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 Introduction and motivation

« Search for ttH production in ATLAS
 {tH, H—bb
e ttH, HH-WW, ¢, ZZ
e t{tH, H—yy

« Combined results

e Qutlook
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GOTTINGEN Discovery in bosonic decay modes

Higgs boson discovered in H>ZZ*, H->yy and H>WW* decay modes with 2012 data
*my ~125.6 GeV, JP = 0*
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Higgs properties can be inferred from the event rates measured in all the channels.
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Then... also fermionic channels
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@J comem LHC is a Higgs factory

Luminosity (25 fb-1) * cross-section (20 pb) = 0.5 M Higgs per experiment!!
Only one in ~1071% events contains a Higgs boson.
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Motivation for top-Higgs Yukawa coupling measurement

- After the discovery of the Higgs boson (m ~125.6 GeV), the focus is on the precise
measurement of its properties, in particular couplings to fermions and gauge bosons.

- The top quark is the most strongly-coupled SM particle to the Higgs boson.
For m=173.34+0.76 GeV > A, =2m/v= 0.996% 0.004

IIII| T IIIIIII| T IIIIIII| T llIIIII|

: ATLAS 1> May either play a key role in EWSB, or
1 7 ToV 4547 z; serve as a window to New Physics related
s 8TeV. 203 " x to EWSB which might be preferentially
0" _ — Observed W | Coupled to it.
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- Indirect constraints on the top-Higgs Higgs production -~ Higgs decay
Yukawa coupling can be extracted from P —— -
. . . —'—f_ . ‘l '
channels involving the ggH and Hyy vertices 7% e
(assumes no new particles in loops). @--H- - - @
) ;T»,‘q:_ L - ‘l___ )

* ttH production mode allows for direct  ttH production
measurement of top Yukawa coupling
—> allows probing for New Physics

contributions in the ggH and Hyy vertices.
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 Similarly, model-independent measurements of the Higgs self-coupling will require
precise knowledge of the top-Higgs interactions.

» Higher-dimension operators that involve the top and Higgs fields:

- are little tested so far, and

« are particularly sensitive to New Physics associated with EWSB.
» Effective top-Higgs Yukawa coupling can deviate from SM prediction
due to contributions from dimension-6 oper

(457753 Rep, — 497 10ca

Example: o(ttH) at Vs=14 TeV:

A
+ [5431133 (Reng)? + 11327335¢2,
+ &5. 5+§:13ch — 2+0 7c?

TeV
+ 147+§“2’CHG 67+160y] (—>

5 y
Complementary to o(gg—=>H) and o(tt) + 2331 Rengene — 50119 Rep ey
measurements, which are sensitive to . s TeV \ 4
a different combination of operators. — 325 Repyenc — 1255encuc] (_A )
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Search for ttH in ATLAS
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GA commneen o A challenging search

Standard Model Total Production Cross Section Measurements

o 10e
= . ATLAS Preiminary Run1 s=7,8TeV
b
10°
LHC pp Vs=7TeV LHC pp Vs =8TeV
10° ety B Theory Theory
B0 . Data E Data
10*
10°
o 28
10° I n‘“‘_#:ﬁ:
4710 461t ‘ L 'n L E BN NN
[ =Om <0~ I
]0‘ 481 - é I
== b :
1 L L B I I DN B DL L BN DN DN DN DN BN N NN BN DR DN NN BN BN DN NN B BN R N B N N R R R T R R ) I
PD |
I
I
10! A 1
|
PP W Z  ff bechanWWWZWW Her Wt WZ  ZZ  Huw gtW  tiZ ttH !
tols oty fota stal fols feca) fola tctal oty Tt/ fold fotal g roy tal dha :

- OpLo(ttH) ~0.13 pb at 8 TeV = ~2600 events in 20 fb™"
- main backgrounds: tt+X, 2000 times higher cross section
- complex final state due to tt signature
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1%
0L

irtues:

Many possible final states to consider!
Need to find the best combinations of top and Higgs decay modes to isolate the signal.

Several channels are defined depending on the final signature
—> distinctive final states with high jet/b-tag multiplicity
—> different analysis regions with very different strategy

Top Pair Branching Fractions

< £ T i
£ bb™~ :
46% =
[o]
* 10" 99 mey
o
| THets 15% 'g’ 1T
|
| X z cc 7‘22

I 1] -3
dileptons 0"0¢ 120 140 160 180 200
M, [GeV]

H->bb (BR=58%) dominant mode but
large background

Challenges: H?BVI\Q’Z\QOZOZ)’ o multilepton final state
* low production cross section :
« a priori many handles against backgrounds! H->yy (BR<0.23%) tiny but

clean signature
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Search for ttH(H->bb) in ATLAS

Eur. Phys. J. C (2015) 75:349

1 - z

- o
B g
= / g
+ 40

10 —
% —
w
3 7‘
I

10°

- o

100 120 140 160 1% [Ges?o
H

21/8/15 Maria Moreno Llacer — Search for ttH production in ATLAS




S Search for ttH (H>bb)

Top Pair Branching Fractions ttH Signa[ @

“alljets” 46%

ttjets 15%

e ,\0/0 . o
\\*\}%\— b L+ets 15%
Toxe

etiets 15% )
"dileptons” "lepton+jets”

—> focus on the lepton+jets and dilepton channels

» Single lepton:

Final state: 1 charged lepton, 6 jets and 4 b-jets
Selection: exactly 1 e/u and = 4 jets being = 2 b-tagged
» Dilepton:

Final state: 2 opposite-sign leptons, 4 jets and 4 b-jets
Selection: exactly 2 leptons (e/u) with OS and = 2 b-jets

- very difficult signature modelling .
- ft+jets (tt+bb) background understanding is crucial tt+jets Background
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ttH (H->bb) signal produces 1 or 2 leptons and 6 or 4 jets, 4 of them b-jets

ttH (H->bb): analysis strategy

- Very challenging final state affected by large systematics:

tt+jets, tt+heavy flavour modelling, b-tagging, JES
- Categorize events according to the # jets and b-jets = control and signal regions
- Build multivariate discriminant in signal-enriched regions

It /q
g
#bjets Single lepton (5)
12 2 b-tags | 3 b-tags > 4 b-tags Q
Q g Q)
% || 4 jets H7° H7 H7P? .
5 jets H NN NN .
VI > 6jets | HEd NN NN _ _
e Signal-depleted regions:
Dilepton use H."2d= sum p- of jets for single lepton
H-= sum p- of jets and leptons for dilepton
2 bt 3 bt > 4 bt T T
_ S 38° | =" 798° | e Region with 5 jets and 3 b-jets:
2 jets Hr use neural networks (NN) trained to
3 jets Ht NN separate tt+bb/cc from tt+light jets
> 4 jets Hr NN NN e Signal-rich regions:
— use NN trained to separate ttH for tt+jets in
each region
21/8/15 Maria Moreno Llacer — Search for ttH production in ATLAS




@J ey ttH (H>bb): analysis strategy

ttH (H->bb) signal produces 1 or 2 leptons and 6 or 4 jets, 4 of them b-jets

- Very challenging final state affected by large systematics:
tt+jets, tt+heavy flavour modelling, b-tagging, JES
- Categorize events according to the # jets and b-jets = control and signal regions
- Build multivariate discriminant in signal-enriched regions
- Signal-depleted channels play a key role constraining systematic uncertainties
- Analysis relies on a profiled likelihood fit, in order to constrain in-situ the leading systematics

Background composition 4j,2b 4j,3b 4j,40 ATLAS
_ ! ! ! Simulation
Single lepton
@ my = 125 GeV
rd \s =8 TeV
high statistics, °l.2b 21, 3b °),=4b [ ]tt+light
constraint on @ [ ] tf+c§
overall ttbar B tt+bb
normalisation R ItV
and modelling | =% =2b =2)= [Jnon-t
@ constraint uncertainties on
ttbb and ttcc normalisations
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ttH signal: modelling at NLO, PowHel+Pythia8

Backgrounds:

e Modelling of tt+jets and tt+heavy flavour (HF)
backgrounds across different jet and b-tag
multiplicities is a critical aspect in this analysis

Powheg+Pythia used as baseline MC
- NLO description of inclusive tt production
- tt+bb: only parton shower accuracy,
but compared to Sherpa NLO prediction

e MC prediction for minor backgrounds:
V+jets, single top, diboson, tt+V

e Multijets (fake lepton): data-driven estimates
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@J GOTTINGEN Signal and background modelling

. . . £ S ata i
ttH signal: modelling at NLO, PowHel+Pythia8 § oL ey, ot é s é“gﬁ;;ﬁg
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backgrounds across different jet and b-tag
multiplicities is a critical aspect in this analysis
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- NLO description of inclusive tt production
- tt+bb: only parton shower accuracy, B
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@J GOTTINGEN Signal and background modelling

ttH signal: modelling at NLO, PowHel+Pythia8

Events

= Vs=8TeV, 20.31b" v [ thlight
£ Single lepton nontt []  tt+cC

10° 7/ Totalunc. [l  ti+bb
Backgrounds: 104:;% SO
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backgrounds across different jet and b-tag - i
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%

-
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Powheg+Pythia used as baseline MC
- NLO description of inclusive tt production
- tt+bb: only parton shower accuracy, B
but compared to Sherpa NLO prediction
- tt+jets: corrections to MC derived from
differential cross section measurement
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e MC prediction for minor backgrounds:
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(@A comuaen ttbar+jets modelling

e In Run1, an inclusive tt+jets sample simulated with at NLO accuracy was used.

