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http://www.physics.neu.edu/

w A large body of work...

DZero Run Il top quark publications e 80 papers pubhshed SO
20 far by D@ on Run |l top
y physics

* Inthe peak (2011) an
average of more than one
top paper every three
weeks

« Think about all the things
that are needed for top
results

— Electrons, muons

— Jets, JES

— B-tagging

— Complex trigger conditions
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% Snowmass Forecasts

Top Quark Physics: Future Measurements

* Snow mass 1996 and
R. Frey, D. Gerdes, J. Jaros, S. Vejcik, E. Berger, R. S. Chivukula, F. Cuypers, P. Drell,

2 O O 1 M. Fero, N. Hadley, T. Han, A. Heinson, B. Knuteson, F. Larios. H. Miettinen,
L. Orr, M. Peskin, R. Raja, T. Rizzo, U. Sarid, C. Schmidt, T. Stelzer, Z. Sullivan

— Considered Run lI « Measurements covered
luminosity scenarios of 2 In 1996 paper
fb*, 3 fb*, 10 fbt, 15 fb! — Top mass, top mass, W

and a "TeV 33" scenario helicity in top decays, V,,
(30 fb1). (I interpolate from single top
where necessary)

hep-ph/0202001

— Assumptions:

° Ve rteX tagg I ng Present and Future Electroweak Precision Measurements and the
.. , Indirect Determination of the Mass of the Higgs Boson®
efficiency for b’s: 50-

lSm\Wkg(] 1 Pre Elt sak Mez ments

600/ t . BAur! R CLARE® | A. DFNNFR ]l Dl /(l vz, S. Dllll\l lr‘l l Inrl .
O per Je M. (| UNE \ Ln?, S. Hrl H\IF\H I HrlML M. Kr¢ rmrl , H.E. L K ’\l
M. NARAIN?, M. R TH'3, M. ScamirT', D. WACKEROTH'®, G. \\H GLEIN ! DR Woop ™" AND
J. Wupka?

* Double b-tag
efficiency: 40% per
event

* In 2001 report, mainly
just updates on top
quark mass predictions
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w tt production cross section

e First Run Il cross * Final DO precision
section measurement — 7.5%
(lepton plus jets)

e 0=28.6%1¢+ 0.6 (lumi)
pb

I -1 Tevatron Run Il
« with 0.23 fb* integrated
CDF dilepton = =i 7.09+0.83 8.8 fb"
lum analyzed
CDF ANN lepton+jets = o o 7.82+0.56 4.6 b
+ 0.38 + 0.41
0] DF SVX | i 7.32+0.71 4.6 tb™
) 20 /O preCISlon CDF SVX lepton+jets @] 3 3 (()),36 o 6 tb
CDF all-jets I s 1 7.21+1.28 2.9 b
+0.50+1.18
CDF combined = o + 7.63+0.50
+0.31+0.39
D@ dilepton [——o—— 7.36+0.85 5.4 b
D@ lepton+jets [——a—] 7.90+0.74 5.3 fb™
D@ combined — o = 7.56 + 0.59
+0.20 + 0.56
Tevatron combined = e = 7,60+ 0.41
m, = 172.5 GeV H Wil
L3 3 2 W 10 | I |

6 7 8 9
pp — tt cross section (pb) at\'s=1.96 TeV
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w top mass — €+jets
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w top mass — €+jets

Precision increase through Run Il

D@, 267 (a)

N W
o o
o o

—
o
o

Ensembles / 0.05 GeV
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w top mass — €+jets

Total Top Quark Mass Uncertainty (GeV/c?)

2011 Projections

Tevatron Top Quark Mass Uncertainty

4 |+jets D& measurement

4 Combined D@ measurement
4 Tevatron combination
Projected uncertainty in 2011

l'A M/M<1%

A M <1 GeV/c?

