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Introduction
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e ATLAS Run 2
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e First step: .
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> measure K3 =P double-Higgs production

« But: k3 also appears in triple-Higgs production along with k4

/\_

[small Cross sections
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* Higgs discovery at the LHC Kz |G

* Tr¢

pI
e M
SM F

Values of (k3, k) theoretically consistent with (tree-level)
perturbative unitarity and why sizeable k, can be expected .

HL-LHC exclusions for (k3, k;) using Graph Neural Networks
(GNN) for signal-background classification o
BS

Interpreting GNN results

brval

Comparison with future linear lepton collider concepts
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Perturbative unitarity and Higgs couplings

« Process relevant for k3, k; is HH — HH scattering (see also [Liuctal *18])

* Jacob-Wick expansion allows to extract partial waves
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Extension of SM potential by operators

Linear power expansion for higher order terms in A~ orders: [Mglliggﬂjlﬁffgtnihzoﬂg :?g}
3 4
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Electroweak Chiral Lagrangian (HEFT): N E E ':

Higgs introduced as singlet and k3 and K are | o[~ ATAS o™ 5 5 i
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free parameters — probes non-linearity

DESY. Panagiotis Stylianou | Higgs WG | 03/08/23 ks



Extension of SM potential by operators

Linear power expansion for higher order terms in A" orders: [Miﬁé’ﬁfj%“g?n(f,hzoﬁiﬁ :?g}
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Model example: 2HDM

* Consider the 2HDM as an example

* Two-Higgs Doublet Model o b
(2HDM) — a second doublet: ¢y = (%(vl + p1 + im)) , ©2 = <¢i§(v2 + p2 + z’ng))

A
(®1d)% + 72((1’;‘1’2)2

A
Vasioas = m? (101) + m3, (@502) — mi, (@] 0, + @y + 21
A
FA3(D1 D)) (DS Do) + Ny (@1 Do) (5 D1) + 75 ((<I>J{<I>2)2 4 (<I>£<I>1)2)

_ _ , 2-loop calculations: [Braathen, Kanemura " 20],
 Sizeable contributions to k5 at loop-level [Bahl, Braathen, Weiglein * 22]

/ anyH3: [Bahl, Braathen, Gabelmann, Weiglein ™ 23]

reproduce 1-loop results
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Model example: 2HDM - calculation

 1-loop calculation for k3, K, with FeynArts, FormCalc, LoopTools in alignment limit

H H

3
2

T
[5M§I + 5TH

Zero momenta
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Model example: 2HDM - trilinear vs quartic

« Benchmark Point of [Bahl, Braathen, Weiglein * 22] — cross-
check «; result (also with anyH3)

» EXxpectedly deviations in k3 induce sizeable deviations in k;,
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Model example: 2HDM - trilinear vs quartic

« Benchmark Point of [Bahl, Braathen, Weiglein * 22] — cross-
check «; result (also with anyH3)

« Expectedly deviations in k3 induce sizeable deviations in k,
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Model example: 2HDM - trilinear vs quartic
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Relevant channels at LHC

e Small rates at LHC

\ Need dominant production & decays
> gluon fusion

2b47 and 4b2y
» BRs: produce relatively few
- events even for large

BR(H — vy) = 2.26 x 1073 Ky 2 4.5, Kk, 230

« Focus on 6b and 4b27 final states with 5 and 3 tagged b-quarks, respectively

Backgrounds:

6b: dominant QCD contributions  (see also [Papacfstathiou, Robens, Xolocotzi® 21])
4b2t: W W ~bbbb, Zbbbb,

tt(H — 77), tt(H — bb),

tt(Z — 77), tH(Z — bb), tttt
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Event generation and pre-selection

* Events generated with
MadGraph5_aMC@NLO

* Higgs states decayed
with MadSpin

Example HHH production diagrams

Invariant mass of final states: 2350 GeV

P lecti ts: At least one pair of tagged states with
re-seiection Cuts: mij c [1103140]

pr(b) > 30 GeV pr(7) > 10 GeV
In(7)| < 2.5 In(b)| < 2.5
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Graph Embedding

 Fully-connected nodes for b and 7 final states
1"« Inputfeatures: [p;, 1, ¢, E, m, PDGID]
* Additional node for Missing Transverse
Momentum (MTM) in showered &

reconstructed events
FC: Fully-Connected

« Consider combinations of b-quarks and 7

with reconstructed four-momentum ’
2. ')’

(p; + pj)

. Ifm; € [100,150] (GeV) add extra node
H.

l

Ry

RN: Reconstructed Nodes
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Edge Convolution

Input features: 5550) — update iteratively with Edge Convolution operation:

Edge Convolution operation

‘Message’ calculation:

miy = ReLU (0@ - 2") + o(z"))

