|l r f u

eSS

saclay

Studies of Top Quark Properties

at the Tevatron

o Viatcheslav Sharyy
1oy ® for the DO and CDF collaborations

% Vi

neutrino

Rencontres de Moriond EW
March 3 - 10, 2012



Introduction

* |s the observed top quark is the Standard Model (SM) top quark?
* Any contribution from the new physics?

« Content

- Top mass measurement
- Top width determination

- Spin correlation in top antitop
events

- W helicity and search for the
anomalous top quark couplings

- Searching for Lorentz
Invariance Violation
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Top Quark Mass

« Why measure the top quark mass: T

i L €968% CL (oy area) m." (2012). m" @
- Free parameter in the SM Bo.45 L d
- Constrain the scalar boson mass and check for < -

: (O LEPEWWG (2011) 68% CL (excluding M mmp & direct Higgs exclusion)
- 68% CL (by area) My (2009), m N

SM consistency together with W boson mass. & ®*-
. T
« Two main method to measure top quark mass  Seoss-
at Tevatron: -
80.3 —
- Template method > "Simple” and fast L.l |
- Matrix element method I:> Precise, but slow Mop (GEY)
6
Pz, H) ~ | da(y, H)W (z,y)frpr(q1)frpr(g2)dqidgs
Differential  Detector Parton density functions
cross section response
-
~J ‘ FOR BOTH METHODES:
{ 00000, b Reduce jet energy scale (JES) uncertainty
g 7 in the I+jet channel by in-situ JES
antiproton calibration using W boson mass constrain
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Measurement in [+jet Channel With 8.7 b

« Separate final state in categories: 0/1/2 b-tags 4
X loose/ tight jet requirements 350

CDF Il Preliminary

* Data(8.7f")
Signal+Bkgd
| Bkgd only

- Use 3D kernel density estimator to build the 5%
probability for the reconstructed top mass 0250

wn
(m "), top mass for “wrong” combination :fgg_
c
(m ree®), reconstructed W mass (mjj) 2100
« Construct likelihood as a product of per event 5°
probabilities and a product over all different fo 150 200 (ez 350
. reco e c
categories m
0_5J-!...l...'...'...l..|...|..I...l...I..|...L..L..l..l..|...l...l..| L P O 0 P ) I T
= —Alogll)=05 | - -
w20 | The most precise single
R channel measurement!
""""""""""""""" R } 172.85 + 0.71 (stat) + 0.84 (syst) GeV
___________ i E 172.85 £ 1.10 GeV ( precision: 0.6%)
CDF Conf Note 10761
e ................ - 50 L+ et Matrix Elerment measurement 3.6 fo-:
[ COF Il Proiminary 8707 et 174.94 + 0.83(stat) +0.78(JES) +1.02(syst) GeV
4705 T s 172 i1as 173 1735 174 1745 175 (precision: 0.9%)
M, (Gevic) PRD 84, 032004 (2011)
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http://www-cdf.fnal.gov/physics/new/top/2012/TMT_p38_public/cdf10761_TMT_8.7_public.pdf
http://dx.doi.org/10.1103/PhysRevD.84.032004

Measurement in Dilepton Channel, 5.4 b

« Dilepton final state under-constrained =

Integrate over the neutrinos rapidity J 0- p
(“neutrino weighting”) £ ! D@, 4.3 tb
« Construct templates using per event weight +
 Propagate |+jet JES correction factor to el '

dilepton measurement
« Use JES corrections depending from the initial 4 J

parton: light quark, gluon or b-quark

1E|>0 1é0 1%0 1é0 1é0
174.0 £ 2.4 (stat) £ 1.4 (syst) GeV m, (GeV)
(precision: 1.6%)

Submitted to PRL, arXive 1201.5172

DO dilepton matrix element 5.4 fb;
174.0 = 1.8 (stat) £ 2.4 (syst) GeV (precision 1.8%)
PRL 107, 082004 (2011)

