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The Higgs boson: production

® Atthe LHC, the Higgs boson is
dominantly produced via gluon
fusion

g "000000)
gluon fusion

(ggF)
g “000000?

A > — H

OH,ggF ~ 49 pb at 13 TeV

6.9M events in Run-2

vector boson
fusion (VBF)

OVBF ~ 3.8 pb
0.5M events in Run-2

W, Z associated
production (VH)

Ow/zH ~ 1.4-0.9 pb
200-130k events in Run-2

g S ¢

top associated

production (ttH) Y¥-»--4f
ouwn ~ 0.5 pb g S )

70k events in Run-2
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Top & Higgs
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indirect top Yukawa coupling (ytop) constraints
g 7000000t from gluon fusion production and yy decay...
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Yiop .-« Why should we care?

Top quark is the heaviest
fermion in the SM =¥
Largest Yukawa coupling

The only fermion with predicted Yukawa coupling ~ 1

Does this point to a special role in electroweak symmetry
breaking or beyond the SM physics?

2L . "
v Top quark Yukawa coupling is relevant for the stability of the
;{_ - Higgs potential and the required energy scale for new
7 physics
Is the Universe stable or only metastable? What is the CP nature of the Higgs boson?
le+76 —r—TTrr T Z
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© le+72 }y¢=0.92448293 —-—-— _ 30.04+ —SM Pure scalar
© O : =
% 2 E le+70 7 %’ * A pseudoscalar
5 % >uq:) 1e+68 i 2 admixture is still allowed
Q O i e Maybe ttH production
() T le+66 . .
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ttH: one of the tiniest rates!

Top Quark Production Cross Section Measurements Status: November 2020
l'g_ ATLAS Preliminary

= - Theory

b 10°Fg. | Run12+s=78,13TeV .
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-029/fig_01.png

Where to look for ttH production?

® ttH production (~500 fb @ 13TeV) is:
- two orders of magnitude smaller than ggF Higgs production

- three orders of magnitude smaller than tt production

® | ook forttH in final states with distinctive signatures and features

- Combination of top quark x Higgs boson decay modes
Top Pair Branching Fractions Higgs Branching Fractions

Yy
77\

Zy

“alljets™ 46%

tHjets 15% x = eo o
1%
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2/0! Z
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] et+jets 15% )
"dileptons™ "lepton+jets” m

Diagram from DO

The future of ttH | TOP LHC France 2021 | Tamara Vazquez Schréder (CERN)


https://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_feynman_diagrams.html

ttH analysis channels
ttH ttH

ttH
(H=bb) (HIWW, 171, 77) (H=>yy, ZZ(=47¢) )
‘multilepton’

Clear peak (clean bump hunt)

Large branching ratio (yields) B : <
4 ] |

Simpler background

e large irreducible * |eptonic decays of W/ Z e resonant channels
tt+jets (HF) background bosons and tau decays can
give distinct multilepton ¢

¢ final states with :
signatures

multiple b-jets ﬂ< Z(=27)
® main background from ttZ/

W and non-prompt leptons

motivation challenge
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ttH state of the art Run 2

2015-2016 [~36 fb-1]

. 2015-2017 [~80 fb-]

. 2015-2018 [~140 fb-1]

ATLAS-CONEF-2012-045
MttH = 0.58 +0-26 4 55

M ATLAS-CONF-2020-058 CMS-PAS-HIG-18-030
M = 0.43 +0.36 4 33 Pan = 1.15 +0-154 45 (stat)*0-28 g o5 (syst)q

Eur. Phys. J. C 80 (2020) 957 (+STXS)

MttH = 1.7+7 4,+x0.2+0.2

ALLASSLOREAD2 026 ( ST arXiv:2103,06956 (+STXS) JINTH
Z“;“;:oo'qzb' o pon = 1354034 050 @A
. 7/ {23l & 0185 (@) PRL 125 (2020) 061801 (+CP) ~ &
Observation! PRL 125 (2020) 061802 (+CP) B
= 1.43 +0.33 (stat) +0-21 ( t) HeeH = 1.38 *9-96 0,29
)= 031 ELe 01BN 6.6 (4.7) o obs (exp)
5.2 (4.4) o obs (exp)
Phys. Le Phys. Rev. Lett. 120 (2018) 231801
/tb = Observation) =» Observation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-045/
https://arxiv.org/abs/2011.03652
https://cds.cern.ch/record/2743685
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-030/index.html
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
http://arxiv.org/abs/2103.04956
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://arxiv.org/abs/2103.06956
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-013/index.html
https://doi.org/10.1016/j.physletb.2018.07.035
http://dx.doi.org/10.1103/PhysRevLett.120.231801
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ttH landscape

® (Observation of ttH in the combination of all channels and in the individual
ttH(yy) channel achieved by ATLAS and CMS!

® \What have we been working on since then?
= New measurements
o ttH STXS [simplified template cross section] measurements (p7Higgs)
e ttH CP-odd contribution searches
- Addressing long-standing / recent issues:

e Understand observed tension with theory prediction in ttW-like
regions

* Improve estimation of ttbb background

* |mprove evaluation of background modelling uncertainties
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Simplified Template Cross Section (STXS)

® Measure production modes separately, categorising each into bins of key (truth) quantities
(pr™, Njets, mj;, ..)

