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OUTLINE OF PT2

o ALPs

o PBH

o MM

o LIV
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Be prepared to wash dishes
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Recipe in coll. with Ivana Batkovic (PD), 
Muneeb Shoaib (PD), Giacomo d’Amico  (Uni Bergen)



HOUSTON, WE HAVE A STRONG CP PROBLEM
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Courtesy I. Batkovic



NOT FOUND IN SUPERMARKET

o Cosmological 
limits (blue)

o Lab limits (red)
o Shine through the 

wall

o Plasma
o Cavities
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https://cajohare.github.io/AxionLimits/



ALP-PHOTON CONVERSION IN B’S
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Spot the best for ALP conversion!

Courtesy I. Batkovic
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Photon-survival probability
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Astrophysical scenarios for photon/ALP 
conversions

SOURCE + JET

B ∼ 1	G
𝐿~	0.1	pc

GALAXY CLUSTER
B ∼ 1	µG
𝐿~	10	kpc

INTERGALACTIC MEDIUM

B < 1	nG
𝐿~	1	Mpc

MILKY WAY
B ∼ 1	µG
𝐿~	10	kpc

𝑩

𝑩

𝑩

Photon conversion probability

Critical energy

Courtesy I. Batkovic



OBSERVABLES: SPECTRAL WIGGLES AND PHOTON RECOVERY
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GeV-TeV band 10/100-TeV band



GAMMAALPS
o Calculates the oscillation probability between 

photons and axion-like particles (ALPs) in 
various astrophysical environments

o A.k.a. computes the equation of transport
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Manuel Meyer https://gammaalps.readthedocs.io/en/latest/index.html
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GAMMAALPS
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CLUSTER OF GALAXIES – E.G. PERSEUS
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MAGIC Coll, Phys.Dark Univ. 44 (2024) 

• µi are the SED nuisance parameters 
(flux amplitude, spectral index and cut-
off energy 

• bi,k are the expected background 
counts in the OFF region 

• Di,k = (Ni,kon , Ni,koff ) are the number 
of ON and OFF events observed in the 
k–th energy bin from the i–th sample



TS WITH WILKS CAVEATS
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MAGIC Coll, Phys.Dark Univ. 44 (2024) 



JUMPS MORE THAN WIGGLES
o IACTs 

constraints 
spectral-jumps, 
not wiggles
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MAGIC Coll, Phys.Dark Univ. 
44 (2024) 



LST1 - BLAZARS
o LST-1 dataset:  Mrk421, BLLac, Mrk501, …

o Combine them all and make a gammapy 
pipeline
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Credit
 Batkovic

Need to model
- Intrinsic flux
- Magnetic field in jet
- Magnetic field in MW
- EBL



IN JETS
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LC 
AND 
SED
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Credit
 Batkovic

PLEASE DO NOT DISTRIBUTE – PRELIMINARY RESULTS

PRELIMINARY

PRELIMINARY



COMBINATION OF RESULTS
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Credit Batkovic



REACH OF CTA
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CTA can improve a lot because of
- Optimal energy resolution
- Improved sensitivity



SWGO SEARCHES
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Photon recovery at 10’s 
TeV

Modeling SED to 
extrapolate at 10’s TeV

Credit Muneeb Shoaib (Padova)

PRELIMINARY

PRELIMINARY

PRELIMINARY
PLEASE DO NOT DISTRIBUTE – PRELIMINARY RESULTS



ALPS CONCLUSIONS
o Valid DM candidate (WISP, Weakly Interacting 

Slim Particle)

o Gamma-ray imprints: photon recovery, wiggles
o Very small signatures and important 

dependence of poorly known B-fields

o CTA pipeline being developed: results can be 
combined at LKL level

o If not for science, good to make dishes

M. Doro - Fundamental Physics with IACTs - CTA School 2024

20



They pop!
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FACTS
o Stellar black holes are generated by 

collapse of stars.

o In the early Universe, PRIMORDIAL 
black holes could form too:
o Collapse of overdensities
o Phase transition

o Mass range unknown, from tiny to 
HUGE

o They evolve!
o Accretion, merging,  interaction with DM 
o Evaporation (Hawking 1974 )
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PBH EVAPORATION
o At the end of its life, when it 

evaporates, PBH emits all 
kind of particles

o Happening now only if 
Mass=1015 g

o With increasing 
temperatures, larger-mass 
particles can be created

o Always accompanied with 
gamma-rays
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PBH mass depends on when created

