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Vector-like quarks

» Quark-like fermions for which left-handed and right-handed fields
transform in the same way under SM gauge groups

- Mass term gauge invariant

* Doesn't need Higgs to acquire mass L: m w w
» Does not modify EWK observables significantly

- Arise in many models of BSM physics, e.g.,

» Extra dimensions

» Composite Higgs

* Little Higgs

* Non-minimal SUSY

- Could include quarks with unusual charges, e.g., T.., B,
o Attractive generic signature of BSM physics
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Experimental signatures

e Usually assume pair production — important for inclusive searches

- Single production may become important at higher masses q.q'
« Primarily search via coupling to 3" generation Z H W~
- T - bw,tZ, tH
- B - tW, bZ, bH v\/z Z H W=
« Other modes possible: w /A it a.q
/
- Q - qW p T@: " p T s | —'{Is= ?’Te\.r'I _§|
. v/ TQ & —\s=8TeV
- BSM charges possible, 24 g 10E —\Vs=10TeV §
e.g., U(1): B-Zb-bbb I AT E N ls=1aTev -
jet et @ w0 -
[=] - .
S 0k =
Em‘SIE §
810" =
t - Wb gmw_df "
W~ tv,jets(s) . High-p. isolated leptons % .[ l | l | l
/ - BE’ Jet(s) ] L ] o 10 200 600 800 1000 1200 1400
H - bb, yy  Significant jet activity Heavy Quark Mass [GeV]
’ e Multiple b jets
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PublicResultsB2G12015AdditionalPlots

Spoller

No significant excess observed yet

Reported here:

- Recent 8 TeV results, mostly with a final state t
- Developing techniques: jet substructure, multivariate optimization

Eagerly await analysis of 13 TeV data

Outline

- Single lepton signatures

- Same-sign dilepton signatures
- Non-leptonic signatures

- Limits
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ATLAS BB-tW+X %

=26

jets

| | . N, = 1
. Single e/u with p_ > 25 GeV W e N> 1
p, > e v=

o . H. > 500 GeV
e 12 discriminating variables R Dt !

T T T T

- - - 1 = ° F T T T T ko) ] T T ]
N F ATLAS Simulation — background ] N 01 ATLAS Simulation — background ] & 0.14LATLAS Simulation — background
E 03f - BB (700 GeV) 5 F -+ BB (700 GeV) 1 s s -+ BB (700 GeV) ]
§ s BB (800 GeV) 3 é 0.08)- BB (800 GeV) ] § 0-125 ------- BB (800 GeV)
= 3 E [ ] £ 0% E
£ g S 006F .. ] = o.08f E
E r ] 0.04F =
E 0.02]- . : ]
066~ To00 1500 2000 2500 %000 % 1 2 3 4 5 6 03 200 400 500 806 7000
H,; [GeV] AR(l,bjet1) M, [GeV]
> T T T T ] 9V 1 08 T T T T T > T T T T T
8 10° ATLAS ¢ Data | S 4y ATLAS ¢ Data [} ATLAS ¢ Data 7
P Vs=8TeV,20316' | & > . \s=8TeV,203f0' [ f g 10t \s=8TeV, 20315 &
0 [0 W+jets ] < 10 [ W+jets el TCR3 [ W+jets 3
> B Multijets E 2 40 B Multijets - B Multijets .
T 10? I Other bkg. E i 4 I Other bkg. 2 4 o j ]
o I Bkg uncertainty 3 10 Bkg uncertainty ) B Other bkg. .
w e — BB (600 GeV) ] 108 — BB (600 GeV) Lﬁ Bkg uncertainty 3
10 --- BB (700 GeV) ] 102 700 GeV) 102 3
- 3 10 Lo .
¥ i 10
1 [ 1H
ldﬁﬂ 107" Fi
| 102 1
(o2}
g 151 7 2 | 215 B
e S T S s Sy wiy 3 *l ------- 3 1 .
8 05 T 4 5 v s -e vegt $ T
: a O. a 0.5F —
500 1000 1500 2000 2500 hG ?;;’OO 0 1 2 3 4 5 6 100 200 300 400 500
7 [GeV] AR(,bjet1) M, [GeV]
i miss ( )
H., (t+jets+E mss) AR(E,b, M, PRD 91, 112011 (2015)
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ATLAS BB - tW+X

