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INntroduction

* The top quark couples to bosons through its gauge and Yukawa interactions
« Top-quark couplings are revealed without dilution from hadronisation
* Final states characterized through top and bosons decay modes

Associated production
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INntroduction

 Measurement of electroweak couplings allows to probe V-A and A structure of electroweak theory

e Higgs production at the LHC already implies top-Higgs coupling
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« ttH production mechanism allows direct measurement of the coupling!
d SM pl’edIC’[S ytop = \/2 mtop v 1

 Needs to be verified!
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ttZ and ttW



ttZ and ttW - introduction

« |HC allows to measure ttY and ttZ separately

« ttW process doesn'’t allow to probe the top-W coupling (ISR process)
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e ttZ and ttW are (irreducible) backgrounds to ttH!
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ttZ and ttW

Cut and count in 21 SS, 3l and 4l:

e HW: 2| SS, splits by charge (- -,++) and flavour (>=3j, >=1b, Z mass veto, HT>155)
Misidentified-lepton background (tt, Z+jets) estimated from sideband using the tight-to-loose lepton ID ratio

e HZ: 3l (Zmass, >=4j, >= 2b) and 4| (Z mass, 1 tight b, 1 loose b)
WZ (3l) and ZZ (4l) backgrounds estimated from sidebands in data w/ no b-jet.
Rate of b-tagged jets from Z+jets events.
Irreducible backgrounds with at least one top from simulation (tbZ, ttH, ttW).

1D and 2D (o(ttW) & o(tt2)) fit using profile likelihood ratio
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2| OS, pp SS and 3l

« 21 OS and 3I: multiple categories w/ different jet and b-jet multiplicities w/ or w/o Z mass

* MM SS: Met> 40, HT> 240, >=2], >=2 b
« Simultaneous fit to all three channels (11 categories) to extract ttZ and ttW
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ttZ and ttW

Evidence for ttZ (ATLAS, CMS) and ttW (ATLAS)!
8 TeV NLO cross sections: o(ttZ) = 206 + 45 fb, o(ttW) = 232 + 51 fb
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ttY - introduction

« Goal of tty measurement: measure the top-quark charge, magnetic and electric dipole
moments as well as the coupling

_ _igtg, . -
_ U . v possible contributions
crﬂt eQity A” et My (@+ t A’l from new phenomena

« Current datasets allow to measure the cross-section with large uncertainties simulation with WHIZARD

e Large irreducible background of photons radiated from other charged particles to take into account
interferences
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7 TeV -

« ttin p/e+jets

4.59 fb1
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« ttin p+jets
Y with Er>25 GeV, |n|<1.44
AR (Y.ufiet) > 0.7, AR (Y,b) > 0.1

 Template fit of charged hadron isolation
(not used in Y identification)

« Purity of selected tt sample and
Y efficiency from simulation
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ttH - introduction

Largest BR: 58%

* 4 b-quarks in the final state, challenging Higgs
mass reconstruction

« Main background: tt+jets

H-WW BR: 22 %

e Multi-leptons signatures from W, Z bosons and
tau decays

* Main background: ttV and non-prompt leptons

H— YY BR: 0.2 %

* Precise Higgs mass reconstruction

« Main backgrounds: tt+Y and QCD multi-
photon/jets

H—thth (nOt covered today)
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ttH, H— bb

« Strategy - consider single-lepton and di-lepton tt final states
« further categorisation in N(jets) and N(b-jets)
* S/B increases with N(jets) and N(b-jets)
e categories w/ low S/B used to constrain backgrounds and systematics
e 15 (16) categories for ATLAS (CMS), best S/B~7%

« Main background: tt+jets
* modeled from simulation (POWHEG+PYTHIA (ATLAS) - MADGRAPH+3 extra partons (CMS))

« corrected to match differential measurements (pT of tt, top quark pT)
e different classification using truth information

o tt+b(b) tt+c(c) tt+light (ATLAS)

e tt+bb tt+b tt+c(c) tt+light (CMS)

