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Top Quark Physics

The Top Quark

> needed as isospin partner of
bottom quark

* discovered in 1995 by CDF and D@:
m, ~ gold atom

* large coupling to Higgs boson ~ 1:
important role in electroweak
symmetry breaking?

> short lifetime: T~ 5 107 %s K I\“QCD:

decays before fragmenting
— observe “naked” quark
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Short Summary 1st Lecture
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— good agreement with SM in all channels
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Top Quark Analyses

anomalous couplings
rare decays
branching ratios
CKM-Matrix-Element |V, |

‘\\W new particles
spin correlations

charge asymmetry
A

FB

mass, charge,
width, lifetime

production cross-section W helicity
production kinematics q'v
production through resonances
new particles qr

le t luction production cross section, CKM-Matrix-Element |V,|,

anomalous couplings, searches for new particles
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Top Quark Analyses: 1st Lecture

anomalous couplings
rare decays
branching ratios
CKM-Matrix-Element |V, |

b \W new particles
| .\.
spin correlations

charge asymmetry
A

FB

pro]ucLon I!roug! resonances

new particles

anomalous couplings, searches for new particles

mass, charge,
width, lifetime

0@l THE ROYA

e Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 8 I8 soCIETY



Top Quark Analyses: 2nd Lecture

rare decays

CKM-Matrix-Element |V |
b \W new particles
@

_\

charge asymmetry
A

FB .
———— | ———

charge

w* W helicity
q

production cross-section ®
production kinematics } " 2
b
new particles

ar

. . production cross section, CKM-Matrix-Element |V,|,
anomalous couplings, searches for new particles
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Outline 2nd Lecture

Introduction
History of the Top Quark
Top Quark Production
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Conclusions
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The Top Quark Mass

» free parameter in the Standard Model

> check the self-consistency of the Standard Model
in combination with W mass measurement

> prediction on Higgs mass
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Extraction Techniques: Templates

* use variables strongly correlated with L
> compare data to MC with different m hypotheses

Reco. Top Mass (1-tag(T))

0.14~ CDF Run Il Preliminary

Mtop:
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Extraction Techniques: Templates

* use variables strongly correlated with m, op
> compare data to MC with different m, hypotheses

CDF Il Preliminary
e Data (8.7 fb")
’ | Signal+Bkgd
77 Bkgd only
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JES calibration

jet energy scale:

translate jet into parton energy

nEEEEY
HEREF v

Particle jet

W mass
constrains jet
energy scale
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Result in |+jets Channel

maximum Likelihood fit to data:

0.6J_|Jll.lllll.lI.llll{.ll.llllJ.lL}llll{llllllllllllll{‘.ll_l.

ig! gngrm! s;alg. unuuninnu‘, _A Iog(L) 05 7]
:\\\“\‘; lll”llluu,‘fl',', A |og(|_) = 2_0 :

translate jet into 04 i --'-_--A'°9<F>=4-5§
parton energy

CDF II Preliminary 8 7fb"
.04 J.l.l.l.llll]‘.l.lllj.lLllllljlllllllllllIlll..llllll.l..l.

170.5 171 1715 172 1725 173 1735 174 1745 175
M, (GeV/c)

Mwop = 172.85 = 0.71 (stat) = 0.85 (syst) GeV
172.85 + 1.11 GeV

most precise single measurement

MANCHESTER. Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 16  cksiiea



Extraction Techniques: Matrix Element

» probability densities for every event as function of m, op

signal signal signal background - experiment
sig i evt /\

m
top

P

top top
P (%M, JES)=Acd x)X f d"o (y;m.,) dg, dg, f(g,) £(a) W (x,;JES)

Jet

Proton @ Lopton

Antiproton G

PDF's LO-Matrix element transfer functions

(probability to measure x
when y was produced)
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Result in |+jets Channel

maximum Likelihood fit to data:

CDF Run I 5.6 fb™

translate jet into
parton energy

—A(nL)=-0.5
—A(InL)=-2.0

—A(nL) =-4.5
6= 1 . e e e e
170 171 172 173 174 175 2
m, (GeV/c")

rrryrrry Ty Ty rrTr T Ty rrTrypTrT
[rrrprrrprrrprr e e e e e

m,, = 173.0 + 0.7 (stat) = 0.6 (JES) = 0.9 (syst) GeV
= 173.0 =+ 1.2 GeV

+0.7%

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 18 <




Result in |+jets Channel

CMS preliminary, 4.7 fb™', \'s=7 TeV Cy
=

ideogram method

172 174 176
m, [GeV]

Mwp = 172.6 = 0.7 (stat+]JES) + 1.2 (syst) GeV
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Top Mass Combinations

Tevatron

LHC

Lepton+jets Run I 173.00 £ 0.65 % 1.06
Lepton+jets Run I 17494 + 0.83 + 1.24
Lepton+jets Run| 1761 % 51 %53
Lepton+jets Run | 1801 + 3.6 + 39
Alljets Run Il 17247 £ 1.43 % 1.40

Alljets Run | — +~  186.0 1100 % 57
Dileptons Run Il 170.28 £ 1.95 £ 3.13

Dileptons Run I 174.00 £ 2.36 + 1.44

Dileptons Run | H + 1674 £103 * 49

Dileptons Run| o H H 1684 +123 + 36
+jets Run I 172.32 £+ 1.80 + 1.82
E#j

Decay length Run Il B H 166.90 £ 9.00 * 2.82

Tevatron Combination 2012 17318 £ 0.56 £ 0.75 GeV

%’ 1 dof=8.3/ 11

'LHC m,, combination - June 2012, L_=35pb"-4.91b"
ATLAS 2010, l+jets ————— 169.3+ 4.0+ 4.9

L..=35pb’, (®CR, UE syst.)

