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ATLAS Hierarchy Problem
In the SM, Higgs mass is quadratically divergent t
> Assuming no new physics unfil the Planck scale I A W, Ho
“bare mass” t

My?= 3.293%5942963429054386349647321594L43
_3.23345942963429054¢3863494L4332159L45

27 quanfum ... Q .....
=10 (in planck units) corrections, .9.

This can be naturally cancelled by VLQs! T
> Adding a ~400 GeV vector-like top (T):

MHZ ~T0 - 9 = T (inunits of ~100 GV squared)

VLQs show up in many BSM scenarios
» Little/Composite Higgs, Topcolor, GUTs, ...
> Naturalness requires mass ~1 TeV = Accessible at the LHC!
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LAS Vector-like Quarks (VLQSs)

EXPERIMENT

Colored, spin-'2 particles = “Quarks”

Both chiralities transform the same under SM gauge groups
= "Vector-like" VLQ current SM V-A current

(QYQ') (@y"(1 —~°)d)

Can have bare VLQ mass tferm
» Avoids constraints from Higgs measurements

Couple to SM through mixing with SM quarks

» Naturalness + FCNC constraints = mixing mostly with 3rd generation

VLQs
singlets doublets triplets

A0 T Y X\ (XN
Top-partner = %3 | (I) \7 (1) T ET

E
Bottom-partner = —'/3 (B) B) (B \B]
_—1/3 Y
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EXPERIMENT

Pair Production via QCD

+ Depends only on mass
= ~Model-independent
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~ 10*
Z H W~
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a’q_' ) 102
Single production via EW boson © o
* Depends on mass and coupling
ql
]
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What will they look like?

J.A. Aguilar-Saavadra et al., PRD 88, 094010 (2013)
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LA What will they look like?

Pair Production via QCD still most sensitive & more recent results
+ Depends only on mass
= ~Model-independent
9.9 ., J.A.Aguilar-Saavadra et al., PRD 88, 094010 (2013)
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Single production via EW boson ©

* Depends on mass and coupling
ql
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What will they look like?

Possible decays dictated by quantum numbers
* T _’ Wbl ZTI HT 1 T T T T I T T T T ] T T T T T T T T T T T T

~Aguilar-Saavadra et al., PRD 88, 094010 (2013) 7
« B—=Wt, /b, Hb i ]
= Rich phenomenology! 0.8 N
Branching ratios are ! (T B),, :
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What will they look like?

Possible decays dictated by quantum numbers

* T _’ Wbl ZTI HT 1 T T T T I T T T T I T T T T T T T T T T T T
~Aguilar-Saavadra et al., PRD 88, 094010 (2013)
« B—= Wt /b, Hb

= Rich phenomenology!

|

0.8
Branching ratios are (T B)
= 0.6 do
model-dependent T !
1 (TBY)
« Constrained in some =~
scenarios M 0.4

> “Singlet” scenario
> “Doublet” scenorio\
(assuming mixing ;

only in up sector)
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What will they look like?

Possible decays dictated by quantum numbers

« T —= Wb, Zt, Ht

« B—= Wt /b, Hb
= Rich phenomenology!

Branching ratios are
model-dependent

« Constrained in some
scenarios

> “Singlet” scenario
> “Doublet” scenario
(assuming mixing ;

only in up sector)

But need to test all possibilities!
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Multiple analyses to target
each decay:

General Search Strategy

= HHX

AR

— Wb+X

Seft limits as a function of
branching ratio

—————

A
: Unphysical
| thH NG Our goal: maximize
‘ .' sensitivity in full triangle
g . B 2
X/
= thtH b S
& thZ,*; i, Wtk ‘
\owzi [ tHtz, wotz \ '3
P ZZ,WbWb T
S VA VA }'\ tztz, WbtZ,wbwo ‘ Wb
\\‘G ----- e = N -
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= Almost all BR scenarios
exclude for m; <750 GeV



Run1Limitson 7T

arXiv:1505.04306

1= 1= ATLAS
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arXiv:1505.04306

Run 1 Limits on BB
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Run 1 = Run 2

— pp—> QQ (s =13 TeV)

------ pp — QQ (/s =8 TeV)

TOP++

500600 700 800 900 1006 1100 1200
m, [GeV]

8TeV = 13 TeV

* Huge boost in TT cross
section!

« Same amount of data
will probe much higher
Masses
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= Reconstructed Particle
\

/ _ _
—
7
> Mqiched to track from prlmary vertex ) . N \
/ \
> Isolated and cannot overlap a jet Ly -
F) J ‘IIII....7 :511 ;‘%?‘ ?l!lll
> pr;> 28-30 GeV " l
) ‘ ‘
A | L\
Tqoq Candidate . WA /
\ . "
> Used by Zt+X to reduce backgrounds \
AN . :
> ‘Loose’ identification criteria \ T : /
)

ATLAS

EXPERIMENT

Run: 282712
Event: 1212489545
2015-10-21 09:39:30 CEST

Joseph Haley Fermilab W&C - Oct. 27, 2017 13



\// Reconstructed Particle

e& u = “Iepions"\ e L -
. .

> Mqiched to track from primary vertex

)Y
Ia’ \
> Isolated and cannot overlap a jet \'. s v \“‘
> p;>28-30 GeV rr |
l i
1 T\
 Thqq Candidate . \\ A0 /
\ AN
> Used by Zt+X io reduce backgrounds \ ..; X
AN .
> ‘Loose’ identification criteria N ’

K] / Small-R Jets .
: ’ > Anti-kt algorithm with R = 0.4
> p;>20GeV, | n| <25

ATLAS

EXPERIMENT

Run: 282712
Event: 1212489545
2015-10-21 09:39:30 CEST

Joseph Haley Fermilab W&C - Oct. 27, 2017 13



\\/// Reconstructed Particle

e& u = “Iepions"\

> Mqiched to track from primary vertex 5 \
> Isolated and cannot overlap a jet ‘e “
» p;>28-30 GeV e
I
 Tqq Ccandidate 0 /
> Used by Zt+X io reduce backgrounds
> ‘Loose’ |denhf|cahon criteria //

Vz \ira < - - ’
: ’::_// > Anfi-kt algorithm with R = 0.4
- o > pr>20GeV, | n| <25

b-tagging A
> Multivariate discriminant || /A ©
> Tagrates: b ~77%, ¢ ~15%, light < 1%

