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Overview of Top Analyses

couplings, Vi,
7, branching ratios, rare

Top Quark Pairs decays, W-helicity,
V new particles
=

asymmetries, R

spin correlations,
color flow

width, lifetime

* Production
* Properties

“T@ = Single Top
EWK Single-Top Production sw
propernies; mgs
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What's so special about top?

(Summary for the ones waking up now)

Special role in the electroweak (EWK) sector and in QCD

» Heaviest elementary particle known J2m dm,, ocm?
— 4 = 1 -
» The Higgs couples preferentially to top & v omyocin(mp)
 Sensitive to Higgs mass through EWK loop corrections PV

» Top mass is related to the fate of the Universe N
Vacuum stability

» Decays before hadronising: “bare” quark
T~5%x1025 s << 1/Agep

=>» A tool for precise tests of Standard Model (SM)

» Special role in various beyond SM extensions

- New physics may preferentially couple/decaytot ' 12 1 1[2 ]123 130 132
MH eV
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» Major source of background for many searches

=>» A sensitive probe to New Physics



Top-quark pair
(differential) cross section measurements

Fermilab SSC
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Cross section in hadron-hadron scattering

o= Z / dry dzxs f,;(J.'LQQ) . ij(J-'*quz) . i(QQ)

1,j=4,4.9~ 4 T
: T PDF for incoming
Sum over incoming parton |
partons i, j
Momentum fraction “partonic” cross
for incoming parton section
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Cross section measurement

Cross section are conceptually simple...

N — Data driven
ohs bg methods or MC
S — ) —
v der
Eff(data/MC)*Acceptan ...the devil is in the details!
ce(MC) 2
What fraction of tt Luminosity:
events are retained How many |.oroton-
after selection collisions ?

Why should we?
« Test of theoretical calculation, QCD with massive quarks

» Search for new physics
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How to measure a cross section?

Experimental precision depends on how well
- background, efficiency, luminosity can be controlled

Key iIssue determine efficiency Largest uncertainties:

L A - - Jet energy scale
90 1 Selected py - bottom identification
e | _. Observed py - Background yield
| '~ wrong energy scale - Jets from QCD
True jet iDT R - selection efficiency

Jet pt e, H,.....

Experimental uncertainty ~ 10%
(depends on the channel)
Luminosity uncertainty ~ 4.4 %

muon+jets
tau+jets

electrontjets

' tautjets
's. muon+jets
ttbar measured in all decay channels o | ® electron+jets

(except 17) iﬁ e lwltt|  ud c§
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Lepton+Jets signatures

q' g q

3000 times higher rate

Trldoa

* BR~30%
* Moderate background

One lepton + at least three jets + MET, B-tag jeti@
7))
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Dilepton signatures

* Less statistics (BR~5%)
* Less background

pr=56GeV/c,n = 0.7, ¢ = 0.0

Y/ v Two leptons + at least two jets + MET

| \Waiaits 7 5 # More kinematic variables
Y 4
Dimuon mass 26 GeV/c
gy —
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CMS Preliminary 2.3 fb" at\'s =7 TeV

2000F y E
1800F 2 -
oof g E Lepton+jets
1200 I ron-prompt lepton E CMS Preliminary 2.8 fb" at s = 8 TeV
1000 :— —: > 700 :LI TT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T T
= B i signal 4 o - _
800F 9 ENO) B —+— Data N
600~ 4 & 600 3
400 1= B .
i 0 r .
00— e | == c >00 - . Background .
1O - g - 1
e S —— ' Fit (iindf=0.19
0.8 b S LR g $o $o C ]
N ) - N
jets’ biets 200 B
Dilepton - .
100~ 3
OO 50 100 150 200 250 300 350 400 450 500

M,, (GeV)
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Top cross section at 7 TeV

CMS Preliminary, \s=7 TeV

? ! 20 Dec 2012
ATLAS Preliminary B Thecry (appemc. NNLO)
Tor m, = 172.8 Gay
Data 2011, Y5 =7 TeV —— stat. uncertainty .

—— total uncertainty CMS efu+jets 164+ 3+£12+7pb
chaﬁnﬂ| & LUI'ﬂ|. 0'"-115131] :Esyst:l i‘|||I.II'I'I|}I TOR-11-003 |:L=':|B-1'1.Ilﬂ:l:| fval. & slat. 2 syl £ lumi)
Single lepton  0.70 o™ - 179+ 4+ 9+ Tpb
Dilepton 070" ——— 173+ 6 73 " lpo CMS THets 156 + 12+ 33+ 3 pb

TOE-11-004 (L=3 21} {val.+ slat. 4 sysl.+ lumi.)
Al hadronic 167 +18+ 78+ 6 pb
102"
Combination —— 17723 "5« 7pb CMS dilepton (ee . eu) 162+ 2+ 5+4pb
TOP-11-005 final (L=2, 31 {wal. 4 st 4 syl 4 lumi)
Single I?pmn. b — Xuy  —a— 1656+ 217+ Jph
466 fh \
- CMS dI|E-‘ptDI'I {et,ut) 143+ 14+ 22 +3 pb
Than ¥ EtS 167 o - 194 + 18 + 46 pb arkiv 1203.6810 {L=2 2] it st T
Tiag +leplon 205 i’ — 166 £ 13+ 20+ 7 pb
Al hadranic 168 +12 "0+ Gpb )
47 p" | | | | ! CMS all-hadronic 136+ 20+ 40+ 8 F}b
TOP-11-007 (L=1,1/Mk} ival 4 slal.+ sl & i)
50 100 150 200 250 300 350 : "
Lo [pb] EE Appens. MRLO ©C0, Al ot all, Compat Prys Commun. 182 {2041} 1034
‘“_ I Aopeox. NRLO SC0, Kdorakis, 5. Fow. D B2 {20100 114030
T Appens, NHLD SO0, Akvans el al., JHEP 1009 (2010 087
=0 ML Gl | | | |

