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OUTLINE

» Analysis with 201542016 dataset
»Status of 2015-17 data analysis
® 2 lepton same sign Ot final state (2ISS) MVA performance

» Conclusion




INTRODUCTION

Top quark Yukawa coupling Ay = V2 my/v = 1: g

2 complementary measurements of Ay H

> Indirect constraints: ggF, H—yy decay

® Contributions enter from top quark loops by 2. g ¥
® Runl ATLAS+CMS combination measured
ke = A/AsSM = 0.87+0.15 HRM
> ttH production, best direct way to measure top quark Yukawa ¥
coupling:

® Tree-level process, cross-section proportional to A:2.
® Run 1 ATLAS+CMS result on signal strength: ’& . H

MittH — OuH/ Oun°M = 2.310-7_¢ 6,
Obs. (exp.) significance of 4.40 (2.00)




1T'TH MULITT LEPTON ANALYSIS

» Use 36.1 fb-! of p-p collision data from ATLAS experiment Analysis organized channels:
in 2015-2016.

> Analysis targeting at ttH, H—=WW, 11, ZZ with = 2 (I
light) lepton in their final state.

Number of Thag

—A

» 7 Channels orthogonal in light leptons (€=e, w) and

hadronic tau (thag) multiplicity. o
® High lepton multiplicity requirement reduces background. 1 2 ® mbor of et oo
® Jet requirements: Niet = 2, Np.tq0 = 1: ngﬁ decay modes:
=,
® 2ISS, 2ISS+1Thaa: Njee = 4 §
E N .H—>other
® 2/0S+ 11hy, Il-I-ZThad:NjetBS’ T o
Z 50
40
. . o 30
» ML+ Ot: primary sensitive to H=>WW. 20

. . 10
» ML+ =1t: primary sensitive to H—TT.




BACKGROUNDS

ATLAS g mis-id [JttW

Signal region background compositions: = 13 Tev e o, Ehanprone
[1Other
> Irreducible backgrounds: ttW, ttZ, VV S o 5F “Ze “ 2o
® Estimated from MC 9 @ @ %

® Validated in 3¢ CRs ey

2SS +1T.4 2005 +1 1.4 S+ 1Thag
» Reducible backgrounds: . @ e

® estimated from data-driven

' ' 2£SS _ _ 38- -48 l£+2_‘n‘ad 2SS+ 11 2808-!:11},3(1 36+ 1Thad
® N On'p ro mpt l lght l eptOnS . f?’()m b'hadron gg:ﬁtﬁ::gtagmnst F;l)iSDmll;I;;‘V " t?:’)’l;tg'i‘vv Evgfcfo.unt B;;T B%IT BgT Evenl.count
. Number of bins 6 5 1/1 2 2 10 1
decays (ttbar) and photon conversions Control regions : ‘ : : : - :
® Electron charge mis-identification (q mis- » Backgrounds are reduced with cut-and-count and
id): from 2€0S ttbar events boosted decision trees (BDTs) using lepton isolation

. . . and track variables.
® Fake Thag: from light flavour jets and mis-

identified electrons » Cut-and-count cross checks for 3 most powerful
channels (2€SS, 3¢ and 2¢€SS+ 11p44) compatible.



FI'T' RESULTS
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Best-fit M for m =125 GeV

» Binned maximume-likelihood fit is performed in 8 SRs + 4 CRs simultaneously (32 bins).
> Best-fit signal strength ueg = 1.6 t0-5_¢ 4, obs. (exp.) significance: 4.10 (2.80).
» Cross-section oy = 790%230_3;10 fb (expected: 507+35_50 fb).

