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Key to electroweak symmetry breaking
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SM single top quark production

Associated
production

q W t
b

q

Tevatron:

LHC:
(7 TeV)

LHC:
(14 TeV)

g, ..=76pb
g, =326 pb

SM tasks:
e Weak interaction of bare quarks

e Measure total cross section — CKM matrix element |V
e Top polarization, PDFs
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New physics in single top

~ New | New coupling: New particles:

Inteli;aCNUOnS- modified Wtb heavy boson
CNC coupling or charged Higgs

or anomalous or T' or B’
CKM matrix

q . g t % W
e | i >N
c t q >

New physics tasks:

e measure individual cross sections — different modes sensitive to different
new physics
e look for specific new physics scenarios

e W’, fourth generation quarks, charged Higgs

e gluon FCNC
e anomalous Wtb couplings
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Proton-antiproton collider
CM energy 1.96 TeV
- — Energy frontier - until a year ago

nstantaneous lum1n0s1ty >4E32 cms™
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Single top quark event signature

b-quark jet
High-momentum gy, %
lepton (e or ) é

Missing transverse energy

Reinhard Schwienhorst




Single top quark event signature

S'Channel Proton —» 4 (—— Antiproton
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0 n = “*b jet o) 30L-"light quark jet
— 0.4F - wlepton e,
b ' 25;—"'1) or gluon jet.gur=
0.3F 20-
- 150
0.2 -
N 10+
0.1 -
N St

Reinhard Schwienhorst A HICAN STATE



Background processes

'91 t[eli
S
14

5_1 0 total inelastic, QCD multijets
51012 b jet
Q q’ g .
21010 bottom quark pairs < b Jet

108

W bosons
10° Z bosons g

top quark pairs
single top quarks
(new physics)

o
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Discriminating variables
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Discriminating variables
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Tevatron analysis outline

Trigger Single top b-quark
selection event kinematics tagging
-~ S/B=1/10° to
i tgb 1N
tt —>tI:-j_e)ts [ ]
wob Il
wee I
S/B = 1/250, wei I
50,000 events/fb Z+jots
Fg—
Statistical analysis Combination Multivariate techniques
BDT ME
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Multivariate methods

Input: Method: Output:
discriminating variables multivariate analysis  signal likelihood

Event energy
Quark jet angle
Reconstructed top mass

—( P(signal)

Cut-Based Neural networks ~ Decision trees Iikelihood
| @ 1&}1
Boosted decision trees  Bayesian neural networks Neuro evolution Matrix Elements
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Single top production cross section %

A Several multivariate Boosted Neural Matrix
. . Decision Trees Networks Elements Likelihood
filters combined in

one final discriminant l

- BNN (D)
- NEAT (CDF)
CDFRunll,L=32fb"
. _ I Single To
DJ Single Top 2.3 fb * e P
T _ T I i
o Data ¢ W+jets Il o 10° QCD+Mistag
- N tb+tqb 1N tt Il u>J I Other
£ 600 on backgrond Y Multijets I
>
L