ATLAS 2011, l+jets

1745+06+23

ATLAS 2011, all jets

L,.=2f" (®CR, UE syst)

S0 EVE0, epion ' +— 1755+ 4.6+ 4.6

L,.=36pb, (®CRHsyst)

CMS 2010, I+jets 1731+ 2.1+ 27

L =36pb , (@ CRsyst)

1749+ 2.1+3.9

CMS 2011, di-lepton 1733+ 1.2+2.7

L,=23f" (®&CR, UE syst)
CMS 2011, p+jets

L,.=49f", (®CR, UE syst.)

— = 1726+ 04+ 1.5
LHC June 2012 —— 173.3+05+1.3
@

X?/dof = 2.5/6, prob = 86%
Tevatron July 2011 173.2+0.6+0.8
I | - - (st1t.) + (syst.)

160 170 180 190
Mass of the Top Quark [GeV]

mS°™P = 173.18 £ 0.56 (stat) + 0.75 (syst) GeV
= 173.18 = 0.94 GeV

150 170 190
m,,, [GeV]

myp = 173.3 £ 0.5 (stat) + 1.3 (syst) GeV

+0.5%
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History Miop VS. Mw

March 2005
L)

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

|
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History Mtop VS. Mw

Julyzoes . . .

{ —LEP1 and SLD
80.51 - LEP2 and Tevatron (prel.)
68% CL

|
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History Miop VS. Mw

March 2006
L]

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

68% CL
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History Mtop VS. Mw

Julym('b . : :

{ —LEP1 and SLD
80.5 - LEP2 and Tevatron (prel.)
68% CL
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History Miop VS. Mw

March 2007
L

{1 —LEP2 and Tevatron (prel.)
80.54 - LEP1 and SLD
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History Miop VS. Mw

March 2008
' |

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

68% CL
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History Miop VS. Mw

July 2008
' |

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

68% CL
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History Miop VS. Mw

March 2009
T T |

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

68% CL
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History muop

Juyzon' . . .
— LEP2 and Tevatlron

| - LEP1 and SLD

68% CL

THE ROYA
SOCIETY
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History Miop VS. Mw

80.5 R .
[JLHC excluded
| — LEP2 and Tevatron
1 - LEP1 and SLD

|
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History Miop VS. Mw

80.5 s 2
[ JLHC excluded
| —LEP2 and Tevatron
i --LEP1 and SLD
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History Miop VS. Mw

GOAGED Not excluded at 95% C.L. by direct searches

—— M, LEP+Tevatron, m;: Tevatron

80.44 68% C.L.

80.42

—
1Y
L=

80.40

80.38

80.36

80.34

80.32

IIIIIIIIIIITIIIlIIITIIIIIIIIIII

IIIIII|IIIIIIIII|
e 165 170 175 180
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History Miop VS. Mw

July 2012

(_g. 80.46 —— LMC direct searches

f -~ My: LEP+Tevatron, m : Tevatron
80.44

- - l A e d - A
180 185 190
m, [GeV]

— Standard Model is self-consistent
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History Miop VS. Mw

July 2012

>

é‘ 80.46 —— LMC direct searches

future: 2 b sommasies
A(mw)=15 MeV _ .
A(my=1 GeV SM“EEroken Q\ &

80.44 68% C.L.

LI - l ) W S W WD WS S — -
180 185 190
m, [GeV]

improved W mass measurement is critical

e Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 34 t




What Mass Do We Measure?

* LO QCD: free parameter
> NLO QCD: dependent on the renormalisation scale M

gmfammd%a‘fQCD |
G it W Mo,y Gty )
mem,&se_ol pan.amelm 070QCD

gs (H) M, (M), My(M), W (H) MC(H)}'MGKH)
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Different Top Mass Definitions

hep-ph/0001002

/

l\TS scheme

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 36



Different Top Mass Definitions

hep-ph/0001002

/

INTS scheme

— difference between MS and pole mass is ~10 GeV...

* measurement reconstructing decay products: depends on MC mass details
* how does MC mass relate to pole mass or running mass scheme?

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 37



Which Top Mass Does a LO MC Contain?

> matrix element in LO QCD

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 38 'véfkﬁyv



Which Top Mass Does a LO MC Contain?

> matrix element in LO QCD

D O 00 0O
t

W

» parton showers simulate higher orders,

MANCHISER — Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 39 o EiHi



Which Top Mass Does a LO MC Contain?

> matrix element in LO QCD

» parton showers simulate higher orders,
i.e. not only radiating additional gluons!

MANCHESER -~ Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 40 > EiHi



Which Top Mass Does a LO MC Contain?

> matrix element in LO QCD

» parton showers simulate higher orders,
i.e. not only radiating additional gluons!
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Which Top Mass Does a LO MC Contain?

> matrix element in LO QCD

> parton showers simulate higher orders,
i.e. not only radiating additional gluons!
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Which Top Mass Does a LO MC Contain?

> matrix element in LO QCD

q

+ parton showers simulate higher orders,
i.e. not only radiating additional gluons!

