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e The Standard Model
D (SM)

m Matter particles (fermions).

- Leptons and quarks.

photon

, m Interactions (bosons).
Higgs boson
- W/Z, photons (y), gluons (g)

m Higgs mechanism:

- To generate masses of these particles.

m Demonstrated huge successes in
describing experimental measurements.

- W/Z mass.

weak bosons
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Neutrino oscillation between three generations

August 30, 2021

Neutrino Oscillations

m [n the SM, neutrinos are massless.

m Neutrino oscillations observed.
- Flavor eigen states #+ mass eigen states.

— Neutrinos are massive.

m How to give neutrinos masses?

- No charge, and very light.
- Yukawa form: right-handed neutrino.

- Majorana fermion.



Extensions of the Standard Model

Doublet Triplet Higgs Model (DTHM) Electro-Weak Symmetry Breaking

e Add SU(2), triplet A. e Happens at vyoublet) Vi(riplet):

e Neutrino masses: e v: ve.v of Higgs field.
o m,~uv?/Mz. (My: mass of A). o 7 scalar bosons: H**, H*, A%, HY, and
e Seesaw mechanism. the SM h(125).

‘ m Param. In the Higgs Potential
vV

e Original: A, A{_4, My, My, U
e Instead: details

MA ' * Mpsu-Higgs SINA, Vg, Vi
e sina: mixing between H°, h.
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https://inspirehep.net/literature/899081

Previous Analysis

m Leptonic:

- LRS Model: Hi"* is similar as H¥* in DTHM.

- v,=0.001 GeV.

- Excluded atmy++ <770 GeV

- Onlypp > H**H™".

m Bosonic:
- v.=0.1 GeV.
- With ¥ dataset.

- Excluded at m++ < 220 GeV.

- Onlypp > H* H™".
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https://inspirehep.net/literature/1632760
https://inspirehep.net/literature/1685418

Data Samples

Previous Analysis

-
(2]
o

- ATLAS

r S Vs =13 TeV
— Preliminary

=
N
o

C . Delivered: 156 fb”'
- [[JLHC Delivered  Recorded: 147 1"

- e 4
- [ JATLAS Recorded PMvsies:139™
D Good for Physics

-
e N
o O

Total Integrated Luminosity [fb™]

Nieiqiies 61/

20

Smaller dataset (36.1 fb1)  my++ <220 GeV excluded.

Month in Year I

T T R L LN

Years 2015 | 2016 | 2017 | 2018 Full Run-2 dataset (139 fb™1)
Lumi [fb~ '] | 3.2 | 32.6 | 444 | 585
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Associate-production

=

Signal Production

Production
Information:

Production

modes:

Three
channels:

Pair-production

ME LO + PDF LO with MG5_AMC.
k-factor = 1.25 is applied for NLO.
my++ = 200, 300, 400, 500, 600 GeV.

2¢5%¢ : Two same-charge leptons.
3¢ : Three leptons.
4¢ : Four leptons.

Pair. prod: my+ > my++ (> 100 GeV).
Asso. prod: my+ ~ my++ (< 5 GeV diff).

Associate-production

my+t (GeV)

200

300

400

xsec (tb)

81.04

16.48

4.883

mp++ (GeV) 200 300
mg+ (GeV) 196 295
xsec (fb) 88.66 | 9.463
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Signal Topology

m H¥E S WEIWwE > fvdy

m The other W bosons decay to:
- Jets: 2¢°.
- Lepton + v +jets : 3%.

P P - Leptons + v: 44.
) - Special cases for associate-
et production:
Jet / m Main background:
(Jet/Inv) Jet Jet (Jet/Inv) - Prompt Leptons (Diboson).

- Electron charge flip (Z +jets).
- Non-prompt leptons (tt).
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Event Selection

e Single lepton triggers. : Hne)e —mg| > 10 GeV (2£°¢, charge
ip).

© Imge = mcl> 10 Gel o > 15 Gev
(32, 40).

o 2£°¢, 3¢, 44. e my > 100 GeV (44, ZZ).

e >70 GeV (2¢£5°), > 30 GeV (3%, 49).  Npjers = 0 (tt).
* Njets >=3 (20°°), >=2 (3¢), =0 (4¢4).

o3¢ °2¢5¢

eHas SFOC pairs? (Same flavor opposite charge) ece,el, Uu
*Yes: SFOC12 / No: SFOCO o4¢
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Background Categories

e W/Z->¢+X

e MC simulation.
e W Z normalization
e Control region.

e Norm Factor
N —N
o NF — data nowz

Nmowz

August 30, 2021

e Mis-identify the
electron charge.

e Data-based

likelihood method.

(2659).

Non-prompt leptons

e Hadrons -> leptons

e Data-based fake
factor method.

(2£5¢, 30).

e Semi-data-based
fake scale factor
method. (47).
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BACKGROUND SUMMARY

Events/20 GeV

Data/SM

500

400

300

——
ATLAS
Vs=13 TeV 139 1o’
2£% Preselection

N

[ Non-prompt lepton & Data

I Charge-flip HEEHTF
mm Wz - = HEHT
B WW,ZZ VH VWV

B iz 8w

O t(W)Z,HH, Vv, 3t,4t Vy
Total uncertainty

150
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Generally good agreement.
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Total uncertainty
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Signal Optimization

Cut Optimization Provided by TMVA.

e Rectangular cuts optimization (cut-flow).

e Maximizes the background rejection (1/ef fpr4) at
given signal efficiency.

e Simulate Anneal algorithm.

August 30, 2021

100 cut sets will be proposed.

