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The Standard Model (SM) of particle physics

One of the greatest achievements of 20th Century Fundamental Science

... and fits in a mug

» Successful description of matter structure

» 12 matter and 12 antimatter particles (fermions)

» 3 fundamental interactions (carriers: bosons)

» Experimentally confirmed over the last 50 years with incredible precision (< 1%) !

= Last missing piece: the Higgs boson

M. Aldaya 2 DESY Seminar, 23.05.17



The Standard Model (SM) of particle physics

One of the greatest achievements of 20th Century Fundamental Science

» 2012: LHC experiments discovered a new
Higgs-like boson

» Huge deal: candidate to close the long-standing
puzzle of how elementary particles acquire mass
in the SM

« Since then, focus set to measure its properties
as precisely as possible

But does it behave like the SM Higgs?
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What is the origin of particle mass?

In the SM, elementary particles acquire
mass via their interaction with the Higgs boson
(Higgs mechanism)

Is there a specific particle that sticks out?

.. ee

T
u d s b t Z W

Volume of sphere proportional to particle mass

C

Top quarks at the LHC are crucial to pin down the SM nature of the Higgs

M. Aldaya 4 DESY Seminar, 23.05.17



The (in)complete Standard Model picture

» There are several open questions that the

SM cannot answer
N 5% Visib
Neutrino masses, why only three families of x W

elementary particles, the matter/antimatter imbalance
in the Universe, the nature of dark-matter and dark energy,

gravitation is missing, [...]

25% park Matter

» Extensive search for possible SM extensions,
but no signs of New Physics yet

70% DatErergy
Searches for New Physics \R .

/ \ ... we just know the tip of the iceberg

Direct test of Precision SM measurements
specific models

Top quarks at the LHC are an excellent tool for stringent tests
of the SM and direct search for BSM physics
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The top quark is special All elementary particles

180.00
Heaviest elementary particle known to date
% 135.00
= Short lived 0}
o w» 90.00
» Decays before hadronizing @
= 45.00
» Does not form bound states
e Spin transferred to decay products 0.00 eudsupec ?;W 7 Ht

= Couples strongly to Higgs | Strength of interaction

g t 1 e
[ with Higgs
*Vt~ 1 --H - (coupling constant)
g Yt [

Several open questions: ; jt ::::7 01}
e |s the top mass generated by e ~ f
the Higgs mechanism? '

* Role in EW symmetry breaking? 00LF  ¢T

* Role in beyond BSM physics?

i | IHII“IO | 100
Mass of SM particles [GeV]
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Constraining the Standard Model

» The top quark mass is a fundamental parameter of the SM

- [?r).(i‘.': 114(?7.'37]92]
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Top, W and Higgs masses are E g% and 997% L oontenes {muongcoms 210+
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Eg B fitw/o M, m and M, measurements | i — =076 ©050,GeV d
H — 0 direct M,, and m, measurements : j ’ _
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W W 5 :
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2 x ~ My, world comb. + 1 ; g
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» Other properties of the top quark (electroweak couplings,
production asymmetries, etc) are predicted by the SM

—> Precision measurements could reveal the SM breaking down

Every top quark precision measurement is a search
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Direct probe for New Physics

» Top is a main ingredient of many BSM scenarios

Exo

tic partners, rare decays,

heavy resonances decaying to top,
new particles produced with top ...

Tt production, Tt i‘: /c i‘:

700_I

600

LSP mass [GeV]

500

400

TS T[T T[T rrrrrrrrrrt

The top quark is a sensitive

rCMS
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—— Observed

s=8TeV -~ - Expected

e SUS-14-011 0,1,2-lep (Razor) 19.3 b

e SUS-14-011 O-lep (Razor) + 1-lep (MVA) 19.5 tb ™'

~—— SUS-13-011 1-lep (2 and 3 body decays) 19.5 fb° o

e SUS-13-023 0-lep (2 body decays) 18.9 fb™!

s SUS-14-015 1,2-lep (2 and 3 body decnys) 19.5fb™"

~——— SUS-14-001 0-lep (2 body decays) 19.4 fb"
SUS-14-006 (T ¢ 7)18.5 fb!

—— SUS-14-021 1-lep (4 body decays) 19.7 fb™'

= SUS-14-021 2-lep (4 body decays) 19. 7 b
SUS-14-001 Monojet (- c %, °)19.7 o

pova v b by b b by ay

200

300 400 500 800

stop mass [GeV]

probe for New Physics

FCNC t->Hc JHEP 02 (2017) 079

Events /5 GeV

Vector-like T (2/3) PRD 93 (2016) 012003

Events /40 GeV

DataBG

19 7 fb 8 Te
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—_——
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How are top quarks produced?

= Strong top pair ({t) production: sensitive to as, top mass, PDFs

g t g — 1

2‘ 00000 LHC(13)] LHC() [ Tev(1.9)
3 99 | ~90% | ~85% | ~10%

;8 o TR ——

March 2011

—— HERAPDF1.5 NNLO (prel.)

- exp. uncert.
:] model uncert.
- parametrization uncert.

f t qq | ~10% | ~15% | ~90%
g PN Y m— t g g t
: : H1 and ZEUS HERA I+II PDF Fit
g 3 EB‘— t 3 { % xg (x 0.05) Q*=10000 GeV?

08
xS (x 0.05)

06

NNLO+NNLL predictions available since 2013: .
o(7 TeV) =177 pb £ 7% o4r

o(8 TeV) = 253 pb &+ 6%

_ ) 0z}

0(13 TeV) = 832 pb & 5%
R13/8 — 328 L

HERAPDF Structure Function Working Group

[ PRL 110 (2013) 252004 ]
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... and how do they decay?

Top Pair Branching Fractions

In the SM: .
~100% I* g allje:ts 46%
+ ~!
t W vl q

t+ets 15%

u+jets 15%

BR ~ 46%
Huge bg: QCD

¢ etjets 15% _
“lepton+jets”

BR(u,e) ~ 6%
Low bg: Z+jets

BRéu;e) ~34%
Moderate bg: W+jets
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Single top quark

» Electroweak single top quark production: tWb vertex in production, Vio V\V, 1
sensitive to Vtb, sensitive to PDFs t *®
, b
q q b W
q t

w ¢ w+
b t

g 5 g t q' b

t-channel tW-channel s-channel

o' 04 [e)
3 TeV) = 85 3 Te\ ‘ |
0(13 TeV) =217 pb+4.1%  o(13 TeV) =71.7pb£53% (13 TeV) = 10.3 pb £ 3.9%

11)]3/3 — 2() leg 'R = 32 Rlli/8 = 19
* Final states: emT . emT eu,T
 MET \ WMET { MET
“ b’je% b-je ' et
= Large backgrounds: /
v

W/Z+jets, tt, QCD

b-je e,un,T
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Top quark properties in production and decay

cross sections, b jetv?
kinematics, tt+X,
new particles,

asymmgtries, spin b couplings, FCNC,
correlations, QCD ' branching ratios, V,,,

parameters rare decays, W-helicity,
- new particles

B mass, width,
charge, lifetime

B / bjet\\‘ single top s-, t-, tW-channel production,
| Jet ./ l

V,, couplings, FCNC, polarization, mass
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Trip down memory lane

