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2k Target: ttH with

o HOWW/ZZ/r1—==1¢
o tt—=(£+jets, dilepton)

3k High multiplicity final state

2k Rare in SM: same-sign 22, 3¢, 4¢

e Exploit presence of hadronically

decaying T

2k Split in categories based on

number of e/p and number of T

e Loose |lepton definition (no

isolation, loose ID)

* Dilepton and single lepton

triggers
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ttH (multileptons): background composition ¥&¥ &%}

EXPERIMENT

ATLAS -q_mis—id ttw
. - otttz @ Diboson
* Non-prompt |epton IN tt Is =13 TeV B Fake 7., @ Non-prompt

[ Other

4¢ Z-enr. 4¢ Z-dep. \

e semileptonic b-decay 2/SS

N

® vy conversions

2k Fake T from light/b-jets

DATA-DRIVEN (DD):
MATRIX METHOD (MM), FAKE FACTOR (FF)

FF ~ matrix method except prompt

background is taken from MC

3k Misidentified charge lepton

® e.g.trident electrons
(Bremsstrahlung)

e using 3D likelihood method

[pT, n, Tight/Loose] 3k Irreducible backgrounds with prompt-leptons m
MC
DATA-DRIVEN (DD): (cross check: fit to data)

LIKELIHOOD FIT

“Other”: 4tops, tWW, tH, tZ

——
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Important aspects of the ttH-ML analysis

3k ... that condition which type of data-driven method we should use and which type of fakes
will be most dominant:

e Object definition
- Lepton MVA-based isolation (PromptlLeptonlso) to reject non-prompt £ from
semileptonic b-decay based on:
* [epton and overlapping track jets properties
* |epton track/calorimeter isolation variables

¢ | epton MVA to reduce charge misidentification background (QMisID) for 2¢SS and
3¢+0T electron channels

® These changes the:
e Composition of the fakes lepton background we need to estimate
e Analysis strategy
e Fvent MVA discriminant used in the final fit for the most sensitive channels

e Need a data-driven method that provides a correct modelling of the shape of the
fakes contribution (with complete set of uncertainties!)

2k Unavoidable consequence of analysing more data
e Smaller statistical uncertainty in the estimate, but

e Flaws of assumptions / simplifications in the DD methods become a problem
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Y Y < E8
QMisID estimate e @)
e e e %Y ATLAS

2k Estimate QMisID background from data using SS electrons under Z-peak
3k Using 3D likelihood method [p1, 1, ]

high pr =» straighter track , , needed to provide input to
high n =» terial
=» higher chance of 9N N = MOTE MAteTio Matrix Method (QMisID
, =» more trident electrons ; . -
QMisID subtraction) + increase statistics

(consider tight+antitight events)

e Obtain QMislID rates €mis.id by minimising a

global likelihood function in a sample of 2 [ ATLAS
/=¥»ee events reconstructed as SS or OS ng-z:_ (s =13 TeV, 36.1 fo” f
pairs .
- The background is subtracted using a .
sideband method CE 1 ! ‘?— . .
e Scale OS data events by this rate - ; 5 *
e Total systematic uncertainty ~30 % 10 - —— p, €[130,1000] GeV
- Dominated by closure test uncertainty at ? —_— Ej - {ggég?]ei\e/v
low pr and by statistical uncertainties at I L s S

o
o
o
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Non-prompt light ¢

EXPERIMENT

Method 2/5S+0T 4¢ 2/5s+1r | Otherrt
[parametr.] channels

DD (MM) pseudo-
el: [pr NBjets] DD DD (FF) MC
u: [pr, dR(w,j)] (Fake SF) el/p: [pr] (very small)
ee: eu: MM SR:
2.0£0.5 1.7#04 | 1.5+x05] 1.8+x0.8
Semileptonic Photon Non-prompt lepton
b-decay conversions & fake T

J

L 1

b fake ¢+ b fake ¢+ fake T

o

b~ prompt £+ b~ prompt £+ b, prompt £+
strongly reduced with PLI  50% of the “fakes” in 3¢! 70% from tt in 2¢SS+1T1
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Non-prompt light /: Matrix Method

2k 248S/34¢+071: Matrix Method

Nfr = wrrNTT 4wy NTT 4wy NTT N7
| | | |

(<, &)

via tag&probe method in tt events

e electrons and muons
1D (p1) parametrisation

w 1 .1_ T r | — . ©
- ATLAS :
1 Vs =13 TeV, 36.1 fb! N
- —— ]
0.9F won N
0_8: ..... oL -
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07:_ e T Data _ eiu¢, Hiei N
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ATLAS

EXPERIMENT

events in pre-MVA signal region with SS loose leptons
(in 3¢, lep_0 (OS to SS pair) is prompt in 98% of the times)

Channel Region

Selection criteria

2(SS
(30)

€real
€fake

2< Nje[s < 3 and Nb—je[s > 1

One very tight, one loose light lepton with pt > 20 (15) GeV
Zero thaq candidates

Opposite charge; opposite flavour

Same charge; opposite flavour or pu

e electrons s¢: 2D (Nb-tags, pT1) parametrisation

®* MUONS E+.

