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’Precise measurements of known particles and interactions
are just as important as finding new particles’

– Fabiola Gianotti

Supported by

https://jgluza.us.edu.pl
https://teschool24.ijclab.in2p3.fr/


Janusz Gluza

First, addendum to the yesterday’s discussion

Video: https://cds.cern.ch/record/388110?ln=en

https://www-zeuthen.desy.de/ jknapp/JK/Reading files/basic science.html

https://cds.cern.ch/record/388110?ln=en
https://www-zeuthen.desy.de/~jknapp/JK/Reading_files/basic_science.html
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DG Fabiola Gianotti, CERN vision and goals until next strategy update, → pdf

The�Unreasonable

Effectiveness of�Physics

in�Society*

(part�II)�

Tadeusz�LesiakTadeusz�Lesiak

(*)�„The�Unreasonable Effectiveness

of�Mathematics in�the�Natural�Sciences”�

Eugene Wigner

A.D.�1939�!

Tadeusz Lesiak Polish Physical Society (pdf): Nieracjonalna użyteczność fizyki dla spo leczeństwa”

German Rodrigo, MTTD2021, The future of particle physics

”Forecasting the Socio-Economic Impact of the Large Hadron Collider: a Cost-Benefit Analysis to 2025 and Beyond”

https://inspirehep.net/literature/1425942,

”The socio–economic impact of a breakthrough in the particle accelerators’ technology: a research agenda”

https://arxiv.org/pdf/1802.00352

https://indico.cern.ch/event/923801/contributions/3942028/attachments/2138905/3603386/FCC-2020.pdf
http://www.ptf.us.edu.pl/wordpress/?p=970
http://indico.if.us.edu.pl/event/9/timetable/##20210915.detailed
https://inspirehep.net/literature/1425942
https://arxiv.org/pdf/1802.00352
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BSM - terra incognita: Energy frontiers
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SM, BSM, CPV, LNV, LFV, intensity frontiers [disclaimer]
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particles.us.edu.pl

BSM

SM

https://czastki.us.edu.pl
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Alain Blondel, Epiphany 2021 https://indico.cern.ch/event/934666

07.01.2021 30

The Physics Landscape

We are in a fascinating situation: where to look and what will we find? 

For the first time since Fermi theory, WE HAVE NO SCALE

The next facility must be versatile with as broad and powerful reach as possible, 

as there is no precise target

Î more Sensitivity, more Precision, more Energy

FCC , thanks to synergies and complementarities, offers

the most versatile and adapted response to �}��Ç[� physics landscape, 

Alain Blondel  FCC Challenges

https://indico.cern.ch/event/934666
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Spontanous symmetry breaking (SSB) and scalar potential shape

Jim Baggott ”Mass”, Oxford U. Press, 2017,
”Hand on heart, we never really understood it. Now we discover that it
may not actually exist”
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Spontanous symmetry breaking (SSB) and potential shape

Φ ≡ ΦSM =

(
ϕ+

ϕ0

)
V = −µ2Φ†Φ+ λ(Φ†Φ)2 ⇔ y = ax + bx 2 , y ≡ V, x ≡ Φ†Φ

Vmin = v/
√
2, v =

√
µ2/λ ≃ 250 GeV

250 GeV: This is our study lab. scale! (So do heavy SM particle masses).
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Can the ”landscape” of the potential be so simple? Mayon mountain
(”perfect cone”)
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Precision directs towards discoveries! Higgs & Z bosons, top-quark, neutrinos

Electro-magnetism =⇒ electro-weak unification =⇒ ?

The general strategy for finding traces from ”there”:

W
ei
n
b
er
g
an

g
le

XX century’s success!

Not possible without
colliders.

New
excited states
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αQED(s), vacuum polarisation

A

B

F. Jegerlehner, http://dx.doi.org/10.23731/CYRM-2020-003.9

A : αQED(0) ≃ 1/137, B : αQED(M2
Z) ≃ 1/128.

http://dx.doi.org/10.23731/CYRM-2020-003.9
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Discovery strategies in PP

Two ways for discoveries (in both cases precision is crucial):

1. within the known theory (anomalies1)

2. new processes and (rare) phenomena;

1‘I have always suspected that, one day, (...) they [JG: experimentalists]
would like to see what would happen, just for the fun of it, if they falsely report
that there exists a certain bump, or an oscillation in a certain curve, and see
how the theorists predict it. I know these men so well that the moment I
thought of that possibility I have honestly always been concerned that some
day they will do just that. Then you can imagine how absurd the theoretical
physicists would sound, making all these complicated calculations to
demonstrate the existence of such a bump, while these fellows are laughing up
their sleeves.’ – R.P. Feynman)
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In quest of new elusive particles and interactions (I)

https://physicsworld.com/a/and-so-to-bed-for-the-750-gev-bump/

http://resonaances.blogspot.com/2016/06/game-of-thrones-750-gev-edition.html

https://physicsworld.com/a/and-so-to-bed-for-the-750-gev-bump/
http://resonaances.blogspot.com/2016/06/game-of-thrones-750-gev-edition.html
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In quest of new elusive particles and interactions (II)

Simpson’s 17-keV neutrino, ∆K
K

∼
√

1− M2

(Q−E)2

A. Franklin, The appearance and disappearance of the 17-keV neutrino

https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.67.457

https://https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.67.457
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In quest of new elusive particles and interactions (II)

Wykład V: Neutrina, J. Gluza

Dwa teoretyczne wzoryDwa teoretyczne wzory

Rozpad trytu

Bezneutrinowy rozpad beta
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In quest of new elusive particles and interactions (II)

Wykład V: Neutrina, J. Gluza

Back to roots: rozpad trytuBack to roots: rozpad trytu
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‘The reasonable man adapts himself to the world.

The unreasonable one persists in trying to adapt the world to

himself.

Therefore all progress depends on the unreasonable man.’
– George Bernard Shaw, Man and Superman

Wykład V: Neutrina, J. Gluza

Transport KatrinTransport Katrin
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In quest of new elusive particles and interactions (II)

Wykład V: Neutrina, J. Gluza
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PRECISION
In general, and consequences

”Whoever has only a hammer will see nothing but nails.”

BBC series, Precision: The Measure of All Things

https://www.dailymotion.com/video/x612oj6
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Precision, true inception

▶ Tycho de Brahe (∼ 1601) Mars orbits, Rudolphine tables;
https://archive.org/details/tabulrudolphinqu00kepl/page/n5/mode/2up

https://indico.cern.ch/event/958085/contributions/4329017/attachments/2245318/3807690/PhysicsPrecisionFrontier2021.pdf

−→ Johannes Kepler (∼ 1609) - planets laws of motion;
−→ Isaac Newton (∼ 1686) - gravitation

Abri Branchard bone (∼ 30 000 years BC),

Alexander Marschack, ‘Cognitive Aspects of Upper Paleolithic Engraving’

Current Anthropology (1972),

Interpretation: Chantal Jegues-Wolkiewicz - probably the first Moon calendar,

https://www.dailymotion.com/video/x8044kz, Prehistoric Astronomy

Similar paintings, Lascaux caves, ∼ 17 000 BC.

https://archive.org/details/tabulrudolphinqu00kepl/page/n5/mode/2up
https://indico.cern.ch/event/958085/contributions/4329017/attachments/2245318/3807690/PhysicsPrecisionFrontier2021.pdf
https://www.dailymotion.com/video/x8044kz
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Precision changes history: justice, law, crime, trade, economy, social, ...

To be just was precisely to use balance.

Wisdom 11:20

‘By weight, measure and number, God made all things’

Code of Hammurabi 1772 BC - any taverner using false weights could be served up with the

death penalty
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PRECISION
Particle Physics and Standard Model

source

https://www.portaspecs.com/precision-and-accuracy/
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LEP (W±, Z), LHC (H0) - shaping the Standard Model
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> 50 years of the Z-boson theory (1967)

S. Weinberg

”A MODEL
OF LEPTONS”

-

�

�
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Many puzzles, e.g.

