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Motivation 3

e The top quark couples to other SM fields through its gauge and Yukawa interactions

e t=Wb coupling measured already at the Tevatron

 High statistics top physics at the LHC: tt + bosons (y, Z and H) becomes accessible!

e First evidence on the coupling of the top quark to these particles from production rate
e Important Standard Model test: new physics modifies the structure of the EW couplings

single top, top decay
(Wtb vertex)

\'A

tt+Z,

tOP Z t+Z
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e The top quark couples to other SM fields through its gauge and Yukawa interactions
t—=Wb coupling measured already at the Tevatron

High statistics top physics at the LHC: tt + bosons (y, Z and H) becomes accessible!

First evidence on the coupling of the top quark to these particles from production rate
Important Standard Model test: new physics modifies the structure of the EW couplings

tOP decay ‘ Single top measurements at the LHC/
(Wtb vertex) | Tevatron - A. Jafari, M. Ronzani

\'A

tt+Z,

Y tOP Z t+Z
g : H

Inclusive top pair cross section at the Tevatron/LHC - l
E. Shabalina, J. Brochero Cifuentes

Latest results on differential cross sections
(gap fraction, vs njets, ...) - J. Katzy

+ .4 coupling, how to measure it?

Experimental searches for ttH - M. Owen
Experimental searches for tHq - C. Boser
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Constraints on the top-W coupling from:

q Al Direct measurement of Vi, with no assumption
. . bout ber of ti ~ [Vib|?
4%’; Slngle TOp productlon >/\WW\< about number of generations (o ~ |Viw|?)
b

/ Vi = 0.99914670 000056 (PDG)

- Fraction of top decays that yield a b-quark

W R— Bt — Wb) Vio|? Test unitarity of CKM matrix
"} Top Decay Bt = Wa)  [ViaP? + [Vis 2+ Vi

- W-helicity : probes the structure of the Wtb vertex

1 do 3 3 2 3 2
— = (1 —cos?0*)(Fy+ = (1 — cos0*)°(Fp,+ = (1 + cos0*)* (F
odcosf* 4 ( ) S ( ) 8 ( ) IR
1 +1
+ +
0% = Angle between the ﬂ» 0 1 W T w™ Sensitive to
momenta of d-type decay
product of W (lepton, d-, s-quark) T t t t 1 t anocngjlc;il,rl]s \SNtb
and top quark in W rest frame +1/2 T b ) 1 b +1/2 l b LS
+112 112 -1/2

Helicity fractions @ NNLO
(for me = 172.8 £ 1.3 GeV) Fo=0.678 FL=0.311 FrR=0.0017

Phys. Rev. D 81(2010) 111503
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latest W-helicity measurements
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DO
Phys. Rev. D 87, 031104(R) Phys. Rev. D 83, 032009
Vs, lumi 1.96 TeV, (full dataset) 8.7 fb-1 1.96 TeV, 5.4 fb-1
Channels l+jets |+jets, dilepton
matrix element method template method
variable cos6* variable cos6*

120

150l 0 - N | | | DO, L=4.3fb' (a)

I 100 2 T
2 - bl [
S 1o0f g p
8 1 8 60
1= : T 400
Results W e w -
R 20 |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cose* COSG* .
leptonically decaying W-boson leptonically decaying W-boson
fo = 0.726 = 0.066(stat) = 0.067(syst), fo = 0.669 = 0.102[ =0.078(stat.) = 0.065(syst.)],
f+ = —0.045 £ 0.044(stat) = 0.058(syst), f+ = 0.023 £ 0.053[£0.041(stat.) = 0.034(syst.)].

Y P I T

consistent with the SM expectations
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latest W-helicity measurements
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Combination ATLAS&CMS @ 7 TeV

ATLAS-CONF-2013-033
CMS PAS TOP-12-025

— —-

new physics parameterized as effective Lagrangian

g ~ g ;10Mg _
Lww = ——=b~* (VLPL + VR Pr)t W,u, — b z (gL PL +grPr)t WM + h.c.
V2 V2 My
o NI SR B IR BN ~ 1
0.5 - \_ATLAS and CMS preliminary - o
- L=35pbT'-2.2f" 1 T 08 "R
0.45 - ls=7TeV 7 08 LHC comb | v o1y oo
i ] . _ 6 combination preliminary =1, A=
0.4 [ . SM: VL—1’ [ \s=7TeV, L_=35pb"-2.2fb"
r 1 Y, o 041 B s cL
0.35 |- . ] R=BL=8R= 0.2[- [Jos% cL
: : at tree level :
03 F > Data _ o * SM
_ mm NNLO QCD : g
005 £ — Unitarity boundary - aat
. ' ' ; ' —_— 044 o3 ez i 0 od 02 03

05 055 06 065 07 075
FO
Fo = 0.626 + 0.034 (stat.) + 0.048 (syst.) . .
F; = 0.359 + 0.021 (stat.) = 0.028 (syst.) consistent with the consistent with the (V - A)
Lo M ' SM expectations structure of the Wtb vertex
Fr = 0.015 + 0.034

B - B _ _ -

0.4
Re(g))
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JHEP 10 (2013) 167
Vs, lumi 7 TeV, (full dataset) 5.0 fb-1
Channels l+jets
Fy = 0.682 £ 0.030(stat.) = 0.033(syst.)
Results Fr, = 0.310 £ 0.022(stat.) & 0.022(syst.)

(2D, 3D fit)
: Fr =0.008 + 0.012(stat.) £+ 0.014(syst.)

CMS PAS TOP-13-008

Vs, lumi 8 TeV, (full dataset) 19.6 fb-1

Channels L+jets

Fy = 0.659 £ 0.015(stat.) + 0.023(syst.)
Fr, = 0.350 + 0.010(stat.) 4 0.024(syst.)
Fr = —0.009 + 0.006(stat.) + 0.020(syst.)