- Enough statistics in data to validate the modelling: differential cross-section measurement
at 7 TeV show that Powheg+Pythia, with the settings used, does not match the data.

- In particular, top p; and ttbar system p; distributions show that data is softer than MC.
To correct for this, two reweightings were derived: top p; and ttbar p; spectra.

| SN LN L L Y L L N B L Y L L B D L B |

".__l :I ' ' ' : ~ Y ] T reTeYT I """""" [ """""" I !!!!!!! ] """"" 3
- oy J =
(%5) - - Data N %) 102 E Data —
I 402 = ® POWHEGHHERWIG —  ™Io 0° ® POWHEGHERWIG
o V  POWHEG+PYTHIA - = Y POWHEG:PYTHIA 3
L Y -
L R FAA | C ome’ ]
Jo4 L ATLAS top p- B 10 ArLAS ttbar p; -
- det=4.6fb" = - det:a.Gfb“ .
- Vs=7TeV 7 =
i ) - o v i 10_5 = \s=7TeV . , a v .
PR T T [N T T T T N A T T T T [N T T N T T N - s a1l 0.1, s 10 1., T T | I -
1.5__llll|llll|llII|I|||||6|||||||||||'|v|' __ 1‘5— vv]"'r[r L B vv'rrvrvv vvvv]rv vvvy]rrr R
© = o_ v . © - v a o .
IR e BT e OR jmemer Rt ——— —3
05:—|||||||—: 0551111 P ;
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800 900 1000
ptT [GeV] p’r‘ (GeV]

ttbar p; reweighting in ATLAS mainly affects # of jets
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# jets

ttbar+light jets modelling

x10° 10°
2 400 ATLAS . —- Data 2 400 ATLAS . —e Data
L%’ C \S $= I8 TIth 20.3 fo I tiH (125) L%’ C : = |8 Tlth 20.3fo [ tiH (125) Cl . f
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r2of- Sdle o S r2of- Shdle b e Clear mpr_ovement after
00f 2 o rob 00f 2 - op the reweighting.
- " Inon-it - [ Inon-t
80 :_ 2/, Total unc. 80 :_ ./, Total unc.
o before RW S0 after RW e Assign uncertainties from
“F > o the measurement to this
- o = ) correction.
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P o 0750
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> E ATLAS . —+— Data > F ATLAS 1 —+ Data
(O 3 \s=8TeV, 20.3 fb @ tTH (125) [OIET £ \s= 8 TeV, 20.3 fb’ B tTH (125)
8 F Single lepton [ ti+light 8 F Single lepton tt+light
> 105;_ 4j, 2b |:|tf+c§ > 105;_ 4j, 2b t§+0§
= -
- + > = +
H TR = non-tt W ot non-tt
T E 7, Total unc. E 7, Total unc.
(scalar sum p;of all jets) before RW 0k after RW
102 ;_ > 102 é_
c c \ -
10 = 10 =) -
3 1.255;2 2 1.25;}4
o 1205554 o 11%%%%%%
s 075" S 0.75;/{
© 05— © 05t
o} 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200
H* [GeV] H* [GeV]
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>6j,=24b tt+bb: main and irreducible background to ttH(H=>bb)

- pure QCD process with 0~5 pb (ttH signal 0~0.13 pb) at 8 TeV

- very difficult to model (no data control regions - rely purely on MC)
- leading systematics due to modelling of tt+bb

- definitions of tt+bb different between two collaborations

tt+bb is pure parton shower in Powheg+Pythia
- need to assign syst. unc. from comparisons with (new) dedicated NLO ttbb samples

* normalization: 50% unc. (constrained down ~20% in the fit)

* shape:
1- compare the relative contributions of diff. categories of tt+heavy flavour
2- compare kinematic dist. - re-weight events to match kinematics of SherpaOL NLO tt+bb

In close collaboration with theorists:

) -~ Studies ongoing for tt+bb NLO for 4F vs 5F scheme
The modelling of tt+bb background plays . How to merge with ttbar+jets?
a key role in this search. Therefore, the ~Sherpa+OpenLoops NLO 4F tt+bb compared with
implementation of the latest theoretical NLO (Powheg and aMC@NLO_MadGraph5)+PS
developments is crucial. and Sherpa MEPS@NLO

EW corrections might be significant
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@J (GSEC:;%QLEJSUST-UN|VERS|TAT Hebb mode"ing

e tt+heavy flavour (HF) classification based on truth jets, no matching to reconstructed jets
- truth jets are built from stable particles, excluding u and v (anti-k; algorithm R=0.4, p>15 GeV)
e find particle jets containing a B/C hadron with p:>5 GeV not originated from top decays
e count number of B/C hadrons inside the jet, and classify the events
- “tt+bb”: 2 particles jets, each of them matched to exactly 1 HF hadron
- “tt+b”: 1 extra particle jet in the event which is matched to exactly 1 HF hadron
- “tt+B”: 1 particle jet which is matched to a bb pair (g—=>bb splitting), i.e to > 1 hadron

. 0 = T T T T T =

o = C 3

allows comparison among generators S 10| ATLAS Simulaion - owEG YA

S s £ son MADGRAPH+PYTHIA

- tt+bb prediction in Sherpa+OpenLoops 3 e, e SHERPA OL _

H ) < Frngnn 3

massive b’s, 4 flavour PDF S :

1071 ? e - ?

- compare the relative contributions of diff. - . ]

1072 = o g =

: . . - ol o-;

- sizable correction in tt+B category . U o i

10 = [V e =

\f e 3

. _r - | | | ]

- very good agreement in tt+bb prediction N T E

S L 3

% 1'.%;m AN o i -

- minor corrections to the kinematics: £ oo N e o 3

top and ttbar p;, bb pr and dR N
2 PR R B R
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@J (GSEC:;%QLEJSUST-UN|VERS|TAT Hebb mode"ing

e tt+heavy flavour (HF) classification based on truth jets, no matching to reconstructed jets
- truth jets are built from stable particles, excluding u and v (anti-k; algorithm R=0.4, p>15 GeV)
e find particle jets containing a B/C hadron with p:>5 GeV not originated from top decays
e count number of B/C hadrons inside the jet, and classify the events
- resolved “tt+Xb”: the event contains X HF jets, each of them contains exactly 1 HF hadron
- unresolved/merged g—>bb splitting “tt+XB”: each jet contains more than 1 HF hadron

ATLA imulation —e—SHERPAOL
S Simulatio SHERPAOLu x0.5

----- e+ SHERPA OL u X2

—s— SHERPA OL p=|/(mm, o)

~o-- SHERPA OL p’=fi_ “R

—
o
N

e allows comparison among generators

e assign ttbb modelling systematics at NLO

Cross section (pb)
=

- factorisation scale up/down, different functional
forms for the factorisation, renormalisation and
resummation scales