Good agreement between 0 50 100 150 200 250 300
measurements and predictions o(th) (pb)
for all decay modes
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Current status

10°
. F ® ATLAS prelim. |+jets 8 TeV (5.8 fb” Y
QO [ * CMS prelim. combined 8 TeV (2.8 b
S [ 4 LHC prelim. combined 7 TeV (0.7-1.1 fb") LHC
= | ® ATLAS prelim. combined 7 TeV (0.7-1.1 b
= o CMS dilepton 7 TeV (2.3 fb" }
© 1L ¢ Tevatron prelim. combined (up to 8. 8 fbl) ;
< CDF prelim. mmblned (upto 8.8 ") =it .
,| O DO0combined (5.4 fb) 2z ”’W{,{W&’ﬂfs;agﬂ —
10° = > . CMS dlleplon, 7TeV —v—
300
~ E ATLAS and CMS, 7TeV ~———
B = ATLAS, 7TeV —+—
- B CMS dilepton, 8TeV ——
B & 250
NNLO+NNLL
- Tevatron p
B . Approx. NNLO QCD (pp) | 200
& Scale uncertainty
10— :,/f" I Scale ® PDF uncertainty | 150 FP_:,%{;@{,“LD*NN“
- A it Approx. NNLO QCD (pp) MSTW2008NNLO(B8cl)
u ' Scale uncertainty 6.5 7 7.5 8 8.5
B % I Scale ® PDF uncertainty [arXiv:1303.6254] Vs [TeV]
| li-'f“r Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009 ATLAS .CONF-2012-024
MSTW 2008 NNLO PDF. 0% C.L. ungertainty ATLAS-CONF-2012-149
FATER AU RT U AN it At i i i /SO AR ATLAS-CONF-2012-134
1 2 3 4 5 6 7 8 9 CMS.PAS TOP-12-003
CMS-PAS TOP-12-007
Vs (TeV) JHEP 11 (2012) 067
7@ TeV) 4 411011
_ - : [ exp. (theory) uncerts. uncorrel (correl),
01#(7 TeV) in agreement with arXiv-1303.7215 ]
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Top-pair differential cross section

> Precise tests of pQCD, tuning & validation of MC models, constrains on BSM
effects

> Measure o(tt) as a function of several kinematic variables for different
observables: top, top pairs, (b)-jets, leptons, lepton pairs, E{™ss, ...

. I , % 50 ao"‘m: CMS Prefiminary, 1.14 ft" al\s=7 TV
r - E ® 0 S | ®f s Jets Combined I . Dalla
. Event =i= 5 Response & = —noamo |
: = 0} * i k3 POWHEG
= matrix o sl _
= " .
3 | : . . Diff.
' - .. . 10f Xsec
) . (Reconstructed) 8
40 60 B0 100 120 140 160 180 m a O-Q‘D"‘ﬁh"'aa";ﬁ‘;éﬁ‘;ié 160 180 200
D1[G+v] plr [%]
1 do? 1 N o AR L = integrated luminosity
= Data BG

—— o Aly = bin width for variable X
o dX g A){EiL ¢ = efficiency and acceptance

> Corrected for detector effects (finite experimental resolution)

> Normalised to inclusive cross section in corresponding phase space
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= Only shape uncertainties contribute



Top-pair differential cross section

10 CMS Preliminary, 12.2 fo' at s = 8 TeV CMS Preliminary, 12.1fb" at s = 8 TeV
= 10?""I""I‘"‘I""I""I""I""I""_ w_ 07 o e T
g of Dilepton Combined e Data E '8 %‘ T e/u + Jets Combined ¢ Data ]
; ; =k _ — MadGraph 1 vle o[ ) — MadGraph ]
> Full kinematic reco. E o CMS-PAS MC@NLO - : CMS-PAS = MCENLO ]
of the tt system wo b TOP-12-028 - powhee | o5k T1OP-12-027 .. powHes -
-~ Approx. NNLO ] i I Approx. NNLO 1
> Com panson to 6E (arXiv:1210.7813) . 0.4 :_ |+jetS (arXiv:1205.3453)
5F =

different predictions y(top)

dileptons: - 03t

pr(top) 7 0.2

N _ 0.15

= Softer top p; in data, of
better described
by approx. NNLO

Y
\I\I |||\||||\|\||| Bl o, o i s

= approx. NNLO - O ~"50 100 150 200 250 300 350 400 e e By e R I
pr/y(top) Py teeld y'
o|'=>,0-3_""\""|""|""|""|'"'|""|""\""|"" e LI L I B R B

E,bt’ - Dilepton Combined e Data 1 > [ e/u+ Jets Combined * Data ]

0.7 CMS-PAS — MadGraph 7 8 102 CMS-PAS — MadGraph |

> |n general, good F TOP-12-028 MC@NLO . o “2 MC@NLO =
g » 9 osf TOP-12-028 oowneg - -8| c 1 TOP-12-027 ... powHEs -

- r ] © -

agree.ment ot 05¢ dileptons: § ' 10 l+jets: =

= Dilepton and - y(t) 3 m(tt) ]

NN

lepton+jet channel

= data and predictions

10—6 v v v v v v vy by gg
400 600 800 1000 1200 1400 16C

mtt [GeV]