Results
(3D fit)

* 02/10_/2014

e S BN LR LU B ]
2 [ CMS(s=7TeV,5.0fb" ]
= 0-3;— Muon and electron channels, combined .68% cL —;
0.23— DQS% CL —f
0.15— * SM —f
ot consistent
] with the (V - A)
-0.2f
: structure of the
g Wtb vertex
06 ) I - I L1 1 1 I | I L1 1 | I L1 1 | I ) I llllllll
4 03 02 -01 0 01 0

e Reweighting method
e Variable cos6*
e 3D fit (Signal normalisation Fy, Fo, FL):

\
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B i muon+jets

[ it bkg
B V+iets
[ Single Top
B Dvjets

® Muon+jets
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CMS preliminary, 8 TeV, 19.6 fb"

|IIII|III

1 -08 -06 -0.

oL
o
N
ol—
ol
N

| _O_ ‘;'
ML K
ol
(o))
ol
(o)
-




B(t — Wb) Vip |2
B(t—Wgq)  |Vial®? + |Vis|? + |Vis|?

(*) assuming unitarity of the three generation CKM matrix
(**) assuming |Vi| < 1

F™ = momom oo m o wom o W E Em R M M M M M MM MM MM M R RN RN RN RN RN MM AN N A M RN RN RN D RN MM RN MM M R M RN RN NN NN RN MM AN M A M RN RN BN RN RN MM AN MM A RN RN RN RN RN RN MM A M R RN RN RN NN RN RN AN M A M RN BN RN NN BN MM AN M M R M RN RN M M M M M

R =0.87+0.07
Phys. Rev. Lett. 112, 221801 196 TeV, (full dataset) 8.7 fb- |Vio| = 0.93 £ 0.04 (¥) :

dilepton [Veo| > 0.85(0.87) at 95%(90%) CL
CDF

. ) R=0.94 + 0.09
: Phys. Rev. D 87, 111101(R) 1:96 TeV, (fu:LFIea:czaset) 8.7 1b- [Vio| = 0.97 + 0.05 (¥)
! J [Vis| > 0.89 at 95% CL :

R = 0.90+0.04
[Vis| = 0.95 + 0.02 (*)
[Vis| > 0.96 at 95% CL

1.96 TeV, 5.4 fb-1

Phys. Rev. Lett. 107, 121802 |+jets and dilepton

R =1.014 + 0.003 (stat) + 0.032 (syst)
[Ves| = 1.007 £ 0.016 (*)
[Ve| > 0.975 at 95% CL (**)

8 TeV, (full dataset) 19.6 fb-1

PLB 736 (2014) 33 dilepton

Inclusive top pair cross section at the Tevatron/LHC -
E. Shabalina, J. Brochero Cifuentes
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ummary R and Vi, measurements

—‘—N

_ Bltowb) [Vio|?
Bt —Wq)  [Via|?> + |Vis|* + Vi |?

(*) assuming unitarity of the three generation CKM matrix
(**) assuming V| < 1

R = 1.014 + 0.003 (stat) £ 0.032 (syst)
[Vi| = 1.007 + 0.016 (*) 1.6 %
[Ves| > 0.975 at 95% CL (**)

8 TeV, (full dataset) 19.6 fb-1

PLB 736 (2014) 33 dilepton

- ﬂﬂs, Is=8TeV, JLdt= 19.7 fb™ most precise
§ - ee events : Ly events : 2jets eu events to date!
L — e Data | | _J'I
10000 — Ol | e
- | | | o profile likelihood fit (36 categories)
8000 [] Single top quark | | g
— [[]Z- Il (data) : :
e =&V multijets, other {f | : i~ L(R, fi, kst, feorrect, €b, €, Eqx, 6i)
=T a | 2kt : N 6N
4000 = N; ~ 00,Nj
= | — l_[ l_[ l_[ P[Nev jets (k), Nev jets (k)] l_[ g(@lo, 0;, 1)
2000 4 jets £ Njets=2...4 k=0 i
0

1234012340123 401234012340123401234012340123#4 . . .
b-tagged jet mutiplicity ® dominant systematic uncertainty:

b-tagging efficiency measurement (&)

Obs./Exp.

I I N
012340123401234012340123401234012340123401234
b-tagged jet multiplicity

* 02/10/2014




» tty cross section measurement:
» direct probe of V-A and A coupling of the tty vertex
» direct probe of EM coupling (top charge)

» y can be radiated from:

> top (pp— tty)

the only processes
in pp/pp collisions

with access to the
tty vertex!

» top decay products (t—Wby (on-shell decay) or W decay chain)

b b
A t /
L2 > v
$ ¥ r L
\1\/[/ \{/V \%
AN
N N [

» Non-negligible interference effects taken into account!

Y ~
\

02/1072014




— _——

CDF

-

tty previous measurements
T ——— R
WATLAS

ATLAS A EXPERIMENT

Phys. Rev. D 84, 031104(R)

ATLAS-CONF-2011-153

Vs, lumi 1.96 TeV, 6.0 fb-1 7 TeV, 1.04 fb-1
o(tty) = 0.18+0.07 (stat) +0.04 (sys) +0.01 (lum) pb | o(tty) * BR = 2.0 * 0.5 (stat) + 0.7 (syst) * 0.08 (lumi) pb
Results (with pt(y) > 10 GeV) (with pt(y) > 8 GeV)

tty sample:
MadGraph+Pythia

X o(tty) measurement statistically limited!

A

Observed significance 30
NLO prediction = 0.17 £ 0.03 pb

selection tty: 1 high-pr lepton,

a central photon with pr>10 GeV,
Etmiss, large HT,

>3 jets (1 b-tagged jet)

Analysis strategy: counting experiment

Main background contribution: hadron fakes

Observed significance 2.76 (expected 3.00)
NLO prediction=2.1+ 0.4 pb

“standard l+jets” selection
+ additional selection tty: >1 good photon with pr>15 GeV,
|Im(ey) - m(Z)| > 5 GeV

Analysis strategy: template fit method
discriminating variable: track isolation pTcone2o distributions
templates for prompt photons and hadron fakes from data

tty sample:

Dominant systematic uncertainty: photon identification efficiency

WHIZARD+Herwig
pr(y) > 8 GeV

o(tty) measurement systematics-dominated!

