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~ Introduction N

Heavy Majorana neutrinos >~

*  Neutrino oscillations mean that neutrinos have small,
Non-zero masses.

— Typically generated by see-saw mechanisms

— My ~ GUT scale

— Often embedded into a more fundamental theory
such as GUT or LRSM (can require new bosons)

- — L — L — L — L — L — L — L ]
*  However small neutrino masses can also be generated at I H® z° |
one-loop level (right) [1] I ’° S |
/ \
" / M | e
— My ~ EW scale | K b . g

— Heavy neutrinos in this framework transform Wt

under the SM gauge symmetry

[1] A. Pilaftsis,
arXiv:hep-ph/9901206 (1992)
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2 Introduction

Limits on heavy neutrino production |

)

~/_~

* Heavy neutrino production at LHC 1n this Limits:

framework is equivalent to neutrinoless double beta
* Electron flavour heavy neutrinos from

decay:
neutrinoless double beta decay.

q
N * Direct constraints from .3 & DELPHI at
W LEP (My < 90 GeV).
WE e ATLAS have set limits within LRSM
framework with 2.1 fb-! data
7 (http://arxiv.org/pdf/1203.5420v2.pdf)

Ll T T T T T T T T T T
E, - ATLAS e Oy . Expected
e This search has a striking BSM signature: o T SS+0S — Ov.Observed
. - mo - “mie O Expected |
_ 3 3 s1/s2 _
Two same-sign muons A ‘ Orer Observed |
2 jets i - Ogy, Expected
o o Looomimn, — O..., Observed .
No missing energy oy s3 N
S J.Ldt=2.1 o' ]
* Free parameters: o AR h
. 1™ ee+up+en IR i
Heavy neutrino mass TS i
. . - \s=7TeV Niai 1

- . jorana

Lepton-heavy neutrino couplings I/, o | | !
0 I 2 3

m, [TeV]
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2012 Analysis (7 TeV)

ATLAS-CONF-2012-139
http://cds.cern.ch/record/ 1480645
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2012 analysis (7 TeV) | (=)

Search channel & object selection | >

2 same-sign final state muons:
N = Isolated
= pTlead > 95 Ge\], stublead > 920 GeV

Muon and heavy neutrino

produced via oft-shell W boson.

|
1 No missing energy

: = Require E;™ < 35 GeV

= X

Heavy Majorana neutrino /

can violate lepton number ‘ 1 =

—~/

= 2 jets
= pT> 20 GCV
e = s5< m(jj) [GeV] < 120

I~q

I iz

|
I
|
|
Main backgrounds: :

= Non-prompt leptons (‘fakes’)
= Diboson \
N

f:\ - (\ -
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01 alysis (7 T
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2= Background estimates and rejection 2~
Backgrounds: o e ——————————— [
4 o of. ATLAS Preliminary q v 095— ATLAS Preliminary f
ogf f=7TeV . osf f5=7TeV 7.
*  Non-prompt muons (hadronic decays): 07F E 0.7E 7
0.8F 3 0.6F /f‘
0.5;— s Heavy Flavowr 0_52— -e- Lignt Flavour / /q:
— Estlmat.e-d using dat?l-drlven 04E %) Uncorainy 04E ) trcansny /ﬁ
probability distribution et ] 0.3F . E
- - 2RSS -
. . 0.2 7 0.2f, /éﬁ 7 3
— Rejected using impact parameter and 01‘%«4‘4%4%/% W77 22 2 3
isolation cuts (et ottt ottt obcttttebototeitetetetet® )
Py [GeV] p, [GeV]

Probability for non-prompt muons to pass the isolation requirements as a function of muon
pT for (left) heavy flavour decays and (right) other processes.

