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Introduction

- Title: “ttH and Exotics in tt+bb final states with the ATLAS experiment”
- alias “What | have been working on in the past several years”
> or “Why | have been working on this for so many years”™

- most of the material based on latest ATLAS conference note
on ttH search in H — bb channel at 13 TeV,

released for ICHEP 2016

» What | will talk about:
— latest results from 13 TeV data

- details on different aspects of the analysis techniques, mainly:
> analysis strategies for complicated final states
> profile-likelihood fit technique

~ tt background modeling
> multi-variate techniques for signal discrimination



https://cds.cern.ch/record/2206255

ttH(bb) analysis in ATLAS
ttH: importance and overview

 Associated production of SM Higgs boson with top-quark pair:
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* Not convinced?

— from experiment point of view, other reasons to look at ttH:

- compilcated signature, with many final state objects,
huge irreducible backgrounds (espcially H—bb channel)...

> interesting New Physics processes have similar signatures
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https://arxiv.org/abs/1501.03157

ttH(bb) analysis In ATLAS
The ttH, H - bb chanel =

* Opportunities and challenges:
» H—bb highest BR :
- H decay fully visible = />
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- huge irreducible background:
tt+ bb from QCD radiation

- b-tagging never perfect: lower efficiency,
more background entering selection

- combinatorial background

- Use semi-leptonic or dileptonic tf decays
to trigger events:

lepton + 6 jets
or opposite-sign dilepton + 4 jets



ttH(bb) analysis in ATLAS

-
-

i v =1L
b /:
A Hadronic

=
v""‘“‘."\. St SN
EM calorimeter [
-—-l"'l'. h
o [
: —_:.."-'ﬁ"\ LA /
’!I calorimeter

3 ot
R =g
II'I-II EH )

x

- Run 1 collected 5 + 20 fb-1 of pp data at 7-8 TeV in 2010-2012

- Run 2 collected so far ~36 fb-1 at 13 TeV in 2015-2016
> expected to re-start to take data next ~May

* Results shown here basedon <13.2fb1at13 TeV




Arbitrary units

ttH(bb) analysis in ATLAS
b-tagging

- Jets originated from b-quark fragmentation can be tagged taking
advantage of presense of a secondary vertex within the jet

- ATLAS uses advanced muti-variate techniques ,

Displaced
cks

Secondary
Vertex

to combine several observables for each jet
to distinguish b-jets from non-b-jets (c or light)

i
i

> mv2c¢10 algorithm @EEGENERLVRINERP:

> different working points,

with different efficiencies and rejections vs. ¢ and light
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107, —input variables not expected to be perfectly
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i = efficiencies measured in data,
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separately for b-, c- and light jets


http://cds.cern.ch/record/2160731

ttH(bb) analysis in ATLAS

Analysis Strategy

* Divide et impera:

— events passing pre-selection categorised accoring to
jet and b-tagged jet multiplicity

- these different regions have different:

> sighal content
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ttH(bb) analysis in ATLAS

Analysis Strategy - li

* Divide et impera:

— events passing pre-selection categorised accoring to

jet and b-tagged jet multiplicity
- these different regions have different. -
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Data / Pred.

ttH(bb) analysis in ATLAS
Analysis Strategy - Il

* In each region (control and signal) a kinematical distribution is built:

- Hy = 2 p4et (+p7ee for dilep) or multi-variate disriminant
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ttH(bb) analysis in ATLAS
Analysis Strategy - IV

» Considering all regions and bins in the analysis
has several advantages:
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- recover signal not entering the most sensitive SR
— give confidence in the background modeling in regions with no signal

- allow to extract information from the data on backgrounds
and detector effects:

> “In situ calibration” or “systematic uncertainty constraint”




ttH(bb) analysis in ATLAS
Profile Likelithood Fit

* The profile likelihood technique is used when fitting models
with more than one unknown parameter:

- parameter(s) of interest (PO/ or L)

