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—> Results, more results, near and far future...
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Introduction

Higgs potential

o Important to measure the shape of the Higgs potential

V(9) = —p2(@12) + A(@1a)?

Expanding about minimum: V(®) — V( 0 )

v+H
1
V=%+Au2H2+)\vH3+Z/\H4+... o
Standard Model (SM):
=V, + lmQ H? + m_%[,UH3 4 lm_%{]{‘l 4 v="" —246qQev
DA 202 4202 VA
. . 2
mass term HH-productlon HHH-proc’juctlon A= m7’; ~0.13
R e 2v
' 'd
--0 -0 -

AHHH SN, .
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https://arxiv.org/abs/1201.6045

SM Higgs boson pair production at the LHC
1 SM Higgs boson pair production (gluon-gluon fusion - ggF):

Higgs boson self-coupling
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SM Higgs boson pair production at the LHC
1 SM Higgs boson pair production (gluon-gluon fusion - ggF):

H ---H
H_-°
AN
\‘H ———H
Higgs boson self-coupling Higgs-fermion Yukawa coupling

Small production cross-section:
o8 =31.02 fb at /s = 13 TeV

o two massive final state particles
o destructive interference
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Introduction

SM Higgs boson pair production at the LHC

Standard Model Total Production Cross Section Measurements stats: Juy 2018

!

2 1t s ATLAS Preliminary
—_— Theory
S Run 1,2 v5=7,8,13 Tev
100 LHCpp Vs=7 TeV i
B et 5460
O
105 o LHCpp Vs=8TeV -
=2 N Data 20.2 — 20. 1
oo ata 2 —20.3fb
10* LHC pp Vs=13 TeV |
Il 0aa 32-7080b
10° o 3
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Single Higgs #ason production "o Lo B 3
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10" F o 201 5o 3
E o 4
W I
LE o B g1
E a
3 v
101 E -
SM HH Wz i t WW H Wt WZ  ZZ t W tiZ tZj

t-chan s-chan

o SM HH production ~ 1000x lower compared to the single-H production

o Current LHC dataset won't be enough to reach the sensitivity
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Higgs boson pair production at the LHC
1 SM Higgs boson pair production (gluon-gluon fusion - ggF):

H ---H
’
s
AN
AN
‘H ---H
Higgs boson self-coupling Higgs-fermion Yukawa coupling

2 Potential non-resonant BSM enhancements
(new couplings, modified Yukawa and/or self-couplings)

3 Benchmark BSM resonance /'H
hypotheses: X P
o Randall-Sundrum graviton T
G — HH (spin=2) \\
o S — HH (spin=0) ‘H

Resonant production 5



Introduction

Di-Higgs final states

Some of the most

Di-Higgs decay modes and relative ..
g8 y sensitive channels:

branching fractions:

bb WwW it 7z W HH — bbbb: the highest BR,
large multijet background
bb
HH — bbrtr—:
ww i relatively large BR, cleaner final state
iay 2.5% 0.39% T
@ HH — bbyy:

small BR, clean signal extraction thanks

to a good 7y mass resolution

No golden channel! Important to
consider different final states!
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https://cds.cern.ch/record/2227475/files/CERN-2017-002-M.pdf
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Introduction bbrT analysis BDT HL-LHC Legacy result Conclusion

ATLAS Detector

25m

LAr hadronic end-cap and
forward calorimeters

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet
Semiconductor fracker

Transition radiation tracker

7/25




Introduction

Detector

jet3

m [ mjet2 10'm
'TCORERIN

|DDUI deposited energy:
%DDDDDII hadronic

o BE T[4 electromagnetic

track hits

Hadrons

mesons:
pions,
kaons,
etc.

10%m

...... | " baryons: —

protons,
neutrons,
etc.

Partons

proton

<10"®m

”\'! roton

p

arXiv:1506.03239

Identifying a b-jet
cartoon taken from wikimedia

—3  tracks

b jet

—————— b hadron

—————— impact
parameter

secondary
vertex

light jet

\ 70 - primary vertex
‘ightjet

We can tag some types of jets:
e.g. b-jets
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https://arxiv.org/abs/1506.03239
https://commons.wikimedia.org/wiki/File:B-tagging_diagram.png

Introduction bbrT analysis BDT HL-LHC Legacy result Conclusion
: :

Tau leptons

Vi Leptonically decaying 7 leptons:
T e/ + missing energy
W e, ”_, d Hadronically decaying T leptons:
Vv, T narrow jets with low track
e’ Vu' u multiplicity + missing energy
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Introduction

Tau leptons

Vi Leptonically decaying 7 leptons:
T e/ + missing energy
W e, “_, d Hadronically decaying T leptons:
Vv, T narrow jets with low track
e’ \{1' u multiplicity + missing energy

Typically decaying into 1 or 3 at
and some number of 7°

Machine learning used for identification
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Introduction

Tau leptons

Vi Leptonically decaying 7 leptons:
T e/ + missing energy
W e, “_, d Hadronically decaying T leptons:
Vv, T narrow jets with low track
e’ \{1' u multiplicity 4+ missing energy

5
~
o
=4
J
Q
Q.
=}
o
>
(2]

Typically decaying into 1 or 3 7% Quark- and gluon-initiated jets can be
and some number of 7° misidentified as 7 leptons
Machine learning used for identification Usually not very well described in

simulations
9/25




Introduction

Level-1 - reduced granularity

ATLAS Trigger System

Calorimeter detectors
TileCal

Level-:

CP(ey,)
CMX

Level-1

1 Calo

Preprocessor

JEP (jet, E)

L1Topo

Level-1Ac T

information at full rate

HLT - full granularity
information at reduced rate

Fast TracKer -
FTK) .