* Boosted decision tree (BDT): combine 12 observables
mto one dlscrlmlnant

— - 3 — - T T T T T -
s .F ATLAS ¢ Data i 2 C ATLAS ¢ Data i
o 10F Ys=8TeV,203f' | E < 1P Ys=8TeV,2031' ] |
c a [ W +jets 3 [%] = ] W+jets E
Q 104 I Multijets J S = I Multijets .
L [ Other bkg. 3 Lﬁ = [ Other bkg. -
Bkg uncertainty ] 102 Bkg uncertainty
108 — BB (600 GeV) E—e— —— BB (600 GeV) 3
--- BB (700 GeV) - --- BB(700 GeV) 7
102 __ $ 4 _
---0---5
10 .
1

g 1.5 2 15 ¢
s 1 SR S L A R e S S 8 1 + ------------------------------------------------------ -
gosp T 8 05 | | s * | -

1 08 06 04 02 0 02 04 06 08 1 [-1,0.95] (0.95,0.96] (0.96,0.97] (0.97,0.98] (0.98,0.99] (0.99,1]
BDT BDT

> No evidence of signal
> Can also be interpreted as limiton T_,

PRD 91, 112011 (2015)
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C M S B B — tW'I'X arxXiv:1507.07129

19.8 o™ (8 TeV)

£ 10 T T T
= —+— Data ti+jets
8, u+dets, 0 V-tags Hl W-+jets Z+jets
S 10 Single t tVV+jets
@ e [ Diboson I QCD

O\ Uncertainty ===+ B — tW 100%
M(B) = 0.75 TeV

. Single e/y, p_> 30 GeV

Control

region SN
N >4 | NN\

jets 10"

p, > 200/60/40/30 GeV
N =1

Centrality C > 0.4
E_™*>20 GeV

Pull
or'\a_"o_uu
P TPTT

2.5
S, [TeVij

19.8 o™ (8 TeV)

£ 5 T T T
e 10 CMS —+— Data tt+jets
8 [ u+dets, 2 V-tags Hl W-+jets Z+jets
g 10 Single t tVV+jets
Best o 5 [ Diboson [ QCD
10 2\ Uncertainty ===+ B — tW 100%

* Primary discriminant: signal i _ O TR
S (E+jets+E mISS) region 1o §
T T

\\‘\\\\“:rﬂwrrmvnm CTEORIITIANSTS

N N\\\\\]

» Data consistent with backgrounds in

=) | |
. . e
signal and control regions k
_20.5 11.0 1|.5 21.0 2.5
S, [TeVi
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ATLAS TT-tH+X, H-Dbb

E LoF ATLAS & Data Single ely, p, > 25 GeV
= - 20.3fb", \s=8 TeV [ t+light-jets ET”"SS > 20 GeV
S b 26),24b, M5 100 Gey [ _ E "*+M_> 60 GeV
2 - Post-fi () if+0b  H candidate:
201~ I i+ - 2 b-tagged jets with minimum AR
: [ ]Non-t
151 7/ Total Bkg unc. - mbb > 100 GeV
1of o Primary discriminant. H_(f+jets+E_ ™)
i3 « Use lower N and N, regions to constrain
: backgrounds
0_ l S I — I » .
2 1250 ;‘ e Best region for signal:
> % ) //////
g 0750 — NJets > 6
0% 1000 1500 2000 _ N >4
H. [GeV] b =
« Also set limits on tttt for various models
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CMS TT - bW+X

E 2200 CMS llllllllllllll 16 éé 22002— CMS lllllllllllll
« Use substructure to tag high-p. W's s “ 8 5 o Suaton
) ? tt background 1= g - TT (800 GeV) 6
. Constrain W and M_-mass 5™ F -
combinations to resolve T pair " 17 =
. > = 0w e B(I)O — '1_60070 = 0w e o '1_(;00*0
Slngle4e/u, p, > 30/45 GeV A oo
>
jets — S (B+Jets+E m'SS)>124O GeV
p. > 120/90/50/30 GeV > T 78 (8TeV).
N =Oorl S F cMs TT — bWbW — |v4jetS —+- Daia -
W ~ 50 t —
Nb =1lor2 '% 405_ B Other backgrounds
i S 2xTT (800 GeV)
miss <, T = -
ET 30 GeV s0F- E
Dijet or single-jet W - N,, 201 NN X7, E
Single-jet W tag: 10%% =
* Pruned Cambridge-Aachen, R=0.8 - _
- p,>200GeV, 60 <m <110 GeV o g ]
- Mass drop p=m /m < 0.4 % J:
(0] C
° o_"z(')o"'éod"itod"éod"éod"%od "sod"éoo 9657700
« Similar analysis used for QQ —» qW+X M., (GeV)
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AT LAS QQ — qW+X Single ey, p_ > 25 GeV