> A combination of all channels leading to evidence of ttH productions. (Phys. Rev. D. 97 (2018) 072003)
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UNCERTAINTIES

Pre-fit impact on u: Au

Uncertainty Source A —16=B+A0 0=B-40 015 01 005 0 005 01 0.15
tt H modeling (cross section 0.20 —0.09 m 6-0+A0 0-8-A80 | ATLAS

- -1
Jet energy scale and resolution .18 —0.15 —e— Nuis. Param. Pull (s =13 Te.V, 36.11b |

Non-prompt light-lepton estimates

ttH cross section ;scale variations}

Jet flavor tagging and 7y,,4 identification +0.11 —0.09 AoiEnergy 8001310 sebvaclari. S:’::,::;
tt-W mOdeling +0'10 _0°09 Jet energy scale {flavor comp. 2¢SS)

ttZ mOdehng +0.08 —0.07 Jet energy scale variation 1

itW cross section (scale variations)

Other background modeling +0.08 —-0.07 17 cron macion lacais vesialionss

Luminosity +0.08 —0.06 Tiag identification

ttH modeling (acceptance) +0.08 —0.04 nH%

Fake 1,,4 estimates +0.07 -0.07 Flavor tagging -t

Other experimental uncertainties +0.056 —-0.04 tt¢¢ cross section

Simulation sample size +0.04 —0.04

Charge misassignment +0.01 —-0.01 Non-prompt stat. in 4th bin of 3¢ SR : :

Total systematic uncertainty +0.39 —-0.30 2 15 1 05 0 05 1 15 2

(6-6,)/40
> Systematics model with 315 nuisance parameters.
> Systematic uncertainties with largest impact on errors on ey are:

® ttH cross section uncertainty — theory.

® Jet energy scale and resolution.

® Non-prompt light lepton estimates — large contribution of CR statistics.

> Largest pull: 31 Non-prompt estimate closure uncertainty — deficit in 31 ttbar CR.

» All uncertainties well controlled.



T'TH MULTILEPTON STRATEGY

> Use 80 fb-! of p-p collision data from ATLAS Analysis organized channels:
experiment in 2015-2017

N

> 7 orthogonal signal regions (1 new, 1 moved to
CR)

Number of Tthad

> New trigger strategy in 2ISS (Di-Lepton Trigger 1
Only)

® Response from closure test

0
® Negligible effects on fit results
1 2 3 4
> New tight lepton definition: Number of light leptons
o ‘ New tight lepton definition:
® newly optimized work point on: srectron .
) Non-pTOmpt lep ton MVA ID TightLH && ambiguityType == 0 Loose
. . . FixedCutLoose && FixedCutLoose &&
o® Chm’ge M 1S "I d Kll l€1’ isolation PromptlLeptonVeto < -0.7 PromptLeptonVeto < -0.5
® better ttbar rejection A L e
Impact |d0)/o(d0) < 5 && |d0)/o(d0) < 3 &&
Parameters z0sinB < 0.5mm z0sin® < 0.5mm

» Better TaulD performance and modeling



MVA 2L55-0TAU

2X1D event MVA:
» Trained versus 2 main backgrounds

® ttH vs ttV (ttZ+ttW)

® ttH vs ttbar (data-driven: non-prompt lepton bkg+electron charge flip bkg)

® Neglecting all other smaller backgrounds such as dibosons

2£0rhad
> 9 Input Variables: o  ——
® Max|n|, Pt), My, ARy, ARy, ET™, Njets,, Nojecs, lep_flavour 22
» BDT Algorithm: 0
® Gradient boosting algorithm (BDTG) Pre-MVA selection
Channel Selection criteria
& Final BDT Discriminant: Common Niets > 2 and Np—jers > 1
2¢SS Two very tight light leptons with pt > 20 GeV
® BDTG = (BDTG ttbar+BDTG ttV)/2 Same charge light leptons

Zero medium m,,q candidates
Nijets = 4; Np—jers < 3

® Using 6 bins with auto-binning (flat signal)



DATA/MG AGREEMENT IN 2L.5S VALIDATION REGION
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The validation region is defined by reversing the N requirement. (2 < Njgs < 3)



