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Questions after Higgs boson discovery
= Part of the SM? Coupling to fermions? «
» Top quark Yukawa coupling y, ~17?

» |s there new physics?

Answers in ttH(bb) search
» Observe ttH production and H - bb

» Most direct measurement of y, (c ~y?)

» Comparison to indirect y, measurements

Focus of analysis
» Single lepton or dilepton tt decay
» Optimized for H — bb decay
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» Higgs boson production at the LHC - ) ;
e = = s et 1)
@ Four main production mechanisms
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» Dominated by gg, ttH suppressed (a) g (b)
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» Selection: single lepton (dilepton) = Classification of events:

=1 (2) isolated lepton @ jet number & b-tag number
> 4 (2) high p, jets (p, > 25 GeV) — different BG compositions
> 2 (2) b-tagged jets - dominated by tt+]€t3 (2000 X GttH)
4j,2b 4i,3b 4j,4b  ATLAS 2j,2b ATLAS
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» Analysis regions by S/B

@ signal regions (S/B > 1% & S/VB > 0.3)

» pbackground regions

= Matrix Element Method (1Z, = 6 jets)
= Maximize ttH vs ttbb separation

Analysis Strategy

» Artificial neural network
» Signal regions: ttH vs BG (NN)
» 1/,5j, 3b: ttHF vs ttLF (NNHF)
» Profile Likelihood fit

» Input: NN discriminant and H,
@ Extract u & constrain systematics

ATLAS Simulation Single lepton ATLAS Simulation Dilepton
s =8TeV, 20.3 fb’ my = 125 GeV s =8TeV, 20.3 fb’ my = 125 GeV
4j,2b 4j,3b 4j,4b osl 2], 2b
Lol SB<0.1%| L10fSB=02% Z1.0fSB=1.4% 2 5B <0.1%
n n wn (7) e
0.5 0.5 0.5
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0,0 _— 0.0 M | a0 0.0
5j,2b 5j,3b 5j,>4b 0el 3j,2D
210l s/B=0.1%| |2 1.0f S/B=0.4%]| | = 10} S/B=2.5% D /B =0.1%
o D o PN
0.5 0.5 0.5 .
o | | | 0_0- ) ey
>6j,2b >6j,3b >6j,24b e
D10t s/B=02%| [210f sB=1.0%|| |2 10} S/B=4.0% Chp e
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: 2 5L ATLAS Simulation £ | ATLAS Simulation
? Slngle Iepton 5 0.5: \s=28TeV i 5 - \s=8TeV —— Total background
i . . > [ Ssingle lepton e 2*0'25? Single lepton E .
@ 10 kinematic variable: ® 0.4->gj>4b iH (m, = 125 GeV) | & gy fiH (m, = 125 GeV)
S il o) A AT = S
» event shape = EEE = e
. . . i i nd e S
@ object pair properties e ol o150 2
. C sum sum 1 o : :
* 2 MEM (= 6 jets): e Lgr T oLy 0.1
» D1, SignalLikelihood (SSLL), | S ;
Variable | (> 6}, > 4b) | (= 6], 3b) EEEE o tag - [ =24b-tag @ |..
0
DI I 10 0 0.10203040506070809 1 82 0.3 0.4 0.5 0.6 07C08 09I 1
‘ D1 entrality
Centrality 2 2
jets 3 9 % | ATLAS Simulation % 0-15j ATLAS Simulation
; ) S [ \s=8TeV e -] \s=8TeV e il
Hl 4 2 > 04 \Ssing?e lzpton Total i Mo "y i Single lepton 'I_:tal bacl;gzr:Zdv
ave _ © FeGiah T W fiH (m =125GeV) | © | 26j,3b ttH (m, = eV)
&Rbb 5, 6‘ 5 B E 0.1
SSLL. 6 4 iU 15t LB < om [ e
mg‘gn AR r; 12 i 2i_ L
max =1 F
My 2 8 8 - tRys NN = Y AOEE R 1 W
K 9 - AP N i M | B
AR{Q};“ f:?lf 10 11 r beg = b-tag é i == 3 b tag
mmm AR 11 9 ok= |r : | : : | : I o =
o . 2 3" 4 5 6" 76 82703 o4 05 0.6 07 08 09 1
Aplanarityp_ie 12 - Nfct) Centrality
Olaf Nackenhorst &K e
Higgs Hunting 2015, Paris, 30.07.2015 the ATLAS Experlment 1{5}..




