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Introduction / Motivation

> ttH is 1% of Higgs production

v

Insufficient statistics in Run 1 to probe SM
(20.3fb'@ 8TeV)

o, =507 fb@ 13 TeV ¢
Cross section @ 13 TeV 3.9 times higher than @ 8 TeV

g > Direct measurement of the top
Yukawa coupling: g,y

______ H |

K _ g,:observed ) %: =0.87 £ 0.15
g | gttH(SM) o 2

c /o ~0.01 ¢
g9

gin~1

Any deviation might be hint for new physics! 2
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Searches for ttH at ATLAS @ 13TeV

ttH
Run?2 | ATLAS-CONF-2016-068

@ 13 TeV

1 o -
>13.21b ttH (bb) R (multelepiont) ttH ()
>36.1 fb! ATLAS-CONF-2016-080 . ATLAS-CONF-2016-058 ATLAS-CONF-2017-045

|
o)
/ / |

Higgs decay mode
e || wk o [eeen e
H - WW 21.5
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-068/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/

ttH (bb) Analysis — Signal Regions

e Largest branching fraction (H — bb) > single lepton and di-lepton channels.

> No “all hadronic” channel — backgrounds are
very different.

Single Lepton Di-lepton
ot [

Jets >=4 >=13

I s S

AT oy, 15 o aron Prefiminary ATLAS  Simulation Preliminary ) ) )
Single Lepton I‘;ﬂ:p::nTeV’ 13210 L Event cate gOFlS&thIl accordmg
. Pl oo . . 2:‘;}.35‘;_2% o . to no. of leptons, jets and b-
@» @ @» . S/B = 0.0% 0 S/B =0.7% tagged .] etS.

o o I o | I 205 Z 0.5

()] (7]
215j,2b 215j,3b 215j,=24b
S/B =0.1% S/B = 0.6% S/B = 3.6% -

> | >, 0 0 * 6 (8) signal regions

ol | ] s4i2b | {54596 S4),240 (control regions).

< [sB-01% S/B = 1.8% S/B =6.1%

s[=6j.2b o[=6].3b o[=6j,=4b 905 o

S/B=0.1% S/B =1.3% S/B = 5.2% Y -
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05.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/

ttH (bb) Analysis — Background Estimate

* Dominated by tt+jets background.

* Main background in signal region: tt+bb. _ _ . .
- Background is estimated from simulation

e Non-tt background: single top, W/Z+jets, normalized to the prediction before the fit:
VV, fake leptons.

ATLAS Simulation Preliminary Dﬁ+ light Dﬁ+ >1c ltf+ >1b
Is=13TeV i X -
Dilepton Hi+v  [INon
3),2b 3],3b — tt+b (c) normalizations are
@ @ free parameters of the fit.
>4),2b >4j,3b >4],24b

- fake lepton background in single channel is
estimated using data driven method.

>»6 €
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/

ttH (bb) Analysis — Strategy

* Multivariate technique (NN or BDT) in signal regions:

=> for signal/background reconstruction (reco) and separation (classification).

Ty — S - £ CATIAS Freiminary e Ba ]

c - ATLAS Simulation Prellmmary & - \s=13TeV, 13.2fo"' HEtH E

5 012 5= 13TeV . 600[- Single Lepton Snrignt

5 - Single Lepton 1 - =6j,=24b Bt + >1b ]

5 0.1 >6j, 2 4b — S00L pre-fit mmtt + V_ =

_‘3 : ] ] - [ 1]Non-tt _:

o 0.08L []ttH, all events h 400 2 Uncertainty

Lo r []tiH, Higgs boson ] 3001_ ----- ttH (norm.) 7

0 06_ correctly matched = é

T +i 0 1 Heavshll o~ 4 200_____________+e® =
0.04F

0'02: g 1 50— OO0~ E

R N e S B

0 50 100 150 200 250 300 350 400 £ o E E

a -1 -0.8-0.6-0.4-0.2 0 0.2 0.4 06 0.8 1

Higgs mass [GeV] Classification BDT output

=> 23 (21) input variables in di-lepton (single

9 . . .
18 (26) input variables in lepton) for BDT classification.

di-lepton (single lepton) for
BDT reco.
=> 14 input for NN classification (3j, 3b SR).

