Top quark physics

Michele Gallinaro
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The top quark

M,,,~173 GeV

* The heaviest known elementary particle top

« Coupling to the Higgs ~1
* For M,,,=175 GeV=1=1.4 GeV
=no hadronization

* Open question: why is Top so massive?
— Special role in EWK symmetry breaking?

« Large samples of top quarks available

— even larger in the near future Leptons

« Top quarks are main background for many
New Physics searches

* Precision measurements may provide
insight into physics beyond SM
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short) history of the top g

Discovery of the top quark (1995)
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Tevatron vs LHC

CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Oct 30 16:10 UTC)
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Top quark decays

td
Top quarks (mostly) produced in pairs SRRy 0y

Event topology determined by W decays w+ )
CSs
Vio g |,
t 15 all hadronic
. : - E
For ttbar pairs: b W wil o
* Dilepton (ee, uu, ew): |
— BR~5%, 2 leptons+2 b-jets + 2 neutrinos "_
— BR~30%, one lepton + 4 jets (2 from b) + 1 e _ bl :
neutrino et ut 1t ud cs
. Jet +
* AII hadronIC Displaced tracks w
— BR~45%, 6 jets (2 from b), no neutrinos
R Tau (ha d)+x | Decay hfetli?ye/ ///%econd_a_ryvertex
_ BR~21 0/ rimary vertex //
° 9;0\ v b-jets always present
PR Rct b-jet reconstruction plays important role
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Dilepton channel

Branching Ratio (BR) ~5%
background: small

»two leptons + 22 jets + MET
»more kinematical variables

« Signal visible w/without b-tagging

 Measure cross section:
— Profile likelihood
— Cut and count

* Main systematics: JES, lepton ID,

(pileup, b-tag, signal modeling)

CDF note 10163 (5.1 fb1)

0y = 7.4£0.6(stat)+0.6(syst)+0.5(lumi) pb | +139,

Events
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L ATLAS non-b-tag All channels -

I lLdt 070" e ]
Xiv: 1202 4892 mn zry*sjets

Fake Ieptons
B Other EW |
72, Uncertainty |

0 1 2 3 >4
Number of jets

oy = 176 £ 5(stat.) T4 (syst.) £ 8(lum.) pb ATLAS £10%
o = 169.9 £ 3.9 (stat.) + 16.3 (syst.) £ 7.6 (lumi.)pb CMS +11%
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Dileptons with taus 5 oS S Tev. 22 B - data :

* First top quark cross section including t 3 oo Bt T X

at LHC o f  other tt :

& 5ol B W+jets ]

- Tau fake leptons determined from data a Il Single t :

with QCD events S 4of- [ DY+Diboson -
T \\ Total uncert.

w
o

—
o
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Also t+jets cross section: s top.11.004
0y = 156 & 12 (stat.) +:33 (sys.) = 3 (lumi) pb

o =200 £ 19 (stat.) + 43 (syst.) pb
ATLAS-CONF-2012-032

n
o

500 600

My, [GeV/c?]

Tau+lepton cross section:
arxiv:1205.2067 O ; = 186 + 13 (stat.) +20 (syst.) + 7(lumi.) pb. ATLAS +15%

arXiv:1203.6810 ¢y, = 143 =+ 14(stat.) & 22(syst.) = 3(lumi.)pb CMS *16%
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Lepton + jets
+10%

D@, L=531b" Combine b-tagging

-t
P =
»

o
le‘.ls > 3 CDF I Preliminary 4.6 m-ii 7 /0

Bl data (7348 evts)

B top
and kinematics, 2 B weiets
@ acp

determine xsection
and W+h.f./W+l|.f.

ratio simultaneously

-4 &
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Number of events

014 02 03 04 05 06 07 08 09 1

0 1 >2
Number of b-tagged jets NN output
» Select events with one high pT lepton, MET and jets (including b-tagged)
— Measure cross section using b-tagging or topological Neural Network
 Largest uncertainty due to luminosity
— Reduced by normalizing to Z cross section
PRD 84 (2011) 012008 PRL 105 (2010) 012001
DO (5.3 fb-!, m= 172.5 GeV), b-tagged: CDF (4.6 fb-!, m= 172.5 GeV), topo NN:
0,=7.7810.25(stat)*0-73 .4 (syst) pb 04=7.70+0.52(stat+syst) pb
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Lepton + jets

« 2400 T T T
c ATLAS Preliminary - Data2011,Vs=7 TeV

€ 2000 [Ldt=0.70 b Wt B QCD Multijet .

- B Wtlets B Other EW Main backgrounds:

1600

e + Jets
| 4Jets | =5Jets 3

u + Jets
| 4 Jets

3 Jets

| IIIIIlIII|III|III|III|III

— Hadronic multijet: rejected by m;, MET,
controlled from sidebands

— WH+jets (heavy flavor)
Use kinematics to select ttbar
55 m = n 55 — Mass of sec. vertex
Likelihood Discriminant _ topology
s praiminary \E= ey ot=10" o Categorize events and extract o, from fit

1200
800
400

| =5 Jets
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Ratio Data/Fit

O T

400

# of events / 0.5 GeV
a8
o

ATLAS: CONF-2011-100 +7OA)
179.0+£3.9 (stat)£9.0 (syst)£6.6 (lumi) pb

164.4 + 2.8(stat.) £ 11.9(syst.) + 7.4(lum.) pb +9Y
CMS: TOP-11-005 - 0

2 Jets 2 Tags Muons
3 Jets 2 Tags Muons
4 Jets 2 Tags Muons
5 Jets 2 Tags Muons
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0 50 50 50 5
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7.510.3(stat)+0.3(syst)+0.15(Zy,.,) Pb

CDF Combined (4.6 fb-', m=172.5 GeV)

Oy

* Measurements ~limited by systematics

* Good agreement with SM




Cross sections at 7 TeV

15 May 2012
Theory (approx. NNLO)
for m, = 172.5 GeV

+7 % ATLAS Preliminary

Data 2011

— stat. uncertainty
- total uncertainty

Channel & Lumi. o,; =(stat) =(syst) =(lumi)

Single lepton 0.70 fb™
0.70 fb™' —_——

179+ 4+ 9+ 7pb
173+ 6 *14 *8pb

11

167+ 18+ 78 = 6 pb

Dilepton

All hadronic
1.02 fb™

Combination

et 177+ 3 %= 7 pb
New measurements
Tpag + j€1S 1.67 b’ 200+ 1942+ 7 pb
Tpag + lepton  2.05 fb™ —_— 186+ 1320+ 7 pb
All hadronic 16812 *¥ = 6pb
471" | | | l
50 100 150 200 250 300 350
oy [Pb]

Good agreement among measurements and
predictions for all decay modes

Tevatron | LHC (7 TeV)
NLO 6.74+3:36+0:37 160+20+8
Aliev et. al. [77] | 7.13%5:33+9:3¢ 1641+3+8
Kidonakis [14] | 7.08%3:99+9:3¢ 163+7+3
Ahrens et. al. [69] | 6.6573:%5+9:33 156+5+8

scale unc. ~5% /

"\ PDF unc. ~5%

CMS Preliminary \ s=7

+8%

TeV

CMS 2011 combination
TOP-11-024 (L=0.8-1.1/fb)

CMS e/u+jets+btag
TOP-11-003 (L=0.8-1.1/fb)

CMS dilepton (ee,up,ep)
TOP-11-005 (L=1.1/fb)

.——.
CMS all-hadronic
TOP-11-007 (L=1.1/fb)

——

CMS dilepton (urt)
TOP-11-006 (L=1.1/fb)

Approx. NNLO QCD, Aliev et al.
B Approx. NNLO QCD, Kidonakis,
1 Approx. NNLO QCD, Ahrens et al., JHEP 1009 (2010) 097

[ NLO QCD

| |

TOP-11-024

166+ 2+ 11+ 8

(val. £ stat. + syst. + lumi.)

164+ 3+12+ 7

(val. + stat. + syst. + lumi.)

170+ 4+16+ 8

(val. * stat. + syst. + lum)

136 +20+40+ 8

(val. + stat. + syst. + lumi.)

149+24+26+ 9

(val. * stat. + syst. & lumi.)

