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Vector-Like Quarks

® Many models beyond the Standard Model predict the existence of vector-like
quarks (VLQ) to cancel the quadratic divergences arising from radiative
corrections of Higgs mass

e.g. Little Higgs, Composite Higgs, Extra-dimensions, etc

VLQ: spin 1/2, color-triplet, L&R-handed components under SU(3)xSU(2)xU(T1)

Mix with SM quarks by Yukawa coupling, and allowed from experimental constraints
(EW/Higgs measurement) unlike 4th generation of quarks
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Production & Decay
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Search for VLT at ATLAS®

One lepton Multi-lepton
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Search for VLB at ATLAS"

One lepton Multi-lepton
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® B—-Wt arXiv: 1510.02664 €— New 8 TeV results

® B—/b arXiv:1409.5500
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1. TT>Ht+X  °

® New result with 13 TeV data (3.2 fb-1)

® Sensitivity: VLT, (B)SM 4-top production

@® Simple Pre-selection

W HZ

2 1 lepton, >b jets, >2 bjets,
Etmiss > 30 GeV, Etmiss + MW > 60 GeV

bt

® Event classification : Njet, ijets, Nmass—tagged
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® Main Background !

1. TT - Ht+X

2 tt (using NLO MC simulation)

. Normalized to NNLO cross section (832 pb)
g
. Events categorized according to flavor content
tt+light, tt+cc and tt+bb

. tt+bb is dominant background for the most sensitive region

® Dominant Systematic Uncertainty

2 tt+jets (mainly tt+bb)
« Normalization (tt+bb and tt+cc uncorrelated): 50%
. Meff Shape (including PDF, scale variation, ...)

. Fit the mesr distribution to data
— Reduce the uncertainty significantly
e.g. bb5% — 24% for the most sensitive region

Events / 500 GeV

Data / Bkg

Events / 500 GeV

Data / Bkg

20

16
14
12
10

wwwwwwwwwwwwwwwwwwwwwwww

ATLAS Prellmlnary —¢— Data

Vs=13TeV, 3.2 o' TT doublet (800)
>2J, 26j, >4b [ ]tt + light-jets
Prefit It +21c
Pre-fit R
[ Non-tt
P f. 7 Total Bkg unc.

gz

DIIIIIIIID,

M, [GeV]
20 ATLAS Prellmlnary "o Data 3
(5=13TeV,32fp" i+ lightets
18 Ctt+21c i
>2J, _6], >4b [ ] tt+>1b E
16/~ Post-fit [ Non-t 3
14 7/, Total Bkgunc. ]
12
10

Post—ﬁt+

//4%// % /////////

500 1000 1500 2000 2500 3000
M [GeV]

' 24%




1. TT - Ht+X

® Limit Setting
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2 Improved the sensitivity by ~80 GeV
2 4-top results: see Rui's talk (link)
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2. SS dilepton + bjets

® New result with 13 TeV data (3.2 fb-1)

® Sensitivity
B T2/3T2/3 B-1/3B-1/3, T5/3T5/3 (—WtWt)
2 4-top production (SM, BSM)

Definition Name
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2. SS dilepton + bjets "°
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2 Singlet: mt > 780 (730) GeV & ms > 830 (750) GeV FImproved the sensitivity
RunT 590 (660) GeV 620 (690) GeV ) by ~60 GeV

2 Interpretation for T3 : mrs,3 > 990 (920) GeV
2 For 4top: osm < 95 (107) fb, ossm < 67 (79) fb (see Rui’s talk (link))
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VLT mass limit (pair production)11
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VLB mass Iimit (pair production)12

Expected Observed
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T°/3 mass limit

® Result with 8 TeV data (20.3 fb-')
2 BB—W1t+X has the most sensitivity for T5/3
. mrs/3 > 840 (780) GeV
® Result with 13 TeV data (3.2 fb-)

2 SS dilepton + bjets

« mt5/3> 990 (920) GeV
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14
3. TWb
H
® New results with 8 TeV data (20.3 fb-) \ >1 forward jet
arXiv: 1602.05606 . " '
: W € O U
® Event selection
1%
_ Q=TY / v
& Pre-selection 7 . =21 bjets
1 lepton, >2 jets, >1 large-R jet, \ b / ,/, | large-R jet
miss miss W e oL T
Ermiss > 20 GeV, ErMiss+MTW > 60 GeV N YV pr > 250 GeV
g 2 * }\\ {. /
2 Signhal Region N/ my< 70 GeV
A ¢ (lep, large-R jet) > 1.5 (suppress tt)

Reject events with any jets with pt> 75 GeV & |n | < 2.4 outside large-R jet

® Fit the m(Q), reconstructed with leptonic W and bjet mixing angle between T and t
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QQ - WqWaq h

® New result with 8 TeV data (20.3 fb-1) s
arXiv: 1509.04261

@® Pair production of vector-like light

flavor quark(Q) decaying to Wqg g
® Event selection T T
prer > 125 GeV 5
2 llepton, >4 non b-jets(bjet veto), pTieP + Exmiss 4 prWhad 4 praets > 1100 GeV

...............................................................................................