6
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/

ttH (bb) Analysis — Results

s 10° ?ATLAS Preliminary —+- Data E ATLAS Preliminary ttH (bb), \s = 13 TeV, 13.2 fb
£ E Vs =13 TeV, 13.2 fb™’ ttH (g, =4.0) 7 T T T
2 o0 B (0 =2.1) — — Tot.
= [] Background E Stat
I~ 2~ Bkgd. Unc. — .
10* - Bkgd. (=0 fity 5 Tot. ( Stat. Syst. )
= 3 _ 4.6 29 (14 +28
10° - Dilepton —e——o 46 53( 755 Tg)
102 ?gwegg%ca%gg?nZ?e Lepton . 1 6 11 +05 +1.0
o postft . s Single Lepton| e 6 11 (Tos o)
S 2f .
2 i 5} 4__*,_—.4#?; ------------------------------------------------------------
2 re—e—eo—e o oo o 0o A 21 +1.0 , +0.5 +0.9
& 35 3 25 - a5 = 05 Combined F-e- 1 .09 ( 05 -07 )
log. (S/B)
el by by b by g b by b g by g 1y
: 0 2 4 6 8 10 12 14 16 18
Wopmetietgy Sone: D Best fit p = o™/ for m_ = 125 GeV
tt+ > 1b modelling +0.53  —0.53 ] 2.4 G observed H sm 107 My,
Jet flavour tagging +0.26 —0.26
tt H modelling +0.32 —0.20
Background model statistics +0.25 —0.25
tt+ > 1lc modelling +0.24 —0.23 . . c . . .
Jet energy scale and resolution +0.19 —-0.19 > uttH 1S Obtalned from d PrOfﬂe hkellhOOd flt
tt+light modelling +0.19 —0.18
Other background modelling +0.18  —0.18 » Systematlc uncertainties are domlnatlng.
Jet-vertex association, pileup modelling +0.12 —0.12
Luminosity +0.12 —0.12 . . . - st
112 modelling o006 _ooe *» Normalisation and modeling of tt+b-jets are driving
Light lepton (e, ) 1D, isolation, trigger +0.05 —0.05 the error on the total background.
Total systematic uncertainty +0.90 —-0.75
G- & 10 semmaliizziiom +0.34 =034 5 (Qbserved (expected) 95% C.L. upper limit on p: 4.0
tt+ > lc normalisation +0.14 —0.14
Statistical uncertainty +0.49 —0.49 (2 7).
Total uncertainty +1.02 —0.89 7
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-080/

ttH (multileptons) Analysis — Signal Regions

* 6 signal regions (SR): S 8

> 28SS0rt,,, (ee, ew, uu ), 28SS17,,,, 3¢ and 42.

Category wWw=* o ZZ* ¢ Other
200Thaq  : 7% 17% 3% ¢ 3%
21, | 46%  51% 2% i 1%

3¢ PoTa% 20% 4% i 2% 9
4¢ 2% 18% 9% P 2% f

e Three main decays: WW, 17, ZZ. ZBSSO’C 20SS17, -

e The ZZ contribution is mostly Lnght ----
eevv / 2ejj (H - 4¢ is explicitly UL

excluded in this analysis). J ets >= 3|4 >=0

+ Event categorisation according ----

to no. of leptons.

* Cut & Count analysis. 8
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/

ttH (multileptons) Analysis — Background Estimate

Background

A A

Reducible Irreducible

< N A
Fake Leptons Charge Flip

Prompt leptons

£=jet, b— £+X, y-conversion ttW, ttZ, VV, rare

S  Simulation Preliminar Bl QMisReco-.. Other _ 1 1 1 1 -
ATLAS _ Simuiation Preliminary Ly Reducible background is estimated using data

Background composition i/ y*) l:l ttw

......................... driven methods:

260Thay €U 260Thag . .

e Charge Flip estimated from Z+jets OS events
~control region (CR).

A_Fake leptons estimated from ttbar SS/OS

201 Thay 3¢ ar events CR.
@ @ @ - Prompt leptons are estimated from simulation
validated using 4 validation regions (VR).