* 02/10—/2014
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tty previous measurements

A EXPERIMENT |
Phys. Rev. D 84, 031104(R) ATLAS-CONF-2011-153
Vs, lumi 1.96 TeV, 6.0 fb-1 7 TeV, 1.04 fb-1
o(tty) = 0.18+0.07 (stat) £0.04 (sys) +0.01 (lum) pb | o(tty) * BR = 2.0 + 0.5 (stat) + 0.7 (syst) + 0.08 (lumi) pb :
E (with pr(y) > 10 GeV) (with pr(y) > 8 GeV) :
. Results e -
- Observed significance 30 Observed significance 2.76 (expected 3.00)
NLO prediction = 0.17 £ 0.03 pb NLO prediction=2.1+ 0.4 pb
c L A LA I L A 5
O L . -
~ 50— f Ldt=1.04fb" e+jets _
:,: C —e— data ]
pTcone20 = scalar sum of all ':""._ ATLAS Preliminary Cty .
track pTs in a cone with AR<0.2 40t = non-t bkg ]
: s K bkg tty a
around the photon candidate : j : [ electron fakes =
30 |: @ hadron fakes ~
prompt photons (including 250_ =
signal photons) are generally : ]
isolated! £0 .
S — :‘ §O _

0. 2 4 6 8 10 12 14 16 18 20
cone20
peone2® [GeV]
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CMS-PAS-TOP-13-011

Vs, lumi 8 TeV, 19.7 fb-1

Channels

Additional selection tty: >1 good central photon with ET>25 GeV
AR (photon, muon/jet) > 0.7

Analysis strategy: template fit method
discriminating variable: charged hadron isolation of photon candidate distribution

templates for signal photons from simulation, background from data

Dominant systematic uncertainty: background modelling (23%)

R =03,/ = (1.07 £0.07 (stat.) +0.27 (syst.)) x 102

11000

‘

ot from CMS measurement
[JINST 3 (2008) S08004]

CDF (Phys. Rev. D 84, 031104(R)) @ 1.96 TeV
o(tty) /o(tt) = 0.024 + 0.009

tty sample:
WEIPAGEEGEY  osMS = 2.4 4-0.2(stat.) =4 0.6 (syst.) pb

ft+y
Ex(y) > 20 GeV ——

e ———

in agreement with NLO prediction: ‘Tt‘g;fv =18+05pb

02/10/2014

CMS preliminary Vs=8 TeV

S B _|
306
~ L real
& [Cfake
i)
2 |
S Normalised templates
S 0.4+ _
|
Ko}
IS L
>
Z -
0.2 —
| | | ‘ | | | i 1 | 1 1 1 i ! " " !
0 2 4 6 8 10
Charged hadron isolation / GeV
CMS preliminary L=19.7 fb™" at {s=8 TeV
" eiNpF=2s02/14 T T
ea = 1761 120 gtaatta uncert. MC
§ N, = 4288 = 1629 ] real. . 1
- Il fake B
2 2000 —
o -
2 Fitresult |
Q.
"'6 -
3 i
£ 1000 —
>
e i

Fit residual
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ttZ and ttW Ji

— —— - ———

» ttZ process: FSR processes would allow us to measure the weak isospin of the top
» but it can also arise from ISR processes
» or Z radiated from the top quark decay products
— cross-section of ttZ production sensitive CSM =% — 2Q,sin*(Oy) CSM =17
to anomalous couplings! — T —
» ttW process: ISR process

(OB 2 05M)

» ttZ and ttW are dominant (and sometimes irreducible) backgrounds in many searches
(e.g. ttH search in multilepton final states)
— both processes are important to be measured!

g t 7 ‘
7
ISR d
q z q W
Z
4 Z
FSR
g ¢ -4 t ;
\_ 7 )
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h ttV channels: 21, 31 and 4l }

ATLAS: simulation (top and tt pr corrected)

m hadronic decay
e
‘ invisible decay leptonic decay

02/1072614




ttV channels: 21, 31 and 4l }

1210SZveto . . m

>10SZ ATLAS: simulation
(pt(Z)-shape and

Z+HF normalisation corrected)

m hadronic decay
‘ invisible decay leptonic decay

02/10]2614




h ttV channels: 21, 31 and 4l }
it 4 it W
. . m 2|0SZveto . . m

lepton and charge misID

ATLAS, CMS: data driven (DD)

m hadronic decay
e
‘ invisible decay leptonic decay

02/1072614




ttV channels: 21, 31 and 4l }
it 4 it W
. . m 2|0SZveto . . m

! 3lZveto

ttZ, ttH, lepton misID

ATLAS: simulation DD

m hadronic decay
A
‘ invisible decay leptonic decay

02/1072614




th ttV channels: 21, 31 and 4l 13
it 4 it W
. . m ,10S2veto . . [:]

3lZveto

S1VANNN t7 \WZ, lepton misID

” ATLAS: simulation, simulation, DD
CMS: simulation, DD, DD

l}] hadronic decay
&
“ invisible decay leptonic decay

02/1072614




h ttV channels: 21, 31 and 4l }
it 4 it W
. . m 2|0SZveto . . m

3lZveto

ZZ, lepton misID

CMS: simulation, DD m

hadronic decay

<4
‘ invisible decay leptonic decay

02/1072614




_th ttV channels: 21, 31 and 4l ,3
it 4 it W
. . m ,10S2veto . . [:]

L

3lZveto

most sensitive channels

r—— ‘—
l}] hadronic decay

5
“ invisible decay leptonic decay

02/1072614




ATLAS-CONF-2012-126

Measurements/Searches at 7 TeV

WATLAY
EXPERIMENT

ATLAS

2‘?‘3

— . e,

o

ttZ and ttW j;i

T

2 s

1000

Phys. Rev. Lett. 110, 172002

L L L L L L

Top pair associated production in lowest order

arXiv:1309.1947 [hep-ex]

P
N

+

1 lllllll

-
o+l cH
fasi

‘...
=

o
=
|

Cross-sections 7 TeV @NLO: 1
o(ttZ)=0.137+0.012-0.016 pb
o(ttV)=0.306+0.031-0.053 pb -

500
Vs, lumi 7 TeV, 4.7 tb-1 7 TeV, 5.0 fb-1 —

% 200

Channels trilepton trilepton + same-sign dilepton 100
31 Tz = ()..28;8:%‘1‘ (stat) F0-08 (syst) pb sof
Result o(ttz) < 0.71pb significance=3.3 ¢ .