2D (minAR(u,j), pt) parametrisation

B | | ) w | | |
— ATLAS Data - pte* - 1L ATLAS Data - p*u* _
- Vs=13TeV, 36.1 b > Npiags 22 - | Vs=13TeV, 36.1 fb! T<min(AR,) <5
- > Npggge=1 0.8 o 0<minAR )<1 ]
. ‘ . 0.6/ ]
- ‘ B 0.4 -
A S g 0.2 .
B | ‘ | | OQ ..... S — — L SS—— -

50 100 150 200 50 100 150 200
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Non-prompt light 7: Matrix Method (ll)

100
90
80
70
60
50
40
30
20
10

0

2k Treatment of conversions
* gy significantly higher than &

e Account for the change of photon

[ other
[] conversions
/3 Jy

[ light quark+
] c-quark
B b-quark

conversion fraction between the CR
and SR from simulation
e Use to correct g

Fraction of fake and non-prompt leptons [%]

2I1SSep  2ISSpp

e Systematic uncertainties: 40%
* 15% from modelling of conversions in MC
e 20% from measurement of ttY
® 50% from modelling of semileptonic b-decays

2k Non-closure
e Apply Matrix Method on tt MC, compare to tt MC prediction

® (11 £ 8)% and (9 = 18)% non-closure in 2¢SS and 374, respectively
* Include non-closure as systematic uncertainty source




4¢ and 2/SS1T (light ¢) fakes estimate

) & & & & 6 6 6 o o o o o o o o o o o o o o o o o o OO O o o o o o ° o O O°O O O O o o o o °o o ©°o o o o o \\\\k/": L
a4l
< 100
. g 90
e Correction factors for MC (Ahfg, Alfg, g 80
and A,) measured in dedicated 3¢ c 70
: L S 60
CR (loose leptons, 1-2 jets) split into s
4 lepton-flavour categories, froma 2 >0
. . . C L . 40
fit to the leading jet pr distribution 2 iy
— e _ ©
M= 0.66+0.19] A, =1.48+0.22 .
e : 1o
— L
A e = 0.72 £ 0.53 ;
vvvvv no 21SSuu 3le 3u  2I1SSe+1t 2ISSp+1t
2k 24SS1T
¢ to estimate § U ATLas 'Dat;_'eie;,;iu;__
background from events containing non- L [Vs=13Tev,361 M7 oo
Q
prompt light leptons (and a real or fake tau) = 06 ~u .
e FF derived from CR differing from SR by [ 1
looser lepton requirements and lower jet 0.4 2
multiplicity
e Total systematic uncertainty = 55%, 0.2 s
dominated by statistical uncertainty in the |
. . ey 1N i
closure test on simulation e e e W e
20 40 60 80 100
p. [GeV]

e
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Fake tau background

Estimate method
[parametrisation]

DD (FF) pseudo-DD (MC correction with

Fake tau DD (SS data) o] 2£0S+171 DD SF)

2K 1£421: mostly tt with 1 or 2 fake T

e Estimated from data in CR with same 100

definition as SR but SS taus 2 %0
e Closure uncertainty < 30% E 50 E
) -
2k 220S+171: fake factor © 70 ATLAS Simulation =
e Mainly tt with jet faking T o 60F v;:;tﬁeTrev =
o Fak cod i T 2 50E- @ clectron E
ake rates parametrised in T p S - @ gluon :
LC 40 [Jlight quark -
- - Kk -
2k 2¢SS+1T1 and 3¢+171: MC correction 30F Eﬁgﬂk =
with SF derived from {DD(2£OS+1T1) / 20 =
MC} 10 - | | -
e Harmonised 1-fake-T estimate for 0

all channels, profit from large
statistics from 2#OS+17

e Final SF=1.36 £0.16
w T —— e e e S e e o — .
| Tamara Vazquez Schroder (I\/IcG|II Un|ver3|ty)




Data-driven fake estimate uncertainties

Data-driven non-prompt/fake leptons and charge misassignment

Control region statistics SN 38
Light-lepton efficiencies SN 22
Non-prompt light-lepton estimates: non-closure N 5
~v-conversion fraction N 5
Fake 1.4 estimates N/SN 12
Electron charge misassignment SN 1
Total (Data-driven reducible background) — 83

3k Light lepton efficiencies:

e real eff (1), fake eff (6 y, 2 el, 3 prompt background subtraction theory uncertainties),

4¢ fake rate (1), 2¢SS171(10)

2k Y conversion fraction and non-closure uncertainties:

e Uncorrelated across channels (ee, ey, Xee, Xep, 2¢SS17), affecting only normalisation

3k Electron charge miss assignment:

e Anti-correlated among background in SR and subtraction from fake rate calculation
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Fakes/non-prompt ¢ validation

