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Introduction

* The discovery of Higgs boson motivates search for new physics

» Possible extensions given by: little Higgs models, extra dimensions models,
composite Higgs models

» These theories predict existence of heavy vector-like quarks (VLQ)
» We will search for single produced VLQ T decaying in top quark + Z boson

In dineutrino channel
Z to neutrinos: missing
‘ energy
Hadronic top:

a. fully-resolved topology — three , resolvgd
ak4 jets are reconstructed | analysis
' b. partially-merged topology — a
W-jet and a b-jet are identified ~ boosted
c. fully-merged topology — decay analysis
products are within one top-jet )




Signal region

* MET p; > 200GeV (to be in the trigger turn-on)
* Min(Adyetjets)>0.6 (to remove QCD events)
» Veto muons and electrons (to be closer to signal region)

» Three reconstruction algorithms to have good sensitivity in all mass
range :
v Fully merged topology: top candidate is a top-jet » Boosted an_a|yS|S _
v Partially merged topology: top candidate given by one W-jet and one 1 merged W jet + 1 b-jet
ak4 jet
v Resolved topology: top candidate given by three ak4 jets OR
1 merged top jet

» Resolved analysis
2 AK4 jets + 1 b-jet
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Fully merged topology Partially merged topology [ Resolved topology |
| | | AK4 jet: anti-kt jet with radius = 0.4

I
|
Boosted top category Resolved top category

»6 categories in total
=0 or >=1 forward jets, resolved or partially merged or fully merged

Final discriminating variable:
transverse mass M- My = \/ 2p2P - pMET (1 — cosA¢)
between top and MET




Background Estimation

« Main Background: Z+|ets, , tthar

« Using Data-driven method to get correction factors from control region in data
Control regions for the main backgrounds are defined as:

»Resolved category

Variable SR Z+tjets CR ttbar CR
lepton veto veto >=1 >=1
Number of midum b jet >=1 =0 =0 >=1
» Partially merged category e
Variable SR ttbar CR
min®(MET,jet) > 0.6 <0.6
»Fully merged category
Variable SR W/Z+jets CR ttbar CR *N:++ o
Leotpn veto veto 1 loose muon or electron o .
min®(MET,jet) >0.6 > 0.6 No cut *;aw
Top jet 1 b-subjet 0 b-subjet 1 b-subjet

[ Oforward jets category
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Background estimation test

control region, O fwd jet 3591 (13 TeV) control region, 0 fwd jet  40.7 fb" (13 TeV) control region, 0 fwd jet 59.7 fb"' (13 TeV)
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Comparison of data and the predicted background(resolved)



Systematics

Source Effect(%0) Type

Luminosity 1.8 rate

Pileup 0.2-3 rate

b-tagging 0.5-1.2 rate
Top tagging 9-10 rate, shape
W tagging 7-8 rate, shape
Trigger efficiency 1-3 rate, shape
Prefiring 0.2-3 rate, shape
JES 2-18 rate, shape
JER 2-5 rate, shape

PDF 1-5 rate
ppipg 8-13 rate, shape
Background scale factors 5-30 rate, shape

The dominant systematics are: top tagging, W tagging, ug, Mg background SF '



Results-Resolved topology

resolved, 0 fwd jet 3597 (13 TeV) resolved, 0 fwd jet 40.7 b (13 TeV) resolved, 0 fwd jet 59.7 fo' (13 TeV)
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« Distribution of the transverse mass in the signal region (the boosted result see here)
« All background processes and the respective uncertainties are derived from the fit to data °



Results-limit

95% confidence level(CL) exclusion limits on the production cross section of T’ times BR

136 fb' (2016+2017+2018,13 TeV) 136 fb' (2016+2017+2018,13 TeV)
TTTTTTTTTTTT T T TTTTTTTTTTTTTTTT T TrrT T T TTTTT T TTTTT

