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Outline

b Why is the single top quark so interesting?

) Single top-quark production in the Wt channel at 8 TeV

» Inclusive cross-section measurements in CMS and ATLAS and the LHC
combination

» Fiducial cross-section measurement in ATLAS

b Single top-quark production in the s channel at 8 TeV

» Inclusive cross-section limits in CMS and ATLAS
» New single top-quark production in the s-channel in ATLAS

» CKM matrix element (| Vy|) determination

» Conclusions
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Single top-quark production via electroweak interaction, involving a Wib vertex

t-channel Wt channel s-channel
w

g

NLO+NNLL with
my = 172.5 GeV
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Wt associated production: generic selection

Dilepton Wt signature

v Two oppositely charged isolated
leptons (ep, ee, ep)

v One high pr and central || b-jet

v Missing transverse energy (E"sS)
from the two neutrinos

) Events are divided into analysis regions by jet and b-tag multiplicity

) Large contribution from the top pair production, dominant background
— > 70% in the signal region (1-jet tagged as b-jet)

b Multivariate analysis based on Boosted Decision Trees (BDT) is used to
separate the Wt signal from the backgrounds
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CMS: Wt cross-section @ 8 TeV (1)

) Specific selection - dilepton channel (eu, ee, ;10 channels)
D Leptons with pr > 20 GeV
D 1or2central jets, 1 b-tagged, pr > 30 GeV & || < 2.5
— Looser jets also considered with pr > 20 GeV & |n| < 4.9
P EFsS > 50 GeV & my, > 20 GeV & for same-flavour channels exclude around Z-boson mass
) Analysis strategy
D 1 signal region with 1-jet b-tagged (1j1t)
2 control regions enriched in tf: 2 jets with either one (2j1t) or two b-tagged (2j21).
D Three BDT discriminants: 13 highest-ranking variables.
) Most powerful variables: n° of loose jets & pr of the system of leptons, jets and £ (p¥°)

CMS, Vs = 8TeV, L=12.2 fb"l
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CMS: Wt cross-section @ 8 TeV (2)

PRL 112 (2014) 231802 @ 12.2fb "

1-jet 1-tag signal region

(~ 16% of W) (~ 6% of Wt) (~ 3% of W)

2-jet 1 b-tagged control region 2-jet 2 b-tagged control region
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BDT discriminant BDT discriminant

) The inclusive Wt production cross-section is measured from a simultaneous binned
likelihood fit of the BDT distributions.

D The 2-jets control regions constrain the {f background uncertainties and the b-tagging
uncertainties.

OBSERVATION of the Wt channel

Dominant uncertainties (in tf simulation):
- ME/PS matching (~ 14%)

- renormalization/factorization scale (~ 12%)

owt = 23.4 £ 5.4 pb (23%)
Significance: 6.10 (5.40 exp.) J
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Combination of Wt cross-section
measurements by ATLAS and CMS

using BLUE

Uncertainty

Source ) | (¢b)
Data statistics 55% | 14
Simulation statistics 18% | 05
Luminosity 27% | 07
r Theory modeling 15.8% | 4.0
Background normalization 23% | 06
Jets 53% | 13
Detector modeling 49% | 12
Total systematics (excl. lumi) | 17.5% | 4.4
Total systematics (incl. lumi) | 17.7% | 4.4
Total uncertainty 18.6% | 4.7

LHC combination:

ATLAS+CMS Preliminary TOPLHCWG

Data 2012, Vs =8 TeV, m = 172.5 GeV

NLO+NNLL (arXiv:1210.7813)
MSTW2008,,,,,

I scale uncertainty

" scale ® PDF uncertainty

ATLAS, L, =203 fb"
ATLAS-CONF-2013-100

CMS, L =1221fb"
int —ie —
PRL 112 (2014) 231802

LHC combined (July 2015)

July 2015

— — — stat. uncertainty
— — — total uncertainty

Gy (stat) H(syst) (lumi)

272+21+59+1.0pb

23.4+20+4.6+0.7pb

—ei—i 250 £1.4 £4.4 £ 0.7pb
ATLAS-CONF-2014-052,
CMS-PAS-TOP-14-009
Effect of LHC beam energy uncertainty: 0.38 pb
(notincluded in the figure)
Lo lov o I8 bov e Lo Lo Lons
Gy [P

