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Selection of experiments that investigate

lepton flavour
Focus on Lepton Flavour Violation (LFV)

Wed: Leptons @ Collider Experiments
Thu: Muon Experiments

Fri: Neutrinos =1
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Experimental Lepton Flavour Physics

Introduction and Leptons @ Collider Experiments Lecture 1
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Indirect searches for BSM with

Leptons
Lepton Flavour Violation

Leptons @ Colliders
Detection of e, u, 1
Example:
Search for Z—et and Z—ur1 with
the ATLAS Experiment

HEP Herbstschule 2025

%

&

- . 1
‘:e\l\\'\mg



university of faculty of science
fﬁﬁ_ / groningen / and engineering

Indirect Searches for BSM with Leptons
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Indirect Searches for BSM Physics

» Standard Model (SM) is not an
ultimate theory of particle physics

» Search for signs of beyond SM
(BSM) physics




%8 / wonimgen /S HEP Herbstschule 2025

Indirect Searches for BSM Physics

» Standard Model (SM) is not an mass
ultimate theory of particle physics

» Search for signs of beyond SM
(BSM) physics

energy —

—>

» Energy frontier precision
- Direct production of heavy BSM &
particles intensity

» Precision / Intensity frontier
= Indirect search for tiny deviations
from SM predictions
= Sensitive to small couplings and/or
heavy particles in loops
= Use processes that are rare or
forbidden in the SM

coupling strength
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Indirect Searches for BSM Physics

» Standard Model (SM) is not an
ultimate theory of particle physics

» Search for signs of beyond SM
(BSM) physics il A |07
Hloﬁti‘;ﬁ< §§§ . 108
> - S ]
H v 105 B < g o | N .§ 10°
) Energy frontier | S s ll? i N 53 o
= Direct production of heavy BSM z 107 , NN SR
particles 102 | s RN 53
P . - 10! S - Flllf 10!
» Precision / Intensity frontier : B = B =
| S w 8L S SIS Il | A
= Indirect search for tiny deviations SESESESES(CRE ) B INES
from SM predictions Observahle

= Sensitive to small couplings and/or

heavy particles in loops Physics Briefing Book, ESPPU2020
= Use processes that are rare or

forbidden in the SM



https://cds.cern.ch/record/2691414/files/1910.11775.pdf
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Lepton Flavour Violation

» Lepton flavour is conserved due to

an accidental symmetry in the SM

» Lepton Flavour Violation (LFV) is a 107k %5 e 107

. o= N $ ? .
forbidden process 100 o LR < 108
< 10°, l§§°n-ll§ ] 5 10°
104 I ? ERTY
S 100, - N 22,
10%, L llmmls Y3 S 8§ a0
10! B N 13l 10!

N o = = ;
g B0 ] T |

SIEISISIS ) 3] SIS
Observable

Physics Briefing Book, ESPPU2020
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https://cds.cern.ch/record/2691414/files/1910.11775.pdf

Lepton Flavour Violation

» Lepton flavour is conserved due to
an accidental symmetry in the SM

» Lepton Flavour Violation (LFV) is a
forbidden process

» And in BSM?

= LFV frequently predicted
= No LFV would hint at additional
symmetry
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H. Murayama, Supersymmetry 1V, 2005
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https://static.ias.edu/pitp/archive/2005files/Lecture%20notes/Murayama/Murayama-4.pdf
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Lepton Flavour Violation

» Lepton flavour is conserved due to
an accidental symmetry in the SM

» Lepton Flavour Violation (LFV) is a
forbidden process %
//r \\\ —

> And in BSM? p

= LFV frequently predicted

- No LFV would hint at additional \\ T A\

symmetry

7

lllustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences

» And in nature?
= Neutrino oscillations are LFV!

= But what about charged leptons?
12



Charged Lepton Flavour Violation

» LFV with charged leptons (cLFV)
= forbidden in the SM
= predicted in BSM models unambiguous sign of
= not (yet?) observed BSM
(beyond neutrino mixing)

Any observation of cLFV
would be an

» If neutrino mixing is added to SM,
cLFV still heavily suppressed:

, +
Am; / e
Bu—)eee x <_2> - B‘u—wee <1075 — R
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Detecting Leptons @ Collider Experiments
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Detecting Leptons

» Detect
Charged leptons
Photons
Hadrons
No neutrinos Example: CMS Experiment

» ldentify by characteristic LEgEE =

Hadron chargé (ex. Pion)

S i g n atu re i n d ete Cto r Syste m T ;ir;:gtrg: neutre (ex. N;mon)

