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Higgs and Top

3\

[ “Higgs Boson” 9 “Top Quark”

Yukawa Coupling
Y = V2m /v~ 1

Special role for the top
quark in electroweak

symmetry breaking? Close to unity - Why?

Why is the top so heavy?

ttH production can test Higgs properties
and give direct access to top-Higgs coupling




Review of ttH Measurements in Runl

Production process ATLAS + CMS ATLAS CMS
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Parameter value

ATLAS: the combined observed significance is 2.33¢,

1.530 is expected with 20.3 fb1(8TeV)
(CERN-EP-2016-058, JHEP 1605 (2016) 160 )

CMS: the combined observed significance of 2o with

5.1 fb-1(7TeV) and 19.7 fb1(8TeV)
(CMS-HIG-13-029, JHEP 1409 (2014) 087)

The combined observed significance is 4.40, 2.00 is expected
(CERN-EP-2016-100, JHEP 1608 (2016) 045)




Overview of ttH Measurements in Run2

Run2
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ttH Analyses at ATLAS

ttH (H—bb)

tt— (lepton+jets, dilepton)

ttH (H-WW/ZZ/TT—>17)

tt— (lepton+jets, dilepton)

Number of light ¢

- - - “multilepton (ML)” - - -

!
Number of Thad

ttH (H—vy)

tt— (all-had, lepton+jets&dilepton)

B QMisReco [ _]Other
[ Non-prompt [7] Diboson
ot z/y*) Cttw

2¢0Thag €M 200Thag MM
261 Thag

e 3[9 G
Detailed definition for each channel is in backup
(ATLAS-CONF-2016-068)

ATLAS Simulation Preliminary
\s =13 TeV
Background composition

201,94 €€

Multilepton channel has clean final state G
&&

Irreducible background (ttW and ttZ ) can be
checked in corresponding control regions




3l Analysis Overview

Higgs boson decay mode A x e
Category WW=* 77 ZZ* Other (x107%)
200Thaq TT% 1T 3% 3% 14 3l lepton channel mainly targets
201 Thad 46%  51% 2% 1% 2.2 HoS W
3¢ 4% 20% 4% 2% 9.2 B
4¢ 2% 18% 9% 2% 0.88
3l H-> WW* final state
Leptons Jets | B-Tags Trigger match
== at least one
Definition of EQiep==%1 Njet 24 & Ny > 1 trigger matched
11 & 12: Tight, pp > 20 GeV (%) or lepton with
Signal Region 10: Loose, pr > 10 GeV (x) Njer ==3 &N, > 2 pr > 25 GeV
|ﬂffu?()sfsp - 91.2 GeV | > 10 GeV (21 GeV for

in 31

]MH,()Sf.S‘F > 12 GeV

|Ml” - 91.2 GeV ‘ > 10 GeV

muon in 2015)

» Fakes (reducible, mainly the fakes from
ttbar+jets) are dominant background

» ttW, ttZ (irreducible) background are estimated
with MC

*]0 (with opposite sign charge)




Background Estimation
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Irreducible Background
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Irreducible background:

e ttV (ttW and ttZ) is estimated with MC

v" Both modellinghave been checked in the control region

v' The purity in the corresponding control regions is good

 Dibosonis estimated with MC as well and modellingis good




Fake Estimation in 3|

+
bhke J Fake leptons in 3l

Major source:
leptons within jets, from heavy hadrons

Partially removed by:
Isolation or overlap removal requirements

b prompt *

Fake factor is employed to estimate the fake leptonsin 3l

Assumptionon lep0:

Most lepO (with opposite charge) are prompt and checked by MC

Advantages:

Only need to apply the non-prompt estimate to lepton 1 and 2

The fake factor is defined as the ratio between the number of same-sign events

with tight leptons only and events with one anti-tightlepton.
Data _ NPrompt S8

NE’E’ - ¢ ee
0, = — (< djets) = B
D rompt S8
0 = Nee Net Neg™ =Ny
- Dat Prompt SS
Nfﬁ 0, = Nup (< 4djets) = N * = Nuw
u— N =) o NData _ NPrumt SS