T10fb‘1
IIIIII| I | |

Lo
IIII|IIII|II\I|IIII|IIII|III

Run 1

=
qe

1 10
Integrated Luminosity (fb™)
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O [GeV]

Snowmass | Achieved
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0.14 GeV
0.9/0.5* GeV 0.41 GeV

0.41 GeV

3/1 GeV 0.49 GeV
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w top mass — €+jets

350F
=t (b) D@ 9.7 fb!
— ¢ 300- I l+jets
2011 Projections N 250-
< 6: Tevatron Top Quark Mass Uncertainty Q 2002‘
> L 4 I+jets D@ measurement Lﬁ 150:_
e S 4 Combined D@ measurement o -
-E' L 4 Tevatron combination 100F
'{3 4‘_\ Projected uncertainty in 2011 E
2 50 1
£ 0062 05 p6 07
%2 o4 [GeV
iz m| [GeV]
.:% 1L Uncertainty | Snowmass | Achieved
g | Runt prediction
o (1996/2001)
Integ Statistical 0.14 GeV 0.41 GeV
10 fb Jet Energy  0.9/0.5* GeV 0.41 GeV
1 1 1 11 Scale
10 Other syst.  3/1 GeV 0.49 GeV
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i

Dlleptons 2007

ole

top mass — dileptons and combination

l

Source of uncertainty

4 Statistics From 2012
Method of mass extraction B TEV atro N t o) p mass

Modeling background B

maeing sonym COMbBINAtION paper

Jet energy scale B

W\ \!
P‘\\\e\ 0\ \0(\ ‘Q(X 00 \0(\9 0 (0 @'\0
0 )
R Dileptons 2009
>
) | a) ® data
& 35 l -tg
" D@ 370 pb” o 30" EZiy
. ¥ 2 o5|- [Jdiboson
| 2 @w
|e S 20 Einstrumental
i 15 1
- D@, 1 fb
| 10
Bl 50 100 150 200 250
170 210 250 290 E; (GeV)

m,, (GeV)
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top mass and world average

Tevatron+LHC m,_ combination - March 2014, L_ =351 87 it
ATLAS + CGDF + CME + DO Preliminary

GOF Rundl, hjels ——— 172,85 = 1.12 (0,52 = 0.49 + 0.86)
LOF Fumnt, d-apion # ! 170.28 = 3.69 1 £ 3,13)
GO R, &l jeta - — - 17247 + 2.01(1.43+0.95 = 1.04)
- “ B e - —— 4 173.93 = 1.85(1.26 = 1051 0.88)
P bjels ———a—e— 174,94 2 1,50(083 £ 047 + 1.16)
S e gt 174,00 = 2.79 (2.38 = 0.55 = 1.38)
ATLAS 11, neis MEENEEPP— 17231+ 1,55 022=072=12
.-"._L"':Sj!l.lﬂ. di-lepriar : 173.09 = 1.63 (064 . 150
LS &1, biets — - — 173.48 = 1.06(0.27 = 0.33 + 0.67)
CS oot dhiegion —_— 172.50 = 1.52 (n.a3 . 1.46)
3r11!'E'_-'E!'I.:|II oy 173.40 + 1.41 080 =1.23)
I:E'ﬁ}l.n__l. Hjets sa-pene 11498 + 076041 £0.41 £0.40)
Wl coenb. 2014 i = — 173.34 = 0.76(0.27 = 0.24 = 0.67)

9 Tewatron March 2013 (Fun 1+I) gt 173.20 = 0.87 (0.51 £ 0.36 = 0.61)

f 8 e Septamber 2013 ——— 173,29 = 0.95(0.23 = 0.26 + 0.88)

o | | : Irr:ll ‘siaf syslk

165 170 175 180 185
This result not included in the world average fit M, (GeV]
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w Pole mass or MS mass

