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The Fermilab Tevatron #

Run II: Vs = 1.96 TeV, 10 fb-! on tape
Tevatron stopped operating on September
2011 after a 26 years career

The birthplace of the top quark,

observed in 1995 by CDF and DO

¢  Announcement of top quark

P Oy B discovery: March 2nd, 1995
B el Top is twenty!l

1985-2011
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. fu:::ll'lll: 708-540-6780
NEWS MEDIA CONTACTS: 931
Judy Jackson, 708/840-4112 (Fermilab) March 1, 1995

Gary Pitchiord, 708/152-2013 (DOE)
Jeff Sherwoond, 201/586-5806 (DOE)

BHYSICISTS DISCOVER TOP OUARK

o e e iAo PRI 74 2626, PRL 74 2632 (1995)
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*1E Top Quark Production at Tevatron

= QCD pair production ~85% ‘. ~15% f
= First observed at Tevatron /
in 1995 1l 20 years ago!! |
Cgm = 7.35"928 533 pb \ - M 3
f e t
(for mq,,= 172.5 GeV) Dominant process Dominant process
(PRL 110, 252004 (2013) at Tevatron at LHC (~90%)

Tevatron is the right place to study the qc—q annihilation in tt production
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Top Quark Production at Tevatron

= QCD pair production ~857% { ~157% t
= First observed at Tevatron / - OA,
in 1995 1l 20 years ago!!
Ggpm = 735028535 pb \ t-' | l?
(for mq,,= 172.5 GeV) Dominant process Dominant process
(PRL 110, 252004 (2013)) at Tevatron at LHC (~90%)
Tevatron is the right place to study the qq annihilation in t+ production
e EWK single-top production Dominant modes at Tevatron:
o first observed at Tevatron in 2009 s-channel t-channel
e (PRL 103 092001, PRL 103 092002 (2009)) ~339 , ~67%
. - q ° t q o q
» s-channel: 6., = 1.04 + 0.06 pb
> t-channel: 65, = 2.1+ 0.1 pb w »
(for my,,= 173 GeV) i P
PRD 83, 091503 (2011),PRD 81, 054028 (2010) C,' Dﬂ
PRD 82, 054018 (2010) arxiv:1210.7813. g =

= Single top associated production Wt: ¢ ~ 0.22 pb, oo small at the Tevatron
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W+

SM predicts BR( t — Wb) # 100%
Event topology determined by the W decay modes

Top Pair Branching Fractions

"alljets" ae% b quarks are |
always present ——

\ THets 15% S do
| Prompt tracks

1%
T+l
il 20‘%0
CIE ) u+jets 15%
~4.5%| ¥ 7B s
. P etjets 15% _ ~30%
"dileptons" "lepton+jets" °

lepton+ijets

* Golden channel:
*Small rate * Good rate
Small background * Manageable background

dileptons
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Why is top a special particle?

= Heavier than all known particles:

4
= Short lifetime — decays before 103
hadronizing — 10 [
v’ Properties can be studied from % 102 12 @
distributions of decay products ) 1L
= Provides a probe for electroweak ) 100 c ?
symmetry breaking s 100 ¢
— Related to Higgs mass through loops E10'F w
= Since top discovery: 10%F d
= 20 years of top properties studies 3l U
= Is the observed top quark the Standard 10 @
Model top quark? =
= Any contribution from new physics? 10° | -
= Deviation of the measured top quark 10"+ Vu .
properties from the SM prediction would 10"t +
be a signal of new physics .

La Thuile, March 5, 2015 6 Sandra Leone INFN Pisa




What can we measure?

= This talk will focus on

* ¥
e \/af
most recent measurements [ T | Topmass |
and those complementary / ;
competitive with LHC . .
. Top spin polarization
= ttbar cross section = . * . .
= single top production 't o ", a
— observation of h < _
Single TOp S-Channel Production Cross Section z vV,q’
Resonance production ?
:>AFB asymme'l'r'y
= top mass

[Decay modes]
Production kinematics

FBranching ratios]
SM

= branching fractions

;CKM matrix element |Vip|
New Physics ?
All measurements based on
full RunII dataset

[ Rare decays

t->Zc/%Vc, t->WZb, ]
Forward-Backward
asymmetry
V4
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= Top pair XS measured in different
decay channels

= Tevatron combination:

— measurements from each
experiment are combined for a CDF,
a DO and a Tevatron combination

= combination taking into account
statistical and systematic correlation

CDF combination:

o=7.63 +0.50 (stat+syst) pb
DO combination:

o=7.56 + 059 (stat+syst) pb

Consistent results among different
channels, methods, and experiments

For more details on recent DO
results see J. Franc talk at YSF-3

ttbar inclusive cross section w

Tevatron Run 1l
CDF dilepton = e =

CDF ANN lepton+jets E e 4

CDF SVX lepton+jets  [fiem@ufu]

CDF all-jets

- 0.49 + 0.67

0.41

0.61

1.18

8.8 fb™

4.6 fb

4.6 fb”

2.9 b

CDF combined E e 5

0.39
D@ dilepton [——0——= 5.4 fb™
D@ lepton+jets [———] 5.3 fb”
D@ combined =0 =

0.56
Tevatron combined = e =

m, = 172.5 GeV

0.36

7 8 9

pp — it ceross section (pb) at\'s=1.96 TeV
Tevatron combination:

o=7.60 + 0.41 (stat+syst) pb

Experimental uncertainty 5.4%

PRD89, 072001 (2014)

