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Torben Lange a particle physicist

o Studied in Hamburg 2012-2022 (B.Sc. - PhD.) ¢
 Worked half a year at CERN (2018) ¢
 Moved to Tallinn end of 2021 as a PostDoc

* Currently senior researcher in Tallinn, Leading
the CMS analysis efforts in Estonia @KBFI

 Mostly focused on rare Higgs boson processes
since 2015 and Di-Higgs production since 2019
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Particle physics?

Credit: CERN (Daniel Dominguez, Arzur Catel Torres)
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https://www.youtube.com/watch?v=pQhbhpU9Wrg

Particle physics?

Credit:Thesis I.Lange
» Explaining the world via the interaction of the F&‘;‘;‘l’(gs Bosons
smallest particles o (5o 5o ||| el [
1 o o | fm Y 2 0 0 =
] ] . . . . 216 Mev/c2 127 Gev/e 172.9 Gev/e2 0 v/ 91.19 Gev/e2 3) g
e Similar to periodic table in Chemistry, we have o R 5 ||| [ o] [Rem %”m
the Standard Model (SM) o | e | O

* Matter is made up of leptons and quarks ool [55] [ =
(fermions) interacting via bosons M |t ‘Hi g2
Electron » Ii’luon » iau » 125.10 GeV/c? <)
. . . O [t T -
 These interactions explain three our of four =
main forces: weak, strong and electromagnetic
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https://ediss.sub.uni-hamburg.de/handle/ediss/9632

Particle physics?

Credit:Thesis I.Lange
« Electromagnetic force: Everyday life from chemistry Fermions Bosons
to magnets and electricity, binds electrons to atomic ; Qua rks = | = ] @
nuclei, also the reason why you don’t fall through the | [ [i% [«¢ juf | ||| T8/ ['Z: 8
floor e e 3R
S o e WS
» Strong force: Binds atomic nuclei together
counteracting the electromagnetic force on small _Leptons
scales -> strong Ve ol [Evuol |2 veo S
e 2w e o I 8 b"j) é
* Weak force: Radioactivity and fusion, allows et fp it -
fundamental particles to change =

e.g muon->electron or up -> down quark, this leads
atoms to decay but also allows for fusion inside stars gy @ [T & et Do e

d
mass G: Mass generation ass: Particle mass Color charged

‘Torben Lange (KBFI Estonia) | BL4S 2024 | CERN 20.09.2025 | torben.lange@cern.ch ‘ ‘4/30 ‘



https://ediss.sub.uni-hamburg.de/handle/ediss/9632

Particle physcis?

 Behind all of this is a lot of complicated math

I= —7\& Ev e

* Simple interactions can be several dozen pages _ . | ffi " .
" : ¢ iy I P the
of integrals worth of math in the lowest order v b plz’_vf@

approximation

* Thankfully for experimentalist like me, we can
draw Feynman diagrams out of easy to
understand building blocks that correspond to
precomputed integrals

* Theory gives us rules how to draw these, what
processes to expect and at which rate
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Particle physcis?

How do we learn (more) about all this?
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Credit: Abstruse Goose: High-Energy Biology

Particle physcis?
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FUN FACT: Ex-particle-physicists
make the worst biologists.

How do we learn (more) about all this?
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Particle physcis?

. —>
Examp!e' Collider Production
Searching for a ————

: Indirect Detection
new particle / Dark .
Matter 5 O 43

3 = |5

D § @

D

® 5
>

Early Universe Annihilation

Credit: Mathew Buckley

How do we learn (more) about all this?
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http://www.physicsmatt.com/blog/2017/5/13/paper-explainer-hiding-thermal-dark-matter-with-leptons

Colliders/LHC/CMS

* We collide particles such as protons (hydrogen
nuclei), electrons, positrons and muons at N o el
p a rt i C I e C OI I id e rs i:)tzc{ 822_(')9994 2%3{313116229 Wor}c in Progress
* The resulting collisions produce an explosion of
hundreds to thousands of particles recorded by d
our experiments such as CMS enm—
Recoller’> >
» We then analyze these “events”, reconstructing =30 [Eedon | i
different particles coming out of the collision b |saosar

