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10 years after Higgs boson discovery

« We've just celebrated the 10 years anniversary of the Higgs boson
discovery.

years

HIGGS boson
overy

—;»‘

* In the past 10 years:
« We’ve measured its mass, CP...
« We've observed its coupling to many other standard model particles.

 But the self-coupling of the Higgs boson has not been observed yet.

« We still don’t know the full picture of the Higgs potential.



The Higgs potential

The Higgs boson self-coupling is directly related to the shape of the Higgs

scalar field potential.
The potential energy of the Higgs field

V(®) = u?dTd + A(dTd)?

Expand around the minimum
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Trilinear coupling Quartic coupling:

still out of reach
HH production provides direct access to the Higgs boson self-coupling.



HH production

ggF NNLO 0 = 31.05 fb

Kt
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Box diagram Triangle diagram

* Dominant SM HH production do | . .
process. - :]>

* “Triangle” diagram sensitive to k.
e Destructive interference between
“box” and “triangle” diagram -

small SM cross section.
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HH production

VBF N3LO 0 =1.73 fb

* Second-leading HH production process.

* Diagram (b) is sensitive to the HHVV coupling i,,.

* In SM, exact cancellation occurs between (b) and (c).

* When k, and k., deviate from their SM value, the cross-section grows
linearly with the centre-of-mass energy of the incoming vector bosons,
providing a smoking gun signature for BSM physics.



Decay channels

« Wide range of possible final
states.

* No golden channel. Trade off
between large signal event rate
and low background.

* bbbb:

 The most abundant final state,
providing high statistics for
analysis.

« Full hadronic final state.
Challenge from large multi-jet
background.

Large branching ratio

-

Clean signature

bb WW T ZZ Yy
bb
WwWw 25% 4.6%
T 7.3% 2.7% 0.39%

77z 3.1% 1.1% 0.33%
Yy 0.26% 0.10%

Branching ratio of HH decay channels




Non-resonant HH—>4

ATLAS-CONF-2022-035
ATLAS

EXPERIMENT
Run: 362619
Event: 524614423
2018-10-03 08:06:34 CEST



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/

Analysis outline

. . Event Background
> Trigger >> Jet pairing >> selection >> estimation>> Results >




Trigger

* Use a combination of two multi-jet triggers for complementary acceptance

across my,.
* Analysis operates on trigger turn-on region.
* Separate events into two trigger classes by offline cuts to avoid trigger scale

factor ambiguity.

2b2j 2b1]
* 2 b-tagged jets (35 GeV) + 2 extra  « 2 b-tagged jets (55 GeV) + 1 extra
jets (35 GeV). jet (100 — 150 GeV).
* Important for low myy events. « Important for high myy events.

do
dmun
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Jet pairing strategy

« Pair the four Higgs Candidate jets to reconstruct the two Higgs Bosons.

 Strategy: Choose the pair that minimize the AR of the two jets of the
leading Higgs candidate.

Sort by AR

>
Possibility 1 Possibility 2 Possibility 3

Ao La

R ’

o

Leading Higgs Candidate @

* Minimum-AR strategy uses no mass information in the pairing,
resulting in relative smooth my,-my, mass plan and easier
background estimation.
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Event selection

« central jets: |n| < 2.5 and pr > 40 GeV

« forward jets: 2.5 < || < 4.5 and p; > 30 GeV

VBF Selection

(1) (6)
Pass trigger class (Spj)r < 65 GeV Yes
A \ (7.VBF) J .veR Jd  .ver N
Yes YeS Xwt > 1.5 g Xun < 1.6 g mpn > 400 GeV VBF SR
J Yes Yes Yes
(5) No
(2) VBF Jets
> 4 central jets |Ang| >3,
m;j > 1 TeV
7
Yes Yes
v (7.ggF) S (8.ggF) S (9.88F)
|AnHu] < 1.5 1 Xwe> 15 ?l Xem<16 > ggFSR
(3) (4) Yes Yes Yes
> 4 b-tagged > =6centralor
central jets Yes forward jets
ggF Selection
Top-veto discriminant HH discriminant
2 2 2 2
. my, — 80.4 GeV m, — 172.5 GeV my — 124 GeV my, — 117 GeV
Wt - + X = +
0.1 my, 0.1 m, HH 0.1 my, 0.1 my,
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Background estimation

