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Investigating the Higgs potential

The full expression of the Higgs potential is encoded with
parameters y and 4 as:

V(g 'd) = — '+ ")

When linearising the Higgs field after the EWSB around
the vacuum expected value v one gets:

V(H) D u* H?*+ v H3+ZH4

1.2
> My

Where the potential parameters are linked by :

Relationship between the electron charge, the
weak boson masses, and the
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» The first piece of information came from the Higgs boson
discovery:
» Existence of a new particle with couplings according to
prediction from EWSB;
> First measurement of Higgs mass:

my = 125.09 GeV o p = 88.45 GeV

> can be determined thanks to the
)
1 Gpm
—=——(1+Ag)
1010.0991 T, 192z

» From most precise
MulLan experiment:

® Balandin - 1974

® Giovanetti - 1984

® Bardin - 1984

G, = 1.1663788(7) x 107> GeV >

Sy~ 246.23 GeV
S A~0.13

® Chitwood - 2007

® Barczyk - 2008
® MuLan - R06

o MuLan - RO7

. . ] . .
2.19695 2.19700 2.19705 2.19710 2.19715
Lifetime (us)



https://arxiv.org/pdf/1010.0991.pdf

Investigating the Higgs potential

The full expression of the Higgs potential is encoded with \ " @
parameters y and Aas: | o

Vg'h) = — 1’p" ¢ + 'Y

» Direct access to A through Higgs pair creation:

10

When linearising the Higgs field after the EWSB around » Coupling strength denoted as «;, = A,/ Aoy,
the vacuum expected value v one gets: > At tree level: production of pair of Higgs bosons —strong effect on
XS.
0 0 3 A 4 > At loop level: effect on the single Higgs cross-section and
V(H) D| u= H°|+Av H|+ ZH deviations in kinematics.
- g g g
> My fx o Z - —GOggf T OzH
A TR © | T OveF OitH
\ 108 —owy  —Opy 3

107"k
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Investigating the Higgs p

The full expression of the Higgs potential is encoded with
parameters y and 4 as:

V(g 'd) = — '+ ")

When linearising the Higgs field after the EWSB around
the vacuum expected value v one gets:

A
V(H) D| u? H?*|+|v H>|+ ZH4
3Mi;
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» Quartic interaction even rarer :
> At tree level: very mild effect on XS and kinematic distributions.
» At loop level: similar constraints obtained on XS, but stronger

effect kinematics

> No strong constraints even with FCC 100 TeV collider
(ks € [—3,13]) or the CLIC 3000 GeV (k; € [—5,7]).

HH kinematics Global fit

—10F

-02 -0.1 00 01 02 03
AK3

1810.04665 ([, 5



https://arxiv.org/abs/1810.04665

Exploring alternative scenarios

The measurement of the Higgs potential is answering the fundamental question of its nature.
Several other models can show a non zero vacuum expected value with a different second order contribution:

’

—m?H'H + \(H'H)? + %2 (H'H)3,  Elementary Higgs

dynamics at a high scale

Tadpole-induced Higgs |EWSB is triggered by the Higgs tadpole

100 TeV, 30 ab™

Landau-Ginzburg Higgs

minimal composite Higgs model/ SMEFT with 0,
composite twin Higgs model : "i'”
different coupling to top quark “

1907.02078

Courtesy of Elisabeth Petit Models
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pseudo Nambu-Goldstone boson emerging from strong

Coleman-Weinberg Higgs| EWSB is triggered by renormalization group (RG) running effects

HL-LHC

"} ILC500
FCChh




How are Higgs pairs produced?

dO— @ 0.14p
dmis e > 042f
= .
» Destructive interference between triangle < °
O R H ' 0.08] :
| and diagrams makes the cross- SRR :
S . section tiny (1000x smaller than single 006~ | ]
Higgs). 0.04f ! . -
> Low masses essential to constrain L E
Q0 300 400 500 OO FOO 00 trilinear coupling r; ot 300 460550'650700 00
mun[GeV] » myy shape very dependent on the k, . [Gev]
> Vector Boson Fusion (VBF): ngF = 1.72 fb
Second orde.r COntI‘Ik?L.Jtlon to total production, but direct handle to vector ; » BSM resonances: B T
boson coupling moditiers 1, and Ky ;' Possible increase in signal from new physics benchmarks: §
’ ! ¢ » Spin-0: predicted by Two-Higgs-Doublet-Models and 1
¢ Electroweak Singlet models T |
H /{2‘/ H ,qt ] ] //// ‘
Yy, § > Spin-2: predicted by oS oy
o v q i Randall-Sundrum (RS) model oo}
¥ of warped extra dimensions 9 s S
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The LHC: a (double) Higgs factory ?

e Located under the French Swiss Border, the Large Hadron m
e Collider is the final piece of a staged acceleration chain
allowing high luminosity proton-proton collisions.
ALICE LHCb
With an unprecedented 13 TeV center of mass energy, it has
- allowed the ATLAS and CMS collaboration to record

¥ = 140 fb~! of data during the Run-2.

T BOOSTER
1.4 GeV

_ 2160

P - ATLAS i
26 GeV 2140[- Preliminary fs=13Tev
@

LEIR Delivered: 158 fb™

LINAC 2

LINAC 3
lons

S 120 . LHC Delivered Recorded: 149 fb™

g - ATLAS Recorded ' vsics: 1400 .
—4100 . —
8 B Good for Physics 7
© 80 -
Run-1 CIE)) - N
+= 60 — _
C — — 5
IRl‘rr{Z :: : :: g
% 40— — <
Run-3* — - 18
20 -z
HL'LHC* 0 - | L i | | | | | | | | | |:
*estimated 36““6 \3\5\‘\63&“‘\6 3\)\‘\636‘\\\1 \N\\ﬁ Aa“\\% 3\3\‘\6 7
Month in Year (
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How to look for Higgs pairs?

At the origin of the event, the production
mode defines the kinematics of the two

Higgs bosons as well as eventual side
products.

Non resonant

Resonant

Louis D'Eramo (NIU) - 15/11/2021 - Higgs pair production at the LHC ‘



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801

How to look for Higgs pairs?

::‘
R
At the origin of the event, the production @
mode defines the kinematics of the two

Higgs bosons as well as eventual side
products.

With an increased Higgs boson transverse
‘ ‘ momentum, the two decay products tend
to get closer to each other. Two different

- regimes are defined:

» Resolved: two single objects can be
reconstructed, aiming at low mg.

» Boosted: one object is reconstructed
with dedicated sub-structure analysis.

|

Non resonant

Experimentally only the
of the Higgs bosons

can be . They define
the of the analysis: Small-radius jets | Large-radius jet
> Trigger ;

AR ~ 2
H

» Object reconstruction ; Pr

» Statistical procedure. Resonant
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801

How to look for Higgs pairs?
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr eleciromagnetic calorimeters

Solenoid maanet | | | Transition radiation tracker
Semiconductor tracker
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Toroid magnets

Muon chambers

Inner detector:
Charged particles tracks and
vertices.

