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The Top Quark

Top quark special due to its high mass

> main responsible for hierarchy problem

» strong Yukawa couplings to the Higgs boson — window to EWSB

Top quark plays important role in many BSM models

> Little Higgs Models
> Composite Higgs Models

» Extra dimensions...

These models predict a number of new particles

— Search results presented in this talk
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BSM Searches in this Talk

> Vector-like quarks:

» Same transformations under SU(2)®U(1) for L- and R-handed chiralities
» Decay modes

» T'"5>tH, T'>tZ, T' - bW

» B' > DbH, B'—> bZ, B' - tW
» Searches for pair produced T' and B'

in all decay channels

» Resonance searches:

» Resonances of third generation quarks:
Z', W' or Kaluza-Klein gluons
» Excited top quarks

» Also covered in this talk: Searches for FCNC
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Jet Substructure Tools
Top Tagging CMS PAS JME-13-007

» CMSTopTagger
» HEPTopTagger

— |dentify 3 subjets
Apply W and top mass requirements on fat jet and subjets

Higgs/W/Z Tagging | CMS PAS JME-13-006

— |dentify 2 subjets
Apply mass cuts - Itl -
Subjet b tagging [ cMS PAS BTV-13-001

— b-tagging discriminator from displaced tracks & secondary vertex info

Improves performance of top tagging and Higgs tagging

N-subjettiness

— T_:how consistent is jet with having n subjets?
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Vector-Like Quarks




CMS PAS B2G-12-015 Inclusive Leptonic T' Search

. CMS preliminary ys=8 TeV 19.6 fb™!
§105 . . * data
. . . 2 10 u+23 jets/21 W-jet [ other backgrounds
» Single lepton + jets BDT analysis 10° K
10° " RJuncertainty
N : - _ : , BB - o TT.800 GeV (x100)
with/without W-tagged CAS jet 1100 “nﬂrﬂ -~
> BDT input variables: 1 )
e.g. W-tag, b-tag & top-tag multiplicity

Multilepton counting experiment ' o BDT Discriminant

. . i CMS preliminary ys=8TeV 19.6 fb™
» Opposite sign dilepton channel BR(bW)

i ISOD
—750

v

» Same sign dilepton channel

> Trilepton channel

—{700

—650

» Greatest sensitivity for T' — tZ decays

» Observed limits between 687 and 782 GeV

—600

[A3D] ywr ssey yaen) I, paAIdsqQ

1
BR(tZ) BR(tH)
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CMS PAS B2G-14-002|  All-hadronic T' — tH (H — bb)

Select events with = 1 top tags and = 1 Higgs tags

CMS Simulation Preliminary

% Top-tagging: L ™ W
- HEPTopTagger o 7 .
) Subjet b_tag 105 - surens TTSHHH(1000GeY)
10 - TTtHtH(700GeV) 3
10* — — TT —tHtH(500GeV) _
10° Fus ;
op L
Higgs-tagging: 1k :
--ﬁ- * 2 subjet b tags 107k .
* Invariant mass 10% F
[ - | | ------ i | | ‘ ‘ 4
of b jets > 60 GeV T s e
n top-tags

Backgrounds reduced very effectively using substructure tools
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CMS PAS B2G-14-002
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Sensitive variables: HT & Higgs candidate mass

— Combine in likelihood ratio for limit setting

CMS Preliminary, 19.7 fb™ at {s =8 TeV

mass of Higgs candidate (GeV)

CMS Preliminary, 19.7 fb” at Vs = 8 TeV, BR: BW 0%, TZ 0%, TH 100%

o(pp— TT) [pb
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Mass limit for 100% T' — tH: Expected 701 GeV
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CMS PAS B2G-14-003 T S>tH(H -V

