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Observation of single top production:

@ cross section o« V,,?

@ study top-polarization and EWK top
interaction

Test of non-SM phenomena:

@ 4th generation 7

@ FCNC couplings

oW, Ht

@ anomalous W, couplings

(T

s-channel t-channel Wit-channel

W+

Signal — background discrimination:
@ Tevatron: multivariate methods (neural networks, boosted
decision trees, matrix element method)
@ LHC: cut-based or multivariate method

Tevatron: o,,, = 3 pb

B t—channel
M s—channel
0 oww

Main backgrounds:
e s-channel: Top pair, W + (HF) jets, QCD
e t-channel: Top pair, W + (HF) jets, QCD
e Wt-channel: Top pair, Z + (HF) jets, QCD

LHC: 0,,,= 114 pb @ 8 TeV
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o single top = Ithl

e Direct measurement of |th| CKM matrix element;
e Does unitarity holds? |Vi|? + [Vis|? 4 |Vip|? = 1

Vud Vus Vub VuX !
Via Ves Vi Vex?
Vie Wis Vi Vix?

Wi? Ws? Wi? Wx? T

Sensitivity to new physics
e t-ch: FCNC
e s-ch: heavy W', Top pion

CDF Run Il Preliminary, L=3.2fb"

500y
The Challen
] e Challenge
2 o Single top quark production with decay into W + 2 Jets
g (dominated by W+jets):
%""’" final state hidden behind large backgrounds with large
S1000 uncertainties (i.e. W+HF uncertainty ~ 30%)

= MVA using Multiple variables combined into a single more
W+ljet W+2jets We3jels W+djets powerful discriminant to separate S from B
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Electroweak/Top: Single Top, ttbar, diboson o |
« modeled by Monte Carlo (MC) op pek
=~ single top: powHee (CDF), compHEP (DY)
~ ttbar: PyrHia (CDF), ALrceN (DJ)

- diboson, WH: PyTHIA
- normalized to theoretical cross section

single
top

W+jets:
- modeled by ALrcen+PyTHIA MOnte Carlo (MC)
« normalisation and flavour compaosition from data

Mistags:
- falsely tagged light quark or gluon jet
- mistag probability from data

Z+jets: modeled by ALpeceNn+PyYTHIA MC

Multijet:
« Normalisation and shape from data-driven model
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Phys. Lett. B 147, 493 (1984)




g 35 Single top quark, Tevatron Run Il, L _ <9.7 fo!
5 () ®Measurement
B 3 | s’
@ FCNC?
§ 25 oFour gen.®
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Legacy Measurement - |
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Vud vus vub
VCKM = Vca‘ Vcs vcb
th Vts th

* Consistent with NLO+NNLL prediction +0.09

* Measure Vy, directly (no assumption on CKM unitarity)=> Vo] = 1.12-00s (DO)
. - |Vip| = 0.95 +0.09 (CDF)
Precisely measure s and t channels

Crronrin Rernardi / T PNHE _Paric

= No assumption about number of generations
| Vib,sm |? = Assumption: |V _[*+|V_|* << |V, |?

Omeas

|‘/tb,meas|2 —
OsSM
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* Tevatron 1.96 TeV (L <9.7 ") J
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4 CMST7TeVi(L=1.1
JHEP 12 (2012) 035

m CMS8TeV(L=19.
JHEP 06 (2014) 090

* CMS13TeV(L=2
CMS-TOP-16-003, pre

ATLAS+CMS PreliminaryLHCIOPWG = A1Las tchamel ]

3 i PRD90(2014) 112006, ATLAS-CONF-2014-007,
Single top-quark production ATLAS-CONF-2015-079

® CMS t-channel
June 2016 JHEP12 (2012) 035, JHEPOG (2014) 090,
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s NLO4+NMLL QCD % (scals & PDF)
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@ R, is sensitive to the u/d PDFs; naive expectation R, = 2
@ Measurement of o, using binned max. likelihood fit to NN output in 2-jets
and 3-jets data split according to charge of lepton

m The measured ratio of single t to t production cross sections at /s = 8 TeV:

Rich. = Tron (t)/oren.(t) = 1.95 £ 0.10 (stat.) £ 0.19 (syst.)

