Top physics at hadron colliders
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Outline

* Top quark properties

* Top quark production

* Top pair production

* Top quark decays

* Top mass measurement

» Single-top measurements

» Search for new physics with top
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Top: the heaviest quark

« Topis by farthe heaviest (oo | o] o
quark, and the heaviest . ®
particle ever observed : c @O
— As heavy as a Au atom! o005 Gev | |-o0sscev | |azoev
* Top mass is close to the  — —
Electroweak scale @
° ° O 055 Gev

« Unlike all other quarks,
it's heavier than W, so it
can decay into a real W: t->W(q

« Decay time faster than typical hadronization time

— Top decays before it can hadronize, so it's a unique
opportunity to study “bare” quark properties

Electron Neutrino Muon Neutrino Tau Neutrino Originally thought to be
~0 ~0 ~0 massless but now not
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Top history timeline sk

« 1977 — b-quark discovered at FNAL, top quark hypothesizes as
weak isospin partner and 6" quark to complete the three SM
generations

« Direct search in e*e™ colliders, increasing limits on the top mass

 ~1990- indirect estimate of quark mass from precision EWK
measurements (LEP)

« 1995 — discovered at FNAL by CDF and DO in direct top-pair

production

Year Collider Particles References Limit on m,
1979-84 PETRA (DESY) ete”  [45]-[58] > 23.3 GeV/c?
1987-90 TRISTAN (KEK) ete™  [59]-[63] > 30.2 GeV/c?
1989-90 Src (SLac), LEp (CERN) ete™  [64]-[67] > 45.8 GeV/c?
1984 SppS (CERN) pp [70] > 45.0 GeV/c?
1990 SppS (CERN) pp (71, 72] > 69 GeV/c?
1991 TEVATRON (FNAL) pp [73]-[75] > 77 GeV/c?
1992 TEVATRON (FNAL) pp (76, 77 > 91 GeV/c?
1994 TEVATRON (FNAL) pp [79, 80] > 131 GeV/c?
1995 TEVATRON (FNAL) pp [37] =174+ 1075 GeV /c*

[38] — 199729 4+ 22 GeV /c?
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corrections with sufficient precision to h ,
put constraints on the top-quark mass o
NN NANANNNINANNNAN + ANNNNNTARSXNANNNANN
—  Ar~mZ, In(my)
80.5 July2011
10 — — - LEP2 and Tevatron
Fits to LEP data /" o . Fits to LEP + UA2/CDF l/ by - - LEP1 and SLD
0OLg constrained to 0.118 +0.008 ;'; / \\ ! CHO?S 'c\:ﬂo/gsl:t):i:: “ I:'l 68% CL
8 S T \ 100.118+0.008 ] )
i 1>
& i 1 88041 ||
R 2 b | =
MHiggs (GeV) E
S e 50 4
s L i — 300 |
——=.1000 | | Teeeeeenr
i i 80.3 1
%% 0 0 a0 B T T E— - — 116 %10)
Moo (GeV) 155 175

* Precision measurements of the
Elecroweak parameters, mainly from
LEP, allowed to measure virtual

1 GeV change on m,

)

INFN

WQW @

= ~10 GeV change on m,,
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Top quark production
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9 700000

9 00000 t

t(Vam) = Y / dz; dz; fi(zi, p?) - fi(zj, 4?) - 677 (p,mi, os(?), 4?)

1,7=q,4,9
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[LHC kinematics

« Smaller x implies larger gluon
contribution
1.2
<
xX |
* 1
0.8 ]
0.6F 1<
I
1<)
0.4 N
[ 1o
§=x;°T;"8 o2
0-4
T;-T; =8§/s > 4m?/s 10
~ (.19 at Tevatron
r ~ —=
Vs ~0.025 at LHC (14 TeV)
— X
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Tevatron vs LHC INFN
proton - (anti)proton cross sections
*  Gluon fusion dominates at LHC, while 10" g g T 10
qqgPa" annihilation dominates at Tevatron  10° . | 110°
onLO (Pb) g7 — tt | gg — 1t Tevatron LHC ‘ 10°
TEVATRON (/s = 1.8 TeV,pp) | 5.19 +13% [106] | 90% 10% | I Y.
524+ 6% [108] | 90% 10% ]
TEVATRON (/s = 1.96 TeV,pp) | 6.70 £13% [106] | 85% 15% 1
6.77+ 9% [108] | 85% 15% % 1 10°
LHC (V/s=14 TeV,pp) | 833+15% [105] | 10% | 90% .
102 Ojet(ETjet>‘/S/ 20) _; 102
'6\ 1 ] 1
« Expectation: % 10 W/ i
0 o : 0
— Tevatron: 10 ttb2/day, LHC: 1 ttbar/s O EMs100Gev) | 110
1 jet\ T : 4
— Single-top: 4/day vs 0.5/s 10"k ; 110
« LHC is effectively a top factory top pair 4/ q10°
produetion | . 4 10°
10—4 Ujet(ETJe >\/S/4) /\\ N 10.4
10° oHiggs(MH=‘| 20 GeV) . // ) 4 10°
. 200 GeV”’ .
10 = 10
T I
Top physics Luca Lista 0.1 1 1010

Vs (TeV)
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Single-top production R

« Single top quark production is possible via the mediation of a W
 Three possible processes: t, s channels, tW

q t ° Y ’ j
w w+ b t
b t

. ;O t ; p

g 98 _ q

Cross sections(pb)
(top mass =173)

15.6
1.04 0.22 2.08

(arxiv.org/pdf/0909.0037)

11.9 83.6 243
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Top quark decay
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Top quark decays INFN
» Main top decay: t—>Wb (|V,|~1)

q

Vi,

14
- S (%) (B[ (5-3)
be = 8m/2 ( m? 42 m? ! 3r \ 3 2
« Top lifetime is ~ 0.5x107%%s,
smaller than typical hadronization time
(1/N\qep ~ 3%1072%s)