Additional selection.

e Use signal significance (Cowan). Optimization were done per mass point, per

e All cuts are rounded. sub-channel.
(500 GeV results will be applied to 600 GeV

e Stability checks were : signal.)
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Signal Regions

regions.

ke, — B Charge-flip "I WWVHVWY ' . : | =

g 35 — [ Non-Promptlepton [ tiw,tfZ A TLAS =

30 =— I WZ I (W)ZfH. 8wV 3t4tvy  {s=13 TeV 139 b 3

. - = 1 zz ——e— Data =

m No significant excess 25~ AN Total uncertainty =
in any of the signal 20~ E

15 = —]

10
Y | — B 0 O BT RN
=
0 0
m Datais used to § ; . ‘ s t
. . ® L
constrain the signal ob— ¢ ¢ ¢
2% 3¢ 4¢ 205 3¢ 4¢ 205 3¢ 4¢ 205 3¢ 4t
mOdel my s =200GeV M= =300 GeV My = 400 GeV My =500 GeV
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Systematic Uncertainties

> T | | T | | | T T T T ]

-% 10 E [ Total uncertainty Charge-flip stat —— Non-prompt lepton stat 3

5 - —— MC statistical unct. Charge-flip syst Non-prompt lepton syst

1 1 ~ 0 i 51 - ---- Background normalisation unct. -

* PDE QCD scale and showering for signal. (~11% for signal) £ L2 Expenmental unet ATLAS ]

~ 0] (0] () E 3

* PDE QCD scale for background. (~ 1.8% to 50% for processes) £ = 15213 ToV 139 fb -

e WZ data-driven in Nj¢:s>1 regions. (9.0% for WZ) © B =

—1 1

neEeE— —— ] —3

SSPIR TR S IR e oo, BN etk CLELCT SRR R E

e = I

e Luminosity (1.7%) = =

e Electron/muon (~5%) - i . | | .

° pi]e_up modelling (NZ%) 20 3¢ ar | [20° 3¢ A [20° 3¢ 4| [ x4
my e =200 GeV my e = 300 GeV My s = 400 GeV mypsx =500 GeV

o Jet energy, ETVSS (~10%)

Charge-flip Unct. are small.
¢ 20-30% for charge flip component.

Non-prompt leptons. Non-prompt leptons statistical Unct. and

background normalization Unct. are large.
* 25-90% for non-prompt lepton component. 5 5
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iy [GeV]

Limits On Cross-sections

m Profiling likelihood ratio test.

— Each channel as an individual bin of a
histogram.

- Parameter of interest (POI) is the signal
strength ().

— Systematics uncertainties were treated as
nuisance parameters (0).

m Cross-section times branching fraction.

m For the pair-production:
- mpy++ < 350 GeV is excluded.

m For the associate-production:
- mpy++ < 230 GeV is excluded.
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Summary

m Run-2 139 fb ! version of the analysis is finalized.

m The pair-production scenario:
- Excluded for my++ < 350 GeV with 95% CL.

— Increase from the previous analysis by approximately 130 GeV.

m The associate-production scenario:
- Excluded for my++ <230 GeV with 95% CL.

- The my++ exclusion applies also to m, +.

— The associated production of H** and H* bosons is explored.

August 30, 2021
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Back Up

August 30, 2021

18



Pair. (36.1 (b~ 1) 200 300 400
All combined 0.89 (0.69) 3.09 (3.34) 11.32(8.05)
Pair. (139.0b 1) 200 300 400
All combined 0.19 (0.19) 0.59 (0.58) 1.52 (1.39)
ee 0.80 (0.81) 3.38 (2.23) 9.48 (5.42)

eu 0.33 (0.49) 1.07 (1.57) 2.48 (3.95)

. 0.35 (0.37) 1.72 (1.13) 2.91(2.82)
SFOCO 0.65 (0.52) 1.24 (1.62) 6.30 (4.41)
SFOC12 0.42 (0.42) 1.25 (1.36) 3.42 (3.51)

4¢ 1.12 (0.90) 2.20 (2.94) 5.29 (8.04)

Asso. (139.0 b~ 1) 200 300 400
All combined 0.45 (0.49) 2.86 (2.51) 6.44 (5.83)
ce 1.83 (1.85) 11.96 (7.85) | 34.56 (19.50)

eu
MU

SFOCO

SFOC12
4/

0.74 (1.07)
0.74 (0.78)
2.35 (1.86)
1.49 (1.49)
10.82 (8.53)

4.00 (5.88)
6.49 (4.24)
7.72 (10.06)
7.09 (7.71)
21.84 (29.27)

9.26 (14.76)
10.65 (10.32)
37.24 (26.01)
18.95 (19.46)
31.62 (48.17)

August 30, 2021

Limits on signal
strength (u)

Separated channels.
Observed (Expected).

Improvement:
- Pure statistical ~ 2
- Analytical ~2-3

Improved object selections.

Finer background
estimation.

More stable and
harmonized signal regions.

Constraint of W Z.
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Neutrino Experiments

Solar

—l

Neutrino oscillation between three generations

August 30, 2021

m Atmospheric:
— Super-Kamiokande Observatory

m Accelerator:

-  K2Kand MINOS
- T2K

m Solar:
— Super Kamioka
— Sudbury Neutrino Observatories

m Reactor:
-  Double Chooz
- Daya Bay
- RENO

20



Large Hadron
Collider (LHC)

Proton-Proton collision

e \/s=13 TeV.
e Lumi.=2*103*cm2s1

Four main experiments

e ATLAS, CMS.

e ALICE, LHCb.

e Search for new physics.
e Precise measurement.

August 30, 2021

North Area .--™,
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ATLAS Detector

“ ‘- LN Tile calorimeters
- ' LAr hadronic end-cap and
Bixel detect forward calorimeters
ixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker
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Muon
Spectrometer

Hadronic
Calorimeter

Proton

Electromagnetic
Calorimeter

“\Ph(‘m)n

Solenoid magnet ‘ '
Transition

Radiation
Tracking Tracker
Pixel/SCT
detector
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http://atlas.ch

Atlas Detector:
Objects

Leptons

e Electrons and muons.
e Different criteria for analysis.