Run: 282712
Event: 1212489545
2015-10-21 09:39:30 CEST

Joseph Haley Fermilab W&C - Oct. 27, 2017 13



\//// Reconstructed Particle

— i
ed& u = “Iepions" = L7 ‘
- Mq’rched to track from prlmqry vertex . o \

) §
/» 4 \
> Isolated and cannot overlap a jet \'. y X \‘“
> p;>28-30 GeV rr |
¥ l ;
; . 1 T\
' T,,,4 Ccandidate L AN /
\ \
> Used by Zt+X to reduce backgrounds \ ..; S
AN .
> ‘Loose’ identification criteria N g

L e Small-R Jets - -

‘/ > Anti-kt algorithm wi’rh/R =0.4
PR > pr>20GeV, | n| <25

b-tagging >
> Multivariate discriminant
> Tagrates: b ~77%, ¢ ~15%, light < 1%

Event: 1212489545

° ° b . " N - A -
Missing tfransverse momentum: Ejmiss = - X giiets - X p.# - X p.e - X poft

Joseph Haley Fermilab W&C - Oct. 27, 2017
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ATLAS Heavy Objects

With p q
low-py:

Wa He e q
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ATLAS Heavy Objects
With p q
low-py: P P
WB h@
high-pr:
(boosted) ﬂ



Heavy Objects

EEEEEEEEEE

high-p;:
(boosted)
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ATLAS Heavy Objects

1) Large-R jets from calorimeter cells
» R=1.0, C/A, trimmed jets

> Dedicated calibrations and uncertainties

Events / 10 GeV

» Use sub-structure to tag W bosons

2) Large-R “re-clustered” jets
» SMmall-R jets are the input to R=1.0 clustering
» Inherit calibration and uncertainties

Data/Pred.

» Cut on large-R jet mass to “tag”

- ATLAS 4
700E{s =13 TeV, 36.1 fb' %4 Total pred.—
- Preselection mtt 1Lt 3
600 , L =

oy [1Single top 7
JW+jets
[1Others

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ /1
50 100 150 200 250 300 350 400 450
leading large-R jet mass [GeV]
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EXPERIMENT

Run 2 Data

Through 2017:
« Total Delivered: 83.3/fb
« Total Recorded: 77.4/fb

Thank you to LHC Operations!

Wb+X & Zt+X

32.1/fb after DQ

rgrated Luminosity [fb™ 1]

4

<
[

"~ [ LHe Delivered
— [ ] ATLAS Recorded

.
[

" Total Recorded: 35.6 fb’

Tota’ Integrated LJminosity [fb 1

50"
Ht+X (prelim.) A
13.2/fb after DQ i

10~

Tl

= T Delered: WH '

2016

|(||ll||\|||\|||\l||I|(|||I_

— ATLAS Online Luminosity  /s=13Tev

dl

3

S ARRRNE R |
- ATLAS Onling Luminosity =137y
- [ e

(] LAS Recrded

L Total Delivered: 406 "
" Total Recorded: 379’

qonelqles [eniul

Integrated Luminosity

fime
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Signal and Background Samples

IT: PrOTOS 2.2 (LO) + PYTHIA 8
« Check singlet vs. doublet

Normalized to NNLO (TOP++ v2.0)

ft: POWHEG-BOXx v2 + PYTHIA 6
« Uncertainties on scales, a, PDF

« Uncertainties:
POWHEG vs. MG5 aMC@NLO
PYTHIA 6 vs. HERWIG++
ISR/FSR

W/Z+jets: SHERPA 2.2 Normalized to NNLO (FEWZ)
« NLO + up to 3 additional partons at LO

Single-top: POWHEG-Box v1/v2 + PYTHIA 6
» Overlap removal between Wt and NLO tt

Diboson: SHERPA 2.1 Normalized o NLO
tt+V: MadGraph5_aMC@NLO 2.1 + PyTHIA 8

QCD Multijets: Estimated from data



ATLAS Analyses

Multiple analyses to target  pitferent final states require different
each decay: strategies:

—  Ht+X - Divide and conquer

» Many signal regions (SRs), control regions
(CRs), and validation regions (VRs)

> Fit mg distribution in SRs and CRs

— 7+ X « Cut-and-count w/ control regions
> 1SR, 2 CRs, and 3 VRs
» Fit total yield in SR and CRs

* Mass bump search
- Wb+X > 1SR, TCR

> Fit reconstructed my, g distribution

W=, H,Z

R p—
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EX PEI!TMENT Ht+x

Main signals:
T = Ht Ht = bb Wb bb Wb
T = Ht Zt = bb Wb Z Wb
T = Ht Wb = bb Wb Wb

* Many jets, many b-tags!

E 3000~ ATLAS Prel|m|nary +Dat<’|=1 A ]
= [ Vs=13TeV, 13.21b" %EIEC‘JG‘S .
o 2500111, =6j, =2b W tt+=1b 7
oy . © - Pre-fi Non- -
Initial selection: S ol 7 Tousigwe.
L . 2UEIgl-JR|§P((140(2)*:
B *: normalised to total Bk ]
0/ 1 charged lepton (e, 1) 1500F , g
« >4 / 25 small-R jets
> 22 b-tagged 5°°;
. 0
« EMiss> 200 GeV /20 GeV g 15
T m
S

o

0 50 100 150 200 250 300 350 400
Large-R jet mass [GeV]
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ATLAS  Ht+X: Strategy

Main signals:
T = Ht Ht = bb Wb bb Wb
T = Ht Zt = bb Wb Z Wb
T = Ht Wb = bb Wb Wb

* Many jets, many b-tags!




