Single top quark production
at the Tevatron
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e Tevatron

e Top quark couplings

e Single top production

e Event selection

® S+t

e s-channel

e Tevatron s-channel combination
e Conclusions
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Tevatron collider in Run Il
e proton-antiproton collider

- quark-dominated initial i |
states I ——— |
- CP asymmetries

e 1.96 TeV
e 10 fb™! collected per exp.

Lum|n05|ty (pb’ )

e \301,Ilp| : {u1/|11[ ——
T vatron denvered ‘2 fb ‘_>j
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SM measurements:
e CKM matrix element | V|
e PDFs

New physics:

e anomalous couplings
o FCNC

e New bosons

e Charged Higgs

e CP violation

Background to Higgs
fermion coupling
measurements
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Single top production

t-channel s-channel
Associated
production

Tevatron: 0., = 3 pb LHC: 0., =114 pb @ 8 TeV

B t—channel
B s—channel
tW

=
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Event selection

¢ e®Lepton + jets selection (CDF and DO):
v -1 Lepton, large MET
-2 or 3 jets

b - > 1 b-tagged jet
_ - Veto “non-W", Z, dileptons,
b conversions, cosmics
e Expected signal events:

- ~250 s-channel

- ~400 t-channel

Jet

I/
Displaced tracks /

R é/ e MET + jets selection (CDF):
Liy//// e - Large MET, veto leptons
Primary vertex _
y ? ~ -2 or 3 jets
5 do v

- > 1 b-tagged jet

- Neural network to suppress QCD
background

- ~250 s-channel events expected

rompt tracks
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Background composition

o W/Z+jets
- W+jets Normalization and flavor
composition from data
Multijet - W+jets shape from simulation
Higgs top pair - Diboson from simulation
e top pair production
- normalization to NNLO
- Shape from Alpgen
e QCD multijet production
- Normalization from data
- Shape from data
e Total:
- ~ 10° events (lepton+jets)
-~ 10% events (MET+jets)

W/Z + jets
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CDF S—I—t lepton+jets

£1QcCb

W + 2 Jets, 0 b-Tag CDF Il Preliminary 7.5 fb”
- - %‘30000'__ -+- CDF Data
e lepton+jets with 7.5 fb? = o ngle Top
. o CIW+
- # of b-tags to define samples o | WAL
AN 20000 [DZ+Jets
- Neural network (NN) for s-channel &= | M Diboson
or t-channel £ i
e MET+jets with 9.1 fb! u“>j‘°°°°?
- # of b-tags to define samples _
- Neural network (NN) combination of 0300 200 300 400
other MVAs M, [GeV/c?]
Single Top in E +jets CDF Run Il Preliminary, L = 9.1 fb" » W + Jets, > 1 b-Tag CDF Il Preliminary 7.5 fb”'
S [ mor-wam oo EecomamEe £ 800
% B Signal Region g -
E w— MET+jets + ' 6001
E B L [Z+Jets
§ I Diboson

20 — 1|

I# 1 1 I 1 1 1 I 1 1 1 1 1 1 i h . - h _______
d s b 5 05 0 05 1
52 C T ? NN Di imi t
Seer e e w1 GDF notes 10793 and 10979 ISeriminan

Final NN Discriminant Output
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e lepton+jets with 7.5 fb!
- # of b-tags to define samples
- Neural network (NN) for s-channel

e MET+jets with 9.1 fb!
- # of b-tags to define samples _
- Neural network (NN) combination of 0

(SecVtx+SecVtx) Events/0.04

Data - Exp

’
-

40

20

-

o ho wo

or t-channel

other MVAs

Single Top in E +jets

CDF Run Il Preliminary, L =9.1 b

- ¥2/NDF = 18.27/20
KS =0.516

— METH+jets

—~=-Data [_|QCD multijet[ |V+jets
[ piboson[Ttt [[Isingle top

Signal Region

| uiiie

_ +1.39
Gs+t o 3 ‘20—1 43
) F’L!l_l P T S (N T
—!’ il
B e e T
0 0.2 ojd_ —las N 08 1

