. P b sz I b1 e £y
Sy a} ! N e L) B g7 7R PN A0 T
D e

Institute of High Energy Physics Chinese Academy of Sciences

Higgs boson couplings to quarks at the
ATLAS experiment

Zhijun Liang
on behalf of the ATLAS Collaboration

Institute of High Energy Physics,
Chinese Academy of Science

The 27th International Workshop on Weak Interactions
and Neutrinos



The Standard Model

Describes everything
experimentally confirmed
before 2012

| N

Higgs sector

Yukawa coupling with new scalar

(completely new interaction type) Higgs potential (u* ¢* + A ¢%)

ttH, H-bb

and H- tt are important ! (to be explored by High Lumi-LHC)

Gauge boson interaction with new scalar
(new for scalar, but known for fermions)



1IgQgs cou
1IgQgs cou
1I9Qgs cou

Outline

Ing to top quarks
ing to bottom quarks
Ing to charm quarks




How to Identify b quark jets in ATLAS

e Two major information to Identify b jets

— Impact parameters
— Secondary vertex from B decay

—3% tracks b jet

------ b hadron
------ impact
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vertex
light jet

- prlmary vertex
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ATLAS Detector upgrade : Run 1 to Run 2

e Adding a new layer of pixel detector
— |IBL = New Insertable pixel B-Layer at R=33 mm

e Light jet rejection power with vertexmg algorlthm increased
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Higgs coupling to top quarks

« Higgs coupling to top quarks

— Associated production with a top quark pair (ttH)
« Higgs coupling to bottom quarks

- V+H (=2 bb), (where V=W/2Z)

— Vector boson fusion (VBF) H = bb

— Boosted H-> bb

- H = bb combination
« Higgs coupling to charm quarks

- Z+H (= bb)



Why ttH?

e Explore Higgs-Fermion interactions at LHC
— The strength of Higgs-Fermion interactions

e Higgs-Top coupling is the largest

— At LHC: Model dependent vs independent &> [ T T T
> 1 ATLAS Preliminary -
E— © Vs=13TeV,36.1-79.8 " Z’; E
5 [ my=12509CeV,ly,|<25 V\.I. ]
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in production

ttH: probably the only channel that can directly probe Higgs Yukawa coupling via production
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How to study ttH?

e Production

LI S B B S S B B B B

Is=13 TeV

CR,
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e Decays

Top Pair Branching Fractions

Hundreds of complex final states
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Higgs-top Yukawa coupling in runl

« Direct measurement of Higgs-Top coupling via ttH production.
 ttH signal strength (uyy) measured in LHC Run 1
— 4.4 sigma observed significance (ATLAS+CMS run1 combination)

— 2.0 sigma expected significance

g “00000W® >
A
~- — — — — —
A
<

|

ATLAS and CMS -o- ATLAS+CMS
LHC Run 1 -+ ATLAS
-+ CMS
B —zx1o
—p—— — 22
p'ggF K ST il
T
JHEP 08 (2016
u ————
VBF —ft
—*E—
l'LWH —
—*’—
p'ZH : =
§ .
)
o
u '
lllllllllllllllllllllllllllllllllllllllllllllll

H= O-measured/O-SM

) 045

-1-050 05 1 156 2 25 3 35 4

Parameter value



H—= 77" — 4/
H — vy

ttH channels
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ttH multilepton

Phys. Rev. D 97 (2018) 072003

e QObs. (exp.) significance at 4.10 (2.80)
— ttbar background suppressed at

e Same sign di-lepton channel
e 3 and 4 leptons channel

— Major syst.

e ttH predicted cross section
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combined

e Jet energy scale and resolution

ttH->WW
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tt H 9 b b Phys. Rev. D 97 (2018) 072016

Events / bin

Data / Pred.

v
/

o Suffers from large QCD background from tt+bjets
e Combined fit to all 19 regions (with control region)
— Reduce background systematics
— Observed(expected) significance at 1.40 (1.60)

