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Course outline

O Theory reminder

O Higgs boson production and decay modes

O Higgs boson discovery by ATLAS and CMS

O Higgs boson mass measurement by ATLAS and CMS
O Overview of ATLAS and CMS analyses about Higgs

O Signal/background discrimination techniques
O boosted regimes
O tagging, large-radius jets substructure, re-clustering
O multivariate analysis and deep neural network

O Signal extraction technigues
O likelihood and test statistic
O CLs method

O {tH analysis: an example
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ftH analysis: an exqmple



Infegrated luminosity
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O delivered luminosity from the start of stable beams
until ATLAS goes to standby mode for the beam dump;

o reflects the data acquisition
iInefficiency;

O good for physics reflects the criteria applied to ensure
the quality of data for analyses.

O highest luminosity ever reached in few months;
O 2015+ 2016+ 2017 + 2018 = Run 2

O 139 flbo-! used in the analyses.
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The ttH (H—bb) channel
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The 1tH (H—bb) channel
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O PROS: highest BR, help against the extremely low
80 events each billion X production xsec, lepton helps fo detect the event;
. o(pp->ttH) ~0.5 pb N 4
. NB! the main background P et © CONS: combinatorics background, due to the
. contribution to our channel ... .p  ~1% of total Higgs - large number of jets in the final state.
. production only! .
> ~ p
o(pp->HX) ~ 45 pb — overt Ng,
1 event each 2 billions | oo : - ttH process observed
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The 1tH (H—bb) channel

o R L T
: X .
¢ e*, Ut O Characteristics:
9 T W+ V., V, : * 0/1/2 leptons (e, mu) from W-decays;
5 . » at least 8/6/4 jets;
H b : * atf least 4 b-jets from top and Higgs decays;
g .00000G - : » Higgs boson reconstruction possible buft
BAALL W- 9 : challenging due to the combinatorics.
t q
b
%0,
Q00 0006 t 4 A O Major challenge:
. * irreducible {t+bb background has large
b X theory uncertainty in leptonic channels;
RQ00QG : + QCD multijet background in all-hadronic
b channel.
qu‘/\/’\ B
t W~
o .......................................................................................................................
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’r’rH analysis - Objects definition

O Identification: to determine if reco candidates are signal-like or background-like objects
O LH discriminant: observables related to the shower shape in the calo and to the tfrack matching the electromagnetic
cluster (for electrons);
O algorithms matching tracks from ID and MS (for muons) or from ID and topological clusters in calo (for jets);

O frack multiplicity and a multivariate discriminant based on the track collimation, further jet substructure, and kinematic
information (for taus).

O Isolation: to disentangle prompt objects from others

O algorithms using angular and clusters informations between object which tells how much an object is isolated from all
the others close to it and how much it matches with the primary vertex;

O Quality: to further discriminate signal from background
O requirements on tracks energy, distance from primary vertex, number of fracks and signals in the detectors.

2.47 Gradient TightLH
27 GeV 10 GeV

2.5 FCTightTrackOnly Medium

| Muon
“(EMTopo) 25 GeV 2.5 JVT

25 GeV 2.5 JetlD : Medium, ElelD : Loose
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ItH analysis - Resolved vs boosted

o 6 well separated small-R jets (“resolved’”):
O standard jet reconstruction algorithms (anti-ki AR < 0.4);
O significant combinatorial background.
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ItH analysis - Resolved vs boosted
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O at least | reclustered large-R jet (Yboosted”):
O re-clustering techniques algorithm (anti-ki AR < 1.0);
O high background contamination into large-R jeft;

O additional algorithms for jet grooming and
identification.

o 6 well separated small-R jets (“resolved’”):
O standard jet reconstruction algorithms (anti-ki AR < 0.4);
O significant combinatorial background.
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ftH analysis - Event pre-selection

Resolved Boosted

Dilepton channels : Single-lepton channel
O 2 leptons; : O 1 lepton;
O at least 3 jets; . O atleast 4jets;
O at least 3 b-fagged jets @ 60% WP in 3-jet : O at least 3 b-tagged jets @ 85% WP;

category; O at least 1 Higgs candidate™:

& at least 3 b-tagged jets @ 70% WP in 4-jet o O pr> 300 GeV;

category; O massin [100,140) GeV;
O my>15GeV; : O exactly 2 b-tagged jets @85% WP associated;
O m<83GeVorm>99 GeV. : O P(H) >0.6.

Single-lepton channels
O 1 lepton;
O afleast 5 jefts;

O at least 4 b-tagged jets @ 70% WP. * re-clustered jet:

anti-kr small-R jets (R=0.4) used to re-cluster the large-R jets
(R=1.0, pr>200 GeV, [n| <2, m>50 GeV) in this analysis.
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ftH analysis - ML technigues in all channels

event selection in
different channels

definition of training samples

reconstruction BDT
(resolved dilepton channel)

. intermediate mulfivariate / reconstruction BDT and LHD reconstruction of objects and
discriminants \ (resolved single-lepton channel) discrimination of tH wrt it
DNN

= (boosted channels)

0 . .

" separation of signal from

L fmcgl m.ult!vquafe classification BDTs . ba.ckgro.und and

O discriminants final discriminants for the

- . . . .

O profile likelihood fit

X W Input variables:
\4 Important o check the Data/MC agreement looking for any mis-
modelling that can affect the performance of the ML technique.
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ftH analysis - ML technigues in all channels

event selection in
different channels

definition of fraining samples

reconstruction BDT
(resolved dilepton channel)

: intermediate multivariate / reconstruction BDT and LHD reconstruction of objects and
discriminants \ (resolved single-lepton channel) discrimination of #tH wrt it
DNN

= (boosted channels)

o . .

" separation of signal from

L fmcgl m.ult!vquafe classification BDTs . ba.ckgro.und and

O discriminants final discriminants for the

- . . . .

O profile likelihood fit

X W Input variables:
\4 Important o check the Data/MC agreement looking for any mis-
modelling that can affect the performance of the ML technique.
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ftH analysis - Event categorisation strategy

Event categorisation strategy
O regions where ttH and tt+bb are enhanced relative to the other backgrounds: 'signal regions’ (SR)
O multivariate techniques used to further separate ttH signal from background events;
O remaining analysis categories: 'control regions’ (CR)
O no attempt is made to separate signal from background in these regions,
O but they provide stringent constraints on backgrounds normalisations and systematic uncertainties in a combined fit
with the signal regions.