Theory prediction uncert.® 4%

PRL110, 252004 (2013)
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ttbar differential cross section w

= stringent tests of QCD in the top quark sector

= |+ >= 4jets channel with 1 b-tag

= measurements vs m(tt), p(t), ly(t)|, data corrected for detector efficiency,
acceptance and bin migration

N oy 15 1
> ..q (@ DO Z=97fb! 2, - (a) DO ¥ =97fb"
E’?__ 10 |:- -8 Data e alg%al:‘ll_o _ : -@-Data .. Alpgen
2 E _ :#4 — approx.NNLO g [ —-= MC@NLO
.E". 10_2 -_ .......... J. High Energy Phys. 09, 097 (2010) E 10 [ i . approx.NNLO
s E 3 "'i'-i_._._ (m, =173 GeV)
E 3 S ,g :| | i Phys. Rev. D 84, 011504(R) (2011)
s 10% =
S : dr sean) §
-G 4 B prerm. =l - - B ;-:z'_z:l
107°¢ S e [ T !_i__
. 1 . ) ) : | I ol o -e.l.-.-‘l-.a.-
240 500 1000 0 0.5 1 1.5
m(tt) [GeV] |ytep|

— Typical uncertainty: ~ 9 %

= Overall good agreement with the predictions
PRD 90, 092006 (2014)
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Forward backward asymmetry (AFB)w

= NLO QCD predicts small (~8%) asymmetry from ggbar=>ttbar, while
gg remains symmetric. Recent NNLO predicts ~9.5%(arxiv:1411.3007)
= New physics can modify this asymmetry (Z” ,axigluons,..)
= Experimentally, asymmetries based on fully reconstructed top quarks
using the rapidity difference (Ay) of t=»lvb and antitop t-=»jjb or
based on decay leptons
Tevatron4 top

anti-top
— O PNc—O—
f
|
n.
*Tn terms of frame-independent _ N(Ay>0)—N(Ay <0)
top-antitop rapidity difference: Ars = N(Ay > 0)+ N(Ay < 0)
=Tn terms of rapidity of charged s N(q,y, >0)-N(q,y, <0)
Iep‘ron from '|'0p dZCGyl r— N(g,y, >0)+N(gq,y, <0)
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Forward backward asymmetry (Axg) w

Lepton + jets channel
= CDF 9.4 fb B
= Measure Ay spectrum of tt in data

= Subtract background, correct for
accept. and detector resolution effects

= Parton level result:

= A =16.4 + 4.7 (stat+syst)%
PRD87 92002 (2013)
= DO 9.7 fb

= new kinematic fitting algorithm for
events with four or more jets

= new partial reconstruction algorithm
for events with only three jets

= A = 10.6 + 3.0 (stat+syst )%
PRD90Q 072011 (2014)

= Simultaneously unfold several channels:

_ d(ay) P?

n

do

ury

o
tn

Deviation

o566 o
, RO N

Events

Data/Exp

T
— e = 0. 0.
F T Predistion 0,020 CBF
é FB = Y- . \ |
3 ——
- e ,
— | | | | I } I
- ——
-+
2 -1|.5 -|1 IJI 5 Elb 0[5 4 1 15 2
Parton-Level Ay
>z 4j >=2b-tag
N Il Top pairs -1
(E0E D@, 9.71b
~ [ Non W+jets
L I Multijet
100
50¢
1.55
NS
0.5 L J
-2 2
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Forward backward asymmetry (Axg) w

Lepton + jets channel
= Check rapidity and mass kinematic dependence of asymmetry

0.6 | NLO EmEER | | ] | Lo E=Emm
U MNLO  — 0.8 MiyiLo e—
CDF PRD87 92002 (2013) i
0.5 DO ppp90 072011 (2014) ] 0.4 | DO —e—
0.4 Im =173.3 Gev 1 02|
m -
& MSTW2008 pdf 2
« 0.3 Ff Ly | « i
5 = 0T
0.2
-0.2 }
0.1 | m,=173.3 GeV
[ ] &8 MSTWH2008 pdf
0 # . . -0.4 Lk i L : L L : E
0 0.5 | L e 5 350 400 450 500 550 600 650 700 750
| AY | M, [GeV]

= Kinematic dependencies in CDF data slightly larger than predicted
by SM at both NLO and NNLO

= Overall NNLO predicted asymmetry; 9.5 + 0.7 %
M. Czakon, P. Fiedler and A. Mitov arXiv:1411.3007
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Agg in dilepton channel w

= New DO measurement in dilepton channel using the matrix element
method:

— assign a likelihood per event for most probable Ay value
= Systematic uncertainties dominated by signal modeling

" DILEPTON D@ Preliminary, L=9.7 fb™*
N~ 60 i [[7] Data-Bkg: 480
. - A..,=11.3%
= After background subtraction 2, g CIm t: 458
. . . = 50— Anw =4.0%
and calibration to true partonic s
> 40
asymmetry level: 3
o
- 30

App = 18.0 + 6.9(stat +syst) + 5.1 (model)% *
D@ note 6445-CONF (2014) 10

mIIIIIIIIIIIIII|IIII|III

 ©

T
= Old CDF result (5.1 fb!) Ay
= Agp -420+16.0 (31-01-.4_5),51-)0/0 Data after background subtraction

