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Motivation

« In SM, top-Higgs coupling (y:) very large wrt other
fermions: good opportunity to study Higgs Yukawa
couplings to fermions

« Access to ki=yi/yi(SM) with ggF + H>yy decay

- Model-dependent constraints on ki, assuming no

BSM particles in the loop

ALLLLLLLLLL N - ttH + tH => direct
probes to study y:
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- Small cross-section for ttH (0.5 fb, ~1% ggF)

LHC HIGGS XS WG 2016

- Single top + Higgs cross-section even one
order of magnitude lower than ttH: very
challenging SM process to observe...
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Motivation
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« CP-structure of top-Higgs coupling (mixing angle
o) can also be probed

Single-top + Higgs production
involves interfering diagrams with top-
Higgs and W-Higgs couplings

In SM destructive interference but if
kt=-1 tH cross-section can be
enhanced by one order of magnitude

ttX, and t-channel tX,, atthe LHC13

NLO inclusive cross section t?(O

103 | gluon fusion @ SM rate (k =1, K 4, =2/3) ttXO i
L _ y —_ . -_
L L=- _% th (Ca”H:t +18,K 445 )1/}th

g A
=> impact both cross-section + kinematics S |9
’
- Combined analysis of ttH + tH processes can be E
used to constrain kKt and o !
10* | 19
- For more Higgs CP- 1=
related measurements Eur. Phys. J. C 75 (2015) 6, 267 ¢ 30 60° ° 120°  150° 180
see C Grefe's ta'k arXiv:1504.00611 [hep-ex] @
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https://arxiv.org/abs/1504.00611
https://indico.desy.de/event/34916/timetable/?view=standard#140-higgs-boson-cp-property-me

Strategy

- Target as many decay modes as possible for top + Higgs to maximise sensitivity

ttH + tH H—bb channel

Largest branching ratio

Low S/B + combinatorics

Large theoretical uncertainties on irreducible tt+bb background

ttH + tH H-WW / ZZ / 77 multilepton channels

Clean final state with leptons
Low irreducible backgrounds (S/B~1) Higgs BR
Challenging reducible backgrounds w/ non-prompt leptons + jets faking tn

Top pair BR

ttH + tH H— yy channel

Very clean signature, possible to reconstruct all Higgs decay products

Good S/B
Low branching ratio

"alljets" 46%

tHjets 15%

T

e Other subdominant channels also covered in other w2

analyses: H—=ZZ—4l, H— thth... o wHets 15%

) etjets 15% .
"dileptons™ "lepton+jets”
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Cross-section and
STXS measurements
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ttH H—bb

HIGG-2020-23

- Dilepton + single lepton
resolved + boosted
channels: dominated by
tt+heavy flavour background

- BDTs + DNN used for:
- jet-parton assignment
- signal extraction

*: normalised to total Bkg.
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extra b-jets from ME + free-
floating normalisation
k(tt+bb)=1.26 + 0.09

U

+ Ad-hoc uncertainty derived
from inclusive signal region
used to cover for reco pr(H)

] mismodelling in background

100 200

300 400 500 600

Higgs boson candidate < [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
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ttH H—bb

HIGG-2020-23
JHEP 06 (2022) 97

*: normalised to total Bkg.
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- Sensitivity beyond pT=300 GeV thanks to
boosted categories
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/

ttH multilepton ATLAS-CONF-2019-045

- Targets final-state with several leptons + 7,

« Main sources of background:
- irreducible: ttV, di-boson
- reducible: non-prompt leptons, fake z,, photon

conversions, charge mis-ID I

« MVA selections used to separate prompt leptons (from W/Z/t g 00000

decays) from non-prompt leptons (b decays, light hadrons) t 9
q
< ATLIAS I;relimir:ary o I+:{a‘a - -Iff"’ w058 b
g 5 =13 Tev, 78.9 b [ th\f [ @y high)
g Eﬁ“y”t'f’)p Egb‘;p |+ Subcategories based on lepton charge +
ol Dover W e ] flavour + b-jet multiplicity

+ Background modelling:
- simulation for shape
- control regions for normalisation

- BDTs used for signal extraction:
multi-dimensional binning w/ binary classifiers

@ T T R mE P G reE e ey, OF Multi-classifiers
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o :
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Data / Pred.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/

ttH multilepton

ATLAS-CONF-2019-045

- Challenging modelling of {tW background:
- several uncorrelated free-floating
normalisations factors
- theoretical uncertainties
- ad hoc extrapolation uncertainties for
charge asymmetry + b-jet multiplicity
=> recent dedicated ttW measurements will
help improving those (see R. Ospanov's
talk)

ATLAS Preliminary

A ——— ,
T (o) (stan)
2¢SS o 4 =038 5  ous
3¢ o o =093 9% 0w .
a7 o1 w=052 97 ‘0e
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combined ke | I“ = 0-?8 fgﬁg;g fé:jgg
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best fit p = 6™/cH for m, = 125 GeV

