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Standard Model and beyond

The fundamental building blocks of matter

Leptons

@ SM: Successful description of elementary

particles and interactions

@ LHC experiments discovered a new Higgs-like

boson

@ Candidate to close the long-standing puzzle of how

elementary particles acquire mass in the SM

@ But does it behave like the SM Higgs?

5% Visib)
@ There are several open questions that the = W

SM cannot answer

@ Extensive search for possible SM

extensions, but no signs of New Physics yet
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The top quark

The top quark: a special particle

LEPTONS
Elec. Neutrino | Muon Neutrino | Tau Neutrino
mv,~0 mv,~0 mv~0
- -
Electron Muon
m, = 0.511 x10° m, =0.106
QUARKS
Top
. - m, =173 GeV
Up Charm
L, =24x10° m,=1.27
- @
Down Strange
my,=4.8x10? m, =0.104 m, =45

Study in detail strong, EWK, Higgs interactions and New Physics
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1.- Constraining the Standard Model

Determination as

Test QCD predictions and help constraining
the PDFs (especially gluon distribution)

Determination of m;

Participates in quantum loop radiative

corrections to mw together with my:

assessment of self-consistency within SM

@ Other properties: couplings, asymmetries

predicted by the SM

— Precision measurements could reveal the SM

breaking down
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Top quarks are a unique tool for stringent tests of the SM
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2. - The top quark and the Higgs boson

In the SM, elementary particles acquire mass via their interaction with the Higgs field

@ The most massive known particle — large
couplings

@ Essential to study Higgs properties,
measure top Yukawa coupling

@ Several open questions

@ Is the mass of the top quark generated
by the Higgs mechanism?
@ Role in electroweak symmetry breaking?

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

3.- Special role in New Physics?

2217 (13 Tev)
T
CMS

g

—Tal1700tH [2060) |,
- Ty1200}5tH [20p8) |\,

Events / 80 GeV
g

@ Main background for Higgs and
many searches for New Physics

@ Top quark is a main ingredient of T quantgancidte mass (Gev)
many BSM scenarios

ATLAS ¢ Data202 §
a e Ts=8TeV, 030" M

@ Exotic partners, rare decays,

heavy resonances decaying to S,  Loonio S Weets

) ®a, A signal gions 1 O S
top, new particles produced " N . Uncenaity
with top, ...

. and a sensitive probe for New Physics

Data / Bkg

1000 1200 1400 18
m® [GeV]
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The top quark: Before...

36 events 1000s events 1
CMS  Lepton+jets, 19.7 fo' (8 TeV)
250 CDF Il Preliminary Emm'=P“' S
< 7”9"’ . 24
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©200 g Data Dibosor
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m{* [GeV]
1995 2009 2010 2012
Tevatron pp 1.96 TeV First observation of LHC Run-1 pp (7 and 8 TeV)
"“Birthplace” of the top J single top production top factory: 25 fb—1 J
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The top quark

and now: LHC 13 TeV

Run-2 top quark physics, up to 150 fb™?

1 @ Ultimate precision measurements
@ Low cross section frontier: tt+X and t+X
; (X=q,b, tt, W/Z, H)
@ Properties and couplings (tt and t)
= AiLao Umme Lommnosny 3= 13 te e Expected;
£ 60 [EHLHC Deliveres 3
8 E g Clnsamons 120,000,000
3 S
g - Total Reconded: 47.1 fy 30’000'000
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60 5 20 =A '
= T T TS =
£ 50 ATLAS Online Luminosity  /3=13TeV E
% I i Delverea 09/05 07/06 05}0‘7‘0‘4:06‘[‘!2:0;!}! (I) I!‘H;TIH‘éB/H
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3 w0 e e
g 20—
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Today's talk

Personal selection of results, mostly from Run-2

@ tt rate and dynamics
@ tt + “Friends’ (W/Z, H, tt)
@ Single top quark

September 2017 CMS Preliminary

Qo F @ 7 TeVCMS measurement (L <5.0 fb™)