* combination uses a preliminary ATLAS result
in the ep channel (ATLAS-CONF-2013-100)

September 15, 2015




NEW! ATLAS: Wt @ 8 TeV - dilepton channel

» Specitc selction Toramzeman

D Leptons with pr > 25 GeV

D One or two central jets with pr > 20 GeV & at least one b-tagged jet
D Only for ee and pu: reject events with 81GeV < my, < 101GeV

D Set of requirements on EF'SS & |n¥s())| <2.5

T T
% 14000 — ATLAS Preliminary Data
& 4

— -1
@ 15000 V5=8TeV, 20310 Wt
lor2jets Wt
[l Others
7 Uncertainty.
.

) 1 signal region with 1-jet b-tagged (1-jet 1-tag)

) 2regions enriched in ft: 2 jets with either one (2-jet 1-tag)
or both b-tagged (2-jet 2-tag)

) 2regions enriched in other BGs.: 1-jet 0-tag & 2-jet 0-tag

> L L A AR B ]

B 12 3 8 03¢ ATLAS Simulationfreliminary E
S ST EP B U
g )»1—jet 1-tag 2-jet 1-tag 2-jet 2-tag 1-jet O-tag 2-jet O—lag* ‘g E E
Regions % 0.2? 7;

) Three BDT discriminants into the cross-section fit: g 015? 7
13 (1-jet 1-tag) & 16 (2-jet b-tagged) variables £ of E

P Most powerful variables: p¥° (¢1, £2, ET'*, ), 005 - : é

AR (41,j1) & m (&4, j2) o \ s s f—

0 20 40 60 80 100 120
Piys (11,12, E7, 1) [GeV]
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Events / 0.05

Data/Pred.

) The inclusive Wt production cross-section is measured from a simultaneous profile
likelihood fit to the three BDT classifiers

1-jet 1-tag (~ 20% of W1) 2-jet 1-tag (~ 10% of Wi) 2-jet 2-tag (~ 3% of Wr)

ATLAS Preliminary, + Data 8 ATLAS Preliminary T Vo 8 ATLAS Prefminary ‘Daa
Is=8Tev, 203" mw N 15=8TeV, 20316 W S 1200 s 5 Tev, 2031 w
Liet 1-tag 2 24et 1-ta mi 4 24et 24 mi
Postit W Others 5 Pt MW Others & 1000 P.ljs(-ﬁ('ag ,  Oters
4 74 Uncertainty o 7, Uncertainty Il a0 7, Uncertainty
600
400
2 ] 5 12 B
1| » LI ‘ . v Y . beorh 7y I -1} . ] 9
E ‘ | & odf ] S
03 02 01 0 01 02 03 04 g 02 01 0 01 02 03 g 03 02 -0l 0 01 02
BDT Response BDT Response BDT Response

Dominant uncertainties:

ISR/FSR (~ 9%), jet uncertainties (~ 10%), BG. normalisation (~ 10%)
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NEW! ATLAS: Wt + tt fiducial cross-section @ 8 TeV

» In the 5-flavour number scheme, Wt process overlaps and interferes with ¢t at NLO

) Fiducial acceptance — physics objects constructed using stable particles to approximate
the Wt detector acceptance:
D Fiducial selection:‘ExactIy 2 leptons with pr > 25 GeV and n < 2.5, exactly one b-tagged jet with
pr > 20 GeV, E"* > 20 GeV

) Particle-level jets matched with nearby b-hadrons (pr > 5 GeV) using the ghost tagging
method

D Includes Wt events
D Includes {f events for which one of the b quark was not reconstructed

wt _

t Not reconstructed

wr -

b
p Benefits of a fiducial measurement:

D Separation of experimental and theoretical uncertainties
D Reduce the dependence on the theory assumptions
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) Selected Wt and tt events are split into
two categories: in-fiducial and
out-of-fiducial

» Fraction of in-fiducial events: 81% for Wt
and 53% for tt

Fiducial cross-section is measured by fitting the
sum of the Wt and tt contributions to data in
the 1-jet 1-tag region.