—_

—
Q

- PDF variations (MSTW, NNPDF),
shower recoil scheme variation

—_
<
N

MC / SHERPA OL
0000 oo

NRDo LR D®

% [T
X
o]
=2
X
%
=
X
o
=
X
o}
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ATLAS Simulation Single lepton
=8 TeV, 20.3 fb' =125 GeV . . .
weEE ™ *" NN are trained using several types of variables:
2.4 SBeom 2iolshooz 2iiskeres - Object kinematics (peY),
Pos Pos Pos - object pair properties (Ar;; maxAn)
pommm==_ gL o U L global event variables (centrality)
Do Shogr Dio Sboos| Diq shoswe - MAtrix element methoq (fqr single I_epton ch.): )
o o 2 - Neyman-Pearson likelihood ratio D1 D1 — L
N - summed signal log-likelihood SSLL LY 4 a- L
00 0.0 0.0 gna Og IKellnoo ttH + @ +ibb
26j,2b =26j,3b 26j,24b
Dol SB=02% 210fSB=10% 210} SB=4.0%
(7)05 505 ;)05-

: o NN rank
Variable Definition S 6> 4b | S 6.3b | 5.5 4b
D1 Neyman—Pearson MEM discriminant (Eq. (4)) 1 10 -

: Scalar sum of the pt divided by sum of the E for
Qentrallty all jets and the lepton 2 2 1
Pt pr of the fifth leading jet 3 7 -
Second Fox—Wolfram moment computed using
H1 all jets and the lepton 4 3
ARPYE Average AR for all b-tagged jet pairs 5 6
SSLL Logarithm of the summed signal likelihoods (Eq. (2)) 6 4 -
min Mass of the combination of the two b-tagged
My AR jets with the smallest AR 7 12 4
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@J cormaen o Matrix element method

e The Matrix Element Method is used to compute the likelihood
for an event to be originated from a certain theoretical hypothesis.

e Compute the likelihood respect to the ttH or ttbb hypothesis

fun( LDetectors TH ) = e 3 / ‘11’ dp, ‘I’ ) £ (P, )ﬂ lUI:Il{.XIL‘;e.rr:nn-“lH__l l‘ (T Partons L Detector )
Oty (M)
N— o —

prob .al ility e fi

parton dens 1 - funetion J differential cross section || transter functions

normalization

e PDFs account for production mechanism (CTEQG6L1 set)
e Differential cross section proportional to |M|?, consider only LO ME from MadGraph

- test ttbb and ttH hypothesis (all LO diagrams included: 10 for ttH and 43 for ttbb)
- full decay to preserve angular correlations

e Transfer functions map detector response to parton level
e VEGAS technique for Integration with O(10%)

Cevt
e Likelihood ratio of ttH/ttbb hypothesis (D1) is the most discriminating D1 = i
variable against ttbb in 6j4b

e Sum of likelihood under signal hypothesis (SSLL) is discriminating against
the rest of the backgrounds

ev evt
L+ Liis
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i @J GOTTINGEN Matrix element method

e Reduction of assignment permutations using b-tagging:
12(36) invariant perm. in 6j4b (6j3b)

e Choose pair of untagged jets closest to W mass
g

e Delta function detector response for the objects @

eta/phi and lepton 4-momentum
—> 6 jet energies + neutrino p,
—> solve neutrino p, imposing W mass P

e Reduction of dimensionality: 6 variables @\' t
e bb mass, leading b-jet energy
e hadronic W mass, leading light-jet energy
e 2 b-jets from top

WJr

Number of dimensions: 10 x 4 = 40

Momentum conservation and initial pt=0 - -8
6 jets with known eta, phi and mass - -6*3 = -18
Lepton with known four momentum (delta-function for detector response) >

Solve pz neutrino using W mass constrain (NWA for Wlep) =
Total: 6
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)i @J GOTTINGEN Matrix element method

e Reduction of assignment permutations using b-tagging:
12(36) invariant perm. in 6j4b (6j3b)

e Phase space alignment (to optimise integration)
transformation to m,, my

e Reduction of dimensionality: 6 integration variables
3 b-quark energies (Epp15 Eptop2s Ebnit)
1 light-quark energy (E,;1), P
M(Wpaq) @and m(H)

[o Integration time reduction: 24h <> 2min/eve® @“ ¢
g

Number of events
Nominal sample: 6M o
Systematic variations (35): 56 M

\9 62M events* 2min ~ 2M CPU hours j

W+

Number of dimensions: 10 x 4 = 40

Momentum conservation and initial p;=0 - -8
6 jets with known eta, phi and mass - -6*3 = -18

Lepton with known four momentum (delta-function for detector response) >

Solve p, neutrino using W mass constrain (NWA for Wlep) -
Total: 6
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‘,@ GOTTINGEN Signal-to-background separation

NN are trained using several types of variables:
- object kinematics (p¢!),

ATLAS Simulation
\s=8TeV, 20.3fb"

Single' lepton

4j,2b j j am . =
210 S/b < 0.1% Lo g/JBit()).z% 210 g/JBit:A% - d|jet pairs propertles (Anu maXAn)
7] w w
- global event variables (centrality)
R e——— i EE—— o - .
» " " - matrix element method (for single lepton ch.):
5j,2b 5j,3b 5j,=z4b . . .
D10 sB=01% Z1ofsB=04% D10 sB=25% - Neyman-Pearson likelihood ratio D1
5] w w
0.5 0.5 0.5 H H H
| - summed signal log-likelihood SSLL
o) (mm 9 9
: . : . 2
T LN RO NP P sop = £ 3 Weig = Yoicg)
& & P 9 o
05 05 - 05 bine Ysig T Ybkg
0.0: 0.0 0.0
Neyman-Pearson likelihood ratio centrality=p-/SE NN output
o — © [ ATLAS Sioiad £ 018747145 Simulation
'E 0.5 ATLAS Simulation E - miaton 5 0.161 \s=8Tev — Total background
35 - \s=8TeV — > [ \s=8TeV —— Total background > [ Single lepton 9
> : Single |ept°n TOtaI baCkgrOUnd 2‘0.25* Single |ept0n g a 0.14_ g p ........ ﬁH (m _ 125 Gev)
S 04F _pgj-4p iH (m, = 125 GeV) S [ =6j=4b fiH (m,, = 125 GeV) = P 26),24b o
- 5020 g o120
< 03; < E ............... 0.1:
L 0.15j i 0.08
0.2 S ;
e e
0.1 0.05? ~3% s gg:;
0 01020304 0506070808 1 83 Oél64‘1”65”66‘5”67“65”69 1 O s 0 o
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AT GOTTINGEN Prefit plots: data/MC comparisons

7731

S 180[ ATLAS —e— Data N gof ATLAS —e— Data
> F Vs=8TeV,20.3fb" ] tgHI (1h25) < [ Vs=8TeV, 203" [ ] }%HI'“h%(S)
H 2L 160 1 tt+light §2] P oY [ tt+lig
Dilepton 5 ¢ Dlepton o ttrce S a5l Oy 3 tircs
> 1400 =4, 3b I tt+bb > g =4 = [ tt+bb
w u ; o t+V w - ' Cot+V
- [ non-tt r [ non-tt
120 C 2+, Total unc. 20¢ ~v, Total unc.
100 C oo ttH (125) norm. C C 203 ttH (125) norm.
F 15
80 C
60 10 Co
C s W4y r W
40— 87 C
r 5 e T et
20F 4 o asmmmmmmman T2 | L e -
_________ of
8 1.25F 3 1.25f
o 1E o 16
~ 2 ~ ¢
s 0.75¢ @ 0.75¢
E 0.5|||||\|||1||\|||\||\|||\||\|||\||\\||\| [ 05 L LY i s 8 G M S AT I
o -1 -08-06-04-02 0 02 04 06 08 1 &) -1 -08-06-04-02 0 02 04 06 08 1
NN output NN output
3 [ATLAS e Data S 120 ATLAS —e— Data
o 500 8-TFev;-20.3 fo”! mm tiH (125) > - ys= -20.3 fb” -gHI_ﬁthS)
~ . i i . i
@ Slngle lepton % :%:Ic%ht S 100(+— Smgle lepton %tiic%
S 4005 6j, 3b m tt+bb > [~26j=4b . tt+bb
o - Pre-fit CotteV w gol Pt BtV
i C 1 non-tt — C_non-
SI ng Ie Iepton r 77 '[ota| unc. B Sy Iotal unc.
300 — C oo ttH (125) norm. B oo, ttH (125) norm.
. 60 -
L - ’ ,/ T
200 - ,,'%,/ ] -
r 40— %y I[[/,‘{;grz L
L N ¥ A ]
* e
: L 7 I‘l
8125? 8122Z D M
|4 ~ 4
s 07574 g 075
E 0.5>||/|||\|||1||\|||\||\|||\||\|||\||\\||\| © 0.5""1"‘""l"‘l"'l‘"l"""""""‘
o -1 -08-06-04-02 0 02 04 06 08 1 &) -1 -08-06-04-02 0 02 04 06 08 1
NN output NN output
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G e osm e Profile likelihood fit