Pre-fit impact on u:

0= 0+A0 0=0-A0
Post-fit impact on w:
0= 0+A0 0 =0-AD

—e— Pull: (8-6,)/A0
—e— Norm. Factor

ttW norm. factor: 3¢ channel
Jet energy scale: n intercalib. NP I
ttZ cross section: scale variations
ttW modelling: scale variations

ttW norm. factor: 2¢SS channel, 2-3 jets I
Fake 7,4 bkg. stat: 127 channel
ttH cross section: scale variations
Jet energy scale: pileup
ttW modelling: charge extrapolation
ttW norm. factor: 2¢SS channel, > 4 jets
Top rare decay cross-section
Jet energy scale: flavour response
tt H modelling: parton shower

ttW modelling: alternative generator I
4-top cross section

Ap
-0.15 -0.1 -0.05 0 0.05 0.1 0.15

L L L L L L B L B B B
ATLAS Preliminary
s=13TeV, 79.9 b

Observed excess in ttW taking into account state-
of-the-art QCD and EW corrections (o(itW)=727 fb)

Systematic uncertainties getting larger than
stat. uncertainty: dominated by ttW modelling + jet
energy scale

- Sensitivity: 1.80 observed (3.10 expected)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
https://indico.desy.de/event/34916/timetable/?view=standard#76-new-results-on-tbartw-and-4
https://indico.desy.de/event/34916/timetable/?view=standard#76-new-results-on-tbartw-and-4

HIGG-2020-16
ttH + tH H—ovyy JHEP 07 (2023) 088

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
LAS [[] Targeted STXS region —]

 Part of inclusive H->yy STXS measurements:

c L
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/

- - g HIGG-2021-23
Higgs combination e
k| e - Combination of all Run 2 Higgs analyses:
- ie ATLAS Run 2 i inclusive cross-section + STXS measurements
S| LWTuele ] - Combined ttH + tH sensitivity 6.46 (exp. 6.60)
<] e [ IR
I —e— ey 92227 |« Gensitivity to from ttH categories (under
K‘c E
T X | A 1 hypothesis with independent effective kg and Ky)
)72 T l - --------4
B e B B - . Kt = 0.94 = 0.11 under Binv=Bu=0 hypothesis
Kg T i —— " - - - g::::freilj’Bu(_)zo, Ky <1 | t 9 " ’ yp
K — i ——— SM prediction .
al - Parametervaienotalowed |« Complementary between different channels
Kzy| TR - exploited for STXS measurement
08 1 12 14 16
68% CL interval
. $® Data (Total uncertainty)
- Separate tH measurement possible Syst. uncertainty
. gE== SM prediction
thanks to tH, H—yy categories tiH| tH
— = T T ‘ = — 1000
o(tH) < 15x SM @ 95% CL (7x exp.) %zoo; 1 ] % e
100/ ELF T . 500 ]
- Large ttH vs tH correlation -56%: ; I “$- - | 250
improved in the future thanks to S i | ol
dedicated tH analyses for all channels pH [GeV]
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Top Yukawa CP properties
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ttH + tH H—yy

HIGG-2019-01 Phys. Rev.
Lett. 125 (2020) 061802

Hadronic CP Discriminant

g ) 3
O o ATLAS E
g s035p s =13TeV, 139 ft’ E
104% éo.zf— ® Data E
5 Loask — SMitH+tH 3
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004 e
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Hadronic Bkg. Rej. Discriminant Hadronic CP Discriminant
. : 2
- Measurement of k: cos(a) - k: sin(a) with Kgand £
Ky inputs from Higgs coupling combination w/o ttH *
+ tH channels
* Results:
- lal>43° excluded at 95% CL -
- Inverted top coupling hypothesis (a=180°)
excluded at 2.50
- Pure CP-odd hypothesis (a=90°) excluded at
3.90

- Similar analysis strategy as for SM

ttH + tH H—yy analysis

« 2D categories based on sig. vs bkg

BDT + CP-even vs CP-odd signal
exploiting:
- top reco. BDT for jet assignment
- angular + kinematic variables
related to reconstructed tops +

Higgs

e L B B R
- —To - Best fit Xsm 7
1.5 ... 26 -
S B - =
0.5 =
oF =
0.5 =
B et A E
C ATLAS ]
1.5 (5=13TeV, 139 fo" E
oLl Cl | Loy | 3

