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Top physics at the Tevatron

» Motivation

» Top mass

» Top-antitop mass difference

» Cross section ratios and charged Higgs
» Single top

» All jets resonance search

» Summary
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Top quark physics
» Heaviest known particle e —
4 mt~v/\5 — A,~1 Related to EWSB :

a8 Sensitive probe for new physics
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B Decays as a free quark 7, ~ 5-10% s < A "
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a Spin information is passed to its decay products
# Test V-A structure of the SM
» Production modes at the Tevatron:
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After 14 years of studies

P Still many properties to unravel!

July 2008

b We knOW: ICDF Run Il preliminary’

s m =173.1x1.3 GeV

[ Cacciari et al., arXiv:0804.2800 (2008) |
Kidonakis & Vogt, arXiv:0805.3844 (2008)
I Moch & Uwer, arXiv:0807.2794 (2008)

Assume m=175 GeVic?

Lepton Track 3613607205
4 O-(tt) — 7.02i0-63 pb 'Le(th(=)n1+:]I'rfet))g§:Vertextag 1(:&1.811.&0.6
4 o(t) =3.94 £ 0.88 pb Dilepton ) T 670804004
‘Lepton+Jets; Kinematic Jm
s |V, | =0.91+0.11(exp.)+0.07(theory) ECTTS A 6.6:0.4:0.6:0.4
LeptonsJets; Vertex Tag i 7.2+0.4+0.5+0.4
4 Charge: exclude -4/3 @ 92% CL . |
Leptons Jets; Soft Electron TEM] 78424415405
# Longitudinally polarized W: Leplontdet; Soft Muon Tag 741109405
f0= O . 49 =+ O . 14 [fO(SM ) — O . 7] MIE(I*:J;t;:ﬂ\){?)rtexTag y 6.1+1.2 18'210.4
4 Am = m.—m; = 3.8+3.7 GeV A oy oo Teo * 8.3+1.0 +20+0.5
. ) .s.ms..
4 T, <13.1GeV @ 95% CL [I'(SM) = 1.4 GeV] | ks 70:03:04504
| | | | | | |
4 CcTt<52.2um @ 95% CL o 2 4 6 8 10 12
o(pp — tt) (pb)

4 ... and many more limits on new physics

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

http://www-d0.fnal.gov/Run2Physics/top/top public web pages/top public.html
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http://www-cdf.fnal.gov/physics/new/top/top.html

e Decay modes
Bk e M

"

Top Pair Decay Channels

T A o

Fa '% % ’ -Electron : 61 GeV

o c|¥

S|lols

3 2(8
S |s E

Jet: 58 GeV
o B tau+jets Jet: 67 GeV
=1 .Q\O muon-+jets
's | O electron+jets Muon : 36 GeV
\2065\ e'|W | ud cs
@ Dilepton (~8%BR)
: [ /
o |+jets (~30%BR) Muon : 4 GeV == / [ t— ) i
= Jet: 41 GeV a7 V az

o Alljets (~44%BR)
» Main backgrounds: W+jets and multijets; Z/y for dilepton

P All subdetectors are involved: MET (v), leptons, jets, and b-tags
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Matrix Element mass measurement

» Measuring m_is challenging

# Combinatorics: how to assign jets to partons
# Jet energy scale and resolution
@ W—qq: use m, as built-in thermometer for jets

# Gluon radiation: changes jet kinematics and
can lead to jet misassignment

# W+jets backgrounds: big uncertainties in modeling
» Need good b-tag, JES and res., and powerful algorithm to reconstruct m,

P Matrix Element method is the most powerful (kinematics from theory)
» Build event by event probability

g [ 10,140, 7(0,1d0,x M9 (7)1 dy x WX, 5 JES)

;()=cr(mt,JES

Parton distribution @l Differential cross section @ Transfer Function: maps parton level (y) to

functions CTEQ6M (LO ME) reconstructed variables (x)

(X)=F o Pyg (X, My, JES)+(1~F, )Py, (X, JES)
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constrained in-situ by W mass

| light jets: O<n,_,|<0.5 |

From transfer to likelihood

» JES is a free parameter,
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D@ ME {+jets m, results (3.6 fb!)

