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Introduction

Lepton flavor violation

* Lepton flavor is conserved in particle interactions in the standard model (SM)
= Reason for this is not an underlying symmetry but the lack of observed LFV

* An analysis of the atmospheric neutrino flux in 1998 resulted in the first evidence
of neutrino oscillations (doi:10.1103/PhysRevLett.81.1562)
—> proves neutral LFV

« What about charged LFV?

= Many searches carried out by low and high energy experiments without success
- eg.u—-ey,u—>3e,t>ey,Z - Uut, ...
= Charged LFV enhanced in a lot of BSM theories - good probe for new physics

- Let’s look for it in LHC data

RWTH
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Introduction

CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000A

Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

A i : MUON CHAMBERS
/ = 3 - Barrel: 250 Drift Tube, 480 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m” ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO 4 crystals

/

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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Search for LFV in Z decays




Search for LFV in Z decays

arXiv:hep-ph/0010193

Introduction

« Neutrino oscillation predicts LFV in Z decays, but B(Z - eu) < 10769

* Good probe for new physics

e Current constraints:
« Indirect from u — 3e: B(Z » eu) < 5-10713

= Direct from ATLAS: B(Z - eu) <7.5-1077

Phys. Rev. D. 90, 072010 (2014)
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Search for LFV in Z decays

Search strategy
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Search for LFV in Z decays

Background supression
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Search for LFV in Z decays

Background estimation

« Z — 11, top-antitop, diboson and single-top events from simulation

= Normalization from (N)NLO cross section calculations

+ WH+jets & multijet background: fake rate method

= Measure rate of leptons passing relaxed identification criteria and subsequently nominal
ones in background enriched data sample - fake rate ¢

= Apply weights /(1 — ¢) to events in data where
- 1 lepton does not pass: W+jets SS D

- Neither lepton passes: multijet background
G%m —¢)

nom. |d rel. Id

OS
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Search for LFV in Z decays

Systematic uncertainties

Uncertainty
Source Background Signal
Luminosity 2.6% 2.6%
Pileup 3.3% 0.8%
Trigger 0.3% 0.5%
Muon Id 0.5% 0.8%
Muon pr scale 2.9% 0.2%
Muon pt resolution 0.4% 0.1%
Electron Id 0.5% 0.8%
Electron energy scale 3.1% 1.1%
Electron energy resolution 0.3% 0.4%
Jet energy scale 0.2% < 0.1%
Jet energy resolution < 0.1% < 0.1%
Erpiss 0.6% 2.2%
Dilepton pr 0.4% 1.1%
PDF 1.0% 1.0%
Limited number of simulated events 10.6% 1.2%
Normalization 6.8% 3.3%
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Search for LFVin Z decays CMS-PAS-EXO-13-005

Results

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

 Background prediction of 83 + 9 (Qp CMS promnay _se7meTey
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Search for LFV in Higgs decays




Search for LFV in Higgs decays

arXiv:1209.1397

« LFV couplings to the Higgs possible, e.g. M. 02 .
if SM only valid to finite scale A Yii= —0i; + ——A\ij

V22

Introduction

U
* LFV Higgs couplings would allow processes like
u—e, - puandrt - e via a virtual Higgs boson

« B(H - en) < 0(1078) @ 95% CL from u - ey

'4
* B(H - er/ur) < 0(10%) @ 95% CL from t - ey /uy
H and e/u g-2 measurements
* B(H » et/ut) < 13% @ 95% CL from theoretical
reinterpretation of H — tt search results from ATLAS
fl

—> direct search very promising

RWTH
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Search for LFV in Higgs decays

Phys. Lett. B 749 (2015) 337

Search strategy

19.7 fb" (8 TeV)

Lepton
selection

e Data
CMS .
[ Bkgd. uncertainty

B swH
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Ittt
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------ LFV Higgs, (B=0.84%)

Categorisation:
Nt =0, 1 or2
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&
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Search for LFV in Higgs decays

Background estimation

H—-etand H - urt H - eu
« Embedding for Z — 1t « Backgrounds
= Measure Z — uu in data and = Polynomial of order 4
replace u by simulated t = Sum of power law functions

= Sum of exponential functions

Misidentified leptons

= Use ABCD method « Signal
= Regions split by charge of pair = Sum of two Gaussians
and isolation of T = Resolutions depend on location

of leptons (barrel or endcap)

Top-pair background
= Shape from simulation but
normalization from data

Others from simulation

RWTH
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Search for LFV in Higgs decays

arXiv:1607.03561

Results: H - eu

19.7 tb™ (8 TeV)
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0.061 % (exp.)
0.041 % (obs.)

incl. 1 jets
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incl. 2 jets
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VBF
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all
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95% CL limit on B(H—ep), %

