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Beyond Two Generations (B2G)

* For physics including top quarks in the final state, CMS has four
different Physics Analysis Groups (PAGS)

 B2G is essentially “"non-SUSY searches with top-like final states”
» https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

CMS: ATLAS:
TO US TOP SUS
B2G
EXO EXO
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Beyond This Talk (BTT)

* Building upon two previous W+C seminars :

— Freya Blekman (Apr. 2013)
« http://theory.fnal.gov/|etp/talks/FNAL_WnC_B2G_fblekman.pdf

— Nhan Tran (Apr. 2014)
« http://theory.fnal.gov/jetp/talks/wc_ntran_140425.pdf

* There will be tasty new things, | promise
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The Big Picture

» The H is great, but even if it Diverges ~ (O (In A?)

solves some problems, it leaves N
(max scale of the model)
a new puzzle

* Quantum mechanically, H mass

“wants” to be enormous —>
— Coupling to top, W/Z/H N
causes logarithmic divergence -
/ \
* Yet, we see it at 125 GeV H i‘ }i H
— Accident? Necessity? SRR, PRI A

The (little) Hierarchy Problem :

“Is Naturalness a Thing?”
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Is Naturalness a Thing?

e Assume thatitis: image : Hitoshi Murayama
: : : SUPERSTRING
— Lots of options to achieve it S TRING

M-theory heterctic
* Many involve quantum corrections
that depend on the
mass of the particle
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Is Naturalness a Thing?

Image : Hitoshi Murayama

Grand s'uts)
Unification
oC0).

~NOT
YET

Focus of Today:

CMS:

THOUGHT DOF
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Is Naturalness a Thing?

 Much of what we do in
B2G focuses on pheno.
from strong dynamical
models, RS KK particles,
Little Higgs, Composite
Higgs, etc

 Often leads to vector-like
quarks, tops and bottoms
In the final state

— Some are resonant,
some are not
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Is Naturalness a Thing?

* Interesting case : 7
vector-like quarks

e Solve the hierarchy prob|em .............. Q .............
similarly to the stop squark

« Why “vector-like”? T’

— L and R chiralities transform the same way under
SU(S)C X SU(Q)L X U(l)y

— Quantum numbers for “chiral” quarks are
(u,d) <= (3,2)1/6

= (3,1)_g/3

U
d <= (3,1)13

— Quantum numbers for vector-like quarks are
X = (3, 1)_13+3,1)1y3
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Is Naturalness a Thing?

VAL ht

M. Peskin : Exclude triangles,
not points

* Will present lots of “triangle” plots that are read as
branching fractions along each axis
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Is Naturalness a Thing?

100%

Zt I ht
M. Peskin : Exclude triangles,
not points

* Will present lots of “triangle” plots that are read as
branching fractions along each axis
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Is Naturalness a Thing?

VAL ht

M. Peskin : Exclude triangles,
not points

* Will present lots of “triangle” plots that are read as
branching fractions along each axis

* Forinstance, (Wb,Zt,ht) = (0.5, 0.25, 0.25) is here
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Is Naturalness a Thing?

» |nteresting case : ttbar and tb resonances

Br(KKG - tt)

Bryxe

— . - - --..'.. "
|
|
n

Tops may be “special’
In extra dimensional
scenarios, KK gluons
have strong coupling

to top quarks!

6 June 2014

Usual spacetime
directions

gravilon

Z boson

electron

Higgs boson

r

Microscopic exira dimension

fop quark

boundary

Extra-dimensional

http://www.pha.jhu.edu/~morris/jhu_hep/theory.html

12



Is Naturalness a Thing?

 RPV SUSY can have displaced
particles

— For instance consider the
displaced MSSM (JHEP 1207
(2012) 149)

‘f_< TTobbt  BRleuT) = 1/3
b

 CMS has lots of searches for very
long-lived, but not moderately-
lived displaced particles

* Higgs at 126 GeV favors

moderate lifetimes
(<cT) ~100 pm - 1 cm)
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Content of the Universe?

ttp://lwww.esa.int/Our Activities/Space Science/

A ET

239 dockrTen o
' R THOUGHT OF

" 73§x ENERGY '

Finally get it!
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B2(G Results

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)

ITT'IHT']TI”TTHITT'H
T(5/3){cilep,s5)
g“(oofrbmed)

T Z(samilep+iep)

T'—tH(semiap+iep) Z'(1.2% ) combined)

Vector-like T'

tt Resonances

T sbW(semilep+iep)

9, (samilep)
T tH(H-yy) .A

T -»tH{hadronic)
Z'(1.2% ) (semilep)

B'—bZ(multhep)

B'—bH(multiep)

Q-,-.‘“‘““”

B tW(multiep) .
Vector-like B'

Z(1.2%)a%-had)

B'-»Wiss-dilep)

B'bZ(diep)

tb Resonances

Wlep)
B'—bZ(semilep)

B b (semiep)

t"(cilep)
Excited tops

B'-»tW(semiep)
tbar+MET scalar(dd) Dark matter t"(semilep)
1+ME T.vectorial(had) Displaced tops
crl;)=2 cmie+y)
t+MET,scalar(had) : :
........ il a s daaaly rrrre b b b b Do Do D Laa
0 02 04 06 08 1 12 14 0 05 1 15 2 25 3 35 4 45 5

Excluded Mass (TeV) Excluded Mass (TeV)
6 Jur

Ol



B2(G Results

CMS Searches for New Physics Beyond Two Generations (B2G)
= NEW! 95% CL Exclusions (TeV)
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LHC

CMS Integrated Luminosity, p
Thanks to the tireless efforts of O seton o oI B B
many, LHC Run 1 was a b S o srevean
resounding success! e I
Runs >= 2 listed as a top £y
priority by P5 in all scenarios : £
— “The enormous physics £ ) o s
potential of the LHC, 5 /'
entering a new era with its R IR IR B B R
planned high-luminosity pete (T8
oiea
exploited.” Summary of Scenarios
. sl
+ We can expect continued O PR P ) 111
excellent participation in the PSS Ir— I . .