3k Overall reasonable data/prediction agreement with estimates fakes in VRs

1 b b €¢ : b b 1 : b b
Low Njets 3 loose light ¢ Pre-selection
2 < Njets < 3 Njets >1 Njets > 3 Njets >3
> FT T T T [T T T T [ T T T T [T T T T [T TT71 [T T rrrrrrrt 3 _.(2 FrprrrprrrpoT T T — §2] - [ -
8 . AT,_AS ¢ Data .ttH 1 & C ATLAS ' Data [ Prompt ; S 890 atLAs ¢ Data Wi+ -
o - (s =13TeV, 36.1 fo! ENon-prompt [Mgmisid i 700f— Vs =13 TeV, 36.1 fb =E:zi1|u %Il:llzre;:u - T Vs=13TeV, 36.1 fb' [ ]tIW Otz .
E 2 < Njeis <3VR D”‘W Otz ] - gfvg 7 Uncertainty ] 700:_ 2£0S +1Tg [IDiboson [ ]Other ]
S 10°E efut, utet [ Diboson [JOther 600 et ’ — C Pre-Fit BFake 7,,, 7/ Uncertainty 1
AT E Pre-Fit 7/ Uncertainty 3 ;/ %/ ] 600— —
- : 500_%/ E 500 -
A u 2 ’
2 [ M
10 400:— { /E
300
10 200 S 200
100— ey 100 [
o —
. 1 |||||||||||| . 0 . .
E 1.25 % B 15 E § 125
e 1//*//% ///// LS L, S AR Ll
< 075 T 075 F B 075
Y- 3 05 E . . Y :
20 100 0 1 3 4 5 >6
pT (I1) [GeV] Number of b-tagged jets Number of jets

2/SS+0T 4/ 2/0S+1T
fake ¢ fake ¢ fake T
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ttV background modelling

2k The ttW and ttZ processed have only recently been observed

* Their properties are not yet fully understood

e Nor its behaviour in higher jet multiplicity final states such as ttH SR
2k When possible, enriched in this background

e Difficult to have ttV-enriched CR in the high Njet region but with low signal
contamination!

2k In the last result:
e 3¢ CRs enriched in ttZ (~70% purity) and in ttW (~45% purity) included in the fit
- 5-dimensional multinominal BDTs mapped to 5 categories (ttH, ttW, ttZ, tt, VV)
e Alternative-fit: ttZ and ttW normalisation free-floating
- 15% loss in sensitivity: p(ttH) = 1.57 +0.57 4 59
- M(ttZ/W) in agreement with SM: pgw = 0.92 £ 0.32; paz = 1.17 +0:25 5,

a;; zz Schroder (CGiII niveity) o




Prompt ¢ background validation

3k Overall good data/prediction agreement in ttV-enriched CRs using MC simulation

e Also good agreement in cut-based VRs

n 50 . n 70

E’ - AT[_,lqs | | ] Datall | .ﬁlH ] E, E ATL,|¢\S | | [ ] Datz—!t .lﬁH | E
W P 5o13 TeV, 36.1 fb ' L] ttW Otz W ol Vs=13TeV, 36.1 o[ ]ttwW itz ]
40 37 tTW CR [EINon-prompt ~ [[JOther 7 - 3711Z CR [MDiboson [ Non-prompt
- Pre-Fit 77 Uncertainty . T Pre-Fit [JOther 7 Uncertainty ]
35F = 501 ]
30+0T £ - 3¢+0T -
ttW CR - HZ CR
E 20 :
= 4 _g 10:_ _]
== e : | it
E 1.25 —) % E 1.25 ) , I

N By 0
© 075 % © 075 / %
O o5k : : - : : 3 s - : : - ' -

2 3 4 5 6 7 >8 2 3 4 5 6 7 >8
Number of jets Number of jets
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Events / bin

Data / Pred.

Events / bin

Data / Pred.

10°

102

Post-fit signal regions

2/SSH+0T
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Impact of DD systematic uncertainties

3k Non-prompt light ¢ estimates uncertainties ranked as 3rd group of systematics
with the largest impact on the signal strength measurement

2k ttW and ttZ theory modelling uncertainties also have an important impact on the
signal strength

2k No major constraints or pulls of nuisance parameters

Pre-fit impact on pu: Ap
[ 16=b+A8 6=0-A0 ~045 -041 -0.05 0 005 0.1 0.5
Post-fiti@mpgctonu: - ATII.Asllllll
[ 6=6+A 0=0-A

Uncertainty Source Ap _ _ A

ttH modeling (cross section) 1020 -0.09 Nuis. Param. Pl =13 Te-v’ e -

Jet energy scale and resolution +0.18 —0.15 ttH cross section (scale variations)

Non-prompt light-lepton estimates +0.15  —0.13 Jet energy scale (pileup subtraction)

Jet flavor tagging and 7,4 identification +0.11 —0.09 Luminosity

tt_W modeling +0.10 ~0.09 Jet energy scale (flavor comp..2 z/.’SS)

12 modlng

Sthe.r ba:ikground mOdehng 1882 _882 ttZ cross section (scale variations)

uminosity : —0. S

ttH modeling (acceptance) +0.08 —0.04 H C;I:: ;::::C(:;: — ,

Fake Th,q estimates +0.07  —0.07 ttH modeling (shower tune) __—,

Other experimental uncertainties +0.05 —0.04 Flavor tagging c-jet/Thad e

Simulation sample size +0.04 —-0.04 rare top decay cross section —

Charge misassignment +0.01 —=0.01 3¢ Non-prompt closure | —_— e ——

Total systematic uncertainty +0.39 —0.30

Ta‘rﬂazz Sch rdr(cGiII niverity)




Questions to CMS

2k why did the light lepton fake estimate go down by ~30% in the updated version of
the results?