esults . a0l

@ 95% CL s oy = 0.437517 (stat) 7007 (syst) pb 7

significance=3.00

I NS NI AN N NI SN S
9

13 14 15

J.M. Campbell and R.K. Ellis, JHEP 07 (2012) 052

M.V. Garzelli, A. Kardos, C.G. Papadopoulos, and Z. Trocsanyi, JHEP 11 (2012) 056

Measurements/Searches at 8 TeV

. %0 aKiv:1309.1947 [hep-ex] HZ 3
[ — ttH
ATLAS-CONF-2014-038 Eur. Phys. J. C74 (2014) 3060 500~ £EW*
| 2 200 -
: : = 200 / ttw

© Vs, lumi 8 TeV, 20.3 fb-1 8 TeV, 19.5 fb-1 L oo / a
: _ . : so—" -
E Channels trilepton + same-sign pi + trilepton + same-sign dilepton + four lepton : - .
1 1 7 I

* 02/10/2014

opposite-sign dilepton

— 1 T 1 T " 1 ' 1 ' 7T
To’i<pair associated production in lowest order




surements ttZ and ttW @ 8 TeV

— -

Trilepton channel

ATLAS-CONF-2014-038 Eur. Phys. J. C74 (2014) 3060

3lZveto 31Z
Z-mass window <10 GeV >10 GeV
cut (SF and OS) <10 GeV
pr > 15 GeV (except leading pr> 25 GeV)
pt > 20 GeV
Leptons 3rd leading electron 3rd leading electron r:latl\;e is0 < 0.09 (0.10)
pr> 20 GeV pT>25 GeV or electrons (muons)
Jets pr > 25 GeV > 3 jets with pr > 30 GeV
4th jet pr> 15 GeV
Btagging 20% WP > 1 medium btagged-jet (70% WP)
and > 1loose btagged-jet (85% WP)
Signal ttZ dominated ttW dominated ttZ dominated
Main background tZ, WZ, fakes ttZ, ttH, fakes tZ, WZ, fakes
. 4jin, 1bjex (SRB1J4)
(Sfltn;r;;r;n?:)sn) 3jex, 2bjin (SRB2J3) 2jex+3jex, 2bjin (SRW3I) 4jin, 2bjin
& & 4jin, 2bjin (SRB2J4)

02/10/2014
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urements ttZ and ttW @ 8 TeV

Trilepton channel

(D I L | T T T T | T L I T T LI | UL I T L I L T | 1T T 7T 19'5 fb-‘ (8 Tev)
-— ] 2 I I
c D Z
5 16 ATLAS Prellmlnary SRZ ;ﬁz:”ta =tztz = § o Obeerved
w 14—_J-L=20.3 fo! \s=8TeV nwz [ Other] w thz
- WitH iz [ dw
12— B MisID lepton [ Irreducible
C . [ Non-top-quark
10— 7 [ Misidentified lepton
8 :_ — Backgrounds
7 ## BG uncertainty

8|

IlllIlllIlllllllllllllllllllllll

'D 2 — T T T ]
o - = 4
Q T = s
R E = St At
I 7 +/ ? % Z 2
[ RS WSSOI (SOOI (SOOI ONON. SO =
0.5 g 3 0
eee  eun  pee  {pp Total  (uuu  (upe  (ee)u  (ee)e
195 b (8 TeV)
% 10_'"""'_"_""S'R'z" I R > LA I O I I B O
3 — ATLAS Preliminary b2j4 ;gc‘;vm =tztzz i & Lcwms - Observed i
3 [ | L=203f0" \s=8TeV Wz oOther S 10 [ iz —
> 8~ [IfTH z ] P O &w i
= - [ MisID lepton _ € [ Irreducible
Q L 4 Q i [ Non-top-quark 7
W o 8f =
6 — ] w i [ Misidentified lepton |
L _ N — Backgrounds i
4 B 7 L ## BG uncertainty 4

Data/Pred
L m o
“I!IIII
-
-
%tllillll

= . . s . s . 0 100 200 300 400 500 600
50 100 150 200 250 300 350 400 my,; [GeV]

Minimal M [GeV]
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surements ttZ and ttW @ 8 TeV

—

Same-sign dilepton channel

ATLAS-CONF-2014-038 Eur. Phys. J. C74 (2014) 3060

Lepton channels ee, ey, Ul
(same charge) HH split into charge (# ttW+ > #ttW-)
.re Hr > 240 GeV
Additional cuts ETmiss > 40 GeV Hr > 155 GeV
pT > 40 GeV
Leptons pt > 25 GeV including events with 3 leptons passing the

Z-boson veto (15 GeV)

Jets pT > 25 GeV pt > 30 GeV
Btagging 70% WP 70% WP
Signal ttW dominated ttW dominated
Main background lepton misidentification lepton and charge misidentification
Fit channels 2bjin, 2jin 3jin, 1bjin
(Signal Region) (SR2uSS) (6 SR: charge and flavour leptons)

02/10/2014




30|

Events

25

20

15

10

Data/Pred

urements ttZ and ttW @ 8 TeV

Same-sign dllepton channel

- ATLAS Prellmlnary eData [Jtiz
u Biw Bzz
- | L=20.3 fb \s=8TeV nwz [ Other.
N [ ttH tz

u [ MisID lepton

2 : ¢ } 77 ' /£ 7
Z + * Z . /f/ A
—SRZbTA SRZb23  SRZbj4  SRWL3 SRISS

ttZ ttw

significance obs (exp) 3l+2uSS:
ttZz:2.8 (3.4)
ttwW :3.0 (2.3)

02/10/2014

19.5fb" (8 TeV)
|

0 i I [ | I I
% - CMS -o- Observed _
> - fTtw ]
T | t _
501 [tz 4
B wz -
[ Irreducible i
40 psss [ Mismeasured charge —
[ Misidentified lepton |
— Backgrounds —
30 % BG uncertainty N
20 —
10 —

Total p'u* efp* etet pupw euw ee

significance obs (exp) 3l:
ttZ:2.3 (2.4)
significance obs (exp) 2ISS:
ttW : 1.6 (2.0)
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easurements ttZ and ttW @ 8 TeV 3
—‘—_M