Jets

e Initiated by quarks and gluons.

e Missing Transverse Energy.
e Transverse momentum imbalance.



I
* Data
ATLAS Internal [ Non-prompt leptor

Everts

e Sl WZ Norm. Results

O t(W)Z tH BV, 3t4t,
Total uncertainty

NF = 0.83 £ 0.07 (stat. + syst.)

Measurement Application

[atal/Sh

P e LI IIIIILILEY
L
gz 7
3 4 =5

N WZ Control Region 3¢ selection
g tooq= " e Data S
& L ATLAS Internal [ Non-promptlepton - Z'SElection Z-veto
- {s=13Tev 133" W7 §
80U~ 3¢ Preselection B WW.ZZ VH. VWY ]
¥ . iz, i
B 0 t(W)Z tiH vV, 3t.4t vy
60C— Total uncertainty 7 . . 0 c
. Normalized WZ in Nj;s > 1 Good estimation
: Systematic uncertainties include:
=
Eé,? Sk % R ,,,7/%//////%///5 e Fit statistics uncertainty: 8.4%.
/’T/ . & e Shape uncertainty from the OCD scale variations: 5%.
3 4 =

Niets
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Selection criteria 205 3¢ 4¢
Trigger At least one signal lepton with p{T > 30 GeV that triggered the event
Ny (Candidate) =2 =3 =4
Ny (Candidate™) — — =4
N; (Signal) =2 >2 (£ ) >1
Py | =2 =1 - #4
Lepton py P2 >30,20Gev | plof2 5 10,20,20 Gev | pt2H S 10 Gev
ERSS > 70 GeV > 30 GeV > 30 GeV
]Vjets 2 3 2 2 -
N, b-jets =0
Low SFOC my, veto — my; > 15 GeV
Z boson decays veto mi, —myz| > 10 GeV imy; —mz| > 10 GeV

| my > 100 GeV

Events are collected by lowest un-prescaled single lepton triggers.
- 20°° — ee, eu, uu sub-channels.
3¢ — SFOCO0, SFOC12 sub-channels (same-flavor opposite charge).

In 3¢ channel, two same charge lepton were named ¢; and ¢;.
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24
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st 30,2021

= [lip rates measured from Z — ee events.

e Data-driven likelihood method.
In L(€[Ngyr,Nye) = ¥ j1n {Nf’;,’;(sl + Sj)} phd _N;g.t(ai +€)
e flip rates (€) results: 0.002%~3.14%

~30% Statistical and systematics uncertainties.

e Kinematics differences among processes.
e Background contamination.
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Lepton Definition

bottomquark
o
No Prompt
charged charged lepton
anti-lepton .

"\'rirtual particle”
of Z/photon fields

Prompt

M. Strassler 2011
Can alsobe W - fv.

August 30, 2021

Baseline

e Minimum requirement.
e For EF** calculation.

Candidate

e No isolation requirement.
e For background estimation.

Candidate*

e With loose isolation requirement.
e For low statistics channel (4¢).

Signal

e Most strong, with a GBDT isolation tool.
e For main analysis, to remove no prompt %.

Details.
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Non-prompt leptons (2£°¢ and 3¢)

A: Fake enriched region.

e Two signal leptons: Ny,.

B: Event selection region.

e Two signal leptons: Ny,.
e B=6 % D.
e More signal(H*%) MC.

e N: Nnon—prompt

* Naata — NPrompt (_Ncharge flip)-
e Rare signal(H**) MC.

205¢ : EMUSS< 70 GeV Ny Np [ | 2¢5¢: ETVSS > 70 GeV
— — Fake Factor (0) - — T

C: Fake enriched region.

e Signal + CanNotSig: N,
e CanNotSig(#): Pass signal fail candidate.

D: Event selection region.

e Signal + CanNotSig: N,.
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(Data-noWZ)WZ

Linear Fit

Quadratic Fit

Linear Fit Results:0.83+0.02 Fit Chi2/ndf:1.61

Quadratic Fit model unct: 9.0%

— —— |
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4
NORMALIZATION

— Trigger ] Single lepton trigger

oS
ot

o
R+

o
N+

= Leptons

= Z-selection = |my; — myz| <10 GeV

— Jets B Njoes = 2, Npjers = 0

Selections

N —N
NF — data noWwz
Nmowz




Electron

Fake factor

20-40 GeV | 0.028 £ 0.006, &= 0.00910b syst £ 0.003 method syst

40-60 GeV | 0.056 £ 0.024;, & 0.018410b syst £ 0.003 method syst

60-inf GeV | 0.160 % 0.051 g & 0.053410b syst £ 0.073 mermod syst
Muon Fake factor

20-40 GeV | 0.027 4 0.004sta + 0.005410p syst T 0-002p¢¢h0d syst

40-60 GeV | 0.049 £ 0.0134tat &= 0.010416b syst £ 0.005 method syst

60-inf GeV | 0.085 & 0.0245tat &= 0.017g16b syst £ 0.069 mernod syst

Events/10.0 GeV
&
(=]

160]

120]

Data/SM

E —a— Data b
EATLAS Interpal Fake E
E {5=13 Tev 139 fo' Vigamma 3
F  same-sign ee chapnel -mzzwvw =
F x2/ndf=0.735, ndfF21 - ’ e
= p-Value=0.8 == - HepHmm =

-
L

ol

-
NN

160

Events/10.0 GeV

120

100

80

60

40

20

15

Data/SM

0.5
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140

0 50 100 150 200
ET™ [GeV]
FT T T ™
E —o— Data .
—ATLAS Interpal Fake E
V=13 TeV 139 fbf' Vgamma 4
I same-sign mm channel Wazzviwy
- x2/ndf=0.565, ndff21 1 S -
- - - - HppH ]
p-Value=0.943 oot
“ Uncertainty

£

)

L]
i

i

: WW;{%WW/

ET™ [GeV]

Non-prompt leptons in 2£°¢

pr bins: [20, 40, 60, inf) [GeV]
0 = Nyg [ Nep.
- {:lower py, assumed to be non-prompt.

