Ny

F. — data MC, noj-1
i Nantl 7, CR; Nant1 7, CR;
data “PYMC, nojot

& FF bined in pr and 1/3 prong. /
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MVA strategy

Symmetry based leplep MC-template leplep MC-template lephad

NNs trained with Keras BDTs with TMVA BDTs with TMVA

/ / .. A
Separate training for Non VBF and Separate training for Non VBF and Separate trainings for Non VBF and
VBF. Shared between et and VBF. Shared between et and VBF and for eT, iT,

Non VBF Non VBF and VBF Non VBF et

1 Multiclassifier NN with 3 output 3 BDTs. Scores combined linearly. 3 BDTs. Scores combined linearly.
nodes. Signal output node used for * LFVvs. ZTtT+HTT+Z¢% * LFVvs. ZTT
fit. e LFVvs.Top+tVV+HWW * LFVvs. Fakes

* LFVvs. Fakes e LFV vs. Other backgrounds
VBF Non VBF ut and VBF
3 BDTs. Scores combined linearly. 2 BDTs. Scores combined linearly
e LFVvs. ZTT+H TT+MCfakes (NonVBF uT) or quadratically
* LFVvs. ToptVV+HWW (VBF).
* LFVvs. Fakes e LFVvs. ZTT

* LFVvs. Other backgrounds
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Events / Bin

Data—Bkg Data / Pred.

|
n
o
o

MC leplep

MVA output distributions for fit

LN B B B B LA Y B R B I N B B

= =

o ATLAS 4 Data . Hout, B=011% ﬂ\3 104 ATLAS 4 Daa m Hout, B=0.11% _|
B 0P Vs toTev et o g, M Ao ] 5 10 E s iaTey, tantet o S, S O
§> H-ety, =3 H—we;ré/pn?fit - "\I'qu.-qua(:f § H-ety, [ et prefit = Top-quark 3
I MC-template B=0.1% x100 isidentified o MC-template 0 S:S;tﬁil:(t‘yoo — CMMI:IgIZmIerd ]

7227 Uncertainty ~ W Others

VBF, postfit

1 04 non-VBF, postfit

In this slide, distributions from et. .-

bl

10°
For MC-template, postfit signal contributions from "
the 2 POI fit. i S A B B N N E
%1.00 %1.00
For Symmetry, postfit signals coming from 1POlI o 200 o n
Symmetry standalone fit. g g
2005 ) . . ] 1.0 0.0 0
BDT score BDT score

Symm leplep MC lephad

F T T T T T T T T 3 ¢ R E— — 1 T 3 . < T T T T T T T T T T T T 3
ATLAS 4 Daa @ oF ATLAS + Das 1 & S P L L S ] ATLAS 4 Dia mm Houn011% ]
DAY ~ P i - ATLAS 4 Daa . Hout, B=0.11% = . HE, > 4
TE e = e b £ 1 F VS = 10TeV. 1380 = iendom 1 5 10 EVsioTevitsent oo A, M 0] 2 [ S=TaTeveent o A, I LI oo
oF H~ew B Symmeltel g 10 FH-ew —R e S . 6F HoeTha Hose, prefit e Top-quark g 10" HoeTha [ HoeTpreft = Topquark
Symmetry = Other a4 F Symmetry m— Oter 3 & 10" E MC-template = B-0.1%x100 Misidenificd w MC-template w0, iy W O
5 f_non-VBF, postfit — 1 et prefi 10 VBF, postfit — M~ et preit 3 5 p@w nON-VBF, postfit 77 Uncertainty ~ W Others VBF, postfit > Uncertainty ]
B=0.1% x100 3 B=0.1% x100 3 10 3 _
10 E 10 E
10° = 10° ]
10" 10° 10° E
1 100 1 02
-1
10 -
1.25F | | <1250 g125
@ o
. g ~1.00
= s i)
= 1.00 80.75
I£) e R R R So75L | 2 50
of 2 251" T 0
T U £ s
7 & o, s _
1 1 L1 11 1 1 3 825 é/ & | , 8
0 0.3 0.18 0.48 0.71 0.83 0.89 0.92 0.94 o.gsNg.ge 1 0 3 059 079 089 095 09 097 -
X score ) . . NN score BDT score BDT score
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Comparison with CMS

« Main differences with respect to ATLAS
search:

* Leplep background estimation is MC-
template.
* Using embedding for Z — tt.

* New TaulD based on DNN (70% eff,
1% mis-id).

« 1POIfit for branching ratio extraction.

* Lepton assignment based on pr
ordering in lab frame.

* MVA based on BDT. Trained only with
part of the background.

* Finer categorization of Non VBF
regions depending on number of jets.

CMS 137 fb-1[2105.03007]

CMs

n 0 Jets
0.37 (0.33)%
L 1 Jet
0.40 (0.43)%
L 2 Jets
0.50 (0.49)%
uT VBF
0.39 (0.30)%
uT, 0 Jets
0.31 (0.34)%
pr, 1 Jet
0.36 (0.57)%
MT, 2 Jets
0.77 (1.13)%
uT, VBF
0.58 (0.83)%

ut
0.15(0.15)%

137 b (13 TeV)

H — pt BDT fit

e Observed
. x  Median expected
B I 68% expected |
. ] 95% expected

i

—1 0 1 2 3 = 5

95% CL limit on B(H— ut) %
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CMS

et,, 0 Jets
0.44 (0.39)%

ert,, 1 Jet
0.68 (0.44)%

er,, 2 Jets
0.78 (0.55)%

et,, VBF
0.57 (0.35)%

et,, 0 Jets
0.42 (0.34)%
er,, 1 Jet
0.56 (0.53)%

e, 2 Jets
1.35 (1.08)%

et,, VBF
0.42 (0.86)%

et
0.22 (0.16)%

137 b (13 TeV)

IIIIFIIlill!lllllllllllllllil

H — et BDT fit |
B e Observed

% Median expected
[ 68% expected

[] 95% expected

®s
-
»

Ll Ll t 1 Ll L | Ll 1 1 | L1 1 L I Ll Ll i 1 Ll L
-1 0 1 2 3 4 5
95% CL limit on B(H— e1) %
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Combined 1 POI fit

1 POI Impact on observed [
Source of uncertainty B(H — et) | B(H — ur)
Flavour tagging 0.6 0.4
Misidentified background ({7haq) 2.1 1.5
Misidentified background (£7¢) 2.9 1.6
Jet and EMS 1.1 1.1
Electrons and muons 0.2 0.5
Luminosity 0.6 0.5
Hadronic 7 decays 0.9 1.0
Theory (signal) 0.9 0.7
Theory (Z + jets processes) 1.0 1.2
Theory (top-quark processes) 0.3 0.3
Theory (diboson processes) 0.4 0.7
Z — (€ normalisation 0.2 0.7
Symmetric background estimate 0.2 0.1
Background sample size 4.2 2.4
Total systematic uncertainty 3.3 3.9
Data sample size 29 2.7
Total 6.1 4.7
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