= VERY DIFFICULT TO SAY...
> arguments that it should be close to pole mass

MANCHESER -~ Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 43 o Eit




Do NLO MCs Contain Mass information?

e only if they have contributions like this, since top quark
propagator needs to be renormalized

e current Powheg, MC@NLO calculate top quarks on-shell

* might be available soon (but only for dilepton final states...)

MANCHESIER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 44 '.EROYA



Important to Know...

s 1
é‘o.“: ~ LHC direct searches

; -~ My: LEP+Tevatron, m: Tevatron
8044 gaucL

pole mass -

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 45 a



Important to Know...

>

©80.46 — LMC direct searches

; | M,: LEP+Tevatron, m : Tevatron
8044 gauc..

pole mass .,

\ ,"/ \‘\.
| ' ;

average
interpreted

as MS mass

~10 GeV (3-loop)
170 175 180 185 190
m, [GeV]

> can we measure pole or MS mass in direct and well-defined way?

MANCHESTER. Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 46 ki




Top Quark Pole Mass

4

MC mass = pole mass - "™ Y
150 160 170 180 190
Top quark pole mass (GeV)
* use b-tagged cross section since less dependent on mass
* difference due to MC mass interpretation is included into systematics

pole

+5.2
_ B 3
m = 1667 Gev| +2.9%

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab



Top Quark Pole Mass

>
é 80.46 ~— LMC direct searches

M,: LEP+Tevatron, m: Tevatron
8044 oL
80.42
le mass
po 80.40

‘_JHEP 1009,
097 (2010)
| = Measured of
"~ —— Measured

165 170 175 180 185 190 160 170 190
L Top quark pole mass (GeV)

* use b-tagged cross section since less dependent on mass
* difference due to MC mass interpretation is included into systematics

pole 25
m = 1667, Gev|  +2.9%

» 10 consistent with Tevatron average: m = 173.3 = 1.1 GeV

. Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 48 ke




Top Quark Pole Mass

- -1
better convergence of higher DO, L=5.3 fb

order resummation

...-f:; Moch Uwer

| NLO+NNLL

MCmass=polemass ... ... ...... .01 . ........
140 150 160 170 180

Top quark MS mass (GeV)

> first extraction of MS mass taking selection efficiency into
account

MS +4.8

. =160.0_,, GeV +2.8%

THE ROYA
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Top Quark Pole Mass

b s STV -1 oosams
- ; M,: LEP+Tevatron, m : Tevatron RN
8044  gawncL

s042  pole mass

Moch, Uwer

| NLO+NNLL

L AL l b — l I T — l A | — 'S l L

- T 140 150 160 170 180
170 175 180 185 190

m, [GeV] Top quark MS mass (GeV)

» first extraction of MS mass taking selection efficiency into
account — —

" =160.0, Gev| +2.8%

» 20 consistent with Tevatron average: m = 173.3 + 1.1 GeV
* Tevatron average is more consistent with a pole mass!

e Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 50 o kT




Top Quark Decay Width

3
0 __ Grm;

L 8m/2
2
NLO: rt=rg( —M—§V> (1+

my

I'y = 1.26 GeV for m; = 170 GeV

2-tag: 214 events ----I'= 1.5 GeV

50 N [
¢ Data .02 | 7N —— I'=10.0 GeV
40 - mh

2-dim template v P
fit 't vs. JES: " BB5i00 only

[ < 7.6 GeV -

!
E

....... I“t=20.0 GeV

Probability

0
2
g ) mieco(GeV/c?)

— model independent but not really sensitve
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Top Quark Decay Width

* indirect determination (direct extraction not sensitive enough)

t-channel cross section:

o(t-channel) = 2.26 + 0.12 pb
approximate NNNLO, m, = 172.5 GeV

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 52



Top Quark Decay Width

* indirect determination (direct extraction not sensitive enough)

o(t-channel) = 2.26 + 0.12 pb rt—-wb) = 1.33 GeV
approximate NNNLO, m = 172.5 GeV NLO, m = 172.5 GeV

MANCHESTER. Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 53 t



Top Quark Decay Width

* indirect determination (direct extraction not sensitive enough)

o(t-channel) = 2.26 = 0.12 pb Nt—Wb) = 1.33 GeV
approximate NNNLO, m, = 172.5 GeV NLO, m = 172.5 GeV

* combine both measurements
* assume that coupling in top production and decay is the same

MANCHESIER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 54 'cn
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Top Quark Decay Width

o(pp — tgb + X) = 2.90 £ 0.59 pb [R= 0.90+0.04 (stat+syst)]
m =172.5 GeV

-
.

DO, 5.4 fb™
Expected I',

= 1.39 755 GeV
Observed I',
= 2.00747 GeV

Phys. Rev. D84 012008 (2011) T, [GeV]

[y = 2.00503 GeV = (3.2970¢3) X 107*° s

—> most precise determination
Top Quark Physics

O - ~
> o -

s
8
z
2
g
g
Q
g
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Top Pair Spin Correlation

* top quark: discovered in 1995 by CDF&DO
e does the top quark have spin 1/2?

e top quark pair production: top quarks are
not polarised, but spin of top and anti-top
quarks are correlated

e top quarks have short lifetime:

Tt = (331_82) X ]_0_25 S | D@ Collaboration,
: PRL 106, 022001 (2011)
arXiv:1201.4156 [hep-ex]

e decay before spins can flip
e spin information is contained in decay product

* measure tt spin correlation: consistent with SM prediction for a spin 1/2 particle?