=3 1 03 E - §  8TeV CMS measurement (L < 19.6 fo) E

[} E @ 13 TeV CMS measurement (L <35.9 fb’)
R [ E-5 ——  Theory prediction

5 102 3 ::"12;_ o - L Z Zi. CMS 95%CLlimits at 7, 8 and 13 TeV
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09_1072 5 orders of magnitude in cross section! *
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All results a’t hntpt//celm cJ/gjo/l N'7zj I 3] I 4J I tt'Chl tW I ts-chl ttY' tzq I nW I nz I ttH I tttt '
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L T
Top quark production

tt production mainly by gluon fusion at LHC (~85% at 13 TeV)
@ NNLO+NNLL calculation
; t owmm——t o ¢ PRL 110 (2013) 252004
% < _ > < _ o(8TeV) = 245 pb £ 6%
g f 900000 ——t g3 t

t
0(13TeV) = 832 pb £ 5%

t production via EWK interaction Ri3/8=3.3
t-chan. s-chan.
p G @ t-channel o(13TeV) = 217 pb + 4%
7 i t R13/8:2.6
w w
5 t @ tW-channel ¢(8TeV) = 71 pb £+ 5%
g 5 q b R13/8:3'2
i - @ s-channel ¢(13TeV) = 10.3 pb + 4%
b w
R R13/8:1'9
i Cross sections at NLO or
WL, t . t NNLO tW (arxiv:1311.0283)
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LR NTEICI  Top quark production and decay

Top quark decay signatures

In the SM t — Wb almost 100%, W decay defines final state

Top Pair Decay Channels
jet jet
3 B _ b-jet
“legls vt
3
*§ = 3 jet jet
S |5/ E all hadronic
: : [ & tau+jets Gyt
\éﬂg = muon+jets
i . H S lectron+jets
Eb% = H o] elec |
T bet i -
/ v \:@0@ e |u |t ud c§
e,1,T

. dileptons ..lepton *jets
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|dentifying top quarks
INg: 39572626 /

OrbivCross
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Top quark production and decay

The top quark

358

MET= 164.0 GeV

\a._v
'f

/ Electron

el T

| Muon p; = 53.8 GeV

Jet
p; = 81.6 GeV

\uby

Jet p; = 56.8 GeV
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The top quark

|dentifying top quarks

\ /// ‘l.,‘vrr‘n,m,-.mg 39572626 358

MET
@ Missing energy from

undetected neutrinos

\uls

Leptons
@ Up to two high pr leptons

@ Isolated, high pr from W,
soft leptons in b-jets

Carmen Diez Pardos

Top quark production and decay

Jets
@ Two to six high pt jets (up

to 2 b-tags)

MET= 164.0 GeV

J ““v’/ b-jet ID (b-tagging)

/ r
\ﬂ;.(‘

@ B-hadron properties:
large lifetime ~1.5 ps and

decay length

|
jet

-
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tt production

Run: 266919
proton-proton collisions at Event: 19982211
13 TeV centre-of-mass energy 2015-06-04 90:21:24
Yy

¥ Rates and -Eiynamics of production: / -~
) First step in understanding top physics / =

EXPERIMENT 7 & 7 w

r

vl
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tt production Inclusive cross section

tt cross section measured at all energies

S AL L L
Tevatron combined 1.96 TeV (L < 8.8 fb P 1
CMS dilepton, |+JEES* 5.02 Tbe\)/( (=274 p)b )  ATLAS+CMS Preliminary ~ Nov 2017
ATLAS el 7 TeV (L= 4.6 ]
CMSeu7TeV(L=5fb" ) LHCtOpWG
ATLAS ep 8 TeV (L =202 o)

CMS ep 8 TeV (L =19.7 fb™)

LHC combined ep 8 TeV (L = 5 3-20.3 fb" ) LHCtop WG
ATLAS ep 13 TeV (L=3.2b™)
CMS ep 13 TeV (L = 2.2 fb™)
ATLAS ee/pp* 13 TeV (L =85 pb )
ATLAS I+jets* 13 TeV (L = 85 Pb )
CMS I+jets 13 TeV (L =2.2 fb

