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The Top Quark

* needed as isospin partner of
bottom quark

- » discovered in 1995 by CDF and D@:
ﬂ m_ -~ gold nucleus

-
—

* large coupling to Higgs boson ~ 1.:
important role in electroweak
symmetry breaking?

> short lifetime: T ~ 5 -107°s <A™ _:

decays before fragmenting
— observe “naked” quark

Is the top quark the particle as predicted by the SM?
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Top Quark Pair Production

Tevatron
(~85%)

LHC
(~87%)
(8 TeV)
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Top Quark Pair Signatures

4% | Top Pair Decay Channels| 46%

e high pr leptons, missing Et
® jets
e b-jets
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tt production density matrix
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Top quark properties

* systematic analysis of the top quark pair
production mechanism

* high precision measurements
* high sensitivity to new physics
* new and complementary to the LHC
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tt production density matrix

U\fl2 x A -+ B+ - S1 + B - So T+ C'Z-jsh-sgj
t

< Q(pl) + Q(pg) — t(k‘l, 81) + t_(kz, 82)

t Bernreuther, Heisler, Si, JHEP 1512, 026 (2015)
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tt production density matrix

U\fl2 x A -+ B+ - S1 + B - So T C'Z-jsh-szj
t

< Q(pl) + Q(p2) — t(k’l, 81) + t_(kz, 82)

Bernreuther, Heisler, Si, JHEP 1512, 026 (2015)
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in top quark rest frame
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tt production density matrix

IM|* o< A

\

determines cross section and
distributions independent of top spin
(e.g. p'r distribution etc.)

e test of QCD predictions
e search for new physics
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Lepton+]Jets Channel
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scalar sum of transverse momenta of jets and lepton
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Entries

Ratio

Multivariate analysis
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Dilepton Channel

@ 10°c D@ Preliminary 9.7 fb" V
-E- - e+ > 2 jets
y o 0 Wo1eee . ;
E ?! ¥ . | antiproton -
10Em '
Z T+
o : -
! T 1, >2jets
o
©
“isolated” u* ==
N Lv
| » b< C Jet ’ displaced track
! b brimary v
“isolated” et
c jet
jet - = 7.60 + 0.34 (stat.) "o (syst.) pb 9
o ="1. 34 (stat.) T rg (Syst.) p +9.0%
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tt cross section summary

Tevatron Run |l . .
CDF dilepton = e = 7.09+0.83 8.8 fb™ SVStematIC u ncertal ntles'
CDF ANN lepton+jets E o 7.82:0.56 46 fb™ em Od c I In g
CDF SVX lepton+jets @] 7.32+0.71 - 461Db” . .
+0.36 +0.61 e luminosity

CDF all-jets — @ —] 7.21+1.28 2.9 fb
CDF combined = o = 7.63+0.50
D@ dilepton = 7.36 £ 0.85 5.4 fb
DO lepton+jets I 7.90+0.74 5.3 fb
D@ combined e = 7.56 + 059

- +5.4%
Tevatron combined = o = 7.60t 0.fl1 = J. (o]

I LL 1 1 I LL 1 1 l LL 1 1 I
G 7 8 9 - -
pB — ti cross section (pb) at\'s=1.96 TeV — in agreement with SM

o = 7.73 £ 0.13 (stat.) +0.55 (syst.) pb| +7.3%
po wote | TeS — 7 351025 (scale + pdf) pb| NNLO+NNLL

6453 -CONF —
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Extraction of top pole mass

ﬁ. 1af, DO, L=9.7 fb quantum field theoretically
F PN Preliminary well defined mass parameter!
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Searches for new physics

CDFRunll,L_=6 fb!
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. h I g h pT‘l et r e Midpoint R = 0.7, p, > 400 GeV/c ! ( )
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tt production density matrix

M| Bt .s; + B~
B.: — bi:ﬁl —|— bézl%z —|— b::),:nz n — f) X l;

longitudinal polarisation transverse polarisation

/ N\

bi1*, b>* = 0: P-violation b3* + 0: CP-violation,
(=0 in LO QCD) (#0 through absorptive parts)

Spl
ly gb charged lepto

ﬂ/
% Xeutrino
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Longitudinal and transverse polarisation

DO Note 6471-CONF /
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b jet
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in top quark rest frame

— in agreement with SM
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Forward-backward tt asymmetry

‘MlQOC B+°Sl—|—B_°SQ

BACKWARD FORWARD

o 4 _N(Ay>0)—N(Ay<O) ' A top
., >./°p FB_N(Ay>O)+N(Ay<O) anti-top
Ve e complementary to LHC m
>
n

< t q axigluon t
{ : : t

axial vector

Q|
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Asymmetry and polarisation

D@, L=9.7 fb™

== N
0 o

tt _g no
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e ME integration method to reconstruct events :
10
e background subtraction and calibration give true o
5 -4

parton-level distributions
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tt FB asymmetry
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Summary: tt FB asymmetry

Tevatron AgB
CDF Lepton+jets (9.4 fb™)

PRD 87, 092002 (2013) 1 16.4 £ 4.7
DF Dilept 1 fb

erw:mozl.(%%gn (9-1107) 12+ 13
DF inati 4 fb

gxw:m(é:z(.)ogg)?;na ion (9.4 1b°) 16.0 £ 4.5

DO Lepton+jets (9.7 fb™) .

