8. Physics of the Top Quark

8.1 Introduction (The top quark in the Standard Model)
8.2 Top quark production at the Tevatron
8.3 Top quark production at the LHC

8.4 Top-quark mass measurements
(Tevatron and LHC)

8.5 Constraints on the Standard Model



8.1 Introduction to Top Quark Physics

* Discovered by the CDF and D@ collaborations
at the Tevatron in 1995

 Tevatron Run | top physics results are consistent
« with expectations from the Standard Model
(Errors dominated by statistics)

rd * Run Il top physics program profits a lot from the
st znd 3 higher statistics
tions
Genere « LHC: huge production rates

(for \'s = 7 TeV: about a factor 25 larger
cross sections than at the Tevatron)

- Better precision

- Search for deviations from Standard Model
expectations



Die Masse des W-Bosons

» Wichtiger Konsistenzest, auch wenn SM Higgs-Boson gefunden ist
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What do we know about the top quark?

The top quark is the heaviest know
fermion

m, ~173 GeV (from experiment)

Lifetime 1 ~510%s
(theory, Standard Model decays)

no hadronisation, behaves like a
quasi-free quark !

Predominant decays:
t > Wb (BR~100%)

largely determined from very small
CKM matrix elements V4, Vi,

Electric charge Q, = +2/3
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Why is Top Quark so important ?
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The top quark may serve as a window
to New Physics related to the
electroweak symmetry breaking;

Why is its Yukawa coupling ~ 1 ??

|
;Mf = E/L’V
M
:> /’i’r — ; T ¢ 7
173.9GeV/c”

« We still know little about the properties of the top quark:
mass, spin, charge, lifetime, decay properties (rare decays), gauge couplings,

Yukawa coupling,...

« A unique quark: decays before it hadronizes, lifetime ~10%s

no “toponium states”
remember: bb, bd, bs

bound states (mesons)



Top-Quark Production

Pair production: qgq and gg-fusion
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Figure 9.3 Top-quark pair production in the Born approximation.,

Tevatron LHC

* NLO corrections completely known (1989) oAl A

« NNLO calculated in 2013: M. Czakon et al. (PRL110(25))

: aq 85% 5%
NLO results: e e -
oLie = (887735 (scale)T12 (PDF)) pb (14 TeV) c (pb)| 7.0pb |887pb

oy = (7.047555 (scale) T 1% (PDF)) pb  (1.96 TeV).

For LHC running at Vs = 7 TeV, the cross section is reduced by a factor of ~5,
but it is still a factor 25 larger than the cross section at the Tevatron



Single Top-Quark Production

Electroweak production of single top-quarks
(Drell-Yan and Wg-fusion)
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Figure 9.5 Representative Feynman diagrams for the three single top-quark production
modes. The graphs show single top-quark production; the diagrams for single
antitop-quark production can be obtained by interchanging quarks and antiquarks.

Process \..-G Tigb T4h TWt

pp—t/f 196TeV  1.867072pb  1.024008pb 0.25+ 0.03 pb

pp —+ & 140TeV  1494+41pb 7237032 pb  41.1+42pb
pp— 1 140 TeV  889+24pb 403701 pb  41.1+42pb

Table 9.2 Predicted total cross sections for single top-quark production processes at the
Tevatron and the LHC. The cross sections of the t-channel process are taken from [22].
The values for s-channel and associated production are taken from [23]. All cross sections

are evaluated at m; = 175 GeV.



Top-Quark Decays A »

BR (t—Wb) ~ 100% = .,

Dilepton channel:
Both W’'s decay via W— {v (I=e or u; 4%)

Top Pair Branching Fractions

“alljets™ 46%

Lepton + jet channel:

One W decays via W — &v (f=e or u; 30%)

t+jets 15%

Full hadronic channel:
Both W’s decay via W—qq (46%)

+jets 15%

ex? e+jets 15% .
‘dileptons” "lepton+jets™

Important experimental signatures: - Lepton(s)

- Missing transverse momentum
- b-jet(s)



8.2 Measurement of top-quark production

at the Tevatron



tt cross section (dilepton) |

» Two high p; leptons (opposite charge)

ee, ey, uu

* Significant missing transverse momentum

- 21jet (en), =2 jets (ee, up)

ee,eu and uu combined
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secVix tag multiplicity