Etmiss > 30 GeV, ETmiss+MtW > 60 GeV

2 1stleading prdet > 160 GeV 5 800 =

2nd leading prdiet > 120 GeV 09 ATLAS 750 &

nd leading pret > c T F (s = 8TeV, 20.3 fo! =

. — 7 =
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2 |ma-mq| < 120 GeV L 075 excluded mass range 650 @

- ©
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0.5 550 O
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@ Final Discriminant: mreco (hadronic Q mass) 0.4 500 i
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o - [ S >

® No significant excess 0.2- B 4003

Limit : ma > 610 (690) GeV o ° >0 ©
(BR@-wq) = 0.6, BR@a-zq) = 0.4) - - 0010203040506070809 1
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Summary

® Searches for vector-like quarks have been carried out with different final
states at ATLAS in Run1&2, including pair and single production

® Analysis strategies are optimized for each channel. ATLAS results have been
published with 20 fb ' (Runl 8 TeV) and with 3.2 fb! (Run2 13 TeV)
VLQs have NOT been discovered so far

SU(2)Singlet Obs.(Exp.) | SU(2) Doublet Obs.(Exp.)
T2/3 13 TeV| 780 (730) GeV ..SSl+b | 800 (900) GeV ..Ht+X
8 TeV |~800(~750) GeV ...comb|~850(~800) GeV ...comb
5-1/3 13 TeV| 830 (750) GeV ...SSl+b |~600(~550) GeV ...SSl+b
8 TeV |~750(~700) GeV ...comb|~750(~750) GeV ...comb
T5/3 13 TeV 990 (920) GeV
8 TeV 840 (780) GeV
Q 8 TeV | 610 (690) GeV (BR@-wq = 0.6, BRa-zq = 0.4)

® Many analysis has been carried out with 13 TeV data in Run2
Stay tuned for new VLQ results!!
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B-Wt =

® New result with 8 TeV data (20.3fb-1) (\2! forward jet

arXiv: 1510.02664 q\)\l/ , -

® Categorize events . A, large-R jet
| < | 200 GeV
2 1 lepton, 2 or 3 jets, | N . )
. B \/ my > 50 GeV
>1 large-R jets, A ¢ (lep, J) > 1.b L3
miss miss W b/)\ e or u
Ermiss > 20 GeV, ErMiss+MTV > 60 GeV vV
“1L hadT”: minAR(lep. j) > 1.5 & maxAR(, J) < 2.0 A

“1L hadW™ minAR(lep. j) < 1.5 & maxAR(j, J) > 2.0
. Final discriminant: ms from jets, lepton, Ermiss

2 2 leptons e*u+
1 or 2 jets, one b-tagged 107 —

——
ATLAS

one additional jet with 1.5<n <4.5 g (s=8Tev,2031p" o ~o= " =
“ I ” i " ” = | Expected = 20
2L’ ]Jet .Itag Or 2L ZJet .Itag % 10E —ObZervedQS%CLIimitE
. . . . ﬁ%‘Btheor r=2
. Final discriminant: mr | & ooy
from the leading jet, lepton, Etmiss Q1
x E
m
® Fit ms In 1 lepton channel I
and mt in 2 lepton channel S 107
@® No excess and No limit on VLQ mass 600 800 1000 1200

mg [GeV]
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B-Wt (8 TeV) "

Systematic uncertainty

b* B
Pre-fit [%] Post-fit (%] Pre-fit [%] Post-fit [%)]

Jet uncertainties 14.0 6.5 12.0 6.2
b-tagging uncertainties 3.3 3.0 2.8 2.5
Lepton uncertainties 1.6 1.5 1.6 1.6
Fake-lepton uncertainties 2.6 2.4 2.9 2.6
Theory uncertainties

e Top-quark pair 3.2 1.8 9.4 3.4
o Wjets 9.1 3.6 9.6 4.9
e Single top 0.0 0.0 0.1 0.1
e Diboson 0.5 0.5 0.2 0.2

Z+jets 0.5 0.5 0.7 0.7
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G*ﬁBbﬁbe%bbbb

® New results: 8 TeV data (19.5 fb!) RS
arXiv:1602.06034 . b \
H:
® Composite Higgs scenarios predicts _ ™ B
heavy color octet vector G* q

decays B-1/3b (B-1/3—Hb)

...................................................................................................................

