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The Standard Model of Particle Phisics

Standard Model of Elementary Particles

@ The Standard Model (SM) of Particle e ponscimate
Physics is a gauge theory that classifies all .
known elementary particle and describes 3 - @1-O(-@|f @| @
of the 4 known interaction forces: Strong, :,, C:am m,, : A N
Weak and Electromagnetic :’fddt -‘;[ S ?fb ® . ht‘

@ Discovery of Higgs boson in 2012 = Wg = p
completed the set of predicted elementary ,‘; He;J : e | LLJ]E
particle Q (e | ) e ) B

@ Very successful and predictive theory, but E ‘;,il ‘—) t_) bg g
has still many shortcomings: - ?

» inclusion of gravity

—
» neutrino masses and oscillations s | "ﬁ“ —
o F liggs boson m =126.8 GeV (fit)
» matter/anti-matter asymmetry 2 LE " S (mrir poi
. . w E Hox
» evidence of dark matter existence ol ”

F e 7TeVILdI 481"

@ Strong chase for New Physics O oo

» direct search of new particles
» indirect evidence trough deviations in SM
predictions
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The ATLAS experiment at LHC

Large Hadron Collider

@ The ATLAS experiment is placed in
one of the 4 interaction point of
LHC

@ Almost at the end of Run 2:

> already collected ~130 fb~!
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Higgs Boson and Top Yukawa Coupling

@ The discovery of the Higgs boson in 2012 started an effort on the precise
measure of its properties

@ The top quark is the heaviest elementary
particle
> has the highest Yukawa coupling: Y;

@ Anomalous values for Y; are predicted by many
Beyond the Standard Model (BSM) theories
@ Associated production (ttH) only way to
directly measure Y; —
» many accessible final states: ~~, multi-lepton, et st oot
lepton+jets, all hadronic ’
o ATLAS first ttH observation recently published w S

H (b6} —

using Run 1 and Run 2 data’ L e
> with observed(expected) significance of o pm=r e
6.3(5.1) T

*
arXiv:1806.00425 [hep-ex]
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Fully Hadronic ttH Analysis Strategy

Bartolini Giovanni (CPPM - AMU) JRJC 2018



ttH Production in Fully Hadronic Final State

q

Most abundant final state
» ~33% of total ttH production
@ No neutrino

» full event reconstruction

Ideal for differential analysis
> explore the CP nature of Y;

al

o Challenging experimental signature:
» 8 quarks, 4 b-quarks ATLAS Intemal oot 2031
2012 [s=8 TeV, 20.3 fb™
> Large QCD lzackg_round _':‘;_‘s;m ‘ﬁH(H;bE) '(m) ‘(sla()‘ B
> irreducible tt + bb background
) . ) ) N Hadronic |- F———e———1 k=16 20 0% |
o First analysis published in Run 1%
/14 = 1 6 Zl: 2 6 Dilepton e p=28 20 T
tt _ . .
» brought 10% improvement on the fepniets = e 12 e e T
significance of the ttH(H — bb) Combinaon - +=-e=—4 p=ta N0Ne o
combination 2 0 2 4 6 8 10 12

best fit p for mH=1 25 GeV

P
arXiv:1604.03812 [hep-ex]
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Jets as Quark objects

@ The nature of the strong interaction does not allow to quarks to be available
as free particles

» How can we see quarks as final state particles?

@ Quarks and gluons that are produced from a collision will hadronize
producing a collimated flow of hadronic particles
> a specific algorithm is used to reconstruct this flow as a single object, called
JET
@ Jets coming from b quarks have particolar properties that allow them to be
distinguished from other jets
> the identification of a jet as coming from a b quark is called b-tagging

Dlsplaced
Secondary
Vertex
Parton level
% Primary
Vertex /
p

Particle Jet Energy depositions
in calorimeters -
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Event Selection and Categorization