1 v e by Ly P TR B |
-1 05 0 0.5 1 1.5 2

—_
ok
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-01/

ttH+tH H—bb

HIGG-2020-03, Subm. to PLB

- Similar analysis
strategy as SM ttH—bb
measurement for event
categorisation +
background estimation

o} ‘ —
c | ATLAS 1 4
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¥ 2+ ]
1 4
0 —|_
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2 - 1 T 150l ;
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500 -
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= ) ) ) E 0.5E . ! ! =
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2 = - - — A - - -
|p1]1P2] p1, p2 = 4-momenta 17111 P2
30 top quarks
Z = beam-axis
< * 2D categories built on top based on sig. vs bkg BDT +
C -
20 g angular variables b2/ b,
|

- Results:
- Best fit a=11°+52°_73- and K{=0.84+0-30_g 45
- Pure CP-odd hypothesis (a=90°) excluded at 1.20
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-03/

Conclusion

Cross section [pb]

Ratio to SM

10° 3
m— ATLAS Run 2 7
- - - Full Run 2 dataset has allowed to firmly confirm
105 E observation of ttH production mode
C - e 7
L —E |
S —F— 20E
- _§ Data (Total uncertainty) 3
10-1;— gzmrt::;a:ty _ - Opens the way for more detailed studies beyond
- | | | | 3 inclusive cross-section measurements:
1.5F % p 310 - differential STXS measurements
= T % 50 - studies of CP properties of top Yukawa
0.5 | | | | T - search for rare tH process

ggF + bbH  VBF

3

ZH ttH
Production process

T

Nature 607 (2022)

Background modelling very challenging for some channels (tt+bb, ttW)
=> ttH analyses prompted studies leading to dedicated measurements, improving their
predictions

Some channels still statistically limited + new analysis strategies to explore so large room
for improvement with Run 3 dataset currently collected

T. Strebler — EPS-HEP 2023 15



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-23/

Back-up
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HIGG-2020-23
ttH H—bb JHEP 06 (2022) 97

ATLAS Events after trigger,

object selection and
overlap removal, Z veto
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ttH H—bb HIGG-2020-23

JHEP 06 (2022) 97
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ttH H—bb

HIGG-2020-23
JHEP 06 (2022) 97

+ Dilepton BDT distributions

*: normalised to total Bkg. *: normalised to total Bkg.
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140~ p;'e[200,300) GeV [ |Other 7~ Uncertainty —| F p;‘ €[300,x) GeV [[]Other 7 Uncertainty ]
[ Post-Fit ] 50— Post-Fit ]
120 - F 1
] 401> —:
e 30 =
] 20 -
10 K
T T T T T el e e e
. - . OF
B B E
& & 125
E E 7 7 T
s 8 075
"1 -08 -06 -04 -02 0 02 04 06 08 1 0'5—1 -08 06 -04-02 0 02 04 06 08 1
Classification BDT Classification BDT
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 Single-lepton BDT distributions

*: normalised to total Bkg. *: normalised to total Bkg. *: normalised to total Bkg. *: normalised to total Bkg.
‘E L B B L B L L B B %2000l|l||||||lv|l|||v|||l|||7'f'|'|'l|]|‘“f-f-r197“f: _3 u.|-v||.v-|||'||-v||n|1-|—r|-||]f-|-l-rvgr-rz ‘E |.||v|||---|v”|-v||.\-|1—v-r||--|¢-h-rvgﬁE
] ATLAS ¢ Data [lItiH g ATLAS ¢ Data [ttH ] @ gook ATLAS ¢ Data [ItiH = ] ATLAS ¢ Data [lItiH E
w (s=13TeV,139fb" - tiH* [ti+=1b w Vs=13TeV,139fb" - tiH* Wtt+=1b _: w Vs=13TeV,139fb" - ttH* [tt+=1b E w (s=13TeV,139fb" - tiH* [ti+=1b ]
Single lepton | G [ttt + =1c Single lepton WtH  [tt+=1c 3 700f- Single lepton Wt [Ctt+ =1c A Single lepton | (G [Ott+21c ]
SR, [tE+V [t + light SR, [ti+V CE+light ] SR, @tt+V [Jt+light 3 SR, Eti+V Jti+light
p: €[0,120) GeV []Other 7~ Uncertainty p: €[120,200) GeV [[]Other 7~ Uncertainty —| p': €[200,300) GeV i - p: €[300,450) GeV []Other 7~ Uncertainty
Post-Fit Post-Fit ] Post-Fit E Post-Fit 4
500 200 50 -
) o) e e e ——— 5 . oo + . B e e T ) o e e e
B B B E B
& 1.125F & 112 & E & 1-125F . 3
-~ 4 Py ) - Y E - -~ E
g e ] e v (] i s g ] E
E = © © E 3
S 0.875 E 8 0.87 E E A 0. E 5 0.875
0'75—1 -08 06 -04 02 0 02 04 06 08 1 O'7"—1 -0.8 -06 -04 -02 0 02 04 06 08 1 02 04 06 08 1 0'75—1 -08 06 -04 02 0 02 04 06 08 1
Classification BDT Classification BDT Classification BDT Classification BDT
*: normalised to total Bkg. *: normalised to total Bkg. *: normalised to total Bkg.
@ 2 _....|....l....|....,....|..n-r-.-m-|—-n-.-|—.-9n-_ @ T
& 140F ATLAS ¢ Data [WtiH 8 asol. ATLAS ¢ Data [tiH E 8 gof ATLAS ¢ Data [HtiH
w Vs=13TeV,139fb" - tiH* [ti+=1b m [ s=13TeV,139fb" - fiH* [ti+=1b ] ] (s=13TeV,139fb" - tiH* [ti+=1b
120 Singale lepton WtH [Itf +21c [ Single lepton W I:\tf +21c ] 80F Single lepton WtH |:|tt: +=21c
SR, Ett + vV []tt + light 200 SRy ocied Ottt + Vv [t + light h SRy osted [Ett+ VvV [t + light
p;‘ €[450,%) GeV ["]Other 7 Uncertainty L p¢6[300.450) GeV [T]Other 7~ Uncertainty | 70 p;‘ €[450,2) GeV ["]Other 7~ Uncertainty
1001 post-Fit C Post-Fit 1 sob. PostFit
F _ 50
L B ) 0
30—
20f
20— _ 10F
L ] g 1 | T T
3 3 E B 3 3 E E
& v i * L & 1.125EE- ! 7
g E 1 £ 8 ’ * £ g % Zzx E
8 0.875 3 _§ 8 0.875:— ? _§ g 0.8755— . ':
0.7 07805 0 005 01 015 0.2 025 0.3 035 04 07805 0 005 01 015 02 025 03 035 0.4
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T T I T T T
¢ Data

