EXPERIMENT

‘PN TRINITY HALL
Ng#/  CAMBRIDGE ATLAS

Triple Higgs Searches at ATLAS

Bill Balunas
on behalf of the ATLAS Collaboration

5 December 2024




Theory context

Some BSM theories predict nontrivial HHH production
- Either via resonance or strongly modified couplings

- Cross sections usually much lower than HH, but so are backgrounds
* SM predicts o ~ 0.08 fb

Higgs quartic coupling (A4 or K4) can be accessed directly this way

- No experimental bounds until recently

- Can simultaneously constrain the cubic coupling (As or K3)

Tania will present more theoretical details in the next talk, but typical models include:

- Two Real Scalar Model (TRSM): primary benchmark for ATLAS resonant search
- CP-violating DM modelCP-violating DM model

- Extended scalar sector models with non-SM-like flavor structure
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Final States

Many final states possible!

Given rarity of process, almost certainly _
want at least 2 b-quarks o 18.4% BR(HHH-> bb xx yy)
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— 4b2y very stats-limited with present
luminosity

arXiv:2407.03015

- channels not well-studied, maybe
one could be surprisingly good!
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Signal Models

Generic heavy resonance

TRSM (benchmark point 3) is main benchmark for
resonant search

Logio[a(pp->hhh)]

----------------------

- Two extra scalars, X and S -

500

Resonant

- For ms > 2my, resonant cascade diagram dominates ;
production

- ms < 2my gives off-shell production: nonresonant topology eterlreyet
MR production |

- Use MadGraph @ LO (with all diagrams, interference included)

m, [GeV]

300 -

Also include more generic heavy resonance

- Allows us to probe higher mx where TRSM stops working 200}

- Essentially the same as TRSM but with only the resonant diagram ms [GeV]

- Consider both narrow and wide resonance widths
Off-shell On-shell

arXiv:2411.02040
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Signal Models

SM production generated as a nonresonant reference point
- MadGraph pp—HHH implementation at LO

— Cross section corrected to NNLO, extrapolated from higher energies (0.08 fb, based on [1]) with accompanying uncertainties

* We don’t have a dedicated cross section calculation at 13 or 13.6 TeV! Possible input from theory side?

Coupling variations constructed using a reweighting procedure
- Uses internal MadGraph5_aMC@NLO reweighting feature [2]

- “Basis samples” generated with particular cubic/quartic coupling variations and combined to obtain distributions for arbitrary
values.

- Very similar to what HH searches do, but a bit more complex due to messier interference structure

[1] JHEP 2020 (2020) 155
arXiv:2411.02040 [2] Eur. Phys. ). C 76 (2016) 674
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Jet Pairing
b-jet
Select events with 6 b-jets brjet /E T
y b-jet

- pr threshold as low as the multi-bjet trigger will allow H o oeos s
————— AX F-T---<
- Events with untagged jets (still 6 total) will be used as control samples ;—I\\bjet
b-jet
b—jet
First challenge: pairing 6 jets into 3 Higgs candidate 300 0,80
<
- Don't strictly have to do this, but we found it useful for constructing _fo 75
higher-level variables 1
- Pair based on minimizing differences between Higgs candidate masses =070 o
and peak of signal distribution based on simulation (near 125 GeV each) —0.65 2
=}
- 15 possible combinations! This method gets it right ~50-80% of the time, -100 E
depending on the signal scenario -200 §
0.55
- This sculpts the background my distributions, but that's OK, we won't -300 éj’
rely on them being unbiased. _400

-600
arXiv:2411.02040
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Signal/Background Discrimination

Train a Neural network to separate signal from background
- For training, use 5b data as background (2-fold splitting, no NN is applied to an event it was trained on)

- Input variables are high-level kinematics (angular variables, reconstructed masses, event shapes, etc.)
* Selected to maximize feature importance
* Minimize pair-wise correlations (avoid redundant information)

* Minimize correlations with b-tag multiplicity, to keep the background extrapolation from low-tag smooth and relatively small

