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for particle and nuclear physics
and accelerator-based science

Searches for new phenomena in
leptonic final states using the
ATLAS detector
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R TRIUMF

1. What is Dark Matter?
LHC could be able to produce it.

2. Grand Unified Theory (GUT)?
Unify all forces to a super force.

3. Where did the anti-matter go?
We only know part of the story.

4. Are there extra dimensions of space?
Could explain why gravity is so weak.

5. Explore the unknown
Surprises can happen at any time.

perature i
of universe  10%K 107K 10°K 108K 3K

Time after 107 1073%s 107125 10765 5%x10Y7
Big Bang ( =now)
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R TRIUMF

+ Weighs 7000 tonnes (~1 Eiffel Tower)

A Toroidal LHC ApparatuS

- 3000 km of cables — I

« 100 Million electronics channels
readout every 25ns. T :

n=0

25m

e m—

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

............. | Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Interaction Point (IP)
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Muon chambers Solenoid magnet | Transition radiation tracker

N = — In tan(9/2) Semiconductor tracker
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R TRIUMF

| Toroid |
§ Magnetic Field §
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Particle Detection In ATLAS

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet
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R TRIUMF

The LHC and ATLAS

* The LHC is performing very well overall

» Achieved design instantaneous luminosity in 2016

« Over 100 fb-! of pp data recorded at Vs = 13 TeV

Delivered Luminosity [fb™]
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R TRIUMF

The LHC and ATLAS
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Recorded Luminosity [pb™/0.1]

R TRIUMF Detector Performance vs. Pileup

—
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Harsh conditions: interactions per
bunch crossing (pileup) keeps increasing

Efficiency of reconstructing leptons
remains high even at large pileup

Continuously working to improve

isolation definitions to be pileup robust;
paving the way for the HL-LHC where we
expect <u> ~ 200

1~ ATLAS Preliminary
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ATLAS Online, 13 TeV ﬂ_dt=100.8 fo'§
2015 <> = 13.4 ) (5= 13TeV, 33,8 fori - s tsisespes

ATLAS

EXPERIMENT

Run Number: 336567, Event Number: 190582407

Date: 2017-09-25 03:52:53 CEST

2016: <u>=25.1 A E;>30 GeV
2017: <u>=37.8 —+— Loose
2018: <u>=39.2 . —s— Medium
Total: <u> = 33.0 —— Tight
Data: full, MC: open

Data/MC
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Mean Number of Interactions per Crossing Number of primary vertices
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@TRNMF Detector Performance vs. Pileup 7

Harsh conditions: interactions per
bunch crossing (pileup) keeps increasing

Efficiency of reconstructing leptons

remains high even at large pileup ATLAS
Continuously working to improve EXPERIMENT -
isolation definitions to be pileup robust;

paving the way for the HL-LHC where we
expect <u> ~ 200
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2015 <y> = 13.4 s =13 TeV, 33.9 fb"
2016: <u>=25.1 A E;>30 GeV

2017: <u>=37.8 —e— Loose

2018: <u>=39.2 . —s— Medium

Total: <u> = 33.0 —— Tight

Data: full, MC: open »

> UM event with “only”
25 pileup vertices

Recorded Luminosity [pb™/0.1]

Data/MC

uoneIqIEo 8102 WUl

20 30 40 50 60 70 80
Mean Number of Interactions per Crossing

Number of primary vertices

May 31, 2018 Sébastien Rettie - CIPANP 2018 6



Recorded Luminosity [pb™/0.1]

@TRNMF Detector Performance vs. Pileup 7

Harsh conditions: interactions per
bunch crossing (pileup) keeps increasing

Efficiency of reconstructing leptons
remains high even at large pileup

Continuously working to improve
isolation definitions to be pileup robust;
paving the way for the HL-LHC where we
expect <u> ~ 200
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2017: <u>=37.8 —+— Loose
2018: <u>=39.2 . —s— Medium
Total: <u> = 33.0 —— Tight
. Data: full, MC: open
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QR TRIUMF Leptonic Final State Searches

Many BSM theories predict the existence of
resonances with leptonic final states

« Grand Unification Theory
« Sequential Standard Model
* Left-Right Symmetric Model

Final states with leptons have lower
backgrounds and can be efficiently triggered

The ATLAS detector resolution allows a good
mass measurement of BSM resonances
decaying to leptons

In the following, “]” refers to electrons or
muons, not taus
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QR TRIUMF Common Challenges - Fakes

- Prompt: Lepton directly produced @-ﬁ
in the hard interaction. Should be

well isolated. > @,ﬁ
e /—>ILW—>Iv,t —>Ivb

« Non-Prompt: Other leptons in the
event. Not well isolated and/or
displaced from the primary vertex.

« Meson decay, photon
conversion, etc.

- Fake: Non-lepton particle that gets
misidentified as a lepton by the
reconstruction software. Not well
isolated.

 Light jets (u, d, gluon initiated)

May 31, 2018 Sébastien Rettie - CIPANP 2018
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QR TRIUMF Fake Background Estimation

10°E

» Fake lepton backgrounds are very difficult to £ atlas . Data
i =13Te 1o w
mOdel aCCurate|y o108 ﬁvjszS;égﬁoLfb E"\l;loupl)ﬁ?;ark

10° ozn*

[ Diboson

» Using a data-driven approach to model these
backgrounds is very common -

« Most widely used techniques include the matrix 102
method and the fake factor method 10

« Mathematically similar methods with small
differences

 ldea: Use side-band regions in data (same
selection as in glgnal region, but require afc _Ieae_‘,t =SSN O 0
one lepton to fail a requirement, e.g. identification Electron p_ [GeV]
or isolation)

« Transfer factor used to obtain the number of
fakes in the signal region from measurements in
the data side-band regions

10*

Data / Bkg
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QR TRIUMF Fake Background Estimation