© Orthogonality between the regions

Region #leptons | #jets #b-tag # boosted Higgs candidates ensured by
@60% | @70% | @85% - number of leptons for the dilepton
SR, 4 and single-lepton regions;
SR <q | =4 - number of boosted Higgs
CR%/_Z o =2 2 4 - B candidates for the single-lepton
7730 = =3 boosted and resolved regions;
CR%?% =3
SR1¢ >4 - nhumber of jets and of b-tagged jets
207 24b >6 | = using the 60% or 70% WPs for the
SR12€6j24blow <4 | 54 \ 0 different regions of each resolved
SRy >4 -1 | _ >4 2 channels;
SR1? => 4
. < . .
SR?JKZ‘”’I"W S S| » Boosted veto: events which fall in
boosted =~ _ = the boosted category are

removed from the single-lepton
resolved regions.
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ftfH analysis - background composition
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|+jets categories dilepton categories
5je 4b low BDT 5je 4b hi BDT 5je 4b low B 5je 4b hi BD 4ji 4bi @70 (not 60) SR 4ji 4bi @60 SR 4ji 4bi @70 ( 4ji 4bi @60 ¢
4|58 =2.9% 4158 =5.4% otsB =6.2% otsB =7.4%
@ L @ @
] w 2]IIIIL m ‘“_IIIII_m 1IJIIII[
0 0 0 0
6ji 4b lo BDT 6ji 4b hi BDT 6ji 4b lo BDT 4r T _
SIB = 4.6% 3je 3be @60 4ji 3be @60 3je 3be @6( 4ji 3be @60
@ 4r @ otsiB = 1.0% otsiB =2.9%
o |E 2 2
n n
0
Boosted
@ 4ji 3be @70n60
2 L
»

O tt + > 1b is the main background;
O non 1t = W//Z+jets, single top, diboson production processes.
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ftH analysis - ML technigues in all channels

event selection in
different channels

definition of fraining samples

reconstruction BDT
(resolved dilepton channel)

. intermediate multivariate / reconstruction BDT and LHD reconstruction of objects and
discriminants \ (resolved single-lepton channel) discrimination of ttH wrt it
DNN

5 (boosted channels)

o . .

" separation of signal from

g fmcgl m.ult!vquafe classification BDTs . ba.ckg.ro.und and

O discriminants final discriminants for the

c . . . .

O profile likelihood fit

X W Input variables:
\4 Important o check the Data/MC agreement looking for any mis-
modelling that can affect the performance of the ML technigue.
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ftH analysis - reconstruction with a BDT * only resolved

OQ...Q...Q......................Q...Q...................... Chqnnels

Select the best combination of jet-parton assignments in each event and build the Higgs-boson and top-quark candidates
O BDTs frained to match reconstructed jets to the partons emitted from top-quark and Higgs-boson decays;

O distinguish between correct and incorrect jet assignments, using invariant masses and angular separations in addifion 1o
other kinematic variables as inpufs;

O W-boson, top-quark and Higgs-boson candidates are built from combinations of jets and leptons;
O simulated ttH events are used to iterate over all allowed combinations.

O In each event, a specific combination of jet—parton assignments, corresponding to the best BDT output, is chosen in order
to compute kinematic and topological information of the top-quark and Higgs-boson candidates to be input to the
classification BDT.

()] n LI I LI I L | I LI | I 1 I LI ) ] LI | I L I L I LI 'd
"(B UL I UL I LI I UL I L l LI I LB B I LI I UL -.E [ N
5 1600~ ATLAS  Internal 4 Data  977.0 S 220 ATLAS  Intemal 4 R
@[ fs=13TeV, 139.0 fojill ttH 2132 Y oof. [ 13TeV, 1405l ttH 329 -
1400~ Single Lepton B (f+b4F  2656.0 — — - Dilepton Wl +>1b (4FS) 4015
[ 6ji4bi@60 ] tt+c 1077 ) 180 4ji 4bi @60 tt (_Jght and 4top 46 3
— 1200 Pre-Fit {_J light, 4t, tH 453 — = - Pre-Fit ] tt+21c 54 3
()] N N - - 160 : 2
C : Nopt 18y O : R N
c 1000} NN < 140F MU EHEHTDLL"
= : Total \ O 120k + Total 4744 3
L goo— 77 Unce tai N — D s S
O - NN N o 100 , ~
g 600 NN NN N -IE_ 80 NN I N
— L : m 6 0 R _.J:
% 400 N N 1 40 NN
omm 200~ - . % 20 \
° : NN\
a - AR I SIS I I III IS IS a g AR A A IS oI I v
s V2227707777777 /44444244 G P //?/7//////%///%;%;-:;:z;%;:;-:;:t;gi;:;-:f:ﬁ::%:::-:f:f:ﬁiﬁ::-:‘;;?%:zf:‘,:Eﬁzﬁzf:‘,:iﬁé/,
a 0-75f 8 075
0 ._%- ““““““““““““““““““““““““ 05 .......................................
3 -02-01 0 01 02 03 04 05 06 "1 08 06-04 02 0 02 04 06 08 1
o RecoBDT TTHReco 4b_best TTHReco 4b_withH O
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ItH analysis - reconstruction with a BDT
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O best possible reconstruction performance can be obtained by including

information related to the Higgs boson (i.e. invariant mass):
O possible bias in the bkg distributions of Higgs-boson-related

O two versions of the reconstruction BDT are used:

O one with and one without the Higgs-boson information and the
resulting jet—parton assignments from one, the other or both are

dilepton channel

observables towards the signal expectation, reducing their ability to

separate signal from background;

considered when computing input variables for the classification BDT.

Variables

BDT with Higgs info.

BDT w/o Higgs info.

Topological information from #¢

Mass of top

Mass of anti-top

Mass difference between top and anti-top
AR(¢, b) from top

AR(¢, b) from anti-top

|AR(€, b) from top - AR({, b) from anti-top|
AR(b from top, b from anti-top)

A¢(b from top, b from anti-top)

pr b from top

pr b from anti-top

Min. An(¢€, b from top or anti-top)

SSEEENENENENEN

SN NE NN NN NENEN

Topological information from the Higgs-boson candidate

Max. AR(Higgs, b from top or anti-top)
Mass of Higgs

AR(Higgs,t1)

AR(b, from Higgs, b, from Higgs)

ESRNENEN

Silvia Biondi - Corso di Dottorato - AA 2019/2020

le-lepton channel

sing

* only resolved

channels

Variable

6 jets

5 jets

Topological information from 77

Mass of topjep

Mass of toppag

Mass of g; from Wy,q and b from topy,qg
Mass of Whad

Mass of Whyq and b from topie,

Mass of gy from Wy,q and b from topjep,
Mass of Wi, and b from toppag
AR(Wyaq, b from toppaq)

AR(gq; from Wy,q, b from toppaq)
AR(Whaqg, b from topyep)

AR(qy from Wy,q, b from topjep)

AR(¢, b from topjep)

AR(€, b from toppaq)

AR(b from topjep, b from tophag)

AR(q; from Wy,q, g2 from Wy,q)

AR(b from ty,4, g1 from Wy,g)

AR(b from ty,q, g2 from Wy,g)

Min. AR(b from toppag, g; from Wy,q)

AR(lep, b from topyep) - min. AR(b from toppad, g; from Wy,q)

SR NE NI NEN

N

NN N N R Y

\

NN N NN NN

\

Topological information from the Higgs-boson candidate

Mass of Higgs

Mass of Higgs and ¢, from W4
AR(b; from Higgs, b, from Higgs)
AR(b; from Higgs, lepton)

AR(b, from Higgs, b from topyep)
AR(b; from Higgs, b from toppaq)