Electromagnetic calorimeter:
Electron and photon reconstruction

(E, direction)

Hadronic calorimeter:
Charged and neutral hadron
reconstruction (E, direction)

Muon spectrometer:
Muon trajectories

Magnet system:
Bends the charged particles for
momentum measurements




rs?

HH — bbbb

» H — bb: High BR
» Large hadronic background

How to look for Higgs pa

No clear Golden channel, but several promising signatures:

BR(HH — XXYY) goF: & = 36fb™! JHEP 01 (2019) 030
L ~1 ) P
bb WW gg T cc 77 VY Zy m Resonant ggF: & = 139fb™" ATLAS-CONF-2021-035
VBF: ¥ = 126fb~! JHEP 07 (2020) 108
HH — bbttr™

@ "H- bb: High BR
» H — 7777 Low background

Resolved: & = 139fb~!  ATLAS-CONF-2021-030
Boosted: & = 139fb~!  JHEP 11 (2020) 163

0 HH — bbyy
» H — bb: High BR
» H — yy: Good mass resolution

---- HH - W*W~+ XX / HH — bbZZ
- dAF - ® > Decont BR from H - VV

EI = results from ATLAS ® » Complex final signatures due to the decay of Vs

‘ bbluly: & = 139fb~! Phys. Lett. B 801 (2020) 135145
yyWW#: & = 36fb~! Eur. Phys. J. C 78 (2018) 1007

bblvgg: & = 36fb~! JHEP 04 (2019) 092
WW*WW*: & = 36fb~1 JHEP 05 (2019) 124

ggF. resolved: & = 139fb~! ATLAS-CONF-2021-016

Combining the results is necessary for observation.

Louis D'Eramo (NIU) - 15/11/2021 - Higgs pair production at the LHC



https://link.springer.com/article/10.1007/JHEP11(2020)163
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
http://cdsweb.cern.ch/record/2777236
http://cdsweb.cern.ch/record/2759683
https://link.springer.com/article/10.1140/epjc/s10052-018-6457-x
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://link.springer.com/article/10.1007/JHEP04(2019)092
https://link.springer.com/article/10.1007/JHEP05(2019)124
https://link.springer.com/article/10.1007/JHEP07(2020)108
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://cds.cern.ch/record/2777861

ATLAS

EXPERIMENT

Run: 356259
Event: 311347503
2018-07-22 20:00:32 CEST
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How to identify b-jets

B-hadrons have a unique experimental signature that allow to identify .
them: large impact \
» Large lifetime (~1.5 ps) = Secondary Vertex and tracks with parameter

large Impact Parameter. PV b
» High decay multiplicity (average: 5 charged particles). :;’gzct \
> In ~42% of the cases the b-hadron decays semi-leptonicaly — parameter .-

search for “soft” muons in the Secondary Vertex.

jet axis

>

These features are used by Baseline taggers (targeting one behaviour) that are then combined in Higher-Level algorithms:

IP based SV based Muon based
()
.'_5 Impact Parameter NN based on track Topological secondary Inclusive secondary Semi-leptonic
L based parameters and tertiary vertices vertex decays to muons
% (IP2D,IP3D) (RNNIP) (JetFitter) &%) (SMT)
(a'a)]

f —
— , The final discriminant is based on a
2 Boosted : "Working Point" defined by the b-
— " Deep Learning : . :
T Deu(s,\l/‘(\)/r;)Tree (D7) tagging efficiency measured in MC
on _ _
T simulated 77 events.
Dedicated energy corrections are also applied to account for the soft muon as well as energy mis measurements. (/
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Strategy

goF: & = 36fb~! JHEP 01 (2019) 030

Resonant ggF: & = 139fb~! ATLAS-CONF-2021-035 Ae

VBF: & = 126fb! JHEP 07 (2020) 108

ggF Non resonant / Resonant

Resolved:
> At least 4 central b-tagged jets.
Boosted:

> At least 2 large R jets;
> At least 1 variable radius b-tagged jet In
each large R jet.

HH — bbbb

VBF Non resonant / Resonant

Central
> At least 4 central b-tagged jets.
VBF jets:

> At least 2 forward jets with opposite 7
sign.

Jets

Angular distance between
jets in each Higgs
candidate | AR;|is
compared to the 4 body
Invariant mass 71;

ATLAS Simulation
Vs=13TeV, 24.3 "

w
[
rprT

Resolved Signal Region, 2016

Lead HC ARLJ.

w
II|III

2.5

Given that the
reconstructed
masses should be
similar, the distance

(mg;ad mi o) (120 GeV,110GeV)

9 2j

0.035

oa) =
- D)
] [72]
£ @)
=
S
vagm

0.03

O

0.025

0.02

This method has been replaced with a

|
100 200 300 400 500 600 700 800 900 1000 1100

Nt

to median of the
signal expectation is
0.005 minimised.
my; [GeV] ml;jad [GeV]

ne latest resonant result using angular quantities (An, A¢g and AR).
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://cds.cern.ch/record/2777861
https://link.springer.com/article/10.1007/JHEP07(2020)108
https://link.springer.com/article/10.1007/JHEP01(2019)030

goF: & = 36fb~! JHEP 01 (2019) 030

. (&2
How to look for signal? el Y

VBF: & = 1261b™

Fit: using the HH invariant mass ggF

N
N
o

N
(@]
(@]
Events / 25 GeV?

ATLAS
Vs=13TeV, 24.3 o™
Resolved, 2016

HH — bbbb

Resolved: Non resonant / Resonant
Main backgrounds: o

» 11 : Rejected by specific variable measuring consistency .,
of jet originating from top quark.
> multi-jets:
» Dedicated Signal, Validation and Control Regions
based Higgs bosons masses;
» Shape is obtained by reweighting data in the 2 b- o0

tagged SR: from sets of weights to MVA techniques. 0w e e W0

M3 [GeV]
N
S

—_
0]
o

160

VBF

- Similar cuts as for the ggF resolved
analysis.

120
100

100 80

60

80
Data 2016-18

- Multijet

\/_ 13 TeV, 126fb1 [ ] Al-hadt

Signal region [ Non all-had tt
[ ggF non-resonant HH
- Post-fit uncertainty

2 Spin-0 narrow resonance (800 GeV)
_ s VBF non-resonant HH (k,,=3.0)

40

20

Events / 40 GeV

Boosted: Resonant

Due to low VR jet finding efficiency in large jets, 3 signal regions are defined.

T
b b g

Louis D'Eramo (NIU) - 15/11/2021 - Higgs pair production at the LHC

Main backgrounds:

tt and multi-jets contribute:

» Normalisation is taken from fit to
the CR data.

» For multi-jets an iterative
reweighting technique is used to
match kinematics between
untagged and tagged jets.

Data / Pred.

O

200 300 400 500 600 700 800 900 1000
m,, [GeV]



https://cds.cern.ch/record/2777861
https://link.springer.com/article/10.1007/JHEP01(2019)030
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP07(2020)108

goF: & = 36fb~! JHEP 01 (2019) 030

R e S u It S Resonant ggF: & = 139fb~! ATLAS-CONF-2021-035 £®

VBE: & = 126fb™! JHEP 07 (2020) 108 H

HH — bbbb

ggF No significant excess found

Non-resonant Resolved VBF No significant excess found

Non-resonant

oVBF observed (expected) limit
Is 840 (550) times the SM
prediction.

