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The building blocks of matter

LEPTONS
Charge
0 Electron neutrino Muon neutrino Tau neutrino
Mass: >0 Mass: >0 Mass: >0 \
Lepton and
‘ quark sizes
® represent
1 Electron Muon Tau P rti I
Mass: 0.511 Mass: 105.7 Mass: 1,777 proportiona
m mass
Top quark is
Charge e Top heavy!!! y
- Mass: 175,000
2/3 Up Charm
Mass: 5 Mass: 1,500
¢ <
-1/3 Down Strange Bottom
Mass: 8 Mass: 160 Mass: 4,250

Masses are in millions of Electron Volts [MeV/c?]
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The Big Bang...
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The Standard Model!

VRIJE
UNIVERSITEIT
BRUSSEL

Freya Blekman, freya.blekman@vub.be




UNIVERSITEIT
e@@!ﬁ%ﬂ&nan Freya Blekman, freya.blekman@vub.be



a c abe fade b ¢ d e
— T — gsf“”capgugﬁgyb— ig%f b” f gugy%ugy M—/F_ -
5192(T7"q0) gt + GUO°G + g, f*°0,G 1G 95— aUW“1 LW,
B MWW, — 10,200, 20 — 5 M2 2070 — 10,A,0, A, — 5auhrag,jﬂj*{ -
Im2H? — 8,01 9,9~ — M2p+o~ — %8@048”0;0 — M ¢0?° - fh[f—z +
PLH + 5(H? + ¢°¢° + 2¢7¢7)] + 27 a,jr— z‘gc%,g(zﬁg(%_wy -
WiW,) = Z0W, W, — W, 0,W,0) + Zy(W, W~
W5 0,W)] — igsuldy Au(WFW; — WHAW, )~ AW, aUKVVMV__
Woo,WH) + A (Wa,Wy — W, 8,Wi)] - Lg W% WaWi Wi +
u%gQW;W‘WJW‘ + g* 2 (ZW FZ)W, — ZSZ#WJVI:,, ) +
14 v w - 0 -
9L (AWIA W, — AuAquWu})I:' ggzgzLAﬁgégi}ﬁ?
_ 0T/ +11/—1 _ _
W:—Wu ) _0 EAILZILI:—I/V_VI;U ] %O;[ 4 _}_- 4H2¢)+¢_+2(¢0)2H2]—
s on[HH (¢7) (5" 62 4 A(g0)%0 6 +4HgT 26
gMW W H — %Q%Z,?ZSH — 519[W, (%06~ — ¢ _u¢a) _+
W, (6°0,0" — ¢+ 0,0°)] + 59IW,5 (HO,9™ —¢ 8;3H ) :W_/,L (H _wi -
¢+8MH)]+%gci(Zg(H8u¢°—¢°8HH)—fgg':MZﬂ(Wﬂ é —WM+¢ )+
. e = _ s 1-2c 0( 4+ - —_ 60 +
R TR
195w AL (@T0uPT — ¢ 0uPT) — 7 WIW 1+2(<g g |
19° 2 Z0Z0 [ H? + (6°)° +2(2s%, — 1)*¢% 67| — 3% 238" (W,f o +
Wy 6%) - big?sk Z0H(Wjro™ — Wi 6*) + %gQSwAm"(OWJ{ +
L)+ Yigts A H(WH 6~ =W, ¢h) — g2 (26 — 1) Z0A, 67 ¢~ =
WlL ¢2 )+ 229+3w:4/1 75\ pa¢ ; p,)\ — 37)\ a,ﬁ = ﬂ)\(’}/a +Hm)\)u)'\ —
9 5u A Au™9 |- & (00 + W—Lf)e A ;y iy _ 1 (d 1lid’\J)] +
Bl (70 +m))d} +igs,Au[— (@7 ed) + 2(ady u]/\) - 3_/\]-7 %)
1= Z(P L+ ) + (@ (dsh, = 1 = 7)e?) + (237" (55% =
Cw - ; o5
1= 7")u3) + (@37 (1 = 550 = 7)) + 2_%”5/;&(” 7"(_i +Tv Zel) +
(@}7*(1 +7°)Ced)] + 55 Wi [(EM#(1 + 7)) + (dé C)\;'Y (1+
P u})] +H 75 [t (72 (1 — 7P)ed) + 6~ (B (1 ++°)Y)] -

A

. =, 3 K (5 —_ ~AD\ gk
475 [H (ee) +Z¢0(6A756A)] + m%ﬁ[—md(:j?ﬂ(l - fg)d?)i-
™ 1 (d ig My 40(ZAABYN)
V) - $5RH @) ~ $HAE) + 5700w —
25900 ) +[XF(F — MXT X (@~ WX+ X0 -
Bl \2) X0+ Y Y +ige, Wi (9, X°X ™ —8, X+ X°) +igs, W9,V X~ —

OuXTY) +ige, W, (0, X~ X0 — 9, X°X ) + ?gst;(a,i);(—}i _
VRIJE 8 Y XT) +ige, Z0(0, X X T - 9, X~ X7) +zgsf,4,6(8%X X+t -
UNIVERSITEIT 0,X"X7) = 3gMIX*XVH + X" X"H + Z XX H] +
BRUSSEL

ekigM[X T X0t — X~ X Ypala Bl ¥eyadieknie@ . be
QC“éngw[Xﬂx—w — XOX*¢] + LigM[X+ X+ — X~ X~ ¢




