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Top Quark Physics

Tevatron program explores all top
properties as well as possible sources

of new physics: /Top B D s .
top quark production ;gg Sv‘f/)igth |
- top pair production To s \ i
- Single top production . 4 FB Asyrmetry
. Pletoy g, Exotic production

top quark properties S
- Mass, spin, width, charge o R
top quark decay ' :

- W boson helicity in top decays neurinot, i

- Probe the W-t-b vertex

tlectron @ \ N

Exotic sources of top quarks W helici i\ N\
- Non SM top e ICIty o @
- Forward-backward asymmetries [Wtb vertex
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Top Quark Mass

X t
w_ - - w w w
'I'-I., 'r"\"l;ll! ""‘_Q"*'*‘\
Top quark mass is a fundamental
parameter of the Standard Model 2

AM,, <InM,,  AM,, =M

top

March 2009
I

|
1 —LEP2 and Tevatron (prel.)

80.54 - LEP1 and SLD
68% CL

Since M,,, is very large, quantum

loops involving top quarks are
important when calculating
precision observables

-
-
"

Measuring the W boson mass and
top quark mass precisely allows _
for prediction of the mass of the y
Higgs boson (...if it exists!)
and constrain new physics

150 175 200
m, [GeV]

——
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Experimental Challenges

* Measure jets not partons
 Jet-parton assignment

* QCD radiation

* Undetected neutrino energy

Jet energy scale uncertainty:
Need corrections to obtain parton energy

Jet Energy Scale

oJES/JES = 3% to 6%
dominant contribution to éMmp(syst)

Can be reduced via
in situ calibration of the JES using the W mass

La Thuile, 28 February — 6 March 2010

Entries/(3.2 GeVic)

I-1[BI ]IS]-IISI |1$H|3|1 a]II81 T

70 80 20 100 110 120

Measure top mass in all channels and with

different techniques:
Dilepton
Lepton+jets

All-hadronic

Absolute jet energy scale

QOut-of-Cone

Relative - 0.2<[n|<0.6

Uncertainties on JES

)

Underlying Event

L Quadratic sum of all contributions

NIM A,
566, 375
(2006)

CDF Run Il Preliminary (3.2 II)"}
—e— Data

Mass (GeV/c")

G.Compostella

50 100 150 200 250 300 350 400 450 500
py " (GeVic)

Dbkgd+F‘y‘[hiaM1=l?2 GeV COﬂStraln the lnval’lant
L mass of the non b-tagged
< jets to be 80.4 GeV/c?

Uncertainty on JES scales
directly with statistics!
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High Precision Mass Measurement at CDF

CDF Dilepton and Lepton+Jets combination

Template Method:
Consider a set of observables x sensitive to Mtop

Evaluate and plot the set for each event — “Templates”
Maximize a likelihood where observed distributions
are compared to expectations for different M and

signal fractions f_,

J‘csample o H Hﬁshape(mi‘.ftfy Mtﬂ’p)

events I

Yo 70
> 60 2-tag: 271 events
g e Data
= 50 %
3 7] Signal+Bkgd
c
3 40— 234 Bkgd only
30—
CDF Il Preliminary (4.8 fb'1}
20— _ /

" 300 350
m{e°° (GeV/c")

150 200 250

.18 =
%O C tt m* templates, = 2 tags events (AJES = 0.0)
o B
n0.16 —
2 B V., - 160
50-14 = i MOD = 170
..60 12 - Nlmp = 180
.5 C MTO[J = 190
B 0.1 ____ P(mM™IM ,AJES)
e t top
= r
0.08—
0.06
0.04—
0.02—
o C T R SR T | T D s e — |
100 150 200 250 300
m=° (GeV)
‘—-6 | T I I [ T I T T T T I T T T T
2 08 —AlogL)=05___-
s ko o . ver Alogll) =20
= | i ]
0.61— : ]

- A B S Alog(L) = 4.5 -
0.4)— —
0.2f- -

of- =

- e, .
-D.2_—; . —
0.4 =
-0.6 _ _ | =
-0.8 __"'CquTl!"?:le'llirPiPFW|dl R| f;t_,_lll it .