If

ρt =
mZmt

m2
H

,

then (for ATLAS, CMS combined mH = 125.6± 0.4± 0.5)

ρ
(exp)
t = 1.0022± 0.007± 0.009

Separately,

ρ
(exp)
t = 1.0077± 0.007± 0.009 (mh,ATLAS),

ρ
(exp)
t = 0.9965± 0.007± 0.007 (mh,CMS)

E. Torrente-Lujan, https://inspirehep.net/literature/1184358
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Precision, Particle Physics

▶ (i) muon discovery, J/Ψ
(ii) (g − 2)e, (g − 2)µ
(iii) V-A, parity;
Note the 100th Birthday Anniversary of Prof. Chen Ning Yang, link

▶ (i) τ± (tau lepton);
(ii) Tevatron - top quark discovery;
(iii) H0 (scalar Higgs-Englert boson)

SM corrections matters! LEP, SLAC, LHC
M. Veltman (1977) ρ-parametr ∼ m2

t , ln(m
2
H);

−→ Acta Physica Polonica B

▶ Neutrinos (masses, mixing angles, CP phase(s));
Super-K, Hyper-K, T2K, NOvA, Antares, KM3NeT, Juno, Dune,

SNO+, Daya Bay, Double Chooz, RENO, ...

EXPERIMENT → THEORY

THEORY → EXPERIMENT

Future Colliders; THEORY ↔ EXPERIMENT

https://cnyang100th.cuhk.edu.hk/
https://catalogue.library.cern/literature/z0s4b-kz104


Janusz Gluza

Indirect top and Higgs precision search

Year

M
t  

 [
G

e
V

]

SM constraint
Tevatron

Direct search lower limit (95% CL)

68% CL

50
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200

1990 1995 2000 2005
0

1

2

3

4

5

6

10030 500

mH [GeV]

∆
χ

2

Excluded

∆α
had

 =∆α
(5)

0.02758±0.00035

0.02749±0.00012

incl. low Q
2
 data

Theory uncertainty

Small deviations matters!
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Precision, 4th FCC Physics and Experiments Workshop
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The first circular e+e− accelarator

ADA/ADONE, 1969-1993, Frascati,
√
s ≤ 3 GeV
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To be lucky is an important life/research factor

2 PRLs in 1974 for J/Ψ discovery

”Psi””J”

SPEAR at SLAC
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Input and calculated/measured parameters

SU(2)L ⊗ U(1)Y
Higgs mechanism

g2,g1,v
yt, λ, . . .

Thomson
scattering e+e−, ep,p( )p̄

p( )p̄, e+e−

→ Z

p( )p̄, e+e−

→ H

e+e− → f f̄
e+e− → e+e−

νe, νN

µ-decay

e+e−

p( )p̄, e+e−

→ W+W−

e+e−

p( )p̄, e+e−

→ tt̄

α αs

MZ

MW

Gµ

Mtyt

MHλ

sin2 ΘW

vf , af

Schemes: Gµ vs MW ,...

Gµ, sin
2 θℓeff , MZ

Fermilab!

Fig. from the FCC-ee report ‘αQED ’ by F. Jegerlehner in 1905.05078

Introduction to Precision Electroweak Analysis by J. Welss, 0512342

https://arxiv.org/abs/1905.05078
https://arxiv.org/abs/0512342
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Input and calculated/measured parameters

Among the basic input parameters α(MZ), Gµ,MZ , α(MZ) is the least
precise and requires a major effort of improvement.
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Electromagnetism: atoms, chemistry, biology

F = k
qQ

r2
≡ 1

4πϵ0

qQ

r2
→ α ≡ ϕe

mc2
=

e2

4πϵ0L

mc2
=

e2

4πϵ0ℏc
, L =

ℏ
mc

Fine structure constant α 1/137 [137.035999206(11)]

1/136 or 1/138 makes a difference

Percentage changes of α
→ changes stars evolution (red or blue stars) (”Gravitation”, Misner, Thorne,
Wheeler)

→ key input parameter in the Standard Model
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2020’s result from the Paris lab on αQED(0)

Remarks:
(i) new result - deviation from SM in the same direction as in (g − 2)µ,
(ii) substantial disagrement with Cs (∼ 5.4σ).

Over 2 decades of improvements
https://www.nature.com/articles/s41586-020-2964-7 [02 December 2020]

https://www.nature.com/articles/s41586-020-2964-7
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αQED(0) and BSM

Substructure: αQED(0) −→ modification of δae ≃ me/m
∗

Excluded (light, states, weakly coupled):

m∗ < 520 GeV.

Future δae improvement by an order of magnitude in next years,
sensitivity similar as for (g − 2)µ.
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αQED(s), vacuum polarisation

A

A: αQED(0) ≃ 1/137B

B: αQED(M2
Z) ≃ 1/128

F. Jegerlehner, http://dx.doi.org/10.23731/CYRM-2020-003.9

The effective α(s) in terms of the photon vacuum polarization (VP)
self-energy correction ∆α(s) by

α(s) =
α

1−∆α(s)
; ∆α(s) = ∆αlep(s) +∆α

(5)
had(s) + ∆αtop(s) .

http://dx.doi.org/10.23731/CYRM-2020-003.9


Janusz Gluza

R-data evaluation of α(M2
Z)

α(s) =
α

1−∆α(s)
; ∆α(s) = ∆αlep(s) +∆α

(5)
had(s) + ∆αtop(s) .

γ γ
had ⇔

Π
′ had
γ (q2)

γ

had

2

∼ σhad
tot (q

2)

The non-perturbative hadronic piece from the five light quarks

∆α
(5)
had(s) = −

(
Π′

γ(s) − Π′
γ(0)

)(5)

had
can be evaluated in terms of σ(e+e− → hadrons) data

via the dispersion integral (s can be any, also negative!)

∆α
(5)
had(s) = −α s

3π

( E2
cut∫

m2
π0

ds
′ Rdata

γ (s′)

s′(s′ − s)
+

∞∫
E2
cut

ds
′ RpQCD

γ (s′)

s′(s′ − s)

)
,

a
had
µ =

(
αmµ

3π

)2
∞∫

4m2
π

ds
R(s) K̂(s)

s2
, K̂(s) ∈ 0.63 ÷ 1.

Rγ(s) ≡ σ
(0)

(e
+
e
− → γ

∗ → hadrons)/

(
4πα2

3s

)
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The compilation of R(s)-data utilized by F. Jegerlehner for ∆αhad.

Davier et al E.g. Parametrization used for Bhabha

Phys.Rev.D 78 (2008) 085019

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.78.085019
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EWPOs and

NxLO SM CORRECTIONS

LO (tree), NLO, NNLO, NNNLO (N3LO, ... (loops)
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Collider physics ... magic of math world!

Analytic solutions for multiloop massive integrals which describes scattering

processes/decays goes beyound elliptic functions - how far?
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MC generators and theory (Z-pole)

Experimental measurements at Z-pole: after unfolding
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Rough scheme for extracting the Zff̄ vertex and EW corrections

e+

e−

f+

f−

Z

W Z H

W Z HW
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EWPOs, Z pole

σ0
had = σ[e+e− → hadrons]s=M2

Z
,

ΓZ =
∑
f

Γ[Z → ff̄ ],

Rℓ =
Γ[Z → hadrons]

Γ[Z → ℓ+ℓ−]
, ℓ = e, µ, τ,

Rq =
Γ[Z → qq̄]

Γ[Z → hadrons]
, q = u, d, s, c, b.

The remaining EWPOs are cross section asymmetries, measured at the Z
pole, e.g., forward-backward asymmetry

Af
FB =

σf

[
θ < π

2

]
− σf

[
θ > π

2

]
σf

[
θ < π

2

]
+ σf

[
θ > π

2

] ,
where θ is the scattering angle between the incoming e− and the
outgoing f .
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Shaping SM, oblique corrections also not sufficient

τ−1
µ =

Ĝ2
Fm

5
µ

192π3
K(α,me,mµ,mW )

(ĜF )
th

√
2

=
g2

8m2
W

[
1 + iΠWW (q2)

( −i

q2 −m2
W

)]
q→0

=
1

2v2

[
1− ΠWW (0)

m2
W

]
.
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Primary role of SM radiative corrections, F. Jegerlehner, in 1905.05078

sin2 Θi cos
2 Θi =

π α√
2Gµ M2

Z

1

1−∆ri
∆ri = ∆ri(α,Gµ,MZ ,mH ,mf ̸=t,mt) ,

∆ri = ∆α− c2W
s2W

∆ρ+∆ri reminder ,

∆ρ =
3m2

t

√
2Gµ

16π2

α̂(mZ) =
α̂

1−∆α(mZ)
=

e2

4π

[
1 +

Πγγ(mZ)

m2
Z

]
∼ 128 (137 at the Thomson limit)

Still, well visible disagreement between SM prediction and

experiment for EWPOs without subleading SM corrections,

and only with the leading corrections ∆α(mZ) and ∆ρ.

ri reminder matters!

https://arxiv.org/abs/1905.05078
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How can I compute - part I (→ BSM)?