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab SRS SOCIETY



New physics impact on spin correlations

* important test of SM and sensitive search for physics beyond
e analyse the whole chain of top pair production and top decay

Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’, ...

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab SRS SOCIETY



Spin correlation strength

A= NTT+Nll_ NTL_NlT
Ny+N, +N; +N

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab



Spin correlation helicity basis

Comics: Habilitation, Arnulf Quadt

€='s) L

=l
gaz/ﬂg

| T1)

lli«g{l’fi}ﬂ“}} C~i/3-23  A2(11H)- D]l c~+100%

= ‘33% Arens, Sehgal, Phys. Lett. B302, 501 (1993)
Stelzer, Willenbrock, Phys.Lett. B374, 169 (1996)

2 t
(helicity conservation )/ y

of the strong

and weak interactions) qrz Tﬁ g %/ﬂ ﬂ‘&%i g

t C ~-100% t C ~-100%

m (I-O) C- Niike — Nyniike LHQ; (LO) hep-ph/0403035
* helicity:C=-47% Niike + Nuntike  » helicity: C= 32%

MANCHESIER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 59 '. Y




Spin correlation beam basis

Comics: Habilitation, Arnulf Quadt

=
gm_gr??é&ﬂ*g

£

c='s)

t

v
/A

C~0% i

= Niike — Nuniike

Tevatron: (LO) Nkt Nke 1HG; (LO)
> beam:C = 93% *beam:C=-0.5%
s off-diagonal: C = 94% > off-diagonal: C = -2.7%

MANCHESIER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 60 2 Eidinfg
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Spin correlation strength

A= N.+N, —N; —N
N:++Ny+ Ny +Ny,

-

7

t
Tevatron LHC
e dominated by qq annihilation e dominated by gg fusion

* tt pairs close to the threshold e tt pairs far off the threshold

* beam axis as spin quantisation axis * helicity basis as spin quantisation axis
NLO QCD: A =0.78 NLO QCD: A = 0.32

Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)

* optimised “off-diagonal” basis * maximal basis

complementary between Tevatron and LHC
e Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 61 ckicrm




Polarisation power

spin
analysing A charged lepton

1 dO' . 1 basis "y o
O d COS ei B 2 (1+a' Cosei) in tt ZMF frame ‘th/

)
b jet ‘
dilepton channel promises largest sensitivity % V""’"’O
Brandenburg, Si, Uwer, \
Phys. Lett. B539, 235 (2002) S in top quark rest frame
b-quark | W+ H/ I \ﬂ d-quark or 5-quark | u-quark or c-quark
a; (LO) -041 041 H\ 1 /H 1 -0.31
0

a; (NLO) || -0.39 | 0.39 |\ 0.998 0.93 -0.31

1 d°o 1
o dcos 0, dcos 0, 4( _@OS 1€056,)

whereC=Aaq, o, A=C

linear extraction:

THE ROYA
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Polarisation power

spin
analysing A charged lepton

1 dO' . 1 basis "y o
O d COS ei B 2 (1+a' Cosei) in tt ZMF frame ‘th/

'
b jet ‘
dilepton channel: explore simultaneously Vutﬂno

Brandenburg, Si, Uwer/ \
Phys. Lett. B539, WOZ) >\ in top quark rest frame

W+ H/ It \ﬂ d-quark or 5-quark | u-quark or c-quark
041 1 1 -0.31
0.39 |\ 0.998 0.93 -0.31

1 d'o 1
=—(1 0s6,cos0
o dcos 91 dCOSGz 4( _(C}i I 2) linear extraction:

where C=Aa, a, A=C

THE ROYA
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Polarisation power

spin
analysing A charged lepton

1 d O 1 basis "y o
o dcose 2 (1+a COSO ) in tt ZMF frame \:'/

b jet .
use lowest energy quark in l+jets channel % Vutrino
Brandenburg, Si, Uwer, \ \

Phys. Lett. B539, 235 (2002) in top quark rest frame

b-quark W+ I \ﬂ d-qu k or § uark u-quark or c-quark

a; (LO) -0.41 0.41 -0.31
a; (NLO) | -0.39 | 0.39 |\O. 998 0. 93 -0.31

1 d°o 1
o dcos 0, dcos 0, 4( _@OS 1€056,)

whereC=Aaq, o, A=C

linear extraction:

l] THE ROYA
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Template Method

g
b / \\V

Phys. Lett. B 702, 16 (2011)
—e— Data

Wisvsoncor]  COrrelation strength:

[_]1tf no spin corr.
[ Backgrounds

C = 0.1070%2 (stat+syst)

NLO QCD: C = 0.777+9:9%7

0

cos6,c080, agreement within 2 sd
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Matrix Element Method

1
wﬁ’) = one (120) / feor(€1) fepr(ez)derdes
(27!')4 |M(ya "ntaI{)l2
H=correlated :
or

H=uncorrelated
spins

d®
€1€98 W(m’ y) 6

»-
Proton

o O —

Antiproton
-

transfer functions
PDF's LO-Matrix element (probability to measure x

when y was produced)
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Transformation into Templates

MEs: per event € spin correlation: ensemble of events

P (H = ¢)
. . - . gn K. Melnikov, M. Schul:ze
discriminant R = Psgn(H _ u) + Psgn(H _ C) arXiv:1103.2122 (hep-ph)

— | ! I ! |

-+ No spin corr. | MC@NLO
. —— SM spin corr. | on parton level

dilepton

o
-
6)]

&)
D
N
=
&
S
o
-

o
-
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Transformation into Templates