> nuisance parameter(s) (@)

observable 2

Model systematic uncertainties of a physics quantity W}iﬂ
- Many analyses have this structure: CRz fem=—
- split into control, validation, signal regions, ] .
eaCh Wlth mUItlpIe blnS and Observables observable 1

* Build a global likelihood function
for all the bins, including all the parameters:

> written as product of Poisson measurements in CRs and SRs
plus a probability density function for systematics
L(n,6%|usig,b,0) = Psg x Pcr X Cayst

= P(RS|AS(ﬂsig1b1 0)) x ]___[ P(nil)‘i(ﬂsig:bﬁa)) X Csyst(eose)
icCR




ttH(bb) analysis in ATLAS
Profile Likelithood Fit - nuiscances

* Inclusion of systematic uncertainties implies:

- “prior” or “penalty term” (usually Gaussian) in Cgg, ..
reflecting a priori knowledge of certain parameter

> from previous data, calibration, theory prediction

1 K
L(H?Q) T LPGiS(M, 9) ' H E exp (__p) ,

— dependence of predicted s and b on the parameters 6

> begin with templates of x (s or b in a given bin)
at given values of 6 = [-1,0,1] Gl

» then continuous interpolation between A S
variations and nominal templates ot B




ttH(bb) analysis in ATLAS
Profile Likelithood Fit - nuiscances - Il

- Example of nuisance parameters:

- JES (jet energy scale):

» jet energy calibration gives correction of MC for jet p; spectrum,
with uncertainties (+10, -10)

» MC prediction for s and b corrected by this calibration
Is taken as nominal

~ MC prediction for s and b corrected by this calibration + 1 o
|S taken as s(eJES=1 ), b(HJES=1)

» MC prediction for s and b corrected by this calibration - 1 o
|S taken as S(QJES=-1 ), b(eJES='1 )
- Parton Shower and Hadronisation for tt:

~ nominal {t background prediction taken from MC
generated with Powheg+Pythia

> bit(B,5=1) taken from MC generated with Powheg+Herwig
> bit(Bpg=-1) built symmetrising: bi(Bp5=0) - (b(Bps=1)+b1(Bp5=0))




ttH(bb) analysis in ATLAS

Profile Likelihood Fit - minimisation

» With such a likelihood defined
measurement of the parameter of interest (POI, or L)
becomes a N-dimensional likelihood maximisation
(or log-likelihood minimisation) problem

N = Npo, + Nyp « The result of the fit is:
- a value for the POI, with its uncertainty

-2log(L)

—and a set of values for the NPs,
with their uncertainties

> post-fit uncertainty on a NP
smaller than the prior
— improved knowledge on that NP

u » uncertainty on POI affected by the presence
0 \

of NPs, by their priors and post-fit uncertainty,
and correlations between NPs and PO/

et fig? i > fitted value of POl depends
bestiit point (46) 51 the NPs as well (1)



ttH(bb) analysis in ATLAS
tt background modeling

- tt+jets dominant background:

- while tt predictions available with high precision (NNLO, differential),
QCD emission of extra jets (light and heavy flavour (HF)) suffer from
larger uncertainties in perturbative predictions and from parton shower

» In ATLAS ttH(bb) analysis:
- NLO+PartonShower tt events (5FS)

. . E 10° = ATLAS Simulation —e— Sherpa+OpenLoops fi+bb
generated with Powheg+Pythia6 S Proimnary o G5 aMOGNLOLPS it
.y T > - = T Vs=13 TeV momgo MGS_aMC@NLO+Hpp ti+bb
- split into ft+light, tt+>1c, tt+>1b g om0 E e ot PowhoqsP
~ categorisation made considering E L

flavour of hadrons inside particle jets o
not matched to partons from t decay i

- tt+light and +>7¢ corrected to NNLO
for p;t and p;

—

|
o4

10"—

- tt+>1b corrected to dedicated tt+bb %ﬁ;:—..
NLO+PartonShower prediction £ 4
from SherpaOpenLoops S 9