é105
O
= 10*
10°
102

107"

Production Cross Section
)

—
<
N

1073

Standard Model at the LHC: orders of magnitude

January 2018 CMS Preliminary
B @ 7 TeV CMS measurement (L<5.0 fb”)
a8 @ 8 TeV CMS measurement (L<19.6 fb”)
EB @ 13 TeV CMS measurement (L <35.9 fb™")
>n jet(s) — Theory prediction
Z L Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7
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Standard Model (scarily) good at describing everything

mm Global EW fit
mm Indirect determination
- Measurement

O Full EW 2-loop
£ Z-partial widths at 1-loop

A (LEP)
A (SLD)

lept

sin’e,, (Q_)

See also:
arXiv:1407.3792
(Gfitter group)
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Problems with the Standard Model

* Matter vs antimatter asymmetry

» Standard Model cannot provide enough CP violation
to explain dominance of matter

 Dark Matter

* if it exists, it is very likely not described by the
Standard Model

* Neither is dark energy
 Standard Model neutrinos are massless

* The 2015 Nobel Prize (Kajita and McDonald) was for
neutrino oscillations, directly proving that neutrinos
have mass

* Gravity is not included
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Problems with the Standard Model

Foremost: how can the mass of the Higgs boson be
anything “small”?
+ It should “resist” itself (since it couples to mass, it should couple
to itself as well)
+ Its mass should be almost infinite!

Quadratic divergence in the Higgs mass

/{1 J=1/2 OJ=0
_ .
me(pt)=m 2+ Lo ()

m* (p2 )= m* (A2 )+ ngf\:dkz
V4

+ Why is the Higgs mass so low? What is the mechanism?
+ Strong dependence of Physics(Agyk) on Physics(Ap,)

e It’s like saying that to describe the Hydrogen atom one needs
to know about the quarks inside the proton (not true!)

e Implies extreme fine-tuning (ETF) of parameters
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Little Hierarchy problem, Naturalness

mHiggs
126 GeV
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Little Hierarchy problem, Naturalness

@ B Myiggs
7 : 126 GeV
BSM?
“higes
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Little Hierarchy problem, Naturalness

t
O - S Myiggs
7 ' 126 GeV
BSM?

If fine tuning <=10%:
Restrictions:

Nquarks ~< 2 TeV
Ngauge ~< © TeV
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17 SM parameters do not constrain creativity

creativity is definitely subject to fashion

e SUSYin all it’s variations SUPERSTRIN G

GMSB M-theovy heterotic
MSSM, CMSSM etc Gafolonomy EgxEp)

*  New strong interactions? Type-A Type-I
*  Technicolor; excited quarks;
compositeness; new “contact” interactions
. Exotica:
* leptoquarks?
* New “forces”?
*  New resonances (W-Z-like)

* More generations?
Fourth generation (b’/t’)

*  Gravity descending at the TeV scale?

*  New resonances; missing stuff; black
holes; SUSY-like signatures [Universal Extra
dimensions]

. SUSY-inspired exotica:
* Long-lived massive (new) particles?
*  Some true inspirations: “hidden valleys”?

g Srond s'uts)
Uni€cation

THOUGHT OF
src: H.Murayama
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Supersymmetry or SUSY

Dirac
gauginos

CMSSM
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Top quark — special?

* Many models predict that
top is special in order to
explain large mass

}7 \/
¥ RESULTS %

|4- 0P GUWRK: 0, 1C

2- 2 BOSON: Q) 20C
3-W 20saN: &Guce |

Y- BOTOM QAR y3co |

* Or top quark has special
role because of its large
mass
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The top quark
* First evidence 1994, CDF
* Discovery by DO and CDF in 1995

* Heaviest known fundamental particle, m; =172.5 GeV/c?

 Lifetime ~5x1072> s = no hadronization before decay

CMS Preliminary March 2018

b hadron lifetime

—— e @——— 173.50 = 1.50= 2.91 GeV
TOP-12-030 (2013)

Kinematic endpoints 1.70
P @~ 173.902090%170 , .0 GeV

EPJC 73 (2013) 2494 200
b-jet energy peak @ 172.2021.1722.66 GeV

TOP-15-002 (2015) 180
Lepton+J/w ———@—— 173.50=3.00= 0.90 GeV

JHEP 12 (2016) 123 160
Lepton+SecVtx 7 . +1.58

PRD 93 (2016) 092006 ® 178682020 0g7 GV 140

Dilepton kinematics o 171.7021.10+268 ; 1 GeV

-~
>
o
TOP-16-002 (2016)
Q© 120
Single top enriched +0.97 4
e 172.60+0.77 093 GeV 7))
EPJC 77 (2017) 354 g 100
cMS £i+j shape,8TeV _g 169.90= 110438 _ 0 Gev x~
TOP-13-006 (2016) :E 80
oftt) 7+8 TeV 1.70 3
JHEP 08 (2016) 029 —@— 1738070 4 5o GeV © 6o
NNPDF.0
CMS 7+8 TeV (2015) . .
PRD 63 072004 (5016) o 172.44 = 0.13+ 0.47 GeV 40
World combination -
ATLAS, CDF, CMS. DO @~ 173.342 0.27= 0.71 GeV 20
arXiv:1403.4427 (2014)
PRI R SR S AN [ B 1 u d s c b
160 170 180 190 0
m, [GeV]
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History of the top quark

discovery

PRL 74, 2632 (1995)
PRL 74, 2626 (1995)

