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Focus on Higgs Boson Production @
in Association with a Top-Quark Pair
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m
ad"An important motivation of the ttH
research is the fact that at present the
only quantity which can help us to get an
idea about the scale of New Physics is the

top Yukawa coupling.”
Fedor Bezrukov, Mikhail Shaposhnikov
ZhETF, 2015, Vol. 147, No. 3, p. 389[@rXiv:1411.1923]

Recall:

4 Yukawa coupling g(ffH) ~ m;
M,/ Mpgiiom= 173/5 = 35
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LHC Run-2: recorded 35.9 fb! and &
Analysis of 13.2 fb'! Presented Here

N

ity in Prague

50 ATLAS Online Luminosity
- [ LHC Delivered
40— |:| ATLAS Recorded

" Total Delivered: 38.9 fo™
gl Total Recorded: 35.9 fo’

Institute of Experimental and Applied Physics
Czech Technical Univers

20

Total Integrated Luminosity [fb]

T | T T T
fs =13 TeV —

0_| L1 1 | T - | T
22/04 23/05 24/06 25/07 26/08 26/09 28/10

Day in 2016

ner-»

Experimental
Challenge:

AttH Signal 510 fb
(6300 events)

dBackground 80 mb
= 80-1012fb
(1.04-10% events)

. QThus, finding

one ttH event
in 165 billion
background
events.

ATLAS: 10.0 (2016) + 3.2 (2015) = 13.2/fb
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Indirect (loop) & Direct (Tree-level):
g(ttH) Measurement ;

N

"0 Highest rate gg—H though loop, however, effects of ttH coupling
not distinguishable from new physics contribution.

Q Tree-level direct measurement: pp—ttH, very sensitive to physics

R beyond the Standard Model. o(ttH) gffH

o, - gy, !

: ----H I
t

(633333 13 TeV: 44,000 fb M\Slo fb
g g t

a NLO accuracy in QCD using MG5_aMC with the NNPDF2.3 PDF with
NLO electroweak corrections

Q interfaced to Pythia8 to provide parton showering, hadronisation
and multiple parton interactions, using the A14 parameter set.

A.Sopczak 22 Feb. 2017




ttH
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Higgs and Top-Pair Decay Modes

QH-—-vyy

has a narrow bump
OH— bb

has a large rate

QH—->WW,H— 1T, H — ZZ
produce multi-lepton events

Top Pair Branching Fractions

“alljets™ 46%

OH—->Z2Z > 4
has too low a rate

1%
T 2%
e .
u+jets 15%
‘rﬁf&e
= E# (1] r,+jEtS 15% ] ] = L] |
"dileptons lepton+jets
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ATLAS ttH (Multi-leptons)
Agreement in Validation Regions

Czech Technical University in Prague

Institute of Experimental and Applied Physics

f\

Events / 5 GeV

H R L L B B B B BN
ATLAS Preliminary #Data  [ltiH SW)

50r ys=13Tev,13.2%" [ Jaw  [Jiziy

Loose {tZ VR [ pivoson [ Non-Prompt

a0l [Jother 7 Total uncertainty

Pl
- ] |

020 40 60 80 100 120 340760 180200

m(£tq) [GeV]

Events

ATLAS-CONF-2016- 058

ATLAS Prellmlnary +‘Daia .trH (SM)
fs=13Tev, 13.2%" [ Jaw  [Jziy)
WZ +1b-tag VR [ biboson [F] Non-Prompt

50r . 1
[ ]other 7 Total uncertainty

Events

50F

40t

30f

201

10

T T T
ATLAS Preliminary ¢ Data WoH M ]

Vs =13 TeV, 13.2 b

ttw VR

[Jerw [etzry

. Diboson . Non-Prompt
[l QMisReco [ |Other

7/ Total uncertainty

. HW

eu ee
Lepton flavor

VR

Purity

Expected Data

Tight ttZ
Loose ttZ

WZ + 1b-tag  33%

ttW

68% 32 4+ 4
58% 91 4+ 12

137 4+ 27

22% 51 4 10

23
39
147
55

A.Sopczak 22 Feb. 2017



Institute of Experimental and Applied Physics

Four ATLAS ttH
Multi-leptons Channels
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Q Characterization by number of light leptons (electrons or
muons) and number of hadronically decaying tau leptons

2

8 2

)

