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Single top production at the Tevatron

» Electroweak production of top quarks
» Signal and selection
» Recent D@ and CDF results
4 CDF s+t measurement (7.5 fb?)
s D@ s-channel evidence (9.7 flb-l) Mes
s CDF s+t measurement in MET+jets (9.1 fb!)
» Searches for anomalous Wtb couplings D@ (5.4 fb-?)
» 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 @ LHCS

Top quarks can be produced alone via the weak interaction:

a(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 x40, twW x100, tt x30

TeV: 1.04+0.06 pb
LHC8: 5.6+0.2pb

2.1+0.1 pb
87+3 pb

e

b

0.22+0.08 pb
22+2 pb

t

W

Kidonakis, MSTW2008, NNLO approximation, for m =173 GeV
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Experimental status

o (NNLO) [pb] tb tqb tw

TeV prediction 1.04 2.26 0.28
CDF (7.5 fb™) 1.8+ 0.6 1.49 £ 0.45 :
DG (9.7 fb) 1.10 £ 0.33 3.07 £ 0.53 -

LHC prediction (7 TeV) 4.6 64.6 15.7
ATLAS (0.7-2.1 fb') | <20.5 (95%CL) 83 + 20 176
CMS (1.2-4.9 fb") - 676 165 |

ET scale: 19 GeV

Challenging measurement

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

» Lower cross section: o, ~ 1/2 o,

» [+MET+2 jets (harder
environment)

P Test bed for Higgs searches

» Want to measure separate Neutrino

channels
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CDF 7.5 fb"

Signhal selection

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

4 Only one isolated Z; 2, 3 (4) jets; 1,2 b-tags; MET
» 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

a 3 jet: Wbb 16%, Wcc+cj 12%, W+If 14% of total yield

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
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Background modeling &=

» Diboson, Z+jets, tt normalized to SM (NLO) cross section §
P Multijets from data with non-isolated lepton (DJ) or "S|deband" { (CDF)
» W+jets from Alpgen (Wjj, Wbb, Wcc, Wcj)
a Correct angular distributions jet n and AR(j,,j,) before b-tagging
» W+jets and multijets (QCD) are normalized to data before b-tagging
a4 CDF fits templates of W+jets and non-W in MET distribution
@ W+light and W+hf from tag rates in control data
a4 D@ uses Matrix Method for overall scale, and MCFM for W+hf
@ Crosscheck W+nhf fraction in 0-tag sample and b-ID output fits

_,2 ;.‘.EM W: 2 Jets, Pretag —— I DDQ 9 7 fb 0 Dﬂ 9.7 fb1
g4000F L. 00 Total "2b-tags g 4, O
|_|>J i . .non-w: 5.2% 400 2 3 lets -W+bb . 2 40000 I
Q F ' I Wajets i W0 E
E3OOOIE— [l others ¢ -‘z’_\:-jgt)s/Diboson 5 I
Ezoooj T = CBF 3.2 200 o= Hhuttijets 2 20000
O | | ; L
1000} Ny 3
.. L "o o® >—_ i
; : 0
% 50 100 0 02 04 06 08 1 % 50 100 150

E, [GeV] Leading tagged jet b-ID output w Boson Transverse Mass [GeV]
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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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D@ multivariate analysis 9.7 fb! e

» Optimized selection for s-channel sensitivity
» D@ has used three different techniques: BDT, BNN, ME
4 BDT uses 30 well-modeled variables, BNN uses 4-vectors
# Improved ME, better tt model, and b-tag weights for discriminants

> : DG 9.7fb" ' DO 9.7fb" : DO 9.7fb"
(5 1500 |500 — ~= C . ® Data
o | - N
£ ] S > 1500~ & e
§ 1000 - 1000 - E | -ltq-'j.ept'stiboson
] ; 1000 - = Mattjets
T 500 500 - :
[T I 500+
> i C o
0 0 ot
20 40 60 80 100 3 2 o 4 50 100 150 200
Lepton p_[GeV]  Q(lepton) x n(light-quark jet) Leading jet p_ [GeV]
> 2000~ DO 9.7fb"| 3 : DG 9.7 fb!| 300f DO 9.7fh"
o 3 (5 800~ W enriched - tt enriched
Q 3 = I ¢ 2jets i 3 jets
N 1500 T -
@ ] a 600 1 b-tag 200 1,2 b-tag
c i c i H.<175 GeV I H.>300 GeV
> 1000 > 400 i ¢
= | = : 100
2 500 3 200
> i > :
Qo0 200 300 400 % 50 1000 150 9 150 200

H, [GeV] W Boson Transverse Mass [GeV] Top Quark Mass [GeV]



D@ combined discriminants

» Obtain separate cross section measurements on same data
» Each method selects different event kinematics
P Around 75% correlation — Combination improves significance

20
10

1
107" 02 04 06 08 1 Y07 0.8 0.9 1
Ranked s-channel discriminant Ranked s-channel discriminant
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s+t cross section results
» CDF 7.5 fb'(m=172.5 GeV) Note 10793

o(s+t) = 3.0 *°°__pb (£ 19%) | |
: Main systematics:
» DD 9.7 fb' (m=172.5 GeV) arXiv: 1307.0731 @ B-tagging

