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Vector-Like Quarks AN

VLQ are colored, fractionally-charged fermions, nonchiral under SU(2) -
why these particular particles?

- appear in many BSM models that address the naturalness issue (Little
Higgs, extra dimensions, Compositness etc)

- (maybe) explain fermion mass hierarchy

Candidates:

Name | charge Lagrangian Candidates SM
Y 4/3 c YLWh, ¥ Triplet
X5/3 5/3 CRt)_(5R/3 WtR + C;_t)_(;'/:; Wt,l_ X5/3 Doublet
i i 2/3 cre T'RZtR + e T/ L ZtR Xo/3 Doublet
-I-_C,-_b 7:’;_ Wb;_ ~ 3 Singlet
+crnh T gty 4+ cthh T/ 1t J | Doublet
B’ -1/3 creB'rRWtg :I- c: B/ Wtg B Doublet

+apB’ 1 Zby )

+crnB'rby B Singlet

Exotic charge partners



Production/Decay
@8 e AL b
Pair-production: ’ .
Strong mechanism, the cross section depends
only on the VLQ mass , T
Single production: ,
Electroweak mechanism, the cross section ¢ i q,,,h
depends on VLQ mass and on its couplings b i
with SM particles b
T M 306.057203 hep-ph 7 Dee 20157

Can decay: (equivalent for Y/X)

bt W-,H,Z

Z_ /< Wt H, Z B t.b,b
. Considering a giyen benchmarks couplings ~~~~_ ">
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Pair production cross section falling ]’} 3’[’ ;; ;’1’
very quickly and single production ne | wi v N
dominates as soon as 800 GeV forT v, Wb - -

and Y. 3



Signal LPNHE

i @8 samsene WAL et
Looking for:
Top+bb final state, all hadronic, resolved
TPrime Higgs/Z
Top quaArk/‘\Eggon bottom
W boson ' O quark
bottom
Jet quark ~57%
M(bb), AR(bb)
~100%
M(jjb), AR(b,(jj))*!

Jet

- Challenges: high background from multijet/ttbar
- Opportunities: full possibility to reconstruct each of the invariant
mass and 3 b-tags can be used to constraint multijet events

- M(Top+bb), main variable, and look for a bump!
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Signal Reconstruction  :'"®

2 step Chi2 minimization: first Higgs/Z, then W/Top:
- b-tag jets: select 2 > Higgs/Z candidate

My — i)z
 Remaining jets: select 2 > W-candidate Xit/z = ( aH/Z )
- Remaining b-tag jets: merge 1 with , mumeas —

W-candidate > Top-candidate Aw =
=> 30% gain on S/N (wrt 1 step) mmeas
2 t
2 2 2 2 At = ( >
X" = Xusz + Xw T Xt

Input chi2 values obtained in M=700 GeV samples
with matching to MCTruth after trigger + kinematics selection

2016 2017 2018
Particle uMC oMC MC  oMC  MC  oMC
H 1219 135 1189 14.7 1202 14.3
W 83.8 109 825 126 839 108
t 173.8 16.0 1728 189 1759 17.2
Z 909 114 892 120 909 113
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Two Selections LINHE

@8 S N
The published previous analysis induces a shaping of the main
variable, defined a second selection to remove the shaping
= more robust analysis o e 2O (18 TOV)
. . ) @ 60; CMS I+ Data i
CMS Preliminary 60 ft? 1 (1 3 Tgy) ‘gf s 3T region i_ Bg.-only postfit -
% 6000, ' | | | T g ¢ o TotH, m_= 0.7 Tev]
B 1 ] o 40 I 3
O L 2M1L riegion ] O weor :
S 5000} : . o ' E
< » + . 7 M B ]
- N lojv-mass selection . o 20f =
o L . ] i o : { ]
© 4000 + high-mass selection 7 8 10 e 4 + E
o - ! ] \H‘\\L«f“Hmv‘:"’:mlw....\‘...\H‘.J..H\HH
> - . : . = 8370470506 07 g8 08 1 id 12 13
W 3000/ ! h N . m, [Tev]
i [ i [ .
[ * I ] = S —- LA
2000; ° : B o 8 60? CMS : t Data . *:
B ° : i L g sof 3T region I—— Bkg.-only post-fit =
- ¢ i i T 2 [ TotZ,m = 0.7 TeV ]
R °* 1 ™ 3 40 l -
1000} Ltes A g 4w |
: + ? . s $ s s e 30? i =
1ﬁ’fﬁ+\+\ | | | | ! | | | ‘t\t\t\ttg_t_t; 20; * 1 ]
400 600 800 1000 1200 g i ]
10 3
My 110p [GEV] : . o
] ] - 85 640506 07 08 08 T 12 13
Define 2 regions of selection: m [TeV]