= ' R —
§§ 1 2l+tau

2 1
P 2 3l TI 4l

N light leptons
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Four ATLAS ttH
Multi-leptons Channels
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3 Monte Carlo truth study shows enhanced
H—1t selection in the two same-sign light
leptons and one hadronically decaying
tau final state

Higgs boson decay mode
Category WW=* 71 ZZ® Other

2€0Thad 77% 17% 3% 3%
2‘€1Thad 46% 51% 2% 1%
3 4%  20% 4% 2%
40 2% 18% 9% 2%
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Two Same-sign Leptons and One
Hadronic Tau Final State
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b'Jet +
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7+ ~ ) q

H Vr
e i = V.
7-_ A~
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: Q.'.‘ 145 4 ==
R0 : g Tleptonic
\ ‘
e Lepton —
b-jet

Main background: ttbar
Fake background estimate determined from data
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ttH Candidate (Multi-leptons)
Same-sign e and p and Tau-jet

A.Sopczak 22 Feb. 2017

ATLAS

EXPERIMENT

Run: 302391
Event: 382961900
2016-06-19 20:04:42 CEST




ATLAS ttH (Multi-leptons)
Background Composition
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ATLAS Simulation Preliminary
\s =13 TeV
Background composition
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ATLAS ttH (Multi-leptons)

N

Events
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ATLAS ttH (Multi-leptons) f
Simultaneous Fit Results p=2.5*13
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Combination
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ATLAS ttH (Multi-leptons)
95% CL Limit p<4.9 (2.3 Expected)
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Other ttH Final States
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ATLAS ttH (H—»yy) Run-1 Data
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Challenge to separate ttH from other Higgs productlon modes
(a peak in the yy invariant mass spectrum at 125 GeV is surely
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ATLAS ttH (H—yy) Run-2 data
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ATLAS-CONF-2016-067
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ATLAS ttH (H—yy) Run-2 data
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Loose di-photon selection sensitive
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ATLAS Results
ttH (H—yy)
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ttH (H—bb)
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Lepton + Jets channel

A.Sopczak 22 Feb. 2017

BR(H —bb)=58%
for m,=125 GeV

Categorize events
by jet and b-jet
multiplicity

Multivariant
discriminant
analysis
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ttH (H—Dbb) Run-1
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ttH (H—bb) Run-2
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ATLAS-CONF-2016-080

CMS-PAS-HIG-16-004
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ttH (H—Dbb) Run-1 and Run-2
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ATLAS ttH (Multi-lepton, vy, bb)
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Results
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Run-1 ttH multi-lepton final state: )

&

_number of events (CMS) e 00 2014 057 N
| /

ee efl LLLL 3¢ 44
ttH. H - WW 1.0=0.1] 3.2x04| 24203 3.4x0.5 0.29 = 0.04
ttH, H — ZZ —1 0.1 =00 0.1£0.0 0.2=+0.0 0.09 = 0.02
ttH, H — 77 0300 1.0£0.1| 0.7Tx=0.1 1.1+0.2 0.15+0.02
tt W 43=x0.6(16.5x£23|104=1.5 10.3 1.9 —
tt ZH* 1.8+04] 49+0.9| 29+0.5 8.4+ 1.7 1.12 = 0.62
tt WW 0.1=0.0 04+0.1| 0.3x=0.0 0.4+0.1 0.04 +0.02
tty 1.3+0.3| 1.9x+0.5 — 26 0.6 —
WZ 0606 1.bx1.7| 1.0x=1.1 3.9+0.7 —
77 —1 0.1=0.1| 0.1£0.0 0.3+0.1 0.47 +£0.10
Rare SM bkg. 04=01| 1.6+04| 1.1+=0.3 0.8+0.3 0.01 = 0.00
Non-prompt 7.6£25(200x44/11.9x£4.2 33.3 7.5 0.43 =£0.22
Charge misidentified 1.8 +0.5] 23+0.7 — — —
All signals 1.4+0.2| 43+06| 3.1+04 4.7+ 0.7 0.54 = 0.08
All backgrounds 18.0£2.7|493 £5.4(27.7+4.7 59.8 = 8.0 2.07 = 0.67
Data 19 51 41 68 1
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Run-2 ttH multi-lepton final state:
number of events (CMS) cus-rastic-16-022