Examples
(FeynArts, FeynMast, FeynCalc, Feynrules, ...)
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SM vs BSM, Compositeness - tests of hypothetical substructures
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Compositeness - tests of hypothetical substructures, (g − 2)µ
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Compositeness - vacuum structure, https://youtu.be/81PfYnpuOPA

https://youtu.be/81PfYnpuOPA
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Fermilab 2021
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CMD3, new π+π− results, latice QCD, smaller tensions

CMD3: https://arxiv.org/abs/2302.08834

”The CMD-3 result reduces the tension between the experimental value of the aµ and its

Standard Model prediction.”

New lattice: https://arxiv.org/abs/2407.10913

https://arxiv.org/abs/2302.08834
https://arxiv.org/abs/2407.10913
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Pretty compact experiment



Janusz Gluza

NEEDS FOR PRECISION:

THE FUTURE
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Jorgen D’Hondt, ”Strategies and plans for particle physics in Europe”,

Epiphany 2021, https://indico.cern.ch/event/934666

https://indico.cern.ch/event/934666
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To get to the experimental precision, we must improve very much!

-
0.5 → 0.4
Five years!

MZ = 91 GeV

Becoming narrow

resonance!
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p1

[k1 + p1,MW]

[k1,MW]

-p1

[k1 - k2,0]

[k2,0]

[k1 - k3,0]

[k3,0]

[k2 - k3,0]

p1

[k1,0]

[k1 + p1,0]
-p1

[k2 + p1,MW]

[k2,MW]

[k3,0]

[k1 - k3,0]

[k1 - k2,0]

[k2 - k3,0]

1-dim 4-dim
−18.779406962− 6.390785027i −22.5213 + 4.74442i± (0.001 + 0.001i)

I = −
1

(−s)1+3ϵ

∫ +i∞
−i∞

4∏
i=1

dzi

−
M2

W

s

z3 Γ(−ϵ − z1)Γ(−z1)Γ(1 + 2ϵ + z1)

Γ(1 − 2ϵ)Γ(1 − 3ϵ − z1)

×
Γ(−2ϵ − z12)Γ(1 − ϵ + z2)Γ(1 + z12)Γ(1 + ϵ + z12)Γ(1 + 3ϵ + z3)Γ(1 − ϵ − z4)

Γ(1 − z2)Γ(2 + ϵ + z12)
...

@
@
@
@
@R

-

+ differential equations, numerical methods, ...
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SM and BSM:

NEUTRINOS∗

∗ Neutrino physics itself enters the precision era (mass ordering, C-nature, CP

phases).
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The Number 3 Stays with Us For Long: Neutrino Oscillations

ν(f)α = (UPMNS)αiν
(m)
i

Neutrino oscillations

Mixing matrix

UPMNS =

(
1 0 0
0 c23 s23
0 −s23 c23

) c13 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c13

( c12 s12 0
−s12 c12 0
0 0 1

)

source: http://www.hyper-k.org/en/index.html; https://neutrinos.fnal.gov

http://www.hyper-k.org/en/index.html
https://neutrinos.fnal.gov
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Present main Issues

• Neutrino Mixing: Flavor eigenstates and mass eigenstates are related,
Pontecorvo-Maki-Nakagawa-Sakata parametrization

UPMNS =

 C12C13 S12C13 S13e−iδ

−S12C23 − C12S13S23eiδ C12C23 − S12S13S23eiδ C13S23
S12S23 − C12S13C23eiδ C12S23 − S12S13C23eiδ C13C23


1 0 0

0 eiα21/2 0

0 0 eiα31/2



here Cij = cos θij and Sij = sin θij .

• Neutrino mixing parameters: the known and unknowns

Three mixing angles: θ12, θ23 and θ13

Dirac CP-violating phase: δCP

Two mass squared differences: ∆m2
⊙ = m2

2 − m2
1, ∆m2

A = |m2
3 − m2

1|
6 parameters involved in neutrino oscillation, still ambiguity over 3 parameters

Two Majorana phase: α21 and α31 (Not sensitive to oscillation experiments)

Current main questions in neutrino oscillation physics:
(i) what is the mass ordering of the neutrinos (i.e sign of |∆m2

32(1)|
(ii) what is the octant of θ23
(iii) is CP symmetry violated in the leptonic sector?
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Neutrino parameters and the known unknowns
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Neutrino parameters and the known unknowns: ’Big’ Data
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Neutrino Physics Enters Precisoin Era

Super-K, Hyper-K, T2K, NOvA, Antares, KM3NeT, Juno, Dune, SNO+, Daya

Bay, Double Chooz, RENO, ...

Conclusion: Neutrino Physics stepped in the precision era.
Till 2030: mass hierarchy, δCP (maybe), absolute masses, Majorana-Dirac,

L. Wen, EPS2021.
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Neutrinos

• Bestfit δ = 0.82 π
• Exclude ΙΗ δ = π/2 at >3σ
• Disfavor NH δ = 3π/2 at ~2σ

NOνA

• δ =  π/2 favored
• Large range of values of δCP

around +𝜋/2 are excluded at 
99.7%

T2K

Clear tension exists
NOνA + T2K joint analysis is underway

The CP Phase

(Run 19)

Alex Himmel @ Neutrino 2020 8
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’Big’ Data

Parameter Ordering NuFit 5.2 de Salas et al. Capozzi et al.
bf±1σ 3σ range bf±1σ 3σ range bf±1σ 3σ range

sin2 θ12/10
−1 NO, IO 3.03+0.12

−0.12 2.70 − 3.41 3.18+0.16
−0.16 2.71 − 3.69 3.03+0.13

−0.13 2.63 − 3.45

sin2 θ23/10
−1 NO 4.51+0.19

−0.16 4.08 − 6.03 5.74+0.14
−0.14 4.34 − 6.10 4.55+0.18

−0.15 4.16 − 5.99

IO 5.69+0.16
−0.21 4.12 − 6.13 5.78+0.10

−0.17 4.33 − 6.08 5.69+0.12
−0.21 4.17 − 6.06

sin2 θ13/10
−2 NO 2.225+0.056

−0.059 2.052 − 2.398 2.200+0.069
−0.062 2.000 − 2.405 2.23+0.07

−0.06 2.04 − 2.44

IO 2.223+0.058
−0.058 2.048 − 2.416 2.225+0.064

−0.070 2.018 − 2.424 2.23+0.06
−0.06 2.03 − 2.45

δ/π NO 1.29+0.20
−0.14 0.80 − 1.94 1.08+0.13

−0.12 0.71 − 1.99 1.24+0.18
−0.13 0.77 − 1.97

IO 1.53+0.12
−0.16 1.08 − 1.91 1.58+0.15

−0.16 1.11 − 1.96 1.52+0.15
−0.11 1.07 − 1.90

∆m2
21/10

−5eV2 NO, IO 7.41+0.21
−0.20 6.82 − 8.03 7.50+0.22

−0.20 6.94 − 8.14 7.36+0.16
−0.15 6.93 − 7.93∣∣∆m2

atm

∣∣ /10−3eV2 NO 2.507+0.026
−0.027 2.427 − 2.590 2.55+0.02

−0.03 2.47 − 2.63 2.485+0.023
−0.031 2.401 − 2.565

IO 2.486+0.028
−0.025 2.406 − 2.570 2.45+0.02

−0.03 2.37 − 2.53 2.455+0.030
−0.025 2.376 − 2.541
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NuFit:

P.F. de Salas, et al:

F. Capozzi, et al. NO
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P.F. de Salas, et al:
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NuFit:
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F. Capozzi, et al: NO
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P.F. de Salas, et al:

F. Capozzi, et al: IO
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P.F. de Salas, et al:

F. Capozzi, et al: IO

sin2 θ12
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NuFit:

P.F. de Salas, et al:

F. Capozzi, et al: IO

sin2 θ13
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Neutrino parameters and the known unknowns

20

We need a theory of flavor!!
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Neutrino Mass : Cosmology to 0νββ

Disfavored by cosmology

CMB + BAO

CMB-S4 + BAO
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Disfavored by 0νββ
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• Absolute neutrino mass : m2
ν < 0.9 eV2 (The KATRIN Collaboration

2022)
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Determination of UPMNS entries

UPMNS =

 Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


Appearence/Disappearence, SBL/LBL experiments sensitive to different
UPMNS entries or their combinations.