@ W+jets normalization

o(s+t) =4.1£0.6 pb (£ 14%) @ Jet energy scale /
» Previous Tevatron combination (3.2+2.3 fb™"): resolution
o(s+t) =2.76 **°° _pb (£21%, m=170Gev)

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

2 Does not assume SM ¢, /o, ratio
= i
L N - -
A o6l o, = 3.04 %5 pp %gg: DO 9.7 fb™’
E : Assumingm, _=172.5 GeV/c? = 0-75_ . Gexpected
S 04l = 0.6} B = 9-99,04 P
E .Q 0'55_ s i - Uohserved
5 | s 04 i \=4.112252pb
© 0.2F o 0.3 B
S | S 0.2 { &
! 0.1 L\
02 4 6 8 123456789
Single Top Quark Cross Section 6_[pb] tb +tqb cross section [pb]
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http://arxiv.org/abs/1307.0731

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 |*<|V |?

a# Pure V-A and CP conserving Wtb vertex

P No assumption on number of families or CKM unitarity
(DG doesn't assume SM o /o, ratio either)

» Complementary with tt decay measurements of R and
W helicity

COF 75 b % \;‘Jdets NN Discriminant _CDF Il Preliminary 7.5 fb” _‘E. } 2_ D Q 9.7 fb -1
5 3;_ |th|>0.78(95%C.L.} E_ IV |2_1 00+0 .00
V| =0.92 1  +0.05(theo)z 2sf “’12;‘ 0407
IVl -0.08 ( )c% 22_ -E 10F v 1=1.000%
< 2 8 1>082@95%CL.
n: 1.5:— QO 6: tb
DB 9.7 fb: g of 2 4
Vil = 1.1279% o Eos— 95% o 2
3304 05 06 07 08 09 K f.b 02 04 06 08 1
Vel \'A
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easurements

5W+JEts, NN Discriminant CDF Il Preliminary 7.5 b

SM-independent 2D

» Relax s:t SM ratio in posterior ® CDF Data
s DJ 9.7 fbl: + = 9539 L
[ 99.7% CL
o,=1.10%0.33 pb (£29%) & [ T
o, = 3.07 £ 0.53 pb  (£17%) |
s CDF 7.5 fb: i
o_=1.81+0.63 pb (+33%)

0. =149 £ 0.47 pb (£30%) 2 O TTTETURTTTTTTE

t-channel cross section [pb]t and Wt-channel Cross Section [pb] 3
s

t s-channel Cross Section [pb]
» New physics can alter ratio sk DO 9.7 fb™
T . . [ 1SD
P Specialized searches in single top by £ | 2 SD
D@ and CDF: N 3SD
a Anomalous couplings uc t 3 ; E 'FS*‘:,,"?%““’""‘":
B our generations
_ L op-flavor
4 FCNC 9 2:_ - g 103 :,Ii[?]n[s]
W' g G R [J FCNC
l 5 |
q t  q t 1 [2] EPJ Cas: 791, 2007
s H* >xx< > ”*< : oo ot
. DT N T -

b b

. , : , s-channel cross section [pbf
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Posterior density
Q O O O

Posterior density

0000
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D@ first evidence for s-channel

1 DO 9.7 fb™
.3_ 0'tanntpec‘ced
: =2.33%,, pb
'6:_ Uobserved
A =3.07 = pb
20
"2 3 456 7 8
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2F Gexpected
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4
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Background only
— SM signal + background
---SMLLR = SD
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Observed 7.7 SD
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Background only
— SM signal + background
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—— Observed LLR

DO, 9.7 fb™’

Expected 3.7 SD
Observed 3.7 SD
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20 0 20 40 60
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(Excl. SecVtx) Events/0.04
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CDF 9.1 fb!* MET+)ets analysis

» MET+jets selection only

1 tight b-tag
Single Top in g +jets CDF Run Il Preliminary, L = 9.1 b’
-=-Data  [_]QCD multijet[ ] V+jets
Bl piboson [t []single top

| 42/NDF = 8.36/20
~ KS=0.799

Signal Region

Final NN Discriminant Output

g

s+t
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1 tight + 1 loose b-tag

Single Top in g +jets CDF Run Il Preliminary, L = 9.1 v’

CDF Note 10979

Recover partially reconstructed electrons and muons

Include W-tv (hadronically-decaying taus as jets)
Completely orthogonal dataset to /+jets selection

Train several MVA against QCD and tt, then combine with NN

2 tight b-tags

Single Top in g +jets CDF Run Il Preliminary, L = 9.1 b’