Sjgnal Region
40 F

400

b8 085 09 0095

200

T T I | I I I | I T I | I T I

0 0.2 0.4 0.6 0.8 1 e e

Discriminant Output 0 0-2 04 0.6 _ 08 1
Super Discriminant
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[ ]
w CrOSS SeCtlor N} CDF Preliminary Single Top Summary
DO 2.3 fb~" For M = 175 GeV/c®
. March 2009 S-Channel
| +0.95 Likelihood,Function 1.5+ gg
. : 3.21b -~ = 0.
Decision Trees 3.74 579 pb (3.2
| +1.18
Bayesian NNs —eo— 4.70 _5g3 pb Neural Nefwork —e— 6
! 3.21b") :
. ! +0.99 ( 7
Matrix Elements 4.30 _150 Pb Mat;g(ZE;S;)nent 7
| . .
| P —
T Likelihood, Functi 8
BLUE Combination 4.16 +0.84 pb By oen 2
| ——
o ) Boosted Decision Tree 7
BNN Combination 3.94 +0.88 pb (3.21") 6
: Combination (Lepton+Jets) g
(3.2f) .
mmmm N. Kidonakis, PRD 74, 114012 (2006) m,, = 170 GeV MET+Jets, .g
| 2116 :
1 i | | 1 ‘ 1 1 L | L | C (b ) A” Ch I Z 6
ti .
0 5 10 | on'(l3 gw?blpn ( alnne s) 1= 2:? — =
o (pp — tb+X, tgb+X) [pb] 5 0 5
— Single Top Production Cross Section (pb)
s : I\sllnenasured Peak NLO: Z.Sullivan, Phys.Rev.D70,114012 (2004) NNNLO: N. Kldonakls Phys Rev.D74,114012 (2006)
5 — B e e e .
8 T Ztu FCNC - - " e BestFit |
2 T v g,z=004g, ¢ S0 B 68.3%CL .
S a ¥ IV _|=0.2 S af 1 95.5% CL E
dé B Top-flavor S 35 g | 99.7% CL ]
g [ A m=1Tev @ 33 B SM (NLO) |
Q 3 = Epz'_:,ﬁ’é’ev 8 3| B SM(NNNLO) |
= o - ]
| [ Jesw%c.L. 3 25| ;
2 Bl 90% c.L. s 2f :
- B 95% c.L. 2 st B
Ly 1F .
- observation s+t discriminant 05 |- ]
k 1 2 3 p o 005 1 15 2 25 3 35 4 45 5

s-channel cross section [pb]
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w Tevatron combination

— Each experiment observes 5 ¢ significance CDF Run Il Preliminary, L=3.2 fb™

210° |
— DO and CDF measurements are Ef
consistent to 1.6 ¢ gl
— Combination of MVA distributions Sio° |
A Bayesian statistical analysis 10 |
A Taking all uncertainty correlations into account 10°
102 —

Single Top Quark Cross Section August 2009 10 i] \|5)bs

1E V . ..

W
St

-300 -200 -100 0 100
Test Statistic [-2In(Q)]

DD |epton+jets 2.3 3.94 iggg pb

|
|
:
| o +0.56 2 b Preliminary, August 2
CDF Leptonﬂets 3.2 fb [ @ 217 _0.55 pb B 4L evatron Preliminary, August 2009
' : c I _ +0.58
: 8 [ Gsn=2.76,,; pb
CDF WMET+ets 217" ! ° i 50 *3%5 pb Sog-
P
| "‘;', L
. R | . (o] L
Tevatron Combination 2.76 i8 2*7‘ pb Q9.6
Preliminary : ’ i
: -
Bl B.\W. Harris et al., PRD 66, 054024 (2002) 0.4~
N. Kidonakis, PRD 74, 114012 (2006) Miop = 170 GeV -
|
0.2

Lo B
O 2 4 ©6 8

G (pp — th+X, tgb+X) [pb] R R e ¥ o T v ey

single top cross section [pb]
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w CKM matrix element Vtb

(Vud Vus Vub\

Vekm =| Ve Ves Vi
Vg Vis

A CrOSS Section oC |th|2 .-%’ 35_ Tevatron Preliminary, August 2009
Q25+ =
~ Assume SM top quark decay: oy [
Vtd|*+|Vts?«[Vtb|? 2o
S I

— Pure V-A and CP conserving Wtb vertex — qs-

A No assumption on number of families -

or unitarity :
0.5

_l 1 1 l L | — L1 1 L1 L 1L 1
% 02 04 06 08 1
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t-channel production DeS