LHC program by the US for

[
; 'ﬂ*i—

LBNF o PPl e .;;."_';';*' YT v.nr-aqc vl v e
years to come < AT A 1.1 -]
NUSTORM N . N . N ' ./_ | |
RADAR N N N v |
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LHC : Top Factory

Run 1 :

T T T - T - T ™7 10" CMS Prefiminary, 1960 'at s = 8 TeV
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LHC : Top Factory

Tevatron+LHC m, combination - March 2014, L  =3.5 o' - 8.7 fb”
ATLAS + CDF + CMS + DO Praliminary

— et = | 72.85+1.12(0:¢
® . 4 170.28 + 3.6C
b e — 172.47 +2.01
b — 173.93+ 1.8
gy | /494 + 1.5
- ® =t 1 7400 +2.7
— M ——t 172.31+£ 1.5
—_— — 173.09+1.6
i = 173.4 .

—_—  — 172.1 .52 0.47

—_—  — 173.4 | .41(0.5¢

Norld comb. 2014 - - 173.34 +0.760.27 4
13 iat. sysl.
1 1 | | :
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Putting it all together, the era of precision

top quark physics is well underway!
What else lies in store?
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Obligatory Top Quark Nomenclature Slide

“All jets”, “All hadronic”

All jets 44%

7

“Tau

R 7-+jets 15%

™+7 1%

7 A1+ 2%
T+ 2%

pu+u 1%
ure 2% +jets 15%
e+e 1% 4 °

“Dileptons”, “Leptonic”
e+jets 15%

” (13

“Lepton+jets”, “Semileptonic”
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LHC : Luminosity and Pileup

CMS Average Pileup, pp, 2012, s = 8 TeV

— - . 50

'
o

» Challenge for Run 1 :
mitigate 20
Interactions per
crossing

N w —
(=] o o

Recorded Luminosity (pb '/0.04)
[
o

=)

% 40 A5 20 1 20 29 a0
Mean number of interactions per crossing
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LHC : Luminosity and Pileup

CMS Average P , Vs = 8 TeV

- 50
2 <u> =21
=

'
o

Challenge for Run 1 :

mitigate 20 %
Interactions per
crossing 30|

N
o

Overall picture :

[
o

Success!

Recorded Luminosity (pb '/0.04)

=)

% 40 A5 20 1 20 29 a0
Mean number of interactions per crossing
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LHC : Luminosity and Pileup

ol ¢
oh... el Huh?
@ 8 TeV

CMS Aver .
Challenge for Run 1 : 2 %K <m=21 |
mitigate 20 ol

40
Interactions per
crossing

'
o

H
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N
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Overall picture :

[
o

Success!

Recorded Luminosity (pb '/0.04)

=)

% 40 A5 20 1 20 29 a0
Mean number of interactions per crossing
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LHC : Luminosity and Pileup

Run 2 Lumi

profile.
Run 1 Lumi

profile.
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LHC : Luminosity and Pileup

Should we turn back?
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Should we turn back?

'W'E SHOULD
TURN BACK.
l WIMPE

o
4

6 June 2014

Garlick



The Compact Muon Solenoid

YE+3 3.8T s .
_ +~Y§+2 YE+1 Superconducting Soleno(d ) 210 m? of silicon sensors:
; , > G ' = Silicon Tracker 9.6M (Str) & 66M (Pix)

Hadron-Forward || Pixel Detector channels

Calorimeter

Preshower .
2 planes of silicon

7 ~modules for ECAL

Iron / Quartz fiber

| fwd calorimeter, 3<|
. < n|<5,

s T |+ Castor,
: > _—
77 gl 5<|n|<6.55

> __ ~'+'Zero Degree
Hadronic “ i~ »»‘Hl'= Calorimeter
Calorimeter ~ AL N U )
Electromagnetic Yf ‘ YBO \ \ ‘ ‘ Muon
Calorimeter REY e —W\__ \.-f:, N W Detectors Cathode Strip
PbWO, crystals (76K) ' ! el - O Chambers,
Compact Muon Solenoid Drift Tubes,

Resistive Plates
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Physics Objects

Classify objects into 5 categories

| | | |
Om im m im
Key:
Muon

Electron
Charged Hadron (e.g.Pion)

-~ = — - Neutral Hadron (e.g. Neutron)
----- Photon

'.. {{{{{

Tracker

=3

Electromagnetic
) , " Calorimeter
’
Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers
through CMS

c
D Bamey, CERN, Febvicry 204

“Holistic” approach to reconstruction
at CMS: Particle flow!
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Physics Objects

« Performance of particle flow is
spectacular!

CMS preliminary, L=1.6fb"' |s=8TeV

PF energy fraction
o O O O O
OO OO N 00 O

o o
w b

o O
0N

o

5 4 -3 -2 -1 0 1 2 3 4 5
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Physics Objects

 Compact MUON Solenoid ID Efficiency

CMS prelimina Run2012 Ys=8 TeV
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Physics Objects

* Electrons Multivariate ID Efficiency

CMS Preliminary 2012 1s=8TeV.L=196 "
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Physics Objects

« MET
— PF helps out here a Iot!

— Extensive work done on multivariate techniques to reduce the MET
resolution

CMS preliminary 2012 CMS prerli'tr:lr]laiq 12012| T
T T l' ™reTT I T

S | e MVAPFE. data , > - MVA PF E, data
) L ¥ 122t at 's=8 TeV ) - 12.2fb" at |s=8TeV
o) 25]" —=— MVA PF E, simulation o re=n 4,f O, 25[™ —=— MVA PF E; simulation , { ]
- No-PU PF E, data ¢ ! # 1! g No-PU PF E, data i ¥ %

= i | ' 7
% *— No-PU PF E, simulation % *— No-PU PF E; simulation .