— Top decays too quickly to produce top hadrons, so no top
spectroscopy is possible
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Final states 1n top events sk
« The signature of top events is dictated by the decay mode of the
W boson in t—Wb w+ DECAY MODES Fraction (I';/T)
« Possible decay modes: g v (10.80 0.09) %
: . _Fo w* —, ey (10.75+ 0.13) %
— Dileptons (.e, M): ~5% v, q utu (10.57+ 0.15) %
— Leptons + jets: ~30% —— v (11.25+ 0.20) %
— All hadronic: ~45% b hadrons (67.60+ 0.27) %

* Two b-jets at leas are present in the event 14, pair pecay Channels

* Neutrinos are present when the W
decays leptonically

8 |2 o
* Non-b jets are present in W hadronic % :{l g’l
decays N W £|8 5
proton y E % =
q g t b
g 7 b (S -\g tautjets
antiproton b, - . 'S : Q\'O muon-+jets

N2
5 '© 67 electron+jets

$’b\\+++ -
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Top quark 1dentification
and reconstruction
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Experimental physics ‘objects” N

Top events can be recognized and discriminated
from the background using several detector
information

Lepton identification
Hadronic jet reconstruction
|dentification of b-jets (b tagging)

Reconstruction of neutrinos as missing energy
— in the transverse plane only at hadron colliders
Further background reduction can be achieved using

kinematic variables, depending on the specific
channel

t
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LHC experiments: ATLAS INFN

Tile Calorimeter Liquid Argon Calorimeter

SCTiTrocker Pixel Detector TRT Tracker
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LHC cXp erlments CMS INFN
CMS Detector "

Microstrips (50-100um)

Pixels ~210m* Q.GM channels
e o / CRYSTAL ELECTROMAGNETIC
Tracker CALORIMETER (ECAL)
ECAL scintillating , Cr
HCAL
Solenoid
PRESHOWER
Steel Yoke : ~ Silicon strips
MILIONS ~an, el | ~16m2 137k channels
STEEL RETURN YOKE
~13000 lonnes
SUPERCONDUCTING
SOLENOID
Niobium-titanium coil ‘ : , / 4
carrying ~18000 A . Y e 4 FORWARD
) Sleel + quartz fibres
HADRON CALORIMETER (HCAL
Total weight : 14000 tonnes Brass + plastic scintillator ¢ g MUON CHAMBERS
Overall diameter :15.0m Barrel: 250 Drift Tube & 500 Resistive Plate Chambers
Overall length :28.7m Endcaps: 450 Cathode Strip & 400 Resistive Plate Chambers

Magnetic field ¥ )
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n=0 Jet:
p;=61.7 GeV/c
0=90° /' n=1.38
0=45°
- Jet:
e=1oo_,_/')n-2.44 _
o0e =0 p;=135.9 GeV/c
n=0.79
u Missing E;:
W v 65.9 GeV
proton
q g t b i
/ 5 Jet:
q f Jet: p;=51.5 GeV/c
antiproton ), q pr=61.7 GeV/c n=-0.12
n=0.81
q
CMS
Run: 163480

Event: 81224410

Top physics Luca Lista 19



P
One more candidate (eut+2 jets) W

SATLAS WA W

B EXPERIMENT

Run Number: 158582, Event Number: 27400066
Date: 2010-07-05 07:53:15 CEST ‘\“

- >=> — . "E q g t

antiproton




Identifying the b jet: “tagging”
° L/
_ _ _ & Towmamaon || T
 Different algorithms are used to determine whether ¢ o ToHE R
a jet is produced from a b-quark fragmentation B0F T ‘.;;.2-*" E
- b mesons/barions have long lifetimes CI e i
—  1~1.5ps, cT ~ 450um, I~1.8mm at p=20 GeV/c 0% | ,x“ﬁ:""# 3
— Impact parameter reconstruction can . o ,/
detect long-lived tracks E A E
« Semileptonic branching ratio is larger i gt
than non-b jets . 107551702 03040506(t)>j7et0eglc?e?1cy

~11%, ~20% including cascade

decays

Harder b frabmentation

Some difference in kinematics
Larger p; of tracks w.r.t. the jet
direction

« Different information can be
combined into a single tagger
algorithm

Top physics Luca Lista

et wE =7 TeV
)

data (HLT_JET60)
I QCD (b quark)

[ QcCD (b from gluon split.)
1] QCD (c quark)
I QCD (uds quark & g)

-30 -20 -10

30
3D IP significance

0



ttPar cross section

Luca Lista
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tt®" cross section measurement ™M

 Typical event selection for lepton + jets

ATLAS Electron Muon CMS Electron Muon
Trigger pr> 20 GeV pr> 18 GeV .
Tr|gger pr>22GeV pr>15GeV
Jets Anti-Kt 0.4, pr> 20 GeV, |n| < 2.5,
AR(jet, electron) < 0.2 Jets Anti-Kt 0.5, pr> 30 GeV, |n| < 2.4
AR(jet, muon || electron) < 0.3
Er> 25 GeV, < 2.5,
Electron T I
Er (cone 0.2) < 3.5 GeV Er>30GeV,|n| <25
Electron
lrei(cone 0.3) < 0.1
pr> 20 GeV, |n|<2.1,
Muon Er (cone 0.3) < 4 GeV & Pt (cone 0.3) < 4
;:V AR(m) on,jet ( >2T(: GeV)) <)0 4 Muon pr> 20 GeV, [n[<2.1,
' uon,, K
Je e u Irel (cone 0.3) < 0.05
Missing Er > 35 GeV > 25 GeV
L. no cut on missing Er as is used in the
Missing Er Qo
M1(Wiep) > 25 GeV Er + mt(Wiep)> 60 GeV likelihood
mT(W) = \/2p£rp§1(1 — COS(d)l - ¢V)) L = (Icha'rged + Lieutral + Iphoton)/pT

Top physics Luca Lista 23



ATLAS Preliminary _

det 070" ...