- low mass selection (m(top+bb)<~800 GeV)
- high mass selection (m(top+bb)>~800 GeV)
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High Mass Selection LPNHE
% Seamanne WL bt
Label 2M1L 3M 3T
Basic selection Trigger Trigger Trigger
6 jets pr > 40 GeV/c, || < 4.5 | 6jets pr > 40 GeV/c, || < 4.5 | 6jets pr > 40 GeV/c, || < 4.5
jpe > 170 GeV/c jbe > 170 GeV/c je > 170 GeV/c
Cut0 ]';%T > 130 GeV/c ]%T > 130 GeV/c ]%T > 130 GeV/c
Jor > 80 GeV Jur > 80 GeV Jur > 80 GeV
Hrt > 500 GeV/c Hr > 500 GeV/c Ht > 500 GeV/c
B - tagging 2M1L vetoing 3M 3 Medium vetoing 3T 3 Tight
x? <15 x? <15 x? <15
2nd Top Mass> 250 GeV/ 2 2nd Top Mass> 250 GeV/ c2 2nd Top Mass> 250 GeV/ c2
Higgs Mass> 100 GeV/c? Higgs Mass> 100 GeV/c? Higgs Mass> 100 GeV/c?
Cut 1 Relative Hr > 0.4 Relative Ht > 0.4 Relative Hr > 0.4
Cut 2 Max(x?) < 3 Max(x?) < 3 Max(x?) < 3
Cut3 AR(leggs, bHiggs) <1.1 AR(leggs, bHiggs) < 1.1 AR(leggs, bHiggs) <1.1
Cut4 Xtiggs < 1.5 Xtiggs < 1.5 Xtiggs < 1.5
Cutb AR(jw,jw) < 1.75 AR(jw,jw) < 1.75 AR(jw,jw) < 1.75
Cut6 AR (bTop, W) < 1.2

AR(br,,, W) < 1.2

AR (br,,, W) < 1.2

Top+Z: in chi2, M(bb) is set at mass(Z), in the overall selection,
Higgs Mass<100 GeV AND chi2_Higgs < 1.0 (instead of 1.5)

Some Top+H can be reconstructed
in top+Z final state (~15%)
= Look at top+H, top+Z and top+H reconstructed in top+Z
=> If bb resonance not a Higgs, more events could migrate
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Remove Selection Bias %éfs"“E *

W niversite

e same criteria than before are used, simply modify the cut value:
Define a cut as function of the main variable to keep a quantile of
events from the previous cut

= Preserving the shape as just reducing the shape by a given quantile

L\

How to design the new cut value: B\ Fu—

é _ 800 -% 1'4; :

2 = vsf @

o - © = °

Define bin 12 .
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1 f ‘..o.
O“E .0_..
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Low Mass Selection LINRE

@ sorsonne Université
S Wi Paris Cite
IN2P3

Cut1l
Cut2
Cut3
Cut4

Cuth
Cut6

“Relative Hz = 0 4

Max(x?) < 3

AR(bHioocr bHiooq) < 1.1

2
XHiges < 1.5

This two variables are
\ kept as is, the others

ARGw, w) < 1.75
AR (br,p, W) < 1.2

induce a shaping

. Cuts Fraction of events kept

For the other cuts, polynomials 3 AR(b, D) 35, E
from order 5 to order 7 are used | 4 Allz(jw,jw) 9290;/3
5: Relative Hy 5%
to apply the cut 6: AR(Top, W) 15%

- Fraction designed to keep the same efficiency than the high
mass cut at M=700 GeV (value used for cut designed)

Why keeping 2 selections?