T | T T T | T T T T T T | T T T | T T T
ATLAS = Theory prediction

Vs =13 TeV, 126 5’ —— Observed limit (95% CL)
HH— bbbb Expected limit (95% CL)

- Expected* 1o
Expected+ 2¢

648" x BR(HH — bbbb) observed (gxpected) limit is -
12.9 (14.8) times the SM prediction.

LIIILIH

oyeel PP— HHjj) [fb]

Resonant Resolved (251-1500 GeV) Boosted (900-3000 GeV)

Limits are set on k5.

—0.4 < Kk, < 2.6 (Observed),
—0.6 < Ky, < 2.7 (expected).

Limits set on 6(X/Gyx — HH — bbbb):
Most significant excess is found at 1.1 TeV with a local (global)

significance of 2.6 ¢ (1.0 o).

-HII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| I TTTITH

'1III| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII|

| | | | | | | | |
4 =2

3_TLA133PTrel\I/m;nzegy (39t Observed limit (95/ CL) s \//\_TLA;SS F’Trel\llm%agy aom Observed limit (95/ CL) 1
- Splr;O © - = Expected limit (95% CL) E Splr:2 © —=- Expected limit (95% CL)
I Expected limit £ 10 | Expected limit 10 |

Expected limit + 20 ; r 3 Expected limit + 20 ]
- Resolved expected limit ] - Resolved expected limit ]
- Boosted expected limit ’ - Boosted expected limit

RS Graviton, k/Mp; = 1

— Observed limit (95% CL)

Resonant

\s=13TeV, 126 fb" ---- Expected limit (95% CL)

HH— bbbb .Expectediks Limits set on GVBF(X N HH)

Spin-0 narrow resonance
Sxpected:t 20 where X is either a narrow- or
broad-width scalar resonance

Oggr(Pp—X—HH) [fb]

2
Gygel PP—> Xji— HHJj) [fb]

500 400 500 600 700 800 900 1000
m, [GeV]

20|OO 3()'00 1 1 1 1 1 1 1 1 20IOO 3000
m(X) [GeV] m(Ggk) [GeV]
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https://link.springer.com/article/10.1007/JHEP01(2019)030
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://cds.cern.ch/record/2777861
https://link.springer.com/article/10.1007/JHEP07(2020)108

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST

n

L/

b/

L §




How to reconstruct tau leptons ?

Similarly to B-hadron, tau leptons have a unique complex experimental signature:

V
/ ' » Small lifetime (~0.3 ps) with large mass (1.78 GeV).
T . » Decays in 35 % of the time to electrons or muons + neutrinos (undetected).

- > In the other case it decays hadronically, mostly into 1 or 3 charged pions, with
. e, p-, d one possible additional neutral pion.

'-~<_ L » Challenging final state to identify and reconstruct.
V'V, u

W

> Wider energetic deposit and more tracks compared to quark-like jet.
> Dedicated MVA algorithms are used to identify and reconstruct the tau

candidates.
Tracks Calorimeter jets 8 T tracks
44/N-prongs
Associated : : _ :
Tracks tracks T-identification Electron rejection Energy calibration

(BRT)

association (BDT) > (BDT/RNN) (BDT)

iso-track

n
L4
— L
L4
L4
’
L4
,
L4
L4
L4

L4

’
’

identification

(BDT)

Primary Vertex

In boosted topologies, the reconstructed jets are closer to each other. A dedicated BDT is therefore trained to account for
smaller radius jets and the specific topologies. No additional energy correction was found to be needed in these cases. 7-
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Resolved: & = 139fb_1 ATLAS-CONF-2021-030 !Q

St rategy Boosted:.ff — 139fb~!  JHEP 11 (2020) 163 H

HH — bbbttt

The analyses are build on the final state of the tau decay:

Resolved:
Exactly 2 b-jets

Boosted:
» > 1 extra large R jet;
» 2 variable radius b-tagged jets inside.

Resolved:

At least one hadronic tau is requested: 1" = = S 1L ATLAS Proiminary o Data ]
' S — SM HH x 100 =
] . . . S ~ {s=13TeV, 139 fb’ ob-quar .
> TiepThag- €Xactly 1 lepton + 1 hadronic 7; S L Topk oy
] qc) = Signal Region Z — 1t +(bb,bc,cc) I
> T1.4Thag- €Xactly two hadronic s. > e NAABSBSSeEEsss S et — v, fakes (1) -
. 5 5:_ATLAS Prellml_r:ary ;S;;wao - 10°E o -gltvtl]?-lrn . —
As the mass of the system is not well R 10°F =teTev. 1391 Top-quark ol  mhiges -
. . . . n — "had"had Jet — 1, , fakes (MJ) B . T — re-fit backaroun N
defined, the Missing Mass Calculator is Set R gL soranesen e 107 Prefitbackground - _
used to get a better estimate. Tl = over - - E
Boosted: W et o i

= - . L L L re-fit backgroun — -

Only hadronic taus are considered inside e o E 1E
one large angular jet : 10g it by = R A AR I B N U [E
- - : s % DAY \W*\ R AIAIE
» < 3 sub-jets, sum of track charge £ 1 in 15 S osb ey THTY L

h b _ 5 e ———— T TR O 0 100 200 300 400 500 600 700 800
eacC SUD-T. &) 1215: T ‘kki +\{i+ \\I#i \i#[ L‘\?\\E m,, [GeV]
T 0.8 it
8 6700200 300 400 500" 600" 700" 800 7
MMC [GeV] (

Louis D'Eramo (NIU) - 15/11/2021 - Higgs pair production at the LHC ‘



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.191801
https://link.springer.com/article/10.1007/JHEP11(2020)163
http://cdsweb.cern.ch/record/2777236

How to look for signal?

ATLAS-CONF-2021-030
JHEP 11 (2020) 163

Resolved: & = 139fb~!
Boosted: & = 139fb~!

Lo

Resolved:
Fit: based on a MVA distribution trained in 3 SRs:

> TiepThad: Single Lepton Trigger (STT), Lepton + Tau Trigger (LTT);

> T.4Thad- OINgle/Di Tau Triggers.

