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__Ton-guark physics

Top Quark Production Cross Section Measurements Status: November 2018
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Top Quark Production Cross Section Measurements Status: November 2018
g | ATLAS Preliminary
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production modes ]
tt t tW t  ttw ttz tZj ttH .tW
4 t
a W
_ o(8TeV) =5.24+0.2pb
o(8TeV) = 84.7+33ph o(8TeV) = 22.4 + 1.5pb (8TeV)
o(13TeV) = 71.7 + 3.8pb 0(13TeV) = 10.3 + 0.4pb

o(13TeV) = 217.072:1pb
Cross-sections from LHCTopWG (calculated @NLO)
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec
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The single-top standard candle!
» Relatively large cross-section
» Good signal to background separation using MVA

Run: 267073

Event: 279124678
2015-06-05 02:24:03 CEST

Cross-section measurements
» Inclusive/fiducial/differential
» Constraint PDF (u/d-ratio)
» Tune MC generators
» Extraction of the IVl
» Witb anomalous couplings
» Top-quark mass

2 Cross-section measurements @8TeV (EPJC77(2017)531) and @13TeV
(JHEP04(2017)086)
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https://link.springer.com/article/10.1140/epjc/s10052-017-5061-9
https://link.springer.com/article/10.1007/JHEP04(2017)086

_ Single'tﬂ_l_]: channgl @BTﬂ“ arXiv:1702.02859

q q

@t-channel signature (single lepton decay):
» One isolated lepton
» Missing transverse momentum (Ermiss)
» Two high-pt jets (one forward and one b-tagged)

@Strategy:
» Define three independent regions:
* SR (2j1b), VR tt (3j2b), VR W+jets
* NN to enhance S/B 6000f aras /58 TeV, 202 b -
* Cross-section measured for ¢ and ¢ [ HER + Da -
» Maximum likelihood fit in SR

B it,Wit,tb
- W++jets
[ Z,VV+jets
Bl Multijet |
71/, Post-fit unc.

4000}

Events / 0.05

» Measurement performed in a fiducial volume
(stable particles selected close to the final selection)

Nsgg V

N, sel Lint

Ofid =
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https://arxiv.org/abs/1702.02859
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Fiducial cross-section

channel @8TeV

® Fiducial cross-section reduces syst.
uncertainties from PDF and MC generators

[

o iq(tq) = 9.78 £ 0.57 pb (5.8%)
o tia(tq) = 5.77 £ 0.45 pb (7.8%)

-

» Dominant systematic: JES, NLO matching
tt and lepton reconstruction efficiency

Inclusive cross-section

® Fiducial cross-section extrapolated to full
phase space to get the full cross-section

— Ntot
Otot, Ngg 9 fid
g 4.3 7.6
oot (tq) = 56.775 5 pb (T57%)
o1ot(tq) = 32.9757 pb (T53%)

R.Moles-Valls

arXiv:1702.02859

ATLAS Vs=8 TeV, 20.2 fb”
Measurement result —t—1
] stat. @ syst. unc. stat. unc. ;
Predicted fiducial cross-section with CT10: ;
scale ® PDF unc. [ PDF unc. !
POWHEG-BOX+PYTHIAG Sl
POWHEG-BOX+PYTHIA8 !
clf POWHEG-BOX+HERWIG -
| POWHEG-BOX+HERWIG7 —
MG5_aMC@NLO+HERWIG s !
MG5_aMC@NLO+HERWIG7 m—
7| POWHEG-BOX+PYTHIAG -
POWH EG-BOX+PYTHIA8 -
2 MG5_aMC @NLO+HERwWIG7 -
I L1 11 I L1 11 I 11 Il I 1 11 I
/7 8 9 10 11
Otig (tC]) [pb
ATLAS s=8 TeV, 20.2 fb™
Total cross-section: e Data
PowHEG-BOx+PYTHIAG | MO
POWHEG-BOX+PYTHIA8 = ZZZ.:JiZ’ 2
PoOwHEG-Box+HERWIG | B <o ©FOF © o, unc,
POWHEG-Box+HERWIG7
MG5_aMC@NLO+HERWIG | —— RO s
MG5_aMC@NLO+HERWIG7  +— B scale unc.
POWHEG-BOX+PYTHIAG scale &POF & a, unc.
E POWHEG-BOX+PYTHIA8 |  NNLO
MG5_aMC@NLO+HERWIG7 g
DE]- I scale ® PDF @ o unc.
0 55 60 65 70

Oyt (tQ) [PD]



https://arxiv.org/abs/1702.02859

__Single-top-quark production: t-channel @8813TeV oo

Ratio Rt
AL I B LA B B N
top-quark t-channel top-anti-quark t-channel ATLAS \s=8 TeV, 20.2 fb’
Measurement result i ¢
[stat. @ syst. stat. :

Predictions calculated in 5FS:
scale @ PDF + o unc.