_ Single top production at the LHC: other channels

Comparison of measured fiducial cross-section
with theoretical predictions

ATLAS Preliminary {s=8TeV, 203"

Measured fiducial Wt+tt cross-section
[ Total uncertainty
Stat. uncertainty

Predicted fiducial cross-sections:

POWHEG-BOX+PYTHIA DR CT10
" at NLO+NNLL, o' at NNLO+NNLL

POWHEG-BOX+PYTHIA DR CT10
" and o' at NLO

POWHEG-BOX+PYTHIA DS CT10
6" and of at NLO

POWHEG-BOX+HERWIG DR CT10 ————#——

o* and o at NLO

MC@NLO+HERWIG DR CT10

" and o at NLO

MC@NLO+HERWIG DR MSTW2008

o™ and o at NLO

MC@NLO+HERWIG DR NNPDF 2.3

" and o at NLO

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
0.6 0.7

. 0.9
Cross-section [pb]
Dominant uncertainties:

ISR/FSR (~ 4.2%), jet uncertainties (~ 5.2%)
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s-channel: generic selection

Semileptonic s-channel signature:
v One isolated and high pr lepton (e, u)

v Two jets with high pr and central ||
originating from b-quarks

v Missing transverse energy (Ess)
from the neutrino

b The most challenging single top-quark process at the LHC
— low cross-section and difficult to separate from backgrounds

p Main backgrounds: top pair production and W+jets

) Multivariate analyses based in two techniques: Boosted Decision Trees
(BDT) and Matrix Element (ME) Method
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CMS: s-channel @ 8 TeV - using BDT

CMS-TOP-13-009 @ 19.3 fb~* )

) Specific selection:

D Single isolated lepton: e (1) with pr > 24(27) GeV
D 2central jets, 2 b-tagged, pr > 40 GeV (other jets only if pr > 30 GeV)

) Analysis strategy
D One signal region (2-jet 2 b-tag) and one control region enriched in tf (3-jet 2 b-tag)
D Four BDT discriminants: Each region is separated in electron and muon channel

p 10 (11) highest ranking variables for the e (1) channels
) Most powerful: transverse W boson mass (mr) in e ch. & vector sum of pr of the 2
b-tagged jets (%) in w ch.

CMS Preliminary, 19.3 fb '1, Electrons, ys =8 TeV CMS Preliminary, 19.3 fb '1, Muons, ¥s =8 TeV
~ A I B s e B B e AN A S~ 900 T T T T T =|
§ L ] +data 8 3 +data
K] C 1 [Os-channel S 800 = [s-channel
S 400~ | lt-channel Q 700 3 Wt-channel
o 10w 2 30w
e F 1@ § 600 30w
g 00 el @ Il
i r ] Wz+jets 500 = WZ+ets
200 £ EW+ijets 400 4 WW+jets
E 7| EDiboson 3 EDiboson
5 10aco 300 g2 3 dacp
100 ; { ] Syst. unc. 200 - [Syst. unc.
] NRate syst. 100 3 NRate syst.
0 L L L L L o) e b = 3
0 20 40 60 80 100 120 140 160 180 200 0 50 100 150 200 25[’% 300
m(GeV/c?) p(GeV)
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) The s-channel production cross-section is measured from
to the four BDT classifiers

a binned maximum-likelihood fit

D 3-jets, 2-tags regions allow to constrain the tf and W + jets BG.

Dominant uncertainties:
- Factorization/renormalization scales (~ 83 %)

2-jet 2-tag, e + jets (~ 3.6% of s-channel) 2-jet 2-tag, i + jets (~ 3.9% of s-channel)
CMS Preliminary, 19.3 fo ', Electrons, ¥s = 8 TeV CMS Preliminary, 19.3 fb ', Muons, Vs =8 TeV
© 900 FT T T T T T © Jm T T T T T T T T 3
g +data g r 1 +data
= [Js-channel ~ 1000 — — Os-channel
% Wt-channel % L 1 Mt-channel
I Ow o 800 - Ow
O F 10¢
WZ+ets 600 - | WZ+ets
EW+ets r 1 @W+jets
EDiboson 400 - 1 WDiboson
Oacb F 1 Oacp
fISyst. unc. r - [Syst. unc.
NRate syst. 200~ " NRate syst.

