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C Spin 1/2.

- . - . Vector-Like Quarks X, Y, T& B
J Left and right-handed chiralities transform in the same way

under the SM gauge group.
9 0 s

O DecaytogZ, gWorgH whereqg ={t,b}

© Pair production © Single production
&  Model Independent production & Dependent on gQ coupling
(constraints from flavor physics

and EW precision tests)

Ccross section

tt,b
g ©  Becomes dominant at high
I Z,HW energies .
~ q q”
T Z HW b,b,t \
g g
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© For masses of the VLQs above 800 GeV = fIiPrrprrrrirrrTiivIaprrery 3 AR R A AR AR AN AR RARRE RRARY
O gt ATLAS ¢ Data [t NG ATLAS ¢ Data [t R
3 E Vs=13TeV, 139 fb" @W+jets [@Singletop 3 B (s=13TeV, 139 fo" @W+jets [Singletop
¢ Branching Ratios &5: g [ training region WiV [IDiboson 1 @ training region WtV [ODiboson 3
. ~ £ - Pre-Fit [JOthers 7/ Uncerainty - & Pre-Fit [JOthers 7/ Uncertainty 1
© T &B(Z, Hi, Wh) » (0.25, 0.25, 0.5) 2 ok D T;riztzf?:éz?;/))/ B TT_>zfzm.2Tev) 1
©  B:%B(zb, Hb, Wi) = (0.25, 0.25, 0.5) g < BB — WIWE (1.2 TeV) 7 o BB — WIWE (1.2 TeV)
O Final state Signature: 102_ sy EEERRE e ; ey S
©  High missing transverse momentum
E M > 250 GeV y
&  Onelepton /(eoru) (veto for a second lepton) 10 »
O Atleast 4 jets including a b-tagged jet :
© Dominant Bkg: 1+~ and W+jets gwgz_l" SAREESEN ||§12;_ I ',%/5
O “Others” 1t H, tWZ and Z+jets S T Y% /.%// S 007
3 IR e
& Neural Networks (NN) covering sections of the &8 08 ™ "1000 1800 2000 2500 S00c U250 300 350 400 450 500 550 600 650 700
plane my, [GeV] ET*® [GeV]
©  ForTT 4 NN: (0.8,01,0.), (0.2,0.4,0.4), (0.4, 0.1,
0.5), (0.4, 0.5, 0.). ¢ Systematic Uncertainties
(@) For BB 3 NN: (O-l, O], 08), (04, 01, 05), and (O], Resolution and scale of:
0.4, 0.5). O 11 bkg
Q0 Jet mass
& more sensitive to T'» Zt, B’>Wt O Efficiency of lepton identification, isolation, reconstruction
and energy.
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© Expected and observed upper limits on the signal cross-section

VLQ Scenario Exp. limit [TeV] Obs. limit [TeV]

g B(T — Zt) = 100% 1.45 1.47

T singlet 1.33 1.26

T (T, B) or (X, T) doublet 1.41 1.41

B singlet 1.30 1.33

B/X  B(B/X — Wr) = 100% or (T, B)/(X,T) doublet 1.42 1.46

T/B/X (T,B)or (X,T) doublet, mass degenerate 1.56 1.59
— — T T T T T T T T = a E .7 I ' ' ' ' I ' e 3
'8_ E ATLAS —— Observed limit 3 o r ATLAS —— Obssrved limit ]
= L Vs =13 TeV, 139 fb"' - - - Expected limit ] — - \s=13TeV, 139 fb™ - - -+ Expected limit e
[~ 1L Limit at 95% CL [ Expected limit+ 16 _| 1> 1k Limit at 95% CL Bl Expected limit + 1o _]
~ E [ Expected limit £ 26 3 >\< E [ Expected limit + 26~ 3
T E == TT production 3 [aa) E —— BB/XX production 7
o) B(T—2Z)=100% 1 Q BBX—WH=100% |7
< 10" - (Tl 1071k (T,B) or (X,T) doublet |5
E =¥ E
] © ]
107 E 102 E

1072 | | 10°F 1
1000 1500 2000 1000

m, [GeV]
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O Expected and observed mass limits as a
function of the T and B’ branching ratios

O The highest sensitivity is found in the regions
near
O B(T> Zt) =100%
O B(B'» Wt) =100%

O The strongest lower limits on the masses are
1.59 TeV corresponding to the weak-isospin
doublet model

©1.47 TeV (146 TeV) for exclusive T->Zt
(B/X->Wt) decays

O Lower limits on the T and B quark masses
are derived for all possible branching ratios.