ABM (5 flav.)
ATLAS epWZ12

CT14
HERAPDF 2.0
ot (£q) [ ] JR14 (VF)
R; = — — 1. - U.
: Tot(7q) Rt 1.72 = 0.09 MMHT2014
R R NNPDF 3.0 : o
T N A W RN 2
Rt
CKM matrix element V¢
» Using the total cross-section
¥ meas. Vool = 1.029 & 0.048
| fivVin| = : |fov - Vip| = 1.029 £ 0.

fuv form factor encapsulates O-theo .

effects from new physics

2 Results @13TeV using 3.2fb-1 JHEP04(2017)086 (18-20% uncertainty)
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https://arxiv.org/abs/1702.02859
https://link.springer.com/article/10.1007/JHEP04(2017)086
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channgl @BTﬂ“ arXiv:1702.02859

® Differential cross-section measured as a function of:
» p1(t) and ly(t)l for top and antitop at parton/particle level
» p1()), ly(j)! for the forward jet at particle level
(NN without njused here)

@ B DT t f r N N > . |1I_—1 T T T T | T T T T | T T T T
Cutto output> 0.8 > 1F ATLAS [s=8 TeV, 20.2 fb!
0 tq particle-level ® Data
— T /\!N.Olﬁlt'O,Ut.af.teI: BDT QUt. —r O — POWHEG-BOX+PYTHIAG
5 E ATLAS (5=8 TeV, 20.2 fb" 1 < 107
R o |0
— i = g _ -8 =
—_ tt, Wt,tb _ O 1n-2L
> "g 60'- [ W+jets © 10 ¥
O~ - [ [0 Z,VV+iets
.8- 40 Il Multijet = 3
i [_]Post-fit unc. 1 0—3 L | | i
20 -
© 1.5F -
0 © :
sl 1.2 ' ' Q =
© e 1 s Sl SRR A amenaaanay g —— * --------- @) -
Qe 0.8 . : > :
0 100 500 300 O.5F-- POWHEG-BOX+HERWIG - MG5_aMC@NLO+HERWIG
p,(ivb) [GeV] 0) 100 200 300

. . p_(1) [GeV]
good agreement with NLO predictions T
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https://arxiv.org/abs/1702.02859

Xiv:1702.08309

jolarisation & anomalous coupling$
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® The SM predicts highly polarised tops in the direction of spectator quark
P(t) = 0.91 and P(t) = -0.86 (NLO)

® Polarisation observables can be extracted from angular asymmetries
~ N(cosf >0)—N(cost <0)

Arp = N(cos@ > 0) + N(cos@ < 0) 7(2)
Asymmetry Angular observable  Polarisation observable = SM prediction
ALy cos O JaeP 0.45
A cos Oy cos 6} 3P (Fgr +FL) 0.10
Ars cos 4 2(S3) =2 (Fr - FL) -0.23 -
Agc cos b 3 KT =3 -3F) 020 ;
AL, cos 67 HS1) 0.34 ET )
AgB cos 912' — % (S7) 0 l
ALY cos g} cos ¢, ~2(Ay) -0.14
Ag]’f cos , cos ¢y %(Az) 0

@ Strategy:
» Same three independent regions: SR (2j1b), CR tt (3j2b), CR W+jets
» Cut-based to enhance S/B
» Maximum likelihood fit to get normalisation factors
» Unfolded distributions @parton level

R.Moles-Valls 9


https://arxiv.org/abs/1702.08309

Events

Xiv:1702.08309

__Single-top-guark: polarisation & anomalous couplings

15000"HQI'D'at'alzcln'zlll”I”lll”I'”I'A":LIAISHI”I‘ 1 1 | 1 1 | 1 1 T 1 T 1 T
. w1 .
! - \s=8TeV,20.2fb" |
[ =tV_tV He Signal region 1 ATLAS
- W+jet§ _
100001 B v Zries - \s =8 TeV, 20.2 fb’ oo Al
- Y7 Stat.+Multijet unc. 1 FB
. @ tw
5000 Are
— @ — AFB
0 @+ Agc
g3 1.051
Sl& .95 H@+) AI:B
1 08 06 04 -02 0 02 04 06 08 1
_ _ cosb, )+ @—+— Al
» Dominant systematic: + SM oredicti
tt modelling, JES and MC statistics — e - o tp’e ! r't°f‘ t ANt
— Stat. uncertain
: Y T.o
— Total uncertainty Arg
| | | | | | | | l | | | |

0 0.2 0.4 0.6
Angular asymmetry
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https://arxiv.org/abs/1702.08309

__Single-top-guark: polarisation & anomalous couplings: 2zoinoi7

® New physics affecting the production or decay of the top quark can be
parameterized with a set of effective couplings (VL r and gL R):
g rioctq,

-Eeff = —%E‘yﬂ (VLPL + VRPR) IW; - \/ib — (gLPL -+ gRPR) tW; + h.c.

® Normalised triple-differential (6, 8", ¢’) decay rate of top-quarks:

P, 1 dN 1 (3 2 »
6,6",¢":P) = — - —I°a | 1 + Pcos6)(1 + cosg")
0(0.6",8"P) = ———~ (4”)2{4 ] ¢ X )
Helicity amplitudes (Aww) from the 4 g 'A—l ' 2 (1= PcosO)(1 - cos 9*)2
t—= Wb transition(dependence on g - )
anomalous couplings) y 2 (IA | (1 =Peose) +|a,_,| 1+ Peos 9)) sin? 6"
- : . 3 \/— i *
From the helicity amplitudes, five - TP sin@sing (1 + cos 9" JRele Al’% A0 |
physics parameters can be 32 -
constructed, representing three - —2— PsinOsin@ (1 - cos 9" )Re|e —ig A—l,— 1 AB _1 I }
amplitude fractions and two .
1 2 k
phases. Observables: ”
= - a . 9’ G*o i ’
CYE{fl,f{I_,ﬁ;_,(5+,5_,P} LZ__(:){Z(;MZ: klm AJ( ¢)

R.Moles-Valls 11


https://arxiv.org/abs/1702.08309
https://link.springer.com/article/10.1007/JHEP12(2017)017

EP12(2017)017
__Single-top-quark: polarisation & anomalous coupling$§®'*

® The generalised helicity fractions, phases and polarisation are determined
simultaneously, including all correlations

