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Outline

* Recent results on the searches for vector-like quarks (VLQ) at the CMS
detector at LHC

« LHC Run II collision data, 13 TeV
e First results on full Run II dataset:

 Bottom-type VLQ pair production in fully hadronic final state.
B2G-19-005

» Single production of VLQ T decaying to a top quark and Z boson,
with the Z boson decaying to neutrinos. B2G-19-004

*W’ boson decaying to a VLQ and a top or a bottom quark in all hadronic
final state. B2G-20-002

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G



http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-002/index.html
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
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Vector-like quarks (VLQs)

Several extensions of the Standard Model (SM) predict the existence of VLQs
* Spin V2 fermions

* Left-handed and right-handed components behave in the same way
under the SM symmetry group

. T Ch
* Vector current couplings to the weak gauge bosons
+5/3
« Non-Yukawa coupling mass-terms for VLQs are allowed. T +2/3
B -1/3
Y -
SU(2) Multiplets 4/3
Singlets T,B
Doublets (T,B),(X,T),(B,Y)

Triplets (X,T,B),(T,B,Y)
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VLQ production and decay

Both the pair and the single production of A T
VLQs is considered :

« Pair production

* Strong interaction processes = -
*Model independent cross section, ¢ L
suppressed for large VLQ mass E N
» Single production it
« Electroweak processes §
* Cross section depending on VLQ mass and 10" 055608007000 1200 7400 76007800~ 2000
coupling to SM particles ko)

*Models foresee preferential mixing with 3™
generation SM quarks

Type Decay channel

tW
tZ,tH,bW

bZ,bH,tW BR depending on
bw VLQ mass and model

S -~ I
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Search for BB in full hadronic

First Full Run2 result for pair production, B2G-19-005
137 tb™, considering 3 different decays of
the BB pair

Masses above 1 TeV are investigated

* jets, products of B decay, may overlap in one
wide jet or in two resolved jets

Signal selection:

* 4, 5 or 6 high p_jets in the final state

Wide Jet
anti-kt R=0.8 3 o
.HT > 1350 GeV pr>200 GeV \% - \ Wide Jat
5 LV,
° jets b_tagging Narrow Jet

anti-kt R=0.4
pr>50 GeV

] Resolved
According to the number and the type of reconstructed < e
of jets 9 event categories are defined [ ]y


http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-19-005/index.html
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Search for BB in full hadronic

¥?-like metrics for the reconstruction of the
decay channel and category assignment:

137 fb™' (13 TeV)

10° l I E

:CMS ¢ Data |

oL 5-jet channel ' ]
F S0O0000, oo, —Fit

Events / 40 GeV
=

- invariant mass of the dijet or wide jet .
compatible with the boson mass and equal
invariant mass of the reconstructed B

candidates W
The main background is QCD multijet g o5 ;
production, it has been determined from o e
data: S T 5TV
- CMS
o {' Data
. . . . ] - 5-jet channel 1
*Exponential fit to the B mass distribution 0.0151 pHbZ mode ~Fit g
| 12 < y2/ndf < 48

before b-tagging
*Estimation from low My, sideband region of : !
the background rate jets passing the tagging

Background jet-tagged fraction

0.005-

*Background tagged fraction propagated to high
mass using a high y® control region
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No significant excess of data with
respect to the expected background

95% CL upper limits on cross section as

a function of B mass and BR of bZ and
bH decay channels have been obtained

137 o (13 TeV)

Iy R T ) B B L B E R - e R R BT
e
oy CMS —e— Observed
I% 1021 50% bH decay VLQ pair production bl
\6 E 50% b Z d ec ay and associated uncertainty E
Re: & e Expected
- 68% expected
|:] 95% expected

10

- 95% upper limit on
- cross section as a
- function of mass

sl b b v b b b bl
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Search for BB in full hadronic

13717 (13 TeV)

“I'cms

5-jet channel, bHbZ mode

—— mg = 1000 GeV
= mg = 1200 GeV
——— mg = 1400 GeV
mg = 1600 GeV
—— mg = 1800 GeV
|:| Background
¢ Data
Systematic Uncertainty —{
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Single T->tZ(vv)

First Full Run2 result for single
production, 136 fb*, considering Thq
production channel