100000s events

36 events
o | 1000s events CMS Lepton+jets 19.7 fo”' (8 TeV)
17 events = 12000 gl ¢ correct mmsindlet | ]
s po 260 CDF Il Preliminary S ool Htwrong = ~
S, i -1 It unmatched QcCD
8 * ' ©200 * Data(8.71b ) Q “Data . Sliboson
§ \ % []SlgnaHBkgd 2 ! After P_,, selection
el N 1 O1s0 7 Bkgd only .% '
\ -
Fitted Mass  (GeV/c?) O )
5 T T T 1 so D.
‘#19 events . | O
i " W Ay A a8 2
3 ‘P 00 150 200 250 300 350
S 3 1 m{*° (GeV/c") g
o : ;
& | |

80 120 160 200 240 280
Reconstructed Mass  (GeV/c2)

LHC Run-l pp (7 and 8 TeV)

Tevatron pp 1.96 TeV - pp: complementary initial state

- “Birthplace” of the top First observation - Larger statistics: top factory:

- Scrutinize and measure of single top More than 5M tt pairs

- Establish top as SM quark production - 20x more than Tevatron in its lifespan!
1995 2009 2010 2012
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Mass of the Top Quark
July 2016 (* preliminary)
CDF-! dilepton ¢ 167.4411.4 (1032 49)
DO-| dilepton 168.4+12.8 123+ 36)
CDF-Il dilepton T N TR T
DO-II dilepton * 1 173.50+1.56 (+1.31+0.84)
CDF-I lepton+jets _.—Ws.1t 73 (@51« 53
DO-I lepton+jets 180.1+ 53  (:36+ 39)
CDF-Il lepton+jets - 172.8541.12 (:052+ 0.99)
DO-II lepton+jets g AR TE L 1
CDF-l all-jets 186.0+11.5  (:10.0% 5.7)
CDF-Il all-jets T 175074195 Gtes1ss)
CDF-II Lxy - 166.9049.43 (£9.00+ 2.80)
CDF-Il MET+Jets T 173.93+1.85 (£126%135)
Tevatron combination * ] 174.3040.65 (£0.35+0.54)
(+stat + syst)
| | | x3/dof = 10.8/11 (46%)

150 160 170 180 190

m,,,, Tevatron = 174.30  0.65 GeV

200

Events /0.035

The present

Some examples

Single top s-channel

2000
1800
1600
1400
1200
1000
800
600
400
200

Tevatron and LHC Run-l Legacies:
Measurements of top cross sections,

mass and properties at highest

possible precision

Muon, 19.7 fo'' (8 TeV), 2-jets 2-tags

« Data

[Js channel
Bt channel
Otw

ott
BZ+jets

B W+jets

B Diboson
[IMultijet
[1Syst. unc.

CMS

arXiv:1603.02555

-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05
BDT Discriminant

© P
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T
g ,0.06- CMS

o

o

=
e

T T T T T T
---MC@NLO e Data _|
—NLO (QCD+EW) ]

-0.02- R
[ arXiv:1603.06221
-0.04- T
400 600 800 1000 1200
M, (GeV)
W-helicity fractions o416y
- CMS [l e+jets -
C O u+jets E
0.3 n ® l+jets combined | —
L [©)]
N T, * SM R
03 N_ e —
- o I\)
B 2
0.32-— 9
C NI a
03— N e N
[ —95%CL
0.28'—— -----
L [P [ PRI PR SR B
0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76

LHC Run-ll 13 TeV (2015 - 2016)

- Rediscover
- Measure

30M tt pairs!

LHC Run-Il 13 TeV
restarts ~now!

|

2012

2015

2016

2017
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Total Integrated Luminosity (fb ')

100

75

50

25

The present...

CMS Integrated Luminosity, pp,Run 2 vs = 13 TeV

g I LHC Run 2 Expected

Most of 2016 data
| still being explored !

We are here
CMS: L ~ 36 fb-1

We were here
CMS: L ~ 2.3 fb

2015 2016

M. Aldaya
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The present... and the future!
CMS Integrated Luminosity, pp,Run 2 vs = 13 TeV

— 100 r . ~
= S LHC Run 2 Expected 7
e | | /
> | We are going there!

> | £

= 75

n

o

IE

E -

=

- 50

T

3 i We are here

© CMS: L ~ 36 fb"'

a ..........................................................

3 25

k= .

- We were here

Jg CMS: L ~ 2.3 fb"!

h 0 -------------------------------

2015 2016 2018
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The present... and the future!
CMS Integrated Luminosity, pp,Run 2 v's = 13 TeV

100

EEE LHC Run 2 Expected /7
We are going there! /

75 End Run-ll - L~100 fb-1:
~ 80 M tt pairs
- 16x more than at 8 TeV

Total Integrated Luminosity (fb ')

50 ~ 20M single top
We are here
CMS: L ~ 36 fb-1
25
We were here
CMS: L ~ 2.3 fb
0

2015 2016 2018
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The present... and the future!
CMS Integrated Luminosity, pp,Run 2 v's = 13 TeV

Run-Ill top quark physics:

» Ultimate precision measurements
» Properties and couplings (tt and single top)
= Low cross section frontier: tt+X (X = W/Z, H, ..)

2 are going there!

.
7/

L 2]

0

IE

E =

-

- 50

T

[}

E -

-

O

o 25

E i

— We were here

-lg CMS: L ~ 2.3 fb
h 0 -------------------------

CMS: L ~ 36 fb"

We are here

End Run-ll - L~100 fb-1:
~ 80 M tt pairs
- 16x more than at 8 TeV

~ 20M single top

2015

2016

2018
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Today'’s talk:

Personal selection of CMS results mostly from Run-li

= tt production rate and dynamics

= tt+2Z/W, tt+H

= Single top quark

» (A glympse of) top quark properties

All CMS top quark results can be found here:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP




s Diameter M T
= Magnetic Field 38T

= “Muon Chambers, DT. RPC, CSC
« TiggorL1; 100Ktz =500 Kz e~

p—
e

3.8 T Solenoid
- = Muon-endcap$

y |

LHC Run-l (10-'12): 25 fbx!
.. - Peakinst. luminosity: 8 x 10
=~ 7000 top quark pairs
| sach CMS and ATLAS
" LHC Run-ll (15-'18): 100 fb"' (13 TeV)
Expect 80,000,000 tt and 80,000 ttZ




Identifying top quarks in CMS

Jets
e 2 — 6 high-p jets

Leptons H . _P:ecise meaStIJremen:t wjt? small
« < 2 high-p- leptons \ jet energy scale uncertainty
from W 2 * Trigger on lepton+jets signatures
* Isolation in tracker l muen o W
& calorimeters N, jet from W
. | bjet b-jet ID (b-tagging)

;;}rrlleggtirnlsargely based ’ S ( « B-hadron properties:

T el e e

;

b jet 3. « Use secondary vertices,
MET \_..4"&\\ displaced tracks, non-iso

extra Jet  leptons inside b-decays

. Displaced
Tracks

Missing transverse energy
(MET) [
e From undetected neutrinos 10 e
| LN g
* Negative vectorial sum p; of 2 s impact parameter
reconstructed particles | lh '