e + Jets

g .
. QCD Multiet

. Other EW

ATLAS Preliminary __

|I
_[Ldt 070" =,

Jets

“ + Jets - QCD Mut
o

11,\8 = 7 TeV

Likelihood discriminator based on

four discriminating variables

ATLAS-CONF-2011-121

T o234 =5 oy =179, 0170 (stat + syst) £ 6.6(lumi)pb
Njets jets
Likelihood discriminant based on kinematical quantities
2 O e | ATLAS Preliminary |« g 2499 ATLAS Preliminary -+ Data2011,\s=7TeV
' E 1mi - - c reliminary - Daia , N8 = e
5 ooaf2’  ATLAS Preliminary —tt 3 S 2000 E- 3Vt _ . W B QCD Multijet
= Simulation ] T JLdt=0.70fb
8 E —Wa+lets 3 O W+Jets B Other EW
g 0B u+ Jets e + Jets E 1600
< 003k = 1200 y + Jets | 3Jets € +dJets
= ' ' I ' '
0.025 4 Jets =5 Jets 3Jets 4 Jets =5 Jets | o 4Jdets , 25Jets 1 4dets , 25 Jets
i E 800 l l : : :
0.02— — | 1 1 I |
E ] 400 : : : I :
0.015— — o | | [
E 3 TN
0.01 . 8 15 |
0.005F- 3 1.0 e Y 3 +'+*;*‘*;"a§v+~""“"~'"o"'+ ?;’***‘*a‘%‘ﬁ{}ﬁ ittt
E o
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I : 0-5
% 20 40 60 80 100 & 0 20 40 60 80 100
Likelihood Discriminant . . . A
Likelihood Discriminant
Top physics Luca Lista 24
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Lepton + jets with b-tag INFN

Lepton pr: Electron pr> 45 GeV, Muons pr> 35 GeV.
Missing Er: Electrons Fr > 30 GeV, Muons B > 20 GeV. ~ |

J{C

At least one selected jet is b tagged. N K m R 3 F
n 4500 2 c c c c 1 350 7} 7] (2} o
pu 5 o o o =} = o c c c c
3 4000 S 2 2 2 2 300k 5 S S g
§ as00 o o o o o 300 = = s s
> © © © © ) - 0 7)) 7)) n
% 3000 = c E c = 3 s0F- > 4 g S
b-tag = displaced . = o 2 2 o ~ F N N S S
2500 ;c'a' § _‘a} 3 § 200 » » > *
- - k] ] ? °
secondary vertex 2000 ~ ° N ° o 3 3 3 3
1500 o ~ ® ¥ o
100}
1000 -
500 SoE
0 [} 50 50 50 5 50 50 5
Secondary Vertex Mass (GeV) Secondary Vertex Mass (GeV)
2eanl -1 T o
3 3000r = = 3 200¢ = = 1
o ) . -] @ S yank ) @ @ o
Sewl £ | 2| £ Bl Ee B B| Bl B
S2500¢ g G B B g < 160
2 m 8 3 8 8 8 2"k 3 3 3 3
g, [} w w w w g 140 w w w w
N =2 B B B F ol B 8 & %
- = - - = 120—
2 He £ = - - - 3 K ks ks 8
1500 - % % % % 100 - N o~ ] N
u 3 = = = = 80F % % % %
1000- - N [y} << wn = = - r =
L 60 N [y < wn
500 40
a0k
- - 0 0 50 50 50 5 0 50 50 50 5
CMS PAS TO P 1 1 003 Secondary Vertex Mass (GeV) Secondary Vertex Mass (GeV)

o = 164.4 + 2.8(stat.) & 11.9(syst.) £ 7.4(lum.)pb
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CMS Preliminary \ s=7 TeV

value t stat. + syst + lum. error
(luminosty)

Cross section summary (2010..

)IW

2010 data (no 2011 combination available yet!)

unc. + cor 'um_ E B L T T ] I T I L] T I T L) T L) Ll L] T L] 1L T L] T L I L] LJ L] L) l L] L] T L] _
.- o] Combmed 176 +
CMS combined (prel.) 158+10+,; + 6 2 L -~ NLOQCD (pp) V liiots 186 + 23 b :
I+jets+tag & dilepton (36 pb™) b’t | .Approx. NNLO (pp) ( 3’5 pb™", Prelim F; _______
o 2 ~NLO QCD (pp) A Dilepton 171 + 1 pb
CMS I+jets+tag (prel.) 150+ 9+]7 + 6 10° = - Approx. NNLO (pp) (0.70fb", Prellm ), oz —
(36 pb™) E acoF B
: » - ¢ D0 ' i
CMS dilepton (prel.) 168 +18+,, + 7 - ]
(36 pb”) i 1
fa)
(8]

CMS I+jets (prel.) o 17314+ + 7 10 i
o -1 - -
= (36pb~) - ]
Z - -
=z - N

CMS dilepton ‘ N 194:72+2 +21 - i

Phys. Lett. B695 (2011) 424 <& (3pb”) # ATLAS Preliminary

. = 6.8 7 7.2

ATLAS combined 145 + 31 i’ gg t 16 1 ‘;‘ 1 L l L L L L l L L L L l A L 1 L l L L A L l A L A L l L L L L

arXiv:1012.1792 [hep-ex) (3pb”) 1 2 3 4 5 6 7 8

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009

MSTW2008(N)NLO PDF, scale® PDF(90% C.L.) unc.