E.™ > 20 GeV
ET”“SS+MT > 60 GeV

 Search for generic VLQ decaying to gW EV"*"LT >le5oGeV
jets = 71 1 Vp T
- Use splitting scale y_, in dijet W J
_ min(pn:pm)zARiz
Y12= m> Dijet W: > T
o e AR, <1 & sor ATLAS \s=8 TeV, 20.3 fb’
L4 Palr JetS Wlth W'S: pT > 200 Gev 8 L final selection E Data
T o5 Signal(600)
- pT(q 1) > 160 GeV 55 i g]uz ; 100 GeVv 2 | [ signal(700)
12 . o | Signal(800)
- p-(q,) > 120 GeV 4 20 [ Wejets
. . - [ ] non-Wijets
* Resolve gW combinations 1) ) Total bkg. uncert.
- Am < 120 GeV '
101
- Back-to-back topology ' I \
« H_(L+E Mss+4jets) > 1100 GeV 5 b1
* Primary discriminant: resolved mass o B T T e
Myeco [GEV]
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ATLAS Single B - tw

\\|/ Single e/y, p_> 25 GeV $1°F ' ATLASPreliminary \s=8TeV, 203" E
| 7 ETmiSS > 20 Gev 210‘%_ 1BLpf(1)::1_'fllt --- 2)2 12&:2300‘ 'I[?z:-lquark pair _§
| ; § \ [ Total bkg. unc. [l Single top ]
I ¢ ETm'ss+|\/|T > 60 GeV T10° VOV;J::: P

Ny, =20r3 (R=0.4) 1L hadT 100
b B Nb =1 b 10;
w q B
1k
- - e P
» Expect single B produced in VW sy e I
association with a (tagged) forward jet go8 , . . . .
W E 500 600 700 800 900 1000 1100
- . 5 [GeV
« Rudimentary W/t tag: Mo BeY]
- > 1 trimmed wide jet (anti-k,, R=1) 8 © ' ATLASPriminary \s-=8TeV, 208"
@10 § B post-fit === 1.2TeV x2500 ¢ Data .
- may overlap narrow jets b Zrog 1 Tt . W S
oor +jets
_ p, > 200 GeV, m > 50 GeV £
o t/~W v 102
* Visible B mass: "
miss i -
¢+ E_Mss + narrow jets W L PO D s e T
% 08 /&7, v V4277 7 % % z
1L hadw ° 500 600 700 800 900 1000 1100 1200 1300
m [GeV]
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ATLAS Single B - twW

> 5 T T | T T T T | T T T T I T T T T | T T T T | T T T T | T T T I__ . . .
§10 ATLAS Preliminary \s =8 TeV, 20.3 fb" ° Opposﬁe sign ey pair
S o5k B post-it === 1.2TeVx2500 ¢ Data -
> 2L1jet1tag ~ weees 0.6 TeV x50 [l Top-quark pair J " . )
2,00 77 Total kg, unc. W Single op - No additional E,™° requirements ;
T 3 i .
10 1 e« 1 central b-tagged leading jet near 4
10 E lepton (A@<0.9) t A v
105— _______.....:.-..-.:. ------ | .
(RSN : « 1 forward jet: 1.5<|n| <4.5
E’ f_l e ! . W
S 120 X s ] - Not b-tagged if |n| <2.5 14
= 1 v
8 08F miss i i v
I SO « Use m_of ey, E.™*, and leading jet
m, [GeV]
%)106 I I | l I l I | ' l. ' ,l I ' ' I\ ' | l ! I I | ' I ' _|1 | I l I I > T T | T T T T | T T T T I T T T T ‘ T T T T I T T T T | T T T T
S | ATLASPreliminary \s=28TeV,20.3 b 810°k  ATLASPreliminary \s =8 TeV, 20.3 fo”
210 B post-fit === 12TeV x2500 ¢ Data § sF B postit Y7 Total bkg. unc. ¢ Data
o 2L 2jet1tag ~ eewe 0.6 TeV x50 [l Top-quark pair ;10 2L 2jet 2tag B Top-quark pair
*g 10 Total bkg. unc. [l Single top £t I Single top
> Others o Others
100 108
102 102
10 10
1 =) 1—
2 & 1.2F
@ 1.2F S i
s Fos|
S 0.8F 300 400 500 600 700 800 300
m; [GeV]
ATLAS EXOT-2014-13
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Same-sign dilepton
sighatures
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JAILAS [EMS 1 17 Sep 2015 J Tseng, vector-like quarks at the LHC 15 ) UNIVERSITY OF