- Chosen as most sensitive variables to theory predictions / signal sensitivity / new physics
- Different stages (e.g. stage 0, stage 1, stage 1.2) with varying degrees of granularity
- Decay mode agnostic: well-suited for combinations
® How to design an STXS analysis?
- How are events categorised?
e Reconstructed quantities as proxy for truth quantities or multivariate classifier
- How many / which bins to target?

e Driven by analysis sensitivity

Stage 1.2 _ Stage 1.2
pr

0
pr
200 60
I—Ojetl |—1Jet | >21et
300
120
| nq”[o 350] | |7n”[350 o] | 1450
pT m;j
200
350 p_—
300
1000
. "’/ Py 450
1500
o0 HJJ oo
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http://moriond.in2p3.fr/2021/EW/slides/1_sm_08_David_Shope.pdf

ttH CP-structure

. . CP-structure ttH parametrisation:
® Probe the charge conjugation

and parity (CP) properties of
the Yukawa coupling of the A(Htt) = ——tht (Kt + ikt%) P,
Higgs boson to the top quark

~ |2
i
® Any measured CP-odd Hit _ ’ t si n(K /K )
cr 2 ~ 17 Slg t/ M
contribution would be a sign K |? + [
of physics beyond the SM SM (CP-even): ki =1: & = 0
- explain observed baryon CP-odd: kit =0; & =1
asymmetry of the or
universe?
£ == = {iyx [eos(@) + isin(@)ys] g } H
=7 YK |COS( sin(a )ys | Y AL As
H ~t z . - : = ()°
[FHE | — |Rt|2r~”~+|m|2 N sin2oy SM (CP-even): o = 0
LeH PN K2 CP-odd: a0 = 90°
|
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ttH(bb): analysis strategy

signal (ttH) ttbb

® Biggest challenge: good modelling of the tt+HF
(=1b, =1c) background

Nominal samp|e° @NLO 4-flavour scheme ttbb

Nominal sample: @NLO 5-flavour scheme

Split in further sub-components: tt+bb, tt+2b
(unresolved), tt+b (extra b missed)

® Channel categorisation based on

Number of 7 (0, 1 or 2 opposite-sign)

Number of jets

Requirements on the b-tagging discriminant
(based on 4 or 1 calibrated working points)

Resolved or boosted, for single lepton channel : <

Multi-classification ANN decisions for single
lepton channel

Reconstructed prHiggs categories

ATLAS Preliminary

Single-lepton
: boosted BDT

<-0.05 | 2-0.05

The future of ttH | TOP LHC France 2021 | Tamara Vazquez Schréder (CERN)

! Single-lepton :
i resolved BDT :

H
il py [GeV] p! [GeV]
€ =
< @
: <[1zo 200) > <2020 >
H : < [200,300) >

< 1200, 3oo) >

[300,%) >

<[3oo 450) > | <1300, 4so)>
: <502 > | < [450,2) >

basi.smsqgwqa
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ttH(bb): MVA discriminants

§ sl ATLAS Preiminary e Diia WH | ] © o ATLAS Proiminay e Daa WH
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500 — ]
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ttH(bb): modelling uncertainties

Pre-fit impact on u:

[ 16=0+A0 | 16=0-A0
Post-fit impact on pu.:
Mo =0+A0 p6=1040

—e— Nuis. Param. Pull

tt+>1b: NLO match. SRbin1 ljets
tf+>1b: NLO match. SRbin2 ljets
tt+>1b: FSR

ti+>1b: PS & hadronisation dil
th+>1b: p:b shape

tt+>1b: NLO match. SRbin1 dil
Wit: PS & hadronisation

tt+>1b: NLO match. CR ljets
ttH: NLO matching

Wt: diagram subtraction

tiH: PS & hadronisation

tt+>1b: PS & hadronisation ljets
tt+>1b: ISR

tt+>1b: NLO match. SRbin2 dil
ttH: cross-section (QCD scale)
k(tf+>1b)

tf+>1b: NLO match. SRbin4 ljets
tf+>1b: NLO match. SRbin3 ljets
ttH: A,,, STXS theory unc.

120
Wi: generator

Generator: Powheg+Pythia8 vs aMC@NLO+Pythia8 (5FS)

Parton shower: Powheg+Pythia8 vs Powheg+Herwig7

prP® shape uncertainty (ad-hoc)

Free-floating normalisation tt+=1b

ATLAS

EXPERIMENT AM

-04 -0.2 0 0.2 0.4

T | T T T | T T T | 1T | 1T | T
ATLAS Preliminary
(s =13 TeV, 139 fb”

u

#w?l'*+gfi?ﬁ?

2 -15 1 -05 0 05 1 15 2

(6-6,)/A0

ISR (+scale), FSR, tt+1b vs tt+=2b fraction uncertainties

Nuisance parameter (100% prior) tt+=1c normalisation

© 00 N o O A WO N =

N =+ 2 A4 a4 a4 a4 A A A
o © 00 N o o A W N = O

tt hdamp

Scale variations

Parton shower: ISR/FSR

tt underlying event

Nuisance parameters for normalisation

of tt+bb, tt+2b, tt+b, and tt+=1¢c (50%

2016+2017 fit

prior) and decorrelated between years

~

ttH (renorm./fact. scales)

tf+bb cross section (50%) (2017)

tf+bb cross section (50%) (2016)
multijet (norm) 9 Jets, > 4 b tags (2016)
tt+cC cross section (50%) (2017)
multijet (norm) 8 Jets, > 4 b tags (2016)
PDF (gg tiH)

multijet (norm) 9 Jets, 3 b tags (2016)
multijet (norm) 8 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, > 4 b tags (2016)
jet energy scale (1)

b tag charm (linear) (2016)

tt+2b cross section (50%) (2016)
underlying event (tt+bb) (2017)

PS scale: ISR (it+lf) (2017)

underlying event (tt+If) (2017)

PS scale: ISR (tt+lf) (2016)

1st bin multijet MEM modelling (4b) (2016)
b tag charm (linear) (2017)

CMSP

reliminary

: E+¢).034
. 1 '033.4).035

: E+{).023
1.01 8.4).025

. : .