, Comput.Phys.Commun. 182 (2011) 1034
Phys.Rev.D 82 (2010) 114030

50 100

150

200 250 300
o(f) (pb)

=measurements are challenging the theory
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Single top

 Test Electroweak production of top 0~|th|2

» Challenging measurement (small signal, similar bkg) i
 Direct measurement of Vtb (check structure of Wtb vertex) Vi

« Sensitive to New Physics processes (FCNC, W', etc) : ,

t-channel

s-channel ; ; ,  Wt-channel

pp @ 1.96 TeV 1.04 +0.04 pb 2.26+0.12 pb 0.28 + 0.06 pb
pp @ 7 TeV 4.6 +0.3 pb 64.6 +3.3 -2.6 pb 15.7+ 1.4 pb
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 Difficult measurement

|
. DG c/u+jets 23" 1 3.94 1088 ),
« Observed at Tevatron in 2009 e | 088 P
. . : DG <+jets 48 ! 3.4 29 pp
) Flrst eVIdence at LHC In 201 O Pre//m/na:);[norjifcimbmanon : 18 P
CDF c/u+jets 32 |  HeH 2.17 X322 pb
CDF ,+jets 211 E 50 2% pb
|
|

CDF Run Il Preliminary, L=3.2fb"

Single top

+20%

Single Top Quark Cross Section December 2009

Tevatron Combination 2.76 :8:2? pb

Multivariate techniques to |
en hance the Sig nal Bl B.W. Harris et al., PRD 66, 054024 (2002) mtop — 170 GeV

-+ CDF Data

N. Kidonakis, PRD 74, 114012 (2006)
| . 1 I S
0 2 4 6 8
W + Jets, = 1 b-Tag cD rliminary 7.5 fb" o ( Pﬁ - tb.'.x’ tqb+X) [pb]

500U 2 n
signal |[e==| & i M single Top 1

4000 | . . WHlight i wl
£70 | region | @ A
|_%3000 7 S/B~ 1 /20 g I Diboson
2 % % % = ace .
%000 N S
s
©l000

s Y5 0 0.5 9
W tjet |W+2jots W 3jots| W djots NN Discriminant PRL 103, 092001(2009). PRL 103, 092002(2009)
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Single top: s- and t-channels

5W+Jets NN Discriminant CDF Il Preliminary 7.5 fb!

| CDF note 10793 @ CDF Data

 s- and t-channels sensitive to different BSM processes

¥ 68.3% CL
 Simultaneous determination of s- and t-channel cross 4; ggg:fgt
sections o B SM(NNNLO)

« MVA training (no constraint on relative rates)

t-channel Cross Section [pb]

t-channel :
( s-channel o q ;
0-....I....I....I....l....
0 1 2 3 4 5
Vio w s-channel Cross Section [pb]
Ve . PLB705(2011) 313
w t ) DO 5.4fb "
c 68% C.L.
q’ b ¢ - S == 90% C.L.
¢ b g B 95% C.L.
7]
o(t-ch)=2.90+£0.59 pb SLB 705 (2011) 313 2
o(s-ch)=0.98+0.63 pb (2011) 5
=most precise measurement in t-channel at Tev: >50 significance E S Measursment
Q | sm”
: - (2] Epd c49: 791, 3007 . O Four generations®]
|th|>0.79 @950/0CL with th[0,1] Egig:ggg;g;gg’,zz&g; o Top_,:,vo,mt
O renc™
DO: PRD84, 112001 (2011) T T

i ' s-channel cross section [pb]"
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Single top at LHC: t-channel

CMS preliminary, 1.14/1.5fb ' \s =7 TeV

« Dominant production is t-channel _ data
, _ . oof U Top is polarized Mt-channel
— 1 central/isolated lepton, MET, 1 b-jet, 1 forward recoil jet ~ _F "= \ O V-A coupling B charna
. s . E W . s_-c anne|
« main backgrounds: multijet, W+jets mo et Phoisjat o lme
. . s0f +
« Signal-background separation sob | Hvees
— Robust fit to angular variables 40 :::::m
— MVA to exploit signal topology 30 Daco
20—

— backgrnd rates/shapes taken from control regions in data
* LHC results consistent with SM

10

0-1 08 06 04 02 0 02 04 06 08

cosb

]

Y T y Y r T T T T

®  CUBmlmb. L1415 8 | | t-channel has small theory unc.
102 3 Y DO54f° -
ofh . = 64577571 (scale) 15, (PDF) pb| +4%

o [pb]

4 COF, 32Mm’

10 N S — NLO QCD (5 lavour schems) E CMS TOP'11'021 0
- e Sy romly ook "°*b o,= 70.2 + 5.2(stat)+10.4(syst)+3.4 (lum) pb +18%
3 i m— e 1 |0y=83 £ 4 (stat) £ 20 (syst) pb +31%
1 eeessosenes 1 IATLAS: arXiv:1205.3130
0 2 4 6 8 10
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Single top: tW- and s-channel

s-channel and associated tW production (lepton+jets, dilepton)

g t
I ' . s-channel .
t ﬁ W_ v'b
b w- g b

W+

q’ b

G... <26.5 pb @95% C.L.

Owt = 2277 (stat & syst) pb| 2.7 g CMS TOP-11-022

2000—————

2 ATLAS: @I-)S\I/:1205'5764‘ v 2 ‘
S - ATLAS ¢ Data - S . of - ;
o i d\%s uncertainty | %1-8:— ATLAS Preliminary ;
W ool fL dt=2.05" Ot B = 16f -'
CIWW/ZZ/\WZ i 9 -
- Vs=7TeV [ Z(ee/up)+ets ? 14
B Z(rr)+ets i 120
i @l Fake dileptons | : =
1000[- : 3 .
‘ +0.16]] 08
: Vil = 1.0325g osk & ATLAS-@ONF-2011-118
500}; 1 0 04f-\ -
low: = 16.8 + 2.9 (stat) + 4.9 (syst) pb[| +37% oaf |
: w 00:“'“'1". 2"“"['gl|11l|illllll5|ll|l|1|61|||1||;||1 ..8
__=_
0 0 1 > 3 2 5 > 6 ctobs (s—channel)/O'ts""(s—channel)
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Direct |V,,| measurement

W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb™
0.01-CDF note 10793

» Use cross section result

* Measurement assumes SM
production mechanism, does not
assume 3-generation/unitarity

[ IV, | >0.78 (95% C.L.)
0.008 |

o
|2 meas V;:b,SM|2

|V;‘,b,meas
OSM

Posterior Probability Density
o
S
|

0
03 04 05 06 07 08 09 1
V.|

Of_cn, = 70.2 = 5.2(stat.) £ 10.4(syst.) £ 3.4(lumi.) pb

V,,|=1.04 £ 0.09 (exp) £ 0.02(theo) V,,[>0.78 @95%CL
CMS: TOP-11-021 CDF: 7.5fb!

= 83 + 4 (stat.) *2) (syst.) pb
0y = 83 £ 4 (stat)) g (syst.) p V[>0.79 @95%CL

[Vip|>0.75 @95%CL DO: 5.4fb"' PRD84, 112001 (2011)
ATLAS: arXiv:1205.3130
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s BR(t—>Wb)~100% ?

BRI WB) v, 2 0.9980<R<0.9984
BR(t — Wq) (g=b,s,d)

* |n the SM, |R

* In SM: R=1 constrained by unitarity. R<1 could indicate New Physics
* Drop assumption R=1
* measure R by comparing the number of ttbar events with 0, 1 and 2 b-tags

Measure R simultaneously with ttbar cross section:

R 001000 L R fame
| Vel 0.95 + 0.05
o = 7744997 pb
R=0.90+0.04 (stat+syst) DO 5.4 fb-!

— |th|:0.951-0_02 (Stat+syst) |+jets & dilepton

V q |th|>0.88 @99.7% C.L PRL 107, 121802 (2011)
Not yet sensitive to SM
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R=B(t—>Wb)/B(t—>Wa)

* First measurement at the LHC
» Use dilepton events (standard selection)

* Fully “data-driven” background determination
— Use wrong assignment in Mlb distribution

* b-tagging multiplicity parametrized as function of R, ¢,, ¢
— Fit R, using ¢, from inclusive b-jet production

Events

Data/Expected

1200

1000 —

800

600

400

200

15

0.5

T T T T T T T .T T T T T T T
[ cMms preliminary, ys=7 TeV, | L=2.2 b’

~data [ dieptonsPothertt [ |Zv+iets— 1
= [Jw+ets J|singte top []pi-bosons

up events
2 jets 3 jets

ee events
2 jets 3 jets

II‘III‘III|

jets 3 jets

eu events

I|J|I‘|II|III|I|I|]II

o ]

+

——

T

»—$—~+T._;_:_,_‘ + P

SSaah

012301230123012301

2 3 0 1 2 3

b-tag muiltiplicity (TCHEL)
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£ CMS preliminary, {5=7 TeV,.[ L=2.21t"
E [[Jeo.7%cL
F [Jeswect
TE
- [ es% cL

-

1.2

R

obs

- CMS preliminary |

[ (s=7TeV, | L=22f" “*F

4F R=0.98+0.04 ok
——combined —ee

1.1

R =0.98 + 0.04

=B(t—>Wb)/B(t—Wq)

R >0.85 at 95% C.L.