@ Interpretation in terms of anomalous couplings WV, VR, gr and gL

—_.0.5: R I AL B IR IR — 02— g
< 0.45F ATLAS X BestFit 4 < - ATLAS % Best Fit ]
=2 - (s=8TeV,20.2 10" e SM g 0.15F Vs =8TeV, 20.2 fb™ e SM =
04 mes%CL | = f M 68%CL -
0.35}- 95% CL — 0.1 95% CL -
0.3 = 0.05[- =
0.25 = : -
0.2E _i 0:— E
015 1 -0.05[ E
0.1 = : -
0.05 = -0 E

— e L 1 = 015_ [ O N T TN TN U A TN T A U O N N A oo e aa Lo by a [_-

0.3 0.4 0.5 0.6 502 0.5 0.1 =005 0 005 01 015 0.2

VAV Re[g /V,]
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https://arxiv.org/abs/1702.08309
https://link.springer.com/article/10.1007/JHEP12(2017)017
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roduction: tW associated production

Second largest cross-section
» Decent signal to background separation using MVA
» Suffering from tt huge background

ATLAS

N 7Y

I -~z H/'; j‘\‘ s
EXPERIMENT RNE
- \ *s 1 5{ 7

Cross-section measurements
» Inclusive/fiducial/differential
» Extraction of the 1Vl
» Tune MC generators
» Study tW-tt interference

EEEEE : 1220033035
15-11-01 02:30:55 CEST

tW-channel candidate @ |3TeV

2 Cross-section measurements @8TeV (JHEP01(2016)064) and @13TeV
(JHEP(2018)2018:63, EPJC78(2018)186, arXiv:1806.04667)
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https://link.springer.com/article/10.1007/JHEP01(2016)064
https://link.springer.com/article/10.1007/JHEP01(2018)063
https://epjc.epj.org/articles/epjc/abs/2018/03/10052_2018_Article_5649/10052_2018_Article_5649.html
https://arxiv.org/abs/1806.04667

__Single-top-yuark production: tW @8TeV

JHEPO1(2016)064

® tW-channel signature (dilepton decay):

» Two opposite charged isolated leptons (ee,uu,eu)

» Missing transverse momentum (Ermiss)
» One central high-pt jet (b-tagged jet)

@ Strategy:
»Define five independent regions:
* SR (1j1b), CR tt (2j1-2b), VR (1-2j0b)
» BDT to enhance S/B
» Maximum likelihood fit in SR & CR

owe = 23.0 £ 1.3(stat) 732 (sys) £ 1.1(lumi) |(17%)
| Vip |=1.01 £ 0.10

Events / 0.05

»Dominant syst. uncertainties:
ISR/FSR, JES/JER, data statistics

Data/Pred.

R.Moles-Valls
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$ 1- -jet 1-tag Bt (80%)
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¢ ; 7 Uncertainty
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01 02 03 04

BDT Response
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https://arxiv.org/abs/1510.03752
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roduction: tW @13TeV

JHEP(2018)2018:63, EPJC78(2018)186

Inclusive (3.2fb-!)

® Using similar strategy as @8TeV

® Dominant syst. uncertainties:
JES(21%), JER (9%), ME (18%), PS(7%)

Differential (36fb-!)

@ Strategy:
» Defined SR as 1j1b (S:B=1:5)

» BDT to enhance S/B
° BDToutput> 0.3 (SB=1 2)

» Unfolded distributions @patrticle level:
* E(b), m(l1b), m(l2b)
- E(lib), m(llb), mr(llvvb)

» Main uncertainties:
- tW and tt modelling
« statistics

R.Moles-Valls

(relative uncertainty of 30%)

09000 ATLAS 4: Data

b w

tt

b Z+jets
' Others

“ 6000
5000

BDT > 0.3

4000

3000
2000
1000

g 1‘5;- I ] T'otlallsy'st.'urllc.I
% 1M e S S
2 ey e PR ¥ At
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https://link.springer.com/article/10.1007/JHEP01(2018)063
https://epjc.epj.org/articles/epjc/abs/2018/03/10052_2018_Article_5649/10052_2018_Article_5649.html

EPJC78(2018)186
S|ngle-tnn guark production: tilW @13TeV A —

- o L — L L B L B B L B L BRI LI B
E . ] {s=13 TeV, 36.1 b’ Total uncertainty | O - [s=13 TeV. 36.1 fo Total uncertainty 1
Q —— Powheg+Pythiaé (DR = - ’ , -
I i g+Pythiab (DR) | § 0,006 —— Powheg+Pythia6 (DR)
I 1 E —
s Bt 1 3 :
= o.oos? T —  x 0004r ~
il | i = - :
i T | 0.002— ~
- . — — -]
co b b b b b b b b by _..‘..|....|....| IIIIIIIIIIIIIIIIII Y ]
2~ T — TR
A P°Wheg+Pyth'aG (DR) """" Powheg+Pythia6 (DS) J F Powheg+Pyth|a6 (DR) ------- Powheg+Pythia6 (DS) -
. 1.5 — 1 5:_ =
BE  F L1 4 Pl B ]
Ao 1E = &’8 = L — f
0.5 — 050 ]
) L ML Y - [T -
- — aMC@NLO+Herwig++ Powheg+Herwig++ 3 - aMC@NLO+Herwig++ Powheg+Herwig++ 1
o 1.5 - T — ]
B E = oFE P L 5
oo 1C - DtD 1: :
0.5:— . 0_5:_ E

50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500 600 700 800 900 1000
E(b) [GeV] m(¢¢b) [GeV]

Overall good modelling

® Small differences in RadLo/RadHi, DR/DS.
® PW+HW-++ disfavoured in some bins
@ Negative on the slope of the ratio — MC tends to be softer than data
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https://link.springer.com/article/10.1007/JHEP01(2018)063
https://epjc.epj.org/articles/epjc/abs/2018/03/10052_2018_Article_5649/10052_2018_Article_5649.html
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® tlW and top-quark pair processes interfere beyond LO:

singly resonance e doubly resonance

same final
state!
(WWbb)