. «Merged into a fat jet including one b-jet
® Main background: QCD multi-jets | 90 < my < 140 GeV

2 ‘ABCD’ data driven method .« Resolved
| - 90 <mj < 140 GeV .
‘ Event Selectlon ....................................... '_| 104_ ....................................................................
. :-% ; ATLAS ._____ Opneory * 10 PDF error
23 b_JetS & Iepton Veto % _ Vs=8TeV,19.5fb™" Observed 95% CL upper limit
invariant mass of all jets > 600 GeV :
. 103 - Expected + 10
b Merged Or ReSOlved EI }:::’33';::"::-»-._.A
%102
2 Classify events with reconstructed mg & me =
t
® No significant excess 5
@)

2 Limit: me > 2.0 TeV (Mg = 2mg) ) T T

| |
1.6 1.8 2 2.2 2.4 2.6 2.8 3
m. [TeV]
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Snowmass 2013

Collider Luminosity | Pileup | 3o evidence | 5o discovery 95% CL
top-partner pair production
LHC 14 TeV 300 fb~! 50 1340 GeV 1200 GeV 1450 GeV
LHC 14 TeV 3 ab! 140 1580 GeV 1450 GeV 1740 GeV
LHC 33 TeV 3 ab~! 140 2750 GeV 2400 GeV 3200 GeV
top-partner single production
LHC 14 TeV 300 fb—! 50 1275 GeV 1150 GeV
LHC 14 TeV 3 ab™! 140 1130 GeV 1000 GeV
LHC 33 TeV 3 ab™! 140 1350 GeV 1220 GeV
LHC 100 TeV 3 ab~! 50 1750 GeV 1600 GeV
LHC 100 TeV 3 ab™! 140 1750 GeV 1575 GeV
bottom-partner pair production
LHC 14 TeV 300 fb—! 50 1210 GeV 1080 GeV 1330 GeV
LHC 14 TeV 3 ab™! 140 1490 GeV 1330 GeV >1500 GeV
LHC 33 TeV 300 fb~! 50 > 1500 GeV | > 1500 GeV | > 1500 GeV
Charge 5/3 fermion pair production
LHC 14 TeV 300 fb~! 50 1.51 TeV 1.39 TeV 1.57 TeV
LHC 14 TeV 3 ab™! 140 1.66 TeV 1.55 TeV 1.76 TeV
LHC 33 TeV 3 ab™! 140 2.50 TeV 2.35 TeV 2.69 TeV

Table 1-15. Expected mass sensitivity for heavy top and bottom partners, based on various studies for
the Snowmass process.
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2. TT — Wb+X “

® 8 TeV data (20.3 fb)
arXiv: 1505.04306

Event Selection (optimized for WbWDb)
Boosted W and large separation to the bjet

Reconstruct boosted hadronic W

. Typel: reconstruct as one single jet with pt > 400 GeV
. TypeZ2: dijet system with pt > 250 GeV, AR, j) < 0.8, 60 < mjj < 120 GeV

Selection Requirements
Preselection Exactly one electron or mU(‘)/‘I/l E 70E-ATLAS —— $$taw+bw'6 w0
Emiss > 20 GeV, ERiss 4 m¥ > 60 GeV o [03Mhis=gTev T 600 Singlet
>4 jets, >1 b-tagged jets ~ 60 ot
. . %) : S R [ Non-t
Loose selection  Preselection 5 b 7/, Total Bkg unc.
>1 Whaq candidate (type I or type II) it : Whb-+X, tight
Hr > 800 GeV 40F-
pr(b1) > 160 GeV, pp(bs) > 110 GeV (type I) or pp(b2) > 80 GeV (type II) B
AR(l,v) < 0.8 (type I) or AR({,v) < 1.2 (type 1I) 30E
Tight selection Loose selection 203—
IIllIl(AR(K7 61’2)) > 1.4, min(AR(Whad, bl’z)) > 14 C
AR(by,by) > 1.0 (type I) or AR(b1,b2) > 0.8 (type II) 10
Am < 250 GeV (type I) [see text for definition] -
07 ||||||||||||||||||||||||||||
Am = min |rT1recoIelo - Mreco®d| 2 2_/
2 Final discriminant: Mreco g A
0 200 400 600 800 1000

reconstructed T mass from hadronic W [GeV]


http://arxiv.org/abs/1505.04306
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2. TT > Wb+X

® Limit Setting

1 800

T - ATLAS Vs=8TeV,20.3fb" > £
- 3 = 1
g O Whb+x #8700 E -
m - T
o 650 &
0.6F
= 600 E
0.5F -
- o 550 32
0.4F- s 5
0.3F P 500
0.22— _,)f'" ) 450 3
0.1 JI1€E 400 L|>j
0 01020304 0506070809 {1 0
BR(T — Wb)
obs.(exp.)
2 Singlet: mt > 650(650) GeV

7 TeV (4.7fb1): mt > 500(500) GeV
arXiv: 1210.5468v 1

2 Improved the exclusion limit by 150 GeV

® Analysis on 13 TeV data is on-going

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

ATLAS YVs=8TeV,20.3fb"

Wb+X

P
Ly

0 0102030405060.70809 1

c(pp — TT) [pb]

10

107k

10°

BR(T — Whb)

:I TTT | TTTT | IIIIIIII | TTTT | TTTT | TTTT | TTTT | T t
Theory (NNLO prediction +1c) ]

95% CL observed limit
--------- 95% CL expected limit
[ ] 95% CL expected limit +1o
[ ] 95% CL expected limit+2c 3

D
D
~
)
D
.
CN
-
L
......