 Beyond LO QCD, the mass of the top quark is a
convention-dependent parameter

— 2
M3, g 4 @y (mMS @, (mMs
° mPole = pMS(RMS) [1 t E—S( ) + 8.28 —3(; ) + ] + O(Aqep)
P March 2'011 . ; ; [ . ;
B 2 D@, L=5.3 fb "’ [ —my, myDo, NLO*NNLL)
~ —m,,, m(D0, Approximate NNLO)
4= | w2 T 1
o 80.51 ... LEPY, SLD
............. 68% CL
10/ T >
...................................... O, 80.41
8 T =2
: ~ £
o N
| =—e— Measured o(pp— tt+X) 80.3 1
4__ —— Measured dependence of 6 ..
- —— Approximate NNLO |
2—| T| NlLuoTN|N|L|L oo v by by 1 50 1 75 200
150 160 170 180 190
Top quark pole mass (GeV) m, [GeV]
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w Single top and V,,

q q
w
b t
g b
t-channel s-channel tW-channel

« Already two Run 1 papers setting limits (~20 pb) on
single top production

« One of the first Run Il top papers was a limit on single
top (6.4 pb s-channel, 5.0 pb t-channel)

0 - 3 o F a
§ 60 Egghiﬁ?'lg?(xw) ;;; 0.35 :Z;;;;%;Z Then, with a bit
- EWsjets - more data, the
W et ? 0.2/ 6% < 5.0 pb Golden Age of
20] 0% < 6.4 pb Single Top
: 2 °1 N began...
¢ 0.5 1 ofeeti . o NI

= o 2 4 6 8 10 12
tqb-tt NN output Cross Section [pb]
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% 2006: Evidence for single top

D ber 13, 2006 :
ecember Fermilab Press Release

For immediate release

DZero finds evidence of rare single top quark; Observation marks a

step closer to finding Higgs boson

B a2 1
DO Run Il 0.9 fb™ 210 DG 0.9 fb

; >

- e
Decision trees | —eo— 49 14 pp )

' -1.4 u>J 1 0 e-'.l'l’
Matrix elements ; —&— 4.6 1: pb 2-4 'Iets

! ' 1-2 tags
Bayesian NNs i —— 5.0 t}g pb 1

| b E

Z Sullvan PRD 70, 114012 (2004), m, = 175 GeV
A T P T B 10—1 T
-5 0 5 10 15 0.6 0.7 0.8 0.9 1

o(pp — tb+tgb) [pb] tb+tqb Decision Tree Output

Why all the fuss?
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w 2009: single top discovery (D@ and CDF)

March 9, 2009
Fermilab Press Release

For immediate release

Fermilab collider experiments discover rare single top quark

(b) Signal Region

Single Top Quark Cross Section st 2009 '~ :
. 2009 g DZ 2.3 b
CDF Lepton+jets 3.2 " | e 2.1/ 2555 pb (= 40
: 2
CDF MET+ets 211" ! 50 *55 pb C
| o
D@ Lepton+jets 2.3 tb : 3.94 iggg pb |.|>J
Tevatron Combination ! 2.76 05 pb - 20
Preliminary : 3
Il B.W. Harris et al., PRD 66, 0540I24 (2002) ;
N. Kidonakis, PRD 74, 114012 (2006) Miop = 170 GeV
[ I I
0 2 4 6 8
c G (pp — tb+X, tgb+X) [pb] %.8 0.85 0.9 0.95 1
tqb+tb Ranked Combination Output

6/10/2014 Darien Wood, DO top Run |1, DO Collaboation Meeting 14



Separation of s-channel and t-channel

D@ t-channel observation 2011 D@ s-channel evidence 2013
o -1 — -
2 DISHD 2 ;@ D 9.7 fb”
c 68% C.L. p L
= = 90% C.L. § I ; gg
O 2 Il 95% C.L. S L
3 $ 4_ 3 SD
? '
] @ N .
S 5 35 | ;
E 27 -4 [ & A @® Measurement
E @® Measurement 2__ B sMm
© m sm™ ¢ Four generations
= {;} Z:f? Z;‘;f;;‘?,’i;,ﬁ?“ { Four gener[e;]lionsp] 1L O Top-fl:.!lvor
HERTLDN O Topfavor : A Top pion
. . . ; . E.' F.CNCI . . B [0 FCNC
00 2 4 Lo il g L epesslans el psagyg lgsy
I R S Y S

s-channel cross section [pb] tb crosesection [pb]

