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The sixth guy stands up |

*The up-like quark of the third

family, the top quark, has a mass

comparable to a tungsten atom !

* In other words, the top — Higgs

Yukawa coupling is large (=1):
*top is a window to
electroweak symmetry
breaking
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Some consequences of the large top mass
(the large top-Higgs Yukawa coupling)

* Due to the non-decoupling properties of
electroweak interactions (Maiani and Veltman,
1977) the top quark gives large contributions
to pure EWK radiative corrections =G m,?

* Very short lifetime: bound states are not

formed, opportunity to study a free quark
T,,=04%x107"s

[(t— bW) = m3 |Vip|? =~ 1.5 GeV /c?.

bﬂ\/:




Evidence of electroweak loops

W Mass vs Tree Level
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Higher Order Corrections
E.W. Tree level SM relation 2 M * mo(M,) 1
W - = _ _ 1
(with running o QED) M V2 G, @y =My) = 128.936 + 0.046




Top quark discovery and indirect determination
from electroweak loops

I
The precision measurements 200__ i
' }{§§i+

of the W and Z mass, together
with other electroweak
observables (e.g. initial and final
state asymmetries) test the
Standard Model at the level of
radiative corrections
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The top quark mass from the
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the indirect determination from 50
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Relation between W, top and logarithmic
sensitivity to the Higgs mass

Tevatron Preliminary March 2012
80.5 —l T T T I T T T T I Ll T T T I T T T T I T T T T I Ll T T T I T T T T I T T T g
J | (O LEPEWWG (2011) 68% CL (excluding m . m & direct Higgs exclusion) _
- 68% CL (by area) m » (2009, m, ' ’ C‘}e’ —
- o 68% CL (by area) m, (2012), mw:j ‘2:\ -
80.45 — ’ 4 =
- ] Lm —
- Before Higgs R .
S _ discovery |
o 804 —
S ’
Ez - N
80.35 |- 7 —
- \ —
| (‘\\"L _
— L —
o 6(30 _
80.3 — —
- L 1 1 L I 1 L 1 L I L 1 L 1 I 1 L 1 L l L 1 1 1 l 1 1 1 L I L 1 1 L I L 1 1 l_l
155 160 165 170 175 180 185 190 195

Moy (GEV)



After Higgs discovery the same plot
represents an important test of the SM
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Relation between top and Higgs masses and
stability of the vacuum in our universe
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TOP PRODUCTION AND DECAY:
GETTING THE DATA SAMPLES



Top Quark Production at the LHC

10 tt pairs per day @ Tevatron > 1 tt pair per second @ LHC
qq >tt:85% gg->tt : 87%

~87 % g%
¥ X t
g | ¢

+*¢* NLO cross-section oN'0 =232 pb at 8 TeV [¥]

~2 M events/10fb1

Some references (not a complete list!): (top pairs) N.Nason et al. Nucl.Phys. B303 (1988) 607, S.Catani et al. Nucl.Phys.
B478 (1996) 273, M.Beneke et al. hep-ph /0003033, N.Kidonakis and R.Vogt, Phys.Rev. D68 (2003) 114014,
W.Bernreuther et al. Nucl.Phys. B690 (2004) 81-137 (single-top) T.Stelzer et al. Phys.Rev. D36 (1997) 5919,
M.C.Smith and S Willenbrock Phys Rev, D54 (1996) 6696, T.M.Tait Phys.Rev. D61 (2000) 034001

30 single-tops per minute @ LHC

s-channel : q’ associated tW Otop & Oanitop not equal
t-channel F+— oNO(total) 8 TeV = 112 pb
bl = ~1 M events/10fb!
oNO =3 4 pb oNO = 53 pb oN9=11pb  —>top production

oNMO=2.1pb o9 = 30 pb o"€=11pb  >anti-top production




Top Quark decays

It decays almost excusively to Wb, from CKM elements V,, V,,, Vy, :
.9 BR(t—
w* L BRUDID) ) 99825:+0.00005
f V: 4" BR(t 2 Wq)

b BR(t =cZ,cY,cg)=0(1077)

W decays are used to classify top final states

Decay topologies for ttbar: « Dileptonic
o Lepton+jets
o Fully hadronic

For single top measurements only W leptonic decays are used



Lepton + jets = 34%
Low background

Main background:
W + jet

ttbar topologies

Top Pair Decay Channels

Dileptonic = 6%
Very low background

main background:
Drell-Yan

Fully hadronic = 46%

important background
from QCD multijet
events
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Tau channels = 14%
Important background
from W + jet, QCD,
other ttbar decays




Statistics with 20 fb-1 at 8 TeV
_m

ttbar SL e mu

ttbar SL tau 232
ttbar DL (e, mu) 232
ttbar DL 1 tau 232
single top t-ch e mu 83
single top s-ch e mu 45.5
single top tW e mu 23

0.15
0.053
0.053

0.22

0.22

0.22

0.5
0.9
0.8
0.7
0.7
0.7

1 090 000
340 000
220 000
200 000
250 000

17 000
/70 000

*Typically two orders of magnitude more than final Tevatron statistics

*Selection efficiencies not included !