» Fake lepton backgrounds are very difficult to
model accurately

» Using a data-driven approach to model these
backgrounds is very common

« Most widely used techniques include the matrix
method and the fake factor method

« Mathematically similar methods with small
differences

 ldea: Use side-band regions in data (same
selection as in signal region, but require at least
one lepton to fail a requirement, e.g. identification
or isolation)

« Transfer factor used to obtain the number of
fakes in the signal region from measurements in
the data side-band regions

Events

Data / Bkg

10°E

LI | T T T T T i '
ATLAS * e

106 - Vs=13TeV,36.1 fb" E%p quark
W' — ev selection JMultijet

10° ozn*
[ Diboson

10*

10°

B . M . .
70 100 200 300 1000 2000

A Electron P, [GeV]

Side-band
region

T

Electron pr
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QR TRIUMF Fake Background Estimation

» Fake lepton backgrounds are very difficult to g UE amas . Data
i =13Te 1o w
mOdel aCCurate|y o108 ﬁvjszS;éggoLfb E"\l;loupl)ﬁ?;ark

8z
[ Diboson

» Using a data-driven approach to model these
backgrounds is very common

« Most widely used techniques include the matrix 102
method and the fake factor method 10

« Mathematically similar methods with small
differences
 ldea: Use side-band regions in data (same
selection as in signal region, but require at least
one lepton to fail a requirement, e.g. identification A

Data / Bkg

2000
Electron P, [GeV]

B . M
70 100 200 300

or isolation)
- Transfer factor used to obtain the number of o b x Transfer Factor
fakes in the signal region from measurements in region
the data side-band regions >
Electron pr
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QR TRIUMF Momentum Scale & Resolution

« Goal: Precisely describe the pr
reconstructed in simulation; need to match
the measurements in data x10° —

. . .. . . 1_21;ATLA'S F"I’ellirriinéq( ' 4,5"&3&' T
 pr often used in discriminating variables - vZE:MLSTev,w.Mb- e o)

Syst. uncert.

of BSM searches

« Method: Extract relevant parameters from
data using a binned maximume-likelihood fit
with templates derived from simulation
which compares myy and normalized ID-MS

0.8

Entries / 0.6 GeV

0.6

0.4

0.2

'|"‘—|II|III|III|III|III|I

pt difference distributions in Z and J/Y data 11 T RS
; . S Rt i ey
and simulation samples PR Giaaacon SO NISRIE LSS e st ot s
- After applying momentum corrections, the ~ © °% . . . ;
80 85 90 95 100

line shapes of the Z and J/{p peak between m,, [GeV]
data and simulation match very well within
systematic uncertainty!
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QR TRIUMF Selected Results

 Impossible to cover all analyses
with leptonic final states; will

Heavy
Neutrino
Heavy
Lepton
Lepto-
quark

’ ss
I Dilepton

focus on 4 results today
[ATLAS-CONF-2018-017] Search for a new
heavy gauge boson resonance decaying into /
a lepton and missing transverse momentum W -— &/
in 80 fb-1 of pp collisions at /s = 13 TeV with

the ATLAS experiment

[EXOT-2017-06] A search for high-mass /

resonances decaying to tv in pp collisions at W

/s = 13 TeV with the ATLAS detector == Zl/
[EXOT-2016-05] Search for new high-mass

phenomena in the dilepton final state using ? / - % Diphoton
36 fb-1 of proton-proton collision data at /s
= 13 TeV with the ATLAS detector

[EXOT-2016-36] A search for lepton-flavor- Dilepton

violating decays of the Z boson into a t- .7 - ﬁ

lepton and a light lepton with the ATLAS

detector Courtesy of D. Hayden

May 31, 2018 Sébastien Rettie - CIPANP 2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-017/
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QR TRIUMF Selected Results

 Impossible to cover all analyses
with leptonic final states; will

focus on 4 results today

Heavy
Neutrino
Heavy
Lepton
Lepto-
quark

’ ss
I Dilepton

[ATLAS-CONF-2018-017] Search for a ps

ot /
ale : g -— &/
in 80 fb-1 of pp collisions at /'$ \\g .
the ATLAS experiment
[EXOT-2017-06] A search for high-mass / =
resonances decaying to tv in pp collisions at
/s = 13 TeV with the ATLAS detector W l Zl/

[EXOT-2016-05] Search for new high-mass

phenomena in the dilepton final state using ? / - % Diphoton
36 fb-1 of proton-proton collision data at /s N
= 13 TeV with the ATLAS detector

[EXOT-2016-36] A search for lepton-flavor- Dilepton

violating decays of the Z boson into a t- .7 - ﬁ

lepton and a light lepton with the ATLAS

detector Courtesy of D. Hayden
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-017/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-36/

’ —> ev Candidate
Electron pt =1.10 TeV
Missing Er=1.16 TeV

Transverse mass = 2.26 TeV

ATLAS

EXPERIMENT

Run: 304337

Event: 588288156

4 2016-07-23 19:55:07 CEST
" 4



QR TRIUMF W’ Search

» Require exactly one high-pt isolated lepton
and large missing transverse momentum

« Transverse mass used as discriminating o e —
iabl e =
Varla e _ 2 Emiss 1 10° V\j‘;evseléctic;n — W' (5 TeV) -;I\'/Iogl)tgutark
mT - pT T ( — COS ¢ly) . 52/?*”6
1 [CDiboson
* Multi-jet background estimated with the data-
driven matrix method, all other backgrounds y

estimated with MC
* Dominant background is W —> v
« Dominating DY backgrounds are estimated
with MC at NLO approximation with k-factor
for NNLO QCD and NLO EW - SRR i
Transverse mass [GeV]

Data / Bkg

OO0 A= 00 -
DOLND DD

Data / Bkg
(post-fit)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-017/

QR TRIUMF W’ Search

» Require exactly one high-pt isolated lepton
and large missing transverse momentum