— 10 T T — 10 ————— . =
a E — Observed 3 o UE - E
& £ CMS Preliminary ... Median expected 3 2 £ CMS Preliminary _____ abz‘?“’ed ciod E
T L I 68% expected E =~ F ledian expecte: 3
g T 1 95Y% expected . T t [ 68% expected ]
N 5 o(NLO), Singlet T, T/M=0.01 | N K [ 95% expected g
T ﬁgNLO,SlngIet T, T/M=0.05 N T4 G(NLO), Singlet T, I/M=0.1 |
g : g E
7 Narrow ] ? 10% ]
80 width ) 8oL i CMS Preliminary (2016+2017+2018, 13 TeV)
° 3 T E E =
3 E ] =
] r ] T
= [~ | 0
L N
1072 102 - f:,
E R T I TR NUTI TETE PR NURTE NRTEE NN N s r =
06 07 08 09 1 1112 13 14 15 16 17 18 06 07 08 09 1 1112 13 14 15 16 17 18 L T
my [I'eV] my [Tev] — 3 _%
- €
0 136 b (2016+2017+2018,13 TeV) 10 136 fb™ (2016+2017+2018,13 TeV) C 0256
= T T T T e g = T T T e e e g C E
= E CMS ~ reliminary ________. 3:3?;e:xpeded E = : MS F reliminary ________ a‘;csi?awne:xpected E __ g
g b [ 68% expected ] T L [ 68% expected N C o
o [ 95% expected - - [ 95% expected B - 53
N N
. o(NLO), Singlet T, T/M=0.2 T 6(NLO), Singlet T, T/M=0.3 L 3
g L 3 3 B
= 0 ] = 0 ] C
T 20% 1 30% 1
%.10-1_ - %_.10-1:_ - 6 . 1.8
3 F E m[TeV]
107 107
ot bbb b b b b b b R TN TR FRETI T ETE PR NERT N T N NI T,
06 07 08 09 1 1112 13 14 15 16 17 18 06 07 08 09 1 1112 13 14 15 16 17 18
my [Tev] my [TeV]

« Narrow width resonance: Cross section : greater than 602—-15 fb. Masses: below 0.98TeV
« 10-30% width resonance : Cross section : greater than 836—-16 fb Masses: below 1.4TeV

« 2D limit: The hashed red line indicates the boundary of the excluded region
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Motivation \,}

A
W

Several BSM ideas foresee new bosons that carry both lepton and baryon number

Can SU(3)xSU(2)xU(1) originate Quarks and leptons unified in a fermionic
from a larger symmetry group? —  multiplet with lepton-quark interaction
— Grand Unified Theory mediated by new gauge bosons

Can fermions be made of more Bound states of fundamental
fundamental objects? — constituents may decay to a quark and a
— Compositeness lepton

Can a symmetry exist Possible decay of sparticles to a quark
between fermions and bosons? — and a lepton (see e.g. R-parity violation
— Supersymmetry scenario)

» Searches for leptoquarks (LQ) are well-motivated at the LHC

* Recent enhanced interest for LQ as a possible candidate to explain some
anomalies in B-physics precision measurements
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LQ relevant experimental features

» 2 production mechanisms considered(you can find them in paper here and here):

Pair : LO Single
po g
| .
g MLQ . "
« Parameters determining the cross section(you can find paper here and here):
Pair Single
Scalar: LQ_s LQ mass Lambda (A) (coupling of SM lepton-quark to LQ)
' LQ v k dimensionless coupling Lambda (A), k
k=0 minimal coupling
k=1 Yang-Mills

» Decay channel (you can find paper here and here):
LQs->top tau or LQs->bottom nu ->pottom tau or ->top nu

12


https://link.springer.com/article/10.1007/JHEP12(2018)027
https://arxiv.org/abs/1706.07808
https://link.springer.com/article/10.1007%2FJHEP05%282018%29126
https://www.sciencedirect.com/science/article/pii/S0370269399000143?via%3Dihub
https://link.springer.com/article/10.1007/JHEP12(2018)027
https://arxiv.org/abs/1706.07808

Signal region

* (top tau nu bottom) + (top tau nu) selection

« PMiss>=200GeV, H,Mss>=200GeV
* H;>=300GeV
* 0 electron and muon
1 tauh AK4 jet: anti-kt jet with radius = 0.4
« massT (tau,P{™s$)>=300GeV
« >= 1 top candidate
* Fully merged topology