MEs: per event €< spin correlation: ensemble of events

Psgn(H = ¢)
P (H = u) + Pogn(H = )

discriminant R =

£ ] - -1 -
$ 1001 —— Data DG, L=5.41b"| pjggest loss:

2" ]— ti SMspin corr. undetected
80- tt no spin corr.

dilepton 1 I measured ti neutrinos
1l Background

03 035 04 045 05 055 0.6
R

l‘ THE ROYA
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Transformation into Templates

MEs: per event €< spin correlation: ensemble of events

Pien (H = ¢)

. . R =
discriminant Psgn(H _ u) + Psgn(H — c) %
dilepton

£ ] - -1

Z'  ]— ti SMspin corr. measure by template fit to data

tt no spin corr. assuming 2 hypotheses:
1 I measured tt 9 yp

{ Il Background — SM correlation: Nsm events
) - no correlation: No event
- any mixing fraction of Nsm or No

M = Nsm / (Nsm + No)

03 035 04 045 05 055 06 CM = CMheory - M
R

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 6Bl ki



Transformation into Templates

MEs: per event €< spin correlation: ensemble of events

=C
discriminant R = Sgn( )

: Pign(H = u) + Psgn(H = ¢) %
dilepton

2 - combination:
% 100-] —— Data DJ, L=5.4 fb

2 %1 i'sM spin corr. dilepton & l+jets

tt no spin corr.

1 B measured tt
1 Ph R Lett. 108, 032004 (2012
| mmm Background ys. Tev. ne (2012)

fmeas = 0.85 £ 0.29(stat + syst)

Phys. Rev. Lett. 107, 032001 (2011)

correlation strength:
|C =0.66 == 0.23 (stat+syst) |

03 035 04 045 05 055 0.6 o NLO QCD C =0. 777+8 8121;

— first evidence for spin correlation with 3.1o
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Exclusion Limits

I 1 1 1 1 I
DG L=5.4fb"

f > 0.344 W oovc
at 95% CL 95.0% C.

99.7% C.

lll‘lllllllllll]]]

rr

-

0-

1
2

first exclusion of

hypothesis H=uncorrelated _ _
(f=0) with >99.7% CL: 3.10 ot in agreement with SM

0@l THE ROYA
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Spin Correlation at the LHC

e first measurement of spin correlation Mahlon, Parke, PRD D81, 074024 (2010)
between top and anti-top quark in dilepton 0.6
final states at the LHC i L

R |
ATLAS Simulation
e azimuthal angle between charged leptons 05
in laboratory frame: sensitive and simple! '

—tT (SM)
---tt (uncorrelated)

lI|IIlI

0.4

r T T T [ rrr 17 ryeI1rryrr 117 17117 17T 17 17177177
I [ I [ [

lllllllllllllllllllllllllllll

05 1 15 2 25 3
Ad
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Spin Correlation at the LHC

e first measurement of spin correlation Phys. Rev. Lett. 108, 212001 (2012)

between top and anti-top quark in dilepton

final states at the LHC Lg00E [T U ATLAS -
() ]

e azimuthal angle between charged leptons 3 gy Bt y
. .- . C Ldt=2.1fb
in laboratory frame: sensitive and simple! : ifsl;'gg%cglr’elated)
700E mg Z/y*+jets
600 diboson
W fake leptons
500

400
300
200F----

IIIIIIII Il]llll[llll]lllllll

o
o
(&)
—_
—_
6)}
\S)
N
(@)
w

B>
<
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Spin Correlation at the LHC

e first measurement of spin correlation Phys. Rev. Lett. 108, 212001 (2012)

between top and anti-top quark in dilepton

final states at the LHC 2 900E
< 900¢

e azimuthal angle between charged leptons 3 gyof L1t (SM)
in laboratory frame: sensitive and simple! : ig‘;,gg,;;f?;[,e’a'ed)
700E mg Z/y*+jets
600E diboson
- I fake leptons

M =1.30 4 0.14 (stat) 1955 (syst) 500"
400
300

+0.09 2 200F---
Chelicity = 0.40 _g g 9% :

(=0.32 in NLO QCD)

— first observation of spin correlation with 5.1c
— correlation agrees with SM spin 1/2 hypothesis

0@l THE ROYA
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Outline

Introduction
History of the Top Quark
Top Quark Production

Top Quark Properties
Searches in Top Sector
Conclusions
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Searches in Top Production

(see BSM lecture by L.-T. Wang)
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Searches for New ttbhar Resonances

search for Z’, axigluons, ... :

experimental signature is
bump in mg distribution

L L L L L L L L R B L |
ATLAS i+ Jets
IEI Data
-1 -
JLdt_2.05 fo \s=7TeV §ItV+jets
W Z+jets
Diboson
B Single top
B Fake leptons
7/ Uncertainty

data .
NLO (MCFM) 7

B NLO + NNLL 3

*

tt

1L ATLAS
8 j Ldt=2.05f"

it

tt

>
(O]
Q)
o
o
(QV
~
[22]
“+
c
o
>
w

1/c.do /dm_[1/TeV]

— O

1 1 1 /7 %
500 1000 1500 2000 2500
m, [GeV]

— no hint for new physics
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Searches in Top Decays

D OO0 0OC

t
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Searches in Top Decays: b Disappearance

D OO0 0OC

t
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Measurement of Branching Fractions

Vud Vus Vub
r=B3{t=Wb) VCKM=(vcd Vs vcb)

