C JGEORG-AUGUST—UNIVERSITAT
A GOTTINGEN

Studies of tt+V in ATLAS

Maria Moreno Llacer, for ATLAS collaboration

2nd Institute of Physics, Georg-August-Universitit Goéttingen

21/9/16 Maria Moreno Llacer — Studies of tt+V in ATLAS



& @ Ei IR o cent tt+V/(y/Z/W) analyses in ATLAS

tt+y @ 7 TeV (4.6 tb'!) : Phys. Rev. D 91, 072007 (2015)
-> first observation of tt+y, presented in TOP2015
tt+y @ 8 and 13 TeV: working on it ©

tt+Z/W @ 8 TeV (20.3 fb-") : JHEP 11 (2015) 172
—> observation of tt+V, presented in TOP2015
tt+Z/W @13 TeV
- 2015 dataset (3.2 fb1)
Moriond2016 preliminary result: ATLAS-CONF-2016-003
Final (NEW) results: arXiv:1609.01599 (submitted to EPJC)
- 2016 dataset: working on it ©
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* Motivation to study tfZ and ttW processes
« Experimental signatures
» Analyses and main backgrounds
* Review ATLAS Run 1 results
 Cross section measurement at 13 TeV
« 2uuSS, 3l and 4l channels
« combined fit
 Conclusions/Outlook
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ttZ and ttW are rare SM processes, predicted at NLO QCD

ttZ: directly sensitive to neutral current top coupling

ttW: source of same-sign leptons, sensitive to new couplings,
background for new physics searches with SS leptons

ttZ (ISR and FSR) ttW (ISR)
_ t q t
Z g w
(g t g t g t )
. £ ‘ 5 f 7 ! J

The tZ vertex allows the measurement of weak neutral current
n CSM . CSM) _ ) ) _
vH( vV 5L 4 interaction of the top quark =» weak isospin T,

CoM = T3 — 2Q,sin?(Ow) cxM =17

- Cross-sections can be modified by new physics
- Important irreducible background for ttH(multilep), VLQ, SUSY, etc.
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. @J comem tt+Z/W signatures

» Depending on decay mode of tt and Z/W: 0-4 leptons in final state

ttZ tt-> dilepton tt-> I+jets tt-> all-had. 74 _
ecay modes:
Z-2 4] + 2j(2b) 3l + 4j(2b) 2| (OS) + 6j(2b) | BR(Z— ee/uu/r7): 0.10

BR(Z— wv): 0.20
Z>vv,Z=2jj | 21 (0S) + =22j(=2b) 11 + 24j(=2b) O + 26j(22b) | BR(Z— jj): 0.70

W lv 31 + 2j(2b) 21 (OS or SS) + 4j(2b) 11 + 6j(2b)
W-jj 21 (0S) + 22j(=2b) 11 + 24j(22b) 0l + 6j(=2b)

Experimental analyses focus on 21 OS or SS, 3l and 4| channels with e and/or .

» Channels further split according to lepton flavour/charges, # jets, etc.
- either to disentangle {tW and ttZ or to do separate optimization to enhance signal sensitivity

Opposite-sign Same-sign _ ‘
PP - ) Trilepton (3L) Tetralepton (4L)
dilepton (2L OS) dilepton (2L SS)
different same ) )
ee el L W enriched Z enriched DF =

flavor (DF flavor (SF

tf— £+ tt — £t tf— £+ tf — £+E— tf — ¢ Z — £t Z — £t
LW =i+t or Z — £t LW =t W —= £ A tt —+ DF tt — SF
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. @J o Main backgrounds

* Sample statistics, S/B ratio and dominant backgrounds vary across different channels

OS dilepton diff. (same) flavour small S/B = 3 jets, 21 b-tag tt (Z) dileptonic decay
SS dilepton  ee, eu (un) targets ttW =2 b-tags charge mis-ID (fake leptons)
Trilepton ttZ (ttW) enriched small sample size, =1 b-tag leptonic decay WZ, rare SM
good S/B (fake leptons)
Tetralepton  tt> same (diff.) very small sample  1-2 OSSF pairs leptonic decay ZZ (rare SM)
flavour size, excellent S/B

€ur

_9 AN '<:etw

b

non-prompt £ (from tt)
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tt+Z/W ATLAS Run 1 results