Uncertainties from Np,ompt/Ncharge r1ipWill be
extrapolated.

Method syst:

- MC-based uncertainty for misclassification (6~82%).
- For basic assumption (19% for e, 7% for u).

m Testbetween low EFS and high EMYSS

30



Flavor Fake factor
Electron | 0.021 == 0.009¢5: £ 0.0124y

Muon | 0.032 £ 0.009: = 0.0164ys

% 25_ T T T T T T T T

S [ ATLAS Internal +E§.&:

& [ (s=13Tev 139 o' gamma A

2 *F T?ilep 5FOS0 channel . vy A

[ [ ¥2/ndf=0.845, ndf=9 . X

“ - p-Value=0.574 -+~ HppHp

13
i
z st B
o] 2
T %
g8 r %ﬁ///// %% /Zé*%i* A
0.5F —4— 9
50 100 150 200
ET™ [GeV)
% FT T T T T T T T
A — —+— Dala _
o *PCATLAS Internal Fake
g [ (=13 Tev 138 b gamma
2 ,oof. Triep SFOS12 channel wwzvww
g E y2indi=1.042, ndf=9 X a
H E p-Value=0.403 A,
300
2001
100~
2 1sF
S
it
0.5
st 30, 2021

Non-prompt leptons in 3¢

Same charged pairs (££) are used.

For 3¢ channel, the £° only needs to pass candidate.

0 = Nioyee / Noyer
Method syst:

- MC-based uncertainty for prompt OC £ assumption
(20%).

- MC-based uncertainty for basic assumption (15%)
m Testbetween Njo;s =1 and Njgss > 1.

SFOCO and SFOC12 are merged in measurement.
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Trigger, £5 €1 43,1 or 2 jets

Non-prompt leptons in 4¢

m Not enough statistics.

m MC yields corrected with scale factors (SFs).

Mg = 0.98 £ 0.18 (stat) = 0.06 (syst) m N=AyrNyr + ANy p
A e =1.34 + 0.17 (stat) + 0.20 (syst) - HF: Heavy flavor non-prompt. ” - 7

|
Mie = 0.94 4 0.04 (stat) + 0.04 (syst) - LF: Light Flavor.

NT = AupNfe + AeNE

m Two factors, two regions.

§ sl ATLAS Internal 2 Fake = - tz enriched by HE.
S b Foreoromemars M2 ] : . ..
oo s o =i - Z+jets enriched by LE. (Found negligible for p.)
N 1 m Component ratios depend on selections.
- 7%4@ ..... , 773 m Uncertainties include:
Eo T e q |
ol ' aE - Jetan selection impact.
g WWW/WW% ] o Pt p _
. T L - Statistics and Prompt MC subtraction.

50 100 150
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ignal Topology
2{86

(Jet/Inv) Jet Jet (Jet/Inv)
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Selection
]

Prompt Leptons

. ccWW,WZ,ttV

Electron Charge Flip B ocWW, Z+jets(y), tt

Non-prompt leptons [ V+jets(y), tt

Trigger

Leptons

w
w

E7miss
Z-veto
Jets

Sub channels

Single lepton trigger

2 same charge leptons

>70 GeV

IMmee —my| >10 GeV B

Njets 2 3, Npjers = 0

ee, el, il

Z+jets(y)

Charge Flip

tt, ttV



RMS((W[ aq)tﬁz 1¢E1'rni55 )*RMS (¢j| -.¢j21"‘ )

L]
lg n al TO po I Ogy S = R.M.S.(wl,,q)gz,%%nss,tbﬂ,(b_;z,---) .| RM.S: Root Mean Square
2 fS C £v/Jets ® plane distance: S

- H** > ww+ £v ® plane distance: A (££, EFVSS)

£ radius distance: ARy,

. AR = \/A¢p? + An?
I :
r Mass of 4 jets: M,

Features
|

300

++ _
e H** mass Mass of #£: M,,
S e A ‘:l‘N “prompt lepton D‘ ta E 3 700 I I I ‘ [‘II Nlon pr(llmpt I(-;pton Io D ;a
=] F on-prompt lepton @ Da = - al
2 o0 ATLAS — mmcraweip  --pene S ATLAS . Chagefip i
2 E = - EEWZ .- = < 600 Vs=13 TeV 139 fb~ -
G 700p YSS13Tevi3of WW,ZZVH VW B . | B WW,ZZ,VH VW
(Jet” nV) Jet J (Jet/l nv) E 20 Preselection = 7 6w € 20 Preselection g ii7 dw
et 600} [ H(W)Z tEH vV, 3t 4t vy &
= Total uncertainty Total uncertainty
500
4005

R FRRR EYRTE SRR FNRRA FRRRA ANARAN: ||1

@ Z
s 7 )] =, + o]
8 199 - 3 . - 2 & 7 20 8 i G 2. 2007 YOI 8 y) r'Y
% i 5 % 500 1600
S Mjers [GeV]
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ignal Topology
3¢

Prompt Leptons — WZ,ZZ, ttV
'{

Non-prompt leptons = V+jets(y), tt

= ] Single lepton trigger

Emiss —_— > 30 GeV

.