Categorize events by:

« # leptons (l)




£

ATLAS  Ht+X: Strategy

Categorize events by:
« # leptons (/)
« # small-R jefts (j)

2 L o e e O M ]
M ]
o 0.9 ATLAS Simulation Preliminary -4
S gb Vs=13TeV, 132" E
& °p Preselection [ Total background 3
S o7k —— TT doublet (1 TeV) 7
s F e titt (EFT) -
o6 thH* (1 TeV) E
0.5 —
0.4F 3
0.35.. —
0.2F =
0.1F =
R : o L]

5 9 10 11 12 13 14 15

Jet multiplicity
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ATLAS  Ht+X: Strategy

Categorize events by:
« # leptons (/)

« # small-R jefts (j)

- # b-tags (b)

2 L o e e O M ] o 12 \ \ \ | |
s r J s i . . L ]
5 0.9F ATLAS Simulation Preliminary 3 o - ATLAS Simulation Preliminary ]
5 gb Vs=13TeV, 13210 E 5 1 {s=13Tev, 132" -
& Preselection [ Total background 3 S [ 0l,=7], =2b [ Total background |
S o7k —— TT doublet (1 TeV) 5 L —— TT doublet (1 TeV)
L TE e tttt (EFT) 3 F 08— e TT singlet (1 TeV)
P tbH* (1 TeV) E e I — TT-ZtZt (1 Tev) A
0.5F = 0.6/ .
0ab E e :
= . 0.4 —
0.3 fns — = 4
0.2F 3 I )
E ] 0.2 -
0.1F = IR i
o T T ) | L 1 1 il

5 9 10 11 12 13 14 15 2 3 4 5 6 7 8

Jet multiplicity b-tagged jet multiplicity
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ATLAS  Ht+X: Strategy

Categorize events by:

« # leptons (/)
« # small-R jets (j)
« # b-tags (b)
« #large-Rjets (J)
m > 100 GeV, p; > 300 GeV
g T T T T T T T T ] g 12r \ \ \ \ \ ] g 121 \ \ \ \ \ ]
3 0.9F ATLAS Simulation Preliminary = I%’ - ATLAS Simulation Preliminary i I% [ ATLAS Simulation Preliminary ]
s 8; s=13 TeV, 13.2 fb™ E kS 1 Vs=13TeV, 13.21b" N kS 1= Vs=13TeV, 13.2 fb” -
IS "F Preselection [ Total background 1 kS - Ol =7}, =2b [ Total background | IS [ 0l =7}, =2b [ Total background
‘g 0.7 —— TT doublet (1 TeV) A g L —— TT doublet (1 TeV) ‘g L —— TT doublet (1 TeV)
L TE e tttt (EFT) ] F 08— e TT singlet (1 TeV) T o8- e TT singlet (1 TeV)
sk e thH* (1 TeV) E -l e TT-ZtZt (1 TeV) - o TT-Ztzt (1 TeV) -
0.5 = 0.61- - 0.6 -
0.4:_ é :- --------- : : ------------ :
c ] 0.4 = 0.4~ N
0.3 s = - E - e
028 E 0.2 . 0.2 .
0'1__— { : ---------- : e :
R S T o | L 1 x il o | l i
5 9 10 11 12 13 14 15 2 3 4 5 6 7 8 0 1 2 4 5
Jet multiplicity b-tagged jet multiplicity Mass-tagged jet multiplicity
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ATLAS  Ht+X: Strategy

LM | HM
. 0.2 T
OTegOrlze evenTS by: méATLSimulation Preliminary é

« # leptons (/) A" S

, ), =4b [ Total background
—— TT doublet (1 TeV) T

0.14

------ iz
* # small-R jeTS (]) o.;i? ‘‘‘‘‘‘‘‘‘‘‘‘ (1 Tev)
« # b-tags (b) ZZZ

# large-R jets (J)
m > 100 GeV, p; > 300 GeV

0.02F|i]
C S i

'-

B ST FEE R I
0 50 18O 150 200 250 300 350 400 450 500

minaR [GeV]

Low/High mass

» O-lepton events: LM I A -

> 0.18 R R R
f cl tb [ b 8 oL ATLA]SImulation Prelimi ]
mbb OT Cl0oSses —p(]”’ o o16f imulation Preliminary 3
= F Vs=13 Ty, 13.21b"
. b 2 0.14- 0, =2J, =j, 3b [ Total background ]
> l-lepton events: 3 L T doublet (1Tev)
; Yok OYF 00 - TT singlet (1 TeV) ]
1M1 o E |l e TT-ZtZt (1 TeV ]
minimum my(E;™s, b) - (aTev
H 2 01F j
& © r :
t ?\. L 0.08F -
' oo, B 3
H a ooa® || e, -
. 0.02F 3
=y = o aud
- S . —l T
% 100 0200 300 400 500 600 700
M min [GEV]




Events

Data / Bkg

Validation Regions

I I I I I I I I I I I I I I
10’ ATLAS Preliminary —e—Data
/s=13TeV, 13.2fp' [ TT doublet (800)
10° L ' it + light-jets
Valld_atlon regions ti+=1c
10° & Pre-fit Emtt+=1b
1 Non-tt

7, Total Bkg unc.

107"

1.5;&{*} 7 ﬁ {} A Z

0.5 %
izfgéggsgsigggg
1—Iep’rag,5je’rs O-leptons, 6 jets

Ht+X: Event Categories

Search Regions

2] 107 rrrrrrrrrrrrT T rT T
S ATLAS Preliminary - Q%tgoublet 800)
> = 1 ]
1 10° /s =13 Te\(, 13.210 [ tt + light-jets E|
Search regions Cott+=1c 3

10° & Pre-fit Emtt+=1b =
[ Non-tt e

7, Total Bkg unc.

Data / Bkg

20 0SSsSsSoo00000SSsSsSosSs o
© .20 9 5§50 NN oNOS IO 5558 5 .=
AI(ﬂC’)W%@N(ﬁNN% Nm%gg Aloogrx
- - - N s s S TN =
= - B - = =5 .39 3 .98 L= = > s .
@ .= - i~ .= - i~
C3IN TR NI AERTSN AR
e I e T = T R S S I
- T D S5 = o - D <+ 5 O AN =
e = T e T2 NN S
- = = _- © = O _ - _-

1- Iep’ron =6 jets O-leptons, 27 jets
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ATLAS Ht+X: Statistical Analysis

Final discriminating variable: my; = 2| pie®| + |p;?| + E;miss
« Choose binning based on expected number of events

Perform a likelihood fit to m4 in all *search regions”

» Systematic uncertainties treated

% 035_ T T T T | T T T T | T T T T | T T T T | T T T T ]
as nuisance parameters ° - ATLAS Simulation Preliminary ]
& 090 s=137ev, 13210 B
» Can change shape and/or @ - 01,224,227}, 30, HM = Total background -
. " © 0.25F — TT doublet (1 TeV)
normalization of predictions i C e TT singlet (1 TeV) 1
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Ht+X: Post-fit
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Before going to the limits, let’s see if there are
any hints in the other decay modes...




