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Introduction

e Observing ttH production is one of the milestones for LHC Run-I|

e Direct sensitivity to top quark Yukawa coupling

e ATLAS (and CMS) have searched for ttH production since LHC Run-I
e Both experiments observed this process this year

e Presenting here an overview of the 13 TeV ttH ATLAS analyses
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ttH production
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e Different event topologies depending on top and Higgs decays

‘alljets™ 46%

e tt: allhad, ¢+jets, dilepton
o All hadronic highest BR, but larger backgrounds

t+jets 15%

+jets 15%

e The main Higgs decay channels are used Whe B
o H— bb W'W, ZZ*, T'l_', 4 ndileptons” " “lepton+jets”
o Analyses are split as follows
m ttH (H — bb) - the abundant [ 8R
m ttH (multilepton) - the small
m {tH (H — yy) - the other small
m ttH (H— ZZ" — 49) - the tiny (only since Run-Il)

re
SO/Uf/ ony

e Final states: = 2 jets, = 2 b-jets, 0-6 e/u/t, 0/2y

"‘
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ttH analyses in Run-I|



ttH (H — bb) analysis with 2015+2016 data

e H — bb (highest BR) & split channels by tt — 1¢/2¢ (only e, u) o %8 i B
Single Le ton ;n_z_ 7 o+a \inics
e ti+jets very challenging background oS ot e
2 @)
e Create SRs & CRs enriched in ttH, tth, ttc, tt+light quarks | Q| B 2
\e §
o Defined by # jets & # b-tagged jets gist. 0f 1O tal Y oo =
o Include lepton+jets boosted region C™- T p
Single Lepton § ! zg P ouy X
Cﬂniugm CRgote CRaia1b Cﬂf&m CRa%,. é:‘: 07; T Q
@ 2lsB=0.1% @ 2lsB=0.4% ™ 2lse=0.7% @ 2lss =0.2% o 2tsB=0.9% 500 ATLA:S T T o@atq ‘-tiH‘ '300 300 400 500 had600 700 800 900 1000 j
5 1 5 5 1 B 4 ® 3 Gorstesein’ QU OO e e =
> ost-Fif --- Pre-Fit Bkgd.
S assa
4] 3 ad = 7 3 > ~— ® Data -tEH>C
* 1 » 1 ® 1 * 1 * 1 * 4 _s glu:“ - ttH (norm)
m e > |s
0 0 0 o 0 o £ g
So Wiz S

] 50 100 150 200 250 300 350

mEees (reco BDT) [GeV] \
e Two stage BDT for event

and classification (signal vs background) (in total 9 SRs and 10 CRs) |~ ™= 3 v oz oo

Classification BDT output

Data / Pred.
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ttH (H — bb) fit

Events / bin

Data / Pred.

Combined profile likelihood fit to all 19 regions is performed
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— Reduce uncertainties
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ttH (H — bb) results Phys. Rev. D 97 (2018) 072016

e Dominated by systematic uncertainties g ' 15 T, B8 157
. . L U N L PR A I E N R R
e BKG MC stat. uncertainties are also large — ot 25 Gev
[y =
stat.
Uncertainty source Au tot (Stat SySt)
| tf + Zlbmodellmg +0.46 -0.46 | Dilepton _o 24 +1.02 ( +0.54 +0.87)
Background model statistics +0.29  -0.31 (two-u combined fit) ———— - 1.05 \ -0.52 -0.91
Jet flavour tagging +0.16 -0.16 g
Jet energy scale and resolution +0.14 -0.14
tt H modelling +0.22 -0.05 Single Lepton 0.95 +0.65 ( +0.31 +0.57)
ff + > 1¢ modelling +0.09 -0.11 (two-u combined fit) - -0.62 % -0.31 -0.54
Jet-vertex association, pileup modelling +003 -005 | ]
Other background modelling +0.08 -0.08 T ———
(f + light modelling +0.06  -0.03 Coibiiad o 084 (0% Toss)
Luminosity +0.03 -0.02
Light lepton (e, u) ID, isolation, trigger +0.03 -0.04 el e b b b b L 10,
Total systematic uncertainty +0.57 -0.54 = 0 1 = 3 4 S 6
t + > 1b normalisation +0.09 -0.10 Best fit u = o™/l
tf + > 1c normalisation +0.02 -0.03
Statistical uncertainty +0.29 -0.29 — Observed S|gn|f|cance: 140
Total uncertainty +0.64 -0.61
(1.6 o expected)
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ttH (multilepton) analysis with 2015+2016 data

o H— WW/ZZ/TT &ttt — 18/2¢

Number of Thad
N

-

e 7 channels depending on # leptons and # T, __
e Splitin8 SRs &4 CRs )