High Level Trigger
(HLT)

N

Detector
Read-Out

DataFlow

Read-Out System (ROS)

Data Collection Network

Data Storage

I Tier-0
~ 1.5 kHz
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bbr T final state
objects, identification,

background estimation, ...

b




bbrT analysis

HH — bbrT analysis strategy (201542016 data)

bleep Thad

| bbThad Thad |

Single lepton trigger
p</" > 27 GeV

Lepton+tau trigger

(to improve sensitivity)

Single tau trigger

(to improve sensitivity)

Di-tau trigger
2™ > 40,30 GeV

i
I

"/

D—>f<— p
/H
e/p A
from 7 decay
vis

Thad

Tlep Thad BR ~ 46%

vis

Thad

vis

Thad

Thad Thad BR ~ 42%
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https://doi.org/10.1103/PhysRevLett.121.191801

bbrT analysis

HH — bbrT analysis strategy (201542016 data)

bbTiep Thad | bbThad Thad |
Single lepton trigger  Lepton+tau trigger | Single tau trigger Di-tau trigger
p;/u > 27 GeV (to improve sensitivity) (to improve sensitivity) p;?’n > 40,30 GeV
“A_TLA‘S S\mul‘a(iun W‘ork In P‘rogress‘ - /
S =13 TeV, Generator-level, HHo bbr, .1,
b R b
b foigl b
s —K,=5 - i

H 3 H
p—)l,' «—p 3 p —)’ «—p
/H E /H
e/
from 7 d/;j/cay E T vis
C L L L 1 I L
GU 20 40 60 80 100 120 140 had
Sub-leading visible-t Py [GeV]
vis . . .
Thad Trigger is one of Thad

the limiting factors.
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https://doi.org/10.1103/PhysRevLett.121.191801

bbrT analysis

HH — bbrT analysis strategy (201542016 data)

bbTiep Thad | bbThad Thad |
Single lepton trigger || Lepton+tau trigger||| Single tau trigger Di-tau trigger
p;/u > 27 GeV (to improve sensitivity) (to improve sensitivity) p;?’n > 40,30 GeV

3 Signal Regions:

b o Opposite charge of the
b visible 7 decay products
" "j{‘/ o 2 b-tagged jets
D—)’/(—p
i H
e//J/ f vis
from 7 decay Thad
Thad Thad

11/25


https://doi.org/10.1103/PhysRevLett.121.191801

bbrT analysis

HH — bbrT analysis strategy (201542016 data)

bbTiep Thad | bbThad Thad |
Single lepton trigger || Lepton+tau trigger||| Single tau trigger Di-tau trigger
p;/u > 27 GeV (to improve sensitivity) (to improve sensitivity) p;?’n > 40,30 GeV

3 Signal Regions:

b o Opposite charge of the
b visible 7 decay products

" "j{‘/ o 2 b-tagged jets

p—ﬁf;;—p Control Regions:
f e/d’u o 0,1 b-tagged jet -
iy o Same charge had
vis o Z bl_), vis
Thad pp+ Thad
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https://doi.org/10.1103/PhysRevLett.121.191801

tt background with fake-7y,.4

Tt Tt
Branching ratio orders
of magnitude larger:

tt with true 7s
(irreducible background)

Vr

fake Thad ?

Vr poorly modelled in simulation d
measuring misidentification probability
in data, applying it to MC 12/25



bbrT analysis

Background estimation
o Example: modeling of the H H-system invariant mass in 3 signal regions:

Events / 75 GeV

T T T T > T T T T 2 T T T
ATLAS + Daia 8 ATLAS ¢ Daa 8 ATLAS ¢ pa
. — NRHH x 2000 9 e — NRHH x 1000 o o — NR HH * 200
137ev, 36110 Topauark 0 137ev, 3611 Topauark © 13TeV, 36,110 Topauark
Tugliag SLT 201295 et - 1, fakes 2 Testhag LTT 21205 et - 1, fakes 2 Tractag 2 04805 et 1, fakes (Multets)
- w's{obbeco) 2 TS (obbecc) 2 z be.co)
. otrer g g et - 1, fakes (1)
SM Higgs o o .
Uncertainty
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e-fit background

Pre-fit background

PRL 121, 191801

T T T T T
158 [N SUANA
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o
o
U
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)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.012001

Events / 75 GeV

Data/Pred.

bbrT analysis

Background estimation
o Example: modeling of the H H-system invariant mass in 3 signal regions:

PRL 121, 191801

ATUAS $Toma | ‘ ' E Eatias +Toma ‘ j E Eatias Vo’ ‘ '
. A . L R0 F . A
137TeV, 36.1 Top-quark I Tev, 3611 Top-quark © gl 13Tev. 361
Ty SLT 2 btaGS et - Ty, fakes 3 et - 1, fakes T F Tet2bias es (Mulijets)
7 - u'Sobbece) H 7 - ' Sobboce) 2 F be.cc)
B Other 2 B Other 2 10°
SM Higgs w SM Higgs w E
Uncertainty Uncertainty F
_____ Pre-fit background «es- Pre-fit background 10°
10%

T - B A - T
e ] PR B L LTI
- T AT R A I AT N fose b
0 200 400 600 800 1000 1200 1400 o 0 200 400 600 800 1000 1200 1400 o 200 400 600 800 1000 1200 1400

M (GeV] My GeV] M (GeV]

ITlepThad SLTI ITlepThad LTTI Thad Thad

tt background with true 7s (MC), normalization from data s
S
Jet — fake Thaa §
Jet — fake Thaa from multijet processes &
— ~
from tt, multijet and W +jets processes g

Z — 77 + bb (MC), normalization from data

Other backgrounds estimated using Monte Carlo s


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.012001
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BDT

Boosted Decision Tree

o BDT used to separate signal from background

ThadThad Shown here (equivalent for TiepThad)

Events /75 GeV.

DatalPred.

Events /25 Gev.

DatalPred.