Zt+X

Targeting /—=vv decay
T — 7tZt = vv Wb gq Wb
T — /tHt = vw Wb bb Wb
T = /t\Wb = vw Wb Wb

 With one W=



1 Lepton

|
.
| )

Missing Energy

Targeting /—=vv decay
T — 7tZt = vv Wb gq Wb
T — /tHt = vw Wb bb Wb
T = /t\Wb = vw Wb Wb

« With one W=Qv

2 4 small-R jets
« 21 b-tagged

2 large-R jets




Targeting /—=vv decay
T — 7tZt = vv Wb gq Wb
T — /tHt = vw Wb bb Wb
T = /t\Wb = vw Wb Wb

 With one W=

2 4 small-R jets
« 21 b-tagged

.
| )
Ve

Missing Energy 2 large-R jets

1 Lepton

Cut-and-count analysis
« Signal Region (Bin) - Kinematic cuts to optimize VLQ sensitivity
« Control Regions - To fit ff and W+jets normalizations
« Validation Regions - To check modeling of backgrounds
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Zt+X: Regions

Variable | Signal Region
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ATLAS Zt+X: Regions

Variable | Signal Region
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Zt+X: Regions

Variable | Signal Region
s > 350 GeV
m¥ > 170 GeV
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Zt+X: Regions

Variable | Signal Region
Eiss > 350 GeV
m¥ > 170 GeV
ammra > 175 GeV
My > 80 GeV
Tosig > 12
Jet pr > 120,80, 50,25 GeV
|A¢(j;, ERIss)|, i = 1,2 > 0.4
# b-tagged jets >1
# large-radius jets > 2
Large-radius jet mass > 80,60 GeV

Large-radius jet pr

> 290 GeV if EXsS < 450 GeV
> 200 GeV if EXSS > 450 GeV
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L Zt+X: M+,

EXPERIMENT

E;Miss can be coming from mulfiple decays

« Use a generalization of m; that allows the missing momentum to come from

two decays: .
M, = MiN{ MAax[ My, My, ] }

* My, and my, are calculated from given visible particles, plus part of the missing

momentum o 0-22FT 7T """ ATLAS Simulation |
02 W+jets Vs=13 TeV

0.18F —— my=1.1 TeV, B(Zt,Ht, Wb)=(0.8,0.1,0.1)

0.16f

0.14f

0.12f
0.1

0.08F

ams, mTo( 2+b+ ETmiss,o), me( b + ETmiss,b) 0060
0.04F

« Reduce dileptonic tt events 0,095

This analysis uses two such variables:

Event fraction / 15 G

1ll111]“111H11Hl“H“HhH“H“HI

111

« Kinematic endpoint at my,, %00 200 300 400 500 600
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. . F — W+j s= e
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(only constructed if 7 is found) : [Z
. . . 2 102"
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ATLAS Zt+X: Signal Region (SR)

Variable | Signal Region
Erpiss > 350 GeV
myY > 170 GeV
ammroo > 175 GeV
My > 80 GeV
H%Hssfg > 12
Jet pr > 120, 80, 50,25 GeV
|AG(j;, BRI i =1,2 > 0.4
# b-tagged jets >1
# large-radius jets > 2
Large-radius jet mass > 80,60 GeV
Large-radius jet pr > 290 GeV if E&“fss < 450 GeV
> 200 GeV if B > 450 GeV

Region SR

Observed events

Fitted bkg events 6.1+1.9

Fitted| tt events 2.5+ 1.7 Main bOCkgI’OUI’?d IS 11 .

Fitted W + jets events 1.140.7 Followed by W+jets and single-top

Fitted| singletop events 1.1£0.7

Fitted ¢t + V events 0.91 +0.20 . .

Fitted diboson events 0.6 £0.6 = Use .Cor?’rrol Reglons fo quermlne
+

MC oxp. bkg events s normalization of ft and W+jets

Singlet (Doublet) Tw/ m=1TeV 5 (10)
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LAS Zt+X: Control Regions

EXPERIMENT

Variable ‘ Signal Region ‘ TCR | WCR
E%liss > 350 GeV 300_GeV CRS
myY > 170 GeV € [30,90] GeV :
ammo2 > 175 GeV > 100 GeV o . +i
s > 80 Gev 80 Gev Enhanced in tt or W+jets
Hmiss > 12 — .
Jet pi > 120, 80, 50,25 GeV > 120, 80, 50,25 GeV OrThOgonal fo SR
|AG(j;, BRiss)|, i = 1,2 > 0.4 > 0.4
# b-tagged jets >1 >1 | =0
# large-radius jets > 2 > 2
Large-radius jet mass > 80,60 GeV > 80,60 GeV
o > 290 GeV if BRiss < 450 GeV
Large-radius jet pr > 200 GeV if B2 > 450 GeV > 200 GeV
Region SR TCR WCR
Observed events 437 303
Fitted bkg events 6.1+1.9 437 + 21 303 + 17
Fitted tt events 25+1.7 [280+40] 38 + 15
Fitted W + jets events 1.1+£0.7 70 £+ 28 l 224 + 27|
Fitted singletop events 1.1£0.7 63 £+ 24 10+£5
Fitted ¢t + V events 091+020 9.7+1.6 1.03 +0.30
Fitted diboson events 0.6 + 0.6 11+£5 30 4+ 12
MC exp. bkg events 6.5 450 398

Singlet (Doublet) Tw/ m=1TeV 5 (10)
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ATLAS Zt+X: Control Regions
Variable | Signal Region | TCR | WCR
Eil?iss > 350 GeV > 300 GeV
my > 170 GeV € [30,90] GeV
ammroo > 175 GeV > 100 GeV
My > 80 GeV > 80 GeV
HEpiss > 12 =
Jet pr > 120, 80, 50,25 GeV > 120, 80, 50,25 GeV
|Ap(j;, BRiss)|, i = 1,2 > 0.4 > 0.4
# b-tagged jets >1 >1 | =0
# large-radius jets > 2 > 2
Large-radius jet mass > 80,60 GeV > 80,60 GeV
o > 290 GeV if ERss < 450 GeV
Large-radius jet pr > 200 GeV if B2 > 450 GeV > 200 GeV
Region SR TCR WCR
Observed events 437 303
Fitted bkg events 6.1]= 1.9 437 + 21 303 + 17
Fitted tt events 2.5+1.7 280 + 40 38+ 15
Fitted W + jets events 1.1+£0.7 70 + 28 224 + 27
Fitted singletop events 1.1£0.7 63 £+ 24 10+£5
Fitted ¢t + V events 0914020 9.74+1.6 1.03 +0.30
Fitted diboson events 0.6 + 0.6 11+£5 30 4+ 12
MC exp. bkg events 6.5 450 398

