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VECTOR-LIKE QUARKS (1)

Motivation Phenomenology
» Solution to big hierarchy problem * VLQ’s defined as colour-triplet spin 1/2 fermions
Cancelation of radiative corrections Amp2 > Mixing with SM quarks — allows for

> Different SU(2) multiplets allowed

VLT B
- Determines 93
_- - = - Only small mass splitting allowed — no cascade decays
O H > Non-chiral: L and R same colour and transform same under SU(2) — vector
A/ [

coupling

_ _ - Add bare mass term to SM Lagrangian
* Predicted by a number of BSM theories - They do not get their masses through the EWSB

> Little Higgs, Composite Higgs, non-minimal SUSY - They can decouple from SM controled by mixing angle

LAS

Production

(pair) q 9 (single)

- SM quarks VLQs
Qle] N T
(generation 14) singlets - doublets
A e d o XN
-_2//§—— ( ) {} Et_) _ | T_E __@—_—— |
— 1/
2l (O P el a _
8 _ Y T

weak bit 9~ . strong

o depends on mass & -+ 0 depends on mass only d
SM quark mixing 5



VECTOR-LIKE QUARKS (I1)

Decay o o
* pre-dominantly decay to 3rd generation quarks & bosons Slgnal TOPOIOgles
VLT »Whb / Ht / Zt @

— small mass — — large mass —

Rich decay phenomenology
(depends on mass and quantum numbers)




VLQ SEARCHES

Run-Il results exclude VLT (VLB) masses below ~720 (740) GeV for any 93 combination
Focus: Run-Il results Benchmark Models

» Take advantage of Oprod increase at high masses

» based on combined 2015 + 2016 data set (£=36.1 fb-!) @13 TeV O § ﬁw % 6&6'481:
Ht+X p—

Target. 0¢ & 1¢ + moderate St* (Mer)

Zt+X JHEP 08 (2017) 052
Target. 1¢ + high Eymiss

AB(T->Ht)

0

£
Steffen Henkelmann | },’!}I!;ﬁ,‘s,

Wb+X

JHEP 10 (2017) 141

Target. 10 + high St

B(T>Wb) 1
Assumption: 95(T—=Wb) + 95(T—2Zt) + 95(T— Ht) =1

University of British Columbia —




VLQ SEARCHES

Run-Il results exclude VLT (VLB) masses below ~720 (740) GeV for any 93 combination

Focus: Run-ll results
* Take advantage of Oprod iNCcrease at high masses
* based on combined 2015 + 2016 data set (£=36.1 fb!) @13 TeV

Ht+ X EEZEEELEEEN | submitted to JHEP
Target. 0¢ & 1¢ + moderate St* (Mer)

Zt+X JHEP 08 (2017) 052
Target. 1¢ + high Eymiss

Wb+X

JHEP 10 (2017) 141

Target. 1¢ + high St

Wt+X m arXiv:1806.01762 FRIMIC RNl
Target: 1¢ + moderate to high St

Benchmark Models

O (T B) doublet

&3

*03(B— Wb[Ht,Zt])=~1

(B Y) doublet

*3(B— Wi[Hb,Zb])=~.0].5,.5]

9B(B->HD)

AB(B>Wt)

Assumption: 93(B—Wt) + 95(B—Zb) + 93(B— Hb) =1

'SU(2) singlet

*0B (B Wi[Hb,Zb])=~.5[.25,.25]

Steffen Henkelmann | }{ﬁ{!;f}é

University of British Columbia —



Analysis Overview EZEZEI suomitedto Hep
£=36.1fb1,13 TeV

Target

- 9B(T—Ht)=1 decay w/ H(—bb) — broad VLT decay coverage
10 — target HtHt corner
+ 00 — sensitive also to Z(vv)t and W(fv)t (w/ mis-reconstructed ¢’s)

Boosted Object Reconstruction

L-jetr=1) (m > 50 GeV / pr > 200 GeV / Inl < 2.0)
Pre-Selection
* lepton- (e or W) or Etmiss-trigger
* >50r =6 jets (=2 b-tagged jets)
* |low or high Etmiss (suppress multi-jet background in 0¢)

+ . =2 sub-jets for pr< 500 GeV
=1 or 2 sub-jets for pr> 500 GeV

Steffen Henkelmann | ){ﬁ&ﬁé

/ Backgrounds
1OpP _> \\ » Dominant: tt + jets (from simulation validated in ‘VR)
+ . pr>300GeV/m>140 GeV . I\_/Iulti-jet: Matrix_Method (10) or fit to A¢min* (00)
> 2 sub-jets o tt+V (V=W,2), tt+H, single top, VV, V+jets (from simulation)

University of British Columbia —


https://arxiv.org/abs/1803.09678

s/\B

S/B

Search Regions

Ht+X (Il) — Search Strategy

| submitted to JHEP

* 34 signal regions (‘SR’)
» #jets / #b-jets / #Higgs- & top-quark candidates

* Simultaneous Profile Likelihood fit of met
» Signal depleted regions used to constrain bgr.

uncertainty
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https://arxiv.org/abs/1803.09678

Ht+X (Il1) — Limits

E T T T T 1 T T | T T | T T 1 | T T | T T 1 | T T
o 10 o =
— - ——— Theory (NNLO prediction +10) 3
= T —— 95% CL observed limit -
1 [ e 95% CL expected limit i
Q 1 I 95% CL expected limit +1o0 =
= - 95% CL expected limit +20 .
l BR(T—Ht) = 1 ‘
107 ( ) =

- ATLAS
10°L Vs=13TeV, 36.1 fb” .
- 1-lepton + O-lepton combination .
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= 1-lepton + O-lepton combination .
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| submitted to JHEP