CDF dilepton Dalitz-Goldstein Method (analytical resolution of the kinematic) 2.0 fb!
without b-tagging: 172.3 = 3.4 (stat) = 2.1 (syst) GeV (precision 2.3%)

With b-tagging: 170.5 £ 3.7 (stat) = 1.7 (syst) GeV (precision 2.4%)

CDF Conf Note 10635
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http://arxiv.org/abs/1201.5172
http://dx.doi.org/10.1103/PhysRevLett.107.082004
http://www-cdf.fnal.gov/physics/new/top/2011/massDalzGold/cdf10635_Top_Mass_Dilep_DG_2.pdf

Mass Measurements Overview

| L.‘j”'y 2011 (" preliminary) . Main uncertainties are from
CDF-I dilepton 167.4+11.4 (+103+ 49 simulation/theory: simulation
D@-| dilepfon . 168.4+12.8 (£12.3+ 3.5) of the nonperturbative
CDF-1l dilepton ——— 7064 3.8 (22500 effects, IS_R/FSR, color
_ reconnection.
D@-II dilepton 174.0+ 3.1 & 18x25)
CDF-I lepton+jets @ 6L 74 (51259 « Top mass definition in these
_ » measurements ? = measure
DR lepionjets 180.1% 5.3 (+39:36) the mass from cross section
CDF-II lepton+jets T 1780+ 1.2 o611 | o B >
DJ-II lepton+jets 1749415 08+12) | ~ u
- &F T 1 PLB 703, 422 (2011)
CDF-l alljets 986.0 £11.5 (-100+ 57 -
186.0£11.5 ( ) 12} [M = 167 5 GeV
¥ * I e ‘-" t - L
CDF-II alljets 1725+ 2.1 (£1.4+1.5) R = >0
10 ~~_
CDF-II track - 166.9+ 9.5 9.0+ 2.9) NN e
CDF-Il MET+Jets *  ~®— 1723+ 2.6 @182 18) s  eeot—0 7
Tevatron combination * B 173.2+ 0.9 (+06+0.8) B AN
(£ stat + syst) 6_
2 = O, |
| | | | x-/dok=8.3/1 §68:5%) | —e— Measured o(pp— tt+X) R
4 [ — Measured dependence of ¢ ' ::::
150 160 :n70 (Ge\;/(8:20) 190 200 . —— Approximate NNLO
arXiv:1107.5255 " - i

July 2011 combination: 173.2 + 0.9 GeV 2 150 160 170 180 _ 190
precision 0.54%, better than 1 GeV! Top quark pole mass (GeV)

Moriond EW 2012 V. Shary: Top quark properties @ Tevatron 6


http://dx.doi.org/10.1016/j.physletb.2011.08.015
http://arxiv.org/pdf/1107.5255

Top Width

« The top quark decay rate proportional to
the t-channel single top cross- section

« Assume the same proportionality as for
the SM

Lt — Wh)gys
o (t—channel)gy

I'(t = Wb) = o(t—channel)

o(t—channel) I'(t — Wb)q\;
B(t — Wb) o(t—channel)gng
T+ — FL/F{

« Combine with branching fraction
measurement in ttbar production
(lepton+jet and dilepton channels)

t:

B(t — Wb)
R = = 0.90 £ 0.04(stat t
Bt = Waq) (stat + syst)
PRL 107, 121802 (2011)
Moriond EW 2012

= 3000- ' '
5 | D@, L=5.3 fb™! Dt
= ] Rl
28004 e ti R=0.5
FUTTTTTTTE e tt R=0 B
2000+ : Background [
1500 e
1000
500 o .
| Lepton‘+-et-—
0 ........................
0 1 >2
Ntag
s ] _ -1 —=— Data -
_F10° - DO, L=5.4 fb' ___ tT R s
1 e == tt R=0.5 F
""" tt R=0 |
102 4 Background _
10 4 2 TTTUTHE—aLE ¥ - 3
SurazEe—n-d .L_' .......
17
Dilepton
107

||||||||||||||

° NN b-tr:gging ou‘,ﬁ:put
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http://dx.doi.org/10.1103/PhysRevLett.107.121802

