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Single top physics at the Tevatron

» Electroweak production of top quarks
» Signal and selection
» Recent CDF and D@ results
2 CDF s+t measurement (7.5 fb?)
s D@ s+t, and t-channel observation (5.4 fb?)
» Top quark properties from single top
a2 Top width
a Top polarization
» Searches for anomalous Wtb couplings
» Summary
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Electroweak top quark production

Main production mechanism is tt via the strong interaction:

o(tt) ~ 7.1 pb @ TeV

o(tt) ~ 234 pb @ LHCS8

Top quarks can be produced alone via the weak interaction:

o(t) ~ 3.2 pb @ TeV

o(t) ~ 115 pb @ LHCS

» 3 production processes: different topologies and properties
» Offers direct access to |V,|, test V-A nature of SM, probes b PDF

» Window to new physics: new particles, anomalous couplings
»LHC w.r.t TeV: s-channel x5, t-channel x20, tW x40,

TeV: 1.04+0.06 pb
LHC8: 5.6+0.2pb
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Kidonakis, MSTW2008, NNLO approximation, for m =173 GeV
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Experimental status
» DD (2.3 fb!) and CDF (3.2 fb!) observed s+t in 2009

» DJ observed t-channel alone in 2011 (5.4 fb1)

» ATLAS and CMS have observed t-channel and have evidence for
tW, upper limits on s-channel

» Tevatron now focusing on final measurement with complete
dataset, and s-channel measurement

Run 233563 Evt 44490072 Mon Jun 11 06:15:53 2007

Cha”enging measurement ET scale: 19 GeV

» Extract small signal out of a large
background with large
uncertainties

Muon

b Jet

» Lower cross section: o, ~ 1/2 o,

» [+MET+2 jets (harder
environment)

P Test bed for Higgs searches Neutrino
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4 Only one isolated Z; 2, 3 (4) jets; 1,2 b-tags; MET

Signhal selection

> Selection designed to be as open as possible:
describe backgrounds well

» S/B~1/200 before b-tagging
» Best S/B~1/10 after b-tagging

» Dominated by W+jets backgrounds
8 2 jet: Wbb 27%, Wcc+cj 23%, W+If 24% of total yield
s 3 jet: Wbb 16%, Wcc+cj 12%, W+If 14% of total yield

CDF 7.5 fb"

Process 2jets 1 b-tag | 3jets 1 b-tag |2 jets 2 b-tags |3 jets 2 b-tags
W/Z+jets |4378 £547 |1295+ 164 | 213+ 56 84 + 20
tt 474 + 49 |1067 = 109 98 + 14 284 + 42
Diboson 203 £ 22 62.7+ 7 101 4+1
Non-W 316 £ 126 | 14157 74 3+£3
t-channel 193+ 25 84+ 11 6+1 15+ 2
s-channel 128+ 11 43+ 4 324 12+ 2
Wt-channel 16+ 4 267 10 2+1
Total 5707 + 877 |2719+ 293 | 367+ 66 403 + 53
Observed |5533 2432 335 355

Ardn Garcia-Bellido

Candidate Events

Single top at the Tevatron

W + Jets,>1 b Tag

CDF 3.2 fb -4 CDF Data

[l Single Top
[t

I w+HF

B w.LF

B Other

22 Uncertainty

Normalized to Prediction




Background modeling

» Diboson, Z+jets, tt normalized to SM cross section A,
» Multijets from data with non-isolated lepton (D@) or antilepton (CDF)
» W+jets from Alpgen (Wijj, Wbb, Wcc, Wcj)

a Correct angular distributions jet n and AR(j,,},) before b-tagging

» W+jets and multijets (QCD) are normalized to data before b-tagging
a CDF fits templates of W+jets and non-W in MET
@ W+light and W+hf from tag rates in control data
# D@ uses several variables iteratively: p.(£), MET, M_(W)
@ Evaluate W+nhf fraction in 0-tag sample (cross check with b-ID output fits)

CEM W + 2 Jets, Pretag

(7] [
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o B wsi ™ 1500 M W-hp
Zaoog | B | 2 meh
= S o I c I Z+jets
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S I : mMultijets | & ' = Multijets
1000} 10000 T 500
..... : 2 i
0 0

%

50

100

150 20

0

50 100 150

E, [GeV] Missing E_[GeV] w Boson Transverse Mass [GeV]
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Event Yield

Yield [Events/10GeV]
e
]
(=1

D@ multivariate analysis 5.4 fb!

