Top Quark Studies at the Tevatron

Igor Volobouev
Texas Tech University / LBNL

for the CDF and DY Collaborations

®no

International Workshop on Hadron Structure and QCD
Gatchina, Russia, July 4 2008




Physics of the Top Quark

l

V
q\/,a,
e Main question: is top 4
quark adequately b -
described by the *
Standard Model? ’ ] * ’ T
] x/ £ 3 wt ", q
e Resonant production, 3 <
b E e
non-SM decays? v,a

[Decay modes]

e Background for “beyond
the SM” processes: .
eXOthS, SUSY’ etC SM \ [CKM matrix elementhth]

[ Rare decays
t->2c/Yc, t->W2b, ...

Non-S+IVl decays
a8, tt,

[Branching ratios]

New Physics ?




tt Production and Decay in the SM

e At Tevatron, top quarks >m< }m< - f
are produced . o o ,

predominantly in pairs

(85% qq annihilation,
15% gluon fusion at
1.96 TeV)

e Top quark decays into
Wb in ~99.9% of the
cases (SM). Observed tt
final states are classified
according to subsequent
decays of the W
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tt Signatures

e Main signatures:
7 High p+ leptons and/or jets
7 Missing energy due to escaping neutrinos
7 Two b jets in the final state
7 Production near threshold — spherical topology

e Event selection:

7 High P lepton trigger or multijet trigger

2 Well-identified lepton with P+ > 20 GeV/c, jets with E; > 20 GeV
consistent with the final state, missing E; > 20 GeV

71 b jet identification (by secondary vertex or soft lepton tag)
7 Additional kinematic cuts can be used to enhance the signal fraction

e Typical S/B after selection:
7 Dilepton: 3:1 (practically pure if vertex b tag is also required)
71 Lepton+jets (with b tag): 3:1
7 All hadronic (with b tag): 1:5



tt Cross Section Measurement

Tests SM QCD calculations

Sensitive to new physics (e.g., resonant tt production,
production via scalar top quarks, etc.)

Defines the event sample for measurement of other top
properties

Most recent theoretical calculations (using CTEQG6.5 PDFs
and M,,, = 171 GeV/c?).

71 Approx. NNLO: Moch & Uwer, arXiv:0804.1476

+0.06 (1.0% +0.44 (5.5%)

_ )
c=7.93 _0.28 (3.5%) (scales) _0.45 (5.5%) (PDFs) pb

71 NLO + NLL resummed: Cacciari et al., arXiv:0804.2800

+0.38 (5.1%) +0.49 (6.6%)
(scales)
—~0.80 (10.9%) ~0.34 (4.6%)

c=1.

(PDFs) pb



L+]Jets tt Cross Section with b Tag: CDF

CDF Run Il Prellmmary (1 12 fb )
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L+]Jets tt Cross Section: DO

e Two complementary methods: with b-tag and with “likelihood

discriminant”
7 Different trade-offs between systematic and statistical uncertainties

1 DO Run 11 0.9 fb™
»800 Bo Fllun 0.9 tb —e— data (1 b-tag) 0 130¢ —e— data (>2 b-tags)
o " {isignal § g "~ tisignal
@ 600 I bkg with leptons | [ 120: I bkg with leptons
© Bl bkg wio leptons | '© ] I bkg w/o leptons
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c =8.1+0.5 (stat) £ 0.7 (sys) = 0.5 (lumi) pb



L+Jets with Likelihood Discriminant: DO

DO Run 11 0.9 fb™ )
. . w180y —e— data (3 jets)

Use several kinematic E Ly

i T . . > I bkg with leptons
variables to distinguish signal 1200 4| bk e lpts
from background (sphericity, g =y
aplanarity, H+, etc.) 2 60
Construct the likelihood ratio

discriminant ignoring variable Likelihood Discriminant
correlations: 080 RO RUNIOOT e bt jer)
HS S T tt signal
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o I bkg w/o leptons
HS +H B, E
£
The shape of the dlscrlmlnant 3
distribution is sensitive to o

leellhood Discriminant

G = 6.6 + 0.8 (stat) + 0.4 (sys) + 0.4 (lumi) pb



tt Cross Section Measurement Summary

CDF Run I Preliminary’