PRD 90, 072011 (2014) ) 10.6 3.0

DO Dileptons (9.7 fb™) 175+ 6.3

PRD 92, 052007 (2015)

DO Combination (9.7 fb™
PRD 92, 052007 (2015) ( ) - 11.8 + 2.8

NLO SM, W. Bernreuther and Z.-G. Si, PRD 86, 034026 (2012) b

. NNLO SM, M. Czakon, P. Fiedler and A. Mitolv, PRL 115, 052001 (21015) 7
-20 0) 20 40 _ —
Asymmetry (%) i b
ArsP? in agreement
. - with SM
— in agreement with SM arXiv:1601.06526

PRD 92, 032006 (2015)
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tt production density matrix

‘M|2 X C’ijslz-szj

spin correlation
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Spin correlation

‘M|2 X Cz-jslz-sgj

spin correlation

A= N,;+N,,—N; —N
N1+ Ny + Ny + Ny,

t

A
S 7 o

q i S ]
¢ i 9 t
Tevatron LHC
 dominated by qq annihilation e dominated by gg fusion
* tt pairs close to the threshold * tt pairs far off the threshold

complementary between Tevatron and LHC
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New physics impact on spin correlations

* important test of SM and sensitive search for physics beyond
e analyse the whole chain of top pair production and top decay

b ¢ b 4
E 4 1% p ¢ 14
144 t W ~0
- X1
L t - _> FNY .
¥ p 1%
b € “stealth stop” b /
— SM spin correlation — no spin correlation
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Measurement of Spin Correlation Strength

discriminant: [, _ Pien(H = ¢) combination:

ME technique Pson(H = u) + Py (H = c) | dilepton & |+jets
@ 480 T T ANV E

%400 DO, 9.7 fb™’ + - - - No Spin Corr

w 350 —— With Spin Corr

300 ' I Background

250
200
150
100

50

ATL AR SRR NI RRATARNTRUNTNY

I|III]|IIII|IIII|IIII|IIII|IIII|IIII*

|

* interpolate between beam and

0 .. .
Q s0F T A helicity basis
o Oy L S = e optimised “off-diagonal” basis
®-50F T E

QO 0 0102 03 04 05 06 o[.';scc:i;?n i:::lt 1 Oor = 0.89+0.22 (stat + SySt)‘
arXiv:1512.08818 Qnl

NLO QCD: O, "° = 0.766
— evidence for spin correlation with 4.2c
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Conclusions

e Tevatron had very successful top
quark analysis program

- observation

- development of analysis
techniques

- high precision measurements
- searches for new physics

e legacy results on the full dataset
complement LHC

- different centre-of-mass energy -
- different initial state pp 'ﬂé
4
® Presented a systematic analysis of /"3\
top quark properties in pair LHC %Vatron
production

i — LHC offers new era of high precision
— top quark as predicted by SM and new phenomena discoveries
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Backup
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Dilepton top mass at the Tevatron

= hyb _ . €Co _ . Agalt
60— @ Tagged events M W MES + (1-w) - Mg, Mass of the Top Quark
— E a —e— Data * s
NQ 50:_ + tt (Pythia, M=171 GeV/c?) July 2014 (* preliminary)
> C + bkg . @
& 40- ++ + Jr- Bkg CDF-I dilepton 167.40 £11.41 (+10.30+ 4.90)
e
- - . ®
il 305 D@-| dilepton 168.40+12.82 (+12.30 % 3.60)
= 20__
:’; g u pdate CDF-II dilepton * 170.80+3.26 (+1.83+2.69)
10 _+_
- . o
al '+_ —+__+_ _ + 1 8% D@-11 dilepton 174.00+2.80 (+2.36+ 1.49)
— n
100 120 140 160 1802 200 220 240 CDF-I lepton+jets i 176.10+£7.36 (+5.10+5.30)
M;*® (GeVic") -
—— e —
D@-1 lepton+jets
M, = 171.5 £ 1.9 (stat) & 2.5 (syst) GeV pron TH010%5.31 #ed0sD
. L]
CDF-Il lepton+jets 172.85+1.12 (+0.52+ 0.98)
> F A
) 80_+Qata DQ, 9.7 fb ‘ p 8
G YL —tf, m=172.5 GeV _ Lo D@-1l lepton+jets +0.41+ 0.
o [ ___ﬁ]m:ﬂsme\? f tve'v'bb ' % plon+) 174.98£0.76 (+0.41+0.63)
~ [ ..t m=180GeV .z . . o
£ 80p Cjinstiomental 4 4 T (b) CDF-l alljets 186.00 £11.51 (£10.00 5.70)
[ _ [ Diboson b
i o[- 2 CDF-Il alljets * 175.07+1.95 (1.19+ 156)
B o
20 CDF-Il track 166.90+9.43 (+9.00+2.82)
0: ,,,,, CDF-ll MET+Jets 173.93+1.85 (+1.26+ 1.36)
.% ?I N U, A Tevatron combination * 1 174.34+0.64 (£0.37+052)
x F D o o RS SRSRA + S S L (= stat + syst)
(1]= . . . . o
120 140 160 180 200 220 x?/dof = 10.8/11 (46%)
N
(el | | | | | |
150 160 170 180 190 200
2
m; = 173.32 + 1.36(stat) + 0.85(syst) GeV M (GeVic')
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Top mass at the LHC