:+0.o14
1.01 5.4).016

' 1 Oogm.ooe

"-0.011

40007
1 '007_4).008

1 007+0.022

-0.022

—9.29

—2
- Pull [[J+1o Impact []-16 Impac
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ttH(bb): results

LA L L L R L L L L L AL R L L I B
ATLAS Preliminary Vs=13 TeV, 139 fb™

—Total = Stat. Tot. ( Stat. Syst.)

l+jets resolved |.|...|.| 0.32 fg_':g (f8§12 fgﬁ? )

l+jets boosted I-Ie-O—H 0.36 L‘,’gﬁ Cg_'ig tg.'gg )

Dilepton |—|-o-|—| 0.98 1‘,’_‘33 (*039 ‘073)

Inclusive I-IOI-I 0.43 ff,’;’g (fg.'fg t(()).'gg )

—2 0

2

4

6 8

10

u_=c"/cll for m =125 GeV

1 | T T T | T T 1 | 1 T T | T 1 T | 1 T 1 I T 1 T
) ATLAS Preliminary {s=13 TeV, 139 fb"

— Total — Stat. Tot. ( Stat. Syst.)

: +1.42 ,+0.46 +1.34

L%Hﬁemmmem/ g e 11.98 —433(—046-425)

+1.42 ,+0.70 +1.24

utTH p''e [120,200) GeV l_l_._H -0.88 -1.44 (—0.68 -1 .27)

+0.91 ,+0.69 +0.59

M ptc [200,300) GeV H_._H 1.02 _0.86 (Z067 —055)

+0.71 ,+0.58 +0.41

Mo p'e [300,450) GeV k=e—i -0.08 _0.68 (—0.54 —0.42)

+1.41 ,+1.05 +0.95

M1 e 1450, Gov —e— -0.01 75 (Zo91 Z0.96)

. +0.36 ,+0.20 +0.30

Inclusive l :'l.l'l l 0|-43 _0_|33 (_0_19I _0_27)
—2 0 2 4 6 8 10
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u_= ool form =125 GeV

Fully-hadronic

Single-lepton

Dilepton

2016

2017

35.9 b (2016) + 41.5 b (2017) (13 TeV)

CM

S Preliminary

-0.38

1.22

1.04

tot

+1.02
-1.06

+0.41
-0.37

+0.74
-0.71

stat

+0.54
-0.54

+0.19
-0.18

+0.39
-0.38

b
syst

+0.86
-0.91

+0.36
-0.32

+0.63
-0.59

0.85

1.49

+0.43
-0.41

+0.44
-0.40

+0.22
-0.22

+0.21
-0.20

+0.37
-0.35

+0.39
-0.35

Combined

= 115
[ T T

+0.32
-0.29

+0.15
-0.15

+0.28
-0.25
T

0 5 10

N

Il = 6/,
NF(tt+=1b) = 1.26 £ 0.09

Dominated by systematic uncertainties

Most relevant uncertainties related to tt+=1b background
modelling (Ap/p = 60% and 15%)

Significance w.r.t background-only hypothesis: 1.3 (3.00)
and 3.90 (3.50) obs (exp)

- Evidence for ttH in H=*bb channel
First ttH(bb) STXS measurement

- Complements ttH(yy) STXS measurements at high prH
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ttH (multig): analysis strategy

® Target: ttH with
- HOWW/ZZ/rt—==12 =
- tt—=(L+jets, dilepton)

“multilepton”
final state

¢ High multiplicity final state
® Rare in SM: same-sign 2¢, 3¢, 4¢

® Main reducible backgrounds are: non-prompt £, charge misID electrons, and electrons from
photon conversions
- Specific lepton BDT isolation suppressing £ from semi-leptonic b-decays, BDT to reject
charge misID, material and internal (y*=»£+£¥) electron conversion (CO) candidates further  ATLAS
suppressed with track invariant masses and conversion radius

® Main irreducible backgrounds are: ttZ, ttW, VWV

00+27  10+27 20+27 2

[Z
anm.

® Several categorisation stages

10411t . 27SS+17 . 30+17t . 40

® #1 categorisation: split in categories
based on number of e/p and
number of ©

20SS5+0t 32+07

Number of Thag

Number of e/

most sensitive

t *) m(4L) 1= Hi ind
The future of ttH | TOP LHC France 2021 | Tamara Vazquez Schroder (CERN) (F)ym(4d) 'ggs Mass window 17



— o . .
ttH (multif): categories
® #2 categorisation ("high NJets"):
- 28SS07: a combination of 2 BDTs (vs. ttV, vs. fakes/tt) in a 2D space, or
- 320t: a multi-dimensional BDT (vs. tt\W, vs. fakes/tt, vs. ttZ, vs. VV)

- 28SS07, 320t and 28SS1t: DNN (vs tH vs other backgrounds); BDT in the other channels
28SS0t [=4), =1bj] 3207 [=2], =1bj]

counting

Categories based on
D BDT/DNN space, BDT
2x8=x charge (input to DNN),
btagging discriminants,
and
lepton flavour

[[mee — mz| > 10 GeV or <10 GeV]

DNN

eey epp ppp
ee €M KM bl bt

DNN

DNN DNN
ee ey P4 ee ep pp

eee eep
eHH HHH-

bl = loose btag WP; bt = tight b_ta}g” |
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ttH (multig): signal regions