1 1 | | \s [TeV]
50 100 150 200 250 300
Top Pair Production Cross Section [pb]
Top physics Luca Lista 26



Top mass measurement
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( .
Over constrained

&

N

kinematic (-2)

Top event reconstruction (I+jets)

Invariant mass
mw

V :
O |8 variables V two V SO|UtI0nS

O 17 measured quantities Wi

O 3 constraints
y

b-tag

s

O |2 jet configurations X 2
neutrino solutions = 24

O b-tag: 12 permutation
0O 2 b-tags: 4 permutations

o

~

J

T [ Invarlant mass

More permutatlons in all-hadronic mode
Two neutrinos in dileptonic mode

Top physics

Luca Lista 28



t

t

o if | b-tag in triplet take two

ws with no b-tag to build
mass

o if 2 b-tags in triplet drop the
event

0 if no b-tag take two jets
with min AR

Events / 25 GeV

Reconstruct the top mass

Simple reconstruction - hadronic top

25 : ATLAS Pvellf;\una;y """ \ .. '7' T'e‘V-d:aI """"
] R ] O take t.h ree highest pr jets
: — to build top mass
15- o 3
I cco
10: I L=35pb’
i . k .
’ hy . o W mass window cut:
Z o,_x ‘e e ) ‘o 1
00 100 200 300 400 500 600 700 60<mw< I 00 Gev
e (GeV] o/ I ro
45%(36%) of correctl
% [amasdom e reconstructed W(top
g 30 [ ]fm_=1725GeV _4'
Ta : 754 s-lopc.»mw-wz 5 GeV }
‘g 25:, B Zejets ]1
Qo E 1
@ 20- 11 . 3
t . WW ZZWZ 1
15+ | Il cco ?
[ Sl . 1 ]
10 |G I L=35pb ;
s r . j
St | i
00 50 0 150 200 250
mzo(Gev)  ATLAS-CONF-2011-033

Top physics

Luca Lista
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Constrained fit for m, ok

* Mass resolution improves if kinematical
constraints are applied

* Chi-squared minimization problem
— Gaussian approximation for Breit-Wigner shapes

2 _ (myj — Mw)* | (me — Mw)® | (myje —mi*)® | (mavs — mi*)”

X 2 2 2 2
I‘W I‘W Ft Ft
i, fit i,meas UE, fit UE,meaS)z

+ Z (pr _agT )2+ Z (P; — P

g 2
1=£,4jets L Jj=z,y UE
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Template method sk

CDF Conf. Note 10456

1. Generate m-dependent observable (e.g.: 008 tim™ templates, 1 tag events (AJES = 0.)
reconstructed top mass) 0.07E B .. - 1600
M, =1725

2. Generate template distributions at different m,
(Monte Carlo)

3. Fit the templates to data and determine m,

M,,, = 185.0

e ¢

[=]

(]

LA REREE RN

—— P, M,_AJES)

Fraction of Events/(2.5 GeV/c?)
S S
|T TrT T

CDF Run Il Preliminary (5.8 fb™) 0.03
~» 1.5F <« [ _ . C
0‘4 -Ln(LL__ ) Contours, 1 +=2-tag events §’ 300: CDF’ 5.8 fb™ = 1-tag events 0.02F-
o & ¢ —t— Data . CDF simulation
CH S 250~ H — - 0.01—
3 . # J[ | Fitted ti -
o £, f Fitted Bk oty !
0.5 :,l»zoor_— + + g 100 150 200 250 o /?:?]O
i - m [GeV,
L N 2 -
of oF + * x*/Ndof = 17.3/33
' - f Prob = 0.989
-0.5:— X Fitted Values 01:— + E - tt m* templates, 1 tag events M, =1725)
[ — -Ln(LL_ )=45 C + + 30.07:_ - AJES =-2.0
A — nL, ) =20 50— f tf 3006:— o
- i, )=05 = f %, 3k I aves= 00
Y| S PN N SN B A B B A R R 5005'_ AJES = 2.0
166 168 170 172 174 176 178 180 100 150 200 250 agi: g r e
Mo, [GeV/c?] m{e [GeV/c 5004:_ —— Pg(m, IMM,AJES)
Simultaneous determination of Jet T
Energy Scale * 003
-and m, from the same sample 7, = [172.5 + 1.4 (stat) + 1.4 (syst)] GeV/c?
improves overall resolution -
0.01
1

Top physics Luca Lista 00 10 20 280 300



Events/ 0.5

Template method: ATLAS INFN

« Similar method, different discriminating variable to reduce
systematic uncertainties

reco
40 e
L U A Ry = @ 8 [amsrmey e e
- L4 e aia b ~ . m
40F [ |fim_=1725Gev = 2= reco < — zes: :': ;acl;gro:nd )
a y 172, ] [} est Fit tt + background |
35F = pr' Mog™1 728 06V W ] M, = 166.7+ 5.0 GeV
E +ets ] ]
301 Woets El 0. 14
250 WW,2ZWZ 4 ° : [ m,, =160 GeV ] —
F B oco 1 e 0.12¢ [ My, =170 GeV
20F 15 [ B m,,, = 180 GeV | u
156 _[L=35 pb’ i@ 01 B ™, = 190 GeV : | |
105 13 - sig . 0560 165 170 tGews
3 1 N 0.08- 3 |
5E E g i ATLASPreliminary | | l ‘ 'l
- : ] g 0.06} \'s = 7 TeV Simulation 1 9 : '2' = '3' ' 4 5 6 7 8
%1 23 4567 8 910 ; Re
R..=meco/mec® 0.041 1w 1.2 —— ]
Roz=Mop /M - 18 F ATLAS Preliminary |
0.02f 1151 35 pb" E
3 26 7 TeV data E
1 15 2 25 3 35 4 45 5 F ] ]
- () ]
mep = (1683 £6.2 +4.3) GeV electron channel R, 105 3
mep = (163.5 +£6.7 £4.6) GeV muon channel 1E E
mp = (166.1 £4.6 +4.4) GeV combined oosk E
. . C PR TRTT TAN  S STS [N NT SN S SN TS WY ST SN (N SO T WY S AU .
Top physics Luca Lista 0950155 160 165 170 175

my,, [GeV]



Matrix element method INFN

1. Compute the event probability density as:

Pevt (xevt; my, kjes) — ftfptf(xevt; my, kjes) + (]- _ ftf)Pbkg (:Uevt; my, kjes)
where:

P (x;my, k;

JGS
Ot 77’Lt

do( y, m
/ Z t C]1)f2(Q2) <$, Y, kjes)dq1dq2dy

2. Determine sample |Ike|lh00d
L = H Pevt (xevt; my, kjes)

evt
3. Fitm.. k Proton/ Colliding Final Transfer Measured
bt Tjes Antiproton Partons ' 'OC®SS€S  giatey  Function Event x
CE— —
_ lepton lepton
® neutrino Pr
P > q Wijets b W(x,y) jet
— -
5 > = multijet b jet
g’ a u jet
d jet
—

Top physics Luca Lista 33



Event fraction

Application in CDF

)
INFN

CDF/PHYS/TOP/PUBLIC/10191

« Signal and background classified using a neural

network discriminator

o
-
N

e
-

0.08

0.06

0.04

0.02

Ill:l:l.l|I|I|II||||I|I||||

...........