Addltlonal channels

ATLAS-CONF-2014-038 Eur. Phys. J. C74 (2014) 3060

Opp051te sign dilepton channel Four Iepton channel

Lepton channels
(opposite charge)

Z-mass window

Additional cuts

ee, ej, U

> 10 GeV

HT > 130 GeV (ep)

ETmiss > 40 GeV (ee, up)

AR(jj)ave > 0.75

ee and pu

<10 GeV

AR(jj)ave > 0.75

leading lepton pT > 25 GeV

Z-mass window

2 OS SF leptons: <15 GeV
other 2 leptons NOT SF with Z-
window <15 GeV

leading lepton pT>20 GeV

Leptons second leading pT > 15 GeV
Jets pT > 25 GeV
Btagging 70% WP
Signal mix of ttZ and ttW ttZ dominated

Main background

Fit channels
(Signal Region,
Control Region)

tt+jets

3jex, 1+2bjex
4jex, 1+2bjex
5jin, 1+2bjex

Z+jets

3jex, 2bjex
4jex, 2bjex
5jin, 2bjex

Leptons others pT> 10 GeV
Jets pT > 30 GeV
. > 1 medium btagged-jet (70% WP)
Btagging and = 1loose btagged-jet (85% WP)
Signal ttZ dominated

Main background

Fit channels
(Signal Region)

ZZ, misidentified leptons

2bjex (1 tight + 1 loose)
1bjex (1 tight + no loose)

* 02/10/2014




asurements ttZ and ttW @ 8 TeV

Opposite-sign dilepton channel Four lepton channel

CONTROL REGION

£ — . 19.5fb” (8 TeV)
5 100~ ATLAS Preliminary . 0
SIGNAL REGION P " [Lat-20310" 1s=8 Tev +E_)a‘a - -'tfv norm g - CMS | . Obselrved .
: - § - OS dilepton M s kr U R 74 ]
1+2b]ex Zb]eX w80 B >5j, 2b .Z+jets .Other C I Irreducible ]
i i / 6 W 2z J
3)ex B 7, Totunc. N I Misidentified leptons |
jex 60— :_ — Backgrounds _:
4 - + S #% BG uncertainty -
5jin g - .
40}, 4 E
3 —
20 .
The only ghéaa ) =
multivariate analysis! 3 ... j‘r j[_ %
a /
j R e %%//
T 075
B o5

21 -0.8-06-04 -02 0 0.2 04 0.6 0.8

NN output

b-jet multiplicity

significance obs (exp) 210S:

ttZ: 1.4 (1.5)
ttwW: 0.3 (0.4)

significance obs (exp) 4l:
ttZ: 2.2 (2.0)
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Results 8 TeV ]

- . - ——

[binned profile likelihood fit] C M S Combine 9 channels
Eur. Phys. J. C74 (2014) 3060

Combine | | channels
ATLAS-CONF-2014-038

observed p . observed | expected Channelsused Process Cross section Significance
O W | 125+057-048 | 31 | 24 2 W 170720 (stat) = 70 (syst) fb 16
o e e e _
— tz . 0.73+029-026 i 32 | 38 3¢+44 ttZ 20015 (stat) "0 (syst) fb 3.1
e +100 +
— Process Measured cross-sections Observed o | Expected o Channels used ttW cross section  ttZ cross section
110
8 72 | 150*38(total) = 15035 (stat.) + 21(syst.) fb 3.1 3.7 20+30+4¢ 17071, (total) fb 200 & 90 (’fOtal) fb
N W 300+};‘g(tota1) 300*120(stat.) 79 (syst.) fb 3.1 2.3 &
Evidence for ttZ and ttW! Evidence for ttZ!
o CMS Preliminary Vs=8TeV,L =19.5fb"
N - ATLAS ' Pre Y 4 amiassestrt ] g F 2-d Best Fit
< L _1 Bl ) . 2 e
5 FLat=203 " \NNNY ATLAS 957 OL - 500 / —— 95% Contour
= B 's=8TeV o= NLO calculation* i . . B / —— 1-d Best Fit
© - /. fiZ Theory uncertainty ]| StatlStlca”y —/’“ = dtftiZx10
15 XXX e NN W Theory uncertainty ] . . 400 - == 1dttWz 1o
C NN T limited measurements i e 2 Theory
% NN - ¢4 IW Theory
‘Z//// 75 ///////%/% / 3001

//// 77 /////,4

very small correlation

N \ Pl Detween ttZ and ttW! ek
0 __ \ -------- :(;;r;;bell(zm2),Kardos(2011),Garzel|i(2011,2012) __ 100 -
L I 1 1 1 1 I 1 1 N\ 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I_
0 05 1 15 2 25 3 1 1 1 1 | 1 1 1 1 Y 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
G/ G (TTW) 0 100 200 300 400 500 an6[?8]
NLO QD cross-sections: o(ttZ) =206 * 45 tb | 1] and o(ttW) = 232 + 51 fb [2] NLO QCD cross-section: o(ttZ) =197 +22 -25 fb and o(ttW) = 206 +21-23 fb
[1] J. M. Campbell and R. K. Ellis, tt'W production and decay at NLO, JHEP07(2012)052 calculated with MADGRAPHS aMC@N LO

[2] M. V. Garzelli, A. Kardos, C. G. Papadopoulos, and Z. Trocsanyi, JHEP11(2012)056.
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Conclusions

— —— - ———

~20 years after discovery of the top, we start to have enough top pairs to explore
the top+y/Z/W couplings (via production rate / top decay Wtb vertex)

Evidence for ttZ and ttW at vs=8 TeV !
Wtb coupling via precision tt/single top measurements

No deviations from the SM predictions with current precision

.01

31 L A L L = Tl 2 L AL B L
ETop pair production E ESingle top t—channelz
— _ | ducti ]
005 - 005 |-production —
I ] /Hz i
o 002 - o 002~ - Top-EW coupling measurement
T | ti+z | T : :
N I is a long term project:
o 001 tt+H— m 001 = ) . . .
2 F T a3 F - high luminosity & high Vs
' 0005 | - *® 0005 —
T i t+H |
[ tt+W - —7/ {+H —
.0002 — .oooz/ —
| I | | I I | I I I
0001 ——46"12 14 16 0001 —g—56"13 14 16
Vs[TeV] Vs[TeV]

arXiv:1309.1947 [hep-ex]
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Phys. Rev. D 87, 031104(R)

