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Why ttH?

O Due to its short lifetime (1024 s), the top quark decays
before hadronizing;

O Unique opportunity to study properties of a bare
quark;

O high m¢(173.5 GeV) implies a large Yukawa coupling
with the Higgs boson (~1), wrt other couplings (<10-2).

O Precise measurement of y;(=/2mip/v) probes BSM

contributions in Higgs boson production and decay
loops.

O ttH production allows for direct measurement of top
Yukawa, but very challenging to detect:

O tiny ttH cross section (O(0.5) pb at 13 TeV), two
orders of magnitude smaller than ggF,

O many and complex final states and large irreducible
backgrounds, eg ttbb and ttV.
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First observation of ttH in ATLAS, in 2018, using Run-2 data!
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https://arxiv.org/abs/1712.08891
https://arxiv.org/abs/1712.08895
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections
https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1806.00425

O Targeted Higgs decays:
WW*(—-lvlv,lvqgq),t,Z2Z*(—llvv,liqq)

e 2 same-sign or =3 charged leptons (e,u, Thad) to
reject tt events

O 7 final states categorised in number and flavour of
charged leptons

e additional requirements on (b-)jet multiplicities
o0 Almost all background events from:
e ttW and ttZ, irreducible: same final state

» good agreement observed in dedicated
control regions

 tt, reducible: mainly non-prompt leptons from
Heavy-Flavour decay and charge mis-id

O MVA lepton selections to reject non-prompt and
charge mis-id backgrounds

O Event classified with MVA approaches.

Number of Thad

background

b, prompt £+

34+1Thad

1 2 3 4
20SS 3¢ 4t 10+2mag 20SS+1Thaq  2008+1Thaa 30+1ltna  moeroffightleptons
BDT trained against | Fakes and ¢V tf, ttW, ttZ, VV ttZ / - tt all tt -
Discriminant 2x1D BDT 5D BDT Event count BDT BDT BDT Event count
Number of bins 6 5 1/1 2 2 10 1
Control regions - 4 - - - - -
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O Obs (exp) excess of 4.1 (2.8) o over SM background
O Alternative fit with unconstrained ttW, ttZ normalisations:

* same best-fit uuwy with 15% larger errors

* upw= 0.92%0.32, 1nz=1.17+0-2545 55

O Dominant systematics:
e ttH and ttV modelling

* non-prompt background estimate

O Many categories still statistically limited

ATLAS

Vs=13 TeV, 36.1 fb"

Uncertainty Source Au

ttH modeling (cross section) +0.20 -0.09
Jet energy scale and resolution +0.18 -0.15
Non-prompt light-lepton estimates +0.15 -0.13
Jet flavor tagging and 1,4 identification +0.11 -0.09
ttW modeling +0.10 -0.09
ttZ modeling +0.08 -0.07
Other background modeling +0.08 -0.07
Luminosity +0.08 -0.06
ttH modeling (acceptance) +0.08 -0.04
Fake 1,4 estimates +0.07 -=-0.07
Other experimental uncertainties +0.05 -0.04
Simulation sample size +0.04 -0.04
Charge misassignment +0.01 -0.01
Total systematic uncertainty +0.39 -0.30

—Tot. === Stat. Tot. ( Stat., Syst.)
2608 + 1T Hoefeenee 1.7 21 (12, 0
16 + 2Thgg | b=t @ -1 -0.6 1% (Yos, 13)
4| Fo@ed -0.5 13 (Yon, 153)
3¢ + 1Thaq bk @erereq 1.6 ﬂ:g (ﬂjg, iS;S)
2¢SS + 1Thag p---@----d 3.5 jg (jjg, fgjg)
3¢ o 1.8 %7 (%8, 02)
2¢SS boH 1.5 97 (54, o5
combined | [ied 1.6 05 (T
—2 0 2 4 6 8 10 12
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Events / bin

Data / Pred.

O Single lepton and dilepton channels depending on top decay

O Events categorised by lepton, jets and b-tagged jets multiplicities
* first time of a single lepton boosted category.

O Overall, tt events are 85-96% of total background

 large irreducible component from tt + Heavy Flavour (HF)

quarks

O MVA classifiers in Signal Regions (SR):

* to reconstruct Higgs and top candidates from high

combinatorics of (b-)jets (RecoBDT, LHD, MEM), only in
resolved channels;

* to classify si?nal vs backgrounds events (ClassificationBDT),

both in reso

procedure.
RecoBDT
e TR
800 s =13 Tev, 361" LI+ lght D+ 310 -
. P Wt + > mtt +
700¢ gggel;? Lepton CINon-tt 7~ Total unc. ]
2 ---ttH (norm)
600} Post-Fit - Pre-Fit Bkgd.
!

400

300
200
100

0
1.25

1 Lol o s o

0.75
0.5

’1 08 06 04 02 0

........................

02 04 06 08 1
Reconstruction BDT output (w/ Higgs info)

LHD

""" ‘eData  miiH
Citi + light [t +21c |

- .1 - -
Ys=13TeV, 36.1 b Eif+>b msV

Sinng!je Lepton [INon-tt /Total unc. ]
SRj ---ttH (norm)
Post-Fit .- Pre-Fit Bkgd.

01 02 03 04 05 06 07 08 09 1
LHD
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Events / bin

Data / Pred.

ved and boosted channels, included in the fit

b
g t
b
background
g f
ClassificationBDT
c AL UL B AL L DL LB R UL I LR LR
MEM > g00} ATLAS ®felgnt D+ 2tc
2 fs=13Tev,36.1 1"  if+loht Ol + =i
450 T T T T T T LI T q) 800_ S- I L t .tt + —lb n + h
ATLAS ¢Daa  mtiH & N Pon ONon-t 7 Total unc.
= i OJtt + light [t + >1¢ | 2 - ’
400 ¥s=13TeV,36.1f0" &+ IO et D 700f SR2” - ttH (norm)
Slng;_e Lepton DNontf 7/ Total unc.. Post-Fit
SR ---ttH (norm) 600¢
Post-Fit -- Pre-Fit Bkad. / /’ '/-/,; /'/,///, ,.///;/ v/ //_‘,-///,.r; ,:,:/'//:,/_, __________
300 FostHt re-Fit Bkg 500 3

) 01 02 03 04 05 06 07 08 09 1
1/(1 + exp(-MEM_ -4)

Data / Pred.

