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Vector-Like Quarks (VLQ)

arXiv:0907.3155
e What are Vector-Like Quarks ?

— New colored and charged fermions singlets | doublets | ;riplet;
— Left and right-handed components (T),(B) (CJF() : (g)’ (5) T, |B
transform identically under SU(2),,c.« B Y
— Can exist in different SU(2) objects QT)=2/3 Q(B)=—1/3
— Can be produced by pair Q(X)=5/3 QY)=-4/3
— Decay to 3™ generation of quarks
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https://arxiv.org/abs/0907.3155
https://arxiv.org/abs/1505.04306
https://arxiv.org/abs/1306.0572

Why looking for VLQs?

arXiv:0907.3155,1306.0572

Theoretically interesting

— Predicted by several beyond-standard models (BSM)
(Composite Higgs, Little Higgs, Extra dimensions...)

— Most of them solve the hierarchy problem

Not ruled-out by recent Higgs measurements

— Unlike the existence of a 4t quark that
would increase Higgs cross sections

Rich phenomenology at LHC

— Produced by pair with gluon initial state

tt,b
— Decaying to 3 generation quark and Higgs/W/Z boson g '
— Kinematics and cross-section depend on a few parameters: T Z.HW
VLQ mass (m+) and its branching ratio (or models)
7 Z,HW
Reachable at LHC g
— VLQ mass at TeV scale is motivated in most BSM (N’


https://arxiv.org/abs/0907.3155
https://arxiv.org/pdf/1306.0572.pdf

ATLAS VLQ searches

* In this contribution, | will present 4 ATLAS analyses:

1. Zt+X analysis [arxiv:1705.10751]
*  Final state: 1 lepton + high-E,™iss
«  Optimizedfor gg =TT, T — Zt and Z — v
* Luminosity: 36.1 fb*

2. Wb+X analysis [arxiv:1707.03347]
* Final state: 1 lepton + boosted W
«  Optimizedfor gg =TT, T — Wb
* Luminosity: 36.1 fb*

Large-R jet

3. HT+X analysis [ATLAS-CONF-2016-104]
*  Final state: 0,1 lepton + high-E;™s + b-jets
«  Optimized for gg — TT, T — Ht and H — bb
*  Luminosity: 13.2 fb*

4. SS+b-jets analysis [ATLAS-CONF-2016-032]
* Final state: same-sign leptons + b-jets
*  Optimized for gg — TT/BB/T5/3T5/3
*  Luminosity: 3.2 fb!
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https://arxiv.org/abs/1705.10751
https://arxiv.org/abs/1707.03347
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-104/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-032/

Zt+X analysis - Strategy

 Optimized for T' — Zt, Z — vv

* 1sign

al region

— Based on the following final state:

1¢ (e,y) + =4 jets + E;Miss

— And several optimized selections:

* Dominant background: Tand WH+jets

Tight cuts on missing transverse energy (E;™s ,H,™s) and
its combination with other objects ( m;¥, am,, my,, ...)

EXOT-2016-15

At least 1 b-tagged jet High top py

At least 2 large-R jets with high pT and large mass

Control Regions:

Variable | TCR | WCR
R [ )
Epss > 300 GeV
my € [30,90] GeV
amma > 100 GeV
Moy > 80 GeV
P ;
Jet pr | > 120,80,50,25 GeV
|Ap(j;, EF™)|, i =1,2 > 04
7 b-tagged jets >1 | =0
# large-radius jets >2
Large-radius jet mass > 80,60 GeV
Large-radius jet pr > 200 GeV
24.08.2017

Variable ‘ Signal Region
Expiss > 350 GeV
mi > 170 GeV
ammrs > 175 GeV
M1y > 80 GeV
Toie > 12
Jet pr > 120, 80,50,25 GeV
|AG (s, BB, 1= 1,2 > 0.4
# b-tagged jets >1
# large-radius jets > 2
Large-radius jet mass > 80,60 GeV

Large-radius jet pr

> 290 GeV if B < 450 GeV
> 200 GeV if Emss > 450 GeV

2 control regions used to correct
the background modeling:

Orthogonal to the signal region

One Fenriched region (TCR) and one
W+jets-enriched region (WCR)

Used to fit the Tand WHjets background

normalization (P4 mnd M
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Zt+X analysis — Background fit

e Bkg-only fit in control regions:

U s 1.05+ 0.17 and p

=0.70% 0.10

e Cross-checks in 3 Validation regions
Based on 1 large-R jet

24.08.2017

Enriched in either
or single- (STVR) process

BVR),

+jets (WVR)

No significant mismodelling observed
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-15/

Zt+X analysis - Results

— No significant excess is observed in the
validation and signal region

Statistically-dominated uncertainty

— Leading systematic uncertainty:

. Mmodelling (MC generator difference,
fragmentation, radiation ... )

* Single-top modelling

Br(T — Ht)+Br(T — Wb)+Br(T — Zt)=1

= I 1200 o
L ATLAS ©

T Vs=13TeV, 36.1 fb" 1100 &, o
L 0.8 -
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95% CL observed limits:

> 1.1 eV for Br(T->Zt)=1
> 0.8 JreV for singlet model
> 1.0 6reV for doublet model
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Event fraction

Focused on 7" — Wb decay channel with one W boson
decaying leptonically and the other one hadronically

Whb+X analysis - Strategy

EXOT-2016-14

Signal Region:

1 signal region based on the following final state: Variable | Selection

12 (e,u) + = 3jets += lb-jets + = llarge-R jets + E™s number of leptons =1
_ , _ _ B | > 60 GeV

— W-tagging techniques on trimmed large-R jets number of b-tagged jets > 1

— Large activity (S;) number of small-R jets >3

. ber of W-tagged large-R jets >1

— And small distance between lepton H )
_ AR(v) | <07

and reconstructed neutrino Sr =Y pl + Zp,;ts + Ems | > 1.8TeV

* Dominant background: Tb
B(T - Wb) = 1
0.4_ T T T ‘ T T T | T T T ‘ T T T I T T T I T T T I T T T ‘ T T T ]
- ATLAS Simulation i ]
i f = 1|3HT9\_’ —— m, -500GeV |
0.3~ gnat region —— m;=700GeV ]
L m, = 900 GeV 4
i — m=1100GeV |
0.2\~ —— m; = 1300 GeV  —|
0.4 -
7_|_=£=$ o A Y
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mr” [GeV]
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Large-R jet

*  m{°P estimated by reconstructing system

— Neutrino P,’ estimated by solving:
2 2
(P + P,)* = myy

2 minimization and E,™ss value

— And using
— my'®Pis then reconstructed by minimizing:
[Am| = |mzP? — mije
* A profile likelihood fit is then performed
on m'®P distribution
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Whb+X analysis - Background

EXOT-2016-14

Background estimation: R e T
. . . O, 3500F !
—  Isingle- , W+jets, VV, Ry estimated by Monte Carlo e @
3000
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Whb+X analysis - Results

EXOT-2016-14

* No significant excess was observed £ ST T
= C ATLAS -o-Data ]

. . . L. 2 30% fs = 13 Tev Lt.ﬁv ot E

* Uncertainty dominated by the data statistics 2 o1 e o ]
25 [ ]Others .

*  Major systematic uncertainties come from / #:uneerainy 3
nd single- modelling i oo E
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.. r Post-Fit ]
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_ B14aE , . e
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Ht+X analysis - Strategy