GOTTINGEN
— 600 T T T T T T T T T T 1T T T 17T T T T T — 2
5 CATLAS BT T T ] o(ttZ) =176 +>?_j4(stat) £24(syst) fb
5 B ——— ATLAS 68% CL ] G(ttW)=369 +86_79 (Stat) i44(SySt) fb
= 500__\E -8TeV, 203 fb==% ATLAS 959% L ]
§ - = NLO prediction* ] | Uncertainty T (i) |
S 400l === = 555 WTheoryuncertainty - Luminosity 3.2% 4.6%
(&) L e ES=EE W Theory uncertainty |
N B ] i Reconstructed objects 3.7% 7.4%
N Bl ] Backgrounds from simulation 5.8% 8.0%
300— .;%5 ] Fake leptons and charge misID 7.5% 3.0%
Signal modelling 1.8% 4.5%
Total systematic 12% 13%
i | Statistical +24% | -21%  +30% | —27%
100 ] | Total +27% | ~24%  +33% | —29% |
- EEEE T - —> Statistical uncertainty dominates.
~ * Madgraph5_aMC@NLO calculation . . .
_I 11 1 | 1 11 1 :-.-.--.-.- | | 11 1 | I 11 1 l 11 1 1 | 1 I_ -
0} e - I:j/lalllp sys;ebmal’ilc uncgrtalnty source:
ttW cross section [fb] modeliing of backgrounds.
ttW significance tt Z significance ttw ttZ
Channel | Expected Observed | Expected Observed Significance Significance
208 0.4 0.1 1.4 1.1 Channels | Expected | Observed Channels | Expected | Observed
2(SS 2.8 5.0 - - 0s 1.8 2.1
SS 3.4 49
3¢ 1.4 1.0 3.7 33 3¢ 4.6 5.1
4t ) ) 20 ‘ 3¢ 1.0 0 2 - ‘
Combined |32 [ 30 ) 43 ssea | 35 |((48 )| osiaieae| 57
—>First observation of tt+V processes (ATLAS & CMS with 8 TeV data)
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U cormncen t+Z/W @ 13 TeV

Cross section ratios 13 TeV / 8 TeV o(pb) 8TeV 13 TeV 13/8
sy—39 ttZ | 02061 | 0.839(+x12%)S5 3.7
40 - -
3.0 ?3 y B 0.2152
3.0 - 4 25 [ b N
o 10 20 20 22 22 BN N | tw | 0232° | 0.601(x13%)° | 24
20 -+ 17 L7 S 8 8§ E | N N 1 B S 0.203 4 2.8
w0 N i { | B e EEEE | ttH | 0129 0.5085 3.9
0.0 + ;I ;I - §| : £ 3[ i ‘)I SI l: ‘)I sl I ;l 3 i‘l : ﬁ ;I ’ tt ~250 pb ~830 3.3
& £ &SR LR
£ A §§’°f s RS & 'ttZ on-shell >from Higgs Yellow
T T T" T 2t+Il (on+off shell)  Report 4, u=my+m,,/2
3u=mg+m,,/2 (ATLAS)
‘u=m, (CMS)
1tW significance ttZ significance
Channel | Expected Observed | Expected Observed
2¢0S 0.4 0.1 1.4 1.1
* First 13 TeV results (2015 data, 3.2 fb-1)| | 2(SS 2.8 5.0 - -
» Check of SM in new energy regime 3¢ 1.4 1.0 3.7 3.3
 Similar to 8 TeV analysis 4t - - 2.0 2.4
» Only the most sensitive channels used | Combined 3.2 5.0 4.5 4.2

21/9/16 Maria Moreno Llacer — Studies of tt+V in ATLAS




tt+Z/W @ 13 TeV: strategy

2 jets
No E; s Cut 2SS-VR 3€-noZ-VR
’ 3 jets 3€-noZ-2b
2 jets = 0 b-tags
low Eyss 4€-ZZ-CR
3jets 3€-WZ-CR 38-Z-2b3j Z window
24 jets 38-Z-1b4j 38-Z-2b4j 1 b-tag 48-SF-1b  4€-DF-1b

22 b-tags 4€-SF-2b  4€-DF-2b
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tt+Z/W @ 13 TeV: strategy
4SS 1btag 22bags

Consider 3 channels according to # of leptons NO Eq e, CUL 2uSS-VR

T,miss SS-S
Define signal regions (SRs) for the 3 channels o= 2uSS-SR

- depending on the number of jets and b-jets ----

2 jets
Define two control regions (C_:Rs? e HWZ: -
to extract WZ and ZZ normalisations J CR Z-2b3;
>4 jets 3eZ-1b4j ;‘;41.

Define validation regions (VRs)

to check fake lepton estimate (not included in the fit) . 3enozZ 1btag  >2btags

] e ] 2 jets 38-nozZ-
Combined profile likelihood fit to SRs & CRs 3 jets VR 3€-noz-
- cut-and-count analysis 4ot g
jets

- extract u(ttZ), u(ttWw),

and WZ and ZZ normalisation factors 4  SF DF
= 0 b-tags
low Eq e 4€-ZZ-CR
Z window

1 b-tag 4¢-SF-1b  4€-DF-1b

2 2 b-tags 48-SF-2b  4€-DF-2b
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. @J e Final state objects

The reconstruction of tt+V final state objects (electrons, muons, jets, b-tagging and Eq ;)
requires information from all the ATLAS subdetectors
= A proper/precise understanding of the detector (and pile-up conditions) is required.