Signal extracted via binned likelihood fit L(u,0) to all analysis regions under S+B hypothesis

2
= et T o (!) TEEEN T

| %w
l reg bins( j) b, ) [ ]tt+light
HSig z] “ - N [ Jtt+cC
tt+
[ ]non-tt

- parameter of interest: signal strength p=a/ogy
- nuisance parameters 6,: systematic uncertainties
- nuisance parameters ¢, ;: MC statistical uncertainty per bin

4ij,2b

a

— Find the best values for py and 6, by minimizing the log L
- obtain fitted uncertainty on p 5j,2b
- high-statistics control samples can constrain the “a priori” nuisance

parameters values: tt modelling - across 2b regions

tt+HF - 3b / =24b-tags regions

\Y

()]
N}
(op

—> Calculate the experimental sensitivity in terms of the significance
(i.e. level of disagreement between the data and the background-only
hypothesis expressed as Gaussian standard deviations o)

7))
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GOTTINGEN Systematic uncertainties

7731

Syslematic uncertainty Type Components

Luminosity N | . . 0
Sk O e Luminosity (2.8%)

Electron SN 5

Muon SN [

Jet energy scale SN 22

Jet vertex fraction SN |

Jet energy resolution SN |

Jet reconstruction SN |

b-tagging efficiency SN [

c-tagging efficiency SN 4

Light jet-tagging efficiency SN 12

Background Model

i cross saction N |

 modelling: pr reweighting SN 9

if modelling: parton shower SN 3

if+heavy-flavour: normalisation N 2

if+ct: HF reweighting SN 2

i+cl: generator SN 4

i+l NLO Shape SN 8

W+jets normalization N 3

W pr reweighting SN 1

Z+jets normalization N 3

Z pr eweighting SN 1

Multijet normalisation N 3

Multijet shape 8 2

Single top cross section N 1

Single top model SN 1

Diboson+jets normalization N 3

1V cross section N 1

#V model SN 1

Signal Model

iH scale SN 2

itH Generator SN |

#fH hadronization SN 1

{FH PDF SN 1 S = shape, N = normalization
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GOTTINGEN Systematic uncertainties

\

7731

Systematic uncertainty Type Components

Luminosity N | . . 0
Foois Ot e Luminosity (2.8%)

Electron SN 5

Muon SN 6 . .

Jet energy scale SN 22 b PhySICS ObjeCts

Jet verlex fraction - : - leptons (2%)

energy resolution .

Jek et & 1 - jets: ID, JVF, JER (4%), JES (10%)

b-tagping efficiency SN 6 i o

c-tsggisg eﬂicienc;r SN 4 tagglng (5 20 /0)

Light jet-tagging efficiency SN 12

Background Model

1f cross section N 1

 modelling: pr reweighting SN 9

if modelling: parton shower SN 3

if+heavy-flavour: normalisation N 2

if+ct: HF reweighting SN 2

i+cl: generator SN 4

i+l NLO Shape SN 8

W+jets normalization N 3

W pr reweighting SN 1

Z+jets normalization N 3

Z pr eweighting SN 1

Multijet normalisation N 3

Multijet shape s 2

Single top cross section N 1

Single top model SN 1

Diboson+jets normalization N 3

TV cross section N 1

#V model SN |

Signal Model

HTH scale SN 2

1TH Generator SN 1

#H hadronization SN |

{FH PDF SN 1 S = shape, N = normalization
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P cormmaen Systematic uncertainties

Syslematic uncertainty Type Components
Luminosity N | . . 0
T Ol e Luminosity (2.8%)
Electron SN 5
Muon SN [ . .
Jet energy scale SN 22 o PhySICS ObjeCts
Jet vertex fraction SN 1 - |eptons (2%)
Jet energy resolution SN 1 .
Jet reconstruction SN 1 = jetS ID, JVF, JER (4%), JES (10%)
b-tagging efficiency SN [ _ i -20°
c-tagging efficiency SN 4 tagglng (5 20 /0)
Light jet-tagging efficiency SN 12
Background Model
i cross saction N |
t modelling: pr reweighting SN 9 o BaCkg round model
if modelling: parton shower SN 3 :
if+heavy-flavour: normalisation N 2 - tt+JetS .
i+cz: HF reweighting SN 2 - cross-section (6%)
1+cl generator SN 4
47455 NLO Shage N s - parton shower model (10-15%)
W-tjets normalization N 3 - reweighting to data (6%)
W pr reweighting SN 1 . . o
Z-+jets normalization N 3 - tt+bb/cc normalisation (50%)
Z pr eweighting SN 1 _ ;
Multijet normalisation N 3 tt+ b b/CC m Od el I In g
Multijet shape s 2 - small backgrounds
Single top cross section N |
Single top model SN 1
Diboson+jets normalization N 3
1V cross section N 1
iV model SN 1
Signal Model
iH scale SN 2
itH Generator SN |
#fH hadronization SN 1 ) _
{FH PDF SN 1 S = shape, N = normalization
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P cormmaen Systematic uncertainties

Syslematic uncertainty Type Components
Luminosity N | . . 0
T Ol e Luminosity (2.8%)
Electron SN 5
M SN [ . .
Je.ftu::ergy scale SN 2 e Physics objects
1 o
e N 1| - leplons (%) o
Jet reconstruction SN 1 = JetS: ID, JVF, JER (4 A'.)), JES (10&)
b-tagging efficiency SN [ _ i -20°
c-tagging efficiency SN 4 tagglng (5 20 /0)
Light jet-tagging efficiency SN 12
Background Model
i cross saction N |
t modelling: pr reweighting SN 9 o BaCkg round model
if modelling: parton shower SN 3 :
if+heavy-flavour: normalisation N 2 - tt+JetS
i+cz: HF reweighting SN 2 - cross-section (6%)
1+cl generator SN 4
F+bb: gNeLDShaIE SN 3 - parton shower model (10-15%)
aj;iet;&zfi;ﬁgﬁguf’" i X - reweighting to data (6%)
T Ie . .
Z-+jets normalization N 3 - tt+bb/cc normalisation (50%)
Z pr eweighting SN 1 _ ;
Multijet normalisation N 3 tt+bb/CC mOdelllng
Multijet shape S 2 - small backgrounds
Single top cross section N |
Single top model SN 1
Diboson+jets normalization N 3
#V cross section N 1 .
#V mode] SN I e Signal model
S_gnala]Model -~ - scale and PDF choice, MC generator, hadronisation
iH scale 2
itH Generator SN |
#fH hadronization SN 1 ) _
{fH PDF SN 1 S = shape, N = normalization
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G e osm e Systematic uncertainties

Syslematic uncertainty Type Components

Luminosity N | . . 0
T Ol e Luminosity (2.8%)

Electron SN 5

M SN [ . .

Je.ftu::ergy scale SN 2 e Physics objects

Jet vertex fraction SN 1 |eptons (2%) - \

Jet energy resolution SN 1 . . <

Jet reconstraction - - jets: ID, JVF, JER (4%), JES (10%) @ \(\\\((\ NG

b-tagging efficiency SN [ _ i -20°

c-tagging efficiency SN 4 tagglng (5 20 /0) (\Ge

Light jet-tagging efficiency SN 12 G\) 66*Q
[Background Model > AN

#f cross section N 1 \G . fb\

t modelling: pr reweighting SN gl o Background model 5\36 e\\c‘

if modelling: parton shower SN 3 tt+iet 0‘

if+heavy-flavour: normalisation N 2 - Jets @ \(\3

fi-+cz: HF reweighting SN 2 - cross-section (6, *Q(\

1+l generator 4

47+bb: NLO Shape SN 8 - parton shower mo>. (10-15%)

z,?f:e:zﬁgﬁgm i X - reweighting to data (6%)

Z+jets normalization N 3 - tt+bb/cc normalisation (50%)

Z pr eweighting SN 1 _ ;

Multijet normalisation N 3 tt+bb/CC mOdelllng

Multijet shape s 2 - small backgrounds

Single top cross section N |

Single top model SN 1

Diboson+jets normalization N 3

#V cross section N 1 .