Credit:Thesis
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https://ediss.sub.uni-hamburg.de/handle/ediss/9632

Colliders/LHC/CMS

 Based on this reconstruction, we can select a
certain class of events we are interested in e.qg. ameon 33 0
based on the number and energy of the [
resulting particles
For this selection using statistic methods we d
then can compare the probabillity of different emm—
hypotheses l.e if its more likely that a certain T e
process Is present or not NS0 B | e,

pt = 65.39
eta = 0.937
phi = -0.531

eta=1.578
phi = -0.940

Example from the video: Higgs boson
discovery

Credit:Thesis
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https://ediss.sub.uni-hamburg.de/handle/ediss/9632

Colliders/LHC/CMS

* Based on this reconstruction, we can select a 0
certain class of events we are interested in e.qg. :
based on the number and energy of the '3
resulting particles :

* For this selection using statistic methods we . m, (GeV
then can compare the probability of different 3 o ATLASPrlminany S5, o,
hypotheses l.e if its more likely that a certain R,
process is present or not :

N
o

—
o o
| T [ e T I e S P B e (R

 Example from the video: Higgs boson
discovery

80 90 100 110 120 130 140 150 160 170
Credit: ATLAS m,, [GeV]
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https://cms.cern/index.php/physics/cms-higgs-results
https://cds.cern.ch/record/2289869/plots

Colliders/LHC/CMS

e \We usually have two type of colliders, hadron credit: CEAN

colliders like the LHC and lepton colliders / R ‘\

 Hadron colliders use composite particles like o
protons at the highest energies allowing to probe

all sorts of physics and with a large amount of data e
* Lepton colliders on the other hand, while featuring L | / g

lower energy, offer “cleaner” collisions, allowing for !
easier to analyze events and subsequently high
precision

» |.e Discovery vs. precision machine
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https://cds.cern.ch/record/2800984/files/

Colliders/LHC/CMS

* To achieve the high energies at the LHC, a

whole chain of accelerators is needed / R ‘\

« LHC is a circular collider, allowing to collide =
packages of particles repeatedly at a high rate

» This is not possible with leptons (at these @ Y-
energies) due to energy losses for lighter =, C o b
particles mproton > 2 Mylectron
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Colliders/LHC/CMS

. LHC collides these packages of 10! protons
more than 600 million times per second at each
interaction point/experiment

* |n each of these crossings up to 70 actual
proton-proton collisions happen

« Of these we read out about 100k/s and record/
analyze a few 100/s

* Trigger recognizes interesting events to read out/
record and make the amount of data J
manageable Photo T.Lange
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Colliders/LHC/CMS

« The CMS experiment sits at one of the LHCs
collision points

* Together with ATLAS one of the “general
purpose” experiments

 ALICE and LHC-b more focussed on specific
physics (In interactions and b-quarks/jets)

Photo T.Lange
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Colliders/LHC/CMS

e Collisions produce hundreds/thousands of
particles

* Higher energetic ones travel through most of
the detector outward from the collision point

 Depending on their interactions with different
parts of the detector we can identify them

» Similar to the detectors you have seen:
Trackers + Calorimeters, Magnet to bend

charged particles

Credit;: CMS
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https://inspirehep.net/literature/1605397

Colliders/LHC/CMS

 Depending on the processes we are

interested in, different particles are
produced, most of them decaying almost

instantly

However, combining the different particles
we can reconstruct, we can also reconstruct
these fast decaying ones that produced
them (or the ones that produced them, like

the Higgs: H->WW->uu + Neutrinos) S T T

Credit;: CMS

I
1 i
~ ¢ I
- 3 I I I I I
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https://inspirehep.net/literature/1605397

Colliders/LHC/CMS

o Often we use machine learning (ML) both for
both reconstruction of these particles as well
as identifying events of interest

|.e events that more likely contain our process
of interest (signal) compared to other
processes (background)

* To store/analyse all these events, produce
simulation for signals and backgrounds that :
help us In terpreting our results and train said O S S N S U
ML, we distribute data around the whole Credit: CS
globe

1 T b = :?
e t o \\ -
- 3 I I 1 1 I 1
) I I T e
= 1 1
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https://inspirehep.net/literature/1605397

Particle physics?