* Use data-driven background estimation due to the Control  Signal
e rre . . .. . Region Region
difficulty in modelling multi-jet process in MC. o o
* Kinematic reweighting 2b—>4b using a neural 2b C
network with loss function: " * n
L(w(x)) = / dx | Vw(X)po, (X) + —Pap (X) Unblinded =% Learn
\Vw (x) B Blinded  -+P Predict
The reweighting function w(x) = HLE% is obtained by minimizing the loss function.
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Background estimation performance
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Categorization
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Systematic uncertainties

« Background estimation uncertainty is
the most important source of
experimental uncertainty.

 2b statistics: Limited statistics of 2b events
in SR.
» Bootstrap: Variation of NN training

« CR1 VS CR2: CR2 provides independent
training with different interpolation
assumption.

» 3b1f: Replace 4b events by 3b1fin
background estimation and use the non-
closure as systematic.

» Background estimation also validated
in reversed Anyy region and shifted
signal region.

Ratio to average

Multiple trainings predictions

Average prediction

mus (GeV)
Std. deviation of predictions
Bootstrap
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Results

95% CL Limit on OggF +VBF HH [fb]

Expected Limit +20

Ka Koy
T 17T | T 17T | T 1T | T T I T T 17T | T 17T I T T T | T T 105 E T T T T | T T T T I T T T T I T T T T I T T T T | T T T T E|
108 — Observed Limit (95% CL) - —— Observed Limit (95% CL) J
E ATLAS Prellmlnary --— Expected Limit (95% CL) 7 - ATLAS Prellmlnary - - Expected Limit (95% CL)
- Vs=13TeV, 126 fb" - - 10 Vs=13TeV, 126 b - —
’ E d Limit +1 = ’ Expected Limit +1 E
105 Combined ggF and VBF Regions B Expected Limit £10 - Combined ggF and VBF Regions Bl Exected Limit £10 3

Expected Limit +20

T IIHIHI
1 II\IIH|

10° = Theory Prediction
3 SM Prediction

Theory Prediction
104 = Y SM Prediction

T I\IIII]
[ I\IIII]

102

95% CL Limit on OVBF HH [fb]

108

10!

102 -
= Observed: k) €[-3.9, 11.1] . Observed: koy €[-0.03, 2.11]

- Expected: k, €[-4.6, 10.8] : 10° - Expected: kay €[-0.05, 2.12] E

101 |11 | | | 1 1 1 | | 1 1 1 | | I | | | | | L1 11 | | 1 1 1 | 1 1 1 I_: E | | | | | | | | | | 1 | | | I 1 | | [l I | | | 1 | 1 l | | .

20 15 10 -5 0 5 10 15 20 -2 1 0 1 2 3 4

K (K2V=-I .0, ky=1 -O) Koy (K}\=1 .0, Kv=1 O)

* No evidence for a HH(bbbb) signal is found.
* Observed (expected) upper limit on the cross section for ggF+VBF
production is set to 5.1 (8.1) times the SM prediction.
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Combination

« Combining with bbyy and bbrtT
channels gives strong constraints
on HH production.