17 events today

10000s of events

CMS 2011, 5.0 fb'at Vs =7 TeV

200
Fitted Mass  (GeV/c?)

5 T T T T
h19 events ..
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e
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! f 21000

o

© 1900F s+ Data

2 1400 -

< = tt signal

%1200_ = tf background

g 1000 = Single top
8001 = Drell-Yan
600} = Diboson

150 200 250 300 350 400
- Reconstructed mass [GeV]

Total Top Quark Mass Uncertainty (GeV/c?)

precision

Top Quark Mass Uncertainty

4 Iejets DO measurement
A Combined DO measurement
A Tevatron combination
Projected future uncertainty range

Tevatron

b L.\ MM<1%
1 T ; ..u‘;.é.\:’c.l.
| 16"
o AL A A
10" 1 10
Integrated Luminosity (fb™)
W
. U w )
searches )

LHC:

ol .
80 120 160 200 240

T tep quark

1995, CDF and D@

experiments, Fermilab

factory
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The Large Hadron Collider

A S T R

e s -V,‘n-n———-—w%
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Alps Jura Mountains
Pays de GEX

- Swiss-French Border
e A = e
LHC - B CERN
ez 0Nt T ATLAS ALICE

EolnL:l = Point 2



LHC: search engine

“Physics beyond the standard model” sdvanued 2eaeh
Preferences
Google Search || I'm Feeling Lucky Language Tools

hake your homepage beautiful with art by leading designers
Energy: 7,8,13,14 TeV

Top quark: 600/minute Protons/Bunch: 1.5 10"
Higgs boson: 30/minute ElER Business Solutions - About GasI¥[alelglskTlel=r=1a1MEasete]010)

BSM: ? _ Bunch crossing: 40 MHz
@2008 - Privacy
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General Purpose Detectors (GPD)

» ATLAS has a
toroidal magnetic
field for their
muon system

25
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Barrel Toroid

Muon Detectors

Electromagnetic Calorimeters

Solenoid

» Compared to the ATLAS
experiment CMS is much smaller

» CMS weighs 12,000 tons vs. 7,500
tons for ATLAS

ATLAS

Forward Calorimeters

End Cap Toroid

Inner Dé(ector z 4 ‘}
ic Calorimeters
Freya Blekman, 4QEkMVUb.be

Shielding



CMS Slice

I | 1 |
om im m im
Key:
Muon

Electron

Charged Hadron (e.g. Pion)

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

Silicon
Tracker

) Electromagnetic
), ]' Calorimeter
v

Hadron Superconducting
Calorimeter Solenoid

Transverse slice

through CMS

Jet %

Et
miss

Freya Blekman, freya.blekman@vub.be
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Particle flow

Charged
hadron

HCAL
deposit

ECAL
deposit

Photon

Neutral

hadron
el canaratnr
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Particle flow in practice

* PF combines information from all
subdetectors in a global event
description

* reconstruct ‘particles’ such as charged/neutral
hadrons, photons, muons, electrons

* These particles are used to construct
composite objects such as jets, taus, missing
'\. ..' transverse energy
| * Particle Flow: * Reject tracks from non-leading collisions

A before creating composite objects

neutral !

hadron * And make assumptions for background from
i photon neutral particles

* Widely used in CMS, LHCb

/ * CMS: big improvements in energy
resolution jets, MET, tau identification,

Y VRIJE
UNIVERSITEIT
BRUSSEL Freya Blekman, freya.blekman@vub.be

charged
hadrons




Events /1 GeV
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180
160
140
120
100

80

Events /1 GeV

<an

Both ATLAS and CMS use Z

electrons
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Events /1 GeV
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performance for muons
and electrons
x10°
L L B e R
E  ATLAS Preliminary =
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leptons

—

0.8

0.6

0.4

0.2

0]

0

CMS Preliminary 2012 {s=8TeV,L=19.6 fb"

- Electron efficiency :
- stable vs # vertices B
:u|1||1||1I||||I|||||||||||[||I|||1I|1||||||||||||:

5 10 15 20 25 30 35 40 45 50

# vertices

e Substantial effort necessary
to achieve this stability
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Missing ET

359107 (13 TeV)

;‘ 40 :l T TT | LI I LI LI | I |
S .- CMS E
i_| - Preliminary
> 30 =
b F R
25— -
20?— M
15pe 77T -
. 0.25 3 TeV
© B CMS ]
c - Simulation -
S 021 Preliminary _%_T
s ——
£ 015 —o— T .
8 —o— —*ﬁ—d}:—Lj::
S 0.1 A —
—o— —&— Jp-corrected
0 05;%— —Z%— PUPPI-with-lepton 0
' —%— PUPPI-no-lepton :
B —=— PUPPI-combined ]
) I A A A A A S A A A A AN A AT AT A A A A A S A AN A A AN AN AT A AR