« Partially merged topology
» Resolved topology

»4 categories in total
>=2b or = 1b, boosted or resolved

13



Data vs SM expectation in the signal region

137 b (13 TeV) CMS 137 6" (13 TeV)
2] [72] F
= data 210k data
C . . C E Resolved top L. .
[0 I Misidentified © [0] = . I Misidentified T
S ) S 46 1biet . Boosted Resolved
C I ¢ production 10 E It production Catego!
“ so- Others - 10°E Others i Npjet =1 | Npjet 22 | Npjet =1 | Npjet =2
E —— LQLQy &1, MALTTeV LQLQ, k=1, M=17TeV Misidentified T 205+£21 | 144+1.8 | 199+13 | 170 £12
S0 e e 100 I S t production 78+21 | 82£19 | 59%5 127+9
T E— VIO, AL, M0STeV 0%k VLA, 315, Me0STEV Others 53+20 | 1.6+08 | 56=+25 23 +11
8 102k Total bkg 34+f4 | 242+27 | 314+£29 | 320+£19
305 = Data 39 25 332 316
20; 10 LQ, LQ, k=1, M=1.7TeV 46+07 | 80£12 | 31+03 | 77£07
B 1E TLQy k=1 A=15,M=14TeV | 55+04 | 4804 | 5034022 | 6.6+03
A= TLQy k=0 A=15M=1.1TeV | 101+£0.7 | 86407 | 134+06 | 164+08
10 vLQg A=1.5, M=0.5 TeV 135+08 | 11.0+08 | 52.7+27 | 5843
5|5 55 .2
=[5 =[5 1.5
oIg g8
&5 0. 8l 0.5k
% 500 1000 1500 2000 2500 % 500 1000 1500 2000 2500
S; [GeV] S; [GeV]
CMS 137 fo (13 TeV) CMS 137 fb" (13 TeV) .. o ]
£ oo oo — £107E e — « Misidentified tau main background
g F>ab J:(SOP | Misidentified < <|>.> 108 >2bjets P | Misidentified © .
b ogof S eicin 1o S cin —estimated from data
F —— 1QLQ, k=1, M=17TeV 10 LQ,LQ, k=1, M=17TeV
40__ TLQV x=1 A=1.5, M=1.4TeV 104 ‘|:LQv k=1 A=1.5, M=1.4TeV
C ——— 1:LQV ¥=0 A=1.5, M=1.1TeV ————— ‘|:LQv k=0 A=1.5, M=1.1TeV
30:, - VLQ, A=L5, M=0.5TeV 10° - VLQ, A=L5, M=0.5TeV ° top productlon relevant
- 107 ; . .
200 10 —estimated normalizing MC to data
- ’ : : B—4—
mt— 107 ) :
G
- e i « Others not dominant
o| O o| O
Sls == 15 . .
h o —taken from simulation
e . |-
[e](3F] Olw Y-
500 1000 1500 2000 2500 % 500 1000 1500 2000 2500
S, [GeV] S, [GeV]

14




Systematic uncertainties

Uncertainty Background Signal
Pileup 1-6% 1%
PDF - 5%
Trigger 1-2% 1-2%
JES/JER 1-35% 2.5%
b-tag 3-10% 8-23%
Tauh scale 1-5% 1%
Tauh ID 5-13% 13-20%
W jet tag 2-11% 1-4%
top jet tag 3-15% 7-14%
Misidentified taus bkg 9-56% -
Misidentified tau closure 12% -
Luminosity 2.3-2.5% 2.3-2.5%
Background cross-section 95-30% -
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Exclusions for scalar LQ

AN

Single LQ Pair + Single LQ
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Scalar Pair LQ production does not depend from A.
LQsLQs: LQs masses below 0.95 (1.03) TeV are excluded
vLQs : LQs masses below 0.55 (0.56) TeV and 0.75(0.81) TeV for A of 1.5 and 2.5 are excluded.

LQsLQs+vLQs : LQs masses below 0.98 (1.06) TeV and 1.02 (1.10) TeV for A of 1.5 and 2.5 are excluded. .



Exclusions for vector LQ(k=0)

A

CMS 137 o (13 TeV) CMS 137 0 (13 TeV)
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* LQVLQv: LQv masses below 1.29 (1.39) TeV are excluded.
« TLQv : LQv masses below 1.03 (1.12) TeV and 1.25(1.35) TeV for A of 1.5 and 2.5 are excluded.

* LQVLQV+TLQV : LQv masses below 1.34 (1.46) TeV and 1.41 (1.54) TeV for A of 1.5 and 2.5 are excluded.
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Exclusions for vector LQ(k=1)

Single LQ Pair + Single LQ
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* LQVLQv: LQv masses below 1.65 (1.77) TeV are excluded.
« TLQv : LQv masses below 1.20 (1.29) TeV and 1.41(1.53) TeV for A of 1.5 and 2.5 are excluded.
* LQVLQV+TLQv: LQv masses below 1.69 (1.81) TeV and 1.73 (1.87) TeV for A of 1.5 and 2.5 are excluded.