Singlet (Doublet) Tw/ m=1TeV 5 (10)

CRs:
« Enhanced in ft or W+jets

« Orthogonal to SR

Perform simultaneously fit

in SR and CRs
> tfscaledby 1.056+£0.17
> WH+jets scaled by 0.70£0.10

> Sensitivity dominated by
stat. uncertainty: N6.1 = 2.5
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ATLAS Zt+X: Control Regions

Variable | Signal Region | TCR | WCR
Eﬁ?iss > 350 GeV > 300 GeV
myY > 170 GeV € [30,90] GeV
ammroo > 175 GeV > 100 GeV
My > 80 GeV > 80 GeV
HEpiss > 12 -
Jet pr > 120, 80, 50,25 GeV > 120, 80, 50,25 GeV
|Ap(j;, BRiss)|, i = 1,2 > 0.4 > 0.4
# b-tagged jets >1 >1 | =0
# large-radius jets > 2 > 2
Large-radius jet mass > 80,60 GeV > 80,60 GeV
o > 290 GeV if ERss < 450 GeV
Large-radius jet pr > 200 GeV if B2 > 450 GeV > 200 GeV
Region SR TCR WCR
Observed events 437 303
Fitted bkg events 6.1+1.9 437 + 21 303 + 17
Fitted tt events 2.5+1.7 280 + 40 38+ 15
Fitted W + jets events 1.14+0.7 70 + 28 224 + 27
Fitted singletop events 1.1£0.7 63 £+ 24 10+£5
Fitted ¢t + V events 0.91 +0.20 9.7+1.6 1.03 £0.30
Fitted diboson events 0.6 + 0.6 11+£5 30 4+ 12
MC exp. bkg events 6.5 450 398

Singlet (Doublet) Tw/ m=1TeV 5 (10)

CRs:
« Enhanced in ft or W+jets

« Orthogonal to SR

Perform simultaneously fit

in SR and CRs

> tfscaledby 1.056+£0.17
> WH+jets scaled by 0.70£0.10

> Sensitivity dominated by
stat. uncertainty: V6.1 = 2.5

Use Validation Regions to
check modeling of ft,
W+jets, and single-top...
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ATLAS Zt+X: Validation Regions
Variable | Signal Region TCR WCR TVR | WVR | STVR
Exmiss > 350 GeV > 300 GeV > 300 GeV
myY > 170 GeV € [30,90] GeV > 120 GeV > 60 GeV
amms > 175 GeV > 100 GeV € [100,200] GeV | > 100 GeV | > 200 GeV
My > 80 GeV > 80 GeV > 80 GeV
s > 12 - -
Jet pr > 120,80, 50,25 GeV > 120, 80, 50,25 GeV > 120, 80, 50,25 GeV
IAG(js, ERIsS)| 5 =1,2 > 0.4 > 0.4 > 0.4
# b-tagged jets >1 >1 ‘ =0 >1 | =0 | > 2
# large-radius jets >2 > 2 =1
Large-radius jet mass > 80,60 GeV > 80,60 GeV > 80 GeV
. > 290 GeV if Bl < 450 GeV
Large-radius jet pr > 200 GeV if B2 > 450 GeV > 200 GeV > 200 GeV
Region SR TCR WCR TVR WVR STVR
Observed events 437 303 112 131 143
Fitted bkg events 6.1£1.9 437 £ 21 303 £ 17 109 £+ 35 127 + 31 125 £ 27
Fitted tt events 25+ 1.7 280 + 40 38 + 15 90 £ 40 15£8 53 £23
Fitted W + jets events 1.14+0.7 70 £ 28 224 £ 27 3.5+2.0 77+ 30 15£7
Fitted singletop events 1.14+0.7 63 + 24 10+£5 42426 3.3755 46 + 17
Fitted ¢t + V events 0.91 4+0.20 9.7+1.6 1.03 £ 0.30 70+14 1.9+£0.7 83+14
Fitted diboson events 0.6 £0.6 11+£5 30 + 12 1.3£1.3 31+9 1.7+1.1
MC exp. bkg events 6.5 450 398 106 160 129

Singlet (Doublet) Tw/ m=1TeV 5 (10)



Events / 50 GeV

Data/Pred.

Events / 25 GeV

Data/Pred.
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Events / 50 GeV

Data/Pred.

Do we see

Events /50 G

Data/Pred.

T T T
ATLAS

70 - Data —
{s=13TeV, 36.1 fb" %% Total pred. J

60 W-ets validation region ]t 2L x1.05 —
Eti 1L1t x 1.05

[ 1W+ets x 0.76
I Diboson
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50}

7
40 b7
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Modeling looks good!

any excess in the Signal Region?

40F-Vs = 13 TeV, 36.1 fb" %Total pred.— =
3 £ W+ets validation region [Otff2L x1.05 3
s It 1Lt < 1.05
il D W+jets x 0.70
= ; @ Diboson 7
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Zt+X: Validation Regions

Events / 50 GeV

Data/Pred.

Events /50 G

Data/Pred.

L R L L L LI =
70 ATLAS —-Data —
{s=13TeV, 36.1 fb' 2% Total pred. 7
60 single top validation region gEtt 1L x1.05 ]
[JSingle top 4
50 [(JW+jets x0.70]
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40 [Others
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O e L e o e o e EEEEEE
1.5
1\ % 2. % /7 WA
0.5
300 350 400 450 500 550 600
E?ISS [Gev]
- Data .
r —13 TeV, 36.1 fb’" %% Total pred._]
single top validation region It 1L x1.05 1
[1Single top A
[ JW+jets x0.70]
mit+V
[]Others

v ) L L

0 e e MR REARRE AR

0.5 |
2ob“é56“éob“ésb“4ob“456“éob“ésb“éoo
am, [GeV]
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Events / 100 GeV