#V mode] SN I e Signal model

S_;-gnala]Model -~ - scale and PDF choice, MC generator, hadronisation

iH scale 2

itH Generator SN |

#fH hadronization SN 1 ) _

{fH PDF SN 1 S = shape, N = normalization
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P cormmaen Systematic uncertainties

Pre-fit

o S e s ) ) . L

% change inyieldin26j,24b ttH (125) tt + light tt+cc tt+ bb
Luminosity +2.8 +2.8 +2.8 +2.8
Lepton efficiencies +1.4 +1.4 +1.4 +1.5
Jet energy scale +6.4 +13 +11 +9.2
Jet efficiencies =1.7 +5.2 2.7 +2.5
Jet energy resolution =0.1 +4.4 +2.5 +1.6
b-tagging efficiency +9.2 +5.6 +5.1 +9.3
c-tagging efficiency +1.7 +6.0 +12 +2.4
Light jet-tagging efficiency =1.0 +19 +5.2 +2.1
High pr tagging efficiency =0.6 - 0.7 +0.6
tt modelling: pr reweighting - +5.4 +6.1 —
tt modelling: parton shower - +13 +16 +11
tt heavy-flavour: normalisation | — - +50 50
tt heavy-flavour: modelling - +11 +16 +8.3
Theoretical cross sections - +6.3 +6.3 +6.3
ttH modelling +2.7 - - -
Total +12 +32 +59 +54

Background systematics much larger than expected signal yield!
Total background uncertainty: ~40%
Expected S/B: ~4%
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@J corrmaen Profiling in action

. S 120~ ATLAS Preliminary +Eﬁt?125) .
~ /s =8 TeV, 20.3 fb" . b F imi
Prefit . ooome =g Postfit = = amerame oo,
|.‘|1>.|) r 261,'24b mm tt+bb 2 100/ Single lepton %g—:g%ht
[ Pre-fit Cotty 2 [ =6j,=4b . ti+bb
sor \;l//'rllg?e;lﬂunc. H [ Postfit et
L 773 ttH (125) norm. 80~ \//://l %g?é}tunc_
60 - ::_:_;'ttH (125) norm.
. . . 4o} / / , u
ttbb normalization uncertainty | *» /////,;; :,‘ |
. 201 i
is greatly reduced! - _____“___n____: ________ : _
k3 125 XM M - ‘
¥ %7 U e s &'
g° // / R > L e i’{”’%‘*%’*”@(%%
a %4 o8 06 04 02 o 02 04 oNe;\los 1 S 951708060402 0 0204 06 08 1
output NN output
. Pre-fit ) Post-fit )
26j,24b ttH (125) tt + light tt+cc i+ bb | ttH (125) tt + light tt+ce ¢+ 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 +2.3 +5.3 +4.7
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
Light jet-tagging efficiency +=1.0 +19 +5.2 +2.1 +0.6 +11 +3.0 +1.1
High pr tagging efficiency =0.6 - +0.7 +0.6 +0.3 - +0.4 +0.3
tt modelling: pr reweighting - +5.4 +6.1 - - +4.7 +54 -
tt modelling: parton shower - +13 +16 +11 - +3.6 +10 +6.0
tt heavy-flavour: normalisation | — - +50 +50 - - +28 +14
tt heavy-flavour: modelling - +11 +16 +8.3 - +3.6 +9.1 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 +6.9 +9.2 +23 1
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A GOTTINGEN

L e O
- — tot. ATLAS (s=8TeV,20.3fb"
Stat. @ (Hobb)  (tot) (stat)
o Dil o e 28+20 (1.4) _
e Best fit signal strength lepton= —
u=1.5+1.1 ——
. . . epton+jets —  p=—e—— 1.2+13 0.8)
in agreement with SM expectation P (08)
Combination |~ —— 15+11 (0.7) 7]
e Observed (expected) significance of signal o 2 4 6 8 10
Best fit u=c/c_ _for m =125 GeV
1.4(11) o sm
L L - S B L L B
Dilepton |- ATLAS |
e Observed (expected) exclusion limits I ttH (H—bb)
s=8 TeV, 20.3 fb”
0<3.4(2.2)xogy @95 CL Lepton+jets ]
S Expected + 1o
Expected + 26
Combination — — Observed -
A Injected signal (u=1)
RN - T R R
0 2 4 6 g8 10 12

95% CL limit on o/cg,, at m ;=125 GeV
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Al
S 10°c ATLAS —~— Data
e Best fit signal strength 2 F B i <1.5)
u=1.5+1.1 L%’ - i (u,,, _=3.4)
in agreement with SM expectation 10°E [ JBkgd
o _ 103__ Hint of ttH
e Observed (expected) significance of signal = {H (H->bD) signal
1.4(1.1) o -
- \s=8 TeV, 20.3 fb’
102 Combi
ombined

e Observed (expected) exclusion limits
0<3.4(2.2) x o5y @ 95 CL

Single lepton and Dilepton

E clv e ey |

= |:|ttH =1.5) + Bkgd.
;_ ftH (”95/oexc =3.4) + Bkgd.

E o = o a PP G S
@ g =g

Data / Bkgd.

OO —A—a o
bu'oo_ki\)'-h'ovboo
TT T |

4EE 3 25 2 A5 T 05
Iogm(S/B)
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Ap
-1 -0.5 0 0.5 1

Fitted values of nuisance
parameters with largest impact on u

ATLAS (s=8TeV,20.3fb", m =125 GeV

' 7/ 1 H
tt+bb normalisation %//////—0—-—1
jot le 1 ; i :
jet energy scale ° / 7

- Largest effect on u: normalisation of tt+bb bkg.

ti+cC normalisation

- is reduced by more than 1/2 from initial 50% — 5
) . . . tt+bb renormalisation
- the fit prefers an increase (pulled up) in this scale choice m,, ///
bkg of ~40% tt+V cross section %
ti+bb shower recoil scheme ® ;
- tt+bb modelling uncertainties affecting the jet energy scale 2 %
shape of this bkg. also have a significant effect. light-jet tagging 1 //// .
- largest one: the renormalisation scale choice flvo3 t p. reweighting ’2///
b-jet tagging 1 //; ®
tt+cC top p, reweighting 2:/’;.
ti+bb renormalisation scale ® ////
jet energy scale 3 2/’; @
—&— PFul light-jet tagging 2 ° ?
' Pre-fit Impact on pt {£+65 PDF (MSTW) | l — z | l |
////// Post-fitlmpactonp | L 111 L1 11 111 4 111 L1111 L 111 |

15 1 05 0 05 1 15
6 - 0,)/A0
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Search for ttH(H->multilepton) in ATLAS

arXiv:1506.05988, accepted by Phys. Lett.

v 1 ’ 3
3 2
~ a
g WW
= z
+ 41
10
- T
2 /7
L

10°

o e

100 120 140 160 18% [Ge\zl?o
H
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] Do cOTTINGE Search for ttH (H->multilepton)

- Sensitive to H>WW, 1z, Z2Z

Higgs boson decay mode

- Consider 5 final states: Category WW* 1r  ZZ" Other
* 2 SS leptons (e/u), No 1,4 200thaa = 80% 15% 3% 2%
* 3 leptons (e/u), total charge +1 3¢ 74% 15% T% 4%
* 2 SS leptons (e/u), 1 t},.4 261 Thad 35% 62% 2% 1%
* 4 leptons (e/u) 4¢ 69% 14% 14% 4%
* 1 lepton (e/), 2 Ty, 162Thad 4% 93% 0% 3%
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i Do coTTinee Search for ttH (H->multilepton)

- Sensitive to H>WW, 1z, Z2Z

Higgs boson decay mode

- Consider 5 final states: Category WW* 1r  ZZ" Other
* 2 SS leptons (e/u), No 1,4 200thaa = 80% 15% 3% 2%
* 3 leptons (e/u), total charge +1 3¢ 74% 15% T% 4%
* 2 SS leptons (e/u), 1 t},.4 261 Thad 35% 62% 2% 1%
* 4 leptons (e/u) 4¢ 69% 14% 14% 4%
* 1 lepton (e/), 2 Ty, 162Thad 4% 93% 0% 3%