18



A-Mass exclusion
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https://arxiv.org/abs/1706.07808

Summary

» Study of single production of VLQ in tZ has been shown all Run2 data

_ Cross section@95%CL Mass @95%CL

Narrow width resonance >602-15fb <0.98TeV(5%)
10-30% width resonance >836-16 fb <1.4TeV(30%)

* This is first result of MET + jets final state in CMS

* This is the current best published result on single-VLQ T’ in the tZ(vv) decay channel.
* The analysis has been published in PAS

»We have presented a search for for LQ produced singly and in pairs

LQs LQ, k=0 LQ, k=1
Pair 0.95 (1.03) 1.29 (1.39) 1.65 (1.77)
A 1.5 2.5 1.5 2.5 1.5 2.5
Single 0.55(0.56) 0.75(0.81) | 1.03(1.12) 1.25(1.35) | 1.20 (1.29)  1.41 (1.53)
Pair+Single | 0.98 (1.06) 1.02 (1.10) | 1.34 (1.46) 1.41(1.54) | 1.69 (1.81) 1.73 (1.87)

* This is the first analysis consider the boosted topology.
* This is the first analysis study the single and pair production simultaneously to search leptoquark.
* This analysis has been published in PLB
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Analysis strategy

Forward jets

q

v
b-jets )

o

b-jets

Angular separation between
MET and jets

min[A¢(MET, jets)]

No final state leptons

Large event MET
Final discriminating variable:
transverse mass M+ Myp = \/ 2p PP - pMET (1 — cosAg)
between top and MET
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Objects e

>Trigger
* HLT_PFMETNoMu120_PFMHTNoMu120_IDTight
« HLT_PFMET120_PFMHT120_IDTight

» Loose electron ID, pt > 30GeV
* Loose muon ID, pt >30GeV

« CHS ak4 ]7ets with jet pt > 30 GeV and passing the tight jet ID (2016 jet ID look
here, 2017 look here and 2018 look here)

 PUPPI AK8 jets with pt > 200GeV
* DeepCSV b-tagger with medium WP for all Run2 data.
* |n| <2.4 (or 2.4 <|n| <4.0 for forward jets)

>MET
« MET pt > 200GeV
e 2016, 2017 and 2018 MET filters taken from here

> \W/top tagging
* W jet: PUPPI AK8 Jet, pt>200GeV, 65< SD mass < 105GeV, tau21DDT < 0.43
» Top jet: PUPPI AK8 Jet, pt > 400GeV, 105< SD mass< 220 GeV, tau32 < 0.65 .


https://twiki.cern.ch/twiki/bin/view/CMS/JetID13TeVRun2016#Recommendations_for_the_13_TeV_d
https://twiki.cern.ch/twiki/bin/view/CMS/JetID13TeVRun2017
https://twiki.cern.ch/twiki/bin/view/CMS/JetID13TeVRun2018#Jet_Identification_for_the_13_Te
https://twiki.cern.ch/twiki/bin/viewauth/CMS/MissingETOptionalFiltersRun2

Min DeltaPhi MET-jet

cut 415" (13 TeV)
10° .SingtaTop Baco W + Jets Zvv
103 - Data
— _T700GeV (L - GeV (L
107 o %ﬂé FE! ...... ﬁgﬁégé iy
— 11400 T 1500 GeV (LH
T 1600 BV LH T 1700 GeV (LH

Number of events / 0.17
am

E D'I .5 :‘ " .' 7]
E ¥ 8 g * o @ 9 @ e o * o o .E
0‘5 C " " " i " M A " i " " " M i M " " " i 2 M 5 " i " " " M i |-

0 0.5 1 1.5 2 2.5 3

Min delta Phi MET-jet (pre-sel)

Remove QCD background
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Scale factor

scale factor(in 2D bins of HT and MET pt)

SF1
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ZToNuNu




Background estimation test

10° control region, 0 fwd jet 35.9 o (13 TeV) control region, 0 fwd jet 40.7 ! (13 TeV) - control region, 0 fwd jet 59.7 o (13 TeV)
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Comparison of data and the predicted background(merged)
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We extract bin-by-bin SFs on backgrounds.

For background X (e.g. yellow ZJets here)
In control region CR vs signal region (SR):

1) subtract all non-X background
2) SF_CR= (Data-nonX)/X_CR

3) X_SR =X_MC_SR *SF CR

#sf ratio

]

59.74 fb"' (13 TeV)

1 05 SingleTop

1t

.QCD .W + Jets Z v
-+ Data

0.5 C L L L 1 L L L L L 7
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

M final (merged) (CR OLEP OBTt)[GeV]

0 forward jets category

|\||||\\|\'|\I\I_

sf ratio

Co b b e b b e L
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

My [GeV]
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Results — Partially merged topology

FWDO

FWD1

partially merged, 0 fwd jet 35.9 fb™' (13 TeV)
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Results — Fully merged topology
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Status of B-physics anomalies