B2G-19-004

The mass range investigated is m._
[600,1800] GeV
 Products of top quark decay:

3 narrow jets

1 large jet (W) and 1 narrow jet(b)

1large jet (1)

. . Resolved Partially-merged Merged
Slgnal selection: topology topology topology
* MET > 200 GeV t %3 < w
Lepton veto j t /00 w Y ! ; }

- jet b-tagged from top decay Top boost

According to the type of reconstructed
top and the presence of a forward jet 6
event categories are defined

* min AO(MET,Jets)>0.6


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-19-004/index.html
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Single T->tZ(vv)

For the signal extraction it was fitted _ Merged,>1fwdjet 597 " (13 Tev)
o - + Dat: =
simultaneously the transverse mass of the Cl oS o i
top and MET in each category: : Otner T 1OV x100]
S10°E T —— T1.2TeV xt00,
© miss @ - Stat+syst T0.8 TeV x100

M, = \/ 2p;pr  (1—cos Aqﬁt,p?m ) 102 e

—o
-
lu]#mnﬂ L

., _Posolved, =1 fwd et _59.7 o7 {13 TeV) ?
ﬁ) 106 ClMS T T ’ Dalta T T T 3 e
310° WZ+lets 1 0.8Tev x10
°. . Other g " " E
510° Stat+syst — T 1.6TeV x10 Al fRaganes L Aai s B + --------- P
Ll>J :I 111 I 1111 I I ] I | I | I 1111 I 1 b | { I8 B | l:
10? 08 09 1 11 12 13 14 15
0 M. [TeV]
1 The main backgrounds in the signal region are
o ttbar, W+jets, and Z+jets events:
2’ ' ' ' Te
§Q1E VS TS ++ | H 1“ | * Data-driven correction to background M.,
ol * POV TR distribution extracted from control regions
5 .
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Single T->tZ(vv)

Signal Resonance width: [0.01,0.3] m,;

Limit as a function of mass
m.. <0.98 TeV excluded for I'/ m = 0.05

Excess in data observed in resolved
category, 2.4 o for m = 1.4 TeV

136 fb' (13 TeV)

UNINLELS L ILSLEN B L NLELE U LR LU L U ) IR LN U LR L
Cl\lns l l l 95% CL upper limits 3
Observed ]
--------- Median expected .
I  68% expected
95% expected
6(NLO), Singlet T, I“/mT= 0.01
o(NLO), Singlet T, I/m = 0.05
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Limit as a function of mass and
resonance width

m. <1.4 TeV excluded for I'/ m. = 0.3

CMS 136 b (13 TeV)
30r =)
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Search for W’->tB/Tb full hadronic

BoG-20-002

Full Run2 result for single production, 137
tb™, considering different decay of of the
W’ boson to VLQ, depending on the ratio

mW’/ My

Signal selection:

* 2 high p.. wide jets in the final state for Z/H
and top tagging

-HT > 1000 GeV

* High p_. narrow jet is b-tagging

*No overlap between the final state jets (t,b,H/Z)

AR(H/Z,t)>1.6

AR(H/Z/t,b)>1.2


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-002/index.html

R,

Francesco Carnevali

Search for W’->tB/Tb full hadronic

Signal jets tagging to distinguish from the SM
multijet background:

* Top: m, under the top peak, ImageTop

MD

*Higgs: m, under the Higgs peak, double b-tag

substructure

*Z: mg, under the Z peak, 2-prong t_,

Selection regions:

Label Tag Discriminator Mass

Tight H 0.6 < Dbtag 105 < mgp(H) < 140GeV
7 Ty < 045 65 < mgp(Z) < 105GeV
t 0.9 < imageTopyp 140 < mgp(t) < 220GeV

Medium | H 0.0 < Dbtag < 0.6 105 < mgp(H) < 140GeV
Z 0.45 < 151 < 0.6 65 < mgp(Z) < 105GeV
t | 0.3 < imageTopyp < 0.9 | 140 < mgp(t) < 220GeV

Loose H —1.0 < Dbtag < 0.0 5 < mgp(H) < 30GeV
Z 0.6 <1y <10 5 < mgp(Z) < 30GeV
t | 0.0 < imageTopyp < 0.3 | 30 < mgp(t) < 65GeV