CMS TOP-11-029
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Summary of R measurements

n: 098"  cwms preliminary (2012)

-0.04

lj: 0.91+0.09 CDF preliminary (2012)

lj: 0.951:‘;:’77
Y\ D@ PRL 107, 121802 (2011)

11: 0.86, -

-0.08

—e— [ 15:097% D@ PRL 100, 192003 (2008)

-~ | 4103 D@ PLB 639, 616 (2006)

> lj: 1.027)7
s M| ODF PRL 95, 102002 (2005)
o n: 1.41°%

-0.42

o | urn0saS CDF PRLSS, 3233 (2001

04 06 038 1 1.2 14 16 1.8
R=B(t— Wb)/B(t— Wq) 95% CL
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Top quark mass

* Top quark mass is a fundamental parameter

of the SM February 2012
— Known with good accuracy from the Tevatron: 80.5 e
173.2£0.9 GeV (arXiv:1107.5255) [ O Lepewg (2011 68% CL (excluding M ,m_ & diret Higgs exclusion) ]
— Indirect constraint on the Higgs boson mass r @Gyl B, S ]
. . ~ - '\Qf _
via EW corrections S 80451 & i
— m,=92*3% GeV or <161 GeV 0 T & ;
t H g 80.4 N _
W W W ‘\ W 3 : ]
* iR Y VY VUV VUUL - i
» S %l i
80.35 &
dmyy,ocm,2 dmyyclog my, i - 4
I\l
: : : [ 0 ]
*Top is the only fermion with the mass of the 8035 & -
order of EWSB scale VATTY A
*Measuring precisely m,, and m,, 155 160 165 170 175 180 185 190 195
— Test consistency of SM Top Mass (GeV)

— Search for New Physics
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Lepton + jets

* in-situ calibration of the light quark JES from W— qq’

ATLAS: template fit as function of CMS: kinematic fit + “ideogram” method

JES and top quark mass combine event-per-event likelihood
CMS preliminary, 4.7 fb™', \s=7 TeV

25

CMS preliminary, 4.7 tb "', \[s=
CMS preliminary, 47 1, \&= ¢
- B ti correct

>
> = = [0} e
8 800 ATLAS Prelimina E G [ Ettwrong 2 P 1.03
E v E 1000 — -
S 700F + iots - n L L ttunmatched mm:
Z E W+ j E ~ L ttuncertainty ——| 20
£ 600 Ldt=1.04" 3 7] L
o E E £ 800 1.02
w500 — Pug+ Pug = i) i
o/ eeeee Pm@ 3 o L
400 e Data - = 600 i
C hu c
E JSF = 0.986 + 0.006 E -
300~ = (1750109, ) GeV 2 - 1.01 = \ 15
E 3 ] r ]
2005/ . = 5 4001 !
T = |
) N S s a 200 10
S L
.............................. £
................. C?) 0.99 N

ATLAS Preliminary (simulation)

: 0.98
2/ NDF = 1.1 E Test CPT invariance:

(- L 1

170 172 174 176

BT e W W e arXiv:1204.2807 m, [GeV]
Amy = —0.44 £ 0.46 (stat.) £0.27 (syst.) GeV
0
=>m,,,=174.4 + 0.6 (stat) £ 2.3 (syst) GeV ATLAS: arXiv:1203.5755 +1.4%
172.6 + 0.6 (stat) £ 1.2 (syst) GeV CMS TOP-11-015 +0.8%
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Top mass in dileptons

» Under-constrained system (2 neutrinos)

» Event selection similar to cross section measurement (require MET)
« Reconstruct event kinematics with full event kinematic (KINb method)
* Measurement dominated by JES uncertainty

mep = 173.3 + 1.2(stat.) 757 (syst.) GeV/c? +1.7%

LN L L BB L L LA
CMS TOP-1 1 '01 6 p CMS 2011 dilepton KINb (prelim.)
CMS prellmlnary, 'Jr§=7 TeV,| L=23fb — 173.3£28(+1.2+2.6)
Ax 5 l T T l T T T I T T I T T T ] T T T l T T ]
£ =173. 30+1 24 GeV/ ]
45 Miop™ 2 Gevic? 3 - CMS 2010 dilepton
= ] 175.5+6.5 (+ 4.6+ 4.6) ] .
S 4AF —— Combined - DO: arXiv 1201.5172
o = A .
T 35F — 1 bitag (eerun) - — D2l dilepton JEC from lepton+jets
= —— >2 b-tags (ee+up) . 1740+ 3.1 (£ 1.8+2.5)
3E — - 1b-tag (ep) E m; = 174.0 & 2.4(stat) £ 1.4(syst) GeV
E 3 e —— CDF-ll dilepton
2.5 }'\ =2 b-tags (ep) E 1703+ 3.7 (£2.0£3.1)
2\ 3
- 3 > D2 dilepton
1.5 = 1684+ 12.8 (+12.3%3.6)
- A
1= o7 A .
C // ] g CDF-I dilepton
05 :_ _: Tevatron EWK Working Group, arXiv:1107.5255 16741114 (i 10314 9)
- T 3 T l
0 168 170 172 174 176 178 155 160 165 170 175 180 185

Top Mass FGeV/c ]

Michele Cal uark ma
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Top quark mass

Top-Quark Mass [GeV]

arXiv:1107.5255

+0.5%

CDF 172.5+£1.00

DY - 1749+14

Average 173.2 +£0.90
%*/DoF: 6.1/10

13.5

LEP1/SLD 1726 © 132

N 11.7

LEP1/SLD/m,, /T, « 179.7 1

1é0 1?0 1é0 1é0
mt [GeV] March 2012

Global EWK fit:

My =923

*4GeV, or M,<161GeV

» Combination dominated by
the I+jet channel

* Towards LHC and global
combination

«direct searches: M;>115.5 GeV, M;<127 GeV

= fit suggests SM Higgs is light

Michele Gallinaro - "Top quark physics" - 24th Rencontres de

i O . 7 (yo CMS combination

+1.4%

CMS Preliminary, \/s=7 TeV

CMS 2011 dilepton
PAS-TOP-11-016 (L=2.2 ")

CMS 2011 pu+jets
PAS-TOP-11-015 (L=4.7 1)

—

CMS 2010 I+jets
PAS-TOP-10-008 (L=38 p&")

173.3+£12£25

(val = siat, = syst )

1726+ 04+£1.3

(val. = stat. = sysl )

. 1731+ 21+ 27

(val. = stat, = syst.)

CMS 2010 dilepton
JHEP 07 (2011) (L=36 p&™)

[

uptol=47 "

| |

1755+ 4646

(val = stat. * syst.)

1726+ 0412

(val = stat, = syst.)

CMS TOP-11-018

I |

160 165 170

175 180

m.... [GeV]

185

ATLAS Preliminary
e+jets (1d)

p+jets (1d)
e+jets (2d)
n+jets (2d)

l+jets

Most precise (CDF I+jets)

Tevatron September 2011

| | |

(Date: February 23, 2012)
1729+ 1.5+ 2.5

1755+ 1.1+ 2.6

1743+ 0.8+t 2.3

175.0+ 0.7+t 2.6

1745+ 0.6+ 2.3

173.0+x 0.7+ 1.1

173.2+ 0.6+ 0.8
(stat)  (syst)

160 165 170 175

m,,, [GeV]

180 185

190



Top mass from cross section

, : . : — 500
* Direct m,,, measurements rely on details of kinematics, 2@ “ - ;
P . i . L 4500 ATLAS Preliminary, | L = 35 pb
reconstruction, calibration =
. 400 —— s(pp — tt+X — l+jets+
« Extract mass from cross section = T Mehoured dependence of o
. . . 350k —— NNLO approx. Kidonakis
» determine top quark pole mass using the experimental 2005 %, NNLO approx. Langeneld ot al.
ttbar production cross section R
CMS-PAS-TOP-11-008 2505_
CMS Preliminary, \s=7 TeV, L=1.14 fb! 200:_
Top quark pole mass from cross section 1 505_
CMS (Prel., L=1.14 fb™') approx. NNLO @ MSTWOSNNLO value * theo ® exp * a (m,) 100:_ —
Langenfeld et al. - ° 1703 *52+38 g \u ..
Kidonakis ' - + 170.0 *.Z;St;",g 50:— AI‘TLAS'CONF -2011-054 TS
Anrens et al. : . 1676 +88433 140 160 180
» Top quark mass [GeV]
ATLAS (Prel., L=35 pb™') approx. NNLO @ MSTWOSNNLO
Langenfeld et al. B 166.4 *78
Kidonakis ° 166.2 *.?,‘,.';
rens et al. o 1622 *8 1 .
- " : 622 *§¢ Also determine m(MSbar): CMS-PAS-TOP-11-008
o o e e ors *52 Approx. NNLO x HERAPDFISNNLO | mP°¢ / GeV | mMS / Gev
Kidonakis S 1667 +52 Langenfeld et al. [7] 171 768 1643725
Ahrens et al. — e 163 ti'_:; Ahrens et al. [9] 169. 1+6 7 1610:2?
Tevatron direct measurement (July 2011) = ] 173.2 "‘_gg
e oo =1t works but the uncertainty is large
140 150 160 170 180 190
mP°'® (GeV)
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W helicity

Top decays before hadronization !