Limit as function of 93

/‘Nsuming SB(T-Wb) + 9B(T—2t) + 953(T—Ht) =1

T
? 0.9
= 0.8
oC
af|

* Analysis sensitive to full 98-plane (=1 TeV)

* Dominant systematics:
» Data statistics limited

T -

{s =13 TeV, 36.1 fb”
1-lepton + O-lepton combination
Observed limit

% SU(2) doublet
O SU(2) singlet
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https://arxiv.org/abs/1803.09678
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https://arxiv.org/abs/1803.09678

Analysis OVQrVieW JHEP 08 (2017) 052
L£=36.1 fb-1,13 TeV

Target

- 9B(T—Zt[Hb,Wb])=0.8[0.1,0.1] decay w/ Z(—vv)
10 (e or y) — target ZtZt corner at high Eymiss

+= = - Data ottt 2L x1.05 -
g; ?28 5_? '14331-9\/ 96.1 fy! %% Total pred.;mmti 1IE1'c><1 05120
m SVE AL <105 Pre-Selection Backgrounds
160F- ) W+jets x0.70 _ _
140 / // / _ﬁl”\?'e top 15  Ermiss-trigger * tt + jets (dedicated ‘CR’ » VR)
:I]gg / A;«fff’.‘f‘fff’f‘.”f”’f cezzamm Diboson 0 o >4 jets (21 b_tagged jets) ° W+jetS (dedicated ‘CR’ ’ VR)
7 * high Eqmiss (= 300 GeV) * Single-top (VR)

Steffen Henkelmann | \){f\'[!;ﬂé

Search Regions
1SR and 2 CR (W4jets & tt)

e Signal region defined through tight cuts to suppress
tt background (on m,,, am,,, =2 large-R jets, etc)

Nexp

nobs

University of British Columbia —

e Simultaneous Fit (cut & count)


https://link.springer.com/article/10.1007/JHEP08(2017)052

Zt+X (1) — Analysis Overview
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= 1 L-jet > 2 L-jet

Event fraction

Target

0-45 ATLAS Simulation —
0.35—Vs=13TeV -
- m=1 TeV, B(Zt Ht, Wb)=(1/3,1/3,1/3) n
0-35_ 11+E7"° channel E
0.251 =
0.2F- E
0.15 E
0.1+ E
0.05F E
()_ | | | | |

WbWb HtHt ZtZt WDbHt Wb/Zt ZtHt
TT decay

9 events expected for

m.=1.1 TeV

No excess above SM expectation

B(Zt,Ht, Wb)=(0.8,0.1,0.1)

JHEP 08 (2017) 052
L£=36.1 fb-1,13 TeV

Steffen Henkelmann | %ﬁ{!;f}é
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https://link.springer.com/article/10.1007/JHEP08(2017)052

Zt+X (Il1) — Limits

ATLAS

Ys = 13 TeV, 36.1 fb™

+ SU(2) singlet
o SU(2) doublet

Zt+X 11+ET*8
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JHEP 08 (2017) 052

Signal Obs. 95% CL Exp. 95% CL
lower mass limit | lower mass limit
T — Zt 1.16 TeV 1.17 TeV
+ Singlet 0.87 TeV 0.89 TeV
®Doublet 1.05 TeV 1.06 TeV

» Data statistics
» top-quark modelling

* Dominant systematics

Steffen Henkelmann | },‘ﬁﬂ;ﬁé

Y|  university of British Columbia


https://link.springer.com/article/10.1007/JHEP08(2017)052

Wb+X (I) — Analysis Overview JHEP 10.2017) 141
L=36.1 fb-1,13 TeV

b

- } Wb Target

- B(T—>Wb)=1
10 (e or u) — target WbWb corner at high St

Mass range: mt> 1 TeV
Same final state as tt background

Pre-Selection

* |lepton- (e or ) trigger

o Ermiss > 60 GeV

* >3 jets (=1 b-tagged jets)

* L-jetr=1)(m>50Gev/pr>200 Gev/ini<2.0)
-+ D2B=1(pT) cut & mw(pT) window
* no b-tagged jet within AR<1.0

Steffen Henkelmann | ),’F[,Hﬁé

- Key to suppress dominant tt background

I

\Wlep Backgrgunds_ | | | | :
* Dominant. tt + jets & single top (from simulation) 8

10 + Epmiss » W+jets (from simulation) :
Using mw constraint to reconstruct v * Multi-jet: Matrix Method, tt+V (V=W,Z), VV z

> Helps VLT system reconstruction


https://link.springer.com/article/10.1007/JHEP10(2017)141

Wbh + X (ll) — Search Regions JHEP 10 (2017) 141
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Search Regions
« 1 SR and 1 CR (tt)
e Simultaneous Profile Likelihood Fit (reconstructed mrlep)

vLT Signal

Event fraction

B(T — Wb) = 1
0.4 i | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
- ATLAS Simulation . _
i S? - 1|3RT9\_/ —— m, =500 GeV
iIgnal nhegion

0.3{— "9 J —— m, =700GeV = —
- m, =900 GeV
- —— m; =1100GeV ~ ~
0.2 _ — mr=1300GeV  —
i 1 :
0.1— _
I —r— = _

0 200 400 600 800 1000 1200 1400 1600
m=P [GeV]

VLT system reconstruction

1. Tiep: Reco. Wigp paired with b-jet candidate
2. Thad: Reco. Whad paired with other b-jet candidate
3. All possible combinations are tried

» Choose combination with min IAM(Tiep, Thad)l

| SATLAS
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https://link.springer.com/article/10.1007/JHEP10(2017)141