0.5

1 208 -06 -04 02 0

02 04 06 08 1
Classification BDT output
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0 Combined fit of classification BDT output in SRs and
event yields in most of CRs

O Free-floating normalisation factors for tt+HF:

e tt+21b: 1.24+0.10

e tt+21c¢:1.63+0.23
O Obs (exp) excess of 1.4 (1.6) o over SM background
O Best-fit UttH = ouwn/osm = 0.84+0.64 4 .4

O Precision limited by systematic uncertainty on tt+=1b
simulation.

ATLAS \'s =13 TeV, 36.1 fb™
LA DL L DAL ELELE DL L L L L L
fot m,, = 125 GeV
stat.
tot (stat syst)
Dilepton _0.24 11-02+054 +0.87
(two-u combined fit) ——e—— “1.05 ( J052 0,91
Single Lepton 0.95 +0.65 ; +0.31 +0.57
(two-u combined fit) - e — -0.62 ( -0.31 054
+0.64 , +0.29 +0.57
Combined e — 0.84 -0.61 (-0.29 -0.54
PRI BTSN S T B SR S S SRR AT N A NS A BN ST E A A S AN B S B

—1 0 1 2 3 4 5 6

Best fit p = ott/oH
I EE—————————
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Uncertainty source Au

tt + >1b modelling +0.46 —-0.46
Background model statistics +0.29 -0.31
Jet flavour tagging +0.16 -0.16
Jet energy scale and resolution +0.14 -0.14
ttH modelling +0.22 -0.05
tt + >1c modelling +0.09 -0.11
Jet-vertex association, pileup modelling +0.03 —0.05
Other background modelling +0.08 —-0.08
tt + light modelling +0.06 -0.03
Luminosity +0.03 -0.02
Light lepton (e, u) ID, isolation, trigger +0.03 -0.04
Total systematic uncertainty +0.57 -0.54
tt + >1b normalisation +0.09 -0.10
tt + >1c normalisation +0.02 -0.03
Statistical uncertainty +0.29 -0.29
Total uncertainty +0.64 -0.61

Bologna University & INFN



O 2 signal regions targeting ttH production:
e Leptonic: =1l (semi-leptonic top-quark decay)

* Hadronic: =2jets + 0 isolated leptons
(hadronic top-quark decay).

© Main background processes:
* non-resonant diphoton production

* non-ttH production

O 2 BDTs trained to discriminate the ttH signal from
the main background

* lep BDT: pr, n, ¢ and E of up to four (two)
leading jets (leptons) in pt+ EyMiss and
photons related observables

* had BDT: pr, n, @, E and b-tagging decision of
up to six leading jets + Eymiss and photons
related observables
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O 85% (97%) of ttH events are selected and 89% (43%)
of background events are rejected in the Had (Lep)
region

* remaining events categorised into four (three)
bins in the Had (Lep) region

O ttH signal extracted by a combined unbinned
maximum-likelihood fit to the diphoton invariant
mass spectrum (105 < my, < 160 GeV):

 functional form to model the Higgs production
modes from simulated m,, distributions;

 functional form to model the background from
simulation (Lep) and a dedicated data control
region (Had);

* parameters of the continuum background
model left free in the fit.

O Main theoretical uncertainty: parton-shower
modelling in ttH simulation (P8 vs HW?7)

O About 50% more sensitive than the one @36 fb-1
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Events
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III|IIII

Had categories

¢ Data
Bl ttH (u=1.4)
0 Non-ttH Higgs
I Cont. Bkg.
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Illllllllllllllllll

20+ ; —
—ttH (},L=1 .4)
10— —
O - ‘ _ ‘ \ ' l . _—
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A I A NN B N R N B R L T v v T T
35 4 Dpata ATLAS E
30 [ e Continuum Background s =13 TeV, 79.8 fb™ E
- ---- Total Background my, = 125.09 GeV R
25 :_ - Signal + Background All categories _:
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5F- B P
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O 2 signal regions targeting ttH production:
e Leptonic: =4l + =1jet (=1 b-jet) +=1 additional lepton

(semi-leptonic top-quark decay)

(7]
e Hadronic: 24| + =3jets (=1 b-jet) + 0 additional leptons §
(hadronic top-quark decay). L

© Main background processes:

o W, ttZ

e non-ttH production

O BDT trained in the “Had” region for a classification in two

BDT bins:

* 11 observables: invariant mass, dijet pr, An of the two

—

tategy and results

1.4 |
- ATLAS

1.2 H - 7z - 4l
~ 13 TeV, 79.81b

1 115<m, <130 Gev

I
e Data
- tH
o tH
2 ggF+bbH
VBF
VH
. ZZ
tt+V, VVV
B Zijets, tt
v Uncertainty

leading jets, Etmiss, etc... Had 2 Had 1
O Higgs boson candidate with 115<my4 <130 GeV
Expected Observed

Bin ttH (signal) Non-ttH Higgs Non-Higgs Total Total
Had 1 | 0.169(31) 0.021(7) 0.008(8) 0.198(33) 0
Had 2 | 0.216(32) 0.20(9) 0.22(12) 0.63(16) 0
Lep | 0.212(31) 0.0256(23) 0.015(13)  0.253(34) 0
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O Combination of ttH searches in H— yy and H— 41 (79.8 tb-!) with H— bb and H— multi
lepton (36.1 fb-")

O Profile likelihood method, based on simultaneous fits to the signal regions and control
regions of the individual analyses

o0 The overlap between the selected events in the different analyses is found to be negligible