& OXFORD




CMS BB - tW+X - *¢* + jets

» Take advantage of pair production
- e.g., BB - WWWWhbb

19.6 fo (8 TeV)

19.6 fb" (8 TeV) 19.6 fb " (8 TeV)

Events / bin

C E L | T T 7T | L T T T | T T T [ LI | T T T | T T T | T T T 3
L e LA s s e e s c L B L e e LA s e ey a e M B tW100% B tW100% 3
B> tW 100% B> tW 100% N % N o% - M(B)=450 GeV M(B)=600 GeV
104 E CMS - M(B)t=451§?5/ev - M(B)t=5‘;gl‘]3/eV j f 10 _E CMS i ﬁ(s{ﬂs}é’ ?zgv — SI(B)'Z:,SJI? ?;gv ;: ; 10 Ce S _ BotwW 1oo°/e., ° =
E ee — B W 00% + Data ) E UW By W 100% 3 = =W M(B)=750 GeV + Daa 3
C M(B)=750 GeV _ E B — M?B;=7;0 G;V _+_ Data 1 () = |:| Prompt-Prompt - Prompt-NonPrompt 3
3 ‘:I Prompt-Prompt - Prompt-NonPrompt (0] 103 = — > 103 = —=
10 ? \:I NonPrompt-NonPrompt \:I Charge Mis 1D _§ Ll>J E I:I Prompt-Prompt - Prompt-NonPrompt E L ; NonPrompt-NonPrompt \:’ Charge Mis ID ;
5 B Uncertainty on Bkg 7 102 ; I:’ NonPrompt-NonPrompt Uncertainty on Bkg ; 102 _E Uncertainty on Bkg E_
107 ; = = ; E = E
10 5 = 10 : —§ 10 g
1 E W 1 1 = 1
- F
10" 10 10 -
E E | : | | [ T P T T A P P
L L = T : —
2r - - = ]
—_— r - e S F 4
S 0F Jy . S5 o 0 C ]
o n ] o N ) C =
| = 2 04 06 08 1 12 14 16
02 04 06 08 1 12 14 16 1.8 02 04 06 038 1 12 14 16 0. 0. ’ ’ ’ ’

1.8 2
ST1t?TeV]2 S, [TeV]

arXiv:1507.07129
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ATLAS B + jetS s mew

E ™ > 40 GeV
m_ > 15 GeV, not Z

e Same-sign ee or Jp H (bjets) > 400 GeV

» More signal-like

> :I T | LI | LI | L | L | LU | LI | L \_ > 90: T T | LU | LI | LI | LI | LU ‘ LU | LI : > 87_| T | LI | LI | L | L | LU | LI | L \;
S [ ATLAS $ Data ] S gL ATLAS ¢ Data 1 & “LATLAS $ Data ]
©300-1s =8 TeV, 20.3 b [Juwiz - o Fis=8TeV,20.3fb" [Juwz : o ,f\s=8TeV, 203 fo! (Juwz B
o L - O C ] o = 1
< F [ a mis-id ] < 70 [ a mis-id 3 - I @ mis-id ]
*g 250~ [l Non-prompt/fakes | -'g E > [l Non-prompt/takes ] o 6F [l Non-prompt/fakes —
L = _ — — = - -
e P Z [CJun . 4 60F Z CJun ] S _F [CJun ]
W 200 % . - L o Z ] ] S 5 . 3
- // - Dibosons : 501 /2 - Dibosons ] Ll - - Dibosons .
- 7 [Jother ] 40 3 [ Jother E 4 []other 3
150 “Z Uncertainties E - Z Uncertainties ] - “Z Uncertainties 3
C a1 F E 3+ - - ¢ —
1000 preselection + 1 b-jet 4 30:’ preselection + 2 b-jets - preselection + = 3 b-jets |
i ] 20 More signal-like 2 E
- 1 - . - = ]
00 200 400 600 800 1000 1200 1400 1600 00 0 00 800 1000 1200 1400 1600
H; [GeV] H; [GeV] H; [GeV]
| L} L} - '
e Define 8 | for diff t VL
etine o signal regions 10r alireren S
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ATLAS 0°0* + jets