— Spin information is directly transferred to its decay products (t—=Whb)
Sensitive to anomalous tWb coupling

\&

— ----.a.-..’
l ar =§(1+c0s6;)2FR+§(1—c050;)2FL+§Sin29;F0 b
['dcost, 8 8 4 W"‘
» Measure 6*: angle between lepton and b-jet (in W rest frame) Vv,

3 possible W polarization modes: |Fp =0.698, F, =0.301, Fgp=41x10"%

Measurement subject to: detector effects resolution, acceotance modeling of uncertainties
B oo ©

oo o ‘ H:;tw ATLAS f Ldt=1.041b" Fa | R Fo s SEF2+7 E-’: :‘::1'""3"0"
- OY+jts BN NNLO QCD . i e
250; + + * . -QCD Combination arXiv:1205.2484 0.9:— N ;g:ﬂmbined result
£ value
200 | =+ Data (F_/F /F) 0 82_ O CDF I+jets
15(); Template (single leptons) o M ki ) E li]ggF dilepton
100; Template (.dilep’fons) HOH |l A 0.7:_ —E\ hd
= Asymmetries (single leptons) -e- - ke N
B Asymmetries (dileptons) HOH — ks 0 6:_ \
; Overall combination . T s ' - ‘ f:aL/ :::t:ir/s
'3 = -v- Ny TV vy Vo V- Vv V- .y -—E T T S TS T S S S e b
Ay AT NN TN N I 0 0.5 1 05‘PRD85 091104 2012
€1 08 -06 04 -02 0 02 04 06 ocgs(e.; W boson helicity fractions e .02, el :0.1. h .0 ( 01 ) 0.2 o
Fy = 0.567 4+ 0.074(stat.) £ 0.047(syst.) Fy = 0.67 +0.03 (stat.) & 0.06 (syst.) f,
Fr = 0.393 4+ 0.045(stat.) 4= 0.029( syst. FI, = 0.32 +0.02 (stat.) £ 0.03 (syst. . .
(stat.) (syst.)| i (stat. (5st)l - =results consistent with SM
Fr = 0.040 £ 0.035 (stat.) 4= 0.044(syst. Fr = 0.01 £ 0.01 (stat.) & 0.04 (syst.)
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Witb coupling

* Helicity fractions constrain anomalous couplings

.
_ rSM g 3 107" qu
Lows = LM, — —b[(VLPL + VePr)v* + (GLPy + GrPg)|tW,
V2 'X mw
V=1 In SM: Vg=g, =gg=0
CMS TOP-11-020 CMS preliminary arXiv:1205.2484
EI : ) 1__ T l L T 13 ] T 13 T T T T I T T T l T T __:
g T WoscL - ATLAS WE8%CL -
0.4— - i
- Dgs% CL 0.8 R 95% CL
0'2:_ V=1,V _=0 0.6/ f Ldt=1.0410 allowed regions 5
0:_ 0.4:— ?
§ 0.2 —~
-0.2— - N
: F A ]
04r 0.2 -
'0'61_' 08 06 04 02 0 02 04 06 08 1 0-4:_ TOpFllt ' : e VP:O -
R T T TRe(g) 04  -0.2 0 0.2 0.4

Re(g )
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Probing the Wtb vertex
,, e

« If top quark plays special role in EWK symmetry “= B
breaking, couplings to W may change

« Charged Higgs may alter coupling to W ;

=

{s=7TeV L=23fb" CMS

g H L I T I TrorT I LA ] [ L ] LR l LRI I T I T 4 B\ _l TTT I TTTT I TTTT ] TTTT I TTTIT I TTTT I TTTT I TTT l_
g .  t>H'b, H'— -
Q ATLAS +:|: 0.14: th_-:jets, er,, J:h, and e final states 7
1 — (E)bserveéi CLs Data 2011 \..I/sz [ B(H-w)=1 —&— Observed ]
- L Xpecte m i - Expected mediant1c 7
@ 1 - I+ 1o @ =7TeV ] 5 o+ = R Expected median+2 ¢ _
- [ 1+20 A1 = T ]
[ f Ldt=4.6fb"1 = | ]
~ : Eo.08 =
10" - E O 0.08 iv: :
: arXiv:1204.2760 1 O .06 arXiv:1205.5736 -
i ] 2 N ]
\ "] :
2| | ]

10 - combined 0.02

: 1 | L1 1l [ L1 11 I L1l 11 I L1111 I Ll 11 I | [ L1 11 | 1 r
90 100 110 120 130 140 150 160 %0 90 100 110 120 130 140 150 160

m, . [GeV] m_. (GeV)
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Spin correlation: Tevatron vs LHC

» Top quark decay products retain correlation
— decays before hadronization (t~10-2° sec) = spin information transmitted to decay products (t—Wb)

» Spin correlation depends on the production mode

t t

3
q t Sl 7 g t ﬂ/’
R
& i S g Tm T [ NAD+NW) - NG - NG
Tevatron LHC N+ N+ N(N) + N
« Dominated by qgbar annihilation * Dominated by gg annihilation
« ttbar pairs produced at threshold » ttbar pairs produced far from threshold

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

* Analyze spin using angular distributions of decay products

 Spin correlation may differ from what expected in SM |1 do
— charged Higgs t—H*b, or other BSM processes 0 dcosb,d cos0,

=complementarity between Tevatron and LHC
Michele Gallinaro - "Top quark physics" - 24th Rencontres de Blois - May 29, 2012 29
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Spin correlation

Access spin information via the angular distributions of its decay products

« Fit to difference in azimuthal angle between leptons A¢ « Use I+jet channel (729 events)
» No need for full top quark event reconstruction  Matrix element method
- Main systematics: JES, resolution/efficiency, fake * results indicate spin correlation
leptons at3.10
L L LI L 1T 17T LI H 1 T I U 1
£900- . gata ATLAS - D@ L=5.41b"
> FOtf (SM) 17 _ Niixe — Nunike FarXiv:1110.4194
W 8001 "i## (uncorrelated) | Ldt=2.1fb A= osl-
- Wsingle top : Niike + Nuniike
700F my Z/y *+jets E i
600 g dibosOn :
e ; _ [[Ameas = 0.66 % 0.23 (stat+syst)
4005— _____ _ 041 .
3005 arX|v 1203.4081 1 1
2 +0.09 3 . . 2 68.0% C.L. -
200F---- Ahehmty = 0.407503 ‘Results consistent with SM 95.0% C.L. |
Ah ity = 0.31 1 inconsistent with zero-spin 99.7% C.L. ]
100t — hypothesis correlation with - z
S f
00 o8 1 J5 o mp ga significance of 5.10 meas
A See also, CDF note 10211

Michele Gallinaro - "Top quark physics" - 24th Rencontres de Blois - May 29, 2012 30



Charge asymmetry

 In ggbar—ttbar (Tevatron): top quarks are emitted in the direction of the
incoming quark, anti-top quarks in the direction of the incoming anti-quark

* No asymmetry in gg—ttbar (LHC)

SM: Only small asymmetry due to ISR/FSR

New physics: production mechanisms with new exchange bosons could
enhance the charge asymmetry

Tevatron top LHC
anti-top

top
anti-top

n n
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Charge asymmetry

LHC A top

anti-top
* Quarks have larger momentum than anti-quarks
* Anti-quarks from sea tend to have lower x .
— larger average momentum fraction of quarks leads to an excess of top quarks n

produced in the forward directions
« Charge asymmetry transfers boost difference to ttbar final state
 Effects at LHC are smaller due to larger gg—ttbar contribution
 Variables sensitive to the asymmetry are:

Alnl=ln{~Ind  Alyl=|y|-ly Ay'=y-y:
» At LHC, asymmetry defined as: A — Nt — N~
7 Nt +N-

N*(N7): number of events with positive and negative values in the sensitive variable
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Charge asymmetry anomaly?