» Use W+jets ME for background

DQ Run lIb Preliminary, L=2.6 fb™

N

1.05;—
1.042—
1.032—
1.022—
1.012—

0.99

w | o6 lepton+jets with prior

A InL=0.5 ;
~_AlInL=2.0 /

0.9855—

1 1 1 1 I 1 1 1
176 178 180
M,,, (GeV)

70 172 174

D@ Run lIb Preliminary, L=2.6 fb™

N
44
o

N
[~}
o

Number of pseudo-experiments

:— Mean 1.230

RMS 0.1024

lepton+jets
2D with prior
calibrated

||||||

111 I 1 I
1.4 16__ 18 2
(M) (GeV)

Ardn Garcia-Bellido

JES=1.018+0.008(stat+m,)
m =173.7+0.8(stat)x1.6(sys) GeV

Main sources

Uncertainty (GeV)

ISR/FSR 0.25
Hadronization and UE 0.58
W heavy flavor factor 0.07
Color reconnection 0.40
PDF uncertainty 0.24
Residual JES 0.21
Sample dependent JES 0.56
Relative b/light JES 0.81
b-tagging efficiency 0.08
Jet energy resolution 0.32
Multijet background 0.14
MC calibration 0.20
Total (Runllb 2.6 fb!) 1.41

Top Production and Properties




CDF ME (+jets results (3.2 fb?)

» CDF calculates background fraction
based on a NN

» Trained on 10 variables against Wbb

» Signal ME is integrated over 19
variables

» Background ME is not integrated.
Instead the average background
likelihood, weighted by background
fraction is subtracted from likelihoods
for each individual event

CDF Run Il Preliminary 3.2 fb”
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CDF & D@ m_combination

Mass of the Top Quark (*Preliminary)
®
CDF-l di-l 167.4+10.3+ 4.9
_ -
DO-I di-l 168.4112.3+ 3.6
. _ —_———
CDF-Il di-| 1712+ 2.7+ 2.9
. _ - -
DO-11 di-l 1747+ 29+ 24
-
CDF-I 4] 176.1£5.1£ 5.3
: '
DO-11+ 180.1£ 3.9+ 3.6
. _ 0
CDF-Il 1+ 1721+ 09+ 1.3
. _ - -
DO-I1 14 173.7£0.8+1.6
®
CDF-l all+ 186.0+£10.0+ 5.7
. _ - -
CDF-Il all-j 174.8+1.7+1.9
. -
CDF-Il trk 175.31£6.2+ 3.0
Tevatron March'09 1731+ 06+ 1.1
hep-ex/0903.2503 T (stat) T (syst.)
| | | ‘ ¥2ldof = 6.3/10.0 (79%)
|
150 160 170 180 190 200
My, (GEV/C?)

Ardn Garcia-Bellido

» Improved precision better than just
adding luminosity

» Common approach to deal with
systematics

P Careful evaluation of all sources is
now the goal

March 2009
1

. . . , . .
1 — LEP2 and Tevatron (prel.)
80.54 LEP1 and SLD
68% CL
=
D
S 8044 | bz
=
&
80.3 1
150 175 200
m, [GeV]
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Top-antitop mass difference

P No direct measurement of the mass difference between a quark and
its antiquark has ever been attempted since quarks are never
produced in isolation

» m, 2 and M, should be equal: Am=m,—m; tests CPT invariance

» Use ME f+jets mass analysis (1fb?)

2 P_(m,JES) - P_.(m,m)

evt( evt(

» Modified PYTHIA to generate different m_in same event (14 samples)