Hy uy uy

Nestimated fakes.SR — [Ndara._CR - Npmmpr.vMC] -0




Fake Estimation in 3l

Closuretest is performedin a low jet region of 3|
Predictions of fakes in 3l channel (2-3 jets, 1b) compared to observed numbers
Generally, the closure is about 20% and are compatible within the uncertainty

Yields (pre-fit) in signal region for all channels

Zﬂ:lfhﬂd ee Zfﬂfhﬂ,j e Efﬂrhad fIy 2f1 Thad 3f 4f
tw 29+0.7 9.1+25 6.6+ 1.6 08+04 6.1 £1.3 —
tH(Z[/¥*) 1.55+029 43+09 26+06 1604 115+20 1.12+0.20
Diboson 038+0.25 25+14 08+05 020+015 18+1.0 0.04+0.04
Non-prompt leptons 12+6 12+5 87+34 13x12 20+ 6 0.18 + 0.10)
Charge misreconstruction 6.9 + 1.3 IREI W — 0.24 + 0.03 — —
Other 0.81+0.22 22+06 1.4+04 063+015 3308 0.12+0.05
Total background 25+6 38+6 20+ 4 48+14 43 +7 1.46 + 0.25
ttH (SM) 20+£05 48+ 1.0 29+06 143+031 62+1.1 059+0.10
Data 26 59 31 14 46 0

10



Results
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Multilepton Channel

Pre-fit
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Measured signal strength

Post-fit

T T T
-4~ Data B iiH (u=2.5)
[CJew [ 112177
[ piboson [ Non-prompt
B CMisReco []Other
£/ Total Uncertainty

7
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?;"?o‘ﬂb, c'ec;

I B Bt et S e
ATLAS Preliminary Vs=13 TeV, 13.21b"
—tot. — stat. tot (stat, syst)
2601y, +2.1 +1.2 1.7
Thad Fe - 4.0 77 (57, 43)
et 62738 (35, 50)
1w 0.5 %5 (15, 1%
4f +— <2.2(68% CL)
inati 13 07 +1.1
Combination N | | 2.5 :1|1 (:07-,' “09)
0 5 10 15 20 25

best fit Mo for m =125 GeV

The best-fit result of the pis 2.5+ 0.7 (stat.) *1-1 , 4 (syst.),
is consistent with the Standard Model expectation with
13.2fb "1 (ATLAS-CONF-2016-058)

Systematic uncertainty is dominated by uncertainties from
non-prompt backgrounds estimates in the 2I, 3l

12




Latest Combined Results

ttH signal strength and upper limits

L L A L B LR
ATLAS Preliminary 1s=13TeV, 13.2-13.3 b
—total — stat. (tot.) (stat., syst.)
tH(Hoyy) | F—e— . #12 , +12 402
(13TeV 1331 : 0.3 -1.0 ( -1.0 -02 )
+1.3 +0.7  +1.1
ttH(H—=-WW/tt/ZZ) =—e—= 25 iy (—0‘71—0‘9 )
(13Tevi3ziv')
+1.0 0.5 +0.9
ttH(H—bb) [ | 21 % (s, 797 )
(13 TeV 132107
A +0.7 +0.4  +0.6
ttH taoﬂgwallon o 1.8 o7 204 05 )
ttH combination . = 1.7 *08 +0'5, 07 )
(7-8TeV,4520307), |, | L L ._0]3 - _?‘51 ._0'.6

0 2 4 6 8 10
best fit u_ form, =125 GeV
tiH

ttH{H—yy)
(13 TeV 13.3 M7

tH(H—=WW/Tt/ZZ)
(13 TeV 13.2 16™)

tiH(H—bb)
(13 TeV 13.2 167)

ttH Combination
13 TeV)

ttH Combination
{ 7-8TeV, 45203 ")

ATLAS Preliminary

fs=13 TeV, 13.2-13.3 fb™"

™= Expected (u=0) + 1o
----- Expected (u=0) + 2a

o = Observed

----- Expected (u=1)

"5 6 7
95% CL limit on e, at m =125 GeV

Measured significance of ttH production

Combined ATLAS ttH results with 13.2 fb !