2k how do you exactly use the FF method to provide an MVA-shape-dependent
estimate in each SR? How do you treat correlations between bins?

2k what is the DD/MC ratio in each channel for fake light lepton estimates? (CMS DD
estimates are in general significantly lower than ATLAS' per channel)

2k is the conversion type in the CR similar to the SR?

e " The small remaining background is modelled using the MC simulation. The
validity of the simulation has been verified in control regions (CRs) in data.”

2k fake taus taken from MC without any correction? where do you validate this
assumption?

3k provide ranking of nuisance parameters impact on the signal strength
measurement

3k provide plots with pulls and constraints of nuisance parameters

Tamara zz Schroder (CGiII niveity) o
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Detector performance (l)

60 [ I [ [ [ [ [ I [ [ I

3k Excellent performance of LHC and 2 [ ATLAS Online Luminosity ]
. . > T e 2011pp Vs=7TeV ]
ATLAS in Run 2 so far: 2 S0 e RIire .
. . . [ — 201 =13 TeV _
e Record instantaneous luminosity for pp £ b — Zote e Tey B
interactions in 2017: 2.06x1034 cm-2s-" 3 T T ee fs=13TeV -
© ‘ _
. o B -
- double the LHC design! g 30 .
_ . _ = T -
e 80 fb-' good for physics from 87 fb- S o0f £
recorded by ATLAS - 18
. , 101~ i
2k Improved b-tagging performance with the - ] ¢
inclusion of IBL (Insertable B-Layer) for Run 2 o——1 — -
5 yoo ot A oct
c g T s .
8 - ATLAS Simulation Preliminary = Month in Year
_E]i g — Without IBL | o W11 1 7 1 T T
SR N WRRIBL = 90F-ATLAS
Q9 = _ > - = -
=5 103 :\\\\ = g 80:_Pre“mmary \J,lfelivr;1r§d-'l-5963\/fb'1 -
S : \ s £ 70 = . LHC Delivered Recorded: 87 fb" =
chts L \\ l § 605 [ |ATLAS Recorded Physics: 80 16 |
= = E - — —]
é’ ST \\ = D - [ ]Good for Physics |
1oL ietp. > 20 GV, nl <25 . ] § 50F E
\& 8 40k —~
— = 30 -
. s z
= 2% E

With IBL / Without IBL
OO = D W s O
. )
11l IlII|III]|IIII|IIII[IIII_
—
o

0.6 0.7 0.8 0.9 1 sa(\‘\ 3\)\"\5 3 (\‘\6 39\"\6 éa(\‘ﬂ ‘w\‘ﬂ
oLrt efficienc .
S/FIAG-20T7.005/ o Month in Year

(e
(M@ http //atlas web cern. ch/AtIas/GROUPS/PHYSICS/PL
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Detector performance (ll)

2k Biggest challenge: robustness against = gsof T ....|....|...1,:
: £ UL ATLAS Online, 13 TeV [Ldt=86.5 fo
pile-up a - .
. . . S 300 desighed for 23 3 2015:q>=134
e Controlling trigger rates at high 2 __F | £ 2016:<u>=251 3
i ) ) 8 250 2017: <u> =38.1 —
interaction per bunch crossing £ - Total: <u>=320 3
. . . 5 200¢ -
® Online and offline reconstruction > -
L @ 150 often ~ 60 1
performance maintained even at the < - 1.
. . o - | EF
highest pile-up g 100 s e
: . 50/ » =1
improved HLT algorithms to - | 1%
suppress dependence of Eymiss % 10 20 30 40 50 60 70 80
trigger rates on pile-up Mean Number of Interactions per Crossing
360_]]IIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'IIII_ AN _||||||||||'||||| |||||||| ||||||IIII|IIII|IIII|I_
% - ATLAS Trigger Operations . % 25— All jets 81 <M, <101 GeV
£ [ Data2016/2017, {s= 13 TeV B 2 [ JVT>059 :
8 [ ° :::I—xeﬂo—m';t—';_":(iso I } o o[ ATLAS Preliminary -+ B
g [ ° —xe110_pufit_L1XES0 ) © L2017, Vs=13TeV,20.8 b ! .- -
S a0 # - Jet Vertex Tagger € [ Anti-k R=0.4 EM+JES -~ i
% puf|t new baseline in ; ] (JVT) reqL"rementZ 1 5:_p‘ >20GeV,|n[<24 _:
= 302017 (pileup estimated - applled to jetS R . Z
- event-by-event & 1 with 20<pT<60 = e .
20_ QQ ] - - -
-and subtracted) | GeVtoreducethe | :
B @ § . 0.5+ R —
- o . - _.__.__._,_._—l——I—v-l—"""""'_ i
tob- h fake jet rate : ]
: oOooo gu::mt:un'iil@'il i i :
OOO DDDDDDDDDDD -1 AT NS W NS NS NS NN A N N
Wt s I IR T T 10 15 20 25 30 35 40 45 50 55
90 15 20 256 30 35 40 45 50 55 Average Number of Interactions per Bunch Crossing

0 e e e e p—a-—, —_— i —_—— —— — == —_—
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ttH (multileptons): tight lepton definition @)

EXPERIMENT
3k Common main/important background: non-prompt leptons from semileptonic b-decay

3k New MVA lepton isolation (PromptLeptonlso=PLI) to reject non-prompt £ based on:
e lepton and overlapping track jets properties

* lepton track/calorimeter isolation variables

S [ ATLAs - 1 & | Amas | .
-1 ] 1

2 11— V{s=13TeV, 36.1 fb —— g 11— \1s=13TeV, 36.1 fb —

= n o g - = n =

i . —o——&= 1 . :959-‘_9::9:292 .