» No single kinematic variable good enough to discriminate
» D@ has used three different techniques: BDT, BNN, NEAT

EIIID -
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* Data
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Sample Il Signal: tgb
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[ Weetjets
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Yield [Events/0.04]
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tbtgb DT output
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DO, 5.4fb™

s

Yield [Events/20GeV]
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Q(lepton) X n(light-quark jet) H; [GeV]
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» Obtain separate cross section measurements on same data
» Each method selects different event kinematics
» Around 60-90% correlation — Combination improves significance

Ardn Garcia-Bellido

Single top at the Tevatron

6



Events

CDF NN analysis 7.5 fb!

» Added new lepton category

4 |[SOTRK = 15% gain in acceptance W + 2 Jets, 0 b-Tag CDF Il Preliminary 7.5 fb”
-*13'30000'__ <+ CDF Data
P Train NN with 11-14 variables > | =i
i O W+HF
. . 0] - N
3 Use s-channel only in 2 jet 2 tag, & 200001 E‘évfgtfs
t-channel for the rest = =ach
(/)
# Use admixture of systematics shifted @ 10000}
samples = 3% improvement L !
4 ' - ' I
Validate data-background agreement in 0 -~ e -l
0-tag sample M, . [GeV/c?]
600!V+2Jets,1 b-Tag CDFLI:;SI::mIi)r::;y7.5fb" g 0 15W+Jets,21b-Tag CDFIIPreli_mi;;a:’:;;I':’.S.rfcl):;')1 2 8OOW+Jeis,21:'_rngF I:)at(:DF Il Preliminary 7.5 fb™'
i [ Single Top - ft c B
= 8 — W+HF - -
i =WI'I'_'I': o i — W4LF w 6001
| - ~— Z+Jets
400 [ = 2076133 . § 0.1 i — Diboson M Diboson
macb T} — QCD maco
°
B Q
200 £ 0.05
=]
z - -
0 0| PYR N SR SN T T T YN N S S S T N T e = | L e
1 05 0 0.5 1 1 05 0 05 1 t 05 0 05 1
Jet Flavor Separator NN Discriminant NN Discriminant
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s+t cross section results
» CDF 7.5 fb'(m=172.5 GeV) Note 10793

= *0. Mai tematics:
O(s+1)=3.0"%, pb  (£19%) o B-tagging

» DD 5.4 fbo'(m=172.5 GeV) PRD 84, 112001 @ W+jets normalization

@ Jet energy scale /

o(s+t) =3.4 0.7 pb (£ 21%) resolution
» Previous Tevatron combination (3.2+2.3 fb™):
o(s+t) =2.76 ***° _pb (121%)

W+Jets, NN Discriminant CDF Il Preliminary 7.5 fb™'

z T ?, 0.6 D@, 5.4 fb ™

- | - .
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Constraining V,

» Single top allows to study V_ at production
» o(s,t) « |V [ — calculate posterior pdf in terms of |V _|°

» To transform o(s+t) measurement into V,_, assume:

s SM top quark decay: |V [*+|V [*<K|V|*
a# Pure V-A and CP conserving Wtb vertex

P No assumption on number of families or unitarity

» Complementary with tt decay measurements of R and
W helicity

.. Wadets, NN Discriminant CDF Il Preliminary 75" B .
CDE 7.5 fb': 3 3_ "5 DQ, 5.4 fb
i i @ o V |>078 % C.L. —
|th| =0.92 +0'10_0 0 I 0.05(theory) 2. 25E Vel G EmEH g 4:
| £ T g V. |>0.79
® oF - - tb
I o 95% C.L.
D@ 5.4 fb: = s 2 @95%
Vi I =1.02 +010 11 % 1_ 8 1—
nc_'" 0.5:— 95% (a B C
850405 06 07 06 09 i 0.2 04 0.6 0.8 1

v

tb

A
tb
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SM-independent 2D measurements

. . . -1
» Relax s:t SM ratio in posterior 2 D?sfgl:—b
c %
L 2 = 90% C.L.
s DA 5.4 fbt: 5 = 90% C.L.
o, = 0.98 * 0.63 pb o
o
o, =2.90 £ 0.59 pb (+20%) s
c
4 CDF 75 fb_l: § 2 @® Measurement
i _ B sm™
0,=1.81%0.63 pb (£33%) = |HEBELE 0 o oorrsions”
L [4] PRL 99: 191802, 2007 8 :Z:g?“]’m
Ct — 1-49 i 0-47 pb 00 I ! ! é ! ! | 4|I

s-channel cross section [pb]
SW+Jets NN Discriminant CDF Il Preliminary 7.5 fb™

» New physics can alter ratio

iali ' ' ) ® CDF Data
» Specialized searches in single top by 2 - oo
D@ and CDF: S 4f 95.5% CL
_ S I 99.7% CL
# Anomalous couplings e t Do B SM(NNNLO)
= — © -
a \\\' q 9 =
q t q t S 4k
a H* >Nw\ﬁ< >H< 2
- DR

b

. . : : s-channel Cross Section [pb
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Top quark width ~— 5.«

