Evidence for ttH production
with the ATLAS DETECTOR
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MOTIVATION - The Yukawa coupling

 The measurement of the Higgs properties is the most o
iImportant challenge after its discovery !
 Fermion masses arise in the SM only as consequence 7
of the EWSB through the Yukawa interaction 7
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 Experimentally observations:
- Tau Yukawa coupling observed in H — 1T decays
- Evidence of bottom-quark Yukawa coupling through H — bb decay


https://link.springer.com/article/10.1007/JHEP04(2015)117
https://indico.cern.ch/event/632402/

MOTIVATION - Top-quark coupling to Higgs

9
* Since the top-quark is the heaviest particle in the SM, it
has the largest Yukawa coupling — A, ~1 Atb De- H__
* Indirect constraints on A,,, comes from loops interactions
of the Higgs boson: g Y
- gluon-gluon fusion production (ggF) of the Higgs boson
- di-photon decay of the Higgs boson "H t,b, W)
5
I > ! * The production of Higgs boson with a top-quark
pair ttH allows the study direct top-quark Yukawa
| coupling:
p - Leading Order process, cross-section ~ )\topz
> _

t

After the direct measurement of Aip One can subtract this term
and look for possible BSM contributions in the loop!




LHC RUNT1 results for Atop

* Runl results for the ratio of the measured coupling over the one expected

from the SM
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e Runl results for the ratio between the measured cross-section and the one

expected from the SM
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SM prediction is in good

agreement with data observed

ﬂhe results of the ttH explorativex

analysis are expressed in term of
the signal-strength defined as:

o Oobs
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https://link.springer.com/article/10.1007%2FJHEP08%282016%29045
https://link.springer.com/article/10.1007%2FJHEP08%282016%29045

ttH production at LHC

* ttH production cross-section at 13 TeV % / |
represents only the 17 of the total :
Higgs cross-section

* |tis a complex final states involving
many objects coming from the decay
of both top and Higgs
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ttH final states
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e Since t = Wb with a branching ratio of ~ 100% we define:

- leptonic decay of top quark the case in which the W boson produced in the top quark
decay goes in lepton+neutrino (lv)

- hadronic decay of the top quark the case in whichW — qq’
* So lepton+jets decay of top quark pair is the case in which ttbar - WWbb — (lv)(qq’)bb
* The dilepton decays is the case in which ttbar - WWbb — (lv)(lv)bb



ttH final states

e A complex final states involving many objects:
- hadronic jets and b-hadron initiated jets (b-tagged jets)
- light leptons | (electrons and muons)
- hadronic taus (thag)
- photons (y)

e The search analysis are thus characterized depending on the decay modes of
the Higgs boson:

- ttH — tt+ yy, clear signature but low statistics due to the BR(H —yy) = 0.2%
- ttH — tt+bb, high statistics BR(H —bb) = 587% but high uncertainty

- ttH — leptons + X, where H = WW/ZZ/tt mainly, called multilepton final
state: is a good compromise between the previous two



Summary of ttH searches at LHC

* Most recent result by ATLAS and CMS (significance is the one on the signal
strength p)

ATLAS

EXPERIMENT )

JHEP 1608 (2016) 045
4.40 (exp: 2.00) iy = 2.37:%'.2

ATLAS-CONF-2017-076 CMS-PAS-HIG-16-038 (13 fb—*)
1.40 (exp: 1.60) u = 0.8+0.6 pizy = —0.19 0.8
CMS-PAS-HIG-17-004 (£ only)
3.30 (exp: 2.50)
MitH — 1.5+ 0.5
CMS-PAS-HIG-17-003 (Thad)
1.40 (exp: 1.80)

Run-1 combination

ttH(bb)

ttH multilepton ATLAS-CONF-2017-077

i = 0.72°%2
(EH(ZZ — 40) ATLAS-CONF-2017-043 arXiv:1706.09936
WetH < 7.7 HitH < 1.18
ATLAS-CONF-2017-045 CMS-PAS-HIG-16-040
ttH () 1.00 (exp: 1.80) 3.30 (exp: 1.50)

tizy = 0.5+ 0.6 ey = 2.2792




ATLAS EXPERIMENT
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2015-2016: more than 36 fb—1 of LHC pp collision data recorded in ATLAS after beam and data quality requirements
ATLAS data acquisition efficiency: 92.1%(2015) — 92.4% (2016)

Peak luminosity of 1.4x1034 cm—2s-1

- Pile-up of ~25 average (~45 maximum) collisions per crossing = Up to more than 20-25 pile-up vertices per event!

more than 40 fb—1 of data already collected in 2017, at even higher peak luminosities



Jets reconstruction performance
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» Jets are reconstructed combining the tracks in the inner detector to clusters of energy deposits in the hadronic
calorimeter (anti-kt algorithm)

e Well-understood jet calibration, using y+jet, Z+jet and multijet data
» Jet energy scale uncertainty:
- Below 1% for p. > 150 GeV

- ~5% for p; = 25 GeV



b-tagging of jets

* Exploiting their kinematical properties it is possibile to identify
jets initiated from b-quark wrt jets initiated from light quark

* Large improvement in b-tagging performance in Run-2 due to the

additional Insertable B-Layer (radius: 3.3 cm)

* Calibration derived from data:

- b-jet efficiency: dileptonic ttbar (2-10% uncert.)

- c-jet mistag: semileptonic tthar (W—cs), W +c (5-20% uncert.)

- Light-flavour mistag: dijet events (10-50% uncert.)
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b-jet efficiency
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Leptons reconstruction performance

Z — ee mass distribution
 Electrons are reconstructed combining a track recontruced in the
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ttH multilepton




ttH multilepton: strategy

* Targeting H > WW, ZZ, Tt decay modes, combined with leptonic decays of the tthar pair

* Seven different channel depending on the number of light prompt leptons (electrons and muon) and T, .4
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« Each channel’s signal region (SR) is given by
selections on event level variables

 These SRs are orthogonal between the
different channels in order to make the final
combination easier

complete set of cuts for each channel



ttH multilepton: strategy

MVA techniques to increase the sensitivity of each channel!
2|SS uses the combination od two BDTs (ttH vs ttbar, ttH vs ttV)
3l uses 5-dimensional multinomial BDTs mappe to 5 categories (ttH, ttW, ttZ, ttbar, VV)
4l (Z-enriched) uses BDT of ttH vs tty
21SS+1 1,4 210S+1 11,4, 1142 T;,,4 uses BDT of ttH vs ttbar
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ttH multilepton: background processes