CDF Note 10436, (2011)
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Lepton Asymmetry in € + jets w

= A’ parametrized as a function of qy, of the lepton from W decay,
no need to reconstruct the ttbar system

— Insensitive to biases from top reconstruction procedure

= Afkinematically correlated with Agp, — A® ~(0.5)Ag;
(model dependent: PRD 86 034026 (2012))

Forward-Backward Lepton Asymmetry, %

0 NLOQCD 4  f+Jets data —— Fit A(gye) | : . — D@, 9.7fb™

“| Uncertainties: [ flo(stat. + sys.) EEE +lo(stat.) 3jets, 1 btag : Production Level
-1 :

| cOF 9.4 fb il

3 jets, >2 btags

& o _——— ——

‘JE:E .__:____T___--_--:-:.'-___._-:"-'—.-‘-:'-_-".'-::_'._'T_-"_:'.:_".. 24|_._Hjet5, 1b ta.g
0.0 i ““%F'
_m+ _ >4 jets, 22 b tags Combinad: (4.2,

| MeeNLosal | DR e
e oz oa qy 08 10 12 20 10 0 10 20
2
PRD 88,072003(2013) PRD 90, 072001 (2014)

. — +2.2 ° E ted SM: 3.8 %
CDF Af=9.4 + 24(stat) 17 (syst) % e 12012)
= DO Af=42+23 (stat) "7 , 5 (syst) %

La Thuile, March 5, 2015 14 Sandra Leone INFN Pisa



| Summary of top asymmetries w
tt-based and lepton-based

r‘eSuH'S using fu” RunII tt Ay Asymmetry (lepton+jets)
CDF 9.4 ib™
dataset ¢ 16.4+4.7 %
= DO d : D0 9.7 fio”
D ata: 106:£30 %0 dilepton
. + o
:>r'aTher' 900d agreemenT W|Th Lepton gn Asymmetry (lepton+jets and dile1p18¢i|?s}_ 69

QCD predictions

—— 0.0, %

= CDF data:
——  42124%
— inclusive asymmetry slightly
higher' than pr'edic’rions Lepton A Asymmetry (dileptons)
(~1.5 s.d. effect) . .
= asymmetry slopes vs M,; . asssn

and |Ay| slightly higher

(max ~2 s.d. effect) Bernrguther&gl, Phys.:eov., DBE{.IE?E)DG:I;%E

Asymmetry, %
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Apg iN bb pairs %

= Select kin. region where quark-antiquark initial state is enhanced
= CDF: Agg in bb pairs at large bb mass using jet-triggered data and
jet charge to identify b from b
= The asymmetry is consistent with both zero and with the SM
predictions as a function of m(bb).
= DO uses B*— K * to probe as etry of b-quarks
COu . Iy . P . ym_m y of b-qu For more details
= Use unbinned maximum likelihood fit see J. Hogan talk
CDF Conf. Note 11092 (2014) PRL 114, 051803 (2015) qt YSF-2
25CDFRuu I1 Prelin:]inary f£=9.5fh" . g 5;_ (a) DQ,L=]0.4fb-1
w0l CDF S ———— ] E 4E- mms—
10} | 1 2 =
= ! ' . 1::::
S ! = — '
é':* ob----bLoo ot oo _d_______ _
e ‘| 15 -®-Data
O | ! NLO 5;1 i3 = MCeNLO
_H:_ I LT;H‘”;?E”\’W S oi<mi<07 07<m<iz > 12
o L e e
v s o Arg = [- 0.24 + 0.41 (stat) 0.19 (syst)] %
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b= Why measure Single Top Production w

- cysingle top |v‘rb|2 q

t /
= Give access to the W-t-b vertex , V
= probe V-A structure W t
= access to top quark spin ! °
= Allows direct measurement of Direct measurements
Cabibbo-Kobayashi-Maskawa [ ' Vid Vus Vup d
(CKM) matrix element |V, |: | ' | =] Vea Ves Va S
= Each channel of the single-top f | Via Vis (V) / \ b
production is sensitive to ocilations | \oyyecisely measured.

different classes of SM extensions:

= Independently studying the production of these channels
provides more restrictive constraints on SM extensions than just
studying the combined production rate.
v e.g. s-channel — heavy W' boson, charged Higgs H*
PRD63, 014018 (2001)
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Tevatron s-channel combination w

= Single top s-channel observed by combining evidence in DO and CDF data
= Build multivariate discriminants, optimized to separate s-channel signal from
backgrounds

DO fvbb

@ uwd 9.7fb"

. COF fvbb .~ CDF Erbb

L] s-ch single top
[ t-ch single top
Signal region Ctt
i . [ Diboson
g0 [— Two-jetTT CIWH/ZH
L [ V+jets
[ QCD multijet

Data |

10*

Events/0.04

200 F

3

150 F

Number of events

Y
o

100 f

Yield [Eventslo.04]
2

-k

S0

-1
107 02 04 06 08 1
Ranked s-channel discriminant

-0.2 0 0.2 0.4 0.6 0.8 l
Neural network output

—— r.m;.i ‘ ® Data

— it W th+tgb

| W-I-bE

] wlight-flavor jets ] W+cT

B W +heavy-flavor jets B W+lp

B Dioson Z+jets/Diboson

B s 3

[ — h i

— I Multijets
PRL 112 231805 (2014) PLB726 (2013)656--64
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Tevatron s-channel combination w