>
Tav,

d

J
g

c T T -
LA R L B I B I BN UL B ] ATLAS ‘Data .ttH
ATLAS ¢ Data mttH o 450 /s = 13 TeV. 36.1 fo" Ot + light [Ott+>1c 1
40 513 Tev, 36117 Lfi+light Diti+>1c 3 & 400 si N Wi+ >1b @+V
400! Singlo L Wi+ E+V g #00p Single Lepton CNontf 7 Total unc.
II"Ideje epton [CINon-it 7 Total unc. 350k SRy --- ttH (norm) ]
350t SH ---ttH (norm) ] Post-Fit
________________________ Simultaneous
_____ oo ] Fit with CR
50 5
— -03 125}
A m@«f&“éﬁ“%? A
©
0.75 ¥ [ 05 . . . .
17208 06 04 02 0 02 04 06 08 1

0.5
-1 —08 06 04 02 O 0.2 0.4 0.6 0.8 1 Classification BDT output

Classification BDT output
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\Use photons to tag the
:Higgs Boson
|

Use jets (b-jets), leptons,
and E;™ss to capture the
characteristics of top quarks

Directly use properties of the objects in the event to train a
multivariate discriminant
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tt H 9v v ATLAS-CONF-2019-004

e The signal strength (observed/predicted) is measured to be:

piig = 1.38 1058 = 1.38 1027 (stat.) 7013 (exp.) 015 (theo.)
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[0 - ¢ Data ATLAS Preliminary ]
O 301 . S
To) IR Continuum Background Vs = 13 TeV, 139 fb . S. .f. .
c"\D_ _ ---- Total Background m, = 125.09 GeV B Igniticance.
: 25:_ — Signal + Background  All categories 14.90 observed
{2 N In(1+S/B) weighted sum -
g 20p 1 (4.20 expected.)
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tt H com b| Na t | on Phys. Lett. B 784 (2018) 173

e QObservation of ttH production! ATLAS (up to 80 fb-1)

— ttH->y yis still dominated by statistics unc. Run-2: 5.80 (4.90 exp.)
Run-1+Run-2: 6.30 (5.10 exp.)

[ I I I | I [ I I | I | I | I I [ | I | [ | | | I | |
ATLAS e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1-79.8 fb

Total Stat. Syst.
tiH (bb) H ~ | H 0.79+ ool (+ 922 ,+0.53)
ttH (multilepton) He=— 156+ g4 (% 030 »F ooy )
ttH (yy) F—e— 139 g3 (% o5 % o7y )
ftH (Z2) Je <1.77 at 68% CL
Combined H==H 1.32+ 058 (£0.18,+ 22 )
| | | | I | | | | I | | | 1 I | | | | I | | | | I | |

-1 0 1 2 3 4
Phys. Lett. B 784 (2018) 173 SM
Y (2018) O Ottt
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Higgs coupling to bottom quarks

« Higgs coupling to top quarks

— Associated production with a top quark pair (ttH)
« Higgs coupling to bottom quarks

- V+H (= bb), (where V=W/2Z)

— Vector boson fusion (VBF) H = bb

— Boosted H-> bb

- H = bb combination
« Higgs coupling to charm quarks

- Z+H (= bb)
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Higgs decay

« H—bb is the Dominant Decay mode of Higgs Boson(58%)
« Motivation: Search H—bb decay mode in VBF final state

LZ,YY Good mass
resolution channels N

mass and precise W Zy

differential 0.23% > 0.15%

measurements "~ 0.008% (e,4)

0.012% (o.u)\

WW: High BR,

Poor mass resolution 1.1% (e,4) bb, 77 high BR, but
low S/B, important to
directly probe

Mz very small BR, but Higgs boson

access to coupling to coupling to fermions

2nd generation
fermions
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Road to discovery of H — bb

« Started in LEP era, developed in Tevatron, found at LHC
— H->bb observation in middle of 2018 by ATLAS and CMS
— Top 10 Physics highlight in 2018 by American Physics Society.