« Transverse mass used as discriminating

— W (3 TeV) e Data

@ ———
c ..
E 108 & ATLAS Preliminary

variable . [ fE-msTevast  —WETON QT e
mr = \/ 2p1 BRI (1 — cos ¢y,) e S
* Multi-jet background estimated with the data-
driven matrix method, all other backgrounds y
estimated with MC 1 .
* Dominant background is W —> Iv “"EV:V _> “V iz
- Dominating DY backgrounds are estimated
with MC at NLO approximation with k-factor .1 R
for NNLO QCD and NLO EW L AN i
400 1000 2000 3000

Transverse mass [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-017/

QR TRIUMF W’ Search Results

« Largest systematic uncertainties in SM . oy lovffr hglff [Te\g]
t
background at 2 TeV: e
o o W' — pv 4.9 4.8
Fake electron background (7%) o ~

« Muon reconstruction (7%)
* Lepton momentum scale

and resolution (3-4%) = ATLAS PIEIMNE . expetedini
+ PDF Variation (7-8%) L 10 N W civected s 10
« No significant deviation from the SM expectation % s ey
in the transverse mass spectrum S10% v
« Masses for W’ssm excluded up to 5.6 TeV at g r ]
95% CL 10°E =
- Mass limit is dominated by the electron i

channel due to a better resolution of lepton o L, e

energy at high transverse momenta 1 2 ° ) T, TeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-017/

QR TRIUMF W’ Search Results

« Largest systematic uncertainties in SM myy lower limit [TeV]
back dat?2 TeV: Decay | Expected Observed
ackground a eVv: W Sev | 54 5.7
- Fake electron background (7%) el L
« Muon reconstruction (7%) 500 GeV improvement
w.r.t. 2015+2016 result!

* Lepton momentum scale

and resolution (3-4%) % ATLAS PIEIMNE . expetedini
- PDF Variation (7-8%) L 10 N, won Moo
« No significant deviation from the SM expectation % s ey
in the transverse mass spectrum =10° v
« Masses for W’ssm excluded up to 5.6 TeV at g r ]
95% CL 10°E =
- Mass limit is dominated by the electron i

channel due to a better resolution of lepton L SR e

energy at high transverse momenta 1 2 ° ) T, TeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-017/

Run: 307306 AT LAS
Event: 928122704

2016-08-27 15:06:24 CEST EXPERIMENT

W —>T1v

‘ > Candidate

—.

,‘ -

y 4



QR TRIUMF W’ —> Thadv Search

« W’ can also decay into taus
» Use Sequential SM as benchmark

 Particularly important in models with enhanced 3d > PP —
generation couplings, e.g. Nonuniversal G(221) © (s =13 TeV, 36.1 " e
"2 (] Others
77 Uncertainty
SU(Q)Z % SU(Q)h X U(l) L%) 10 e Wisgy (3 TeV)
= W'y (3 TeV)

« Only consider hadronically decaying taus (~65%
of total T branching fraction); typically a neutrino, 107"
one or three charged pions, and up to two neutral
pions

—

o

N
\:X:\HH‘ HHHH‘ HHHH‘ T TTT1T IIIII|T|'| T 11T

« Jet background: data-driven fake factor e

method o ® 12 i //////////////

* Non-jet background: MC simulation g 0_8 . /////%
a 300 500 700 1'o|oo 2000

Counting experiment performed in mr tail
m; [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-06/

R TRIUMF

W —> ThadV Search

« W’ can also decay into taus

» Use Sequential SM as benchmark

. Particulaldsummanangjn_madelswith enhanced 3 > g~ - 3

generatii ,~P> Ing | cohee©  huniversal G(221) %5) e Te=13TeV. 3611 my

SU(Q)Z X SU(Q)h X U(l) g 10: Ié,l(li::::et;rr":‘ainty _;

T g e Wisgyy (3 TeV) 3

C e W'y, (3TeV) 7

« Only consider hadronically decaying taus (~65% k3 E

of total T branching fraction); typically a neutrino, 10 Tl .

one or three charged pions, and up to two neutral = -

pions ?

- Jet background: data-driven fake factor 0%,
method 3 120

* Non-jet background: MC simulation S sl A/'M/ //,///////?é//?é;/

. 8 E3(')0 500 700 1'o|oo 2000 .

Counting experiment performed in mr tail

m- [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-06/

QR TRIUMF W’ —> Thadv Selection

« Missing Er trigger 70 - 110 GeV (depending on
data-taking period)

* Missing Er > 150 GeV —> minimize trigger
efficiency uncertainty

« Visible tau decay products candidate (Thad-vis):

 pt>50 GeV, Inl < 2.4, one or three
associated tracks, and electric charge of + 1
* Identification efficiency is ~60% at pt = 100
GeV (~30% at pt =2 TeV)
* Muon + electron veto to reduce electrons
misidentified as Thad-vis

« Multi-jet background suppressed by
0.7 < pt/E7Miss < 1.3

Uncertainty [%)]

L S L L L DL BN I
L ATLAS

[ Vs=13TeV, 36.1 fb”'

F Wisgy (My, = 1.7 x my threshold)

r —_—
[ 8 Thagvis SNEIQY Background

L - Tp.q.is EffiCiency
[ —e— Jet estimate
:_ —— Theory

Other

MR P TR YT (N ST S NSRS S AN SN S S NN Y
400 600 800 1000 1200 1400 1600
my threshold [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-06/