Phys. Rev. D 83, 032009

Vs, lumi 1.96 TeV, (full dataset) 8.7 fb-1 1.96 TeV, 5.4 fb-1
Channels l+jets |+jets, dilepton
(matrix element method) (template method)
02— 71 T T 1 T I
Data fit: full CDF Run Il data set i y (b)
® Bestfit and 1 ¢ uncertainty 1 DO, L =5.41b
B Joint 1c coverage in 2-dimensions i 5
0.1— A Standard model Prediction B 0.8 |-
B - * Best-fit value
i 0.6 * SM value
ol A - 0.4 |
Results i | o
0.2
01l - 0 S
| o | N R EPRE EPE BFE BP R A
0.6 0.7 0.8 0 02 04 06 0.8 1
fo f,

p(Fo,FR) =-0.83




W-helicity 1

CMS Preliminary, 4.6 fb" at /s =7TeV
— % —

E E L% ;— ________ oA E%?E;E:%p _i
JHEP 10 (2013) 167 = 222 S une E
. Vs, lumi 7 TeV, (full dataset) 5.0 fb-1 : - E
© Channels l+jets -

e Reweighting method

o Variable Cose* 1§ $ $ 3 $ ., ...... F $ - 4 - - r—:

° 3D ﬁt (S|gna| normalisation th; FO, FL): 057" "08 06 04 02 0 02 04 06 08 T
cos(0)

T — T
To account for these effects a reweighting technique is applied, with a weight function W (cos 6;,.; F)
defined as:

W (cos 0,,; ) = 8FL(1 — 08 63.0)* + §Fo sin” 05,y + §Fr (1 + cos bz,,)?
8 T SFM(1 — 08 05,0)2 + SESMsin? 0, + SF§M (1 + cos 6,,,)?

(2)

where Pf,%o are the SM helicity fractions and Fy g are the helicity fractions which are to be
measured, and cos 0, is the angular distribution at the generator level.

The cos 6}, distribution at the reconstructed level can be obtained :

1 dN
p(cosbr,.) = NTcosg. = / R(cos 07, cos O, ) W (cos Og,,) 0"M(cos Ogen)d cOS Ogey, 3)
rec

where R(cos 05,., cos 9;6,,) is the response matrix relating the generator level angular distribu-

tion (cos 0g,,) to the recosntructed level angular distribution (cos 67,.). The response matrix

* 02/10/2014




W-helicity 1

CMS Preliminary, 4.6 fb" at /s =7TeV
I I 2] L B T LA L L B B IR
! ! qC; NN 7/, L . i ,
! ' > — s W diboson —
' : wer i ,
JHEP 10 (2013) 167 = E st Une =
. Vs, lumi 7 TeV, (full dataset) 5.0 fb-1 : - E
 Channels l+jets :

e Reweighting method 1

e Variable cosB* 1§ ; ; + ; , ...... ; - - ~ — ,_

e 3D fit (Signal normalisation F, Fo, Fo): BT08 08 0402 0 02 0408 0

cos()

T

Systematic Source +AF | =AF
Top QScale 0.027 | 0.051
. Nac (i; F) Naata (i) = Top Mass 0.016 | 0.003
LB =11 (N(mgi))! exp(—Nmc(i;F)) WZ QScale 0.013 | 0.026
e DY normalization 0.009 | 0.014
W normalization 0.000 | 0.002
. . ' SingleTopTW normalization | 0.002 | 0.008
Nmc(;F) = Ng(i;F) + Npxc(i) } JES 0.010 | 0.006
Ng(;F) = Fal ),  W(cosOg; F)] Pile-up 0.014 | 0.017
_ #eventshini _ . PDF 0.004 | 0.005
NpxG(i) = Npy(i) + Nwjets(i) + Nai—posons (¥) + Nsingte top(7)- Total 0.040 | 0.063

Table 2: Summary of the systematic uncertainties for combined channels.

* 02/10/2014




W-helicity

* Reweighting method
e Variable cos©*

: CMS PAS TOP-13-008

Vs, lumi 8 TeV, (full dataset) 19.6 fb-1 e 3D fit (Signal normalisation F, Fo, FL):
' Channels u+jets I T ——
Systematics + AFy | £ AF
JES 0.002 | <0.001
JER 0.004 | 0.003
Lepton eff. 0.001 | <0.001
b-tag eff. 0.001 | <0.001
Pileup <0.001 | 0.001
Single-t bkg. 0.002 | <0.001
DY+jets bkg. 0.001 | <0.001
W+jets bkg. 0.009 | <0.001
MC statistics 0.003 | 0.002

02/1072014

tt pr reweig.
ET"s® shape

0.004

0.018

Total syst.

0.023

0.024




Single Top Vtb 3
i _,_._.—-—__N

Theory ATLAS 4.6 fb'l | CMS 1.14 fb!
PRD 83 (2011) 1406.7844v1 JHEP12(2012) 035 7 TeV

ATLAS: |V, | = 1.02 £ 0.07 ¢ (t-chan) | 64.6+3.4pb | 68+8pb 67.2+ 6.1 pb
Ve .02 £ 0.
V| <1 = 0.88<|Vy|<=1 @95% C.L.

From Nadjieh’s talk

CMS: |V, |=1.020 * 0.049 c,c&“

r\’L
Vo| <1 = 092<|V,|<=1 @ 95% C.L. T S
Ve Ve @95% <° . t-channel

ATLAS-CONE-2014-007 (full dataset) 8 TeV
Vip| = 0.9775:9° ‘ Assuming m; = 172.5 GeV
8TeV (19.7 fb1
Wit Vel 5 Ve [V ( o~ Visl > Vial, Ve
b ’ d 2014)090
t ts t JHEP06(2014) B(I—>b+W): 1’
L — V. + 0. . o

|£¢Vip| = 0.998 + 0.038 (exp.) 4.1 % fioVin| = Vora /oo

+0.016 (th.)