Top quark is needed to describe the

b-jet multiplicity distribution in dilepton events




Tevatron b-tagging performance
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Neural networks are used for optimal
combination of tagging information



tt cross section (lepton + jets) (including b-tagging)

b-tag selection:

* One high-p; lepton (e, p)

« Significant E;™miss

21 b-tagged jet
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Kinematic selection:

* One high-p+ lepton (e, p)

- Significant E,miss
« 24 jets

» Likelihood discriminant (tt vs. W+jets)
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tt cross section summary from the Tevatron

CDF Run Il Preliminary’ July 2008

Dﬁ Runll * = preliminary

" [ Cacciari et al., arXiv:0804.2800 (2008)  pccume m.=175 Gevic® -'ﬁ'-ugusll 2008
Kidonakis & Vogt, arXiv-0805.3844 (2008) t —
[ Moch & Uwer, arXiv:0807.2794 (2008)
“Lepton+Track 5 341 310.740.5 |+Jlf'[$ & dilepton & tau+eplon ey 81 , 1 048 pb
(L=11f) 7w 905 TOR0 20 101t
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Dilepton r 6.7+0.8+0 4+0 4 [+]ets ineursl natwork -gged!’ - §.20 *12 0 F_ a1 5 pb
(L=28f) e PSR i A
X ] Lk, .
Loptonsets; Kinematic ANN 6.8+0.4+0.60.4 ”I"f_'zf"” e B 7080 aaph
. i sﬂ._
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) O )
Le(pl)_ti)n;alef?%)Soﬂ Electron T& 7.8+2.44+1.5+0.5 taurtlepton i-tggedy H—— 719 '1* 045 pb Summary of SySt.
' 22! 4116 o=
‘Lepton+Jets; Soft Muon Tag taurjets (b g’ 1 4 uncertalntles
(L=2.0fb) 8.741.1:0.940.5 o R ¢ 51 " T «wopb . '
MET s Jote: Vortox T & ws aﬁjlné. b-tag analysis (2.7 fh):
els: verex lag : {b-Lagged, PRE) 20 He .
Lo osms 6.1:1.2+00+0.4 - 00 H—e—H 45 L0 waph —
All-hadronic: Vertex Tag * 8.3+1.0 +2%0.5 (st (aysil chmi JET EMERGY SCALE 016 2.2
(L=1.0") 15 . )
it M =175 Gay B ' Caccieri efal, et 0204 2500
‘CDF combingd 7 0+0.3+0.440.4 xﬂTEQ“ " N, Kickoriaks ind R Voo, anXiv 05,3544 BOTTOM TAGGING 0.38 5.2
L=28f) e (UEYORUAEY 8 R i
( ) (stat)x(syst):(lumi) = Moch and B Lwer, anXiv 0804.1478 CHARM TREEING 0.08 1.1
| | | | | | | |
MIS-TAGS 015 2.1
o 2 4 6 8 10 12 14 0 2 4 6 8 10 12
— - - HEAVY FLAYOR
o(pp — tt) (pb) o (pp - 1) [pb] ArECTION 0.23 3.2
LUMINOSITY 0.4z 5.8
Good agreement: e R L
. . PARIONM S HORER 0.13 1.8
- among various exp. measurements (two experiments)
: o WTATHALTAE 0,04 06
- and with NLO + LL QCD prediction
TAHMIER EFFICIEMCY .05 0.6
- Systematic uncertainties at the 10% level o 005 1o
(luminosity, b-tagging) romaL 0.67 0.3

CDF Rin | Praliminary L=2.7 i



8.3 Measurement of Top-Quark production at the LHC

1 EXPERIMENT

Aun Mumber: 160958, Event Numbar: B03897 2

Darte: 2010-08-08 11:00:12 BRT

Event display of a top pair
e-u dilepton candidate with
two b-tagged jets. The
electron is shown by the
green track pointing to a
calorimeter cluster, the muon
by the long red track
intersecting the muon
chambers, and the missing
ET direction by the dotted
line on the xy-view.

The secondary vertices of
the two b-tagged jets are
indicated by the orange
ellipses on the zoomed
vertex region view.