*Trigger efficiency, guesstimates from present tables ...

(fully hadronic not included)



EXPERIMENTAL METHODS FOR TOP
MASS MEASUREMENTS:

- EXAMPLES IN THE LEPTON+JETS
CHANNEL

- WHAT ARE WE MEASURING ?

- ALTERNATIVE METHODS

- DIFFERENTIAL TOP MASS



Methods for top mass measurement

 Template fit in its simplest version: measure
invariant mass of, e.g. three jets in lepton+jets
events

— Choose the right b-jet for the 3-jet combination

— Can use the W mass to constraint light jet energy
scale (JES) from two-jet invariant mass: the JES is one
of the most important sources of uncertanity

* Better use of the full event information to gain

sensitivity: Matrix Element method, Ideogram
method

15



Event selection: lepton+jets final state
(example from CMS)

Trigger for isolated muon 0

or electron + jets (pT > 24 GeV) QQQQQ,
Exactly 1 isolated lepton with p; W,

>30 GeV,|n|<2.1 (veto / g'
additional isolated e, )

> 4 “particle flow” jets (anti-kt, b

R =0.5)

with p; >30GeV, |n|<2.4

> 2 jets b-tagged among the 4
leading jets

17985 events in 5 fb-1 2011 \W"
data selected

Composition: v

92% t't, 3% WH+jets, 4% single-
top, 1% other

16



Event reconstruction

* Assign 4 leading jets to partons from t't decay (obey b-tag)
— Kinematic fit with constraints: m,, = 80.4 GeV, m,=m., .,
— Weight each permutation by P = exp- (1/2x2), select Pyt > 0.2

e 5192 eventsin 5 fb-1 2011 data (96% t't, 44% correct)

CMS F 7Ter1ets > ?MS \{_ 7TeV(1|ets —_—
%.) 4000? |:|n nmatched L -IZLietls o I—Z [} E Ijn nmatched -quts -
O 3500 Etwrens [ Weprs E G qp00f EHwrong B s i
0 C [ tt correct [ single top , To) - :E orrect [ single top . i
; 30005_ A tt uncentainty e Data(5.0fb™) _: E 1000:_ A 1t uncertainty e Data(5.0fb") ]
S Leoot * | P>02 5 |
g - ! . = 800
2 2000 c C
£ : S 600
[0 C -— :
Q. 1500F g .
- E 400p
1000F = !
- 2 200;
500F o
: £ o - ]
100 m———— - a 100 200 300 400
100 200 300 400 mit [GeV]

M [GeV]
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ldeogram method: probability densities

e Simulated samples with

— 9 different top masses: 161.5-184.5 GeV

— 3 different JES: 0.96, 1.00, 1.04
* Fit m(top)s, M(W),., distributions with analytical expressions
* Parametrize linearly in m,, JES, m, x JES

Example: correct permutations

CIIS simulation, {5=7 TeV, p4| pets CMS simulation, (=7 TeV,u+jpts

CIlSsimdmon.ﬁ 7Tequen

> - IIIIIIIIIII lll > Illllllllllll]llllllllllll_ >0‘8_lllll llllllllllllllll I_
[} : —— Mygq -1665GeV | ® - —»— JES =0.96 ] 8 F —-—JES 096 ]
OGo.25 Mg, =1725GeV] O . f —e— JES =1.00 3 0.16F —e— JES=1.00 3
— - —a— My, =178.5 GeV 0TS —— JES =1.04 o C —+— JES = 1.04

C . . 172569v 0014 . m, -17zscev-
@ ook 1y JES =1.00 8 t Moo = @®-1% , -
= - ? A = /
I C I
20.15f ‘ t
B B0.
 —  —
i=l i=l
5 0.1 -
© ©
w C w

0.05}
foo 140 160 180 200 20 140 160 180 ﬁt2 0 24 00
mie [GeV] Mg, [GeV] "ﬁ [GeV]
N > .
ﬁt reco
Pcp (mi*|m;, JES) Pcp(mW |JES)
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ldeogram method

m Calculate likelihood for event with n permutations,
J denotes correct, wrong and unmatched permutations

L (event|m,, JES) = ZPgo,c()P(mt,,mﬁ‘}cﬂmt,JES),
P(mfi,mﬁf? t,JES) = Y 6P (mt,|mt JEs) P; (migs2| m,, JES)
j

B Most likely m: and JES by maximizing
L (m,,JES|sample) ~ H L (event|m,, JES)™event

events

1.3_- |||||||||||||||||||||||||||||||||||||||||||| 1

JES

12} 1os

1.1f

. NNJ 1:

0.9f

0.8f




Example: top mass from 2D fit

'CMS, 5.0 fb™!, /S =7 TeV, (+jets

o 1.01 -
E 3
1.005 ZOE
AN
’ ' my; = 173.49+ 0.43 +0.98 GeV
S~~~ S~~~
15 stat+JES syst
0.995
10
0.99
JES = 0.994 + 0.003 + 0.008
N N
0.985 . . S stat+JES syst
0

172 173 174 175
m; [GeV]

m Documentation:
CMS TOP-11-015, JHEP 12 (2012) 105, arXiv:1209.2319
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Systematic Uncertainties

CMS Preliminary, 5.0 fo" at\Ja=7 TeV

tt modelling uncertainties %  Brepton Gomonad -
0.95
I o 09
Perturbative QCD g

m Factorization and renormalization scales r
0. ]
Vary by factors of 1/2 and 2 — 0.24 GeV £

m ME-PS matching threshold o

Vary by factors of 1/2 and 2 — 0.18 GeV

m MC generator (as cross-check)
MadGraph vs. Powheg — 0.04 GeV

>
. (3 1.6_—
Non-perturbative QCD 3 b s
& 14 -o- o
m Hadronization (included as b-JES) ey

Pythia vs. Herwig — 0.61 GeV

m Underlying event
Tunes with more/less MPl — 0.15 GeV °~8:

m Colour reconnection 08|~

7000 GeV pp Soft QCD (mb,diff fwd)

AmmpYnN‘(N¢> 1.9Y>0.SGoVIc)

— Pythia 6 (375:n0CH)

.........

Awt182 21 Me

meplots cernch

Tunes with CR on/off — 0.54 GeV b o 260.7

Data will be eventually used to decrease these uncertainties !

vents



From Maria Costa LHCp talk ATLAS-CONF-2013-046

ATLAS TOP MASS: 3D TEMPLATE

. 3 1200~ ATLAS Preliminary =~ * 1sa7Tevdata o 9 ATLAS Preliminary  * \s7TeVdala
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mﬂ,F , My and R, > myy| S
200 100 W -
JS ’ bJSF P = i " T o"Z"T..“—m:..:";'-:h'"'.":"]"T"Z"I".‘"I"."':"r-
080 70 80 90 100 110 0.5 1 1.5 2 25 Rmf
R,,rec° sensitive to bJES > 500 e .
- > —"llIlIIIIIIIIIIIIIII]IIIIIIII]lllll]llllllli—
constrain bJES from data 3 ATLAS Preliminary ~ * \s=7TeV data
- T | L B T - — | 4 e Best Fit background —
S 0% ATLAS Preliminary [, 00 ] S ILdt=4-7 ooy 4 ’
2 L Simulation, \s= 7 TeV o - o Best Fit
- bJSF = 1.00 ]
% 0'04: @ 7 w 400~ Mgp = 172.31£0.75 stat+JSF+bJSF GeV,
9 . [ ] busF= 105 . JSF =1.014+0.003
2 0.03- —s bJSF = 1.006 + 0.008 _,, a
g E Rjgee = %;':’;% (2b-tagged jet events) 300 |
8 __ reco pbr.w“ed . )
0.02: Rigee = Eﬂ,‘%l—ﬁ (1b-tagged jet events) 500
0.01
100
Olm::n::n:n:n:::n:n i 2 SEHRHHRREREGEN 0 | leecceeeeeeecieeeooL .
0.5 1 1 5 2 25 3 T A | -l.:.l.-l--l-.l.l.-l..l-I-l--l..l.l--r.l-T-I-.I.1-l--l.-l-1-r.l'1-r'l-
R ‘PBO 140 150 160 170 180 190 200 210 220

5e° [GeV
myp = 17231 +£0.75 (stat + JSF + bJSF) + 1.35 (syst) GeV, T (5o

JSF = 1.014 +0.003 (stat) +0.021 (syst), (0.89%) '—‘w‘_:i'ﬂf:%-ki

bJSF = 1.006 +0.008 (stat) +0.020 (syst). D4




Other top mass measurements (with
“top reconstruction” methods)

Mass of the Top Quark

March 2013 (* preliminary)
CDF-1 dilepton 167.40 +11.41 (+10.30+ 4.90)
D@-1 dilepton ¢ 168.40 +12.82 (+1230 + 3.60)
CDF-I1 dilepton R ) 17056 +3.79 (:2.19+3.09)
D@-I1 dilepton "B 174.0042.76 (:2.36+ 1.44)
CDF-I lepton+jets '_'_._—1'76_10 4736 (25104 530)
D@-1 |epton+jets T 180104531 (£3.90 + 3.60)
CDF-II lepton+jets " 172.85+1.11 (:0.52+0.08)
D@-II lepton+jets - 174.94+1.49 (:0.83+124)
CDF- alljets 186,00 211 51 (10002 570
CDF-1l alljets " 172.47 +2.07 (+1.43+149)
CDF-II track ¢ 166.90+9.46 (:0.00+290)
CDF-lIl MET+Jets * o 173.95+1.85 (+1.35+1.26)