The best fit

value of the signal strength is

Channel Significance
Observed [o] | Expected [o]
ttH, H — vy —0.2 0.9
ttH, H - (WW,r7,Z7) 2.2 1.0
ttH, H — bb 2.4 1.2
ttH combination 2.8 1.8

1.8 = 0.7, which correspondsto 2.8 (1.8) o

observed (expected) significance
(ATLAS-CONF-2016-068)
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Conclusions

® Promising Runl combined results in the search of ttH production

v Analysis strategy works well with Run2 dataset (13.2 fb'1, 13 TeV)
v’ ttV modelling is checked by MC
v’ Fake leptons are estimated with data-driven method (fake factor)

v Results show improvements and are compatible with Run1 results
v" Run2(13.2fb™1): the combined observed significanceis 2.80, 1.8cis expected
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MC list and Overlap Removal

Process ME Generator Parton Shower  PDF Tune
ttH MGS5_aMC [12] PyTHia 8 [13] NNPDF 3.0 NLO [14)/ Al4[15]
NNPDF 2.3 LO [16]
tHqb MGS5_aMC PyTHiA 8 CTI10[17/NNPDF 23 LO Al4
tHW MGS5_aMC Herwic++ [18] CTI10/CTEQ6LI1 [19, 20] UE-EE-5 [21]
1w MGS5_aMC PyTHiA 8 NNPDF 3.0 NLO/2.3 LO Al4
tH(Z/y*) MGS5_aMC PyTHiA 8 NNPDF 3.0 NLO/2.3 LO Al4
HZ/y") MG5_aMC PyTHIA 6 [22] CTEQ6L1 Perugia2012 [23]
tW(Z/y") MG5_aMC PyTHIA 8 NNPDF 2.3LO Al4
titt MG5_aMC PyTHiA 8 NNPDF 2.3 LO Al4
HWTW- MG5_aMC PyTHIA 8 NNPDF 2.3 LO Al4
tr Powneg-BOX [24] PyTHiA 6 CT10/CTEQ6L1 Perugia2012
s-, t-channel, PowneG-BOX [25, 26] PyTHIA 6 CTI10/CTEQ6L1 Perugia2012
Wt single top
VV,qqVV,VVV  Suerea 2.1.1 [27] SHERPA CT10 SHERrPA default
Z > SHERPA 2.2 SHERPA NNPDF 3.0 NLO SHERrPA default
Keep Remove Cone size (A R) or track
electron tau 0.2
muon tau 0.2
electron | CaloTagged muon shared track
muon electon shared track
electron jet 0.2
jet electron 0.4
muon jet (0.2 or ghost-matched to muon) and (numlJetTrk <2)
jet muon 0.4
tau jet 0.2
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Channel Leptons Hadronic Taus | Jets B-Tags Lepton Havour Trigger match
=3 ee at least one
LQjep==12 el trigger matched
2iss plead = 25 GeV =0 =5 >1 T lepton with
p{f‘“ > 25 GeV pr > 25 GeV
|| < 1.37 (21 GeV for muon in 2015)
==3 at least one
EQyp=+1 - Nijow =4 &Ny = 1 - trigger matched
3 £1 & £2: Tight, pr = 20 GeV () or lepton with
£0: Loose, pr = 10 GeV (%) Njg=3&Np =12 pr =25 GeV
|Mios—sF - 91.2 GeV | > 10 GeV (21 GeV for
My ps_sp = 12 GeV muon in 2015)
|M”; -91.2 GeV | = 10 GeV
==
pr > 10 GeV
41 Loose def + Gradient Iso at least one
LQ4ep=0 - >2 =1 - trigger matched
|M”_D_g__v:;p -91.2 GeV | = 10 GeV lepton with
- My os_sr > 12 GeV pr > 25 GeV
My within [100, 350] GeV (21 GeV for
My veto £ 5 GeV around My = 125.0 GeV muon in 2015)
==2 at least one
EQyep==2 == - trigger matched
2088+1Tpyg p{:’_';jp > 25 GeV Qr = -Qiep =4 =1 lepton with
Py, > 15 GeV pr > 25GeV
|Mee - 91.2 GeV | > 10 GeV (21 GeV for muon in 2015)
Channel Region 1tH (S) Bkgd (B) tHib+ WtH | S/B
2(SS ee 1.99 +£0.51 222 + 34 | 0.10 £ 0.03 0.09
2(8S eu 482+095 | 385 = 5.1 0.26 + 0.07 0.13
2(SS ppu 285+058 | 21.2 +38 | 0.15 =004 | 0.13
H W rn22) 2058 +Thag 143£031 | 57 =17 | 0.11 + 003 | 025
3¢ 62+ 1.1 389 £ 53 0.30 + 0.08 | 0.16
4¢ 0.59+0.10 142 +0.24 | 0.014+0.006 | 0.42
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Definition of Lepton and VR

