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Motivation

Probe top-Higgs yukawa coupling in direct way
 potential window to BSM

Sensitivity to Higgs self-coupling (strongest single Higgs sensitivity)

d ttH

(H=2WW, 171, Z2)
‘multilepton’

ttH
(H->bb)
€ Challenges:

« ttH cross-section at Vs=13 TeV: 0.507 pb (~1% of
Higgs produced at theLHC)

« Complexed final state (lots of jets coming both from o large irreducible th+jets e * resonant channels
(HF) background ) o
s d Itil ¢ ¢
the Higgs and from the tops) « final states with e e
. multiple b-jets . B
« Cannot reconstruct the full process well with the ] “z(a20
0 Tt
neutrinos — .
__'i__f"fW/T/Z -E—-<Lq
\\\W/T/Z -
o .\ :
Figure from Tamara Vazquez Schroeder L




ttH MI: previous measurement

@ Run 2 inclusive measurement with 80 tb* (ATLAS-CONF-2019-045)

® Signal strength: 0.5819-3%
@ Observed Significance: 1.80 (3.10 exp)

® Most sensitive channels: 21SS, 3l

ATLAS Preliminary (s =13 TeV,79.9 fb"
AR AN
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best fit p = 6™/ol for m, = 125 GeV
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https://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf

Analysis Strategy

Full run 2 dataset (140 tb?)

@ Split into 6 different channels using N_leptons,N_thad , lepton charge
@® MVA is used to define the signal regions and MVA-based control regions
Template fit for fake lepton backgrounds

Simplified Template Cross Sections (STXS) measurement(p¥)
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Channel Overview

ot 2 same-sign(light) leptons“21SS”and 3(light) leptons “31”

= Most sensitive channels
4l channel

1T 2ISS channel

o1 1] and 2l channel

=0t

ML+ ot: primary sensitive to H-WW/ZZ.
ML+ >11: primary sensitive to H—-trt.

=1t
[l vva-based cr

B otvercr

=== (Channel Preselection
Dedicated CR selection

=21

| @



@) H_pT reconstruction in ot channel

Higgs pT is difficult to reconstruct (many neutrinos in H decay and not reconstructed soft particles)

2ISS

® GNN is used to reconstructed H_pT in ot channel

3l
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Background Estimation

@ The latest dedicated ttW background treatments are used for the 0,4 channel(JHEP05(2024)131)

@ Irreducible backgrounds: ttW, ttZ, VV
e Cut based and multiclass BDT

Reducible backgrounds: fake or non-prompt leptons, Q mis-ID, fake ;4
« Fake factor and data-driven for non-prompt lepton

« Template fit method inherited from ttWML

| T T T T I T T T T I T | T L T T I T T T T I T T T T

ATLAS B ATLAS- this result
/s = 13 TeV. 140 fb”' Z~_ CMS (JHEP 07 (2023) 219)
Stat. + Syst. Stat. only
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https://link.springer.com/article/10.1007/JHEP05(2024)131

@) BDT discriminants(2ISS o)

20 input variables
k-folding is used: dataset divided into two subsets for training and testing

Good prediction power for ttH and tHq, more difficult to distinguish ttH from ttW.