Fraction

Fraction

13 TeV

05

04

-CMS

L —— QCDMC
- Preliminary Simulation

ttMC

— tHbsignal MC (m” =3TeV)

% 50 700 0 %0
mg(T) GeV
13 TeV
- ; g/ﬂ?’y Simulation - acene
05 o tt MC

— tZb signal MC (mWI =3TeV)

0.1 02 03 04 05 0.6 07 08 09 A

imageM Dtop


http://cms-results.web.cern.ch/cms-results/public-results/publications/JME-18-002/index.html
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Search for W’->tB/Tb full hadronic

The main SM backgrounds are ttbar and QCD H,Z .,

multijet: \
D]
«ttbar: template from MC simulation N\
* QCD multijet: data-driven method M G F \
Transfer function TF(p,,n) derived in top-antitag f\\\\\\\
region
1 - A E B
Region: C 137 b (13 TeV)
% 10° ;— CMS ¢ Daa
102 = SRR k‘i background uncertainty t t
e jme=aaw Signal (mw=2000 GeV) 1
e Signal (m, =3000 GeV) . .
ol 0 s Signal Region Extraction of QCD component in

:' los | C tHb the signal region C:

TF(pT,l]) = (BData-Btt) / (AData-Att)

Cocp = (Dpata-Dut) x TF(pT,l])

(Data-Bkg)/c

7000 _ 8000
My, [GeV]

2000 3000 4000 5000 6000



e — 1 |

Francesco Carnevali

Search for W’->tB/Tb full hadronic

Limit as a function of W’ mass W’ mass limit as a function of

. BR(VLQ->Zq) vs BR(VLQ->Hq)
m_,>3.2 TeV with My, = 2/3 m,,,

A
_ 13716 (13 TeV) CMS rriminay 137 fb' (13 TeV)
& _F s J 136 5
2 10 N ®
= CM'S' —— Observed limit (95% CL) & it diSr?\s:[vSedmass 8
f. " Preliminary ... expected limit (95% CL) :25 830 8
3
> E MediumVLQmass BBl 68% expected @ .§
T 1L my g~ 2/3m,, 95% expected '(3
E E — W' signal g
Q B e —_____ W'signal
x 107 Y PDF+scale uncertainty
= E N

6 -

102 caoy
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; 04 06 08 1
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Conclusions

 Presented recent results on the searches for vector-like quarks (VLQ) at the
CMS detector at LHC

« LHC Run II collision data, 13 TeV
* No evidence of VLQs

« Stringent exclusion limits on VLQ mass provided by pair production
searches.

* First result single production of VLQ T decaying to a top quark and Z
boson, with the Z boson decaying to neutrinos, providing stringent mass
exclusion.

Limit on the VLQ mass depending on BR, considering W’ boson
decaying to a VLQ in all hadronic final state.



THANK YOU!
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Search for BB in full hadronic

0.2_""|"!I[llln||

1 CMS mg = 1200 GeV

: 5-jet channel

137 1b ™" (13 TeV)
T T 1 I T T 1) o

¥2-like metrics for the reconstruction of the } Data

decay channel and category assignment:

» invariant mass of the dijet or wide jet

Normalized Events / 1.0 units

compatible with the boson mass and equal 0.1]
invariant mass of the reconstructed B I
candidates

0.05
5-jet events: %

- 2 2 2
2 . (mdy'ez o mdijet) (mmerged —m merged ) (mAVLQ —m AVLQ )
X mod 2 + 2 + 2
o o} O Ao

mdijez‘ merged
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Search for BB in full hadronic

Systematics uncertainties

Type Signal/Background Uncertainty
Integrated luminosity Signal 1.8%
. s i o/
In common S Trlgger effl.aency ' Signal 0.020 Yo
Choice of fit function Background 4.9%
Type Signal/Background Rate/Shape 4jets 5jets 6jets
bHbH event mode
bHbH mode — Background fit p, Background Shape 59% 14% 13%
Background fit p, Background Shape 78%  18%  16%
BJTF m dependence p, Background Shape 1.3% 59% 4.5%
BJTF m dependence p; Background Shape 19%  25% 17%
Low-mass BJTF Background Rate 34% 9.7% 11%
Jet tag scale factors Signal Shape 16%  15% 17%
Jet energy scale Signal Shape 4.0% 53% 6.4%
Jet energy resolution Signal Shape 24% 1.5% 1.6%
Pileup Signal Shape 28% 28% 27%