B(T — Hi)

B(B — Hb)

T T
ATLAS
s=13TeV, 139 fb”
Expected limit

+ SU(2) singlet
e (T.,B)or(X,T) doublet
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N T T LI |

- ATLAS
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0.2F 3
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B2G-20-014

138 b (13 TeV)

© For masses of the VLQs from 1000 to 1800 GeV CMS .P-rql”-mﬁér}-/ -

> T & & & ] T 3 .
8 . meemaointe 5 F1A@dronic category
& Branching Ratios & 33-5 = 2122323 E
©  Leptonic: B (Zb, Hb, W) L% 3 —— my = 1400 GeV E
¢y Hadronic: &8 (Zb, Hb) 25 e =
—— my = 1800 GeV 3
2 E Background (postfit) E
O Fully hadronic category: 15 4+ Daa 3
O Atleast 4 (<=6) AK4 jets P_> 50 GeV || < 2.4, Sysimatic ncerzy 3 -
§ >1350é v) et Py Il ‘ 1 Leptonic category
T e . CMS Preliminary 138 o™ (13 TeV)
b S 8T B9 [ 4 v X [ f UL [T &% & a & ba i
¢ Noisolated ¢oru pT > 50 GeV § £ 4jet channel, bHbZ mode 3
. i © F mg = 1000 GeV 3
O Bkg. SM'Jets producedﬂthrough the strong 8 ; S i ooy E
interaction (QCD multijet events). tlg s F —— g = 1400 GeV E
3|0 wsE ~——— mg = 1600 GeV E
. 4 mg = 1800 GeV —
© Leptonic category: _ 800 T000 1200 1400 1600 1800 £ ). [ Backgrovnd (postiy 3
O Atleast 3 (<=5) AK4 jets P> 50 CeV and Mass [Ge - 4 Daa E
|17| < 24 2; Systematic uncertainty _;
¢ Atleast one pair of leptons 80 < m# <102 GeV E 2 E
& Bkg: Drell-Yan dilepton production in D -
association with jets F ]
O Systematic uncertainties: 55 2k
O Integrated luminosity, trigger, dilepton Z boson efficiency, scale of
factors.. 800 7000 1200 1400 1600 1800 2000

Mass [GeV]
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& Expected and observed limits on the cross
section at 95% CL

CMS Preliminary 138 fb™" (13 TeV)

L 'B(BL bH)=0% = —e-Observed  — Theory
B(B iy bZ)=100% []Theory Error  -.-. Expected

102 L B(B — tW)=0% [ + 10 Expected []+2c Expected 4

95% CL limit on o(BB) [fb]

Lo oo o by b by by by
00 1300 1400 1500 1600 1700 1800
Mass [GeV]

TR R
1000 1100 12

B E prod uction (full hadronic and leptonic)

B2G-20-014

& Expected exclusion limits on the VLQ mass at
95% CL as a function of the branching fractions

T
o
5

138 fb™' (13 TeV)
1: %
09F > CMS '* <
E" 76 Preliminary —
0.8 ey =
F 95% CL expected 15 E
0.7 < all channels )
06k . 7 T\ B(bH)+B(bZ)+B(tW) = 1 1.4 5
= VLQ B o
05 & o
0.4 ;— x
0.3F: 12 S
Ce (on
0.2F m
= 1.1
0.1 &
% 01 02 03 04 05 06 07 08 09 1

B(tW)

O The limits on the VLQ mass have been increased from 1390 to 1540 GeV in the 100% B->bZ doublet case. These represent the

current world best limits on B VLQs in pair production.
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T'> Zt ( multileptonic )