QR TRIUMF W’ —> Thagv Results

2 N me®® ] tandnu = Gn/
T Wiy 859% OL lmits all ONU = Gh/ gi
) -e-Observed |
> - - Expected g 107 T T T
EJ/ 10 % E |(§=13TeV,I;46..r1LlfL:)§E D T T T T LA [ O B B I B B B
x 107 _T/sz’ 3 X oy sl B | Non-perturbative regime ]
< SEE - o=l 8 F ATLAS ]
N - + cto ] (s=13TeV, 36.1fb"
= < 20 W'y, — v 95% CL limits -
| 102 f Non-universal G(221) model -
e Q -
2 g 2 10°L ATLAS i
~ L E TV
° I g . SN ATLAS 77|
L %42 ATLAS ee, uu
el AN 1oL Indirect (EWPT)
19" 4000 2000 3000 4000 T A L N - Indirect (LFV) ]
my, [GeV] m; threshold [GeV] -\ i — - Indirect (CKM) |
O\ ----- Indirect (Z-pole)
* TV search is complementary to lv oL\ i
ape - \ -
search and extends the sensitivity over | . 3 :
. - LONG .
a large fraction of the parameter space o550 - 5000 4006 >

m,, [GeV]
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QR TRIUMF Z’ Search

GUT models based on the E¢ gauge
group
Es — SO(10) x U(1)y, — SU(B) x U(1), x U(1)y
Two additional U(1) gauge fields
Z'(0p,) = Z,,cos g, + Z., sin O,

Sequential SM (Benchmark): additional

heavy bosons with same couplings as
SM Z/W

Observable as narrow resonances in ° s

dilepton invariant mass spectrum

May 31, 2018 Sébastien Rettie - CIPANP 2018

Vs =13 TeV, 36.1 fb"
Dimuon Search Selection  [Jl] Top Quarks

¢ Data
Zly*

[] Diboson
— Z,(3TeV)
— 7, (4TeV)
— 7,(5TeV)

o POV Y 11]
RRAAAL T3 JAN

ryserst ||li
MMMMIRAASAL T { 21

1000 2000
Dimuon Invariant Mass [GeV]
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QR TRIUMF 2’ Search

» Select events with one pair of same-flavour, isolated leptons
with pt > 30 GeV

« Multi-Jet & W+Jets backgrounds estimated with the matrix
method (negligible in the muon channel)

L . . £ o ' a '
» Dominating DY backgrounds are estimated with MC at NLO & 3y 4™ . é%’ﬁi )
op Quarks

Dielectron Search Selection [ Diboson

[ ] Multi-Jet & W+Jets
—Z, (3 TeV)

approximation with k-factor for NNLO QCD and NLO EW -

10*
. ‘ —7Z, (4TeV)
Drell-Yan Production Generator Powheg v2 ’ Top Production 10° — 7, (5TeV)
7 - NLO , -
A q q Generator Powheg v2
‘ Pythia 8.186 10
NLO
q & CT10 W 1
Pythia 6.428 ,
Mass-Binned 107 —
) ' —>ee
b t 102
Unbinned

o 1.4E5 L | T T
. . 4 1 2E E
Diboson Production Generator Sherpa 2.1.1 b \\a O eese P I
T HR it 1 1T 616 (1 Y —
NLO ! t a O:GI:I ; PR .|+i [ |
t m/\ 14:| T T T T T L | I T T T T H
Sherpa 2.1.1 X = E
) o % 1212 o ' ’.M# |
cT10 S g ! £ 8 o8k A L :
. g( t [s] 06:I } 1 1 I 1 | N . | i 1 1 1 1 1 I =
Mass-Binned k ‘ 100 200 300 1000 2000
Dielectron Invariant Mass [GeV]
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QR TRIUMF 2’ Search

» Select events with one pair of same-flavour, isolated leptons
with pt > 30 GeV

« Multi-Jet & W+Jets backgrounds estimated with the matrix
method (negligible in the muon channel)

L . . £ o ' a '
» Dominating DY backgrounds are estimated with MC at NLO & 3y 4™ . é%’ﬁi )
op Quarks

Dielectron Search Selection [ Diboson

[ ] Multi-Jet & W+Jets
—Z, (3 TeV)
—Z, (4 TeV)
—Z, (5TeV)

approximation with k-factor fg Dominant Background LO EW o

Top Production \ 10°

Powheg v2

NLO

q q' Generator Powheg v2
Pythia 8.186 10
NLO
CT10 W 1
Pythia 6.428 g

Mass-Binned i cT10 10" Z —_ > ee

S — ‘ b t . 10.2

Unbinned o

Sherpa 2.1.1 b W o 1'2; ose o I — E
Il DR aA S A0 T IT 5 1 10 0 1N N
: ol Ees, TR =
t o . 14: T T T T T L | I T T T T H
Sherpa 2.1.1 % E 4 "
’ 7 - someertey it

CT10 & £ 8 08E i 3
. g ( t [s] 06 E 1 } 1 1 I 1 | N . | i 1 1 1 1 1 I =

Mass-Binned k ‘ 100 200 300 1000 2000
Dielectron Invariant Mass [GeV]
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QR TRIUMF Z’ Search Results

 Largest systematic uncertainties in SM background at 2 TeV:
» Fake electron background (10%)

. Ly} LI T T T 1T | T 1T | T 1T | T 1T | T T 1T | T 1T | T T 1T | LI I_
« Muon reconstruction (10%) = ATLAS -
. ) 0 1 P Expected limit =
 Electron isolation (9.1%) o 's=13TeV,36.1 0" g Expected= 10 7
. . aad Expected= 26 |
° - o 101 - =
PDF Variation (7.7-8.7%) — Observed limit 3
107 E
Lower limits on mz- [TeV] ; ;
Model | Width [%] | 0g, [Rad] ee Hu %4 3| ]
Obs Exp | Obs Exp | Obs Exp 10 = 3
Zir 3.0 - 43 43 | 40 39 | 45 45 - :
Z/(( 1.2 0.50 39 39 36 3.6 | 4.1 4.0 ” B
zZ 1.2 0637 | 39 38 |36 35|40 40 107 =
Z; 1.1 071 n 3.8 3.8 3.5 34 | 40 39 =
Z,'7 0.6 021 n 3.7 3.7 34 33 39 38 5 - | | | | | | | | I
AL 0.6 -0.08 7 3.6 3.6 34 33 38 38 10° "65'"'1"'115""2'"'25'"'3"'55'"'4"';]_5" 5
Zl; 0.5 On 3.6 3.6 3.3 32 3.8 3.7 MZ’ [TeV]
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QR TRIUMF Z’ Search Results