- Low rates, but high purity S/B: 0.1-4

- Main backgrounds:
ttV (irreducible, from MC)
tt with non-prompt light leptons (data-driven)
non-prompt taus (MC, validated with data-driven)
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GOTTINGEN Search for ttH (H->multilepton)

— 0t  ATLAS
—  stat. Vs =8TeV,20.3fb!
. . tot. (stat.)
e Best fit signal strength 2007, | H o 28 20 (19,
=2 1+1.4
W= 1.2
consistent with SM expectation 3¢ f—e— 2.8 ¢ (D)
2€1Tlla.d I H—e— -0.9 f2301 ((t1259))‘
40| ——e 1 1.8 %3 (38
° rv X imi
Observed (expected) upper limit 125 o : : 068 53
4.7 (2.4) x o 95 CL
(2.4) sm @ Combined} l o A 2.1 13 {19)1

-10 -8 -6 -4 -2 0 ‘ 2 4 6 8 10 12 14

Best fit u(ttH) = o/0gy for my =125 GeV
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Search for ttH(H->yy) in ATLAS

Eur. Phys. J. C (2015) 75:349

v 1 ' s
3 g
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g / -
e
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g —
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- Small BR (0.23%), but excellent mass resolution

- Categorize signal events according to the tt decay mode (leptonic or hadronic).
Exploit high jet multiplicity and b-jet content of signal to optimize ttH sensitivity
(and to suppress other Higgs production, while keeping good acceptance for tH).

- Discriminant variable: myy Electron
Background determined in sideband analysis.

CATLAS

A EXPERIMENT

ttH (H->yy) candidate event

2 photons, p4=61, 39 GeV, m =126.6 GeV

1 electron, p;=90 GeV

ET s =43 GeV

4 jets, pr=75, 71, 50, 39 GeV, 1 muon-tagged jet

21/8/15 Maria Moreno Llacer — Search for ttH production in ATLAS



R J GEORG-AUGUST-UNIVERSITAT
]S4 cotTinGen Search for ttH (H%yy)

........ e
B ATLAS Is= 7TeV [Ldt= 451"
o 2011-2012 (s=8 TeV, [L dt=20.3 fb" |
e Best fit signal strength
=4 2+2.6
W 13 -1.8 ) . Hadronic [— —
Consistent with SM expectation
Leptonic |- fssss: Expected (6™1=0) + 16 —
"""" Expected (5''"=0) + 20
. — Observed
e Observed (expected) upper limit Combined L |
------- SM signal injected
6-7 4-9 XG 95CL L1 PR TR SN N T T T AN T T T AN SN ST ST W N SO ST SN
(4.9) x osm @ 0 20 25 30 35

Observed Expected Signal
upper limit | upper limit strength
@ 95 CL @ 95 CL

H->bb 3.4 X Ogy, 2.2 X Ogy, 1.5+ 1.1 “e“N e
W e OO
H> multlepton 4.7 Xogy 2.4 X Oy, 24714, N &SC
H>yy 6.7 X Oy 4.9 X og, 1.3%26_

21/8/15 Maria Moreno Llacer — Search for ttH production in ATLAS



21/8/15 Maria Moreno Llacer — Search for ttH production in ATLAS




C JGEORG-AUGUST—UNIVERSITAT

GOTTINGEN Combining different analysis

731
ATLAS Input measurements
Individual analysis + 150N Summary of signal-strength measurements
m,, (GeV) - . . .
el & 1 from individual analyses.
H— vy , i : : ; ; :
ggF:w=1.32"" 11254 E——
VBF: 1 =087 |125.4 i
WH:w=1.0"% |125.4 L
ZH:;,L=0.1t§:: 125.4
H—zz* Overall: 1 = 1.44'0% 125.36 '—'—'
ggF+tH: = 1.7°0% |125.36 N
VBF+VH:u =088 | o oo » ' » - ; — ,i . _ ) . . }
H W Overall: u = 1.16"02" |125.36 l’.-H : ttH bb:H=1-5tH 125 : : : i :
ggF: M:()‘ggtgzz 125.36 : s : : Multilepton:u=2.1:: 125
VBF: 1 =1.28"0% |125 36 : : D e ; : 7\ : 1262 : : : : :
: T yyiu=13 C : ; : i
VH:n =307 125,36 i : i P e s 1254 | |, e
H > Overall: u = 1.43'0% |125.36 '—°—' A S R SR B
9gF: 1 =207 125.36 : : L
G e R T A e ' —2 O 2 4
_ Overall: p = 0.52"40 [125.36 : : —— : : :
VH — Vbb , rped S S .
WHn =110, (125 SR e S|gna| Strength (M)
ZH:u=005"% | R . S R
H— pu Overall:u=—0.7i§; 125.5 : : : : :
.
H —2Zy Overall:u=2.7j:§ 1255 :
= +1. . . - p—t— ] -
ttH bb.u-‘].5»:‘1 125 : : : : :
Multilepton:u=2.1j:‘2‘ 125 : : : e
=180 s R = ——

T
Vs=7TeV, 4547 1" -2 0 2 4
Vs =8 TeV, 20.3 fb” Signal strength (u)
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Combining diff. measurements...

: : : ATLAS
Grouplng by pr_oductlon mechamsm co Ll Voo 7TeV, 45— 470"
to extract mforma’Flon on each production 95% GL: J5=8TeV,20.3h""
processes assuming SM values for decay T
channels +0.23 '

:UggF =1 '23—0.20

MvBr = 1.23+0.32 —5*7

Uy =080+ 0.36| — —timim

5 My = 125.36 GeV|

0 05 1 R S Y- S—
Signal strength (u)

Observed Expected Signal
upper limit @ | upper limit @ | strength
95 CL 95 CL
H->bb 3.4 X Og 2.2 X Ogy 1.5+£1.1
H-> multilepton 4.7 X ogy 2.4 X og, ZAEE
Combination 3.2 X Ogy 1.4 X ogy, 1.81 £ 0.80
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- The precise measurement of the top Yukawa coupling may provide insights on the
underlying mechanism for EWSB and whether or not the top quark plays a role in it.

- The program of searches for ttH production at the LHC is well underway, with all main
decay modes being explored (H->bb, WW, <tt, ZZ and yy):

 H->bb has turned out to be just as challenging as anticipated.
Much experience has been gained on how to reduce the impact from systematic

uncertainties by exploiting high-statistics data samples.
Recent progress on the theoretical description of tt+jets background being exploited.
Jet substructure techniques potentially promising in this channel.

» Expect combination of all ttH channels soon, also with CMS.