First results on top-quark production from the LHC
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Event Selection:

» Lepton trigger

One identified lepton (e,u) with p; > 20 GeV

Missing transverse energy: E;™ss > 35 GeV
(significant rejection against QCD events)

Transverse mass: M; (l,v) > 25 GeV
(lepton from W decay in event)

One or more jets with p; > 25 GeV and
n<25



Details on the composition of the event samples:
ATLAS experiment, L = 35 pb-! (data from 2010)

Table 1: Number of observed events in the data in the electron and
muon channels after the selection cuts as a function of the jet multiplic-
ity. The expected signal and background contributions are also given.
All simulated processes are normalized to theoretical SM predictions,
except the multyjet background which uses the normalisation presented
in Sec.[6l The quoted uncertainties include statistical, systematic and
theoretical components, except for the multijet background. All num-
bers correspond 1o an integrated luminosity of 35 pb~!,

Electron channel 3 qjets 4 jets =5 jets

i 11716 108915 76+ 19 Final results obtained in a >3 jet
Wjets 524 £225 124 77 35 + 23 selection based on 35 pb'.

Multijet 64 + 32 12 + 6 8+ 4

single top 21+ 5 T+3 3+x1

Z+jets 6028 2115 8+6 Cross section obtained by a combined
Diboson 9+ 3 19+15 04=08 PR : BT -
—— R T fit in different jet-multiplicity regions
Observed 755 261 123

Muon channel 3 jets 4 jels = 5 jels

tr 165+22 156+ 18 108 =27

Wjets 976 + 414 222+ 139 58 = 38

Multijet 79 + 24 18 + 6 11+3

single top 317 10+ 4 4+32

Z+jets 58 = 26 14 + 10 5+4

Diboson 16+ 4 3+ 2 06 +0.8

Predicted 1325 £ 422 423 + 143 186 = 51

Observed 1289 436 190




Events / 0.5

Events /0.5

Distributions for different jet multiplicities

Table 2: Statistical and systematic uncertainties on the measured 7
cross-section in the untagged and tagged analyses. Multijet and small
backgrounds normalisation uncertainties are already included in the
statistical uncertainty (af) in the tagged analysis. W+jets heavy-
flavour content and b-tagging calibration do not apply (n/a) to the un-
tagged analysis. The luminosity uncertainty is not included in the ta-

L &1 I T T TrT I LI I T T 1T TTTT Tl T 1 LI I LI I LI I TTTT
100 — p+ 4 Jets ATLAS —
[ < Data fLdt=35pb
80 [ Bt B Multijets '
L W+Jets m Other i
60 - e
a0f -
20 — ]
0 -2 -1 0 1 2

r]Iepton

TV R S [ 5 | L B (T
B ATLAS M+ 4 Jets i
102 gopn | [Llt=35pb" « Data —
- u |t B Multijets 3

B W+Jets m Other -

+
10 5 4 + E
1=y T + =
1 I 1
0 2 4 6 8 10 12 14

ble.

Method Untagged Tagged
Statistical Error (%) +10.1 =101 458 =57
Object selection (%)

JES and jet energy resolution +4.1 -54 439 -29

Lepton reconstruction,

identification and trigger +1.7 -16 +21 -1.8

Background modelling (%)

Multijet shape +3.5 =35 +08 -0.8

Multijet normalisation +1.1 -1.2 /i

Small backgrounds norm. +0.6 0.6 afi

W+jets shape +3.9 -39 <+10 -1.0

W+jets heavy-flavour content At +2.7 =24

b-tagging calibration At +4.1 =38
if signal modelling (%)

ISR/FSR +6.3 =21 452 =52

NLO generator +3.3 =33 +42 -42

Hadronisation +2.1 =21 +04 -04

PDF +1.8 -1.8 +15 -1.5
Others (%)

Simulation of pile-up +1.2 -1.2 <0.1

Template statistics +1.3 -1.3 +1.1 -1.1
Systematic Error (5%) +10.5 =94 497 =90

W,;, = average of -log,, P(b-light jet) for the two jets with lowest P(b-light jet)



Entries/5 GeV

CMS tt signals in the di-lepton channel

CMS 2.3fb " at\s =7 TeV
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CMS tt signals in the di-lepton channel
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Figure 5. The jet multiplicity for events passing the dilepton and Fr criteria, but before the
b-tagging requirement, for (a) the sum of ete™ and u*p~channels, and (b) the e*uT channel.
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Figure 6. The multiplicity of b-tagged jets in events passing full event selections for (a) the
summed ete” and u™p~ channels, and (b) the e=uT channels.