NENENENENAY

14.02.2020



ftH analysis - reconstruction with a LHD * only resolved

single-lepton channel

(@ JOI I R I I R A I I I R R A e I I

ore . . oo . i SERRNLERRE RARES LA LS UL UL LA R
Additional input variable for the classification BDT § 1000 ATLAS  Internal - Data  1977.0 —
. . : . w -~ Vs =13 TeV, 139.0 bl ttH 2132 7
O product of one-dimensional pdfs, for the signal and the background hypotheses: "~ Single Lepton B fi+b4F 26560
O built for various invariant masses and angular distributions from reconstructed i M1
jets and leptons and from the missing transverse momentum; i Nondf 1371 -
O Two background hypotheses are considered: 600 - Y \
O production of t1+= 2 b-jets and tt+1 b-jeft; * o N O
. . . . : . : 400 Z NN —
O likelihoods for both hypotheses are weighted by their relative fractions in - A
simulated tt+jets events; \
egoge . 2 =N
O The probabilities psig and pokg, fOr signal and background hypotheses, %
respectively, are obtained as the product of the pdfs for the different kinematic = S \\\SSESINAA
distributions. g x2/ndf 86, ___=== 000 R
% 075 //// /// ///%// .: ,;,:,;/;L;',;ijifk '''''''''''''''''' ',{',--;',jfjf;j,j',-{}fi-'_f{'/_;f'
()]
. . 0% ~01 02 03 04 05 06 07 08 09
5 jets 6 jets HD
My (by, by) My (by, by)
My, (L, v, by) My, (1, v, by) O For each event, the discriminant is defined as
Mw, (q1,42) - the ratio of the probability psig to the sum of
M, — Mw, (b, q1,q2) M, (bn, q1) Psig and pokg aNd added as an input variable
:Mt),lz - Mt}, - Mtl](la v, bl, bh9 qi, 612) [Mlhtl - Mt), - MI}](L v, b[, bh.’ ql) TO The ClOSSIfICOhon BDT'
'Mt) 1 bby — Mtlt) - MH](Ia vV, bla bh, q1, 42, bla b2) [Mlhtlblb?_ - Mtllh - MH](I, v, bl, bh, q1, b19 bZ) O TOkeS OdVO nTOge Of C||| pOSSibIe
costy, .y (b1,b2) cos 8, ., (b1, by) combinations in the event, but it does not
cos 8y , . b b, (b Vs bi, bu, g1, @2, b1, b)) cos Oy o b b, (b Vs b, ba, g1, by, by) fully account for correlations between
variables in one combination.
0 ....................................................................................................................... .o

Silvia Biondi - Corso di Doftorato - AA 2019/2020 19 14.02.2020



ffH analysis - reconstruction with a DNN * only boosted

o.O......Q.......O..........QO......Q...Q.................. Chqnnel

. e ege . . Feat Ranking b ti
New region definition with new techniques €ature Ranking by separation

- - : - - B S=Higgs, B=QCD
© multi-class deep neural network (DNN) is trained to identify the most — S=T('f:)g;=QC%
ikely parent particle of the RC jefs, distinguishing between 3 047 o S=Higgs,B=Top
categories: Higgs-boson, top-quark and QCD |efs;
O improvement of the reconstruction matching of Higgs and top final _03-
objects wrt the previous analysis strategy; s
o (] LY oL [ ] E
O the output Is used as input for the classification BDT and as an ]
additional requirement of the boosted signal selection. & 0-2°
Variable Description 0.1
mRGet mass of reclustered jet
Vdi, first splitting scale
Vdo3 second splitting scale 0.0 -
Ow minimum invariant mass of constituent pairs yQ g o "S 7 S % S ) C;) )
Aconstituents number of constituents in the RC jet € & g T v 9 £33+ 0 QO - O O O
const; . .. . . N < o 0 9 2 v« S5 9O 0 08 Q@ v o o o
pr of constituent leading in pseudo-continuous b-tagging score (mv2 ) 2 2 0 5259032553220 3232w
Fons pr of constituent sub-leading in mv2 g g Oax ;288832332 0b
my2consti mv?2 score of constituent leading in mv2 g N n @ ﬁ a g E S S E =
my2constz mv?2 score of constituent sub-leading in mv2 .. g = g f= 8 8 x E
AR(constl, const2) | angular separation between leading and sub-leading constituents in mv2 score ° = E =z = X é 3
mbiets invariant mass of all b-tagged constituents o S =
mlight-jets invariant mass of all untagged constituents ‘< A
mv2min minimum constituent mv2 score Feature
mv2max maximum constituent mv2 score ) ) ) . )
AR(consts)max maximum angular separation between two constituents nggs jefS are correcﬂy identified 76% of the fime
AR(consts)min minimum angular separation between two constituents o o o go .
my2"est mv?2 score of all constituents except the leading and sub-leading in mv2 score ’rop jei'S are correc’rly identified 677% of the time
O cccrcretcsceccccececoscoscoscoscoccscocococoscoscossoscscscoscocoscossososcscsccscoscocosososoescsccscocosossososcscscscosososososcn o O
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Events

ftH analysis - reconstruction with a DNN Confusion matrix

- 0.7
DNN training QCD -
O Truth matching between the RC jets to a hadronically decaying boson or top
quark:
O for the , Two b-quarks have been required to match the

constituents of the RC jet within a cone of AR =0.4;

O for the top quark, one b-quark and at least one W-boson decay product have
been required to match the constituents of the RC jet within a cone of AR = 0.4;

O all the other RC jets are labeled as QCD jets.

Truth

Higgs

O Trained jet by jet, using a ttH sample; Top 0.2
O events are selected requiring at least one isolated lepton with pr > 27 GeV and
two RC jets, each with pr > 200 GeV, m > 50 GeV and at least two constituents. S . o -
Prediction
True Higgs Jets True Top Jets True QCD Jets
P(QCD) 40000 - P(QCD) P(QCD)
14000 A P(Higgs) P(Higgs) 100000 - P(Higgs)
P(Top) 35000 A P(Top) P(Top)
+2000 cut used in the 30000 - 80000 -
10000 1 boosted selection 25000 - ,,
] . c = 60000 -
8000 = 20000 - ”
6000 A 15000 - 40000 A
4000 A 10000 -
20000 A
2000 - 5000 -
0 - 0 - | 0 -
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Probability Probability Probability
....................................................................................................................... O
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ftH analysis - ML technigues in all channels

event selection in
different channels

definition of fraining samples

reconstruction BDT
(resolved dilepton channel)

. intermediate multivariate / reconstruction BDT and LHD reconstruction of objects and
discriminants \ (resolved single-lepton channel) discrimination of #tH wrt it
DNN

5 (boosted channels)

0 . .

” separation of signal from

B fmcgl m.ulf!vquafe — classification BDTs — : ba.c: kg.ro.und anc

o) discriminants final discriminants for the

- . . . .