B(t—Wq) Vie Vis Vi

Standard Model:
R changes fractions of

V .
IV,bI +:th||:+|V | =y, =1 b-tagged jets:
“ f K\ oM rlminay, 7T [Le 220"

—— =0 b-tags — - =1 b-tags

unitarity of CKM matrix

R=1

SM:

e.g. decay into 4™ generation
quark: R<1 1 N

0.2 0.4 0.6

sensitive to b disappearance x
R= B(t—>Wb)/B(t—>Wq)

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 80




Measurement of branching fractions

CDF Run Il Preliminary 8.7 fb™ Lepton+Jets Final State

—— L+Jets Data
© Background
=== {f, R=1

-=== i, R=0.5
- tt, R=0.1

_B(t - Whb)

R=Bt=wWo)

1-Tag3jets 1-Tag4jets 1-Tag=5jets 2-Tag 3 jets 2-Tag4jets 2-Tag=5 jets

T T I I I I I I I I I I I

- o P eu events |
L CMS preliminary, s=7 TeV, | L=2.2 fb 2 jets 3 jets
[ +cata [ cieptons[other tt |21 +ets— 1

— .Wﬂ'e\s.Singletop DDi-bosons

ee events | up events
2 jets 3 jets | 2 jets 3 jets

IIIIIIlIIII

Data/Expected

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] 1 1
0 1 2 30 123012 3012230123012 3
b-tag multiplicity (TCHEL)
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Measurement of branching fractions

—
I

~ CMS preliminary, Vs=7 TeV, f L=2.2 b

o
©
TT

99.7% CL

o
Qo
T T

95% CL
" Pes%cL

o
~
TTT

o
(o2}
TTT

T
=
L
)
o
=
L
o
I

R
o o
A lml

o«
w
TT T T T T TTT

R =0.98 = 0.04

good agreement with
SM prediction: R=1

o
N
TTTTT

o
—
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Searches in Top Decays: W Disappearance

D OO0 0OC

t
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Search for FCNC in Top Quark Decays

e _
Lrcne = t”m(’vz —az7s5)qZ4" + h.c.

2 sin Oy cos Ow

* select 3 leptons, missing transverse momentum, 2 jets
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Search for FCNC in Top Quark Decays

{iii{{] 1 FCNC, B(t—Zq)=5%

LI I

—a— Data

Wz 1
B D@, 4.1 fb

- Other backgrounds

]

-

Events per bin
w
(=

<
o
(=

FEEEEREEEERERRREEEEREEE

1

l

0
D@, 4.1 6" [ rene, Buoszaysw

—

T
i
wie
e
e
tit
e
i
feie
e
i
It
et
I e
i isi
Lt
i Taie
i wise
faie
i it
wide
25 b EEE]
wiae
3 faie
4 et
i
i e
4 et wed
waie wee
i H
waie e
e .
it e

200

Events per 100 GeV
Events per 100 GeV

- Other backgrounds

()

800 1000
H, (GeV)

3 leptons + 0 jets 3 leptons + 1 jet

Events per 100 GeV

600
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Search for FCNC in Top Quark Decays

=

tt FCNC, B(t—Zq)=5%

[ i FONC, B(t—Zq)=5%
Data
SM backgrounds -

H; (GeV)
S

Events per 100 GeV

lmugaﬂlllunn-

olﬂﬂuuﬂﬂllllllouo.-....

()
800 1000
H; (GeV)

’0

S

s 8
LA ELELELE IR B

CF’

00200300400
3 leptons + 21 jet migy’ (GeV)

‘D@, 4.1 fb"! [HiFoNe, Buzg=s%

m

i (a)

[l Other backgrounds

Events per 30 GeV

Phys. Lett. B701, 313 (2011) 95% C.L.

[B(t—qu) < 3.2% (3.8% expected)]
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Search for FCNC in Top Quark Decays

excluded at 95% C.L.

m, =175 GeV,c . = 6.90 pb
amz=":cz=a.cz='<|cy=°

DO, L = 4.1 fb"

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 87 2 Hiding

=

0.5
IK.uy

world's best
limit




Search for FCNC in Top Quark Decays

3 ID selection 2ID+TL selection
* p;(1%)>25 GeV * 2ID + ‘track lepton’, p; (TL)>25GeV

ey
£y
|

ATLAS o data
---- tt-» WbZq signal_|
f Lat=21f"  Iliwz
[Tetsm
3ID 0 zsjets
dibosons

bkg. uncertainty ]

tt — gZ bW — qll blv
* 3 leptons (p; > 20 GeV)
e 2 same flavour |m(I*I") —m(Z)| < 15 GeV
« E;Mss> 20 GeV, >= 2 jets (p>25 GeV)

Events /2 GeV
Events /2 GeV

o - n w » (53] D ~ [o+]
L L L R R R e R B

95 100 105
m, [GeV] m, [GeV]

(Vismadisa N
95 100 105

RRRRE 7 = Wblqslgnal—
B rakes ]
M vz E

dibosons E

{ counting experiment:

, ; B(t—4Z2q)<0.73%
' (0.93% expected)

My, [GeV]

Events /10 GeV
Events /10 GeV
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Search for FCNC in Top Quark Decays

excluded at 95% C.L.

m, =175 GeV,c . = 6.90 pb
Bz = Viez = Bz = Kig, = 0

DO, L = 4.1 fb"

IKMI '

arXiv:1206.0257 @
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Outline

Introduction
History of the Top Quark
Top Quark Production

Top Quark Properties
Searches in Top Sector
Conclusions
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Summary

e we are in the middle of the precision top physics era

— top pair cross section (4% LHC)
- Vi (8% Tevatron)

- top mass (0.5% Tevatron, 0.8% LHC)
- differential cross sections

e new processes: t—-channel single top (observation), Wt
(evidence), ttZ (evidence), tty (close to evidence - charge!)