!
T
"

signal m=160
signal m=170

—— signal m=180
----- W-+bb background
----- W+light background
---- QCD background

.......

.......

S A Y I A v | IIIIIIIIIIIII|IIII 1
014 02 03 04 05 06 07 08 0.9 1

Neural net output

Ajgs (0)

m, = 173.0 £ 0.7 (stat.) £ 0.6 (JES) = 0.9 (syst.) GeV
=173.0 £ 1.2 (total) GeV

Top physics

Luca List

Measured m, (GeVIcz)
&
o

-
(=]
(3

IIII|IIIIIIIIIIIIIIIIIII|IIIIIIII

-
3
wn

-
3
=)

165

160

15;51---'--

2 1 ndf 23.83/13
Prob 0.03273
Valueat172  171.5+ 0.06459
Slope 0.9689 + 0.009212

wn

I PR P R L -
160 165 170 175 180 185
Input m, (GeV/c )

CDF Run Il Preliminary 5.6 fb”

0.8

0.6

0.4

0.2

-0.2

0.4

JIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

— A(nL)=-0.5

— A(In L
— A(In L

)=
)
)=

‘20

170 171

ET PR ETZ% 975 L
m, (GeVlc )



Ideogram method INFN

« Some similarities with Matrix Element method: per-
event probability, overall data sample likelihood

 Top mass per event extracted from a kinematic
constrained fit

* Resolution and m, shape included in the model
* Probability of wrong assignment taken into account

probability that a solution has the wrong jet-parton
correct jet-parton assignment assignment

<€ > <€ >

: 24 Mmax : : ' . [

P Ctmass ) = Y01 fep [ dm[G (on' s, )W (e, T + (1~ fopJWP (i)
I Mmin y

V4 N

-

weight of each permutation Gaussian mass top quark PD for wrong
based on b-tagging resolution function | | Breit-Wigner ermutations
information and fit X2 lineshape rom MC
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Mass from cross section

« Renormalization scheme subtlety: pole mass or MS mass...
« The smallest uncertainty in 0 does not imply smallest

uncertainty on m,
D@ Preliminary, 5.3 fb™

.....
-

.
-
......
.....
- .-
''''''
---------
..........
.
-
LT
"

0= (PP tT+X > 4X) e
—— Exp. mass dependence
~— NLO+NLL Cacciari etal. %3
~— NNLO approx Moch and Uwer -8
—— NNLO approx Kidonakis et al. ’

.=1 A I UL I L ] [ b e | I X, P |

2 1 1 L I i1 L1 I - Rned l L1 1 L l 1 1 L1 I L

150 160 170 180 190
Top Mass (GeV)

CMS Preliminary, Vs=7 TeV, L=1.14 fb"'
Top quark pole mass from cross section

CMS (Prel., L=1.14 1b"") approx. NNLO ® MSTW0SNNLO value

TP T R +6.2 438
Langenfeld et al 170.3 5340
. . PRSP . +6.6 43.7
Kidonakis et al 1700 “5n-30
e A +6.8 433

Ahrens et al 1678 5138

ATLAS (Prel., L=35 pb ") approx. NNLO © MSTWO0SNNLO

= theo @ exp = am,)

«78

Langenfeld et al . 1664
Kidonakis et al . 166.2 ';:
Ahrens et al . 162.2 '_g_s
DO (L=5.3 fb”') approx. NNLO ® MSTWOENNLO
Langenfeld et al —_— 167.5 ':l;
Kidonakis et al P 166.7 ‘j:
Ahrens et al e — 163 '-2.13
Tevatron direct measurement (July 2011) - 173.2 ’_g:
| | | Ll | )
140 150 160 170 180 190
m:’°'° (GeV)
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Summary of m, measurements

)
INFN

L/,

Mass of the Top Quark ATLAS Preliminary (Date: August 15, 2011)
i +6.7+
August 2011 * preliminary) 2010 data e+jets prel. —» 17381671 48
, - +5.0+
CDF-I dilepton 167.4 £11.4 (1032 49) 2010 data p+jets prel. - 1667+ 5.0+ 5.0
D@-! dilepton ® (b arthpunisan 2010 data l+jets prel. - 169.3+ 4.0+ 4.9
CDF-II dilepton 170.6+ 3.8 (£22+31) 2011 data e+jets prel. —_ — 1739+ 1.2+ 3.1
_— =
D@-Il dilepton 1740+ 3.1 (£ 184 25) 2011 datap+jets prel. — 175.9+1.0+ 27
. o
CDF-| lepton+jets 176.1+ 7.4 (+51+53) 201042011 data l+jets prel. —_— 17591209+ 2.7
. _—
D@-I lepton+jets 180.1+ 5.3 (£39+36) Run-l best (DO l+jets) —e—— 180.1£36t 3.9
] -
CDF-Il lepton+jets 173.0+ 1.2 (£06+1.1) Run-1l best (CDF l+jets) o 173.0+£0.7+ 11
i -~
D©-Il leptontjets 17491 1.5 (£08212) Tevatron July 2011 e 1732+ 06+ 08
: L
CDF-l alljets 186.0 +11.5 (+10.0+ 5.7)
" [ [ |
CDF-II aIIjets " 1725+ 21 (144 15) 160 180 200
CDF-Il track 166.9+ 9.5 (£ 9.0+ 2.9) rntop [GeV]
COF-Hl MET+Jets * 1723526 18219 « Tevatron precision still
Tevatron combination * 173.2+ 0.9 (: 06+ 0.8) .
2 o = o dominates
x*/dof = 8.3/11 (68.5%)
_ —_
Allas lepton+jets * 175.0+ 2.8 (1094 27)
CMS lepton+jets/dilepton * 1734+ 3.3 (£19+27)
I I l l l l
150 160 170 180 190 200 Luca Lista 37
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Single top