\\\w( e
| “‘\\nn J I | i |
V’(// ) , f ‘
T}tgph “— | i [ i
u silicium B I : I
Calorimetre R i i
électromagnetique S - i
Y Calorimétre Solénoide t
hadronique superconducteur Culasse de retour de I'aimant il
avec des chambres a muons
om m m 3m 4m sm m m
L 1 1 1 1 1 1 1
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Detecting Leptons: Muons

)

)
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Muons are rather light

m = 105.66 MeV

with rather long lifetime

7=2.197 x 10°%s

Decays via p*—e*vv,

but most muons don’t decay within
detector

Minimume-ionizing particle (MIP)

Passes through all detectors
Characteristic signal in
muon system

(—dE/dx) (MeV g—lem?)
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Detecting Leptons: Muons

>

>

)

Reconstructed from
Combined tracking and muon
system signals photons

Also possible:

- Tracking + calorimeter

electrons
- Muon system alone e

|dentification of prompt muons (from pv) —

Dlstlngwsh.from.K/Tr—m virthon

- Track fit quality Kaons

- Mismatch of momenta measured in pions
tracking and muon system | |
neutrons
: KO

Isolation o S

Reject muons produced in jets
Selections based on activity around

HEP Herbstschule 2025

innermost layer » outermost layer
tracking electromagnetichadronic muon
system calorimeter calorimeter system

€. Lippmann - 2003

Fig. 1. Components of a “traditional” particle physics experiment. Each particle

reconstructed muon Candidate type has its own signature in the detector. For example, if a particle is detected

only in the electromagnetic calorimeter, it is fairly certain that ir is a photon.
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Detecting Leptons: Electrons

> Electrons are very light m=0511mev)

and stable

» Reconstructed from
Signal in electromagnetic
calorimeter (ECAL) same for
electrons and photons
Need matching track
Recover bremsstrahlung losses

ECAL

Magnet

innermost layer » outermost layer
tracking electromagnetichadronic muon
system calorimeter calorimeter system

photons
—_—

electrons
PERE—

muons
—_—

protons

Kaons
pions

neutrons
K9
..—.-—*
Lippmann — 2003
Fig. 1. Components of a “traditional” particle physics experiment. Each particle

type has its own signature in the detector. For example, if a particle is detected
only in the electromagnetic calorimeter, it is fairly certain that ir is a photon.
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Detecting Leptons: Electrons

> Electrons are very light m=0511mev)
and stable

» Reconstructed from
Signal in ECAL and matching track
Recover bremsstrahlung losses

» ldentification
Distinguish from jets
- Shower and track parameters

- Leakage into hadronic calorimeter (HCAL%

» Isolation
Reject electrons produced in jets
Selections based on activity around
reconstructed electron candidate

innermost layer » outermost layer
tracking electromagnetichadronic muon
system calorimeter calorimeter system

photons
—_—

electrons
PERE—

muons
—_—

protons

Kaons
pions
— -

eutrons
Ko

—_— -

~ C.Lippmann - 2003
Fig. 1. Components of a “traditional” particle physics experiment. Each particle
type has its own signature in the detector. For example, if a particle is detected

only in the electromagnetic calorimeter, it is fairly certain that ir is a photon.
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Detecting Leptons: Taus

> Taus are heavy m=1777 MeV
and short-lived 7 =2.9x10"3s

> Multiple decay modes
Leptonic (BR ~ 35%)
- Tottvw, L=e,p
- Reconstructas e, p
Hadronic (BR ~ 65%)
- T*>mivor 3ty + 1’

> Neutrinos from tau decay not
directly detected
Reconstruct visible products
Neutrinos partially reconstructed
via missing transverse momentum

E'III‘IiSS _ z ﬁT

visible

jetcone

HEP Herbstschule 2025
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Reconstruct visible hadronic tau
decay products

Decay T*—1r*v or 3m*v + 1rls
has 1 or 3 associated tracks
within a cone (1-prong / 3-prong)
+ calorimeter activity

Improve by

- Exploiting substructure:
1T have tracks, T° don’t

- Jet rejection via tracking and
calorimeter information,
ex. displaced vertex

- Electron rejection via activity in
ECAL vs. HCAL

jetcone

HEP Herbstschule 2025
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Example: Z—et and Z—uT1 with ATLAS
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Z—{1 with ATLAS

> ATLAS search for Z—{*1" (I = e or )
with full Run 2 dataset (8 billion Z)

» Signal Z—e€r
= Opposite sign *1° pair

Thad-vi
= Back-to-back in Z rest frame ad-vis

=T and T . channel
ep had-vis

= v collinear with LI [Lfrom T
ad-vis

decay

23
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Z—{1 with ATLAS

> ATLAS search for Z—{*1" (I = e or )
with full Run 2 dataset (8 billion Z)

\

Thad-vis
sV

» Signal Z—11
> Background
= Same final state

- Zo11, 72U

- Decays of ttbar, two gauge bosons, ...
- Estimate from simulation
= Misidentification