\ / ' + additional

linear layers edges and nodes

Aggregation: update node features

f§l+1) Z m(l)

] i EN(3) ' + additional

edges and nodes
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GNN embedding efficiencies

Dataset with S|gnal & » B)) P(By)
background graphs » y ey

« GNN trained on (k3, k4) = (1,1) sample

Complex final states
P ‘ FC efficiency | RN efficiency

0.21 0.47
0.27 0.98

 Compare embeddings at parton
level with only parts of

background ‘Reconstructed Nodes’ case

» Check signal efficiencies for outperforms Fully-Connected
99% background rejection *

focus only on this embedding

* for parton-level considerations H; nodes )
for full analysis

have only | py, ] as input features, with
additional noise introduced
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GNN embedding efficiencies

Dataset with signal &
background graphs

AVIA

» zEdgg:‘lwlzyers+ »{P(S),P(Bl), P(BN)}

linear

U
99% background rejection

focus only on this embedding

* for parton-level considerations H; nodes _
for full analysis

have only [ pr, E] as input features, with
additional noise introduced
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Showered and reconstructed results 5/

* Showering and reconstruction of events: Pythia, FastJet, Rivet

e HL-LHC luminosity of 3/ab and ATLAS-CMS combined luminosity of 6/ab

60:- -

e _'

* ‘Reconstructed Nodes’ I '
embedding 50k .

* Re-train GNN and re-identify . [ Showered a’.ndgjionmmed ” ;
threshold corresponding to l , -
background rejection of ~ ol "-- 20 WG/ab ;
99 % ; -
1o :

5

0 1 2 3 4 5 6
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Showered and reconstructed results 3562+

« 3b27 more complicated due to multiple backgrounds -

multi-class
classification

- Train on backgrounds: W W ~bbbb, Zbbbb, tt(H — 77 77)

* Impose cuts on NN scores to reduce backgrounds:

P[WTW ~bbbb] < 0.03, P[Zbbbb] < 0.1, P[tt(H — bb)] < 0.3

o(gen.)(fb) o(sel.)(fb) o(NN)(fb)

tt(H — 77) 3.8
WWbbbb 31
tt(H — bb) 3.5
Zbbbb 4.3
tt(Z — bb) 0.77
tttt 0.38
tt(Z — 11) 4.7

0.17
4.6
0.89
0.45
0.15
0.091
0.080

0.010

7.0 x 1073
3.6 x 1073
3.3x 1074
2.9 x 1074
2.1 x 1074
1.1 x 1074
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Showered and reconstructed results 3562+

multi-class
classification

» Train on backgrounds: W™~ bbbb, Zbbbb, tt(H — 77 717)

« 3b27 more complicated due to multiple backgrounds -

60r :

40 4

20T 7

| Showered and reconstructed 3627 ]

2 0 lo M 3/ab -
[ ---20 [l 6/ab

-20 7

401 i

—60T i

0 1 2 3 4 5 6
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Combined Results

 Assumption: No correlations

e Simplified combination of significances (Stouffer method)

- . . .
---------
.....
-
- -

60 .
- -
L " --------------
- - = .
o - ..
"
-
-
4
4
40-/

- Combined 3027, 5b

N < 0f —1o @ 3/ap ]
Combination of further _
. | --- 20 [ 6/ab ]
channels and improvements _o0k .
of tagging/reconstruction 3/ —
methods could enhance LAOF e T—
results further et e Tl
—-60 et RS -7

0 1 2 3 4 5 6
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How do Neural Networks learn?

Dataset with signal & :
background graphs » GNN » {P(Slgnal), P(Background)}

NS

Dataset with signal & »
background graphs Black box

» {P(Signal), P(Background)}
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How do Neural Networks learn?

Dataset with signal & P(Sional). P(Back
background graphs » GNN »{ (Signal), P(Background)

What features are N/
actually used to learn? —

Dataset with signal & »
background graphs Black box

Interpretation of Neural Network results —\

* Easier debugging

» {P(Signal), P(Background)}

Usually seen as a secondary task,

ey main focus is performance
* |dentification of flaws

* Insights
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How do Neural Networks learn?

Dataset with signal & P(Sional). P(Back
background graphs GNN { (Signal), P(Background)

G

Dataset
backgr

d

ckground) }

Interpret

e Easie sk.

ance

e |dentifiC

* Insights
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Integrated Gradients

— Integrated Gradients: [Sundararajan, Taly, Yan 1703.01365]

» axiomatic method

> uses Neural Network gradients — fast! suitable for
> requires a differentiable model =% Neural Networks!