20[~ —+— PFE, data
—=— PF E, simulation

20~ —«— PFE, data
—=— PF E; simulation

10 10

5[ | | - - !
Ol.c—j—-—-—-——_——-w' : : = , 5—-1111“1 l | l —
% 1jLhEggggQQSQQBUHEU'GSUQ?JBG&)UGQ&EGQ.U‘E’:H_; O |.4_=! N
T 0.8 ‘ €  1}"9%eeecnnngassssssassnssssgeyive
Q 0 5 10 15 20 25 30 35 % 0sl A :

number of vertices a0 5 10 15 20 25 30 35
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Physics Objects

e Jets
— PF allows CMS to excel in jet physics areas

— Extremely good performance,
uncertainties < 1% for pt > 100 GeV

> 25 CMS Prellmunarv Is=8TeV CMS preliminary, L = 11 fb 3 \s 8 TeV
Q - : : ; : ‘ l? 1 O T LB L L LN |
O p FJ ets " <+N..=5 o =Total uncertamty
5 [ | va-1 0 > 9 — Absolute scale
S I +Npy=15 © o Extrapolation
Q o F i = Pile-up, NPV=14

= 6 =Jet flavor

- -+ Time stability

O 5 ,

LLJ Anti-k, R=0.5 PF

2 4

3

- 100200 o 100(2000
p. (GeV)
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Physics Objects

e Bottom Jets : - 0.85EMS Preliminary, 19.8 fo™' at {s = 8 TeV
o E
¢ BTV‘13'OO1 .§ 0.35_ * MC
. . . b= C ® data
« Combines information  ®o7sf-
. (- — -
from displaced tracks  § o7 .. 4 :
. T [~ _
and vertices Doest.. 4
« "CSV" algorithm 0.6 %
/ Displaced ‘;“'; 1'35_
/ w [
a O 1.2E
% 1.1
Secondary ® =8
Vertex 0 15 .;’;r:-.e-:sz::’_::::::::::Q::::::::::::::::{::::::::
0.9F-
Lay </ 0.8F-
B0 100 150 200 250 300
_ _do / Jet transverse momentum [GeV/c]
Primary R
Vertex | ]
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Physics Objects

* Jop Jets :
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Physics Objects

* Jop Jets :

« Wait, what?
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Physics Objects

* Top Jets:

Top at the
Tevatron
Wait, what?
g
t
b W Top at the LHC
G/ ) HCAL Deposits ==
+ 4 " CAL Deposits="
pl W 9::0“% n “@“%@@/ Z‘ub;ete

aréHive_zdog/tSdayog 09-11.htm|

Bdus(’l) =h = D= all & = ﬁ;@c-@@
ubjet 1, sw,_e;g.z o
- b) pt = 206.00 e‘::’;: -0.021
D =-0.203 :
- VP’) 3?.? = -1.965 Lt Subjet 3,
A pt = 270.70
. ta = 0.156
Top jet ohi =-2.095
pt = 1090.42 :
eta=-0.020 S Rely on jet
phi=-2.082 / '
mass = 2345, . \ \ . substructure and
, \ mass for
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http://www.fnal.gov/pub/today/archive/

> - CMS Simulation

8 300 Z—t i

. [\Ns=7TeV
©

0
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Boosted Tops

Subjet 1, \ SO
pt ’=e 206.00 R pt = 562.50
eta = -0.203 \ e:.la = .g?g:
BINESHPOP phi = 2. Subjet 3,
pt = 270.70
eta =0.156
phi = -2.095

Top jet,
pt=1090.42 #1111
eta = -0.0204¢

phi = -2.08%"

mass=/2 ;.

As pt increases,

constituents start to
merge, Converge to

top mass

CMS Preliminary Vs =8 TeV, 19.7 fb”
*UE) - cMs Top Tagger | ] I '3
0>J 100~ Madgraph
L

e Data

"

| CAR=0.8 hi<2.4
8( |- P,>400 GeV/c

-

. Semi-Leptonic tt
- Fully-Leptonic tt
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1

60}
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T 1
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250 300 350
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Finite-size
effects from
cutoff
Scales ~linearly
with momentum

Log. divergence
at low mass

Uv. < ’ T T T T
0.3F
: .
151 do
:3 o “ﬁ 0.2F
p} P;=500 GeV/c
01}
| P;=1500 GeVjc
0'0 M M " N
0.00 0.05 0.10 0.15 0.20
M3
Pj
QCD has smoother
behavior
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Boosted Tops

Subjet 1, /\ Subjet 2,

Decompose jet to reveal da= 0203 N = -
) phi = -1. \\ utb;at2 ;0 .
internal substructure « ki
Top jet, phi = -2.0%
o pt = 1090.42
Example: CMS Top Tagger decomposition S

mass = 2345,
—

Primary decomposition

AR(AB) >
adjacency

® Cluster B

LAY 1 . .
\
\ A Y

o
Cluster B

Decluster [Custera o criterion ClusterA ¢ .' cES
é . 9] ﬁ . o -
. . = continue : . : .
. CMS Preliminary \s = 8 TeV, 19.7 fb™
. . w [ rrr T Ty 1 LA I Trr 1 rrry T rrr r Ty ] Ty r Trr ] T ]
. "E - CMS Top Tagger :
Aand B pass l B,{:m:?:t' g) 120 Madgraph * Data .
adjacency and ' - CAR=0.8 <24 B semi-Leptonic ti -
momentum Decluster 1 00 L prm GeVic . Fully-Leptonic t E
fraction criteria again [ ]
Primary 60 ]
decomposition [ N
succeeds 40+ —
Secondary decomposition 201 , -
3final subjets 0 " ]
Individuall . - : eals
declielorA A'and A" pass 0 20 40 60 80 100120140160180
and B erers Minimum Pairwise Mass (GeV/c?)
. .B.. q

B and B are
too close
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Boosted Tops

CMS Simulation \s =8 TeV

:'N_) - HEP Top Tagger
E 1.2 CAR=1.5m<2.4
. ™ ~ p.>300 GeV/c
HEP Top Tagger details € 1 t'simulated with MADGRAPH .
~ Step 1 e, Slep 4 P ' 5
Mo e N [THF PN o PN 0.8 '
e iy e (Rha ) — (& 1.4
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sep2. | g P TP 06 1
. @ (3)-(& 0.6
Step 3 Step 67:. | 0.2 0.4
N N e/ 00 02 04 06 08 1 12 14
atan(m 1 3/m12)
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Boosted Tops and Bottoms
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Boosted Tops and Bottoms

« Calibrate with gluon splitting to b-bbar
» Excellent performance by b-tagging subjets!