B(H — eu) < 0.035% @ 95% CL
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Search for LFV in Higgs decays

Results: H — et CMS 19.7 10 (8 TeV)
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Search for LFV in Higgs decays

Results. H - CMS 19.7 fb™ (8 TeV)
n ”T ufce’ 0 Jets T T : I 1 1 I T T I I 1 T I 1 I 1 I T T T
1.32% (exp.) .. ® Observed
19.7 o (8 TeV) 2.04% (obs.) | X Expected n
T, 1 Jet
CMS ® Data HTe . Expected t 16
60 ] Bkgd. uncertainty 1.66% (exp.)
- SMH 2.38% (obs.) | D Expected + 2¢ ]
[ ]z uT, 2 Jets
et 3.84% (obs.)
40 [ ] MisID'd 1, e, n — _]

(L 0 Jets

2.34% (exp.) -

------ LFV Higgs, (B=0.84%)

2.61% (obs.)
ut, 1 Jet

2.07% (exp.)

2.22% (obs.)

S/(S+B) Weighted Events / 20 GeV

I|IIII|IIII|IIII|IIII|IIII|III

w:h,ZJets
2.31% (exp.) ®
3.68% (obs.) -
— 0k -
S oo = H-ut
5E’ et bt = O75% (exp) (l )
Rl kel ' 3 .51% (obs.
gfﬁ_o..‘: —l— —— E LN A b
= - 100 |200 l360 0 2 4 6 8 10
M(ut)  [GeV] 95% CL limit on B(H—-ur), %

B(H - ut) = (0.841039)% B(H — ut) < 1.51% @ 95% CL
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Search for LFV in Higgs decays

CMS-PAS-HIG-16-005

H- ut @13 TeV
* Very similar analysis
« Uses 2.3 fb-1 of data from 2015

* Excess from 8 TeV data not confirmed
but also not excluded!

B(H — ut) < 1.20% @ 95% CL

Mhad’ 0 Jets

4.17% (exp.)
4.24% (obs.)
LA 1 Jet
4.89% (exp.)
6.35% (0bs.)
T L2
HT Jets
6.41% (exp.)
7.71% (obs.)
ut,, 0 Jets
2.24% (exp.)
1.33% (obs.)
ur, 1 Jet
4.36% (exp.)
3.04% (obs.)
uT, 2 Jets
7.31% (exp.)
8.99% (obs.)
H—-prt
1.62% (exp.)
1.20% (obs.)

CMS Preliminary
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T

T
'
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- - * 1 std deviation
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X Expected

D + 2 std deviation

8 TeV [Phys. Lett. B 749 (2015) 337]:—]
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arXiv:1607.03561

Search for LFV in Higgs decays
. . . . 2 B(H - ¢¢'
Limits on flavor violating Yukawa couplings \/Imrlz 1Y opr| oo _;(H 5 {,){,,)
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» Able to set unprecedented limitsin H - et & H - urt
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Summary

VAR N-ITMl CMS-PAS-EXO-13-005

= Obtained most stringent limit on branching fraction

= Currently limited by statistical precision and normalization
uncertainties

s AT R M s e VAl Phys. Lett. B 749 (2015) 337
arXiv:1607.03561 CMS-PAS-HIG-16-005

= 240 excess in H — ut found in 8 TeV data

- Neither confirmed nor excluded by 13 TeV data so far
= Limits on branching fraction & LFV Yukawa couplings set

- Improvement by 0(10) to previous indirect limits
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Search for LFV in Z decays

CMS-PAS-EX0O-13-005

Event yields & normalization uncertainties

Event yields in signal region
after selection

Normalization uncertainty relative
to total background yield in signal

Process Events region
Z =TT 4149
WW 17 +1 Background process  Uncertainty
Misidentified leptons ~ 12.8 £0.5 Z—=l(l=enuT) 2.0%
Z — ee/ UU 10+ 2 V_VW, WZ,ZZ 3.1%
tt 1.3+0.5 tt <0.1%
W /TW 0.6 +0.6 tW/tW < 0.1%
WZ 0.3 +0.1 Misidentified leptons 5.7%
77 <01 Total background 6.8%
Total background 83+9
Data 87
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Search for LFV in Higgs decays

arXiv:1607.03561

H — eu: background models for all categories

Category | Description N-ets  pf EMss | Background model
[GeV] [GeV] Function  Order
0 epiip 0 >25 <30 | polynomial 4
1 epip 1 >22 <30 | polynomial 4
2 epiip 2 >25 <25 | power law 1
3 eplpc 0 >20 <30 | polynomial 4
4 epHpC 1 >22 <20 | exponential 1
5 egUEC 2 >20 <30 | exponential 1
6 CECHB or EC 0 >20 <30 | polynomial 4
7 eECHB or EC 1 >22 <20 | power law 1
8 €ECHB or EC 2 >20 <30 | polynomial 4
9 VBF Tight 2 >22 <30 | exponential 1
10 VBF Loose 2 >22 <25 | exponential 1
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Search for LFV in Higgs decays