O profile likelihood fit

X W Input variables:
\4 Important o check the Data/MC agreement looking for any mis-
modelling that can affect the performance of the ML technique.
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ttH analysis - classification BDTs

(@ JOI I R I I R A I I I R R A e I I

Events used in the training dilepton channel

O inclusive selection of events with at least 4 jets;

O at least 4 of which are b-tagged using the 70% working point. Varisble | Definition
General kinematic variables
. . . . mg‘g‘ Minimum invariant mass of a b-tagged jet pair v
O For variables depending on b-tagged jets, only jets b-tagged ok e variant R PI AR | v
using the 70% WP are considered. Mhb variamit mass o The blaggec Jet pait With mintmim
my T Invariant mass of the jet pair with maximum pr v
8 LB LN I UL I NAAN A mhax pr ' - ‘ Ir Wi i
: sEMLADALRANMMANM MM my, Invariant mass of the b-tagged jet pair with maximum pry v
W 2501~ Vs = 13 TeV, 140.5 ol ttH  27.8 An:® Average An for all b-tagged jet pairs
_ Dilepton B+ >1b (4FS)  369.0 - Tob & a0 SEECJELP v
[ 4ji 4bi @70 (not 60Xt (Ight and 4top 82 A Higes 30 Number of b-tagged jet pairs with invariant mass within Y
200:— Pre-Fit % tf +ﬁ.>_: \c/: ?gg —: bb 30 GeV of the Higgs-boson mass
150k ] "?&:I ;;i N Variables from reconstruction BDT
% + 7/ Uncertainty y BDT output | Output of the reconstruction BDT Ve
Z N :
100 : \ m;l;)ggs Higgs candidate mass v
N \ ARy 17 AR between Higgs candidate and ¢7 candidate system v
50 \ N
EEN \\\W AR;“,f‘t‘, Minimum AR between Higgs candidate and lepton v
B 1 zgé_ x*Indf=11.7/3 prth}=_0.1 ML AR;‘,“‘I‘? Minimum AR between Higgs candidate and b-jet from top | v
E F / //7' e ’
g . 751 {7///////%%%7////%%;;;;;;’;f:’,:’,:”/’,:’,:’:’;’:’;’,:’,:":’;’,:f,’,:{:f,,’,:f:f:’,:f,
o “Y'YE
097708 06 04 02 0 02 04 06 08 1 * variables from reconstruction BDT using Higgs-boson information
Classificati . . . . . .
iassiication BBT ** yariables from both recoBDT (with and without Higgs information)
O ....................................................................................................................... .o
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ttH analysis - classification BDTs
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Events used in the training of the 5 jets (6 jets) classification BDT
O inclusive selection of events with at least 5 (6) jets;
O 4 of which are b-tagged using the 85% working point.

O For variables depending on b-tagged jets, jets are sorted by their

nseudo-continuous b-tag (PCB) score, and by their pr when they
nave the same b-tag score;

O LHD and recoBDT outputs is included for both the BDTs.

Events

Data / Pred.

_lllllllllllIlllllllllllllll'lllllllllll
1400_— ATLAS Internal -¢- Data 2112.0 ~
- {s=13TeV, 139.0 bl ttH 213.2 -
1200 ttb 4FS ] tt+light 73.7 -
C 6ji4bhigh MV2c10 [[]  tt+>1c 110.0
= - H + > -
1000= Pre-Fit B ot +21b 26509 7
- ] tt+V 83.7 -
i ] Non-tt 1415 -
800 VIIIIIIIIIIIIIIIIIY; VIIIIIIIIIIIIIIIIVI Y
7 Total 3273.0
Wi .ﬂ
600{////// T .
7 N
400 S —:'
200 ]
O iindf=726/3 xprob=000
1.25E e 7—‘/" ,,,,, |
Z , Lisrisssricssia
" 751: // // / %////‘%//t;ifﬁjﬁfx????%«’."/
0‘5: .....

1708 06 04 02 0

1

Classification BDT output

Arbitrary units

o
(&)

0.2

0.1

0

| {s=13TeV, 139.0 fb' —— Total background

ATLAS

|+]

| 6ji 4b tight

Internal Simulation

....... ttH
Separation: 18.7%

|0 ]
-1 -08 06-04 -02 O

2 04 06

O_

Classification BDT

0.8 1
output

* variables from reconstruction BDT using Higgs-boson information
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variable | Definition ~ SINgle-lepton channel 6jets 5 jets
General kinematic variables
AR® Average AR for all b-tagged jet pairs v v
ARZ‘;" T AR between the two b-tagged jets with the largest vector sum pt v -
A Maximum An between any two jets v v
m?};‘ - Mass of the combination of two b-tagged jets with the smallest AR v -
mi — Mass of the combination of any two jets with the smallest AR - v
/Higes 30 Number of b-tagged jet pairs with invariant mass within 30 GeV of Y /
bb the Higgs-boson mass
Hd Scalar sum of jet pr - Vv
ARMID AR between the lepton and the combination of the two b-tagged jets B Y
Lbb with the smallest AR
Aol " 1.54;, where A, is the second eigenvalue of the momentum
planarity tensor [117] built with all jets
H, Second Fox—Wolfram moment computed using all jets and the lepton
Variables from reconstruction BDT
BDT output | Output of the reconstruction BDT v v’
m?;)ggs Higgs candidate mass v v
MH by 1op Mass of Higgs candidate and b-jet from leptonic top candidate v -
ARf;ggs AR between b-jets from the Higgs candidate v v
ARy ;i AR between Higgs candidate and ¢f candidate system v v
ARH 1ep top AR between Higgs candidate and leptonic top candidate v -
ARH by, ., | AR between Higgs candidate and b-jet from hadronic top candidate = v’
Variables from likelihood calculations
LHD Likelihood discriminant v v
Variables from b-tagging (not in SR, <o)
Higgs Sum of b-tagging discriminants of jets from best Higgs candidate v v
b-tag from the reconstruction BDT
Bjit 3" Jargest jet b-tagging discriminant v v
ijtt 4™ largest jet b-tagging discriminant v v
B’ 5 largest jet b-tagging discriminant v v

jet
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ttH analysis - classification BDTs
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Events used in the training