▶ E.g., Ue3 - Daya Bay (ν̄e disappearence).

▶ Least knowledge about the τ entries.
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Determination of UPMNS entries
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Setting

Experimental values of mixing parameters

θ12 ∈ [31.61◦, 36.27◦], θ23 ∈ [41.1◦, 51.3◦],

θ13 ∈ [8.22◦, 8.98◦], δ ∈ [144◦, 357◦]

Interval matrix build up from unitary matrices UPMNS (3σ C.L.)

|U |int =

 [0.797, 0.842] [0.518, 0.585] [0.143, 0.156]
[0.243, 0.490] [0.473, 0.674] [0.651, 0.772]
[0.295, 0.525] [0.493, 0.688] [0.618, 0.744]


includes non-unitary matrices. δ ̸= 0: complex intervals, −→ Uint

▶ Can we get from |U |int an additional information on existence and
structure of hypothetical Nν > 3 states?

▶ We explore Uint from matrix theory perspective.



Janusz Gluza

Heavy neutrinos: see-saw type-I, type-II, type-III

Seesaw I: right handed singlets

LY = −Yij L′
iLN

′
jR ϕ̃+ H.c.

LM = −1

2
MijN ′

iLN
′
jR +mH.c. ,

Lmass = −1

2

(
ν̄′L N̄ ′

L

)( 0 v√
2
Y

v√
2
Y T M

) (
ν′R
N ′

R

)
+H.c. .

The neutrino mass matrix

Mν =

(
0 MD

MT
D MR(vR)

)

with MD ≪ MR.

mN ∼ MR

mlight ∼ M2
D/MR

MD ∼ O(1) GeV → MR ∼ 1015 GeV, if light neutrino masses of the order of
0.1 eV.
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CP phases, complex mixing elements

(
ν(f)α

ν̃(f)β

)
=

(
UPMNS Vlh

Vhl Vhh

)(
i

ν̃
(m)
j

)
≡ U

(
i

ν̃(m)j

)
.

The SM flavor states ν(f)α are then given by

ν
(f)

α =
3∑

i=1

(UPMNS)αi i︸ ︷︷ ︸
SM part

+

nR∑
j=1

(Vlh)αj ν̃
(m)

j︸ ︷︷ ︸
BSM part

.

The mixing matrix U in (75) diagonalizes a general neutrino mass matrix

Mν =

(
ML MD

MT
D MR

)
,

using a congruence transformation UTMνU ≃ diag(mi,Mj)

UPMNS = U(θ23)U(θ13, δCP)U(θ12)UM (α1, α2)

=

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδCP

0 1 0

−s13e
iδCP 0 c13

 c12 s12 0
−s12 c12 0
0 0 1


×

eiα1 0 0

0 eiα2 0
0 0 1
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Non-unitary Matrices and a Notion of Contractions

∥A∥ ≤ 1

Operator norm (spectral norm)

∥A∥ := sup
∥x∥=1

∥Ax∥ = σmax(A)

E.g. A singular value of a real matrix A is the positive square root of an eigenvalue of the

symmetric matrix AAT or AT A.

Contractions as submatrices of the unitary matrix

If UU† = 1 =⇒
∥∥∥∥( U3×3 Ulh

Uhl Uhh

)∥∥∥∥ = 1 =⇒ ∥U3×3∥ ≤ 1.

PRD’2018.

Contractions allow us to determine the set of physically admissible mixing
matrices Ω ⊂ Uint
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(I) Uint and the Physical Region of Mixing (Convex Hull of UPMNS)

Ω :=conv(UPMNS) = {
m∑
i=1

αiUi | Ui ∈ U(3), α1, ..., αm ≥ 0,
m∑
i=1

αi = 1,

θ12, θ13, θ23 and δ given by experimental values}

a

a

a

U1

U2

V ′

ContractionX
Data 7

Contraction X
Data X

Contraction 7
Data ?

‖V ‖ = 1

‖V ‖ ≤ 1 VoscΩ

We proved that the Carathéodory’s number is m ≤ 4, instead of 10(19) for
CP (��CP) cases, e.g., for the 3+1 scenario, two UPMNS matrices are enough to
span the corresponding subset of Ω region.

Fig. from PRD2018, Vosc ≡ Uint
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(II) Physical Region Can Be Divided into Non-Overlapping Subregions !

Not all U3×3 entries known well (precision) - - hard to avoid

analysis based on Euler angles.

Nonetheless, we can use the knowledge of Ω differently.

Ω is divided into four disjoint subsets by singular values (PRD2018)

Ω1 : 3+1 scenario: Σ = {σ1 = 1.0, σ2 = 1.0, σ3 < 1.0},
Ω2 : 3+2 scenario: Σ = {σ1 = 1.0, σ2 < 1.0, σ3 < 1.0} ,

Ω3 : 3+3 scenario: Σ = {σ1 < 1.0, σ2 < 1.0, σ3 < 1.0},
Ω4 : PMNS scenario: Σ = {σ1 = 1, σ2 = 1, σ3 = 1}.

σi(A) =
√

λi(AA†)

The connection between Σ = (σ1, σ2, σ3) and 3 +N scenarios, with N
additional νs, goes by the dilation procedure.
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Matrix Theory and Neutrinos: Summary

Mixing & interval matrix

Singular values Unitary dilation

Contractions

𝜎 𝑖 ( 𝐴 )=√ λ𝑖 ( 𝐴 𝐴† )

‖𝐴‖≤1

(   )a11

a21

a12

a22

source (inside picture): https://www.symmetrymagazine.org

https://www.symmetrymagazine.org
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Questions, based on the knowledge of Uint

Q1 How much space do we have for the additional neutrinos and how
quantify it within our approach?

Q2 Can we distinguish between Ω1 − Ω3 (3+n models) using Uint?

Q3 Can we estimate active-sterile mixing using singular values and Uint?
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Q3: Can We Estimate Active-Sterile Mixing Using Singular Values and Uint?

Ω1 : 3+1 scenario: Σ = {σ1 = 1.0, σ2 = 1.0, σ3 < 1.0}

(
�U PMNS Ulh

Uhl Uhh

)
=

(
W1 0
0 W2

)
1 0 0 0
0 1 0 0
0 0 c −s

0 0 s c

(
Q†

1 0

0 Q†
2

)
.

We are interested in the estimation of the light-heavy mixing sector which is
given by

Ulh = W1S12Q
†
2,

where W1 ∈ C3×3 is unitary, S12 = (0, 0,−s)T and Q2 = eiθ, θ ∈ (0, 2π].

Taking into account exact values of the W1 we can estimate the
light-heavy mixing by the analytical formula

|Ui4| = |wi3| · |
√
1− σ2

3 |, i = e, µ, τ.
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PMNS data analysis (Nonunitarity), 3+1

New limits on neutrino non-unitary mixings based on prescribed singular values,

W. Flieger, JG, K. Porwit, JHEP 03 (2020) 169

▶ (I): m > EW.

Ours : |Ue4| ∈ [0, 0.021] , |Uµ4| ∈ [0.00013, 0.021] , |Uτ4| ∈ [0.0115, 0.075] .

Others : |Ue4| ≤ 0.041 , |Uµ4| ≤ 0.030 , |Uτ4| ≤ 0.087 [J. de Blas, 2013]

▶ (II): ∆m2 ≳ 100eV 2.