Results on tt cross-section measurements at the LHC
at Vs = 7 TeV

ATLAS Preliminary

Data 2011,\'s =7 TeV

Channel & Luminosity

— stat. uncertainty
— total uncertainty
o x(stat) =(syst) =(lumi)

182.9+£3.1+4.2+ 3.6 pb
181.2:2.8%3] +3.3pb

Effect of LHC beam energy uncertainty: 3.3 pb

Single lepton  0.70 fb™ —p—s
Dilepton 0.70 fb" i
Single lepton, b — Xuv = —e—

4.66 fb"

Thag + jES 1.67 fo'!

T,.q + lEpton  2.05 o' — .
All hadronic

4.7 o

Dilepton, e, b-tag 4.6fb" | e

. miss -1
Dilepton, ey, Njets- Ef4.6fb —ie—
[ | L 1 1 ‘ L 11 ‘ | | ‘ |

July 2014
NNLO+NNLL (top++ 2.0)
PDF4LHC m,,, = 172.5 GeV

scale uncertainty
scale+PDF uncertainty

179+£4+9+7pb
17361 *°pb
165+2+17 =3 pb

194 = 18 = 46 pb
186+13 20«7 pb
168 =12+ + 7 pb

ATLAS+CMS Preliminary Og summarymi =7 TeV TOPLHCWG

"""" NNLO+NNLL (Top++ 2.0), PDF4LHC, m on = 172.5 GeV
scale uncertainty
scale ® PDF @ o uncertainty

Sep 2014

— stat. uncertainty

total uncertainty
o, +(stat) =(syst) =(lumi)

50 100

1

50

00
o, [pb]

2

50 300

Good agreement between exp.
measurements and theoretical
expectations;

Some tension between the two
experiments

350

ATLAS, l+jets HE— 17924297 pb L,=07 1"
ATLAS, dilepton (*) = E—l 1736*1¢ "2 pb Lyy=0.7 fb!
ATLAS, all jets (*) ° 2 ] 167+ 18 = 78 + 6 pb L,=1.010"
ATLAS combined HE 177:3%+ 7pb L=0.71.0 "
CMS, l+jets (*) I—"E 164+ 3+ 12+ 7pb L,,=0.8-1.1 fb"
CMS, dilepton (%) — = 170+ 4+ 16+ 8 pb Lot 1o
CMS, 1,,4+u (%) — ° E' 149+ 24+ 26 = 9 pb Ly=t1.1 10"
CMS, all jets (*) — o éz 136+ 20+ 40+ 8 pb L=1.11"
CMS combined I—'E 166+ 2+ 11+ 8 pb L,,=0.8-1.1 fb"
LHC combined (Sep 2012) I—!E 173+ 2+ 8= 6pb L,=0.7-1.1 b
ATLAS, I+ets, b—Xuv I—'E 165+ 2+ 17+ 3 pb L=47 o
ATLAS, dilepton e u, b-tag i’ 1 182.9+3.1+42+3.6pb L, =46
ATLAS, dilepton e, NjetS-E$1iss |EZJ—| 181228757 +33pb L,=460"
ATLAS, 7, 4+l = 186+ 13+ 20+ 7 pb Lo=2.4 b
ATLAS, 7, s+ets |_'E ° = 194:18+46pb Ly=1.7 1"
ATLAS, all jets =k 168+ 12' %+ 7pb L=4.7
CMS, I+jets —o— % 158+ 2+ 10+ 4 pb L,=2.2-23 b
CMS, dilepton e % 1619257 1+3.6pb L,=230"
CMS, 1, 4+ e —|§ 143+ 14222+ 3 pb L,=2210"
CMS, 7, 4 Hets i -E* 152+ 12+ 32+ 3 pb L,=39 10"
CMS, all jets ] E 139+ 10+ 26+ 3 pb L,=3.51b"
E Effect of LHC beam energy uncertainty: 3.3 pb
(*) Superseded by results shown below the line —3 (not included in the figure)
III|IIII|IIII|II§I|IIII|IIII|IIII|II
50 100 150 200 250 300 350

o, [pb]




