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Top Yukawa Coupling

* Goal of the ttH measurement: Probing the
top-Yukawa coupling y, (directly)

> Largest in the SM: y, = \/Emt/v ~ 1

> Relevant to: Effective potential of Higgs field,
Higgs-self coupling, destabilises the vacuum,
the required energy scale for new physics ...

%k What is the CP nature of the Higgs-top
interaction?

» Higgs-top coupling may
have both scalar and

CP violation phase

pseudo-scalar £ .
components (CP-odd £ | Eov
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https://arxiv.org/abs/1312.5736
https://arxiv.org/abs/1411.1923

ttH Production at ATLAS
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ttH (H — bb)

36 fb~!

* Most common decay mode, but * Large background from r7+jets
challenging final states (>=1b,>=1c¢, light-flavour)
» Combinatorics from many bjets. > Nominal sample: @NLO 5-flavour scheme

» CRs to constrain various backgrounds (with additional b-quark pair from PS)

and systematic uncertainties > Division of CRs depending on the ff+jet
flavour

: : > Numerous uncertainties are implemented
* Analysis regions to cover the modelling differences.

> |lepton+jets, dileptonic channels Use of reconstruction/MVA

» Resolved & boosted (for lepton+jets) techniques (details next slide)
» split NJets, btagging (order of e e o h | | o
tightness of the b-tagging WPs) _ bassins | eg. analysis region definitions
(3, 3)
Main analysis challenge 5
g b t (5. 3) CRi7 ;o
— (4. 4) [N
b CRii — CRii=1. '," \
(5, 4) T f
\h-_;
(5.5) | SRy SR2 | SRa B
g ; (5.5 .46 3NG4 3HEA0E33G2)22a6G6.D4A0GE0HEDATL (i"’, 4'h) jet
- b-tagging
discriminant
4
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ttH (H — bb)

* Signal extraction strategy (MVA methods)
> Intermediate —> to reconstruct the tfH system Classification BDT

» Classification BDT —> to separate signal form background >Highest BDT score for H and ¢ + BDT
. output
Intermediate MVAs X

| »Kinematic variables p*8/p%i& 4 p'™iess (qy,
> Reconstruction BDT over jet permutations)

> Likelihood discriminant ______ﬂ} *MEM,; = log(Lg) — log(Lg)

» Matrix Element Method »b-tagging information
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ttH (H — bb)

* Fit model

> Profile likelihood fit (u,z,) of 10 CRs and 9 SRs

> BDT bins in SRs
> Hp bins or single bin CRs

> Free floating norm. of tf + > 1band tt + > lc

ATLAS Ys =13 TeV, 36.1 b
,t,t,,,,,,
ot m, = 125 GeV
stat.
tot (stat syst)
Dilept +1.02 , +0.54 +0.87
replon —_ e — —0.24 -1.05(-0.52 -0.91)

(two-p combined fit)

+0.65 , +0.31 +0.57

Single Lepton —e-— 095 5 ( 031 0s4)

(two-p combined fit)

+0.64 , +0.29 +0.57
Combined —-® — 0.84 -0.61 (-0.29 -0.54)

S M I S W e e T e S T e T ) B N T

o tTH) AT
Best fit u = 6"/ oy,

Significance:1.40 (1.60 exp.)
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eg. observed and expected
yield comparison

* Systematic uncertainties
> Modelling of tf + > 1b (£0.46)
> MC statistical (£0.30)
> Flavour tagging (£0.16)

> Dominated by systematic uncertainties



ttH (H — multilepton)

o O & O 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0p

* Target: rtH with

80fb~!
> H—>WW/ZZ/t7—> > 1%

> tI—>(L+jets, dilepton) _ﬂ__<W/Z /T
WIZ/T

* Analysis regions t

» charge and flavour of leptons
(EEeIﬂIThad)

> number of jets

1+2T1
27SS+1T1 34+1T 47

m(47) I= Higgs
T™V1 mass window

Number of Thad

» CRs to constrain backgrounds

* Main backgrounds : 1t W, ttZ, VV + » Number of e/p

non-prompt £, charge mis-assigned ¢,
photon conversions £ (mainly #7), fake

Thad

* To reduce the background contribution further lepton selections;

» Sophisticated BDT isolation to suppress £ from semi-leptonic b-decays,
QMisID BDT, material and y* conversion (CO) rejection (m,,;_,..)
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ttH (H — multilepton)

Analysis regions

* “high NJets” ( > 4) —> Multi-dim. BDT space,
lepton charge, and/or lepton flavour

e S B B
i 400~ ATLAS Preliminary “# Data Ml iiH (1=0.58)

» Consist of SRs & CRs < - 513 ToV. 795 fb_EqW Ett(z,y*)(high) .