Wb + X (Ill) — Limits JHEP 10 (2017) 141

< A LA A A —~ 1 1400;-
2 T ATLAS —4- Data - T
e (s=13TeV tt - - } ATLAS ®
§ 30% 36.1 fb™ W+jets _: T 09 Vg — 13 TeV, 361 .I:b-‘l 1300 (12-
LLl o [ ]Single top . — 0.8 1200 é
25?/’/ Others — ~ . =
722 Uncertaint - —s -
s o N 07 TT — Wb+X 1-lepton |8 _ || ?
- 0.6 75 SU(2) singlet e
151 7 Signal Region - O SU(2) doublet 1000 _,
B Post-Fit ] 05 O
1op E 0.4 R
Tl : | 800 2
S 4 L ] 03 8 .
3 : 700 £ =
. Of 0.2 D &
T4l 600 & A
D\c; O;W%// /% 01 O E
go % 500 $
O 020505 400 600 800 1000 1200 1400 1600 1800 2000 0 0.102030405060.70809 1 z
mr® [GeV. B(T - Wb) ;
No excess above SM expectation * Dominant systematics mimt [GeV]  SB(T-Wb)=1

» Data statistics expected
» top-quark modelling e e

University of British Columbia —


https://link.springer.com/article/10.1007/JHEP10(2017)141

Wt+X (I) — Analysis Overview

g W=
A
\ W+ H,Z
B
oo
t,b,b

PRE(-selection

RECOSR

= 3-L-jets

=1 W-tagged L-jet
St=1500 GeV
AR(lep, b-jet[0])=1

PRE +
RECOSR Veto

Target

- 9B(B—->Wt)=1
10 (e or ) — target WiWt corner at moderate to high St
Mass range: mg > 1 TeV

Pre-Selection
 lepton- (e or W) trigger
e Etmiss > 60 GeV
* >4 (=1 b-tagged jets)
e =1 L-jetr=1)

Backgrounds
* tt + jets, W+jets & single-top (from simulation)
* Multi-jet: Matrix Method
o tl+V (V=W,2), VV, V+jets

Search Regions
» 2 SRs
* Simultaneous Profile Likelihood Fit (reconstructed mghad & BDT discriminant)

£
Steffen Henkelmann | 2’&1!;&,,5,

| submitted to JHEP

L=36.1 fb-1,13 TeV

University of British Columbia —


https://arxiv.org/abs/1806.01762
https://arxiv.org/abs/1803.09678

Wt+X

(1) — Analysis Overview

| submitted to JHEP

}Q N

PRE(-selection

RECOSR

= 3-L-jets

=1 W-tagged L-jet
St=1500 GeV
AR(lep, b-jet[0])=1

PRE +
RECOSR Veto

Event fraction [9%]

L=36.1 fb-1,13 TeV

Target

- 9B(B—->Wt)=1

- 10 (e or u) — target WtWt corner at moderate to high St
- Mass range: mg > 1 TeV

0 ATLAS Simulation -

- s =13 TeV ~
401 =

- m;=1.3 TeV -
S0 RECOSR —
20 BDTSR -
10— —

OTWtwt  WtHb  WiZb  ZbHb  HbHb  Zbzb



https://arxiv.org/abs/1806.01762
https://arxiv.org/abs/1803.09678

- Signal: mgWtWt ¢ [1.05, ...,
- 20 input variables

— 35

>

_ 30

o

= 25

O

C

= 20

c

S 15

>

LI 10
5

* Significant acceptance to other branching ratios, ‘X’

Wt+X (11) — Discr

iminants

arXiv:1806.01762

BDTSR
BDT classifier

- TMVA (AdaBoost)
- Background: tt

- global event characteristics
- kinematic and angular distributions

.I - %’(B—)Wt) 1

1.6] TeV

- AITLAS SimlIJIation | SM Total .
— Is=13Tev mg = 1000 GeV —
- BDTSR " myg = 1300 GeV -
- ... Mg = 1500 GeV -
- | R e - . T -

—0.4 -0.2 0 0.2 0.4 0.

BDT discriminant

6

Event fraction [%]

1. Reco. Wiep paired with L-jet as proxy for Biep candidate
2. Two additional L-jets paired as proxy for Bhad candidate

RECOSR

BB system reconstruction

3. All possible combinations are tried

z Choose combination with min IAM(Biep, Bhad)|

. I ZACEALDER

o
o

40

30

20

10

N L I I
ATLAS Simulation
{s=13TeV

RECOSR

SM Total -
mB = 1000 GeV —_
+mg = 1300 GeV -

. mg = 1500 GeV =

M9 [GeV]

* BB system fully reconstructable

» Designed to look for ‘bump’ targeting 93(B— Wt)=1

| submitted to JHEP
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https://arxiv.org/abs/1806.01762
https://arxiv.org/abs/1803.09678

Events / bin

Data / Pred.
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107
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Wt+X (Il) — Discriminants

arXiv:1806.01762

Steffen Henkelmann | 9{!;“;!;&,‘5,

No excess above SM expectation

_I L | L | L | L | L | L | L | L I_ .E B | | | | | | | | | | | | | | | | | | | | | i
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= ° ttV [ Z+jets 2 - 7/ Total uncertainty :

— B Multi-jet 7 Total uncertainty . o5] -
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BDT discriminant mi? [GeV]

| submitted to JHEP

University of British Columbia —


https://arxiv.org/abs/1806.01762
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Wt+X (IIl) — Limits

~ Tk 1400 <
T 0.9k ATLAS 1200 &
[ = Vs=13 TeV, 36.1 fb” =
m O8F 1200 E
Y 0.7 N
R - on SU(2) singlet 1100 &
0.65 O SU(2) (T B) doublet -
0.8% $3 SU(2) (B'Y) doublet O
- 900 °
0.4 g%

: 800
0.35— g
0.2;— /700 %
0.12— 600 8

* Dominant systematics
» Top-quark modelling
» Data statistics

mlimit

| |
0 0102030405060.70809 1

500

B (B — W)