CMS all-jets* 13 TeV (L = 2.53 fb b]

* Preliminary
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Inclusive tt cross section [pb]

700 b

- E=—— NNLO+NNLL (pp) -
= NNLO*NNLL (pp) M
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV] _|
E NNPDF3.0,m, = 1725 GeV, a,(M,) = 0.118 0,001 E
C | TR S NSNS S WU A SR SR SR (N SO S S Y SR SN S
2 4 6 8 10 12 14
Vs [TeV]

Dependence as a function of /s well understood!
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el G
Differential regime

Scrutinize tt production as a function events E

of many kinematic observables: ]
40 G0 0O 100 120 WO 1@ m:-.‘m

@ Comparisons with state-of-the-art =]
predictions (and future calculations) A¥ = bin width for variable X

o IE)S:'r:a(:tlon of mass, ag, constrain dﬂ',‘ - UnfO-"d(Nf—bkg]x)

dX —  AY.[Ldt

Response
matrix

Wealth of results available
In general agreement with SM predictions
for all measured distributions

oltt)

oln B0 A0 100 120 140 180 18) 200
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25 ] G
Top quark py distribution

@ Run-l “discovery”: pl spectrum is softer in data than in (most) MC

simulations
— T LA A
x10° CMS, 197 fbat (5 =8 Tev > 0-008F ATLASCMS Preliminary G=sTevNov 2017 |
TT T T[T T T T[T [T I T[T T T T T TT T T T T[T ITT[T7TT E HClopwG =
B P L O, 0.007 § u ATLAS,L=2031" =
> el + Jets . e = EPJC 76 (2016) 538 El
@ E —M dG h+Pythia6 § & E . 3
o 7 _..Mé@,;i%:Hgm'?ga S 000sE b B E
-~ 61 -- Powheg+Pythia6 = 3§ & £ — NNLO (114 poe) El
g o —-pounegsenngs 1§ 0% ol
<<<<< Approx. NNLO = E arXiv: E
o Nl (Phys.Part Nucl. 45 (2014) 714) ] — 0.004f= 3
3 E 0.003F E
2 3 0.002- E
1 £ 3
IR , 0.0015— E
e Stat. E E ) =
2g M Stat. 0 Syst. 2| LAPETEE L e T
glg 12 8loL TLAS s, ) syt
[ T2
=
S 3 g[%08 I I I 3
0 50 100 150 200 250 300 350 4(30[4(1350 \;,]00 8l o 500300 400500
e
P Pt [GeV]

@ Results in all final states: NLO calculations do not describe p%
Also observed at 13 TeV

@ NNLO calculation available: CMS and ATLAS data well described
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tt+jets

At LHC energies, about half of tt events are produced with additional hard jets

ATLAS

3 t g
S 13TeV, 3216 3
F ——— add. jetp, 225 GeV |
s

——
[ — Powheg+Pythiag }
E ---: MG5_aMC@NLO+Herwig++ =
E Sherpa v2.2 3
E 2015 Data 1
= Stat 1
L = Stat.+Syst.

Ll

F...... Powheg+Pythia6 (RadLo) ....... Powheg+Pythia6 (RadHi}

£ —— Powheg+Pythiaé e

0 1 2 3 >4
Number of additional jets

Carmen Diez Pardos
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@ Reveal presence of new physics in tt-+jets final
states, background for ttH

@ Investigate MC description of QCD radiation

22.03.2018 17/42



tt. + Friends

Very low production cross sections O(fb)
Typically need multivariate analysis techniques to maxi-
mize sensitivity
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AT
Couplings to bosons: tt+W/Z

@ Measure couplings to
bosons

@ Important background
for BSM searches

@ Analyses are performed
in bins of the number
of selected leptons
(2,3,4)

@ Different number of
leptons — different
admixture of ttW and
ttZ processes

Carmen Diez Pardos

d

t
g .
g t t
t 7/
d ¢ 2%
u w+ g i
CMS 3591 (13 TeV)
= 1.6F N -
3 *  ttV best fit - tiV theory [1]
o —— 689
o 68% CL contour
1.4}~ — 95% CL contour
1.2
1
0.8
06, v L v v v L v Ly 1y
0.2 0.4 0.6 0.8 1 1.2
Gy [PD]