*  Prompt muons (EW):

. 25— —r — —rr —r T a
— Mainly WZ>1Ivill & ZZ-> 11 3 F ' ' ' "]z T
. . .. = [ ATLAS Proliminary E]S:f.p,omp, ] § : ATLAS Preliminary D22 ]
— Rejected with veto on additional A , . 1 2 25F EJNorpromet E
§ r Ldt=47tb L USRS 1 C ILO! Py Bwwe 1. v ]
! v 18 ¢ - e ]
leptons N L oz 1% % & e E
E o (Stat.+ Syst) . .SE— ‘ o (Stat+ Syst) _:
15 . : ]
V27 ] 1= e

*  Require cut m(pp) > 15 GeV . m

40 60 80 100 120
Leading muon p, [GeV]

I A I -

70 80 S0 100

*  Background from muon charge
Events with two same-sign muons and zero jets

misidentification shown to be negligible
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2012 analysis (7 TeV) N
ce
ow© ® ®
= N/
22 Limits
> 0.12prrrpmy T  RARAN RARAN RARAN RALAS RALAN RARRS
* No significant excess observed & ¢ SO ;
s 0.1 [CINon-prempt -
‘g s Bww iV ]
. . . . o ZZ B
*  Cross-section and coupling limits set wrt heavy L 008 ([P w2 .
. N {Stat.+ Syst.) 4 2SS muons
neutrmo mass " ggna, “__goo Gev :
0.08~ N -1 22jets
. ATLAS preliminary ] E mss< 35 GeV
*  Most stringent direct limits to date (when compared 0.04 I,_ et s’ .
to CGMS result with equal dataset) on heavy - 7 $n 7 TV .
Majorana neutrino production for my > 100 GeV 0.02f - .
0 50 100 150 200 250 300 350 400 450 500
myjj) [GeV]
N A RAAS Rans nass aans aans Lans nans A F SO
== - ATLAS Preliminary . = o .
— L 1 - - g ATLAS Preliminary —e— Observed Limit 4
B .l'Ldt=4.7fb // 1 b 50 " —
i i§=7Tev// ) i _[Ld1=4.7fb <@+ Expocted Limit E
10'l = -~ = -~ 40 fs=7TeV ]
C ~ E I Expected Limit = 1o 7
= ] = .
B - =+ Expocted Limit + 2o -
" 4 i N
. —&— Observed Limit & .
10% > «--@:=+ Expected Limit E E ]
E Expocted Limit + 1o 3 X ]
N Expocted Limit + 20 ] ° ]
i — — CMS Limit (4,98 ", {5=7 TeV) | e DR
10-3...l...l...l...l...l...l...l...l...l... AAl-LAlALnln--lAAAl-AAJAAAJAAAIAAAIA13
100 120 140 160 180 200 220 240 260 280 300 00 120 140 160 180 200 220 240 260 280 300
my [GeV] my, [GeV]
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2013 Analysis (8 TeV)
Status
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Extending the analysis with 8 TeV dataset (~20fb!)

Profit from increased cross-section at higher energy
Extended MC signal range (110 GeV, 400 GeV, 500 GeV)
Looking at ee, pp and ep channels

Collaborating with Left-Right Symmetric Model analysis (see I

back-up)

2013 analysis (8 TeV)

®
Moving from 7 TeV to 8 TeV
5 10°F T E
N_Z N n
= -7 TeV .
> i
l?-\ — 8 TeV
510°E E
= C .
s r §
T [ -
o - _
o
0 10° =
X C .
= - Based on calculations of J
: A. Pilaftsis
arXiv:hep-ph/79901206
P T R B
100 150 200 250 300

my [GeV]

@

~/_ 7

(\i/%

Minimal radiative
(Type 1 Seesaw)

m(WR): [0.6 .. 4.5] TeV
¢ m(N) < m(WRr)

LRSM Wr

Wp

ATLAS limits set with 2.1/fb

m(Zgr):[04 .. 3.5] TeV
mN) <m(Zr)/2

q

LRSM Zx

No limits
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e 2013 analysis (8 TeV) N