» Tevatron experiments observe a differential dependency on charge asymmetry

— Sign of new physics? arXiv:1101.0034

arXiv:0712.0851

CDF Note 10807
A, of the Top Quark
[ V. Ahrens et al., July 2011 1 1
o G Y At high mass, a 3o discrepancy
(** submitted to a journal)
[ W. Hollik and D. Pagani, . L
w7260 11 C preiminary) « Study asymmetry vs mass of ttbar system
parton level
CDF LJ —— ({).128{;’.;).074 (0072 0.017) Forward-Backward Top Asymmetry, %
5. - - 4
Reconstruction Level o ] CDF Run Il Preliminary L = 8.7 fb
m_ < 450 GeV i I ——|+Jets Data
f Losf = (15.6+5.0)<10* v
CDF DIL* — s —e— . ' o
1 + - (Correlated Uncertainties)
0.420 + 0158 (:0.1502 0.050) D@, 5.410 7.6+4.8 oSF __ NLO (QCD+EW) e
(B187 N | S Y el
. 0.4 Mg = =
CDF, 5.3fb -2.2+4.3 -
CDF bined* J X 20.065 = 0. -
combine ~—&— 0201 0.067 ffﬁiﬂlﬁiﬂ’ m, > 450 GeV 0.3 2
—=e— B
D@, 5.4fb™ 11.546.0 0.2
DO LJ** —— 0.196::.’0.060 tgg;‘?g CDF. 5.3 b SBBED k o i 0.1 :— Z_?-ZA
(541) \?Hl;r;xg)aeozgd(%g{é;lvebber, g < N T T P T T
I N N N 50 400 450 500 550 600 650 700 750
| | | | | -10 0 10 20 30 Parton Level M. (GeV/c?)
0.4 -0.2 -0 0.2 0.4 0.6 0.8
A
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Differential charge asymmetry

« Charge asymmetry depends on phase space
— High mass/p; enhance quark annihilation (initial state)

« Asymmetry measured in p+, y or invariant mass of the top pair system
« Good agreement found between data and SM expectations within uncertainties

0.15¢ : arX|v:1203.4211_ 3 I CI\I/IS T,O,PI'1,1,'Q3,O
<< - fl_dt =1.04fb" ATLAS ) < - CMS F:reliminary —e— Data ]
0.1 —e— unfoided data . 0147 at\Vs=7Tev — EFT —
E ., n - I+jets —— NLO prediction 7
[ 777 MC@NLo i B i
0.05[- - - .
- | . 0.05— S N
0 = - |
0= _]
-0.05 L 2 . B I ]
-0.1F r -0.05[ l .
: : 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 :

-0.15 . 300 400 500 600 700 800
< 450 > 450 My [GeV/c?

m, [GeV]

Anomalous axial-vector coupling of gluons to quarks could
explain the Tevatron anomaly [PRD84:054017,2011]
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Constraints on New Physics

arXiv:1203.4211

Inclusive m,>450 GeV
0.1 LI 7 757 2007 oot 1503 ANN L LB L 0-15:'"[""I""I""I""l""l""_

0.05
0
-0.05
—llllllljllllllllllllllll —lllllIllllllIlllllllllllllllllllll
0 0.1 0.2 0.3 0.4 0.5 0O 01 02 03 04 05 06 07
Arg Acg

Michele Gallinaro - "Top quark physics" - 24th Rencontres de Blois - May 29, 2012 35



Top quark pair resonance

 No resonance expected in SM 0

* Why is Top so heavy?

— new physics?

— is third generation ‘special’?
» Experimental check

— search for a bump in the invariant mass
spectrum

— Progressive loss in reconstruction ability due to
jet merging

H

H/
f
/I
u
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Search for heavy resonances

) . . o) L L B B | T T T s
- search for massive neutral bosons decaying via a ttbar = [ =77V Lopton e ]
. = B det=2.05fb‘1 S. 95AaCLupperI.|m.|t ]
quark pa”' & 1025 ATLAS Exp. 51)5% CL upper limit 3
N - [ Exp. 10 uncertainty
- use dilepton/lepton+ijet final states (electron and muon) & ¢ ooz
— Reconstruct My, in different categories (e/u, n-jets, n b-tags) ° 10F : E
— |+jet events: full event reconstruction - Iepton+Jets ]
— Dileptons: use NN approach to improve S-B separation 1 E
- systematics include shape (JES, b-tag, theory model) Eaer 1205 5371
and rates (eff. bkg yields) 10700800 7000 1200 1400 16001800 2000
Z' mass [GeV]
§2500_ éMé Prrelimi‘nary Y ' ! —o— ;:)at‘a e E
k- 5.0 o' at\s = 7 TeV - e I DO, 5.3 fb™
S2000 |- iy — ] m qE
B B W ] © - .
- N E hsﬁi:;;i":'srop i - I +J etS
1500 —— Z' 500 GeV (x 2) i
Z' 750 GeV (x10) | ™
B — Z' 1000 GeV (x20) 0_1
N ] 10— 7o ’
1000 | ] : pcolor Z
CMS TOP-11-010 C
C ] -— 95% C.L. observed
500 | Dileptons - == 95% C.L. expected
- ' ] 2l 1w 1w L 1o Ny
107200 600 800 1000 1200
% 0.2 0.4 0.6 0.8 1 resonance mass [GeV]

BNN output
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Boosted jet topology

P
A\
|‘ T T T

! E

-t -

S moAA= 83.0=0.7 GeV/c?

W jet w120 mi° = 82.5:0.3 GeV/ic?

~ -

£100 . E

& i ]

Jet3: Top i
pt 47.8 GeV/c, P

b-tag discriminant 4.2 5

0 CMS,L=46f"at Vs=7TeV
T T T T T

Merged Jet
A

Jets are highly collimated
Jet-parton matching breaks down

Decay products and FSR collected in a fat jet
Michele Gallinaro - "Top quark physics" - 24th Rencontres de Blois - \

Type 1+2 3
,’/ . 20 40 60 80 100 120 140 160 180 2:00
‘ / m(W-iet) (GeV/c?)
Mass jet ~ Mtop N _CMS, L= 4.6fb"at Vs =7 TeV
3
— (O]
' ; Z
/ w
L Jet 2: Jet Pruning
e pt 484.3 GeVl/c,
mass = 68.8 GeV/c2 ;
Jet2 + 3: Mass = 167 100 500
m(W+b) (GeV/c?)
Jet 1 : Top Taggi
3 sibjets. P — — 5 f e ]
minMass = 87 2 Gevic svel N TTEEER .
See also CDF note 10234 3 -
« At LHC energy, EWK scale particles produced beyond threshold 2 ok | §

- re
o ""*MT M

arXiv:1204.2488 <o s 565 """ 500

..mass (GeV/c?)

Data —Predicted
Predicted



o N L LA IS R EUELI I - 772 o %‘ 160 T T T T e/|+>4'etsl T s S T T 7 l_1| LN AL B B S S B R
35 Ccms Flrellmlnar — —] . o Dota B (&) - CMS, 5.0 fb™" at \s=7 TeV ]
- 4.63fb " at\s = Y7 TeVv E ww . g 140 1202.3076 =3 (300 Gev) g = 1O4é Events with ee/up/eu Data 3‘
— — ¢ +iets E (] - Iy, 7 3
30t Bw= 115 126MSEEXO-11-09 i\'ﬂé.; 4 | Et/t' — WbWb - tf (dileptonic) E
o5 E CMS PAS-TOP-11-028 Il single-top 3 100 5323':0:’5 = < s - ’:] E
- ATLAS-CON F-201 1-1 54 [1t>Zq (Br 1% )] t, Z/ _> b b R Multi-jets 3 S?/ 10 3 Other backgrounds—g
- - 80 [’[’ [’[’ 4 | = E :
ZBR(f — Z) <0.39% E E e 1|2 - Dt’? M, = 450 GeV/c? ]
A Y ] : 0 | FCNC = 60— [Lat= 1041 = Cl=> 102 o
15 = 40 my > 460 GeV 37 | >
- 3{+b-tag 20k 9 (@ Eme >557GeVl | signal region
10 % = 10 q_
= 2 50 E
o £8 O 39
oL 8 d -50 1 =
80 100 120 140 160 180 200 220 240 260 100 150 200 250 300 350 400 450 500 550 3
M, [GeV/c?] Mieco [GEV] 1 R
_ 700.CMS P'relilmi'na!'y _ Ns= 7 TeV, [L dt =0.98 fb" E 9F ‘arLAS D e bmaverrer ()3 0 100 zo?wnin (G:\(;(/)cz)
% [ o ——— NLO observed limi - . Q 80 ;_J.L dt=1.04 qu VRN = Ib
@ 600" ——— 2010 NLO observed limit & l_l_: e — 3 E B ttba r+M ET e ATLAS e Daa .
O] |:| LEP2 % > 60 c :
= C tang =10, A =0, u>0 Lepa 7’1 ] L E [ SR 5 q>> o 2 jets 2-tag I« _
E'_ 500 __ 5”000) -] 50 %/// Background Uncertainty _E Ll 1 : fl_ dt =1.04 fb'1 E ::::st:n Zujots ?
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* A lot of progress in understanding top quark properties

* From a few events up to detailed studies

* Top quarks can be used for testing deviation from SM

* Main background for New Physics searches

 This year 8 TeV collisions at LHC with plenty of top quark events

* No hints for New Physics yet
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Thank you

Many thanks to the Tevatron and LHC
collaborations, friends and colleagues
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2012

LHC 2012 RUN (4 TeV/beam)

3.5 —
—o— ATLAS 3.150 fb™"

3.0 H 2 CMS 3.284 fb™!
—o— LHCb 0.330 fb™'

- —o— ALICE 0.393 pb™~!
"~ | |[PRELIMINARY

Delivered integrated luminosity (fb™!)