L INDF = 12,0320 -a-D?ta D‘ECD multijet|:|Vl+jets | 2DF = 18.27120 —a—D?ta D‘ECD multijet|:|Vl+jets
60 |—KS = 1.000 Ml Diboson[lt []single top KS = 0.516 Bl Diboson [l []single top
Signal Region B Signal Region
40 —
40 — + ﬂ%
20 —
20 —
| F7 10 1 #
5 | -1 \ 5 il 1
S S oo I s =N X g
e o == ] — .
: B : T
0 0.2 0.4 0.6 0.8 1 19 0.2 0.4 0.6 0.8 1
Final NN Discriminant Output Final NN Discriminant Output
= (£50%)
— L o)

3.0 +1.5-1.4 pb
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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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Summary of s+t measurements

Single Top Quark Cross Section

D@ e/u+jets 5.4 fb” —e— 3.4377% pb
CDF e/u+jets 7.5 fb™ — 3.04°%% pb
CDF MET+jets 9.1 fb™} ® | 3.047% pb
DO e/u+jets 9.7 fb™ e— 4.1 13.55: ob
N. Kidonakis
PRD 74 114012 (2006) m, = 172.5 GeV

0 1 2 3 4 5 6
o(pp— tb+tgb+X) [pb]
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5} e
&102 v CDF 3
© a DO : T

0 ATLAS

10

—— t-channel PRD83:091503 (NNLO)
s-channel PRD81:054028 (NNLO)
— tW-channel PRD82:054018,PRD74:114012

1 2 3 4 5 6 7 8 9 10
\'s [TeV] y
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Conclusions

Run 252918 Evt 51093921 Sat Jun 13 23:07:10 2009

» Very rich single top physics program ET scale: 54 GeV
# Top width: I' =2.0 *°> , GeV

# Polarization: consistent with -1
a W' W' >863GeV @ 95% C.L.

4 FCNC: B(t—»qu)<2.0x10+4
a2 H*: Type | 2HDM (m ,tanB) exclusion

# Anomalous couplings
» Important to measure s and t separately
P D@ shows evidence for s-channel (3.7 SD) Run 252915 £t 51050921 Sl Jn 19:2307:10 200
P o(s+t) measured with 14% precision
» o(t) measured with 17% precision
» |V, | measured to ~8% precision (D@+CDF)

P Single top observation is a legacy ——
measurement from the Tevatron w0 -

4 Planning CDF+D@ combination with full
dataset in the fall

1 MET M em

Bins: 218
Mean: 0.911 0
RAms: 3.43

7 mu particle et: 30.63

Aran Garcia-Bellido Single top at the Tevattion® MET et 40.14 17
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Event characteristics

tb Category: Dw > 0.8 tb & tgb Depleted Region
S i -1 S i -1
3 80/ DO, 9.7 fb 3 1000] DO, 9.7 fb
: - Data -
3 60 = 2
o - s o :
E 40 B + - tI:;iboson i 500
© I + I Multijets o i
< 200 o
> [ >
®
0°140 160 180 200 220 07120 160 180 200 220
Top Quark Mass [GeV] Top Quark Mass [GeV]
> 60f D@, 9.7 fb > 1500 DO, 9.7 fb
0] - O
(-] i (-] i
% 40| fa} 1000 -
o ! o :
T - T :
— 20" — 500
T : o -
2 2 ‘
> i > i
Q00 200 300 400 Qo0 200 300 400
H, [GeV] H; [GeV]
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Yield [Events/5GeV]

Yield [Events/0.4]

100

51
o

100

51
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0

Event characteristics
tgb Category: Dpw > 0.8

- DO, 9.7 fb™"

- Data

I tgb
tb

[ Wijets
Z+jets
Diboson

i tt

+ I Multijets

140 160 180 200 220
Top Quark Mass [GeV]

DO, 9.7 fb

-4 -2 0 2 4

Q(lepton) X n(light-quark jet)
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tb & tgb Depleted Region

1000

Yield [Events/5GeV]

—
=
o
o

500

Yield [Events/0.4]

500

DO, 9.7 fb™

140 160 180 200 220
Top Quark Mass [GeV]

- DO, 9.7 fb

-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
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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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Top quark width ~— 5.«

L hfop

» Direct measurements limited by m_resolution :

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

v (o(t)B(t->Wb):2.90iO.59pb]
I(t-W L PLB 705, 313 (2011
o (t—channel) t( - b)SIM ( !
rt:r(t—>Wb): ( o —)c annel)qy,
B(t—-Wb) B(t—-WDb ( B(t->Wb)
X R:B(t_)wq):o.9OiO.O4
L PRL 107, 121802 (2011)
12 08,5410 & 7. D@, 5.4 b7 SM NLO: I',=1.3 GeV
S 1 ExpectedT, | £ 6 ) For m,=172.5 GeV:
Zog =1.39°%GeV |5 5- V.| >0.81at 95% C.L. [ =2.0 05 GeV
2T ObservedT, | 5 4 PRD 85,091104 (2012) t -0.4
306; s M t.=(3.3 **° ):10%* s
.§0.4} % o Assumes:
8o o # production by W-b fusion
w02~ an 1 .
e L/ S - a top decays into any Wq
5 02704 06 08 1 5Bt wg)=1

|th|2 Most precise determination
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