History on H>bb sensitivity

//
! 299
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e
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H — bb searches in different channels

« H->bb is hadronic final state
— Need a clear signature for trigger in ATLAS

proton - (anti)proton cross sections
gluon fusion

10° ey —rrrrrr———10° @ ¥ .
N : I P t » Largest cross section
10 F S, - { — 310 g9 ¢| H
0 b Tevaton  LHC. 110 g / » Huge multi-jet (MJ) background
10° | : N 4 10°
10° 410° 7 vector boson fusion (VBF) ,
o, 1 o7 9 » Two forward jets
10" 4 10 g q o ”
10° | 110 & wz > Large MJ
*'>Vs/20 — —
10 ou(&> ) 10" q
2wl N
&, 10 3 Oy <10 - . .
i o, ; ke associated prod. with wiZ *» Leptonlc Slgnature
© 10" Fg (E)"> 100 GeV) 310’ g I o o . :
' b 1100 ® ' : . » Better triggering
10° | J1* g ¢ #  » Better MJ suppression
i O @
10° 3 o, /- 110" 3
10° F :‘:{ 410" associated prod. with tt
o 9 - o . .
oo | atas G,v{cw 10 e > Leptonic signature
3 5 ' : : 3 g . H
10° | - S ET : . » Also top quark coupling
: WJS2012 ' : ......... g ’
107 ] PP o Y B 107 ) OO00 « i
0.1 10

1
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V+H( =2 bb) : event selection

O-Lepton

1-Lepton

2-Lepton

E,Miss trigger
Veto leptons p;>7 GeV

p%(E{™%) > 150GeV

Angular cuts to remove MJ

Single-electron or E;™'s trigger

Exactly one isolated lepton
p>25 (27)GeV for muon (electron)

p:V(l,v) > 150GeV

E,mss>30 GeV in electron channel

Single-lepton trigger
2 electrons or muons p>27 (7) GeV

p+4(l,1) [75-150GeV] or >150GeV
81 <m; <101 GeV

Phys. Lett. B 786 (2018) 59
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;|4TLA§ Ii I - Dlata I 3 l
i [ Il VH, H — bb (u=1.16)
s =13 'I?eV, 798 fo [ Diboson
2 Iepton.s, 2 jetql, 2 b-tags B Z+jets
i i tt
[ Single top
Il W+jets
Uncertainty
----- Pre-fit background
— VH, H — bb x 80

VH = bb: strategy

« Harder p;Vspectrum for signal
— V=WorZ
Higher S/B ratio in high pregion
« 8 signal categories:
Number of lepton (0,1,2-lepton)

Events / 15 GeV
=Y

il Il lIIIIllI | llllllll | lIlIIlII L1l

Std. + p-in-jet Correction
Std. + p-in-jet + PtReco Correction

+O>0

— Correction to my,

Std. + p-in-jet + Kinematic Likelihood Fit .

5 1.5 T T T T T |
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. . ) T 05 Eliiiili A A 8
— Number of jets (2jet or 3 jets) ™ Moo 150 200 250 300 350 400 450
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o \s=13TeV,36.117 /N\}N
N Powheg MINLO SM ZH — I'lbb
- mbb, pTV and ARbb §2) . 21eptois,2]ets,2b-tags , |
- - g ‘4 p$215OGeV . \
— m,, resolution extremely important! > = B
g
<

..:IIIIIII|III|III|IIITIIIIIIIIIIIIIII'I[I

L
e taking into account pT(p) in b-jets °¢ _122293 ()/ \
e for v's and out-of-cone energy in decay Zj = %’
e kinematic fit in 2-lepton channel T
OmgpEagRIcT FEE e Tz 40~ Teo e

My, [GeV]
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Events / 20 GeV

Data/Pred.