Ours : |Ue4| ∈ [0, 0.082] , |Uµ4| ∈ [0.00052, 0.099] , |Uτ4| ∈ [0.0365, 0.44] .

▶ (III): ∆m2 ∼ 0.1− 1eV 2.

Ours : |Ue4| ∈ [0, 0.130] , |Uµ4| ∈ [0.00052, 0.167] , |Uτ4| ∈ [0.0365, 0.436] .

Others : |Ue4| ∈ [0.114, 0.167] , |Uµ4| ∈ [0.0911, 0.148] , |Uτ4| ≤ 0.361 .

[C. Giunti et al., 2017] [M. Dantler et al., 2018]

−→ In some cases we improved (blue), in some not (red).

https://inspirehep.net/files/0bfa92ad1a5ed67bf601b07a87d9944e
https://www.epj-conferences.org/articles/epjconf/abs/2013/21/epjconf_lhcp2013_19008/epjconf_lhcp2013_19008.html
https://link.springer.com/article/10.1007%2FJHEP06%282017%29135
https://link.springer.com/article/10.1007%2FJHEP08%282018%29010
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e+e−, example

Alain Blondel, André de Gouvêa, Boris Kayser, 2105.06576

B(Z → ν4νlight) = 2|U4|2
B(Z → invisible)

3

(
1 +

m2
4

2M2
Z

)(
1 − m2

4

M2
Z

)2

;
∑

α=e,µ,τ

|Uα4|2 ≡ |U4|2,

”We estimate semiquantitatively that around 400 events are required to establish the Majorana or Dirac nature of the heavy neutrinos

using the potential forward-backward asymmetry alone”

https://arxiv.org/abs/2105.06576
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Neff : LEP and Now

ALEPH, OPAL, L3, DELPHI, MARKII (SLC): Nν = 3.12± 0.19
CERN, 13.10.1989, Video (∼12,000 Z decays)
[LEP, 2006] (∼17 mln Z decays)

Nν = 2.9840± 0.0082

Update: [P. Janot and S. Jadach, 2019](only 1σ off from N=3)

Nν = 2.9963± 0.0074

Theorem: [C. Jarlskog, 1990]
In the Standard Model with n left-handed lepton doublets and N − n
right-handed neutrinos, the effective number of neutrinos, Nν , defined by

Γ(Z → ν′s) ≡ NνΓ0,

where Γ0 is the standard width for one masseless neutrino, satisfies

Nν ≤ n.

ν
(f

)
α

=
(V

o
sc )

α
i
ν
(m

)
i

︸
︷︷

︸
S
M

p
a
rt

+
(V

lh
)
α
j ν̃

(m
)

j
︸

︷︷
︸

B
S
M

p
a
rt

Cosmology: Neff = 3.044. J. Froustey, C. Pitrou, M. Volpe, JCAP 12 (2020) 015,
J. Bennett, G. Buldgen, M. Drewes, Y. Wong, JCAP 03 (2020) 003, JCAP 03 (2021) A01

http://cds.cern.ch/record/423005?ln=en
https://www.sciencedirect.com/science/article/abs/pii/S0370157305005119?via%3Dihub
https://arxiv.org/abs/1912.02067
https://www.sciencedirect.com/science/article/abs/pii/037026939091873A
https://inspirehep.net/literature/2011984
https://inspirehep.net/literature/1764348
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How Light and Heavy Masses (Eigenvalues) Influence Active-Sterile Mixings

(Eigenvectors)?

MSS =

(
0 MD

MT
D MR

)
=

(
0 0
0 MR

)
+

(
0 MD

MT
D 0

)
≡ MR + MD,(

100 −95
−95 90

)
→ λ1 = 190.131

λ2 = −0.131
When 3 light νs? SS-I, II, III, ESS, ISS, LSS

- we can rearange to the same structure, W. Flieger, JG, Chin.Phys.C 45 (2021) 2,
023106

|mD| ≪ λ(MR), λ(MSS) ≃ λ(MR) ± |D|

A relation between light and heavy masses and their mixings

∥ sinΘ(Vlight, V
′
heavy)∥ ≤ 1

δ
∥MSS −MR∥ =

1

δ
∥MD∥,

δ = min(MNi)−max(mνj )
———————————————————
P. Denton et al, Bull.Am.Math.Soc. 59 (2022) 1

|vi,j |2
n∏

k=1;k ̸=i

(λi(A) − λk(A)) =

n−1∏
k=1

(λi(A) − λk(Mj)) .

https://inspirehep.net/files/dee2314eb6a5bf4fc24d4eb8c569dea6
https://inspirehep.net/files/dee2314eb6a5bf4fc24d4eb8c569dea6
https://inspirehep.net/literature/1748780
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RHNs at hadron collider, 1983

pp → l±l±jj
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MW2 and MN

CMS, arXiv:1210.2402
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PDG 2012
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Note, differcence with low energy
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Looking for more (gauge)
symmetries
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Simple picture again?

U(1)

gravitation

superstrings...

~E

~B

W±, Z0, ν

quarks

SU(2) ⊗ U(1)

SU(5), SO(10), ..., supersymmetric models

Maxwell (1873), Hertz (1888)

Glashow, Weinberg, Salam (1967),Gargamelle(1973)

Georgi, Salam, ..., 70 − ties

Witten, ...

and gluons
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Simple picture again?

Start: 1973-1974,
Pati, Salam, Senjanovic, Mohapatra

gauge group SU(2)L ⊗ SU(2)R ⊗ U(1)B−L

(i) restores left-right symmetry to e-w interactions

(
νL
eL

)
,

(
νR
eR

)
,

(
uL

dL

)
,

(
uR

dR

)
(ii) hypercharge interpreted as a difference of baryon and lepton numbers

Q = T3L + T3R +
B − L

2

W±
L ,W 0

L

W±
R ,W 0

R

B0
→[SSB?]

W±
1 ,W±

2

Z1, Z2

γ
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however, when going into details...

breaking chains G → G(1) → G(2)... → G(n) → GSM
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Extra gauge bosons
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Chang et al, PRD31, 1718 (1985)
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Deshpande, Gunion, Kayser, Olness, 1991

LHiggs =

−µ
2
1Tr[Φ

†
Φ] − µ

2
2(Tr[Φ̃Φ

†
] + Tr[Φ̃

†
Φ]) − µ

2
3(Tr[∆L∆

†
L

] + Tr[∆R∆
†
R

])

+λ1Tr[ΦΦ
†
]
2

+ λ2(Tr[Φ̃Φ
†
]
2

+ Tr[Φ̃
†
Φ]

2
) + λ3(Tr[Φ̃Φ

†
]Tr[Φ̃

†
Φ])

+λ4(Tr[ΦΦ
†
](Tr[Φ̃Φ

†
] + Tr[Φ̃

†
Φ])) + ρ1(Tr[∆L∆

†
L

]
2

+ Tr[∆R∆
†
R

]
2
)

+ρ2(Tr[∆L∆L]Tr[∆
†
L

∆
†
L

] + Tr[∆R∆R]Tr[∆
†
R

∆
†
R

]) + ρ3(Tr[∆L∆
†
L

]Tr[∆R∆
†
R

])

+ρ4(Tr[∆L∆L]Tr[∆
†
R

∆
†
R

] + Tr[∆R∆R]Tr[∆
†
L

∆
†
L

]) + α1(Tr[ΦΦ
†
](Tr[∆L∆

†
L

] + Tr[∆R∆
†
R

]))

+α2(Tr[ΦΦ̃
†
]Tr[∆R∆

†
R

] + Tr[Φ̃Φ
†
]Tr[∆L∆

†
L

])) + α
∗
2(Tr[Φ

†
Φ̃]Tr[∆R∆

†
R

] + Tr[Φ̃
†
Φ]Tr[∆L∆

†
L

]))

+α3(Tr[ΦΦ
†
∆L∆

†
L

] + Tr[Φ
†
Φ∆R∆

†
R

]) + β1(Tr[Φ∆RΦ
†
∆

†
L

] + Tr[Φ
†
∆LΦ∆

†
R

])