Fake leptons are the dominant background in 24SS and 32 channels. 9

260Th,g €€

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

ttH (multileptons) Analysis — Results

2 oF I l I T I ] L
g % ATLAS Preliminary - Data Wl 1H (SW) ATLAS Preliminary Vs=13 TeV, 13.21b"
. \s =13 TeV, 13.2 fb" I e Bty
80f Pre_fit P [ Diboson [ Non-prompt ] —tot. — stat. tot (stat, syst)
i Il QMisReco [ ]Other . . .
7or 7/ Total Uncertainty ] 26 0Thag == 4.0 _12; (—11 12 , _11 ; )
} % 201 Thad F—eo——= 6.2 fg_f (j§;§ , f_‘ff )
3] ke 0.5 %5 (45, %)
4¢ b <2.2(68% CL)
inati +1.3 +0.7  +1.1
Combination : F-o-- | l 2-5 _1|_1 (_07,| _09)
0 5 10 15 20 25
2.2 G observed best fit utTH for mH=1 25 GeV
Uncertainty Source Au . . . . . .
‘ Non-prompt leptons and charge misreconstruction 40.56 —0.64 ‘ > Myp 1S obtained from a Profile likelihood fit.
Jet-vertex association, pileup modeling +0.48 —0.36 . oo . . . .
tIW modeling +0.29 -0.31 > Systematlc uncertainties on combination are domlnatlng.
ttIT modeling +0.31 —0.15
Jet energy scale and resolution +0.22 —0.18 » Fakes are driving the error on the total background
ttZ modeling +0.19 -0.19 . .
Luminosity 1019 —0.15 estimated in the 2£SS and 3¢ channels.
Diboson modeling +0.15 -=0.14 L.
Jet flavor tagging 4015 —012 » Observed (expected) 95% C.L. upper limit on W, 4.9
Light lepton (e, p) and 7,4 1D, isolation, trigger +0.12  -0.10 (2 3 )
Other background modeling +0.11 -0.11 SR
Total systematic uncertainty +1.1 —-0.9 10
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-058/

ttH (yy) Analysis — Signal Regions

. ) ttH(yy) Feynman diagram v
* excellent di-photon mass resolution.

* Also sensitive to tH (o, = 74 fb).

* 9signal regions:
> Leptonic: ~ 2 Cut&Count 'tH'.

— 1 Cut&Count 'ttH'.

> Hadronic: F 2 Cut&Count 'tH'. tt semi-leptonic decay a
— 4 BDT 'ttH'.

* Event categorisation according to no. of
leptons and tH/ttH channels.

TSR Lepoonio  Hadronic
e

Jets multiple

11
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/

ttH (yy) Analysis — Background Estimate

> F L L DL
[0) - . -
o E ¢ Dat ATLAS Preliminary - e Conti .
= ontinuum background:
g B e Background {s=13TeV, 36.1 fb" , _ 5 ..
5 £ — Signal + Background m,, = 125.09 GeV yytjets, y+jets and multijets.
¢ 'F — Signal In(1+S/B) weighted sum
N 6 ttH+tH Categories
5 .
- * Data driven background:
y= ~ Reverting vy identification or isolation.
]

Removing b-tagging.
-Shape+normalisation from fit tom .

N
=
==
.
g
— [
_._
—o—
T ————
B @
! FEREE ey sun RRRRERRRN ARRRI SERANRREEE.

* yy and Vy backgrounds are estimated
from simulation.

2 weights - fitted bkg

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

m.. [GeV] Signal model: double-sided Crystal Ball

fits to the simulated signal samples.
12

Asma Hadef | CPPM


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/

ttH (yy) Analysis - Results

LI I LI | LI I LI | LI I LI | LI | L | T T
— (5=13TeV,36.110 » .y is obtained from a Max
- 1 b d ttH+tH (YY) Tota  Stat Syst Theo o .
- G observe _ 05 U8 [103 w01 w01 ] likelihood fit for each event
(\\ op [~ H—@— Hop = Y9 06 L-05 -01 -o00 category
o 7 +09 [+o.s +02 402 ]
My — ——e— Ry = 07 Zos [os 02 -0
Moo e M = 21 o8 [fos *o8 108 ] > Statistical uncertainties are
dominating.
w B - 0.80 +0.19 [+0.16 +0.07 +0.06 ]
ggH e HggH ~0.18 L-0.16 —0.06 -0.05
u | gHeNlO  |el i - 0.99 +0.14 [ +0.12 J_ro.oe J:o.oe] > o
Run-2 Run-2 =0 L=0if] <6 <0 Observed (expected) 95% C.L.
028 [+023 +0.0 +0.12 upper limit on W 1.7 (2.3).
uRun-1 — oHeML  |-@— P 117 +026 [+023 J—roos J—roos} PP Hun ( )
L1 1 I L1 1 1 | 11 1 1 I L1 1 1 | 11 1 1 I L1 1 1 | 11 1 1 | L1 1 1 | 11