Resonant

Parametrised NN to ease the
interpolation between mass

Non-resonant

» BDT in 73,,47},,q Category;
» NN In TiepThad category.

q— 107E_||III|III|III|III |||||||||||||||||||_E Sf_) Ellllllllllllllllllll |||||||| ||||||||||||||||||||§
S = ATLAS Preliminary ° g:ntT-IH . it = o L ATLAS Preliminary * )[()Zttaexp limit -
- —_— at exp. limit = ] — . —

o = Thadhad Jet — t,_, fakes (MJ) 3 § 10° | "had®had Iop-quarkf ces (M _
AT 10° __ Signal Region Z — v+ (bb,bc,cc) | L = Signal Region ZeL_;rt:azb; lfcséc) ) =
= I ‘g::I > Theo fAkes (th) 3 10° I Jet — 1, fakes (i) —

Wl Hl Other B I Other =

107 SM Higgs = 10" SM Higgs ]
cw Uncertainty = Uncertainty =

O s Pre-fitbackground | B . Pre-fit background

|||II||||!..IIIII |III
1_5_III|III|III|III|III|III|III|II

_d - T | LI | T TTT E _O' 1 _5:I T | | | | | | | T | T | .
0] C ] o) C ]
g:_ 15_.\\\,\\\\cm@\\\‘\\\\Q\\\~Q\\\\\3\\\<\!\\\\\k\\\*q\\\\\\\\\\\+\\\\\§1§ D:_ 1 o @ g O \\\\k\\\\\\‘f\\\%\k\\\\w\i:& \\xl;
O] C ] S . Y S ’
-.(_3' O 5_ 1 11 | 1 11 | 1 1 | | 1 11 | 1 11 | 1 1 | | 1 11 | 1 11 | 1 1 | | P11 -8 0 1111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 | 1 111 |{ 1 11 | 1 111

o -1 -08 06-04-02 0 02 04 06 08 1 - 50 01 02 03 04 05 06 07 08 09 1

BDT score

dedicated Control Regions for:
tt, Z — 71, multi-jets (evaluated from data-driven ABCD method)

PNN (mX =500 GeV) score
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H

Boosted:

Fit: Single bin fit for different resonant masses.

-'(i') B | | | | | | | | | | | | | | | | | | | | | | | | | | i .
g e ATHAS L R c12Tew) 1 Selections based on:
T - Vs=13TeV, 139 1b - X—HH (m"=3.0 TeV) 7
5: Signal region — A 4 » Mass of Large R
— Ztt+f ] .
n Multi-jet ] Jet,
4: I (Z)lt_|h _ o ] ]
— ers | —
[~ 2, Uncertainty _ > VISIbIe dl nggs
C | E VIS
2r ? —
Pz
—.-——--——————‘-——--—{ s i s i S RS S S S S S S S S (S S — ,
600 800 1000 1200 1400 1600 1800 2000

Visible HH mass [GeV]

dedicated Control Regions for:

/ — 717 + jets, multi-jets (evaluated from data-driven
ABCD method)



https://link.springer.com/article/10.1007/JHEP11(2020)163
http://cdsweb.cern.ch/record/2777236

Results

Resolved: & = 139fb~!
Boosted: & = 139fb~!

ATLAS-CONF-2021-030
JHEP 11 (2020) 163

Resolved:
Non-resonant

No significant excess found

—_
o
w
T

102}
- Observed: k) € [-2.4,9.2]
- Expected: Ky € [-2.0,9.0]

—_ 10—
é ATLAS Preliminary —— Observed limit (95% CL)
% - Vs= 13 :I'eV, 139 fp-1 " Expected I!m!t (95% CL) -
L - HH— bbt+T- T Expected I!m!t +10

L : 1 Expected limit +20

= ; E=N Theory prediction

'-'g S’ SM prediction

O

Resonant

at 1 TeV with a local

3.06 (2.0)o.

Highest deviation form
the SM prediction seen

(global) significance of

observed (expected) limit is
4.7 (3.9) times the SM
prediction.

> Limits are set on «;:
—2.4 <k, < 9.2 observed

10

95% CL limits on ¢ (pp — X — HH) [fb]

10° =4

ATLAS Preliminary

Vs =13 TeV, 139 fb™ i
| | | | | | | |

---- Comb. Exp.
—— Comb. Obs.
[ ] Comb. Exp. +1o
[ ] Comb. Exp. +2¢

T Tleprhad Exp.
= TigpThad Obs.

""" ThadThad EXP-
—— Tp20Thad Obs.

-
-
-

_____

-
-
-

= -

- - -

- - -

S o - -
- - -

-
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Do~
- - I e
L

-
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400

I|III|III|III|III
800 1000 1200 1400 1600
m, [GeV]
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—2.0 < k; < 9.0 expected.

95% CL limits on o (pp — X — HH) [fb]

Boosted:

Lo

H

HH — bbtTt™

No significant excess found

Limits set on 6(X — HH — bbt7) where X is a narrow-width
scalar resonance.:

» Two regimes based on the cut on m}j[“;
S L e —
- fTLF':\_ISbm —e— Observed ]
: E :3 T( Y :T::)g 1 =xpected :

. ST e Ten I =10
10 3 +20 E
i m’s > 900 GeV ; -
i HH | My, > 120@
10°E | E
i | _
10 :_ | | | | | | | | | | | | | | | I | | | | | _:
1000 1500 2000 2500 3000
m, [GeV]

GeV



https://link.springer.com/article/10.1007/JHEP11(2020)163
http://cdsweb.cern.ch/record/2777236

ATLAS

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST

HH — bbyy




St rat e g y gaF: <& = 139fb~! ATLAS-CONF-2021-016

> < 6 central jets.

Q@ » Exactly 2 b-jets;

» Exactly 2 High quality photons;
> No lepton.

Fraction of events / 5 GeV

03— 17 Whi : :
- - - - - ile the m_, variable is now used for the > | - | - |
- 1 A\FTLAS Simulation Prell_mlnary - Yy 8 P ATLAS Preliminary ¢ pata _
B = — . . . . . . = = . HH (SM -
0.25 s r;;wTeVm;E AR 3 fit, the HH invariant mass mj,, is still S F el by eP :ts?mgﬂe Hags
N I —" 'm, =300 GeV - i —~ i ry Common Preselection ’y 7
0.2F- My = 500 GeV useful for both the: % 1 N — P
= — 3%?‘3;11 1 » Non-resonant search (sensitivetok;); & °F -BZIZ%!}O%Z’V E
: - - ---my = eV
015 | e —  yy+jets - » Resonant searches (sensitive to mass of - - m, =500 GeV -
i 1 resonance). 44
- 1 Due to experimental resolution effects, this - + -
0.05 — can be corrected, assuming the two sub- i |
e e T e L 4 systems are originating from Higgs bosons: e E
%00 250 300 350 400 450 500 550 600 mE [GeV] = mes. — mos — m... + 250 B YT T — 300 1000
Invariant mass [GeV] bbyy — "bbyy bb 44 M, 1GeVl  gZ

Louis D'Eramo (NIU) - 15/11/2021 - Higgs pair production at the LHC



http://cdsweb.cern.ch/record/2759683

How to look for signal? o 2 = 150 oo

Non Resonant:

A BDT is used to select signal like events w.r.t di-photon + single
Higgs. Categories are created from m*

bbGWV Resonant: 2 BDTs are trained and combined
> LOW maSS, focussed S 0-25""I?§9"w?"|""|'"'|""|""|""|"" 2 :II;IZ\"II'LI)\';Ilgréllilnl{ilr\lalllrly”lImllml """" ] tO Separate resonant Slgna|S frOm
[0) ‘<—>: > 0.7+ — . . .
on BSM R . ATLAS Simulation Preliminary - 2 [ (s-13Tev,1aofy DA ] di-photon and single Higgs:
S o2- - piaTey - g o8 Frobr B e » Mass dependent cut on BDT
>k, =10ggFHH 2 | el S I
used as signal; 3 0150 — 1, =0 E L al E .
- S , g, =1 ] : > 22 mass categories created.
> High mass, focussed & o ; o, - ook 3
on SM 5 — =10 : i3 : . .
" 0.05- . - i a A m* window cut is made
> Kff — 1 ggF HH F ] : 0.1% E - bbyy
used as signal. prslab sk LT s F 200750 Ot S D e around the miy hypothesis.