Main background processes are:

 Prompt leptons same experimental signature as signal —
iIrreducible , :
Semileptonic Photon

- these processes have real prompt leptons and 1,4 b-decay conversions
p, fake £*

- estimated from Monte Carlo simulation

* Electron charge mis-identification

- estimated from data events using mis-id rates from
the Z — e+e-

_ b~y prompt £* by prompt £*
e Non-prompt and fake leptons: leptons not coming from

the primary interaction or jets mis-identified as leptons
Non-prompt lepton
& fake T

- Mainly coming from the semileptonic decay of heavy
J

quarks hadrons  fake ¢+

fake t

- sizable contribution also from photon conversion
- estimated from data events

* Fake tau leptons:

- mainly from light flavor jets or electrons mis-
identified as T4

by prompt £*



ttH multilepton: background processes

Main background processes are:

. Prompt leptons same experimental signature as signal —ﬁ
iIrreducible , :
Semileptonic Photon

- these processes have real prompt leptons and 1,4 b-decay conversions

b fake ¢*

- estimated from Monte Carlo simulation )

* Electron charge mis-identification

- estimated from data events using mis-id rates from
the Z — e+e-

_ b~y prompt £* by prompt £*
e Non-prompt and fake leptons: leptons not coming from

the primary interaction or jets mis-identified as leptons
Non-prompt lepton
& fake T

- Mainly coming from the semi-leptonic decay of heavy
J

quarks hadrons  fake ¢+

fake t

- sizable contribution also from photon conversion
- estimated from data events

* Fake tau leptons:

- mainly from light flavor jets or electrons mis-
identified as T4

by prompt £*



Background estimation: prompt leptons

Largest irreducible backgrounds: ttW, ttZ, diboson

Estimated using NLO MC samples, with theory/modelling uncertainties:
- Cross-section uncertainties
- Scale variations

- Generator comparisons

Validated in several regions enriched by these processes

Rare SM processes also included: 4tops, 3tops, tZ, tWZ, ttWW, rare top radiative decays t = Wby (L)
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ttH multilepton: background processes

Main background processes are:

 Prompt leptons same experimental signature as signal —
iIrreducible , :
Semileptonic Photon

- these processes have real prompt leptons and 1,4 b-decay conversions
p, fake £*

- estimated from Monte Carlo simulation

~

("« Electron charge mis-identification

- estimated from data events using mis-id rates from
the Z — e+e-

_ b~y prompt £* by prompt £*
e Non-prompt and fake leptons: leptons not coming from

the primary interaction or jets mis-identified as leptons
Non-prompt lepton
& fake T

- Mainly coming from the semileptonic decay of heavy
J

quarks hadrons  fake ¢+

fake t

- sizable contribution also from photon conversion

- estimated from data events )

* Fake tau leptons:

- mainly from light flavor jets or electrons mis-
identified as T4

by prompt £*



Ad-hoc improvements for ttH multilepton

Efficiency

Data / MC
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Background estimation: Fake/non-prompt leptons

2lss/3l channels:

* Fully data-drive estimate with a
loose-to-tight matrix method

e Real and fake efficiencies measured

In data

* Validated in various regions
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ttH multilepton: background processes

Main background processes are:

 Prompt leptons same experimental signature as signal —
iIrreducible , :
Semileptonic Photon

- these processes have real prompt leptons and 1,4 b-decay conversions
p, fake £*

- estimated from Monte Carlo simulation

* Electron charge mis-identification

- estimated from data events using mis-id rates from
the Z — e+e-

_ b~y prompt £* by prompt £*
e Non-prompt and fake leptons: leptons not coming from

the primary interaction or jets mis-identified as leptons
Non-prompt lepton
& fake T

- Mainly coming from the semileptonic decay of heavy
J

quarks hadrons  fake ¢+

fake t

- sizable contribution also from photon conversion

- estimated from data events

("« Fake tau leptons: )
- mainly from light flavor jets or electrons mis- " v prompt ¢+
. Identified as T4 y




Background estimation: Fake hadronic taus
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Fit setup 24

* Maximum-likelihood fit to extract ttH signal S O arins oy w0me | wmad
strength p g L E-m3Tevasn] SlDboson &3 Non-prompt
= 10°F Post-Fit B g mis-id [ Other
. g . . Bl Fake 7, 77, Uncertainty
 Statistical analysis of the data uses a binned 0° -+ Pre-Fit Bkgd.
likelihood function which is constructed from a
. . . 10°
product of Poisson probability terms to estimate p
. . 10
* Simultaneous fit to the 12 SR and CR
1t
« BDT shape used as discriminate in 5 of the SRs f
107"F
e Single bin used for SRs with lower statistics: 4l I B
and /3l+17, N A//T%/— Ssshsman
© 0.75 F
D L L L L L L L L L L L
» Single bin also used for the 3L CRs U s o T D e S
2SS 3¢ 4¢ 164+27haq  20SS+1Thag  200S+1Thag  3€+1Thag
BDT trained against | Fakes and 1tV tf, ttW, ttZ, VV ttZ [ - tt all 1t -
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 - - - - -

* The test statistic q, is constructed from the profile log-likelihood ratio
gu=-2InA, = 21n L(1,6)/L(2, 6)

* where 0 are nuisance parameter that carry the impact of systematics (Gaussian distributed)



Signal Region distributions
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Uncertainties

Pre-fit impact on : An
Uncertainty Source Au [ 18=+AB T 16;=-A0 015 -0.1 -0.05 0 005 01 0.5
— " . . PoSt_fitimpactonM: ||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
ttH modelling (cross section +0.20 —0.09 mmo=+0  pmoe=AD | ATLAS Preliminary
Jet energy scale and resolution +0.18 -0.15 —e— Nuis. Param. Pull {s =13 TeV, 36.1 fb”
ight-lepton estimates O 1 O 13 ttH cross section (scale variations) I

Jet flavour tagging and 7,4 identification +0.11  -0.09 et energy scale (plie-up sublraction)
. Luminosity
th mOdelhng +O' 10 _009 Jet energy scale (flavour comp. 2£SS)
Z'l_'Z modelling +008 _007 Jet energy scale variation 1
. ttW cross section (scale variations)
Other baCkground mOdelhng +008 _007 ttZ cross section (scale variations)
Luminosity +0.08 —-0.06 Tha identification
ttH modelling (acceptance) +0.08 -0.04 o oing f:::;’;f::g
Fake 1,4 estimates +0.07 -0.07 Flavour tagging c-jet/Thag
Other experimental uncertainties +0.05 -0.04 10¢ cross section
. . L. 3¢ Non-prompt closure
Simulation statistics +0.04 -0.04 #tW modelling (generator)
Charge misassignment +0.01 -0.01 Non-prompt stat. in 4th bin of 37 SR
Total systematic uncertainty +0.39 -0.30