(sub-categories and kinematics)



ttH(bb) analysis in ATLAS

tt background modeling - systematics
» Sophisticated set of systematic uncertainties related to tt modelling:

- 3 alternative MC predictions compared to nominal for 5FS:
- parton shower and hadronisation variation from Powheg+Herwig++
- NLO matrix element generator variation from aMC@NLO

> “radiation” variations (up/down) obtained by varying different parameters
in Powheg+Pythia6 controlling amount of ISR/FSR

- NNLO x-section uncertainty applied to ft+light normalisation

- tt+=1c, tt+=1b normalisations left free-floating in the fit
— for tt+>1b:

> full set of dedicated uncertainties on SherpaOpenlLoops applied

> residual uncertainties from the three sources above after correcting
each of them to nominal SherpaOpenLoops kinematics

- 2 alternative 4FS tt+bb predictions (aMC@NLO+Pythai8/+Herwig++)
used to derive additional ME and PS uncertainties on reweighting

—for tt+>1c:

» correction to dedicated 4FS tt+cc predictions (aMC@NLO+Pythai8) used
as additional systematic




ttH(bb) analysis in ATLAS

tt background modeling - systematics - Il

Systematic source

How evaluated

1t categories

1T cross-section

NLO generator
(residual)

Radiation
(residual)

PS & hadronisation
(residual)

NNLO top & tf pt

tt + bb NLO generator
reweighting

tt + bb PS & hadronis.
reweighting

t7 + bb renorm. scale
reweighting

tf + bb resumm. scale
reweighting

tf + bb global scales
reweighting

tf + bb shower recoil
reweighting

tf + bb PDF
reweighting

tt + bb MPI

tf + bb FSR

it + ¢¢ ME calculation

+6%

Powheg-Box + Herwig+ vs. MG5_aMC + Herwig+
Variations of ugr, ug, and hdamp

Powheg-Box + Pythia 6 vs. Powheg-Box + Herwig++
Maximum variation from any NLO prediction

SherpaOL vs. MG5_aMC+ Pythia8

MG5_aMC + Pythia8 vs. MG5_aMC + Herwig+
Up or down a by factor of two

Vary uq from Ht/2 to pemmps

Set uq, pr, and ug to pgevmps

Alternative model scheme

CT10 vs. MSTW or NNPDF

Up or down by 50%
Radiation variation samples
MG5_aMC + Herwig+ inclusive vs. ME prediction

All, correlated

All, uncorrelated
All, uncorrelated

All, uncorrelated
it + >1e¢, tt +light, uncorr,

tt+>1b

tr+>1b

tt+>1b
tr+=>1b
tt+>lc




ttH(bb) analysis in ATLAS

tt background modeling - MC settings

ME gen. MGS5_aMC MGS5_aMC SherpaOL

PS/UE gen. Herwig+ 2.7.1 | Pythia 8.210 Sherpa

Renorm. scale HCMMPS HCMMPS HCMMPS

Fact. scale Ht/2 Ht/2 Ht/2

Resumm. scale fQ\E fQ\@ Ht/2

ME PDF NNPDF3.0 4F | NNPDF3.0 4F CT10 4F

PS/UE PDF CTEQG6LI1 NNPDE2.3

Tune UE-EE-5 Al4 Author’s tune
ME gen. Powheg-Box | Powheg-Box MG5_aMC Powheg-Box | Powheg-Box
PS/UE gen. | Pythia 6.428 | Herwig+2.7.1 Herwig+2.7.1 Pythia 6.428 Pythia 6.428
Ren. scale \/m + th \/m + th \/m? + %(p%ft +p,%i) % - \/mrz +p.2rt 2 - \/m? +p%,t
Fact. scale \ {m + th 1{m + th \/m? + %(p%ft +p%,,f) % : mr2 +p,2rt 2 {m? +p%,t
hdamp m; my — 2 my m;
ME PDF CT10 CT10 CT10 CT10 CTI10
PS/UE PDF | CTEQ6LI CTEQ6L1 CTEQ6LI1 CTEQ6LI1 CTEQ6LI1
Tune P2012 UE-EES UE-EES P2012 radHi | P2012 radLo




ttH(bb) analysis in ATLAS
Event reconstruction

* The event reconstruction issue:

what we see...