« main systematic: tt+bb normalisation ("50% prior to the fit)
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tH, H— bb

Multivariate analyses to further constrain sensitivity in signal dominated categories
e NN for ATLAS, BDTs for CMS
e kinematic variables for ATLAS, b-tagging variables in addition for CMS

Combined fit to all channels:
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Matrix Element Method

ttH, H— bb

Matrix Element Method (MEM):
 method calculates likelihood for an event to be consistent with a given physics process

* |inks full kinematic information of an event with LO calculation
« discrimination against irreducible tt+bb background

CMS (standalone analysis):
e two categories: single lepton (SL), >=5 jets or two opposite sign leptons (DL), >=4 jets
 discriminant (Ps/b) defined by likelihood ratios of MEM for ttH and tt+bb
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Strategy - reconstruct M(YY) and use loose selection for tt
Check that contributions from H production mode not sensitive to top Yukawa
coupling are minor

Two categories.
Hadronic: >= 4 jets 1 b-tag (CMS), >= 5(6) jets 2(1) b-tag (ATLAS)

Leptonic: >= 2 jets 1 b-tag (CMS), >= 1 jet 1 b-tag (ATLAS)

Fit M(YY) distribution as in inclusive YY analysis
 falling background: ATLAS uses exponential, CMS fit can use exponential,
power-law, polynomial or Laurent series - tested in fit
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ttH, H— YY

e A few candidate events, analysis statistically limited

e Fitted signal consistent with SM

ATLAS: U = o/osm=1.4+221 4
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ttH, H—=multileptons

« Strategy - take advantage of final states not reachable from tt production
21 SS, 3I, 4l

e« 21SS 17 and 11 2t for H—=>tt (ATLAS)

« Main reducible background: tt with fake | from b-jet

* dedicated lepton id (BDT) - CMS ,  SMSPemy  ostoniomew
« calorimeter and tracking isolation variables, IP requirements - ATLAS g " e
« data driven estimates - ATLAS & CMS 8 Sees

 ttV estimated from simulation using NLO x-sec
» acceptance effects comparing different generators (ATLAS)
« ttZ tested in tri-lepton region in data: stat. uncertainty “35% (CMS)

« WZ, ZZ normalised/validated using control region w/o b-jets ("50% uncertainty)

Data/Sim.

s

3
2
L
854 45 5 55 6 65 7 75

» Charge misidentification in 21 SS N(jet)

ttZ validation region
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ttH, H—multileptons

* Event categorisation:
« ATLAS: by jet multiplicity (4], >=5j) in 2| SS and Z enriched/depleted in 4l

* CMS: by sum of charge in 2| SS and 3! (ttW, WZ and Wijets are asymmetric)

« Signal extraction:

« ATLAS: maximum likelihood fit to the the data yields

« CMS: fit to discriminating variables

BDTs exploiting kinematical variables for 2| and 3l, N(jets) for 4
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ttH, H—multileptons

s=8TeV, L=19.6fb" R A
B combined u = 3.7 ,
' 20074t - o =
four-lepton |
p=-4204 1 3¢ p—e—r
trilepton |
u = 2.7_{_2.2 261 Thad - |-+—._—H
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dimuon : - 1027, t® : |
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electron-muon | Combined} [—o—H
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M -23 |||||||||||||||||| |||||||||||||||
6-4-202 4 6 81012

Best fit u = o/o
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best fit u(ttH) = o/ogy for my =125 GeV

ATLAS: p = o/osm= 2.1+1445

expected(observed) UL @ 95% CL: 4.7(2.4)
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ttH - combination

« CMS makes a combined fit of the bbb BDT, multi lepton, Tt and YY final discriminants

« SM Higgs branching ratios assumed, free parameter is the ttH signal strength p
« Upper limit on ttH production useful to constrain possible enhanced rate due to BSM