Luca Lista
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t-channel

Cross sections(pb)
(top mass =173)

b

Single top production

associated Wt production

W

t

15.6

q

s-channel

=n

1.04 0.22 2.08
(arxiv.org/pdf/0909.0037)
11.9 83.6 243

Top physics

Luca Lista
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Interest 1n single-top sk

1. Test of the SM prediction.
= Doesitexist? v
» Establish different channels separately
= Cross section « |V,|2 2 2 4 12 ’ 1
Test unitarity of the CKM matrix, .e.g. Vap + Ve T Vip =
Hints for existence of a 4t generation ?

= Test of b-quark PDF

2. Search for non-SM phenomena q t U\K °
= Search W’ or H* (Wt or s-chan. signature) A n
= Search for FCNC, e.g. ug — t W’ A«‘f bow
— _ g
= q’ b \

3. Single top as an experimental benchmark
= Object identification: lepton fake rates, QCD background estimates, b-quark
jet identification, ...

= Redo measurements of top properties in different environment, for example,
m,, W polarization in top decay, ...
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Single top at Tevatron INFN

Sum of s and t channel cross sections measured

Hard to assess experimental significance, analysis
heavily relying on multivariate techniques

0.2

0.4

PRL 103 092002

0.6 0.8 1
Super Discriminant

Single Top Quark Cross Section August 2009

CDF Lepton+jets 3.2 fb” E HoH 217 fggg pb
CDF MET+jets 2.1 b ' 50 *25 pb
D@ Lepton+jets 2.3 fo E 3.94 :‘833 pb
Tevatron Combination i 2.76 :‘3;2? pb

Preliminary
|
Il B.W. Harris et al., PRD 66, 054024 (2002)
N. Kidonakis, PRD 74, 114012 (2006)
|
| | I R

My, = 170 GeV

0 2 4 6 8

arXiv:0908.2171v1 o (pp = tb+X, tgb+X) [pb]

Claim: 5.9 standard deviations significance, |V,| = 0.91 + 0.11(exp.) £ 0.07(th.)

Top physics
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t-channel single top at LHC won!

- Largest cross section of single-top processes

= Improved S/B ratio (=10%) compared to Tevatron (=7%)

E.g.: CMS selection —

= Data sets defined by single lepton (e / p) or lepton +
jet triggers

= Charged lepton selection (electron / muon):
= pr(u)>20 GeV, E(e) > 30 GeV
- |n(e)| < 25, |n(“)| <21 o’ CMS prelim. at 7 TeV, 0.89 fb”

1 - Data
. . . [ [

= Relative isolation
= Jet selection 10°

Onc e

. MC udsg

= Select only events with
leptonic W decays, to

suppress QCD-multijets = QCD multijet veto

background. s ML(W) > 50 GeV 1

= 2 jets, b tagging/veto 10°

= Some acceptance due

TCHP discriminator
to W —1v decays.
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Background estimate from data e

CMSfItMT(W) %35 'c':M'S','Sle'p'b:1’l\!'§'='l7'_l_'e'\/l"'I"'I"'I"'I"
1 dr —l(1+cose*) :>-’I %0
I'dcos®” 2 —t—

°®E light quarkt

100% left (right) \_'

polarization of t(t)

TTT lllllllllllllll

1/N dN/dcos (g, I)|bﬂ
8 3
8
Loduul
N
o
%

lA=1) T

CMS Preliminary, 36 pb” at\'s = 7 TeV T
Q 20 L e e D L B '__ 5
<1C> - —+—Data J
o °F —QcD 0
sk E -1 -08 -06 -04 -02 0 02 04 06 08 1
= 9 —non QCD 4 cos 6*
14H _ —
12F 1 —
- ) ] 2 =abSl BARENRARIA RALRS RAALY RARRE RARRE RERAE RAAEE RARE
10— | - —] c 50: CMS, 36 pb'1, s=7TeV ¢ data .
8 f_ _f L0>L: C [ t channel ]
3 ! E 40— [ Jtw+sch.
- . [ }
: E— + _E 30 B wobswce ]
2 :— = .Wc i
R R A R S LD Walight jets ]
% 20 %0 T 60 80 100 120 20 Eoé:’ 55
GeV .
QCD veto cut Mr ( ) 10 ]
F(A[]‘) = 1’7\73,'_(1_[,']\.9 . S(A[T) + f\’vq(.([ . B(J\[T) 0 ]
0 056 1 15 2 25 3 35 4 45 5
Mmoo
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Signal extraction sk

Phys. Rev. Lett. 107 (2011) 091802
« Complementary approaches adopted: ATLAS-CONF-2011-101

— 2D maximum likelihood method (cos8*, [n;y[)
— Multivariate analysis (Boosted Decision Trees)
CMS Preliminary, 36 pb™',\'s =7 TeV CMS Preliminary, 36 pb’,\s =7 TeV

T

TTT T T |

2 3 EIC 2 il i
0:) 5 3 E .? 2:11nnel qc, 25 - -
> 40F - Os channel > .
w - 4 Otw L - N
35F 408 _ 201~ =
= 3 Mwbb C ]
30 — EWce N i
= 3 EBwc 15— -
25 — @ W+light jets C ]
2 ] mZ+jets ]
20 El 10F .
15 ;_ _; JQacb : E
10p sf -
I E :
0—‘; -0.8-06-04-02 0 0.2 04 0.6 0.8 1 0-‘1 -08-06-04-02 0 0.2 04 06 08 1
BDT output BDT output
o = 83.6 + 29.8(stat. + syst.) £ 3.3(lumi.) pb =
CMS (36pb~") Vil = \/ 5 = 1.16 £0.22(exp) +0.02(th)