‘W

0 5101520253035404550
Number of vertices

VRIJE

* Particle flow extremely
powerful approach for
missing ET reconstruction

* Missing ET sensitivity to
PU irreducible

* But well reproduced in MC

* New tricks are appearing,
for example PUPPI

Reference: CMS PAS JME-19-001
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Jets with b-tagging

displaced
tracks

jet charged
35.9 fo' (13 TeV, 2016) lepton

........................................
T T T T T T T T T

2 1wk coms + Data eavy-flavour
~ Muon-enriched multijet N udsg jet
S o[ 50<p_<250GeV Eac .
o 10 T [ b from gluon splitting
@ - >
3 10° v‘
P
jet

10*

N = Long lifetime of b-hadrons in b-
O 15F jets
S
5 g E — -12
e 0'50 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 " T_ 1'512 X 10 S

CSVv2 discriminator _
o° 35.9 fo'' (13 TeV, 2016) = ct=4554 Mm

£ 400 . . . .
R o e / * Combination of lifetime
S s =i information in MVA

* Efficiency measured in top

and QCD events (data) using
ool ssonien multiple methods
VR o ° o o CSVv2%?scriminato; arX|V171207158
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Top pair production at the LHC

* Pair production in 13 TeV pp collisions:

3 t 9 D000 f

&

q g

f 9 00000
t

g

~5%

10*  10° 102 10" 1

m VRIJE MSTWO08:Eur.Phys.J.C63:189-285
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Single Top production

* Electroweak production

! i of top quarks
w
14/ T .
b t H ?g(‘k
t Y|/
J b

tW-channel
t-channel b W

q » t * Dominant channels at
>Mp< LHC @ 13 TeV:
g’ b g : * t-channel: 217 pb

* tW channel: 72 pb
* s-channel: 11 pb
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Top quark mass in Standard Model

;‘ 80-5 B I I ! ! I I ! ! I | ! 1 ! I | 1 I . I I ! I I ",P | | I I 1 |
(7] - ] 68% and 95% CL fit contours : | mkin Tevatron average = _
Q B w/o M, and m, measurements 7
EB 80.45 — 8% and 95% CL fit contours e
- w/o M, m and M, measurements ' -
t -

- M, world average * 1o Z

80.4
80.35 — —
80.3 — e —
8025 - O ' : —
TR o8 & fitter]suff -
_,";‘ | 1 1 | | | | ,'1' 1 | 1 ‘I’/ I | | | I | | | | I 1 | | | -

140 150 160 170 180 190 200

m, [GeV]
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Top quark and new physics

Standard model predicts
top kinematics

Top physics = SM cross
check

Deviations are signs of
new physics

This new physics is at
large mass scales, making

it a good candidate to fix
the holes in the SM

VRIJE
UNIVERSITEIT

Top pair production rate
Top mass
Single top production rate

B(t—Wb)

Vil

W helicity

Top polarization
Anomalous couplings
Spin correlations

Rare decays
Top width

BRUSSEL
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Why top physics is interesting?

Measure top quark mass - dominant
term in electro-weak radiative loop
corrections provide constraint to
ewk corrections Higgs boson mass

proton \

BR(t—™Wb)=1 in SM.
Measurement of V,, is
test standard model

b [ Spin of W boson is
>5 direct probe of top

Q|

proton
W_

Are there
resonances in the
top quark pair
spectrum?

Production cross
section can be
accurately predicted
by QCD calculations

Q|

spin and the only
way to measure spin
' correlations in
unbound quarks

Are there other objects
that decay to b quarks
and W bosons?

VRIJE
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History: Top asymmetries: forward-backward

TevatronA top LHC A top
anti-top anti-top
> Be
N n
* New physics in production can alter angular
distributions 3 [owromsi®

i _ N(Ay>0)— N(Ay <0)
FB ™ N(Ay > 0) + N(Ay < 0)
with Ay = yr — yz

- — tf Prediction

- A = 0.066 + 0.020 |
: ——

. d(ay)

&
H

T

* At Tevatron in 2004-2008:
2.5 S.D. deviation from SM

| | |
VRIJE 2 A5 4 05 0 05 1 15 2
! UNIVERSITEIT Parton-Level Ay
BRUSSEL Freya Blekman, freya.blekman@vub.be

— |
A T I

Deviation
o566 o

OB NDON
|||,1,| T




AFB details

A, of the Top Quark

[ V. Ahrens et. al., July 2011
arXiv:1106.6051v1 (2011)

(** submitted to a journal)

@
] W. Hollik and D. Pagani, o < | — CDFData, 9.4 fb’
arXiv:1107.2606 (2011) (* preliminary) i ay = (15.5+ 4.8)x10° (GeV/c?)"
1t
081" — tf Prediction /
[ oy, = (3.4 £ 1.2)x10% (GeV/c?)! A
CDF LJ —O— 0.158 + 0.074 (=0.072+0.017) 0.4 __
(5.31") )
0.2
CDF DIL* ° - M
0.420 = 0.158 (+0.150 = 0.050) = -dl_______},_.
( 5.1 fb-1) | ] | ] ] | |
g50 400 450 500 550 600 650 700 750
_ Parton-Level M, (GeV/c?)
CDF combined* —@— 0.201x 0.067 (20.065=0.018)
(+ stat = syst)
* AFB deviati |
eviations la rgest at
DO LJ** —@—  0.196:0.060 0928 h . g h ( b )
0150 1Igh m(ttbar

* No effect at the LHC!!!