[GeV]

9B(B—-Wt)=1

expected

arXiv:1806.01762

| submitted to JHEP
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https://arxiv.org/abs/1806.01762
https://arxiv.org/abs/1803.09678

THE BIGGER PICTURE

BR(T — Hi)

3 W m, =850 GeV { ATLAS Preliminary
1 Vs=13TeV, 3.2-36.1 fb”
-« Exp. limit ] Obs. limit

___ Wb+X-36.1fb"
[EXOT-2016-14]

_ -1
: E '.... m,. = 950 GeV 1 — ['-C|t(-)+l\)l$:-2(1)136-21;‘t:]

. __ Z(vO)+X-36.1 b
[arxiv:1705.10751]
Same-sign - 3.2 b
[CONF-2016-032]

B SU(2) doublet = SU(2) singlet
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TAKE AWAY
No discovery of new physics

Comprehensive Search Program (@ ATLAS

EXPERIMENT

- Various VLQ decay mode coverage by numerous ATLAS analyses
- Strategy established to maximise sensitivity in full 98-plane

- Significant improvements of lower VLQ mass limits compared to Run-1

VLT VLB
mlimit [GeV] BT-HY)=1 = BT->Wb)=1 = BT-Zt)=t B(B-Wt)=1
........ eweced | 1550120170 [0 Run-l results
Observed ........ 1430 ...... ....... 1350 ...... ...... 1160 1350 exceed 1 Tev
Run-| 950 /80 /50 810 |

Future Challenges

- Only mild gain in sensitivity with luminosity increase
Probing new & interesting regions of phase space

Theory: Reliable SM background process modelling in ‘extreme’ regions of phase space
- Experiment. Modern reconstruction & identification techniques for boosted particles
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BDT INPUT VARIABLE DEFINITIONS

Table 3: List of the 20 BDT input variables used in the training of the BDTSR signal region, ordered by their respective TMVA ranking. The terms leading,
sub-leading, etc. refer to the pr ordering of the objects.

Variable Description

ST Scalar sum of E‘Tniss. the pr of the lepton and the pt of all small-R jets

m (leading large-R jet) Mass of the leading large-R jet

Sphericity Sphericity [70] (S = %(/12 + A3)) is a measure of the total transverse momentum with respect to

AR(lep, sub-leading small-R jet)
AR(leading b-jet, leading large-R jet)
min[AR(lep, b-jet)]

Aplanarity (A = %13)

min[M(Wlep, b'jet)]

AR(lep, third-leading small-R jet)
AR(Wyp, large-R jet closest to leading b-jet)
pt (sub-leading large-R jet)

My

Sphericity (large-R jets)

AR(lep, leading small-R jet)
AR(W)ep, leading large-R jet)
AR(lep, sub-leading b-jet)

Er}niss

PT (Whad)

Njets

pt (sub-leading small-R jet)

the sphericity axis defined by the four-momenta used for the event shape measurement; A 3
are the two smallest eigenvalues of the normalised momentum tensor of the small-R jets
Angular separation between the lepton and the sub-leading small-R jet

Angular separation between the leading b-tagged jet and the leading large-R jet

Minimum angular separation between the lepton and all b-tagged jets

Aplanarity [70], where A3 is the smallest eigenvalue of the norm. momentum tensor of small-R jets
Minimum invariant mass of Wi, and all b-tagged jets

Angular separation between the lepton and the third-leading small-R jet

Angular separation between the W), and the large-R jet closest to the leading b-tagged jet
Transverse momentum of the sub-leading large-R jet

Transverse mass of the Wy,

Sphericity, using normalised momentum tensor of the large-R jets

Angular separation between the lepton and the leading small-R jet

Angular separation between the Wje, and the leading large-R jet

Angular separation between the lepton and the sub-leading b-tagged jet

Missing transverse energy

Transverse momenta of the leading Wy,q candidate

Small-R jet multiplicity

Transverse momentum of the sub-leading small-R jet

| $ATLAS

c
c
(1]
E
()
=
c
Q
I
c
(]
=
()
et
7p)
I
3
Q2
S
=
o
(&)
L
(/2]
o
=
(11]
(T
o
>
5=
(2
S
(]
2
c
-



JHEP 08 (2017) 052

JA

>
)
| § AT



https://link.springer.com/article/10.1007/JHEP08(2017)052

Zt+X — pre-selection [ Search Regions (1) uerseonos

'ariable | Preselection SR TCR ‘ WCR
Frss | 300 GeV > 350 GeV > 300 GeV
ml} > 30 GeV > 170 GeV € [30.90] GeV
ammo — > 175 GeV > 100 GeV
My - > 80 GeV > 80 GeV
H. mlj; — > 12 —
Jet pr 25 GeV > 120,80, 50,25 GeV > 120,80, 50,25 GeV
[A(5i, EF5), 4= 1,2 > (.4 > (0.4 > (.4
# b-tagged jets > 1 > 1 >1 | =0
4 large-radius jets — > 2 > 2

Large-radius jet mass

Large-radius jet pr

> 80,60 GeV

> 200 GeV il Efllﬁss < 450 GeV
> 200 GeV if E2sE > 450 GeV

=~ 80,60 GeV
> 200 GeV

« Zt+X

: lep
- myW: transverse mass of leptonic W 77 = \/7,0 ET*[1

amy, : transverse mass with two invsible particle mr; =

min

— cos(Ap)]

Jra+qro=Emss

* a,b = lepton, two b-jets with highest weight

H qomss @ significance of H,miss

miss — Mmiss ,
HT sig — (HT — 100 GEV)/U'H?M

« Hmiss: magnitude of vectorial sum of jets and lepton p;

