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What is single top?

Electroweak production of top quark
> All Feynman diagrams below have a Wtb vertex
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Tevatron (1.96 TeV) 2.26+0.2 1.04+0.1 0.3+0.06 X-SeC
LHC (7 TeV) 642424  4.6+0.2 15.7+1.1 in pb
LHC (8 TeV) 87.8+3.4 5.6+0.3 22.4+1.5

In s channel energy does non help
Top in ewk production is challenging even at the LHC 3



History

Top quark discovery in strong production

> CDF, DO 1995,
I't took 15 years to see single top (sum of s and
t channel)

» Problem is the background

At LHC

» Single top in t channel already seen in 2011 by both
ATLAS and CMS

» Wt channel explored
> First evidence(s)
» 2012 data analysis for Wt in progress..
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Why fight for?
Interest for single top

Direct way to access the Vi Ve Vi)
CKM matrix element Vi — V“ V”S V“
|V|-|-b CKM — cd Ccs cb
»> Single-top production Mo Vs Vi
can measure |V, |under
the assumption that w
|V1'b|>>|v1'd|/ |st| v
> Actually we measure tb
|fLXVTle szl in SM t
> Possible 4™ generation
test as well as other b

options beyond the
standard model

» Anomalous couF\l]in S
(search for FCNC

More possibilities like
b-quark structure functions
Charged Bosons
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Final state

Final state is
characterized by
> W + 2-3jets

> 1 channel: 2-3 jets
(1 forward), 1 b jet

> S channel: 2 b jets
> 2W+1 b jet (Wt channel) antiproton

Single top in s and t
channel has a final state ‘7
topology resembling WH

» Important for Higgs
searches in associate
production

> W™, H*

proton
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Tools: physics objects

» Hight Pt lepton (e or mu) e I
» Isolated as coming from W AS 7

» 2 or 3 Jet with large E+
> 20 GeV at CDF, 30 at ATLAS
> | n|<2.8 Tevatron, 45 @ LHC

» Missing E; (MET)

> 25 GeV (CDF), 20/25 (DO)
30 (ATLAS), 35 (CMS)

» b-tagging of secondary vertices

» With a variety of tools (from
tracks displaced from the
primary to NN algorithms)

Hadron Collider Physics, Kyotc




Backgrounds

In a final state with W+2/3
jets (1-2 b-tagged)

> Multijet («QCD») background

» Data driven (see next slide)
> ttbar (+EWK processes)

> From MC

> W/Z+HF

<

> Combination of data and MC
» W/Z+light flavour (mistagging)

> As for W+HF
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More on backgrounds...

» QCD removal using
ad-hoc requirements

> CDF, ATLAS, CMS
use a cut in the
MET-M; (W) plane

» DO with a cut in Hy
and in A(MET,|)
» Veto cosmics, Z etc

> ATLAS, CMS fight PileUp
using tracking

> Specific requirements for jets
to have a fraction of charged
tracks pointing to the primary

» JVF>0.5 (ATLAS @8TeNd i Hep, kyoto 2
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Situation after all requirements

Tevatron and LHC are different environments
» Tevatron: signal swamped by background
> s and t channel yields ~ equal at the Tevatron in the 2jets

>t channel : O(50)% of ttbar, s: ~6% of t, Wt: B0% of t

Source D!) 2 jets 3 jets 4 jets

th 104 = 16 44 + 7.8 13 +3.5
tqb 140 = 13 72 +94 26 + 6.4
i 433 + 87 830 = 133 860 %= 163
W + jets 3,560 =354 1,099 = 169 284 =76

Z + jets & dibosons 400 £ 55 142 + 4] 3518

Multijets 277+ 34 130 = 17 43 =52
Sum of above sources 4,914 =558 2,317 £ 377 1,261 = 272
Data 4881 2307 1283

h

Signal region

ATLAS 2 jets 3 jets 8 TeV
t-channel 5210+ 210 1959 +78
s-channel 343+ 14 100 + 4
Wt 1570 £ 110 1363 + 95
1t 11700 = 1200 15300 = 1500
W+light flavour 5500 £ 1700 1160 + 350
W+heavy flavour 12000 £ 6000 3900 + 2000
Z+jets, diboson 1200 + 720 410 + 240
QCD multijet 3000 £ 1500 1650 + 830
Total Expectation 41600 + 6600 25800 + 2700
Data 40663 23687