— SFOCO
=9 Subchannels === Has SFOC pairs? -[
E — SFOC12
SFOC eSame flavor

opposite charge.

P1¢2: Same charged
£0: the opposite
charged.

lmoc — my| > 10 GeV

wn
c
O
 p—y
i)
&)
Q
|
<b)
79
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L]
ignal Topology
3¢
{

EmlSS

= Neutrinos e

H** mass

Features

Mass of 3¢: M3{)

Leading jet momentum: p;

< 400 2
o = [ Non-prompt lepton @ Data
2 . ATLAS wmmw e S
2 C Vs=13TeV 139 fb" =§ZZXV*¢WV - E > Vs=13 TeV 139 fb"
~ : ) — = ¢
300 3 3¢ Preselection 0 t(W)Z.6H.8VV, 3,4t vy = 5 3¢ Preselection — t(W)Z fH,6VV, 364t Vy
F Total uncertainty = w Total uncertainty
250— -
200 ‘ 3
150~ =
100 =
50— =
C @ =
=
@ 2+ e 5
8 ] s
o 1 Y] 'Y L P P e ¢ ’JT., 8
0 1 2 3 4 100 200 300 o 400
AR[*(* p!;admgjel [GeV]
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ignal Topology

. {

Non-prompt leptons == V+jets(y), tt
Single lepton trigger
I
P

Pair prod.: 0
|~ charge| # 4 {

T
| I I

Emiss

B

Selections
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ignal Topology

Same charged £¢ : AR}, ARJH™

Y ERS of 4¢: MM
H** mass {

7))
Q
—
)
)
qV)
D)
.

p
Leading £ momentum: p+

3 E ) A e | CINon-promptiepton  Data ] e c ‘IlllllllilNlllltlltllll ]
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LHC RUN-3

LHC

Delayed to Feb 2022

LS1

splice consolidation
button collimators

8 TeV
S —— R2E project

7 TeV

experiment
a beam pipes

Run 2

EYETS
13 TeV 13.5-14 TeV

August 30, 2021

15 % 10°%m 25
Pile-up~40

injector upgrade
cryo Point 4
DS collimation
P2-P7(11 T dip.)
Civil Eng. P1-P5

2019 2020

i :E We are here

experiment upgrade
phase 1

14 TeV

Run 3

J
L}

cryolimit
interaction

regions

damage

radiation

2.2 x 10%*ecm 251

}

Pile-up~60

HL-LHC
installation

experiment
upgrade phase 2
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bx 103 em 251

510 7 X
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uminosity
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DTHM Masses

L=(D,H)Y(DFH) +Tr(D,A)(DA) = V(H,A) + Ly urawa Lyukawa D ~Yo LT C @ ic2AL

] A ..r{ 4 ¥ ¥
V(H.A) =—mpH H + Z(u'n}- +m3Tr(ATA) (2.35)

+ | p(H i ATH) + hee.) + A (HTH)Tr(ATA) + A2 (TrATAY + A5Tr {a*a'}' (2.36)

+ A HTAATH. (2.37)
ﬁ!—‘ “f'd_j - A-l"f"dj"r"t - 113‘*'13 2 e Va(—V2u + (Ag + Ag)v,| 5
Mppss = [24 1) M“’m. = - Vvt +4( A +da)v ) (2.43)
2‘#"[ ° »’d{_—VE,u + (A + Ag)vy 3\'|- —
(va: +vi)[2V2u — Asvi] , [ W, —vy ] .
= - 7472 &l = 3 ._..44
f”lifl — 4\}' [....-‘I‘...} M{.hul __-"'-d. 1‘.:‘1—}'2\3' [' :]
Diagonalizing these matrices gives the mass eigenstates. The mass eigenstates for the CPy,,, mass
v 1+ e states is found to be,
mpy = Td — N"'_E,m-'[ + 2 > J'vl‘ (2.39)
ae = 2V = V2 + vty = 2V2(do + )y ).40) ( h”] [ cosa sina ( R\ 'A“) _ [~sinp cosp (z]]_ ) 45)
AT 24/2v, (2 HY  \—sina cosa, _E”)' [_G”_ “\cosg sing J\Z) (24
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Parameters represented by experimental
measurable sy

- B
sin” Oy

= — (2M§, — cos® Oy M2) , vl = %—((:n&;;‘) Ow Mz — M3,)
TXQED £MXQED
.-:"_'.;' ] 1 oy ] Hi]l-"_']lrl ) ] 5 = 3
Al = ———-my + 5.3 Mu! + 5 Amye — M) (2.44)
vy + A vy + 2 2040
1 s2m, +c2m3, 1 02 ., D2 , , .
;’12 — —.}{ .k - o A + ;._.,—d.:,.i'ﬂ_'i — E—“.HJ}M + LT } L'_E.-L'}}
ir 2 4 vg + 4 vy + 2y
.'|. :|
1 —; 2y : .
i 2 abid 2 2 v
Ay = —=1 —— My + ———=.Mp1 — M1} (2.46)
, : 1 P AL B 5 R = /
vi vl + dvf vl + 20
4 o | 9 . .
Al = —/————= My — ————— .17 (2.47)
: 2 atthA 2 a2 H Ly
vy + 4w, vy + 21y
)
L .2 9 3 2 .
A = —{campo + s,mipa} (2.48)
'!.-j'
—
IH'f'lllzillll B i L
= .My (2.49)
vy +4vy
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Constraints =%