09— —O—¢— ] 0.9— —O— ]

L oO—> _ | —o— —_

_ ] ~ o— ]

08~  ~— — 0.8 o —]

- Z—uu 5 : —Oo— Z—ee ]

0.7— —-Data 0.7 —o—Data

F PLIUSF[pr] < = . PLelSF[pr] =" -
o : : : : — ] o F : : : —

% 15‘"""""“"""""""_.':"."1‘##%—F """"""""" L2 ""'E E 1:’"""""""""""";’._‘“_".'_’:5'——&—‘—“ ' """"" e & =

T gob ® Wsatony | SystoSa 1§ P SR MiStat ony | Syst @St 3
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e SF values ~ 0.90 - 0.98
e SF systematic uncertainties small (max ~3% @ low pT), w/ negligible impact in the analysis

e Factor O(20) rejection for leptons originating from b-hadrons

3k New MVA cut to reduce QMiIsID for 2¢SS and 3£+0T

e Factor O(17) background rejection for a 95% signal efficiency
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ttH (multileptons): object definition summary ¥ &%

EXPERIMENT

3k Several "Loose” and “Tight” lepton definitions to optimise the Thad
a
event selection in each multilepton channel _ o
Medium BDT ID to reject jets
(TM, 1T in 1£4+27)
e 7
L Lt 1.* T ™| L L L*/T/T* pT > 25 GeV
I[solation No Yes No Yes . .
Non-prompt lepton BDT No Yes No Yes BDT to reject el fak'ng T
Identification Loose Tight Loose
Charge misassignment veto BDT No Yes No T-M overlap removal
Transverse impact parameter significance, |do|/o4, <5 <3
Longitudinal impact parameter, |zo sin 6| < 0.5 mm b-jet veto
. . Thad Vertex is PV
L =Loose T =Tight (PLI isolated)
L+ =+ Loose isolated T* =+ QMisID MVA veto (el only) ote o = 25 Cov
. ets e
L* = + PLI isolated P

BJets MVV2c10 70% WP

3k Minimum jet requirements: Njets = 2; Npjets = 1

20SS 3¢ 4¢ 104271, 20SSH+11h,q 200S+171,q 30+1Thaq
Light lepton 2T 1L*, 2T* 2L, 2T 1T 2T 21T 1LT, 2T
Thad OM OM - 1T, IM 1M 1M 1M
Niets, Np—jets | 24, =12 =>2,>1 >2,>1 >3, >21 >4 >1 >3, 21 22,21

—
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ttH (multileptons): multivariate analysis strategy x.& @3)

EXPERIMENT

3k Signal extraction: fit or cut on BDTs (boosted decision tree) to discriminate signal against the
main background processes [except in 3¢+1T]

3k Pre-MVA region: loose selection per channel to train MVA

e Input variables: system reconstruction, pseudo-continuous b-tagging, kinematics [full list in
back-up]

2k Final selection per channel:

e Either pre-MVA selection (e.g. 2¢55+0T), tighter selection (e.g. 2¢SS+17), or split pre-MVA
region in categories (e.g. 3£+0T)

e 2/SSOT: combination of two BDTs (ttH vs. tt; ttH vs. ttV)

e 3/0T1: 5-dimensional multinominal BDTs mapped to 5 categories (ttH, ttW, ttZ, tt, VV)
¢ 4/ (Z-enriched): ttH vs. ttZ

® 2/SS+1T, 2/0S+1T, 1/+2T: ttH vs. tt (with fake 1)

20SS 3¢ 4/ 1042100  20SS+1mhaq 200S+17.q 30+1Taq
BDT trained against | Fakes and ttV ¢, ttW, ttZ, VV ttz | - tt all tt -
Discriminant 2x1D BD'T 5D BDT Event count BDT BDT BDT Event count

Number of bins
ontrol regions
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ttH (multileptons): pre-fit summary

3k Most statistically sensitive to ttH: 2¢SS+01 and 3£+07
2k Purest but lowest statistics: 4¢
2k Largest pre-fit excess per fit category: 2¢SS+17

< 10° T T T T | T T T I |
f ATLAS ¢ Data - ttH
£ [ fs=13TeV,36.1 1" CJttw [tz N L r rr T 3, 2
© 10" F pre.Eij [ Diboson [ Non-prompt w1.8... ATLAS _:2 %)
w mlS‘ld I:] O’[hel’ - E ...... V— 13 T V 36 1 fb-1 ——1 8
‘0 Fake 7,_, 7/ Uncertainty 1.6 = E 5= eV, 3b. =
1.4 E 16
10 : / 1.2F E 1.4
- —1.2
' ¢ L] e N ]
1qE S —1
i 0.8 = 0.8
1 06 ]| i — E
o4 [ L1 [T =
10|k - 1 1 | | e :0.4
5 o2— 1 1 | i —0.2
T S R —T ] —
= //w//}/%/ﬁ///%///// /r//%//// 0
< Sa 9/ Sp ¥ 9/ 2 2/88 Q/OS 3/*7 7 /+2 3/ 3/ 3/ Din. 3 #
8 OZ: S TR <en, ich dep/etey%d g 0 e W on ®osen CR
"\ 2 3 3 A\ 2 3&’ o - 24
o ‘”’fh/ 2”205 Vu O SSer 15 " g Z\de 25d Sery,