= ttH observation and Yukawa coupling measurement will be a highlight in Run 2
= We are in a good starting position to perform it ©
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BACK-UP
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Signal-to-background separation
. o NN rank
Variable Definition S 6.5 4b [ S 65, 3b [ 5.5 4b [ 5. 3b
D1 Neyman—Pearson MEM discriminant (Eq. (4)) 1 10 - -
. Scalar sum of the pr divided by sum of the E for
Centrality | 4]] jets and the lepton 2 2 1 -
P pr of the fifth leading jet 3 7 - -
I Second Fox—Wolfram moment computed using
1 all jets and the lepton 4 3 B
ARYE Average AR for all b-tagged jet pairs 5 6 -
SSLL Logarithm of the summed signal likelihoods (Eq. (2)) 6 4 - -
; Mass of the combination of the two b-tagged
min A g
mppt A% jets with the smallest AR 7 12 4 4
max pr Mass of the combination of a b-tagged jet and
bj any jet with the largest vector sum pr 8 8 B B
N AR between the two b-tagged jets with the
Ry, largest vector sum prp 9 - - -
; AR between the lepton and the combination
min AR
AR bb of the two b-tagged jets with the smallest AR 10 11 10 B
. Mass of the combination of the two untagged jets
min A
mip A% with the smallest AR 11 9 - 2
Aol 1.5\, where A5 is the second eigenvalue of the
plallb—jet | momentum tensor[92] built with only b-tagged jets 12 - -
N Number of jets with pp > 40GeV - 1 -
min AR Mass of the combination of a b-tagged jet and
my,; any jet with the smallest AR - 5 - l
max pr Mass of the combination of any two jets with
i the largest vector sum pr B - B
Hhad Scalar sum of jet pr - - -
min AR Mass of the combination of any two jets with
mj; the smallest AR B - 9 -
max pr Mass of the combination of the two b-tagged
m . : - - - 1
bb jets with the largest vector sum pr
min AR Scalar sum of the pr of the pair of untagged
PTuu jets with the smallest AR - - - 3
max m Mass of the combination of the two b-tagged
My jets with the largest invariant mass B - -
AR™in AR | Minimum AR between the two untagged jets - - -
Mass of the jet triplet with the largest vector
5 sum pr - - - 7
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GOTTINGEN Signal-to-background separation
: i NN rank
Variable Definition S 4> 4b | > 4.3b [ 3.3b
A 27| Maximum A7 between any two jets in the event 1 1 1
: Mass of the combination of the two b-tagged jets with
AR
myp,” the smallest AR 2 8 )
) Mass of the two b-tagged jets from the Higgs candidate 3
Mpp system - -
ARRn AR | AR between the Higgs candidate and the closest lepton 5 -
N Higes Number of Higgs candidates within 30 GeV of the Higgs 5 9 5
30 mass of 125 GeV
N AR between the two b-tagged jets with the largest 4 3
iy, vector sum pr 6
1.5\2, where A, is the second eigenvalue of the
Aplan;e momentum tensor built with all jets 7 7 -
mﬁlin m Minimum dijet mass between any two jets 8 3 2
ARG AR AR between the Higgs candidate and the furthest lepton 9 - -
o5 Dijet mass between any two jets closest to the Higgs
loses je y J gg
myj ' mass of 125 GeV 10 - 10
Hr Scalar sum of jet pr and lepton pr values - 6 3
A pmax m AR between the two b-tagged jets with the largest
Ryy invariant mass B 9 B
ARﬁli“ AR | Minimum AR between any lepton and jet - 10 -
: Sum of the pt divided by sum of the E for all jets and
Centrality | 1,0¢} leptons - - 7
max pr Mass of the combination of any two jets with the largest
Ji vector sum pr - - 9
Fifth Fox—Wolfram moment computed using all jets and 4
H 4 both leptons ) }
piets pr of the third leading jet - -
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ttH signal: PowHel+Pythia (ATLAS), Pythia (CMS)

Backgrounds:

* tt+jets: Powheg+Pythia (ATLAS), MadGraph+Pythia (CMS)

« ttW, ttZ: MadGraph+Pythia

« W/Z/y*+jets: Alpgen+Pythia (ATLAS), MadGraph+Pythia(CMS)
« Single top: Powheg+Pythia (ATLAS), Powheg+Pythia (CMS)

» Dibosons: ALPGEN+HERWIG (ATLAS), Pythia (CMS)

» Multijets: normalization and shape data-driven (matrix method)

4j,2b 4j,3b 4j,4b  ATLAS 2j,2b ATLAS
Simulation Simulation
@ @ @ my =125 GeV @ my =125 GeV
\'s =8 TeV \'s=8TeV
5j,2b 5j,3b 5j,=4b [ ]tt+light 3j,2b 3j,3b [ ]tt+light
[ ]tt+cC []tt+cC
@ @ —h @ ® —he
]tV []ti+V
[ |non-tt [ ]non-tt

=6j,2b =6j,3b >6j,24b =4i,2b =4j,3b =4j,=4b

Single lepton @ @ %
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4i,2b 4i,3b 4i,4b ATLAS
Simulation

m, = 125 GeV
\s=8TeV

B ttH, H—bb
ttH, H—-WWwW
B ttH, H—>x
ttH, H—gg
ttH, H—others

5j,2b 5j,3b 5j,>4b

>6j,2b >6j),3b >6j,=4Db
Single lepton
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b

Lepton+tau
. : : i q
- similar to dilepton analysis All-hadronic
- low statistics Z
- significant tau fakes contribution from light jets | 8 jets, 4 b-jets et )
main background: Z
QCD, derived in data Ty
1 tf+HF jot= : : : 1
[ slight jets control regions with =2 b-jets
v b
] W+jets
2jets - Zﬂm 6 jets 6 jets 6 jets
2 b-tags E mmaon 2 b-tags 3 b-tags > 4 b-tags - tfH
I Single top I ttV
I Multist i
Signal regions [] Fake tau bkg. HF E tSﬂllngIe top
: : [] Fake tau bkg. light - - — _
gﬁttsags gl;-ttsags ;Jb-ttags ;Jb-ttags ;letb-tags I:l tECC
I ttbb
B Multijet
z4jets z4jets 24 jets 8 jets 8 jets 8 jets
3 b-tags = 4 b-tags 2 b-tags 3 b-tags > 4 b-tags
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B-TAGGING CALIBRATION

TRUTH TAGGING (tag rate function) instead of direct b-tagging

- essential to have meaningful shapes and deal with low statistics (high # b-jets)
- the idea behind is that:
- there is not a real cut on N, jets (i.e no direct b-tagging but keep all events for a given N;y)

- Instead, all events are weighted according to the probability to have N, in an event with Ny

Ny ‘
» Pyg=1= 'Sl (?, ﬂ (1 —.»?_,.))
/ =
N
» Pyg-o= ﬁ (1—¢;) Build all possible perm. and the associated probability
4 To use the tagged jets: pick randomly one perm.

N, N,
> Png=—2=2_ {:i > (-‘; [T (1- :k))‘
] j=i+1 k#i k#j
. it relies on two assumptions:
- the tagging efficiency is correctly parameterised as a function of p;, 1 and flavour
- the probability of tagging a jet is independent of the presence of other jets in the event
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ttH SIGNAL MODELLING _ATL-PHYS-PUB-2014-022

- PowHel+Pythia8 was used in Run 1 & o PowHel+Pythias E
- need to assess associated unc: g MadGraphs_aMC@NLOsHerwigs+
scale choice, showering model, PDF set, etc. n 03 E
- study of new NLO generators (MadGraph5_aMC@NLO, S of =
Sherpa, Powheg) is ongoing towards Run 2 - L
é 1 ____q_+_.__'_+-'—"4__h + ++ 'i"i' ++ _!_
tt+jets BACKGROUND MODELLING L I TR
J
. . (ttH) [GeV]
- modelled with Powheg+Pythia M
8. O'2: =
- top pr and tt p; reweighted to match data S o PowHelPythia E
(diff. cross section measurement at 7 TeV) $ owf T MadGraphs aMCNLOsHerwigrs
v,% 5--{[|E[)ata|{§ é 0;21%— '_'_,_l_—§
- ongoing studies with <. ™ = ® APGENERWG ] § om— E
U| S B MC@NLO+HERWIG E  ooe o =
other generators MR d ® POWHEG+HERWIG T onf e
- VY POWHEG+PYTHIA ] 0.021= =
- oue” i A
]
E fL dt=46 fb-1 E O'6—1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 | 0.8_ 1
- - cose(lm t HF'IinF m:)
i \s=7TeV ° - . v ]
1.5__::::}::::§::::{::::}:;::%::::}::::{v::::__ ObservablesSenS|t|VetOSp|n
Sl 1'E~M"i—'-l————'——°———4_ correlations: useful tool for
08 b b D enhancing sensitivity of S/B on ttH
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| corninaen Jet multiplicity
— 2 = —
vl 10 = " ATLAS | E
— - —&— Data ]
@ u POWHEG+PYTHIA 1 Same order (NLO) generators
< 10 — — POWHEGH, )+PYTHIA | show different behaviour:
© = seamema MC@NLO+HERWIG ]
~ Sy g s + . Down) . .
3 . “mm ALPGENSPYTHIRG. Do) 1 MC@NLO deviates from data for =5 jets
1 - Powheg+Pythia provides a
= reasonable description of data.
[ It was observed that changing one of the
1071 2tk =04 settings (Ny,m,=Myop), the agreement with
= <25 data improves.
N p, > 25 GeV ]
- jets e §
10-2 = | | | | |
®© - | | i | S
© - [ .
Q 1.5t 2 —_—
O - T i : _—
% AT e Ongoing activities:
o O ' - New generators available such as
h 0.5¢ ‘ R MadGraph5 aMC@NLO and Sherpa
| | | | | ] are also been studied.