= Single top s-channel observed by combining evidence in DO and CDF data

= Build multivariate discriminants, optimized to separate s-channel signal from
backgrounds

= Combine individual discriminants including all correlations:

o [ s-channel single top quark, Tevatron Run Il, L <9.7 fb"
@ i ¢+ Data
S 10°E I SM signal
o | — Expected background
: ¥ w1171 Background uncertainty
10° =
1 02 :_ 20 g peeume
10 = 0
3 2 1

Discriminant output [Iogw(s/b)]

PRL 112 231803 (2014)
La Thuile, March 5, 2015 19 Sandra Leone INFN Pisa




Tevatron s-channel observation w

> C 2 e ; -1
3 18 s-channel single top quark, Tevatron Run Il, L <9.7 b @ 10° = S-channel single top quark, Tevatron Run Il, L <9.7 fb
§ " E —Posterior probability density distribution g = —Background only Expected significance: 5.1 s. d.
> 16 10.26 2 10°= --SMsignal + background gpgereq significance: 6.3 s. d.
= - o, =129, pb 5 — 1 SM expected
1.4 @ — +Observed ignifi
§ - 1oSM=1.05+0.06 pb g 10 SIQ?IZ?%I?ICE
S b s N . 3s.d.
o F = ; 5s.d.
s L 10° = nd
3 08 - s
o C [
0.6 108 =
0.4— - .
02} 109 __", '\‘
OZIll‘I‘ll‘ I‘lllllill‘l‘l‘ll‘lllllll l ?’I‘II‘\II'\III\Ellll\lll\‘lll“llll\II|I\I
0 02 04 06 08 1 12 14 16 18 2 22 100 -80 -80 -40 -20 0 20 40 60 80 100
Cross section [pb] Log-likelihood ratio

Posterior probability density for the Combined result

O, = 1.29 *0-26 ., (stat+syst) pb (£19%) 6.30 (5.10 expected)

First observation of s-channel single top production

PRL 112 231803 (2014)
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Tevatron s+t combination

= Combine CDF and DO analysis, discriminants trained on s-channel or t-channel
— both discriminants used simultaneously

= Construction of 2D posterior probability density function of o, and o,
= Combined o,;: measured by forming 2D posterior for o, versus o,
— integrate out o, with no assumption on SM o, /o,

Es-sz_smgletop quark, Tevatron Run Il Preliminary, L < 9.7 fb" -%1 - Single top quark, Tevatron Run Il Preliminary, L <9.7 fo”
5 = C :I‘g’lken?surement § - _/\ Posterior probability density dlstrlbuhon
9 3k u
o CFCNC? 5‘1‘4: NV =104 %
8 2.5 o <>F~c>ur@1~='an-34 ﬁ 120 v |=1.0270% N
G L OTop-flavor e} C S
E - h A ATop pior é‘ 1:— _/| Posterior for |th| <1
8 F 208 | IV,f>0.84at95%C.L.
'Fi; 1.5 1) c o
1= a r
[ 'PRD 81: 054028, 2010; PRD 83: 091503, 201 1 1 S.d. 0'4—_ '
0 5- 2PF‘L 99:191802, 2007 2 s. d C \
"L 2 EPJ c49: 791, 2007 0.2 R
E “PHDIG:a 014018, 2001 | I | 3 5 d E R ~
R I T M I %02 04 06 08 1 12 14
s-channel cross section [pb] |V |2
t
Ost = 3.30 *022 4 45 pb (x13%) V| >0.92 at 95% C.L
s+t : -0.40 - tb - °t.L.
— +0.2 °
0, = 2.25 %929 2, pb (x13%) Conf. Note 11133 (2014)
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Summary of single top measurements

Tevatron Run Il Preliminary single top quark summary
Measurement Cross section [pb]
s-channel: ;
CDE : +0.37
PRL 112, 221805 (2014 E 1 36 -0.32
DO " +0.33
PLE 726. 656 (2013) : 1.10 -0.31
evatron | @ +0.2
[-;I-Fll_ 112, 231803 (2014) : 1.29 -D.Ea + 19%
t-channel: ;
CDF - . +0.38
arXiv:14104909 ) 1.65 -0.36
DO : ® +0.54
PLB 726. 656 (2013) ; 3.07 "5 ug
E _ +D.21
l Tevatron - 2.257 7 +13%
+1. .
CDF .5 +0.49
| arXiv:14104909 3.02 -0.48
DO : o +0.60
PLBE 726. 656 (2013) : 4.11 555
' +0.52
lTevatrc:-n —— 3.30 _MD] +13%
I 'l I 1 I. | J 1 I L
0 1 2 3 4
Cross section [pb]
Theory (NLO+MNNLL
PRD&1 %55:4028 n{':mm. PRD&3 091503 (2011) m, =172.5 GeV
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Tevatron top mass combination w

Mass of the Top Quark

" 5 Run I and 7 Run II reSUITS JUIy 2014 (* preliminary)

= Combination performed using BLUE CDF-| diiefion 167.40 £11.41 1002 4
DO-I dilepton * 168.40 +12.82 (+12.30+ 3.60)