Ao |2=‘ A |2 + | Awwp ‘2 +2Re{ A7 - Awwn }
ik

What do we know about this interference? -
Different approaches to handle it @NLO (DR,DS,DR2. o
Large impact on specific regions @high pT ,

-

More information in C.Herwig talk this afternoon
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https://arxiv.org/abs/1806.04667

__Single-top-guark production: tW-tt interference @13TeV

arXiv:1806.04667

® New approach to test interference models in place
» Discriminant to exploit the differences between m(bW):
» tt (doubly resonance) m(bW) ~ miop
» tWhb (singly resonance) one pair is off from miep

tW production
one (b,l) pair from the top

® Discriminant: My
» Signal: tWb+ tt in dilepton events :
» Lepton used as a proxy for the W: m(IW)

min{max{m(b1l1),m(b2l2),max{m(b1l2),m(b2l1)}

minimax
My

More information in C.Herwig talk this afternoon —

R.Moles-Valls 18


https://arxiv.org/abs/1806.04667
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roduction: tW-tt interierence @13TeV

arXiv:1806.04667

® Final discriminant at reconstructed level and unfolded @patrticle level

Events / GeV

Prediction/Data

» More tW events in the tail

» Prediction for both tW interference schemes (DR and

| T T
¢ Data

10*=ATLAS
= (5=13 TeV, 36.1 fb” I%NFEES)
~ Signal region L] -
I MisID
10° = -} Total (DR)
2|
10
e
e

100 200

o

300

) shown
| T T T T | —] ;‘ i T T T T | T T T T | T T T T | T T T T i
Dtyv (DR) — (b) MM -, | Data, stat. uncertainty
tht ot 3 (\5 1072 = [ ]Full uncertainty E
L] OJtr#\eerS i A - oy * Powheg+Pythia8 I'vivbb :
[ S B wy % Powheg+Pythia8 tt+tW (DR) 7
Total (DS) —= = - : o -
= bl E . 3 ¢ Powheg+Pythia8 tt+tW (DS)
] © EED1O_ = - A MG5_aMC+Pythia8 tt+tW (DR2) =
| o f % .
E —[O B > i
E = x‘t*; =
N Ll .
Unfolded to particle level ATLAS ) x |
* tWbh+it signal Vs=13 TeV, 36.1 b P 4 i
® back. subtracted pp — ['Tbb+X E
| | | | | | | | | | | | | 1 | | | ]
] © 2r —]
= 3 : I
—f g 1__ .......... ﬂ““*ﬁ’ﬁ&*x}x}x ...... Sﬁ'g, .............. # ................. }__
] 8 B &‘ A i ’A ’*A ‘A i } i
= CED B A i
I = 0 L L I L
400 0 100 200 300 400

mg;inimax [GeV]

More information in C.Herwig talk this afternoon
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https://arxiv.org/abs/1806.04667
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Challenging measurement @LHC

> A lot of effort to separate signal from backgrounds
» Backgrounds increase more than signal with higher Vs

Run: 206962 N
Event: 66606799 Q\ ATLA
2012-07-14 11:35:35 CEST - S

Q

1 EXPERIMENT
http://atlas.ch

Cross-section measurements
» Inclusive
» Extraction of the [Vl
» Aiming for observation

pt=64GeV =

S s-chanpelicandidate @ 8TeV

2 Cross-section analysis @8TeV (PLB756(2016)228—246)

R.Moles-Valls 20


https://www.sciencedirect.com/science/article/pii/S037026931600188X
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-(:Ilan}__n_el @BTe“ Phys. Lett. B (2016) 228-246

® s-channel signhature (single lepton decay):
» Single isolated lepton (e, 1)
» Missing transverse momentum (Ermiss)
» Two central high-prjets (two b-tagged jets)

5 ATLAS ° Dat: |
S-channhe
@ St rate . L'>J \s=8 TeV, 20.3 fb-1 B t-channel — 9Y%
gy " Wit ’
Signal region = o

»Define five independent regions: i 1000
SR (2j2b), CR W+jets (2j2b(loose)), VR tt (4j2b)
» ME to enhance S/B

ZiasiP(X|5i)
ZiasiP(X|Si) + Zj O!BJ.'P(X|B]') |

[ W+jets %
S/B~4.6% [ Z+jets, dgoLgr{

Bl Multi-jet
7777, Post-fit uncertainty

500

.
N
»
.
A
°

N
N
R | | | | | | | | | | |

P(S|X) =

probability of measured event (X) to be a signal event S _ 0 ] ]

. . - N 2 | e L

» Maximum likelihood fit in SR & CR Q 1.0%/4%/(%&%%%%%%%%%%{%%
B o09F | | | , :

0.0002 0.0018 0.058 0.102 0.187 1

P(SIX)
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http://www.sciencedirect.com/science/article/pii/S037026931600188X
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Events

150

100

50

-50

0.0002

.L :'cnaLLL‘el @aTe“ Phys. Lett. B (2016) 228-246

! |
: e Data - background

: I:I s-channel
B % Post-fit bkg. uncertainty

|

|
ATLAS

s =8 TeV, 20.3 fb”
Signal region

N
NN

NN

II.

N
—e
— N

0.0018  0.058

0.102

Discovery!!