+β2(Tr[Φ̃∆RΦ
†
∆

†
L

] + Tr[Φ̃
†
∆LΦ∆

†
R

]) + β3(Tr[Φ∆RΦ̃
†
∆

†
L

] + Tr[Φ
†
∆LΦ̃∆

†
R

]),

invariant under the symmetry ∆L ↔ ∆R, Φ ↔ Φ†, βi = 0.
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The minimal Higgs sector consists of two triplets and one bidoublet

∆L,R =

 δ
+
L,R

/
√

2 δ
++
L,R

δ0L,R −δ
+
L,R

/
√

2

 ,

Φ =

 ϕ0
1 ϕ

+
1

ϕ
−
2 ϕ0

2

 .

with vacuum expectation values allowed for the neutral particles

vL√
2

= ⟨δ0L⟩,

new HE scale :
vR√
2

= ⟨δ0R⟩,

SM VEV scale :
√

κ2
1 + κ2

2

κ1√
2

= ⟨ϕ0
1⟩,

κ2√
2

= ⟨ϕ0
2⟩.
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▶ The result is 20 real scalar fields, of which 14 are physical
(the rest are Goldstone bosons):
▶ 4 neutral scalars: H0

0 , H
0
1 , H

0
2 , H

0
4 ,

(the first can be considered to be the light Higgs of the SM at tree
level),

▶ 2 neutral pseudo-scalars: A0
1, A

0
2,

▶ 2 charged scalars: H±
1 , H±

2 ,
▶ 2 doubly-charged scalars: H±±

1 , H±±
2 .

▶ see-saw mechanism for the generation of light neutrino masses, with
specific SB sectors. The neutrino mass matrix

Mν =

(
ML(vL) MD(κ1,2)
MT

D MR(vR)

)
with ML ≪ MD ≪ MR.
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RHNs and LHC, present day

Talk by R. Ruiz, MTTD 2023, link

https://indico.if.us.edu.pl/event/18/contributions/445/attachments/444/495/rruiz_MTTD23_newProbes_LNV_LFV.pdf
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Origin of neutrino mass? Dirac or Majorana Particle?

A theorist’s commentary

Why are neutrino masses still Beyond the Standard Model Physics?

We do not know how to write neutrino masses:

Are ν data described by left-handed Majorana masses?

∆L = 1
2mLνc

LνL (maybe!)

Are ν data described by right-handed Majorana masses?

∆L = 1
2mRνc

RνR (not by itself!)

Are ν data described by Dirac masses?

∆L = mDνLνR + H.c. (maybe, but I hope not!)

Experimentally establishing 1/2 is probably worth a prize...

R. Ruiz - IFJ PAN Working Group 5 Summary – νFact 2022 9 / 51



Janusz Gluza

e−e− → W−W−, W−W− → e−e−, pp → lljj, (ββ)0ν

Lepton number violation and ‘Diracness’ of massive neutrinos composed of Majorana states,
PRD’2016 1604.01388

e.g. e−e− → W−W−, PLB’1995, hep-ph/9507269

σ(mN (a) ≫ √
s ≫ MW ) =

G2
F s2

4π
|
∑
ν(a)

(Vae)
2 ma

s
+
∑
N(a)

(Vae)
2 1

ma

|2

ΨDirac = e
±iα 1√

2
(N1 ± iN2) −→ σ(e

−
e
− → W

−
W

−
) = 0.

https://arxiv.org/abs/1604.01388
https://arxiv.org/abs/hep-ph/9507269
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LNV, Majorana neutrinos, further constraints

Process Present limits Future Experiment

µ+ → e+γ < 4.2 × 10−13 5 × 10−14 MEG II

µ+ → e+e−e+ < 1.0 × 10−12 10−16 Mu3e

µ−Al → e−Al < 6.1 × 10−13 10−17 Mu2e, COMET

µ−Si/C → e−Si/C − 5 × 10−14 DeeMe

τ → eγ < 3.3 × 10−8 5 × 10−9 Belle II, FC

τ → µγ < 4.4 × 10−8 10−9 Belle II , FC

τ → eee < 2.7 × 10−8 5 × 10−10 Belle I I, FC

τ → µµµ < 2.1 × 10−8 5 × 10−10 Belle II, FC

τ → e had < 1.8 × 10−8 3 × 10−10 Belle II, FC

Sensitivity up to 10 000 TeV!
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Heavy Neutrinos at Colliders and in Heaven

What about CP effects in the heavy neutrino sector?

▶ Effects crucial for (ββ)0ν and colliders studies

▶ Needed for leptogenesis (standard way)

▶ Elegant theory for that.
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Heavy neutrinos, CP -parity, neutrino mixings

▶ The nonzero eigenvalues of a real symmetric matrix can be either positive or negative.

m
′
k = ρkmk

where mk = |m′
k| and ρk = ±1

▶ Using the identity ρk = ei(π/2)(ρk−1), we find

M = (U
†
)
T
mU

†
, Uℓk = Oℓke

i(π/4)(ρk−1)

▶ With χkL =
∑

e,µ,τ... = U∗
ℓKνℓK , U∗

ℓK = UℓKρk, the CP parity of the Majorana fields

can be written as

ηCP (χk) = iρk

▶ Thus, the CP parity of the field of a Majorana neutrino with mass mk is determined by the
sign of the corresponding eigenvalue of the neutrino mass matrix and CP parities are
reflected in Uℓk.

E.g., Bilenky, Petcov, Rev. Mod. Phys. 1989
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Constraints and the space of allowed light-heavy mixings

(i)
∑

N(heavy)

| VNe |2≤ κ
2
, [0.0030]

(ii) |
∑

ν(light)

V
2
νemν |< κ

2
light, [0.68 eV]

(iii) |
∑

N(heavy)

V
2
Ne

1

mN

|< ω
2
, [5 × 10

−5
TeV

−1
]

(iv)
∑

ν(light)

| Vνe |2 +
∑

N(heavy)

| VNe |2= 1.

(v)
∑
a

V
2
aema = (ML)νeνe = 0 =⇒

∑
ν(light)

V
2
νemν = −

∑
N(heavy)

V
2
NemN

(
UPMNS Vlh

Vhl Vhh

)
,

(
ML = 0 MD

MT
D MR

)
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For CP-conserving cases, the theory constraints diminish the maxima of the LH mixings, e.g. for

MN1
= M, MN2

= AM, MN3
= BM,

ηCP (N1) = ηCP (N2) = −ηCP (N3) = +i,

VeN1
≡ x1, VeN2

≡ x2, VeN3
≡ ix3,

| VNe |2max→
κ2 + M[TeV ]ω2

2

M≤1 TeV−→
κ2

2

Largest mixing for almost degenerate heavy neutrinos with not the same CP-parities (to avoid ββ0ν Majorana constraint), A → 1 for
n=2, A ≫ B,B → 1 for n=3.

hep-ph/9612227

https://arxiv.org/abs/hep-ph/9612227
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CP mixing and destructive interference

LHC analysis = the same CPs of RHNs (real mixings)

; ;

| ∑
ν(a)

(Vae)
2ma

s +
∑

N(a)

(Vae)
2 1
ma

|2
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RHNs in Cosmology

A. Blondel et al. 1411.5230

meV

eV

keV

MeV

GeV

TeV

νννν1

νννν2

νννν3

N1

N2, N3

constrained: 

mass: 1-50 keV

mixing :

10-7 to 10-13

can generate Baryon Asymmetry of Universe

if mN2,N3 > 140 MeV 

decay time: 

ττττN1 > ττττUniverse

N1���� v γγγγ may have been seen: 

arxiv:1402:2301 and arxiv:1402.4119

;

https://arxiv.org/abs/1411.5230
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RHN: Leptogenesis

10-1 100 101 102 103

MN,  GeV
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

|U
|2

NH

FCC-ee
SHiP, |Uµ|2

HL-LHC, |Uµ|2
BAU limits

Juraj Klarić et. al., 2008.13771
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BSM and RHNs, FCC-ee CDR vol.1

LFV Z-decays: (10−6 ÷ 10−5). FCC-ee −→ ∼ 10−9 branching fractions.