CMS Preliminary, 19.8 fb™ at \s =8 TeV

P — S, A Mookt (Bl A2 L r——r—= CMSSlmuIatlonPrellmmary,\s 8TeV
S gooF. Multjet sample m— b quark 3 & Foren 8, 300<p.<500 GeVic 7
G °°F (Double-muon- and S ¢ quark . O Pr<
500 - double-b-tagged CA8 jets) B uds quark or gluon - O - 75<m, <135 GeV/c? (pruned)
- b from gluon splitting - ~—~
- - = L
400 - tzt—>qq = ? Fat jet CSV
- 3 "= 1n-1]--Subjet CSV |
300 f— —] % 10 .
= = Re! :
200 — .’.* . ] @) * Loose
= = h*‘::_-\* = S | ¢ Medium
100 :_ —— v —: cC -+ Tight ‘,'x
nC ....l..:—“ﬁ-"l‘ ol . 4c_—0010-2 -t
O 1 5 e A (R N TR — o
g 'E erbopede T +”+ { E c 7
S f : b : O
0.5} T T S cenerrarnenaes o vranrrrenes — O
0 01 02 03 04 05 08 07 08 09 1 &
AR(SUbjet1,SUbjet2)Inl’]-¢p|ane —10'3 N TR AT Ay paaada e e aadasaaliagg 11
='"Y'0 01020.30405060.7080.9 1

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

Very active research field

Some of the tools developed
for boosted W/Z/H/top
reconstruction

Jet Declustering

Seymour93

YSplitter Jet Shapes

Matrix—Element

Mass-Drop+Filter ATLASTopTagger
JHTopTagger T™W Planar Flow
Templates
CMSTopTagger Pruning
Trimming CoM N-subjettiness (Kim) ACF
HEPTopTagger
(.|. d|po|arity) N—SUbjettineSS (TVT)
Shower Deconstruction Multi-variate tagger
Qjets
apologies for omitted taggers, arguable links, etc.
Gavin Salam (CERN) Jet substructure @ CMS substructure workshop, April 2013 3
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CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)

U (NS (S (S S G S I S S A SN AN SN SESS SEE 717!7171717'7'7v7'7v7'7'7'

T(5/3)cilep,s5)
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T'—tH(semiap+iop)
Vector-like T'

T asbW(semilep+iep)
T tH(H-yy)

T -»tH(hadronic)

B'—bZ(multiep)

B'—bH(multiep)
B tWimultiep) . .
Vector-like B

B’ -M!(ssdi'ep)
B8'-bZ(dbep)

B'—bZisemiep)

B bM(semiep)

B'»1Wi(semiep)

ttbar+ME T scalar(cd) Dark matter

t*MET.vectorial{had)

t+MET, scalar(had) : :
........ lllllllll.‘;..‘;.'..'

0O 02 04 06 08 1 12 14
Excluded Mass (TeV)

b Z'(1.2%)(semslep)
Q.,‘y-hw)

Z(1.2% ) ad-had)

N tb Resonances

Excited tops

t*(semilep)

Displaced tops

Ctl;l=2 cmie+y)

;l.llll.LHllHlllLl. WATRARRNNE AR ENEY|
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CMS, 19.7 fb", \s =8 TeV

> 107 T
8 - e+, Nb.mgz1 e Data :
o — Background
© 10tk
B, E N, T Z' 750 GeV
b .
c
g i
w 10°;

AxileL"- aada g gl lilLlL+L <

600 800 1000 1200 1400 1600 1800 2000

@ M [GeV]

CMS 197fb1 \s = 8TeV

2

Wothers -
—2Z'2TeV

—
B
=
3

.

Events / 100 GeV
3,

—
o

10 0 500 1000 15002000 2500 3000 3500

6 June 2014 () M, [GeV]

o(pp — Z' — tt)[pb]

ttbar Resonances

Phys. Rev. Lett. 111 (2013) 211804

CMS, 197 ", Vs =8 TeV

Z' with 1.2% Decay Width

== Combination

== Threshold e+ +jets

- Boosted e+ tjets
Boosted all-hadronic

(c)

1000 1500 2000 2500 30001 3500

M, [GeV]

107
3 10x better!!
1072 %
- 1 ' | R S W S N TR SN T !
0.5 1 15 2 2.5 3
M, [TeVic?]
cms 19 7 fb" \s=8 TeV
s 101
8 all-hadronic . Data
8 103 Subjet 1,
S~ : pt = 206.00
2 o
- phi = -1.
c
< 10°
>
w op jet,
10 it =1090.42
ta = -0.020
hi =-2.082
1 nass = 234.5

Classic application of

boosted top methods :
- Substructure

- Boost-safe isolation

Subjet 2,
pt = 562.50
eta = -0.021
phi =-2.101 Subjet 3,
pt = 270.70
eta = 0.156
phi = -2.095

Ay
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tb Resonances

Accepted by JHEP

CMS, L=19.5fb' at s =8 TeV

I1TII11-[TIYII’II‘III] rrrrrrrrrrrrrrrrrr

¢ Data

. Muon

:K:;l:: cey / Pr=158GeV 10°* u+jets N, nge = lor2 @ ¢ + single top
qT= -1.46 f =90 > B Wt + Ziy 1T + WW
MET Q 3 eieeme (W)X 20, (W' )=1.8 TeV
- 1 0 [ =)
E, =315 GeV Q) ———— O(W" ) X 20, (W )=2.0 TeV
op) 5179 GV B 107 L e 0 Tey
- b E .':. e - R ! R
p_r(top)-su GeV 0 R 0 EEER% Uncertainty
M(tb) = 3824 GeV = 10 THA 4.
q) | [ -
= 1 $
uJ = .
AKS5 Jet
p-,f:;: GeV - | w4 1 0-1
n - ()a":': u:?::::::vl:‘!»ludn'\h_: T(}Oi Z'n:?T 2012 CESY ' s ' A g | '
Rur-‘[h'e"t ;\’_)C'E‘:n '\%‘1‘9;'39 —_— 2 . . . . . S S S . S S S S S S S S O S S S S S E S . . e e s s o
Lumi section: 237 B —
Orbit/Crossing: 61867960 / 2824 & 0
500 1000 1500 2000 2500 3000 3500 4000
M(tb) [GeV]
CMS, L=19.5fb" at \s = 8 TeV
o) ML L L L
ol 10 —— Theory M(vy) << M(W',) =
: . 5 <<=« Theory M(vg) > (W)
» Coming soon : all-hadronic s N —— owCLobserved -
. . T E NS, e 95% CL expected -
channel and combination! g B 10 expected ]
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_ @ 10 —
il
X 102 =
L
= ) e/u+jets sample i
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Vector-like Quarks

