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INTRODUCTION

Multi-lepton final states are predicted by many

extensions to the Standard Model

Two leptons: Excited e/u searches with two same
flavour leptons with additional photon contribution

in the final state ( £ * )( 2 “)(v)

Three leptons: A generic search with three charged

leptons in the final state ( £ )( ¢ )( ¢ or 1)

Four leptons: A search for heavy neutrinos with

four leptons in the final state (2" — /"¢ ) (¢~

)&

)



Excited e/u: Introduction

! Search for lepton compositeness ,

 Motivation: Mass hierarchy and the generational
¢ structure of quarks and leptons

e SM leptons: Ground states

{ Effective Theory |
' o /™ produced via contact interactions 3
i » Effective model holds for my«< A

| Unimown parameters e
{ » Compositeness scale A ii Studied Channel: pp — 0" — (i |
f » Mass of excited lephoTis i § R st avessen ssmmeninerramsmonascenenssame s




Excu:ed e/ u. -Ba,ck;ground Determination

j ) ‘Event Selectlo R :

e Two lepton candidates and a photon candidate § e Z+vy: dominant irreducible

e Mye > 110 GeV, suppressing Z+y 7, e Z+jets: reducible

Signal Regions § * Wey+jets: for electron channel only
{ o 100, > M- + 150 GeV, if my- <900 GeV { °Diboson, tthar: small contributions

} oy >1050GeV,  if my-2900 GeV !

ATLAS e Data 2012
det_13fb L1z

[ Z + jets, diboson, tt

Bkg. uncertainty

—_(m ,A)=(0.2, 10) TeV
w

(mw, A) = (0.5, 10) TeV
—_ (mw, A) =(0.8,10) TeV

ATLAS e Data 2012
det_13fb L1z

[ Z + jets, diboson, tf, W+y +jets
2 Bkg. uncertainty
(m_,A) = (02, 10) TeV
(m_. A) = (0.5, 10) TeV
— (m_,A) = (0.8, 10) TeV
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uuy / 100 GeV
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Excited e/u: Results

ATLAS D Observed limit ATLAS

D Observed limit
Ldt=13fb" Expected limit

Ldt=13fb™ Expected limit
s =8TeV - - - Expected +1o - - = Expected =10

\s=8TeV
.me*>A .mw>A
— ATLAS 2 fb' Vs =7 TeV — ATLAS 2 b’ Vs =7 TeV

- CMS 5fb", Vys=7 TeV

- CMS 5fb", Vs =7 TeV

e No significant excess is observed in the signal region
e 95% upper limits are set on o(pp — €€7) X B(L* — Ly)
e For My== A, Myx< 2.2 TeV excluded



Three Charged Leptons: Introduction

e A model-independent search for new phenomena with = 3 charged leptons

e Rare SM events

e Dominated by WZ/ZZ production

e Any excess would be interesting

e (Complementary search for previous analysis

e Avoiding optimization for specific models

e (Creating signal regions for various possible signatures

e Presenting results as upper limits on event yields in a fiducial volume



Three Charged Leptons: Signal Regions

Minimum pr, isolation, hit quality and
fiducial volume requirements are

Define four mutually exclusive signal channels

On-Z =23e/u applied to leptons
On-Z 2e/u+21 thad
23 e/ Variable Definition
& e/U+ =1 Thag . Sum of 3 lepton pr
On-Z: ‘mgg e mz‘ < 20 GeV . o Sum of jet pr
Missing transverse energy
imee — myz| > 20 GeV Hrlﬁptons + H:]l?ts + Errrniss

Variable Signal Region Definition Additional Requirements

— e == % =
HTep'O"S Inclusive >200GeV > 500 GeV > 800 GeV

Min. pf. Inclusive >50GeV > 100GeV > 150 GeV
EXss  Inclusive >100GeV  >200GeV  >300GeV Hy" < 150 GeV
EMs  Inclusive >100 GeV > >300GeV  Hy" > 150 GeV

Meff Inclusive >600 GeV >1500 GeV

Mgt Inclusive - ETSS > 100 GeV
Meft Inclusive . my > 100 GeV, on-Z
b-tags Inclusive
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Three Charged Leptons: Backgrounds

Irreducible backgrounds:
e Prompt leptons produced in the hard interaction:

o W4, ZZ, ttbar+W/Z processes
o Zty (-t
Reducible backgrounds:
e FHvents with up to & prompt leptons with at least 1 non-prompt lepton
e Non-isolated, fake lepton candidates
o Z+jets, W+jets, tt, single top, multijets

e Hstimated by using data-driven fake factor method
PR TN SCL S L Ly e i Y

2 e/u+=1t ATLAS Preliminary —e— 2012 Data
off-Z (s=8 TeV [ ] Reducible
fLdt=203 1" . VV(V)
O tE+V(V)
%252 Syst. Unc.