-----
.........
L
eny
..............

§ Wb+X
L (s=8TeV,20.3f6" SU(2) singlet

300 400 500 600 700 800 900 1000 1100

m; [GeV]

800
750
700
650
600
550
500
450
400
350

Observed 95% CL mass limit [GeV]
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TI1/BB — Zt/b+X

® 8 TeV data (20.3fb") a9’

24

g
arXiv:1409.5500 \\% Q/ L.-!. 74 W
Tr V4
. : : : &5 COOE00mOn
@® Sensitive for pair & single production ﬁ,»;é‘ AN\ o2 H W
with dilepton and trilepton g NEF
2 Interpretation for single Event selection
. . . Z boson candidate preselection
production is shown in > 9 central jots
back up pr(Z) > 150 GeV
Dilepton channel Trilepton channel
) = 2 leptons > 3 leptons
‘ Z IS reCOHS’EI’UCted > 2 b-tagged jets > 1 b-tagged jet
T +,, T Pair production Single production || Pair production || Single production
from e*e® or u*u~ Hr(jets) > 600 GeV > 1 fwd. jet - > 1 fwd. jet
with |m - mz| < 10 GeV Final discriminant
m(Zb) Hr(jets+leptons)
> _"'|'"|"'|"'|"'|"'|"'|'_ S _ R
® Event selection & L A fion e T | § oA [raioan e
o 12 (s=8Tev Z+bottom jet(s) —_ S 58 Tev g
Al L Dilepton . 4 1Y 7= Trilepton wz —
§%] 10 o Ot_her bkg ] ; = 7 tt:V 3
. . S R y BB (650 GeV) = 6 — BB (650 GeV) —
® A binned Poisson Y Toumed F & gp| o meme
. . . - = 2 b-tags . 45_ / =1btag
likelihood test on the final 6 - : :
C 7 3= =
discriminant distribution i3 E o 2/ E
2 _ 15— Z o o —
' No excess o ..l T o e S
2 1.5 < o ,
s 1 W%%%/ 5o —— i)
5 0'5 g 0 400 800 1200 1600 2000

0 200 400 600 800 1000 1200 14oo
m(Zb) [GeV]

H,(jets+leptons) [GeV]
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TT/BB — Zt/b+X

g ATLAS e 3 2 ATLAS a0 3
_ -+ 8800 ) R
1 =8 TeV det_20.3fb S 1 S =8 TeV det_20.3fb S
Ef zot+x |70 E % Zot+x [B70 E
o Dilep. + Trilep. B %° €” o Dilep. + Trilep. B %° €&
Combination 650 C') Combination 650 CID
600 600
550 % 550 %
500 G 500 2
450 % 450 §
400 400
0o 02 04 06 08 1 0 0o 02 04 06 08 1 0
BR (B — W) BR (B — Wt)
ATLAS ) M0 2 ATLAS . -1 o
1 < -8 ToV det_20.3fb % 1 < -8 ToV det_20.3fb %
= 750 E o8 £
T Zblt + X E T Zb/t + X E
@ Dilep. + Trilep. [0 % & 0 Dilep. + Trilep. g
Combination 650 c_)' 0.6 Combination CI)
600 2
550 % 0.4 %
500 © c
450 £ 0.2 g
400
0 02 04 06 08 1 50 O 02 04 06 08 1
BR (T — Wb) BR (T — Wb)
Singlet mass limit [GeV] Doublet mass limit [GeV]
Hypothesis || Dilepton | Trilepton Comb. Dilepton | Trilepton Comb.
BB 690 (665) 610 (610) 685 (670) 765 (750) 540 (530) 755 (755)
TT 620 (585) 620 (620) 655 (625) 705 (665) 700 (700) 735 (720)
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BB — Hb+X

® 8 TeV data (20.3 fb-!