Month in 2012

(generated 2012-05-27 18:14 including fill 2669)
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N. Kidonakis and R. Vogt, PRD 78, 074005 (2008)

B M. Cacciari et gl., JHEP 0809, 127 (2008)
S. Moch and

Mygp = 175 GeV
CTEQ6.6M
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2011 result
2010 results
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Cross section ratios: example

« Measurements tend to be dominated by syst. uncert. arXiv:0903.5525
. . 1
» Ratios could provide extra handle to reduce them T B(H" —~c§)=1 DO, L=1.0 f5'
. . ) . ? 0 8—— —=— Expected 95% CL limit ’
« Cross section may change with light charged Higgs e 1 —e— Observed 95% CL limit
. . om |
* use cross section ratios 0.6 B
=improve sensitivity to BSM 0al = * R
B(t — HTb — cab) °2]
Tevatron *=preliminary 0 t+——— T MEAERCT TRy s
| 80 100 120 140 160
—| lept.+jets M,,. [GeV]
DO .,/ o, ._._l..I 0.867%9 PL7] e
1fb_1 1] || 0.17 — 1 -
| T BH =)= D@, L=1.0 fb'
| 02 -? 0.8-] — Expected 95% CLlimit S
Pf(b)_ph / o, dj e 0.97755 ~ = —e— Observed 95% CL limit
I ~— e

| 1.45'38 ]'?(t — H'b — 7ub) -
, .

CDFog, /0, * ; _
02t | | © tau Ieptc;ns\‘ 0'4: //
I St 02 .

| : e
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tt Cross Section Ratio M. [GeV]
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Cross section

» Cross section measurements provide a test of perturbative QCD predictions
« Comparison in different channels may provide constraints on BSM physics
« ttbar is a dominant background for New Physics searches

CMS Preliminary\ s=7 TeV 201 O
value + stat. + syst. + lum. error

(luminosity) —
T T T T I T T T T I T T T T I T T T T T T T T I T T T T l T T T T
. . cor um. 2 -~ NLOQCD (pp) ® Combined 176 + 1% pb i
CMS combined (prel.) 158+10+!° + 6 e ¥ l+jets 186 + 23 pb g
I+jets+tag & dilepton @6pbT) o L = Approx. NNLO (pp) (35 pb", Prelim.) gl
_ - . = NLO QCD (pp) A Dilepton 171 + 12 pb ) '._-:_.__.-_;,.‘.S. ......
CMS I+jets+tag (prel.) 150+ 9+17 + 6 10 E~ -~ Approx.NNLO (p) (070 b, Prelim.) _.-:2222% —
(36p07) " mcCDF > ]
(s () I~ 4 DO > A
CMS dilepton (prel.) 168+ 18+ + 7 L i
(36 pb”)
X e We—— 3 36
CMS I+jets (prel.) 173+14+ 5 + 7 10 .
(36 pb”) - :
CMS dilepton ‘ o4t 72:2 +21 - 1
Phys. Lett. B695 (2011) 424 (3pb™) B .
L ATLAS Preliminary 120E— , 3
_ ¢ 1 - a0 6.8 7 7.2
ATLAS combined 145+ 31+, +16 | | | | | |
al’XIV10121792 [hep-eX] (3 pb-1) 1 l L 1 L L 1 1 L L L L L L L L L L L L L L L L L L 1 L
Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009 1 2 3 4 5 6 7 8
MSTW2008(N)NLO PDF, slcale® PDF(90|% C.L.)unc.

1 \s [TeV]
0 50 100 150 200 250 300

Top Pair Production Cross Section [pb]
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Differential cross section

« Measure differential cross section
— Test perturbative QCD 1 do—tf
— Test BSM scenarios (Z' decays, etc) with narrow resonance 047 dX

« Reconstruct event kinematic properties
» Cross sections measured as a function of p;, n, invariant mass of the final

state leptons, the top quarks, and the tt system
« Good agreement found in dilepton and lepton+jet channels CMS TOP-11-013

CMS Preliminary, 1.14 fo' at\[s=7 TeV

CMS Preliminary' 1.14 fb1 at \I_=7 Tev r 1 rrrr|rrryrrrryrrrrrr gt
.': 1 : T I T I TYrryrJlYr¢ ] T T I L S : ;—\ : e/u + Jets Combined ° Data
<, | Dilepton Combined . ) >| i |
El% i - Data ] 8l — MadGraph
\_'_/1 0'? . o Madeaph i _'h"lg 0-2 E_ ~~ MC@NLO _E
olg” F MC@NLO g | — POWHEG
sls POWHEG -o [ ﬁ\ ]
-|C o . | _
ol | top quark pair ook N _
invariant mass : N =
104} ,' = 10*F
|
Il
10'5 i L ' I L ‘l l 3 3 i I ' 3 i I Il Il A I 5 5 - ' ! 10'5 L L L I L I L L L l L L L I L L L l L L 1
0 200 400 600 800 1000 1200 ;l,é 00 0 200 400 600 800 1000 1200
mr_ GL GeV
i ¢2 |

t 2
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Differential cross section

« Measure differential cross section
— Test perturbative QCD 1 datf
— Test BSM scenarios (Z' decays, etc) with narrow resonance 047 dX

« Reconstruct event kinematic properties

» Cross sections measured as a function of p;, n, invariant mass of the final
state leptons, the top quarks, and the tt system

« Good agreement found in dilepton and lepton+jet channels CMS TOP-11-013
CMS Preliminary, 1.14 fi5' at\'s=7 TeV 20 PLB 693 (201 0) 515 CMS Preliminary, 1.14 fb™ at\'s=7 TeV
SRR ERREY RN RLERY LR LLRRY ERRELY LLLL — [T T T O T T T T
T AL DA UL R R B o - 0data,1fb'1 DQ- R EARNLARAN A R RN LR A RN R
%‘o [ e/u + Jets Combined e Data ] O ] 8:- NLO pQCD scale uncertainty -] %‘0 | Dilepton Combined e Data
o — MadGraph g L A NNLO pQCD i QL — MadGraph |
T —MCeNLo | g o MOGNLO ] e T rommed
o} o ] + ] — -
3l S10° F % POWHEG = o PYTHIA ] POV\.IHEG ]
i N ] % 14 - - - ALPGEN —t— top quark pair p+1
L N 1 g 1.2k |
3 m - ]
10°F \\ E 1.0F SR SEEE T ] 10° E
E ] F T | ] - ]
\ L I i SR : 3
top quark palr pT ] ok top quark pT ] i 7\ ]
pot b o e e Ll Fovuslvusoly vy 1 e N
° 50 100 150 200 25ﬁ° Ge 300 0 50 100 150 200 250 300 350 400 0 510 1(130 1%0 2(I)o 2%0 300 3%0 4(|)o 4éo 500
o [5¢] top quark p_[GeV/c] i [GeV]
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Jet multiplicities: test of pQCD

» Jet scaling tests QCD: PDF evolution and running o
— useful to constrain initial state radiation (ISR) at the scale of the top quark mass
— provides a test of perturbative QCD in a new energy regime

« Study multiplicity distribution of reconstructed jets
— Analysis performed in the single lepton channel

« data in agreement with signal ttbar MC distributions
Comparison with different ISR MC samples

events / bin

Data/MC

Uncertainties dominated by JES

10°

102

............................