» At least one decay H — yy: Precise Higgs-mass reconstruction

CMS Preliminary /s =8 TeV L = 19.7 b

> Analysis in hadronic and leptonic channel

g | TT—tHIH(— v 7Y) —+ Data
— °[ Hadronic Category — Bkg Model
% | M,=700 GeV [ J+1o
. 5 | I £ 26
» Event selection: W4 B 1T it
- b ttH(—) ’Y’Y)
> 2 photons sl
> 2jets I
2_
» Large H. :
> 1 b-tag in hadronic channel i T !
- rL
"~ | | | LL\ ] ‘ | ] ] | ] T T
‘?00 120 140 160 180
m,, (GeV)

» Limit: 540 GeV observed
607 GeV expected
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CMS PAS B2G-13-003

> Inclusive search in events with = 3 leptons

(including hadronic taus)

» Define multiple event categories by

> Number of OSSF lepton pairs

> Lepton pair on/off Z shell

» Value of ST

Multilepton B' Search

CMS Preliminary

(s=8TeV, jL dt =19.5 fb™

10°

Events/Bin

—
o

—

E 3 leptons: OSSF1; high-Z; no taus; at least 1 b-jet

—
Q

—
Q
N
LA L

—— Data
[ 1 bb'— tWtW @ 750 GeV
Bkg Uncertainties
[T Data-driven
+#

CJwz

N zz

[ tw

[z

&h 1T IR IWRTTT WA

» Presence of b-tags / hadronic taus

» Limits from counting experiments:

520-785 GeV
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CMS PAS B2G-12-020 Leptonic B' — tW

> 1 1 H ) CMS Preliminary 19.6 fb™ at Vs = 8 TeV mumu channel
A'naIyS|s optimized for decays of PR T T
B' — tW § iof [ mwmoseomwemon o o .
S F [ erommromn [ prompinonerompt
8 102 :E [ ] wonPrompt-NonPrompt Uncertainty on Backgmunda:
10 : _;
> Event selection: 1 ]
» 2 same sign leptons "
10°
> 24 jets g
a 200 400 600 200 1000 1200 1400 1800 S‘I:Eitéaef’EiDD
> Split events into categories CMS Preliminary
according to S; and lepton flavor BREW) e

1

» Mass limit from ST variable:

800 GeV for 100% B' — tW

[AeD] Hwirq sse senp ,q panlesqo

B1R(bZ) Bn(bh)
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Resonance Searches




Phys. Rev Lett. 111, 211804

» Search for resonances in m; spectrum

» Combination of three approaches:

> Resolved semi leptonic

|solated lepton + 4 jets + E

T,miss
> Boosted semi leptonic
1 lepton (no isolation required)
1 high p; CA8 jet
Different b-tag categories
> Boosted hadronic
2 CAS8 jets with CMS top-tag
Back to back topology

tt Resonances

CMS, 19.7 fb™, /s = 8 TeV
7 10°E
2 - emams Expected (95% CL)
"f 10 ;_ \\ ! —— Observed (95% CL)
- N — - 7' 1.2% width
?f 1 ;_ \i\ - +10 Expected
Ry - |:| +2¢ Expected
© - !
s 107 3 i
E f
= 107 ;
8 E resolved | boosted ~ ~
o . analysis ' analyses ~
: 10'3 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I\ 1
0.5 1 1.5 2 2.5 3
M, [TeV]
Model Observed Limit Expected Limit
7 T,/ My —1.2% 21TeV 21TeV
7! Ty ) My = 10% 2.7 TeV 2.6 TeV
RS KK gluon 2.5TeV 2.4TeV
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CMS PAS B2G-12-009

» Event selection:

» Top candidate: CA8 jet (p,. > 450 GeV)

W' — tb (AII hadronlc)

CMS top tag & 1 subjet b-tag
N-subjettiness 1./1, < 0.55

» b candidate: b-tagged jet
p; > 370 GeV & mass < 70 GeV

> Limit for 100% right handed couplings:

| 2

| 2

» Similar sensitivity as previous CMS search

Expected: 1.99 TeV
Observed: 2.0 TeV

in leptonic channel:

| 2

>

Expected: 2.02 TeV
Observed: 2.05 TeV

hep-ex:1402.2176
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Counts / (100 GeV)