N 185
% el 1 Y S B L L L 7 = 5T
O > Tt : >t
é,;_ 180 (170,180) : (175,180) : (180,180) (E 10_ (a) e+lets _ CEI 10_ (b) u+lets b
175: ,\Q/ (1/6/5,175) /‘(1‘1;,175) : ,(1/7,;,175) / /(1/8/(:),175) < 5 _ ' < 5 ‘ ]
L o4 [ ] B
*&// p P P . Ot . 0 [ -
170 > : (165,170) / (170,170) /‘(1/75,170) (180,170) .
&w,y, p p , -5:- I — _5:- g
165 : (165,165) : (170,165 _(175,165) F ] -10F A= 0 99 X Aln -
¢ ¢ Y T +0:34 .C.i‘?‘.’. J T U015 Gev
16?61;/ | 1;5 | 172/ | ‘175‘ - ‘180‘ - ‘185 o -10 ® ’ Asin 1G0 \,15 i 515 -10 - 0 5 10 15
M"[GeVic?] [ e ] AM [GeV]
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> (a) e+jets DG, 1 fb*
E Ewoizzai“
165f |- -
160
| Am=3.8+3.7GeV
,,',“, [9,9,‘,’] ”'.“,r[??‘.’l m...=170.9+1.5(stat)GeV
jets | £ [D@,11fb"’ n+jets!
= | A=6.74+4.71 GeV
SR; :
- 1 (b) _
05k ] Submitted to PRL:
| arXiv:/0906.1172 [hep-ex]
% 10 0 10 20 0010 o0 10 20
A [GeV] A [GeV]

No deviation from CPT invariance
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Cross section combination/ratios

P First combination of tt cross sections in D@
with fully exclusive subsamples

Nevent

4 /+jets: only one isolated /; =4 jets; 1,2 btags; MET

# Dilepton: 2 isolated /; =2 jets; =1 btag; large MET
a4 t/: like dilepton but with one hadronic decaying
» Derive o from maximum Likelihood:

14 14 K
- H P(ni, m;) x H P(n;,m;) x H G(v:0,sd)
i=1 j=1 k=1

All subsamples QCD samples Systematics

Ot = 8-18J—r8:g§ pb

. q . o2
» Then calculate ratios: P

a R, = o(ll)/o(ljets) T

a R, = o(tl)/o(ll+ljets) w-
» If toH*b—csb (leptophobic) then R <1
» If toH*b—7vb then R, >1

Q|

600
400

200__ background

; D, L=1.0 fb'

Gﬁ=8.18 pb
- Data
= tt + background

N ~y
4

ey

| | |
l+jets 1 tag l+jets 2tag dilepton  t+lepton

Submitted to PRD:
arXiv:/0903.5525 [hep-ex]

Tevatron “—preliminary

|
D0c, /o, -.-r' 0.86%57
|

| 0.32

DOUM%U —— 0.97" %
|

| 1.45+083
CDFo,/0,*  H—e—==

|(_5M

0?5 1 1 ..5 2
it Cross Section Ratio
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B(t — b HY)

Limits on BR(t—=H*b)

B Set o, to SM value and create pseudodata for numerator and
denominator channels at a fixed BR(t—H*Db)

» Fit o, in numerator and denominator separately assuming BR(t—=H*b)=0

P Result is a distribution of R for each true BR(t—=H*b)
P Limits from direct searches are also available from CDF and DG

P Ratios allow to look for deviations from SM in a model independent way

1 ~ 1 CDF Run Il Preliminary [2.2fh'1]

1 B(H - w)=1 o £ | A R R R

1 o Expected 950/0 CL ||m|t Dg, L—1 -0 fb i : B(H —>CS)_1 o N Dg’ L=1 .0 fb1 -T ﬂ.5_— ........ ............ . ........... —a— Observed @95% L
0.8 L . r 08 —=— Expected 95% GL limit = I  SMexpected @ 95% C.L.

: Observed 95% CL limit = : —o— (Observed 95% GL limit g 04:_ ........ R ........... I:l 68% of SM @ 95% C.L. -
0.6 o 06—_ ; C : [ 95% of SM @ 95% C.L.

7 | / = 03 : : : : :

- 1 e -5 i I B
) _ J 04_— l—/ﬁ Eﬂz:
02 027 odf

80 100 120 140 160 0 80 100 120 140 160 %o glu 11;9 11|u 12|n 13|n 1a||n 1én 160

M(/! )[GeVic?)