. CDF-II dilepton * 170.8043.25 (+1.83+2.69)

Limited by systematic uncertainties oo e —
-1l dilepton .00+2. (£2.36+ 1.44)
= Dominant: signal modeling and jet energy | .o eponsiets

176.10+£7.36 (+5.10+5.30)

scale uncertainties DO-I lepton+jets T 180.1045.31 (3902360

CDF-Il lepton+jets i 172.85+1.11 (£052+0.98)

= Total UnCer'TGinTy + 0.64 GeV/c? (< 0.40/0) DO-1l lepton-+jets r 174.9440.76 (20412 064)
(better than world comb. March 2014: + 0.76 GeV/c?) | coF-laliets 1860011 51 61000570
CDF-Il alljets * ) 172.47+2.07 @143+149)

CDF-II track ° 166.90£9.46 (9.00+ 2.90)

CDF-Il MET+Jets ) 173.9541.85 (+135+126)

Tevatron combination * [ ] 174.34 +0.64 (x0.37+0.52)

(+ stat + syst)
y2/dof = 10.8/11 (46%)

| | | | | |
150 160 170 180 190 200

M, (GeV/c?)
- 2
M’rgp 174.34 + 0.37 (stat) + 0.52 (syst) GeV/c XV 1407 2682
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Lepton plus jets top-quark mass w

= Use Matrix element technique
= Overall jet energy scale constrained /n situ by the mass of the W boson
= Most precise single measurement of the top-quark mass.

> -(a) D@ 9.7 b o “(b) D@ 9.7 fb”
S i ; l+jets ~Data G 400 l+jets ~—Data
o 400 L Ih o - M it
™ - Other bgs N - Other bgs
'-&..., B 300_
@ B W.ht @ " B Wthf
= i Walf 'S 200C Walf
c 200 I Multijet = : I Multijet
W "' 100-
0 0-
.9 2; ................................. .2 2;
.I(-U' 1.52 ..................................... E 1.5§ AT
oo 1 o 1: L
[ )27 D— : 0.5EL= i _
0 100 200 300 200 400 600 800 1000
my, [GeV] m,_ [GeV]
M, = 174.98 + 0.76 (stat+syst) GeV/c?
PRL113 032002 (2014) + 0.58(stat+JES) + 0.49 (syst) GeV/c?

More details in: arXiv:1501.07912
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Dilepton top-quark mass

= Measurement with the full Tevatron dataset

-> statistics is no longer the limiting uncertainty, this analysis optimized
the influence of jet energy scale

= Template analysis using an hybrid variable

=> M,rec: reconstructed top mass (neutrino @ weighting)

> M, 2" based only on lepton 4-momenta and jet directions

-> optimization of the uncertainty obtained with w = 0.6

MWD = g M 4 (1 — w) - M2 14% reduced uncertainty
compared o the previous CDF
Mo, = 1715 £ 1.9 (stat) + 2.5(syst) GeV/c? result in this channel

CDF Run Il Preliminary (9.1 fb'1} CDF Run Il Preliminary (8.8 fb")
C 70
60 _ = -
-~ E CD F tt— I'I'+2Jets+E , 0 tags — 60 CD F tt— ['I'+2Jets+§,, tagged events
% 50;— —e— Data § 50%_ S
O 40 [ Bestfitto data 8 - [ Bestfittodata
o F tt (MC shape) + Bkg o 40 tt (MC shape) + Bkg
g 30 L LT T 300 B s
o 20F S _r
> r
w r
10F _+_
ot 2
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
MM® (GeVic?) CDF Conf. Note 11072 (2014) MM (GeVic?)
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providing valuable top physics results

mass has an uncertainty < 0.4%

are now available:

prediction <2 s.d.

Conclusion

= 3.5 years after the end of RunIT Tevatron continues

= Many top quark areas of study (i.e. cross sections, single
top s-channel, Ar;) are complementary to LHC.

= CDF & DO are in the process of making Tevatron legacy
measurements, the current combined Tevatron top quark

= The final Tevatron single top cross section measurements

= Single top quark s-channel production observed in 2014
= Tevatron combined s+t almost ready to be published

= All measurements shown here in agreement with SM
= Historical disagreement of Agy from CDF data with new NNLO SM

w
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providing valuable top physics results

mass has an v~
* The final Tew. Thank YOLI!

are how available:

Conclusion

= 3.5 years after the end of RunIT Tevatron continues

= Many top quark areas of study (i.e. cross sections, single
top s-channel, Arp) are complementary to LHC.

= CDF & DO are in the process of making Tevatron legacy
measurements, the r1=-- ' "= Tevatron top quark

.2asurements
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Ratio of branching fractions R w

_ BR(t— Wb) Vi |
" BR(t > Wq)  |[Via® + [Vis|2 + |Vas|?

R

=  SM: R~1 constrained by CKM unitarity, R<1 would indicate new physics
= Expect 2 b's in each top-antitop event.