26

. - b
arXiv: 1505.04306 ~< g <b
® Event Selection (basically same as Ht+X)
Wt H, Z
2 1 lepton, >5 jets, >2 bjets )
£,b,b
2 2nd leading bjet pt > 150 GeV
(b-quark from T decay has high pr)
2 Classify events with Njets, Nbjets, Mbb
Mbb: invariant mass with nearest bjet pair
E gt ATLAS : Data E gL ATLAS ~e- Data
. . . o - 20.3fb" Vs=8Te BB — HbHb (600) o - 20.3fb", Vs=8Te tt+light-jets
. bHjets: Validation I Mz;;imoeevggﬂgm-jets g g Min;vﬂooeev%?cg_“
2 b Predi B 45 £ b Posti ti+bb
: g f [ v af i
. >0jets: CR/SR 3 i 3 -
4: /. Total Bkg unc. 4:— —&— Total Bkg unc.
@® Final discriminant: g g
HT = > p7ets + prler + Ermiss ) )
e F &
N g ____ T oF L. mecdlll T
: ' ' ' 2 150 g 15 ,
2 Fit the Hr distribution . 7 s g i
S0 S g 1000 1500

1500 2000

2000

H. [GeV] H. [GeV]
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W
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® Limit setting

— 1
O
T 59 ATLAS \Vs=8TeV,20.31b"
N
2 0.8 Hb+X
m 0.7
0.6
0.5
0.4
0.3
0.2
0.1
0 0.102030.4050.6070.809 1
BR(B — Wt)
obs.(exp.)

2 Singlet: ms > 735 (63b) GeV

800
750
700
650
600
550

350

Expected 95% CL mass limit [GeV]

BR(B — Hb)

o(pp — BB) [pb]

Hb+X

ATLAS YVs=8TeV,20.3fb"

0 0.102030405060.70809 1
BR(B — Wi)
102__I T T | T 17T | 1T 17T | 1T 17T | 1T 1T | L | 1T I__
- ATLAS Theory (NNLO prediction +16) 3
i 95% CL observed limit ]
10 e 95% CL expected limit =
- [ ] 95% CL expected limit 16~ ]
I [ ] 95% CL expected limit+2c |
1 =
L = =
102 Hob+X =
- Vs=8TeV, 20.3 fiy’ SU(2) singlet ]
_I 11 | | I T | | 1111 | 1111 | 1111 | | I | | 11 1 I_
300 400 500 600 700 800 900 10

800
750
700
650
600
550
500
450
400
350

Observed 95% CL mass limit [GeV]
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BB - Wt+X -

® 8 TeV data (20.3 fb-!

arXiv: 1 0542
@® Multi-variate Analysis (BDT) Data Region Nies  Nv  Npjas Hr (GeV)
SR (cuts-based) >6 >1 >1 > 800
. SR (BDT) >6 > 1 >1 > 500
B Hr, AR, bjet's), Mr, pr(Wep) il A :
min /A R(l, Whad), Ebjeﬂst, TCR1 =45 - >1 -
. . WCR2 >6 - = -
had =
AveraggAR(j, W ; Nw/z, TCR2 >6 i > 1 < 500
Njets, NRJets prlep  Eymiss TCR3 >6 =0 >1 .
. HT1: the most discriminating power
2 Cross-check with cut-based analysis
5 105 bd Ll 1 d I f_' a'Tlv 'zo;m" I 'ﬁ L] ' v (%5 10" vvvvvvvvv A"erAs vvvvv -' v’v 'Qa;a T T— T
g s=8TeV, 20. % Wl = (s=8TeV, 2031 % :hm
2 10 I Multjets P @R Multijets
w (| (B)‘xhot:r?grialnty € 10 [ Other bkg.
10° —— BB (600 GeV) 3 = B — Bk(ggo“&?\';;w
-~ - BB (700 GeV) 10 B8 (700 GeV)
107
10 1
2 15 2 15 =
§ 0; --.o.n'n*..‘ooc.nn.n-‘.-.oc.oo'n‘.‘.n*a‘-lo‘nl.l.i-‘.lvcﬁvto'..d g 0; ...'.....'.............;..«. oooooo*oooooo y
-1 08 06 -04 02 0 02 04 06 08 1 500 1000 1500 2000 2500 3000

BDT H, [GeV]
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BB - Wt+X

@® Limit setting

1r
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

ATLAS
Vs=8TeV,203 1’ Wi X:
One lepton + jets

BR(B — Hb)

T II’I\IT‘T T l [‘Illflf LA I'=TII'TI LS I\IIIT

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
BR(B — Wt)

obs.(exp.)
& Singlet: ms > 640(505) GeV

2 T°3.  mg>840(780) GeV

Expected 95% CL mass limit [GeV]

the most sensitive for T°/3 in Runl

BR(B — Hb)

1 1

0.9 ATLAS
’ Is=8TeV,203 0" Wie X:
0.8

One lepton + jets
0.7

0.6
0.5
0.4
0.3
0.2
0.1

' mTVV"V*U rl"l"l'l' LB l-'l-'llYUT ' VTIYUU
U

U
0 0102030405060.70809 1
BR(B - Wt)