T T I T T
ATLAS

Events /0.2

Data / Bkgd

10°E E

E - = \ i \ T \

C (s =13 TeV, 139 fo”' Hu,_ =1. =

" fe=13TeV, 135 A (g, =1.0) - ATLAS s=13 TeV, 139 fb”, m =125 GeV

- M ttH (1, =0.35) ] SM tibilty: 8.5%
10t [Background . compatibility: 8.5%

- 77 Bkgd Unc. . —Total Stat. Tot. ( Stat. Syst)
10° = l+jets resolved FeH 0.30 :'8_':3 (fg;z fg:g})
2- - l+jets boosted (= = 0.32 :'g_'g; (fg,'ig f8_'§§)
10”E"H(bb) Combined 3

= Single lepton and Dilepton - ; +0.69 ,+0.40 +0.56

~ Post-Fit ] Dilepton ke 0.60 5 (Zo39 “052)

S P P
1.6E fiH (1 =1.0) + Bkgd E Inclusive ko4 0.35 *5, (D050 Zo28)
14215_ —ttH (Mf|t=035)+Bkgd —E 2‘ | d | | 2‘ | | 4‘_ ‘ ! é T é L1 ‘10
Og:— ’ .// ./ /. / /. . s . . Z u = ftH/ ttH
26 24 22 2 18 -16 -14 12 -1 -08 fiH SM

log, (S/B)
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ttH H—bb

- ttbar samples + systematics

tt + jets and single-top

tt PowHEG Box v2
PoOwHEG Box v2
MADGRAPH5_AMC@NLO 2.6.0

NNPDF3.0NLO
NNPDF3.0NLO
NNPDF3.0NLO

PyTHIA 8.230
HerwIG 7.04
PyTH1A 8.230

NNLO+NNLL [45,46,47,48,49,50,51]
NNLO-+NNLL [45,46,47,48,49,50,51]
NNLO-+NNLL [45,46,47,48,49,50,51]

tt + bb PowHEG Box RES NNPDF3.0NLO nf4 PyTHIA 8.230 —
SHERPA 2.2.1 NNPDF3.0NNLO nf4 SHERPA -
tW PowHEG Boxv2 [DR] NNPDF3.0NLO PyTHIA 8.230 NLO+NNLL [52,53]
PowHEG Box v2 [DS] NNPDF3.0NLO PyrHia 8.230 NLO+NNLL [52,53]
PowHEG Box v2 [DR] NNPDF3.0NLO HERWIG 7.04 NLO+NNLL [52,53]
MADGRAPH5_AMC@NLO 2.6.2 [DR] CT10NLO PyTHIA 8.230 NLO+NNLL [52,53]
t-channel POWHEG Box v2 NNPDF3.0NLO nf4  PyTHIA 8.230 NLO [54,55]
POWHEG Box v2 NNPDF3.0NLO nf4 HERWIG 7.04 NLO [54,55]
MADGRAPH5_AMCQ@NLO 2.6.2 NNPDF3.0NLO nf4  PyTHIA 8.230 NLO [54,55]
s-channel POWHEG Box v2 NNPDEF3.0NLO PyrHiA 8.230 NLO [54,55]
POWHEG Box v2 NNPDF3.0NLO HERWIG 7.04 NLO [54,55]
MADGRAPH5_AMC@NLO 2.6.2 NNPDF3.0NLO PyTHia 8.230 NLO [54,55]
Uncertainty source Description Components
tt cross-section +6% tt + light
tt + >1b normalisation  Free-floating tt + >1b
tt + >1c normalisation  £100% tt+ >1c
NLO matching MADGRAPH5_AMC@NLO + PyTHIA 8 vs POWHEG BOX + PYTHIA 8 All
PS & hadronisation PowHEG BoX + HERWIG 7 vs POWHEG BOX + PYTHIA 8 All
in POWHEG BoX RES + PYTHIA8 ¢t + >1b
ISR ing ofSB m T
Varying g™ (PS), g & p (ME) in POWHEG BOX + PYTHIA 8 tt + >1c, tt + light
in POWHEG BoX RES + PYTHIA8  tf + >1b
FSR Varying ol ™ (PS) o + =