 Largest systematic uncertainties in SM background at 2 TeV:
» Fake electron background (10%)

. 0 LI T TT LI | LI | LI | LI | T T 1T | LI | T T 1T | T 17T I_
« Muon reconstruction (10%) = ATLAS -
. ) 0 1 P Expected limit =
* Electron isolation (9.1%) o 's=13TeV, 36.1 10" gy Expecteds 1o 3
. L . aadl Expected+ 20 |
* PDF Variation (7.7-8.7%) 107 Obsorved fimit 2
— Observed limit 3
102 E
Lower limits on my- [TeV] .
Model | Width [%] | 6f, [Rad] ee U 123 3 ]
Obs Exp | Obs Exp | Obs Exp 10 3
;( ZéSM 3.0 - 4.3 4.3 4.0 3.9 4.5 4.5 Benchmark _
Zy T2 0750 € 5B I S Y Y 5 () i
zZ 1.2 0637 | 39 38 |36 35|40 40 107 =
Z; 1.1 071 n 3.8 3.8 3.5 34 | 40 39 -
Z,’7 0.6 021 n 3.7 3.7 34 3.3 3.9 3.8 5 - | | | | | | | | I
AL 0.6 -0.08 3.6 3.6 34 33 3.8 3.8 10 "65'"'1"'1'5""2""25"'3"'55'"'4"';15" 5
Zl; 0.5 On 3.6 3.6 3.3 3.2 3.8 3.7 MZ’ [TeV]
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R TRIUMF

LFV Z Search

* Lepton-flavor-violating (LFV) Z boson
decays are predicted by models with heavy
neutrinos, extended gauge models, etc.

» Only consider hadronically decaying taus
« Signal events are expected to have the

missing transverse momentum from the \\‘
neutrino in a direction close to the Thad-

candidate

vis

* Reject events where m(track or Thad-vis, |) is

o
o
a

[ s=13Tev

o
[N}

o

iy

o
I

o
-

o
=}
5}

Normalized number of events / 5 GeV

o o B o
- ATLAS Simulation

Preselection, 47 1
e Zout
—2Z-17
-- W+jets

compatible with the Z boson mass \ ,
* Events where the Thad-vis candidate
originates from a quark- or gluon-initiated ! o~ N
jet are estimated using the fake factor N i El
method, all other processes estimated from 1
simulation g 3 oo

M(Thad - vis, £) [GeV]

TS o o T I
80 100 120 140

mT(Thad-vws’ Efl'mss) [GeV]

=
o
1=}

< W60
8 [ ATLAS Simulation SR, er
5140?\E=13Tev Z—-u -
> ]
]
S120F —
£
100 — —
SN - &
r { B ]
60— |n(n| <2 o\i, =
In(7)]>2.0
40 —
20 -
o) | | | | |

ool b b b b b 100
0 20 40 60 80 100 120 140 160
M(Thag - vis, £) [GeV]

8
0.036 2
5
2
0028 %

0.020
0.016
0.012
0.008
0.004

0.000
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QR TRIUMF LFV Z Results

SR events (¢ ~3.2% for et and ~3.5% for ut) are
classified using neural networks (NN) trained to
discriminate Z —> It signal from background events

* NN output distributions are analyzed in a template
fit to data

» Quantify the size of the LFV decay branching T AR
fraction by setting upper limits using the CLs method ? T

&l

10° = » e Data 3
F (s=13TeV,36.11b Bl Z—ut (bestfit) J
) Fakes 7]

Post-fit Wzt ]
104 I Z—ee lup =
E tt, single-t E

Events / 0.025

00y
o0

102

| er | uT

B(Z — ¢1) (3.371%) x 107 || (=0.17}3) x 1077 0

w(Z) 0.83%5:07 0.870.08 S

fakes 17) 115788 112788 2o L bty 1

p(fakes_3P) 1.0179-08 1.0970 13 g 0_;; Tevet “‘” * ﬂ' +‘T+ /

Observed (expected) upper limit at 95% CL | 5.8(2.8) x 107° || 2.4(2.4) x 107° = 0801 02 03 04 05 06 07
NN output (comb)

May 31, 2018 Sébastien Rettie - CIPANP 2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-36/

R TRIUMF

using leptonic final states

Summary

Rich program of new physics searches

« Many searches not covered here!

Various BSM models are tested and

stringent constraints are set

coming —> stay tuned!

soon!

No new physics for now, but more data
Expect updates with full Run 2 data very

ATLAS Exotics public results page

May 31, 2018
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Delivered Luminosity [fb™]
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TRIUMF

Canada’s national laboratory I h a n k yo u !
for particle and nuclear physics
1
Merci!

and accelerator-based science

Bourses détudes
supérieures du Canada

Vanier

Canada Graduate
Scholarships

Questions?