April 2008

" [ Cacciari et al. JHEP 0404:068 (2004)
I Kidonakis, Vogt PRD 68 114014 (2003)
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Top Quark Mass

e Fundamental parameter of

the SM

e Enters into a variety of
electroweak calculations
at one loop level

e Example: W mass
receives quantum

corrections proportional to

M;? and log(M,)

e Highly correlated with M,
in the precision SM fit
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Top Mass Measurements

A variety of measurement methods can be constructed:
one can look at any observable sensitive to top mass

Lepton+jets channel works best:

71 Optimal compromise between available statistics and background
contamination

7 Allows for calibrating the calorimeter jet energy scale with W mass

Precision measurement already: systematic uncertainty is
larger than the statistical uncertainty

Two most sensitive techniques: “template” method and
“matrix element” method

11



Template Top Mass Analysis: CDF

e Select best jet-to-parton assignments and m,<® by minimizing

i i . rfit T y
L . | ('p%’,'f” . p%,jmea.:f)g 5 (bjf? . bjmeas)z
X° = Xi=¢ajets = + dj=z,y U'};
(Mj; — Mw)* | (Mg, — Mw)* | (My;; — mp®©)*  (Myg, —mj®0)
2 12 2 2
Ly Ly I3 L

e Build 2-d templates of the dijet mass closest to the W mass vs. m, for
different values of top pole mass and jet energy scale. Determine the top
pole mass and the jet energy scale which maximize the overall likelihood.

1-tag 2d Signal probability (M, = 170 GeV/c’) 1-tag 2d Background probability 1-tag Lepton+Jets
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top


http://www-cdf.fnal.gov/physics/new/top/2008/mass/TMT_Combined_LJ_DIL_Fit/h2dpassCONTOUR_bkgd_jes_00_sub_0.eps
http://www-cdf.fnal.gov/physics/new/top/2008/mass/TMT_Combined_LJ_DIL_Fit/mtreco_1tag.eps
http://www-cdf.fnal.gov/physics/new/top/2008/mass/TMT_Combined_LJ_DIL_Fit/h2dpassCONTOUR_mass_1700_jes_00_sub_0.eps

Matrix Element Method

e Similar reasoning to Bayesian statistics: integrate over all
unknown degrees of freedom. In this case, we have an
extremely well justified prior — the Standard Model.

e Build the probability to see an event in the detector:

Pe*u (Y\a) — Z flpi(y‘a)

Piyla) = —s 3 | Wilyhea) coxc.a) [Mi(x,a) 2 7o, 3) dx
PR N
Cross section transfer function PDFs, flux
acceptance phase space matrix element
combinatorics efficiency —

13



Matrix Element Analysis: DO

Direct implementation of the ME scheme is difficult due to extreme CPU
intensity of the method:

7 ~10°% events, ~103 points in the 2-d parameter space (M

JES)

top’

7 Highly peaked matrix element (dominated by the t, W propagator terms)
requires a non-trivial phase space sampling scheme

Simplifying assumptions: leading order ME, directions of the jets and the
lepton are perfectly measured, transfer functions can be factorized

Advanced neural net b-tagging
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Matrix Element Analysis: CDF

e Only a few dimensionality reduction assumptions; 19-dimensional
integration is performed by Quasi-Monte Carlo

e Non-parametric models are used for transfer functions and efficiencies.
Transfer functions depend on jet mass as well as on P;

e Background probability is not used; an average expected background
contribution is subtracted from the sample likelihood

Transfer Functior
ranster Faneton Light quark angular transfer function,n=0,m=5

o
=250
® ]
> ]
||'|_-2'U 0—:

150
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1004
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50-
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0
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0.05

Pt Ratio Pt (GeVic)

M, =171.4 + 1.1 (stat.) = 1.0 (JES) + 1.0 (syst) GeV/c? = 171.4 + 1.8 GeV/c?

top
15


http://www-cdf.fnal.gov/physics/new/top/2008/mass/mtm3_public/mtm3_pt_tf.eps
http://www-cdf.fnal.gov/physics/new/top/2008/mass/mtm3_public/mtm3_angle_tf.eps