ARBaaRaS: > a0 T
ATLAS ] ¥ Oaa
o[ aevzeam H =i
ok ] op E
T 2005 3 ot - 1, fakes (Mulets)
£ 2 nmbece
ok H o (@)
@ 200 er
Swbigs s
10 Uncertainty
< Pre. it backraund 150)
10f
100
L
s0f
w0f
T < T
MATURNN: B R S SROE T
e Sosp 0 MRKAAR!
400600500 1006 1200 1400 S g"he 00 15b " 20b "5 30695 400 456 500
m,, [GeV] mie [Gev]
200F ATLAS ¥ an 3 3 ATLAS + oan
. L R iz ° . L WR e« 200
Laof. BT o, G 300F- 1a7ev. 3810 T E
2biags o e akes (ol H 2 D005 ks Qi)
' ® 2 50l Caes® ]
3 200f
E| 150)
3 100
E| s0f
LS 5
il Lot TR 8
I ¥ T 3
B R oo g S T R v XS R T

m, [Gev]

AR

+ other variables
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.012001

BDT

Boosted Decision Tree

o BDT used to separate signal from background

ThadThad Shown here (equivalent for TiepThad)

Events /75 GeV.

DatalPred.

Events /25 Gev.

DatalPred.
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ATLAS 8 TF atias Vo
15T 38107 S F e L oo
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Sy oo et b 150
Y
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B
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200400500805~ 1005 12061400 R g T
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i st 9 e it
20 ATLAS 2 b0 E - oo 2 RRxa0 = oter
e R B . s
20008 o (e § T F tatizbus o ks (o R
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f 200 Swriogs E 1
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AR

+ other variables

BDT score

(SM HH) BDT Score - final discriminant
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.012001

BDT

HH — bbrT analysis strategy (201542016 data)

| bbTiepThad \ bbThad Thad |

Single lepton trigger || Lepton-+tau trigger| || Single tau trigger  Di-tau trigger

c T T T c T ABARARAR RasS < AN T 9
@ ATLAS ¢ pam a ATLAS ¢ paa a ATLAS ¢ Da
> _— xp limi a _— xp limit a _— xp limit
g 13TV, 36.1 10" o £ F sTevseim’ St a 13Tev, 3611 o
g Togiag SLT 2 bagS et — 1, fakes ] TugTiag LTT 201205 et - 1, fakes 2 Tratiag 2 04595 ot - T, fakes (Mulifets)
@ 2w 'Sobbece) [ Z ' obbc.ce) @ F Z . Tobbe.ce) ]
W Other . Other B 10° e t - 1,,, fakes (i)
SM Higgs SM Higgs I Other
Uncertainty [ Uncertainty SM Higgs
===+« Pre-fit background Pre-fit background 5| 1
tats, . 10 e Prefit background
Sy
10
1
< T RARRRRRRERRA AN F (AARaERRS 5 LSprrrrrrrrrerr e ey
% 12 N N g 12 i H NN
< ‘E Sty sy \ [ + \\\A *s&\&& A\\ N [ e R R
£ 0.8 = 0.8 | £ T
g Lt | 4 T g Ll |
-3 03060405663 04 b6 08 1 8 08eE oA 0007 0d 08 08 1 S 05703060402 0 02 04 06 08 1
BDT score BDT score BDT score
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https://doi.org/10.1103/PhysRevLett.121.191801

BDT

HH — bbrT analysis strategy (201542016 data)

| bbTiep Thad | bbThad Thad |

Single lepton trigger || Lepton+tau trigger| || Single tau trigger  Di-tau trigger

a ATLAS, V Daa ‘ i & 0ENTAs v omm p 5 AN AR ‘ T
% . — NR HH at exp limit > F . — NR HH at exp imit 3 > — NR HH at exp lmit
g 13TV, 36.1 10 Top-quark g€ F wTev.sein Top-quark B 2 Top-quark
2 Tugliag SLT 20205 ot - 1, fakes 2 JLTT2btags ot - 1., fakes = ] et — 1, fakes (Ml
@ Z - w'ibbbece) ] Z - 1's{pbbecc) El [ Z - tsbbbe.c)
. Other —— . Other 3 et - 1, fakes ()
SM Higgs 10°E H SM Higgs = I Other
Uncertainty 1 S5 Uncertainty 3 SM Higgs
. +een Prefit background s it background b 5 Uncertainty
oA 100 . = Pre-fit background

H
S
\HuE’
"
S

Lodaailid 207 B b 1)

° T T T T T T T T E-1 T T T T < L5 T T T T T

g 12 g 12 3

& R R S Y & & TR AR

3 o8 ¢ £ o8 2

£ T T TN T £ T T T TN e g0 T \

8 080620405 0 02 04 06 08 1 S 10806704020 0.2 04 06 08 1 S 08700620402 0 02 04 06 08 L
BDT score BDT score BDT score

Simultaneous profile likelihood fit of the BDT score distributions

—10  Expected —i—la‘ Observed

Limit on oy /o2 107 14.8 20.6 | 12.7

(95% CL)
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https://doi.org/10.1103/PhysRevLett.121.191801

—> Results, more results, near and far future...



BDT

SM HH production, combined results

o Most recent ATLAS and CMS combinations of di-Higgs searches
o bbrT proves to be one of the most sensitive channels

. . T CMS preliminary gg ~HH 35.9 i (13 TeV)
ATLAS —e— Observed
N PR Expected R bbVV
(5=13Tev, 27.5-36.1 fb B Expected £ 1o Observed 78.6xSM
L 0331 (pp — HH) =335 fb Expected £ 20 4 Expected 85.8x5M |
L Obs. Exp. Exp.stat. _| bbbb
- BB | 125 15 12 e
HH- bbb 129 21 18 I~
L g bbtt
- BBy | 03 22| SRS
HH- W'WW'W 160 120 7 B
L 4 bbyy
W bserved 23.6x
HH- W'Wyy | 230 170 160 | gxggc"{e ! fggx;’;‘
HH- bBW'W 305 305 240 : B D
= Combined o e e
Combined ‘ 60 10 88 Expected 12.8x SM — gg:;; sﬁggg:sg
—
1o 10° 10° 10° 40° 6 7 8910 20 30 40 506070 100 200 300 400
95% CL upper limit on o .. (pp ~ HH) normalised to Ot 95% CL on o, /oM
Phys. Lett. B 800 (2020) 135103 CMS-PAS-HIG-17-030

bbrT obs (exp) combined obs (exp)