-
o
Gyl

=3 e/u ATLAS Preliminary ~ —e— 2012 Data
off-Z (s=8 TeV m VV(V)
f Ldt = 20.3 fb" [ Reducible
T tt+V(V)
%85 Syst. Unc.

—_
o
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H!?ptons [GeV] Hl_?ptons [GGV]

e Distributions are shown in terms of HIP*™, HE® m g and B
e No significant deviation from the expected background is observed
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Three Charged Leptons: Results

The 95% C.L upper limits set on the number of events
from non-SM sources (Nos)

ATLAS Preliminary Vs=8 TeV == . Observed

» — Expected
f Ldt = 20.3 fb WExp = 10
Exp + 20

CLs method is used

The Nos limits are converted into limits on the “visible
cross section” N
95

95
O-’U 18 e f Ldt
=3 e/u : off-Z 2elu+ zh:had : off-Z

No significant deviation is observed in any signal R — R —
region under study HEP"™ [GeV] HEPO™ [GeV]

oy [fb]

ATLAS Preliminary Vs=8 TeV fLdt=20.3 fb™

-—

- (Expected Limit) [0]

(Observed Limit)

Al =200 =500 =800 =50 =100 =150 =1 =2 =600 =1000 =1500 =0 =600 =1200 =0 =600 =1200 =0 =100 =200 =300 =0 =100 =200 =300

HP" [GeV]  Min. p'Tep [GeV]  b-tags M, [GeV] M, [GeV] M, [GeV] E™SS [GeV] EMS [GeV]
Inclusive EM°>100 GeV  m¥>100 GeV H =150 GeV H*<150 GeV




Three Charged Leptons: Model Testing

e Allow to set limits on specific models by using model independent
limits given in terms of Ovis

e Define a fiducial volume at the particle level for a chosen model

* Provide single lepton efficiencies (€aq) as a function of pr and n in
that fiducial volume

e A 95% upper-limit on the cross section in the new model is then

- == Uncorrected

defined as;
>
8 ATLAS Preliminar
S Simulation
E Vs=8 TeV
C
() 1
N L|>J ! : —e— Reconstructed
f 7 d 9 5 o E d - B2 Predicted _

50

O """500 1000 1500 2000 2500 - 3000

Vector-like B quark model m [GeV]



Type-I1I SeeSaw: Introduction

e In the Standard Model (SM) neutrinos are massless
e From neutrino oscillation experiments:

o At least two neutrinos of all three generations are massive

The origin and smallness of neutrino masses ?

e SeeSaw models are proposed as an effective framework in order to provide answers to
these puzzles

Type-III SeeSaw Mechanism
e Introduces at least two fermionic triplets that generate neutrino masses

e The lightest fermionic triplet; N* and N, N° - Approximately degenerate masses

e N9 and N* decay into a W, Z or H and accompanying charged or neutral lepton
(o pp > N+ N* = W7 + 52)

NP ke A A LS

pp—>N"+N > (Z+(Z

Branching fraction

pp > N"+N" > Z+v, W™

pp—>N"+N -y W +(Z

pp — N° + N* = vZ + viW*




Type III SeeSaw: Event Selection

e At least four leptons (e or ) in the event
J & leptons with opposite sign and same flavour, invariant
ma.ss within 10 GeV of the Z mass
e Bachelor lepton: Third lepton candidate, closest in ¢ to the reconstructed Z
e Fourth lepton: Highest pr € or y candidate remaining in the event
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Type III SeeSaw: Backgrounds

e MC based estimates
. - dominant background
e Veto events with a second Z boson with |mg+,- — mz|< 10 GeV
e Remains a small and irreducible contribution from ZZ"