(& J GEORG-AUGUST-UNIVERSITAT

GOTTINGEN Neural Network Output

\

S S

. . . . singlelep | 2 b-tags | 3 b-tags | > 4 b-tags
» Profile Likelihood Fit Input
_ _ P 4 jets Hp H7 H7*
» Signal enriched: NN for ttH vs BG 5 jets Hhed NN NN
: _ > 6 jets Hhad NN NN
o 1/, 5], 3b: NNHF for tt+HF vs tt+LF =2 .
_ ) i dilepton 2 b-tags | 3 b-tags | > 4 b-tags
o BG dominated: HT to constrain systematlcs -
2 jets Ht
P~ 3 jets H NN
» Good agreement of data & predictions ) v
> 4 jets Ht NN NN
8 [ ATLAS o Data S 120 ATLAS e Data o 180F ATLAS —e Data
S 1000 Vs=8TeV,20.3 fb" B ttH (125) ~ - \s=8TeV, 203" mm tiH (125) ~ F Vs=8TeV,20.3fb" m ttH (125)
0 [ Single lepton ] ti+light £ 100l Single lepton L_Jttelight 2 160 pilepton E{}*'égh‘
g I5j3b i+ g o dl [ (15D S | 40F 24) 3b [ (1bb
2 800 post.fit . tt-bb 1 C Post-it o tisV i © Post-it otV
= r Et+V 80— C—non-tf 120 I non-tt
L sinale E non-tt E sinale <y, Total unc. E +, Total unc.
600 Iep?on /. Total unc. ok Iep?on -:-_‘___;'ttH (125) norm. 100C  dilepton C-73ttH (125) norm.
E L 80
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E o —= oF o === ——
3 : Z i, 8 1.25 8 125 i
ﬂ:— R %W@W.gb/% pos & 1'/// ﬂ:— 1) /7{’7‘ //:j:é%a/f L :%;/////5//// 5554
S heds AR | %& IR : O ok 18 O
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Profile Likelihood Fit
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ATLAS \s=8TeV,203fb", m =125 GeV

» Binned profile likelihood fit:
» signal strengthu=0__/ o,
» nuisance parameters 0
ti+bb normalisation
. . . jet energy scale 1
» Simultaneously fit all regions B
tt+cC normalisation
tf+bb renormalisation
. . . . scale choice my,
* Dominant Systematlc uncertainties PR—
* tt+bb/cc normalization, JES 100 shover recol scherme
jet energy scale 2
E ATLAS + Dam [H(125) = ATLAS + Dam mEtH(125) light-jet tagging 1
108 Vs=8TeV, 203 b’ 0] fisv [ filight| 10°2 {s=8TeV. 20315’ O V[ tislight o
E  Single lepton [0 nonf [ i+ £ Single lepton ] nontf [ fhecE t+cT tt p, reweighting
10° k= “+Totalunc. [ ti+bb| 10°E “+Totalunc. [  1i+bb
E £71H (125) ﬂmﬂ £°1 {iH (125) b-jet tagging 1
10° 10° E . Post-fit
E ti+cT top p. reweighting
10° —> '