Finding the nee

haystack

low S/\B >use MVA
» This was done by CDF and
DO at the Tevatron /
» Detailed studies of large
number of variables

> ATLAS and CMS:

»both cut-based and MVA
analyses

» Signal extraction easier for
t-channel

> MVAs are an additional tool

dle
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5.4 fb-1 result

» DO measures (s+t) ARCINL N
Signal extraction : i
proceeds by using: i 2w

> 3 different MVA = g

50
W Boson Transverse Mass [GeV]

100 150

(BNN, BDT, NEAT)

which are trained for g e - DD, 5477 I
s and T channel 2 ;
separately £ g

» Their output is feed S 1 $

to a BNN(s+t)
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More...

Leaving s and t free Use the same data to set
> t channel at 2.9+0.59 pb limit for anomalous Wtb
» s channel 0.98+0.63 pb couplings
r— — J -
g D@54t L= _Ebﬁ/ﬂ(LVPL + Ry Pp)tW),
g 68% C.L. g i
= N 90% C.L. I v —
T 0 - b LrPr + RpPp)tW =~ + h.c.,
§ 4 N 95% C.L. \/§ A[W ( ) I ,
o
o _
g »~ In SM Lv:l, Rv,RT,LT-O
E ‘20'5 @ : [s) 54" ‘:‘:t, 4 (b) : g 54" EO'S (©) : g 54fb"
c 2 >~ 0.4 [ee%C.L. N [J68% C.L. 704 [J68% C.L.
2 . Measurement - 9% C.L. - 0% C.L. - 0% C.L.
T - B sy 0.3 o5 C.L. W5 L. 03 os%C.L.
- | [1]PRD 74: 114012, 2006 > Four " 121
[2] EPJ C49: 791, 2007 gener[?] lons 0.2 0.2-
| BlpDesuets 0 O Topfavor
1 eenc™ 0.1 0.1;
0 2 4 5 1 15 2 % %5 1 15 2
s-channel cross section [pb] v, f V.5, P
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7.5 fb-! analysis

. _1 W+ Jets,>1 b Tag CDFIl 7.5 fb'1
CDF updated its 3.4 fb! ¢ 3 corat
g) [l Single Top -
result to 7.5 fb-! T me
. o [TW+HF §
_cg B w+LF L
> s+t optimized, 2/3 jets, % mone |5
S optTimizedq, eTs, g 7 Uncertainty | 5
1-2 © 3
095 99097 E
(=]
° =
» Use more triggers and
: 4
lepton reconstruction =9 5
| Process |[W2jets, 1 tag]W+3jets, 1 tag|W+2jets, 2 tag] W+3jets, 2 tag]
. tt 474 + 49 1067 = 109 98 £+ 14 284 + 42
algor‘lThms WWwW 148 + 21 48 + 7 11 +03 1.2+ 0.3
WZ 53+ 6 14 &+ 2 88+ 1.3 244+ 04
77 1.)7 + 0.2 0.7 £ 0.1 0.3 0.0 0.1 = 0.0
> Increase accepTance 24 Jets 1184 15 646 48107 | 2vioa
Whh 1452 4+ 437 434 + 131 183 4+ 56 65 + 20
> N C D b k d Wee 766 £+ 233 254 £+ 77 10 +£ 3 T +£:2
Wej b83 + 177 128 £ 39 T8+ 24 35+1.1
ew Q ackgroun
° Non-W 316 + 126 141 4+ 57 6.8+ 3.5 34+ 3.2
-channel 193 4+ 25 84 + 11 6+1 15+ 24
suppression
Wt-channel 16 + 4 26+ 7 07+02 234+06
Total Prediction 5707 £+ 877 2719 + 293 367 + 66 403 + 53
Observed 5533 2432 335 355
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Posterior Probability Density
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1—
> First fit s+t combined
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0.01 Oyt = 3.04 +:55; pb
Assumingm, __=172.5 GeV/c?
0.005}F
N BT
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Single Top Quark Cross Sectiono,[Pb] i Chiarelli, HCP, Kyot

sensitive to Wt

» Discriminant optimized
for the sum
Then move to a 2-D
s-t discriminant

W+Jets, NN Discriminant CDF Il Preliminary 7.5 b’

Results
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CMS
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> Split I+jets sample in
njeT(213)l m'l'ag(olllz)
> Red is signal region
blue control regions