Number of light leptons

e Main analysis challenge: reducible backgrounds: tty, ttZ T IC -  C
e Misidentification of e charge reduced with dedlcated BDT SR
e Non-prompt e or y reduced 3 [ amas T :
with dedicated BDT S WE wiwas T g
e Fake T, , significant background ¢ R ]
in T channels S
. @ 10° L €% % =
e Prompt e or py estimated from MC B e % oy, . 7
. . S e .
1050 .60.70 8000 :01%WW0150 g ot T _

Invariant mass of e*e* pair [GeV] 3 4 5 26
Number of jets
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ttH (multilepton) results Phys. Rev. D 97 (2018) 072003

e Profile likelihood fit of the 12 regions
o BDT discriminant used in 5 SRs, - - - - - -
o total yield used in regions with low stats ATLAS IS TN, e
P I T e e e
R Sl S0bosor oo 2£08S + 1Th4q L I8 SRR 1.7 59 (55, 547)
ol s ™ 164 2Thgg | bt - @2 0.6 55 (%05 113)
2 47| e 0.5 03 (%8, 19%)
" 3¢ + 1Thag bl @eeeed 16 8% (a5l
oF 2688 + 1Thag poeond 3.5 707 (N2 10
ik 3¢ o 1.8 07 (55, 103)
2ss| . O e 1.5 05 (as: o)
?): }’3‘///é////é//yf/y/yf//%%//fgf///% A A e combined _'2 0 “; 4 61 -6 ﬂg‘ (32%’ ig% ;
" e & Sk iy Frre Vyceg,?c;fss+7;i*,aajf 20 2 g0, 205, Best-fit e for m =125 GeV
e Total systematics = statistical uncertainty (+ 0.30)| — Significance: 4.1 ¢ (2.8 o expected)
e Main systematics: signal modelling, JES/JER — Evidence for ttH production!
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ttH (H — yy) analysis with 2015-2017 data

T s T
e Channel used since Run-I (including 7 TeV) 5 [ (SgioTev.7est Lt
e Sensitivity improved by ~50% compared to g -
2015+2016 data analysis (refined analysis strategy " obi i
and updated reconstruction software) b b
T e

e H— yywith 105 GeV < m, < 160 GeV & = 1 b-tagged jet | OPTPTIRTNNSTFRONTIN . WY O
[ ] TWO SRS . . . . . . . E;DT 6utput
o Hadronic: = 2 jets & 0 isolated ¢ (only e, )

o Leptonic: = 1 isolated ¢ (only e, y) R ?:;EZL“.?L":!’:;‘:'
E : Lep region (- .
e Train BDT in each region with object-level variables g _+ 3
102E H | <|:‘> - 3

G s ot g sloes M Urmtibi o B s Do s o0
0 01 02 03 04 05 06 07 08 09 1
BDT Output
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ttH (H — yy) fit

e Categorize events depending on the value of the BDT response
o 4 categories for the hadronic channel
o 3 categories for the leptonic channel
— Optimize sensitivity to the ttH signal

e Global fit of diphoton mass is performed 5 LI B

10

o JES/JER

> ull o e = e ]

. 2 35E ¢ Dan ATLAS ]

O Welghted mYY SpeCtrUm 0 303_ -------------- Continuum Background Vs =13 TeV, 79.8 fb =

o - ---- Total Background m,, = 125.09 GeV ]

_'\Q 25 — Signal + Background All categories -

5 - In(1+S/B) weighted sum .

e Main systematics 2 20 =
o Signal modelling S 15 =

o yisolation and energy scale & resolution 3@ E

‘4
PR SN S TR TR (TSN TN ST SO NN ST SR T A N P !