o Multijet trigger mae e pee e
. . atrag LSrggaco atha
> >4 jets with pr > 100 GeV (120 GeV for o s ]
2017 data) and |n| < 2.5 2 6=
\_// \\_/ / “- J
@ Lepton veto
> to avoid overlap with other channels o ”ij o | e
o Offline selection: 7 J e
> same as the trigger + > 2 additional jets e IR
with pr > 25 GeV and |n| < 2.5 Yy “m"
» > 2 jets b-tagged ’ ’
o Categorization in jet and b-jets multiplicity R 2 .
> 6,7, 8 or >9 jets > B .
> 2,3 or >4 b-jets
data 15+16 8j.3b 8j,>4b >0j,3b >9j,>4b
ttH 500 £ 0.3 3.0 £ 0.2 76.4 £ 0.4 245 £ 0.2
tth 10337 £ 254 1403 £ 0.6 15026 & 30.8 2810 ¥ 1238
ttc 360.4 + 15.8 101 + 27 4379 + 175 17.6 + 3.6
ttl 505.0 + 19.0 80+ 25 4313 + 176 43418
@V 30.0 + 1.0 52 £ 0.4 452 4 15 10.2 + 0.7
singletop 635 + 4.2 6.5+ 1.4 573+ 3.9 63+ 13
QCD 8946.1 + 356 12039 + 51 72389 + 349 11969 + 59
Total Background | 10940 & 50 1373 £ 12 9713 £ 53 1518 + 15
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Event Selection and Categorization

o Multijet trigger mis e g g e
> >4 jets with pr > 100 GeV (120 GeV for "o .. Tas g
2017 data) and |n| < 2.5 < L2 |

@ Lepton veto

> to avoid overlap with other channels AT

[ Tor | 5o
o Offline selection: o @ J e
» same as the trigger + > 2 additional jets R R
with pr > 25 GeV and |n| < 2.5 wy Y S B

> > 2 jets b-tagged

o Categorization in jet and b-jets multiplicity O v .
> 6,7, 8 or >9 jets > ~

> 2,3 or >4 b-jets

ey e
~ sn-08%

20~ 16%

data 17 8j,3b 8j,>4b >9j,3b >9j,>4b
ttH 36.0 £ 0.4 94 +02 63.0 + 05 19.8 £ 0.3
tth 5949 + 221 758 £ 6.6 1023.2 £+ 29.7 178.8 £ 11.6
ttc 197.2 £ 129 92+ 41 3211 £ 173 70+ 20
ttl 278.1 + 16.6 5.4+ 27 278.1 + 16.7 4719
ttV 206 £ 1.1 36 £ 05 326 £ 1.6 58 £ 0.7
singletop 46.2 + 4.2 1.7 £ 06 457 + 4.1 47+ 10
QCD 5748.7 & 285 763.6 = 4.0 5279.2 £ 30.2 850.1 & 5.1
Total Background 6886 + 42 850 £ 9 6980 + 49 1060 + 13
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Analysis Strategy

o QCD multijet is main background, but really hard
to reproduce in simulation

—‘.\a&h .

= n+1 b-tagged jets

> estimation with data-driven method: Tag Rate ‘(R"’““é
Function Multijet (TRFumy)

@ Signal vs background discrimination

» with Multivariate Analysis (MVA) method called . » st
Boosted Decision Tree (BDT)

@ Maximum likelihood fit
> to extract the final results

R,

' ATLAS  Intemal +Data15+16  WH

5 F H o 0
8 [ ATLASSmulation E=13Tev & R e a =
N T i+ > i
go.25- work in progress ttH(bb) fullhad wp e Disrgowp  maco
s 8 jets, 3 b-tags  Uncertainty
Z L _um Classification BDT -
0.2
r — tt+jets
L — multijets o
015
n w
o1~ w0
.05 Brazs
E <
L Foars
T o L T e L 8
21 -08 -06 -04 02 0 02 04 06 08 1 oy Sowy | Temy  Teay Gy oy

BDT response
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BDT studies
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Multivariate Analysis for Fully Hadronic ttH

Analysis chain

Signal-rich region

¥ ¥

recoBDT_withHiggs ‘

reconstruction step ‘ recoBDT

choose the best ‘
combination for each
Global
vars vars vars

classification step ‘ ttH vs tt+jets (classifBDT) ‘
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Reconstruction BDT Step

@ Goal: find the best association between jets reconstructed in the detector
and the final state partons

@ Large mutliplicites — large combinatorics

» from 36 up to thousands possible ways to reconstruct the ttH system
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Reconstruction BDT Step

o 2 different BDTs using reconstructed resonances and angular correlations

between jets
>

— higher reconstruction efficiency

@ Trained using ttH simulation

> signal: correct quarks-jets association

» background: all other possible associations

Simutation
progross

— Signal
+Bkg

G L)
Top1 Mass [MeV]

ATLAS Simuiation
work i progross
&

—Signal
«Bkg

recoBDT: tries to reconstruct only tf system
— no bias on the Higgs candidate mass
recoBDT _withHiggs: full ttH system reconstruction

Normalized.