Charge misID S~

c 10 ET T ‘ L ‘ T TT ‘ L L ‘ T 1T ‘ L 1T T:
kel E 3
. . . . i3] E Data2012 E
*  Muon charge flip rate is negligible due to £ 10 ooy ATLAS E
simultaneous MS and ID charge requirement 3 g e Pwmmse Werkin progress 2
€ E ID (wrt MS pr) 68% upper CL g
o E Combined (MS+ID) 68% CL MUON E
2 1 =
: : . . s L E
*  Electron charge flip rate is not negligible S 02k . i}
3 — T 3
10-45 =
. = —r
— Electrons emit hard bremsstrahlung photon - I /
that subsequently converts y /
e 107 %
10128 %
e” > 50 100 150 200 250 300 350 400
e P, [GeV]
5 1 E\ T ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ T \;
§ [ ATLAS ]
% [ —e— Data2012 Work in progress T
et € 107 £ —e— Z— ee (ALPGEN) [Statistical method] =
e PE E
. . . . > E Z — ee (ALPGEN) [Truth] ELECTRON E
* Parameterise in 1 (associated with length of s 0 ]
material interaction) 102 —e—
B ﬁ/\J ]
* Use MC to model pT dependance, then scale to i l
rate (binned in 1) observed in data B
- _I_V_V_‘_V_V_V"'V_V_V_‘_V_V_H L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ 11
109070204 0608 1 1.2 1. :

B
-
o
-
o]
]
N
o
= D
B

) /? Electron
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g 20 13 al 1
52 analysis €
[}
25
CC
o0 0 ® 0
I Background (prompt and non-prompt) estimates and rejection S~
> 15 o) 2
8 E T T T 17T ‘ T 1 T TE § : :
g 1 4; Data 2012, ys=8 TeV i [0) 18; Data 2012, {s=8 TeV -
% : i +EtConeZD+DGeV <5% AND Pleone20:+ 1GeV. 5o, ] é ; 6; _._Et(:onezo: 0GeV _5 o anD Ptcone20T+ 1GeV _ g0, E
g 1 3; - EtConezﬂ +0GeV. <5% AND Ptconezﬂ +1GeV. <10% | . r EtConeZO +0GeV <59% AND Ptconezo +1GeV <10% ]
° Prompt and non_prompt o F +w<10% ANDP‘W"e"’pﬂ<5% ] 1_4; M«o% ANDPtconezF?—”Gev<5°/ {
. . . 1.2 EtconezEOwGev <10% AND Ptconezgnaev <10% 7 r Etcone20+DGeV <10% AND Plcone20+1GeV <10% ]
efficiencies (right) re-evaluated. : i ' ] 120 E
1.4+ = a ]
. r ] 1= .
— Important for electrons in £ E . ]
. . . C | ] 0.8~ -
order to minimise : — v : 2 ]
. . . 0.9 ’E.E = 0.6~ - & $ =
contamination in Charge F _._tf ] r ¥ ]
. 08 4 = = 0.4 == =
misID study b ATLAS ] s = ATLAS ]
075 Work in progress —| “E Work in B
m ] C progress
£ L | . | | LS . O;.= ] 9 -
10 10 102
Electron Py [GeV] Electron P, [GeV]
Probability for prompt electrons (left) and non prompt electrons (right) to pass isolation criteria
3 2 1 & L L o 0 B
o E 3
Jet l s 15 0'9? Data 2012, (s=8 TeV ATLAS E
9 0.9t 0.8~ ) E
E Work in progress 3
0.5 0-7? é
0 0.9 E E
05F- | E
-0.5 ol I E
» 0.8¢ “E 3
03F 3
E —— 3
-1.5 02 —— =
£ —e— 3
U 2 08 (RIS -
Jet l
M [GeV]
Data2012, s=8 Tev ATLAS M G 1/02 von e e
Work in progress uon p e

Probability for prompt muons (left) and non prompt muons (right) to pass isolation criteria —~
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* 7 'TeV analysis complete:

— Analysis with 4.7 fb-! data produced most stringent limits for
heavy neutrino masses greater than 100 GeV

— Coupling and cross-section limits set wrt heavy neutrino mass
— Public conference note 1s available at:

ATLAS-CONF-2012-139
http://cds.cern.ch/record/ 1480645

* 8'leV analysis ongoing:
— Move from pu to ee, ep and ppu channels
— ~20 fb! and increased cross-section at 8 TeV

N\

@)

~/_~
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Suggested questions |

* Why stop at 500 GeV?

