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Introduction

Top Quark @ LHC

w'} &
Why is top quark interesting? - 1°: : t e

@ Huge mass (~ 40 larger than b quark, y;: ~ 1, large coupling to Higgs) 8_ 121 | b

@ Plays a role in SM in loop diagrams (check consistency of SM) 2 10w $°

@ Decays before hadronisation (can study a “free quark™) b :g;: p s

@ Important background for SM (e.g. Higgs) and beyond SM 10°F :

@ Decay product of many “new particles” (e.g. Z' boson, SUSY t) f"“

@ Can decay into “new particles” (e.g. light HT) :g-w: w e
10" ve

At ATLAS and CMS:

@5fb @7 TeV + 20! @8 TeV
per experiment

@ 5'600'000 tt pairs
(vs. 70'000 @ Tevatron)

@ 2'700'000 single-t events




tt Production

tt at the LHC

I'q

@ QCD multi-jets (all-hadronic)
@ Z + jets (dilepton)

@ W + jets (¢+jets)

@ single-t

Measurements:

Signal signature(s):

: . . @ (+jets and dilep. dominated by systematics
@ Triggering lepton and/or multi-jets (Lumi, JES, b-tagging, MCgen...)

@ Up to two high pr leptons @ Profile Likelihood Ratio (PLR) fits to reduce

@ Missing transverse energy £ systematics
(£+jets, dilep.)

@ 2-6 high pr jets (2 b-jets)

@ Data-driven Bkg determination

@ All-hadronic and ¢+ results also available
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tt Production

CMS dilepton @ 7 TeV [Hep 11 (2012) 067]:
@ (T (L =e,u), >2jets, my >20 &
#[76,106], £1 > 40 GeV (ee and )

@ PLR fit on #jets vs #b-tags distribution

CMS Preliminary 2.3 fb' at\'s = 7 TeV
200Fee, uy, 'ep chanhels” T T T T
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o = 162 + 2(stat) + 5(syst) £ 4(/lumi) pb

(4.2%)

Best Inclusive Cross-Section Measurements

ATLAS /+jets @ 7 TeV [arLas-conF-2011-121]:

« 2400 T T T T T
< 3uets ATLAS Preliminary -+ Data2011, Vs =7 TeV
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Likelihood Discriminant

@ e/u, > 3jets, £1 and my (W) cuts
@ Likelihood discriminant built on top of
kinematical variables: tf vs. W+jets
@ PLR fit in 3 jet multiplicity regions per
(-flavour
o = 179 & 4(stat) + 9(syst) £ 7(lumi) pb
(7%)



N tt Production

Cross-Section Results

ATLAS+CMS Combination

[ATLAS-CONF-2012-134 / CMS-PAS-TOP-12-003]:

@ 7% gain vs. the most precise
measurement

@ New results not included yet

Preliminary LHG ,; combination, \'s = 7 TeV - September 2012
Ly =077 111"
R lepion (e, oy MATHOR thoory praccton 6
—_— 173+ 615
" Hets o 179+ 4+ 11
B s e 167+ 18+ 78
ATLAS combined - — 177+ 3% :'0
diepton (ee, ei, | 170+ 4+ 18
—_——— 149+ 24+ 28
—.— 164+ 3+ 14
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CMS combined —— 165.8+2.2+13.2
LHC combined o 1733+2.3+9.8
for m=1725 GeV £ (stat) £ (syst)
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G [pb]

@ All results in agreement with SM

@ Experimental uncertainty smaller than
theoretical one

... @ 8 TeV: [aTLAs-CONF-2012.149],

[CMS PAS TOP-12-006], [CMS PAS TOP-12-007]
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tt Production

Differential Cross-Section

£ ATLAS Proiminary
g ——oua
w — SeomonEnmc
- 2 CMS Prehmlnary 121 fb"at (5=8 TeV CMS Preliminary, 5.0 fb" at\s=7 TeV' 10 = ALPGENSPYTHIA a, Down
mtiowcmn] 5 S 1B o
MC@NLO ol == MC@NLO 107k f—
S --- POWHEG
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w0345 <25
p,>25Gev -
10% Foujets

— MadGraphsPythia
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POWHEG+Pythia

Datanc

Theory/Data
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Large data samples allow for measurement of o, vs.:

@ pr,y, mof tt system, @ Number of additional jets
pt, y of individual tops, (testing MC prediction for
pT, y, m of lepton pairs non-perturbative QCD, ISR/FSR...
(testing perturbative QCD) important background for searches)
[CMS PAS TOP-12-027] (1+jets) [CMS PAS TOP-12-018] (I+ets)
[CMS PAS TOP-12-028] (dilepton) [CMS PAS TOP-12-023] (dilepton)
[ATLAS: Eur. Pys. J. C (2013)] (I-Hjets) [ATLAS-CONF-2012-155] (I-+jets)

@ No significant deviation from MC predictions
@ MCGONLO shows discrepancies in the number of high pt jets



Otiz= (ATLAS) < 0.71 pb © 95% C.L.