e New analysis 2000/ (a) DO 5.4 b’ I (b) DG 5.41b™
. -1 (=] - ¢ Patia .
with .5'4 fb 215008 M t-channel % 40
e Dedicated S S s-channel| +
> N Wi+jets o
t-channel filter 1000+ S i >
e No assumption 3 [ & miultliets | = g
< 500 § T
about s-channel Su, > :
s \Q'., ;
0 02 04 06 08 1 =
Ranked t-channel discriminant B —
6 07 0.8 9 1
o Ranked t-channel discriminant
e 5.5 ¢ significance = 05541
g .
— — € 68% C.L.
=400 1) DO 5417 & [(g) DO 541" | 3 = 90% C.L.
G | S 30 g 4 -
o =
- 30~ c ?
s 2 2
g 20" w 20 S
W ‘ s £ 2
o 10’_ = 10 P i o Mea1surement
g | | R B pemoreonas B o
g 0 4 e o o @ | BIPRDES: 014018, 2001 () Top.fiavor ™
140 160 180 200 220 Y w— 2 4 0 rene®
Top Quark Mass [GeV]  Q(lepton) X n(light-quark jet) S S—

s-channel cross section [pb]
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Top quark properties

e top quark width from
t-channel cross section 4

—use R=B(t—=Wb)/B(t—=Wx) to obtain full width

W

Mo =2.05702)GeV 1 =(3.2731) x 1072 b

e Top quark polarization from spin correlation

(R: V+A, L: V-A)
CDF Run Il Preliminary, L=3.2 b l

W+

95% CL q t@< L*v
W 68% CL L™ b
W+
« CDF 11 Data

q’ b illli

+

O rrrr)(PP)

R R

i * Analysis using likelihood function
. * Test for right-handed coupling in
i top production
oo e s polarization = it = —115°
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Tevatron new physics searches
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I¥5  Gluon-FCNC in single top
4

A DO: 2—2 process A CDF: 2—1 process
% Same final state as % multivariate analysis using NN
o .
* multivariate & mvic ,
analysis using BNN £ sooflSziss
g » data (2.2 fb™) K u, C
d q = 506 07 08 09 1
© g < 0.025 TeV—!
g .\ e
u, C t .
> -1 -0.5 0 0.5 1 Rgle 105 Ta\7—1
Tz (d) DG 231 \_ NN oupue < -9 TEV T
o 150
S
s
100
>
L,
3 95% CL limits: tgu tgc
> Cross section 0.20 pb 0.27 pb
SR fitgf [\ 0.013 TeV~! 0.057 TeV ™!
: 2.0 x 107* 3.9 x 1073

Cos(lepton,jet1) B(t — qg)
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w Single top anomalous coupling

A Left-vector (ft;, =1 in SM), right-vector (fR,), b
left-tensor (f-,), right-tensor (fX,) top
£ = —S=by"Vie(fE P + [ PR)tW,; W
V2
g —za“”q,,

\/_ Y (f3 PL + f2'PR)tW,, + h.c.

A Single top is sensitive to magnitude (PRL 101, 221801 (2008))
A ttbar to ratios of couplings (W helicity, PRL 100, 062004 (2008))
A Best sensitivity through combination (PRL 102, 092002 (2009))

e 2: D@ Preliminary S~ “I D@ Preliminary 23. : DO Preh:unary

i 9) (| 2 < | Measured Peak
s P <0.72 5. < 0.30 15 [R,2 Qes o

I [ 90% C.L.
- _ W95% C.L.

8,2 < 0.19




Lveil 1icid

Search for W' boson

- Explore simultaneously left-handed and right-

q w' handed couplings
- 95% CL limits:

Q
S

M, > 916 GeV (L+R)

(a) DO 2.3 fb!

* Data
— W’: 850 GeV (x15)
B tqb
0 WHjets

Z+jets, dibosons
Bt
I Multijets

R L
Boosted Decision Trees OQutput

Reinhard Schwienhorst

M, > 863 GeV (L only)
M, > 885 GeV (R, M,,< m
M, > 890 GeV (R, M, >

mnR)

¢ (pp — tb) [pb]

&

< 1 (b) D@ 2.3 fb

_|||||||||||||||T ]
00 02 04 06 038 1 600
alL

6r

- (©) D@ 2.3 fb!

St —8— Observed limit

s - @-- Expected limit

4: = Y (al— R_

- W’ (a"=1,a"=1)

3

2

1-

QSOO 650 700 750 800 850 900 950 1000
M(W’) [GeV]
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Proton-protc
e = —j:'gm . . ; ‘__;
e Energy fronne?’