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)

_ TT’T'T'rlT'1’T'TTITT'TTITT"TI

T(5/3)cilep,s5) o
9. (combined)

T Z(semilep+iep)

TtH(semiep+iep) Z'(1.2% ) combined)

Vector-like T'

tt Resonances

& TobW(semiepsiep)
9, (samilep)
T tH(H-yy)

T »tH{hadronic)
Z'(1.2% ) (semilep)

B'—bZ(multiep)

B'—sbH(multiep) g, (8-had)

B tWimultiep) . .
Vector-like B

B'-»1W(ss-dilap) Z(1.2%)ak-had)

B8'-bZ(dbep)
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B'»1Wi(semiep)

ttbhar+MET scalar(dd) t*(semilep)

Dark matter

t*MET.vectorial{had)
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Vector-like Quarks : T5/3

Phys. Rev. Lett. 112 (2014) 171801

CMS__L=195 fq'j _1s=8TeV

> 9= I -
X : ¢ Data
O F - . \ I\ H,=1274 Gev
8 8} || All backgrounds \ >
- .__"'\ ~
; - T,) , (0.6 TeV) 1 CA Top Jet
€ ’F T (0.8TeV)x10 Py = 633 GeV
. Tea (1.0TeV)x 50 - n=03
w :
5t ]
4t =
3E Electron
: AKS Jet pr =69 GeV
2F . p: = 66 GeV n=0.1
" ] n=-1.0
C ] I AKS Jet
1 = I~ v v pr =352 GeV Muen
I . 5 1 \ y / n=0.2 = 154 GeV
| s L7 o 4 I N T BT BT .|| ," '// CMS [-'.mvr‘w”.f # LHC, CERN ] P zlz -0.3
O 200 400 600 800 1000 1200 1400 1600 1800 \ ¥ Oeta recorded: Sal Dec 1 05:51:47 2012 COT

Reconstructed T, mass (GeV) . wiS b VoA Craning: 6680606 / 102
CMS L=195f' 1s=8TeV
S LA LI B L A N L B L L R N B AR
& 1\ o— Observed Limit 4
< \'\\ Expected Limit
+ i N\ [ ] Expected Limit + 1o 1
= g \ I Expected Limit + 20 .
T 1 \\ Signal Cross Section
T 107 \
§ BF(T, — tW') = 100%
: : : 7 S
» Same-sign dileptons W|th ;
™
7]
boosted top and W e
: =
categories % 109 -
X - ! | o l*
©

400 500 600 700 800 900 1000
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Vector-like Quarks : T2/3

_CMS preliminary  ys=8 TeV 19.6 b
£210°
g . _ . * data
210 u+23 jets/=1 W-jet [ other backgrounds

10* L K
3 CJuncertainty
10 o
o — TT.800 GeV (x100)
1 ..." . . | -
0 CMS preliminary Vs=8TeV 19.6 fb"

s ! _ C™s Vs=8 TeV 19.5Mm" BR(bW)

; = % .3 Same-sign dileptons o
_10 : ‘ c10 E ¢ Data [ (T+bosons %
E 21 § 2 i - Multi-bosons [:] Non-prompt :

o\ ‘ '&'10 .E ool Uncertainty === FT 800 GeV ( x 100) e

g I > . =

- 1 A A A A I A A A A | A A A A 1 A A A A 1 E
-1 05 0 0.5 1 108 g oo =
BDT Discriminant - s 9

L T I
CMS Vs =8 TeV 19.5 b 10'F g i 1 Z
- . . . 3 = J"i :1 "; 1 4 ¢ 4 0 4 s 4 1 4 3 et
3 £ Opposite-sign dileptons é Data = % ‘ =
w; 10 [l vrelt-van = o _ @
S -
2 3 .Singk top qu‘rk ‘.21 PR W S S SR S WA NN SO S S S ST S TR S T S S S S S T i =
g10 I 200 400 600 800 1000 1200 1400 - 2,
= 2 E'_‘]Un«rlainh SI (GeV] B :-
10° - ) i —600 A
=TT 800 GeV ( x 100) ‘ - J .
10 e 1 0 1 .S
............................. BR(tZ) BR(tH)

Pull
O&J_'.o_.ro -

Physics Letters B 729 (2014) 149

A A 1 A A A A A A A l A A A A A A A 1 A A A A
100 200 300 400 500 600
min(.\l‘) [GeV]

« T2/3 ->1tH, tZ, bW
« OS, SS dileptons and semileptonic analysis combined

» W-tagged categories for the semileptonic analysis
6 June 2014 50



Vector-like Quarks : T2/3

B2G-14-002 :
— T2/3 -> tH exclusively
— All new! All firsts for CMS!