Final NN Discriminant Output

pb (45%)

( |]:)f: S_|_t lepton+jets
W + 2 Jets, 0 b-Tag CDF Il Preliminary 7.5 fb”
§30000F - CDF Data
2 [ [ Single Top
> Cltt
[«}) CIW+HF
O - B W+LF
AN 20000 [ Z+Jets
— i I Diboson
— JQCD
(7))
ajad
& 10000
L
> i
Ll

W + Jets, > 1 b-Tag

100 200 300 400

M, [GeV/c?]

CDF Il Preliminary 7.5 fb™'

800f

Events

600

400F

_ 10,57
O-s+t o 3'04—0.53

-+ CDF Data

[CZ+Jets
I Diboson

CDF notes 10793 and 10979
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CDF CKM matrix element [V

Wai+dJets, NN Discriminant CDF |l Preliminary 7.5 fb™”

W =
2 3E|v,|>078 @95% C.L.
b t P
2 25F
T.EU :
8 b
/ Vude  Vus Vi Vux? \ o 1.5F
Ved  Ves Vo Vex? = 4E
Vid Vis Vi Vix? % é
\ Vya? Vys? Wi? Wyx? ) & 05 Sk
EPETRTETE EPETE RN I BRI I O S o B
%.3 04 05 06 0.7

e Based on CDF lepton+jets os+t measurement
e Divide observed os+t by SM prediction

e No assumptions about unitarity or # of generations
CDF note 10793
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CDF t-channel vs s-channel

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

52 ® CDF Data
- B 68.3% CL
N 95.5% CL
2 d 4' 99.7% CL
Bl SM
3 [ N. Kidonakis, arXiv:0909.0037

t and Wt-channel Cross Section [pb]

2
b t 1
OO.AA.‘II.A..z.L..SL...4A...5
s-channel Cross Section [pb]
q t
q b

e Consistent with NLO+NNLL prediction CDF note 10793
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DO leptontiets

e Combination of boosted decision trees, Matrix elements
and neural networks in a Bayesian neural network

e Train separately for 3 soo @ DG 9.71b""| [ (b) Do 97| [(c) DG 9.7 1"
s-channel and 2 ., = B
t-channel s |
2. 1000}
e Use BNN outputto 3 | |
form combined S - 100 150 2004 -2 0 2 4 150 200
d| S Crimin ant o Missing E_[GeV] Q(lepton)x n(light-quark jet) Top Quark Mass [GeV]
Data
— 10° ~ s-channel o 3
g 10 ~ | t-channel g 10° DG 9.7 fb
o 103 I WH+jets Q
) Diboson L2 102
c v~ B top pairs 5
g 10° See mm Multiets >
a W 10
— o
o 10 S

-1
107 02 04 06 08 1

10"
0 02 04 06 08 1 Ranked t-channel discriminant

Ranked s-channel discriminant
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DO t-channel vs s-channel

8 5 D@ 9.7 fb”
u d6 ¢ ;gg e Integrate over 2d posterior
g a- 3 SD to obtain posterior
a | B for s+t-channel
S 3- * B Lomrement e No assumption about
it _ ) .
S [ g0 A O pourgenergtions s-channel/t-channel ratio
% 2 /A Top pionm
< i 0 rcne™
b t + B [1] PRD 74: 114012, 2006
1 [2] EPJ C49: 791, 2007
B [3] PRD 63: 014018, 2001
: [4] PRL 99: 191802, 2007
_I | | | | | | | | | | | | | | | | | | | | | | | | | +O.59
2 s 4 s o, =4.117%; pb
s-channel cross section [pb]
q t
B 14%
q b

PLB 726, 656 (2013)
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D0 CKM matrix element |V

o 216 DJ, 9.7 fb !