Single electron and muon triggers

Jets

[Electrons / Muons | AT i

pr>7 GeV, |n|<2.47/2.4 , “ |pr> 25 GeV, [n|< 2.5

ID: LH-based / combined pile-up rejection criteria

IP cuts: |dg|/o(dg) < 5/ 3 s

|z, sinf] < 0.5 mm o

Isolation: PJ?ES. g

» Track: p;,<0.06 in cone of size — o

min(10GeVir, ) with r, ,=0.2,0.3 va/CZ_O’ 77% eff. _WP /

- Calo: E;,,,<0.06 in cone r,=0.2 - light/c-jet rejection: 130/4.5
Overlap removal MISSIng
« Electrons sharing a track with a muon are removed transverse energy

* Closest jet within AR<0.2 of an electron is removed
* If nearest jet within AR<0.4, electron is discarded

* Muon removed if nearest jet within AR<0.4
« if jet has <3 tracks then jet is removed and muon is kept
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e Sensitive to ttW q M\i
e

e Signature: 2luu, 4 jets (2 from b-quarks) '
e Main background: fake leptons (from ttbar) =
estimated from data-driven technique: matrix method
- define control region with looser lepton requirements to derive
real and fake lepton efficiencies as function of the electron/muon p+
- select dileptonic (ee, uu and eu) events with OS or SS
- classify events into N, N ,N. 1, N |

T

% _I T | TTT | TTT | T | TTT | TTT | TTT | T |_I T | TT I_

- build likelihood functions O | ATLAS o Data 2015 [tz i
poissonian constraints on observed N; N 12 s=13Tev, 327" MW Bwz

2 - Fake lepton VR zz 1 Other 4

_ m mn . VY S - 7 inty |

L = HIJ l_[m PO(NU |MU (rl., f;., ”j’ j:})”lj) o 10~ Fake leptons %Uncertanty_—
e Event selection - 2uSS-VR
same sign yu pair with p:>25 GeV, veto add. leptons - Prefit .
22 b-jetS, ET,mISS>4O GeV, HT(IeptonS+jets)>14O GeV 6__ __
2uSS  1bdtag 22bdags £ 1

NO ET,miss CUt 2MSS'VR M : ® :

Ermiss CUt 2uSS-SR ol o

i -
0III|III|III|III|\II|III|II|II

e Validation region for fakes with relaxed cuts:

p;2"9>20 GeV, 21 b-tagged jet, no MET requirement 0 20 40 60 80 100 120 140 16§mis1j?g \2/;)0
T e
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9 An— " q oy 30Z Obtag 1btag 22btags

b é 2 jets
Y
q’ w- 3'e'WZ' 3'e'

—— a0 ep O 3RS ep Z-2b3]
v
. . 3e-
W >t 24 jets 3€-Z-1b4j Z-2b4j

e Four signal regions: three sensitive to ttZ and one to ttW

Variable | 3¢-Z-1b4j | 30-Z-2b3j | 3¢-Z-2b4j | 3(-n0Z-2b ___

Leading lepton pr > 25GeV 2 jets 3€-noZ-
. VR 3¢-noZ-
Other leptons pt > 20GeV 3jets
2b
Sum of lepton charges +1 ) Fraiks
Z-like OSSF pair Imee — myz| < 10GeV mee — myz| > 10GeV J
Njets >4 3 >4 >2and <4
Np—jets 1 Z 2 Z 2 Z 2
v
_ W+ ‘ &
e Control region for WZ LW,\/\/\P//\\’ AL
. . . -
WZ+jets CR with 0 b-jets (3€-WZ-CR) and prompt leptons z <:§L
in order to check that 31 WZ events are described by MC
o | 3 hosagr
e Validation regions for fakes (from ttbar and Z+jets): II ~
3€-Z-VR and 3€-noZ-VR 3
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3l: control and validation regions

3 jets i . . 3¢-noZ-
J CR Z-2b3j 3 jets VR
2b
: 3¢- 4 jets
24 jets 3€-Z-1b4j .
J 1 \z-2b4;j
% 30 __l 1T | LI I T 1T I LI | T 17T I T T l__ "g 22_ I I I —_ g 30_ I I I ]
1) [ ATLAS e Data2015 [z 19 - ATLAS e Data2015 [tz i1 - ATLAS e Data2015 [z -
z  s=13Tev, 321" Mdw Bwz 1" b s=13Tev, 321" Maw Bwz = L” - Vs=13Tev, 321" [ldw Bwz ]
2 25 3L-WZ-CR zz Pother — c 3L-Z-VR 7z [ other 1 o5l 3L-noZ-VR zz Pother ]
(0] - - L —

AT - Fake leptons %Uncertainty- 18: 3e Z VR Fake leptons 7/ Uncertainty- i Fake leptons %Uncertainty:
i ] 16 OC-L- : B ]
20/ 38-WZ-CR - : . 1 L 3€-noZ-VR:
i . i 14 Preflt - i p . -
I Prefit ] - % . § 7 Prefit 1
- ] 120 % = i §
: ] % /) . 151 -
7/ - 10 2 L _
7 10~ ///// ]
] i Zyy, /

—] 5_
0 L1 s e 0 | 0 | I ]

20 30 40 50 60 70 80 0 1 2 3 0 1 2 3

Third lepton P, [GeV]

- CR to constrain WZ normalisation.