Summary of Top Mass Measurements

Best Independent Measurements
of the Mass of the Top Quark (=preliminary)

CDF-l dilepton r 167.4 +11.4
D@-1 dilepton O : 168.4 £ 12.8
CDF-Il dilepton* —.:-- 1712+ 3.9
D@-Il dilepton* —— 1737+ 6.4
CDF-l lepton+jets i & 1761+ 7.3
D@-1 leptontjets i —— 180.1 + 5.3
CDF-Il lepton+jets* i’ 1727+ 2.1
D@-Il leptontjets* -.:- 172.2+ 1.9
CDF-l alljets | ° 186.0 + 11.5
CDF-Il alljets* —— 177.0 £ 4.1
f X?I dof=6.9/11

Tevatron Run-l/II* ® 172.6 £ 1.4
15:0 17l0 1'.;)0 March 2008

Top Quark Mass [GeV]
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Single Top Production

Tests the Wtb coupling ) t : q

e Measure |[Vy|: SM o o |V, |? W w
e Cross section sensitive to b t
new physics ) g g )
q b b

Background for WH

: s - channel t - channel
prOdUCt|On CDF Run Il Preliminary, L=2.2fb"
SM prediction (NLO): | | | ]
c=2.9+0.4pb S0 oo |
Simple counting experiment & |
in different N bins does not ¢ 7. .
work: background S Z o
uncertainty is too large. Must ~ so00}
use event kinematics to .

further suppress background. 0

W+1jet W+2jets W+3jets W+4jets



Single Top Search: CDF

Construct a single variable (discriminant) highly sensitive to single top
Kinematics

Tried to do it in four different ways: neural network, likelihood
discriminant, matrix element method, boosted decision trees

Combined result (NN, LD, and ME together) — using yet another NN

B S-Channel +0.8
_— -1 .
CDF Run Il Preliminary, L = 2.2 fb |B= 7l BDT result: 1.9 47
‘g C All channels -Svﬂ%n_oil‘;pmn] CDF Preliminary Single Top Summary
o " W+cG
Mistags
|.|>.| 80 I Z+jets - ;
Likelihood Function 1.8+ 09
h (227) T oe
30
20 Matrix Element 0.8
(z2m") 2.2% o7
———
MNeural Network 0.9
(22f") 2.0% g
Combination
: +
2215") 2.2+0.7
| | |

0 2 4 ] 8
Single Top Production Cross Section (pb)

Expected p-value =2.0 x 107 (5.1 0)
% 0102 03 04 05 06 07 0.8 03 1 Observed p-value =904 x 102 (3_7 c)
Neural Network Output |/, | = 0.88 + 0.14 (exp) + 0.07 (theory) 1

uonIpald O] PazI|BWION




Single Top Search: DO

= 600~ (a) ~ +D@09fb"| - e+u channel
o i \ .
@ S s-channel % 1-2 b-tags
E’ i Mt-channel| § 2-4 jets
w400~ “.tf o
° I 7 W+jets -
5 K]
= i B Multijet 2
> 200 e+l Chalnnel >
f 1-2 b-tags
2-4 jets
0 02 04 06 08 1 0 02 04 06 08 1
tb+tqb Decision Tree Output tb+tgb Bayesian NN Output

Yield [Events/0.1]

400=3(d) e+ channel
1-2 b-tags
2-3 jets

02 04 06 0.8 1
Matrix Element tqb Discriminant

D@ 0.9 fb™

Decision trees i 49 +1: pb
e Three methods pursued to :

. Bayesian NNs | 44 " b
separate signal from A "
background: Matnxelements; 48 ", pb

7 Boosted decision trees S— s P
7 Matrix element method RS R o mp e
. -5 0 5 10 15
71 Bayesian neural network o{pF - thX, tqb+X) [pb]
e Combined using BLUE Expected p-value = 1.1 x 103 (2.3 0)

Observed p-value =1.4 x 104 (3.6 0)
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Top Properties and BSM Searches

o(gg—tt)/c(pp—tt)
W helicity in top decays
do,/dM,,
BR(t—Wb)/BR(t — Wq) and Vi
Forward-backward production asymmetry
Direct BSM physics searches:
2 FCNC (CDF: t — Zq, DO: single top production)
7 Fourth generation quarks (t)