04  -0.2 -0 0.2 0.4 0.6 0.8
Afb
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1/0 do/d(i, |- 1)

Arg

portal to new physics?

lllll

| CMS Preliminary, 5.0 fb™ at \'s=7 TeV

—¥— ( Data - BG ) Unfolded

Syst. Uncertainty

—— Powheg parton level

\ / \ 2

VRIJE
UNIVERSITEIT
BRUSSEL

CDF and DO measured values not
consistent with Standard Model

Depending on how you
calculate it: 2.5 to 4.0 sigma
from SM

In multiple decay channels and
across multiple experiments
* Compelling to explain as new
physics?
* History lesson: No BSM, ® just

not enough orders in SM theory
prediction!

Freya Blekman, freya.blekman@vub.be



Top pair branching fractions

W @ “alljets" 44%
= SIX Jets

ttjets 15%

B-quark identification
used to reduce background

A%
T 2%
e 2‘\/310 u+jets 15%
0
Vi, Nk
_ ¢ e+jets 15% _
“dileptons™ "lepton+jets™

= four jets, lepton, MET

UNIVERSITEIT
BRUSSEL Freya Blekman, freya.blekman@vub.be

= two jets, two leptons, MET
‘m VRIJE



Top physics: decay channel choice

* Difficulty of isolation of top quark events inversely
proportional to the complexity of the mass
reconstruction

Relatively easy

Two neutrinos, ambiguities

Reasonable One neutrino, use missing
transverse energy

Very difficult Possibility to observe top as
‘peak’ in invariant mass
spectrum, no energetic
neutrinos

VRIJE
RIDIY BRRHFEN,
Sﬁékman@vub.be



Top pair production
Production cross section overview

3 I | 1 1 I I 1 1 I I I | I 1 1 I l 1 I I l I
— v Tevatron combined 1.96 TeV (L < 8.8 fb™) _— -
2 v CMS dilepton,l+jets* 5.02 TeV (L= 27.4pb”) CMS Preliminary Feb 2018
c ~— m CMSeu7TeV(L=5fb") 7
o O CMS l+ets 7 TeV (L=23fb")
= 3 v CMS all-jets 7 TeV (L=354fb™
O 10°F o cMSeusTev(L=1970")
(] — 4o CMSI+ets 8 TeV (L =19.6 fb™)
(7] — ¢ CMSalljets8 TeV (L=18.41")
) — O CMSeu13TeV (L=43pb”, 50 ns)
7] — o CMSeui13TeV(L=221h"
o * CMS l+ets* 13 TeV (L = 42 pb_’, 50 ns)
— A CMS l+jets 13 TeV (L=2.2fb™)
O - % CMS alljets* 13 TeV (L = 2.53 b)) .
= * Preliminary
o 2 [
> 107 800 13
) = B e -
= n - ]
O — - 1
£ = GOO—DNNPDFS.O .MMHT14— .
_ = NNLO+NNLL (pp) | Wcria [Jnemiz: ] 4
——— NNLO+NNLL (pp) T S s s
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV] _
- NNPDF3.0, m =172.5 GeV, ag(M,) = 0.118 = 0.001 "t (M_)=0.113] 3
[ | | | | I | | | I | | | I | | | I | | | ]
2 4 6 8 10 12 14
Vs [TeV]
UNIVERSITEIT
BRUSSEL
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BSM signatures in the ttbar phase space

Top quark compositeness (t*)

sGluons etc. |3
)
5
~~ .~ 0| &
g-g production, g—tty, | < ~= =0
g g-g production, g—tt X,
@]
Vector-like quarks (t'/b’) a| ttH
SM differential & BR ~—) t zO ttbar+DM
measurements 1 .
incl. spin-correlations | Slngle top+DM
%Ga\?;;
<N~ HO — tibar
H* — tb
/' — ttbar m(ttbar) >> TeV + high MET:
W — tb mostly unexplored territory
e also: Czakon et al. arXiv:1501.01112

Vikiue

UNIVERSITEIT

BRUSSEL

Freya Blekman, freya.blekman@vub.be



Differential cross sections

* As top quark
production is a
(mostly)
Quantum-
Chromodynamic
process,
substantial
additional jet
multiplicity is
expected

35.9fo—' (13 TeV)

cC | | | | | 4
m 107 CMS . -
— e, |1 + jets combined ¥ Data
£ 108 i -
g.) B Single top i
i 10° B Vijets -

1 QCD ]
104 E
10% |
102 |
10" |
100 L
10-1L | | |
1.4 | | | I% /

vEke! y

I 8 1000 o o o ¢ % ¢ /j/V

O

0.6 | | | | //
4 6 8 10 12 14 16

PhD thesis Douglas Burns (VUB, UoBristol)
src: TOP-16-014 arXiv1803.03991 (JHEP)
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Differential cross sections