arXiv:1607.03561

Systematic uncertainties: H —» eu

Experimental uncertainties

background model <1
trigger efficiency 1.0
lepton identification 2.0
lepton energy scale 1.0
dilepton mass resolution 5.0
pileup 0.7-2.3
b quark jet veto efficiency 0.05-0.70
]uminosity 2.6 Systematic uncertainty Gluon fusion Vector boson fusion
jet energy scale (inclusive categories) 0.6-22 — : Ojet | 1jet | 2-jet | Ojet | Let | 2-jet
g . parton distribution function 9.7 9.7 9.7 3.6 3.6 3.6
]et energy scale (VBF Categorles) 0.1-78 renormalization/factorization scale | 8 10 300 |4 1.5 |2
jet energy resolution (inclusive categories) | 2.8-12 underlying event/parton shower | 4 5~ [100 |10 | <1 |1°
jet energy resolution (VBF categories) 0.0-49
acceptance (PDF variations) 0.8-5.1
Theoretical uncertainties
GF normalization/factorization scale Jj%
GF parton distribution function 7
VBF normalization/factorization scale +0.2
VBF parton distribution function e
25/27 Search for Lepton Flavor Violation in Z and Higgs decays with the CMS Experiment Rm

Alexander Nehrkorn | Tau2016 | 22.09.2016

R

Ill. Physikalisches

Institut B




Search for LFV in Higgs decays

arXiv:1607.03561

Systematic uncertainties: H — et

Systematic uncertainty H—et, H — ety
0-jet 1-jet 2-jet 0-jet 1-jet 2-jet

muon trigger/ID/isolation 2 2 2 — — —

electron trigger/ID/isolation 3 3 3 1 1 2

efficiency of 7y, — — — 6.7 6.7 6.7

Z — 1T background 3d5* |3d5* | 3p10* | 3d5* | 35" | 3 10* . .

Z — up, ee background 30 | 30 30 30 | 30 30  Normalization

misidentified leptons background | 40 40 40 30 30 30 uncertainties

pileup 2 2 10 4 4

WW, WZ, ZZ +jets background 15 15 15 15 15 15

tt background 10 10 | 10©10* | 10 10 | 10 33"

single top quark background 25 25 25 25 25 25

b-tagging veto 3 3 3 — — —

luminosity 2.6 2.6 2.6 2.6 2.6 2.6
Systematic Uncertainty | H — eT, H — ety
Z — 7T bias 2 —

Shape Z — ee bias — 5
. jet energy scale 3-7 3-7
uncertainties jet energy resolution 1-10 1-10
unclustered energy scale 10 10
Ty, energy scale — 3
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Search for LFV in Higgs decays

Phys. Lett. B 749 (2015) 337
CMS-PAS-HIG-16-005

Systematic uncertainties: H - urt

13 TeV

8 TeV Systematic uncertainty H—ut, | H—=uty,
€ Muon trigger /ID/isolation 3% 3%
Systematic uncertainty H— ut H— uz, Electron. trigge.r/. ID/isolation 3% -
0-Jet 1-Jet 2-Jets | O-Jet 1-Jet 2-Jets Hadro.mc T efficiency — 10%
electron trigger /ID /isolation 3 3 3 — — — b-tagging veto 3% —
muon trigger/ID /isolation 2 2 2 2 2 2 Z — 11 background 10%®5% | 10%E5%
hadronic tau efficiency - = — 9 9 9 Z — up, ee background 10%®5% | 10%®H5%
luminosity 26 26 2.6 2.6 2.6 2.6 Misidentified y, e background 40%@®10% —
Z—TT background 3+3*  3+5*  3+10* 3+5* 3+5*  3+10* Misidentified T background _ 30%D10%
Z = pip,ee background 3030 30 030 30 WW, ZZ background 10%5% | 10%6B5%
misidentified y, e background 40 40 40 — — — {f background 20%@m5% | 20%D5%
misidentified 7, background — — — 30+10* 30 30 W + 7 background 10%¢05%
WW, ZZ+jets background 15 15 15 15 15 65 ) : P .
tt background 10 10  10+10* 10 10 10433* Single top production background 10% 10%
W + 7 background 100 100 100 — — — Jet energy scale 3-20% 3-20%
b-tagging veto 3 3 3 — — — Hadronic T energy scale — 3%
single top production background 10 10 10 10 10 10 Misidentified lepton shape +o +o
Theory uncertainty | 10% | 10%
Luminosity | 27% | 27%
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