Ll 1 L illllill Ilill
168 169 170 171 172 173 174 175
Mmp{GeV!ca}

Main uncertainties: CDF
Jet-energy-scale, MC modeling M

top

(4.8 fb") Joint Template Analysis
=171.9 + 1.1(stat+JES) £ 0.9(syst) GeV/c?
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High Precision Mass Measurement at DO

DO Lepton+Jets with the Matrix Element Method

ME Method:
Define the
probability P_. that
the observed
kinematics arise
from possible signal 1 R

or bkg kinematics at P, (X)= Sff(ql)dqlf(qz)dqleM VIF o (¥)dyxW(X,V: JES)

parton level, then o(m,JES)” »

maximize —*
Parton distribution @ Differential cross section j§ Transfer Function: maps parton level (y) to

L=[TPevt(M top? JES, functions (LO ME) reconstructed variables (x)

Pevt(i):f -P ;('mt'JES) (1 ftop) bkg(i!JES)

top sjg(

ftop(Mtop, JES))
1 DG Run lIb Preliminary, L=2.6 fb™
D@ Run lIb Preliminary, L=2.6 fb’ n E
- LLl E i i i
sool__TOPMass | [ constant 178.43+6.88 = 1.06c lepton+jets with prior
2005 lepton+jets Mean 173.03 +0.04 1 053_
2D with prior Sigma 1.11+£0.02 -
180F M = 172 GeV 1.04)
160 JESP®" = 1.00 =
140 1.03
120 1.020
100F- C N
8ol 101 "“x,ﬁ
60 f_ 1= A~~«%.,M AlnL=2.0 1;
405_ :_ - fikflb“ﬁz:zﬁ 5
20( 0.99¢
Ll | f ol B | L1l | 1 111 | L S | 1R 1 | L1l | L1l | :
0~164 166 168 170 172 174 176 178 180 182 0.98:5— '1;0' : '1.',2' : '17'4' : '1.',6 ' 178 T

g top (GEV) M., (GeV)
DO (3.6 fb") Lepton + Jets Matrix Element Technique
M, = 173.7 + 0.8(stat) + 0.8(JES) + 1.4(syst) GeV/c?
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Tevatron Combination

Mass of the Top Quark (*Preliminary)

Tevatron (March 2009):
M, = 173.1 £ 0.6 (stat) + 1.1 (syst) GeV/c?

to

CDF-I di-| 167.4+10.3£ 4.9
_ o

DO-I di-l 168.4+12.3+ 3.6
, _ . —

CDF-l di-l 171227129
, _ - -

DO-11 di-| 174729124

‘ ®
CDF-I 1+] 176.1£ 5.1+ 5.3
: ¢

DO-I 14 180.1£ 3.9+ 3.6
. _ -~

CDF-II I+ 172109+ 1.3
, _ - -

DO-11 I+j 173.7£0.8+1.6

| o

CDF-I all 186.0£10.0+ 5.7
_ _ ——

CDF-II all-j 1748+£1.7+£1.9
l >

CDF-Il trk 175.3+6.2+ 3.0
l -0~

Tevatron March'09

hep-ex/0903.2503 1731 ifgfé?)i—* ‘Ifs'}jsf-

| | ‘ | »2/dof = 6.3/10.0 (79%)
|
150 160 170 180 190 200
My, (GeV/c?)

Best results of each experiment in each
channel from Run | and Run Il combined

Results from different channels and
methods are consistent

Take into account the statistical and
systematic uncertainties and their

correlations
(NIM A270 (1988) 110, NIM A500 (2003) 391)

Precision now limited mainly by
systematic uncertainties

Joint effort on improving knowledge of
systematics

G.Compostella 8
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Top Mass projections

CDF example Dilepton and Lepton+Jets

Systematics Source AM, [GeV]

- CDF Top Mass Uncertainty

10—
- Generator

~, [ 1fb" 2fb"' 4fb" 8 b
: | b _-
e L
. b jet energy 0.3
8 T .
= 1
<] Run lla LJ goal (TDR 1996)

gg fraction <0.1

Scale A(stat) / VL, Fix A(syst)
__________ Scale A(total) INL . .
- (improvements required) MC statistics 0.1

Integrated Luminosity (pb™)
MHI 0.1

Magnitude of systematic uncertainties are comparable,
dominated by sources which should continue to scale _-
with the statistics of the sample.