Lets watch again
and see If we
understand better!

Questions so far?

Credit: CERN (Daniel Dominguez, Arzur Catel Torres)
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https://www.youtube.com/watch?v=pQhbhpU9Wrg

Higgs boson?

Credit:Thesis I.Lange
e Fundamental part of the SM F(e)‘;l‘;‘:fl’(‘;s Bosons
- - ol e oo ] | 1z 8
* For a self consistent model fermions and L] [Pat| [P o] Lt] g 2
bosons should be massless o s [ o] [ 29
I ev;z II93 /_22 w
* Particles however have mass -> We need an Leptons
additional ingredient ol [ ] [ =
e | [ M 2
* The Higgs mechanism provides that and el | [Fr S
after long search the corresponding boson =
was found in 2012 leading to a Nobel prize

five decades after its inception! SSy Q [Fmmam ke,

mass Color charged
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https://ediss.sub.uni-hamburg.de/handle/ediss/9632

Higgs boson?

4 Vo)

e | ast fundamental particle found so far

 Well known by know, meany quantities measured

©O
e If there is more we need to look at some of the l )
rarest prOCeSSeS knOWn -to manklnd Credit: Netzwerk Telchenwelt e ll.,ﬁﬁ'9'1,37.f.b.-1.f.1.?Te[V)
E¥> 1_ CMS Supplementary w2 tr‘
. . . = . my, = 125.38 GeV 7

» 2000 times rarer than the production of a single L paentee
Higgs, we have the simultaneous production of e
two (O(4000) in 3 years compared to 600 mio/s) ] |
Ty —oa
» These events tell us about the Higgs boson self ok, o O
coupling, the underlying Higgs potential and the S A ot
future of the universe! A
Credit: CMS particle mass (GeV)
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https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsHIG/mass_K1_CMS_10year.pdf
https://indico.cern.ch/event/604666/contributions/2581354/attachments/1504227/2343658/higgs_cernschool.pdf

Higgs boson pairs?

non-resonant HH: ; resonank
M Like: 5 X-> HH / YH:

e‘ee X /
’J

A\
BSM/HEFT:

N\

éé v\
5 ~ h ‘Qecc J 4 h {'{‘ ,/ h CQP X /
of o 4 < Y
:: ; : i; G 9_,); e e, ¢ \ ﬂ/\/\:
% k \ ‘\~ éé’ N\
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Higgs boson pairs?

CMS Experiment at LHC, CERN
Data recorded: Tue Aug 1 00:12:10 2017 CEST
Run/Event: 300233 / 11237565

e N 2avrd CMS 3¢ + 115, 138 fb” (13 TeV)
Electron, Anti Tau, T | 2 [ L g T
- ot = 9299 ot = 25 62 S 5[\ Misid. 2, B zz Single H -
eta = 2.094 eta =1.129 Work in Progress g’ N . =
phi = 2.381 phi = 1.084 L N Otherbkg. | |WZ .Conversions i
y p 20 — ¢ Data %% Uncertainty == SMHHx30
H g T euT - -
_______ _< A wad / 15 . -
o n )
~ Missing ET, B ]
H N o W . ot = 71.96 . —
MBS = ol -
— w R W
v . \ = N\
e e LR
W > v eta = -1.532 -
i = - — p— ] PR T S |
phi = -3.072 Electron, : S
ot = 45.12 Anti Muon, S

eta =1.578 pt = 65.39 = :

ohi = -0.940 eta = 0.937 S5 1f

phi = -0.531 alg f

w 1 2 3 4 5 6 7

Credit: CMS BDT output bin number

Credit:Thesis I.Lange
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https://ediss.sub.uni-hamburg.de/handle/ediss/9632
https://link.springer.com/article/10.1007/JHEP07(2023)095

Credit: CMS

WW vy
Expected: 52
Observed: 97

bb WW
Expected: 18
Observed: 14

bbZZ &
Expected: 40
Observed: 32

Multilepton &
Expected: 19
Observed: 21

bb yy &
Expected: 5.5
Observed: 8.4

bb tt &
Expected: 5.2
Observed: 3.3

bb bb &
Expected: 4.2

Observed: 7.2

Comb. of &
Expected: 2.5
Observed: 3.4

+ ttyy + VHH — bb + bbWW*(boosted) + . . ..