(Data-Bkg)/o

CMSPreImIn ryBTV1971b
T I I I

5 [ Data
10 [ acD Background Prediction
4 I +f Monte Carlo Prediction
10 I single top Monte Carlo Prediction
N 10 Background Uncertainty
10° —mimes W', (0.2 pb) at 1500 GeV
v=e W (0.2 pb) at 1900 GeV
102 == == W,(0.2pb) at 2300 GeV

500 1000 1500 2000 2500 3000 3500 4000
M, (GeV)

Limit on right & left handed
coupling strength:

CMS, 19.7 fb at Vs =8 TeV

et il 2200—
;gﬂ r 1 I %
- 21003
12000

| 1900
=

{1800
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1600

02l 1 —1500
Invariant Mass Analysis
| 95% CL Observed

| SN SIS |1 S RS
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—11400
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CMS PAS B2G-12-008, .
hep-ex:1311.5357 (sub. to JHEP) Excited Top Quarks

» Searches for pair production of top excitationt* -t + g

_ _ . CMS Preliminary [ £=195fb" " /s =8TeV
» Signature tt + jets difficult to model 310 ey
o C s t Cross Sect|0n 3
. . . . S 10°F ——— 95% CL observed limit3
— distributions derived from data % I 95% CL expected it
. . " § 68% band on exp. limit §
> Dilepton event selection: 'z% 10F 95% band on exp. limitg
: o 1k N
» 2 isolated leptons e
107 E
> 4 jets with 2 b-tags 102 Dilepton §
» Single lepton event selection: 10° 566405 500" 600" 700" 805" éla\c/'nlto'(éoog;
e
» 1 isolated lepton = = 1951, s =8 TeV
ol o, e Spln 3/2t
_ . = FOR T — Spin 1/2 h k
> 2 6 JetS W|th 2 1 b'tag (\fla 10 ? ”“’»,( _— OFl;IsnervedTiar:i{ -
+= E o T e Expected limit
T [Fonm e [ 68% CL
v E W, . [ 95% CL
. . m -
> Limits on m(t*) from t + jet mass spectrum: Xl e
°TE TTTII
Dilepton: 703 GeV [ AN e e, E
Single lepton: 803 GeV 400 500 600 700 800 900 1000

m,. [GeV]
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Flavor Changing Neutral Currents




CMS PAS TOP-14-003

FCNC in Single Top

» Search for FCNC in tqy vertices in single top

» Event selection:

> 1 isolated high energy photon

» 1 isolated muon + E

T, miss

» =1 jet, <1 b-tags

» Limits from 8 variable BDT:
Ktuy < 0.028, KtCy < 0.090

> 30 GeV

Events/ 0.1

DATA/MC
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u/c

CMS Preliminary, 19.1 fb, /s =8 TeV

o

o

(=)
\II\|IIII|IIII|IIII|II\\|I\H|IHI|IIII|IIII|IIII

I L L

=== Data

[ Other

E wy

B W+jets

= Sjgnal(tuy) 1 pb

EH] Uncertainties (Syst® Stat)

0.2 0.4 0.6 0.8
BDT output for tuy
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PRL 112 (2014) 171802

FCNC in top pair production

» Search for decays t — Zq S i Ous Preiminary - o '
~ L t—Zq
Event selection: g e
2 Bwi zi
> 2 opposite sign leptons in Z-mass . Ej\fN I
window + 3" lepton 7 B
4_
r Eqpnee > 30 GeV i
. . g
> 22 jets with exactly 1 b-tag Jﬁ S
‘POO 200 300
Reconstruct top-mass from m;; (GeV)

light jet + Z and b-jet + W

S 10 "cms Preliminary . pme
: N} 195fblatis=8TeV oz
— apply top mass window @ o . ]
C -
q-) .
Limit on branching fraction of t — Zq i Wwi, zt

61 Dzt
(7 + 8 TeV combined): - ﬂ (ww.wz.22 |
0.05% observed : |
0.09% expected
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> Wide variety of new physics
models tested in CMS
analyses

g,,,(combined)

1. 2% combined)

g, (semiep)