O-lepton

V+H (= bb): background

200
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- ATLAS —e— Data ol B
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Data/Pred.
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« /+Dbjets dominates in O, 2 lepton channels
* Top quark and W+jets in 1 lepton channel

« Multi-jet background

— Negligible in 0/2 lepton channels after anti-QCD cuts

— Data-driven estimate in 1 lepton channel

m,, [GeV]
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VH 9 bb RQSUlt Phys. Lett. B 786 (2018) 59

Fit to BDT distributions (8 SRs) Fit to myy, distributions (14 SRs)

Te) rrrr|yrrrrrrrorr T r e e T T T T T I|III|III|III|III|III|III|III|III|I
2 40t -o-Data C ATLAS —e— Data
o E T
> - \I{ LﬁaSTev rar -t\%H, H — bb (u=1.16) 18: s =13TeV,79.8fb" I VH,H - bb (u=1 06)_
% = mm Single top 16 0+1+2leptons - Diboson
o 10°Ee— B Z-+jets 243 jets, 2 b-tags Y Uncertainty

= Multijet 14 Weighted by Higgs S/B Dijet mass analysis

Il W+jets

i Diboson

_+_

IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII|
|III|III|III|III|III|III|III

| 2

4 il I B B I AT I B B e
40 60 80 100120 140 160 180 200

m,, [GeV]

Events / 10 GeV (Weighted, backgr. sub.)
(0]

u=(observed signal yield) /(signal yield from theory)

poh = 1.167021 = 1.16 + 0.16(stat.) " To(syst.) poh, = 1.061035 = 1.06 + 0.20(stat. )+8 gg(syst.),

corresponding to 4.90 (4.30 exp.) corresponding to 3.60 (3.50 exp.)
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Higgs coupling to bottom quarks

« Higgs coupling to top quarks

— Associated production with a top quark pair (ttH)
« Higgs coupling to bottom quarks

- V+H (= bb), (where V=W/Z)

— Vector boson fusion (VBF) H = bb

— Boosted H-> bb

- H = bb combination
« Higgs coupling to charm quarks

- Z+H (= bb)

24



VBF H - bb analysis

« Search for H->bb in VBF events with/without photons
« Advantages of requiring a photon

— extra handle for trigger

- suppresses QCD background

VBF H > bb +y

VBF H = bb

25



VBF H = bb result Phys. Rev. D 98 (2018) 052003

« 190 (0.70) Observed (Expected) significance
- By combing all VBF H-> bb channels

VBF H-> bb VBF H-> bb +y
Background uncertainty is the o . .
major Systematlcs uncertainty StatIStICS uncel‘talnty domlnated
%6000-"""'""_.'_'Da'ta""""'_- % :'l"'l"'|"'|"'|"'I|D't"|"'|"'|"'|':
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30001 — - .
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- ] 10 =
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(lU — 1 10 ]
8 ¢ 8
) 0 © 0
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Higgs coupling to bottom quarks

« Higgs coupling to top quarks

— Associated production with a top quark pair (ttH)
« Higgs coupling to bottom quarks

- V+H (= bb), (where V=W/2)

— Vector boson fusion (VBF) H = bb

— Boosted H-> bb

- H = bb combination
« Higgs coupling to charm quarks

- Z+H (= bb)
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Boosted H = bb

ATLAS-CONF-2018-052

» Looking for a high py large radius jet with two b-tags
— Leading jet (R=1.0) pr>480GeV, sub-leading jet p;>250GeV

— Two b tagged track jets in leading jet
— My=5.8=*3.1(stat.)=*=1.9(syst.)x1.7(th.)

— 1.6 o observed significance

=1.0
Pl S

B jet

H

p—>

xp

Sub-leading Jet

[\
9]

Events / 5 GeV
N
(@)

Data-QCD-tt

Data-QCD-tt-V

x10°

: T | T T T | T T | T T T | T T | T T T | T I. | T T | T :
[ ATLAS Preliminary —*- Data F SM Higgs (1, =58) 3
[ Vs=13TeV,80.5fb" —QCDFit ~ — VHlets(u, =15 ]
:_ Signal Region QCD Fit + 1o — Top N

signal = ggF + VBF + VH

80 100 120 140 160 180 200 220
Signal candidate large-R jet mass [GeV]
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Higgs coupling to bottom quarks

« Higgs coupling to top quarks

— Associated production with a top quark pair (ttH)
« Higgs coupling to bottom quarks

- V+H (= bb), (where V=W/2Z)

— Vector boson fusion (VBF) H = bb

— Boosted H-> bb

- H = bb combination
« Higgs coupling to charm quarks

- Z+H (= bb)