21/9/16

Number of electrons Number of electrons

—>Data and background prediction
are in good agreement.
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3l signal regions sensitive to ttZ (19 events observed)
Signal normalised to SM expectation

i N n
§ 20— ATLAS| | [ Data|2015 .tle Eg 20:— ATLAS | ® Data 201|5 .th
U gL s=13Tev 320" Mliw Mwz YL s=13Tev 20" Mliw Mwz
- 3L-Z 7z I Other - 3L-Z 7z 1 Other
16 Fake leptons 7// Uncertaint 16 - Fake leptons 7/ Uncertaint
14 . 14
Prefit /%/ Prefit
12 12

21/9/16

10

I|III|III|III|III|III|III|I

IIIIIIIlIlIIIlllllIIl|lII|IIlTIlI|IlII

3 4 5 6 >/
Number of jets

10
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e Smallest branching ratio, high purity
e Main background: diboson (ZZ), Higgs, fake leptons (ttbar and Z+jets)
from MC and corrected
with factors derived
in dedicated CR

e Four signal regions

4 leptons = 2 OS lepton pairs (being at least 1 pair OSSF named Z,)
Remaining pair (from ttbar) might be SF or DF - define Z, leptons
p1's>25 GeV, m(Z,),m(Z,)>10 GeV

4 SRs: depending on Z, leptons flavour and # b-jets

Pr34 (= P13 +P74) Ccuts in 1 b-tag regions

46DF-1b  e*F > 35 GeV - - 1 > 0 b-tags
46DE2b  exF i ] ] >2 low Eyee ~ 4€-ZZ-CR
: - Z window
P > 10 GeV > 40 GeV
ACSEIb et > 25 GeV { <10 GV >80 GeV 1 b-tag 4e-SF-1b  4€-DF-1b
' V - ' > 2 Db- -SF- -DF-
. { > 10 Ge . 2b-tags ~ 4€-SF-2b  4€-DF-2b
<10 GeV > 40 GeV

e Control region for ZZ (4¢-ZZ-CR)
Two OSSF lepton pairs with [mz; — m,|<10GeV and [mz, — m,|<10 GeV, and E; ;<40 GeV
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\AZ | Gommnen 4|: ZZ control and signal regions

> B T T | T T | T 17T | T T | T T | T T ] _'(Q : | :
S 20 ATLAS ® Data 2015 7z - & 9 ATLAS ® Data 2015 [z —
% 18: /s =13 TeV, 3.2 fb™ Fake leptons 7 Uncertainty] - - (s=13Tev,3.2f0" [ltw Hwz -
g - 4L-7Z-CR . 8 aL 7z Other
w46 | 72 Fake leptons 7/ Uncertainty]
- 40-Z2Z-CR = L . . ]
o Prefit ] - 4] signal regions (5 events) :
- . s Signal normalised to SM expectation -
12F- - - Prefit ]
B . Sr E
10— 77 ] - ]
N ¢ ] = ]
8 % % ] - .
[ N | ] 3 ¢ -
6 Z * ] - .
- — 2 —
— L 3 ) ® —
‘It Z ]
ol / % ] 1
- 7 | 272
0_ RSN I s T 0 0 s s IR 0 |
75 80 85 90 95 100 105 1 22
m,, [GeV] Number of b-tagged jets
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AP GOTTINGEN Cross section measurement

Simultaneous binned profile likelihood fit L(4,08) to all analysis regions (S+B hypothesis)

l reg bins( j)
[1Sii + b)) : F A%
LPozs H H an J exp (—(IUJS?;j + bij)) with n = 0_5:]‘\//[
tt

- parameter of interest: signal strength py,; and Py
- nuisance parameters 6,: systematic uncertainties )
- include CRs to constrain WZ and ZZ backgrounds ~ Uncertainty Otz  Ottw

(floating normalisation factors correlated across ch.) Luminosity 2015 data (unc. 2.5%) 2.6%  3.1%

Reconstructed objects 8.3% 9.3%
Je_tSZ i.nC|Ud_eS unc. related to pile-up  Backgrounds from simulation  5.3% 3.1%
rejection criteria (JVT), dominant Fake leptons and charge misID  3.0% 21%
Fakes derived using matrix-method:  Total systematic 11%  22%
large uncertainties Statistical 31%  48%]
Total 32%  53%
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AF! coTmncen Cross section measurement

g 3 I I I I I I I I ]
o 10°=" ATLAS ® Data2015 [tz =
. - {s=13TeV, 320" Bw Bz :
B zz " other i
jo2 Fake leptons %Uncertainty_