PBH temperature depends on its mass

PBH lifetime depends on its mass



BURSTS!
o Evaporating PBHs would 

appears as short 
(seconds) bursts 
somewhere in the sky…

o Serendipity discovery, if 
you are ready!

 
o IACTS: Must looks into 

archive data!
o SFDs: serendipity
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MODEL A SED AND LC
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Exact behaviour also depends on NDOF, so unique probe 
for new Physics

Pfrang 2023 PhD

Pfrang 2023 PhD



CAREFUL WHEN SEARCHING FOR PBH
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Search for  
clustered 
excess 
everywher
e in the 
camera 
(different 
acceptanc
e, trials) Search for  

clustered 
excess in 
time 
(trials, 
discountin
ued 
dataset)Pfrang 2023 PhD

Pfrang 2023 PhD



A MEAGRE LIMITS, BUT STILL.
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Still valid DM candidate for 
‘asteroid mass size’ PBH



PBH CONCLUSIONS
o TeV gamma-rays can be seen when PBH evaporates

o PBHs evaporates now only if M=10^15g

o Serendipitous events, modeled only up to a certain extent 
and certainly a glorious one

o Pipelines must check for clustered events in time/space, 
with complex trial factors checks

o Modest results in all case, but worth having a look in CTA 
data
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Caution! Hot!
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Recipe in coll. with Daniele Perri (SISSA) and Takeshi Kobayashi 
(SISSA)



A GAME DURING ZWICKY’S LUNCH
o We give Zwicky a magnetic bar and ask him to 

break it in two
o Regardless how he will break the bar, two 

independent magnets will appear, with N-S 
poles in opposite directions

o This is how magnetic field in matter is generated
o Does Zwicky like this? Absolutely not
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Maxwell’s equations would 
be symmetric in 
electric/magnetic charge if 
there were the magnetic 
monopole!



DIRAC’S CLASSIC MONOPOLE
Could have invited him at lunch, but he was even pickier than Zwicky.
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o He was trying to find a way to have a natural explanation 
for the quantization of the electric charge 

o In 1948 he proposed a model for a monopole made of 
one semi-infinite string solenoid with M=2.4 GeV

o The existence of magnetic monopoles is consistent with 
quantum theory once imposed the charge quantization 
condition:

Dirac “One would be surprised if Nature had made no use of it” 



T’HOOFT AND POLIAKOV
o In 1974 ’T Hooft and Poliakov proposed a model of 

monopoles as topological defects, which was naturally 
appearing during phase transitions 

o Monopoles are inevitable predictions of Grand 
Unified Theories: SU(5) → SU(3) × SU(2) × U(1) → 
SU(3) × U(1)

o MM
o GUT (early Universe) M>10^16 GeV

o Intermediate Mass (later) M>10^6 GeV

o The ’T Hooft - Poliakov monopole is a zero-
dimensional solitonic solution of the vacuum manifold.
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It looks real fancy….



GUT AND INTERMEDIATE MM
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Inside the core, the symmetry is restored and all the states of the GUT are excited.

Patrizii+ Ann.Rev.Nucl.Part.Sci. 65 (2015)



AVOID TOO MANY MAGNETIC MONOPOLES 

o Monopoles are produced in the 
early universe during phase 
transition.

o The abundance of produced 
monopoles can easily over- 
dominate the energy density of 
the universe.

o Inflation provides a good 
solution to the problem.
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COSMOLOGICAL MONOPOLES 
indigestion

GALACTIC MONOPOLES indigestion/PARKER 
BOUND

o The Galaxy presents a magnetic field 
of ~muG

o The Galactic magnetic field 
accelerates the monopoles losing its 
energy;

o • The survival of the field provides a 
bound on the monopole flux today



ENERGY LOSS IN MATTER
o When MMs cross a medium, the varying magnetic field 

induces a strong electric field. MMs are treated as electrically 
charged particles with an equivalent speed-dependent 
electric charge of gβ.

o The search for MMs is naturally based on their speed at the 
detector. 
o For β	≳	10−3	the energy loss is mostly through elastic collisions. 
o For 10−3 ≲ β	≲	10−2, the medium is seen as a free degenerate gas of 

electrons (energy level crossings)
o Relativistic MMs with β	≥	0.1	ionize and excite atoms. The yield is ∼ 

4700 times that of a minimum ionizing particle.
o Ultra-relativistic MMs, with γ	>	10^4,	lose energy mostly by pair 

production and photo-nuclear radiative processes
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Patrizii+ 
Ann.Rev.Nucl.Part.
Sci. 65 (2015)



CHERENKOV LIGHT
o If the medium is transparent, such as the Earth atmosphere or 

water or ice, also Cherenkov radiation can be generated 
either directly from the MM or from secondary ionized 
electrons. 

o The  Cherenkov photons yield of a MM would be (gD n/e)2 ≃ 
4700 times more than that of a muon with same speed. 

o Similarly, MMs emit fluorescence light
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MM as a super-muon!
MM



CURRENT WORLD-BEST LIMITS
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IceCube = Relativistic 
MMs

PAO=Ultra Relativistic 
MMs



NEW! LL ON IGMF!

o Acceleration on IGMF
o Acceleration in GMF
o Depends on
o MM mass
o MM flux 

(back-
reaction)
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Perri, MD, Kobayashi, in prep.