EDF Signal Rate 1.5% 1.5% 1.5%
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Search for BB in full hadronic

[0}
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Single T->tZ(vv)

Systematics uncertainties

Source Effect Correlation Type
Luminosity 2.3-2.5% Uncorrelated yield
Pileup 0.2-3% Correlated yield
b tagging 0.5-1.2%  Correlated yield
top tagging 9-10% Correlated  yield, shape
W tagging 7-8% Correlated  yield, shape
Trigger efficiency 1-3% Correlated  yield, shape
ECAL L1 trigger inefficiency  0.2-3%  Uncorrelated yield, shape
Jet energy scale 2-18% Correlated  yield, shape
Jet energy resolution 2-5% Correlated  yield, shape
PDF 1-5% Correlated yield
UR, UE 10-30%  Correlated  yield, shape

Background scale factors 5-50%  Uncorrelated yield, shape
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Single T->tZ(vv)

Mr distribution in the signal region:
- 1fwd jet
- 1jet merged, partially merged or resolved

Merged, > 1 fwd jet  59.7 fo'' (13 TeV Partiall d,>1fwd jet 59.7 fb' (13 TeV .
5 et ; D.ajta Al T o,  romallvmensledl wisbod T g 1w _ Resolved,>1fwd jet 597 fb” (13 TeV)
l“_’4kCMS N 3104 CMS ¢ Data _; CD106'"'|"'|'¢'6a|ta"'"'l"'l"'
s 10 WIZ Jots = 2 W/Z + jets < W/Z + jets
= E — T 1.6 TeV x100 — T1.6 TeV x100-
%) C J Other ] ; 103 Other evx = g 10 Other T 0.8TeV x100
§103§— B« =T12TeV X1°°L§ § T —T12TeV K0y T 10% B — T 1.2TeV x100
wor Stat+syst T0.8TeV x100 W10%: Stat+syst T0.8 TeV x1003 3 10° Stat+syst — T 1.6TeV x100
102 ?\‘.\; 3 E Lﬁ 102
. P y E
] | SR —w ] 10
; ‘ 1
. : = 2_ : " : i
oF 4 L [ ]}
Slo + ] 2r T o © r | 1
mx C ] ‘g c’ o 7 =1 c) -1—. o000 & . ‘ ‘ + ++ I +L | 4* 11 I B
[ [ Y < [ N & ©fx I ) ] m‘x g seoov? . 60 Sasac o1 B
15I l‘l 1 I 1 l‘; 1 ] 1111 I 1111 I 111 I 1 I*I 1 I 1 I+l lE D|m 1-—_“‘ ------------------ -+ ------------------- # --------- \ --------- * ] Om : ’ * T | | | T :
:I 4 | 1 | B e 8 | | | 8 e I I 1111 | | | | ] | - ir T
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Single T->tZ(vv)
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Search for W’->tB/Tb full hadronic

Label Tag Discriminator Mass
Tight H 0.6 < Dbtag 105 < mgp(H) < 140GeV
7 To; < 045 65 < mgp(Z) < 105GeV
t 0.9 < imageTopyp 140 < mgp(t) < 220GeV
Medium | H 0.0 < Dbtag < 0.6 105 < mgp(H) < 140 GeV
Z 045 < 15, < 0.6 65 < mgp(Z) < 105GeV
t | 0.3 < imageTopyp < 0.9 | 140 < mgp(t) < 220 GeV
Loose H —1.0 < Dbtag < 0.0 5 < mgp(H) < 30GeV
7 0.6 <1 <10 5 < mgp(Z) < 30GeV
t | 0.0 < imageTopyp < 0.3 | 30 < mgp(t) < 65GeV
13 TeV 13 TeV
c - - F
2 °ECMS 2 L CMS
= - 28 ) ) —— QCDMC & 06 X y —— QCDOMC
un: C Preliminary Simulation Ll: - Preliminary Simulation
04F fMC o05E £ MC
r — tZb signal MC (m N=3TeV) o — t7osigna MC (mw=3TeV)
03E 04F
- 03
0.2_—
- 02
o J‘l—rl—l_‘_k 0.1
Pl == e T PRI B B e e = . oLt DU B e =t FEORR
0 50 100 150 200 250 0 01 02 03 04 05 06 07 08 09 1

m.,(T) GeV imageMDwp



Search for W’->tB/Tb tull hadromc

TF(pr,11)= (Byata
TPv(pT ']) (Ed ta
Cycd = (Ddata — D) XTF (p1, 77

—B
Ett)/(A data — At?