in POWHEG BOX + PYTHIA 8 tt + >1c, tt + light

tt 4 1b, tt + >2b
Shape mismodelling measured from data tt+>1b

tt + >1b fractions
bb
pt shape

PowHEG BoX + HERWIG 7 vs POWHEG BOX + PYTHIA 8
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ttH multilepton ATLAS-CONF-2019-045

Channel Selection criteria
Common  Njgs > 2 and Ny jeps > 1
2058 Two same-charge (SS) very tight (T*) leptons, pp > 20 GeV
No 7,,q candidates
m(£07) > 12 GeV for all SF pairs
13 categories: enriched with ttH, ttW, tt, mat. conv, int. conv.,
split by lepton flavour, charge, jet and b-jet multiplicity
3¢ Three loose (L) leptons with pp > 10 GeV; sum of light-lepton charges = +1
Two SS very tight (T*) leptons, pp > 15 GeV
One OS (w.r.t the SS pair) loose-isolated (L*) lepton, pt > 10 GeV
No T.q candidates
m(T07) > 12 GeV and [m(£7¢7) — 91.2 GeV| > 10 GeV for all SFOS pairs
|m(3€) — 91.2 GeV| > 10 GeV
7 categories: enriched with ttH, ttW, ttZ, V'V, tt, mat. conv, int. conv
4/ Four loose-isolated (L*) leptons; sum of light lepton charges = 0
m07) > 12 GeV and |m(£7¢7) — 91.2 GeV| > 10 GeV for all SFOS pairs
m(4€) < 115 GeV or m(4¢) > 130 GeV
2 categories: Zenr (Z-enriched;1 or 2 SFOS pairs) or Zdep (Z-depleted; 0 SFOS pairs)
10274 One tight (T) lepton, pr > 27 GeV
Two OS 7,,q candidates
At least one tight 7y,,4 candidate
]Vjets Z 3
20SS1Th,q 2088 selection, except: One medium 74,4 candidate
]vjets Z 4
301 T0q 3( selection, except:

One medium 7,4 candidate, of opposite charge to the total charge of the light leptons
Two SS tight (T) leptons
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ttH multilepton ATLAS-CONF-2019-045

+ b-jet multiplicity + lepton charge asymmetry

= T T T 1 ] F | T T ] 7
- ATLAS Preliminary :QD;ZD E :;’:V(WO'SB) . [ ATLAS Preliminary ¢ Data M i+ (1=0.58)
- | — 7 ¥y * H
400E 15 = 13 TeV, 79.9 10" 77 highy Bty -ow) 3 o5l 1S = 13 Tev, 79.9 fo! LW ety )igh) -
._g 350 :_ZKSS [ Diboson Bl Mat Conv - _% -3 ¢ty low) (& oiboson ]
- - Post-Fit [ Non-prompt e [ Non-prompt i ] = L Post-Fit @l Mat Conv I Non-prompt e ]
42 C []Other 77/ Uncertainty ] fé’ 200 [ Non-prompt p[_] Other N
o 300~ ---- Pre-Fit = o - 7 Uncertainty ~ ---- Pre-Fit -
- - , . w . 7 i
- 3 1507—/ __________________ 7]
200= .
150 S . 100 -
100 = = .
] 50
50
— | | |
s 15[ foeanneansas e ] 5
o : | ] o
N C - ] a
S e e L o =
T - ] S
O 05E . . . . = 0 05 . . . .
—= —= T e —— N —— — T+ e
£t £t 44 44 4% 4% £et a4
Np =1 Np>2 Np =1 Np>2 Np=1 Np >2 Np =1 Np >2
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ttH multilepton ATLAS-CONF-2019-045