205507 [>4j, >1bj] SRs 3207 [>2], >1bj] SR

9oF- ATLAS Preliminary # Data M 17H (u=058) 3 ol ATLAS Preliminary “# Data Wl itH (u=058) - ATLAS Preliminary -#- Data M fTH (1=0.58) -
3 E {s=13TeV,79.9 o LIIW Bm@ry)nigh) 4 £ - Vs=13Tev, 79.9 ot LI1IW B@ry)(nigh) 4 £ C (5=13TeV,79.9fo" Dt{v‘*ll \jg_(zly)(mgh) i
P 80F 2¢/ttH+ [ ty*(low) ] Diboson = > E 2rttH- [ tty*(low) [ Diboson . > 50— 341 Dﬁ;?’ (COW) -Nlboson =
£ C boct.Fi [l QvisiD EMatConv £ T poct.Fi [l QvisiD EMatConv ]| € B i @l Mat Conv. [ Non-prompt e |
S E Post-Fit ] S 50— Post-Fit ] S [ Post-Fit [ Non-prompt w[]Other 7
& 70;— [ Non-prompt e [7] Non-prompt p E & - [ Non-prompt e [7] Non-prompt p . & a0k EFake r,,, 7 Uncertainty ]
c []Other W Fake v, ] C []Other W Fake v, ] 0_ - Pre-Fit ]
60 = 77, Uncertainty ---- Pre-Fit = 40— 77 Uncertainty  ---- Pre-Fit ] C ]
50k p 4 2 30__ _]
W 30 i
&) ‘ o | ‘ *
e n e S ] 20 T T i i diiiiiiiiiisi i i
o T = 20— =
TL : : A — S )
EXPERIMENT 20; 1 = L e M USSR
- — 4 10F 10
“ﬁ E ] ﬁ
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S 15E © 15 i ® {5 g e =
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s 05 F - s 05 F E T 05F =
a 0 B ‘ ‘ . . ‘ . . o a i ‘ ‘ . . ‘ . . N a ok . . . _ .
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2/ttH+ BDT output 2/ttH- BDT output 3¢/1tH BDT output
1 -1
5 70CMS - _13710" (13 TeV , CMS 1371 (13 TeV CMS 137 fo" (13 Tev
< — 21 SS + 0t,, ttH node, p(ttH, tH)=p a1 = - 2ISS + 0t , tHq node, L(ttH, tH)=p . 2] - - ~
< C h ] o — h >N . — = - H H, tH)= =
© [ 4 Daa S Misid. leptons [[]Flips & 140", Dpaa £ Misid. leptons [ Flips_ S 100_3“01“’ t "°d » W(HHH, tH)=u ]
w60 [ ]Conversion [_]Rare Wzz = Lﬁ [ [JConversion [ Rare mZZ 7 Lﬁ | ¢+ Daa Misid. leptons £ Rare |
- Ewz I ttw(w) [tz ] 120— Wz I ttW(W) £tz — oy mwz Etww) |
- , » C BWVH+ggH+qoH EEtH EtH 7 - [tz | 5 tH -
50— HtH [ i Total unc—| Total unc ] 80— —
r : Total unc.
- E 3 7] 100— —] - .
- € ee - ] - B
40 MM H e C eu ce - bl bt i
- | ] 80— ~ — | —
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- . 60 ] -
20 - ] n
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0 20
0 0 N
5 i3 E c
gls o?—“# + { H— gl 04c i S| o04F E
8lF H : £ls 0.2F H l { 4 ] 8|5 = E
2 of W 44#-H-+-----------+----- HHH (I [ WS SRR S G S X WA T S . |
8|8 o5t ¢ Tt LI | P S L A LA TR R 88 O e e &
5 _qE , . . , - sl —04E — oW _04F E
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ttH (multif): fakes @namoe) estimate

® Fakes estimated from data in a QCD CR with relaxed object ID
e #3 categorisation: add CR categories to the fit model (“low
NJets” and conversion CRs)

- 28SS0t/3207: =1 electron passing material / internal
conversion selection

- 22SS071: 2-3 jets, enriched in non-prompt leptons and &tW

® Normalisation of non-prompt leptons (electrons and muons),
electrons from material CO, electron from internal CO [low

mass], ®W (decorrelated between 22550t low NJets, 225507t high
NJets, and 3£01), and ttZ are measured simultaneously in the fit to
data

- Shapes from MC simulation, extensive set of systematic
uncertainties included

20SS07t [2-3), =1Dbj] 28SS0t + 3807 [=2), =1bj]

S
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ttH (multi®): systematics

)

Uncertainty source Aji Source Aty / ey [%] - A/ o
i/ e (7] Aper/ pe [%]
Jet energy scale and resolution ExIr!T nﬁNST +0.13 —-0.13 - t t
tt(Z/~") (high mass) modelling +0.09 —0.09 Trigger efficiency 23 8.1
ttW modelling (radiation, generator, PDF) +0.08 —0.08 ) ) e ..
Fake 7., background estimate 4007 —0.07 e, pureconstruction and identification efficiency 29 7.1
téW modelling (extrapolation) +0.05 —0.05 T, identification efficiency 4.6 9.1
ttH cross section +0.05 —0.05
Simulation sample size +0.05 —0.05 b tagging efficiency and mistag rate 3.6 13.6
ttH modelling +0.04 —0.04 . . )
Other background modelling 10.04  —0.04 Misidentified leptons and flips 6.0 36.8
Jet flavour tagging and 7y,,4 identification +0.04 —0.04 Jet energy scale and resolution 3.4 8.3
Other experimental uncertainties +0.03  —0.03
Luminosity +0.03  —0.03 MC sample and sideband statistical uncertainty 7.1 27.2
Diboson modelling +0.01 —-0.01
tty" (low mass) modelling +0.01  —0.01 Theory-related sources 4.6 18.2
Charge misassignment +0.01 - —0.01 Normalization of MC-estimated processes 13.3 12.3
Template fit (non-prompt leptons) +0.01 —0.01
Total systematic uncertainty +0.25 —0.22 Integrated luminosity 2.2 4.6
II_1trinsic stajcisti.cal uncertainty +0.23 —0.22 Statistical uncertainty 20.9 48.0
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
— ‘ — _ | | I ® | argest systematic uncertainties come
- ATLAS Prellmlnary 8- Data I (H (1=0.58) ] [ ATLAS Preliminary ¢ Data M 7iH (u=058) ] - - .
4005 = 13 Tev, 79.9 10" I o e oy ool 15 = 13 Tev, 79.9 o [ITW [ 2y *)high) - from ttW and tt£¢ modelllng
£ 350: 255 [ Diboson [ Mat Conv ] £ 3 =:\;y (ISW) =I;iboson ]
Q C ; ] = C _Fi at Conv on-prompt e T . M
g Dome ™ Doy 2 b Bvovpromm s loner - - Additional uncertainties to cover
o 300:_ ---- Pre-Fit = o - 7/ Uncertainty ~ ---- Pre-Fit - . .
o , ERL % : data/MC disagreements as a function
g 1 s . - . T
200, e : of NBjets and Lepton charge for ttW
- P E 100 ] . . . . . .
e 5 : | ® F[akesimpactis reducing its size with
100 TR 4 = ‘ e .o
. z 50 ] more statistics!
st gasE T = ® Non-prompt leptons + QMisID
S 1WWWMWW S uncertainties large impact on tH
S osE S o5k . 1
c7- a o e (¥ cve cev v
Np =1 Np>2 Np =1 Np>2 Np =1 Np>2 Np =1 Np >?2
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ttH (multi): fit results