The same criteria are used for top+H and top+Z channels, as low
mass selection is always preserving a given fraction of the input
variable - it is cutting tighter at higher mass

= lower efficiency than the high mass selection, for example, at
M=900 GeV, high-mass selection is 46% efficient while the low-
mass is 36%o for top+H channel



LPNHE

- [ |
Background Estimation :
g % S Wi

Correlation less than 10% between variables

M(53)

Bkgd Star_t to see Signal
Dominated signal

2M1L veto 3M | 3M veto 3T I

3T

>
B-tagging WP

« Use shape of 2M1L/3M to estimate background, transition
between regions done via Transfer Function (TF [b-tag weights])

« Normalisation of the shape done in combine
- Hypothesis: the shape of background in 2M1L==3M==3T

- Define validation regions to validate the hypothesis
- Produce pre-Fit plots

« Use Combine for background shape and final resuilts
= Independent of the selection (identical to previous publication) ,,



Background Shape in the Fit LAESN/@

(oo Yy
lee doing a matrix inversion: 45T ' ARARRARRRRN

Signal: clustered in a few bins e
In each b-tagging region, the bin content is
either S+B or B only: (r=y, signal strength)

ngyr" (bin) = Bar(bin) + p X Szr(bin)
nSaf (bin) = By (bin) + p X Sapy(bin)

Illustration picture

IlllllllllllllilllllI|IIII|IIII|IIII|I1IIT

data 0 N : 0
nop (0in) = Boanp (bin) + p X Spppy (bin) A ,
Signal > known (gaussian from MC) 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Background links between regions by b-tag efficiency:
Byr(bin) = Normasy, x TFypucar(bin) x Bypy(bin)
Bsy(bin) = horma%{'m X TEaram(bin) x Baygyy (bin)

= Transfer Function (TF): change of b-tag eff. as function of M(H/Z+top) [later]
= Normay": overall b-tag efficiency from region Xto Y

ng?{m[bl.n) = Norma;'::}u X NUY"M??‘{’ x TFZ\Q]U 1h1(bin) X TFgl\“ 1r(bl.n) X le\.”‘r‘ (_bi") + M x S_;,(bm)

?{?[bl") _ .Norma-,.,,“_ X TFL\{]LM'V{(bln] x Bsh”{(blnlj + X Sgw(bl ‘

n3siiz (bin) = Baygyy (bin) + p X Sangyy (bin)

= Normay"¥ - determined by the fit method in bins without signal

> Solvable system, fitting [ Bavir(bin) ] by taking into account all the

parameters' errors (bin statistics + systematics) 1



LPNHE

[
PARIS
F I I1 Ctl( ,I I %SBEF&‘;?#E W e

hysics concerns:
B-tagging efficiency is not flat with respect to n x pt

Looser b-tagging prefer jets at high n (wrt to medium b-tag)
- Selected 4-vector jets - slightly different in b-tag regions
= Calculated b-tagging weights to correct each of the b-tag region
= = Transfer Function

Per ]etsl ratlo Of Ioose/medlun‘l’)MSPrellmmary I ‘G‘Q‘fb‘"1‘(‘1‘3"l"e‘3V) CI\‘II‘S‘,“D‘r‘e/‘i‘n?‘in‘a‘[“}‘/ o ‘6‘(‘)‘fb"1‘(‘1‘3"|"?¥)
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Validation Regions