107

\

3

ti+bb renormalisation scale

jet energy scale 3

light-jet tagging 2

{t+bb PDF (MSTW)
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» Combined results L — tot. ATLAS \s=8TeV,203fb"
» Best fit signal strength: stal- ¢ (HobB)  (tot) (stat)
= € Dilepton |- — @ — 28120 (14)
o B, =15%11 p
» QObserved (expected) limit at 95% CL.: _
Lepton+jets -  F=—e——i 1.2+13 (0.8)
» 3.4 (2.2) x SM for m, = 125 GeV
S 10°: ATLAS —+ Data Combination = —e—- 15+11 (0.7) 7
® & B i o -1.5) I N R S R SR A
s - BH (Mgpy, o =34 0 2 4 6 8 10
= 1002 [ Bkga Best fit p.:o/GSM for m =125 GeV
= T R N
103;— Dilepton |-
= ttH (H—bb) ] ATLA_S
D \s=8Tev,203f" L& O E ttH (H—bb)
10° : 1s=8 TeV, 20.3 fb
- Combined Lepton+jets | _
| Single lepton and Dilepton BEE Expected £ 16
.1%;_. |\||:| Expected + 2¢
o Rel=n - - —
2 16 [_]fH (1, =1.5) + Bkgd. - .
D 145 gy, .. =3-4) + Bkgd. et Combination Opserved. —
G At = A et Injected signal (u=1)
‘ggg%: : :% L IEIIII|I|||\1||||1
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Higgs Decay Channel Expected (Observed) Limit
ATLAS CMS
single lepton | 2.6 (3.6) 4.2 (5.5)* | - highly competitive
H —bb dilepton (6.7) 6.7 (7.0)
combined 2.2 (3.4) 3.5 (4.1) — most sensitive Higgs
leptonic 6.6 (10.7) 6.8 (8.2) decay
H — vy hadronic 10.1  (9.0) 10.7  (8.0)
combined 4.9 (6.7) 4.7 (7.4)
2/ 3.9 (6.7) 3.4 (9.0)
3¢ 38 (6.8) 41 (7.5)
o wwizzer | Y 15 (18) 88 (6.8)
I Miad 18 (13) 142 (13.0
20170 8.4 (7.5) ;
combined 2.4 (4.7) 2.4 (6.6)
Combination 1.4 (3.2) 1.7 (45 > largecontributionto
ATLAS combination

ATLAS and CMS working on LHC combination

— Expected exclusion 1x SM cross section

Olaf Nackenhorst
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Summary

» Sophisticated search for ttH(bb) [accepted by Eur. Phys. J. C: arXiv:1503.05066]
@ Many analysis regions, Matrix Element Method, Neural Network, Profiled Likelihood
* Matrix Element Method improves expected limit by 16%

» Good background modeling crucial
s Correct tt+LF/cc to 7 TeV data, tt+HF to improved MC simulation
» Further improve predictions by profile likelihood fit

» Combined ttH(bb) results
» Signal strength: p =1.5+1.1
= Observed (expected) limit: p < 3.4 (2.2)
- single most sensitive search
» ttH production not yet discovered at the LHC
* ATLAS (2.4 ) and CMS (3.4 o) close to SM sensitivity (combination expected)
~ Observation of ttH likely in Run Il of the LHC

Olaf Nackenhorst (o -
Higgs Hunting 2015, Paris, 30.07.2015 Y the ATLAS EXperlment (‘f_ﬁ g .
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Systematic uncertainty Type Components @ L u m i n OS ity (3 %)

Luminosity N 1

e = » Physics Objects

Muon SN 6

Jet reconstruction SN 1 o Le pton (2%)

Jet energy scale SN 22

Jet vertex fraction SN 1 . 0 0

Je: [—‘.nei;gy 1‘esc§lution SN 1 ? Jet' I D’ JVF’ J ER (4 /0)’ J ES (10 /0)’

b-tagging efficiency SN 6 .

C—taiging efﬁcienc; SN 4 o Tag g I n g (5 - 2 0%)

Light-jet tagging efliciency SN 12

High-py tagging efficiency SN 1 @ B aC kg ro u n d M O d e I

Background Model _

#f cross section N 1 I

tti modell%ng: parton s.hovt.’er SN 3 ? tt+J ets

s B4 s Cross section (6%)

tt+heavv-flavour: normalisation N 2 . . .

##4+4: NLO Shape SN . s tt+jj/cc p, reweighting (6%)

ti+ce: generator SN 4

W+jets normalisation N 3 _ 0
Rt iy : » Parton shower (10-15%)

Z+jets normalisation N 3 " PR .

Z—;Jﬂftreweighting SN 1 @ tt+bb/CC mOdeIIIng (10'15%)

Diboson+jets normalisation N 3 — _— — . .

Lepton misID normalisation N 2 @ tt+ b b/CC norm al Isatl 0 n (50%)

Lepton misID shape S 2

S?ngle top cross section N 1 @ S m al I baC kg ro u n dS

Single top model SN 1

tV cross section N 1 .

AV wodl SN ! » Signal Model

Signal Model . .