LHC m,,, combination - September 2013, L =35fb"- 4.9 fo”
ATLAS + CMS Preliminary, Ys =7 TeV
P e e — 172.31£0.23+0.72 £ 1.35
Hiatod ot ——t 173.09 + 0.64 +1.50
S 20T ets —se4—  173.49+0.27+0.33+0.98
CMS 2011, di-lepton
s 2o — = 172.50 + 0.43 +1.46
CMS 20T allets —t—8—t—  173.49 +0.69 +1.23
LHC September 2013 — O — 173.29+0.23 £ 0.26 £ 0.88
Tevatron March 2013 =i 173.20 £ 0.51+ 0.36 + 0.61
(stat.) (syst.)
| I | | : | | | |
166 168 170 172 174 176 178 180 182
My, [GEV]

< LHC m_top >=173.29 +/- 0.23 (stat.) +/- 0.92 (syst.) GeV

MY =173.20 £ 0.51(stat) + 0.71(syst) GeV

23



WHICH TOP MASS ARE WE
MEASURING ?



Interpretation of the top mass.

||||||||||||||||||||||||||||

measurement in term of NP
“pole mass” is crucial, a
shift = 1 GeV can make a lot —_
of difference

* This is related to the fact
top is a coloured object, T el
there is a link between this { o
“interpretation” issue and -
non-perturbative effects : 9 ,
like Colour Reconnection NS

(CR), which are at present . \
studied with toy models /_\



Which top mass we measure with top
reconstruction techniques ?

Electron
|

— m=0.511 MeV
p —m

Quark

1

p —m

1. The pole mass for a coloured particle has an intrinsic
uncertainty of = Aqqp
2. The kinematic reconstruction of the top-quark momentum from
the decay products introduce an uncertainty due colour

reconnection, non-perturbative effect, again = Ay, some study
indicates = 500 MeV



A proposal as a way out

S. Moch, P. Uwer
Phys.Rev. D80 (2009) 054009

* Measure the mass from the cross section,

Hathor
LHC 7 TeV
350 -
MSTW 2008 NNLO
300 - NLO -
] NNLO, .,
o 250
2
o}
200 f R

140 145 150 155 160 165 170 175 180
m(m)



It works, but the error is large (and it will be
eventually limited by the uncertainty on luminosity)

rXiv:1104.2887
a 04.288 ATLAS-CONF-2011-054
2 DO, L=5.3 fb ! T "VEL
2 14 T 2 4s0F: A\ ATLAS Preliminary,J L=35pb”
o I RS
125 © 400> -3 (o — H4X  jetsX0
L0 - k) - Measured dependence of ¢
X .. 350 kY — NNLO approx. Kidonakis
10 E "*..“ - NNLO approx. Langenfeld et al.
S R e 300 *o., R NLO+NNLL Ahrens et al.
R ) 25054,
AN —n 200" R i iy S
6_— i 150f_ ..................
| == Measured o(pp— tt+X) N -
al— Measured dependence of g -, f00--
| —— Approximate NNLO n e,
i NLO+NNLL 50:— | | |
2 1 1 1 I 1 1 11 I 1 1 1 1 I 1 1 11 I 1 1 1 1 l 1 140 L L 160 1 L L 180 1 1 1 200 ! 1
150 160 170 180
Top quark pole mass (GeV) Top quark mass [GeV]

mEo® = (166.4 718y Gev

tOp



TOP mass from alternative techniques

e Standard methods: based on the invariant mass of decay
products associated to the reconstructed top in a given
channel (lepton+jets, dilepton, fully hadronic channels).

e Given the issues related to the top mass interpretation,
important to explore alternative techniques, e.g.

— Measure the decay length (the boost) of B hadrons produced in
top decays, the boost is related to the original top mass

— Measure the endpoint of the lepton spectrum or other
guantities in top decays

— Select specific channels, for example top with W—=>|v and B=>J/
P+X decays and measure the three-lepton invariant mass

* Alternative methods have typically larger statistical
uncertainties, however at LHC we have large ttbar samples.

— Systematic uncertainties can be controlled with data, again large
samples help.