TRIUMF: Alberta | British Columbia | Calgary |
Carleton | Guelph | Manitoba | McGill | McMaster |
Montréal | Northern British Columbia | Queen’s |

Regina | Saint Mary’s | Simon Fraser | Toronto | FO"OW us at TR' UM FLab

fHeR 4

Victoria | Western | Winnipeg | York




R TRIUMF

Backup
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R TRIUMF Z’ Event Display

ATLAS

EXPERIMENT

Run' Number: 303499
Event Number: 9545801792
Date: 2016-07-08, 18:19:12 CET

Pensainits
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QR TRIUMF Z’ Selection

Electron Channel Muon Channel

Trigger: 1 isolated p with pr > 26 GeV OR

Trigger: 2 electrons with pr > 17 GeV (2e17_lhloose) 1 u with pT > 50 GeV (mu26_ivarmedium || mu50)

Event Cleaning

At least two electrons At least two combined muons

In| < 2.47 and exclude crack region Muon pr > 30 GeV
Good Object Quality High pr Muon Working Point
Electron Er > 30 GeV Bad Muon Veto
do significance <5 do significance < 3
|zo * sinB] < 0.5 mm |zo * sinB| < 0.5 mm
Electron ID: Likelihood Medium Isolation WP: LooseTrackOnly
Isolation WP: Loose Require Opposite Charge

Mee > 80 GeV my, > 80 GeV
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R TRIUMF

Z’ Systematic Uncertainties

Background: relative

systematic uncertainties in
the total expected number
of events at reconstructed

my of 2 TeV (4 TeV)

Signal: Z' signal with pole |

mass 2 TeV (4 TeV)

Largest theory
uncertainty: PDF
Variation

Largest experimental

uncertainty:

reconstruction efficiency

(muon channel) and
isolation efficiency
(electron channel)

May 31, 2018

Source Dielectron Dimuon

Signal Background Signal Background
Luminosity 3.2% (3.2%) 3.2% (3.2%) 3.2% (3.2%) 3.2% (3.2%)
MC Statistical <1.0% (<1.0%) <1.0% (<1.0%) | <1.0% (<1.0%) <1.0% (<1.0%)
Beam Energy 2.0% (4.1%) 2.0% (4.1%) 1.9% (3.1%) 1.9% (3.1%)
Pile-Up Effects <1.0% (<1.0%) <1.0% (<1.0%) | <1.0% (<1.0%) <1.0% (<1.0%)
DY PDF Choice N/A <1.0% (8.4%) N/A <1.0% (1.9%)
DY PDF Variation N/A 8.7% (18.5%) N/A 7.7% (12.8%)
DY PDF Scale N/A 1.0% (2.0%) N/A <1.0% (1.5%)
DY ag N/A 1.6% (2.7%) N/A 1.4% (2.2%)
DY EW Corrections N/A 2.4% (5.5%) N/A 2.1% (3.9%)
DY Photon-induced Corrections N/A 3.4% (7.6%) N/A 3.0% (5.4%)
Top Quarks Theoretical N/A <1.0% (<1.0%) N/A <1.0% (<1.0%)
Dibosons Theoretical N/A <1.0% (<1.0%) N/A <1.0% (<1.0%)

Reconstruction Efficiency
Isolation Efficiency

<1.0% (<1.0%)
9.1% (9.7%)

<1.0% (<1.0%)
9.1% (9.7%)

10.2% (16.8%)
1.8% (2.0%)

10.2% (16.8%)
1.8% (2.0%)

Trigger Efficiency <1.0% (<1.0%) <1.0% (<1.0%) | <1.0% (<1.0%) <1.0% (<1.0%)
Identification Efficiency 2.6% (2.4%) 2.6% (2.4%) N/A N/A
Lepton Energy Scale <1.0% (<1.0%) 4.1% (6.1%) <1.0% (<1.0%) <1.0% (<1.0%)

Lepton Energy Resolution

<1.0% (<1.0%)

<1.0% (<1.0%)

2.7% (2.7%)

<1.0% (6.7%)

Multi-jet & W+jets

N/A

10.3% (129.2%)

N/A

N/A

Total

10.2% (11.3%)

18.0% (131.8%) ‘ 11.3% (17.7%)

14.1% (23.8%)
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QR TRIUMF Matrix Method (Z° —> ee)

- Jets can fake (i.e. be mis-identified as) leptons (mainly
electrons). Multi-Jet and W+Jets production are dominant.

- Use data-driven approach —> Matrix Method
« Measure fake rate fand real rate r

(Nrr) (7 rf fr f* ) (Nrr'
Nrp| _ [r(1=7) r(l—f) f=r) S =) || Nrr
Nrr (1-=r)r (I-nr)f (1= f)r (I =1)f||NFr

Wir) \a=n? a=nt-p a-Hi-n (-17)\WNrr,

f" Multi-Jet & §
W+dets
] Backgrou nd g

2 ;'-"”
Npr = r*NRr

* Ngr, NFg, and NFFobtalned through matrlx inversion
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R TRIUMF

W’ —> lv Systematics

Source Electron channel Muon channel
Background Signal Background Signal

Trigger negl. (negl.) negl. (negl.) 1% (1%) 2% (2%)
Lept tructi

aﬁg i(zjlner::‘ficf?cI;Stil(;ic on negl. (negl.) negl. (negl.) 7% (21%) 5% (29%)
Lepton momentum

scale and resolution 4% (3%) 4% (3%) 3% (127%) 7% (10%)
Multijet background 7% (113%) N/A (N/A) 1% (1%) N/A (N/A)
Top extrapolation 2% (5%) N/A (N/A) 3% (3%) N/A (N/A)
Top normalization <0.5% (< 0.5%) N/A(N/A) | <0.5% (< 0.5%) N/A (N/A)
Diboson extrapolation 2% (9%) N/A (N/A) 3% (10%) N/A (N/A)
PDF choice for DY 1% (14%) N/A (N/A) | <0.5% (< 0.5%) N/A (N/A)
PDF variation for DY 8% (12%) N/A (N/A) 7% (11%) N/A (N/A)
EW corrections for DY 4% (5%) N/A (N/A) 4% (6%) N/A (N/A)
Luminosity | 2% (1%) 2% (2%) | 2% (2%) 2% (2%)
Total | 13% (115%) 4% (4%) | 12% (29%) 9% (31%)

May 31, 2018
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— T
ATLAS Preliminary
(s =13 TeV, 79.8 fb”!