T T
—e— Data

SR# M [GeV] N, Em=[Gev] 2'0'c ATLAS == E
0 (400’700) 1 >40 10° é_ \s =8 TeV, 20.3 fb-1 E tFﬂa_1|ke/non—prompt leptons _é'
— B Dibosons -
1 2 102 C— Other —
< Uncertainties =
2 >3 - 2 —— |
4=
3 >700 1 (40,100) 1
4 1 >100 L]
5 2 (40,100) 10 —
6 2 >100 .
7 >3 >40 S
2
SRVLQ0 SRVLQ!1 SRVLQ2 SRVLQ3 SRVLQ4 SRVLQ5 SRVLQ6 SRVLQY
SR4t0  SR4ti SR4t2  SR4t3  SR4t4
 Small excess (~1-20) in two signal regions
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Multilepton signatures

> 400:I T T 1 |||||||||||||J_

» Not enough time to L
= - Trilepton —

cover here (somewhat & 30 p v -

tt+V

older results) o %//// —

e Sometimes it's nice to 150 . =
g % //
remember what a real 100-- / /%/ E
partiCle IOOkS Iike 50_I/I/I/I T | | | | | | | | I/I/il/,&l‘l/"/l/:;
o 1.5
f et
S 0.

5
82 84 86 88 90 92 94 96 98 100
m(Z) [GeV]
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Non-leptonic signatures
(CMS)

7N
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TT-tH+X, H-vyy

Leptonic top:
N, = 1
ith diph =
e Start with diphoton events S.> 770 Gev
p.(y,) > 2m
[ Yy
Reconstruct narrow H resonance by > 25 GV
19.7 fo (8 TeV) . | 197 fb‘l1 (8 TeV)
> S L R L B F o a o Y bha
8 5 CMS L g:;amodel . 8 5:_ CMS L gk; model _:
g M+ ] ok [+ 1o ]
@ - Hadronic category ~ [J*2o £ b Leptonic category [+2
: S I M=700 GeV (i ST P S ‘L M=700 GeV [ 7T i
Hadronic top: o L W H ) ] & f o)
N =0 3 . 3T E
lep B ) i i
22 3 : i ]
jets o 7 2 .
N, =1 ; j : :
S. > 1000 GeV =1 gttt B 1] 13 ! ' —
pT(yl) > 7 mW P_ — n T 100:0 1210Jn1 ' 1z|10 ' 1elso 1:80
00 120 140 160 180
p.(y,) > 35 GeV m,, (GeV) m,, (GeV)
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Hadronic TT - bW+X

_ _ _ Single-jet W tag:
 2single-jet W's, 2 b's —» H_(4 jets) « Pruned Cambridge-Aachen, R=0.8
_ _ _ « p,>150GeV, 60 < m., < 100 GeV
» Resolve opposite T's with mass difference . Mass drop p=m,/m_ < 0.4

- T mass > 200 GeV, back-to-back
arXiv:1509.04177

19.7 fi” (8TeV) 19.7 b (8 TeV)
> — rprrrrrTrTT T T T T T T T T T T — > L L DAL EEL N DL UL L DL DL L L
31035—CMS -+-Data = 3102_CMS % Data 1
2 F —5xTT (800 GeV)] 27 E — 5xTT (800 GeV)3
e r . | b tag category L - e F 2 b tags category L -
Yot B QcD 3 ol R B QcD i
E E 10 % —
10 E E
O 2F GO 2oF
M f @ 2
8 T 8
8 gt;o 7000 1200 1400 1600 1800 2000 2200 2400 2600 2800 8 goo 7000 1200 1400 1600 1800 2000 2200 2400 2600 2800
H™ (GeV) H™ (GeV)