Constraining QCD radiation using ttbar events

<10° CMS, 5.0 fo'' at\s =7 TeV
At LHC, the fraction of ft events produced with additional T | oh+dessCombined  + Daia ]
hard jets from initial (final) state radiation is high & _ _mgfgafg :
= Typically, large uncertainty ?!:%F i ~--- POWHEG

due to radiation modelling in MC arXiv:1211.2220 -

 Help tuning MC models

l+jets: -

with measurements 0
' p(tt)
= Anomalous production of tt+jets could reveal new physics SF p
» Background for tt+H and many BSM searches T e e T ]
00 50 100 150 200 250 300
CMS Preliminary, 5.0 fo' at\'s=7 TeV pE (GeV]
2] E 3 .|2 g E
3 5 - Dilepton Combined CMS-PAS ] S 5 - Dilepton Combined CMS-PAS :
gL TOP-12-023_E oL TOP-12—023_E
In general, good i B dlle[\pl)tons.f d||el\Fl>t0nS- ]
-1 . . -
agreement between e T = jets jets 3
data and predictions i A 1 e pata g ]
107 ¢ Dat _ 3 10%E __ MadGraph+Pythia 3
o — MadGraph+Pythia 3 R MadGraph Q2 | E
L - MC@NLO+Herwig : oo MadGraph Q%/4 e
103 — POWHEGH+Pythia i i = 107 --- MadGraph matching up f E
F b ] £ --- MadGraph matching down :
O 1.5 F =4 O 1.5 F -
= =
g 1 a2 3 e T ———
S o5k . . . . S s E_ . iy —
2 3 4 5 =6 2 3 4 5 =6
Jlata Jets
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Top Pair Associated Production

= ttbar+W/Z are rare processes in SM t
measure couplings to bosons 5
= Important bg for BSM searches T
d " 7
tt+bb: Ratio of light flavor to b-flavored jets
d ; (dilepton final state)
u ¢ important background to ttH search
W+
. g SMs L= 501" at\!‘ 7TV, CMS L=501b" an" 7 TeV g(tfbﬁ) 36411 £ 0.9.. ..
£ 0 e ou 3Ieptons ttz 1 205 o ous 2SS Ieptons _ o (ttjj) stat syst /0
ez {8 ez 1V (V=Z,W)
6 Cit+w = D_ ) ]
Wz +jes 116 -t,:;n‘_";mmwwsm E L7 = N O B B BN B
E:_;z 1 145 o wisip ] S [ CMS Preliminary ;t':%a:ic’,LFf
o b T D TRV me
8 Py = E i E
i, 107 | | ]
(eele  (eelu (e  (uw T e M eu 10 E
0.14 0.06 i ]
= 0.2877; (stat) *096 (syst.) pb (3.36) L
Oy = 043_'_3%;(%&’[) +gg?(syst.)pb (30) 0 T 2340 123401234
b-Jet Multiplicity (CSVM)
Consistent with NLO calculations BJ:EE; 1()17((22001122))005562j Carmen Diez Pardos | 15.08.2013 |Page17 . @%



Top Pair Associated Production with Higgs

> ttbar produced in association with H

= ttbaris a “clean” tag =)

> Direct measurement of H couplings %
t T

T

L

(=

10"
-7
10
CMS praliminary b, T vy fa=7TeV. L=50f" E=8TaV.L=10.5%"
= _ . :
D"’ 10 _— —e— Obsarved PA ] E_Eg
'E I 1tH(125) injected A 019
: 3__.... - Expected + 1o ] DS.0/7D E
E I Expected + 2o E
J [ =
2 o A
2, 3
2 ______________ =
o Ts 1= 125 130

[ IIII|I|
LG MIGES X5 WE 2010

Ns=7 TeV

200 300 400 500

' — Observed CL, limit H —
—— Expected CL,_ limit  fiH channels comb.
ATLAS preliminary

Data 2012 Vs =8 TeV
J" Ldt = 20.3 o™




Top-quark pair
mass measurements
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Top Mass Measurements

> Top quark mass is a fundamental parameter of the SM

= Known with good accuracy from the Tevatron: 173.20+0.87 GeV

= [ndirect constraint on the Higgs boson mass via EW corrections

> Only fermion with the mass of the order of EWSB scale

6_Mar¢h2099 ] mum=1'63 GeV
| WA: M Theory uncertainty M :
. . : .'- Act|{15a)d=
> Measuring precisely Mw and mtop 5 % 0.0275820.00035 .
_ : % % e 0.0274920.00012
. Test consistency of SM 4- % Yo incl. low Q2 data —
=  Search for new Physics o
- X 3- -
= QUARK MASSES < 7
O]
200 2" |
150 1 _
100 1 T
0 Excluded \(. /:" Preliminary
50 . 30 100 300
0 0,008 . 0;5 ‘cs b
SE5 8 .. Carmen Diez Pardos | 15.08.2013 |Page20 X %/




Which mass are we measuring?

L o= . -T My (1+ ).,

> Fundamental parameter of the SM, not an observable -> scheme-dependent

= Pole mass: viewing top as a free parton
= MS mass (‘running mass’)

1@,

. .
Mg, =W{ﬁ} (]_ + E—} + 8.28 (i’:m) 4 - ,.) + G(ﬂqgn]

m

= Mass as defined in MC ("MC mass’): typically LO or NLO, different from pole mass or MS
mass

= Difference between pole mass and MS mass ~10 GeV
>  Determining mtop:
= Direct methods: full reconstruction of tt events, depend on MC

* |ndirect methods: use the dependence of the top mass on the other variables (e.g. cross-
section)

NB. Relation of measured mtop to well-defined mass not straightforward!
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Direct measurement of the top mass

LO final state:

Lepton+jets

> undetected neutrino

= Px and Py from ET conservation

Ll iri'.'?%‘

= 2 solutions for Pz from Mw=MIv

> leading 4-jet combinatorics

= 12 possible jet-parton assignments experiment sees:

= 6 with 1 b-tag
= 2 with 2 b-tags
= ISR+ FSR

Dileptons

> (less statistics)

> two undetected neutrinos

> less combinatorics: 2 jets (+ISR/FSR) %
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Mass in the lepton+jets channel

> Best channel (for now) to measure top quark 3% amas | < e ]
2350:_ e + jets ; =n;\| lp1m G1\-:zsev
mass gago [t =
= Compromise between large branching ratio 0 250 4 W0 ey E
(BR=30%) and a good background rejection 200¢ : ]
150F
> Well defined final state (1 lepton, one 100~ 8
neutrino, 2 b-jets, W->qq’) 50-

_100 150 200 250 300 35400
mise® [GeV]
ZEJet1+El+E ijet1+pl+pu) )
jet i jeti "

The problems:

MT =77 Gev p:: 109 GeV/c, n = -0.6,¢p = -1.7

> How to get the z — component of v

> Out of 4 (or more) jets: which jet belongs to which top?

> What is the energy scale of jets (and electrons)
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p,(v)? Which jets?

p,(v)? Constraint from W mass
M%V — (El + Eu)z - (px(l> T px(”))z - (py(1> + py(V))2 - (pz(l) + pz(V))z
E, =/p2(v) +P2(v) + P2(v)

> Quadratic equation = 2 solutions

> physics: in 70% the solution with smaller p, correct

Which jets belongs to which top quark?

Two aspects: if more than 4 jets (ISR) —
mostly jets with highest p;

> 4 jets =» 4 possible assigments Important constraints

> (Wedclios  Insfic. ) - mass (jjj) = mass(jlv) (= My)
- mass (jj) = My
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> Note: if b — jets identified, reduced to 2 possibilities



Jet Energy Scale

> Measure signals in calorimeter = derive jet energy

> Implies uncertainty! = relates directly to top mass

M2 = (Y Ejor i + Ei 7 E)2 — () Bjeti + B1 + bv)’
jet i Jjeti

> Top — quarks offer “self calibration
> M(jj) has to be equal M,, & change JES such that fulfilled

CDF Run 11 5.6 fb™

.........
. RET 0
.
.

o o ¢
'S
I RN I

..
.
N
.
~.
.....
e

02F —A(nL)=-05

Ajes (9)
[=]
o [\
[
i i

04| "AlnL) =20
E e AN L) = -4.5
06 B 1 v e
170 171 172 173 174 175
m, (GeV/c?)

> Still the (slightly) dominant uncertainty of M,

@/
ot
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Combining all the information...

ConVOIUte With CMS, - |ous
experimental eﬁects%;g:

)

Theoretical pred with TR

Mz(top) ~ Mr = 77 GeV

W,

Theoretical pred with
M,(top)

> Matrix method

= Calculate probability for event to be top or BG, depending on top mass.

. —_ ) ) _ 16022 Runllb Preliminary, L=4.3 fb™
= Multiply event probabilities to obtain most likely mass 2
7 165
= = = 2 |
ﬁ E ﬁ ﬁ A70F
o 0 <} 0
o o o o -175
160 170 180
m, (GeV)
Top Mass

Top Mass

> Templates
« Use variables strongly correlated with top mass

Compare data to MC generated with different top mass: extract mass using a
maximum likelihood fit to data.
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Top mass in lepton+jets

Simultaneous measurement of top mass and JES:
1 isolated p/e, > 4 jets, 2 b-tagged jets
» Reconstruct top mass from kinematic fit > mft

» \WW from reconstructed 2-jet invariant mass
(handle on JES) & m,,¢

» For each event, calculate the likelihood that m/tand m,,"ec°
are consistent with a given top mass and JES factor

» 2D fit over all events to extract the top mass and JES:
( < 1% precision !)

my = 173.49 1+ 0.43 (stat.+]JES) & 0.98 (syst.) GeV

JES = 0.994 - 0.003 (stat.) + 0.008 (syst.)

» Most precise individual mass measurement ever !
= Consistent with world average

Main systematics: b-JES, colour reconnection

CMS, [s=7TeV, i+jets
T 1 v 1 7 T 1 T 77T
- [ ttunmatched B Z+jets

groor Ei Qe
o - tt correct [ single top

s " 77 ttuncertainty e Data(5.0f7)

~ 1000 -
@ L

=y [ ]
D - fit _
“;’ 800: mt :
S B _
'E 600~ -
E B i
5 400 7
o- —

©

e _
3

w

200

400

300

mit [GeV]
- CFS, 5.0 fb™, s=7 TeV, l+jets 25
Ll
| _ _
1 -005 ... [ Y s A ...
: 20
1
= 15
0-995 LUEELEEEE ST 00 .
10
0.99
0.985 5
0.98

172 173 174 175
m; [GeV]
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Mtop dependence on kinematics

CMS, 5.0 b, Vs = 7 TeV, (+jets

> How does the measured m, relate to the one needed &
for theoretical calculations ? |

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

*|SR/FSR radiation, ...