CONTROL SIGNAL

REGIONS REGIONS
”Other” 4tops t'tWW tH tZ
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Fake control regions

33
) & & & & &6 6 6 o o o o o o o o o o o o o o o o o o OO O o O o o o O o o O O OO O o o o o o o o o o o o o \\h/
Channel Region Selection criteria
2¢SS 2 < Njes < 3 and Npjers > 1
(30) One very tight, one loose light lepton with pt > 20 (15) GeV
Zero 1,9 candidates
Ereal Opposite charge; opposite flavor
€fake Same charge; opposite flavor or pu
4¢ 1 < Njers <2

Three loose light leptons; sum of light lepton charges +1
Subleading same-charge lepton must be tight
Veto on 3¢ selection

Either =~ One SFOC pair with |m(£*¢7) —91.2 GeV| < 10 GeV
E‘TTliSS < 50 GeV, mt < 50 GeV

or No SFOC pair
Subleading jet pt > 30 GeV

20SS+ 11hag 2 < Njers < 3 and Npjers > 1

One very tight, one loose light lepton with pt > 15 GeV
A SESC pair
|m(ee) —91.2 GeV| > 10 GeV
Zero or one medium 7,9 candidate, opposite in charge to the light leptons

1642Thad Nje[s > 3 and Nb—jets > 1

One tight light lepton, with pt > 27 GeV

Two 1,4 candidates of same charge

At least one 1,9 candidate has to satisfy tight identification criteria
2008+1 124 Two loose and isolated light leptons, with pt > 25, 15 GeV

One loose 1,q candidate

|m(€*¢7)—91.2 GeV| > 10 GeV and m({*¢7) > 12 GeV

]Vjets > 3 and Nb-jets =0
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MC samples

Process Event generator ME order Parton Shower PDF Tune
ttH MG5_AMC NLO PYTHIA 8 NNPDF 3.0 NLO [71] Al4
(MG5_AMC) (NLO) (HErwic++)  (CT10 [72]) (UE-EE-5)
tHqb MG5_AMC LO PYTHIA 8 CT10 Al4
tHW MG5_AMC NLO HERWIG++ CT10 UE-EE-5
W MG5_AMC NLO PyTHIA 8 NNPDF 3.0 NLO Al4
(SHERPA 2.1.1) (LO multileg) (SHERPA) (NNPDF 3.0 NLO) (SHERPA default)
to(Z/v* = 1) MG5_aMC NLO PYTHIA 8 NNPDF 3.0 NLO Al4
(SHERPA 2.1.1) (LO multileg) (SHERPA) (NNPDF 3.0 NLO) (SHERPA default)
tz MG5_AMC LO PYTHIA 6 CTEQ6L1 Perugia2012
tWZz MG5_AMC NLO PyYTHIA 8 NNPDF 2.3 LO Al4
ttt, tttt MG5_AMC LO PyTHIA 8 NNPDF 2.3 LO Al4
HWTW= MG5_AMC LO PyTHIA 8 NNPDF 2.3 LO Al4
tt POWHEG-BOX v2 [73] NLO PYTHIA 8 NNPDF 3.0 NLO Al4
tty MG5_aAMC LO PYTHIA 8 NNPDF 2.3 LO Al4
s-, t-channel, PowHEG-BOX v1 [74,75,76] NLO PYTHIA 6 CT10 Perugia2012
Wt single top
VV(— lIXX), SHERPA 2.1.1 MEPS NLO SHERPA CT10 SHERPA default
qqVV,VVV
Z — 1T~ SHERPA 2.2.1 MEPS NLO SHERPA NNPDF 3.0 NLO SHERPA default

T a;; z
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Input variables for MVA

Variable 20SS 3¢ 40 1UH27Thaa  20SS+H1Thaa  200S+H17had
Leading lepton prt X

Second leading lepton pr X X X

Third lepton pr X

Dilepton invariant mass (all combinations) X X % X

Three-lepton invariant mass X
Four-lepton invariant mass

Best Z-candidate dilepton invariant mass

Other Z-candidate dilepton invariant mass

Scalar sum of all leptons pr

Lepton properties
X X X X

Second leading lepton track isolation X

Maximum || (lepton 0, lepton 1) X X %

Lepton flavor X Xk

Lepton charge X

Number of jets Xk X X X X
Number of b-tagged jets Xk X X X X
Leading jet pr X

Second leading jet pr X X

The variables used in cross-check
analyses are indicated by a =

Leading b-tagged jet pr X
Scalar sum of all jets pt X X X X
Scalar sum of all b-tagged jets pt

