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Fundamental Particles
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https://cds.cern.ch/journal/CERNBulletin/2012/35/News%20Articles/1473657

Particle Physics in 2000
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Particle Physics in 2012
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Missing Pieces

Dark Matter
o - Matter-antimatter asymmetry

¢ O

Hierarchy problem

and neutrino mass, matter-antimatter asymmetry, g-2, etc..

Matt Klein Hints of new physics in the Higgs sector at the LHC, July 14, 2026 QuarkNet



Particle Scattering

Small scale physics driven by simple strategy—
throw one thing at another thing and see what happens

Example: Rutherford experiment mapped the atom (1911) THOMSON MODEL

RUTHERFORD MODEL
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https://en.wikipedia.org/wiki/Rutherford_scattering_experiments
http://hyperphysics.phy-astr.gsu.edu/hbase/rutsca.html

Particle Collider History
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https://www.researchgate.net/figure/Aerial-photograph-representing-the-Large-Hadron-Collider-with-the-border-between-France_fig2_258423964
https://www.researchgate.net/figure/Aerial-photograph-representing-the-Large-Hadron-Collider-with-the-border-between-France_fig2_258423964

Proton Bunch C‘ollisions

=

qq—m I -
: H!ﬁﬁﬂﬁ%&
e 3 (!




Proton Collisions
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Event Yields over Time
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ATLAS Detector
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Types of Objects

Muon Spectrometer

ATLAS

EXPERIMENT



Example Object Reconstruction: (B-)jets

“Jets” reconstructed from bunches of hadrons produced from quarks/gluons

Can identify jets containing b-hadrons (“b-jets”) due to their lifetimes
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Order 100,000,000,000 recorded pp events
~360 PB of disk space

Seems like a lot, but need a lot of data to
find rare processes

https://cds.cern.ch/record/2230893?In=en
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Discovery of a New Particle

ATLAS Preliminary 2011 + 2012 Data
—— Best fit §=7TeV: [Lot=4.6-481" ]
-2 <1 Vs=8TeV: [Ldt=5.8591"

Combined results: the excess

Combined results: fitted signal strength
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Good agreement with the expectation for a SM Higgs within the present statistical
uncertainty

2011-2012 data

Local significance (including energy-scale systematics) i

Probability of background up-fluctuation

Expected from SM Higgs m,=126.5

Global significance: 4.1-4.3 o (for LEE over 110-600 or 110-150 GeV)
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https://indico.cern.ch/event/197461/contributions/1478916/attachments/290953/406671/ATLAS_Higgs-CERN-seminar-2012.pdf

Unanswered Questions (1)
e |s the new particle the SM Higgs?

o Deviations expected from many BSM models (e.g., other new particles, modified couplings?)
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https://www.nature.com/articles/s41586-022-04899-4/figures/1

Unanswered Questions (2)

e Is the observed boson part of some larger theory?
o Many theories predict more new particles.
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Searches vs. Measurements

Two avenues for finding potential BSM physics:
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Searches vs. Measurements

Two avenues for finding potential BSM physics:

~
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Higgs Measurement Summary
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Expected Higgs Decays

Observed?
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Higgs Production
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VBF H(bb) Topology

ATLAS

EXPERIMENT

Run Number: 362776, Event Number: 2718397323

Date: 2018-10-05 07:49:10 CEST
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arxiv.org:2011.08280

VBF H(bb) Measurement
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https://arxiv.org/abs/2011.08280