(g2 + g7 (02 + 4?)  g*(v2 + 4?)
4  decos? Oy
g2 (v3 + 2v})
4

M3 =
My, =

whence the modified form of the p parameter:

v3 + 207
== A02
v3 + 40}

r 3 Miscellaneous constraints

3.1 Constraints from electroweak precision measurements

3.2 Absence of tachyonic modes

3.3 The vacuum structure
From Eq. (2.31)), the requirement that m? should be positive implies pv; > 0. The same
positivity requirement in the singly charged and doubly charged sectors, Eqgs. (2.13] [2.11]),

together with our phase convention »; > 0 discussed in scction [2) lead to the following
bounds on g

=0 (3.57)
)\_1?.-}

Pt 3.58

SN (3.58)
Ay Azv

p> 2t 2 (3.59)

NG

=
e

August 30, 2021

BFB: - -1 .
(3.53) o potential stability constraints
e _ b
A0 & Ao+ A >0 & /\2—?‘2{; (6.1)
(3.54) _ [ .
& M+ VA +A) 20 & A+ A+ ) 20 (6.2)
. . / Az .
& M+ VA +X) 20 & M A+ /A +5) 20 (6.3)
(3.55) unitarity:
|AL 4+ 4] < B (6.4)
|A1| < K (6.5)
12A1 4 3| < 27 (6.6)
[A| < 267 (6.7)
A2| < %"’ (6.8)
e + Ag| < %~ (6.9)

A+ g+ 8 L /(A — 4hy — 8X)2 + 16M | < dnr

(
13X + 16A; + 123 = /(3X — 16Xs — 12X3)2 + 24(2A; + A\y)? | < 4k (
|2A) — Ay < 26m (6.
[2A2 — Ag| < km (

Masses were chosen to satisfy not-EWscale constraint.
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The Atlas experiment parameters

Parameters 2015 - 2018 | Design
Beam Energy [TeV] 6.5 7
[ntegrated Luminosity [fb~'] 156

Max Peak Luminosity [10°"cm =5 '] 2.14 1
Bunch Spacing [ns] 25/50 25

Table 3.1: Status of the LHC as of 2019 and its running parameters. Taken from Ref. [92]. In early 2015 the
bunch spacing was set as 50 ns to re-establish operation at high stored energies [93].

Table 3.2: Resolution goals and pseudorapidity coverage of the sub-systems of the ATLAS detector. Numbers
for energy and transverse momentum are in units of GeV. Taken from Table 1.1 in Ref. [40].

Sub-detector required resolution Ij-coverage
measurement trigger
Inner Detector O/ P = 0.05% pr @ 1% g < 2.5
Electromagnetic LAr calorimeter o [E = 10%/VE @ 0.7% ml <3.2 In|<2.5
Hadronic calorimeter
Barrel and end-cap o E = 50%/VE ® 3% 7] < 3.2
Forward o [E = 100%/vVE ® 10% 3.1 < |l <49
Muon Spectrometer T/ pr = 10% at py = 1 TeV ml < 2.7 |n| <24

August 30, 2021
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r r=1082mm

Thin-gap chambers (T&C)
p 3 ] Cathode strip chambers (CSC)

Detectors -

L r =554mm

r=514mm

Barrel Toroid

r=443mm
SCT
r=371mm

r =299mm

Resistive-plate
chambers (RPC)

. Central Solenoid r=122.5mm
Pixels { f=88.5mm
r=50.5mm ‘

I End-cap toroid
Monitored drift tubes (MDT)

r=33.25mm
r=0mm

Tile barrel Tile extended barrel . .
Cell= in Layer 3
Apah =0.0245:0.05

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel
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Unrolled RNN

21} unit vector

% M |- Z
® (= | = ]
&l &| & |E
: )
ordered by [Sdo| Jet
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Fully Connected

+
SoftMax

beam axis

Non-Prompt

e e

Iso cone

T
Iso cone

PV

second layer

Agadp=002x
first layer (strips)
Are de= 10031w 0022

insertable b-layer

Prompt Non

e i

Track jet
cone

PV

. hadronic celorimeter
third layer

clectromegnetic -

0.0243 calorimeter -°

+,' eProbebility HT

-Prompt

e

Lepton track

Low p_ tracks

High p_tracks

......... Track jet axis
Track jet
cone
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Lepton definitions details.

Lepton Electrons

Category Baseline | Candidate | Candidate® Signal

|z sin B < 0.5 mm

‘d(]|/0(d(]) <3

Identification LOOSE TIGHT
Isolation No Loose Prompt lepton BDT
Electron charge identification No Yes

Lepton Muons

Category Baseline | Candidate | Candidate® Signal

|z sin B < 0.5 mm

‘d(]|/0(d(]) < 10 <3

Identification MEDIUM

Isolation No Loose Prompt lepton BDT
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All prompt situation

August 30, 2021

charged lepton .

anti-neutrino

bottomquark
2K
No Prompt rompt
charged charged lepton charged charged lepton
anti-lepton . anti-lepton .
© O
Prompt Prompt

M. Strassler 2011

“\-firtual particle”
of Z/photon fields

47



DEV: Object Selection Improvement

E 1 T 1 T T T 1 T 1 I T T T T T T T T T T T I T T T |_
=
m 1
G 1200-ATLAS Internal - Deta:t230
- ¥s=13TeV 139" Prompt : 797.1 -
1000]- Misid : 71.5 .
B Faka : 312.8 7
Bﬂﬂ_— Uncertainty ]
- + _
600/ .
400 — |
- * .
200
Z 15 ' ' B
8 . . .
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0.5 . . . _
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Trigger

2015

Description

HLT e26 lhmedium_ L1EM20VH
HLT e60 Ihmedium
HLT ¢e120 Ihloose
HLT mu20_1loose_L1MUI15
HLT mu50

> 1 electron with pt >26 GeV, Mebiuwm identification and L1 pyp >20 GeV
>1 electron with pt >60 GeV, MEebium identification
>1 electron with pr >120 GeV, Loosk identification
>1 CB muon with pt >20GeV, Loose 1solation and L1 pt >15GeV
>1 CB muon with pt >50 GeV