» Top quark production ¢ igus B (18 Te)
. . . o . — 107 e, i + jets combined E

at high jet multiplicity z ., "™ -
is the main background = i

[ 1 QCD

for many direct 10
searches for new ﬁ
physics 101

100 L

* Important to ol
understand in detail << [

|

[

T 10e o @
Q

0.6 | |

6

Pre

VRIJE src: TOP-16-014 arXiv1803.03991 (JHEP)
UNIVERSITEIT

BRUSSEL Freya Blekman, freya.blekman@vub.be



Differential cross sections -unfolding

physics is 'smeared’  Knpowledge of Unfolded picture is
by detector smearing used to allows understanding
resolution ‘unsmear’. This is of physics without
called unfolding (most) detector
effects

VRIJE src: TOP-16-014 arXiv1803.03991 (accepted JHEP)
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Differential cross sections -unfolding

35.9 b1 (13 TeV)
I I

— 1 T 1 T
c | | | ‘ 359 fb‘c (13 TeV) ﬁ._ 50/ CMS o il
@ 107 CMS , ] ” e, ju + jets combine
— e, i + jets combined § Daa 3 '
2 408 i - ¢  Unfolded data _
qc> Single top q -~ C‘MS Slmlulanon‘ VE=13 TeV‘ e-ielts. >4 j?ls. >2 t|>-tags —— POWHEG + PYTHIA
u>J 10° I V4jets = 8 5000 ——- MG5 aMC@NLO-NLO + PYTHIA
— Qcb 1 s . —--- POWHEG + HERWIG++ B
104 E = R MG5 aMC@NLO-LO + PYTHIA
L g 6000
3[ [
o 8 200 | -
102 E 000 :__:JI-__"-
101 ; 3000 10 | |
L 2000 -
100 L
F w L s 1
10-1L I 1 I 1 1 ‘ 1 0 | | | | |
10 12 14 16 T
14T \ \ { > Reconstructed Ny.. [GeV] ] 14F T I f Tl o]
= 8 1.0 ue 0 n n 4 . //IT/ o8 1.2+ ._._l .
8 n}: U 88 ». 6 Zeeee, 7 %7 //}//////‘// Q 8 10 —_— ———eee
0.6 : : : J % & 0.8 :I:I_St; [ Stat. @ Syst. N
4 6 8 10 12 14 16 0.6+ | | | | L4

physics is ‘smeared’
by detector
resolution

4 5 6 7 8 9 10

Knowledge of
smearing used to
‘unsmear’. This is
called unfolding

Unfolded picture is
allows understanding
of physics without
(most) detector
effects

src: TOP-16-014 arXiv1803.03991 (JHEP)
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Differential cross sections: event

kinematic information

Useful for:

VRIJE

UNIVERSITEIT

Tuning/checking
QCD NNLO
calculations

Improvement
background
simulation searches

Improvement
understanding
quark content
proton (i.e. parton
density functions)

35.9 fo—' (13 TeV)
T T T T [ T T T T -]

T | T T T T |

— _f T T [ T T
il - CMS ]
| 0.0040 —
2 - e, i+ jets combined 1
O 00035" .
— R B ¢ Unfolded data ]
.8 ) 0.0030 —— POWHEG + PYTHIA .
—% : ~—~ MG5 aMC@NLO-NLO + PYTHIA ]
0.0025 - —--== POWHEG + HERWIG++ E
0.0020 * ------- MG5 aMC@NLO-LO + PYTHIA 7
0.0015 - =
0.0010 - .
0.0005 |- -
0.0000 L ' |
147
-8 © 1.2
2| ® 1.
&S gg =T
0.6 [ Sta}. [ Stat. @ Syst.

20‘00
St (GeV)

| |
500 1000 1500

src: TOP-16-014 arXiv1803.03991 (JHEP)
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Differential cross sections: event

kinematic information

Useful for:

* Tuning/checking
QCD NNLO
calculations

* Improvement
background
simulation searches

* Improvement
understanding
quark content
proton (i.e. parton

density functions)
VRIJE

35.9 fb~1 (13 TeV)

T |

—~ S U
T - CMS
2 0.0040 " e, ju + jets combined |
G 00035 -
= - ¢+  Unfolded data .
.8 C_g 0.0030 |- —— POWHEG + PYTHIA -
—l & 0.0025 5 ——— Showgr scales E
. e L Reweighted top quark pr

0.0020 - =+ damp =
0.0015 E

0.0010 i_ —

0.0005 E

00000:' PR R S T B R b = | P N L
1.4 1 -

Pred.
Data

QOO ———
DO

| 7 Stat. 1 Stat. @ Syst.

| | | |
500 1000 1500 2000

St (GeV)

src: TOP-16-014 arXiv1803.03991 (JHEP)
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BSM signatures in the ttbar phase space

Top quark compositeness (t*)

sGluons etc. |3
)
5
~~ .~ 0| &
g-g production, g—tty, | < ~= =0
g g-g production, g—tt X,
@]
Vector-like quarks (t'/b’) a| ttH
SM differential & BR ~—) t zO ttbar+DM
measurements 1 .
incl. spin-correlations | Slngle top+DM
%Ga\?;;
<N~ HO — tibar
H* — tb
/' — ttbar m(ttbar) >> TeV + high MET:
W — tb mostly unexplored territory
e also: Czakon et al. arXiv:1501.01112
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SM top quark production: a background

4 )
The rest of this talk focuses on
Top quark compositeness (t*) taking the multiplicity to the
sGluons etc. extreme, without increasing scale
or MET
\ y,

g-g production, g—tt ’)Z?