= Comparing t1 cross section measurements vs number of b-tag jets

= Latest CDF measurement in the dilepton channel

Dilepton final state CDF Run Il, 8.7 fb"
200 i . Backgrounds
180 | == Data . .
S e Lyl * DO combined measurement in
VIR E 11 T S === i1, H=0. . .
3 0 | e Rt the I+jets and dilepton channel
5" e R= o=l R = 0.90 + 0.04 (stat+syst)
0
5 60 R= 0.87+0.07 |VTb| =0.95+0.02
N ke PRL 107, 121802 (2011)
20 s
0 0 : 1 : 2 .
Number of b-tagged jets = CDF l"‘JeTS measurement:

R=0.94+0.09 (stat+syst)
|Vip| =0.97 £ 0.05

PRD 87, 111101 (2013)

R =0.87 + 0.07 (stat.+syst)
|Vtb| = 0.93 + 0.04 (stat.+syst)
PRL 112,221801 (2014)
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Tevatron ttbar cross section w

TABLEIV. CDF and DO measurements of o,; and their combination (in pb), with individual contributions to their uncertainties (in pb).
Correlation indicates whether a given uncertainty is treated as fully correlated between the CDF and D0 measurements.

CDF DO Tevatron

Central value of o, 7.63 7.56 7.60
Sources of systematic uncertainty Correlation

Modeling of the detector 0.17 0.22 No 0.13
Modeling of signal 021 0.13 Yes 0.18
Modeling of jets 021 0.11 No 0.13
Method of extracting o,; 0.01 0.07 No 0.03
Background modeled from theory 0.10 0.08 Yes 0.10
Background based on data 0.08 0.06 No 0.05
Normalization of Z/y* prediction 0.13 ‘e No 0.08
Luminosity: inelastic p p cross section 0.05 0.30 Yes 0.15
Luminosity: detector 0.06 (.35 No 0.14
Total systematic uncertainty 0.39 0.56 0.36
Statistical uncertainty 0.31 0.20 0.20
Total uncerainty 0.50 0.59 041

The CDF measurement has a weight of 60%, while the DO measurement has a
weight of 40%.
The correlation between the measurements of the two experiments is 17%.
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‘ Angular differential cross section

= ¢0s6 of top quark wrt the beam axis in ttbar rest frame
= Asymmetry summarizes the angular distribution in one number: what

component of angular shape explains Agp? s PRy [E=54 4 e
= Characterize using expansion in Legendre s S +_, )
olynomials: do(tt oo —+
Poly # = Eaiﬁ(cosﬁ) °
dcosf 8 200}
= Measure moments a; -ag . NLO SM f (Powheg)
mmm Background
+ Data

£ ag (obs) as (pred) Y0 05 0.0 0.5 10
1  0.40£0.12 0.1570:0%¢ cos

2  0.44+0.25 0.2812-0%3
3 0.11+0.21 0.03070-01¢ 0.8
4 0.2240.28 0.03575 00
5
6
7
8

—

0.61

0.114+0.33 0.004870-002
0.24+0.40 0.006079-992
—0.15+0.48 —0.0028+9-901
0.16£0.65 —0.00190-0003

0,41

0.2

A

0.0

Legendre moment (a, )

—— NLO SM (PRD B6 034026) — LO tchannel {Z’ 200 Gev/c®) |

= First moment shows tension with N
pr'edlc’rlon (2.20): sufficient to explain | omemaocan 3::25::3;:*;:‘.:12{1@ _
4

CXCZSS 'n AER PRL 111 182002 (2013) ! Legendredegree{r’}l
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‘ Forward backward asymmetry (Axg) w

Lepton + jets system
= Check mass, rapidity (and p;) kinematic dependence of asymmetry

__ -1 I C -1
o DB, 9Tl osf- D@, 9.7 ]
o5 ¢ Data : , 0.4f
.. —MC@NLO 0 2; I
& -+ CDF Data I T =¥
<< 0.3 < »
s PRD87,92002 (2013) 0 i
0.2 { i ®
" 0.2 ¢ Data —MC@NLO
01— i - —PRD 86, 034026 + CDF Data
== . 04r \W.Bernreyther, 26.5i | TN
0 0.5 1 1.5 2 - 300 350 400 450 500 550 600 650 700 750

|4y m,, [GeV]

= Kinematic dependencies larger than MC@NLO predicted by SM
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= Final states contain two charged leptons

with the SM expectations.

PRL113, 042001 (2014)

Lepton Asymmetry in €€ +jets w

= Comparison of the observed number of leptons as a function of gn,

PRD 88, 112002 (2013)

CDF | D@, L=9.7 ib” (b)
i ' ' . 14—t Data | OF—MEENLO  eo—
-1 — Fit CDF 9.1 fb-1 :Hzg::;
"§“ — Uncertainties g Eﬂ_ _+
;’ ) Stat. = m}
T Stat.+syst. l ‘
[ . . _ 1---. POWHEG tf of
0 0.5 1 1.5 2 _
ang ) o 05 '1'{%&'1.5'"'2"'
At = 7.2 + 6.0 (stat.+syst) % At = 4 4 + 3 9(stat.+syst) %
Secondary result: A% of An between the
two leptons in each event.
A% (An) = 7.6 + 8.2 (stat+syst)% A% (An)= 12.3 + 5.6 (stat+syst)%

| Exgec’red SM: 48 %
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Single top production: Tevatron vs LHC

=Tevatron and LHC are both sensitive to t channel
= Wt-channel: negligible at the Tevatron
= s-channel: challenging at the LHC