2016-2018

Description

HLT_e26_lhtight_nod0_ivarloose
HLT e60 lThmedium_ nod0
HLT el40 lhloose nod0
HLT mu26 ivarmedium
HLT mu50

>1 electron with pt >26 GeV, Tigut identification and Loose isolation
>1 electron with pt >60 GeV, Mebium identification
>1 electron with pr >140 GeV, Loosk identification
>1 CB muon with pt >26 GeV, Medium isolation
>1 CB muon with pt >50 GeV

August 30, 2021
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Signal Branch Ratios

Sianal Production Information

H¥*H — AW — BR (in %)
AW = jj 0f + 8 jets 20.1
3W = jj IW =l | IE+EM +6jets | 39.7

2W—=jj2W—=vf
IW—jj,3W—=vl
AW — vl

W 4+ t-.}{:f.x'.\' + -1-‘1[',[“!-
I+ t—;a:u'.s‘.\' 12 ‘lc[ﬁ.
46 + £ 4 no jets

293 (2£%¢: 14.7)
0.6

1.2

H™" mass (GeV) 200 300 400 500 600
cross section (fb) | 81.04 16.48 4.883 1.766 0.726
filter efficiency 0.1089 | 0.1161 | 0.1198 | 0.1249 | 0.1237

Table: Cross sections (ME LO + PDF LO, k-factor = 1.25 is applied for NLO correction), filter
efficiencies of the AFII signal samples (pair-production pp — HTTH¥T).

H*HY — WWW£ — BR (in Yu)
AW —=jj.2—jj 0f + 8 jets 22.0

3W = jj.Z— vy 0f + E™S 46 jets | 6.3

QW = jj AW v Z— jj | 1E+EMS +6jets | 31.1

2W = jj,IW—vl,Z—v | IE+EM +4jets | 89

3W— jj.Z—={f 2f + 6 jets 3.1 (2£65¢: 0)
LW — jj.2W vl Z—jj | 204EM +4jets | 14.6 (265 4.7)
IW— jj.2W vl Z vy | 204 ET +2jets | 42(205: 1.4)
DW= jj AW =yl Z S| 36+ EM +djets | 44

IW = vl Z — jj M+ ES +2jets | 23

3W = v, Z— vy 3+ B 0.7

IW = jj.2W vl Z 6| 46+ EM +2jets | 2.1

AW =, 2 —= 56+ EZ"S* + no jets | 0.3

August 30, 2021

H™ mass (GeV) 200 300 400 500 600
H™ mass (GeV) 196 295 395 496 602

cross section (fb) | 88.66 9.463 2.988 1.175 0.513
filter efficiency 0.2573 | 0.2814 | 0.2997 | 0.3178 | 0.3278

sections (ME LO + PDF LO, k-factor = 1.25 is applied for NLO correction), filter
f the AFII signal samples (associate-production pp — HT*H™).
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Background MC

Process ME Generator Parton Shower PDF Tune

ItH PowHEG [146] PyTtHia 8 [43] NNPDF30ME [147] Al4 [44)]

VH Pyntia 8 PyTHiA 8 NNPDF23LO Al4

1w MG5_aMC PyTHiA § NNPDF 3.0 NLO/23LO Al4

11(Z/]vy") MG5_aMC PyTHia 8 MEN30ONLO Al4

1(Z]y") MGS5_aMC PyTHiA 8 NNPDF 3.0 LO Al4

1 PowHEG [ 146] PyTHiA 8 NNPDF 3.0 NLO/2.3LO Al4

s-, t-channel, Pownea [ 148, 149] PyTHia 8 NNPDF 3.0 NLO/23LO Al4

Wt single top

VV.qqVV,VVV  Suerpra 2.2.2 [150] SHERPA NNPDF30NNLO SHERPA default
Z — (" SHERPA 2.2.2 SHERPA NNPDF 3.0 NNLO SHERPA default
W — (v SHERPA 2.2.2 SHERPA NNPDF 3.0 NNLO SHERPA default
Zy | Wy SHERPA 2.2.4/2.2.2  SHERPA NNPDF 3.0 NNLO SHERPA default
t1tt, tt MGS5 _aMC PyTHiA 8 NNPDF 2.3 LO Al4

HWTW- MG5 aMC PyTHiA 8 NNPDF 2.3 LO Al4
IW(Z/y") MG5_aMC PyTHiA 8 NN30ONNLO Al4
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WZ QCD shape uncertainty
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ChargeFlip Unct
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(b} 17 events

AR A aaaa
st ATLAS Internal -
: 5=13TeV 133 fo” ]
- ]
3:_ — Predictad _E
—+—r3\'<"f13 E

2 H -
Rﬁ ]

1 ‘+ &j‘? -
: i Mﬂmwf_

PR P

00756305050 100 120 140 160 130 200

p_ [MeV]

(c) Opposite-sign WW events
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pr binned fake factor motivation

= LI L ' % L L R N B |
o = == Luala 5 i [tk
S 400 EATLAS Internal | = 1':":D._'_-"|'.| TLAS Internal Fake —
B F o f=iETev e Vigar R L =13 TeV 1200 e i
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Figure 7.7: 2£*° channel. Leading lepton pr and sub-leading lepton pr distribution at event pre-selection stage.
Data-driven fake results were applied with inclusive fake factors. The tension found in these distributions
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Pt binned method unct

pr £:30 GeV £: 50 GeV £: hadronic decay

Truth info. \ £ :30 GeV £: 50 GeV
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FF unct. Breakdown (2l)