ATLAS Preliminary s =13 TeV. 79.9 fb"

N | |
T (19) (a0
2¢SS F o A4 =038 Lj5s  ou3
3¢ - w=093 05 Tous
47 S w=052 33 oe
16+ 200y | H— @ n=030 g oo
2SS + 1T5g| H— @ n=049 S oo
3¢+ 1Thag| @1 n=043 Tge o7
combined | I ® -|I | l“ = 0-|58 tgﬁglg t??:gg

4 0 1 2 3 4 5 6 7
best fit u = ™o for m, = 125 GeV

® Combined pgy measured with 2015, 2016, 2017 and 2018 dataset:

Main result ATLAs Alternative fit

MtiH 0.58 +0-36 33

1.56 +0.30 475(28 LNJ)
1.26 019 5 ,5(22 HNJ)
1.68 +0-30 4,5 (38)

NF(ttZ) -

NF(ttW)

1.39 +0.17 016

[SM ref: 727 fb]

(to compare
with CMS take
~1.1xATLAS)
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0.70 +0.36 .0.33

Combined

2lss + 01,
3l + 0t
2lss + Tt
11+ 27,
2los + 11,
3l + 1,
2| + 27,
4l + 07,
Ol + 27,

1I+1rh

CMS

137 0" (13 TeV)

_ +0.26
W =092 -0.23

_ +0.32
w=1.01 -0.29

_ +0.43
u=153 -0.38

_ +0.54
=062 -0.62

+0.51
n=036"""

+0.85
n=049. 7

+1.11
=152 -0.94

+0.31
W =0.00 5,

+1.62
n=1287 .

+2.18
n=2227,

w= 1.80 +2.20

-2.22

+0.19 +0.17
[ 0.9 (Stat) " (syst)}

0.92 +0.26  ,5

1.43 £0.21

[SM ref: 650 fb]

1.03 +0.14

Best fit w(ffH)

Significance with respect to
background-only
hypothesis = 1.8 (3.10) and
4.70 (5.20) obs (exp)

Compatibility between main
and alternative fit=0.59 o

ttW measured consistently
higher than SM in both
experiments!
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ttH(H=>yy): STXS

® First channel to perform ttH measurement
differentially

® |eptonic (ttH & tH) and hadronic channels (ttH & tH)

® Mixture of multiclass BDT (STXS signal vs other
signals) and binary BDTs (STXS signal vs
background)

o

Mixture of Top DNN (ttH vs tH) and BDT (STXS
signal vs non-Higgs SM background), and final
classification based on reco pr(yy)

® Dominated by stat uncertainty but overall
compatible with SM predictions

[ I I I I I I | [ I I I | I I | I I I | I I I
ATLAS Preliminary e Total Stat. = Syst. | SM
Vs=13TeV, 139 fb"
H%'Y% mH = 125.09 GeV . Total Stat. Syst.
[cut from original]
tH 0 < p_': <60 l_E—ll 0.76 +(§)7883 ( Tg.gso’ +(§)1271)
ttH 60 < p: <120 I—n—'j I 3 0.72 *3)45; ( T(;).;1563’ T(?(;g(;))
ttH 120 < p_': <200 I_E_ll 1.06 fg)?f ( I?,f;, f8'1147)
—— o 93 (2F 21
: : - o SR 9
| | | I | | | | | | | I | | 1 | | | | I | | 1 |
—4 —2 0 2 4 6 vy %
o'/ O

.
CMS 137 fb' (13 TeV)
é 102 ;_ - 0 Observed _;
Q = | 1o (stat @ syst) 3
g BT m -
28588 L R +
ot T s il A N
§ 2-6mi3:3 _l_ 062t : ~ SMprediction
B -+ T8 o
1E- Ei L 0.5(F|*°;§§
— ) 019975 | 02427
— m y#0-12 —Ir— Ny
: H— YY, |yH| <25 -~ EQ .—{—- '—‘Wr—‘Oﬁl-o.oe
107" = STXS stage 1.2: minimal g m | koo
— d _ 700
= my=125.38GeV, py ET0% o AW
0O
2
10 _ l_t:
2.5
= 2
) 2E g
S 15F . f 3 | I
[e 1§| .,_}._l..‘-. ¥ | gopen | soses s |, L . .-.l.-.-l_ ¢ | 000
®  05F | l | | |
oC 0 =
N N \
IQI— IQ_I— IQ_I— IQ_I— IQ_I— IQ_I— IQ_I— IQ_I— ; E_ 8 8 § § CS) _.I_'
g -57 g 3 -57 5 ? -57 \ E IV,_ V V. V A
S5 £ 5 E < - E =< - QO I -TIF-I I+
232223335 | EY¥YYE
5 I 55T NN 2 T o o o E
> 9 o5 9 9 o L I - © N O
(@)} o O o o O : T ~—
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ttH(H->YyY): CP analysis

® 7D partitioning /categorisation using BDT-bkg and BDT-CP (Dy.)

