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TOP QUARK
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Leptons

Quarks
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The origin of flavor
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THE ROAD TO DISCOVERY
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GIM mechanism:

a fourth quark is J/Psi discovery: Upsilon discovery:
required fourth quark fifth quark

CKM matrix: CP violations Tau discovery:

only with 3 generations 3" generation

Leptons
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THE ROAD TO DISCOVERY

Teva’crow (Fermtlab):

PETRA (DESY) SppS (CERN):
ete, Vs = 46.2 Gev ppbar, Vs = 630 Gev ppbar, Vs < 1200 Gev
My, > 23.3 GeV m,,, > 69 GeV My, > 92 GeV
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Miop > 30.4 GeV Myop > 45.8 GeV Florencia Canelli | University of Zurich |
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TOP QUARK MASS

M., (GeV)

180

Workshop April 910, 2015
Fermilab, Batavia, IL USA

To celebrate the 20" anniversary of the discovery of the top quark,
‘we will review and ade at both
the Tevatron and the LHC, the theoretical context and explore
the indications for physics beyond the standard model.
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TOP QUARK MASS

Miop (GeV)

180

| | |
1995 2005 2015

Current most precise measurement: Yea r . . . . .
CMS combination 172.44 £+ 0.13 (stat) + 0.47 (syst) GeV Florencia Canelli | University of Zurich | 8




Constraining the theory

top H?
+ + '/ \‘
W top W
L4y
m, = +am’ +blin| —4
VA

W

The top quark mass enters many electroweak parameters, with sizeable corrections.
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Constraining the theory

measurement of m,,
>

80.385 £ 0.015 GeV

>
173.34 + 0.76 GeV

measurement of m,
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Constraining the theory

o o, m, world comb. + 1o
68% and 95% CL contours 1 m = 17334 Gev

B fit w/o M, and m, measurements -- 0=0.76 GeV

fit w/o M,,, m and M, measurements || — © =076 ©0.50,,;GeV
direct MW and m, measurements :

M,, world comb. = 1o
M, = 80.385 = 0.015 GeV

80.3

80.25 A~ 3 fitter
: (s .
140 160 190

http://project-gfitter.web.cern.ch/project-gfitter/ mt [GEV]
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The fate of the Universe

Absolute stability

167' . ; g . ; : 1
120 4 130 135
arxiv.1507.08833 My, GeV
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Top production and decay
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Top production and decay

More than 80 million
top quarks produced to

date at LHC

Approximate precision:
Production cross section 4%
Mass 0.3%

Spin 10%

Charge 1%

V-A vertex in decay 4%

Rare decays <1% (at 95 %C.L.)
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Top production and decay
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Top production and decay

REE Pixel detector provides a
: YN precise measurement of
L ,&:_ff" RIS Ve, particle trajectory and
RSN ' identifies the secondary
| / : ' vertex where particles B
ST 3 mesons decay
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KEY TECHNOLOGY: PIKEL DETECTORS

"\ Determines position, time, pulse height of traversing charged particles
. ‘ = ~100 million channels
nteraction = Reads out data at 40 MHz

Starting in June 2017 the instantaneous data rate of the LHC increases
such that the pixel detector needed to be replaced in order to
maintain the excellent tracking of CMS

Pixel module

3 =0 n=0-> =10 n=15 n=2.0 of the
% pixel detector (2010-2017):
g ly ) = additional layer,
£ ¥ = |ess material,
" new readout
§ it = better cooling
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Pixel module

=)

FPIX Service Cylindef

Supply tube

Control : state machine signals, loading calibration constants for
detector

Power : Down-conversion of power, distribution of power, control
of power for detector

Readout : receives data from detector, assembles, converts to
optical, transmits to DAQ

Cooling : supplies cooling to detector
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CMS PHASE I BARREL PIXEL DATA

Successfully
commissioned
and integrated in
CMS global

taking

Phase | pixel
detector is taking
its first data in
collisions now
with more than
95% active
channels




THE STANDARD MODEL

vy

incorporates
interactions between
the matter fields and the
scalar field © that is
responsible for giving
fermions their masses
when electroweak
symmetry breaking
occurs
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Torp AND HIGGS