ATLAS 12,5 (15.0) 6.9 (10)
cMS 31.4 (25.1) 222 (12.8)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://cds.cern.ch/record/2628486?ln=en

BDT

PRL 121, 191801

Resonant production, spin=0, 2 I

o (X ﬁ'_‘HH - bbrtr) [pb]
o

N
o
N

" —— hMSSM Scalar (tanp = 2) ATLAS

13 TeV, 36.1 fb*

No excess hag

—— Bulk RS Graviton (kM = 1.0) —— Obs 95% CL limit
------ Exp 95% CL limit

o
[ Jt2c

1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000
Resonance Mass [GeV]

been found
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https://doi.org/10.1103/PhysRevLett.121.191801

Varied Higgs self-coupling

o Potential non-resonant BSM enhancements (ggF):

H -——-H
H_-~ .
T --0 Il B
Rt AN Kt
\H -— _-H
Higgs boson self-coupling Higgs-fermion Yukawa coupling

using coupling scale-factors: ry = gizpr/giryt and kx = Agrn /AN h
to modify the SM Higgs boson pair production

A(kg, k)) = k2B + kpraT
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https://arxiv.org/abs/1906.02025

Limits on

4b E3
bbrT ¢
bbyy &
combination

Limits on ky:
bbrr
combination

107t

BDT

the cross-section as a function of k)

10 prrrrrrr e e e
E . J |~ Exp. 95% CL limits
B . 1 |— ovs. s5% cL limits
T —— | — bbb
1= E
E | bbt*T
L 1 |— bbyy
[ Allowed K, interval 11—
|_at95% CL | Comb.
E Obs. Exp. ] . Comb. 1o (exp.)
r (Exp. stat.) ATLAS ]
[ 5.0-12.0 0-58-120 ' s=13Tev 1 Comb. +20 (exp.)
A A |(-5'3 —Ill.S)I | A 27':‘:’ : 36'|1 i A ~ Theory prediction
-20-15-10 -5 0 5 10 15 20
K
Expected Observed
Ky € [~8.8,16.7] Ky € [~7.3,15.7]
Kk € [-5.8,12.0] k) € [-5.0,12.1] (95% CL)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/

—> Results, more results, near and far future...



HL-LHC

High

LHC / HL-LHC Plan Luminosity
LHC

LHC
Run 1 | | Run 2 | | Run3
Ls1 14 TeV LS3 14 TeV
13-14 Tev | energy
splice consolidation injector upgrade. it
2013 2019 2020 2021 2022 2023 2024 2025 2026

Fadiation
damage

xnominalluminoslly
experiment upgrade | I experiment upgrade
phase 1

phase 2
150 b [ 300 1o | O o hociy

The HL-LHC will allow to do measurements which are currently statistically limited

experiment
beam pipes

SM H H production important physics case for building the HL-LHC
The sensitivity to HH — bbrT estimated by extrapolating the current result

o O O o

Taking into account different scenarios for systematic uncertainties, triggers,
b-tagging efficiency, etc.

[ Ldt = 36.1 — 3000 fb~*
Vs =13 — 14 TeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/

HL-LHC

Results of the extrapolation

ATLAS Preliminary
: Projection from Run 2 data, Vs = 14 TeV, HH— bbt*t’

o

== Current systematic uncertainties
----- MC statistical uncertainty neglected
. —— Baseline

r e, = No systematic uncertainties

95% CL exclusion limit on o, /o5M

-
L

o e b b b b L
0 500 1000 1500 2000 2500 3000
Integrated luminosity [fb]

95% CL expected limit on o p /o3y
Expected limit

No syst. unc. 0.80
Baseline scenario* 0.99

*Baseline scenario: MC stat. unc. neglected, theory unc. reduced, assumed detector performance

taken into account
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/

HL-LHC

Results of the extrapolation

sz o B A o s s e R S L e e
@II ATLAS Preliminary e L == Current systematic uncertainties |
& 10 lj Projection from Run 2 data, Vs =14 TeV, HH- bbt*t | e MC statistical uncertainty neglected
B E —— Baseline 3
5 == Current systematic uncertainties ] E — No systematic uncertainties 7
'E ----- MC statistical uncertainty neglected - ]
= = Baseline 7 L 4
c - 1o
o = No systematic uncertainties
2L N e . ] 107" =
o E 3
3 | Nk | £ ]
I NG E e 126
S ATLAS Preliminary
& A 102 Projection from Run 2 data E
r 1 E Vs=14 TeV HH-— bbr*t ]
M P M Lol [ = M- |
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Integrated luminosity [fb] Integrated luminosity [fb™]
95% CL expected limit on oz /oM Expected significance
HH

Expected limit ~ Expected significance [o]
No syst. unc. 0.80 25
Baseline scenario* 0.99 2.1

*Baseline scenario: MC stat. unc. neglected, theory unc. reduced, assumed detector performance

taken into account
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/

HL-LHC

Limits on the cross-section as a function of k)

o Allowed 95% CL k) interval, Asimov dataset: ogg = 0
no syst. unc.: ky € [1.4,6.3], baseline scenario: x) € [1.0,7.0]

L A B e o e LA B s e o B
- =— Baseline —— No systematic uncertainties 7
- [ Baseline+ 1o ----- MC statistical uncertainty neglected

100 [ ] Baselinet2c  ---- Current systematic uncertainties

—— Theory prediction

.......
. -

.....

J rm

10?

ATLAS Preliminary
Projection from Run 2 data
Is = 14 TeV, 3000 fo''
HH— bbrt*t

b b b b b b b L L
6 4 -2 0 2 4 6 8 10 12 14

K

95% CL exclusion limit on o, [fb]

A 22/25


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-053/

HL-LHC

Limits on k), assuming SM HH (k) = 1)
o Allowed 1o and 20 CL intervals, Asimov dataset: includes SM H H

— 7 LA DAL AL I m

:‘ 7E — No systematic uncertainties .