MVA TRAINING

Overtraining check for classifier: ttH_dataFakes_even_2IssOtau_initial_BDTG
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MODELING CHECKING IN SR JEIFTatai1esisve s16) (e B VA S B R/

-IIIII IIIII III I III IIIII III rrrrro III LI

800 TTTIT AT LI LI B L I O L O

& ° & & & 400__II IIIIIIII II Ill Illl LI LI Ill-'l_
S 500 ATLAS Work in Progross Data Sz g ~ ATLAS Work In Progross ¥ Data 771.0_ g = ATLAS Work In Progross Data 0220 g ATLAS Work In Progross ¥ Data il
i — 4 1B ftH 100.3_ g 250 . 4 1B ftH 1003 i - 4 ttH 100.3 i s 4 1B ftH 100.3_|
18 =13TaV,7991b L Ty o \s=13TaV, 73910 L W phint 700— w8 =13TaV, 799 1b L W RN 50 '$=13TaV,7991b L W 247 7
‘. ‘. - ¢ - -
- 120ty R21 v5 Defaull — 7t Z"‘Y"' g - 12Dlau R21 v Default — 7t Z"‘Y"' iyl - 12Dlau R21 v5 Defauu- F2ip s = 120lau R21 v5 Defauli — 7t Zf“r"' 178
400 — 2¢0Thad - Ciboson 2757 200 _ 2¢0Thad - Ciboson 275 600 — 26070 — Ciboson 2757 300 — 2¢0Thad - Ciboson
_ Fre-Fit L Fakes 413.0 | Fre-Fit L Fakes 4130 _ Fre-Fi = Fakes 413.0_ - Fre-Fit L Fakes
B CMsRecao 18.4 " ' B CMsRecao 18.47] 500:. | B B CMsReco 19.4: 550 — Il CMisRaco
300' L Rare too 7.7 st [T Rarelop 7.2 = L Rarctoo 7.24 - L Rare too
_ L Orher 5.6 150 — fo Orher 557 400 L Orher 56 - L Crher
Total 896.8 ¥ Tl 896.8 Total 896,56 M= Total
Uncerta nty - anty 7 B 2 Uncertanty 3 B
300 N 150 _
- 'E .= T
oD T hcemse g o
( — - : o} —f— =
- - - = xondl - 1.872 yprob - 0. - z LT gcprok - 0.03 E
@ @ o @ 135 = N NN g 135 = —
- L Ea S B B G S S N e o e e s i
.Q .Q - s g 2.95 L Y [y 1 e g 575 '_§_|_§_| e # ¢ {
o o e 5] e 5] e
Q O ¥ N 3 B e — . . SN N - e 3
"N on2 04 05 DE 1 12 14 16 18 2 22 35 4 45 & 55 6 65 7 75 8 A5 Tnooz20 40 60 A0 100 120 140 160 180 200
AR{f’o,"‘GCI Nir:l:: M-"

» These results are still very preliminary, in particular with not final fake estimates and systematic
uncertainties!

» MVA training is stable and no overtraining observed.

> Only one large correlation observed (between Pt; and M, ;).

» Data/MC are in good agreements on the distribution of most MVA input variables.



CONCLUSION

»Evidence of ttH production with 36 fb-1 13 Tev 2015-2016 data.

Paper published (Phys. Rev. D. 97 (2018) 072003)

> Currently studying 80 fb-1 of 2015-2017 data

»Expecting discovery of ttH production at 13TeV with Run2 data
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ATLAS

EXPERIMENT

Run: 300571

q ( 4 Event: 905997537
2e event with 3 b-tagged & 6 non-b-tagged jets (ATLAS-CONF-2016-058) 20915705731 12:01:03 CEST