- pairing jets with partons from thad, tleo, H not an easy task

> jet energy resolution, jets falling outside acceptance, mis-b-tags,
additional radiation, pile-up...

- can use a multi-variate technique to solve the problem in the best
possible way — boosted-decision-tree (BDT) used by ATLAS




ttH(bb) analysis in ATLAS

Event reconstruction - I

- BDT-based ttH system reconstruction, “reconstruction BDT”:

Fraction of events

—build a BDT to distinguish correct combinations

vs. incorrect ones in simulated ttH events:
> treat each combination of jet-parton assignments as a different event
> freat correct combinations as signal, incorrect ones as background
> use many variables for each combination, like angle between jets in

- take the combination with highest BDT score in data
as most Ilkely correct combma’non
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ttH(bb) analysis in ATLAS
Multi-variate discriminant

- After system reconstruction, “classification BDT” to distinguish ttH from it

— combine outputs of reconstruction BDT

with other kinematic variables - o Region
ASAINAY] N Variable Definition > 45> 4 | > 4, 3 | 3,30
General kinematic variables
An,y Average |An| among pairs of b-jets v - -
Variable Definition Region Anfi Maximum Az between any two b-jets - v v
: > 6j, > 4b [ > 6j, 3b [ 5j,> 4b Aq;"g Average Ay among jet pairs - v -
General kinematic variables max pr AR between the two b-tagged jets with the largest
AR.S Average AR for all b-tagged jet pairs v v v ARy, vector sum pr v v v
) AR between the two b-tageed iets with the Higgs AR between the two b-tagged jets with mass
&er;x P largest vector sum pr geedl v - - ARbng closest to the Higgs boson mass v - -
Anji™ Maximum An between any two jets v v v ARMaX m AR b_etwleen the two b-jets with the largest v v v
o bb invariant mass
min AR rﬂiﬁgﬂ‘ﬂiiﬁ%‘:ﬁtﬁﬂ of the two b-tagged v v - L pr Mass of the two b-tagged jets with the largest Y
i i o . ) bb vector sum py - -
ij-m AR m:sssrr?efl ]tfl:; c‘:ﬁoénbmauon of any two jets with _ _ v | Higss g'ass obf the two b-tagged jets closest to the Y Y Y
iggs boson mass
max pr Mass of the combination of a b-tagged jet and ]::in M'bg £ two bt diet v
"M any jet with the largest vector sum pr - v - "bb inimum mass of two b-tagged Jets - -
PI'T015 pr of the fifth leading jet v v v min AR M:im ltfl;lfl cf;)lr{nbination of the two b-tagged jets with Y Y Y
Higgs 30 Number of b-jet pairs with invariant mass within min o ) .
Nib 30 GeV of the Higgs boson mass v - v Prp Minimum b-tagged jet pr - - v
N_j;; Number of jets with pr > 40 GeV _ v _ H3" Scalar pr sum of all leptons and jets - v v
Hyhad Scalar sum of jet pr _ e v Higgs 30 Number of b-jet pairs with invariant mass within
T N 30 GeV of the Higgs boson mass v - v
ARmin AR AR between the lepton and the combination o Number of i gg ith i . ithi
lep—bb of the two b-tagged jets with the smallest AR - - v NHiges 30 36”&8\;& tﬁ: {ﬂ"s x;géﬁvr?]r;i‘?t mass witiin _ s _
A . 1.51,, where A is the second eigenvalue of the ! 1 52, where 4 fg‘gkh ) d - e of th
planarity | 1omentum tensor [41] built with all jets v v v Aplanarity 42, where A3 18 the second elgenvalue of the v v v
Scalar sum of the pr divided by sum of the E for momentum tensor [41] built with all jets
Centrality all jets and the lep{gn . v v v Centrality Sum of the pr divided by sum of the E for all jets and v v
‘ * . both leptons -
H1 gﬁﬁi?:l ;{&x&?f:gi? moment computed using v v v H2jeis Third Fox—Wolfram moment computed using all jets - v -
Variables from reconstruction BDT output Hay Fifth Fox-Wolfram moment computed using all jets Y
o _ _
BDT output VL Vi 7 and leptons
ny Higgs boson mass v v v Variables from reconstruction BDT output
M by o Mass of Higgs boson and b-jet from leptonic top v - - BDT output | ‘/(:) ":} -
ARpiggs bb AR between b-jets from the Higgs boson v v v mHm_m H1.ggs boson mass ) v . v -
ARyt AR between Higgs boson and 17 system e Ve v A’?H,f Minimum An between the Higgs boson and a lepton v v -
ARiiiep op AR between Higgs boson and leptonic top v _ _ Aqﬁj“ Maximum An between the Higgs boson and a lepton v v -
ARy pyy op | AR between Higgs boson and b-jet from hadronic top - v v An H.b Minimum An between the Higgs boson and a b-jet v - -