= |s this kinematic dependence properly modelled in simulation”

m, [GeV]
Sensitive to ISR/FSR b-quark kinematics

CMS preliminary, |s = 7 TeV, lepton+jets . CM|S ?r.?lip'nipa'ry., }"5.=I7T9Y5 !e'?t'?"fi‘?ts. _
;‘ :l T 1 | T 11 ' LB ' T 17 ' T 1.7 | T 1.1 | T I-I | T 1 I: %} 15__ o Data 5 fh- __
8 o S Bty 8 - By
- " Pouneq, rtna 22 - Mo Py inoce
“g C --- MC@NLO, Herwig | “é‘ L --- MC@NLO, Herwig -
Do : Voo ]
o Q T g
T o= . . oo

2 E A 1
- ! : - -
-4 - B ]

% 6 = 2 OF ]
S L [ R | P R B S, I R R L -
o~ 1oErHTHHH | e o SE Tt T 1 =
N 5 oie_a ; }

—e L - [ T 0 k4
s ° t s F . ]
! '10__\ | 11 | 1 | L1 | | I | | ] | | | | 11T & -5__| I - - - - | - - - - | - - - - | - - - ‘_;.
£ 0 20 40 60 80 100 120 140 160 o 50 100 150 200 250
S P, ; [GeV] o Prphaa (V]

Good agreement between data and predictions; more data needed !
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Top mass from cross section (indirect measurement)

Mass dependence of predicted cross section| cMms Preliminary, Vs=7 TeV, L=1.14 it

allows determining m, from measured o(tt) Top quark pole mass from cross section
= Remember: G(t_t) = f (my,, os, PDFs) T3S [Prol, L=1.44 ") approx. NNLO @ MSTWOGNNLO  value 160 @ axp £ o fm,)
_ Langenteld et al. : » 1703 *32438
= Extract pole or (s mass from , , 65137
. . . Kidonaldg g — =100 2%
measured cross section in dileptons Ahrors ot al. : . - ers ¥8432
= Most babl Its f ioint ATLAS (ProL, L=35 pb™) approx. NNLO @ MSTWOBNNLO
Most probable mass results from join s . . 1oes +78
likelihood: theory ] experiment . . 1ee2 73
5 600 Ahrens et al. - 1622 3

.. _ _ 1
CMS Preliminary, Vs=7 TeV, L=1.14 b 0o & p— "

approx. NNLO x MSTWOSNNLO: Langenteld et al. — 1675 32

|

Oy

[ Langenfeld et al Kidonakls Py 166.7 13.2-5
400 Kidonakis
Ahrens et . —_— 63
Il  Ahrens et al 4.6
Tevatron direct maagurement (July 2011) - a2 93
% I 1 | 1 1 I 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | |
140 150 160 170 180
200 poIe (GeV)

Good agreement btw different calculations & experiments

- [J Measured cross section
@ Cross section corrected for m'mle (Langenfeld et aI)

) Measured cross section dependence on m® Imminent update using full NNLO & most precise o(1t)

0 Il Il Il ‘ Il Il ‘ | | ‘ | | ‘ | | |
140 50 60 70 80 190 Main syst: uncert. of the measured o(tt), PDF, as
m:’°'e (GeV)
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Summary of Top Mass Results

CMS-PAS TOP-12-001

CMS Preliminary CMS-PAS TOP-11-018 | LHC combination
1 CONF-ATLAS-2012-095
LHC m,,, combination - June 2012, L =35 pb"- 4.9 b’

CMS 2010 dilepton y 17551464486 ATLAS + CMS Prellrnmanr \s=7TeV
JHEP (7 (2011} (L= pb'} (val. £ sta, = sysd,) Al I_-.I":‘:>I !2|J1II:|.I |IJ!D:[.3.II i o—i= 1603+40+40
CMS 2010 leptonsjets 1731+21+27 ATLAS 2011, [+jets ——i 1745+ 06+2.3
PAS-TOP-10-00% (L=36 pti") (val. 2 stat, = syst,) 1\IL.-“4=|' 2011, all el

: .-J.--a h —t— i —— 1749+21+39
CMS 2011 dilepton 1725204215 rgg gm di-lepton - -
i 1209.2393 (L-5.01b) (vl . £ 552 i PP ——— 17554461 4.5

{ |'.,. 21 :'H ij‘T -
———s ———t 1731+ 21+ 2.7
CMS 2011 leptonsjets 1735404410 -4t (0 R F
12092319 L=5.0E) (val. = sl £ syt s :i‘ 1'.d 'r: 1;“; —_ 173.3+1.2+27
CMS 2011, p+jet
CMS 2011 allets B 173507413 et 26+0441.5
PASTOP11-017 {L=3,54/) (val.  slal, + sysl) )
LHC June 2012 (0.8%) o= Ga.ai 05413 )
N === o
CMS combination 0.6%) 173404409 . S 06+
wio L=5h ( } (val. £ sfal + syst ) Twatmln Juy 201 I | l 173.2 + Eﬁg ;15?,;2
CMS combined regult 150 160 170 180 180
| | | | | | m,, [GeV]
160 165 170 175 180 185 o
m,, [GeV] NB: Missing most up-to-date CMS and ATLAS results

CDF Conf Note 10976

Tevatron: m, = 173.20 £ 0.87 GeV | (0.5% 1)

Measurements in I+jets and dilepton
channels now competitive with the
corresponding ones at Tevatron

D0 Conf Note 6381

Precision of combination similar to
Tevatron combination
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Top Mass Difference

> CPT invariance = mass of particle=mass of anti-particle
> Top quark decays before hadronizing = Am can be measured directly

> Use lepton+jet final state: use p+jet ttbar events: positive/negative muons
(L=1.1/fb)

- Compare mass measured from u+/u- +jets

- Use hadronic side

CMS Preliminary, 19 fb1at r 8 Tev M i CMS Preliminary, 19 b at s =8 TeV [l

= 25000F T T i Wejets = 25000 T T T T T Il Wejets
3 ;  mzeets | 3 ] T+jets  |mzsets
o 20000 ..|MmSingle-Top| = 20000fF F— - .|l Single-Top
o QCD o QCD
™ S
B 15000t =k b + Data S 9 15000
c o
@ s [15]
{1 10000F () 10000

5000 5000

0 14 U 14

T 0.8} : o 0.8] S

O 0.6 O 0.8

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 70O 800 800 1000
Fitted Top Mass (GeV) Fitted Top Mass (GeV)

Am, = m* - m’:’“d =-272£196 (stat.)=121 (syst.) MeV | | @E@




History Mtop vs Mw

March2005 ,
| —LEP1 and SLD
- LEP2 and Tevatron (prel.)