0.2

.2 0
BDT Discriminant

_ Single top production at the LHC: other channels

.7 -06 -05 -04 -03 -02 0.1 0 0.1 02

BDT Discriminant
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NEW! ATLAS: s-channel @ 8 TeV - using ME method (1)

» Specifcselecton AuScoNFzotsT @203

) Single isolated lepton with pr > 30 GeV & < 2.5
) Veto events containing additional leptons with pr > 5 GeV
P 2 central jets, 2 b-tagged, pr > 40(30) GeV for 15 (2 ) jet
) Veto events involving additional jets with pr < 25 GeV
P EPSS > 35GeV & mY > 30 GeV
) Analysis strategy
D 1 signal region (2-jet 2 b-tag) & 1 validation region for f & 1 control region to constrain W-+jet BG.

W + jets region ft region

a T T @ T T T T T
S 4000 " ATLAS Preliminary | S 1500 " ATLAS Preliminary -
g J'Lm =2031b o ban ] g F ILdl =2031b o b g
. s-channel - r I s-channel 7
Vs=8TeV mm (-channel B = Vs=8Tev B t-channel B
3000 - 3 r W 1
Hjets - ] 1000 I+jets —I —
W+ets light flavour - . Y Wets light flavour -
B Wets heavy flavour 4 [ e B Wets heavy flavour ]

2000 Z+jets + di-boson — Z+jets + di-boson
I Multi-jet | [ I Multi-jet 7
Sim. + norm. uncertainty | r Sim. + norm. uncertainty T
] 500 — i
1000 - P :

0 0
— - - - - - = - - - - - T 5
. 3 L 02p . 'y E
§ e G e e e S G B § 0-0*’”"”*"’"”’"””""’!"’LLV’L*T*
8 -05E. . . . . 3 5 -02p, . . . . 3
00002  0.0018 0.058 0.102 0.187 1 00002  0.0018 0.058 0.102 0.187 1
P(SIX) P(SIX)
P(SIX) %) as, P(XIS)

=5 a5 PIS) TS, o FXTE) — probability for a measured event (X) to be a signal event (S)
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NEW! ATLAS: s-channel @ 8 TeV - using ME method (2)

) The ME Method is used to separate the signal from the background

D ME discriminant is extracted using theoretical calculations to compute a per-event signal

probability.
2-jet 2-tag (~ 4.3% of s-channel) W + jets region
@ T T — ©2000! —
% ATL:\SDI:‘raeIlmlnaw g Ldt=20.3 0" ATLfSDaP‘Lellmlnaw
:| s-channel VS =8 Tev [ s-channel

; t-channel
I+jets wt

i

Hjets
+jets, di-boson
et

Z+jets, di-boson

10000 Multi-jet
Post-fit uncertainty

oo ‘ b ‘ T oo
g o %WWMM%MW%%%% Z o 00%/ %// /%/ %
g 0. £ 002
© 0000z 00018 0056 0102 0.187 1 °
P(SIX) Lepton Charge

) s-channel cross-section from binned maximum likelihood fit of the ME discriminant in the
signal region
D the lepton charge in the W + jets control region is included into the fit to constrain the W+jets BG.
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Consistent with SM expectation:
oMeo — 561 4+ 0.22 pb

s—ch.

Type +Ac /o (%] g 150 : : : 9
Data statistics 22.1 b A_TL:; :{r:ll(::)lun:;ry ILdt =203 ]
MC statistics 17 1001~ [ s-channel s=8Tev -
Jet energy resolution 17 Post-fit bkg. uncertainty jets 1
t-channel generator 15 2
s-channel generator scale 11 50
b-tagging 11
W-+jets normalization 9 ol
Luminosity 7 [
t-channel normalization 7
Jet energy scale 6 -50 ! L : |

0.0002 0.0018 0.058  0.102 0.187 1
PDF 3 P(SIX)
Lepton identification 3
tt generator 2
Electron energy scale 2 :
Lepton trigger 2 First EVIDENCE
Charm tagging 2 of the s-channel production at LHC
Other <1
Total 49
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| Vip| measurements

) Direct determination of the quark mixing matrix element | Vy|:
D Opportunity to test the unitarity of the CKM matrix