Vector-like quarks (t'/b’)

suosoqg A/siBl aiow

HO — ttbar
H* — tb

t=>tY, | | ttbar+DM
Single top+DM

/' — ttbar
W — tb

m(ttbar) >> TeV + high MET:
mostly unexplored territory

e also: Czakon et al. arXiv:1501.01112
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Top physics: rare decays

July 2019 CMS Preliminary

T f :
- B ° : @ 7 TeV CMS measurement (L<5.0 fb™) .

E'- 105 =—gH Production of tt+X @ 8 TeV CMS measurement (L<19.6 fb™") =
o) - - now used to do @ 13 TeV CMS measurement (L < 137 fb™) 3
C o ieEsE) ts t — Theory prediction 3

S 104" . measurements 1o Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV o
o E i gie test SM ]
= O :
-.6 103 - —
[0) = B .
® F® o o :
B10°F ¢ &, i T . g
o 5 m ’ -
— u @ g §j @ -
O 10k ? N
c i é - z 3
5 ot
= 1F “ 4 5 < E
g - T ° A S
8101k i = S
S = -
al - Z =i
10%F = . o E

; gk * :

1073 = T _@ E

I I I I I I I
oH VBF vy 'WH' zH M | tH | HH
.Ac,,in exp. Ac

-4
101111111111111%111111111
EW "EW "V 'EW 'EW 'EW EW EW
W' Z Wy Zy WWWZ Zz B o oW gy oWz oz WWWWVy Zy Wyttt Wt
& All results at: http://cern.ch/go/pNj7

EW,Zyy Wy fiducial with W-lv, Z-ll, I=e,u
B[2] UNIVERSITET
BRUSSEL Freya Blekman, freya.blekman@vub.be
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Rare decays: Four tops

* Four-top production in SM: gluon fusion
dominates

* 9.2 fb cross section @ 13 TeV

t
t
+ ¢
02000000000 / >
small s-channel (s t
g/%?Etribution from qq fusion
\ UNIVERSITEIT
BRUSSEL Freya Blekman, freya.blekman@vub.be



Branching ratio

2
leptons
11%

1
leptons
44%

ttbar
0%

N 0%

SM: V=1
W+
t

comparison
Hilie
v, q'
b
3 tttt 4
leptons leptons
99% 1%

1
leptons
39%

B

VKIJE

UNIVERSITEIT
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* Topology effectively looks
like top quark production
with extra jets or leptons

* Example: 1 lepton+jets final

B

Four-top production: ‘needle in a hay

stack’

state looks like top quark
pair production with 6 (!)
extra jets due to QCD
radiation

VRIJE

35.9 fb~' (13 TeV)

T I

‘cMs
e, 1. + jets combined

Events / Bin
3

T I

¢ Data
.t
I Single top
EE Vi+jets
[ QCD

UNIVERSITEIT
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Search strategy for typical ‘tough’ LHC
search

4
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Four-top production: ‘needle in a hay stack’

CMS 358fb (13 TeV) 9CMS 358fb (13TeV)
T T T T ﬂ 10 T T T T T T
_ Slngle Iepton e+_p < 408 Slngle Iepton e+_p
t Dl T mi ghesy Sy gha mLG mio
P, l t+ S mEV l t+ > mEY
< EtHZ  mEW,XY — i 10? EitH,Z  mEeW,XY —ti
g v Ny Pre-fit unc. 10 N Pre-fit unc.
>
g -
<
r o
t &
< 8 . . -
2 3 4
m
A 4 Ntags
CMS 358fb (13TeV)

B 4

108 Slngle Iepton e+ Slngle Iepton e+

®
S Ly
107 « Data Wt mtt+cc e 10 « Data i mit+cc
.tt+bb ST mEW o 10° .tt+bb ST mEW
. mtisHZ  meW XY —tiit € 10 mtieHZ  mtew, XY — it
10 N Pre-fit unc. gJ 10* N Pre-fit unc.
L

Events / 40 GeV
>

TR A AR RGN NN N WCONONANY

o
|
e

)
o
(]

o

100 200 300 400 500 600
pT (GeV) trijet2

src: | t Production of tttt in SM: 9 fb!
TOP-16-016: arxiv:1702.06164 (JHEP)

PhD Lana Beck (VUB)