variable description
Niess Number of central jets with py > 25 GeV
AR( £y, jet) Angular distance between leading lepton and its closest jet
AR( £}, jet) Angular distance between sub-leading lepton and its closest jet 2 C o REARARRRE I I 7] ;
’ C i ; 1 ATLAS Work in
M(fy, £1) Invariant mass of leading lepton and sub-leading lepton E 0.12— ork in progress ;’ EIS#;L — < 100 =
L . miss el . C [ Bko Test 1 & =
LD Linear discriminant defined as: 0.6% EX"*** 40.4*H7 c = _ ® Bk Train 0 T=4D_vo_2iss_v0802_tH @
| T TR 5 04— ) P=0.321 (0.073) ] o 5
prijety) Transverse momentum of the leading jet B C . E L%’
prijet;) Transverse momentum of the sub-leading jet = 0.08 @ . s
A R;:i Average AR between jets - o Ve s vosoz other S
Max(|m;|)  Pseudo-rapidity difference between the leading and subleading leptons (|, | and [, |) 0.08 = = ®
prify) Transverse momentum of the subleading lepton 0.04— 7 b
L . T . _4D_v9_2Iss_v0802_ttw
n(t) Pseudo-rapidity of the leading lepton - -
M(lep, MET) Invariant mass of leptons and missing transverse energy 0.02— -
M?[.mMET) Transverse mass of the leading lepton and missing transverse energy nl 1 14D vo 2is voa02
M?[_ﬂ‘MET) Transverse mass of the sub-leading lepton and missing transverse energy 131 = =
nijety) Pseudo-rapidity of the leading jet 8%? 3 O ap vo O ap o Ly, O
nijet,) Pseudo-rapidity of the sub-leading jet 0 0102 03 04 05 06 07 08 09 1 s, "0805 ,: . Vos@rég?&f@me ‘efsimaoe "
. ~lity ~ ~Oth, ~
H,Jra[ Scalar sum of the transverse momenta of the jets BDT_4D_v9_2lss_v0802_ttH
AR( £y, () Angular distance between the two same-sign leptons
My Invariant mass of the leading b-jet /\ (\@ J T
W M, Invariant mass of the sub-leading b-jet
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-based CRs (2ISS otau)

Pre-MVA selection:

v' SLT||DLT Control Regions

v’ VeryTightPLIV HW ++ lzcii;SC; f-;h;i ](J)re-MVA selection

v 23] || Max(BDT;41, BDTypy, BDTyzw, BDTower) = BDTiry |

MVA selectlon:-”w Izciisc;i;hgi %re MVA selection
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Other 2€SS + Ot pre-MVA selection
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[ ttH ML @ tty*(low masgl] VV — - [ ttHML [Etty*(low masgll VV N 300 tH ML [Etty*(low masgl] VV ] 180 ttH ML mvv W ogzz -~
120 ttW CR ++ | [elerod [ Mat Conv | | ttWCR-- | [eleyo4 @ Mat Conv | F Other CR | [eler4 W Mat Conv tH CR [l Mat ConIT]HFpt 5
[ Post-Fit [HFu WHFel ] | Post-Fit [EHFu W HFel ] pso PostFit [EHFu WHFel Post-Fit EHFel W QMisID =]
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Cut-based CRs( inherited from ttWML)

Prompt background:
» 3lVVand 3l ¢ttZ CRs
» Conversion: 31 Mat and 31 Int CRs

Non-prompt background mainly from ¢t : 6 Fake HF CRs
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Regions definition

Control regions for: Diboson | iZ Conversions HF non-prompt

Niets 2or3 =4 =0 >2

Np—jos | b 0 p83% | b5

Lepton requirement 3t ppe” 2£88

Lepton definition (LM, M) (T, Mex) I (Mo, T) || (Mex, Mex)

Lepton pr [GeV] (10, 15.15) (15,15)

Im3E,_ —myz| [GeV| <10 > 10 -

|mece — mz| [GeV] >10 <10 -

myr(fy, ET™) [GeV | - < 250 for TMey, and Mg, T pairs

Thaa Candidates (Medium) 0 0

Region split - - internal / material | subleading ¢/p % (T Mex, MoxT, Mex Mex)

Region naming VYV | 3uZ 3IntC 20, 20000@) a7, 2000e) 0y, ey
3¢MalC 2O LT My s 2600 Mo T s 2O L0 Mo M
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Results: Combine fit(ASIMOV)

Expected significance 5.50(3.10 in previous 80 b analysis)

Statistical and systematical uncertainties have similar impact (12% stat and 15% syst)