qed —
Hyca = (Gdata — Git) XTF (p1, 17
Kged = (Dgata — Deg) X TE, (pr. 77
Foca =2 (Gaata — G ) XTE, (pr. 1

Signal region: C

tt)/(Adata i At? ’

HZ

N

\\\

D
G
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F
E

7
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Search for W’->tB/Tb full hadronic

Systematics uncertainties

Source Variation Process
Integrated luminosity | +2.3-2.5% | signal, tt, single top
Top jet tagging +1o(pr) | signal, tt, single top
Jet energy scale . t1o(pr, 1) | signal, tt, single top
Jet energy resolution | =l1o(pr,n) | signal, tt, single top
Jet mass scale +1o(mgp) | signal, tt, single top
Jet mass resolution +1o(mgp) | signal, tt, single top
B tagging +1o(py) | signal, tt, single top
B mistagging +1lo(pr) signal, tt, single top
Dbtag +1o(pr) signal
Dbtag mistagging +1lo(pr) | signal, tt, single top
W tagging +1o(pr) signal
Pileup +10 (0,,,) | signaltt, single top
PDEa;, +lg signal, single top
Q? +1o signal, single top
ISR/FSR tlo single top
tt normalization +10(Hy) tt
trigger +1c(Hy) | signal, tt, single top
TF(pr, 1) 1o (pr, 1) QCD
tt contamination +1o(pr, ) QCD
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VLQ Pair Production Summary

Vector-like quark pair production

X5/3 — tW(LH) B2G-17-008
X5/3 — tW(RH) B2G-17-008
YY, B(Y — bW) = 100% B2G-17-003
BB doublet B2G-17-011
BB singlet B2G-17-011
BB, B(B — bH) = 100% B2G-17-012
BB, B(B — bZ) = 100% B2G-18-005
BB, B(B — tW) = 100% B2G-17-011
TT doublet B2G-17-011
TT singlet B2G-17-011
TT, B(T — tH) = 100% B2G-18-005
TT, B(T — tZ) = 100% B2G-17-011
TT, B(T — bW) = 100% B2G-17-003
QQ doublet B2G-12-016 |
QQ singlet B2G-12-016 |
QQ, B(Q — gH) = 100% 82G-12:016 Vs =8 TeV
QQ, B(Q — gZ) = 100% B2G-12-016 |
QQ, B(Q — qW) = 100% , , 82G-12.016 | , '
0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6

CMS, EPS-HEP 2019 95% CL Lower Mass Limits (TeV)
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VLQ Single Production Summary

o(Xtq) x B(X — tW), RH
o(Xtg) x B(X — tW), LH
o(Btg) x B(B — tW), RH
o(Bbqg) x B(B — tW), RH
o(Bbg) x B(B — tW), LH
o(Bbg) x B(B — bH), LH
o(Bbq) x B(B — bZ), LH
o(Btq) x B(B — bZ), LH
o(Ttq) x B(T — tZ), RH
o(Thq) x B(T — tZ), LH
o(Ttg) x B(T — tH), RH
o(Tbq) x B(T — tH), LH
o(Thqg) x B(T — bW), LH
o(Ybg) x B(Y — bW)
0(Qq) x B(Q — qZ)
o(Qq) x B(Q — gqW)

Vector-like quark single production

. B2G-17-018
. B2G-17-018
. B2G-17-018
. B2G-17-018

B2G-17-018

B2G-17-009

D m = 1 TeV, new result
D m = 1.5 TeV, new result

m=1.0 TeV

m=1.5TeV

Vs =13 TeV

- B82G-16-001

I B2G-16-001

B2G-17-007

B2G-17-007

:

I B2G-15-008

B2G-15-008

CMS, EPS-HEP 2019

m=1.0 TeV ,
Vs =8 TeV
I B2G-12-016 B ’M*-: ' 4
:- B2G-12-016
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

95% CL Upper Cross Section Limits (pb)