29



Observation of H =2 bb

VH = bb in Run 2:
— Observed (expected) of 4.90 (4.3 o)

Adding VH = bb in Runl
— Observed (expected) of 4.90 (5.1 o)

Adding VBF and ttH
— Observed (expected) of 5.40 (5.5 o)

— Observation of H 2 bb decay

Adding H> ZZand H-> yy:

— Observed (expected) of 5.40 (5.5 o)
— Observation of VH production

Phys. Lett. B 786 (2018) 59

ATLAS H_>bb \s— 7 TeV, 8 TeV, and 13 TeV
4.7 o', 20.3 b, and 24.5-79.8 fb™
—Total Stat.
Tot. (Stat., Syst.)
VBF+ggF . 4 1.68 115 (15,0
ttH|  ——e—— 1.00 1(,)_':2 (To5y 048 )
0.22 0.14 +0.17
VH Lo 098 o5 (5 142 018 )
Comb. rTi 1.01 332 (3912,%012)
| I N N A N N B | | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
0 1 2 3 4 5 6 7
uHebb
IIIIIIIIIIIIIIII |IIIIIIIIIIIIIlIIIIlIIIIIIII
ATLAs VH 1s=13 TeV, 79.8 fb™
—Total — Stat.
Tot. ( Stat., Syst.)
Ho 27 |y . 1 0.94 I (125 4032,
Hovy|  w—e—n 1.03 *05 (0% 0% )
H— bb H-o—H 117 2 (918.,9%)
Comb. H-o-H 1.13 j,’i;‘ (4?_'11? 4()).'113 )
1111 | IIIIIIII | 1111 | 1111 | 1111 | IIIIIIIIIIIIIIII
0O 05 1 15 2 25 3 35 4 45 5
p'VH
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VH = bb: Differential cross section

 Differential cross section measurements for W/Z boson p+
* |n the ‘simplified template cross-section’ framework.
« Constraint to new physics in Higgs Effective Lagrangian (HEL)

Ratio to SM

§ ATLAS VH, H—bb, V—leptons cross-sections: 7 C%Ujg 4 - ATLAS Simulation ]

L Y{s=13 TeV, 79.8 ol ® Observed ==Tot. unc. == Stat. unc. _ % 35 --- Ty = 0.004 ]
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Higgs coupling to charm quarks

« Higgs coupling to top quarks

— Associated production with a top quark pair (ttH)
« Higgs coupling to bottom quarks

- V+H (= bb), (where V=W/2)

— Vector boson fusion (VBF) H = bb

— Boosted H-> bb

- H = bb combination
« Higgs coupling to charm quarks

- Z+H (= bb)
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Search for H 2 cc

. Charg’\ Jet tagging performance is the key.

2 Leptons: ZH - Ucc
m p;Z>75GeV
m 81 <m,<101 GeV

2 2 jets, with 1 or 2 c-tags
pT(c1) > 45 GeV

75 GeV < pZ < 150 GeV — AR < 2.2
+ 150 GeV < p% < 200 GeV — AR < 1.5

p% > 200 GeV — AR < 1.3

10*

Light-jet rejection

10

= T T T T T T |
. ATLAS Simulation
_ 7 = c efficiency 41%
\/g = 13 TeV, tt ... c efficiency 30%
= = = ¢ efficiency 20%
o 41% efficiency WP

T T T TTTTT
| L 1L 1illl

b-jet rejection

3 4567810 20 30

Phys. Rev. Lett. 120 (2018) 211802

Cross check with diboson
v ZZ - llcc and WZ ->(cs/cd)ll

v" Run2 36.1 fb-! result:
Obs.(exp.) significance: 1.4 (2.2) ¢

] 0.5 5 % 1 6 : T I T T T I T T T I T T T I T T T I T T T I T T T I T T T
o — . .
—0.45.2 g - ATLAS Simulation —— ZZ Simulation
= ~  14f Vs=13TeV,36.1 fb" Dijet Flavour Composition
04 © P - 2 c-tags, p$ > 150 GeV
B £ 12 L g e
D 10 o o o

S O
w w
(&)
C

0.25

IIIIIIIIlIIIIIIIlIIII

0.2

o N A O

0.15

60

0.1

27

Flavour composition

80 100 120 140 160 180 200
M, [GeV]
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Events / 10 GeV

Data/Bkgd.