ATLAS = Observed 95% CL limit
Expected 95% CL mit

DExpoctodﬁo

DExpocmdﬂo

s=8TeV,203M0°
SU(2) singlet

— Theory (NNLO+NNLL)

-2
10350 400 450 500 550 600 650 700 750 800 850
mg [GeV)

Observed 95% CL mass limit [Ge V]
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SS dilepton + bjets

® 8 TeV data (20.3 fb!)
arXiv: 1504.04605

@® Pair production of T2/3/B-1/3, T5/3 (—-WH1)

® Event Selection same-sign dilepton or multileptons

30

Definition I Name
. ] ere* 4+ eF pF 4 puF pF + eee + eep + epp + ppge, N; > 2
® Main Background: Ny = SRVL.Q0
100 < Hy < 700GeV | Ny =2 EX== > 40 GeV SRVLQI1 SRAtO
Ny >3 SRVLQ2 SRAt1
cs: - |10 < E¥™ < 100GeV | SRVLQ3
2 Physics: tt+W/Z e i
. . Hy > 700 GeV v 5 | 40 < EF™ < 100GeV | SRVLQS SRAt2
. Use MC simulation e EF™ > 100 GeV SRVLQG SRA4t3
N, >3 E > 40 GeV SRVLQ7 SRAt4
ete, etut, utut, N; € [2.4], Aoy > 2.5
% Detector: Charge mis-1D & fakes Hr > 450 Gel N, > 1 Ems =730 Gel SRttee, SRttes, SRt
. Data-driven estimates _ . e
o T ¢ Data c —e— Data
o ATLAS S10't- ATLAS ) ttwiz
o 300FVs = 8 TeV, 20.3 fbo' [Juwz 4 O B Q Mis-d
® G OOd a g ree m e nt f - -Q Mis-id 10° \s=8 TeV, 20.3 ! 5 tFfake/non-prompt leptons
2] - ; - ibosons
405-)250: % -r\fon-prompt/fakes - 102 58&’1& -
S r % [Jun 2./ Uncertainties
® Result ... no excess e Wooors 1 o et
B / |:|0ther
1501 “~ Uncertainties E 1
? Se_t the “ml_t (neXt page) 100;_ 2 preselection + 1 b-jet - 107
501 i &
OO_ 200 400 600 800 1000 1200 1400 1600_ @

H. [GeV]

SRVLQ0 SRVLQT SRVLQ2 SRVLQ3 SRVLQ4 SRVLQ5 SRVLQ6 SRVLQY
SR4t0  SRat1 SR4t2  SR43  SR4t4
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SS dilepton + bjets

Uncertainty (%) on total background yield

8 TeV

VLQ signal region number

Source 0 1 2 3 1 5 6 7
Cross section +8.0 #£13.6 +15.1 +£11.1 +£12.1 £16.8 =£25.2 £23.8
Fake /non-prompt leptons | £33 +18 +25 +23 126 +16 +1.5 +3.8
Charge misID R O S R I < S e Ty
Jet energy scale S e e ¢ IS v B ¥ S ¥
b-tagging efficiency +1.0 =£2.6 iy T30 M B 20 s
Lepton ID efficiency +1.3 416 £1.6 T3} 30 5 5 £2.5
Jet energy resolution +0.5 +0.2 +3.1 +1.9 +0.3 +0.9 +0.8 +3.4
Luminosity +0.9 +1.1 +£13 +14 15 +1.5 +£21  #£1.9

Uncertainty (%) on the yield of signal (BB ms = 600GeV)

VLQ signal region number

Source 5 ; 5 . . - - -
Jet energy scale Yoo Tes  Tizs Ton Ton Moo Tes T
b-tagging efficdency | T3y Yoy Tipg Ty Tio fin o T i
Lepton ID efficiency | +£2.9 +2.9 428 429 37 4209 *37 450
Jet energy resolution | £0.8 +2.5 439 403 +0.7 £0.7 +1.0 0.1
Luminosity +2.8 +2.8 +28 428 +£28 428 £28 +28
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BR (B — Hb)

BR (T — Ht)
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SS dilepton + bjets

E‘ 102 EI T T T T T | T T T T | T T T T | T T T T T IE
0.85 o - —®— 95% CL observed limit ;
ATLAS 0.85 %' f ATLAS . % Iﬁ - 95% CL expected limit T
Vs=8 TeV, 20.3 o’ 08 E ) 0.9 s=8 TeV, 20.3 fb™ 0.8 -'E 01\3 10 3 - + 10 95% CL expected limit 3
0.75 E @/ 0.8 0.75 g o - \:I + 20 95% CL expected limit .
0.7 Em % 0.7 0.7 Em ‘% 1 __ % Theory _:
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= 0.2 8 102 I, __
0.45 7 - o - ATLAS 5 ]
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O 0.35 O 10-3 Il Il | Il Il Il Il | Il Il Il Il | i Il Il I: | Il Il Il Il | Il Il