N
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HH ee eu

ttW 183+09 68+06 245+1.1 12.2 £ 0.7
ttZ /v* 58+06 74406 153+13 22.6 £1.0
Di-boson 14402 1.1+02 2.6 0.3 5.7 +04
tttt 0.8+£02 04+0.1 1.5+£0.2 1.2+0.1
tqZ 02+£03 04+04 0.6 £0.6 2.7+0.8
Rare SM bkg. 1.6+£03 05+£0.1 1.8+0.1 0.3+£0.1
Charge mis-meas. 6701 10.0%=0.1
Non-prompt leptons 334 £12 -23.1+11 619+ 1.7 51:0-==-1.8
All backgrounds 61.54+1.7 464+15 118.0x2.5 95.7 +£2.3
ttH (H — WW™) 6.3+02 26+0.1 8.540.2 8.04+0.2
ttH (H — 17) 1.6+01 07+0.1 25+0.1 2.1+0.1
ttH (H — ZZ*) 02+00 01=£0.0 0.34+0.0 0.5+0.0
Data 74 45 154 105

Category Obs. limit Exp. limit £1¢ Best fit y £1c
Same-sign dileptons 4.6 1.7109_4 5 2.7t
Trileptons 3.7 2.3+12_, 13712,
Combined categories 3.9 1AFL g 2.3+03 4
Combined with 2015 data 3.4 1.3106_,, 2.0108_,-

A.Sopczak 22 Feb. 2017

30




Institute of Experimental and Applied Physics

Run-2

CMS:

up to August 2016 data
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Combined ATLAS and
CMS ttH Results

Recall Run-1: The ATLAS and CMS Collaborations, JHEP 08 (2016) 045

Run-2: work in progress
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LHC Run-1 Status: ttH Coupling

2 30 Above SM Expectation
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Run-1&2 Summary of ttH Coupling &
Measurements

N

ity in Prague

e
2.3+0.7 1.8_,
- CMS —0.6 +0.8
2.0_,

+0.42

. Deviation from 1: 2.70
Simple e
combination “(ttH) _2'03—0.38 Deviation from 0:; 5.30
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_Interpretation pMSSM

ity in Prague
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| Oldea: testing pMSSM scenarios for overlapping signature

with ttH analyses (example ttH multileptons)

A G. Aad et al. [ATLAS Collaboration], "Summary of the
ATLAS experiments sensitivity to supersymmetry after
LHC Run 1 interpreted in the phenomenological MSSM,”

JHEP 1510 (2015) 134.) L Vg

D v

QTwo pMSSM scenarios identified U AR
(same-charge dilepton and tau) PR
which could mimic ttH events.  » < ¢/
Significant efficiencies. o

0 One scenario similar to the one described in
P. Huang, A. Ismail, I. Low and C. E. M. Wagner,
“Same-Sign Dilepton Excesses and Light Top Squarks,”
Phys. Rev. D 92 (2015) 7, 075035.
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- Conclusions and Outlook
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" QttH direct measurement is the key reaction to determine

top Yukawa coupling independent of new physics in the
gluon-Higgs sector.

Q Multiple analysis channels contribute sensitivity.
QA Excellent LHC Run-2 operation and ATLAS data recording.

d About 36 fb! recorded and 13 fb-! analysed at 13 TeV.

QA Increased sensitivity with initial Run-2 data compared to
Run-1 results. Focus on systematics and new techniques.

Au = 2.0+0.4 (simple comb.) Run-1 and 13 fb! Run-2 data
Outlook:
Q Excellent prospects for establishing ttH signal.

Q Strong exclusion of models predicting non-SM ttH rates
or observing new physics.

Q Interest in experimental/theory collaboration for ttH.
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ttH (Multi-leptons) Tight and Loose*
Light Lepton Definitions
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N

Loose Tight
e w e !
Track isolation 99% eft. 99% eff. < 0.06 x pr (*) < 0.06 x pp (*)
Calorimeter isolation 99% eff. 99% eff. < 0.06 x pr (*) 99% eff. (*)
[dentification working point Loose Loose Tight Loose
Transverse impact parameter |dy|/oy, <5 <3 <5 <3
z impact parameter |Azp sin ;| <05 mm < 0.5 mm < 0.5 mm < 0.5 mm

0 Selections for tight leptons are applied on top of the selections for

loose leptons
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ttH (Multi-leptons) Selection Signal
(SR) and Validation Regions (VR)

ner-»