R.Moles-Valls

® Dominant systematics:
» MC statistics (~12%)
» JER (~12%)
» t-channel generator (11%)

22


http://www.sciencedirect.com/science/article/pii/S037026931600188X

Inclusive cross-section [pb]

—
(@)
(V)

10

__Cross-section

ATLAS+CMS combination ongoing

~ Single top-quark production
| September 2018

[ ATLAS+CMS Preliminary " ATLAStchamnel
LHCtOpWG JHEP 04 (2017)086

® CMS t-channel
JHEP 12(2012)035, JHEP 06 (2014) 090,
PLB 772 (2017) 752

ATLAS tW
PLB 716 (2012) 142, JHEP 01(2016) 064,
JHEP 01(2018)063

O CMStw
PRL 110(2013)022003, PRL 112(2014) 231802,
arXiv:1805.07399

*  LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

A ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756 (2016)228

Y CMS s-channel
v JHEP 09 (2016) 027 95% CL
7+8 TeV combined fit 95% CL

NNLO PpLs 736 (2014)58

scale uncertainty

n—— === NLO +NNLL PrD83(2011)091503,
PRD 82 (2010) 054018, PRD 81(2010) 054028
tW: tf contribution removed
scale ® PDF @ o uncertainty

= NLO NPPS205 (201010, CPC191(2015)74
w=w=m

top”
CT10nlo, MSTW2008nlo, NNPDF2.3nlo
tw: p: veto for tf removal =60 GeV and w= 65GeV

scale uncertainty

scale ® PDF @ o, uncertainty

Myg,=172.5GeV

13

Vs [TeV]

s s o
ATLAS+CMS Preliminary 1 v, |= V% from single top quark production May 2018
LHCtopWG theo
Oineo- NLO+NNLL MSTW2008nnlo
PRD 83 §2011g 091503, PRD 82 (2010) 054018,
PRD 81 (2010) 054028 ————
AGy ., Scale @ PDF total theo
Myp = 172.5 GeV
If V! = (meas) = (theo)
t-channel:
ATLAS 7 TeV' —— 1.02 + 0.06 + 0.02
PRD 90 (2014) 112006 (4.59 fb™') :
ATLAS 8 TeV ” E 1.028 = 0.042 = 0.024
EPJC 77 (2017) 531 (20.2fb™") H+H
CMS 7 TeV [P 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 combination 7+8 TeV HeH 0.998 =+ 0.038 = 0.016
JHEP 06 (2014) 090 :
CMS 13 TeV? F—to+— 1.05 + 0.07 = 0.02
PLB 772 (2017) 752 (2.3fb™") :
ATLAS 13 TeV*® F—t—] 1.07 + 0.09 + 0.02
JHEP 04 (2017) 086 (3.2 fb™")
Wt: ;
ATLAS 7 TeV 1 | . | 1.03 012 £ 0.03
PLB 716 (2012) 142 (2.05fb™") : -0
CMS 7 TeV } | ot I 1.01+016 +008
PRL 110 (2013) 022003 (4.9 fb™") : -0.13 -0.04
ATLAS 8 TeV 1 —t-—— 1.01+0.10 = 0.03
JHEP 01 (2016) 064 (20.3 fb™") :
CMS 8 TeV' ; —teo—+— 1.03 + 0.12 + 0.04
PRL 112 (2014) 231802 (12.2fb™) :
LHC combination 8 TeV Hciopwa ———] 1.02 = 0.08 = 0.04
ATLAS-CONF-2016-023, i
CMS-PAS-TOP-15-019 :
ATLAS 13 TeV* I : . | 1.14:024:0.04
EPJC 78 (2018) 186 (3.2f0™") i
s-channel: :
ATLAS 8 TeV' : . | 0.93" 7%+ 0.04
PLB 756 (2016) 228 (20.3 fb™") : -0
! including top-quark mass uncertainty
? Oyo: NLO PDFALHC11
NPPS205 (2010) 10, CPC191 (2015) 74
including beam energy uncertainty
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
If V!

Cross-section and If.yVwl results from all three single top-quark
production processes are in agreement with the SM predictions
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tuction: rarer processes

Top Quark Production Cross Section Measurements

Status: November 2018

ﬁ I ATLAS Preliminary
b 10° F Run 1,2 vs = 7,8,13 TeV
S [ = |
=Om.
102 |
E o n

4|

Rare processes as tZq

Theory
LHC pp Vs=7 TeV

BB Data 45-46M!

LHC pp Vs =8 TeV

A Data 20.2-20.3fb!

LHC pp Vs =13 TeV

BBl  Data 32-798f!

t twW t

t-chan

ttW  ttZ

s-chan

Cross-section measurements
» Observation of these processes
» Inclusive/differential cross-section
» Study t+V coupling

R.Moles-Valls

tZj ttH tty
fid. £+jets
7

Sl L L L L R

| I | I |

Top pair and single top cross sections

e/ with and without accompanying Z

10 t{

5 t (t—channel)
10 t (t—channel)
10*

t+Z is much rarer than t-channel:
o Otq ~ 1000*01qz @13TeV oz
t+Z (t—channel)
t+Z (t—channel)
10?
101||||1|||||1|||||||
7 8 9 10 11 12 13 14 15 16
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roduction: rarer processes

]
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Top Quark Production Cross Section Measurements Status: November 2018
g | ATLAS Preliminary
e Theory
b 10° Foe Run 1,2 Vs = 7,8,13 TeV E
E LHC pp Vs=7 TeV ]
Data 4.5-4.6fb™!
. - N o
o LHC pp Vs =8 TeV
PP Vs=
2 -
10 ~ xm - Bl Data 20.2-203fb
N LHC pp Vs =13 TeV
' BBl  Data 32-798f!
A

B
Rare processes as tZq ]
t tW t W ttZz tZj ttH @ty
t-chan s-chan fid. £+jets
7

10‘|||||||||||||||||
Top pair and single top cross sections

10° with and without accompanying Z
tt

5 t (t—channel)
10 t (t—channel)

NI RS ‘
rgf(ﬁd onsS.