0 0.1020.304050.60.70809 1 0 0102030405060.70809 1 0.4 0.5 0.6 0.7 0.8
BR (B — Wt) BR (B — Wt) mg [TeV]
E‘ 102 EI T T T T T | T T T T | T T T T | T T T T | T IE
ATLAS 0.85 ::E\ ATLAS 0.85 % E —8— 95% CL observed limit E
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0.65 T 1 777, Theoy
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Before fit

After fit

Events / 500 GeV

Data / Bkg

Events / 500 GeV

Data / Bkg

1. TT - Ht+X

>2 J, >0 Jets >4 bjets

o0b - ATLAS Prellmlnary '+-Data jE
- {s=13TeVv,3.21" M TT doublet (800) 3
18550, >6j, >4b % g + ';%ht jets
C . +21C ]
16: Pre-fit W+ >1b ]
14 [ Non-tt =
121_ 7 Total Bkg unc. 1
10F =
8 =
6F =
4 =
NN s =
0 ________________________
1.5
1
%
0.5 /
0 0 500 1060 1560 2060 2560 3000
m [GeV]
oof ATLAS Prellmlnary Ettt)at? ht t' 3
+ light-jets 5
18__\7—13'TeV 3.2fb" Tt + >1c E
C >2J, 26j, 24b B it + >1b ]
16~ Post-fit [ Non-tt =
14:_ 7, Total Bkg unc. 3
120 -
10 -
8 =
6F =
4 =
2F =
0- -----
1.5 - ‘ { —
0.5 - .

1000 1500 2000 2500 3000
m. [GeV]

Leading Systematic Uncertainty
- tt+jets modeling including tt+HF
b-tagging efficiency
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13 TeV

1J, >6j, >4b  1J, >6j, >4b  >2J, >6j, 3b >2J, >6j, >4b
LM HM

TT (mr = 800 GeV)

BR(T — Ht) =1 5.52 +0.76 10.5+1.4 12.2+1.2 19.6 £ 2.7

(T, B) or (X,T) doublet 4.18 + 0.53 6.00 £+ 0.81 8.90 £ 0.70 10.0+14

Singlet 1.90 +0.26 3.08 £ 0.50 4.83 £0.45 4.14 £+ 0.65
SM ttit 0.26 4+ 0.03 0.27 +0.04 0.40 4+ 0.04 0.30 £0.05
EFT titt (|Cye|/A% = 47 TeV 2 25.3+3.8 36.7+5.9 65.3 £ 5.3 459+ 7.1
2UED/RPP tttt+X (mgxx =1 TeV)  4.10 £ 0.57 10.3 £ 1.8 78.2+4.7 60.5 £ 8.9
tt+light-jets 2.7T+1.8 20+1.3 13.2+5.1 0.52 £0.45
tt+>1c 4.9+34 4.2+ 3.0 11.5+£7.3 1.5+1.2
tt+>1b 15.5+ 8.4 12.1 +6.8 13.0+7.6 4.4+ 3.5
A% 0.68 £0.15 0.36 £0.10 0.98 £0.22 0.22 £0.06
ttH 1.06 £0.29 1.39£0.33 0.99 4+ 0.20 0.44+0.13
W +jets 0.35 +0.25 0.194+0.14 0.90 4+ 0.61 0.08 +0.06
Z+jets 0.04 £0.04 0.02 £0.02 0.10 £0.10 < 0.01
Single top 1.03 £0.36 0.86 + 0.27 1.74 + 0.39 0.24 £0.11
Diboson 0.32 +£0.31 0.15+£0.15 0.39 £ 0.26 0.11 £0.12
Multijet
Total background 27+ 10 21.3 £ 8.6 43+ 14 7.6 +£4.0
Data 50 26 55 13




3. SS dilepton + bjets ™

13 TeV Uncertainty (%) on the total background yield

Source Signal region

SRO SR1 SR2 SR3 SR4 SR5 SR6 SR7
Cross section 8 11 26 13 9 27 23 57
Jet energy scale 1 1 3 1 1 3 2 4
Jet energy resolution <1 2 2 2 <1 1 <1 3
b-tagging efficiency 1 2 5 3 1 2 2 7
Luminosity 1 1 1 1 1 1 1 1
Fake /non-prompt leptons | 17 7 15 13 26 13 17 17
Charge misID 8 3 7 5 3 6 5 8

Uncertainty (%) on the yield of the signal (4-top quark production)

Signal region

Source SRO SRI SR2 SR3 SR4 SR5 SR6 SR7
Jet energy scale 2 12 2 6 4 3 3 3
Jet energy resolution | 16 6 16 14 11 1 2
b-tagging efficiency 8 D 5 21 14 15 5 D
Lepton ID efficiency 1 1 1 4 2 2 2 1
Luminosity 2 2 2 2 2 2 2 2