* Most relevant uncertainties on the signal strength:

- Signal modelling (dominated by scale uncertainties)

- Jet energy scale and resolution

- Non-prompt | estimation (with large contribution from limited CR statistics)
e Very small nuisance parameters constraints

e Largest pull: 3l fake method non-closure (slight deficit in 3l ttbar CR)



Results for ttH multilepton analysis

ATLAS Preliminary Ys=13 TeV, 36.1 o’
Channel Significance
—Tot.  ---Stat. Tot. (Stat., Syst.) Observed Expected
2608 + 1Thag L 1.7 25 (2.9 200S+1Ths 090 0.50
1+ 2Thag | It @ee i -0.6 5 (o5, 1) 16427 : 0.60
42| k@l -0.5 f(‘,j (1;2, f8;§) 4¢ - 0.80
36 + 1Thag bl @ 1.6 18 (117, 0%y 30+ 1 had 130 0.9
2058 + 1Thag bo-ed 3.5 717 (5 102) 20SS+1Tha 340 .10
+0.9 +0.6 +0.6
3¢ ko H 1.8 03 (135, %) 3¢ 2.40 1.50
2/SS foH 1.5 0L (34, o%) 20SS 270 1.90
. SR R T | Y o e B o 7 I
combined red 1.6 54 (L35 —03) Combined 410 2.80

2 0 2 4 6 8 10 12
best fit M for m =125 GeV

* Significance wrt background-only hypothesis: 4.10(expected: 2.80)
» Cross-section extrapolated to the inclusive phase space:

* Cross-checks performed:
4.10 (exp: 2.80)

- Consistency of the fitted signal strengths between the seven channels is 347%

- 2ISS, 3l and 2ISS+1T, , cross checked with simpler cut & count analyses o (ttH)=7904150(stat.) 1% (syst.) fb

- Cross-check with ttV free floating:

» 15% loss in sensitivity on signal strength

: ry — 35
1025 expected: o(ttH) = 5077 fb

» ttV in agreement with SM #:7w=0.92+0.32, 57 = 1.17755,



CMS multilepton status




CMS ttH multilepton: strategy

 CMS performed an explorative analysis of 2015+2016 data searching for ttH in a
multilepton final state (presented during Moriond2017)

e Cut & count + MVA technique to enhance the sensitivity

» Separate analyses for the tau channels
CMS Preliminary 35.9 fb' (13 TeV)
Multilepton channel (tau veto) m, =125 GeV

2l channel w=1.5"*° [ 3 (stat.) +°4(syst)]

-0.5

* BDT inputs from hadronic top tagging
(vs tthar) and “jets from Higgs”
tagging (vs ttV)

3l channel

* BDT vs ttV uses likelihood ratio from
Matrix Element computation for ttH,
ttW, ttZ

4l channel

* counting experiment

-1-05 0 05 115 2 25 3 3.5
Best fit u(itH)

Significance wrt bkg only 3.30 (exp: 2.50) CMS-PAS-HIG-17-004



https://cds.cern.ch/record/2256103/files/HIG-17-004-pas.pdf

CMS ttH multilepton: uncertainties

e ttH modeling +5/-9%
e ttW/Z theoretical uncert. on cross section 12% and 10%
* VV backgrounds:
- statistical uncertainty due to the limited sample size in the control region (30%)

- the residual background in the control region (20%)

- the uncertainties on the b-tagging rate (between 10-40%) (WZ enters in the SR
If high mis-tag rate not well known)

- from the knowledge of PDFs and the theoretical uncertainties of the
extrapolation (up to 10%)

 Non-prompt leptons estimates:

- from the statistical uncertainty in the measurement of the tight-to-loose
ratios, and from a systematical uncertainty derived by comparing
alternative methods of subtracting prompt lepton backgrounds and from
testing the closure of the method in simulated background events (20-407%)



CMS ttH multilepton: strategy tau channels

e Tau channel same as ATLAS (no 210S+1tau)

* Uncert. on charge mis-measurement in 2lSS+1tau 30% (mainly stat.)

* ttW and ttZ background are 12% and 117% respectively

» Rate of WZ+jets background is assigned uncert. up to 100% depending on the categories
 Rate of small irreducible background 50%

* b-tagging efficiency 3-10%

CMS Preliminary 35.9 fb' (13 TeV) | .
| . 1142t 9 _cui I;r::;nﬂi’:ry 35.9 fb (13 TeV)
- +1.50 - W S
| u= 1.20.1.47 3 10°E ;:'fzs_.“
L - [fiH,H—-WW/ZZ [ ]Rares
2Iss+1r, 102 [ " Uncertainty
w=0.86" mt -
3l+1th1 5o+1.33 % \\\\\\\\\\\\\\\\\\
w=1.c2 o1 1
—— Best fit Combined :
------- SM Expectation w= 0.72*:';2
L L l 1 1 1 l '
-2 0 2 §§
Best fit u = a/os” p g .
8 P PRI EPEEPEE BN

1 05 0 05 1

Significance wrt bkg only 1.4 (exp: 1.80) VA

M
CMS-PAS-HIG-17-003



https://cds.cern.ch/record/2257067/files/HIG-17-003-pas.pdf

ATLAS and CMS results: comparison

ATLAS Preliminary Vs=13 TeV, 36.1 b’
Channel Significance
—Tot.  ---Stat. Tot.  (Stat., Syst.) Observed Expected
. 1.6 .
2£0S + 1Thag e @i 1.7 %8 (s, 59) 260S+17hg 090 0.50
1f+2Thad | o R _EEE o '0-6 t}g (tg);, t::g;) 15+27—had - 060‘
3 . .
4¢ | k@l -0.5 J_r:)_g (iﬂ)_S, i8_§) 4¢ - 0.80
3¢ + 1Thag boofeeaed 1.6 5 (715, 199) 36417 130 0.90
2£SS + 1Thag b 3.5 717 (F15 409 2SSty 340 Llo
1 8 +0.9 +0.6 +0.6
3¢ *H 8 97 (Zos> —05) 3¢ 240 1.50
2/55 oH 1.5 07 (%54, 109 20SS 270 1.90
T s Rt § e, 1! ST
combined |  [pen 1.6 54 (Co3: Jo3) Combined 4.10 2.80
—2 0 2 4 6 8 10 12
best fit w_ form =125 GeV
fH H
M . . _1
S Frelmnay Srifib1 2(;3(3?\\// : CMS Preliminary 35.9 fb™ (13 TeV)
+0. ) +0. 1l+2th
n=15 _g: I: 22 (Stat) _g: (SySt) ] : ® W= -1 .20+1.50
-1.47
2Iss+1r,
— +0.79
n=0.86""
3+,
— 1.33
n= 1'2‘2?1.01
—— Best fit Combined
. _ +0.62
------- SM !lExpectatlon | u=0.72 0.5
il -2 0 2
1050 05 1 1.5 2 25 3 3.5 Best fit = ofo,