LPNHE

PARIS

P AR O oone uhi vmesig
Label QCD 2M1L CR QCD3TCR tt 2M1L CR tt 2TIL CR
Basic selection Trigger Trigger Trigger Trigger
6 jets pr > 40 GeV/c, || <45 | 6jets pr > 40 GeV/c, || < 4.5 | 6jets pr > 40 GeV/c, || < 4.5 | 6jets pr > 40 GeV/c, || < 4.5
jpr > 170 GeV/c iy > 170 GeV/e iy >170 GeV/c e > 170 GeV/c
Cut0 jpr > 130 GeV/c jf,T > 130 GeV/c fpr > 130 GeV/c jpr > 130 GeV/c
fpr > 80 GeV fpr > 80 GeV. jor >80 GeV Jpr >80 GeV
Hr > 500 GeV/c Hy > 500 GeV/c Hr > 500 GeV/c Hr > 500 GeV/c
B - tagging 2MI1L vetoing 3M 3 Tight 2MI1L vetoing 2T1L 2 Tight +1 Loose
X2 <50 X2 <50 X2 < 50 X2 < 50
2nd Top Mass> 250 GeV/c? 2nd Top Mass> 250 GeV/c? 2nd Top Mass> 250 GeV/c? 2nd Top Mass> 250 GeV/c?
Higgs Mass> 100 GeV/c? Higgs Mass> 100 GeV/c? Higgs Mass> 100 GeV/c? Higgs Mass> 100 GeV/c?
Top b-tag Medium Top b-tag Tight
Cutl Relative Hr > 0.4 Relative Hy > 0.4 Relative Hr > 0.4 Relative Hy > 0.4
Cut2 5<Max(x°) <20 and x7,, > 1.0 | 5<Max(x”) <20and x7,, > 1.0 3<Max(x*) <5 3<Max(x°) <5
Cut3 AR(bHiggsr bHiggS) <11 AR(bHiggsr bHiggS) <11 AR(bH,‘ggs,bHiggs) <15 AR(bHiggsl bHiggs) <15
Cut 4 Xhriggs <15 Xhriggs < 1-5 Xpop < 15and Xy00 > 3 X3op < 15and x3y;e0s >3
Cut5 AR(jw, jw) <175 AR(jw, jw) < 175 AR(jw, jw) < 1.75 AR(jw, jw) < 1.75
Cut6 AR (brop, W) < 1.2 AR (brop, W) < 1.2 AR (brop, W) < 1.2 AR (brop, W) < 1.2

Each region is dominated (>70%) by the expected background

Up to Cut2, QCD 2M1L and tt2M1L are almost identical

+Mtop=140 GeV.:
In the chi2, instead of Mtop from MC, fix it to 140 GeV
Produce VR SR/QCD/ttbar with this new chi2

+Mtop=250 GeV (lower stat)
= 45 validation regions exist... Performed in high mass selection are
more complex shape

13
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Validation Regions iy

Vnivercité
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Signal Parametrisation e
and Systematics

Thanks to full hadronic final state, signal shape is gaussian!
Parametrize signal shape (mean and sigma of the gaussian) for each
of the b-tag regions/each selection as function of Mgen

- Linear dependance, simple parametrisation

Systematics:

Background is coming from data 2> no systematics

Systematics error on the transfer function (from the fit parameter and
also flavor composition in the sample used for the determination)

For the signal, most of them are simply rate errors (luminosity/b-

tagging/PU/PDF etc), some of them are slightly changing the
parametrisation (JES/JER)
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low mass selection
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Events / 40 GeV

Single T-> tH/Z

B2G-19-001

high mass selection

low mass selection

LPNHE
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high mass selection
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http://cms.cern.ch/iCMS/analysisadmin/get?analysis=B2G-19-001-paper-v6.pdf

Single T> tH/Z LPNHE
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P-Value

LPNHE

PARIS
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P-Value plot can be included in the paper instead of the text
(commenting on the 2016 excess not observed in the other years)
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Conclusion LPNHE

@ sorsonne Université
S Wi Paris Cite
IN2P3

The excess observed in the previous publication was checked:

A new low mass selection have been made in order to avoid potential
statistics fluctuation in the raising edge part of the spectrum

The excess remain clearly visible in 2016 data but it is not confirmed
in the other year

- No overall excess is observed

- Limits are set on the VLQ mode reaching less than 2 the Singlet
model cross section and improving by the 3 the previous ones
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History: 2012 Data L PNHE

alysis performed over 2012 data for my habilation thesis @ S W
- Arrived too late for publication so ONLY thesis endorsed,

analysis cuts tuned at M=500 GeV mass point

- Basic Selection:

Trigger: QuadJet50, H; > 500 GeV

= 3 b-tag Medium (CSV>0.679)

At least 6 PFLoose ID AKS5 Jets within |n| <4.5 o (M= My | (My — My (Mo — My
Jets pt ordered: pt > 120/100/60/60/50/20 GeV %h % %
ChiSquared<30 (Not done with Higgs priority at that time)
Top_From_Higgs_Chi2->M()>250 18.9 fb!