M, [GeV] M, [GeV]
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Single top physics

Electroweak production: tb and tgb » t o q
» Access directly W-t-b coupling (CKM) >m~< Et
» New physics: q 9 5

o s-channel t-channel
# s-channel sensitive to resonances  4(tb)=0.88pb o(tqb)=1.98pb

a4 t-channel sensitive to anomalous

E Total inelastic
couplings, FCNCs <16
. % - mb
» Extract small signal out of a large Al b .
T : |
background: Higgs searches Jram
Experimental challenge: w W 6,000
» Lower cross section: o, ~ 1/2 o, P z "
10
. . t 9
» [+MET+2 jets (harder environment) L i
» Wbb irreducible background mmk
Higgs (ZH + WH)
» S/B~1/200 before b-tagging m—m'ﬂ”
100 120 140 160 180 200

Higgs mass (GeV)/d
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Single top selection

P Selection designed to be as open as possible: describe bkgs well
a4 /+jets: only one isolated ; 2,3,4 jets; 1,2 btags; MET

Event Yields in 2.3 fb-1 of D@ Data CDF Run Il Preliminary, L=3.2f"
Electron + muon, 1 tag + 2 tags combined 500U I T T T e ] B 1 Data +
Source 2 jets 3 jets 4 jets [ chamnel L Dg 2-3 fb th+tab
[ t-channel q
s-channel tb 62+9 24 £ 4 T2 074000 [ weignt || 400 - Wbb
= W+charm
t chagnel tqb 77+ 10 39+6 14+ 3 .E . | b-tagged Wee B
W+ce 303 48 130 + 21 42+7 Lﬁsooo / =;;gz';n | - Z+jets
W+gj 435 + 27 137 24 +2 o 7 [ | Dibosons
W+ j 413+ 26 140+ 9 41%3 © Y o 200 ot m
Z+jets 141 + 33 54 + 14 175 %000 i 7 i tt — t+jets W
Dibosons 89+ 11 325 9+2 g I Multijets Il
tt— 42 149 £ 23 105 + 16 32+6 01000
tt — f+jets 72+13 331+ 51 452 + 66
Multijets 196 + 50 73+17 30+6
Total prediction | 2,615 £ 192 1,294 + 107 742 + 80 0 50 100 150
Data 2579 1,216 724 W+ijet W+2jets W+3jats W+djets W Boson Transverse Mass [GeV]

» Main uncertainty: Wbb & Wcc normalization
4 Use W+jets enriched cross-check samples to study

» No single good kinematic variable to discriminate

» Use multivariate techniques (on same data) and combine
a Matrix Element, Neural Net, Boosted Decision Trees, Likelihood

» CDF also uses the MET+jets channel (t-Wb—qqb)
Aran Garcia-Bellido Top Production and Properties 15



Single top results

-1

CDF Run Il Preliminary, L=3.2 fb

500
2
g 400
>
w i
@ 300 F 1=
[ g 18
g » 12
-g 200 uﬂ? ars s 0.65 () 0.85 1 _E:
8 " Evant Proabiity Discriminant 1z

100 13

0
0 0.2 04 0.6 0.8 1

Event Probability Discriminant

CDF Run Il Preliminary, L= 3.2 fb”

All channels

[0 w+bb
W+cE

10*

Events

Mistags

I S-Channel

I T-Channel
i (Dilepton)

[ if (Non-Dilepton)

Candidate Events

0 01 02 03 0.4 05 06 0.7 0.8 0.9
Neural Network Output

Ardn Garcia-Bellido

1

uoNoIpald 0] PaZI|RWION

CDF F{un I Prellmmary L=3. 2fb

.s -channel
.t channel

60 |

40

20

-1 -05
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EW-charm
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[ENon-W
Wz+ets
.Diboscn
[

0z ©os 07 08 08 1| Data
+ BDT

Candidate Events

LoNoIpa.ld 0] pazi[eLuIoN

0

0.5 1
BDT Output (2 jets, 1 tag)

For Mm

S-Channel
Likelihood,Function
(3.2

CDF Preliminary Single Top Summary
. = 175 GeV/c®

™

Neural Ne}work
(3.217)

Matrix Ele;nenl
(3.21")

Likelihood,Function
(3.217)

Boosted Qecision Tree
(3.21")

MET+JetS
(211"

(3.2

Combinat_ipn (Lepton+Jets)
(3.2

Combination (All Channels)
)

0.
0.
0.
0.
0
0.
0.
0.
0.
2.
2.
0.
0.