'''''

3 et
O, 80.4- .

=

= h
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History Mtop vs Mw

July 2005
L]

' ! ! |
| —LEP1 and SLD
80.5 1 - LEP2 and Tevatron (prel.)
68% CL

S
D
O 80.4-

80.3 1

150 175 200
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History Mtop vs Mw

Merch 2007
T

1 —LEP2 and Tevatron (prel.)
- LEP1 and SLD

Carmen Diez Pardos | 15.08.2013 | Page 34



History Mtop vs Mw

July 2008

! |
1 —LEP2 and Tevatron (prel.)
80.54 - LEP1 and SLD

68% CL

S
(1h]
O 80.4-
2
-
80.3-
150 175 200
m, [GeV]
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History Mtop vs Mw

BU'.E! -urmnr i . : :
— LEPZ2 and Tevatron

1 = LEP1 and SLD

68% CL
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History Mtop vs Mw

O —
[T1LHC excluded
| —LEP2 and Tevatron
1 -+ LEP1 and SLD
68% CL
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History Mtop vs Mw

3
S

80.46 __|:| Not excluded at 95% C.L. by direct searches

M,

—— My,: LEP+Tevatron, m : Tevatron 4

80.44 68% C.L. «®

80.42

—
rt]

——
7,

80.40

80.38

80.36

80.34

80.32

IIIIIIlIIIIIIIIIl
it 165 170 175 180 185 190
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History Mtop vs Mw

July 2012

[GeV]

80.46 —— LMC direct searches

~ —— My LEP+Tevatron, m: Tevatron
S044  gwcL A

M,

80.42

165 170 175 180 185 190

> Standard Model is self-consistent
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History Mtop vs Mw

July 2012

=

1{3'““' —— LHC direct searches

:f - —— My LEP+Tevatron, m: Tevatron
8044  gawcL A

future:
A(mt)=1 GeV 3

au.q.zi—SM broken o

&,
\I|'|
|

165 170 175 180 185 190
m, [GeV]
> improved W mass

measurement is critical
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What mass do we measure?

s |

(im“ ~—— LMC direct searches

f | M,: LEP+Tevatron, m : Tevatron
80.44 68% C.L. 0;1

pole mass ., »
\ I,-' / .-“".. O
80.38 ®
80.36 \ \ world
o average

" interpreted
8032 as MS mass
80.30' ~10 GeV (3-loop)

165 170 175 180 185 190
m, [GeV]
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t-channel

Single Top

Wt

s-channel
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Single top quark production

> At hadron colliders top quarks mostly produced in pairs, via strong
interaction

> Single top quarks produced via weak interaction

> Three main modes:

q q b W
q t
W W+ ¢
b t
g B 4q b g t
t-channel s-channel tW-channel
Predictions t-channel (Otqb) s-channel (Ow) tW-channel
Tevatron 2.26 pb 1.04 pb 0.28 pb
LHC (7 TeV) | 64.6 pb 4.6 pb 15.7 pb

N. Kidonakis, Phys. Rev. D 83, 091503(R) (2011); Phys. Rev. D 81, 054028 (2010); Phys. Rev. D 82, 054018 (2010)

> LHC much more gluons than in Tevatron — different relative rates
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Single Top Quark Production

> Cross section proportional to |V, (Vg Vie Vi
test unitarity of CKM
ey Ve =| Vs Vis Vi
> Sensitivity to b-PDF and u/d-PDF kvtd Vie Vi ,J

> Are sensitive to many models of new physics (new particles,
FCNC, Anomalous couplings)

> Large backgrounds (W+jets, tt, QCD)
Backgrounds:

WHjets

Diboson and Z+ets
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Single top at a glance

o [pb] t-channel tw s-channel ttbar

Tevatron

) AN nn-ot -
Ge6Tay) 226 (10'12— 028%104“ ence 714 (+0.76-0.86)
LHC 65.9 (+2.1-v.1 ) 4.56 (+0.07)

15.6 (20.4) (+4 163 (+7-5)(29)

http://arxiv.org/abs/1210.7813v2

(7 TeV) (+1.5-1.7) Evidence  (+0.18-0.17)
ee)
S LHC 87.2 (+2.8 -1.0) 5.55 (+0.08)
o
A (12022 222 (+0.6) (+1.4) 2027) 234 (+10-7)(£12)
AN
x — Phys. Rev. Lett. 110, 022003 (2013)
5 ] , —
E mﬂ_ CMS, /s = 7 TeV, 4.9 fb" é;ﬁ
I| > t-channel has the largest cross-section at the LHC soof- =§}£” )

and the Tevatron, discovered and understood at
the Tevatron and the LHC (milestone)

> s-channel at LHC: so far upper limit

> tW associated production: ATLAS and CMS
reported evidence at 7TeV, CMS reached 40 with
full 7TeV dataset e 21t poon

-
e
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http://arxiv.org/abs/1210.7813v2
http://arxiv.org/abs/hep-ph/0609287
http://arxiv.org/abs/0804.2800v3
http://prl.aps.org/abstract/PRL/v110/i2/e022003

Single Top Observation: t-channel

Signature
' »  Light” jet ' with high Vie Vis Vi
q pseudorapidity |T1j.| Ve = Vg Ves Vi
I""rfd Vrs vu;.