- Signal regions

3 T T T T T T _ T
S | ATLAS Preliminary ~4- Data B 11H (1=0.58)
% | s=13Tev,79.9 10" LJaw Il Fake 7, 12
@ : (710 (i T a3 PN s B R N A A A @
£ . | Post-Fit [ t(27y*)(high) I tty*(low) @ o i
Ij>j 10°F [ Diboson [ Non-prompte 3 ATLAS Preliminary 3% @
I:I Non-prompt },L- Multi Non-prompt 1k E =13 TeV. 79.9 fbf‘] ' E | :_
Il QMisID I Mat Conv ’ o Do i P
, [ Other 2/ Uncertainty A ~
107 ---- Pre-Fit 1 A ]
: 0.8 : R 3
P 2
06| P E
oo ‘|—_-1-5
o4 I 71 3
02f - o5
3 0 B L1111 I s
a . QO I + 1 + 1 + :E\T g I+l = I §|N >0 0 % Sk kK
~ ESSSTo COSTISNEEESESINVT T
5 SIIRTTEEISIEESITSIINNNSS
o 05 Ydddaadazgaad oaY T
0

2/,%,* 2/,%,\ -34%, 4fgdep 45’2@,” leo,  Sry, 27,
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QMisID Other
ATLAS Preliminary = Non-prompt e E Non-prompt u
A 8 Multi Non-prompt [l Mat Conv
Vs=13TeV,79.9 1 [ Fake 7, 3 Diboson
Pre-Fit = A(z/y fthigh) =3 Ty *(low)
—aw
2/MatC 2¢IntC 3¢/MatC 37IntC 27LJ(el)

2¢LJ(e2) 20 tH(u)+ 2/ t(e)+ 26 HtWs

24 ttH+ 27 th{u)- 2¢tH(e)- 24 ttW- 201ttH -

@

W 7274 3¢V 3¢t 3¢ttH

4¢ Zenr 4¢Zdep 2717 12t 371t
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R I e B LA R
I ATLAS Preliminary -#- Data B (=058 | T T T T T T T
£ C {5=13 TeV, 79.9 f?,/q [ QMisiD Oaw 1 ATLAS Preliminary ¢ Data I 17+ (1=0.58)
£ [Vs= eV, 79. MisID it 4 c 60 [ ttw [ tH(Z7y*)(high)
2 50055 I fE/y*)high) O ty*(ow) | 5 Vs =13 TeV, 79.9 fb t 77)thig
1) [ Post-Fit [ Diboson @@ MatConv > 2/ttH— [ ty*(low) [ Diboson
5] [ [ Non-prompt e I Non-prompt 1 | £ 50 Post-Fit Il QMisID [ Mat Conv
i 2001 ;!9::;“ 777 Uncertainty - o [ Non-prompt e [] Non-prompt i
r B []Other [l Fake T,
L ] 40 7/ Uncertainty Pre-Fit
150? ]
L 4 30
100; { Zo‘i-" -““““"---“““““"-"“““““---"““““""""""""E
50 - 10§
] 07\\\‘wwwi\\\i\\\}\\\}\\\}\\\ ------- i C:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
B 15 g = S
c  LEYT . 5 E z Boterigedenitossocds s 3
3 e ~ 54 ,/, s 1 f‘f‘/’g‘ b4 & E
< 3 g 05F 3
a E E El
0 02 04 06 08 1 90 01 02 03 04 05 06 07 08 09 1
tt BDT output 27ttH- BDT output
T T T T T T T T T L e e e e
goF ATLAS Preliminary #-Data Ml itH (41=0.58) I ATLAS Prelminary -# Data M (TH (1=0.58)
& fs=13TeV, 79.9 fo" LI W E3 (21 y*)(high) £ [ Vs=13TeV,79.9fb" W D3 t(2/7)(high) ]
~ Ty* i — — o tty*(low) [ Diboson —
s0E- 2¢ttH+ [ tty*(low) [ Diboson 50— 5444 (| .
‘g Post-Fit Il QMisID I Mat Conv % L Post-Fit [l Mat Conv [ Non-prompt e |
Q@ g g o S [ Non-prompt w[]Other Bi
& 70 [ Non-prompt e [7] Non-prompt & C I Fake < ~ Uncertainty 1
[]Other W Fake T, 40— e PreFit™" ” 7]
60 77 Uncertainty ---- Pre-Fit r 7]
50 30; J
40F- :
a0 oo 20 ———
20F- e
E 10_—
10E
i O:\ —— 1 —_ + T } TR 1 TR 1 TR 1 TR 1 TR 1 TR 1 bl \; . 0,
8 8 15 ; .
S Y o W 5 ]
+ BDT outputs P ; : ¥ :
g ° 8 °F E
1 1

03 04 05 06 07 08 09
2¢ttH+ BDT output 3¢1ttH BDT output

0 01 02 03 04 05 06 07 08 09
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ttH multilepton ATLAS-CONF-2019-045