PLEASE DO NOT DISTRIBUTE – 

PRELIMINARY RESULTS



IACTS

o This could be optimal for SST and Trinity

M. Doro - Fundamental Physics with IACTs - CTA School 2024

39

MC simulations 
never carefully 
proven with IACTs

Gerrit Spengler, MSc



NEW MM LIMITS ON MASS
o IACTs 

compete 
betwee PAO 
and IC

o Nobody is 
looking at 
it…welcome 
to do so!
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EMBARGO



MM CONCLUSIONS
o MM appears naturally in several GUT theories
o MM are too nice not to exist

o MM first justified inflation
o If (ultra) relativistic, they can be see with ground based 

gamma-ray/neutrino/cosmic ray detectors
o With IGMF and GMF model, one can built a relation 

mass-speed due to acceleration of MM in MFs

o IACTs can provide constraints between IC and PAO but 
need people searching for it
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Calories depends on how fast you eat
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Thanks G. Damico



SCALES
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Credit 
D’Amico



THE TABLECLOTH
o Depending on the 

nature of the vacuum, 
photons could 
experience it 
differently

o Photon velocity could 
not be the costant c we 
know but depends 
varies in function of 
the photon energy 
c(E)
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LORENTZ INVARIANCE VIOLATION
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o If one modifies the energy dispersion 
of the photons, one also has:
o Energy-dependent photon group 

velocity
o Modified reaction thresholds

o Modified reaction cross-sections

o Vacuum birefringence
o Modified Compton scattering

o Modified synchrotron radiation
o …

Modified dispersion relation

Low energy limit High energy expansion

Credit 
D’Amico



TOF
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You take a variable source

46

Select low energy photons

Compare to high-energy photons

If you see a 
delay, lunch is 
in Stockholm



MAYBE DUE TO INTRINSIC VARIATIONS
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WHICH SOURCE
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Credit 
D’Amico



INGREDIENTS
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Credit 
D’Amico



LIKELIHOOD
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Credit 
D’Amico



APPLIED ON SEVERAL TARGETS
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Strongest constraints from LAT

Credit 
Jelena Striskovic



PAIR PRODUCTION THRESHOLD AND CROSS-SECTION 

M. Doro - Fundamental Physics with IACTs - CTA School 2024

52

CAP 06 (2014) 005

Issues with Universe 
trasparency

LIV can mitigate this by 
increasing optical depth

If LIV, photon has ‘effective 
mass’ which changes 𝜎22



LIV CONCLUSIONS
o LIV alters time of flight and cross-section for pair 

production

o TOF: Several targets: flaring AGNs, GRBs, pulsars

o PP: needs high energy reach

o Need to know the LC, and to have a large lever arm (low-
large energies)

o Gamma rays provide world-best constraints at Planck 
scale
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ZWICKY!
LUNCH IS 
READY!
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“Fritz, what do you say?"



LET’S PUT SOME MUSIC AND WINE
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THE RECIPES ARE PROMISING! 
o Tens of astro-laboratories with varying distance, age, 

energy, B-field, stability à pick your favorite

o Several theories BSM involving gamma-rays (decay, 
annihilation, conversion) à pick your guy
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BUT ON 
THE TABLE 
à 



NO SEARCH IS LEFT-OVER
o The search for new Physics is

challenging
o Very tiny effects, and complex

modeling
o Null results move search as well

as positive results

o History showed us that new 
physics can be found in 
existing unexplained data, e.g. 
CMB, so…
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REALLY, IT’S NOT TRASH
o CTA must ensure that no BSM effects

are overlooked:
o Is trigger reject BSM events?
o Is reconstruction rejecting BSM?
o Is analysis tailored?

o Pro:
o Several searches do not need pointing
o Often unique and best limits

o Cons:
o Very long and subtle analyses
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AFTER DINNER, 
HAVING DRINKED 
TOO MUCH,
GOING BACK 
HOME

59
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BSM DATA?