Top Width

« Measured top width and lifetime +;1_2;_ DO, 5.4 1b-
I', = 2.OO+0'47_0_43 GeV & 1 | Expected I,
t = (3.29+09_ )x10-%s Zos- \ = 13975 GeV
' c _f : ObservedT;,
806 . \=2.00"47 Gev
° |th| ~ I' (t >Wb): '§0'4: . N eWoas
() C
- Assumes SM production mechanisms. §°'2: |
L PRI s e

Pure V-A and CP-conserving interaction. 05 1 15 2 25 3 35 [é \4,11.5

e
Does not assume 3 generations or unitarity : : ~
of the CKM matrix. B DO, 5.4 fb

Does not assume SM ration between s- and
t-channel.

Does not assume |Viq|? + |Vis|? << | Vi |?

V.| > 0.81 at the 95% C.L.

Posterior density
- N W -II> 1O N

~ |V, | >0.81at95% C.L.

Submitted to PRD (RC), arXive: 1201.4156

%02 04 06 0.8

Direct measurement from the reconstructed
mass distribution, CDF, 4.3 fb!:
I < 7.6 GeVat 95% CL

|V

tb

PRL 105, 232003 (2010)
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http://arxiv.org/abs/1201.4156
http://prl.aps.org/abstract/PRL/v105/i23/e232003

Spin Correlation

« Top produced unpolarized, but spins between q g 1
quark and antiquark are correlated
. . N — Ny _
* The spin correlation 7 7, a

q t
- depends on the production mode = different
at the LHC and the Tevatron "
- depends on the basis choice
 Top quark decays before depolarization or
hadronization (t ~ 102> sec) = spin SPR) —
iInformation transmitted to the decay products g v 9
(W boson, b quark).
coefficient| LO [NLO T
C 0.92810.777
beam basis
Bernreuther et al. Nucl. Phys. B 690, 81 (2004) lepton neutrino
1 do 1 710,
— = —(1 — C cos 01 cos 03) q >
o dcosf@idcosO, 4 Z
top quark
b qua rest frame
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Template Based Measurements

« Make templates for different C values. S —
Compare to data using Maximum L D@ L=5.4 b’ —-Data
Likelihood fit ok B ¢S spin cor.

- [t no spin corr. .

« DO 5.4 fb'? dilepton PLB 702,16 (2011): 2 o Il Backgrounds

)
~ C,.=0.10 % 0.45 (stat+syst) oo
« CDF 5.1 fb! dilepton CDF ConfNote 10719: 20
- C,.. =0.04 % 0.56 (stat+syst) — —
« CDF 5.3 fb! lepton+jets CDF ConfNote 102: cos 6; Cos b,
- C,.., = 0.72 £ 0.69 (stat+syst)

« |limited by statistical uncertainty

e consistent with SM expectation
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http://www.sciencedirect.com/science/article/pii/S0370269311006216
http://www-cdf.fnal.gov/physics/new/top/2011//SpinCorrDIL/SpinCorrDIL_Pub/spincorrPubnote.pdf
http://www-cdf.fnal.gov/physics/new/top/confNotes/cdf10211_ttspincorr_lj_5invfb.pdf

Matrix Element Approach

« Discriminate SM spin c_:orrelation Pz, H) ~ /dﬁa(% W (2, ) fene (@) fopr (@) dqdas
(H=1) and no correlation

. _ Differential Detector Parton density functions
hyp0the5|5 (H_O) cross section response
 Use discrimination variable
R_ P(z,H =1)
« DO 5.4 fb! dilepton: P(x,H=1)+ P(z,H =0)
- C,.., =057 = 0.31 (stat+syst)
« DO 5.3 fb! lepton+jets : £ 140 0 DG. L=5.3 fb”
~ - —e— PData y =ds
- C,. =0.89 + 0.33 (stat+syst) & 1204 — ti SM spin corr.
-2 -tt no spin corr.
. % i Itivi . d tt
30% increased sensitivity 1007 o gﬁfnes}ure
. agreement with SM 80 -xnvl’,’,'ﬁltgt
« Combination:
C...., = 0.66 = 0.23 (stat+syst)
C>0.26 @ 95% C.L.
C=0 excluded at 3.1 SD
First evidence of the non-zero 0 ——————- T
spin correlation! R