TOP mass from alternate techniques

 Example of a technique already yielding interesting precision:
Endpoint method

 The shape of the signal can be computed analytically,
background data-driven

e Use of MC limited to study underlying assumption:

independent decay of two tops (color connections and

reconnections violate this assumption)
arXiv:1304.7498

M; = 173.9 £ 0.9 (stat.) T35 (syst.) GeV Lp=50t" E=7Tev cws

160 180 200 220 240
My, (GeV)

| - 11 1 | I L1 1 | [ L -
0 50 100 150 200 250
Moe [GeV]



Another example: top mass from the

 The decay length of b hadrons from top

b decay length

decays is correlated to their boost, i.e. to the

top mass

(F

0.74

0.72

0.68-
0.661

0.64f

0.62

8.0.76

0.7

CMS Simulation, Vs=8 TeV

CMS TOP-12-030

. —=— eu-channel
~  —— pHets-channel

-— e+jets-channel

:l_l\l‘\I\llll‘ll\l\\I‘I\\l\ll‘l\l

162 164 166 168 170 172 174 176 178 180 182

mt = 173.5 + 1.5stat + 1.3syst + 2.6p,(top) GeV,

Myp [GEV]




A promising channel: top mass from
top to B2 J/y+X decays

* the three-lepton o
invariant mass in top Sl | me=
with W->1v and B->)/

P+X decays is o0
correlated to the top i
mass I A,

aaaaa

* J/ in top production
recently observed

Events / (0.01 GeV)

3 3.05 3.1 3.15 3.2

CMS TOP-13-007 Iy mass [GeV] 3




Standard vs alternative methods

CMS Preliminary, Vs=7 and 8 TeV

=1
CMS combination 173.44 £0.37 £0.91
up to L= 5.0fb (val. £ stat. £ syst.)
—_—1
2011 end-points 173.90 £0.90 £ 2.26

Eur. Phys. J. C73 (2013) 2494 (L= 4.98/fb) (val. + stat. + syst.)

e |

2012 B-hadron lifetime 173.48 £ 1.47 £2.87

TOP-12-030 (up to L= 19.6/fb) (val. £ stat. £+ syst.)
———f

2011 Cross-section 176.70 + 330

arXiv:1307.1907

I I | I | |
160 165 170 175 180 185

m, [GeV]




m/® - <m!®> [GeV]

data - MG Z2 [GeV]

Dependence of Top Mass observable on even

How does the measured m, relate to the
fundamental m, parameter in the SM?

— The relation contains (non)perturbative QCD
corrections, expected to depend on event
kinematics

Is this kinematic dependence properly modeled
by MC? - 12 kinematic variables checked

— Good data/MC agreement rules out dramatic

effects

CMS prehmmary \s = 7Tev Iepton+|ets

|||||||

|
e Data (5.0 fb ‘)
—— MG, PythiaZ2
- MG, Pythia P11
- - MG, Pythia P11noCR]
-- MC@NLO, Herwig |

lllIlI

m2P - <m120> [GeV]

i!lllllll]lllllll

o+ |

. +——+ |

[+t T

data - MG Z2 [GeV]

CMS preliminary, \s =7 TeV, Iepton+|ets

L ' UL | L I IIIIIIIIIIII
. Data (som‘) 7
—— MG, PythiaZ2 T

- MG, Pythia P11 ]
-~ MG, Pythia P11noCR |
-- MC@NLO, Herwig _|

IIII;:IIIIIIII

nnnnnnnnnnnnnnnnnnnn

m/® - <m!®> [GeV]

data - MG Z2 [GeV]

10

JHEP 12 (2012) 105

172

173

N

174 175
m, [GeV]

1 CMS prelnmmary \s 7Tev Iepton+|ets

e Data somz‘)
— MG, ylhla 2
--- MG, Pythia P11 N

- MG, Pythia P11noCR"
_ Powheg, Pythia Z2 —
-- MC@NLO, Herwig -

T

11501 1l

2084 250

pT,b,had [GeV]



Dependence of Top Mass on Event

Kinematics

. CMS preliminary, \s =7 TeV, lepton+jets

Fig. Observable I = e B e e B A=

= [} C e Data (5.0 fb") ]

1 Aqu % b — MG, Pythiazz ]

_ L — - Powheg, Pythia Z2 _|

color recon. - g ?‘qu ev - --- MC@NLO, Herwig ]

T,t,had .o R S

fa) - jm=sa= ' 4

4 [Mhad| T Or e T -

5 Hrt oF -

SR/FSR - & ™M £ E

7 Pra N :

_ 8 Jetmultiplicity 3 e )

= 0] 10— — E— —

9 PTbhad o R

. 10 I’]bhadl > - ] 4 * ]

b-quark kin. - ' g o0—% Tt ' _
b R GBS abs g Sy ahs s 888 1500

12 A¢y; ks m [GeV]

With the current precision, no mis-modelling found as function of
variables related to color reconnection, ISR/FSR, b-quark kinematics.
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Underlying Event in ttbar

TOP-13-002

 Studying underlying - taveyi

° . gy
eventin ttbarisalso, § F
very promising to 0-82— EP11EMPI hi ETEV ENo CR
constrain generator 0.6
tunes - ?;ﬁ:i'::‘é‘:”’.‘?;?wﬂ?h"aﬂ‘?a Tev el

ttbar direction

180
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Prospects for top mass at the LHC