— Higgs tagger :

* Filtered CA15 jets with
subjet b-tagging

— HEP top tagger
* Also using subjet b-tagging

SubJet1 B §
et = 169.16 - \d

-JHEPTopTagger FatJet*

mass = 161.73

eta = -0.406| \ "9\
et = 407.64 phi = 2277 \
eta = -0.556

phi = 2.622

— 1.0

— 0.5

- CMS Experiment at LHC, CERN
I D410 recor
™ Run/Event: 196453 / 843094521
Lumi
Orbit/Cro

SecondaryVertex2

SecondaryVertex1

0.5

'Pn‘maryVenex

b-Jet Candidate
et = 35.82

eta =-1.054
phi = -1.631

ded: Sun Jun 17 03:03:28 2012 EDT 4.0 -

section: 966
g: 2R35203169 / 1248 -0.5
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CMS Simulation Preliminary |\/|
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3
:
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:
:
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—
—
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—
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Vector-like Quarks : T2/3

CMS Simulation Preliminary CMS Simulation Preliminary
%) £ 1 1 1 1 T T T T T 3 > q0f I 1 ]
8 1 06 ‘: - QCD(MC) . 8 - QCD (from data) ~
& 1t ) it
1°F mmmm = e TT —tHtH(1000GeV) ~ §> 10° = TT-5tHtH (500 GeV)
e TT tHH(700GeV) ] W P 0 .. TT —>tHtH (700 GeV)
10° F — TT tHtH(500GeV) * ------ TT —tHtH (1 TeV) x10
L ] 10 3 E
0L : ; -
102 - ; ........... .
1 ] | 10° & _— 3
1 E_ - !: ............ _. 102 ,_. ..................... g
i 5 : S ]
107 ¢ : 1 ! :
- | | r """ | | | | 1 4 | ; ----------------------
0O 12 3 4 5 6 7 8 9 0 1 22
n top-tags + b-tagged subjet Higgs-tag multiplicity

“top tag” = HEP + subjet b-tag “Higgs tag” = CA15 + 2 subjet b-tags
(plot after 1 top tag)
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Vector-like Quarks : T2/3

CMS Prellmlnary 19.7 fb' at \s = 8 TeV

% : CMS Preliminary, 19.7 fb'at (s =8 TeV, BR: BW 0%, TZ 0%, TH 100%
O 4F o)
*3 35F it =
Q>) : — T tHIH (500 GeV) —
w 3t ws TT=3tHHH (700 GeV) x10 ':
o5t LLY I e TT—tHH (1 TeV) x100 T
2} o
15f Q 107F
; o) 5
3
0.5F
: | e — 0bs 95% C.L.
Qg 15 - + - | e exp 95% C.L.
< o il = = = Theory TT'
= ! +} 1 : 2
é 05! ] 10 central 95% exp
o SN B A B e, arers .
050700150 200 250 300 - W central 68% exp
mass of Higgs candidate (GeV) L 1 1
. 600 800 1000
2 Higgs tags + 1 top tag

 Combine 1 Htag and 2 Htag categories
« Limit ~0.7 TeV, comparable to (I+jets + dil) combined ~0.7 TeV

6 June 2014 53



Vector-like Quarks : T2/3

CMS Preliminary Ys=8TeVL=19.7fb "

« B2G-14-003 : § o Moot ke
- T12/3->t+H g [ moe Eil‘;
W 4r TT- tHiH
— All new! H->gamma : Mo
gamma channel! 1
* Lower statistics than
others, but critical to EUULIL L L
confirm discovery L4 |
‘P(;O — 1;3#‘11‘ Lu'to: ’17'1{30#' 180
« Use gamma gamma my (Ge)
mass SpeCtrum tO ~ CMS Preliminary Ys=8TeVL=19.7fb "
constrain BSM 8 o e B o
i % - M,=700 GeV [(t1o
production g [t -2
. . w 4., I:]TLT—.»IHEH
 Combines leptonic and : i
hadronic channels for th T
tops 2
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Vector-like Quarks : T2/3

CMS Preliminary Ys=8 TeV L=19.7 fb"’

- 2 —
2 10
3]
2
g -
-
?-
3
I 10
x
(a8}
o~
X
=
°
10
— Observed 5
- Expected+ o
o Expected + 26

o(TT), X 2BR(H—> YY)

- a : : ; 5
N lllllllllllllllllllll llllllll

500 550 600 650 700 750 800 850 800
m, (GeV)

* Orthogonal sample, can be used for combination
 Coming soon :

— T2/3 -> bW with kinematic reconstruction

— T2/3 grand combination
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Vector-like Quarks : B1/3

« B2G-12-019
— B1/3 -=> tW, bH, bZ
— New!! (Well... since Freya's W+C talk anyway!)
— Uses W/Z tags in the semileptonic channel

o OMS Preliminary.\s = 8 TeV, u * jets CMS Preliminary 19.8 fb™, \s =8 TeV
s 10°E - Data 19.8 b’
: F NS m i BR(tW)
e | ] Z+jets 1 800 ©
> L [ Single t o
w [C]tWW+jets 8
: — ey 750 3
10:;+_ - \..._.\\.1 **** bD 750 GeV o
| M- j70
"""" 650 ©
........ =
-600 =
1 7
1))
1550
3,
-500 =2,
g v s L 0 o e S B S a s # e T e g’
2 3 T A N T S e B R RN s o) il
o t BR(b2) BR(bH)
Ealoastoonloaelioatoealeiolonelysslenl

- 600 800 1000 1200 1400 1600 1800 2000 2200 2400

S;, 2 V-tag (GeV)
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Vector-like Quarks : B1/3

« B2G-12-020
— New!! B1/3 -=> tW
— Same-sign dileptons plus categories in ST

St =)_pr(ets) + ) pr(leptons) + MET CMS Preliminary ,
CMS Preliminary 19.6 fb"' at /s = 8 TeV mue channel BR(tW) det=19.6 b, Vs=8TeV
Q(D; 104 [:] M(b'=450),B(b'— tW) = 100% [:| M(b'=800),B(b'—~ tW) = oos.g

© [ ] m=750),8(0' -+ tW) = 100% Data - 800 O
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i S 3 =700 =
10 s I R [»)
............................................................. 850 ©
............................................... =
. -~
— 600 g
o 550 i
= | C
102 3 - 3
c NPEFE PR BRI B IR B EPEPEPE B B S —1500 i
o ; t ‘\\ \\ \\ \ \i ' g
EB 01 ...% ............ % ........ T —é \\\\\\\\\ \\\‘\ —450 %
75 -2 E [—

ol 200 400 600 800 1000 1200 1400 1600 1800 2000 BR bz BR bH
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Vector-like Quarks

RENC TN

» B2G-12-021

CMS Expenment ot LINC. CERN
- = vy ) 29 0%
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— New since Freya’s talk gy M

— B1/3 -> bZ exclusive B
reconstruction

CMS Preliminary 2012, L=19.6 fb ™' \s =8 TeV
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Vector-like Quarks : B1/3
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Vector-like Quarks : B1/3

 Coming soon :
— B1/3 -> bH with Higgs tagging
— Legacy combination of all B1/3 analyses
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Top(s) and Dark Matter

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)
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Top(s) and Dark Matter

-
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Top(s) and Dark Matter

« B2G-13-004 SUSY usually
. NEW| @=I8TeV,L=:|9.I7fb‘1l . ]“Yels,up helre
%106 j CMS PlJeliﬁ\inary | . Dlata -
« EFT approach O .
. S10°[ ] Drell-Yan .
 ttbar (dilepton) + MET search = | — g ]
. i !nge o
 Sounds like SUSY, but has L a—— Egg'ggfe"' 1D lepton |
low HT of the jets i — a
10~ 1 %=

10"

-----------

.......