ATLAS Simutation

—Signal

ATLAS Simulation
workin progress

—Signal
«Bkg

%700 200 300 L
Mass(itbat) - Mass(top1) - Mass(top2) [MeV]
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Reconstruction BDT Step

< Soa s F
oz ATLAS Simulation | £, ,,f ATLAS Simulation Sonl ATLAS Simulation
<} work in progress 4 work in progress. T work in progress
£ L o2 e taTey cob =13 Tow
£ £l ) s goizr ) inae
] g fepeieret g [ i 4
@ @ o8 @ oq recoBOT
sl ol E
r [reconstructed onf [recanstructed 008 reconstructed
E D matching truth [Dmatching truth F [Mmatching it
i oE oo~
t o8 F
E aosf- ool
005 ool r
[ 002
. 0.021~ F
L 3 L 10 L < 10°
50 100 150 200 250 300 350 400 o 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
Top1 Mass [MeV] Top2 Mass [MeV] Higgs Mass [MeV]
oz § 5
§ § § F
k4 ATLAS Simulation B 0221~ ATLAS Simulation k4 F ATLAS Simulation
g% work in progress S of work in progress. Toasf- work in progress
&o fo= 137w L = 13Tov wor =13 Tow
£ tHiob) fulhad EoBE ttH{ob) fulihad € L tHioe) fulhad
§o1 i 4 biae 2 o 4 e g i 4 e
Tox e v g ol TeeoR i ooe & 07 e v
o1 o £
o [reconstructed 02f- [Drecansinucted oasf- reconstructed
N [[D matching truh oib [Dmaching ruth E [Dmatching it
0.0t 0.08F- o
o 0.06F- L
oo oo 005~
00 0.0z .
—— be10” i 0 L e 10°
% E ) @R W0 10 200 20 800 S0 40D 5 100 150 00 250 400 50 400
Top1 Mass [MeV] Top2 Mass [MeV] Higgs Mass [MeV]

@ Higgs boson candidate properly reconstructed 57% and 75% of times and full
event properly assigned 41% and 53% respectively in events with full
matching available
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Classification BDT Step

@ Goal: perform signal vs background discrimination

@ Combines reconstruction results from previuos step with global event
kinematics
@ Optimization against 2 different main background sources:

» irreducible tf + bb — need more simulation
» QCD multijet, using data-driven simulation from TRF

o

H E Ok In FTOQress i singletor i Jun | sngietop.

P lgmmepgezn®™ B Qo L e
* Ot

10~ ATLAS Work In Progress o Wange [ ATLAS Work I Progress — ATLAS Work I Progress T—
b e 213 TeV, 36.2 10 L = etor I ig=13Tev, 36.21b" [ :'”"‘” b wlTs=13Tev, 362 16" e :"‘"‘”

© >9jets, >4'btag e >9 jets, >4 'blag v >9jets, >4'btag w

wh o '} L F w1

haos R
T g i 0
s ]
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Classification BDT Step

@ Variables optimization performed separately in each signal region with a

recursive method

> From a preselected set of variables takes the one with the highest s/b

separation

Adds recursively the variable that brings the biggest improvement
stops when the improvement from the addiction of a new variable is less

0
than 1%
5 F 5 F
] r ATLAS Simulation V5 =13 TeV 2 r ATLAS Simulation V5 =13 TeV
Sozs- work in progress  ttH(bb) fullhad Sozs- work in progress  ttH(bb) fullhad
5 L 8 jets, 3 b-tags 5 b 8 jets, >4 b-tags
z —ttH Classification BDT z —ttH Classification BDT
R 020 _ttsjets
L — multijets £ — multijets
01sf- 01sf-
o1 o1~
0,051 0,05
=S T T S | 1 C [ P | 1
“1 -08 -06 04 02 0 02 04 06 08 1 “1 -08 06 04 02 0 02 04 06 08 1
BDT response BDT response
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Classification BDT Step

@ Variables optimization performed separately in each signal region with a

recursive method

> From a preselected set of variables takes the one with the highest s/b

separation

Adds recursively the variable that brings the biggest improvement
stops when the improvement from the addiction of a new variable is less