[ s-channel single top quark, Tevatron Run II, Lim <9.7fb"

CDF+D@ s-channel observation 2014 [ X

— Expected background

February 24,2014 Fermilab Press Release e o e [

10°

FOR IMMEDIATE RELEASE

10°

Scientists complete the top quark puzzle

oIy !

-1 0
Discriminant output [Iogw(s/b)]
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Posterior density [GeV ]

[ D@ 2.3 fb™!
- U777 ExpectedT, = 1327 Gev
R ObservedT, = 1.990% GeV

-
N

=3
T

e
)

Posterior density [GeV ]

o
=)
T

1N
'S

©
[

%“05 1 15 2 25 3 35 4

T, [GeV]
1.2 D@, 5.4 b’
1 Expected I,
0.8- =1.39 7 GeV
s Observed I,
0.6 +0.47
o 4:_ =2.007,; GeV
0.2-
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E
o <
Posterior density

V,, and the top width

DO, 5.4 fb™

3 IV, |>0.81at 95% C.L.

S NWHOON

0.2 0.4 0.6 0.8 1
Vib IV

tb

|2

Quantity Snowmass Achieved
prediction
(1996)
95% CL on |V, 0.93 0.92
Uncertainty 0.01 0.04
B(t—Wb)/B(t—Waq)
Uncertainty on I, 21% 23%
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W helicity and anomalous top couplings

(/2]
€ 0.23 fp-t &~ PP g
> [ ]t l+jets (V-A) 2
W15 - fiss l+jets (V+A)
[ ] background
10

" (a) —e— D@ data, 370 pb’ -2 14; (b) —e— D@ data, 370 p&'
—tis ljets (v-A) | 2 12t — i 11 (V-A)
3 - fis Ljets (v4+A) | 1 o -1 11 (V+A)
E background 8F -] [}]background
+ 6F
L T aF
‘ il [ —
GE = S st
-1 -0.5 0 0.5 1

W helicity combined with anomalous
coupling limits from single top

(b)

O, L= ‘“;xo'sgnz, 54fb"'  95% C.Lé

* Bestit value 0.4 . fx = fv

* SM value r fx - f_IF_*
0.3F

[ =1t

*
2]
=

0.2

q1 -0.5 0 0.5 "+‘1
coso*
oler
1— DG, L=11" = 1_
0.8 asl
0.6 0.6k
0-43 0.45—
0-23 0.25—
S of
Py ST

sl b b Lo by
-0.2 02 04 06 08 1 1.2

+

f ’ f,
Quantity Snowmass prediction

uncertainty f+ 1.5%
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R I I I B A
02 04 06 08 1

0.1

4%
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w correlations

Dil n : : -
) DI1I=310 —— f+jets with matrix element
L D@ L=5.4 fb" —— Data ] £ 140 T
i B <f SM spin corr. e% 120—: — gast:n spin corr P imes®
e N [_]1f no spin corr. I tt no spin corr.
® E [l Backgrounds ] 100 o measured
& . b : Wajet
= N . RO =M;|'§j:t
L i i ]
50| —
03 1
cos 6, cos 6,
Combination: Evidence
Dilepton, with matrix element for spin correlations
R 10— it DO, L=5.4 b TooLsam ]
R tt SM spin corr. sl ]
80 tt no spin corr. il i
] measured tt i
60 Il Background 0.8 -
a0+ *04-_ 1
201
""" 02 68.0% C.L.-
04 045 05 055 0.6 i !
H | oe7%cL ]
1 2