- 20 (12had + 8lep) vs 12 (6had + 6lep) categories

® Constrains: observed (expected under CP-even hypothesis)

- |aCP| < 43°(63°) @ 95 CL; x=90° excluded at 3.90

- |fcp| < 0.67 = |aCP| < 55° (66°) @ 95 CL; a=90° excluded at 3.20

< 1 % 2 MG B DAL B B BLELELELE B B B
g S o
E T ATLAS
5 g 5 fs =13 TeV, 139 i’
= c
E —_10'2% 2 e Data
e 5§ £ —— SMtH + tH
s s ---= 0 =90° Kk = 1ttH + tH
3 - '
T
.. 0%000000.
0 ........................ M
0 01 02 03 04 05 06 07 08 09 1
10° Hadronic Bkg. Rej. Discriminant
g024 (PN B N N B B MLELEL N L e B S B e
$0.22
0.2
50.18
50.16
50.14
£0.12
10‘4 0.1
0.08
0.06
\s = 13 TeV, 139 fi! 0.04
0.02E .ozt w®
0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0 v n ....I...-I....I..-.In.-.l..,
0 01 02 03 04 05 06 0.7 0.8 09 1 0 01 02 03 04 05 06 07 08 09 1

Hadronic Bkg. Rej. Discriminant Hadronic CP Discriminant
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Events / bin

{00 CMS 137 fb' (13 TeV)
C I T ]
- ¢ Data o E
901 Hit %0700t E
80 pr = ﬁ - —Observed 3
- Hit S .
70~ — fop = Fowno o E
601 8% 0L L] =
50F 02040608 1
40 ol
305 E
20
101 | s
0= i , : :
bin 1 bin 2 bin 3
D,
o P(odd)
Do = P(odd)+P(even)



ttH(H=ZZ-4/) resonant

® Higgs boson candidates: 115 <m(42) < 130 GeV

® Both analyses use NN-based categorisation either
to define the categories or as observable to fit

® Mgy =1.7 +1.7 4 5 (stat) £0.2 (exp) £0.2 (th) and
MiH = 0.17 +0-88 4 45 (stat) +0-42 4 ¢ (sYyst)

® Also computed the Stage 0/1.1/1.2(merged)
STXS cross-sections (1 bin for ttH)

- Largely statistically limited
® Additionally, performed SMEFT fit

CMS 137 fb~' (13 TeV)

Q'
= H-2ZZ
13181-130 +135
8.l LA 82140028 my=125.38 GeV
Q STXS Stage 0 - |yx| <2.5
o
+53
102 |- 214 41 tgg
[ ]
ol ¢  Observed (stat@syst)
--------- SM prediction
1 1 | 1
S sfF
(9p] 5 "_
g : ¢
C O g T T T T I T T TS XTI TS
Inclusive ggH qgH VH-1ep
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Reconstructed Event Category

VH-Lep-enriched

ttH-Had-enriched
ttH-Lep-enriched

ATLAS Simulation

H—ZZ* - 4l
Vs=13TeV, 139 fo”

0j-p*-Low

0j -pT'-Med

1 -pi‘-Low
1j-p*-Med

1j -pT'-High
1j-p$'-BSM-|ike
2j
2j-BSM-like

0j -pi'-High

0 01 02 03 04

[ | ggZH-Oj-p’T"-Low [ | gg2H-p’T"-High
I gg2H-0j-pl-High [ qa2Hao-VBF
N gg2H-1j-p?-Low [ qg2Haa-VH
I gg2H-1j-p-Med M 9q2Hqo-BSM
[ | gg2H—1j—pT—High [ VH-Lep

B go2H-2 B ttH+tH

0.8

05 06 07 0.9 1

Expected Composition

- ATLAS  Cp-even EFT
- H-ZZ*—4l

E Vs=13TeV, 139 fb"

~ ¢ Data —— Cyg = 0.004

[ -e-cy=-75 “=x= Gy = 0.85 .
- = Cp=04 e Chwg =1.0

| | | | |
parameter values

'_'HH'H! ----- | v--h"""["'t,-, ,,,,,,,, [
:_ * + [ ] _:
g | | | | | I | | | I | =
9 G 9 9 9 R % 2 2 &
(o2 (% (2 (o Q. (o
<°,$< 9& <°,$< é,s( <°,$< 06’,3( <%, 99,3, 99,9 Q\:’,s, %0 %
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)/S,\ ;,9\ ..',s,\ ,,s,\ ,,S,\ : {9 \(0
(011/ 6;0/5 <°/1, %Cy 6;0,5 (e o

Particle-level production bin
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tH state of the art

® Central top and Higgs, back-to-back

® Destructive interference in SM (top Yukawa coupling
competing against guw)

® Very challenging due to low SM cross section and
larger background than ttH

2015-2016 [~36 fb-1] @

. 2015-2018 [~14O fb'1] EXPEI!TMENT

tH multilepton
(HPWW/tT/Z7)

arXiv:2011.03652

ongoing U = 5.7 = 2.7 (stat) = 3.0 (syst)

tH(bb) ongoing (see below)

ATLAS-CONF-2020-026
Ut < 8 x SM @95% CL

arXiv:2103.06956

tH(yy) be < 14 x SM @95% CL

PRD 99 (2019) 092005

Expected and observed 95% CL upper limits on the tH XS x BR

Scenario  Channel Observed  Expected
bb 498pb 252712 pb
- - . +0:46
mpination -1 0.84pb  0.88 o5 pb
Combinatio LS . pEpE +etpt + 000 085pb 077 1050 pb
Combined 0.74pb  0.53 0% pb
bb 6.88pb  3.19 1% pb
K =1 Ty 3.68pb  2.03 7} pb
(SM-like)  y*y* etpy* 4000 136pb 1187032 pb
Combined 1.94pb  0.92705)pb

SM tH (XS x BR) = 0.077 pb

The future of ttH | TOP LHC France 2021 | Tamara Vazquez Schréder (CERN) 26


https://arxiv.org/abs/2011.03652
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-026
https://arxiv.org/abs/2103.06956
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-009/index.html

The Future

e Atthe LHC: [ HiLue

- Analyse full Run-2 dataset!