ATLAS-CONF-2016-104

Optimized for T — Ht, H — bb decay channel

w 7 rrrrrrrr 1T T T _ 1T T T T T
£ 10°E ATLAS Preliminary e e
. . - 2
20 Signal Regions: G 10°f (5=13Tev,13.2f0" M. (OLDS
= Search regions Cott+ > 1c
. . 5L Pre-fit t
— Based on the following final states: 10 g | Etﬁgfﬁm
10 (e ) + 25 jets += 2b-jets 102 77 Total Big nc
+ E;Miss >20GeV + (E;™ss+ m;V)> 60 GeV 10°
* 00 (e,u) +=6jets += 2b-jets (o2
+ E55 >200GeV + A ¢fE™,))>0.4 0
10 n =
— And split on different requirement on: o i, B8 T
1 1 I T I 1 I 1 1 ! T 1 1 1 IAI 1 T I
° H . (=) L Z
The effeCt;q\;e mass.ng + ijets + Emiss é 1.5 _—O_'O' O O -O—'¢' _O:LJ')_ Y, #/
eff = T T T ~ %‘?// ////
o= 5 0 i
* Number of jets (j) et b-jets (b) Q 05 7 7
74
* Number of high-mass large-R jets (J) y _— _— n
82332288888 4833:22832 2
* Mass of the closest b-jets m,, rF 5 éﬁ%mi‘émegéméé
Minimum of transverse mass between E,™ss S3%5% gd 37 33 28Rk e RE S
and the three leading b-jets TZZ2LETF Toziz=tinNs

Signal regions
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Ht+X analysis — Background

* Profile likelihood fit on m distribution
in order to improve the bkg modelling

MHeavy Flavorbkg normalization
is scaled by:

* U tacjets =15% 0.4
® H Fbe_jetS = 12 + 03

fnodelling uncertainty is
highly reduced

 Background estimated validated in
15 Validation Regions
Based on less number of jets

Significant improvement in
Monte Carlo modelling

Several cross checks show a robust
post-fit bkg prediction

24.08.2017
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Ht+X analysis - Results

ATLAS-CONF-2016-104

* No significant excess above the Standard Model
expectation

_}2 107 1T T 1T 11 . | . | [ [ I [ I I [ I T 1
. .. = ATLAS Preliminary —e-DRata
* 95% CL observed combined limits: © F e-13Tev 152 C+lghtiets
w 10 ) CJtt+=1c
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1200 10
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SS+bjets analysis - Strategy

ATLAS-CONF-2016-032

Q(T)=2/3 QB)=-1/3
Q(X)=5/3 Q)=-4/3

. . Definition | Name
* Focused on TT, BB or XX pair-production CFeE + o E T T o ece + e+ gt + g, Nos = 2
. . . Ny =1 SRO
o PELE( Q4= 2jets+2=  Hjets Ny 2 3 . SR2
_ . - N, — 1 |10 < B < 100GeV [ SR3
— 8 Signal Regions splitin: EmS > 100 GeV SRA
. Hr > 700 GeV N — o |40 < EF= <100GeV_| SR5
* Jet Activities : . b= BT >100 GeV SR6
Hr =Y ph + 05" N, >3 B > 40 GeV _Z | SR7
* Number of b-jets /
* And missing transverse energy 8 TeV results :
% T T T T _._I Data T 1 T 2
210~ ATLAS o twiz <
H - -1 = Sa?(ﬂei::gn-prompt leptons -<-.
* Extra interest due to a modest excess 100 Vs=8TeV, 203 =1 =
H I er Q
seenat8TeVinrun1l i 7 Uncan s
— Combined significance estimated around 2.5 0 : §
(6}

— Goal : Confirm or disconfirm the excess

Significance
W oW

SRVLQU SRVLQ! SRVLQZ SRVLQ3 SRVLQ4 SRAVLQ5 SRVLGS SRVLQY
SR4t0 SR4t1 SR4t2 SRat3 SR4t4
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http://arxiv.org/abs/1504.04605

SS+bjets analysis - Background

ATLAS-CONF-2016-032

— True same-sign leptons ( &Y, VV, X)

* estimated by Monte Carlo

|:| Dibosons
I other bkg

[==]
[=]

D) e L B B LA B
141 . @ I ATLAS Preliminary 1s=13 TeV,3.21b" -e Data201s
* Background composition: 8 T 55 gleplon; tepton Clraaenarns
E 100_—100<HT<400 GeV, 21 b-jet |:|Charge mis-ID
.g [ rawzwew
&

U7 stat. unc.