— even more results than
covered in this talk

Z(1.2%)semilap)

d, al-nad)
> Cutting edge substructure - . _
techniques to handle boosted B Resonances
topologies
ridiep) Excited tops
> No indications for new el

Lyt rrrrpr e ey g irtlieng
0 05 115 2 25 3 35 4 45 5
Excluded Mass (TeV)

physics so far, but: limits in
previously unexplored regions

Summary

TEE)dlep,ss)
T-stZizamileg-+ap)
T tH{semilap +ep) i
| Vector-like T
ToW(semilepen) !
T'—tH{H—TT)
T'—stH{hadronic)
B'—bZ(muitilap)
B—biH{muttilep)
B'—tWmittilap) - "
| Vector-like B
B'—stW(ss-dllep)
B'—bZ{dlep)
B'—bif(semibap)
E'—bH{semilap)
B'-stW(gemilep)
Hbar+MET, scalar(al)
HMET vectonal(had)
$4MET soslarihad) ! ! ! ! ! !
I|III|III|III|III|III|I
02 04 06 08 1 12 14
Excluded Mass (TeV)

Focus now: Preparation for 13 TeV run
— Exciting times still ahead

Rebekka Sophie Hoing

19



Backup



HEPTopTagger Mass decomposition

Repeat reclustering and filtering procedure for all combinations of 3
HEP Top Tagger mass drop subjets

k

y

Mass drop decomposition
Input
*  cluster

Does input
have 2
parent

clusters?

subjet 2 Pick the combination

with filtered mass
closest to the top mass.

M1 < 0.8 Minput ?) Recluster to force 3
subjets
clusters =
mi>msz yes




Jet Cone Size vs. jet pT




Subjet b-tagging

CMS Slmulatlon Prellmlnary,\s 8 TeV

1 CMS Simulation Preliminary, s = 8 TeV

— T T TT | T TT | T T 1T | T 1T | T T 1T | T 1T | T T 1T : LI : T I’I' —_— |

8 : CAR 0.8, 300<p_<500 GeV/c /] 8 . CAR 0 8 p >700 GeV/c .
(@] - 75<m, <135 GeV/c? (pruned) 8 O - 75<ml,3 <135 GeV/c? (pruned) i
> - —Fat jet CSV (JTA AR<0.8) 5 = - — Fat jet CSV (JTA AR<0.8) .
5101}~ Subjet CSV | 5101} Subjet CSV |
P : ] s - ]
'8 " % Loose i _8 | X Loose .
S - o Medium - o - ¢ Medium g -
[ - ¥ Tight e - c - % Tight ’9 -
O e

©1072 E ©10% __ E
o . o el .
= § = ?
[ i [ _
(€] [}

=) = o) ; N
"D p JTA = Jet -track assouahon "D . ; JTA = Jet -track assomahon

= e— -3 | o b b b b L -— - L v e b b b b R
2100 010203040506070809 1 2100 010203040506070809 1

b-tagging efficiency (H(120)—bb) b-tagging efficiency (H(120)—bb)

Subjet b-tagging outperforms fat jet b-tagging



Subjet b-tagging

CMS Prellmlnary 1981b at 'E BTeV

£ F Letssample 4+ Data
& 105 E- (HEPTopTagger subjets) B b quark

~ ¢ quark *Good data/MC agreement for b-

o0 B s quark or gluon tagging observables.

o2 *All observables cross-checked

10

1
@) 1.5
=
8 1
©
O 0.5k
20 100 120 140
SV SD flight distance significance

L1 3CMSIPreIIimilnarly, |19|.8 fb'at Vs =8 TeV
» F —e- AKS jets 1 ar , _
o 125 .+ CAS subjets E SF~1, compatibly with
v - -l CAS8 subjets + companion tag ] SF f(_)l’ S’Fandard b-
2 14 [ Fit (AK5 jets) = tagging in the non-
£ L 3 boosted regime, for both
& 1: channels.
8 0.9F =

0.8 —

0.7- .