- Systematics

Uncertainty source Al

Jet energy scale and resolution +0.13 —-0.13
tt(Z /") (high mass) modelling +0.09 —0.09
ttW modelling (radiation, generator, PDF) +0.08 —0.08
Fake 7,4 background estimate +0.07 —-0.07
ttW modelling (extrapolation) +0.05 —0.05
ttH cross section +0.05 —0.05
Simulation sample size +0.05 —0.05
ttH modelling +0.04 —0.04
Other background modelling +0.04 —0.04
Jet flavour tagging and 7y,,4 identification +0.04 —-0.04
Other experimental uncertainties +0.03 —0.03
Luminosity +0.03 —0.03
Diboson modelling +0.01 —0.01
tty* (low mass) modelling +0.01 —0.01
Charge misassignment +0.01 —-0.01
Template fit (non-prompt leptons) +0.01 —0.01
Total systematic uncertainty +0.25 —0.22
Intrinsic statistical uncertainty +0.23  —0.22
ttW normalisation factors +0.10 —0.10
Non-prompt leptons normalisation factors (HF, material conversions) +40.05 —0.05
Total statistical uncertainty +0.26 —0.25
Total uncertainty +0.36 —0.33
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HIGG-2020-16
ttH + tH H—yy JHEP 07 (2023) 088

- ttH STXS BDT multi-classifier

C T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T

._g 1. [ Signal selected ATLAS Simulation -
S = | {1111l Signal rejected Vs =13TeV, 139 fb™, H->yy 3
o C 1 ©___, Other processes 7
e T, eosp$<1zoGev T
-1 _
S 10!
L = E
1072 =
1073 = L":__ =
:I 1 1 I 1 1 |l'|_| 1 L I 1 L 1 I 1 L 1 I L L 1 I L 1 1 I L 1 1 I IEJ:

0O 0.02 0.04 006 008 0.1 0.12 0.14 o0.16 Typs Myas PV Vyys

+ . .
] Prjjp»Mjjs and Ay, A¢, An between j; and j,
Multiclass BDT output Y

PToyyiis Myyjis PToyyijTr Myyjj

Ay, A¢ between the yy and jj systems,
minimum AR between jets and photons,

invariant mass of the system comprising all jets in the event,

dilepton pr, di-e or di-u invariant mass (leptons are required to be oppositely charged),

E'T“iss, pr and transverse mass of the lepton + E‘TniSS system,

pT, 1, ¢ of top-quark candidates, m; ;,
Number of jetsT, of central jets (|| < 2.5)t, of b-jetst and of leptons,
pr of the highest-pr jet, scalar sum of the pr of all jets,
scalar sum of the transverse energies of all particles (3 Et), E'TniSS significance,

E%‘i“ - E%‘i“(primary vertex with the highest }; p%’track)) > 30GeV
Top reconstruction BDT of the top-quark candidates,
AR(W,b) of t,

Njr» Myyjr
Average number of interactions per bunch crossing.
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- Signal vs background binary classifier

STXS classes

Variables

Individual
STXS classes from
8¢ = H
qq’ — Hqq'
qq — Hlv
pp — Htt
pp — Hvv

All multiclass BDT variables,

p%y projected to the thrust axis of the yy system (p%ty ,
A Zepp _ Myy~1jj
Nyy, 1 = 3

~|A A
3, = tan (—" | 2¢W|) \/1 — tanh? (—Zw ),
(EM1+p2h)-(EY2-p2?)—(EM1 —pl!)-(E"2+p)?)

2 Y72
mw+\/’”w+(1’T )

Number of electrons and muons.

*
cos HW =

all ttH and tHW
STXS classes
combined

p1, 1, ¢ of yi and >,
pT, 1, ¢ and b-tagging scores of the six highest-pr jets,
ENSS, EMSS significance, ER azimuthal angle,
Top reconstruction BDT scores of the top-quark candidates,
pT, 1, ¢ of the two highest-pt leptons.

tHqb

Py [myy, My,

pr, invariant mass, BDT score and AR(W, b) of ¢,
pr.nof,
pr.nof jr,

Angular variables: Anyys, Abyyr, AOy . AOpy iy AOyy iy
Invariant mass variables: m. j., My, jpy Mpy jp s Myyry
Number of jets with pr > 25 GeV, Number of b-jets with pt > 25 GeV™;
Number of leptons*, E%‘iss significance”
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ttH + tH H—yy JHEP 07 (2023) 088