> (frrryprrrrprTrr T T T e T T prerrprrT rrT T T T T T % ..
e 600~ aTLAS o data, l+jets S f ATLAS+CMS Preliminary LHCIOpWG m,, summary,/s = 7-8 TeV Sep 2015
5 | V5=7TeV, 461" I Best it background L World Comb. Mar 2014, 7]
£ 500 — Best fit — stat
|.T>.|J } Uncertainty total uncertainty total stat
400 My, = 173.34 +0.76 (0.36 + 0.67) GeV M £ total (statt sys) 5 Ref.
ATLAS, l+jets (*) 172.31£1.55 (0.75+ 1.35) 7TeV [1]
300 ATLAS, dilepton (*) 173.09+1.63 (0.64+ 1.50) 7TeV 2]
200 CMS, l+jets 173.49+1.06 (0.43+0.97) 7TeV [3]
CMS, dilepton 172.50+1.52 (0.43+ 1.46) 7 TeV [4]
100 CMS, all jets 173.49+1.41 (0.69+ 1.23) 7TeV [5]
+ 0 7 3 (y LHC comb. (Sep 2013) 173.29+0.95 (0.35+ 0.88) 7 TeV [6] .
m‘rggo [GeV] ATLAS, l+jets 172.33+1.27 (0.75+1.02) 7 TeV [8]
+jets ATLAS, dilepton 173.79+1.41 (0.54+ 1.30) 7TeV [8]
mtop = 172.33 £0.75 (stat + JSF + bJSF) +1.02 (Syst) GeV ATLAS, all jets 175.1+1.8 (1.4+1.2) 77Tev 9]
ATLAS, single top 172.2+2.1 (0.7£2.0) 8 TeV [10]
ATLAS comb. (Mar 2015 172.99+0.91 (0.48+0.78) 7TeV (8]
. K l+jets, dil.
CMS _ Lepton+jets, 19.7 fb” (8 TeV) CMS, I+jets 172.35+0.51 (0.16+0.48) 8TeV [11]
& 1 008k ' " 20 g / CMS, dilepton 172.82+1.23 (0.19+1.22) 8TeV [11]
R * Hybrid ] CMS, all jets 172.32+0.64 (0.25+ 0.59) 8TeV [11]
1.007 - ®iD CMS comb. (Sep 2015) 172.44+0.48 (0.13+0.47) 748 TeV [1]
1.006 ] [1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
F E i O - 2 8 % [2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330
1 005 :_ _: [3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158
1.004 f— —f (") Superseded by_ results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
E E shown below the line [5] Eur.Phys.J.C74 (2014) 2758 [11]arXiv:1509.04044
1.003F E T R R S R N B v v b g
1.002 B 165 170 175 180 185
1.001- - My, [GeV]
1 = . ; . I
T RNy S— o _New results waiting for combination!
) i O_ 2 9 A) (in addition to latest results from Tevatron)

m, [GeV]
m® = 172.35 £ 0.16 (stat+JSF) = 0.48 (syst) GeV — jet energy scale is crucial

eI Top Quark Physics at Tevatron - Christian Schwanenberger - Moriond EW 29



What mass do we measure?

Z ..y My (1 + ';;)

'\m

* LO QCD: free parameter top
> NLO QCD: dependent on the renormalisation scale M
\\Ewu..”fwz.amdw JfQCD :

o s W s T, ot (o)

Zmnmq,&se.o( pom_amm/-e/w a;DQCD -
4o-L24 ), My (M), My (1), W (], m (M) (H)
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What mass do we need?

e we measure the MC mass e we need the pole mass

21

180: : .‘10r7 - - {ﬁf
hmhty,/ :/’5// e ) 10
. E 176i - ’li%}:
0 mEeo(GeV/c®) S ’ //\ =

e we need to calculate: ém MH@ ,

5 12 \ //,'10:9/
Scheme-dependent : 3
l l ./0/‘//' Stability
MC quark AL/ ~ O(1 GeV)
my — My -+

e every MC generator mass can can
e.g. pole mass correspond to a different pole mass