A e 5N ) * Scale, generator, hadronisation, PDF
tH generator SN 1

z;H iaclrontisation SN 1 (3%)

ttH PDF SN 1

i
o~
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1
f)tfH (xDetectora mHl - P (m ) / dpgldngf (pgl) f (ng) Eio-tfH (XPartom mHl W (IP&ITOHJ 'CUDete(:tUrl
prob?aﬁ)ility \.ﬂ.\,_H/ parton den?;irty function differential E‘()ss section transfer‘frun(:ti()ns
normalization -
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» Signal Likelihood
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€ o012 . y —— Total background 1S r - : —— Total background
<ZD  Single lepton e <ZD [ Single lepton e
Fseign = e ttH (mH=125 GeV) DR2F=>6jicaibs s o i ttH (mH=125 GeV)

0.1
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» Neyman-Pearson Likelihood Ratio

LSUHI
D] = ttH
sum sum
L T R
» Optimal normalization
* o=0.23
ho] C
g I
‘T 035
E t \o=8Tey —— Total background
g - Single lepton .
o T ttH (m,, = 125 GeV)
| _Separation: 2.8%
0.25_—
oAzf— =3 b-tag
0.15?
0.12—
A
O:III|IIIIIIIIII|EIIIII|]I8/Q|I‘_!TL—b
0 01 02 0.4 0.7 1

optimal D1(sum)
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3 C
2 05—
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0.3_—
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kst kst
S -8 Tev G -8 Tev
g b ‘SS'I Ie —— Total background g R :'I Ie ; —— Total background
- Single lepton I Single lepton
. S L e fiH(m, =125GeV) | % ool 26240 oo fiH (m,, = 125 GeV)
o Event Reconstru Ctlon 0'4__ Separation: 1.63% A : | Separation: 3.16%
» jet parton assignment s — ttH o il ttbb
s highest likelihood _hypothesis - | hypothesis
@ ttH or ttbb i | o s e B
2SS R s P '
B 167 = | i 2% =
0“'."'["[": TR Y | T 0 [0 B [ R f"r"l"'." O_T. P | NS O | ST "-1"1"|"| |
. 60 80 100 120 140 160 180 0 50 100 150 200 250 300
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- B o022 B %4E
@ non-tt jets 2 oof . Rt
J g 02 :_TTIeV —— Total background § 0351~ :_?Tlev —— Total background
18— Single lepton [ Single lepton
< Z:ZE—ZGL ] s ttH (mH=125GeV) = 0 =S BIIEAR o ied i domsmnes ttH (mH=125 GeV)
" Separation: 1.47% - r Separatlo_n__Q 527%

» Hadronic W mass B
1 =3btag = |ly =24btag

0.08F- 015 —
0.06:—
» Hadronic top mass :
0.04F
B 0.05— [
0.02- - ]
0:” o CE il IR |\||\|||\|\|\“?‘|‘T‘T'f'r'- ESREEa] o R s |."|"|"1""1"1 IR ol ke
0 20 40 60 80 100 120 140 160 180 200 900 150 200 250 300 350 400
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\

Gy
- 0.09¢ C
? o 0.081-
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E Separation: 11.6% 0121~ separation: 14.4% .
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i 0.1
01 [ e
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0.06:— e . Ry R O) A [IBUSRERERN
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6j, 3b: NN ) 6j, 4b: NN
8 [ ATLAS e Dafa S 1207 aTLAs e Data
oS00 ys-gTev, 203 fb' -tLHI,(1h25) = - Vs=8TeV,20.3 15" -tgHI_(1h25)
@ " Single lepton %E{L‘%t £ 100[ Singlelepton %{E;’%t
S 400_251, 3b [ tt+bb > r =6j,24b m ti+bb
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C _1non-it 80— _1non-t
. C 7+ Total unc. r .+, Total unc.
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COTTINGEN Measurement at 8 TeV
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PowHeg+Pythia (NLO+PS)
» tt+light, tt+cc, tt+bb
Observed disagreement
s tt system p;

» top quark p;

Sequential p. reweighting

tt+jets Modeling

@ 7 TeV differential xsecs

» tt+light, tt+cc
* Parton level
tt+bb modeling
» HF only by parton shower
@ Split in truth categories

» Reweight to Sherpa
OpenLoops
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Process ME Generator PDF Parton Shower Normalisation
ttH HELAC-Oneloop CT10 Pythia 8.1 NLO

tt + jets Powheg CT10 Pythia 6.425 NNLO+NNLL
Single top (s-chan., Wt) Powheg CT10 Pythia 6.426 aNNLO