=

Loose Tight
e U e u

Track isolation
Calorimeter isolation
Identification working point Loose Loose Tight Loose
Transverse impact parameter |do|/o 4, <5 <3 <5 <3

z impact parameter |Azg sin 6|

99Y% eff. 99% eff. < 0.06 X pr (*) < 0.06 X pr (*)
99Y% eff. 99% eff. < 0.06 X pr (*) 99% eff. (*)

<05mm <0.5mm < 0.5 mm < (0.5 mm

VR

Tight ttZ

3¢ lepton selection
At least one "¢~ pair with |m(£*€7) —91.2 GeV| < 10 GeV
Njets = 4 and Np—jets = 2

VR

Loose ttZ

3¢ lepton selection

At least one £* ¢~ pair with [m(£{*€7) — 91.2 GeV| < 10 GeV
Niets > 4 and Nb—jets > 1,o0r JNjels =3 and Nb—jcts >2

VR

WZ + 1 b-tag

3¢ lepton selection
At least one £* ¢~ pair with |m(£*£7) — 91.2 GeV| < 10 GeV
Niets > 1 and Nb—jets =1

VR

ttw

2£071y,4 lepton selection

2 < JNjcts < 4 and Nb—jcts 2> 2

HT jers > 220 GeV for ee and epu events

E{.“i“ > 50 GeV and (m(ee) < 75 or m(ee) > 105 GeV) for ee events

19



Uncertainties’ source on 3| fakes estimation

Channels
Uncertainties [9] 2¢ = 5 jets 3¢
e P2 'u:t p_:t ot ﬁ:t

AQTH 24.159 — 18.231 [ 12.902

Statistical A6, - 18.622 4.5696 | B.6768
ML;{E 5 jets)(stat) | 19.872 27.533 21.03 | 16.999

AB." (closure) 24.792 - 18.708 | 13.24

Systematics ﬁﬂfﬂ (closure) - 07602 2.395 | 4.5476
A8 (other fakes) 19 19 15.077 | 13.466

MC Q Mis Id (£f) 15.161 - 0.935 | 8.0968

Total 46.734 39,511 38.435 | 31.203

Correlated Systematics | Q Mis Id (££) 18.989 - 14.329 | 10.141




Summary of the effects of the systematic uncertainties on u

Uncertainty Source Au
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,5q ID, isolation, trigger +0.12 -=0.10
Other background modeling +0.11 -0.11
Total systematic uncertainty +1.1  -=0.9
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Plots in Signal Region