Best fit w(ttH)






ttH(bb): strategy

Benefiting from large H — bb branching ratio (58%) and leptonic top decays @

g '00000000000y————t 4 t
__j<b ,:~<§ Large irreducible background from tt+heavy flavor (HF) production )
bf ] : Low combined efficiency to reconstruct and identify all final-state objects &

900000000000/

combinatorial ambiguity from the many b-tagged jets: difficult to reconstruct

Higgs mass &

tt+HF modeling: @ n | | ]
§ - ATLAS Simulation Preliminary .
e MC simulation is NLO, its modeling studied at 7/8/13 TeV o i o PowrecsPyag |
o 1E E
* Normalized to NNLO+NNLL cross-section g Pl S SereadF E
« MC sample split in number of HF jets at particle level = ! o— —— i
* tt+21b: jet matched to 1(b) or 2(B) b-hadrons e E
« Extra b-jets from MPI or FSR - —
* tt+=1c: analogous to tt+=1b 0% e

e tt+light LL°§ 2F e
<5 1.5 =
e tt+>1b: relative contribution from each sub-componentare &% . TS E
reweighed to ttbb predictions by Sherpa+OpenLoops: NLO,  &|f ,.F E

o

4-flavours scheme (massive b-quarks, g—bb from ME)



Event selection

b-tagging:
* Considering 4 working points: loose, medium, tight, very-tight
« Efficiency from b-jets: 85% to 60%
* Rejection factor for c-jets (light jets): 3 to 35 (30 to 1500)

none loose medium tight very-tight
Efficiency - 85% 77% 70% 60%
Discriminant value 1 2 3 4 5

Channel classification:
* Two separate channels depending on the number of light leptons (e/p): 11, 21
* 2l opposite-sign (0S) with p; > 27, 25 GeV (fraction of total ttH(bb) = 2.5%)

- at least 3 jets of which at least two medium b-tagged

- veto mll~mZ and events with T, 4
* Tl with p;>27 GeV
- veto events with= 21,

- Boosted high pT category (fraction of total ttH(bb) = 0.1%):

- boosted Higgs and top candidates (large R jets, reclustered from R = 0.4 jets), plus a loose b-tagged jet

- Resolved (if failing boosted selections, fraction of total ttH(bb) = 8.7%)

- Require = 5 jets and = 2 very tight b-tagged jets or = 3 medium b-tagged jets



Background composition

® Three 26 SR (24_]) ATLAS  Preliminary [ ]t +light [ Jtt+=1c [@tt+=1b
Is =13 TeV [Jtt+v [ ]Non-tt

® Six 1¢ SR (boosted, 5j, >6j) S P e

® Ten CRs for the different tt+HF
components
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MVA analysis

® Sensitivity enhanced using multivariate techniques to discriminate signal from
backgrounds
® ‘Reconstruction’ BDT (all resolved SRs): )
O Combination of jets as originating from H/top decays to reconstruct the ttH(bb)
system

® |Likelihood discriminator (LHD) (14 resolved SRs only):

O Probability for signal /background (tt+>2b, tt+1b) hypotheses using 1D
distributions of discriminating variables (invariant mass, angular distributions, etc.)

® Matrix Element Method (MEM) (SRZ only):
O Signal/background probability using matrix element calculations at parton level

Reconstuction BDT Likelihood discriminant MEM discriminant
c ”II”II”-II-I”IIIllllblt”llllllﬁll—illlll c 450_""|""|"'.'|-""|""l'"Ijlt'"'l""lti'H"l""_ c 450_""|""|"'.'|-""|""l'"Ijlt'"'l""lti'H"l""_
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> Single Lepton [INon-tt  “~Total unc. > as0f Single Lepton [INon-tt  ~Total unc.] > as0f Single Lepton [INon-tt  “~Total unc.]
L SRzG] - L SRzS] - L SRzS] -
300f °71 ---ttH (norm) ] T ---ttH (norm) T ---ttH (norm)
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Reconstruction BDT output (w/ Higgs info) LHD 1/(1+ eXp('MEMn1'4))



MVA analysis

® Final discriminant: ‘Classification BDT’
O Trained to separate signal from background
O Only variables with good modelling in the MC are considered

® |nput variables:
O General kinematic variables
O Discrete b-tagging discriminant
O ‘Reconstruction BDT' output (resolved SRs only), and variables associated to its
H /top candidates
O Likelihood and Matrix Element Methods discriminants (where available)
O Boosted SR: Properties of the large-R jets and their sub-jets

O 2200F T T T T T T T T T T T T T T T > L e e B L — T B A N
S o000l ATLAS Preliminary El t[f)at?, " EIEH 1 3 ATLAS Preliminary El t[f)atT' " EIEH 1 S 400F ATLAS Preliminary IEI tEf)at?' " EII%H 1
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Fit model

® Simultaneous profile likelihood fit to all SRs and CRs
O SRs binned in ‘classification BDT’ _
© CRs: single bin, except tt+2>1c 1¢-CRs (binned in Hy =}, Pt
Pre-fit Post-fit