- C —— Baseline ]

5 6 Eosy e MC statistical uncertainty neglected ]

= - -..= Current systematic uncertainties -

C - -

' 5 ATLAS Preliminary —

- Projection from Run 2 data .

4 Vs=14 TeV, 3000 o', HH—> bbt*t =

- Assuming SM signal, «, =1 .
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—> Results, more results, near and far future...



Legacy result

Run 2 legacy result

More data: 36.1 fb~! — 139 fb~!
Updated trigger and object reconstruction

(new triggers, Thaa reconstruction, PFlow jets, etc.)
Thad-identification: BDT—RNN

Recurrent neural network, ATL-PHYS-PUB-2019-033

b-jet identification: MV2c10—DL1r

Deep Learning Heavy Flavour Tagger, FTAG-2019-001
Re-deriving and improving data-driven background modelling

Exploring new multivariate techniques

Hidden

Output

Neural Networks

How much we can improve?
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Conclusion

Conclusion & QOutlook

o HH — bbrT is one of the most sensitive channels
o Constraints on the SM H H cross-section and & set using 36.1 fb~! of data
o Analysis using the full Run 2 dataset ongoing. Promising HL-LHC prospects

CERN Yellow Report, expected constraints on x
HL-LHC ATLAS+CMS combination:

68%CL

,[2}3;‘1§B:] D::]j 95%CL 4 bbyy
R TR I U i W ]
et [ E— ECIE
4221 ] [] - &
s O . P :
83:14 L 3000 fpL e g
ST S T

Ka
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Conclusion

Conclusion & QOutlook

o HH — bbrT is one of the most sensitive channels
o Constraints on the SM H H cross-section and & set using 36.1 fb~! of data
o Analysis using the full Run 2 dataset ongoing. Promising HL-LHC prospects

CERN Yellow Report, expected constraints on x
HL-LHC ATLAS+CMS combination:

68%CL

,[2}3;‘1§B:] D::]j 95%CL 4 bbyy
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et [ E— ECIE
4221 ] [] - &
s O . P :
83:14 L 3000 fpL e g
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Thanks for your attention!
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backup slides
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Dominant trig category  Trigger-dependent event preselection

TlepThad | ThadThad |

Lepton+tau trigger  Single lepton trig Single tau trigger Di-tau trigger

LTT SLT STT DTT
le/pand 1 T 27Ts
18 G&V < pS, <SLT threshold p;/” > 25 — 27 GeV piE*dT > 100 — 180 Gev pIead™ > 40 Gev
15 GeV< phl, < SLT threshold P > 20 GV p;“b” > 20 GeV pﬁT“b” > 30 GeV

-
Py, > 30 GeV

pr > 80,20 GeV

2017 and 2018: Z 2 central Jets 2016: ppr > 80, 20 GeV
pp > 45,20, p, > 40 Gev pp > 45,20 GeV pp > 45,20 GV 2017 and 2018:
OR pp > 80,20 GeV pp > 80,20 GeV
with ARy < 2.5 with ARy < 2.5
OR pp > 45, 45 GeV OR pp > 45,45 GeV

mMMC > 60 GeV

o LTT and DTT studies for 2017 and 2018 ongoing, the decisions are not final
26,
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Multijet (fake-ThaqThad) estimate

Assumption: jet— T,.q misidentification probability the same
in same-sign-charge (SS) and opposite-sign-charge (OS) regions

SS 0S
— NSS SS
FF—NID/NAnti—ID P D SR
(N = data — MC) ass Tl o,
(¢
Anti-ID: at | fails 7-1D ON
o Anti-ID: at least one 7 fails 7- Anti-ID %
o Binned in #track, trigger, pT. T
Applly FFs
O-btag 1-btag 2-btag
SR _ oS
(ON) A Nmultijet = FF x NAnti—ID

o Modelling checked in
validation regions

- il

FFoe— TF e
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qusted Decision Tree

. T¢Thad Channel Ty Thaq Channel
Tha) Variable (SLT resonant) | (SLT non-resonant & LTT) Thad Thad channel
m v v v
11132“4C v v v T
Mmpp v v v
AR(1,7) v v v
AR(b, b) v v v
1?;?“* v
EN'SS¢ Centrality v v
mEV v v
A¢(h,h) v
Apt(€,T) v
Sub-leading b-jet pr v

Table 1: Variables used as inputs to the BDTs for the different channels and signal models.

o Separate BDTs trained for each signal (and mass) hypothesis

o In resonant case the BDT is trained on the hypothesis 4+ two
neighboring mass points.

o Dedicated BDT used for k) scan.

BDT Score - final discriminant
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Profile likelihood fit

P(ncaap | qbp?apa’}/b) -
11 I] Pois( ncb|,uu$g bkg) G(LolX\, Ar) - T]  folaploy)

c€channels bebins peSHT

w: Parameter Of Interest
= 0 < background-only

hypothesis
Poisson probability Gaussian constraint Constraint term describing
of obtaining n.p term with luminosity an auxiliary measurement
events when v, parameter A and ap that constraints the
are expected nominal value Ly nuisance parameter oy,

If one imagines the data as being fixed, then this equation
depends on p and is called the likelihood function L(u)
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Upper Limits

Using maximum likelihood ratio:

maximizes L
A(M) = M . for specifised w
L(ﬂ, 9) < maximizes L

Test statistic used for upper limits:
~2InA(n), if 4 < p
0, if 1> p
From observed ¢, find p-value:

Py = /qb f(au | 1)dg,

qu =

95% CL upper limit on  is highest value
for which p-value is not less than 0.05
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SM HH production, combined results

o Most recent ATLAS and CMS combinations of di-Higgs searches
o bbrT proves to be one of the most sensitive channels