Search for H = cc: result

Z(I)H(->cc) has been studied in run2 with 36.1fb1.

« Also extrapolated to 3000 fb-!

10*

10°

102

— ZH(cT) (100xSM)

1
Uareey < 110 36.1 fb-
LI I L L I |

B 4 Data 7]
— ATLAS - Pre-fit =
= Vs=13TeV, 36.1fb" —_Fit Result 3
- 2 c-tags, pz > 150 GeV BN Z + jets -
B o _
= mZz —
E /| zZwW =
C [ ZH(bb) .

10

—_

Oo_k_l._l

1 | 1 Il 1 l 1 1 1 I

L

60 80

100

1 I 1 1
120

1 I 1 1
140

Il I 1 1
160

180
m . [GeV]

Phys. Rev. Lett. 120 (2018) 211802

200

H->J/yy search on ATLAS gives similar precision

< 6 3+2 S

luZH(cc) —1 8 3000 fb 1

S -

[0) 4 As mo Data I

O 800— ATLAS Slmulatlon Prellmlnary pr; f|tv —

2 C Vs =14 TeV, 3000 fb’ —Fit Result =

> 700 2 c-tags, pZ = 150 GeV [ ZH(bb) -

& - mzz -

S = mzwW ]

u>_| 600 [1Z + jets 7

[t -

500 —ZH(ct) (100xSM) —

400 —

300 —

200 -

100 —

.19

B 12F L1 E

& 1.0F - A1 -

= 0.8F E

'.(-“‘ 0.6'__l I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 =
0 60 80 100 120 140 160 180 200

m . [GeV]

— ATL-PHYS-PUB-2018-016

34



Summary

« With the large LHC Run 2 dataset,

— the coupling of the Higgs boson to quarks can be
determined with unprecedented precision

— Confirmation of coupling to 3rd generation fermions

— Recent observation bottom and top quark Higgs
coupling were presented

— Observation of VH and ttH production shown

« All measurements of the Higgs boson are compatible
with the Standard Model
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Backup
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VBF H = bb: Event Selection

b bjet
VBF VBF b :
. > 7
b VBF |
jet
b \|

Two central jets Four central Photon channel
Channel (1fj+2b) Channel (2b+2j) y+2b+2f]
. [Twocentral  Fourcentral  Photon |
2 b-jet p_>95GeV p_>55GeV p >40GeV
pT>7OGeV
2 VBF jets p_>60GeV, 3.2< In|<4.4 p_>55 GeV, In|<4.4 p >40GeV
p_>20GeV, |In|<4.4 Veto event with jet p_ In|< 4.4
>60GeV, 3.2<|n|<4.4
Photon E >30GeV
Event pT(bb)>1GOGeV pT(bb)>1506eV pT(bb)>806eV
topology M(jj) >800GeV

Inclusive analysis veto data events in photon channel
orthogonality between different channels 3



ttH2>vy v

e Select events based on myy + b-jets
— Significance: 4.10 (3.70 exp.)

> 35 1 I I I I I I | I I I I I I I I | I I I I I I I I_—
3 - ¢ Data ATLAS .
0 gol Continuum Background |s =13 TeV,79.8fb" 3
AN - ---- Total Background m,, = 125.09 GeV :
» 925 — Signal + Background All categories —
.-ED ~ In(1+S/B) weighted sum .
) [ —
=z 20 ]
S 450 =
c 15 - :
> - ]
P10k =
5 ' + - 4 L

- ¢ + 'S B . |‘E

_I | I | | | | I | | | | I | | | | | | | | | | | | | | N

110 120 130 140 150 160
m,, [GeV]