0
than 1%
5 F 5 F
] r ATLAS Simulation V5 =13 TeV 2 r ATLAS Simulation V5 =13 TeV
Sozs- work in progress  ttH(bb) fullhad Sozs- work in progress  ttH(bb) fullhad
5 b 29 jets, 3 b-tags 5 b 29 jets, 24 b-tags
z —ttH Classification BDT z —ttH Classification BDT
R 020 _ttsjets
L — multijets £ — multijets
01sf- 01sf-
o1 o1~
0051 0.0sf-
=S T T S | E T P |
“1 -08 -06 04 02 0 02 04 06 08 1 “1 -08 06 04 02 0 02 04 06 08 1
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b-jet Trigger Calibration with tt
Dilepton Events
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b-jet Trigger Calibration

o trigger-level b-tagging improved with respect to Run 1, now close in
performance to offline algorithms

@ Use of b-jet trigger results on an increase of signal efficiency of a factor ~3

s F T T T E|
B . +vveees MV2C10 Offline (2017)
T 10F MV2¢10 Trigger (2017)

T F ——— MV2¢20 Trigger (2016) E

= i — — IP3D+SV1 Trigger (2015) 1

5 10k T

E ~ ]

0°E :\ E

[ ATLAS Simulation Preliminary “~_ N, ]

Carlo’ 3

F: (=13Tv A, E\\n E

[ : Jetp >55GeV, <25 TS

1k : .

40 50 60 70 80 90 100

b-jet efficiency [%]

e Data/MC Scale factors are used to calibrate online algorithms
» SFs are derived for different jet flavors
@ b-tagging used both at trigger level and at recostruction level

» combined online + offline calibration
» Geometrical association between online and offline jet objects
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b-jet Trigger Calibration with tt Events

@ Event selection:

activate one Lepton + boffperf trigger

exactly 2 leptons with pr > 28 GeV and opposite charge
exactly 2 jets with pr > 35 GeV

ep channel

my; cuts

both jets matched

vVvyvYVvVvyVvyywy

Lepton + boffperf prescaled triggers J

b-tagging algorithm will run for each jet without taking decisions
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my; cuts

lj-Combination, invariant Mass

Idea: improve bb-purity by finding
Jet + lepton combinations which

corresponds to the top quarks. 3 W E
£ [ ) ]

. . [ b+(lc) ]

For b-Jets the invariant mass of the r gbb 1

combination should be smaller then the 10°
top mass.

=e= datal516

The combination we found which
seems to be the most promising in
reducing background is the one which
minimizes the sum of the squared

! ! 1 Q19 E
invariant mass of both possible ?m e L+ +++ +1-'H' .
"y . . nos g e
lj-combinations” in the event. Tog- 7t +.|. 'I'-I-‘I'.|.‘|',
Sos _——"" . .
8 |¥ E

=iy
50 100 150 200 250 300 350 400
invariant Mass [GeV]

Veto events with one myj; > 175GeV (=~ top-mass), or constrain flavor fractions
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b-jet Trigger Calibration with tt Events

@ b-jet content extracted using likelihood method

Lg(pT,1,Ppr,2, Wi, w2|Pp(wlpT)) =[fur, (P11, PT.2)Po(wilpT,1)Ph(wa2|pr,2)
+ fui(pr,1, pr2)Po(wilpr 1) Pi(walpr 2)
+ fin(pr.1. pr.2)Pi(wi|pr,1)Po(w|pT,2)
+ fu(pr,1, pr,2)Pi(wilpr,1)Pi(walpr 2)]

1)

fe, £o (PT,1, PT,2) = fraction of flavour combination [fi, fo]. (Extracted from
Simulation)
Pe(wi|pr,1) = pdf for a b-tagging weight w of jet with flavour f and a given pT, 1.

L(Py(wlpr)) = [] Le(data|Py(wlpr)) (2)
data
() = [ dw'Py(wler) 3)
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Calibration Results: Online only