Otq~ 1000%01z @13TeV g

/'—' t+Z (t—channel)
¥ % t+Z (t—channel)

to CMS for the observation! 0.l 11111y

7 8 9 10 11 12 13 14 15 16
Vs[TeV]
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® tZq signhature (multi-lepton channel):
» Three isolated lepton (eee, eep, UM, HHUW)
» Missing transverse energy (Etmiss)
» Two high-pt jets (one forward and one b-tagged)

@ Strategy: — —
»Define 3 independent regions:
* SR (2j1b), , VR/CR tt
» NN to enhance S/B

» Maximum likelihood fit in SR S s T T T R
~ ~ ) tZq ]
Table 1: Overview of the requirements applied for selecting events in the signal, validation and control regions. ..g 40— \s=13TeV,36.1 " B tt+tW .
Common selections o —  Signal Region Z+jets .
AT - Diboson -
Exactly 3 leptons with || < 2.5 and p > 15GeV 30— B TVt H+tWZ—
pr(€)) > 28 GeV, pr(f,) > 25GeV, p(f;) > 15GeV 2 Uncertainty
mp(fy,v) > 20GeV 3
SR Diboson VR / CR tt VR tt CR 10 —:
> 1 OSSF pair > 1 OSSF pair > 1 OSSF pair > 1 OSDF pair » _ E
2 jets, || < 4.5 1 jet, In| < 4.5 2 jets, || < 4.5 2 jets, || < 4.5 g 1.5 R } T
1 b_jet, |7’| < 2.5 o 1 b_jet, |77| < 2.5 1 b_jet, |77| < 25 a 0 g ........ ’ .......... + .......... ‘ X KIHN * .................... ’ .......... + .......... + .......... + .......... + .............
— VR/CR: my(£y,,v) > 20/60 GeV — — I
cDU 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
In()|
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3000 WL B D D L L L L L L.

§ 5_ ATLAS —E =
£ 2500 Vs=13TeV,36.1fb" -:?frw = - 1
OCJ - Diboson Validation Region Z+jets - g ‘[.§= 1~3 T,eV' 36'? fb
u>J 2000:_ Diboson = :>j tt Validation Region e
15003—. - Uncortaty —z -fjr:’c;‘;:;g"’z
Validation regions a3 E
500 —
5 g
5 S
a '8
= P B B L B L L BN UL BN BN BB
2 ATLAS e Data ]
80 {s=13TeV, 36.1 fb" iZq =
= B it+tW i
. .- ] 5 . .
Obs. significance 4.20: 4 Z+jets -
Diboson ]
B tTV+tTH+tWZ
30 - Uncertainty . —
[O'tzq = 600 + 170(stat.) + 140(syst.)fb] -
20 —
orzq = 800 fb + 6.1% — 7.4%(theory) { o
10 - "'\\‘\’\\\4\\%\\\ S
Dominant systematics: tZq radiation _.———————
o) N
N ——
S T \ ; ...... + ...... % ...... + .........
5 1; .................... L2 b ‘}' {' ........... SRR S S % ......
a [ b b b e b b b b L
00 01 02 03 04 05 06 07 08 0.9 1

NN
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2 An what else? FCNC

Top Quark Production Cross Section Measurements s
g | ATLAS Preliminary
_ T Theory
b 10 o Run 1,2 vs=7,8,13 TeV
E LHC pp Vs
_ Data
I o
o= LHC pp Vs =8 TeV
.l pp Vs=8Te
10 ® = n A Data 20.2 - 20.3fb"!
A P Ve=
. _ Data

10! 3

é B
5 I FCNC
tt t tW t ttW ttz tZj ttH .tfy
® FCNC can be studied in single-top processes
Y
u,c b C t
Al C
t n
v %% 6
p {4 N Z
FCNC tH FCNC ty b FCNC tg FCNC tZ

2 Searches @8TeV (EPJC76(2016)55)

R.Moles-Valls
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-016-3876-4
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t—Hc
t—Hu
t—yc
t—yu
t—gc
t—gu
t—Zc

t—Zu

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
LHCtOpWG [1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035
September 2018 [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7]1 JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017
all ther processes are zero Mooy rediions - =SM [ 12HDM(FV) EEl2HDM(FC)
from arXiv:1311.2028 [ IMssM[]rPV Clrs
” / = = [1]
= - @ =
—e 1]
— @ B
=~ —e 4
: —e 4]
D — [5]
-9 6]
~—@ (9]
—e 6]
S e g
N\ —@ [8]
NS Y 77 H [7]
T N R R N EON MY RN R s v T Marw .S BT
1071° 107" 1071° 0’ 107 107

® Run 2 analyses:
» Improve the current limits and covered all processes
» New analysis should combine signal in production and decay