== Std. meth. == Endpoints

CMS preliminary projection — L,

—_— 4 :
> B 30 fb™ 300 fb™! 3000 fo! -
Q B 13 TeV 14 TeV 14TeV 7
G 3.5 -
Bl =

= 5
£
S 25F E
8 B

c 2F —
-

_.8_'1 S 5
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top — antitop mass difference: a CPT test

CMS Preliminary, 19 fb™" at Vs = 8 TeV [l
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TOP AND HIGGS: NOT ONLY THE MASS



The top areas of study

Total and differential cross sections, Test
of production mechanism(QCD, EWK), tt
+jets production, measure PDF

P

Precision measurement
of top mass, AM(t-tbar)

(CPT test)
o

g ) T
’c %Oogqctlon

1000

800

Sum of permutation weights / 5 GeV

CMS preliminary, 4.7 fb ™', \ s=7 TeV
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The role of top in the Higgs era

ttbar is our monitoring for Do we interpret the top mass
gluon gluon fusion ! correctly when we match top,

W and Higgs Masses ?

e e L K R

= B
g 1 000 [ % = :.’:vr:z'\nagched E ;\irél\é op ]
t — \:Itfuncetany —e— Data (4.7 fb ")
000 < =, 800 I
(<5 r
i 600
C ctlon E  oof
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S r
& =2o0f
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= I
=
< mit [GeV]
| [
06 CMS preliminary
I o oo cr t-channel associated tW production s-channel
3 A
T [ ]os% cL ' q b m q t
02 ny V=1,V =0 Wt
‘to erties ingle t
-OP g °! °
-0.4 i b t g t Y b
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 6513 pb 16+ 1pb 4610.3pb

Are top properties consistent
with our view of electroweak
symmetry breaking ?

Is there any sign of new
physics in top
production and decay ?



The ttbar cross section

1 A
o(s, mf)= fo dx, f dx2 |Jf) 0@0 ,m,, O(S(I-lif))
Ca,b >
Parton combinations
/)< Cross section of the

Momentum elementary process
PDF's fraction with
respect to the

proton
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000
&
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ttbar cross section at 7 and 8 TeV

* The cross section raises as ST L
fO reseen S, f * CMS combined 7Tev (.1 )

<}

* Program of accurate
measurement of the 8/7
TeV ratio (total and
differential) and of( tt)/o(2)

= CMS combined 8 TeV (2.8 fb'1)
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Selection of ttbar in the lepton+jets
and dilepton channels

Require one (or two) isolated leptons

Lepton reconstruction and identification
efficiency measured from data (Z—2 |l) with tag-
and-probe technique.

Background measured from data using control
samples

— looser identification to get a background dominated
sample and knowledge of tight-to-loose ratio for
background leptons from another control sample

B tagging used to further reduce the background



Leptons+jets and dileptons (e, u)

e Excellent background control thanks to jet categorization,
b tagging and in situ measurement of jet-energy scale

Events/0.5 GeV
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Other channels

tt =7+ u
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ttbar cross section interpretation

600

- CMS Preliminary, Vs=7 TeV, L=1.14 fb™

0,7 (pb)
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Langenfeld et al.
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Differential cross sections

* Important measurements, they
will play an important role for

CMS,50fb"atNs=7 TeV

‘P; I e/l + Jets Combined e Data
oy o . . . . 8 : —— MadGraph ]
— i) investigate limitations of present ... 2 S MC@NLO
. . L. '°| = ---- POWHEG
MC (which QCD predictionsand  —®

models describe our data best, in
the search areas like high m(tt)
and high multiplicities)

— ii) provide independent O e 200 gé[c)G v:q,];o
. . pt [Ge
interpretations (e.g. mass AND '
alpha_s from cross section)

— lii) sensitivity to high-x gluon (y(tt))

arXiv:1211.2220




Differential distributions and MC tuning
already see discrepancies with respect to
NLO generators !

, CMS Preliminary, 12.2 fo" at /s = 8 TeV
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events / bin

Data/MC

Ttbar and additional jets

e Study of QCD radiation pattern

ATLAS CONF-2011-142
CMS PAS TOP-12-023
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A few examples of other
important topics in top physics



Rare processes: tt+X

Important to measure low cross section Processes

L= 50fb'at {s=7TeVv

 Example: tW and ttZ B
(arXiv:1303.3239)

S
os)

- ttV (dilepton analysis)

©
(=2}
T

Cross Section [pb]

S
~
L [

0.2
| NLO Calculations

[ 043701 (stat) "> (syst)pb  0.28 7} (stat) 7 (syst) pb

- Cambell and Ellis, JHEP 07 (2012) 052
- Garzelli et al., JHEP 11 (2012) 056

ttZ (trilepton analysis)

e Other processes tt+X

— Very important tt+bb and ttH,
— tt+MET , Four tops

— tt+y and interpretation as top charge measurement
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Higgs boson observation in various channels, what

about coupling to top ?