ATLAS Work in progress0tau 2ISS <0tau 31+ 1tau~2tau 4/ Combined
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. _ -1 R
ATLAS Work in progress s = 13 TeV. 140 fb - NCy-conv-oxt ), 10022 1,002 1000 22000 3550.00 5 F.00 22
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=1.00 +0.38 _'(3'_ 1.4 0.1
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ztau “ _ﬂﬁa NF, el N Om-ﬂ‘.ﬂn 0-0 o -U.ll_ 0 D-O_QJIU 0-0300-0.!2
¥ 10 -0.00 -0 000 D-D_iﬂ. 100 -0 0 0.0 Di2
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Results: Ranking

Significant impact NPs:
 ttH modeling, ttW and ttZ background

 Jet relevant systematics

Pre-fit impact on u:

10=08+A0 | 0=18-A0
Post-fit impact on p:
mo=20+A8 1 0=708-A8

—— Nuis. Param. Pull

ttH x-section Scale
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ttH x-section PDFaS
JES PU Rho
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tiH FSR
ttw ME+PS
itW parton shower (fakes)
tWZ x-section
ttW muR
JES NP Mod4
A,,, ITH STXS theory unc.
JES Flavor Comp
Fakefactormethodnon-closure
Int Conv Extrap
tWW x-section
W PS

FakesEl PLIV PtFrac
7,.4 RNN identification

A
01 -005 0 005 0.1

II[IIIIlIIIIIIII]|I]II|II

ATLAS Internal
s =13 TeV, 140 fb

—— S

Uil

——
—e

-
—e
—

~—
—
~—
-

(6-8,)/A6

IIIIIIIIIiIIIIIIIIIIIIIIIIIIIiIIIIIIIII m
-2 -15 -1 -05 0 05 1 15 2 SJT L
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® The main STXS sensitivity is obtained in the 07,4 and 27,4, channels

@ Measure 3 STXS p_ ttH bins due to lack of statistics

ATLASInternal Is=13TeV, 140 15" ATLASIntemnal Vs =13 TeV, 140 ' ATLAS Internal ¥s =13 TeV, 140 5’
IIII|IIII|IIII| IIIIIIII |IIII| IIIIIIII IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII IIII|IIII|IIII|IIIIIIII|IIII|IIII|IIII
tH ML ttH ML ttH ML
fot. (tot) ot (tot) fot. (tot)
— +0.89 — +1.53 — +1.41
Otau 2SS —— W10 G Otau 2ISS = u=10 " Otau 2SS |  m—r— =10
Otau 3l — =10 Otau 31 - =10 3 Otau 3| ——— H=10 7
— 8.87 — +18.96 — +8.16
ftau 21SS s u=110 1tau 2ISS ¥ L=10 .. 1tau 2ISS * L=10 ..
2tau e pR=10 @ Ztau . ——— u=10 %3 2tau s —— R=10 37
41 s p=10 o 41 * p=10 2 41 : u=10 .2
[ P R R I B e T
Combined —— R=10 Lo Combined —— u=10 J5a Combined —— L=10 Se
|||||||| Ly by by by by by PERTI S U T A I A A AE Ly v by v b vy g by PO T R A ST M AU U A AU S M AU S A A A Pl BT A A A
4 0 1 2 3 4 5 8 71 41 0 1 2 3 4 5 8 1 14 0 1 2 3 4 5 6 7
ullH o I-lI'tHQ uuHB‘LE

) ATLAS-CONF-2019-045 | Thiswork |

O t and 41 channels 2.890 (2.120) 4.50
1 T channel 1.060 (0.480) 1.90
2 T channels 1.0206 (0.320) 3.20
Combined 3.060 (1.800) 5.50

/1 \F=sJTUll ]
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®) Result: STXS fit(ASIMOV)

ttH cross-section scale uncertainty , ttW and ttZ norm factors are the dominant uncertainties still.