Boosted Decision Tree (BDT) Analysis

« 11 variables used in BDT analysis

I | I —
[ VvBF H(125) +y

| \V/_TB: L::)tihoton channel vHiets : ’/////////(/////////////

E centrality(y) =
T T4 16 is 2 yjl B y‘lz

w = Centrality

BF H(bb) Inclusive [VBF H(bb)+Photon

‘g/q seperation Ntrk(j1),Ntrk(j2) Ntrk(j1),Ntrk(j2)

minAR(J1),minAR(J2)
VBF jets pT(JJ), M(JJ),AM(J)) pT(JJ), M(JJ), An(J))
Max(n(J1), n(J2))
|Color connection p balance p balance
n¥ (Higgs centrality) PHoton Centrality
Angular cos 6(bb,jj) AR(b1,y),AR(b2,y),Ad(bb,jj),cos 6




Dilepton
(two-u combined fit)

Single Lepton
(two-u combined fit)

Combined

ATLAS {s =13 TeV, 36.1 fb”
e er et
ot m,, = 125 GeV
stat.
tot (stat syst)
+1.02 , +0.54 +0.87
_e — _0'24 —1.05(—0.52 —0.91)

+0.65 , +0.31 +0.57
=& — 0.95 —0.62(—0.31 —0.54)

+0.64 , +0.29 +0.57
=& — 0.84 -0.61 (—0.29 —0.54)

1 0 1 2 3 4 5 &6
Best fit u = o't/olh
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ttH multilepton

N

Number of Thad

3L+1Thaa

1 2 3 4
Number of light leptons

B\\ _ 5\\
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ATLAS Detector upgrade : Run 1 to Run 2

e Adding a new layer of pixel detector
e |BL =New Insertable pixel B-Layer at R=33 mm

r R =1082mm

TRT <

Existing B-layer

L R =554mm
( R=514mm

R =443mm
SCT4
R=371mm

\ R=299mm

Beam pipe




B tagging performance Improvement

e Light jet rejection power with vertexing algorithm increased
— Benefitting from IBL detector

Light-flavour jet rejection

Run-2 / Run-1

O -~ MnNnwpHroo

Emr1 IR I LA N AR IR
$ ATLAS Simulgtion Prelimingry §
— MV1 Run-1 | §

—MV2c00 Run-2 |

: p. >25 GeV <25 .
o
55 06 065 0.7 0.75 0.8 0.85 0.9 095 1
y

b-jet efficienc

=70%

b

Light-flavour jet rejection for €

Run-2 / Run-1

- L L I T T ]
2200 — ATLAS Simulation Preliminary —
2000 - Vs=8.13Tev ti -
1800 [ =
1600 —$— MV1 Run-1 E
- un- —
1400 | —— —
oo t——4 ¥ —4- MV2c00 Run2
1000 | —— =
800 [— —
600 |— —e— —
400 —— —
6 - 1 ! —— w
e e S e E
¢ L — ¢ \ . . . —
5 5 R |
;é_ ...................... g O A . e —é
1 - , - - =

0 0.5 1 1.5 2 2.5
Jet |n|
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VH - bb: Multivariate Analysis (MVA)

Events /0.13

Data/Pred.

» MVA setup

® Use simple and robust Boosted Decision Tree (BDT)

® [nput variables and training parameters tuned to yield best

sensitivity

» Inputs Variables

® Kinematic variables, some specific to 3-jet regions

® m,,, AR,,, p;' most important ones

105_,..,...,...,...,...,...,.,.,.,]...,._
= ATLAS ~-Data E
C {s=13TeV,79.8 0" I VH, H = bb (4=1.16) 3
- - e Diboson B
L 1lepton, 2 jets, 2 b-tags — ft .
104 p;’ > 150 GeV 0 Single top —
E Multijet 3
- B Wijets ]
B Z+jets -

5 £ Uncertainty
10 «++« Pre-fit background I
—— VH, H = bb x 20 3
10° E
1.5__,l|||v|||v|||tl||||||v|||1|||v||||v|l|l__:
1 ‘wa\i\\r&«m \@
0,5':_11llJlllllllJllllllIllllllllllllljllljlj

-1 -08 06-04 02 0 02 04 06 08 1

BDT,, output

3 ’d‘E‘ms' S T ,.V%.
=3 5 =13TeV. 7981 =w.~ ekl |
= 10 rvw:mzw o 1‘
[ P} = 150 GeV' 1 Single top