The measurement is in agreement with the predictions based on
various global PDF sets that range from 1.86 to 2.07.

CMS, {s=8TeV,L=19.7 fb"
L L B I

CMS
1.95 = 0.10 (stat.) = 0.19 (syst.)

ABM11
CT10
CT10w
HERAPDF
MSTW2008

NNPDF 2.3 1
Wajid Khan, PhD Thesis. I e SR 22

Rich = 0 o (U0, ()




@ Right-handed W, with SM-like couplings chosen as benchmark model : t

@ Similar signature as single top s-channel (1 lepton, MET, 2 jets and at

least 1 b tag)

CMS-PAS-B2G-12-010

@ BDT used to
discriminate signal
from background

http://arxiv.org/abs/1205.1016
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@ Invariant mass of tb
system used as
discriminating variable

Events / 50 GeV

o(Data-MC)

Events/0.05

CMS Preliminary, 19.6 fb” at Vs = 8 TeV
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n+jets N =1 [t « Single-Top. ]

b tags [ Wb + 21T + VY o
e W x20,m=18TeV
—m W x20,m=20TeV
- — - WL x20,m=25TeV 3
o W x20,m=30 TeV ]
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Three possible helicities:

o 1 I —LO theory

ﬁ‘ ﬁu:} ﬁiﬂ | ¢ e
f drdl—

W b
Left handed Longitudinal nght-handed oab
W W, F W 150 160 170 180 190
m., [GeV]
F, = mp Distribution of Angle 6* between
2My +my charged lepton in W system and
W-Boson in Top-Quark system:
SM:
dN, _
el 31 _cose'f? | FL=0.31
d(cosg”) 8
{2 mm! om mm dN _
; > w0 3(1_cos?9") | F,=0.69
d(coso®) 4
@ !\r/lotlon (t)thln dNy, _, N §(1+c059*)2 F, = 0.001
op rest system d(coso’) 8

A. Czarnecki, J. G. Korner, J. H. Piclum, Phys. Rev. D 81, 111503
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With three helicity fractions, there are two independent zg | — g
quantities to measure (3rd fraction is fixed since 2f = 1) S

« We choose to measure f, and f,

 Can either measure both fractions simultaneously (2D fit)

» or fix one fraction to its SM value and measure the other (1D fit)

cos 6
N = CDF + D@ combination
i i L=27-541b"
L - SM value 0.9f ® Combined result
= () CDF l+jets C % SM value
L 5 . [] CDF dilepton 0.8F g ggg »I:;if:t;on
i | /\ DO C A D@
N ; @ Combined result 0_7}
i n.sf— 68% and 95%
| —.— B C.L. contours
- 05
R S T A R R "1 -orilllol.z;":tll.1""tli""nldullofznl;u.a
- o— Tevatron Combo | 2D: f, =0.722%0.062 =0.052
o = f.=-0.03320.034=0.031
3 ; ID: f, =0.682+0.035=0.046
- f.=-0.015+0.018 £0.030
N —
o._z BN A X R Y o 'tlui' — 504 PRD85, 071106 (2012)
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1 dl
I" d cos d*

(SM: F,=0.69 F =0.31 F. ~0)

@ p+jets channel

® Reconstruct top quark
Kinematics

® Fit to the cosO* distribution
B Results are based on 19.6fb"

—  0.659 + 0.015(stat.) + 0.023(syst.)
= 0.350 £ 0.010(stat.) 4 0.024(syst. )

FromF,+F_+Fz=1:

—0.009 £ 0.006(stat. ) £ 0.020(syst. )

Good agreement with SM-predictions!
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Start with calibration...
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Measurement uncertainty on M+ has improved since 1994,
but mass value has not changed much

Myp=173.1 £ 1.3 GeV
e ————————— First measurement

: r . 7 events (1.4 background)
i : CDF, PRD 50, 2966 (1994)
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tt m{"™ templates, = 2 tags events (AJES = 0.0)