7& 8 TeV"an'I

Single
top

-
i

W+jlets backygground

top
pairs

-
e

e

» 130<M(Ivb)<220 GeV

» For the non-btagged jeft fif
Iny| distribution templates

CMS Preliminary, 5.0 fo', \s =8 TeV

2f data is signal!
W
e
nel is (relatively)
«easy» at LHC

io Chiarelli, HCP Kyoto 201:

130

J.Wagner Kuhr

220

m,, [GeV/cZ]

Process muon vield | electron yield
t-chann 6041+26 | 3329421 D
tW channel 1070 E 10 | 70.13 4 0.89
s-channel 2538 £ 046 | 14.70 +0.38
tt 637.1+£54 | 4727 £5.0
W + light partons | 90.0 £ 6.9 482 +£55
Wc(©) 437 + 14 213.8 £9.9
Wh(b) 528 + 15 244 + 10

Z +jets 81.5+27 | 11.35+0.90
Dibosons 2354 +£0.36 | 11.034+0.26
QCD 76.1+£29 61.2 £33
Total 2610 £+ 22 1480 + 17
Data 3108 1581




“M>  t+-channel xsec: Results

7 TeV: several analyses: 8 TeV:
>N > 1y, more stringent cuts than
> Neural Net at 7 TeV
> Boosted Decision Tree O = 80 t6(stat.) T11(syst.)
O = 67 I 4(stat.) T 3(syst.) X 4(theo.) +4(lumi.) pb
£ 2(lumi.) pb V,,=0.96 £0.08 +0.02(theo.)
Vp=1.02£0.05£0.02(theo.) v 50,81 @95%CL in [0,1]
V., >0.92 (@95%CL forV, in [0,1] | cuspmnay 50 “szatey
. F
Lo
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t channel @ 7 TeV

The «easy» channel... Background estimate:
» Forward jets, softer b jet > MC samples
> Events with » Data driven models

2/3 jets®1 b tag > QCD, W+jets (fit)
» MET+M(W)>60 GeV

> ATLAS ) ’ JLat= 1.04 b
G 2000 2 jets 1 b-tag
() * Data
™~ . EEE Single-top tchannel
— * *
S/B~1/9 g 1o
~ [
5}
5 Py > 3000F IR D 1000
© ATLAS [Lat=10a16" 8 [ ATLAS I Lot=L0si |
Eg 2jets 1 btag Vs=7TeV - [ 2jets T b-tag g ’DT Tev
) Dt N ® Data
[: ;Sierllg\e-topl-channel E? =?mg\e-:npw—cnannel J
Wi, - 1, Other top -
g 1500 -svglté]:&;(;ﬁavour %2000 [ vsneay tivour | 300 400 500
Dwﬂ'gm iets +ight jets d
S |:|Z+Jlels. lDiboson 2 E:;?:;m,, ] m(lvb) [GeV]
w | L Il Mutiers i
1000 -
100 150
H (I, jets, E:"“) [GeV]
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ATLAS-CONF-2012-056

1"‘""' Result @ 7 TeV (1.04 fb-1) 40

i1 '
Contrel«?’eglon

Events /0.07
Events /0.07

5 L}
- : No tag requirement
g 1-5F E g 15F E
= ] o . et
= s
8 o.5 E S 0.5 3
0 0.2 0.4 0.6 0.8 1 9 0.2 0.4 0.6 0.8 1
NN output NN ocutput )
~—r—r—r3 ~ T L] L] L]
< ATLAS det 1.04 fb' 4 = ATLAS JLdt=1.0410"
= 2 jets 1 b-tag s=7TeV = 3 jets 1 b-tag s =7 TeV
E L] ata 2 [ al
L] L] q:) %
> >
Signal region & 3

2/3 jets 1 b-tagged

6,=83+4(stat) +20_,,(syst)pb =83+20 pb | Splitting the sample in ¢
|Vip|=1.13+£0.14 and tbar (I charge)
Vip|>0.75 @ 95 % CL o,(t)= 53£10.8 pb

Gy(t)= 29.5*"4 7 5 pb
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> We+jets: 25-35%

t channel @8 TeV

Increase wrt 7 TeV:
> Slgnﬂl by 350/0
> ttbar by 40%

Signal region

2 jets 3 jets
t-channel 5210+ 210 1959 + 78
s-channel 343 + 14 100 + 4
Wi 1570+ 110 1363 + 95
1 11700 = 1200 15300 = 1500
W+light flavour 5500 = 1700 1160 + 350
W+heavy flavour 12000 + 6000 3900 + 2000
Z+jets, diboson 1200 + 720 410 + 240
QCD multijet 3000 + 1500 1650 = 830
Total Expectation 41600 + 6600 25800 + 2700
Data 40663 23687

Instrumental conditions
» More pileup (increased L)

> Lepton triggers requires
harder isolation cut

» Multijet fraction higher

Change some cuts
> JVF (see slide 8)

» Jet P>30 GeV, MET>30
GeV, M+(W)>b0 GeV
»>S/B~1/8
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Events / 0.05

rel. diff.