R.Moles-Valls
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T _ - tW differential @13TeV
2 Limitations of the current analyses: 2 —
'(_;U - ?ILA‘IS3 TeV. 36.1 fb'1 —— Total uncertainty .
- . L VS = ev,36.1fb Total syst. .
t-channel fiducial @8TeV RPN I St ucetainty  _]
: . - (F, - (7 c — Jet energy scale
Source Ao hd(tq)q/ oha(tq) Ao nd(fq)CT [ oa(fq) = - - energz eI
[%] [%] o T R — tW model ]
Data statistics +1.7 +25 = i —— tt model ]
Monte Carlo statistics + 1.0 + 1.4 % 0.4 = s T Other syst. N
Background normalisation <0.5 < 0.5 o - B
Background modelling +1.0 +1.6 o) 5 -
Lepton reconstruction +2.1 +2.5 0.2 frmaimho —
Jet reconstraction +12 +15 ‘ o .
Jet energy Scale - 31 + 36 :j_----- e g g g
Flavour tagging +15 +1.8 - _l
Emiss modelling £ 11 + 16 WORK 00 900 500 100 500
b/b tagging efficiency +0.9 +0.9 IN
PDF £13 £22 PROGRESS E(b) [GeV]
tq (fg) NLO matching £0.5 <05 Al tW differential @13TeV
tq (t_q) parton shower + 1.1 + 0.8 Type +Ac /o [%]
tq (tg) scale variations +2.0 + 1.7 Data statistics y:
f NLO matching £2.] 43 <
tt parton shower +0.8 +2.5 MC statistics 12
tf scale variations <05 <05 Jet energy resolution 12 «
Luminosity +19 +19 t-channel generator choice 11
b-tagging 8
Total systematic +5.6 +73 s-channel generator scale 7
Total (stat. + syst.) +5.8 +7.8 W +jets normalization 6
Luminosity 5
t-channel normalization 5
— . . Jet energy scale 5
® tt and signal modelling PDF 3
>~ Lepton identification 2
® MC Sta“St'CS Electron energy scale 1
tt generator choice 1
® J E S / J E R Lepton trigger 1
. Charm tagging 1
® background modelling Other <1
Total 34
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tq tw tb tZ ty tWZ tH rarer processes

cross?s:ction ’é ’/é .,é oé

""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

Fiducial cross- :‘é ’/‘é
section | |

Differential % %
cross-section

study ; : : : Interesting analyses
interference — ;\é ongoing and plenty of new
processes 5 | | | possibilities

.......................................................................................................................

move to higher
pT regime?

v
Increase complexity
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CMS @ 13TeV

CMS Preliminary

35.9 fb™ (13 TeV)

CMS
1.65 + 0.02 (stat) = 0.04 (syst)

NNPDF3.0
NNPDF3.1
CT14
ABMP16
MMHT2014

HERAPDF2.0

14 145 15 155 16

I:{z‘-ch

1.75 1.8

. = t-ch., t / Gt-ch_

1

ATLAS @ 13TeV

LI L | I LI B )
ATLAS
Measurement result

| stat. @ syst.

ABM (5 flav.)
ATLAS epWZ12
CT14
HERAPDF 2.0
JR14 (VF)
MMHT2014
NNPDF 3.0

2 1.3

1.4

stat.

*

T
\s=13 TeV, 3.2 fb™




Single-top-gquark production: tChannel systematics

Source Aca(tq) [ oha(tq)  Aca(tq) / oha(tq)
[%] [%]
Data statistics + 1.7 + 2.5
Monte Carlo statistics + 1.0 + 1.4
Background normalisation < 0.5 < 0.5
Background modelling + 1.0 + 1.6
Lepton reconstruction + 2.1 + 2.5
Jet reconstruction + 1.2 + 1.5
Jet energy scale + 3.1 + 3.6
Flavour tagging + 1.5 + 1.8
E™s* modelling + 1.1 +1.6
b/b tagging efficiency + 0.9 + 0.9
PDF + 1.3 + 2.2
tq (tg) NLO matching + 0.5 < 0.5
tq (1q) parton shower + 1.1 + 0.8
tq (tq) scale variations + 2.0 + 1.7
tt NLO matching + 2.1 +4.3
tt parton shower + 0.8 + 2.5
tt scale variations <0.5 <0.5
Luminosity + 1.9 + 1.9
Total systematic + 5.6 +7.3

Total (stat. + syst.) + 5.8 + 7.8




Single-top-guark production: tChannel from C.Escobar

Quadruple-differential (6, ¢, 8%, ¢*) decay rate of (polarised) top quarks using single top quark events.
* Simultaneously constrain of the full space of generalised helicity fractions and phases + 3 top-quark polarisation

components (transverse polarisation components introduced in PRD89 (2014) 114009).

1 dr
[ dQdQ*

9 1
6472 N
[2|a01|2s1n20*+ |a_1_%|2(1 —)\cosﬁ*)2] ( P-i )

+A2V2 [Re(a0 10, ée_i"")(l + Acos %)

{[|a1;|2(1+/\0089*) +2]ag_1[*sin® 9]( + P )

. . Finite series of orthonormal M-functions
+ Re(a_l -1 a; _1 e )(1 — Acos 9*)] sin 0" P - Uy Where the M-functions are based on
’ the Wigner D functions

+A2V2 [Im( 0l *l‘ée“i"")(l + Acos ™)
+ Im(a_,_1a* e (1 — /\cos9*)] sin§* P - '&,’N} = Z 92 NI

2 0—3 m'm-""m’'m
Jijam/m l

Angular coefficients to be determined

» Angular coefficients related to various asymmetries and with W boson spin observables (PRD93 (2016) 011301)
(as in JHEP 12 (2017) 017).

* Allows to produce MC samples with pure polarisation components.
* Interpretation in terms of either anomalous couplings or EFT with no assumptions on any parameter.