- Preparing for Run 3: 1314 TeV (?), D:U.Zg:p firve. ST R
. . T\
double luminosity N N N N T N N N
e e |
ALICE - LHCb 2. nominal Lumi : D
- HL-LHC: 10x more luminosity, explore less
. . TS - EH)
accessible processes such as di-Higgs
PES / CONSTRUCTION | INSTALLATION & COMM. ”” PHYSICS

self-coupling of Higgs boson
( PINg 99 ) LHC/ HL-LHC Plan (last update January 2021)

L L L L L L L N L L L
ATLAS Preliminary Total Fe4  Stat. Syst. mm
Projection from Run idata Total Stat Syst
EﬁxTev’SOOOfb e +0.022 (+0.008 +0.020) ® Expect to measure the tOp Yukawa COUpliﬂg
o +0.017 ( +0.008 + 0.015 . e
Etz - io_mzio_mww; (modifier) k; at 4% level at the end of HL-
Ky, =3 +0.037 (+0.014 £ 0.034) LHC
Ke Fed +0.026 (+0.010 £ 0.024)
Kg Iil +0.029 (+0.011+0.027) . ..
K, & +0.021 (+0.009 + 0.020 ) - Systematlcs-llmlted!
Ky = +0.070 ( £ 0.064 +0.028)
Kz, I—$—| +0.123 ( £0.097 +0.076 )
Bgsu o +0.033 (+0.015 £ 0.029)

S SRS S A S T Stay tuned for upcoming results!

0.8 1.2 1.4 1.6 1.8 2

ATL-PHYS-PUB-2018-054 Parameter value
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Round table: brainstorming

® |Improving ttbb background modelling
- Joint effort of ATLAS - CMS - theory [Twiki]
- Replacing 2-point-systematics?

- Learn from SM measurement [CMS: ttcc measurement]

- Make ttH analyses more robust against ttbb?
® |mproving ttW measurement at high jet multiplicity

- EFT measurements of tt+X in multilepton final states [CMS]
® Future of STXS ttH measurement

- Combinations: intra- and inter-collaborations

t
® Other ways of measuring the top Yukawa coupling g\mswwz//
4 t
- 4 tops: no assumptions on total Higgs width [ATLAS multif, ATLAS H<
1L/2L+combo, CMS] . { t
0000000
- ttcross section [CMS] ) t \\E

q t
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWGTTH
https://arxiv.org/abs/2012.09225
https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP03%25282021%2529095&v=21b16dfd
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3
https://cds.cern.ch/record/2759644
https://cds.cern.ch/record/2759644
https://arxiv.org/ct?url=https://dx.doi.org/10.1140/epjc/s10052-019-7593-7&v=d221c411
http://dx.doi.org/10.1103/PhysRevD.102.092013

Back-up slides
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ttH: one of the tiniest rates!

Standard Model Production Cross Section Measurements

Status: March 2021

r—
_Q inelastic . .
Q 10 E ATLAS Preliminary
e . Theory
5 o Vs =5,13 TeV
10° LHC pp V5 = 13 TeV
"L BEl  Data 32-1392
10°
LHC pp Vs =5 TeV
10* o BB Data 003-026fb
_V_
103 o o
J_—V— =L} t-chan
nj>1 u tot.
102 0= total n o total
n>2 Wt ™ o m o
ﬂ H-wWWwW G
(99F) I
101! n23 ~1
Fa™ o
| o O
24 nj=3 H-r1r
1 o e I A0 n
nj>5 o —4 - ﬂ
i HHQ J ﬂ
_1 26 n_ZS(VH)xo.s
n =7 H—yy e u
1072 o
H — 4¢ n e
o Fa .
1073
o o
PP JetPijets W VA tt t WW H WZ 7Y ZZ ttW ttZ ttH tty  WWZZjj tttt Zyij 77 ZZj\WNZjj
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wWWWwW EWK EWK — WWAA/WjjEWK  EWK

tot. tot. tot. tot. tot. tot. tot. tot. tot. EWK

ATL-PHYS-PUB-2021-005 31



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-005/

ttH(bb): background and pH &

EXPERIMENT

-.(L)1200—||I||IIII|IIII|IIII|I|I||III|— -.(L) I|II|III||IIIIIIIIIIIIIIlIIII -.(L) _IIII|III|||IIIIIIIIIIIIIlIIII_
§ | ATLAS Preliminary ¢ Data -tfH ] §10000__ ATLAS Preliminary ¢ Data .tfH ] § 1000 ATLAS Preliminary ¢ Data -tEH -
L L Vs=13TeV,139fb" [Wtt+>1b[Jtt+>1c L | {s=13TeV,139f0" [t +21b[Jti + 21c | L - Vs=13TeV,139fo" [t +>1b[Jtt+>1c -
1000~ Dilepton Ett+V [t +li4ttH - Slngle lepton Wttt +V [t +li.,4ttH ~ Single lepton tt+V [ttt +li.,4ttH 7
.S >4’ [ ]Other 77 Uncertainty _| 8000 - SR []Other 7 Uncertainty | 800 | SR octed [[]Other 7~ Uncertainty |
- Pre- F|t T L Pre- F|t | L Pre-Fit i
800[— — i ] L i
I 1 6000~ ® . —
% N ] ] i
_8. 05 T 1 1 T g 8 g I [ = - 8 Og T T T T e e e e g
x 1.25— i 1.25.— i 1.257//
s Vi // / g 1/// / // /// E: 1
g o075 é g 075 < 0755— é
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H|ggs boson candldate P, [GeV] Higgs boson candldate pT [GeV] nggs boson candldate pT [GeV]
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Vs=13TeV Ott+>1c @@t +>1b
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ttH(bb): Njets and systematics