Signal/Background Discrimination

Small signal, large background — Use MVA

[} [} [} F = [} F 3 [}
3 L L B U B B T F 1~ 1 1 3 @ L ] R L B s N 1 ) S O B
%0_22; ATLAS Py [ Data sidebands %0-45:’ ATLAS 4 [ Data sidebands % I ATLAS Py [Data sidebands { %0.16: ATLAS Py [ Data sidebands % r ATLAS § [/} Data sidebands
5 oo Js=13TeV, 126 15" e 1§ g4t Vs=13TeV, 126 16" Syer 1 Goo2s- Vs=13TeV, 126 f" Syer 1 o4l 15=13TeV, 126 16" yer 1 & [ (s=13TeVv, 126" Syer ]
5 ~“F Forward 1 © 't Forward i © [ Forward ]l - r Forward 1 w 0.1~ Forward b
§0'1 E E §0.35} = ﬁ 02: ] ﬁo_-lzl a ﬁ F ]
g0.16 1 € os s 1 g 18 ° 1 Eoos- :
So14- 1 EON mun+medemensme § E 1 Eor 1 £
Z0.125 1 Z0.25 pr(G D +pr(j2) + pr(bD) + pr(62) 4 Z0 15[ ] Z0 08: 1 Z0 o6 ‘\\
. E| ] r ] .08~ % B E £ 25
0.1 4 02 E i 1 : $505% ] i At
0.08 E N Lot o oos S 1 ool
: 1 o1sRp 1 Of | O s | O
B 1554 1 [ ] r s essceesss el 1 oot a e e tetatetetesatetera
0.0 L \ Bl 0. 1RKXA E 0.04¢ \'0’0‘0’0’0’0’0’0‘0’0’0‘0’0’0’0’0’0’0’4 ] R 500 LR IIIIIHIILLLLLL
0.04 S N E g7 1 0.8 R N ot B I 5ttt
: RILLRSLLR El BRIKRES E| s 4 E RS RRILRIILRILRIL] 1 IR
002 v-2°:~2~2°:~2~:':~2~2°z¢.-.\' 3008 : - I gl s SRS
e N iz I | LB s | B
c"0 1000 2000 3000 4000 5000 c"0 0.2 0.4 0.6 0.8 C'0 200 400 600 - -0.5 0 0.5 1 c"0 0.5 1 1.5
m; [GeV] platance P, [Gevl (PP s 4P ) tan’\(tan(4¢(bb)/2)/tanh(An(bb)/2))
g1 T 1] § T T 1 T T 3 @ B s e e e e e L SN B e ] e e e e s e e ] LA B s s s s s s |
1=} L ATLAS [Jpatasidebands | £ 0.1~ ATLAS [Data sidebands | = [ ATLAS [)Data sidebands { = [ ATLAS [patasidebands | = 0.5~ ATLAS [/)Data sidebands |
g L Js =13 TeV, 126 16" ver 1 & [ (s=13TeV, 126 5" Qyer ] & 0.7F Vs=13TeV, 126 f6" [yar <4 G 07F [s=13TeV, 126 f" Qvar 4§ [ (s=13TeV, 126" Qyer ]
o [ Forward 1 o + Forward -] r Forward i o F Forward i o [ Forward ]
g | 1 go. 4 S o6 4 Sosf 1 8 o4 .
s 08" K] 1 s F 18 kK 1% | 1
g 08 N E 1 Eost [ S E 05 1€ ] ]
S [ Ny 20 12 19 KN 1S 0.3 .
0.6 N 1 % o4f 1 o4y 9 : ]
i N 4 E ] N ] [ ]
- 1 o3 S 1 03y 1 o2 .
041 ] E % ] § ] [ ]
- : 1 o2 N7 4 02 E i ]
F - E 2] ] B q 0.1 ]
0.2 7 E K] ] ] - ]
H ] 0.1+ 020095931 b 0.1% b H 4
[ A—_"_EEZQ 4 ] E 895959584 bl bl r 1
L S o % | B FLE L 0 | ;
% i 2 3 % 5 10 15 20 10 30
A4 (bbjj) An(bb,jj) Nyets minAR( ) NZ
Matt Klein Hints of new physics in the Higgs sector at the LHC, July 14, 2026 QuarkNet

28



ggF similar to multijet background, VBF flat by design

Normalized Entries

Low/High sideband

Multivariate Analysis

Consistent shapes in high and low mass sidebands
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Background Estimate: Z—bb

Estimate Z—bb from Z—up

Add back to original
event, without muons

Select muons, replace with bb

——» Other particle
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Background Estimate: Non-resonant

MVA is Adversarial Neural Network — decorrelate m, and score
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Background Estimate: Non-resonant

MVA is Adversarial Neural Network — decorrelate m, and score
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Results

Results Inclusive Production | VBF Production | pt > 200 GeV
Expected significance 2.90 2.80 230
Observed significance 270 2.60 2. 20
: +0.37 +0.38 +0.45
Expected signal strength 1.00%53¢ 1.00%5 37 1.007543
: +0.37 +0.38 +0.45

Observed signal strength 0.957 35 0.957 3 0.93" 43
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Other H—bb Results

V(lep)H(bb) and ttH(bb) have also released results with the full Run 2 dataset
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H(bb), in Context
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Searches vs. Measurements