Secondary
Vertex

_Jet
-
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13 TeV candidate:

eu + 2 b-tags \,‘f

Rates and dynamics of
top quark pair production

e First step in understanding top physics

 Test of QCD calculations and search for new physics



Run-l inclusive tt cross section

ATLAS+CMS Preliminary LHCIOpWG 0,; summary, Vs=8TeV May 2016
All channels measured at 7 & 8 TeV | ... NNLO#NNLL PRL 110 (2013) 252004 . :
M., =172.5 GeV, o, (M ) = 0.118+0.001 total stal 1
to lOOk for the unexpeCted 22:2 u@ng%'t:gtzls uncertainty 8 Tev o, + (stat) = (syst) = (lumi)
ATLAS, lepton+jets |_~,__| 260+ 12 +8pb
= Good agreement with NNLO+NNLL PRD1(2015) 112013, Ly, =203
CMS, lepton+jets e 228.5+3.8+13.7 6.0 pb
arXiv:1602.09024, L., =1861
CMS, lepton+, o 257+ 3+24=7pb
PLB 739 (2014) 23, L, =1961f"
» Highest precision: dilepton ep channel | ATLAS, dilepton ex o e 242.4+1.7+55+75pb
~4%, similar to theory prediction e, LRah
0, ryp CMS, dilepton (ee, u, ey) o 239.0 + 2.1+ 11.3 + 6.2 pb
] . o JHEP 02 (2014) 024, L, =53 :
* ngh purlty ( 90 A)) LHC combined eu (Sep 2014) [ 2415 +1.4 =57 +6.2pb
ATLAS-CONF-2014-053, CMS-PAS TOP-14-018,
Liy=53-2031"
. . CMS, dilepton e \ +63
» LHCtopWG Run-I combinations X 16030500, L = 107 " H 2449214 ;5= 6.4pb
underway CMS, all jets } | ot ‘.
EPJ C76 (2016) 128, L, = 184" 2756 +6.1+37.8+7.2pb

NNPDF3.0 JHEP 04 (2015) 040

I I MMHT14 EPJC75 (2015)5
: CT14 PRD 93 (2016) 033006

Effect of LHC beam g :
energy uncertainty: 4.2 pb ABM12 PRD 89 (2015) 054028
(not included in the figure) [uB(M7] =0.1 13]

IIII|Ill|||lll||Illllllllllll

100 150 200 250 300 350 400
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Run-ll tt cross section: dilepton

= Simple and robust approach

Selection: opposite-sign isolated eu, = 2 jets, 1 b-tag

» Focus on counting high-purity eu events

Ngata— Npkg
etf f Ldt

g —

Events

o(tt) = 815 £ 9 (stat) £ 38 (syst) £ 19 (lumi) pb

O-theory(tt) = 832 +40—46 pb

Main uncertainties: luminosity (2.3%), lepton

efficiencies (2.3%) jet energy scale (2.1%), signal

modelling (2.1%)

Systematics can be further reduced with
more data and more sophisticated analysis
techniques - learn from Run-|

(precision~ 5.3%)

10

2.2fb" (13 TeV)

w1 + Data

Bt

B Non W/Z
VV + ttV

B

- Z/Y* _)ezuz

_LCMS

- . R — . S S—-— . svasslioes

= .

0 1 2 3 =4
Number of jets

First measurement with only 43 pb-' of data:
precision ~ 11%, statistically limited
PRL 116 (2016) 052002

M. Aldaya
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Run-l Legacy tt cross sections

%x10° 19.7 fo (8 TeV)

CMS e Data
Nbjets B 1t _
N ) B twiw
by
A'A'/
[ non W/z
Cltv
MC syst+stat

Eroding the systematics wall
60

Events

Selection: opp.-sign isolated eu pair, jets, b-tags

= Study differentially event categories for 40

signal/background discrimination, modelling
sensitivity

» Constrain backgrounds and main systematic

uncertainties in fiducial region, extrapolate to 28 1512: R . -
full phase space °°—0_5i.6.. NN
2 b-tags 2 b-tagged jets  19.7 b (8 TeV) i]ber Of b_tagged jets
> .
* Data 8 1 add jet 2 add jet >3 add jet CMS
B
lSignaI ‘.GC-; 10 1
>
w
DBackground 1
§ MC syst+stat | ‘ |
0 8 121 §‘\\\\\\\\\\\‘\\\\\\\\\iw\\\\\;\\\\\(\\\\\\\k\\ *\\\\i\\*\\\*\\\ \\\\\\\NQ\‘\\\\\ \%\
CERE SR 2 DA NI NI \\\\\\\\ \\\\\\
40 80 80900 920 440 50 400 150 200" 250" 40 60 80 100120140 160180200
p, [GeV] p, [GeV] p, [GeV]
7TeV:|ow = 173.6 £2.1(stat)’ 37 (syst) £ 3.8 (lumi) pb

(precision ~ 3.7%)
JHEP 08 (2016) 029

8TeV:|ow = 244.9 + 1.4(stat)’ &3 (syst) & 6.4 (lumi) pb
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Run-ll tt cross sections: challenges

Systematic uncertainties:

Source Ac/o (%)
Trigger 1.2 Possible improvements for Run-II:
Lepton ID I.5 = Experimental
© |Jet Energy Scale 0.8 » Trigger = maximize trigger efficiency
é Drell-Yan Bg. | 4 * Lepton ID - reduce syst with statistics
EJ_ b-tag 0.5 « Backgrounds-> additional categories
n Luminosity 2.6 » Luminosity
Total visible 3.6  Measure tt/Z ratio
Scale (extrap.) 0.2 « Theory
> ME/PS (extrap.) 0.2 * NLO+parton shower (PS) Monte Carlos
§ Top pt (extrap,) 0.5 * Improved MC tuning
— |PDF (extrap.) 0.1
7TeV:|ow = 173.6 £2.1(stat)’ 37 (syst) £ 3.8 (lumi) pb

(precision ~ 3.7%)

8TeV:|ow = 2449+ 1.4 (stat)’ 2 (syst) & 6.4 (lumi) pb JHEP 08 (2016) 029
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tt cross section measured at all energies

Dependence as a function of Vs well understood

I I | ! I I ! | I ! ! I I | ! I I ! I I I I I |

— Tevatron combined 1.96 TeV (L < 8.8 o’ .. —
CMS ep* 5.02 TeV (L = 26 pb() ) ATLAS+CMS Preliminary  Aug 2016 |

ATLAS e 7 TeV (L = 4. 6b)
CMSen7TeV (L=5fb") LHCtopWG gg/qq

ATLAS en 8 TeV (L = 20.3 fb™) 0(90%)
CMSen8TeV (L=19.7 ") T
LHC combined epn 8 TeV (L = 5 3-20.3 fb™)
ATLAS ep 13 TeV (L=3.2 fo )
CMSep*13TeV (L=2.2fb")