HH,SM
Hyn = UggHVBF/"ggpwgp =2.4(2.9) xSM

Observed (expected) constraint on K;:
-0.6< K)<6.6 (-2.1< K, <7.8)

Observed (expected) constraint on ky:
0.1< k,,<2.0 (0.0 <Kk, < 2.1)

ATLAS Preliminary Observed limit
R Expected limit
Vs=13TeV, 126—139 fb (Up = 0 hypothesis)
Ogat+ ver(HH) =32.7 fo = Expected limit +10
[ Expected limit 20
Obs. Exp.
bhyyF { 42 57
bbrrr-| \ 47 39
bbbbi- \ 5.4 8.1
Combined~ 2.4 29
coads o b Lo 1o 1 )
0 5 10 15 20 25 30

95% CL upper limit on HH signal strength upy

OggF+ ver(HH) [fb]

over(HH) [fb]
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ATLAS-CONF-2022-050
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ATLAS Pre"minary = Observed limit (95% CL)
Expected limit (95% CL)
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HH-bbt* T~ +bbyy+bbbb == Expected limit t1o
[ Expected limit +20
E== Theory prediction

Y% SM prediction
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

ATLAS

EXPERIMENT

Run: 350013
Event: 1556168518
2018-05-11 01:39:26 CEST

Resonant HH->4b

Phys. Rev. D 105, 092002

EXPERIMENT

Run: 356259
Event: 311347503
2018-07-22 20:00:32 CEST


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/

Resonant HH — a window to probe new physics #

« Some BSM physics scenarios predict new resonances decaying to
standard-model-like Higgs pairs.

« Two benchmark models:
» Generic spin-0 resonance (e.g. 2HDM and MSSM) with negligible width.

» Spin-2 gravitons (Randall-Sundrum models) with model dependent
width.

 Only ggF production mode is considered.

Spin O Spin 2
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Analysis strategy

» Resolved + boosted analysis channels to cover a wide resonances

mass range: o -
\/ R=04 W/~ R=L0

s

A

« More triggers for acceptance in a wide mass range:

» Resolved: a combination of 2b2j + 2bj1 + 2bH + 1j triggers; more complicated
trigger classes to resolve scale factor ambiguity.

» Boosted: single large-R jet trigger, operating on trigger plateau.

vi/p

» Pairing: use BDT pairing in the resolved channel.
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Analysis strategy - resolved

—_
o
S

— 200 o > ATLAS ‘
> s G 105} Vs = 13 TeV, 126 fo-! t Data
1) 1) © Background-only fit = Background
180 302 i o4| Resolved channel Uncertainty
€ P E ------- m(X) = 280 GeV
160 ] S 10° -——- m(X) = 400 GeV |
1250 i —— m(X) = 600 GeV
2 = = 4
140 10 m(X) = 1000 GeV
2.0
10
120
15 100
100
101
1.0
g 06
i I
0.5 %’5 0.0 kesassyegs + *1* *I ll*ll | ||| |
3l OO T I
o8 -0.3F \
60 80 100 120 140 160 180 200 g

m(H,) [GeV] -0.6——700 600 800 1000 1200 1400
Corrected m(HH) [GeV]

* Similar background estimation ‘ Control ~ Signal ‘
Region  Region

strategy as the non-resonant
analysis. 2 \ :

e Circular CR due to the non- ab n
uniformity of ’Fhe mass plane i blinded =P Leam
from BDT pairing. B Blinded P Predict
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Analysis strategy - boosted

* Low-tag to high-tag reweighting for multi-jet background.
o .* MC-based estimation for ttbar background.
= 200 Q
£ 800 =
S 2
=
(0]
>
w
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400
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m(H,) [GeV]
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Results — boosted only

Spin 0
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Results — resolved + boosted

Spin 0 Spin 2
£ 105 ATLAS _, — Observed limit (95% CL) 1 £ 10°¢ :;\ILAS _, — Observed limit (95% CL) 3
T | \S/E:-om TeV, 126139 1™ ___ £y oected limit (95% CL) | T | SSirT—213 TeV, 126 -13910™ ___ Eypected limit (95% CL)
>T< 104- Expected limit +10 1 1 104' Expected limit +10
:T:_ 7 Expected limit +20 S Expected limit +20
2 ——- Resolved expected limit ng I Resolved expected limit
oy I L | (=} .
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10'F 10!
100;— ] 100¢ :
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Results — HH combination

ATLAS-CONF-2021-052

« Combining with bbyy and bbTt channels.