", 95% CL

--- Expected limit
W — ev Expected + 10

Expected = 20
— Observed limit

p—yy7)
w SSM

| LA LA

T4 95% CL

ATLAS Preliminary
{s=13 TeV, 79.8 fb™

--- Expected limit
W = uv Expected + 1o

Expected + 20
— Observed limit

— Wissm




R TRIUMF T Decays
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R TRIUMF

Process Matrix Element Non-perturbative

W/)Z/~* PowHEG-Box 2, CT10, PHOTOS++ 3.52  PYTHIA 8.186, AZNLO, CTEQ6L1, EvTGEN 1.2.0
tt PowHEG-Box 2, CT10 PyTHIA 6.428, P2012, CTEQ6L1, EVTGEN 1.2.0
Single top PownEG-Box 1, CT10f4, MADSPIN PyTHIA 6.428, P2012, CTEQ6L1, EvTGEN 1.2.0
Diboson SHERPA 2.1.1, CT10 SHERPA 2.1.1
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R TRIUMF

LFV Z Selection

< 160 ‘ maa n SUB0 e 0
s L I ] 2 = E I I I I I I ] )
8 [ ATLAS Simulation SR, er 0.027 § & [ ATLAS Simulation SR, u7 7 0.028 §
= 140— Vs =13Tev Z—er —| > 51407»?:13Tev Z — pt —| >
~ L ] 0.024 £ N~ E ] o
g _‘é g 0.024 E
‘E 120 E /]\ - 0.021 3 \‘E 120 3
€ r €
0.020
100 —] 0.018 100

0.016

[:11] ==rrrrs Perr— 0.015 80
n i n

r : r
r f ] r
60 [(n]<2.0:} - 60 [n(") 0.012

a0 | 40 0.008

20— - 201 0.004

Lo bev e b b b L Low i
0O 40 60 80 100 120 140 160
M(Thaq - vis, £) [GeV]

[ PSR SRRV ARSI AEIE A
0 40 60 80 100 120 140 1
M(Thag - vis: £) [GeV]

oLy [

Loy
0 2

0.000 oLt

Loy 0.000
0 2

o

Preselection

one isolated tight light lepton with pr > 30 GeV matched to a lepton selected at trigger level
leading Thad-vis With pr > 20 GeV, Nf_raCkS =1 or 3 and passing tight identification

if Ntracks — 1. 0.0(0.1) < |n,| < 1.37 or 1.52 < |n,| < 2.2(2.5) in er(uT) events

if Ntracks —3: 0.0 < |n,| < 1.37 or 1.52 < |n,| < 2.5

qe X 4r = —1

no b-jet, no additional light lepton

Signal Region

May 31, 2018

MT(Thadovis, E%) < 35(30) GeV in er (ut) events

if N#acks — 1 and |n,| < 2.0: m(track,?) < 84 GeV or m(track, £) > 105 GeV
if Ntracks — 1 and |n,| > 2.0: m(track, ) < 80 GeV or m(track, ) > 105 GeV
if Ntracks — 1 and 80 < m(Thad-vis, £) < 100 GeV: m(track, £) > 40 GeV
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R TRIUMF

LFV Z NN Input

Variable Description Z NN ZII NN W NN
Elep light-lepton energy v v v
ﬁ;hadwis Thad-vis Px v v v
ﬁqz-had_\,is Thad-vis Pz v v v
Fmhad-vis Thad-vis €nergy v v v
pomss ET"s% component along z-axis v v v
Fymiss magnitude of FIss v v v
Pt transverse component of total momentum v v v
Meoll collinear mass v v v
Aa see Eq. (1) [47] v v v
v

m (67 Thad-vis )

invariant mass of light lepton and 7my,a4-vis

May 31, 2018
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QR TRIUMF Fake Factor Method (LFV Z —> Tl)

The number of events from fakes in the SR is:

fake _ fail __ psfail
Nsr _Z(NSR,data NSR,MC,notjet—rr) X F,

- k
where Fy, is the fake factor corresponding to the pr (and track pr for 1-prong Thaq4.vis) bin k, Nézl‘g data 1S the
number of data events in the fail sideband in bin k, and Nil is the number of events in the fail

SR,MC,not jet—7
sideband in bin k for which the 1p,4.vis candidate did not originate from a jet as predicted by simulation.

The sources of uncertainty in the estimate of the fake background are the statistical uncertainties in the F
measurements in each bin, the statistical uncertainties of the data in the fail sideband and the uncertainty
in R;. All statistical uncertainties are treated as independent. The uncertainty in R; is estimated by varying
the estimated Rw by 50%, although this has a negligible impact on the sensitivity.

* Fxis measured in data as the ratio of the number of events where
the Thad-vis candidate passes the tight identification to the number
of events where the Thad-vis candidate fails in bins of the Thad-vis PT
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QR TRIUMF Performance vs. Pileup

* For electron plot:
» Errors are statistical and systematic

> | L B B B L
« Lower efficiency in data than in MC % 3 3
arises from: % 0.98 3
« MC does not properly represent 3 3
the 2016 TRT conditions 0966 N E
t ATLAS Preliminary 3
* Known mismodelling of = (s=13TeV, 3281 3
calorimeter shower shapes in 0 94 Medium muons —e—Data2017 3
the GEANT4 detector e T S
simulation % 101_ ..................................... ... [P Statonly = Sys ® Stat_|

* Both of these differences between ;fg
data and MC were considered When ©  0.995 e i i i

optimising the likelihood-based 20 30 40 50 60
selection criteria for 2016 data
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R TRIUMF The Large Hadron Collider (LHC)

The LHC is a proton-proton collider Accelerates protons close to the
27 km circumference % speed of light

13 TeV center of mass energy ~+ 4 collision points

600 million collisions per second Kinetic energy stored in LHC ~ |
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R TRIUMF

May 31, 2018

Muon Momentum Scale & Resolution

Magnetic field integral
and radial distortions of
the detector

Energy loss in
calorimeter and other
materials (MS only)

pr scale biaS~\Aso + (1 4+ Asy) - pr

pr resolution ~ +/(Apo/pr)? + Ap12 + (Aps - pr)?)