O For masses of the VLQs from 1TeV to 2 TeV € Famas | eDaa
i . S;ﬁ 13TeV, 139107 177 ?;,—E;z;{tc(?i?}%let) o5
O Relative strength coupling € 10 bt <o ZT2 (doublet)

1500 GeV, k =0.5

O & (EW,EZ ¢EH) = (0.5, 0.25,0.25)
¢ Signal samples normalized to NLO cross-section (NWA) 1

m Z+jets (LF)
B Z+jets (HF)
wW

e

. X
Single-top

10 ez 2 Uncertainty

O Fi

5

al state signature 24

Zboson: m,, ~m,|<10Gev R ok

P; 0> 200 GeV P

H.> 300 GeV

H+E ™ <m, 5 10k

1 FWDJet at Ieast] b-jet &1top-tagged jet g 1'25; B 4
¢ Final state signature 3¢ gors. g 7 %
J 02‘00 400 600 800 1000 1200 1400 160

3 leptons passing the preselection p. (1) [GeV]
At least 1 FWD jet, 1 b-tagged jet
Z boson candidate P_(£¢) > 300 GeV
Leading lepton P.(£) > 200 GeV
n(jets) <6 TeV

o000 5 o000

O Main Backgrounds:
O 2¢ Z+jets, minor contributions from VV and tt” processes
< 3/ Diboson processes and tt+Z and other small contributions from tt+W and tttt

12th International Workshop on the CKM Unitaritysfriangle

Events

Data / Bkg.
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2307.07584 EXPERIMENT
103§I\‘I\\‘I\\I\‘\V\\IV\\V‘\IV\'Y\\II\IY\‘IY\I\\I%
E ATLAS . Eataft i 3
B = 8 --- Pre-fit Bkg. B
[ (s=13Tev,139f0" 7~ WTZt (singlet) 7
- 3ISR 1500 GeV, k = 0.5 -

>|  Post-Fit == ZTZt (doublet)
10° :/?/00 GeV,xk=05 3
& X ]
£ o Z+jets <

Other
722 Uncertainty

AR

T

10715\»._._. 11';‘..“..“”.. T T S
125 ] .

£ P

';// 7 Ly s
0.75F °

Nl . . ) ) .3
03’00 350 400 450 500 550 600 650 700 750 800

p, (1) [GeV]
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. . . a s R TR TR T2 0y P Ll ke i B % bt ] 5 8
© Systematic uncertainties = ~! Theory (NLO) ' '
H . o 1 — 95% CL Obs. Limit ~_|
© Experimental sources: g «e: 95% CL Exp. Limit 3
. k' m Exp. Limit + 1o B
- electron energy scale and resolution ) Exp. Limit + 26 ]
- muon momentum scale and resolution K o e Exp. Limits fom 2 _
- flavor tagging, jet energy scale and resolution... £ panbp Lmisomd 3
O Theoretical sources: © 2

- cross section
- other modeling uncertainties for all background samples
O Jets misidentified as leptons