&0 K rotal unc.
— Fake/non-prompt lepton 40
* coming from light hadron or 20

I N I T N N

W\II\IIIII\II\Ill\

heavy-flavor hadron decay

* Estimated by Matrix Method
combined with a likelihood approach

Data / Bkg

500 600

H; [GeV]

— Electron charge mis-identification

* Coming from photon conversion or

160 L LI B A L
. . E F ATLAS Preliminary \s=13TeV,3.21b" -e-Daa201s |
from tracker charge mis-reconstruction S 1205 dilepton / trilepton [ Fekeonpromer ]
. . . . . E_\I_ C 1DO<HT<4DO GeV , 21 b-jet |:|charge misD |
e Estimated by weighing opposite-sign g 1200 uwzww
. o r [ oibosens i
di-electron events & 100 Worerse
Primary Vertex 80 :_ (77} stat, Unc. {
’ C TolaILIm:. n
60— —]
::::"-"‘ 3
* Background estimation validated in 2 E

different validation regions

1.5—

Data / Bkg
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BR(T — Hi)

No significant excess above the SM predictions

SS+bjets analysis

95% CL observed limits

8 TeV excess not confirmed

Events

> 0.7 8leV for singlet model
> 0.8 3JreV for singlet model

> 1.0 2leV

0 0102030405060.7

24.08.2017

ATLAS Preliminary
Vs=13TeV,3.2"

SS dilepton / trilepton + b-jets

Observed limit

0809

.
BR(T — Wb)

1000

BR(B — Hb)

(=]
0
o
-
g

s}
(]

ATLAS Preliminary
{s=13TeV,321"
SS dilepton / trilepton + b-jets

Observed limit

0 01020304 05060708 0.9 1
BR(B — W)

10

- Results

ATLAS-CONF-2016-032
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BR(T — H1)

Results summary

 Current summary of VLQ searches:
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— Limits on m+is now above 1.0 TeV whatever the assumptions on the branching ratios
— VLQ B phase space region is not fully covered yet — Need dedicated interpretations
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Conclusion

The search for pair-production of VLQs at LHC is highly motivated

4 different ATLAS searches were presented in this contribution
— Based on different final states and strategy
— No significant excess — 95% CL limits were estimated

Still not the end of the story ! Ht+X

— A few analyses are updating to full 2016 data

— New 2017 data will increase our sensitivity \ /

Joint effort to combine the VLQ results Combined

— Combined limits with the results limits
from the different analyses

New efforts on adding single-VLQ . S AN

signal interpretation NG
— Larger cross section at high mass
— Sensitive to VLQ couplings

F |13 Tev
| P I | | . | T kS

400 600 800 1000 1200 1400 1600 1800 2000
mg, (GeV)
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Lw = % (j'l‘“r W;{ + I"‘W; ) Charged current Lagrangian
@ SM chiral quarks: ONLY left-handed charged currents

Jrt = LR with {
@ vector-like quarks: BOTH left-handed and right-handed charged currents

JPE = IR = apytdp + agytdg = aytd =V

Source: http://www.ectstar.eu/sites/www.ectstar.eu/files/talks/Panizzi.pdf
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Zt+X Variable definition

m;V: transverse mass of leptonic W mY = \/zpf’Eml‘“ (1= cos Ag (€. i) )

my, : transverse mass with two visible branches (p,,,) and two invi?ble branches (qr,,)

mry = min  {max(mrq, mtp)} my; = (\/an +my, + \/ qr; + mq,) — (Pri + Gr)°
Gra+qro=py'™>