 CMS has also used substructure techniques in all-hadronic B - bH - bbb
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Hadronic TT - tH+X

. nd Hi ' In
Use top and Higgs jet tagging N 2 1, p, > 200 Gev
- CA, R=1.5, filtered for subjets N, =1, p, > 150 GeV
« Combined discriminant: H_(subjets), m__ H_(subjets) > 720 GeV
—_~ UL I UL I T 17 | T 17T ilglll7 ;fb|-1|(|8 I-rleIV) i) FT 1T 1771 | T 17T | T |‘ + i + T T ?9|'|7 ;fbl-‘ll(l8 I-rlelvz
LQ r —¢— Data ‘o F —4— Data 3
Top tagging E ! —_CMS QCD (from data) ] % 4 E_CMS QCD (from data) E
. = [ it ] (O 35F . it 3
HepT.OpTagger E 0.8 — TT—tHtH (500 GeV/c?) . \\c; . = TT—tHtH (500 GeV/c?) 3
O 3 SUbJetS GC.) S N TT—tHtH (700 GeV/c?) x10 ] c 3 E """"""" TTotHtH (700 GeV/c?) x10
e W pair o o6 = Ne TT—tHtH (1000 GeV/c?) x100] L%) 2_5;— kg TTotHtH (1000GeV/cz)x1OQ_§
o Nb >1 [ \ Multiple H tag category 23_ Multiple H tag category _f
0.4:— - . ; ]
_ _ 02f _ . §
Higgs tagging i . O ] i
b (O] 2 F ] ) F
e m_>60GeV 2 4sf YY:
R S =<7 228 e e SRR - o= e
e 0-55'....1..l.ll..ll.l..|..|..|....‘: e 05 F, v v e Ly e
0 500 1000 1500 2000 2500 3000 0 50 100 150 200 250 300
H; (GeV/c) m - (GeV/c?)
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Limits

>
<ZAILAD

EAFERIMEN!I

Chs, /|

17 Sep 2015

J Tseng, vector-like quarks at the LHC

24

UNIVERSITY OF

0).43(0)23D)




arXiv:1509.04177

19.7 fo! (8 TeV) . 19.7 fo™' (8 TeV)
?; CMS | | s CMS
£ (Bayesian) |~ &

860
os( 800 800 800 840

820
04/ 800 800 790 800

Observed 95% CL exclusion limit (GeV)

Expected 95% CL exclusion limit (GeV)

> 800
(- 800 800 810 760
m 760
E 0.4 0.6 0.8 1 720 08 1
BR(T — tH) BR(T — tH)
D £ ATLAS o 3 I ATLAS . 3
U) II 0.9 (s =8TeV, 20.3fb" Summary results: 900 g- i {s=8TeV,20.3fb" Summary results: 900 g
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Summary

Vector-like quarks remain a promising signature for new physics

No significant signals in 8 TeV LHC data

- Mass limits pushing above 750 GeV (95% CL) irrespective of model

- Most stringent single T, . limit at 840 GeV (95% CL)

- Q limits with BR(Q —» qW)=1: 690 GeV (ATLAS), 788 GeV (CMS preliminary)
- Not quite “Don't know a number, but if you want one, 2 TeV”

Experiments pursuing/increasing use of a number of techniques to
Increase sensitivity

- Boosted jet substructure
- Multivariate optimization
- Probes of electroweak single production

Eagerly await analysis of 13 TeV data
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Observables (broad outline)

Luminosity
Trigger

Isolated electrons

Isolated muons

Taus (hadronic)

ATLAS

20.3 fb™

e/u

E_>25GeV

AR > 0.4 from jets

p, > 25 GeV
AR > 0.4 from jets

CMS
19.7 fb™
e/u, all-hadronic

p, > 30 GeV

p, > 30 GeV

HPS (hadron+strip) algorithm

p, > 20 GeV
AR > 0.1 from leptons
Jets Anti-kT, R=0.4 Anti-kT, R=0.5
p.>25 GeV p,. > 30 GeV
E ™ Calorimeter Particle flow
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Systematic uncertainties