102

T ll[”ll

g‘- _l T I T I I | T Vo A | I T I T 1 I: +hlelor|y hiL|O|)I I T 1 l_ 3 :._T'Singlet (K=07) _:
= i —95% CL Obs. Limit _| |
g F .. 95% CL Exp. Lmit 3§ f ATLAS :
N = S Exp. Limit + 1o 1 | s=13Tev, 139" -
° " Exp. Limit £ 20 Aalin gt o ianaqdoemeloprpforrplvinsiags
| ceve Exp.Limits fromz, | 000 1100 1200 1300 1400 1500 1600 1700
¢ Observed and Expected limits at 107F =+ Exp. Limits from 3/ 73 M; [GeV]
95% on total cross-section ~ EEuieee.. .
O k:O7 i sl AL il
¢ Singlet representation 10°F -
© Doublet representation . .
102 =_Tdoublet (k=0.7) -
- ATLAS 3
- {s=13TeV, 139 1b" .
10—4IIAIIAIIAIIAIIIIIIIIIIIIIIIIIIIIIIIIIA
1000 1100 1200 1300 1400 1500 1600 1700
M; [GeV]
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1-lepton channel
O Observed and expected limits at 95% CL on the top partner coupling as a function of the T mass B->bH (bb)
ATLAS ATLAS
Vs=13TeV, 139fb" Vs =13 TeV, 139 fb™
1 T T 1 I 7,.: I | 1 T 1 1 T T | 1 T 1 L ! : 1 L I | N I | I ! G yl l 2 J | I | FL O I Amsipsizal I T I°I (] Ll | L] T l_
Y b ., — 95% CL Obs lelt 3 v 5 ‘o, —95/ CL Obs. lelt 1
0.9 o =+ 95% CL Exp. Limit - % e 95% CL Exp. Limit 7
W ".,. - Exp. Limit + 1o . 0.9 " - Exp. Limit + 1o ]
08 T . Exp. Limit + 26 = n Sy, Exp. Limit + 26 i
T-singlet 0.8 T-doublet =
E 0.7 Ly Coan,,
7 : W, - 0.5 5
8 oo . 3
.- froen ]
- —:0.5 "".,.—-
= 0.5 M, =
.3 0.4 - ., =
4 @ e, ir‘l =0.1 ]
I v+ e, W I il
0 1 1 1 I 1 L L I 1 1 1 I 1 L L I 1 1 1 I 1 L L I 1 1 1 ] g T I LAl 1l I LAl ] M | I Ll 1 1 I LAl 1l I Lok Ll I :.Ilﬂlfhl Ll I
1000 1200 1400 1600 1800 2000 2200 2400 1600 1100 1200 1300 1400 1500 1600 1700 1800 1900
M; [GeV] M; [GeV]

© The strongest exclusion is observed for singlet representation with §, approx 0.5 where masses up to 1975 GeV are
excluded at relative decay width of I" /M =0.5 for the top partner.
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- CMS Prel:mmary 138 fb (13 TeV)
2 For masses of the VLQs from 600 - 1200 GeV 00 JERLI AL =
3T reglon .
800 Low-Mass selection

t Data
—— Bkg. only post-fit
» T—tH, m_=700 GeV x1

© Branching Ratios &
o T 9B(z1, Hi, Wb) = (0.25, 0.25, 0.5)

700
600

designed to avoid distorting
the 5-jet invariant mass
distribution and producing

Events / 40 GeV

Lo b b b Lo @ b b

lllllllllllllllllll]lll!‘llll“ |||ITTIIIII

© Final state signature: 500 artificial peaks (see backup).
Q  5jets, single production 2 additional jets 400
3 of them b-jets 300
O P;>400 GeV (2016) 200
O P;>300 GeV (2017 & 2018) 100
©  m,upto 700 GeV (low-mass selection) T e
m. above 800 GeV (high-mass selection) 300 400 500 600 T cMms Preliminary 138 b (13 TeV)
_;MamBkgprocess > R e B L e
< multijet 8 120~ 3T+regI;on —
. +i o C ata ]
O trets % 100: —— BKg. only post-fit B
Systematlc Uncertainties 5 sof lhes = T-tH, m, =900 GeV 10
©  Trigger efficiency 0 C ]
O Jet energy and resolution uncertainties 60;_ % E
O btagging efficiency scale factor for jets 40l 7
O Invariant mass reconstructed from 5 jets is used as High-Mass selection®f ., t : g
the main discriminating variable T T
800 900 1000 1100 1200 __ 1300
H+top [GeV]
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O Expected and Observed 95% CL upper limits on the cross-section for associated production with a b for final
states tHbqg and tZbq, for T masses from 600 - 1200 GeV.