%
D¢ PDG: 0.89 = 0.07

' 02/10/2014




Single Top Vtb (2) 13

From Nadjieh’s talk

. CMS, !
[V, |: 1.03 + 0.12(exp.) + 0.04(th.) (V| > Vsl [Veal) %g Phys. Rev. Lett. 112
3

Constrained |V | < 1: |V, | > 0.78 @95% C.L. 8 TeV, 12.2 fb"!

With [V, [5> Wecl, Vgl ATLAS-CONF-2013-100
IfEV,,|: 1.10 + 0.12(exp.) # 0.03(th.) 8 TeV, 20.3 fb’!

Constrained [f5]| =1: |V, | > 0.72 @95% C.L.

Wt-channel

. |f§th|: 1.06 +0.11 10.4 % LHC combined (Sep. 2014) - -
ATLAS-CONF-2014-052, SO LTSN

* Constrained |f5| =1 & CMS-PAS-TOP-14-009 8 TeV
Vil < 1t
V| > 0.79 @95% C.L.
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Single Top Vtb (3) }

From Manfredi’s talk

IV,,| > 0.84 at 95% C.L.

Vil > 0.92 at 95% CL

:-_ s '{\
+0.12 L
- IV, F=1.04"070

_ +0.06
IVmI =1.02 005

e T

— /| Posterior for IV, | < 1
sSN\Y; mF > 0.84 at 95% C.L.
IV,|>0.92 at 95% C.L.

lo .o - - -
D 00 . N A~ O
IIITII 1 II[II

Posterior probability density

-

© o
N A

.

<& L | Preliminary
n | l—/ 1)

-—

E Single top quark, Tevatron Run Il, Lim <9.7 fb"
- _. Posterior probability density distribution

02/1072014

T e ¥, N -
%02 02 06 08 1 1.2

CDF note 110

DO PLB 726, 656 (2013)
t+s channel

combination

. ———

Tevatron combination

IV, | >0.92 at 95% C.L.

|Veo| = 1.02 +0.06 o5 5.3 %

Fermilab-CONF-14-370-E




Measurements tty @ 8 TeV [
e |

Compact Muon Solenoid

CMS-PAS-TOP-13-011

Vs, lumi 8 TeV, 19.7 fb-1

Channels w+jets

Selection

preselection: 1 isolated central muon with pT > 26 GeV

24 jets with pT > 55, 45, 35, 20 GeV (21 b-tagged jet)

veto on extra leptons

Additional selection tty: 21 good central photon with ET>25 GeV
AR (photon, muon/jet) > 0.7

P _ -1 _ P _ -1 _
_CMS preliminary L=197fb"atVs=8TeV CMS preliminary L=19.7 fo" at {s=8 TeV CMS preliminary L=19.7 fo" at (s=8 TeV _ OMS preliminary L=19.7 fo"at \s=8Tev
e Data —— T —— T —— . Data
150— e Data — e Data - L
3 ! S-t.at' unf:ert. MC B Stat. uncert. MC | 3 Stat. uncert. MC 103 S_tgt. un‘cert. Me
10 g = :/tvmc‘ljustwe 5 B 1 inclusive 1 0 I 1 inclusive ? 1 3Vmc~llustlve
i = DY++ j:e?s E = CIW + Jets - CIW + Jets = = DY++ j;s
» I [ Single top 1 L I DY + Jets i I DY + Jets ] » [ Single top
S 10 B Signa) T 22 [ Single top 2 2 [ Single top S 3 B iy (Signal)
% Y (Sig i 5 - B tfy (Signal) T S 10 B iy (Signal) % 102 i iy gne
2 1 100— ] ° 3 <
2 10 T o B 7 S . e
N i %© - 1 B 10 ° 10
o . . L 4 . )
[} [0} 12
£ ERE- I 1 s £
=] - E E S
=z - =] 50— — S 3
1 ¥ =z L i z
10 1 1
; - 1 10
10 i ] 0
O — o o 1 .b
% s 2 = 2 % 1
g R % 1+ ﬂﬁ-}:_,.qﬁ-l-*wmmw w"‘_'_+++d~++ % 1 cD‘?s' N I
o o IR B RS RS Qo L. R ‘ L A 0.5 ‘ ‘ ‘ ‘
0 200 400 600 Q2 3 0 1 ) GO D) 4 6 8 10 0 2 4 6 8 10

E,/GeV

Charged hadron isolation / GeV




Measurements tty @ 8 TeV 1

CMS-PAS-TOP-13-011

Vs, lumi 8 TeV, 19.7 fb-1
Channels w+jets
Selection

preselection: 1 isolated central muon with pT > 26 GeV

24 jets with pT > 55, 45, 35, 20 GeV (21 b-tagged jet)

veto on extra leptons

Additional selection tty: 21 good central photon with ET>25 GeV
AR (photon, muon/jet) > 0.7

. sig
R = Jitr 1 _ R™ Nty 1
- 1 O €V1s o ev1s e'y Npresel Tl ; g = Ngresel / Npresel — 84 3 %,
/ \
_ presel _ sel vis _ > Q9L
ey = Ng& /NE. = 80.6 % = Ng +7/Nu v, =629%
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Measurements/Searches at 7 TeV

CMS

Phys. Rev. Lett. 110, 172002

Vs, lumi 7 TeV, 4.7 fb-1

7 TeV, 5.0 fb-1

Channels trilepton

trilepton + same-sign dilepton

o(ttz) < 0.71 pb

077 = 0.28721% (stat) F0-9 (syst) pb
significance=3.3 ¢

Results

@ 95% CL
2ISS

Events

02/10/2014

oy = 0437011 (stat) 7207 (syst) pb
significance=3.00

CMS L= 5.0fb'at \Js=7TeV

@® Data
[ ltfi+z
Cli+w
[ Z +jets
[ ltbz
O+
[ Diboson

|lIIIIIIIIIIIIIIIIIIIIIIIIIIII

f//// 7/

S
/.