HELMHOLTZ
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Search for W’ production

CMS Preliminary, L=2.2 fb'1 at \s =13 TeV
T T | T T T | T T

aQ (2l T]
CMS Preliminary L =2.21fb", \s =13 TeV a 10°E — Theory M, <<M,, -
-E :I T I T TT | LI | T TT | T 1T I L I T TT I TTT I: : :
S L et 22 it | 2 - Theory M.> My, * -
2 el " moon 2 L —— 95% CL oBserved ’
5 S 05 95% CL expected
W oo, Q +1c expected ]
o e XL . T - +26 expected .
I N : LS = =
L | S EE i
- ] X 10" E
: L ;
107 % " Invariant Mass Analysis
- & 1072 E_e/u+jets Nb tags = 1or2 .
- 3 _| | | 1 | | | 1 | | | | 1 | 1 | | | 1 1 .
N © 1000 1500 2000 2500 3000
500 1000 1500 2000 2500 3000 3500 4000 'Mass [GeV]

M(tb)

— no new physics 2.38 TeV
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FB asymmetry of bb production

A ~ N(Ayy >0) —N(Ayp <0)| @
FB_N(Ayb>O)+N(Ayb<O) >.QQQQO_<

arXiv:1601.06526

(L L=69 fb!
Data
5 NLO SM (PRD 92 054003)
R4
|§ 3L
E ]
< |- .
1—+ ‘ #
0-—- ----- U upupup e upupupupep
| | | |

75 95 130
Particle-level m, [GeV/c?]

— in agreement with SM
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FB asymmetry of bb production

A ~ N(Ayy, >0) — N(Ay, < 0) ‘7: :
FB_N(Ayb>O)+N(Ayb<O) .

CDF Run I [ £ =95 PRD 92, 032006 (2015)

25

O
I
| S
~ =
< =
Q) =
~
aal
o
< 50 | |
I | ¢ NLO SM
—10 - T E — (PRL 111 062003)
15l === Axigluon 200 GeV/c? |
- Axigluon 345 GeV/c?
=201 4 CDF data
150 255 325

bb mass [GeV /c?]
— In agreement with SM

HELMHOLTZ
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FB asymmetry of bb production

A ~ N(Ayy >0) —N(Ayp <0)| @
FB_N(Ayb>O)—I—N(Ayb<O) >‘QQQQO‘<_

q9 b
axigluons of 200 GeV gy P Run L J £ =050 PRD 92, 032006 (2015)
excluded at >95% CL 20| —b S e
o N —
|

o
S
~ =
N -
S =
N~—
[aa)
o

<

5l . |
I | ' NLO SM
—10F P PO F (PRL 111 062003)
15t === Axigluon 200 GeV/c* |
""""" Axigluon 345 GeV/c?
—20}+ ¢+ CDF data
150 255 355

bb mass [GeV /c?]
— In agreement with SM
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Charge Asymmetry

e complementary to the LHC

» asymmetry in O(c’) NLO QCD

interference between: Tevatron
q —-—des56y—>—t q t A’i =N(Ay>0)—N(Ay<O)
_ A _ _ 060000 _ FB N(Ay>0)+N(Ay<O)
q ——9900009—~¢t (Q t
interference between: Tevatron A top'
q t q t anti-top
> F<@99J 5 < AYy=Y,- Y;
00600601 0060001
q t q t .
n
LHC
BACKWARD FORWAI:D A _ N(A|y|>0)_N(A|yI<O)
Pt =N (Aly1>0)+ N(Alyl<0)
p—— A _ F—-B
/ A + B LHC A top
i anti-top

Alyl= 1yl - nyl//
“NLO is LO for asymmetry” >
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Forward Backward and Leptonic Asymmetry

¢ measured asymmetries in l+jets (arXiv:1107.4995) and dilepton

(arXiv:1207.0364) channel Forward-Backward Top Asymmetry, %
o unfolded A_ = 19.6% in l+jets Production Level
agrees within 2.4 SD with cOF s’ | 1se7an
MC@NLO prediction of 5.0% — —

Am = 0.162 + 0.047 (stat.+syst.)

e combined lepton based asymmetry " Ry
5. 6607

from l+jets and dilepton: T
= (11.8 £3.2) % o |Mremes
10 20 30

0
agrees within 2.2 SD with prediction of 4.7%

¢ however:
e all results dominated by statistical uncertainty
e ongoing work for improved predictions
¢ many models predict very different values for A and AFBl

- new results with full data set (~9 fb') in l1+jets and dilepton
in preparation
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tt production density matrix

determines cross section and distributions
independent of top spin (e.g. p'r distribution etc.)