ttH(bb) analysis in ATLAS

Multi-variate discriminant - i

- After system reconstruction, “classification BDT” to distinguish ttH from it

— combine outputs of reconstruction BDT

with other kinematic variables
~ done separately for each of the SRs
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Data / Pred.

ttH(bb) analysis in ATLAS
Fit and results

> 6000 T > 6000F T

o ATLAS Prelnmmary +Data ] [ ATLAS Prehmmary +Data ]
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with its uncertainty
>~ we also get interesting additional
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ttH(bb) analysis in ATLAS

Results and combination

ATLAS Preliminary ttH (bb), ys = 13 TeV, 13.2 fb™

| TTT T I I I L | I
—— Tot.
Stat.
Tot. ( Stat. Syst. )
+29 ;, +1.4 +26
Dilepton —eo—— 46 55( 745 Hg)
. 1 6 +1.1 (+05 +1.D )
Single Lepton| |-e-— 2 41\ 05 -09
+1.0 ; +0.5 +0.9
Combined|  He- 2.1 9 (05 07)
vl b v b P v b v b v b b Iy
0 2 4 6 8 10 12 14 16 18

Best fit p = 6™/oH for m, = 125 GeV

Dilepton

Single Lepton

Combined

0 2 4 8 8

ATLAS Preliminary tfH (bb), /s = 13 TeV, 13.2fb™

B Expected + 16 (u=0)
Expected £ 2¢ (u=0)
—— Observed

----- Expected (p=1)
I1b1é
95% CL limit on o/cg,(ttH) at m, = 125 GeV

Ratio to Bkgd.

108

10°

10*

10°

GX]

10

ttH

Post-fit

(bb) Combined
Dilepton and Single Lepton

ATLAS Preliminary
s =13TeV, 13.21b"

—-Data
ttH (u
B tiH (,=2.1)
(—1Background
7 Bkgd. Unc.
---- Bkgd. (u=0 fit)

4.0)

95% excl.