10

107"

| |
SL- l/l/z Zz

“U-Ss L“Z~2b4/4‘2~ 7b4jL

SLopnp> s Hogr H-pp 4L
o Zgb&,/ ”OZ e SF- 15 SF-2p "OF. 1 0F 5

ttZ and ttW simultaneous cross section measurement (9 SRs + 2CRs)
WZ norm 1.11 £ 0.30
ZZ norm 0.94 £ 0.17
w(ttZ) = 1.10 £ 0.37 —s| ottZ) = 0.92 * 0.29 (stat) + 0.10 (syst) pb

w(ttW) = 2.49 + 1.32 —>| o(ttW) = 1.50 £ 0.72 (stat) £ 0.33 (syst) pb

21/9/16 Maria Moreno Llacer — Studies of tt+V in ATLAS




G Cormmgen o EEIAT Cross section measurement

1.5
ttZ signal significance | ttW signal significance

Expected Observed Expected Observed
3.4 3.9 1.0 2.2

) L B B L L B B L LI IR
& - ATLAS *  ATLAS best fit -
5 N — ATLAS 68% CL ’
T 25— Vs=13TeV, 3.2 ' ATLAS 95% CL —
ATLAS, 2015 data, 3.2 fo- . 2ty aneertinty ]
O(ttZ) =0.92 £0.29 (Stat) +0.10 (SySt) pb 8 2 tW theory uncertainty |
o(ttW)=1.50 +0.72 (stat) £0.33 (syst) pb = )

E'IIII‘I~,L\IIII|IIII

. : 0.5
using asymptotic formulae

.
-
-
e
------
-------

O_LJ_]_]J%III|ll|||Il|IIIIIIIlllllllllllllllll
0O 05 1 15 2 25 3 35 4
CMS, 2016 data, 12.9 fo'!, CMS PAS TOP-16-017 W cross section [pb]
o(ttZ) =0.70 *91° ;5 (stat) 014 5 ;,(syst) pb
o(ttW)=0.98 7023y ,, (stat) *022 15(syst) pb
Channel Expected significance | Observed significanc
2lss am?;;g (&) xpecte 25.16@ == = ;;gmﬁ i SM predictions (Higgs Yellow Report 4):
30 analysis (ttZ) 54 3.8 o(ttZ) = 0.839 (+-12%) pb
4( analysis (ttZ) 2.4 2.8 o(ttW) = 0.600 (+-13%) pb
37 and 47 combined (ttZ) 5.8 16
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- Measurement of tt+X (X= W/Z) cross-section allows probing t-Z couplings

- New measurement of ttZ and ttW cross-sections at 13 TeV using 2015 ATLAS dataset
has been presented
- The results are very similar to the preliminary ones released for Moriond 2016
- Fake lepton estimation important piece:
« data-driven (matrix method) or correcting simulation (fake factors)
» validated in different regions
- Result dominated by statistical uncertainty and are compatible with SM prediction

o(ttZ) =0.92 * 0.29 (stat) + 0.10 (syst) pb
o(ttW)=1.50 £ 0.72 (stat) £ 0.33 (syst) pb

- 2016 dataset (more than 25 fb-) currently being analysed - unique opportunity!!
Further studies: EFT interpretation, fakes estimation, adding more channels, improving S/B
separation including MVA or reconstruction techniques, differential XS measurements, ...
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BACK-UP
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I cormmeen ttZ and ttW signatures

ttZ tw
9 A —_7, 9 <,

b b
q’ slelele] q
v
W+ enw
31 | most sensitive 3]
AL >
=b

]

w+ el

41 SS | most sensitive
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@ GOTTINGEN onte Carlo samples
MC sample (ME+PS) Normalisation

(higher order
theoretical
prediction)

tt+Il on+off shell MGS_aMC (LO mutileg)+Pythia8 (NpO+Np1) NLO

ttZ(qq,nn) MGS_aMC (LO mutileg)+Pythia8 (NpO+Np1+Np2) NLO

ttw MG5 aMC (LO mutileg)+Pythia8 (NpO+Np1+Np2) NLO

tZ (s+t ch.) MGS_aMC (LO)+Pythiab NLO

twz MG5_aMC (NLO)+Pythia8 NLO

ttWww MG5_aMC (LO) +Pythia8 NLO

ttH MG5_aMC (NLO)+Pythia8 NLO

Other Higgs prod. Powheg (NLO)+Pythia8 NNLO(+NNLL) QCD
and NLO EW

tt Powheg (NLO)+Pythia6 NNLO+NNLL

Single top Powheg (NLO)+Pythia6 aNNLO

Z+jets Sherpa ME+PS@NLO NLO

Dibosons for ZZ & WW: NpO,1T@NLO + Np2,3@LO

For WZ: NpO@NLO + Np1,2,3@LO
Tribosons Sherpa LO (NpO+Np1+Np2) LO
VBS Sherpa LO NpO+Np1)
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Signal (ttZ and ttW) modelling
MGS aMC@NLO+Pythia8 (A14 tune) multileg samples (ttV <1extra partons, ttW <2p)

using u=H; and PDF set NNPDF2.3LO.
—> systematic uncertainties: alternative MC generator (Sherpa), scale choice and tune variations

Irreducible backgrounds

« tZ: MG5_aMC@NLO+Py6, CTEQG6L1, Perugia2012, 4 FS

« tWZ: MG5_aMC@NLO+Py8, NNPDF3.0NLO, A14, 5FS, diagram removal (tt2)

 ttH: MG5_aMC@NLO+Py8, NNPDF3.0NLO, A14, 5FS

* VH: Py8, AZNLO tune; other Higgs: Powheg-Box v2 + Py8

* triboson VVV — 3¢ (LO) Sherpa 2.1, CT10, <2 extra partons; VBS ({1 £+ vvjj) Sherpa 2.1
» 3 or 4 top quarks: MG5_aMC@NLO+Py8, NNPDF2.3LO, A14