< o q(p1) +q(p2) — t(k, 51) + t(ka, s2)
t

2 P -
‘Ml X A —+ B+ - St —+ B - S9 —+ Cr,;jSh;Szj (LO)
b1%, b2* + 0: P-violation bs* = 0: only in NLO QCD, “T”’-odd
(=0 in LO QCD) im="nf  (absorptive parts) ATLAS-CONF-2013-101

arXiv:1307.6511 [hep—ex] - " T, .
— c1, C2, €3, C4: C-even, P-even
E 0.4-02 0 0. 42;55%?/; ATLAS P'tan,-“ma,y i spin correlation measurements

N +0 in LO QCD

1 -0.8-0.6-(
om0 2018
:l: A :l: :l: ....... e amiorison

—_—

. . . n . e T SRS D PR
1 1 M1 92 vy 3 1 e e
............ :
nnnnnnnnnnnnnnnnnnnn

Ci; = ¢10i + copip; + cskik; cs, ce: P-odd, CP-odd

/ +0 only in BSM
P

A

+cy(pik; + kip;) + cs€?'py + o€k
— systematic analysis of top quark properties

2

~
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http://arxiv.org/abs/1307.6511

Top Pair Spin Correlation

* top quark: discovered in 1995 by CDF&DO
e does the top quark have spin 1/2?

* top quark pair production: top quarks are
not polarised, but spin of top and anti-top

quarks are correlated
I

2\

e top quarks have short lifetime:

Tt = (331_82) X 10_25 S | D@ Collaboration,
. PRL 106, 022001 (2011)

arXiv:1201.4156 [hep-ex]

e decay before spins can flip
e spin information is contained in decay product

* measure tt spin correlation: consistent with SM prediction for a spin 1/2 particle?
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Polarisation power

spin
analysing A charged lepton

1 dO' 1 basis "y
=—(1+a,cos0, - ' "/
o dCOS 6,‘ 2( l l) in tt ZMF frame \:\

b jet .
dilepton channel promises largest sensitivity % \"eutﬂm

:;;:(?ezl(:t:g." ng; 'U‘;";;r (2002 )\/\ in top quark rest frame
b-quark | W+ H/ I \ﬂ d-quark or §-quark | u-quark or c-quark
a; (LO) -041 | 041 1 1 -0.31
a; (NLO) || -0.39 | 0.39 |\ 0.998 0.93 -0.31

1 d’c 1
=—(1 0s0,cosB
O dcos 0,dcos6, 4 ( @ : 2) linear extraction:

where C=Aaq, a, A=C
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Spin correlation strength

fevatron LHC HERWIG+ +
1.0 "”'é """ E """ ;' —— beamline |
— off-diagonal
OB Al —  helicity .
0.6 — max.lmal |

0.4+

0.2

Parton Level Spin Correlation (A)

* interpolate between beam and
helicity basis 0s -

= At T - ” . 0 2 4 6 8 10 12 14 16
* optimised “off-diagonal” basis Collision Energy / Tev

0.0 -

* there is no “optimal” basis for gg

2 i .
tan (D=\/(1 —pB )tan 0 fusion on an event-by-event basis
e maximal basis

NLO QCD: A= 0.78 NLO QCD: A = 0.44
Bernreuther, Brandenburg,

Si, Uwer, Nucl. Phys. B690, 81 (2004) Uwer, Phys. Lett., B609:271-276, 2005

HELMHOLTZ
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New physics impact on spin correlations

* important test of SM and sensitive search for physics beyond
e analyse the whole chain of top pair production and top decay

Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’, ...

eI Top Quark Physics at Tevatron - Christian Schwanenberger - Moriond EW




Matrix Element Method

1
Pign(z;me, H) = p— (mt)/ feor(€1) frpr(e2)derdes

/ . (2m)* IM(y, ms, H)|?

H=correlated W(z,y) dPs
€1€28
or
H=uncorrelated
spins B b_- Jet
Proton g i
q
_ Lepton
Antlprotﬂ JG Pr
Jet

transfer functions
PDF's LO-Matrix element (probability to measure x

when y was produced)
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Matrix Element

G. Mahlon and S. J. Parke,
Phys. Rev. D 53, 4886 (1995)

H=uncorre|ated Phys. Lett. B 411, 173(1997)

Z|///\2—‘£FF (2 — B%s2,) 12
-B o

B: velocity of top in tt rest frame
sqt: Sine between initial quark and top
kinematics of top

and anti-top decay
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Matrix Element

B: velocity of top in tt rest frame G. Mahlon and S. J. Parke,
. .l Phys. Rev. D 53, 4886 (1995)
Sqt: Sine between initial quark and top Phys. Lett. B 411, 173(1997)

Cqt: cosine between initial quark and top

S| = gSFF[(z s50) — A

qt

H=correlated

kinematics of top
and anti-top decay

(1 o CZqCEG) _ IB(CZZ + th) + ﬂcqt(CZq + Ceﬁ) + % 235t(1 o CZE)
72 (1 = Beg)(1 — Beg)