*IHIII‘ | \IHHI‘ 1 \I\I\Ill 1 IIIIHIl 1 I\IIIHl

fi

25 2 45

05
Iogm(S/B)

-

- This result is combined with other ftH channels:

T T ‘ T T | T T T | T T T ‘ T T T | T T
ATLAS Preliminary Vs=13 TeV, 13.2-13.3 o™
—total —stat. (tot.) (stat., syst.)
ttH(H—yy) |—.— . +1.2 +1.2  +0.2
(13TeV 133 1) : 03 o (Gio. 02 )
+1.3 +0.7 +1.1
fiH(H—WW/tv/ZZ) =—e—— 25 "7 (%7, )
(13 TeV 13.20™)
- — 1.0 05 +09
{iH(H->bb) o= 21 Y5 (3. %7 )
(13Tev 13.2b™)
o P H +0.7 +0.4 +0.6
ttH ﬁ%@g}?atlon o 1.8 07 (204 205 )
- 0.8 05 +07
tH combination e 1.7 58 (o3, o6
(7-8TeV,4.5-203%7") | | | A R RN I B
0 2 4 6 8

best fit Mo, for m =125 GeV

ttH(H—yy)
(13 TeV 13.31b™)

fTH(H->WW/rt/ZZ)
(13 TeV 13.20™")

tiH(H—bb)
(13 TeV 13.2b™)

ttH Combination
(13 TeV)

ttH Combination

L
7-8TeV, 4.5-20.3 fb™!

-Aln(L)

ATLAS Preliminary ys=13 TeV, 13.2-13.3 fb™

....................... —— Observed

[E==8 Expected (u=0) + 1o
----- Expected (1=0) + 20

----- Expected (u=1)

"3 4 5 6 7
95% CL limit on Ko atm =125 GeV

ATLAS Preliminary

5

B ¥s=13 TeV, 13.2-13.3 fb™ 36
Ar — ttH(H-yy) y
B — fiH(H->WW/1t/ZZ) ]
3 — ttH(H—>bb) _‘
B == {fH combination ]
2 ___ 2c |
1= =

= 1g
RJ.S 0 05 1.5 2 2.5 3 3.5 4
for m =12 \Y)

w,, form=125 Ge


https://cds.cern.ch/record/2206211

ttH(bb)-like signals

e XX 7
* 'Vector-like' quarks (VLQ)?

- spin Y2 but trasform as triplets (V coupling instead of V-A)

» simplest coloured fermions still allowed by experimental data
(4t generation quarks excluded by Higgs data)

- expected at ~TeV scale (Naturalness, partial-compositness...)

-large y, = sizable_mixing with 3rd generation ('top partners')

» decay to SM particles through mixing with 3 generation

> simpl iInglets):
simple case (singlets) g Limits often given in A

VLQ triangle:

T(+2/3) o t - Wb,Ht,Zt
B(-1/3) e b - Wt,Hb,Zb

BR(T — Hi)

q.9'

a, BR(T — Wb)




ttH(bb)-like signals

Four-top quark production
- tttt production in SM — small x-sec (~ 9 fb at 13 TeV) fly hdvonic

20.9 %

multi-lepton
* production enhanched in BSM scenarios: 103%
- via effective contact interactions (Cl) st

- pair production of resonances dacaying to ft
- 2HDM: ttH/A, H/A — tt (see later)

dilepton
288 %

> Final states with many jets and/or leptons,
not necessarely very energetic (!)



ttH(bb)-like signals

Heavy Higgs and tt resonances

- Apart from 'simple' case of Z/g,, — tt

- Current experimental constraints in view of 2-Higgs Doublet Models
favour heavy neutral Higgs — tt.

- 125 GeV Higgs couplings = SM
= 'alignment limit' (sin(B-a)=1)
= H/A couplings with W, Z2— 0
= H/A couplings with fermions (YHA) depend only tanf:
(alignment limit)
YHA(u) [y ] 1/tanf3 1/tanf3
YHA(d,€) [y, ] 1/tanf tanfd

- High tanp values excluded by H/A— 1t searches
- Low and intermediate tanB and m,,> 350 GeV:
— H/A—tt dominant (!)




ttH(bb)-like signals

Heavy Higgs and tt resonances - |l

- Interference between (pseudo)scalar signal and

SM non-resonant background
recently studied:

> arXiv:1606.04149 [hep-ph]