CMS {s=7TeV, 5.0-5.1fb";/s=8TeV, 19.3-19.7 fb’
v £== Expected + 10
--- Expected+ 2 0
. --- Expected (sig. inj.)
b —=- Observed expected(observed) UL @ 95% CL: 1.8 (4.3)
Tty

expected UL @ 95% CL (signal injected ): 2.9
41

3l observed limit driven by the excess in the p* p=

Same-Sign 2l

(ttH, H— bb MEM not included)

Combination

10
95% CL limit on o/og,, at m, = 125.6 GeV
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ttH, H—=combination

CMS {s=7TeV, 5.0-5.1 fb"; ys=8TeV, 19.3-19.7 fb"

CMS fs=7TeV,5.0-5.1fb"; (s=8TeV, 19.3-19.7 fb’ _cl 8 - tiH, H— bb, vt,yy, WW, ZZ
- ; — Observed
YY L < ¢ m,, = 125.6 GeV g
(}l U 28 +1.0 /" - Expected
bE - . E ut{H - " -0.9 ,I
6
Thth — L a
S
4 — | .
4—
3l — L I
3
Same-Sign 2| — | C
2
Combination — —il— N
lllllllllllllllllllll lllllllllllllllll 1i
10 -8 6 -4 -2 0 2 4 6 8 10 I
Best fit o/og,, at m, = 125.6 GeV of
0

Internal consistency with
common signal strength: 29%

Best fit on p = o/osm =2.8 +1.0
Equivalent to a 2 standard deviation upward fluctuation
compared to SM including ttH

Best fit on p = o/osmw/0 p* y=t channel =1.9+1.0
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ttH, H—=combination

« Combination of analyses in several decay modes & production modes, including ttH and off-shell
Higgs production

* Production modes probed by four signal strength parameters: pUggr, UvH, bver and P

ATLAS Preliminary

Vs=7TeV,4.5-4.7tb" Vs=8TeV,20.3fb""

68% CL: m—
95% CL: _

Hggr = 128075 el

,UVBF=1.2310.32 4:*7

Myy = 0.80 +0.36 o ——

my = 125.36 GeV

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
—0.5 0 0.5 1 1.5 2 2.5 3

Parameter value

Ui+ = o/osm= 1.81 £ 08
expected(observed) UL @ 95% CL: 1.4 (3.2)
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Conclusion

ATLAS and CMS have analyzed the full 8 TeV datasets
First evidence for rare SM processes ttZ and ttW!

Several ttH signatures considered: tt+bb, tt+TnTh, tt+yy, tt+leptons

Sophisticated analysis technigues used

O(SM) sensitivity on p(ttH) reached!

e Some excess seen in CMS p=p* analysis, no significant excess in bb or yy channels

Motivation

ttH and ttZ cross section will increase by a factor "4 at 13 TeV !

Looking forward for Run |I!

ttH (introduction, bb, YY, multileptons)
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ttH multilepton - ATLAS

Higgs boson decay mode

Category WW* 1t ZZ* Other
200Thag 0% 15% 3% 2% 210t : [n(e)|< 1.37 to reduce charge misID
a