50 60 100 200 300 400
Jet P, [GeV/c]



hep-ex:1402.2176

Leptonic top decay:
» one isolated lepton (e, 1 )
» 2 jets, one b-tagged

Top reconstruction

> W =P MSS +jgp
» WH+jet closest to top mass

Observable M(tb):

» combine top with highest-p_ jet

Both left- and right-handed W' couplings
considered:

» Accounting for left-handed interference
with SM

Limits for W'R: m> 2.03 TeV

g AP 1

Leptonic W' — tb

CMS Preliminary, 19.6 fb” at {s = 8 TeV

e+jets N =1 [t + single-Top

b tags I U Ty Y
- ome W, X 20, m=18 TeV
viem Wiy X 20, m=20 TeV
- = = Wi x 20, m=25 TeV
—emt W, X 20, M=3.0 TeV

R553 Uncertainty

Events / 50 GeV
=3

a(Data-MC)

M(tb) [GeV]
CMS Preliminary, 19.6 fb' at Vs =8 TeV

= 2300—
T T ﬂ. =
21506

~2000—~
~1850=
<1700=
~1550
~1400
1250
~1100
-1950
——1 —800

- Invariant Mass Analysis
95% CL Observed

e :
0 0.2 0.4 0.6 0.8




CMS PAS TOP-14-007 FCNC in Single Top

» Search for anomalous Wtb couplings in single top t-channel events

CMS preliminary, Vs=7 TeV, L =5.0 bl

» Event selection

> ==1muon i T ) et
] e E_ _E [ ]tW-chan
> 2or3jets & 1 b-tag e N P E| S
] . ) 800:— — B We
> Bayesian Neural Networks in 3 tiers ..\ ... g# S mwoo
: st A1 | | W Diboson
> QCD suppression m | WD Y
» SM signal extraction $ AR
2 o F 5
. . . S[= et £
> identify anomalous couplings & 22" - E

» 2D BNN discriminant used as input for limit setting

> Limits: || <0.09

IR | < 0.34
V

> Also limits on tcg/tug interactions
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Dark Matter Searches




CMS PAS B2G-12-022 Monotop Search

» Scalar or vector dark matter particle produced via FCNC
q
> Selection:
» large E >350 GeV

T,miss

> hadronic top decay: 9
> 3jets % 50: p; """ > 60, 60, 40 GeV EgiE;S -
- E;>350GeV | [F5] Wets -
- 1b-tag “Tew 4 EL
> No isolated lepton sof-YeR&l L] }Eﬁﬁﬁm .
B k | (m=700 GeV) ]
> ijj < 250 GeV 00 [ = ]
10f— ) f
> Limits: 327 GeV for scalar DM . ok -
= g A= E
] S 15F 5 vy Y
655 GeV for vectorial DM g LR R e L L
o5k b T T %
00:' 200 400 600 800 '1005

m3 jets (GGV)

inv

Rebekka Sophie Hoing 28



CMS PAS B2G-13-004

Dilepton Dark Matter Search

Vs=8TeV,L=19.7 b’

. . . - . 210°— CMS Preliminary [ « Data —
> Search for Dirac fermion interacting via G S f
contact interaction 817" S Dt vr :
; - [ Single top ]
. . . . . T, 3 [ Single Mis-ID lepton | |
> Produced in association with top quark pair 2 B Doule is-D eptonq|
M, = 100 GeV |
Mx =600 GeV
10
> Event selection 10']
g ET, miss ~ 320 GeV 107 | D

0 200 400 600 800 1000

. Sum of P, of two jets (GeV)
» 2 isolated leptons (E=8TeV,L= 107 10"
. . % JCMS‘Pr«;Iir‘ni‘n‘a‘r\,‘l‘I T
» 2 jets with 2p, <400 GeV & 150 | —— ommneissict
= Expoctod 20
8 : ----------- ATLAS observed limits (90% CL)
£ 100
> 0 >0.09 - 0.31 excluded for mass range of £
1GeV-1TeV o
» Also set lower limits on interaction scale M., I P velkity
0_‘ :
1 10 10° 10°
M, (GeV)
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