0 1 2 3 4 5 6 7
Signal Strength
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/

ttH (ZZ" = 42) Analysis

» BR[H - ZZ - 4¢]~0.01 % > Main background: non-resonant ZZ".
> Clear signature + high S/B ratio. > Other backgrounds: triboson, tt+Z.
> Data-driven reducible background: tt,
& 0| aTLAS Prefimifary L2 B 1 aomcon] Z+jets,WZ.
o 50 f—i?vzi*”_bﬁ‘“ A—F4 w .
g Wb P P Unceramy Due to the limited number of events: Rew <7.5
Lﬁ |

ATLAS Preliminary
H— Z2Z* — 4l

13 TeV, 36.1 fb™
Stage 0 - |yH| <25

30 Expected SM

Observed: Stat + Sys

20 SM Prediction

10

40.28 +0.08
oBR =131 7. [pb]  (6BR),, =1.18 5o [Pb]

0
80 100 120 140 160 99k sm

mgzlo nstrained [GeV]

+0l16 g2
oBR=037"1"[pb]  (oBR), =92.87;;[fb]

> Selected quadruplet leptons originating VBF
from a Higgs boson decay.

o-BR < 0.20 | [pb]

VH (95% CL)

(6BR)_ =52.8"5[fb]

SM

N
+
|
+
> Lepton flavour classification: N OBR<012 100 (am) - 15.4°1 [
(95% CL) SM L6
|

de, 2e2U, 211 2e, 4)L.

| |
0 5 10 15 20
oBR/(cBR)

> >=1 b-jet. Parameters are constrained to positive values. il

» >=4 jets or >= 2jets + 1 additional lepton (p,>15 GeV). 14
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-043/

ttH Analyses Combination

Run2 @ 13 TeV Run2 @ 13 TeV
13.2 b 36.1 fb!
» 95% C.L. upper limit on . 3.0 (1.2) > ttH+tH (yyand ZZ" - 42) only.
L B I ————————————
2.8 G Observed ATLAS Preliminary \s=13 TeV, 13.2-13.3 fo™! £ l ATL)lqs Prelimi:1ary
—total — stat. (tot.) (stat.,syst.) 99 @‘ Vs=13TeV, 36.1 fb’
i . 12 40 : H—-yy and H>ZZ*—4]
RE Tgﬂ(;';bm -0.3 —11.(2)’ ( —11.3 J —83 ) : m,, = 125.09 GeV, ly, |<2.5
ttH(H->WW/tt/ZZ) ——eo—— 925 j_-;" ( f8j77, f&'; ) VBF | I-EE*
(13 TeV 13.2f0™)

ttH(H—bb) 21 9 (92,093 ) Measurement e

(13 Tev 1321 VH — _
CRRRREN I G o B g e m e m e nannon oo Stat. uncertainty D

N +0.7% 404 406
ttH combination 1.8 _0_7'1( T4 05 ) Syst. uncertainty D
-

(13 TeV) - pmm i
TH ” s SM prediction I
ttH combination 1.7 208 (92, 79%) i . ’
(78TeV,45203t07), \ , § | . 1 v v v 0 S -

0 2 4 6 8III10 e b by e b e b e by

best fit u_ for m =125 GeV - 0 1 2 3 4 5
g " Cross section normalized to SM

> 13.2 fb! combination has smaller uncertainty than Run-1.

5 0bS)=(0.007" g 0, 0bs3)

> 10-60% uncertainty reduction for 36.1 fb"! combination =

with respect to Runl ttH ) K .
P " hy =g =0745;
g .

> Combined results are consistent with the SM prediction. =
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-068/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-047/

Conclusion

> Searches for the ttH production performed in ttH (bb), ttH (multileptons) and ttH (YY) using
13.2 bt of pp collision data @ 13 TeV recorded by the ATLAS experiment.

> The best fit value of the ttH signal strength is 1.8 + 0.7 ; corresponds to 2.8 ¢ observed
significance.

» Results with full 2015-2016 data (36.1 fb-1) obtained for ttH (yy) and ttH (ZZ* — 41) only
combining ttH and tH production modes.

» Consistency with the Standard Model expectation.

16
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