3. SS dilepton + biets ~
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g300 e

13 TeV O ]
250} -

For 4top: osm < 95 (107) fb, ossm < 67 (79) fb 200 -

For contact interaction, |Cat|/ A2 < 3.5 TeV-2 /s =13 TeV, 3.2 fb

150 SS dilepton / trilepton + b-jets

Cast. coupling constant, A: BSM physics energy scale
7/ Excluded

- 100 -

For 2ZUED/RPP, mkk > 1.4 TeV with — Observed ]

___SSdilepton / trilepton + b-jets, Run 1 ---+ Expected 7]

R4 = R5 & BR(AL(IN—=1t) = 100% 501~ JHEP 1510 (2015) 150 W:io —

- IAJ:JTeLtzng(])ﬁF 2016-020 +20 ]
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= = ATLAS Preliminary —e— Observed limit 3 =y 2.4~ ATLAS Preliminary '/, Excluded region ]

£ [ Vs=13Tev, 32" = Sxpedtedimit 4 ) ~ {s=13TeV,3.21b" i

—~ = i zx1o - N 2o —

1 4L 2UED/RPP model | =20 _ - 2UED/RPP model -~ Expected .
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2. TT > Wb+X

Systematic uncertainty [%] (8 TeV)

Signal tt Non-tt  Total background
Luminosity +2.8 +2.8 +2.8 +2.8
Lepton efficiencies +1.6 +1.6 +1.5 +1.6
Jet energy scale +3.4/—-7.2 +16 +19/-9 +17/—12
Jet efficiencies +1.5 +1.6 +1.6 +1.6
Jet energy resolution +1.1 +0.6 +2.6 +1.8
b-tagging efficiency +5.0 +0.7 +2.9 +2.0
c-tagging efficiency +0.4 +1.2 +2.3 +1.9
Light-jet tagging efficiency +0.2 +1.3 +1.6 +1.4
High-pr tagging efficiency +3.2 +1.3 +0.8 +1.1
Missing transverse momentum — +2.6 — +1.0
tt: reweighting — +15 -~ +5.9
tt: parton shower -~ +9.3 -~ +3.6
tt+HF: normalisation — +12.0/-5.5 — +4.5/-2.1
tt-++HF: modelling - +30 -~ +11
Theoretical cross sections — +6.0 +33 +20
Multijet normalisation — — +2.9 +1.8
Non-tt modelling -~ -~ +2.3 +1.4
Total +7.7/-10.0 +40 +35 +29
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4. T-Wb

Systematic uncertainty [%] (8 TeV)

Systematic uncertainty | Signal | Total bkg.
Modelling uncertainties [%]

tt and W +jets normalisation - 15

tt modelling - 4.9

W +jets modelling - 2.4

Single top modelling - 6.3

Multijet estimate - 2.6

Parton distribution functions 2.0 7.4

Experimental uncertainties [%)]

b-tagging 8.0 1.5

Small- R jets energy resolution 0.7 0.3

Small-R jets energy scale 3.3 3.6

JVF, small-R jets | < 0.1 0.2

Large-R jet energy and mass resolution 4.0 6.8

Large-R jet energy scale 7.2 9.7

Lepton id & reco 2.3 0.2

Missing transverse momentum 0.3 0.4

Luminosity 2.8 2.7




- ATLAS

L final selection

s=8 TeV, 20.3 fb’

(hormalization)

QQ - WqWq (8 TeV)

dominant systematic uncertainty [%]
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—¢— Data

>
()
)
o .
= o [ signal(600) Signal (mg = 700GeV) Non-W-jets  Wjets
_g . D Signal(700) Luminosity —|—28/—28 —|—28/*28 —|—28/—28
o Signal(800) Normalization +15 +2.7/-4.4
i %:\:ﬂ;ﬂets Lepton identification +1.6/-1.6 +1.5/-1.5  4+1.4/-1.4
15 /) Total bkg. uncert. Jet energy resolution +0.6/-0.6 +12/-12 +8.7/-8.7
[ Jet energy scale +6.1/-4.3 +33/-34 +14/-18
: b-tagging +0.2/-0.2 +5.1/-5.3  +0.3/-0.3
c-tagging +1.5/-1.5 +1.5/-1.5  +1.2/-1.2
B Light-jet tagging +1.0/-1.0 +0.9/-0.9  41.0/-1.0
- | P (V) re-weighting +5.7/-4.2
% 200 400 600 800 1000 1200
Myeco [GEV]
Electron Muon
W +jets 5.6 £1.5 715 6.0 £1.0 T22
Non-W +jets 1.2 £0.5 759 1.2 4+0.4 93
Total background 6.8 1.6 +%§ 7.2 1.1 +§g
Signal (mg = 700GeV) 7.0 £0.6 711 6.9 £0.6 719
Data 9 11