- . — . ~ C tty*(low) Diboson .

> BDT vs titW/tt in 2SS - ttW,t{Z,VV, tt in 37 g S0 2L WouisdD  EVatCony -

. L%) 300 ] Non-prompt e [_] Non-prompt u =

* ”|OW NJetS” (2'3) _> AR(ZO, ll), HT, b'Jet - I/;Sther -EakeF"had _
. o o . - 7/, Uncertainty  ---- Pre-Fit .
multiplicity, lepton flavour, event yeild =0 % E

C e z 2001 —

> discrimination power on ttW and non-prompt S :
backgrounds 15054 E

1008 =

Estimation of lepton backgrounds based on MC 508 o
shapes; simultaneous fit to signal strength B e
. . e 15 F 3

* Normalisations of O B S
© = E

> Heavy flavour non-prompt leptons b, c — X (electrons = 0'3 3 E

and muons) 0 50 100 150

> electrons from material CO y — 77

> electron from internal CO [low mass] y* — 77

* Data-driven for the charge mis-assigned and fake 7,
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ttH (H — multilepton)

* Normahsatlon of

» ttW (decorrelated between 2|SSO‘C Iow NJets
lf 21SSO7 high NJets, and 3|OT)

* Observed more ttW than expected

* Scale Yellow Report 4 tfW cross section by -
1.21

* to account for NLO ttW+1 jet (g initiated "
opened up)

* EWK effects of order asa3 (tW scattering NLO)

* Uncertainties to cover data/MC
disagreements as a function of NbJets and
lepton total charge in W phase space

* Derived from the difference between
data/MC

* Already has stimulated some theory work!
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t'fH (H —> multileptan) ATLAS Preliminary (s =13 TeV, 79.9 fo"
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ttH (H — yy)

* Analysis regions
» Select two energetic and well isolated photons
» Hadronic (0€, 4 NJets, leptonic (=1£, 3 NJets) regions
> all top decays are included

* Backgrounds
> non-ttH production, ttyy, tt + jets

> Determination of continuum background is data-
driven

» Control samples to evaluate the function
* Defining SRs:
» BDTs —> Inputs: photon, jet kinematics

» Perform cut on BDT output to veto backgrounds and
Categorise events passing

> [ T I T T T T | T T T T T T T T I T T T T | T T T ]
8 - ¢ Data ATLAS Preliminary ]
o) 30 :_ -------------- Continuum Background s = 13 TeV, 139 fo’ _:
c';_ [~ =-=--- Total Background my, = 125.09 GeV 3
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) C 7
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(s=13 TeV, 139 fb = Non-tiH Higgs
I Cont. Bkg.
Had categories Lep categories

¢ Data

— fiH (u=1.4)

Data - Bkg.

Had 4 Had 3 Had 2

Had 1 Lep 3 Lep 2 Lep 1

Significance: 4.90 (4.20 exp. )

+0.41

iz = 1.387 5

* Fit setup & unc.

> Signal extracted from fit to myy
distributions; Double Sided Crystal Ball

> Results still statistically limited

» Experimental (mainly on photons and
jets) and theoretical unc. (ttH) included
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Events

ttH (H — ZZ* — 4l) Resonant

* Searching Higgs Boson candidates 115 < m(4l) < 130 GeV

* Background in mass sidebands

* Analysis regions, based on tf decay
> ttH-Lep-enriched, event yield
> ttH-Had-enriched, exploit NN
— ttH vs. tXX(ttZ) vs. ggF
- resulting 2 independent outputs, NN,7;; & NN,y corresponding to the

robability of the given process
X Y JIven p = 1.73:; (stat.) £ 0.2 (syst.) £ 0.2 (th.)

2_IIII|IIII|IIII|I¢II:)II|IIII|IIII ﬂ 7_IIII|IIIIIIIII|IIII|IIII|II¢III:)|IIII|IIII|IIII|IIII_
- ATLAS ata 1S - ATLAS ata ]
180077 S 4 WoorooHMzZ R k77 g “ggF+obHMZZ" -
1 g V5= 18TeV, 139 1o VBF XX, vwv 3 L - Vs=13TeV, 139 fb” VBF XX, VWV -

U 115 < my < 130 GeV [TVH B Z+jets, tt . - 115 < m, < 130 GeV [TVH B Z+jets, tt . .