Associated production of tf with vector bosons or bb also observed:
tt + W/Z, SS dilepton, trilepton [CMS PAS TOP-12-014], [ATLAS-CONF-2012-126]

(CMS) 0. 30+% ]i‘i stat) 0 02(syst pb

(Theoryicampbel, Etis arxiv:i204.5678]) 0.14£77 pb

caw= (CMS) 0.28t%"1é(scat)i0.04(sysc) pb  (Theory(kardos et al. PRDS5(2012)074022]) 0.17+9.03 pb

tT + 7 [ATLAS CONF-2011.153]:

—0.05

Oiv= 2.0 £ 0.5¢t%0.7(s0)0.8(umi) pb (Theory w. kilian et al. EPIC71(2011)1742]) 2.1 + 0.4 pb
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116 doidAly|

tt Production

tt Charge Asymmetry

@ Forward-Backward Asymmetry (Agg) in tt @ Tevatron

— larger than SM expectation

@ Related observable © L
Aly|>0) - N(Alyl <0)

N(Aly| > 0) + N(Aly| < 0)’

c=

Aly| =

ATLAS (£-+jets, dilep). AC:0029 :|:0.018(5tat) i0.014(5yst)

el — Lyl

TevatronA top
anti-top

n

LHC top
anti-top

n

[Eur.Phys.J. C72 (2012) 2039, ATLAS-CONF-2012-057]

CMS (£4jets): Ac=0.004 £0.010¢star) £0.011(syst) PLB717(2012)129, CMS PAS TOP-12-010
Theory: Ac=0.0115+0.0006 [J.H. Kuhn and G. Rodrigo, JHEP 1201 (2012)]
. o - . . . 0.1 . .
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0 ; I { O sm é 8 cums l
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0.05 ]
[ -0.05 |
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Ayl m; [GeV/c?] Acg



tt Production

tt Charge Asymmetry

@ Forward-Backward Asymmetry (Agg) in tt @ Tevatron
— larger than SM expectation

@ Related observable @ LHC:

Aly[ >0) — N(Aly| <0)

c = )
N(Aly| > 0) + N(Aly| <0)

ATLAS (£-+jets, dilep). AC:0029 :|:0.018(5tat) i0.014(5yst)

Alyl = lye| = Iyl

TevatronA top
anti-top

n

LHC top
anti-top

n

[Eur.Phys.J. C72 (2012) 2039, ATLAS-CONF-2012-057]

CMS (£4jets): Ac=0.004 £0.010¢star) £0.011(syst) [PLB717(2012)129, CMS PAS TOP-12-010]
Theory: Ac=0.0115+0.0006 [J.H. Kuhn and G. Rodrigo, JHEP 1201 (2012)]
= 04f 5 © Foms T T . - 0.1 .
‘E L arLas w+>4jets (> 1 b tag) < [ 50 at\s =7 TeV —— Data ] ATLAS
3 u.:ss;: Ldt=1.04 15" bt~ WY 01 7 I+jets — Efg predction
E r 0.05 F
0.05[- &/
E | | o 7 L
0:’7—1_ I { 0 58 cus CMSnew
F ATLAS
0.05 ]
£ F 005 J
; r 1
X I T 300 400 500 800 700 800 01 02 03 04 05
Ayl m; [GeV/c?] Acg



Single Top

Single Top Production

@ Electroweak production (first observed in 2009 at the Tevatron)

@ Sensitive to new phyisics anomalous couplings, W', HT, 4th generation

@ Direct measurement of |Vyp|

q a W b W ,
w b . we
b t
_ g t q b
g 5 g t

t-channel Wt-channel s-channel



Single Top

t-channel

CMS Preliminary, 5.0 fb", \s = 8 TeV/

SLdt=1.04"
3jets 1 b-tag \s=7TeV

@ Main single-t channel

o Data
[ Single-top t-channel
B i Otertop

@ (+jets final state, main
background is tt

@ Fit on MVA output (NN or BDT)

@ Or using single relevant variable
(In| of j/, first non-b-tagged jet)
Cross-sections @ 7 TeV:

Events /0.07

1
NN output

@ 0t = 83 & 4(stat)+20(syst) pb (ATLAS [Phys. Lett. B 717 (2012) 330-350]) [Vip| > 0.75
@ 0t = 67 % 4(stat)£5(syst) =L (umi) pb (CMS pHEP 12 (2012) 035]) [Vip| > 0.92

@ 0: =64.6 £ 2.4 pb (Theory 4)

95% C.L.
Cross-sections @ 8 TeV constrained

@ 0t = 95 & 2(stat)+18(syst) pb (ATLAS [ATLAS-CONF-2012-132]) |Vin| > 0.80
@ o = 80 = 6(stat)y =11 (syst)y =4 (umi) pb (CMS [cMs pas Top-12-011]) |Vin| > 0.80

@ o =87.8+ 3.4 pb (Theory 1)
*: N. Kidonakis: PRD83(2011)091503, PRD81(2010)054028 (2010), PRD82(2010)054018, arXiv:1205.3453
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Single Top

t-channel t/t Cross-Section Ratio

@ At LHC single-t(t) t-channel production mainly via

u d d u
u(d)-b W exchange W -
W w-
@ and since: in pp collisions u density ~2 d density t <
b b b b

® = OLHC R; = ot/0oz in t-channel expected > 1

[ATLAS-CONF-2012-056] CMS PAS TOP-12-038§]
CMS Preliminary, 12.2 fo",\'s = 8 TeV
T T T T T T T T T T T T T T T T
ATLAS Preliminary f Ldt=4.7fb" \s=7 TeV CMS Preliminary, R
TOP-12-038 1.76: 0.15 (stat) £ 0.22 (sys) —_——t
ATLAS result —_———————— .
CTEQ8M :
ABKMO9 —— :
cT10 '
NNPDF 2.1 —— 1
MSTW2008 —— . MRST0S il
GJR08 — . MSTWO8 NLO 90CL oot | —
CT10 (+ DO W asym.) —— !
. HERAPDF 1.5 NLO -
CT10 —— '
L L 1 1 1 1 1 1 1 .NNPDF21N;:4 -
12 13 14 15 16 1.7 1.8 1.9 2 21 22 !
P PP BN I BRI PP R EPAFA B
Rl 04 0.6 08 1 1.2 14 1.6 18 2 2.2

Ratio = o(t)/s(f)
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Single Top

Wt- and s-channel

T T

T T T T

@ Dilepton selection

@ MVA discriminants

FATLAS Preliminary  Single fop production 1
-2.05) b

tehannel |

16.8 & 2.9¢stat)+4.9(syst) pb (ATLAS [pLB716(2012)142])

1675 pb (CMS [Phys. Rev. Lett. 110, 022003 (2013)])

=Theory (approx. NNLO) |
I stat. uncertainty

8100 "
3 ATLAS 22988 uncertant
uncertainty .
2 N Ewt Wt-channel:
£ 80| f dt=2051f DS\/W z -
§ \s=7TeV \:I%(ee/uu‘)ﬂels
@ gpl- Dilepton 1jet B Fod dheptons
40, 7
Q owr
20,
@ owr
0 . ropiilly L
1 08 06 -04 -02 0 02 04
BDT output
CMS,\s =7 TeV, 4.9 fb! 2
© rfLdt=(0.70
W2y +ets | 102
& Other | E
10

o
1.0t0-0.99

0991007 071007

s-channel 3
Ft-channel, arXiv:1205.3130 1
# Wt-channel, arXiv:1205.5764 b
Ts-channel, ATLAS-CONF-2011-118 |
¥95% CL limit

| 1 |

0710099 099t01.0
BDT discriminant

L L -
8 9 10 11 12 13 14
CM energy [TeV]

s-channel:

@ No evidence yet

@ 5.8 X SM excluded by
ATLAS @ 95% C.L.
[ATLAS-CONF-2011-118]
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80.35

80.3

Top Quark Mass

Importance of Top Mass Measurement

Precision needed to test Electroweak theory given a Higgs boson at 125 GeV

[arXiv:1209.2716v2 [hep-ph]]

EEEEEEES

Il 68% and 95% CL fit contours
wio M,, and m, measurements

68% and 95% CL fit contours

wio M, m_and M, measurements

M, world average + 1o

T
m}in Tevatron avérage + ]

T T

D A |

Gl b b

150 160

170

180 190 200
m, [GeV]

Pole top mass M, in GeV

180

[Degrassi et al JHEP08(2012)098

. _.167 . —, i,()";
Instability - Meta=stability. - -~
IV —— 1
170 - - 1
L -
£ 10 Stability 1
165 . . . |
115 120 125 130 135
Higgs mass Mj, in GeV
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Permutations / 5 GeV