ATLAS ee/up* 13 TeV (L = 85 pb. Y
ATLAS I+jets* 13 TeV (L = 85 pb”)
CMS |+Jets 13 TeV (L=2.3f")
CMS all-jets* 13 TeV (L = 2.53 fb” Y

* Preliminary

OO am<«OomEONEO

900F .
gg/qq i ]
0(80%)

102 — [ ]
- gg/qq 800 1

Tevatron O(73%) [ A ]
\-99/aq 700F -
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV]
NNPDF3.0, m = 172.5 GeV, 0,i(M,) = 0.118 £ 0.001
5.02 TeV: First measurement ever at this energy ! Vs [TeV]
o(tt) = 69.5 + 8.4 pb (limited by statistical uncertainty) cms-PAS TOP-16-023

Inclusive tt cross section [pb]

§(15% NNLO+NNLL (pp)
10
1 | | I | | | I | | | I | | | | | | |

NNLO+NNLL (pp) S
2 / 4 6 8 10 12

—t IIIII

4
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tt differential cross sections

Scrutinize tt production in all channels as a function of many kinematic observables
- Precision tests of pQCD in different regions of phase space, window to BSM physics

» Use final-state products to reconstruct top quark candidates

e Compare to theory calculations and MC simulations E
Number of -

events 3
40 60 80 100 120 140 160 180 200
%[5 ~

A%, = bin width for variable X
do; _ unfold(s! — b}')
dX  AX.[Ldt

 Correct for detector, parton shower, acceptance effects (unfolding):

Parton Level

i ey « Jets Combined

Top quarks after radiation Top quark proxy reconstructed i _ _
before decay from decay products after o lefer(:tr)ltlal

. . sof O
Allows comparison with hadronization ;’

fixed-order calculations Useful for MC tuning

0740 60 80 100 120 140 160 180 200

o, [%¢Y]
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Measured tt invariant mass

» Rate and shape reproduced within uncertainties

CMS Preliminary 2.2 o (13 TeV)

> :_ 1 I I 1 | I 1 | I I | 1 1 I 1 1 | I | I 1 I I 1 | -_

@ 4500¢ Dilepton .

Q) 4000F 7 ¢ Data [ W+jets

) 7 Bl tt signal [ Z+jets ;

O 3500F [ tt other [ |tt+Z/W E

; 3000 Bl Singlet [ | Diboson =

§ 2500 _ Uncertainty _

< 2000F m(tt) E

| - o

(4] o A

= 1500 E ]

Q1000 3

S s00f E

~ z

o %
Zg fo 1. AV A?’f

L
400 600 800 1000 1200 1400 1600
mtf [GeVJ CMS-PAS TOP-16-011
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Run-Il: towards probing precisely tt invariant mass

Testk EW corrections (Z,7,H) Elusive signs of new physics
fmzrmawz / [PRD 90 (2014) 014008] [JHEP 01 (2015) 092]
A r 1 I I 1 I I 1 | I l | I I I 1 I I I I 1 I I 1 | .
4500 A 1 Bump huntin X
g111110000) 4000 j Dilepton o/Data B Wiots [ &P . . ?W .
[PRD 91 (2015) 01420] : fisignal [ Z+jets : _ > --------- U
3500;_ ﬁ other [:]tf+Z/W _; [T y T ': T leatall‘ r j
3000 Bl Singlet [ | Diboson J [T mw ,.
Test QCD : Uncertainty 3 e
production 25001
modes hear 2000}
threshold 1500

; 7 ]
0 500 100015002000 2500 3000 3500
M, [GeV]

JHEP 034 (2010) 1009
[ (2010) 1009] 10

0
Top Pote mMass 1.4

1.2

Entering boosted
regime

1
0.8

Running mass

(m(u)) o6

PDF, s ak high x

4200 600 800 1000 1200 1400 1600

Run-Il will push ahead the differential meaurements program of Run-I
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tt differential cross sections

¢ Data B W+iets
Ml tisignal [l Z+jets
[ ttother []tt+zW
[l singlet [ ] Diboson
Uncertainty

= Many Run-Il results already, more to come

» Parton/particle, resolved/boosted

PP TS P FTETL TTT Frewy pree

Top-quark pairs / 50 GeV

* Many observables, probing different regions of phase space

Nuc

NData

= Comparison with state-of-the-art predictions

800 1000 1200 1400 1600

m, [GeV] 1
CMS Preliminary 2.2 b (13 TeV) _ 2.3f0" (13 TeV)
u I f 1 T | 1 T Ll I T 1 T I 1 T T | T T 1 I T 1 T J 'l- 1 :_ CMS d +|ets . Data
102 Dilepton e Data ] % - paurtilcle level Sys O stat
Parton level__ o hegv2spyinias © - Sat
(@) .8. i !t___'_. ---- POWHEG P8 v
v NLO+NNLL' arxiv:1601.07020 = = 4 == Particle level hPﬁ%\éVl;gG H++ g
10° 2 + NNLO 2016 prelim., arXiv:1511.00549 3 g '8 g 10°! g_ L ] :::MG5 He+ ©
> S E . MG5 P8 [FxFx] o
" @) C MGS5 P8 [MLM] )
i 3 . Lirres pro e
N
o 2 L =
m(tt) * ¥ THE m(tt) 2
1@ - N
I R R R B B B - T
' -Stat _: e | P TR | | 1 [ L purd
o 12 Stat. ® Syst. E Qg WE
o|s 5 8| 128 —
o|m 1 g - FrTo =
oS £ B T N
= 0.8 1E e T
0.6 . I . I ‘ - 0.8 E ) ) e :.... ) ) . ) ]
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600 1800 2000
my [GeV] M) [GeV]

In general: agreement with SM predictions for all measured distributions
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3 CMS, 19.7 fb"at \s = 8 TeV

x10 n n ]
? :l TTT I TTTT | TTTT ] TTTT | TTTT I TTTT | TTTT ] TTTT | TTTT I TTT l:
S SV g The p(top) distribution
> - e/l Data R T
& 7 liots ——Maon o 1 &
™~ s + - +Herwig6 1 . . .
ol OF JeLS T bowheg+Pythias > < Run-l ‘discovery’: top-p; spectrum is softer in data
S _8- 50 —-Powheg+Herwigb 1 o . . .
S i A Approx. NNLO 7 = than in (most) MC simulations
—l© = (Phys.Part.Nucl. 45 (2014) 714) ] B
0 b= 8TeV |+ Better described by beyond NLO QCD
2- py(top) El < calculations (exact NNLO only available since 2015)
1 -
F ! el .
O s Fair agreement between ATLAS and CMS
14 F . e . . .
q%)‘g . : (working on quantifying consistency between experiments)
2 1k ]
08 S
0 50 100 150 200 250 300 350 400 450 500 8 TeV
pt,- [GeV] RN AL L RS AR RN R R R
% ’ E ATLAS+CMS Preliminary LHCtOPWG Vs =8 TeV, Nov 2016 E
~~ C|M§ LIS S I A B ) B N B BN S B B N B |8T|ev g 0007:_ . m ATLAS,L=203fb" _:
© | .F 1m e = = g |+jetS EPJC 76 (2016) 538 3
@© 1-6__ Parton level 1o -8' 0.008— : | e CMS,L=19.7f" -
< - tAllchannels , iponsiets 18 ~ = ERIC 75 (2015) 542 ]
> .4 . e} E | = NNLO (CT14 PDF) ]
a 1.4:— 8 TeV s dilepton —: ~ g 0.0055— : 4 Hy == T2y, = 1739 Gov
+ - o all-jets — ’l’-s - 0 004:——"—i E approx. NNNLO (MSTW2008 PDF) —:
S 12 — linear fit 12 c | Mg =B = Mg, , M, = 173.3 GeV 3
% 1o 0.003- | PRD 90 (2014) 014006 =
a | - : ’ C l-.—-l-l ==+ DiffTop approx. NNLO (cT10 PDF) ]
. — = i =p =My, m =1733GeV I
8 ] g 0-002:_ jﬁEP“51 (2015) 082 =
2 ogF ] ooot=  Pr(top) = =
= "Lead. p(top) ] - S :
S . > b by L Dy Lo T
8 06_ b - ol 1 '4: CMS stat. @ syst. unc. ' '
: - . T : -QC) O1 .2; ATLAS stat. @ syst.unc.
O_4_r 0.102(—100 Gev)+1.14 ] g -
C v v v v b by b v by g _'(3208: P T B B R
0 10 220 <G00 400 . 0 Sl 0 100 200 300 400 500