140 ttH-Had-enriched with NNy > 0.4 llttH+tH % Uncertainty 5 [ ttH-Had-enriched with NNy < 04 I ttH+tH 7 Uncertainty %k La rg e | y statistica | Iy
[ oF E ' : limited

27 . 4+ - :

1 . : : * Three candidates at
0.8) = 3F B ATLAS in full Run 2!
0.6 G700 oF S ]

0.4 -
0

8.4 05 06 07 08 09 1 0 0.2 0.4 0.6 0.8 1
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NNt NNy
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ttH Combination

* No combinations including all the latest results yet...

1_ L B
E T T T T | T T T T | T T T T | T T T T I T T T T | T T
09 ATLAS =
- ATLAS S .
0.8 == Theory (NLOQCD + NLO EW) E N e 13 TeV. 36,1 _7gl)—;|b_1Total | Stat. [ Syst. SM
0.7%— $ Combined data _§ \0/ Total  Stat. Syst.
S ] % fiH (o)  E— 079+ o5 (+ 22 +053)
0.6:— = (’;)b
0.5 = N ffH (multilepton) = 156+ 042 (4 030 4 030
- ] /
0.4 ERON { f () e 10908 (2085 0F)
0.3 = %
- i OC)Q ttH (22) Je <1.77 at 68% CL
0.2 2 T S L
0.1 - Combined H==H 132+ 02 (+0.48,+ %)
0: T T STV ERE B oo o e ey ey by
6 8 10 12 14 16 —1 0 1 2 3 4
/s [TeV] ttH/ GttH

Run1 + up to 80fb~! :

6.30 (5.10 exp.)

* Measurements consistent with Standard Model.
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but already 56 observed!

Significance

Obs.
1.40
4.1
4.1

Oo
5.80

(Exp.)
(1.60)
(2.80)
(3.70)

(1.20)
(4.90)
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Conclusion

* The latest studies related to t#H measurements are presented

* ATLAS has established observation ot tfH production by combining various
Higgs decay channels

» Results are compatible with SM

* Some individual channels updated their results with more data

> Almost observation for ttH production in H — yy channel alone

> 3 events are observed in ttH(H — ZZ* — 4l)

* Challenging backgrounds
> Requires better understanding of background processes eg. tiW, tibb

> Improvements are expected with Full Run2 data

* Full Run2 dataset will allow also new opportunities, including differential
and properties measurements.
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Backup
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The ratios of S/B and S/\/E for each analysis categories in ttH(bb)

Single lepton + dilepton have similar purity; lower stats in dilepton

Boosted: two R=1.0 jets

— H candidate p. > 200 GeV, 2 b-tagged subjets

— top candidate p, > 250 GeV, one b-tagged subjet
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Backup

Pre-fit impact on pu.:

6=0+A0  6=0-A6
Post-fit impact on p:
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b-tagging: mis-tag (light) NP |
k(tt+=1b) =1.24 £ 0.10

Jet energy resolution: NP |
ttH: cross section (QCD scale)
tt+=1b: tt+=3b normalization
tt+=1c: SHERPASF vs. nominal

tt+=1b: shower recoil scheme

tt+=1c: ISR/ FSR

Jet energy resolution: NP |l
tt+light: PS & hadronization
Wi: diagram subtr. vs. nominal
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* Ranking of NPs in ttH(bb)
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Backup