_E E T T T T _ T _ T .E T ] ] T T T _ T _ T
2 o ATLAS Preliminary ¢ Data Wit [tt + light L § ATLAS Preliminary ¢ Data B tH [ ]tt + light
£ 10°F {s=13TeV,36.1 10" [Jtt+=1c [tT+=1b ot +Vv £ 10°F s=13TeV,36.1fo" [Jtt+=1c [tf+=1b ot +V 3
¢ I Dilepton [JNont  Total unc. ---tH 1 ¢ | o[ Dilepton [ONon-tt 7/ Total unc. ---ttH ]
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0 05 O 05 . . . .
Cry Crg Crsy  CRuy S/?«/ SR3% SR2y Cr 3/ Cry CRsy  CRry SR34 SR3% SR2y
Blighy 214 Hlighs 210 Blighy A Hlighg 210
_E 8 F T T T T T T T T T T T .E s T T T T T T T T T T T
£ 10°F ATLAS Preliminary ¢ Data WtH [tt + light L2 10°F ATLAS Preliminary ¢ Data WiH [Jtt + light
2 F Vs=13TeV, 36.1 fb™ tt+=1c tt+ =1b tt+V 2 Vs =13TeV, 36.1 b tt+ =1c tt+ =1b tt+V
5 107F 7 3 & 107F g i i
Q £ Single Lepton [JNon-it “ Total unc. ---ttH Q Single Lepton [JNon-tt ~ Total unc. ---ttH
1u] I . L .
108k Pre-Fit i 10°F Post-Fit J
10° 10°
S 10° 10*
i
10° 10°
10% 10°
10} 10
T o
e e
© 1.25 © 125}
SO S
g 0.75 | % 0.75 |
0O 05 0O 05
C/?s/ 0/9,/ C/?s/ S/?g Sﬁsf Sﬁboos Cr. 26/ C/?es, C/?es, S/?ee, Sﬁee, SRz C/?s/ C/q,/ C/?s/ S/y S/w Sﬁboo C/? 267 C/?ee, C/?ee, S/?ee, Sees, SRz
Bl T ea el 21, Weligny  Melign, T



Uncertainties

Pre-fit impact on w: Au
[ 10=+A0 | 16,=A8 1 05 0 05 1
Uncertainty source Apu Post-fit impact on u: BRSNS R
® Normalization factors for tt + >1b modellin +0.46  —0.46 B 0,=rAD [WHO=AD | ATLAS Preliminayy
_ ) ) Backe d model — 0.29 031 —e— Nuis. Param. Pull (s =13 TeV, 36.1 fb
tt—l—Zlb/ZlC constrained in ackground mode statistics +0. —0. _ . é : ;
] . . Jet ﬂavour tagglng +0_ 16 —O. 16 ti+=1b: SHERPA5SF vs. nominal $
the fit, no prior uncertainty: Jet energy scale and resolution +0.14 -0.14 {10 SHERPAAF v nomin! =
- : : ti+=1b: PS & hadronisation E - —eo—
© tt+>1b: 1.24 + 0.10 t7H modelling +0.22 -0.05 {f4=1b: ISR / FSR ——Ce
O tt+>1c: 1.63 £ 0.23 17 + >1c¢ modelling +0.09 -0.11 {iH: PS & hadronisation —o-
_ _ Jet-vertex association, pileup modelling +0.03 —0.05 b'tagg'"f (:t::';a)g_(:'g;:);ziz E.]l*
® Analysis already dominated Other background modelling +0.08 —0.08 Joteneray resolaion: NP 1 T ——
by systematics tt + light modelling +0.06 -0.03 {fH: cross section (QCD scale) .
] . Luminosity +0.03 —0.02 I tt+=1b: tt+=3b normalisation —OH—
L . t+=1c: vs. nomin : f
Most relevant uncertainties: Light lepton (e, ) ID, isolation, trigger _+0.03 —0.04 ~ pme==mdmmee) EF =
o tt+>1b background Total systematic uncertainty +0.57 -0.54 ft=1c: ISR/ FSR T
modelling tf + >1b normalisation +0.09 -0.10 ‘et enerey resoltion: NP 0 e
. . . . — . . ti+light: PS & hadronisation _EH_
o Limited MC statistics tf + >1c normalisation +0.02 -0.03 Wt: diagram subr. ve, nominal | &
O b-tagging uncertainties Statistical uncertainty +0.29 -0.29 b-tagging: efficiency, NP 1 , e :
i . - b-tagging: mis-tag (c), NP 0 : M—Q—-—
o Jet uncertainties Total uncertainty +0.64 -0.61 £ ot o resolton g i,
b-tagging: efficiency, NP 0 1
||||||||||||||| |||||||| |||||||||||IIII
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ttH bb - Results

ATLAS Preliminary
— fot.

Vs=13TeV, 36.1 b ATLAS Preliminary Vs =13 TeV, 36.1 fb™

et m,, = 125 GeV Dilepton | )
tot (stat syst) (two-u combined fit)
Dilept ) +1.02 ; +0.54 +0.87
PO | —— e 0.24 “3'05 ( Jo52 —0.91)

(two-u combined fit) _
Single Lepton
(two-u combined fit)

+0.65 ; +0.31 +0.57 m, = 125 GeV

Single Lepton —o— 095 J56( 031 _054)

(two-u combined fit)

g8 Expected = 1o
----- Expected + 20

+0.64 , +0.29 +0.57 i
Combined e 0.84 -0.61 \ -0.29 -0.54) Combined —— Observed
| | | | | | | | . "-I" EXpeCtled (M=1) |
-1 0 1 2 3 4 5 6 0 1 2 3 4 5
Best fit u = o™/oft 95% CL limit on o/ o, ,(ttH)

® Signal strength: psn= 0'84t%'.%ﬁ

o Sensitivity dominated by the single lepton channel
® Significance w.r.t background-only hypothesis: 1.40 (exp: 1.60)
® Can exclude psy > 2.0 at 95% CL






Combination

—(tot.) (stat.,syst.)