Leading top o (GeV) p! [GeV]
.
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231" (13 TeV)

- CMS  elutjets o Data - H H
1 E particle level §¥ast®8tat ) The pT(top) dIStrIbutlon
S POWHEG P8 3
e - Chesps @ Run-l ‘discovery’: top-p; spectrum is softer in data
g E " NeseepRy | than in (most) MC simulations
- pT(top) _ MGS5 P8 [MLM] =
- = Better described by beyond NLO QCD
-2 | H [{=] . . .
107 £ Particle level N calculations (exact NNLO only available since 2015)
= mEreERTaaE] ©
g . _ Fair agreement between ATLAS and CMS
S Ml esitasiizismarsermamenarooraon (working on quantifying consistency between experiments)
S Sttt it
E . , . . . , . |
) R T T R RV (R Also observed at 13 TeV
, p,(t) [GeV] CMS Preliminary 2.2 b (13 TeV)
r‘ 10'1[:—llll|lllllllllllllllllllllo-s- r: 10'1E—llIIllllllllll'l'lllllllll?
% Dilepton e Data . % Dilepton * Detn _ ]
o | Parton Ievel o PWheg V2+Pﬁhia8 o [ Parton Ievel Tio“:exg;i:’:)y:.:s1ﬂ.)e 0386 o
— 102%F - - - Powheg v2+Herwig++ g — 102k pprox. R g =
oy : ) 3 - 3 4 Approx. N°LO arxivi1411 2633 »
O MGS5_aMC@NLO+Pythiad [FxFx] 3 Sla Y NLO+NNLL® a0v1601.07020 1%
E|O-o --- MGS5_aMC@NLO+Pythiag [MLM] ] E|é° +  NNLO 2016 prolim. arXivi511 00549 | 5
10°F 10°F {4
p+(top) : g pr(top) 1 0
| Comparison o e ] [ Comparison | N
10*F with NLO+PS v 10°F with NNLO . E g
: ..!....!....!....I..‘.‘.i.ll.l‘.: E....!....!....!....!....!..:_\
14 [ mm Stat. R S 3 - W Stat. t :
e 12 F Stat.@Syst. [T e > 15 |- Stat. @ Syst. -
8 g 1 E 8% C
o o
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Zooming in: double differential tt cross sections

arXiv:1703.01630

= First measurement of its kind at the LHC !

= Bin tt events in two variables of p(top), y(top), m(tt), y(it)

» 2D distributions provide stronger PDF constraints than 1D

8 TeV

CMS 19.7 fb™' (8 TeV)
- ' ' T 1 T 1 —T
> _2'340<M(tf)<4oosev' 400<M(tf)<500GeV | 500<M(tf)<650GeV | 650<M(tf)<1500GeV
8 10 3 E i % ¢ Data E
— C ] - MADGRAPH+PYTHIAG
[ = g i - - ==+ POWHEG+PYTHIA6
Tl % 103k J——— -:""‘_'_ 4 POWHEG+HERWIGS 4
G| E ? ’ ' [ - - MC@NLO +HERWIGS
~ 104k . ¥ 9
I 5 : s
10-52_ ¥ _ FARA SR R R
e : | . :
%l T
E 1_§§£ ........ Fo T S ""'ri$¥
g _______ & raram R N.mﬂ i ! ! I I l y
'.% 08 - 4 4 1
m L 1 1 1 1 1 1
1 2 1 2 1 2 1 2

Main uncerts: signal modelling

Run-II: improve precision, extend phase space, go 3D differential, constrain m,,,, as, PDF

CMS

B R | AR
&~ [ xg(x) pn2=30000GeV? NLO
0.4 9% K
X [ [_JHERA + CMS W* 8 TeV
o -
X 02'_:]+y(tt)8TeV
b [+ Iy(th), Mt 8 Tev
x |

g’ 0=
(O =

DF Constraints

M. Aldaya
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15 Tev
ttH(bb) candidate:

phi = 2.623

Jet 5 (btagged)

H et = 38.62
1 M, 6 jEtS, 4 b'tags eta =-0.470 Jet 1_(btagged)
hi = 3.069 ) et = 245.54
= | . eta=-0.136
S phi = 0.389
Jet4
et = 53.69
eta =-0.509
phi = -1.751
Jet 2 (btagged)
et=170.18
eta =-0.104
phi =-0.341

tt production + “friends”

eta = 0.031
phi = -1.672

e Very low production cross sections O(fb)

 Typically need multivariate analysis techniques to maximize sensitivity




tt+Z and tt+W

Very rare processes in SM

= Direct probe of top-Z coupling (new physics?),
important backgrounds for BSM and tt+H

» Selection based on leptons, further split
in jets & b-tags to increase sensitivity

» Simultaneous fit across several
signal and control regions

g

W

ttW: Same-sign 2lepton

CMS Prel:mmary

ttZ: 3lepton, 4lepton

36fb" (13 TeV)

data

-
ttz
I rar

()X
" nonprompt

ijets =2

|,|,|| |||||u,|| |||||u|l_|_

(T

— 2 591 vP rellr?ln]a T 1 T T T T T T 7T 1361 LN (1131TGV) //////////
8 ' ' 7 ' " 2D pest it : 10
N B / — 68% contour ]
] - / — 95% contour .
21— — 1-D best fit ] 1
- / B 1DZs 10 . 2 3 =4 2 3 24 2 B
L / =1DtW =10 . ets
B / WX tZ theory 1
1‘5__ ¥ {tW theory ]
AR 4 1 (R | o(pp — tZ) = 1.007703 (stat.) 315 (sys.) pb | (9.9 std)
— +0.12 +0.13
05 o(pp — ttW) = 0.80 Ty;7(stat.) Ty15(sys.) pb | (5.5 std)
o | I I | 11 I 1 | | 1 11 1 | 1 I 11 |
0 02 04 06 08 1 12 14 16 1.8
g [Pb]