— b 0)14_

c c -

2 ® 12-|V,|>0.92 @ 95% C.L.

3 4 T 10-

2 O 8-

§3 E,' 6L

0 |0 4-

52 g 2

* ~ 02 04 06 0.8 1

IV P

0 tb

0 1 2 3 4 5
s-channel cross section [pb]
e Divide observed os+t by SM prediction

e No assumption about s-channel/t-channel ratio
PLB 726, 656 (2013)
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DO t-channel

%‘ 1 DO 9.7 fb™*
- - O

0.8__ . expected
S = 2.33 %47 ppy
S 0.6/ o —
© 0.4- 0.
g 0.4/ 3.07%% pb
n- 0-2_

NS T2sase
t-channel cross section [pb]

e No assumption about s-channel normalization

PLB 726, 656 (2013)
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levatron summary s+t

Single Top Quark Cross Section

CDF e/u+jets 7.5 fb” —C— 3.04°5 pb
CDF MET+jets 9.1 fb} o | 3.047% pb
DO e/u+jets 9.7 fb™ —o— 4.11°% pb
N. Kidonakis
PRD 74 114012 (2006) m, = 172.5 GeV

0 1 2 3 4 5 6
o(pp— tb+tqb+X) [pb]

e CDF lepton+jets measurement with 9.4 fb™! in progress
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DO first evidence for s-channel

gl 30 DO, 9.7 fb -1 E 1.4F DQ 9.7 fb -1
o N o |
& i } 5 1.2 ' Oexpected
£ 20 S 1.05 = 1.07*%32pb
> - C
i o 0.8- 1033
% 10 E,' 0.6 =1 10—0.31 pb
> g 0.4- .
0 o 0.2 . 29%
0.7 0.8 0.9 0.0Q5 1, BRI L AT B B
Binned BNNComb discriminant 00 051152 25 3 35 4

s-channel cross section [pDb]

e No assumption about t-channel normalization
e 3.7 s.d. significance

PLB 726, 656 (2013)
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CDF evidence for s-channel

e Resolved lepton and MET+jets channels
e Based on Higgs analysis

lepton+jets -,
8 25000F q
S (©) —— Data S—
E 20000 e S}ngle top (s-channel) § MET+iets — sitt? single top
) I Single top (others) 5 J [ t-ch single top
b5y - b= Signal region C_1+¢%
& 15000 I : g ? ? C—1 Diboson
E [ 1 W+light-flavor jets W g [ Two-jetTT I WH/ZH
Z i W +heavy-flavor jets i [ V+jets
10000 . ' y J [ QCD multijet
B Diboson i
5000 | I Higgs n
[ Z+jets 40 —
% 00 150 200 250 300 350 400 [EE Multijet - _L
Top-quark mass (GeV/c) B
s 300 o 250F -
5 4 @] = | (b) N
> 250f > !
) O 200} -
kS S
o 200} e
2 2 s} -
E 150 = r AR N N (N T TR TR N T ]
= = ! % 0.2 0.4 . 1
Z Z 100 r NNs-channel
100 sig
e CDF combined:
o

% 100 150 200 250 300 350 400 %2 02 04 06 08 1 +0.37
Top-qual‘kbmass (GeV/P) Neural network output G S pm 1.36 _032 pb (25 %)

arXiv:1402.0484 e 4.2 s.d. significance
arXiv:1402.7356
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Tevatron s-channel combination

e Combine individual CDF and DO discriminants
e Include all systematic uncertainties and their correlations

o s-<channelsingle top quark, Tevatron Run Il, L <9.7 fb"
@ 10t ¢ Data — Expected background
§ = [ SM signal . Background uncertainty
- R (WL W/Z+X
S ™ i N f
10° 3 | “t-channel
o Multijets
5 Higgs
10°

bl lllllll
N
o

; ; X X PR
I N ~ { 3 3 LR
U, “J. ~U.