D Deviations from the SM are potentially sensitive to new physics or radiative corrections through
anomalous coupling contributions

) Measure | V| assuming left-handed SM-like W-t-b coupling and | V| >> | Vis|, | Vigl:

5 oobs- i )
Vi - frv|© = W with fiy = 1in SM

) Summary of the | V| measurements and limits in the Wt and s-channel:

Channel | Experiment | Reference | [Vip - frv| | Limitat95 % C.L.
t-channel | CMS | JHEPO6 (2014) 090 | 0.98+0.05(5%) |

Wt | ATLAS | ATLAS-CONF-2013-100 | 1.10 +0.12 (11%) | [ V| > 0.72
Wt | CMS | PRL112(2014)231802 | 1.03 +0.13 (12%) | [Vip| > 0.78
Wt | ATLAS & CMS | ATLAS-CONF-2014-052 | 1.06 +0.11 (10%) |  |Vi| > 0.79
Wt | ATLAS | TOPQ-2012-20 | 1.01+£0.10 (10%) | |Vin| > 0.80
s-channel | ATLAS | ATLAS-CONF-2015-47 | 0.937%% (~32%) |  |Vip| > 0.4
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Summary of | V| measurements at 7 & 8 TeV

ATLAS+CMS Preliminary LHCtop WG Sep 2015

IfV, from single top quark production

Gyt NLO+NNLL MSTW2008nni

heo’ PRDB3 Ezoug 091503, PRDné‘2O(2010i 054018, total theo.
PRD81 (2010) 054028

Ad,,,,: scale [ PDF

m;:ﬁ 1725 GeV [fu, Vil £ (Meas.) £ (theo.)
t-channel:

ATLAS 7 TeV* - 1.02:£0.06 +0.02

PRD 90 (2014) 112006 (4.59 fb™)

ATLAS 8 TeV —tmEi— 0.97 £0.09 +0.02

ATLAS-CONF-2014-007 (20.3 !h")

CMS 7 TeV e 1.020 + 0.046 +0.017

JHEP 12 (2012) 035 (1.17 - 1.56 fb ™)

CMS 8 TeV o 0.979 £ 0.045 £ 0.016

JHEP 06 (2014) 090 (19.7 fb™)

CMS combined 7+8 TeV HeH 0.998 +0.038 + 0.016

JHEP 06 (2014) 090
Wt:

+015
ATLAS 7 TeV Pt 1.037;75+0.03
PLB 716 (2012) 142-159 (2.05 fb™*)
+0.16 +0.03

CMS 7 TeV bt 1017535 1003

PRL 110 (2013) 022003 (4.9 fo™)

ATLAS 8 TeV (¥) F—+®+—— 110:012+003

ATLAS-CONF-2013-100 (20.3 Qh")

CMS 8 TeV* —t—1+—— 1.03+0.12+0.04

PRL 112 (2014) 231802 (12.2fb™")

LHC combined 8 Tev™* ——t— 1.06 +0.11+0.03

ATLAS-CONF-2014-052,

CMS-PAS-TOP-14-009
Wt:

ATLAS 8 Tev'™* —t— 1.01+0.10 £0.03

paper in preparation (20.3 fb™)
s-channel:

2 +024
ATLAS 8 TeV et 0.93 7030 +0.04
ATLAS-CONF-2015-047 (20.3fb™") .
including top-quark mass uncertainty
(*) Superseeded by results shown below the line 2 including beam energy uncertainty
S S T A T S N S T T R
0.4 0.6 0.8 1 12 1.4 16
1fu Vel
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Conclusions

) LHC experiments delivered many results in single top final states with Run-1 data
D Single top-quark production has been observed in association with a W boson by ATLAS & CMS
) The Wt cross-section has been measured with a precision of 23% in CMS & 17% in ATLAS

D First fiducial cross-section measurement by ATLAS in the Wi fiducial acceptance
D First evidence of the s-channel by ATLAS

FATLAS+CMS Preliminary LHCLOPWG = atias tchan
PROSO(Z0L) nzons ATLAS.CONF-2014.007

100 Single top-quark production Sep 2015 e CMS tchan

"
B R——

AS Wt
L PLEnc(zmz] 142, paper in preparation B

oo

cuMs

t - Wum(zma)ozzons PRUIZ@OI23802
combination,

80— RSORS00 085, cws-pAs-ToP-16.009 —]