CMS-PAS TOP-17-005
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Top-Higgs coupling: the hunt for tt+H

Vital step towards verifying the SM nature of the Higgs boson

= Top quark: most strongly-coupled SM particle (y, ~ 1)

= {tH (also tH): only direct access to yt

= Experimentally very challenging

e Tiny signal and overwhelming background
from ft+jets, tt+W/Z

CMS Run- (s=7TeV,50-5.110"; \: eI
A o i
bb [~ -l
Thtn [~ L
4| - ;_._
3l - m
Same-Sign 2I — ——
Combination f— | | | | 1 T.—n 2.l8 * O|.1
10 8 6 -4 2 0 2 4 6 8 10

Best fit o/og,, at m,, = 125.6 GeV
LHC Run-I combination: uw=2.3 +0.7 -0.6

tb?, ?2? 9

From theory:

o(ttH) at 7 TeV =90 fb
o(ttH) at 8 TeV =130 fb ~

> x 3.8
o(ttH) at 13 TeV  =5101fb £

o(tt+jets) at 7 TeV = 177000 fb
o(tt+jets) at 8 TeV = 253000 fb -
> x 3.3

o(tt+jets) at 13 TeV = 830000 fb 4

Not observed so far, high priority for Run-II

M. Aldaya
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(on

tt+H, H>bb

Allows investigating coupling of the Higgs boson
to 3 generation fermions

< O
>, _t
< T

"

[}
=

o o T ol

= H->bb has largest BR, but huge background (tt+bb) Vo Y,
and associated large theory uncertainties on its modelling e
= Categorize via {t |+jets, dilepton channels 11.4-12.9 16" (13 TeV)
= Classify according to number of jet and b-jets CMS Preliminary 2
. (7}
= Use MVA techniques to further improve W fob stabsyst 3
sensitivity (BDT, Matrix Element Method) i 150 +1.05 +1.01 2
! : - _ +1. +1. +1. E
108 11.4-129 b (13 TeV) Dllepton : 0.04 -1.39 -0.96 -1.06 q)
s CMS Preliminary ¢ data —15xtH i;
D 4 05 WisF Wlitece ] : bt
‘ Dllepton Mol . | 102 +0.51 +0.88 ®
o preflt Ezj’/b =f/':i'it ] Lepton+jets a0 =043 T 0 o7
[l diboson ] '
r """"""""""""""""""" e
|
| Combned| w019 9% 05 5%
|
2 e e S PO S S A
-2 0 2 4 6
o / Best fit u = c/cSM atm, =125 GeV
< 1.0 // .. .
§ ///// Upper limit on o, of 1.5 (obs.) and 1.7 (exp.) x SM expectation

Compatible with SM expectation at the level of 1.5 std

3jets

3 b-tags
>4 jets
3 b-tags
BDT<0.23
3 b-tags
BDT>0.23
>4 b-tags
BDT<0.23
>4 jets
>4 b-tags
BDT>0.23

>4 jets
>4 jets
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tt+H, all searches

Many channels: bosonic (H>ZZ->4l, H->yy), leptonic (H>WW, H>vz,,,. ), hadronic (H>bb, H>v,t,)

2102 YM3 pUoLIOyy ‘luelonijad "9

tt+H, H>multileptons All channels, ATLAS+CMS
 2lepton SS, 3lepton: 2 kinematic BDTs L [
against tt and tt+W/Z LHC Run1 e § e G,
* 3lepton: use also MEM for
i : ATLAS £
additional tt+W, tt+Z se;?aratlon bb CMS g m—O—
* 4lepton: counting experiment : —
w  CMS Preliminary 359 b (13 TeV) R._A_-D:é@ ________________________ (B epeepuepeapuney ﬁ‘,:‘g
Buf | gmmmiesen MS smen !
Wt BIW BWW CTomune ATLAS —_— 2
< 100 @tz [)Conv. YY
S 2l fi CMS 12.9 fb-! i
"i 80 epton, postfit
;_-"g 4l CMS I 35.9 fb"!
0
< 40 ThtX 0 &
p CMS | . . T . f
3 208 -2 -1 0 1 2 3 4
< O‘THTTHPH'TIFm T e u(ttH)
@ 1.8 mmstat. unc. [ total unc. i i )
& 14 “There’s not yet a single analysis with a
3 }:Sr&- R ! strong & unambiguous ttH signal, and it
] S S S — will take time and effort to get there”

piiv-inidd > Run-Il and beyond !
Best fit u = 1.5 £ 0.5 > significance: 3.3c obs. (2.50 exp.) y
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[CMS, BT mocen
|
13 TeV
single top candidate I L
untagged jet 3 v -

b-tagged jet
muon

e =

=S
>

Single top quark

e Probe CKM matrix element |V, |, EWK coupling structure

* Probe alternative production mechanisms (e.g heavy bosons, FCNC)



Single top production: the big picture

Run-I:

= Main production mode:

t-channel, measured to
high precision

* Properties, differential
distrbutions

= First observation of
tW process

» Study of s-channel

= Rare single top modes
explored

e tZq, ty

Inclusive cross-section [pb]

—k
o
N

10

- Single top-quark production
[~ May 2017

e.rhanna
5-channel

" ATLAS+CMS Preliminary LHCfOpWG =«

ATLAS t-channel
PRD 90 (2014) 112006, arXiv:1702.02859,
JHEP04 (2017)086

® CMS t-channel
JHEP 12(2012) 035, JHEP 06 (2014) 090,
arXiv:1610.00678

O ATLAS Wt
PLB 716(2012) 142, JHEP01(2016) 064,
arXiv:1612.07231

O CMSwt
PRL110(2013)022003, PRL 112(2014) 231802

* LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

A ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756(2016) 228

¥ CMS s-channel
JHEP09 (2016) 027 95% CL
X 7+8 TeV combined fit 95% CL

NNLO PLB 736(2014) 58

scale uncertainty

=== NLO+NNLL PRD83(2011)091503,
PRD 82 (2010)054018, PRD 81(2010) 054028
Wi: tf contribution removed
scale ® PDF @ o uncertainty

= NLO NPPS205(2010) 10, CPC191(2015) 74
o= Bo= My,
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
Wt: p: veto for tf removal=60GeV

and n =65 GeV 1
scale uncertainty

scale ® PDF @ o, uncertainty 7H )
M= 172.5GeV

13

Run-Il: ramping up towards new era of high-precision in single top

M. Aldaya
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light forward jet (j)

Run-ll: single top t-channel

\ N 23" (13 TeV
Selection: S CMS 4 Data .
i - a . B¢ channel =
1u, 2 jets, 1 b-tag 5 2 jets, 1b-tag @ w X
Control regions for main W Evovézg'ets >
backgrounds (3j1b, 3j0b) o e - cq ©
out of acceptance - - S
(2]
®

= Fit to MVA discriminant using different regions enriched
in signal and background

02 0 02 04 06 08 1

o(t+) =232+ 31 pb | (14%) Main syst: signal model, JES o MVA outPUT
§|E 1R N S R SR e
08'_ ................................................................................................ -