L hfop

» Direct measurements limited by m_resolution :

P Suggested by C.P. Yuan in 1995 (hep-ph/9509208) P

¥ o(t)B(t-)Wb):2.90iO.59pb]
— PLB 705, 313 (2011
o (t—channel) tI‘(th Wb)SIM N 2> 215 B0
rt:r(t—>Wb): o (t—channel),
B(t—Wb) B(t—Wb) ( B(t->Wb)
R= =0.90x=0.04
K B(t>W0Q) 0.90+0.0
L PRL 107, 121802 (2011)
12 00,5416 &' 7. D@,5.4fb"'| SM NLO: I,=1.3 GeV
S 1 ExpectedT, | £ 6 ) For m,=172.5 GeV:
Zog =1.39¥GeV| D 5 |th|>0.81 at 95% C.L. [ =2.0 05 GeV
2 ObservedT, | § 4:FPRD 85, 091104 (2012) t -0.4
306; k= M t.=(3.3 **° ):10%* s
.§0.4} % o Assumes:
3o 0 4 # production by W-b fusion
0.2 an 1 .
e L/ S - a top decays into any Wq
5 b 02704 06 08 1 sB(t-wq=1

|th|2 Most precise determination
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http://www-d0.fnal.gov/Run2Physics/WWW/results/final/TOP/T12A/T12A.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/final/TOP/T12A/T12A.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/final/TOP/T12A/T12A.pdf

Top quark polarization

P Single top quarks are produced ~100% left-
handed polarized in the SM (V-A) q

» Non-SM contributions (W', H*, FCNC) can
change polarization of top quarks

P Consider right-handed coupling in production q
and SM left-handed in decay

P Discriminant variable: angle between the _ CDF Run Il Prefiminary, L=3.2 fo’
lepton and the b quark in the top rest frame % 95% CL
> W 68% CL
P Train two likelihood discriminants separately . COF Tl Data
for SM (LLLL) and RRLL 4
» Fit 2D plane of SM o and RRLL o,
Best fit: o, = 1.72 pb ; o, = 0.0 pb
op— 0O
P=—"_L— _10%°
O-R —|_ (_TL ':)ClL 1 2 3 4 |5
S rriL) (PD)
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W heI|C|ty and anomalous W‘;cb couplings

" . 10 g Ve _
L= —m Vi (P + (DPr) W, — \f L ' ((BP. + (DPr)tW,
» In SM: fL =1 and fR ,=f- =fR =0

» Change rate and kinematics of single top production
a Assume Wtb production and |V _|*+|V [*<|V

|2
tb
a2 Train BNN discriminant against each separate signal
» Change f(30%), f,(70%), f,(0%) rates in W helicity from tt decays

# Use cosb* as discriminant (angle between £ and t in W rest frame)
0.5

g * Dosa Jg‘( . T e Jgmiiake < 1D@, 5.4 b 9;§ C. ';n
Q1500_ — T + X :— :68;:/: Bils B —
ﬂ mman II:V {g_l_}:gg (X5) s : ] %i,; C.L. 0.4: = f)( fn
G y WD+ ] -.— . fiio :_ Ty =
21000« [ Wijets L & 0.3 fo=
— B it a1 B e :
D , I Multijets o i 0.2 * SM
< 5001 % ol | Ui |
> = 0.1
"..‘.""'-lr..;_;_IJ , 0:_ -------------------------------------------------- .
00 0'2 0'4 0'6 0'8 | 1 -0-?(;3 | Il!l) - I().|2I I I().lt'flI I I().lfiI | I().|8I | I‘ll - I1.2 3
BNN LT dISCI‘ImInant f, |.|:L|2
Vv
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Conclusions

P Very rich single top physics program

I~
| 2 o-D@ Runll
a Top width: I' =2.0 *%>_ GeV g © O 23m7observed  —oline
t 0.4 2 70 0 23 fb': expected — 10!