- M—oeinZ-i

- jet—t/T ex. W(—1{v)+jet

had-vis’

- Data-driven estimate
24
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Misidentification

,‘1’@»5
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Z—1L1 with ATLAS
U — evv u radiates y u deposits energy in ECal

» Misidentification: p—e (leptonic T decays)
A Z—pp event can look like signal if a p gets mistaken for an electron
Reasons: muon decay to electron, enhanced activity in ECAL
Expect mismatch of p. measured in tracking and in ECAL

26



Z—{1 with ATLAS

)

Mis-identification background
difficult to simulate

Fakes from jet—€ /71 __, .
mis-identification estimated with

data-driven Fake Factor method

Count events passing/failing
quality criteria in fake enriched
(FR) region

Ratio is fake factor F

Count events failing quality criteria
in signal region (SR)

Multiply by fake factor

= Estimate of fakes in SR

HEP Herbstschule 2025

pass ID

fail ID

Nsr

Nsr

fakes

j)xF
fail
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Observables
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Z—{1 with ATLAS

> AR R E AR AR LR RN RN AR AR RS
. . (] — —
» Closest proxy to invariant mass G I0OPATLAS | o D e
. . o | Is= eV, |
of {-1_. -v system is collinear mass - I 7o ]
vis , = 8000_High-p_ SR, 7 mzoi b
Invariant mass of {-1 . -E_™*° 2 i 7o T Top quark ]
VIS ) i D!boson ]
system o I Higgs PR
Assume E_™** has z-component 6000 T eonr BT
miss \ = I ]
such that n(E;™*°) =n(1,.) - ]
4000~ -
2000/ ]
. ) |
2 1125 E
— 12 VI, WD) 10000, K20 o
£ 0.875F ¢
() 0_75:....|....|...‘l....|....|....|....|....|....|....:
60 70 80 90 100 110 120 130 140 150 160

mg. (e, i) [GeV]
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Z—{1 with ATLAS

o 12000 i i i mi
8 L ATLAS coms »  Kinematic Q|scrlm!nant Aa
_ -1 el— had-vis aKes I .
5 10000]_"% 7 13 TeV. 1390 — e B Tis colllnciar with T:
i_) . SR, ur3P (Z')?hgrs i p(T) =d p(TViS)
IT] - Total uncertainty , - Invariant mass Z—{1
8000_ ® . ® === Zout (B=5x107)"] 2 2
i ] m,~-m_“=2p(t)p(1)=2ap(t)p(T,,
6000 . )
i Z £ and 1 back-to-back in Z—1r:
4000~ N pT(£)=pT(T)=O pT(Tvis
- . Aa as difference
20001 5 - Close to zero for signal
- . - But not for background
i o
go
()
a
o
©
o
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Z—{1 with ATLAS

» Closest proxy to invariant mass » Kinematic discriminant Aa
of {-1 . -v system is collinear mass - T, collinear with T
Invariant mass of {-1 -E_™ss p(t)=ap(t,)
system . Invariant mass Z—1{r
Assume E.™* has z-component m_%-m ?=2p(f)p(T)=2ap()p(T,

such that n(E;™* ) = n(r_.) )
e - £ @Nd T back-to-back in Z—1{r:

> ASARARARRY RRARA RSN RARSR uN-,12000-.u‘mmmv
P e I : | ATLAS e Data ]
o 10000*ATLAS o Data — o r ! ot - faki ] —_ —
g [ s=13TeV, 139 fb" -;a:elrlteplon ] g 10000TE= 13 TeV, 139 fb -lgj})l;nm,s akes ] pT(z)_pT(T)_G pT(TVIS
- Moy Z5 1 o) L SR, ut 3P Oth 4 H
g sooop-Higho, SR, u, waa | F [ a1+ AQ as difference
g, a\boson ] BOOOT L2 weaZout(B= 5X104)t
iggs .
@ o e s, ] : - Close to zero for signal
i g - But not for background
4000 r
2000f r
O> 1 2_
- 1.25¢ T T T T T T aaas=TEE o] 2F T T T T T
E E [} E —Bestit | (B =4x10%)
£ 1125 i 5 ME erectiisigna . ) 3
- 1E Py Iy - . . . E — 1E e o o 0. . 41 =
S 0.875F ¢ ._ g 09_+ * ¢ ¢ ) TT*_
8 075E 1 1 1 1 1 1 Il Il Il E| (O“ OBE | 1 1 1 Il Il 1
60 70 80 90 100 110 120 130 140 150 160 -15 -1 -05 0 0.5 1 15 2 25
M€, u) [GeV] Aa(u,t)
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Z—{1 with ATLAS

» Exploit all correlations of the
-1, - E™S system

» Binary neural net (NN) classifier to
discriminate against dominant
backgrounds

Events / 0.025

Data / pred.