® new properties: spin correlations (observatlon), top
polarisation, color flow, jet veto, . .

e many stringent searches for new physics

— good agreement with SM

— tremendous success
of the whole field
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Forward Backward Charge Asymmetry

BACKWARD FORWARD

Agpp =

-asymmetry in0(@’)  NLO QCD

interference between:

q —>—6osese6y—>—t q t
1 , >m“€m‘<

q——9090000)<7¢ q t

interference between:

q t q -t
99 E{z{r
>1mm- mm<
q t q t
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Forward Backward Charge Asymmetry

BACKWARD FORWARD

61 (Correlated Uncertainties)

i _N(Ay>0)—N(Ay<0)

AFB_

N (A y>0)+N(Ay<0)

MANCHESTER

CDF Run Il Preliminary L = 8.7 fb"

| —e— |+Jets Data
A, =0.162 + 0.047

NLO (QCD+EW) t

A, = 0.066 _+_:

o

Top Quark Physics

’ h — NLO (QCD+EW) ti

CDF Run Il Preliminary L =8.7 fb"

| —— |+Jets Data
a,, = (30.6 = 8.6)x107

| — NLO (QCD+EW) ti
a,, = 10.3x107

L

02 04 06 08 1 12 14 16 18 2

Parton Level Ay

CODF Run Il Preliminary L = 8.7 fb"

| —— |+Jets Data

= (15.6 + 5.0)x10"
?g‘omlatod Uncertainties) % /

Oy, = 3.3x10*




Forward Backward Charge Asymmetry

Ay, of the Top Quark

N. Kidonakis, July 2011
PRD84:011504 (2011)

[ V. Ahrens et. al., (** submitted to a journal)
arXiv:1106.6051v1 (2011)

[J w. Hollik and D. Pagani,
arXiv:1107.2606 (2011)

(* preliminary)

. ®
 —— 0.158 + 0.074 (+0.072+ 0.017)
: (5317

BACKWARD FORWARD CDF LJ

Phys. Rev. D83, 112003

CDF DIL* o
N (A y>0)+N(Ay<0) 0.420 + 0.158 (+0.150 + 0.050)

(5.1

L _N(Ay>0)-N(Ay<0)
FB™—

CDF combined* © e—@—  0.201+ 0.067 (+0.065+ 0.018)
. (£ stat = syst)

DO LJ** ~—e—  0.196+ 0.060 *5 032
A = 0.162 + 0.047 (stat.+syst.) (5.41")
ys. Rev. D 84, 112055 (2911)

I |
0.6
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Forward Backward Charge Asymmetry

e complementary to the LHC
Tevatron

N(Ay>0)—N(Ay<0)

N(Ay>0)+N(Ay<0)

tt
AFB_

BACKWARD FORWARD

Tevatron4 top
anti-top

AYy=Y, - Y,
Agpp =

>

CDF Run Il Preliminary L =8.7 fb" n

| —e— |+Jets Data
A, =0.162 + 0.047 LHC

:;o.(:cmﬁ R 4 =N(A|y|>0)—N(A|J’|<0)
n © N(Alyl>0)+N(Alyl<0)

—— LHC A top
anti-top

= Alyl= 1y, - 1yl
T

Parton Level Ay
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Charge Asymmetry: LHC

M1W LAY AL LB EL A LB B ) o ]
TLAS e+24jets (=1 btag) ATLAS Preliminary
F eu-ILdt=4.7fb"

é’mon— Ldt=1.0415" - data

L= A TV S P
' » = N(Aly|>0)+N(Aly|<0)

£ Voot

t _[ Ldt=1.0410" ATLAS

7 —@— Unfclded data

%% mc@nLo
-

VARIVA
ATLAS-CONF-2012- 05?

eozdje(s(zlblag)'

*data
SMCHINO 1

—
[+2]
IISVI

ep-fl.d:=4.7fb"

tiadedAly|
Events/ 05
=
'8-

—

—
n
T l"8l'

> 450
m. (GeV]

Ac (combined) = 2.9 + 2.8%

MC@NLO:
Ac = 0.6 = 0.2%

Ac (I+jets) = -1.8 = 3.6%

MANCHESTER. Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 97 2 ksiiea




Leptonic Asymmetry

<‘ Al =N(ql.YI>0)_N(ql.YI<O) =
f " N(q,y,>0)+N(q,y,<0)

Multijet

[ |
Wijets
=

e Data

150}

100}

II|III|III|III|III|I.II|III|

50F

1 1.5 ot
qul

i + D@, 5.4 fb"! 200 D@ L=5.4fb"

—— Data

B :
I Background

Qxn

Wi D@, 5.4 fb™
Wiejets
[ Multijet

e Data

Events
N
[¢)]
[=]

- DO L=5.41b"

N
o
o

MC@NLO:
Al = 2.1 + 0.1%

QCD+EWK:

[2)]
o

wIIIIIIIII|IIII|IIII|IIII|II

— T

——
—— Data

B i -
[l Background |

Al = 15.2 + 4.0%| Afr=47+0.1%
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Forward Backward and Leptonic Asymmetry