ATLAS (0.7fb™1): o7 = 90732 pb
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G [pb]

Tevatron vs LHC

t-channel single top quark production

10°

10

| IIIIIIII |

o
v
A

I 1 1
CMS, 36 pb’

DO, 5.4 b

CDF, 3.2 fb"

I I 1 I I 1 I I

I
0=83.6+29.8+3.3p
|V 5|>0.68

I I I 1

NLO QCD (5 flavour scheme)

messsss  theory uncertainty (scale @ PDF)
Campbell, Frederix, Maltoni, Tramontano, JHEP 10 {2009) 042

NLO+NNLL
theory uncertainty (scale @ PDF)
Kidonakis, arXiv:1103.2792v1 [hep-ph]

1 I 1 1 1 I 1 1 1 I 1 Il

| llIlIll

| IIIIIII

|

IlIIIII

o

4 6 8

10

\s [TeV]
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)

More single top channels sk

ATLAS data o 4007 —T T T
@ single-top s-channel 5 [rluzimg onEeTRY
« tW measurement by CMS @ single-top W S a0 :
_ B single-top t-channel g - ]
(CMS PAS TOP-11-022, 2.1fb™1) — $ of ]
) & top pairs S 200F b
- +9 : : B W-+heavy flavour © [ ]
- Ow*= 22 —7pb (2-70 S|gn|f-) I W-+light jets 100F ]
. — Diboson F ]
- SM: oy = 15.6pb — Zsiets O
TP B Multijets Number of b-tagged jets
« s-channel: limit presented by ATLAS 7 S . : :
=] | ATLAS Preliminary 0.70 6" @ 7 TeV ] £ [ ATLAS Preliminary 070" @ 7 Tev ]
(ATLAS-CONF-2011-027, 35pb~1, cut-based): S & e .
(] o i 1
< (o) kel ) i i
Oy.on, < 26.5pb (95% CL) § K |
— Butin SM o, = 4.6pb! 20f ;
- - 50 100 150 _ 200 200 400 600
1200} CMS Preliminary,\s =7 TeV [ ¢ deta - m(W) [GeVic? M iop, p-jert [GEVICT]
[ 2.1 b, eelep/un Cw
[ ’ 5 % ATLAS ;relin;inary 0.70 '@ 7 TeV] % ATLAS ':r'eliminary T 070m'@7Tev]
1000 . -II\:‘ﬁm — Lﬁ jets 2-tag _ u>_| jets 2-lag :
: e :
g800 2 2 1
o 8 8 ;
% ]
H ]
200 400 600 50 100 150 200
Moo b-jerz [GEV/CT p, (et1, jet2) [GeVic]
'2 ATLAS Prelim'inary 070" @7 Tev] 'E ATLAS Prelirn'inary 0700 ‘@7 Tev]
n>> 2 jets 2-tag g 2 jets 2-lag 1
w - w 1
jo) jo] —
1 jet 1 tag 2jet1tag 2jet2tag 3 3 ]
g 2 ]
8 8 i
Top physics Luca Lista '
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More top properties

Luca Lista
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Spin correlation at CDF INFN

« top and anti-top are produced with their spins correlated and
decay as bare quarks before losing their spin polarizations

Log Likelihood CDF Il Preliminary

g ( Ldt=5.11"
1 d’o 1+ kcosf cosf_ 2 4 A
o dcosf dcosb_ 4 . . :
I | +0.563
z § 2 £=00420056 /
7 < , SM prediction: x ~ 0.8 ‘ | |
95 t Beam basis . i
A No conclusive result (x = 07) ol :
4 05 0 05 1
CDF Il Preliminary _[ Ldt=51fb" CDF Il Preliminary _[ Ldt=51fb" K
§100 ;_ E]z"' §100 ;_ g:;m
~ == <10 error - + 10 error
‘g 80 __ — B Fake ‘2 80 L [ Fake
S [ o - L S g =
@ e FETEE S = Sz G 6Of -
40- -+ 40 —+
04 05 0 0.5 1 0,1 05 0 05 1
€0s8. CDF Conf. Note 10719 CosYy5
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Top pair spin correlation ok

* Top pairs produced mainly via gluon fusion (LHC) or
quark-antiquark annihilation (Tevatron)
« V-A structure of top decay
_ Nike = Nunite _ NAD) + N(L)) - N(TL) - N(LD)
Niike + Nuniike  N(TT) + N(L]) + N(T]) + N T)
€ | .gaa  eechannel - - . data  mpchannel{ £350F . 4ma  euchannel
@ 7°;‘th ATLAS Preliminary ;Qrz ATLAS Preliminary EQQ ATLAS Preliminary
S S B e ™ T
- W DY4jets t=0.70T - B DYsjets =070 e of M DYsjets b
50  diboson 3 - diboson C diboson
- Il fake leptons ‘ - Il fake leptons : . . Il fake leptons
o . s : Pl 2005—
| RalE iy SEERESSE =
| _ _‘H * T SR
_: 20? ------ . 502—- ------ E
% o5 1 15 2 25 3 % o5 1 15 2 25 3 ® o5 1 15 2 25 3
Ad Ad A6

ATLAS-CONF-2011-117 Jfom = A/Ag=1.06 £ 0.21(stat.)™"_, (syst.)
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Charge asymmetry >“< Pl Lﬁ;‘j
(@ (b)

 Small FB asymmetry predicted by theory

_ _ ——GO00006—>—
* Could be larger with new particles >mm <
* Note: dlff'erent initial state in Tevatron 0000000}«
and LHC! © @
120 -_ - CDF Data(LIm=1.9 o) 160:— —— CDF Data(Lim=1.9fb")
i [ ti(mc@nLo, A% =0.04) [ [ ti(mc@nLo, AT =0.05)
; £ ti(rew. Pythia, A% = 0.17) 140~ 777 ti(rew. Pythia, AT =024)
0or [ background : [ [ background
: 120 |
g0t 7 —1111E+p°c T
S [ S 100 :_y—2 E—pc ...
st s f
g 6o[ t 80
i g f
aof SoF
L 40
20 :
20~
0 A
-1 -0.8-06-0.4-02 0 02 04 06 08 1 b .
cos ® AY
APP _ N(cosf > 0) — N(cosf < 0) Al __ N(AY >0) - N(AY <0)