« Complementarity between channels allows to obtain optimal exclusion limits on
spin-0 ggF X->HH cross section across my.

E 1 L I I I I 1 I 1 I 1 UL || I I
5104;- ATLAS Preliminary E
T - Vs =13TeV, 126 - 139 fb~1 .
T n ]
o) .| —— Observed limit (95% CL) |
© 10°F ---- Expected limit (95% CL) =
- 3 Comb. exp. limit+ 16 7
| [0 Comb. exp.limit+20 ]
21 —
0% bbyy §
"dominates -
1L o _
N E —— Dbbbb bbtt g
[ — bbT*T" dominates i
- —— bbyy 7
oL — H . -
10 : ?ombmed | dlomlnates [ 3
200 300 500 1000 2000 3000
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/

Preparation for LHC Run 3

Run3 beam splashes Run3 900 GeV test collisions  Run3 13.6 TeV collisions
(07 May 2022) (28 May 2022) (05 July 2022)
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Preparation for LHC Run 3 th







Run 3 trigger improvement

HH4b triggers reoptimized for Run 3:
e Particle flow reconstruction

 —
. [9) = ) ) il

* Deep learning neural network b-tagger ~ § 12/~ < Mainphysics stream: (HH-4b) =53% ~
. . . . (o) - 4 jets (pr>80 GeV, 55 GeV, 28 GeV, 20 GeV) g

* Additional asymmetric 4-jet triggers £ * with3biags (e, ~85% :
(2 or 3 b-tagged jets) g 1.0 * Tiz:sp (TP>T1>53; ;e\)/’) with 2 b-tags (€, = 60%) -

g |+ 2 b-tagged jets (g, ~ 70%) with pr> 55 GeV -

0.8? N

Three triggers provide events to the main 0el —o— ¢+:: i
. [ _O_ —]

stream: I s W : A _.|._ i
* Asymmetric 3b1lj trigger (new) gl g T X i
* Symmetric 2b2j trigger (reoptimized) Z_¢_—o—“‘_,_ B " ATLaS i
e 2bljtrigger (reoptimized) 0.2 :"‘ - Preliminary Simulation —
B = . Vs =13.6 TeV .

00_. —A-u—é—_‘_. ........................ i

' 300 400 500 600 700 800 900 1000

My [GeV]

Good coverage across the my,; mass spectrum.
The total combined efficiency for SM HH—>4b signal is 53%.
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults

Run 3 trigger improvement

HH4b triggers reoptimized for Run 3:
e Particle flow reconstruction

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

> B B

. % 1.2 = Run 3 main + delayed streams: e(HH—-4b) =59% =

* Deep learning neural network b-tagger S . [ < FunSmansheam: () -50% :

* Additional asymmetric 4-jet triggers © W RinZTanseamEEkEAr) =A1% :

. () C ——_]

(2 or 3 b-tagged jets) 3 O o

= o6l o O 0 1

- - —— 3

Run 3 delayed stream:| Run 3 eff: 59% 0.4F _O_—O-_o_'o' ATLAs -

e Asymmetric 2b2j :__U__o__o_ Preliminary Simulation

y J e Vs=13,13.6TeV

Run 3 main stream: 0.0 e

e Asymmetric 3blj P s

s L [

. . . m B ]

Sym_metnc 2b2j s [Fo= i

° 2b1] 2 L _O_—o—_o_ i

oL T

300 400 500 600 700 800 900 1000

. muyH [Ge
Run 2 main stream: Run 2 eff: 41% il
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* 2bl] The asymmetric 4-jet trigger in Run 3 increase the

SM HH—2>4b signal efficiency from 41% to 59%.
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults

Summary

 Latest ATLAS results on HH—>4b searches are presented.

* All results are compatible with SM. No evidence for SM HH->4b
yet due to the limited sensitivity. Set the most stringent limits with
the full Run 2 dataset.

* Run 3 data taking is on the way.

* Already several improvements foreseen for Run 3. The
optimization is still ongoing, to pave ways for the Run 3 analysis.