@Template method: iru :wj :i
fit MC generated distributions assuming - M., = 180
M, = 180

different Mtop to data

@ Matrix element method:
probability based on LO tt matrix element
using full kinematics of the event

@ I[deogram method
event likelihood computed as a convolution of a P a0 20 2s0 3w
Gaussian resolution function with a Breit-Wigner (signal)

@ Calibration curve method

B
=

—— P M_AJES)

s Eh
= =
& m

I'|I|IIIIIrI'IrIIIIII'lrlllllllllIrlll

c 288

100% -

di-lepton channel using mt2 00% N
@ b quark lifetime method g g w%] = Source of Uncertainty
. 70% - isti
bOOSt pr0p0t|0na| to Mtop’ g § 60% - . Method of mass ei:::tti:: :
use Of decay Iength Of b Jet ; g 50% - = Modeling background M
E §- 40% - . Modeling signal ™
g o 30% - . Jet energy scale m
‘§ “"é' 20% -
Example: sources of - 12j =
uncertainties at :
Tevatron &

Channels




ATLAS and CMS resulis CDF and DO results -

ATLAS+CMS Preliminary LHCIOpWG  m. summary, f5=7-8TeV  Aug201s
e e e July 2016 (* preliminary)
balal uneariainty total stat .
My = 173.34 + 0.76 (0.36 + 0LET) GeV m, okl (st 1) F et CDF-Il dilepton 1715+32 [18: 25
ATLAS, l+jets (") 17231+ 1.55 (0.75 + 1.35) 7 Tav 1]
ATLAS, dilepton (*) 173.09 £ 163 (0.64 £ 1.50) 77ev 7 "
CMS, l+jets 173,49 + 1.06 (0.43 £ 0.97)  77ev 1 DO-11 dilepton * 173.50 41,56 (131 D)
CMS, dilepton 17250 £ 1.52 (0.43 £ 1.46) 7TeY 4]
CMS, all jets 173.49 £ 1.41(0.69 £ 1.23)  77ev 8] -
LHC comb. (Sep 2013) 173.20 + 0.95(0.35 + 0.88) 7oV 1 CDF-Il alljets 175.07 £1.95 (£155% 1.19)
Warld comb. (Mar 2014 173,34 + 0,76 (0,26 + 0.6 1.06-7 Tov
ATLAS, ljets 17233 £ 127 (0.75 £ 1.02) 7TeY 18] e
ATLAS, dilepton 173,79+ 1.41 (0.54 + 1.30)|  77av jg) CDF-Il MET+Jets 173.93 4185 (£126+136)
ATLAS, all jats 1751+ 1.8 (1.4 +1.2) TTeV 9]
ATLAZ, single top 1f22x21 (0.7 20 B Te 18] —
ATLAS, dilepton 172,00 + 0.81 (0.34 + 0.74)| & 1ev [19) CDF-Il lepton-+jets 17285 41,12 052+ 0.98)
ATLAS, all jets 173.80 + 1.15(0.55 + 1.01)]  &7Tav [12]
ATLAS comb. (f_“lrfjl‘l_ 17284 + 0.70(0.34 + 0.61) oo vev (1] ——
CMS, l+jets e 17235 2051 (016 £ 0.48) &7y 13 DO-Il lepton+jets 174,98 40.76 (0.1 0.63)
CMS, dilepton 17282 =123 (0,19 £ 1.22) B Tev [13]
CMS, all jets 172,32 £ 0.64 (0.25 £ 0.59) B Tav [13] -
CMS, singla top 17280 £ 122 (077 £ 0.95) B Tew' 14 Tevatron combination * 17430 40,65 (038 % 0.54)
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 £ 0.47) To8 Tew [13] {Flun | and Aun I —pp—
] ATLAS-CORT-Gia 5048 6 A TLAS-COT 5 5 1 [ mai B ar¥lv: 160501631
") Supersadad by resuite prphimepiemnrr <ty A o by R
shown bolow the line Mpmmoicrimsems  puamssoranis
T I R R [ R | | |
| 165 170 175 180 185 165 170 175 180 185
rnlup [Gev] m, [GEWGE:I