— amy, : a,b =lepton and two b-jets with the highest b-tagged output

— mg,':a,b =T candidate jet and the charged lepton

Hp g™ : used to reduced events with E;™** mis-reconstructed

|[Fmiss| — 100 Gev

miss _
HT sig

O FHmiss
HT

— H,™ssis the vectorial sum of the leptons and jets transverse momenta
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Variable Signal Region ‘ TVR | WVR | STVR
Flmiss > 350 GeV > 300 GeV
miy > 170 GeV > 120 GeV > 60 GeV
amTsa > 175 GeV € [100,200] GeV | > 100 GeV | > 200 GeV
MTgy > 80 GeV > 80 GeV
e > 12 -
Jet pp > 120,80,50,25 GeV > 120,80,50,25 GeV
|AG(j:, B, i =1,2 > 04 >04
# b-tagged jets >1 >1 | =0 | >2
# large-radius jets >2 =1
Large-radius jet mass > 80,60 GeV > 80 GeV
- > 200 GeV if BRI < 450 GeV
Largeradius jet pr | 950 Gev if Emis > 450 GV > 200 Gev
Region SR TCR WCR TVR WVR STVR
Observed events 7 437 303 112 131 143
Fitted bkg events 6.1+1.9 437 £ 21 303+ 17 109 4+ 35 127 + 31 125 4+ 27
Fitted ¢t events 25+£1.7 280 £ 40 38+15 90 £ 40 15+ 8 53£23
Fitted W + jets events 1.1£0.7 70 £28 224427 35%+2.0 77T+ 30 157
Fitted singletop events 11+£0.7 63 + 24 1045 42+26 3.3%53 46 £ 17
Fitted tf + V events 0.91 +0.20 9.7+ 1.6 1.03 +0.30 7T0+1.4 1.9+£0.7 83+14
Fitted diboson events 0.6 £0.6 11+5 30+£12 1.3+£1.3 31+£9 1.7+ 1.1
MC exp. bkg events 6.5 450 398 106 160 129
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Uncertainty SR
Total background prediction 6.1
Total statistical (\/Texp) +2.5
Total background uncertainty +1.9 [31%]
tf MC generator +1.1 [17%]
tt fragmentation +0.8 [14%]
tf radiation +0.7 [11%]
MC stat. (nominal samples) +0.7 [11%)
tt Single-top interference +0.6 [11%]
Single-top radiation +0.4 [6.6%]
M :t04 [6.6%]
Diboson fact. scale +0.4 [6.5%]
Diboson renorm. scale +0.4 [6.1%]
W+jets heavy flavour fraction +0.3 [5.3%]
Jet mass resolution +0.3 [5.0%]
Diboson resum. scale +0.3 [4.7%]
Flavour-tagging light-jet mistag rate +0.3 [4.5%]
Single-top fragmentation +0.2 [3.5%]
Flavour-tagging c-jet mistag rate +0.2 [3.4%]
W+jets MC generator +0.2 [3.1%]
{IPDF £0.2 [2.8%]
HW 4jets :|:02 [2.4%]
W+jets merging scale +0.1 [2.4%]
W +jets renorm. scale +0.1 [2.3%]
W +jets resum. scale +0.1 [2.3%]
W +jets fact. scale +0.1 [2.3%]
Jet energy scale (1°' component) +0.1 [2.0%]
tt + V cross-section +0.1 [1.9%]
tL+ V scale +0.1 [1.5%]
Jet energy scale (274 component) +0.1 [1.4%]
Jet energy resolution +0.1 [1.3%]
Trigger efficiency +0.1 [1.0%]
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Event fraction
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Fraction of Jets / 10 GeV
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Preselection requirements

Requirement | 1-lepton channel | 0-lepton channel
Trigger Single-lepton trigger Exss trigger
Leptons =1 isolated e or u =0 isolated e or u
Jets >5 jets >0 jets
b-tagging >2 b-tagged jets >2 b-tagged jets
Emiss Emiss > 20 GeV Exiss > 200 GeV

Other E%iss—related

Bxis 4 m¥ > 60 GeV

ApY > 04

min

Search regions (=7 jets)