O Correlation scheme studied in detalil

« H— yyandH — 4] analyses employ improved reconstruction software compared with the
H — bb and multi lepton analyses

Analysis Integrated ttH cross Obs.  Exp.

luminosity [fb™?] section [fb] sign.  sign.
H — vy 79.8 710 T950 (stat.) 7520 (syst.) 410 3.70
H — multilepton 36.1 790 £150 (stat.) 1170 (syst.) 410 280
H — bb 36.1 400 T30 (stat.) & 270 (syst.) 140 160
H— 27" — 4t 79.8 <900 (68% CL) 0o 120
Combined (13 TeV) 36.1—79.8 670 & 90 (stat.) Tipo (syst.) 5.8 ¢ 490
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8 - 630 b.lo
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. results

.. .. Uncertainty source Aoy /oin (7]
o ttH(YY) and ttH(4l) StatlStlca"Y limited; Theory uncertainties (modelling) 11.9
o ttH(bb) and ttH(ML) limited by systematic Z_;I’ heavy flavour 2‘3
uncerta.ln!:les’ mOStly theoretical Non-ttH Higgs boson production modes 1.5
uncertainties. Other background processes 2.2
o Main uncertainty sources: Experimental uncertainties 9.3
Fake leptons 5.2
* signal and background (tt+HF) modelling Jets, Bt 4.9
Electrons, photons 3.2
Luminosity 3.0
T-lepton 2.5
| | | | | Flavour tagging 1.8
ATLAS e Total Stat. [ Syst. ~—— SM MC statistical uncertainties 4.4
Vs=13TeV, 36.1-79.8 fb”
Total Stat. Syst.
T J—— 079+ 9% (£ 02 +053)
ttH (muttilepton) H=— 186+ g% (% 0%+ % 027 ) O ttH cross section 1.32 times higher wrt
4 4 the SM one
ttH (v) —== 1394+ 0 (* 0% % o5y ) , S
e still compatible in 20% of the
tH(Z2) e <1.77 at 68% CL measurement precision
b [ 1322 82 (2018, %) o ilgg;ﬂcance of ttH production at 5.8¢ (exp
| | | | I | | 1 1 I | | 1 1 I 1 | | | I | | | | I | 1
-1 0 1 2 3 4
SM
O+ O
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O ttH(yy) now can reconstruct the top quark candidate for events in the two Had bins with the
highest S/B

* reconstruction from a triplet of jets selected by a dedicated BDT, specifically trained to identify
jets originating from the same top quark decays

O A clear ttH signal-like excess over the background is visible for high log1¢(S/B).

k=
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ﬂ B ATLA I I | I I R -
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> 40FVs=13TeV, 79.8 b — T+ Yy =
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30 —— Data =
25F- O-lep, > 3 jets, > 1 b-jet 3
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3‘ 1 I I I I I I I I I I I I I I I I I I I I

— 0.9 ATLAS -
I:I:" 08%_ q | Theory (NLO QCD + NLO EW) _;
Combination with L o7 § connaaas :
measurements © 0.6F -
@7TeV (4.5 fo-1) 0.5-
and @8TeV (20.3 fb-1)*: 0.4¢ 3
6.3 5.1 o ?
20 (EX e 10 = -
( p ) 0'25 V/s=13TeV,36.1-79.8fb" ]
* Eur. Phys. J. C 76 (2016) 6 01 fs=8Tev, 20317
- — - | I | | | | | | | I | | | | | | | | | | | .
0 6 8 10 12 14 16
s [TeV]
Analysis Integrated ttH cross Obs.  Exp.
luminosity [fb™!] section [fb] sign.  sign.
H — vy 79.8 710 T340 (stat.) T52° (syst.) 410 370
H — multilepton 36.1 790 £150 (stat.) 1150 (syst.) 410 280
H — bb 36.1 400 T150 (stat.) & 270 (syst.) 140 160
H— Z7Z* — 4l 79.8 <900 (68% CL) 0c 120
Combined (13 TeV) 36.1—79.8 670 £ 90 (stat.) T150 (syst.) 5.80 490
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1—79.8 — 630 5.lo
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3769-y

O Search for ttH production performed in ATLAS with 36.1 - 79.8 fb-1 of data at 13 TeV

O Challenging analyses:
« very low cross section and high combinatorics of final state particles
* heavy use of MVA techniques to efficiently discriminate signal from large backgrounds

« large systematics uncertainties on modelling of signal and irreducible backgrounds,
ttbb and ttV

O First ATLAS observation of ttH production at 6.3c (expected 5.10) —direct observation
of Higgs to top Yukawa coupling

« sensitivity limited by systematic uncertainties
e some categories still statistically limited though

e combination with Run-1 increases the (observed) sensitivity from 5.8c to 6.30

O Measured cross section: ouy = 670£90(stat.)*110_ 444 (syst.) fb (SM oyy = 507+35 50 tb)
o uwn=1.32%0-28 4 ,, compatible with SM.
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Bright future ahead!

? o

ATLAS 4 =

EXPERIMENT

Run: 303079
Event: 197351611
2016-07-01 05:01:26 CEST
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JHEP05(2016)160

T T I T T T I T T T l T T T I T T T I T T T T T T I T T T I T T I T T T I T T T
ATLAS “[s=7TeV,45 o'\
— total /s=8 TeV, 20.3 b ttHH — yy) —
— statistical (tot) (stat)
. . _ 2.6 2.5
fiH(H — WW/t1/Z2Z) —
) 4 a1 /s=7TeV, 4.5 b
ffH(H — bb) [~ —
ftH(H — bb) [— e - u=1.4 *90 006 = Expected + 1o
10 -06 N D W PP Expected + 2¢
" ffH Combination [— — Observed -
k ttH Combination [~ = | ] e Injected signal (u=1)
__ E 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
2 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Best fit u for m =125 GeV 95% CL limit on u for mH=1 25 GeV