PRL 108, 032004 (2012)
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http://prl.aps.org/abstract/PRL/v108/i3/e032004

W boson Helicity Studies

e V-A structure of t=WDb
vertex in SM dictates small
right handed polarization of
W boson

- non SM physics will
enhance this contribution

« Distinguish between
different W helicity state, by

reconstructing angle of the
W decay products

lepton

b quark

/ W boson
/ rest frame

¥ neutrino

Moriond EW 2012

Longitudinal:
I'(t — Wi—ob

fo = L= Wamob) g 60 6%

['(t — Wb)

Left-handed:
I'(t — Wix—_1b

L= Wi o 50.3%

['(t — Wb)

Right-handed:
. F(t — W)\:_|_1b)

= M :0.1
I+ L(t — Wb) SM = 0.1%

\ Left-handed

-
=
|

Right-handed

'y
]
T | 1

-k
III|II

Longitudinal

Arbitrary Normalization
°© o o
b (=) (=)

o
(Y}

Lo dok J s | 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 -
0-1_ -08 -06 -04 -0.2 -0 0.2 0.4 0.6 0.8
cos@*
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W Helicity: Results

\um IV =/
1114

e Binned Poisson likelihood is

SO L
" 1+ CDF + D@ combination SonStrUCted (”.fo’ f+) for the
_ p ata to be consistent with the
s [ L=27-541 sum of signal and background
X na— N ® Combined result templates.
o> F k SM value  Main systematics uncertainties
2 L (TN O CDF l+jets y
o 08¢ \ \ 0 CDF dilepton are :
i o\ £ Do - Signal mod_e]ing: undlell'lying
0.7 : event, additional collisions,
i MC generator
0.6 68% and 95% - Background modeling: shape
- C.L. contours and yield in low discriminant
) sample
T Submited to PRD (arXiv:1202.5272)

-0.3 -0.2 -0.1 0 0.1 0.2

0. . i
right-handed i First published Tevatron

top quark combination!
Longitudinal:  f, = 0.722 £0.062 (stat) =0.052 (syst)

Right-handed: f, = —0.033 £0.034 (stat) £0.031 (syst)

+
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http://arxiv.org/abs/1202.5272

Search For Anomalous Top Quark Couplings

« Using CP-conserving effective Lagrangian for Wtb vertex as

5 T L R 0
L= F0v* Vi PL+ fiPRIW, j- Mq” b (FP, + fRPRWS + He.
{ /\' \ W \ v J
P; _(1 — 75) SM R|ght handed pp = (1 +75) tensor couplings
2 vector coupling 2

« Train multivariate discriminant to separate between anomalous single top
production from SM production and background

S [(@ * DF54ib" S (0 °* D@54’ 52000_(@ * DO 541D
i & Ly toetgb (5) |~ L, thetgb (x20) | @150 . el thetgh (5)
£ 2 L thatdb £ s Ltb tqb £ |8 L, tb+tqb
>1000- « W+|ets > N S B W+jets
W Y, = L1000 e g
T N [ Multijets L T ! -Multuets
o 500 [ 2 500-
> 5 > > 500_ \Q
% 02 04 06 08 1 % 02 04 06 08 1 % 02 04 06 08 1
BNN L discriminant BNN R, discriminant BNN R; discriminant

Moriond EW 2012 V. Shary: Top quark properties @ Tevatron 14



Anomalous Couplings: Results

-(b)

® D@5.4fb™"

* SM

[]68% C.L.
B 90% C.L.
[ 95% C.L.

2 3

2
Ithfl-vI

a_ 0.5/

L

0.2

0.1}

Z.-?. 0.4-

0.3F

® DO 541

* SM
[]68% C.L.
I 90% C.L.
B 95% C.L.