The top quark is the most strongly-coupled SM particle to the Higgs boson :

m S ANANAANANAAN

ATLAS and CMS [JATLAS+CMS
LHC Run 1 [JaTLAs

[CJcwms

Indirect constraints on the top-Higgs
Yukawa coupling can be extracted from
channels involving the ggH and yyH vertices

—68%CL -+ 95%CL + Bestfit * SM expected

12 14 16
Ky
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TorP AND HIGGS

Top-Higgs Yukawa coupling can be measured directly

O(ttH) o< y?

photon

0.2%
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ToP AND HIGGS

Categorize events using number of leptons and b-jets

12.9 fb™ (13 TeV)

¢ data —15 x ttH
WitsLF Wlttece 12.9 o' (13 TeV)

o . dat —tHx 28
Wito .“_“'Zb CMS Preliminary g mmies
| [ Wsingle-t lepton-+jets, Wtt+b WWit2o

[Ctt+v B V+ets >6 jets, >4 b-tags 5$+?;s Eﬁin\/@e Top
_fi n +] -+
Wl diboson pre-fit expectation B Dibeson

b
e,

u
v

+

<
<

0406
BDT output

<l T Tl
Data/Bkg.

o
<l

I =
BDT>0.12
4 jets
4 b-tags
BDT<0.26
4 jets
4 b-tags
BDT>0.26
5 jets
>4 b-tags
BDT<0.26
5 jets
>4 b-tags
BDT>0.26
>6 jets
>4 b-tags
BDT<0.13
>6 jets
>4 b-tags
BDT>0.13

@
-

CMS PAS HIG-16-038

Tl

dilepton

Boosted decision tree to further separate ttH vs sum of backgrounds
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ToP AND HIGGS

12.9fb" (13 TeV)

) CMS Preliminary ¢ data  —ttH(u=-0.19)
12.9fb” (13 Te . Wir Wlttece
o data —tHx 28 lepton+jets
Wit+o Wt+2b

CMS Prelimina m@tt+f Wttice >6 jets, >4 b-tags

lepton+jets,
>6 jets, >4 b-tags
pre-fit expectation

Wt+b Wt:2b BDT>0.13 Wtt+ob  [Wsingle-t

Wltt+bb @ Single Top
@V+ets TtV Ctt+v [ V+ets
@Diboson W diboson

BDT output

0.0 0.1 02 0.3 04 05 06 0.7 0.8 0.9
MEM discriminant

b WING
k (J?)\“ e

% .
W= All-hadronic channel

11.4-12.9 0™ (13 TeV)
CMS Preliminary

n tot. stat. syst.

+1.05 +1.01

3 1.50
——a—— -0.04 *
: 0.04 “i59 09 -106

+1.02 +0.51 +0.88
-0.43 -1.02 -0.52 -0.87

Detect
Combined -0.19 057 0% ‘oee

0 2 4 6
Best fit u = o/c_ at m, =125 GeV
SM

CMS PAS HIG-16-038

With high BDT output events construct per-event signal-background probability
using full kinematics information in an analytical approach
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ToP AND HIGGS
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CMS PAS HIG-16-038

0)
WO = —measured — (), (S ARRERASSINN 1 orobability

using full O —0.44 -0.68
SM stat syst

= «anelli | University of Zurich | 28



ToP AND HIGGS

there’s not yet a single analysis with a strong & unambiguous ttH signal, and it
will take time and effort to get there

All channels (H to bb) combiq

Gmeasured — _O 19+O.45 0.66
O ] -0.44 $0.68
SM
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Hicerarchy problem

The Higgs mass set the electroweak scale.
It receives contributions from the top loops.

top

HO top

i
m; zmic - - lv& [* A* + ...