O Many channels sensitive to different final states, depending on the Higgs decay modes: yy,
WW/ZZ /7t (multi-lepton) and bb;

O a signal strength p = 1.7 %= 0.8 has been measured;

O this corresponds to an observed (expected) significance 2.3 o (1.5 o);

O observed (expected) 95% C.L. limiton p is 3.1 (1.4).
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https://link.springer.com/article/10.1007%2FJHEP05%282016%29160

The jets are ordered Dilepton, 3 j st ondy i
JeR . (1%, 27) jet b-tag (1%, 2%) jet b-tag
according to their value
of the b-tagging (medium, medium) (medium, medium)
discriminant in (tight, medium)
i tight, medium
escending order.
(very-tight, medium)
. very-tight, medium
1 = no b-tagging (very-tig ) (tight, tight)
grlttlerla fulflggod/ (tight, tight) Rt light (very-tight, tight)
= 100Seé = °
3 = medium = 77% (very-tight, tight) (very-tight, very-tight)
4 = tight =70% (very-tight, very-tight) | CRegi>1p
5 = very tight = 60%
3 £ 38 394
S ¥ & 8§ 3 o
& S e
=y T
[
3
09
Single Lepton, 5 j
(1%, 27) jet b-tag (1<, 2) jet b-tag
(medium, medium) (medium, medium)
(tight, medium) (tight, medium)
(very-tight, medium) CR/tE+light (very-tight, medium)
(tight, tight) / i i
o Revn | Reteon, / \ (tight, tight)
(very-tight, tight) \\\\\\\ / (very-tight, tight)
B
(very-tight, very-tight) | SRy SRy T~ N (very-tight, very-tight)
5 5 53 53 &2 83T T T YT ?ER Y w
o~ o+ ~ o+ = = = I~ [~ - o+ = = - =
§ &§ & & = 3 3 3 3 z % 3z 3 3 3 =
F F §F F % 8 8 3 = 2 s 3 5 8 3 =
S T 8§ 8 < g & 2 < '
S 2 - &
E; ~—
N—

y-axis: values of the b-tagging discriminant for the first two jets, x-axis: values for the third jet or the third and fourth jets.
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S/B
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Events / bin

Data / Pred.

O Dilepton: 2 OS leptons with pt > 27, 15 GeV (m;~mz veto, T veto), = 3 jets and = 2 medium b-
tagged jets

O Single lepton: 1 lep with pt > 27 GeV (veto events with 27)

recons

* Boosted: boosted Higgs (pt > 200 GeV) or top (pr > 250 GeV) candidate with large-R jet, and
loose b-tagged jet. Higgs candidate: 2 loose b-tagged jet. Top candidate: 1 loose b-tagged

jetand 1 jet.

* Resolved: = 5 jets and = 2 b-tagged jets or = 3 medium b-tagged jets.

RecoBDT

identfify jet
ossgnmen’rs to
, ruct top and
Higgs candidates

vvvvv

ATLAS

800 s=13

700} gggs'f Lepton CINon-f  ~ Total unc. |
2 ---ttH (norm)

600} Post-Fit .- Pre-Fit Bkgd.

!
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300
200
100

..................
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0'5—1 -0.8
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Reconstruction BDT output (w/ Higgs info)

LHD

probability for ttH or
tt+21b h}/\po’rheses
th 1D

. WITN .
discriminating
variable
ATLAS ‘eData  mtiH
i 4 [Ott+light O+ >1c
é§_l13LTeV, 36.1fb .tf+2]b Ot + v
ngeje epton [CJNon-tt ~Total unc. ]
SR -~ ttH (norm)
Post-Fit --- Pre-Fit Bkgd.

01 02 03 04 05 06 07 08 09 1
LHD
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Events / bin

Data / Pred.

MEM

signal/background
probability using ME
calculation (only in
most sensifive SR)

|.Q\ata T .ltiH T
Ott + light  Otf + >1c |
Wt +>1b @t+V

450 ATLAS
400f Vs = 13 TeV, 36.1 fo’

Siniq;je Lepton ONon-tt 7/ Total unc. |
SRj --- ttH (norm)
--- Pre-Fit Bkgd.

300} Post-Fit

/) s,

) 01 02 03 04 05 06 07 08 09 1
1/(1 + exp(-MEM_ -4)

Events / bin

Data / Pred.

ClassificationBDT

classify signal/background
events based on other MVA

outputs, kinematic

roperties of

Higgs and top candidates, other
event kinematic variables and
discrete b-tagging information

- ATLAS
s =13 TeV, 36.1 b
800} Single Lepton
26
700} SR

Post-Fit

¢ Data mtH
[Ott +light [t +>1c 1
@tt+>1b @t +V 1
[INon-tt 7 Total unc.
---ttH (norm)

0.5

1 208 -0.6 -04 —02 0

02 04 06 08 1
Classification BDT output
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systematics