7 tt resonances (e.qg., Z)
2 W', H*, stop, massive gluon

No significant evidence for new physics found

20



Systematic Uncertainties

e Precision of many Tevatron top

analyses is now limited by the
systematic uncertainty

Jet energy scale is the major
contributor to the systematic error
for many top analyses

e An effort is under way to re-

evaluate systematic uncertainty
calculations for precision
measurements:

71 Eliminate double counting

7 Talk to phenomenologists about
model misspecifications

71 Derive uncertainties event-by-
event

Uncertainties on JES

0.1

0.08

0.02|

0.06 |

0.04 - 3

Quadratic sum of all contributions
Absolute jet energy scale
Out-of-Cona + Splash-out
Relative - 0.2<|n|<0.6

Underlying Event

50 100 150 200 250 300 350 400 450 500
pr" (GeV/c)

Best M,,,,: JES uncertainty is 1.0 GeV

Systematic source |Systematic uncertainty (GeV)
Calibration 0.1
MC generator 0.4
ISR and FSR 0.5
Residual JES 0.5
b-JES 0.4
Lepton Pr 0.2
Multiple interactions 0.1
PDFs 0.2
Background 0.3
Total 1.0
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Summary

A vigorous top physics study program is conducted by the
Tevatron experiments: the SM is under continuous test

Precision of several interesting analyses (cross section, mass)
IS limited by the systematic uncertainty — these results will
clearly stand up well into the LHC era

So far, no significant disagreement between the data and the
SM in the top land

Useful web pages:

7 TOP 2008 conference: http://www.pi.infn.it/top2008/

7 CDF top results: http://www-cdf.fnal.gov/physics/new/top/top.html

71 DO top results:
http://www-d0.fnal.gov/Run2Physics/top/top public_web pages/top_public.html
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Fermilab Tevatron

The highest energy

collider in operation: P‘ K
E.,=1.96 TeV e e
Runl 1990-1995 BOOSIEr  prmpey

110 pb-! per experiment
Run Il 2001-2009(?)

R Toiation
6.5 to 8 fb-! expected S J%!n_

e

Top quark was Béq_uﬁée A S
discovered at Tevatron &8 i ;":legile‘:r

In 1995, simultaneously N

by CDF and DO
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Tevatron Performance

Integrated Luminosity 4266.99 (1/pb) (June 27)

R
‘_LAJ
3
(%]
L=

ntegrated Luminasity (1/phb

1,500 -
1,250 -
£ 10001
750

500 1 /

250 #
2002 2003 2004 2005 2006 2007 2008
Fiscal Year 08 o Fiscal Year 07 & Fiscal Year 0& + Fiscal Year 05 = Fiscal Year 04

¥ Fiscal Year O3 Fiscal Year 02

e Doubled dataset each year for four years
e 1.5-2.0 fb-1 per year in 2007 and beyond
e Will reach ~6.5 fb-! by the end of 2009, ~8 fb-1 in 2010
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The CDF Detector

Central Muon Central Calorimeter (EH)

Wall Calorimeter (H)

Plug Calorimeter (EH)

Forward Muqn

Forward Calorimeter (E)

Luminosity Monitor

Time of Flight

entral Quter Tracker
Silicon Vertex Detector
Intermediate Silicon
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The D0 Detector

2T Solenoid Fiber Tracker

Preshowers
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20m
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Central Muon
Scintillators
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b-tag efficiency

At least two well-reconstructed
tracks with > 3 silicon hits

Secondary vertex Ly
significance at least +3c
(typical o is ~150um)
Efficiency to tag a tt event is
~55%

tt tag fake rate: ~0.5%

SecVix Tag Efficiency for Top b-Jets

Tight SecVix
Loose SecVix

o
o

o
~

o
w

F Top MC scaled to match data

- Only b-jets with n|<1

& I BT BRI IR EPEEE BPATE N I

20 40 60 80 100 120 140 160 180
jet E; (GeV)

o
(¥

o
-

o

vertex

displaced
tracks
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Dilepton Cross Section: CDF

e Sensitive to a different type of BSM contributions (e.g., t — H*b, H* —1t*v
in MSSM)