IIIHII
o

&

Discriminant output [Iogm(s/b)]

arXiv:1402.5126
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Background-subtracted discriminant

00-s-channel single top quark, Tevatron Run Il, L <9.7 fb"

¢ Data - observed background
" Observed signal

:Background uncertainty

I|IIII|III

-200

IRRRRNR goooooooonooon: oonnoooonoonononon

vvvvvvv

|IIII|I

-300 | | | 06 -04 02 0
-1 0

Discriminant output [Iogw(s/b)]

e Posterior normalizations and uncertainties

w
I
N
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s-channel combined cross section

s-channel single top quark, Tevatron Run Il, L <9.7 fb K

> [

B 1 gl s-channel single top quark, Tevatron Run Il, L <9.7 fo _

c O

2 - — Posterior probability density distribution Measurement _ Cross section [pb]

3 14 lo,- 12055000 CDF I+jets +—— 141700,

§ "F i6%M=1.05+0.06 pb . 5 +0.61

5 12— CDF E,+jets ® 11275,

s = _ , : +0.37

S CDF combined —e— 1.36 "5,

n — o C :
0.8— 3 :

c F L : : +0.33
0.6F & DO [+jets -—D—- 1.10 75,
0.4 : : +0.26

- S Tevatron combined —o— 1.297%,
0.2F :
O Lok, 1 SRR |, 1 |  Theory (NLO+NNLL) ,
0 02 04 06 08 1 12 14 16 18 2 22 105+0.06pb[PRD &1, 054028, 2010]

Cross section [pb]

0 1 2
O, = 1 29J_r8§2 pb (19%) m.,=1725GeV Cross section [pb]

Equal contributions from CDF and DO
Negligible top mass dependence
« Good agreement with theory predictions

arXiv:1402.5126
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Significance

% 10° :_ s-channel single top quark, Tevatron Run Il, Lint <9.7fb"
-
& | —Background only Expected significance: 5.1 s. d.
> 10° = --SM signal + background
= — 1 SM expected
< — + Observed Significance
o 1 1s.d.
o - _ 3s.d.
_ 5s.d.
10° e
10°
107 : '\
_!1IIIIII|IIIVIIEIIIllllljllllr\lllllllllll
-100 -80 -60 -40 -20 O 20 40 60 80 100

Log-likelihood ratio

« LHC-style asymptotic approximation log-likelihood ratio
« Observed p-value: 1.8x10-10
» First Tevatron-combined observation of a new process

Reinhard Schwienhorst - Tevatron single top

MICHIGAN STATE

UNIVERSITY



Conclusions

e Tevatron continues providing valuable top physics results
- Well understood detectors and datasets

e Single top is the Tevatron’s legacy
- Single top observation in 2009 @
- t-channel observation 2011
- s-channel observation 2014

e Expect more!
- CDF t-channel and s+t and |Vw|
- Tevatron combination
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Thanks!

e Tevatron physics for the informed public
http://www.fnal.gov/pub/today/frontier science_result

e Tevatron single top combinations
http://tevewwg.fnal.gov/singleTop/

e CDF top physics results:
http://www-cdf.fnal.gov/physics/new/top/top.html

e DO top physics results:
http://www-dO.fnal.gov/Run2Physics/top/
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Backup slides




Systematic uncertainties

e Uncertainty range for individual backgrounds:

Systematic uncertainty CDF DO Corre-
Norm Dist Norm Dist lated
Lumi from detector 4.5% 4.5% No
Lumi from cross section  4.0% 4.0% Yes
Signal modeling 2-10% o  3-8% Yes
Background (simulation) 2-12% e 2-11% e  Yes
Background (data) 15-40% e 19-50% e  No
Detector modeling 2-10% e 1-5% e No
b-jet-tagging 10-30% 15-40% e No
JES 0-20% e 9-40% e No

e Total background uncertainty: 15% to 20%
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