Two avenues for finding potential BSM physics:

/ Measurements
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Summary of (Higgs-related) Searches

2405.04914

Decay el Production Mass [GeV] Significance | Significance L [fb-1]
X mode local global
Low mass 125 .Gev High mass H—> 17 b-associated 400 270 n.a. 139
g H—> 11 F 400 220 n.a. 139
pp —a h,,s rare decays pp — HIA, pp — H* i Bt 480 230 0.60 36
h125 — aa, h125 — 8,8, h125 exo'tlc'd'ecays H— h125h125 H—>1tr ggF 800 230 n.a. 140
h125 — Za h125 — invisible H— Sh125, H— SS H — ti/tq qq and qg 900 280 n.a. 139
A—ZH A— Zh,,, H— ZZ — 4¢/202y ggF 240 2.00 0.50 139
H— ZZ — 4¢/262y VBF 620 240 0.90 139
§ wpanas =wvww P oFaae g o H— vy ggF 684 330 130 139
Eoofimmes = st SviE i gek ey o na. i
Sinal Rogon 1oL S+ Hypothesis WOver Uncorainy | H — Z(tl)y ggF 420 230 n.a. 140
B v H— Z(qq)y ggF 3640 250 n.a. 139
A — Zhys(bb) ggF 500 210 lL.lo 139
10 A — Zhis(bb) b-associated 500 1.60 n.a. 139
| A — ZH — (Lbb ggF 610 (A), 290 (H) 310 130 139
& [ oy thpotess A — ZH — (tbb b-associated 440 (A), 220 (H) 310 1.30 139
% 15 w‘mﬁ +‘ S ' ;: E ’—Ii A—ZH — €€W—/W ggF 440 (A), 310 (H) 290 0.80 139
8 osg 300400600 800 1000 1200°1400°1600'7800 2000 i \24 Ta— T e Ao ZH - (lii = = ggF 650 (A), 450 (H) 290 240 140
am [GeV] 87 80 A —> ZH — Zhjps(bb)has(bb) VH 420 (A), 320 (H) 3.80 280 139
H* —> ¢b tf decay 130 3.00 250 139
S e T e 3 sl amas E H* - Wa(up) tf decay 120-160 (H*), 27 (a) 240 n.a. 139
£ o e Eivim Oeand S o p * H* 5> WZ VBF 375 280 1.6c 139
o0 190 e 7m0 ncenany [ B > ww VBF 450 320 250 139
ol " H — hipshias — 4b ggF 1100 230 0.40 126-139
8000 H— h125h|25 — 4b VBF 550 .50 n.a. 126
4000 H — hiashias — bbrr ggF 1000 .10 2.00 139
000 H — hjps5hi5 combination ggF 1100 330 210 126-139
200 3 | X — Ships — bbyy ggF 575 (X), 200 (S) 3.50 2.00 140
1000 F hixs — ZyZg — 4L ggF 28 2.50 n.a. 139
B e hios > ZZy — 4€ ggF 39 2.00 n.a. 139
- hios — aa — bbup ggF, VBF, VH 52 330 170 139
R SV, S hias — aa — 4y ggF 10-25 150 na. 140
- T W hias — et and hips — ut ¢¢F. VBE, VH 125 210 n.a. 138
Matt Klein Hints of new physics in the Higgs sector at the LHC, July 14, 2026 QuarkNet 38


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-15/

Searches Beyond the Standard Model: VHH

Broad range of models with similar final states
Consider only h—bb, for statistics and simplicity

g 009900994

g —Tv05000°
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Background Composition
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Signal Discrimination
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Background Modeling Validation

Signal region have 4 b-jets

Validate modeling in events with 3 b-jets
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Controlling Backgrounds

Measure main backgrounds using separate control regions

Example: tt
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Results: Non-resonant Production

No real self-coupling sensitivity compared to existing limits

Serves a couple purposes:

e Validation check for the resonant analysis

e Prototype for a future non-resonant analysis with a much larger dataset
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Results: A—-ZH—Zhh
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A— ZH significance (if it were real...)
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Toward the Future: Sensitivity vs. Time
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Toward the Future
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Conclusions

So far, there is no evidence that the new particle is inconsistent with the SM Higgs
We can expect significant increases in precision in the future

Many small hints of BSM physics in direct searches... They may all disappear with
more data, but we will have much more data in the next 15 years
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