@ The heavy flavour electron fake normalisation appears higher compared to inclusive fit.

Pre-fit impact on p: Ap Pre-fit impact on p: Ap Pre-fit impact on p: Al
[16=08+A8 [ 1B=8B-A0 02 01 O 01 02 []8=08+A8 [ 10=8-AP 04-03-02-01 0 0.1 02 03 04 [Je=8+A0 [ 16=8BA0 02 -01 O 01 02
POSt—ﬂtlmpﬂCton[.l' IIIIIIII|IIII|IIII|IIII|III Pos‘_ﬂtimpacton“_ IIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII| PGSI—ﬂtImDaCtOHu II|IIII|IIII|IIII|IIII|II
o= 8+A8 puo=08-A0 | ATLAS Internal mo=0:A8 po=0-a8 | ATLAS Intemnal e =0+AD0 puoe=10-A0 | ATLAS Internal

_ -1 — _ -1 o — -1
—— Nuis. Param. Pull (s=13Tev, 140 —— Nuis. Param. Pull 1s=13TeV, 1401 —— Nuis. Param. Pull Is=13TeV, 14010
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Summary

Challenging final states:

» rare cross section, large multiplicity of jets, presence of neutrinos
@ Multiclass BDT to distinguish signal and backgrounds
GNN to reconstruct the Higgs pT

Measure the differential cross section as a function of:

> 3 Higgs pT : [0,120), [120, 200), [200, inf) GeV
@ Analysis provides inclusive and STXS cross-section measurement

@ Significant improvement in sensitivity compared to partial run 2 analysis(3.10 to 5.50 exp)

/Y\J%:Sﬂdﬁ b

16







Higgs STXS template

6 bins in H pT in STXS framework for ttH
@ Split ttH template in 6 STXS bins
@ Additionally split ttH sample by Higgs decay mode (WW, ZZ, t T, other)

Assume that ttH modelling uncertainties are independent on Higgs decay:

derive uncertainties on Higgs decay inclusive template and apply to split templates
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Triggers and object definition

« SL or DL trigger for the three channels

Channel 2E88 AL 4¢
Triggers | SL || DL | SL || DL | SL || DL

« PLIV selection on 21SS and 31 channels
» Looser lepton definition on 4l channel

2655+401hag

3f +{]Thad

4¢

Thad Candidates
Leptons counting
Lepton details

fﬂ""r_ietﬁ
Np—jets (@ 85% WP)

==0 M
==2T: pr >15 GeV
SS

Y

==0M

==3 (T,T,L): pr > 15,15, 10 GeV
OS (to others): L pr > 10 GeV
SS pair: T pr =15 GeV

OS pair: |m(ll) —mz| > 10 GeV
and m(ll) = 12 GeV

> 2

=1

==4 L: pr > 10 GeV
Sum charge = 0

OS pairs: m(ll) > 12 GeV
m(llll)—my| > 5 GeV
> 2

> 1




Background estimation II(cut-based ttWML)

« Prompt background:
» 31VVand 3l ¢tZ CRs
» Conversion: 31 Mat and 31 Int CRs

Non-prompt background mainly from ¢t : 6 Fake HF CRs

Regions definition

Control regions for: Diboson | #Z Conversions HF non-prompt

Niets 2or3 =4 =0 =2

N jors | pESc 0 po5% | pESc

Lepton requirement 3 ppe* 2£S8S

Lepton definition (L, M, M) (T M) || (Mo T) || (Mg My )

Lepton pr [GeV | (10, 15, 15) (15, 15)

Im3E,. —mz| |GeV] < 10 > 10 -

|meee — mz| [GeV] >10 < 10 -

my(€y, Ef™%) [GeV] — < 250 for TMex and M T pairs

Thag Candidates (Medium) 0 0

Region split - - internal / material | subleading e/p X (TMex. MexT, MexMex)

Region naming 3EVV 3t 3£IntC 28t )y, . 200y, 7. 20000 ps, 0,
3EMatC 2000 LOT Mg 2600 LM T, 2ET L) M Mo

accept conver veto
28SS
Fake HF CRs [>2], 1bj]
ee+pe ee+pe
Hpt+ep
™
Pr &
3¢ 3¢
Conversions CRs W/tZ CRs [LincMincMinc]
[LincMincMinc] [Obj] [2-3], 1bj]  [24j, 21bj]

#Z CR
=1 Z cand.