LHC and Tevatron results with nearly comparable precision of 3-4 permille (0.5 GeV)
LHC top mass systematically limited: MC modelling, (b)JES
Template/Matrix element methods —» Monte Carlo top mass parameter




Pole mass vs Monte-Carlo mass measurements

Top-quark pole mass measurements

July 2016

DO oftt), 1.96 TeV

+5.20
167.50 1520 , . GeV

PLB 703 (2011) 422
MSTWOB approx. NNLO

DO o(tt), 1.96 TeV

D0 Note 6453-CONF (2013)
MSTWOB NNLO

—

169.50 320 , . Gev

DO ofit), 1.96 TeV
aniv1605.06168 (2016)
MSTWOB NNLO

—@—— 17280 33 , . GaV

ATLAS o(t), 7+8 TeV
EPRIC 74 (2014) 3109

ATLAS tt+ shape, T TeV
JHEP 10 (2015) 121

—@— 172901250 , . Gev

17370 1228 , .. Gey
—— 211

CMS oftD), 7+8 TeV
ar¥iv1603 (2303 (2016)

CMS tt+] shape, 8 TeV
TOP-13-006 (2016)

CMS o(td, 13 TeV
TOP-16-006 (2016)

—@— 17380 1170 . Gev

° . 169.90 ¥452 , . GeV

—@—— 172307270 , . GeV

World combination
ATLAS, CDF, CMS. DO

g 173341076 . Gey

ArXiv 14034427 slandard measuremenls

150 E

E

70 180

m, [GeV]

Direct top mass measurements:

- Monte-Carlo mass m{MC
- precision 0.5 GeV

Expect mMC - mypole ~ 1 GeV

— Calibrate m¢ MC

— Indirect measurements of m;Pele;
compatible with measured m; MC
within precision of +2 GeV

D09.7 b’

§ Measured ofpp— X
— Muazured depsndence of o

— NHLO+NMLL

160 170 180 180
Top quark pole mass (GeV)




; B | I I | | | I I ] | I | | I. | | | 'IJ_
L m, world comb. o _]
3 ~ 68% and 95% CL contours o, = 172,24 GoV .
= 80.5 — W fitw/oM, and m, measurements - oz076GV —
Eg - fit w/o M,,, m and M, measurements — =016 5050, GeV
[ W direct M,, and m, measurements !
80.45 |
80.4 |
— My world comb. + 13 —
80.35 [ — m,, =80.385 + 0.015 GeV —
80.3 [— —
n e, -
80.25 — 7. 4l
140 150 160 180 190
m, [GeV]

http://project-gfitter.web.cern.ch/project-gfitter/




@ CPT theorem predicts masses of particles and antiparticles to be equal

» Top-quark only particle with color charge to test this invariance

@ Analysis Principle: * Leptonic branch:

v Using lepton charge to tag
top- or antitop-quark

Hadronic branch:
Reconstruct top-quark @
to determine mass

@ Analysis of ptjets events
~ 1isolated muon, 4 high-p;jets
» Kinematic event reconstruction of 12 permutations

» Measurement of top- and antitop-quark masses with Ideogram method

*  Taking b-tagging information into account to reduce background events (mainly W+jets)




EMS 496fh at\E ?TE‘U’

Ill-w_hh'

>6000f ;
Test CPT invariance in the top sector “’Eumz £

-l-jet

Wl Zy—TT
I Single top

« Reconstruction of the hadronic side:

compare £++jets and €+jets events
» Use kinematic fit, and event-per-event

likelihood for €- and ¢+ separately

“0™100" 500" 400 400 500600 700 800 9001000
Fitted top quark mass (GeV)