110 120 130 140 150 160
m,, [GeV]

.-i
11 1
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ttH (H — yy) results Phys. Lett. B 784 (2018) 173

e Expected and observed event yields
Expected Observed ‘g A'T,_ AS ' ' I q;:a .
Bin ttH (signal) Non-ttH Higi;; Non-Higgs Total Total . Vs=13TeV, 79.8 b : EEI:TEEIBTII;EQQS =
- ]
Hadl |42 =+1.1 049 +0.33 17;/ +0.5 64 +13 10 Hed cateyories Lepcdlogorios  ~
Had2 | 34 +0.7 0.7 +0.6 7.5 1.1 11.6 =+1.5 14 —
Had3 | 47 +0.9 2.0 a4 1.7 329 +£22 396 +32 47 E
Had4 | 3.0 +0.5 3.2 +3.1 550 +28 61 +5 67
Lepl |45 +10 024 +009 22 %06 69 +12 7 g 20F —fH (u14) a
Lep2 |22 +04 027 +0.10 46 +09 71 =10 2 ‘z: { Jﬁ 4 w—,—:
Lep3 | 082 +0.18 030 =+0.13 46 =09 57 =09 5 ot sz v ws  twr on
o =1.4 i- ( stat.)
° Comblned S|gnificance: 4.1 0 (3.7 o expected)
o hadronic: 3.8 0 (2.7 o exp.) - leptonic: 1.9 0 (2.5 o exp.)
— Evidence for ttH production!
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ttH (H — ZZ" — 44¥) analysis with 2015-2017 data

e New channel with 13 TeV data

m BDT trained from 11 variables
m 2 bins - highest one with higher S/B

0.4

g lar - O

S [ ATLAS a >

o H— 4e/4u/2e2u, SFOS D sk i — 15
. L 1 2 TH—ZZ* — 4l ggF+bbH | .

e Hcandidate: 115 GeV <m,, < 130 GeV - 13TeV, 79.8 b veF 1=

e Two SRs enriched in ttH 1 e <m <100y - E

H N +ets, ti ] vy

o =1 b-tagged jet 080 WO, Uroeriainty 1S

o Hadronic: = 4 jets & leptonic: =1+ > 2 jets ; 'S

o Hadronic selection split in two subregions 0.6 N

&

2

w

0.2

c ]
0 s
e Expected significance: 1.2 ¢ Had 2 Had 1 Lep
e Noeventobserved > =0 /0y <1.8@68%C.L.

measured
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Combination 2015+2016(+2017) data

ATLAS e Total Stat.

Vs=13TeV, 36.1-79.8 b

[ Syst.  — SM

e Observation (5.8 o) with Run-Il data

Total Stat. Syst.

.
-y
<
»
0 28 = = 061 0.29 ('IF
- = 1. +Y. 1t (bb) H———H 079% oo (= 0 .2083) | &
aobSIGSM 1.32 =0.26 .
ttH (multilepton) H=— 156 = 045 (* 039 »* 037 ) oY)
. g . . ] ~
e Improved significance when including Run-I | e taeelf 20508 | @
ttH (Z22) e <1.77 at 68% CL g
. . . L T e 1, N
e Result compatible with SM predictions and | comine —— 22 08 (so18.- )] &
constraints from indirect loop contributions -t bbb
- w
SM
O, /0O
Analysis Integrated ttH cross Obs.  Exp. nH/ b
luminosity [fb~1] section [fb] sign.  sign.
H — vy 79.8 710 Y210 (stat.) 7120 (syst.) 410 3.7¢
H — multilepton 36.1 790 +150 (stat.) 1130 (syst.) 410 280
H — bb 36.1 400 135 (stat.) £ 270 (syst.) ldo 160
H—ZZ* >4 79.8 <900 (68% CL) 0c 120
Combined (13 TeV) 36.1-79.8 670 + 90 (stat.) T180 (syst.) [6.80 490
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8 —~ 630 510
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Conclusions

e Combination of different ttH decay channels necessary for a robust ttH measurement
o The ttH production was observed!
o The top and the Higgs do interact!

o Results in agreement with theory

Outlook

e Ongoing effort to improve uncertainties
o More data, include 2017 data in all analyses (and 2018 data for full Run-Il analyses)
o Improving analysis techniques

o Discussions in LHC Higgs cross-section working group with theorists and CMS
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