BDT Score

m;Bw [GeV]

The background and signal processes are modelled thanks to functional forms used in the final fit:

HH signal
> Several monOtoniC funCtionS % 1032— Gaussian Distribut(ijgr? ATLAS _E > Single HiggS and HH prOCeSSGS
fitted to background template £ | "™ 1 can be modelled with double-
Side band normalised to data sideband are = ¢ 7 sided Crystal Ball function.
Side band ~-217° PN tested; : I
+—> +—> » Minimisation of the signal biais. 10 oty T
m,, » Final choice: exponential. - am
Louis D'Eramo (NIU) - 15/11/2021 - Higgs pair production at the LHC 520540 560 580 '6500'%'650' 640 660 680

m,, [GeV]



http://cdsweb.cern.ch/record/2759683

Res u ItS gaF: <& = 139fb~! ATLAS-CONF-2021-016

Non Resonant

No significant excess found

588F+VBF observed (expected) limit is
HH 4.1 (5.5) times the SM prediction.

Resonant: No significant excess found

» Best result from single channel observed to date;
> Statistically dominated.

» Limits are seton x;: —1.5 <k, < 6.7 observed
—2.4 <k, <'].] expected.

Limits set on 6(X — HH) where X is a narrow-width scalar
resonance:

1000

'5' |: T 1T 1 T 1T 1 | T 1T 1 | | | T 1T 1 | | | T 1T 1 | |:
r— 1 05 = I L L L L s L L S e b : . L] :
fe : o : —~ 900 ATLAS Preliminar —
o=, ATLAS Preliminary —— Observed limit (95% CL) : % - /s = 13 TeV. 139 fb'1y -
T \/— — 13 TeV. 139 fb_1 ---- Expected limit (95% CL) - 800 — ’ —
L [ H|§|_ bb Vs [ Expected limit +1c ' >/|\< = HH—bbyy =
L 104t — oYY [ Expected limit +2c ; ko) 7001 —e— Observed limit (95% CL) =
an - ] — .. —
> : BE== Theory prediction 600 } ----- Expected limit (95% CL) =
S 3¢ SM prediction 5005 Expected limit = 10 =
5 - Expected limit = 2 o .
: 4001 I} —
e s ; 300F i =
: 200F- =
- Observed: k) € [-1.5,6.7] = -
! Expected: k) € [-2.4,7.7] 100 E_ _E
| I_l L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 I L1 1 1 | L1 I

10 L 0200 300 400 500 o600 700 800 900 1000

)10 -8 —6 -4 2 0 2 4 6 8 10
m, [GeV]
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bbluly final state - & = 139fb~! Phys. Lett. B 801 (2020) 135145

- bbluqg final state : & = 36fb~! JHEP 04 (2019) 092
S e I eCt I O n yyWW¥ final state : & = 36fb~! Eur. Phys. J. C 78 (2018) 1007
WW*WW* final state : & = 36fb~! JHEP 05 (2019) 124 ‘

LgEN

This channel is aiming at reducing the contamination

of ¢t events by requesting one W boson to decay bblyly final state Resolved
leptonically:

This channel is aiming at HH — bbWW* signal, but is

H — bb: Z h
also sensitive to HH — bbZ/* and HH — bbtzt

» Resolved: exactly 2 b-tagged
» Boosted: One large R jet with
2 VR b-tagged jets

ATLAS —o— Data

Vs =13 TeV, 36.1 fb’ — HH SM x 150
HH — bbWW* — bblvaq B Otheir
non-resonant Multijet

T Wiets
ft

107EATLAS — 2t | » H— bb:

108 | Selection = Othe » Exactly 2 b-tagged jets

105 SR, SF+DF and no d, cut HH (x20)

Events/175 GeV
Events / 1

» Resolved/Boosted:
> > 1 high quality lepton.
> > 2 additional jets, pair
chosen with minimising
AR(jet, jet)
» Kinematic fit to find the
neutrino momentum =

104 &

. » Exactly 2 opposite

102 ‘ charge high quality
10} - leptons.

10° » Categories: based on
. flavour.

1.0 N&m\x\\\\\m %& » Deep neural Network:

05 » To remove dominant

BN
7 9 11
backgrounds

2\ MC Stat + Syst Unc.

"I MC stat Unc

\\\{\\I\\I\\\\\\\\\\\\;\\\\\\\I\N\\\\\\\\\x

0 200 400 600 800 100012001400160018002000
my, [GeV]

Data / Pred.

assuming my; = 125 GeV

Fit: myy in different categories Fit: single bin in different categories
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https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://link.springer.com/article/10.1007/JHEP05(2019)124
http://dx.doi.org/10.1007/JHEP04(2019)092
http://dx.doi.org/10.1140/epjc/s10052-018-6457-x

Results

bbluly final state : ¥ = 139fb~! Phys. Lett. B 801 (2020) 135145
bblvqq final state : & = 36fb~! JHEP 04 (2019) 092

yyWW¥ final state : & = 36fb~! Eur. Phys. J. C 78 (2018) 1007
WW*WW* final state : & = 36fb™! JHEP 05 (2019) 124

bblvqg final state

Non-resonant Resolved

0o Observed (expected) limit is
SHH 300 (190) times the SM prediction.

Resonant: Resolved Boosted

’-IllllllllllllllllllllIIIII_

- —Observed ATLAS I .
— Expecisd (5= 13 TeV, 36.1 fb" Limits set on

3 Expected 1o o(X — HH) where
Expected +2¢ X Is a narrow-width
scalar resonance

| lll”ll
| Illlllll

|- llllllI

Resolved . Boosted

1 llll]lll
1 1 llIllIl

ro)
k!
T
I
0)
0p)
L 107
S
b L
o I
@)
E
—
-
@)
2
w0
(@)]

LI lllllll
1 1 lllllll

—_—

<
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| I — I | — i | I | I — I | — l | — I .
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-
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95% CL upper limit on o(gg — HH) [pb]

LgEN

bblvly final state Resolved

Non-resonant

ggkF
Onn

observed (expected) limit is
14 (29) times the SM prediction.

ATLAS

L /5 =13 TeV, 139 fb!

- — Observed
[ ——- Expected

+1o
+20
#=== Theory prediction

| SM (ky = 1)

-20 -15 -10

-5 0 5 10 15 20

%)

HH —» W W™ + XX



https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://link.springer.com/article/10.1007/JHEP05(2019)124
http://dx.doi.org/10.1007/JHEP04(2019)092
http://dx.doi.org/10.1140/epjc/s10052-018-6457-x

HH — bbbb

HH — W*W—+ XX HH — bbZZ



Conclusion

Combinaison: & = 139fb~! TBU ATL-CONE-

Combination done with most of the analyses with & = 36fb~!