O events passing the event selection of the channel; boosted channel
Variable Description
O For variables depending on b-tagged jefs, jets are sorted Mitiges Higgs candidate mass
by their PCB score, and by their OT1 when They have the pr Hiees Higgs candidate transverse momentum
same b-fa g Scaore, ngfggs n of the Higgs candidate relative to the lepton
O DNN output also included in the input variables list. P(H)riggs DNN Higgs probability for the Higgs candidate
MhadTop hadronic top candidate mass
pr hadTop hadronic top candidate transverse momentum
-.(L) —I-_IlIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III: lep . . .
5 900E ATLAS  Internal - NN 693.0 - Mha dTop n of the hadronic top candidate relative to the lepton
W g5o Vs =13 TeV, 139.0 fbjill ttH 623 3 e R PCBJM:iTOp PCB score of the i’ jet associated to the hadronic top
L +i f+> _ ] = . .
-00F I;(J) 0N E N +ttt) 4(-4F1Sc; ;?g 2 3 5 0.8~ ATLAS Internal Simulation n MiepTop leptonic top candidate mass
"~ Pre-Fit B EORY, 211 ] E’ I \E =13TeV, 139.0 fo" —— Total background 1 pr lel?Tt‘OP leptonic top candidate transverse momentum
600 [ ] Non-tt 1045 4 S I ttH | PCB* PCB score of the jet associated to the leptonic top
- : N . lepTop
7// [ +light, tttt, tH 210.0 4 < Boosted Separation: 10.6% 1I-R i 1tiolici
500 E4- Total 840.0 — 0.6 — Bjets small-R jets multiplicity
00 . Uncertainty Y - 1 AR(Higgs,hadTop) | AR between the Higgs and the hadronic top candidates
7 S i 1 AR(Higgs, lepTop) | AR between the Higgs and the leptonic top candidates
300 S 0.4 | AR(hadTop, lepTop) | AR between the hadronic top and the leptonic top candidates
sooE- N\ i | prtH transverse momentum of the ##H system
C /,/././ ; e - pr? transverse momentum of the ¢f system
100 Q‘ N i 1 PCB™™ PCB score sum of the jets associated to the Higgs, hadronic and leptonic top
o R 02 ™1 | PCBddet PCB score of the additional jet in the event
3 = x?ndf=0.1/2 %2prob = 0.96 3 i L |
o 1.25 % ﬁf;f;ﬁ;Z;Z;;;;;,;;;,;‘,;‘,;,;;;,;;;/j/j2j/j>j/j>j/j/f/j/f/j/f/ﬁ/ﬁ/f/ﬁ/f/ﬁ/ﬁ?ﬁ?ﬁfi?ﬁfi?ﬁ/f/f/ﬁ/?ﬁ*%’???ﬁ"f’fé | ]
o 1%— s - .
%0.75_/%;&/ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ;f OI||||||||,||I||||I|||||||||||||||||||||||||||||
SR T ) h h:hhADASARAMARAAA AN ; 01 02 03 04 05 06 07 08 09 1
"~ 01 02 03 04 05 06 07 08 09 1 Classification BDT output

Classification BDT output
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ttH analysis - Systematic model
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Systematic uncertainty Type Comp. Sysfemdﬁc sources frequenf
Experimental uncertainties O asingle independent nuisance parame’rer IS
Luminosity N 1 assigned to each source of systematic
Pileup modeling SN 1 uncertainty in the statistical analysis;
Physics Objects O some of the systematic uncertainties are
Electrons SN / decomposed into several independent sources
Muons SN 15 (= 1 NP);
Jet energy scale SN 31 e g
Tet energ resolution SN 9 O each individual source has a correlated effect
Tet vertex ta SN i across all the channels, analysis categories,
gger :
fmiss SN 3 signal and background samples
T :... e 6 6 6 6 o6 o o o o o Q..:O... ...........0...0..
b-tagging -0 1t background modelling requires a careful and
Efficiency SN 45 . complex freatment.
Mis_tagrate(c) SN 20 ® ¢ © ¢ ©¢ ¢ ©¢ © © ©¢ © ¢ © © © © © © © © © © © © o © © o © © o © © o © o © © o ©° ©° o o
Mis-tag rate (light SN 20
is-tag rate (light) Other Backgrounds
Signal and background modeling ;?Zv cross-sectt.lon E ;
cross-section
Signal ,
ttH cross-section N 2 tt:W model.mg SN :
H branchine fracti N 3 ttZ modeling SN 1
tt-Hramzl lrilg ractions SN 4 Single top cross-section N 3
B Ilzlo cone Single top modeling SN ?
it packsr ounfl W+jets normalization N 3
I cross-section - 5 I Z+jets normalization N 3
tt_ + 21c normalization N 1 Diboson normalization N 1
tt + >1b normalization N (free floating) 1 {717 cross-section N 1
i+ light model.ing SN 4 Small backgrounds cross-sections N ?
tt + >1c modeling SN 4 Multijets normalisation SN 8
tt + >1b modeling SN 4
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ItH analysis - 1t background model
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O t+21b, tH+21c and tt+light processes affected by different types of uncertainties:
- ft+light: profits from relatively precise measurements in datq;

- ft+21b and tt+21c can have similar or different diagrams depending on the flavour scheme used for the PDF, different mass of
the c- and the b-quark conftribute to additional differences between these two processes.

Uncertainty source Description Components

tt cross-section Up or down by 6% tt + light

tt + >1b normalisation  Free-floating tt + >1b

tt + >1c normalisation  Up or down by 50% tt + >1c

NLO matching MADGRAPHS_AMC@NLO +PyTHIAS t7 (5FS)  vs. PowHEGBoXx+PyTHIA8 7 (5FS) All

PS & hadronisation PowHeEGBox+HERWIGT tt (5FS) vs. POwWHEGBOX+PYTHIA8 £t (_SFS) All
. ISR in PowHEGBox+PyTHIA8 ttbb (4FS) tt+ >1b

ISR Varying ag™ (PS), pup&cup (ME) in PowneGBox+Pyuia8 17 (SFS) 7 + >lc, tF + light
, FSR in PowHeGBox+PyTtH1A8 ttbb (4FS) tf+ >1b

ERE Varying ag™ (PS) in PowHEGBox+PyTHIA8 7 (SFS) tt + >1c, tt + light

o R 0O
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ItH analysis - 1t background model
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O tt+21b, tHt+21c and tt+light processes affected by different types of uncertainties:
- ft+light: profits from relatively precise measurements in datq;

- ft+21b and tt+21c can have similar or different diagrams depending on the flavour scheme used for the PDF, different mass of
the c- and the b-quark conftribute to additional differences between these two processes.

O Systematic uncertainties on the acceptance and shapes (nominal vs different MC samples and setfings)

« Such comparisons would change significantly the fractions of tt+=1b in the phase-space selected in this analysis when
comparing to these alternative setups.

» the normalisation of this sub-process is measured on data by the profile likelihood fit (free-floating);
« reweighing of the alternative predictions is applied in such a way to have the same fraction of tt+=1b as the nominal sample.

Uncertainty source Description Components
tt cross-section Up or down by 6% tt + light
tf + >1b normalisation  Free-floating tt + >1b |
tt + >1c normalisation  Up or down by 50% tt + >1c
NLO matching MADGRAPHS_AMC@NLO +PyTHIAS tf (SFS)  vs. PowHEGBox+PyTHIA8 tf (5FS) All
PS & hadronisation PowHeGBox+HERWIGT tf (5FS) vs. POoWHEGBOX+PYTHIA8 #f (SFS) All
. ISR in PowHEGBox+PyTHIA8 ttbb (4FS) tt+ >1b
ISR Varying ag™ (PS), pup&cup (ME) in PowneGBox+Pyuia8 17 (SFS) 7 + >lc, tF + light
, FSR in PowHeGBox+PyTtH1A8 ttbb (4FS) tf+ >1b
ERE Varying ag™ (PS) in PowHEGBox+PyTHIA8 7 (SFS) tt + >1c, tt + light
o R 0O
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ItH analysis - 1t background model

O t+21b, tH+21c and tt+light processes affected by different types of uncertainties:
- ft+light: profits from relatively precise measurements in datq;

- ft+21b and tt+21c can have similar or different diagrams depending on the flavour scheme used for the PDF, different mass of
the c- and the b-quark conftribute to additional differences between these two processes.