FB ™" N(cosf > 0) + N(cosf < 0) B N(AY >0) + N(AY < 0)

Arg =0.24 £ 0.13 (stat.) £ 0.04 (syst.); Acg(theo)=0.050+ 0.015 PRL 101 202001
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Charge asymmetry at LHC wen

« LHC has a symmetric initial state

+ . —
« Charge asymmetry measured at Tevatron turns 4 c = N N

into an angular asymmetry N+ 4+ N—
12} PR RN R n an e - e LT | | "
b= - CMS Preliminary - 2 € 2000FCMS Preliminary - =
g 109t atvs =7 Tev SR B 1.09 fo” at\'s = 7 TeV et 4
©  1200-ARA= .0.004 = 0.009 B 4 © 1800 man_ 004 0.000 B E
| (';t T [Osingle-top 16001 Pt CooT T [single-top 3
1000 ; =ije‘s - 14005 =W’_‘ie‘s =

:77 = —In lta’n (_)] ’ Z+jets . 1200 Z+jets _E
800 2 - ; -

: [Jacop : 1000E> [Jacbp E
600}~ E 800 =
400} - 600 E

- ] 400 E
200F E 200 =

e . 0
-4 3 2 -1 0 1 ? & -4 -3 -2 -1 0 1 2 3 <
m -] (v Yy +y)
Al = —0.016 £ 0.030 (stat.) 79019 (syst.) AY = —0.013 £ 0.026 (stat.) 0926 (syst.)
Al (theo.) = 0.013 £ 0.001 AY(theo.) = 0.011 +0.001
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.. )
INFN
New physics in top processes ™
« Top processes are suitable to study exotic physics
b (-1/3) .
-
|;/_ {(—4/3) . /ﬁ-vr
t b
Exotic-Charge “ . g J f b
Top Quark b (H/: - i
q t q t
4 w’
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Search for tt resonances INFN

« CMS measured the ttbar invariant mass spectrum in

(Mvb)(qgb) decays
. L =1.14/tb 10? L=1.14fb! CMS preliminary, Vs =7 TeV
13} - . . - — T T T T ]
% 400 :—\C/:EM=37‘-)|!:\I;mmary = ‘(’)v(i?&t -8_ ——  median expef:ted limit
O - =1pb B Zy* > I'T — — observed limit (95% C.L.)
S 350_—62’ =1P @3 Single-Top = — central 1o expected limit
: B 2 QCD multijet T —— central 20 expected limit
2 3001 — 2, M=2TeV/¢ N 10t - - Topcolor 7', 3.0% width, Harris et al. |
= E —e— CMS data 2011 T - - Topcolor Z', 1.2% width, Harris et al. 5
= 250 o, ]
£ =
® 200 c
N (@] 0
- 107 ¢
150 "é
1000 B
S0 10"
E [ ] 1 & ] ]
% 500 1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
M, [GeV/c?] My [GeV/c?]

CMS PAS EXO-11-055
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Search for new particles INFN

« ATLAS:

— Search for New Phenomena in ttbar Events with Large
Missing Transverse Momentum in Proton-Proton Collisions
at sgrt(s) = 7 TeV with the ATLAS Detector

% 90__|||||.|||||||||||||||||||||l;_n_| _C‘ |""|'\"'~°I '0"|0"'|"Q'|""|
- . \3 R /R K Q
(g 80 3 ATLAS ) ® Data,\s=7 TeV TT _) ttAO AO_ \L@ o} S ,:’? ATLAS ]
2 700 ] = =
- . P _ -1 ]
3 60+ > E < L dt=1.04 fb
] . \s=7 TeV
50% /‘/ 7 % Background Uncertainty —g |
40F %7 % D m(T)=360 GeV, m(A )=100 GeV ] = = Expected Limit (+10)
e , m(T)=440 GeV, m(A )=100 GeV — 44 Obs. Limit (Theory Unc.)
------ = \\\| CDF Exclusion -
---------------- = Excl. o x BR(TT—>fA A,)
100 150 200 250 300 350 400 500 550 600

arXiv:1109.4725
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Top quark charge

« Some models predict an exotic =4/, particle, the true SM top (g=
+2/,) quark being heavier and undetected

« b flavour has to be identified (b or @) Jet charge or lepton tag

50.121 £ ipo,aropy’| . ® 1= lge + g5,
< 0.11 g 12° —Iql = 2e/3 0, =|—gqg;+ q |
870.08- AL E I |3| _ 4e/3 : qé’ 6 b, 0.6
ot 5 & - Giee = QLiqipT,)/ (XiPT,)
. ] b = :
0.04- g i +H + _____ pr > 0.5 GeV
0.02 E 2 T
oleat®t Z ol k= Phys. Rev. Lett. 98, 041801 (2007),
-1 -0.5 0 0 5 0 1 5 Conf. Note 9939, ...
Jet charge [e] Top quark charge [e]
L ] —~Data ©15- —Data
%91 5‘_ [ ]ttDirect B %) [ ]tt Direct B
Experimental data disfavor € | [ Cascade G10- [ Cascade
) % B t Other @ W tt Other
exotic _4/3 quark 'E1 [ Backgrounds "UE’ ] [ Backgrounds
0>J + CDF Run Il Preliminary, 2.7 fo” g) 5__ + — XM Expectation
L w T
= s 014 I +
% X :)\Fﬁ:
= (% 5 ] I CDF Run I Preliminary 271
Top physics @ 20 60 20" 40 " 60
SLT,, pT [GeV/c] SLT,,, pr [GeVic]
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