Instantaneous luminosity > 6E3}'cm'zs Q’-i;
- >8 mteracnons per crossing, 1.7M crossing per second =~

aqLum sszty frontier

=\

s

Y
- T
PP

"‘f{ oIN

Y
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Measurement of t-channel production |[CMS
« 36 pb' of 2010 data

d
Event selection:
] * 1 electron or muon
v E- (p;) > 30/20 GeV
b . M. (W) > 50/40 GeV
- =2 jets (p; > 30 GeV), 21 b-tag
- fewer channels than Tevatron, tighter
llllllllllllll cuts
o ovs et s | Background modeling:
: =2 " 1« normalize W+jets and QCD to data
“F =" 3« top background to theory
o0k I W+light jets ] .
Dec Analysis procedure:
" 1« BDT with 37 variables

%05 115 2 25 s 85 4 455 « 2-d fit to light jet n and spin correlation

Iﬂnlight jetI
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t-channel result CMS

Compact Muon Solenoid

2 SFTClUs sbpoNs 7 Tev ]
() L - Z
> 30 =
LLI _ -
- ’ 1 2 g00f OMS 36pb'Ns=rTev -
25 = S 1800 A= 2O PR NS =119 =
: 1 ¢ "t =0 tag control sample ]
C ] 1400 . o =
15E _: 12005_ Qvarlatlon —i
10 1000 - E
800 =
5 600 =
0 400 =
-1 -08 06 -04 02 O 02 04 06 08 1 200 = e
cos 6* OE TR -
B s S R S R L B SR N R ‘1 -08 06 04 02 0 02 04 06 08 1
soE CMS,36pb"\s =7 TeV * data E o
i 3 [ t channel ] :
OF Olw+sen. 3 @Combination using BLUE
50— t = ; :
N: =WI:>B+W<=E : combined: observed cross section:
3 We E _
30F- [ W+light jets T O, = 83.6 £29.8 pb
= []acp ]
201 = o
: I other : Observed significance: 3.5 o
10 -
: g Observed [Vtb| > 0.68 at 95% CL
0708 06 04 02 0 02 04 06 08 1

bar arXiv:1106.3052 [hep-ex]
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Candidate Events

Measurement of t-channel production

SCATLAS

A EXPERIMENT

400

200

" ATLAS Preliminary
- 2 jets tag

% 200

" 156 pb' @ 7 TeV ]
B t-channel
B Wit
B s-channel
M
I W-+heavy flavour
0 Wijets

Diboson
I Z+jets
B Multijets
« ATLAS data

MC ﬁorr-nalized to SM p-)red-iction

600

400
H; = 2E (lepton, E;Miss, jets) [GeV]

Candidate Events

d
* 156 pb' of 2011 ATLAS data

[] LHC Delivered

1.6 ATLAS Online Luminosity \s=7TeVv

e
2 14
9 [ ] ATLAS Recorded
€ 12 . —
S Total Delivered: 1.29 fb -]
= 1 Total Recorded: 1.23 fb —
I : :
S o8 i =
> - 156 pb 1 ]
£ 06 —
T " ]
e %4 E
0.2 =
0 : 1 L /V_'_V_’l-“( | 1 1 | L 1 :
28/02 31/03 02/05 02/06 04/07
Day in 2011

400

200

100

300F

| ATLASPreliminary
"2 jets tag

" 156 pb '@ 7 TeV -

300

1 1 1 l 1 1
MC normalized to SM prediction

400 | 500
M, [GeV/c?]
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SATLAS

Cut-based t-channel analysis Sbceaia

| untagged jetn | > 2.0
140 GeV < top quark mass < 190 GeV
- |An(lepton, b-tagged jet)| < 1.5

° - I i) N | [
b tagged Jet Ll | <20 S 80: I single-top t-channel ]

. S > - Il single-top Wt-channel -
_IT 1 80 Gev qu.; 70: '[ =1 56pb'1 I single-top s-channel -

° +— N -tf ]
separate by lepton flavor T 60" B wsheavy favour
and top charge S _f I W+light jets :