Events / 0.05

rel. diff.

ATLAS-CONF-2012-132

Results

NN in control regions for 2,3 jets

2jets CR

T T T T
ATLAS Preliminary j Ldt=5.8fb" ys=8 TeV

*® data

I {-channel -
B Wt s-channel
B W+heavy flavour
1 Wlight jets

[0 Z+jets, diboson
' QCD multijet
[21QCD + MC stat unc. |

0
0.2F ey
ke
0.2F
0 0.2 0.4 0.6 0.8 1
NN output

NN in signal region for 2,3 jets

2 jets SR

—— T
6000F ATLAS Preliminary J Ldt=581b" {s=8 TeV

® data

I t-channel

I T, Wt.s-channel

Bl W+heavy flavour
[0 Wilight jets —
[ Z+jets, diboson

Il QCD multijet |
[Z1QCD + MC stat unc. |

0.6

0.8 1
NN output

Events / 0.05

rel. diff.

Events / 0.05

rel. diff.

4000F ATLASIPreIiminalry [Lat =581 (s=B TeV]
3 jets GH ; ?—aclr?annel :
3000F = e,
=3 W-light jets
=D w1
2000_ [1QCD + MC statunc. ]
o= 95 *2 (stat) £18 (syst) pb
1 |Vypl=1.04%01
08 ...........n..............n..;...'...o...f...:--‘---o...r..f..l--: tb —_— n _0 .1 1

0 0.2 0.4 0.6 0.8
NN output

Under usual assumption
(IVipl>>IVygl, Vaal)

[ {-channel -
I (T WL.s-channel

B W+heavy flavour
Wlight jets

. = (IVyp|>0.80 @ 95 % CL)

0
L SRR -
0.2 = T ML i

0 02 04 06 08 1
NN output
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Wt @7 TeV & 2.05 fb-!

® 2000 T T T T ]
® § i ATLAS aéatsauncerlainty ]
i - - t n
D||€p1'0n Channel 1500 [ Jrai=2.05 " =
T Vs=7TeV CZ(ee/um)+ets |
i E l%glg%ﬁ:asptons B
> WT%'V'Vb 1000 — {
> Large ttbar background _F ]
> Most sugnal in N._,=1 bin, S e B ] ]
J 0
o} 1 2 3 4 5 =6
>US€BDT | '|"'|i""‘|"'|m;"|'
Q 100 |— Ay A —&— Nata ]
1-jet 2-jet =3-jet ; § A th\I;EAéuunceﬂainty ]
~ - -1 t —
We 147 + 13 60 £+ 9 17 +5 9 gol— J.Ldt=2-05fb ¢ Ot —
) = - oY awwzzwz
tt 610 + 110 1160 + 140 740 + 130 14 L Vs=7TeV , d@(\ CZ(ee/up)+jets -
Diboson 130 + 17 47 £ 5 17 +4 L "~ Dilent A\ =3 Z(t7)+ets -
7 —> ee 20 + 2 11+ 2 542 60 |— pto @ Fake dileptons —
7 upu 29 + 3 28 + 3 12+ 3 E ?)6 ]
Z>TT 9+6 4+3 241 ,fb‘ _
Fake dileptons 11+ 11 5+5 negl. el —
Total bkgd. 810 + 120 1260 + 140 780 + 130 & i
Total expected 960 = 120 1320 £ 140 790 £+ 130 20 - N
Data observed 934 1300 825 - -
. . i
-1 -0.8 -0.6 -04 -0.2 0 0.2 04
c(Wt)=16.812.9(stat) £2.9(syst)pb
(a) BDT output
— +0.16 Giorgio Chiarelli, HCP Kyoto 2012 29
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CMS

Use dilepton channel
» Define signal (1j1tag)

» ..and control regions
(2jltag,2j2tags)

> BDT with 4 variables

T |\ ||=||||||"|| ‘l \|| I T FToTT TTT[T \‘II\ T I‘\ T T T I
[ ls= 1 . 3501 e = -1 ¢ Data i
: CMS,Ns =T TeV, 4.9 b : i CMS,\s=7TeV,4.9fb W
i (14
= - W2 Hets
o [ Other
20 20 [ Systematic

Events / 20 GeV
Events / 6.67 GeV

Wt @7 TeV & 4.9 fb-!