A. Blondel et al. 1411.5230 ESPPU Briefieng Book 1910.11775

meV

eV

keV

MeV

GeV

TeV

νννν1

νννν2

νννν3

N1

N2, N3

constrained: 

mass: 1-50 keV

mixing :

10-7 to 10-13

can generate Baryon Asymmetry of Universe

if mN2,N3 > 140 MeV 

decay time: 

ττττN1 > ττττUniverse

N1���� v γγγγ may have been seen: 

arxiv:1402:2301 and arxiv:1402.4119

Low-scale leptogenesis with flavour and CP symmetries, M. Drewes et al, 2203.08538

Discrete Flavor Symmetries and Lepton Masses and Mixings, G. Chauhan, et al, 2203.08538

(Snowmass contribution)

Resonant Leptogenesis, Collider Signals and Neutrinoless Double Beta Decay from Flavor and CP

Symmetries, G. Chauhan, B. Dev, 2203.08538

https://inspirehep.net/literature/1713706
https://arxiv.org/abs/1411.5230
https://inspirehep.net/literature/1761133
https://arxiv.org/abs/2203.08538
https://arxiv.org/abs/2203.08105
https://arxiv.org/abs/2203.08105
https://arxiv.org/abs/2112.09710
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Low scale CP and leptogenesis from RHNs sector

Leptogenesis: beyond the minimal type I seesaw scenario, Thomas Hambye, 1212.2888

http://www.njp.org/
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Low scale CP and leptogenesis from RHNs sector

Minimal setup: > 1 RHNs needed (or ∆L), complex couplings.

εN = − 3

32π2

m3
N

ΓNv4
Im[(MN

ν )βα(MH
ν )

†
αβ ] −→ induced by decaying N and ”H” in loop

ε∆ = − 1

16π2

m3
∆

Γ∆v4
Im[(M∆

ν )βα(MH
ν )

†
αβ ] −→ by decaying ∆Land heavy ”H” in loop

εΣ = − 1

32π2

M3
Σ

ΓΣv4
Im[(MΣ

ν )βα(MH
ν )

†
αβ ] −→ by decaying Σ and heavy ”H” in loop

Not discussed: Footprints of CP from the heavy sector at low scale −→ our PPNP review

arXiv:2310.20681

https://inspirehep.net/literature/2715897
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Take away, RHNs

▶ RHNs are promising candidates for BSM signals discovery at lepton
and hadron colliders.

▶ Light-heavy mixings are sensitive to (heavy) neutrino CP-parities.

In this context:

▶ It is worth studying further seesaw and non-decoupling mixing
models with Z → lilj (LFV and LFC decays) and Z → νNi, NLO
effects, Dirac/Majorana cases, consistency with low energy
LFV/LFC/LNV effects, leptogenesis, ...
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What is flavor symmetry?

▶ Fundamental symmetry in the lepton sector can easily explain the origin of neutrino mixing which is considerably different from
quark mixing.

▶ Incidentally, both Abelian or non-Abelian family symmetries have potential to shade light on the Yukawa couplings.

▶ The Abelian symmetries (such as Froggatt-Nielsen symmetry) only points towards a hierarchical structure of the Yukawa
couplings.

▶ Non-Abelian symmetries are more equipped to explain the non-hierarchical structures of the observed lepton mixing as observed
by the oscillation experiments.

S. F. King 1301.1340
Gf → Ge,Gν typically, Ge = Z3 and Gν = Z2 × Z2 .



Janusz Gluza

Flavor symmetries, why?

UPMNS =

 C12C13 S12C13 S13e−iδ

−S12C23 − C12S13S23eiδ C12C23 − S12S13S23eiδ C13S23
S12S23 − C12S13C23eiδ −C12S23 − S12S13C23eiδ C13C23



⇓
(Prior to 2012)

s23 = 1/
√

2 (θ23 = 45◦) and θ13 = 0
⇓

U0 =


c12 s12 0

− s12√
2

c12√
2

− 1√
2

− s12√
2

c12√
2

1√
2

 .

θ12 = 45◦(s12 = 1/
√

2) θ12 = 35.26◦(s12 = 1/
√

3) θ12 = 31.7◦ θ12 = 30◦(s12 = 1/2)
Bimaximal Mixing Tribimaximal Mixing Golden Ratio Mixing Hexagonal Mixing

U0 =


1√
2

1√
2

0

− 1
2

1
2

1√
2

1
2

− 1
2

1√
2




√
2
3

1√
3

0

− 1√
6

1√
3

− 1√
2

− 1√
6

1√
3

1√
2




φ√
2+φ

1√
2+φ

0

−1√
4+2φ

φ√
4+2φ

1√
2

1√
4+2φ

−φ√
4+2φ

1√
2




√
3
4

1
2

0

− 1
2
√

2

√
3

2
√

2
− 1√

2

− 1
2
√

2

√
3

2
√

2
1√
2



Fukugita, Tanimoto, Yanagida PRD98; Harrison Perkins, Scott PLB02; Dutta,Ramond NPB03; Rodejohann et. al. EPJC10

(GR: tan θ12 = 1/ϕ where ϕ = (1 +
√

5)/2)
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Flavor symmetries, why?

Simple example: µ− τ permutation symmetry and TBM

mν = U⋆
0 diag(m1,m2,m3)U

†
0 ,

such a mixing matrices can easily diagonalize a µ− τ symmetric
(transformations νe → νe, νµ → ντ , ντ → νµ under which the neutrino mass
term remains unchanged) neutrino mass matrix of the form

mν =

 A B B
B C D
B D C

 ,

With A+B = C +D this matrix yields tribimaximal mixing pattern where

s12 = 1/
√
3 i.e., θ12 = 35.26◦

• Observed mixing matrix :

UPMNS ≃


2√
6

1√
3

ϵ

− 1√
6

1√
3

− 1√
2
(?)

− 1√
6

1√
3

1√
2
(?)
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Example of Flavor Symmetry: A4

• SM scalars (flavons) introduced: ⟨ϕS⟩ = vS (1, 1, 1)T ⟨ξ⟩ = vξ , ⟨ϕT ⟩ = vT (1, 0, 0)T

• Neutrino mass follows from:
ℓiHℓjH

Λ

(
ϕS

Λ
+

ξ

Λ

)
• Light neutrino mass matrix

(mν )0 =

 a − 2b/3 b/3 b/3
b/3 −2b/3 a + b/3
b/3 a + b/3 −2b/3

 ,
a = y1(v2/Λ)ϵ

b = y2(v2/Λ)ϵ
, ϵ = vξ/Λ = vS/Λ
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yet another example:

• Let us consider Gf = S4 as a guiding symmetry.

• Geometrically, it’s a symmetry group of a rigid cube (group of permutation 4 objects).
• the order of the group is 4! = 24 and the elements can be conveniently generated by the generators S, T and U satisfying the
relation

S
2

= T
3

= U
2

= 1 and ST
3

= (SU)
2

= (TU)
2

= 1.

• irreducible triplet representations:

S =
1

3

 −1 2 2
2 −1 2
2 2 −1

 ;T =

 1 0 0

0 ω2 0
0 0 ω

 and U = ∓

 1 0 0
0 0 1
0 1 0



T
†
M

†
ℓ
MℓT = M

†
ℓ
Mℓ, S

T
MνS = Mν and U

T
MνU = Mν

[T,M
†
ℓ
Mℓ] = [S,Mν ] = [U,Mν ] = 0

• The non-diagonal matrices S, U can be diagonalized by

UTBM =


2√
6

1√
3

0

− 1√
6

1√
3

− 1√
2

− 1√
6

1√
3

1√
2

 ,

Tribimaximal Mixing: A4- Ma, Rajasekaran 0106291; Altarelli, Feruglio 0504165; ∆(27)-Varzielas, King, Ross- 0607045; Bimaximal

Mixing: Frampton, Petcov, Rodejohann 0401206; Golden Ratio Mixing: Feruglio, Paris 1101.0393; Hexagonal Mixing: Albright, Dueck,

Rodejohann-1004.2798.
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Non-zero θ13

Decendents of fixed pattern mixing schemes
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Non-zero θ13: Decendents of tribimaximal mixing

UTBM =


2√
6

1√
3

0

− 1√
6

1√
3

− 1√
2

− 1√
6

1√
3

1√
2

 , UPMNS ≃


2√
6

1√
3

ϵ

− 1√
6

1√
3

− 1√
2
(?)