T T CMS preliminary gg ~HH 35.9 fb (13 TeV)
ATLAS Preliminary ~ —— g:;:;f: BBV
L Vs=13Tev, 27.5-36.1fb" B Expected £ 1o i Observed 78.6xSM
oS\ (pp ~ HH) = 33.4 fb Expected 20 Expected 88.8xSM
Obs. Exp. Exp. stat. bbbb
I B Observed 74.6xSM
Expected 36.9xSM
HH- bbbb 129 207 185 |
- B bbtt
Observed 31.4xSM
HH- bbr'T 126 146 119 Expected 25.1xSM
[ b bbyy
HH-. bbyy 204 263 251 S T
i —e— Observed
Combined 6.7 104 92 g,gﬂg'g?im [ lé/lse::{é::'/\eexpteﬁled
m— 68% expecte
. . . . . . Expecter 12.8% SM 95% expected
0 10 20 30 40 50 60 70 80 y
L - 6 78910 20 30 40506070 100 200 300 400
95% CL upper limit on Ogor (pp — HH) normalized to cjg'l 95% CL on UHH/Uﬁ'ﬁ'
ATLAS-CONF-2018-043 CMS-PAS-HIG-17-030

bbrT obs (exp) combined obs (exp)

ATLAS  12.6 (14.6) 6.7 (10.4)
cMS 31.4 (25.1) 222 (12.8)
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Varied trilinear Higgs self-coupling
HH production modified

(using scale factors: ki = gy /giry and kx = Auww /Nithw)

-——H -H
R H //,

B - - \HJ)\ T
Ki__ i \\‘H

Ak, k) = k2B + kykpT
A(1,00=B  A(L,1)=B+T  A(1,2)=B+2T
Express |B|2, |T|? and (BT* + T'B*) in terms of |A(1,0)|2, |A(1,1)|? and |A(L,2)|?,
which leads to:

|A(we, £3) 2 = alke, k)| A(L, 0)[* + blke, £2)|A(L 1) + (e, 3)|A(L, 2)]?

Any (K¢, k) combination at LO can be obtained

from a linear combination of some 3 (k; # 0, k) samples!
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Linear combination

o Showing generator level m g for: % Z'Z“;AT‘LAé ‘Simulation Work In Progress ]
=~ F /s=13 TeV B

kx ={0,1,2,20} 8 0.07F o E
(other parameters fixed to the SM) Sooef —Eifl E
005 s 3

o Different bases tested for linear ootk E
combination 0.030 E
(e.g. vy ={0,1,2} vs k) = {0,1,20}) 002 E
001 E

o Remaining sample used for validation

| |
(very good closure at generator level) 77300 00500606 700" 600500 1000
ye g My, [GeV]
% EATL‘AS Si‘mulali(‘)n Preiimmar‘y 1 % :ATL)\S Sim‘ula!ion ‘Prelimin‘ary ]
O 0.6 Generated sample k,=2 3 (O] = Generated sample k,=20 b
o £ - Linear combination k,={0,1,20} J o 200 - +Linear combination k,={0,1,2} |
« osE ﬁ_ % Statistical uncertainty E! . % Statistical uncertainty 3
2 T _ ] e . _ ]
=04 + o4 Kr=2 1 Sasof K,=20 1
T 0.4 E T I ]
T + * i T I hes ]
1 0.3F *y E 1 100F + 7
aQ 1 o F + 4
=3 * ] e [ ]
5 0 N 4 ] [ + ]
o . 3 50 3
o + * . E ¥ e ]
iR R £ . ]
ok Kk a3l o~ *‘.¢,,_,,, L |
<|gL5 51515 ,
ge) +.. . ol L ot T
5|8 L=+ wertet e 5|8 e T
H | i
805 I< 0.5
) 300 400 500 600 700 800 900 - 300 400 500 600 700 800

Truth m, [GeV] Truth m, [GeV] 33/25
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Trilinear Higgs self-coupling scan strategy

Ky=x
Myn

obtained using the linear combination :

, for x = {20, —19, ..., 20}, at generator level, at LO

x10° x10° x10° x10°°
ey am s A AR nasuasataman LA s RRSS, ey
EATLAS simulation Work In Progress 18FATLAS Simulation Work In Progress ; ATLAS simulation Work In Progress N 47ATLAS Simulation Work In Progress
E 5=13Tev 16F 0.25F 5=13Tev 5=13 Tev
- — 12b — E
3 -K,=-5 ERY -K,=5 -k,=10
E 12F E £ E
10F 4 oasf B o8k E
b E|
E E E o6f B
of E 4
E 04f E
4 oosf- E
E 2 E| 02f B

T,
0630640030060 766 800 500
m,, [GeV]

M T
200 300 400 500 600 700 800 O

M, [GeV]

L TR,
200 300 400 500 600 700 800 90K

m, [GeV]

Lo
i e T
m,, [GeV
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Trilinear Higgs self-coupling scan strategy

miyy -, for x = {—20, -19,.

obtained using the linear combination :

.., 20}, at generator level, at LO

x10°* x10° x10° x10°
ey am s A AR nasuasataman LA s RRSS, ey
0.8-ATLAS Simulation Work In Progress < 18FATLAS simulation Work In Progress = _FATLAS simulation Work In Progress 3 1 4LATLAS simuiation Work in Progress
otk 5=13Tev 16F 0.25F 5=13Tev 7] 5=13 Tev
- 12b — E
ok -K,=-5 o K,=5 ] -K,=10
E i+ B
osk. 12
10F 015 B
0.4F
b
03t of (XS B
02f E
4 oosf- E
2

T,
306306 200""300 806 700" 600" 90
m,, [GeV]

M T
200 300 400 500 600 700 800 O

M, [GeV]

L TR,
200 300 400 500 600 700 800 90

m, [GeV]

Weights, binned in myp, obtained as: My |bini/M1 gy

Lt
200 300 400 500 600 700 800

|b1nz

%
m,, [GeV

1

T T T T - T T T T oW I Tx T
ATLAS Simutation Work In Progress %z FATLAS Smutation Work In Progress e ’A‘ILLAS Simutation Work In Progress | ' £ E A‘ILLAS Simulation Wark In Progress.
=13 TeV £ . =13 Tev £ 5=13 TeV £ 5=13 Tev
310k = 4 I = s 3
2 . K=2 ol -Ky=5 ]
o , oM
h K L0 0" o047 W Lod 1
E 101 M 5
k3 ",
+ et
ORI b L "’»’ i ’ﬁ f” o K
200 300 400 500 600 700 200 300 400 500 600 70( 200 300 00 200 300 400 500 600 70
m,, [GeV] m,, [GeV] "\w [GEV] m,, [GeV]
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. L
2 [ATLAS Simulation Work In Progress