N

L/

SR/VR  Channel Selection criteria
SR 2607y, .a Two tight light leptons with pt > 25, 25 GeV
Sum of light lepton charges =2
Any electrons must have |n.| < 1.37
Zero Thaq candidates
JV:iets = 5 and Nb—jets = 1
SR 2617, .a Two tight light leptons, with pt+ > 25, 15 GeV
Sum of light lepton charges =2
Exactly one 7,.9 candidate, of opposite charge to the light leptons
|[r(ee) — 91.2 GeV| > 10 GeV for ee events
JV:iets = 4 and Nb—jets = 1
SR 3¢ Three light leptons; sum of light lepton charges 41
Two same-charge leptons must be tight and have pr > 20 GeV
m(€Te7) > 12 GeV and [m(fT£7) — 91.2 GeV| = 10 GeV for all SFOC pairs
|2 (3€) — 91.2 GeV| > 10 GeV
Njers = 4 and Ny_jos = 1, or N = 3 and Np_jo4s = 2
SR 4¢€ Four light leptons; sum of light lepton charges 0O
All leptons pass “gradient” isolation selection
m(€Te7) > 12 GeV and [m(fT£7) — 91.2 GeV| = 10 GeV for all SFOC pairs
100 GeV < m(4€) < 350 GeV and |m(4€) — 125 GeV| > 5 GeV
J\Gets 2 2 and Nb—jets 2 1
VR Tight ttZ 3¢ lepton selection %and trigger selection
At least one ¢1¢~ pair with |m(¢t¢~) — 91.2 GeV| < 10 GeV
Niets 2 4 and Nb—jets 2 2
VR Loose ttZ 3¢ lepton selection %and trigger selection
At least one 1€~ pair with |m(¢t¢7) — 91.2 GeV| < 10 GeV
Niets = 4 and Np_jers = 1, or Njers = 3 and Np_jets
VR WZ + 1 b-tag 3¢ lepton selection %and trigger selection
At least one £7¢~ pair with |[m(¢+t¢~) — 91.2 GeV| < 10 GeV
Njets 2 1 and Nb*jets =1
VR W 2¢07haa lepton selection Y%and trigger selection
2 = Njets = 4 and Nb—_jets = 2
Hr jets = 220 GeV for ee and ep events
Emiss > 50 GeV and (m(ee) < 75 or m(ee) > 105 GeV) for ee events
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ttH (Multi-leptons)

Slgnal and Main Background Pre- f|t

Czech Technical University in Prague

f\

2€0Thad €e 2‘€OThad ey 2«‘201’}13(1 Hy 2€1Thad 3¢ 4¢
1w 2.9 + 0.7 9.1 £ 25 6.6 + 1.6 0.8+ 04 6.1 + 1.3 —
tt(Z/~") 1.556 £029 4.3 +09 2.6 £ 0.6 1.6 £ 0.4 11.5 £ 2.0 1.12 £ 0.20
Diboson 038 +£025 25+14 0.8+ 0.5 0.20 £+ 0.15 1.8+ 1.0 0.04 £ 0.04
Non-prompt leptons 12+ 6 12 £ 5 8.7+ 34 1.3+ 1.2 20 £ 6 0.18 + 0.10
Charge misreconstruction 6.9 &£ 1.3 7.1 £ 1.7 — 0.24 £ 0.03 — —
Other 081 £022 22+0.6 1.4+ 04 0.63 £+ 0.15 3.3+ 08 0.12 £ 0.05
Total background 25 + 6 38 &+ 6 20 4+ 4 48 + 14 43 £ 7 1.46 4 0.25
ttH (SM) 20405 48 £ 1.0 29+ 06 1.43 £+ 0.31 6.2 + 1.1 0.59 + 0.10
Data 26 59 31 14 46 0

Q " Other" backgrounds include tZ, tWZ, tHgb, tHW, tttt, ttWw, and
triboson production
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ttH (Multi-leptons) Effects of
Systematic Uncertainties on p

N
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L

Uncertainty Source A
Non-prompt leptons and charge misreconstruction +0.56 —0.64
Jet-vertex association, pileup modeling +0.48 —0.36
ttW modeling +0.29 -0.31
tt H modeling +0.31 —0.15
Jet energy scale and resolution +0.22 —0.18
ttZ modeling +0.19 -0.19
Luminosity +0.19 —-0.15
Diboson modeling +0.15 —-0.14
Jet flavor tagging +0.15 —0.12
Light lepton (e, u) and m,,q4 ID, isolation, trigger +0.12 —-0.10
Other background modeling +0.11 —-0.11
Total systematic uncertainty +1.1 —0.9

Q Due to correlations between the different sources of uncertainties,
the total systematic uncertainty can be different from the sum in
quadrature of the individual sources.
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