ﬂ700_ I | I I I 1 -.3700_ | | | ] 422 __IIIIIIIIIIIIIIIIIIIIIIIIlIIII|-IIIIIIIII__
§ - ATLAS Preliminary ¢ Data [HttH 1 o ~ ATLAS Preliminary B tH ] g 00: ATLAS Preliminary ¢ Data [HttH .
w T Vs=13TeV,139f" [Wtt+21b[Jtt+21c ] W T {s=13TeV,139f0" [tt+21b[Jti + 21c ] W igob Ys=13TeVv,139fb" [tt+21b[Jti+>1c -
600~ " Dilepton Wt +V [t + i, 4ttH 600~ Dilepton W+ VvV [t + i 4ttH C Single lepton Wt +V [+ i 4ttH 3
SR []Other 77 Uncertainty - C SR 7z Uncertainty 160 SR, ..o [1Other 77 Uncertainty —
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] ] 20— E
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kS g 3 g 3 g E
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© 10°EA LAS Preliminary ¢ Data E Uncertainty source Ap
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ttH(bb): final discriminants
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ttH (multi€): other checks £

EEEEEEEEEE

® (Cross-check across years

2015+2016 2017
~ N — 0.45
A = 0.68+9% a = 05204

ttW NF also found to be high in both datasets

® Comparison wrt. 36/fb ttH publication [Phys. Rev. D 97 (2018) 072003]

current fit model + ttW fixed to SM and no extrapolation
uncertainties =¥ u consistent with previous result

® Comparison wrt. 36/fb ttW publication [Phys. Rev. D 99 (2019) 072009]

comparable results wrt. Agw = 1.19 £0.26

(expressed wrt. 1.2x YR4)
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ttH (multi€): non-prompt leptons (I) £2

~

EXPERIMENT

very important to have well isolated

leptons
~ - multivariate lepton isolation to
What to look for in the reject non-prompt leptons based on:
events? - lepton and overlapping track jets
properties

- lepton track/calorimeter isolation
variables
=» Factor 0(20) rejection for
leptons originating from b-

* charged light leptons hadrons

(electrons or muons)

- multivariate lepton identification
to reject misidentified charge
electrons

=» Factor ©(17) background
rejection for a 95% signal

require events triggered by efficiency
2 light leptons
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ttH (multi€): non-prompt leptons (1l) £

EXPERIMENT

- material and internal electron conversion (CO)
candidates further suppressed with track invariant
masses and conversion radius

e -

What to look for in the
events?

* charged light leptons

(electrons or muons)

electr0|.1 €O CO radius Mirack-track
selection
¥ (1) material CO > 20 mm < 100 MeV (wrt. CV)
X* (2) internal CO not (1) < 100 MeV (wrt. PV)
(3) very tight not (1) and not (2)

require events triggered by

2 light leptons (beam pipe @ 24 mm)
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Events / bin

Data / Pred.

Events / bin

ttH (multi

£): Control regions

Data / Pred.
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Events / bin

Data / Pred.

Events / bin

Data / Pred.

ttH (multif): Signal regions £
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ttH (multi):

- s QMisID
ATLAS Preliminary =3 Non-prompt e
» E Multi Non-prompt
Vs=13TeV,79.91b Fake T
Pre-Fit = zty Hthigh)
2¢MatC 2¢IntC 3¢MatC 3ZIntC
22LJ(u) 27 tH(u)+ 2ztt(e)+

-

27tt(e

+

37VVv

&

2¢ ttH+ 2¢ t(u)- 2/ ttW-

37ttwW 37tz 37t

Signal Regions
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Background composition £

EXPERIMENT
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Events / bin

Data / Pred.

ttH (multi2): Normalisation factors L
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Decorrelated normalisation factors for region

where ttW has lost =1j from signal region

Decorrelated normalisation factors between 2%

and 3¢ due to different kinematic behaviours
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ttH (multif): categorisation & results &
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ttH (multif): tau channels
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ttW: higher order QCD and EW corrections £

ATLAS

EXPERIMENT

® A normalisation factor of 1.2 applied on top of the YR4 cross section for ttW
® Oirigin of the correction factor:
- Factor 1.11 to account for missing QCD corrections in higher order XS
e tW+0j@NLO = ttW+0,1j@NLO

e 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

6[%] p=Hr/2 a

q q/ q9
LO, - |
W % LOs 0.9 F O O © |LO
= NLO, 50.0(25.7) B ocp gog gy 0
0" NLO, —4.2(—46) O o6 © O NLO

H:
: " |
NLO3 (12.2 (9.1’ aas3 azasz a3as as
n NLO4 0.04 (—0.02)

The future of ttH | TOP LHC France 2021 | Tamara Vazquez Schroder (CERN) 44



ttH(H->yYy): distributions S
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Event Fraction

ttH(H=>yY): distribution
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ttH(H->yY): correlations
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ttH(H->YyY): CP analysis
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ttH(H->yY): CP analysis
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ttH(H->ZZ->4¢)
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