ﬂ | | _ﬂ I | | | I
g sol ATLAS Preliminary #Data [ltiH (sm) 355 ATLAS Preliminary #-Data  [J7H (sm)
fs=13Tev,132%" [ Jiaw [z aol (s=13Tev, 1327 [Jaw [z
3¢ . Diboson .NDn-F‘mmp’l 3¢ . Dibason .Nun-Pmmp’l
40r [Jother 7 Total uncertainty| a5) [Jother 7 Total uncertainty
30k
0 0
Liip e eeu eee 10 15 20 25 30
Lepton flavor 10 Ny yage + Nigs
(a) (b)

Characteristics of events in the 3{ signal region: (a) lepton flavor composition; (b) 10x the number of
b-tagged jets plus the total number of jets. The signal is set to the SM expectation (u,;5 = 1) and the background
expectation is pre-fit (using initial values of the background systematic uncertainty nuisance parameters). The
hatched region shows the total uncertainty on the background plus SM signal prediction in each bin.
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Expected Yields Table and Upper Limits

200mhag e 200Thag e 260Thaq pp 201 Thad 3¢ 4¢
ttwW 29+0.7 9.1+25 6.6 +1.6 08+04 6.1+13 —
tt(Z/y*) 1.55+029 43+09 26+0.6 1.6+04 115+20 1.12+0.20
Diboson 038+025 25+14 08+05 020+0.15 1.8+1.0 0.04 +£0.04
Non-prompt leptons 12+6 12+£5 8.7+34 13+12 20+ 6 0.18 £ 0.10
Charge misreconstruction 6.9 + 1.3 7.1+1.7 — 0.24 + 0.03 — —
Other 0.81 +0.22 22+0.6 14+04 063+0.15 33+08 0.12+0.05
Total background 25+ 6 38+6 20+ 4 48+ 14 43+ 7 1.46 + 0.25
ttH (SM) 20+05 48+1.0 29+06 143+031 62+11 059+0.10
Data 26 59 31 14 46 0

25’0‘!},55;

261 Thad

3¢

4r

0

ATLAS Preliminary

Ys=13 TeV, 13.2fb™

- Expected (u=0) + 1o
""" Expected (u=0) + 20
— Observed

""" Expected (u=1)

Combination J I

A
5 10 15

20 25
95% CL limit on Mo atm, =125 GeV
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NPs

Pre-fit impact on pu:

T 10,=+A8 | 18,=-A8
Post-fit impact on pu:
B 6,=+AB [ 6,=-AD

—eo— Nuis. Param. Pull

Jet-vertex associalion

2807 hag/3E non-prompt sample variation
ttH acceptance (QCD scale)

280Thag!3E non-proampt e transfer factor
Pileup modeling

201 Tz non-prompt normalization

ttH cross section (QCD scale)

"W acceptance (QCD scale)

Jet Energy Scale variation 1

W acceptance (NLO vs LO)

2001 g/3E non-prompt p transfer factor
W cross section (QCD scale)
Luminosity

200Thad ep non-prompt CR stat.

Jet Energy Scale (flavor compaosition)

Ap
04 -02 0 02 04

U I L I B
ATLAS Preliminary
s =13 Tev, 13.2 fb"

g

-2 -15 -1 -05 0 05 1 15 2

(8-6,)/A0
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Upper limits on the #tH signal strength for the individual analyses

ATLAS Preliminary {s=13 TeV, 13.2-13.3 fb™

ttH(H—vyy)
(13 Tev 133"

ttH(H—=WW/tt/ZZ)
(13 Tev13.2f")

ttH(H—bb)
(13 TevV132f™) S55=% Expected (u=0) + 1o
----- Expected (u=0) + 2¢
...... Bareresssnnns e —— Qbserved

----- Expected (u=1)

ttH Combination
(13 TeV)

ttH Combination
(7-8TeV, 4.5-20.3 )

1 2 3 4 5 6 7
95% CL limit on H atm =125 GeV