b

Search regions (=6 jets) Mass-tagged jet multiplicity — b-jet multiplicity mf in | Channel name
Mass-tagged jet multiplicity  b-jet multiplicity mfgi“AR Mef | Channel name g g - gj! Z;j’ gE
- ) Z ja
0 3 - > 400 GeV | 0J, >6j, 3b 0 >4 - 01, >7j, 24b
0 >4 - > 400 GeV | 0], >6j, >4b 1 P _ 17, ETj, 2%
1 3 <100 GeV > 700 GeV | 1J, >6j, 3b, LM 1 3 < 160 GeV | 1, >7j, 3b, LM
1 3 >100 GV > 700 GeV | 1J, >6j, 3b, HM 1 3 > 160 GeV | 1J, >7j, 3b, HM
1 >4 < 100 GeV > 700 GeV | 1], >6j, >4b, LM 1 >4 <160 GeV | 1], >7j, >4b, LM
1 >4 =100 G&V > 700 GeV | 1J, >6j, >4b, HM 1 >4 > 160 GeV | 13, >7j, >4b, HM
>2 3 . . >2], >6j, 3b >2 2 . >21, >7j, 2b
>2 >4 - - >21, >6j, >4b >2 3 < 160 GeV | >2J, >7j, 3b, LM
>2 3 > 160 GeV | >2J, >7j, 3h, HM
Validation regions (5 jets) >2 >4 - >2], >7j, >4b
Mass-tagged jet multiplicity — b-jet multiplicity m{,’l‘,i“AR Mef | Channel name Validation regions (6 jets)
0 3 - > 400 GeV | 01, 5j, 3b Mass-tagged jet multiplicity — b-jet multiplicity m%-,min ‘ Channel name
0 >4 - > 400 GeV | 0J, 5j, >4b .
1 3 . > 700 GeV | 17, 5§, 3b 0 3 i ol 6;’ a3
1 >4 - > 700 GeV | 1J, 5j, >4b 0 o i 01, 6, >4b
>2 3 - - >21, 5j, 3b 1 P . 17, 6j. 2b
>2 >4 - - >2J, 5j, z4b 1 3 - 17, 6j, 3b
1 >4 B 11, 6j, >4b
>2 2 B >21, 6, 2b
>2 3 . >9J, 6j, 3b
=2 >4 - =21, Gj, =4b
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SS+bjets : Variable
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Charge mis-identification: Method

Based on the Charge flip rates
— Defined as the probability of one electron to have its charge mis-identified

— Parameterized on Pt and|n|
Then, assuming a true number of opposite-sign dielectron events, we have:

N2 = N (el — €2) + €x(1 — €)) €, charge flip rate of 1%t electron
N(r)egco _ N(I)réfe((l —e)(1 — &) + €169) €, charge flip rate of 2"d electron

N."® can be estimated by weighting N by:

_al-e)t+el-e)
(I1-€e)(1-€) +e€1€2

Charge flip rate estimation on enriched pp —Z —»ee data events:
- [ -, + ]
* ex: X=10GeV in CMS T5/3
— Count the numberof ¥ ~ andsame-sign * *
— Charge flip rates estimated by Likelihood minimization

1. )= C 1)



Fake/non-prompt lepton estimation method

* Lepton definition:

— The fake estimation methods rely on the definition of lepton criteria:
loose and tight criteria

* Tight = loose + isolation + identification criteria

e Matrix method:

()= ( ) :((1— ) (1- )) o but not tight

— is estimated by weighting  and  nith the elements of M

— Generalized for 2 and 3 leptons

* Efficiency estimation:
— estimated on enriched fake lepton region
« SDileptonregion: Tight muon + 1 loose lepton (V+jets and ttbar)

— estimated on enriched real lepton region
» Dileptonregion: Z mass window (Z->Il)
— Parameterized in Pt and |n| of the leptons



Real and fake efficiency measurement and systematic

* Efficiency estimation:
— estimated on enriched fake lepton region
* Single leptomregion: Low MET and MT (multijet background)
« SDileptonregion: Tight muon + 1 loose lepton (V+jets and ttbar)
- estimated on enriched real lepton region
» Single leptonregion: High MET and MT (W+jets)
» Dileptonregion: Z mass window (Z->Il)

* Real lepton contribution are subtracted from fake region

— Systematic uncertainty associated to this subtraction

* Kinematic dependence:
— Efficiency usually parameterized in Pt and |n| of the leptons

— Trigger can also contain isolation/identification criteria
The efficiencies can be split for different trigger

— Other kinematic dependence can be also taken into account (ex: Pt,, AR(l,jet)...)
or be taken as a systematic (ex: H;)
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