- Separate trainings for the resonant and non-resonant searches

. . —— —
L ATLAS 6b (my, mg) = (450, 275) GeV # 4bdata 1

* Resonant has separate trainings for lighter and heavier mass ranges g SEVs 213 TeV, 12607 — 6b (my, ms) - (520, 325) GeV  Sogaa
T 4F ata 4
* Non-resonant trained only on SM process S ab ]
£
2 E
1F .
Bin events in the NN score and use it as the final discriminant for fitting. ok
< Ll 1
/ = 27
A typical input event-shape variable = .
o . . Sy
(quantifies how spread out in n the jets are) :
EIco.o 9z 04 06 08 10
a n - My fraction

arXiv:2411.02040
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Background Modelling

Background is overwhelmingly QCD multijets.

- Can’t model well enough with MC (6 jets is hard at the best of times, plus we'd need vast statistics and very good flavor
composition modelling)

Data-driven method is used: Extrapolate kinematic shape from 4b—-5b—-6b selections
- Strong interaction is flavor-agnostic, expect small differences between the shapes

- Signal purity in 5b is ~10 times lower than 6b, but fit will account for presence of any regardless

Derive background systematics Included in fit

6b

b-jet multiplicity

5b

Derive 6b SM background
extrapolating from 4b & 5b data

ab

O Excluded Low-Score High-Score

+— Increasing background ncreasing signal —

arXiv:2411.02040 DNN Score
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Systematic Uncertainties

Any data-driven background model comes with some assumption.

- Here, “The difference between the 4b—5b shape extrapolation and the 5b—6b shape extrapolation is the same in the low-score and
high-score regions”

* In other words, this double ratio of extrapolation factors should be flat against NN score (but we don’t assume it’s 1).

This assumption is good, but isn’t necessarily perfect. Hence dedicated systematic uncertainties.

- Evaluate based on non-closure of 4b—5b—6b extrapolation in the NN input features in low-score events

* See the paper for the mathematical details, the procedure is nontrivial. Can think of these loosely as “eigenvariations”
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Systematic Uncertainties

Analysis is predominantly statistics-limited

- Background extrapolation uncertainties also significant contributor

¢ These will almost certainly decrease with more luminosity and future method improvements

- Theory and detector uncertainties generally small in comparison.

Table below shows how much expected cross section limits would improve if uncertainties were reduced to zero:

Relative impact of systematic uncertainties [%]
SM-like TRSM non-resonant TRSM resonant Heavy resonance

Uncertainty source

All uncertainties 24 20-46 33-42 24-53
Experimental 22 20-45 33-41 24-53
Detector response 7.4 6.6-14 16-24 4.1-15
Luminosity and pileup <1 <1 <1 <1
Flavor tagging 32 2.8-5 6.9-8.8 1.5-5.6
Jet reconstruction 2.7 2.3-6.5 3.6-7.1 1.0-6.3
Trigger efficiency 2.0 1.8-3.5 6-10 1.4-42
Background modeling 16 14-36 18-30 2045
Theoretical 1.5 <1 <1 <1
MC statistical <1 <1 <1 <1

arXiv:2411.02040
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Results: Resonant

No evidence of new resonances found. Cross section limits set on a variety of scenarios

TRSM Benchmark

Generic Heavy Scalar
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Results: Non-Resonant

Data consistent with SM. 95% CL cross section limit for pp—HHH set at 59 fb (u < 750, for osm = 0.08 fb), assuming SM-like kinematics

Constraints on quartic coupling set for the first time

- Already at the edge of kappa framework’s perturbative unitarity bounds (don’t take model too seriously outside this — it's meant as a reference point)

K4 sensitivity very dependent on k4 — could benefit from combination with HH
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summary

ATLAS has released its first tri-Higgs result, using the 6b channel
— Data are consistent with the Standard Model

Constraints set on production cross sections for extended Higgs sectors

First ever experimental bounds on HHH cross section and Higgs quartic coupling

We plan to release recasting information soon (stay tuned!)

HHH will benefit greatly from Run 3 data
- Added luminosity is great, but also performance improvements and significantly better triggers can go far

— Other final states not yet explored experimentally, but may hold much promise

There’s a lot of work to be done!
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Mass distributions
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1D coupling scans
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