5 — : : — 5 3T : : —
8 ATLAS Intemal Vs = 13 TeV, 36.2 fi* E g 1oE ATLAS Intemal (5 =13 Tev, 36.2 6"
g r21, emu_OS_J2_online, fconst 3 g i E r21, emu_OS_J2_online, fconst
hd OnlineMV2c20, FixedCutBEff,C}/° = 85% 3 < 11E OnlineMV2c20, FixedCutBEff,}/° = 77%
E 3 E E
5] 3 <} E
3 Fo e —o— + El 3 I E—— 4
@ E @ F
) E 3 0%
5] 1 5] 5
& - datal516 = 4 g7E -#-dataisie =
E stat + syst unc 3 E stat + syst unc 3
0.6- L - 0.6- L -
10 10?
p, [Gev] p, [Gev]
° 3 T 3 ° 1.3: T
s ATLAS Internal Vs = 13 TeV, 36.2 fi5* E s . 2:* ATLAS Internal Vs =13 TeV, 36.2 f5*
g = 121, emu_OS_J2_online, fconst E g - E 121, emu_OS_J2_online, fconst
- . OnlineMV2c20, FixedCutBEff,}'C = 70% 3 < 11 OnlineMV2c20, FixedCutBEff,}'C = 60%
T 3] T [ 3
% — A 3 % = —————¢— .
> 0. — > 0.9k |
3 E 3 5
5] 1 5] E
S 0. = S 08
ki E ki E
& g7E -#-dataisic = & g7E -#-dataisic
stat + syst unc 3 E stat + syst unc 3
0.6" ! - 0.6" !
10° 10°

©
&
=

P, p, [GeV]
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Calibration Results: Combined

s e : ——y 5 L3 : ——y
8 ATLAS Intemal Vs = 13 TeV, 36.2 fi* E g 1oE ATLAS Intemal (5 =13 Tev, 36.2 6"
g r21, emu_OS_J2_online_tag8s, fconst 3 g i E r21, emu_OS_J2_online_tag77, fconst
hd OnlineMV2c20, FixedCutBEff,C}/° = 85% 3 < 11E OnlineMV2c20, FixedCutBEff,C}
8 3 ot E
@ ] @ E
) E 3 0%
5] 1 5] 5
& - datal516 = 4 g7E -#-dataisie =
E stat + syst unc 3 E stat + syst unc 3
0.6- L - 0.6- L -
10 10?
p, [GeV] p, [GeV]
° T 3 5 1.3: T
s ATLAS Internal Vs = 13 TeV, 36.2 fi5* E s . 2:* ATLAS Internal Vs =13 TeV, 36.2 f5*
g r21, emu_OS_J2_online_tag70, fconst 3 g “E r21, emu_OS_J2_online_tag60, fconst
- OnlineMV2c20, FixedCutBEff,}'C = 70% 3 < 11 OnlineMV2c20, FixedCutBEff,}'C = 60%
T 3] o T
£ : - f
2 = z 09—
5] 1 5] E
] = S o8
ki E ki E
& - datal516 = & g7E -#-dataisic
stat + syst unc 3 E stat + syst unc 3
I 3 0.65 I
10° 10°

)
@
=

P, p, [GeV]
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SF Stability Studies

@ Studied SF dependency to different
possible source of sistematic
uncertainties:

> 7, pile-up and data period
@ SF seems to be robust to all of them

85% WP

o 2F
B 1155 ATLAS Internal (s = 13 TeV, 24.6 fo*
o £
= =
- 1
s F
g 1055
T E + |

E 1
i ,
2 E
2 095
2 =
o E
£ 0sF  ——— Alvea
 F —— u<2
2 ossf ——— 205p<30

E —— u=30

osb i . L
10

JRJC 2018

g L3y
£ F ATLAS Intemal {5=13TeV, 36.2 5" E
g i E r21, emu_OS_J2_online_eta, fconst 3
g OnlineMV2c20, FixedCutBEff,}'® = 85% ]
8 E E
g — e
w E —+=
2 C 3
5 09F E
g £ E|
2 £ B
3] E =
£ 0'8: 3
ﬂl) E |
2 07 -+datal516 =
E stat + syst unc 3
0. L L Il Il Il Il Il L Il Il |
=25 2 -15 -1 05 0 05 1 15 2 2
n
85% WP
o M
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Conclusion
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Conclusion

@ Fully hadronic ttH channel:
> Large BR, but dominated by QCD
multi-jet production
» Large statistic available and event fully
reconstructable

@ My contribution to improve the analysis:

» Calibration of trigger b-tagging efficiency

* replace multijet trigger with b-jet trigger to increase by a factor ~3 the signal
selection efficiency
> Implementing a 2 steps strategy for MVA based signal/background
discrimination

* Reconstruction step to resolve combinatorics
* Classification step with optimization for QCD background discrimination
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END

Thanks for the attention!
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