> 5o for both processes simultaneously!
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(/2

Results: Effective Field Theory Interpretation

Model independent search for new phenomena
Lot = Lsm + 752,60 + 70 2, GO + -+

Constraints on dimension-6 operators

Carmen Diez Pardos
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]
Top-Higgs coupling: the hunt for ttH

Best direct probe of the top-Higgs Yukawa coupling, vital step
towards verifying the SM nature of the Higgs boson

@ Top quark is the most strongly-coupled SM
particle (y; ~1)

@ Direct measurement of y; in ttH
production:

@ Allows probing new physics in gg—H and
H— ~7 effective vertices

8

8

@ One of the physics targets for Run-2: ¢ ~0.5 pb at /s=13TeV (my=125GeV),
understanding of tt+X is crucial
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ttH: Observation is around the corner

. . (totl.) (S_1,Elt»| syst. )
ATLAS Vs=13 TeV, 36.1 fb'
—total ~ stat.
i o e 15 2 (802
WHon| e 08 7 (4.9
ttH, Hobb o 0.8 0% (193,708 )
0.6 +0.4 0.5
fiH, HoWV [ 15 ‘05 (o4 0q )
0.3 +0.2 0.3
ttH combined tod 1.2 :043 (o2 :0.2 )
Il L Il L L
-2 0 2 4 6 8 10
4.20 obs. (3.80 exp.)!!  Bestit u, for m,=125 GeV
35910 (13 TeV)
ZZ" > 4 lept. PO 00412
OMS JHEP 11 (@017)47| v -0.0
. b +0.9
i oMs proiminay HG-160%0 | @ 225
WW*, ZZ* 1t -l +0.45
- —
_ E, _ bb leptonic —l 0.7 4045
CMS Preliminary HIG-17-026 -0.45
WI/Z ne +15
NE— 0.9
wCBhadronic| — (] 091
t -1 0 2 3 4 5
(Summary CMS results by M. Peruzzi)
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Search for SM four top quark production

@ Tiny cross section in SM:
oM ~ 10 fb@13 TeV

t

=l

@ Many BSM models predict an increase:
Particles decaying to top quarks or modified

couplings, massive coloured bosons, composite

Higgs/top, extra dimensions, SUSY...

@ Meausurements can be used to constrain y;

Carmen Diez Pardos
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o(tith) (fb)

MS 35.9 fb’ (13 TeV)
e I B 7
60:— . Obs. upper limit :.' {
[ | = oObs. cross section 5

E Predicted cross section, / ]
50, " Phys. Rev. D 95 (2017) 053004 . b
40— .
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ATLAS Run: 267073
Evant: 279124678

EXPERIMENT 2015-06-05 02:24:03

y =
F - H -

'wop pI‘OdUCtIOH!‘r-
5/ : o4y, -

' Ar

Probe CKM matrix element |th| model- mdependent EWK coupling structure
Probe alternative production mechanisms (e.g heavy bosons, FCNC)
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Single Top

Single top production via EWK interaction

t-channel

o

tW-channel
b w

s-channel

wH

Y
o

Inclusive cross-section [pb]

10%

10

1

LHCtopwG

| November 2017

. F

I~ Single top-quark production

ATLAS+CMS Preliminary

t-channel

s-channel

i
-

B ATLAS t-channel
PRDS0(2014) 112006, EPICTT (2017)531,
JHEP 04 (2017)085.