1.5
2
Ivtbfl-vl

o 05 1
= I L DQ 5.4 fb
Lo o) * SM
“04- [168% C.L.
— B 90% C.L.
0.3- B 95% C.L.
0.2
0.1

1.5 2
2
Ithfl-vI

One-dimensional upper limits at 95% C.L. For anomalous Wtb couplings in the three scenarios.

Scenario

Cross section

Coupling

(Lv.Lr)
(Lv, Rv)
(Lv. Rr)

< 1.21 pb
< 2.81 pb
< 0.60 pb

Vib - fo | < 0.13
Vib - fry |7 < 0.93
Vib - fre|? < 0.06

Moriond EW 2012

Submitted to PLB, arXive: 1110.4592
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http://arxiv.org/abs/1110.4592

Searching for Lorentz Invariance Violation

Standard Model Extension : adds terms for Lorentz Invariance

I I I D. Colladay and V.A. Kostelecky, Phys. Rev. D 58, 116002 (1998);
V|O|at|0n tO the matrlx element V.A. Kostelecky, Phys. Rev. D 69, 105009 (2004)

Standard Model _ Productiu%grrections _ Decay Corrections
l/'_ —

: \ —— — - —
IM [P=PF F+(cp+c,),. (8P ,+8 P,)" FE+(c,),,(P(8F)"F+PF(5F)")

A

Apparatus __ Sun
CL(R) _R(U‘)sidet){Sun %ApparatLls]CL{R}

Measurement: estimate components of ¢, and ¢, matrices by
searching the sidereal time-dependence (~23h 56min) in the cross

section o(t) = Oave (1 + fsme(t))
Moriond EW 2012 V. Shary: Top quark properties @ Tevatron 16



Searching for Lorentz Invariance Violation

oc

oc

0.6 DQ, 5.3 fb™ (b) DQ, 5.3 fb™
. i 0.4_—
0.4 T 4 B
- —.— . 0.2 1
0-2__ ++
0_ —— U_:._
_0 2_ ++ _0 2__ 1 ++—.—
'0-4:‘ + 0.4
o6&t Jets channel - Mu + Jet channel .
0 025 05 075 0 025 05 075 = 1
Sidereal Phase / 2:n: Sidereal Phase / 2

assuming (CU) w = 0  Limits on SME coefficients at the 95% C.L. assuming (CQ) py =

Coefficient Fit Value 95% C.L. Interval Coefhicient Fit Value 05% C.L. Interval

(co)xxss —0.11 +£0.11 [ —0.33,+0.10 | (cir)xxss  0.09 £ 0.09 [ —0.08,4+0.26 ]
(co)yyaz  0.11 & 0.11 [ —0.10,+0.33 ] (cir)yyss —0.09 £ 0.09 [ —0.26,+0.08 ]
(co)xyas —0.04 £0.11 [ —0.25,40.17 ] (cv)xysz  0.04 +0.09 [ —0.13,40.21]
(cQ)xzzz  0.15+£0.08 [ —0.01,+0.30 ] (ct/)xz3s —0.13 £ 0.07 [ —0.27,4+0.01]
(cQ)yzaz —0.03 = 0.08 [ —-0.19,+0.12 ] (ctr)yzaa  0.00 &£ 0.07 [ —0.13,+0.14 ]
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‘Properties Summary

tt cross section: 7.4 -8.1pb

Single top s+t cross section: 3.3 £ 0.13 pb

Cross section t-channel: 2.26 £ 0.12 pb

Cross section s-channel: 1.04 £ 0.04 pb

o(gg—tt)/o(pp-tt) 0.15 +0.05

tty cross section

(E2>10 GeV, || < 1) 0.17 £ 0.03 pb

Charge asymmetry (2 +5)%

Mass

IVItop ) IVIantitop 0 GeV

Width 1.33 GeV

Lifetime

' 1

B(t-Wb)/B(t—-Wq) 0.999

W boson helicity in fo ~ 0.696

top quark decays f, ~0.001

Charge +2/3

Spin correlation

(beam frame) e

Color flow: W cotorsinglet / Wan 1
Moriond EW 2012 V. Shary:

7.6+0.6 pb 7.5+0.5 pb
+0.6
2.8 o5 PP
2.9 + 0.6 pb 0.8 0.4 pb
1.0 £ 0.6 pb 1.8%%7 . pb
0.07% 0.16
0.18 + 0.08 pb

(19.6 £6.5)% (20.1 £ 6.7)%
173.2 £ 0.9 GeV

0.8 £ 1.9 GeV -3.3 = 1.7 GeV

2.0 *%>  Gev < 7.6 GeV at 95% CL
(via single top cross section) (direct measurement)

(3.3 +0.9-0.6) x 10%° s (0.15 = 2.2) x 10%* s
> 0.81 at 95% CL > 0.71 at the 95% CL

0.90 +0.04 1.12 +0-27

f =0.72 + 0.08
f = —0.03 * 0.05

Q = -4/3 excluded at 92% CL Q = -4/3 excluded at 99% (#

-

-0.23

0.66 = 0.23 0.04 = 0.56 (dilepton)
zero correlation excl. at 3.1c 0.89 = 0.33 (I+jet)
0.56 = 0.42
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Conclusion
« Tevatron is in the process of making its legacy measurements

- Cross sections, asymmetry, spin correlation measurements
are complementary between Tevatron and LHC

- Mass reach a precision of 0.6% and a further improvement
requires a better understanding of the theory/simulation
related uncertainties

« More details and updates:

- DO Top quark results:
www-d0.fnal.gov/Run2Physics/top/top_public_ web_pages/top public.html

- CDF Top quark results:
www-cdf.fnal.gov/physics/new/top/top.htmi

Moriond EW 2012 V. Shary: Top quark properties @ Tevatron
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Mass Measurement in [+jet Channel With 8.7 b
CDF II Preliminary 8.7 fb™!

Systemartic GeV /c”
Residual JES 0.52
(Generator 0.56
Next Leading Order 0.09
PDFs 0.08
b jet energy 0.10
b tageing efficiency 0.03
Background shape CL:?_’H
oo [raction 0.03
Radiation 0.06
MC statistics 0.05
Lepton energy 0.03
MHI 0.07
‘olor Reconnection 0.21

otal systemartic
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DO ME [+jet mass

Source Uncertainty (GeV)

Modeling of production:
Modeling of signal:

Higher-order effects +0.25
ISR/FSR +0.26
Hadronization and UE +0.58
Color reconnection +0.28
Multiple pp interactions +H0.07
Modeling of background +0.16
W +jets heavy-flavor scale factor +0.07
Modeling of b jets +0.09
Choice of PDF +0.24
Modeling of detector:
Residual jet energy scale +0.21
Data-MC jet response difference +0.28
b-tagging efficiency +0.08
Trigger efficiency +0.01
Lepton momentum scale +0.17
Jet energy resolution +0.32
Jet 1D efliciency +0.26
Method:
Multijet contamination +0.14
Signal fraction +0.10
MC calibration +0.20 PRD 84’ 032004 (2011)
Total +1.02

174.94 = 0.83(stat) £0.78(JES) £1.02(syst) GeV
174.9 = 1.5 GeV ( precision: 0.9%)
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http://prd.aps.org/abstract/PRD/v84/i3/e032004

Mass Combination

Tevatron combined values (GeV/ cg)

M, 173.18

1JES 0.39

aJES 0.09

bJES 0.15

cJES 0.05 S
dJES 021 E
rJES 0.12 5
Lepton pr 0.10 5
Signal 0.51 g
Detector Modeling 0.10 E’
UN/MI 0.00 £
Background from MC 0.23 =
Background from Data 0.12 DE‘]
Method 0.00 = Analysis
MHI 0.08
Systematics 0.76
Statistics 0.56

Total 0.94
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