ATLAS s-channel bl
ATLAS-CONF-2011-118 9% C..L,
ATLAS-CONF-2015.047 4
M s channel, 95%C.L.
CMS PAS-TOP-13-00

All measurements are so far
consistent with the SM predictions

T
<« >
L

60— - -~ NNLO PLB736(2014)58
L My = 172.5GeV, MSTW2008nlo
scale uncertainty

Total inclusive cross-section [pb]

- == NLO+NNLL PRDE3(2011)091503,

’ NO SIgn Of new phySICS has been PPRD82(2010) 054018, PRD81(2010) 054028
found yet 401 = 172566V, MSTWZO0BIO -

W contribution removed
scale (1 PDF (g, uncertainty, —H

—— NLO NPPS205(2010) 10, CPC191(2015) 74
Myg= 172.5GeV. it = = My, 4
cnnnln MSTW2008i, NNPOF2 310 (POF4LHC) |

1o for f removal= 60Gel

20—
and 1 =65.Gev
scale uncertainy

N — ) ‘
7
Vs [Tev]
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BACKUP




ATLAS: Wt cross-section @ 8 TeV - only en channel

) Specific selection - only ep channel

ATLAS-CONF-2013-100 @ 20.3 fb~* )

D Leptons with pr > 25 GeV & 1 or 2 central jets, 1 b-tagged, pr > 30 GeV

) Analysis strategy

D One enriched signal region (1-jet 1 b-tag) and one control region (2-jets > 1-tag)
D Two BDT discriminants: 19 highest-ranking variables for 1-jet 1-tag and 20 for the 2-jet > 1-tag

ATLAS Preliminary —e- Data
\s =8TeV, [Ldt =20.3 b B Wt
ey 1-jet 1-tag | tt
P [ Diboson

3 Z(t7) + jets
@ Fake lepton
Uncertainty

60

80 100 120
p*(lep1, lep2, ET™, jet1) [GeV]

ATLAS Preliminary +Data
\S = 8TeV, [Ldt=20.3 " @wt

1
ep 1Het 1-tag [ODiboson

¥ @2Z(t1) + jets
7 @ Fake lepton
EZUncertainty

H‘\II‘H\‘IH‘HI'H\‘HI‘\

-0.4 -0.2 0 0.2

0.4
BDT Response

) The Wt cross-section is measured from a maximum likelihood fit to BDT classifiers.
D 2-jet control region constrains the tf background uncertainties
D Impact of systematic uncertainties is evaluated using ensembles of pseudo-experiments

owt = 27.2 £5.8 pb (~ 21%) J modeling (~ 8 %) and b-tagging (~ 9 %)

Significance: 4.20 (4.00 exp.)
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ATLAS: s-channel @ 8 TeV - using BDT

D Single isolated lepton with pr > 30 GeV
D 2 central jets, 2 b-tagged, pr > 30 GeV (other jets only if pr < 25 GeV)
) Analysis strategy
D One signal region (2-jet 2 b-tag) and two control regions to validated the BG. modeling.
D One BDT discriminant: 19 highest-ranking variables
) Most powerful: A¢ between top from 2™ b-jet and 1% b-jet & lepton pr + ET'sS

T T T T T 2500 T T T T T T T T

6000

o = P

] .

£ ATLAS e ATLAS =) Sl top s-channl

- \s=8TeV, 203 fb” £ 2000 \s=8TeV,20.3fo" [ Single top t-channel,Wt ]
S ] .

@ e Data w = e dibo

S [ Single top s-channel 1500 ] M:llfijz esen ]
& [ Single top -channel, W 22 Uncertainty

.
[ Wiets
[0 Z+jets, diboson

W Multje
%% Uncertainty

0
slg12 o » . 3
e 4 :
1 1.5 2 25 3 -1 -08 06 04 -02 0 02 04 06 08 1
|A¢(top,leading b-jet)| [rad] BDT response

) s-channel cross-section — binned maximum likelihood fit to BDT distribution.
D Impact of systematic uncertainties is evaluated using ensembles of pseudo-experiments
Dominant uncertainties:
- ES gcale (~ 80 %)
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