{max(mr,. mtp)}

(used to reduce events w/ mis-reconstructed Ermiss)

} 2

| $ATLAS
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Zt+X — pre-selection [ Search Regions (I1) ueroseormnos

Variable Signal Region TVIRR | WVIR ‘ STV

Eres > 350 GeV > 300 GeV
me > 170 GeV > 120 GeV > 60 GeV

AT > 175 GeV € [100,200] GeV | > 100 GeV | > 200 GeV
Mo > 80 GeV > 80 GeV

HTS > 12 —

Jet pr > 120,80, 50,25 GeV > 120, 80,50, 25 GeV

Ad(j;, BRI==), i =1, 2 > 0.4 > 0.4
# b-lagged jels > 1 > 1 | =0 | > 2
# large-radius jets > 2 =1

[.arge-radius jet mass

Large-radius jel pp

2
- S
> 9
- S

> 80, 60 GeV
00 CeV if F3iss < 450 CeV
00 CeV if B > 450 CeV

> 80 GeV
> 200 GeV
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Zt+X — Yields [ Limits (I11)

JHEP 08 (2017) 052

|zt
Z

Region SR TCR WCR TVR WVR STVR
Observed events 7 437 303 112 131 143 W= H,Z
Fitted bkg events 61+19  437+21 303+17 109+35  127+31 125427 ‘X’
Fitted ¢ events 25+ 1.7 28040 38415 90+ 40 15+8 53423 0,8,
Fitted W + jets events 1.14+£0.7 70 £ 28 224 £+ 27 3.0 2.0 77+ 30 157
Fitted singletop events 1.1 £0.7 63 + 24 10+£5  4.2+26 3.375% 46 £ 17
Fitted ¢t + V events 0.91 £ 0.20 9.7+1.6 1.03 £0.30 7.0+£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
=8
S
£
Signal Obs. 95% CL Exp. 95% CL .
lower mass limit | lower mass limit 5
T — 7t 1.16 TeV 1.17 TeV i
Singlet 0.87 TeV 0.89 TeV E
Doublet 1.05 TeV 1.06 TeV ;3
:;‘E
5
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Ht+X — pre-selection (1) EETEIER | submitted to JHEP

Preselection requirements

Requirement 1-lepton channel O-lepton channel
Trigger Single-lepton trigger E}mss trigger
Leptons =] isolated e or u =0 isolated e or u
Jets >3 jets >6 jets
b-tagging >2 b-tagged jets >2 b-tagged jets
E,}mss E,}mss > 20 GeV Efr‘f1iSS > 200 GeV
Other EM™SS-related | E™S + mW > 60 GeV |  Ag . > 0.4

Aqﬁin is the minimum azimuthal separation between the E}mss vector and each of the four highest-pr jets.

The latter requirement in the O-lepton channel is very effective in suppressing multijet events, where the large E{Piss
results from the mismeasurement of a high-pr jet or the presence of neutrinos emitted close to a jet axis.

| $ATLAS

University of British Columbia — Steffen Henkelmann



https://arxiv.org/abs/1803.09678

Fraction of events

Fraction of events

Ht+X — Kinematics (I1)
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0_9:_ ATLAS Simulation
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0.7t [ Total background
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Ht+X — Search Regions (II11)

| submitted to JHEP

1-lepton channel

Search regions (>6 jets)

N Ny b-tag multiplicity Meff Channel name
0 0 3 >1 TeV 0t, OH, >6j, 3b
0 0 >4 >1 TeV 0t, OH, >6j, >4b
1 0 3 >1TeV  1t, OH, >6j, 3b
1 0 >4 >1 TeV 1t, OH, >6j, >4b
0 1 3 >1 TeV 0t, 1H, >6j, 3b
0 1 >4 >1 TeV 0t, 1H, >6j, >4b
R 3 N 1t, 1H, >6j, 3b
1 1 >4 - 1t, 1H, >6j, >4b
>2 0Oorl 3 — >2t, 0-1H, >6j, 3b
>2 0Oorl >4 — >2t, 0-1H, >6j, >4b
>() >2 3 — >0t, >2H, >6j, 3b
>0 >2 >4 - >0t, >2H, >6j, >4b
Validation regions (5 jets)
N Ny b-tag multiplicity Meft Channel name
0 0 3 >1 TeV 0t, OH, 5j, 3b
0 0 >4 >1 TeV 0t, OH, 5j, >4b
B i s N B et L >1TeV ~  1t,0H, 5j,3b
1 0 >4 >1 TeV 1t, OH, 5j, >4b
0 1 3 >1 TeV 0t, 1H, 5j, 3b
0 1 >4 >1 TeV 0t, 1H, 5j, >4b
11 e 3 - 1t 1H,5j,3b
>2 Oorl 3 — >2t, 0-1H, 5j, 3b
>() >2 3 — >0t, >2H, 5j, 3b
Ni + Ng > 2 >4 - >2tH, 5j, >4b