Energy loss / \

fluctuations in e .
the material Multiple scattering, local Intrinsic resolution
(MS only) radial distortions and and mis-alignments

local distortion of
magnetic field
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R TRIUMF Muon Energy Loss

« Muon energy loss is estimated using a parametric function
tuned based on the muon kinematics and the detector
regions traversed; “ParamEnergyl oss”.

- ParamEnergyLoss is used most of the time (>90%) when
considering energy loss.

- Another way to estimate the muon energy loss is to measure
the total energy deposition in calorimeter cells within a small
cone around the muon; “MeasEnergylLoss”.

- When MeasEnergyLoss >> ParamEnergyLoss, and the muon
IS isolated, MeasEnergyLoss is used in the muon
reconstruction.
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R TRIUMF Muons In ATLAS

« Muon Spectrometer (MS): Inl < 2.7  Inner Detector (ID): Inl < 2.5
 Triggering: Resistive plate « Silicon pixels, semiconductor
chambers & thin gap chambers tracker, and transition radiation
« Tracking: Monitored drift tubes & tracker *m

cathode strip chambers

n=0 n = —Intan(6/2)

25m h
LAr hadronic end-cap and
forward calorimeters
--------------- Pixel detector
4444 Toroid magnets LAr eleciromagnetic calorimeters
. . Muon chambers Solenoid magnet | Transition radiation tracker
Inte ractlon POIﬂt (IP) Semiconductor fracker
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R TRIUMF Muon Reconstruction Algorithms

——— Combined (CB): Global refit of ID + MS tracks
Magnetic Soaroe] Segment-tagged (ST): Track fit of ID + MS segment

Field Calorimeter-tagged (CT): Track fit of ID + energy
deposit in the calorimeter

Extrapolated (ME): MS track only

(Combined Muon]
Hadronic Muon Spectrometer
Calorimeter
Standalone Muon '
=
----------- ID
E|ec’rromagneﬁc
Calorimeter
- Slenc TN Segment-Tagged Muon
Solenoid Trapion : (Seg 0 ag
Magnet]c Tchking Tracker N o T UEaa,
|
F-ield Pixel/SCT detector .

—
(Calo-Tagged Muon)]
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R TRIUMF

Working Points

* Loose: Maximize reconstruction efficiency; uses all muon types
* Medium: Default selection for ATLAS; uses CB & ME muons

« Tight: Maximize purity; uses only CB & ME muons

* Low-pr: Maximize efficiency and fake-rejection for pr <5 GeV

* High-pt: Maximize momentum resolution for ptr > 100 GeV

« Optimization is on-going: Public results for high-prt and low-pt working
points expected this summer

4<pT<20GeV 2O<pT<100GeV

Selection || €)C [%] | ehe (%] || €)' [%] | € ons [%]
Loose 96.7 0.53 98.1 0.76
Medium || 955 0.38 96.1 0.17
Tight 89.9 0.19 91.8 0.11
High-pr || 78.1 0.26 80.4 0.13

ATLAS

EXPERIMENT

Even Nomber 63589792

“» |1 Require 3 stations
ST in the MS at high-pr
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R TRIUMF pt Smearing & Scaling

* Muon momentum is calculated using

2 m—1
C,De
1+ ZO ArDet(n, ¢) (pl%4 P t) Im

where Det € [ID, MS], gm is a normally distributed
random variables with zero mean and unit width,
ArmPet(n,d) describes the momentum resolution
smearing, and snP¢(n,¢) describes the scale corrections
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QR TRIUMF Isolation Variables

T
i
!

Efficiency

prvarconed0: gcalar sum of pr of . |
the tracks with pr>1 GeV in a :

E ATLAS Preliminary Zuu

062_\{5 =13TeV, 7.8 o —e— Data 2017

cone of size AR = min(10 et
1.05 ‘ [ Statonly- | Sys @ Stat
GeV/pr, 0.3) around the muon

Data / MC
H
¢

0.95F8 .

e [E-qtopocone20: gum of the T — v . l"’: b [GeV]
transverse energy of o

topological clusters in cone of =
size AR = 0.2 around the

muon

Data/ MC

+++mw°w.wm++++-+t+ ST = .
-%1 -0.05 0 0.05 0.1 015 02 025 03 035 04
ET /p

May 31, 2018 Sébastien Rettie - CIPANP 2018



UBC

QR TRIUMF Muon Reconstruction Basics V
From the track fit, get M = (do, zo, ¢, 8, q/p) "
Inner Detector (ID) track has very precise hits e
close to the Interaction Point (IP), which helps “ ," \
to constrain do/zo and angles ﬁ\ ATLAS
E EXPERIMENT

/

Muon Spectrometer (MS) track has better g/p =
resolution at high-pt due to longer lever arm " ;

Combining ID and MS hits guarantees the
best pt determination

Bends a|ong uuuuuuuuu £ 303499, Event Number : 959589792

Date: 2016-07-08 19:19:12 CEST
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R TRIUMF Continuously Improving ATLAS Software

* Old Reconstruction R 4
» Final track errors inflated to account for h
alignment uncertainties; chamber deweighted *

* Only in specific “critical” situations: Barrel/
Endcap and Small/Large sector overlap
regions, misaligned chambers, etc.

* New Reconstruction
* Fit the alignment discontinuities
—> More realistic errors on g/p measurement

—> Might allow recovery of vetoed MS
regions for high-pt muons

* Possible using AlignmentEffectOnTrack
(AEOT): specifies position and angle
uncertainties on chamber hits

» Track fit performed using gaussian constraint
on chamber hits where alignment uncertainties
are used as gaussian widths 4

(*) default: 10 um
(*) default: 10 urad
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