A =

eI Top Quark Physics at Tevatron - Christian Schwanenberger - Moriond EW




for Spin Correlation

MEs: per event <> spin correlation: ensemble of events

] .. sgn( — C) ‘
discriminant R =
£ 140- o DG, L=5.3 fb" combination:

\g : — ata = -
§ 120-] — tt SM spin corr. dilepton & l+jets
=° | EEEE tt no spin corr.
100_' [ measured tt Phys. Rev. Lett. 107, 032001 (2011)
: — \?\,t.l'_‘lg:s Phys. Rev. Lett. 108, 032004 (2012)

807 mmm Multijet

fmeas = 0.85 £ 0.29(stat + syst)

correlation strength:
|C =0.66 & 0.23 (stat+syst) |

IR RS NLO QCD: C = 0.777+0:027

R
— first evidence for spin correlation with 3.1o
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Exclusion Limits

1 I I I I 1 I

0.8

0.6

0.4

I I I L | I 1 1 I l I I I I I I I

f> 0.344 55 68.0% C.L.
95.0% C.L.
at 95% CL 99.7% C.L.

I'\)_l 1 | I | 1 | I 1 1 1 l | 1 1 I 1

0-

first exclusion of
hypothesis H=uncorrelated _ _
(f=0) with >99.7% CL: 3.10 o:t in agreement with SM
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Single Top Quark Production

direct measurement of |V |
) q q b w
( \ { t
Vud Vus Vub w~ W b
VCKM = Vcd Vcs Vcb b t
\th Vts th ) q’ b g 7 g t
Tevatron LHC (7 TeV)
B t—channel B t—channel
B s—channel B s—channel

= important to measure all channels separately to search for new physics
BUT: do not separate Wt in higher orders - an unphysical question!
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Recontructed Top Mass

o
q g b
b
g
g
N [
’ W 1500
Q
0]
Q L
2 i
21000}
Q
> i
w I
“isolated” u* % 500-
Ay
| b< = (jet) 0
i AV, 140 160 180 200 220

Top Quark Mass [GeV]

et = signal and background look similar
= errors larger than signal contribution
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Multivariate Analyses

Boosted Decision | | Neyral Networks Matrix Elements
Trees
-‘, "“ u |‘
® = = Vi @
74X N S ‘ b
|| 99 @E N\ /
doém éo

background signal

0 1

= s+t channel observed by CDF and DO in 2009
= important step to establish MVA techniques
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s-channel Production

Phys. Rev. Lett. 112, 231803 (2014)

e Tevatron: combine individual discriminants including all correlations

- s-channel single top quark, Tevatron Run Il L <9.7 fb"
¢ Data — Expected background
B SM signal Background uncertainty

el s g [ IW/Z+X
S T, ™ " Jt-channel
Multijets

= Higgs

10*

Events/0.1

TET T IIIII|

135d IHIH[

102

Tl I]IIH[
N
o

o

T llllfl

-1
Discriminant output [Iogm(s/b)]

1

w
1

N

— observation: 6.3 s.d.
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Single channel cross sections

Tevatron single top quark summary

Measurement

s-channel:
CDF

PRL 112, 231805 (2014)

DO

PLB 726, 656 (2013)

Tevatron

PRL 112, 231803 (2014)
t-channel:

CDF

CDF-CONF-11033 (2014)

DO

PLB 726, 656 (2013)
Tevatron

S+t:
CDF

CDF-CONF-11033 (2014)

DO

PLB 726, 656 (2013)
Tevatron

iv Theory (NLO+NNLL)
" PRD81 054028 (2010), PRD83 091503 (2011)

_E_._ 225 +0.29

Cross section [pb]

0.37
1.367, 5,

+0.33
1.107.75;

+0.26
1.2975,

0.38
1.65 -':0.36

0.54
— 3.07" 54

-0.31

: +0.49
+ 3.027 g

+0.60
-0.55

S 83043

—eo—4.11

1 3
Cross section [pb]

4

m, = 172.5 GeV

this is the final word

from the Tevatron!

Z :
7 veLwnoLrz Top Quark Physics at Tevatron

Vud Vus Vub
VCKM = Vcd Vcs Vcb
th Vts th

I ] ,f\

IVin| =0.998+0.041 +4.1%
IVin|>0.92 @ 95%CL

— no hint for anomalous contribution

— observation

q’ q
w
b t
g ;

b 13 TeV
- ATLAS+CMS Preliminary LHCTOPWG = ATLAS tohannel e~
- R R PRD90(2014) 112006, ATLAS-CONF-2014-007 -
| Single top-quark production ® CMS t-channel i
JHEP12(2012) 035, JHEP06(2014) 090,
. | Nov 202015 N PR b 8308 ) _
O ATLAS Wt
L . ‘ PLB716(2012) 142, arXiv:1510.03752 4
O CMS Wt
PRL110(2013) 022003, PRL112(2014) 231802
t-channel *  LHC combination, Wi

t
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

10
ATLAS s-channel

----------- ATLAS-CONF-2011-118 95% C.L.,
arXiv:1511.05980

¥ CMS s-channel, 95%C.L.
CMS-PAS-TOP-13-009

*
i

Inclusive cross-section [pb]
T T T I.TTT

q q
w
b t
I b
b w
b
g

Wit === NNLO PLB736(2014)58
E § m,= 172.5GeV, MSTW2008nnio
I L |- = 'i‘ ==Y scale uncertainty
Ty [ === NLO+NNLL PRD83(2011) 091503,
= PRD82(2010) 054018, PRD81(2010)054028
t 10 TS m,,= 1725 GeV, MSTW2008nnio