¢ measured asymmetries in l+jets (arXiv:1107.4995) and dilepton
(arXiv:1207.0364) channel Forward-Backward Top Asymmetry, %

¢ unfolded AFB = 19.6% in l+jets Production Level

agrees within 2.4 SD with P 72017
MC@NLO prediction of 5.0% -

Am = 0.162 = 0.047 (stat.+syst.)

e combined lepton based asymmetry Do 5 a1 YT
3 Ve M=V 26

from l+jets and dilepton: C Frrions s B st
ié 1:(11.813.2)%\ L, | Menees
0 10 20
agrees within 2.2 SD with prediction of 4.7%
¢ however:

e all results dominated by statistical uncertainty
e ongoing work for improved predictions
¢ many models predict very different values for A and AFBl

- new results with full data set (~9 fb') in l1+jets and dilepton
in preparation
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Measurement of Branching Fractions

Wlth Vud Vus Vub
Y. Peters R=B(t_)Wb) Vekm = ( Veo Vs Veb )

Standard Model; L 2!="%) Via_Ves Vi
R changes fractions of

Vol =y, =1 b-tagged jets:

T |2+|th|/4

unitarity of CKM matrix

SM: R=1

Z
e
©
Ko
o
—
Q.
()]
£
[*))
o
©
—
—
——

e.g. decay into 4™ generation
quark: R<1

sensitive to b disappearance 0 02 04 06 038
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Measurement of branching fractions

MANCHESTER
1824

w combined |l+jets and dilepton

{R= 0.90+0.04 (stat+syst) ]

1 using unitarity of CKM matrix:

| D@, L=5.3 fp! > Data

— tt R=1

e 1 R0, [0.90 <[V, | <0.99 @ 95% C.L.}

Background

lepton + 24 jets

— most precise measurement

Phys. Rev. Lett. 107, 121802 (2011)
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Calibration of the Method

> pseudo experiments: compare measured mass with generated
* correct for differences: calibration curve

MANCI—[‘I\-,\; 14 ER

Top Quark Physics

15[

D@ Run Ilb Prellmmary, L-1 2 fb1

—

170+013

_1.00+0.02 |

Ieptom-]ets

| - JES°°"_1 oo |

lllllllllll

5 10 15
True M -170

THE ROYA
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Important to Know...

July 2010
' I

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

68% CL

pole mass

world average
interpreted as

M_S mass

175 200
m, [GeV]

together with understanding of systematics one of
the most challenging questions in the future!
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Top Quark Decay Width
t-channel cross section: partial decay width:

o(pp — tgb+ X) = 2.90 £ 0.59 pb [R= 0.90+0.04 (stat+syst)]
m, =172.5 GeV

D@, 5.4 fb™

|V, | >0.81 at 95% C.L.

—
—

—

£ 7
56
T 5
c 4
o 3
§2
a 1

—
-

%0202 06 08 1
IV P

tb

[Vip| > 0.81 at the 95% C.L.
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Top Quark Decay Width

o(pp — tgb + X) = 2.90 + 0.59 pb
m, =172.5 GeV

partial decay width:

[R= 0.90+0.04 (stat+syst)]

7

6:
5

4
3
2
1

—
-
-
-
-

=
7
c
[
©
L
o
=
2
7
o
o

% 0204 06 08 1

D@, 5.41b"

|V, | >0.81at95% C.L.

4™ generation b' quark:
My > My — My

|‘/td|a|Vt3| < 1
v, Vi[> = 1 — [Vip|?

[Vip| > 0.81 at the 95% C.L.

Vi | < 0.59 at 95% C.L.
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Measurement in dilepton channel

e reconstruct event by maximizing kinematic likelihood and picking
most likely b-quark jet combination

£ (B B B = P (o) P (5) P () 4 MC priors
¢ .
1 [ 1 {Elr)neas o Efuess }2 {Elr)neas o Efucss }2] ‘lleutrlno
X

b-jet E ) resolution”

l'eSOlution {' [ 1 {El;:leas - Eiuess {E;neas o Eiuess }2] /

exp
MET MET MET
oy o oy

op Op

2

Signal (cos#f,, cosb.)
CDF Il Preliminary(5.1fb™)

Sig. Fit (cos6,, cosBs)

CDF Il Preliminary(5.1fb™! _
o

MANCHESTER Top Quark Physics - Christian Schwanenberger - HCPSS 2012, Fermilab 106 2 ke



Measurement in dilepton channel

e reconstruct event by maximizing kinematic likelihood and picking
most likely b-quark jet combination
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Measurement in dilepton channel

e reconstruct event by maximizing kinematic likelihood and picking
most likely b-quark jet combination
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Measurement in dilepton channel

e reconstruct event by maximizing kinematic likelihood and picking
most likely b-quark jet combination

o fit both 2d templates simultaneously with binned maximum
likelihood method

Signal (cosb,, cosb.) Signal (cosb,, coses)
CDF Il Preliminary(5.1fb™') ’ CDF Il Preliminary(5.1fo"
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Measurement in dilepton channel

e reconstruct event by maximizing kinematic likelihood and

picking most likely b-quark jet combination
e fit both 2d templates simultaneously with binned m

maximum likelihood method

Feldman-Cousins interval CDF Il Preliminary

| 68% C.L. (Stat only)

I esncL
.~ 95%C.L.
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—0.520 < C < 0.605 (68%C.L.)