* Why do you include a mass point at 110 GeV?

* Why the ep channel?




o
ATLAS vs CMS analysis (7 TeV) | q

ATLAS CMS (physics Letters B 717 (2012) 109-128)
Object selection Emis < 35 GeV Ems<50GeV
pre> 20 GeV p>30GeV
pr!l > 25 GeV p > 20 GeV
p*?> 20 GeV p*2> 10 GeV
Signal efﬁciency my = 100GeV, efficiency = 3.9% | my = 50 GeV, efficiency = 0.43%
my = 200GeV, efficiency = 26% | my = 210GeV, efliciency = 29.0%
g so,,,,...,.,.,.I,V.,...,.,.]...,...,...,..E Source o
E: 50 ATLAS Preh'mlnary —e— Observed Limit _: WZ 1.0+ 0.2 +0.3
:i._ _[Ldl =47t «-@- Expocted Limit E Zz 0.22+£0.05 tggz
T 4F =77y ot ] WEW* 0.15+0.04 +0.08
2 a0 oty i+ V 0.23+0.04£0.12
Z& v, e Charge mis-measurement <0.03+06
5 2 1 >° E ATLAS Preliminary _ 3 Non—prompt L1+ 0.5 753
5 10 E [t~ |  Total background 2.7+ 0.5 07
7 s=7TeV _— q -0.6
- 10" - - Data 3
PR EPEPEP PR P | 1 Pl EPEPE BT P . F ~ 3
?00 120 140 160 180 200 220 240 260 280 300 E// 3
my [GeV] C ]
—®— Observed Limit
10°%4 «+-@-- Expected Limit =
E Expected Limit + 1o E
: Expected Limit + 2o :
B —— — CMS Limit (4.98 o, {5=7 TeV) ]
10'3 PRI Y .| 1 1 1 1 | P | -
100 120 140 160 180 200 220 240 260 280 300
my, [GeV]
0e/04/201 3 JOEL KLINGER - UNIVERISITY OF MANCHESTER - 15
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7 (8) TeV analysis (=)

Object selection >
Leptons: .
_ Isolation:
Nleptons_ 2 o M o
— uons
- Q,=Q, .
—  AR(pjet) > 0.4
— Lead pp> 25 GeV
, * PtCone30 <0.05 p* for p* <80 GeV
— Subleading p>20 GeV
n]<25 ¢ EtCone20 +1GeV <0.05 E;* (EtCone20 < 0.05 E#)
' —  AR(pjet) < 0.4
* pp>80GeV
¢ EtCone20 +1GeV <0.05 E* (EtCone20 <0.05 E¥)
or |[m(y) - m()| > 10 GeV
Jets:
— Ant-k[T R=04
*  Electrons —
— Lead p>20 GeV
n|<2.8 — EtCone20 < 0.05 E*
== —  PtCone20 < 0.05 p*
— 35 GeV <M ;) <120 GeV
— JVF>0.5
Impact parameters:
— |dO] <0.2 mm
EMs < 35 GeV — |z0] <5.0 mm
— |d0|/ 0 (d0) < 3.0

PR PR

[ =
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2012 analysis (7 TeV) \

Prompt background S

The Universit
of Manchest

*  ‘Prompt’ backgrounds come from EW
processes:

- WZ=2>IlvIil
— 77~

*  These manifest as background to SS muon
selection when:

lllustration of a WZ->Ivll event where one lepton is outside of detector geometry

— Lepton falls outside of detector
geometrical acceptance

100

Ll I ]
ATLAS Preliminary

Entries

. --D
— Lepton pT is below threshold zz [ra-arw .0':2,5
— Veu 7 TeV «
Tau decays 5 7 Te —

o (Stat.+ Syst)