Vs=13TeV, 139 fb™
LA L B B I T T T T T T LA L B B | ATLAS mH = 12509 GeV, IyHI < 25
ATLAS Vs=13 TeV, 139 b T s
H—vyy m =125.09 GeV ly |<2.5 0.85(1
e Obs + Tot. Unc. [0 Syst.unc. | SM + Theo. unc. —o6
p-value = 55% Tot. Stat. Syst. —0.4
ggF + bbH = 1.04 7050 (700 “0%8)
0. +0.18 + —0.2
ver I 120 92 (012 °5%1)
WH —— 15 798 (52 1) —0
zH| —s=—oI 02 0% (92 1) o2
i s 080 "L (103 °1%) ..
1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I )
0 1 2 3 4 5 -0.6
H — 3 3 (3 5) 0.8
11 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I 11 1 I
4 -2 0 2 4 6 8 10 12 14 m s . & I =X -
oB. )(oB Y R 0¥ v v F
(©8,)(08B, ), 3R
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gg—H, O-jet, pl' <10

gg—H, O-jet, 10 = p: <200

gg—H, 1-jet, pi! <60

gg—>H, 1-jet, 60 = p? <120

9g—H, 1-jet, 120 = p!! <200

99—H, =2-jets, m, <350, Pl <120

gg—H, =2-jets, m, <350, 120 5 p;‘ <200
9g—H, =2ets, m = 350, pi! <200

gg—H, 200 < p: <300

gg—H, 300 = pl! <450

gg—H, pl! = 450

qq'—Hag', <1-jet and VH-Veto

qq'—Hqq', =2-jets, VH-had

aq'—>Hag, 22-jets, 350 = m, <700, p? <200
dq->Hag, =2-jets, 700 = m, <1000, p? <200
qq'—Haqq', =2-jets, m, =1000, p:<2oo
qq'—Hqq', =2-jets, 350 = miJ <1000, p_"r‘ =200
qq'—~Haq', =2-jets, m, = 1000, pil = 200
qg—Hlv, pr <150

qq—Hlv, p:’ =150

pp—Hli/vy, p:j <150

pp—Hll/vy, p:j > 150

ttH, pi' <60

ttH, 60 < p!f < 120

ttH, 120 = p!! <200

ttH, 200 < p:‘ <300

ttH, p: =300

ATLAS
H— Yy mH =125.09 GeV |yH|<2.5

|- Obs + Tot. Unc.

Vs=13 TeV, 139 fb’

Syst. unc. | SM + Theo. unc. p-value = 93%
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Lett. 125 (2020) 061802
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HIGG-2020-03, Subm. to PLB

Uncertainty source Aa[°]
Process modelling
Signal modelling +8.8 -14
tt + >1b modelling
tt+>1b 4VS5 FS +23  -37
tf + >1b NLO matching +22  -33
tf + >1b fractions +14 21
tt + >1b FSR +52 99
tt + >1b PS & hadronisation +16  -24
tf+>1b p’” shape +54 -4.6
tt+>1b ISR +14 24
tt + >1c modelling +6.6 -11
tt + light modelling +2.5 -4.7
b-tagging efficiency and mis-tag rates
b-tagging efficiency +8.7 -15
c-mis-tag rates +6.7 -11
[-mis-tag rates +2.3 2.7
Jet energy scale and resolution
b-jet energy scale +1.6 -3.8
Jet energy scale (flavour) +7.8 -11
Jet energy scale (pileup) +52 -79
Jet energy scale (remaining) +8.1 -13
Jet energy resolution +5.7 -93
Luminosity <+l
Other sources +49 -8
Total systematic uncertainty +41 -54
tf + >1b normalisation +82 -13
K; +17  -33
Total statistical uncertainty +32  -49
Total uncertainty +52  -73

Uncertainty source Ak;
Process modelling
Signal modelling +0.10 -0.10
tf + >1b modelling
tt+>1b 4V5 FS +0.08 -0.23
tt + >1b NLO matching +0.15 -0.30
tt + >1b fractions +0.09 -0.21
tt +>1b FSR +0.01 -0.02
tt + >1b PS & hadronisation +0.09 -0.20
1t +>1b p5P shape +0.07 -0.11
tt+>1b ISR +0.07 -0.17
tt + >1c modelling +0.04 -0.10
1t + light modelling +0.00 -0.01
b-tagging efficiency and mis-tag rates
b-tagging efficiency +0.06 -0.12
c-mis-tag rates +0.03 -0.07
[-mis-tag rates +0.01 -0.03
Jet energy scale and resolution
b-jet energy scale +0.02 -0.02
Jet energy scale (flavour) +0.01 -0.05
Jet energy scale (pileup) +0.02 -0.05
Jet energy scale (remaining) +0.04 -0.08
Jet energy resolution +0.03  -0.09
Luminosity < +0.01
Other sources +0.03 -0.07
Total systematic uncertainty +0.29 -0.45
tf + >1b normalisation +0.05 -0.15
o +0.08 -0.07
Total statistical uncertainty +0.09 -0.10
Total uncertainty +0.30 -0.46
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