Single-top-quark production: tW systematics

Relative uncertainty

[— 1 I I I 1 1 I 1 I 1 I 1 1 I I 1 1 I —
- ATLAS y —— Total uncertainty 7
. Vs=13TeV,36.1fb" - Total syst. i
I PET D Stat. uncertainty |
—— Jet energy scale
1= Jet energy resolution
- e tW model -
. —— tt model -
N TE L Other syst. |
os-~ [ —
I
0 #vwv:wuv:wvwivuwulvl --l----l-- l | 1 1 I 1 1 1 I 1 | 1
200 400 600 800 100N

my(£¢vvb) [GeV

Relative uncertainty

O
o

O
~

O
\V)

e I L e

- ATLAS —— Total uncertainty 7
- Vs=13TeV,36.1 10" Total syst. .
I Stat. uncertainty —
B —— Jet energy scale ]

----- Jet energy resolution
I N tW model 7]
B —— tt model .
-1 | | e Other syst. —
e S e |
100 200 300 400 500

E(b) [GeV]



__Interference:tWandtt
® The NLO corrections to the LO tW amplltude

A \2:| Az ‘2 + | Ao |2 +2Re{ A7 - Arwo }

interference

® Different alternative used to handle the interference @NLO

= Diagram Removal (DR):
e removes all tt diagram contributions (proportional to |Awnl?)
e neglect interference effects, not gauge invariant
Note: reference for every

= Diagram Subtraction (DS): scheme will be added
e removes resonant tt contributions, gauge invariant
e includes interference

= Diagram Removal 2 (DR2):
e removes tt LO contribution (recent approach)
e proportional to |Awnl2 + 2Re{A" +Atwb}

= 4lbb (Ivivbb):
e implemented in PowHeg, no narrow-width approximation
e interference is automatically handled

R.Moles-Valls
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Single-top-quark production: s-channel systematics

Type +Ao0 /o [%]
Data statistics 16

MC statistics 12
Jet energy resolution 12
t-channel generator choice 1
b-tagging

s-channel generator scale
W+jets normalization
Luminosity

t-channel normalization
Jet energy scale

PDF

Lepton identification
Electron energy scale

tt generator choice
Lepton trigger

Charm tagging

Other

Total

Pt ek ek ek = DN WD NN QN ] OO =

A

W
N

Table 2: Main statistical and systematic uncertainties contributing to the total uncertainty of the measured cross-
section. The relative uncertainties reflect the influence of each systematic effect on the overall signal strength
uncertainty. Apart from possible correlations between the systematic uncertainties, the total uncertainty contains
several minor contributions which are all smaller than 1%.



from I.Cioara

Event Selection "\

o — q s

/
Common selections w ;%'t
/

exactly 3 leptons with || < 2.5 and p > 15 GeV o__

pr(€)) > 28GeV, pr(£y) > 25GeV, pr(€s) > 15GeV o
pr(et) > 30 GeV v
my(€y, v) > 20 GeV

b
SR ‘ Diboson VR / CR ff VR i CR
> 1 OSSF Pair > 1 OSSF Pair > 1 OSSF Pair > 1 OSOF Pair
Impp, —m,| < 10GeV Img,p — m,| < 10GeV |mgp —m,| > 10GeV —
=2 jets, [n| < 4.5 =1 jet, |n| < 4.5 =2 jets, |p| < 4.5 =2 jets, |p| < 4.5
=1 b-jet, |p| < 2.5 — =1 b-jet, [n| < 2.5 =1 b-jet, |p| < 2.5
o ) VR/CR: my(€y, v) > 20/60 GeV — —

tZq

0 tt+tW

o Z+jets

® ttV+ttH+tWZ
Diboson

> &

.




Diboson

Use mr(W) distribution to determine scale factor

Events / 20 GeV

Data/MC

Uncertainty on scale factor from:

1000

800

600

400

200

Before scaling

~ ATLAS Internal
— (s=13TeV, 36.1 fb"

All MC

zqg P«
Z+jets Diboson
1j Control Region

B twzH

Use for
scale factor

Illllllll

. 0 40

m{lET*)[GeV]

variation of the requirement on mr(W)

difference in SR between Sherpa and

Powheg normalisations.

Events / 20 GeV

Data/MC

1000

800

400

from I.Cioara

After scaling |

Internal —— AlIMC
{s=13TeV, 36.1 fb"
1j Validation Region

12q

tt

Z+jets fakes

Diboson
e ttWZH

llllllllllllllllllll

20 40 60 80 100 120 140 160 180 200 220 240

my(1,ET"**)[GeV]

SF:1.56+0.4
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Estimating the tt background

Events / 15 GeV

Data/MC

Derive data/MC scale factor in a tt enriched region
and apply it to the signal region

22E" ATLAS Internal +osta  Sauuc
= . rd t
18E- (s =13 TeV, 36.1 fb"' « 0
Z+jets Diboson
thar Comr Regon . HWZH

/- ttfake leptons control region definition’

1 OSOF lepton pair (no OSSF pair allowed)
all other cuts identical to the SR
region is tt dominated (~80%) with no Z+jets

IIIHIIIIIIllllllllllllllll"lll

00% 2040 60 ‘8(v) 100 120 140 160 180 200 L Contamlnation J
p,(5)[GeV]
Uncertainty on scale factor: "
' . . N, ata Nyic
variation of the my requirement S Fgata/Mc = —— e

Nitc
statistical uncertainty of the sample

SF: 1.21 + 0.51
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Z+jets fake background estimation

data-driven method using fake factor

method 3 real leptons
: (all tight)

separate factors derived for events

with a fake muon and electron 2 tight +

contributions with three real lepton ''0°%¢

pbackgrounds subtractea

~ake Factor§
Region :

Signal
Region

Control
Region

MW
/. Number of events with 3 tight leptons in fake factor region

Number of events with exactly 1 loose-not-tight lepton

F = / in fake factor region

(Mo

loose/ —

Number of Z+|ets estimated
events in the SR

\» Number of events with exactly1 loose-not-tight lepton in

control region
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Z+|ets Estimation

Fake factors are derived in bins of pr of the lepton not
associated to the Z boson

36.9 + 3.0

Total number of Z+jets events:
Different sources of uncertainties investigated:
MC closure test
statistical uncertainties
change in diboson contribution

Final assigned uncertainty, covering all these effects: 40%