- peak reduction & distortion s
> more important for larger width

- Analysis strategy for tt
resonance has to evolve: =

—

- inclusion of interference 5

In simulation
- usage of angular / spin-correlation

0.53
.52
.51

0.5
0.49 |
0.48 |
0.47 b 4
0.46 | /-
0.45 [
0.44 |
0.43 |

My = 500 GeV P =21.3 GV ——
| m/2 scattering --- _4:1;;1;“:;1]0;:1 I
L Pseudoscalar B J

400 450 500 550 GO0 650

aware variables in addition of the m; scan

—look at associated production
(with tt or bb):

g

MadGraphi_aMOCGNLO



ttH(bb)-like analyses in ATLAS
Four top search in €+jets

ATLAS  Simulation Preliminal
> ALAS-CONF-2016-020 (32 fb1) {s=13TeV, 3.2 fb" v [ Control Regions [ ] Validation Regions [l Signal Regions
. . 10/5,2b 1016},2b 10l7i:2b 1018},2b 10191.2b 10/210j,2b
* Analysis targeting 4-top Jsb=4d0 sB=240% |sB=7d0% jlsB=3d40% |lsB=840%| l5B=03%
1 1 107 107 107" 107" 107" 107"
final states in resolved ¢+jets |-
107 10‘3_ 1073 1073} 107% 1073}
. | [ |
»1e/u+=210j,=24b
10/5j,3b 10{6j,3b 10}7].3b 10}8j,3b 1019j,3b 10{210j,3b

siB =2x10" SB = 8x10° iS/B = 4x10™* IsB =0.1% IS/B = 0.4% IsB = 1.3%

- Background {t+bb+jets: o

—hard to model with current ® | s | o/ | -

theory / MC predictions!
Ap

L -
[y

- ] 10{5j24b 106j>4b 10}7:=4b 10}8j:>4b 10{9j24b 10}210j,24b
Pre-fit impact on . (sB=807 [lsB=30% [IsB=01%| |sB=04%| sB=1.1% | ,|sB=45%
0.=+A0 8.=-A6 3 2 _
(18, . 4 3 2 -10 1 2 3 4 1ot 10 101 ol . i
POSt-fitimpaCtonu: IIIIIIl[llllllIII|II.II|.IIII|IIII|IIII|I IIIII 10_2 10—2 10_2r 10_2r -2}
- 60=+A§ 60=-Aé ATLAS Prellmlnary 10—3_ 10—3- 1073} 1073} '

—e— Nuis. Param. Pull s=13TeV, 3.2 fb"

tt+bb normalisation
tt+bb ISR/FSR

tt+bb parton shower
tt+bb NNPDF

tt+cC normalisation
tt+bb NLO generator

tt+bb MSTW PDF
pileup modelling

* Analysis strategy similar to ttH(bb):
- split in N(jets) and N(b-tags)

- symultaneous profile likelihood fit
of H™ in all CRs and SRs

5 , - Validation Regions not fitted:
Eonen | TEE) > used to validate the CR — SR extrapolation

lIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII
-2 -15 -1 -05 0 05 1 15 2

(6-6,)/A0

tt+bb shower recoil scheme
tt+ct NLO generator



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-020/

ttH(bb)-like analyses in ATLAS

Four top search in 2+jets - Il

Pre-Fit
» Expected limit on 4 tops: 16 x SM
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ttH(bb)-like analyses in ATLAS

Four top search in €+jets - lli
* Observed limit on 4 tops 21 x SM

Post B-only Fit

_'Iﬂ T L T T T T T T
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ttH(bb)-like analyses in ATLAS

Search for VLQ

> ALAS-CONF-2016-104 (13.2 fb"")

 Search targeting different signals in 0-1¢ + (b)jets:
- VLQ focusing on TT — H(bb)t+X
- new 0€, high-MET (TT — H(bb)t, Z(vw)t)
- 4-top events (SM, CI, 2UED)
- 2HDM: {tH/A(tt), bbH/A(it), tbH+(tb)
» Selecting events with > 6 j (= 7 j for 0?)
» Events categorised vs. N(b-tags) and

meass-tagged jets):
re-clustered jets (anti-k; 1.0) with pr> 300 GeV, |n| <2, m> 100 GeV