1jlt 2ilt 2i2t
tW 36516 180+3+16 45£146
tt 1263£19+138 27754284205 14884214222
/7" Hets 128212428 113£10£22  8.5:18+18
Other 1943 §.8+0.7£0.2 443
Total estimated 17464231141 30774304207 15461214222
Total data 1699 2878 1507

7oo£ CMS,\s = 7 TeV, 4.9 fb™ ég‘j’r ’ tsl_
2 - e\l\ +

7 0.7

0.7 to 0.99 0.99 to 1.0
BDT discriminant

5(Wt)=16. +5_,pb

0']7 50 1 150 200 250 300 350 400 450 500 00 20 40 60 80 100 120 140 160 180 2’00 = Utw — +016 +O'O3
H,; [GeV] p, of the system [GeV] ’th| _ O—t%/lv _ 1'01—0.13(exp')—O.Oé}(th-)
t
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s-channel challenge

Tevatron: LHC:
» So far we optimized for » Challenging scenario:
observation of (s+t) » Very large ttbar
> Re-optimize analysis » Wbb channel to be
> Add statistics (more understood
triggers, complete data > W+If to be reduced
set of 9.5 fb-1) > Time will tell

> Use best taggers (CDF)

» Add «anti» t-channel
requirements?

> Smart ideas?

Giorgio Chiarelli, HCP Kyoto 2012 24



Summary of results

t-channel single top quark production
L L L

CMS 8 TeV (preliminary), 5.0 fb'

ATLAS 8 TeV (preliminary), 5.8 fb' 7]
CMS 7 TeV, 1.17/1.56 fb'
ATLAS 7 TeV, 1.04 fb"
DO, 5.4 "
CDF, 7.5 fb!

G [pb]

AN NN N |

1 I IIIIIII
| L lIIIIII

10

------- NLO QCD (5 flavour scheme)
ws  theory uncertainty (scale @ PDF)

lIIIII1

Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042 _}

1 Illlllll

NLO+NNLL QCD
theory uncertainty (scale ® PDF)

Kidonakis, Phys.Rev.D 83 (2011) 091503
| L L L | L L . | L L . |

4 6 8
\'s [TeV]

s channel (Tevatron only)
CDF=1.81+063 .. pb
D0=0.98+0.63 pb
Wt (LHC only, 7 TeV)
ATLAS 16.845.7 pb
CMS 16+, pb

I[IIIII
IlIIIII

o
N
—
o

Vtb direct measurements

November 2012

CMS Wt 1.01 4318400 5079 @ 95 % C|
(L=1.2 1™
ATLAS W 1.03 4518 +302
(L=1.0fb™)
CMS 8 TeV 0.96+0.08+0.02 >0.81 @ 95 % CU
(L=5.0 b™)
CMS 7 TeV 1.02+0.05+0.02 >0.92 @ 95 % Cl
(L=1.2 b7
ATLAS 8 TeV 1.04+0.10+£0.02 >0.80 @ 95 % Cl
(L=5.8 b
ATLAS7TeV | g .1.13+0.14£0.02 >0.75 @ 95 % CL
(L=1.0fb™)
DO | @— 1.12101340.05 >0.79 @ 95 % C||
(L=5.4 fb™")
COF  .g@k  0.921503+0.05 >0.78 @ 95 % CL
(L=7.51")
| | I | |
0.5 1 1.5 2 2.5 3
Vtb
25
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Conclusions

Single top physics in the t-channel is now

> Mature for precise measurements

» Systematics is by far dominating
> Better understanding of the detectors will help

We are on the verge of a full observation of Wt
» My prediction: 2012 data (Winter conferences)

AV,, is still at 10%

> Need to tackle systematics
> JES/JER
> b-tagging,
> pdf
> MC statistics
s-channel is a long shot for LHC

» Still room for DO and CDF. Tevatron Heritage?

More details on LHC results in the talk in parallel session by
Jeannine Wagner-Kuhr and Annick Lleres
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