Single top (t-chan.) Powheg CT10 Pythia 6.427 aNNLO

ttV Madgraph CTEQGL1 Pythia 6.425 NLO

W + jets Alpgen CTEQ6L1 Pythia 6.426 NLO

Z + jets Alpgen CTEQG6L1 Pythia 6.426 NLO

Diboson Alpgen CTEQ6L1 Herwig 6.520 NLO
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Neural Network Rank
Variable Definition — — - -
> 6j,> 4b | > 6j, 3b | 5j,> 4b | 5j, 3b
D1 Neyman—Pearson MEM discriminant 1 10 - -
Scalar sum of the pr divided by sum of the E for
Centrality j L6 i 2 2 1 -
all jets and the lepton
ot pr of the fifth leading jet - - -
it f the fifth lead t 3 7
Second Fox—Wolfram moment [220,221] computed
H1 e , 4 3 2 L
using all jets and the lepton
ARE Average AR for all b-tagged jet pairs 5 6 5 :
In L3 Logarithm of the summed signal likelihoods 6 4 - -
i AR Mass of the combination of the two b-tagged . 19 i 4
Mob jets with the smallest AR
mex pr Mass of the combination of a b-tagged jet and
m B i s 8 8 - :
bj any jet with the largest vector sum pp
AR P AR between the two b-tagged jets with the 9 - ¥ :
bb largest vector sum pp
ARmin AR AR between the lepton and the combination 10 1 10 :
lep=bb | of the two b-tagged jets with the smallest AR
A Mass of the combination of the two untagged jets 1 9 9
M with the smallest AR i
1.5X\o, where \s is the second eigenvalue of the
Aplany,_jey | | pa it n . s 2 - 8 -
momentum tensor [222] built with only b-tagged jets
NI Number of jets with pp > 40 GeV - 1 3 -
__win AR Mass of the combination of a b-tagged jet and -
"] any jet with the smallest AR i o i g
max pr Mass of the combination of any two jets with 6
i the largest vector sum pp ) B )
HA Scalar sum of jet pp = = 7 =
it AR Mass of the combination of any two jets with 9
Sl the smallest AR E = ; =
A D Mass of the combination of the two b-tagged
b jets with the largest vector sum B = i 1
J g pr
min AR Scalar sum of the pr of the pair of untagged 3
T.uu jets with the smallest AR i N i ;
e i Mass of the combination of the two b-tagged s
b jets with the largest invariant mass > = T )
AR™Mn AR | Minimum AR between the two untagged jets - - - 6
Mass of the jet triplet with the largest vector -
mjjj sum pr . = :
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COTHNGE Pre-fit | Post-fit (6j. 4b
Pre-fit Post-fit
ttH (125) tt + light tt+ce tL+bb | ttH (125) ¢t + light ¢t +cc tt -+ bb

Luminosity +2.8 +2.8 +2.8 +2.8 +2.6 +2.6 +2.6 +2.6
Lepton efficiencies +1.4 +1.4 +1.4 +1.5 +1.3 +1.3 +1.3 +1.3
Jet energy scale +6.4 +13 +11 +9.2 +2.3 +5.3 +4.7 +3.6
Jet efficiencies +1.7 +5.2 +2.7 +2.5 +0.7 +2.3 +1.2 +1.1
Jet energy resolution +0.1 +4.4 +2.5 +1.6 +0.1 +2.3 +1.3 +0.8
b-tagging efficiency +9.2 +5.6 +5.1 +9.3 +5.0 +3.1 +2.9 +5.0
c-tagging efficiency +1.7 +6.0 +12 +2.4 +1.4 +5.1 +10 +2.1
[-tagging efficiency +1.0 +19 +5.2 +2.1 +0.6 +11 +3.0 +1.1
High pt tagging efficiency | £0.6 — +0.7 +0.6 +0.3 — +0.4 +0.3
tt: pr reweighting — +12 +13 — — +5.1 +58 -

tt: parton shower — +13 +16 +11 — +3.6 +10 +6.0
tt+HF: normalisation — — +50 +50 — — +28 +14
tt+HE: modelling - - +11 +83 | - - +8.1 +7.1
Theoretical cross sections | — +6.3 +6.3 +6.3 — +4.1 +4.1 +4.1
ttH modelling +2.7 - — — +2.6 — — —

Total +12 +32 +59 +54 +6.9 +9.2 +23 +12
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s
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