L
_ ATLAS Preliminary ys=13 TeV, 36.1 fb™
® Combining bb, multilepton, v~ and —total  —stat.
f — < 1.9 (68% CL)
ZZ — 4¢ channels e
O Only ttH enhanced categories in v~y ttH vy e 0.6 55 (‘0602 )
and 4/¢ included
_ {iH bb e 0.8 g (03,05 )
® tHjb and tWH treated as backgrounds s o
. . . _ 1 +0. + +
and fixed to the SM prediction tH ML T ® s (3.3 )
— : : [ $03 402 403
® Non-ttH production mechanisms also tiH combined . ked 1.2 S5 (%2, %2 )
. . . I (I IS RS AN T NS AN TR S S N S N
fixed to the SM predictions 2 0 2 4 6 8 10

: i best fit p  for m =125 GeV
® (Correlating almost all signal,

background and detector uncertainties Channel Significance
: Observed Expected
® Best-fit value:

Multilepton 4.10 2.80

pan = 1.17 £ 0.19(stat) 537 (syst) H — bb 140 1.60
OttH — 590t116!-)% fb H — vy 0.90 1.70

H — 4¢ — 0.60

® Significance: 4.20 (exp: 3.80) Combinad 17 3.8
ombine 20 00"




Combination uncertainties

® Compatibility between p from the individual analyses and combination: 38%
® Dominant systematic uncertainties:

o tt modelling systematics in ttH(bb)

o ttH signal modelling

o Fake/non-prompt /7.4 from ttH multilepton

Uncertainty Source Au

tt modelling in H — bb analysis +0.15 —0.14
Non-prompt light- ' 0.09 -0.09
Simulation statistics +0.08 -0.08
Jet energy scale and resolution +0.08 -0.07
ttV modelling +0.07 -0.07
ttH modelling (acceptance) +0.07 -0.04
Other non-Higgs boson backgrounds +0.06 -0.05
Other experimental uncertainties +0.05 -0.05
Luminosity +0.05 -0.04
Jet flavour tagging +0.03 -0.02
Modelling of other Higgs boson production modes +0.01 —0.01
Total systematic uncertainty +0.27 -0.23
Statistical uncertainty +0.19 -0.19

Total uncertainty +0.34 -0.30




Combination: interpretation

( tptl. ). ( .St?‘t'l , syst. )

® Measuring iy for different decays ATLAS Preliminary Vs=13 TeV, 36.1 fb™
. . — total — stat.
© H — WW, 771 contribution to FH. Horr  pe—n 1.5 *12 (109 +08
. . ’ : - -1.0 -0.8 7 -0.6
0/>17h,q categories in :

multilepton ttH, H—yy e 0.6 %5 (o6 %2 )

0 H — bb,~~ dominated by their

0.8 +0.6 (+0.3 +0.5 )

n t e b é — | —
dedicated analyses tH, H=Dbb o 06 |\ 03> -05
O I i 0.6 04 +05
WW/ZZ ratio set to the SM i Havy - 1.5 08 (104 w05
prediction T
. . _H . 1 2 +0.3 ( +0.2 +0.3 )
® Results in agreement with the SM ttH combined e T e 002
predictions -2 0 2 4 6 8 10
best fit u_ for m =125 GeV
ttH
8= "« Standard Model | e At T  Standard Model BN
e * andar ode . = - * andar ode . g
= [ 4 Bestit ATLAS Preliminary = [ e ATLAS Preliminary |
4 —68%CL [ttH — vy, ZZ, bb, ML] . L 8% L [ttH — vy, ZZ, bb, ML]
- =--95% CL Vs=13TeV, 36.1 fb - 6l ...95% CL Vs =13 TeV, 36.1 fb .
N _ ar i
: ol 1
o- T Te———— T | :
e ol _
-2 0 i > 3 -2 0 '1 2 T

MttH



Summary

e Results from search fro ttH in multilepton final state using ATLAS 2015+2016
data @ 13 TeV

* Very challenging and complex analysis that uses multivariate analysis
techniques

* Found evidence for ttH production with a leading contribution from the
multilepton channel

e SM prediction is consistent with the extrapolated cross section
 ATLAS and CMS analyses very similar
e STAY TUNED FOR THE RESULTS FROM THE FULL RUN2 ANALYSIS



What's next?

O Considering all current analyses and same level of systematics without any
improvements : 5o discovery with ~80 fb* |

v 107 Mutilepton _ Other possible scenarios:
= 1 aniepen (enames. 2 Find balance between - 50@~100 fblif no bb update
= 8] et e developing improvement and with lumi (keep 36 fbl)
- — H—bb (dilepton) . . .
o o updating luminosity - 56@~70 fbl if keep bb with
o 6t trosi @36 1) 36 fb-tand improve yy analysis
O O — sensitivity by 30-40%
L% 4 - S50@~60 fbl if all systematics
1 are cut in half
5
1 Remarks:
D I I | I I I | I I | | I I | | I I I | | I I | | | I = Igerrﬂr Dn thE prﬂjECﬁDns
40 60 80 100 120 140 160 lead to 80 * 40 fb-1

Integrated luminosity [fb~']






ttH multilepton: channels definition

Table 3: Selection criteria applied in all channels. Same-flavour, opposite-charge lepton pairs are referred to as
SFOC pairs. The common selection criteria for all channels is listed in the first line under the title “Common™.

Channel Selection criteria
Common Nijets 2 2 and Np_jus 2 1

2(SS Two very tight light leptons with py > 20 GeV
Same charge light leptons
Zero medium 1y,g candidates
Njers 2 4, Np-jas < 3
3¢ Three light leptons with py > 10 GeV; sum of light lepton charges +1

Two same-charge leptons must be very tight and have pr > 15 GeV
The opposite-charge lepton must be loose, isolated and pass the non-prompt BDT

Zero medium 1y,g candidates
m(€*€7) > 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(€*€7) > 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)
164214 One tight light lepton, with pr > 27 GeV
Two medium n,4 candidates of opposite charge, at least one being tight
Nies 2 3
2€SS+1ne  Two very tight light leptons with py > 15 GeV
Same charge light leptons
One medium 1,4 candidate, of opposite charge to that of the light leptons
Njets 2 4
Im(ee) - 91.2 GeV| > 10 GeV for ee events
2€0S+11g  Two loose and isolated light leptons, with py > 25, 15 GeV
One medium 7,4 candidate
Opposite charge light leptons
One medium 7,4 candidate
m(€*€7) > 12 GeV and |m(€*€7) - 91.2 GeV| > 10 GeV for all SFOC pairs
Nm >3
3+ 119 3¢ selection, except:
One medium .4 candidate, of opposite charge to the total charge of the light leptons
The two same-charge leptons must be tight and have pr > 10 GeV
The opposite-charge lepton must be loose and isolated




Matrix method fro non-prompt leptons

* The matrix method estimates the number of non-prompt leptons in the SR by selecting events passing all
selection requirements expect the tight-lepton and splitting the events into four categories (tight-tight,
loose but not tight-tight...)