o o] T DN o o=

D wWbb+Wce
B Wc
EwWqq
[ Diboson
[ Z+jets
I QcDh

» data

300}

200},

3.6 07 08 09

100

MC normalized to SM prediction

0.5 1
NN Output

Both with 50 excess

DG 2.3 b March 2009

Decision Trees 3.74 1055 pb

Bayesian NNs —eo—i  4.70 *3d3 pb
|

Matrix Elements 4.30 939 pb

BLUE Comblination 4.16 +0.84 pb

BNN Combiri1ation 3.94 +0.88 pb

N Kidona}(is, PRD 74, 14012 (2006) my,, = 170 GeV

-5 0

Single Top Production Cross Section (pb)

NLO: Z Sullivan, Phys.Rev.D70,114012 {2004)

Top Production and Properties

NNNLO: N.Kidonakis, Phys.Rev.D74,114012 (2006

L ‘ L
10

0 5
6 (pp — th+X, tqb+X) [pb]
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Posterior Density

» Assume |V

al

ol

Constraining V,

+|Vts|2<<|V

pure V-A and CP conserving Wtb vertex
P No assumption on number of families or unitarity

» Single top cross section « |V

ol

ioh

T = =55 (o) {7 7P+ £1Pa) -

(pe — pv), [f2 Pr + ngPR]}

» Possible terms: f.5, ./, f.5 f.R
» In SM: f.'=1, therestis O

Previous analysis of single top data +

W helicity constraints:

Vus Vub

VCKM = Vcd Vcs Vcb

(sl D@ 2.3 fb™" *“ D@ Preliminary 0.9-2.7 b T “ D@ Preliminary 0.9-2.7 fb”
el I ® Measured Peak L ® Measured Peak
I 15 [Jes% C.L. 1.5- [Jes% c.L.
I |ViofF| = 1.07 £ 0.1; Ms0%C.L. [ Ms0%C.L.
1.0r M 95% C.L. i M95%C.L.
i flat prior > 0 1T
05+ [
i 0.5
00 0-5 1 ! ' ' I1 -5‘ 2 @
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events/20GeV/c?
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Looking for resonances

» All jets channel: 6,7,8 jets with 1 or 2 b-tags

» Used ME to discriminate against multijets and combine with
other variables in NN

» Obtain probability that data contains vector resonance with
given mass and cross section: m_, > 805 GeV

10° =

1“— ...............

........

CDF Run Il preliminary, L=2.8fb"

0 QCD
B swv

—— CDF data, Nev=2086

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

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

700

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

Top Production and Properties
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g00 100D
M, [GeV/c’]

CDF Run Il preliminary, L=2.8fb"

E-_ 4; —=— Expected limit at 95% C.L.
|E"3_5 :_ ..................................................... - Expected limit at 95% C.L. 15
E;E ; Expected limit at 95% C.L. +2q|
= 3r
5 —8— QObserved limit at 95%: C.L.
"%2- S ST SRR, WO SRR Leptophobic Z', I;=1.2% M,
o : : :
t DL TR " RN HURE. WOE SHRRIRNPNE SRS SSUENS SRISNS SN S
0_5:_ .......................................................................
nlz IIIIillllilllli:llllilllli:lllI:E IIIIIII I|IIIIII
450500550500550700750800850900
« [GeV/c?]
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Summary

. . . i CDF Top Mass Uncertainty
P An exciting and comprehensive top physics o (projection from 680 pb)
program at the Tevatron . = et et e g
. . . >
» Top mass precision is now 0.7% 8
. . . S esults _5,
# Jet energy scale calibration improved g, o T,
< [ ¥ RunllaLJgoal (TDR 1996)
a World average now systematics dominated [ __ Scse sfsta) N, Fix ey
r assumes no mprovements
P Single top production established A Ef.,";‘?o‘i‘,‘:‘;’,,‘iﬂtgﬁquimd, |
) 10° 10° 10*
a Flagship measurement of Run Il Integrated Luminosity (pb)

a |V, | model independent precision ~15%

P SM is in very good shape in top sector, but
plenty of room for surprises

» Intensively looking for new physics

P Still many analyses possible at the Tevatron:
lots of data, tuned detectors

Aran Garcia-Bellido Top Production and Properties



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19