— f; ..... 1 1
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g {
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Top(s) and Dark Matter

\E 8TeV L=19.7 fb"

P~ Illllll | ] Illllll | L B R B A A |
% - CMS Prellmmary -
) 150+ w—p——_ Observed 95% CL
~— | sessessneen Median expected
E“ i Expected + 1o
i I Expected t 20
g | e ATLAS observed limits (90% CL)
.(_é) 100 I
£
—
)
%
9 50
- Nominal limit of
. EFT validity
Ol i T EE ! G G b 1 e | ! iR T Thie [ G e
1 10 107 10°
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* Coming soon : semileptonic channel and combination!
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Displaced Tops

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)
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Displaced Tops

B2G-12-024
— NEW!!
» Signature-driven search

* Look for moderately-
diSpIaced tracks inner layer

of pixels
e e-mu channel

CMS Preliminary: L =19.7 fb'at 1s = 8 TeV
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The Future?

% ATLAS Preliminary %’ 0.14- ATLAS Preliminary -
" 1 ; 0.1+ D;::f?v:‘:‘{‘t?g L“(;Nm:\}o 81 Qroomm “l ;‘ :::K?i:t;ét‘:tg L‘CiV’bf «005 R <03
* For high-lumi B T ] F o Sumasn
Kol e 1N 24 ] r- I - 1N 58
jet grooming R | o TR
oo il ATLAS study ' 5
. s . o
becomes aor i’ in 7 TeV data ) 1

absolutely RS R TR
critical! | .

0 50 100 15 200 2% 300 0 50 100 150 200 25 300

Leading jet mass, n, ' Leading jet mass, nf:"
(a) Data: anti-k,, R = 1.0: Ungroomed (b) Data: anti-k,, R = 1.0: Triommed

* |n fact, may be

Snowmass preliminary - no area based pileup correction

the ONLY way
to do jet physics ool
5000 :_ <mu> = 140 trimmed E
at all ;
soook. SnowMass study
ool at SLHC lumi’s
10005—
o: ”5|ol 1oo1£|302c|)02éo 300 350 400 450 500

Jet Mass (GeV/c?)

Becomes necessary with 140 pileup
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The Future?

ATLAS SLHC ~140 PU

* We know that the amount of jet
activity scales with pileup (linearly)

« ~1GeV/PU

* |[f PU =140, 100 GeV of each jet
Is from pileup!
CM§ preliminary, L=4.9fb" (s= 7I TeV

% 14~ mi<0.5 = Average Offset -]
O + Jet Area g
~ 1 2 u
Q. - ¢
D . i
Q 10» - ] . wOCP.‘S.L-S‘b'nt\s-?TeV.AK?qut
%_ i o T % Data, Ungroomed AK7
— 8 L 2 Pythia6 Z2, Ungroomed AK7
Q I 5 Data, Filtered AK7
w0 6 u 5 | Pythia6 Z2, Filtered AK7 CMS Study
x . Data, Trimmed AK7
E 4 . 2 o Pythia6 22, Trimmed AK' In 7 TeV data
& n . Data, Pruned AK7
] Pythia6 Z2, Pruned AK7
or . Anti-k, R=0.5, PFlow i
. Ap, _072 GeV/N,,v
O » - 50 G : d
2 4 6 8 10 12 14 16 18 L.W., . ; i' I e P{JOgrenlre]?]erngg?S
ORI (T8 1 137111 PO | .
Number of primary vertices Sl e "WW I# u| o) 1 P
% w2 30 40
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The Future

* Vector-like T2/3
— FTR-13-026
— Investigate T2/3 semilep selection in SLHC era

10° CMS Simulation 2013, (& = 14 TeV, 3000 fb" 1° CMS Simulation 2013, {8 = 14 TeV, 3000 fo" s ;
2 @ . . _ _ i
: m_ T 1 8 ssof Ny B o ] _ CMS Simulation 2013, ys=14TeV, L = 3000fb
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Conclusion

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)
TTT ] """""

» Lots of exciting Run 1 results
from the Beyond Two

Generations (B2G) group at
CMS!

* We are a major driver for new
technology to deal with

boosted and merged jets on
CMS

* Run 2 is looking very rosy for
us, please come join the fun!

crlt)=2 cmiesys)
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» Different types
— N = 2: “kT”
 QCD in reverse
— N =0 : "Cambridge-
Aachen” (CA)

* Angular-only

— N = -2: "anti-kT”
 “ldealized” cone
algorithm

arXiv:0802.1189v2 [hep-ph]

Cacciari, Salam, Soyez
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Boosted Jets

* First look at jet mass
— See e.qg. Ellis et al (arXiv:0712.2447v1)

Finite-size
effects from
cutoff
| Scales ~linearly Expect something looking like this :
Log. divergence with momentum
at low mass a
— CMS Simulation, \s=8TevV S
% 0.045 - | | -
— [ PJ P72, 2 : ]
(M2 ~C(PL) a, (Z)VRRRE, 3 ool E
— o 0.041 =
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2 2 — n -]
g —— " 0.015f :
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0.1 0.01— =
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Boosted Tops

* Can also look at jet shapes

Mass drop
N -Su bJ ettl NesSSs CMS Preliminary, 19.7 fb”, \s =8 TeV

85000:””].,”[””Iw”r]””1”111”.”[1);;a.r,r.”,”u:
CMS Preliminary \s = 8 TeV, 19.7 fb S [ ‘Type2 B G aAaRAPH) |
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< - CMS Top Tagger ] £ 40001 els =]
. o Data i c I C_INTMY I
0>J 70} Madgraph = o - B Z+iets i
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E pT>400 Gevic - Fully-Leptonic tt 5 E 0
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40 - ) 5
: 5 1000} -
30} E : ]
20+ = % 0.1 02 03 04 05 06 07 08 09 1
10E E Subjet Mass Drop (u = m / my,)

: : .