e The probabilities for loose prompt and non-prompt leptons to be tight are measured in CR independent
from the SR

fsr = WTTNTT + WTTNTT + WTTNTT + WTTNTT

 where w weighted depend on the measured prompt and non-prompt lepton efficiencies
 defined CRs to measure the prompt (g,.,) and non-prompt (g;,,.) leptons efficiencies
* electrons from conversion have higher efficiency than electron from HF

e non-prompt muons mainly come from HF semileptonic decay



ttH multilepton: backgrounds

2(SS 3¢ 4¢ 15+2Thad 2£SS+lrhad 2fOS+1Thad 3£+1Thad
Non-prompt lepton strategy | DD DD semi-DD MC DD MC MC
(MM) (MM) (SF) (FF)
Fake tau strategy — — — DD semi-DD DD semi-DD
(SS data) (SF) (FF) (SF)
Control Region Selection

Light lepton IT* 1L | 3L 1T 1T*, 1L 2L7 —

Thad OM | IT, IM < 1M 1L -

Niets 2<Nis €3 | 1SN 2 23 2< Njgg <3 >3 ~

Nb—jets > 1 =0 —
Category Non-prompt  Fake 7,9 g mis-id tw ttZ Diboson Other Total Bkgd. ttH Observed
2LSS 211 +£26 — 283+94 127 £18 42.9 + '5.4 20.0 £ 6.3 28557 459 +24 67 +18 514
3¢ SR 13.2 +£3.1 — - 58 £12 129+1.6 1.2 +1.1 59 £13 390 £40 17.7+49 61
3¢ ttW CR 11.7 £3.0 — - 204+30 89 1.0 <0.2 454 +0.88 456 40 6.6 +19 56
30ttZ CR 35 +£2.1 — - 2.82+0.56 704 +8.6 7.1 +£3.0 13642 974 £86 51 14 107
3¢ VV CR 224 £ 5.7 — - 5.05+£0.94 22.0+3.0 39 +11 18.1+£59 106.8+94 2.61 £0.82 109
3¢tt CR 56.0 + 8.1 — - 10714 8.1 1.0 59 +£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+0.47 2
4¢ Z-dep. 0.01 +£0.01 — — < 0.01 0.04 + 0.02 < 0.01 0.07+0.03 0.1 +£0.03 0.32+0.09 0
1€+2Thaq — 58.0 £ 6.8 — 0.11+£0.11 331090 098+0.75 098+033 634 67 65 +£2.0 67
20SS+11h,g 1.86 091 1.86+0.27 0.05+0.02 097+026 196+037 0.15+£020 1.09+024 79 +12 51 x1.3 18
200S+11haq — 756 + 28 — 6.6 +1.3 11.5+1.7 1.64+£092 6.1 1.5 782 +27 21.7+5.9 807
3C+1Thag — 0.75 +£0.14 — 0.04 £0.04 1.42+0.22 0.002+0.002 0.40=+0.10 2.61 +0.30 241 +0.68 5




ttH multilepton: systematics

ttH modelling

Systematic uncertainty Type Components Cross section N 2
Luminosity N 1 Renormalisation and facto.risa.tion scales S 3
Pile-Up reweighting SN 1 PE}I‘tOIl shower and h.adI“OIll.SEItIOIl model SN 1
Physics Objects Higgs boson branching ratio N 4
Electron SN 6 _S hower tun.e SN I
Muon SN 15 tw model‘llng
Tau SN 10 Cross sectilon. o N 2
Jet energy scale and resolution SN 78 Reno.rmahsatlon and factorisation scales S 3
Jet vertex fraction SN 1 Matrix-element MC generator SN 1
Jet flavour tagging SN 126 _S hower tur.le SN 1
[Emiss SN 3 ttZ modelling
T Cross section N 2
Total (Experimental) - 191
- — QCD scale S 3
Data-driven non-prompt/fake leptons and charge misassignment Matrix-element MC generator SN 1
Control region statistics SN 38 Shower tune SN 1
Light-lepton e.fﬁmenmes i SN 22 Other background modelling
Non-prompt light-lepton estimates: non-closure N 5 Cross section N 15
y-conversion fraction N 5 Shower tune SN 1
Fake Thaa est1mate§ , N/SN 12 Total (Signal and background modelling) - 41
Electron charge misassignment SN 1
Total (Overall) - 315

Total (Data-driven reducible background) - 83




Event yields

ttH(bb) ttH multilepton
A 1O7§"|"'|"'I"'I"'I"'I"'I"'I"' R < -~~~y Tt L
o = ATLAS Preliminary -¢- Data 3 - ~ ATLAS Preliminary -+-Data ]
£ [ Vs=13TeV, 36.1fb" BtH (u =0.84) 32 _ {s=13TeV, 36.1 b B ttH (u =1.6)
o 100 T P o) . T ttH (u=1)
> = ttH (u =2.0) 3 > Post-Fit
i - 95% excl. . w0 []Background —
o - |/j Background N - . 7 Bkgd. Unc. -
= 7, Bkgd. Unc. = - e Bkgd. (u=0) -
- ---- Bkgd. (u=0) ] ] ---- Pre-Fit Bkgd.
10° = —
— = 10° —
10° = - i
- ttH (bb) Combined - B
10° EDilepton and Single Lepton =
- Post-fit . 105" | e
| ! 1 | ! 1 | ! 1 | ! 1 | ! 1 | ! 1 | ! 1 | ! 1 | ! 1 | ! | -O- > 20_ ! I !B!k!d! / !_! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! ! ! |
B¢ 4T = 2|2 OKQgd. (U= _
X C Rall ) .
m D 2__ ---------------------------------------- ] Ee) ]
s|S of DT A g2
-Ej' é 4 O (8]
=)

2756 24 22 2 18 16 14 12 -1 -08

log_ (S/B)




? channels studied:

(included in the H->yy analysis)

« leptonic: 2isolated vy, 2 1 lepton, 2 2 jets, = 1 b-tags (@70%)

- hadronic: 4 categories depending on the BDT score and two thresholds in order to
maximise the significance (in Runl was cut-based!).

[ | w . -
3 - ATLAS Prefiminary -
i "o Background f = 13 TaV, 361 16"
% L — Signal + Backgroung m, = 125.08 Gev
— Signal i1+ 5/8) weightad sim
I ttH+1H Casagaries

TRRE T RANAATARIR AR IR RRERTRALIRTART

Ehwis-mm;

+ 4 tH categories
(2 lep & 2 had)
considered for the
HH final
combination

Statistically
dominated analysis

Systematic model:

- signal and background modelling unc.;

- all the detector uncertainties considered:

- spurious signal for ttH/tH has significant
impact: 2 control regions for the data-
driven technique (dependent on the
choice of the background
parametrisation in all the SRs).