Npjets

/\T\%@ﬂdﬁ
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2]SS otau channel

@ ttH SRs of reconstructed Higgs pT
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Experimental systematics

@® Follows official recommendations.

@ All channels are using harmonised systematics.

Experimental Systematics on Jets and MET
Electrons Type Origin Systematics Name Application Analysis
Efficiencies  Reconstruction  EL_SF_Reco Event Weight  all Jets
Identification  EL_SFID Event Weight  all Jet Vertex Tagger Wt Event Weight all
Isolation EL_SF_Isol Event ngm all Energy Scale Calibration Method JET _EffectiveNP_Detector[1.2] pr1 Correction all
Experi tal Svst ti Lent PLIV  calibra- PLIV_EL* Event Weight 2{S8S, 3L, JET EffectiveNP_Mixed[1,3] pr Correction all
Xperimental systematics on Leptons tion | Tau JET EffectiveNP_Modelling[ 1.4] pr Correction all
Type Description Systematics Name Application Analysis JET EffectiveNP_Statistical[ 1 6] pr Correction all
- - Trlgger . Scale Energy Scale EG SCALE_ALL Energy Correc- all 7 inter-calibration JET Etalntercalibration_Modelling pr Correction all
Scale Factors  Ele/Muon Trig-  custTrigSF_LooseID_FCLooselso _SLTorDLT  Event Weight all tion JET_Etalntercalibration_NonClosure (x4)  py Correction all
ger Eit (one NP for electrons, two for muons) JET_Etalntercalibration_TotalStat pr Correction all
El'_»’ﬁ“m PLIV  PLIV_El Trigger_* Event Weight - Resolution  Energy Resolu- EG_RESOLUTION_ALL Energy Correc- all High pr jets JET SingleParticle_HighPt pr Correction all
Trigger Eff tion tion
Muons Pile-Up JET Pileup_OffsetNPV pr1 Correction all
— - T . - JET Pileup_OffsetMu pr Correction all
Efficiencies  Reconstruction MU_SF_ID_[STAT.SYST] Event Weight  all Hadronic Taus JET Pileup_PtTerm pr Correction all
and  identifica- Efficiencies  Reconstruction  Tau_SF_Reco Event Weight  ITau, JET.Pileup_RhoTopology pr Correction all
i IT:
tion . . . . . N . T Non Closure JET_PunchThrough MC16 pr Correction all
Reconstruction  MU_SFID_[STAT.SYST|_LOWPT Event Weight all Identification Tau_SF_RNNID_SYST Event Weight 1 Tau,
and Identifica- RNN 2Tau Flavour JET Flavor_Response pr Correction all ((7W)
tion (low pr) Identification  Tau_SF_RNNID_HighPt Event Weight ~ 1Tau, JET_BJES Response pr Correction—all (17 W)
. . . T JET _Flavor_Composition pr Correction all (rfW)
Isolation MU_SF_Isol_[STAT.SYST] Event Weight all (high pr) 2Tau JET_Flavor_Composition_Prop pr Correction  all (except FW)
Track To Vertex MU_SE_TTVA_STAT.SYST] Event Weicht all Electron Veto Tau_SF_ELEOLR|TOTAL. STAT, SYST] Event Weight 1 Tau, JET Flavor_Response_Prop pr Correction  all (except (iW)
Association = BDT 2Tau JET Flavour_Perlet_GenShower pr Correction  all (except 17W)
. < g . B - ' . . . JET Flavour_PerJet GenShower_ HF pr Correction  all (except riW)
PT Scale PT Scale MUONS_SCALE PT Correction all .l —prqng 'RNN Tau_SF_RNNID_IPRONGPT[20.25.30.40+] Event Weight ITau, JET_Flavour_PerJet_Shower pr Correction  all (except rfW)
identification 2Tau JET Flavour_PerJet_Shower_HF pr Correction  all (except 1TW)
: . . . 3-prong RNN  Tau_SF_RNNID_3PRONGPT][20.25.30.40+] Event Weight 1Tau, JET Flavour_PerJet_Hadronization pr Correction  all (except 1/W)
Resolution Combined Mo- MUONS_CB Pr Correction all id?ﬂlifl‘z‘atioﬂ = 2Tau JET_Flavour_PerJet_Hadronization HF  pp Correction  all (except rTW)
mentum Resol. -
Sagittacorr.  MUONS_SAGITTA RESBIAS Correction ~ all ‘ Resolution JETJER EffectiveNP111] pr Correction all
. = L N pr . : . Scale Energy Scale Tau_SME_TES_MODEL_CLOSURE pr correction 1 Tau, JET_JER EftectiveNP_] 2restTerm pr Correction all
[solation. PLIV calibra- PLIV_Mu_ Event weight 20S8S. 3¢, >Tau JETJER_DataVsMC_MC16 pr Correction all
i 4 . JETJER DataVsMC_AFII G all
tion Iau Energy Scale Tau_SME_TES_DETECTOR pr correction 1 Tau, . pr Correetion “
— 2Tau MET
Energy Scale Tau SME_TES_INSITU|FIT, EXP| pr correction 1 Tau, Soft Tracks Terms ~ Resolution MET SoftTrk_ResoPerp pr Correction all
2Tau Resolution MET _SoftTrk_ResoPara pr Correction all
i ) . Scale MET _SoftTrk_Scale pr Correction all
Energy Scale Tau SME_TES_PHYSICSLIST pr correction 1 Tau, — —
i 7 | N\T7/1od Ul T
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Theory systematics