= Potential constraints on u- , d-quark ratio:

CMS 2.3 (13 TeV)
R Tt
CMS :
1.81+ 0.18 (stat) = 0.15 (syst) X
CT14 — g
ABM11 -.-i )
! = CKM matrix element [Vib| = V(aobs: /atheo.):
ABM12 - t-ch. t-ch
MMHT14 = | IVib| = 1.03 £ 0.07 (exp) = 0.02 (theo) | (7%)
HERAPDF 2.0 —_—
: (for [Vigl » [Vial << [Vil)
NNPDF 3.0 ——i A
I I B Full program of detailed measurements (differential

Reen =0rens /0, . distributions, properties, couplings) lies ahead
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“Direct” top quark mass

ATLAS+CMS Preliminary LHCIOpWG m,, summary,(s=7-8TeV  Sep2015 = Direct my,, measurements: from
"""" Werld Gomb. Mer 2014, 1] kinematic reconstruction of top quark
total uncertainty fotal stat decay products = highest sensitivity
My = 173.34:£0.76 (0.36£ 0.67) GeV Moyt (tat sy 5 Ret
ATLAS, I+jets () I—l—i—i—l 172.31£1.55 (0.75£1.35) 7TeV [1]
ATLAS, diepton (") i i7a00t16306et150) v | ™ Most precise result from CMS (I+jets):
CMS, |+.jets I—i'H—| 173.4911.06 (0.43£0.97) 7TeV [3] « 2D likelihood fit to extract mtop and
CMS, d|I9Tpton I—|-0-|-l—| 172.50+1.52 (0.43+ 1.46) 7TeV [4] Iight-quark jet energy scale factor (JSF)
CMS, all jets I—+-b—|—| 173.49+1.41 (0.69+ 1.23) 7TeV [5] from W-mass constraint
LHC comb. (Sep 2013) = 173.29+ 0,95 (0.35+ 0.88) 7TeV [6]
World comb. (Mar 2014) |—»+|—| 173.34+0.76 (0.36:0.67) 1967 TeV [7] ~ 12000 fﬂ\ﬁ ; lLeptqu+jlet§»,_1 2{:;5::': (8 Tev) .
ATLAS, l+jets H—e—t 172.33+1.27 (0.75£ 1.02) 7TeV [8] 8 [ -g;‘:g:;‘ =£ﬂe?;s ] g
ATLAS, dilepton I—-[-—|—| 173.79+ 1.41 (0.54+ 1.30) 7TeV [8] © 10000:— ;lg al.;gmatched %,gibg :;:nijet ©
ATLAS, all jets H—l—H 175.1+1.8 (1.4£1.2) 7TeV [9] @ 8000 y Atter P, selection ~
ATLAS, single top I—l—l—i-—| 172.2+2.1 (0.7£2.0) 8 TeV [10] 0 6000F e
| ATLAS comb.(o2%) __ FCRH __ _ _ 172008091(048:0.78) e | 5 5 P
WS et R _psosipleeds | v | s N
CMS, dilepton e 172.82+1.23 (0.19£1.22) 8TeV [11] o 2000} S
CMS, all jets HeH 172.3210.64 (0.25+0.59) 8TeV [11] &) r »
CMS comb. (Sep 2015)  HH § 172.44+0.48 (0.13+ 0.47) 748 TeV [11] % 1"? o
[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427 'Ej' 0.54 N R R
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330 o 100 200 300 400
; [3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158 rT'lIit [GeV]
(") Supsrseded by resutts [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055 (prec.: 029(%))
shown below the line [5] Eur-Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
IR IRNRIN RRTTRTN | T R R RN R B m,* = 172.35 = 0.16 (stat+]JSF) £ 0.48 (syst) GeV

165 170 175 180 185
mtop [GeV] Main syst: flavour dependence of JES, signal model
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“Direct” top quark mass

= Direct my,, measurements: from
kinematic reconstruction of top quark
decay products - highest sensitivity

= First measurement at 13 Te\/:

 Following the 8 TeV measurement
in utjets

m, = 172.62 + 0.38 (stat+JSF) + 0.70 (syst) GeV

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427

[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330

[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158

(*) Superseded by results
shown below the line

[4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055

[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022

ATLAS+CMS Preliminary LHCIOpWG  my, summary,/s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]

stat

total uncertainty fotal stat

My = 173.34:£0.76 (0.36£ 0.67) GeV Moyt (tat sy 5 Ret
ATLAS, I+jets () I—l—'—-l-—l 172.31£1.55 (0.75£1.35) 7TeV [1]
ATLAS, dilepton (*) I—l—l-l——l 173.09+ 1.63 (0.64+ 1.50) 7TeV [2]
CMS, l+jets o 173.49+1.06 (0.430.97) 7TeV 3]
CMS, dilepton F—t-o—-i 172,50+ 1.52 (0.43t 1.46) 77Tev [4]
CMS, all jets o 173.49+1.41 (0.69t 1.23) 7TeV 5]
LHC comb. (Sep 2013) = 173.29+0.95 (0.35+ 0.88) 7TeV (6]
World comb. (Mar 2014) HH 173.34+0.76 (0.36:0.67) 1967 TeV [7]
ATLAS, l+jets H—a—td 172334127 (0.75£1.02)  77ev [8]
ATLAS, dilepton —f—t—] 173,79t 1.41 (0.54:1.30)  77ev [g
ATLAS, all jets F—s——H 175,14 1.8 (1412 776V 9]
ATLAS, single top ~ F——t—s—t=— 172.2+2.1 (0.7+2.0) 8TeV [10]

| ATLAS comb,(SC75) KRB 172esc0sideiore) e |
L — a O L 2 L NN

CMS, dilepton et 172.82+1.23 (0.19£1.22) 8TeV [11]
CMS, all jets HeH 172.3210.64 (0.25+0.59) 8 TeV [11]
CMS comb. (Sep 2015)  HH 172.44+0.48 (0.13£ 0.47) 748 TeV [11]

165 170 175 180 185
m,,, [GeV]

_ _ (prec.: 0.46%)
Main syst: JES, signal model

CMS-PAS TOP-16-022

* In good agreement with the 8 TeV result
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“Direct” top quark mass