W: f contribution removed
scale ® PDF ® a, uncertainty

— observation

s-channel

NLO NPPS205(2010) 10, CPC191(2015) 74

M= 172.5GeV, = W= Mg,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)
Wt: p” veto for ff removal=60 GeV
and "F:GE GeV

- scale uncertainty

scale @ PDF & a, uncertainty
All exp. results are w.r.t. m.= 172.5GeV

X

——C—
1848 1818
1

! ® 18 Vs [TeV]

— all production modes observed!
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Top Quark Pole Mass

350 s
x"u,m’ ATLAS — Mfmmoamw.o pole . +2.5 _
300[. Frn o ano my " = 172.975¢ GeV (/s =7/8 TeV)

250

Cross-section [pb]

O

Sl

3s
Siis.

s=7TeV,4.6Ib"1
\s=8Tev,203

— pole mass
unambiguously!

200
: Y ¢ oLTY e, $ o
. 180F A e +1.4%
(S%jE)T e I =]
b ;L\ C 7 T T T ] T T T T T \1 T T T T T ] T
S 100 vl by b b | IR TR B R BRI B
164 166 168 170 |72 14 176 178 180 182 00 5.3/1b ‘ 167.5 % 5.0 GeV
m tp°'e [GeV] PLB 703 (2011) 422 ® B w
19.7 fo'' (8 TeV) CMS 7 TeV o176.752.9 GeV
S \ PLB 738 (2014) 526
g CMS \
—_— P ATLAS 7+8 TeV 172.9+ 2.5 GeV Y
+ 300 ieheliminary EPJ C74 (2014) 3109 )4
© N L
ATLAS 7 TeV tt+1jet 173.7 £ 2.2 GeV s
280 arXiv:1507.01769 ®
DO 9.7/fb Preliminary 169.5 + 3.3 GeV
260 DO 6453-CONF ®
CMS 7+8 TeV Preliminary 173.6 £ 1.8 GeV
240 ' CMS TOP-13-004 \\ ¢
CMS combination 172.44 + 0.48 GeV
220 arXiv:1509.04044
S P e e L e ! | ! | ! ! ! ! | ! | | | l ! l l | l
166 168 170 172 174 176 178 165 170 175 180
pole
m; - [GeV] +1.0% m, [GeV]

MPo€=173.6 + 1.8 GeV
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HELMHOLTZ

S 16000
% 14000
5 12000
10000
8000
6000
4000

Top Quark Physics at Tevatron

Spin correlations for “Stealth” Stop

—r—r—
e Data

IIII|IIIIIII|IIIIllllllll

SM tt

.......

" Background
|1t 180 GeV

— - Fit

T T T T T

ATLAS
\s=8TeV, 20.3 fb™

-------
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Stop searches

i1, production,t,—> b3 /T —ci /t,> Wby /T—>t% Status: Feb 2015
14 1 1M 101 171 1
5: 600 LANNL I L L L L L I L B A
8 - ATLAS Preliminary L, =20fb" s=8TeV L, ,=47f" s=7TeV
— —= t -t xo oL [1406.1122] 0L [1208.1447] 7]
G~ . | t -t Xy 1L [1407.0583] 1L [1208.2590] T
= 500— = t -ty x 2L [1403.4853), 2L [1412.4742) 2L [1209.4186) )
~ =m t S W b x 1L [1407.0583), 2L [1403.4853) B
. t —c X 0L [1407.0608] |
b / | = t Sbffy X 0L [1407.0608), 1L [1407.0583] _
400— 3
8 -3
P ; v — = Observed limits ===- Expected limits 2, 3
- ~ Alllimi %
i ‘mf : All limits at 95% CL
34
t
t
’ >198 GeV

200 300 400 500 600 700

nrpr-p

— using a “standard candle” for complementary exclusion
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PRL 74,

discovery| = 7

| |
17 events DG

Events/(20 GeV/c?)
>

Fitted Mass (GeV/c?)

5 T T T T

L 19 events CDF

4 -
3t ﬂ{ gy
2

1995, CDF and D@
experiments, Fermilab

Events/(10 GeV/c?)