0-lepton channel

Search regions (>7 jets)

| S ATLAS

Ny Nu b-tag multiplicity m‘%, min Mefr Channel name
0 0 2 >160 GeV  >1 TeV 0t, OH, >7j, 2b, HM
0 0 3 <160 GeV  >1 TeV 0t, OH, >7j, 3b, LM
0 0 3 >160 GeV  >1 TeV 0t, OH, >7j, 3b, HM
0 0 >4 <160 GeV >1TeV  0t, OH, >7j, >4b, LM
0 0 >4 >160 GeV  >1TeV  0t, OH, >7j, >4b, HM
10 2 >160 GeV >1TeV  1t, OH, >7j, 2b, HM
1 0 3 <160 GeV  >1 TeV 1t, OH, >7j, 3b, LM
1 0 3 >160 GeV  >1 TeV 1t, OH, >7j, 3b, HM
1 0 >4 <160 GeV >1TeV  1t, OH, >7j, >4b, LM
1 0 >4 >160 GeV  >1TeV  1t, OH, >7j, >4b, HM
R 2 >160 GeV  >1TeV ~ 0t, 1H, >7j, 2b, HM
0 1 3 <160 GeV  >1 TeV 0t, 1H, >7j, 3b, LM
0 1 3 >160 GeV =~ >1 TeV 0t, 1H, >7j, 3b, HM
0 1 >4 <160 GeV >1TeV  0t, 1H, >7j, >4b, LM
0 1 >4 >160 GeV  >1TeV  0t, 1H, >7j, >4b, HM
R 3 <160 GeV >1TeV  1t, 1H, >7j, 3b, LM
1 1 3 >160 GeV  >1 TeV 1t, 1H, >7j, 3b, HM
" >2 Qorl 3 <160 GeV >1TeV  >2t, 0-1H, >T7j, 3b, LM
>2 Oorl 3 >160 GeV  >1TeV  >2t, 0-1H, >7j, 3b, HM
>0 >2 3 - >1 TeV >0t, >2H, >7j, 3b
"Ny +Ng>2 2 >160 GeV  >1TeV ~ >2tH, >7j, 2b, HM
Nt + Np > 2 >4 - >1 TeV >2tH, >7j, >4b
Validation regions (6 jets)
N Ny b-tag multiplicity ml%, min Mt Channel name
0 0 2 >160 GeV  >1 TeV 0t, OH, 6j, 2b, HM
0 0 3 <160 GeV  >1 TeV 0t, OH, 6j, 3b, LM
0 0 3 >160 GeV  >1 TeV 0t, OH, 6j, 3b, HM
0 0 >4 <160 GeV  >1 TeV 0t, OH, 6j, >4b, LM
0 0 >4 >160 GeV  >1 TeV 0t, OH, 6j, >4b, HM
10 2 >160 GeV >1TeV ~ 1t, OH, 6j, 2b, HM
1 0 3 <160 GeV  >1 TeV 1t, 0H, 6j, 3b, LM
1 0 3 >160 GeV  >1 TeV 1t, OH, 6j, 3b, HM
1 0 >4 - >1 TeV 1t, OH, 6j, >4b
01 2 >160 GeV >1TeV ~  0t, 1H, 6j, 2b, HM
0 1 3 <160 GeV  >1 TeV 0t, 1H, 6j, 3b, LM
0 1 3 >160 GeV  >1 TeV 0t, 1H, 6j, 3b, HM
0 1 >4 - >1 TeV 0t, 1H, 6j, >4b
"Ne+Ngp>2 2 >160 GeV >1TeV ~  >2tH, 6j, 2b, HM
N, + Ngg > 2 3 = >1 TeV >9tH, 6j, 3b
Ny + Ny > 2 >4 - >1 TeV >2tH, 6j, >4b
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pre-fi

post-fi

Ht+X — Search Regions (II11)

| S ATLAS

1-lepton channel >2t, 0—1H, 1t, OH, 1t, 1H, >2t, 0-1H, >0t, >2H,
>6j, 3b >6j, >4b  >6j, >4b  >6j, >4b  >6j, >4b
TT (mT =1 TGV)
B(T — Ht) =1 196 1.5 215426 243427 239428 14.6+2.0
T doublet 142+1.0 152+1.6 125+14 13.3+15 5.96£0.62
T singlet 7.88£0.58 813+£0.94 547+£0.62 551+£0.69 2.18+£0.23
tttt
EFT (|Cy|/A? = 4 TeV™?) 535 + 30 706 + 80 1714+ 19 468 £55  34.3+5.0
2UED/RPP (mix = 1.6 TeV) 9.774+0.46 1.8440.35 1.00£0.19 89414  0.3940.09
tt+light-jets 91 4 46 38 + 17 4.842.4 54433  0.9940.49
tt+>1c 75 4 45 64 4 38 95456  11.8+75 21£1.3
tt+>1b 86 + 41 215+83 324495 42 + 22 71422
ttv 9.74+1.8 114424 1.73£0.39 246+£0.53 0.41£0.10
ttH 4.904+0.78 15.0+£2.8 3.794+0.65 2.8440.62 1.1940.20
W +jets 9.4 4 4.4 82442 0.694+0.50 1.3240.71 0.54 +0.48
Z+jets 1.31+£0.64 0954048 0.10+0.07 0.134+0.08 0.06 4 0.05
Single top 13.1+£55 166+£7.0 1.69+£0.76 1.97+0.95 0.26+0.21
Diboson 1.8+1.1 099+£0.55 0.11£0.09 0.22+0.14 0.01£0.04
tttt (SM) 2.82+0.86 49416 1.12+£0.36 2.55+0.82 0.23£0.07
Total background 299 +83 380+ 110 56 4 13 71 4 25 12.9 + 3.2
Data 353 428 60 78 18
1-lepton channel  >2t, 0—1H, 1t, OH, 1t, 1H, >2t, 0-1H, >0t, >2H,
>6j, 3b >6j, 24b  >6j, >24b  >6j, >4b  >6j, >4b
tt+light-jets 137 £ 24 59 + 11 7.6+£1.6 9.0£2.0 1.50+£0.34
tt+>1c 79 + 34 81 + 26 11.4+3.8 124451 2364+0.84
tt+>1b 84 + 20 27 = 2% 35.3+5.6 44.1+9.1 7.4+1.2
ttV 10.7+1.6 132421 2.124+0.34 2.824+0.46 0.50=+0.08
ttH 526 +0.61 174423 4.284+0.56 3.254+0.46 1.33+£0.17
W +jets 11.4£4.0 95+34 0.71+036 1.68+0.59 0.78+0.31
Z+jets 1.56 £0.55 1.11£0.41 0.08+£0.06 0.16+0.06 0.07=+0.04
Single top 11.34+£5.6 10.84+6.2 2.014+0.62 1.854+0.90 0.24+0.15
Diboson 220+091 1.10+0.50 0.204+0.08 0.30+0.12 0.03£0.07
tttt (SM) 283+084 53+15 1.204+0.35 2.744+0.79 0.24+0.07
Total background 349 + 20 416 £+ 18 64.9+47 782+80 14.4+4+1.2
Data 353 428 60 78 18