Zt+X: Signal Region

10F ATLAS 'eData | %Total pred. 2 10FatLAS | eData | % Total pred. 2 10F aLas «Data % Total pred.
L ys=13TeV, 36.1 b E]tf2Lx1.05 -ﬂ_1L117x1.05 i ©) L ys=13TeV, 36.1 b E]tTZLxLOS -ﬂ_1L117x1.05 i q>') L Vs =13 TeV, 36.1 ! E]tf2Lx1.05 -tf.1L11:><1.05 |
o Soraregon  BILIC SSndete | 8 o sgaiegon  WULo SStgew | D of sgiogon Ml Ssroeen
C mti+Vv ' 7 E C mtt+v ' 7 C mtt+Vv ' 7
6l ] T gl ; 6 _ ,
r m=1.1 TeV 7 > r m=1.1 TeV 7 r m=1.1 TeV
B 7 B(Zt,Ht, Wb)=(0.8,0.1,0.1) ] e 4’ 7 B(Zt,Ht, Wb)=(0.8,0.1,0.1) 4’ __B(Zt,Ht,Wb)=(0.8,0.1,0.1);
: 2 2 -
0200 600 800 “T000 1200 0%00 300 00 600 0 T
ET* [GeV] mY¥ [GeV] b-jet multiplicity
Region SR TCR WCR TVR WVR STVR
Observed events 7 437 303 112 131 143
Fitted bkg events 6.1 +1.9 437 £ 21 303 £ 17 109 + 35 127 + 31 125 4+ 27
Fitted tt events 25+1.7 280 + 40 38+ 15 90 + 40 15 £ 8 53 £+ 23
Fitted W + jets events 1.1+0.7 70 + 28 224 + 27 3.5£2.0 77+ 30 15+7
Fitted singletop events 1.14+0.7 63 + 24 10+£5 42426 3.3755 46 + 17
Fitted tt + V events 0.91 +0.20 9.7+ 1.6 1.03 £0.30 7014 1.94+0.7 83+t14
Fitted diboson events 0.6 0.6 11+5 30£12 1.3+1.3 31+9 1.7+ 1.1
MC exp. bkg events 6.5 450 398 106 160 129
Singlet (Doublet) Tw/ m=1TeV 5 (10)
—2 —O

= Also consistent with SM

)



@ Wb+X

EXPERIMENT

g b
Targeting W—=2v decay

TT-=WbWb = &bqggb T W

T —= WbHt = &v b bb Wb

T —= Wbit = &v b gg Wb W H.Z

N



@ Wb+ X: Basic Selection

W, candidate
« =le/u,p;>30GeV
« E/Ms> 60 GeV
« Use m, constraint to
reconstruct neutrino

J




W, candidate

=le/u,p;>30GeV
E;miss > 60 GeV

Use m,, constraint fo

reconstruct neutrino

J

(- Basic Selection

Boosted W, 4 candidate

« R=1.0, anfi-k; jet trimmed

« m>50GeV, p;>200 GeV

« Jet substructure W-tag
(50% efficiency)




W, candidate
- =le/u,p;>30GeV
« E/Ms> 60 GeV
« Use m, constraint to
reconstruct neutrino

J

(- Basic Selection

Boosted W, 4 candidate

« R=1.0, anfi-k; jet trimmed

« m>50GeV, p;>200 GeV

« Jet substructure W-tag
(50% efficiency)

AR(2,b)>1.0

2 b candidates

> 2 additional small-R jets
« pP;>25GeV
« 21 b-tagged




W, candidate
« =le/u,p;>30GeV
« E/Ms> 60 GeV
« Use m,, constraint to
reconstruct neutrino

J

Thaq @nd T, candidates

-~

Boosted W, 4 candidate

« R=1.0, anfi-k; jet trimmed

« m>50GeV, p;>200 GeV

» Jet substructure W-tag
(50% efficiency)

AR(W,,.,b) > 1.0
AR(2,b)>1.0

2 b candidates

> 2 additional small-R jets
« pP;>25GeV
« 21 b-tagged

« Test all parings of b candidates with W, 4 or W,
- Pick combinaiton with smallest | mye - m;had | < 300 GeV
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ATLAS Wb+X: Final Selection

EXPERIMENT

my=1.2TeV BB - Wi) = 1
rrrrTrTT T T T T T T T T T T T

;4000_- - Isnh T | m
1 1 @ C
Signal Region (SR) 8 300 T—-WbWb g
. . » B —
« Optimized for VLQ masses 2 1 TeV 3000, m;=1.2TeV
2500F
> AR(8v)<0.7 ; 02
_ _ 2000
> §; = Zpﬂefs + pf+ E{Miss > 1200 GeV 1500 :
. . 1000;q"||u|||§ 0-1
Conftrol Region (CR) to constrain tt cool- ATLAS Simulation
- is =13 TeV, 36.1 fb”
0_. v b b e b b by by 0
: : . | 0 05 1 15 2 25 3
Final variable: m;'eP A R(lep.v)
os B(T - Wb) = 1 4000 it .
e L L L I L L I ) L BB < L A L L B B B B T
'% . ATLAS Simulation & i E - Sh ATLAS Simulation 400§
8 [ fs-13Tev o swcer a3 /s =13 TeV, 36.1 b @
= 0_3__Signal Region o m:=700 Gev ] 3000E-
L%J - m =900GeV 25005_ SM tt 300
i — m=1100GeV ] g background
0.2 — m=1300GeV 2000F ! 200
- i 1500F-
0_1:— —: 1000§HQIIIIIIIII§ 100
i = ] 5005 W
O;A_EE — J ] O:. | | 1 vy by P |l 0
0 200 400 600 800 1000 1200 1400 1600 0 05 1 1.5 2 2.5 3

M [GeV] ' A R(lep, v)



Events / bin

Data / Pred.

s Eserv om0 e Bgckgrounds estimated with MC

300 |:|M./+jets i . . oo

S EE simulations (expect multijet)

CR -+ Dominant uncertainties

e Pre-fit > Poisson uncertainty of data

. > Single-top Wt removal scheme

Ve ; > tt parton shower and generator

025" 566400 600 800 1000 1200 1400 16:1('1)?:![3]&23/(300 > Je-l- energy resoluhon
Sample Signal region Control region
tt 55 +26 720 + 130
W +jets 9+4 78 £ 41
Single top 15+ 15 160 + 110
Others 12 + 10 82 + 66
Total Background 91 £ 35 1040 + 200
Signal (mr =1TeV, T — Wb = 100%) 45 + 4 15+2

Signal (mp = 1 TeV, SU(2) singlet) 21 +£2 8+ 1




Events / bin

Data / Pred.

Wb+ X: Pre-fit

Frm T T T T T T T M K= Gojrl|||||I!||||||||||||||||v|||||]|||ll-vt
400F ATLAS —e-Data ] = - ___ ATLAS —-Data ]

-2 Vs=13TeV == mr = 1TeV ] £ C ls=13Tev - mr = 1TeV y
850 ~ 36.1 fb™' it = o 50 /4 36.1 fb™! It — .