HELMHOLTZ

2632 (1995)
2626 (1995)

March 2nd, 1995:

First announcement of Top Discovery
in public seminar at Fermilab
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The Top Quark

PRL 74, 2632 (1995)

|di5covery| PRL 74, 2626 (1995)

’ 17 events DG | tOday |
%,
: 1000s of events
i
250 CDF |l Preliminary
200l * Data (8.7 b

Signal+Bkgd
Bkgd only
Tagged

5 GeVIc?)
(3,
(=]

Fitted Mass (GeV/c?)

(

s | | | |
19 events CDF

Ever_r‘tsl
(=]
P

|

(2]

o
|

S L
/////,{/,/./l,;;r,u

GRS L 75

1 foo 150 200 250 300 350
miee (GeVic')

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

1995, CDF and D@
experiments, Fermilab
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The Top Quark

PRL 74, 2632 (1995)

discovery| === 7, 2626 (1595) | precision

Tevatron+LHC m,,, combination - March 2014, L_=351b"-8.7 "

6 | — ATLAS + CDF + CMS + DO Preliminary
i? ewnts Dg | tOday | - ‘ . - - :i" "\' l; '1/‘ \‘ .. 0.49
g ! - - 17247 £ 2.01(1.43+ (
. ' » - 17393+ 1.85(1.26+ 1.05+ 0.8¢
E 4 ._.:_.._._._. 174.94 + 1.50 (0.83 £ 0.47 + 1.1¢
1000s of events | et 40012700
ATLAS 11, dHepton — — 173.09+ 16306
2 3 ‘v —t 173.49 + 1.06(0.27£0.33
250 CDF Il Preliminary . ¥ el
N‘Jzoo ¢ Data (87 fb-1) World comb. 2014 % /2 =43 - - 173.34 +0.76 (0.27 £ 0.24 £ 0.67)
0 ; B 77 . 2 £ Tevation March 2013 (Run 1+11) [y — 173.20 + 0.87 (0.51+ 0.36 + 0.61)
100 200 3 Slgna|+Bkgd £ LHC September 2013 _— 173.29 + 0.95(0.23+ 026+ 0.88)
. total (stat syst
Fitted Mass  (GeV/c?) 0150~ Bkgd only %5 75 75 780 785
b Myp [GEV]
| Py £1o0- Tagged +0.44%
19 events 2 |
4 7 50 - ++
4 v
«'?éfmvé‘fi/%%/e/{{/é%!é}gm.,,..“ Bl

g

S 3 | fo0 150 200 25 300 350
B 9

E m{e° (GeV/c")

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

1995, CDF and D@
experiments, Fermilab
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The Top Quark

. PRL 74, 2632 (1995) —
| discovery| == 74 2626 (1955) | precision
6 Tevatron+LHC m,,, combination - March 2014, L"=35tb"-8.7 b
| B ATLAS+CDF+CMS+DOPreI|min’a|:y"' e
i? ewnts Dg | tOday | . - - :;' o l‘ '1.‘ A
g b - —— 17247 +2.01(1.43+(
P —— 4 17393+ 1.85(1.26+1.05+0.8¢
S . ' - — 1/1:
1000s of events : et 40012700
250 CDF Il Preliminary o — e
> N’JZOO— ° Data (87 fb-1) World comb. 2014 %, "2 =25 - - 173.34 +0.76 (0.27 + 0.24 + 0.67)
%o 20 3 Signal*Bkgd | |11 T pRiee
Fitted Mass  (GeV/c?) w 190 Bkgd only 65 740 75 760 olps
~ M, e
5 | | | | | “2100_ Tagged + 0.44% P
w —
19 events CDF 2 |
g 4t - 50/ / 4
/ !
E 3} J //,,x//;ﬁf,ffffff/%%/{//f//{///////lm,, o
= 250 150 200 250 300 350 ,
= m{ec°® (GeV/c") ) -
E searches | ®
E—
oW 9V
1995, CDF and D@ o v

experiments, Fermilab
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The Top Quark

| discovery|

|
i? events DG

Fitted Mass (GeV/c?)
5 | | | |
19 events CDF

......

1995, CDF and D@
experiments, Fermilab

HELMHOLTZ

PRL 74,
PRL 74, 2626 (1995)

2632 (1995)

| today |

1000s of events

250 CDF Il Preliminary

5200 * Data (8.7 b")
> Signal+Bkgd
(O]

0150 Bkgd only

¥

€100

Q

i

50

mi*<° (GeV/c")

150 200

* high precision measurements
e sensitivity to new phenomena

e complementary to LHC

| precision

2 S Tevatron March 2013 (Run 1+11)
£ LHC September 2013

Tevatron+LHC m,,, combination - March 2014, L_=351b"-8.7 "
ATLAS + CDF + CMS + DO Prellmmary

-t -

e Se— -
» r———t 4
g =g
- -
P O
P— —
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D .

World comb. 2014 ¥ .
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7 +2.01(143
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1
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0+1520.43
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173.20 £ 0.87 (0.51+ 0.36 + 0.61)
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June 3rd, 2015: First Collisions @ 13 TeV
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