- — —— — —» puore

v, » Missing energy

t-channel single top quark production Vs. sqrt(s) [TeV]

h——" bjet: D L A ]
- B CMS preliminary, 50fb |

central, highp, - een 7 TeV:67.2£6.1 pb (9% )
] = Y DO54f” N =
2" b-jet: - 4  CDF75Mm " .
b broad [n], low p_ [ / i
i 8 TeV: 80.1£13.0 pb
1 D E_ Tevatron -------- NLO QCD (5 flavour scheme) (1 6% ) _E
[ = theory uncertainty (scale & PDF) ]
: Campbell, Fraderix, Malloni, Tramontano, JHEP 10 {2008) 042 :
» Typically apply multivariate techniques B NLO+NNLL QCD n
(NN, BDT) using full event properties : == theory uncertainty (scale  ® PDF) ]
to maximize Sensitivity : | | | I | | | FICianalkiE. F':'ry5.F{lav.D BIE |:2D‘:1}DEI'IIEGS | I :

0 2 4 6 8 10
All measurements consistent with SM predictions JHEP 12(2012) 035

CMS-PAS TOPAL 280 T4
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> The tW associated production was never studied before

the LHC

> Good/bad news: looks like ttbar; easy to observe, but E i
much ttbar background, small production rate and large
backgrounds :

> Shares final state with important searches ¢

= Higgs (HWW), SUSY

> Sensitive to new physics affecting the Wtb vertex (but not
to new particles)

> Select dilepton events

Two isolated leptons (ee, py, ep)

BE;™iss from the two neutrinos

—-——--) One b-jet from top decay b quark ;



Observation of W-t associated production

3800 CMS,\/s = 7 TeV, 4.9 fb” ®Data
L [ Jw 1

3000 [ I B
B B Z/y*+jets I

[ other

> Cross section from binned likelihood fit 25°°;
to multivariate (BDT) output in signal
and sideband regions

. 1jet 1 tag 2 jet 1 tag 2 jet 2 tag
(3.30 significance) e’
PLB 716 (2012) 142 Sigfal [ na paa sl g i
c=16.8+2.9+49 pb _ CERN-PH-EP-2012-266
8100F L T T i CMS, l8=7TeV, 49" | .U 4 Submittedto PRL 2
. L ATLAS —4-Data ) ] L i i !
o L V771 JES uncertainty | E I eviets | 5
2 o [La-zoow =T =z | =164 pb
o L s=7Tev DZ(ee/up)+jets - £ Systematic i L
& D z{roies (4.00 significance)

Dilepton 1 jet @ Fake dileptons |

(o)]
o
T 7T T

N
\ol

(6.00 significance with
8TeV datal)

-1 -08 -06 -04 -02 O 02 04
0
BDT output -1.0t0-0.89 -099t0-07 -0.7100.7 OIEtDD?l;gzisgl;?l?ﬂtion“a.?ﬂ 5s | 15.08.2013 | Page 48
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Searches in Top Production and Decay

(some examples...)
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Searches in Top Production

Q)
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Top quark pair resonance

> No resonance expected in SM

> Why is Top so heavy?
= new physics?
= is third generation ‘special’?
= couples predominantly to third generation quarks

> Top is relatively unknown experimentally

> Experimental check

= search for a bump in the invariant mass spectrum

Carmen Diez Pardos | 15.08.2013 | Page 51



Search for heavy resonances

=)
> Search for massive neutral bosons decaying via a m%
ttbar quark pair b

> Presence of new particles decaying into top pairs
- distortion in m(tt) spectrum !

107
> Use dilepton/lepton+ijet final states (electron and
muon)
> Systematics include shape (JES, b-tag, theory 102

model) and rates (eff. bkg yields)

D@, 5.3 fb™!

- — Topcolor Z°
- — 95% C.L. observed
- == 95% C.L. expected

200600 800 1000 1200
resonance mass [GeV]

T 3 O Weh CMS,L=19.6fb", (s=8TeV Z' with 10% Decay Width
> - . others e . L[\ —— Expected (95% CL)
c I | -~ Z1.0TeVie (1%) i) g < Observed (95% CL)
o 102 L o liate o seeer 2120 TeVie (1%) » B N
0 : ‘ e Z30TeViE (1%) N 10 i \ — - Z'10.0% width
Uncertainty =
[ ... —% CMS Data 2012 ...3 : i\\\ [ ] Expected = 1 s.d.
10E S i utjets, Nb-lag 21 £ ] i [ ] Expected = 2 s.d.
: e : = E
= @ .- ----- _—9 107
NO hintS Of E "-.- E | .......................
- - Lo ‘ 102k ~
new thSICS10-1 | L E | 1
0 2000 3000 4000 5000 0.5

so far ®

| s 2 25 3
2 - -12- : |
Mﬁ[GeVIc] CMS-PAS B2G-12-006 M, [TeVi\:
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Searches in top decays
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Searches in top decays: b disapearence
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Top quark decays

top decay t—-Wb, but really 100%7?