ATLAS+CMS Preliminary LHCIOpWG  my, summary,/s = 7-8 TeV Sep 2015

-------- World Comb. Mar 2014, 7] Top mass results using direct
tat Pt . . .
tota unceriaiy total sta methods are reaching a precision
Myp = 173.34 £0.76 (0'36i0'6:7) GeV Mg, total (statt syst) is Ref. Of Order 500 MeV (< 03%)
ATLAS, l+jets (*) ———t 172.31+1.55 (0.75¢ 1.35) 7TeV [1]
ATLAS, dilepton (*) I—l—l-l——l 173.09+ 1.63 (0.64+ 1.50) 7TeV [2]
CMS, l+jets i 173.49+1.06 (0.430.97) 776V [3]
CMS, dilepton —t-oti—l 172504152 (0.43£1.46)  77ev 4] = Dominant uncertainties:
CMS, all jets e 173.4911.41 (0.69£ 1.23) 7TeV [5] . .
LHC comb. (Sep 2013) o 173204095 (0.35:0.88)  77ev [9 * Jet energy response calibration
World comb. (Mar 2014) H-H-I 173.3410.76 (0.360.67) 1.96-7 TeV [7] e Hadronization modelling
ATLAS, l+jets H—— 172.33£1.27 (0.75:1.02) 77TeV [8]
ATLAS, dilepton F——— 173.79+ 1.41 (0.54+ 1.30) 7TeV [8]
ATLAS, all jets |:-|_'_|-| 175.1+£1.8 (1.4£1.2) 7TeV [9] n Contlnuous efforts to:
ATLAS, single top I—l—l—|——| 172.2+2.1 (0.7£2.0) 8 TeV [10]
ATLAS comb.(2%)  H-#H 172.0940.91 (0.48:0.78)  77ev [3  Improve current techniques
CMS, l+jets HeH 172,35+ 0.51 (0.16+ 0.48) 8 TeV 1] « Develop new methods
CMS, dilepton et 172.82+1.23 (0.19£1.22) 8TeV [11] P
RS Nl - ComomlzEes | swln_L » Combine results
Ciscomb (Sepats) _ W _1rasodsisodn o | (<0.3%)
[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330
[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
(*) Superseded byl results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
shown below the line E [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022
' R A AR | S T N N A R N B R A I
165 170 175 y 180 185
m,,, [GeV]
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Top pole mass from oftt)

Mass dependence of predicted cross section allows determining m,,, from measured o(tt)

g 280 1 ’gz Use most precise theory (NNLO) and
— " measurements to extract m, , (for fixed as and PDF)
b-260; 0.8 £ top
Q 240 g:_ Top-quark pole mass measurements May 2016
= 0.6 1 DO oftt), 1.96 TeV
o 220 PLB %3)(’2011) 422 ® 167.50 *920_, 75 GeV
S 0.4 MSTWO08 approx. NNLO
S 200 : DO o(tt), 1.96 TeV
0 n DO Note 6453-CONF (2015) '~ @—— 169.50 *330 5 4, Gev
i 180 0.0 MSTW08 NNLO
L . DO o(tt), 1.96 TeV 3.40
T 160 arXiv:1605.06168 (2016) ——@—— 17280 ™ 55, GeV
= MSTW08 NNLO
o b b b b b ey . _0 -
ATLAS o(tt), 7+8 TeV 2.50
170 171 172 173 174 175 176 177 178 EPJC74(28121)3109 —@— 172,90 ¥250 , . GeV
m, [GeV]
ATLAS tt+j shape, 7 TeV 2.28
bole 7 \ JHEP 10 (2015) 151 —@— 173.70 "5 511GV
my . = 173.871g (GeV)| (prec.: ~1%) f=—===—= === n
| JHEP 08 (2016) 029 —o— 173 -1.80 !
CMS tt+j shape, 8 TeV +4.52
Run-II: TOP-13.006 (2OF1,6) —e + 16990 3.66 GV
- With current 5.5% theory uncertainty World combination 0.76
0 : ATLAS, CDF, CMS, DO @ 17334700 4 76 GeV
and ~2% experimental: arXiv:1403.4427, standard measurements
- could reach ~ 0.5% on pole mass R R i L L
- Exploit differential measurements and 150 160 170 180
m, [GeV]

calculations at NNLO
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Top quark mass: other “alternative” methods

b-jet energy peak
TOP-15-002 (2015)

Lepton+SecVix
PRD 93 (2016) 092006

Dilepton kinematics
TOP-16-002 (2016)

Single top enriched
TOP-15-001 (2016)

M;,/MAOS observables
TOP-15-008 (2016)

Lepton+J/¥
TOP-15-014 (2016)

Kinematic endpoints
EPJC 73 (2013) 2494

b hadron lifetime
TOP-12-030 (2013)

Dilepton M,,,
TOP-14-014 (2014)

BEST backgrounds
TOP-15-011 (2015)

CMS alternative comb.
TOP-15-012 (2016)

CMS Run |
PRD 93 (2016) 072004

CMS Run | + Alt. techniques
TOP-15-012 (2016)

=

7Y

52

% 7, 296, 6. Y.

__&M
Ne—
R
%
N

#

o

T

172.29 £ 1.17 + 2.66 GeV
173.68 +0.20 *198 ) .- GeV
171.70 £ 1.10 *268 ; 0 GeV
172,60 + 0.77 *0-97 ) o GeV
172.22 +0.16 *088 ) o Gev
173.50 + 3.00 + 0.90 GeV
173.90 £ 0.90 *1-70 , .1 GeV
173.50 £ 1.50 + 2.91 GeV
172.30 £ 0.32 +124 | 0 Gev
172,61+ 0.57 + 0.90 GeV
172.58 + 0.21% 0.72 GeV
172.44 £ 0.13 £ 0.47 GeV

172.43 £ 0.13 £ 0.46 GeV

160 170
CMS-PAS TOP-15-012

180 190

m, [GeV]

= Exploit experimentally clean(er) observables

* Do not use jets = avoid hadronization issues

= Alternative systematic sensitivities

= Non-conventional different channels

Lepton + SecVtx

Syst: b-frag modelling

19.7 b (8 TeV)
> T T T T T 7 ¢ data
& 600 CMS ~ B tchannel
9_ 7 schannel
= 500~ . |7 ww channel
€40 Single top u
3 + 1 Z+jets
30 TR W+ jets
200 . diboson
acp
100
150 200 250 300 350 400
m,, (GeV)
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This is just the beginning...

= Run-Il will end with 2018 leaving ~ 100 fb-! at 13 TeV

= Run-III will follow (2021), targeting ~ 300 fb! at 14 TeV
(new centre-of-mass energy)

3 CMS
= After: HL-LHC (Run-1V, 2015) and then S 3 Preliminary Projection
future colliders (such as CLIC or FCC possible) g~ - 3, JHEP 12(2016)123

5 2.5 - o (t), JHEP 08(2016) 029

> i
= Opportunities at future facilities start by £ 2 4 1700050

almost unlimited precision in measurements § . ,‘ l+jets, PRD 93(2016)2004
= Directly translates into sensitivity to 5 E.
BSM in deviations g 1 Vhnmmmn

- C I'. _______________ \

= Extreme regions of the phase space 0.5 RRECEEIEIEEEEED
" \
= \ery rare final states o-

Runl 0.3ab' 14TeVv 3ab™’ 14 TeVv

CMS-PAS FTR-16-006
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Summary
= Top physics: key to QCD, electroweak and New Physics

* In Run-l, the LHC became a real “top factory”

» Top quark production & properties measurements entered precision regime

 Started to challenge theory predictions in many respects

= First 13 TeV results !
* Inclusive cross section measurements, differential distributions

 First results for low cross section processes tt+X

 First properties measurements start to appear

* Run-li: expect 100 fb! by end of 2018:
~80M tt, ~20M single top, ~80000 ttZ and tZ events

» Trade off statistics for systematics
e Improvements in MC models and theory calculations
e Access to new physics in the top environment

The ultimate potential for top physics at the LHC is ahead of us

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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Additional information