8 50;_ * Diboson B

CATLASPreliminary | 156 pb' @ 7 TeV- 405 Ml Z+ots E

1002 jets tag Aftercuton 5 Bl Multijets 5

_ |untaggedjet1”|| 30: « ATLAS data _:

20 i

Candidate Events

50

MC normalized to SM prediction

Muon + Electron + Electron - Muon -

OO 100 200 300 400 500

M., [GeV/c?] Lepton flavour and charge
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Neural network result 1 EXPERIMENT

2 10000 ridsFaimnayy _ "1sepp@77ev| . @22 INpUt varia bles
) 2 jets 0 tag Ml single-top t-channel 18 I single-top t-channel
LI>J B single-top s-channel |o ) 9 P
® =tf, single-top Wt-channel 8 - smgle-top Wt-channel
2 W-+heavy flavour 12 I single-top s-channel
_'8 I Welight jets 12 1 J P
o [ Z+jets, Diboson o
= I Mulijets - % I W+heavy flavour
®) - ATLAS data 1N " Wilight jets
" | statistical + JES uncertainties| g Diboson
2 W Z+jets
g Il Multijets
2 - L o — ATLAS data
0.2 0. 0.8 2 ATLAS Preliminary 156 pb' @ 7 TeV
NN output g, -2 jets tag 18
m T T T l T K T . T l T T T l T T '- l T T T ] e
= ATLAS Preliminary 156 pb"' @ 7 TeV ] _ 40 3
© 4002 jets tag 18 o i 12
> 18 + e
L 1o @© >
2 15 3 1%
T - S © 48
ke 1o & -
S5 1o @© @
c 15 O 20 N
© 1o ©
O 18 =
1€ 2
ek >
O =
=
0.8 1 : . 1
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SCATLAS

»Y
A EXPERIMENT

t-channel result

* Simple event-counting g R RAEEE

] = O i stat only .

* Expected cross section £ 16t ' suttsys /3

systematic uncertainties = ¢ E

+ B-tagging ~ 12% 13 E

C g 0.8 =

- MC statistics ~ 11% 065 3

° |SR/FSR ~ 6% 0-42_ ATLAS Preliminary —i

0.2f Osu~06pb 156pb'|1@7tTeon =

o 1 1 +30 (0] C S .GF rl1elurlal nle IWl R o

Signal modeling *3°_,,% oEL el L SRR

- Total systematics *°_,4% o/

NN: Observed cross section:
. . : o
Statistical uncertainty 17% G, =761 pb
Cut-based: Observed cross section:
o, =97 ™4, pb Observed (expected) significance:
Observed (expected) significance: 6.2(5. 7)o

6.3 (4.5) 0
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w t-channel summary myes
14 EXPERIMENT
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LHC new physics searches
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Many more new physics searches

eAnomalous couplings - magnitude, complex phase, CKM
4
_ 9 7 , 7/ 7—
e = G o,
g E'icﬂwqu Y@. W~
V2 My LAz Rt

-In single top and in combination with ttbar
eResonance searches
-New heavy boson W’ W’ t

»With anomalous couplings? q>fuvb<
»With different CKM matrix - ttbar asymmetry? q b

» Charged Higgs decaying to tb g {
: B’
-Fourth generation quarks
»B’ or T' decaying to single top q W

eNew particles produced together with single top
-Charged Higgs

oIf discoveries are made elsewhere first?
-Measure coupling to top

Reinhard Schwienhorst




Summary/Outlook

eSingle top production observed at Tevatron and LHC
-Tevatron s-channel+t-channel observation in 2009
-Tevatron t-channel isolation in 2011
-LHC t-channel observation in 2011
-LHC first limit on Wt
-Next: Wt and s-channel observation
=Single top as background to Higgs and other searches

eSingle top as a tool to look for new physics
-Tevatron: W', FCNC, H+, anomalous couplings
-LHC: FCNC
-Next: many more LHC new physics searches

Larger LHC datasets will bring separate observation of all
single top processes and many new physics searches
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