Results on tt cross-section measurements at the LHC
at Vs = 8 TeV

&) Da
K |—'0—| + o+ =
« ,_,_E . . . « Very recent results (May 2015)
o x|l L « Again good agreement between
exp. measurements and theoretical
. expectations
I—H—I + * *

« Total cross-section uncertainty
at the level of 3-4%

O-



Top cross section measurements as function of Vs

from the ATLAS and CMS experiments
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Top cross section measurements as function of Vs

-ATLAS experiment-
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A first tt-candidate in the ATLAS experiment at Vs = 13 TeV

Run: 266919
proton-proton collisions at Event: 19982211
13 TeV centre-of-mass energy 2015-06-04 0B:21:24

CaTLAS

EIFERIMENT




8.4 Top-quark mass measurement



Top mass measurements

D@ Run lIb Preliminary, L=2.6 fb"

« Top mass determination:

] » _ @ 1_05; lepton+jets with prior
No simple mass reconstruction possible, ook
Monte Carlo models needed mf—
1.035—
1.02F
— template methods,... o
] o A InL=0.5
matrix element method... £ —
G.ng_

: 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
088 170 172 174 176 178 180
M_ (GeV)

top

CDF Run Il Preliminary {2.9 by

 Reduce jet energy scale systematic by 5 57 tags events ™
using in-situ hadronic W mass in tt 2 sl + —~+— Data
events j : - Fitied 8
a0 itte g
(simultaneous determination of m, and ;
| 20 :_ Y2Ndof =202 /22
energy scale) : Prob = D.569
20
10;
0: : :
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full hadronic channel



Example: template method

 Calculate a per-event observable that is

sensitive to mt B-tagged signal templates
20.024
- Make templates from signal and € 0.022
background events 2 002
E 0.018 Dmmpzmu GeVic?
» Use pseudo-experiments (Monte Carlo) E:::j I M., =175 Gevie?

. My, =200 GeVic?

to check that method works

» Fit data to templates using maximum
likelihood method

150 200 250 300
reconstructed M,,, (GeV/c?)



Summary of present results

Results from indirect method:

Results of ATLAS top-quark mass

m, from cross-section measurement.

all experiments

measurements (direct and indirect):

___________________________
- Top quark pole mass determinations
ATLAS Preliminary _
compared to direct measurement
19
D0 approx NNLO: MSTWO8, 1.96 TeV 2009 169.1 5
152
DO approx NNLO: MSTWO8, 1.96 TeV 2011 aa.t
30
CMS NNLO+NNLL: NNPDF2.3, 7 TeV 2013 :2. .
ATLAS NNLONNLL: PDFALHC, 7 TeV 2014 M4+ 26
ATLAS NNLONNLL: PDFALHC, 8 TeV 2014 1741126
125
ATLAS NNLO+NNLL: PDFALHC, 7-8 TeV 2014 S.@. .
. 123
ATLASNLO: th+1 jet, 7 TeV 2014* :ﬁ.z
Direct reconstruction LHC+Tevatron 2014 17331 08
__________________________
o150 160 170 180 190
pole
n [GeV]
ATLAS Preliminary m, summary - M. 2016, =46 b"-203 0"
My, + tot (stat £ JSF £bJSF £ syst)
Tll; 1751 £18 (14 £12)
_IT._.TTm|_ 1722 + 21 (07 £20)
L .m._ 17233 £1.27 (030252 067£102)
_I__m..TI 17379 141 (054 £130)
_|T|_ 729 +5;
—_—— 7k
AU ot .25 s : .m - o o1
o ! —— stat. uncertanty
ém M%_% _.szg. Al isans —— stat. © JSF ® bJSF uncertainty
R ! —— total uncertainty
Tevatron Comb. Jul. 2014 iv072682) “T.I_ *Preliminary, —Input o ATLAS comb.
174,34 +0.64 “
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Summary of all ATLAS and CMS results

until March 2014
(15t world combination)

updates until March 2015
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ATLAS+CMS Preliminary my,, summary, \s=7-8 TeV TOPLHCWG

World Comb. Mar 2014, [7]