- '5'1!\\\\\\\‘\\\.\‘\\‘\\‘\\\\‘\L
« Full selection: 8 L singieT
Cuts Signal (M=700 GeV/c?) Multijet tt + single top Diboson o) 95% CL upper limits
Cut 0 Basic selection (number of events) 80.9 [100%] 50975.1 [100%] | 11893.3 [100%] | 12.6 [100%] S T A e Observed (Asymptotic) |
2nd 2nd A
Cut 1 He i 55 83.3% 63.8% 49.1% 62.7% 1 o - e deviation
Cut 2 AR(brop, W) < 1.2 54.%5 13.1% 13.8% 15.2% T ] = 2 std. deviation
Cut 3 Relative Hr > 0.75 32.4% 1.72% 1.90% 4.22% =
Cut 4 Xhiges < 1.5 23.4% 0.82% 0.73% 0.84% i
Cut 5 AR(bHiggs, briggs) < 1.2 23.0% 0.80% 0.68% 0.84% —
Cut 6 Max(x?) < 5 18.9% 0.37% 0.52% <0.84% ol
Cut 7 Mo fatiray < 0.55 16.6% 0.040% 0.365% <0.84% o0
> 187‘ L A B T T T T T T ;O—“% |
[0)) C - ® 1210ata z
& Prefit c
< 160 (o
QN C
E) 14— T
c E o
2 12 g
W qoF ©
C \\
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
600 700 800 900 1000
m.. [GeV/c?]
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Hlstory 2012 Data

LPNHE\

PARIS

Fit preferred width below resolution (~5% = 35 GeV)
r is computed for cross section = 290fb (no BR)

8 1ol Background onIy flt - g 12:_18 9 fb 1 Background+5|gnal f| _
I f
c — -] c 10— —
AN E B z
- . 8¢ B
6 ;— L L —; 6 :_ - _:
= — - ; -
i el o4 ] 4 "‘“’L hl ]
2 . | N ]
e L Mt L
aa AL Pt N LTI
00 600 700 800 900 1°°°TM 1100 800 %600 700 800 800 1000 1100
ass TMass
Constraint on sigma | Fitted Mean | Fitted Sigma r Significance
of gaussian (GeV/c?) | (GeV/c?) (GeV/3)
[0, 100] 6943+44 7.5+44 0.79+0.41 3.15
(10, 100] 694.9+5.0 10.0+5.5 0.89+0.36 3.11
(15, 100] 694.8+7.5 15.04+6.2 1.01+0.44 2.96
(20, 100] 694.3+10.0 20.0+11.6 1.13+0.49 2.85
(25, 100] 692.2+12.3 25.0+15.2 1.254+0.52 2.78
(30, 100] 688.7+14.6 30.0+47.1 1.361+0.57 2.74
(35, 100] 685.5+166 35.0+45.6 1.48+0.62 2.71
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% ] [ ] - LPNHE
> Region enriched in ttbar ;. ..

« The analysis selection is removing ttbar events by requesting that
M(Higgs + remaining leading jet ) = 2"d top mass > 250 GeV

= Inverse that criteria and event tighten it to [150,200] GeV

= Look at event after Full selection

2nd Top Mass

2ndTopMass13 RunA
Entries 1704
9 D f o 0.2 Mean 2047
Om pa re a a Or gy B % Std Dev 58.75
2] | ¥2/ ndf 2164/4
3M and 2M1L B-tag WP s
— Constant  0.1222 + 0.0062
— Mean 1799+08
w — Sigma 185+09
0.16 | 2ndTopMass13 RunB
— Entries 780
— Mean 220.6
0.14— Std Dev 58.03
: x2 / ndf 9.999/4
| Prob 0.04045
0 1 2 — Constant0.1389 + 0.0097
. — 3 Gev Mean 179+11
— Sigma 16.19 + 0.89

0 1 __ 2ndTopMass13 RunC
R Entries 775
- between
- Std Dev 59.69
0.08— data and MC gl roerd
— Constant 0.1268 + 0.0091
— Mean 179.4+13
0.06[— Sigma 18.65 + 1.28
| 2ndTopMass13 RunD
- \‘ Entries 3387
0.04— »'.\I —p— Mean 221
- \ Std Dev 59.24
— = . ¥ I ndf 11.59/4
I~ - Prob 0.02065

0.02— ap g2 S BB S s s s s
- | - T ¢ Constant 0.135 + 0.005
| e + Mean 1773 +£05
| = Sigma 1719 £ 0.50
0 1 TR el | [ o000 PR ST S AN S TN SN M A WO T SO T N M s s
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