82 04 06 08 1 12
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Boosted Jets

 Jet mass has been measured at ATLAS, CMS, and Tevatron

s CMS, L=5fb"at \s=7TeV, Ungroomed AK7 Dijets
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* For boosted tops : look for “three-prong” jets
— Impose W and top mass hypothesis

* For boosted H/W/Z : look for “two-prong” jets
— Impose W/Z/H mass hypothesis
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Boosted Jets

* Other tools :
— N-subjettiness
* How "n-subjetty” the jet looks like -
— Energy correlation function
* AXis-less version of n-subjettiness
— Q-jets (“quantum?” jets)

» Cluster the jet many times with
different parameters, look at the
properties as an ensemble

— Jet Charge
— Jet width, etc

Thaler, Van Tilburg, JHEP 1103:015,2011
Larkoski, Salam, Thaler, arXiv:1305.0007

Ellis et al., PRL 108, 182003 (2012)

Krohn et al., Phys. Rev. Lett. 110 (2013) 21200

SN =

“All of the above” used at CMS!
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T
 Examine the cluster sequence 1

— Gives you information about how
QCD would have behaved

* Remove unwanted bits [

— Alot of QCD is low-pt and
uninteresting

— Also don’t want pileup 3

 You're left with the interesting parts /

That's jet grooming in a nutshell!

6 June 2014

Ly
&7 38 \ .
(3¢
‘\‘-‘,"-, ',":/
R &

/8



Filtering

= S /
/.. . \"\\ l\ * .

Pruning

Redo clustenng
remove soft

large angle
constituents

ﬁ ﬁ
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Jet Grooming

Comparing the three :

arXiv:1303.4811

B
-~ ) —e— Filtered data RECO
E 012 - Filtered PYTHIA6, Z2 RECO
T = s Filtered PYTHIAG, Z2 GEN
-8 0 1f —*  Trimmed data RECO
5 i — Trimmed PYTHIA6, Z2 RECO
- E sosssernsssern Trimmed PYTHIAG, Z2 GEN
T 0.08}
= _ » Pruned data RECO
C go06k Pruned PYTHIAG, Z2 RECO
o qniiutind ER— Pruned PYTHIAG, Z2 GEN
§ 0.04
QO |
0.02}
0 " 28 salesassll
O 0.1 02 03 04 05 06 0.7 ((3).8 09 1
room
mjet / mjet
5 June 2014 JHEP 1305 (2013) 090 80



http://arxiv.org/abs/arXiv:1303.4811

Boosted b-tagging

* Another problem with merged jets :
— Overlapping tracks!

— Problematic for b-tagging

— Misidentification rate grows with
combinatorics

» Use jet tools to handle this case
also!

— B-tag subjets instead of the “fat”
jet!
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JHU / CMS Top Tagging Details

Based on Kaplan et al. (arXiv:0806.0848)
Cluster particle flow candidates using Cambridge Aachen
Reverse the clustering sequence in order to find substructure

Subjets must satisfy two requirements Removes soft clusters
— Momentum fraction criterion: pTsubjet > 0.05xpThard jet
— Adjacency criterion: AR(A, B) > 0.4 - 0.0004xpT

lterative process - throw out objects that fail frronBEIIIR VEStWIte endlerghlddetRister

again

Secondary Decomposition
Repeat on parent clusters

Primary Decomposition:
Break jet into two parent
clusters

@
.0 __, of
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http://arxiv.org/abs/0806.0848

HEP Top Tagging Details

HEP Top Tagger

» ATLAS has extensively studied and » Removes soft, wide-angle radiation
optimized the HEPTopTagger

ATLAS CONF-2012-065

» Left with 3 decay products of top

» HEPTopTagger reclusters the large-R quark reconstructed as subjets

jet using a smaller distance parameter

substructure objects

Keep the hardest N(=5) subjets

/ /
/ \ / \
\\s r'l * @ f \\\ z','
S - \\~ —’¢’ S -
AR; i, AR; j. ARj,;
Rgy = min[0.3, —42 A3 —_J2s i
filt [ 2 2 2] Top candidate
_ Make exactly .
el TS, threejets 7 s

U4 \ / \

7 \ 4 \

I 4"\ “ ,' “
. (O —> T
(o, szlo I‘ 09 ! 09

. /QQ' (O\l\ ‘1 \ @ ! @

\\ s /’l \\ ,l'

\\s o’, \\‘~ —"’
Mg, = My (1 £0.15)  (a,b = ji, ja, ja)
6
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HEP Top Tagging Details

Plehn, Spannowsky, Takeuchi,

HEP TOp Tagger arXiv:1111.5034

» Can then use the three subjets to
impose criteria

» W mass, top quark mass

» Good discriminating power between
top pair events and backgrounds

C/A

C/A

=y

[ Wjets C/A

m,y/m ;s
m,,/m,,
L
(@)
w)

m,,/m,,,

el PP
00 0.5 1 1.5

atan(m_ /m,)) atan(m_ /m,))

—a 1
1.5
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b HEP top tagger

— Phys.Rev.Lett. 101
(2008) 142001

— Break up cluster
sequence to get three
or four subjets

— Impose top and W mass

Jet Grooming

. > x o e G ol et C iz g ag 2 52 o Ace Ac. Lo b i S G AN dE AT
< = o gt 2Boxem O L e e taate B T T A Ca O S U JUt -3 ~ Ty

— Break up cluster
sequence to get three
or four subjets

— Impose “Dalitz-like” cuts

m,y/m,.,