- 1 Wets ER 7/// == . No sign of
3001~ [ Single top B 40 / 2 [T single top -

C [ ]Others ] []Others ]
2501~ 7~ Uncertainty E O > 7 Uncertainty N V LQS

- - = / 7 -
200 - o ¥ . o

z CR 5 . . SR : —~
150 - - : ]

E B 20 i . -

% i i - A - Pre-fi :
10027 Pre-fit = C T ° L e-fit ;

- : N =

3 R e e —=—===—=—=—=—— ) Oj"'"!"'f'!él{ .'I"IIHH ; rg&1
1.4E g 146 // /
ﬁ%ww a g Z -
06k 222 7% % 0.6F
0'20‘ 200 400 600 800 1000 1200 1400 1600 1800 2000 a 0'26‘ 200 ;106 (‘506 ‘ éOO ‘1‘000 1200 1400 1600 1800 2000
me? [GeV] mi® [GeV]
Sample Signal region Control region

tt 55+26 720 + 130
W +jets 9+4 78 £ 41
Single top 15+ 15 160 + 110
Others 12 + 10 82 + 66
Total Background 91 £ 35 1040 + 200
Signal (my =1TeV, T — Wb = 100%) 45 + 4 15+2
Signal (mp = 1 TeV, SU(2) singlet) 21 +£2 8+ 1