ATLAS

—e— Observed

| (5=13TeV, 275-361f0" T Eigzggg e
| OggﬂF (pp — HH) =33.5 b Expected + 20 _
B Obs. Exp. Exp.stat. _

HH— bbt™t 125 15 12
HH— bbbb i 129 21 18 _
HH— bbyy I 20.3 26 26 )
HH— W'WW*'W’ I 160 120 77 )
HH— W*W'yy I 230 170 160 _
HH—> BBW*W' I 305 305 240 _
Combined | - Ces 0 88

10 10° 10° 10° 10°

95% CL upper limit on o . (pp — HH) normalised to cjg”F
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3
Additional results with & = 139fb~!

bbluly final state: @

observed (expected) limit is 14 (29) times the SM prediction.
bbyy and

final states:

I I I | I
ATLAS Preliminary — Observed

VS =13 TeV, 139 fo? Expected
OgglF+VBF = 3278 fb 1 Comb. exp.limit+ 10

[ Comb. exp.limitx 2o

Brand new combination
result:

- Only the main latest two
Full Run-2 results included

Obs.  Exp.
: for non resonant ;
pbT+T |- 1 +6 39 - - observed (expected) limit
i is 2.8 (2.8) times the SM
by - 43 57 4 prediction.
Combined - ) 3.1 3.1 —

1 10
95% CL upper limit on signal strength

First look at VBF: HH — bbbb

oy observed (expected) limit is 840 (550) times the SM
prediction.



https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub

Conclusion

Combinaison: & = 36fb™!

Phys. Lett. B 800 (2020) 135103

ATLAS

bbt*t

bbyy

Combined

CMS

Run 11 2016, 35.9 fb™

Expected 12.8
Observed 22.2

bbzz, 138 b

Expected 39.8
Observed 32.5

bbbb, 138 fb™

Expected 7.84
Observed 3.88

bbyy, 138 fb
Expected 5.55
Observed 8.40

| | | | | L | |
ATLAS Preliminary — Observed

VS =13TeV, 1391 7 Expected
032,"uc+vsF = 32.78 fb 1 Comb.exp.limitx10o

[—1 Comb. exp.limit+20o

Obs.  Exp.

\ 46 39 -
\ 43 57 -

1

10
95% CL upper limit on signal strength

CMS

—e— Observed ---- Median expected
Preliminary B 68% expected
13 TeV

=--- 95% expected

Phys. Rev. Lett. 122 (2019) 121803

CMS-PAS-HIG-20-004

CMS-PAS-HIG-20-005

JHEP 03 (2021) 257

1

2 3456 10 50 100 500
95% CL limit on o(pp — HH (incl.)) / O

New combination made
with the two leading
channels:

observed (expected) limit
on the HH cross-section is
2.8 (2.8) times the SM
prediction.

No update on the partial
Run-2 combination, but
new results:

- boosted 4b ;

- bb4l ;

Louis D'Eramo (NIU) - 15/11/2021 - Higgs pair production at the LHC

First measurement of aggF

observed (expected) limit is:

< ATLAS Resolved
840 (550) times the SM prediction.

N

~ CMS Boosted

226 (412) times the SM prediction.

HH — bbyy Resolved

225 (208) times the SM prediction.

Partial Run 2 Ful Run 2
G(P:;HH) at 13 TeV (2015-16) (2015-18)
S
Obs Exp Obs Exp
ATLAS 20.3 26 4.1 5.5
HH — bbyy
CMS 23.6 18.8 7.7 5.2
ATLAS 12.5 15 4.7 3.9
HH - bbtt
CMS 31.4 25.1
ATLAS 12.9 21
HH - bbbb
CMS 74.6 36.9 3.6 7.3
ATLAS 6.9 10 2.8 2.8
Combination
CMS 22.2 12.8



https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub

Conclusion

Combination done with Full Run-2 analyses with & = 139fb~!

[fo]

N

Best limit set so far on k; so far.

10%F

ATLAS Preliminary

Vs =13TeV, 139 b~

Observed limit (95% CL)
Expected limit (95% CL)

Comb. exp. limit £10
Comb. exp. limit £20
Theory prediction
SM prediction

___________

—— bbtt

— (Gombined -

T_
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4 6 8

10
KA

First look at VBF: bbbb final state

oygel PP— HHjj) [fb]

E

=
=

Niu

Limits are set on the «,,, coupling modifier to:
—0.4 < Ky, < 2.6 observed,
—0.6 < Ky, < 2.7 expected.

::t | | | | | | | | | | | | | | | | | | | | | | :|E:
E ATLAS = Theory prediction :
10° = {s=13TeV, 126 fi — Observed limit (95% CL) 5
- HH— bbb - Expected limit (95% CL)  —
4 _
10 E - Expected+ 1o -
3 - Expected+ 26 -
10° E
10 =
1 ‘EI'_ ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] _'IE‘
—4 —2 0 2 4 6
K




Conclusion

::‘
- - EE
ATLAS bbbb final state CMS bbbb Boosted CMS-PAS-B2G-21-001 @
Limits are set on the Ky Coup"ng modifier to: Several results are now including the Koy measurement, the
—0.4 < Ky, < 2.6 observed, best measurement is: () g < Ky, < 1.4 observed,
—0.6 < Ky < 2.7 expected. 0.8 < iy < 1.2 expected.
E‘ :EI:I|III|III|III|III|III I:IE: _ :||||I|| ||||||I|||||||||-|13|8|fb|-1|(1|3|-r|e\|/1
— - ATLAS === Theory prediction a % : CMS —— Observed ~ ----- Median expected :
== g i o T ry prediction % expec
L 10° = (5=13TeV, 126 ft' —— Observed limit (95% CL) = S ot I;r«oilfv/iv?ry Theory predictio - S:j zxzzcij i
0\ - HH—sbbbb = Expected limit (95% CL) £ E VTR T :
Q B _
o 10" = - Expected+ 1o = %
b@ ; f_ Expected+ 26 _f %
~ = |
- 7] S
10° = ]
- - S
10 = =
— - O
- - &
1 _EI'_ ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] _'IE_ C_JI
—4 —2 0 2 4 6 3
(@))
Koy
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https://cds.cern.ch/record/2776802

Conclusion

E

Combination done with Full Run-2 analyses with & = 139fb~!