WagH [lver | wH [izH [BoozH [tH vbH | tHab

ATLAS Simulation Preliminary H vy m = 12509 GeV
tH e Ofwd

tHW

tH e
#tH had BOT1
i had BOT2
H had BOT3
i hed BOT4

1T | LI I L | L | LB I L | LI | LU l LI
ATLAS Preliminﬁry —e— Total +~e— Stat
. Vs=13TeV,36.110
Total  Stat Syst Theo
0.6 0.6 0.1 0.1
p‘top — hH—e— Koo = 0.5 to.e [io.s Zo1 oo }
09 [+08 +02 +02
Ry - ——e—n R, = 07 o5 [os oz loi ]
06 [+05 +03 +03
e H—e—H 1, = 21 Zos Llos <02 ~o> ]
019 [ +0.16 +0.07 +0.06
uggH — Lol Hogn =0.80 g7, [tu.m 006 to.os]
0.14 [+0.12 +0.06 +0.06
H’Run-z — sHeNLo  jed Koo = 0.99 :0_14 2011 ~oos to.os]
0.28 023 +0.10 +0a2
Meuna """‘?""“’ H'HI | !Ilﬂun_l_ 1|-17 jo.zla [to.zs I:O.OB io_c;a}
0 1 2 3 4 5 6 7

Signal Strength

i had 420

WH dilen

WH lep HIGH

WH lap LOW

WH MET HIGH
WH MET LOW

jat BEM

WH har tight

WH had loass

WEF 1ig, high B!
WEF lacae, high p)¥
WEF 1gnt, o gt
WBF inasa, iow [T
agH 2J B5M
ggH 21 HIGH
OgH A MED
fgH 2J LOW

g+ 1. BSM

ayH 1 HIGH
ggH 1. MED

ggH 1 LOW
gaH 0 P
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ATLAS-CONF-2017-045
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Signal/Control regions for 2l channel

* Signal and control regions defined varying the requirements on the b-tagging discriminate
* Three separate SRs defined with 2l+ 24 jets:
* ttH signal purity: 1.8%-5.4%

* Separate CRs for tt+ 2 1b, tt+ 21c and tt+light built with looser b-tagging requirements

(1t, 2"d) jet  Dilepton, 3 j (1%, 2"d) jet  Dilepton, > 4 j
b-tagging | b-tagging |
discriminant discriminant
(3, 3) (3, 3) CRiz+>1¢
(4, 3) (4. 3)
(5 3) (5, 3) /
(4, 4) CR7 t1ight (4, 4) \ CR7 1ight
(5, 4) (5, 4) SR;
(5, 5) (5, 5) SR, SR3
5 4 3 2 1 3 jet (5,5) (5,4) (5,3) (5,2) (4,4) (43)(4,2) (3,3) (3.2) (2,2) (5,1) (4,1) 3, 1) (2,1) (1, 1) (?;’d, 4th) jet
b-tagging b-tagging
discriminant discriminant

[sRs fi+light | |tt+=1c (i + =1b




Signal/Control regions for 1l channel

(1%, 27d) jet  Single Lepton, 5 j

| Lrivesing * Events with high-pT category are
G.3) not classified
(4,3) .
59 ) * Events in the resolved category are
“a classified in SR/CR similarly to the
so | QCR\ 2l channel
& EEEN _« Five SRs defined with 11+5/>6
(5,5) (5.4) (5.3) (5,2) (44) (43) (4.2) (3.3) (3.2) (222) (51) (4 1) (3, 1) (2,1) (1,1) (3", 4'h) jet .
et Jets:
Hsrs [ Jti+light [ Jti+=1c [ti+=1b _ _
(1%, 2%) et Singe Lepton, > 6 - ttH signal purity: 1.6%-5.3%
disc;it:fr%::]%
6.9 - Highest purity (SR12=6jets) 4
4. 3) very-tight b-tags
(5, 3) CRi7+1ight
@9 * CRs defined for tt+b, tt+=>1c and tt
5.0 e \CR\ +lighr separatey for 5/>6 jets
65 [smi|  sm R, loosening the b-tagging
(5,5) (5, 4) (5,3) (5 2) (4,4) (4,3) (4,2) (3,3) (3,2) (2,2) (5,1) (4, 1) (3, 1) (2,1) (1, 1) (3:“1, 4™) jet requn"ements

b-tagging
discriminant



ttbar modelling uncertainties

tt modelling uncertainties

Systematic source

Description

tt categories

tt cross-section
k(tt + >1c)
k(tt + >1b)

Up or down by 6%
Free-floating 7 + >1c¢ normalisation
Free-floating 7 + >1b normalisation

All, correlated
tr+>1c
tt+>1b

SHErRPASF vs. nominal
PS & hadronisation
ISR / FSR

Related to the choice of the NLO generator
PowHEG-Box+HERWIG 7 vs. POWHEG-BoX+PyTHIA 8
Variations of yR, ug, fdamp and Al4 Var3c parameters

All, uncorrelated
All, uncorrelated
All, uncorrelated

tt + >1c ME vs. inclusive MGS5_aMC@NLO+Herwic++: ME prediction (3F) vs. incl. (SF) # + >1c
tf + >1b SHERPA4F vs. nominal ~ Comparison of tf + bb NLO (4F) vs. Pownec-Box+PyThia 8 (SF) 7+ >1b
tt + >1b renorm. scale Up or down by a factor of two tt+>1b
tt + >1b resumm. scale Vary uq from Ht/2 to pucvmps tt+>1b
tt + >1b global scales Set @, uRr, and pg to ucMMPS tt+>1b
tt + >1b shower recoil scheme  Alternative model scheme tt+>1b
tt + >1b PDF (MSTW) MSTW vs. CT10 tt+>1b
tt + >1b PDF (NNPDF) NNPDF vs. CT10 tt+>1b
tt + >1b MPI Up or down by 50% tt+>1b
tt + >3b normalisation Up or down by 50% tt+>1b

® Many sources of modelling uncertainty considered:

O Generator: Powheg+Pythia8 vs. Sherpa (5F)

O Parton shower: Powheg+Pythia8 vs. Powheg+Herwig7

O 5F vs. 4F in Sherpa+QOpenlLoops

O Scale variations in Sherpa+OpenlLoops
® All tt+jets modelling uncertainties uncorrelated between tt+>1b/>1c/light
® Scale variation uncertainties correlated across each tt+>1b sub-component