O Systematic uncertainties on the acceptance and shapes (nominal vs different MC samples and setfings)

« Such comparisons would change significantly the fractions of tt+=1b in the phase-space selected in this analysis when
comparing to these alternative setups.

» the normalisation of this sub-process is measured on data by the profile likelihood fit (free-floating);
« reweighing of the alternative predictions is applied in such a way to have the same fraction of tt+=1b as the nominal sample.

O Modelling uncertainties of it+21b (it+21c and tt+light) by the nominal prediction MC sample

- need to distinguish different effects in the modelling, while comparing, for each component, diffterent MC setups with the
same process generated in the ME and with sufficient stafs.

Uncertainty source Description Components

tt cross-section Up or down by 6% tt + light

tt + >1b normalisation  Free-floating tt + >1b

tt + >1c normalisation  Up or down by 50% tt + >1c

NLO matching MADGRAPHS_AMC@NLO +PyTHIAS tf (5FS)  vs. PowHEGBox+PyTHIA8 tf (5FS) All

PS & hadronisation PowHeGBox+HERWIGT tf (5FS) vs. POoWHEGBOX+PYTHIA8 #f (SFS) All
: ISR in PowHecBox+PyTtHi1A8 ttbb (4FS) tt+ >1b

ISR Varying a g™ (PS), ur &up (ME) in PowHEGBox+PyTHIA8 7 (SFS) tf + >1c, tf + light
: SR in PowHEGBox+PyTHIA8 ttbb (4FS) tt+ >1b

SRR Varying ag () in PowHEGBox+PyTHIA8 7 (5FS) tt + >1c, tt + light
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ItH analysis - signal extraction

Ingredients
O BDT distributions in SRs;
O Yields in CRs;

O P depends on estimated number of
events in each bin (function of y);

O 0 = set of parameters to model the 2
systematics uncertainties (nuisance
parameters); ;

O hypotesis: S+B or onlyBe

v

distributions;

observed yet)

Recipe

In order to test for signal presence in the
channel:

1. builld a likelihood as a product of P
terms over all the bins of the

. perform a simultaneous fit in the
signal and conftrol regions;

. put a limit on the signal sirength
M= o/0osm. (if the process has not been

Region Fitted observable
SRZ;)4 i>4b Classification BDT
SRZZ‘)4 i >4blow Classification BDT
CRsz4 3b Event yield
CRS 473blow Event yield
CR%?3 b Event yield
SRIZ%]. S4b Classification BDT
SRIZ%J. > dblow Classification BDT
SR;?Z b Classification BDT
SR;?Z 4blow Classification BDT
SRll)f; osted Classification BDT

O NPs 6 adjust the expectations for S and B according to the corresponding syst uncertainties, and their fitted values

correspond to the amount that best fits the data:

O impact of syst uncertainties on the search sensitivity can be reduced by taking advantage of the highly populated
background-dominated CRs included in the likelihood fit.

O Normalisation of each background is determined from the fit simultaneously with u:

O Contributions from backgrounds are constrained by the theoretical uncertainties, the uncertainty on the luminosity,

and the data themselves.

O Statistical uncertainties in each bin of the discriminants are taken info account by dedicated parameters in the fit.

Silvia Biondi - Corso di Dottorato - AA 2019/2020
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ItH analysis - signal extraction
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*: signal normalised to total background

LR T T

, 8200005 5= 13TeV,36.5 " Dch Ez}tgh' E

E %18000% I';:etasb WtV [JNon-tt E

" ::.'1, 16000F pre-Fit Uncertainty -

: ’ 4000E_ *: normalised to total Bkg. _f

E 120002— e —‘

O Fit effect on distributions LN ;
and systematic e e :
uncertainties: P wb Aw E
O significant improvement @ ax Sl —
in data/MC agreement 5 ) o —
from -l-he pre_fl-l- plO-I- -l-o : i&g 0751 j;
the pOST‘ﬂT one, E e

' Hr™ [GeV]

O estimated number of
events Is In agreement

with the number of data | Zew T .

N all the regions, : §2oooo lﬁ;;sTev,ss.sm" Dch E:_::;ght_g

: 218000 5§ 5 SR CINon-t

’ 2 160001 Post-Fit ! Uncertainty E

O The SYSTemCITICS bOndS E 14000 : normalised to total Bkg. _g

are reduced L E
significantly with the fit. 4

: 6000 =

E 4000 =

: o R —

L g O ;

* just for educational purposes! § 075‘?_‘ i e et N
* these plots are from my PhD thesis and ; T e
not related to this analysis anymore ; H* [GeV]
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Data / Pred.

Data / Pred.

*: signal normalised to total background

-T LI I LI ] LI ] LI ] LI T LB ] LI l LB I-I T I LI ]—
1200 -+ Data ttH =
" (5=13TeV, 365" “tH" [tislight -

- l+jets [ttsc Wtsd
1000 >6j,24b OtV [JNon-tt —
[ Pre-Fit Uncertainty |
800— *: normalised to total Bkg. |
o )
600:- - ]
£ - i

08 06 04 02 0 02 04 06 08 1

Classification BDT output

*: signal normalised to total background

>_1' T ] TTT ] T 17T ] ThT ] T 7T T T ] T l LB T-1 T I LB T'_
1200 4 Data ttH |
- (5=13TeV, 365" "H" [t+light -
— l+jets [ttsc Wtsd
- Post-Fit bl -
800; *: normalised to total Bkg. |
P }
600~ 0 ™ n
400 =
200
0 -
1.25 E—— .-
o - > .Q"'.W‘
1 2 - > v o -
075 £ —
0‘5 : A i A A A A ' i ' :
-1 -08 -06 -04 -02 0 02 04 06 08 1

Classification BDT output

Data / Pred.

Data / Pred.

*: signal normalised to total background

16m»-&llllllillill

IIIIIIIIII

lllllllllllllllllllll

+_<

u 4 Data B H N
14000 5 =13 TeV, 365" ~ttH" [ti+light -
T l+jets [ttec Wt -
12000 boosted 3j, 2b [tV [CJNon-tt _
~ Pre-Fit Uncenainfy .
10000— *: normalised to total Bkg.
80001 .
s 2 -

6000:‘ ]
% —— ’
40001 | -
2000 i >
0:.!.!. B e ARRREESE
125 [ —— 3
| P T T st 2

3 — e

075 E -
0.5 : L 1 1 ' ' ' i ' l:
-06 -05 -04 -03 -02 -0.1 0 01 02 03
BDT output

*: signal normalised to total background

‘—TITIIIITI]TTTI‘ITTTI]TTTII|1TTTITTITTTI_I]'ITIYI'—‘
120001 ¥ Data
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- l+jets Cttec
10000 boosted 3j, 2b .V

4000

W -
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Bit+b
[ INon-it

*: normalised to total Bkg.
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BDT output




ftH analysis - Recent results: evidence

O Results from the first evidence of the ttH process at LHC;

tH+21b:1.24£0.10

O Free-floating normalisation factors for ft+Heavy Flavour jets:

ttH(bb) analysis - 2018
Evidence of ttH process - 2018

H — yy, ZZ*,bb, ML
36 fb-1

H+21c:1.63+0.23
84+0.64

O Best-fit: Ui = thH/ OsM = 0. —0.61

O Precision limited by systematic uncertainty on tt + 21b simulation.