3¢ 74% 15% T% 4%

2€1Thag 35% 62% 2% 1%

4¢ 69% 14% 14% 4%

162Thes 4% 93% 0% 3%

Category q mis-id Non-prompt ni4 ttZ Diboson Expected Bkg. H (u=1) Observed

ee+>5j 1.1+£05 23+1.2 14+04 098 +0.32 047 +042 6.5+2.0 0.73 £ 0.11 10
eu+2>5j 0.85+0.35 6.7+24 48+ 1.4 2.1+0.7 0.38 £ 0.32 15+4 2.13+£0.31 22
puu+>5j - 29+14 38+1.1 095+031 0.69+0.63 8.6 +2.5 1.41 +0.21 11
ee +4j 1.8 +£0.7 34+ 1.7 20+04 0.75+0.25 0.74 £ 0.58 9.1+23 0.44 + 0.06 9
eu+4j 1.4+£0.6 12 +4 6.2+0.9 1.5+0.2 19+1.2 24045 1.16 £ 0.14 26
puu+4j - 6.3 +£2.6 4.7+0.9 0.80+026 0.53+0.30 12.7+ 3.0 0.74 £ 0.10 20
3¢ - 3.2+0.7 23+0.9 39+09 0.86 + 0.59 11.4 +3.1 2.34 +£0.32 18
2€1Thaqg - 0.4 fg:g 038+0.15 037+0.09 0.12+0.15 1.4 +0.6 0.47 £ 0.02 1
1€2Thag i I5+5 0.17+0.07 037+0.10 041+042 16 +6 0.68 + 0.07 10
4¢ Z-enr. - < 1073 <3x1073 043+0.13 0.05+002 055+0.17 0.17+0.01 1
4¢ Z-dep. - <107 <1073 0.002 +0.002 <2x107 0.007 +0.005 0.03 + 0.00 0
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ttH multilepton - ATLAS

Source Au

2¢07hag non-prompt muon transfer factor +0.38 -0.35
ttW acceptance +0.26 -0.21
ttH inclusive cross section +0.28 -0.15
Jet energy scale +0.24 -0.18
2¢01haq non-prompt electron transfer factor +0.26 -0.16
ttH acceptance +0.22 -0.15
ttZ inclusive cross section +0.19 -0.17
ttW inclusive cross section +0.18 -0.15
Muon isolation efficiency +0.19 -0.14
Luminosity +0.18 -0.14
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2007, combined

m— tot.
== gtat.

ATLAS Preliminary
V5 =8TeV, 203"

tot (stat)

3.8 +4.7 (+3.9)
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ttH multilepton - CMS

ee ey Uy 3¢ 4/
ttH, H - WW 1.0£01 | 32+04 | 24+03 34£05 0.29 +0.04
ttH, H — ZZ — | 01+£00| 01£00 0.2£0.0 0.09 +£0.02
ttH, H — 77 03£00| 1.0£01 | 07+£0.1 1.1+£0.2 0.15 £ 0.02
ttW 43+06 | 165+23 | 104£15 10.3+1.9 —
ttZ/v* 1.8+04 | 49£09 | 29+05 84+17 1.12 £0.62
ttWW 01£00| 04£01| 03=£0.0 04+£0.1 0.04 +£0.02
tty 1.3£03 | 19+05 — 2606 —
WZ 0606 | 1517 | 1.0£11 3.9£0.7 —
77 — | 01+01] 01£00 0.3+£0.1 0.47 £0.10
Rare SM bkg. 04£01| 1.6+04 | 1.1+£03 0.8£0.3 0.01 £ 0.00
Non-prompt 7.6£25 20044 | 11.9+4.2 33375 0.43 +£0.22
Charge misidentified 1.8+£05| 23+£07 — — —
All signals 14+02 | 43+£06 | 3.1+04 47107 0.54 +0.08
All backgrounds 18.0+£2.7 | 493 +£54 | 27.7 £ 47 59.8 8.0 2.07 £0.67
Data 19 51 41 68 1

four-lepton
u < 6.8 (8.8 exp)

trilepton
u<6.7 (3.8 exp)

dilepton
u<9.1 (3.4 exp)

combined
u<6.6 (2.4 exp)

\s=8TeV, L=19.6 fb"

CMS Preliminary
my, = 125.7 GeV

-=- Observed
= Exp. (68%)
-=- Exp. (95%)

456
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95% CL upper limitonu = O/OS




ttH multilepton - CMS
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ttH, H—=bb - ATLAS
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ttH = bb - ATLAS
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ttH, H = bb - ATLAS

ATLAS Simulation
\s=8TeV, 20.3 fb’
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ttH, H =bb - ATLAS
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ttH, H =bb, H =YY _ ATLAS

\s=8TeV, L=19.6 fb

CMS Preliminary |-=Observed || ~ [T T
5 Exp. (68%) ATLAS »15_7 TeV, j L dt=4. 5 o

m, = 125.7 GeV 17
H & Exp. (95%) 2011-2012 (s=8 TeV, [L dt=20.3 fb

four-lepton
u < 6.8 (8.8 exp)