AN\ Is the scale at which the Standard Model is
valid. It could be up to 10*° times the mass of
the proton (Planck scale) !
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Hicerarchy problem

There should be new physics that
eliminates the large loop

contributions from top above the
TeV scale

concept: F. Blekman. art: A. Calder, 1964 Florencia Canelli | University of Zurich | 31



Hicerarchy problem

Most popular: Supersymmetry
— symmetry that turns bosons into fermions, and vice versa
— Invokes the existence of a bosonic partner of the top quark

stop
top (/"‘\
+ R
HO top
3 3
R R 2 2 2
MH—umﬁ 2'3&| A + ZjSA *‘111
L (8 1é&
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Supersymmetry

Fermions
leptons quarks gluino photino wino zino higgsino
Bosons - ‘
gluon photon W Z Higgs
sleptons squarks

Standard Model
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Top and &UsSY

Many supersymmetric particles can decay to top quarks
— In the context of a simplified theory SUSY particles are produced in pairs
— The lightest-supersymmetric-particle (LSP, x) in the decay escapes detection

Gluinos are produced and  Gluinos are produced and STOP decays to top and LSP
decay through a top and decay through a top and a real

a virtual stop going to stop going to top and LSP

top and LSP

Search for decay chains with two or four top quarks in the final state

Florencia Canelli | University of Zurich | 34



One lepton final state :
high branching ratio and
smaller background
dominated by tt
production

Top and &UsSY

Main discriminating variable
Ad: Angle between lepton
and reconstructed W

lepton
Lepton + MET in

SM: Ad

neutrino/MET

lepton
Lepton + MET

with SUSY:

< Events /0.1>

Data/Pred.

10° CMS Preliminary 35.9fb™" (13 TeV)

— Tttt 1.4/1.1 +Et_>a|1ta. .
Bt ]+ jets
T1ttt 1.9/0.1 B 1+ jets
Bl W + jets
I [ QcD

. vt
I signal [ DY + jets
. 0 tiv
region . WW/WZ/ZZ

CMS-PAS-SUS-16-042
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Top and &UsSY

Categorize events in 30
exclusive regions defined to
optimize the signal over
background:

Number of jets and b-jets,
Sum p; of all Jets = H; and
Lepton p; + MET = L;

Data
Prediction

35.9fb™ (13 TeV)

B it (21) + jets B tt (11) + jets

I W +jets Bl i
ttv DY + jets
T1tttt (1900/100) —— T1tttt (1400/1100)
Pred. Uncertainty ¢ Data

CMS Preliminary

LTA2ATI2ATI2TI2ATI12L T12LTIA T12LT12LT3 LT3 LT3 LT3 LT3 LT3 LT3 LT3 LT3 LT4 LT4 LT4 LT4 LT4 LT4 LT4iLT5i LTSILT12AT12AT12LT1AT12LT1AT3i LT3iLT3i LT3i LT3i LT3i
HTOHTOHTOHT2HT2HT23HT4HT4IHT4IHTOHTOHTOHT2HT2HT23HT4iHT4iHT4iHTOHTOHT23HT23HT4iHT4iHTOIHTOIHTOHTOGHTOHTOSHT4IHT4i HT4IHTOCHTOCHT03HT4| HT4| HT4i
>3b

b 2b >3b1b 2b >3b 1b 2b >3b {1p 2b >3b1b 2b >8b b 2b >3b1b 2b 1b 2b 1b 2b >3b1p 2b 1b 2b >3b 1b
6-8j 6-8j 6-8j 6-8j 6-8j 6-8] 6-8j 6-8) 6-8 6-8j 6-8j 6-8j 6-8j 6-8j 6-8 6-8) 6-8j 6-8j 6-8j 6-8j 6-8j 6-8) 6-8j 6-8j 6-8j 6-8j 6-8j29] 9] =9j =9j =
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Top and &UsSY

Two mass parameters of interest: masses of the eluino (m_) and LSP (m,)
CMS preiiminary 35.9 fb" (13 TeV) pp — 99, g >ttt X} Moriond 2017

CMS preiiminary 35.9 fb' (13 TeV)

—SUS-16-033, 0-lep (H'™)
—SUS-16-036, 0-lep (
—SUS-16-037, 1-lep (M)
—SUS-16-042, 1-lep (Ad)
SUS-16-035, >2-lep (SS)
SUS-16-041, >3-lep

1800|pp = §g,g — ttX% NLO+NLL exclusion

—Observed+ 10
z:-Expected* 1o

theory --:Expected

experiment —Observed

All hadronic
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Hicerarchy problem

 Many theories predict the presence of top quark partners
(vector-like fermions) which have the same spin and mainly
couple top top and b quarks

top partners

= O
+ +

HO top
pd pd 3 pd
M. =m:, - . LogA + ..,
S L (g P

summation over loops containing the new fermions
cancels the divergence of the top quark loop.