Top quark mass precision for single measurement “
already well beyond Runll goals

= -
La Thuile, 28 February — 6 March 2010 G.Compostella 9
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F

Brand New Top Mass Measurement from CD

1 week ago, a new CDF measurement of the top quark mass has been approved
This is the most precise measurement ever done, even more precise than the world average

The technique used is similar to the Matrix Element Method
Uses a Neural Network discriminant to distinguish signal and background

| Neural network discriminant |

CDF Run Il Preliminary 4.8 fb”

c —_— -
2 B b -
‘E 0'12__ ' —— signal m=160 - (.8
= = : —— signal m=170 m -
E 0.1 : —— signal m=180 {]1 0.6—
> L Coa _ -
w L T R W-+bb background -
- ____4"”““4---:*: ------- W+light background 0.41—
0'08__5 P A e I EECET QCD background ;
c - 0.2
0.06—: _! : H
- )|
= 1 -
0.04—! -
o 02 —A(nL)=-0.5
L] _
0.02F=- . 04 — A(InL)=-20
F - L —AnL)=-45
0 1 1 1111 1 111 1 1 | 1 1 | 11 | L 111 L1011 L1 11 B— | | | | | |
0 01 02 03 04 05 06 07 08 0.9 1 . L e L1 T T L
Neural net output 170 1 172 173 174 175 2
m, (GeVic’)

CDF (4.8 fb') Lepton+Jets, Multivariate:
M, = 172.8 + 0.7 (stat) + 0.6 (JES) £ 0.8 (syst) GeV/c? = 172.8 + 1.3 (total) GeV/c?

to
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Mass difference would imply CPT-violation
Measured in lepton + jets events (ME technique)

§ 10 SFIcts DO 11
E“175;

o

165

~165 170 175 180
m, [GeV]

First time measured for a “bare quark”
Consistent with SM expectations

PRL 103, 132001 (2009)

La Thuile, 28 February — 6 March 2010

Direct measurement of top antitop mass difference

DO (1 fb):
AM,,, = 3.8 & 3.7 GeV/c?

to

Statistics limited

G.Compostella
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Top Antitop Spin correlations

Top spins are correlated only if top lifetime is short enough
Spin-spin correlation is observable in the top quark decay products

3 t )
S = . E
q > < B k- NAD+N()-NGD-Nt]) @
g - NAD+NAD+NAD+NE)
¥
t

| Top Pair Spin Correlation

D< Run II preliminary (4 b

240 T T T g :
2203_ CDF Run Il preliminary L=4.3 fb™ D Opposite Helicity (OH) —f zE 70:_ B (t, SM spin corr.
200 ame Helici - F  — tt, no spin corr.
180:_ + - S Helicity (SH) E 60: - Z/'Y—) I
E H .. . I:I Backgrounds 3 - —— Diboson .
160 | Helicity Axis = S0 = Multijets Beam Axis
. 1405 K(SM) = 0.40 - b E : K(SM) = 0.78
t C k: 0.60 +/- 0.52 3 q0F
T = -
100£- E 30F
80— — _
60— = 20
a0 — :
= = 10
20— — -
07— 08 06 -04 02 0 02 04 06 08 1 O 06 04 02 0 02 04 06 o5
cos(6)*cos(6,) cos(6,)cos(6,)
CDF (4.3 fb') Lepton+Jets: DO (4.2 fb") Dilepton:
K=0.60 + 0.50 (stat) + 0.16 (syst) K=-0.17 + 0.65 - 0.53 (stat + syst)
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Top Quark Width

Short lifetime of top quark decay
results in large width ' ~1.5 GeV

Deviation from SM could indicate
presence of t-bH+ etc.

Different width would change top mass

line shape — use templates

Method comes from top mass analysis,
uses in situ calibration of JES

Dominating source of systematic
uncertainty becomes jet resolution

CDF (4.3 fb):
[, < 7-5 GeV at 95% C.L.

t

La Thuile, 28 February — 6 March 2010

Arb units

-0.5

0.08
i _l"mp= 1.5 GeV
0.06— T =10.0GeV
- tc:P
0.04} — T, =20.0GeV
0.02| f
ﬂ I | | M

P T S T L
150 200 250 300 350
M (GeV/c")

CDF Run Il Preliminary 4.3 fb” + -log(L)=0.5
= -log(L)=2.0

#* -log(L)=4.5

L 1 1 L L L 1 L L 1 1 1 1 L 1 |
0 2 4 6 8 10

rineut(GeV)
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Top Quark Charge

Test hypothesis whether top quark is an
exotic particle with Q = 4/3

Select Lepton + Jets with two b-tags

\ b — in b-jet
+  Opposite sign (SM)
W ’“‘ Same sign (XM)

Exotic Model
D.Chang et al., PRD 59 (1999) 091503

CDF (2.7 fb"):
Excludes Qtop= 4/3 at 95% C.L.

DO (0.37 fb'"):
Excludes Qop= 4/3 at 92% C.L.