X

Has leading jet highest b-tagging weight? X

b-tagging weight of leading jet X

b-tagging weight of second leading jet X X

b-tagging weight of third leading jet X
Pseudorapidity of fourth leading jet X

Leading Thaq pT X X
Second leading Thaq pT X

Jet properties

Thad

Di-Thaq Invariant mass X

Invariant mass Thaqa—furthest lepton X
AR(lepton 0, lepton 1)

AR(lepton 0, lepton 2)

AR(lepton 0, closest jet) X
AR(lepton 0, leading jet)
AR(
AR(

lepton 0, closest b-jet)
lepton 1, closest jet) X
AR(lepton 2, closest jet)
Smallest AR(lepton, jet)
Smallest AR(lepton, b-tagged jet)
Smallest A R(non-tagged jet, b-tagged jet)
AR(lepton 0, Thada)
AR(lepton 1, Thad)
Minimum AR between all jets X
AR between two leading jets X

Angular distances
X X X X X X X X

X X X X X

Missing transverse momentum FEp ™ X X

Azimuthal separation A¢(leading jet, [?f)miss) %

Transverse mass leptons (H/Z decay) - s %

Pseudo-Matrix-Element X

p—T)miss
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Correlation NPs

ATLAS

EXPERIMENT

ATLAS Vs =13TeV, 36.1 fb™

ttH signal strength

ttH cross section (scale variations)
tZ cross section

3¢ Non-prompt closure
Non-prompt stat. in 37tf CR

Fake 1,4 stat. in 1st bin of 1£+27,,4
Fake 1,, modeling (12 + 27;,,4)
Fake 1.4 low pr (2£0S+11;,,4)
Fake .4 comp. tt (2£0S +11,44)
Fake 1,,4 comp. Z (2£0S +11,,4)
VV modeling (shower tune)

VV cross section

Jet energy scale (pileup subtraction)

Jet energy resolution

Non-prompt stat. in 37 tt CR
VV cross section

ttH signal strength

tZ cross section

37 Non-prompt closure
VV modeling (shower tune)
Jet energy resolution

ttH cross section (scale variations)
Fake 1.4 stat. in 1st bin of 1£+27,,4
Fake 7,,4 modeling (17 + 27;,,q)
Fake 7.4 low pr (2€0S+113,,4)
Fake 7,4 comp. tt (2£0S +17;,4q)
Fake 1,4 comp. Z (2£0S +11,,4)
Jet energy scale (pileup subtraction)

Correlation min threshold = 20%




ttH (multileptons): fit results ()

ATLAS | (e-13TeV, 361 fb" Channel Significance
Observed Expected
—Tot. ==+ Stat. Tot. ( Stat., Syst.) 200S+17h,q 090 0.50
2£08 + 1T TN P 1.7 21 (12, O L6421 ) 0.60
16 + 2Thag | =t @1 0.6 7% (08, A3)
' ' ' 4¢ - 0.80
4r| e 0.5 55 (lo3 203
3¢ + 17 P 16 j:g (17, 08) 3C+1Thaq 1.30 0.90
2£SS + 1T po-eeed 3.5 77 (N3, 107) 20SS+1Th,g 3.40 1.10
3¢ @ M 1.8 §j§ (}gjg, fgjg) 3¢ 240 1.50
288 T‘" _________________ 1.5 o5 (Coas -0a) 20SS 270 1.90
combined 104 1.6 ji (J_rg:g, “_Lg_g) .
5 0 5 4 6 3 10 12 Combined 4.10 2.80

Best-fit uﬁH for m =125 GeV

2k Cross-section extrapolated to the inclusive phase space:
e o(ttH)=790 £150 (stat.) +170 454 (syst.) fb
3k Significance with respect to background-only hypothesis = 4.1 6 (2.8 o) obs (exp)
2k Compatible with SM (within 1.40)
3k Compatibility (7 chan.) = 34%
3k Alternative fit: ttZ and ttW normalisation free-floating
® 15% loss in sensitivity: p(ttH) = 1.57 +0-57 45
o L(ttZ/W) in agreement with SM: paw = 0.92 = 0.32; piz = 1.17 *0:25 45,
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I\/Iultinomial classiﬁcation

® Processes are separated in the space of a multiD observable

e Define CRs and VRs with a topology similar to the SR

1.0
19
ttW v
18
0.8 1
12 14 15 16
,,,,,,,, . 0.6
: “rare” processes, etc. 1 4
11
o - e 0.4 ’
""" 3 10
Rest groups bins that
R | \19 | donot contributeto 27 4
E-’ empty above diagonal ttH and ttW and 8 7
: because scores add up to 1 o 5
speeds up the
12 14 \‘I 15 \ 16 . 0.0 - . T
0.6 S algorlthm nn no n4 na
1 4 \\ 10 _____
. 1
e Approximate the n-dimensional space N R ! v
. ttw 7
of the BDT output scores by bins of , . . 18
variable size 0 0.8 '
. . . 0.2 1 I
® In practice, start with 1 large bin and s | e : " iy 5 6
split it according to the density 9y 2 :
0.0 0.2 0.4 0.6 0.8 1.0

e (Clustering: add a single neighbouring bin to the seed and compute
analytically the significance again; add the cell giving the largest
improvement
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ttH (multileptons): fake tau (ll)