_||l|||||
- ATLAS

SR, et 3P

|II|III||II[I|IIII‘IIII'II

- {s=13TeV, 139 b’

e Data

jet—=1,.4. fakes

B Z-ow
Z-ll
Others

Total uncertalnty
.- Z—et (B=5x10")

- — Best-fit signal (B =

+++ ot

L+ +1

P B

*++$ +T §et

+++++

||||||||

02 0.3 0.4

06 07

Combined NN output
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Z—{1 with ATLAS

)

Binned maximum likelihood fit to
data of NN distribution in signal and

control regions

Extract signal branching fraction 3
(Z—11) and background

normalization

No statistically significant

deviation observed
—upper limits on B

Events / 0.025

Data / pred.

HEP Herbstschule 2025
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2500(—e ] _é

2000

1500

III|II|I|IIII|IIIl‘lllllll

1000

lll‘IIIIlI-I-
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Combined NN output
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Nature Physics 17, 819-825 (2021)

Phys.Rev.Lett. 127, 271801 (2021)

Observed (expected) upper limit on B(Z—21) [x10] at 95% confidence level (CL)

Final state

eT

MT

Data set

Run 2

Run 1 (7, _,.) ¥ Run 2

Combined Tiep ANA T, i

5.0 (6.0)

6.5 (5.3)

OPAL & DELPHI at LEP

9.8

12

World-leading upper limit on B(Z—{r)

» Superseding LEP limits
by a factor of ~2 for 15 time @ LHC
» Statistically limited

Events / 0.025

Data / pred.

e R AL LA AAAA AAR AN LM AL A
4000:7ATLAS e Data E ) ATLAS e Data
E fs = 13TeV, 139 b -'Zel‘c’znad—wsfakes ] S 2200E (5 _137ev, 139 " R e o
£ ] 2000 —
E Z-ll 3 1] B Z-l
3500 SR, er 3P ’—O;ers 1 S 1800 ngh-pT SR, ut, gTo:quark
E Total uncertainty > Diboson
3000:v - weeZov€T (B=5><104)7: w1600 H:ggs
= = 1400 w== Zout (B=3x10")
1200
1000F
800F
600F
400F
200F
O: 2 un rou Pl
1 Bestitsignal (8= -5107) ‘ -8 st E
[ — BestHit signal (B =-1x10"") 2 1.125F E
1.05;++J+ ¢ L+ +H 1, ‘* \+ E‘ 15 . 6A$+++$+$xuua¢‘; ® e %e
L SRAARATLAN RS T R PV JAdMAsii s M asaas i Lo 7
0.95F t 3 T 0875; ]
O 075

O. 1 1 1 1 1 1
%.2 03 04 05 06 07 08 09

L 1 L 1 1 1 1 1 13
01 02 03 04 05 06 0.7 08 09

Combined NN output Combined NN output

34


https://www.nature.com/articles/s41567-021-01225-z
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.271801

E{W un1vers1ty of faculty of science
fﬁﬁ- / groningen / and engineering

Summary
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>

>

Indirect searches for BSM
Testing flavour symmetries in the
lepton sector, ex. LFV

Leptons at colliders
Detection and reconstruction

Several challenges
- Bremsstrahlung
- Neutrinos in the final state
- Misidentification

- . 1
‘:e\l\\'\mg
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Examples for BSM in Z—{1

)
)
)

Heavy neutrinos
Supersymmetry
Extended Higgs sector

HEP Herbstschule 2025

/ 7 i
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Z <. &
P

\v\“

(b) SUSY (slepton flavour mixing)

-

P o

RO HO .,

. W

I

(c) Type-III 2HDM
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. > SRR REEAS LAEEREALS LARRI RRRE EEARNEREEILEARY LAER
Z—11 with ATLAS 3 10000 ATLAS o ]
o | {s=13TeV, 139 fo" Fake lepton i
— Bzt
T —~ | Hiah. mzol .
> ATLAS search for Z—#*1° (f=eorp) £ 8000/ Highp, SRuz, Top uak i
(O] L i n ]
i > Higgs
with full Run 2 dataset T ool e 2o Bex10Y T
» Signal and most backgrounds 40001
modelled with MC simulation I
» jet—€ /T . . misidentification 2000}~
ad-vis L
estimated Fake Factor method I
0 alle ST
()] =
5_1 1255—“ . o =
FR SR S5 et T
[m) 0'75:....|....|...‘|....|....|....|....|....|....|....:
pass ID|NggPes® N akes 60 70 80 90 100 110 120 130 140 150 160
/ =F > XF mcoll(e’ ,U) [GeV]
- fail fail
fail ID |7 N | Ngg®
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