Trilinear Higgs self-coupling scan strategy
miyy -, for x = {—20, -19,.

obtained using the linear combination :

.., 20}, at generator level, at LO

x10°* x10° x10° x10°
ey am s A AR nasuasataman LA s RRSS, ey
0.8-ATLAS Simulation Work In Progress = 18FATLAS simulation Work nProgress | = __F ATLAS Simulation Work In Progress 3 1 4LATLAS simuiation Work in Progress
otk 5=13Tev 19 0.25F 5=13Tev 7] 5=13 Tev
- — 12b — E
ok -K,=-5 v o -K,=5 -K,=10
£ E
osk. 12
10 015 B
0.4F
g
03t o (XS B
02f
4 oosf- E
o1 2

T,
306306 200""300 806 700" 600" 90
m,, [GeV]

M T
200 300 400 500 600 700 800 O

M, [GeV]

L TR,
200 300 400 500 600 700 800 90

m, [GeV]

Weights, binned in mz, obtained as: m3y " |bins

/M bin

i e T
m,, [GeV]

. L
£ FATLAS Simulation Work In Progress

’A‘ILLAS Simutation Work In Progress

Ly
ATLAS Simulation Work In Progress.

£ oL =13 TeV £ =13 TeV 513 TeV £ V5=13 Tev
H K,=-5 = L . Tz 4
O gL Ei '
K 10 0“* 0" 1657 ‘w . ﬂ.q' g
107 M,v B E mz" 3
t : sl |t J |
S ok ]
E k3 . -
. LN ” "y
SOOI T ‘ Y b il
200 300 400 500 600 700 200 300 400 500 600 70 200 400 5 D 200 300 400 500 600  70(
my, [GeV] M, [GeV] "\w [GEV] My, [GeV]

These weights are applied to the fully reconstructed NLO SM sample to obtain
any k point, assuming that the LO to NLO factorization does not depend on Kk
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Differences compared to the SM HH search

£ 455 ATLAS Simulation Preliminary 3
. e g 4? E:IS Tev’ HH- bET+T- A *I\eprhad SLT E
o Acceptance changes significantly as a g sk N E
. E / Thad" E
function of ky PRI / meme 3
. , 8 25 - E
o A dedicated BDT, trained on xx = 20 I E
signal is used since it performs good g 15E E
for all kx points. 1B E
3
OB L b b e b L b3

20 -15 -10 -5 0 5 10 15 20

variations of the my g spectrum with kj:

o™
@ O @ O <
S £ ATLAS Simulation Preliminary 1 S r ATLAS Simulation Preliminary 1 o
> 012f .. 5 > 012 5 Ioe)
s F (s=13TeV ] S t s =13 TeV ] 8

b L 1 2 r b
< I K, =0 ] = 0»1: k=5 ] =
— K = ] Cre e = ] i
L Kkz - 0.08~ K*, . 3 —
L Ky =5 ] [ —K=10 ] =
F 4 0.06F 4 (@)
r ] Lol b O
0.041~ B 0.041~ B UI')
0.02F 4 0.02F 4 5
. ] 4 i, ] =

o Bt |00 Ly [T e, Lo A plae,

0 800 0*™500 400 500 600 700 800 <

my, [GeV] m,, [GeV] 35/25
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Extrapolation scenarios

1 Current systematic uncertainties

2 Current systematic uncertainties, MC stat. uncertainty neglected
Fractional impact on Ay goes from 18% (Run 2) to 84% (HL-LHC)

3 Baseline

O O O O

o

Z+heavy-flavor and tt normalization uncertainties scaled down with lumi
Significant reduction assumed for the V. H and ttH uncertainties
MC statistical uncertainty neglected

Statistical unc. on the data-driven backgrounds adjusted to follow Poisson
statistics

Cross-section uncertainties reduced

4 No systematic uncertainties
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Results of the extrapolation

o 3 signal regions: TiepThad SLT, TiepThad LT T, ThadThad

S AHAS o T T S o AHAS pra T T S AHAS P T
@ ATLAS Preliminary — sy HH - boe-s 5 108 ATLAS Preliminary  — syt b b @ ATLAS Preliminary  — su HH o'
;10“—Pm,mmmmm Run2data - Top-quark % Projecton flom Run 2 data. - Top-quark. % Projection fom Run 2 data | Top-quark 4
2 5= 14 TeV, 3000 fo Jot T fakos € 14TeV, 3000 6" ot 5, fakos 2 (5= 14TeV, 3000 1" Jet— 7 fakes (Multets)
B oo 2o 5t (bbboco) & s LT 2bas 2o xS bsoco) G o[ 2ol Zo ot ]
I Otver i I Other w10 I et 1, fakes ()
10°E SM Higgs SM Higgs I Other
[ Uncertainty 107 [ uncertainty SM Higgs 4
[ Uncertainty
10°
10*
10*
10°
10°
10?
10?
T T! T b Lo Lol TP TN rorere r ST
-1-08-06-04-02 0 02 04 06 08 1 -1-08-06-04-02 0 02 04 06 08 1 -1-08-06-04-02 0 02 04 06 08 1

BDT score BDT score BDT score

95% CL upper limit on a(pp — HH)/osm (background-only hypothesis):

T T
r ATLAS Prellmmary 1
: Projection from Run 2 data, Vs = 14 TeV, HH— bbrt

T
ATLAS Prellmlnary
: Projection from Run 2 data, Vs = 14 TeV, HH—> bbt*t

o

---- Current systematic uncertainties
----- MC statistical uncertainty neglected
r — Baseline

r — No systematic uncertainties

Baseline, T,;T,q
Baseline, Ty
— Baseline, combined

=)