Process Generator ME order Parton shower PDF Tune
ttH PowneG-BOX [23, 24] NLO PyTHIA 8 NNPDF3.0 NLO [25]/ Al14
NNPDF2.3 LO [48]
(PowHEG-BOX) (NLO) (Herwic7)  (NNPDF3.0 NLO/ (H7-UE-MMHT)
MMHT2014 LO [49])
tHgb MG5_aMC LO PyTHIA 8 CT10 [50] Al4
tHW MG5_aMC NLO Herwic++  CTI10/ UE-EE-5
CTEQG6L1 [51, 52]
ttw SHERPA 2.2.1 MEePs@NLO SHERPA NNPDF3.0 NNLO SHERPA default
(MG5_aAMC) (NLO) (PyrHia 8)  (NNPDF3.0 NLO/ (Al14)
NNPDF2.3 LO)
tt(Z/y*) MGS5_aMC NLO PyTHIA 8 NNPDF3.0 NLO/ Al4
NNPDF2.3 LO
(SHERPA 2.2.0) (LO multileg) (SHERPA) (NNPDF3.0 NLO) (SuerpA default)
tt - WHbW-bl*1~ MG5_aMC LO PyTHIA 8 NNPDF3.0 LO Al4
tZ MG5_aMC LO PyTHIA 6 CTEQ6LI1 Perugia2012
tWZ MGS5_aMC NLO PyTHiA 8 NNPDF2.3 LO Al4
ttt, titt MG5_aMC LO PyTHIA 8 NNPDF2.3 LO Al4
W W~ MG5_aAMC LO PyTHIA 8 NNPDF2.3 LO Al4
tt PowHeG-BOX NLO PyTHIA 8 NNPDF3.0 NLO/ Al4
NNPDF2.3 LO
Single top PowHEeG-BOX [53-55] NLO PyTHIA 8 NNPDF3.0 NLO/ Al4
(t-, Wt-, s-channel) NNPDF2.3 LO
VV,qqVV,VVV  SHErpA 2.2.2 MEePs@NLo SHERPA NNPDF3.0 NNLO  SHerpa default
Z - It~ SHERPA 2.2.1 MEPs@NLo SHERPA NNPDF3.0 NLO SHERPA default
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Backup

e H
L L* T L L* 7T L = Loose
FixedCutLoose No Yes No Yes -
Non-prompt lepton BDT No Yes No Yes
* 2
Identification Loose | Tight Loose L* = Loose + FixedCutLoose
Charge mis-assignment veto No Yes N/A :
e P — T = Tight
ambiguity bit == No Yes N/A
Transverse impact parameter significance <5 <3
\dol/ o a,
Longitudinal impact parameter < 0.5 mm
|zp sin 6|
* Material conversion candidates have a reconstructed displaced
vertex with radius r > 20 mm that includes the track associated with
the electron
electron muon - The invariant mass of the associated track and the closest (in An)
ID TightLH && ambiguityType == 0 Medium opposite-charge track reconstructed in the silicon detector,
Isolation FixedCutLoose && PLV <-0.7 | FixedCutLoose && PLV < -0.5 calculated at the conversion vertex, is required to be < 100 MeV.
conv. suppression ARy > 0.5 && .| < 2.0 * Internal conversion candidates are required to fail the requirements
'ExtCo && !IntCo ¢ ial : dthe di ki . his ti
QmisID MVA > 0.7 or maternial conversions, and the di-track invariant mass, this time
impact parameter dOVer (dO) < § IdOVer(d0) < 3 calculated at the primary vertex, is also required to be < 100 MeV.
208in @ < 0.5 mm 208in @ < 0.5 mm * Very tight electron candidates are tight electrons that fail the internal

Recent ttH measurements with ATLAS | LHCP, 29 May 2020 | M.Nazlim Agaras

conversion and material conversion requirements, and have |n| < 2.

- The latter requirement rejects a small fraction of electrons with a
large charge misidentification rate because of the limited number of
hits used in the track reconstruction.
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Electrons Muons Taus
eHeavy flavour decays (b- eHeavy flavour decays (b- eLight, heavy jets
decay) decay) (quarks,gluons)
eConversions eIn-flight decays of /K oElectrons
e Charge misidentification
Semileptonic Photon Non-prompt lepton
% Trident process b-decay conversions &fake T
§ Y j j
4/6& {? et b fake ¢+ b f . b fake {’*‘ fake T

J v ." J ® :
A - X7 YA A

b, prompt {+ b, prompt {+ b, prompt {+

~ Dedicated methods/control regions for each background source

~ Heavy Flavour, photon conversions (internal(y * )&material) —> Template Fit Method (semi
data-driven)

~ Charge misidentification —> 3D Likelihood (data-driven)
~ 7 Fakes —> Fake factor (data-driven)
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- internal (y* =» ete-) and material electron conversion (CO)

candidates further suppressed with track invariant o
masses and conversion radius in the transverse plane

3, electron CO

'

g selection Sl R

Q

z (1) material CO > 20 mm < 100 MeV (wrt. CV)