® CMS t-channel

|
JFIEPT2(2012)035, JHEP 06 (2014090,
PLB 772(2017)752

ATLAS tW
PLB 716 (2012142, JHEP01(2016)064,
ani1612.07231

CMS tw
PRL110(2013)022003, PRL 112 2014)231802,
RS TOP.17.018

*

LHC combination, tW
ATLAS CONF-2016-023, CHMS-PAS-TOP-15-019

>

ATLAS s-channel
ATLAS CONF 2011-116 55% CL,
PLB 756 (2016)226

CMS s-channel
JHIEP09(2015)02795% CL

748 TeV combined ft 95% CL.

« <

= - - NNLO P18 736(2014)58
scale uncertainty

=== NLO+NNLL pros3(2011)091503,
PRDE2(2010)054016, PROB1(2010)054028
w:  contrbuton removed
scale [ PDF [, uncertainty

— NLO eSS o, crows e
e m,,
Griopo STz, NNPDF2 3rl0
1 vetofor  emoval = 60GeV and 1 =65 Ge’

I scale uncertainty
scale [J PDF 0 a, uncertainty
M= 172.5 GeV

k

7 8

13

Vs [TeV]
Single top quark cross section at 13 TeV as large as the tt cross section at 7-8 TeV

Ramping up towards new era of high-precision in single top quark!
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Evidence for SM tZq production

q q q a
w
W VA
w
b t b t

Z
@ Sensitive to tZ-coupling, triple-boson coupling, backgrounds for searches

@ Trilepton channel most promising for

s F T T T T T T |

. . 2 r ATLAS Preliminary o Data ]

first observation 85| 5=13Tev,36.1 10" Zq 3

£ . W b

w 40 -/ Z+jets .

Diboson |

E  VHIHHWZ o

30 777 Uncertainty

\ 0tz = 600 £ 170(stat) - 140(syst) fb \ " - E

4.2 o obs. (5.4 o exp.) 1of- e
Another milestone in the cross section frontier! R e

B 2; I I

S

00 0‘.1 0.‘2 0.‘3 014 0.‘5 0.‘6 0.‘7 0,‘8 019 o 1

NN
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Search for FCNC tZ production

35.9 fb! (13 TeV)

% 70 CMS Preliminary 4 data

3 Post fit: STSR = :)Zﬂq]er

S 60 All channels —p

2 wz

: i

. NPL DY-like

40 B NPL -like

N — FCNC tZu x20

30| N post fit unc.
20 X

@ Sought for t—Zq:

$ BR SM = O(107 ™)
Q15 +
I R —— | @ In models beyond SM:
D'O4 0.2 ] 0.2 04‘ 0.6 0.8 1 BR BSM ~ 0(1075)_0(1076)

@ Decay can be found in the FCNC
production mode gg— tt —tZq

Kiza = 0 & Kize # 0 : B < 0.045% (0.037%) and

Kiza 7 0 & Kze = 0 1 B < 0.024% (0.015%).
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Status of search for FCNC rare decays

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

LHCtopWG [1]JHEP 10 (2017) 129 [2] JHEP 02 (2017) 079
3] CMS-PAS-TOP-17-003 [4] JHEP 04 (2016) 035
November 2017 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2017-070 8] JHEP 07 (2017) 003
oo prasosses resoro Theory precictions —SM 2HOM(FY)  [T]2HDM(FC)
Ers
«—e 0]
t—=Hc @
—e 4]
t—=Hu a
t—
1 —e “
t—yu “
Tiiecle = ©
=g e Q]
t 51
o (61
—e @ m
t~ze —e 0]
lyl
t=2Zu
8
555 7 M Tarw . S |
-7 4 1
10 10

Branching ratio
No signs of flavour physics associated to top quarks, approaching sensitivity to BSM

Carmen Diez Pardos 22.03.2018 28/42



Summary and outlook

@ The LHC is a real top quark factory

@ Top quark measurements entered precision regime

@ Started to challenge theory predictions in many respects
@ 13 TeV data is taking a central stage in SM top quark studies

@ Single top quark and tt inclusive cross sections
@ Plethora of differential measurements
@ Rare processes (ttV, tttt, tZq)

@ ... and BSM searches with top quarks ongoing in a multitude of channels

@ Coming up Next: More precision measurements of properties and top quark mass,
FCNC, anomalous couplings, EFT with 13 TeV data, direct searches

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

ATLAS: https: / /twiki.cern.ch /twiki/bin/view/AtlasPublic/ TopPublicResults
CMS: http://cms-results.web.cern.ch /cms-results/public-results/publications/ TOP /index.html
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