CMS Preliminary 138 o' (13 TeV) CMS Preliminary 138 fo' (13 TeV)

32.5_]!'IlIIIIIlIIIIII[IIII‘llllllllllll_ 52-5_‘]""]HIIIIIIIIIlll|llll]IIII|l_
L i o = i
'& L pp — tHbq, I'/m; = 0.01 i — L pp — tZbq, I/m; = 0.01 |
o) - —— Singlet T model, I/m; = 0.01 o - —— Singlet T model, I[/m; = 0.01 -
e 2 C —— Observed 95% CL upper limit —| o 2 B —— Observed 95% CL upper limit |
L — — Expected 95% CL upper limit | T L — — Expected 95% CL upper limit |
T - I Expected limit + 16 § I Expected limit + 16 B
T ] 5' Expected limit + 2 1 L\_I, ] 5’_ Expected limit + 2 7
-— O —] .
| ] = 1 .
q 1 . SN 9
x | i Xt ]
a5 I i o | ]
% O i A T 3 L1 ] % O L L m i ]
oY 600 700 800 900 1000 1100 1200 © 600 700 800 900 1000 1 100 1200

m; [GeV] m; [GeV]

O Excess in the tH final state found in [1909.04721], is not observed with a larger dataset.
The limits are stronger than those in the previous search by at least a factor of three.
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© Several studies were performed by ATLAS and CMS

© No significant deviations from the SM predictions are observed
Mass ranges have been excluded at 95% CL.

© Many more searches in other decay channels are in progress
O The search of VLQs conducted by ATLAS & CMS continues to

explore, improve and innovate for all the possible decay
channels

O This is just the tip of the iceberg. Both ATLAS and CMS have
huge programs on searches of VLQs.
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CMS Preliminary 36— 138fb~! (13TeV)

»bzt(Z-w) (r/m=0.3, Singlet) EPO5 (20220093 1.4
» bZt(Z-w) (r/m=0.2, Singlet) 1.2
» bZt(Z-w) (r/m=0.1, Singlet) 1.0 » 138 fb!
> b2tz w) (F/m=0.05, Singlet) 1.0 < 96501
» b tH (H - yy), (r/m=0.05, anglet) 1.0 > 36 fb-1
» b tH (H - yy), (r/m=0.04, Singlet) 10
. > btH(H - yy), (r/m=0.03, Singlet) 0.9

O Several studies were performed by ATLAS anc S oww. (oo sngRd
» btH(H-yy), (F/m=0.01, Singlet) 0.7
> tHt (Ho bb) (r/m=0.3, Doublet) e 0 o os
> tHE (Ho bb) (r/m=0.3, Singlet) 0.9
1> tHt (Ho bb) (r/m=0.1, Singlet) EF 1.0

1 11 1 H H HE (Ho bb) (r/m=0.05, Singlet) 0.8
© No significant deviations from the SM predict I::m,,emm (=0, St i E————

> bWt lep. +jets  ((/m=0.3, LH)

B bWt lep. +jets  ([/m=02, LH)

> bWt lep. +jets  (F/m=0.1, LH)

> b Hb (H- bb) (F/m=0.3, Doublet)
> b Hb (H- bb) (r/m=02, Doublet)
> tWE- lep. +jets  (/m=0.3, LH)

> tWE- lep. +jets  (7m=02, LH)

> EWE- lep. + jets  (/m=0.1, LH)

> Y_43Y_g3 —» bW bW - fvgdqq

<EE - 4b Tr/Tv/w

» BB - bgq bqq (B(t2) = 1)

» BB - bqq baq (B(tH) = 1)

» BB - bgg bqq (Singlet)

» BB - lep. + jets (Doublet)

» 8B - lep. + jets (Singlet)

17
16

Mass ranges have been excluded at 95% CL.

14

FEFFFFFFFFFFFFFFRERR

CMS Preliminary August2023  36* - 138 fb* (13 TeV)

FFF

o FF33FFFFFFFRIES

© Many more searches in other decay channels

= (bq)T — tH — biv/bqq,yy 2302.12802 Acc. by JHEP

— (bq)T = tZ — baq,vv JHEP 05 (2022) 093

~ (bq)T - tH +tZ —> bqq,bb ~ B2G-19-001 E
— (bq)T = tH +tZ — bgg,bb *  JHEP 01 (2020) 036

Q) The search of VLQs conducted by ATLAS & C»
explore, improve and innovate for all the poss
channels

10

»TT - lep. + jets (Singlet and Doublet)
» BB - lep. + jets (B(tH) = 1)

»BB - lep. + jets (B(t2) = 1)

» BB - lep. + jets (Doublet)

» BB - lep. + jets (Singlet)

VLQ — bWiqy, tH o 7,0,

T/myg<5% —— Observed

---- Expected

~— Singlet, T/M; = 1%
Singlet, T'/M; = 5%

O This is just the tip of the iceberg. Both ATLAS ... _. ._ . _ . _
huge programs on searches of VLQs.