CMS Preliminary 138 fb™ (13 TeV)
LI I 1 I 1 I L | 1 1 I I LI I
K =K =1 —o— Observed @ ----- Median expected
Ky =gy =1 B8 68% expected
----- 95% expected

CMS-PAS-HIG-21-014

CMS-PAS-HIG-21-005

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

JHEP 03 (2021) 257

Acc. by PLB (2206.09401)

Nature 607 (2022) 60

Nature 607 (2022) 60

95% CL limit on o(pp — HH)/c

1000

Theory

m TT

L/

Y

Higgs boson pairs?

33.92%

7.31%

bb WW

B(HH — xxyy)

] c™ms & ATLAS

] cms

gg 1T L[ VY
H — xx
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Credit: CMS+ATLAS
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https://moriond.in2p3.fr/QCD/2024/MondayMorning/Lange.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryResultsHIG/limits_HH_SM_Mar2023.png

KBFI experimental HEP group

Lauriks
I'T/Computing

Group Head

Postdocs and PhD. students
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Photo: Torben Lange
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Events

Data

KBFI experimental HEP group

CMS Data analysis, on the hunt for more Higgs!

CMS 37 + 11, 138 fb™ (13 TeV)
AL L L L
- \ Misid. ¢/, !zz Single H _
- Otherbkg. | |WZ " Conversions 1
20 :_ ¢ Data %Uncenainty == SM HH x 30 _:
15 - -
: T
10 n & & K ; XA 2
\\ s \\a"’"’\@\&\:%
|
c
o n
s I
3 :
Q_ 0 N , . .
w 1 2 3 4 5 6 7
BDT output bin number
4 Vo) Credit: CMS
©©
-
Re ¢
ime |

Credit: Netzwerk Telchenwelt

126/30



https://link.springer.com/article/10.1007/JHEP07(2023)095
https://indico.cern.ch/event/604666/contributions/2581354/attachments/1504227/2343658/higgs_cernschool.pdf

KBFI experimental HEP group

ML+GAIA, on the hunt for Dark Matter!

m12f, LSRO, Synthetic Gaia stars
— B VR .y Tel y i 108 . E ¢ 108
3 oo r {/t > . - > 8 *®e * .’ .

g 401%
. 5 ® o . 105

10° =< .
N -
20
104
or 10°

20} _ 0

10!

Credit; ESA/Gaia
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https://sci.esa.int/web/gaia/-/60169-gaia-s-sky-in-colour#

KBFI experimental HEP group

Particle reconstruction with ML - hunting the architecture for all!

il CMS Simulation Preliminary
il
tt + PU, /s = 14 TeV

Particle Flow reconstruction

Detector hits —> Clusters, tracks — Blocks — Candidates

Clustering,
tracking

. Charged hadrons . HFEM

. Neutral hadrons Electrons

. Photons . Muons

HFHAD

- - - ----- -,
L BN B I B B B B B

Baseline particle flow

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

’
Credit: CMS
; CMS Simulation Preliminary
tt + PU, /s = 14 TeV

Machine-Learned Particle Flow re

Lauraés + Tau reconstruction at FCC

+ Foundation models in HEP

. Charged hadrons - HFEM

- Neutral hadrons Electrons

. Photons - Muons
. HFHAD

+ more to come
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https://iopscience.iop.org/article/10.1088/1742-6596/2438/1/012100

KBFI experimental HEP group

L1 trigger development, hunting the speed limit!

Christine

3188t

IOMO

Ny ]

Woa swajysAszziym
6Z99Z-900Z8SLPTSBE:N/S
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Conclusion

Particle physics == Understanding the interaction of the
smallest particles with the fundamental forces dictating
life

We do that e.g. though collider experiments such as
CMS at the LHC

Still, not all mysteries are solved, we know our current
models are not complete

Looking for the Higgs might be one way to find the next
puzzle piece

We have a lively particle physics community in Estonia
and we are doing our part in the quest of understanding
mother nature and the universe!
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