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/




SIGNAL AND BKG YIELDS, PRE/POST-FIT

Category Non-prompt  Fake Thag g mis-id ttwW ttZ Diboson Other Total Bkgd. ttH Observed
Pre-fit yields
2€SS 233 +39 - 33 +11 123 £+ 18 414+5.6 25 %15 284 +£59 484 +38 42.6 + 4.2 514
3¢ SR 145+43 - - 55 £1.2 120+1.8 12 +1.2 58 £14 391152 11.2+ 1.6 61
3¢ttWCR 133143 - - 199+3.1 87 x1.1 <0.2 453+092 465+54 418+046 56
3¢ttZ CR 39 £25 - - 271 £056 66 =11 84 +5.3 129+42 93 +13 3.17 £ 041 107
3¢ VVCR 27.7T £ 8.7 — — 49 £1.0 213x+34 51 =30 179 £ 6.1 123 + 32 1.67 £ 0.25 109
3¢ tt CR 70 =17 — — 10515 79 £1.1 72 +4.38 73 =19 103 £ 17 4.00 £ 049 85
4¢ Z-enr. 0.11 £ 0.07 - - < 0.01 1.52+023 043+023 021+0.09 226+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
1€4+2Thag - 65 +21 - 009+£0.09 33 +1.0 1.3 +£1.0 098 +035 71 <21 43 +1.0 67
20SS+11g 24 14 1.80+030 0.05+002 088+024 1.83+037 0.12+0.18 106+024 82 16 3.09+046 18
2608+ 1Ty,g - 756 + 80 - 65 £13 114+19 20 1.3 58 £15 782 +8l1 142 +£2.0 807
3€+1Thaa - 0.75 £ 0.15 - 004 £004 138+024 0.002+0.002 038+0.10 255+0.32 1.51+0.23 5
Post-fit yields
2€SS 211 £26 - 283+94 127 £18 429+54 20.0+6.3 285+5.7 459 +24 67 =+18 514
3¢ SR 13.2 £3.1 - - 58 £1.2 129+1.6 12 1.1 59 £13 390 £40 17.7+49 61
3¢uWCR 11.7+3.0 - - 204+30 89 +1.0 <0.2 454 +088 456 40 66 =19 56
3¢ttZ CR 35 £2.1 - - 2.82+0.56 704 +8.6 7.1 +£3.0 13642 974 +£86 51 x14 107
3¢VVCR 224 +5.7 - - 505+£094 22.0+3.0 39 +11 18.1+£59 106.8+94 2.61 +0.82 109
3¢t CR 56.0 + 8.1 - - 10714 81 +1.0 59 +2.7 71 £18 878 79 63 +1.8 85
4¢ Z-enr. 0.10 £ 0.07 - - < 0.01 1.60+£022 037+0.15 022+0.10 229 +£028 1.65+047 2
4¢ Z-dep. 0.01 £0.01 - - < 0.01 0.04 +0.02 < 0.01 0.07+0.03 0.I11 +£0.03 0.32+0.09 0
1€4+2Th4 - 58.0 £ 6.8 - 0.11£0.11 331+090 098+0.75 098+033 634 67 65 =20 67
20SS+11, 186091 1.86+0.27 0.05+002 097+026 196+037 0.15+020 1.09+024 79 +12 51 %13 18
2608+ 1Thqg - 756 + 28 - 66 13 115+1.7 164+092 6.1 =15 782 +£27 21.7+59 807
3€+1Thaa — 0.75+0.14 - 004004 142+022 0.002+0.002 040+0.10 2.61 =030 241 +0.68 5
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EPS RESULTLS

Channel Best fit u;7p Best fit (;ipn Observed (expected)
(observed) (expected) significance

2008+ 17 1.7 %10 (stat.) *17 (syst) 1.0 *[- (stat.) *17 (syst.) 0.90 (0.50°)

1 64274 0.6 * ¢ (stat) 11 (syst.) 1.0 *5 (stat) FleT (syst) -(0.607)

4( 0.5 %02 (stat.) *93 (syst.) 1.0 17 (stat) *57 (syst.) -(0.80)