O Nominal tt sample simulated at NLO with Powheg+Pythia8

and normalised to NNLO+NNLL cross section Pre-fitimpact on A
) ] 0=0+A0 = 06=0-A0 -1 05 0 05 1
« sample split by number of b- and c-jets at parton Dostfit , R R
leve ost-fit impact on p:
mo="0+A0 106=10-A08 | ATLAS
* tt+21b contribution reweighted to ttbb Fredictions by e Nuis. Param. Pull | Vs =13TeV, 36.1 fo’
Sherpa+Openloops (NLO description of kinematics of ; : :
the two b-jet, b-quark masses included) tis>1b: SHERPASF vs. nominal | | [ESe—
© Normalisations of tt+=1b and tt+>=1c components are left the=1b: SHERPAF vs. nominal = f
free-floating in fit tt+>1b: PS & hadronization . —0—'
. L . : tt+>1b: ISR / FSR —e—2 :
O Large systematics on tt+21b from variations in simulation H: PS & hadvonization | - |
and from comparison with alternative simulations e , | , 5
b-tagging: mis-tag (light) NP | —o—i ;
* some of these are constrained in fit to data K(tt+>1b) = 1.24 £ 0.10 | e E
Jet energy resolution: NP | ‘ d
@ - , : , . ttH: cross section (QCD scale) F |
§ - ATLAS Simulation - tt+=1b: tt+23b normalization . OIEIF
g 1— e-6--- POWHEG+PYTHIA 8 __ tt+>1c: SHERPASF vs. nominal +'
S —o— SHERPA4F 3 tt+>1b: shower recoil scheme . :
g F ] tt+>1c: ISR/ FSR ——
- 5 i Jet energy resolution: NP I —-o :
101 . tt+light: PS & hadronization +
- = Wt: diagram subtr. vs. nominal {
- . b-tagging: efficiency NP | % ® ;
- o ———— '
b-tagging: mis-tag (c) NP | ’ *—
2l s O emnmnnas 4 : |
107 = ET°: soft-term resolution ; 1—0
- | | | 1 '
® 2k ' D N— b-tagging: efficiency NP I : _
LVLE,ISE_ _E lllllllllllllllllll lllllllllllllllllll
e F ] 2 15 -1-05 0 05 1 15 2
S 3 (6-6,)/A6
0z - ]
(33 0.5 | | | =
o tt+b tt + bb tt+B tt + =3b
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lassification

Variable Definition SRI24j SR22 4 SRS
General kinematic variables
mg‘},“ Minimum invariant mass of a b-tagged jet pair v v -
mg‘;’“ AR Invariant mass of the b-tagged jet pair with minimum AR v - v
mﬁ‘a" pr Invariant mass of the jet pair with maximum pr v - -
my, P Invariant mass of the b-tagged jet pair with maximum pr v - v
Any g Average An for all b-tagged jet pairs v v v
Ant’}lja" Maximum A7z between a jet and a lepton - v v
AR, PT AR between the b-tagged jet pair with maximum pt - v v
Higes 30 Number of b-tagged jet pairs with invariant mass within v v )

bb 30 GeV of the Higgs-boson mass

; r>40 Number of jets with pr > 40 GeV - v ve
Aplanarit 1.51;, where A, is the second eigenvalue of the momentum i v )

P Ybet | tensor [99] built with all b-tagged jets
H%“ Scalar sum of pr of all jets and leptons - - v
Variables from reconstruction BDT
BDT output Output of the reconstruction BDT Ve Ve v
m?;)ggs Higgs candidate mass v - v
ARy s7 AR between Higgs candidate and ¢ candidate system e -
ARY™ Minimum AR between Higgs candidate and lepton v v ve
AREY Minimum AR between Higgs candidate and b-jet fromtop | v/ v -
ARG, Maximum AR between Higgs candidate and b-jet from top - v -
ARZ[;ggS AR between the two jets matched to the Higgs candidate - v -
Variables from b-tagging

Higgs Sum of b-tagging discriminants of jets from best Higgs ) % )

b-tag candidate from the reconstruction BDT
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Variable | Definition SR;Y, SR},
General kinematic variables
AR Y Average AR for all b-tagged jet pairs v v
ARZ’Z" pr AR between the two b-tagged jets with the largest vector sum pr v -
Anj‘}‘a" Maximum Az between any two jets v v
mg‘}," AR Mass of the combination of two b-tagged jets with the smallest AR v -
mﬁ‘i" ak Mass of the combination of any two jets with the smallest AR - v
v Higes 30 Number of b-tagged jet pairs with invariant mass within 30 GeV of Y v
bb the Higgs-boson mass
Hhd Scalar sum of jet pr - v
AR AR between the lepton and the combination of the two b-tagged jets B v
t.bb with the smallest AR
Aplanarity 1.5./12, \.avhcre /.12 is the second eigenvalue of the momentum tensor [99]
built with all jets
H, Second Fox—Wolfram moment computed using all jets and the lepton
Variables from reconstruction BDT
BDT output | Output of the reconstruction BDT v* v*
m:,j)ggs Higgs candidate mass v v
MH by o Mass of Higgs candidate and b-jet from leptonic top candidate v -
ARZIIifgS AR between b-jets from the Higgs candidate v v
ARy s AR between Higgs candidate and #7 candidate system v v’
AR 1ep top AR between Higgs candidate and leptonic top candidate v -
ARH by, o, | AR between Higgs candidate and b-jet from hadronic top candidate - v
Variables from likelihood and matrix element method calculations
LHD Likelihood discriminant v v
MEMp; Matrix element discriminant (in SRIZ‘Sj only) v -
Variables from b-tagging (not in SRIZGj)
Higes Sum of b-tagging discriminants of jets from best Higgs candidate % v
b-tag from the reconstruction BDT
Bjit 3" Jargest jet b-tagging discriminant v v
Bj, 4™ Jargest jet b-tagging discriminant v v
B> 5t Jargest jet b-tagging discriminant v v

S. Biondi - Higgs Hunting - 24.07.18
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lassification

Classification BDT in boosted channel

Variable Definition

Variables from jet reclustering

ARy AR between the Higgs-boson and top-quark candidates

AR, padd AR between the top-quark candidate and additional b-jet
ARy pad AR between the Higgs-boson candidate and additional b-jet
ARy ¢ AR between the Higgs-boson candidate and lepton

MHiggs candidate

Vdi2

Higgs-boson candidate mass

Top-quark candidate first splitting scale [100]

Variables from

b-tagging

wb-tag

add
wb-tag / wb-tag

Sum of b-tagging discriminants of all b-jets

Ratio of sum of b-tagging discriminants of additional b-jets to all b-jets

S. Biondi - Higgs Hunting - 24.07.18
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Events / bin
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'i es: ttBackground

© Nominal samples split in 3 categories depending on the flavour of the additional jets.
O tt+=1b further divided into 6 sub-components

* ttb, ttbb, ttB and tt3b scaled to SherpaOL 4FS;