PRL 98, 041801 (2007)

La Thuile, 28 February — 6 March 2010

©

SM-XM Events/3 GeV/c

15 - —— Data
i [ ]tt Direct B
10- ] tt Cascade
i Il tt Other
i | Bl Backgrounds
S i _I_ | | — XM Expectation
i ﬂﬂ—;I; I ‘I
1T I N N
otr—— 71 7T
1 b |
5 i | CDF Run II Prellmlnary 2. 7fb
= ]
20 40 6
SLT,,, p; [GeV/c]

Pseudo Experiments

0.1

0.05

CDF Run Il Preliminary (2.7 fb™)

XM Top

SM Top

Measured

-2 0 2 4

Normalized Asymmetry

G.Compostella
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W boson helicity in Top Quark Decay

* Examines the nature of the tWb vertex,

probing the structure of weak interactions near the =

Electro-Weak Symmetry Breaking scale
* Stringent test of V-A interaction in SM

* Standard Model predicts purely left handed tWb coupling

* model-independent measurement based on
reconstruction of cos0* distribution

* distribution of cos8* depends on the W helicity fractions

IW0 longitudinal | | W left-handed
|fraction fO = 07| fraction f-=0

La Thuile, 28 February — 6 March 2010

. 0.8 — left-handed

an) i == fongitudinal
;‘E l right-handed
%'ﬂ 6 = guirti (S M)

0.4

ool

.........
--------
& oy

W, right-handed
fraction f+ =0.0

-1

.:&5...0.“‘0‘5 I

cosB* angle between
the momenta of the
down-type fermion
and the top quark in
the W boson rest
frame for each top

G.Compostella
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W boson helicity fractions

—
. B o ~ 120
% 60 D@ Run Il preliminary S - D@ Run Il preliminary
2 ¢ Lepiohsjets ehannel —e— ggndjtfybggk‘;’;md (@) _3 100 | eptonsjets channel  —e— Do daia, 1217 (b)
= - X
‘T - Wbk SM Signal + background c 80! w-ii gkg/lngilgt];aflggars;gn;und
w 40— ) | l [ Background L :._.l--_. | [ Background
i 60  b-%--
20— . O
B 20__‘|__|_|_|_|—'_|_|—
-1 -0.5 0 0.5 1 % 0.2 0.4 0.6 0.8 1
coso* |cos6*|

Measure fO and f+ simultaneously, model independent .,

DO LeptonJets + Dilepton (2.7 fb"): o8- o
fO = 0.49 + 0.11 (stat) £ 0.09 (syst) > 0.6
f+ =0.11 £ 0.06 (stat) + 0.05 (syst) 0.af
= CDF Run Il Preliminary (2.7 fb‘f) _ 0-2;—
go.oa [ “%2 0 02 04 06 08 1 f1+2
o ’ CDF LeptonJets (2.7 fb'), Matrix Element:
- | < fO =0.88 + 0.11 (stat) + 0.06 (syst)
\ \ f+ =-0.15 + 0.07 (stat) + 0.06 (syst)
s o8 o 07 Consistent with the Standard Model

f, (uncorrected)

La Thuile, 28 February — 6 March 2010 G.Compostella
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Anomalous Wtb coupling

Constrain form factors for anomalous tWb coupling
Combine information from single top production and W helicity measurement from ttbar decay

8 T v ‘R 8
L..===W by" P+ 1" "P,|t—

ﬁL:L szzf;R:ﬁR:O

oW bo™ (1P, + [P )t

In Standard Model:

& ’[ DO Preliminary 0.9-2.7 fb" T+ %[ DO Preliminary 0.9-2.7 b 3= % Do Preliminary 0.9-2.7 fb"
i ® Measured Peak L ® Measured Peak B | ® Measured Peak
1_5__ [ ]68% C.L. 1_5: [ 168% C.L. 1.5' []68% C.L.
i B 90% C.L. i Ml 90% C.L. i o0% C.L.
Bo5% C.L. [ 95% C.L. - Moes5% C.L.
T
0.5
b 1 2 3 4

IFA[ <0.72

for | =1 |2 <0.19@95% CL Consistent with Standard Model

A% <020
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BACKWARD FORWARD

Aﬁ,:

New physics could give rise to
asymmetry (Z',axigluons,..)