Post-fit

S
+
>

[ T T T T L i e | T T T T T T T T T T T T £ (frrrrrrryrrrrrrrrrTT T T T T T T T rTTTTTI]
S 3501 T | | | T T - 35 -
27 ATLAS —e- Data ] 2 L ATLAS - Data ]
e 7 Vs =13 TeV It ] £ 30 /s = 13 TeV it ]
§ 300~ 36.1 fb! [ Wjets 7 o % 36.1 fb" [ Wjets =
m » [ Single top ] (I % [T Single top ] NO sian Of
250 []Others - 25— [ ]Others - g
- ~~~ Uncertainty ] o 72~ Uncertainty B VI_ Q
200~ 3 20— /; = S
- ] - % ]
CR I SR ' =
C - . & ] P
C ] - iy - ]
100 P f- = 10 Z2 POSt-fIt -
ost-fit - M ]
. - 227 ]
50 — 50 L] -
. 1 f PP 22222222 P27 77772
S OFF - o;eu}ueliulaulau‘,.;...;,7,{...:..,5
S 1.4F D1.4F o > /—:
O ke=e o g f// f////////_
S 06F S 0.6F =
1) P N S A S S P e S 02k . =
0 200 400 600 800 1000 1200 1400 1600 1800 2000 20500 400 600 800 1000 1200 1400 1600 1800 2000
mP [GeV] mP [GeV]

« Data compatible with SM prediction
* Time to seft limits!



Limits!
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ATLAS Cross Section Limits

Use CL; method o set 95% CL limifs on TT cross section
> For singlet T: B(T2Wb:Ht:Zt) ~ V2 : V4. Va
Ht+X = m; 2 1020 GeV (9260 GeV expected)
/t+X = m; = 870 GeV (890 GeV expected)
Wb+X = m;21170 GeV (1080 GeV expected)

=~ A<

O Skrongest Limit!

g10;”T["H[HH[”H[H”[””[HH[H‘; T T T T T T T T T T T T T T .|.| T 10||||||II\||||||||||||||\||||||||||‘||||||||\E
= F s Theory (NNLO prediction 10) 0 ATLAS 1 — gbse"re: l',”“,'t‘ ATLAS [ Theory -
(- C —— 95% CL observed limit ] {s=13TeV, 36.1 fb" - = - Expected limi = _ 1 —— Observed Limit N
1 L e 95% CL expected limit . Limit at 95% CL [ Expected limit £ 10 ls=13 TeV,36.1107 = Exoected Limi -
g I 95% CL expected limit =16 | ° [ Expected limit 2 0 ] 1 P .
5 95% CL expected limit +20 == TTpoducon - [ Expected t1o E
7 1 SU(2) singlet - (] Expected 20 ]
SU(2) singlet E . 3 = Al limi % CL .
E ZteX 1|+E¢ISS 3 1 imits at 95% C

107'E C 1 10F E
07 I S —
10%E ATLAS Preliminary - 102 =
- (s=13TeV, 13.2 b . - : £ TT— Wb+X 1-lepton .
2 | L . 3
i HtﬁX Corpblna'flon 1 1 07k | | | | E L SU(2) singlet ]

10_3 O IS SN I L L L L L L L L L L . 1 L 3l b b b b b b b By

800 700 800 900 1000 1100 1200 1300 1400 600 800 ~ 1000 1200 14000500 600 700 800 900 1000 1100 1200 1300 1400

m; [GeV] m. [GeV] m; [GeV]
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ATLAS Cross Section Limits

EXPERIMENT

Use CL; method o set 95% CL limifs on TT cross section

> For doublet T: B(ToWb:Ht:Zt) ~0:'%2: %
Ht+X = m; 21160 GeV (1110 GeV expected,)
/t+X = m;= 1050 GeV (1060 GeV expected)

U Stromgest Limit!

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT T T T
T T T T T T T T I

E 1 [T ] T T T T T .I . T

2 10 m=== Theory (NNLO prediction z10) 1 17 ATLAS — Observed limit

N ——— 95% CL observed limit . F{s=13TeV, 36.1 fo™ - - - Expected limit .

1 L e 95% CL expected limit i - Limit at 95% CL [ Expected limit + 10 ]

2 4k I 95% CL expected limit +10 | ] Expected limit £ 2 0

o = 95% CL eXpeCted limit +20 —TT production B
SU(2) doublet SU(2) doublet

Zt+X THEF™

102

= ATLAS Preliminary
- Vs=13TeV, 13.21b"

i Ht+X Comblnatlon 1

1111111111111111111111111111111

10500700 800900 7000 1100 1200 1300 1400 360' | '1()'00' | '12|00' 1400
my [GeV] m; [GeV]
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ATLAS Cross Section Limits

Use CL; method o set 95% CL limifs on TT cross section

» B(T2Wb:Ht:Zt) ~1:0:0 = Can be interpreted as Y-43—=Wb
Wb+X = m, 2>1350 GeV (1310 GeV expected)

=" A<

U  Strongest Limit!

o 10— T T
& - ATLAS [ Theory E
= {s=13TeV, 36.1fb! = Observed Limit ]
— N Expected Limit a
T 1 = [ Expected 16 §

o C [ ] Expected +26 ]

o )y All limits at 95% CL .
© 107" Ry E

102 3

= TT— Wb+X 1-lepton R

L B(T - Wb) =1 i

_3 ||||||||||||||I||||I||||I||||I||||I|||||||||
10500 600 700 800 900 1000 1100 1200 1300 1400
m; [GeV]



Mass Limits vs. Branching Ratio

1200

>
(O]
. (©) .
ATLAS Preliminary 1100 = Assuming B(T=Wb+Zt+Ht) = 1, set
Is=13TeV, 13.2fb” £ .
Ht+X Combination 1000 model-independent lower bound
Expected imi £ on the mass of T
900 O
& « Make a grid of possible branching ratios
800
* Find the lower mass limit at each point
700
0 01020304050607 0809 1 00 Expected Limits
BR(T — Wb)
= w1200 & — 1400
L - ATLAS . o) T ATLAS 1300 &
? (s =13 TeV, 36.1 fo! 1100 S, ) Vs =13 TeV, 36.1 fb =
- 0.8 ] = — 08 1200 €
) zeex 1+E7™ 881000 £ R 0.7 : TT — Whb+X 1-lepton (8. . o
0.6 + SU(2) singlet 7 % op SU(2) singlet g
d e SU(2) doublet i g O SU(2) doublet d
3 o ] - 2
0.45% It+X - o b
. 32 3
_ & Joj
N [&]
. 2 10
: Q
1 200 L% 0 0.10.20.304 0506070809 1

B(T — Wb) %(T - Wb)



Mass Limits vs. Branching Ratio
1200
ATLAS Preliminary - 1881100 : Assuming B(T—=Wb+Zt+Ht) = 1, set
(s=13TeV, 13.2fb"
Ht+X Combination model-independent lower bound
on the mass of T

Observed limit

Hi+X

o
o
o
95% CL mass limit [GeV]

« Make a grid of possible branching ratios

* Find the lower mass limit at each point

0 0.102030405060.70.80.9 1 600 Observed Limits

RR(T — Wh)

T

= < e 1200 o = 1400
I ATLAS ) T ATLAS 1300 @
t : (s=13TeV, 36.1 fb” 1100 S, T (s=13TeV, 36.1 fb"
~ 0.8 _ = — 0.8 1200
) Zt+X 11+E7 1000. R 0.7 TT — Wb+X 1-lepton 1100
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700
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Observed 95% CL mass limit |

0 010203040506070809 1
AB(T - Wb)

Observed 95% CL mass li
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LAS

XPERIMENT

Wb+ X: Reinterpretation

What if this analysis tries to look for BB=W1t+X?
 Selection efficiency is basically the same as the TT signal:

tt

Vector-like T

Vector-like B

B(T — Wb) =1 SU(2) singlet | B(B — Wt) =1 SU(2) singlet
Selection criteria (%] [%] (%] [%] [%]
Base selection 5.9 28 25 33 22
> 1 Whaq cand. 1.3 24 23 29 20
Emiss > 60 GeV 66 94 68 92 91
> 1b-tagged jet 74 80 85 89 88
St > 1800 GeV 0.6 71 68 64 64
AR(lep,v) < 0.7 71 90 75 72 68
|Am| < 300 GeV 81 90 83 82 80
Total acceptance | 1.1-10~% 2.9 1.4 3.0 1.2
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LAS Wb+ X: Reinterpretation

EXPERIMENT

What if this analysis tries to look for BB=W1t+X?
« Selection efficiency is basically the same as the TT signal
« Final variable, m;'eP, does not reconstruct my:

AB(T - Wb) =1 Z(B > Wt) = 1

S O.4_| LI | L | T T T | T 1T T T T | T T | T T T | T T |_ %025_| T | T | T | —T | —— I —T | ]
% [ ATLAS Simulation t 1 %  ATLAS Simulation i 1
© [ Vs=13Tev — m-socey 1 8 [ s=13Tev ]
= | Signal Region = ¢ ] = 0.2~ gignal Region —— mg=700GeV
S 0.3 —m=-700Gev ] £ g g .
ok m=900GeV | 3 [ Mg =900GeV: 4
i —— m; = 1100 GeV ] 0.15_— —— mgz = 1100 GeV ]
02— — m;=1300 GeV = —| B — mg = 1300 GeV ]
- . 0.1 r|——'_'—|_‘ -
i . C ] ]
0.1— — i ]
| _ b % ;
0_ L o S I _ 0_ ol ey g |hm I -

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

meP [GeV] me [GeV]
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LAS

XPERIMENT

Event fraction

Wb+ X: Reinterpretation

What if this analysis tries to look for BB=W1t+X?

« Selection efficiency is basically the same as the TT signal

« Final variable, m;'eP, does not reconstruct my:

AB(T - Wb) =1 Z(B > Wt) = 1

0.4_ T T T | L | T T T | T 1T T T T | T T | T T T | T T T ] % 025_ — T | T | T | — T | —— I —T | ]
. ATLAS Simulation it - = - ATLAS Simulation _ —
(@) - tt _
- Vs=13TeV — m-socey 1 8 [ s=13Tev ]
| Signal Region = ¢ ] = 0.2~ signal Region —— mg=700GeV ]
0.3 —— m;=700GeV ?, - 9 g ]
r m; = 900 GeV i LI>J N mg = 900 GeV .
B —— m; = 1100 GeV 7 0.15— —— mg=1100GeV  —|
02— — m;=1300 GeV = —| B — mg = 1300 GeV ]
- . 0.1 ’—|—_'_'—|_‘ -
i . C ] ]
0.1 — C ]
0_ L o S I _ 0_ ol ey g |hm I -

0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600

|

me® [GeV] M [GeV]

 But still provides discrimination between signal and background

= Set limits on BB production



ATLAS Wb+ X: Limits on BB
5 1 1400 S
= 10— R R R 3 Io_gf_ ATLAS 13008
S [ ATLAs [ Theory ] B (s~ 13 TeV, 36.1 fo” S
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Stronger Together

1200

ATLAS Preliminary
Vs=13TeV, 13.2 b

Lt .V

1100

s limit [GeV]

i 4

0 01020304 0506070809 1
BR(T — Wb)
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Observed 9