Tagged Top Candidtes With Njet> 2 CDF Run Il Preliminary (2 fb™)

__ ] 350 : I + dﬂfﬂ 1
70 | data ! K53 Bkgd + 16 uncertainty |
i Entries 104 I - i
i | ]6;= 9.0 pb i
L ii0_=6.Tpb I
sof S ] 250 Rr3:
[ []acD "
i Wz T 200}
401 o wz
L : Q I CCHHHALS
5 B ww ROSRRERRRKS
[ > - SR dsaiee
Bboy—s v | LU 150 | R REEEIERR
Clby— I 1 |
- 100
- 50

6 7 8 9
jet multiplicity

b tag required: c=9.0 +£1.1 (stat) +0.7 (sys) + 0.5 (lumi) pb
b tag not required: o = 6.78 = 0.96 (stat) £ 0.42 (sys) £ 0.42 (lumi) pb

0 jet 1 jet 22 jet HT>200+08



Dilepton Cross Section: D0

Number of events

Topological Selection

60 DQ preliminary, 1.05 fb"
| ® Data |
I ®
- zny
[ Diboson
407 B Fake
20

0 2 3
Number of jets

Topological: c= 6. 8

L + track + b tag:

L + 7 + b tag: o)

o= 51"

Number of events

T+eu

L=1.21fb"

15—

10—

D@ Run Il Preliminary

® DATA
[ Multijet
EE W+ jets
CAZ ST+ jets
Il WwW, Wz, 2Z
I single top
B {f  |epton + jets

tt — dilepton non-ut (non-et)

CJtt—-pur(e+1)

+

L l 11

1 I Il 1 I | l L1 1 ] Ll

(stat)

(stat) )

_1 P ( tat)

1 L 1 1 I L Il 1
20 40 60 80 100 120 140 160

Tau E; (GeV),> 1 tags, > 2 jets

(sys) + 0.4 (lumi) pb

. (sys) + 0.3 (lumi) pb

(sys) + 0.5 (lumi) pb
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All-Hadronic Cross Section

e Both CDF and DO use kinematic neural networks to
suppress backgrounds, then count b-tags

CDF DO

| CDF Run Il Preliminary |

L2
= data, N >2
1400 c = 2 %
——— <|>-> 300 backg rgilsnd
1200 (1) Bexpected tt (6.5 pb)
C -—expected s+b :
1000/ b —
200 ¢
oo
600 &  Observed tags (L02fb’)
] o 100/
400— ACK ZroL
so0 B (o= 83 pb.m=175 Gevic) D@ Run Il 405 pb’
ST T P TV P PN TN 0———#

08 082 084 086 088 0.9 092 0.94 096 0.98 1Nb}£stpt|ﬂ4 0_6 0_8 NN 1
o= 8.3 1.0 (stat) 2?2 (sys) £ 0.5 (lumi) pb o= 4.5 (stat) *14 (sys) + 0.3 (lumi) pb
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Measurement of 6(gg—tt)/o(pp—tt): CDF

e Test of pQCD calculations

e With higher statistics could be used
to improve gluon PDF uncertainty

e Sensitive to BSM production
mechanisms

e The challenge: need to discriminate
between identical final states

e The number of low P+ tracks
(between 0.3 and 2.9 GeV/c) is
correlated with the number of
gluons in the sample

c(gg—tt)io(pp—tt) = 0.07 + 0.14(stat) * 0.07(syst)

<N, > of the sample
N

[y
(&)}

=Y
B

-y
w

—
—

—
© 9O a M

== W40 jet

L —o— Dijet 100-120 GeV

-~ W+l jet
- W+2 jet
—— Dijet 80-100 GeV

== Dijet 120-140 GeV*-'
-
e “-(':DF Run Il Preliminary

detz1fb'1

0.07;