» Fit m in each region

* Split some of the SRs into high/low mass (HM / LM):
-1¢: m,,mnAR > or < 100 GeV
-0¢: my ..t >or <160 GeV
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| | | | |
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ttH(bb)-like analyses in ATLAS
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BR(T — Hi)

ttH(bb)-like analyses |n ATLAS

Search for VLQ - lll =
- Results: z
> NO EXCEeSS

- stringent limits on VLQ masses
~1 TeV

- complementary to other searches D2

focusing on other decay channels

> ALAS-CONF-2016-101 (14.7 fb™)

" ATLAS Freliminary
/s = 13 TeV, 14.7 b

Zt+X 11+E7™

" BR(T — Wb)

SR 1200
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Ht+X Combination 1000

Observed limit
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) x BR(H — 1) [pb]

o(pp —

ttH(bb)-like analyses in ATLAS

Interpretation in 2HDM
» First limits on ttH/A, bbH/A (H/A—t)

- for ttH/A starting to exclude low tanB regions up to ~1 TeV,
not yet sensitive for tang ~ 1

- for bbH/A not sensitive enough:
- dedicated analysis sirategy needed (associated b are soft!)

1 02 E T T T T T T T T T T T T | T T T T | T T T T | T T T T E E 1 03 E I 1 1 1 1 | LI | LI | T T T T | T T T T §
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0 95% CL expected limit +1o T 107 N 95% CL expected limit tlo =~ "3
10 N = I = N =
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- Type-l or Type-Il 2HDM, cos(f-a)=0 - ? 10 i Type-ll ZHDM, cos(p-w)=0 _‘
L —tanB=0.1 — tanp=0.3 —tanP=05 | T . —tanf=1 —tanf=5 —tanf=10 3
= 3 8 N 4
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Conclusions

* Main message:
- shown some of the details of an ATLAS data analysis
- highlighted challenges and opportunities of complicated final states

tt+bb is a perfect place
where your preferred New Physics model
can hide its signhature






ttH(bb) analysis in ATLAS

Profile Likelihood Fit - significance
* Significance is given by the profile likelihood ratio:

Maximize L for a given pu
‘conditional’ likelihood

Profile likelihood ratio /\( M) _ 5(%93)
only dependent on p ﬁ( i 9) Maximize L
7
‘unconditional’ likelihood

* Where the test statistic is (example background-only):

_ —2inA(0) (>0 reject background-only
10 0 (<0

* From this we can build p-value and significance: <

Po —f f(qo|0) dqo
q0,0bs

Zo=® 11 — po)




P(N | s+b)

ttH(bb) analysis in ATLAS
Profile Likelihood Fit - limit setting

* When looking for a tiny signal on top of background,
worry to exclude signal due to a downward fluctuation

a,; Using CLs+b, one would expect to
exclude the signal 5 % of the time

OLE. = OL5+'|:.XOL'|:.

test signal hypothesis:
only exclude if CLs < 5 %

N events

» So we use CL to test a signal hypothesis (not a probability)

— a downward fluctuation in S+B will not exclude signal since CL, with
also be small

— conservative approach



-log i‘»[uwl

ttH(bb) analysis in ATLAS

Y
(8]

Profile Likelihood Fit - asymptotic regime

* In large statistics data samples, the distribution of the test statistic is
known according to Wilks” Theorem (independenlty on the prior!)

—as a result, one can directly calculate p-value and significance:

) N
2108\ = ~2(108 L(1.0) ~tog L(3.0)) = (L)
7

> distributed as a x2

E » results in parabolic shape

around the minimum

- This theorem holds true for even
as few as ~ O(10) events in a
data sample

- Saves from running very time
consuming pseudo-experiments
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