ATLAS s =13 TeV, 36.1 fb” ATLAS s =13 TeV, 36.1 fb”
L L L L L L L R L L L
— tot. —
stat. my = 125 GeV Dilepton | B
tot (stat syst) (two-u combined fit)
Dilepton _0.24 *102 4054 +0.87
(two-u. combined fit) — e — —1.05(—0.52 —0.91
Single Lepton | B
, (two-u combined fit)
Single Lepton 0.95 *0:65 +0.31 +0.57 my, = 125 GeV
(two-1L combined fit) - o — —0.62 (—0.31 —0.54 H
------------------------------------------------------------ ====5 Expected + 10
+0.64 , +0.29 +0.57 : T TR Expected + 26
Combined —~eo— 084 56 (5% o5 Combined — Observed
i o Expected (1)
—1 0 1 2 3 4 5 6 0 1 g 2 3 4 5

Best fit u = o'/ctH 95% CL upper limit on o/c,,(ttH)

signal strength larger than 2.0-°
excluded at the 95% CL
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https://arxiv.org/pdf/1712.08895.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.072003

HH(bb) analysis - 2018

Evidence of tH process - 2018

ftH analysis - Recent results: evidence
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Resulis

Channel Best fit u Significance
O combination of different channels allowed fo reach the first Observed Expected Observed Expected
evidence of ’rhee ttH pI’O.dL.JCTIOﬂ mode.s;. o Multilepton 1.6 05 1.0 04 41 7 &
O Both systematic and statistical uncertainties limit the measurements; - +0.6 0.6 | |
o J i ) +h SM gich H — bb 0.8 7o¢ 1.0 Zg¢ l.40 1.60
r ross- ion compatible wi rediction. ' '
Mmedasured Cross-sectiion compa e PrealcCtio H = yy 0.6 igg 10 igg 0.90 1 7o
+3.2 _
(tot.) (stat., syst.) N H — 4¢ <1.9 1.0 715 0.60 N
b b . Combined 1213  1.0%3 4.20 3.80 .
ATLAS (s=13 TeV, 36.1 fb” .. - - . oo
—total stat. .
: Uncertainty source Au
ttH ZZ -— <1.9(68% C.L.) .
: tt modeling in H — bb analysis +0.15 —0.14
f ttH modeling (cross section) +0.13 —0.06
_ : 0.7 0.7 +0.2
ttH vy =T 0.6 ih0.6 ‘061 02 ) Nonprompt light-lepton and +0.09 —-0.09
fake 7},4 estimates
I +0.6 +0.3  +0.6 Simulation statistics +0.08 —0.08
il leke m% 08 L6 (03,05 ) Jet energy scale and resolution +0.08 —0.07
ttV modeling +0.07 —0.07
fH ML Ko+ 1.6 fgj fgg , ig_'g ) ttH modeling (acceptance) +0.07 —0.04
: Other non-Higgs boson backgrounds +0.06 —0.05
Dot ‘. A ""'"‘""""""""':I"'z" ";'6'3'"'(‘ 1092 w03 1°° Othe.r experimental uncertainties +0.05 —0.05
- ttH combined - ke < 03 -0.2 7 0.2 Luminosity +0.05 —0.04
®© ¢ 00 06 0 0 0 o .| .1‘ |. Q} .1‘ o ‘| .l [ |. 1‘ .| .I. 1. .1 .|. |. .| .1. 1. .| .1. IQ .l e o Jet ﬂavor tagging _|_0.03 _0.02
—2 0 2 4 6 8 10 Modeling of other Higgs boson +0.01 —0.01
Best-fit m for m =125 GeV production modes
Total systematic uncertainty +0.27 —0.23
= measured oy = 590 + 160 - 150 fb Statistical uncertainty +0.19 —-0.19
(SM prediction 507 + 35 -50 fb). Total uncertainty +0.34 —0.30
O cccrcretcsceccccececoscoscoscoscoccscocococoscoscossoscscscoscocoscossososcscsccscoscocosososoescsccscocosossososcscscscosososososcn o O
Silvia Biondi - Corso di Doftorato - AA 2019/2020 14.02.2020


https://arxiv.org/pdf/1712.08895.pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.072003

ftH analysis - Recent results: observation

Silvia Biondi - Corso di Dottorato - AA 2019/2020

+ ttH Multi-Lepton

1712.08891

)
13 TeV. 36.1 fb- '
. {
tH(bb) s
1712.08895 b
F

+ HH in H->vyy

' 1806.00425

' #H(41) in H->4

: 1806.00425

Observation of ttH process - 2018

ttH combination

1806.00425

13TeV, 36.1 - 79.8 fb]
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https://arxiv.org/abs/1712.08891
https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1712.08895
https://arxiv.org/abs/1806.00425
https://arxiv.org/abs/1806.00425

ftH analysis - Recent results: observation Chaarvation of#1 arocess.- 2018

© Results from the first observation of the #H process at LHC: H — yy,ZZ*,bb, ML
O 36 fo! for ttH(bb) and ttH multilepton, 79.8 fb-! for ttH(gg) and ttH(4l);
O combination with Run 1 data (4.5 fb-! @ 7 TeV, 20.3 fb! @ 8 TeV).

: _ _ +0.28
O Best-fit:  HgH = UtfH/ OSM — 1. 32—0.26 °°°°°°° »  HH cross section 1.32 times higher wrt the SM one

= still compatible in 20% of the measurement precision

O ftH(bb) precision limited by systematic uncertainty on tt + 21b simulation.

| | | | I | | | | I | | | | | | | | | | | | | | | | p— 1 I l : I I : l l : : : : : : l :

fe) - | .
ATLAS e Total Stat. Syst. — SM = 9oF ATLAS E
_ ) -1 — T C _
(s=13TeV,36.1-79.8 fo le: 0 81_ BE Theory (NLO QCD + NLO EW) B
Total Stat. SYSt T d Total .
& - E Stat. only ® E
ry . 0.42 0.30 0.30 © 06:_ _:
ttH (multilepton) | ° | 156 j40 (£ 029 s 027 ) - .
0.5F =
ttH (yy) ——e—— 139 0% (£ o5 % 017 ) 0.4F =
ttH (Z2) e < 1.77 at 68% CL 0'3;_ _;
------------------------------------------------------------------------------------- 0.2 -
| Combined H—=—H 1.32+ 028 (£0.18,% 7)) 0 15_ E
] ] ] | | ] ] | | I | | ] ] | ] ] | ] | | | ] ] I | | 0E | | | | | | | | | | | | | | | | | | | | | E

~1 0 1 2 3 4 6 8 10 12 14 16

SM

Oy Ot /s [TeV]
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https://arxiv.org/abs/1806.00425

ftH analysis - Recent results: observation

© Summary of the systematic uncertainties affecting the combined ttH

cross-section measurement at 13 TeV

- only systematic uncertainty sources with at least 1% impact are listed;
« MC statistical uncertainty Is due o limited numbers of simulated

events.