» ttb MPI/FSR components are not reweighted (absent in SherpaOL 4FS);

e scaling only changes normalisation.
Y

Systematic source Description tt categories

tt cross-section Up or down by 6% All, correlated

tt + >1c normalisation  Free parameter k(7 + >1c) tt+ >1c

tt + >1b normalisation  Free parameter k(tf + >1b) tt+>1b

NLO generator SHERPA VS. POWHEG-Box+PyTHiA 8 All, uncorrelated

p.s. & hadronisation PowHEG-Box+HERWIG 7 vs. POWHEG-Box+PyTHiA 8 All, uncorrelated © Normalisation only
ISR /FSR Variations of ugr, ur, hdamp and A14 Var3c parameters All, uncorrelated

tt + >1c 3F vs. 5F MGS5_aMC@NLO-+Herwic+ ME prediction vs. incl. tt+ 21c O Shape only

tt + >1b 4F vs. SF SHERPAOL vs. POwHEG-Box+PyTHiA 8 tt+>1b

tt + >1b renorm. scale  Up or down by a factor of two tt+>1b O tt+=1b frg ctions
tf + >1b resumm. scale Vary pq from Hr/2 to gcvmps tt+>1b systematics

tt + >1b global scales Set puq, ur, and up to ucMMmPs tt+>1b

tt + >1b shower recoil  Alternative model scheme tt+>1b

tt + >1b PDF MSTW or NNPDF vs. CT10 tt+>1b

tt + >1b FSR Prediction from ISR / FSR variation samples vs. nominal 7 + >1b

tt + >1b MPI Up or down by 50% tt+ >1b

tt + >3b normalisation  Up or down by 50% tt + >3b
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d\a\sg‘i*f ication —

Table 2: Loose (L), loose and isolated (L"), loose, isolated and passing the non-prompt BDT (L*), tight (T) and
very tight (T*) light-lepton definitions. Selections for the tighter leptons are applied in addition to the looser ones.
For the muons, the L*, T and T* lepton definitions are identical.

e H

L LY L* T T | L L' L¥T/T*
Isolation No Yes No Yes
Non-prompt lepton BDT No Yes No Yes
Identification Loose Tight Loose
Charge misassignment veto BDT No Yes No
Transverse impact parameter significance, |dp|/oq4, <5 <3
Longitudinal impact parameter, |z sin 6| < 0.5 mm

Table 4: Summary of the basic characteristics of the seven analysis channels. The lepton selection follows the
definition in Table 2 and is labeled as loose (L), loose and isolated (L"), loose, isolated and passing the non-prompt
BDT (L*), tight (T) and very tight (T*), respectively. The 1,4 selection is labeled as medium (M) and tight (T).

2£SS 3¢ 4¢ lf+2‘l'had 2€SS+1Thad 2€OS+IThad 3€+17'had
Light lepton 2T* 1L*, 2T* 2L, 2T 1T 2T* 2L7 1LT, 2T
Thad oM OM - 1T, IM 1M 1M M
NjetS,Nb_jets >4, =12 >2,>21 =>22,>21 >3,>1 >4,>1 >3,>1 >2,>1
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Channel Selection criteria

Common Njets > 2 and Np _jes > 1
2¢SS Two very tight light leptons with pt > 20 GeV
Same-charge light leptons
Zero medium Thaq candidates Selection criteria applied in the

Ivjets > 4 and Nb-jets <3
3¢ Three light leptons with pt > 10 GeV; sum of light-lepton charges +1
Two same-charge leptons must be very tight and have pt > 15 GeV
The opposite-charge lepton must be loose, isolated and pass the non-prompt BDT
Zero medium 73,4 candidates
m(¢*€~) > 12 GeV and |m(€*¢7) — 91.2 GeV| > 10 GeV for all SFOC pairs
|m(3€) —91.2 GeV| > 10 GeV
4¢ Four light leptons; sum of light-lepton charges 0
Third and fourth leading leptons must be tight
m(€*¢™) > 12 GeV and |[m(€*¢7) — 91.2 GeV| > 10 GeV for all SFOC pairs
|m(4€) — 125 GeV| > 5 GeV
Split 2 categories: Z-depleted (0 SFOC pairs) and Z-enriched (2 or 4 SFOC pairs)
1€+42Thag One tight light lepton with pt > 27 GeV
Two medium 7,4 candidates of opposite charge, at least one being tight
Njets > 3
2¢SS+11hag  Two very tight light leptons with pr > 15 GeV
Same-charge light leptons
One medium 4 candidate, with charge opposite to that of the light leptons
Niets > 4
|m(ee) —91.2 GeV| > 10 GeV for ee events
2¢0S+11h,q  Two loose and isolated light leptons with pt > 25, 15 GeV
One medium 73,4 candidate
Opposite-charge light leptons
One medium 7,4 candidate
m(€*¢™) > 12 GeV and |[m(€*¢7) — 91.2 GeV| > 10 GeV for the SFOC pair
Njets > 3
3¢+1Thag 3¢ selection, except:
One medium 1,4 candidate, with charge opposite to the total charge of the light leptons
The two same-charge light leptons must be tight and have pr > 10 GeV
The opposite-charge light lepton must be loose and isolated

different channels.