Status of flavour anomalies:

B(B » DWtv)

R (* — ossible new physics in charged
D B(B oy D(*)‘EV) current in tree diagran
Tension reduced after 2019 Belle result
in agreement with SM
Remaining tension (HFLAV): 3.10
Corresponding R;jyjzju ~20 above SM iirics: 171105
) (SM]
R = B(B e K H,u) = 1 Experiments measure double
K B(B . K(*)ee) ratio involving J/y

R, : LHCb most precise, Run-2 ~SM,
combination with Run-1: 2.50 < SM

Ry-: LHCb (most precise) low (2.3~2.50) at low g2

* No firm conclusion, need more data!

Courtesy of Andreas Hoecker
LHCP2020 Experimental highlights

New results by LHCb:

_ B(A} » pK~up) '™
PE B(AY - pK-ee)

LHCb measures double ratios to J/y

Candidates per 50 MeV/¢?
- .

Result: R,k = 0.86131] + 0.05
in agreement with SM (but also lower)

5 55 6
mipK-e'e) [GeVieT]

Observation >

B — K" uu angular analysis

New result from LHCb with 4.7 fb-! (Run 1 + 2016 data)

-Q.‘-r. 1 B I L PR S R ] [T D R ey
LHCbRun 1 +2016 ] Full fit to all angular
SM from DHMY : observables
0.5 -
m 4 Global fit by LHCb to

SM model varying

q Re(Cy) only gives 3.30
7 - g discrepancy
-0.5 l = ’fl [ =
- —+— - __+__ b

1 e ]

0 5 10 15
¢ 1GeV?/ct]

* Possible to clarify anomalies within timescale of Phase 2((arXiv:1709.10308))
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B-physics anomalies and LQ

Standard Model process

gk 1c<?
Quark level transition b — séf + new phySlCS.

Ry = F(B_ - 1;.’_(‘)“#“_) ,,-‘/"
['(B— K®ete™) 12 <
Rx. R ’:..t:’ o W}; // ‘ &
B° — K*%utu— angular analysis: b § noE % 3 b, QS |
BY — opt p— B° K® B° K°
d = d d . d
‘{f=e,uT ¢

Quark level transition b — clv W <

R/t I'(B - D™ri) b L b e

; — - 3 B

D™ (B — D™ () ' % = ¢
D* D*

» Upper limit on new physics scale: 9 (80) TeV for b—clv (b—sll) transition (arXiv:1706.01868)
» Couplings to 2nd, 3rd fermion generation favored
*LQ_s (LQ_v) — ttau (tv), b nu (b tau) strong candidate to explain the anomalies
arXiv:1808.02063 (arXiv:1706.07808)
Decay BR of 0.5 preferred case to explain the anomalies

— t tau nu b has x2 BR w.r.t. existing searches ttnunu (SUS-19-005) and bbtautau (EXO-17-
016)
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Leptoquark decay channel

top
top
LQs
_______________ LQv
tau
nu
bottom
bottom
LQs
_______________ LQv
nu
tau

» Decay branching ratio of 0.5 to each leptonquark
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Analysis strategy

* Final states top tau nu bottom (pair LQ) and top tau nu (single LQ) — 2 categories

ofevents >=2bor=1b
* Fully hadronic decay of the top quark and tau lepton

 Top reconstruction

» Three reconstruction algorithms to have good sensitivity in all mass

range
v Fully merged topology: top candidate is a top-jet
v' Partially merged topology: top candidate given by one W-jet and one

ak4 jet
v Resolved topology: top candidate given by three ak4 jets

4 e

Fully merged topology Partially merged topology Resolved topology
| | |

I
| I
Boosted top category Resolved top category

« ST = tauh p; + top p; + p;™ss used for the signal extraction
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Background estimation method

»|et->tau misidentification background estimation method

 Tight-to-loose ratio used to estimate fake tau events (QCD, ttbar, Wjets,
etc, without genuine taus)

* FR is the probability that a VLoose tau has to pass the Medium ID
FR = NMedium/N
» From number of events passing VLoose but not the Medium ID, Ny 1y,

estimate number of predicted events in the signal region with fake tau:
FR(pt, eta)

1 — FR(pt, eta)]

, measured in a control region

VLoose

SR
Nfake tau — 2 NVL,!M(pt» eta) ; [
pt.eta

»Top background

* Normalize MC to data in signal-free region
« massT(tauh,p;™ss) < 80 GeV
* Nb-jet>=2

« MC Scaled by 10%
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