Data-driven backgrounds: modelling
* Dibosons: Sherpa 2.1: 44, 2{+2v with <1 extra parton and 3{+1v with no extra parton
- WZ and ZZ normalisations are obtained from the fit to data including the CRs

* Processes with 2 opposite-sign leptons (or less, i.e. non-prompt: leptons):
tt, Wt: Powheg-Box v2+Py6
Z/\W+jets: Sherpa 2.1

—>fake leptons determined with data driven methods

W& /T /| GEORG-AUGUST-UNIVERSITAT
3 @J GOTIINGEN Monte Carlo samples
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A cormmoen A tt+X cross-section

Process XS [fb] scale pdf alpha_S XS(ttZ) = 0.839 ( +-12% ) pb
ttZ 8393 +96%-11.3% 2.8% 12.8% XS(ttW) = 0.601 (+-1 3%) pb
ttW+ 3976 +12.7% -11.4% +2.0% 12.6%

ttW- 203.2 +133% -11.7% +2.1% +2.9% using fixed scale (mt + mv/2)

ttW- + ttW+ 600.8 +12.9% -11.5% +2.0% +2.7%

ﬁ ~ itv, tiH production at pp colliders at NLO in QCD
o central Mo=H =R MSTW 2008 NLO PDFs (68% )
910°E P, fr) > 20 GeV
o f
B @) ttV, ftH production at pp colliders at LO
10 _ = u, =, =, , MSTW2008 LO PDFs
= 3 — fr)> 20 GaV
5 E OEB o P
2

111 I| IIII II|

HadGraphi_aMCaNLC
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GEORG-AUGUST-UNIVERSITAT
@J GOTTINGEN tt+Y @ 7 TeV

“Observation of top-quark pair production in association with a photon and measurement of
the tt+y production cross section in pp collisions at 7 TeV using the ATLAS detector”

e Process not established before (15t evidence reported by CDF) Phys. Rev. D 91, 072007
e Direct probing of t-y coupling, BSM sensitivity (composite/excited top)

e Analysis performed in single lepton channel (more statistics)

e Events with 1 photon selected: y radiation not from ty vertex (e.g. Wy, ly or qy vertex)
suppressed by rejecting events with y too close to leptons or jets

“ ' t ~ ) [ \HI { ‘ [ B .
- W - W @- - Q{
-, ., ,
. - "

e Events with fake photon(s) should be removed/subtracted:
hadron fake (jet> vy): by exploiting the discrimination power of y isolation
egamma fake (e y): by estimating e - y fake rate with Tag & Probe method

e Prompt y backgrounds (minor: W, Z, single top, diboson) estimated from MC or data-driven
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/) C' J GOTTINGEN tt+Y @ 7 Tev

e Signal sample generated with MadGraph and WHIZARD

e Prompt and non-prompt gamma contributions estimated from data-driven template fit
using the track isolation as discriminating variable.

> e LT
8 102 = | ATLAS ) En*lioga(tzgannel E
Contribution Electron chan. | Muon chan. Total % = Kaiidd f Ldt=4591 B+ background -
Signal 52 + 14 100 £ 28 152+31 4o ¢ e neartainty from fit
Hadrons 38 £+ 26 55 £ 38 93 £+ 46 108 « E
Prompt photons 41 + 5 65 +9 106 £+ 10 - = & -
Total background 79 + 26 120 £ 39 | 199 £ 47 - X
Total 131 £ 30 220 = 48 | 351 £ 59 e >
Data candidates 140 222 362 -
. 10-1_”|||||||||||||I|||§|I|||I|||I|||I|||
e Cross section per lepton flavor flavor measured to be 0 2 4 6 8 10 12 14 16 18 20
Oy, X BR = 63 +- 8(stat.)*7_;5(syst.) +-1(lumi.) fb Py [GeV]
in a fiducial region Uncertainty source Uncertainty [%)
o (Y/l/J) > 20/20/25 GeV Bacsl'{groauéd terlni)latfl shapes 22
: ignal template shapes .
TI(Y/I/J) >2.37/2.5/2.5 Signal modeling 8.4
AR(Y, J) > 0.5 and AR(Y, |) >0.7 Photon modeling 8.8
Consistent with NLO calculation: 48 + 10 fb. Lepton modeling 2.5
Signal significance of 5.3 Jez ?Odéllng 186-26
. : . . -tagging .
Systematics dominated by jet modelling Ei modeling 0.9
Luminosity 1.8
Background contributions 7.7
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Region t+ X Bosons Fake leptons  Total bkg. ttWw ttZ Data
30-WZ-CR 0.52+0.13 26.9+2.2 22+1.8 29.5+2.8 0.01540.004 0.80+0.13 33
40-77-CR < 0.001 39.51+2.6 1.84+0.6 41.2+2.7 < 0.001 0.026 £0.007 39