I
3 4 5 6 /7 =8

r]jets

hyamp: Pa@rameter to regulate hardness of first radiation
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Leading jet p; is correlated with tt system at high-p;

;-600 L L S L B R
8 ALPGEN+HERWIG .
~ 500 \s=7TeV I
- ]
a ]
] 2
B . 10
o 400 -
= B
9 ]
S 300§ -

1 10
200F ]
100§ B

} E ]
PRI S U S T S NS S S NS S S T S S SR SR S

OO 100 200 300 400 500 600
pT(ti) [GeV]
— S S S S -
% 102:_ Data o
S E ® ALPGEN+HERWIG 3
g [ emer B MC@NLO+HERWIG ]
o 10° ® POWHEG+HERWIG
E Y  POWHEG:PYTHIA 3
o oeme’ ]
10°E ameas E
- ILdt:4.6!b" ]
10‘55 \s=7TeV ° . a v -
B R RRRARE -+ =

© E v (] °

g'g 1y ome™ — S5y s EE— - ———— -4
0.5 ! ! ! ) ! ! ! | =

0 100 200 300 400 500 600 700 800 900 1000
p; [GeV]

Events

Jet p; spectra: leading jet

> 1

O

0

Q.

= 10

-

o

S

S 102
10
10

(4]

I

Q 15

3

13 1

()

L% 0.5_

ATLAS

i —@&— Data 1
C POWHEG+PYTHIA
- — — POWHEG(h _)+PYTHIA
= D bt E
= —— L MC@NLO+HERWIG 3
- AR ALPGEN+PYTHIA (o, Down) 1
- * p —
J‘de=4le fb
3 B 3
- \s=7TeV =
C - 3
| anti k, R=0.4 i
= <25 E
" l+jets ]
S 1 1=
: T T T LI I T T T T T ] [ :
: m‘-.=_——_—_' :
— w_—-__, ........................ -
ol Y
102 10°
leading jet P, [GeV]
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- All generators agree for jet py<100 GeV for up to 4th jet.
-Leading jet p; is best described by MC@NLO and
Powheg (hyamp=m,p)tPythia.
- Default Powheg+Pythia describes well p; of 2™ jet and higher.



C o J ggﬁigﬁﬁusruwmsnm Jet p: Spectra: 5th jet

> ATLAS
O
o | —— — Ef)‘jVHEG I - Significant difference between generators
o - ¢ 4 . T .
a 107¢ — — rowsean,_wevria 1 in the description of 5% jet pr,
~ . e MC@NLO+HERWIG 1 reflects different ISR/FSR models
o L =omoe ALPGENSPYTHIAK, Down) | - gimilar conclusions as for jet multiplicity:
g 102 — de: ash' MC@NLO predicts softer 5t jet p; than
- . 41 observed in data.
- I1s=7 TeV .
"~ antik, R=0.4 l
10°E Il <25 E
- > & x| .
= |+jets .................. 1
i 2 ) : . o ]
S :_ 1 4 ' 1 4 L L 1 T 1 ] -
m - ]
o 1.5- -
8 - -
o T *
< 05 =
a3 % 5
- L i L 1 Ll l -
107 10°
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Observables sensitive to spin correlations: useful
tool for enhancing sensitivity of S/B on ttH
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h

o
o O
Q0

ttH modelling

Q2T T T T T T T T T
0.18 i— PowHel+Pythia8 —i
212; MadGraph5_aMC@NLO+Herwig++ -
0.12 —

| DE——— T
tth(bb) : corr
0.65 Frame 1 tth(bb) : uncor === ]
ttbb : corr
ttbb : uncor S
0.6 4

e minn LILTL M Lt Ny

0.45

JHEP 07 (2014) 020

-1 -0.6 -0.2 0.2 0.6 1

cos B¢

0.4

do/dnjes [pb]

Expected /Data

feap

MC /Data

Modelling studies towards Run 2

ttbar modellingGV

tt cross-section vs. jet multiplicity for jets above

1
B A
- ATLAS Data, T
10 7 E —e— arXiv:1407.0891
- Powheg+Py6, ligamp = 11t 1
- Powheg+Py8, hqamp = m: I
" =——— MadGraph5 aMC@NLO+HERWIG++
1072 ? 1 ‘ | I - l I T ‘ I T ‘ L1110 l I T ‘ 11

1.8

1.6 =

1.4 E-

1.2

1 E

0.8 £

0.6 £

0.4 =

0.2 :T 1 ‘ | ‘ | I ‘ | I ‘ | ‘ I ‘ 11

3 4 5 6 7 8
DNjets (jet pp > 25 GeV)
Gap fraction vs. Qsum for veto region: |y| < 2.1
1.0 [
0.95 —
0.9 ; —e— ATLAS Data, EPJ C72 (2012) 2043
E Powheg+Py6 Iqamp=t
0.85 Powheg+Py8 /ldamp:mt
C —— MadgGraphs aMC@NLO+Herwig++
0.8 [
075 |

o7 H
0.65:||\\II\\\ll\\\ll\\ll\\II‘\II\\I\\\Il
10g -

1.02 —
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@J At Systematic uncertainties

* luminosity (2.8%)
* cross-section normalisation (includes ttbb and tttcc 50% norm. unc.)
* b-tagging, c-tagging, mis-tagging
* JES (22 EV: 3 stat, 3 detector, 4 modelling, 2 mixed, 2 flavour, 4 pile-up, 2 eta-inter., 1 b-jes, 1 single part.)
- JER
« JETEFF
* JVF
* lepton ID/trigger/reco SF, energy scale and resolution
« tau ID SF and energy scale (+ others related to tau fake estimation ?)
* ttH modelling (scale, parton shower, PDF)
« ttbar+light modelling:
 RW to data: 9 unc. from diff. XS measurement
» parton shower: 1 unc.
» tt+cc modelling:
« RW to data: 2 unc. (no top pt and no ttbar RW)
 parton shower: 1 unc.
« diff. variations obtained with MadGraph (since no NLO is available): 4 or 5 unc.
« tt+bb modelling:
» parton shower: 1 unc.
* NLO shape (Sherpa): 8 unc.
scale variations: factor of 2 up/down
«different functional form for the scale:
factorisation scale (R_Mbb), renormalisation scale (Q_CMMPS) and global scale (glo_soft)
*PDF(MSTW,NNPDF) - compared with CT10
*shower recoil scheme (CSS_KIN)
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Search for ttH production in ATLAS

“alljets™ 46%

Search in different Higgs decay modes (yy, bb, =z, ZZ and WW).
For each of them, several channels are defined depending on the
top quark pair decay mode (all hadronic, lepton+jets, di-lepton).

Ttjets 15%

Each channel is further divided into different analysis regions. 1;;“‘;%0
Very different analysis strategy. »g\% : e 1%
"dileptons" e TR "lepton+jets”
Higgs decay Channels Characteristics
I+jets (e/utjets) most abundant, but overwhelmed
by irreducible tt+HF background
H->bb dilepton (ee/uu/en) small tt BR, only b-jets
BR=58% : L
lepton+tau (et/ut) tau id. and fake estimation
all hadronic multijets, combinatorics
several signatures: low rates but high purity (S/B:
H->multileptons (WW 21 SS 0.1-4) = good compromise, but
27 ' 2SS+t sensitive to tt+W/Z backgrounds
: ‘“T()) 31+0t with [Q(31)|=1
BR=30% 11+27 with |Q(2t)|=0
41 with [Q(41)|=0
H->vy leptonic (1 or 21) clean signature and resonance
BR<0.23% all hadronic peak but tiny BR
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o(pp — H+X) [pb]
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O EW)

11T 11[T
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Gluon Fusion (ggF)

PP~ H (NNLO+NNLL QCD + NL

H .
10 E Largest cross-section.
8 . . Good for analysis with
: - : _
] pp— GGH (NNLOQCD * T ] already clean final states.
1 . WH (NNLO QCD + NLOEW) =
:_—-—"'—"Ep

pp— ZH (NNLO QCD + NLO EW)

Vector Boson Fusion (VBF)

q

1

L

1 . .
10 Unique signature

with forward jets.

I

ttH

Unique signature
with lepton and neutrino
exploited in H->Dbb.

Unique signature with tops
exploited by various Higgs
decay modes.

q W/Z
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to massive Gauge bosons
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H M2,
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w Z

to fermions

f
H Mg
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to photons and gluons

Y
t w
P t b= w
t w
Y

v

The Higgs does not couple to mass-less
particles at tree-level: loop induced.
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4 H—bb 58% )
SM branching ratio H—>WW* 22%
at m;~125 GeV H—11 6.3%

H—-ZZ* 2.6%

\_ H-yy 0.23"/y
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