Hadronic

#8555 Expected (0'77=0) = 16 —
------- Expected (o""=0) £ 20
—— Observed

Leptonic

trilepton
u<6.7 (3.8 exp)

—

. Combined |~
dilepton

u<9.1(3.4 exp)

20 25 30 35
95% CL limit on o™/ct! at m, = 125.4 GeV

combined
u<6.6 (2.4 exp)

i 2 3456 10 20 30
95% CL upper limit onu =o/o

SM

36



ttH combination - CMS

ttH channel | Best-fit u 95% CL upper limits on u = o /ogy (my = 125.6 GeV)
Expected
Observed | Observed signl\:le- ?ri]jearzte q Median | 68% CL range | 95% CL range
Y +2.7+2¢ 7.4 5.7 47 [3.1,7.6] [2.2,11.7]
bb +0.71173 4.1 5.0 3.5 [2.5, 5.0] [1.9, 6.7]
ThTh ~1.3183 13.0 16.2 14.2 [9.5,21.7] 6.9, 32.5]
41 —4.729 6.8 11.9 8.8 [5.7,14.3] [4.0, 22.5]
3l +3.1723 7.5 5.0 4.1 [2.8, 6.3] [2.0,9.5]
Same-sign 21 | +5.31%3 9.0 3.6 3.4 [2.3,5.0] [1.7,7.2]
Combined | +2.8%19 45 2.7 1.7 [1.2,2.5] [0.9, 3.5]
cMS bbrreyy, WWZZ 1324 Tev. 10567 i
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ttH combination - CMS

Rate uncertainty

Source Signal | Backgrounds | Shape
Experimental
Integrated luminosity 2.2-2.6% 2.2-2.6% No
Jet energy scale 0.0-8.4% 0.1-11.5% Yes
CSV b-tagging 0.9-21.7% 3.0-29.0% Yes
Lepton reco. and ID 0.3-14.0% 1.4-14.0% No
Lepton misidentification rate (H — leptons) — 35.1-45.7% Yes
Tau reco. and ID (H — hadrons) 11.3-14.3% | 24.1-28.8% Yes
Photon reco. and ID (H — photons) 1.6-3.2% — Yes
MC statistics — 0.2-7.0% Yes
Theoretical
NLO scales and PDF 9.7-14.8% 3.4-14.7% No
MC modeling 2.3-5.1% 0.9-16.8% Yes
Top quark pr — 1.4-6.9% Yes
Additional hf uncertainty (H — hadrons) — 50% No
H contamination (H — photons) 36.7-41.2% No
WZ (ZZ) uncertainty (H — leptons) — | 22% (19%) No
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ttWZ - ATLAS

Trilepton and same-sign dilepton

Opposite-sign dilepton

Analysis strategy

comparable signal and background:

cut and count

small signal in huge background

multivariate techniques

3¢Z

3¢Zveto

2uSS

2¢0SZveto

2¢0SZ

Z-mass selection

Mep — mzl < 10 GeV

|mgg - mzl > 10 GeV

Imgg - mzl > 10 GeV

|me, — myz| < 10 GeV

Additional Emiss > 40 GeV E™ss > 40 GeV (ee, ) AR > 0.75
selection Hr > 240 GeV Hr> 130 GeView)
AR! > 0.75
Lepton flavour all trilepton all trilepton J; all dilepton ee, Uy
Signal 1tz ttW dominated ttW dominated ttZ and ttW ttZ dominated

Main background tZ, WZ and fakes ttZ, ttH and fakes ttZ, ttH and fakes tt+jets Z+jets
Validation regions | (3j +2j+ 1j,1b) (CRZ) (1Ib) (CRW) Efr“iss < 40 GeV
Regions in the fit (= 4j,1b) (SRB1J4) 3j + 2j,= 2b) (SRW3Y) | (= 2j,2 2b) (SR2uSS) (3j, 1b + 2b) (3j,2b)