El | I I I | I | | | | I 1 1T 1T 1T 1T 1T 11 I | I
~ 10*E ATLAS Preliminary =
T - "\ Vs=13TeV, 126 — 139 fb ]
T i R Spin—O i
e — Observed limit (95% CL)
O 103 — E . o —=
- xpected limit (95% CL) =
- Comb. exp. limit+ 10
i Comb. exp. limit + 20 ]
10| —
f ~—~ :
1L o %\ "¢ -
10°E __ bbbb ~R4, E
- —— bbt*t - -
- bBYY -
109 —— Combined —
SRR | | | N NN NN AN N T N NN O O O A | =
200 300 500 1000 2000 3000

M x [GeV]
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) ||
TR TR

First look at VBF: bbbb final state

&

§ _|__ 1T | I B | [ T I I | [ | 1T | I I | T :I
,_E.. 108 . ATLAS — Observed limit (95% CL) B
% § \s=13TeV, 126 fb” ..-- Expected limit (95% CL) §
T - HH— bbbb -
? 104 & | Expected + 1o —=
= Spin-0 narrow resonance =
g_ B Expected + 26 7]
Q 3
— 107 =
0 = =
© B |
10°E E
10E =
1__ 11 | | 1 1 | | I I | I T | 1 1 | | 1 1 | | 11 | | 1 1 | | I 1 1 :I
200 300 400 500 o600 700 800 900 1000

m, [GeV]




Conclusion

u‘
| =
Combination done with Full Run-2 analyses with & = 1391b™ @
q) O B | [ | | | | | | | | | | D O | | | |
C—DU 10 "0 O \ 1 The largest deviation from the SM expectation is seen
i - Y\ /¥ \" \¥VA .. 1 at 1.1 TeV with combined local (global*) significance of
S ple NS 1 3.26 (21 0).
S 10 [ -
< - 4 In comparison the local significance at 1.1 TeV was
20, L — | found to be 2.8 6 (1.5 o) in the 7,74 (7},,Tq9) Channel.
-2
10 F E
W20 NI )
10 F E
= ATLAS Preliminary 5
- Vs =13TeV, 126 - 139 fb~! -
10_4 = Spln-O E
5-4--q----|------------| --------------- T 1 *The global significance accounts for a look-elsewhere effect
260 300 500 1000 2000 3000 with a trial factor (see Eur. Phys. J. C 70, 525-530 (2010) )

My [GeV]
p

(
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https://doi.org/10.1140/epjc/s10052-010-1470-8

ATLAS

EXPERIMENT

Thaniks ror your attention.
= 7



Post-credit scene: a look into the future

The story is not over yet : the High Luminosity phase of the LHC aims at collecting more than 90% of the total LHC dataset.

CERN has published a Yellow Report summarising the extrapolation of the partial
Run-2 results: ATLAS and CMS 3000 fb™' (14 TeV)

- Including special consideration for the systemlatics Q e HL-LHC prospects /
- Some re-optimisation from the published partial Run-2 results % | @ — bbbb —~bbrr
o\ —* v | —-DbbVV(Ivlv)  —Dbbyy
J bbZZ*(4l)
* ____________________________________ 95%
-\ | ¢| -« ATLAS - CMS b
Statistical-only Statistical + Systematic BRES '
ATLAS CMS ATLAS CMS T ;
HH — bbbb . 12 0.6l 0.95 %4 i |
HH — bbrr . 16 21 1.4 Al ‘- et
_ ! ol S 1 @
HH — bb . 1.8 2.0 1.8 i p & A e S
HH — bbVV (llv) - 0.59 - 0.56 I 2 . Hroes” '| 68%
HH — bbZZ(4l) - 0.37 . 0.37 R A S NSO/
combined 3.5 2.8 3.0 2.6 RN\ » ofe
Comblned Comblned 0_1 Ll 1??.1@1@ 6)1*4"1’1 i :'_'_l;l_l ¥ ’.O‘d Ll
45 4.0 2 14 0 1 2 3 4 5 6 7 8
K
L 057<K,<15@68%C.L| "
.
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https://arxiv.org/pdf/1902.00134.pdf

Post-credit scene: a look into the future

Since then we have updated greatly the analysis, improving far beyond the luminosity gain.

From the ATLAS side both

have released recent results :

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrT 2.5 1.6 2.1 1.4
HH — bbyy 12.1]23 1.8 2.2 1.8
HH — bbVV (llvy) - 0.59 - 0.56
HH — bbZ Z(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

The gains are mostly explained by the improved selection and

reconstruction techniques.

The limitations mainly arise from the theoretical uncertainties on single
Higgs production and top-related backgrounds, as well as the modelling

of the diphoton one.
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(ATL-PHYS-PUB-2021-044) and HH — bbyy (ATL-PHYS-PUB-2022-001)

2AINn(L)

124

10}

141

ATLAS Preliminary

Vs = 14 TeV, 3000 fb-
HH — bbt*t~
Projection from Run 2 data
—#— No syst. unc.
—o— Baseline

Theoretical unc. halved

—— MC stat. unc. neglected
—4— Run 2 syst. unc.

>4 4
1 1 1 | 1 MRRAALLINAA LA AN A T TR [ T T

2AIn(L

2_

| ATLAS Preliminary

- /s=14TeV, 3000 fb~"

- HH — bbyy

[ Projection from Run 2 data
. —#— 0 x Run 2 spurious signal
- —®— 1 x Run 2 spurious signal

- —— 10 x Run 2 spurious signal
| —®— 20 x Run 2 spurious signal

2 x Run 2 spurious signal
4 x Run 2 spurious signal

25 x Run 2 spurious signal

1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | P TN W TR (NN SN TR TR AN TR MU MO A T N 1

0_

12 -10 -8 -6 -4 -2
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Ingle Higgs constrains

ATL-PHYS-PUB-2019-009

Combinaison of single
Higgs channels with

< = 80fb~! yielding:
-32<K <119

t
9 0000 }+—»
N\ H
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tA VYt e&—-- @
//
s H
9 QQQQQ) =
q - - q
H
v lze--- m
H
q < < q
H
/,—-\\
\
\
> ---—- H
/
/
\§_,’
H

ATLAS Preliminary
{s=13TeV, 36.1-79.8 fb"
Asimov dataset (k,=1)

my, = 125.09 GeV

— VH

— ttH

— ggF
— VBF

20

o [\
T[T T T[T I T T[T ITT]

S N N N —— Y f10
_I L1 1 | | | | L1 L1 11 | L1 1 |:
20 -15 -10 -5 0 5 10 15 20

Ks
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-20 -15 -10 -5 0 3 10 15 20
LY
2 10:| T T | T 10 | T T | T T | T T | T T T 1T L |:
~ 9:_ ATLAS Preliminary E
i - (s=13TeV, 36.1-79.8fb" .
' 8 Asimov dataset (x,=1) —
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Bbtautau Boosted

Lo

H

Boosted di-tau BDT identification:
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Variable

Definition

ESJZ

Sjp
and E ;o1 /Exgc0

SJ1 8j1
AR<O I/EAR<O 2

Sj2 / pLRJ LRJ

and (p)' + pi2) /pk

10g ( Z pISO -tracks / p,IF‘RJ )

ARpax (track, sj;) and ARpax (track, sj,)

i ptrackAR (track, sj,)1/ > ptrack
Z[plso trackAR(ISO track SJ)]/ Z pISO -track

tracks, sj; tracks, sj,
0g(myg .1 ) and log(m, e %)

lOg (mtracks, Sj ) and lOg (mtracks, sj2)

AR<0.2 AR<0.2
S
IOg (|d0,lead—track |) and log(ldo lead- trackl)
n5J1 and nsub—Jets

tracks tracks

Ratios of the energy deposited in the core to that in the full cone, for
the sub-jets sj; and sj, respectively

Ratio of the p of sj; to the di-7 seeding large-radius jet pr and ratio
of the scalar pt sum of the two leading sub-jets to the di-7 seeding
large-radius jet pr, respectively