Ve Vs Vi
. . ] vﬂl‘f.ﬂ.d' - .l""l:d .'l":;s Vcﬁ
> Indirect measurement using the CKM matrix: Vie Vis Vi

= Elements [Vub| and |[Vcb| measured to be very small from decay of B mesons
= Unitarity and only three generations implies |Vib| is 0.998 @ 90% CL

> With top quark samples we can measure it directly as “R”:

_B(t-Wb) beyond
Standard Model: L2270 | g R*1
|Vrb|2 2
— =V, =1 th
=y f| ol :.Eafk?c;zllnto 4™ generation
!/

sensitive to b disappearance
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Measuring of branching fractions

> R changes with the number of “b-tagged jets

CDF Bun Il Preliminary 6.7 fb? Lepton+Jets Final State

2000 ...
] — L+Jets Data
| | BECHQI'DUI"IC'
; - i, B
1800 === fi, R=0.5 {
m sEes ﬂ| Hﬂ11
=
1000 _Blt —~Wb)
5 ... N=Bi~Wa)
t
500
l ||
"

1-Tag 3 jets 1-Tag d jels 1-Tag=5jets 2-Tagdjets 2-Tag4 jets 2-Tag=5jets
CMS preliminary, §5=8.0 TeV, | L=16.7 fo!

(22} FITTTTTTTTTTTTTT TTTTTTTTTTTTTIT TTTTTTTTTTTTT
€ 8000— —
S = ee up _ eu ‘B
@ 7000 2 ElL
= - .Multuets.'W—ﬂv
6000 - [ other
5000 — [
4000; —f .Singlemp
= 2jets 3jets =
3000 ~ =1 E
2000 £2°° —EDZ_’"
1000: 3jets St 4]etsz + data
E 4jets 4jets _;
012340123401234012340123401234012340123401234 I
b-tag multiplicity
a 156 N 100 OO OO U U ) O O O O O O O O O O O O O O N T T T T _ﬁ‘
g 1 +++ +.¢.++ + + +++ +++* + +H + B
o7 O, 0 00 0 0 0 (O

0 12340123401234012340123401234012340123401234




Measuring of branching fractions

CMS preliminary, ys=8 TeV, [ L=16.7 b
|I T T T T T | T T T T T T T

. . < O | \ 3
> R changes with the number of “b-tagged jets” 79, §F oo r<rom ] ]
350 o =

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

3_— - -
,.a: - ‘ . Dcomblned 3
; 09: 99.7% CL 4 25 [ Jee =

“E o o i
Q "F [ es% cL ; S
L 0.7 5 k3 7
= : 05f 3
T 0.6 : %¥ oLy e PSS et
T ¢ : 9 0.95 1 1.05 1.1
EI'? 0 5:_ ! Measured R
P E *R=1.023+0.036 tat+syst
04_— ' = 1. ) . _0_q34(s a SyS ) .

- 5 Assuming unitarity of the CKM matrix and
03r 5 its three-generation structure, the matrix
0.2F- 5 element:

; 1;_ 5 *|Vip|=1.011%0:018 | _(stat.+syst.)
| L L | | | | | | | | L E L L

| .
0.2 0.4 0.6 0.8 1 1.2
Measured R
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Searches in top decays: W disapearence
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Search FCNC in Top Quark Decays

(Flavor Changing Neutral Currents)

€

Lrcne = tyu(vz — azvs)9Z" + h.c.

2 sin Oy cos Ow

> In the SM flavour changing neutral currents (FCNC) are forbidden at tree level
and much smaller than the dominant decay mode (t — bW) at one loop level

> BSM models predict higher BR for top FCNC decays — powerful probe for new

physics
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Evenis /2 Gev

Evans /10 Ga\f

Search FCNC in Top Quark Decays

3 ID selection
* p; (1%t)>25 GeV

14F
I ATLAS = dats
12-_ ----ﬂ-mfﬂrrﬂ_-
JLﬂt=E.I1’d1 W riwz ]
10f et
s I zoes
o mibosnay
ar P bk wenriammty
4 ;
+ :
T ]
2 .
n- e N
80 B85 85 100 105
my [GeV]
(a)
| 1 I I
ATLAS « it p
12 -~ s WHZ sigra]
Lat=21f'  [law= ]
1 []# ronm .
-f-npf.l

Evenis /2 GaV

Events ./ 10 GaV

2ID+TL selection
* 2ID + ‘track lepton’, p; (TL)>25GeV

Tamas e tt — qZ bW — qgll blv
;;I'L*“=2-1 ' =ﬂ£ﬁw * 3 leptons (p; > 20 GeV)
b m— * 2 same flavour |m(lI*l)) = m(Z)| < 15 GeV
a ' * ;™S> 20 GeV, >=2 jets (p>25 GeV)
i
fmy [GoV]
(b)
FATLAS e m
E_J'Ldt=2.1 ' =E::mw

E ag. cuncurtminty

counting experiment:

B(t—Zq)<0.73%
o e w0 mo (0.93% expected)

- M W & I Mm@
P T T LI | T

- W
DE
v

AN
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Search FCNC in Top Quark Decays

I [ . ZEUS
2 excluded at 95% C.L.
08~ m, = 175 GeV,o . = 6.90 pb
- 87 = Viez = Bz = Kiy =0

DG, L = 4.1 fb"

= :
- o
[T T

arXiv:1206.0257 %

%t
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Summary and outlook™

* “We’'re nearly done, yeahhh!”
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> We are in the middle of the precision top physics era

= top pair cross section (4% LHC)
= Vtb (8% Tevatron)
= top mass (0.5% Tevatron, 0.8% LHC)

= differential cross sections

> New processes: t-channel single top (observation), Wt (evidence), ttZ
(evidence), ...

> New properties: spin correlations (observation), top polarisation, color
flow, jet veto, ...

> Many stringent searches for new physics

— good agreement with SM
— tremendous success of the whole field
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tt Event Signatures -

Vi
t
b
8 |8l e
HEE

S |s E
' tautjets
'3 muon+jets
o | © electron+jets leplon+iets:
4:’@0'53‘ e'lu'|t"|  ud ¢S

All experiments have measured tt in all decay channels (exceptT 7)
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