(Signal region, (3j, = 2b) (SRB2J3) (4§, 1b + 2b) (43, 2b)

control region) (= 4j,> 2b) (SRB2J4) (= 5j,1b + 2b) (= 5j,2b)
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ttW/Z - CMS

etet

it etu™ T Ty e n ee
ttW (expected) 2.8 +0.4 5.1£0.5 22+0.3 1.1 £0.2 2.3+£0.3 1.0£0.2
Misidentified lepton 1.0+ 0.6 41x+2.1 1.6 0.9 0.7£04 3.0+ 1.5 1.7+ 0.9
Mismeasured charge - 04+£0.1 0.7£0.2 - 0.44+0.1 0.7£0.2
Irreducible 0.7+04 1.6 £0.9 0.9+0.5 0.5+0.3 1.4+£0.7 0.7+0.4
WZ 0.1 £0.1 0.4+0.1 0.1£0.1 0.1 £0.1 0.4+0.1 0.2+0.1
ttZ 0.6 £0.3 0.9+0.5 0.5+0.3 0.4+0.2 1.0£0.5 0.5+0.3
Total background 2.4 +0.7 74123 394+1.1 1.74£0.5 6.1 £1.8 3.7x1.1
Total expected 52+0.8 125+24 6.1 1.1 2.8+0.5 84+ 1.8 4.7+1.1
Observed 6 12 5 1 6 6
Vi 2 b Jets required 1 b Jet required

{fZ (expected) 784009 ttZ (expected) 1.3+£0.2 1.3+0.2

Irreducible 0.8 +0.4 Misidentified lepton 0.1 £0.1 0.5+£0.2

W 0.2+0.1 77 0.05 £ 0.01 0.47 £ 0.02

Non-top-quark 23£12 Irreducible 0.04 £ 0.03 0.14 £ 0.04

Misidentified lepton 1.1£0.8

Total background 44416 Total background 0.2 £0.1 1.1 £0.2

Total expected 122 +1.8 Total expected 1.5+0.2 24 +0.3

Observed 12 Observed 2 2
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ttW/Z - CMS

Source of uncertainty

Modelling of trigger eff.

Modelling of lepton sel. (ID/isolation)
Jet energy scale and resolution
Identification of b jets

Pileup modelling

Choice of parton distribution functions
Signal model

Total

Channels

24 3¢ 4¢
Uncertainty (%)

3 1 1
4 6 8
4 5 4
2 3 3
1 1 1
1.5 1.5 1.
5 5 5
8 10 11
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titY - ATLAS - fiducial x-sec definition

* Final state particles with a litetime > 10 ps

* Photons from non-hadron parent, pT> 20 GeV, |n|< 2.37

e Lepton p4 defined by combination of lepton + photons (DeltaR<0.1), pT>20
GeV, [n|< 2.5

» Jets from particles w/ lifetime > 10 ps, muon/electrons are discarded, anti-kT
w/ distance parameter 0.4, pT> 25 GeV, |n|< 2.5

e Jets w/ DeltaR(e,j)<0.2, DeltaR(j,Y)< 0.1, DeltaR(j,u) are discarded
* Photons w/ DeltaR(l,Y)<0.7 are discarded

o tt dilepton final states and ©— Ivv are discarded

« Exactly one lepton, at least one photon, four or more jets, one jet matched to
a b-hadron (pT>5 GeV, DeltaR(j,b-hadron)<0.4)
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tt+bbar background in ttH, H—=bb

ATLAS : matching procedure using DeltaR<0.4, clustering of stable particles
excluding muons and neutrinos

tt+b(b) : at least one jet matched to b-quark not originating from top

tt+c(c) : at least one jet matched to c-quark, not originating from W decay
tt+lights : none of the above condition is verified

CMS :

tt+bb : 2 jets are matched in DeltaR<0.5 to b-quark not originating from top
tt+b : arises if one b-jet is too soft or forward or if the 2 b-jets merge

tt+c(c) : one or two jets matched to c-quark

tt+lights : none of the above condition is verified
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