& Multipet

14

- Data 3
. VH H b6 (u=1.16)
W DBoson =

"
I Single fop

+

15F
) = SO
5k

Data/Pred

0 FOUPUUIU FVUUT FUUET PUTOT PVUUT FUUTY PUVET DUOUTIOOT - |
0 50 100 150 200 250 300 350 400 450 500
m,, [GeV]

Variable O-lepton 1-lepton 2-lepton
p¥ = E%“i'“ X X
Emiss % %
T
pli' X X X
Pr X X X
mpp X X X
AR(by, b>) X X X
|An(by, by)| X
Ad(V.bb) X X X
|[An(V,bb)| X
min[A¢(£, b)] X
myY X
Mmee X
E¥nss /\/S_T X
Miop X
|AY(V,bb)| X
Only in 3-jet events
[ X X X
Mppj X X X
3 prmmee——— ety
g 35’.)05— :t‘:i\, — . VH H 6 (u=1.16)
:3030;: T lopon, 2 jots, 2 btegs -:""m ::
g E pY = 150 Gov' -m::w i
= 2600;: . Wejets 1
2000 Gammangd 1} Doveonsny
s S Uncer ]
1500! = —VH,H - bb 70 ,::
1000} ; —j;

Data/Pred

50 200 250
my(W) [GaV)
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Events

Data - Bkg.

ttH->y vy: signal regions

e 7 signal regions (categories) are used.
— Di-photon mass resolution is slightly different in different categories

180 ' : ; —
- ¢ Data 4 > ' '

160 ?_ LAS Preliminary B fiH (1=1.4) = 8 016EH—yy,m =125 GeV ATLAS Simulation Preliminary-
140:_ =13TeV, 139 fo" [ Non-ttH Higgs q4 w 0.14F g Vs=13TeV, 139 fb™ A
= B Cont. Bkg. 1 2 T ]
i i 1 B C o MC ]
100 Had categories Lep categories = % 0.1 :_ Signal Model =
80 + = Z 0.08F Lep 3 —
60 g - = e MC Z
- 0.06— Signal Model 3
40 — C ]
- 0.04— 3
20 - - ]
0.02— 3
—t =1. siptit-ar® ¥ :" P R T R S T :: 1 etugy. alecooeal 2

20 ;_f__o_ll(”::_,_,_— 5 120 125 130 135 140
0 v m,, [GeV]

Had 4 Had 3 Had 2 Had 1 Lep 3 Lep2 Lep 1
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ttH combination

> Observation of ttH production !

T L] T T I 1] L T T [ L T T T ] L L T T I L T T L I T T
ATLAS e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1-79.8 b

Total Stat. Syst.

- I

ttH (bb) | 079+ 55 (= 5% ,+053)
ttH (multilepton) H———t| 156+ g% (= 9% +* oa7 )
ttH (yy) R 139+ 0% (= 0% .= o077 )
tiH(Z2) <1.77 at 68% CL
Combined H==H 132+ g% (20.18,= (7))
L 1 1 1 I 1 1 1 1 l 1 1 L 1 l 1 1 1 1 l 1 1 1 L l 1 1
-1 0 1 4
M
Oy O

ATLAS (up to 80 fb-1)
Run-2: 5.80 (4.90 exp.)
Run-1+Run-2: 6.30 (5.10 exp.)

Compute signal strength otw+/osm from
profile likelihood fit over all channels.

Correlate systematic uncertainties were

appropriate.

Sensitivity limited by theory uncertainties

on signal and background modelling.

ttH—>y vy is still dominated by statistics unc

Uncertainty source Aoy |oin %)
Theory uncertainties (modelling) 11.9
tf + heavy flavour 9.9
ttH 6.0
Non-1fH Higgs boson production 1.5
Other background processes 2.2
Experimental uncertainties 9.3
Fake leptons 5.2
Jets, EP'S 4.9
Electrons, photons 3.2
Luminosity 3.0
T-leptons 2.5
Flavour tagging 1.8
MC statistical uncertainties 4.4