“It looks like magic, but it is guided by the underlying
symmetry.” —M. Peskin
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TOP Fartners

. CONFIGURATIONS
quarks that receive mass T
through direct mass term
(independent of Higgs) and _ (%)
have both left- and right- b
handed charged currents (in L : s (g)
contrast to chiral SM matter) | Y Y

percharge

PRODUCTION

Pair-production, Single production,
strong mechanism, electroweak, depends on the
model independent mixing with SM quarks

Present boosted signatures




ToPs Fartners

T2/3 bW (BR=0.5) N W boosted et
1 1
tH (BR = 0.25)"" Lo top ’
1
tZ (BR =0.25) | T
B1/3 tW (BR=0.5) S R B z
| i i i leptons
bH (BR = 0.25) | | | |
1
bZ (BR =0.25) s
1 1 1 1
05 1.0 15 2.0 TeV

(*) in singlets. Note that X>/3and Y#3 appear in doublets and triplets configurations. Total 7 configurations allowed.

(**) http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/

(***) in t>hadronic but also done in leptonic channel Florencia Canelli | University of Zurich | 40



Tops FPartners

forward jet

Select Z->ee/pp + jets with at
least 1b-jet tag

Categorize events
based on # of W, t-tags
and forward jets

Unmerged

hadronic top 30

Partially merged
hadronic top

(W jet + b jet) :
/1_ J
ey z )

Fully merged
hadronic top jet

Reconstruct mass of the T quark
as M(tz)

35.9fb" (2016, 13 TeV)

serve
.. Z/y+jets
Preliminary B ti and single-top
W (V=ZorW)
ttV and tZq (V= Z or W)
Background uncertainty
) Tb— tZb (M=1TeV, LH)

Tin 2u + 1top jet

—_

o h
o U ND O

observed/expected

600 800 1000 1200 1400 1600 1800 2000
my . [GeV]
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ToPs Fartners

T2/3 bW (BR=0.5) | gy,
1
% %k I
tH (BR = 0.25) E T top :
tZ (BR =0.25) !
B-1/3 tW (BR=0.5) ! z s o _ .
: ~ _ neutrinos
bH (BR = 0.25) i
: Work in progress:
YA EWE) i More favorable
[ [ [ 1 channel in high
0.5 1.0 1.5 2.0 TeV energy regime

(*) in singlets. Note that X>/3and Y#3 appear in doublets and triplets configurations. Total 7 configurations allowed.

(**) http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/

(***) in t>hadronic but also done in leptonic channel Florencia Canelli | University of Zurich | 42



ToPs Fartners

T2/3 bW (BR=0.5) ]
1
* % % ]
tH (BR = 0.25) E L bhoosted jet
tZ (BR =0.25) i A \
B-1/3 tW (BR=0.5) L g M4
1 ”
]
bH (BR = 0.25) i _‘\b
bZ (BR =0.25) i
] ] ] : Work in progress:

o
w
[y
o
[EEN
w
N
o
_|
D
<

A very challenging
signature ! New in
LHC

(*) in singlets. Note that X>/3and Y#3 appear in doublets and triplets configurations. Total 7 configurations allowed.

(**) http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/

(***) in t>hadronic but also done in leptonic channel Florencia Canelli | University of Zurich | 43



Ne
0

Normal Matter
4%

Dark Matter
P23

utrinos
1-2%

"

p—

Dark Energy
73 %

g
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So far we don’t know what dark matter is

But
we know that interacts gravitationally
and is at most weakly interacting

we think that it should have reasonably
large coupling some of the SM, in order
to explain its abundance in the Universe

The weakly-interacting-massive-particle
(WIMP, x) is among the most popular
candidates particles for dark matter

Imagine Greater
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Dark matter detection

Different possible interactions are currently explored

Indirect 2,

Direct

"
| ¢ \_Underground J

Designed by B. Penning

Collider Florencia Canelli | University of Zurich | 46



Jark Matter production, , <
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Dark Matter production

DM
DM All DM searches at colliders rely on large
amount of Missing Transverse Energy:
negative sum of the transverse momenta of
all the reconstructed particles
4
® ) ) ) an e gan = @

Anything: quarks, photons,
W/Z bosons

Florencia Canelli | University of Zurich | 48



Dark matter phenomenology

Dark matter (x)
N\ .