2u-SS 0.944+0.08 0.12+£0.05 1.564+1.3 25+1.3 2.32+0.33 0.704+0.10 9
30-7-2b4; 1.08 £0.25 0.64+0.4 < 0.001 1.6+0.5 0.065+0.013 5.0 +0.7 8
30-7-1b4; 1.14+0.24 3.3+2.2 22+1.7 6.7+ 2.8 0.036 +0.011 4.34+0.6 7
30-7-2b 3] 0.58+£0.19 0.22+0.18 < 0.001 0.804+0.26 | 0.083+0.014 1.934+0.28 4
3(-noZ-2b 0.95+0.11 0.1440.12 3.6 2.2 4.7+2.2 1.5940.28 1.45+0.20 10
4¢-SF-1b 0.212£0.032 0.09 +0.07 0.1134+0.022 0.42+0.08 < 0.001 0.66 =0.09 1

4¢-SF-2b | 0.121 £0.021 0.07 +0.06 0.06240.012 0.25+0.07 < 0.001 0.63 +£0.09 1
4¢-DF-2b 0.25+0.04 0.0131+0.0032 0.114+0.019 0.374+0.04 < 0.001 0.75+0.10 2
4¢-DF-1b 0.16 £0.05 < 0.001 0.063 £0.013 0.234£0.05 < 0.001 0.64 4+ 0.09 1
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GOTTINGEN Systematic uncertainties
- Pre-fit impact on u: Au
Pre-fitimpact on w: Au | 16,=+A0 =20  _04-03-02-01 0 01 02 03 04
| 16,=+A6 0,=-A0  08_0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 . _ SRS, e
Post-fit impact on u: = Ty o mpacton ke
o —+Ag 8 —AD B 0y=+A0 =20 | s
o 0~ ATLA —e— Nuis. Param. Pull Is=13TeV, 3.2 fb"

—e— Nuis. Param. Pull {s=13TeV, 3.2 "
: : Fakes MM: jet flavour (2uSS)

JVT scale factor Fakes MM: statistics

WZ theory norm. (31Z2b4j)
JES NPScenario1 NP1

tZ x-section

JVT scale factor
b-tag. eigenvar. 1

Fakes MM: charge flip
b-tag. eigenvar. 1

il

Luminosity

Luminosity

b-tag. eigenvar. 2
Fakes MM: charge flip

ttW Pythia8 tune

ttZ x-section (QCD scale)
c-tag. eigenvar. 1

WHZ x-section

Fakes MM: statistics

WZ theory norm. (3122b3j)
Pile-up reweighting

Other normalisation

WZ normalisation factor
Electron ID efficiency

ttZ Pythia8 tune
ttZ MC generator

light-tag. eigenvar. 1

Pile-up reweighting

ttH x-section (QCD scale)

light-tag. eigenvar. 1

' 1 '
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

| | | 1111 i 1111 | 1111 i | I | | 1111 i 1111 | 1111 _2 _1 -5 _1 _0-5 O 0-5 1 1-5 2
2 15 1050 05 1 15 2 A
(6-6,)/A6

(6-6,)/A6

21/9/16 Maria Moreno Llacer — Studies of tt+V in ATLAS




O8] /T /| GEORG-AUGUST-UNIVERSITAT ] ]
)i @J GOTTINGEN Fake lepton estimation

2u SS: matrix method

* separately for b-tagged and b-vetoed events

* £, from OS dilepton events

* €. from SS dilepton events not in SR (high MET)

31I: matrix method
» same efficiencies as in 2u-SS region

41: fake factor method
* 4 scale factors: lepton (e,u) x fake source (heavy, light)
* Define 3! regions enriched with fake leptons
tt selection> heavy flavour FF.y, FF
Z+jets selection - light flavour FF, 7, FF -
« apply to all simulation samples with less than four true leptons
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B (Gl ST Fake lepton estimation

Non-prompt leptons: semileptonic b-decays, jet fakes wt jetore”
2uSS and 3l: W+ y —
* main sources: ttbar in 2ISS, ttbar and Z+jets in 3l b M V
 estimated from data-driven technique: matrix method Jet
- define control regions with looser lepton requirements to derive real and fake lepton efficiencies
as function of the lepton p+, separately for electrons and muons NT NT
- select dileptonic (ee, uu and eu) events with OS or SS r=-—2% g__F
NL NL

- build likelihood functions from poissonian constraints on observed N;

L = T, Po(Nj} | M (ri, fis rjs f)N])

mo_ ma . n

ij "tije
* m is the index for the four different loose not tight (L) and
Nrr \ tight (T) event configurations and n the four unknown fake
ym—| Nro | lepton (F) and real lepton (R) event configurations.
N ﬁiz * The indices i and j are the binning of the leading and
N HU subleading leptons, assuming a 1D parametrisation, in py
Nﬁi
NJ{-':F )r'j
ril rr’fj firj fifj I
mn _ ri(l—rj) ri(l— f;) fill=rj) fill— f;) S i = (MM INym
M = (1 —?"f);“j (1- Ti)}j (1- fr');:j (1- fi)}j ij ( '}” I
(I-r)(l=rj) (A=-r)(A=fp) (A= fi)l-rp) (1= f)1-f)
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i1 @J GOTTINGEN Fake lepton estimation