a Polarization: consistent with -1 S oo B S4h oxpected

s W:W' > 863GeV@ 95% C.L. 9 5;3%?’;2}2‘3?2’3“
- 4 1o e

4 FCNC: B(t-»gu)<2.0x10* £ 5 ey il
& r

a2 H*: Type | 2HDM (m ,tanB) exclusion E 2/

# Anomalous couplings ;_' I

P o(s+t) measured with 19% precision
» o(t) measured with 20% precision
» |V, | measured to ~8% precision (D@+CDF)

P Important to measure s and t separately

P Single top observation will be a legacy
measurement from the Tevatron

» Final results with 10 fb? coming soon!
4 Planning CDF+D@ combination

Aran Garcia-Bellido Single top at the Tevatron
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Yield [Events/0.04]

(Data-Bkg)/Bkg [%]

DO separate s and t channel

P Train same discriminants but for s or t only

DG 5.4fb™"

(b)

N
o

N
o
T 7

09 1

0.8
Ranked t-channel discriminant

9.6

0.7

600 ' D@, 5.4 fb™

Mt 10o
"Hd+20
- —tb + tgb I

200 b +

0 02 04 06 08 1
Ranked t-channel discriminant

400

o
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' D>0.50
10/

140

DO 5.41ib"

# Data

B t-channel
s-channel

I Wejets

Mt

B Multijets

180
Top Quark I'ulass [Ga‘b‘]

160

Phys. Lett. B 705, 313
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o
-5 -4

lepton

== oOther b

= light g

3 2 1 0 1 2 3 4 5

Pseudorapidity x Lepton Charge nx Q

DO 5.4ib"

D>0.50

-2 0 2 4
Q(lepton) X n{light-quark jet)
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Source of Uncertainty Rate  Shape Processes affected

Jet energy scale 0-8% X all

Initial and final state radiation 0-6% X single top, tt

Parton distribution functions 0-1% X single top, tt
Acceptance and efficiency scale 1-7% single top, tt, diboson, Z/v*+jets
Luminosity 6% single top, tt, diboson, Z/~*+jets
Jet flavor separator X all

Mistag model X W +light

Non-W model X Non-W
Factorization and renormalizatio X Wbb

Jet 7 and AR distribution X W +light

Non-W normalization 40% Non-W

Wbb and Wee norm 30% Wbb, Wee

W e normalization 30% We

Mistag normalization 10-20% W +light

tt normalization 8% tt

Monte Carlo generator 3-7% single top, tt

Single top normalization 7% single top

Top mass 2-12% X single top, tt

* X indicates the sources of uncertainty from shape variation
* Sources listed below double line are used only in |V},| measurement

Aran Garcia-Bellido Single top at the Tevatron

cross sections [pb]
Top mass [GeV] t-channel | s-channel
+0.57 +0.77
170 2.80 -0.61 1.31 0.74
+0.59 +0.62
172.5 2.90 ;59 |098 s
+0.58 +0.51
175 2.53 057 0.65 -0.50
17



R measurement W helicity

Pla(tt) = R*A(bb)P(bb) + 2R(1 — R)A(bq) P (bat)
+ (1 - RY?Alqa) P (qaq),

Negative Longitudinal Positive
Helicity Helicity Helicity — o 08¢ B
- £ =0.30 f,=0.70 f,=0 ; % : [iies iy
£ WO tag D@ Run Il I + | Sosf _~— > e (530
S 0.8 @1 tag I I ' FH. AT
g_ B> 2 tags { b ( W | : f
2 0.6 W b b 0.2} S
8 i1 =
|§ 0.4 -f .5 i .5 'I
= cos 6
0.2 7 (3.343), U7
vl = 1+1C, |1"rm12 '
0 02 04 06 08 1 .
e |-'r1 | - | uq’b' 2 1
2
= 3000- i L _ ' .
s |Dg, 153 fb" +t[:a:'1 R = VaCHgg PR (T
= ] T = i 2 ar(l+xp)+2(1 4+ x,, +1,)
23004 “== t{ R=0.5 : R = V2ICSy | { " | :
| - - tt R=0 : sA2 f N a, |:]_ + zg .:,
2000 Background [ " al(l4+ o) +2(1 4 2, + )
H B EII
' . : g . = E
1500: i f af(l+xp) + 201 + 2 + 2, )
] [ f ; I
1000- -
] . N [ iy = Ty T
500° — L Tm = (ff +afi')? -
0- S—— ro = (fi + f2'fa)® + (fi' + fr fa) =1
| [ :
0 1 >2 r, = (fF+afl).
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Tevatron Run Il pp at \/s = 1.96 TeV

10°
E —#— CDF Run ||
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