. (Z+bb/ce) - small contribution
e Validated with data in the control region

e ttV, VVV - small contribution

—— Data s+~ BKg (stat)
ATLAS Bl ww /0 zz

Preliminary = Wy 3 VWV
v [ Single Top
\s=8TeV, f Ldt=5.8fc" W Z+ets [ W+ets

—— Data s+~ BKg (stat)
ATLAS Bl ww /0 zz

Preliminary = Wy 3 VWV
[ fiv [ Single Top
\s=8TeV, f Ldt=5.8fc" W Z+jets [ W+ets

27 Control Region

Events / 20 GeV
Events / 20 GeV

Z+jets Control Region

{ | - "
qe e

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Mz [GeV] Mz [GeV]




Type III SeeSaw: Results

ATLAS —— Data # Bkg (sys @ stat) | —— Observed 95% C.L. upper limit
B ww B zz

Preliminary Wy ] VWV Expected 95% C.L. upper limit
C ] #v @ Single Top 1 I Expected limit = 1o
Vs=8TeV,[Ldt=58 fo! W Z+ets [ WHets | 1 Expected limit = 20
[ N[200 GeV] N300 GeV] | o(pp — N°N#),BF(N*— Z I¥)x BF(N°— W )=1

o(pp — N°N*)x BF(N*— Z F¥)x BF(N°— W )

>
)
Q)
o
(QV
S~
N
e
C
o
>
L

IV 1=0.055
101 IV 1=0.063
ATLAS Preliminary IVMI=O
) f Ldt=5.81b", Vs =8 TeV ’
. — [, ] f N N
10* 100 150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
My [GeV] my [GeV]
my distribution BExclusion limits on my
Po at 420 GeV = 0.2

No significant deviation from the SM is observed

95% upper limits are placed on 0% by using the CLs method
Limits depend on B(N*T — Z/5)B(NY —» WTH)
For # =1, my up to 350 GeV is excluded (same as expected)

For nominal mass dependent %, my up to 245 GeV is excluded (243 GeV expected)
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CONCLUGSIONS

e Presented three recent ATLAS analyses with multi-lepton final states
e No significant excesses observed
Two lepton final states - Excited e/u search:
e Analysis is performed with 13 fb! of Vs = 8 TeV data
e An upper limit is set at 95% CL on the excited lepton mass
e For M= A, Mye<>2.2 TeV

Three lepton final states - Model independent search:

e Analysis is performed with 20.3 fb! of Vs = 8 TeV data
e Provided model independent limits on oOvis
e Limits vary from 0.19 fb! to 340 fb!

o Single lepton efficiencies are provided in terms of pr and n to derive model-dependent limits
Four lepton final states - Type-III SeeSaw model heavy fermions search:
e Analysis is performed with 5.8 fb! of Vs = 8 TeV data
e Limits are set on the mass of the N states at 95% CL
e For =1, my >350 GeV

e F'or nominal mass dependent £, my> 245 GeV
16
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Excited e/u: Event/Object Selection

N - cingle muon trigger 00 |
{ * vytrigger ee e v >25GeV MM {
o pradimg subleading o 140 GeV, 30 GeV) e Muon hit quality requirements :

* |n| <&.47, crack region excluded

i * Muon Spectrometer three station hits

il Impact parameter requirements

e Isolation: 2pr (AR =0.3)/ p% < 5%
Opposite sign pair

e Klectron medium ID I
(AR=0.2) <7 GeV *

| » Isolation: <

e ) >30GeV

B,
A‘ ' b
B
e
)
o

In| < .47, crack region excluded
Tight photon definition

Isolation: E%° (AR =0.4) < 10 GeV

. or E%° /pr. < 1%
L« AR, 7)>0.7
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Three Charged Leptons: Systematic Uncertainties

Sample systematics from most representative signal regions

Source of uncertainty Uncertainty
Trigger efficiency 1%
Electron energy scale <1%
Electron energy resolution <1%
Electron identification 2%
Electron non-prompt/fake backgrounds 9%
Muon momentum scale <1%
Muon momentum resolution <1%
Muon identification <1%
Muon non-prompt/fake backgrounds 5%
Tau energy scale 2%
Tau identification 2%
Tau non-prompt/fake backgrounds 25%
Jet energy scale 5%
Jet energy resolution 4%
Luminosity 2.8%
Cross-section uncertainties 34%

Total uncertainty 11 -35%
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Three Charged Leptons: Other Distributions

'=3e/lu  ATLAS Preliminary  —e— 2012 Data
off-Z (s=8 TeV I VV(V)
det =20.3 fb’ 1 Reducible
O ti+V(V)
%282 Syst. Unc.