Tevatron: O,_, =3 pb LHC: 0, =114 pb @ 8 TeV
B t—channel
B s—channel
W oW
Cross section(pb) 1 s-channel t-channel
Tevatron(1.96 TeV) 7.08 1.05 2.08
X33 x5.3 X42
LHC(8 TeV) 234 5.55 87.2
(N. Kidonakis, arXiv:1210.7813)
x130 x11 x117
LHC (14 TeV) 920 11.86 244
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First evidence for s-channel w

= The s-channel measurement from DO

- -1
was the first evidence for single top %1; : D? sl
s-channel production 8 1 ;";iﬁpb
= Excess of 3.7 standard deviations! = 0.8 i

,Q | observed
o 0.6¢ =1.10%3pb
= G ,=11%033_ . (stat+syst) pb @ 0.4
a 0.2
PLB726 (2013)656-—-664 %05 1152253354

tb cross section [pb]

Single Top s-channel in Lepton+Jets, COF Run Il Praliminary ( 9.4 fo")

| —— Data

= CDF performed new lepton+jets and ,
MET+jets s-channel optimized analyses ! ots i fﬁjefs -
based on Higgs search tools and ' CDF J[ e
selection of ’ '- * A

= CDF combined s-channel: 2., | —

" 04 = 13603 3, (stat+syst) pb

Mumber of events

04 06 a8 1
Final Discriminant Output

PRL 112 231804 (2014)
La Thuile, March 5, 2015 35 Sandra Leone INFN Pisa

PRL 112 231805 (2014)




&89 Tevatron s-channel combination w

Build multivariate discriminants, optimized to separate s-channel signal from
backgrounds

Combine individual discriminants including all correlations:

Systematic uncertainty CDF DO Corre-
Norm Dist Norm Dist lated
Lumi from detector 4.5% 4.5% No
Lumi from cross section  4.0% 4.0% Yes
Signal modeling 2-10% e 3-8% Yes
Background (simulation) 2-12% e 2-11% e  Yes
Background (data) 15-40% e 19-50% e  No
Detector modeling 2-10% e 1-5% e No
b-jet-tagging 10-30% 5-40% e No
JES 0-20% e 0-40% e No

PRL 112 231803 (2014)
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‘ Tevatron top mass combination w

= Total uncer"rain’ry <0.4% (better than world comb. March 2014: 0.76 GeV)
Tevatron combined values (GeV/c?)

M, 174.34

In situ light-jet calibration (1JES) 0.31

Response to b/q/g jets (aJES) 0.10

Model for b jets (bJES) 0.10

Out-of-cone correction (cJES) 0.02

Light-jet response (1) (rJES) 0.05

Light-jet response (2) (dJES) 0.13

Lepton modeling (LepPt) 0.07

Signal modeling (Signal) 0.34

Jet modeling (DetMod) 0.03

b-tag modeling (b-tag) 0.07

Background from theory (BGMC) 0.04

Background based on data (BGData) 0.08

Calibration method (Method) 0.07

Offset (UN/MI) 0.00

Multiple interactions model (MHI) 0.06

Systematic uncertainty (syst) 0.52

Statistical uncertainty (stat) 0.37

Total uncertainty 0.64 arXiv:1407.2682
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Top Quark Mass: World Combination

ATLAS + CDF + CMS + DO Preliminary

Tevatron+LHC m,, combination - March 2014, L_=35f"-8.7fb"
ATLAS + CDF + CMS + DO Preliminary

CDF Runil, ljets [ 172.85+ 1.12 (0.52+ 0.49+ 0.86)
ﬂ”“”" driepton g : : . 170.28+3.69(195  +3.13)
CBF Runi, all ts [P - 172.47 + 2.01(1.43+ 095+ 1.04)

"jF%unll E™*jets _ o
P ——e— g 17393 £ 1.85(1.26 + 1.05+ 0.86)

D0 q””” Hets gy 174 94 + 1.50 (0.83+ 0.47+ 1.16)

D q“”” drlepton . amt 174.00 + 2 79 (236 £ 0,55+ 1.38)
AT, :’.‘ 2011, et P —— 172.31+ 1.55(023+072+13

ATLAS 2011, dilepton _— — 17309+ 163064  +150)

4.7
CMS L:|.1 +Hels P 173.49+ 1.06 (0.27 £ 033+ 0.97)
GRS 2011, depton ——i—t 17250+ 152048  +1.46)
s Al e — 17349+ 141069  +123
World comb. 2014 %, "2 =22 == 173.34+ 0.76 (0.27+ 024+ 0.67)
%€ Tevatron March 2013 (Run I+1) L 173.20+ 0.87 (0.51£ 0.36 £ 0.61)
59 |HC September 2013 b 1 =i 173.29+ 0.95(0.23+ 0.26+ 0.88)
- | | | tctal (stat. syst)
165 170 175 180 18!
Mygp [GEV]

=Uncertainty of 0.76 GeV — including newest results from

CDF Runll, I+jets

DF Hu . 346
.zlle:F:_::InI: d ~pcn ' 49
il o5
ﬁ Sy e | 6.3
lJ ju.n..l,l' l+jets I 103

Do -suwlll di-lepton | 03
m_rxl I_m Hets . 15.8
-\ITLH:'II{:-"H di-lepton I 71
I|P__1P.- 011, hjes . 577
IlHiiul tijep.tu:n I 91
._Il‘k_ll 1, all jets I 75
Teuatog LHo m,, comp,

| i |
-100 0 100

BLUE Combination Coefficient [2¢]