‘meas
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w tt mass difference

 New measurement in

Run [l
E D@, 1fb"  e+jets] & [D@,1fb7  p+jets]
= [ A=0.33:£503GeV | = | A=6.74+4.71GeV ;
g1 1 91 T
- = 1 (b)
05} 0.5} i
% o0 92'.0 40 0 10 20
A [GeV] A [GeV]
812 \meai = 0.05+3.00 GeV | E1.2 ol 0,495 2,91 Gov
_IE ; e _IE =l Am®® = -0.49 + 2.91 GeV
= T (a) po26f’| = 1 (C) D@ 2.6 fb™"
‘c 0.8 e+jets - ‘£ 0.8 n+jets
Y S 0.6
r — Am =08+ 1.8+ 0.5 GeV
0.4 0.4+ .
0.2 Qe ‘

"70-5 0 5
Ame (GeV)

Am®! (GeV)
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Forward-backward charge asym

 Emerged as a hot topic late in Run |l

TTT

IlIIIllIIIIIIll_B
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i
1
_,_
|
——
|

| '5|0' 60
4th jet P [GeV]

‘“IIIIIIIIIlIIIIIIIIIlI||||||

[ Fi

[ W+jets
[ Multijet
e Data
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D9, 5.4 fb™

Ay =y —y;
p > +——p
tt rest frame
o)
i -
Forward-Backward Top Asymmetry, %
Reconstruction Level
m < 450 GeV
—e—
D@, 5.4fb 7.8+4.8
—e—
CDF, 5.31b -2.2+4.3
ms > 450 GeV
—e—
D@, 5.4fb" 11.5+6.0
e
CDF, 5.31b" 26.6+6.2
S.Frixione and B.R.Wehber.
JHEP 086, 029 (2002)
| 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-10 0 10 20 30
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Forward-backward charge asym - latest

tt forward-backward asymmetry

06 D@, 9.7fb

—MC®@NLO
¢ CDF Data

02 ¢ Data

- —PRD 86, 034026
-0.4F

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

300 350 400 450 500 550 600 650 700 750

m . [GeV]

- DO, 9.7fb
- Production level

MC@NLO 3.4

SM, 2006 -e
D@, 0.9

presooensonggeceeoon S —

CDF, 1.9fb" - o

CDF, 5.3fb™ . o

D@, 54" - o

SM, 2013 —e—

CDF, 9.4fb" — e+

D@, 9.7t

e O
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6/10/2014

Many other top quark analyses

Measurement of

— top electric charge

— top quark polarization
— color flow

Searches for

— W-prime in single top
— 1

— tt" admixture

— anomalous couplings
— charged Higgs

— tt resonances

Number of events

147 1 (b
53 D@, 370pb . Data
f T —|ql=2e/3
0" o5 1 15
Top quark charge [e]
T
e D@, 5.3 fb™
s 1F
8 I
(7]
[2}
S
©107:
- — theory
. — 95% C.L. observe
| —95% C.L. expected
10°500 300 400 500

t’ mass [GeV]
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@% Ongoing work

« A great deal accomplished
— rich and exciting period
— many legacy measurements already published
— superb education for many students (and more senior
physicists
— careers advanced
 Still some important results in the works
— e.g. agenda from Physics Workshop:

0 Kamil Augsten (Czech Technical University in
Slides @ P[a.gue}

15:50  top mass dileptons, v-wgting (20') Huanzhao Liu (Southern Methodist
Slides ) University)

16:30 | Slides TH) topmassalljets (20  gjanyca Petrillo (University of Rochester)

16:50 tt[hgr] R SungWoong Cho (Korea University/D0 Fermilab) Jae
Slides ) hoon Lim (Korea University)

17:10 Slides = P8 | tH, t'(207) Christian Schwanenberger (University of Manchester)
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