341 Thad 1.6 f::g (stat.) jg:(z’ (syst.) 1.0 ﬁ::f (stat.) fg:; (syst.) 1.300 (0.907)

20SS+1mhag 3.5 %13 (stat.) 107 (syst) 1.0 *ig (stat) *03 (syst.) 340 (1.107)

3¢ 1.8 00 (stat.) *02 (syst.) 1.0 *02 (stat.) -3 (syst.) 240 (1.50)

2(SS 1.5 04 (stat.) 02 (syst.) 1.0 *03 (stat.) 93 (syst.) 2.60 (1.90)

Combined 1.6 03 (stat.) *0-3 (syst) 1.0 *9-3 (stat) *9-3 (syst.) 4.10 (2.80)
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CUTFLOW FOR 21.27 CHANNEL

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

ttH top+X tty rare vV ttW ttZ (NLO) Z+jets Sum bkg
Input 3.69+0.27 | 31.056+2.97 | 0.55+0.20 | 0.13+:0.03 | 50.45 = 1.17 | 0.30 =0.07 | 4.17+:0.19 | 527.93 +98.79 | 614.57 4- 98.84
CutBlind 3.69+£0.27 | 31.05+2.97 | 0.55+0.20 | 0.13+:0.03 | 50.45 +=1.17 | 0.30 £0.07 | 4.17 +0.19 | 527.93 +98.79 | 614.57 4- 98.84
CutEventClean 3.69+0.27 | 31.06+2.97 | 0.55+0.20 | 0.13+:0.03 | 50.45 +=1.17 | 0.30 £0.07 | 4.17+:0.19 | 527.93 +98.79 | 614.57 4- 98.84
CutTrigger 3.40+£0.27 | 27.20+£2.82 | 0.47 £ 0.19 | 0.13+:0.03 | 46.49 = 1.15 | 0.29 £ 0.07 | 3.891+0.19 | 490.64 £ 95.77 | 569.10 4 95.82
CutNLep2 3.36 £0.27 | 27.20+2.82 | 0.47£0.19 | 0.13+0.03 | 46.12 +=1.15 | 0.28 =0.07 | 3.79 =0.19 | 490.64 - 95.77 | 568.62 4 95.82
CutLepOPt 3.32+0.27 | 25.98 +2.75 | 0.47+£0.19 | 0.13+:0.03 | 45.41 =1.15 | 0.27 =0.07 | 3.78 ==0.19 | 502.18 - 95.26 | 578.22 - 95.31
CutLeplPt 2.713+0.20 | 20.37 =2.40 | 0.34=0.18 | 0.114+:0.03 | 41.79+=1.09 | 0.24 £0.06 | 3.38 =0.18 | 480.16 = 92.96 | 546.40 £ 92.99
CutTrigMatch 2.66 £0.20 | 18.58 =2.31 | 0.33+0.18 | 0.114+-0.03 | 40.86 =1.09 | 0.24 £0.06 | 3.29+:0.17 | 489.77 == 92.41 | 553.18 - 92.44
CutTauBTagVeto | 2.434+0.19 | 9.69+1.74 | 0.24+0.17 | 0.09£0.02 | 38.90 £ 1.08 | 0.16 =0.06 | 2.96 £0.17 | 485.36 & 92.39 | 537.40 4-92.42
CutNTau2 243+0.19 | 9.69+1.74 | 0.24+0.17 | 0.09+0.02 | 38.86 =1.08 | 0.16 ==0.06 | 2.95 =0.17 | 485.36 = 92.39 | 537.35 - 92.42
CutZVeto 224 +£0.18 | 953 +1.74 | 0.24+0.17 | 0.08+:0.02 | 7.35+0.87 | 0.14 £0.05 | 2.11 £0.15 | 84.79 :53.64 | 104.24 £ 53.67
CutNJet_ge2 197+0.18 | 476 =1.35 | 0.00+=0.00 | 0.08 £0.02 | 1.914+0.11 | 0.07+0.04 | 1.87 =0.14 4.17 £1.10 12.85 £ 1.75
CutNBJet_gel 1.68+0.18 | 4.294+1.39 | 0.00=0.00 | 0.06 £0.02 | 0.13+£0.03 | 0.06 =0.04 | 1.51 =0.13 0.22 £ 0.15 6.28 = 1.41
CutNTauTight_gel | 1.68 £0.18 | 4.29+1.39 | 0.00£0.00 | 0.06 £0.02 | 0.13+0.03 | 0.06 £0.04 | 1.51 £0.13 0.22 =0.15 6.28 £ 1.41
CutMtt01 1.52+0.18 | 3.48+1.32 | 0.00+=0.00 | 0.04 =0.02 | 0.08+0.02 | 0.06+0.03 | 1.13+=0.11 0.10 =0.09 4.90 +1.33
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) lets talk about fakes... (in 2LSS & 3L)