0-lepton channel >2tH, 1t, 1H, >2t, 0—1H, 1t, OH, >2tH,
>T7i, 2b, HM  >7j, 3b, HM  >7j, 3b, HM  >7j, >4b, HM  >7j, >4b

TT (mr =1 TeV)

B(T — Zt) =1 22.3+2.3 2.60 £+ 0.57 6.02 + 0.61 4.72 + 0.66 6.94 + 0.98

T doublet 16.0 1.1 4.22 +0.34 5.92 +0.49 5.32 £0.61 18.7 £+ 2.0

T singlet 8.52 £ 0.61 1.81 £ 0.16 2.63 +0.22 2.32 +0.29 6.91 £+ 0.80
tt-+light-jets 17.8 £9.8 0.72 £ 0.40 0.80 £ 0.53 1.30 4 0.72 1.71 4+ 0.98
tt+>1c 9.7+ 6.4 0.92 £ 0.65 0.95+0.71 2.4+1.6 3.2+2.0
tt+>1b 6.3 £4.2 1.17 4 0.59 1.78 £0.74 9.4+ 3.2 1144+ 4.1
ttV 5.5+ 1.0 0.49 +0.12 0.88 £0.19 1.19 £0.27 1.01 £0.24
ttH 0.61 £0.12 0.17 + 0.05 0.13 +0.04 0.85 £0.17 1.08 = 0.25
W +jets 9.6 £4.1 0.52 £ 0.27 0.80 4+ 0.37 0.81 £ 0.40 0.56 + 0.28
Z+jets 8.6 £4.5 0.59 £+ 0.28 0.8 £2.1 0.80 £+ 0.40 0.63 £+ 0.42
Single top 8.3+t44 0.69 + 0.43 0.97 £ 0.59 1.8+ 1.0 1.10 £ 0.61
Diboson 29+1.9 0.11 £0.20 0.55 + 0.66 0.24 £ 0.25 0.14 £0.15
tttt (SM) 0.22 £0.07 0.06 £+ 0.02 0.12 £0.04 0.31 £0.10 0.77 £ 0.25
Multijet 3.9+ 3.9 0.13 +0.17 0.20 +0.24 0.64 + 0.68 2.8+ 2.8
Total background 73+ 19 5.6 1.4 8.0£ 3.7 19.7 £ 5.0 24.4 + 6.3
Data 87 8 7 18 29
0-lepton channel >2tH, 1t, 1H, >2t, 0-1H, 1t, OH, >2tH,

>7j, 2b, HM  >7j, 3b, HM  >7j, 3b, HM  >7j, >4b, HM  >7j, >4b

tt-+light-jets 24.7+5.0 1.08 4+ 0.20 1.04 £ 0.25 2.20 +0.43 2.91 £ 0.57
tt+>1c 9.2+4.9 0.85 +0.44 0.89 + 0.48 29+1.1 3.4+14
tt+>1b 5.3+t 1.9 1.31 £ 0.39 1.58 4+ 0.55 9.4+1.3 12.8 2.4
ttV 5.96 + 0.88 0.59 £+ 0.09 1.00 £ 0.15 1.46 £0.23 1.254+0.19
ttH 0.61 + 0.08 0.19 + 0.03 0.13 £0.02 1.024+0.13 1.16 £ 0.17
W+jets 12.0 £ 3.2 0.63 £+ 0.22 0.92 £ 0.34 0.71 £0.27 0.86 £+ 0.22
Z+jets 10.6 £ 3.1 0.69 £+ 0.26 0.4+1.3 0.65 £+ 0.29 0.94 + 0.29
Single top 8.9+ 3.2 0.77 £ 0.36 0.95 £+ 0.48 1.84 +£0.82 1.17 £ 0.47
Diboson 3.9+1.6 0.41 £0.39 0.53 £+ 0.44 0.37 £0.15 0.23 £ 0.10
tttt (SM) 0.20 £ 0.07 0.05 £ 0.02 0.12 £ 0.04 0.36 + 0.10 0.87 +0.24
Multijet 4.1+ 3.7 0.14 £0.13 0.18 +0.19 0.67 £ 0.62 3.3+2.6
Total background 85.5 £ 6.8 6.70 & 0.75 7.8 1.7 21.6 £1.4 28.8 £ 3.1
Data, 87 8 7 18 29
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Ht+X — Limits (V)
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95% CL lower limits on T" quark mass [TeV]