— stat®JSFObJSF

stat®JSFObJSF )
total uncertainty total uncertainty
. Myp * tot. (stat®JSFEDJSF + syst) (s Ref.
ATLAS, I+jets (*) — o ..l_ 172.31+£ 1.55 (0.75 £ 1.35) 7Tev [1]
ATLAS, dilepton (*) — o - 173.09 £ 1.63 (0.64 £ 1.50) 77ev [2]
CMS, l+jets - 6 - 173.49+1.06 (0.43+£0.97) 77Tev [3]
CMS, dilepton — o |_ 172.50 +£ 1.52 (0.43+ 1.46) 77Tev [4]
CMS, all jets — d — 173.49 £ 1.41 (0.69+ 1.23) 7Tev [5]
LHC comb. (Sep 2013) T_..._I_ 173.29 + 0.95 (0.35 + 0.88) 7 Tev [6]
World comb. (Mar 2014) HéH 173.34 + 0.76 (0.36 + 0.67) 1.96.7 TeV [7]
ATLAS, I+jets = o |_ 172.33+1.27 (0.75 £ 1.02) 7Tev [8]
ATLAS, dilepton _| o —i 173.79+ 1.41 (0.54 £ 1.30) 77Tev [8]
ATLAS, all jets B —e——=1751£ 1.8 (141 1.2) 7 TeV [9]
ATLAS, single top | ° 1 172.2+2.1 (0.7 £ 2.0) 8 TeV [10]
ATLAS comb. ({12900) H-ei 172.99 + 0.91 (0.48 £ 0.78) 77ev 9
CMS, I+jets e : 172.04 £ 0.75 (0.18 £ 0.74) s Tev [11]
CMS, dilepton _|o||_ 172.47 £ 1.41 (0.17 £ 1.40) s8Tev [12]
CMS, all jets =-o-i— 172.08 £ 0.89 (0.37 £ 0.80) sTev [11]
CMS comb. (Sep 2014) e 172.38 + 0.65 (0.14 + 0.64) 7+8 Tev [11]
: [1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427
May 2015 S S
A*v MC_um_,mmamQ U< results [4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055
. [5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015
shown below the line [6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010
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Mormalised events / GaV

Nomalised events | GeV

Some distributions from recent ATLAS
top-quark mass measurements

I-had events (m,)

F T T T 1 3
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Mormalised evants / GeV

Some distributions from recent ATLAS

top-quark mass measurements

I-had events (m,)
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Template fits to data (ATLAS)
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Fit results:

arXiv:1503.05427

172.33 £0.75 (stat + JSF + bJSF) £ 1.02 (syst) GeV,
1.019 +0.003 (stat) + 0.027 (syst),

1.003 £ 0.008 (stat) = 0.023 (syst),

173.79 £0.54 (stat) £ 1.30 (syst) GeV.



Production Cross-Section
Production Kinematics

Spin Polarization

Production via interm. Resonances
t' Production

Top Spin

Top Mass
Top Charge ,
Top Lifetime il

Anomalous Couplings
CP Violation

Rare / non-5M Decays
Branching Fractions

Y

W Helicity

CKM matrix element |V_|

Other top properties

Tevatron Result luminosity
(fo)
Mass 173.1 = 1.1 GeV ~5.0
W helicity CDF: f,=0.66 + 0.16, f,=-0.03 = 1.9
0.07 I PAT
Dg: f,=0.49 £0.14 f, =011 =%
0.08
Charge rule out Q = +4/3 (90.% C.L.) 1.5
Lifetime I, <13.1 GeV (95% C.L.)
Vi V,, > 0.89 (95% C.L.) & 110
BR(t—Wb) /
BR(W—Waq) R = 0.97 (+0.09) (-0.08) 0.9
| BR (t — Zq) <3.7% (95% C.L.)

from Tevatron

Lepton angular decay
«p 081 p———
2o | — longitudinal
% gosf ZSmew
0.4}
! :
02 /  ~~_
0% A
-1 0.5 0 05 f o
cos
DD | 2227 ! F—

ol.2
T -
N new

DO Run Il Preliminary

| L=22-27f"




W-boson polarisation in top decays

« Real W bosons (spin-1 particles) produced in top-quark decays have
three possible polarisation states
(left-handed, right-handed or longitudinally polarised)

« Parametrised by “helicity fractions” Fq gr= Tgur /(T + T +1TR)

They can be calculated in (V-A) theory

LO results: NLO corrections:
Fo= — ”'i _ ~0.70, F,=0.687 = 0.005
ol F_=0.311 = 0.005
FL= W 030, Fr=0.0017 = 0.0001
m; + 2My,

Fr=0.