aals

—

ttZ and ttW @ 7 TeV

| | | I I | | | | | I | | I |
Top pair associated production in lowest order
1000 grXiv:1309.1947 [hep-ex] ttz 3
N ttH
500f— o
_ tw"
E 200 ttw
b
100 =
Cross-sections 7 TeV @NLO: -
e o(ttZ)=0.137+0.012-0.016 pb ]
- o(ttV)=0.306+0.031-0.053 pb -
20 | I | I | I | I | I | I | I 1
7 8 9 10 11 12 13 14 15

J.M. Campbell and R.K. Ellis, JHEP 07 (2012) 052
M.V. Garzelli, A. Kardos, C.G. Papadopoulos, and Z. Trocsanyi, JHEP 11 (2012) 056
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easurements ttZ and ttw @ 8 TeV
— “—‘—_-N

Trilepton channel

Simulation
* Irreducible component: tqZ+tWZ (20% unc), ttH (12% unc)
e WZ (Sherpa with massive b,c quarks)

 Validated in CRWZ: mr (W) > 50 GeV

e Uncertainty: 20% + 10% (3j—4j) + 40% (2b)

Simulation
* Irreducible component: tbZ, ttH, ttW (50% unc)

Data driven
e Non-top quark component: WZ dominated (50% unc)

- Correction of 1.4 to WZ+HF from differences wrt Z+jets CR
* Misidentified-lepton component (main source: tt) (50% unc)

- Control sample: looser lepton requirements

- Weight events by the “tight-to-loose” ratio

Data driven
* Misidentified-lepton component (30% uncertainty)
- Control sample: relaxed lepton selection
- Efficiencies for real and fake leptons: events with 2
leptons and 1 btagged jet

— Backgrounds
## BG uncertainty

(pr and n dependent)

(D L T I T T 7T I T LI I LU I T L I T L I L I T L 19'5 fb.‘ (8 Tev)
g 16-ATLAS Preliminary ~SRZ ;fﬁ;‘ﬂ =12722 = | | - Observelcl
w 14:_J L=20.3 fb—1 \s=8TeV wz .Other_: [z

: - 5w

— W MisiD lepton ] [ Irreducible

C 7] [ Non-top-quark

- [ Misidentified lepton

2

[lllIIIIIIIIIIII]III]IIIIIIIIIII

Data/Pred
HPAN
BN
e
N

see  emm  pee - HEE Total  (uuu  (uwe  (ee)up  (ee)e
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asurements ttZ and ttW @ 8 TeV

Same-sign dllepton channel

. tzs’igzulation

e Irreducible component:
ttH, like-sign WW

Data driven

e Misidentified-lepton component
- similar to trilepton channel

e Mismeasured-charge component
- Negligible

Data driven
* Misidentified-lepton component (main source: tt and W+jets)
- similar to trilepton channel

* Mismeasured-charge component - 30 (15) % unc. for ee (ep)
- fail same-sign requirement

significance obs (exp) 3l+2uSS: 2 -
- weighting events by pT- and n-dependent probability for

ttZ:2.8 (3.4) S
- electron charge misassignment
ttW : 3.0 (2.3)
19.5fb" (8 TeV)
@ T R R A MR AR j% | | | | | |
c 30 - ATLAS Prellmlnary o Data iz c CMS -+ Observed ]
= u J‘ Biiw  @zz 3 o B 5w i
251 L=203f" \s=8TeV =gf, .tozther__ W 50 0 iz .
C . ] M wz .
20 WMisID lepton — [ Irreducible ] R R
2 ; 40 mvsneasweacase  Significance obs (exp) 3l
15 ] [ Misidentified lepton | -
] — Backgrounds — ttz . 2.3 (2-4)
#% BG uncertainty N o "
10 30 1 significance obs (exp) 2ISS:
5 i ttW: 1.6 (2.0)
20 ]
° 2F ' ' ' 3 !
o E 3 4
Dt 15 ?} ........................................... o /£ ....... = 10 —
S s / = :
E ¢ A z
D 0 5 g_, .......... + ......................... 1............................................................{ ..................................... -.g 0 [Frarr e
s smE S S S Total pfu* efut etet pu  ew ee
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easurements ttZ and ttW @ 8 TeV 3

e —

Opposite-sign dilepton channel Four lepton channel

Simulation

* ttrjets (tt and top pT correction) e ZZ (validated in ZZ-dominated region in data)

o Z+jets (pr(Z)-shape and Z+HF normalisation

correction) Data driven

e Misidentified-lepton component

1+2bjex 2bjex - ‘“track-to-lepton” ratio from 2 CRs with different HF content
3jex CONTROL REGION - define 2 sideband regions with 3 leptons in the two
aiex SIGNAL REGION btagging categorisations
- - # background events in signal region = sideband region *
2N “track-to-lepton” ratio
< 100 ATLAS Preliminary e - 19.5f0" (8 TeV)
P " [Ldt-20310" 1s=8Tev $osa Lo € [ cms I o Obeonved E
3 - OS dilepton Wi [ s L% Us 74 -]
D 80F=>5j, 2b .Z+jets lOther C I Irreducible ]
L > - [ zz .
i éTOI une. 6: 8 Misidentified leptons |
The Only — + 5__ — Backgrounds _:
- - #% BG uncertainty :
multivariate analysis! | &4 : .
y : ar significance obs (exp) 4l:
o : ttz : 2.2 (2.0
significance obs (exp) 210S: (2:0)
ttZ : 1.4 (1.5)
ttwW: 0.3 (0.4)

Data / Pred

21 0.8-0.6-04-02 0 02 04 06 08 1
NN output
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&

nts ttZ and ttW @ 8 TeV

Combination
Channels
Uncertainty Hizz Hew 20 3¢ 4
Source of uncertainty Uncertainty (%)
Detector 0.07 0.13 Modelling of trigger eff. 3 1 1
F Modeling o epion e, (D/isclatior) 4 6 8
Jet energy scale and resolution 4 5 4
0.03 - Identification of b jets 2 3 3
Signal modelling < 0.01 < 0.01 Pileup modelling 1 1 1
] Choice of parton distribution functions 1.5 1.5 15
Total systematics 010 024 Sgralmodel 5 5 5
Statistics +0.26-0.24 +0.49-0.43 Total 8 10 11
Total +0.29-0.26 +0.57-0.48
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