Non-prompt leptons: semileptonic b-decays, jet fakes jet—"e”

'Ll+
2SS and 3l: Wi v -
* main sources: ttbar in 2ISS, ttbar and Z+jets in 3l b jeﬁ V

« estimated from data-driven technique: matrix method
- define control regions with looser lepton requirements to derive real and fake lepton efficiencies

as function of the lepton p+, separately for electrons and muons NT NT
- select dileptonic (ee, un and eu) events with OS or SS r = —‘;", = —f

- build likelihood functions from poissonian constraints on observed N;

Variable 0S, SS ¢

Leptons ==2 The minimisation is performed twice:
Leading lepton pr > 25 GeV once to solve for r (using OS Z events), and
Second lepton pr > 15 GeV a second time with r held fixed to solve for f
Dilepton mass > 15 GeV (using SS events).

Riets > 1

Charge opposite-sign same-sign Constrains:

Lepton flavor ee. il ee.[1jL.ep Nee =0

Mp—jets == > 1 == > 1 r, = r, for same same lepton flavour
ET"™ - - > 40 GeV > 20 GeV Ngrr Oin SS regions

Z-veto(ee) no yes

Np—jets<2 (Hu) no yes
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C' | Gomen 4] fakes estimate - fake factor method

@ Goal: Correct fake rates in the signal regions by scaling MC events with
fake leptons

@ Define regions enriched with fake leptons

@ Heavy flavour fakes (e or u): 3£ tf control region
@ Light flavour fakes (e or p): 3£ Z control region
— 4 control regions

@ Determination of fake electron factors

@ af and af are determined simultaneously from:
light heavy
Datal® — MC, OtherS® = af pquyttc * + afigh 25T

@ Solve the 2 equations (CR=Z and CR=tt) for the fake electron factors
aaght and ‘aieavy

@ Determination of fake muon factors is analogous

@ Apply fake factors to the MC:

1 Check whether fake e or u is present using truth information
2 Apply Of e quy OF aimvy for all MCs with heavy flavour quarks

3 Apply C‘E;ght or aﬂght for all other MCs
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A GOTTINGEN Cross section measurement
g 5 I I I I I I I I I ] I
o 10°E- ATLAS ® Data 2015 [[iiz IE
. (5 =13TeV, 3.2 10" B Bz :
B zz " other i

102

10

107"

Tonp Zzz gless

L

L~Z‘2b4/' 2 7b4j€~2~2b3/' ‘002~2b‘SF\ 76

Fake leptons % Uncertainty

I
3L

4

ttZ cross-section measurement (8SRs+2CRs)
WZ_norm 1.10 +-0.30

ZZ norm 0.94 +-0.17

mu_XS ttZ 1.15 +-0.37

> XS(ttZ)=0.97+- 0.29 (stat) +- 0.10 (syst) pb

ttW cross-section measurement (2SRs+2CRs)
WZ _norm 1.13 +- 0.30

ZZ norm 0.94 +- 0.17

mu_XS_ttW 2.45 +- 1.31

> XS(ttW)=1.47 +- 0.72 (stat) +- 0.33 (syst) pb
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GOTTINGEN

A
Increase of expected cross section in Run 2 - more tt+X events in Run2 !!!!

-
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Process o(13TeV) o(13TeV)/o(8TeV) 3

ttZ 0.206 pb 0.760 pb 3.7

tZ (t+s ch.) 0.236 pb t-ch: 0.7 pb

t-ch:0.4(LO)/0.5657(NLO)
s-ch: 0.010(LO)/0.015(NLO) pb

twz ~0.03 pb 0.156 pb 4.7
ttw 0.203-0.232pb 0.566 pb 2.8
ttH 0.129 pb 0.5085 pb 3.9
tH (t+s ch.) | 0.0187+0.0012=0.02 pb 0.063 pb (includes s-ch?) ~3

or 0.0138 pb or 0.0743 pb
tWH 0.005 pb 0.025 pb ~5
ttbar ~250 pb ~830 pb 3.3
single top 87+5.7+22.0=114.7 pb 218+11.2+70.4=299.6 pb 2.6
2z 8.8 pb 15.8 pb 1.8

(mZ>60GeV)

wWWwW 66.1 117.5 1.8
wz 27.5 51.3 1.9
Z(—1{+1-)+jets ~1120 pb ~1906 pb 1.7

RS

W(—l+v)+ets ~12000 pb ~20000 pb 1.7 I
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. @J o How to measure top couplings?

The top quark couples to other SM fields through its gauge and Yukawa interactions
t->Whb coupling measured already at the Tevatron

High statistics at the LHC: tt+bosons (g, Z and H) becomes available!!

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

| ; W helicity and
single top, top decay .
N e single top quark measurements

\'A%

tt+Z,
7

Top charge Y top y

H

&

Top weak isospin

‘{3(%

Top Yukawa coupling
Differential cross-sections

+ 4 coupling, how to measure it!
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