\4
°

Jet energy scale/resolution Lepton/jet reconstruction efficiency

PDF's
Integrated luminosity

b(c)-tagging efficiency

A4

ETmiss resolution

Pileup

Background rates and distributions - o
 Factorization/renormalization scale

- 1t + jets, ttV, single t
- Single/double/triple W/Z production
- QCD multijet

> Uncertainty on background determination to
compare with data
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Discriminating VLQ's
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CMS QQ - qW+X

e Same analysis technique as
TT -bW+X

- Looser b tag operating points +
Quark-Gluon Likelihood

£ 60 CMS preliminary, Vs =8 TeV —e— Data 19.7 fb!
I 1Mi I 2 - QQ — qWqW — Ivdjet B«
Discrimination Tagger (QGT) S F @ aWaWo bl B i o
----- 5xQQ (800 GeV)

> Select light quark jets
e S_(B+E_m™+4jets) > 1000 GeV

|III[|IIII|I[II|IIII|I

s E . ’ 5
n 04 Uk

=TT I i |||i||||i|||li|| i i |||l' 11 1 1
200 300 400 500 600 00 1100
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Multilepton signatures

Number of events classified by the number of leptons ° 1 and 2 Ieptons
capture most of
the rate

* 3 leptons ~O(10)
lower, but purer

» 2007 plot of rate

10000

1000

100

10 ¢

1t

: : ‘ : ' ' IVlbr
500 750 1000 1250 1500 1750 2000 VS number Of
leptons
- m =300 GeV!
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CMS BB - tW/bZ+X - 8 + X

« Most sensitive to tW and bZ decay modes

- Uses e, Yy, and hadronic t with p_ > 20/10 GeV

« Selected event categories:

arXiv:1507.07129

-1 )
19.5fb™ (8 TeV) 19.5 " (8 TeV)
S 3 c 10° .
s 10° = CMS o 5 CMS =
42 = 3 leptons: OSSF1; below-Z; no taus; at least 1 b-jet - Ba—?bH 100% g , F4leptons: OSSF1; on-Z; 1 tau; no brjets - gTbH o
T MB)=750GeV _|o 107 E LI me) = 750 Gov =
U>J 10 = % —a— Bkg uncertainty f e Bkg uncertainty 3
- % I:_)ata-driven bkg 10 [ ] Data-driven bkg _;
10— i ; =
Cwz 3 B % Wz .
B zz 1 T =
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ATLAS TT->tZ+X -0 + X

400

> [ | | 1T 1 1T T T 1T 1T T T T T T T T 1 > — LI I B B B O O I B B |
3 - ATLAS | | gt=2031" ¢ Data . @ - ATLAS [ qiopogo’ ¢ Data =
3501~ - © 8 o =
@ - \s=8 TeV Other bkg. = o - \s=8 TeV ther bkg. 3
2 - Trilepton = < 75 Trilepton wz —
o 300:— wz = ~ - 7 tt+V -
L o50L / TV ] 2 6 —— BB (650 GeV) —
— — o - — TT (650 GeV)
= / //// Uncertainty ] Lﬁ 5E 24, Uncertainty
200 g - >1btag A
- . 4 / E
hes / E 3 } -
100F- %/ s = ) -
- 2, . o 7
C A // ?/ . - 3
50 y - //// /& i, E 1= _ o o —
g 15‘%| O e e e S [ Iy /i/"/"; o E‘ . FI I /}/ 7 . ! ]
el = o ,
S M/‘“ /%%// - o
s 7 W / / 5 ///JV////W/*/W/ )
St . . . . . . . . = ©
- 82 84 86 88 90 92 94 96 98 100 - 0 200 800 1200 7600 2000
m(Z) [GeV]

H-(jets+leptons) [GeV]

. p;(2)>150GeV,N_ =22,N, =1

« Also included search for single T production by requiring =
1 forward jet

AILAS [EMS 1 17 Sep 2015 J Tseng, vector-like quarks at the LHC CCII <<% UNIVERSITY OF

........... ¥ OXFORD




Limit contributions: CMS B

1 19.7 fo' (8 TeV 19.7 o (8 TeV)
2 [ CMS — Combinati 12 FCMS — Combination & ,F CMS — Combination ]
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Limit contributions: CMS T
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