QO

=

§ (2) internal CO not (1) < 100 MeV (wrt. PV) b

>

é (3) very tight* not (1) and not (2)

= *reduces conversions by ~50% at the cost of ~2% prompt electron efficiency

) \N_C: CO radius > 20 mm
beam pipe
3O : 30 :

o ; ~4- Prompt and Iso el. p —4- Prompt and Iso el 2(2) =4~ Prompt and Iso el
25;" Jl : — Internal conv. 25 —— Internal conv 185 — Internal conv.
205'— E — Material conv 20 — Material conv 16; — Material conv.
15E- : ) :
of : \_ N CO radius > 20 mm s
5F + Jfl Lilk 1 .
: *"“_ﬁi i l+‘ $y 2;
0 A M Es MmN N e Y .:. i h " LI ., % | « ” " '
-100 -50 O 50 100 150 200 0.05 0.10.150.2 0.25 0.3 0.35 0.4 0.45 0.5 % 0.050.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

3
mitrk*trk ) [GeV]

Recénstructed radius [mm] m(trk*trk ) [GeV]
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® A normalisation factor of 1.2 applied on top of the YR4 cross section for ttW
® Origin of the correction factor:
- Factor 1.11 to account for missing QCD corrections in higher order XS
e ttW+0j@NLO =» ttW+0,1j@NLO

¢ estimated using dedicated samples generated with Sherpa 2.2.1 using the MEPS@NLO

prescription, and cross-checked with the NLO generator MadGraph5_aMC@NLO 2.2.1 using
the FxFx prescription

Factor 1.09 to account for missing EW corrections
e [1711.02116] shows “subleading” NLO EWK corrections, not included in YR4 XS, can be large

e primarily because of the large NLO3 term driven by the ttW+1-jet diagrams with a Higgs
boson exchanged in the t-channel

_ Tamara Vazquez Schroder

—~—

8%  p=Hr/2

qr qq

LO, -
mn'r LOs 0.9 0O O ©© |LO
/ o aa? ata; o’
rufolen;

NLO;  50.0(25.7) 7 N
NLO; —4.2(—4.6) D) NLO

t \ ~

NLO; [(12.2(9.1 aas® alag? at

; NLO:  0.04(-0.02)
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* Recent modelling studies for QCD and EWK corrections in ttH-ML
phase space

> arXiv: 2005.0942/v1
> arXiv: 2004.09552v1

q

q
0O ® © LO N
L S AR A A
O © © ONLO |
q!

aas aas adas ol

t
t :
W '
p t / \ : v
( \ﬁ\/\/\/\/“’i

t

Z/H
W= : t
q’ 6666<1\
real extra emission tW scattering
attached to an EW vertex (e.g. top-H and top-Z couplings)
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Events / bin

Data / Pred.
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Pre-fit impact on u:

160 =0+A0 0 = 0-A0

Post-fit impact on u: Ap

0 = D+AD 0 = 0-A0 -015 -01 -005 0 005 01 0.5
Pu”: (6—60)/Ae LI I LI I LI I L I LI I LU I LI I LI

_e— Norm. Factor ATLAS Preliminary

Vs =13 TeV, 79.9 fb

ttW norm. factor: 3¢ channel
Jet energy scale: 7 intercalib. NP I

ttZ cross section: scale variations

ttW modelling: scale variations

ttW norm. factor: 2¢SS channel, 2-3 jets
Fake 7,9 bkg. stat: 1/27 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

st

ttH modelling: parton shower

h

ttW modelling: alternative generator
4-top cross section

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

* Ranking of NPs in ttH - multi lepton
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0] - H-yy, m_ = 125 GeV ATLAS Simulation Preliminary ] GCJ 0 9:_ —— Cont. Bkg. 3
014 ] § - 2 9 ATLAS Prellmlnary ~ NTI Control Region 3
3 f (o= 18 TeV 39 ] D oF 1s=13TeV,139M0"  comd oo oo 3
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= - = Signal Model - ® 0.6 =
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BDT Output
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0j-p*-Low
0j-p¥-Med

1 -pi‘-Low
1j-p*-Med

1j -p%'-High

1 -pi'-BSM-Iike
2J

2j-BSM-like
VH-Lep-enriched
0j -pi‘-High
ttH-Had-enriched
ttH-Lep-enriched

Reconstructed Event Category

ATLAS Simulation

H— ZZ" — 4]
Ys=13TeV, 139 fb™
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