Sources unct(%) [e] | unct(Te) ||
charge flip 15.9 -
Monte-Carlo closure 19.1 7.3
Prompt-Monte-Carlo theory uncertainty 17.4 15.8
electron efficiency 7.43 -
electron resolution and scale 0.56 0.02
muon scale/ID/sagitta 0.01 0.54
muon efficiency - 0.75
Pileup reweighting data-scale-factor 0.3 0.63
JET category reduction/energy scale/energy resolution 12.77 10.06
Flavor tagging 0.31 0.28
MET Variation .70 2.07
Total global unct 33.74 22.76
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Event Selection Yields

August 30, 2021

Data Prompt Fake charge flip | Total background
ee || 224 | 113.83+18.78 | 67.22+19.16 | 14.06x2.71 195.11+£26.97
pp || 275 | 160.37+£24.46 | 9392 £ 21.39 - 254.294+32.49
eu || 542 | 299.1x44.46 | 168.62+42.58 | 15.81+£2.88 483.52+61.63
WZ WWZZVHVVV 194 Vy
ee 68.67+9.34 18.09+3.66 21.27+425 | 5.8£2.56
T 91.2+11.83 34.13+6.86 345+ 6.89 | 0.55+057
e || 172.89+22.09 52.9x10.64 58.8+11.75 | 15.81+2.88
Data Prompt Fake Total background
3 879 73091 £ 92.71 109.05 £ 64.15 | 839.96 + 112.74
Monte-Carlo Composition W2 WW.ZZVHVVV ttX Vy
Yield 553.59 £ 57.13 83.6 + 17.96 77.7 £ 15.63 16.03 + 5.94
Data Prompt Monte-Carlo | Non-prompt Leptons | Total background
Pre-Selection 63 41.8 + 5.38 2475 + 4.86 66.55 + 7.25
Monte-Carlo W2 WW2Z2ZVHVVV 1xX Vy
Yield 29+ 047 31.02 + 3.66 723+ 1.12 0.66 + 0.39




- . . . flnstead of ML technique, cut

S I g n al O ptl m | Zatl 0 n optimization displays the signal
region as a simple list of ranges and
can be used to test other models.

Cut Optimization Provided by TMVA.

e Rectangular cuts optimization.
e Maximizes the background rejection (1/ef fpr4) at

J

given signal efficiency.
e Simulate Anneal algorithm.

100 cut sets will be proposed.

Additional selection.

e Use signal significance (Cowan).

o All cuts are rounded.
= Optimization were done per mass point, per sub-channel.
® Stablllty checks were . (500 GeV results will be applied to 600 GeV signal.)
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Signal regions

Charged Higgs
boson mass

my+ = 200GeV
my+ = 196GeV

my++ = 300GeV
my+ = 295GeV

mye = 400GeV
my+ = 395GeV

my++ = 500GeV or 600GeV
my+ = 496GeV or 602GeV

Selection criteria

2lsc channel

Miets [GeV] [100, 450] [100, 500] 300, 700] (400, 1000]
S [rad.] <0.3 <0.6 <0.6 <0.9
AR+ y+ |rad.] <1.9 <2.1 <2.2 <2.4
A(p“g- Emiss [Tdd] <{J7 <09 <10 <10
00, EX
myy |GeV | (40, 150] [90, 240] 130, 340] [130, 400]
EIF“i"” [GeV] >100 >130 >170 =200
Selection criteria 3/ channel
AR+ y+ |rad.| 0.2, 1.7] [0.0, 2.1] 10.2, 2.5] 10.3, 2.8]
myr |GeV] >160 >190 >240 >310
ET™ [GeV] >30 >55 >80 =90
ARyje [rad.] [0.1, 1.5] [0.1, 2.0] [0.1,2.3] 10.5, 2.3]
pdneiet | Gey >40 >70 >100 >95
Selection criteria 4/ channel
my | GeV ] >23() >270 >360 >44()
ET"™ [GeV] >6(0 >60 >60 >60
P [GeV] ~65 >80 >110 >130
?}é?i [rad.| 0.2, 1.2] 0.2, 2.0] 10.5, 2.4] 10.6, 2.4]
AREl‘i;i [rad.] [0.3, 2.0] [0.5, 2.6] 0.4, 3.1] 0.6, 3.1]
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Theoretical Uncertainties
(my++ =300 GeV)

Process Theory uncertainty
20%¢ 3¢ 4¢
ee eu U SFOCO SFOC12 4¢
QCD PDF QCD PDF QCD PDF QCD PDF QCD PDF QCD PDF
WZ 9.0% 14.8% | 0.11%
rtX 13.0% for QCD, 4.0% for PDF
77 43.1% | 7.7% | 27.9% | 1.4% | 23.6% | 1.3% | 172% | 2.1% | 26.1% 1.2% | 14.9% 2.1%
WW 31.3% | 1.0% | 24.5% | 2.0% | 34.1% | 1.5% | 17.2% | 2.6% | 41.0% 1.5% - -
Vy - - 40.7% | 2.5% - - - - 153% | 1.9% - -
VVV 7.4% 2.3% 8.4% 2.6% 8.4% 1.3% | 10.5% | 1.7% 10.5% 1.4% 7.9% 1.4%
Rare process 50%
60
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A "temperature for smoothing" is

ignal Region Stability Check gfmed

the R.M.S. in the previous 5 points.
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Figure 8.1: 2£%¢ channel. Expected significances (Cowan) for different working points (provided by TMVA Signal MVA Cuts Efficiency WP [%]
CutsSA) of the signal selection for the 200 GeV mass point, Left: ee channel, Middle: ey channel Right: gy
Q
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value) of the signal selection for the 200 GeV mass point, Left: ee channel, Middle: eu channel Right: pp Signal MVA Cuts Efficiency WP [%]

channel.
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Profiling LLH checks (m++ = 300 GeV)
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