− 1√
6

1√
3

1√
2
(?)



|UTM1
| =


2√
6

∗ ∗
1√
6

∗ ∗
1√
6

∗ ∗

 |UTM2
| =


∗ 1√

3
∗

∗ 1√
3

∗
∗ 1√

3
∗

 ,

• If S4 is considered to be broken spontaneously into Z3 = {1, T, T2} (for the charged lepton sector) Z2 = {1, SU} (for the

neutrino sector) such that it satisfies : [T,M
†
ℓ
Mℓ] = [SU,Mν ] = 0

UTM1
=


2√
6

cθ√
3

sθ√
3
e−iγ

− 1√
6

cθ√
3

− sθ√
2
eiγ − sθ√

3
e−iγ − cθ√

2
− 1√

6

cθ√
3

− s√
2
eiγ − sθ√

3
e−iγ +

cθ√
2

 , UTM2
=


2cθ√

6
1√
3

2sθ√
6

e−iγ

− cθ√
6

+ s√
2
eiγ 1√

3
− sθ√

3
e−iγ − cθ√

2
− cθ√

6
+ s√

2
eiγ 1√

3
− sθ√

3
e−iγ +

cθ√
2
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Neutrino Mass Generation

Seesaw frameworks

• Type-I Seesaw, Type-II Seesaw, Type-III Seesaw, etc.: Minkowski 77; Gellman, Ramond, Slansky 80; Glashow, Yanagida 79;
Mohapatra, Senjanovic 80; Lazarides, Shafi; Schechter, Valle 81; Schechter, Valle 80; Mohapatra, Senjanovic 81; Lazarides, Shafi,
Wetterich 81; Mohapatra Valle 86; Foot, Lew, He, Joshi 89; Ma 98; Bajc, Senjanovic 07....

Radiative neutrino mass

• Radiative models, started in 80s: Zee 80, Cheng, Li 80; Zee 86; Babu 88; Babu, Ma, Valle, 02; Ma 06;

• For a review of radiative models: Cai, Herrero-Garcia, Schmidt, Vicente, Volkas 17;

Hybrid Scenarios??
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Neutrinos on Earth and in Heaven

• Review article: Progress of Particle and Nu-
clear Physics 138 (2024) 104126
In this review, we present a detailed discussion on the viability of fla-

vor symmetric models in the context of current neutrino oscillation

data and provide a wide range of phenomenological implications

related to energy, intensity, and cosmic frontiers.
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Flavor Symmetry and Hybrid Mass Mechanisms: Why?

• Ratio of solar to atmospheric mass difference :

r =
∆m2

SOL

∆m2
ATM

≃
7.41 × 10−5 eV2

2.51 × 10−3 eV2
≃ 3 × 10

−2

• Two different mass scales that might originate from entirely separate mechanisms !!

• Minimal Scoto Seesaw scenario: Rojas, Srivastava, Valle 1807.11447

Greek word ‘skótos’ → ‘darkness’

L = −Y
k
NL̄

k
iσ2H

∗
NR +

1

2
MRN̄

c
RNR + Y

k
f L̄

k
iσ2η

∗
f +

1

2
Mf f̄

c
f

The number of right-handed neutrinos added to the SM is not fixed as they do not carry any anomaly
Schechter, Valle 1980

• The total neutrino mass reads:

M
ij
ν = −

v2

MN

Y
i
NY

j
N

+ F(MηR
,MηI

,Mf )Mf Y
i
fY

j
f

.

where

F(MηR
,MηI

,Mf ) =
1

32π2

[M2
ηR

log
(
M2

f /M2
ηR

)
M2

f
− M2

ηR

−
M2

ηI
log

(
M2

f /M2
ηI

)
M2

f
− M2

ηI

]
,

where MηR
and MηI

are the masses of the neutral component of η.
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FSS1 (scoto-seesaw) phenomenology: dark matter

▶ 2 viable DM candidates ⇒ the lightest neutral scalar (Mandal, Srivastava, Valle, 2104.13401)
⇒ the singlet fermion (Ganguly, Gluza, Karmakar, Mahapatra 2311.15997).
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BSM - terra incognita: DM & RHN, ...
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BSM - terra incognita: DM & RHN, ...
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BSM - terra incognita: DM & CMS

J. Luo, Investigating the Physics of the Dark Sector with CMS

https://indico.cern.ch/event/1403078/attachments/2892939/5071574/DarkSector CMS v3.pdf

The Higgs boson — a new territory 

3Jingyu Luo (jingyu.luo@cern.ch)

❖The Higgs boson itself is in fact “new” physics  

•The first (possibly) elementary scalar we have ever discovered in nature

“There is today a wide spread view that … scalar field theories 
with  interactions, are not mathematically consistent. ”

— Steven Weinberg,  The Quantum Theory of Fields, vol. 2 
�� 4

(Nima Arkani-Hamed, Higgs turns 10 celebration@CERN)

‣ The Hierarchy Problem —  v.s. mH �� Planck

Exhaustively examining the Higgs boson is extremely 
important

A unique window into new “dark” sectors.   [Brain Pa5 & Frank Wilczek, 2006]

‣No Higgs boson in condensed matter systems

https://indico.cern.ch/event/1403078/attachments/2892939/5071574/DarkSector_CMS_v3.pdf
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BSM - terra incognita: DM & CMS

Astrophysical and cosmological evidences of dark matter 

4Jingyu Luo (jingyu.luo@cern.ch)

❖Evidences of dark matter are overwhelming

Galaxy rotation curves Cosmic microwave background (CMB)

Galaxy Messier 33 — 21cm line Planck space observatory

Bullet cluster

Chandra/Magellan/Hubble telescopes

•Dark matter is 5x more abundant than ordinary matter (according to e.g. CMB fit);
•Standard model doesn’t provide dark matter candidates;
•The particle nature of the dark matter remains a mystery. 
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BSM - terra incognita: DM & CMS

Searches for dark matter/sectors 

5Jingyu Luo (jingyu.luo@cern.ch)

❖Extensive searches have been performed with different experimental techniques

SM

SM

DM

DM

Collider searches

D
irect d

etections

Indirect detections

EFT

LZ experiment AMS experiment CMS experiment

Direct detections Indirect detections Collider Searches

‣DM-nucleon scatterings; 

‣Axion conversions.
‣DM annihilations ‣ Invisible/visible final states; 

‣Unconventional signatures.
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BSM - terra incognita: DM & CMS

Dark matter/sector searches at CMS

7Jingyu Luo (jingyu.luo@cern.ch)

❖Map of CMS searches for dark sectors 

Dark sector
models in

CMS searches

Simplified
dark sectors

Neutrino
portal

Spin-1
portal

Vector

Axial-
vector

Dark
photon

Spin-0
portal

ALP

Pseudo-
scalar

Scalar

Dark
Higgs

Higgs
125

Fermion
portal

Extended
dark sectors

Inelastic
Dark Matter

Hidden
valleys

Semi-
visible

jets

Emerging
jets

SUEPs

Neutral
natural-

ness

SUSY

Dark
SUSY

Hidden
Abelian
Higgs

Stealth
SUSY

2HDM+a
arXiv: 2405.13778, submitted to Physics Reports

•Huge community efforts within CMS 

‣~20 editors


‣~40 analyses


‣~500 authors 

‣145 pages


‣10 updated summary plots 


‣27 new reinterpretations


Covered mass range from ~GeV to multiple TeV
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BSM - terra incognita: DM & CMS

Dark sector benchmarks 

9Jingyu Luo (jingyu.luo@cern.ch)

❖Simplified dark sectors 

SM

SM

DM/SM

DM/SM

Mediator

‣One DM candidate + one mediator 
(portal)


‣Additional states in the dark sector are 
assumed to be decoupled 

time direction

•Typical signatures: 

‣ Invisible final states: DM productions


‣Fully visible final states: mediator resonances

Categorized according to the mediator/portal 
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Summary: Where we are in basic research: half-empty or half-full glass of

water?

Albert Michelson (1894):
"It seems probable that most of the grand underlying

principles have been firmly established (...) the future

truths of physical science are to be looked for in the

sixth place of decimals"

Q: Dear Albert: What about special and general relativity, and quantum

mechanics, particle physics, ...?