Amy = —0.44 £ 046 (stat.) £ 0.27 (syst.) GeV CMS, 4.96 b at\s = 7 TeV Wi
>6000E- s nan | i RO
I T ]Et!i W Zhy*—IT
Most systematic effects cancel out ! 5000 e
— the measurement is stat. limited 5 4000F ~+ Data
oo
& F

World’s best so far 2000¢

Consistent with SM,
Consistent between e and n

1111 1111 IIII|IIII|IIII IIII|IIII|IIII
100 200 300 400 500 600 70O 800 900 1000

CMS-TOP-11-019 Fitted top quark mass (GeV)
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o(pp — tgb+ X) = 2.90 £ 0.59 pb [R= 0.90+0.04 (stat+syst)]
- =172.5 GeV

o(t — channe)I'(r — Wh)gy

I =
" B(t— Wh)o(t — channel)syy W

AN

£ af :
> 1.2 D@, 5.4 fb b
o 1 Expected I
%‘o.aj— = 1.39 ) GeV
5 0 6_— Observed T,
o = 2.00 24 Gev My \3
70.2- N oP
8 : i : : .. TR Ttop ~ 47 : 10_25 S
0005115225335445
I, [GeV]

Phys. Rev. D84 012008 (2011)
. +0.47 +0 90 —25

—> most precise determination
Phys. Rev. D 85, 091104(2012)
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19.5 b (8 TeV)

Events/ 3 GeV
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4i BG uncertainty
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m, [GeV] my; [GeV]
CMS 7 TeV PRl 110 (2013) 172002
Channels used Process Cross section Siegmificance
20 7V 4301170 (stat) £30 (syst.) b 3.0
3¢ (Z 2807170 (stat) TS0 (syst.) fb 3.3
CMS 8 TeV arxiv:1406.7830
Channelsused  Process Cross section Significance
20 fTtwW 17038 (stat) = 70 (syst) fb 16
30+4¢ tt7 2ﬂﬂ+ (stat)™2 (b}-’Hﬂ fb 3.1
20430440 HW +t#Z 38011 (stat) T3] (syst) fb 3.7
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CMS Preliminary

G/ ag, (ttW)

\'§=8TeV,L_nt= 19.5 fb!

4 2-d Best Fit
—— 68% Contour
—— 95% Contour
—— 1-d Best Fit
e 1dttZ+ 10
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=== ttZ Theory
«<<4: ttW Theory
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+ Charge: 2 umE 00,53 %" I_ . R Data E
T 120 .- BSM -

-Using 5.3 fb—1, DO excludes top quark charge of g 100F o 8 E
Q=-4/3e at >5c level 5 80 E

- Upper limit of 0.46 on the fraction of such quarks inan g i: _ '
admixture with SM top quark (Q=+2/3e) @ 95% C.L. 5 20F. - 3
00"" 0.5 1.5 2
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June2016 CMS Preliminar

A § 7 TeV CMS measurement (L <5.0fb™)

2,
T

A ¥ B TeV CMS measurement (L <196 fb)
et T A A A A R N T 13 TeV CMS measurement (L =27 fb™)
Snjet(s o o = Theory prediction

' o | Z CMS 95%CL limit
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In all cases, the Standard Model holds firmly!
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20 years for almost 6 orders of magnitude = the Top Quark era
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For this we need to rebuild the detector !




(T

LHC LHC HE LHC VLHC

| ; L : | | ".CFMF{' Higgs Europgan ﬁrqteiy 10—5

10 J8 [TeV] 10?

Snowmass report:
arXiv:1310.5189




AT Thomas Miller, Institut fiir Experimentelle Kernphysik, KIT ICTP-NCP School on LHC Physics 2016



Twentytwo years after first evidence, top quark physics is a
fundamental column in particle physics.

The Tevatron has left a legacy in precision measurements, analysis
methods and searches at the energy frontier.

The LHC has become a top factory and outperformed the Tevatron in
most aspects.

Theory has been accompanying us in this exciting programme, being
a match in terms of precision and paving the way in predicting new
phenomena.

So far, agreement with SM predicitions is astounding.

But still: exciting times are awaiting us !
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