2k 200S+1T: fake factor
FF method| T anti-T
applyinB: | A B
extract FF: | C D

A B selec:it:: =3 =1 | Meespu - Mzl > 10 GeV  to be estimated
=3 0 | Mee/u - Mzl > 10 GeV nominal FF
systematics

C/ D = 3 0 |Mee/pp Mzl < 10 GeV (Z+jetS enriched)
2 > 1 |Mee/up - Mzl > 10 GeV SyStemat]CS

e T/anti-T definition based on BDT score of jet-vs-T

* Reasonable agreement of yield and shape of DD estimate with data

(ttbar enriched)

2k 2¢SS+1T1 and 3¢+11: MC correction with SF derived from {DD(2¢/0S+1T1) / MC}

e Harmonised 1-fake-T estimate for all channels, profit from large statistics from
2¢0OS+11, composition uncertainties to cover wide range of b-faking-T content

e Final SF=1.36 +0.16

Tamara zz Schroder (CGiII niveity) o




Pre- and post-fit yields

Category Non-prompt  Fake 7,4 g mis-id 1w 1tz Diboson Other Total Bkgd. ttH Observed
Pre-fit yields
2LSS 233 + 39 — 33 +11 123 + 18 41.4 +£5.6 25 15 284 +5.9 484 + 38 42.6 +4.2 514
3¢ SR 14.5 + 4.3 - - 5.5 1.2 12.0+ 1.8 1.2 £1.2 58 £14 39.1 £5.2 11.2+ 1.6 61
3¢ ttW CR 13.3 +£4.3 - — 19.9 +£ 3.1 87 =1.1 < 0.2 453+092 465+54 4.18 + 0.46 56
3¢ttZ CR 39 £25 — — 271 £0.56 66 =+11 84 +£53 129 + 4.2 93 +13 3.17+0.41 107
3¢ VV CR 277.7T + 8.7 = — 49 +£10 21.3+34 51 +30 17.9 £ 6.1 123 + 32 1.67 + 0.25 109
3¢ttt CR 70 =17 - — 10515 79 1.1 7.2 +4.38 73 1.9 103 + 17 4.00 + 0.49 85
4¢ Z-enr. 0.11 £ 0.07 - - < 0.01 1.52+023 043+0.23 021+009 226+034 1.06=+0.14 2
4¢ Z-dep. 0.01 £ 0.01 - - < 0.01 0.04 + 0.02 < 0.01 0.06 £ 0.03 0.11 £0.03 0.20+0.03 0
16427h,4 - 65 +21 - 0.09+£009 33 =1.0 1.3 £1.0 098+0.35 71 <21 43 +1.0 67
20SS+11h,g 24 1.4 1.80 +£0.30 0.05+0.02 088+024 1.83+0.37 0.12+0.18 1.06 £+ 0.24 82 +1.6 3.09 + 0.46 18
200S+11h,4 756 + 80 - 6.5 1.3 114+ 1.9 20 1.3 58 £1.5 782 + 81 142 +2.0 807
3C+11haq - 0.75 £ 0.15 - 0.04 +£0.04 1.38+0.24 0.002+0.002 038+0.10 255+032 1.51+0.23 5
Post-fit yields
2LSS 211 +26 = 28.3+94 127 + 18 429+54 20.0 £ 6.3 285 +5.77 459 +24 67 +18 514
3¢ SR 13.2 + 3.1 = 5.8 £1.2 129 + 1.6 1.2 +1.1 59 £1.3 390 +4.0 17.7+4.9 61
3¢ttW CR 11.7 +£3.0 - - 204+3.0 89 +£1.0 < 0.2 454 +088 456 40 6.6 +19 56
3¢ttZ CR 35 +£2.1 - - 2.82+056 70.4 +8.6 7.1 +£3.0 13.6 +42 974 +£86 51 14 107
3¢ VV CR 224 +£5.7 - - 5.05+0.94 22.0+3.0 39 +11 18.1+£5.9 106.8 £ 9.4  2.61 +£0.82 109
3¢ttt CR 56.0 + 8.1 - - 10,714 81 +1.0 5.9 +£2.7 71 £1.8 878 £79 63 +1.8 85
4¢ Z-enr. 0.10 £ 0.07 - - < 0.01 1.60+0.22 037+0.15 022+0.10 229 +0.28 1.65+047 2
4¢ Z-dep. 0.01 £ 0.01 - - < 0.01 0.04 + 0.02 < 0.01 0.07+0.03 0.11 +£0.03 0.32+0.09 0
1642714 - 58.0 £ 6.8 - 0.11 £0.11 3.31+090 098+0.75 098+0.33 634 +£6.7 65 +20 67
20SS+11,q  1.86+£091 1.86+0.27 0.05+0.02 097+026 196+0.37 0.15+0.20 1.09+024 79 +12 51 £13 18
200S+11h,4 - 756 + 28 - 6.6 +£1.3 11.5+1.7 1.64+092 6.1 1.5 782 +27 21.7+5.9 807
36+ 1Thad - 0.75 +0.14 - 0.04 £0.04 1.42+0.22 0.002+0.002 040+0.10 2.61 +£0.30 241 +0.68 5