Logarithm of the ratio of the scalar pt sum of the iso-tracks to the di-7
seeding large-radius jet pr

Largest separation of a track from its associated sub-jet axis, for the
sub-jets sj; and sj;, respectively

pr-weighted AR of the tracks matched to sj, with respect to its axis
pr-weighted sum of AR between iso-tracks and the nearest sub-jet axis

Logarithms of the invariant mass of the tracks in the core of sj; and
Sjo, respectively

Logarithms of the invariant mass of the tracks with AR < 0.2 from
the axis of sj; and sj;, respectively

Logarithms of the closest distance in the transverse plane between the
primary vertex and the leading track of sj; and sj,, respectively

Number of tracks matched to sj; and to all sub-jets, respectively




Bbtautau Resolved A

H

BDT input variables:

TiepThad Channel TiepThad Channel
Variable (SLT resonant) (SLT nonresonant & LTT) ThadThag Channel
Myy v/ v v Impact of systematics on SM limit:
MMC v/ v/ v/
My, / / /
AR(z,7) v v v Source Uncertainty (%)
AR(b, b) v/ v/ v/
Emiss v Total +54
E™sS ¢ centrality v 4 Data statistics T
my v v |;imulati0n statistics +16
ﬁﬁ%&;{ )Thad_Vis) ; Experimental uncertainties
Subleading b-jet py / Luminosity +2.4
Pileup reweighting +1.7
IThad :|:16|
Fake-t estimation +8.4
Non resonant limits per channel: b tagging +8.3
Jets and ESS +3.3
Electron and muon +0.5
Observed —lo Bxpected tlo Theoretical and modeling uncertainties
_- o(HH — bbrtr) [fb] 57 49.9 69 96 [Top +17]
ep “had 6/03m 23.5 20.5 28.4 39.5 Signal 103
o(HH — bbtt) [fb 40.0 30.6 42.4 59
Thad Thad 05051\4 o 16.4 12.5 17.4 242 gl\;) I;.T ig'g
Combination o(HH — bbrr) [fb] 30.9 26.0 36.1 50 1885 -
6/Gsm 12.7 10.7 14.8 20.6 Other backgrounds +0.3
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BDIs

goF: & = 139fb~! ATLAS-CONF-2021-016 A@

Non Resonant

Variable Definition

H

Resonant HH — bbyy

Photon-related kinematic variables

Variable Definition

) Transverse momentum of the two photons scaled by their
prifityy invariant mass 71,
Pseudo-rapidity and azimuthal angle of the leading and

sub-leading photon

Photon-related kinematic variables

p%y, yvY Transverse momentum and rapidity of the di-photon system

Azimuthal angular distance and AR between the two

Adyy and ARy, photons

Jet-related kinematic variables

Jet-related kinematic variables

b-tag status Highest fixed b-tag working point that the jet passes

Transverse momentum, pseudo-rapidity and azimuthal
angle of the two jets with the highest b-tagging score
Transverse momentum, pseudo-rapidity and azimuthal
angle of b-tagged jets system

Invariant mass built with the two jets with the highest

pt,n and ¢

P’ Mpp and @

"bb b-tagging score
Ht Scalar sum of the pt of the jets in the event
Single topness For the definition, see Eq. (1)

Invariant mass, transverse momentum and rapidity of the

_ bb _
My, Py and ypp b-tagged jets system

Azimuthal angular distance and AR between the two

Adpp and AR, b-tagged jets

Niets and Np_jers Number of jets and number of b-tagged jets

Ht Scalar sum of the pt of the jets in the event

Photons and jets-related kinematic variables

Missing transverse momentum-related variables

Efrniss and @™ Missing transverse momentum and its azimuthal angle

) Invariant mass built with the di-photon and b-tagged jets
Mobyy system
Distance in rapidity, azimuthal angle and AR between the

AVyybb> Abyypp AN AR, di-photon and the b-tagged jets system
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Post-fit plots PRI — A
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Yields and systematics

gaF: <& = 139fb~! ATLAS-CONF-2021-016

High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
Continuum background 49+1.1 95+1.5 3.7+1.0 249+2.5
Single Higgs boson background 0.670 + 0.032 1.57 +0.04 0.220 = 0.016 1.39 +£ 0.04
ggF 0.261 + 0.028 0.44 + 0.04 0.063 £0.014 0.274 + 0.030
ttH 0.1929 + 0.0045 0.491 £ 0.007 0.1074 £ 0.0033 0.742 £ 0.009
ZH 0.142 £ 0.005 0.486 + 0.010 0.04019 £ 0.0027 0.269 + 0.007
Rest 0.074 £ 0.012 0.155 +0.020 0.008 £+ 0.006 0.109 £ 0.016

SM H H signal 0.8753 +£0.0032 0.3680 + 0.0020 (49.4+0.7) - 1073

(78.7+0.9) - 1073

ggF 0.8626 + 0.0032 0.3518 £0.0020  (46.1+0.7)-1073 (71.8 +£0.9) - 1073
VBF 0.01266 + 0.00016 0.01618 + 0.00018  (3.22+0.08) - 1073 (6.923 £0.011) - 1073
Alternative HH (k) = 10) signal 6.36 + 0.05 3.691 +0.038 4.65 + 0.04 8.64 + 0.06
Data 2 17 5 14
mx = 300 GeV my = 500 GeV Relative impact of the systematic uncertainties in %
Continuum background 56404 35490 Source Type Non-resonant analysis Resonant analysis
. . HH myx = 300 GeV
Single Higgs boson background 0.339 £ 0.009 0.398 £ 0.010 :
SM H H background (20.6 £ 0.5) - 1073 0.1932 + 0.0015 Experimental
, Photon energy scale Norm. + Shape 5.2 2.7
X — HH signal 5.771 £0.031 2.950 £ 0.026 Photon energy resolution Norm. + Shape 1.8 1.6
Data 6 4 Flavor tagging Normalization 0.5 < 0.5
Theoretical
Heavy flavor content Normalization 1.5 < 0.5
Higgs boson mass Norm. + Shape 1.8 < 0.5
PDF+a Normalization 0.7 < 0.5
Spurious signal Normalization 5.5 5.4
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Comparison to CMS

Limit on k; at 95% C.L.

Obs

Partial Run 2 Ful Run 2
a(p:TWHH) at 13 TeV (2015-16) (2015-18)
S
Obs Exp Obs Exp
ATLAS 20.3 26 4.1 5.5
HH - bbyy
CMS 23.6 18.8 7.7 5.2
ATLAS 12.5 15 4.7 3.9
HH — bbtt
CMS 31.4 25.1
ATLAS 12.9 21
HH — bbbb
CMS 74.6 36.9 3.6 7.3
ATLAS 6.9 10 2.8 2.8
Combination
CMS 22.2 12.8
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ATLAS -1.5 — 6.7 2.4 —7.7
HH — bbyy

CMS -3.3 — 8.5 -2.5 - 8.2

ATLAS
HH - bbbb

CMS -2.3 — 9.4 -5.0 —12.0

partial Run 2 | cMS -11.8 -18.8 | -7.1 — 13.6

Full Run 2 ATLAS -1.0-6.6 12-72