Same-flavour, opposite-charge lepton
pairs are referred to as SFOC pairs.
The common selection criteria for all
channels are listed in the first line
under the title “Common”.
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Variable

4¢

1642Thag 2€SS+1mhag  260S+17hag

Lepton properties

Leading lepton pr

Second leading lepton pr

Third lepton pr

Dilepton invariant mass (all combinations)
Three-lepton invariant mass

Four-lepton invariant mass

Best Z-candidate dilepton invariant mass
Other Z-candidate dilepton invariant mass
Scalar sum of all leptons pr

Second leading lepton track isolation
Maximum |7| (lepton 0, lepton 1)

Lepton flavor

Lepton charge

X X X X

X

Jet properties

Number of jets

Number of b-tagged jets

Leading jet pt

Second leading jet pr

Leading b-tagged jet pr

Scalar sum of all jets pr

Scalar sum of all b-tagged jets pr

Has leading jet highest b-tagging weight?
b-tagging weight of leading jet
b-tagging weight of second leading jet
b-tagging weight of third leading jet
Pseudorapidity of fourth leading jet

Thad

Leading Thag pr

Second leading Thag pr

Di-mh,q invariant mass

Invariant mass 7y,q—furthest lepton

Angular distances

AR(lepton 0, lepton 1)
AR(lepton 0, lepton 2)
AR(lepton 0, closest jet)
AR(lepton 0, leading jet)
AR(lepton 0, closest b-jet)
AR(lepton 1, closest jet)
AR(lepton 2, closest jet)
Smallest AR(lepton, jet)

Smallest AR(lepton, b-tagged jet)
Smallest AR(non-tagged jet, b-tagged jet)
AR(lepton 0, Thad)

AR(lepton 1, Th,4)

Minimum AR between all jets
AR between two leading jets

X X X X X X X X

X X X X X

—>miss
PT

Missing transverse momentum ET™*

Azimuthal separation A¢(leading jet, pr™**)
Transverse mass leptons (H/Z decay) - ppmiss

Pseudo-Matrix-Element

TE

S. Biondi - Higgs Hunting - 24.07.18
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”

-

3¢ ttW CR 3¢ tiZ CR

"
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classification -

—

Channel Region Selection criteria O Summary of the non-prompt lepton and fake Thag background
22SS < N <3and Nr > 1 estimate strategies of the seven analysis channels. DD means data-
= Tets = brjets = _ driven background estimates and the techniques used are the
(36) One very tight, one loose light lepton with pr > 20 (15) GeV matrix method (MM) and the fake-factor method (FF). The scale
Zero Tpyq candidates factor method (SF), which scales the estimate from simulation by a
Ereal Opposite charge; opposite flavor correction factor measured in data, is partially data-driven.
€fake Same charge; opposite flavor or pu
4€ 1 < ]Vjets < 2 § 100
Three loose light leptons; sum of light lepton charges +1 ._:1% 90
Subleading same-charge lepton must be tight B 80
Veto on 3¢ selection 2 i :
Either  One SFOC pair with [m(£+£~) — 91.2 GeV| < 10 GeV & 70 ATLAS Simulation
EMiss < 50 GeV, mr < 50 GeV o 60 vg-=o1tgeTrev
or No SFOC pair e, 50 @ clectron
Subleading jet pr > 30 GeV § @l gluon
2£SS+1Tha 2 < Niews <3 and Ny jegs > 1 w40 52?352:;”“
One very tight, one loose light lepton with pr > 15 GeV @ b-quark
A SESC pair

|m(ee) — 91.2 GeV| > 10 GeV
Zero or one medium 7heq candidate, opposite in charge to the light leptons

1€+27paq Njets > 3 and Nb-jets 21

One tight light lepton, with pt > 27 GeV

Two Thad candidates of same charge

At least one 1,9 candidate has to satisfy tight identification criteria
2008 +1 a4 Two loose and isolated light leptons, with pt > 25, 15 GeV

One loose Th,q candidate

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

Ivjets > 3 and Nb-jets =0

Fraction of fake and non-prompt leptons [%]

2£SS 3¢ 4¢ 164+2Thag 2€SS+1Thag  2€0S+1Thag  3€+1Thad
Non-prompt lepton strategy | DD DD semi-DD MC DD MC MC

MM) MM) (SF) (FF)
Fake Thaq strategy - - - DD semi-DD DD semi-DD _

(SS data) (SF) (FF) (SF) [ conversions
Control Region Selection /= \!/ v

Light lepton IT* 1L | 3L 1T 1T*, 1L 2L7 - [ light quark+gluon
Thad oM 1T, 1M <M IL - =] c-quark
Niets 2<Njegw <3 | 1< New<2 23 2< N <3 >3 _ @ b-quark
Nb—jets >1 ‘ = -

2ISSep  2I1SSpup 3le 3lu  2ISSe+tt 2ISSu+tr
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O Irreducible background: ttW, ttZ with prompt
leptons

* rare SM processes only recently observed
(JHEP11(2015)172)

e estimated from NLO simulation (£12%(QCD
scale)+=4%(a.))

O Reducible background: mostly tt(+y) events with
mis-reconstructed leptons, difficult to simulate

o different "data-driven” estimations used based
on lepton origin and when available data
statistics allows

* non-prompt leptons from HF decay and
conversions (most critical in 2ISS, 3I)

» data in “sideband” regions with loose

~

#tV control regions with 3l events

701 T

2 | T T £ E
b - ATLAS ¢ Data  WMriH b - ATLAS
@ - ATuew Mz o 45 Aiw Dtz
601 Vs=13TeV, 36.1 fb™ _tt tt ] F Vs=13TeV, 36.1 b L1t it 3
T 3¢tIZCR [ Diboson [ENon-prompt - 40F- 37 tIW CR [ENon-prompt  [[|Other 7
L Pre-Fit [|Other Uncertainty F Pre-Fit Uncertainty -
50— - 350 -
30F =

50¢

25

20

| | |
¢ Data WiiH

Data / Pred.

Data / Pred.