107t

95% CL upper limit on 6 (pp — T) [pb]

https://twiki.cern.ch/twiki/pub/CMSPublic/Phy 0
sicsResultsB2G/combiLimits_VLQ_Tb_narro ’
w_Journalsquare.pdf
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Conclusio

NS

Overview of CMS B2G Results
CMS Preliminary

August 2023
36— 138fb~! (13TeV)

»bzt(Z-w) (r/m=0.3, Singlet) My 14
»bzt(Z-w) My 1.2
» b Zt(Z-w) My 10 » 138fb71
» bZt(Z-w) (r/m=0.05, Singlet) Mr 1.0 4 96.5 fb~1
» btH(H = yy), (r/m=0.05, Singlet) My 1.0 > bl
» btH(H-yy), (r/m=0.04, Singlet) My 10
> btH(H=yy), (F/m=0.03, Singlet) My 0.9
O Several studies were performed by ATLAS anc Sowbl,  Omeoo smoR)
» b tH(H - yy), (r/m=0.01, Singlet) M |11 .
> tHt (H- bb) (r/m=0.3, Doublet) ~ Mr 0.8
1> tHt (H- bb) (r/m=0.3, Singlet) Mr 0.9
1> tHt (Ho bb) (r/m=0.1, Singlet) Mr 1.0
© No significant deviations from the SM predict “”““*“” (m=0s,sge) R .
> t Wt lep. +jets  ([/m=0.1, LH) Mg 0.9
h b I d d o > b Wt - lep. + jets  (F/m: Mg 17
> bWt lep. + jets  ([/m=02, LH) Mg 16
Mass ranges have been excluded at 95% CL. Dbk ties (mizud
> b Hb (H- bb) (r/m=0.3, Doublet) Mg
: ~ = i
ATLAS Heavy Particle Searches - 95% CL Upper Exclusion Limits ATLAS preiminary g CMS Preliminary August2023 36" - 138 fb™ (13 TeV)
O M a n Ore Sea r‘ Status: March 2023 Jrdt=(36-139)fb* Vs=13TeV _
y m Model ty Jetst ET [ram) Limit Reference (201990 r
200 G + g/ voper 14 e e p— _'—'_Q | = (bqg)T — tH — biv/bgq,yy 2302.12802 Acc. by JHEP
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© For masses of the VLQs from 600 - 1200 GeV

# Data  [JT(600) [IT(700) - [JSMH Boosted Decision Trees
C i i . Wyy tty + jets llyy + jets [y +jets )
~ Branching Ratios (BDT) used to separate signal
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.—.
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This technique leads to an
increased sensitivity to T’
mass values up to 1 TeV with
respect to the previous
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© For masses of the VLQs from 1TeV to 2 TeV & " amas 9L ]
- S I Vs=13TeV, 139 fb" -~ VLB, 4, 1.3 TeV, k = 0.4 |
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© Final state signature: 60/~ .
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O Energetic jet from the b-quark from VLB & ]
©  Softer forward jet from the spectator quark i 7]
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© systematic uncertainties mg [GeV]
©  Signal and Bkg uncertainties >1 C

A: Events passing the full selection
B: Events lacking fwd jet
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D: Events lacking both fwd and b-tagged jets
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O Expected and Observed exclusion limits on o( p p » B' » bH), as a function of the resonance mass and coupling
strength 4 and relative width in the isospin-singlet and doublet scenarios.

B Singlet: B(B— bH) = B(B— bZ) = 0.25 B,Y Doublet: B(B— bH) = B(B— bZ) = 0.5
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QO Improvement by significantly expanding the region of the VLQ theoretical phase space explored and excluded by collider

experiments.
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