Number of entries
o © o o o o
o O © © o o
Q = N W & O O
ol pkid (T TP
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http://www-cdf.fnal.gov/physics/new/top/2007/topProp/ttProductionCombo/figures/PRL_param_070720_5percent_lum.gif
http://www-cdf.fnal.gov/physics/new/top/2007/topProp/ttProduction/figs/ntrk_vs_ng_fit_6_15_TCEM_TCMUP_TCMX_L4_070720_allDATA_updatedNg_note_lum.eps

W Helicity in Top Decays

e Tests the V-A interaction in the SM
e General interaction:

w(cos@’) = f_ -g(l—cosé’*)2 + f, -%(1—0052 )+ f, -§(1+ cosd’)’
f+f,+f =1
e SMvalues: £=0.3, f,= 0.7, f.=0

W rest frame I3
S E/ _
"'g" : Right—handed“.
0.45" | '
0.2
0 E: 1 | | I | -..J' """"" I ]
-1 -0.6 -0.2 0.2 0.6 1



W Helicity Measurement: DO

e Likelihood discriminant is
used to reduce background,
NN to tag b jets

e Lepton+jets and dilepton
channels are combined

e Templates in cos 6* variable
are built from MC and then
fitted to the data sample

2 Simultaneous fit to f, and f,:

£, =0.425 + 0.166(stat) = 0.102(syst)
£,=0.119 £ 0.090(stat) = 0.053(syst)
A Fit to f, (f,) assuming SM f, (f,):

/5 =0.619 + 0.090(stat) + 0.052(syst)
f,=-0.002 = 0.047(stat) + 0.047(syst)
(f<0.13@ 95% C.L.)
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Ditterential Cross Section do;/dM;;: CDF

Lepton + > 4 jets sample
Measures tt production cross

CDF Il Preliminary

107" -
section in bins of Mﬁ — SM Expectation
(u nfolded) — - SM Uncertainties
g m‘z—E o Dam,IL:1_9:G.1m'1
o _ NS F
— —1 3
dM . A, | LA, S
1t = ]
. K
Indirect probe for new ]
physics (such as resonanttt

production) ﬁ 200 400 600 800 1000 1200 1400

Unfolded M, [GeV/c’]
Consistent with the SM
(p-value = 0.45)
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http://www-cdf.fnal.gov/physics/new/top/2007/topProp/ttdiffXs/public/withSignal_diffXs.eps

Measurement of BR(t—=Wb)/BR(t — Wq): DO

e Inthe SM

BRIESWE) N[
BR(t —Wq) Ntd |2 +’Vts|2 +M0|2

e Measured in the I+jets sample
together with the tt production
cross section

e Db tagging probability dependence
on R is used to constrain R

R =0.97"0 (stat+syst)

o, =8.18707, (stat + syst) + 0.5 (lumi) pb

1 assume unitarity, 3 generations 200
R>0.79@ 95% C.L.

V| >0.89 @ 95% C.L.

D@ Run Il

R

tt tagging probability

600

400

Number of events

B Multijet

0 1 >2

Number of tagged jets
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Forward-Backward Asymmetry: CDF

Nf o Nb
e A —
fb
N, +N,
e Tests discrete symmetries in the tt production
e Sensitive to C and P violation in tt production (axigluons, Z’, etc.)
e NLO: Ay =0.04 £0.01in the lab frame, about 30% larger in the tt rest frame
e Distributions sensitive to Ay, are corrected for background, efficiency,
and smearing
. P, 1 CDF Il Preliminary L=1.9fb™
Production Angle Distribution (L=1.9fb™") n
£ LR R R L R RN Q - - CDF Datz MC asymmetry:
1200 7 = | — MC@NLO + bkg — A5t
w i _!»: "E | == rew. Pythia + bkg + - A=24%
i —+ Data ] Q -rllﬂ-
100 Bl 1i (3.20h) B 100 -:c::’;I—Ikag -
[l Backgrounds - I EW bkg 1 >4
" mi P
60 50'
w .. !
20 :
0
0—1 -08 -06 -04-02 0 02 04 06 08 1 -4 2 0 2 4
GOF Rum |l Prafiminary -Q,-Cos ® Ay. Ql

Lab frame: Aq = 0.17 + 0.07(stat) £ 0.04(syst) tt rest frame: Aq, = 0.24 + 0.13(stat) + 0.04(syst)
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