TOP-17-009: arxiv:1710.10614 (Eur.Phys.J.C)  Very sensitive to QCD-BSM
':'ﬁ-19-017: arxiv:1906.02805 (subm. JHEP)
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Results: Four tops
Mm}_fg _; CMS e 137 b~ (13 TeV)

t ‘% 108
g |.|>J ¢ Data Nonprompt lep. B Charge misid.
i} ittt o ttH . Xy
t 5 EEE ttW e Rare et
10 4
g t
10!
. Rare SM process enhanced by many BSM models such as MSSM,2HDM,
ADD and some DM models 1o
*  NLO cross section 9.2 fb in SM
*  observation should be feasible in LHC Run 3 — or maybe even 10-1
earlier? 5 3
- Or earlier if enhanced by BSM £ 2 *
r earlier if enhanced by & B /’L/ by A 2 //)(//// ////%/
B T T e 2 4 e~ s 8 o = W &
: 8 8558588888 ¢C¢¢¢:
[ ]
Results from Run Il dataset using BSM search ous 187 161 (13 TeV)
strategy g1 BDT (post-ft)
Ii { Data Nonprompt lep. B Charge misid.
it O ttH - Xy
102 = tggv B Rare . . ttvv
*  No identification of hadronic tops . :
*  Same-sign dileptons + b-tagged jets, or multileptons 10
¢ CMSSSdlieptons: 12.6%8_c, fb 10°
(first ‘observation’ at 2.70!) 10~
SIC: 3
. -c <
TOP-19-017: arxiv:1906.02805 (subm. JHEP) I )
. ~ g G e
18-003 arxiv:1908.06463 (subm. EJPC) B I o e Y N
Dowwwwwwwwwggg‘%%%%%
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Learning more from the tttt cross section?

e ttttis sensitive to the coupling of

t higgs to top quarks!
g\mw/ * Direct link top yukawa coupling
A t
H <
........ CMS 137 o' (13 TeV)
A t | e Observed upper limit :"
50'_ =—— Observed cross section 7
g \RQQQQQAQ / | === Predicted cross section I:'
\E 40_: IIII
* Many diagrams at lowest order in %30{
tttt production s |
*  About 10-20% of the cross 201 y
section comes from higgs '
production
SIC: :
TOP-18-003 arxiv:1908.06463 (subm. EJPC) o

‘ VRIJE | | v/ yE
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Cgq [GEV?]

Co, GV

Learning more from the tttt cross section?

L B B
r CMs

[~ Projection

w

Bl v b b b b L

-15 -1 05 0 0.5 5

1 1.
Co,_[GeV?])

_6i|\|\| | ol b b |l

45 1 05 0 05 1 15
Co, [GeV?]
SIC:

N N AR ISR
-1 05 0 05

1 1.5
Co,_ [GeV7]

TOP-19-017: arxiv:1906.02805 (subm. JHEP)

VRIJE

-PAS-FTR-18-031 (also in HL-LHC YR)

tttt is sensitive to the coupling

of top quarks to gluons and

other quarks!
Effective field theory incl.

operators not otherwise

accessible
Would be even more powerful

once tttt is established, incl.
dedicated measurements
tuned for specific couplings

Expected C,/A? (TeV™2) Observed (TeV~?2)

[—2.0,1.9]
[—2.0,1.9]
[—3.4,3.3]
[—7.4,6.3]

[—2.2,2.1]
[—2.2,2.0]
[—3.7,3.5]
[—8.0, 6.8]

UNIVERSITEIT
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Other final states

* 1 |lepton final state has

largest branching ratio 3 it 4
leptons leptons

9% 4%

* Analysis on Run3 large
dataset coming very soon

* Including the opposite-
charge dilepton final state

and single lepton final
state

1
leptons
39%

 Stay tuned
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The future

CMS Projection 14 TeV

—~ 14—

O _ tttt production at HL-LHC

= 12} Stat. Uncert. only

S i Run 2 Syst. Uncert.

= 10 —— YR18 Syst. Uncert.

;f;’ IRRECEEELERE YR18+ Syst. Uncert.

c 8-

o -

) -

o 6

Q -

@ 4T =
o - 7 isassozase
> B

LL

O L I I 1 Lo L L
src: 10° 0°
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10 _
MS-PAS-FTR-18-031 (also in HL-LHC YR)  Integrated Luminosity (fb™)
wm
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Lessons learned?

Check if BSM signatures have similar kinematics to SM process ->
allows constraints, relatively easy reinterpretation even if
complex (so sensitive) analysis
e Particularly useful if no direct search
« Same approach could be followed for Run Il in lieu of direct
sgluon->tt searches
e Same for:
 Composite Higgs or non-minimal SUSY H/A to tttt
 Vector-like quarks if only >O(6) operators
e Even some DM scenarios predict enhancements in tttt
 Targeted searches are almost always more sensitive
 4-top topology wealth of physics potential

\ VRIJE
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Luminosity [cms1]

\l

6.0E+34

5.0E+34

4.0E+34

3.0E+34

2.0E+34

1.0E+34

0.0E+00

Data (=answers) will come!

Goal: 300 fb-

*® Peak luminosity &rtegrated luminosity

Goal: 3 ab1

/
/
™ <I LN
Vg Vel Vg
— — _—

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

VINIVLENVIITLTI
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1000

100

10

0.1

Integrated luminosity [fb]



Conclusion & Outlook

Top quark has gone from
discovery to senstive probe for
new physics and standard mod=..
measurements

Side note: CMS has dedicated
direct searches program in the to t,p/,/
sector too!

* Top-like Exotica

= Beyond two generations (B2G)
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