Top Quark Mass

Top Mass Measurement, /+jets

> T T
ATLAS - Template Method Seoor  Amas \
° wegers " : .
[EPJC72(2012)2046] 2500 = 1o aTLas
b 1.01- 26
@ 400 E JSF 20,985+ 0008
@ Kinematical Likelihood method to IS Mo T4 e G0V
reconstruct tt 099F E
200 E ]
@ 2D m{*° vs. my;° considered oser E
100 E e+jets |
) . . E M aoromt 3
@ m; and JES fitted, my, fixed o A aaa RO "97;[”" b T
100 150 200 250 300 350 400 171 172 173 174 175 176 177 178 179
migs® [GeV] m,, [GeV]
my = 174.5 + 0.6(stat)i2.3(syst) GeV "
CMS, 1s=7TeV, isjets CMS, 15 =7TeV, i+jets
4000 T T 3 T T T
E 1 unmatched = :T" k| E tunmatched = ::ifls
o o i [ o oo ]
3500° i cgvee Wagers | 1o 12000 Wi e CMS - Ideogram Method
30005 771 uncentainty * Data(5.0f7) 7 1i uncentainty * Data(50fb)
1000 [JHEP12(2012)105]
2500 %

2000

1500
1000;
500

400
V]

Sum of permutation weights / 5 GeV

100 200

eev]. me = 173.5 = 0.4(starjenE1.0(syst) GeV

@ Weight permutations by x? prob.

@ Extract (m¢,JES) by maximizing
Likelihood built with weighted
distribution
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Top Quark Mass

ATLAS+CMS Combination

CMS PAS TOP-12-001 / ATLAS-CONF-2012-095

Important exercise but outdated

LHC m,,, combination - June 2012, L _ =35 pb™-4.9 fb™*
ATLAS + CMS PreliminaryNs = 7 TeV

] 169.3+4.0+4.9
—— 1745+06+23
—_— 1749+2.1+3.9

—————1 1755+ 46+ 4.6

I+jets

o —— 173.1%2.1%2.7
011, drlepton B ] 1733+ 12+ 2.7
CMS 201Lprjets —— 172604+ 15
LHC June 2012 - 1733+£05+13
Tevatron July 2011 Ll 173.2+£0.6+0.8
) ‘ ‘ ‘ + i) 2 (s0)

150 160 170 180

190
my, [GeV]

Top Mass Measurement Results

Latest CMS Combination
CMS PAS TOP-11-018

CMS 2010 dilepton e 1755:46:46
JHEP 07 (2011) (L=36 pb’) (val. = stat £ syst)
CMS 2010 lepton+jets — 1731+ 2.1+ 2.7
PAS-TOP-10:009 (L=36 pb’) (el £ stat. 1 syst)
CMS 2011 dilepton = 172540415
arxiv12092393 (L=5.011) (el £ stat. £ 3ys1)
CMS 2011 lepton+jets B 1735+0.4+ 1.0
arxiv1209 2319 (L=5.0/1) (val = stat  syst)
CMS 2011 all-jets . o 173510713
PAS-TOP-11.017 (L=3 54/) (val = sat  syst)
CMS combination B 1734+0.409
wptoL=5.0M
DO-Il lepton+jets ——
arXiv1207.1069v2 L3610
CDF-Il lepton+jets - 173.0£07+1.1
arXiv1207.1069v2 L5,/ (val £ stat. 2 5y51)
Tevatron 2012 combination = 1732£06+0.8
arXiv:1207.1069v2 up 0 5 81> (val = sat. )

| | ! | |
140 150 160 170 180 190 200
My, [GeV]

@ Most precise single mesurement
@ Reaching Tevatron Precision

@ Perfect agreement with Tevatron
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m0 - <m2P> [GeV]

data - MG Z2 [GeV]

Top Quark Mass

Top mass differential measurement

How does the measured m; relate to the one needed for theoretical
calculations?

@ Relation contains (non)perturbative corrections, expected to depend on event
kinematics

Is this kinematic dependence properly modelled by MC?
Many kinematic variables (12) checked
Data/MC agreement rules out dramatic effects

CMS PAS TOP-12-029
CMS preliminary, |s =7 TeV, lepton+jets CMS preliminary, |s =7 TeV, lepton+jets
T T T T T T T T T

CMS preliminary, s =7 TeV, lepton+jets
T T T T

@

-~ MC@NLO, Herwig -~ MC@NLO, Herwig

F o Data (50 b 10 o Data(50fb) ] o Do)
o — MG, Pythia Z2 F — MG, Pythiazz s tyaz
r -~ - MG, Pythia P11 [ ---MG,PythiaP11 --- MG, ]
L -~ MG, Pythia P11noCi - - MG, Pythia P11noCR-| MG, Pythia PiinoCR)