« Measurement of these fractions tests (V-A) structure of the Wtb vertex



W-boson polarisation in top decays

Information can be extracted from the angular distributions of final-state

particles;

Consider direction of the charged lepton and b-quark in W rest frame

leptonic W

rest frame
Ben

f ———= W b

/ 0; =7 — Oy,

Expected differential decay
width:

L

T T T T
ol V=1 md g, =g, =¥V =0 =M

I dl’

. P 3 g
—_— e =8 *y= - — rncl(H*N) -
I doos@™ — SIm0)"Fo+ ¢ (1 —cos(6))” Fr

-+ (l +cos(()”‘))2 Fp.
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W-boson polarisation in top decays

Process Single electron  Single muon
tt 4400+ 1100 6500 = 1400
W +jets 900+ 700 1400 = 1000
Z +ets 120+ 90 140+ 90
Diboson 144+ 12 22+ 12
Single top 260+ 90 360 = 110
Misidentified leptons 220+ 220 500 = 500
Total predicted 5900 1300 9000 =+ 1800
Data 5830 9121
g ! T ] T roT
= 0.16 ATLAS Simulation single lepton channels —
G 0,14l - Fytomplate Combined fit to the final distribution
g * - | ici
5 F, template with three pure helicity states
= 0.12 1 F,template —
e E templates plus three background
s 0¥ ke o E components (W, non-prompt leptons,
0.8/ | i 1 . : everything else)
0.08F i _L :
0.04} |
_ T
0.02}-.. -
el e
Q3 05 0 05 1
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single lepton channels

® Data -
— Best fit

W polarization in top decays

Fy = 0.67 £ 0.03 (stat.) = 0.06 (syst.)
Fi, = 0.32 4 0.02 (stat.) = 0.03 (syst.)
Fr = 0.01 =0.01 (stat.) = 0.04 (syst.).

> Unc. best fit

Bkg best fit

1000} (4 _‘L_Lr -
BDD_ e
6001 e

2 5 ]

400[ '

EDU} Tmf“'”" .................... Bz
] | |

04 05 0 0.5 1

cos 0"
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ATLAS f Ldt=1.04fb"

B NNLO QCD
Combination

=+ Data (F_/F /F)

Template (single leptons)
Template (dileptons) .

Overall combination
| | i i i [ | | | i i

Asymmetries (single leptons)
Asymmetries (dileptons) %




Spin correlations

Correlations between the top-quark and antitop-quark spins in tt production are
tests of perturbative QCD and sensitive to anomalous production mechanisms

Measurements are only possible because of the extremely short lifetime of

top-quarks of 1, ~ 1.5 10%°s

(Lifetime is roughly one order of magnitude smaller than time scale of
hadronisation 7,4 ~1/Aqcp ~3 10%4s

Differences expected between gg and qq
production (LHC versus Tevatron)
gg: spins of top and antitop tend to be

antiparallel

gq: spins tend to be parallel (triplett state)

Observed angular distributions at the LHC

are consistent with presence of spin
correlations as expected in the Standard Model
A¢ = azimuthal difference between leptons

in di-lepton events

ATLAS analysis (2.1 fb1):

Absence of correlations excluded at 5.1c

o i
Eﬁm Illdara
b E-Dﬂ' ﬂ’ (SM)

ncmre.fated)
= sr gre top

?D'D";' Z/y *+jets
- diboson
Em; M fake leptons

500F

300f-, [-.

200 -
1Dﬂé
D - — -

400F i




LHC sensitivity for Rare Top Quark Decays

FCNC decays into qy, gZ and qg

BR in Standard Model:
~ 102 for qy and gqZ
~10-1° for qg

~ 1
[
Process Expected 95% C.L. 5 95% C.L.
o = EXCLUDED
sensitivity (1 fb-1) £10 LEP REGIONS
CLk : i
t—qy 6.8 - 10+ E :
10 EE .
t— q Z 2.8 - 10'3 ;.'E:g_“ rfﬁuﬁr
: et
t—>qg 1.2 - 1072 10 N @
: 5;,:;% (2ib7)
T 10 - Fa
. el Sl ZEUS
Expected 5c discovery sensitivity for 100 fb-*: a2 o
for gg and gZ final states: ~ 10 RN 551

e i 1
L BR(t—qy)
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Single Top-Quark production

single top-quark cross-section o [pb]