95% CL exclusion limit on o, /cSM
95% CL exclusion limit on o, /5™

Il L L L L L Il L L L L L |
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Integrated luminosity [fb] Integrated luminosity [fb™] ~ 37/25
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Results of the extrapolation

sz L o e A A e e o e
W%I ATLAS Preliminary < L == Current systematic uncertainties
& 10 : Projection from Run 2 data, Vs = 14 TeV, HH- bbt't _| e MC statistical uncertainty neglected
b E - Basel |
§ == Current systematic uncertainties ] = — stsey;Zmaﬂc uncertainties 1
'E ----- MC statistical uncertainty neglected - ]
= . = Baseline 1 4
c L& ) - 1 1o
k) in, =— No systematic uncertainties
2 L ] 107" E
2 £ E
[} L ] L ]
o E e 126
® ATLAS Preliminary
83 1 1072 E Projection from Run 2 data 3
r ] E Vs=14 TeV HH- bbrt ]
M MR P R A M E
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Integrated luminosity [fo] Integrated luminosity [fb™]
Scenario —1lo Expected limit +1c | Significance [o]
No systematic uncert. 0.58 0.80 1.12 2.5
Baseline 0.71 0.99 1.37 2.1
MC statistical uncert. neglected | 0.8 1.2 1.6 1.7
Current systematic uncert. 1.9 2.7 3.7 0.65
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Limits on k), assuming k) = 0 and k; =1

o Allowed 1o and 20 CL intervals, Asimov dataset: includes k) = 0 signal

/-5 T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T T T T T T ™
& —— No systematic uncertainties
-1 12k — Baseline
\; I R (PP MC statistical uncertainty neglected
— - -...- Current systematic uncertainties
= 10 :
' B ATLAS Preliminary R
8 Projection from Run 2 data ]
- Vs=14 TeV, 3000 fb"', HH— bbt*t" g
61— Assuming ¥, = 0 signal _]
4k E
7SS | WSRNY 7SS W 26
OTT""" %, D AN SO UL L L O O o
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Breakdown of the systematics - baseline

Source Uncertainty (%)
Total +52
Data statistics +43
Simulation statistics +0
Total systematic uncertainty +30
Experimental uncertainties
Luminosity +4.3
Pile-up reweighting +7.0
Thad-vis +13
Fake-7j,,4.vis estimation +8.3
b- tagging +8.1
Jets and Eys +3.5
Electron and muon +5.1
Total experimental uncertainties +18
Theoretical and modelling uncertainties
Top +6.6
Signal +8.6
Zy =t +11
SM Higgs boson +8.5
Other backgrounds +4.4
Total theoretical and modelling uncertainties +17
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Di-tau trigger studies

ATLAS Preliminary

ATLAS Preliminary

60— Projection from Run 2 data 5 6 60— Projection from Run 2 data 3
Vs=14 TeV, 3000 b Vs=14 TeV, 3000 b
50 HHobbt Ty 114 | 1.04 1.06 50 HH->bbT, 4T 0q

SM (k= 1) BDT K,= 20 BDT

40

IS
o
95% CL exclusion limit on o, /M

95% CL exclusion limit on o, /M

30

w
S

30 40 50 60 70
Leading 7. Offline p_ threshold [GeV]

30 40 50 60 70
Leading 7,4, Offline p_ threshold [GeV]

Sub-leading 4., Offline P, threshold [GeV]
Sub-leading t,,,4.,;, offline p__threshold [GeV]

Expected 95% CL upper limit on o(pp — HH)/ogas (without systematic uncertainties) as a
function of the leading and sub-leading 71, 44— vis Minimum pr thresholds, using the (a)
nominal BDT classifier and (b) using the k5 = 20 BDT

o The loss in sensitivity is expected to be even more pronounced (the effect masked
by +80 GeV jet requirement)

o Sensitivity to the Higgs self-coupling is affected more by raising the pr thresholds
(softer pr spectrum), so the study is repeated for kx = 20 BDT
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HL-LHC HH combination

o Significance (no systematics, baseline):

Channel Statistical-only | Statistical + Systematic
HH — bbbb 1.4 0.61
HH — bbr 1~ 2.5 2.1
HH — bbyy 2.1 2.0
Combined 3.5 3.0

o Significance as a function of k) (no systematics, baseline):

E J J T o) J : T
) ATLAS Preliminary E g ATLAS Preliminary 3
5 Simulation and Projections from Run 2 data B < Simulation and Projections from Run 2 data B
133 V5 =14 TeV, 3000 fb* 3 o {5 =14 TeV, 3000 fb |
:‘é No systematic uncertainties E| E Systematic uncertainties included 3
2 —— bbbb 2 bbb E
n = " = |
——bbyy = bbyy
e bbtt — bbtt 3
af —— Combination = Combination E
2F = =
1 = |
obL | | | | | o
-2 0 2 4 6 8 -2 0 2 4 6 8
Ky Ky
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HL-LHC HH combination

o Limits on the ky, assuming SM signal (no systematics, baseline):

8 8
BT - e o B S S B L B o o e R o
i - o | I E L o Bl
i ATLAS Preliminary = bbbb i _# _LATLAS Preliminary == bbbb E
~ 7 Simulation and Projections from Run 2 data —e— hbTT = ~. 7: Simulation and Projections from Run 2 data —e— bt E|
z IS = 14 TeV, 3000 fb, k, = 1 = k| i E Vs=14TeV, 3000 fo", , = 1 = 3
E 6L} No systematic uncertainties —bbyy = 6 systematics uncertainties included —=bbyy 3
' 5 === Combination ! 50 - Combination 3
4 E 4 E
3 - 3
27 “““““““““““““““““ 2“ 2
i b E
[ e
ot et SR R B Bt B
- 0 1 2 3 8
Kx 5

o Confidence intervals on ky from the combination (no systematics):

— 68%: 04 < Ky <17
—95%: —0.1<kr<27TUB5<Ky<69
o Confidence intervals on x, from the combination (with systematics):
— 68%: 03 <rr<19
— 95%: —04<Kky<T73
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