_—r;’ .................. T r" I T I T ]
: \,% m; =700 GeV 1. ’*.,% m, =800GeV ] ATLAS
e 1 e 1 Vs=13TeV, 36.1 fb’
_ Q~~ % ___- y,% % 9 S = e y .
?!r ’%f/ﬁ . :;‘;.‘ ’~;f’/§J/ ’ { ====-- Exp. 1-lepton limit
i ”f’O@/ T ".f’OQ/ 1 ----- Exp. O-lepton limit
- ® . I o . i Exp. combination limit
- e, T . - Obs. combination limit
N oI s awe” ™™, 1 & SU(2) doublet @ SU(2) singlet
_—?;’ ——— T_—?%~ | —— 1 ?_—.r~’ LI I S e B B B S |
Ca e m. =900 GeV 1: *., m. =950 GeV 11 *., m. = 1000 GeV :
w . T R, . B, g
0 QQ 4 i % [ | Q. .
_ L O 4 n L O u L O A
1 LS O —_n L O | 9, 0 —_
X “ Tk . X 3 :
| u o S 1= Ky " o S |
N ’%OQ/ S %%0(9/ | ’Q.OQ/ —
0 QQ 4 i % [ | a QQ .
C a o fa, T o . | pmmmme”@TTEN ]
—: ‘o'ﬂ ——: ‘ﬁ'-----'l S :--' | '3 =
:: -“.___.o"---' ‘tq, :-:_.o"---' *e :' :: P 3¢ 1
-—}’L#':'::::::::::::::’?’?_ }~ | i | :lr “}_|_|_|_% ] I’i- d
N m. =1050 GeV f: ™. m.=1100 GeV 1} ", m, = 1150 GeV :
__N % —_— % [ | a §~ —
E E --Q~ 0 EE E -%~. 0 E : ~”~Q~ 0 E
__‘i, %Q.?Oé __._‘i, . R ?O,j i,- - .E. DA .’%?0,5 N
- :\.J’é‘/c’, 1 o----;--:";//‘s}é . . > J’é‘/é ]
C _‘,.----.;.."".?/ TiTTT “:- v - P ¥ p
S AR 13 I A ® E
= e I D7 I :
_—I..:‘-::---:?-?::::;:::__I.’:’ } ?F}: ———— —
[ E ”.\ m, = 1200 GeV 1 :..* m. =1300 GeV 1 m. = 1400 GeV
- S T + ;s
Came” TN T ¢ i C ]
- % + Z + 2 -
& <N I % I .. :
[ | ‘0 \9/0 'S}O T 'S}O 1
RS & T v T 4 1
o I o 1 o _
1 P TR SR R R I P BT TSI R B
O 02 04 06 0.8 O 0.2 04 0.6 0.8

0 02 04 06 08

1

BR(T — Wb)

Search B(T —- Ht)=1 B(T — Zt)=1  Doublet Singlet
I-lepton channel  1.47 (1.30) 1.12(0.91)  1.36(1.16) 1.23(1.02)
O-lepton channel ~ 1.11 (1.20) 1.12(1.17)  1.12(1.19) 0.9 (1.05)
Combination 1.43 (1.34) 1.17(1.18)  1.31(1.26) 1.19(1.11)
Previous Run-1 ATLAS TT — Ht+X search [25]

I-lepton channel  0.95 (0.88) 0.75(0.69)  0.86(0.82) 0.76(0.72)
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KINEMATIC VARIABLE DEFINITIONS

Zt+X
. lep A
- myW: transverse mass of leptonic W iy \/ 2pr EF™[1 = cos(Ag)]
- amy, : transverse mass with two invsible particle mrx = min_ {max(mra. mtp)}

JTa | JT = E'mm

* a,b =lepton, two b-jets with highest weight

e g : miss — Mmiss
Hysqmss @ significance of Hmss A G = (Hp ™ — 100GeV)/oymiss (used to reduce events w/ mis-reconstructed Eymiss)
H,miss : magnitude of vectorial sum of jets and lepton p;

Ht+X

- Mg4: scalar sum of jet & lepton p; and MET . . - . :
et J PIon pr m,‘I’. ., the minimum transverse mass of E7"* and any of the three (or two, in events with exactly

- My, @ 1lep - minAR (bjet,bjet) two b-tagged jets) leading b-tagged jets in the event
- My, Olep - leading 3-bjets and MET

Wb+X
—- myer: Full TT(W,b,lep,MET,b) reconstruction minimizing |Am,]

- S;:scalar sum of jet & lepton p; and MET

SS lepton

- H- : scalar sum of jet & lepton p-

Single VLQ
- My : Reconstruct Q(b,lep,MET)
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BIG HIERARCHY PROBLEM

| A: new physics scale
If SM describes nature up to say A~Mpianck

* Then, divergent radiative corrections Amu2? to bare Higgs mass suggest:

(mH)bar92 ~ 1032 Gev (appears ‘unnatural’)

Dominant radiative corrections
stem from top-quark loops

Steffen Henkelmann | ),’F[,Hﬁ,?,

University of British Columbia —

Assume A~10 TeV: Amp2~ —(2 TeV)?2
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If SM describes nature up to say A~Mpianck

* Then, divergent radiative corrections Amu2 to bare Higgs mass suggest:

(mH)bar92 ~ 1032 Gev (appears ‘unnatural’)

Solve:
A.lf SM is only effective theory at low energy scales up to say A~TeV
- Amp2 ~ O((MH)bare?), I.€. amount of necessary fine-tuning needed in SM is O(few %)

Dominant radiative corrections
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BIG HIERARCHY PROBLEM

| A: new physics scale
If SM describes nature up to say A~Mpianck

* Then, divergent radiative corrections Amu2? to bare Higgs mass suggest:

(mH)bar92 ~ 1032 Gev (appears ‘unnatural’)

Solve:
A.lf SM is only effective theory at low energy scales up to say A~TeV
- Amp2 ~ O((MH)bare?), I.€. amount of necessary fine-tuning needed in SM is O(few %)

B. Add new particles that lead to cancelation of Amy2

Dominant radiative corrections Cancelation through new particles
stem from top-quark loops of dominant corrections to Higgs mass

Steffen Henkelmann | ){ﬁ{kﬁé

University of British Columbia —

Assume A~10 TeV: Amp2~ —(2 TeV)?2 omu2~ +(2 TeV)?2
Comment. Magnitude of cancelation depends on mass of new particles