E esjets ATLAS Preliminary ® Data2011 3
L Ldt= 0.70 fb’ i <25 Ot m
- et Wejets -
p'>40 GeV other bkgd.
T g
= B QcCD fakes I
C . ]

»
L1 Illllll

|

Ihll[(IilHlll

1 2 3 4 5 >6
Reconstructed jet multiplicity
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ATLAS-CONF-2011-142

% . ' ATLAS Preliminary JLdt: 0.70 "
L1>_] E \ \\ e+jets E
After background [ R s §
I — =40 GeV .
subtraction F'>40 Ge
5 T —4— Data 2011
ﬁ 10° e S50 MC@NLO —
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Charge asymmetry

» Use lepton+jet final state V\/I b-jet

« Measurement is based on the fully reconstructed 4 momenta of top and
anti-top in each event

» Top charge correlated with lepton

famtnn r . I, T r 1 r T T T T T T > AN DL DL DL L B
f: 1_2I\7A?bgrae:|r3{£1:r37/ Tey Dot . % i ””“ﬁ:? btag) |
% . A:=0.004 £ 0.010 POWHEG Simulation 2 0.35 #MC@NLO
o I+jets -
8 1™ Tt |
L I ] 0.25] .
0.5 — - 0.22 -
i | 0.15} _+_ 1 ATLAS: arXiv:1203.4211
I ) | : 1 CMS: arXiv:1112.5100
N CMS TOP-11-030
0_ | | | ! ] 0'05; E
-2 -1 0 2 - ]
I R e e S
Alyl
ATLAS: arXiv:1203.4211 -0.018 =+ 0.028 (stat.) 4 0.023 (syst.)
CMS: TOP-11-030 0.004 + 0.010 (stat.) = 0.012 (syst.)
Theory prediction (SM) 0.0115 = 0.0006
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Rare decays: FCNC

« At LO, FCNC is highly suppressed: BR(t—gZ)<10-'4 (NLO)
— BSM can enhance BR by factor of 109

t 7 s q, 0 v
» Search for t—>qZ—ql*l-
— 3 leptons+2jets, very clean signature
. —_ + -
» Top mass can be used as a candle for Z+jet decay q,¢", v
§ L arias pratmmay < wa | oGS By
S — fi-» bWQZ signal ] - 463fbatNs=7TeV  Tww :
@ 25 J-Ldt=0.70 fo =t7(SM) - 30 E;vzz .
= single top (SM) ] - ingle-to .
D 20 dibosons - 251 3[+b-tag 5ts->zg<:(;rr‘,l%_).
W zsjets ] C ;
P back. uncertainty’] 20F ]
15 — -
3 . ] 15F
10 ; 3£+2 jetS - 5
E 10:
s J( 44 i : 5
0 N s 1/4’/1‘4 X l: O:
0 100 150 200 250 80 100120 140 160 180 200 220 240 2602
£ (Gev] My [GeVIc]l  cMms PAS-TOP-11-028
ATLAS: BR(t — ¢Z) < 1.3% CMS: BR(t — qZ) <0.39% ATLAS-CONF-2011-154
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Top mass from cross section

* Direct my,, measurements rely on details of
kinematics, reconstruction, calibration

» Extraction of mass from xsection

— compare the measured cross section with fully inclusive
higher-order perturbative QCD computations where top
quark mass parameter is un-ambiguously defined as the
pole mass

» Experimental measurement has small
uncertainty: ~0.5%

* \What mass is measured?
— Could be interpreted as pole mass
(A=4-5)
» Compare theory prediction (measured) cross
section vs pole mass (=mt0p)

 Exploit relation of cross section and mass:
- Ao/o = -A* Am/m

o [pb]

350

300

250

200

150

100

S. Moch P Uwer PRD 80 (2009) 054009

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Hathor ]

LHC 7 TeV
MSTW 2008 NNLO

o
B o,

—¢

. (160 + 16) pb

PURT SN SRS NS ST S N ST U A SN U N ST R Pl | 13 | EFEFECEr S BT

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

Top reconstructed invariant mass with 1 b-tag and 22 b-tags

300]- E CDF 2.9 fb-! 1-tagevents 60: > 2-tag events
- —4— Data 50:_ —t— Data
A25°:- W Fitted £ i " Fitted tt
% ; Fitted Bkg g a0 + Fitted Bkg
200_— © i
8 f " (N0 =267/38 | & gof 12/Ndof = 19.4/ 21
% 1505— i Prob = 0.916 % E Prob = 0.561
BR ~44% e
0 50- 10;— #
background: large | PRD 81, 0520“"‘1%0122, SRS .. TN
100 150 2 300 0 100 150 200 250 300
m{® (GeVIc ) m (GeV/c?)
The measurement of the ttbar production cross
section is performed through a likelihood fit: L= L1tag X L>2tags X LL

lumi

£1722 tags — Ens X »Ce — (o€ L—n )2/20'2
signal yield signal efficiency ﬁ(Ot{) — € v s ns

= 7.2 = 0.5(stat) = 1.0(syst) = 0.4(lum) pb| +16%
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All hadronic

CMS preliminary, 1.09 fo™' at \/s = 7 TeV

)

[
2]
o

Selection step Events Signal fraction

. Large BR, but Iarge bkg At least 6 jets 248109 2% 39160_ + e ;h:;itjl;fzoevents
. iy least w0 b-tags 6905 17% 21100 A — QCD estimate from data
» Select at least 6 jets Kinematic fit 1620 32% Bt 4 + oo eemm rem
— b-tagging reduces combinatorics T || [Tag = 0-2507 0,036 |
» Top cross section from unbinned maximum likelihood soF +~ CMS TOP-11-007
to the reconstructed top mass &
« Multijet QCD is main background (determ. from data) A T
— Use events with 4-5 jets ?c;o' 150 200 250 :;66_ 350 400 450 (éot\)” g)so
My, (GeV/e
— Re-weigh mass spectrum from anti-tagged sample B o S I e R B
& 500 ATLAS Preliminary CONF-2011-140
& f JLdt=1.02fb" . \E=7TeV 2011 Data 7
o —— Fitfor Data h
* Results: Fit x2or top mass 0% —— Faswal
(signal from generator, 200EF s
o) background data-driven) - ]
aTLas 1487 , 200f
o(pp — tf) = 167 £ 18 (stat.) 78 (syst.) =6 (lum.) pb :
100
136 + 20 (stat.) =40 (sys.) = 8 (lumi.) pb s

cmMs  +33% e

Mass y?2
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o x BR(Z'—> tf) [pb]

Heavy ttbar resonances

CDF Il Preliminary 4.8/fb
S \ - [CJ95%CLinterval 1
g "F \ [ 68% CL interval
é 3 \ — — leptophobic Z'
14F oL ]
@ 1:_ \ -------- expected limit ]
¢ I \ —— observed limit '
0.8 -
lepton+jets 3
04F .
0.2F '
0 4(;0 660 BIIJO 10'00 12I00 14100 16.00
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L e
B Vs =7TeV Lepton + jets .
i [Ldt=2.05 b Obs. 95% CL upper limit |
10 E™ T e e Seeeeee Exp. 95% CL upper limit 3
- ATLAS [0 Exp. 10 uncertainty :
B Exp. 2 o uncertainty .
i g=== | eptophobic Z' i
10 arXiv:1205.5371 =
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Michele Gallinaro -

Upper Limit 0., x BR(Z' - tt) [pb]

—
Q

-

T IIY""]

AL LEEE
- CMS Preliminary
F 4.7 fbat\s =7 TeV
i —e— CLs Observed (95% CL)

11 L llllll

——— CLs Expected (95% CL)

LB 1Tll"l
L L Jllllll

= 1o Expected

' =20 Expected
—=— Topcolor Z" (I''m_=1.2%)

TOP-11-009

LB IIHUI
L1 lllllll

11 lllllll

leptontiets

04 06 08 1

M BT | P PR 2
12 1.4 1.6 1.8 2
m,,. [TeV/c?]