SM \ Dark matter (x)

Simplified models[1507.00966]
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Dark matter phenomenology

We parametrize all possible interactions that have potential signal strengths:

’

SM . Dark matter (x)
Y 4
V4
/
Y 4
,/
8smagA ‘\ Som XXA
\
\
\
\
SM * Dark matter (x)

Slmphﬁed mOde|5[150700966] Florencia Canelli | University of Zurich | 50



Dark matter phenomenology

LHC program considers a comprehensive set of diagrams for the

Vector

T 8L

=
Q

Axial vector

EonZ XYV X

EWK style coupling (equal to all leptons)

Besides very low DM masses direct
detection wins clearly over collider

Scalar
(@]

= &,SXX

=
o

Direct detection and colliders are
equal in overall sensitivity but probe
different regions of parameter space

Direct detection and collider are equal in overall
sensitivity but probe different regions of
parameter space

Pseudoscalar

g..PXV X

No limits from direct detection, only
indirect detection. Collider provides
limits similar to scalar couplings
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IROENNAN

g

D,

D)

REGMNSIRI

ER

Missing transverse energy
spectrum for different dark

Because only the top quark Yukawa is of O(1), WIMP DM matter and
preferentially couples to the heavy top quark P —

Normalized events / 40 GeV

0 100
CMS simulation
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100

mediator masses

(1, 50) GeV ,=(10, 50) GeV
(1, 100) GeV l,= (10, 100) GeV
(1, 200) GeV , = (50, 200) GeV

L. M, = (1, 300) GeV M, M, = (50, 300) GeV
(1, 500) GeV g!=g|=1

200 300

L. M, = (1,50) GeV . M, = (10, 50) GeV
o M, =(1,100) GeV = = (10, 100) GeV
. M, = (1,200) GeV -

,= (1, 500) GeV

200 300 400

Missing transverse energy (GeV)



IROENNAN

Events / bin

Analyze all 3 possible
decay channels of tt:

Hadronic
Dilepton

Obs / Fitted

CMS

I+jets ﬁ+p’;”'ss

2.2fb" (13 TeV)

¢ Data
it
C W(lv)+jets
B Z(ll)+jets
[ Single t
I Diboson

Bkg. unc.

--- Prefit
— m,=300 GeV,

pr"iSS [GeV]

= o/c

=
c
o
E
@
Q
o
-

REGMINIRHER

2.2t (13 TeV)

Scalar, Dirac, gq=1, gy=1, mx=1 GeV CMS

—— Observed limit 95% CL
Expected limit 95% CL
—_— bb+p:‘SS (bb+xy only)

miss

—— bb+p"

miss.

Dileptonic tt+pT

miss

l+jets tt+pT
—— Al-hadronic tt+p["**

10 10°
Combine all channels, m, [GeV]
including bb+dark matter

Also done for pseudo-scalar



LHC DATA

e Peak luminosity Integrated luminosity
6.0E+34 HL-LHC j 3500
Run 1 -~ Run2 Run 3 Run 4 Run 5 Run 6

50E+34 o0 o --0--0 o :-@--0 3000
2500 &2
i 4.0E+34 Trigger- Trigger Trigger ¢ é‘
N Rate: -Rate: -Rate: 2000 O
£ ~500 Hz | ~1 kHz . ~1kHz | =
. 3.0E+34 S1 |- S - . =
> =
.*g‘ Trigger- 1500 8
S 20E+34 Sei-e Rate: E
& «c. ®'® ~7.5 kHz 1000 o
2 o
o or Trigger- E=

1.0E+34 . HERE Rate: 500

~7.5 kHz
o
0.0E+00 = 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

Year
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Conclusions

The top quark is at the center of the
search for new physics at the LHC

Its precision and related searches are
key for understanding can be the most
important route to the discovery of new
fundamental interactions

Very exciting prospects for LHC!
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