March 2013

m,=125.0 GeV
(H->2Z2" 541 m =125.8 GeV)

CMS preliminary

V H—bb c¢MsHIG-12-044
Ys=7TeV,L=49fb"
Ys=8TeV,L=12.1fb"
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Ys=8TeV,L=19.6 fb"

H—)WW( )—>2|2v CMS HIG-13-003
YS=7TeV,L=4.9 fb"
Ys=8TeV,L=19.5fb"

1 2
Best Fit o/og,, (1)




Toward a direct measurement of the
top-Higgs Yukawa coupling

 First measurements of a
typical background, ttbb

* From a recent ttH search in

leptonic final states

four-lepton |

_ +4.4
w= 4'2-1.8

trilepton |

— +2.2
= 2.7_1.8
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_ +4.6
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u= 8.4_27

electron-muon |
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-2.3
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b-Jet Discriminator
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TESTING TOP DECAYS



Events

Obs./Exp.
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R=B(t - Wb) / B(t > Wq)
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Measurement of the ratio
R=B(t - Wb) / B(t > Wq)

A lower limit R>0.945 at 95% CL is obtained after requiring that R<1

CMS preliminary, {s=8 TeV, [L=16.7 fb"

99.7% CL
95% CL

B 6% cL

IIIIIIIIIIII|IIII|IIII|IIII|IIII|Illlllllllllll

06 08 1 12 14 1.6 1.8 2 22

0.2 0.4 0.6 0.8 1

Measured R

CMS TOP-12-035

1: 1.023335¢ CMS-PAS-TOP-12-035 (2013)

I+j: 094" CDF Note 10887 (2012)
-0.09

1: 0.981 o CMS-PAS-TOP-11-029 (2012)

.: 0 S—U.U'.-'
lj: 0.9 00 D@ PRL 107, 121802 (2011)
1: 0.86 %

-0.05

1j: 0.97°Y D@ PRL 100, 192003 (2008)

-0.08

Ij: 1.037" D@ PLB 639, 616 (2006)

lj: 1027
524 CDF PRL 95, 102002 (2005)
: L4173,

1j+110.9471 CDF PRL 86, 3233 (2001)

R=B(t— Wb)/B(t— Wq) 95% CL
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p(cos(6%)

V-A SM nature of the tWb coupling can be probed using 0*
@ompute cosb* to measure contributions from different helicities
dro//r relative contributions for SM are well known

different relative contrib. can indicate new physics
oinSMonlyVL#0andgr=g.=Vr=0

W helicity in top decays

o]

F. [SM=0.311] ltT= o1 W [Fo [SM=0.687] i 1. thv\Gl Fr [SM=0.001]
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T T
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o
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1 do

o dcosf’
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The tWb vertex : W helicity intop .

decays !
« The W helicity precisely predicted in the standard model: V-A "

structure of the decay

— Longitudinal W polarization FO = 70%, intimately related
to the ewk breaking mechanism !

— Left polarization FL=30%, Right pol FR =0

CMS preliminary

B & muon+jets AEO.G
T T T T T VARRERE B ¢ bkg o -
5000 TCMS preliminary, 8 TeV, 19.6 fb B iets g -
C . Single Top 0.4—
4000 -
£ F 0.2
3 B
%3000 -
0 -
c 0
w B
-0.2—
0.4
n e R S A A e L
% 1'1 A,,esiz@__‘ﬁég,,é“,‘, SIVRY, gy, % (8% TP AT Saa. ot
S 5 X Tt 4% v NN Y |
ao.g[j||{j|{j{j|{j||{j||{j||{j|{j|{j"_: _0.6III|III|I[I|IIllI\Illl\llll‘ll\llll‘lll
b= -1 -08 06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04 -02 O 02 04 06 0.8 1

cos(6%) Re(gL)
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W helicity in top decays: results

ATLAS (I+jets + dilepton combined) CMS (dilepton) CMS (single top 7TeV + 8TeV)
[JHEP 1206 (2012) 088] [CMS PAS TOP-12-15] [CMS PAS TOP-12-20]

do = 0.67 £ 0.03 (stat) £ 0.06 (syst) dro = 0.698 £ 0.057 (stat) £ 0.063 (syst) dro = 0.713 £ 0.114 (stat) £ 0.023 (syst)
oFL = 0.32 £ 0.02 (stat) £ 0.03 (syst) oFL = 0.288 = 0.035 (stat) £ 0.050 (syst) oF. = 0.293 % 0.069 (stat) £ 0.030 (syst)
oFr = 0.01 + 0.01 (stat) £ 0.04 (syst) «Fr = -0.014 = 0.027 (stat) = 0.055 (syst) «Fr = -0.006 % 0.057 (stat) £ 0.027 (syst)