Standard Model predicts
NLO QCD: A= 0.05 + 0.015

Forward Backward Asymmetry

Reconstructed Top Rapidity

I!lI|III||||l|||III]IIII‘I\I\llll\l\lI

A =0.098 + 0.036

-0.019+0.0026
Ap® = -0.059 + 0.0079
CDF II Preliminary

Events

=®- Data
776 events
] Signal + Bkg
776 events
[ Bkg

167 events

CDF (3.2 fb"):
Afb = 0.19 £ 0.07 (stat) + 0.02 (syst)

DO (1.0 fb'"):
Afb det =0.12 + 0.08 (stat) £ 0.01 (syst)

[IIlIII[III|III|III|III|III|IIFIIIIIIIIlII

PRL 100, 142002 (2008)
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Search for NMSSM Higgs in Top Quark Decays

* If a charged higgs of around ~100GeV/c?
exists, then the branching ratio of top to
charged higgs may be LARGE (as high as

10 to 40%)
« This search assumes m, < 2m_, a region

in parameter space not yet
experimentally excluded

* Taus should leave low pT isolated tracks
in top events

BR(t—H'b)=0.11
BR(A—7%)=1 | Data
- Signal, m(H")=90, m(A)=9 GeV/c?

SM Boson Daughter Tracks

- Underlying Event

CDF Run Il Preliminary, L=2.7fb™

Events Per GeV/c

0 8§ 10 12 14 16 18
Lead Track p_(GeV/c)

Charged CP-odd neutral higgs
mass < 2m,

N »

~100GeV

I‘,.f
\i
!
1 \
4

w

SM W Boson

95% CL Exclusion for t->H'b—>W*"Ab
BR(A—1T)=1

m(A)=4 GeV/c’ — Expected A Observed
m(A)=7 GeV/c? — Expected ¥ Observed
m(A)=8 GeV/c? — Expected ¥ Observed
m(A)=9 GeVic? — xpected @ Observed

BR(t>Hb)
=
o

e o
~N o

© © © o ©
N W AR O O

o
—

C|:DF Runlll Prelimlinary, L=|2.Tffb'1

H* mass (GeV/c?)
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Search for Charged Higgs in Top Decay

If kinematically allowed, t— H+b happens in SUSY
Charged Higgs decay: H+ — ¢s or H+ — tv

- Branching ratios depend on tanB

o
= DO, L=1.0 fb’
> B(H — tv)=1
=10° * Data
1 _ tt Br{t — H'b)=0.0
“ tt Br{t — H'b)=0.3
— tt Br(t > H'b)=0.6
background
e |
10% ——
L, |
1
10 T T T
l+jets 1 tag l+jets 2tag dilepton T+lepton
s
s D, L=1.0 b’
3 B(H — ¢ §)=1
=10° * Data
] . tt Br(t - H'b)=0.0
1 ] tt Br(t — H'b)=0.3
— tt Br(t - H'b)=0.6
background
[ —
102 —
Py
1
10

La Th

T T T
I+jets 1 tag l+jets 2tag dilepton

T+lepton

=)

Extract limits

arXiv:0908.1811

Observable:

Altered rates in final states:

L+jets to Dilepton to T + X

1
2 1 Dpg,L=1.01"
I |
0 0.8 B(H' - t* v)=t
e 1 —=— Expected 95% CL limit
ouge”
M 96 —e— Observed 95% CL limit
04
0 | ) T T T T T T T T T T T 1
80 100 120 140 160
o~ 1
2 | pg,L=1.0%"
I |
0 0.8] B(H' - c§)-1
oy |1 —=— Expected 95% CL limit
v —
M 961 —e— Observed 95% CL limit
0.4
| —— — .
027 = ® 3
0+ : —_—
80 100 120 140 160
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Conclusions

* Top quark physics is a rich field in HEP and a broad top physics
program is in progress at the Tevatron

* Top quark mass measurements
* Most measurements are systematically limited
* Mass measured to <1% precision for single analysis

 So far, top quark data is consistent with the SM
» Tevatron expects to double data sets if running through 2011

* We expect improvements in our understanding of top phyisics!

* With the LHC, an huge top quark factory is beginning operations and

top physics will continue to play a significant role:
» Understanding of systematic uncertainties would become crucial
» Top is a standard candle, tool for calibrating JES, b-tagging

La Thuile, 28 February — 6 March 2010 G.Compostella
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Top Quark is on prime time!

The Big Bang Theory!

e i
[,.ll-_;ﬂ ._5*:.’,*-4..-1-;,-55‘-; .

...don't miss Tevatron's next Top result:
http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-d0.fnal.gov/Run2Physics/WWW/results/top.htm
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