I _ I
"ATLAS P
- single top-quark production

relim

_ I
inary

- ¥ s-channel 95% C.L. limit 0.7 fb’
| 4 s-channel 95% C.L. limit 20.3 tb ™ anxwtatooner

¥t-channel 4.59 b

AWE2.05% " pis 716

arXiv:1406.7844 1
Dt-channel 20.3 fo" ATLAs.CONF-2014-007 -

A

NLO+NNLL atm, =172.5 GeV

"~ MSTW2008 NNLO PDF
[ stat. uncertainty

2012) 142
1
TWt20.3 ™" ATLAS-CONF-2013-100
A
ATLAS-CONF-2011-118

]
October 2014

t-channel -

s-channel

5

6

/

8
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Single Top-Quark production

Single top-quark production provides
direct access to CKM matrix element V,,

ATLAS+CMS Preliminary TOPLHCWG

V | = Imess. from single top quark production
to Otheo.
Gineo- NLO+NNLL MSTW2008nni0

PRD83 (2011) 091503, PRD82 (2010) 054018 R
AGy..,- scale ® PDF

My, = 172.5 GeV

t-channel:

ATLAS 7 TeV' —i—t
PRD 90 (2014) 112006 (4.59 fo™")

ATLAS 8 TeV —r et
ATLAS-CONF-2014-007 (20.3 fb~")

CMS 7 TeV — ot
JHEP 12 (2012) 035 (1.17 - 1.56 fb’1)

CMS 8 TeV e
JHEP 06 (2014) 090 (19.7 fo™")

CMS combined 7+8 TeV L

JHEP 06 (2014) 090
Wt production: :

ATLAS 7 TeV o

PLB 716 (2012) 142-159 (2.05fb~")

CMS 7 TeV —_—
PRL 110 (2013) 022003 (4.9 b )

ATLAS 8 TeV @t
ATLAS-CONF-2013-100 (20.3fb™")

CMS 8 TeV' —

PRL 112 (2014) 231802 (12.2fb7")

LHC combined 8 TeV ——————t
ATLAS-CONF-2014-052, :
CMS-PAS-TOP-14-009

1
2

| ! ! i !

May 2015

theoretical uncertainty

total uncertainty
|th| * (meas.) £ (theo.)
1.02 £ 0.06 £ 0.02
0.97 £0.09 £ 0.02
1.020 £ 0.046 £ 0.017
0.979 £ 0.045 £ 0.016

0.998 +0.038 +0.016

1.03 * 515 £0.03

+0.16 +0.03
1.01 -0.13 -0.04

1.10 £0.12 £ 0.03
1.03£0.12 £ 0.04

1.06 £ 0.11 £ 0.03

including top-quark mass uncertainty
including beam energy uncertainty
| |

0.4 0.6 0.8 1 1.2

14 1.6




8.5 Constraints on the Standard Model

Pre — Higgs discovery: the Higgs boson mass enters logarithmically in loop corrections

to the W mass

300

6 July 2010 M imit ='158 GeV
d (6) -
5 - - AOtpaq = -
v 1 —0.02758+0.00035
] L % - 0.02749:0.00012
4 % % ees incl. low Q® data —
= — —
3 3
2 = =
1 = -
0 Excluded .. /" Preliminary
1 1 1 1 'I 1
30 100
m,, [GeV]

July 2010
I
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Die Masse des W-Bosons

» Wichtiger Konsistenzest, auch wenn SM Higgs-Boson gefunden ist

1/2
T Oy,

— Strahlungskurrekturen
| %2 2Gy sin 6, @ Ar~3 %
: - 2 JH
W m? D”f H ;
AN AANN VNV
]

> G, o, und sinB,, sind mit grof3er Prazision gemessen — nicht limitierend
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= l Heilnemayer, Hollik, 1E‘:tu:n:king&vr, Wabler, Weiglein 101
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Predictions for future precision (including LHC), compared to the Standard Model
and its Minimal Supersymmetric Extension (MSSM)

Ultimate test of the Standard Model: compare direct prediction of Higgs mass
with direct observation
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