Results compatible

CMS preliminary, 7 TeV ® 8 TeV

with SM ¥ £ T g | o
ot ATLAS 68% CL T . . %,%
I - -] & of T WL ‘v,
w F T T ‘ T T T l T T T { T T LI | — % %- i
520005 ATLAS single lepton channels 0.8 ™ 95% CL N 0 - }
- . _5_
U>J1800?fL dt=1.041b" :EE;'" E 0.6 fL dt=1.04fb" allowed regions ] i
1600 " Big best fit ] N N -
1400} % iy (7] Unc. best fit { 0.4 — — z?: 0_—
C A ] Y
1200: Y, O 2 o B £ :
1000 /& el - 1 %
800} OF . - esswcL.
600F 0.21- ] T il @ss%c.L.
400, : - TopFit Vi=1,V=0 [ ° Bestt
200F o B o 04 L1 : - I LT T Y S - T R S R T
ob e ] -0.4 -0.2 0 0.2 0.4 ST T Reg) T
-1 -0.5 0 0.5 1
cos 6* He(gL)

Used to probe anomalous couplings
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Rare processes: limits on FCNC t—2>Zqg

* FCNC searches have improved a lot with 20/fb

— Current result from ttbar/trilepton searches: At = Zq branching fraction greater than
0.07 % is excluded at the 95 % confidence level.

R VS br;e|'nﬁir¥a'ry """ paa ] S 9 cms II:’r;ellir’r;ir;alryl O ba
N 1o 19.5fb at Vs =8 TeV Moz _ N L 195fb7at Vs =8 TeV Moz .
0w L i 7 |
-— - -— 8— - —
=S | L i c [ ]
% 8r Bwe zt ] E B wi, it i
i [zt ] 6 [zt -
6 [ Jww, wz, zz ] [ Jww, wz, zz |
i ] 4 _
ar ] ]

_- 1 IEI 1 1 | I. 1 1 1 1 | 1 1 | [ ] | 1 rl Iél 1 | 1 1 | IEI 1 | 1 1 1 1 1 1

‘POO 200 300 00 200 300
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TESTING TOP PRODUCTION
PROPERTIES



A discrepancy ? ... Az in pp

* SM asymmetry from interference q q tt
(higher order QCD ~ 7%)

CDF Run Il Preliminary L = 8.7 fb™

O5F — I+Jets Data
=(8.9+2.6)x10™

04F NLO (QCD + EW) tt + Bkg
: aM—24x10

AFB

350 400 450 500 550 600 650 700 750
CDF Note 10807 M, GeV/c?




A a LHC = charge asymmetry

N(Aly|>0)—N(Aly|<0)
N(A|y|>0)+N(A|y|<0)

. © A A=l

* top / anti-top rapidity asymmetry at LHC from quark-antiquark annihilation, gluon-
gluon fusion, dominant process, intrinsically symmetric

14 TeV gg —tt (90%), qq —tt (10%)

* Important at LHC to study differential asymmetries, to enhance new physics

*Sum of t and tbar rapidity to disentangle quark-antiquark and gluon-gluon
fusion

ttbar invariant mass sensitive to new heavy states

*Transverse momentum of the ttbar system sensitive to interference due to
ISR

Tevatron

top A —
anti-top LHC A C




CMS PAS TOP-12-033

Charge asymmetry at LHC
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Spin correlations in ttbar

Another tool to investigate the production mechanism, possible only for the top quark
Investigating it now, but will become a precision tool with high statistics

gluon-gluon example at high boost
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t-channel cross seciton [pb]

Single top in t and s channel sensitive to
different aspects of New Physics (tW, too !)
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Recent LHC publications at 7
TeV (t-channel and tW)

Preliminary t-chan 8 TeV
Tackle s-channel with the full «

statistics

W helicity in single top

topologies
Other studies

— new physics interpretations
(e.g. FCNC in production)

— differential cross sections

Single top

First result in t-channel at 8 TeV

200

0

400

TOP-12-011

0 0.5 1 15 2 2.5 3 3.5 4 45
T

t-channel single top quark production

G [pb]

10°F

10

1 T T T T T
B CMS preliminary, 5.0 "
® CMS, 117156 "

v DO, 5.4 fo!
A CDF, 75 fb"

A NLO QCD (5 flavour scheme)
theory ur inty (scale & PDF)
Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042 _|

NLO+NNLL QCD
theory uncertainty (scale & PDF)

Kidonakis, Phys.Rev.D 83 (2011) 081503
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Conclusions

e Top physics an important sector of
electroweak-symmetry-breaking studies

— A complement to direct Higgs measurements
e After first three years of top-physics results at

the LHC-top-factory, now entering a new
phase

* Entering uncharted territory in terms of

(statistical) precision, use statistics as a tool
to reduce systematic uncertainties
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oh, thanks for
POPPLNG e out of the
vacuum!

Sure,ma’am!
Have 50!4 seen awg NP
guys doww there?

Courtesy of Fabio Maltoni
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