O Measured total ttH production cross sections at 13 TeV

« Since no eventis observed in the H—Z/*—4| decay channel, an
observed upper limit Is set at 68% CL on the ttH cross section in that

channel using pseudo-experiments

Observation of t#tH process - 2018

Uncertainty source

Aotig [0 [%]

Theory uncertainties (modelling) 11.9
tt + heavy flavour 9.9
ttH 6.0
Non-ttH Higgs boson production 1.5
Other background processes 2.2

Experimental uncertainties 9.3
Fake leptons 5.2
Jets, EXSS 4.9
Electrons, photons 3.2
Luminosity 3.0
T-leptons 2.5
Flavour tagging 1.8

MC statistical uncertainties 4.4

Analysis Integrated ttH cross Obs. Exp.

luminosity [fb~1] section [1b] sign. sign.
H — yy 79.8 710 ﬁég (stat.) j(z)o (syst.) 4.10c 3.0
H — multilepton 36.1 790 +150 (stat.) *120 (syst.) 4.1o 2.80
H — bb 36.1 400 *10 (stat.) + 270 (syst.) l.4o  1.60
H—Z7Z" - 4¢ 79.8 <900 (68% CL) Oc 120
Combined (13 TeV) 36.1-79.8 670 + 90 (stat.) ii(l)g (syst.) 5.80 490
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8 — 6.30c S.lo
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ftH analysis - Recent results: observation

© Summary of the systematic uncertainties affecting the combined ttH

cross-section measurement at 13 TeV

- only systematic uncertainty sources with at least 1% impact are listed;
« MC statistical uncertainty Is due o limited numbers of simulated

events.

O Measured total ttH production cross sections at 13 TeV

« Since no eventis observed in the H—Z/*—4| decay channel, an
observed upper limit Is set at 68% CL on the ttH cross section in that

channel using pseudo-experiments.

Observation of t#tH process - 2018

Uncertainty source

Aotig [0 [%]

Theory uncertainties (modelling) 11.9
tt + heavy flavour 9.9
ttH 6.0
Non-ttH Higgs boson production 1.5
Other background processes 2.2

Experimental uncertainties 9.3
Fake leptons 5.2
Jets, EXSS 4.9
Electrons, photons 3.2
Luminosity 3.0
T-leptons 2.5
Flavour tagging 1.8

MC statistical uncertainties 4.4

Analysis Integrated ttH cross Obs. Exp.

luminosity [fb™1] section [fb] sign.  sign.
H — yy 79.8 710 *550 (stat.) *320 (syst.)  4.1o 370
H — multilepton 36.1 790 +150 (stat.) T30 (syst.) 4.10 2.80
H — bb 36.1 400 *10 (stat.) + 270 (syst.) l.4o  1.60
H—ZZ* > 4 79.8 <900 (68% CL) O 120
Combined (13 TeV) 36.1-79.8 670 + 90 (stat.) *10 (syst.) 5.800 4.90
Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1-79.8 — 6.3cc 5.10
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ftH analysis - fittfed observables

Years f Ldt [fv~'] Uncertainty [%]
Leptonic channels

2015-2016 36.2 2.1

2017 443 2.4

2015-2017 80.5 2.0

2018 58.5 2.0

2015-2018 139.0 1.7
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ftH analysis - Recent results: evidence bioh).ancal. 2014

H — yy,ZZ*, bb, ML

Coupling studies performed as well

O scan in the ke-kv plane from the combination of all ttH channels;
O assuming Higgs boson not to couple to any BSM particles;

O good agreement with the SM prediction.

~ i Standard Model o -
s mer ATLAS Preliminary -
25 . —68% CL [ttH — vy, ZZ, bb, ML] N
e 95% CL Vs =13 TeV, 36.1 fb -
2 -
=] T —— -
" + / :
)
0.5 -
i | ] | | N

OO 0.5 1 1.5 2
Ky
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https://arxiv.org/pdf/1712.08895.pdf

ItH analysis - fitted observables

(@ JOI I R I I R A I I I R R A e I I

ﬂ -lllIllIlllIllll"l"'l'lllll'- 2 -"""""""""'l""]""q Q _""l""]""l""l""l""—.
510000~ ATLAS  Intermal 4 Data 58650 — § [ ATLAS  Intemal + Data 64290 - § "0 AtLAs  Intemal o Data  2827.0 -
0 - (5= 13 TeV, 140.5 Pojil tH 1169 ] W, 000l 5= 13 TeV, 140.5 bl tH 764 _ i - {5 =13 TeV, 140.5 bl ttH 252
_ Dilepton Bl + >1b (4FS)  2801.2 - Dilepton B + =1b (4FS) 1735.7 - . Dilepton B + =1b (4FS) 1903.9 -
8000k 4ji 3be @60 i [Johtand 4top 2103 - 4ji3be @70n60  ti{Jghtand4top  861.9 - 4000~ 3je 3be @60 fi[Jghtanddtop  127.9
- Pre-Fit D t{ + 21c¢ 6954 - 8000} Pre-Fit D t{ + 21c 14740 _| L Pre-Fit D tf-q- >1¢ 3485 4
i O T +V 67.9 - : O t +V 732 - - O f +V 129
6000k= q non-tt 248.3 _ q non-tt 294.8 3000 Z/m /”,,,.,{.,,?{:, / /{{:,/?{,}v 4
- , Total 41399 - 6000 ///////// : P s . %
7/ ocertamly ” neceriamm
7 ) o i
4000
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O Event yields in CRs of dilepton channel.
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ItH analysis - observation

t ttH in H->vyy
. 11806.00425

ttH Multi-Lepton
1712.08891

' #H(4I) in H->4

7 . 11806.00425
13 TeV, 36.1 fb- '
: { -
{ Q3TeVv, 36.1 -79.8 fb-
ttH(bb) y b . T .
1712.08895 "’"< i . ttH combination
' ' 1806.00425 '
I

Silvia Biondi - Corso di Dottorato - AA 2019/2020 42
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ItH analysis - observation

Expected Observed

Bin ttH (signal) Non-ttH Higgs Non-Higgs Total Total
H—yy
Had1l | 42 1.1 049 +0.33 1.8 £0.5 64 =+1.3 10
Had2 | 34 +£0.7 0.7 £0.6 75 =11 116 1.5 14
Had3 | 47 +0.9 20 +1.7 329 +22 396 +3.2 47
Had4 | 3.0 0.5 3.2 +3.1 550 +=28 61 + 35 67
Lepl |45 1.0 0.24 +0.09 22 £0.6 69 =+1.2 7
Lep2 | 22 +04 0.27 +£0.10 46 +0.9 7.1 +£1.0 7
Lep3 | 0.82 +£0.18 0.30 +£0.13 46 +0.9 5.7 +09 5
H—Z7Z" —4¢

Had 1 | 0.169 £ 0.031 0.021 +£0.007 0.008 +£0.008 0.198 +0.033 0
Had 2 | 0.216 £0.032 0.20 +0.09 0.22 £0.12 0.63 +0.16 0
Lep 0.212 £ 0.031 0.0256 £ 0.0023 0.015+0.013 0.253 + 0.034 0
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