Events with 3
isolated muons

*  Modelled by MC [backup]

Jet Multiplicty

JOEL KLINGER - UNIVERISITY OF MANCHESTER -
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22 Signal and prompt background | ! ! \

Process Monte Carlo Comments

W*>UN>pupW HvyN+HERWIG HvyN:

(Signal) * modified Alpgen package using Alpgen phase space sampling.
[attached]

WZ-> vl & 2z 11l SHERPA * LO, up to 3 additional partons
* Includes y* contribution

ttV & WW+2jets MADGRAPH+PYTHIA |« Small contribution

Additional interactions PYTHIA min bias

w100 : — : _— .
£ ATLAS Preliminary ATLAS Preliminary 3
£ 90 . - Data 3 —~-Data E
W I Ldt=4.71b M Otners § ILdt ~4.71f M Otners
70 Vo= 7 TeV -ZZ 2 V- 7 TeV .7-2 E
oz wz = w2z 3 L .
60 = o (Stat.+ Syst) S o (Stat.» Syst) Jet multiplicity .and jet
50 p; for events with 3
isolated muons
40
30
20
10 ‘
4 250 300
Leading Jet p, [GeV
Jet Multiplicty eading Jet p, [GeV]
Signal my [GeV] 100 | 120 | 140 | 160 | 180 | 200 | 240 | 280 | 300 Efficiency for signal efficiency

Selection Efficiency [%] | 3.9 | 13.0 | 18.1 | 21.3 | 23.9 | 25.7 | 28.7 | 30.8 | 31.7 | to pass event selection criteria
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Type-1 Seesaw vs LRSM | \’

~/_ 7

Type-1 seesaw Left-right symmetric model (LRSM)
(W*) (WR & ZR)
= Neutrino mass scale ~ EW = WR mass scale < few TeV

scale => Zjx mass scale < few TeV
=> Signal MC produced for = Neutrino mass scale < M(Wy ) && < M(Zy)/2
100 < M(N) [GeV] <500 = 2 high pT OS/SS muons in final state

= Muon pT range dependent on

M(N)

= 2 OS/SS muons in final state a

LRSM Wr

77N\
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. :
Non-prompt estimation | }’
2= N/
*  Leptons from a loose selection that pass isolation criteria described as “T'ight’ (T'), otherwise
described as ‘Loose’ (L).
*  (Categorise di-lepton events as T'T} TL, L'T; LL
*  Relate prompt (R) leptons and non-prompt (F) leptons to Tight and Loose leptons using real
eficiency r and fake rate f (measured in data), by the matrix:
Ny | [ rr rf fr ff | -Nﬁw-
Nee| _ | ra=r)  r-f)  fa-n  fa-f) | |NE
Npr (1-r)r 1—r)f 1=f)r (1-ff Nig
| Nee]  [A-7m)(1-r) QA-n)(1-f) A-H0-7r) QA-HA-F)] [Nee,
* Invert the matrix:
(1-f)1=Ff) (h=Df Ah=1) £f2]
1 (A-1A-r) Q=fi)rs fil =12 —fire
(rm—=fi)(re=f2) |(m=10)0—=f) A=r)fe n(l—fo) —rfe
_(1 - Tl)(]. - Tz) (7‘1 - 1)7‘2 7‘1(7‘2 - 1) T1T2 ]

N~ N~
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Electron charge misID y

Truth Likelihood | 7

Consider a Poisson distribution of electrons pairs to
Start with Zee MC (Alpgen): ‘contain a flip’ in eta bin (k, )

Require stable electron at truth level.

ki Kkl kLl
Nkl 8k + gl N e—N (e"+¢)
| p(g|NSS,N)=H( ( ))kl
Require that the electron matches to a true i N
Z-electron (min dR matching, dR = 0.1)

Measure the direct charge misID rate We minimize:
between the electron and truth electron

E—N;‘g In(N“(" +&))+ N“(e" +&") + In(N &
kil

7 7

A /) (\ /
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