5 6

7

>8

o
2

Number of jets

5 6 7 >8
Number of jets

Non-prompt validation regions with 2ISS events

[Trrr 7

R NARAREsEEE
¢ Data WiiH

leptons to model non-prompt events in SR 5 [Tarias “evaa | MiH | 8 [ anas ]
. . 2 3l ys=13TeV, 36.1 b [ENon-prompt  [llg mis-id _| =) - {s=13TeV, 36.1 fo [ENon-prompt  [llg mis-id -
with tlght Ieptons 2 0 : 2< rljis;\?? Ctiw Dtz PR ;sgr\]i,s:a\?? Clatw Dtz
. . i o . : H’H’_ -leoson' []Other § 10 E—ezw’ !,t*e: .leoson. [T]Other —§
» total uncertainties of 20-30%. Estimated - PreFi Uncertainty & F PreFi Uncertainty
non-prompt background is 1.5-2 times (e -
what predicted by simulation :
» large systematic uncertainty on the
different loose-to-tight rates for electrons F
from HF decay and conversions
© Charge mis-id background in 2ISS, 2S5+ 1Ty.4 s 1 5
. . Co. ® 125 - I
estimated with OS events scaled by charge mis-id I 7 77 *“ &
. s : 1 =
rate measured in Z—ee data. 8 OBF | | - B T
03 0 0.5 1 1.5 2 2.5 04520 30 40 50 60 70 80 90 100
4R(l jet) p, (1) [GeV]
S. Biondi - Higgs Hunting - 24.07.18 33 Bologna University & INFN



Systematic uncertainty Type Components
Luminosity N 1
Pileup reweighting SN 1
Physics Objects
Electron SN 6
Muon SN 15
Thad SN 10
Jet energy scale and resolution SN 28
Jet vertex fraction SN 1
Jet flavor tagging SN 126
E%“SS SN 3
Total (Experimental) - 191
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
y-conversion fraction N 5
Fake Thqq estimates N/SN 12
Electron charge misassignment SN 1
Total (Data-driven reducible background) - 83
ttH modeling
Cross section N 2
Renormalization and factorization scales S 3
Parton shower and hadronization model SN 1
Higgs boson branching fraction N 4
Shower tune SN 1
ttW modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1
ttZ modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1
Other background modeling
Cross section N 15
Shower tune SN 1
Total (Signal and background modeling) - 41
Total (Overall) - 315
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Pre-fit impact on p: Ap
[ 16=B+A0 6=B-A0 045 -04 -005 0 0.05 0.1 0.15
Post-fit impact on p.: LALLM LA L
o 6=6+A98 6=8-A8 ATLAS
—e— Nuis. Param. Pull Is=13TeV, 36.1 fb”
ttH cross section (scale variations)
Jet energy scale (pileup subtraction)
Luminosity
Jet energy scale (flavor comp. 27SS)
Jet energy scale variation 1
W cross section (scale variations) ,
ttZ cross section (scale variations) .
Thad identification
ttH cross section (PDF) ‘—-—‘
ttH modeling (shower tune) —
Flavor tagging c-jet/Thad —‘—_—-
rare top decay cross section —v—-— -
37 Non-prompt closure e e
ttW modeling (generator) : —_0——1'
Non-prompt stat. in 4th bin of 32 SR L ——
ol b b b b b by
2 -15 -1 -05 0 0.5 1 1.5 2
(6-6,)/A6
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Channel Best-fit u Significance
Observed Expected Observed Expected
200S+1thag 1.7 118 (stat.) * (syst) 1.0 *]7 (stat) *- (syst) 090 0.50
1€+2Thad -0.6 + +1 1 g (stat) * + (syst.) 1.0* +1 1 o (stat.) * + (syst.) - 0.60
4¢ -0.57 “ ; o (stat.) *0-3 (syst) 1.0% “ 7 7 (stat.) *0-3 (syst.) - 0.80
3€+1Thad 1.6 +1 y 7 (stat.) * +0 S(syst) 107 +1 E > (stat.) + S (syst) 130 0.90
20SS+17pg 357 +1 ;  (stat.) *0 0 2 (syst) 107 +1 1 g (stat.) *0 0 3 (syst) 3o l.lo
3¢ 1.8 +° ; ® (stat.) * + O (syst) 107 +° : ® (stat.) *) 0 2 (syst) 240 1.50
2¢SS 1.5+ +0 4 ", (stat.) * + (syst.) 1.0* +0 4 7, (stat.) g + (syst.) 270 1.90
Combined 1.6 *93 (stat.) 05 (syst) 1.0 %03 (stat) *93 (syst)  4.lo 2.80
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Observed event j}/ields in all analysis categories in
up to 79.8 tb-1 ot 13 TeV data. The background

yields correspond to the observed fit results, and
the signal yields are shown for both the observed

Combined ttH production cross section, as well as cross results (u = 1.32) and the SM prediction (u = 1). The
sections measured in the individual decay channels, divided by ~ discriminant bins in all categories are ranked b
the SM cross-section prediction. H = ZZ*and H = WW* are log10(S/B), where S is the S|g¥na| yield and B the
assumed to be scaled by the same factor with respect to the SM  background yield extracted from the fit with freely
prediction, and are shown together as VV. floating signal, and combined such that log10(S+B)
decreases approximately linearly.
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"@ Z(2;-2)

dEttH(41): results

w HH—ZZ*—4l w HtH—yy
o No events observed O about 50% more sensitive than the one @36 fb"
O Analysis statistically limited O Analysis statistically limited
Expected Observed
Bin ttH (signal) Non-ttH Higgs  Non-Higgs Total Total
H — vy
Had 1 | 4.2(11) 0.49(33) 1.76(55) 6.4(13) 10
Had 2 | 3.41(74) 0.69(56) 7.5(11) 11.6(15) 14
Had 3 | 4.70(88) 2.0(17) 32.9(22) 39.6(32) 47
Had 4 | 3.00(55) 3.2(31) 55.0(28) 61.3(47) 67
Lep 1 | 4.5(10) 0.25(9) 2.19(59) 6.9(12) 7
Lep 2 | 2.23(39) 0.27(10) 4.59(91) 7.1(10) 7
Lep 3 | 0.82(18) 0.30(13) 4.58(91) 5.70(88) 5
H—Z7Z" -4

Had 1 | 0.169(31) 0.021(7) 0.008(8) 0.198(33) 0
Had 2 | 0.216(32) 0.20(9) 0.22(12) 0.63(16) 0
Lep 0.212(31) 0.0256(23) 0.015(13) 0.253(34) 0
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