2f

m0 - <m2P> [GeV]
m2 - <m0 [GeV]

o

Lol @y

o

T A |
T

o 3 - 3 °
E I | I | S | I . | I ] S by I I I
sF T ~ st IREEEE T T 3 s * T T
. . N oo . t P i
3 3 = =
-5k L 1 = . Sh ] L L L Il = ! -SEL | | L |
50 100 150 200 250 _ 300 g 1 2 3 1 5 £ 50 700 750 200 250
Prhaa [GEV] ° ARy °© Prphag [GEV]
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Top Decay

R = BR(tWb)/BR(tWgq)

Evaluate branching ratio of t — Wb w.r.t. branching ratio of t — Wgq:

@ Validate the SM prediction of | V4| = 0.999146

+0.000021
—0.000046

@ Can probe new physics (as 4th generation or charged Higgs boson)

hood fit on b-tag multiplicity that accounts
for:

@ fraction of tt and single-t in sample

@ fraction of events with correct jet
assignment

@ b tagging efficiency and mis-identification

Computed in dilepton channel using a likeli- |

Results [cms pas Top-12-035]:
_ +0.036
o R =1.023700%
o |Vis| > 0.972 @ 95% C.L.

@ World most precise measurement!

-Log(L/LO)

L R A
CMS prehmlnary H ;
V5= 7TeVIL 22t & Bl

4F R=0.98+0.04 " 7

[-—combined ~—ee El
sf oM —Hu e metien;
E / /9
B s
= \\ / // E
oE / =
E / 1
E /A
1;\ E
g D B e

* R=B(t- Wb)/B(t wa)®
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Top Decay

v

W Polarization in top decay

@ W polarization in t — Wb probes
the V-A structure of weak charge

@ Possible deviations from SM predictions and limits on
anomalous Wtb couplings are determined

@ ATLAS+CMS combination

A CMS PAS TOP-12-025 / ATLAS-CONF-2013-033]
@ T T T £2000] T T T
-2 0.16F ATLAS Simulation single lepton channels —f & ATLAS single lepton channels . .
] . F, template & ] Da
014 Fo templat @18000 f1ar- 104 2 Do ATLAS and CMS preliminary
3 — F, template 1600 Sirexp. - i )
8 Big best it \s=7Tev,L =35pb™-2.21b" | Fp F F
o2 F template 1400 Bhgbest it n
g EEE NNLO QCD
s o1 1200 Combination
0.08 1000 +#+ Data (F JF/F)
0.06 800 ATLAS 2010 (single lepton) e e
: 600 ATLAS 2011 (single lepton) ~ ~s~ ol
0.04 400 ATLAS 2011 (dilepton) o rmf Ha
CMS 2011 (single muon) for -
0021 2000 E LHC combination > [T
[} L L L 0 < L L PRSI I RIS IS SR N |
-1 0.5 0 0.5 -1 05 0 0.5 1 ) 05 T

cos 0"

cos 6" . "
W boson helicity fractions

(Measured in single-t topology as well [cvs-ras-Top-12-0201)
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Conclusions

More Measurements...

CMS, 5.0 1b", Vs = 7 TeV

2 soofom AN b 7
g 1600 N E
S 1600] Single op E
Many other measurements not reported here, including: £ i
w 1000} Z0.75 TeV (20 pb)

— Z125TeV (20p0) =

tt cross-section: all-hadronic, final states with 7...

2
[CERN-PH-EP-2012-264]

Higgs searches: ttH, tH™
FCNC in t decay

Top mass: dilepton, all-hadronic, mass from oy ...

2
) M, [Te

Events/0.07

BSM Searches: tt resonances, t', b’ — tW, tt+E ...

b-tagged

t charge, tt spin correlation, t polarization

07°08-06-04-02 0 02 04 06 08
output

NN
[Physics Letters B 712 (2012)]

More results are available here:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

@ 18 years after top discovery
(@ Tevatron in 1995),
top quark physics still
fascinating topic in HEP

Conclusions

Conclusions

LHC is a top factory: tt cross-section became a precision measurement, single-t
cross-section on the way too, differential measurements available ...

High precision measurements @ LHC start to be on par (e.g. mass),
or better (e.g. limits on |V;p|) than @ Tevatron

Many published analyses still based on 7 TeV datasets, not yet including the full
8 TeV sample: more (and better) results expected before LHC starts back @ 14
TeV

So far no BSM effects observed in Top physics @ LHC

20
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