Tevatron and LHC should be reduced even further!
= Compatibility between input results will need careful

consideration

arXiv:1403.4427
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Lepton plus jets top quark mass w

= Use Matrix element technique
= Calculate the event probability on an event-by-event basis

Feut (mtop) X fPsig(ﬂHDp) + (1 — f)Png‘
Psig(rrntﬂp) X /"*dﬂ'tf(%up)
doy; |Mti|2(mtop)

= Advantages: Use 4-vectors with maximal kinematic and topological
information a - maximal statistical sensitivity
= Constrain energies of the two jets from W to be consistent with M,
= Maximise the likelihood in M, and in the overall scale factor for jet
energies Kygs
= Improvements:
= reduction of ME calculation time
= increase of ME calibration samples
= increase of data sample and MC samples
= new JES calibration including flavour-dependent response correction
= +tbar modeling (ISR/FSR, hadronisation

PRL113 032002 (2014)
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Lepton plus jets top quark mass w

Systematic uncertainties:
Source of uncertainty Effect on m. (GeV) Source Uncertainty (GeV)
Signal and background modeling: Modeling of production:

Higher order corrections™ 0.15 Modeling of signal:

Initial/final state radiation” 0.09 Higher-order effects +0.25

Hadronization & UE* 0.26 ISR/FSR +0.26

Color reconnection” 0.10 Hadronization and UE +0.58

Multiple ¢ interactions 0.06 Color reconnection +(0.28

Heavy flavor scale factor 0.06 Multiple g interactions +0.07

b-jet modeling 0.09 Maodeling of background +0.16

PDF uncertainty 0.11 W+ jets heavy-flavor scale factor +0.07
Detector modeling: Maodeling of b jets +0.09

Residual jet encrgy scale 0.21 Choice of PDF +0.24

Data-MC jet response difference 0.16 Modeling of detector:

b-tagging 0.10 Residual jet energy scale +0.21

Trigger 0.01 Data-MC jet response difference +0.28

Lepton momentum scale 0.01 | 1.02 GeV b-tagging efficiency +0.08

Jet energy resolution 0.07 rigger efficiency +0.01

Jet 1D efficiency 0.01 L momentum scale +0.17
Method: Jet ener +0.32

Modeling of multijet events 0.04 | 0.49 GeV i D i +0.26

Signal fraction 0.08 rethod:

MC calibration [LEI"F{ Multijet contamination +0.14
Total systematic uncertamdty 0.49 Signal fraction +0.10
Total statistical uncertainiy 0.58 MC calibration +0.20
Total H‘P‘I-Eﬂ‘il‘f-ﬂfﬂi-y 0.76 Total +1.02

PRL113 032002 (2014) 9.7 fb'! PRD84 032004 (2011) 3.6 fb'l
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Dilepton top-quark mass

Summar‘y Of Source Uncertainty (GeV /c?)
uncertainties Jet-energy scale 2.2
NLO effects 0.7
Monte Carlo generators 0.5
Lepton-energy scale 0.4
Background modeling 0.4
Initial- and final-state radiation 0.4
gqg fraction 0.3
b-jet-energy scale 0.3
Luminosity profile 0.3
Color reconnection 0.2
MC sample size 0.2
Parton distribution functions 0.2
b-tagging 0.1
Total systematic uncertainty 2.5
Statistical uncertainty 1.9
Total 3.2
CDF Conf. Note 11072 (2014)

La Thuile, March 5, 2015 a1 Sandra Leone INFN Pisa



Dilepton top-quark mass

CDF Run Il Preliminary (8.8 fb'1)
60 +ti4 I'I'+2Jets+E,, tagged events
— :_ —e— Data
Ng 50: tt (Pythia, M=171 GeVic?)
> C + Bkg
e gl e
o -
= 30 +
e
£ 20
o F
10
0 — M
100 120 140 160 180 5 200 220 240
M;*°° (GeVic")
50 CDF Run Il Preliminary (8.8 fb“}
- tt— I'I'+2Jets+E , tagged events
. B —«— Data
o 40:_ +++ i (Pythia, M=171 GeVic?)
% B + Bkg
& 30 H =
o N
= 20F e 2\[(lubiXlp.by)
B (b} - scalar product of
Lﬁ 10__+_ + lepton and jer: four-momenta
0 +‘+"—+— =
0 20 40 60 80 100 120 140 160
M2 (GeVic)

CDF Run Il Preliminary (9.1 fb")

705_ tt I'I'+2Jets+E,, 0 tags
— 60:— + —e— Data
(1] L
o _F tt (Pythia, M=171 GeV/c?)
3 50F H’ g
O 4k Bkg
S aof m
e _f
w r
10
o

100

120

140 160 180 _ 200 220 240

M (GeVic?)

CDF Run Il Preliminary (9.1 fb'1}

60%— tt— 'I'+2Jets+E , 0 tags

—_ - —es— Data
N_g 50 tt (Pythia, M=171 GeV/c?)
% N + + Bkg

¢ 40 + CED

o C

5 30F + Mauzcg\ (LDl by)

ot - b E E

G 20F b7,

> ™ _+_ (b} - scalar product of

1] 1 0 :_+_ _+__+_ lepton and jet four-momenta

20 40

CDF Conf. Note 11072 (2014)

140

60 80 100
M2 (GeVic?)

120 160
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