 Definition: input baseline

-0 8

Gradient of Neural
Network F

* Easy to implement for Graph Neural Networks as well

4

> Does not take into account graph structures e WOTK In progress in Deep

Learning community

expect mass of reconstructed
Higgs to be important

> Viable to understand important features =l
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Attributions

« Tagged b-jets and

by

7 nhodes ordered 0175 7 T 7 7 014 0.30
by pT _ 0.150 0.12 0.25
g 0.125 0.10 .
* ‘Roughly’ § o100 008 015
reconstructed 5 0073 0.06 .

Higgs nodes S 0050 0.04
ordered by 0.025 0.02 0.05
‘closeness’ to 0.000 L 0.00 0.00

< e
125 GeV )
T T

I-I B | | | | | | | | | | 07
« pr,EandPID JRE Y S— {047 1 06
more important i L | os

2 03 F . .
than angular = 0.4
observables < o2t 1 02k 1 03
g o1 0.2

. 0.1 - g F -

* Higgs masses 0.1
most important 0.0 0.0
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Lepton Colliders

« Complete picture of (k3, k;) — lepton colliders?

e Inclusive 77 — HHH + X analysis with H — bb

» At least 5 tagged b-quarks with p(b) > 30 GeV

» Tagging efficiency: 80 %

1 10TeV

805 1 3TeV |
« Important: For high energies b-quarks § 1 1TV
are not only in the central part of o047 -
detector — requires extended tagging 2, ;
capabilities o
0.2
* Negligible background from other SM g
processes S 0!
0.0——7=— =3 0 S h

n(b1)
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Lepton Collider Results

1

 Poissonian analysis: Hup = §FX_21 [2(n + 1); CL]

* Results similar to other works with dedicated analyses, e.qg.
[Maltoni, Pagani, Zhao "~ 18]

[T T L T L B T T ' T T T T T T T
. 95% CL 95% CL -
60f : _ ]
- 10_ —
401 ] I
- 5_ —
20f : '
;o e ] o of -
=20 ] I I
-~~~ 1/ab, 1 TeV --- 3/ab, 3 TeV - -5F .
I [ 10/ab, 10 TeV [ ]
_40k 2/ab, 1 TeV 5/ab, 3 TeV J
[ ] -101 - == 3/ab, 3 TeV ]
60} - [ 10/ab, 10 TeV |
I - 5/ab, 3 TeV
PR NS N SN (NN S S T T T SN S NN SN S TR S NN SN S T NSNS S S ' AT T TN TN AN SN N SO S ST S SN SO ST S S (T T SR R T W'
0 1 2 3 4 5 6 0 1 2 3 4
K3 K3
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HL-LHC vs. future lepton colliders

e HL-LHC can provide competitive results compared to 1 TeV collider

» High energy lepton collisions way more sensitive sy, | But such machines
more comparable

to FCC

® SM value:
(K3, K4) — (131)
1 [ Unitarity

1 7/ 1TeV L2 /ab
1 [13Teves /ab
| M 10 TeV £ 10 /ab

- - - LHC 3b2r 3/ab

] ——LHC 3627 6/ab

- - = LHC Combination 3/ab

1 —— LHC Combination 6/ab
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Conclusions

« If there is a sizeable deviation in k3, an even larger deviation in k, is not

unreasonable
"=y | sizeable K, deviations allowed by unitarity

 GNNSs provide enhanced results at HL-LHC
> HL-LHC should be able to probe regions allowed by unitarity

> HHH not powerful enough to constrain k5 as well as di-Higgs bounds

\ BUT can provide complementary information
and be used in combination with di-Higgs

« HL-LHC competitive with 1 TeV lepton colliders but higher energies more
sensitive

* Neural Network interpretations useful for understanding ML techniques

Ihank you!

7
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Backup: Interpretation axioms

e AXiIOMS:

« Completeness: sum of attributions equal to difference of network
output for input and baseline values

* Sensitivity: when baseline and input have different values and different
NN outputs, attributions should also be different

* Dummy: A zero input should yield no attribution

 Implementation Invariance: If two methods are equivalent (i.e. yield
same scores for all inputs despite being different) then attributions
should be identical

e Linearity: Attributions should be linear for linear combinations of
networks aF| + bF,

« Symmetry: For a network symmetric for two variables
F(x,y) = F(y, x), the attributions should be the same
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Backup: Reconstructed Higgs Mass

* Interpretation as expected:

If a Higgs close to 125 GeV can be found = signal

 Complete understanding would require to study correlations between

observables — future work
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Backup: Lepton collider cross sections
e Inclusive 77 — HHH + X analysis with H — bb

« Cross sections small below 1 TeV

« Note: 171~ vs. eTe™ collider at 10 TeV has difference of less than 5 % on
cross sections

O]_OO- ---------------------------- ]
E /
— 0.001
=)
)
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107
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