I

-
c
g
T TTTTIT

B(Z'= tf) [pb]

-
o

T IIIIIII]

-

T IIIIIII]

95% CL upper limit on o,

CMS Preliminary

5.0fb"at\s =7 TeV — expected limit

16 expected limit
+20 expected limit

%sgrryv ?leptophoblc Z')

TOP-11-010
dileptons

10"

l 1 1 1 1 l 1 1 | 1 .'?" il il 1 1 l 1 1 A 1
500 1000 1500 2000 2500

"Top quark physics" - 24th Rencontres de Blois - May 29, 2012



Spin correlation

* Top quarks are not polarized but their spins are correlated
* Top quark decay products retain correlation

— decays before hadronization (t~10-2°sec) = spin information transmitted to decay products (t—Wb)

« Spin correlation depends on the production mode

ni

- -

+ n, .

| do

o d cos 0,d cos 0,

=l(l+r(cost9, cost)

A

----------- Off Diagonal Basis

* Analyze spin using angular distributions of decay products
- 0, and 0, are the angles of decay products wrt a “quantization axis”
— value of k depends on spin basis (for example, off-diagonal vs maximal)

« Spin correlation may differ from what expected in SM
— charged Higgs t—H*b, or other BSM processes

/

correlation strength
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Spin correlation: Tevatron vs LHC

4 NOD+NW) - N(H) - N
N(t1) + N + N(H) + NI

t
q t 351 t g t

7 Z
>wﬂ< P = }w{ 9 %/f’%g
] . : == ; S 0
Tevatron LHC
- Dominated by qgbar annihilation * Dominated by gg annihilation
« ttbar pairs produced at threshold « ttbar pairs produced far from threshold
« “beam axis” as spin quantization axis * “helicity basis™ and "maximal basis”

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

=complementarity between Tevatron and LHC
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Top-antiTop mass difference

» Test of CPT invariance: particle and anti-particle have same mass
— If masses are different = CPT violation

— Top quark is unique because it decays before hadronizing

* use utjet ttbar events: positive/negative muons (L=5.0/fb)
— Compare mass measured from u*/u- +jets

— Use hadronic side arXiv:1204.2807
CMS, 496 b at\s =7 TeV M CMS, 4.96 fo'at\s =7 TeV [
>6000 TN A DTN A B 'i.J..'.A'..'..Z.!..'..'..'..'..l..'..'..Z .W—-h' | 26000t e e b ) Rllablol Rl  Reuly - W—h
gt U4jets 2z - [ ratad
o5000F i i [ Single top [ Single top
~N [ Multijet [ Multijet
?,,_4000
o
lIjaooo. .
2000F ]
1000E ......... E == — - 1~ ~——]"———=] =~ ="
LE) 1.4 - + g 14 - *
= 1'21 n..oo.no... onoo.”.i f’ h + | ® 1'21 *O...ooouoo0°oo.0..’000’ f* +’
= 08 } = 08
[ 4 ] ST TP P P | I I AT (= T 15| S T P PP PP PP PP P
0 100 200 300 400 500 600 700 800 9S00 1000 C 100 200 300 400 500 600 700 @800 9S00 1000
Fitted top quark mass (GeV) Fitted top quark mass (GeV)

Amy = —0.44 + 0.46 (stat.) == 0.27 (syst.) GeV

Most precise top quark mass difference (statistically limited)

CDF:
PRL 106 (2011) 132001
Am=-3.3 = 1.7 GeV

DO:

PRD 84 (2011) 052005
Am=0.84 = 1.87 GeV
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Same sign top production

CDF Run Il Preliminary L = 8.7 fb™

 Measurements of forward-backward

m | =
asymmetry A.g In ttbar production at the L osf
Tevatron inconsistent (?) with SM osf

* Arg increases with invariant mass of ttbar o4f
system o3|
— at high (>450 GeV) invariant mass: Az=0.30+0.07 02|

0.1 i—

- —e— |+Jets Data

oy, = (15.6 £ 5.0)x1 0*

(Correlated

- — NLO (QCD+EW) tf
L oy, = 3.3x10° /I/

Uncertainties)

v

e

L

Y

« Many attempts to explain Agg invoke FCNC gl

mediated by massive Z’ boson

« Z' exchange would create a high inv. mass
asymmetry at the Tevatron

= Search for same sign tops in data
— Berger et al. (arXiv:1101.5625)

400 450

500 550 600 650

700 750

Parton Level M_ (GeV/c?)
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Same sign events

CMS EXO-11-065, SUS-11-020 <200 CMSEI\;I';S'LS 171“’(‘;;0'“"“. .
- Similar event selection as in ttbar, except same- >2 b tags ':e
_ meu
sign leptons 140 e * ™
. 120
» Use sum of jet p; (Hy) and MET 100 n

« 7 events are selected in the data 80 ¢
60
 All main backgrounds data-driven a0
— Background dominated by jets faking leptons 208

ibO' '”206 QObHY' AObwﬂv vﬂsao., -

|IIIIIII|III|III|III|III|III|III

— ttbar lepton+jets with one fake lepton H, (GeV)
— Mis-measured charge in dilepton (DY/ttbar) CMS Preliminary, s =7 TeV, L, = 4.7 fo”
. .. - 5;//
« Set exclusion limits w5t
* This FCNC Z’ production limit inconsistent with 3;
Tevatron FB asymmetry 3
« provide constraints on several models in a 2'2
topology with 2 like-sign leptons, MET, b-jets i 5 -
— like-sign top quarks production in Z' model 1 o 1o consnt %eige'eﬁa'.—
— production of two sbottom quarks 0.5 = %c%&%?ns;?onlﬂw&fpmi%el%a
0 556406 600" 800 1000 12001400 16001800 2000
m(Z') GeV
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Top quark charge

* top quark is the electroweak isospin partner of the bottom quark
and is expected to have a charge of +2/3 e
* Use lepton+jets final state .
_ 2iqili Bil*

» Measure charges of W and b quark Qbjer = 5. 17 Bl
— assign charge from semi-leptonic b-decays

— Establish correlation between charge of the b-quark and a weighted sum of
the electric charges of the particles belonging to the b-jet

— Dilution: B-oscillations and presence of semi-leptonic c-quark decays
» Define two categories: +2/3e and -4/3e
 Pair b-jet to top quark charge

CMS Preliminary \'s=7 TeV L=4.6 fb™
T

« data g
l tf u+jets(signal)
[ tt e/t+jets

[J tt dileptonic

[ single top

[ W+jets

[ Z+jets

Number of selected events

&
. - - e ¢ o> Ap
) e t t —3 E (= d(\’( E _3
R S 3 e 2
&2 I [
el 83 U 33
“q
b q%=q,+q, _ © q°=q,-q, ©
(a) (b)
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Top quark charge

» Scenario with exotic top of charge —-4/3 e
would correspond to an asymmetry between
the two categories of A = -1 A = D Ney~ Ney— < Nac >

» Measure:

1 Ngy — Nxyvi— < Npg > Dsp

Ameas = 0.97 + 0.12(stat.) & 0.31(sys.)

CMS-TOP-11-031

 Exclude exotic quark with charge -4/3 e o\, CMS Preliminary \s=7 TeV L=4.6 fb"
c 10'F T L L LB LB LR BLEL L BLELE A B B | g +2/3e(stat) i
B 3 = : R |
- ATLAS . o -4/3e (stat.)
g . Preliminary Ldt=0.70b ’: ; 0.15+ — +2/3e (stat. + sys.) —
ey 10‘7E— o = - L - -4/3e (stat + sys.): .
= S = c - P 1
B [ SM top quark Q Exotic quark 3 - . 5 | .
© 3 - ,
g8 10°F E E z B ' -
o Z = s 0.1 . » |
-4 E i s B Ao P .
10 F 3 E | o
3 a
10°F E 0.05/-
‘°6E ATLA$-CO 3
AAAAA P P PR arars | T - - _;'.j 3
-1 08 06 04 ~02 0 02 04 06 08 1 o] I BOPECHEEAN BT
Q¥ > @ k

=Both experiments exclude exotic scenario at >50
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Spin correlation

» Spin correlation may differ from that expected in the SM
— top quark decays into a charged Higgs boson and a b quark (t—H*b)
— Other BSM scenarios

fmeas = 0.85 & 0.29(stat + syst)

__arXiv:1110.4194v2
DO L=541b"

Ameas = 0.66 = 0.23 (Stat.+Syst) e—
(expected A=0.78) 0‘4;_

0.2

» Measure ratio of ttbar events with correlated
spins to the total number of ttbar events o

» Use |+jet channel (729 events) Results consistent with SM

« Matrix element method

* results indicate spin correlation at 3.1o0

0 -
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Spin correlation

— Translate result to maximal/helicity basis 500

W fake leptons ﬁ_l_._{il *

» Access spin information via the angular distributions of - Nivo + Nowii
its decay products e senkike
24 [ L L L LI LAY I
— Most sensitive probes are leptons and d-type quarks g 900 .« data ATLAS
- Fit to difference in azimuthal angle between leptons A¢ 800: Qg fg;’gorrelated) Ldt=2.1 fb" E
» No need for full top quark event reconstruction 700F =§'{'Y'g+7ett°sp _____ =
— Strategy: fit A¢ dilepton distribution with binned likelihood — ggot o giboson =

Main systematics: JES, resolution/efficiency, fake leptons

400 =
- Results in agreement with SM soot. (HH arXiv:1203.4081°
— inconsistent with zero-spin hypothesis correlation with a - ¢ Ahehmty = 0. 40+8 82 :
significance of 5.10 200 ASM — 0.31 E
C helicity — V- .
100:— = =
0 PR
0 0.5 1 1.5 2 2.5 3
Ad
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