measurement from data after SR selections measurement from
using leptons passing/failing tight ID control regions
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https://indico.cern.ch/event/727984/contributions/2997879/attachments/1646281/2631240/PLV_Fakes_080518.pdf

PROMPT LEPTON MVA

Variable

PromptLeptoniso

PrompiLeptonVeto

Nypackin track jet

svi_ji _ntrkv

IP2log( Py, ,,f/P/,',:/,, )
IP3log(Py /P ligh )
pr(lepton) /pr(track jet)
AR(lepton. track jet)
YET(AR < 0.3)/pr
Epr(AR < 0.3)/pr
rnnip

DL1mu

rel
Pr

Track pr(lepron)/pr(track jer)
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Figure 1: Comparison of the input variables included in the PromptLeptonIso and PromptLeptonVeto MVAs.
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Figure 2: ROC curves from PromptLeptonVeto and PromptLeptonIso, as well as the performance of FixedCut-
Tight working point, for electrons (left) and muons (right).

Variable
Nirack 1n track jet
IP2 log(P,  Rigt)
IP3 log(F/ Rig)
Nrkarvex SV +JTF
p‘lleplon 'p;:_m:kje(
AR(lepton, track jet)
prVarCone30/ pr
£5 TopoCone30/ py

Description

Number of tracks collected by the track jet
Log-likelihood ratio between the b and light jet hypotheses with the IP2D algorithm
Log-likelihood ratio between the b and light jet hypotheses with the IP3D algorithm

Number of tracks used in the secondary vertex found by the SV algorithm
in addition to the number of tracks from secondary vertices found by the Jetlitter algorithm with at least two tracks
The ratio of the lepton py and the track jet py
AR between the lepton and the track jet axis
Lepton track isolation, with track collecting radius of AR < 0.3

Lepton calorimeter isolation, with topological cluster collecting radius of AR < (.3

Table 6: A table of the variables used in the training of PromptLeptonIso.

The PromptLeptonIso distributions for electrons and muons are shown in Figure 1.

Variable

Description

Niraex in track jet

rnnip
DLImu

rel

Pr T

AR (lepton, track jet)
pr VarCone30/ pr
E;TopoCone30/p;

Tack |q1l0{1 /ptr:wk jet

Number of tracks collected by the track jet
Recurrent Neural Network with additional impact parameter information of tracks inside the track-jet
DI.1 (deep learning tagger) extended with Soft Muon Tagging information
lepton pr projected on the track jet direction
The ratio of the track leplon pr and the track jel pr
AR between the lepton and the track jet axis
Lepton track isolation, with track collecting radius of AR < 0.3
Lepton calorimeter isolation, with topological cluster collecting radius of AR < 0.3

Table 6: A table of the variables used in the training of PromptLeptonVeto.

A lepton MVA has been developed to better
reject non-prompt leptons than standard cut
based selections based upon impact
parameter, isolation and PID.

Prompt lepton veto (PLV) is a successor of
PLI and uses more advanced bTagging

algorithms as input
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