" 2e/u+=1t ATLAS Preliminary  —e— 2012 Data
off-Z \s=8 TeV [ 1 Reducible
fLdt =203 b [ VV(V)
3 tT+V(V)
x82 Syst. Unc.
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oye [fb]

oy [fb]

oy [fb]

Three Charged Leptons: All Limits I

ATLAS Preliminary Vs=8 TeV
10° fLdt=20.3 fo"

10
]

=3 e/u :on-Z

|||Illrrr| IIIII|T|'| T TTTIT

* Observed ]
— Expected |
WExp =10 3

Exp +20 1

=3 e/u : off-Z

Min pr'eP

2elu+ z‘rthad : off-Z

2150

Min. pf” [GeV]

Inclzlusi\'/e ' 25;0 '21 0(5

=150

Min. pf” [GeV]

Inclusive =50 =100

ATLAS Preliminary ys=8 TeV

IIIIII|T| T 111

f Ldt = 20.3 fb™
H™ = 100 GeV

=3 e/u:on-Z

TT IIII|T| IIIIII|T| TTTIT

e Observed
— Expected
[WExp = 1o

Exp = 20

2elu+ z*n:hald :on-Z

=3 e/u : off-Z

ETmISS

Hyl*ts > 100 GeV -

==

2e/lu+=t :off-Z 3
had

2300

ET® [GeV]

Inclusive =100 =200

Inclusive =100 ~300

ET'® [GeV]

=200

ol [fb]

oy [fb]

o [fb]

ATLAS Preliminary Vs=8 TeV
10° [Ldt=20.3 b
H™ < 100 GeV

3
IIIIII|'|'|'| IIIII|T|'| T TTTI

=3 e/u :on-Z

* Observed ]
— Expected |
WExp + 10 3

Exp + 20 1

—
o

=3 e/u : off-Z

gl
Hyie*s < 100 GeV :
—

2elu+ z‘rthad : off-Z

2300

ET™® [GeV]

In(':Iusi\'/e ' 21'00 ' '220(5

Inclusive =100 =300

ET'S [GeV]

=200

ATLAS Preliminary (s=8 TeV
10° [Ldt=20.3 b

10

=3 e/u :on-Z

T IIII|T| IIIIII|T| T TTTIT

¢ Observed

— Expected
[WEXxp = 1o
Exp = 20

=3 e/u : off-Z

2e/lu+=tt :off-Z
had

1500

m.. [GeV]

Inclusive =600 >1000

“>1500

m [GeV]

Inclusive =600 =1000




Three Charged Leptons: All Limits II

ATLAS Preliminary

® Observed
— Expected
(s=8 TeV

det =20.3 o™
m¥ > 100 GeV

2elu+ zh:had :on-Z

Inclusive =600 >1200 Inclusive =600 =1200

m [GeV] m.; [GeV]

ATLAS Preliminary Vs=8 TeV e Observed

y — Expected
det =20.3fb MW Exp = 1o

ES > 100 GeV. Exp = 20

—
e}
=
=
R2RTo)
S o
©

ATLAS Preliminary Vs=8 TeV e Observed

§ — Expected
f Ldt = 20.3 fb WEXp = 1o

Exp + 20

oy [fb]

2elu+ z*n:had :on-Z 2elu+ z*rchad :on-Z

oy [fb]

Merr
BEr™iss > 100 GeV

ol [fb]

=3 e/u : off-Z =3 e/u : off-Z
Inclusive =1200 Inclusive =1200 Inclusive

m ¢ [GeV] m [GeV]



Type 111 SeeSaw: Systematic Uncertanties

Summary of the systematic uncertainties on the normalisation of the
signal (my = 120 GeV) and background contributions, given in
percentages

Z7Z Z+jets VVV V. Signal [120 GeV]
E. Resolution 0.2 <01 <0.1 0.3
E. Scale 0.1 0.3 0.6 0.6
e Identification 2.7 . 2.8 2.7 2.7
u Res. 1D 0.1 < 0.1 1.7 0.1
i Res. Spectr. 0.1 < 0.1 1.7 0.1

E, Scale < 0.1 0.2

Shape - -
Scale Factor - _
Fast sim. - 6.8
Signal PDF - 0.9
Cross Section 6.4 —

Total 7.0

| The iﬁminosity uncertainty is 3.6%
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