@® Main backgrounds are left free floating: ttW, ttZ, WW/ZZ and WZ

Process Generator+P5S Norm uncertainty Alternative ME Alternative PS Scale variation

ttH PhPy8 PhPy8 pThardl PhH7 Scale, g, muR/muF, ISR/FSR,
PDF, BR, STXS

ttW Sherpa2.2.10 41: +£50% MGPy8 FxFx (old) PhPy8-PhH7 muR /muF ,PDF, as

tt/ MGPy8 MGH7 muR/muF, Al4

tHjb MGPy8 Scale, ag

tWH MGPy8 Scale, ag

tt PhPy8 PhH7 hdamp

4¢: muR/muF, ISR/FSR, 4FS,
eHF pT modelling

tttt MGPy8 +70% -15% Sherpa2.2.11 MGH7 muR /muF
WW /ZZ Sherpa2.2.2 O7r: £20% muR/muF
wWZ Sherpa2.2.2 4l: 1=20% muR/muF
VH PhPy8 +30%

VVV Sherpa2.2.2 +30%

ttt MGPy8 +35%

ttWW MGPy8 +50%

tZ MGPy8 +5%

tWZ MGPy8 +50%

QmislD PhPy8 +20%

Vgamma Sherpa2.2.8 41: =50%

/VN\FrsJTul |
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ttW Inclusive Cross-Section

« Simultaneous profile likelihood fit to data using event yields in 48 SRs and 8 CRs
o o(ttW) =880+50(stat) +70(syst) tb is consistent at of the SM NNLO cross section

a 200 T T T 2 160 T T T ]
5+50(scale)+13(2-loop approx.)+ 19 Qs N Ty = =R T B TR R ST
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